
chemosensors

Article

Highly Sensitive Quartz-Based Sensing System for the
Detection of Subpercentage Changes in the Relative
Permittivity of Liquids Flowing in Microchannels

Vojko Matko * and Miro Milanovič
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Abstract: We describe a highly sensitive quartz sensor for measuring changes in the relative permit-
tivity of liquids flowing in microchannels. The proposed method uses a highly stable oscillator and
capacitance-dependent quartz crystal together with a capacitance-sensitive element attached along
the microchannel. A change in the relative permittivity of the fluid induces a change in the capaci-
tance of the sensitive element in the aF range, which is detected as a change in the resonant frequency.
The advantages of the proposed measurement technique are the extreme sensitivity (changes in the
relative permittivity as low as 0.01% can be detected), the temperature independence of the setup
between 10 and 40 ◦C, the stability (the frequency reading fluctuates within 0.025 Hz), and the low
cost compared with the methods that use impedance analyzers or lock-in amplifiers. We present
the use of the method to detect changes in mixtures of liquids if the temperature, volume fractions,
or properties of one liquid change. The method presents a useful tool for applications in biology,
chemistry, pharmacy, and technology in general wherever accurate monitoring of compositions of
fluids is required and where changes, for example, due to temperature variation or mixture aging,
need to be detected in real time.

Keywords: relative permittivity; microfluidics; mixtures of liquids; capacitance-dependent quartz
crystal; quartz oscillator

1. Introduction

Sensors to measure relative permittivity are of utmost importance in studying the
properties of mixtures of liquids (especially solvents) and play an important role in the
characterization of the electrical properties of fluids. Capacitive sensors are used to mea-
sure the dielectric properties of liquids in chemical processes, to detect droplets [1], to
analyze water samples [2], to follow bacterial growth [3], and to detect DNA [4] and are
used in systems for healthcare-based applications [5]. Usually, interdigitated capacitor
plates with an area of the order of a few mm2 are used. The signal can be collected by a
capacitance-to-digital converter and transformed into a voltage signal [1] or by a lock-in
amplifier, by which the change in the frequency of an LC oscillator due to a change in
capacitance is detected [2]. However, most often, electrodes are connected to the comple-
mentary metal-oxide semiconductor (CMOS) chip [3–5] and a voltage signal is measured.
Capacitive sensors are also used to detect concentrations of mixed liquids in pharmacy
and medicine [6] as well as the dielectric properties of alcohols, which are of a special
interest in chemical and electrochemical processes and thus very important in chemistry
and biology [7,8].

To measure the dielectric properties of liquids in microchannels, CMOS-based sen-
sors are usually used. To avoid their fabrication, which is relatively expensive and time
consuming, direct measurements with an impedance analyzer were proposed [9,10]. The
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performance of the sensor strongly depends on the dielectric coating of the electrodes im-
mersed in the liquid. The change in the measured capacitance between the empty channel
and the channel filled with the studied liquid equals the capacitance of the liquid only if the
relative permittivity of the coating on the electrodes is very high. For this purpose, polymer
coatings with an addition of barium titanate are very efficient [9,10]. As the electrode area
is very small (≈ 1–10 mm2), these sensors measure only local properties in a small volume
in the vicinity of the sensor, which is usually situated at the bottom of the microchannel.
Despite their small size, they can disturb the liquid flow to some extent. On the other
hand, their small size can be a disadvantage in measurements of the dielectric properties of
mixtures of liquids, with a very low concentration of one liquid due to the prevailing effect
of the other liquid.

Wherever accurate monitoring of (the composition of) liquids is required and changes,
for example, due to the temperature variation, mixture aging, introduction of impurities,
etc. needing to be detected in real time, rather than monitoring the absolute values, it is
often the changes in relative permittivity that are important to monitor. In mixtures of
liquids, a change in the volume fraction of liquids or their chemical properties might have
a significant effect on the properties of the mixture. In cases where extremely low changes
need to be detected, the method proposed in this paper provides a solution.

