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Preface

Dear reader,

This special issue of Bulgarian Chemical Com-
munications contains a selection of full text articles
from scientific investigations presented at the 8th
National Crystallographic Symposium with inter-
national participation (NCS’21), which took place
from 1% to 4" September at the Creativity House
of the Bulgarian Academy of Sciences, Varna. The
manuscript selection was based on the Journal’s
regular peer review criteria. The papers in the pre-
sent issue outline the latest research interests of
Bulgarian crystallographers. They cover a wide in-
terdisciplinary range of topics including the prepa-
ration and investigation of already known advanced
and newly emerging materials, as well as special at-
tention is paid to the synthesis procedures, investi-
gation of the structure and properties. We sincerely
hope and believe that this issue reveals the high
quality of Bulgarian crystallographers’ research and
that it will serve as a good foundation for provoking
business interest in the investment in innovations
and production of advanced materials.

The National Crystallographic Symposium is
the principal forum of the Bulgarian Crystallo-
graphic Society and has become a regular meeting
of the growing Bulgarian crystallographic commu-
nity during the years. The former symposia became
leading scientific events and opportunity to meet
and share ideas not only for the Bulgarian crys-
tallographers, but also for numerous participants
coming from different countries worldwide. Major
objective of these events is to gather the crystal-
lographic community in Bulgaria and to exchange
knowledge in the fields of structural crystallogra-
phy, crystal chemistry, crystal physics, mineralogy
and advanced materials science. The present meet-
ing has also provided an excellent opportunity for
young and experienced scientists from Bulgaria
and abroad to exchange ideas and best practices,
as well as to lay the foundations of new collabo-
rations and initiate successful common projects

while enjoying the pleasant atmosphere near the
Black Sea coast.

Two colleagues and outstanding scientists —
Prof. Andrei Apostolov and Assoc. Prof. Venelin
Krastev from the Faculty of Physics, Sofia Univer-
sity “St. Kl. Ohridski” were decorated with the spe-
cial honorary sign of the Bulgarian Crystallographic
Society for their overall activity as co-founders of
the Bulgarian Crystallographic Society and for their
contribution to the development of crystallography
in Bulgaria, as well as for their dedicated scientific
activity.

Lecturers at the NCS’21 were leading research-
ers and experts: Christian Riissel, Friedrich Schil-
ler University, Germany; Valentin Valtchev, EN-
SICAEN, University of Caen — CNRS, France;
Valentina Ivanova, Institut List, CEA Saclay Na-
no-INNOV, Commissariat a 1’énergie atomique et
aux ¢énergies alternatives, France; Ognyan Petrov,
IMC-BAS, Bulgaria; Svetoslav Stankov, Institute
for Photon Science and Synchrotron Radiation,
Karlsruhe Institute of Technology, Germany; To-
nya Vitova, Institute for Nuclear Waste Disposal,
Karlsruhe Institute of Technology, Germany; Sne-
jana Bakardjieva, Institute of Inorganic Chemistry
of the Czech Academy of Sciences, Czech Repub-
lic; Plamen Tchoukov, TCH NanoSolutions, Ed-
monton, Canada; Martin Fabian, Institute of Geo-
technics, Slovak Academy of Sciences, Slovakia;
Venelin Krastev, Sofia University “St. KI. Ohrids-
ki”, Bulgaria; Liliya Vladislavova, EMPA, Switzer-
land; Silvana Dimitrijevi¢, Mining and Metallurgy
Institute Bor, Serbia; Zara Cherkezova-Zheleva, IC-
BAS, Bulgaria; Ruzha Harizanova, UCTM-Sofia,
Bulgaria.

The investigations presented at the NCS’21 were
focused on the current topics in materials design and
preparation, as well as on various advanced charac-
terization techniques. 18 oral and 59 poster presen-
tations encompassing different topics and aspects of



crystallography were presented by 217 participants
from 17 countries. 22 out of 77 reports were pre-
sented by PhD students and young scientists. They
had the opportunity to disseminate their research
results, to discuss problems, ask questions and to
share their personal ideas and opinion. According
to a long-term and well-established tradition, the
organizers of the National Crystallographic Sym-
posia encourage and support the initiation of suc-
cessful scientific career of young researchers by

awarding the best young scientist poster presenta-
tions as recognition of their achievements.

The symposium NCS’21 has been organized
with the kind financial support of our traditional
partners and sponsors — Malvern-PANalytical,
Aurubis-Bulgaria, Aquachim, Labexpert, InfoLab,
ELTA’90 and Gravelita Ltd.

We are looking forward to welcome you at the
9th National Crystallographic Symposium, 2023.

Prof. Zara Cherkezova-Zheleva,

Assoc. Prof. Ruzha Harizanova

Co-chairs of the Organizing Committee and
Guest editors of the Special issue of Bulgarian
Chemical Communications
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A fast and efficient direct protocol for benzo[1,3]dioxin’ synthesis via tandem hydroxymethylation—acetal protec-
tion of phenols under Eschweiler-Clarke conditions is developed. The scope of the reaction is studied and is found
that the presence of azo-dye fragment is crucial for effective conversion. The structures of the products are assigned
on the basis of NMR spectra and confirmed by single crystal XRD.
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INTRODUCTION

Compounds possessing a benzo[ 1,3]dioxin moi-
ety have shown diverse biological activity profiles,
like anti-inflammatory [1], analgesic [2, 3], antipy-
retic [4], effective treatment of thalassemia [5] and
sleep [6] and cardiovascular [7] disorders. Such
compounds are practically used as agrochemical
fungicides [8], pesticides [9, 10], herbicides [11,
12], biocides [13], fragrants [14], in animal hus-
bandry to improve animal rate of growth or feed ef-
ficiency [15, 16], etc. This structural motif is found
in numerous natural [17-23] and synthetic [24, 25]
bioactive compounds and is widely exploited as key
intermediate in multi-step sequences [26—29].

The protocols used to date for the synthesis of
benzo[1,3]dioxins suffer from serious shortcom-
ings. Indirect methods include multi-stage proce-
dures with heavy and time-consuming purifications
[30]. The direct conversion, known as Borsche-
Berkhout reaction [31], is achieved firstly by treat-
ing phenols with formaldehyde in the presence of
a mineral acid, hydrochloric or sulphuric [32], and
is further modified by varying the acid component
[33-38]. These procedures usually operate at high
temperatures and/or pressure, lead to complex mix-
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tures of products, and the yields are unsatisfactory.
However, high activation by nitro group in p-posi-
tion is observed and the product is isolated in unu-
sually high yield of 84%, while no transformation
or very low conversion is detected with the rest of
phenols studied [39].

Herein, we report on the tandem hydroxymeth-
ylation-acetal protection of phenols under Esch-
weiler-Clarke conditions, where significant activa-
tion role of phenyl-azo moiety is observed.

RESULTS AND DISCUSSION

In an attempt to obtain N-methyl derivative of
4-phenylazo-phenol (1a), the latter was exposed to
methylation under Eschweiler-Clarke conditions;
refluxing in a mixture of formaldehyde and formic
acid. However, instead of desired N-methyl deriva-
tive an approximately 1:2.5 mixture of known diol
2 [40] and its unknown acetal 3a were isolated in
moderate total yield (Scheme 1). The structures of
the products are assigned by mono- and two-dimen-
sional NMR spectra and are confirmed by single
crystal XRD (Fig. 1, Table 1).

Isolation of diol 2 and its acetal protected deriva-
tive 3a is an indication that the hydroxymethylation
is the first step followed by its partial acetal protec-
tion. In order to accomplish complete protection, the
reagents proportions were varied and it was found

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 7
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Table 1. Most important crystal data and refinement parameters for compound 2, 3a and 3b [41]

Crystal data compound 2 Crystal data compound 3a Crystal data compound 3b
C]3H]2NZOZ C]4H]2NZOZ C]OHI INO3
MW =1228.25 MW =240.26 MW=193.20

Monoclinic, P2,/c

a=15.9679 (9) A

bh=5.5706 (3) A

c=12.9979 (5) A

B=91.628 (5)°

¥ =1155.70 (10) A®

Z=4

F(000) = 480
D,=1312Mgm™

Mo Ka radiation, A =0.71073 A

Cell parameters from 2675 reflections
0=3.4-32.9°

pn=0.09 mm—1

T=290K

Block, colorless

0.25 % 0.22 x 0.20 mm

Monoclinic, P2 /c

a=26.2690 (17) A
b=5.8234(4) A

c=7.6118(5) A

B =96.529 (6)°

V=1156.85 (13) A®

Z=4

F(000) = 504

D,=1379 Mg m™

Mo Ka radiation, A =0.71073 A

Cell parameters from 2100 reflections
0 =3.6-28.6°

pn=0.09 mm—1

T=150K

Prism, colourless

0.20 X 0.15 x 0.12 mm

Monoclinic, P2,/a
a=9.3244 (14) A
bh=10.1750 (16) A
c=9.8241(12) A
B=92.098 (16)°
V=93142) A

Z=4

F(000) = 408

D,=1378 Mgm™

Mo Ka radiation, L = 0.71073 A,
Graphite monochromator

Cell parameters from 25 reflections
60=5.9-19.6°

nw=10.10 mm—1

T=290K

Block, colourless

0.28 x 0.26 x 0.24 mm

Data collection

SuperNova, Dual, Cu at zero, Atlas
diffractometer

Ton=0.621, T, = 1.000
18570 measured reflections
0,..=237.7°0, =3.1°

max min

Detector resolution: 10.3974
pixels mm™! /o scans

5910 independent reflections
2336 reflections with /> 20(/)
R,,,=0.048

int

SuperNova, Dual, Cu at zero, Atlas
diffractometer

Toin=0.727,T,..= 1.000
5288 measured reflections
0., =287°0, =3.1°

max min

Detector resolution: 10.3974 pixels
mm! /o scans

2406 independent reflections
1943 reflections with /> 2o(/)
R,,=0.036

int

Enraf Nonius CAD4
diffractometer

intensity decay: —2%

3773 measured reflections

0, = 30.0°, 0, =2.1°

Radiation sdetector: Enraf Nonius
FR590, SP Nal

1939independent reflections

910 reflections with /> 2o(/)
R,.=0.062

int

max

Refinement

Refinement on F*
Least-squares matrix: full
R[F*>20(F?)]=0.075
wR(F?) =0.256

§=1.05

5910 reflections

162 parameters

0 restraints
Primary atom site location: Difference
Fourier map

Secondary atom site location:
Difference Fourier map

Hydrogen site location: mixed

H atoms treated by a mixture of in-
dependent and constrained refinement
(A/o)ymax < 0.001

Apmax = 0.31 e A-3

Ap,in=—023e¢ A>3

Extinction correction: none

w = 1/[c*(F,*) + (0.086P)* + 0.1393P]
where P = (F >+ 2F2)/3

Refinement on F*
Least-squares matrix: full
R[F*>20(F*)] = 0.090
wR(F?) =0.244

S=1.15

2406 reflections

211 parameters

0 restraints
Primary atom site location: Difference
Fourier map

Secondary atom site location:
Difference Fourier map

Hydrogen site location: mixed

H atoms treated by a mixture of in-
dependent and constrained refinement
(A/o)ymax < 0.001

Apmax = 0.41 ¢ A-3

Apin=—034e¢ A3

Extinction correction: none

w = 1/[c*(F,*) + (0.058P)* + 4.4222P]
where P = (F >+ 2F2)/3

Refinement on F*
Least-squares matrix: full
R[F?>20(F?)] = 0.049
WR(F?)=0.122

§=1.00

1939 reflections

161 parameters

0 restraints
Primary atom site location: structure-
invariant direct methods

Secondary atom site location:
Difference Fourier map

Hydrogen site location: mixed

H atoms treated by a mixture of in-
dependent and constrained refinement
(A/o)ymax < 0.001

Apmax =0.17 ¢ A-3

Apin=—0.15¢ A3

Extinction correction: none
w=1/[¢*(F,?) + (0.0396P)*]

where P = (F?+2F2)/3
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HCHO
HCOOH

O
s

1a

reflux

Scheme 1. Synthesis of compounds 2 and 3.

Fig. 1. ORTEP views of the molecules of compounds 2 (a)
and 3a (b); atomic displacement parameters (ADP) are at 50%
probability, hydrogen atoms are shown as small spheres with
arbitrary radii.

Table 2. Synthesis of acetals 3

Crfan . O

that an increase in the amount of formaldehyde and
formic acid from 1 ml each per mmol phenol to
7.5 ml leads to 71% yield of 3a as a single reaction
product (Table 2, entry 1).

The scope of the reaction is further extended to-
ward variably substituted phenols, namely 4-acetyl-
aminophenol (1b), 4-fluorophenol (1¢), 3-fluoro-
phenol (1d), 4-nitrophenol (1e), 3-nitrophenol (1f),
1-naphthol (1g), 1-hydroxypyridine (1h), and phlo-
roglucinol (1,3,5-trihydroxybenzene, 1i). Unfortu-
nately, all attempts to achieve reaction with phenols
le-1i failed independently on the reagents’ propor-
tion and reaction prolongation. The known acetami-
do derivative 3b [39] was isolated in very low yield
after 8 h refluxing (Table 2, entry 2). Its structure is
assigned by NMR spectra and confirmed by X-ray
analyses (Fig. 2).

Despite the very low conversion achieved, the
current protocol is comparable with the literature
data for the preparation of 3b [39], where 21% over-
all yield is reported after three steps. The results
obtained with the regioisomeric fluorophenols are
similar. The product 3¢ was obtained in 19% yield
within 8 h refluxing, while 1d led to a mixture of

Entry Phenol Time, h Product Yield, %*
1 la 5.5 3a 71
2 0 0] o]

8 Z > 17
HN OH HN 0]
1b 3b
3 0]
FOOH 8 > 19
1c F o
3¢
4 (0]
F
) E 0
8 0 > 11°
OH
1d ©
3dF 3d’

@ After column chromatography purification; ® Total for both products; 3d:3d 91:9 (1H NMR); not separated.
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regioisomeric products 3d and 3d’ in 91:9 ration.
The low total yield of 11% made the separation of
the products irrelevant.

From structural (crystallographic) point of view
the molecules of 2 and 3a are quite similar (Fig. 3a).
The angle between the mean planes of the aro-
matic rings (C3-C4-C5-C6-C7-C8 and C10-C11-
C12-C13-C14-C15-C16) in 2 and 3a is 4.578° and
2.628° respectively. The planarity of the molecules
suggests a consistent propagation of the aromatic
conjugation from one aromatic ring to the other.
The hydrogen bonding interaction in 2 reveals
that both O1 and O2 produce O—H---O hydrogen
bonds. Based on the D...A distance O2-H...O1 is
weaker than O1-H...O2, Figure 4, Table 3. As the
hydroxyl O2 is slightly out of the conjugation plane
we can speculate that O2 will be more accessible to
formaldehyde for the initial (second) stage of acetal
formation.

This is supported by the positioning of O2 in
3b which also lays slightly outside of the aromatic
plane (Fig. 5). The superposition of the 4H-benzo[d]
[1,3]dioxin moiety of 3a and 3b (Figure 3b) shows
a nearly conserved geometry (#ms of 0.049). On the

Fig. 2. ORTEP view of the molecule and atomic numbering
scheme of compound 3b.

rms 0.117

rms 0.049

Fig. 3. Overlay of the molecules of a) 2 (grey) and 3a (green);
b) 3a (grey) and 3b (green).

10

other hand, the geometry/structural positioning of
the substituent at position 4 does not seem to affect
the outcome of the reaction, i.e. only the type of the
substituent is important.

pseudo
layers

Fig. 4. Depiction of the hydrogen bonding interaction (a) and
the three-dimensional arrangement of the molecules of 2 (b)
disclosing the formation of pseudo layers.

