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Abstract:

A geometric interpretation of single shot hit probability (Pnz) is a volume of
the 3D space under the surface f(y,z) described by the bivariate normal
distribution and bounded from below by the YOZ plane with the target’s
contour (T-region). The Py is proposed to be estimated by a method
based on the numerical integration of the double integral. The double
integral integrand is the 2D normal distribution of the Y, Z system of
random variables. The dispersion characteristics and the coordinates of
the dispersion center are known in advance. The limits of the first and the
second integral are described by the analytic functions which characterize
the geometric shape of the T-region. The implementation of the offered
method is as follows: the selected shooting target is partitioned into N
geometric subregions and then analytic formula(s) for each subregion’s
boundaries is/are determined and each double integral is defined. The Py
estimations are produced using a numerical integration in the computer
software Mathcad. The results of the calculus of all Py values (for
subregions) are added up (or subtracted) depending on the geometric
relationships between the regions. The schema for solving Py numerically
makes it possible to calculate the likelihood for targets with arbitrary
geometric shapes and not just for rectangular-shaped silhouettes. For
illustrating the operability of the proposed method, the Py; for two kinds of
head-type shooting targets has been evaluated. The developed method
has been compared with the already existing works.

Key words: hit probability, numerical solution, shooting target, double
integrals, shot dispersion, Mathcad.
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Introduction

Computational methods for single shot hit probability estimation by
shooting to targets were proposed in works (Rodney, 2012), (Svateev,
2014) and (Khaikov & Popovnin, 2018). The problem is solved by using a
special tabular function or the mathematical function «erf», which is also
known as the Gauss error integral (Zwillinger & Kokoska, 2000).

If the target contour is associated with a geometrical T-region and if
it is replaced by a group of rectangles so that the area of the original T-
region and the area of a new rectangle group are equal and the sides of
all rectangles are parallel to the main dispersion axes, then, in this case,
the hit probability of the T-region is equal to the sum of hit probabilities
each of rectangles obtains after the «replacement» procedure (Abezgauz
et al, 1970, pp.162-163), (Vodorezov, 2017, p.332).

The subjective side of the «replacement» method is an uncertainty
in the methodology of its conduct, so it is often said that the breakdown
of the T-region into rectangles is carried out «by eye». For example, in
(Rodney, 2012, p.4), where the hit probability for RPG grenades fired at a
helicopter is estimated, there is no explanation why the 2D
representation of the Boeing CH-47 consists of six rectangles. Quite
often in practice, there is a situation where it is necessary to assess hit
probabilities for targets with complex contours.

The aim of the article’ is in the first place to overcome the deficiency
of the «replacement» method; and, in the second place, to develop a
more accurate path for estimating the single shot hit probability in a
target with an arbitrary contour. The main tool for solving this problem will
be the double integral® and its geometric and physical interpretations.

The hit probability estimation process

Double integrals for hit probability determination. The calculation of
the probability that a bullet (projectile) impacts a target is reduced to
computing the hit probability into some region T of a complex geometric
shape. Let the random point (Z, Y) in the plane be subject to the normal

! This article continues the cycle of works devoted to the use of the MATHCAD computer
software for ballistic tasks of small arms and tubed artillery armament.

2 It is known that, thanks to the use of the double integral, the area of a geometric figure and

a mass of a flat plate with variable density can be calculated as well as the static moment
and the center of gravity of a plate and its moment of inertia.
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distribution. In this case, the axes of dispersion are parallel to the
coordinate axes.

If the T region (letter « T» means a target) is a plane figure, and the
probability of hit of the random variables Z and Y is determined by the

normal (Laplace-Gauss) distribution f(z,y), then the target hit
probability is defined by the formula (1) (Venttsel', 2006, p.196)

P[(Z’Y)CT]=”f(Z’)/)dZdy 1)
T
where T — the region of integration in the zy-plane; z, y — the Cartesian
coordinates; o,, o, — the standard deviation of the continuous random
variables Z, Y; m_, m, — coordinates of the center of dispersion (the

mean of Z and Y); f(z,y) — the integrand and the bivariate normal
distribution law:

_ _ (Z_mz)2 (y_my)z
fz.7)= 270.0, exp{ [ 207 ’ 20'y2 @)

The correlation coefficient (r) between Z and Y is 0 (Venttsel', 2006,
p.191). In (1), the axes of dispersion are parallel to the coordinate axes.
If the contour of a planar T region is placed in the Cartesian

coordinates and bound above and below by functions y, = (oz(z),
= (pl(z), and to the left and right by lines z=a, z="5 (Fig. 1a), if each
point inside T is described by equation f(z,y) with parameters m_, m,
and o, o, (Fig. 1b), then the hit probability in T is determined by the
double integral (Piskunov, 1985):

1] 5o sy -

92(2) b o2)
(2 y)zdy = [dz [ f(z,y)dy.
ol

o (z) o(z)

Qe >
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Olz=a
a) b)

Figure 1 — 2D geometric interpretation of the double integrals (a) and a target hit
probability (b)
Puc. 1 - Neomempudeckas uHmeprpemauyusi 080LiIHO20 UHMezparna (a) u eeposimHocmu
rnonadaHusi (b) 8 nnockue MuweHu
Cnuka 1 — [Jeo0umeH3uoHasnHo rpedcmasrbatbe 080CMPYyKUX UHMeeparna (a) u
seposamHohe nozomka yusrba (6)

The limits of integration for gol(z) and @, (z) correspond with the dy.

Similarly, the limits of integration a and b correspond with the dz. In this
way

20 20

z y

P[(Z,Y)CT]=2;M](Z)eXp [(Zmz)z ; (y_my)z} d=dy.

The geometric interpretation of target hit probability is the volume
under a surface f(y,z) (A'B’'C’'D’E’F’ region), which is a part of the
bivariate normal distribution, limited from below the YOZ-plane the part of
which the target contour borders (ABCDEF is the T-region).

A three-dimensional geometric interpretation of hit probability is
shown in Figure 2a. Figure 2b shows that the volume of the 3D-figure
(A'B’'C’D’E’F'FABCDE) is equal to the hit probability in a target, the shape
of which is equal to the base of the 3D-figure (ABCDEF polygon = T
region).

In the case that the calculation of the double integral is performed
with respect to the QY axis, it is necessary to consider the following
calculation scheme (Fig. 3). If the region T is correct in the direction of
the OZ axis, then (Piskunov, 1985)

[ 1z yzdy = ? [ff(})) (= y)dZde :

Aly

c
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where z = fy(y), z = f5(y) are the equations of the curves that bound the
region T to the left and to the right, respectively. The segment [c; d] is the
projection of the region T onto the axis OY.

Q

el
(R
oS ,{?‘. CEET

a) b)

Figure 2 — 3D geometric interpretation of hit probability
Puc. 2 — lNpocmpaHcmeeHHasi 2eoMempuyeckasi UHmeprnpemauyusi 8eposimHocmu
rnonadaHusi 8 yesb
Cnuka 2 — TpoOumeH3UoHaHo npedcmassbarbe 8epogamHohe noeomka

Figure 3 — The scheme for calculating a double integral with respect to the OY axis
Puc. 3 — Cxema ebi4qucrnieHusi 080UH020 uHmMezpasia omHocumesibHo ocu OY
Cnuka 3 — Lllema 3a uspadyyHagaH-e 080CmpyKoe UHmezpana y odHocy Ha QY ocy

A general region T has the property of «correctness» in the direction
of the axis OY (0OZ) if any line passing through any interior point of this
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region (T) is parallel to the axis OY (OZ) and intersects each of the two
boundaries of the region at only one point, and each of the intersected
boundaries is specified by one equation.

In addition, the following conditions must be fulfilled (see Fig. 1-3):

for OY axis (Fig. 3) T=A{(z,y)| csy=d, fi(y)szsfy(y)}

for OZ axis (Fig. 1) T={(z,y)| asysb, @4(2)<y=< @,(z) }.

The triangle shows the point of the intersection of a line with the axis
OY (0O2). The squares are the points of the intersection of a line with the

functions fi(y), fa(y) or @+(z), @2(2).

A hit probability estimation algorithm. The basic algorithm of a hit
probability numerical assessment consists of the following procedures:

1) the beginning;
2) to define the Cartesian coordinates (origin point, OZ axis, OY axis);
3) to construct the contour of the shooting target (T region);
4) to find the coordinates of the target contour;
5) to find an analytical expression of the boundaries of the target
F1, Fz or ¢1, ¢2 .
6) to describe the rectangle near the target (main rectangle);
7) to determine the location of the point of impact (POIl) m,, m,;
8) to determine the characteristics of the dispersion ellipse o, 0y;
9) to calculate the hit probability in the basic rectangle (Phit pasic);
10) to determine the number of subregions N (for subtraction from the
basic rectangle);

for each subregion j (j <N):

11) to determine the limits for numerical integration;

12) to solve numerically the inner integral,

13) to solve numerically the outer integral and to get the hit

probability of a subregion;

14) to sum the hit probabilities of all subregions to get the hit
probability of subfigures (Phit subreq = Phit reg 1+ Phit reg it Phit req n);
18) Phit = Phit basic = Phit subreg;
16) the end.

If the shooting target is a figure symmetrical around the OY axis,
then all of the above mentioned actions (of the basic algorithm) are
performed with only one half of it. Only the left or the right part of the
geometrical figure must be selected. To get the final hit probability, the
number is multiplied by 2.
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Hit probability of 2D head targets. Calculate the single shot hit
probability if the sniper fires to the static head target, which is imited by 1,
2 types of military shooting targets. The distance between the target and
the marksman is 400 m. The median deviations of the shot dispersion
are expressed by the following dependence B, = By = 0.06 m (Bx=B,,
B,=B,). The coordinates of the POI represent the midpoint of the target.
Estimate the hit probability for the head target of the first and second
types. The dimensions of the targets are shown in Fig. 4. The target
dimensions are given in meters. Both targets simulate a human head in a
protective military helmet. The OX axis is the horizontal distance from the
OZ axis to the target direction (line OC).

X 0.23 | 0.23 |
_ |
The 0.18 The
type 1 ) type 2
0.3
0.12
x = 014 [ 4 —

; 2
o) "ﬁ m}

Figure 4 — Two types of 2D head shooting targets in the Cartesian coordinates YOZ
Puc. 4 — [lsa muna niocKux cmpesikoebix 20/108HbIX MUleHel 8 deKapmoabixX
koopduHamax YOZ
Cnuka 4 — [lea muna 2[] mema y obnuky anase y [lekapmogom KoopOUHamMHOM
cucmemy YOZ

The characteristics of the dispersion ellipse (semi-major and semi-
minor axes) will be determined as a probable error (B) in meters. This
dispersion characteristic, along with the standard deviation (o), is used
often in the theory of shooting. For normal distribution, the relationship
between o and B is

B=0.67450 or o0=14826B.
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The probable error height is characterized by B, and the probable
error deflection — B,.

The contour of the targets is indicated using numbers. The points of
the rectangle, inside which the target is located, are indicated using letters.

The contour of the head target of type 1 consists of 12 points: 1-2-34-
5-6-7-8-9-10-11-12 (Fig. 5a). The dimensions of the targets (Fig. 5) are
given in meters.

Points 6, 12 of the type 1 target belong to the axis of symmetry O’Y’
(71-2-3-4-5-6 + 6-7-8-9-10-11-12) (Fig. 5a). Therefore, the calculation will
be conducted with the left half of this figure (points 72-1..6). The
coordinates of the points for the contour line and the analytic functions of
its elements for the head target of type 1 are collected in Table 1. The
sign «cross» (Fig. 5a) means the position of the POI.

O3OBC D E FJ

. 2 - = = —a

: f6 | i] 2 I [ 4 l I3
: 5 T H

0.25 — - — = -

4 =3

0.20 — - - -

015 =3 + g O s Q _

010 — - = - = -

050 — — - —

o i S IS A S - 250 0=y I 4 Y O A B
4]

050 .10 015 020 o] 050 010 015 020 4] 050 0.10 01 020

a) b) c)

Figure 5 — The contour of the 2D head target type 1 (a), type 2 (b)
and their comparison (c)
Puc. 5 — Konmyp nnockol eonosHol muweHu muna 1 (a), muna 2 (b) u ux cpasHeHue (c)
Cnuka 5 — KoHmype 2[] mema y obnuky enase muna 1 (a), muna 2 (6) u tuxo80
nopeherse (U)

The contour of the type 2 head target consists of 8 points (Fig. 5b).
Points 4, 8 of the type 2 head target belong to the axis of symmetry O’Y".
So, the calculation will be conducted with the left half of this figure (points
1-6, 12). The coordinates of the points for the contour line and the
analytic functions of its elements for the type 1 head target are collected
in Table 3.
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Table 1 — Coordinates of the points for the contour line for the head target of type 1
Tabnuya 1 — KoopOuHamsl moyek KoHmypa muweHu muna 1
Tabena 1 — KoopOuHame madaka KOHmMypHe fuHuje meme y obrnuky enase muna 1

No. of Zm Y m Boundary Analytic function

points ’ ’ points of line (Equation of a straight line)
1 0.045 0.000 1-2 z(y)= 0.045
2 0.045 0.075 2-3 y(z)=-1.6667*z + 0.15
3 0.000 0.150 3-4 y(z)=8.3333*z + 0.15
4 0.012 0.250 4-5 y(z)=0.97222*z + 0.23833
5 0.048 0.285 5-6 y(z)= 0.22388*z + 0.27425
6 0.115 0.300 6-7 y(z)= -0.22388z + 0.32575
7 0.182 0.285 7-8 y(z)=-0.97222*z + 0.46194
8 0.218 0.250 8-9 y(z)=-8.3333*z + 2.06667
9 0.230 0.150 9-10 y(z)=1.6667*z - 0.23333
10 0.185 0.075 10-11 z(y)=0.185
11 0.185 0.000 11-12 y(z)=0
12 0.115 0.000 12-1 y(z)=0

Notes: the coordinates of the points are given according to Fig. 5a.
The symmetry of the points is shown by the orange and green background.

Table 2 — Coordinates of the points for the contour line for the head target of type 2
Tabnuua 2 — KoopduHambi mo4yeKk KOHmMypa MulieHu muna 2
Tabena 2 — KoopOuHame madaka 3a KOHMypHy fIUHUjy meme y 0bnuky anase muna 2

Boundary Analytic function
No. of points Z,m Y, m points of line X . .
(Equation of a straight line)
(of curves)
1 0.045 0.000 1-2 y(z)= -0.26667*z + 0.012
2 0.000 0.012 2-3 z(y)=0
3 0.000 0.300 3-4 y(z)=0.3
4 0.115 0.300 4-5 y(z)=0.3
) 0.230 0.300 5-6 z(y)=0.23
6 0.230 0.012 6-7 y(z)= 0.26667*z - 0.04933
7 0.185 0.000 7-8 y(z)=0
8 0.115 0.000 8-1 y(z)=0
Notes: the coordinates of the points are made according to Fig. 5b.
The symmetry of the points is shown by the orange and green background.

A comparison of the forms of the type 1 target and the type 2 target
is shown in Fig. 5c.
One sigma dispersion circle® (zone) is shown in Figures 5b and 5c.

3 Dispersion area has the form of a circle because oy = oz but in the case of oy # oz, it
would be a dispersion ellipse.
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The result of dividing the half of the type 1 target into four sections,
the determination of five double integrals and the numerical computations
of the double integrals are given in Table 3. The first double integral
(region AB-6-12) describes the hit probability into a rectangle inside
which there is 50% of the target contour.

The characteristics of the dispersion and the dispersion center are
indicated in Table 3 after «Notes». The unit of measure is the meter.

Table 3 — Characteristics of the base region and sub-regions for the type 1 target
Tabnuuya 3 — Xapakmepucmuku 6a3oeoli obnacmu u nodobnacmeti MmuweHu muna 1
Tabena 3 — Kapakmepucmuke ocHogHe obriacmu u nodobnacmu 3a memy muna 1

No. of H't. - Hit probability as an expression with the Nymerlcal
estimation of

regions probabilities double integral hit probability

for regions
1. 0.115 0.3
B2 | L IO f [z, y)dzdy 0.266

2. P 0.045 +—1.6667-2+0. 15 )d p 0.027
A-3-2-1 hit{"! _L JO Z yjazay -
3. P J-O .012 J-O 3
3-BC-4 hity?et o 33324015 Z y )a’zdy 2.3e-3
4. 0.048 J-
4-CD-5 P’"'fé"’d J. 012 J0.97222.2 +0. 23833 ZY )d zdy 1.561e-3
5-D-6 hitg<t .[o 048 Jo 22388-2+0. 27425 5y jazay 8.684e-4

Notes: my=0.115m; m,=0.15m; o,=0,=1.4826 - 0.06 = 0.089 m.
The numerical integration was performed due to computer algebra
systems (CAS) Mathcad 15

The probability of hitting the type 1 target is determined by the

formula
hlt = |.ht‘”’1 Z -1 hzt‘”lJ

Substituting the data from Table 3 into the formula, we obtain the
required hit probability.

P =2-(0.266 - (0.027+2.3:10°+1.561-10°+8.684-10)) = 0.468.
P =46.8%.

hit typel
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An estimate of the hit probability for a target of type 2 is carried out
in a similar way. The result of dividing the half of the type 2 target into
two sections, the determination of two double integrals and the numerical
computations of the double integrals are given in Table 4.

Table 4 — Characteristics of the base region and sub-regions for the type 2 target
Tabnuua 4 — Xapakmepucmuku 6a3soeoli obrniacmu u nodobnacmed MuweHuU muna 2
Tabena 4 — Kapakmepucmuke ocHogsHe obriacmu u nodobnacmu 3a memy muna 2

Hit . - . . Numerical
Nq. of probabilities Hit probability as an expression with the estimation of hit
regions . double integral ”
for regions probability
1. 0.115 0.3
A-3-4-6 L L _[0 1z, y)dzdy 0.266
2 0.045 +—2.6667-z+0.12
A-2-1 sz;wz L _[0 £z, y)dzdy 0.029
Notes: my=0.115m; m,=0.15m; o,= 0,=1.4826 - 0.06 = 0.089 m.
The numerical integration was performed due to CAS Mathcad 15.

The characteristics of the dispersion and the dispersion center by
firing at targets of both type 1 and 2 are the same.
The hit probability for the type 2 target is determined by the formula:

P =2P . . ~P . |=2(0.266-0.029)=0.474 or 47.4%.

The performed calculations have shown that with the identical
dispersion characteristics and the identical location of the POI, the hit
probability of the target 1 (46.8%) is less than the hit probability of the
target 2 (47.4%). This fact is explained by the fact that the target area 2
is larger than the target area 1. This phenomenon is explained by the fact
that the area of the target 2 is larger than the area of the target 1 (see
Fig. 5¢).

In this situation, the method of calculation gave an adequate result.
The second test for the calculation method will relate to its solving despite
a known result.

Verification by the comparison with the already existing, previously
determined results. In order to verify the method developed in this article,
we will perform 3 variants of hit probability estimates. As an example, we
use the problem given in (Venttsel', 2006, p.197).

Shooting is carried out at a rectangular target of 9x12 (meters). The
projectile dispersion characteristics are defined as probable errors: in the
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longitudinal direction B, = 10 m, in the lateral direction B, = 5 m. The
point of aiming (POA) is the center of the considered rectangular target.
Thus the POA has the coordinates (0; 0). In view of the presence of
shooting errors, the mean point of impact is displaced relative to the
POA. The coordinates of the POI are (0; -4). Find the single shot hit
probability.

The points (-4.5; -6), (-4.5; 6), (4.5; 6), (-4.5; -6) are the four vertices
of a rectangular target. The dispersion characteristics are expressed in
the form of standard deviations (SD). The SD in the longitudinal direction
is o, = 1.4826:B, = 14.826 m. The SD in the lateral direction is 0, =
1.4826-B, = 7.413 m. Since the coordinates of the center of dispersion
(namely the POI) are known, then m, = -4, and m, = 0.

Variant of calculation 1 uses a formula for the estimation of hit
probability for the rectangle (Venttsel', 2006, p.197).

Let us write down the target hit probability formula into a rectangle (R-
area), the dispersion axes of which are parallel to the sides of the
rectangle (Germershausen, 1977, p.193):

el 15 5]
.{F[d;;"yj-f{c;?y } (3)

where F(x) — the cumulative distribution function (CDF) of the standard
normal distribution (Germershausen, 1977, p.193):

F(x)= %_]iexp(— %tz jdt .

In formula 3: m,, m, — the coordinates of the center of dispersion; o,
o, — the standard deviation; a, b, ¢, d — the borders of the target-
rectangle sides, herewith csy=d, a<z<h.

Taking into account the previously defined values, formula 3 is
transformed into the form:
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ntenea GG A A
- loms AT)  A m)- Ar) -
| Hats) (7 )| | laaass) Hlaws)|

= [F(0.60704) - F(-0.60704)] - [F(0.67449) - F(-0.1349)] =
= [0.728088 — 0.271912] - [0.75 — 0.446345] = 0.13852.

So P by shooting with the above mentioned projectile dispersion
parameters is 13.85 %.

Variant of calculation 2 is based on the mathematical function «erf»
(Khaikov & Popovnin, 2018). The error function is defined (Zwillinger &
Kokoska, 2000, p.516) by

erf(x \/_ jexp )dt :

There is a following relation between the cumulative distribution
function F(x) of the standard normal distribution and the function «erf»
(Zwillinger & Kokoska, 2000, p.517):

Flx)= %{n erf(%xﬂ :

Therefore, formula 3 is transformed into the form (Khaikov &
Popovnin, 2018)

e | [erf[fa ool ﬂ

Taking into account the data given in the task, we obtain

ool ) M Voo, J [CJ—: ]]
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Substitute the initial data in the formula and perform the estimation

P, :l{ ( f475413J (f_jilsﬂ

erf(JJ — erf(L(_ll)j —0.13852.
J2.14.826 J2.14.826
The results of the calculations for versions 1 and 2 are the same.

Variant of calculation 3 uses a numerical integration of the double
integral.

The purpose of this comparison is to show the universality of the
developed method for calculating the hit probability for targets of
rectangular shapes as well as for targets with arbitrary contours.

For a shooting target with a rectangular shape, we write the double
integral

‘/’z(z) l

45 6
f z,y dzdy = j dzjf*(z,y)dy,
(2) 270.0, 35

b
Fiu = 272'0' ;[

z y »

f*(z,y):exp[_{@—g)z =) D

20 20'§

For numerical integration, we use the possibilities of the computer
software Mathcad 15. The Mathcad code is below. All variables have been
described previously.

a:=-45 b:=4.5 c:=-6 d:=6 TOL:=0.0001*

my:= -4 mz:= 0 oy:=14.826 0z:=7.413

iiij]j{exp[- {(Z —mz)  (y—my) mczydz =0.139 -

20z° 20)°

As in the first two cases, we obtained a single shot hit probability,
which is 0.139 or 13.9%.

* The accuracy of the calculation in the Mathcad software is determined by the value of
the system variable TOL, which is equal to 0.001 by default.
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The coordinates m,, m, of the POI for rifles and pistols can be
obtained by calculating the «average trajectory» (Khaikov, 2018). For
example, for a sniper rifle SVD-63 (7.62mm Dragunov sniper rifle) the
results of the work (Khaikov, 2017) can be used.

Conclusion

A geometric interpretation of single shot hit probability of a target is
the volume under a surface f(y,z), which is described by a bivariate
normal distribution and limited from below the YOZ plane with a target
contour (T-region).

The hit probability (P is preferably to be estimated by the
numerical integration of the double integral. The integrand of the double
integral is the two-dimensional normal distribution of a system of random
variables Y and Z. The dispersion characteristics and the coordinates of
the dispersion center are known in advance. The limits of two integrals
are described by the analytic functions characterizing the geometric
shape of the target boundaries.

The developed schema for the numerical solution of the P, makes it
possible to calculate the probability for targets with arbitrary geometric
shapes.

The estimation of the hit probability for the type 1 and type 2 head
targets, if the coordinates of the POI represent the target midpoint and B,
= B, = 0.06 m, is as follows: it is 46.8% for the type 1 target and 47.4%
for the type 2 target. The Py estimations are produced using numerical
integration in the computer application Mathcad.

The developed method was compared with the already existing
works and was verified by hit probability calculations for two types of
head shooting targets. The result of the comparison is a difference in the
third digit after the decimal point.
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OLIEHKA BEPOATHOCTW NONAOAHUA B MULLEHDb
OOMHOYHbLIM BbICTPENOM KAK PE3YJIBTAT YACIEHHOIO
VHTEMPUPOBAHUA MATEMATUYECKOIO BBIPAXEHUA C
ABOWHbLIM MHTEFPAINIOM B NMPOrPAMME MATHCAD

Baoum J1. Xawnkos,
He3aBWCUMBbIV UccneaoBarens, r. KpacHogap, Poccuiickaa depepauuns

OBNACTDb: npuknagHas matematumka
BWO CTATbW: opurmHanbHasa HayyHas ctaTbsl
A3bIK CTATbW: aHrnuickuin
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Peswome:

Beposimrocmb rionnadaHusi 0OUHOYHBIM 8bICITPESIOM 8 Uerlb MPedsiOKeHO
oyeHusamb ¢hopmyrioli, OCHO8y Komopou cocmasrnsiem 080UHOU
uHmeeparn. [lodbiHmezpanbHass GbyHKYUsST onucbigeaem O8YMEDPHOE
pacceusaHue cucmemsi ciiyyYaliHbix eenuyduH Y, Z ¢ 3apaHee 3adaHHbIMU
napamempamu KoopOUHam pacceusaHusi U cpeldHeksadpamu4yecKux
OMKIIOHeHUU no HanpaseneHusm Y, Z. [lpedenbl uHmMezspuposaHusi
oruchligarkm 2e0Mempu4YecKyro  ¢bopMy CMPesiIkogol MUWEHU U
S6MA0MCS aHaIUMUYeCcKUMU hyHKUUSIMU epaHul, MulieHu. B cmamoe
npedrioxeH anzopumm peweHusi 3adadu OUEHKU eeposimHocmu
rornadaHusi, KOmMoOpbIU  0380719em  8bIYUCTSAMb  8EPOSIMHOCMU
rnonadaHusi 8 MUWEeHU pousBobLHOU 2eoMempudeckol ¢hopmbl. Ha
rnepeom waze arnzopumma npoudsodumcs pa3bueHue uenu Ha N
eeomempuyeckux rnodobrnacmed. Hanee Ons kaxdol u3 nodobracmel
3arnucbigaemcsi 080UHOU UHMeepasn U C [IOMOWbBK HUCIIEHHOZ0
UHMe2pupoBaHuUsi rofly4arm €20 KOMUYeCcmeeHHyo oueHKy. [arnee
pesyrbmamel 8bl4UC/IEHUl (8eposimHocmu roriadaHuli 8 nodobrnacmu)
CKradbigaromcsi (8biqumaromcsi). C uersnbto YUCIIEHHO20
UHmMezpuposaHuss  080UHO20  UHMeegpasa  ucrofnb3oeaHa cpeda
Mamemamudeckux  eblqucrieHuti  Mathcad. [ns  unmocmpayuu
pabomocriocobHocmu rpednoxeHHo20 Memoda rpusedeHbl pacqyémb|
orpederneHusi eeposimHocmu rioriadaHusi 8 201108HY0 Ueslb d8yx sUdos.

Knovesblie cnosa: eeposmHocmb ronadaHusi, YUCIEHHOE peuwleHue,
cmpernikogasi MuleHb, O080UHOU UHMez2pasi, pacceusaHue ryrib,
Mathcad.

MPOLIEHA BEPOBATHOTRE TMOrABAHA LIWIBA JEOHUM XWMLEM
KAO PESYNTAT HYMEPUYKOI PELWABAHKA  [OBOCTPYKUX
VMHTEIPANA NMOMOTRY MATHCAD-a

Baduwm J1. Xajkos
He3aBWCHU UcTpaxunaad, KpacHogap, Pycka ®egepauvja

OBNACT: npumeneHa maTemaTtuka
BPCTA YJTAHKA: opyrnHanHu Hay4Hu YnaHak
JESNK YJTAHKA: eHrneckm

Caxemak:

BeposamHoha nnozomka uyurba jeGHUM xuuem rnpedcmasrba ce
e2eomempujcku  3anpemuHoMm ucriod nospwuHe f(y,z) Koja je onucaHa
busapujaHmHOM HOPMasiHOM pPacrodesioM 02paHU4EHOM KOHMYPOM
uyurba (obsiacm T) ucrniod pasHu YOZ. lNpedniaxe ce Oa ce seposamHoha
nozomka (Pny) npoueryje mMemodomM 3acHO8aHUM Ha HyMEePUYKOf
uHmezpauyuju dsocmpykoz uHmMezpasna. WHmezspaHd 0O8OCMpPYyKO2
UHmMezpana je 0800UMEH3UOHaslHa HOpMasnHa pacriodesia cucmema
criyqajHux eapujabnu Y u Z. Kapakmepucmuke pacmypara U
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KoopOuHame ueHmpa pacmypara rnosHame cy yHanped. paHuuye dea
uHmezparsna onucaHe Cy aHanumu4kuM ¢hyHKUujaMa Koje Kapakmepuuly
eeomMempujcku 0bruk KoHmypa uurba. M13abpaHu yusrb ce npeo Oesnu Ha
N eeomempujckux nodobnacmu, a 3amumM ce 3a gpaHuye ceake 00 HUX
odpehyjy aHanumuyke c¢hopmyne u nuwe O80CMPYKU UHMezparl.
BeposamHoha rnozomka npoueryje ce HyMepudkoM UHmeepauyujom y
Mathcad-y. Pesynmamu u3padyHasarba ceux eeposamHoha rnos2omka
(ceux nodobnacmu) cabupajy ce unu 00y3umajy, 3asucHo 00
eeomempujckux o0Hoca usmeRy nodobnacmu. Lllema Hymepuykoe
uspadyyHaearba 6eposamHohe rozomka omozyhasa u3padyyHasar-e
eeposamHohe 3a mMeme Mpou3eosbHO2 2eomMempujckoz obriuka, a He
camo 3a rnpasoyeaoHe meme. [a 6u ce unycmpoegana onepabusHocm
npedrioxeHoz mMemoda, npouer-eHa je geposamHoha rnozomka 3a dse
epcme Mema y 0b6rnuky anaee. [lpednoxeHu memod yriopeheH je ¢
pesynmamuma eeh nocmojehux padosa.

KrbyyHe pedu: seposamHoha nozomka, HyMEPUYKO peuiasaH-e, Mema,
dsocmpyKu UuHmMezparnu, pacmypare rnozodaka, Mathcad.
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Summary:

Dissolution of rare earth elements from bastnasite ores was studied using
sulfuric acid at the atmospheric pressure. The one step strategy with
sulfuric acid was studied further and the results showed that filtering
difficulties do not happen for the chosen parameter combinations.
Furthermore, the best parameter combinations were those with low
temperatures and low acid concentrations. All in all, direct leaching is a
simple process that uses the cheapest acid on the market and offers good
leaching recoveries. Attention should be given to the formation of gel,
especially when taking the process to the large scale, and the subsequent
elimination of Ca from the leachate.

Key words: rare earth elements, hydrometallurgy, bastnasite, sulfuric
acid.

Introduction

Rare earth elements are a group of metallic elements of the periodic
table, often overlooked, but very significant in today’s industrial
landscape and modern lifestyle. Like other metals, rare earths are
silvery-gray, malleable, ductile, and conduct electricity.

ACKNOWLEDGMENTS: The research leading to these results has received funding from
the European Community’s Seventh Framework Programme (Call identifier FP7-NMP-
2012-LARGE-6) under grant agreement n°309373. This publication reflects only the
author's view, exempting the Community from any liability. Project website:
www.eurare.eu. We would like to thank FEN Minerals, Norway, for sending their Rodberg
sample and for their discussion in our experimental work.
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They appear in nature in the form of oxides and other compounds,
but with one particularity — the chemical similarity between all of them is
so astounding that they all occur together in their bearing minerals,
substituting one another at the molecular level (Gupta& Krishnamurthy,
2005), (Castor et al, 2006, pp.769-792).

Europe has never been known for having rich and substantial rare
earth deposits; they do, however, exist in the continent’s northern area,
especially in the Scandinavian countries. As lower grade ores and
different mineral formations are coming into the focus of industrial
interest, many research projects have been set up. The European
Commission has been willing to participate in these efforts through the
EURARE project, aimed at setting “the basis for the development of a
European Rare Earth Element industry” and to “safeguard the interrupted
supply of rare earth raw materials and products crucial to sectors of the
EU economy”. (Chen, 2011, pp.1-6)

Bastnasite ((La,Ce)COsF is a fluororcarbonate of the cerium group
found in ore deposits, metamorphic zones and pegmatites. In average, it
contains 70% rare earth oxides (most of them belonging to the light
fraction), particularly lanthanum, cerium and neodymium (Rare Earth
Elements, British Geological Survey). The amount of thorium present in
the mineral is negligible. This mineral is the primary source of rare earth
oxides in Bayan Obo, China and Mountain Pass, California, the two most
world-relevant rare earth mining complexes (Hoshino et al, 2016, pp.129-
291). At the Mountain Pass Mine in California and the Bayan Ono mine in
China, bastnasite concentrate containing between 60 -70% REO is
commercially processed via a calcination/HCI leach route to recover the
rare earth elements.

The sulfuric acid leaching process was studied for processing
roasted ore of Dechang bastnasite in Sichuan, China, in order to obtain
rare earth elements (Feng et al, 2013, pp.849-854). Using particle size
(0.074-0.100mm), 1.5 mol/L sulfuric acid concentration, mass ratio of
liquid to solid 8 and stirring speed of 500 rpm, the reaction rate of the
leaching process can be controlled by diffusion through the product/ash
layer, as described by the shrinking-core model, and the calculated
activation energy of 9.97, which is typical for a diffusion controlled
process.

Geological surveys carried out in Norway have revealed the
existence of a rare earth deposit south west of Oslo, and one of its ores,
named Rodberg, is thought to be an especially promising source of rare
earth elements. The chemical nature and the grain size of Rodberg’s
bastnasite minerals are however quite different from those of other ores
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being currently exploited, which is why Rodberg requires a custom-made
process for rare earth recovery. Traditional rare earth ore processing
methods are due to Rodberg’s mineralogical characteristics not easily
applicable and have been discarded. The reason for this is the low grain
size of Rodberg’s rare earth bearing minerals within the rock formation
(Balomenos et al, 2017, pp.142-153). The grain size of rare earth bearing
minerals determines whether it is easy or not to obtain a rare earth
concentrate through physical separation from other minerals of low value.
The first step in separating the minerals is known as mineral liberation:
ores are ground in order for rare earth minerals to become detached from
the rest of the ore material. The rare earth minerals such as eudialyte
and steenstripine can be then separated from the ore and the result is a
rare earth physical concentrate. Working with a concentrate in further
processing steps increases the efficiency of leaching and chemical
treatment, and is the way extraction methods have been traditionally
designed. Two alternative processing possibilities have been proposed
for the treatment of bastnasite ore, both of them related to the high
presence of iron oxides in the ore.

1) The first of these processing possibilities consists of conducting
direct leaching. Since Rodberg is formed by a matrix of iron oxides in
which the rare earth elements — carbonates — are embedded, acids are
expected to attack the rare earth minerals more readily than the more
stable iron oxide matrix. This means that it would be possible to reduce
acid consumption as well as the excess dissolution of unwanted species
in the leaching operation without the need of a concentrate.

Tailings Physical REE
Ore with REE crush beneficiation | concentrate Cracking
grind —x  (magnetic (=500°C+ strong ——
sepatration, acid/alkali)
flotation)
k.
Leaching
_________________ Direct e REE
Leaching concentrate
p—
: Th, U, C3,
Purified concentrate Fe Al etc.

further -
End uses processing separation

Figure 1 — Traditional and Direct leaching route for processing of bastnasite
Puc. 1 — TpaduyuoHHbIl u npsmoli memod obpabomku gpmopkapboHamos
Cnuka 1 — TpaduuyuoHarnHu u OupekmHu Mmemod obpade ¢briyopokapboHamHoe
MuHepana
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The main equations ruling dissolution in sulfuric acid are described
as:

2REFCO, +3H,S0, — RE,(SO,), + 2HF + 2H,CO, 1

(1)
CaCo, + H,S0, — CasSO, + H,CO, 2)
Fe,O, +3H,S0, — Fe,(S0O,), +3H,0 (3)
MnO +H,SO, — MnSO, + H,0 (4)

2) The second processing route is related to the carbothermic
reductive smelting of the bastnaesite ore for steel manufacture,
producing metallic iron and a slag.Once smelted, the slag should contain
a high fraction of rare earth elements together with other compounds that
normally appear in slags. Therefore, the slag can be considered a rare
earth concentrate suitable for leaching operations in acid and for
subsequent recovery of REEs.

Experimental work

Material

The experiments were performed using the bastnasite ore with a
higher content of iron in the form of iron-oxides (73,1 %), as shown in
Table 1.

Table 1 — Composition of the sample of the bastnasite ore
Tabnuua 1 — Cocmae o6pasuyos pydsi ¢ codepxaHuemM ¢pmopkapboHamos
Tabena 1 — Cacmas y3opka pyde Koja cadpxu griyopokapboHamHu muHeparsn

Fe |[Ca |Mg|Mn |Si [La [Ce |Nd |Pr Sm |Gd Tb Y
Element || (%) | (%) | (%) | (%) | (%) [|(%) | (%) | (%) | (ppm) | (ppm) | (PPmM) | (PPM) | (PPM)

Amount [ 73,1|6,75|0,5|0,45|1,39(0,16 | 0,61 | 0,45 | 831 512 |93 <10 |[<10

The total REE (La+Ce+Pr+Nd+Sm+Gd) content is 1.36%. Although
the content of thorium was about 1000 ppm, the behavior and
precipitation of this metal during the sulfuric acid leaching will not be
considered in this work.

Experimental procedure

The direct leaching process of bastnasite was performed using the
hydrometallurgical equipment shown in Figure 2.
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The 2l-capacity reactor is based on a double-walled glass container,
were the desired temperature for the experiment is programmed in
device number 8, and heated water is pumped between the reactor's
walls to keep uniform temperature in the tank. A coiled condenser
prevents vapor fumes from leaving the reactor, while a series of openings
can be used to introduce a thermocouple and a pH meter. The reactor is
also equipped with a broad stainless steel stirrer.

1. stirring speed control 6. pipes for

2. thermocouple temperature

3. pH meter regulation

4. double-walled glass 7. pH reader
reactor 8. water pumping

5. security stop and heating

10.

11.

12.

condensator

pipes for
condensator
heating induction
plate

temperature reader

Figure 2 — Hydrometallurgical equipment for direct leaching process
Puc. 2 — l'udpomemannypeauyeckoe obopydogaHue 01151 MPSIMO20 8biujeniaqyueaHusi
Criuka 2 — Xudpomemarnyplika onpema 3a rnpoyec OUpeKkmHoz pacmeapara

The experiments were carried out as outlined below. First, the
diluted sulfuric acid solutions were prepared and poured into the reactor.
When the experiment temperature was 65°C and higher, the acid was
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preheated in an induction plate to save time. The reactor was then
covered, the condensation circuit turned on, and the pipes were
connected to the temperature control device, already programmed at the
desired temperature. The stirring speed was then selected, and the
previously weighed bastnasite ore was poured with a funnel through one
of the openings. The stopwatch was activated. The pH readings were
noted during the duration of the experiment. Once the reaction time was
over, the necessary devices were stopped and disconnected to allow
opening the lid. The container’s content was filtered using a vacuum
filtering machine and the leachate was collected. Afterwards, the solid
remains in the reactor container were washed out with distilled water
onto the same filter paper and both were soaked with distilled water for
neutralization. These filter papers were carried to a drying oven set at
105°C for 4h. The dried residue was weighed. Some samples
precipitated white crystals a few hours after the leaching operation.
Filtration was carried out and the precipitate was once again weighed.

Experimental design

The five chosen parameters for the leaching process were: sulfuric
acid concentration, temperature, dissolution time, solid-liquid ratio and
stirring speed. Each parameter was made to have 5 levels. For example,
temperature can be varied between the levels 20, 35, 50, 65, and 80 °C.
Table 2 summarizes these parameters and their levels.

Table 2 — Factors and levels for the experimental design

Tabnuya 2 — ®akmopb! U amaribi N1aHUpPo8aHus 3KCrepumMeHma
Tabena 2 — ®akmopu U HUBOU nyiaHupara ekcriepuMmeHma

level 1 level 2 level 3 level 4 level 5
acid concentration (mol/l) 1 1,5 2 2,5 3
temperature (°C) 20 35 50 65 80
time (min) 20 50 80 110 140
solid-liquid ratio (g/1) 50 100 150 200 250
stirring speed (rpm) 40 70 100 130 160

Determining the levels of a variable requires an in-depth
understanding of the process, including the limits within which it makes
sense to range these values, and the likelihood that these values will
contribute to an optimal performance characteristic. The number of levels
chosen is an important matter, since more levels mean more accuracy
but also an increase in the number of experiments to be conducted.
Experimental design for the determination of an optimal parameter
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combination was used according to the Taguchi method (Khaw et al,
1995, pp.225-245).0ne of the advantages of the Taguchi method in
relation to the traditional methods for experimental design (such as full
factorial design) is that it allows for the analysis of a large number of
parameters ranging along a large number of levels, with the minimum of

experiments.
Table 3 — Experimental design
Tabnuua 3 — lNnaHuposaHue 3akcrnepumeHma
Tabena 3 — lNnaHupare ekcriepumeHma

experiment number ((;?QIC/:I.) temp.(°C) | time (min) S'gﬁ;m str&rir;:;]e;ed
1 1 20 20 50 40
2 1 35 50 100 70
3 1 50 80 150 100
4 1 65 110 200 130
5 1 80 140 250 160
6 1,5 20 50 200 100
7 1,5 35 80 250 130
8 1,5 50 110 50 160
9 1,5 65 140 100 40
10 1,5 80 20 150 70
11 2 20 80 100 160
12 2 35 110 150 40
13 2 50 140 200 70
14 2 65 20 250 100
15 2 80 50 50 130
16 25 20 110 250 70
17 25 35 140 50 100
18 25 50 20 100 130
19 25 65 50 150 160
20 25 80 80 200 40
21 3 20 140 150 130
22 3 35 20 200 160
23 3 50 50 250 40
24 3 65 80 50 70
25 3 80 110 100 100
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Results and discussion

The liquors collected where in a range of colors going from very
clear yellow to dark brown. In a few cases, the solution was completely
colorless.

Figure 3 — The obtained solutions in experiments 11, 13 and 25
Puc. 3 — lNonyyeHHble 8 xo0e 3KcriepuMeHma pacmeopsb!
Cnuka 3 — [JobujeHu pacmeopu y ekcriepumeHmuma 11, 13 u 25

As expected, after two or three hours, a white precipitate appeared
at the bottom of many liquor bottles. This precipitate kept on appearing
for two or three days after leaching had been carried out. The texture of
this precipitate varied significantly. Crystals were thick in some cases,
while in other cases they were extremely small, forming gels. The
existence of gels could be easily seen while filtering the precipitate
because filtering became extremely difficult and even lasted an hour or
two. The appearance of gel during filtering operations and the texture of
other filtered precipitates is given in Figure 4.

The formation of gel is a serious problem, because filtering
operations become unviable, and rare earth elements are lost. In the
collected data, the amount of the formed gel was categorized as high,
medium or low. High levels of gel meant that the filtering operation of 1l
liquor took between 1 and 2h.
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Figure 4 —Typical gel formation in Experiment. 13
Puc. 4 — TunuyHoe obpa3sosaHue zesis 8 akcriepumeHme 13
Cnuka 4 — Kapakmepucmu4yHo ¢hopmupar-e eena y ekcepumeHmy 13

The following observations can be made from the obtained results
presented in the graphs in Figure 5 to describe the effects of the reaction
parameters on the REE behavior during dissolution from the bastnasite
ore.

- Sulfuric Acid concentration: Concentration only affects the recovery
of REEs slightly. Middle and middle-low concentrations give the best
results.

- Temperature: High temperatures hinder the dissolution of REEs.
This is consistent with literature (the solubility of rare earth sulfates
increases as temperatures decrease). Middle ranged temperatures are
the best option.

- Time: Dissolution increases with time during the first hour of
leaching and remains high for longer times.

- Solid to liquid ratio: Higher solid to liquid ratios are more favorable
than low ones. This is not a common behavior for mineral dissolution.

- Stirring speed: A minimum of stirring is needed for dissolution to be
effective.
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Figure 5 — Main effects graphs for rare earth extraction from bastnasite ore by direct
leaching with sulfuric acid
Puc. 5 — Npaghuku 0CHOBHbIX 3¢bghekmo8 aKkcmpaKkuuu pedKo3eMesIbHbIX 3[1EMEHMO8 U3
gpmopkapboHama, nymem rnpsiMoz0 8bilesiaqueaHusi, ¢ MOMOU,bHO CEPHOU KUC/IOMbI
Cnuka 5 — lNpuka3 ymuuaja enagHux napamemapa ekcmpakyuje pemkux 3emarba
OupekmHumMm pacmeaparemM pyda Koje cadpxe ¢hrryopokapboHamHu MUHepar

The optimum of each factor is the level with a maximum mean; in
other words, the highest value in the main effects graphs: 2M, 35°C,
80min, 1509/l and 70rpm. No experiment has been done for this
parameter combination. However, there is a very similar experiment,
experiment number 12 (2M, 35°C, 110min, 150g/l and 70 rpm), where
the only difference is 20min longer leaching time, with high gel formation.
This means that there is danger that the optimal parameter combination
would be affected by gel, and it is, therefore, not a suitable option.
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We can also conclude that the levels chosen for each factor were
convenient, since the maximum dissolution of REEs happens in the middle
values of levels.

From all the experiments, the one with the highest average of REEs
dissolved is experiment number 3 (1M, 50°C, 80min, 150g/l and 100rpm). For
this combination, all rare earth elements except Nd and Sm dissolve to their
highest value (96.7% of cerium, 95% for praseodymium, 79.58% for
lanthanum). The average of REEs extracted is also at its highest point with
85.12%. Neodymium is most difficult to extract: the maximum dissolution occurs
for experiment 13 (2M, 50°C, 140min, 200g/l and 70rpm). Unfortunately, this
experiment produces gel. The second best value for Nd is also experiment 3
that produces no gel. Other advantages of experiment number 3 are that it
requires a minimum amount of acid, and that the dissolution of Fe is especially
low with only 2.19%.

A high amount of gel was formed in experiments 7, 12 13, 17 and 23.
What these experiments have in common is that they were all carried out at
temperatures of 35 and 50°C. Concentration does not seem to be a decisive
factor. There is gel for concentrations of 1.5, 2 and 3M. None of the 1M
experiments produced gel. The 2,5M experiments did not have gel either,
although lower and higher concentrations did cause gel formation. However,
the experiments with a concentration of 2,5M and in the range of temperatures
mentioned were performed with lower solid per liquid ratios. Most other
experiments with gel were performed with 200 to 250g/l of bastnasite ore. The
formation of gel is connected to the dissolution of silicium and silica undergo
hydrolysis. Unfortunately, experiments with gel are between those with higher
rare earth recovery ratios. Experiments 7, 12 and 13 give the three best
dissolution values for REEs after experiment 3. Although this is not studied
here, dry digestion process can be applied in order to prevent gel formation
(Davris et al, 2017, pp.115-122), (Ma et al, 2018, p.267).

The leaching process of bastnasite ore is a very complicated process were
many chemical components and mechanisms are taking place at the same
time and are guided by different driving forces. Many dissolution studies have
been carried out so far, in which the object was to understand the dissolution
behavior of individual minerals or more simple mixtures with similar dissolution
characteristics. The recovery of rare earths from Rodberg bastnasite ore with
sulfuric acid is however surrounded by many phenomena, including the
precipitation of calcium sulfate, calcite passivation, re-dissolution and re-
precipitation of gypsum and anhydrate, adsorption of rare earths by calcium
sulfate crystals and gel formation. These phenomena are influenced by factors
such as concentration and temperature to different extents. The result is an
extremely complicated system.
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Although the detailed analysis of means was in some cases not able
to provide clear trends in the dissolution of bastnasite ore, it did help
identify some of the main factors involved in the dissolution of
components and the amount of formed precipitates or solid residues.

Conclusion

Sulfuric acid leaching of Rodberg bastnasite ore from Norway
containing an average of 1.36 % REEs was studied in the direct leaching
process. The one step strategy with sulfuric acid was studied further and
the results showed that filtering difficulties do not happen for all
parameter combinations. The optimum of each factor is the level with a
maximum mean; in other words, the highest value in the main effects
graphs: 2M, 35°C, 80min, 150g/l and 70rpm.

Furthermore, the best parameter combinations were those with low
temperatures and low acid concentrations. All in all, it is a simple process
that uses the cheapest acid on the market and offers good leaching
recoveries. Attention should be given to the formation of gel, especially
when taking the process to the large scale, and the subsequent
elimination of Ca from the leachate. If these issues are solved, sulfuric
acid leaching represents the best option for processing the bastnaesite
ore. In order to solve it, dry digestion process with sulfuric acid and
subsequent leaching with water were proposed.
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BbILENAYBAHWE PEAKO3EMEJIbHbBIX SJIEMEHTOB CEPHOM
KNCNOTOUM N3 NMOPOA, COAEPXALLUMX ®dTOPKAPBEOHATDI

Cpeuko P. Ctonny, bepHd I'. Ppugpux

TexHnyeckunin yHmBepcuTeT ropoga AxeH,

MHCTUTYT MeTannypru4yecknx NpoLeccoB U peLuKMpoBaHust MeTarsos,
depepatmeHas Pecnybnvka Nepmanus

OBJNIACTb: xumn4yeckme TexHomnorum
BWO CTATbW: opurmHanbHasa Hay4yHas ctaTbs
A3bIK CTATbW: aHrnuickui

Pe3some:

B daHHOU pabome npedcmasneHbl pe3ynbmamsbi uccriedosaHull rno
pacmeopeHuo pedKo3eMesibHbIX 31eMeHmos8 u3 pyod, codepxauiux
gmopkapboHambl, € MOMOWbIO CepHOU KUCTOMbI, U ammocgepPHOM
OasneHuu. Pesynbmambl ebiWenaqyueaHusi € MOMOWbIO CepHoU
Kucriomsl okasanu, 4mo unbmposaHue 8 rpouyecce 6bibopa
pasuyHbIX napamempoe He ere4em 3a cobol HeeamueHbIX
nocnedcmeud. Hauny4wue nokazamenu bbiiu rnpu KoM6uHUpos8aHuu
napamempos ¢ Haubosiee HU3KUMU memnepamypamu U HaumMeHbwel
KoHUeHmpauueld kucriomsl. [lpsmoe ebiwenaqyueaHue npedcmaesnsiem
cobol secbma npocmol npouecc, 8 OCywecmesieHUU KOomopozo
ucnonb3yemcsi camasi 0ewesasi Kucsioma Ha pbiHke cbbima. Ocoboe
8HUMaHue criedyem ydenisimb 0b6pa3o8aHuUlo 2erid, 0CObeHHO ecru 8
meyYeHue npouecca ucrnosnb3osarncs bonbwol obbem pacmeopa, a
mak>xe Ha nocrnedyrouwee ydaneHue KabUyus U3 pacmeopa.

Krnowesbie criosa: pedko3emeribHbIe 3/IeMeHmMbl, 2udpomMemarnypausi,
gmopkapboHambI, cepHasi Kucrioma.
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PACTBAPAHE EJIEMEHATA PETKWX 3EMAJBA CYMMNOPHOM
KNCEJTMHOM M3 PYOA KOJE CAOPXE ®JTYOPOKAPEOHATHU
MWHEPATN

Cpehko P. Ctonuh, bepHd . Ppugpux

TexHun4Kkn yHnBepsuTeT Y AXeHy, VIHCTUTYT 3a NpouecHy MeTanyprujy un
peuunknvpane MeTana, CaBe3Ha Penybnuka Hemauka

OBNACT: xemujcke TexHornoruje
BPCTAUYNIAHKA: opyruHanHn Hay4yHV YnaHak
JESNK YJTAHKA: eHrnecku

Caxemak:

UcrnumueaHo je pacmeaparbe efnleMeHama pemkux 3emMasba u3 pyda Koje
cadpxe ¢briyopokapboHamHu MuHeparsi rnoMoRy CyMropHe KucesruHe npu
ammMocgbepckoM ripumucky. Pesynmamu pacmeaparba y jeOHOM KopaKy
rmomoRy cymriopHe KucernuHe roka3yjy Oa He Oona3u 00 npobrema
npunnukom ¢hunmpuparba npu u3bopy pasHux napamemapa. Hajéorbe cy
ce rnokasasie KoMbuHauuje napamMemapa C HUCKUM memrepamypama u
MarnuMm KOHUeHmpauujama KucesnuHe. [UpekmHO pacmeapare je
JjedHocmaesaH npouec y KojeM ce Kopucmu HajjecbmuHuja KucesnuHa Ha
mpxxuwmy. NocebHy naxmy mpeba obpamumu Ha hopMupaH-e 2ena,
Hapo4Yumo mokoM ripoueca ¢ seehum 3anpemMuHamMa pacmeopa, Kao U Ha
HakHalHO yKnarsaH-€ Kanuujyma u3 pacmeopa.

KrbyyHe pedu: enemeHmu pemkux 3emarba, Xxudpomemarnypeauja,
¢priyopokapboHamHu MuHepari, CyMrnopHa KucesuHa.
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Abstract:

The subject of this study was the synthesis, characterization and testing of
titanium (IV) oxide nanoparticles (TiO-NPs) and their lanthanum (La**),
iron (Fe”) and vanadium (V3+) dopants for the photocatalytic and
microbiological activity, as well as their comparison with the catalytic
activity of the tested commercial TiO, (Degussa P-25° and anatase
nanoparticles, 99.9 %, Alfa Aesar Lancaster). The TiO,-NPs
photocatalysts were synthetized and doped with different metal dopants
concentrations for different calcination durations, such as: TiO,-NPs
(anatase-NPs, calcination duration of 5 and 7 h), La* (0.65, 1,2 3, 4,5
and 6 wt. %, calcination duration of 7 h), Fe’* (1, 2.5, 3.0 and 5 wt. %,
calcination duration of 7 and 24 h), and v (10 wt. %, calcination duration
of 7 and 24 h). The Pseudomonas aeruginosa strains DV 2739 and ATCC
9023 were used as model microorganisms in the microbiological
experiments performed in a microbiological cabinet. The photocatalytic
and coupled photocatalytic-microbiological processes were performed in a
slurry-catalyst bath circulation photoreactor in the presence of direct UV
radiation simulated with a sodium lamp SONT UV400 in lab conditions.
The study has demonstrated that the catalyst sample S28, an La-dopant
with a concentration of 1wt. %, displays the best photocatalytic properties
among all La-dopants, while the best photocatalytic activity among all
catalysts was achieved in S111 sample, an Fe-dopant of titania (5 wt. %,
calcination duration of 7 h). Our results also show different degradation
rates for TiO, doped with V2 of 10.0 wt. %, samples S93 and S96,
synthetized with different duration times (7h and 24h, respectively) and
calcination heating rates (66.7 and 135 °C/h, respectively), which can be
explained by anomalies in their behavior. Finally, the best antimicrobial
activity is obtained in S24 sample, an Fe-dopant for which it was shown
that 0.25 mg/L could be toxic for microorganisms. In accordance with our
results of superior Fe-dopant characteristics and theoretical knowledge for
TiO, nanopatrticles doped with Ag, Au and Fe, we get directions for further
studies of their photocatalytic and antimicrobial activities, as well as for the
development of TiO,-nanoparticles and nanotubes for enhancing
antibiotics and their use in cancer treatment.

Keé/ words: titanium-dioxide, TiO»>-nanoparticles, TiO, doped with La*,
Fe’ and V3+, calcination duration, Pseudomonas aeruginosa strains
DV 2739 and ATCC 9023, photocatalytic activity, antimicrobial activity.

Introduction

Titanium, the ninth most abundant element in the Earth’s crust, can
be found in the form of minerals: ilmenite, rutile and titanium. In its most
stable form as titanium (V) oxide (TiO,), it can be found in three possible
crystalline forms: brookite (orthorhombic), rutile (tetragonal) and anatase
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(tetrarombic). From a photocatalytic point of view, only rutile and anatase
are relevant, the latter having the highest photocatalytic activity, as
reported by Fernandez-lbanez et al (Fernandez-lbafiez et al, 2004).
Among different options available in the market, Degussa P-25° is one of
the most efficient and tested nanomaterials, in the form of powder with a
particle size of around 25 nm, forming aggregates of several hundred
nanometers to several micrometers in the aqueous solution with a
surface of 50m?/g, consisting of 70% anatase and 30% rutile. It is well
known that TiO, with the anatase molecular structure was found to be a
superior photocatalytic material for purification and disinfection of water
and the air, as well as for the remediation of hazardous waste (Hoffmann
et al, 1995), (Fujishima et al, 2000). Nanomaterials like TiO,
nanoparticles (TiO,-NPs), smaller than approximately 100 nm in
diameter, have become a new generation of advanced materials due to
their novel and interesting optical, dielectric, and photocatalytic properties
from size quantization (Alivisatos, 1996). The challenge for the so-called
nanotechnologies is to achieve perfect control of nanoscalerelated
properties, which obviously requires correlating the parameters of the
synthesis process, such as: self-assembly, microlithography, sol-gel,
polymer curing, electrochemical deposition, laser ablation, etc. with the
resulting nanostructure (Gouadec et al, 2007). Many efforts have been
devoted to research, development and production of advanced TiO,-NPs
with controlled size, shape, and porosity for use in thin films, nanowares
and electrodes, catalysts, ceramics and composite materials. The effects
of nanometer sizes are caused by the large surface-to-volume ratio,
resulting in more atoms along the grained boundaries than in the bulk
material, which can be explained by the fact that if many particles reduce
their size, more attractive interactions between the particles become
dominant so attractive forces lead them to aggregate or agglomerate,
which results in nanoparticle aggregates (NPAs). The control of the
particle size distribution and the aggregate structure is the key criterion
for product quality considering that the desired product properties can
vary with the particle size, as well as the degree of aggregation or
aggregate structure. It has been accepted that NPs can exist in two
states within a liquid: stable, i.e. particles separate, non-adhering and
dispersed, and aggregated or flocculated, i.e. adherent and randomly
clumped (Schwarzer & Peukert, 2005). This clumping can occur due to
van der Waals attractive forces or may be caused by magnetic or other
attractions imposed by externally imposed fields. For the calculation of
the particle-particle interaction, the DLVO theory can be employed
(Hunter, 2000). Hence, it is very important to realize that the NPs being
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used in experiments, especially in a suspension or colloid form, have the
properties (e.g., size distribution) which are different from those specified
by manufactures; in experimental processes such as sonication,
autoclave, pH value, etc., the state or properties of the particles may be
changed, so it is essential that the experiments are carried out with care
(Sungkaworn et al, 2008). With the increasing use of NPs in commerce,
to date few studies have investigated the toxicological and environmental
effects of NPs. Exposure to nanoparticle substances can be an important
risk factor for human health. The sub-micron size of NPs offers a number
of distinct advantages over micro particles (MPs). NPs have in general
relatively higher intracellular uptake rate compared to MPs, which was
demonstrated in studies in which 100 nm size NPs showed 2.5 fold
greater uptakes compared to 1 mm and 6 fold higher uptakes compared
to 10 mm NPs in Caco-2 cell line, as reported by Waliszewski
(Waliszewski, 1997). Similar results were obtained when these
formulations of NPs and MPs were tested in a rat in situ intestinal loop
model. The efficiency of uptake of 100 nm sized particles was 15-250
fold greater than larger sized (1 and 10 mm) MPs (Zhang & Sun, 2004).
In this rat study, it was found that NPs were able to penetrate throughout
the sub mucosal layers while the larger size MPs were predominantly
localized in the epithelial lining. Also, TiO, or titanium could be used as
an alternative complement to conventional technology for biocides
activity via photocatalysis. It is well known that photocatalytic events
occur when the UVA/UVB with wavelengths of lower than 385nm (365 <
wavelength < 385) illumination of TiO, (band-gap energy of anatase, 3.2
eV; for rutile, 3.0 eV) and subsequent formation of electron/hole pairs are
numerous and very complex; the following electron/hole separation, the
two charge carriers migrate to the surface through diffusion and drift, in
competition with a multitude of trapping and recombination events in the
lattice bulk. The carriers are poised, at the surface, to initiate redox
chemistry with suitable pre-adsorbed acceptor and donor molecules in
competition with recombination events to vyield radioactive and
nonradioactive emissions, and/or trapping of the charge carriers into
shallow traps at lattice sites (e.g., anion vacancies, Ti**, and others).
Thus, on absorption of UV light, titanium particles yield superoxide
radical anions and hydroxyl radicals that can initiate oxidations
(Hoffmann et al, 1995).

