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Featured Application: The qualification of a unique ultrasonic instrument for real-time monitoring
of the size and concentration of nanoparticles during bottom-up liquid phase synthesis is presented
in this paper. The presented results of the ultrasonic instrument are verified with a dynamic
light scattering device and a transmission electron microscope. Nanoparticles are increasingly
used in numerous applications, such as in coatings, paints, cosmetics, etc. Both in the design
and the production of nanoparticles there is a need for real-time measurements of their size
and concentration. Ultrasound-based instruments are particularly suitable for measuring particle
size and concentration, as they are non-destructive, fast, relatively cheap, and can measure in
highly concentrated opaque dispersions. Also, the ultrasound sensors are robust enough to be
placed inside a chemical reactor, allowing for real-time measurements of the particle size and
concentration during synthesis.

Abstract: Both in design and production of nanoparticles and nanocomposites it is of vital importance
to have information about their size and concentration. During the formation of nanoparticles,
real-time monitoring of particle size and concentration during bottom-up synthesis in liquids allows
for a detailed study of nucleation and growth. This provides valuable insights into the formation
of nanoparticles that can be used for process optimization and scale up. In the production of
nanoparticles, real-time monitoring enables intervention to minimize the number of off-spec batches.
In this paper we will qualify an ultrasound nanoparticle sizer (UNPS) as a real-time monitor for the
growth of nanoparticles (or sub-micro particles) in the 100 nm-1 pm range. Nanoparticles affect the
speed and attenuation of ultrasonic waves in the dispersion. The size of the change depends, amongst
other things, on the size and concentration of the nanoparticles. This dependency is used in the UNPS
method. The qualification of the UNPS was undertaken in two successful experiments. The first
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experiment consisted of static measurements on commercially available silica particles, and the
second experiment was real-time monitoring of the size and concentration during the growth of silica
nanoparticles in Stober synthesis in a water—alcohol mixture starting from the molecular precursor
tetraethyl orthosilicate. The results of the UNPS were verified by measurements of a dynamic light
scattering device and a transmission electron microscope.

Keywords: ultrasound spectroscopy; nanoparticle size and concentration; sub-micro particles size
and concentration; real-time analysis; colloids; nanoparticle synthesis; Stober reaction

1. Introduction

Nanoparticles are used in products for a wide variety of applications ranging from performance
polymers to pharmaceuticals, food ingredients, cosmetics and coatings and paints [1-6]. Very often,
tailored nanoparticles of a specific size, shape and architecture are produced in bottom-up liquid
phase syntheses [7,8]. A detailed study of the nucleation and growth of such particles would provide
valuable information on their mechanism of formation, and could furthermore be used for process
optimization and scale up. For such a study, real-time measurements of particle size and concentration
are required. Such real-time measurements, when coupled to industrial reactors, could also provide
data that enable rational intervention in a production process, hence minimizing the number of off-spec
batches and waste.

The methods used in this paper to measure dispersed nanoparticles are ultrasound spectroscopy,
electron microscopy and dynamic light scattering. We will discuss each shortly.

An ultrasound method is particularly suitable for measuring the mean diameter and concentration
of the nanoparticles [9,10], as it is non-destructive, fast and relatively cheap, and can measure in high
concentrations and opaque dispersions. Also, the ultrasound sensors can be placed inside the reactor,
allowing for real-time measurements of the actual dispersion instead of samples. Most ultrasound
instruments reported to date lack the ability to measure the ultrasound waves with enough precision to
attribute the changes in the ultrasound signal to particle growth at a nanometer scale [11,12]. However,
the recently developed ultrasound nanoparticle sizer (UNPS) can measure the ultrasound signal with
enough precision to relate this to particle growth. We will discuss the theory behind the UNPS in the
next section.

A drawback of the ultrasound method is that it is critical to know the material properties of the
solvent and the particles (the most important being the speed of sound, density, and viscosity of the
solvent, and the speed of sound and density of the particles) in order to relate the ultrasound signal to
the particles in the dispersion. Another drawback is that an ultrasound method can measure the mean
particle diameter; however, under practical circumstances a (relative) particle size distribution cannot
be measured.