Fig. 5. A view along b of the three-dimensional arrangement of
the molecules of 3b disclosing the formation of pseudo layers
and the positioning of O2.
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Table 3. Observed Hydrogen bonding interactions in compound 2, 3a and 3b

Compound 2
D—H-4 D—HIA] HA[A] D A[A] D—H-A4[°]
O1—HI1 02 0.95(3) 1.73(3) 2.6611(17) 168(2)
0O2—H2---0li 0.98 4) 1.89(4) 2.798(2) 153(3)
Symmetry codes: (i) X, —y+5/2, z+1/2; (ii) —x, y-1/2, —z+1/2
Compound 3a
D—H-4 D—HI[A] H-A[A] D-A[A] D—H-A4[°]
C9—HI9A 02! 0.97(4) 2.53(4) 3.427(5) 153(3)
C50—H50---021 1.01(4) 2.40(4) 3.397(5) 1683)
C9—H9B---O2f 0.99(5) 2.56(5) 3.541(5) 170(4)
C50—H50---02" 1.08(5) 2.46(5) 3.491(5) 160(4)
Symmetry codes: (i) +x,1/2-y,1/2+z; (ii) —x,1/2+y,1/2-z; (iii)+X, —1+y,+z; (iv)+x,3/2-y,1/2+z
Compound 3b
D—H--4 D—H [A] H--A[A] DA [A] D—H-4[°]
NI1—HI1---03 0.85(2) 2.03(2) 2.871(3) 172(2)
C10—HI10A--O3! 0.96(4) 2.50(4) 3.353(5) 147(4)
Symmetry codes: (i) 1/2+x,—-1/2—y,+z;

CONCLUSIONS in d-values against tetramethylsilane (TMS) as an

A fast and efficient direct protocol for 6-(phe-
nylazo)benzo[1,3]dioxin’ synthesis via tandem
hydroxymethylation—acetal protection of 4-phe-
nylazo-phenol under Eschweiler-Clarke conditions
is developed. The scope of the reaction is studied
and is found that the presence of azo-dye fragment
in phenol molecule is crucial for effective conver-
sion. All other phenols examined lead to very low
conversion or no transformation occurs. The single
crystal XRD revealed that the 4H-benzo[d][1,3]di-
oxin part has a preserved conformation.

EXPERIMENTAL

Synthesis

General: All reagents were purchased from Al-
drich, Merck and Fluka and were used without any
further purification. The deuterated solvents were
purchased from Deutero GmbH. Fluka silica gel
(TLC-cards 60778 with fluorescent indicator 254
nm) were used for TLC chromatography and Ry
values determination. Merck Silica gel 60 (0.040—
0.063 mm) was used for flash chromatography pu-
rification of the products. The melting points were
determined in capillary tubes on SRS MPA100 Op-
tiMelt (Sunnyvale, CA, USA) automated melting
point system with heating rate of 1 °C per min. The
NMR spectra were recorded on a Bruker Avance
II+ 600 spectrometer (Rheinstetten, Germany) in
CDCl;; the chemical shifts were quoted in ppm

internal standard and the coupling constants were
calculated in Hz. The assignment of the signals is
confirmed by applying two-dimensional COSY,
NOESY, HSQC and HMBC techniques. The spec-
tra were processed with Topspin 3.6.3 program. The
mass spectra were recorded on a DFS high resolu-
tion magnetic sector instrument (Thermo Fisher
Scientific GmbH, Bremen, Germany) operating in
CI mode. The reaction prolongations and yields of
the products 3 obtained by method B are listed on
Table 2. The numeration scheme is given on Figure
6.

Method A: A solution of 4-phenylazo-phenol 1
(1 mmol) in HCHO (1 ml) and HCOOH (1 ml) was
refluxed for 4 h. The products were partitioned be-
tween aq. K,CO, and dichloromethane (DCM).
The organic phase was washed with brine, dried
over MgSO,, evaporated to dryness, and purified
by column chromatography on silica gel by using
a mobile phase with a gradient of polarity from
DCM to 5% acetone/DCM.

6-phenylazo-4H-benzo[d][1,3]dioxine 3a: 41%
yield; R; 0.78 (DCM); recrystallization from diiso-

2 da >2 @)
3 6 9
/N 1ao1 / \4a >2
7 8 R\— 1a
5 6' 7 8

Fig. 6. The numeration in compounds 3.
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propyl ether; m. p. 69.6-70.1 °C; NMR (CDCL,) 'H
5.001 (s, 2H, CH,-4), 5.320 (s, 2H, CH,-2), 7.012 (d,
1H, J 8.6, CH-8), 7.452 (tt, 1H, J 1.2, 7.3, CH-4"),
7.507 (ddd, 2H,J 1.2, 7.2,7.8, CH-3’+CH-5"), 7.068
(d, 1H,J2.3,CH-5),7.819(dd, 1H, J 2.3, 8.6, CH-7),
7.872 (dd, 2H, J 1.4, 7.7, CH-2’+CH-6); "*C 66.33
(CH,-4),91.52 (CH,-2), 117.46 (CH-8), 119.71 (CH-
5), 121.45 (C-6), 122.62 (CH-2’+CH-6"), 123.78
(CH-7), 129.08 (CH-3’+CH-5"), 130.65 (CH-4"),
147.03 (C,-4a), 152.56 (C,-1°), 155.07 (C-1a); MS
(m/z) 241 [M+1]* (62), 211 [M-CH,OH+1]" (100),
163 [M-Ph]* (4), 105 [PhN,]" (9).

2-hydroxymethyl-4-phenylazo-phenol 2: 16%
yield; R; 0.41 (10% acetone/DCM); recrystalliza-
tion from benzene; m. p. 143.7-144.2 °C (lit 143—
144 °C [40]).

Method B: A solution of starting phenol 1 (2
mmol) in HCHO (15 ml) and HCOOH (15 ml) was
refluxed for 2-8 h (cf. Table 1). The work-up is ana-
logues to that described in Method A.

6-acetamido-4H-benzo[d][1,3]dioxine 3b: R;
0.39 (10% acetone/DCM); m. p. 128.5-128.8 °C (lit
129-130 °C [39]); NMR (CDCl,) 'H 2.142 (s, 3H,
CH,), 4.858 (s, 2H, CH,-4), 5.214 (s, 2H, CH,-2),
6.808 (d, 1H, J 8.7, CH-8), 7.051 (dd, 1H, J 2.5, 8.7,
CH-7), 7.336 (d, 1H, J 2.4, CH-5), 7.468 (bs, 1H,
NH); °C 22.14 (CH,), 66.02 (CH,-4), 91.04 (CH,-
2), 116.86 (CH-8), 117.34 (CH-5), 120.16 (CH-
7), 121.28 (C-4a), 131.23 (C-6), 149.14 (C,-1a),
168.29 (C=0).

6-fluoro-4H-benzo[d][1,3]dioxine 3c: R; 0.36
(DCM); m. p. 124.8-124.9 °C; NMR (CDCl,) 'H
4.852 (s, 2H, CH,-4), 5.197 (s, 2H, CH,-2), 6.661
(dd, 1H, J, 2.8, J5 8.3, CH-5), 6.814 (dd, 1H, Jy;
4.7,1,5 8.9, CH-8), 6.855 (ddd, 1H, J5, 2.9, J, 8.3,
J;5 8.9, CH-7); “C 65.91 (CH,-4), 91.25 (CH,-2),
111.45(d, J5523.8, CH-5), 114.84 (d, J, 23.3, CH-
7), 117.97 (d, Jgz 7.9, CH-8), 122.23 (d, J,.r 7.2,
C,-4a), 148.67 (d, J,,r 2.1, C;-1a), 157.26 (d, Js
239.9, C,-6); MS (m/z) 155 [M+1]" (71), 125 [M-
CH,OH+1]" (100).

7-fluoro-4H-benzo[d][1,3]dioxine 3d: R; 0.87
(DCM); NMR (CDCl,) 'H 4.864 (s, 2H, CH,-4),
5.232 (s, 2H, CH,-2), 6.601 (dd, 1H, J¢5 2.5, J5;: 9.9,
CH-8), 6.655 (ddd, 1H, J¢g 2.5, Js¢ 8.5, Jsp 11.1,
CH-6), 6.901 (dd, 1H, J;: 6.2, J5 ¢ 8.4, CH-5).

Crystallography

General: A crystal of compound 2, 3a or 3b
with suitable size was placed on a glass capillary
and mounted on a Supernovadual or Enraf-Nonius
CAD-4 diffractometer. X-ray data collection [41]
was carried out at 290 or 150 K with graphite (for
3b) or mirror monochromatized Mo-Ka radiation (A
=0.71073 A) for compounds 2 and 3a. The unit cell
parameters were determined from 25 reflections

12

and refined employing 22 higher-angle reflections,
18 <0 <20°. The w/26 technique was used for data
collection using Nonius Diffractometer Control
Software [42]. Lorentz and polarization corrections
were applied to intensity data using the WinGX
[43]. In the case of 2 and 3a data collection and
reduction was carried out using Crysalispro [44].
The structure was solved by direct methods using
SHELXS [45] and refined by full-matrix least-
squares procedure on F? with SHELXL [45]. The
hydrogen atom near oxygen’s (O1 or O2) or nitro-
gen have been located from difference Fourier map.
All remaining hydrogen atoms were placed in ideal-
ized positions (C—H,gpaie = 0.93 A and C—H,,py1ene =
0.97 A) and were constrained to ride on their parent
atoms, with U, (H) = 1.2U,, (C, N or O). Experi-
mental conditions are summarized in Table 2. Hy-
drogen bonds and weak interactions geometry are
presented in Table 3. ORTEP [43] drawing diagram
of the molecular structure with ADP 50% probabili-
ty and the atom numbering scheme is shown in Figs.
1 and 4. The data for publication were prepared with
WinGX [43], ORTEP [43], Mercury [46] and Olex2
[47] program packages.
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Hybrid carriers prepared by sol-gel method based on methyltriethoxysilane (MTES) or ethyltrimethoxysilane
(ETMS) and cellulose acetate propionate with high molecule weight (CAPH) as precursors were used. Each carrier
was examined by X-ray diffraction (XRD) analysis, Differential thermal (DTA/TG) analysis and Scanning electron
microscopy (SEM). Laccase was immobilized by cross-linking using glutaraldehyde. The enzyme activity, catalytic
properties and amount of bonded protein of immobilized systems were determined. The results were compared to free
laccase. The most suitable matrix was used for design of optical biosensor for phenol detection. The operating param-
eters of the biosensors lifetime, linear range and limit of detection were described.

Keywords: sol-gel, biosensors, enzymes, toxic compounds.

INTRODUCTION

Regulation is becoming more and more severe
regarding the release of pollutants in the environ-
ment. The management of industrial processes
requires enhanced control of possible releases of
hazardous chemicals. These facts should lead in-
dustry to develop new tools for selective and rapid
responses to the release of hazardous chemicals in
the environment [1].

As the common water contaminants, phenolic
compounds are of high toxicity and difficulty to be
degraded in natural conditions, which has seriously
threatened human health. Phenol is a representative
substance of phenolic pollutants and widely derived
from different industries including coal chemical
industry, plastics, textile, dyes and other fields [2].

Conventional detection techniques for environ-
mental pollution using physical chemistry methods
show a certain degree of sensitivity and specificity,
there are still many challenges that limit their prac-
tical application, such as expensive equipment and
complicated procedures, in addition to long waits
for detection [3]. Hazard materials can be deter-
mined by application of classical analytical meth-
ods such as gas chromatography [4] or by highly

* To whom all correspondence should be sent:
E-mail: sp_yaneva@uctm.edu

sensitive gas sensors constructed based on quartz
crystal microbalance [5,6].

The specificity of every biosensor is due to the
specificity of the bio receptor molecule used. En-
zymes have been the most widely used bioreceptor
molecules in biosensor applications. The growing
field of biosensors represents an answer to this de-
mand [7].

Optical biosensors have exhibited worthwhile
performance in detecting biological systems and
promoting significant advances in clinical diag-
nostics, drug discovery, food process control, and
environmental monitoring. Without complexity in
their pretreatment and probable influence on the
nature of target molecules, these biosensors have
additional advantages such as high sensitivity, ro-
bustness, reliability, and potential to be integrated
on a single chip [8]. The degradative potential of
fungi is mainly due to the production of different
types of oxidases, of which laccases is one of the
most prominent enzymatic activities [9]. A number
of biosensors have been constructed using immo-
bilized laccase to detect different compounds such
as phenol [10], bisphenol A [11], azo-dye tartrazine
[12], catechol [13] and others.

In previous studies we have immobilized lac-
case on various hybrid carriers and the potential of
the biocatalytic system to degradate organic dyes or
organochlorine pesticides has been studied [14,15].

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 15
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The results show that the amount of polysaccha-
rides used in the hybrid materials is important in the
immobilization of the enzyme. The advantages of
these materials is that after immobilization, they are
able to maintain catalytic activity of laccase even
in hexane.

The aim of this work is sol-gel synthesis of hy-
brid membranes, enzyme immobilization and bio-
sensor construction for phenol detection.

EXPERIMENTAL

Materials

CAPH (~25 000 m.w.), 2,2'-Azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid (ABTS) and Lac-
case (E.C. 1.10.3.2.), 0.5 U/mg from Trametes
versicolor were purchased from Sigma-Aldrich.
Ethanol, methanol, chloroform, MTES and ETMS,
25% Glutaraldehyde solution, Folin and Ciocalteu's
solution, Phenol were provided by Merck, KH,PO,,
K,HPO,*3H,0 p.a. for 0.05 M buffers.

Hybrid preparation

In this study sol-gel derived hybrid carriers
based on alkoxysilanes precursors MTES, ETMS
and CAPH as organic part were used. The hybrids
were prepared as we described previously [16].

Sample characterization

XRD patterns were used to investigate the crys-
tallinity of the materials. For the XRD measure-
ments a Bruker D8 Advance diffractometer was
used at Cu Ko radiation in 5<26<80 range.

The morphology of the obtained structures was
observed by SEM with a dual beam scanning elec-
tron/focused ion beam system LYRA I XMU, TES-
CAN after the samples were coated with a conduc-
tive thin gold film.

The thermal stability of synthesized amorphous
hybrids was determinated by DTA/TG analysis. A
Seteram Labsysis Evo 1600 instrument was used
for recording of thermo diagrams over the range
from room temperature up to 600 °C. The heating
rate was 10°/min in air atmosphere.

Laccase immobilization

The immobilization of laccase was performed
using cross-linking method for immobilization
with glutaraldehyde and the procedure was done
using the immobilizer as described in previous
study [17].

16

Determination of enzyme activity
and protein content

Laccase activity was determined spectrophoto-
metrically (VWR UV-1600 PC Spectrophotometer,
Germany) at A = 420 nm for 5 min, using 0.5 mM
ABTS (e =36 000 M' cm™) as a substrate. Reac-
tion mixture contained 0.1 ml enzyme solution with
concentration mg/ml, 1 ml ABTS, 1 ml buffer and
0.9 ml distilled water. For immobilizes enzyme was
used 100 mg carrier. One unit of laccase activity
was defined as the amount of enzyme required to
oxidize 1 umol of ABTS per minute at 25 °C. The
total protein content in immobilized system was de-
termined by the modified Lowry method [18].

pH and temperature optimum

For determination of the pH optimum for lac-
case, the residual activities of free and immobilized
enzymes were determined in the potassium phos-
phate buffer with pH range from 3.0 to 9.0 with a
retention of 10 minutes.

The temperature optimum, of free and immobi-
lized enzyme in the range from 30 °C to 80 °C with
retention of 10 minutes was determined.

All determinations were referred to the specific
activity of the immobilized enzyme. The amount of
the bonded protein and the kinetic parameters were
performed three times.

Biosensor construction and determination
of work parameters

100 mg immobilized membrane was immersed
in 2 ml of tested phenol solution by different con-
centrations from 1.10* to 9.103 M (phenol was dis-
solved in 5.107 M potassium acetate buffer with pH
=5.0) and subsequent vigorous stirring was applied.
The solution spectra were measured in the range
from 200 to 600 nm at 0 to 40 min., to control of
the linearity and stability of the received signal. The
lifetime of biosensor was measured once a week on
the same conditions described above.