It is also well known that thinner nanowires (NWs) may further
enhance the sensitivity of the devices owing to an increased surface-to-
volume ratio, as Chueh et al. reported (Chueh et al, 2007). This study
has shown the investigation of the RuO,/TiO, core/shell structure
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photoconductivity under the UV illumination of 256 nm (4.9 eV), which is
strong enough to excite the electron—hole pair near the band edge, and
their results suggest the potential application of NWs as interconnects
and optoelectronic devices

Photocatalytic-biological inactivation is explained by the attack of
oxygen-derived molecular species or reactive oxygen species (ROS),
especially radicals photo generated at the surface of the TiO, catalysts
like Oy, HO, and OH, although the mechanism of cell death or damage
has not been understood yet (Maness et al, 1999). Also, oxygen-derived
molecular species or reactive oxygen species (ROS) such as superoxide
(O2) and hydrogen peroxide (H,O,) are produced in cells as a result of
aerobic metabolism. Excess generation of these species can result in
damage to macromolecules such as the DNA and lipids (Maness et al,
1999). Photocatalytic TiO, nanoparticles, as showed by Xu et al. (Xu et
al, 1998) in their experimental research, have features to kill malignant
cells through a series of oxidized chain reactions and induce the
malignant cells to be stressed by ROS. Then, the cells were stressed to
death either through apoptosis or necrosis depending on the used
dosage. Finaly, photocatalytic TiO, nanoparticles can severely destruct
the cellular membrane system and cause the cellular genetic
macromolecules damage through the reactive oxygen species
accumulation within the cells, and even induce cell death. The result of
this research (Xu et al, 1998) also partly reveals the mechanism of cell
death by photocatalytic TiO, nanoparticles, which is very important for
the direction of the research and development of photocatalytic TiO,
nanoparticles in biomedical application.

Anpo (Anpo, M. 2004) reported that the nanosized anatase TiO,,
due to a large surface area and band-gap energy, showed better photo
activity than their bulk phase. However, the nanosized anatase-TiO,
transforms to the rutile structure at temperatures about 600°C and this
phase transformation of TiO, greatly reduces surface areas of the
particles (Zhang & Sun, 2004), which may result in the decrease in
photocatalytic ability of TiO,. It was found that the stability temperature of
the anatase-TiO, can be increased by doping TiO, with lanthanide ions;
so it is believed that the development of high-temperature stabilized
photocatalysts is important for immobilizing the photocatalyst on the
working objects by chemically bonding, the process of which commonly
requiresrelatively high temperatures. Zhang & Sun (Zhang & Sun, 2004)
studied the microstructure and the photocatalytic properties of lanthanide
doped TiO, prepared by a sol-gel method and they reported that La, Eu,
Gd or Yb dopants significantly inhibited the nanosized TiO, phase
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transformation of anatase-to-rutile. It was also found that transition metal
oxides are extensively employed as catalysts, because they possess
featured active centers to adsorb reaction molecules. Titania doped with
iron ions shows superior activity due to its unique half-filled electronic
configuration and shallow trapping compared to other metal dopants with
closed shell electronic configuration, which can be more effective to
influence the photo activity (Yan et al, 2015), (Liu & Zhang, 2013), (Ramli
et al, 2015), (Su et al, 2015), (Dinesh et al, 2015), (Flak et al, 2015), (Su
et al, 2012), (Wang et al, 2012). Theoretical and experimental studies
show that Fe doping can effectively reduce the trapping density and
charge recombination, resulting in drastically improved adsorption,
reported Huang et al (Huang et al, 2016).

Many studies by the authors: Heller (Heller, 1995), Ollis et al (Ollis et
al, 1991), Sitkiewitz & Heller (Sitkiewitz & Heller, 1996), Takeuchi et al
(Takeuchi et al, 2003) and Uchida et al (Uchida et al, 1993); using TiO,
photodecomposition of pollutants with the aim of developing methods to
purify water and the air have been carried out. For the bactericidal
activity, several results have been reported using TiO, powder (Cai et al,
1991), (Ireland et al, 1993), (Matsunaga & Okochi, 1995), (Watts et al,
1995) and (Wei et al, 1994), and TiO,-coated materials for this purpose
(Kikuchi et al, 1997). However, few studies have investigated the impacts
of TiO, in cancer science or in the field of oncology, as reported by
Minhua et al. (Minhua, X. et al. 1998). However, the actual factors that
control the photo catalytic activity of specific TiO, particles are still
unknown, and the detailed studies of the effects of TiO, on biological
systems in dark condition have been very rare. Cancer has been a
leading cause of human death in the world, but it is not too much known
about the biological mechanisms leading to the establishment or the
growth of malignant tumors. Many attempts have been made in recent
decades to describe the basic biological mechanisms of tumor growth.
Benign masses generally have smooth, circumscribed, and well-defined
contours, whereas malignant tumors commonly have rough, speculated,
and ill-defined contours (Sungkaworn et al, 2008). Also, Fe-doped TiO,
nanotubes (NTs) can be a potential photosensitizer for the near-visible
light driven photodynamic therapy (PDT) against cervical cancer cells
(HeLa). Fe-doped TiO, nanoparticles exhibited none or lower dark
cytotoxicity than un-doped TiO, nanotubes, which confirms their superior
biocompatibility. Under the near-visible light irradiation (~405 nm), Fe-
doped TiO, nanoparticles showed higher photo-cytotoxic efficacy than
un-doped TiO, nanoparticles, which was found to be dependent on the
nanoparticles concentration, but not on the incubation time of the cells
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after the near-visible light irradiation. The highest activity was observed in
0.70 and 1.40 wt. % Fe-TiO, nanoparticles (Flak et al, 2015).

The aim of this study is finding the optimum synergetic effects of the
synthetized type of smart TiO,-nanoparticles and their different metal dopant
concentration on photocatalytic, microbiological and antimicrobial activities
in aerobic conditions, which will give us further directions of the development
of TiO, nanoparticles for environmental and biomedical applications.

Background of the TiO,-Particle Synthesis

Many studies have been conducted on the synthesis of TiO,-
nanoparticle catalysts that will have adequate nanometres-sized effects,
as well as other relevant catalyst and electrochemical characteristics,
which can give best performances for photocatalytic, photo-
electrochemical and antimicrobial activities.

Nedeljkovic et al. (Nedeljkovi¢ et al, 1997) performed a TiO,
nanoparticles ultrasonic spray pyrolysis using a colloidal solution of
102 M TiO, at 800°C. The experimentally determined value of the mean
diameter of TiO, was 286 nm. It differed significantly from the expected
theoretical values between 132 nm and 195 nm. Jokanovic et al.
(Jokanovi¢ et al, 2004) explained the design of nanostructured hollow
sized particles during the ultrasonic spray pyrolysis method, which was in
comparison between theoretically estimated and experimentally obtained
ring thickness about 7-15 %. The mean sub particle size estimated by the
theoretical model was 4.7 nm. Depending on the type of packing, the
mean diameter of the hollow sphere was different: for hexagonal packing
- 87 nm, for cubic packing - 95 nm, which is in accordance with the
theoretical model developed by Jokanovic.

Backman et al. (Backman et al, 2004) produced nanosized TiO,
particles using flame reactors and aerosol pyrolysis. The measured
median sizes of TiO, prepared from titanium (V) tetraisopropoxide
Ti(OC3H7), were 13 nm at 600-1100°C reactor’s temperature and 22 nm
at 1100°C, respectively. The fundamental problem was the presence of
carbon in the product that is produced at 1100°C since the processes of
coalescence agglomeration and sintering are dominant at higher reaction
temperatures (1100°C), as opposed to 600°C. The desired crystalline
anatase phase of TiO, was formed at high temperature. The TEM and
BET analyses of TiO,-nanoparticles confirmed that by changing the
temperature values the surface area and phase content can be
controlled.
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Aruna et al reported a nanosized rutile TiO, particle synthesis via a
hydrothermal method without mineralizers, which contaminate the
samples and induce undesirable characteristics (Aruna et al, 2000). It is
also used for preparing two sets of titania colloids (with and without
stirring) the similar procedure by hydrothermal synthesis of titanium (IV)
isopropoxide and nitric acid with pH value of 0.5. Stirring that maintains
homogeneity in the solution during the hydrothermal process was highly
important when a homogeneous product was required. The rutile
nanocrystals of titania prepared by the hydrothermal method with a
particle size of about 20 nm have a large surface area and are relatively
stable at high temperatures.

Ahonen et al (Ahonen et al, 1999) synthetized TiO,-powders in the
aerosol pyrolysis process of the freshly-prepared and well-mixed 0.2 M
solution of titanium (V) n-butoxide in n-butanol at a temperature range
between 200 and 580°C in the air and the nitrogen atmosphere. Anatase
powder was formed at 500°C in nitrogen, and at 580°C in the air, while
the anatase to rutile transformation appeared in thermal annealing in the
air. Physico-chemical phenomena occurring during the formation of
particles were described in this paper (Ahonen et al, 1999).

The methodology for the preparation of TiO, films, based on the
process of ultrasonic spray pyrolysis using TiO, nanoparticles as a
precursor was reported by Blesic et al (BlesSi¢ et al, 2002). Blesic et al
have shown an advantage of the usage of TiO; colloids in the process of
ultrasonic spray pyrolysis. In the methodology, the growth mechanism of
the TiO, films formation is explained layer-by-layer. The compact smooth
film or a porous structure might be obtained by adjusting the substrate
temperature, and the mean diameter of particles can be adjusted
changing the concentration of the precursor and a frequency of aerosol.

Panic et al (Pani¢ et al, 2003) sythetized titanium anodes with an
active RuO, coating of two different thicknesses from the oxide
suspended in ethanol, as an "ink" method, while the oxide itself was
synthesized by the hydrolysis of ruthenium ethoxide in an ethanolic
solution (alkoxide route). The authors showed that the anodes prepared
via the alkoxide route are more active in the chlorine evolution reaction
than the anode prepared from the inorganic oxide sol, due to their larger
real surface area; it was also shown that the coating mass on the anode
does not influence significantly the anode activity in the chlorine and
oxygen evolution reaction at low over potentials. It can be explained that
more compact thick coating appears to be more active for the chlorine
evolution at higher overpotentials, due to forced micro-convections in the
pores (Panic et al, 2003).
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The sol-gel chemistry has recently been involved in a general and
powerful approach to preparing inorganic materials, as reported by
Lakshmi et al (Lakshmi et al, 1996). The sol-gel method has been
proven to be a very flexible and promising means in view of the
controlled synthesis of Au, Ag and other metal nanoparticle embedded
metal oxides, as well as relevant for photocatalytic applications, which
includes the synthesis of anatase titanium dioxide, anatase titanium
dioxide doped with La, Fe, V, Au, Ag and other photocatalytic systems.
Metal nanoparticles dopants as Ag, Cu and Au demonstrate a strong
absorption band in the visible or near IR spectrum due to plasmin
resonance. The position of the plasmin resonance band depends on the
size and shape of metallic NP, so the NP plasma resonance control can
be adjusted for a useful spectral region, e.g. for the region of the
biological tissue transparency (between ~ 650 nm — 1200 nm). In this
region, tissues (blood, bones, skin) are transparent. The metal NP is inert
in the biological media, so it can be excited by light ~ 650 nm — 1200 nm
if it were injected in the body. It allows, as reported by Huang et al
(Huang et al, 2006), carrying out the photo thermal therapy in the near-
Infrared Region by using gold-nanorods.

The great interests for antimicrobial effect research of new materials
based on the nanosized particles toward pathogens is explained by the
increase of new microbiological strains resistant to antibiotics, as well as
by the motivation to further study disinfection possibilities of new systems
based on nanosized particles. Microbes resistant to silver occur pretty
rarely in the nature, which is very important for the application of process
of TiO, photocatalysis using silver ions or silver colloids for disinfection of
microbes; therefore, the application of metallic plasmin nanoparticles
represents a promising approach to the photothermolysis of bacterial cell
or cancer cells. New materials with hybrid nanoparticles made from
metallic and wide band semiconductors TiO, and ZrO, are suggested for
medical and their environmental applications. Further research and
studies are aimed at the development of the preparation of hybrid
nanoparticles (hNPs) comprised by metal-nanoparticles (La, Fe, V, Ag,
Au, etc.) on the wide band gap semiconductors (TiO,) and the study of
antimicrobial effects against gram-negative and gram-positive bacteria in
dark, under excitation by the visible light and UV-A light. We expected
different mechanisms of hNP’s action on bacteria under light activation.
Effect of hNP’s disinfection in dark towards the bacterial films formation
will be studied in detail. The hNP’s surface modification will be developed
in vivo for biomedical applications. The administrated nanoparticles are
eliminated from the circulation within seconds to minutes through the
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reticula-endothelial system without surface modifications. Oxide
nanoparticles will be obtained by processes such as mechanic-chemical
synthesis, hydrothermal method, pyrolysis, plasma-chemical method, sol-
gel technology and precipitation methods. By using zirconium or titanium
salt of different nature and different agent-precipitated and various
dopants, one can control the structure and the surface state of oxide
nanoparticles.

It is well known that the traditional disinfection methods such as
chlorine-based technologies lead to the formation of chloroorganic
disinfection by-products (DBPs) with carcinogenic and mutagenic effects
on mammals (Richardson, 2003); so, it is important to develop advanced
disinfection processes and applications for sustainable supply of drinking
water. Marugan et al (Marugan et al, 2010) in their study are focused on
the evaluation of analogies and differences found when comparing the
TiO, photocatalytic treatment for chemical oxidation and microorganism’s
inactivation, using methylene blue and Escherichia coli as references,
respectively. The activation of both processes is based on the same
physicochemical phenomena and consequently a good correlation
between them is observed when analyzing the effect of operational
variables such as the catalyst concentration or the incident radiation flux.
Both factors influence common stages such radiation absorption and
generation of reactive oxygen species. However, different microbiological
aspects, such as osmotic stress, repairing mechanism, regrowth,
bacterial adhesion to the titania surface, etc. make disinfection kinetics
significantly more complex than the first-order profiles usually observed
for the oxidation of chemical pollutants (Marugan et al, 2010). This study
has shown that bacterial inactivation reactions are found to be extremely
sensitive to the composition of water and modifications of the catalysts in
comparison with the decolorization of the dye solutions, showing
opposite behaviors in the presence of chlorides, incorporation of silver to
the catalysts or the use of different types of immobilized TiO, systems.
The complex structure of living cells, the existence of several
mechanisms for cell regeneration, and the possibility of post-irradiation
regrowth could be considered as drawbacks when microorganism
inactivation is compared to the oxidation of chemical pollutants; it is,
therefore, particularly difficult to model the microbiological aspects
involved in the disinfection treatment process (Marugan et al, 2010).

In recent years, researchers in the field of photocatalysis have paid
more attention to the study of hybrid nanoparticle systems such as Ag
nanoparticles on the TiO, surface, which use UV-A light for the excitation
of photocatalysts. Photo induced bactericidal activity of nanostructured
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TiO,, and the deposition effect of silver and bimetallic Ag/Ni
nanoparticles on the pathophysiological properties of titanium films were
investigated. The model of microorganisms for antimicrobial activity of
films was evaluated against Pseudomonas fluorescents B-22 (gram-
negative bacteria) and Lactococcus lactic ssp. lactate 411 (gram-positive
bacteria). The silver-modified TiO, film demonstrates the highest photo
biocide efficiency, enhancing the bactericidal activity of UV light cca. 71
times, which results from the radical improvement of microorganism
adsorption and suppression of recombination of photo produced charge
carriers (Skorb, E.V. et al, 2008). Recently gold-doped TiO, (Au/TiO,)
nanocomposites have been investigated to enhance the photocatalytic
efficiency of TiO, in decomposing organic compounds and photo killing
bacteria.

Photocatalytic systems based on hybrid nanoparticles with UV
excitation are suggested for the production of new medical products.
Ag/titanium dioxide (TiO,)-coated silicon catheters were easily fabricated
with Ag nanoparticles deposition on both the inside wall and the outside
wall of TiO,-coated catheters by the TiO, photocatalysis. This is an
application of the silicon catheters coated with TiO, which possess a self-
sterilizing and self-cleaning property combined with UV light illumination
(Ohko et al, 2001). Yao et al (Yao et al, 2008) reported that similarly to
15 nmol cm™ of Ag, 99% effective sterilization occurred in a very short
time: 20 min for E. coli, 60 min for Pseudomonas aeruginosa, and 90 min
for Staphylococcus aureus; the Ag/TiO,-coated catheters possessed a
strong self-cleaning property. The photocatalytic decomposition rate of
methylene blue dye using UV illumination representing the self-cleaning
capability, on an Ag/TiO, catheter which was loaded with 2 nmolcm™? of
Ag, was similarly 1.2 times higher (at maximum) than that on the TiO,
coating alone. Furthermore, Ag nanoparticles can be pre-eminently and
uniformly deposited onto the TiO, coating, and the amount of Ag was
easily controllable from a few nanomoles per square centimeter to 70
nmolcm? by changing the UV illumination time for the TiO,
photocatalysis. This catheter type shows a great promise in lowering the
incidence of catheter-related bacterial infections (Yao et al, 2008).

Experimental

Material

Methyl-tertiary-butyl-ether (MTBE, purity = 99.5 %), hydrogen
peroxide (35%), methanol (99.8%), sodium carbonate (NaCO,),
ammonium hydroxide (NH,OH) and ethanol (all three purity grades were
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99.9%), barium hydroxide octahydrate ([Ba(OH), + 8H20], 98%),
phenolphthalein, Tryptic Soy Broth (TSB) and Caseinhydrolysate
Glucose Yeast extract Broth (Base) were obtained from Merck Millipore,
hydrogen chloride (35%) from Lachema, and sodium hydroxide from
Euro Hemija. Titanium dioxides were purchased from Alfa Aesar
Lancaster (anatase nanopowder, 99.9%) and Degussa AG Frankfurt
(TiO, powder, P-25%), and used as such. The Pseudomonas aeruginosa
strains ATCC 9023 and DV 2739 were used in the experiments
researching microbial activity and inactivity. All other chemicals used in

the synthesis of catalyst, such as LaClz+ 7H,0, FeCl;+ 6H,0, VCl;, and
TiCl, were obtained from Merck Millipore as the analytical grade.

Method

The experimental research in this study consists of the following
components:
1. Preparation of catalysts;
2. Characterization of catalysts;
3. Research of photocatalytic activities:
|  Experiments of photocatalytic activities; and
Il Coupled photocatalytic—microbiological experiments;
4. Research of microbial activity and inactivity:
| Microbial activity and inactivity of coupled photocatalytic—
microbiological experiments; and
Il Experiments of antimicrobial activities.

The commercial TiO, catalysts, as anatase nanopowder and
Degussa P-25° synthetized TiO,-nanoparticles catalysts (calcination
duration of 5 and 7h), and synthetized TiO, nanopatrticles based catalysts
doped with different concentrations of following metals: La®" (0.65, 1, 2,
3, 4, 5 and 6 wt. %), Fe** (1, 2.5, 3.0 and 5 wt. %, with calcination
duration of 7 and 24 h), and V** (10 wt. %, with calcination duration of 7
and 24 h); were tested in the photocatalytic, coupled photocatalytic-
microbiological and antimicrobial activities for different concentrations of
the MTBE water solution. These experiments were performed in a slurry-
catalyst bath circulation photoreactor in the presence of direct ultraviolet
(UV) radiation simulated with a sodium lamp SONT UV400 in lab
conditions. Also, both commercial titania (Degussa P-25° and anatase
powder, purity: 99.9 %), synthetized TiO, nanoparticles (synthesized at
550 °C with a calcination duration of 5 h), TiO, nanoparticles doped La*"
(5 wt. %, with a calcination duration of 7 h) and Fe** ions (2.5 wt. %, with
a calcination duration of 7 h) were tested in the antimicrobial activity
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experiments. TiO,-nanoparticles and their dopants catalysts were
synthetized and characterized before our experiments. Pseudomonas
aeruginosa strain ATCC 9023 was used as a model microorganism in the
coupled photocatalytic—microbiological and first antimicrobial activity
experiments, and Pseudomonas aeruginosa strain DV 2739 was used as
a model microorganism in the second antimicrobial activity experiments.
The antimicrobial activity experiments were performed in a
microbiological cabinet. The experiments are very important for the
determination of the microorganism toxicity point with TiO, nanoparticle
catalysts, i.e. the concentration at which the release of microorganisms
occurrs.

Photoreactor

The photocatalytic and coupled photocatalytic-microbiological
experiments in the MTBE water solution were tested in a bath slurry-
catalyst circular photoreactor (Fig.1). The photoreactor consisted of a 92
cm long quartz tube (inner diameter 19 cm and outer diameter 21 cm),
and slurry circulated through the system by the pump, from the storage
tank through the control valve and the reactor, and back to the storage
tank that is thermo stated at 30 °C. This set-up of the system provided
uniform distribution of the photo catalyst. The storage tank has a volume
of 2 liters, which is operational in full capacity for all experiments.

LakIP

E|E.ﬁ.':_|:||=t
—.-
{;I i — .

iy CONTROL
A PUMP T e REFLECTING

I CHARMBEEA

STORAGE TARNK

Figure 1 — Experimental apparatus for the photocatalytic and coupled photocatalytic-
microbiological experiments
Puc. 1 — 3kcnepumeHmarnsHasi annapamypa 0718 oomokKamanumu4ecKoeo u
KOMOUHaYUOHHO20 ¢homokamanumu4yHO-MUKPOBUOI02UYECKO20 SKCrepuMeHma
Cnuka 1 — EkcnepumeHmarHa anapamypa 3a ¢pomokamanumuyku U KOMbUHO8aHU
ghomokamanumu4Ko-MUKPOBUOTOWKU eKcriepuMeHm

783

Kuburovi¢, N. et al, Development of new smart metal nanomaterials based on titanium-dioxide for photocatalytic and antimicrobial activities pp.771-835



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

The ultraviolet radiation needed for the photoreaction in the
experiments was provided by a sodium lamp, SON-T UV400. The lamp
produced a photon flux of 960 pmolm”s? in two different wavelength
intervals: 380-518 nm and 540-800 nm, as well as at the local maximum
at 333 nm. The distance between the reactor and the sodium lamp was
17 cm. The reactor was in a chamber with the reflecting aluminum foil
inner walls in order to provide a uniform UV radiation pattern and
intensity for the experiments.

MTBE as a model compound

Methyl-tertiary-butyl-ether (MTBE) has been used as a high
constituent and as a replacement for the anti-knocking agent (tetra ethyl
lead) of gasoline since the late 1970s. MTBE is a colorless, transparent
and flammable liquid whose harmful effects on the environment and the
ecosystem have been confirmed over time. It is one of the most
dangerous pollutants for human health in the environment; it is frequently
detected in wastewater, groundwater, watercourses, drinking water and
the soil. The purification and bioremediation of MTBE polluted
groundwater is very slow; it is particularly difficult to treat, due to high
MTBE solubility in the water (48.000 pg/L) and its low volatility (The
Merck index, 1996), (Shaffer & Uchrin, 1997). Also, The EPA
characterized MTBE as a potential cancerogenic compound in the
environment and suggested the concentration limit of 20-40 ug/L for the
compound in drinking water (Squillace et al, 1996), (Pontius, 1998). Also,
the California Department of Health Services has adopted 5 pg/L as the
maximum MTBE concentration levels (California Code of Regulations,
1999).

Catalyst preparation

The sol-gel method was used for the synthesis of pure and doped
anatase nanopowders with iron (Fe*"), lanthanum (La*‘) and vanadium
ion (V**). Titanium (V) chloride (TiCls, 99.0% pure, Merck) was used as
the precursor in the synthesis process. Hydrogel, titanium (IV) hydroxide
Ti(OH)4, was obtained by the hydrolysis of TiCl, at 0°C with a controlled
addition of 2.5 wt. % aqueous ammonia into the aqueous solution of TiCl,
(0.3 moll/l) and a careful control of the solution’s pH value of 9.3 for pure
TiO, nanoparticles, as well as La, Fe and V-dopants of TiO,-
nanoparticles (Golubovi¢ et al, 2009a), (Gruji¢-Broj€in et al, 2014). TiCl,
is soluble in water but it experiences rigorous reaction at 20°C which can
be very important when performing this reaction at a lower temperature.
After aging in the mother liquor for 5h, the as-prepared hydrogel was
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filtered and washed out with distilled water until complete removal of
chlorine ions. The obtained Ti(OH), hydrogel was converted to its ethanol
gel by repeated exchanges with anhydrous ethanol for several times (by
repeated introduction of anhydrous ethanol). The obtained Alco gel
represents the starting point for the production of TiO, nanoparticles.
Alco gel was placed in a vessel, dried at 280°C and calcined at a
temperature of 550°C for 5, 7 and 24 h (depending of the sample types);
after that, it was converted to nanoparticles. Dopants were in the form of

chloride (LaClz+ 7H,0 and FeCl;+ 6H,0 and VCI3) and mixed with TiCl,

in the adequate ratio before hydrolysis.

The heating rate, duration of calcination for pure (S05, S06, S07,
S08, S10, S11, S99 and S102), La-doped (S16, S18, S28, S38, S40a,
S48, S52a and S64), Fe-doped (S24, S111-S112, S117-S120), V-doped
(S93 and S96) and their different wt. % of TiO, dopants samples are
specified in Table 1 at the Result and Discussion Section: Synthesis
conditions. All samples except S05, S06, S10, S99 and S102 samples
were used to test photocatalytic, microbiological and antimicrobial
activities, while these pure titania nanoparticles were used for a
comparative analysis in accordance with their temperature profile.

Characterization of the catalysts

X-Ray Power Diffraction (XRPD) was used for the identification of
the crystalline phases, the quantitative phase analysis and the estimation
of the crystallite size and strains, as explained earlier (Golubovi¢ et al,
2009a), (Grujic-BrojCin et al, 2014). The XRPD patterns for TiO,-
nanoparticles for pure samples (S07, S08 and S10) and La-dopants with
0.65 and 1 moll % of lanthanum ions (S18 and S28 samples) have been
collected on a Philips diffract meter (PW1710) employing Cu K, 2, in the
scanning range of 20 between 20 and 80" with the step size of 0.06° and
the counting time of 41 s/step. Higher La-dopants concentrations of
titanium (1V) dioxide nanoparticle patterns, such as in S52a (4 wt. %) and
S64 (6 wt. %) samples, have been collected in the same range by using
a Stoe Stadi MP diffract meter (Cu K., radiation, primary beam
germanium monochromatic linear PSD detector, Bragg-Brentano
geometry), at every 0.01°, with a counting time of 80 s/step. A full-prof
computer program was used for the structure refinements, the
quantitative phase analysis and the estimation of the average crystallite
size and strains (Rodriguez-Carvajal, 2008). The instrumental resolution
function for the size-strain analysis was obtained by parameterizing the
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profiles of the diffraction pattern of an LaBg (NIST SRM660a) standard
specimen.

The composition/quality of TiO, nanoparticles patterns of the
samples such as S06 and S11, as well as their following La-dopants
patterns ofS18, S28, S40a and S64 samples was analysed on a SEM
(JOEL JSM-6460LV, with the operating voltage of 20 keV) equipped with
the EDS (INCAXx-sight) detector and the “INAx-stream” pulse processor
(Oxford instruments).

An Atomic Force Microscope — AFM (Omicron B002645 SPM
PROBE VT AFM 25) in the contact mode was used to create an image of
the surface topology of the TiO, nanoparticles doped: La-dopant as S18
pattern and Fe-dopant S111 patterns of the samples.

The porous structure of the catalysts has been evaluated from the
adsorption/desorption isotherms of N, measured on the TiO, samples
such as S05, S06, S11, S18, S28 and S40a at 136°C using the
gravimetric McBain method. The main parameters of porosity such as the
specific surface area and the pore volume have been estimated by the
BET method and the as-plot, as reported by Kaneko et al (Kaneko et al,
1998) and the references therein. The pore size distributions have been
estimated from the experimental nitrogen sorption data by the BJH and
CPSM methods (Golubovi¢ et al, 2013), (Barrett et al, 1951).

The Raman scattering measurements of the chosen TiO,-
nanoparticles patterns of samples such as S11, S99 and S102 and their
doped patterns of samples such as S48, S93 and S96 were performed in
the backscattering geometry at room temperature in the air using a
Jobin-Yvon T64000 triple spectrometer, equipped with a confocal
microscope and a nitrogen-cooled charge coupled device detector. To
avoid local heating due to laser irradiation, the spectra have been excited
by a 514.5 nm line of Ar'/Kr" ion laser with an output power of less than
5 mW.

Measurement of photocatalytic activities

The photocatalytic activities of TiO, (commercial and synthetized
nanoparticles) and their La**, Fe*" and V** dopants were evaluated by
the degradation of the MTBE water solution. The photocatalytic
degradation of the water polluted by MTBE in lab conditions was carried
out as described in our previous research, as reported by Kuburovic et al
(Kuburovic et al, 2005, 2007, 2009) and presented at a conference
(Kuburovic & Orlovic, 2010) as a part of the Preliminary study of
photocatalytic wastewater treatments conducted in lab conditions using
water samples from the Belgrade sewage system.
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The photocatalytic activity measurement was performed in two types
of experiments: the photocatalytic experiments and the coupled
photocatalytic-microbiological experiments. The photocatalytic
experiments were carried out in the presence of TiO, (commercial and
synthetized nanoparticles) and their dopant catalysts.

The stock solution for the first experiment type (photocatalytic
experiment) was prepared by stirring 2 ml of MTBE with 8 ml of ethanol
(both Merck Millipore). The prepared stock solution was mixed with
distilled water (2L volume) from which 10 ml of water was extracted for all
photocatalytic experiments.

The stock solution for the second experiment type (coupled
photocatalytic-microbiological experiments) was prepared by stirring 1 ml
of MTBE with 9 ml of ethanol (both Merck Millipore). The prepared stock
solution was mixed with distilled water (2L volume) from which 30 ml of
water was extracted in two steps: in the first step, 10 ml of water was
extracted, added to the stock solution and mixed; in the second step, 20
ml of water solution was extracted followed by the addition of 20 ml of the
microorganism (MQO) Pseudomonas aeruginosa strain ATCC 9023 in a
concentration of 10’ CFU mL™.

The resulting water solution (in both experiments, with the MO and
without it) of MTBE was poured into the photoreactor and thus prepared
for each experiment. Each experiment began with a circulation in the
photoreactor and the burning of the UV lamp. When the photoreactor
started to work in the uniform mode, 10 minutes after the beginning, the
experiment was started with zero time. After the completion of the
experiment, the reactor was thoroughly washed and sterilized, and after
that prepared for the next experiment. The method of preparing the MO
for the coupled photo catalytic-microbiological experiments was
explained in the part entitted Measurements of the Microbiological
Growth.

The GC-MS determinations in the photocatalytic activity experiments
were carried out on an Agilent Technologies gas chromatographer
equipped with a mass detector using the headspace
(GC/MSD/Headspace — 7890A/5975C/G1888). Nitrogen was used as a
carrier gas.

The total oxigen carbon (TOC) analysis was carried out by the Astro-
Zellwenger LabToc-2100 as in the previous research the results of which
are compared in the study.

The kinetics of CO, evoultion during the photocatalytic activity
experiment for titania nanopowders Fe-dopants consisted of flushing the
CO, produced by oxygen into a flask containing a 102 M of Ba(OH),
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solution followed by titration with a 0.001 N HCI solution. Phenolphtalein
was used as an indicator.

The quantification of the bacterial cultures from all tested solutions in
microbiological activity and inactivity during the coupled photocatalytic-
microbiological experiments was carried out on the Shimatzu Cary “UV
1700” UV-VIS spectrophotometer, and for the antimicrobial activity, the
experiments were carried out on a calorimeter analog photo calorimeter,
Labtronics, India.

Measurement of the microbiological growth

The research of microbial activity and inactivity can be conducted
with the measurements of the microbiological growth using optical
density. The methodology of both experiments is presented in the text
below.

Microbial activity and inactivity of the coupled
photocatalytic—-microbiological experiments

Our research of the microorganism activity from the coupled
photocatalytic-microbiological experiments was performed on the model
microorganism (MO) Pseudomonas aeruginosa strain ATCC 9023 in the
presence and without TiO»-nanoparticles and their La, Fe and V-dopants
at the batch slurry-catalyst circular photoreactor.

The MO model was a fresh bacterial culture of around 10° CFU mL"™"
of a stationary concentration prepared by the inoculation of 100 mL
Tryptic Soy Broth (TSB) enriched with 0.6 % of Caseinhydrolysate
Glucose Yeast extract Broth (Base) (both Merck Millipore) and aerobic
incubation at 37°C under rotary shaking for 24 h. We thus obtained an
TSB enriched substrate for the experiment and the zero control samples
(ko). After that, the TSB enriched base substrate in a volume of 20 mL
was additionally enriched with a 0.5 ul/ml of the MTBE stock solution (as
the first control sample — k) and centrifuged for each experiments and
rinsed twice with sterile ultrapure water (Milli-Q, 18.2 MQ cm) before
diluting 20 mL of the resultant bacterial suspension to 2 L to prepare the
reacting suspensions, with an initial concentration of viable bacteria
around 10" CFU mL™",

The experiment started 10 minutes (contact time) after mixing the
water solution of MTBE with the 20 mL prepared MO, Pseudomonas
strain ATCC 9023 (10’ CFU mL™), testing catalysts, at the batch slurry-
catalyst circular photoreactor and switching the recirculation pump. The
photocatalytic experiments were followed during 150 minutes, depending
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on the experiment. The contact time was necessary for the habituation of
the MO on the MTBE solution and the catalyst, as well as for preparing
the uniform sodium lamp to work.

The quantification of Pseudomonas aeruginosa strain ATCC 9023
from all tested solutions has been determined on the Shimatzu Cary “UV
1700” UV-VIS spectrophotometer at 550 nm. Optical density was also
measured when each component (MTBE water solution, MO, catalyst)
was added to the MTBE water solution after mixing in the photoreactor.
In this experiment, an increase in the absorption of the solution to 648
nm was observed, as a measure of increase of the MO growth and its
microbiological activity.

Experiments of the antimicrobial activities

Pseudomonas aeruginosa strains ATCC 9023 and DV 2739 were
used as model microorganisms for the experiments on antimicrobial
activities, performed in a microbiological cabinet. Namely, Pseudomonas
aeruginosa strain ATCC 9023 was used earlier for our preliminary
research, the results of which were presented as an oral presentation by
Kuburovic (Kuburovic & Dimitrijevic-Brankovic, 2006) at the EMEC7
Conference, but they have not been published yet. After our preliminary
study, Pseudomonas aeruginosa strain DV 2739 was used in all other
experiments on antimicrobial activities.

A fresh bacterial culture of around 10° CFU mL™" of a stationary
concentration was prepared for both experiments, by the inoculation of
50 mL Triptyc Soy Broth (TSB) enriched with 0.6 % Casein hydro lysate
Glucose Yeast extract Broth (Base) (both Merck Millipore) and aerobic
incubation at 37°C under rotary shaking for 24 h. We thus obtained an
TSB enriched base substrate for the experiments and the zero control
samples (ko), which was seeded individually on the following samples:

| Premilinary research: The volume of 2.0 ml of the TSB enriched
base substrate for each of five samples was seeded with different
concentrations of the MTBE stock solution of 0.15; 0.25; 0.5; 1.0
and 2.0 pl/ml, respectively. Also, the volume of 2.0 ml of the TSB
enriched base substrate was seeded for three new samples with
the 0.5 pl/ml of MTBE stock solution with 0.1 g/L TiO, (anatase
TiO, nanoparticles, 99.9 %, Alfa Aesar Lancaster), FeCl; in a
concentration of 5 pl/ml and the catalyst-reagent system TiO, and
FeCl; in the ratio of 1:1 in the concentration of 5 pl/ml,
respectively. All such prepared samples were centrifuged for each
experiment and rinsed twice with sterile ultrapure water (Milli-Q,
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18.2 MQ cm) before diluting 2 mL of the resultant bacterial
suspension to prepare the initial concentration of viable bacteria of
around 10’ CFU mL™. We also prepared two following control
samples for each experiment: the TSB enriched base substrate
(without anything else) and the TSB enriched base substrate that
was seeded with an initial concentration of 0.50 pl/ml of the MTBE
stock solution;

Il Antimicrobial activity research: The volume of 2.0 ml of the TSB
enriched base substrate was seeded for twenty-four samples (6
samples in 4 different concentrations) with 0.5 pl/ml of the MTBE
stock solution with different concentrations of TiO, nanoparticle
catalysts such as: comercial TiO, (anatase, 99.9 %, Alfa Aesar
Lancaster) and P-25 (Degussa P-25%), synthetized as pure S11
sample and doped TiO, nanoparticles sample, S16 (La-dopant)
and S24 (Fe-dopant), as well as the catalyst-reagent system of
TiO, and FeCl; in the ratio of 1:1 in the concentration of 5 ul/ml,
respectively; each in several concentrations: 0.05, 0.10, 0.20 and
0.25 mg/L. All such prepared samples were centrifuged for each
experiment and rinsed twice with sterile ultrapure water (Milli-Q,
18.2 MQ cm) before diluting 2 mL of the resultant bacterial
suspension to prepare the initial concentration of viable bacteria of
around 10" CFU mL™". We also prepared two following control
samples for each experiment: the TSB enriched base substrate
(without anything else) and the TSB enriched base substrate that
was seeded with the initial concentration of 0.50 ul/ml of the
MTBE stock solution;

The MTBE stock solution for both experiment types was prepared by
stirring 1 ml of MTBE (Merck Millipore) with 9 ml of ultrapure water (Milli-
Q, 18.2 MQ cm) without ethanol, which gave the MTBE concentration of
0.50 ul/ml. The photo activity of the catalysts on Pseudomonas
aeruginosa strains ATCC 9023 and DV 2739 in both experiments was
investigated in a microbiological chamber illuminated sample with an UV-
A lamp at 366 nm.

The quantification of Pseudomonas aeruginosa strains ATCC 9023
and DV 2739 from all tested solutions has been performed on an analog
photocolorimeter (Labtronics, India) at 550 nm. In this experiment, a
reduction in the absorption of the solution to 648 nm was observed, as a
measure of decrease of the MO growth and their antimicrobial activity.
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Results and Discussion

Synthesis conditions

The properties of the synthetized pure and doped titanium (IV) oxide
nanoparticles by the sol-gel method synthesis determined the main of the
following parameters: the pH value in the hydrolysis process, the
precursor type, the temperature and the duration of hydrolysis (aging)
and drying, and Alco gel. The most important are the ones of the
calcination process parameters: heating rate, temperature, calcination
cooling and duration rate. Titanium (IV) chloride (TiCls;), as a cheap
compound, is the primary starting material for the commercial production
of titanium powders. The sol-gel method synthesis entails the hydrolysis
of a precursor molecule solution aiming to obtain first a suspension of
colloidal particles - the sol and then a gel composed of aggregated sol
particles, which is in the further processing thermally treated yielding to
the desired nanoparticles material. The process takes the following
direction:

TiCl; — Ti(OH); — Alco gel (1)
This reaction can be written in a chemical way as

TiCly + 4NH,OH — Ti(OH)4| + 4NH,CI (2)
Ti(OH)s — TiO, + 2H,0 (3)

The pH value of the precursor solution is a decisive factor in
controlling the final particle size and shape, the crystal phase and the
agglomeration (Zhang & Sun, 2004) due to its crucial influence on the
relative rates of hydrolysis and polycondensation. Aruna et al (Aruna, et
al, 2000) have found that the main hydrolysate in this reaction is
[Ti(OH)A(H20)s..]“™", where the amount of water varies with the relative
rates of hydrolysis and polycondensation.

The titanium monomers formed during the reaction in the precursor
solution play a significant role in the condensation process (Sun, J., et al.
2002) and in the formation of the final gel structure containing precursor
molecules (Diaz-Diez, M.A., et al, 2003). Since the intention was to
obtain TiO, nanoparticles in the anatase form, the pH value of the
solution during the hydrolysis process was chosen to be 9.3 which is in
accordance with the pH value of 9.4 used by Venz et al (Venz, P.A. et al.
2000) for the same sol state and tetra isopropyl titanate used as a
precursor. The pH value is several pH-units above the pH value where
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the zeta-potential is zero (isoelectric point), as shown by Venz et al
(Venz, P.A. et al. 2000). This is suitable for obtaining the stable sol with
the maximum reduction of particle aggregation.

Aging is a process during which the gel properties can be changed
as a result of polymerization, coarsening and phase transformation as
reported by Wang et al (Wang et al, 2012). The nano crystallite growth
presents the coalescence of small neighboring crystallites that become
oriented due to the atomic diffusion or discrete orientation attachment.
The aging conditions were the same in all experiments, with the
temperature of 0°C and the process duration of 5 h. This is in accordance
with the literature data (He, D. et al. 2007; Hari-Bala, G.Y., et al. 2006).
The influence of aging on the properties of synthetized anatase
nanoparticles was thus eliminated.

Titanium hydroxide was dried and calcined at high temperature, in
order to obtain crystalline TiO,-nanoparticles by the sol-gel method
synthesis. In our experiment, as shown by Golubovic et al (Golubovi¢ et
al, 2009a), the drying temperature was always 280°C, while the process
duration was 4 h. The influence of the calcination parameters on the
physical-chemical properties of anatase nanopowders and their dopants
was examined by changing the heating rates (55, 67.5 and 135°C/h) and
their influence of three different calcination durations (5, 7 and 24) with
the constant of the calcination temperature (550°C) and their cooling rate
(37.42°C/h). Only S07 sample was synthesized with a little different value
of the calcination temperature and the cooling rate from all other
samples, at 500°C and 37.42°C/h respectively, which can be seen in
Table 2.

Some of the sol-gel synthesis parameters for the chosen TiO,
samples (pure and doped), which are the subject of this paper are listed
in Table 1.

The temperature profiles for pure TiO.,-nanoparticles of S05, S06,
S07, S08, S10, S11, S99 and S102 samples (Table 2) were obtained,
investigated and reported earlier (S07, S08 and S10, as A2, A3 and A6
profile samples; S05 and S06, S99 and S102 with a calcination duration
of 5, 7 and 24 h, respectively): Golubovic et al (Golubovi¢ et al, 2009a),
(Golubovic et al, 2013) and Scepanovic et al (Séepanovié et al, 2010)
without S11 sample that is here for the comparison purposes.

During the sol-gel synthesis, we prepared pure and doped TiO,-
nanoparticles. Based on the presented synthesis data in Tables 1 and 2,
the models of the sample temperature profiles for pure TiO>-NPs, S05,
S06, S07, S08, S10 and S99 and their dopants are shown in the text
bellow.

792



Table 1 — Selected parameters for pure TiO2-NPs and their La**, Fe** and V** dopants
Tabnuua 1 — BbibparHbie npamempsbi Yucmbix TiOz-HY u ux La* Fe* u
Tabena 1 — OdabpaHu napamempu 3a yucme TiOz-HY-e u wuxoee La®>*, Fe** u V**

a
V?* donarmoe

donaHme
Calcination
Pure La-doped | Fe-doped | V-doped | wt. %
TiO2-NPs | TiO>-NPs | TiO>-NPs | TiO,-NPs | dopant | Heating TrC] t
rate [ C/h] [h]
S05 55 550 5
S06 55 550 7
So07 55 500 7
S08 55 550 7
S10 135 550 7
S11 55 550 5
S16 5.0 67.5 550 7
S18 0.65 67.5 550 7
S24 25 135 550 7
S28 1.0 135 550 7
S38 5.0 135 550 7
S40a 2.0 135 550 7
S48 3.0 135 550 7
S52a 4.0 135 550 7
S64 6.0 135 550 7
S93 10 67.5 550 7
S96 10 135 550 24
S99 67.5 550 7
S102 135 550 24
S111 5.0 135 550 7
S112 5.0 135 550 24
S117 1.0 135 550 7
S118 1.0 135 550 24
S119 3.0 135 550 7
S120 3.0 135 550 24

Pure and dopants of the model of the S07 sample temperature profile:

These samples were not doped, they were synthesized as S05, S06, S07
and S11 samples, all four with this temperature profile; the only
differences between the samples are that S11 sample has a shorter
calcination duration of 5 hours (than the calcinatin duration of 7 h for the
other three samples), and that only S07 sample has a lower cooling
temperature (500°C, and for the other three is 550°C)
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Table 2 — The parameters of the sol-gel process for the same TiO,-NPs samples
(Golubovié et al, 2009a), (Golubovié et al, 2013) and (Séepanovié et al, 2010). Only S11
sample has not been reported earlier
Tabnuua 2 — MNapamempbl 3071b-2e/1b rpouecca rno mem xe obpasuam TiOx-HY
(Golubovié et al, 2009a), (Golubovié et al, 2013) u (Séepanovic et al, 2010). He 6bin
onybnukosaH moribko obpasey C11
Tabena 2 — lNapamempu con-gen npouyeca 3a ucme y3opke TiO-HY-a (Golubovic et al,
2009a), (Golubovié et al, 2013) u (Séepanovié et al, 2010). Camo y3opak C11 Huje

objasrbeH paHuje
Aging Drying Calcination
Sam- o Dura- o Heat. o Cooling rate
ple tAL | TLCT | gon gy | TECT | N | e pomg | TICT | I | o)
S05 5 0 2 280 4 55 550 5 37.42
S06 5 0 2 280 4 55 550 7 37.42
S07 5 0 2 280 4 55 500 7 36.46
S08 5 0 2 280 4 55 550 7 37.42
S10 5 0 2 280 4 135 550 7 37.42
S 5 0 2 280 4 55 550 5 37.42
S99 5 0 2 280 4 67.5 550 7 37.42
5102 5 0 2 280 4 135 550 24 37.42

Pure and dopants of the model of the SO8 sample temperature profile:
e Dopants of lanthanum: S16 (wt. 5.0 %) and S18 (wt. 0.65 %)
samples;
e Dopants vanadium: S93 (wt. 10 %) sample.

Pure and dopants of the model of the S10 sample temperature profile:

e Dopants of lanthanum: S28 (wt. 1.0 %), S38 (wt. 5.0 %), S40a (wt.
2.0 %), S48 (wt. 3.0 %), S52a (wt. 4.0 %) and S64 (wt. 6.0 %)
samples;

e Dopant of iron: S24 (wt. 2,5 %), S111-S112 (wt. 5.0 %), S117-S118
(wt. 1.0 %) and S119-S120 (wt. 3.0 %) samples. The samples of
S112, S118 and S120 had a longer calcination duration of 24 h
(calcination duration of 7 h, for S111, S117 and S119 samples);

Pure and dopants of the model of the S99 sample temperature profile:
e Dopants vanadium: S93 (wt. 10 %) sample;

Pure and dopants of the model of the S102 sample temperature profile:
¢ Dopant of vanadium: S96 (wt. 10%) sample.
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The results of XRD and XRPD diffractions

The XRPD and XRD patterns of pure and some La-doped TiO,
nanopowders are shown from Figure 2 to Figure 4. The most intensive
diffraction picks can be ascribed to the anatase crystal structure (JCPDS
card 78-2486). Structure refinements have been performed by the
Rietveld method: the lattice parameters, the unit cell volume, the average
crystallite size and the average strain in the anatase and brookite phase,
and the results of the quantitative phase analysis for brookite (brookite
content) are summarized in Table 3, as partially reported earlier by
(Golubovi¢ et al, 2009a), (Golubovi¢ et al, 2013), (Gruji¢-Broj¢in et al,
2014) and (Séepanovi¢ et al, 2010). The value of the anatase a
parameter for the chosen tested samples considered and compared in
Table 3 varies around its reference value (ap = 0.378479(3) nm),
whereas the value of the c parameter is slightly lower than the reference
one (cy = 0.951237(1) nm), as reported by Grujic-Brojcin (Gruji¢-Brojcin
et al, 2014) earlier; except for the sample labeled as S96. The unit cell
volume of all samples of La-doped TiO; is also lower in comparison with
the reference value, except for the pure TiO,. The structural refinement
has revealed that the anatase crystallite size of the doped samples is
decreased from 15.0 to 17.5 nm in the pure TiO, (S06, S05 and S11,
respectively) to 12 nm in the La-doped samples. The pure TiO,-
nanoparticles strain is slightly increased with doping (Table 3). The
brookite phase is highly disordered in all samples, which is indicated with
a large value of the average strain in brookite crystallite.

The chosen XRD diffract grams of the chosen pure TiOo-
nanoparticles patterns labeled as S07, S08 and S10 are presented in
Figure 2, which has been reported earlier by Golubovic et al (Golubovié¢
et al, 2009a).

The XPRD patterns labeled as S28, S52a and S64 of anatase TiO,-
NPs doped with different wt. concentration of lanthanum (1 wt. %, 4 wt.
% and 6 wt. %, respectively) are presented from Figure 3 to Figure 5,
respectively. Figure 4 has been reported earlier by Golubovic et al
(Golubovic et al, 2009b) as a conference poster.
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Table 3 — The results of the Rietveld analyses of the samples (the unit cell parameters
and the unit volume of anatase, the average crystallite size and the average strain in the
anatase and brookite mineral forms and the content of brookite form) for pure and La and

Fe-doped TiO,-NPs (the values in the paretheses represent the estimated standard

deviations) (Golubovié et al, 2009a), (Golubovié et al, 2013), (Séepanovié et al, 2010),

(Grujic-Brojcin et al, 2014)

Tabnuua 3 — Pe3synbmambi nposedeHHO20 o memody Pumeernbda aHanusa obpa3uos
(napamempbi snemeHmapHoU siYeliku aHamasa, 8 mom yucrie ee obbema, cpedHul
pa3smep Kpucmasnnumos u cpedHsisi meepdocmb aHamasa u bpykuma u cocmas ¢hopm
b6pykuma) yucmsix u La u Fe neesuposarHbix TuO,-HY-e (3HaqyeHus 8 ckobkax
npedcmasnsom donycmumbie omkioHeHusi) (Golubovic et al, 2009a), (Golubovic et al,
2013), (Séepanovié et al, 2010), (Grujié-Brojéin et al, 2014)

Tabena 3 — Pesynmamu Pumeandose aHarnu3e y3opaka (napamempu jeduHu4He henuje
u jeduHu4He 3enpemuHe aHamaca, NnpoceYyHa geluyuHa Kpucmanuma u rnpoceyHa cuna y
MuHepasnHoj gpopmu aHamaca u bpykuma u cadpxxaj bpykumHe ¢popme) 3a Hucme u La u
Fe donupaHe TuO,-HY-e (spedHocmu y 3azpadama npedcmassbajy npoueH-eHa
cmaHdapdHa odcmynarsa) (Golubovié et al, 2009a), (Golubovié et al, 2013), (Séepanovié
et al, 2010), (Grujic-Brojéin et al, 2014)

Anatase Brookite
ﬁ,im_ \?vto poznt a (nm) ¢ (hm) Y . ng:t Strai_r31 Content g;yest. Strair_13
(10%nm) | Gy | X107 | (%) omy | ®10%)
S05 0.0 0.37873(0) | 0.9496(4) | 136.21(4) | 15.4
S06 0.0 0.37852(0) | 0.9484(1) 175
S07 0.0 0.37844(1) | 0.94838(4) 12 45 17 12 16.9
s08 | 0.0 0.37856(1) | 0.94860(4) 12 4.2 16 35 19.6
S10 0.0 0.37884(1) | 0.94980(3) 10 34 10 58 16.8
S11 0.0 0.37884(1) | 0.94980(5) | 136.31(1) | 15 3 10(2) 58 17
S18 0.65 0.37895(2) | 0.9485(1) | 136.21(2) | 12 4 42(5) 2 29
S28 1.0 0.37880(2) | 0.94780(1) | 136.01(2) | 10 5 24(3) 26 22
S40a | 2.0 0.37853(2) | 0.94908(9) | 135.99(2) | 12 8 21(1) 12 8
S48 3.0 0.37823(6) | 0.9471(3) | 135.49(5) | 12 8 21(4) 12 8
S16 5.0 0.378743) | 0.0485(1) | 136.06(2) | 12 8 22(2) 12 8
S96 10.0 0.37719 0.95266

Reference value: a, = 0.378479(3) nm, ¢, = 0.951237(1) nm, and V, = 136.26(1) (10”° nm®)
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Figure 2 — XRD diffract grams of the chosen temperature profiles of TiO, samples

(Golubovic et al, 2009a)

Puc. 2 — XRD-dughpakmoepammbi, 8bibpaHHbIX memnepamypHbix npoghureli obpa3yos

TiO2 (Golubovic et al, 2009a)

Cnuka 2 — XRD dugppakmoepamu odabpaHux memnepamypHux npoguna TuO; y3opaka
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Figure 3 — XPRD diffract gram for S28 sample
Puc. 3 — XPRD-0ughpakmozpamma obpasuya C28
Cnuka 3 — XPRD dugppakmozpam 3a y3opak C28
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Figure 4 — XPRD diffract gram for S52a sample (Golubovic et al, 2009b)
Puc. 4 — XPRD-0ugbpakmozpamma obpa3sua C52a (Golubovic et al, 2009b)
Cniuka 4 — XPRD dugppakmoepam 3a y3opak C52a (Golubovic et al, 2009b)
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Figure 5 — XPRD diffract gram for S64 sample
Puc. 5 — XPRD-0ughpakmozpamma obpasuya C64
Cnuka 5 — XPRD dugppakmoepam 3a y3opak C64
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The results of the Raman spectroscopy

In the Raman mode of synthesized pure La and V-doped TiO,-NPs,
which are the subject of this paper, the anatase Raman mode dominates
(Ohsaka et al, 1978), (S¢epanovi¢ etal, 2007): Eg (~143 cm™), Eggz)
(~198 cm™), B1q (~398 cm™), A1g+B1g (=518 cm™), and Eg(s) (~639 cm™),
as reported by Golubovic et al (Golubovi¢ et al, 2009a), (Golubovi¢ et al,
2013), Grujic-Brojcin et al (Gruji¢-Brojcinetal, 2014) and Scepanovic et al
(Séepanovi¢ etal, 2010). The Raman spectra of the chosen pure and
some La** and V** doped TiO, nanoparticles were measured at room
temperature. Some of these spectra are shown in Figure 6 and Figure 7,
as the samples labeled as S11 (pure TiO,-NP) and S48 (3 wt. %):

EQU) atter heating: pure T|02
ac -1 - -1
@ =143 5cm ,w_=10cm
ah ah

EQ(‘J before heating:

@,=144.5cm™ w =137 cm’’
b bh

A (R
/ E (R} 19(R)

A F
al Ltgcs)
Ea)

1902)
100 200 300 400 500 600
Rarnan shift [cr']

Intensity [arb. units)

519(1){ B

Figure 6 — Raman scattering spectra for S11 sample (Golubovi¢ et al, 2009b)
Puc. 6 — PamaHosckas criekmpockonusi obpa3sya C11 (Golubovié et al, 2009b)
Crniuka 6 — PamaHos pacejaHu criekmpu 3a y3opak C11 (Golubovic et al, 2009b)

On the poster at the conference presented earlier in Figures 6 and 7,
Golubovic et al (Golubovic, A. et al. 2009b) reported that the heating of
pure TiO,-nanoparticles (S11 sample) to 800°C causes redshift and
narrowing of anatase E4). The Raman mode as well as the appearance
of new Raman modes were assigned to the rutile phase. After the same
heating treatment, there are neither a drastic change of Eg4 Raman
mode in the spectra of La-doped sample labeled as S48 nor the
appearance of additional modes. Therefore, it can be concluded that
doping with La®" ions stabilizes the TiO, nanostructure in the anatase
phase at high temperature. The frequencies of the anatase modes in V-
doped TiOz,-nanoparticles shift more with different synthesis conditions,
in comparison to their counterparts, as it can been seen from the data
listed in Table 4, reported earlier (Séepanovié et al, 2010).
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Figure 7 — Raman scattering spectra for S48 sample (Golubovic et al, 2009b)
Puc. 7 — PamaHosckas criekmpockonusi obpasya C48 (Golubovic et al, 2009b)
Cnuka 7 — PamaHosu pacejaHu criekmpu 3a y3opak C48 (Golubovic et al, 2009b)

Table 4 — Frequencies of the anatase Raman modes in the pure and V-doped TiO»
nanoparticle samples
Tabnuuya 4 — Yacmoma PamaHoecko20 pexxuma 0511 amaHasa yucmbix u V-
NeeuposaHHbIx 0bpa3uoe HaHoyacmuy, TiO2
Tabena 4 — ®pekseHyuje PamaHosuX pexxumMa 3a aHamac y yucmum u V-donupaHum
TuO, HaHOYecmuyama

Raman frequencies of anatase modes (cm™)
Sample

Eqn) Eg) Big(1) A1g)*Bige) | Eg)
S93 145.3 198.4 397.0 516.5 637.7
S96 148.9 201.9 394.6 514.2 633.4
S99 143.7 197.7 396.8 518.7 639.6
S102 143.8 197.8 397.0 518.8 639.7

The Raman mode of TiOs-nanoparticles for the chosen pure and V-
doped samples, labeled as S99, S93 and S96, respectively, feature
twelve well-resolved bands at about 101, 143, 284, 305, 406, 478, 531,
699, 810, 926, 996 and 1020 cm™, as reported by Scepanovic et al
(Séepanovi¢ et al, 2010). The frequencies of these additional Raman
modes, which can be related to the presence of vanadium, are listed in
Table 5.

