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Abstract—Soil aggregates consist of sand, silt, and clay size particles. Many of the clay size particles in
soils are clay minerals, which actively influence soil behavior. The properties of clay minerals may change
significantly as soil particle size decreases to the nanoscale; however, little information is available about
these properties for the Ultisols in China. In the present study, the clay mineral components and structural
characteristics of four particle-size fractions (i.e., <2000, 450—2000, 100—450, and 25—100 nm) of two
Ultisol samples (Ult-1 and Ult-2) were investigated using elemental analysis, X-ray diffraction, Fourier-
transform infrared spectroscopy, and thermal analysis. The molar SiO, to Al,O5 ratios were lower in the
nanoscale particle-size fraction (25—100 nm) than in the 450—2000 and <2000 nm fractions. This indicates
greater desilicification and allitization of the smaller Ultisol particles. Furthermore, the Fe oxide and Al
oxide contents increased and reached a maximum level in the 25—100 nm fraction of the two Ultisols.
Goethite was mainly found in the 100—450 nm and 25—100 nm fractions. The dominant clay minerals in
the Ultisol 25—100 nm fraction were kaolinite and illite with a small amount of a hydroxy-interlayered
mineral in Ult-1 and gibbsite in Ult-2. The kaolinite crystallinity decreased as particle size decreased. The
low crystallinity of the kaolinite in the A horizon 25—100 nm fraction was attributed to a reduction in the
thickness of coherent scattering domains, as well as to decreases in OH groups and the dimensions of
octahedral AlOg sheets. A determination of the chemical and mineralogic properties of the different size
fractions of the Ultisols is important to understand the desilicification and Al and Fe oxide enrichment
mechanisms during soil formation. The significance of these results can help to reveal the nanoscale
transformations of clay minerals. Analysis of clay mineral compositions in nanoparticles can provide the
additional data needed to understand the adsorption and mobility of nutrients and pollutants.
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INTRODUCTION

Clay minerals in soils tend to occur as particles
across a wide range of sizes, which range from a few
micrometers to nanometers (Meunier, 2006). Clay
mineral nanoparticles (<100 nm), which have a high
specific surface area, surface defects, and dislocations,
are important in the cycling of nutrients and pollutants
(Regelink et al., 2011; Li et al., 2013). With advances in
nanotechnology, clay scientists have begun to focus their
attention on the properties of the clay minerals in
nanoparticles (Li ef al., 2012; Regelink et al., 2013;
Assemi et al., 2015; He et al., 2015; Zhang et al., 2016).

Soil nanoparticles are mainly composed of organic
and inorganic solid phases. The inorganic fraction of
soils usually contains such constituents as phyllosilicate
minerals, Fe (oxyhydr)oxides, and other hydroxides and
oxides. Li er al. (2012) reported the presence of
montmorillonite, kaolinite, hematite, corrensite, dick-
ite-2M1, and rectorite in natural soil nanoparticles. The
composition and properties of inorganic nanoparticles
tend to be influenced by particle size (Banfield and
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Zhang, 2001). Tsao et al. (2011) compared the zeolite-A
structures in particles of different size and found
366—1625 repetitions of unit cells in 450—2000 nm
particles, 81—366 repetitions in 100—450 nm particles,
and 20—81 repetitions in 25—100 nm particles. This
indicated that the number of unit cells in the coherent
stacking domains decreased with decreases in particle
size and that the structures transformed from well
crystalline to short-range-ordered (SRO) in the smallest
particles. Similarly, allophane and imogolite nanoparti-
cles were shown to be X-ray noncrystalline or SRO
aluminosilicates with an Al/Si ratio between 1 and 2
(Theng and Yuan, 2008).

Soil Fe (oxyhydr)oxides occur as SRO particles in the
5—100 nm size range. Regelink et al. (2013) extracted
1.0—4.7 g kg~ Fe as Fe (oxyhydr)oxide nanoparticles
from podzols using pyrophosphate and these Fe (oxy-
hydr)oxide nanoparticles were 2—20 nm with the
maximum abundance around 5 nm.

Climate change can have significant impacts on
weathering and soil clay mineralogy (Dahlgren et al.,
1997; Wilson, 1999). In Chinese Alfisols under warm
temperate climatic conditions, the relative abundance of
the dominant clay minerals typically identified have
been vermiculite, kaolinite, illite, and montmorillonite
(Zhang et al., 2016). The clay minerals identified in
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Chinese Ultisols of subtropical zones, however, are
generally vermiculite, illite, kaolinite, gibbsite, hema-
tite, and goethite (Jiang et al., 2010). Kaolinite forms in
an acidic environment as the product of the strong
weathering of other clay minerals and is mainly found at
low latitude regions with warm and humid environments
(Chamley, 1989). Under subtropical and tropical cli-
matic conditions, some recently developed Alfisols and
Ultisols are rich in kaolinite, illite, and illite-smectite
mixed layer minerals (Melo et al., 2001; Kanket et al.,
2005; He et al., 2008).

