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Abstract
Currently, one of the solutions for recycling by-products of technological processes that accumulate as production waste is 
their use as functional materials of electronics. The main objective of our study was to determine the sensitivity of samples 
to air humidity using impedance spectroscopy. The properties of samples obtained by uniaxial and isostatic pressing methods 
from calcium sulfate hemihydrate and calcium sulfate dihydrate were studied. The impedance of the samples was studied 
as a function of relative air humidity at different frequencies. Cyclic dependencies of the complex resistance response were 
observed when relative humidity varied in the range 40 to 80% within the frequency range from 200 Hz to 1 MHz. Based on 
the results of the studies, a conclusion was made about the possibility of practical application of waste from the technologi-
cal process of producing food citric acid, citrogypsum, as a source for obtaining a new material for an air humidity sensor.
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Introduction

Intelligent electronic systems are involved in all aspects of 
modern human life, they improve the quality of life and help 
control health. At the same time, the processes of obtaining 
materials for the manufacture of electronic devices, includ-
ing those improving technological processes in industry and 
agriculture, are a source of increasing waste and put a burden 
on the environment and pose a threat to human health (Patru-
sheva et al. 2018). The growing amount of household and 
industrial process waste has a negative impact on the envi-
ronment worldwide (Tao et al. 2021). Part of the solution 
to the waste problem is to use naturally occurring materials 
that do not have a strong impact on the environment. At the 
same time, the effect is enhanced if these materials are waste 
from technological processes and are utilized in the produc-
tion of electronic components, such as air humidity sensors. 

Air humidity sensors differ in their physical principles of 
operation and design (Nikulicheva et al. 2023a; Kang and 
Wise 2000; Vooka and George 2014). A number of mate-
rials are known that are used to manufacture air humidity 
sensors (Wang et al. 2013; Li and Yang 2002; Adhikari and 
Majumdar 2004). An essential condition for using new mate-
rials is maintaining functional characteristics and reducing 
the cost of sensors when using waste from technological 
production; these conditions must be combined with reduc-
ing the environmental burden on the environment. Waste 
from various industrial productions for use as sensor mate-
rial requires additional purification or modification, since 
they must react to air humidity by changing at least one of 
such parameters as resistance, capacity, pH, or color of the 
material. Regardless of the design and operating principle, 
the sensors currently in use either repeatedly and quickly 
return to their original state before the measurement cycle, 
or smoothly and reversibly change parameters with increases 
and decreases in air humidity. Therefore, the search for new 
materials used in humidity sensors is relevant due to their 
widespread use in everyday life (Hossein-Babaei and Sha-
bani 2014), in the food industry (Bridgeman et al. 2014), 
in agriculture (Matko and Donlagic 1996) and in medicine 
(Selyanchyn et al. 2015).

Compounds based on calcium sulfate are insulators, 
which is an advantage when used as structural materials 
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primarily in the construction and chemical industries. 
Obtaining conductive compounds based on chemically 
modified calcium sulfate with different electrical conduc-
tivity values from the initial insulator state to the highly 
conductive state of a solid electrolyte allows finding new 
areas of application for such compounds as functional ones, 
for example, when creating humidity sensors.

The process of modifying the electrical properties of gyp-
sum is possible using acids and salts (Abe et al. 2006, 2007; 
Suzuki et al. 2011; Nikulicheva et al. 2023b, 2024), which 
leads to a partial replacement of the cationic group in the 
compounds being processed with a proton of the acid or salt, 
thus forming a solid electrolyte with proton conductivity. 

According to the results presented in Abe et al. (2006); Abe 
et al. 2007; Suzuki et al. 2011), treating gypsum in phos-
phoric acid leads to the appearance of proton conductivity in 
the treated material. In (Nikulicheva et al. 2023b, 2024), the 
modification of electrical properties with copper sulfate at 
room temperature was considered. The appearance of proton 
conductivity due to chemical modification with acids and 
salts is associated with the presence and interaction with a 
chain network of hydrogen bonds located along the c axis in 
calcium sulfate hemihydrate and a flat network of hydrogen 
bonds formed between the (020) planes in calcium sulfate 
dihydrate (Xin et al. 2015). The existence of chains of hydro-
gen bonds and water channels affects the electrical proper-
ties of calcium sulfate.