RESULTS AND DISCUSSION

Figure 1 presents XRD analysis of cellulose es-
ter and obatined hybrids. As it can be seen, the XRD
profile of CAP showed its semi-crystalline nature
[19]. The hybrid obtained with ETMS is amorphous
while this one obtained with MTES is characterized
by a number of amorphous halos probably core-
sponding to the presence of two or more separated
amorhpous phases.
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10000 The thermal behavior of cellulose ester and
] — (1) CAP-H obtained hybrids is observed by DTA/TG analy-
e 7%; E,péggﬁ&: sis (Fig. 2). DTA curve of CAP (Fig. 2,a) corre-
sponds to the simultaneous loss (Fig. 2,b) of acetyl
and propionyl groups from the cellulose backbone
in the temperature range 300—420 °C. The second
exothermal peak in the range 450570 °C can be
associate with a subsequent pyrolysis of cellulose
structure [20,21]. The hybrids obtained with MTES
keeping the thermal profile of CAP precursor, are
characterized by smaller mass losses, while the hy-
brids obtained with ETMS showed different ther-
+— 77— mal behavior due to silica precursor but retain the
same temperature range and mass losses.

The surface morphology of obtained hybrids
Fig. 1. XRD patterns of CAP-H and obtained hybrids. was investigated by SEM. In Fig. 3 SEM images
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Fig. 2. DTA/TG analysis of CAP-H and obtained hybrids.
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Fig. 3. SEM images of CAP-H obtained hybrids with ETMS (a) and MTES (b).
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Fig. 4. pH (a) and temperature (b) profiles of free and immobilized laccase.

of hybrids at x10 800 magnifications are presented.
Obtained hybrids are characterized by high density
and low roughness. Unfortunately, by electron mi-
croscopy (SEM) is not possible to distinguish the
presence of different amorphous states/phases and
the results from XRD analysis for the presence of
two or more amorphous phases are still question-
able.

The pH profiles on the activity of free and immo-
bilized laccase was also examined in the pH range
3.0-9.0 at 30 °C and the result is presented in Figure
4 (a). The optimum pH for free laccase was found
at pH 4.0 which was similar to that reported from
Mazlan and Hanifah [22]. All this gives us reason to
continue to study this immobilized system at high
temperatures, to track the loss of enzyme activity
over time.

The optimum pH for immobilized laccase was
shifted to pH 5.0 for ETMS and to pH 7.0 for MTES
carriers. pH profiles of the immobilized laccase are
broader than that for the free enzyme, which means
that the immobilization method preserved enzyme

24

activity in a wider pH range. The matrix based on
MTES with immobilized laccase shows higher
temperature resistance at high temperatures and
the unusual for laccase pH optimum equal to 7.0.
The microenvironment of the immobilized enzyme
and bulk solution usually has unequal partitioning
of H" and OH™ concentrations due to electrostatic
interactions with the matrix, which often leads to
the displacements in the pH activity profile [22].
In Figure 4 (b) is presented temperature profile of
the immobilized laccase improved the stability of
the optimum temperature value in comparison to
the free laccase. It means that the immobilization
method preserved the enzyme activity. The tem-
perature profile of immobilized laccase was also
broader than free laccase. The optimum temperature
for free laccase appeared at 50 °C and at 70 °C for
immobilized laccase. It shows that immobilized lac-
case could withstand higher temperature conditions
compared to free laccase.

Although the MTES-based matrix exhibits bet-
ter pH and temperature behavior, the ETMS-based
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Fig. 5. Absorbance profiles of biosensor over time at different phenol concentrations, 1.107 M (a), 2.10°*M (b) and 3.10° M (c).
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matrix has better enzyme binding. Based on these
results we choose ETMS matrix for the construction
of the optical biosensor.

Figure 5 presents absorbance profiles of biosen-
sor over time at different phenol concentrations.

As can be seen at each of the tested phenol con-
centrations, we registered characteristic peaks at
370 nm, which appear at the Sth minute of the meas-
urement and persist until the 40th minute (Fig. 5 a).
In the absorbance spectrum of the enzyme solution
as well as the phenol, these peaks are not observed
(not included in the figures). The enzymatic reac-
tion of lacase with phenol produces intermediates
with different spectroscopic properties [23], which
is probably reason to appearance of the characteris-
tic peak at around 370 nm. When we determine the
response time of the biosensor, it is observed that
there is a response at the 5th minute, but the sig-
nal is not stable at different phenol concentrations
(Fig. 5 a small image graph). At concentrations be-
low 1.10% M and above 2.107 M, a violation of the
linearity of the biosensor response is observed (Fig.
5 b and ¢). The operating parameters of the biosen-
sors, response time (10 min), life time (more than
20 days) and linear range (1.10%-2.10" M) were
determined. The main advantage of the designed
biosensor is that for the determination of phenol it
is not necessary to add a dye such as 4-aminoanti-
pyrine [24] to register the presence of phenol in the
tested solution.

CONCLUSIONS

In this study sol-gel derived hybrid carriers
based on two alkoxysilanes (ETMS, MTES) and
cellulose ester (CAPH) were prepared and were
used for laccase immobilization. The phase compo-
sition, thermal properties and surface morphology
of hybrids were examined by XRD, DTA/TG and
SEM analysis. The enzyme was immobilized by
cross-linking. The enzyme activity, catalytic prop-
erties and amount of bonded protein for free and
immobilized laccase were determined. An optical
biosensor was designed for the detection of phenol
with the best of the two matrices — ETMS. The op-
erating parameters of the biosensors, response time
(10 min), life time (more than 20 days) and linear
range (1.10%-2.10 M) were determined.
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Biosorption is process for the removal of toxic metals using a passive binding process with nonliving organisms.
Medicinal plants are of great interest as biosorbents, because they contain numerous active phytochemicals which are
prone to metal binding.

In the present study the feasibility of a material based on the widely used herb yarrow (Achillea millefolium L.)
for the removal of Cu** ions from aqueous solutions was investigated. For its characterization XRD, FTIR and SEM
analysis as well as low-temperature nitrogen adsorption were used. The estimation of optimal parameters influenc-
ing the Cu** removal such as solution acidity, contact time, temperature and initial metal concentration was studied
by means of the batch method. Optimum pH value was found 3.0-5.0. Kinetic of Cu** adsorption for was very fast.
Experimental data were fitted to Langmuir, Freundlich and Dubinin-Radushkevich models. It was established that the
Langmuir isotherm most adequately described the adsorption process. The Langmuir maximum adsorption capac-
ity for studied material was calculated. The results showed high adsorption capacity of the investigated biosorbent
towards copper ions, hence it has good potential for removal of Cu** from contaminated wastewaters. The possibility

for desorption was also studied.

Keywords: yarrow (Achillea millefolium L.), biosorption, copper ions, XRD, SEM, FTIR.

INTRODUCTION

Rapid industrialization has led to tremendous
increase in the use of toxic elements over the past
few decades and inevitably resulted in an increased
flux of metallic substances in the aquatic environ-
ment. The heavy metals reach tissues through the
food chain and accumulate in the human body [1].

Copper is one of these elements which constitute
a real health hazard. Though essential for human
health, it can be very harmful above specified con-
centrations limits, causing anemia, kidney damage,
stomach intestinal distress, coma and eventual death
[2, 3] In fact, copper is one of the most toxic metals
for aquatic organisms, significantly more toxic than
for mammals[4]. The most bioavailable and there-
fore most toxic form of copper is Cu®". Fish and
crustaceans are 10 tol00 times more sensitive to
the toxic effects of copper than are mammals. Algae
especially blue-green algae species, arel,000 times

* To whom all correspondence should be sent:
E-mail: pnovachka@svr.igic.bas.bg

more sensitive to the toxic effects of copper than
are mammals, as several authors, including Forstner
andWittman [5] and Wrightand Welbourn [6] have
demonstrated.

The effective removal of metal ions from waste-
waters still remains to be a problem needing solu-
tion. There are many methods for removal of haz-
ardous ions, such as emulsion pertraction, ion ex-
change, electrochemical precipitation, membrane
separation and adsorption [7, 8]. These technologies
are not only expensive, but they also create another
problem with metal-bearing sludge [3]. Adsorption
is one of the most cost-effective treatment technolo-
gies, but the adsorbents used can be very expensive,
thus cheap and efficient materials are needed to be
used as suitable adsorbents. Recently, biosorption is
increasingly applied for the removal of toxic met-
als using a passive binding process with nonliving
organisms. It is a good alternative compared with
conventional wastewater treatment techniques as
it is an efficient, clean and cheap method. In this
aspect, different kinds of unexpensive easily avail-
able and effective biosorbents have been studied
for the removal of toxic metals from polluted wa-
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ters [9—-13]. Medicinal plants are of great interest as
biosorbents, because they contain numerous active
phytochemicals which are able to attach metal ions.
They are also low-cost and non-hazardous materi-
als, abundant in nature, require little processing, are
specifically selective for heavy metals and easily
disposed by incineration. Another advantage of the
biosorbents is their biodegradability [14, 15].

Yarrow (Achillea millefolium L.) is a widespread
and well-known species amongst the members of
Achillea. The plant is native to Eurasia and is found
widely from the UK to China. It is also grown
commercially for use in herbalism and traditional
medicine. [16] No data concerning the biosorption
of copper ions on yarrow have been reported in the
literature so far.

The objective of this work was to investigate the
feasibility of using a material based on the widely
used herb yarrow as natural biosorbents for the re-
moval of Cu?* ions from synthetic aqueous media.
The possibility for regeneration of the used bioma-
terial was also studied.

EXPERIMENTAL
Materials and methods

A commercially available product containing
leaves and blossoms of yarrow (Achillea millefo-
lium L.) was washed several times with distilled
water to remove surface adhered and water soluble
compounds and dried at 60 °C in an electric oven
for 48 h. The material (denoted as AM) was then
milled in an electric grinder. No other physical or
chemical treatment was performed on the material
thus obtained.

For pH determination, sample suspensions (0.5 g
of sample in 50 mL of deionized water) were pre-
pared in stoppered 100-mL glass bottles. The mix-
tures were stirred for 2 h on a mechanical stirrer and
after filtration, pH values of the aqueous solutions
were measured on a pH meter model 211, Hanna
instruments (Germany).

X-ray diffraction (XRD) pattern was obtained
on a D8 Advance System from Bruker Inc. (Ger-
many) using CuKa radiation (40 kV and 40 mA;
A =1.5404 nm).

The Fourier transform-infrared (FTIR) spectra
were measured on a Thermo Nicolet 6700 FTIR-
spectrometer. Spectra were collected in the region
(4000400 cm™). Samples were prepared by the
standard KBr pellet method.

The surface morphology of the biosorbent
was observed on a scanning electron microscope
(SEM) — Tescan instrument model SEM/FIB Lyra
I XMU.
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The porous structure of the studied material was
investigated by low-temperature (—196 °C) nitrogen
adsorption using a Quantachrome Nova 1200 appa-
ratus (Quantachrome Instruments, USA).

Adsorption studies

Batch experiments were carried out to determine
the adsorption properties of the plant material. Ex-
periments were performed using stoppered 50-mL
Erlenmeyer flasks containing about 0.2 g of sample
and 20 mL of aqueous solution of Cu?" ions. The
mixture was shaken at room temperature (20 °C) by
an automatic shaker. The initial solution pH was ad-
justed using 0.1 M HCI or 0.1 M NaOH. After the
experiment the biomaterial was removed by filtra-
tion through a Millipore filter (0.2 um). The initial
and equilibrium copper concentrations were deter-
mined by flame atomic adsorption spectrometry on
a Thermo Elemental SOLAAR — M5 AA spectrom-
eter (Thermo Fisher Scientific, USA). The amount
of'adsorbed copper ions per gram sorbents Qe, were
calculated using the following relationship:

Oe = (C,— Ce) * V/m (1)

where C, = initial concentration (mg L), Ce =
equilibrium concentration (mg L '), m = mass of ad-
sorbent (g), and V' = solution volume (L). All meas-
urements were replicated and the average results
were discussed.

Deionized water and analytical grade reagents
were used. Working standard solutions of Cu** ions
with concentrations of 50-500 mg L' were pre-
pared by stepwise dilution of a stock solution with
concentration of 1 g Cu L™ (CuCl, in H,0), Titri-
sol® Merck, (Darmstadt, Germany).

RESULTS AND DISCUSSION

1. Sorbent characterization

The XRD pattern of the sample AM is pre-
sented on Fig. 1. The peak at around 22° 26 is as-
signed to the crystalline form of cellulose 1a [17].
The range between 15° and 25° 26, corresponds
to amorphous phases of lignin, hemicelluloses and
cellulose [12, 18].

The nitrogen adsorption-desorption isotherm
and the pore size distribution of the investigated
plant material are presented on Fig. 2. The isotherm
belongs to the type IV with hysteresis loop which
resembles the H3 type in the IUPAC classifica-
tion. The calculated textural parameters of AM are
as follows: specific surface area — 0.9 m? g''; total
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Fig. 1. X-ray diffraction pattern for AM.

pore volume — 0.002 cm® g'. The calculated aver-
age pore diameter for AM is 9 nm corresponding to
mesoporous structure.

The measurements of slurry pH indicated that
sample AM displayed pH values of about 5.7,
which corresponds to the weakly acidic reaction of
its aqueous suspension.

2. Adsorption studies

The pH of the aqueous solution has significant
impact on the adsorption of metal ions on the adsor-
bents. The adsorption efficiency of the studied ma-
terial as a function of pH of initial solutions is pre-
sented on Fig. 3. As expected, the removal of copper
ions strongly depends on acidity of the initial solu-
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Fig. 3. Effect of pH on Cu**adsorption on AM.
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Fig. 2. Nitrogen adsorption-desorption isotherm and the pore
size distribution of AM.

tions. Upon increasing the pH values the amounts of
adsorbed ions increased and the optimum pH range
was found to be about 3.0-5.0. The adsorption can
be explained on the basis of the competitive adsorp-
tion of H" and OH™ ions, on one side, and the copper
ions on the other. The removal of Cu?" ions could,
therefore, be the combined result of ion exchange
and surface complexation phenomena occurring on
the surface of the investigated biomaterial.

The effect of contact time was studied at pH
4.0, initial Cu?* concentration 200 mg L', It was
observed that the adsorption capacity increased rap-
idly with increasing of agitation time and reached
equilibrium for less than 2 min, which shows a very
fast adsorption rate. The short time for reaching
equilibrium indicates that the biosorbent reveals
high affinity towards Cu?* ions.

The adsorption isotherm describes the distribu-
tion of the adsorbed species between the liquid and
solid phases at equilibrium state. The elucidation of
isotherm data by fitting them to different isotherm
models is a substantial step in the adsorption study.
Experimental isotherm of the investigated material
is presented on Fig. 4.

The adsorption data were analyzed with the line-
arized forms of Langmuir, Freundlich and Dubinin-
Radushkevich isotherm models.

The linear form of the Langmuir isotherm is ex-
pressed by the following equation:

CJO. = 1K,Qy+ CJO, 2)

where C, is the concentration of metal ions in the
equilibrium solution (mg L), Qe is the amount of
ion adsorbed (mg) per unit mass of adsorbent (g),
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Fig. 4. Experimental adsorption isotherm for AM.

Q,, the maximum adsorption capacity (mg g*), K,
is the Langmuir constant related to enthalpy of the
process.

The Langmuir model supports the following hy-
pothesis: the adsorbent has a uniform surface: ab-
sence of interactions between the solid molecules;
the sorption process takes place in a monolayer.

The linear form of the Freundlich model is ex-
pressed by the following equation:

InQ,=Ink,+(1/n)In C, 3)

where k. is a constant related to the adsorption ca-
pacity and 7 is an empirical parameter related to the
intensity of adsorption.

The Freundlich model is valid for heterogeneous
surfaces and predicts an increase in the concentra-
tion of the ionic species adsorbed onto the surface
of the solid when increasing the concentration of
certain species in the liquid phase.

