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As a natural two-dimensional nanomaterial, palygorskite has been widely used in the ﬁelds of biology, chemical industry, medicine,
and agriculture. Recently, more and more researchers point out that the aspect ratio of palygorskite directly aﬀects the properties of
its composite materials. Due to the large speciﬁc surface area and the tiny width of the palygorskite rod-like particles, it is diﬃcult to
obtain the aspect ratio information quickly and accurately by conventional means such as microphotography method and speciﬁc
surface area method. In this paper, the length and width of the crystal is measured quickly and accurately by using dynamic laser
light scattering technique and X-ray diﬀraction technique, so that the aspect ratio of the crystal can be calculated easily. It is
recommended to analyze the crystallite size and microstrain of the diﬀraction pattern of palygorskite that using Pearson VII
function, Caglioti equation, and average (LANGFORD) method, after comparing the three modes of W.-H. method. This
feasible method has a good application prospect of the study of rod-like nanomaterials.

1. Introduction
The appearance of granular materials and size determines the
performance and use of materials, so it is particularly important to study its size. The aspect ratio is one of the most
important morphological features of rod-like and ﬁber-like
materials, which not only determines the rheological properties of such materials [1–3] but also aﬀects its catalytic performance, environment control performance, and drug delivery
performance [4]. Palygorskite is a natural rod-like mineral
material with internal pore structure, which has excellent stability, adsorbability, and colloid property. Its crystal length is
about 0.5-5 μm, and the width is about 20-70 nm [5, 6], as
shown in Figure 1. At present, palygorskite has been widely
used in biological, chemical, pharmaceutical, agricultural,
and other ﬁelds [7]. Many researchers have pointed out that

the aspect ratio of palygorskite directly aﬀects various properties of composite materials [8–12]. Research on the characterization method of the aspect ratio of palygorskite has not
attracted much attention, although it has always been a diﬃcult problem to obtain the accurate information on the aspect
ratio of palygorskite. Therefore, this paper applied dynamic
laser light scattering (DLS) and X-ray diﬀraction (XRD) to
the study of aspect ratio, in order to ﬁnd a rapid and accurate
characterization method for this problem.
1.1. Common Characterization Methods of Aspect Ratio. The
aspect ratio (p) is deﬁned as the ratio of the primary size of
the particle to the secondary size [11] (Equation (1)).
p=

l
,
w

ð1Þ
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Figure 1: TEM image of palygorskite crystal ((a) palygorskite crystal beam; (b) single palygorskite crystal).

where p is the aspect ratio, l is the primary particle size
(length), and w is the secondary particle size (width).
At present, there are two conventional characterization
methods of “aspect ratio”. One, called “Speciﬁc surface area
method,” is to calculate the aspect ratio by measuring the
particle surface area and particle size distribution [12]. The
other, called “microphotography method,” is to observe the
samples dispersed in the sample rack by using the microscopic imaging technology and then use the image analysis
software to measure the length and width of the particles
[13]. These methods have their own advantages and
disadvantages.
The speciﬁc surface area method has a strong theoretical
basis, but the speciﬁc surface area of particles is always diﬃcult to be measured, especially when analyzing materials with
internal pores. So it always deviates from the actual value of
aspect ratio.
The microphotography method can accurately measure
the length and width of the particles from the microscopic
image, so as to quickly obtain the aspect ratio of the samples.
However, the measurement accuracy of this method mainly
depends on the image resolution. For example, the resolution
of the commonly used Noran5 microimage analysis instrument is 22 nm. When the particle size is smaller than this
range, a large error will occur. Moreover, image analysis is
to analyze a limited number of particles in a limited view
ﬁeld, usually tens to hundreds of particles, so it is diﬃcult
to achieve comprehensive particle size statistics [14]. As is
known, the diameter of nanomaterial is quite small, only
calculated with the diameter of 22 nm, there are 31 × 1012
nanospheres in the range of 1 cm × 1 cm. So it is necessary
to improve a method that can characterize a suﬃcient number of nanoparticles to obtain the accurate length-diameter
ratio of the sample particles.
1.2. X-Ray Powder Diﬀraction and Dynamic Light Scattering.
The mineral palygorskite is known to be a long rod-like crystal. The aspect ratio of palygorskite is actually the ratio of the
length and the width of the single palygorskite crystal. In this
paper, X-ray powder diﬀraction technique was used to analyze the secondary size, and dynamic light scattering technique (DLS) was used to measure the primary size of
palygorskite crystals. Finally, the aspect ratio was obtained