This article is devoted to the use of a waste product of 
the technological process of production of food citric acid, 
citrogypsum, (Sirimahasal et al. 2019; Alfimova et al. 2020) 
as a potential material for humidity sensors. A comparison 
of the properties of samples of calcium sulfate hemihydrate 
and calcium sulfate dihydrate obtained by the method of 
uniaxial pressing in a mold and by the method of isostatic 
pressing is carried out. Competitive advantages of sensors 
made of citrogypsum are low cost, environmentally friendly 
raw materials, and technologically advanced manufacturing 
of the moisture-absorbing layer from citrogypsum. Accord-
ing to the World Health Organization (WHO) classification, 
citrogypsum has the Class III (slightly hazardous) hazard 
class.

Fig. 1   Surface morphology of original citrogypsum particles

Table 1   Chemical analysis of 
original citrogypsum

Oxide content (wt%)

CaO SiO2 Al2O3 MgO SO3 Na2O K2O Fe2O3/FeO SrO P2O5

43.36 0.54 0.13 0.06 55.47 0.04 0.03 0.15 0.14 0.08

Table 2   Grain composition and 
fineness modulus of original 
citrogypsum

Name of residue Residues, % by weight, on sieves Fineness modulus

Sieve Number 5 2.5 1.25 0.63 0.315 0.16 0.08 < 0.08 2.15
Particular (g) 0.9 4.1 159.8 24.7 31.8 7.1 2.1 0.4
Particular (wt.%) 16.5 8.9 7.4 10.5 9.2 8.9 38.56 0
Full (wt.%) 16.5 25.4 32.8 40.3 52.5 61.4 100 100

Table 3   Plan matrix for the experiment

Material

Pressing method Uniaxial CaSO4·2H2O
CaSO4·0.5H2O

Isostatic CaSO4·2H2O
CaSO4·0.5H2O
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This research was conducted at the Laboratory of 
Advanced Materials and Technologies, Belgorod National 
Research University, from July 2024 to October 2024.

Materials and methods

Technology of obtaining samples and research 
methods.

The raw material used in this work was waste from the bio-
chemical production of citric acid, citrogypsum, Belgorod, 
Russia.

The surface morphology analysis of citrogypsum par-
ticles was carried out using a TESCAN MIRA 3 LMU 
high-resolution scanning electron microscope, including 
an X-MAX 50 Oxford Instruments NanoAnalysis energy 
dispersive spectrometer. Analysis of the morphology of cit-
rogypsum particles showed that this raw material is mainly 

represented by large plate-shaped particles with a developed 
surface, against the background of which an insignificant 
number of columnar particles are visible (Fig. 1). With mul-
tiple magnification, it is evident that the particles have a 
highly developed porous surface structure, the formation of 
which is due to technological features, as well as the impact 
of natural factors.

The chemical composition of the studied citrogypsum 
was determined by X-ray fluorescence analysis (XRF) using 
the WorkStation ARL 9900 X-ray workstation (Thermo Sci-
entific, USA), using the radiation of the Co anode. Accord-
ing to the given chemical composition (Table 1), the used 
citrogypsum is mainly represented by CaO and SO3 oxides, 
which together provide ≈ 99%. In other words, citrogypsum 
consists of ≈ 99% CaSO4 with minor impurities of iron, sili-
con and aluminum oxides, which together do not exceed 1%.

To quantitatively assess the granulometry of the waste, 
they were first sifted by fractions. Based on the sifting 
results, the grain size composition and fineness modulus 
of the material under study were obtained, which are pre-
sented in Table 2. It was found that ≈ 40% of the citrogyp-
sum particles are in the fraction area of less than 0.16 mm. 

Fig. 2   Thermogram of the 
original citrogypsum

Table 4   Parameters of samples: 
a—length, b—width, h—
height, m—mass

a (mm) b (mm) h (mm) m (g)

CaSO4·2H2O, uniaxial pressing (sample I) 7.2 8.5 2.2 0.241
CaSO4·0.5H2O, uniaxial pressing (sample II) 7.2 8.5 2.2 0.210
CaSO4·2H2O, isostatic pressing (sample III) 7.2 9.2 2.2 0.246
CaSO4·0.5H2O, isostatic pressing (sample IV) 7.2 9.2 2.2 0.332
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The remaining 60% are uniformly distributed in the fraction 
range of 0.1–5 mm.

After that, a granulometric analysis of the citrogypsum by 
the laser granulometry method using an ANALYSETTE 22 
NanoTec plus laser particle analyzer (Fritsch, Germany) was 
carried out, which provides an estimate of the grain size in 
the range from 0.2 to 600 μm for 40 fractions of the material 
under study, presenting the data as a percentage. According 
to the results of the granulometric analysis, citrogypsum has 
2 size peaks with the main ranges of the size distribution 
from 20 to 200 μm and from 500 to 700 μm.

