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Abstract

Theoretical work on QCM-D based acoustic sensors operated in gases, vapors and liquids containing
dispersed microscopic particles is developed. With the main goal to provide theoretical support to the
sensors for air pollution control, our analytical results supplemented with numerical calculations
provide a way to quantify measurements taking into account the shear viscosity of liquid as a function
of pollutant particles number for the small volume fractions (i.e., within the Einstein relation) and
beyond the Einstein relation numbers. For the higher concentrations, the packing factor variation has
been tested for modeling microscopic particles - in - water dispersions. Various types of pollutants with
known density were used for modeling such as polymer particles, carbon black, fullerenes, mineral
dust and bacteria. For the non-spherical particles, the shape factor was introduced as an additional

model parameter. The role of softness of the surface-attached layer is studied in details.
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Background

Bacterial, microbial and fungal contamination
sprays brought at long distances with strong
winds even over the ocean [1]. Microscopic
sand from deserts, ash particles in the air and
mineral dust of various nature is another
example. Rain microdroplets, urban aerosols
and polluted air coming from vehicle exhausts
[2], industrial areas and pollen microparticles
are common factors causing the asthma and
other health problems among the allergic
people. Weather conditions are not possible to
control however it is possible to monitor the risk
factors level with sensors. Microplastic pollution
due to the rivers litter brought to the lakes and
seas and then tired by waves, is a new type of
contamination environment [3] invisible by eye
but coming to our organism through the food
chains (fish). The key question is how to
increase the sensitivity of devices to the
presence of micro- and nanopatrticles in liquids,
as well in vapors, aerosols and other liquid-
containing air components.

The environmental control of air pollution with
BAW (bulk acoustic waves) sensors is a reliable
and non-costly technological solution [4, 5]. The
QCM with the dissipation monitoring (QCM-D)
is a widely used BAW-type of acoustic sensor
for both air (gas) and liquid operating media.
Two characteristics of the device, the
resonance frequency shift, Af, and the

dissipation factor change, AD, measured
simultaneously allow researchers to determine
mechanical parameters of the layer adsorbed
from air or liquid onto the surface of quartz
resonator. The surface mass m = ph, a product
of density and the thickness of the layer, as well
as the product of shear viscosity and density,
np, can be estimated from measured shift in the
resonance frequency and the dissipation.
However, the presence of microparticles in
liquid changes the response of the resonators.

The aim of the present work is to provide the
theoretical support to the QCM experimental
research in the air, water and soil quality control
applications.

Theory

We model BAWSs propagation in the colloidal
dispersion of microscopic particles in water at
low and high volume concentrations in terms of
viscosity and density of colloidal solution. In our
work we perform numerical calculations of the
resonance frequency and the dissipation factor
shift of the QCM oscillated in a complex fluid.
The fluid is modeled as water dispersion of
microscopic particles of different materials and
shapes. The computer calculations are based
on the theoretical analysis developed earlier
(see for review [5]). The role of softness of
guiding layer has been studied in more details
presented in a separate subsection.
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The model

We model a quartz oscillator loaded with two
homogeneous layers - a guiding polymer film
under colloidal dispersion on the top (water with
nanoparticles, NPs) considered as acoustically
bulk medium of thickness H >> 6, where 6 =
V(2n/pw) is the viscous length. The colloidal
dispersions are modeled as complex fluids of
viscosity n depending on nanoparticles volume
fraction ¢, their shape and packing. Within the
effective medium theory [6], the viscosity of the
concentrated water colloid is given by the
relation:

7(8) =1t exp[‘”’] )
1-xp

In there, a is the so-called shape factor and K is
the packing factor [6, 7]. In the calculations, we
used the expression (1) for the shear viscosity
of the tested solution (water dispersion of
nanoparticles of different density p and shape).
The averaged density for the dispersion can be
written as follows:

<p>=(pPp —Pw)P+ Pu 2
Here indices ‘W’ and ‘P’ denote water and
particles, respectively. For the spherical
particles in the low concentration limit (i.e., for
the volume fraction ¢ less than 20%), the
Einstein relation is valid [6]:

n =y (L+2.59) (3)

The results

By using the general expression for the
acoustic impedance obtained earlier (see in
[5]), together with formulae (1, 2), we calculated
the Af(¢) and AD(¢) characteristics.
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Fig. 1. Upper graph: the resonance frequency
changes Af vs ¢ calculated for the different materials.
Bottom graph: the dissipation changes AD vs ¢.
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Fig. 2. Upper graph: calculated resonance
frequency shift Af vs ¢. Bottom graph: the dissipation
changes vs ¢. The characteristics were calculated for
the different shape factor values. Pollutant: E-
Coli.
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Fig. 3. Upper graph: the resonance frequency
changes Af vs ¢; Bottom graph: the dissipation
changes AD vs ¢. The characteristics were
calculated for the different packing factor « values.
Pollutant: mineral dust.