In this paper, we propose a highly sensitive method for detecting changes in the dielec-
tric properties of liquids using a capacitance-dependent quartz crystal. Currently, quartz
crystals are widely used as mass-sensitive sensors (a quartz crystal microbalance, QCM).
For the use of QCM as biosensors, immunosensors, DNA, and protein sensors [11,12], a
material should be electrodeposited onto the QCM surface [13], the proper choice of which
strongly increases the sensitivity. In the method proposed here, we modify the electrical
equivalent circuit of a quartz crystal [14,15] instead. Two thin capacitive lines that are
attached to an open-ended glass tube present a sensor capacitor, the capacitance of which
affects the resonant frequency of the capacitance-dependent quartz crystal. Measurements
of a change in the resonant frequency enable us to make a very sensitive and accurate
determination of the changes in the relative permittivity of the liquid flowing in the chan-
nel. We present the experimental setup, the equivalent circuit for the quartz crystal, the
effect of the relative permittivity on the resonant frequency of the quartz oscillator, and the
procedure to measure the relative permittivity at the frequency of the quartz oscillator. The
sensitivity of the method and temperature stabilization of the quartz crystal are presented.
The applicability of the method is demonstrated by following the temperature variation
of the relative permittivity of three liquids with their values of relative permittivity (ε) in
the order of magnitude between 1 and 100: toluene (ε ≈ 2.4), 2-propanol (ε ≈ 19), and
distilled water (ε ≈ 78). The applicability of the method for the detection of changes in
the mixtures of liquids is shown in the case of a mixture of two liquids with very different
values of relative permittivity, toluene, and ethyl alcohol. The advantages of the proposed
measurement technique are the extreme sensitivity (changes in the relative permittivity
as low as 0.01% can be detected), the temperature independence of the setup between
10–40 ◦C, the stability (the frequency reading fluctuates within 0.025 Hz), and the low
cost. The method presents a noninvasive measurement of the relative permittivity, i.e., it
neither disturbs the liquid flow nor changes the properties of the liquid due to a possible
interaction of the liquid with the electrodes, because the electrodes are positioned outside
the channel.

2. Materials and Methods
2.1. Experimental Setup

The experimental setup is shown in Figure 1. A commercially available (Norell)
open-ended glass tube, through which the investigated liquid flows, has external and
internal diameters equal to (1.00 ± 0.01) mm and (0.58 ± 0.01) mm, respectively; a length
of 100 mm; and a volume equal to 12 µL. It is made of a fused silica for use in the frequency
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range 1–100 MHz, with the relative permittivity equal to εr = 3.78 and the tangent loss
tan δ = 0.0001.
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Figure 1. Experimental setup for the measurement of the relative permittivity of fluids flowing through microchannels with
the use of an oscillator in connection with a capacitance-dependent crystal Q and a sensing capacitor, which is positioned
on the external side of an open-ended glass tube. The guard electrodes positioned on opposite sides of the open-ended glass
tube reduce the fringing field effect [6].

A sensitive capacitor of dimensions 50 mm × 1 mm is attached to the microchannel
and connected in series with a capacitance-dependent quartz crystal Q. The oscillator
frequency fosc1 depends on the properties of the quartz crystal equivalent circuit and
on the dielectric properties of the liquid and microchannel. The thin metal lines of the
sensitive capacitor are positioned on the external side of the open-ended glass tube. As the
capacitor plates are not in contact with the liquid, there is no need for compensation of the
ionic conductivity and polarization of the electrodes [6]. The guard electrodes positioned
on opposite sides of the open-ended glass tube reduce the fringing field effect [6]. The
capacitance of the sensing capacitor, including the microchannel between the capacitor
plates, is Cl (load capacitance).

The purpose of the oscillator signal with a frequency fre f 1 from the reference oven-
controlled oscillator OCXO OC18T5S is to use the XOR logic gate to transform the frequency
signal fosc into a lower frequency range, which is of the order of kilohertz. The reason for
this is the frequency counter. It has a set number of displayed digits, and if the frequency
is reduced by three order of magnitudes, this means that the accuracy of the frequency
reading is increased by three orders of magnitude.

An integrator (Op1) and comparator (Op2) transform the signal from the XOR gate into
a square signal with a frequency fout. This frequency depends on the relative permittivity
of the liquid. The frequency stability of the reference oscillator OCXO OC18T5S with
frequency fre f 2 is 0.01 ppm in the temperature range 0–60 ◦C [16–18].

The equivalent electric circuit of the series connection of the quartz crystal (resistance
R1, inductance L1, capacitance C1, and parasitic capacitance C0) and the load capacitor (Cl)
are shown in Figure 2. The load capacitance Cl affects the resonant frequency of the crystal.
As already explained, the change in this frequency is related to the relative permittivity of
the liquid.
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Figure 2. Equivalent electric circuit of the sensorial part of the experimental setup. Cl is the capaci-
tance of the microchannel. The values of the physical quantities representing the quartz crystal equiv-
alent circuit are R1 = 10 Ω, L1 = 40.6 mH, C1 = 25 fF, C0 = 4 pF, quality Q = 229 · 103, fs = 5 MHz,
and inductance Ll = 0.25 mH.

2.1.1. Temperature Stability of the Quartz Oscillator

The frequency of the oscillator circuit, defined by the quartz crystal, is temperature-
dependent. We used an AT-cut crystal with a cut angle 0′, for which the temperature
dependence of the resonant frequency in the region between 10 ◦C and 40 ◦C is lower
than 0.1 ppm (Figure 3). From Figure 3, we see that the temperature dependence is highly
sensitive to the cut angle.

