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NANOCELLULOSE-BASED RESISTIVE SENSORS
FOR AIR HUMIDITY MEASUREMENTS

Introduction. The measurement of relative air humidity plays a crucial role in various aspects of human life, such
as climate control systems, medical breath and skin hydration monitoring. Typically, humidity sensors use inor-
ganic materials and petroleum-derived polymers. However, there is a growing trend towards the transition to
biodegradable materials, which eliminates the need for waste disposal.

Problem Statement. Currently, nanocellulose (NC) has been being explored as a promising material for hu-
midity sensors. However, the influence of the chemical composition and nanoparticle size of NC on the sensor
characteristics remains understudied.

Purpose. This study aims to investigate the influence of the chemical composition and structure of NC on the
parameters of humidity sensors.

Materials and Methods. NC has been synthesized [from reed stalks and wheat straw bz the oxidation and acid
hydrolysis methods. NC-film sensors having a mass within 0.3—3 mg have been fabricated. The static parameters
(response, sensitivity, reversibility, and repeatability ) and the dynamic parameters (short and long-term stability,
response and recovery time) of the sensors have been analyzed.

Results. The manufacturing method influences the NC chemical composition, while the origin material affects
its structure. The sensors produced by the oxidation method have demonstrated improved sensitivity (2.69 - 10°),
response (0.2 (% RH)™"), recovery time (60 s) and long-term stability (1.44% ) as compared with those made by
the hydrolysis method. Additionally, the application of wheat straw NC as origin material has resulted in improved
reversibility (5% ), repeatability (5% deviation), short-term stability (30% deviation), and response time (1) as
compared with the reed stalks NC.

Conclusions. It has been established that the origin material of nanocellulose influences the reversibility, re-
peatability, response time, and short-term stability of the sensors. The manufacturing method has effect on the
sensitivity, response, recovery time, and long-term stability of the sensors.
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For the manufacture of electronic sensors, such
inorganic materials as silicon [1, 2], gallium arse-
nide [3], indium antimonide [4], metals and their
oxides [5, 6] are often used. But it is possible to
use organic polymers [7—9], that could be applied
for making of functional layers and for packaging.
Common to both groups of materials is that they
must be disposed after the end of device’s service
life. Otherwise, they accumulate in the form of
electronic waste and lead to environmental pollu-
tion. One can observe that more and more studies
are appearing on the use of biodegradable materi-
als to produce electronic devices. These materials
are capable of decomposition under the action of
bacteria and fungi. Such materials include chitin-
based polymers [10], almond resin-based poly-
mers [11], nanocellulose-based polymers [12],
etc. Among them, a promising material is nano-
cellulose (NC) that has unique properties: high
elasticity and large specific surface area, high
transparency and low weight, biodegradability
and biocompatibility, low coeflicient of thermal
expansion and chemical reactivity, low produc-
tion cost. NC can be used to produce “green elect-
ronics”, that is, in electronic devices that do not
require disposal and are capable of spontaneous
decomposition in natural conditions [12].
Humidity sensors are the important electronic
components because in modern realities the envi-
ronmental humidity measurements are applied in
many systems that improve human life. In parti-
cular, the measurement of air humidity is neces-
sary in climate control systems, for breath moni-
toring, as well as for tracking of the skin sweating/
moisturization of patients [13—16]. Also, the
control of relative humidity is very important for
certain technological operations that are used in
the fabrication of electronic devices. Thus, silicon
oxide growth can be carried out both in dry and
wet oxygen atmosphere [17]. It is known that
dry oxygen growth forms the silicon oxide films
with high quality, but the rate of the process is
very slow. The oxygen humidifying significantly
increases the rate of oxide growth, but the quality
of the films deteriorates. Combining dry and wet
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oxygen or selecting the required level of oxygen
humidification, it is possible to obtain the layers
of silicon oxide with required thickness and qua-
lity [17]. Therefore, because of the need of the
operation of humidity sensors in various environ-
ments, the humidity-sensitive material should be
characterized by high values of temperature and
time stability and significant response.

