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1 Introduction
Zinc oxide (ZnO) is an n-type semiconductor with large 
3.37  eV band gap energy. It has exceptional optical, 
electrical, and catalytic properties, which have been 
demonstrated for the particles of different morphology 

and size ranges (Kołodziejczak-Radzimska & Jesionowski, 
2014). Although the zinc-ionic species are micro-nutrients 
and were established as an essential component of 
agrochemicals, at high concentrations they are toxic to 
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Long-term electrokinetic processes affect the motion of different soil fractions mainly ionic-species in soil-type environments. 
Primarily, this governs direct (DC) and alternating (AC) electrical fields due to the different thermal, acid-base ion gradients generated 
close to electrodes resulted in electro-migration, electrophoresis, and other electrolysis-related-processes. The migration of metal 
ionic-species, including zinc, which occurs mainly under DC electrical field is generally acknowledged, but metal-corresponding 
nanoforms such as ZnO nanoparticles (ZnO-NP) under low-level DC and AC electrical fields absent in the literature. The aims of 
the research was the analysis of pressure-driven transport at two different electric potentials; the equipotential-voltage lines in 
sand-media with ZnO-NP under 1 V, and 3 V (for DC), and AC under 1 V, 3 V (1 kHz of sinusoidal waves), detection of the migration 
of Zn from ZnO-NP to anode-to-cathode area (DC), and to the electrodes areas for AC with pH changes within three-hours of 
treatment and X-ray diffraction investigation of structural changes of ZnO-NP. The results showed that the AC electric field had 
more uniform equipotential-voltage pattern of sand-media than the DC fields for both voltages applied. In addition, different 
zinc concentrations up to 11% and electro-active substances were detected between the DC anode-to-cathode and Electrode 1 
area compared to the AC Electrode 2 area. The higher pH value also correlated only with DC. X-ray diffraction analysis detected no 
structure transformation of ZnO-NP, but deterioration of relatively stable graphite electrodes appeared. Our results at the low-level 
AC and DC electrical fields confirmed the potential of electro-accelerated nanoparticle kinetics.
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plants and other biota (Sturiková et al., 2018; Kolenčík et 
al., 2021).

The ZnO nanoparticles tend to be unstable or dissolve 
at higher pH under polychromatic light in aqueous 
solutions (Hamid et al., 2017; Rudd & Breslin, 2000). 
However, literature provides only limited information on 
the colloidal stability of ZnO-NP under external electrical 
fields. It was suggested that ZnO-NP stability depends 
on the properties of the interface of nanoparticles (NP), 
which is influenced by:

1. the size, shape and crystallinity of the NP,
2. the electric double layer thickness, structure, 

and composition,
3. the ambient solution composition, where the 

NP are spatially dispersed due to repulsive 
Coulomb-forces (Amde et al., 2017; Kolenčík et 
al., 2021). 

Direct current (DC) and alternating current (AC) electric 
fields significantly affect the acid-base equilibrium of 
solutions and accelerate the dissolution of metals, metal 
oxides and other electro-active substances (Chirakkara et 
al., 2015). The electric fields accelerate the fluctuation of 
solution pH (Acar & Alshawabkeh, 1993) causing a gradual 
change in NP zeta potential, the rate of aggregation, 
sedimentation, and impaired NP function (Amde et al., 
2017; Kolenčík et al., 2021).

The ZnO-NP have great industrial implications, especially 
in agriculture, pharmaceutics, cosmetics, electronics, 
rubber and textile industries, and in electro-technology 
and photo-catalysis (Kołodziejczak-Radzimska & 
Jesionowski, 2014; Kolenčík et al., 2019; Kolenčík et al., 
2020). However, gradually increasing demand enhances 
their environmental input. This is potentially hazardous 
for human health and can have a long-term effect on the 
environment (Xia et al., 2008; Amde et al., 2017). 

The transport and redistribution of water-soluble metals 
and soil solutions to electrodes (anode and cathode 
areas) are governed electrokinetic processes, such as 
electrolysis, electromigration, electrophoresis, and 
electroosmosis (Chang et al., 2006; Cang et al., 2011). 
These processes can simulate different soil potentials 
such as the electro-chemical effects on the stability 
charged metal (López-Vizcaíno et al., 2011). In soil 
chemistry, the electromigration is a governed direct 
motion of ions migrating to electrodes with the opposite 
charge (Cang et al., 2011), while the electrophoresis 
covers a charged colloid micelle motion in a soil-liquid 
medium (Chang et al., 2006). Since the electrolytic 
water decomposition at ΔE0 = -1.23 V is not considered 
a common thermodynamic process because it requires 
additional energy from external electrical sources (Hamid 
et al., 2017), electroosmosis is the flow of aqueous 

solutions (mostly water) from anode to cathode through 
connected soil pore spaces (Acar & Alshawabkeh, 1993).