by combining the two kinds of crystallite size information.
By repeated comparison, the aspect ratio provided by this
method well reﬂected the actual situation.
1.2.1. X-Ray Powder Diﬀraction (XRD). The analysis of XRD
pattern oﬀers important microstructure information about
the powder samples, such as crystal structure, microstrain,
crystallite size, crystal defect concentration, and distribution
[15]. The XRD pattern is generated by a huge amount of
crystal particles, often more than 10 × 1013 . The information
extracted by XRD analysis is more reliable, compared with
other methods. Generally, crystallite size (D) can be calculated by Scherrer Equation (Equation (2)).
Dnkl =

kλ
,
β cos θ

ð2Þ

where DHKL is the crystallite size, K is the crystal shape factor, λ is the wavelength of X-ray, and β is the half peak
width of the diﬀraction peak at the Bragg angle. Equation
(2) can be used to calculate the crystallite diameter of Dhkl
along the direction perpendicular to the crystal plane
(HKL) by using the half peak width of the diﬀraction peak
at the Bragg angle.
In order to eﬀectively analyze the XRD pattern and
obtain accurate information such as crystallite size and
microstrain, the W.-H. method is often used in recent years.
The W.-H. method is a simple and easy way to describe the
phenomenon of XRD peak broadening, which interprets
the peak broadening as a function of crystallite size, microstain and Bragg angle (θ) [16–18]. Equation (3) can be
achieved when logarithm is taken from both sides of Equation (2). The crystallite size of the samples can be calculated
from the y-intercept of the line ﬁtting in the plots of ln ðβÞ
versus ln ð1/cos θÞ. This is the basic principle of the W.-H.
method.

InðβÞ = In




kλ
1
+ In
:
D
cos θ

ð3Þ

After taking the microstrain into account, Equation (3)
can be rewritten in three diﬀerent forms, corresponding to
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Figure 2: XRD pattern comparison of diﬀerent grinding time.
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Figure 3: XRD pattern identiﬁed by standard card.
Table 1: W.-H. analysis results of palygorskite.
Sample

Grinding time

W.-H. plot crystallite size (nm)
Average
Linear
Quadratic

Average

W.-H. plot microstrain (%)
Linear
Quadratic

10 s

31:80 ± 0:80

27:80 ± 3:30

25:80 ± 7:20

0:20 ± 0:10

0:04 ± 0:05

0:10 ± 0:10

2

20 s

28:00 ± 0:01

28:60 ± 0:01

25:90 ± 2:70

0:20 ± 0:05

0:09 ± 0:01

0:20 ± 0:04

3

40 s

27:73 ± 0:01

27:20 ± 0:10

26:20 ± 2:30

0:15 ± 0:04

0:03 ± 0:01

0:11 ± 0:03

1

4

60 s

26:80 ± 0:01

23:70 ± 0:04

24:00 ± 2:80

0:15 ± 0:06

−0:02 ± 0:01

0:00 ± 0:05

5

80 s

26:40 ± 0:01

26:50 ± 0:10

25:60 ± 2:00

0:13 ± 0:04

0:03 ± 0:01

0:11 ± 0:03

6

100 s

25:50 ± 0:10

26:40 ± 0:10

23:60 ± 2:50

0:23 ± 0:05

0:11 ± 0:01

0:24 ± 0:04

7

220 s

22:90 ± 0:20

39:00 ± 2:10

28:20 ± 5:30

0:40 ± 0:20

0:39 ± 0:01

0:52 ± 0:07
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Figure 4: Continued.
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Figure 4: Analysis process of 220 s sample ((a) the XRD pattern; (b) the classic linear W.-H. plot; (c) the quadratic W.-H. plot, (d) the average
W.-H. plot).

three W.-H. plot modes. The classical linear W.-H.
mode, corresponding to Equation (4), is applicable to
the case that the peak broadening only varies with the
crystallite size. The quadratic W.-H. mode, corresponding
to Equation (5), is suitable for the case that the peak
broadening only varies with microstrain. The average
W.-H. plot mode, known as the LANGFORD method
corresponding to Equation (6), is applicable to the case

that the peak broadening varies with the crystallite size
and microstrain.
kλ
+ 4ε sin θ,
D
 
kλ
2
2 + 16ε2 sin2 θ,
cos θ =
D

βhkl cos θ =
β2hkl

ð4Þ
ð5Þ
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βhkl kλ
+ 16ε2 ,
=
2
tan θ D × sin θ × tan θ

ð6Þ

where D is the crystallite size, ε is the microstrain, βhkl
is the integral width of the diﬀraction peak, θ is the
Bragg angle, K is the crystal shape factor (generally is
1.00), and λ is the wavelength of Cu-Kα radiation
(λ = 0:15406 nm).
1.2.2. Dynamic Light Scattering (DLS). Dynamic light scattering (DLS) is a characterization method of measuring
particle size distribution in solution or suspension [19–
21]. Khouri et al. (2014) pointed out that dynamic lightscattering technology can accurately measure the rotation
radius (Rg ) of nanoparticles within the range of 101000 nm [23].