Ultisols are widespread in the south of China and
have a high content of kaolinite and Fe oxides as a result
of intense chemical weathering (Huang, 2000; Huang et
al., 2010). Kaolinite in highly chemically weathered
soils usually has a low crystallinity due to a high content
of Fe oxides or the presence of interstratified kaolinite
minerals.

Previous studies on the composition and crystal
properties of soil clay minerals focused mainly on the
<2000 nm clay (Melo et al., 2001; Kanket et al., 2005;
Hong et al., 2012; Yin et al., 2013). Little systematic
study has been paid to inorganic soil nanoparticles.
Because soil nanoparticles have a complex structure,
extracting sufficient quantities for analysis is difficult,
the analysis methods are limited, and very little is known
about the crystal chemical properties of clay minerals in
nanoparticles (Li et al., 2012). The aim of the present
study was to: (1) investigate the elemental composition
of various size particles (<2000, 450—2000, 100—450,
and 25—100 nm) in the Ultisols of China; (2) identify the
composition and crystallographic properties of the clay
minerals in different size soil particles; and (3) explore
the transformation of clay minerals in nanoparticles.

MATERIALS AND METHODS

Site description

Two soil samples (Ult-1 and Ult-2) were collected
from the A horizons of two soils from southeast China
that were classified as Hapludults according to the soil
classification system of the USDA Soil Survey Staff
(2014). The Ult-1 sample was collected from 0—47 cm
of a soil near Tongcheng City (N 29°13" and E 113°46")
in Hubei Province and the Ult-2 sample was collected
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from 0—26 cm of a soil near Danzhou City (N 19°27" and
E 109°17’) in Hainan Province. The two sites are about
143 m above sea level and have a mean annual
temperature and mean annual precipitation of
16.9-23.5°C and 1450—1850 mm, respectively
(Table 1). The bulk samples of each soil were air-dried
at room temperature and ground to pass through 2, 0.85,
and 0.15 mm sieves.

Collection of nanoparticles. Organic matter (OM) in the
soil samples was removed using hydrogen peroxide
(30%). Then, the clay (<2000 nm) fractions were
separated from the bulk soil samples using sedimenta-
tion according to Stokes’ Law calculations. The
450—2000 and 100—450 nm fractions were separated
using centrifugation and the nanoscale particle size
fraction (25—100 nm) was separated using an automated
ultrafiltration device (AUD, Tony Nano-techno, Taiwan)
(Tsao et al., 2011).

Soil analyses. The pHs of the bulk soils ( <2 mm) were
measured at a soil to water ratio of 1:2.5, soil texture was
determined using the pipette method (Gee and Bauder,
1986), the organic matter content (OM) of the bulk soil
samples (<0.15 mm) was determined using the K,Cr,0-/
H,SO, oxidation method (Nelson and Sommers, 1996),
the cation-exchange capacity (CEC) of the bulk soils (
<0.85 mm) was determined using the buffered ammonium
acetate method (Rhoades, 1982), the exchangeable Ca and
Mg were measured using a Varian AA240FS atomic
absorption spectrometer (Varian, Palo Alto, California,
USA), and the exchangeable K and Na were measured
using a Sherwood M410 flame photometer (Sherwood
Scientific, Cambridge, UK) (Dohrmann, 2006). Solutions
for elemental analyses were produced using the micro-
wave digestion method and 40 mg samples digested in
aqua regia (Guaranteed reagent) and hydrofluoric acid
(Guaranteed reagent) (US EPA, 1996). Free Fe oxides
(Fed) and Al oxides (Ald) were extracted using the
dithionite-citrate-bicarbonate (DCB) method (Mehra and
Jackson, 1960). X-ray non-crystalline Fe oxide (Feo) and
Al oxide (Alo) were extracted using ammonium oxalate
solution (Mckeague and Day, 1966). The concentrations
of Si, Al, Fe, Ca, Mg, Mn, and Ti in the microwave-
digested solutions were determined using a Varian Visata-

Table 1. Soil site information.