Chemosensors 2021, 9, x FOR PEER REVIEW 4 of 16 
 

 

 
Figure 2. Equivalent electric circuit of the sensorial part of the experimental setup. 𝐶௟ is the capaci-
tance of the microchannel. The values of the physical quantities representing the quartz crystal 
equivalent circuit are 𝑅ଵ = 10 Ω, 𝐿ଵ = 40.6 mH , 𝐶ଵ = 25 fF,  𝐶଴ = 4 pF,  quality 𝑄 = 229 ⋅ 10ଷ, 𝑓௦ =5 MHz, and inductance 𝐿௟ = 0.25 mH. 

2.1.1. Temperature Stability of the Quartz Oscillator 
The frequency of the oscillator circuit, defined by the quartz crystal, is temperature-

dependent. We used an AT-cut crystal with a cut angle 0′, for which the temperature de-
pendence of the resonant frequency in the region between 10 °C and 40 °C is lower than 
0.1 ppm (Figure 3). From Figure 3, we see that the temperature dependence is highly sen-
sitive to the cut angle. 

 
Figure 3. The change (Δ𝑓) in the resonant frequency (𝑓௦) as a function of temperature (𝑇) at different 
values of the crystal cut angle (−1′, 0′, and 1′). The intersection of the cubic parabola is at 𝑇௥௘௙ =25 ℃. 

The change (Δ𝑓) in the resonant frequency (𝑓௦) as a function of temperature (𝑇) at 
different values of the crystal cut angle is presented by a cubical parabola, which intersects 
at the reference temperature 𝑇௥௘௙ = 25 ℃: ∆𝑓𝑓 = 𝐴ଵ൫𝑇 − 𝑇௥௘௙൯ + 𝐴ଶ൫𝑇 − 𝑇௥௘௙൯ଶ + 𝐴ଷ൫𝑇 − 𝑇௥௘௙൯ଷ ,  (1)

Figure 3. The change (∆ f ) in the resonant frequency ( fs) as a function of temperature (T) at different
values of the crystal cut angle (−1′, 0′, and 1′). The intersection of the cubic parabola is at Tre f = 25 °C.

The change (∆ f ) in the resonant frequency ( fs) as a function of temperature (T) at
different values of the crystal cut angle is presented by a cubical parabola, which intersects
at the reference temperature Tre f = 25 °C:

∆ f
f = A1

(
T − Tre f

)
+ A2

(
T − Tre f

)2
+ A3

(
T − Tre f

)3
, (1)
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where A1, A2, and A3 are coefficients that depend on the cut angle and on mechanical
construction of the quartz element [16–20]. For an even better temperature compensa-
tion at high-precision measurements of small impedance changes, a switching mode
method [15,21] should be used.

2.1.2. Influence of Quartz Crystal Aging on the Frequency Change

For high-sensitivity measurements, both short-term (approximately 20 min) as well
as long-term (over months or years) stabilities are of utmost importance. The short-term
stability of a quartz crystal depends on the oscillator design and on the drive level, which
should be below 10 µW. The long-term frequency stability of the quartz crystal depends on
the purity of the resonator, on the stability of the inert gas filling, and on the final sealing
process. At the beginning, the aging process is more pronounced but the relative frequency
change (∆ f (t)/ f ) given in ppm reduces with time (t), given in hours, as follows [18–20,22]:

∆ f (t)
f = 5 ln(0.5t + 1) . (2)

In the case of a constant operation, the aging is called active and it is higher than
passive aging (during storage). Active aging is defined by the aging rate, which is less than
±1 ppm/year (in the temperature range 10–40 ◦C) for the best cold weld crystals.

2.1.3. Frequency Measurement Error

The accuracy of the frequency counter depends on the accuracy of the crystal driving the
microcontroller. We use an NXP LPC 1768 microcontroller. With the reference oven-controlled
oscillator OCXO OC18T5S used with frequency fre f 2 = 25 MHz and with its frequency sta-
bility at 0.01 ppm, the maximum possible error is ±

(
25 MHz× 0.01× 10−6) = ±0.25 Hz.

By prolonging the measurement time, this error can be reduced down to ±0.02 Hz.
On the other hand, if one uses an ordinary crystal and a microcontroller with a fre-
quency of 4 MHz and temperature stability of 50 ppm, the maximum error would be
±
(
4 MHz× 50× 10−6) = ±200 Hz. Commonly available crystals have a ppm specifica-

tion from±30 to±50 ppm. The smaller the ppm value, the more accurate the measurement
of the frequency.