Electron microscopy can be used to measure the average size of nanoparticles [13]. Moreover,
it can measure the relative particle size distribution. However, samples are measured in dry form,
and, therefore, the technique cannot be used as real-time analytics. Furthermore, the technique cannot
measure particle concentration and is relatively expensive. Also the skill of the person operating the
transmission electron microscope (TEM) is crucial.

Dynamic light scattering (DLS) methods [14,15] can measure the particle size and relative
distribution of particles in solvents, and perform especially well on relatively low concentrations.
However, measuring high concentrations (>5 w %) and opaque dispersions is still challenging since
the method relies on single scattering events, meaning that each photon detected has been scattered
only once in the sample. For this reason, dilution is typically necessary for highly scattering and
concentrated samples [16]. Furthermore, DLS methods are not able to measure concentration. Recently,
we have successfully developed a flow cell coupled DLS set-up that also allows monitoring of the
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growth of nanoparticles in real time [17]. In the developed DLS set-up, the sensors are not measuring
directly in the reactor, but an analytical bypass loop is used for sampling purposes.

As is clear, the three methods discussed above all have pros and cons and, therefore, are often
used in combination to complement each other.

Theory behind the Ultrasound Nanoparticle Sizer (UNPS) Method

Nanoparticles change the speed and attenuation of ultrasonic waves in a dispersion. The size of the
change depends, amongst other factors, on the particle size and concentration of the nanoparticles [9,10].
This dependency is used in the UNPS measurement method [18]. Figure 1a shows the UNPS probe.
The sensing part is located in the gap in the tip of this probe (see blue arrow). In Figure 1b this gap is
filled with a dispersion. Figure 1b demonstrates the basics of the UNPS: the left transducer sends an
ultrasonic wave through a glass wall, the dispersion, and another glass wall, to the right transducer

that records the wave.
Transducer AN Transducer
left | | + right

glass dispersion  glass

(@) (b)

Figure 1. (a) The ultrasound nanoparticle sizer (UNPS) probe with a diameter of 18 mm (image
published with permission of Sonaxis); (b) sketch of the basics of the method to measure the speed of
sound and attenuation of ultrasonic waves in a dispersion.

It is beneficial to also use the right transducer as a source and the left transducer as a receiver.
This results in four signals that are recorded: two transmission signals through the dispersion and two
pulse-echo signals that have only travelled in the glass. Volker et al. [19] demonstrate that these four
signals make it possible to calculate the ultrasonic wave signal in the dispersion without any detailed
knowledge of the wave behavior in the glass and transducers. The attenuation in the dispersion, «,
as a function of frequency, f, is obtained from the amplitude of the wave signal. The phase of the
wave signal is used to obtain the speed of sound in the dispersion, c. Besides the speed of sound and
attenuation, we also measure the temperature in the dispersion.

Epstein et al. [9] and Allegra et al. [10] both give detailed, complex equations that relate the
speed of sound and attenuation to the particle size and concentration. We use these equations in
our inversion. However, instead of these detailed complex equations we will discuss the first order
approximation of these equations for low particle concentrations (<10 w %), as they are a lot more
insightful. The speed of sound is given by:

c(f) = co+Xi co Lre(f, di) x(di), 1)

where ¢ is the frequency independent speed of sound of the solvent, L.(f,d;) is a frequency, f, and

diameter, d;, dependent scalar, and x(d;) is the volume percentage of particles with a diameter that

fits in the diameter bin i around d. The diameter bins work such that the sum X; x(d;) equals the total

volume percentage of particles in the dispersion. Note that ¢y describes the speed of sound in the

absence of particles and that the second term on the right hand side adds a frequency and diameter

dependent increment to the speed of sound. We will see later that this increment is a lot smaller than cg.
The attenuation is given by:

(f) =B+ 5 2L Lin(f,di) x(dy), k)
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where f is the attenuation coefficient of the acoustic waves in the solvent, and L;,,(f, d;) is a frequency
and diameter dependent scalar. Note that the term Bf? describes the attenuation in the solvent in the
absence of particles, and that the second term on the right hand side adds a frequency and diameter
dependent increment to the attenuation.