Fig. 1 shows QCM characteristics calculated for
the different composition of water colloids by
varying the material of particles - gold NPs,
mineral dust, carbon black, C60, and polymer
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Fig. 4. To the left: Calculated frequency shift Af/fo vs volume fraction of NPs in water. To the right: Calculated
dissipation vs volume fraction of NPs (polysterene) in water. The plots illustrate the case of soft polymer film as a
guiding layer (PGA-PLL= polyl(L-lysine)-poly (L-glutamic acid) material parameters were estimated from [8]; mass
density = 1500 kg/m3, shear viscosity = 3.4 mPa*sec, shear modulus = 150 kPa, fo =1 MHz, é = 0.85 micron).

spherical particles within the Einstein relation (a
= 2.5, ¢ < 0.2). The densities of the particles
material are given in Table 1. For non-spherical
particles, the shape factor a variations (between
1 and 3) have been introduced (Fig. 2). Since
both acoustical characteristics of the top fluid
depend on the square root of the product of
shear viscosity and density of fluid,

Af oc\l7-p,AD o 7 p (3)

for the dilute dispersions (0 < ¢ < 0.2) the
response is nearly linear (see Fig. 1 and Fig.
2). When the volume fraction of particles
exceeds 20%, both Af(¢) and AD(¢)
characteristics  rapidly grow. For the
concentrated dispersions with 0.2 < ¢ < 0.4,
one can introduce the packing factor k as an
additional model parameter (Fig. 3). In all the
plots in Figs.1-3, the fundamental resonance
frequency is taken 1 MHz, the PMMA film is
considered as a rigid guiding layer.

Soft layer under colloid dispersion

Then, the soft layer of varying thickness h has
been considered as a mass guiding layer.

Af ~— mprfy _hpify 1P tan®
27m, m, o, 1+tan® @
AD:L m+2hlptanl9 12
m, \ #f, m, 1l+tan"g
tan3=G, /G.
(4-6)

For the acoustically thin viscoelastic solid film,
the analytical expressions for the Af and AD
can be obtained (4-6). The softness of the film
material here is given by the loss tangent, tan 9.
For the thicker films, the computer modeling
has been used. The results shown on Fig. 4
demonstrate the deviation from linear behavior
for both Af and AD at the volume fraction values

}

larger than approximately 0.45, and showing
peaks in the dissipation factor AD (¢).

Tab.1: Density of particle material used in the
calculations (1, 5, 6 from [14]).

Number Type of Density in
material bulk, kg/m3
1 Gold particles 19300
Mineral dust 2650
(Fine sand)
3 Carbon black 2260
4 C60 665
5 E-Coli 1160
6 Polystyrene 1050

One should notice that for the thicker soft films
(for example, for h/d = 0.5, comparing to the
thin film case (h/d = 0.01), shown as a dotted
line in Fig. 4), the resonance frequency shift
diminishes instead of growing up with the
increased volume fraction of NPs in water. At
some relationship between the viscosity of the
top fluid (i.e., at some particular volume fraction
¢ of NPs) and the viscosity/elasticity of the
underlying soft layer, the resonance frequency
shift changing sign becoming positive. This
finding should be studied experimentally with
attention since in many practical situations, e.g.
in sensors working in humid/wet conditions and
biosensors in liquid applications the surface
layer is soft (viscoelastic). The soft layer could
be a polymer guiding film or adsorbed layer
formed at particles adhered to the surface of
the quartz oscillator (if the surface adsorption of
the colloid constituents is not prevented
somehow).

Discussion

In our choice of the pollutant materials listed in
the Table 1, we were motivated by the following



experimental findings. Recently, comparative
studies for the plastic NPs monitored in dry and
humid conditions including the ordering of NPs
phenomenon were reported in [8]. Another ‘hot
spot’ is the carbon black coming from
combustion particles [2] and fullerenes (C60
NPs) appeared in the industrial areas of cities
[9]. The analysis of fullerene samples [9] shows
more than 50% of C60 volume fraction in soil
collected in the particular areas. The
understanding of interaction of fullerenes with
water in wet biological samples is an important
part of the environmental health research [9]. In
particular, it was shown [10] that the grass
pollen particles may bind to diesel nanoparticles
causing allergy and asthma diseases. The
usage of the QCM sensor coated with the
pollen-imprinted polymer film [12] for the
allergen analysis opened a way to study the
particles micro-rheology. Finally, a remarkable
effort is measurement of water presence in olil
[13]. The authors deduce that water droplets
sticking to the surface of oscillator may be a
reason of the highly non-linear response of the
micro-acoustic sensor device. However, it was
suggested [13] to employ this deviation from
linearity as beneficial, for example, for the
control of the apparent water contamination of
oily liquids (such as engine and lubrication oils)
essential for the diagnostics and environmental
oil condition monitoring.

Conclusions

The study of density-viscosity of complex fluids
with the help of QCM may bring new questions
in the interpretation of results when the
characteristics of device are non-linear. The
theoretical formulation and numerical analysis
reported in the present work provide
quantitative explanation for the effects arising
due to the variation in the volume fraction of
NPs in water and accounting for the softness of
the guiding layer of the sensor.
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