Currently, many different humidity sensors ha-
ve been developed, including capacitive [18—20],
resistive [18, 19, 20], optical [22], acoustic [23,
24] and even power-generating devices [25]. Sin-
ce nanocellulose is a hygroscopic material, it can
be used as a sensitive layer for humidity sensors.
This work presents the results of research on re-
sistive humidity sensors based on nanocellulose.
The working principle of these sensors is exp-
lained by the Grotthas mechanism, where the
charge carriers are protons from adsorbed water
molecules, which move by a jumping mechanism
[18]. So, the changes in sensor’s resistance de-
pending on the absorbed humidity from the envi-
ronment take place.

NC cellulose is traditionally divided into cel-
lulose nanofibers (CNF), cellulose nanocrystals
(CNC). CNF consists of fibers with diameter of
10—100 nm and a length of hundreds to thou-
sands of nm. CNC typically has a relatively low as-
pect ratio, with typical diameters of 2—20 nm and
lengths ranging from 100 to 600 nm. This material
can be obtained from wood [26, 27] and non-wood
plant raw materials, from stems and fibers of ce-
real and technical crops: wheat, flax, miscanthus,
kenaf, reed, etc. [28—31]. NC can be obtained by
various techniques, in particular, the oxidation
and the acid hydrolysis methods. It is known that
the structure and chemical composition of NC is
determined by the origin material and manufac-
turing technology [29]. It is likely that the NC
morphology and chemical composition can influ-
ence the humidity sensitivity. To date, there are
no studies of this kind in the literature.

Therefore, the purpose of this paper is to estab-
lish the influence of the morphology and chemi-
cal composition, as well as the amount of nano-

ISSN 2409-9066. Sci. innov. 2024. 20 (4)



Nanocellulose-Based Resistive Sensors for Air Humidity Measurements

cellulose on the parameters of resistive humidity
sensors based on it.

1. Preparation of nanocellulose

For the extraction of nanocellulose, we used or-
ganosolv celluloses obtained by an environmen-
tally safe method from wheat straw and reed
stalks. Nanocellulose is obtained as a result of
acid hydrolysis or oxidation of organosolv cellu-
loses in the medium of 2,2,6,6-tetramethylpipe-
ridine-1-oxyl (TEMPO). Acid hydrolysis is car-
ried out in a 43% solution of sulfuric acid at a
liquid to solid ratio of 10 : 1, at a temperature of
60 °C for 60 min. Cellulose in the TEMPO medi-
um is oxidized with a consumption rate of 1.6% of
TEMPO at room temperature for 24 hours. The
resulting nanocellulose is washed in distilled wa-
ter by centrifugation and treated with ultrasound
for its homogenization. Transparent, time-stable
nanocellulose suspensions are stored in hermetic
containers for further research.

2. Sensor fabrication

The structure of resistive humidity sensors based
on a NC suspension is shown in Fig. 1. The ma-
nufacturing process of the sensors consists of the
following technological steps: firstly, Ti/Ni bime-
tallic film is deposited on the surface of pre-cleaned
glass-ceramic plate by the method of magnetron
deposition in an argon atmosphere under the fol-
lowing technological parameters: the pressure in
the chamberis 5 - 10~ mmHg, the voltage is 600V,
and the current is 1 A. As a result, the thickness of
the obtained two-layered film is 0.25 pm.

The next step is photolithography that is neces-
sary to form an electrode system with an interdigi-
tal configuration. Photolithography includes app-
lying a photoresist coating by centrifuge, drying
the photoresist, exposing the photoresist through
a photo template, developing and hard-baking the
photoresist, and etching a Ti/Ni two-layered film.