Besides being dependent on frequency and diameter L,, and L;,, depend on a few other parameters
that depend on the material properties of the solvent and particles. For the silica water and Stober
dispersions in this paper L, and L;,, are mainly depending on the particle density, the speed of sound
in the particles, the solvent density, the speed of sound in the solvent and the viscosity of the solvent.
The parameters mentioned are all dependent on temperature. Therefore, before the measurements
begin L;, and L;,, are calculated for a wide temperature range.

In the inversion we estimate x(d;), cg, and by minimizing the difference between the measured
speed of sound and attenuation and their estimates based on x(d;), cg, and B. Note that by estimating
cp and B, we have incorporated the changes in the speed of sound and attenuation of the solvent
during the reaction. A change in temperature is incorporated by selecting a different set of L,, and
L;,,. However, changes in the material properties of the solvent caused by something other than
temperature, e.g., one of the substances in the solvent is reacting, are not taken into account in L;, and
Liy,. Although we estimate the volume concentration of the particles per diameter bin, we deliberately
do not output a particle size distribution. This is done because the accuracy and frequency bandwidth
of the measured speed of sound and attenuation is more than enough to determine the mean diameter,
but not enough to also estimate an accurate width of the particle size distribution.

The blue circles in Figure 2 show the measured speed of sound and attenuation values for silica
particles dispersed in water with a mean diameter around 474 nm and a mass concentration of 5 w %.
The blue circles in Figure 3 also show the measured speed and attenuation, but now for silica particles
in water with a mean diameter around 794 nm and a mass concentration of 5 w %. Note that the speed
of sound and attenuation values in the two figures are frequency dependent, and that they are different
in the two figures. E.g., the apex of the speed of sound (i.e., the frequency where the highest speed of
sound is measured) is at a different frequency in the two figures. This clearly indicates that the speed
of sound as function of frequency is depending on the mean diameter of the particles. Also note that
the changes are subtle, for a 5w % concentration the measured difference in Figure 2 between the
highest and the lowest speed of sound values is only 0.7 m/s on a total speed of sound velocity of
1502 m/s. The inversion algorithm has simulated these changes in speed and attenuation (red line in
Figure 2) by estimating the mean particle size and concentration of the particles that caused them.

Speed Attenuation
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Attenuation (dB/m)
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150230 @ o
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1502.20 L L L : 0 L L L )
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Figure 2. (a) Measured and estimated fit of the speed of sound and (b) attenuation for a dispersion
containing standardized silica particles with a mean diameter around 484 nm and a weight
concentration of 5 w %.
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Figure 3. (a) Measured and estimated fit of the speed of sound and (b) attenuation for a dispersion
containing standardized silica particles with a mean diameter around 794 nm and a weight concentration
of 5w %.

By using the left and right transducers in Figure 1b both as sources and receivers [18], the UNPS
can derive the speed of sound and attenuation with great accuracy, allowing it to relate the subtle
changes in the speed of sound and attenuation to particle growth. In this paper we investigate whether
this would qualify the UNPS as a real-time monitoring instrument for particle growth.

The qualification of the UNPS has three requirements:

1. The UNPS should be able to accurately measure particle diameter.
. The UNPS should be able to accurately measure particle concentration.
3. The UNPS should be fast enough to follow the reaction.

The qualifications ‘accurately’ and ‘fast enough’ are related to our ability to monitor the particle
growth in the liquid phase bottom-up synthesis. An ‘accurately measured diameter” and an ‘accurately
measured concentration” have values that are close enough to the true diameter for our purposes. Also,
the variations in measuring the same sample multiple times should not vary too much to ensure that
we see a smooth growth during monitoring. One measurement per minute is ‘fast enough’ to monitor
the reaction. It gives us confidence that we can follow the growth, and are able to make a good decision
when to act at the right moment.

We test the three requirements with two experiments. Firstly, we perform static measurements
on commercially available silica particles to check the accuracy of the UNPS. The particle size
measurements are verified with TEM measurements. We consider the TEM and UNPS measurements
accurate if they are within a three standard deviations range of each other. Also the variations in
measuring the same sample multiple times should not vary too much to ensure that we see a smooth
growth during monitoring. The particle density measurements are verified with a drying measurement.
We consider the UNPS measurements as accurate if they are within a three standard deviations range
of their expected value based on the drying measurement. In the second experiment, we test if the
UNPS can monitor the growth of silica particles during a Stober reaction in real-time. We will compare
the results of the real-time monitoring experiment with DLS and TEM results of the same typical
experiment. As the circumstances between the UNPS measurement and the TEM-DLS measurement
are not the same, we only compare the growth behavior, and not the exact measured particle sizes.