800




Table 5 — Frequencies of the V-related Raman modes in the V-doped anatase TiO,-NPs
Tabnuuya 5 — Yacmomesi V-cesizaHHbIx 8 PamaHO8CKOM pexxume 8 V-fieauposaHHbIX
ghazax aHamasa TiO2-NY
Tabena 5 — ®pekseHuyuje 3a V-nosesaHe PamaHose pexume y V-0onupaHoj ¢hasu
aHamac TiO,-HY-a

Raman frequencies (cm™)
Sample

1 2 3 4 5 6 7 8 9 10 11 12
V,0s 100 | 143 | 283 | 303 | 407 | 477 | 526 | 696 | - - 995 | -
S93 101 | 143 | 284 | 305 | 406 | 479 | 532 | 700 | 808 | 924 | 996 | 1017
S96 - 143 | 284 | 308 | - - - 699 | 810 | 934 | 996 | 1027

The measured values of the data from Table 4 and Table 5 have
been reported earlier by Scepanovic et al (Séepanovié et al, 2010); it has
been reported earlier that the presence of the additional Raman mode in
the spectra of doped samples unambiguously shows that vanadium ions
formed vanadium oxides (mostly V,0s) and some other vanadate
structures in V-doped nanopowders. This confirms that a higher
concentration of V in TiO, tends to stabilize V in the 5+ state
predominantly, as reported by Bhattacharyya et al (Bhattacharyya et al,
2010). However, the change in pure TiO,-nanoparticles of the Raman
modes in those samples reveals that a certain amount of vanadium ions
is introduced into the TiO, crystal lattice, which strongly depends on the
conditions of the synthesis, such as the calcination heating rate and its
duration.

The Results of the ESM

For TiO,, La and Fe dopants nanoparticles, the particle size
distributions were obtained by the elastic sphere model (ESM) and
presented in Figures 8 and 11, respectively. In Figure 8, we can see that
the mean particle size was around 12 nm for the La-dopant TiO,-
nanoparticles samples up to 4 wt. % of lanthanum ions, compared to
pure anatase. The value of the mean particle size is increased for a
higher lanthanum ion concentration.

The mean particle size was around 15.5 nm for S111 sample of Fe-
dopant of TiO, nanoparticles in a concentration of 5 wt. %, synthetized at
the calcination duration of 7 h, as shown in Figure 11, compared to the
same concentration of the La-dopant (Figure 8).
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Figure 8 — Patrticle size distributions in the pure and La-doped TiO, samples such as S11,
S28, S48 and S16 (Golubovic et al, 2009b)
Puc. 8 — PacnipedeneHue yacmuy, o paamepam 8 YucmbIxX U ieeuposaHHbIX La
obpasyax TiO2, makux kak C11, C28, C48 u C16 (Golubovic et al, 2009b)
Cnuka 8 — [Jucmpubyuuja senu4uHe Yyecmuuya y yucmum u La-donuparHum TuO»
y3opuyuma, kao C11, C28, C48 u C16 (Golubovié et al, 2009b)

The results of the Atomic Force Microscopy Measurements

The surface of the lanthanum and iron doped TiO, nanoparticles
sample labeled as S18 (0.65 wt. %) and S111 (5.0 wt. %) recorded by
the AFM in the non-contact mode is shown in Figures 9 (Golubovi¢ et al,
2009b), 10 and 12, respectively. These images are recorded on doped
La and Fe-doped TiO,-nanoparticles, previously dispersed in ethanol,
deposited on freshly cleaved highly oriented prolific graphite (HOPG).
From these images, we can observe that sample S18 consists of very
small nanocrystals of 12 nm and greater agglomerated particles. Also,
sample S111 consists of several larger nanocrystals, with a large number
of agglomerates arranged as it can be seen on its particle histogram in
Figure 11.
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Figure 9 — AFM image of S18 sample (anatase doped with 0.65 wt. % La"")
(1000 x 1000 nm)
Puc. 9 — AFM u3obpaxeHue C18 obpasua (aHama3s neauposaHHsbili ¢ 0.65 sec. % La3+)
(1000 x 1000 nm)
Cnuka 9 — AFM cnuka C18 y3opka (aHamac donupaH ca 0.65 mex.% La3+)
(1000 x 1000 nm)

Figure 10 — AFM image of an S111 anatase nanoparticle sample doped with
5 wt. % Fe® and a calcination duration of 7 h (1000 x 1000 nm)
Puc. 10 — AFM usobpaxeHue C111 obpa3ua HaHoYacmuy, amaHa3a fie2upo8aHHbIX C 5
eec. % Fe®" u epemeHem npokanueaHus - 7 4. (1000 x 1000 nm)
Cnuka 10 — AFM cnuka C111 y3opka aHamac HaHodecmuue donupaHe ca
5 mex. % Fe* u epeme mpajarba KanyuHayuje o0 7 4 (1000 x 1000 nm)
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Figure 11 — Particle histogram for the Fe-doped TiO,-NP of S111 sample
Puc. 11 — F'ucmoepamma yacmuy, obpasya C111 (Fe-donaHm TiO-HY)
Crniuka 11 — Xucmoepam yecmuuya 3a y3opak C111 (Fe-donaHm TuO2-HY-a)
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Figure 12 — AFM image of S111 sample - display at an angle
Puc. 12 — AFM usobpaxeHue obpasuya C111 — eud nod HakrnoHom
Cnuka 12 — AFM cnuka y3opka C111 — npuka3d rnod yernom
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Results of the EDS

The chemical compositions of pure and some chosen La-doped
TiO,-nanoparticles have been estimated by the EDS method, and
summarized in Table 6, which was partially reported earlier (Golubovi¢ et
al, 2013), (Grujic-Broj€in et al, 2014).

Table 6 — EDS results for pure and some chosen La-doped TiO2-NPs
Tabnuua 6 — EDS pe3ynbmamabi o yucmsiM u HekomopbiM La neauposaHHbim TiOz-HY
Tabena 6 — EDS pe3ynmamu 3a yucme u Heke uzabpaHe La donupaHe TiO,-HY-a

La EDS data
(wt. %) (0] Ti Na Cl La Total
(wt. %) | (wt. %) | (Wt.%) | (Wt.%) | (Wt.%) | (wt. %)

S06 0.0 32.72 64.54 1.84 0.90 0.0 100
S11 0.0 39.46 60.54 - - 0.0 100
S18 0.65 42.91 57.09 - - 0.0 100
S28 1.0 49.71 49.44 - - 0.85 100
S40a 2.0 44.59 53.45 - - 1.96 100
S64 6.0 41.71 52.39 - - 5.91 100

The EDS data (shown in Table 6) and the spectra of pure and La-
doped of TiO.,-nanoparticles patterns of samples have been reported
earlier by Golubovic et al. (Golubovi¢ et al, 2013), for S06 sample and
Grujic-Brojcin et al (Gruji¢-Brojcin et al, 2014), for S11, S18, S28, S40a
and S64 samples). These analyzes have shown that only S06 sample
synthesized with a calcination duration of 7 h consists of sodium (Na*)
and chlorine (CI') ions, which has not been detected in the other
observed samples, as we can see in Table 6. Golubovic et al (Golubovi¢
et al, 2013) have reported earlier that short duration of calcination may
also be the reason for a relatively high concentration of sodium (Na*) and
chlorine (CI') ions in the sample with a calcination duration of 1 h. We can
see, in Table 6, that the oxygen weight percent in the pure TiO,-
nanoparticle sample is close to stoichiometric TiO, (40.0 wt. %), and that
the percent of oxygen is higher in the La-doped samples. Based on the
data obtained from the EDS measurement method, the final molar La/Ti
ratio is lower than at the beginning of the synthesis process; which is
estimated at around 63 % of the starting value, except in the case of the
sample doped with 0.65 wt. % of La. Finally, the results also show that a
low content of La (0.65 wt. %) could not be detected in S18 sample by
the EDS method.
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Results of the BET

The porous properties of the TiO,-nanoparticles samples such as P-
25, S05, S06, S11, S18, S28 and S40a have been estimated by the BET,
BJH and CPMS methods and summarized in Table 7 which has been
partially reported earlier (Golubovi¢ et al, 2013), (Gruji¢-Broj¢in et al,
2014).

Table 7 — Porous properties of the chosen TiO, samples (P-25, S05, S06, S11, S18, S28
& S40a): specific surface area (Sget, Smeso, Smic & Spur), pore volume (V, & Vimic), mean
pore diameters obtained from different methods (Dget, Doy & Dcpsy), CPMS fitting
parameter (Ns) and the predicted tortuosity factor (z)

Tabnuua 7 — XapakmepucmuKu rnopucmout cmpykmypbl, 8bibpaHHbIx obpa3syos TiO; (P-
25, S05, S06, S11, S18, S28 u S40a): YoenbHasi nogepxHoCcMb (Sget, Smeso, Smic & SsuH),
06bem 1op (Vp U Vimic) pasnuyrbie memods! (Deer, Dgyn & Depsy), CPMS napamempei
Hacmpoduku (Ns) u koagbgpuyueHm uzsunucmocmu ()

Tabena 7 — Nopo3Ha ceojcmea o0abpaHux y3opaka TiO» (P-25, S05, S06, S11, S18, S28
u S40a): crneyucbuyHa nospwuHa (Seet, Smeso, Smic & Ssur), 3anpemuHa nopa (Vp U Vimic)
Cpedmu npeyHuyu nopa dobujeHu paznuqumum memodama (Dser, Dpjr & Depsy), CPMS
napamemap 3a nodewasar-e (Ns) u npouereHU ghakmop mopmyo3Hocmu (z)

Sample

Parameters P25 S05 S06 S11 S18 S28 S40a

(0.0) (0.0) (0.0) (0.65) (1.0) (2.0)
Sger (M’g™) 13 17 51 58 79 84 78
Smeso (Mg”) 13 17 51 -
Smic (m’g") | - - - -
Seun (m°g™) - - 58.2 79.4 83.8 78.1
V, (cm®g™) 0.024 | 0.030 |0.088 |0.160 | 0.185 0.258 0.215
Vimic (cm°g™) - - - -
Dger (nm) 7.5 7.1 6.9 7.1 6.0 7.9 7.1
Daun (nm) 7.4 6.7 6.8 7.1 6.3 7.7 7.5
Depsm (hm) 7.7 7.4 7.1 8.1 6.9 7.7 7.5
Ns 5.5 8 4 8 13 12 11
T 3.0 4.0 27 4.1 5.3 4.4 4.6

In order to investigate the effect of the chosen TiO, nanoparticles
and their lanthanum doped catalysts on the pore structure and the
adsorption ability, the nitrogen sorption isotherm measurements have
been carried out. The specific surface area (Sget) and the pore volume
(Vp) obtained by the BET method, and the mesopore diameter calculated
from both the BET and the BJH (Dget, Dgyn, respectively) for the chosen
samples can be seen in Table 7, the data of which have been shown
earlier by Golubovic et al (Golubovi¢ et al, 2013) for P-25, S05 and S06
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patterns of samples and by Grujic-Brojcin et al (Gruji¢-Broj€in et al,
2014), for S11, S18, S28 and S40a patterns of samples, respectively.

Based on the porosity parameters obtained from the standard
nitrogen adsorption isotherms determined from the o plot (Kaneko et al,
1998), we can also establish that the chosen TiO, samples are
completely mesoporous nanoparticles. The value of Sger in the La-doped
samples, S18 and S28: 79 and 84 m?g”, respectively, are higher than
those in the pure TiO, nanoparticles samples, S05, S06 and S11: 17, 51
and 58 m?g”" respectively. Also, the values of Sger for the synthesis of
TiO, nanoparticles, in the range of 17-58 ng'1 are greater than Sger of
Degussa P-25° in the value of 13 m?g". The mean pore diameters,
obtained from the BET results (¥4aDger © 4Vp = Sger) were in good
agreement with the diameters obtained by the BJH method. The most
commonly used method entitled as the BJH method for the determination
of the pore size distribution (PSD) listed in Table 7, as reported by Barrett
(Barrett et al, 1951), is estimated from the desorption branch of the
hysteresis isotherm loops. Also, the CPSM method (Salmas &
Androutsopoulos, 2001), (Androutsopoulos & Salmas, 2000) for the PSD
evaluation has been applied. In this method, the pore structure is
considered as a statistically large number of independent, non-
intersected corrugated pores, made of a series of Ng cylindrical
segments of equal length, with randomly distributed diameters of
mesopores nanoparticles (Golubovi¢ et al, 2013), (Salmas &
Androutsopoulos, 2001), (Androutsopoulos & Salmas, 2000). The CPSM
fitting parameter Ns, mentioned above, is also listed in Table 7: higher
values of Ns have been obtained for the doped samples, which can be
associated with a more complex pore structure in the doped samples
(Salmas & Androutsopoulos, 2001). As a result of the CPSM, the pore
tortuosity factor 1 is also estimated and listed in Table 7, as a measure of
diffusion through porous media based on the nitrogen sorption hysteresis
data (Golubovi¢ et al, 2013), (Salmas & Androutsopoulos, 2001). The
dependence of the tortuosity factor on the La-content in the doped
samples shows the same tendency as Ns (Gruji¢-Broj¢in et al, 2014);
higher values of T are obtained for the doped samples, with the maximum
in 818 sample with T = 5.3. This points to the most complex pore
structure consisting of interconnected pore segments with different
diameters in this sample.

Finally, we expect that the best catalytic properties of the chosen
TiO,-NPs samples are found in S11 as pure and in S28 dopant sample
that doped TiO, nanoparticles in a concentration of 1.0 mole % of La*"
ions, based on the value of the Sger in Table 7. If we compare the
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properties of S05 samples synthesized with the calcination duration of 5
h and S06 and S11 samples, whose calcination duration was 7 h, we can
determine that the catalysts calcined for 7 h have better properties. The
best properties found in S11 sample for pure TiO, nanoparticles, as seen
in Table 7, led us to choose this pure TiO, sample for photocatalytic
research and testing in our study.

Result of the photocatalytic activities

The photocatalytic activity was measured in four experiments: three
experiments of photocatalytic activities and one coupled photocatalytic—
microbiological experiment. All experiments were carried out in a bath
slurry-catalyst circular photoreactor, in dark and under direct ultraviolet
radiation simulated with a sodium SONT UV400 lamp, with the initial
concentrations of 1.00 ml/L and 0.50 ml/L MTBE in the water solution,
respectively, depending on the types of experiments.

Results of the experiments of the photocatalytic activities

The experimental investigation of the photocatalytic degradation of
MTBE was performed in three different experiments. The initial
concentration in all these experiments was 1.00 ml/L and the solutions
were thermo-stated at 30°C. All solutions were tested for 60 minutes in
the bath slurry-catalyst circular photoreactor in aerobic conditions and
their degradation rate was measured in 15-minute intervals.

The first experiment was carried out under direct UV radiation
simulated with the sodium SONT UV400 lamp in the photoreactor with
the initial concentration of 0.50 ml/L of the MTBE water solution and
different types of synthetized TiO, nanoparticles, using the following
samples of TiO, nanoparticles: SO07 (pure TiO, nanoparticles), S18, S28,
S38, S40a, S48, S52a and S64 (TiO, nanoparticles doped with La*" in
the following concentration: 0.65; 1.0; 2.0; 3.0; 4.0; 5.0 and 6.0 wt. %,
respectively) and one commercial TiO, nanoparticles catalyst (Degussa
P-25%). The concentration of all catalysts used in the experiment was 0.1
g/L. The results of the measurements of the detected reduction of the
MTBE concentration during all experiments at the GC/MSD/Headspace
are shown In Table 8.

Our results in the experiment show that the best photocatalytic
efficiency was obtained in TiO, doped with La®*" of 1 wt. %, but the fastest
drop in the polluted MTBE concentration in the water solution was
achieved in TiO, doped with La** of 3 wt. %.

808



Table 8 — Photocatalytic degradation of the MTBE initial concentration of 1.00 ml/L with
different concentrations of La-doping of TiO»>-NPs and pure TiO2>-NPs (synthetized and
commercial Degussa P-25%) in a concentration of 0.1 g/L
Tabnuua 8 — ®omokamanumuudeckas 0eepadayusi MTb3 HaYanbHOU KOHUeHmpauyuu
1,00 ml/L ¢ pasnuyHol koHUeHmpauuet La - neauposaHHbix TiO2-HY u yucmeix TiO-HY
(cuHme3uposaHo 8 KoMmep4yeckux uensx Degussa p-25° ) ¢ kKoHUeHmpauuel 0,1 g/L
Tabena 8 — ®omokamanumuyka deepadayuja MTEE noyemHe koHueHmpauyuje 00 1,00
ml/L ca paznudumom KoHyeHmpauyujom La -donuHma TiOp-HY-a u yucmux TiOx-HY-a
(cuHmemusogaHoz u KomepuyujanHo2 Degussa P-25®) Yy KoHUyeHmpauuju 00 0,1 g/L

Time Samples TiO, doped with different wt. % La*

uv S07 P25 | g18 S28 S40a S48 S52a 538 | s64
(min) 0.65) | (1.0 (2.0) (3.0) | (4.0 (5,0) | (6.0
0 1.000 | 1.000 | 1.000 1.000 | 1.000 1.000 | 1.000 1.000 | 1.000
15 - - 0.797 - - 0.184 | 0.678 0.671
30 0.659 | - 0.188 0180 | 0.198 | - 0.132 0.410
45 0.095 0062 | - - 0.225 | 0.239
60 0.093 | 0488 | - - 0122 | 0178 | 0.052 - -

The second experiment was carried out under direct ultraviolet
radiation simulated with the SONT UV400 lamp in the photoreactor with
the initial concentration of 1.00 ml/L of the MTBE water solution in
presence of the catalyst synthetized TiO,-nanoparticles doped with
different concentrations of Fe*" ions and their two calcination durations of
7 and 24 h. We tested the photocatalytic activities catalysts and their
dependence on the calcination duration of the following samples: S111 -
S112 (5 wt. %, calcination duration of 7 and 24h, respectively), S117 -
S118 (1 wt. %, calcination duration of 7 and 24h, respectively), and S119
- S$120 (3 wt. %, calcination duration of 7 and 24h, respectively), as a
photocatalytic degradation degree of MTBE in the water solution. The
carbon-dioxide evolution during the experiment is shown in Table 9 in
comparison with pure TiO,-nanoparticles: synthetized S07 catalyst
sample and commercial catalyst — Degussa P-25®, determined at the
GC/MSD/Headspace (as shown In Table 8). The concentration of all
catalysts used in the experiment was 0.1 g/L.

Our results in the second experiment show that the best
photocatalytic efficiency was found in TiO, doped with the highest
concentration of Fe*" ions dopant, 5 wt. % and the calcination duration
time of 7 h. The greatest difference in the degradation degree versus the
calcination duration is the highest concentration catalyst, and the
smallest concentration is 3 wt. % of the Fe-doped TiO, nanoparticle
catalyst.
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Table 9 — Photocatalytic degradation of MTBE as the percentage of the total CO; yield,
the initial concentration of 1.00 ml/L MTBE in the water solution with different
concentrations of Fe-doping of TiO>-NPs and pure TiO»>-NPs (synthetized and

commercial Degussa P-25%) in a concentration of 0.1 g/L

Tabnuuya 9 — ®omokamanumudeckas 0egpadayuss MTB3 kak rpoueHm obuje2o
sblbpoca CO,, ¢ HavanbHoU KoHuyeHmpauyuet 1,00 mli/L MTE3 e s0o0HOM pacmeope ¢
pasnuyHol koHuyeHmpauyuel Fe- neauposaHHbix TiOy-HY u yucmeix TiO-HY
(cuHme3uposaHo 8 KOMMepYecKux yensx Degussa p-25° ) ¢ koHueHmpauued 0,1 g/L

Tabena 9 — ®omokamanumudka Oeepadayuja MTBE-a kao npoyeHam yKyrnHoe rpuHoca
COgy, noyemHe koHyeHmpauuje 00 1,00 ml/L MTBE y sodeHom pacmeopy ca
pasnudumom KoHuyeHmpauyujom Fe-0onuHea 0d TuO2-HY-a u yucmux TuO2-HY-a
(cuHmemusogaHoz u komepuyujanHoz Degussa P-25®) y KoHUyeHmpauyuju 00 0,1 g/L

Time Samples TiO, doped with different wt. % Fe**

uv S07 | P25 | 5111 S$112 | S117 | S118 | S119 | S120
(min) (5.0) (5.0 | (1.00 |10 |30 |(3.0)

0 0.000 | 0.000 | 0.000 0.000 | 0.000 | 0.000 | 0.000 | 0.000
15 - - 0.273 0.258 |- 0.180 | 0.323 | -

30 0.341 0.550 0.486 | 0.442 | 0.402 |- 0.494
45 0.845 - 0.765 | 0.702 | 0.827 | 0.664
60 0.907 | 0.512 | 0.976 0.931 | 0.905 |0.899 | 0.928 | 0.922

The third experiment was carried out under direct UV light exposure
simulated with the SONT UV400 lamp in the photoreactor with the initial
concentration of 1.00 ml/L of the MTBE water solution in the presence of
different catalyst types of synthetized TiO, nanoparticles, using the
following samples of TiO, nanoparticles: SO07 (pure TiO>-NP), S93 and
S96 (TiO,-NPs doped with 10 wt. % V**), S28 (TiO,-NPs doped with 1.0
wt. % La"), and commercial TiO, nanoparticles (Degussa P-25%). The
results of the measurement of the detected reduction of the MTBE
concentration during the experiments were determined at the
GC/MSD/Headspace. The results of the photocatalytic degradation of
MTBE (Table 9) for the samples such as S117, S119 and S111 (TiO,-
NPs doped with 1.0, 3.0 and 5.0 wt. % Fe*, respectively, with the
duration time of 7 h for all samples) are shown for comparison in Table
10. The concentration of all catalysts used in the experiment was 0.1 g/L.
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Table 10 — Photocatalytic degradation of the MTBE initial concentration of 1.00 mi/L with
La, Fe and V-doping of TiO>-NPs and pure TiO2-NPs (synthetized and commercial
Degussa P-25%) in a concentration of 0.1 g/L
Tabnuua 10 — ®omokamanumuyeckas 0eepadauyus MTE3 Ha4YarnbHOU KOHUeHmpayuu
1,00 ml/L ¢ La Fe u V - neauposaHHbix TiOz-HY u yucmeix TiO2-HY (cunme3uposaHo &
Kommepyeckux yensx Degussa p-25° ) ¢ KoHUeHmpauued 0,1 g/L
Tabena 10 — ®omokamanumu4ka Oeegpadayuja MTBE-a noyemHe KoHUeHmpauuje oo
1,00 ml/L ca La, Fe u V-0onuHeom TuQO,-HY-a u yucmo TuO,-HY-a (cunmemu3osaHoe u
KomepuujanHoe Degussa p-25° ) y koHueHmpauuju 00 0,1 g/L

_ Samples TiO, doped La®, wt o
Tme | o o | with differentwt. %V | % Fe™, wt. %
(min) ] S93 S96 s28 | 5117 | S119 | S111
(10.0) (10.0) (1.0) 1.0) | 30 |0

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
15 - - 0.345 - - 0.777 0.727
30 0.659 - - 0.650 0.180 0.558 | - 0.450
45 - - 0.152 - 0.062 0.235 0.173 0.155
60 0.093 0.488 - - - 0.095 0.072 0.024

Our results in the experiment show that the best photocatalytic
efficiency was found in TiO, doped with La*" of 1.0 wt. % (S28 sample)
for 45 minutes, but the fastest drop in the polluted MTBE concentration in
the water solution was in TiO, doped with V** of 10.0 wt. % (sample
S93). Also, our results show different degradation rates for TiO, doped
with V** of 10.0 wt. %, S93 and S96 samples, synthetized with different
duration times (7 and 24 h, respectively). This can be explained by a
different nanomaterial structure. If we compare the results in Table 10,
we can see that the best degree of the total MTBE degradation in 60
minutes is achieved in S111 and S119 catalysts, which were doped with
3.0 and 5.0 wt. % of Fe, respectively, but their total MTBE degradation is
smaller for 45 minutes compared to the case when we used the La-
dopant of TiO,-NPs as a catalyst (S28 sample).

Resuilts of the coupled photocatalytic-microbiological experiment

The experimental investigation of the coupled photocatalytic-
microbiological degradation of MTBE was performed in one experiment.
The initial concentration in the experiment was 0.50 ml/L, and the
solutions were thermo-stated at 30°C.

The experiment was carried out under direct ultraviolet light
exposure simulated with the UV lamp in the batch slurry-catalyst circular
photoreactor in the presence of the microorganism (MO) Pseudomonas
aeruginosa strain ATCC 9023 with the initial concentration of 10’ CFU
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mL" (as explained in the following experimental part: Microbial activity
and inactivity of the coupled photocatalytic—microbiological experiment)
and with different concentrations (0.25, 0.50, 0.75 and 1.0 g/L) of
commercial TiO, nanoparticles — Degussa P-25 (Degussa P-25°, AG
Frankfurt), and without a catalyst. The results of this research are shown
in Table 11. All solutions were tested for 150 minutes in the photoreactor
and gas chromatography with a mass detector using the headspace
(GC/MSD/Headspace) has been applied in 15-minute intervals, and we
presented only three time intervals (0, 60 and 150 minutes).

Table 11 — Photocatalytic activity of the coupled photocatalytic-microbiological processes
in the first experiment
Tabnuua 11 — ®omokamanumudeckasi akmusHOCMb KOMbUHaUUOHHO20
¢homokamanu4yHo-MUuKkpobuonoau4ecKo2o npoyecca nepeozo sKcrepuMeHma
Tabena 11 — @omokamanumuyka akmueHOCm KOMBUHO8aHUX ¢homoKamaIumuy4ko-
MUKPOBUOIOWKUX fpoyeca y Npe8oM eKcriepuMeHmy

ﬁgf‘a' (Tr;”fne) I'sol. (%) | isol. (%) | lsol. (%) | IVsol. (%) | Vsol. (%) | VIsol (%)
1 0.00 | 1.000 1.000 1.000 1.000 1,000 1.000
2 60.0 | 0.371 0.308 0.512 0.664 0.325 0172
3 150.0 | 0.144 0.144 0.199 0.344 0.119 0.030

Legend (MTBE w. sol. (c=500 ml/L) + MO (c=10" CFU mL™)):

| sol: UV lamp without TiOy; 1V sol: UV lamp + TiO, (0.50 g/L);
II'sol: UV lamp + TiO, (1.0 g/L); V sol: UV lamp + TiO, (0.25 g/L);
Il sol: Dark experiment (without UV lamp); VI sol: UV lamp + TiO, (0.75 g/L).

The results in Table 11 show that the best degradation degree of
MTBE was obtained in the VI solution, when we used direct UV radiation
simulated with the sodium lamp - SONT UV400 and 0.75 g/L of TiO,
powder Degussa P-25® for 60 and 150 minutes. The results of the | and
Il solutions show that the TiO, catalyst in a concentration of 1.0 g/L
achieved the detoxification effect on the MO after 60 minutes of the
coupled process of the MTBE degradation; a better result was also
achieved when we used the lamp and TiO, powder Degussa P-25% in the
concentration of 0.25 g/L. Also, the IV solution presented that the dark
experiment (without the UV lamp and the catalyst) resulted in a higher
MTBE degradation degree than in the |, Il and IV solutions, especially in
the highest concentration as well as in the effect of aeration condition in
all experiments. These results show that TiO, and direct ultraviolet
radiation simulated with the sodium lamp - SONT UV400 inactivate and
kill microorganisms. The optical density results have proven this
assertion by measuring the microbial activity and inactivity in the coupled
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photocatalytic-microbiological experiment, which is shown in the text
bellow.

Results of the microbiological growth

The measurements of the microbiological growth for the selected
Pseudomonas aeruginosa strains (ATCC 9023 and DV 2739) were
studied in three experiments, one as the microbial activity and inactivity
in the coupled photocatalytic-microbiological experiment and two in the
experiments on antimicrobial activities. The coupled photocatalytic-
microbiological experiment was performed in the batch slurry-catalyst
circular photoreactor, in dark and under direct ultraviolet radiation
simulated with the SONT UV400 lamp. The experiments on antimicrobial
activities were carried out in the microbiological cabinet. The text below
gives the optical density values, measured during these experiments.

Results of the microbial activity and inactivity of the
coupled photocatalytic-microbiological experiment

The microbial activity and inactivity of the coupled photocatalytic-
microbiological experiment are determined by the optical density
measurement for the MTBE solutions in the colorimeter, at 550 nm. The
results are shown in Table 12.

Our results show the following characteristics of the coupled
photocatalytic-microbiological experiment:

o | solution: This experimental result shows that there has been a
linear increase in the growth of microorganisms, with the
reduction of concentration of MTBE in the water solution at 90
and 150 minutes. The reduction of the concentration of MTBE is
actually achieved owing to the combined influence of UV
radiation simulated by the sodium lamp and the MO in aerobic
conditions, which is shown in the coupled photo catalytic-
microbiological degradation of MTBE (Tab. 11) and the MO
activity (Tab. 12);

o |l solution: The experiment with direct ultraviolet radiation
simulated with the sodium lamp and the TiO, catalyst at a
concentration of 1.0 g / L in the presence of MO showed an
increase in the MO growth (30.0 min.); constant values (30.0 to
45.0) and low (45.0 to 75.0), after which a low drop in the MO
growth occurred. Also, a somewhat greater decrease in the
MTBE concentration was achieved than in the | solution at the
end of the experiment (t = 150 min); the MTBE degradation
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degree was identical in both experiments (Tab. 11); also, a
slightly lower MTBE concentration was achieved, as in
accordance with the | solution, but at the end of the experiment (t
= 150 min), the identical MTBE degradation rates in both
experiments are achieved, as shown in Table 11;

o Il solution: Our result in the dark condition experiment showed
that there has been a decrease in the MO growth to 135.0
minute, after which the MO growth increased. The effect in the
last 15-20 minutes is possible to be explained by the aerobic
conditions which caused the degradation degree of MTBE in the
water solution at the end of the experiment.

¢ |V and V solution: The results of both experiments showed a very
similar profile of the catalyst influence (inactivity of activity) with
direct artificial irradiation of the lamp on the MO in the aerobic
conditions, and a reduced MO growth at the end of both
experiments. A high degradation degree of MTBE in the water
solution was obtained in the V solution compared to the IV
solution due to a greater MO number and the catalyst
concentration, as shown in Tables 11 and 12, respectively.

e VI solution: Our experiment results showed that there was an
increase in the MO growth at the 30th minute, followed by the
MO growth reduction until the end of the experiment. This
phenomenon can be explained in the following way: in the first
15 minutes, a high concentration of the catalyst inactivated the
MO; after that, the MO accommodated to this condition and grew
in the next 15 minutes due to the feeding with MTBE in aeration
conditions. At the moment of a large decomposition of MTBE,
which is formed in the coupled process, the detoxification of the
microorganisms occurs.

By comparing the results of the | to VI solution experiments, we have
found out that the best results are achieved in the VI solution experiment
due to the excessive concentration of the catalyst, which has a large
inactivating effect on the MO. It has negatively affected the coupled
photocatalytic-microbiological processes. Therefore, the best property of
the coupled photocatalytic-microbiological experiment is achieved with
the initial concentration of 0.75 g/L Degussa P-25° TiO, nanopowder as
the maximally effective photo catalyst for our experimental conditions.
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Table 12 — Microbial growth for Pseudomonas aeruginosa strain ATCC 9023, with the
initial concentration of 10" CFU mL™ at 0.50 ml/L. of the MTBE water solution
Tabnuya 12 — Pocm MukpoopeaaHu3mos wmamma bakmeputli Pseudomonas aeruginosa
ATCC 9023 ¢ Ha4anbHoU KoHUyeHmpauueu 10" CFU mL" Ha 0,50 ml/L. soOHo20
pacmeopa MTBE3
Tabena 12 — MukpobHu pacm 3a coj bakmepuje Pseudomonas aeruginosa ATCC 9023
noyemHe koHueHmpauuje 0d 10’ CFU mL™ y eodeHom pacmeopy MTEE-a
KoHueHmpauuje 0d 0,50 mi/L

ﬁ‘z'a' (Tn'q":ne) I sol. Il sol. Msol. |IVsol. | Vsol VI sol.
1 0.00 0039 |2395 |0.043 | 1.380 1.428 1.852
2 15.0 0050 | 2436 | 0.040 1.256 1.461 1.642
3 30.0 0052 | 2659 | 0.042 1173 1403 | 2.051
4 45.0 0.041 2659 | 0.036 1.438 1.364 1.623
5 60.0 0080 | 2334 | 0.032 1.452 1.432 1577
6 75.0 0.098 | 2683 | 0.046 1.350 1.375 1.595
7 90.0 0089 |2290 |0.035 | 1.286 1.395 1.621
8 1050 | 0.099 |2232 |0026 | 1.387 1.360 1.502
9 1200 | 0.103 | 2280 |0.029 | 1.314 1.323 1.670
10 1350 | 0129 |2232 |0074 | 1.256 1.265 1.565
11 1500 | 0.104 |- 0.076 | 1.199 1.297 1.481

Legend (MTBE w. sol. (c=0.50 ml/L) + MO (c=10" CFU mL™):

I sol: UV lamp without TiOy; IV sol: UV lamp + TiO (0.50 g/L);
Il sol: UV lamp + TiO, (1.0 g/L); V sol: UV lamp + TiO; (0.25 g/L);
Il sol: Dark experiment (without UV lamp); VI sol: UV lamp + TiO2 (0.75 g/L).

Results of the experiments of antimicrobial activities

The antimicrobial activities are examined by the measurement of the
optical density for the MTBE solutions of Pseudomonas aeruginosa
strains ATCC 9023 as the model microorganism (MO) for the first
experiment. We investigated the effect of different concentrations of
MTBE (0.15, 0.25, 0.50 and 1.5 ml/L), as well as a commercial titania
catalyst (anatase, purity 99.9 %, Alfa Aesar Lancaster, c=0.1 g/L) and the
catalyst-reagent system TiO, and FeCl; (TiO,:FeCl; = 1:1, ¢=0. 1 g/L) on
the growing of the MO. The results were obtained by measuring the
optical density in the colorimeter, at 550 nm, and presented in Figure 13.
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Figure 13 — The effect of different concentrations of MTBE, catalysts and reagens on the
growth of Pseudomonas aeruginosa strain ATCC 9023
Puc. 13 — BnusiHue pa3nu4Hbix KOHUeHmpauyuti MTEO, kamanusamopa u peazeHma Ha
pocm wmamma 6bakmepull Pseudomonas aeruginosa ATCC 9023
Cnuka 13 — Ymuuaj pasnudume koHueHmpauuje MTEBE-a, kamanu3zamopa u peazeHca
Ha pacm coja 6bakmepuje Pseudomonas aerugenosa ATCC 9023

Our results showed that the highest Pseudomonas aeruginosa strain
ATCC 9023 growth was obtained with a high MTBE concentration of 1.5
ml/L. The Fenton reagent and the catalyst-reagent system of TiO, and
FeCl; in the ratio of 1:1 have a stimulation effect on the growth of
microorganisms. Finally, the best microbiological growth was achieved
with the catalyst-reagent system TiO, and FeCl; in the ratio of 1:1, which
can be explained with a coupled stimulation influence of the Fenton
reagent in a combination with anatase titania nanopowder in equal
portions. It is the best nutrition for bacteria and their growth in our
experiment.

In the second experiment, we measured the effect of different types
and concentrations of catalysts on antimicrobial activities of
Pseudomonas aeruginosa strain DV 2739, as a model microorganism.
We studied six different catalysts, such as titania nanopower catalysts:
commercial titania anatase nanopowder (A), titania power Degussa P-
25% the catalyst-reagent system of anatase TiO, and FeCl; in the ratio of
1:1 (A-Fe), synthetised nanopower TiO, (S11 sample), synthetised
nanopower TiO, doped with 2.5 wt. % of Fe** (S24 sample, duration time
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of 7h) and synthetised nanopower TiO, doped with 5.0 wt. % of La>* (S16
sample, duration time of 7 h), all in four concentrations of 0.05, 0.1, 0.2
and 0.25 mg/L. The quantified results of the measurements on the

colorimeter are shown in the following Tables (Tab. 13 to Tab. 16).

Table 13 — The effect of c=0.05 mg/L of different catalyst types on the microbial growth
for Pseudomonas aeruginosa strain DV 2739, with the initial concentration of 10° CFU
mL™" at 1.00 ml/L of the MTBE water solution

Tabnuua 13 — BnusHue ¢=0.05 mg/L pa3nuy4yHbIX Murno8 Kkamasusamopos Ha pocm
wmamma bakmepuli Pseudomonas Aeruginosa DV 2739, ¢ Ha4anbHoU KoHUeHmpauueu
10" CFU mL™" Ha 1.00 ml/L 808Ho20 pacmeopa MTE3

Tabena 13 — Ymuuaj pasnuyumux murosa kamarnu3damopa KoHueHmpauuje od 0.05
mg/L Ha MukpobHu pacm 3a cof bakmepuje Pseudomonas aerugenouse DV 2739,
noyemHe koHueHmpauuje 0d 10’ CFU mL™" y sodeHom pacmeopy MTEE-a
KoHueHmpauuje od 1,00 mi/L

0.05 mg/L catalysts

Time K (only | K4 (TSB
(h) A P-25 S11 S24 S16 A-Fe TSB base +
base) MTBE)
0 0.025 | 0.110 | 0.000 |- - 0.040 0.000 0.005
1 0.060 | 0.115 | 0.010 | 0.010 | 0.045 0.060 0.000 0.020
2 0.045 | 0.115 | 0.015 | 0.015 | 0.055 0.065 0.000 0.005
3 0.045 | 0.125 | 0.018 | 0.015 | 0.050 0.072 0.000 0.010
After 20 h, we added Pseudomonas aeruginosa strain DV 2739 (MO)
0.05 mg/L titania powder and titania based catalysts
Time K (only K4 (TSB
(h) A P-25 S11 S24 S16 A-Fe TSB base +
base) MTBE)
20 0.062 | 0.125 | 0.020 | 0.027 | 0.045 0.065 0.010 0.020
24 0.290 | 0.360 | 0275 |0.280 | 0.310 0.335 0.270 0.280
25 0.315 | 0.380 | 0270 | 0.280 | 0.310 0.320 0.270 0.280
26 0.310 | 0.370 | 0.270 | 0.280 | 0.320 0.330 0.280 0.290
27 0.310 | 0.360 | 0.270 | 0.280 | 0.310 0.330 0.290 0.295
44 0.300 | 0.360 | 0.250 | 0.275 | 0.300 0.330 0.260 0.270
47 0.280 | 0.360 | 0.260 | 0.265 | 0.310 0.325 0.250 0.265
49 0.280 | 0.360 | 0.240 | 0.270 | 0.290 0.320 0.250 0.260
51 0.280 | 0.360 | 0.255 | 0.255 | 0.300 0.320 0.255 0.260
9OW | 9255 | 0250 | 0.255 | 0255 |0.255 |0280 |0.255 |0.255
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Table 14 — The effect of c=0.10 mg/L of different catalyst types on the microbial growth
for Pseudomonas aeruginosa strain DV 2739, with the initial concentration of 10° CFU
mL™" at 1.00 mi/L of the MTBE water solution

Tabnuya 14 — Bnusa+ue ¢=0.10 mg/L pa3nu4Hbix muroe Kkamarnu3amopos Ha pocm
wmamma 6akmepuli Pseudomonas Aeruginosa DV 2739, ¢ Ha4yanbHoU KoHUyeHmpauueu
10" CFU mL™" Ha 1.00 ml/L 600Ho20 pacmeopa MTBES

Tabena 14 — Ymuuaj pasnuyumux murnosa kamarsnu3amopa koHueHmpauuje 0d 0.10
mg/L Ha mukpobHu pacm 3a coj bakmepuje Pseudomonas aerugenouse DV 2739,
rnoyemHe KOHUeHmpauuje o0 10" CFUmL™’ y 8o0eHom pacmeopy MTBE-a
KoHueHmpauuje od 1,00 mi/L

0.10 mg/L catalysts

Time K (on K (TSB

(h) A P-25 S11 S24 S16 A-Fe y base +
TSB base) MTBE)

0 0.155 0.190 | 0.032 0.015 | 0.030 | 0.175 0.000 0.005

1 0.175 0.200 | 0.040 0.030 | 0.055 | 0.207 0.000 0.020

2 0.200 0.195 | 0.055 0.040 | 0.055 | 0.210 0.000 0.005

3 0.210 0.200 | 0.055 0.035 | 0.060 | 0.220 0.000 0.010

After 20 h, we added Pseudomonas aeruginosa strain DV 2739 (MO)

0.10 mg/L titania powder and titania based catalysts

VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

Trime K (only K: (TSB
(h) A P-25 S11 S24 S16 A-Fe TSB base) RAaTSBeIS
20 0.200 0.200 | 0.055 0.033 | 0.040 | 0.195 0.010 0.020
24 0.430 0.430 | 0.320 0.300 | 0.315 | 0.440 0.270 0.280
25 0.440 0.420 | 0.310 0.280 | 0.310 | 0.430 0.270 0.280
26 0.440 0.420 | 0.320 0.290 | 0.310 | 0.460 0.280 0.290
27 0.440 0.420 | 0.310 0.310 | 0.310 | 0.450 0.290 0.295
44 0.420 0.420 | 0.310 0.280 | 0.310 | 0.470 0.260 0.270
47 0.410 0.410 | 0.300 0.275 | 0.300 | 0.430 0.250 0.265
49 0.410 0.410 | 0.290 0.285 | 0.300 | 0.440 0.250 0.260
51 0.410 0.420 | 0.310 0.290 | 0.305 | 0.440 0.255 0.260
grow | 0.255 0.230 | 0.278 0275 | 0.275 | 0.265 0.255 0.255
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Table 15 — The effect of c=0.20 mg/Lof different catalyst types on the microbial growth for
Pseudomonas aeruginosa strain DV 2739, with the initial concentration of 10" CFU mL”
at 1.00 ml/L of the MTBE water solution

Tabnuya 15 — BnusHue ¢=0.20 mg/L pa3nu4Hbix murnoe kamanu3amopos Ha pocm
wmamma bakmepuli Pseudomonas Aeruginosa DV 2739, ¢ Ha4anbHOU KoOHUeHmpauueul
107 CFU mL-1 Ha 1.00 ml/L eodHoz20 pacmeopa MTE3

Tabena 15 — Ymuuaj paznuyumux murioga kamaru3samopa KoHueHmpauuje o0 0.20
mg/L Ha mukpobHu pacm 3a coj bakmepuje Pseudomonas aerugenouse DV 2739,
rnoyemHe KoHUeHmpauuje od 10’ CFU mL™’ y sodeHom pacmeopy MTBE-a
KoHueHmpauuje od 1,00 mi/L

0.20 mg/L catalysts

Time K (only K1 (TSB

(h) Anat P-25 | S11 S24 S16 A-Fe | TSB base +
base) MTBE)

0 0.190 | 0.275 | 0.053 | 0.046 | 0.085 | 0.160 | 0.000 0.005

1 0.210 | 0.300 | 0.072 | 0.080 | 0.125 | 0.207 | 0.000 0.020

2 0.250 | 0.300 | 0.080 |0.080 | 0.125 | 0.210 | 0.000 0.005

3 0.240 | 0.300 | 0.083 |0.080 | 0.116 | 0.260 | 0.000 0.010

After 20 h, we added Pseudomonas aeruginosa strain DV 2739 (MO)

0.20 mg/L titania powder and titania based catalysts

Time K (only K1 (TSB
(h) A P-25 | S11 S24 S16 A-Fe | TSB base +
base) MTBE)
20 0.240 0.310 | 0.080 | 0.086 | 0.105 | 0.220 | 0.010 0.020
24 0.460 0.480 | 0.330 | 0.340 | 0.345 | 0.450 | 0.270 0.280
25 0.470 0.500 | 0.320 | 0.350 | 0.355 | 0.460 | 0.270 0.280
26 0.470 0.490 | 0.320 | 0.350 | 0.350 | 0.460 | 0.280 0.290
27 0.465 0.490 | 0.330 | 0.350 | 0.350 | 0.440 | 0.290 0.295
44 0.440 0.490 | 0.320 | 0.360 | 0.350 | 0.460 | 0.260 0.270
47 0.430 0.480 | 0.320 | 0.340 | 0.350 | 0.460 | 0.250 0.265
49 0.435 0.475 | 0.310 | 0.340 | 0.340 | 0.450 | 0.250 0.260
51 0.430 0.490 | 0.325 | 0.350 | 0.350 | 0.470 | 0.255 0.260
grow. | 0.240 0.215 | 0.272 | 0.304 | 0.265 | 0.310 | 0.255 0.255

819

Kuburovi¢, N. et al, Development of new smart metal nanomaterials based on titanium-dioxide for photocatalytic and antimicrobial activities pp.771-835



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

Table 16 — The effect of ¢c=0.25 mg/L of different catalyst types on the microbial c77rowth
for Pseudomonas aeruginosa strain DV 2739, with the initial concentration of 10° CFU

mL™" at 1.00 mi/L of the MTBE water solution

Tabnuya 16 — BnusaHue ¢=0.25 mg/L pa3nu4Hbix muroe Kkamarnu3amopos Ha pocm
wmamma 6akmepuli Pseudomonas Aeruginosa DV 2739, ¢ Ha4yanbHoU KoHUeHmpauueu

107 CFU mL-1 Ha 1.00 ml/L so0Ho20 pacmeopa MTES

Tabena 16 — Ymuuaj pasnuyumux murosa kamarsnu3damopa KoHueHmpauuje od 0.25
mg/L Ha mukpobHu pacm 3a coj bakmepuje Pseudomonas aerugenouse DV 2739,
rnoyemHe KOHUeHmpauuje o0 10" CFUmL™’ y 8o0eHom pacmeopy MTBE-a

KoHueHmpauuje od 1,00 mi/L

0.25 mg/L catalysts

Time K (only | K;(TSB
(h) A P-25 | S11 S24 | S16 A-Fe TSB base +
base) MTBE)
0 0.380 | 0.620 | 0.060 | 0.110 | 0.175 | 0.540 0.000 0.005
1 0.410 | 0.640 | 0.090 | 0.130 | 0.210 | 0.560 0.000 0.020
2 0.420 | 0.640 | 0.100 | 0.130 | 0.210 | 0.570 0.000 0.005
3 0.440 | 0.640 | 0.095 | 0.125 | 0.202 | 0.560 0.000 0.010
After 20 h, we added Pseudomonas aeruginosa strain DV 2739 (MO)
0.25 mg/L titania powder and titania based catalysts
Time K (only K (TSB
(h) A P-25 | S11 S24 | S16 A-Fe TSB base +
base) MTBE)
20 0.430 | 0.650 | 0.100 | 0.127 | 0.185 | 0.520 0.010 0.020
24 0.630 | 0.750 | 0.290 | 0.380 | 0.445 | 0.690 0.270 0.280
25 0.640 | 0.740 | 0.330 | 0.380 | 0.455 | 0.675 0.270 0.280
26 0.640 | 0.740 | 0.350 | 0.370 | 0.460 | 0.680 0.280 0.290
27 0.630 | 0.740 | 0.330 | 0.380 | 0.450 | 0.690 0.290 0.295
44 0.620 | 0.775 | 0.340 | 0.400 | 0.460 | 0.700 0.260 0.270
47 0.620 | 0.750 | 0.340 | 0.380 | 0.460 | 0.710 0.250 0.265
49 0.620 | 0.760 | 0.340 | 0.390 | 0.450 | 0.700 0.250 0.260
51 0.620 | 0.760 | 0.330 | 0.380 | 0.460 | 0.720 0.255 0.260
grow. | 0.240 | 0.140 | 0.270 | 0.270 | 0.285 | 0.180 0.255 0.255

The results of our experimental research of the influence of the
types and different concentrations of catalysts on the increase of the MO
growth showed the following:

1. Catalyst concentration of 0.05: The best MO growth at the
lowest catalyst concentration is obtained for the samples in
this order: S24 & S11 (identical values), then A (titania
powder anatase), P-25 (Degussa P-25®) and A-Fe (catalyst
system titania powder anatase - FeCls);
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2. Catalyst concentration of 0.10: The best MO growth at the
catalyst concentration of 0.10 g/L is obtained for the samples
in this order: S24 (titania doped Fe®'), then S11 (titania
nanopower), S16 (titania doped La*"), A, A-Fe and P-25;

3. Catalyst concentration of 0.20: The best MO growth at the
catalyst concentration of 0.20 g/L is obtained for the samples
in this order: S24, then S16, S11, A-Fe, A, and P-25;

4. Catalyst concentration of 0.25: The best MO growth at the
catalyst concentration of 0.25 g/L is obtained for the samples
in this order: S11, then S24, S16, A, A-Fe, and P-25.

Based on these results from Table 13 to Table 16, it can be
concluded that the optical density drops between 26 and 27 hours after
the start of the experiment, i.e. between 6 and 7 after adding the MO for
all concentrations, there was a decrease in optical density in all samples.
Nevertheless, S11, S16 and S24 samples showed tendencies for growth
after this fall, which suggests that these samples represent suitable
catalysts for the coupled photocatalytic-microbiological experiment. The
catalyst-reagent system of TiO,-FeCl; in the ratio of 1:1 achieved very
similar results for the 0.20 mg/L catalyst concentration. The best MO
growth was obtained in S16 for the 0.25 mg/L catalyst concentration.

Also, S11, S16 and S24 samples showed the same tendency in
contrast to the other catalysts used in which optical density increased
during the entire experiment of 0.25 mg /L. Therefore, the best
antimicrobial activity is obtained in S24 sample; it has also been shown
that 0.25 mg/L could be toxic for microorganisms, and our subsequent
research using more sophisticated instrumental techniques can confirm
it.

Correlation between the results

Correlating the parameters of the sol-gel synthesis process with the
resulting properties of nanostructure systems is necessary for the
understanding and systematic control of the nanomaterial properties and
their quality. Namely, the control of particle size distribution and
aggregate structure is the key criterion for product quality. This section
describes the influence of the variation of some synthesis parameters on
the change in the structural properties of the obtained anatase
nanoparticles, examined by XRD, Raman spectroscopy and the BET
analysis of their photocatalytic and microbiological activity. Both XRD and
Raman spectroscopy could enable more precise determination of the
average particle size, compared to AFM measurements (Golubovi¢ et al,
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2009a). In the obtained AFM images, it was not possible to detect subtle
variations in the particle size, of the order of few nanometers.

The presented results and the results reported earlier by Golubovic
et al (Golubovi¢ et al, 2009a) have shown that the properties of TiO,
nanoparticles depend on a few parameters of the sol-gel synthesis
process. The nanoparticles size and content of brookite in the produced
nanoparticles are the result of a subtle interplay between many synthesis
parameters such as the type of the precursor, the temperature and the
heating rate of the calcination process and the pH value of the
hydrothermal solution. It is important to be able to investigate partial
influence of the parameters on the efficiency of catalysts.

The influence of the calcination temperature on the anatase
nanoparticles size, as reported by Gouadec et al (Gouadec et al, 2007),
Bersani et al (Bersani et al, 1998) and Golubovic et al (Golubovi¢ et al,
2009a), shows a tendency of the particle size to increase with an
increase in calcination temperature. When all other synthesis parameters
are fixed, a higher calcination temperature leads to the formation of
larger nanoparticles, as shown by Golubovic et al. (Golubovi¢ et al,
2009a). This is confirmed by our results shown in Table 3 and Table 7.

The pH value shown can influence significantly the polymorphous
structure of TiO, nanopowders: low and neutral pH values result in the
production of TiO, nanopowders containing brookite and sometimes
rutile, while the alkali solution with a high pH value leads to the formation
of anatase nanoparticles with high stability during calcination (Ovenstone
& Yanagisawa, 1999). The pH value was set to 9.3 for the synthesis of
titania nanoparticles, pure and dopants. Based on the data shown in
Table 3, It seems that the alkali pH value is not high enough to avoid the
formation of brookite from the TiCl, precursor although the literature
suggested (Pottier, a. et al. 2001) that brookite phase was observed only
in acidic solutions.

Therefore, we fixed the parameters, such as the pH value at 9.3, in
order to obtain a single-digit result of the influence of the key parameters
on the catalytic efficiency and the microbial activity and inactivity, i.e. its
dependence on the dopant concentration, calcination duration,
calcination temperature and their free surface of the mesoporous catalyst
(Sget). Our results showed that the values of Sger in the La-doped
samples (S18 and S28), 79 and 84 m?g™, respectively, are higher than
those in pure TiO, nanoparticle samples (S05, S06 and S11), 17, 51 and
58 m?g”", respectively. It explains the best photocatalytic activity of S28
sample in Table 8. It explains that the particle size and its free surface
are the key factor for photocatalytic and antimicrobial activities. The best
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performance of S111 sample in all experiments is shown from Figure 9 to
Figure 12, as a comparison between S18 and S111 samples. When we
compare S93 and S96 samples (Table 10) synthetized using different
duration times (7 and 24 h, respectively), our results show different
degradation rate forthe TiO, doped with V3" of 10.0 wt. %, which can be
explained by the anomalies in the behavior of the photocatalyst
synthetized at higher calcination temperature. We expected that S96
sample would have higher activity than S93 sample due to its heating
rates during the calcination process (135 and 67.5°C/h, respectively). If
we compare our results from the preliminary study reported earlier
(Kuburovic et al, 2009) with the results from Table 8 to Table 10, a higher
degradation rate with a lower catalyst concentration loading can be
explained with a synergetic influence of the aerobic condition effect and a

slightly higher temperature (AT :5°C) in the photocatalytic activity

experiments. In addition, the photocatalytic and photothermolytic effects
on the degradation of MTBE in water should be considered at elevated
temperatures in aerobic conditions. The further detailed research will
explain the impact of values of the parameters of different processes in
order to obtain the optimum values for the parameters for photocatalytic,
microbiological and their antimicrobial activities.

Conclusion

Mesoporous pure as well as La, Fe and V-doped titanium (IV) oxide
nanoparticle photo catalysts prepared by the sol-gel method have been
extensively characterized by various sophisticated techniques and their
photocatalytic and antimicrobial activities tested. The photocatalytic
activity, microbiological activity and inactivity in the bath slurry-catalyst
circular photoreactor were researched in detail and gave us the
directions for a further study of titania-based catalysts.

We investigated the photocatalytic activity of titania doped with
different concentrations of lanthanum. It was shown that the best
photocatalytic efficiency was obtained with TiO, doped with La®*" of 1 wt.
% for 45 minutes, but the fastest drop in the polluted MTBE concentration
in the water solution was achieved by TiO, doped with La®* of 3 wt. %.
These results also showed the fastest drop during the photocatalytic
degradation of MTBE in the water solution in S93 sample (TiO, doped
with V** of 10.0 wt. %), and then in 28 sample (TiO, doped with La*" of
1.0 wt. %) for 45 minutes. Our results also show different degradation
rates for TiO, doped with V¥ of 10.0 wt. %, S93 and S96 samples
synthetized with different duration times (7 and 24 h, respectively) and
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calcination heating rates (66.7 and 135°C/h, respectively), which can
explain their anomalous behavior. The best photocatalytic efficiency is
achieved with S111 sample, which can be explained by its drastically
improved adsorption and superior activity of the Fe-dopant of titania
nanoparticles owing to its unique half-filled electronic configuration and
shallow trapping compared to other metal dopants tested in our study.
Our results showed that the best coupled photocatalytic-
microbiological properties are achieved when we use direct ultraviolet
radiation simulated with the sodium lamp SONT UV400 with the initial
concentration of 0.75 g/L Degussa P-25°TiO, nanopowder for 60 and
150 minutes. These results show that TiO, and direct ultraviolet radiation
simulated with the sodium lamp SONT UV400 in lab conditions and
titania in the concentration of 1.0 g/L have the effect of inactivating and
killing microorganisms. The optical density results have proven this
assertion by measuring the microbial activity and inactivity in the coupled
photocatalytic-microbiological experiment. We also studied the
antimicrobial activity of Pseudomonas aeruginosa strain DV 2739 which
was seeded with different concentrations of MTBE and catalysts. The
biggest Pseudomonas aeruginosa strain DV 2739 growth was obtained
with a high MTBE concentration of 1.5 ml/L. The Fenton reagent and the
catalyst-reagent system of TiO, and FeCl; in the ratio of 1:1 have a
stimulation effect on the growth of microorganisms. Finally, the best
microbiological growth was achieved with the catalyst-reagent system of
TiO, and FeCl; in the ratio of 1:1, which can be explained by the coupled
stimulation influence of the Fenton reagent and anatase titania
nanopowder in equal portions. It is the best nutrition for bacteria and their
growth in our experiment. In accordance with the results in the previous
experiment, we expected that the TiO, nanoparticles doped with Fe** can
give the best growth of microorganisms. It was the reason for the
research and testing different concentrations of TiO, nanoparticle
catalysts carried out in another experiment in order to obtain the optimum
concentration and type of catalyst for antimicrobial activity, as well as the
limits which microorganisms can reach to give them the best
performance for the coupled photocatalytic-microbiological experiments.
Based on these results, it can be determined that the optical density
drops between 26 and 27 hours after the start of the experiment, i.e.
between 6 and 7 after adding the MO. For all concentrations, there was a
decrease in optical density in all samples. Nevertheless, S11, S16 and
S24 samples showed tendencies for growth after this fall, which suggests
that these samples represent suitable catalysts for coupled
photocatalytic-microbiological experiments. The catalyst-reagent system
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of TiO,-FeCl; in the ratio of 1:1 achieved very similar results for the
catalyst concentration of 0.20 mg/L. The best MO growth was obtained in
S16 for 0.25 mg/L catalyst concentration. So, the best antimicrobial
activity was obtained in S24 sample; it was also shown that 0.25 mg/L
could be toxic for microorganisms, and our subsequent research using
more sophisticated instrumental techniques can confirm it. The results
showed that the effect of the optical density concentration and the MO
growth is in a direct correlation with the structure of TiO, nanoparticle
catalyst and the doper metal type.