Then the electrical wires have been soldered to
the sensor electrode pads. The last operation is the
deposition of a nanocellulose layer top the surface
of the electrodes by the drop-casting technique.
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Fig. 1. Structure of a resistive humidity sensor based on NC:
1 — glass-ceramic substrate; 2 — Ni electrodes; 3 — NC film

To do this, NC suspension is dropped as layer by
layer to obtain the required mass of nanocellulose
film on the surface: 0.3 mg, 0.6 mg, 1.2 mg, 1.8 mg,
2.4 mg, 3.0 mg. Besides, four sets of sensors with
different humidity-sensitive films have been obtai-
ned: RST (NC extracted from reed stalks using
TEMPO method), RSH (NC extracted from reed
stalks using acid hydrolysis method), WST (NC
extracted from wheat straw using TEMPO me-
thod), WSH (NC extracted from wheat straw
using acid hydrolysis method).

3. Measuring methods
To research obtained sensors, we used a set of
hygrostats with different relative humidity levels.
The principle of operation of hygrostats is based
on Raoult’s law. A saturated salt solution genera-
tes a specific value of relative humidity above its
surface. The used hygrostats consist of such satu-
rated solutions as: LiCl, MgCl,, NaBr, NaCl, KCI
and H,O, which generate relative humidity (RH)
of: 12, 33, 60, 75, 85, and 98% consequently.

The thermo-hygrometer sensor SHT-31 has
been used to control the level of relative humidi-
ty and temperature at the measurement point. A
thermo-hygrometer EZODO HT-390 has been
used to calibrate the hygrostats. The resistance of
the sensors has been studied with an RCL-P5030
meter at different frequencies of test signal of 100

51



Lapshuda, V. A, Koval, V. M., Dusheiko, M. G., Yasiievych, Yu. V., Barbash, V. A., and Yashchenko, O. V.

and 1000 Hz. The weight of the humidity-sensi-
tive film is controlled with an analytical balance
OHAUS Pioneer PX163.

The static parameters (response, sensitivity, hys-
teresis, repeatability of measurements) and dyna-
mic parameters (response and recovery time, short-
term and long-term stability) of humidity sensors
have been investigated.

The sensor’s response is determined by mea-
suring the dependence of sensor resistance on the
relative humidity. The measurement adsorption
and desorption curves are measured. The adsorp-
tion curve is measured when humidity levels in-
crease, and the desorption curve is when humidity
levels decrease. The sensor’s response is the ratio
of the maximum resistance value at the minimal
relative humidity (12%) and the minimum resis-
tance value at the maximal humidity (98%). The
sensitivity of the sensor is determined from the
exponential approximation of the adsorption cur-
ve as an indicator of the power of the exponent.

To determine the hysteresis of the sensors, two
curves are measured: adsorption and desorption
curves. The hysteresis of the sensors is determi-
ned by the following equation:

H — i ARHI&X
ARmax - A‘Rmin
where AR = —maximal difference between points
on adsorption and desorption curves at same RH
level; R — maximal resistance; R . — minimal
resistance.

The repeatability of device measurements is stu-
died by cycling between RH values of 12% and
60%. This parameter is presented as a relative chan-
ge in sensor resistance between adjacent cycles.

The short-term stability is studied by measu-
ring of device resistance at stable humidity values
of 12% or 60% for one hour. It should be noted
that the samples are kept for 15 min before mea-
surement to establish thermodynamic equilibri-
um. The sensor’s deviation is defined as a normal
deviation from the mean value of resistance.

The response time has been determined during
sudden change in the RH level from 12% to 98%
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as the time for which the device resistance chan-
ges from 90% to 10% of initial value. The recove-
ry time has been determined for sudden change in
the RH level from 98% to 12% as the time during
which the device resistance increases from 10%
to 90% of the initial value.

The long-term stability of the sensors has
been studied over a long period of time from 2 to
12 months. As a result, the specific change in the
device resistance per day has been determined.