2. Materials and Methods

As said above, we report on two different experiments:
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1.  The static measurements. These are measurements on samples of commercially obtained
silica particles. The particle diameters are measured with the UNPS, and TEM. The particle
concentration is measured by the UNPS and by measuring their mass after drying.

2. The real-time monitoring experiment. During this experiment the UNPS real-time monitors the
size and concentration of silica particles during a Stober synthesis in a water—alcohol mixture,
starting from the molecular precursor tetra ethyl orthosilicate.

2.1. The Static Measurements

Materials and Method

A series of silica particles having different particle diameters (referred to as A, B, C, D, and E)
Microspheres-Nanospheres (Cold Spring, New York, NY, USA), product numbers 24320-15, 24321-15,
24323-15, 24324-15 and 24325-15 were used for verification purposes. The particles dispersed in water
were used as received, and a dilution concentration series was obtained by diluting the particles with
MilliQ water in a beaker.

2.2. Real-Time Monitoring

2.2.1. Materials

Ethanol (EtOH) was obtained from Biosolve (Valkenswaard, The Netherlands) and used without
further purification. Tetraethyl orthosilicate (TEOS), potassium chloride (KCl) and ammonia (NHj,
30-33% in water) were obtained from Sigma Aldrich (Zwijndrecht, The Netherlands) and used without
further purification.

2.2.2. Synthesis

As prototypical liquid phase bottom-up nanoparticle synthesis to test the UNPS, we selected the
Stober synthesis of spherical silica nanoparticles. This sol-gel synthesis is performed in water-alcohol
mixtures. Under ambient conditions, the particles are formed through hydrolysis of TEOS and
subsequent polycondensation over a period of several hours. The silica nanoparticles were prepared
following the procedure reported by Khan et al. [20]. For the preparation of particles with a mean
diameter of approximately 150 nm [10], EtOH (45 mL), demineralized water (5.0 mL) and NHj3 (3.0 mL)
were mixed for 5 min, after which TEOS (1.5 mL) was added. This experiment was carried out at room
temperature under magnetic stirring at 500 rpm for 3 h.

This is a prototypical liquid phase synthesis of nanoparticles. In this sol-gel synthesis, TEOS
partially hydrolyses, and through subsequent polycondensation silica nanoparticles are formed as
shown in the reaction Equations (3)—(5) [21].

Si(OC2H5)4 + xH,O — Si(OC2H5)4_X(OH)X + xC2H5OH (0 <x< 4) (3)
=Si—O—H + H-O-Si= — =Si—0—Si= + H,0 @)
=Si—0C,Hs5 + H-0O-Si= — =5i—0-Si= + C,H50H (5)

This process proceeds according to an aggregation-based kinetic model [22,23]. The size
of the silica nanoparticles resulting from this synthesis depends amongst other things on the
concentration of ammonia and TEOS. The average particle size increases with increasing concentration
of ammonia. The initial concentration of TEOS is inversely proportional to the size of the resulting
silica nanoparticles.
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2.3. The UNPS Instrument

Equipment and Method

The probe of the UNPS (Sonaxis SA, France) was designed to send and receive signals in the
50 MHz-300 MHz range. Two thermocouples logged the temperature in the dispersion. In the
preparation phase of both experiments the UNPS measured the solvent without particles to calibrate.

In the static experiment, we placed the probe and the thermocouples in the beaker with the sample
dispersion. We changed the particle concentration by adding water. After each dilution, we waited for
a stabilized temperature for at least three minutes.

In the real-time monitoring experiment we placed the probe and the thermocouples directly in
the dispersion. We performed measurements every minute.

2.4. Transmission Electron Microscopy (TEM)

The dimensions and composition of the particles were determined by TEM using a JEOL ARM200F
(Tokyo, Japan) operated at 200 kV.