Our results of the superior Fe-dopant characteristics together with the
theoretical knowledge on TiO, nanoparticles doped with Ag (van Grieken
et al, 2009), (Ménesi et al, 2009), Au (Huang et al, 2006) and Fe (Flak et
al, 2015) give us directions for further studies of their photocatalytic and
antimicrobial activities, as well as for the development of TiO,-
nanoparticles and nanotubes for enhancing antibiotics and their use in
the cancer treatment. Finally, in our further studies, we will research in
detail the impact of different values of the parameters of different
processes such as irradiance wavelength, light penetration and
irradiance intensity, Influence of temperature, substrate concentration
and chemical characteristics, retention time, flow, temperature and pH
value, initial concentration of the compound and the catalyst, dissolved
oxygen, optimal areas of wavelength radiation for individual phases
decomposition process, absorption and selective absorption, etc. in order
to obtain the optimum values for the parameters for photocatalytic,
microbiological and antimicrobial activities, as well as their synergetic
effects for their environmental and biomedical applications in real
conditions. All this will ultimately explain the mechanisms of these
processes.
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PA3PABOTKA HOBbIX YMHbIX METAJITTMHECKNX
HAHOMATEPWANIOB HA OCHOBE [OWOKCUMOA TWUTAHA [JIA
SOTOKATAIIMTUHECKON N AHTUMNKPOBHOW AKTUBHOCTEN

Hamawa [. KyGyposuu?, Anekcandp B. Fony6osnd®,

JunsHa M. BabuHues®

@ Eco Energy Engineering & Consulting, r. Benrpag, Pecny6nuka Cep6us
Benrpagckuin yHusepcuteT, MHCTUTYT buanyeckux nccrnegoBaHun,
OTpeneHne hu1anku TBEPOOro Tena 1 HOBbIX MaTepuaros,
r. benrpag, Pecnybnvka Cepbus

® YHusepcuTeT B r.MpuwtuHa, PakynbTeT TEXHUYECKMX Hayk,
r.Kocoscka Mutposuua, Pecnybnumka Cepbus

OBNACTb: xumu4yeckas MHXeHepus 1 MaTepuanoBeneHe,
KaTanMTuyeckme npoLecchl U KOMMNO3ULMOHHbIE MaTepuarbl

BWO CTATbW: opuruHanbHas Hay4Has ctaTbs

A3bIK CTATbW: aHrnuickmin

Pe3swome:

[Mpedmemom 0aHHO20 uccrnedosaHusi sernsiromcsi CUHMeE3,
Kraccugbukayusi U UucribimaHusi HaHoYacmuuy, mumada (I\/) okcuda (TiOy-
HY-a) u neauposanrusi naHmaHa (La3+), xernesa (Fe3+) u saHadus (V3+)
Onsi homokamanumu4yeckol u Mukpobuorioaudyeckol akmueHocmel, a
makKe cpasHeHUe C Kamanumu4yecKuM akmugHocCmuma UCrbIMaHHbIMU
8 Kommepuyeckux uensx TiO2 (P25, Degussa® u HaHoYacmuy aHamasa,
yucmombi  99,9%, komnaHuel  Alfa Aesar u3  JlaHkacmepa).
Haroyacmuupi duokcuda mumaHa bblriu CUHMEe3UpPo8aHbi U 1le2Upo8aHhb!
C pasfuyHoU KOHUeHmpauuel Memarsnnuyeckux 0onaHmos, npu
pasnuyHoll npodormkumensHoCcmu ripouecca npokasnusaHusi: TiO2-HY
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(aHamas-HY, epems npouecca npokanueaHusi 5 u 7 yacos), La3+ (0.65,
1, 2, 3, 4, 5 u 6 sec. %, NpodormKUMenLHOCMb rpoKanueaHusi 7 4yacos),
Fe3+ (1, 2,5, 3,0 u 5 sec. %, npodomkumenbHOCMb rpoKanueaHusi 7 u 24
yaca) u V3+ (10 sec. %, npodomkumenbHoCMb rpokanueaHusi 7 u 24
vaca). LLimamm ,Pseudomonas aeruginosa DV 2739“ ucnonb3osaH 8
Kayecmee  MOOe/U  MUKPOOP2aHU3MO8 8  MUKPOBUOI02UHECKUX
aKcriepuMeHmax, rnpoeedeHHbIX 8 MUKpobuoiozuyeckol riabopamopuul.
CoemecmHsbIli  npouecc ¢homokamarnuyeckux U MUKPOBUOIO2UHYEeCKUX
ucrbimarull aKcriepuMeHma rnpoe8oousiCsl 8 Kamasiu3amopHOU 8aHHE rpu
MPSIMOM  KOHUEHMPUPOBAHHOM  yiIbmpachuoriemosom  U3fyHeHuUU om
Hampueeol namrbl SONT UV 400, cumynupyrowel COHe4YHoe
usnydeHue. UccredosaHue rokasano, 4mo obpa3sely kKamasnuzamopa
C28, La-neaupyroweli npumecu ¢ KoHueHmpauued 1 eec. %, obnadaem
SlyqwiumMu - ghomokamanumu4yeckumMu  ceolicmeamu 10 CPaBHEHUD C
Opyeumu  La-OonaHmamu, 8 mo 8pewms, Kak  nydwasi
gomokamanumuyeckasi akmueHocme bbiria docmuzHyma e obpa3sue
S111, Fe-neaupyroweli npumecu Ouokcuda mumaHa (5 eec.%,
rpodormkumernibHOCMb  MpoKanueaHusi — cocmaernsgem 7 4acos).
Pe3ynbmamel Haweao uccriedo8aHusi makxe rokasanu pasudyHyto
cmeneHb Oegpadauyuu rnpu  npumeHeHuu V-OonaHma TiO, ¢
KoHyeHmpauuet 10 sec.% obpa3subi C93 u C96 bbinu cCUHMe3UpPo8aHsb!
npu pasnu4Hol npodormkumenbHocmu rpokasnueaHusi (67.5 u 135 oC/,
r1oo4YepedHo), Ymo MOXHO cHumame aHomanuel 6 ux rosedeHuu. U
HaKoHey, fyqwasi aHmuMUKpobHasi akmueHOCMb rorflydeHa 68 obpasue
CS24, Fe-neaupyrowjed npumecu, komopasi rnokasarna, ymo 0,25 ma/n
67159€emCsl MOKCUYHbIM 0711 MUKPOOopaaHu3mMos. Pesyrnbmambi Hauwezo
uccrnedogaHuss O PEUMYUECMBEHHbIX  XapaKmepucmukax Fe-
neaupyrowieli MpuMecuU U MmeopemuvyecKue 3HaHus O HaHoYacmuuax
TiO2, nezuposaHHbix Ag, Au u Fe, 6e3ycrioeHo obriecyam
uccrnedosamernsim OarnbHelwyro pabomy 8 u3yyeHuu
ghomokamanumu4eckol U aHMUMUKPOBHOU akmueHocmel, a makxke
passumusi HaHodacmuy, TiO2 u HaHOMpPybOK, C UESIbK  YCUeHUs
Oelicmeusi aHMUOUOMUKO8 U UX [PUMEHEHUsI rpu  JiedeHuU
OHKOJs102U4ecKux 3abornesaHud.

Knrouesbie cnosa:  duokcud mumaHa, TiO2-HaHoyacmuupl, TiO2
neauposanHbie La®, Fe** u V**, npodomkumensHocms npokanusaHus,
wrtammbl Pseudomonas aeruginosa DV 2739 u ATCC 9023,
ghomokamanumudeckasl aKmueHoCcmb, aHMUMUKpobHasi
aKmueHoCMkb.
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PA3BOJ HOBUX NMAMETHUX METAINMHNX HAHOMATEPWUJAJIA HA
BA3N  TUTAHWIYM-ONOKCUOA 3A ODOTOKATAIINTUYKY WU
AHTUMWKPOBHY AKTVMBHOCT

Hamawa [. Ky6yposuh®, Anexcandap B. Fony603mh6,
JburbaHa M. BabuHues®
@ Eco Energy Engineering & Consulting, Beorpag, Peny6nuka Cp6uja
6YHMBepsMTeT y Beorpagy, UHcTuTyT 3a domnsmky, LleHTap 3a dmsmky uspcror
cTawa 1 HoBe MmaTepujane, beorpag, Penybnuka Cpbuja
® YHuBepauteT y MpUiLTuHM, GakynteT TEXHUYKMX HaykKa,
KocoBscka Mutposuua, Penybnvka Cpbuja

OBNACT: xeMujcko MHXEHEPCTBO N UHXEHEPCTBO MaTepujana,
KaTanuTUyK1 NPOLEeCcH 1 KOMMO3UTHU MaTepujanu

BPCTA YJTAHKA: opyrHanHu Hay4Hu YnaHak

JESNK YJTAHKA: eHrneckm

Caxemak:

lMpedmem oee cmyduje buna je cuHmesa, Kapakmepusauyuja u
mecmupare HaHodyecmuua mumarujym (IV) okcuda (TiOxr-HY-a) u
UX08UX doraHama naHmana (La>*), eeoxha (Fe’+) u eanadujyma (V')
3a (homokamanumuyKy U MUKPOBUOIOWKY aKmueHOCT, Kao U HUXO080
rnopehewe ca KamanuMUYKuM — aKmueHoCcmuMma  mecmupaHux
komepuyujanHux TiO, (Jeayca [1-25° u HaHoyecmuua aHamaca, yucmohe
99,9%, Anga Aecap u3 JlaHkecmepa). TumaHujym-duokcud
HaHoyYecmuue cy cuHmemu3ogaHe U OonupaHe  pPasIuUYUMUM
KOHUeHmpauyujama memarsnHux dornaHama, moKoM pasudumoa mpajar-a
kanuyurnayuje, kao wmo cy: TiOxHlNc (aHamac-Hllc, epeme mpajar-a
KkanuuHauuje 0d 5 u 7 h), La>* (0.65, 1, 2, 3, 4, 5 u 6 mexuHckux %, ca
mpajarbeM KanyuHayuje od 7 h), Fe** (1, 2,6, 3,0 u 5 mexuHckux %, ca
mpajarbemM KanyuHauuje o0 7 i 24 h) u Vet (10 mexuHckux %, ca
mpajarbem KanyuHauuje o0 7 u 24 h). Cojesu ,,Pseudomonas aeruginosa
DV 2739 u ATCC 9023” kopuwheHu cy kao MoOesl MUKpoopeaHu3ama y
MuKpobuosiowkom Oefly ekcriepuMeHama Koju cy u3gedeHu y
MUKpOBUOTIOWKOM  KabuHemy. 3ajedHudku  ¢homokamanumuyku U
MUKPOOBUOITIOWKU rpoyecu u3sedeHuU cy y UUPKYyrapHoOM ¢bomopeakmopy
ca eMyrneogaHUM KamarnusamopoMm y rpucycmey OupekmHoz YB
3paverba cumynupaHoe Hampujymoeom samrom L,SONT UV400’.
Cmyduja je nokasana Oa y3opak Kamanuzamopa C28, Jla-OonaHma ca
KOHUeHmpauujom 00 jeOHo2 mexuHckoe %, rokasyje Hajbéorbe
gomokamarnumuyke ocobuHe 00 ceux La-OonaHama, anu Hajéosby
ghomokamanumuy4Ky akmueHocm 00 C8ux Kamarsu3amopa rnocmuzgHym je
k0od C111 y3opka, Fe-OonaHma (5 mexXuHCcKux %, mpajaHje KanyuHayuje
00 7 h). Hawu pe3ynmamu makohe moka3yjy pasiu4umu cmerneH
Oeepadauyuje kada je kopuwheH V-donaHm TiO, y koHueHmpauuju 00 10
mexuHckux %, ysopuu C93 u C96, cuHmemucaHu ca pasnuqumum
mpajareM KanuuHauuje (7 u 24 h) u 6p3uHoM 3azpesar-a MOKOM
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KanyuHayuje (67,5 i 135 oC/h, pedom), wmo ce Moxe objacHumu
aHomMarsujoM y HUX080M roHawaky. KoHayHo, Hajborba aHmuMUuKpobHa
akmueHocm 0obujeHa je kopuliherem y3opka S24, Fe-OonaHma, Koju je
nokasao O0a KoHueHmpauuja o0 0,25 mg/L moxe bumu moOKcu4yHa 3a
MUKpoOpeaHusme. Y cknady ca Hawum pesynimamuma CyrnepuopHUX
Kapakmepucmuka Fe-0onaHma u meopujcKux 3Harba 3a HaHo4Yecmuue
TiO, donupaHux Ag, Au u Fe, dowrno ce 0o cmepHuua 3a Oarba
ucmpaxuearba HUX08e  homokamanumuyke U  aHMUMUKPOBHe
aKmueHoCmu, Kao U 3a pa3soj mumaHujym-0uoKcud HaHodecmuuya u
HaHomyba 3a yHarnpehewe aHmubuomuka u HUxo8y yriompeby y
Jieqerby paka.

Kbyuyne peuu: mumanujym-0uokcud, TiO,-HaHoyecmuue, TiO,
donupax ca La*, Fe** u V*, mpajame kanyuHauuje, Cojesu
Pseudomonas  aeruginosa DV 2739 u ATCC 9023,
¢homokamanumuyka akmueHocm, aHmumMukpobHa akmugHocm.
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Abstract:

The (multiple) photoionization and subsequent fragmentation of the Cg
molecule was studied with the synchrotron radiation after removing
electrons from the inner K-shell. Our intention was especially focused on
the dynamics of the subsequent fragmentation. In addition to ‘normal’
(non-coincident) electron and ion time-of-flight spectroscopy, we
investigated this topic with the help of an electron—electron-coincidence
measurement. Our experiment shows that in these processes C%"4, ions
with charge states up to 3+ and several smaller C*" sy, fragments are
formed. In addition, the broad peak besides the C(1s) line, usually referred
to as the plasmon’ peak, has been observed.

Key words: molecular physics, photoelectron-photoion spectroscopy,
plasmon excitation.

Introduction

Since the discovery of Cgp molecule (Kroto et al, 1985, pp.162-163),
(Kratschmer et al, 1990, pp.354-358) many studies were performed to
investigate its fundamental properties. Due toits high symmetry, Cg
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Forschung (BMBF) for the financial support.
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represents an ideal cluster with many possible applications. Its properties
are mainly driven by its unique molecular structure like a spherical shell
(Kusmany et al, 1993), (Korica et al, 2005, pp.132031-132035). So far,
only a little is known about the Cgy fragmentation after K-shell ionization
(Aksela et al, 1995, pp.2112-2115), (Karvonen et al, 1997, pp.3466-
3472), (Leiro et al, 2003, pp.205-213). For the main fragmentation
channel, the (successive) emission of neutral C, has been proposed for a
low charge state (Scheier et al, 1994, pp.77-93), although the emission
of other neutral carbon atoms/small clusters is also present (Lykke, 1995,
pp.1354—-1357). Even triply charged fullerene ions appear to be rather
stable (Bernard et al, 2003, pp.196—200). Highly charged Cg ions often
decay through fission processes leading to a multiply charged fullerene
and at least one other charged carbon atom or cluster, or they undergo
multi-fragmentation processes leading exclusively to small, charged and
neutral carbon clusters (Reinkdster et al, 2003, pp.263—-267).

Experiment

The measurements were performed at the HASYLAB undulator beam
line BW3 in Hamburg and at the BESSY!II dipole beamline TGM4 in Berlin
using monochromatized synchrotron radiation whose wavelength can be
scanned with a resolution set to an appropriale value. Measurements of
Ne/Ar-resonances were carried out to check the accuracy of the
monochromator settings.The photon beam crosses an effusive beam of
Cso molecules, provided by an oven heated to 500 °C. Outgoing electrons
are detected in time-of-flight (TOF) electron spectrometers at two different
angles with respect to the electric vector of the ionizing radiation(Fig1.(a)).
Appropriate voltages can be applied to the TOF-analysers to keep a
constant resolution of the electron spectra for different photon energies.
Some measurements were recorded in the coincidence mode. Additional
fullerene ion data were accumulated using a multi-hit capable ion
spectrometer with a pulsed electrical separation field (Fig.1(b)). The
positively charged Cg ions or fragments are separated according to their
mass-per-charge ratio by a pulsed field (pulse amplitude = 820 V, duration
= 10 us, repetition rate =12 kHz, rise time < 15 ns, field length = 5 mm).
The ions are accelerated into a potential of —2800 V (field length = 4 mm)
followed by a 200 mm long field-free drift tube. After passing the drift tube,
the ions hit the detector surface which is held at a constant voltage of
—-3300 V. The distance from the drift tube to the detector is 5 mm. The
detector consists of a Z-stack of MCPs with an active diameter of 40 mm.

837

Korica, S. et al, Coincidence study of double electron emission associated with K-shell photoionization of Cgo, pp.836-846



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

storagering

undulator

b)

Pusher

820V

synchrotron radiation

10 '
£ 83 us

TOF chamber

Fintqraction
region

] ' beam monitor

TOF2

(180°)
(547 \\Q /
N

linear polarised light
molecular beam source

oLl

Pusher

Extractor

Field—free

MCPs

synchrotron radiation

v

crossed—wire anode

Figure 1 — Sketch of the experimental set-up. (a)beam source with the electron time-of-
flight (TOF) spectrometer. (b)schematic view and picture of the ion spectrometer
Puc. 1 — M3obpaxeHue akcriepuMeHmarnsHo20 ycmpolicmea (a)ucmo4Huk ceema ¢ TOF

criekmpomempom. (6) UOHHbILU criekmpomMemp

Cnuka 1 - lNpukas ekcriepumeHmarnHoe ypehaja: (a) usgop cHona ca TOF

criekmpomempom, (6) joHcku criekmpomemap
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Results and discussion

Inner shell ionization and fragmentation of Cgy molecule

Figure 2 shows an example of the ion spectrum recorded at the
photon energy of 390 eV. The inset shows the low-mass region of the
spectrum. A rough classification of different processes is indicated by
different coloured areas. In these processes, C%g, ions with charge
states up to 3+ and several smaller C%y.,, fragments have been
observed. This is in accordance with the previous claim that the main
fragmentation channel is the emission of neutral C,. Large singly charged
carbon clusters (such as C*3y, C*,, or C*5) have no particular stability
and one ought to expect additional species with similar sizes (such as
C*31 or C*,), which have not been observed. For all photon energies
used, no small charged carbon fragments resulting from fission or multi-
fragmentation processes are observed.
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Figure 2 — lon spectrum recorded with a photon energy of 390 eV
Puc. 2 — NoHHbIU cnekmp, 3anucaHHbIlU Ha aHepauu ¢homoHa 390 eV
Cnuka 2 — JOHCKU criekmap CHUMIbEH Ha eHepauju gpomoHa 00 390 eV
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Figure 3 — Contributions of singly, doubly, and triply charged fullerene ions for several
photon energies. Different scans are marked by different symbols. The results of the
coincident electron spectrum are marked by 'e’. The vertical lines indicate the C(1s)
threshold (A), electron shake-up levels (), and plasmon excitation energies (/) (Leiro et
al, 2003, pp.205-213). The high amount of triply charged fullerene can be explained by
double Auger and electron shake-off processes, observed in the electron-electron-
coincidence map (Fig.4).

Puc. 3 — Bknad o0Ho3apsiOHbIX, 08yx3apsiOHbIX U mpex3apsiOHbIX UOHO8 hyriiepeHa rno
HECKOMIbKUM 3Ha4YeHUsIM 3Hep2uu ¢pomoHo8. PasHbie CKaHbl OmMeYeHbl pas3fiuyHbIMu
cumeonamu. Pe3yrnbmamsi cosnadarowego 3/1eKmMpoOHHO20 criekmpa 0003Ha4YeHb! «ey.
BepmukanbHble nuHuu obosHadarom C (1s) nopoe (4), anekmpoHHbie yposHu sheik-up
(4) u aHepauto 8036yxdeHus nnasmel (A) (Leiro et al, 2003, pp. 205-213). Bbicokuli
npouyeHm mpex3apsadHbIX ¢hyrnnepeHo8 MOXHO 06bscHUMb 80LHbIMU Oxe- npouyeccom
U 351eKmpOoHHbIM sheik-up npoueccom, Komopbie 8UOHbI Ha kKapme cosrnadeHull
371eKmpoHo8 (puc.4).

Cnuka 3 — JonpuHocu jeGHocmpyko, 80CMPYKO U MPOCMPYKO HaeneKmpucaHux joHa
ynepeHa 3a HeKONUKO epedHocmu eHepauje pomoHa. Paznuyumu ckeHosu cy
03Ha4YeHu pasnuyumum cumbonuma. Pe3ynmamu KOUHUUOEHMHO2 ef1eKMpPOHCKO2
criekmpa o3HadveHu cy ca 'e'. BepmukanHe nuHuje o3Havasajy C(1s) epaHuuyy (4),
enekmpoHcKe wejk-ar Hugoe (/\) u eHepauje nna3MoHCKuUx ekcyumauuja (/) (Leiro et al,
2003, pp.205-213). Bucok npouyeHam mpocmpyKo HaeriekmpucaHux gyrnepeHa Moxe ce
objacHumu dsocmpykum OxxeosuM U e5IeKMPOHCKUM WejK-0gh npouecuma, Koju ce moay
sudemu Ha efleKmpOH-e/1IeKMpPOH KOUHUUOEHMHOj Manu (cruka 4).
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Figure 3 shows contributions of singly, doubly and triply charged
fullerene ions for several photon energies. These results indicate that,
above the carbon K-shell of Cg, the main products are doubly and triply
charged fullerenes. C'g is the most abundant ion in the low energy
region. The relative C%eo yield compared to the C'g yield first increases
with increasing photon energy and stagnates above =350 eV at a nearly
constant level. The yield of triply charged C*'g, is similar to the yield of
C? s . Different doubly charged C?* -2, fragments appear step by step
with increasing photon energy. The yields of singly charged fragments
exhibit an enhancement in certain photon energy regions; at high photon
energies, these yields decrease and are only slightly visible.

So the obtained ion yield spectroscopy of gas phase Cg is
corroborated by the corresponding photoelectron measurements (Korica
et al, 2018). The continuous intensity distribution in the photoelectron
spectra can be either the result of direct double photoionization or
double-Auger decay. The quality of the former K-shell photoelectron
measurements was insufficient to disentangle these two contributions
experimentally (Aksela et al, 1995, pp.2112-2115), (LeBrun et al, 1994,
pp.3965-3968), (Brihwiler et al, 1993, pp.3721-3724), (Krummacher et
al, 1993, pp.8424-8429). In general, the disentanglement of the two
processes on the basis of normal ion or electron spectroscopy is not
unambiguously possible.

Electron-electron coincidence spectroscopy of excited Cgp

Electron—electron-coincidence measurements were carried out to
get a deeper understanding about the fundamental processes causing
the many-electron emission in Cg. Here, a separation of different
underlying processes can be better achieved. (Fig. 4).

Shake-off electrons are abundant at low-kinetic energies. Therefore,
even at such high photon energies, shake-off processes are important to
understand the yields of the multiply charged Cg ions besides the Auger
and double Auger processes. In the case that two shake-off electrons
leave the Cgo molecule, the energy sharing is very asymmetric. The
faster of the two shake-off electrons contributes signifcantly to the broad
peak besides the C(1s) main line, usually referred to as the 'plasmon’
peak (Hertel et al, 1992, pp.784-787), (Leiro et al, 2003, pp.205-213); this
possibility has been unrevealed so far.
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Figure 4 — Electron-electron coincidences as a function of the kinetic energy of the two
detected electrons. The coincidence map was recorded with a photon energy of 380 eV.
Puc. 4 — Kapma cosnadeHuli 351eKmpoHO8 Kak hyHKUUS KUHemu4YeckoU aHepauu 08yx
0bHapyxeHHbIX 3nekmpoHos. Kapma coenadeHul 3anucaHa Ha Hepauu gpomora 380 eV.
Cnuka 4 — EnekmpoH-ennekmpoH KOUHUUOEHUe Kao hyHKUUja KUHemMu4Ke eHepauje 08a
demekmosaHa eniekmpoHa. KouHyudeHmHa mana CHUMIbEHa je Ha eHepauju ¢oomoHa 00
380 eV.

Conclusion

We have studied the photoionization of the C¢y molecule above the
C(1s) threshold, in the photon energy range hv=(330-390)eV. A careful
analysis of the spectra yielded a surprising and unexpected result.

Clear hints have been found that the major contribution to the triply
charged ion yield is the direct double photoionization of Cg,. However, in
contrast to most atoms and molecules, it is driven by the plasmon
excitation associated with the K-shell photoionization of the fullerenes.
Whereas the K-shell satellites are still bound core excited ionic states of
the Cg molecule, plasmon excitations at higher binding energies are
already in the double electron emission continuum. This causes a
specific intensity distribution and explains the origin of the broad
resonance features in the continuum part of the spectrum and an unusual
high amount of triply charged fullerenes of 40%.
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r. bepnuH, ®epepaTtnBHasn Pecnybnuka MepmaHus
® MHcTuTyT um. dpuua Mabepa, OTaeneHme MonekynspHon usnku,
r. bepnuH, ®epgepaTtnBHas Pecnybnuka MepmaHus

OBJIACTb: monekynapHas dusmka, poTo3nekTpoH-poTOMoHHas
CnekTpocKonus

BWO CTATbW: opurmHanbHasa HayyYHas ctaTbsl

A3bIK CTATbW: aHrnunckmn

Pe3some:

(MHozoepaHHas) gomouoHuzayusi u conposodumeribHasi
paameHmayuss  mornekynbl  Cgy uccriedosanacb C  MOMOWbIO
CUHXPOMPOHHO20  U3/ly4eHus rocre  eblbpoca  3/eKmpoHa U3
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sHympeHHel K-obonoyku. Hawe uccriedosaHue 6birio cocpedomoyeHo
Ha OuHamuke conposodumernbHoOl  ¢hpasMeHmauuu. Kpome
«HOPMasibHOU» (Hecosnadarowiel)  3MEKMPOHHOU U UOHHOU
CMEKMPOCKOMNUU, MPUMEHSINIUCL U Opyeue MemolOb! U3MepeHul, mak
Harpumep, 6bl10 MPOBEGEHO UMEPEHUE 3MIEKMPOHHO20 CO8MadeHUs.
Haw akcriepumeHm rnokasan, 4mo 8 meyvyeHue Smux [poyeccos
popmupyromesi Cgy UOHBI ¢ 3apsdom OO0 mpex + U HECKObKO
Heborbuwux C¥gpom  hpaemenHmos. Kpome mozo, 6binl 8biseneH
WUpoKUl nuk pssdom ¢ ocHoeHol nuHueli C (1s), mak Ha3bleaeMbiM
«I11a3MOHOM».

Knouesble crioea: MornekynsipHas  ¢pu3uka, ¢bomoeneKmpoH-
gOmMOoUOHHas criekmpockornus, 8030yx0eHuUe r1a3mMoHa.

KOMHUMOEHTHA CTYONJA OBOCTPYKE EJIEKTPOHCKE
EMWNCWJE MNMOBE3AHE CA ®OTOJOHN3ALUNJOM K-TbYCKE Cgg

Ca/-ba I'b. Kopuua®, Akcen PajHkocTep m
@ YHuBepanTeT YHUOH — Hukona Tecna, ®akynTeT 3a ekonorujy u
3aWwTUTY XNBOTHE cpeauHe, beorpaa, Penybnuka Cpbuja +
UHcTnTyT Opuy Xabep, Oacek 3a MonekynapHy uanky,
BepnuH, CaBe3Ha Penybnuka Hemauka
UHctutyT ®puny Xabep, Oacek 3a monekynapHy usuky,
BepnuH, CaBe3Ha Penybnunka Hemauka

® MHcTnTyT Opunu Xabep, Oacek 3a MonekynapHy husuky,
BepnuvH, CaBesHa Penybnuka Hemauka

OBJIACT monekynapHa uauka, poToenekTpoHCKO-hOTOjOHCKa
cnekTpockonuja

BPCTA YJTAHKA: opyrnHanHu Hay4Hu YnaHak

JE3UK YJIAHKA: eHrnecku

Caxemak:

®domojoHusayuja (suwiecmpyka) u npameha ¢hpacmeHmauuja Morexyna
Ceo rnpoyyasaHa je y3 [rOMON CUHXPOMPOHCKO2 3padvyerba HaKOH
usbayuearba  enekmpoHa U3  yHympawre  K-rbycke.  Hawe
ucmpaxusare busro je nocebHo ¢hokycupaHo Ha OuHaMuKy rpamehe
ppazmeHmauuje. Noped ,HopmasnHe” (HEKOUHUUOEHMHE) €/IeKIMPOHCKe
u joHcke TO® cnekmpockoriuje, 08y memy u3dydasasiu cMOo U y3 romoh
€JIEKIMPOH-EJIEKIMPOH KOUHUUOeHmMHoa Mepersa. Haw eKcnepumeHm
rnokasyje da ce y o8uM npouecuma qboplvlupajy C%6 joHu ca
Haenekmpucarbem 00 3+ u Hekonuko mamux C¥gpom GhpacmeHama.
lNoped moea, noped enasHe C(1S) NUHUjE YOUYEH je WUPOKU MUK, m3e.
/1a3MOH.

KrbyuHe peuu: ¢usuka monekyna, ¢homoenekmpoHcKa-ghomojoHcKa
criekmpockKoriuja, nnasMoHcKa ekcuumauuja.
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Abstract:

Negative ions are formed in the process of the interaction between the
electron with the integrated electric dipole moment and the induced
electric dipole moment due to polarization. In the continual regime, at
orbital velocity, the emission of negative ions from the surface of the heat-
shielding coating leads to the formation of a double electric layer with a
very dense plasma while at the escape velocity the same emission of
negative ions creates an explosive character of burning of the heat-
shielding coating. In the free molecular flow regime, the emission of
negative ions results in intense violet-blue glow while high positive
potentials are induced on the surface of an aircraft. In nanotechnologies,
the ionization of negative ions determines the parameters of vacuum arc
discharge. Negative ions participate in the formation of an electrostatic
machine in the human body.

Key words: negative ions, electric dipole moment, double electric layer,
polarization, electrostatic machine.

Introduction

When studying the formation and destruction of negative ions,
researchers have encountered a peculiar structure of negative ions.
Different atoms and, especially, molecules respond to the bond with extra
electrons each in its own way. This was confirmed when quantum
mechanics was applied to describe the structure of the electron affinities
of neutral atoms and molecules and to determine the electron affinity
energies. It was found out that some atoms and molecules have greater
electron affinities while the others, on the contrary, do not respond at all
to the presence of free electrons in their nearest environment. For lack of
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any adequate theoretical model of the formation of negative ions, the
effective use of negative ions as catalysts to achieve optimal conditions
for all parameters of processes in various fields of technology is
essentially limited. Therefore, it is vital to set the following goal: to
consider in great detail what kinds of chemical bonds arise in the process
of negative ions formation, and further, based on this knowledge, to find
out the influence of negative ions on the technological processes used in
the production of various machines, mechanisms, and equipment. To
reach the goal, it is essential to solve the following problems:

1. To provide an explanation of the process of negative ions
formation for various atomic and molecular systems.

2. To determine the role of negative ions in space exploration.

3. To consider the influence of negative ions in nanotechnologies.

4. To find out the positive role of negative ions in the human body.

Let us consider, one after another, these problems.

Formation of Negative lons of Atoms and Molecules

Theoretical calculations of electron affinity energies performed using
guantum-mechanical methods did not make it possible to obtain
convincing agreement with the experimental data (Massey, 1976). An
especially inadequate situation relates to complex atoms and molecules.
Table 1 shows particular values of electron affinities for certain atoms.

Table 1 — Parameters of Atoms of the First Group of the Periodic Table
Tabnuya 1 — Mapamempbi amomos repeoll epynbi mabnuusl MeHOeneesa
Tabena 1 — Napamempu amoma ripee epyre nepuoGHo2 cucmemMa efneMeHama

Parameters of atoms
Atoms " pa-1 0%

ra, A 7 (A-m) EA (eV) Arlr,
H 0.529 0.500 0 0.754 0.0555
Li 2.049 0.766 0 0.609 0.1130
Na 2.227 0.794 4.34 0.548 0.1066
Rb 2.979 0.864 11.88 0.486 0.1163
Cu 1.762 0.945 42.45 1.228 0.1590
Ag 1.934 1.017 38.00 1.302 0.1718

Negative ions possessing a relatively high electron affinity are
formed for atoms which feature a closed shell in the S-state formed
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during electron capture. As this takes place, the change in potential
energy presents the electron affinity energy:

*x 2 * 2
EA=_Z°® (i—ljz Ze Ar (1)
Are,\ 1, T Arre,r 1,

where Z" is the effective nuclear charge of the neutral atom, e is the
electron charge, 1, and r, are the distances between the atom’s center
and the electron of the neutral atom and between the atom’s center and
the electron of the negative ion, correspondingly, and ¢, is the dielectric

permittivity of vacuum.
It follows from (1) that, when the negative ion of hydrogen is formed,
the relative increase in the radius of rotation of the captured electron

amounts to a noticeable value: ﬂz 0.05546 while for lithium the
I’-l

increase is: % ~ 0.1130. Table 1 presents the values of the increase for
1

other atoms. Table 1 shows the values of the radii of neutral atoms, the
effective nuclear charges of neutral atoms, and the values of the electric
built-in dipole moments. It follows from the data presented in Table 1 that
the deformation of the initial electron shells of neutral atoms upon
capture of an electron is quite substantial. The presence of the built-in
electric dipole moment of large magnitude leads to an increase in the
electron affinity energy of an atom. Theoretical calculations of electron
affinity energies performed using quantum-mechanical methods did not
reflect in full measure the dynamics of the formation of negative ions in
atomic structures. It is necessary to take into account the presence of the
built-in electric dipole moment in atoms and, along with the covalent
chemical bond using the Heitler-London method, other possible types of
chemical bonds will be also taken into consideration. Below we show
how to take into account the above conditions, following (Gretchikhin &
Kamarouskaya, 2016, pp.447-464).

Formation of Negative lons in Atoms

The paper (Gretchikhin, 2008) showed that in complex atomic
systems, the deformation of spherically symmetric s-states occurs due to
the interaction of p-s, d-s or f-s electron shells; as a result, a built-in
electric dipole moment, relative to the center of a complex atom, arises.
Calculations of the built-in electric moment, taking into account Hund's
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rule, were performed for the majority of atoms in the periodic table.
During the capture of a free electron by a neutral atom, there is no
interaction with the positive nucleus of the atom, since the nucleus of the
atom is completely screened by the electrons around the atom. However,
as the free electron approaches the atom, its electric field polarizes the
atomic system. In this case, the interaction with the displaced cloud of all
electrons of the neutral atom arising due to polarization takes place, but
not with the effective charge of the nucleus.

In the presence of the built-in electric dipole moment in the atom, the
interaction between an external free electron and the electric dipole is
activated. In this situation, the atom is able to gain an electron and to
become a negative ion. Under the action of the electric field of this
electron, the displacement of the electron cloud of the neutral atom
relative to its center occurs in all energy states. If the external field is
created by an external electron, then the condition of equilibrium of
forces for the electron inside the atom in k-th state is as follows:

e’ Zge? Ze?
47[80F02 47rgork2 ey (r, +A|’k)2 '

(2)

where ry is the radius of electron rotation of the atom in the k-state, Z, is

the effective nuclear charge of the atom in the k-th state for the electron
under consideration, and r; is the radial distance of the negative ion from
the atom center.

Hence, the displacement of the outer electron cloud of the k-th
energy state relative to the atom's center is as follows:

r3
Ar, ~ —% 3
k Zz:roz ( )
The energy of the interaction of the outer electron with the built-in

electric dipole of the atom with taking into account the energy for
polarization represents the electron affinity and is expressed as follows:

2
EA=_ 2P ¥ 4 F— ! } (4)

Are v} “Ghme, |1, 1 +Ar

Here, p, is the built-in electric dipole moment of the neutral atom. It

is obvious that the potential of the interaction between the electron and
the neutral atom will be minimal. Otherwise, the system will not be stable.
That is the reason why the electron affinity and the negative ion radius
are determined by the minimum value of the interaction potential (4). The
results of the interaction potential calculations for the atoms of carbon,
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oxygen, copper and titanium have been performed in (Gretchikhin &
Kamarouskaya, 2016, pp.447-464).

Electron affinity energy can be measured with high accuracy, i.e.
with an accuracy within 3%. Therefore, using the values of electron
affinity of an atom makes it possible to obtain real values of built-in
electric dipole moments of complex atomic systems and, at the same
time, the negative ion radius.

The electron affinity of the carbon atom for the atom’s radius r, =

1,091 A, the distance of the valence electron of the negative ion from the
atom’s center r, = 1,095 A and p, = 3,935-10°° C-m, equals to the
experimental value of 1.263 eV. The radius of the carbon atom is slightly
bigger than the value obtained using the quantum-mechanical method:
0.905 A (Brattsev, 1966) and 0.922 (Radzig & Smirnov, 1985). For
atom’s radius of 0.905 A the experimental value of the electron affinity is
realized in the negative ion at the distance from the atom’s center of 1.02

A and for the built-in electric dipole moment p, =3,089-10" C-m.

For the oxygen atom with the value of the built-in electric dipole
moment pgo = 2,891-10°° C-m, the atom’s radius of 0.7073 A and the
negative ion’s radius r, = 1,04 A the electron affinity energy equals
1.4611 eV, the value which corresponds to the measured one.

Therefore, electron affinity of atoms is determined by the interaction
of the outer electron with the built-in electrical moment of the complex
atomic system as well as by coulombic interactions of the electrons of
negative ions with the electrons of the neutral atom of all energy states
and atom nuclei.

Negative lons of Diatomic Molecules

Electric dipole moments in diatomic molecules are oriented opposite
to each other. It follows from the composition of diatomic molecules that
they can gain two electrons and become a doubly charged negative ion.
Electron affinity energy for a singly charged negative ion is as follows:

2e 2e ‘e’
EA =- pd’lz + pd,22 Qv et 1 ! . (5)
Arer”  Armer, Armel, T Ahme, | n+r, 41 +An
r3
Here, Ar, :#fz and it determines the displacement of the

k'l
valence electron cloud in the molecule; Zlf is the effective molecular
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charge in the k-state; r.« is the effective molecular radius; 1, is the
distance to the center of the nearest atom determined by the position of

the interaction potential minimum; I, is the distance to the molecule

center, I, is the additional distance to the next atom, equal to I, pg+

and pg, are the built-in electric dipole moments of the ions of the
interacting atoms, correspondingly; and AQ is the induced charge
occurring as a result of the valence electrons exchange at the covalent
bound in the diatomic molecule.

The sum in the potential (5) considers the energy input for the
polarization of the valence electron cloud of the diatomic molecule and
for the polarization of the electron cloud of the positive core atoms. In
particular, the theoretical calculation of the electron affinity value using
(5) for the carbon molecule for the effective radius of the interacting
atoms of 0.905 A (Radzig & Smirnov, 1985) and for the electric dipole
moment of a singly charged negative ion of the atom of the molecule

positive core p,; =1976-10% C-m amounts to the experimentally

obtained value of 3,39 eV for the distance from the nearest atom of
0.7643 A, i.e. the distance to which the electron approaches the atom
center in the diatomic molecule.

Electron Affinity of Triatomic Molecules

A triatomic molecule is formed as a result of the atom interaction
with a diatomic molecule. During this process, the common electron shell
is formed by all three valence electrons of complex atoms. That is the
reason why the positive core of the triatomic molecule contains singly
charged positive ions of the initial atoms. The built-in electric dipole
moments of the single ions are arranged so as to maximally increase the
bond energy between the atom and the diatomic molecule.

At the same time, the distance between the atoms corresponds to a
bit bigger interval than the equilibrium distance between the atoms in the
diatomic molecule. The nearest atom in the diatomic molecule is
considered as the central one.

The distances of the atoms from the central atom are approximately
equal; it is designated as r.. Other distances expressed in terms of r, are
as follows:

L =2rsin(ax/2); r, =r,y125—-cosa; r, =r,sin(a/2),

where ¢« is the central angle in the triatomic molecule.
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The triatomic molecule captures the electron to its outer orbit. The
electron affinity of a triatomic molecule is determined by the interaction
with the integrated dipole moments of all three ions of the positive core
and by its polarization. The distance of the captured electron from the
molecule’s center does not exceed the molecule’s effective radius. The
electron affinity energy of the positive core of the triatomic molecule is
mainly determined by the interaction between the valence electron and
the built-in electric dipole moment of the nearest ion. The distance to
which the electron approaches the nearest ion of the atomic core does
not exceed the radius of the triply charged ion of the molecule. The
resultant binding energy of the valence electron of the negative ion of the
triatomic molecule equals to:

EA =-E +E,+E;+E, -E; + Eg, (6)
where E, = 2ep, _E, = eAQ E, - eAq ;
Arreyr Arey(r+r,12) Are,(r +1,)
2ep, cos| * ¢
_2cos(z —a)ep, . ‘ 2 )

4 » b5 =

Are,(r+r1,)? Are,(r+r)°

* 2
E6=Zzke ( 1 1 j

v Are, r+r2/2_r+r2/2+Ark
r.3
and Ar, =——" =
22, (r+r,/2)

Here, AQ and Ag are the charges induced inside the diatomic

molecule and between the outer atoms and the diatomic molecule,
correspondingly, determined using the Heitler-London method.

When the triatomic molecule becomes a doubly charged negative
ion, the bound energy of the second electron weakens and can be
determined using the following formula

2
e
EA, =EA +—. 7
A A 4rre,3r, )
The following results have been obtained:

1. When considering the electron affinity of an atom, the interaction
of an electron with the built-in electric dipole moment of a neutral atom
and the repulsive forces between the valence electrons of neutral atoms
and a negative ion in accordance with Coulomb’s law will be considered.
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2. The electron affinity of a diatomic molecule is determined by the
electron interaction with two built-in electric dipole moments of the atomic
ion, the induced negative cloud at the boundary of the atoms within the
molecule, as well as by the Coulomb’s interactions of the valence
electrons of the negative ion and those of the neutral molecule.

3. In the process of electron capture by a triatomic molecule, the
electron affinity energy is determined by the interaction of an electron
with the built-in electric dipole moments of all three ions forming the
positive core of the molecule as well as by the Coulomb’s interactions of
the outer electron of the triatomic molecule and the induced charges.

Negative ions play a special role in various fields of engineering and
human activity. During the exploration of outer space, the researchers
encountered the formation and ionization of negative ions. In
nanotechnologies, negative ions make it possible to improve both the
technologies of nanomaterials manufacture and the physical properties of
materials. As for the influence of negative ions on the functions of the
human body, their impact is invaluable.

Negative lons in Space Exploration

As rocket technologies were developed, it became necessary to find
out what processes of interaction with the environment accompany the
rocket flights into space. The first studies in this domain were performed
during the flights of a geophysical rocket along a ballistic trajectory in the
50s of the last century (Johnson & Heppner, 2012, pp.575-575). The
results showed that only negative ions with masses of 46, 32, 29, 22, 16
or, expressed in percentage, 96.5; 1.6; 0.2; 1.0; 0.7 were present at the

surface of the rocket at the altitude of 131 km. Positive ions N, were
present in the illuminated zone. lons with mass numbers of 46, 32 and 16
are identified as NO,, O,, and O . Mass numbers 29 and 22
correspond to the products of gasification of the rocket surface. These

can be molecules COH "and Na™ . The presence of negative ions at the
rocket surface indicates an intense surface catalysis with the formation of
negative ions. These results served as an impetus for intensive studies of
negative ions formation during flights of rockets and spacecraft.

The first problem researchers faced was interrupted radio
communication occurring at flight altitudes from 80 to 20 km due to the
formation of a very dense plasma around the descent vehicle. However,
formation of shock waves does not create any dense plasma. Then the
researchers paid their attention to the process of burning of the heat-
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shielding coating. Under these conditions, the combustion products
contain molecule C,, which has the electron affinity energy of 2.5 eV.

For this reason, the molecule leaves the surface of the heat-shielding
coating in the form of a negative ion. Plasma parameters within the
double electric layer correspond to those of arc discharge. At the moment
of the communication session, the coolant was injected into the forward
hemisphere and the communication was restored.

When space vehicles enter the dense layers of the atmosphere at
the escape velocity, the heat-shielding coating should burn more
intensively. The engineers faced the problem: how to save the descent
vehicle. The temperature of the shock wave is quite high. Intensive
convective heat exchange is realized; this fact allowed to find out the
depth of the heat-shielding coating which should burn out. It turned out
the depth amounted to ~ 2 m. The result was shocking. Negative ions
came to the rescue. lonization of negative ions creates an intense flow of
electrons at the surface of the heat-shielding coating and together with
radiant and convective heat flows makes the resultant flow so high that
the skin layer explodes and heat ceases to arrive onto the surface of the
spacecraft. Particular assessments showed that the heat-shielding
coating should burn less at the escape velocity than at the orbital
velocity.The descent vehicle of the spacecraft which circled the Moon,
after having descended at the escape velocity, had the depth of burnt out
heat-shielding coating of ~ 2 cm while the depth of burnt out heat-
shielding coating of the vehicles descending at the orbital velocity
amounted to ~ 3 cm. Combustion of the heat-shielding material at the
escape velocity occurs not continuously but with separate explosive
pulses.

Artificial Earth satellites (AES) flying at high altitudes are under the
conditions of the free molecular flow regime. Atoms and molecules of the
environment bombard the surface of the aircraft. At high altitudes in the
Earth's atmosphere, oxygen atoms are present in a rather large amount.
Due to high physical adhesion, oxygen atoms envelop the surface of the
aircraft and create an oxygen film. Under the action of the incident flow,
the atoms of the incident flow are exchanged with the oxygen atoms
which leave the surface of the aircraft in the form of negative ions. As a
result, the surface of the aircraft is charged positively. The induced
potential on the surface of an aircraft flying at altitudes above 1000 km
can reach ~ 1.5 kV. This potential, acting through a common wire, makes
all electronic equipment of the satellite inoperative. This phenomenon
was encountered during the first flights of artificial Earth satellites. Now it
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is all in the past, but in the initial period of space exploration it was not
clear why satellites at high altitudes suddenly fail.

A special situation arose around the "Gretchikhin Effect”
(Gretchikhin, 2003, pp.31-33) (Gretchikhin, 1985) in 1969 based on the
emission of negative oxygen ions and the formation of a double electric
layer, the phenomenon of intense violet-blue glow around the front
hemisphere of an AES flying at the altitudes of up to 500 km, with the
maximum glowing occurring at the altitude of 110-140 km, mainly in the
shadow zone of the Earth, was predicted. In 1971, during the emergency
descent of the Soyuz-10 ship the cosmonauts visually observed this glow
in the shadow zone of the Earth.

Based on theoretical calculations of the thickness of the double
electric layer at different altitudes, the electron concentration and the
energy distribution function, the nonequilibrium radiation of this layer was
calculated in different spectral lines and molecular bands of nitrogen and
oxygen. Figure 1 shows the results of the calculations for the ball of
radius 1 m moving at a speed of 7.5 km/s. The glow of the double
electrical layer at flight altitudes below 180 km is much greater than day
airglow and even polar lights. At the flight altitude of ~ 120 km, the
nonequilibrium glow is comparable to the magnitude of solar radiation
within the range of 400-500 nm (~ 9.6 W/m?sr). The glow varies
according to the cosine law depending on the angle of attack. The
maximum energy value of the nonequilibrium glow corresponds to the
flight altitude of ~ 110 km both in the shadow zone of the Earth and in the
illuminated zone. In the shadow zone of the Earth, the Meinel bands and
the bands of the first negative system of hydrogen give a clearly
pronounced maximum at the altitude of 120 ... 140 km and have
maximum energy of radiation.

In accordance with the predictions of the theory, the measurements
were carried out on-board of the long-term space station Salyut-4 with
specially designed SFM/M photometric equipment. At the flight altitude of
350 km, there was detected a luminescence corresponding in brightness
to that of the theoretical calculations in the spectral lines of oxygen,
nitrogen, and in the molecular nitrogen band. A cosine distribution of the
luminescence along the angle of attack was obtained, as predicted by the
theory.

Similar results were obtained in the U.S.A. during STS-41 and
Spacelab-1 missions (Mahon et al, 1983) ten years later. The results of
these measurements are also shown in Fig. 1. The explanation of the
observed frontal glow by chemiluminescence (Prince, 1985, pp.453-456)
(Engebretson & Hedin, 1986, pp.109-112) or by the discharge model of
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Papadopoulos (Papadopoulos, 1983, pp.227-244) does not stand up to
scrutiny.
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Figure 1 — Calculations of altitude curves of the non-equilibrium glow
brightness in comparison to the experimental data
Puc. 1 — Pac4yem 8bicOmHO20 x00a SipKoCmu HepagHOBECHO20 C8EHEHUS
10 CpaBHEHUIO C 3KCrepuMeHmarsbHbIMU OaHHbLIMU
Cnuka 1 — UspadyyHagar-e KpusuX jaduHe HepagHomexHoa cjaja y oOHocy
Ha HaOMOPCKY 8UCUHY y ropehery ¢ ekcriepuMeHmarsnHuM rnodayuma

It is necessary to note one more phenomenon caused by the
interaction of a solid body with the particles of near-Earth space with the
participation of negative ions. Under the conditions of dynamic
equilibrium, the flow of electrons in the environment is partially
compensated by the flow of negative ions that escape into the
surrounding space. Due to the chemical reactions of ionization of
negative ions, epithermal electrons with energies in the range 0.4 ... 3.6
eV are produced. These electrons lead to the effective excitation of the
energy levels of atoms and molecules, whose spontaneous emission for
forbidden oxygen lines is significantly delayed. Therefore, at a certain
distance from the spacecraft, there should appear a pink-red halo and
the spacecraft trail must also have the same color. The pink-red halo was
actually detected with the maximum at the distance of ~ 1 m from the ship
(Papadopoulos, 1983, pp.227-244).
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Thus, the theoretical model of the interaction of a solid body with
near-earth space, in comparison to the experimental data, has been fully
confirmed according to the following parameters and functions under
investigation: radiation energy, spectral composition, dependences on
oxygen concentrations in the environment, altitude curves of non-
equilibrium glow brightness, brightness distribution around the aircraft,
influence of the surface on the magnitude of radiation brightness, energy
distribution of electrons, and the direct proof of the presence of negative
ions near the aircraft surfaces.

Negative lons in Nanotechnologies

Modern  microelectronics engineering is developing using
nanotechnologies. The negative ions play a decisive role in these
technologies (Gretchikhin, 2018, pp.304-321). To form p- or n-
conductivity, boron or arsenic which possess the ionization energies of
8.3 eV and 9.82 eV, accordingly, are applied onto the surface of a silicon
crystal. The ionization energies of neutral boron and arsenic are located
in the vicinity of the electron density distribution maximum of the first
Brillouin zone of the silicon crystal. Since the atoms of boron and arsenic
possess electron affinity energy, they freely capture electrons from the
first Brillouin zone and are turned into negative ions with further transition
to the band gap of the silicon crystal. The contact potential difference of
two silicon crystals with introduced boron and arsenic is 0.5 V. The
difference in the electron affinity energies corresponding to the p-n
junction amounts to 0.5 V and agrees with the experimentally measured
value.

When applying hardening coatings of nano-sized thicknesses, high-
current arc discharges are used. When applying TiN coatings, two arc
discharges with the electrodes made of titanium and copper are used to
achieve more effective ionization. The electron affinity of the copper atom
is 1.23 eV. The average effective temperature of electrons resulting from
the ionization of negative ions of copper atoms by electron impact is
7850 K. The experimental measurements of plasma temperature by the
spectroscopic method in an arc discharge between copper electrodes
and under the action of laser radiation on a copper plate yielded a result
of 7900 K (Gretchikhin & Minko, 1967).
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For more than a century, it has been known that cathode flames in
the tangential magnetic field are not deflected in accordance with
Ampere’s law. This phenomenon occurs as a result of negative ions
ionization within the flame of the cathode spot when a reverse current, by
an order greater than the charge current, is realized (Gretchikhin et al,
2016, pp.670-689).This experiment should be considered as an
experimental proof of the pulse impact of the intense heat flow on the
heat-shielding coating when a spacecraft re-enters the Earth’s
atmosphere at the escape velocity.

Negative lons in the Human Body

The human body presents a complex electrostatic machine. Little
attention is paid to this fact. In this aspect, negative ions play both a
negative and a positive role. Human blood carries a positive charge
formed mainly by twice ionized calcium and singly ionized potassium.
The negative charge on the skin surface, amounting from 6 to 12 V,
completely neutralizes the positive charge carried by blood. Blood
performs a transport function, that is, delivers nutrients and takes away
metabolic waste products. This is its main role. For blood to fulfill this
role, it is necessary to ensure its circulation. The circulation of blood is
ensured by the heart, which responds to the positive charge carried by
blood, by means of pulse contractions.

Most metabolic waste products have electron affinity. As a
consequence, the magnitude of the positive blood charge. As the
metabolic rate in the body increases, the positive charge decreases
noticeably. The spleen, together with the liver, clears blood from
metabolic products, and outputs the negative charge onto the skin
surface. When the complete purification of blood from metabolic products
takes place, the body functions normally. The positive charge in blood is
high enough to cause the contractions of the heart muscles. Otherwise,
heart failure occurs which can lead to death. When intravenous laser
irradiation of blood is used the negative ions are ionized. As a result,
electrons are spontaneously released onto the surface, and functions of
the spleen and liver are improved sharply; they now can solve their main
task: to remove metabolic products from the body.

Conclusions

Based on the performed analysis of the formation and the action of
negative ions under different conditions, the obtained results can be
summarized as follows:
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1. The electron affinity of negative ions is determined by the
interaction of the electron with the built-in electric dipole moment and the
induced electric dipole moment due to the polarization.

2. Under the conditions of continual flow over the frontal surface of
the descent vehicles of the artificial Earth satellites at the orbital velocity,
the emission of negative ions results in a double electric layer with the
parameters of arc discharge plasma.

3. Under the conditions of continual flow over the frontal surface of
the descent vehicles of the artificial Earth satellites at the escape
velocity, the emission of negative ions and their ionization creates an
explosive character of burning of the heat-shielding coating.

4. In the free molecular flow regime, intense emission of negative
ions and their ionization by means of electron impact results in the
formation of a double electric layer with non-equilibrium plasma which
occurs under the conditions of glow discharge.

5. Nanotechnologies use arc discharges under reduced pressure
with high electric currents, where plasma is determined by the ionization
of negative ions, which creates back currents, exceeding the main
discharge current in the cathode spots.

6. In the human body, negative ions have a beneficial effect on the
blood for transporting nutrients and play a negative role when metabolic
waste products produce negative ions in blood thus reducing its positive
charge necessary for heart functioning.
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OTPUUATEJIbHBIE MOHbI 1 UX POJTb B PA3BUTUU HAYKU U
TEXHOJIOINN

JleoHud U. I'peunxuH
Benopycckas rocyfapcTBeHHas akagemus CBssu,
r. Muxck, Pecnybnvka Benapycb

OBJIACTb: HaHOTEXHONOrMN
BWO CTATbW: opurmHansHas Hay4Has ctaTbs
A3bIK CTATbW: aHrnuinckmn

Pe3some:

OmpuuameribHbie UOHbI 0bpa3yromcs rpu 83aumModelicmeuU 3rIEKMpPOoHa
CO  8CMPOEHHbIM  OUMOJIbHBIM — 37IEKMPUYECKUM ~ MOMEHMOM U
HasedeHHbIM QUMONbHBIM 3NIEKMPUYECKUM MOMEHMOM ecriedcmeue
nonspusayuu. B KoHMuHyansHOM pexume rnpu nepeol KOCMUYecKou
cKopocmu  aMuccusi  ompuuyamersibHbIX ~ UOHO8 C  [108epPXHOCMU
meno3alumHo20 MOKPbIMUS npusodum K ¢hopmuposaHuto G80LHO20
9/1eKMPUYECKO20 C/I0S1 C OYeHb MIomHoU rasmol, a npu emopol
KOCMUYeCKOU CKOpOocmu 3ama e 3MUCCUS ompuyamersibHbIX UOHO8
co30aem 83pbIBHOU XapaKkmep 20PEHUSI Merio3allumHo20 MOKPbIMUS.
lpu  ce0b0OHOMONEKYNSPHOM  pexume  obmekaHusi — aMUCCUsi
ompuyamersibHbIX UOHO8 Mpueodum K B03HUKHOBEHUK MOUHO20
guoremosgo-2oyb020 ceeveHusl, a Ha MoBepPxXHOCMU JfiemamesibHO20
annapama Hagodsimcs bosibwiue MonoxumesibHble romexHyuarsnsi. B
HaHOMEXHOJI02USIX UOHU3auusi ompuyameribHbIX UOHO8 orpedesnisiem
napamempb! 8aKyyMHo20 0Qy208020 pa3psida. OmpuyameribHble UOHbI
yyacmeyrom 6 (hopMUPO8aHUU 3rieKmpocmamuyeckol MalluHbl 8
4es10864E€CKOM Op2aHU3Me.

Knrouessbie crosa: ompuyamersibHble UOHBbI, OunosnbHbIL
afilekmpuyeckuli - MoMeHm,  080UHOU  arekmpu4yeckul  crod,
rnonsipu3sayus, snekmpocmamuyeckasl MaluHa.