Silicate sands occur naturally in soil, and their sediments 
accommodate limited metal sorption of ionic metal 
species and corresponding counterparts of bigger size 
fractions. A sand fraction of 0.6–1.2 mm has suitable pore 
size to demonstrate higher hydraulic connectivity.

DC generates alkaline pH in the cathode area, and acidic 
pH at anode area (Puppala et al., 1997). It supports a 
migration and the geochemical transformations of 
elements, which include:

1. metal dissolution;
2. H2 and O2 gas evolution on the electrodes;
3. precipitation and electro-deposition on the 

cathode from OH- redundancy (Alvarez & 
Salinas, 2004; Vasilakopoulos et al., 2009);

4. processes related to mass and charge transfer 
(Acar & Alshawabkeh, 1993). 

While DC effects on NP are generally recognised, 
information on AC application with different voltages, 
and low-frequency wave propagation in combination 
with NP is scarce. This inspired us to compare the effects 
of 3-hour long exposure of sand as a model porous 
medium under AC and DC electric fields with different 
voltages of 1 and 3 volts on ZnO-NP stability and mobility. 
We hypothesized, that such procedure will affect:

1. spatial redistribution of zinc,
2. acid-base balance near electrode surfaces,
3. structural transformation of ZnO-NP.

2 Material and methods

2.1 Pre-treatment of zinc-oxide nanoparticles
ZnO-NP with ≤40 nm average particle size (Sigma-
Aldrich, Product No. 721077; Saint-Louis, Missouri, USA) 
were used for the evaluation of electrokinetic processes 
occurring under AD/DC. All ZnO-NP suspensions were 
diluted with deionized water to reach zinc concentration 
of 131.5 mg/l. These were further sonicated for 15 minutes 
before each experimental trial.

2.2 Characterisation of silicate sand media
Unpurified silicate sand with a declared 0.6–1.2  mm 
particle size range (Provodínské písky, Provodín, Czech 
Republic) was used as the porous medium for the 
quantification of electrokinetic processes. The silicate 
sand’s pH, electrical conductivity, carbonate content 
and Zn availability in distilled water were determined 
following the standardized methods of Hrivňáková et al. 
(2011) (Table 1). 

The saturated hydraulic conductivity was estimated 
by the falling head method in a reconstructed sample 
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(Cameselle & Gouveia, 2019). Three-dimensional size of 
graphite electrodes in our experiment corresponded to 
100 × 50 × 3 mm.

The electrokinetic processes were quantified as the 
space-segment system for selected cathode-to-anode 
areas in DC electrical field, and Electrode 1 and 2 areas 
in AC electrical field shown in Figure 1, and Figure 2a, 
respectively.

2.4 Quantification of electrokinetic processes 
 with ZnO-NP solution in sand media
The procedure of electrokinetic processes quantification 
is shown in Figure 2. The spatial intervals between the 
points of uniform network and electrodes were used 
for evaluation of the spatial equipotential patterns 
of DC  and AC electric fields voltage uniformity in 
sand media with ZnO-NP. The observed equipotential 
patterns of AC/DC electrical voltages were later plotted 
in diagrams.

For determination of migrating zinc species, a flame 
atomic absorption spectrometer (F-AAS; Perkin Elmer 
1100, USA; wavelength 213.9  nm, with deuterium 
background correction) was used. The calibration 
standard was prepared from 1,000  mg/l zinc solution 

of total volume 100  cm3 and air-dried bulk density 
of 1.72  g/cm3 (Toková et al., 2020). The particle size 
distribution above 2  mm was determined by sieving, 
and below 2  mm by laser diffraction analysis (Igaz et 
al., 2020). An untreated silica sand sample was directly 
analysed by the wet dispersion unit of Analysette 22 
laser analyser (MicroTec plus; Fritsch, Germany). Table 
1 shows the percentage representation of different 
particle size fractions calculated by Mie the theory 
using following parameter values: refraction index of 
1.52, absorption index of the dispersed phase was set 
to 0.1 and refraction index of water water was set to 1.33 
(Makó et al., 2019).