The Dubinin—Radushkevich isotherm reveals the
adsorption mechanism based on the potential theo-
ry. The linear form of the Dubinin—Radushkevich
isotherm is described by the following equation:

InQ,=InQ, - fe’ “

where Q, is the amount of metal ion (mg) adsorbed
per unit mass of adsorbent (g), Q,, is the maximum
adsorption capacity (mg/g), S is the adsorption en-
ergy constant (mol? J2), and ¢ is the Polanyi poten-
tial, described as:

e=RTIn (1+1/C) %)

where R is the gas constant (J mol'K™) and T is
the temperature (K). The mean adsorption energy £
(KJ mol™) can be calculated using the parameter /8
as follows:

E=1/(-28)" (6)

The calculated isotherm constants and the cor-
relation coefficients for the three models discussed
above are presented in Table 1. From the correla-
tion coefficients r* (greater than 0.95) it is clear that
Langmuir model is most adequate in describing the
adsorption processes. The maximum capacity was
calculated and it was found to be 28.11 mg g!. It is
evident that the material AM displays good adsorp-
tion capacity for Cu®" and it could be used as poten-
tial adsorbent for the effective removal of these ions
from contaminated aqueous solutions.

SEM analysis was used for the characterization
of the morphology and structure of the AM biosorb-
ent before and after Cu** adsorption. The SEM mi-
crograph of the initial material (Fig. 5a) indicates
that the biomass is of rough and heterogeneous
morphology, containing a large number of pores of
different size, which enables the sorption of various
metal ions in the different parts of the biosorbent.
The SEM micrograph of the AM biosorbent loaded
with copper is shown in Fig. 5b. The porous cavities
occupied by the adsorbed copper are visible as dots
on the SEM image. As can be seen, the adsorbed
copper ions are distributed homogenously on the bi-
osorbent surface.

As discussed above, the investigated plant mate-
rial mainly consists of cellulose, hemicellulose and
lignin. They contain many functional groups such
as hydroxyl, carbonyl, carboxyl and amino groups
with characteristic chemical structures. To deter-

Table 1. Isotherm constants and correlation coefficients for the three models for Cu?* adsorption onto AM

Langmuir parameters

Freundlich parameters

Dubinin-Radushkevich parameters

o K, 2 kg n 2 (O E P
(mgg") (L mg™) (mg'"L"g™) (Lmg™") (mgg") (kJ mol™")
28.11 0.013 0.9521 0.89 1.66 0.9099 17.54 0.09 0.7908
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Fig. 5. Scanning electron micrographs of the surface of AM before (a) and after (b) Cu?* adsorption.

mine the surface functional groups responsible for
the adsorption properties of the studied plant, the
FTIR spectra before and after Cu**-adsorption were
recorded and shown in Fig. 6.

A very broad band between 3700 and 3000 cm™!
originates mainly from O-H stretching vibration of
hydrogen bonded hydroxyl groups in phenolic and
aliphatic structures. The group of bands around
2850 cm™ belongs to the asymmetric and symmet-
ric stretching C-H vibrations in methoxyl, methyl,
methylene and methylylidene groups in side chains
aromatic and aliphatic structures. The bands and
shoulders observed around 1730 cm™ were attribut-
ed to carbonyl groups from the structures of ketones,
esters, etc. The intensive band around 1640 cm™
is a result of contributions from the stretching
modes of C=C double bonds (isolated and conju-
gated), ring conjugated C=0 bonds and C-O bonds
in carboxylate groups [19, 20]. The multiple bands
in the region of 1160-1040 cm™ can be attributed
to v(C-O-C) stretching mode in aliphatic ethers and

esters as well as v(C-O) stretching modes in alco-
holic C-OH groups [17].

Looking at the spectra band shifting and possi-
ble involvement of hydroxyl and/or amino groups
around the broad peak 3400 cm™ is observed. Little
change noticed in the carboxyl band at 1738 cm™
and in the asymmetric C=0 band at 1646 cm™! in-
dicates some carboxyl binding. The changes in the
bands in the region of 1160-1040 cm™ prove the
participation of alcohols, ethers and esters in copper
retention. If the shift is less than instrument resolu-
tion (4 cm™) it is not taken into account and cannot
be discussed reliably. From the spectra it appears
that carboxyl, hydroxyl groups as well as C-O u
C=0 groups (from ethers, esters and ketones) are
involved in Cu binding to the AM which is in ac-
cordance with Khormaei et al [20]. Probably this
plant contains components with functional groups
which are readily available for coordination. The
involvement of functional groups, containing hy-
drogen and oxygen atoms in the adsorption of Cu?*

after adsorption
-~
8
<
D
<
=
<
=
g
)
=
1
-
=
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Wavenumbers (cm™)

Fig. 6. FTIR-spectra of AM before and after Cu®* adsorption.
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ions is a proof that the process of copper retaining
is a combination of ion exchange and surface com-
plexation which is in accordance with the effect of
pH study.

After adsorption of copper onto the investigated
material, desorption studies have also been per-
formed. The Cu?** ions adsorbed onto the investi-
gated biosorbent were eluted with 0.1M HNO,, 1M
HNO, and 0.1M EDTA. Diluted HNO; could not be
used for desorption of Cu®" ions (49% desorption).
Both eluting agents 1M HNO, and 0.IM EDTA
showed higher recovery efficiency, as follows: 98%
for IM HNO; and 87% for 0.1M EDTA, respective-
ly, and are suitable for regeneration of both biosorb-
ent and copper.

CONCLUSIONS

The present study deals with the adsorption
properties of the medicinal plant yarrow (Achillea
millefolium L.). XRD-patterns reveal peaks of cellu-
lose 1 and amorphous phase due to lignin, hemicel-
luloses and amorphous cellulose. It was established
from the FTIR spectra before and after Cu?" adsorp-
tion that OH groups (from phenolic, alcoholic and
COOH structures), as well as C-O u C=0 groups
(from ethers, esters and ketones) are involved in the
biosorption process.

SEM analysis after metal loading revealed that
the copper ions are distributed homogenously on
the biosorbent surface. Langmuir model most ad-
equately described the adsorption process and the
maximum adsorption capacity was found to be
28.11 mg g' which proved the good potential of
the investigated material as a promising biosorbent
for the removal of copper ions from aqueous solu-
tions. IM HNO, and 0.1M EDTA as eluting agents
are suitable for regeneration of both biosorbent and
copper.

Acknowledgements: This work is supported by the
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Synthetic alluaudite-structure-type compounds have appeared to be promising cathode materials in electrochem-
istry. Results from Rietveld refinement of the crystal structures of six representatives of this group with the general
formula Na,,,;(Co, Mn,), (SO,); with chemical compositions falling within the range 0.12<x<0.52, have been re-
ported in this work. The manifestation of Vegard’s law has been demonstrated as well as the opportunity to derive the
transition metals’ content directly from the values of lattice parameter b.

Keywords: Vegard’s law, alluaudite-type phases.

INTRODUCTION

During the last few years, one of the fastest-
growing directions in electrochemistry of cathode
materials is targeting the double sulfates of sodium
and transition metals with alluaudite-type struc-
ture as very perspective, cheaper, and environmen-
tally compatible materials. Alluaudite sulfates are
thought to be high-voltage electrodes for recharge-
able-ion batteries (lithium and sodium), with struc-
tural matrix which is able to intercalate alkali ions
quickly and reversibly [1, 2]. Recent investigations
provided information for a quick and easy method
for obtaining the foregoing salts with the general
formula Na,,,s(Co, Mn,), s(SO,); (0.12<x<0.52).
The synthesis procedure for these mixed sodium
manganese-cobalt sulfates includes simple dehy-
dration of the initially prepared hydrated salts with
a blodite-structure [3, 4]. The occupancy of the 8f
crystal site in the structures of the run-products by
Co and Mn leads to a lowering of the extent of cati-
onic deficiency, which is thought to be an important
factor affecting the Na” migration. This provides an
opportunity to look for optimal compositions that
lead to improved electrochemical behavior of these
materials.

* To whom all correspondence should be sent:
E-mail: vkytin@abv.bg

This work provides evidence for the valid-
ity of Vegard’s low over a group of six alluaudite
type compounds with chemical compositions fall-
ing within the above reported formula and ranges.
It also demonstrates the opportunity to derive the
transition metals’ content for each particular phase
directly from the value of the lattice parameter b of
its crystal structure.

EXPERIMENTAL
Synthesis Procedure

The synthesis of these mixed sodium manga-
nese-cobalt sulfates started with the preparation of
hydrated salts Na,Co, Mn,(SO,), yH,0,0<x<1.0
and y = 2, 4, taking into account the solubility dia-
grams of the three-component systems Na,SO,—
CoSO,~H,0 and Na,SO,~MnSO,~H,O at 25 °C
[5, 6]. The procedure next continued with isother-
mal decrease of the degree of supersaturation. Af-
terwards, the solutions were cooled down to room
temperature under vigorous stirring. Equilibrium
state was reached in about 2 to 5 days depending
on the concentration of Mn*" ions. All the reagents
used were of analytical grade of purity (Sigma-
Aldrich/Merck). The anhydrous double salts were
obtained by thermal decomposition at up to 350 °C
between 24 to 48 hours where the temperature and
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the heating time interval were dependent on the
composition.

Analytical Procedures

The powder X-ray diffraction (PXRD) patterns
were collected within the range from 5° to 80° 26
with a scanning step 0.02° 26 on Bruker D8 Ad-
vance diffractometer with CuKo radiation and
LynxEye position sensitive detector and 0.2 s/strip
counting statistics (equal to 35s/step).

The Co/Mn ratio in the solid residue was deter-
mined with Optical Emission Spectroscopy Induc-
tively Coupled Plasma (ICP) spectrometer PROD-
IGY 7 (Teledyne Leeman Labs). Concentrations of
the elements were determined at 257.610 nm for
manganese and 228.615 nm for cobalt chosen as the
best analytical lines.

Phase Identification

The presence of two crystalline phases has been
detected in all powder X-ray diffraction patterns of
the considered here samples. One of them has been
recognized as an alluaudite-type anhydrous sodium
mixed cobalt-manganese sulfate material with a
general composition Na,,;(Co, Mn,), s(SO,), with
chemical compositions falling within the range
0.12<x<0.52. The crystal structures of its represent-
atives have been refined using as a starting model
the C2/c space group structure of the previously
reported pure manganese analogue of this materi-
als [3]. The presence of the other one has been es-
tablished as an admixture phase after a search has
been undertaken in the ICDD database (PDF-4+
2015 — PDF card 4-017-3170) using chemical cri-
teria and the two strongest lines of this compound
(d=4.01 A (210) and d=3.44 A (212)) that could
not have been described by using solely the allu-
audite structure model. It has appeared that this is
a structure analogue of the mineral vanthoffite —
NaMg(S0,), (https://www.mindat.org/min-4151.
html#autoanchor6 [7]) where magnesium atoms
have entirely been substituted by cobalt and/or
manganese — Nay(Co,Mn)(S0,),. Pure Co- and Mn-
vanthoffites have firstly been prepared by a solid-
state reaction [8]. They crystallize in S.G. P2,/c.,
Z=2, and the lattice parameters values are: a (A)
=9.922, 9.965; b (A) =9.246, 9.280; ¢ (A) =8.282,
8.248; b(°) =116.25, 116.25; and V (A% = 681.4,
684.1, correspondingly.

Rietveld Refinements

The Rietveld refinement procedures has been
carried out with the GSAS program and EXPGUI
[9, 10]. Both structures have initially been refined
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with soft constraints, consisting of all S-O bond dis-
tances. After several attempts to include the atomic
parameters of the Co-vanthoffite in the Rietveld re-
finement process it has become clear that the final
results are quite unrealistic from a crystal chemi-
cal point of view regardless of the values of the
restraint weighting factors involved. Subsequently
for this phase only the profile parameters and never
the atomic ones have been used in the refinement
procedures. Later on, established gradual shifts of
its strong reflections towards their lower d-values
with increase of the Co/Mn ratio (RY'Co*" — 0.745A;
RY'Mn** —0.83A, R-ionic radius for the correspond-
ing coordination according to [11]) have suggested
that both these elements enter its crystal structure
in amounts corresponding to those set in the initial
reaction batch. In the final refinement cycles the
soft constraints have been released for the alluau-
dite type materials without causing any substantial
structural distortions before reaching convergence.
Neutral atomic scattering factors, as these are stored
in GSAS, have been used for all atoms. No correc-
tions have been made for absorption.

Visualization

The following programs have been used for
graphic presentations:
* WinPLOTR utilities as a Windows tool [12]
(powder X-ray diffraction patterns);
* VESTA ver. 3.3.2 [13] (visualization of crys-
tal structure).

RESULTS

Six representatives of alluaudite-type mixed
cobalt-manganese sulfate phases have been pre-
pared by the above described procedure and further
on designated according to the Co-content in their
composition (wt%) detected by the ICP analysis
as: Co48, Co59, Co65, Co68, Co82, and Co88. The
overall Co+Mn content of the octahedral position in
the structure has been normalized to 100 (see next
section text, Table 1, and Fig. 3).

Figure 1a presents a general view of the alluau-
dite-type structure of the studied title compounds.
Figure 2 contains the Rietveld refinement plot of
Na, ((Co, ,sMn, 59), 45(SO,); — sample Co65, refined
in the C2/c space group together with the cobalt-
and-manganese-containing vanthoffite phase —
Nay(Co,Mn)(SO,),. Some of the strongest vanthof-
fite lines are denoted by letter v). Inset a) demon-
strates the gradual shift of the XRD (020)-reflec-
tions of the studied materials towards their lower
d-values with increase of the Co/Mn ratio in their
compositions. Powder data statistics and crystal-
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Fig. 1. a — General view of the alluaudite-type structure. The mixed (Co,Mn)O, octahedra are dark grey and the S104 and S204
tetrahedra are light gray; b — edge sharing (Mn,Co)O, units forming the (Mn,Co),0,, dimers.
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Fig. 2. Rietveld refinement plot of Na,(Co, (;Mn,;,),(SO,), solved in the C2/c space group together with Nay(Co,Mn)(SO,), (some
of its strongest lines are denoted by letter v). The inset presents the gradual shift of the XRD (020)-reflections of the studied materi-
als towards their lower d-values with increase of the Co/Mn ratio in their compositions.
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Fig. 3. Linear fit of the lattice b parameter values of the studied
alluaudites set against the corresponding Co-contents provided
by the ICP analyses. The overall Co+Mn content of the octahe-
dral position in the structure has been normalized to 100.

lographic data from the refinements of the alluau-
dite-type compounds crystal structures based on the
C2/c space group are reported in Table 1. Figure 3
presents the linear fit of the obtained by the Riet-
veld refinement procedures six values for the b-pa-
rameters of the studied alluaudites set against the
Co-contents provided by the ICP analyses (wt%),
correspondingly.

DISCUSSION

Crystal structure of the mixed Co-Mn
alluaudite-type phases

The crystallographically equivalent (Mn,Co)Oq
units are coupled by edge sharing to form
(Mn,Co),0,, dimers, which are in their turn con-
nected by SO, tetrahedra to form three-dimensional
framework with cavities and channels (Fig. 1b).
The (Co, Mn,), s(SO,), framework carries negative
charge, whose compensation is achieved through
the presence of sodium ions. The latter occupy three
symmetrically independent positions. One of them
resides in the cavities connected in a very narrow
channel running along a-axis. The channels running
along ¢ axis in which the rest of the charge com-
pensating ions are located are more interesting from
practical considerations. As it has been discussed
previously [3] their effective diameter is suitable for
fast Na™ diffusion during electrode reactions.

Compositional dependence of the values
of the lattice parameter b

In general, the unit cell parameters of the studied
phases respond adequately and consistently to any

changes in the Co/Mn ratio in their compositions
due to the differences in the ionic radii of Co*" and
Mn?* (see data in Table 1). Among them, the lattice
parameter b is of special interest because its value
can directly be derived from the X-ray diffraction
experiment. The PXRD pattern presented in Fig. 2
clearly reveals the opportunity to measure the d-
value of the (020)-reflection without any hindrance
due to e.g. peak overlapping and this concerns all
of the obtained phases. This is a second order re-
flection from the {0kO} scattering planes. For the
standard setting of space group C2/c the distance
between the (010) planes equals the lattice parame-
ter b value. Thus, the magnitude of d-spacing meas-
ured for the (020)-reflection is twice less than that
one of b (A). The inset of the same figure indicates
a gradual and regular shift of the XRD (020)-reflec-
tions of the studied materials towards their lower
d-values consistent with the increase of the Co/Mn
ratio in their compositions. Studies have shown that
Co-Mn-vanthoffite also responds to changes in the
ratio of these two metals in its composition. When
comparing the experimental powder XRD patterns
some of its reflections shift towards their lower d-
values consistent with the increase of the Co content
similar to the observed changes in the positions of
the lines of the alluaudite materials (Fig. 2, inset b).