Sample Climate zone  Elevation Temperature  Precipitation Vegetation Parent
(m) C) (mm/y)
. Pinus massoniana L and .
Ult-1 subtropical 144 16.9 1450 Taxodium ascendens B granite
H brasiliensis M and
Ult-2 tropical 143 23.5 1815 eved Draspuensis [ an granite

Saccharum officinarum L
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MPX inductively coupled plasma-optical emission spec-
trometer (ICP-OES) (Varian, Palo Alto, California, USA)
and K and Na concentrations were measured using a
Sherwood Scientific M410 flame photometer (Sherwood
Scientific, Cambridge, UK).

Clay minerals in the different size fractions (<2000,
450—2000, 100—450, and 25—100 nm) were identified
with oriented and powder samples using a Bruker D8
Advance X-ray diffractometer (XRD) (Bruker,
Rheinstetten, Germany) (Jackson, 1979). The different
particle-size fractions before and immediately after
(20—30 min) treatment with formamide were used to
identify halloysite (Churchman et al., 1984). The powder
samples were examined using X-ray diffraction (XRD)
analysis and Cu-Ka radiation (A = 1.5418 A) generated
at 40 kV and 40 mA. Diffraction patterns were recorded
in the range of 20 = 3 to 65° at a scanning speed of 1°20
min~ .

The Hughes and Brown index (H&B index), the ratio
of the height of the dy,o reflection peak excluding the
background to the dy3; and dyp; reflections, was
calculated for kaolinite in the soils from the powder
XRD patterns (Hughes and Brown, 1979).

The mean crystal dimension (MCD) was calculated
from the full width at half maximum height (FWHM) of
kaolinite dgg; using Scherrer’s equation (Klug and
Alexander, 1974). The average layer number (ALN)
was obtained by dividing MCD by the dyy; values of
kaolinite. Scherrer’s equation is given by MCD =
Kvy/(Bcos0), K is Scherrer’s constant (0.89 in this
study), B is the FWHM of dy;, 0 is the diffraction
angle, and 7y is the X-ray wavelength.

X-ray diffraction patterns of the oriented and powder
samples of the 25—100 nm fraction were also recorded
using synchrotron XRD, which was performed at 18 keV
on the BL14B1 beamline at the Shanghai Synchrotron
Radiation Facility (SSRF) of China. The incident X-ray
wavelength (1) was 0.6887 A and based on Bragg’s Law,
the d values of the synchrotron radiation were converted
into d values of the Cu target (A = 1.5418 A) radiation.

Fourier-transform infrared spectra (FTIR) were
obtained using a Bruker Vertex-70 (Bruker,
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Rheinstetten, Germany) infrared spectrometric analyzer
(Madejova, 2003). Derivative thermal gravimetric ana-
lyses (DTG) were carried out using a Netzsch TG 209C
(Netzsch, Freistaat Bayern, Germany) in the temperature
range of 30—800°C. Samples were heated under a 20 mL
min~! flux of N, gas at a heating rate of 10°C min '
(Lessovaia et al., 2012).

RESULTS

Soil properties

The physical and chemical properties of the samples
(Table 2) revealed that the Ult-1 and Ult-2 soils were
acidic with a pH of about 5.0, and the OM contents were
54 and 15.4 g kg ', respectively. The CEC was
16.2 cmol, kg™ ! in Ult-1 and 3.6 cmol, kg~ ! in Ult-2.
The concentrations of the dominant exchangeable
cations, Ca®" and Mg”>", were lower in Ult-2 than in
Ult-1. The textural classes of Ult-1 and Ult-2 were clay
loam and clay, respectively.

The SiO, contents decreased with a decrease in
particle size and were lowest in the 25—100 fraction
with 41.9% in Ult-1 and 35.3% in Ult-2 (Table 3). The
Al,O5 contents were 33.9% in Ult-1 and 39.9% in Ult-2
in the 450—2000 nm fraction and about 38% in Ult-1 and
41% in Ult-2 in the 100—450 nm fraction. The results
showed a Si rich character for the 450—2000 nm fraction
and an Al rich character for the 25—100 nm fraction. The
Fe,O5 content was similar to that of Al,Os, was lowest
in the 450—2000 nm fraction, and reached a maximum
level in the 25—100 nm fraction. The Fe,O3 contents in
the Ult-1 and Ult-2 25—100 nm fraction were 13.5 and
11.4%, respectively. The molar SiO, to Al,O5 ratios
decreased from 2.56 and 1.64 in the Ult-1 and Ult-2
450—2000 nm fractions to 1.89 and 1.42 in the
25—100 nm fractions. The 450—2000 nm fraction was
enriched in Si and depleted in Fe and Al, whereas the
25—100 nm fraction was enriched in Al and Fe and
depleted in Si.

In the different particle size fractions, the Fed and
Ald (free Fe and Al oxide) contents were highest in the
25—100 fraction and lowest in the 450—2000 nm

Table 2. Basic physical and chemical properties of the bulk soils.