2.3 Experimental design
The experiments were performed with DC and AC 
system using voltages of 1 V ±0.05 V or 3 V ±0.05 V. The 
DC experiments applied voltages of DC 1 V+ or DC3 V+ 
corresponding to cathode areas and anode areas.

In case of AC, AC 1 V or AC 3 V was used for Electrode 
1 (E1) areas and AC 1 V or AC 3 V for Electrode 2 (E2) 
areas. Sinusoidal waves at 1  kHz frequency were used 
for both AC electric fields. The real value of 1.4 V and 
4.2  V were used for sinusoidal amplitudes at 1  Vrms 
or 3  Vrms, respectively. The experimental control 
comprised a  similar system without electric fields 
effects. The duration of each experiment was three 
hours. Each experiment was conducted in triplicate. 
For generation of DC, a power supply (Laboratory 
Power Supply, PS302A, 0–30  V/0.01–2  A) was used. 
AC was generated using a  generator RIGOL, DG4162. 
The voltages and  frequencies were periodically 
controlled by a M9803 true RMS MULTIMETER and the 
UNI-T and UTD 2025C oscilloscope (2025C, 25 MHz and 
250 MS/s). 

A polystyrene vessel with dimensions of 18 × 11 × 
7  cm (height × width × depth) and volume of 1.3 litre 
was used as a type of an electro-chemical reactor to 
quantify the electrokinetic processes. It was filled with 
1  kg of silicate sands and 320  ml of dispersed ZnO-NP 
solution with zinc concentration of 131.5 mg/l prior each 
experiment. Figure 1 depicts the most suitable laboratory 
setting facing graphite electrodes (with purity of 99.9%) 

Table 1 Selected silicate sand medium characteristics (mean ±standard deviation)

pH Carbonates 
content 

Electrical conductivity 
of solution

Hydraulic saturated 
conductivity (n = 8) 

Particle size distribution (n = 3) Content of 
zinc Zn H2O

(%) (mS/cm) (cm/s) (mm) (%) (mg/l)

7.71 ±0.11 0.10 ±0.01 0.08 ±0.01 0.114 ±0.008 <0.002
0.002–0.06

0.06–2
>2

0.47 ±0.05
3.9 ±0.5

95.57 ±2.5
0.07 ±n. a.

0.33 ±0.18

Figure 1 Experimental setup with connected DC 
laboratory electrical power supply, cables, 
graphite electrodes and multi-meter for voltage 
verification
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(Merck Certipur, Germany). Detection of electro-active 
substances was measured as sample conductivity for 
all determined anode-cathode, and Electrode 1 and 2 
segments by HORIBA (Nanopartica SZ-100). Acid-base 
equilibrium changes were monitored by pH meter (WTW 
Lab-pH Meter inoLab pH 7110). Bruker D8 DISCOVER 
X-ray diffractometer was used to analyse the ZnO-NP 
structural symmetry transformation (Bruker, MA, USA). 
A 12  kW, 40  kV, 300  mA Cu-anode was used for X-ray 
diffractometry measurements, and unit cell parameters 
were calculated in TOPAS 3.0 software (Bruker, MA, USA). 
Some other properties of ZnO-NP have been already 
published elsewhere (Kolenčík et al., 2019).

3 Results and discussion

3.1 Spatial distribution of 1 V and 3 V 
 equipotential-voltage in sand media with ZnO-NP 
 solution under electric fields
Each type of environment in the electric field portrays 
the different equipotential pattern, which depends on 
electric field strength, environment composition and its 
conductivity, resistance (impedance), and the applied 
voltage (Portela, 1999; Chang et al., 2006; López-Vizcaíno 
et al., 2011). Figure 3 shows that by applying a 1 V and 
3  V DC voltage to the sand media with ZnO-NP, the 
equipotential pattern differentiated into heterogenous 

Figure 2 The schematic model of experiments with applied AC/DC electric fields (a), and the analysed points in the space 
between the flat graphite electrodes providing a uniform network used to determine AC/DC maps of equipotential-
voltages distribution (b)

(a) (b)

Figure 3 The equipotential pattern of sand media DC electrical field measured from anode (left) to cathode area (right) under 
1 V (a) and 3 V (b) voltages

 
 
 

(a) (b)
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occur. Water electrolysis increases ions concentration in 
solution in the operating electrical fields (Hamid et al., 
2017) as the protons and hydroxyl ions are generated 
within the anodic and cathodic wells, respectively. 
López-Vizcaíno et al. (2011) reported that this resulted in 
a significant pH decrease at the anode until steady state 
of pH 2 was reached after 2 hours at constant voltage of 
0.5 to 2 V/cm. In our experimental treatment was applied 
approximately 0.2 V/cm corresponding with 3 V and due 
to these no significant differences were observed in the 
case of the pH value.

