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Abstract

The composition, size, shape, charge, and surface chemistry of nanoparticles are critical properties that need to be
tightly controlled and measured for a wide range of applications, from the production of nanoparticle reference
materials to the development of new materials products with nanometer-sized dimensions. Measuring the particle
size of nanomaterials help to evaluate their safety, quality and efficiency. In fact, there is not a single
characterization technique to measure the particle size of nanoparticles accurately. This comparative study
introduced three nano-metrological techniques: X-ray diffraction (XRD), dynamic light scattering (DLS), and a
high-resolution transmission electron microscope (HR-TEM), to measure particle size and explain the difference
in sizing measurements that were performed. Five samples of nanoparticles were analyzed; commercial Silver
nanoparticles (Two samples), biosynthesized Silver nanoparticles, biosynthesized Gold nanoparticles and ballistic
milled Silica sand nanoparticles. The particle size measured with the non-destructive DLS technique was close to
the crystallite size was calculated from the XRD pattern by using Debye- Scherrer’s equation. The particle size as
measured by the high-resolution sizing technique (TEM) was the most accurate measurement because the
microscope directly observed and measured individual nanoparticles. A scanning electron microscope (SEM) was
used to investigate the morphology of the five analyzed samples. The uncertainty in particle size measurements
was estimated from statistical analysis of repeated readings of the measured value.

Keywords: Particle size measurements; Nanometrology, Debye-Scherrer’s equation, SEM, HR-TEM, DLS,
Estimated uncertainity

1- Introduction nanomaterials [38-40]. Due to the extremely small

In the world of nanotechnology, the nanoparticles size
and shape has attracted the attention of researchers toward
their potential applications such as antimicrobial textile [1-
3] and finishing treatments [4,5], fabrication of reference
materials [6,7], water disinfectant [8-12], diagnosis of
diseases [13-16], Biosensing [17-19], solar cell [20-23],
energy storage [24-27], environmental remediation [28-31],
additives [32-35], and many others widespread application.

The science of measurement at the nanoscale level
is known as nanometrology. Nanometrology has a key
role in developing nanometer-sized dimensions
products [36]. Fundamental studies and new
technological applications need nanoparticles with
uniform shapes and sizes [37]. Nanometrology
techniques and standards are required to control
fabrication, production and characterization of

size of nanomaterials (less than 100 nm) and low
quantity in laboratory-scale production, more precise
techniques and international standards are required for
their characterization [41-43]. International guidelines
and specification standards relating to classification,
measurements and characterization of nanomaterials
have been published by the international organization
for standardization (1SO) such as I1SO/TS 12805:2011
(Materials specifications — Guidance on specifying nano-
objects), 1SO 17200:2020 (Nanoparticles in powder form
Characteristics and measurements), 1SO 21363:2020
(Measurements of particle size and shape distributions by
transmission electron microscopy), and ISO 19749:2021
(Measurements of particle size and shape distributions by
scanning electron microscopy).
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Nanometrological measurements can be varied
from the length, size, shape, aspect ratio and size
distribution to force, mass, chemical composition,
nanoparticle concentration, and other properties
[36,44]. Measurements at the nanoscale level need
high precision and effective methods of measurement
[45,46]. The great challenge of nanometrology is
reaching metrological traceability and estimating
uncertainty in measurement at the nanoscale [38].
Accurate measurements of nanoparticles affect
significantly ~ their ~ commercial  applications.
Nanometrological techniques such as high-resolution
transmission  electron  microscope  (HR-TEM),
scanning electron microscope (SEM), dynamic light
scattering (DLS), and x-ray diffraction (XRD) are
required to define the size, shape, particle size
distribution (PSD), and crystal structure of the
nanomaterials precisely [47-50]. The two most famous
methods used for size measurements of nanoparticles
are the light scattering method, which uses dynamic
fluctuation of the scattered light to calculate the
average particle size, and the microscopic techniques
which measures particle size from particle images
[51].