Sample pH oM* CEC® — Exchangeable cation (cmol, kg™') —— Texture®
(kg™ (cmol, kg™ * Na* Ca®" Mgt
Ult-1 4.9 5.4 16.2 0.17 0.08 0.80 0.37 CL
(0.3) 0.1) 0.1) (0.00) (0.00) (0.03) (0.01)
Ult-2 5.1 15.4 3.6 0.01 0.02 0.17 0.13 C
0.1) (0.4) 0.1) (0.00) (0.00) (0.03) (0.01)

% OM, organic matter.

b CEC, cation exchange capacity.

¢ CL, clay loam; C, clay.

The values in parentheses are the standard deviations.
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Table 3. Chemical components in the different particle size fractions.

Sample Size SIOZ A1203 F6203 CaO MgO Kzo Na20 MH02 T102 SlOz/Ale:\,
(nm) (%) Molar ratio®
Ult-1 <2000 454 36.4 10.0 2.0 0.8 1.5 3.4 0.1 0.6 2.12
@s5° (25 (08 (1.9 (00 (0.0 (0.1) (0.0) (0.1 (0.05)
450—-2000  51.2 33.9 7.1 2.0 0.8 1.4 3.0 0.1 0.6 2.56
(12)  (12)  (03) (03) (0.0 (0.1) (0.1) (0.0) (0.0) (0.13)
100—450 42.5 38.4 12.5 1.7 0.6 1.0 2.5 0.0 0.7 1.88
04)  (03) (04 (02) (0.1) (00 (©0.1) (00) (0.1 (0.02)
25-100 41.9 37.6 13.5 1.9 0.8 1.0 2.7 0.1 0.5 1.89
0.1) (04 (0.7 (02) (0.1) (0.1 (0.1) (0.0) (0.0) (0.0)
Ult-2 <2000 43.6 40.0 8.9 0.3 0.1 1.8 1.0 0.1 0.8 1.71
G7) (23 (02) (0.1 (1.6 (02) (0.1) (0.1) (0.1 0.1)
450-2000 422 39.9 8.0 0.1 0.2 2.7 1.3 0.2 1.4 1.64
0.5 (L) (13  (00) (0.0) (0.1) (0.1) (0.1) (0.4) (0.1)
100—450 37.1 40.6 10.6 0.4 0.2 1.4 1.2 0.2 0.7 1.54
0.6) (05 (1.0) (00 (0.1) (0.0 (0.0 (0.1) (02) (0.0)
25—-100 353 48.3 114 0.5 0.0 1.1 1.9 0.2 0.8 1.42
02)  (1.6) (1.5 (03) (0.0) (0.1) (02) (0.0) (0.3) (0.1)

@ Molar ratio of SiO, to Al,Os.
° The values in parentheses are the standard deviations.

fraction (Table 4). The Fed and Ald contents were 58.2
and 9.8 g kg™ in the Ult-1 25—100 fraction and 110.0
and 17.3 g kg~ " in the Ult-2 25—100 nm fraction. High
Fed and Ald contents usually indicate chemical weath-
ering of silicates and the formation of Fe oxides.
Similarly, the Feo and Alo contents were also highest
in the 25—100 fraction, except for the Feo content in
Ult-1. Additionally, the Fed content was higher than Feo

in all particle size fractions. The high Fed content and
the low Feo content indicated a high concentration of
well-crystalline Fe-oxides (Fed - Feo = well crystalline
Fe oxides) (Pai et al., 1999). The crystalline Fe-oxide
concentrations ranged from 56.1—-99.8 g kg™' in the
25—-100 nm fraction to 23.6—44.1 g kg ' in the
450—2000 nm fraction.

Table 4. Extractable Fe and Al contents in the various particle size fractions (g kg™').

Sample Size (nm) Fed® Ald* Feo® Alo® Fed-Feo®
Ult-1 <2000 40.5 6.2 3.0 6.7 37.5
(0.6) 0.1 0.1) (0.0)
450—2000 24.8 4.0 1.2 2.6 23.6
(0.0) 0.1) (0.0) (0.0
100—450 56.2 8.8 2.8 53 53.4
(1.8) 0.1) 0.1) 0.2)
25—-100 58.2 9.8 2.1 6.5 56.1
(1.4) (0.1) (0.1) (0.1)
Ult-2 <2000 64.2 6.9 8.5 6.5 55.7
(1.2) 0.2) (0.8) (0.5)
450—2000 47.6 3.5 44.1
(0.8) (0.1) (0.1) (0.1)
100—450 82.3 7.3 6.4 43 75.9
(0.8) 0.2) (1.0) 0.7)
25—-100 110.0 17.3 10.2 13.8 99.8
(1.8) 0.5) (1.2) (0.6)

? Free Fe and Al.
® Oxalate extractable Fe and Al.