As noted in Table 1, citrogypsum is completely consist-
ent with its natural analogue and consists of 99% calcium 
sulfate CaSO4. This is what sets citrogypsum apart from its 
closest analogue, phosphogypsum, which is a waste prod-
uct of sulfuric acid production of mineral fertilizers, formed 
during the sulfuric acid processing of natural apatites and 
phosphorites into phosphoric acid, double superphosphate, 
ammonium phosphate precipitate and other concentrated fer-
tilizers. Due to the production technology, phosphogypsum 

contains impurities of P2O5 (0.7–3.02% P2O5 (Gu and 
Chen 2020; Huang et al. 2019)), as well as As, Pb, Cd, Mn, 
Fe, Zn, Cu, Co, La, Ni, Cr, Se, Hg and F. The presence of 
these impurities will certainly affect the intragranular and 
intergranular conductivity, conductivity mechanisms, per-
mittivity, capacitance, impedance and frequency range of 
moisture sensitivity. Moreover, it is very difficult to control 
the repeatability of electrical properties of several samples 
on this raw material, since the amount of impurities also 
strongly depends on the source of the raw material, which is 
not observed for citrogypsum taken from different sources.

In Nikulicheva et al. (2023b) we already described the 
physicochemical properties of citrogypsum obtained from 
waste from an industrial technological process, the produc-
tion and the possibility of practical application of a new 
composite material (CaSO4·2H2O)0.975-(CuSO4·5H2O)0.025 
in air humidity sensors. In this work, two types of material 
and two types of pressing were used for research, in accord-
ance with the plan matrix specified in Table 3.

To obtain a sample of calcium sulfate dihydrate, citro-
gypsum was taken, in which, according to the results of 
differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TG) (Fig. 2), the ratio of calcium sulfate 
dihydrate (CaSO4·2H2O) to calcium sulfate hemihydrate 
(CaSO4·0.5H2O) was 13:1, respectively.

To obtain calcium sulfate dihydrate, 100 g of the original 
citrogypsum were sifted through a 100 μm sieve. Then, more 
than enough citrogypsum was dissolved in distilled water at 
a rate of 250 ml H2O per 10 g of citrogypsum. The undis-
solved precipitate was filtered and dried in a drying cabinet 
at a temperature of 60 °C for 2 h.

Calcium sulfate hemihydrate was obtained from 100 g of 
calcium sulfate dihydrate, which was fired in a furnace at a 
temperature of 150 °C for 4 h, followed by reduction at room 
temperature for 24 h.

Uniaxial pressing was performed on an Universal Test-
ing Machine (Instron Electromechanical Testing systems) 
Model 3369.

Fig. 3   X-ray spectrum of a CaSO4·2H2O and b CaSO4·0.5H2O and peak positions from the COD database (red lines)

Fig. 4   Schematic representation of the test humidity chamber at the 
time of measurements



15277International Journal of Environmental Science and Technology (2025) 22:15273–15288	

Samples of calcium sulfate dihydrate were obtained using 
the semi-dry uniaxial pressing method. For this purpose, 
distilled water was added to CaSO4·2H2O at a rate of 2 ml 
H2O per 10 g of calcium sulfate dihydrate and mixed well 
until a homogeneous semi-dry mixture was obtained. The 
resulting mixture was pressed at a pressure of 180 MPa with 
an exposure at a given pressure of 120 s. After removing 
the sample from the press mold, the sample was dried at 
40 °C for 2 h to remove excess moisture from the sample. 

To obtain samples from calcium sulfate hemihydrate, the 
samples of CaSO4·2H2O obtained by the semi-dry uniaxial 
pressing method described above, removed from the press 
mold, were dried at a temperature of 150 °C for 4 h, followed 
by recovery at room temperature for 24 h.

Cold isostatic pressing was performed on an EPSI iso-
static press in a special silicone mold. Samples of cal-
cium sulfate dihydrate and calcium sulfate hemihydrate 
were pressed at a pressure of 1800 atm in a silicone mold 
(180 MPa) with an exposure at a given pressure of 120 s.

Then, samples of the required sizes (Table 4) were pre-
pared from the pressed samples by grinding, on which a 
study of the dielectric properties was carried out at a rela-
tive humidity (RH) in the range of 40–80% by impedance 
spectroscopy.

X-ray diffraction analysis of the obtained samples was 
carried out on a Rigaku SmartLab diffractometer with 
Bragg–Brentano focusing, using CuKα radiation at a voltage 
of 60 kV and a current of 60 mA. Surveys were carried out 
in the 2θ angle range from 10 to 60°. The scanning step was 
0.02°, the exposure time was 20 s. According to the X-ray 
diffraction data, it is possible to experimentally determine 
the size of the coherent scattering region (CSR) based on the 
data on the broadening of diffraction reflections in order to 
assess the microdistortions of the crystal lattice. The aver-
age CSR size was d = 57.2 ± 2.4 nm for CaSO4·2H2O and 
d = 32.8 ± 1.3 nm for CaSO4·0.5H2O. Figure 3 shows the 
X-ray spectrum of the obtained samples from CaSO4·2H2O 
and CaSO4·0.5H2O.