HEFATUBHU JOHN N KBXOBA YIIOIA Y PASBOJY HAYKE U
TEXHOJIOMTNJE

JleoHud W. TpeunxuH
Benopycka gpxaeHa akagemMuja 3a caobpahaj n Bese,
MwuHck, Penybnuka Benopycuja

OBJIACT: HaHOTeXHororuje
BPCTA UJTIAHKA: opyrnHanHu Hay4Hu YnaHak
JESUNK YJTAHKA: eHrnecku

Caxemak:

HezamueHu joHu ce c¢hopmupajy y npouyecy UHmMepakyuje usmehy
e/1IeKmMpOHa C UHMmMeapucaHuM efIeKmpuyHUM OUNOIHUM MOMEHMOM U
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UHOYKOBaHUM  efleKmpu4yHuUM  OUMOMHUM  MOMEHMOM  ycred
nonapu3sayuje. Y KOHMUHyanHoM pexumy, rpu opbumarsnHoj 6p3uHu,
eMucuja HezamugHUX joHa C Mos8puWUHEe MOII0MHO-3awWmumHoe c/ioja
0o800u 00 chopmupara 080CMPYKO2 efleKmpuyHoe crfioja ¢ eeoma
eycmom rna3mom, 0ok rnpu 6p3uHu ocrobafjaka ucma emucuja
HezamueHuUX joHa 00800uU OO0 EKCr/I03UBHO2 cazopesarba MOoMI0MHO-
3awmumHoe crioja. Y pexumy criobodHo2 moka MosieKyna emucuja
HezamuBHUX joHa pe3ynmupa UHMEeH3UBHUM Jbybuyacmorniagum
cjajem, OOK ce Ha MOBPWUHU flemesuye cmeapa 8UCOK Mo3umugHU
nomeHyujan. Y HaHomexHosio2ujama JoHu3ayuja Hez2amueHUX jJoHa
olpehyje napamempe omrywmara eaKyyMckoe Jfyka. HeaamugHu
JOHU y4dyecmsyjy y cbopmupary HeEKe epcme  efiekmpocmamuydke
MawuHe y rbyOCKoM mery.

KrbyyHe peyu: HezamueHU JOHU, efleKmpuyHU OUurosiHU MoMeHam,
0soCcmpyKU efleKmpu4HU Cfioj, rosnapulayuja, esekmpocmamudyka

MawuHa.
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Summary:

One of the factors for a successful application of ceramic coatings on
biomedical implants is the compatibility of the physical and mechanical
properties of coatings with the metal substrates of implants.
Temperature and temperature gradient in the coating during powder
deposition play an important role in the final quality of the coating. The
coefficients of thermal expansion and thermal conductivity of the
coating and the substrate are different, which affects the growth of
residual stresses in coatings. To reduce the difference between the
physical characteristics of the coating and the substrate to a minimum,
the coating surface temperature and the substrate surface temperature
must be kept under control during the deposition of powder. It is
therefore of particular importance to control residual stresses in
ceramic coatings in order to secure service life of coatings and
implants. The paper describes a model of plasma heat transfer and
predicts the distribution of residual stresses in the deposited
coatings; it also describes the radiography techniques for measuring
residual stresses in ceramic coatings. The aim of this paper is to
describe the effect of powder deposition rates as well as the effect of
the changes in the thickness and the thermal conductivity of the
Zr0,Ca0 coating on the level and the sign of residual stresses.

ACKNOWLEDGEMENT: The author is thankful for the financial support from the Ministry of
Education and Science of the Republic of Serbia (national project Ol 174004, TR 34016).

864




The paper also presents the influence of the bonding coating, and the
changes in the thickness of bonding and the ceramic ZrO,MgO coating as
well as the heat treatment on the level and the sign of residual stresses. It
was found that the increase of the total thickness of the coating increases
the proportion of residual stresses on the surface and the edges of the
coating.

Keywords: substrates, stress, coatings, ceramics.

Introduction

Distribution of residual stresses in biomedical ceramic coatings
based on hydroxyapatite (HA), TiO,, Al,O3, ZrO,Y,03;, CaO and MgO is
of decisive influence on coating adhesion, cohesive strength and
toughness which define coating quality and service life. The share and
the distribution of residual stresses in coatings is directly related to the
ratio of coefficients of thermal expansion of substrates and coatings. To
minimize the influence of thermal expansion coefficients of the residual
stress in the coating layer, it is necessary to reduce the temperature
difference AT between the substrate and the layers during powder
deposition. During the plasma spray process, there is a large
temperature gradient between molten powder and base metal substrates.
Heat shrinkage during coating curing is hindered by the base metal, so
that residual stresses are formed inside the coating. Because of the low
thermal conductivity of ceramics, powder particles which melt in the
plasma before they hit the substrate surface cool rapidly from 10°°C/s do
10° °C/s. During the deposition, primary cooling of layers and secondary
cooling of the coating are performed to the substrate temperature to
minimize the influence of thermal expansion of the coating substrate.
Residual stresses in coatings can be kept under control by constant
cooling of the substrate from the back side and by an additional air-
cooled front on which coating layers are deposited (Limarga et al, 2011).
For the substrates of implants based on Ti6Al4V superalloy, the
coefficient of thermal expansion is a = 8.7-9.1x107%/°C. For coatings
used in biomedicine, the coefficients of thermal expansion are
approximate values, and their values are: hydroxyapatite (HA) (a =
10.6x107%/°C), TiO, (a = 8.5x107°/°C), AlL,O; (a = 8.8x10°%/°C), ZrO, (a =
9,0x107%/°C), ZrO,Y,03 (a = 10.0x107°%/°C), ZrO,MgO (a = 11.0x107%/°C),
ZrO,Ca0 (a =1 0.5 x107°/°C) (Miyazaki et al, 2008, pp.1463-1466),
(Mrdak, 2017, pp.924-936). Besides the physical properties of the
substrate material and the powder to be deposited, powder deposition
parameters significantly influence the stress states in coatings. The study
of stresses in layers by nondestructive testing and the examination of the
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coating morphology using tensile testing can show the optimum
parameters of powder deposition. The residual stresses in coatings are
distributed in the middle of the sample (negative compression stresses),
and on the edges of the sample (positive tensile stresses). The
examination of residual stresses includes their distribution and their
values, s well as the way how their control can affect the life of coatings
(Hobbs & Reiter, 1988, pp.33-42). Residual stresses in plasma sprayed
coatings are commonly measures by the X-ray diffraction method and by
the tensile testing method. High resolution of X-rays through intense long
wavelengths offers a significant potential for the measurement of residual
stresses in coatings. Other methods used are neutron diffraction (Kesler
et al, 1998, pp.215-224), (Matejicek et al, 1999, pp.607-617), the method
of measuring the curvature, the method of removing material layer by
layer and by tensile testing (Teixeira et al, 1999, pp.209-216), (Greving
et al, 1994, pp.379-388), (Clyne & Gill, 1996, pp.401-418), (Zhu et al,
2014, pp.127-136). These methods make it possible to establish the
average stresses in coatings. However, the distribution of residual
stresses through the coating thickness is rarely published (Otsubo et al,
2005, pp. 2473-2477).

The aim is to explain the residual stresses in the ceramic coatings
on the basis of ZrO,Ca0 and ZrO,MgO used in biomedical applications
to improve the mechanical properties of hydroxyapatite (HA). This paper
presents a model of heat transfer from plasma to the coating, powder
deposition rate impact, changes in the thickness and thermal conductivity
of ZrO,CaO coatings on the level and sign of residual stresses. It also
shows the effect of bond coating, changes in the thickness of the bond
and the ceramic ZrO,MgO coating and heat treatment on the level and
sign of residual stresses. Generally, with increasing the total thickness of
the coating, the proportion of residual stresses on the coating surface
and its edges also increases.

Model of plasma heat transfer and the prediction of
the distribution of residual stresses in ceramic coatings

To connect residual stresses in coatings with the deposition
parameters, a model of heat transfer, shown in Figure 1, was developed.
Research conducted for ZrO,5Ca0 ceramics may be applied to another
type of coating (Rickerby et al, 1988, pp.267-276). As mentioned before,
the powder deposition process by plasma consists of the injection of
powder particles into high-temperature plasma made of inert gases
(Ar/He) with an electric arc in the nozzle cooled with water. Powder
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particles injected into the plasma jet melt and then hit the surface of the
substrate where they are cooled at a speed 0f10°°C/s to 10°°C/s. Molten
powder particles arrive onto a stable surface where they collide, deposit
and bind to the surface to be cooled. These sites are graded and
increased while powder particles deposit on the surface. The thickness of
the coating increases with speed (n). During the deposition, there was a
simulation of a model of transferring heat from the coating to the
substrate surface and the heat transfer by radiation from plasma to the
deposition surface and by radiation of the deposition surface into the
environment. When defining the heat transfer model, the basic
assumption was that the plasma spray process is continuous, the
thickness of the substrate is greater than the thickness of the coating, the
heat loss is presented with a standard convection and radiation, and
thermal and electrical properties are temperature-invariant.

// Coating particles
*/

Heat transfer ~ x

tusubstrate / ‘
/ x+dx Velocity n
/ A
/
7,
7 Heat transfer to
? and from surface
/

-
|
o

. x=h Instaneous position
substrate of bounaary

Figure 1 — The basic elements of the model of heat transfer in the process of deposition
Puc. 1 — OcHogHble anemMeHmbl menioobmeHa 8 npouecce HaHeCceHUs NOKPbLIMuUs
Cnuka 1 — OcHosHU enneMeHmu modesia npeHoca mornnaome y npouecy denosuyuje

In order to achieve the above mentioned cooling rate (10°°C/s -
10°°C/s), methods of rapid heat removal were used together with a
controlled stream of dry air (primary cooling). The main parameters used
in the modeling of residual stresses in the plasma deposited coatings are
shown in Table 1.

Figure 2 shows the diagram providing the variants of distribution of
residual stresses in the plasma deposited ZrO,5Ca0O coatings as a
function of the powder deposition rate (Rickerby et al, 1988, pp.267-276).
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Table 1 — Parameters of the modeling of residual stresses in plasma coatings
Tabnuya 1 — Napamempbl MOOenuUpPo8aHuUsi OCMamoYHbIX HAMPSXKeHUU 8 MOKPbIMUSIX
M1a3MeHHO20 HarlblIeHUs
Tabena 1 — Napamempu modenupar-a 3aocmarnux HaroHa y rnia3ma ripesiakama

Process parameters Parameters of the coatings / surfaces
Deposition speed Thermal conductivity of the coatings, specific
Surface temperature Coating density and Poisson number

Final coating thickness Capacitance and the coefficient of the

Ratio of the coating surface and the thermal expansion of the substrate
substrate surface

Type and morphology of the

substrate
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Figure 2 — Residual stresses in the ZrO,5Ca0 coating as a function of deposition speed
Puc. 2 — OcmamoyHbie HanpsixeHusi 8 nokpbimuu ZrO25Ca0 e 3asucumocmu om
CKOpoCmu ocax0eHusi
Cniuka 2 — 3aocmarnu HaroHu y npeenayu ZrO25Ca0 y ¢pyHkyuju 6p3uHe denosuyuje

The diagram shows that the increase of the deposition speed of
powder in ZrO,5Ca0O coating layers produce a change of state of
calculated stresses. For low powder deposition speed of 6 g/min and 12
g/min, negative compression stresses are present in the layers. With the
increase of the powder deposition speed to 18 g/min, stresses change
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the sign from negative to positive tensile stresses (Rickerby et al, 1988,
pp.267-276). Also of great importance is the effect of coating thickness
on residual stresses. It is noted that a coating does not meet the
requirements at a critical thickness which can be defined as the moment
when the coating itself begins to separate from the substrate.

Figure 3 shows the change in the sign of residual internal stresses
with the change of the total thickness of the ceramic ZrO,5CaO coating.
For coating thicknesses from 0.5 mm to 1.0 mm, residual internal
stresses in the layers are negative compression stresses. By increasing
the coating thickness, it is possible to create different zones of internal
tensions, so that negative compression stresses remain in a part of the
deposited layer on the boundary with the substrate, while in the zone
close to the coating surface, positive tensile stresses can occur (Rickerby
et al, 1988, pp.267-276).
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Figure 3 — The change of stresses with changing the thickness of ZrO,56Ca0O
Puc. 3 — IameHeHue HanpsxeHUs npu U3MeHeHUU mMOWUHbI C105 MOKPbIMUS
Zr0,5Ca0
Cnuka 3 — lNpomeHa HaroHa ca npomeHom debrbuHe crioja ZrO;5Ca0

One of the important factors that influence the level of residual

stresses is the thermal conductivity of the coating. Figure 4 shows how
small changes in the thermal conductivity of ZrO,5Ca0O coatings can

869

Mrdak, M., Analysis of residual stresses in bioinert inorganic plasma sprayed ceramic coatings, pp.864-879



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

have a significant effect on the level of residual stresses. Deviation
values of thermal conductivity from 1 W/mK to 0.75 W/mK can be
achieved by changing the degree of porosity in the ceramic coating which
affects the value and sign of residual stresses. The increase of the
thermal conductivity of the coatings from 1 W/mK to 2 W/mK leads to an
increase in the value of negative compression stresses. Such increase
can be beneficial to the life of the coating as a counter-balance to
positive tensile stresses occurring in exploitation. However, a large
increase in negative compression stresses can cause cracks in the
coating during the coating deposition phase. Bearing in mind different
conditions regarding the temperature of the outer surface and the
ceramic coating heating rate, deposition conditions must be carefully
chosen since they affect internal residual stress in order to obtain an
optimal state of stress in the ceramic layer upon which the coating
service life depends. Therefore, recommendations for thermal
conductivity as low as only 0.5 W/mK can be found in the literature
(Rickerby et al, 1988, pp.267-276).
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Figure 4 — Influence of thermal conductivity of residual stresses in the ZrO,5Ca0O coating
Puc. 4 — BnusHue mernmnonpogodHOCMU Ha 0OCMarmoYHbIe HarpsiXXeHUsi 8 rMoKpbImuu
Zr025Ca0
Cnuka 4 — Ymuuyaj monnomHe nposodrbusocmu Ha 3aocmarie HaroHe y rpesaayu
Zr0,5Ca0
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The effect of bond coating and changes in coating
thicknesses on the level of residual stresses

The level of residual stresses in deposited coatings is significantly
influenced by bond coatings, changes in the thickness of bond coatings
with respect to the outer ceramic coating, as well as changes in the
thickness of ceramic coatings. Overall, the increase in the total coating
thickness increases the proportion of residual stresses on coating
surfaces and coating edges. Residual stresses in coatings can be
significantly reduced by heat treatment (Zhuang & Gu, 1988, pp.277-
284). D-9C is one of the instruments with which residual stresses are
successfully measured with a change angle of 0.01° in coatings by the X-
ray diffraction method. The theory of measuring residual stress in the
coating is such that, when passing through the coating, the X-ray is
reflected from a particular crystallographic plane and reduces its
intensity. The measuring parameters are: operating voltage KV,
operating current; CuK, radiation and filter material (Zhuang & Gu, 1988,
pp.277-284). During measurements, the angle (¥) between the X-ray
and a vertical line on the sample surface is changed. Stress
measurements are carried out in two directions ¥ = 0° and ¥ = 45°, so
that a corresponding dual angle of ray reflection of 26 can be obtained.
Using the theory of elasticity and the Bragg formula, the values of the
residual stress along the (W) direction can be calculated using the
formula (1):

o :_L.i.ctgg 8(26) (1)
v 2+v) 180 P alsin?y)

where is: E - modulus of the coating elasticity, v - Poisson share for the
coating, 26 - standard Bragg angle without stresses, 26 - double reflected
angle and ¥- X-ray angle direction.

The effect of the bonding Ni20Cr coating of a thickness of 0.2 mm
with a change in the thickness of the ceramic Zr0O,24MgO coating of: 0.1;
0.2; 0: 3; 0.4 and 0.5 mm on the level of residual stresses is shown in
Figure 5. The residual stresses were measured in the middle of the
samples by the X-ray diffraction method. Increasing the thickness of the
ceramic coating increases the value of positive tensile stresses. Residual
stresses are partially absorbed on the samples with the bond coating,
which is a reason why two-layer coating systems have a much lower
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share of residual tensile stresses compared to deposited coatings of pure
Zr0,24MgO ceramics (Zhuang & Gu, 1988, pp.277-284).

Figure 6 shows the influence of the thickness of the ceramic
Zr0,24MgO coating of 0.3; 0.4; 0.5; and 0.6 mm without the bond
coating on the level of residual stresses in the middle and on the edge of
the samples @55x5 mm. An increase in the thickness of ceramic coatings
increases the values of negative compressive stresses in the middle and
on the edge of the samples, which reach a maximum value for the
thickest coating of 0.6 mm (Zhuang & Gu, 1988, pp.277-284). Figure 7
shows the influence of the change in the thickness of the bond layer of
0.1; 0.2; 0.3; 0.4 and 0.5 mm on the residual stresses in the two-layer
system with a ceramic ZrO,24MgO coating with a thickness of 0.2 mm.
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Figure 5 — Effect of the bond coating with a change in the thickness of the ceramic
coating on residual stresses
Puc. 5 — BriusiHue cesi3yroueeo rnoKpbimusi ¢ USMEHEeHHOU MonwuHol Kepamu4eckoz20
MOKPLIMUSI Ha OCMamOoYHbIE HarpPsXXeHUs
Cnuka 5 — Ymuuyaj sesHe npesnake ca npomMeHom 0ebrbUHe KepaMuyke rpeessiake Ha
3aocmarie HarloHe
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Figure 6 — Effect of the change in the thickness of the ceramic coating without the bond
coating on residual stresses
Puc. 6 — BniusHue usameHeHUss moswuHbl Kepamu4ecKozo nokpbimusi 6e3 cesasyu,eeo
MOKPLIMUS Ha OCMamOoYHbIe HanpPsKeHUs!

Cnuka 6 — Ymuyaj npomeHe 0ebrbuHe KepamMuyke rpeesrnake 6e3 eesHe ripesnake Ha
3aocmarie HaroHe
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Figure 7 — The influence of the change in the bond layer thickness in the system with a
ceramic coating on residual stresses
Puc. 7 — BrnusiHue uameHeHul mosnuUHbI C8513youUie20 NMOKPbIMUS 8 cucmeme ¢
Kepamu4deCcKUM NMokKpbimueM Ha ocmamoYHble Harpsi>XeHus
Cnuka 7 — Ymuuaj npomeHe 0ebrbuHe 8e3Ho2 crioja y cucmemMy ca KepaMuyKkom
rpeesniakoM Ha 3aocmare HarloHe
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Figure — 8 Distribution of residual stresses along the depth of the ceramic coating
without a bond layer
Puc. 8 — PacnipedeneHue ocmamoyYHbIX HanpsiKeHul no anybuHe KepaMu4yecKux
nokpbimut 6e3 ces3yowe2o cros
Crniuka 8 — Pacnodena 3aocmarnux HarloHa rno 0ybuHu kepamuyke ripesnake 6e3 ge3Hoe
cnoja

Residual stresses on the edge of the samples were positive tensile
stresses, while negative compression stresses were present in the
middle of the samples. The distribution of residual stresses in the
direction of the growth of coating thickness or coating depth is of great
importance (Rickerby et al, 1988, pp.267-276). To determine the
distribution and the sign of residual stresses in the coating depth, a layer
after a layer was removed by 0.1mm grinding after each measurement.
Figure 8 shows the stress distribution in the depth of the ceramic
Zr0,24MgO coating of a thickness of 0.5 mm and without the bond layer,
deposited on the 5 mm thick substrate. The highest values of residual
stresses are found on the coating surface. Stresses on the surface and
on the coating boundaries are negative compression stresses whose
values decrease with the decrease of the coating thickness. When the
coating thickness is reduced to 0.1 mm, the stress sign is changed, i.e.
negative compression stresses change into positive tensile stresses. The
highest value of positive tensile stresses is found in the coating on the
interface with the substrate (Zhuang & Gu, 1988, pp.277-284). Significant
reduction of residual stresses in coatings can be achieved by heat
treatment. Figure 9 shows the effect of the heat treatment of the two-
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layered Ni20Cr coating of a thickness of 0.2 mm and the ceramic
Zr0,24MgO coating of a thickness of 0.4 mm on residual stresses.
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Figure 9 — Effect of coating heat treatment on residual stresses
Puc. 9 — BrniusiHue mepmuyeckoli 06pabomKu rMOKpbIMUsi Ha 0CMamoYHble HanpsiXeHusi
Cnuka 9 — Ymuuaj mepmuyke obpade rnpesrnaka Ha 3aocmarsie HaroHe

The thermal treatment of coatings at 100°C; 200°C; 300°C; 400°C;
500°C and 600°C for a period of 2h, followed by coating cooling in the
furnace to room temperature, brought about a significant reduction in
residual stresses. Residual stresses in the coating decrease with the
increase in the heat treatment temperature. The curves of residual
stresses in the middle and at the edge of the sample are identical,
indicating a more uniform stress distribution in the middle and at the edge
of the coating after heat treatment.

Conclusion

The paper presents the modeling and prediction of residual stresses
in the plasma sprayed ceramic ZrO,CaO coating as well as the analysis
of the stress state in the ZrO,MgO coating. The analysis found out that
the residual stresses in the ZrO,CaO coating are significantly affected by
the deposition speed. For low powder deposition speed values, negative
compression stresses are present in coating layers and they change the
sign into positive tensile stresses with the increase of the deposition
speed. The increase of the coating thickness over 1mm results in
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residual stresses changing values and the sign from compression to
tensile. The increase in the coating thermal conductivity leads to an
increase in the value of negative compressive stresses, which can cause
cracks in the coating during coating deposition. The bond coating in a
combination with the ceramic ZrO,MgO coating partially reduces residual
stresses in a two-layered coating system, which is why the coating has a
lower share of residual tensile stresses compared to deposited coatings
from pure ceramics. The highest stresses are on the surface of the
coating. For up to 5Smm-thick substrates, stresses on the surface and the
edge of the coating are negative compression stresses whose value
decreases with the decrease of the coating thickness. With the reduction
of the coating thickness to 0.1 mm, stress changes the sign and negative
compression stresses change into positive tesile stresses. The highest
value of positive tensile stresses is found in the coating on the interface
with the substrate. Significant reduction of residual stresses in coatings is
achieved by heat treatment. The increase in the heat treatment
temperature leads to the reduction of the residual stresses in the coating
and their distribution is more uniform in the middle and at the edge of the
sample.
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AHANN3  OCTATOYHBLIX HAMPSXEHMA B BUMOWHEPTHBLIX
HEOPIrAHNYECKNX KEPAMMNYECKUX MOKPbLITUAX,
HAHECEHHbIX NMMA3SMEHHbIM HAMBIJIEHVEM

Muxauno P. Mpaak
LleHTp uccnegosanun n passutusa A.O. «MMTEJT koMMmyHMKaummy,
r. benrpag, Pecnybnuka Cepbusa

OBJNIACTb: xumn4yeckme TexHomnormm
BWO CTATbW: npogeccroHanbHas ctaTbs
A3bIK CTATbW: aHrnuickuin

Pe3some:

OO0uH u3 @hakmopos ycriewHo20 MpuUMeHeHUs1 6uomeduyuHcKoU
KepaMuku 8 obnacmu MOKpbIMUS UMI/IGHMO8  3aK/yaemcs 8
coomeemcmeuu  QU3UYECKUX U  MEXaHUYECKUX  Xapakmepucmuk
MOKpbIMUST € Memarudeckoli OCHO80U uMmriiaHma. Becbma 6axHyto
ponb  pu  HaHeceHuu  ropowka uspalom  memnepamypa U
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memrepamypHbIl epadueHm roKpbimut, mak Kak om Hux 8 6onbwel
Mepe 3asucum KOHEeYHoe Kadecmeo rokpbimus. KoaghgbuyueHmnl
mepMUYeCcKoe0 paclupeHus U meryionpo8ooHOCMU  MOKPbImMus U
OCHOBaHUS pa3u4aromcs, a 3mo e/usiem Ha yeesiudeHUe 0CmarmoYHbIX
HarnpspkeHuld 8  MOKpbIMusx. [nsg  MUHUMU3UPOBAHUSI  pPasHUUbI
QU3UYECKUX U MEXaHUYECKUX Xapakmepucmuk MOKPbIMUST U OCHOBaHUS,
HeobxoOumMo eecmu MOCMOSIHHLIU KOHMPO/b 3a memrepamypamu
MOKPbIMUST U OCHOBaHUSI 8 IMeYeHUe 8ce20 rpouecca HaHeCceHUsi
rnopoweka u e2o ocaxOeHusi. B uernsix npoOlrneHuUsi cpoka Cryxbbl Kak
MOKPbIMUS, Mak U camMo20 umraHma Heobxodumo obecriedums
coomeemcmeayruull KOHMPO/Ib 3@ OCMAaMOYHbIMU HarpsKeHUsIMU 8
KepamudecKkux rnokpbimusix. B daHHol cmambe ripedcmasrieHa moderib
mennoobmeHa asMbi, C  PedyCMOMPEHHbIM  pacrpederieHuem
OCMAMOYHbIX HarnpsKeHUl 8 HaHeCEHHbIX [OKPLIMUSX, a mMmakKxe
mexHuKa peHmeeHozpaguu 051 UBMEPEHUsT OCMAamOYHbIX HanpsXKeHUU
8 Kepamu4ecKux rnoKpbimusix. Llenbo GaHHOU cmambu 6bIro onucaHue
aghchbekma cKkopocmu OCaxOeHUsI MOPOWKa, U3SMEHEHUS MOWUHbI U
mernnonposodHocmu  ZrO,Ca0O nokpbimulli K YPOBHIO U 3HA4YeHUSIM
OCMamOoYHbIX HarpskeHuUl. B cmambe makke npedcmasneHo KaKum
obpa3om cesasyruwue MOKPbIMUS, USMEHEHUS MOWUHbI C8A3YWUX U
Kepamudeckux mnokpbimul ZrO.,MgO u mepmudeckasi obpabomka
8M1USIIOM Ha yPOBEHb U 3Ha4YEHUSI OCMamOoYHbIX HanpskeHuUU. BbisieneHo,
4Ymo npu yeenu4yeHuu obwiel MosWUHbI MOKPbIMUS MPONOPUUOHAIBHO
ysenu4ueaemcsi 0019 OCMaMOYHO20 HarpsKeHUs1 Ha nosepxHocmu u
Kpasix MoKpbIMUs.

Knirouesblie crioga: 0CHOBaHUS, HanpsiXeHUsl, MOKPbIMUS, KepaMuKa.

AHATIN3A 3AOCTANUX HAMOHA M BMOMHEPTHVM
HEOPIAHCKMM KEPAMWNYKM MITA3MA CIPEJ NPEBJTAKAMA

Muxauno P. Mpaak
WcTpaxusayku u passojHu ueHtap UMTEJ] komyHukaumje a.a., beorpag,
Peny6nuka Cpbuja

OBNACT: xemujcke TexHornoruje
BPCTA YJIAHKA: cTpy4HuM unaHak
JESNK YJTAHKA: eHrnecku

Caxemak:

JedaH 00 chakmopa 3a ycrieluHy rpumeHy 6uoMedUUUHCKUX KepaMUYKUX
fpesriaka Ha umMmnaHmuma jecme  ycknaheHocm  ¢bu3UYKUX U
MexaHUYKUX Kapakmepucmuka rnpeenaka ca MemanHum rodnozama
umMmnnaHama. Temrepamype u memrepamypHuU 2padujeHm y rpeenakama
mokom Oerio3uyuje npaxa umajy 8axKHy yrio2y Ha KOHa4yHU Keanumem
npeenaka. KoedgpuyujeHmu moMIOMHo2 wWupera U  MOorIomHe
rpogodrpuoCcMU rpesrnake u nodrioge ce pas/ukyjy, Wmo ymuye Ha
rnosehare 3aocmasnux HarioHa y npeenakama. [a b6u ce passnuka
QQU3UYKUX Kapakmepucmuka rpeesnake U noodroae ceena Ha MUHUMYM,
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mewmriepamype rnospuwiuHe rpeesake u rnodrnoze mopajy ce dpxamu rnod
KOHmMposiom mokom Odenosuyuje npaxa. 3602 moea je 00 nocebHoe
3Hayaja KOHMpoOJia 3aocmarsnux HarioHa y KepaMUu4yKuM rpeenakama
YKOJIUKO ce xeru ocmuhu KOpUCHU 8eK rpesrnake u uMmriiaHma. Y pady
Jje onucaH molen npeHoca momniome rasMe ca npedsuharbem
pacriodenie 3aocmarsux HaroHa y OernoHos8aHUM rpesnakama U mexHuka
peHOz2eHozpachuje 3a Meper-e 3aocmanux HaroHa Yy KepaMuyKuMm
npeenakama. Lurb pada jecme Oa ce onuwe egekam 6bp3uHe
dernosuyuje npaxa, npomeHe 0ebrbUHE U MOMIoMHe MpPo8odsbUSOCMU
Zr0,Ca0 npesnake Ha HUBO U rnped3Hak 3aocmarux HarloHa. [pukasaH
Jje u ymuuaj eesHe rpeenake, rnpomeHa 0ebrbUHE 8E3HE U KepaMuyke
npeenake ZrO.MgO u mepmudke o0bpade Ha HUBO U npPed3HaK
3aocmarnux HarioHa. YcmaHoerbeHo je O0a ce ca roseharem yKyrHe
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Abstract:

As an extension to the concept of the Intemet of Things (loT), Web of Things
(WoT) represents a step towards connecting smart things to the existing web
environment while considering issues such as heterogeneity, scalability, and
usability. This paper is dedicated to current opportunities as well as
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the development of Web of Things.The demonstration of the proposed
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Introduction

Although the term Internet of Things (loT) was quite accidentally
conceived in 1999 as an idea that, at the time, the new technology
Radio-Frequency IDentification (RFID) was presented as something new
and needed, Kevin Ashton called his lecture Internet of Things, when
even the Internet was also considered as new technology. The name he
gave is considered to be the beginning of a new era in the Internet world.
That era is characterized by communication between devices, that is
machine to machine (M2M) communication (Internet of Things History).

With the development of computer networks, we have come to the
era where the social network of devices is created. With the IoT concept,
Things are able to use the Internet as a communication medium with
services for exchanging data. When a large number of Things are
connected, which will be able to be part of the World Wide Web (WWW),
we come to the term Web of Things (WoT), which is the next step in the
development of 10T, that is the successor to the 10T concept.

The development of IoT did not stop with M2M communication. It is
still developing in different directions such as smart cities, agro-culture,
animals, etc. Some of the research papers go a step further, where the
big data and the web of things are connected, thus achieving the
integration of humans, Things, and computers (Zhong et al, 2016).

loT architecture

The loT architecture is not based on one device. It is about sets of
devices that collect information in different ways. When talking about loT,
the most considered topic are environments. The prefix “smart” is often
found like e.g. smart homes, smart streets, smart parking lots, smart
garbage cans, smart cities, etc. Smart environments can be defined as
sets (federations) of sensors and actuators designed for house, building,
city, transport etc. (Gubbi et al, 2013). Mark Weiser, who is considered
as the founder of ubiquitous computing, has defined smart environments
as a world of physical objects that are connected with sensors, actuators,
displays, other environments over a network that allows interlaced
connectivity (Perera et al, 2013).

From the highest level, IoT consists of three parts as shown in
Figure 1 (Gubbi et al, 2013):

Part of devices: Devices or actuators with their communication
components integrated with them.

Middleware part: The most complex part that implements data
processing logic, stores data and provides access to data to users in
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such a way that they do not care about the architecture of individual
devices (actuators). This layer is made up of several parts (Object
Abstraction, Service Management, Service Composition) (Botta et al,
2015).

Presentation part: This part adjusts to a specific application and
performs data display, data management, etc.

presentation part

IH ﬁ i dilditdaun

middleware

&

hardware part

= 8.

Figure 1 — IoT architecture
Puc. 1 — Apxumexkmypa uHmepHema geujeli
Cnuka 1 — Apxumekmypa uHmepHema cmeapu

The purpose of the device layer is to process collected mostly
analogue data and to send it in the digital form over the network layer to
the server layer.

The number of connected devices exceeds the number of human
population. In 2010, the number of devices was almost twice the number
of human population.

The architecture of the device (Things) layer should consist of three
parts as shown in Figure 2 (Wortmann & Flichter, 2015):

Middleware component, parts of software that will allow device
management,

loT component, which will collect data such as sensors (actuators),
and the components through which communication with the server will
occur (communication modules such as Ethernet, Wi-Fi, Bluetooth,
ZigBee etc.),
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Hardware part, on which the software will be executed and to which
the sensors (actuators) will be connected.

IeT DEVICE

Software of device
Embedded software running on a physical
device that provides management and execution
of its funcionalities

IoT parts
Built-in sensor, actuator, processor and
comectivity (port/antena)

Hardware of device
Hardware components of physical device

Figure 2 — Architecture of IoT device
Puc. 2 — Apxumekmypa ycmpoticmea uUHmepHema geujel
Cnuka 2 — Apxumekmypa ypehaja uHmepHema cmeapu

As the IoT concept evolved, the protocols that were used for M2M
communication were designed and improved. In addition to the Hypertext
Transfer Protocol (HTTP) protocol that found application in the loT
concept, other protocols have been also designed, such as:

Extensible Messaging and Presence Protocol (XMPP):

The first version of the XMPP protocol appeared in 2000. This
protocol uses a Transmission Control Protocol(TCP) protocol on the
transport layer, and supports two message exchange models, both a
request/response (synchronous) model and an advertiser/subscriber
(asynchronous) model. The protocol is designed for short messages that
are used in fast real-time applications that require small delay, or in
presence-based applications. The disadvantage of this protocol is a
relatively large overhead (Saint-Andre et al, 2009).

Advanced Message Queuing Protocol (AMQP Advanced Message
Queuing Protocol Specification, Cisco Systems, 2018):

AMQP is an application protocol developed in 2003 by John O'Hara,
for the needs of banks, and it was officially adopted in 2012 by OASIS
(Organization for the Advancement of Structured Information Standards).

AMQP uses the TCP protocol on the transport layer, and has an
overhead of 8 bytes. It is based on message exchange on the principle of
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an advertiser/subscriber. This protocol achieves great reliability and
ensures that the message is delivered even when the network breaks
down. There are three mechanisms that can be used to send messages:
at most once, at least once and exactly once (AMQP Advanced Message
Queuing Protocol Specification, Cisco Systems, 2018).

Message Queuing Telemetry Transport (MQTT)

MQTT is an application protocol designed in 1999 by IBM and
standardized in 2013, which has a relatively small overhead, thus
providing a possible application on devices with limited resources
(memory, processor etc.) such as loT devices. This protocol, like the
HTTP protocol, uses TCP on the transport layer, but has a smaller
overhead of 2 or 4 bytes. The protocol uses the principle of advertisers
and subscribers. Facebook Messenger application uses this protocol. In
terms of security, this protocol uses Transport Layer Security(TLS).
Brokers may require a username and a password (Stanford-Clark &
Truong, 2013).

Constrained Application Protocol (CoAP)

The main goal of this protocol is to reduce the overhead to a
minimum and provide a mechanism that would be used on a large
number of devices that have limitations in terms of power, resources and
network considerations (low-range networks such as |IEEE 802.15.4,
Bluetooth, Low Power Wi-Fi). The HTTP protocol was uses as a model
for development. It is important to note that CoAP is not a reduced HTTP,
but it is a protocol optimized for M2M communication, which supports
basic REpresentational State Transfer (REST) functionalities, common
with the HTTP protocol. Also, CoAP in some things represents a step
forward in comparison to HTTP. It supports multicast, asynchronous
messaging and has a mechanism for finding resources (Sharma, 2014),
(Shelby, 2014).

CoAP is an application protocol that uses two messaging models. It
supports the request/response model, as well as the
advertiser/subscriber model. Unlike HTTP, it relies on the User Datagram
Protocol (UDP) protocol, but above UDP the DTPLS protocol can also be
used to increase the security.

The most important part of the loT architecture is the middleware
part, because in that part there are services that mediate the
communication with devices. In addition, the services provide the
necessary data abstraction, storing and exchanging data with other
services.

In order to provide the ability of communication between different
platforms (hardware, computer), Web services use platform independent

884



data formats such as EXtensible Mark-up Language (XML) and
JavaScript Object Notation (JSON).

Two basic types of services are:

SOAP (Simple Object Access Protocol) is a standard for exchanging
structured information using HTTP and XML. It is platform independent,
so it can be used on all computer platforms, as well as in all
programming languages. The most common way to call the service
method is through RPC (Remote Procedure Call) messages, where the
client calls the server method and awaits its response. The SOAP
protocol is based on WSDL (Web Services Description Language) and
UDDI (Universal Description, Discovery, and Integration) technologies.

REST (REpresentational State Transfer) is an architectural style that
was designed by Roy Thomas Fielding. Although not a protocaol, it uses
multiple protocols in its work, such as: HTTP, Uniform Resource
Identifier(URI), JSON, and XML. The basis of this style is the HTTP
protocol, which is used as a data transfer mechanism, with a limited
number of commands such as: GET, POST, PUT, DELETE, etc. It is
RESTfull in sense of performance, scalability, simplicity, modularity,
visibility, portability and reliability.

Regarding the applicability in the loT architecture, although both
types provide similar services, in the specific constraints that are present
in the loT concept, primarily in device constraints, it is more convenient to
use the RESTfull architecture (Zeng et al, 2011).

Web of Things

The foundation of Web (World Wide Web) is the Internet. The initial
idea Tim Berners-Lee had for the development of the Web was to enable
the interrelationships mechanism between documents in order to exploit
and improve the Internet. The Web developed very rapidly and became
much more than the exchange of documents. Now the Web is the largest
platform that allows the development of Web applications in different
domains. It has evolved from static pages, through applications, social
networks to the latest stage, which is the social network of the devices, or
Web of Things (Raggett, 2015).

WoT is a continuation of the loT concept, which represents its
starting point. loT deals with access modes and communication protocols
between Things and services, that is, loT deals with the vertical structure.
Unlike 10T where it is possible to send data from Things to the server and
vice versa, WoT deals with the integration of Things into Web, that is,
with the horizontal structure (Figure 3).
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IoT

ToT Platform

HTTP
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ToT Platform
CoAP

WoT
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IoT Platform & IoT Platform

HTTP CoAP
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Figure 3 — Moving from IoT to WoT
Puc. 3 — lNepexod om uHmepHema gewiel Kk 8eb sewel
Cnuka 3 — lNpena3 ca uHMepHema cmeapu Ha 8eb cmeapu

From Things, we now expect to be accessible through a web
protocol such as HTTP, which represents a ticket for the web. The next
step that needs to be done is to define a mechanism for using the loT
resources. This mechanism should be Open Source, it must take care of
security and needs to be API (Application Programming Interfaces).
Things will represent virtual objects that machines and people will be
able to access and communicate with them.

With the development of the loT platform, where each platform has
its own mechanism, without interaction with other platforms, we will take
a step backwards compared to the initial idea that Tim Berners-Lee had
when designing the Web. The problem of the development of royalty-free
and platform-independent standards has been discovered and there are
currently working groups under the World Wide Web Consortium (W3C)
that deal with the standardization and development of the WoT API since
2015 (White Paper for the Web of Things, 2016).
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In terms of WoT architecture, the idea is that devices are directly
linked to Cloud or through their proxies (Figure 4).

Figure 4 — Connecting Things to Web
Puc. 4 — CesisbigaHue eeuyell Ha 8eb
Cniuka 4 — lNose3usar-e cmeapu Ha 8eb

Challenges in interconnection loT

It is necessary to create a service architecture that will not be too
much demanding for Things, so it would be possible to implement such
services with the existing restrictions on Things. Such services should be
able to work without an operating system, and with a limit of 8KB of
memory. Such restrictions exclude the use of heavyweight Web services
such as, for example, SOAP/WSDL (Guinard et al, 2011).

A protocol that meets the mentioned restrictions is the HTTP
protocol, that is RESTfull architecture, which has basic access methods
such as: GET, POST, PUT, DELETE. In addition to this protocol, it is also
possible to use the CoAP protocol, which is similar to the HTTP protocol.

In order to make the data understandable for machine processing,
they need to be in one of the languages that are understandable from the
machines perspective, such as XML or JSON.

In most existing scenarios, IoT applications coincide, but are not
interoperable among themselves. The goal is to harmonize the used data
models as well as frameworks to minimize the human interaction in their
communication. It is necessary to find an approach so that the data
collected from the sensor will be reusable. It is also necessary to ensure
that data can be shared (Gyrard, 2015).

In order to make Things capable of building complex systems, we
need to enable certain APIs that will allow communication with each
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other through HTTP or CoAP protocols or other protocols, and in this way
we will create the WoT (Jara et al, 2014).

Currently in Europe, according to Google statistics, most countries
have IPv6 present less than 34%, which means that it is still not possible
to use all the IPv6 addressing capability (Google IpV6 Statistics). In
addition, it is still not possible to expect Things to work as servers that
will be able to process all the requests that come to them in terms of
resources. These constraints imply the need to think about other ways to
access the resources of Things (Barnaghi et al, 2013).

In terms of architecture used in the integration of Things, we
encounter two types of architectures. The first is Direct Integration that
for every Thing assigns an address, and has its own small embedded
service. Another architecture is Indirect Integration that refers to Things
that are not able to run their own services, but use other services as their
proxy, often referred to as the smart gateway (Zeng et al, 2011).

Using the CoAP protocol, it is possible to reduce overhead, but the
problem of finding resources using the web browser remains. This
problem can be solved in several ways (Castron et al, 2016).

For Emmanuel Baccelli and Dave Raggett, there are two basic
challenges to be solved in the development of the 10T concept. The first
is the implementation of the IPv6 protocol at the hardware level of the loT
device. The second problem is providing end-to-end security (Baccelli &
Raggett, 2015).

In summary, we can conclude that WoT's software architecture
should enabile:

- development of services on devices with limited resources,

- M2M communication,

- the creation of a data model that will be suitable for processing and

reuse,

- an API that will allow resources to be visible from other services,

- secure communication.

In order to be able to implement these requirements independently
(without using the loT platform), we need to have a team of at least
several people, who will work for several years (IoT Platforms The central
backbone for the Internet of Things, 2015). This points to the need to use
existing platforms, or middleware. Using middleware, which implements
the mentioned requirements, we can save the time it takes to create our
own applications.

There are currently a large number of loT platforms, and most of
them are commercial. Large companies such as Amazon, Google,
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Microsoft, IBM etc. are present in the field of IoT platforms. One of the
Open Source platforms that provides these requirements is FIWARE,
which can be used in different scenarios, using open and free APIs.

Open Source FIWARE platform

FIWARE is a platform that has a layer of infrastructure, and provides
the laaS service. In addition to laaS, the platform also provides PaaS
service features. These service functionalities that the platform offers
enable the development of our own loT applications. The platform is also
possible to host on your own hardware, but this feature is out of scope of
this paper.

The FIWARE platform allows the creation of virtual machines in
which we can create our own architecture for the loT application. Also,
the platform frees us from taking care of hardware, which makes it easier
for developers to create a service for a specific application. In terms of
security, it is possible to define the security police, which will take care of
security and access to the application. Security of frontend and backend
parts is achieved using the OAuth2 protocol.

The basis for the functioning of the FIWARE platform is the Open
API Next Generation Service Interface (NGSI). NGSI defines data model,
context data interface, context availability interface. Currently, two
versions of this interface have been implemented, NGSI9 and NGSI10.
(FIWARE-NGSI v2 Specification).

A particularly important part for the functioning of the interface is the
data model. It consists of three parts:

Context Entities: It is an entity that can represent any Thing like a
sensor, an actuator, a human, an animal, a car, etc. Each entity must
have its own ID. To enable later search by type, you need to assign a
type attribute.

Context Attributes: These are attributes that make up an entity.
These attributes, besides their name, have additional attributes that
describe the entity. These attributes are value, type and metadata that
further describe the attribute.

Context metadata: As mentioned before, it is an optional attribute. It
consists of the basic three parts (name, type, value).

The NGSI interface allows the data to be accessed through the
REST method, whereby the data can be displayed in the JSON or XML
format. The developers are free of concern about the communication
protocols IoT uses, thanks to the loT Generic Enablers (GE), which
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translate all data that comes from Things into the NGSI form, with which
developers can then work.

The software architecture of the platform is based on Generic
Enablers (GE), which are elements that build the FIWARE platform. GEs
can be added depending on the needs of a specific application, and a list
of all GEs is available through the FIWARE catalogue.

The FIWARE platform enables integration of more services. Data
can be exchanged using the NGSI API. The service architecture is based
on the REST style, where resources are accessed based on their names,
using URI. In this way, the horizontal interaction with other systems is
achieved, hence we come to the infrastructure that can provide the
development of Web of Things. Also, the infrastructure has mechanisms
for generating and using Big Data. By using additional metadata
attributes, we can achieve the infrastructure for semantic web
development (Start Using FIWARE Right Now, 2018).

Example of using the FIWARE platform

An example that will serve us for testing the FIWARE platform is
based on reading the values from the sensor, and the actuation of the
DC motor depending on the values from the sensor. The goal we want to
achieve by this example is to connect the hardware of some Thing with
the service, which will be used for management, and that part will
represent the loT domain. The next functionality we want to explore is the
ability to access Things over the Web browser and gain value in order to
check the possibility to integrate into the Web. In this way, we want to
test the functionalities that the FIWARE platform provides in the WoT
domain.

In the testing stage, we will use the ATMega2560 microcontroller,
through which we will collect data from the sensors, as well as starting
the activity to check the communication on both sides. Communication
between hardware and services will be achieved over the Internet. To
connect the hardware to the Internet, we will use the Wi-Fi module
ESP8266 (Figure 5).

Both virtual sensor, as well as a virtual actuator, will be described
using the JSON format. We will describe the sensor with the basic
attributes such as ID, type, owner, hardware, location, temperature,
humidity. When creating a virtual sensor, we can enter the default values.
The sensor description is shown in Figure 6.
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WiFi Router
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ESP8266 y 3
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o \\
€€l

Data from sensor

Figure 5 — Components of the example
Puc. 5 — KomnoHeHmbI npumepa
Cnuka 5 — KomnoHeHme npumepa

The state attribute refers to the status of the actuator, whether it is
turned on or not, while the speed attribute represents the current motor
speed. In the later physical realization, for easier display, the speed
attribute will be represented by the number of LEDs that will signal the
speed at which the motor is currently running.

The listed attributes will allow us to map real Things into virtual ones
that will live on the Web as separate entities (Figure 7).

When the entities are created, using the NGSI API, we have to
connect hardware (Things) to them, and then use the virtual sensor or
actuator.

A physical sensor should send data to a virtual sensor in order to
have an image of the device in real time. The virtual sensor is located at
the following address: http://130.206.xxx.xxx:1026/v2/entities/Sensor-01/.
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2 nid™s "Sensor-0LT,
3 "type": "DHT11",
4 "ouner™: {
5 "wvalue": "Userl”,
6 "Etwpe™: TSstring™
}!
8 "hardware": {
9 "yalue™: "ArduinoDHT11"™,
10 "twpe™: TString”
1 bes
12 "location": {
13 "walus®:z "44_7866, 20.44897,
14 "type": "geo:point"
15 3
16 "temperature c": {
17 "valus®™t 0;
18 "Lype™: "Elaat™

|

"humidity": {
"wvalue": 0,
"Lype™: "Elagt™

30

{8 T S T o T % T % T )
3 N
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—

Figure 6 — Model of a sensor
Puc. 6 — Modesnb 0amyuka
Cnuka 6 — Moden ceHsopa

Unlike the sensor that updates the virtual sensor, the actuator
monitors the state of its virtual entity, and, depending on its condition,
adjusts its state. The virtual actuator is located at the following address:
http://130.206.xxx.xxx:1026/v2/entities/Actuator-01/.

After connecting, the data on the server represent the real state of
the device, and are available through the Web browser in the JSON
format. Figure 8 shows the virtual actuator data. Based on the data, we
can conclude that our motor is started and running at speed 2.
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DHT1 DC-
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Figure 7 — Architecture of the example
Puc. 7 — Apxumekmypa npumepa
Cnuka 7 — Apxumekmypa npumepa

As the data is available via the Web browser, it is possible to
manage actuators, or read values from the sensors using our own
applications, and to connect with other sources.

In our case, the idea is that when the temperature exceeds a certain
value, the actuation of a small motor at a certain speed is carried out.
Another advantage of the FIWARE platform is the use of GE, such as the
CEP (Complex Event Processing)., We will use this GE to monitor the
state of the sensor, and to start the actuator. A practical example is given
in Figure 9.

893

Tot, I. et al, Fiware: A Web of things development platform, pp.880-899



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

id: "Actuator-81"

type: "DCmotor”
¥ hardware:
type: "String”
value: "ArduinoDCmotor™
metadata:
location:
type: "geo:point”
value: "44.7866, 20.4489"
metadata:
" max-speed:
type: "Integer”
value: 3
metadata:
¥ owner:
type: "String”
value: "User2”
metadata:
speed:
type: "Integer”
value: 2
metadata:
state:
type: "Boolean"
value: true
metadata:

Figure 8 — JSON model of the actuator
Puc. 8 — JCOH modenb akmyamopa
Cnuka 8 — JCOH mopen aktyaTopa

Figure 9 — Practical example
Puc. 9 — Npumep u3 npakmuku
Cnuka 9 — lNpakmuy4aH npumep
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Conclusion

Based on the presented theory and a practical example, we can
conclude that the FIWARE platform allows us to create virtual devices
(Things) that will reflect the state of the physical devices (Things), which
have computational constraint (8KB memory). This virtual representation
of the devices (Things) is displayed in a platform independent JSON
format that allows later processing, and is available using the REST
methods.

This system architecture allows us to manage devices (Things), that
is, to use their resources by looking at them as services. The most
important feature is that these resources are available using the Web
protocol. The developers are free from concern about the complexity of
device management (Things), using a virtual representation of the
devices (Things). This functionality enables easier use in future
applications.

The FIWARE platform is based on an open API, so when WoT API
is created by the W3C some time in the future, it will probably be
implemented on the FIWARE platform as well. Until then, the FIWARE
platform provides the ability to create and test WoT applications, using
the APIs that provide the necessary functionality for implementing the
WoT concept.
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LleHTp koMaHOHO-MHOPMAaLUMOHHBIX cucTem, r. benrpag +
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r. Huw, Pecnybnuka Cepbus
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OBJIACTb: kOMMbIOTEPHBIE HAYKW, UHOPMALMOHHBLIE TEXHOIOMMM
B CTATbW: npogeccroHanbHas ctaTbs
A3bIK CTATbW: aHrnuickmin

Pe3swome:

lNpedmemom daHHOU cmambu sierisiemcsi Beb gewiel, kak npoOosmKeHuUe
passumusi KoHuenma ViHmepHema eeweli. Beb sewel npedcmasnssem
coboli waz K CeA3bI8aHUI0 YMHbIX geweld ¢ cyuwecmesyrouwum Beb
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OKPY>KeHUEM, rpu pacCMOMPEHUU akmyarsbHbIX MpobreM, makux Kak:
e2emepoeeHHOCMb, Macwmabupyemocmbs U NPUMEHSEMOCMb, MO eCMb
ydobcmeo ucnone3oe8aHust. [JaHHas cmambsi ocesueHa co8peMeHHbIM
B803MOXHOCMSIM U 8bl308aM Ori1 pa3sumusi KoHuenma Beb seuwel. B
cmambe rnpedcmasrneHbl Meopemuyeckue ocmynamsi KoHuernma
HHmepHema eeuwiell, 8 YaCmMHOCMU: apXumeKmypa, fpomoKosibkl, ycryau
u cobcmeeHHO 8ewl, Komopble U 58rsmMcsi 0CHO8olU  0boux
KOHUernmos. B pabome orucaHbl He06x00uMble ycriogusi Orisi pa3sumusi
KoHuyenma Beb eewel. [nasHbiM Hay4YHbIM 6KiladoM Hacmoswel
cmambu s1e51siemcsi  npedrioxkeHue paspabomaHHOU  apXumeKmypal,
OocHoeaHHoOU Ha nnamgopme FIWARE, e kadyecmee OCHo8bl Ons
passumusi Beb seuwjel. [pednazaemasi apxumeKkmypa OCHO8aHa Ha
pearbHOM rpumepe.

Knovessie crosa: VMiHmepHem seuweli (loT), Beb esewel (WoT),
FIWARE.

FIWARE: PASBOJHA MJTIAT®OPMA 3A BEE CTBAPU

Wear A. Tot®, fywar I'b. Boruhesuh®, MradeH B. Tpukow?,
KomneHr I. Nanosuh®

@ YHuBepanteT onbpaHe y Beorpaay, BojHa akanemuia,
KaTenpa nHdopMaumoHnx cuctema u TeNeKOMYHUKaLMOHOT UHXeHepCTBa,
Beorpag, Penybnuka Cpbuja
®Bojcka Cpbuije, MeHepaniuTab,
YnpaBa 3a TenekoMyHukauuje n nicopmatumky (J-6),
LleHTap 3a komaHaHO-MHhopmaumoHe cucteme, beorpag +
YHuBepanteT y Huwy, EnektpoHckn doakyntet, Huw, Peny6nvka Cpbuja
® dakynTeT 3a NPUMEHEHN MEHALIMEHT, EKOHOMU]Y 1 dMHaHCHe,
Beorpag, Penybnuka Cpbuja

OBNACT: uHdopmatuka, AT
BPCTA YJ1IAHKA: cTpy4HuM unaHak
JESNK YJTAHKA: eHrneckm

Caxemak:

Kao Hacmaeak KoHuernma uHmepHem cmeapu, 6eb cmeapu
rnpedcmaerbajy Kopak Ka roee3usarsy UHMESU2eHMHUX cmeapu ca
rocmojehum 8eb OKpyxer-eMm, y3 pasmamparbe rpobsiema Kao wmo cy
XxemepoeeHocm, ckanabunHocm u yrompebrbusocm. Oeaj pad je
rnioceeheH mpeHymHumM Mo2yhHocmuma, Kao U u3asosuma 3a pa3seof y
KoHuennmy eeb cmeapu. Y pady cy ornucaHe meopujcke OCHO8e
KOHUENma UHmepHem cmeapu, Kao Wimo Cy apXumeKmypa, rpomoKosiu,
ycriyae u came cmeapu, Koje cy ocHosa oba KoHuenma. Pad ce basu
nompebHum ripedycriogsuma 3a paseoj KoHuernma eeb cmeapu. [nasHu
doripuHoc pada je npedrnoe apxumekmype 3acHoeaH Ha FIWARE
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nnamgopmMmu Kao OcHoeu 3a pa3eoj eeb cmeapu. [lemoHcmpauyuja
rpedrioxeHe apxumeKkmype ornucaHa je peasHuM criydajem.

KmbyyHe peyu: uHmepHem cmeapu (loT), eeb6 cmeapu (WoT),
FIWARE.
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Summary:

Wireless communication is ubiquitous in today's society. Unfortunately,
wireless transmission is by the nature of broadcasting suitable for
eavesdropping. These links are usually secured by encryption protocols
that rely on cryptographic algorithms whose security is based on
complexity of calculation and inability to calculate in real time. The
hypothesis in the field of information theory is that the eavesdropper has
unlimited computer capabilities, and the use of common cryptographic
protocols is uncertain. Instead, it is assumed that the legitimate recipient of
the message has a better communication channel than the intrusion
listening. Based on this physical advantage, it is possible to use random
encoding schemes for the transmission of information at the physical level.
These schemes function without the prior exchange of secret keys
securely, so protection at this layer tends to significantly simplify key
management in communication systems. At the end of the last and the
beginning of this century, there was an idea that LDPC codes should be
applied to protect data at the physical layer. In this paper, the Wyner
model of the communication channel was used, and LDPC codes were
constructed for the transmission of information through this channel. A
comparison of the basic algorithm and its modification was made based
on the following parameters: transmission of mutual information, bit-error
rate and execution time. An algorithm for different sizes of LDPC codes
was also performed based on the above parameters.

Key words: LDPC codes, Physical layer security, Wyner wiretap
channel.
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Introduction

Protection at the physical layer in the OSI model is independent of
data encryption and authentication. An important feature of this
protection is that secure communication can be established without the
exchange of keys that have been performed in advance. In recent years,
with the increasing use of mobile phones, wireless sensory networks and
radio frequency identification (RFID) systems, security at the physical
layer has gained significance. However, the implementation of sachems
which rely on protection at the physical layer can be significantly more
expensive than the implementation of security features based on
cryptography. Currently, it is believed that it is best to combine
cryptographic algorithms with physical layer protection. The use of
security at the physical layer is recommended only for the transmission of
the most sensitive information, such as key transport, key agreement or
exchange of public key certificates. After the exchange of keys, the
entities move to symmetric or asymmetric cryptographic algorithms.

Shannon’s perfect security

In 1948, Shannon published a work (Shannon, 1948), which is
considered the beginning of both the theory of information and coding
theory. The diagram for transmitting information through a
communication channel was described for the first time.

Source channel
source > encoder ™ ancoder > modulator
channel
source channel
-
user < decoder [€ decoder [€ demodulator |«

Figure 1 — Basic digital communication block by Shannon
Puc. 1 — NaeHas yugposas brok-Ouazpamma no Shannon
Crnuka 1 — OcHogHU OueumariHu KOMyHUKayuoHU b6rok-Oujazpam rno Shannon-y

The channel components are as follows:
1. Source as a series of bits.
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2. Encoder converts the original information bit string into an
alternate bit information series with a more efficient presentation of
information. This operation is also called compression. Depending on the
source, compression can be with loss or lossless. The source decoder
returns the received alternative information to the original.

3. The channel encoder preserve a number of bits that are
transmitted through a channel vulnerable to noise, signal distortion, and
interference. It works by converting its input into a new sequence that
has redundancy. The ratio of the number of bits that enters the channel
encoder and the number of bits output from it is called code radio and is
denoted by R, 0 <R <1. The role of the channel decoder is the detection
of a series of bits that entered the encoder of the channel.

4. The modulator converts the output string of the encoder of the
channel into a form corresponding to the given channel. For example, for
a wireless communication channel, a series of bits must be represented
by a high-frequency signal to allow transmission with an antenna of a
reasonable size. The demodulator does the opposite of the modulator,
and it detects the sequence that entered the modulator.

5. Channel is the physical medium through which the modulator
sends its output. The channel can add noise to the signal that passes
through it, and it can interfere with other signals.

Shannon introduced the notion of perfect security in (Shannon,
1949), which means that any intercept signal does not give the attacker
more information than a random signal. According to this theory,
Shannon discovered that for the purpose of secure transmission, the
sender and the receiver in advance need to exchange the relevant key.
Moreover, this pre-shared key should be changed during each data
transfer. This result represents the theoretical basis for a symmetric key

cryptography.

Let the source be completely defined by the list of symbols
S(5,,8;,..-,8,) and the set of appropriate  probabilities
P(s; )ie {lq} whereby it is assumed that the symbols represent a

complete set of mutually exclusive events, z P(s,)=1 Shannon defines

entropy as the amount of uncertainty involved in the value of a random
variable or the outcome of a random process

H(S)= Y P6,)log, =1 ~= - P(s)og,P(s) )

(s;)
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Perfect security is achieved if it is valid
H(M | X)=H(M) (2)
otherwise if code word X is statistically independent of the message M.