¢ Crystalline Fe-oxides = Fed - Feo: oxalate-extractable Fe was subtracted from free Fe.

9 The values in parentheses are the standard deviations.
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Oriented and powder X-ray diffraction analyses

X-ray diffractograms of the various particle size
fractions (<2000, 450—2000, 100—450, and 25—100 nm)
of Ult-1 (Figure 1) revealed that the Mg-saturated and
glycerol solvated (Mg-gly) <2000 nm fraction samples
were characterized by peaks at 14.1, 10.1, 7.2, 5.1, 4.82,
4.75,3.57, and 3.34 A (Figure la). The 14.1 A peak was
also identified in the K-saturated 25°C sample and partly
shifted toward 10.1 A. The 14.1 A peak completely
disappeared after the K-saturated sample was heated at
350°C, which indicates the presence of vermiculite
(trace) and hydroxy-interlayered vermiculite (HIV)
(Chiang et al., 1999). The 10.1, 5.1, and 3.34 A peaks
remained unchanged after K-saturation and heat treat-
ments, which indicates the presence of illite. The 7.2 and
3.57 A peaks disappeared after heating to 550°C, which
indicates the presence of kaolinite or halloysite. Because
the halloysite component should completely expand
immediately after contact with formamide, formamide
was used to identify halloysite in the different size
fractions of the tested soils (Churchman et al., 1984). In
the Ult-1 <2000 nm fraction, the 7.2 A peak did not
expand before or after treatment with formamide
(Figure 3), which indicates the absence of halloysite.
The 4.82 A peak of the K-saturated sample disappeared
after heating to 350°C, which indicates the presence of
gibbsite. Additionally, an unclear peak between 14 and
10 A was observed in the <2000, 450—2000, and
100—450 nm fraction samples; however, the peak
disappeared completely after heating at 350°C and
possibly indicates the presence of illite-HIV.

Similar to those identified in the <2000 nm fraction,
the clay mineral components of the 450-2000,
100—450, and 25—100 nm fractions were HIV, illite,
and kaolinite (Figures 1b, lc, 1d, and 3). In addition, the
72 A peak in the synchrotron XRD patterns of the
25—100 nm fractions was asymmetrical with tailing into
the 7.2—10.1 A region, which indicates the possible
presence of disordered kaolinite in the Ult-1 nanoparti-
cles. A comparison of the Mg-gly XRD patterns for the
different size fractions (450—2000, 100—450, and
25—100 nm) revealed that clay mineral crystallinity
varied with particle size. The intensity of the 14.1 A
peak was weakest in the 25—100 nm fraction and the
intensities of the illite (10.1, 5.1, and 3.34 A) and
kaolinite (7.2 and 3.57 10\) peaks decreased with
decreases in particle size. Similarly, the HIV and illite
peaks for the soil 25—100 nm fractions had the highest
intensities in the synchrotron XRD patterns (Figure le),
which indicates that synchrotron XRD was more power-
ful than conventional XRD for identifying nanometer
size clay minerals. With a particle size decrease from
450-2000 to 25—100 nm, the illite 10.1 A peak
gradually changed from a symmetrical peak to a broad
weak peak, and the 3.34 A peak changed from a
symmetrical intense peak to an indistinct and weak
peak. The kaolinite 7.2 and 3.57 A XRD peaks in the
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25—100 nm fraction became broader and weaker than in
the 450—2000 nm fraction after treatment with Mg-gly.
This phenomenon showed that illite and kaolinite
crystallinity in the Ult-1 25—100 nm fraction was
lower than that of the 450—2000 and 100—450 nm
fractions.

The X-ray diffractograms of the various size fractions
of Ult-2 were similar to those of Ult-1 (Figures 2 and 3).
Illite, kaolinite, and gibbsite were present in the different
particle-size fractions of Ult-2. The illite and kaolinite
XRD peaks for Ult-2 also changed from symmetrical and
intense to broad.

Mineralogy of clay minerals by random powder XRD
analysis

The 4.16, 2.69, and 2.43 A peaks of goethite were
identified in the <2000 nm fractions of the two soils
(Figure 4). The goethite 4.16 and 2.69 A peaks had a
higher intensity in 100—450 nm fraction than in
450—2000 nm fraction. In the Ult-1 25—100 nm fraction,
the goethite peak intensities were similar to those of the
100—450 nm size fraction; however, the increase in
XRD peak intensities with a decrease in particle size was
more obvious in Ult-2 than in Ult-1. This indicates the
presence of goethite in the nanoparticle fractions
(100—450 and 25—100 nm).