Electrical contacts were obtained by sputtering silver 
onto the opposite faces of samples I–IV (Table 4) using the 
RF magnetron sputtering method on a VN-2000 setup. As 
a result, Ag/(CaSO4·0.5H2O)/Ag and Ag/(CaSO4·2H2O)/
Ag samples were obtained, to the contact pads of which 

Fig. 5   Impedance diagram of CaSO4·2H2O samples obtained by uni-
axial pressing (I) at RH = 40% (a), (c) and RH = 60% (b). The direc-
tions of the arrows indicate that the humidity in the test chamber 
increases (↑) or decreases (↓)

Fig. 6   Impedance switching 
cycles of CaSO4·2H2O samples 
obtained by uniaxial pressing (I) 
at RH = 40–80% at a frequency 
of 1 kHz and a voltage of 1 V
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measuring probes were attached with silver conductive 
paste.

The samples were tested in a specially designed humid-
ity chamber, which is a closed chamber with inlet and out-
let valves for gas. An UN-232 nebulizer was used to create 
humidity in the chamber. To reduce humidity in the cham-
ber, steam was blown out with dry air. Measurements were 
carried out at a constant temperature of 28 °C and a relative 
humidity range 40 to 80% (Fig. 4).

Research methodology

The impedance spectroscopy method involves applying a 
small-amplitude sinusoidal excitation signal to the system 
under study and studying the resulting output response 
signal. The experiment involved applying alternating elec-
tric current to the samples and measuring the frequency 
dependence of the active R and reactive X components of 
the complex impedance Z = R + jX, where j is the imagi-
nary unit. The capacitance, conductivity and impedance 
were measured using an LCR meter (AKTAKOM Model 
AM-3026) with an alternating signal amplitude of 1 V. 
Humidity and temperature in the chamber were monitored 
using a humidity meter (AKTAKOM Model ATE-5035).

The suitability of samples I–IV for operation as humid-
ity sensors was analyzed based on the measured impedance 
frequency dependences in the range from 200 Hz to 1 MHz 
and impedance switching cycles in the relative humidity 
range from 40 to 80%. The impedance spectroscopy results 
for the Ag/(CaSO4·0.5H2O)/Ag and Ag/(CaSO4·2H2O)/Ag 
samples obtained by uniaxial and isostatic pressing differ 
from each other. The choice of pressing method affects 
the sensitivity of CaSO4·0.5H2O and CaSO4·2H2O to air 
humidity.

Results and discussion

Frequency dependence of impedance of a sample 
of calcium sulfate dihydrate CaSO4·2H2O obtained 
by uniaxial pressing at 180 MPa

The study of samples (I) showed that during the initial meas-
urement of impedance at an initial RH = 40%, a hodograph 
is observed (Fig. 5a).

A further increase in humidity, for example, to RH = 60%, 
leads to the absence of the hodograph (Fig. 5b). When the 
humidity decreases to RH = 40% (Fig. 5c), the hodograph is 
not restored. This indicates that the adsorption water present 

Fig. 7   Impedance sensitivity of a CaSO4·2H2O sample obtained 
by uniaxial pressing (I) to humidity with increasing and decreas-
ing humidity at frequencies of 200 Hz, 10 kHz, 100 kHz, 200 kHz, 

1 MHz. The directions of the arrows indicate that the humidity in the 
test chamber increases (↑) or decreases (↓)
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in the sample due to the increase in humidity is bound and 
can only be removed by drying.

The results of the study of the cyclicity of the complex 
impedance response Z with a change in relative air humidity 
from 40 to 80% are shown in Fig. 6.

Fig. 8   Impedance diagram 
of CaSO4·0.5H2O samples 
obtained by uniaxial pressing 
(II) at RH = 40% (a), RH = 60% 
(b), (d) and RH = 80% (c). 
The directions of the arrows 
indicate that the humidity in the 
test chamber increases (↑) or 
decreases (↓)

Fig. 9   Impedance switch-
ing cycles of CaSO4·0.5H2O 
samples obtained by uniaxial 
pressing (II) in the range of 
relative humidity of 40–80% 
at a frequency of 1 kHz and a 
voltage of 1 V
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The sample was placed in turn in the test chamber at 
RH = 80%, and then in the reference chamber, in which a 
constant air temperature of 28 °C and a relative humidity of 
40% were maintained. The time spent in the test chamber 
and the time spent in the reference chamber was 60 s. The 
cycle was repeated 5 times. The complex impedance Z in 
the first cycle changed from 32 to 1 MOhm, with the repeti-
tion of cycles, the interval in the 5th cycle was from 21 to 

1 MOhm. This indicates that this sample is not suitable as 
a material for a cyclic humidity sensor without preliminary 
drying before starting the measurements.