To achieve good quality measurements and
understand the results, the uncertainty of
measurements has to be calculated. Uncertainty is
known as a quantification of the doubt about the
measurement result while error is the difference
between the ‘measured value’ and the ‘true value’ of
the thing being measured [52,53]. Uncertainty type A,
Ua, is usually estimated from statistical analysis of
repeated readings of measured value U, = S/v/n,
where S is the standard deviation and n is the number
of measurements. Uncertainty type B, Ug, estimates
from calibration certificates of devices and any other
information. Both types of uncertainty are needed in
most measurement situations. In this experiment, the
size, shape, particle size distribution (PSD)
measurements, and crystal structure of the
nanomaterials were studied by using different
nanometrological techniques. Different samples of
Silver nanoparticles, Gold nanoparticles and Silica
sand nanoparticles were investigated.

2- Materials and Experimental Methods

In this study, five samples of nanomaterials were
analyzed. High pure powder of Ag NPs was purchased
from Sigma Aldrich (Ag NPs, Sigma), well dispersed
solution of Ag NPs was ordered from Metalon (Ag
NPs, Metalon), biosynthesized Silver nanoparticles
(Ag NPs) from actinomycete strain; Streptomyces sp.
U13 (KP109813), isolated from sandstone rock,
biosynthesized Gold nanoparticles (Au NPs) from
actinomycete  strain;  Streptomyces sp. U30
(KP109810), isolated from metal containing rock [57],
and physically synthesized Silica sand nanoparticles
(SS NPs) by wusing ball milling [58], were
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characterized by using different nanometrological
techniques.

Characterization

UV-Vis spectrophotometer (Shimadzu,
UV3101PC, Japan) was used to confirm the formation
of biosynthesized nanoparticles in solution at room
temperature. XRD analysis of the prepared samples of
nanoparticles was done using a Pananalyitical X pert
Pro diffractometer with Cu Kal radiation (A=1.540595
A) (Malvern, GH Eindhoven, The Netherlands).
Particle size analysis of the five analyzed samples of
nanoparticles was carried out precisely with dynamic
light scattering (DLS) (Nano ZS90, Malvern
Instrument). A He-Ne laser, 633 nm, was used as a
light source. Particle size was measured using the
method of dynamic light scattering where the scattered
light was collected by using an avalanche photodiode
detector (APD). The size and shape of nanoparticles
were investigated by utilizing a high-resolution
transmission electron microscope (HR-TEM, Jeol
JEM 2100) with an acceleration voltage of 200 kV.
The surface morphology of nanoparticles for all
samples was examined by A CARL ZEISS SIGMA
500vp scanning electron microscopy (SEM) (Zeiss,
Berlin, Germany).

Synthesis of Au NPs, Ag NPs and SS NPs

Au NPs and Ag NPs were synthesized biologically
from actinomycete strain; Streptomyces sp. U30
(KP109810), isolated from metal containing rock [57]
and actinomycete strain; Streptomyces sp. U13
(KP109813), isolated from sandstone rock,
respectively. UV-Vis spectrophotometer results
indicated that the biosynthesis of Gold nanoparticles
was confirmed by a well-defined absorption peak that
appeared at 524 nm [57]. The bio-formation of Ag NPs
was confirmed by an absorption beak recorded at 434
nm. SS NPs were physically synthesized by using the
ball mill technique. Ball mill was utilized to process
sand nature particles, collected from the beach area of
Rosetta in Egypt to the nanoparticles [58]. TEM
images revealed that the diameter size of Au NPs, Ag
NPs and SS NPs were ranging from 11.96 to 34.62,
3.91 to 37.83, and 9.87 to 117.02 nm, respectively.
Ball milled Silica sand displayed that the SS NPs are
not uniform with a high agglomeration among the
particles because the mechanical parts of ball milling
device, used to shape nanoparticles, are stiff and hard.

3- Results and Discussion
Particle size measurement of nanomaterials
X-ray diffraction studies

X-ray diffraction technique is considered as a
primary characterization tool in nanoparticle research
for achieving critical features such as crystal structure
and crystallite size. In nanocrystalline materials, the
randomly oriented crystals cause broadening of
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diffraction peaks due to the absence of total
constructive and destructive interferences of X-rays in
a finite sized lattice. The Debye-Scherrer’s formula,
d = KA/Bcos0O, is the most widely used method for
estimating the crystallite size from the full width at
half maximum (FWHM) of a diffraction peak
broadening [59-61]. Where d is the crystallite size in
nm, A is the X-ray wavelength (Cuy, wavelength,
A=1.540595 A), B is the full width at half maximum
(FWHM) of the peak in radian, 0 is the X-rays incident
angle in degree and K is the Scherrer constant that is
close to unity.