The differences in our results to those of other authors 
were most likely due to the following; (i) the amount and 
chemistry of ambient ions they used differed from the 
ZnO-NP which required a large external energy-source 
to deform the double layer and caused disintegration; 
(ii) different experimental conditions; herein we utilised 
a relatively stable coarse silicate sand medium. In addition, 
our observations on pH changes concur with general 
trends without significant pH difference between anode 
and cathode due to treatment duration. Our 3-hour-long 
treatment was mostly affected by the initial experiment 
stages without reaching steady-state, while Lageman’s 
(1993) trials lasted 10 hours a day and continued for 
43 days with decreasing of pH  3–4 value; (iii) there is 
also different nanoparticle colloidal size distribution to 
consider. For example, Lageman (1993) electro-migrated 
25–33% ionic-zinc and this depended on soil profile 
concentration and depth. While all those causes are 
relevant, the most likely difference between results is 
due to the longer treatment time, and total amount of 
ambient ions which intensified the electrical and electro-

voltage regions. The lower environmental polarisation 
effect could be caused by the relationship between 
our applied low voltage level and the corresponding 
electric currents. The electrical resistance (conduction) 
depends on the particle size distribution, especially the 
clay mineral content (Lageman, 1993), concentration 
of ions, and other characteristics of the environmental 
matrix, which influences the environmental electrical 
permittivity (Chang et al., 2006).

On the other hand, under applied 1 V and 3 V of AC at 
1  kHz with sinusoidal waves, the equipotential pattern 
had a tendency to differ into almost uniform regions of 
voltages (Figure 4). This could be attributed to applied 
frequency, since this type belongs to the frequency-
dependent environmental matrix (Portela, 1999; Alipio et 
al., 2012). Similar trends of equipotential patterns of sand 
media were measured either for DC or AC from opposite 
side of graphite electrodes (data not shown).

3.2 Effect of applied DC and AC electrical fields on pH 
 changes of the sand media and ZnO-NP
Figure 5 shows that after three hours of treatment, the 
pH values at the anode were lower than at the cathode 
for applied 1  V and 3 voltages of DC. The pH at DC 
1 V was 7.45 ±0.01 at the anode and 7.70 ±0.11 at the 
cathode; and pH at DC 3 V was 7.40 ±0.02 at the anode 
and 7.69 ±0.02 at the cathode. Although the gradually 
increasing acidity of the environment at the anode and 
increasing alkalinity at the cathode area is generally 
accepted process (Acar & Alshawabkeh, 1993), it remains 
a matter of contention how rapidly and intensively 
these changes and associated electrokinetic processes 

Figure 4 The equipotential pattern of sand media AC electrical field from Electrode 1 area (left) to Electrode 2 area (right) at 
frequency of 1 kHz under 1 V (a) and 3 V (b) voltages

 
 

(a) (b)
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thermal chemical gradient. This enhanced the significant 
pH difference observed by other researchers (Acar & 
Alshawabkeh, 1993; Lageman, 1993).

Moreover, no significant pH difference was observed 
in our experimental AC electric fields at 1  kHz, 1 V and 
3 V. The Electrode 2 region had lower pH at both used 
voltages than Electrode 1. At Electrode 2 at 1 kHz, 1 V AC, 
the observed pH was 7.44 ±0.01 in comparison to pH 7.69 
±0.02 at Electrode 1. Application of 3 V led to final pH of 
7.51 ±0.01 at Electrode 2 and 7.72 ±0.01 at Electrode 1 
(Figure 5).

In addition, the slightly different pH of 7.71 ±0.11 in 
control was maintained in the three-hour-long treatment, 
in comparison with the pH at anode of DC treatment, and 
Electrode 1 areas (for both AC treatments). This was most 
likely time-related in the AC trials as electro-osmosis flow 
was generated from both electrodes simultaneously 

(López-Vizcaíno et al., 2011). Finally, our pH change 
patterns and final values are supported by the study of 
Chirakkara et al. (2015).