To prepare samples for analysis, 4.0 uL of the commercial particle dispersion in water was placed
on a copper grid coated with holey carbon. The grid was placed on a filter paper to absorb liquid
flowing through the perforated film, and the sample was left to dry in air for a few minutes. In the
real-time monitoring experiment, samples for the TEM were obtained by placing 4.0 uL of the particle
dispersion in ethanol on a copper grid coated with carbon. The obtained samples were stored in a
plastic container prior to the TEM analysis. All images were acquired in Bright Field TEM mode and
in High Angle Annular Dark Field (HAADF)—Scanning TEM mode.

2.5. Off-Line Dynamic Light Scattering (DLS)

In the verification experiments of the commercially available particles and Stober silica particle
synthesis, we used a Malvern Zetasizer Nano ZS (ZEN 3600, A = 633 nm, 6 = 173°, Malvern, UK) as a
reference. For the measurement, 2 mL of particle dispersion was inserted in a polymer cuvette, after which
the cuvette was directly placed in the DLS instrument and the measurement performed. The temperature
was set to 25 °C. For the commercial particles the viscosity and refractive index values used were that of
pure water. For the Stober, silica particle synthesis viscosity and refractive index values used were those
of pure ethanol. For each measurement, data were acquired during 30 s in three runs.

3. Results

We first present the results of the static measurements, after which we will do the same for the
real-time monitoring experiment.

3.1. The Static Measurements Experiment

Figures 2 and 3 show the measured speed of sound and attenuation plots for a verification sample
with a mean diameter around 484 nm and 794 nm, respectively. As said before, the apex of the speed
of sound (i.e., the frequency where the highest speed of sound measured) is at a different frequency in
the two figures. This is because the speed of sound is dependent on the mean diameter of the particles.

Each of the five silica-water samples in five different dilutions was measured a few times (typically
4 to 8) with the UNPS. We refer to the samples as sample A until sample E. We refer to their dilutions
as 1:1 (the original undiluted sample) until 1:12 (a dilution of 1 part of the original sample and 11 parts
water). The 25 averages of these measurements are plotted in Figure 4 (mean particle diameter) and
Figure 5 (particle concentration). The standard deviations of these measurements are used to create
error bars, spanning the 30 interval, on top of these 25 averages in both figures.

The UNPS results of the mean particle diameter (Figure 4) are verified with the TEM measurements.
The TEM measurements were performed on the samples with the highest dilution. The measured
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mean particle diameters by the TEM (see Figure 6) were determined through measurement of at least
70 particles per sample.

particle diameter

T &
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Figure 4. UNPS and transmission electron microscope (TEM) measurements of the mean particle
diameter of the silica samples.
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Figure 5. UNPS and drying measurements of the particle concentration of the Silica samples.

TEM Image

9| 200 nm

R (nm) 142 +/- 14 277 +/- 16 409 +/-20 657 +/-20 767 +/- 14

Figure 6. TEM images of the silica samples. From left to right: sample A, B, C, D, E.

We expect that the silica particles do not grow or dissolve in the samples during dilution.
Therefore, the UNPS should measure the same mean particle diameter after each dilution. The fact
that the variation for the five dilutions within the samples with mean particle diameters above 200 nm
(samples B-E) for the UNPS measurements is small (within 6%) in Figure 4, supports that expectation.
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We expected that the UNPS would have more difficulty measuring sample A. The particles
with a diameter around 130 nm in sample A have an apex in the speed of sound that lies outside
the measurement range (>250 MHz) of the UNPS. This makes it harder to estimate their size; still,
the variation of the UNPS measurements for the different dilutions of sample A is within 12%.

The results of the two instruments are in good agreement. In particular, when we compare the
UNPS measurements with the verification measurements of the TEM, we see that most measurements
are within each other’s 30 range.

The average and the standard deviation for the UNPS and TEM measurements plotted in Figure 4
are concentration based. It is more common to report TEM averages and standard deviations on
a number base. However, for a more direct comparison with the UNPS we have recalculated the
averages and standard deviations in a concentration base. The effect of this recalculation on the TEM
averages is, with less than 3%, small. This is due to the fact that samples A-E all have a narrow particle
size distribution. We expect that the drying process of the samples needed for the TEM measurements
did not have a great influence (<2 nm) on the diameter of the particles.