To avoid error in the X-ray diffraction pattern of
the analyzed samples, the performance of the X-ray
diffractometer, in terms of peak positions and
resolution, was checked using the standard silicon
single crystal specimen at the experiment conditions.
The XRD pattern of the five analyzed samples were
collected at room temperature (Fig. 1) and the
crystallite size parameter was estimated from XRD
peaks by using the Scherrer equation as displayed in
(Table 1). XRD of Ag NPs (Metalon) showed a hump
at 27.008°, which indicates that Ag NPs (Metalon) is
amorphous as in (Fig. 1a). XRD pattern of powder of
Ag NPs (Sigma Aldrich) presented four distinct
diffraction peaks at 20 of 38.11°, 44.32° 64.50° and
77.45° as displayed in (Fig. 1b), these peaks could be
attributed to the (111), (200), (220) and (311)
crystallographic planes of the face centred cubic Ag
crysta. XRD of Ag NPs (Biosynthesized) was
illustrated in (Fig. 1c), the XRD pattern showed the
Bragg’s diffraction peaks at 38.16° and 45.04° which
corresponds to the (111) and (200) diffraction plane of
Silver and the other peaks at 31.55° and 32.78° may be
appeared because of the crystallization of the bio-
organic phase [62,63]. XRD pattern of the Au NPs
displayed in (Fig. 1d), the fcc crystal structure of Gold
is confirmed by the Bragg reflections (111), (200),
(220), (311) and (222) at 26 of 35.95°, 41.85°, 61.51°,
75.26° and 82.21° respectively. The crystallite size is
calculated based on the four peaks (111), (200), (220)
and (311) as shown in (Table 1). XRD analysis of
powder of Silica sand nanoparticles (SS NPs) was
shown in (Fig. 1e). XRD pattern demonstrated peaks
at 20.76°, 26.57°, 35.52° and 45.82° corresponded to
the (100), (101), (110) and (201) and the unknown
peak at 30.45°. The obtained results of XRD analysis
were consistent with the previously published reports
of Silver nanoparticles [64-68], Gold nanoparticles
and Silica sand nanoparticles [69-71].

DLS method

For achieving accurate measurements of particle
size by using DLS method, ISO recommendation has
to be followed. 1SO 22412:2017 (Particle size analysis
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— Dynamic light scattering (DLS)) was published to
provide an estimation of the average particle size and
particle size distribution (PSD) of nanoparticles.
Dynamic light scattering (DLS) is a standard
technique utilized to measure the size distribution of
nanoparticles in suspension. DLS method probes the
hydrodynamic mobility of the particles dispersed in
liquids [51] and determines the size of the particles
from fluctuations of the scattered light resulting from
the Brownian motion of the particles. The analysis
assumes that each particle is a perfect sphere and the
measured average size of nanoparticles is the
equivalent spherical size. When aggregation of
nanoparticles exists in nanoparticle suspension, the
measured value of particle size will be significantly
biased and the aggregation treated as a single particle.
In this study, the liquid suspensions of nanoparticles
were treated for 5 mins in an ultrasonic bath to achieve
a well-dispersed suspension. The Z average values of
the five analyzed samples of nanoparticles were
reported as the mean diameter of nanoparticles in
(Table 2). Particle size distribution (PDS)
measurements of the five analyzed samples, that were
measured by the DLS method, were displayed in (Fig.
2). Three measurements for each sample were
presented. Uncertainty in particle size measurements,
U, was estimated and represented in (Table 3).