To determine the sensitivity of the sample impedance to 
air humidity, formula (1) was used:

Fig. 10   Impedance sensitivity of the CaSO4·0.5H2O sample obtained 
by uniaxial pressing (II) to humidity with increasing and decreas-
ing humidity at frequencies of 200 Hz, 10 kHz, 100 kHz, 200 kHz, 

1 MHz. The directions of the arrows indicate that the humidity in the 
test chamber increases (↑) or decreases (↓)

Fig. 11   Impedance switch-
ing cycles of CaSO4·0.5H2O 
samples obtained by uniaxial 
pressing (II) in the range of 
relative humidity of 40–80% at 
a frequency of 200 kHz and a 
voltage of 1 V
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where Z[40] is the complex impedance at a relative humid-
ity of 40%, Z[RH] is the complex impedance at the studied 
air humidity.

The sensitivity of the sample impedance (I) to air humid-
ity was determined with increasing and decreasing humidity 
in the frequency range from 200 Hz to 1 MHz (Fig. 7).

(1)Sz =
Z[40] − Z[RH]

Z[40]
× 100%

When humidity decreases and increases, hysteresis is 
observed, the nature of which changes depending on the 
signal frequency, and at a frequency of 1 MHz the hys-
teresis shape is disrupted. The correct and closed shape 
of the sample hysteresis is observed at frequencies up to 
10 kHz.

Fig. 12   Impedance diagram of 
CaSO4·2H2O samples obtained 
by isostatic pressing (III) at 
RH = 40% (a), RH = 60% 
(b), (d) and RH = 80% (c). 
The directions of the arrows 
indicate that the humidity in the 
test chamber increases (↑) or 
decreases (↓)

Fig. 13   Equivalent circuit of a cell with two parallel strings (a) and impedance (b) for partially overlapping circles
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Frequency dependence of impedance of a sample 
of calcium sulfate hemihydrate CaSO4·0.5H2O 
obtained by uniaxial pressing at 180 MPa

The study of samples (II) showed that the hodographs 
obtained at high humidity (Fig. 8) represent an arc of vary-
ing degrees of closure; with increasing humidity, the clo-
sure increases, and the impedance changes with increasing 
humidity. With decreasing humidity, the degree of closure 
of the hodograph becomes more pronounced (Fig. 8b, d).

Figure 9 shows the results of measuring the cyclicity of 
the response of the complex impedance Z with a change in 
relative air humidity from 40 to 80% at a frequency of 1 kHz. 
The method for measuring the cyclicity is similar to that 
for measuring the cyclicity of the response of the complex 
impedance of the sample (I).

A decrease in the complex impedance from 21 to 4 
MOhm is observed in the first cycle with an increase in 
RH = 40 to 80%, the impedance is maintained in the second 
cycle and decreased to 18 MOhm in the third recovery cycle 
(Fig. 9). In subsequent cycles, the complex impedance is 
maintained. It can be assumed that sample (II) can be used 
as a material for continuous monitoring of air humidity, but 
several initial cycles are required to stabilize the mode. The 
sensitivity of the impedance of sample (II) to air humidity 
was also studied in accordance with formula (1) in the fre-
quency range from 200 Hz to 1 MHz (Fig. 10).

When humidity decreases and increases, hysteresis is 
also observed, changing with the signal frequency. At a fre-
quency of 200 Hz, the hysteresis loop has a closed shape 
over the entire range of relative humidity and a minimum 
area. With an increase in frequency, the hysteresis loop 
increases its area and changes shape when the RH changes 
from 40 to 80%, which correlates with a violation of the 
cyclic reproducibility of the response and the impedance 
value Z at high frequencies (Fig. 11).
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Fig. 14   Impedance switching cycles of CaSO4·2H2O samples 
obtained by isostatic pressing (III) at RH = 40–80% at a voltage of 
1 V at frequencies of 200 Hz (a) and 1 kHz (b)