Before applying the procedure for establishing
the compositional dependence of the values of the
lattice parameter b, it is necessary to calculate the
amounts of cobalt and manganese in the compo-
sitions of title compounds and their by-products.
This is done assuming that the two transition met-
als enter the octahedral positions in the same ratio
for both phases and also that all atomic positions in
the vanthoffite structure are entirely occupied. The
data from the quantitative analyzes performed by
the Rietveld method (last row in Table 1) as well as
the available crystal chemical information for both
compounds have also been used.

The application of linear fit on a data set com-
paring the obtained by Rietveld refinement six val-
ues for the b-parameters of the studied alluaudites
with the Co-contents of the corresponding alluau-
dite phases received by the ICP analyses (Fig. 3.)
reveals a correlation coefficient of —0.9998 and the
following linear equation can be derived:

Y, (Wt%) = 4712.47 — 363.98x2xd 020.

Figures 2 and 3 clearly demonstrate manifesta-
tion and validity of Vegard’s law [14, 15] on a set
of alluaudite type compounds with the possibility
of varying the content of cobalt and manganese in
them, accompanied by regular changes in the val-
ues of lattice b parameter. Table 1 data reveal that
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the Na content in the alluaudite phases slightly in-
creases with the increase of the Co content. This,
however does not withstand the overall shrinkage
of the structure caused by the corresponding de-
crease of the larger in size Mn cations from the
framework construction. Moreover, most of these
species expected to provide the cationic mobility
for these compounds are located in channels formed
by the transition metal octahedra. Thus, the PXRD
(020)-reflection proved to be a very convenient
means for quantitative assessment of the cobalt/
manganese content in the considered compounds. It
can easily be obtained by passing the value of the
measured interplanar distance — d 020 in the above
linear equation.

The preparation of pure sodium-manganoan al-
luaudite phase has already been reported [3]. The
entry of the experimentally measured value of d 020
(b =12.943(1) A) for this compound in the above
equation confirms the validity of the Vegard’s rule
in the direction of this end-member of the investi-
gated series. Attempts to find any evidence support-
ing the manifestation of this rule towards the pure
Co member in the available structural databases and
literature sources failed. The increased amounts of
the vanthoffite phases formed with increase of the
Co-containing source in the reaction media (last
row in Table 1) is an additional indicator that com-
plete isomorphism between the two pure end mem-
bers is hardly possible under the conditions of the
here applied synthesis procedure. A maximum Co
content of about 85 wt% can be judged from Figure
3 for thus prepared alluaudite phases.

CONCLUSIONS

This is a case study extending the validity of
Vegard’s rule on a group of alluaudite-type com-
pounds characterised with various content ratios of
the transition elements in them. It demonstrates as
well the opportunity of obtaining information on
their chemical composition based solely on powder
X-ray diffraction data.
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Glass-ceramics containing iron oxides attract scientific interest due to their magnetic and electrical properties
and the potential for various applications in electronics, biomedicine and catalysis. The synthesis of glass-ceramic
materials in the system CaO/Na,O/SiO,/Fe,O; with high concentrations of Fe,O, (20, 25 and 30 mol%) is reported.
The samples are obtained by melting-quenching technique. This led to spontaneous crystallization during pouring the
melts and in the formation of magnetite and hematite, which are identified by X-ray diffraction analyses (XRD) and
optical microscopy. Scanning electron microscopy (SEM) and elemental analysis by means of energy-dispersive spec-
troscopy (EDXS) are used to study the microstructure and the chemical composition of the crystalline and amorphous
phases. The obtained results show an inhomogeneous microstructure of the glass-ceramics, composed of several
different crystalline phases with different morphologies as well as of a glassy phase. Based on the data from EDXS
measurements, a procedure is proposed by which the weight fraction of the two present iron oxide phases — hematite
and magnetite — is evaluated. The weight percentage of the crystalline phases is estimated as a function of the iron
oxide concentration and it is shown to vary between 13 to 29 wt% when the Fe-oxide concentration changes from 25

to 30 mol% (47-53 wt%) Fe,0;.

Keywords: iron oxides, glass-ceramics, crystallization, SEM, EDXS.

INTRODUCTION

Glass-ceramics are functional materials which
appropriately combine the properties of amor-
phous and crystalline phases and due to their vari-
able properties, they find various applications.
Typically, glass-ceramic materials are obtained by
controlled crystallization of glasses with specially
selected compositions. Glass-ceramics containing
iron oxides have been the subject of numerous stud-
ies because the obtained materials could possess
favourable catalytic activity, magnetic, optical and
electrical properties [1]. Iron oxides occur in high
concentrations in many wastes from mining and
metallurgical industries. Hence, rational solutions
have to be found for their utilization which explains
the high interest of researchers in such systems. In

* To whom all correspondence should be sent:
E-mail: irena@uctm.edu

suitable combinations, they can be vitrified or con-
verted into functional glass-ceramic materials. As
an example, heat-shielding iron containing glasses
[2] are to be mentioned. Glass containing more than
15 wt% iron oxides can be used to produce glass-
ceramics with low resistivity and interesting mag-
netic characteristics. In analogy, glass-ceramics
have been obtained which can find applications in
semiconductor engineering, in household electric
equipment and in civil engineering. They are pro-
posed as promising materials for induction heating
applications [3], as tiles for heated floors [4] and
as fillers in composites absorbing high-frequency
magnetic radiation [5]. The type and concentration
of iron-containing phases is decisive for the proper-
ties of glass-ceramics and hence also for potential
applications.

The crystallization of ferrimagnetic oxides from
glasses has been extensively investigated for devel-
oping magnetic materials based on glass-ceramics
[6]. It has been found that the magnetic properties

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 33
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depend on the composition, processing temperature,
annealing time, particle size, heat treatment and
cooling rate [7-9]. Some investigations have also
shown the influence of iron rich phases on electrical
properties of glass-ceramics.

The presence of iron in silicate melts and glasses
significantly affects their crystallization tendency,
the type of crystalline phases formed and the micro-
structure of the obtained materials. The crystalliza-
tion phenomena in iron rich silicate glasses are de-
scribed by Karamanov and Pelino [10] and in Refs.
[11, 12]. According to their research an initial liquid
— liquid separation stimulates the magnetite forma-
tion. In addition, magnetite crystals serve as nuclei
for the subsequent formation of silicate phases.

The quantity of the magnetic phase allows con-
trolling the magnetic properties of glass-ceramics.
Higher concentrations of iron oxides usually result
in improved magnetic properties [13]. Iron oxides
are often used as materials for biomedical applica-
tions due to their magnetic properties, low cost, and
low cytotoxicity [14]. Many studies [13—-20] have
been performed in silicate systems containing iron
oxides to develop glass-ceramics exhibiting suitable
magnetic properties in order to use them as thermo-
seed for hyperthermia and in bioactivity experi-
ments.

In the present work, the phase composition of
glass-ceramic materials in the system CaO/Na,O/
Si0,/Fe,0, with high concentrations of Fe,O, (20,
25 and 30 mol%) further denoted as S2 20, S2 25
and S2 30, respectively are investigated by X-ray
diffraction, optical microscopy and by EDXS/SEM.
The main goal of the presented research is to evalu-
ate the chemical composition and quantity of the
crystalline and amorphous phases in an inhomo-
geneously crystallizing Fe-containing glass and to
trace how the changing Fe-concentration from 25 to
30 mol% Fe,O, influences the crystallization degree
and morphology as well as phase composition of the
occurring crystals.

EXPERIMENTAL PROCEDURE

In the present work, glass-crystalline materials
obtained by the melt-quenching technique were in-
vestigated. These samples correspond to the system
16Na,0/10Ca0/(74-x)Si0,/xFe,0,, x=20, 25, 30
(in mol%). For their synthesis, the following reagent
grade raw materials were used: Na,CO,, CaCO,,
Si0, and Fe,O;. The compositions were melted in
a Pt-crucible at a temperature of 1400 °C in air for
1.5 h. After pouring into a pre-heated C-mould, the
melts were transferred to a muffle furnace and an-
nealed for 10 min at 480 °C. Then the furnace is
switched off and cooled down to room temperature.

34

Spontaneous crystallization occurred during pour-
ing the melt.

X-ray diffraction (XRD) was applied for phase
identification. The analyses were performed with an
X-ray diffractometer Empyrean Panalytical using
Cu-Ka radiation in the 20 range from 7 to 95°, step
size 0.06° and scan step time 1 s. In order to quan-
tify the concentration of the crystalline phases and
the amorphous phase, samples containing an addi-
tive of 30 wt% corundum, which acts as a reference
were analyzed. The crystalline phases were identi-
fied using the powder diffraction files Ne:98-002-
4005, 98-008-2434 and 98-008-8417 from database
JCPDS — International Centre for Diffraction Data
PCPDFWIN v.2.2. (2001). The quantitative phase
analyses were performed with the High Score Plus,
version 4.0 software.

Scanning electron microscopy (SEM) and opti-
cal microscopy on transmission were used to exam-
ine the microstructure of the samples. Thin sections
with average thickness of about 50 um immobilized
on a silica glass substrate were prepared and exam-
ined by an optical microscope Jenapol Interphako
U MAP. SEM studies were performed on polished
samples coated by sputtering a thin layer of carbon
on the surface. The chemical composition of the
crystalline phases and the residual glass in differ-
ent points on the sample surface was investigated
by energy dispersive X-ray spectroscopy (EDXS).
Analytical Scanning Electron Microscope JEOL
JSM-6010PLUS/LA with a fully integrated X-ray
elemental analysis unit was used.

RESULTS AND DISCUSSION

X-ray diffraction data of the samples are pre-
sented in Fig. 1. The presence of a predominant
amorphous phase (glass), as well as of two crystal-
line iron oxide phases: magnetite, Fe;O, and hema-
tite, Fe,0, was found in all samples. The fraction of
the crystalline phases is higher in the samples with
a higher content of iron oxide in the initial composi-
tion and a lower iron content in the residual silicate
glass. The results for the phase composition of the
samples are summarized in Table 1. Sample S2_ 20
with 20 mol% Fe,O, has a very small concentration
of crystalline phases (approximately 2 wt%). Thus,
the SEM/EDXS analyses were performed only on
the samples with higher iron concentrations: S2_25
and S2_30.

The microstructure of the samples shows a num-
ber of similar features such as the presence of zon-
ing and changes in the morphology from the bottom
of the cast block to the upper surface. Nevertheless,
the crystalline phases of the samples possess simi-
lar morphologies. The structural characteristics and
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Fig. 1. XRD-pattern of the samples containing additive of
30 wt% corundum.

phase composition of the samples can be controlled
by various factors: melt cooling rate, type of con-
tact surface (with air, with graphite mold for an-
nealing, etc.), chemical composition of the samples
and respectively, amounts of iron oxide and silicon
dioxide in the samples, the raw materials used, the
quantity of the batch, etc. Here a platinum cruci-
ble and a high melting temperature as well as batch
composition with high alkali and iron oxide concen-
tration are used to achieve the crystallization of Fe-
containing phases.

Typical microstructural features of the samples
examined on polished surfaces of a cross-section of
the cast blocks are presented in Fig. 2. At the pe-
riphery of the samples (i.e. this part of the cast block
which is close to the mold walls), the solidifying
melt cools fastest and this part is mainly amorphous
(upper left corner of Fig. 2a). The microstructure

Table 1. Phase compositions of the samples, according to the X-ray diffraction data

Percentage of phases

Sample Crystal phases Amorphous phase
[wt %] [wt %]

Magnetite~ 1 % 0

§2.20 Hematite~ 1 % 98 %
Magnetite 6.86 % o

82.25 Hematite 4.14 % 89%

: 0,
$2 30 Magnetite 5.11 % 87.28 %

Hematite 7.57 %

Fig. 2. SEM micrographs of the samples S2_25 (a, b, ¢) and S2_30 (d, e, f).
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Fig. 3. Optical microscopy in transmission mode on the samples a) S2_ 25 and b) S2 30

gradually turns into fine crystalline when examining
the surface corresponding to the inner parts of the
cast block and near the center of the cast block, the
size of the crystals and crystal aggregates increases.
The highest degree of crystallization is observed in
the central part of the sample. Closed pores formed
as a result of the crystallization process are found in
the samples. Crystal aggregates differ in color and
appear brighter than the amorphous matrix. XRD
patterns prove the presence of both magnetite and
hematite. In an optical microscope, hematite and
magnetite might be distinguished since they may
differ in their transparency and color as witnessed
by Fig. 3. In Figs. 3a and 3b the same morphology
of the crystals imaged by SEM in Fig. 2 is seen,

however, here also the two types of Fe-oxides pre-
sent could be discerned. It is observed in Fig. 3 that
the sample S2 25 has smaller crystals compared to
S2 30 and also, the hematite needles (red color) and
magnetite mainly dendritic crystals (black color)
may be distinguished. By contrast, in the SEM-mi-
crographs, shown in Fig. 2, the crystalline phases
of magnetite and hematite cannot be distinguished,
but the analyses performed with energy dispersive
spectroscopy render compositions close to those of
hematite and magnetite, although the differences in
the composition of the two phases are not large (Ta-
ble 2). The crystalline aggregates that predominate
the microphotographs have an elongated shape. At
lower magnifications, they look like needles, but

Table 2. Chemical compositions of the crystalline phases in the glass-ceramics
S2 25 and S2 30, according to EDXS, compared to the stoichiometric com-
positions of hematite and magnetite. The sample was taken from the center of

the specimen.

Sample Points O[wt%] Fe[wt%]
Hematite Stoichiometry 30.06 69.94
Hel 31.76 68.24
He2 29.45 70.55
52.25 He3 31.13 68.87
Average 30.78 69.22
S2 30 Hel 31.05 68.95
Magnetite Stoichiometry 27.64 72.36
Mtl 26.74 73.26
S2 25 Mt2 28.82 71.18
Average 27.78 72.22
Mtl 26.46 73.54
Mt2 27.27 72.73
Mt3 26.54 73.46
S2 30 Mt4 27.11 72.89
Mt5 27.82 72.18
Mt6 26.27 73.73
Average 26.91 73.09
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at higher magnifications, it can be seen that these
“needles” are not dense but are composed of many
smaller crystals. On the other hand, some of the ag-
gregates in a subparallel position with respect to the
surface allow us to assume that the predominant
shape of the aggregates is the lamellar one, and the
needles are intersections of the lamellar aggregates
with the studied surface. The Figures 2 and 3 illus-
trate the higher degree of crystallization of sam-
ple S2 30 compared to sample S2 25 under equal
synthesis conditions. The higher Fe,O, concentra-
tion and the lower concentration of SiO, lead to

lower viscosity and stimulate the crystallization in
the melt.