1. Surface morphology and wettability of the hu-
midity-sensitive layer of nanocellulose

The surface morphology of different types of na-
nocellulose has been studied by atomic force mic-
roscopy. Figure 2, a shows that the NC extrac-
ted from reed by the TEMPO method consists
of nanoparticles with a size of 60—150 nm, while
the NC extracted from reed by the acid hydro-
lysis method consists of nanoparticles with a
size of 50—140 nm (Fig. 2, ¢). The NC extracted
from wheat, is nano-fibrillated for both extrac-
tion methods: WST and WSH consist of nano-
fibers with a size of 20—40 nm (Fig. 2, b) and
10—30 nm (Fig. 2, d) accordingly. Thus, the NC
with particles with a larger diameter and length
corresponding to nanofibrillated cellulose (CNF)
has been obtained from wheat cellulose, while the
NC extracted from reed cellulose has particles of
smaller transverse size and shorter length, which
are a mix of nanocrystalline (CNC) and nanofib-
rillated cellulose (CNF). Therefore, it can be as-
sumed that the original material for the selection
of NC has an effect on the shape of nanoparticles.
It has been established that the synthesis method
affects the size of nanoparticles: slightly larger
nanoparticles have been obtained by the TEMPO
method for both origin materials (reed and wheat).

To determine the hygroscopic properties of the
NC film, the contact angle is measured by the ses-
sile drop method. We coat the glass slide with a
thin NC film by centrifugation to get a flat sur-
face covered by NC. A drop of water is placed on
the surface of the studied NC film, and a high-re-
solution photo is taken from the side projection.
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Fig. 2. AFM images of NC film surface: « — RST; b — WST; ¢ — RSH; d — WSH

Figure 3 shows a comparison of the contact angle
for RST — b, WST — ¢, RSH — d, WSH — e and
clean glass — a. The angle between the surface
of the film and the tangent to the arc formed by
the water drop has been determined. It has been
found that the contact angle is equal to 9.2°, for
NC RST: 11.1°, for WST: 13.1° for RSH; and 19.6°,
for WSH. At the same time, the glass slide has a
contact angle of 50.8°. As one can see, the contact
angle of pure glass significantly exceeds the mea-

ISSN 2409-9066. Sci. innov. 2024. 20 (4)

sured angles for nanocellulose films, which indi-
cates the high hygroscopicity of all NC films. Fur-
thermore, it has been shown that NC obtained by
the TEMPO method is more hygroscopic as com-
pared with the NC obtained by the acid hydroly-
sis method. The higher hygroscopicity observed
for NC extracted by the TEMPO method can be
explained by the following: the carboxyl groups
of cellulose macromolecules are characterized by
high ability to interact with free water molecules.
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In the method of acid hydrolysis, the hydroxyl
groups of cellulose are converted into esters with
the formation of esters of sulfuric acid, which are
less hygroscopic than the carboxyl groups that
are formed during the oxidation process in the
TEMPO environment.

2. Static parameters of the humidity sensors ba-
sed on NC
Response and sensitivity. The working prin-
ciple of the RH sensor is based on the increase
in conductivity of the sensitive layer (nanocellu-
lose) under humidity adsorbance from the envi-
ronment. The conductivity in nanocellulose is
explained by the Grothas mechanism. This me-
chanism is as follows: the electric charge in the
sensitive NC layer is transferred due to protons
that can jump between molecules that contain
hydrogen bonds (for example, between water or
cellulose molecules) under bias. Obviously, the
higher humidity level, the greater number of wa-
ter molecules that can be absorbed by NC film,
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Fig. 3. The contact angles of NC films:
a — clear glass as a reference; b — RST;
¢— WST.d— RSH; e — WSH

which results in significant increase of the film
conductivity.

The response of sensors, made from NC ex-
tracted by the TEMPO method, is significantly
higher than for NC, extracted by the acid hyd-
rolysis method. Moreover, the highest response
(2.69 - 10%) is observed for RST-NC, while the
W ST-based sensor has a response of 1.64 - 106, For
comparison, the sensors based on NC obtained by
acid hydrolysis have a response of 1.75 - 10* and
4.69 - 10* for RSH and WSH accordingly. So, the
TEMPO method provides the sensor with a re-
sponse of 2 orders of magnitude higher as com-
pared with the sensor obtained by the acid hy-
drolysis method. Such behavior is explained by
smaller contact angle of TEMPO NC because of
presents of carboxyl groups in its composition.