Fig. 15   Impedance sensitiv-
ity of the CaSO4·2H2O sample 
obtained by isostatic pressing 
(III) to humidity with increas-
ing and decreasing humidity at 
frequencies of 200 Hz, 10 kHz, 
100 kHz, 200 kHz, 1 MHz. 
The directions of the arrows 
show that the humidity in the 
test chamber increases (↑) or 
decreases (↓)
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Frequency dependence of impedance of a sample 
of calcium sulfate dihydrate CaSO4·2H2O obtained 
by isostatic pressing at 180 MPa

The study of samples (III) is presented in Fig. 12.
As follows from Fig. 12, as the humidity increases, the 

hodograph forms partially overlapping circles, the contribu-
tion of which to the frequency dependence of the impedance 
changes. If the complex impedance is due to grain conduc-
tivity, i.e., is characterized by the intrinsic capacitance of the 
grains, then the equivalent circuit can be as shown in Fig. 13, 
a. Here, Rg is the resistance of a single grain, Rgb is the 
resistance of grain boundaries, C is the capacitance charac-
teristic of solid-state systems, described by the formula of a 
flat capacitor, the constant phase element CPEg is the capaci-
tive parameter of the grain, and the constant phase element 
CPEgb is the capacitive parameter of the grain boundaries. 
In case of series connection of two parallel circuits from a 
capacitance and a resistance, either partially overlapping or 
non-overlapping circles can be obtained. In case the time 
constants τ for two RC circuits differ significantly, the circles 
do not overlap. If τ1 and τ2 differ insignificantly, overlapping 

of semicircles is observed (Fig. 13b). Evolution of overlap-
ping of semicircles on frequency dependences of impedance 
of CaSO4·2H2O samples obtained by isostatic pressing (III) 
depending on humidity is observed in Fig. 12b. As humidity 
increases, the closure of the first semicircle increases and a 
low-frequency line appears, corresponding to the processes 
occurring on the electrodes (Fig. 12c). Hodographs are 
observed both when shooting a sequence of dependences in 
the direction of increasing and in the direction of decreasing 
humidity (Fig. 12d).

To demonstrate the practical application possibilities of 
samples (III) as an air humidity sensor, the response and 
impedance recovery cycles were measured when the relative 
air humidity changed from 40 to 80% at different frequen-
cies: 200 Hz and 1 kHz (Fig. 14).

The method for measuring the cyclicity corresponds to 
the measurement of the cyclicity of the complex impedance 
response of sample (I), described above.

As a result of increasing the air humidity from 40 to 
80%, the impedance measured at a frequency of 200 Hz 
decreased in the first cycle from 130 to 5 MOhm. From the 
second cycle onwards, the difference stabilized and changed 

Fig. 16   Impedance diagram 
of CaSO4·0.5H2O samples 
obtained by isostatic pressing 
(IV) at RH = 40% (a), RH = 60% 
(b), (d) and RH = 80% (c). 
The directions of the arrows 
indicate that the humidity in the 
test chamber increases (↑) or 
decreases (↓)



15284	 International Journal of Environmental Science and Technology (2025) 22:15273–15288

from 150 to 5 MOhm, and after moving the sample from 
the test chamber to the reference chamber, the sample was 
restored within 1 s (Fig. 14a). With an increase in frequency 
to 1 kHz, the impedance recovery during cyclic changes in 
humidity is disrupted (Fig. 14b).

To determine the sensitivity of the sample impedance to 
air humidity, in the frequency range from 200 Hz to 1 MHz 
formula (1) was used (Fig. 15).

It follows from Fig. 15 that if the frequency exceeds a 
certain threshold value (100 kHz), the dependence of the 
impedance sensitivity on the relative humidity becomes 
hysteretic and has an asymmetrical character. At a fre-
quency of 200 Hz, the hysteresis loop has a regular closed 
shape over the entire range of relative humidity. With an 
increase in frequency, the hysteresis loop opens and does 
not cover the entire measurement range, which correlates 
with a violation of the cyclic reproducibility of the imped-
ance when the relative humidity of the air changes from 40 
to 80% at high frequencies (Fig. 14b).

Frequency dependence of impedance of a sample 
of calcium sulfate hemihydrate CaSO4·0.5H2O 
obtained by isostatic pressing at 180 MPa

The study of samples (IV) is presented in Fig. 16. The hodo-
graphs obtained at low humidity (Fig. 16a, b, d) represent an 
arc of varying degrees of closure, with elements of the sec-
ond semicircle at low frequency. As humidity increases, the 
closure of the first semicircle increases and a low-frequency 
line appears, corresponding to the processes occurring on 
the electrodes (Fig. 16c).