In order to be able to broadcast information, the source must have at
least two symbols available. Such a source is called a binary source of

information. It is common to label these symbols as 0 and 1. If P(0)=p,
then P(1)=1-p, so the entropy of the binary source is

H(S)=—-plog,p—(1- p)log,(1— p) information bits. It is clear that
entropy is maximal when the probabilities of the both symbols are equal,
p=1-p=0.5 and then entropy is 1.

Let X and Y be random variables. It is then possible to define
their mutual entropy as H(X;Y)=E[-log, py,(X,Y)], where
Pyy (X,Y) is mutual probability of the density function X and Y then
their mutual information is defined as

Pxy (X,Y)
I(X,Y) = Pyy (X, Y)log, ———— 3)
Xe)(Zy:eY . ’ px (X)pY (y)
ie, mutual information for X and Y can be presented as
1(X,Y)=H(X) - H(X |Y) (4)

where H(X|Y) is conditional entropy which is defined as
HX )= p, (HX Y = ).

Shannon showed that channels can be categorized according to the

parameter C | called channel capacity, which measures the amount of
information that can be transmitted through the given channel. Although

C can be presented in several different units, in the context of the
channel code rate R whose unit is bit information on the channel bit,
Shannon showed that there are codes that provide arbitrary reliable
communication if the code rate meets the conditon R<C . He also
showed that, for R>C  there is no code that provides reliable
communication.

The channel capacity is defined as

C= max 1(XY). (5)
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That is, the capacity is the maximum common information where the
maximization is done through the distribution of the probability of the
channel input P(X).

The transmission system meets Shannon’s definition of perfect
security if the mutual information between the sent signal X (plain text)
and the intercepted signal Y (encrypted text) is equal to zero, i.e.
I(X,Y)=0.

It is not easy to construct a security system that meets the above

criteria. Shannon has proven that one-time pad systems satisfy the
criterion if the key space entropy is greater than or equal to the entropy of

the message space, i.e. H(K) > H(X).

Wyner wiretap channel

In 1975, Wyner introduced a wiretap channel in (Wyner, 1975) and
established the ability to create almost perfectly secure communications
without relying on cryptographic keys. He found the difference between
the two types of noise, one that got the legitimate receiver and the other
that received the wiretapper and showed that it was possible to reach
non-zero secret capacity. He introduced a wiretap channel notation.

Tx= . . Ex
Z ESC oy '
: main :Y g
. » channel = decoder .
5 X,
O encoder :

wiretap P ?
channel e decoder I
BEC pw Z Wx

Figure 2 — Wyner's wiretap channel (Ghen & Gong, 2012)
Puc. 2 — Kanan Wyner wiretap (Ghen & Gong, 2012)
Cnuka 2 — Wyner-os wiretap kaHan (Ghen & Gong, 2012)
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Secret capacity of the data transmission sistem is defined as
C=H(S|2)-HE|Y) (6)

According to Shannon, perfect security requires that 1(S5,2)=0.
Since 1(5,2)=H(S)-H(S|Z), perfect security is achieved when
H(S|Z) is maximal, and that is exactly what Wyner’s security required.

The Wiretap channel does not require the exchange of keys in advance,
and it is enough that the main channel has less noise than the wiretap
channel so that the secrecy of the data transmission system is attainable.

The first question is how practical the implemention of this approach
is. In some applicable scenarios, such as Radion Frequency
Identification (RFID), a channel between an RFID reader and a valid tag
is better than the channel between the tag and the illegal reader, since
the illegal reader must be at a certain distance to avoid detection of the
system.

The second question is how to design an encoder that is efficient,
reliable and secure and how to choose a wiretap code. LDPC and Polar
codes approach Shannon’s channal capacity and meet the required
conditions which can be mathematically defined.

LDPC codes

Wyner and Ozarow used a coset coding strategy (Ozarow & Wyner,
1984, pp.2135-2157) to show that perfect secrecy can be achieved when
there are no errors in the main channel and when the imput alphabet is
binary.

In the 1960s, Gallager (Gallager, 1962) developed low-density
parity-check codes (LDPC codes); however, they were ignored for a long
time because their computer complexity was too great for technology of
that time. LDPC codes have very good decoding performance. In
addition, they have the ability to parallellate in decoding and simple
operations to calculate. The low complexity of computability combined
with parallelism and good performance to correct errors are the main
reasons why LDPC codes attract so much attention.

Despite these advantages, finding good methods for constructing
LDPC codes and their efficient hardware implementation is still a
challenge. Approaching the capacity of the channel implies that infinitely
long codes are used. Different system applications have different
decoding, delay, power and costing performance. These requirements
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limit the size of the code and its hardware implementation. As a result,
different code lengths are recommended for different applications in
order to get good performance and to meet the hardware requirements.
LDPC codes can be applied in wireless, wired and optical communication
systems, as well as on magnetic and compact discs. These are the
reasons why it is a challenge to find ways to construct a fixed-length
LDPC code and speed with good performance.

Implementation of LDPS codes in Wyner’s wiretap
channel

Wiretape encoding maps k message bit into the entire n-

dimensional space. Therefore, there are 2"* code words for each
message. One of them is randomly selected and transmitted through a
wiretap channel. This coincidence is essential in securing the secrecy of
the transmission through the wiretap channel.

Let there be a linear correcting code that has G as a matrix
generator. The code C is a subspace of space {0,1}n with 2% elements.
According to the theory of error correction codes, every coset has
cardinality 2" , and there are 2" total of them, so cosets completely

divide the 1 -dimensional space into nonoverlapping subspaces.
Let Alice and Bob want to secretly exchange messages in Wyner's
wiretap channel and let Eva want to listen to the exchange of messages.

Alisa starts the communication procedure by choosing the message m
length of the syndrome k. It is a secret message to be transmitted to
Bob, and Eva cannot reconstruct it. Alisa finds a matrix base G for the
complementary subspace C of the subspace of the code C. C and its
complement C together make up the entire n-dimensional space of
binary vector lengths n, ie. CUC :{0,1}” Alice then generates a

random sequence of lengths n—k. This is a uniformly distributed
random vector, generated so that neither Bob nor Eva have any
information about it. Alice then performs the following coding procedure

X = [mu]{G }:mG +UuG

G
the code word X is then transmitted via the wiretap channel. According
to the definition, uG is the valid code word of the code C, while the
message m determines one coset of the code C the cardinality of which
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is 2. Alisa sends X throught the wiretap channel. Bob receives the

code word X without error. Its goal is to decode the message m, so he
applies the following procedure

Hx" = HmG +uG)" = H(MG )'.
Note that Bob does not need to use information about a random
vector U. He is in a favorable situation because the message is a

syndrome and that each of the 2" words in the coset serves equally
well to get the message. Eve's goal is the same as Bob's, but her

channel is worse than Bob's, so she gets a code word with the noise X .
The randomized code schema along with a careful code design ensures

that the noisy code word X reveals to Eva very little or no information
about the sent message m.

The parity check matrix H is of a form [A BJ, where the matrix
B has to be non-singular (i.e. inverse must exist. There is an evidence
that every linear code C with the generating matrix G is equivalent to a

linear code C whose generating matrix G is derived from matrix G by
bringing in reduced row echelon form - RREF), (Hofman et al, 1992).

This allows us to select a unity matrix for the matrix B without
additional constraints. The generating matrix G can be constructed as

G= [In—l (BflA)T]

If the code C is self-dual then G = H and the matrix A must have
a trait AA"=0. If the matrix A is randomly generated, then it is
necessary to calculate the matrix G before starting the coding.

For simplicity, suppose that the matrix G=[I P], then
H=[P" 1] itis necessary to calculate the matrix G. By definition,

x=[m u][G }:mG +uG. When decoding, we need to get

G
xH™ =m, respectively
(mG*+uG)HT =mGH" +UGH' =mG'H" =m
0
follows is that G H™ = | . Let the matrixbe G =[G, G,], then
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GH'=[G, G,H"=[6, G,]IP" IT =[G, GZ]{P}:
I
GP+G,I =GP+G,=1
That is, there is a mutual dependance between the matrices G, and
G, . If the matrix G, is generated in a random way, we can calculate the
matrix G, as G,P+1 .

It has been experimentally shown that for the parity check matrix of
the form mx2m as the matrix G, unity matrix can be chosen without

increasing mutual information, that speed up encryption since the matrix
multiplication is eliminated. This significantly reduces the execution time

of the algorithm in the case of a large matrix. In this case, the matrix G,

is calculatedas IP+1=P+1.

The construction of the self-dual code requires more time in the
design of the generating and parity check matrix, but allows faster
encoding. On the other hand, for non-self-dual codes, it is possible to
construct the generating and verification matrix more quickly, but it takes
extra time to generate a matrix G necessary for successful encryption.

The advantage of Wyner's wiretap coding in relation to other types
of secret information transmission is that the attacker knows the code
process as well as the legitimate participants in the communication and
there is no pre-established secret key. The only condition is that
legitimate participants have a better channel than an attacker.

Experimental results

For the needs of the simulation, wiretap codes are based on the use
of the coset code scheme. The generating codes and the parity check
matrix are constructed as follows:

H=[P 1]iG=[l pT]
For such constructed matrices, the bit error rate, mutual information

and the rate of execution of the encoding are experimentally checked.
Particular cases were considered for different constructions of the matrix

G. For an arbitrary size of the code C(n,m), the matrix G is constructed
in the following way G :[A (pT A+|)T], where the matrix P is a

matrix from H =[P 1], and a matrix A is randomly generated. For the
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code of forms C(2m,m), it is possible to construct a matrix G as
G =[I P+1].

Three cases are considered:
1. Code C has C(n,m) form,

2. Code C has C(2m,m) form and the matrix G has
G =[A (PTA+|)T]form.

3. Code C has C(2m,m) form and the matrix G has
G =[l P+1] form.

Description of simulation

To modulate the messages in the simulation, QPSK (Quadrature
Phase Shift Keying) modulation was selected. The selected channel is
AWGN (additive White Gaussian Noise). The simulation is conceived as
follows:

1. A random message of 1024 bits is generated. Then, depending on
the used code, it takes the multiplication of the number of bits that
is taken in the given wiretap code as information content.

2. Define the number of passes per signal-to-noise ratio in the
channel in order to obtain the mean values and to obtain correct
results. The number of passes is 50.

3. A simulation of the transmission of information content is initiated,
with the signal-to-noise ratio going from 01 to 14 (S/Nratio).

A channel with the current signal-to-noise ratio is created.

Message is coded by a chosen code.

Message is modulated by QPSK modulation.

Transmission over the AWGN channel is simulated.

The demodulation of the received signal is performed.

An error is calculated at the transmission layer.

The received message is decoded.

An end-to-end error is calculated.

The mutual information between sent and received

message is calculated.

j.  The time of encoding initial message is calculated.
4. The mean error value at the transmission layer and the end-to-end

error for each value S/ Nratio for the selected code is calculated

TTQ@ ™m0 a0 T
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5. The mean value of the mutual information for each value
S/ Nratio for the selected code is calculated.

6. The coding time for the selected code is calculated.

7. Draw graphics.

LDPC codes of the form C(n,m)

Among the codes of the form C(n,m) the next codes are compared
C(51232), C(51264), C(512128), C(512256), C(512384),
C (512 ,448) , C (512 ,480 ) j C(512/496).

Bit error rate for the codes of the form C(n,m)

This feature was compared to pure BER on the channel (between
the modulator and the QPSK demodulator) and the total BER on the
system from the source of the message to the destination, end-to-end.

Bit errar rate for codeword of 512 hits

k[ # opsk AR

. **‘b* )
+ 32 hit message *;_ﬁe *
B4 bit message e
1%k 123 bit message T 4
—-—--246 bit message o+ 4
— — —354 bit message +
-5 " * ¥
0 445 bit message e
480 bit message
—-—-- 496 bit message
1

! L I L L
0 2 4 b i) 10 12 14

Figure 3 — BER for the code C(512,m), m <512 depending on the syndrom length

Puc. 3 — BER dns koda ¢hopmbr C(512,m), m <512, e 3asucumocmu om
rnpodosrmKkumenibHocmu cuHopoma
Cnuka 3 — BER 3a k00 o6nuka C(512,m), m <512, y 3asucHocmu 0d OyxuHe
CcuHOpoma

As expected, the best BER has the code C(512,32), while the code
C(512,496) has the worst BER.

910




Mutual information for the codes of the form C(n,m)

Figure 4 shows an increase in transformation as the signal-noise
ratio increases. If the recipient has a signal-to-noise ratio above 12,

which according to work (Baldi, 2014)

is expected from the main

channel, and the eavesdropper has a degraded channel, then the
secrecy capacity could be calculated as the difference of these two
transformations multiplied by the signaling speed that would have been

used.

The bigest slope has the code C(51232), while the code
C(512,496) has the smallest slope.

hutual information for codeword of 512 bits

+ 32 bit message

B4 hit message
128 bit message
—-—-25E bit message
— —— 384 bit message
10° 443 bit message
- 480 bit message
—-—- 496 bit message

}

r
Al C
L

L

'
N

i ,r’]l; e
s

Figure 4 — Mutual information for the codes C(512,m), m <512 depending on the
syndrom length
Puc. 4 — CosmecmHasi uHgpopmayusi o kody popmbi C(512,m), m <512 e

3a6UcUMOCMU 0m MPOAOKUMENTbHOCMU CUHOPOMa
Cruka 4 — 3ajedHudka uHgopmayuja 3a kod obruka C(512,m), m <512 y

3agucHocmu 00 OyXuHe CUHOpoma

Execution speed for the codes of the form C(n,m)

Encoding execution time increases with increasing the length of
basic information. Based on the measurement of BER and common

information, it is clear that the best code is C(512,32). However, this
code takes the most time to encode, as shown in Figure 5.
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Execution time for codeward of 512 bits

* 32 bit message
B4 bit message

e 128 bit message
— - —-256 bit message
R —— —3B4 bit message
m,"J [ + 448 bit message
m 480 bit message

# 496 bit message

! L L L
0 2 4 5 8 10 12 14

Figure 5 — Execution time for the codes C(512,m), m <512 depending on the
syndrom length
Puc. 5 — Bpemsi ebinonHeHusi no kody gpopmbl C(512,m), m <512 e 3asucumocmu om
npodormkumernbHocmu cuHopoma
Cnuka 5 — Bpeme usspwasatsa 3a kod obnuka C(512,m), m <512 y sasucHocmu 0d
dyxxuHe cuHOpoma

LDPC codes of the form C(2m,m)

For the codes of the form C(2m,m), it is possible to make certain

changes in the creation of the matrix G that lead to a significant speed
up in the execution of the encoding function. Among the codes of the

form C(2m,m) codes C(3216), C(6432), C(12864), C(256,128),
C(512,256) and C(1024512) are compared.

For each of these codes, two matrices G are created. One in a
standard way, and the other in a simplified form for speeding up the
encoding process.

Bit error rate for the codes of the form C(2m,m)

In Figures 6 and 7, it can be noticed hat there is no increase in the
bit error rate if the matrix G is constructed simpler for the codes of the
form C(2m,m).
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Eit error rate for codeword of 512 bits

+ QpPsK S
. + 16 bit message m 'H” “’
o 32 bit message ik | 3
64 bit message * ﬂ |
= —— — 128 hit message H, [l
107 F| ———256 hit message Pl <
512 bit message b
. 1024 bit message

107 T T L L L !
u] 2 4 B g 10 12 14

Flgure 6 — BER for the code C(2m,m); m<n depending on the codeword length for the

matrix G~ constructed in the standard way
Puc. 6 — BER 0ns koda gopmel C(2mM,m); M < N 6 3agucuMocmu om euYuHb!

k0008020 crio8a Orii cmaHOapmHo20 co30aHuUsi Mampuubl G"
Cnuka 6 — BER 3a ko0 o6riuka C(2m,m); M < N y 3asucHocmu 0d Oyx)uHe KodHe peyu

3a cmarOapdaH Ha4YuH Kpeuparba Mmampuue G

Bit error rate for codeward of 512 bits

+  QPSK
+ 1B bit message
1tk 32 bit message
B4 bit message
— —— 128 hit message
10 L — —— 256 hit message
512 bit message
1024 bit message

10° 1 I L L I I
o 2 4 B g 10 12 14

Al

Figure 7 — BER forthe codes C(2m,m),; m <n depending on the codeword length for

the matrix G~ constructed in a simplified way
Puc. 7 — BER 0nsi koda ¢popmbl C(2m,m); M <N & 3agUcumMocmu om eeuyuHbl

K0008020 cri08a 01151 YrPOUWEeHHO20 co30aHusi Mampuuybl! G”
Crniuka 7 — BER 3a kod obnuka C(2m,m),; m <n y 3agucHocmu 00 dyx)uHe KoOHe pequ

, N
3a nojedHocmaerbeH HaduH kpeuparba mampuue G
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Mutual information for the codes of the form C(2m,m)

Also, in Figures 8 and 9, it is seen that mutual information does not
increase for different constructions of the matrix G.

Depending mutual information on codeword length

16 bit message m
o I

32 bit message r ,._J-’Av,“.
B4 bit message ' e
—-—+-128 bit message R Ny
— — — 256 hit message Sl
0 512 hit message
1024 bit message ; A

Figure 8 — Mutual information for the code C(2m,m); m <n depending on the codeword

length for the matrix G’ constructed in the standard way
Puc. 8 — CosmecmHas uHghopmauyusi o kody ¢gpopmel C(2m,m); m<n e 3agucumocmu

*
om eesnu4uHbI k0008020 crioea s cmaHdapmHo20 co3daHusi Mampuubl G
Criuka 8 — 3ajedHuyKa uHgbopmayuja 3a k00 obniuka C(2m,m); m<n y 3agucHocmu 00

OyxuHe koOHe peyu 3a cmaHdapdaH HayuH kpeupara mampuye G

Depending mutual information on codeward length

e
+ 1B bit message /’“’If’
32 bit message ot
-++-+B4 bit message P s
—-—-126 bit message S
— — — 256 hit message !
10" 512 hit message )
-+ 1024 bit message v oo

Figure 9 — Mutual information for the codes C(2m,m); m<n depending on the

codeword length for the matrix G’ constructedin a simplified way
Puc. 9 — CosmecmHas uHgopmauusi o kody ¢gpopmel C(2m,m); m<n e 3asucumocmu

0m 8esUYUHbI K0A0BO20 CII08a OISl YIPOLUEHHO20 co3daHusi Mampuubl G
Criuka 9 — 3aje0HuyKa uHgbopmayuja 3a kod obniuka C(2m,m); m<n y 3asucHocmu 00

OyxuHe KoOHe peyu 3a nojedHocmassbeH HaduH kpeuparba mampuue G
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Execution time for the codes of the form C(2m,m)

In Figures 10, 11 and 12, it can be noticed that the execution time in the
standard matrix G creation is greater than the execution time if a simplified matrix
G is used. This feature is more noticeable for codes for a longer codeword.

' Execubon ime za kod C32, 16)

standardna G*

pejedrnstadjona G*

Figure 10 — Execution time for the codes C(32,16) depending on the codeword length

for the matrix G* constructed in the standard way and the matrix G* constructed in a
simplified way
Puc. 10 — Bpems BbINOAHEHNS NO Kody C( 32 ,16) ONA cTaHO4apTHOro co3gaHus
maTpuusl G* 1 ynNpoLeHHoro cosaaHus matpuusl G~
Cnuxa 10 — Bpeme usBpLuaBatba 3a kog C(32,16) 3a cTaHaapaaH HauuH kpeupatsa

maTpuue G” 1 nojedHOCTaBIbeH HauMH Kpenpara matpuue G~

' Execution brne za kod C(512, 255)

standardna G
pogednostadiena 5*

Figure 11— Execution time for the codes C(512,256) depending on the codeword length

for the matrix G” constructed in the standard way and the matrix G constructed in a
simplified way
Puc. 11 — Bpewmsi ebinonHeHusi o kody C(512,256) O0n1s cmaHdapmHo20 co3daHusi
mampuubl G” u yrnpoweHHo2o coddaHus mampuusl G
Cniuka 11 — Bpeme usepluaearba 3a ko0 C(512,256) 3a cmaHdapdaH HayuH Kpeuparba

mampuue G~ u nojedHocmas/beH HayuH Kpeupama mampuue G*
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Execution tire za kod C(1024, 512)

standardna G*
pojednostavljena G*

Figure 12 — Execution time for the codes C(1024 512 ) depending on the codeword

length for the matrix G” constructed in the standard way and the matrix G* constructed
in a simplified way
Puc. 12 — Bpewmsi ebinonHeHus no kody C(1024 512 ) dna cmaHdapmHozo co30aHus
mampuusl G” u ynpouweHHo20 co3daHus mampuusl G
Cnuxa 12 — Bpeme usspwasara 3a k00 C(1024 512 ) 3a cmaHOapdaH Ha4yuH

kpeuparsa Mampuuye G~ u nojedHocmassbeH HayuH Kpeupama Mampuue G

Conclusion

Progress in wireless communication over the past two decades,
especially at the physical layer, enables error control techniques. The
aim of the paper was to present LDPC codes and their practical
implementation as well as some modulations of implementation that lead
to acceleration. These codes, together with Turbo codes, represent the
basis of the digital and mobile revolution (3G and 4G networks) that
began at the beginning of this century.

During the experimental comparison of differently constructed
codes, what is measured is the error rate bit, the mutual information for
the plain text and the encoded text, as well as the execution time for
different lengths of the code. The expected conclusion is that the error
rate bit is better when the syndrome is shorter, and the code word is
longer. The same applies to mutual information. However, codes with a
longer syndrome are performed faster. Accordingly, one must find the
trade-off between the speed of execution on the one hand and the
transmission of common information and the bit error rate on the other.
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The scientific research process could be aimed at constructing and
checking the properties of Gallager’s, MacKay’s and protograph codes as
the main representatives of randomly constructed LDPC codes. The
methods for the construction of codes based on Euccidal geometry and
on combinatorial designs could also be studied, as the representatives of
structured constrained LDPC codes.
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HU3KOIMJIOTHOCTHBLIE KOObl OJ1A 3SAWNTbI OAHHBLIX HA
PN3NYECKOM YPOBHE

CoHs P. KynsiHckn Mapuy

BoopyxeHHble cunbl Pecnybnuku Cepbusi, F'eHepanbHbii WwWTab,

YnpasneHve nHhopmaTrki 1 TenekoMmyHukaumm (J-6),

LleHTp npuknagHoi MaTemMaTKN 1 3NEKTPOHUKM,
r. benrpag, Pecnybnuka Cepbus

OBNACTDb: npuknagHas matemaTtumka
BWO CTATbW: npogeccroHanbHas ctaTbs
A3bIK CTATbW: aHrnuickuin

Pe3some:

becriposodHass KOMMYyHUKauusi cmasia HeombeMsieMol  4acmbio
cospemeHH020 mupa. K coxaneHuro, 6ecripogoOHasi nepedaya OaHHbIX
umeem u ceou Hedocmamku, mak Harpumep, makol eud Cesi3U OYeHb
ydobeH dnsi npocrnywusaHusi. becripoeodHasi ces3b 0bbIYHO 3awjuueHa
rpomokonamu wughposaHusi romoka OaHHbIX, KOMOpble OCHOBaHbI Ha
Kpunmozpagu4yecKux anzopummax. BesonacHocms OaHHbIX
obecriequsaemcss 3@ c4Yem  C/IOXHbIX  8blYUC/IEHUU,  KOmMopbie
HEeB03MOXHO Mpou3eecmu 8 pearlbHOM epeMeHu. B obrnacmu meopuu

917

Kuljanski Mari¢, S., LDPC codes for physical layer security, pp.900-919



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

uHehopmayuli cywecmsyem auriomesa O moM, Ymo Mpocrywusaruee
ycmpoulcmeo umeem HeozpaHU4YeHHbIe 8bI4UCIIUMESTbHbIE
803MOXHOCMU, MO3MOMYy 8 OaHHOM Cilydae UCIMOb308aHUe ObbIYHbIX
Kpunmoepaghu4ecKux fpomoKosio8 He coecem HadexHo. Bmecmo amoeo
npedrnonazaemcss, 4Ymo Yy 3aKOHHO20 roslydamenisi  COObLEHUs
KOMMYHUKaUUOHHBIU KaHas fyquwe, YeM KaHas C Komopozo eedemcsi
npocnywusaHue. W amo  ¢busuyeckoe  rnpeumywiecmeo  Oaem
B803MOXHOCMb MPUMEHEHUSI CXeMbl CJlydaliHo20 KoOuposaHusi Ons
nepedayu UHgopMauyuu Ha (pu3u4eCKOM ypoeHe. 3Omu  cxembl
yHKYUoHUpyrom  6e3  npedsapumeribHoO20  ObMeHa  KioYamu
6esonacHbiIM  MemodoM, makuMm o06pa3oM 3awuma 3moz0 YPOBHS
cmpemumcsi K 3Ha4umersibHOMY YrpOWEHUIO YrpaesneHusi Kiodamu 8
KOMMYHUKaUUOHHOU cucmeme. B KoHUe rpowrio2o u Hayasne amozo 8eka
podunack udesi 0 MPUMeHeHUU HU3KOMIIOMHOCMHbIX Ko0o8 01151 3aujumal
Ha ¢husudeckom yposHe. B daHHoU cmambe nipumeHeHa modesns Wyner
KOMMYHUKaUUOHHO20 KaHara, a 0ns nepedadu uHgopmayuu ro 3momy
KaHary 6binu pa3pabomaHb! HUKOMIOMHOCMHbIE KOObI.

lMpusedeH cpasHUMesbHLILU aHanu3 efasHo2o asneopumma U €20
Moduchukayuli Ha OCHO8aHUU Ccriedyrouux napamempos: nepedaya
cosemecmHoll UHghopMmayuu, 4acmoma owubok no 6umam (BER) u
CKOpoCMU 8bIrNofIHEHUsI. Takxe rposedeH CcpasHUMEsbHbIU aHamu3
pabombl anzopumma ¢ pasfuYHbIMU 8eIUYUHAMU HU3KOMIOMHOCMHbBIX
K0d08, Ha OCHOBaHUU 8bilernpueedeHHbIX napamempos.

Kntouesble crioga: HU3KOMIOMHOCMHbIE KOObI, 3awjuma OaHHbIX Ha
¢usuyeckomM yposHe, kaHan Wyner wiretap.

LDPC KOAOBW 3A NMOTPEBE 3AWTUTE NOOATAKA HA
PUN3NYKOM HNBOY

Coma P. KyrbaHckn Mapuh

Bojcka Cpbuje, NeHepanwiTab,

YnpaBa 3a TenekoMyHukaumje n uHdopmaTtuky (J-6),
LleHTap 3a npumerseHy MaTeMaTuKy U eneKTPOHUKY,
Beorpag, Penybnuka Cpbuja

OBNACT: npumeheHa MaTemaTtumka
BPCTA UJTIAHKA: cTpy4H/ unaHak
JESWNK YJTAHKA: eHrnecku

Caxemak:

bexuyHa KOMyHuUKauuja je ceerjpucymHa y OaHalwHeM ceemy.
Haxkanocm, 6exudyHu npeHoc rnodamaka je no npupodu emumosar-a
nozodaH 3a npucnywkusare. 0Oge ege3e cy O0BUYHO oOcucypaHe
pomokonuMa 3a eHKpUruujy Koju ce ocrnamajy Ha Kpunmozpaghcke
aneopumMe U d4uja ce 6e3bedHocm 3acHuea Ha CrioKeHocmu
uspadvyHasarba U Hemoz2yhHocmu u3padyHaearba y peasiHOM 8peMeHy.
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Xunome3sa y obnacmu meopuje uHgopmauyuja jecme da npucrywkKusay
uMa HeoepaHu4YeHe padyHapcke MoayhHocmu, na je kopuwhere
yobuydajeHux KpunmozpagbcKux fpomoKosa HecuaypHo. Ymecmo moaa
y800u ce npemriocmaska 0a fie2umuMHU fpumarnay, nopyke uma 6osbu
KOMYHUKaUUOHU KaHasl 00 eHmumema Koju npucriywkyje. Ha ocHosy ose
¢usuyke rnpedHocmu mMoeyhe je Kopucmumu weme 3a CrydajHoO
KoOupar-e 3a MpeHoc UHgopmauuja Ha ¢usuykom Hueoy. Ose weme
yHKyuoHUWY 6e3 npemxodHe pa3MeHe majHUX Kiby4yeea Cu2ypHUM
fymewm, na 3awmuma Ha 080M HUBOY mexu 0a 3Ha4ajHo rnojedHocmasu
yrnpaesbarbe KibydYeeuma y KOMyHUKauuoHUM cucmemuma. Kpajem
rpowisioz U rnovYemxkoM 0802 eeka jasurna ce udeja da ce LDPC kodosu
rpUMeHe rpUuKoM 3awmume Ha ¢hu3uykom HUeoy. Y pady je kopuwheH
Wyner-oe molen KoMyHUKayuOHO2 KaHasia, a 3a fpeHoc UHgopmauyuja
Kpo3 oeaj kaHarn koHcmpyucaHu cy LDPC kodosu. BpuweHo je ropehere
pada OCHOBHO2 anesopumma U Hez208e MolugbKkayuje Ha OCHO8Y
crnedehux napamemapa: npeHoca 3ajedHuyke UHghopmauyuje, bit-error
rate-a u 6p3uHe usepwasarba. Takohe, epuieHoO je ropeherwe pada
aneopummMa 3a pasnudume eenuyuHe LDPC kodosa Ha OcHogsy
HaseOeHUX NMapamemapa.

KmbyyHe peuu: LDPC kodoesu, 3awmuma rnodamaka Ha ¢hu3Uu4Kom
Hueoy, BajHepoe wiretap kaHarl.
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CABPEMEHO HAOPY>XAHE 1 BOJHA OINPEMA
COBPEMEHHOE BOOPYXXEHNE 1 BOEHHOE OBOPYOOBAHVE
MODERN WEAPONS AND MILITARY EQUIPMENT

Pycka apTurbepuja nsasuea ctpax v TpeneT y Ykpajuru'

Pycka Bojcka NOHOBO yHanpehyje KOHBEHUMOHAanHy LUeBHY apTurbepujy 1
yBOAM HOBE, (briekcmbunHuje TexHuke rahara.

HakoH no4veTka opyxaHor cykoba y YkpajuHu 2014. roguHe, cBeT je
KOHa4yHO [0OMO yBUA Yy PYCKY TakTUKy KOMHeHOr pata. HoBu HauuHu ynotpebe
aptureepuvje notuyy on 2008. rogvHe, Kaga je u 3anoyeta MoaepHusauuja
pycke Bojcke. PasBoj apTturbepuje y Pycuju poseo je OO ApamaTuyHor
nosehawa Npeun3HoOCTU 1 BaTpeHe Mohu, anu je NCTOBPEMEHO CMaheH Bpoj
apTUIbepujckMx jeanHuua. Pycka apTurbepuja yBoan HOBE MOAEpPHE MpuUcTyne
y3 cTapuvje, Makbe NpeuusHe TakTMKe, a CBM KOMEHTATOpW Ce crnaxy pJda je
ynotpeba apturbepuje Tokom neta 2014. n 3ume 2015. roguHe Guna Bpno
pas3HOBPCHAa U UHBEHTUBHA.

Mpunukom ogbpaHe pycke HauuMoHanHe MawuHe Yy YKpajuHu, pycka
BOjcka je ynoTtpebuna camoxogHe xaybuue 152 mm MSTA-S, ByyeHe xaybuue
152 mm MSTA-B u BuweleBHe Gauadve paketa BM-21 Grad 3a yHuwTaBamwe
YKpajuHCKUX CcHara Ha rpaHuum umamelly YkpajuHe n Pycuje Tokom aBsrycta
2014. roguHe. Y oBWM CcriyvyajeBUMa apTurbepujcka BaTpa je ©Owuna
KOHLIEHTpUCaHa M ycMepeHa Ha cneunduryHe obractu, n To ca pasapajyhum
nocneguuama no ykpajuHcky 30. MexaHu3oBaHy Opuragy. Kako ce kamnamwa
MeHana Tako Ce Mehana WM pycka TakTuka, kao M ynoTpebrbeHa TexHuKa.
lNpeumsHoCT BaTpeHUX yaapa je noBehaHa Kako Cy UWUIbEBM MnocTajanu
nokpetHmju. Tokom aBrycta 2014. roguMHe Buwe cy kopuwheHu cuctemmu
MSTA-S n Nona-S koju cy yHuWTaBanu HenpujaTerbCke rpyne Ha OCHOBY
nogataka Koje cy cnane 6ecnunoTtHe netenuue.

MpumeheHe cy BecnunoTtHe netenuue tuna Orlan-10 w Forpost. Orlan-10
je mana 6ecnunoTtHa neTenuua koja ce naHcupa nyTeM kaTanynrta, gomeTa go
140 KM OO KOHTPOMHE CTaHuue Koja MOXe ocTaTu y Basgyxy o 16 cartw.
Jletennua nma makcumanHy 6p3vHy o 150 kM/4yac, a NOCTUXE MacKuManHy
BucuHy fo 4,99 kM. Moxe pa Hocu TepeT Mace Ao 6 kr, a obuyHo je
onpemMsrbeHa Xupoctabunnm3oBaHOM OHEBHOM TEreBM3UjCKOM KamMepoMm u/munu
WHd paUpBEHNM CEH30POM.

" JIDR June 2018
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Becnunom+ra nemenuua muna Orlan-10

Ca ppyre cTpaHe, Forpost je pycka Bep3uja uspaerncke 06ecnunoTHe
netenuvue Israel Aerospace Industries Searcher Mk Il. Makcumanuu gonert joj
je 0o 250 kM of 3eMarbcke KOHTPOSIHE CTaHuue, a MOXe ocTaTh y Ba3fyLwHOM
npoctopy Ao 16 catu. lbeHa makcumanHa 6p3uHa je 214 km/vac, a kpctapeha
6p3uHa namehy 126 km/yac n 148 km/yac. JleTenuua gocTuke BUCKMHY of 6,29
KM 1 MOXe NMOHeTH KopucTaH TepeT Texak go 100 kr. OnpemrbeHa je AHEBHOM
TeneBM3NjCKOM  KamepoM, WHdpaupBEHUM CeH3opuMa W flacepckum
OarbMHapom.
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Becnunomna nemenuya muna Forpost

lMomeHyTe neTtenuue omoryhune cy Npopyckum apTUibepUjcKMM cHarama
NoTNYHO YHMLUTaBake yKpajuHcke 92. mexaHn3oBaHe Opurage TOKOM aBrycra
2014. rogvHe.

Pycke  opyxaHe cHare nocefyjy pasnuunte  KomepumjanHe
KBagpukontepe u xenvkontepcke 6ecnunoTtHe netenuue. OHe cy kopuwheHe
y cagejctBy ca netenuuama Orlan-10 n Forpost koje 6w nouvpane unr-eBe, a
3aTvM npenywTane KomepuuvjanHum 6ecnunoTHUM netenvuama ogpehupare
KoopauHaTa UuwbeBa. 3atmm Ou aptwbepuja rahana no gobujeHum
KoopavMHaTama 1 nogelwasarna narbby HakoH NpBux NAOTyHa. JegaH aMmepudkm
nocmaTtpay je HaBeo fda 0Ou,040 TpeHyTka kaga 6w ykpajuHcka Bojcka
npumeTuna npey 6ecnunoTHy netenuuy npowwno uamehy 10 n 15 muHyTa npe
Hero wTo 61 KMXOBU NonoXxaju Gunu 3acyTy rpaHaTama u pakeTama.

EnekmpoHcka dejcmea

Tokom jyna 2014. rognHe amepuykM obaBeLuTajHu U3BOPU U3BECTUMN CY
Ja je camo jedHa BaTpeHa MUCUja NPOPYCKe apTurbepuje yHUWTUNa Asa
YKpajuHcka MexaHu3oBaHa 6aTarbOoHa 3a HekonMko MuHyTa. OBa Mucuja
nocrtana je nosHata kao 6uTtka kog 3eneHonosba. YKpajuHcka 79. BasgyLUHO-
AecaHTHa Gpuraga nojaBuna ce Ha BaTPEHOj NIMHU|W, @ 3aTUM BENUKUM OEIIOM
6una yHUWTEHa [OejCTBOM BULWIELEBHUX pakeTHUx 6Oauava BM-21 Grad.
Heobu4yHo je aa je ynoTpebrbeH NpUnMYHO CTapy CUCTEM KOju MOTUYE jow of
nonynapHux kahywa una [dpyror cseTckor pata. OBaj apTUIbepujcku CUCTEM
ucnarbyje HeBoheHe pakeTe 122 MM ca KMNaCUYHUM BUCOKOEKCMMO3UBHUM
nywewem Ha parbuHy o 37,5 km. HberoBa ynotpeba nokasana je ga cy
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NpopycKke cHare y cTawy Aa KOMOWHyjy CTapuje apTurbepujcke cucteme 3a
noctusakwe XerbeHor edekta. Joaywe, Huje Hemoryhe ga cy cneuujanHe
n3suhadke jegmHULE NPOPYCKMX cHara bune npucyTHe Ha ToM Aeny poHTa U
nouwmparne yKpajuHcke cHare.

MocToje m3BewTaju ga cy ynotpebrbeHa cpencrTBa 3a €rEeKTPOHCKO
paToBake kao WTO je RB-301 B Borisoglebsk-2, koju je HaBoano
apTurbepujcky BaTpy. Borisoglebsk-2 je nnatdopma 3a enekTpoHcka AejcTea
Koja omeTa paguo-curHane wunum npecpehe KOMyHuKauuvje MOBUNHUX
TenedoHa. YkpajuHcke cHare cy 4YecTO KOMyHuuupane nytem MOOUIHUX
TenecoHa pagm Kopuroearwa apTUIbEPUJCKMX Hanaga Ha noyeTky cykoba, WTo
je n nHuumpano ynotpeby osor ypehaja.

Borisoglebsk-2

lMpopycke cHare cy noyene ga ynoTpebrbaBajy jow jegaH ypehaj 3a
€NneKTPOHCKO paToBake — Leer-3, koju je morao otkputn GPS koopauHate
aKTMBHOr MoOwunHor TenedoHa. 3axBarbyjyhu oBum ypehajuma npopycke
CHare Cy yHMWTUIE HEKONuko Gatepwuja ykpajuHckmx xaybuua 122 mm D-30
Koje cy npunagane ykpajuHcKum BasgyWwHOAECaHTHUM CHarama.

Kako 6u ce cynpoTcTtaBune npopyckum nnatdopmama 3a enekTpOHCKO
paTtoBake, YKpajuHcke cHare cy ysene y ynotpeby gurntanHe paguno-ctaHuue
Harris koje vM je gocTaBuMno amepuyko MUHWCTaApcTBO oabpaHe. Pagwo-
ctaHuue Harris RF 7800V papge Ha dpekseHumjama og 30 go 108 MHz ca
pasmaunma of no 25 kHz n omoryhyjy wndpoBaHy KOMyHUKaLMjy.

OurntanHe paguo-cTaHuue Ccy HaBogHO o06e3begune  curypHujy
KOMyHUKauujy, anu je 6uno cny4ajeBa ga cy ynpaBO CUrHamum ca TuUxX paguo-
ypehaja npecpeTHyTM n ynoTpebrbeHM of MNpPOPYCKMX CHara 3a HaBohewe
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aptureepujcke Batpe. OBakBa npecpeTtarwa omoryhunu cy ypehaju kao Wwto je
Borisoglebsk-2.

Mopen ynoTpebe HaBegeHwx ypehaja npopycke cHare wmane cy
CHajnepucTte koju cy y3 ynotpeby OopbeHor cuctema Ratnik omoryhasanu
naeHTUMKaUnjy u cnakwe HenpujaterbeBux fiokaunja CBOjUM apTUIHLEPUJCKUM
batepujama. bopbeHn cuctem Ratnik cagpxum n KOMMjyTep 3a OTKpMBaHE
nokaumja Kojum je Moryhe ogmax npocneamtu nogaTtke  AeXYPHO]
apTurbepujckoj 6aTtepuju.

Mo ceBemy cyaehu npopycke cHare cy bune mspasuTto edwukacHe, LITO
notephyje nogatak ga je 90% ykpajuHckux rybutaka npoy3poKOBaHO
apTUIbEPUjCKMM M MUHODAaLa4YkUM CUCTEMUMA.

YHanpehusarme apmurbepuje

Pycuja HacTaBfba ca pasBOjeM HOBUX CaMOXOAHUX apTUIbepujcKux
cucTema, Kao M HOBMX CUCTEMa 3a ynpasrbakbe BaTpoMm Ha nnaTtdopmama
HuBoa b6aTepuje, 6aTarboHa U ApYrMx cactaBa ca HaMepoMm aa ckpahyje Bpeme
Of, OTKpUBaHa LMrbesa NyTem ceHsopa A0 OTBapara BaTpe.

Pycka Bojcka je gyro kopuctuna BydeHe U CaMOXOAHEe apTurbepujcke
cucTeMe, anuv je caga TeXulTe Ha pa3Bojy HOBMX MNOKPETHMX nnatgopmu u
cucTtema BuweleBHUX 6auada paketa. C 063MpoM Ha BENUYMHY pyCKe BOjCke
6uhe noTpebHO MHOro roguHa fa ce NoTnyHo npefe ca ByYHUX HA CaMOXOLHE
apTurbepujcke cucteme.

Mefhytum, nmajyhm y Buay OejctBa apTUIbepujCKMX cHara y YKpajuHw,
3amMeHa cucTteMa He mopa BuTu nMpuopuTeT pycke Bojcke C 063MpoM Ha BpIio
MHOBATMBHO U enKacHO Kopuwherwe HOBUX HaunHa rafhjawa n apTUbepmjCKMx
mMeToaa, Kao u Ha cee Behy ynotpeby npeuusHe myHuumje.

Pycke konHeHe cHare cBe Buwe ce okpehy ka MOOUNHUM apTUIbEPUCKUM
cucTeMmMma, jep camoxodHa apTurbepuja Tpaxu Makwbu O6poj nocnyxunaua,
ynasu y AejCTBO MHOro 6pxe 1 Moxe M3BPLUNTM BaTpPeHy MUCKjy, a 3aTuMm ce
Npeno3nuuuoHnpaT Ha Apyry nosvuujy pagu nsberaBara KOHTpabaTupara.
Mopen Tora, nocaga je sawTuheHa. MNocToje nHavkauunje ga he UMb PycKUx
CaMOXOOHUX apTUIbEepPUjCKUX cuctemMa OuTu OTKpMBake W YHULITaBawe
TakTMUKMx opmaumja paam cTBapakba naHvke w pacyna y HATO
dopmMaumnjama.

TununyHa pycka apturbepujcka opyha cy kanubpa 122 mm n 152 mm, anu
ce nae Ha ctaHgapgusaumjy Beher kanubpa 152 mm koju uma Behn gomeT u
ucnarbyje edukacHujy MyHULUKjY.

Pycuja n garbe nma y ynotpebu Behu 6poj BydHux xayouua 122 mm D-30
n camoxodHux xaybuua 2S1 Gvozdika 122 MM Koju Ccy yBeAEHW Y onepaTuBHY
ynoTpeby TOKOM Lue3geceTux W cegamaeceTux roavHa npownor seka. Osu
cuctemMm of Taga  YIMaBHOM HUCY YyHanpefuBaHw, na wux je notpebHo
3aMeHunTH. Oba apTurbepujcka cucrema KopucTe cTaHgapgHy
BMCOKOEKCMNIO3NBHY rpaHaTy ca napdagHum pgejctBom 122 mm OF-462 ca
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MakcumarnHom garbuHom o 15,4 km. 3a oBa opyfa pasBujeHe cy 1 rpaHaTe ca
pakeTHUM NOTUCKMBaYeM Koje nosehasajy AarbuHy rahawa oo 21,9 km.

Pycka apturbepujcka opyha mMory ce KOpUCTUTU U Y OANPEKTHOM ranamwy
UuIbeBa Ca BWCOKO-EKCMMo3MBHUM rpaHatama BK-6M (HEAT), anu cy oHa
OorpaHu4eHo ecdpmkacHa NpPOTUB OKIOMHWX BO3Mna ca MOLEPHUM OKIOMOM.
BuweueBHn 6auaum paketa BN-21 Grad wnn camoxogHe xaybuue MSTA-S cy
MHOro ecmkacHmju y Tom nornegy. Jlumutnpajyhm cdaktop je n kpatku gomeTt
LEeBHUX apTUrbepujckux cuctema 122 mm.

CamoxopHa xaybuua 2S3 Akatsiya 152 mm ucnarbyje rpaHaty OF-540
HE Ha parbuHy go 18,5 km, wTo Moxe OuTu nosehaHo nytem ynoTtpebe

g
S g 200 T i

Camoxo0Ha xaybuua 2S3 Akatsiya 152 mm

Pa3sBujeHa je camoxogHa xaybuua 2S3 ca oyxOM LeBu pagu noctusama
Behux parbuMHa, anuM Huje jacHO Ja nu je ywna y MNpou3BOAkY, Mako je
noHyfeHa CTpaHOM TPXULUTY.

CamoxogHa xaybuua 2S3 gonyweHa je camoxogHom xayouuom MSTA-S
152 mm koja je BasuMpaHa Ha cucTtemy amopTu3aumje TeHka T-80 u gusen
arperaty TeHka T-90. OnpemrbeHa je kynonom ca tonom 152 mm 2A88, koju je
MCTU Kao U Ha BYYHOj xaybuuu 2A65 152 mm. MakcumanHa garbuHa rahama
rpaHatom 152 mm OF-40 HE je 24,7 km, a yBehaBa ce rpaHatom OF-61 HE
RAP go garbune 29,06 km.

Y ynotpebu je u rpaHata 3OF64 HE Base Bleed ca garomHom rahawa o
24,4 xm. Hosuju npojektun 30F61 HE-FRAG BB owmoryhaBa noctusamwe
farbuHe go 29 km. 3pHa 152 MM ce ayToMaTCKM nyHe [OK Ce MOroHcka
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nywera nyHe pyyHo, a yaypa ce msbauyje ca AOHEe CTpaHe Kynore HakoH
ucnaroema.

CamoxogHa xaybuua 2S19 je mopepHudoBaHa Ha Bep3uvje 2S19M,
2S19M1 (ASUNO FCS), 2S19M2 n MSTA-S 1 y H0j je NoTNyHO MpoMeHEH
cucTeMm 3a ynpaerbawe BaTtpom. Hoeu CYB (cuctem 3a ynpaBrbakbe BaTpoM)
YKIby4yje ayTOMaTCKO HULLahEeHE KOje CMakyje Bpeme noTpebHo 3a noveTtak
JejctBa M yHOCM nopaTke Of pajapa 3a Mepewe Op3auHe npojektuna Ha
ycTUMa LEBU KOjU Ce Hanasu u3Hag ueBu xaybuue m aytomatckv npeHocu
nogaTke HaKOH CBaKor ncnarbexa.

CamoxogHa xaybuua 2S19M2 capga Hocu HasuB 2S33 (MSTA-SM 2) un
Beh je y onepaTnBHOj ynoTpebu pycke Bojcke. Nopy4eHo je 42 Bo3una koja he
6uTn ncnopy4veHa go kpaja 2019. rogmHe.

Pycuja je TecTnpana Bep3unjy camoxogHe xayouvue 2S19 ca ctaHgapgHoOM
HATO myHuumjom 155 mm/52 3a n3Bo3Ho TpxuwTte nog o3Hakom 2S19M1-155
KOja Huje yLwina y cepujcky NpousBoa.Y.

Bepsuja ca kanubpom 155 MM KOpMCTM CMCTEM 3a ynpaBibake BaTpPOM
ASUNO u noroHcke enemeHTe TeHka T-90. Pycku n3Bopu TBpae Aa 2S19M1-
155 uma makcumanuu gomet o 30 km ynotpebrbaBajyhu ctangapaHn HATO
npojektun L15 HE kanubpa 155 mm koju je pasBujeH 3a xaybuuy FH-70
MakcumarnHor gometa ao 41 km, kopuctehu rpaHate tTuna ERFB-BB (Extended
Range Full Bore — Base Bleed). CamoxogHa xaybuua Hocu go 45 rpaHaTa ca
nykermma.

Pycuja y cBoMm apceHany nocefyje nBa camoxofHa apTurbepujcka
cuctema Beher kanubpa: 203 mm 2S7 Pion v mnHobGauay 2S4 Tyulpan. OBa
opyha paHuje cy 6una usbaveHa m3 akTMBHE ynoTpebe u npemewTeHa y
pesepsy.

HakoH porahaja y YkpajuHu npumeheHo je pa je geo oBux opyha
pemMoHTOBaH 1 BpaheH y akTMBHY onepaTuBHy ynotpeby, anu 1 ga osa Bo3una
KOpUCTe M Mpopycke cHare M ykpajuHcka Bojcka. Opyha ce ynotpebrbaBajy
300r cBor BenuKOr gomeTa, WTO MM omoryhyje OejcTBO BaH YCTaHOBIbEHUX
30Ha eKkcnysuje.

CamoxogHa xaybuua 2S7 Pion wvcnarbyje [[BoOenHy MyHUUMjy ca
MakcumanHum gomeTtom o 37 km, gok rpaHata HE RAP nma gomet n go 47,5
km. CamoxoTka y 6opbeHoM KomnneTy nma camo 4 rpaHate kannbpa 203 mm,
a gofgatHa MyHuuUMja ce MpeBo3n cneuujanHuMm Bo3urnoM. MopgepHu3oBaHa
Bep3unja 2S7M y cBom 6opbeHOM KOMMIETY MMa Oocam rpaHara, 4OK je kageHua
nare6e camo 2 rpaHaTte y MyHyTM. C 063MpOM Ha BeNWKM OOMET, camoxogHa
xaybuuya 2S7M Moxe HanycTUTM CBOj BaTpPeHW MofoXxaj M npe Hero wTo
rpaHaTe OEeTOHUPajy Ha yaarbeHOM Luiby.
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Camoxo0Ha xaybuua 2S7 Pion

CamoxogHn MuHobauay 2S4 240 Mm  uvcharbyje KOHBEHLMOHarHy
BMCOKOEKCMNITO3MBHY MWHY MapyagHor AejctBa Ha garbvHy o 9,65 km mnm
MmuHy Tuna HE-FRAG RAP Ha pgaremHy go 18 km. Takohe, ncnarmbyje wu
nacepckn HaBoheHy MuHy Smelchak npoTMB MeTa BMCOKMX BPEOHOCTU A0
AaroumHe of 9,65 kM, a N0 HEKMM M3BeLUTajuMa OBakBM HaBOheHW NpojekTUnun
ncnpobanu cy y Cupujn.

Camoxo0HU muHobauay 2S4 240 mm
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ByyHa u camoxodHa opyha moykawu

MHore apxaBe fajy NpedHOCT CaMOXOOHUM apTurbepujckum opyhuma
TOYKalMma Hag BYYHOM apTurbepujom, 360r HMxKe ueHe u Behe cTpaTermnjcke
MOBUITHOCTMW.

Y oBoj obnactn Pycuja je pa3suna npoToTMN CaMOXOLHOr apTUIbepUjcKor
cuctema basmpaHor Ha kamunoHy Kamaz 6560 8X8. Ha 3agwem geny kamumoHa
Hanasw ce Kynona HaopyxaHa Tonom 152 MM, JOK Ce Ha CBakoj CTpaHu Kynone
Hanase ypehaju 3a ctabunusauujy.

Ca ppyre ctpaHe, Pycka Bojcka KOpPUCTM BenMKM Opoj BYYHMX
apTurbepujckux cuctema, kao wto cy D-30 122 mm, 2A36 152 mm n 2A65 152
MM.

Pagun ogpxxaBara cTapux ByYHUX CUCTEMA Ha HUBOY 3axTeBa MoAepHOr
bojuwTa, pycka komnaHuwja Russian Artillery Plant No 9 passuna je wu
TecTuparna nakeT 3a MogepHu3aLmjy By4Hor apturbepujckor cuctema D-30 nopg
o3Hakom D-30A «koju kopuctn Ton 2A18M. MopgepHusaumja nogpasymeBa
nonyayToMaTCKu CUCTEM MyHeHa, XPOMUpPaHy LEB, HOBY KONEBKY Tona W
MoaMdUKOBaHN cucteMm Tps3awa. LUTo ce Tnye Banuctmykmx ocobuHa 0BO
opyhe ocTtaje ucto kao n npeodbutHn D-30 og 122 mm.

Pycuja je, Takohe, passuna ogpeheHn 6poj HOBUX ByYHUX apTUIbEPUjCKUX
cucTeMa KOju jOLI HWUCY YLWIMW Y CepujcKy MpOu3BOAHY, Mako cy noHyheHn
M3BO3HOM TpxuWTy. Pagu ce o apturbepujckom cuctemy 2A45M-155
(npotmeTeHkoBckn Ton SPRUT-B 2A45M uuja je ueB 3amereHa ca ueBu 155
MM AyxuHe 39 kanmbapa).

KomnaHuja Russian Artillery Plant No 9 Takohe je npojekroBarna jypuLlHu
Ton 122 mm M-392 koju je noHyheH 3a u3Bo3. [MaBHW HegocTaTak OBOr
cuctemMa je Bpno kpaTak gomeT — o0 8,6 KM, jep KOPUCTU MYHULMJY 3a PYCKy
xayouuy M1938 koja je ctapa Buwe og 80 roguHa.

PasBoj cucrtema Koalitsya-SV

Y TOKy je pa3Boj caMOXOOHOr apTurbepujckor cuctema 152 mm nopg
o3HakoM 2S35 Koalitsya-SV koja je 6asnpaHa Ha koMmnoHeHTama TeHka T-90,
anun ce y 6ygyhHOCTM o4eKkyje Ja OCHOBa OBe caMoxogHe xaybuue unak 6yay
mMoaynu cuctema Apmama.

Koalitsya-SV vma nocagy oA Tpu 4naHa Koju ce Hanase y Kancynu Ha
npeamwoj cTpaHu Bo3wna. Kynona je parbMHCKM ynpaBrbaHa W HaopyaHa
HoBuM TornoMm 2A88 152 MM koju uma AOyxXy LeB Yy OOHOCY Ha npeTxogHe
Bep3uje, a ONpeMSbEH je CUCTEMOM 3a u3bauuBarwe AMMa U NPOTUBTP3ajHOM
KOYHULOM Ha ueBwu. [paHaTe ce myHe Mpeko ayTomaTtcKor nywaya nog 6uno
KOjM yrmnom; npBO Ce MyHW MPOjeKTUs, a 3aTuM Nywerwe. TBpAN ce ga HoBa
camoxofHa xaybuua nma 6p3uvHy rahamwa yak go 16 rpaHara y MUHyTHW.

LleB je onpemrbeHa TeYyHUM cuCTEMOM Xnahewsa Koju xnagu KomMopy
HaKkoH CBakor ucnarbewa. Ton je OonpeMrbeH MUKpoTanacHUM CUCTEMOM
narbewa Koju nanv cneumjanHy MuUKpoTanacHuM CeH30p Ha nykwewy. OBaj
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cucteMm je Oorbum o npeTxogHor 36or Mawer Opoja MOKpeTHWX [enoBa,
KOH3MCTEHTHOI MHTepBana rahawa n nosehamwa 6p3nHe rpaHaTe y LEBWU.
Mopen Tora, Koalitsya-SV je onpemrbeHa ca gBa pagapa, Tuna gonnep,
KOju Cy MOHTMpaHM Ca CBakKe CTpaHe NpumMapHoOr Haopyxawa. OHu mepe
Op3vHy rpaHaTa u m3padvyHaBajy npeaBuheHO MecTo yaapa, WwTo omoryhaBa
CUCTEeMy 3a KOHTPOMy BaTpe KOPEeKUuWjy BaTpe W Mpe Hero LTo ekcnnoaupa
npBa rpaHara.

il I

Koalitsya-SV

Koalitsya-SV vma MoryhHOCT yaapa ca Bulle rpaHata Ha UCTK Uuib kaja
ce ynoTpebrbaBa pasnuuuTta enesauunja uesu. C o063uMpom Ha pasnuuute
nyTake cBaka rpaHaTa vMa cBoje Bpeme [0 UMrba.

lMnaTtdopma nMa HOBU acopTUMaH MyHULMje ca MakCMManHoM AarbMHOM
o 70 kM. [paHaTe cy NOTNOMOrHyTe pakeTHUM MOTOPOM 3a MOCTU3are
MakcumarnHor gomeTa, anuM xaybuua MOoxe wucnareMBatuM W CTaHOapaHy
MyHUUMjy 152 Mm Ha kpahum pasgarbmHama. [lpeumsHocT je nosehaHa
ynotpebomMm npojekTuna ca  KOHTPOSTHMM  KpuiuuMa Ha  HOCY  KOju
ynotpebrbaBajy pycku rnobanHu HaBuUrauuoHn caTenMTCKu CUCTEMMN.

Pycuja je Tectupana Hajmakbe [Ba pasnuuMta ynarbada Koju cy
HamereHN 3a kopuroBawe Kypca. lpeBu pagm cnuyHo ynarbavy SPACIDO
komnaHuje Nexter, koju npuma curHan ca pagapa cuctema Koalitsya HakoH
yera KOpUCTW BasdylUHe KOYHWLE 3a Mehame nyTawe y nety. [pyru ynarbad
ce HaBoau nytem cuctema GLONASS u cnuuyaH je komnneTty 3a npeumsHo
HaBofewe Orbital ATK M1156, anu je jow y dpa3n pasBsoja.

Konuko je TpeHyTHO no3HaTo, HajHoBuje nnatdopme 2S35 Koalitsya-SV
3ameHunhe By4He xaybuue 2A65 MSTA-B.
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HanpedHa myHuyuja

Mopen ynarbaya koju omoryhyjy npomeHy nytawe, pycka komnaHuja KBP
Instrument Design Bureau npojektoBana je KOMMANeTHYy Nopoguuy nacepcku
HaBohjeHMX npojekTuna 3a kanubpe 122 mm, 152 mm mn 155 mMm 3a
apTurbepujcka opyha u 3a mmHobauavke muHe 120 mm. To cy rpaHaTte 122 mm
KM-3 Kitolov-2M, 152 mm 2K25 Krasnopol, 155 mm n mnHobauauky muHy KM-1
Krasnopol 120 mm KM-8 Gran. BehunHa oBux HoBuMX pellera Beh je ycnewHo
ncnpobara y Cupuju.

paHate155 KM-1 Krasnopol npogate cy WHaujn 3a ynoTtpeby y HUXOBUM
By4YHUM Xxaybuuama Bofors FH-77 koje cy kopuwheHe y 6opbama Ha MHAM|CKO-
nakucTaHckoj rpaHnun. PpaHuycka je Kynuna oapefeHy KonuMuuHy 3a Tectuparse
y CBOjUM camMoxodHuM apTurbepujckum cuctemmma GCT 155 mm. OBe nacepcku
HaBofeHe rpaHaTe 1Majy BUCOKOEKCMo3MBHY GojeBy rnaBy napyagHor aejctea v
nony-akTMBHWM Nacepcku Tparay n 3axTeBajy ocBeT/baBake Lurba A0 yaapa, WTo
MOXe OMTM KOMMMWKOBAHO, Hapo4uTO Kaga je nowe Bpeme. 3a Hasohene
OBakBMX rpaHata Pycuja nma nacepcke pgarbmHomeTpe/o3HaumBadve tuna 1D20,
1D22 wnun 1D26, gBa pagvo-ypehaja n nomohHe ypehaje 3a CMHXpOHWU3aUWjy.
Jlacepcku HaeoheHu npojekTvnn 152 Mm nmajy makcumanum gomet go 20 kv, a
OOMET nacepckux o3HauvBaya je oo 7 kM. Jlacepcku HaBoheHu npojektunu 155
MM MMajy OyXun AOMET U TO A0 25 KM.