2.2. Influence of the Liquid Impedance on the Quartz Crystal Resonant Frequency

The equivalent impedance Ẑq of the quartz crystal is defined by L1, C1, R1, and C0,
i.e., by the properties of the elements from the equivalent circuit (Figure 2) [16,20]:

Ẑq =

(
R1+jωL1+

1
jωC1

)
1

jωC0
R1+jωL1+

1
jωC1

+ 1
jωC0

=
R1+j

(
ωL1− 1

ωC1

)
1+ C0

C1
−ω2L1C0+jωR1C0

, (3)

where ω is the angular frequency. By neglecting R1 and by setting Ẑq to zero, we find the
series resonant frequency fs of the quartz crystal:

fs =
1

2π
√

L1C1
. (4)

The impedance (Z∗) of the quartz crystal in series with the load capacitor is [20]

Z∗ =
j
(

ωL1− 1
ωC1

)
1+ C0

C1
−ω2L1C0

+ 1
jωCl

(5)

The resonant frequency f ∗s is [16,20]

f ∗s = 1
2π
√

L1C1

√
1 + C1

C0+Cl
. (6)
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The pulling range (Dl) of the quartz crystal frequency is defined as a change in the
frequency produced by changing the load capacitance from Cl1 to Cl2 [16,18,20,23,24]:

Dl =
fl1− fl2

fs
≈ C1(Cl2−Cl1)

2(C0+Cl1)(C0+Cl2)
, (7)

where fl1 and fl2 are f ∗s at the load capacitance Cl1 and Cl2, respectively. The pulling sensi-
tivity of the crystal unit can be considerably increased if the capacitance C0 is compensated
by a coil of inductance Ll in series with the quartz crystal (Figure 2) [19,24]. The appropriate
inductance is calculated as follows [20]:

Ll =
1

ω2
s C0

, (8)

where ωs = 2π fs. By adding a compensation inductance, a new resonant frequency f ∗∗s
of the quartz crystal is obtained [18,19], which in the case of C1Cl � C2

0 can be expressed
as follows:

f ∗∗s
fs

= 1 + C1
2 ·

C0−Cl
C2

0
. (9)

Thus, by adding the coil with inductance Ll , the resonant frequency becomes linearly
dependent on the load capacitance Cl (close to the resonant frequency), with the sensitivity
being determined by the factor C1/

(
2C2

0
)

in front of Cl . If one chooses a quartz crystal with
a lower C0, the frequency sensitivity increases.

Figure 4 presents the change in the resonant frequency for a 5 MHz crystal in the case
of the series load capacitance varying between 0 and 5 pF with and without compensation
of C0.
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Figure 4. Resonant frequency in units of the series resonant frequency ( fs) of the quartz crystal
without a compensation of C0 ( f ∗s ) and with the compensation of C0 ( f ∗∗s ) as a function of the load
capacitance Cl . The compensation of C0 leads to the linearization of the dependence and to an
increase in the sensitivity ∆ f ∗∗s /∆Cl .

2.3. Dependence of the Load Capacitance on the Relative Permittivity of the Investigated Liquid

To estimate the rate of changes in the load capacitance when the relative permittivity
(εi) of the investigated liquid changes (dCl/dεi), we describe a microchannel (Figure 5) as
a set of capacitors. As the width of the capacitor plates is comparable with the diameter
of the microchannel, the microchannel can be considered a set of three capacitors in
parallel. The upper and bottom capacitors of capacitance Cg0 are (approximately) filled by
glass, while the central capacitor can be considered a set of three capacitors in series: two
capacitors filled by glass, each of capacitance Cg, and a capacitor filled with the liquid under
investigation (capacitance Ci). Although these capacitors are not parallel plate capacitors,
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we use this approximation to estimate the sensitivity of such a system. The experimental
studies presented in Section 3 confirm that such an approximation gives proper trends and
predictions. When the measurements are performed, we are interested in the changes only
and not in the absolute values, so all of the unknown factors not only due to the shape of
the electrodes but also due to the hidden, parasitic, and capacitance-related factors turn
out to be irrelevant.
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The equivalent capacitance (Cl) of the capacitor circuit given in Figure 5a is

Cl = 2Cg0 +
εiCgCa

2εiCa+Cg
, (10)

where we used the fact that the capacitance of the microchannel filled with the investigated
liquid is a factor of the relative permittivity of the liquid larger than the capacitance of
the empty channel: Ci = εiCa, where Ca is the capacitance of the channel filled by air. By
assuming the width (w) of the capacitors plates given in Figure 5a, their length with being
equal to L = 50 mm and the distance between the plates approximated by the distances d,
as shown in Figure 5a, one finds Ca = ε0Lwi/di = 0.37 pF, Cg = εgε0Lwi/dg = 1.0εg pF,
and Cg0 = εgε0Lw0/d0 = 0.11εg pF, where εg is the relative permittivity of glass. By
differentiating Cl over εi, we find

dCl
dεi

= Ca(
1+2εi

Ca
Cg

)2 . (11)