3.3 The redistribution and potential transformation 
 of zinc from ZnO-NP and migration of electro-active 
 components under electrical fields
The total zinc content in the system was 131.5  mg/l 
and the observed zinc absorption to sand counterparts 
was 44.9  mg/l (34.2%). The remaining zinc content of 
86.5  ±4.9  mg/l (65.8%) is considered to be associated 
with “free parts in the system” (Figure 6).

In addition, the original ZnO-NP sand media of colloidal 
solution registered 0.083 ±0.01  mS/cm electrical 
conductivity (Figure 7). 

Ionic strength is reflected in the electrical conductance 
range and this qualitatively reflects charged, and 

Figure 5 The changes in pH under constant low-voltage DC and AC electrical fields in sand media with ZnO-NP after three-
hour-long treatment
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Figure 6 Analysis of DC anode-to-cathode zinc concentrations and the AC Electrode 1 and 2 regions for both voltages. The 
three-hour-long ZnO-NP treatment in sand media was conducted with constant low-level DC and AC electrical fields 
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speculate that the electro-migration of zinc-ionic and 
ionic species corresponds to electrophoresis-enhanced 
corresponding to charged ZnO-NP (Chang et al., 2006). 
This is most likely detection of diffusion or other electro-
controlled motion to Helmholtz’ double layer distance 
from the cathode surface (Iyer, 2001). This conforms to 
applied electrical potential voltages, electro-thermal 
gradient, pH and other physical-chemical components 
which govern zinc and ambient ion electro-migration 
in DC electrical fields (Lageman, 1993; Cameselle & 
Gouveia, 2019). 

Figure 6 illustrates the following difference in zinc 
concentration between the electrodes in AC 1  kHz, 1 V 
and 3  V in constant electrical fields; 1 Volt was 75.00 
±0.01  mg/l at Electrode 1 and 90.30 ±0.01  mg/l at 

un-charged ions in solution. This entire system then acts 
as one electrochemical cell (López-Vizcaíno et al., 2011). 
Therefore, our ZnO-NP solutions with associated free 
ions could have slightly restricted or unlimited motion 
from the relatively high hydraulic-guaranteed coarse 
silicate sand pore size (Table 1). This provides appropriate 
conditions for relatively long-term nanoparticle colloidal 
stability with Van der Walls attraction and repulsion forces, 
or ambient-ion free migration. There was no literature 
found for nanoparticle behaviour under electrical field 
influence in this type of media.

Additional differences in constant DC voltages at the 
anode and cathode and electric conductivities for zinc 
concentration are; 1 V anode area 90.50 ±0.01 mg/l and 
at the cathode 97.10 ±0.01  mg/l – 5.01%; 3 V at anode 
area 86.50 ±2.40 mg/l and 101.0 ±0.01 mg/l – 11.02% at the 
cathode; electrical conductivity was greater at the cathode 
than at the anode. Meanwhile, the control registered 
86.55 ±4.95 zinc content and 0.08 ±0.01 mS/cm electrical 
conductivity, with relatively uniform ionic strength 
throughout the entire system.

These results differ slightly to those reported by 
López-Vizcaíno et al. (2011). Their anode-to-cathode 
electrical conductivity provided a flat profile at 2, 4 and 
6 hour-treatments. The DC zinc and other ambient ion 
anode-to-cathode and control concentration ranges 
were confirmed, and the differences were most likely due 
to the for short 3-hour experimental treatment and the 
relatively homogenous ZnO-NP solution without others 
electro-active compounds.

In addition, Lageman (1993) recorded that the application 
of more intense DC electrical fields resulted in higher 
zinc content and more electroactive compounds at 
the cathode than at the anode. Therefore, we only 

Figure 8 X-ray diffraction analysis of zinc oxide 
nanoparticles (Z), and graphite (G) under 1 V, and 
3 V DC and AC after the experimental three-hour-
long treatment. The control with ZnO-NP was 
not subjected to the electric fields

 

Figure 7 Analysis of the electrical conductivity of ZnO-NP colloidal solution at DC electrical field anode-to-cathode areas, and 
AC electrical field strengths at the Electrode 1 and 2 regions after three-hour-treatment compared to controls
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Electrode 2 and 11.63%; 3 Volts was at Electrode 1 area 
(75.65 ±1.85 mg/l at Electrode 1 and 89.85 ±8.15 mg/l at 
Electrode 2 and 10.79%). 