The concentration of the crystalline phases can
be calculated due to the fact that the crystallized
phases are only iron oxides. Hence, the contents of
calcium, sodium and silicon that are not included
in the crystalline phases increase in the quantity of
amorphous phase (glass) compared to the initial
composition of the respective glass-ceramics. Ac-
cordingly, the glass phase is depleted in iron oxide,
which is quantified in Tables 3 and 4 as well as in
Fig. 4. The analysis points are ordered with respect

Table 3. Chemical compositions of the residual glass in the sample S2_25, according to EDXS

Elements Oxygen, Sodium, Silicon, Calcium, Iron,
Points O[wt%] Na[wt%] Si[wt%] Ca[wt%] Fe[wt%]
1 36.28 9.47 19.22 4.55 30.49
2 35.44 10.63 17.95 5.5 30.48
3 36.3 8.83 20.08 5.31 29.48
4 36.84 8.82 20.28 4.67 29.38
5 34.39 10.71 19.85 5.69 29.37
6 37.59 9.43 20.1 5.35 27.53
7 37.6 9.09 21.16 6.29 25.86
8 38.63 9.27 21.03 5.61 25.46
9 37.44 11.18 20.89 6 24.5
10 37.93 11 21.1 5.62 24.35
11 37.44 10.96 22.42 5.94 23.25
Average 36.90 9.94 20.37 5.50 27.29
Chemical composition
of 527215) 37.51 8.67 16.21 4.72 32.89
Table 4. Chemical composition of the residual glass in the sample S2 30, according to EDXS
Elements Oxygen, Sodium, Silicon, Calcium, Iron,
Points O[wt%] Na[wt%] Si[wt%] Ca[wt%] Fe[wt%]
1 37.28 9.12 20.74 6.47 26.38
2 36.82 10.68 20.86 6.4 25.23
3 37.19 10.05 20.99 6.56 25.2
4 37.76 12.03 19.63 5.97 24.61
5 37.49 10.29 21.54 6.6 24.08
6 36.34 11.99 21.21 6.41 24.06
7 36.86 12.09 20.35 6.67 24.03
8 36.72 12.11 20.8 6.44 23.93
9 37.64 11.42 20.89 6.43 23.61
10 37.72 11.7 20.99 6.24 23.35
11 37.17 11.94 21.39 6.17 23.33
12 37.65 11.2 21.57 6.74 22.84
13 37.84 12.28 21.64 6.19 22.05
14 38.63 12.26 21.1 6.4 21.61
15 37.31 12.89 21.36 6.85 21.6
Average 37.36 11.47 21.00 6.44 23.73
Chemical composi- 36.32 8.19 13.75 4.46 37.29

tion of S2_30
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Fig. 4. Trends of change in the concentrations of Ca, Na and Si
depending on the depletion of Fe in the residual glass in sample
S2 25.

to the decreasing Fe concentration in order to illus-
trate the trends of change in the concentrations of
Ca, Na and Si depending on the depletion of Fe in
the residual glass in sample S2 25. The observed
tendency for increase of the concentrations of Ca,
Na and Si supports the hypothesis that the changes
in the amorphous phase composition are the result
from the different degree of crystallization of Fe-
containing phases from a relatively homogeneous
as chemical composition matrix and the depletion
of the amorphous part in Fe. These differences be-
tween the concentrations of the elements in the total
composition of the sample and the average com-
position of the residual glass phase can be used to
calculate the amount of the precipitated crystalline
phase and the residual glass phase. The following
dependencies were used for the determination:

IOO'CNaitotal/( 1 OO - CFerideﬁcrysta]) = CNaﬁglass (1)

where: Cy, . — total sodium concentration in the
glass-ceramics, wt%; Cy, g, — average concen-
tration of sodium in the amorphous phase, wt%;
Creoxide arystal — cONcentration of iron oxide crystal-
line phases (hematite and magnetite) in the glass-
ceramics, wt%.

From eq. 1, we obtain:

1OO'(‘:N:Ltotal/(jN."Lglass = (100 - CFeOXideﬁcrystal) = Cg]ass phase (2)

where Cyjy phase 18 cONcentration of amorphous phase
in the glass-ceramics.

The dependencies of Si and Ca were calculated
in analogy.
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For iron, the dependence is different and is given
by eq. 3:

(CFeito(al - CFeicrystal)loo/(IOO - CFerideﬁcrystal) = CFeiglass (3)

where: Cy, . — total iron concentration in the glass-
ceramics, Wt%; Cy, . — concentration of iron in-
cluded in the crystalline phases (hematite and mag-
netite) in the glass-ceramics, Wt%; Cr.ogidge crystal —
concentration of iron oxide crystalline phases (he-
matite and magnetite) in the glass-ceramics, wt%o;
Cre gass — @average concentration of iron in the amor-
phous phase, wt%.

Having in mind that Fe,O; and Fe,O, are the
only crystalline phases precipitated from the glass
during casting of the melt and since the weight frac-
tion of the two Fe-oxides is almost the same, we
have calculated the average concentration of Fe in
the crystalline phases according to C =0.7115

Fe crystal —
CFerideicrystal .

From eq. 3 we obtain:

CFcOxidcﬁclystal = 100'(CFcilotal - CFciglass)/(7 1.15 - CFciglass) (4)

Weight ratios between the total amount of crys-
talline phases and the amorphous phase in glass-
ceramics samples determined by eqs. 1-4 are pre-
sented in Table 5.

The higher degree of crystallinity and crystal-
lization tendency in the glass-ceramics S2 30 in
comparison to S2_ 25 is illustrated in Fig. 5. It can
be seen that in the experimentally established com-
position of the residual glass phase, designated as
G _30, less iron and more silicon, calcium and so-
dium remain than in G_25. This difference is even
more impressive, since in the initial compositions
the ratios are the opposite, i.e. the sample S2 30
has more iron and less silicon, sodium and calcium
than S2_25. The higher crystallization ability of this
composition can be associated with the higher con-
centration of iron oxide in the batch composition,
which leads to a decrease in the melt viscosity as
well as in a decrease of the network connectivity in
the respective glass.

On the other hand, significant differences are
found in the quantitative (crystal/ amorphous phase)
ratios as established by the quantitative X-ray dif-
fractometry and the calculations based on the EDXS
data. Especially large is this difference for the glass-
ceramics S2 30 — 29-32 wt% crystalline phases,
according to EDXS data and 13 wt% according
to the X-ray diffraction analyses. This significant
difference may be due to the following features of
the samples and the studies performed. The glass-
ceramics obtained by spontaneous crystallization
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Table 5. Weight ratios between the total amount of crystalline phases and the amorphous phase in the glass-ceramic samples

Sample S2_25

Sample S2_ 30

Element*
Crystal phases Glass Crystal phases Glass
Na 12.85 87.15 28.63 71.37
Si 20.42 79.58 34.53 65.47
Ca 14.20 85.80 30.71 69.29
Fe 12.78 87.22 28.59 71.41

* The weight fractions of the glass and of the crystalline phases in the glass-ceramics were estimated based on the established
change in the determined concentrations of the elements (Na, Si, Ca and Fe) for the residual glass with respect to the nominal

chemical composition of the sample.
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Fig. 5. Comparison of the initial chemical composition of the samples S2_ 25 and S2_30 with the average chemical composition of
the residual glass after spontaneous crystallization G_25 and G_30.

of melts during their air-cooling show inhomoge-
neity with respect to their microstructure from the
periphery, which is amorphous and a gradual in-
crease in the amount and size of the formed crystals
towards the center of the sample. The glass phase
analyses were performed by EDXS mainly in areas
with a higher degree of crystallization and they fea-
ture relatively small parts of the whole glass-ceramic
surface, while for the same sample S2_30, the XRD
analysis is representative for the whole sample. Al-
though the results obtained by SEM-EDXS are not
representative of the whole sample, we believe that
they provide reliable information about the degree
of crystallization of the sample in the studied areas
and could in future be compared to the results of
other methods, such as Mossbauer spectroscopy,
suitable to characterize the local structure. Thus, the

difference in the obtained results for the degree of
crystallization can be explained by the fact that the
results of XRD refer to the whole glass-ceramics,
while those of EDXS are related to special parts of
the sample, in this case to zones with higher degree
of crystallinity in the center of the sample.

CONCLUSION

XRD, optical microscopy and SEM/EDXS stud-
ies have been performed to characterize the phase
composition and microstructure of glass ceramics
in the 16Na,0/10Ca0/(74-x)Si0,/xFe,0; system
with high Fe,O; concentrations —x = 20, 25 and
30 mol%. Crystals of various sizes and morpholo-
gy were found in the samples. Platelet-shaped
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crystalline aggregates with different orientations
are predominantly observed. These, however, were
arranged subparallel, forming clusters in limited
areas. The crystalline phases magnetite and hema-
tite in the studied glass-ceramics were identified
by XRD analyses and the quantitative ratio be-
tween the crystals and the amorphous phase in the
samples was established. A procedure for deter-
mining the quantitative ratios of (crystals/glass) in
the studied samples based on the difference in the
concentrations of the elements in the glass phase
(according to the EDXS results) and the average
glass-ceramic sample compositions was proposed.
The determined quantitative ratios of (crystals/
glass) based on the difference in the concentra-
tions of various elements (Na, Ca and Fe) in the
samples showed good compliance. It was shown
that using this approach, a successful estimation of
the degree of crystallization in certain areas and,
in case of inhomogeneous samples, with respect to
the local crystal content can be achieved.

Acknowledgements: This work is financially sup-
ported by contract KI1-06-H48/4 with the Bulgar-
ian National Science Fund.
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Mono phase nanocrystalline BaWO, was successfully synthesized by direct mechanochemical reaction at room
temperature. A stoichiometric mixture of BaCO, and WO, in a 1:1 molar ratio was subjected to intense mechanical
treatment in air using a planetary ball mill for different period of time. The phases obtained and their transformations
were monitored by X-ray diffraction (XRD) and infrared (IR) spectroscopy. The optical properties were investigated
by ultraviolet visible (UV-Vis) and photoluminescence excitation/emission spectroscopy. The single phase BaWO,
with tetragonal structure and with crystalline size of 19 nm was obatained after 3 h milling time at room temperature.
The UV-vis absorption spectrum shows a strong peak at 210 nm and the calculated optical band gap is 5.09 eV. With
excitation at 350 nm, the BaWO, powder exhibit broad PL emission in the blue wavelength range at 440 nm.

Keywords: ball milling, nanoparticles, optical properties.

INTRODUCTION

BaWO, is an important member of alkaline-earth
metal tungstate family with sheelite type structure
and exists in two polymorphs. At ambient conditions
BaWO, crystallizes in the tetragonal scheelite-type
structure which transforms into metastable mono-
clinic BaWO,-II under pressure and temperature [1,
2]. In the scheelite structure, Ba ions are coordinat-
ed with eight oxygen atoms and W ions are connect-
ed to four oxygen atoms forming WO, groups [1].
This compounds finds applications as: microwave
dielectric materials 3, 4], host matrix for doping of
rare area active ions [5—7], catalysts [7, 8] and etc.
In the literature there data exist the BaWO, powders
possess violet, blue or green photoluminescence
emission [9—15]. Different emission position main-
ly depends on the crystal structure, defects, particle
size, morpgology and methods of preparation. Ac-
cording to G. Blasse and M. Nikl, the blue emission
is ascribed to the regular lattice, while the green one

* To whom all correspondence should be sent:
E-mail: m.gancheva@svr.igic.bas.bg

originats from some defect centers relative to oxy-
gen [11, 12]. L.Ma et al., established that at exci-
tation source at shorter wavelength (210-280 nm)
gives blue emission, while longer wavelengths yield
green or red emission [13]. The same authors re-
ported that the luminescence intensity depends on
morphology of the particles as well as the method
of preparation [13, 14]. Lima et al. explained that
the structural disorder in the lattice is an important
condition to obtain an intense and broad photolu-
minescence emission [15]. It is well known that the
properties of the materials significantly depend of
experimental conditions during the synthesis. A
variety of different physics-chemical routes have
been applied for the preparation of BaWQO, as solid
state reaction [5, 6, 8], hydrothermal synthesis [6,
9, 16], the microwave irradiation route [17, 18], co-
precipitaton [9, 10], combustion technique [19], sol-
gel [20] and mechanochemical synthesis [3, 15, 21].
BaWO, powders obtained by the mechonochemical
activation method possess good dielectric and lu-
minescence properties. Mechanochemical activa-
tion is widespread in the synthesis of different solid
state materials because very often it leads to direct
synthesis, or to a decrease in time and temperature

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 41
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needed to obtain the final products [21-23]. A sig-
nificant amount of crystalline defects as point and
linear defects vacancies, dislocations and grain
boundaries can be formed due to repeated ball-pow-
der collision [24]. It is well known that the choice of
milling conditions such as milling time, ball to pow-
der weight ratio, rotation speed, and atmosphere
plays an important role in the preparation of materi-
als. The major parameter at mechanochemical treat-
ment is milling speed and is a decisive factor for the
rapid synthesis [22-26]. The lower milling speeds
with extending the milling time usually are not suf-
ficient for full synthesis. The milling time is other
significant condictions. The longer milling time
could lead to formation of undesirable phases [24,
27]. This work is a continuation of our investiga-
tion over mechanochemical synthesis of inorganic
mixed oxides. The aim of this work is the prepa-
ration of nanocrystalline BaWO, from BaCO, and
WO, The phase formation and the optical proper-
ties of the final product have been discussed.

EXPERIMENTAL

A mixture of BaCO, (Merck, purity 99.9%) and
WO, (Merck, purity 99.9%) in the molar ratio of 1:1
was subjected to intense mechanical treatment in a
planetary ball mill (Fritsch—Premium line—Pulver-
sette No 7). Both vials and balls were made of stain-
less steel, the milling rotation speed was 500 rpm,
milling time up to 3 h, and ball to powder mass ratio
was 10:1. To minimize the temperature raise during
the milling, the process was carried out for periods
of 15 min, with rest periods of 5 min [26]. The in-
fluence of the ball milling on the phase and trans-
formation of the samples was investigated by X-ray
powder diffraction analysis (XRD), and infrared
spectroscopy (IR). The powder X-ray diffraction
study was performed with a Bruker D8 Advance in-
strument equipped with a copper tube (CuKa) and
a position-sensitive LynxEye detector. The diffrac-
tion patterns were taken in the angular range 10—
80.0 °26 with a step of 0.04 °20 and counting time
of 0.1 second for each individual strip of the detec-
tor (total 17.5 s/step). The phase analysis, crystallite
size and cell parameter evaluation was performed
with HighScore plus 4.5 and ReX softwares [28].
Infrared spectra were registered in the range 1200—
400 cm™ on a Nicolet-320 FTIR spectrometer us-
ing the KBr pellet technique. UV-Vis spectra were
recorded on Evolution 300 UV-Vis spectrophotom-
eter using Spectralon as a reflectance standard at
wavelengths within the range 200—1000 nm. The
emission and excitation spectra were measured on
a Horiba Fluorolog 3-22 TCS spectrophotometer
equipped with a 450 W Xenon Lamp as the exci-
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tation source. All spectra were measured at room
temperature.

RESULTS AND DISCUSSION

The XRD patterns of the mechanically activated
sample are shown in Fig. 1. After 30 min milling
time, the principal peaks of monoclinic WO, (PDF-
01-072-0677) and hexagonal BaCO, (PDF-00-005-
0378) were broadened and their intensity had de-
creased. This is a result of a reduction in particle
sizes, destruction of the long-range order and par-
tial amourphization. Increasing the milling time up
to 1 h led to appearance of a set of new diffraction
lines typical of tetragonal BawO, (PDF-01-072-
0746). The very low intensity peaks in the range
from 22.00 to 25.00° characteristic for WO, were
detected (marked in red square). It means that the
full reaction between initial reagents is not finished.
The additional mechanochemical activation up to 3
h led to preparation of a single phase of BaWO,.
The weight fraction of the phases, the until cell pa-
rameters (a, b, and ¢), until cell volume and the av-
erage crystallite size depending of milling time are
calculated and presented in Table 1.

Mechanochemically synthesized BaWO, have a
smaller the unit cell volume and the lattice param-
eters (a, ¢) as compared to PDF data. Similar values
were reported from L. S. Cavalcante [18] obtained
BaWO, by microwave synthesis realized at 140 °C
at short irradiation times. The lattice parameters (a,
¢) and average crystallite size decrease with increas-
ing of milling time. The energy induced during the
mechanochemical activation led to obtain of the
materials with high amount of point and linear de-
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Fig. 1. XRD patterns of the sample obtained at milling speed of
500 rpm after different milling times.
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Table 1. Weight fraction, lattice parameters, unit cell volume and crystallite size depending on milling time

Milling time, Weight fraction Lattice parameters Unllt cell Crystalhte
h (%) volume, size,
a(A) b (A) c(A) 10° pm? nm
] BaWO, —95.6(5) 5.604(3) 5.604(3) 12.71(7) 399.02 30
WO, -4.4(2) 5.39(2) 5.23(2) 7.51(3) 208.64 12
3 BawO, - 100 5.597(4) 5.597(4) 12.716(8) 398.37 19
PDF-01-072-0746 BaWoO, 5.614 5.614 12.719 400.86 -

fects, which is observed by broadening of the peaks
in diffraction pattern [24]. Probably, accumulation
of the defects in the crystal lattice lead to the con-
traction of the unit cell volume and deformation in
the [WO,] groups.