A sharp peak near 1.54 A and two broad peaks near
1.50 and 1.49 A were identified in the Ult-1 and Ult-2
450—2000 nm fraction (Figure 4). The peak at 1.54 A
was assigned to quartz because a sharp 3.34 A quartz
peak was identified in the 450—2000 nm fraction. The
1.50 and 1.49 A peaks were assigned to dioctahedral
species with the 1.49 A peak assigned to kaolinite and
the 1.50 A peak assigned to other dioctahedral minerals
(e.g. illite or HIV) (Mirabella and Egli, 2003). As
particle size decreased, the peak intensities near 1.54 A
decreased and the peak near 1.50 A disappeared in the
nanoparticle 100—450 and 25—100 nm fractions. The
results indicated that the major clay minerals in the Ult-1
and Ult-2 soil nanoparticle fractions were dioctahedral.

The kaolinite dgg; values for the different size
fractions varied from 7.191 to 7.238 A with a median
value of 7.203 A (Table 5). The range in dgyg, values was
narrow (3.566—3.574 /f\) in comparison to the dgo;
values. As particle size decreased, the FWHM in the
Ult-1 and Ult-2 soils increased from 0.526 and 0.532 in
the 450—2000 nm fraction to 0.760 and 0.775 in the
25—100 nm fraction, respectively. The MCD and ALN
values were about 150 A and 22 layers in the
450—2000 nm fraction and about 100 A and 15 layers
in the 25—100 nm fraction, respectively. As a result, the
two soil 25—100 nm fractions had lower MCD and ALN
values, but higher amounts of free and crystalline oxides
(Tables 4 and 5). Additionally, the 4.35 and 2.29 A
peaks of kaolinite disappeared in the conventional and
the high energy (18 KeV) synchrotron XRD patterns
(Figure 4C). Generally, the kaolinite peaks were
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Figure 3. Conventional XRD patterns of different size fractions of (a) Ult-1 and (b) Ult-2 before (black lines) and after (gray lines)

formamide (20—30 min) treatment.

classified into three groups: (1) near 4.16 A (117), 4.35
A (170), and 4.46 A (020); (2) 2.49 A (200) and 2.56 A
(130); and (3) the 2.29 A (131) and 2.34 A (131) peaks
would occur in a moderately disordered kaolinite. The
peaks near 2.29-2.34 A would be absent in highly
disordered kaolinite (Wilson, 1987). The disappearance
of the 4.35 and 2.29 A peaks also showed that the
kaolinite crystallinity was obviously lower in the
100—450 and 25—100 nm fractions than in the 450-
2000 nm fraction. The H&B index varied from
15.0-22.0 and 4.75—15.2 for the various particle-size
fractions of Ult-1 and Ult-2, but the lowest H&B index

value was observed for the 100—450 and 25—100 nm
fractions. The peak kaolinite dehydroxylation tempera-
ture for the two soils was approximately 13°C lower in
the 100—450 and 25—100 nm fractions than in the larger
particle-size fractions. Melo et al. (2001) found a
kaolinite dehydroxylation temperature between 489 and
518°C in highly weathered Ultisols and Alfisols of Brazil
and a significant positive relationship was found
between the dehydroxylation temperature and the H&B
index and MCD. The decrease in dehydroxylation
temperature indicated the presence of poorly crystalline
kaolinite in the 25—100 nm fraction.

Table 5. Some properties of kaolinite in the various particle size fractions.

Sample Size (nm) — d value (A) — FWHM? MCD"O ALN® H&B PT®
001 002 (°20) (001) (A) index®

Ult-1 <2000 7.203 3.569 0.583 136.2 19.9 15.0 487
450—-2000 7.214 3.568 0.526 151.1 22.0 22.0 487

100—450 7.238 3.566 0.623 128.0 18.7 17.1 480

25—100 7.226 3.574 0.760 104.8 15.5 17.0 474

Ult-2 <2000 7.191 3.569 0.586 135.3 19.8 11.0 487
450—2000 7.200 3.574 0.532 149.2 21.7 15.2 487

100—450 7.203 3.577 0.638 124.4 18.3 8.7 487

25—-100 7.191 3.566 0.775 102.3 15.2 4.8 474

Mean 7.208 3.570 0.628 128.9 18.9 13.8 487

4 FWHM, full width at half maximum height of 001 diffraction peak.

® MCD, mean crystal dimension along 001 direction.
¢ ALN, average layer number.
4 H&B index, Hughes and Brown index.