Thus, Cg0 is not used in the expression of the sensitivity and the expression for the
sensitivity dCl/dεi is the same as that in the case of a larger channel (a test tube) in which
the thickness of the glass is relatively smaller (see Figure 5b). For the case shown in
Figure 5b, one finds Cg = 2.2εg pF and Ca = 0.22 pF; thus, the capacitances Cg and Ca are
of the same order of magnitude both in a microchannel and in a test tube. In Table 1, we
compare the sensitivity dCl/dεi for three different liquids, toluene, 2-propanol, and water,
for two types of glass (iron and silica). We see that, in general, the sensitivity is larger if
a microchannel or test tube is made of glass with larger relative permittivity. This is of
special importance when liquids with high values of relative permittivity are monitored
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(for example water), while for liquids with low values of relative permittivity (e.g., toluene),
the choice of the glass is less important.

Table 1. The sensitivity dCl/dεi calculated from Equation (11) for water, 2-propanol, and toluene at
20 °C in a microchannel and test tube made of silica (εg = 3.78) and iron (εg = 8.38) glass. The values
of the relative permittivity of liquids are given by Equation (12) and by the parameters in Table 2.

dCl/dεi(pF)

Silica glass Iron glass
Microchannel Test tube Microchannel Test tube

Water 1.4× 10−3 7.9× 10−3 5.9× 10−3 2.6× 10−2

2-Propanol 1.6× 10−2 5.1× 10−2 5.0× 10−2 9.9× 10−2

Toluene 0.18 0.17 0.26 0.19

Table 2. The relative permittivity (εi) at 27 °C of the liquids used for calibration, measured in static
fields or at low frequencies and standard atmospheric pressure [25], and the parameters a, b, and c of
the polynomial fitting (Equation (12)), valid in the temperature range 0−40 ◦C.

Liquid εi a b[K−1] c[K−2]

Toluene 2.369 3.2584 −3.4410× 10−3 1.5937× 10−6

2-Propanol 18.947 1.0416× 102 −4.1011× 10−1 4.2049× 10−4

Water 77.647 2.4921× 102 −7.9069× 10−1 7.2997× 10−4

From Table 1, we can also deduce that, in order to detect a relative change in the relative
permittivity of the order of 10−3, one would need to detect changes in the capacitance as
low as 10 aF. In the next section, we present measurements that confirm that the proposed
method is sensitive enough to detect such extremely low changes in the capacitance through
the change in the quartz oscillator resonant frequency.

2.4. Temperature Dependence of Relative Permittivity

To test the properties of the proposed measuring system, we measured the temperature
dependence of the relative permittivity of water, 2-propanol, and toluene in the temperature
range 22–29 °C. In such a small temperature range, the relative permittivity of all of the
studied liquids changes by the order of 1%.

Table 2 lists the values of the relative permittivity of the studied liquids at 27 °C (in
the middle of the measuring range) and the standard atmospheric pressure as well as
coefficients a, b, and c of a polynomial fitting of the relative permittivity for the temperature
valid in the temperature range of the performed measurements [25]

εi(T) = a + bT + cT2 . (12)

Within the measured temperature range, the relative permittivity changes linearly with
temperature for all three liquids, and for all three liquids, it decreases as temperature increases.

3. Measurements

First, the stability of the oscillator voltage (Vosc) was checked. The voltage measured
over a time span of approximately 40 min is shown in Figure 6. The stability was measured
by the HP6632A system with a DC power supply and with the accuracy of the set voltage
being 0.01%. We see that the voltage fluctuates only by ±0.0015 V, and it is unaffected by a
slight variation in the temperature of the environment, which was kept at approximately
24 °C. The temperature of the environment was measured by a low-power linear active
thermistor KS MCP9701A, the measuring range 0–70 °C, and an accuracy of ±2%. The
sensor was connected to a 12 bit PIC microcontroller PIC18F27J53.
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The stability of the measured frequency ( fout) is shown in Figure 7. As already
explained, we do not directly measure the resonant frequency but rather transform this
frequency into a lower (kHz) frequency range, which increases the accuracy of the frequency
reading by three orders of magnitude. The frequency was monitored for 2-propanol over a
period of approximately 40 min. The temperature of the 2-propanol was kept constant at
the environment temperature (T = 24 °C). We see that the frequency reading fluctuates on
the level of ±0.025 Hz.
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Figure 7. The measured frequency ( fout) as a function of time (t) when the test tube was filled with
2-propanol.