As follows from the results of the study of the complex 
impedance with a change in the relative humidity of the 
air from 40 to 80% of the samples (IV), at frequencies 
of 200 Hz and 1 kHz (Fig. 17), the reproducibility of the 
impedance response cycles from the humidity of the sam-
ples (IV) is comparable to the cyclicity of the impedance 
switching of the samples (II) (Figs. 9, 11). When placing 
the sample (IV) in the test chamber with a relative humid-
ity of 80%, as follows from Fig. 17a, at a frequency of 
200 Hz, the impedance decreases from 36 to 5 MOhm in 
the first cycle. In subsequent cycles, impedance recovery 
is observed in a very short period of time when moving 
the sample to the reference chamber with a relative humid-
ity of 40%. From the third cycle and further, when plac-
ing the sample in the test chamber, reproducibility of the 
cyclicity is observed even at high humidity. At a frequency 
of 1 kHz, a violation of the cyclicity of the impedance 
response and a tendency for a slight increase in impedance 
in each subsequent recovery cycle are observed (Fig. 17b).

We measured the impedance switching parameters for 
our samples (Table 5) are comparable with other materials 

used for humidity sensors, which were analyzed in detail 
in Wang et al. (2013) and Tripathy et al. 2014).

For calcium sulfate hemihydrate—samples (I) and (IV), 
the response time and recovery time are comparable to 
other used humidity sensor materials.

To determine the sensitivity of the sample (IV) imped-
ance to air humidity, formula (1) was used in the frequency 
range from 200 Hz to 1 MHz (Fig. 18). With increasing 
and decreasing humidity, hysteresis is observed, the nature 
of which changes depending on the signal frequency.

At a frequency of 200 Hz, the hysteresis loop has a 
closed shape over the entire range of relative humidity 
and a minimum area. With increasing frequency, the 
hysteresis loop increases its area and changes its shape, 
which correlates with a violation of cyclic reproducibility 
and the impedance value Z at high frequencies (Fig. 18). 
The study of the cyclicity of the impedance sensitivity of 
the CaSO4·0.5H2O sample to relative air humidity allows 
us to assume that it is necessary to increase the response 
time when changing the relative air humidity, which would 
allow using the sample (IV) as an air humidity sensor.

Fig. 17   Impedance switching cycles of CaSO4·0.5H2O samples 
obtained by isostatic pressing (IV) in the relative humidity range of 
40–80% at a voltage of 1 V at frequencies of 200 Hz (a) and 1 kHz 
(b)
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Table 5   Comparison of the parameters of humidity sensors made of calcium sulfate with the parameters of sensors based on tin oxide, titanium, 
zinc (Wang et al. 2013; Tripathy et al. 2014)

Measuring 
range (%)

Response 
time (s)

Recovery 
time (s)

Hysteresis (%)

our samples
sample (I), f = 1 kHz 40–80 3 20 24
sample (II), f = 1 kHz 40–80 6 13 11
sample (II), f = 200 kHz 40–80 3 4 7
sample (III), f = 200 Hz 40–80 10 11 7
sample (III), f = 1 kHz 40–80 8 57 27
sample (IV), f = 200 Hz 40–80 4 11 5
sample (IV), f = 1 kHz 40–80 4 6 4
ZnO/GaN (Wang et al. 2013)
ZnO/GaN 12–96 7 13
several different types of humidity sensors (Tripathy et al. 2014)
CdTiO3 nanofibers 4 6 ≈7
Develop a novel humidity sensor based on Na2Ti3O7 nanowires 4 5 –
Pure TiO2 and KCl-doped TiO2 nano fibers with different crystallographic structures 3 3 –
Barium titanate (BaTiO3) nanofiber  < 5  < 4 5
Electrospun TiO2 nanofiber with metallic electrodes: titanium (Ti) 3 5 3
Electrospun TiO2 nanofiber with metallic electrodes: nickel (Ni) 4 7 5
Electrospun TiO2 nanofiber with metallic electrodes: gold (Au) 7 13 15
KCl-doped ZnO nanofibers 2 1 –
A-plane ZnO nanotip on R-plane sapphire substrate 3 12 1.9
KCl-doped SnO2 nanofibers silver-paladium (Ag–Pd) interdigital electrodes substrate 5 6 –
KCl-doped nanoporous Ti0.9Sn0.1O2 thin films 11 14 –
ZnSnO3 cubic crystallites 7 6 –

Fig. 18   Impedance sensitivity of CaSO4·0.5H2O samples obtained 
by isostatic pressing (IV) to humidity with increasing and decreas-
ing humidity at frequencies of 200 Hz, 10 kHz, 100 kHz, 200 kHz, 

1  MHz. The directions of the arrows show that the humidity in the 
test chamber increases (↑) or decreases (↓)
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Dependence of relative permittivity on humidity

We also investigated the dependence of the relative permit-
tivity, ε, on humidity in the frequency range from 200 Hz to 
1 MHz for samples (II) and (IV). For samples (I) and (III) 
made of CaSO4·2H2O, the value of ε is close to the values 
of the relative permittivity for water (ε = 75 at T = 28 °C), 
which is due to the presence of crystalline water in the com-
pound of calcium sulfate dihydrate and adsorption water 
taken from humid air.