HR-TEM analyses and SEM imaging

The international committee of nanotechnology
(TC229) at the international organization for
standardization (ISO) has published recent standards
dealing with the morphology of nanoparticles, such as
ISO 21363:2020 (Nanotechnologies — Measurements
of particle size and shape distributions by transmission
electron  microscope) and ISO  19749:2021
(Nanotechnologies — Measurements of particle size
and shape distributions by scanning electron
microscopy). For particle size measurement, the
microscope is the only accurate method that directly
observes and measures individual nanoparticles [72].
To investigate the size and shape of nanoparticles,
TEM analyses and SEM morphological studies were
carried out for the five samples of nanomaterials. TEM
analyses were performed by using the high-resolution
transmission electron microscope (HR-TEM) operated
at 200 keV, the samples were prepared by putting a
drop of each solution on a carbon/copper grid. Shape
investigation of nanoparticles was done by using a
scanning electron microscope (SEM), the samples
were prepared on a graphite bulk substrate. For TEM
analyses, different sections of the samples were
studied to reveal the diameter of nanoparticles.
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Figure 1. X-ray diffraction analysis of the different nanomaterials: (a) XRD of Ag NPs (Metalon), (b) XRD of
Ag NPs (Sigma Aldrich), (c) XRD of Ag NPs (Biosynthesized), (d) XRD of Au NPs and (e) XRD of Silica sand
NPs.

Table 1: The crystallite size parameter estimated from the XRD pattern (at each peak) by using the Scherrer
equation for the analyzed samples of nanomaterials

XRD analysis
Peak position hkl FWHM Crystllite size  Average
[26°, degree] [B, Radians] [d, nm] [d, nm]
38.14 111 0.009539 160.76
Ag NPs (Sigma Aldrich) 44.28 200 0.015495 100.98 133.50
64.52 220 0.01242 137.98 '
77.47 311 0.013836 134.28
3155 0.008225 183.11
. . 3234 0.010517 143.48
Ag NPs (Biosynthesized) 3854 111 0.005269 291 37 195.57
45.01 200 0.009547 164.32
35.95 111 0.030644 49.72
. . 41.85 200 0.005632 275.52
Au NPs (Biosynthesized) 6151 290 0.04341 38.85 101.66
75.26 311 0.042995 42.56
20.76 100 0.001871 787.34
26.57 101 0.001758 847.02
SS NPs (Physical synthesised) 3045 - 0.00224 670.65 1027.86
35.52 110 0.000924 1647.01
45.82 201 0.001325 1187.26
Ag NPs (Metalon) Amorphous
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Figure 2. Particle size distribution (PSD) of nanoparticles obtained by DLS. (a) Silver nanoparticles (Metalon),
(b) Silver nanoparticles (Sigma), (c) Silver nanoparticles (Biosynthesized), (d) Gold nanoparticles and (e) Silica
sand nanoparticles. Red, green and blue curves are three repeated measurements for each sample.

The mean diameter and standard deviation were
about 16.52 + 7.79, 18.94 + 7.8, 15.3 + 9.1, 23.94 +
6.4, and 45.2 + 34.28 nm for Ag NPs (Metalon), Ag
NPs (Sigma), Ag NPs (Biosynthesized), Au NPs, and
SS NPs respectively. Uncertainty in particle size
measurements, UA, was estimated and represented in
table (3). TEM images of the five analysed samples
indicated that Ag NPs (Metalon) were spherical and
well dispersed (Fig. 3a), Ag NPs (Sigma) were
spherical and highly aggregated (Fig. 3d), Ag NPs
(Biosynthesized) were spherical and hexagonal in

shape and there was a little aggregation as shown in
(Fig. 3g), Au NPs were hexagonal and triangular in
shape and there was a little aggregation (Fig. 3j) and
SS NPs were random and highly aggregated (Fig. 3m).
These results were confirmed by the results obtained
from SEM images (Fig. 3b, 3e, 3h, 3k and 3n). The
histogram of the particle size distribution (PSD)
extracted from statistical analysis of HR-TEM images
were shown in (Fig. 3c, 3f, 3i, 3l and 30), it reveals the
range of the particle size.