Next, we monitored the frequency and temperature of all three liquids as a function
of time. The measurements were performed in a test tube because, in such a way, the
temperature of the liquid and the frequency could be measured simultaneously. For
measuring the temperature of the liquid, we used an NTC temperature sensor KWCQ
(10k (25 °C)) and a resistance tolerance of ±1%, measured with a HP3478A multimeter
(four wire).

Figure 8 presents the time dependence of the frequency reading ( fout) and temperature
(T) of the toluene. Similar graphs were obtained for 2-propanol and water, as well.
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Figure 8. The measured frequency ( fout) and temperature (T) of toluene as a function of time (t).

Figure 9 presents the dependence of the measured frequency ( fout) on temperature for all
three liquids. The dependence is linear, with the coefficient ∆ fout/∆T being (1.024± 0.001) Hz/K
for toluene, (0.772± 0.004) Hz/K for 2-propanol, and (0.505± 0.001) Hz/K for water. By
knowing the relative permittivity at a given temperature (see Equation (12)), we can now
relate the change in the measured frequency to the change in the relative permittivity, as
discussed in the next section.
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4. Discussion
4.1. Sensitivity of the Method

From Equation (12) and the parameter values given in Table 2, we find that the
change in the relative permittivity when temperature increases from 24.5 °C to 29 °C is
0.011 for toluene, 0.71 for 2-propanol, and 1.6 for water; therefore, ∆ε/∆T for toluene is
2.44× 10−3 K−1, that for 2-propanol is 0.158 K−1, and that for water is 0.356 K−1. From
the measurements (see Figure 9), we obtained ∆ fout/∆T for all three liquids. It is thus
straightforward to find that ∆ fout/∆ε equals (419.7± 0.4) Hz for toluene, (4.89± 0.03) Hz
for 2-propanol, and (1.419± 0.003) Hz for water. As each of these liquids have a different
value for the average relative permittivity in the studied temperature range (see Table 2),
we can plot the sensitivity ∆ fout/∆ε as a function of the relative permittivity (Figure 10).
We see that the sensitivity decreases with an increasing value of relative permittivity, and it
is by two orders of magnitude higher for liquids, with the value of relative permittivity
lower than 10 compared with the sensitivity for liquids with larger relative permittivity.

Chemosensors 2021, 9, x FOR PEER REVIEW 11 of 16 
 

 

 
      (c) 

Figure 9. The dependence of the measured frequency (𝑓௢௨௧) on temperature (𝑇) for (a) toluene, (b) 2-propanol, and (c) 
water. The blue straight lines are linear fits to the measured data. 

4. Discussion 
4.1. Sensitivity of the Method 

From Equation (12) and the parameter values given in Table 2, we find that the 
change in the relative permittivity when temperature increases from 24.5 ℃ to 29 ℃ is 0.011 for toluene, 0.71 for 2-propanol, and 1.6 for water; therefore, Δ𝜀/Δ𝑇 for toluene 
is 2.44 × 10ିଷ Kିଵ, that for 2-propanol is 0.158 Kିଵ, and that for water is 0.356 Kିଵ. From 
the measurements (see Figure 9), we obtained Δ𝑓௢௨௧/Δ𝑇 for all three liquids. It is thus 
straightforward to find that Δ𝑓௢௨௧/Δ𝜀  equals (419.7 ± 0.4) Hz  for toluene, (4.89 ±0.03) Hz for 2-propanol, and (1.419 ± 0.003) Hz for water. As each of these liquids have 
a different value for the average relative permittivity in the studied temperature range 
(see Table 2), we can plot the sensitivity Δ𝑓௢௨௧/Δ𝜀 as a function of the relative permittivity 
(Figure 10). We see that the sensitivity decreases with an increasing value of relative per-
mittivity, and it is by two orders of magnitude higher for liquids, with the value of relative 
permittivity lower than 10 compared with the sensitivity for liquids with larger relative 
permittivity. 

 
Figure 10. The sensitivity Δ𝑓௢௨௧/Δ𝜀 (black triangles) and measured frequency 𝑓௢௨௧ (filled blue cir-
cles) as a function of relative permittivity (𝜀௜). Figure 10. The sensitivity ∆ fout/∆ε (black triangles) and measured frequency fout (filled blue circles)
as a function of relative permittivity (εi).