The device sensitivity to air humidity depen-
ding on the initial conditions of the NC synthesis
(Fig. 4, a) has been determined. Similarly, to the
TEMPO method provide better device sensiti-
vity as compared with the acid hydrolysis me-

ISSN 2409-9066. Sci. innov. 2024. 20 (4)
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thod: 0.186 (%RH™!) for RST and 0.2 (%RH™)
for WST vs. 0.139 (%RH™") for RSH and 0.137
(%RH™) for WSH. However, the origin material
has almost no effect on the device sensitivity.

The sensor with the smallest mass of NC hu-
midity-sensitive film demonstrated the highest
response. Figure 4, b features that the sensitivi-
ty of sensors based on the TEMPO extracted NC
decreases with a mass much more sharply than
for sensors made from the acid hydrolysis ext-
racted NC. Thus, as the weight of the NC film
increases from 0.3 mg to 3.0 mg, the sensitivity
for RST-based sensors drops 3 times, 2 times, for
WST, and by approximately 40%, for WSH and
RSH. This behavior can be explained by the dif-
ferences both in the chemical compositions and
structure of NC, obtained by different methods.
Also, one can clearly see, that the frequency of
the test signal does not affect the sensitivity of
resistive humidity sensors (Fig. 4, a).

Hysteresis. The hysteresis in relative humi-
dity sensors is explained by the different speeds
of humidity adsorption and desorption. So, the
sensor resistance at a fixed humidity level on the
adsorption and desorption curves is slightly dif-
ferent, which leads to the formation of a hyste-
resis loop.

Figure 5, a shows the dependence of hysteresis
on the mass of the NC film, namely: for all samp-
les, the hysteresis increases with the increase in
the mass of the NC film. However, for sensors ba-
sed on NC extracted from reed, the hysteresis in-
creases much faster than for NC extracted from
wheat straw. If you place the value of hysteresis
from the largest to the smallest value, then the se-
quence for different types of NC will be as follows:
RST — 26.75%, RSH — 8.15%, WSH — 6.22%,
WST — 5.97% at the frequency of the test signal
100 Hz. This behavior can be explained by sig-
nificantly smaller sizes of nanoparticles in the films
made from wheat NC as compared with the films
from reed NC. The smaller size of the nanopartic-
les means that the vacant places that can attach
water molecules are more quickly filled during
adsorption or emptied during desorption. That is,
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Fig. 4. Maximal value of sensitivity («) and its dependence on
NC film mass (b) for resistive humidity sensors based on NC

these processes proceed faster in relation to lar-
ger nanoparticles obtained from reed. Thus, for
sensors based on NC from wheat, a smaller value
of hysteresis is observed regardless of the manu-
facturing technology. We can also see that the fre-
quency of the test signal has no effect on the hys-
teresis of the sensors (Fig. 5, b). For all sensors,
the hysteresis at 1000 Hz is slightly higher than
at 100 Hz, but this difference is negligibly small.
Cycling. Figure 6 features the cycling graphs
for humidity sensors based on which the deviati-
on has been calculated (Fig. 6, b). As can be seen,
the sensors based on NC of reed stalks have shown
a significantly worse repeatability of 20.46% for
RST and 25.31% for RSH as compared with tho-
se based on NC of wheat straw of 7.52% for WST
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Fig. 5. The hysteresis curves (a) and the maximum values
of hysteresis () for resistive humidity sensors based on NC

and 6.42% for WSH. Similarly, to the hysteresis,
this can be explained by the significantly thinner
nanoparticles obtained from wheat straw. Also,
it has been found that the NC mass and the sig-
nal frequency do not affect the deviation during
cycling test.