The phase formation of BaWOQO, during the
mechanochemical treatment was confirmed by IR
spectroscopy. The IR spectrum the non-activated
mixture exhibits absorption bands typical of struc-
tural units of WO, (bands at 965, 815 and 740 cm ™)
and of BaCO, (band at 1040, 860, 690 and 480 cm ™)
[29, 30]. The bands at 1040, 965, 740 and 690 cm™
disappeared after the early stages of the ball milling
(30 min). The absorption band at 860 and 815 cm™
typical for initial reagents still remain after 1h mill-
ing time. This indicates that the full reaction has not
finished. The noticeable changes in the IR spectrum
were observed after 3h milling time which con-
firmed the phase formation of BaWQ,. The new
absorption bands are in a good agreement with
literature data [6, 17, 18, 31]. The strong band at
830 cm™! is attributed to the v, stretching vibration
of the WO, units. The weak shoulder at 930 cm™ is
due to activation of v, mode of the same structural
groups. The presence of this shoulder probably is
due to formation of more distorted structure during
ball milling. The optical properties of the mecha-
nochemical obtained BaWO, were studied by ul-
traviolet visible (UV—Vis) and photoluminescence
(PL) spectroscopies. The UV-Vis reflectance spec-
trum of the BaWO, exhibits a strong band at 210 nm
and shoulders at 240 and 320 nm, which is typical
for wide-bandgap compounds. The peak at 210 nm
is due to the ligand-to-metal charge transfer in the
WO, group [32-34]. The optical band gap of the
sample was calculated using Tauc’s equation [35]:

ohv = A(hv — Eg)",

where h is Planck’s constant, o is the absorption
coefficient, v is the photon frequency, 4 is a con-
stant, Eg is the optical band gap and »n is a con-
stant depending of the type of electronic transitions

(n=0.5, 2, 1.5, and 3 for direct allowed, indirect
allowed, direct forbidden, and indirect forbidden
transitions, respectively). In our case the value of n
is = 1/2. The optical band gap is determined through
an extrapolation of the linear trend observed in the
spectral dependence of (ahv)'? over a limited range
of photon energies hv and it is defined at the inter-
cept of this linear extrapolation with the abscissa
axis [36]. Based on this equation, the band gap of
the mechanochemical obtained BaWO, was esti-
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Fig. 2. IR spectra of the sample obtained at milling speed of
500 rpm after different milling times.
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Fig. 3. UV-Vis diffuse reflectance spectrum and corresponding Tauc’s plot for optical band gap of mechanochemically synthezed

BaWO, powder.

mated to be 5.09 eV as illustrated in the inset of Fig-
ure 3. This value is similar to the optical band gap of
BaWO, powders prepared by different methods as:
the solid-state reaction (Eg=5.02 eV) with average
crystalline size of 26 nm [6], the hydrothermal meth-
od (5.07 eV) with the crystalline size of 75 nm [34]
and the mechanochemical treatment (Eg=5.23 eV)
with the crystalline size of 20 nm [15].

The compounds with scheelite type structure are
exhibit good emission luminescence at low and at

a)

Intensity (a.u)

A, =380

340 350
Wavelength (nm)

320 330 360

room temperature [6, 15, 37-39]. Fig. 4a and 4b
show the photoluminescence excitation/emission
spectra of mechanochemical obtained BaWO,.
The excitation spectrum was measured at emission
wavelength of 380 nm. Only one intensity peak at
345 nm was observed, which is due to the charge
transfer from O2p to W5d into WO, group [6, 21,
34]. No other peak was observed in the excitation
spectrum of BaWQ,. Therefore, the emission spec-
trum was recorded at 350 nm and exhibited one

b)

Intensity (a.u)

A =350

T T T
450 500 550
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T
400 600

Fig. 4. (a) Excitation and (b) emission spectra of mechanochemically synthezed BaWO, powder.
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Fig. 5. CIE chromaticity diagram of mechanochemically syn-
thezed BaWO4 powder.

broad PL emission in the blue range of 380—500 nm.
The main peak is observed around 440 nm. Having
in mind the literature data for the photo luminescent
materials, the blue emission we attributed to struc-
tural distortions of both WO, and BaOy groups [37,
38]. The CIE chromaticity coordinates (X, y) were
calculated from the emission spectrum were found
to be 0.35 and 0.28 and fall into the violet region of
the diagram.

CONCLUSION

This article represents data on the mechano-
chemical synthesis, characterization and optical
properties of BaWO, nanoparticles. The phase for-
mation started after 1 h milling time and it was com-
pletely finished after 3 h milling time at 500 rpm.
The calculated energy band gap value of as pre-
pared BaWO, is 5.09 eV and exhibits photolumi-
nescence emission in the blue range. The CIE chro-
maticity coordinate (x=0,35 and y=0,28) are located
in the violet area. The optical properties suggest that
mechanochemical obtained BaWO, can be used as
efficient violet-emitting phosphor for LED applica-
tions.
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Oxide glass-ceramics containing alkaline-earth and 3d-transition metal ions are of interest due to their advanced
dielectric and magnetic properties and thus, their possible application in sensors and microelectronics. The work pre-
sented here features the synthesis of strontium-substituted barium titanate glasses in the system Na,O/BaO/SrO/TiO,/
B,0,/Si0,/Fe,0,/Al,05. An appropriate thermal treatment leads to the crystallization of Ba, ,Sr,TiO; in these glasses
according to X-ray diffraction analysis. The microstructure is studied by scanning electron microscopic methods and
reveals the occurrence of a phase separation into one phase enriched in Ba, Sr and Ti, from which Ba, ,Sr, TiO; is
formed during thermal treatment, while the other phase — the presumable amorphous matrix, is enriched in the remain-
ing glass constituting elements. The dielectric properties of the prepared glasses and glass-ceramics with different
thermal histories are analyzed by impedance spectroscopy and dielectric constants of about 100 at 1 kHz and 100 °C
are determined. The degree of BaO/SrO substitution in the parent glass influences the dielectric constant. A maximum

value for the dielectric constant is determined for the glass—ceramics containing 1 mol% SrO.

Keywords: strontium-barium titanate, crystallization, glass-ceramics, dielectric constant.

INTRODUCTION

The preparation of dielectric glass-ceramics
from oxide glasses via a controlled crystallization
is of great interest because the respective materi-
als find application as electroceramics. They can
be used as positive thermal coefficient elements
(PTC) [1-6], dielectrics in multilayered capacitors
[7], microwave dielectric ceramics [8], high-density
optical data storage devices, phase conjugated mir-
rors and lasers, in optical computing, optical image
processing and as optical waveguides [9]. Barium
titanate, BaTiO; is a well-known dielectric phase of
significant practical importance, which can be pre-
pared from glass by controlled crystallization, [2—4,
6]. Depending on the polymorphs (cubic, tetrago-
nal, etc.) in which BaTiO, may crystallizes from the
glasses, the obtained glass-ceramic materials can
find application as parts of piezoelectric devices,
pyroelectric sensors, dielectric amplifiers, in mi-
crowave technology, as PTC devices, in dynamic

* To whom all correspondence should be sent:
Email: rharizanova@uctm.edu

holography as well as in nanomedicine [7-19]. The
BaTiO; modification with the most prominent fer-
roelectric, as well as piezoelectric and pyroelectric
properties is the tetragonal one. According to the
phase diagram, it is thermodynamically stable in the
temperature range from 0 to 120-130 °C [7, 9, 12,
13, 15]. At 120-130 °C the tetragonal modification
transforms to cubic BaTiO, which is paraelectric
but also shows outstanding dielectric properties [3,
5,7,12, 13]. In some cases, it is convenient to have
this phase transition at a temperature below 130 °C.
This can be achieved by substituting the Ba?* or Ti*
ions with other elements such as Na*, K*, Ca?', Sr**,
Zr* or Nb** [2, 8, 10, 14, 20, 21]. Depending on the
degree of substitution and the substituting ion, the
polymorphic modification stable at room tempera-
ture and the resulting electrical and optical proper-
ties of the obtained crystals can vary over a wide
range [22]. Adding 3d-transition metals to BaTiO,
allows the preparation of materials with tunable
magnetic and even multiferroic properties [14, 15].

The main goal of the experiments presented here
is to prepare glasses from which glass-ceramics
with a controllable size and volume fraction of the

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 47
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crystalline phase and tunable dielectric and mag-
netic properties can be prepared using conventional
melt-quenching followed by a thermal treatment.
Hence glasses with high concentrations of alkaline,
alkaline-earth and 3d-metals were synthesized in
the system 20.1Na,0/(23.1-x)BaO/xSrO/23TiO,/
7.6B,0,/17.4S10,/3A1,0,/5.8Fe,05 with x = 0.5, 1
and 2 mol% SrO. Their glass-transition and crystal-
lization peak maximum temperatures (T, and T, re-
spectively) are determined by differential scanning
calorimetry (DSC). After subjecting the glasses to
thermal treatments, the resulting glass-ceramics are
analyzed by X-ray diffraction (XRD) to determine
their phase composition and scanning electron mi-
croscopic methods to visualize their microstruc-
ture. Their electrical properties are investigated as
a function of temperature and frequency using di-
electric impedance spectroscopy and the dielectric
permittivity, the ac-conductivity and the loss-angle
tangent are determined.

EXPERIMENTAL

The glasses are melted from reagent grade raw
materials: Na,CO,, BaCO,, SrCO,, TiO,, AI(OH),,
B(OH),, SiO, and Fe,0,1in 60 g batches for 1 h at
1250 °C in air using a Pt crucible and a furnace with
SiC heating elements. The melts are quenched on a
copper block and transferred to a pre-heated graphite
mould, held for 10—15 min at 450 °C in a muffle fur-
nace. Then, the furnace was switched off and allowed
to cool to room temperature (RT). The characteristic
temperatures, i.e. T, and T,, were determined by using
a DSC (Linseis DSC PT-1600, LINSEIS Messgerite
GmbH, Germany). The powdered samples (frac-
tion < 350 pum) are heated in an Al,O; crucible with
10 K/min in air. The phase composition of powdered
samples was studied by XRD (Siemens D5000) us-
ing Cu-Ko radiation (A= 1.5406 A) with a Ni filter in
the 20 = 10-60° range. The microstructures and the
elemental composition of the glasses and the crystal-
lized specimens were further analysed by scanning
electron microscopy (SEM) using a Jeol JSM 7001F
SEM equipped with an EDAX Trident analysing sys-
tem. Energy-dispersive X-ray spectroscopy (EDXS)
was performed without a standard using acceleration
voltages of 15 kV.

Disc-shaped samples with a diameter of 10 mm
and a thickness of about 3 mm were prepared for the
electrical measurements. The plane parallel surfaces
were roughly polished and Ag paste and Pt plates
were used to prepare the electrodes. The Ag paste
was dried at 400 °C for 30 min to achieve a good
contact between the metal electrode and the sample
surface. Two contact point measurements and an ac-
voltage with a 500 mV amplitude were used. The im-
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pedance amplitude and the phase angle were meas-
ured as a function of the frequency (10 Hz—100 kHz)
and temperature (from RT to 200 °C) using a Zahner
IM6 impedance analyser. The capacitances derived
from the equivalent circuit, assuming resistance R
and capacitance C in parallel, were determined at dif-
ferent frequencies and used to calculate the complex
dielectric permittivity from the sample geometry.
Furthermore, the ac-conductivity and the loss angle
tangent were determined.

RESULTS AND DISCUSSION

The characteristic temperatures T, and T, of the
investigated compositional series 20.1Na,0/3A1,0,/
(23.1-x)Ba0/xSr0/23Ti0,/7.6B,0,/17.4Si0,/
5.8Fe,05,x=0, 0.5, 1 and 2 (in mol%) are shown in
Fig. 1. Adding SrO leads to a decrease of the T, val-
ues from 450 °C for the parent glass to about 433—
439 °C for the SrO-substituted glasses while the T,
of the parent glass (560 °C) and of the Sr-substitut-
ed glasses (567—-575 °C) do not significantly differ.

XRD results obtained from Sr-doped glasses
subjected to thermal treatments above T, are shown
in the Figs. 2 and 3. The crystallization behaviour of
the parent glass (x = 0) has already been reported in
Ref. [23]: the two crystalline phases cubic barium ti-
tanate, BaTiO, (JCPDS 98-002-7970) and hexagonal
iron-containing barium titanate, BaTi,,sFe;,50, g5
(JCPDS 98-002-7970) are always precipitated. The
XRD analyses of the Sr-containing glass-ceramics
reveal a different phase composition. In addition to
the expected primary crystallization of Ba, Sr, TiO,,
barium fresnoite, Ba,TiSi,Oq is detected for crys-
tallization times longer than 3 h for all supplied
temperatures. This is typical for the crystallization
products in systems with a similar composition

exo

0 % SrO

0.5 % SrO

DSC signal, a. u.

1% SrO

2 % SrO

300 ' 400 ' 500 ' 600 ' 700
Temperature, °C
Fig. 1. DSC curves of glasses with batch composition 20.1Na,O/

(23.1-x)Ba0/xSr0/23Ti0,/7.6B,0,/17.4Si0,/5.8Fe,0;/
3AL0O,, withx =0, 0.5, 1 and 2 mol1%.
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Ba,TiSi,0,, 98-015-5316
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Fig. 2. XRD patterns of glass-ceramics with 0.5, 1 and 2 mol%
SrO obtained after thermal treatment at 550 °C for different
times.

[6, 23]. A Rietveld refinement of the XRD patterns
of the Sr-containing samples crystallized for 24 h
at 550 °C showed that minor quantities of magnetic
phases which match the peaks of BaFe,O, (JCPDS
98-000-2529) and BaFeO,,; (JCPDS 98-016-7059)
also precipitate. The occurrence of iron-containing
barium oxide phases may have an interesting im-
pact on the properties of the prepared glass-ceram-
ics, due to their magnetic properties [24, 25]. The
Rietveld analysis of the data in Fig. 2 shows that
the changing SrO concentrations do not affect the
size and type of the precipitating crystals. Only the
temperature and the annealing time affect the crys-
tallization behaviour significantly.