¢ PT, peak temperature of kaolinite and (or) halloysite in the DTG curve, which represents the temperature at the maximum

rate of mass change.
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Fourier-transform infrared spectroscopy (FTIR) spectra

In the spectra of the two bulk soil samples (<2000 nm
fraction), the FTIR stretching bands were observed at
3695, 3652, and 3620 cm™' (Figure 5), which are
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characteristic of the -OH groups in kaolinite and in
dioctahedral 2:1 minerals (Maia et al., 2014; Szymanski
et al., 2014). The FTIR stretching vibrations at 3695 and
3652 ¢cm™' originated from the inner surface (outer)
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hydroxyls and the stretching band at 3620 cm™'

originated from the inner hydroxyls (Rocha and
Klinowski, 1990; Rios et al., 2009). Kaolinite in the
clay fraction was also indicated by vibration modes in
the Si-O stretching and -OH bending regions (i.e., 1115,
1035, 1008, 938, 915, 795, 753, 695, 540, 470, and
430 cm ') (Eisazadeh et al., 2012; Maia et al., 2014;
Szymanski et al., 2014). The FTIR vibration modes near
1000—1115 cm ™' belonged to the Si-O vibration band
and the bands at 938 and 915 cm™' were assigned to the
Al-O-H bending modes (Percival et al., 1974). In the
<2000 nm fraction of Ult-2, the 3525 and 3450 cm™'
FTIR stretching modes were also found and indicated the
presence of gibbsite (Bardy et al., 2007). The gibbsite
band could not be observed clearly in the Ult-1 FTIR
patterns, however, due to the low gibbsite content.

In the Ult-1 FTIR spectra of the various particle-size
fractions (450—2000, 100—450, and 25—100 nm), the
kaolinite 3652 c¢cm ' band was symmetrical in the
450—-2000 nm fraction, asymmetrical in the
100—450 nm fraction, and in a shoulder stretching
mode in the 25—100 nm fraction. In Ult-2, the
3652 cm ™! band was asymmetrical for the 450—2000
and 100—450 nm fractions and also changed to a
shoulder in the 25—100 nm fraction. As particle size
decreased to 25—100 nm, the 3695 and 3620 cm™!
stretching bands became weaker than in the other size
fractions, which indicates a decrease in the inner and
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outer -OH groups and kaolinite crystallinity. The low
kaolinite crystallinity of the 25—100 nm fraction was
also demonstrated by the decreased intensity of the
bands at 938, 915, 753, 695, 540, 470, and 430 cm ™! as
particle size decreased. The 915 and 695 cm™' bands
were assigned to the AIl-OH vibration (Hu and Yang,
2013) and the intensities of the kaolinite octahedral AlO¢
sheet surface decreased in the 25—100 nm fraction.

DISCUSSION

The clay mineral nanoparticles were generally poorly
crystalline or noncrystalline in the Ult-1 and Ult-2 soils.
The kaolinite crystallinity further decreased as particle
size decreased from 450—2000 nm to 25—100 nm in the
two Ultisols (Table 5). A lower kaolinite crystallinity is
widespread in strongly weathered Ultisols (Singh and
Gilkes, 1992; Melo et al., 2001). The presence of
interstratified 2:1 clay minerals and the high content of
structural Fe are considered to be responsible for the
decrease in kaolinite crystallinity (Kanket et al., 2005;
Huang et al., 2012). In the Mg-gly XRD patterns of the
two soils, the kaolinite 7.2 A XRD reflection peak was
intense and symmetrical in both the 450—2000 and
100—450 nm fractions, but was asymmetrical in the
25—100 nm fraction with a tail in the high 20 angle
region. The tail of the 7.2 A peak was clearer in the
synchrotron XRD patterns (Figures 1 and 2). The tail
phenomenon of the 7.2 A peak could be caused by many
reasons, such as the formation of interstratified kaolinite
minerals, halloysite, or a disordered crystallization of
kaolinite (Melo et al., 2001; Dudek et al., 2007). For
example, kaolinite was interstratified with smectite or
illite in the fine grain size fraction of young acidic soils
(Viennet et al., 2015; Zhang et al., 2016). In the present
study, no halloysite was identified using formamide
treatment. The 7.2 A XRD reflection peak remained
unchanged, however, after heat treatments at 110, 250,
350, and 450°C, which indicates the absence of kaolinite
interstratified minerals in the two soil 25—100 nm
fractions. The poorly crystalline kaolinite must, therefore,
have mainly resulted from disordered crystal growth.