3.3. Dynamic parameters of the sensors based
on NC

Reaction speed. Figure 7, a shows the respon-
se and recovery curves for sensors based on RSH
in dependence on different mass of NC films. One
can see that the larger NC mass, the longer res-
ponse and recovery times (Fig. 7, b), the lowest res-
ponse time have sensors based on NC from wheat
for all NC mass and both synthesis methods (the
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Fig. 6. The cycling graphs (a) and average values of deviation
during cycling (b) for resistive humidity sensors based on NC

response time is 1—92 s and 1—103 s for WST
and WSH, respectively). The device response for
NC from reed stalks is 3—6 times slower.

In the terms of recovery time, sensors based on
nanocellulose extracted by the TEMPO method
are faster than the devices made by the hydro-
lysis method (Fig. 7, a). So, the response time is
60—575 s, for TEMPO-extracted NC, and 520—
690 s, for hydrolysis-extracted NC.

This can be explained by the different mor-
phology of the obtained NC films. Thus, NC films
extracted from wheat straw consists of nanoparti-
cles with a relatively small diameter, which leads
to a shorter response time for such sensors. At the
same time, one can see that the extraction tech-
nology has almost no effect on the response time
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of the sensors, but it affects recovery time. This is
due to the different chemical compositions of NC
obtained by different methods. It means that wa-
ter molecules are desorbed more easily from NC
obtained by the TEMPO method, resulting in a
reduction in recovery time.

Short-term stability. Figure 8, a shows that as
the mass of the humidity-sensitive film increases,
the device stability is worst. From Fig. 8, b, we
can see that, regardless of the nanocellulose ex-
traction technology, sensors obtained from reed
stalks demonstrate worse stability. Thus, RST
shows a deviation of 62.72% against 48.76% for
WST, while RSH shows a deviation of 49.51%
against 34.3% for WSH. If we arranged the sen-
sors in order of improvement in their stability,
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Fig. 8. The curves of short-term stability (a) and average
values of deviation (b) for resistive humidity sensors based
on NC

we would get the following sequence: RST-RSH-
WST-WSH. So, short-term stability is influenced
by both the raw material from which the NC is
made and the manufacturing technology.

Also, it has been found that the influence of the
measurement frequency, is present for the most
sensors The higher frequency of the test signals
the lower instability, except of the RST material.
This can be explained by the fact that some slow
processes stop working.

Long-term stability. It has been determined
that the resistance of humidity sensors increases
for the year. The best long-term stability has been
demonstrated by the sensors from WST, whose
resistance changes about 1.44%/day. In general,
the sensors, obtained by the TEMPO method,
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are characterized by significantly better stability
than sensors, obtained by the hydrolysis method
(RSH shows 25.5%/day, WSH — 25.1%/day).
The increase in resistance of the sensors over long
period of time can be caused by both oxidati-
on of the electrode system (and nanocellulose).
So, the long-term stability required further in-
vestigation.

In this work, humidity sensors are made from
NC extracted from organosolv cellulose from
reed stalks and wheat straw by oxidation method
in TEMPO environment and acid hydrolysis me-
thod. The sensors are obtained with a mass of hu-
midity-sensitive nanocellulose film on their sur-
face from 0.3 to 3.0 mg. It has been established
that NC from wheat straw contains nanofibers
and NC from reed stalks contains nanorods. Also,
it has been shown that all NC films are hygrosco-
pic and show wetting angles not exceeding 20°.

Static parameters (response, sensitivity, hyste-
resis, repeatability) and dynamic parameters (res-
ponse and recovery time, short- and long-term
stability) of resistive humidity sensors have been
investigated. It has been established that the
sensors made from NC by the oxidation method
demonstrate significantly better response and
sensitivity as compared with the sensors from NC
extracted by the acid hydrolysis method. This is
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PESNCTUBHI JATUYNKN HA OCHOBI HAHOILEJ/IIOJIO3U
JUIA BUABJIEHHA BOJIOTOCTI ITIOBITPA