The measured values of the frequency depart from the linear fit line for no more than
δ fout = ±0.1 Hz. Thus, we estimate the relative change in the relative permittivity of the
investigated liquid that can be detected by the proposed measuring system as follows:(

∆ε
εi

)
min

= δ fout
∆ fout

∆ε

1
εav

, (13)

where εav is the value of the relative permittivity εi at the center of the measuring range, i.e.,
at ≈ 27 °C in our case (these values are given in Table 2). We find (∆ε/εi)min = 1× 10−4

for toluene, 1× 10−3 for 2-propanol, and 9× 10−4 for water. This sensitivity is shown
in Figure 11. For the purpose of further discussion, we added a provisional (drawing by
feeling) sensitivity curve to the three points calculated from the measurements, which
we use in our discussion presented below. To obtain a reliable sensitivity curve of the
relative permittivity in the range of values between 2.4 and 20, more measurements are
required on different liquids with the relative permittivity in this range of values. However,
to demonstrate the applicability and limitations of the proposed measuring system, the
current measurements are sufficient.
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We note that the value measured for fout = fosc − fre f 1 (see Figure 1) depends on
the value set for the reference frequency fre f 1. This can be either lower or higher than
the measured frequency fosc = f ∗∗s . As the measured frequency ( f ∗∗) reduces with the
increasing value of load capacitance (see Figure 4) and the load capacitance increases with
the increasing value of relative permittivity for the investigating liquid (see Equation (10)),
we can deduce that, in our measurements, the reference frequency was set to a value lower
than the oscillator frequency.

4.2. Detection of Changes in Mixture of Liquids

In this section, we show how the proposed method can be used to detect changes in
the dielectric permittivity of mixtures of liquids that do not react if the dielectric properties
of one component change, for example, due to the quality of production or aging. To
estimate the change in the relative permittivity of the mixture if the relative permittivity
of one component changes, we used theoretical models. Out of several available theoret-
ical models, we studied and compared the models by Kraszewski, Bottcher–Bordewijk,
Looyenga, Peon–Iglesias, and Lichtenecker–Rother [7,26,27]. All of these models express
the effective relative permittivity of a mixture of two liquids in terms of their values of
relative permittivity (ε1 and ε2) and their volume fractions (φ1 and φ2 = 1− φ1). When the
values of relative permittivity of the mixed liquids are similar, all of the models predict
practically the same values for the relative permittivity of the mixture. However, when the
values of relative permittivity of the constituent liquids differ by an order of magnitude,
there is a significant difference among different models, the largest being at φ1 = φ2 = 0.5.
The model by Kraszewski predicts the largest values (εKr) while the model by Lichtenecker–
Rother predicts the lowest values (εLi) of relative permittivity for the mixture. As we
need the models only to estimate the relative change in the relative permittivity of the
mixture if the relative permittivity of one of the components changes, we give theoretical
expressions for the relative permittivity only for these two models. Within the model by
Kraszewski [7,26], the relative permittivity of the mixture is given by

εKr = (φ1
√

ε1 + φ2
√

ε2)
2 , (14)

and within the model by Lichtenecker–Rother [7,26] as

εLi = ε1
φ1 ε2

φ2 . (15)
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Table 3 gives the relative permittivity of a commonly studied mixture [7] of toluene
(ε1 = 2.4) and ethyl alcohol (ε2 = 24.1), calculated by both models.

Table 3. Relative permittivity calculated from the model of Kraszewski (εKr) and Lichtenecker–Rother
(εLi) for a mixture of toluene (ε1 = 2.4) and ethyl alcohol (ε2 = 24.1) at different concentrations of
toluene (φ1) at 25 ◦C.

φ1 εKr εLi

0 24.10 24.10
0.1 20.91 19.14
0.2 17.95 15.20
0.3 15.22 12.06
0.4 12.71 9.58
0.5 10.43 7.61
0.6 8.37 6.04
0.7 6.54 4.80
0.8 4.93 3.81
0.9 3.55 3.02
1 2.40 2.40

By differentiating Equations (14) and (15), it is straightforward to obtain the following
expressions:

∆εKr
εKr

= φ1

√
ε1
εKr

∆ε1
ε1

+ φ2

√
ε2
εKr

∆ε2
ε2

+ 2
√

ε2−
√

ε1√
εKr

∆φ2 , (16)

∆εLi
εLi

= φ1
∆ε1
ε1

+ φ2
∆ε2
ε2

+ (ln(ε2)− ln(ε1))∆φ2 , (17)

which relate the relative changes in the relative permittivity of each liquid and the change
in their relative volume to the relative change of the relative permittivity of the mixture.
As we estimated the sensitivity of the measuring system (see Figure 11), we can use
Equations (16) and (17) to deduce the relative changes of ε1, ε2, and φ1 (or φ2) that can be
detected. The relative change in the value of the relative permittivity of the first component
can be calculated from Equation (16)

∆ε1
ε1

= 1
φ1

∆εKr
εKr

√
εKr
ε1

(18)

for the model by Kraszewski and from Equation (17)