Figure 7 then highlights the significant difference in 
electrical conductivity; the Electrode 2 areas for both 
1 kHz 1 V and 3 V possess higher ionic strength than the 
Electrode 1 regions. In addition, slight differences in zinc 
concentration were observed in DC electrical field effect 
compared to both AC and the control.

It is also interesting that the higher analysed Zn for both 
voltage treatments at Electrode 2 has only weak tendency, 
because this contrasts with accepted knowledge. In 
our case alternating current does not provide uniform 
side-accumulation of heavy metals in this hydraulic-
guaranteed saturated coarse sand pore medium.

Moreover, Electrode 1 and 2 regional differences of 11.63% 
for applied AC 1 V and 10.79% for 3 V do not confirm the 
expected correlation between little bit enhanced electric 
fields and zinc-related electro-migration ability. This 
most likely resulted from our applied low-level frequency 
at 1 kHz, and this is similar to the noted zinc differences. 
It is evident that the different parameters in this soil-
type are frequency-dependent (Alipio et al., 2012). The 
applied 1 kHz frequency could cause slight destruction 
to nanoparticle crystal symmetry with accompanying 
Helmholtz double layer, and zeta potential.

Although the Zn concentration from selected areas and 
electrical conductivity point to slight differences in the 
results, however there was no significant distinction in 
crystal symmetry, size distribution or accompanying 
properties (Figure 8). This is most likely because of 
relationships with partial electro-deposition or electro-
regulated zinc crystallisation at the solution and electrode 
interface (Alvarez & Salinas, 2004). Research in this area 
includes the nucleation and growth of new crystalline Zn 
phases or 2D layers on the electrode surface with low-
carbon steel (Vasilakopoulos et al., 2009); employment 
of carbon electrodes (Torrent-Burgués & Guaus, 2007) 
and highly oriented pyrolytic graphite (Alvarez & Salinas, 
2004). These studies, however, have electrolyte solution 
pH below 5 and a large number of organic and inorganic 
components. Moreover, some other studies reported pH 
slightly over 7 for all experiments with ZnO-NP solutions. 
This also applies to ambient ions. For example, carbonates 
around 0.10% normally correspond to ions with buffer 
capacity, but they do not provide the expected increase 
in ionic solution strength or ion-governed crystallisation 
processes. We also noted electrode deterioration in our 3 V 
experiments with DC and AC electrical field application, 
but this damage further identifies the relative strength of 
these electric fields.

4 Conclusions
The electrokinetic reaction experiments were performed 
using the zinc oxide nanoparticle solution and silicate 
sand pore-media with high hydraulic conductivity. This 
was subjected to three-hour-long exposure to 1 V and 
3 V direct current (DC) and 1 kHz 1 V and 3 V alternating 
currents (AC) with sinusoidal waves. The observations 
provided the following results:

 � There were no uniform equipotential lines in the 
voltage-independent silicate sands-pore media 
subjected to 1 V and 3 V DC. In contrast, the lines 
were quite apparent in the spatial distribution of the 
applied 1 kHz 1 V and 3 V AC electrical fields.

 � The pH was slightly lower at the anode than at the 
cathode for both DC 1 V and 3 V exposure after three 
hours. Similar trends were also apparent in the 1 kHz 
1 V and 3 V AC electric fields treatments. There was 
slightly lower pH at Electrode 2 than at Electrode 
1, and the initial stages of the electrokinetic 
process caused pH to range from 7.40 to 7.82 for all 
experimental systems when compared to control 
pH = 7.71 ±0.11.

 � Higher Zn concentrations were observed at the 
cathode in comparison with the anode region. 
The differences were approximately 5% for 1 V DC 
exposure and 11% for 3  V DC, respectively. These 
results conform to the related pH and electrical 
conductance determinations of greater magnitude 
at the cathode in comparison with the anode. 
Analysis also showed higher Zn content at Electrode 
2 than at Electrode 1 for the 1 kHz 1 V and 3 V AC 
electric fields. These results support the established 
higher electrical conductance at Electrode 2, 
but they do not correlate with the slightly lower 
Electrode 2 pH values.

 � In conclusion, although the expected structural 
transformation of zinc oxide nanoparticles as 
agrochemical was not confirmed under the influence 
of 1 V, and 3 V DC and 1 V, and 3 V AC electrical fields, 
the deterioration in the chemically and physically 
resistant graphite electrodes was observed.
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