Beryn. BumipioBanHs BiIHOCHOI BOJIOTOCTI MOBITPST € BAKJIUBUM Y TaKUX cdepax KUTTEISIBHOCTI JIOJUHN SIK CUCTEMU
KJTIMaT-KOHTPOJII0, MEINYHOTO MOHITOPUHTY JWXaHHS, a TaKOXK BiZICHTiIKOBYBAaHHSI ITOTOBU/IiJIEHHS/3BOJOKEHHS IIKipH
MaIieHTiB. 3a3BUYail, CCHCOPU BUTOTOBJISIIOTH i3 HEOPraHIYHUX MaTepiajiB Ta moJimepis, oTpuManux i3 Hadtu. CyyacHum
TPEH/IOM € Nepexij 10 6i0po3KIafHUX IPUPOAHIX MaTepiasiB, aKi He TOTPEOYIOTh MOAABIIO] yTUITI3aILil.

IIpo6aemaTuka. Ha chorozi icHyoTh Jocian 3 BUKopucTanis Hanonemosno3u (HID) sik 4y TamBoro eieMeHTa CEHCOPIB,
OJTHAK BILIMB XiMiYHOTO CKJIaMy Ta po3Mipy Hanouactok HIL Ha XapakTepucTUKN CEHCOPIB He TOCTi/’KEHO.

Mera. BeranoBuTu BIuHB XiMiuHOTO CKJIay Ta po3aMipy HaHodactok HII ma xapakrepucTiky ceHCOpiB BOJIOTOCTI.

Marepiam it Metoau. /[y BukoHanHs po6otu Oysio cuntesoBaro HIT i3 ouepery Ta cosomu nrenutti merogamu TEMITO
Ta KUCJOTHOTO TiIpoJIi3y, BUTOTOBJIEHO ceHcopu i3 Macoro miBku HIL Bix 0,3 mr o 3 mr. Byso pocaimkeno craTuyHi na-
pameTpH (BIATYK, YYTJIUBICTb, pEBEPCUBHICTD Ta IOBTOPIOBAHICTH) Ta IMHAMIUHI ITapaMeTpu (KOPOTKO- Ta JJOBFOTpUBAJIA CTa-
GiJIbHICTD, Yac BiAryKY Ta BiZIHOBJIEHHS) CEHCOPIB.

Pesyabratn. Beranosieno, mo metox Burotosiaenust HII BrmBae va ii XiMiuHuil cKIaf, a BUXiTHUN MaTepiaja CHHTe3y
HAHOIIETIOIO3M BITMBAE Ha ii cTpykTypy. Haltkparui mokasuuku Biaryky (2,69 - 10¢c), uyrmmsocri (0,2(%RH) ), gacy Bin-
nossenHs (60 c), a Takox goBroTpuBasioi crabinmbrocTi (1,44 %) mokasye metonq TEMITO mOpiBHSAHO 3 METOIOM TiZPOJTi3Yy.
Cemncopu, Burotosieti i3 HII 3 coomu mimeHuI, IeMOHCTPYIOTh HAKPAIly PeBEPCUBHICTH (TicTepesunc 5% ), TOBTOPIOBA-
Hictb (Bigxusienns 5 %), KopoTkouacHy crabinbaicts (Bigxunerns 30 %) ta yac siaryky (1 ¢).

BucHoBok. BusHaueHno, 110 BUXiJHHI MaTepia BILIMBAE Ha PEBEPCUBHICTD, MOBTOPIOBAHICTh, KOPOTKOYACHY CTaOIIbHICTD
Ta 4ac BiITyKy CEHCOPIB, @ METOJI BUTOTOBJIEHHSI — HA YyTJIUBICTD, BIITYK, JOBIrOTPUBAJY CTabIIbHICTD Ta Yac BiJIHOBJIEHHSI.

Kmouosi crosa: HaHOIIEIIHOJI03a, CEHCOPU BOJIOTOCTI, 610pO3KJIa/HI CEHCOPH, PE3UCTUBHI CEHCOPH.
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