Table 2 Particle size measurements of the five analyzed samples with different nanometrological techniques

Mean size of nanoparticles

Method Physical principle Ag NPs Ag NPs . Au NPs
(Metalon) | (Sigma) | A9NPs(Bi0) | = gjp~ | SSNPs
XRD X-ray diffraction N/A 133.50 195.57 101.66 1027.86
DLS Light scattering 61.87 146.58 130.76 102.96 522.76

HR-TEM Imaging/particle 16.52 18.49 15.3 23.49 452
counting

SEM Imaging/particle Spherical Spherical Spherical  |Triangular & Random

shape &hexagonal & hexagonal | hexagonal

Egypt. J. Chem. 66, No. 4 (2023)
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Table 3: Particle size measurements of the five analyzed samples combined with estimated uncertainty (U) at level
of confidence 95%.

Mean particle size of nanoparticles with uncertainty type A & B

Mean size from Mean size from

TEM U DLS v
Ag NPs (Metalon) 16.52 2.206 61.87 1
Ag NPs (Sigma Aldrich) 18.94 2.209 146.58 4.726
Ag NPs (Biosynthesized) 15.3 3.325 130.76 1.1179
Au (Biosynthesized) 23.94 1.814 102.96 13.626
SS NPs (Ball milled) 45.20 8.852 522.76 92.866
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Figure 3: TEM and SEM analysis of nanoparticles. (a) HR-TEM image of Ag NPs (Metalon), (b) SEM image of Ag NPs (Metalon), (c)
Histogram of the particle size distribution of Ag NPs (Metalon), (d) HR-TEM Image of Ag NPs (Sigma), (¢) SEM image of Ag NPs (Sigma),
(f) Histogram of the particle size distribution of Ag NPs (Sigma), (g) HR-TEM Image of Ag NPs (Biosynthesized), (h) SEM image of Ag NPs
(Biosynthesized), (i) Histogram of the particle size distribution of Ag NPs (Biosynthesized), (j) HR-TEM Image of Au NPs (Biosynthesized),
(k) SEM image of Au NPs (Biosynthesized), (I) Histogram of the particle size distribution of Au NPs (Biosynthesized), (m) HR-TEM Image of
SS NPs, (n) SEM image of SS NPs and (0) Histogram of the particle size distribution of SS NPs. The histograms of the particle size distribution
of the five analyzed samples are based on TEM image analysis and the red line is a Gaussian distribution fit.
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The values of mean size of nanoparticles, obtained by
X-ray diffraction and dynamic light scattering, were
consistent for Ag NPs (Sigma), Ag NPs
(Biosynthesized) and Au NPs (Biosynthesized) while
there was a big difference between the two values of
ball milled SS NPs due to the high agglomeration and
random shape of the particles. The most accurate
results of the mean particle size were achieved by the
HR-TEM. TEM results based on direct measurement
of the size of individual nanoparticles. In literature
[71-73], the value of particle size obtained from XRD
calculations should be the same as the value extracted
from TEM images. Actually, this could be happened
at a single peak broadening of XRD pattern. In this
study, the particle size calculated at each peak of XRD
peaks then the mean value was considered as the
particle size. Also, HR-TEM measurement done for 50
nanoparticles only while the XRD and DLS
measurement carried out for the whole sample of
nanoparticles.

1. Conclusions

To conclude, there is not a single measuring
technique to determine and provide all the information
on particle size measurement. In this comparative
study, different nanometrological techniques, XRD,
DLS, HR-TEM, and SEM, were used to measure the
particle size and provide the morphology of silver,
Gold and Silica sand nanoparticles. XRD is a non-
destructive tool for calculating the crystallite size of
nanoparticles from the XRD pattern by using Debye-
Scherrer’s formula. DLS is a fast and affordable tool
to determine the mean size and size distribution of
nanoparticles but can’t differentiate the small
aggregation of nanoparticles from large particles. On
the contrary, HR-TEM allows direct observation of the
size and shape of individual nanoparticles on a
substrate even with the presence of large aggregates
leading to accurate measurements of particle size. In
this experiment, the obtained results of calculated
crystallite size of nanoparticles from XRD were close
to the average size of nanoparticles measured by DLS.
The mean diameter of nanoparticles that measured by
HR-TEM has the lowest value of the particle size
measurement. It is based on the image analysis of 50
particles. Statistical analysis of TEM results produced
the particle size distribution (PSD). The scanning
electron microscope (SEM) is a highly precise
imaging tool but it is not accurate for measuring the
size of the nanoparticle.
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