In the 25—100 nm soil fractions, the main clay
minerals were dominantly illite and disordered kaolinite.
The specific surface area of the 25—100 nm fraction was
high and the particle size was small (Wada, 1989). Thus,
as particle size decreased to the nanoscale, the
25—100 nm fraction clay minerals were subjected to
much stronger weathering than the larger particles.
Because of the weak molecular attraction between the
two crystal layers when the layers overlap in swelling
minerals, such as vemiculite and smectite (Fernandez et
al., 2011), the swelling minerals are more easily
influenced by particle size than illite and kaolinite.
The main layer types in the 25—100 nm fraction,
therefore, were illite and kaolinite and the I-V and
[-HIV minerals disappeared (Figures 1 and 2). Viennet et
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al., (2015) also showed that the layer charge of the
expandable layers increased in the coarse fraction of an
Alumic Cambisol with randomly interstratified mixed
layer minerals. The differences in mineralogy and
composition between the coarse clay particles
(450—2000 nm) and the 25—100 nm fraction in these
Ultisols were important because it partly explains the
transformation of clay minerals in soils.

The differences in climate between the Ult-1 and Ult-
2 sites (Table 1) also affected the composition of clay
minerals in the 25—100 nm fraction. The Ult-1 and Ult-2
soils were in subtropical and tropical climatic areas,
respectively. In comparison to the Ult-1 25—100 nm
fraction, the Ult-2 25—100 nm fraction was more
influenced by climate, as evidenced by strong weath-
ering. Climate has the major role among the various
other factors (such as mineralogy and microbial activity)
that control weathering processes and has been compre-
hensively studied (Egli et al., 2008; Zhou and Keeling,
2013). In weathering processes, the effect of climate
could be regarded as a combination of temperature and
rainfall variations (Velde, 1992). A high rainfall region
has a more complex clay mineralogy that is dominated
by 2:1 clays and kaolinite than a low rainfall region
(Deepthy and Balakrishnan, 2005). In the present study,
the mean annual temperature and precipitation in Ult-2
(23.5°C and 1850 mm) were higher than in Ult-1 (16.9°C
and 1450 mm). The HIV in the Ult-1 25—100 nm
fraction indicated that in the low OM and moderate
acidity environment with frequent drying/wetting cycles,
the vermiculite interlayer hydroxyl species persisted as
intermediate products of the weathering of 2:1 clay
minerals to kaolinite. Ryan et al. (2016) studied a
tropical soil chronosequence in Costa Rica and found
early formed smectite transformed into interstratified
kaolinite-smectite (K-S) with 2:1 layers that were
increasingly HIV-like and illite-like and that these
precursors eventually were altered to kaolinite. In the
present study, the 2:1 clay minerals in the 25—100 nm
fraction of Ultisols were illlite and HIV. The Ultisols
were at the end of an evolution sequence of smectite to
kaolinite. The transformation sequence of clay minerals
in the Ult-1 25—100 nm fraction in the subtropical zone
is summarized as illite—-HIV —kaolinite. The Ult-2
25—100 nm fraction was dominated by kaolinite and
contained only illite and kaolinite and the disordered
kaolinite was the end product of clay mineral transfor-
mation. The difference in the clay mineral species in the
Ult-1 and Ult-2 soils indicated a zonal distribution of the
characteristic clay minerals in the 25—100 nm fraction.
Climate was an important factor that determined the
kinetics of chemical weathering and mineral transforma-
tion in the 25—100 nm fraction. Additionally, when
Ultisols are eroded and the finest particles are carried
away, a study of the nanoparticle composition could be
an important index to understand the erosion process.
Goethite is abundant and has the potential to efficiently
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adsorb anions (e.g. nutrients and pollutants) in acidic
soil environments.

CONCLUSIONS

The present study indicated that the main clay
minerals in the different size fractions of two Ultisols
were kaolinite, illite, gibbsite, and a small amount of
HIV (and vermiculite) in Ult-1. As soil particle size
decreased from 450—2000 to 25—100 nm, the hydroxyl
and AlOg groups in kaolinite decreased and resulted in a
decrease in kaolinite crystallinity in the nanoparticles.
The kaolinite MCD, ALN, and PT values were lower in
the 25—100 nm particles than in the 450—2000 nm
particles. In the two soil 25—100 nm fractions, the MCD
and ALN values were about 100 A and 15 layers/
particle, respectively. The endothermic peak temperature
was about 474°C and the H&B indices of kaolinite were
17 and 4.8 for the 25—100 nm fractions of Ult-1 and
Ult-2, respectively. Kaolinite crystallinity was lower in
the Ult-2 nanoparticles than in the Ult-1 nanoparticles.
This study examined the characteristics of clay minerals
in soil nanoparticles and provides useful information for
further research on nanoscale mineral evolution.
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