2. Experimental Materials and Methods
2.1. Experimental Materials. The samples used in this paper
were collected in Dafang county, Guizhou province, China,
which was found to have obvious ﬁber characteristics [23].
Palygorskite clay was puriﬁed and activated by 10% hydrogen
peroxide and 10% hydrochloric acid. The puriﬁed sample
was dried for 3 h at 120°C and then ground into powder with
a high-speed vibration mill.
2.2. Experimental Methods
2.2.1. XRD. The X-ray pattern was obtained using X’pert Pro
X-ray diﬀractometer, manufactured by Panalytical. Using Cu
cube (λ = 0:15406 nm) to conduct X-ray diﬀraction analysis
at 40 kV and 40 mA. The pattern was reﬁned with HighScore
Plus 4.7 software to obtain accurate crystallite sizes of the
sample particles [24].
2.2.2. DLS. Delsa Nano C particle analyzer produced by
Beckman Coulter was used to analyze the dynamic light scattering particle size of palygorskite. The analyzer has high
precision and reliability and has been widely used to measure
the particle size of nanomaterials. The sample was dispersed
in 1:0 × 10−3 mol L−1 NaCl solution by ultrasound, and a suspension of 1.0 g L-1 was prepared. The particle sizes were
obtained by repeating the determination in the analyzer for
3 times.
2.2.3. TEM. Gem-2100 transmission electron microscope was
used to observe the microscopic morphology. The sample
powder was dispersed in anhydrous ethanol solution. After
10 minutes of ultrasonic dispersion, it was dripped to a clean
copper network. After being dried, it was used to observe the
micromorphology.

3. Results and Discussions
3.1. XRD. X-ray diﬀraction patterns of palygorskite synthesized from diﬀerent grinding time are given in Figure 2. All
diﬀraction peaks that are attributed to monoclinic structure
space group C 1 2/m1 (12) conform with Crystallography
Open Database(COD) data with card number (#1533365)
[25] (as shown in Figure 3). The six main planes (101),

Table 2: Calculation of the aspect ratio of palygorskite crystals.
Sample
1
2
3
4
5
6
7

Grinding
time (s)
10.00
20.00
40.00
60.00
80.00
100.00
220.00

Length by DlS Width by XRD
(nm)
(nm)
1599.50
1191.60
906.70
859.70
713.00
674.50
359.60

31.80
28.00
27.73
26.80
26.40
25.50
22.90

Aspect
ratio
50.30
42.56
32.70
32.08
27.01
26.45
15.70

(002), (301), (211), (212), and (611) of monoclinic phase of
palygorskite are observed at 2θ = 8:505° , 13.867°, 16.400°,
20.805°, and 27.943°, respectively. Figure 3 clearly shows that
the intensity of the diﬀraction peak of palygorskite decreases
with the increase of grinding time, indicating that its grain
sizes decrease with the increase of grinding time.
In this paper, the HighScore Plus4.7 software is used to
estimate the crystallite sizes of 7 palygorskite samples prepared in diﬀerent grinding time. Pearson VII function is used
as the peak shape ﬁtting function, Caglitoti equation is used
for the FWHM equation, and peak position and area are
modiﬁed during the ﬁtting process. The calculation results
also with the deviation are shown in Table 1.
Taking the 220 s sample as an example, the process of
analyzing the palygorskite XRD pattern by means of W.-H.
methods was explained in Figure 4. The analysis of other
samples was carried out using the same process. Firstly, 41
diﬀraction peaks of palygorskite crystal were selected, and
Pearson VII peak function was used to ﬁt the original pattern,
while the ﬁtting error Rwp was 3.9013 (as shown in
Figure 4(a)). From the ﬁtted peak function, the integral width
of each diﬀraction peak was obtained. Then, the particle size
and microstrain were analyzed by three W.-H. plot methods.
The classic linear W.-H. plot is shown in Figure 4(b), and the
quadratic W.-H. plot is shown in Figure 4(c). The ﬁtting lines
were drawn in the two ﬁgures, of which the slopes rendered
the microstrain, while the oﬀset was used to calculate the
crystallite size. The average W.-H. plot was drawn in
Figure 4(d). In contrast to the other two methods, the slope
of the ﬁtting line rendered the crystallite size, while the oﬀset
is used to calculate the microstrain.
The crystallite sizes (as shown in Table 1) given by the
three diﬀerent W.-H. methods are all around 30 nm, which
is consistent with the signal palygorskite crystal shown in
Figure 1. Among the three methods, the deviation given by
the average (LANGFORD) method is always smaller than
other two methods. Although the classic linear method also
provides a small deviation, the deviation increases sharply
when analysing the samples with larger microstrain, such as
the 10 s and 220 s samples. This shows that the classic linear
method is not suitable for estimating the crystallite sizes of
samples with microstrain. It also shows that the palygorskite
powder prepared after mechanical grinding do have some
microstrain. Therefore, this paper adopts the average method
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Figure 5: Crystallite size of palygorskite at diﬀerent grinding time (■ is the crystallite length estimated by DLS, □ is the crystallite width
estimated by XRD).