The dependence of permittivity on frequency is called 
permittivity dispersion. As can be seen from Fig. 19, the 
pressing method affects the value of the relative permittivity, 
but does not affect its behavior.

For the samples made of calcium sulfate hemihydrate, ε 
depends on frequency, increases with increasing importance, 
and changes as follows. For the samples made by isostatic 
pressing, at a frequency of 200 Hz from 18 (at RH = 40%) 

to 54 (at RH = 80%), at a frequency of 1 MHz from 15 (at 
RH = 40%) to 25 (at RH = 80%). For the samples made by 
uniaxial pressing, the trend is preserved, but the values of 
the relative permittivity are somewhat lower: at a frequency 
of 200 Hz from 13 (at RH = 40%) to 36 (at RH = 80%), 
at a frequency of 1 MHz from 10 (at RH = 40%) to 19 (at 
RH = 80%).

Thus, all samples had the highest sensitivity at a fre-
quency of 200 Hz, with an increase in frequency, the relative 
permittivity decreases for samples (II) and (IV), and at the 
same time, the sensitivity to humidity worsens.

This dispersion of the relative permittivity, expressed 
in a monotonic decrease in the relative permittivity with 
increasing frequency, is called relaxation. It is characteris-
tic of the dipole and migration mechanisms of polarization 
(Barsoukov 2018).

Conclusion

The sensitivity of calcium sulfate hemihydrate 
CaSO4·0.5H2O and calcium sulfate dihydrate CaSO4·2H2O 
samples to air humidity was studied using impedance 
spectroscopy depending on the pressing method: uniaxial, 
using Universal Testing Machine (Instron Electromechani-
cal Testing systems) Model 3369 and cold isostatic, using 
an EPSI isostatic press. The frequency dependences of the 
complex resistance on relative humidity, impedance switch-
ing cycles were measured during sequential movement of 
samples from a test chamber with a relative air humidity 
of 80% to a reference chamber with a relative air humid-
ity of 40% at frequencies from 200 Hz to 1 MHz. It was 
found that for samples (II–IV) hodographs are observed in 
the entire range of air humidity (Figs. 7, 11, 15), for samples 
(I) the hodograph is observed only at RH = 40% before test-
ing in a humid environment. When the humidity decreases 
to RH = 40% without preliminary drying of the sample, the 
hodograph is not restored. Based on the results of studies of 
cyclic switching of the impedance of samples in the range at 
RH = 40–80% at a frequency of 200 Hz on samples (III) and 
(IV), the possibility of their practical application as a new 
material for an air humidity sensor is shown. The depend-
ence of relative permittivity on humidity in the frequency 
range from 200 Hz to 1 MHz for samples (II) and (IV) was 
studied. It was shown that the value of relative permittivity 
is affected by the pressing method. A monotonic decrease in 
relative permittivity with increasing frequency is observed. 
The experimentally established presence of impedance 
switching cycles (Figs. 13, 16) samples of calcium sulfate 
hemihydrate CaSO4·0.5H2O and calcium sulfate dihydrate 
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Fig. 19   Dependence of the relative permittivity, ε, on humidity for 
samples: (a) CaSO4·0.5H2O obtained by uniaxial pressing (II) and (b) 
CaSO4·0.5H2O obtained by isostatic pressing (IV) at frequencies of 
200 Hz, 10 kHz, 100 kHz, 200 kHz, 1 MHz
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CaSO4·2H2O were obtained from industrial waste, citrogyp-
sum, with changes in relative air humidity in the range of 
40–80% indicates the possibility of using these materials in 
the production of air humidity sensors. To study reproduc-
ibility and repeatability, the experiments lasted for a month 
and in between experiments the samples were stored natural 
conditions. When studying the electrical characteristics, the 
standard deviation of the response time in the cyclic depend-
encies of the complex resistance of materials was within 3σ.

Thus, we propose a new method for using industrial waste 
associated with obtaining the main component of the air 
humidity sensor—a moisture-absorbing layer made of citro-
gypsum. This method will also help to preserve the environ-
ment and resources, as well as reduce the burden on waste 
storage facilities, thereby closing the cycle of a sustainable 
economy.
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