Pycka komnanuwja KBP Instrument Design Bureau npojektoBana je
NMPEeHOCHW ayToMaTM30BaHW apTUIbEPUjCKM CUCTEM 3a KOHTPOMy BaTpe
Malakhit koju koHTponuwe neT nacepcku HaBoheHUX npojekTuna, Kao u
KOHBEHUMOHaNHMX apturbepujckux rpaHata. OBM  cucTeMU  YKIbYYYjy
OHEeBHO/HORHM cWUCTeM 3a aKkBM3MUM)y LuibeBa W HaBUrauvOHW CUCTEM,
KOMNjyTep KOMaHaupa 1 ogalimrbade Ha TornoBuma. CUCTEM je NpojekToBaH 3a
b6aTtepujy og wect opyha. Pycuja, Takohe, pa3Buja 1 pamLIET TEXHOIOMMjy 3a CBOjY
apturbepujy og 152 mm n 203 mm. 3a npojektun og 203 MM o4yekyje ce noBehane
aometa go 70 kM. PassujeHn cy u npojektunn 152 MM 3a Hanag Ha ropksv Oeo
unrba, a ynorpebroasajy ce kaceTHe rpaHate 122 mm 1 152 MM 3a Hamag Ha
oknonHa 6opbeHa Bo3una.

Unannue HATO-a (ocum CA[Ll) msbauune cy u3 ynotpebe CBOje KaceTHe
apTurbepujcke rpaHaTte Ha ocHoBy KoHBeHUMje 0 kaceTHOj MyHuLmju 13 2008 roaunHe.

Pycka Bojcka je pasBuna 3HaTaH 6poj oknonHux GopbeHwmx Bo3wuna 3a
ynoTpeby y apTubepujckMM jeauHuuama. Y nutawy Cy apTurbepujcka
KoMaHgHa v ussmhauka Bosuna 3a ynotpeby Ha HuBoy 6aTepuje n 6atarboHa.

Mashina-M je ayTtomaTm3oBaHM CUCTEM 3a KOHTPOSY BaTpe Koju je
npenBuheH 3a ynotpeby Ha HMBOy GaTarboHa, baTepuje, komaHae GaTarboHa
N KOMaHgHor ocduumnpa 6aTtepuje. Cuctem npuma nHdopmaumje og NCTYPEHUX
nocmartpada, obpafhyje nx n warbe 6atepujama. Ouyekyje ce ga he byayhe
pycke KOMHEeHe cHare yMHOrome 3aBuMCUTK o4 ayTomaTusoBaHux C2 cucrtema.

MogepHu3oBaHo je n apTurbepujcko ussuhadko sosuno PRP-4A koje ce
3acHuBa Ha Bosunuma BMP-1/BMP-2, anu je onpemMsrbeHo HOBOM Kynosiom ca
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KOMMN/ETHOM OMNpPeMoM 3a Hag3op WM akBM3WLM)y UMIbeBa Kao LWTO cy
KOMYH/KaLUMOHa OMpeMa, HaBurauMoHM CcucTem, pagap 3a ocmaTpake
GojuwTa, nacepcky garbMHOMep U AHEeBHO/HONHE TepMariHe kaMmepe.

= o

Apmurbepujcko usgufjaqyko gosuno PRP-4A

Ctapvju pagap 3a nouupakwe apTurbepujcke u MuHobaLayke BaTpe
SNAR-10, koju ce Hanasu Ha Bo3uny MT-LB, mMogepHu3oBaH je HOBUM
pagapom Beher gomeTa u Behe npeunsHocTu n caga Hocu o3Haky SNAR-10M.
Pyckn npeHocHu pagap 3a nouupawe MuHobGauada Austenok oTkpuBa
NMoKpeTHe uwrbeBe Ha pgarbmHama go 20 km, a MHoro Behu pagap 3a
OTKpMBaHe apTurbepujckux nonoxaja 1L260-E nma makcumanHu gomet o 65
KM U KOPUCTU Ce 3a KOpeKuWjy apTurbepujcke u pakeTtHe BaTpe. Pycuja je
AeMOHCTpupana crnocobHOCT 3axBaTaka W Hanaga Ha UuUurbeBe Koja je
umnpecuoHupana komaHgaHte HATO-a. Pycka apturbepuja noctaje
NpUOpPMTET PYCKMX KOMHEHUX CcHara, WwTo noTephyje n ckopo yBohewe cnuctema
Koalitsya-SV.

HepaBHu n3sBellTaju amepuyke Bojcke nokasyjy aa je 4owwno Ao u3MeHa y
OOKTPUHU pycke BOjcke, LITO nogpasymeBa ynotpeOy BuweueBHMX Oauava
pakeTa y yriorama OUPEKTHOr BaTpeHOr Hanaga, Kao M W3MEHE Y HauuHy
Hanaga Ha yodeHe unrbeBe ca HenpunpemsbeHux nosmumja. Pycnja noctasma
Kao npuopuTteT aytomatm3auumjy cuctema C2 n cuctema 3a KOHTpONy BaTtpe.
Ykonuko pofe [o ycnewHe acuMunauuvje OBMX cucTtemMa ca OecnuioTHUM
netenuuama 3a npoHanaxewe uurbesa gohu he o BMWECTPYKOr nosehawa
Beh caga nmnpecnsHe ybojHe Mohy pyCKMX KOMHEHUX cHara.

Hpaeax M. Byukosuh (Dragan M. Vuckovié),
e-mail: draganvuckovic@kbcnet.rs,

ORCID iD: “=http://orcid.org/0000-0003-1620-5601
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Tenk M-91 Vihor: jyrocnoBeHcku TEHK ca amepuykom 1 pyckom OHK?

BojHa nHgycTpuja 6una je jeaHa of Hajpa3BujeHUjUX MHAYCTPUjCKMX rpaHa
y 6uBwoj COPJ. 3a Bpeme xnagHor pata COPJ je 6anaHcupana msmehy
Uctoka n 3anapa, Habaerbajyhu u paseujajyhu gomahe opyxaHe cucteme
3acHOBaHe Ha TexHonorujama obe cTpaHe. JegaH of Hajborbux npoussoga
jyrocrioBeHcke BOjHe MHAYCTpuje, a Moxda U Hajoorbu, 6uo je TeHk M-91
Vihor.

JyrocrnoBeHcka TEHKOBCKa WHOYCTpMja MoyMwe ga ce pasBuja KacCHMX
yeTpaeceTUX rogMHa NpPoLLNOr BeKa, HakoH pasnasa Tuta u CtarsuHa. Kako je
y Tom nepuogy CosjeTtckn CaBe3 0Onoknmpao wu3BO3 CBOjUX TEHKOBa
Jyrocnasuju, a ICTOBPEMEHO je NocTojana u onacHoOCT 04 UHBasuje, Ha TuToBy
WHUUMjaTMBY pykoBoacTBO pabpuke ,lletap [OpanwumH” KpeHyno je y
peanu3aunjy 3agaTka. [lpousBegeHo je  WecT TeHKoBa Koju cy ©6wunm
3acHoBaHu Ha TeHKy T-34/85 noa o3Hakom Tip A.

WMnak, To HWje Guno [OBOSBHO, Ma Cy jyrocrnoBeHCKe BracTu Hanpaswne
poroeop ca CjeaunweHnm OpxaBama (y BpeMe gobpux ogHoca ca 3anagom) 3a
ncnopyky BojHe nomohu. Taga je HaGaereeH ogpeheH 6poj TeHkoBa M4A3E4
Sherman, M47 Patton, M18 Hellcat, n M36/M36B1 Jackson. HakoH Tora, y
nepuvogy oTonsbaBakwa opHoca ca CCCP-om, kpajem negecetux roguHa
npowrnor Beka COPJ je HabaBuna cosjeTcke TeHkoBe Tuna T-55, T-54A, SU-
100 n T-34 Obr. 1960. OB/ TEHKOBM CYy KaCHWje 3aMeH-€HM HOBUjUM TuUNa
T-55A koje je goHmpao CCCP, a pagun 3ameHe cTapujux mogena MUCTor TEeHKa
koje je COPJ ucnopyumna Ermnty TokoMm JomKunypckor pata ca WM3paenom
1973. roguHe.

OBakaB M3BO3HM Nocao MNpeAcTaBrbao je Temerb 3a fobpe ogHoce ca
CCCP-om, Tapa je HacTojaHO fa ce gohe o TeHka T-72, anu TO HYje 1o no
nnaHy. Yexocnosayka u Norbcka gobwvne cy nuueHue 3a NpousBoAHY OBOT
TeHka npe Jyrocnasuvje, WITO UM je omoryhaBano geceTt roguHa npoun3BogHe
unu ykynaH 6poj OO xurbagy Komaga, kao M KynoBuHy ogpefeHor 6poja
TeHkoBa Tuna T-72M un T-72MK.

®abpuke wmpom JyrocrnaBuje ydecTBoBane Cy Yy MPOM3BOLHM
jyrocnoseHcke Bep3nje T-72 nog o3Hakom T-72MJ. Mpeu T-72MJ nsawao je 13
abpuke 1983. roguHe u pasnMkoBao ce opf ocTtanux Bep3uvja T-72M no
MOTNYHO [OUrNTanuM3oBaHOM CUCTEMY 3a YnpaBrbake BaTpoOM, Koju ce
npoussoguo y CrnoBeHuju, a N0 CBOjUM KapakTepucTnukama 6vo je Bpro cnuyax
TagallkbMM CUCTEMUMMA HOBUX 3anagHuX TEHKOBA.

JyrocrnoBeHCKN MHXewepu yBenu Cy MHora noborbliawa y OJHOCY Ha
npBobuTHY Bep3awnjy T-72M. MNpeuunsHocT je 6una npea Ha nNucTu yHanpehema.
MeTeo-ceH3op je oamax gopat, cTabunusauMoHn mMexaHu3am je yHanpeheH
AodaTHMM KMPOCKONUMA, a Ha Kpajy je godaT U MOTMNyHO OUruTanu3oBaHu

2 The National Interest 02 July 2018
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cucTem 3a ynpaerbarwe BaTpoM. OBa yHanpehewa pesyntupana cy Bep3unjoM
M-84, jyrocrnioBeHckoM Bep3njom T-72.

NoguHe 1987. nsawao je un yHanpeheHn mogen M-84A koju je umao oknon
yHanpeheH Ha cTtaHgapd pyckor TeHka T-72M1, anu u HOBM MOTOP oA Xurbagy
KOwCKMx cHara V-46TK, wTo je goBeno Ao 3HatHO Behe Op3vHe u TakTuyke
MoOOMNHoCTM TeHka. Mehytum, npomsBogwa TeHka M-84 m M-84A, ynpkoc
HOBMM Ha3uBMMA, UnNak je Gwurna orpaHuMdeHa Ha Xwurbagy npuMepaka nog
OpUrMHaNHOM NMUEHLOM 3a Npon3Boawy T-72.

Pagu npeBasvnaxewa oBOr orpaHuderwa, 1987. rogvHe Tapawwe
PYKOBOACTBO 3anoudnmte HOBM MpojekaT nog Hasmeom ,HoBu gomahm TeHk’.
OBaj npojekat, Koju je npegsoavo BojHoTexHuukm wmHCTUTYT y Beorpaay,
KacHuje je pgobwo o3Haky M-91 Vihor. buno je npegBuheHo pa npea
TecTupawa 3anodHy Tokom 1991. roguHe, oa ce npBa cepuja NpoTOTUNOBA
nponseege go 1993. roamHe, kako 6m ce go 1994. roguMHe no4veno ca
CEepUjCKOM NPON3BOAHOM.

TeHk Vihor
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36or pacnaga CPPJ, koje je 3anoyeto 1991. rogmHe, camo cy Tpu wacuje
1 Tpy Kynorne 6une KkomnneTnpaHe.

Y cywTuHun, Vihor npeacTtaBrba HacTaBak pasBoja cepuje TeHkoBa M-84.
Nako je 3acHOBaH Ha MCTOj duno3oduju ynotpebe aytomaTcKkor nywada u
Tpo4ynaHe nocage, eroBa KoHUenuuja je ganeko ogmakna ofg opurnHanHor T-
72. Cpue HOBOI TeHKa je MOAepHM30BaHM MoroHcku arperaT. Mako je M-84A
pacnonarao ca 3HaTHO ja4yuM MOTOPOM O XWibady KOHsCKUX CHara y OgHOCYy
Ha M-84, cHara moTopa TeHka Vihor je jow wumnpecuBHuja. Pagn ce o
TypbonpexpawmBaHoM Am3en MoOTopom o3Hake V-46TK1 «koju je morao
NMOrOHUTU MACUBHU TEHK BP3MHOM Of OKO 75 KunomeTapa Ha caT u ybp3awem
oa cegam cekyHam og 0 go 32 km/d, WwTo je 6uno jegHako unum 6pxe y ogHocy
MW Ha TEHKOBe ca racHuMm TypbuHama u3 Tor nepuoga. MNoroHcku TOYKOBM CY
peansajHupaHu, a BepTuKanHa BMCUMHA Ha MyTy noaurHyta je ca 280 mm Ha
350 Mm, WwTo je omoryhuno jow 6orby TepeHcKy npoxogHocT (1 go 50 km/4 BaH
nytesa), a u OMMNO je MHOrO BULLE Yy OAHOCY Ha opurMHanHu T-72. ToroHckm
0e0 TeHKa ca NPOTOTMIMOM LLACKje U KYNnosie MHTEH3UBHO je TEeCTMpaH ca BuLle
oA npeheHnx neTHaecT xurbaga KunomeTtapa.

OCHOBHO Haopyxahe TeHka npeacrasrba Ton 2A46M, ncTn OHaj kojum je
HaopyxaH n T-72. [pojekToBaH je HOBM TepMaliHu NnpekpuBay Tona U HOBWU
pedepeHTHN CEH30p Ha yCTUMa LieBM Tona (Kao M Ha 3anagHuMM TEHKOBMUMA).
MpeosuheHa je moryhHocT ©Op3e 3ameHe Toma. AyTOMaTCKM Mykwad je
yHanpeheH y ogHocy Ha nywady AZ-72 ca TeHka T-72 koju je omoryhasao
GuavpeKkumMoHanHu NOoKPeT CrivyaH pellekwy ca TeHka T-64, wTto je noBehano
eduKacHOCT n Op3nHy Nyhwewa (40 AeceT rpaHaTta y MuHyTy). MpeunsHocT je
nosehaHa ynotpebom MeTeo-CTaHuLe M KOoMMfeTa ceH3opa Koja je mepuna
TemnepaTypy M Ta4yHy TEXMHY MOrOHCKOT EKCMIO3MBHOI MyHEHba.

XvapaynuyHo MoOKpeTawe Kyrnone je  3aMEeHEeHO  eNeKTPUYHUM
MexaHu3mom ca 6p3nHOM okpeTawa Ao 50 cTeneHn y CekyHOm, WTO je BuLe
o4 OBa nyTa 6pxxe of okpeTara Kynore opurnHanHor TeHka T-72. MyHuuuja je
buna 6orbe 3awTuheHa, og AybuHe npoboja o 554 mMm Ha pgarbuHama go
2500 meTapa, wTo je 6uno cacsBuM OOBOSbHO 3a 3aWITUTY OA4 Taga noctojehux
TEHKOBCKMX TONOBA.

PasBujeH je 3antmBay Ha noTkanubapHom 3pHYy of Oakenuta ymecTo
npeTxogHor koju je 6mo cactaBrbeH of Gakpa pagu ymawera pacTypara
3pHa. CoBjeTun Cy KacHWje NpeLwnun Ha 3anTueay o4 anyMmnHujyma.

HuwaHckn cuctemm 6unu cy y paHry 3anagHuX HULLAHCKMX crpaBa ca
OUrNTanHUM 3ymupaweM, nacepckuMm garbMHomepuma, Tpehom reHepaumjom
HONHUX HULIAHCKMX cnpaBa M TepManHuUM HuwaHckuMm Yypehajuma. Wnak,
KOMaHZWp TeHka MMao je camMO [HEeBHO/HOhHy HuwaHcKy cnpaBy 06e3
TepmarnHor ypehaja, nako je nmao npeg cobom ekpaH Kojum je Mmao npernep
TepMariHe HULWIaHCKe crnpaBe HuwaHuumje, a u MOryhHOCT poTupara Kynone
npemMa uUWIby KOjU je npaTuMo MNpeKko CBOje HuwaHcke cnpase. [lpujemMHuk
nacepckor ospaderwa Takohe je uHcTanupaH Ha kynonu. OBaj cuctem je
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nocegoBao ogpefeH cteneH oabpaHe oa Hagonasehe nNpeTke Tako WTo 6u nNo
OeTeKLMjn nacepckor o3payera OKpeTao Kynony npema Hagonasehoj npethu
(MPOTUBOKITOMNHOj pakeTn) U akTUBMPao AMMHe KyTuje. OBaj CUCTEM je U3BOXEH
n y gpyre 3emree. KoHauHo, Vihor je 6uo onpemrbeH wWndpoBaHMM paamo-
ypehajem ca aytomaTckum npebaumBaweM dpekBeHumja, ypehajem CrimyHum
amepunikom cuctemy SINCGARS. Oknon TeHka Vihor cneguno je wucty
dunosodujy Koja je NnpumMeHuBaHa 1 Ha COBjEeTCKMM TEHKOBMMA. YNoTpebrbeH
je KOMMO3WTHM OKMOM Ha KynonmuM K LwWacuju ca MeLwaBuHOM CUNULNjyM-
kapbuga, anyMuHujyma, ryme u crnoja nerype ucnyweHe KBapLuHUM NECKOM U
cmornom. Hoeu oknon je 3,5 ToHe Texu of oknona Ha TeHky M-84A, wTto je
ogroBapano oknony TeHka T-72M1. T[lnaHvpaHo je U nocTaBrbawe
eKCMNNo3nBHO-peakTUBHOr okrona nop o3Hakom M-99, anu je Taj nporpam
3aBpLueH Tek 1998, rognHe. OBakaB eKCMN03MBHO-pEaKTUBHU Okron 6uo je no
CBOjoj edukacHocTn usmehy cosjeTckor oknona Kontakt-1 n Kontakt-5 ca
orpaHu4eHom cnocobHowhy 3awTuTe of 3pHa ca KUHETUYKOM EHEPIUjOM.

C ob3npom Ha pacnag Jyrocnasuje, Vihor Huje HUKaga ywao y cepwujcky
npousBoawy, a umajyhm y Bugy ga cy MHore penybnwuke, GuBle unaHuue
CoPJ, npousBogurne pQenoBe TeHKa, OHWM Cy TOKOM rpafaHckor paTta
KopuwheHn 3a nonpaeke 1 ModepHu3aumje huxoBmx TeHkoa M-84. Xpeartcka
je Yak ycnena pa cknonu jegaH uenu TeHk Vihor koju je pogywe 3aBplueH
genosuma TeHka M-84. [lo HekMMm u3BopuMMa Taj TEHK je yyecTBOBao Y
onepaumju 3apobrbaBawa 6asze JHA y [ermany. Mo 3aBpLieTky rpahaHckor
paTa XpBaTcka je passuna cBoj Vihor y TeHk nog o3HakoMm M-95 Degman Ha
KOju je cmelTeH JodaTHW KOMMO3WTHM OKMOM U HOBa enekTpoHuka. [aHac
noctoje aea npumepka M-95 Degman y XpBaTckoj.

Beh 1991. roguHe 6uBwa COPJ 6una je Ha gobpom nyTy Aa pa3sBuje TEeHK
Koju 61 GO KOHKYpeHTaH Tadallkbnm 3anagHuM M UCTOYHUM TEHKOBMMA. To je
Morao ga 0yae uay3eTHO ucnnaTtmeB M3BO3HU Nocao, umajyhu y Bugy ga om Taj
TEHK OO0 MHOrO jedpTUHMjM 04 TEHKOBA CIMYHMX UIK FIOLLMjUX KapaKTepPUCTHKa,
a HapouuTo amepudkor Abramsa. C 063npom Ha ycrnelwaH n3Bo3 TeHkoBa M-84
KyBajTy 6uno je nutawe BpeMeHa kafa 6u ce Heka criegeha 6orata 3anvBecka
3eMrba oAnyuuna 3a yBo3 TeHka Vihor, wto 6 HekMMm zanagHuMm 3emrbama
04y3eno orpomMHa huHaHcuKjcka cpeacTBa.

Ocum TeHka Vihor, JyrocnaBuja je Guna Ha nyTy Aa pasBuje M NOHyau
BPJIO MHTEpPEeCcaHTHY Nnene3y MOAEPHOr HaopyXaka Koje Mo CBOjuM 0cobuHama
HWje HMMano 3aocTajano 3a OpyXaHuMM cucTeMuMMma 3anagHor UM UCTOYHOr
rnopekna, anu, HapaBHO, MO MHOro0 MNPUCTynavyHWjuM LeHama. Ha kpajy ce
nocTaBrba NUTake KOMMWKO je pasBOj jyrocrioBeHcke oabpambeHe vHAycTpuje
yTuuao Ha noyeTak rpafaHckor pata u pacnag COPJ...

LpazaH M. Byukouh (Dragan M. Vuckovi¢),
e-mail: draganvuckovic@kbcnet.rs,

ORCID iD: “=http://orcid.org/0000-0003-1620-5601

935

Vuckovi¢, D., SAVREMENO NAORUZANE | VOJNA OPREMA / MODERN WEAPONS AND MILITARY EQUIPMENT, pp.920-935



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

KOHCTpYKUMjCKM pa3Boj ayTOMaTCKMX NyLLaka

JegHa of HajynevyatrbuBMjMX KapakTepUCTMKa OpyXaHux cykoba, nocebHo
y mMoaepHoMm goby', CBakako je wu3pasuta NPOMEHSbUBOCT, Y OBjEeKTMBHOM U
cybjektmBHOM cmucny. OKpyxere, TakTuKa 1 Apyryu 3HayajHu aTpubyTn Bpro cy
pasnnunTK, a HepeTKo ce dellaBa M Aa ce UCTW Cykob y CBOM Tpajamy Meha,
ckopo 6e3 npaBuna. YNpaBo WCKYCTBa M3 OBakBMX CUTyauuja y Hajsehoj mepu
o0nuKyjy n Tpaxiwy Ha TPXAWTY HaMEHCKe WHAycTpuje, YycrnoBrbasajyhu
npoussohadye pga CBOjUM MPOM3BOAHMM Mporpamuma y wTo Behoj mepu
3a0BOMbABajy OvekunBama Kynaua.

KapabuHu ,Colt M4 A4”, kanubpa 5,56 mm, npunazoheHu nompebama bsucke 6opbe.
®omo: Munow Jesmuh

lMocebHo je ynaarbveo Aa ce gaHac Heke o HajpecnekTabunHujux apmuja
y CBETYy Oanydyjy Ha ,packugawe ca TpaguumnjoMm”, Tj. Ha 3aMeHy OCHOBHUX
GopbeHnx ayToMaTCcKMx NyLl4aHuMX cuctema, Mefy Kojuma cy Heku deueHujama
6unn y ynotpebu. JegaH oA Hajynevyat/bMBUjUX MpUMepa CBakako je YroBop
namehy paHuycke leHepanHe aupekuuvje 3a Haopyxawe (¢ppa. Direction
Générale de [I'Armement) u komnanuje ,Heckler & Koch”, notnucaH

' Mpupoaa opyxaHnx cykoba ce, HAPaBHO, Meka Y CKMafly Ca TEXHOMOLLKAM U TEXHUYKUM Pa3BojeM.
MoyeTkoM ABageceTor Beka HMXOBa AUHAMWUYHOCT MOCTaje ouvrnefHuvja, jep je, noped ocranor,
ybp3aHn pas3Boj 3HaTHO OMaKWao KpeTawe rbyaun, pobe, mHdopmauuja, a MMao M MPUMEHY Y
HaMEHCKOj MHOYCTPUjU.
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22. centembpa 2016. ro;|,|/|He,2 0 HabaBLM KOHTUHreHTa cuctema ,HK 416F”, y
Kanmbpy 5,56 mm, pagn 3ameHe TpaguuuoHanHor dpanuyckor ,FAMAS F1”.
JacHo je, pakne, ga NpOMEHIBMBOCT OpyXaHMX cykoba u caBpeMeHMX u3Bopa
Hebe3beaHOCTM (NpeThKU M M3a3oBa) M3UCKYjy U ajanTauuje opyXaHux cHara,
nopeg oOCTanor, W KOHCTAHTHMM YCaBplLuaBaHkeM Haopyxawa, Oonpeme wu
cpeAcTaBa y ynotpeom.

CasHawa M aHanmM3e u3 TPEHYTHO akTyenHuWX OpyXaHux cykoba Ha
Bbrnvuckom wncToky nojadana cy notpeby 3a cuctemMuma Koju CTpenuy Mmory
noysgaHo oMoryhuTu aHraxoBakwe MeTa Ha CpeftuMm AucTaHuama, anv UcTo
Tako U eeKkTMBHO OejCTBOBaHE Yy CKy4YEeHOM MpOCTOpYy, NocebHo y ypbaHom
oKpyXemwy (eHr. close quarters battle — CQB). JacHo je fa oBakBe notpebe y
Hajsehoj Mepu gonase o onepaTepa cHara 3a crneuujanHe onepauuje (eHr.
special operations forces — SOF), 3a koje je mmnepatuB fa MM nNpuUMapHU
6opbeHn cuctem Oyge cnocobaH da ogroBopu notpebama caBpemMeHor
6opbeHor okpyxxera (eHr. contemporary operating environment — COE).

Moxe ce 3akibyynTu Oa je Bprfio TEewKOo, a y OBOM MOMEHTY MoXaa M
Hemoryhe, npoHahu jegaH cuctem Koju 6m mMorao 3a4oOBOSbUTU BRSO pasnnyunTe
3axteBe COE y ogroBapajyhoj mepu. CBecHu Tora, npoussohaum mMaprbuBo
page Ha ysBehakwy MOAYyNapHOCTU Myw4aHux cuctema, Aajyhm tako moryhHocT
KpajuM KOpUCHMLUMMA Oa pasnuunTuM KoHdurypaumjama onToeneKkTPoHCKMX U
apyrux ypehaja, OQHOCHO KOHCTPYKUMjCKMX fJogaTaka, npunarohaeajy UCTO
opyxje pasnuumuTm notpebama Ha TepeHy.

TpeHdosu

o npe camo Hekonuko roaguHa jegaH O [MNaBHUX 3axTeBa Koje je
pecnekTabunHa jypuwHa nywka (eHr. assault rifle) mopana ga 3agoBorbu Ha
TPXKMLWTY OOHOCMO Ha WTO AyXe OpojHe (Hajuewhe no pacnopeay 12-3-6-9)
Hocaue ,Picatinny” wWwuHa, pagn npuxeaTta pasnuuuTux ypehaja, na ce yecTto
porahano ga ykynHa maca MOHTupaHux ypehaja Oyge ckopo jegHaka macum
opyxja! C Tum y Be3n, ymawMBawe yKynHe mMace opyxja je noHoBo Aobuno Ha
3Hauajy, y3 yBEK aKTyernHe 3axTeBe 3a yBehawe npeumsHoctu narbbe. HapasHo,
lUMHE CY M fJarbe BeoMa BaXaH CTaHdapA Yy Npov3BoAwW”, anu uarnega ga
HajHOBUjU TPEHOOBM MEH-ajy HauMH Ha KOju Ce LUMHE WHTErpully y WnmM Ha
caHayk cuctema.

Mopen Tora, 3a mogepHe SOF onepatepe NpuryluMBayun nylka nocranm
Cy HeOOMYHO BaxaH erneMeHT KOH(Urypauuje’, 0 Yemy CBeOouM U TPEHYTHO
yBehaHa Tpaxta Ha TPpXUWTY. Pag ca MOHTMpaHUM npuryliMBademM nyuma je
BEMWKN M3a30B 3@ KOHCTPYKLMjy cucTema, nocebHo y cmucrny nperpesara U

% BpegHocT yroBopa u3Hocu 168 munuoHa espa (177 munuoxna USD).
% YnoTpe6a onToenekTpoHCKIX 1 Apyrux ypehaja oMoryhasa oby4eHOM CTpenLy fa ocTBapy
TaKTU4Ky NPeHOCT Y BeOMa U3MeHEHIM YyCIoBMMa caBpeMeHor 6op6eHor okpyxeksa.

Ha npumep, gonpuHoce cmameky Gyke Npu pagy, ymatwyjy Tp3aj npu narsbuv un gp.

937

Jevti¢, M., SAVREMENO NAORUZANIE | VOIJNA OPREMA / MODERN WEAPONS AND MILITARY EQUIPMENT, pp.936-939



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol. 66, Issue 4

nprbata, a He Tpeba 3aHemapuTn HWM yBehawe YKynHe aOyXuHe opyxja,
O[HOCHO Mace ca MOHTUPaHUM NPUryLuMBaYyem.

YnpaBo oBa TeHAeHUuja nocTasuna je HoBe M3asoBe rnpen KOHCTpgKTOpeZ
KOju npuHUMN pafda opabpaTtv, Kako yMawMTU YKYyMHY Macy opyxja, Kako
cadyBaTU KOMMAKTHOCT M Kako ymMawuTu MOryhHOCT nperpeBakba opyxja npu
pa,u,y6. Ogpgroeop nojeguHux npoudBohaya OMO je reHvjanaH. TpxuwTe je
noctano doraTuje 3a KOHCTPYKLMje y BUAY ropker gena caHgyka ca cnobogHom
uesu (eHr. free floating handguard), wTto 3HaynM ga cama ob6rora He goaupyje
ueB, Ynme ce pobuja Ha npeumsHocTn narbbe opyxja. ogaTtHo, obnore cy, no
npasuny, ,130ylleHe” oTBOpuMa npaBwunHor obnuka (npumepa paau, Beoma
nonynapHe ,KeyMod” u ,M-Lok” obnore) , unme ce MCTOBPEMEHO LITeau Ha
Macu 1 ycriopasa nperpeBake cuctema npu gyxkem pagy u/wnu y ekCTpeMHUM
KnumaTckum  ycnosuma. Takohe, Tu oTBopu omoryhasajy npuxeaT
ONTOENeKTPOHCKNX M Apyrux ypehaja’, Te craHgapgHe ,Picatinny” wuvHe Hucy
HeonxogHe. LLuHe cy, no npasuny, nnak 3agpxaHe, anu ce npumehyje foa ce
MHOIM ngomasoﬁaqm ONyYyjy 3a MocTaBibake HOCaya Camo Ha ropky CTpaHy
caHgyka , Yame, oneT, Wrene Ha Macwm.

loprbu deo caHOyka ca uHmMezpucaHum rpuaywusadyem nyyra ,,.SIG SUR300". ®omo:
Chris Heuss.

Wmajyhu y Bugy aktyernHy yeBehaHy Tpaxwy 3a npurylimpadmma nyLha,
HEKONMMKO CBETCKMX npoussofava oanyuunno ce Aa NoHyau OBe KOHCTpyKuuje ca
cneundunyHNM, MHTETPUCAHUM® MpUryliMBavmMMa nyuha (eHr. suppressed upper

® OBaj Npo6nem 610 je BPMO 3aHUMILUB, MPBEHCTBEHO 36GOr Tora LUTO je ynoTpe6a nakux,

KOMMNO3WUTHUX MaTepujana Beh ycTarbeHa npakca, na ce Ha Macy Moparso yLWTeaeT Ha ApYryn HauuH.

® [lo nperpesatsa 0Na3m kaaa je opyxje U3NOXKeHO HENPEKUAHOM MI BUCOKOYYECTarnom paay y

gmpeheHOM nepvogy. O,groaapajyhom KOHCTPYKUMjOM CMCTeMa 0Baj NepMoz Ce MOXE MPOAYXMTA.
MoHTuparse je 6p30 1 jeaHocTaBHO; ypehaj ca HocaueM MOHTMpa ce nomohy ,umbyc” Krby4a.

® Ha aaxTeB kynua LunHe ce, HapaBHO, MOry NOCTABMTI GOYHO W/UNK Ha [1OK0] CTPAHN.

® KOHCTpyKLIMjE Ce, OMLIMOHO, MOTY MCMOPYYMTM Ca HABOjUMA 3a MOHTMPaH-E NPUryLIMBaYa NyLiksa.
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receiver group — SURG). C Tum y Be3u, Beoma je 3HavajHa BecT of 27. jyna
2018. roguHe, kojoM je notepheHo aa je komnanuja ,SIG Sauer Inc” notnucana
neTorogviKn YroBOp, BpedaH 48 MuMoOHa amepuukvMx gonapa, Kojum ce
obaBe3yje Ha HeogpeheHy ucnopyky m HeogpeheHy konmuuHy (, ...indefinite-
delivery/indefinite-quantity... "'°) SURG koHCTpykuuMja amepuukoj Komanau 3a
crneumjanHe onepauuje (eng. USSOCOM). OBa BecCT je jeaaH y HU3y ycrexa Koje
je KomnaHwuja ocTtBapuna y nocroeawy ca CA[L, a nsrnega ga je Bpno 6nusy
3aKkrbyyvBarba M Mocna OKO UCTIOpPYKe pasnuyuntux cuctema, mehy kojuma je m
cBe nonynapHuja cepuja ,SIG MCX”, wto camo notephyje yBehamwy TpXULLHY
TpaxHy 3@ KOMMNaKTHUM, naraHum, kapabuHckum (eHr. short barrel rifle — SBR) n
NPUryLLIEHUM OpY>XjeM.

KoMnakTHOCT opyxja O0edUHUTUBHO OCTaje U Jarbe BaXaH 3axTes, Nna ce
o[, TENeCKONCKMX u/unu npeknanajyhunx kyHaaka He ogyctaje, anu ce npumehyje
nonynapusauuja ns3pasmTo CKeNeTHWX KyHOaka, Kojuma ce MakCUMarHo LTeau
Ha macu. 3aHuMIbMBO je mucTahu ga je 3a cBojy cepujy ,MCX’ komnaHuja
KOHCTpyMcana W HeKONMKO Modena anyMMHUjyMCKMX KyHdaka — Koju ce
MOHTUpPajy Ha BEPTMKAITHO NocTaBrbeHe ,Picatinny” wuHe.

3akrbyyak

JacHO je Ja OWHaMWYHOCT TpaXre Ha TPXULITY MOry ga ucnpaTte camo
Hajooratuju npou3sohaun Ha cBeTy. YvMHM ce Oa HajHOBWjU TPEHOOBWU NOMako
anu CUrypHO MeHajy KOHCTPYKUMjy TpaguuMoHanHe jypulliHe, OAHOCHO
ayTomaTcke nywke, Te he y HapegHum roguHama OvTW BeoMa 3aHUMILUBO
ncnpaTuTy OBaj NpoLec 00 HeroBe Kpajie opme, jep je nutarwe Kako he ce To
ofpasnTu Ha cygbuHy aytomaTta (eHr. submachine gun), koju cy y ynotpebu oa
apyre nonosuHe XX Beka.

Munow M. Jestuh (Milos M. Jevti¢), ypegHuk cajta specijalne-jedinice.com,
e-mail: info@specijalne-jedinice.com,
ORCID iD: @http://orcid.org/0000-0002-1305-7618

10 Lintat 13 3BaHuyHor caonwrewa amepuykor MuHuctapcTa ogbpaHxe, 6poj CR-144-18, 27. jyna
2018.
" Npumepa paay, ,C/T MCX/MPX”, ,Minimalist Folding MCX/MPX".

939

Jevti¢, M., SAVREMENO NAORUZANIE | VOIJNA OPREMA / MODERN WEAPONS AND MILITARY EQUIPMENT, pp.936-939



VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2018, Vol 66, Issue 4

Mo3mB N YTIYTCTBO AYTOPUMA
NPUMALLEHWE N MHCTPYKLU ONTA ABTOPOB PABOT
CALL FOR PAPERS AND INSTRUCTIONS FOR AUTHORS

no3nB U YNYTCTBO AYTOPUMA O HAYUHY NMPUMNPEME YJ1AHKA

YnyTcTBO aytopuma O HayvHy npunpeMe 4naHka 3a objaBrbuBare Y
BojHomexHu4ykom enacHuky ypafheHo je Ha ocHoBy AkTa O YypehuBawy HayyHUX
yaconuca, MwuHMCTapcTBa 3a Hayky W TexHonowku passoj Penybnuke Cpbuje,
eBuaeHuUmoHn 6poj 110-00-17/2009-01, og 09. 07. 2009. roguHe. MpumeHa osor AkTa
NPBEHCTBEHO CMyXKn yHanpehewy kBanuTeTa gomahmnx yaconuca n HUXoBOr NOTNyHWjer
yKIbyumBawa y MeflyHapogHu cucteMm pasmeHe HayydHux Hdopmaumja. 3acHOBaHoO je Ha
mehyHapogHum ctangapamma ISO 4, 1ISO 8, I1ISO 18, ISO 215, ISO 214, 1SO 18, ISO 690,
1ISO 690-2, ISO 999 n ISO 5122, ogHocHO oaroeapajyhum gomahum ctaHgapanva.

BojHoTtexHuuku rnacHuk / Vojnotehnicki glasnik / Military Technical Courier
(BTr.mo.ynp.cp6, www.vtg.mod.gov.rs, ISSN 0042-8469 — wrtamnaHo usgawe, e-ISSN
2217-4753 — online, UDC 623+355/359) jecte MynTMAMCUMNIIMHAPHM HAy4YHU 4Yaconuc
MwuHuctapctBa ogbpaHe Penybnuke Cpbuje, koju objaBrbyje Hay4yHe U CTpy4YHE UIaHKe,
Kao M TexXHW4Ke MHpopMaumje O CaBpeMEHMM CUCTEMMMA HAopyxawa U CaBpeMEHUM
BOjHMM TexHonorujama. Yaconuc npaTtv jeAVHCTBEHY MHTEPBUAOBCKY TEXHWUYKY MOAPLUKY
Bojcke Ha npuHUMNY NOTUCTUYKE CMCTEMCKe NogpLuke, obracTn OCHOBHUX, MPUMEHEHNX
N pasBOjHUX MCTpaxuBaka, Kao M MPOM3BOAHY U ynoTpeby cpefdcTaBa Haopyxarwa U
BOjHe onpeme, Te oOcTana Teopujcka M MpakTMyHa pJdocTurHyha koja AponpuHoce
ycaBplUaBaky CBMX MpUNagHvWKa cprcke, pernoHanHe v MefyHapogHe akagemcke
3ajegHuue, a nocebHo npunagHuka MuHmuctapctea oabpaHe n Bojcke Cpbuije.

MuHMCTapcTBO npocBeTe, Hayke W TexHomowkor passoja Penybnuke Cpbuje,
carnacHo oanyum m3 ynaHa 27. ctaB 1. Tayka 4), a no npmbaBrbLEHOM MULLIbEHY U3
ynaHa 25. ctaB 1. Tadyka 5) 3akoHa O Hay4HoucTpaxuBadkoj aenaTHocTu (,CnyxbeHn
rnacHuk PC”, 6p. 110/05, 50/06-ucnp. n 18/10), yTBpAMNO je kaTeropusauujy
BojHoTexHuukor rnacHuka, 3a 2017. roguHy:

3a 0b6nacT TEXHOMNOLLKM pa3Boj:

— Ha IUCTM Yacomnuca 3a MaTtepujarne U xeMujcke TexHororuje:

kaTeropuvja Bogehu Hay4HM Yaconuc HaumoHanHor 3Havaja (M51),

— Ha NUCTU Yaconuca 3a efieKTPOHUKY, TerleKoMyHuKauuje u nHcdopmaumoHe
TexHonoruje:

KaTeropuja Hay4yHu Yaconuc HaumoHanHor 3Ha4vaja (M52),

— Ha NUCTM Yaconuca 3a MaLUHCTBO:

KaTeropuvja Hay4YHu Yaconuc HaumoHanHor 3Ha4vaja (M52),

3a 0bnacT OCHOBHa UCTPpaXuBama:

— Ha NIUCTK Yaconuca 3a MaTemMaTuky, padyHapcke Hayke U MeXaHUKY:

kaTeropuja Hay4Hu yaconuc (M53).

YcBojeHe nucte gomahux yaconuca 3a 2017. roguMHy Mory ce BuOETW Ha cajTy
BojHoTexHuukor rmacHuka, cTpaHuua Kameeopusayuja udaconuca (MwHucTapcTBo
npocBeTe, Hayke M TEXHONOoLWKOr pasBoja Penybnuke Cpbuje jow yBek Huje 06jaBuno
3BaHWYHy KaTeropusauujy Hay4Hux Yaconuca 3a 2018. roguHy).

HeTtarsHuje uHopmauuje mory ce npoHahu un Ha cajty MuHucTapcTBa npocseTe,
Hayke 1 TexHomnowkor passoja Penybnuke Cpbuje.
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Mopaum o kateropusaumjym mory ce npatutn n Ha cajty KOBCOH-a (KoH3opuujym
6ubnunoteka Cpbuje 3a objeanHeHy HabaBky).

KaTteropusauuja yaconuca nsspLueHa je npema MpaBUnHUKY O NOCTYMKY U HAUYMHY
BpedHOBaka W KBAHTUTATMBHOM MCKa3vBaky HAy4YHOUCTPaXMBavkmx pesyntaTa
ncTpaxueaya, Koju je nponucao HaunoHanmHW caBeT 3a Hay4YHW M TEXHOMOLUKN pasBoj
(Cnyx6enu rmacHuk PC, 6poj 38/2008).

Y cknagy ca OBUM MPaBUITHUKOM M TaberioM 0 BPCTU M KBaHTUMMKaLMU MHAMBUAYAMHNX
Hay4YHOMCTPaXMBaYKNX pesynTaTa (y cactasy [paBunHuka), objaBreeHu pag y BojHoTexHU4KoM
rmacHuKy BpenHyje ce ca 2 6oga (kateropuja M51), 1,5 Gop (kateropuja M52) n 1 6on
(kaTeropuja M53).

Yaconuc ce npatu y KoHTekcTy Cpnckor uurtatHor uHgekca — CLMHgekc (6asa
nogartaka gomahmx Hay4yHuX yaconuca) u Pyckor nHaekca HaydHor uutmpawa (PUHLL).
MoaBprHyT je cranHom BpegHOBawy (MOHUTOPWHIY) Y 3aBMCHOCTM Of YTWLAJHOCTM
(vmnakta) y camum 6asama u, nocpegHo, y mehyHapogHum (Clarivate Analytics)
uMTaTHMM  uHAaekcuma. [letarbM O uMHAEKCUpawy MOry ce BuAeTM Ha  cajTy
BojHoTexHMYKOr rnacHvka, cTpaHuua MHoekcupare Yacornuca.

BojHoTexHuMukn rnacHuk omoryhaBsa U1 npumewyje Creative  Commons
(CC BY) ogpenbe o aytopckum npaBuMMa. [leTarbM O ayTOpPCKMM MpaBuMMa MOry ce
BUAETW Ha cajTy Yaconuca, cTpaHuua Aymopcka npasa u rnosumuka camoapxusuparba.

PapgoBn ce npepajy nytem OHMajH cuUCTeMa 3a EerekTPOHCKO YypehuBawe
ACUCTEHT, koju je passuo LleHTap 3a eBanyauujy y obpasoBary 1 Hayum (LLEOH).

MpucTyn u pernctpaumja 3a cepBuC BpLUE ce Ha cajTy www.vtg.mod.gov.rs, npeko
ctpaHuue ACUCTEHT wnu  CUMHOEKC, o0QHOCHO  AOMPEKTHO  Ha  MUHKY
aseestant.ceon.rs/index.php/vtg.

[eTarbHO ynyTCTBO O perucTpauuvjy 1 npujaBn 3a CEpBUC Hamasu ce Ha CcajTy
www.vtg.mod.gov.rs, cTpaHvua Ynymcmeo 3a e-Yp: EnekmpoHcko ypehusamwe —
ACUCTEHT.

MoTpebHO je Hma ce cBM ayTopu KOjM MOAHOCE pyKonNuc 3a oObjaBrbuBam-e Y
BojHoTexHuuykom rnacHuky permuctpyjy y peructap ORCID (Open Researcher and Contributor
ID), nmpema ynyTcTBY Ha CTpaHMum cajta Peaucmpauuja 3a Oobujare ORCID
udeHmucgbukayuUoHe wugpe.

BojHOTEXHMYKM rNacHUK ObGjaBrbyje YnaHKe Ha CPrICKOM, PYCKOM W EHINECKOM je3uKy
(arial, cpncka hupunuua unu cprncka naTmHuua, BenuuuHa cnosa 11 pt, npopea Single).

Moctynak npunpeme, nucawa n ypefueara unaHka Tpeba ga Gyae y carmacHocTh ca
W3jasom o0 emuykom nocmynarsy (http://www.vtg.mod.gov.rs/izjava-o-etickom-postupanju.html).

UnaHak Tpeba ga cagpxu caxeTak ca Kiby4HUM peunma, YBOA, pa3pajy, 3aKkibyyak,
nuTepaTypy 1 pe3umMea ca Kiby4HUM peyrma Ha EHINECKOM U PYyCKOM je3nky (b6e3 Hymepaumje
Hacnosa u nogHacnosa). Obum ynaHka Tpeba ga G6yae oko jegHor aytopckor Tabaka (16
cTpaHuua copmata A4 ca npopeaom Single), a HajsuLwe 24 cTpaHuLe.

Unanak Tpeba pa Oyde HamucaH Ha obpacuy 3a nucawe uYnaHka, Koju ce 'y
€1eKTPOHCKO] hopMmM MOXe Mpey3eTu ca cajTa Ha cTpanvum Obpa3say 3a nucarbe YnaHka.

Hacnos

Hacnos Tpeba ga ogpaxaBa TeMy YnaHka. Y UHTEpecCy je yaconuca v aytopa aa ce
KOPWUCTE peun NpuknagHe 3a UHAEKCUpare U npeTpaxvBarse. AKO TakBUMX peun Hema y
HacroBy, NOXeJSbHO je Aa ce npuaoda u nogHacnos. Hacnoe Tpeba na 6yne npeeegeH u
Ha eHrneckn 1 pycku jesuk.

OBWU HacnoBu UCMNKCYjy Ce Ucnpes caxeTka Ha ogroBapajyhem jeauky.
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Tekyhu HacnoB

Tekyhn HacrnoB ce ucnucyje ca CTpaHe CBake CTpaHuLUe YnaHka paav nakule
naeHTudukaumje, nocebHo konuja unaHaka y enekTpoHckoM obnuky. Cagpxu npesvme u
MHUUMjan MMeHa ayTopa (ako ayTopa MMa Bulle, npeoctanu ce o3HayaBajy ca et al.*
unu 1 ap.“), Hacnoee paga u Yaconuca u konauujy (rognHa, BONTlyMeH, CBECKa, NoveTHa
1 3aBplUHa cTpaHuua). Hacnosu yaconuca v YnaHka mMory ce Aatu y ckpaheHomM obnuky.

Ume ayTopa

Hasogam ce nyHo ume 1 npesume (CBMX) ayTopa. Beoma je noxersHo Aa ce HaBedy
N cpefdwa crnosa aytopa. ViMeHa u npesumeHa gomahux aytopa yBeK ce ucnucyjy y
opuvrnHanHoM obnuky (ca CpnckuM AUjakpUTUHKMM 3HaKOBMMA), HE3ABUCHO Of je3uka Ha
KOjeM je HanucaH pag.

HasuB yctaHoBe ayTopa (achmnujauuja)

Hasogwu ce nyH (3BaHW4HW) HA3MB M CeauLUTe YCTAHOBE Yy KOjOj je ayTop 3arnocreH, a
€BEeHTyanHo M Ha3vWB YCTaHOBE Y KOjoj je ayTop 06aBuvo UCTpaxuBame. Y CrOXEHUM
opraHusauMjamMa HaeBogu ce ykynHa xujepapxuja (Hnp. YHuBepauteT opbpaHe y Beorpagy,
BojHa akapemwuja, Kateopa npupogHo-matemaTtndkvx Hayka). bap jenHa opraHusauuja y
Xujepapxvju mopa OuTM npaBHO nuue. AKO ayTopa MMa BULLE, @ HeKW MOTUYYy U3 uCTe
ycTaHoBe, Mopa ce, MocebHMM O3HakamMa WnM Ha ApYrv HayvH, HasHauMTu U3 Koje of
HaBedeHMX yCTaHOBa MOTMYe CBakM Of HaBedeHux aytopa. Adwunujaumja ce ucnucyje
HernocpeaHO HakoH MMeHa ayTopa. PyHKUMja 1 3BaHe ayTopa Ce He HaBode.

KoHTakT nogauu
Agpeca unu e-agpeca CBMX aytopa aje ce nopes MMeHa 1 npesumeHa aytopa.

KaTteropwuja (Tun) unaHka

KaTteropusauuja unaHaka obaBesa je ypegHuWTBa M Of MocebHe je BaKHOCTM.
KaTeropujy unaHka mory npegnaratm peueH3eHTW W YnaHoBW YpegHWLITBA, OOHOCHO
ypeaHuum pybpuka, anu OQrOBOPHOCT 3a KaTeropvsauujy CHOCU WCKIbYYMBO [MaBHU
ypeaHuK.

YnaHuwm y Yaconucuma ce pasBpcraBajy y cnegehe kateropuje:

HayuyHn unaHum:

1. opurMHanaH Hay4Hu YnaHak (pag y kojem ce n3Hoce NpeTxofHo HeobjaBrbnBaHu
pesynTaTi CONCTBEHWNX UCTPaXuBama Hay4HUM METOAOM);

2. npernegHu YnaHak (pag Koju cagpXu opurMHanaH, getarbaH U KpUTUYKK nprkas
ncTpaxusaykor npobnemMa wnu nogpyyja y kojem je aytop ocTtBapuo ogpeheHu
OONPYHOC, BUAMLMB Ha OCHOBY ayTouuTara);

3. KpaTKo UM NPeTxXodHO caonwTerwe (OpUrMHanHW Hay4YHu pag nyHor dopmaTa,
anun marer obuma nnm NpenUMMUHapHOr KapakTepay);

4. HayyHa KpWTMKa, OAHOCHO nornemwuka (pacnpaBa Ha ogpefeHy HayyHy Temy,
3aCHOBaHa MCKIbYYMBO Ha Hay4yHOj aprymeHTaumju) u ocBpTy.

M3y3eTHO, y Hekum obnactma, HayyHu paf Yy 4Yacomucy Moxe WuMaTty obnuk
MoHorpadcke CTyauvje, kao W KpUTUYKOT u3dawa HayyHe rpahe (MCTopujcKo-apXmBCke,
nekcukorpadcke, bubnuorpadcke, npernega nogataka U Cn.) — OoTad HemosHate unm
HEe[0BOSbHO MPUCTYNaYHe 3a Hay4YHa UCTPaXKMBaHa.

PapoBu knacudukoBaHn Kao Hay4HU Mopajy umaTu 6ap ABe NO3NTUBHE peLieH3uje.

AKo ce y yaconucy objaBrbyjy ¥ Npuo3n BaHHay4yHOr KapakTepa, Hay4YHu uYnaHum
Tpeba aa Oyay rpynmMcaHun u jacHo M3LBOjEHN y MPBOM Aeny CBECKE.
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CTpyyHM ynaHuym:
1. CTPyYHM 4naHak (Npuror y Kojem ce Hyde MCKycTBa KOpuCHa 3a yHanpehene
npodecroHarnHe npakce, anu Koja HUCY HY>XHO 3aCHOBaHa Ha Hay4YHOM METOAY);

2. UHbopmMaTMBHU Npurior (YBOAHWK, KOMEHTap 1 cn.);
3. npukas (KwUre, padyHapckor nporpama, criyyaja, HayyHor gorahaja, v cn.).
Je3uk papa

Jesuk pafia moxe GUTY CPCKU, PYCKU UMK EHIMECKN.

TekcT mMopa OUTK je3nykn U CTUIICKU JOTepaH, cucTemMaTu3oBaH, 6e3 ckpaheHuua
(ocum cTaHgapaHux). Cee husnyke BenuYMHe Mopajy 6uTh uspaxeHe y MehyHapogHom
cucTeMy MepHUX jeamHuua — Sl. Pefocnen obpasaua (hopmyna) o3HayaBa ce pegHum
OpojeBMMa, ca fecHe CTpaHe y OKpyrnuM 3arpagama.

CaxeTak (ancTpakT) U pesume

CaxeTak (ancTpakT) jecTe kpaTak MHoOpMaTUBaH Npukas cagpkaja YnaHka Koju
ynTaouy omoryhaBa ga 6p30 M TayHO OLIEHW HEroBY PENeBaHTHOCT. Y MHTepecy je
ypegHvlWTaBa M aytopa [a CaxeTak CafpXu TepMMHE KOju ce 4YecTo Kopucte 3a
MHAEKCUpake U npeTpary unaHaka. CactaBHW JenoBM CaXeTka Cy LWrb UCTpaxuBarb-a,
meToau, pesyntaTu u 3akrbydak. CaxeTak Tpeba aa uma og 100 go 250 peun n Tpeba ga
ce Hanasu uamelly 3arnaerba (HacrnoB, MMeHa ayTopa U Ap.) U KIbyYHUX PeYn, HaKoH
KOjUX crneam TEeKCT YnaHka. AKo je paj HanMcaH Ha CPrcKOM UMM PYCKOM je3UKy, MOXEIbHO
je oa ce, nopen caxeTka Ha CPMCKOM M PYCKOM, Aaje U CaxeTak Y NpOoLUMPEHOM 06nnky
Ha EHINeckoM je3nky — Kao T3B. pe3nmMe (summary). OBakaB pe3ume Tpeba ga byae Ha
Kpajy unaHka, HakoH oferbka Jlutepartypa. BaxHo je na pesume byge y CTpykTyprpaHom
00nuKy, a keroBa gyxuHa moxe 6utn o 1/10 gy>kmHe unaHka (ONWMpPHUjK je of caxeTka
ca noyeTka 4naHka). lNMoyeTak oBor peammea Moxe OUTV NpeBefeHM caxeTak (ca noyeTtka
ynaHka), a 3atum Tpeba fa crnefe nNpeBefeHW MaBHU HACMOBU, NMOAHACMOBM U OCHOBE
3aKrbyyka YnaHka (nutepaTtypa ce He npeBoam). [NoTpebHo je aa ce y CTpyKTypupaHoM
pesumey npesBefe U Oe0 TEeKCTa Ucnog Hacrnosa u nogHacnosa, Boaehu pavyHa aa oH
Oyae nponopuMoHanaH HUXOBOj BENUYUHMW, a Aa OApaxasa CyLTUMHY. HakoH peanmvea Ha
€HINEeCKOM je3unKy (NpOLUMPEHOr CcaxeTka) JoOaje Ce HeroB NpeBog Ha CpnckoMm, aa ou
pefakuvja usspLunna npoBepy v NeKTypy.

KrbyuHe peun

KrbyuHe peun cy TepmumHu unu dpase Koje agekBaTHO npefcTaBrbajy caapaj
ynaHka 3a notpebe uHgeKkcupara 1 npeTpaxusara. Tpeba nx gogerbusatv ocnamajyhu
ce Ha Heknm mehyHapooHu u3Bop (MOMWUC, PEYHWK MMM Te3aypyc) Koju je Hajwmpe
npuxeaheH uMnuM yHyTap gate HayyHe obnactu. 3a HMnp. Hayky yonwTe, TO je nucTa
KIby4HUX peun Web of Science. Bpoj kibyuHux peun He moxe 6utm Behm og 10, a y
MHTEpPECY je ypeaHWLITBa U ayTopa [a Y4YecTarnocT wuxoBe ynotpebe Oyae wro Beha.
KrbyyHe peuun Aajy ce Ha je3uKy Ha KOjeM je HanmcaH unaHak (CaxkeTak) M Ha eHrneckom
jesnky. Y unaHKy ce nuLly HEMOCPEAHO HAKOH CaxeTka, OOHOCHO HaKoH pe3nmMea.

Cnctem ACUCTEHT y Ty cBpxy kopuctu cneuujanHy anatky KWASS: aytomartcko
EKCTPaxoBake KIbYYHUX peyn M3 OUCLMNIMHApHUX Tesaypyca/pedHuka no u3bopy u
PYTUHe 3a HMXOB ogabup, Tj. NpuMxBaTake OOHOCHO oabauvBarwe of CTpaHe ayTtopa
n/vnu ypeaHuka.
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[aTym npuxBaTama 4YnaHka

[atym kaga je ypeOHULITBO NPUMWIIO YlaHak, AaTyMm Kada je ypeOHWLUTBO KOHaYHO
NpuxBaTWIIO 4naHak 3a objaBrbMBake, kKao M OaTyMu kaja cy y MehyBpemeHy
JOCTaBIbeHe eBeHTyarlHe UCNpaBke pyKonuca HaBoge ce XPOHOMOLKMM PeaocnefoMm, Ha
cTanHoM MecTy, Mo NpaBumy Ha Kpajy YnaHka.

3axBanHuua

Hasue n 6poj npojekTa, 0AHOCHO HA3MB Nporpama y OKBMPY Kojer je YnaHak HacTao,
Kao U Ha3uB MHCTUTYUMje Koja je ouHaHcupana npojekaT unu nporpam, HaBogu ce Yy
nocebHoj HaNnoOMeHW Ha cTanHOM MecCTy, MO MPaBWIy NPy AHY NPBE CTpaHe YnaHka.