(LANGFORD method) to estimate the crystallite sizes of
palygorskite.
3.2. DLS. The puriﬁed palygorskite samples were ground
by high-speed vibration mill. In this paper, samples produced under seven diﬀerent grinding times were selected
for DLS detection. In order to explore the grinding limit,
the grinding time of the last sample increased by 600%
(120 s) compared with the previous. The grinding time,
220 s, is close to the limit time of a continuous grinding
of the mill.
The corresponding relation between grinding time and
particle size is shown in Table 2 and Figure 5. The ﬁgure
shows that, in the ﬁrst 40 s, the samples were signiﬁcantly
ground, and the particle size of 40 s sample was 43.31% lower
than 10 s sample. With the increase of grinding time, the
grinding eﬃciency decreased signiﬁcantly, and the particle
size of 100 s sample only decreased by 25.61% compared with
40 s sample. The ﬁgure together with the table shows that the
longer the grinding time, the ﬁner the particles, and the lower
the grinding eﬃciency.
After 220 seconds of intense grinding, the particle sizes
measured by DLS are still much longer than 50 nm. Compared
with the TEM picture of palygorskite crystals shown in
Figure 1, the particle sizes of palygorskite estimated by DLS
are not the width values. As known, the DLS method can eﬀectively measure the rotation radius of the particle [22]. Palygorskite is a kind of rod-like crystal, so the rotation radius
represented by DLS method can be considered as the length
of palygorskite crystals, which is the l value of Equation (1).

3.3. Calculation of Aspect Ratio. The primary size (l) of the
crystal is given by DLS, and the secondary size (w) of the
crystal is given by XRD analysis. The aspect ratios of the
crystals under diﬀerent grinding time can be calculated
by using Equation (1). The results are shown in Table 2
and Figure 5, which shows that the aspect ratio of palygorskite can be eﬀectively reduced by means of mechanical
grinding. With the lengthening of grinding time, the
aspect ratio of palygorskite decreased from 50.30 at 10 s
to 15.70 at 220 s.
TEM images of palygorskite crystals at diﬀerent grinding
times are shown in Figure 6. From the images, it can be seen
that the length of palygorskite crystals gradually decreases
with the extension of grinding time, while the width of crystals decreases weakly. However, due to the limitations of
TEM, it is diﬃcult to ﬁnd single palygorskite crystal in the
view ﬁeld. For example, the photo of “false single crystal” is
shown in Figure 6(g), which is composed of two closely connected crystals.
The reason for the sharp decrease of aspect ratio can
be attributed to the characteristics of palygorskite crystals.
Palygorskite is a kind of crystal that grows in the direction of c-axis in the chain, and its regular crystal shapes
are long rod-like in the direction of a-axis. Mechanical
grinding makes it easier to break the long bar crystal
and turn it into short bar crystal. However, the eﬀect of
mechanical grinding on the width of the crystals is much
lower, which makes the aspect ratio of palygorskite crystals shows a trend of sharp decline in the extension of
grinding time.
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Figure 6: TEM images of palygorskite crystals under diﬀerent grinding times((a) grinding time is 10 s; (b) grinding time is 20 s; (c) grinding
time is 40 s; (d) grinding time is 60 s; (e) grinding time is 80 s; (f) grinding time is 100 s; (g) grinding time is 220 s).

4. Conclusion
(1) In this paper, the advantages of DLS and XRD testing
techniques are comprehensively utilized to accurately
obtain the length and width, so as to accurately calculate the length-diameter ratio of palygorskite
(2) The aspect ratio calculated in this paper is the average
value of a huge number of particles, so it is more reliable than the conventional methods
(3) The proper parameter for W.-H. analysis of palygorskite should be Pearson VII function, Caglioti equation, and average (LANGFORD) method
(4) The aspect ratio of palygorskite sharply decreases
with the grinding time. When subjected to mechanical stress, palygorskite crystals are more prone to

fracture in the a-axis direction and less prone to wear
in the c-axis direction
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