Figure 5 is plotted on a logarithmic scale, such that the particle weight concentrations results at
different dilution steps should be easier to relate. Besides the UNPS measurements, the weight
concentration was also determined by drying the 1:4 samples (the green columns in Figure 5).
The UNPS weight concentration measurements showed good consistency between the undiluted
(1:1), the half diluted (1:2) samples, and the mass concentration obtained by drying. Concentrations
below 2.5 w % (1:4 until 1:12) were less consistent, although most samples were within a 14% distance
from their expected value. We expected that the UNPS would perform with higher accuracy at higher
concentrations as the change in the speed of sound and the change in attenuation that the UNPS
measures increases with mass concentration.

3.2. The Real-Time Monitoring Experiment

The synthesis of silica nanoparticles using a Stober reaction was monitored by the UNPS for
60 min, performing a measurement every minute.

Figure 7 shows the measured speed of sound and attenuation, and their estimated fit at 30 min
after the start of the reaction. In the beginning of the experiment the speed of sound was the same
for all frequencies, and the attenuation peaked at 14,400 dB/m for 175 MHz. After 30 min we saw
changes in speed of sound and attenuation. These are a consequence of the particles growing in size
(blue dots in Figure 8a) and weight concentration (Figure 8b). The changes in the first minute occurred
simply too fast to be followed by the UNPS. The rapid change in the first 20 min, however, was nicely
captured by the UNPS. This was also true for the more gentle change in the next 40 min.

Speed Attenuation
1271.92 20000

1271.90

15000
1271.88

1271.86
10000

1271.84

Sound speed (m/s)
Attenuation (dB/m)

1271.82
5000

1271.80 ) © measured O measued

estimate estimate

1271.78 0
100 120 140 160 100 120 140 160

Frequency (MHz) Frequency (MHz)

(a) (b)

Figure 7. (a) Measured and estimated fit of the speed of sound and (b) attenuation, 30 min after the
start of the Stober reaction.
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It is reassuring to see that the particle growth behavior measured by the UNPS, DLS (yellow dots
in Figure 8a) and TEM (orange dots in Figure 8a) were to a large extent in agreement: rapid growth
in the beginning followed by a more gentle growth. Of course the DLS and TEM were not directly
measuring inside the reactor, and needed dilution and respectively drying of samples to measure the
diameter. These processes might have influenced the mean diameter.

Diameter growth Stober reaction

300

250
£ 200 »
&
-
2150
[}
g ® UNPS
S 100
o TEM

50 DLS

0@
0 10 20 30 40 50 60
time (minutes)
(@)
Mass growth Stober reaction

0.5
T 04 f”
]
0
o ,
) (_J
8.0.2 g ® UNPS
(¢}
€ 0.1 '0

0@
0 10 20 30 40 50 60

time (minutes)
(b)
Figure 8. (a) The mean diameter of the Silica particles measured by the UNPS (blue), TEM (red), and

dynamic light scattering (DLS) (yellow), during the Stober reaction. (b) The mass percentage of the
Silica particles measured by the UNPS during the Stober reaction.

4. Conclusions

We have qualified the UNPS as an apparatus that can measure particle size and concentration

during a liquid phase bottom-up synthesis of silica nanoparticles starting from molecular precursor:

With static measurements we have verified the UNPS’ ability to measure particle size accurately
enough by comparing the results of the UNPS and TEM. The UNPS and TEM measurements
were mostly in the 30 ranges.

With static measurements we have verified the UNPS’ ability to measure particle concentration
accurately enough by comparing the UNPS results with the drying measurements. The mass
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concentration measurements showed good consistency between the undiluted, the half diluted
samples, and the drying measurements. Concentrations below 2.5 w % were less consistent.
However, most samples were within 14% of their expected value.

- One UNPS measurement every minute was fast enough to follow a Stober reaction for the
synthesis of silica nanoparticles in real-time.

We are convinced that with this qualification the UNPS is a good addition to the particle
measurement toolset and can be used in a complementary way with currently existing methods.
Implementation of the method will help the industry to improve the design and production
of nanoparticles.
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