∆ε1
ε1

= 1
φ1

∆εLi
εLi

(19)

for the model by Lichtenecker–Rother. Similarly, ∆ε2/ε2 and ∆φ2 = −∆φ1 can be obtained
from Equations (16) and (17). To calculate the right-hand sides of Equations (18) and
(19), we note that ∆εKr/εKr and ∆εLi/εLi are, in fact, the sensitivity (∆ε/εi)min given in
Figure 11. By using the sensitivity given in Figure 11 and the calculated values of the
relative permittivity of the mixture (Table 3), Equations (18) and (19) can be evaluated at
different values of φ1. In such a way, we obtain the minimum relative change in ε1 that
can be detected by the proposed measuring method. The sensitivities predicted by the
two theoretical models are given in Figure 12a. We see that the relative changes in the
relative permittivity of the toluene of the order of 10−4 can be detected if toluene prevails
in the mixture, while at low volume fractions of toluene (φ1 ≈ 0.1), percentile changes
can be detected. Sensitivity decreases if the volume fraction is even lower. The model
of Lichtenecker–Rother predicts a slightly higher sensitivity. While the sensitivity for
detecting changes in the value of ε1 strongly depends on the volume fraction of toluene, the
sensitivity for detecting changes in the value of the relative permittivity of ethyl alcohol is
of the other of 10−3 at volume fractions φ2 > 0.1 and then decreases if φ2 is further reduced.
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Figure 12. (a) The relative change in the dielectric permittivity of toluene (∆ε1/ε1) and (b) the relative change in the volume
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When the volume fraction of one component is very low (φ < 0.1), the measuring
method is not very sensitive to the relative change in the relative permittivity of the
low volume fraction component. However, we have to point out that the method is
still extremely sensitive to any changes in the relative permittivity of the mixture, which
would occur, for example, due to temperature variation, the introduction of impurities,
etc., because relative changes in the relative permittivity of the mixture of the order of
10−4 − 10−3 can be detected.

The proposed measuring method is also extremely sensitive to a change in the volume
fraction of each liquid. Figure 12b gives the volume fraction change for ethyl alcohol (∆φ2)
that can be detected at a given volume fraction of toluene (φ1). As ∆φ2 = −∆φ1, the same
volume fraction changes in toluene can be detected as well. From Figure 12b, we see that,
for the exemplary mixture of toluene and ethyl alcohol, changes in the volume fraction of
one component between 5× 10−5 and 7× 10−4 can be detected.

In general, for not only mixtures of liquids but also any liquid, we finally point out,
that the method can also monitor the temperature stability of a liquid within the range of
±0.1 K, as can be deduced from the coefficients ∆ fout/∆T for the three measured liquids,
given in Section 3.

5. Conclusions

We presented a sensor system that opens new possibilities for real-time measurement
of the relative permittivity in microfluidics. A high sensitivity and temperature stability of
a quartz crystal together with the placement of a capacitive sensor along the microchannel
outside the channel allows for a noninvasive and very sensitive measurement of the relative
permittivity of the (mixture of) liquids flowing in the channel. This is a major advantage
over small sensors placed inside the channel, which measure the relative permittivity in a
very small volume and can disturb the flow of the liquid. The method presented in this
paper can essentially be applied everywhere where careful monitoring of the dielectric
properties of (a mixture of) liquids is required, e.g., in the pharmaceutical industry and
medicine.

We showed that, using the proposed measuring system, one can detect relative changes
in the relative permittivity of the order of 10−4 for liquids, with the relative permittivity
lower than ≈ 10, while for liquids with larger values of relative permittivity, relative
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changes of the order of 10−3 can be detected. As an example of an application of the
method, we showed how it can be used to detect changes in the relative permittivity of
one liquid in a mixture of two liquids. Such highly sensitive measurements of dielectric
properties of a mixture of liquids, especially ones including alcohols, are very important in
chemical and electrochemical processes. We showed that the proposed measuring method
is extremely sensitive to detect changes in the volume fraction of the constituting liquids,
even if the volume fraction of one liquid is very low. Changes of the order of less that 10−4

can be detected.
Finally, let us compare the presented method with a method that would use a lock-in

amplifier or impedance analyzer to measure the changes in the capacitance due to chemical
or physical changes in the liquid flowing in the channel. If a lock-in amplifier were used,
the change in frequency would be transformed into the output voltage and then into a
digital value by a limited number of bits. The measurement error of the order of 0.1% [2]
would be too big to detect aF changes in the capacitance. If the capacitance were measured
directly with an impedance analyzer [9], we would be limited to a sensitivity of 1% to
the maximum 0.1%. Another problem would be the parasitic capacitance of the sensor,
which is of the order of a few pF. In the measurement proposed, parasitic capacitance is not
important because we measured changes in the frequency of the quartz oscillator and, in
such a way, any parasitic capacitance is compensated.
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