MpeTxoaHe Bep3uje paaa

AKO je YnmaHak y npeTxodHOj Bepavju 61O M3NOXeH Ha CKymy y Buay YCMeHor
caonwrTerwa (MO4 MCTUM WNW CAUMYHUM HACMOBOM), nogatak o Tome Tpeba ga Gyae
HaBedeH y NoceGHOj HanomeHw, No NpaBuny Npu AHY NpBe cTpaHe uynaHka. Pag koju je
Beh objaBrbeH y HEKOM 4aconucy He Moxe ce 006jaBuTU y BOjHOTEXHUYKOM FMacHuKy
(npewTamnaTy), HA NOZ CAMYHUM HAacNoBOM U U3MEHEHOM OBIMKY.

TaGenapHu u rpacuykn npukasm

MoxerbHO je Aa HacrnoBW CBUX Mpukasa, a no moryhcTBy U TeKcTyarnHu cagpxaj,
6yny naTv ABOjE3VNYHO, Ha je3UKy paZia U Ha eHIMECKOM je3uky.

Taberne ce NvLy Ha UCTWM HAYWH Kao M TEKCT, @ 03HayaBajy ce pegHum bpojeBmma
ca ropre cTpaHe. Potorpaduje n upTexu Tpeba aa 6ygy jacHw, nperneaHu 1 NorogHu 3a
penpoaykuujy. Liptexe Tpeba pagutu y nporpamy word unu corel. ®otorpadmje u
LpTexe Tpeba NOCTaBUTK Ha EILEHO MECTO Y TEKCTY.

3a cnuke n rpadMKoHe He CMe ce KOPUCTUTM CHMMaK ca eKkpaHa padyHapa
nporpamMa 3a npukynsbarwe nogataka. ¥ camoMm TeKCTy unaHka npenopydyyje ce ynotpeba
cnvka u rpadmkoHa HenocpeaHo M3 nporpama 3a aHanudy nogartaka (kao wro cy Excel,
Matlab, Origin, SigmaPlot u gpyru).

HaBohewe (UuTnpame) y Tekcty

HauvH nosvBana Ha M3BOpE Y OKBMPY YraHka Mopa 6uTu jegHoobpasaH.

BojHOTEXHUYKM rNacHWK 3a pedepeHumpare (UMTMpare u HaBohewe nuTepatype)
npumetbyje XapBapacku cnuctem pedepeHun, OAHOCHO XapBapACKM NPUPYYHUK 3@ CTWM
(Harvard Referencing System, Harvard Style Manual). ¥ camom TekcTy, y OBWU4HUM
3arpagama, Ha MecCTy Ha KOjeM Ce BpLUM MOo3uBawe, OAHOCHO LuTMpamwe nutepaType
HabpojaHe Ha Kpajy YnaHka, obaBesHo y 061YHOj 3arpagu HanucaTtu Nnpe3nMe LmMTupaHor
ayTopa, rognHy nsgamwa nybnukaumje u3 koje uutuparte u, eBeHTyanHo, 6poj cTpaHuua.
Hnp. (Petrovi¢, 2012, pp.10-12).

[eTarbHO ynyTCTBO O HauMHy LUMTMpaka, ca NpMMepuma, AaTo je Ha CTpaHuum
cajta Ynymcmeo 3a XapeapOcku rpupy4Huk 3a cmus. MNoTpebHo je oa ce no3vBake Ha
nuTepaTypy y TEKCTY ypaau y ckrnagy ca MOMEHYTUM ynyTCTBOM.

Cunctem ACUCTEHT y cBpxy KOHTporne HaBohewa (UMTuparsa) y TEKCTY KOpUCTH
cneuujanHy anaTky CiteMatcher: oTkpuBame M30CTaBrbeHWX uuTaTa y TeKCTy paga u 'y
nonucy pedgepeHum.

HanomeHe (dycHoTe)

HanomeHe ce gajy npu AHy cTpaHe Ha Kojoj ce Hamnasu TeKCT Ha Koju ce ofHoce.
Mory cagpxatn mare BaxHe deTarbe, AOMNyHcka objallbera, HasHake o kopuwheHum
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1M3BopuMa (Ha npumep, Hay4yHoj rpafu, NpupydyHMuMMa), anu He mory 6utn 3ameHa 3a
LUTMpaHy nuteparypy.

INucTa pecepeHumn (nutepartypa)

LintupaHa nutepatypa obyxBaTta, no npasuny, Gubnuorpadcke n3sope (4naHke,
MoOHorpadumje 1 cn.) U gaje ce UCKIbY4MBO Yy 3aceOHOM oferbKy unaHka, y Buay nuicre
pedepeHun. PedepeHue ce He npeBofe Ha je3vk paga v Habpajajy ce y nocebHom
oferbKy Ha Kpajy YnaHka.

BojHOTEXHMYKM rMAcHUK, KAa0 Ha4yMH MCnuca nuTepaType, NpuMekbyje XapBapacku
cuctem pedepeHun, ogHOCHO XapBapAcku npupyyHuk 3a ctun (Harvard Referencing
System, Harvard Style Manual).

Jlntepatypa ce obaBe3HO nuile Ha nNaTMHWYHOM NUCMy M Habpaja no abeuenHom
pepocneny, Hasogehu Hajnpe npesumena aytopa, 6e3 Hymepauuje.

[eTarbHO ynyTCTBO O HauMHy nonuca pedepeHuu, ca npuMepuma, AaTo je Ha
cTpaHuuM cajta Ynymcmeo 3a XapeapOcku npupyyHuk 3a cmus. MoTpebHo je pa ce
nonuc nuTepaTtype Ha Kpajy YnaHka ypaau y cknagy ca noMeHyTUM yryTCTBOM.

HecTtaHgapaHo, HEMOTMYHO UNKU HegocneaHo HaBohewe nuTepaTtype y cuctemmnma
BpedHOBaka vaconuca cmartpa Ce [JOBOSbHMM pasfioroM 3a OcrnopaBake HayyHor
cTaTyca Yaconuca.

Cnctem ACUCTEHT y cBpxy KOHTpOmne npaBwiHOr mcnuca nucre pedepeHum
KOpuCTK cneumjanHy anatky RefFormatter: koHTpona o6nuvkoBawa pedepeHumn y cknagy
ca XapBapacKnM NpUpY4YHUKOM 3a CTWI.

MponpaTtHo nucmo (camo 3a aytope u3 Peny6nuke Cpbuje u no nocebHom
3axTeBy ypeaHuka)

Mopen unaHka gocTaerba ce nNponpaTHO NUCMO Yy Kojem Tpeba nctahu o Kojoj BpCcTr
uynaHka ce pagu, Koju cy rpaduykm npunosu (potorpachmje n LpPTEXN) OpUrMHANHK, a
KOj\ NO3ajMIbEeHMN.

Y nponpaTHOM MMCMYy HaBoAe Ce U Nnofaun aytopa: MMe, Cpefhe CIoBo, nNpesvme,
YuH, 3Bakbe, e-mawn, agpeca nocnogasua (BIM), kyhHa agpeca, TenedoH Ha pagHOM
MecTy 1 kyhHu (MO6GuNHW) TenedoH, pavyH n Ha3uB GaHke, CO mecTa cTaHoBawa, 6poj
nunyHe kapte u JMbB rpafaHa.

CBM pagoBM NoAnexy CTPYYHOj peLeH3uju.

Cnuncak peueH3eHata BojHOTEXHMYKOr rnmacHMka MoXe ce BMOETU Ha CTpaHuuum
cajta Cnucak peueHseHama. [lpouec peueH3upawa objalwbeH je Ha cTpaHuum
cajTa PeueH3eHmcKu rnocmyrak.

Appeca pepakuuje:

BojHOTEXHMYKM rNacHUK

eHepana MNaena Jypuwwuha Wtypma 1

11000 Beorpag,

e-mail: vojnotehnicki.glasnik@mod.gov.rs.
"MaBHW 1 OArOBOPHN YPEAHUK
Mp Hebojwa Mahewa, gunn. nHx.
nebojsa.gacesa@maod.gov.rs,

http://orcid.org/0000-0003-3217-6513,
Ten.: BojHn 40-260 (011/3603-260),
066/8700-118
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NPUMMALLEHUE U UHCTPYKLINA AN ABTOPOB O NMOPAOKE
noAaAroToBKU CTATbM

MHCTpykuns anst aBTOpPOB O Mnopsake MOArOTOBKM CTaTbM K OnybnvkoBaHuioo B
XypHane «BOeHHO-TEeXHWYECKNA BECTHWK» pa3paboTaHa B COOTBETCTBMM C AKTOM O
pPeAakTVPOBaHMM  Hay4HbIX >KypHanoB MwuHuCTEpCTBA HaykM W TEXHOMOrM4eckoro
pa3sutua Pecnybnukn Cepbusa, Ne 110-00-17/2009-01 ot 09.07.2009 r. NpumeHeHne
3TOro AKTa CnocobCTBYeT MOBBLILLEHWUIO KayecTBa OTEYECTBEHHbIX XXypHanoB U ux Gonee
nonHomy BOBIIEYEHNIO B MeXOyHapOoaHYH0 cuctemy obmeHa
Hay4yHOM MHopmMaumen. NHCTpyKUMs COOTBETCTBYET MexayHapoaHbIM ctaHaapTam ISO
4, 1S0O 8, ISO 18, ISO 215, ISO 214, I1ISO 18, ISO 690, ISO 690-2, ISO 999, ISO 5122 n
COOTBETCTBYOLWMM cTaHAapTam Pecnybnuku Cepbus.

BoeHHo-TexHu4yeckun BecTHUK (Vojnotehnicki glasnik / Military Technical
Courier), BTr.mMo.ynp.cp6, www.vtg.mod.gov.rs/index-ru.html, ISSN 0042-8469 -
neyatHoe wusgaHue, e-ISSN 2217-4753 - online, UDK 623+355/359, saBnsetcsa
MyNbTUANCUMNIVHAPHBIM Hay4YHbIM >XypHanom MuHucTepctBa obopoHbl PecnyGnuku
Cepbus, koTopbIi nNyGnuMkyeT HayyHble W npodpeccuoHanbHble CcTaTbM, a Takke
TEXHUYECKYI0 MHAOPMAaLMIO O COBPEMEHHBbIX CUCTEMAax BOOPYXEHUS U COBPEMEHHbIX
BOEHHbIX TexHonormsx. MypHan crneguT 3a eOMHOW  MEXBWMOOBOW  TEeXHUYECKOW
noaaepXKon BOOPYXKEHHbBIX CWI, OCHOBaAHHOW Ha MPUHLMNAX CUCTEMHOW NOMMCTUKK, 3a
NPUKNagHeIMM 1N MHHOBAUMOHHBIMW HayYHbIMW UCCNEAoBaHUAMW, B TOM 4ucre, B
obnacTv Npon3BOACTBa BOOPYXXEHMS N BOEHHOW TEXHWKW, U 3@ NPOYUMU TEOPETUHECKUMU
N NPaKTUYECKMMWN OOCTUXEHUSIMU, KOTOPblE CMOCOGCTBYIOT NpodeccrMoHanbHOMYy poCTy
npeactaButenen cepbCcKoro, pervoHanbHOTO W MEXAYHapOAHOro  akageMu4eckoro
coobuecTtBa, n ocobeHHO BoeHHocnyxawmx Munuctepctea O60poHbI 1 BOOPYKEHHbIX
cun Pecny6nuvkm Cepbus.

MuHncTepcTBO 00pa3oBaHMsi, HaykM W TexHOMnorMdeckoro passutus Pecnybnuviku
Cepbus, cornacHo peLUeHnto MPUHSTOMY B COOTBECTBUM CO CT. 27 absau 1, NyHKT 4 1 Ha
OCHOBaHWM TomKoBaHusi cT. 25 abs3au 1 nyHKT 5 3akoHa O Hay4HO-MUCCreaoBaTENbCKON
aesitenbHocTn («Cnyx6eHn rmacHuk PCx», Ne 110/05, yTBepaunno kateropusaumio «BoeHHo-
TEXHNYECKOro BeCTHMKa» 3a 2017 roa:

KaTteropun B 06nacTv TEXHONOrM4eCcKoro passuTus:

— O6bnacTb MaTepuanoB U XMMU4YECKOW TeXHONOru:
BeAYLLMIN Hay4YHbIV XXypHan HauMoHaneHoro 3HaveHus (M51),

— O6nacTb 3NEKTPOHUKK, TEeNeKOMMYHMKauMm U  MNHGOPMALMOHHBLIX
TEeXHONOMUI: HayYHbIN XypHan HaunoHanbHOro 3HadyeHusi (M52),

— O6nacTb MeXaHUKM:

Hay4HbIV XXypHan HauMoHanbHoro 3HavyeHus (M52).

KaTteropun B 061acTi OCHOBHbIX UCCNeA0BaHWUIA:

— O6nactb maTemMaTuKa, KOMMNbIOTEPHbIE HAaYKN, TEXHUYECKUE HayKu:

Hay4HbIV xxypHan (M53).

C nHopMaLmen oTHOCUTENBHO kaTeropusaumm 3a 2017 rog MOXHO O3HAKOMUTLCS
Ha cTpaHuue canTa «BoeHHO-TexHUueckoro BecTHUka» Kameeopu3auusi BecmHuka
(MUHMCTEPCTBOM MNPOCBELUEHNS,, HayKM W TEXHOMNOrM4eckoro passutua Pecnybnuvku
Cepbus noka He npov3BegeHo ouLManbHOrO pPaHXUPOBAHUS HayYHbIX >XypHarnoB 3a
2018 rop).

Bornee noapobHyl WHOPMaLUMI0 MOXHO HaWTu Ha cante MuHucTepcTBa
obpasoBaHus, Hayku 1 TexHonorm4eckoro pa3sutusi Pecnybnuku Cepbus.
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C uvHopMaLumen o kateropusaumMm MOXHO O3HakOoMUTbCA M Ha cante KOBCOH
(KoHcopumnym 6mubnumotek Pecnybnukmn Cepbusi no BonpocaMm 06beaAnHEHNUsT 3aKyMOK).

Karteropusauusi BectHuka npoBefeHa cornmacHo [lonoxkeHuio o nopsigke u crnocobe
KaTeropmsaumm Hay4yHO-UCCrenoBaTeNbCKMX pPe3ynbTaToB, YTBEPXKAEHHOrO HauuoHanbHbIM
KOMMWTETOM NO Hayke v TexHonorusim (Cnyxbenu rmacHuk PC, Ne 38/2008).

B cootBeTcTBUM C Bbilleyka3aHHbIM [lonoxeHnem u Tabnuuen c nokasaTensmmu
Knaccudukaumm M KateropusaummM  MHAMBUAyanbHbIX  HAYYHO-UCCMEeOoBaTEeNbCKUX
pesynbTaToB, SBMSIOLWENCS HEOTbEMIIEMON 4YacTblo [lonoxeHusi, HayyHas CcTaTbs,
onybnukoBaHHas B « BOEHHO-TEXHWYECKOM BECTHUKEY», OLIEHMBAETCA CreayoLyM cnocobom:
2 6anna (kateropusa M51), 1,5 6anna (kateropusa M52) n 1,5 6ann (kateropus M53).

XKypHan cootBeTcTByeT cTtaHgapTam Cepbckoro MHAeKca Hay4yHoro LUMTUPOBaHUS
(CUMHpekc/SCIndeks) — HaykomeTpuuecko 6a3bl  AaHHbIX HayYHbIX KypHarnoB
Pecny6nukn Cepbus, a Ttakke Poccuinckoro nHgekca HayvyHoro umtupoBanus (PUHLL).
KypHan nocTtosiHHO nogBepraeTcsi MOHWUTOPUHIY W OLEHMBAETCH KONMMYECTBEHHBLIMMU
HayKOMEeTPUYECKMMIN MOoKasaTensamMmn, OTPaXaloLMMU €ro HayyHYyl LEeHHOCTb, B T.4.
onocpenoBaHHO B MeXAyHapOAHbIX nHaekcax umtnpoBaHus (Clarivate Analytics).

C uHdopmauven 06 MHAEKCUPOBAHUM MOXHO O3HAKOMWTBCS Ha CTpaHuue canta
XypHana UHOekcuposaHue BecmHuka.

«BoeHHO-TexHn4Yecknn  BecTHuk»  obecneuvBaeT uyuTaTensaM  BO3MOXHOCTb
OTKPbITOTO ~ AOoCTyna, B  COOTBETCTBUM C  MOMOXeHWsMM 06  aBTOPCKMX
npaeax, yTBepxaéHHuoimn  Creative Commons (CC BY). C wuHcTpykumen o6
aBTOPCKMX MPaBax MOXHO O3HAKOMWTbCS Ha CTpaHuue Aemopckue rpasa u rnonaumuka
camoapxusuposaHusi, nepenas no ceolnke http://www.vtg.mod.gov.rs/index-ru.html.

Pykonucu ctaten HanpaBnsloTCs B pedakumio XXypHana ¢ Ucrnonb3oBaHvem online
cuctembl e-Yp: OnekTtpoHHoe u3patensctBo — ASSISTANT, 3anyuieHHon LieHTpom
nogaepxu passutusi obpasosaHus n Hayku (LIMPOH).

Pernctpauus B cucteme n odopmreHue npaeB AOCTyna BbIMOMHSAETCS NO aapecy
http://www.vtg.mod.gov.rs/index-ru.html, yepes ctpanuuy ASSISTANT wnn CLUMHOEKC
(aseestant.ceon.rs/index.php/vtg).

C WHCTpyKUMEeWn Mo perucTpauum u npasam AOCTyNa MOXHO O3HAaKOMUTbLCS MO
appecy http://www.vtg.mod.gov.rs/index-ru.html, Ha cTpaHuue WHcmpykyus no e-Yp:
AnekmporHoe usdamenscmeo ASSISTANT.

Bce aBTOpbl, MpegocTaBfsiolMe CBOW pykonuMcu Ans nybnukaumm B pedakumio
XypHana «BoeHHO-TEXHUYECKUIA BECTHUK» AOIMKHbI MPONTU NPpeaBapuTENbHYIO perucTpaumio
B peectpe ORCID (Open Researcher and Contributor ID). Ota npoueaypa ocyLecTensieTcs B
COOTBETCTBAN c VHCTPYKUMEN, pa3meLLieHHOW Ha CTpaHuLe cavita
Pezaucmpauyus e peecmpe ORCID dnisi npuceoeHust udeHmugbukayuoHHO20 Koda.

«BOEHHO-TEXHUYECKUIA BECTHUK» MyGNMKyeT cTaTbM Ha cepbCKOM, pyCcCKOM Wnu
aHrnuinckoMm asbikax (Arial, wpudT 11 pt, npoben Single).

Mpouecc NOAroTOBKM, HaAMMCaHUA W pedaKkTUpOBaHUA  CTaTbM  OOMKEH
OCYLLECTBNATLCA B COOTBETCTBUM  C  MpuHUMNaMuM  dmuyecko2o  Kodekca
(http://lwww.vtg.mod.gov.rs/etichyeskiy-kodyeks.html).

CraTbsl [JoOmkHa cofepXaTb aHHOTauMi0 C KM4YeBbIMU CrioBamu, BBeOEHUE,
OCHOBHYK 4acTb, BbIBOAbl, CMMCOK WCMOMb30BAHHOW nuTepaTypbl W pe3ioMe C
KIMOYEBBIMU  CMOBaMW  Ha  aHrMuMUCKOM  s3blke (6e3  Hymepauuu  3arofioBKOB U
nopsaronoskoB). O6bEM cTaTbM He AOSKEH npeBbilwaTb OAWH asBTopckui nucT (16
cTpaHuy cbopmaTta A4 ¢ npobenom Single).
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Ctatbs gomkHa ObITb HabpaHa Ha KOMMbOTEPE C UCMOMb30BAaHMEM CreuuarnbHO
NnoAroTOBMEHHOIO  pedakuMen  MakeTa, KOTOpbIi  MOXHO CkadaTb Ha  CTpaHuue
cavita lNpasuna u obpasey cocmaesnieHus cmamabu.

3aronoBok

3aronoBok JOmkeH oTpaxaTb TeMy cTaTbu. B uWHTepecax xypHana u aBTopa
HeobxoaMMO MCnofb30BaTh CrOBa WM CIIOBOCOYETaHUSA, yAOOHble AN uvHOeKcauun u
novcka. Ecnu Takne cnoBa He coaepxaTtcsi B 3aronoBke, TO XenaTernbHO Ux JobaBuTb B
NnoA3aronioBoK. 3aronoBOK [OMKeH ObiTb nNepeBefEéH Ha aHrmMUACKUiA A3blk. HaseaHue
3aronoBka (noasaronoBka) NULLETCHA nepes aHHoTauMen Ha COOTBETCTBYIOLLIEM A3bIKE.

Tekywuin 3aronoBoK

TeKyWwmnin 3arofloBOK MULLETCA B TUTYME KaXOOW CTPaHUubl CTaTbU C LEMbio
yrnpolleHns npouecca wuaeHTudukauun, B MNepByl o4depedb KOnMui ctaTbell B
3NEKTPOHHOM Buae.
3aronoBok cofepxuT B cebe cdamunuio M MHWUMAN MMeHW aBTopa (B crnyvae ecnu
aBTOPOB HECKOSbKO, ocTanbHble obo3HavatTcs ¢ «et al.» unu «u gp.»), HasBaHue
paboTbl M >xypHana (rod, TOM, BbIMYCK, HadanbHas W 3aKnuUTENbHas CcTpaHuua).
3aronoBok cTaTby 1 Ha3BaHWE XypHana MoryT 6biTb NPUBEAEHbI B COKPALLEHHOM BUAE.

®PUO aBTOpa

MpuBoaATCA NonHas aMunus U NonHoe uMsi (Bcex) aBTopoB. XKenatenbHo, YTobbI
6bINn yKkasaHbl MHMLUMANbI 0TYeCTB aBTopoB. ®amunusa n UMsa asTopoB M3 Pecnybnvku
Cepbusi Bcerga nuwyTCcs B OpUrMHanbHOM BuAe (C cepbCKMMM  AUaKpUTUYECKUMU
3HaKkamu), He3aBUCKMMO OT sI3blka, Ha KOTOPOM HanucaHa paboTa.

HanmeHoBaHue yupexaeHusa aBTopa (addunumauus)

MpuBognTCcA nonHoe (oduvuManbHOE) HaMMEHOBaHWe W MEeCTOHaxoXaeHue
yypexaeHusi, B KoTopoM paboTaeT aBTop, a Takke HauMeHOBaHWe y4pexaeHunsl, B KOTOPOM
aBTop MpoBEN wuccnegoBaHne. B cnyyae opraHusauMm CO  CNOXHOWM  CTPYKTYpOW
NpUBOANTCH UX Mepapxmyeckas COnoAYMHEHHOCTb (Hanp. BoeHHas akagemus, kadeapa
BOEHHbIX 3M1EKTPOHHbIX cUCTeM, I. benrpaa). Mo kpaiiHel mMepe, ogHa U3 opraHu3auuin B
nepapxumv JOSmKkHa MMeTb CTaTyc ropuanyeckoro nuua. B crnyyae ecnm ykasaHO HECKONbKO
aBTOPOB, U €CNN HEKOTOPbIE U3 HUX paboTaloT B OOAHOM YYPEXOEHWUN, HYXKHO OTAENbHbIMU
0603Ha4YeHUsIMN MNKM KakuM-nmbo Apyrum crnocobom ykasaTb B KakOM M3 NpUBEAEHHbIX
yypexaeHun paboTtaeT Kaxabli 13 aBTopoB. Addpunuaums nuweTcs HemnocpencTBEHHO
nocne ®UO asTopa. [JomkHOCTb U CneumnanbHOCTb Mo AUNSIOMY HE YKasbIBaloTCS.

KoHTakTHble faHHble
OneKTpPOHHLIN adpec aBTopa YKasblBATCS PSOAOM C €ro MMEHeM Ha nepBou
CTpaHuUbl CTaTbMy.

KaTteropusa (tun) ctatbu

KaTteropusauma ctatben sBnsieTcs o0A3aHHOCTBIO pedakuum u umeeT ocoboe
3HaveHue. KaTeropuio ctatbu MOryT mpegnaratb PeLeH3eHTbl U YreHbl pedakumn, T.e.
pepakTopbl pybpuK, HO OTBETCTBEHHOCTb 3a KaTeropusaumio HeceT WCKMoYUTENbHO
rnaeHbIn pegakTop. CTaTby B XypHane pacnpeaensaoTcs No Cneayrowmm KaTeropusm:

Hay4Hble cTatbu:

1. opurMHanbHasi HayyHasi cTaTbsl (paGoTa, B KOTOPOW MpUBOAATCA paHee
HeonyGnMKoBaHHbIe pe3ynbTaTbl COOCTBEHHbIX UCCMeOoBaHWUi, MONyYeHHbIX HayYHbIM
MeToaoM);
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2. ob3opHas cTaTbs (paboTa, coaepxallasi OpWrMHanbHbIA, AeTanbHblA U1
KpuTuyeckuin ob3op uccnegyemon npobrembl unu obnactn, B KOTOPbLIN aBTOp BHEC
onpeaenéHHbIi BKNag, BUAUMbIA Ha OCHOBE aBToumTar);

3. KkpaTkoe cooblueHue (opuruHanbHasi HayyHasi paboTa nonHoro copmarta, Ho
MeHblUero o6béMa Unu uMetoLLas npeasapuTerbHbIi XxapakTep);

4. Hay4Hasi KpUTUYeckasl CTaTbsl (OUCKYCCUSI-NOSIeMMKa Ha OMNpeaenéHHyo HayuyHyto
TeMy, OCHOBaHHasi MCKITIOYUTESIbHO Ha Hay4HO apryMeHTauum) 1 HayYHbI KOMMEHTapWIA.

OpHako, B HEKOTOPbIX 06NacTsX 3HaHWI Hay4yHas paboTa B XXypHarne MOXeT UMeTb
dopmy MOHOrpadhm4ecKoro UCCneaoBaHus, a Takke KpUTUYECKOro 06CyKaeHNss Hay4HOro
mMaTepuana (MCTOPUKO-apXMBHOIO, fekcukorpadmyeckoro, bubnuorpadumyeckoro, o63opa
AaHHbIX W T.N.) — 4O CMX NOP HEU3BECTHOrO UMM HEAOCTATOYHO AOCTYMHOMO ANs Hay4HbIX
nccnepoBaHuii. PaboTbl, kKnaccuuuMpoBaHHble B Ka4eCTBE Hay4HbIX, JOJKHbI UMETD,
Mo MeHbLUEW Mepe, ABE NONOXUTENbHbIE PELIEH3NN.

B cnyuae ecnm B xxypHarie 0GbABMAIOTCA U NPUNOXEHUS, HE UMEIOLLIME HaYYHbIA XapaKTep,
Hay4HblEe CTaTby JOMKHbI BbITb CrPYMNMPOBaHbI M YETKO BbiAENEHb! B NepBOI YacTy HoMepa.

[podheccroHanbHble cTaTbi:

1. npodheccrnoHanbHaa paboTa (MPUNOXeHWs, B KOTOPbIX MpeanaratTcs onbiThl,
nonesHble ANA COBEPLUEHCTBOBAHUS MPOMECCUOHANLHOW MPaKTUKM, HO KOTOpble He
AOIMXHbI B 06513aTenbLHOM nopsiake 6biTb 060CHOBaHbLI HA HAYYHOM MeToAe);

2. HOPMAaTNBHOE NPUNOXEHNE (NepeaoBas cTaTbsi, KOMMEHTapUiA U T.M.);
3. 0630p (KHMIM, KOMNBIOTEPHOW NPOrpamMMmebl, Cryyas, Hay4Horo cobbITvs 1 T.m.).

A3blk paboTbl
PaboTta MoxeT BbITb HanMcaHa Ha cepBCKOM, PYCCKOM MW aHFMUACKOM S3bIKe.

TeKkcT fomkeH OblTb B NMHIBUCTUYECKOM U CTUITMCTUHECKOM CMbICNE YNOpPSA0YEH,
cucTemMaTtusnpoBaH, 6e3 CokpalleHuii (3a UCKIoYeHNEM CTaHaapTHbIX). Bee dusnyeckne
BENMMYMHbl JOMKHbI COOTBETCTBOBaTb MexayHapoOHOW cucteme eAuHWL, U3MepeHus —
CW. OuepegHocTb opmyn ob6o3Ha4aeTcs NopsaKOBbIMY HOMEPaMM, MPOCTaBASIEMbIMU C
NpaBol CTOPOHbI B KPYrfbIX CKOOKaXx.

AHHOTauumsa (abcTpakT) u pestome

AHHOTauus (abcTpakT) siBNsieTCst KpaTkuM MHGOPMaTUBHLIM 0630pOM coaepKaHMUs
cTaTby, obGecrnedmBaoWmMM YuTaTento BeICTPOTY U TOYHOCTb OLEHKM €€ perieBaHTHOCTU.
B uHTepecax pefakumMum M aBTOpPOB, YTOObI aHHOTaUMsi cofepXarna TepMWHbl, 4YacTo
ucnonb3yemble ANs WHAEKCUPOBAHWS WM noucka ctatbed. COCTaBHbIMM YacTaMu
aHHOTaUMM SBNSAOTCA Lefb uccrnenoBaHusi, METOAbl W 3akroyeHue. B aHHoTauum
JomkHo ObiTb oT 100 go 250 cnoB, U OHa [JOMKHA HaxoAWUTCA Mexay TuTynammu
(3aronosok, PO aBTOPOB U Ap.) U KIOYEBBIMU CIOBaMU, 32 KOTOPbIMU CrieayeT TeKCT
ctaTbu. Ecnu pabota HanucaHa Ha cepOCKOM MMM PYCCKOM Si3bIKE, XKenaTernbHO, YToObI
KpOMe aHHOoTaumMu Ha cepbckoM U pycckom, Obina Gbl NpegocTaBreHa M aHHoTauus B
pacwmMpeHHOM BuAe Ha aHrmunNCcKoM A3bike — B KayecTBe T.H. pestome (summary). Takoe
pestloMe [OMKHO HaxoAMTbCs B KOHUE cTaTbW, nocre pasgena Jlutepatypa. BaxHo,
4YTOObI pe3tome ObINIo0 B CTPYKTYPUPOBAHHOM BMAE, U €ro AfiMHa MOXEeT COCTaBNSATb [0
1/10 anvHbl ctaTbn (OHO Gonee OOLWMPHO, YeM aHHOTaLMSA U3 Havana crtaTtbu). Havanom
OaHHOro pestomMe MOXeT ObiTb nepeBefeHHas aHHOTaUus (U3 Hadana cTaTtbu), a 3aTem
OOIMKHbl CriefoBaTb MepeBeAeHHble [MaBHble 3arofioBKW, MOA3arofioBKM U OCHOBbI
3aKMYeHns ctatbi (nNuTepaTypa He nepeBoauTcs). B cTpykTypupoBaHHOM pestome
HY>XKHO NMepeBEeCTU YacTb TEKCTa Nof, 3aroflIoBKOM U 3arofloBKOM, NPUHMMast BO BHUMaHWE,
4YTOObI OHO GbINO NPOMOPLIMOHANBHO NX Pa3MepPy U B TO XKe BPeMS OTpaxkana CyTb.
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KnroueBble cnoBa

KnioueBbiMM  crioBamn  SBRAAIOTCA  TePMWHbI  unn - pasbl,  agekBaTHO
npeacTaBnsAlLIMe coaepXxaHue ctaTtby, Heobxoammble ANS MHAEKCUPOBAHWSA U Mouvcka.
KnioueBble crnoBa Heobxogumo BbIOMpaTb, oOnNupasice NpyM 3TOM Ha Kakou-nmbo
MeXOYHapOaHbIA WCTOYHWK (pernctp, crioBapb, Tesaypyc), Hauboree wucnonb3yembii
BHYTPW AaHHOW HayyHoW obnacTtu. YMcrno KnoveBbiX CroB He MoxeT npesbiwaTe 10. B
UHTEepecax pefakuMn 1 aBTOpPOB, YTOObI YacToTa MX BCTPEYM B cTaTbe Oblna Kak MOXHO
Gonblwen. KniouyeBble crnoBa [alTCsl Ha s3blke, Ha KOTOPOM HanucaHa cTaTbsi
(aHHOTauMs), N Ha aHrMMINCKOM A3blke. B cTaTbe OHM MULIYTCA HENOCPEACTBEHHO nocne
aHHOTaumu (B Hayane) u nocne pesiome (B KOHUE).

Mporpamma ASSISTANT npepocTtaBnsieT BO3MOXHOCTb WUCMOSb30BaHUSA cepBuca
KWASS, aBTOMaTU4ecKkun hMKCUMPYHOLLIEro KIHoYeBble CroBa U3 UCTOYHUKOB/CNOBapel No
BblIGOpY aBTOpa/pefakTopa.

[Jata nony4eHunsa ctaTtbu

[aTta, korga penakuma nonyyduna crtaTtblo; AaTa, Korga penakuna OKOH4YaTesllbHO
NnpuHANa CTaTbl0 K ny6nvn<au,vw|; a Takke paTa, korga Obinu npenocTaBrieHbl
Heobxoanmble ncnpaeneHna pykonucu, npuBogAaTcA B XPOHONIOrM4eckomM nopdake, Kak
npaBwniio, B KOHUE CTaTbW.

BbipaxeHue 6narogapHocTu

HaumeHoBaHWe M HOMep NpoekTa, T.e. HasBaHWe nporpaMmbl Bnarogapsi KOTOpoMn
CTaTbsl BO3HWKNA, COBMECTHO C HalMEHOBAHWEM YYpEXAEHWsl, KOTopoe (UHaHCUpOBano
NPOEKT 1N NPOrpammy, NPUBOASATCS B OTAENBHOM MPUMEYaHWK, kak NpaBurio, BHU3Y Nepeom
CTpaHWLbl CTaTbM.

MNpeabiaywme Bepcumn paboThbl

B cnyyae ecnu cratbs B nNpeabigylleri Bepcuu Obina M3noXeHa YCTHO (rof
OOMHaKOBbIM UMM TMOXOXUM HasBaHMEM, HanpuMep, B Buae AoKNaga Ha HayyHoM
KOHbepeHLMK), CBEAEHUS1 06 3TOM JOMKHbI ObiTb YkasaHbl B OTAENbHOM MpUMEYaHnm, Kak
npaBusio, BHU3Y MEpBOM CTpaHuLpbl cTaTbu. PaboTa, koTopas yxe Obina onybnvkoBaHa B
KaKOM-NBOo U3 XXypHaroB, He MOXeT BbITb Harne4yaTtaHa B «BOEHHO-TEXHUYECKOM BECTHUKEY
HU NOA, NMOXOXWM HasBaHNEM, HU B U3MEHEHHOM BUae.

Hymepauwus n Ha3BaHue Tabnuu n rpadmkos

XKenartenbHo, 4Tobbl HyMmepaumns 1 Ha3BaHve Tabnuy, 1 rpadmkoB BbiNM MCNOMHEHbI Ha
ABYX A3blkax (Ha A3blke OpUrMHana u Ha aHrmuinckom). Tabnuubl NOAMMUCHIBAKOTCS TaKUM Xe
cnocobom Kak M TeKCT M 0603Ha4alTCs MOPSAKOBbIM HOMEPOM C BEPXHEN CTOPOHbI.
doTorpachum N pUCYHKN AOIMKHBI ObITb MOHATHBI, HArmMsAHbI U YAOBHBI ANS penpoayKumn.
PucyHkn Heobxoammo aenatb B nporpammax Word munu Corel. doTtorpacdum u pucyHkM Hago
NnocTaBUTb Ha Xenaemoe MeCcTo B TekcTe. [ns co3gaHusi n3obpaxeHnud u rpadmkos
ucnonb3oBaHe yHKLMN CHUMKa C 3KpaHa (CKpUHLLIOTa) He fJornyckaeTcs. B camom TekcTe
CcTaTb peKoMeHOyeTCH NPUMEHeHMe WU300paKeHun K rpadmkoB, 0B6paboTaHHbLIX Takumu
KOMMbIOTEPHBLIMM Nporpammamu, kak: Excel, Matlab, Origin, SigmaPlot n gp.

CcbInku (UMTUPOBaHME) B TEKCTe

OdpopmrnieHne CCbINOK Ha WCTOMHWMKM B paMKax CTatbM [AOMKHO  ObiTb
04HO00pPas3HbIM. «BOEHHO-TEXHWYECKUA BECTHUK» AN OPOPMIIEHMS CCbINOK, uuTaTt u
cnucka MCnonb30BaHHOM nuTepaTypbl npumeHsieT [apsapgckyio cuctemy (Harvard
Referencing System, Harvard Style Manual). B Tekcte B ckobkax npuBoguTcst hbammnus
uMTUpyemoro aesTopa (Mnu gamunus NepBoro aBTopa, €Cr aBTOPOB HECKONbKO), rog
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n3gaHns 1 No HeobxoamMmocTu Homep cTpanuubl. Hanpumep: (Petrovi¢, 2010, pp.10-20).
PekomeHgaumm o cnocobe LMTUPOBaHWSA pasMeLLeHbl Ha CTpaHuue canTta MHcmpykyus
ro ucrione3oearuto [apeapdckozo cmurisi. Tpy 0POPMAEHNUN CChINOK, LUMTaT M Cnvcka
MCMOSIb30BaAHHON NUTEpaTypbl HEOBXOAMMO NPUAEPKMBATLCS YCTAHOBEHHbLIX HOPM.

Mporpamma ASSISTANT npepoctaBnsetr npu  LUTUPOBaHWM  BO3MOXHOCTb
mcnonb3oBaHusi cepsuca CiteMatcher, dmkeupytoLlero nponyLleHHble uMTaThl B paboTte u
B CNWCKe NnuTepaTypbl.

MpumeyaHna (CHOCKwM)

MpumeyaHus (CHOCKM) K TEKCTY YKasblBalOTCA BHWU3Y CTpaHuLbl, K KOTOPOW OHU
oTHocsiTcs. [pumevaHusi MoryT cofepaTb MeHee BaxHble AeTanu, AOMOMHUTENbHbIE
06bsICHEHUS, yKa3aHusi 06 UCMOMb30BaHHbLIX UCTOYHUKAX (Hanp. Hay4yHoOM Martepuarne,
CnpaBoYHMKax), HO He MOryT GbiTb 3aMEHOIN NPoLEeAypPbl LUTUPOBAHNUSA NMTEPATYpPbI.

INuTtepatypa (pecdepeHumnn)

LinTupoBaHHoM nuTepaTypon OXBaTbIBAKOTCH, Kak npaeuro, Takve
6ubnuorpadmyeckne UCTOYHMKM Kak cTaTbu, MoHorpadmm u T1.n. Bcs ucnonbsyemas
nuTepaTypa B BUae pedepeHLmMin pa3meLlaeTcs B OTAENbHOM pasfene crtaTbi.

HasBaHusa nutepaTypHbIX UICTOYHMKOB HE NEPEBOASITCA Ha s3blK paboThl.

«BOEHHO-TEXHMYECKUIA BECTHUK» Ansi ODOPMIEHUsI CMMCKa WCMNOSIb30BaHHOM
nutepaTypbl npumeHseT [apeapackyto cuctemy (Harvard Style Manual). B cnucke
nuTepaTypbl UCTOYHMKN YKa3biBalOTCA B andaBuTHOM nopsgke damunuin aBTopoB unm
pepakTopoB. PekomeHgaumm o crnocobe LMTMPOBaHWA pasMelleHbl Ha CTpaHvue canta
WHcmpykyusi o ucrions3oeaHuro  [apesapdckozo cmurns. [pu  ocopmneHun cnucka
MCMONb30BaHHONM NUTepaTypbl HEOOXOANMO NPUAEPXKMBATLCS YCTAHOBIEHHBLIX HOPM.

Mpu odopmnenun cnucka nutepatypbl nporpamma ASSISTANT npepocraBnsiet
BO3MOXHOCTb Ucronb3oBaHus cepBuca RefFormatter, ocywiectBnstoLwero KoHTponb
ochopMIIEHMST CMMCKa NuUTepaTypbl B COOTBETCTBMM CO cTaHgapTamu [apBapackoro
cTUnS.

HectaHpgapTHoe, HenomHoe n HenocnegoBaTenbHOe NpuBedeHWe nutepaTypbl B
cUCTEMax OLUEHKM >XypHana cuyuTaeTcs AOCTaTOYHOWM NPUYMHOWM Ans  ocnapvBaHus
Hay4yHOro ctaTyca XypHana.

Bce pykonucu ctaten nognexar npoeccuoHanbHOMY peLeH3MPOBaHUIo.

Crnucok peLeH3eHTOB >XypHamna «BOEHHO-TEXHUYECKUA BECTHWK» pasMelléH Ha
cTpaHuue caunta Criucok peueHseHmos. MNpouecc peueH3MpoBaHUa onvcaH B pasfene
Mpasuna peyeH3uposaHus.

MouToBbIM agpec pepakuun:

«BojHOTEXHUYKM rNaCHUK»

yn. leHepana MNasna tOpwuwwnya LWtypma 1

11000 Benrpag, Pecnybnuka Cepbus

e-mail: vojnotehnicki.glasnik@mod.gov.rs.
[MaBHbIM M OTBETCTBEHHLIN peaakTop
KaHgmpat TexHudecknx Hayk Hebodwa Nadewa
nebojsa.gacesa@mod.gov.rs

http://orcid.org/0000-0003-3217-6513

Ten: +381 11 3603 260, +381 66 8700 118
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CALL FOR PAPERS AND ARTICLE FORMATTING INSTRUCTIONS

The instructions to authors about the article preparation for publication in the Mili-
tary Technical Courier are based on the Act on scientific journal editing of the Ministry of
Science and Technological Development of the Republic of Serbia, No 110-00-17/2009-
01 of 9" July 2009. This Act aims at improving the quality of national journals and raising
the level of their compliance with the international system of scientific information ex-
change. It is based on international standards I1SO 4, ISO 8, ISO 18, ISO 215, ISO 214,
1ISO 18, ISO 690, ISO 690-2, ISO 999 and ISO 5122 and their national equivalents.

The Military Technical Courier / Vojnotehnicki glasnik (www.vtg.mod.gov.rsfindex-e.html,
BTr.MO.ynp.cpb, ISSN 0042-8469 — print issue, e-ISSN 2217-4753 — online, UDC
623+355/359) is a multidisciplinary scientific journal of the Ministry of Defence of the Re-
public of Serbia. It publishes scientific and professional papers as well as technical da-
taon modern weapon systems and military technologies. The journal covers
inter-service technical support to the Army on the principle of logistic system support;
fundamental, applied and development research; production and use of weapons and
military equipment as well as other theoretical and practical achievements leading to pro-
fessional development of all members of Serbian, regional and international academic
communities, members of the Ministry of Defence and the Army of Serbia in particular.

Pursuant to the decision given in Article 27, paragraph 1, point 4, and in accordance
with the acquired opinion given in Article 25, paragraph 1, point 5 of the Act on Scientific
and Research Activities (Official Gazette of the Republic of Serbia, No 110/05, 50/06-cor
and 18/10), the Ministry of Education, Science and Technological Development of the
Republic of Serbia classified the Military Technical Courier for the year 2017

in the field technological development:

- on the list of periodicals for materials and chemical technology,

category: leading scientific periodical of national interest (M51),

—on the list of periodicals for electronics, telecommunications and IT,

category: scientific periodical of national interest (M52),

- on the list of periodicals for mechanical engineering,

category: scientific periodical of national interest (M52),

in the field fundamental research:

- on the list of periodicals for mathematics, computer sciences and mechanics,

category: scientific periodical (M53).

The approved lists of national periodicals for the year 2017 can be viewed on the
website of the Military Technical Courier, page Journal categorization (The Ministry of
Education, Science and Technological Development of the Republic of Serbia has not yet
published the official evaluation of scientific journals for 2018).

More detailed information can be found on the website of the Ministry of Education,
Science and Technological Development of the Republic of Serbia.

The information on the categorization can be also found on the website of KOBSON
(Consortium of Libraries of Serbia for Unified Acquisition).

The periodical is categorized in compliance with the Regulations on the procedure
and method of evaluation and quantitative formulation of scientific and research results of
researchers, stipulated by the National Council for Scientific and Technological Develop-
ment (Official Gazette of RS, No 38/2008). More detailed information can be found on the
website of the Ministry of Education, Science and Technological Development.
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In accordance with the Regulations and the table about types and quantification of
individual scientific and research results (as a part of the Regulations), a paper published
in the Military Technical Courier scores 2 (two) points (category M51), 1,5 (one and a
half) point (category M52) and 1 (one) point (category M53).

The journal is in the Serbian Citation Index — SCIndex (data base of national scien-
tific journals), in the Russian Index of Science Citation/Poccuinckuin uHgekc Hay4Horo
uutmposanmusa (RINC/PUHL,) and is constantly monitored depending on the impact within
the bases themselves and indirectly in the international (e.g. Clarivate Analytics) citation
indexes. More detailed information can be viewed on the website of the Military Technical
Courier, page Journal indexing.

Military Technical Courier enables open access and applies the Creative Commons
Attribution (CC BY) licence provisions on copyright. The copyright details can be found on
the Copyright notice and Self-archiving policy page of the journal's website.

Manuscripts are submitted online, through the electronic editing system
ASSISTANT, developed by the Center for Evaluation in Education and Science — CEON.

The access and the registration are through the Military Technical Courier
site http://www.vtg.mod.gov.rs/index-e.html, on the page ASSISTANT or the page
SCINDEKS or directly through the link (aseestant.ceon.rs/index.php/vtg).

The detailed instructions about the registration for the service are on the website
http://www.vtg.mod.gov.rs/index-e.html, on the page Instructions for e-Ur: Electronic Edit-
ing - ASSISTANT.

All authors submitting a manuscript for publishing in the Military Technical Courier
should register for an ORCID ID following the instructions on the web page Registration
for an ORCID identifier.

The Military Technical Courier publishes articles in Serbian, Russian or English,
using Arial and a font size of 11pt with Single Spacing.

The procedures of article preparation, writing and editing should be in accordance
with  the Publication ethics statement (http://www.vtg.mod.gov.rs/publication-ethics-
statement.html).

The article should contain the abstract with keywords, introduction, body, conclu-
sion, references and the summary in English language (without heading and subheading
enumeration). The article length should not exceed 24 pages of A4 paper format.

The article should be formatted following the instructions in the Article Form which
can be downloaded from website page Article form.

Title

The title should be informative. It is in both Journal’'s and author’s best interest to
use terms suitable for indexing and word search. If there are no such terms in the title, the
author is strongly advised to add a subtitle. The title should be given in English as well.

The titles precede the abstract and the summary in an appropriate language.

Letterhead title

The letterhead title is given at a top of each page for easier identification of article
copies in an electronic form in particular. It contains the author’s surname and first name
initial (for multiple authors add “et al”), article title, journal title and collation (year, volume,
issue, first and last page). The journal and article titles can be given in a shortened form.
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Author’s name

Full name(s) of author(s) should be used. It is advisable to give the middle initial.
Names are given in their original form (with diacritic signs if in Serbian).

Author’s affiliation

The full official name and seat of the author’s affiliation is given, possibly with the
name of the institution where the research was carried out. For organizations with com-
plex structures, give the whole hierarchy (for example, University of Defence in Belgrade,
Military Academy, Department for Military Electronic Systems). At least one organization
in the hierarchy must be a legal entity. When some of multiple authors have the same
affiliation, it must be clearly stated, by special signs or in other way, which department
exactly they are affiliated with. The affiliation follows the author's name. The function and
title are not given.

Contact details
The postal addresses or the e-mail addresses of the authors are given in the first page.

Type of articles

Classification of articles is a duty of the editorial staff and is of special importance.
Referees and the members of the editorial staff, or section editors, can propose a catego-
ry, but the editor-in-chief has the sole responsibility for their classification.

Journal articles are classified as follows:
Scientific articles:

1. Original scientific paper (giving the previously unpublished results of the author’s
own research based on scientific methods);

2. Survey paper (giving an original, detailed and critical view of a research problem
or an area to which the author has made a contribution visible through his self-citation);

3. Short or preliminary communication (original scientific paper of full format but of a
smaller extent or of a preliminary character);

4. Scientific critique or forum (discussion on a particular scientific topic, based ex-
clusively on scientific argumentation) and commentaries.

Exceptionally, in particular areas, a scientific paper in the Journal can be in a form of a
monograph or a critical edition of scientific data (historical, archival, lexicographic, bibliographic,
data survey, etc.) which were unknown or hardly accessible for scientific research.

Papers classified as scientific must have at least two positive reviews.

If the journal contains non-scientific contributions as well, the section with scientific
papers should be clearly denoted in the first part of the Journal.
Professional articles:

1. Professional paper (contribution offering experience useful for improvement of
professional practice but not necessarily based on scientific methods);

2. Informative contribution (editorial, commentary, etc.);

3. Review (of a book, software, case study, scientific event, etc.)
Language

The article can be in Serbian, Russian or English.
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The grammar and style of the article should be of good quality. The systematized text
should be without abbreviations (except standard ones). All measurements must be in Sl units.
The sequence of formulae is denoted in Arabic numerals in parentheses on the right-hand side.

Abstract and summary

An abstract is a concise informative presentation of the article content for fast and
accurate evaluation of its relevance. It is both in the Editorial Office’s and the author’s
best interest for an abstract to contain terms often used for indexing and article search.
The abstract describes the purpose of the study and the methods, outlines the findings
and state the conclusions. A 100- to 250- word abstract should be placed between the
title and the keywords with the body text to follow. Besides an abstract in Serbian and
Russian, articles in Serbian and Russian are advised to have a summary in English, at
the end of the article, after the Reference list. The summary should be structured and
long up to 1/10 of the article length (it is more extensive than the abstract). It can start
with the translated Serbian or Russian abstract from the beginning of the article with
translated main headings, subheadings and major conclusions to follow (Reference list is
not translated). The structured summary should also contain the proportional informative
parts of the text below the headings and subheadings.

Keywords

Keywords are terms or phrases showing adequately the article content for indexing
and search purposes. They should be allocated heaving in mind widely accepted interna-
tional sources (index, dictionary or thesaurus), such as the Web of Science keyword list
for science in general. The higher their usage frequency is, the better. Up to 10 keywords
immediately follow the abstract and the summary, in respective languages.

For this purpose, the ASSISTANT system uses a special tool KWASS for the auto-
matic extraction of key words from disciplinary thesauruses/dictionaries by choice and the
routine for their selection, i.e. acceptance or rejection by author and/or editor.

Article acceptance date

The date of the reception of the article, the dates of submitted corrections in the
manuscript (optional) and the date when the Editorial Board accepted the article for publi-
cation are all given in a chronological order at the end of the article.

Acknowledgements

The name and the number of the project or programme within which the article was
realised is given in a separate note at the bottom of the first page together with the name
of the institution which financially supported the project or programme.

Article preliminary version

If an article preliminary version has appeared previously at a meeting in a form of
an oral presentation (under the same or similar title), this should be stated in a separate
note at the bottom of the first page. An article published previously cannot be published in
the Military Technical Courier even under a similar title or in a changed form.

Tables and illustrations

All the captions should be in the original language as well as in English, together
with the texts in illustrations if possible. Tables are typed in the same style as the text and
are denoted by Arabic numerals at the top. Photographs and drawings, placed appropri-
ately in the text, should be clear, precise and suitable for reproduction. Drawings should
be created in Word or Corel.
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For figures and graphs, proper data plot is recommended i.e. using a data analysis
program such as Excel, Matlab, Origin, SigmaPlot, etc. Itis not recommended to use a
screen capture of a data acquisition program as a figure or a graph.

Citation in the text

Citation in the text must be uniform. The Military Technical Courier applies the Har-
vard Referencing System given in the Harvard Style Manual. When citing sources within
your paper, i.e. for in-text references of the works listed at the end of the paper, place the
year of publication of the work in parentheses and optionally the number of the page(s)
after the author’s name, e.g. (Petrovic, 2012, pp.10-12). A detailed guide on citing, with
examples, can be found on Military Technical Courier website on the page Instructions for
Harvard Style Manual. In-text citations should follow its guidelines.

For checking in-text citations, the ASSISTANT system uses a special tool Cite-
Matcher to find out quotes left out within papers and in reference lists.

Footnotes

Footnotes are given at the bottom of the page with the text they refer to. They can
contain less relevant details, additional explanations or used sources (e.g. scientific mate-
rial, manuals). They cannot replace the cited literature.

Reference list (Literature)

The cited literature encompasses bibliographic sources such as articles and mono-
graphs and is given in a separate section in a form of a reference list.

References are not translated to the language of the article.

In compiling the reference list and bibliography, the Military Technical Courier ap-
plies the Harvard System — Harvard Style Manual. All bibliography items should be listed
alphabetically by author’'s name, without numeration. A detailed guide for listing refer-
ences, with examples, can be found on Military Technical Courier website on the page
Instructions for Harvard Style Manual. Reference lists at the end of papers should follow
its guidelines.

In journal evaluation systems, non-standard, insufficient or inconsequent citation is
considered to be a sufficient cause for denying the scientific status to a journal.

All articles are peer reviewed.

The list of referees of the Military Technical Courier can be viewed at website
page List of referees. The article review process is described on the Peer Review Pro-
cess page of the website.

Address of the Editorial Office:

Vojnotehnicki glasnik / Military Technical Courier

Generala Pavla JuriSi¢a Sturma 1

11000 Belgrade, Republic of Serbia,

e-mail: vojnotehnicki.glasnik@mod.gov.rs.
Editor in chief
Nebojsa GaceSa MSc
nebojsa.gacesa@mod.gov.rs

http://orcid.org/0000-0003-3217-6513

tel.: +381 11 3603 260, +381 66 8700 118
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OBABEWTEHA CAPAOHMLUNMA N HYATAOLIMIMA
COOBLUEHNA 0N ABTOPOB U YATATENEN
INFORMATION FOR CONTRIBUTORS AND READERS

BojHomexHu4Ku enacHuUK noctao napTHep komnaxuje Publons

BojHomexHuuKku enacHuk je op 5. asrycta 2018. rognHe nocrtao napTtHep
komnaHuje Publons, Bogehe ceeTcke nnatdopme 3a peLieHsuje, koja 3BaHNYHO
npu3Haje peueH3eHTCKM AONPUHOC, a koja je aeo Clarivate Analytics-a.

Kapa peueHseHTU ypade peueH3ujy unaHka 3a BojHomexHUuYKu eracHUK
6uhe nuTaHu ga nu xene ga npare, NOTBPAE U Jobwjy Npu3Hame 3a CBoj paj Ha
Publons-y. PeueH3eHTH 3aTUM MOy KOPUCTUTK CBOjy BePUUKOBAHY peLeH3unjy
Kao [Ooka3 O CBOjUM AONPMHOCMMA HayyHOj 3ajegHuuM y annukaumjama 3a
npomouujy, douHaHcupare 1 cn.

Pepakunja BojHomexHu4ko2 enacHuUKa no3vea cajallhe peLeH3eHTe, Koju
CYy TPEHYTHO PErucTpoBaHu y cuctemMy enekTpoHckor ypehuBawwa ACUCTEHT,
Kao 1 cBe Apyre Hay4He pagHuKe Koju Cy 3amHTepecoBaHu ga byay peueH3eHTu
Hawer 4aconuca, ga ce peructpyjy y Publons-y kopuctehun ynyTtcTBO Ha
cTpaHuum cajta [lo3us u ynymcmeo peueH3eHmuma 3a peaucmpauujy y
Publons-y (http://www.vtg.mod.gov.rs/poziv-i-uputstvo-recenzentima-za-
registraciju-u-publons.html).

KypHan «BoeHHO-TeXHMYECKUN BECTHUK» CTan napTHeEpOM
komnaHum «Publons»

KypHan «BoeHHO-TexHMyYeckun BecTHUK» S aBrycta 2018 roga cran
naptHepoMm komnaHun «Publons» — Beaywen mupoBor nnaTdopmon Ans
peLEeH3eHTOB, KOTopas oumLUManbHO OLEHNBAET PELLEH3EHTCKNN BKNaa B HayKy.
KomnaHus «Publons» BxoguT B cocTtaB 0a3bl gaHHbIx «Clarivate Analytics».

Mo 3aBepleHnn peueH3un K cTatbe, NpegHasHavyeHHon ans nyénvkaumm B
XypHarne «BoeHHO-TEXHUYECKMIA BECTHUK» peLieH3eThl NoslyvaT BOMPOC, XXenawT
nn oHM 4TOobbl KX peueH3ns bbina oueHeHa M npudHaHa cuctemon Publons.
Takum  0oBpa3oM  NOATBEPXKAEHHYID  PELEH3N0  pPeLeH3eHTbl  CMOryT
ncnonb3oBaTb B KayecTBe [oKasaTenbCTBa O BKMage B Hayky, 9TO MOXeT
NMOMOYb UM NpUY NoJdade 3asiBOK Ha rpaHTbl, MHaHCMPOBAHME U Mp.

Pepakumsa xypHana «BoeHHO-TEXHMYECKMIA BECTHUK» npurnawlaet Bcex
CBOWX pELEH3EHTOB, 3apermcTpMpoBaHHbIX B CUCTEME  3NEKTPOHHOIO
penaktnpoBaHua ACCUCTEHT, a Takke ApyrMx HayyHbIX OesTenen, Kotopble
NUMEIOT XKenaHue NpUCOeaNHUTLCS K KOMMernn peLeH3eHToB XXypHana «BoeHHo-
TEXHUYECKUN BECTHUK» 3aperucTpupoBaTtbCca Ha cante Publons, ¢ nomoulbto
WHCTPYKUUK, OnybnukoBaHHOW Ha cTpanuue [IpuenaweHue peuyeH3eHmos u
uHcmpykuyusi no pabome c¢ Publons (http://www.vtg.mod.gov.rs/priglasenie-
recenzentov-i-instrukcija-po-rabote-s-publons.html).
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The Military Technical Courier became a partner with Publons

Since 5th August 2018, Vojnotehnicki Glasnik/Military Technical
Courier has been a partner with Publons, the world’s leading peer review
platform, part of Clarivate Analytics, which officially recognizes peer
review contributions.

When reviewers submit peer reviews to The Military Technical
Courier, they are asked whether they would like to track, verify and
showcase it on Publons. Verified peer reviews can be further used as
evidence of reviewers’ contributions to the scientific community for
promotion, funding, grant applications, etc.

The Military Technical Courier is inviting its reviewers currently
registered in the ASSISTANT electronic editing system — and all other
prospective reviewers as well — to register in Publons using the
instructions on the webpage: Call and instructions to reviewers for the
registration in Publons (http://www.vtg.mod.gov.rs/call-and-instructions-
to-reviewers-for-the-registration-in-publons.html).

12 Clarivate “publons
Analytics
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