The microstructure of the obtained BaTiO;-con-
taining glass-ceramics with x = 0 mol% SrO is pre-
sented in Fig. 4. This microstructure is typical for
that formed in liquid/liquid phase separated materi-
als as already reported for the present system [6, 23]
and discussed in Ref. [26] for similar glass systems.
The glass-ceramic samples with SrO concentrations
0f 0.5, 1 and 2 mol% in the composition exhibit the
same phase separated microstructure and the oc-
currence of droplet-like structures with an average

Ba,TiSi,0,, 98-015-5316

\ ‘ | Ll | Il
BaTiO3, 98-002-7970

Bao.sesro_MTioy 98-009-0006

2 % SrO, 3 h/580°C

| 2 % SrO, 30 min/580°C

2 % SrO, 15 min/580°C

|

’\ 2 % SrO, 24 h/550°C
AN

NN AN

2 % SrO, 3 h/550°C

Intensity, a u

2 % SrO, 30 min/550°C

50 60

Fig. 3. Comparison of the XRD patterns of glass-ceramics with
2 mol% SrO obtained after thermal treatment at 550 and 580 °C
for different times.

size of 300-400 nm which tend to form intercon-
nected aggregates for the longer annealing times, cf.
Figs. Sa—c. This observation corresponds to the data
from the XRD analyses as seen in Figs. 2 and 3. Ac-

Fig. 4. SEM micrograph of the polished C-covered surface of
a sample with 0 mol% SrO obtained after heat-treatment for
100 h at 600 °C.
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Fig. 5. SEM (BEC) micrograph of the polished C-covered sur-
face of a sample with a) 0.5 mol% SrO obtained after heat-treat-
ment for 3 h at 550 °C, b) 2 mol% SrO heat treated at 580 °C
for 15 min and ¢) magnified micrograph of the microstructure
of the sample from b).

cording to Ref. [26], the microstructures of the ob-
tained glass-ceramics for all SrO compositions are
characterized by the presence of two phases. One
is enriched in Ba, Sr and Ti from which barium-
strontium titanate and fresnoite will crystallize later,
while the other predominantly contains the remain-
ing elements from the glass composition. Neverthe-
less, increasing the annealing temperature and the
crystallization time do not lead to significant crystal
growth. This could be caused by a phase separation
which would result in many crystallization nuclei
from which crystals will start to grow and will also
limit crystal growth of at least one of the precipi-
tating phases. Furthermore, the increase of both the
crystallization temperature and time — as seen in the
Figs. 6 and 7 will result in the presence of two types
of crystal morphologies — those growing in the small
droplet-like structures and larger ones with a dif-
ferent, dendritic morphology. Fig. 6 shows that the
droplet-like microstructure contains superstructures
reaching more than 20 pm in diameter (darker in the
SEM micrograph) which are depleted of Fe and Na,
enriched in Si and Al and share some morphologi-
cal similarities with spherulites. Fig. 6¢ shows that
they transcend the boundaries of the dominant mi-
crostructure, meaning they probably formed before
phase separation occurred. If this is a crystalline
alumosilicate its volume concentration is probably
below the detection threshold of XRD as no unex-
plained peaks occurred during XRD pattern evalua-
tion. The EDXS results shown in Fig. 7 reveal that
the probably amorphous matrix is enriched in Fe but
depleted of Ti. As the crystal phases both contain Ti
but no Fe, it may be concluded that the elements not
included into the crystals form a residual glass.
Impedance measurements were performed on
glasses and glass-ceramics with different SrO con-
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Fig. 6. SEM micrographs presenting a) an overview of a sample
with 2 mol% SrO obtained after a heat-treatment for 24 h at
580 °C. b) shows the microstructure in greater detail while c)
shows one of the darker structures amidst the phase separated
microstructure. EDXS-maps of Fe, Na, Si and Al are presented
below to illustrate the element distribution in b).

centrations to determine their dielectric properties.
The impedance modulus and the phase angle of the
glass-ceramics were measured as a function of the
temperature and frequency. Then the real, Z' and
the imaginary, Z" parts of the impedance were sepa-

Cd . )
rated. Furthermore, the real, 8'=—S and imaginary,
£,

"

d tts ofth lex di 01 . o
g'= arts of the complex dielectric permittivi-
wRSe, P P P

ty were determined from the known sample geometry.

"

The tangent loss angle is calculated using tgo _£.
gV

The ac-conductivity was obtained, taking into ac-
count the sample geometry from o, = wgye". The
results from the data processing of the impedance
measurements, i.e. the real part of the dielectric
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Fig. 7. a) SEM micrograph featuring a more inhomogeneous
area in the same sample featured in Figure 6. The framed area
in a) is presented in b) in greater detail to show that dendritic
growth is implied for the larger crystals. EDXS-maps of Fe and
Ti in this area are presented below.
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constant, the tangent of the loss angle and ac-con-
ductivity for samples with three different SrO con-
centrations thermally treated for 24 h at 550 °C are
shown in the Figs. 8, 9 and 10 as a function of the
temperature and frequency. The impedance meas-
urements previously reported for glass-ceramics
with a similar thermal history but containing no SrO
[23] show that the dielectric constants (¢’ ~ 70 at
room temperature and 1 kHz) are smaller at one and
the same temperature and the loss tangents are also
relatively low. The real parts of the dielectric per-
mittivity for the samples containing SrO are gener-
ally higher than those for the samples without SrO.
The data from the Figs. 810 show that the dielec-
tric constant is highest for the sample containing
1 mol% SrO (&' ~ 150 at room temperature) and the
loss tangent is smallest (tgd ~ 0.3 at 1 kHz). These
changes in the dielectric constant and in the ability
of the glass-ceramics with different SrO concentra-
tions to absorb electromagnetic radiation should
be due to the different type of incorporation of the
Sr** ions in the samples and the resulting different
structures. The ac-conductivities of the respective
glass-ceramics with 1 mol% SrO are also high-
est: ~ 107 S/m at RT and 1 kHz, while for the 0.5
and 2 mol% samples, the values are in the order of
10-% S/m. The ac-conductivity of the SrO-free sam-
ples is about 10° S/m [23] which again can be ex-
plained by structural peculiarities of the respective
glass-ceramics.

The frequency dependence of the dielectric con-
stant for each temperature again shows that the de-
crease of the ¢'-values is relatively fast which is also
typical for other glass-ceramics as well as for glassy
materials [27]. Otherwise, the temperature depend-
ence of all Sr-containing glass-ceramics follows the
theoretically predicted trend — the higher the tem-
perature, the larger the dielectric constant.
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Fig. 8. Sample with 0.5 mol% SrO annealed 24 h/550 °C: Temperature and frequency dependence of the a) dielectric constant, b)

ac-conductivity and c) loss tangent.
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Fig. 10. Sample with 2 mol% SrO annealed 24 h/550 °C: Temperature and frequency dependence of the a) dielectric constant,

b) ac-conductivity and c) loss tangent.

CONCLUSION

Bulk glasses are obtained with slight surface
crystallization for SrO concentrations of x = 0.5, 1
and 2 mol% in the compositional series 20.1Na,O/
(23.1-x)Ba0O/xSr0/23Ti0O,/ 7.6B,0,/17.4Si0,/5.8
Fe,0,/3A1,0,. Independent of the applied time-
temperature schedules, always cubic Ba, ,,Sr, TiO;
precipitates and for annealing times longer than 3 h,
also, tetragonal Ba,TiSi,Oq crystallizes.

An increase in the SrO concentration does not
influence the Ba, ,Sr, TiO; solid solution composi-
tion but initially —up to 1 mol% SrO suppresses the
crystallization of fresnoite and then for 2 mol% SrO
further promotes it. The SEM and EDXS analyses
hint on the presence of phase separation and after
heat treatment and crystallization in the demixed
regions of mainly Ba, ,Sr, TiO,. Also, an unidenti-
fied phase enriched in Si and Al occurs in an in-
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significant amount. The increasing heat treatment
times and heat treatment temperatures lead to crys-
tal growth, however, a significant effect of the SrO
concentration on the average crystal size is not ob-
served.

The dielectric constants as well as the dielec-
tric losses of the SrO containing glass-ceramics
are higher than those of the glass-ceramics without
SrO at the same measuring conditions. The dielec-
tric constant is highest for the 1 mol% SrO glass-
ceramic while the loss tangent is smallest. Lower
as well as higher SrO concentrations result in lower
dielectric constants and higher losses for equal ther-
mal history.
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The intensity changes of selected meaningful diffraction lines in the powder XRD patterns of sedimentary clinop-
tilolite modified by cation exchange are discussed and a crystal chemical analysis of the corresponding structure fac-
tors (F,,) is elaborated giving background for speedy quantification of the cation exchange in clinoptilolite. Similar
approach is applied in the system of grown Ca,_Sr,F, crystals for control of the Sr content. The study is based on
mathematical calculations of structure factors (F,, /F,,/*) and the corresponding intensities (I,,,), followed by crystal
chemical discussion and quantification approaches. Such approach is promising for any crystal structure if detailed
structural and crystal chemical knowledge is available and systematized.

Keywords: XRD, clinoptilolite, fluorite, structure factors, quantification

INTRODUCTION

A possibility exists to use intensities of peaks in
the powder XRD patterns for chemical considera-
tions for certain crystal structures characterized by
ability for ion exchange as is the case of zeolites or
in case of apparent isomorphic substitutions of ele-
ments with typical case being the (Ca, Sr)F, fluorite
series.

For example, ion-exchange of the zeolite clinop-
tilolite with heavy cations (Sr, Ba, Ag, Cs, TI) re-
sults in large intensity changes in the powder XRD
pattern, which can be interpreted using its known
crystal structure [1-4]. After ion exchange with
heavy cations the peak intensities in the powder
XRD pattern of clinoptilolite change markedly due
to changes in the structure factors F,,;, which are re-
lated to the scattering factors (f;) and the number (n;)
and positions (X, y, z) of the atoms in the structure.
Structural channels are major characteristics of the
microporous zeolite structures and can be occupied
by alkaline and alkaline-earth cations surrounded by
water molecules. The cation-water configurations
are responsible for unique properties displayed by
zeolites with potential for industrial applications.
Ion exchange and sorption are among the most im-

* To whom all correspondence should be sent:
E-mail: opetrov@dir.bg

portant ones. Thus, the chemical quantification of
these effects is complicated, labor-intensive and
time-consuming.

The powder XRD studies of Ca, SrF, single
crystals are important to evaluate the influence
of Sr-concentration in such single crystals, which
are promising materials for optoelectronics [5]. In
typical powder XRD patterns of grown Ca,_Sr F,
crystals the inspection of the dependencies of the
XRD intensity ratios of certain diffraction peaks
(1;,/1,5,) 1s a suitable crystal chemical parameter
when studying the isomorphic substitutions in the
fluorite structure. Single CaF, crystals are widely
applicable in optical devices operating in the ultra-
violet and visible spectral ranges due mainly to their
isotropic optical properties and excellent transmis-
sion. In the case of Ca,_ Sr,F, crystals structural and
optical studies concerned with materials with inter-
mediate values of x are sporadic and have dealt only
with very particular aspects of the effect of chemical
composition on some properties of the material [6].

The present studies evaluate the significant in-
tensity changes in the powder XRD patterns of sedi-
mentary clinoptilolite modified by cation exchange.
A crystal chemical analysis on these changes is
elaborated giving background for speedy quantifi-
cation of the cation exchange in clinoptilolite.

Analogically, similar approach is applied in the
system of Ca,_SrF, crystals for control of the Sr
content.

© 2022 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 55
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MATERIALS AND METHODS

Clinoptilolite case

Sedimentary clinoptilolite sample from Beli
Plast deposit (Eastern Rhodopes, Bulgaria) was in-
vestigated. The sample was enriched to ~95 wt.%
zeolite component by heavy liquids separation of
the denser non-zeolitic minerals. The ion-exchange
was performed at 90° C for 96 hin 1 N solutions of
the nitrates of Sr, Ba, Ag, Cs, and TI.

Fluorite case

The investigated Ca,_Sr,F, crystals
(0.007<x<0.674) were grown from natural raw
fluorite mixed with suprapure SrF, (Merck) using
a modified Bridgman—Stockbarger method either
in a dynamic argon flow (for 0 < x < 0.307) or in
vacuum (for 0.383 <x <0.674) [7].

Powder XRD method

Powder X-ray diffraction (XRD) patterns were
collected on a DRON 3M diffractometer in Bragg—
Brentano geometry with Fe-filtered Co Ka radia-
tion (40 kV, 28mA) and on a D2 Phaser (Bruker)
diffractometer using Ni-filtered CuKa radiation (30
kV and 20 mA).

The precise position and the integrated intensity
of the peaks were determined by the WINFIT VI.2
package [8].

CRYSTAL CHEMICAL BACKGROUND
Clinoptilolite case

The unit-cell parameters of clinoptilolite change
little after ion exchange with heavy cations (Sr,",
Ba,", Pb,", Ag’, Cs*, TI') but the intensities of the
peaks in the powder XRD pattern change signifi-
cantly [9]. These intensity changes are obviously
due to the changes in the structure factors, F(hkl),
which are composed of atomic scattering factors (f)
(for heavy cations these exceed several times the
ones of lighter cations — Na*, K*, Ca,’, Mg,"), and
the number (n;) and positions (x, y, z) of all atoms in
the crystal structure.

The intensity of a given powder XRD line can be
expressed as:

I(hkl) = KLp|F (hkD)|" (1) (1),

where K is a constant of physical and experimental
conditions; Lp is the Lorentz and polarization cor-
rection; pu* is the mass absorption coefficient.
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Structural studies on natural clinoptilolite con-
firm the C2/m centric space group [10—12] and the
same same group was confirmed for Ba-exchanged
[1] and Cs-exchanged [2, 12] clinoptiloites. Thus,
the structure factor (F) for clinoptilolite can be ex-
pressed only with the real part (A) in the general
formula F = A+iB:

F(hkl)= A(hkl) = "n, f, cos 2z (hx, +Iz,) cos 27tky, (2),

where hkl are Miller indices; x, y, and z are frac-
tional coordinates of atom i in the structure; f is the
atomic scattering factor of atom #; and # is the num-
ber of atoms in a given crystallographic position.
Further, for (0k0)-type diffraction lines we have:

F(0k0)="n,f, cos27ky 3)

In Eq. 3, F(0kO) can be represented as a sum of
the partial contributions by the framework atoms
(Fy), water molecules (F,), and exchangeable cati-
ons (F)):

F(0kO)=F, +F, +F, €))

Calculations of F(020) from structural data for
clinoptilolite and heulandite (iso-structural ana-
logue) reveal that F; and F, have almost constant
values: F,=-400 (5) and F, =+150 (7) with approx-
imate sum of —250. Thus, the variations in F(020)
should depend mainly and directly on F_, and be-
cause exchangeable cations occupy the mirror plane
of the clinoptilolite/heulandite structure with coor-
dinates along b of y=0, ', F_ is given by:

F, =Znifi (%),

i.e., the cationic part is always positive and depends
on the type and quantity of the exchangeable cati-
ons.

Therefore, the equation to express F(020) is:

F(020)=-250+ Y n,f, (6)

Eq. (6) can be used to calculate the square of
F(020) and after correction for absorption (i) to re-
late the degree of cation exchange to the measured
1(020) changes. Eq. (6) allows |F (020)}* to be cal-
culated for various compositions based on a model
clinoptilolite with 6.5 tetrahedral Al in the unit cell,
which should contain 6.5 monovalent or 3.25 diva-
lent cations or their combination.
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Fluorite case

Powder XRD studies of a material from Ca,_Sr,F,
single crystals (0.007<x<0.674) are important to
evaluate the influence of Sr-concentration in such
single crystals, which are promising materials for
optoelectronics. The XRD intensity ratio I,,,/1,,,
of the corresponding peaks is a suitable crystal
chemical parameter when studying the fluorite
structure (S.G. Fm3m) [5].

Knowing the ion coordinates (x, y, z = 1/4 for F~
and x, y, z=0 for Ca** (Sr?")) in the fluorite structure
one can calculate |, and F,,:F,;, = 4f (M) and F,,, =
4f (M) — 8f (F), where (M = Ca, Sr) stands for
cations occupying the (4a) Wyckoff position. It is
clear that for Ca,_Sr.F, compounds f{M) depends
strongly on x and, consequently, the ratio /,,,/,,,
should vary with x. The conclusion is that F,,, and
F,,, (and respectively /,,, and /,,,) depend only on
the isomorphic substitution of Sr** for Ca?" and, as
f(Ca) <f(Sr), the ratio decays exponentially with x.
So, one can judge for the Sr** content in the fluorite
structure based on the ratio /,,,/1,,,.

RESULTS

Clinoptilolite case

Powder XRD patterns of a natural clinoptilo-
lite (Beli Plast deposit, Bulgaria) and several ion-
exchanged forms are shown in Figure 1. Significant
intensity changes in the diffraction lines exist and
can be related to the atomic scattering factors of the
heavy cations used for exchange, which are from
2 to 7 times greater than the original cations in the
mirror plane of the structure, as well as to the dif-
ferent sites that are possibly occupied after ion ex-
change. Mass absorption coefficients also influence
intensities.

Fluorite case

Figure 2 presents a powder XRD pattern for flu-
orite sample with x=0.223 (Sr content) and indexed
peaks corresponding to the main reflecting crystal
planes compared with pure CaF,. As seen, the most
intensive peak is the reflex along 111-direction (this
holds for all the XRD patterns measured).

As the ionic radius of Sr** (1.18 A) is bigger
than that one of Ca?* (1.00 A) then the XRD lines of
Ca,_SrF, will systematically shift to lower 2-theta
angles. Namely, fromd=3.16 A (CaF,)tod=3.20 A
for Ca,,,,7,51y,,; and for the case Cag St 55, for
example this d-value is logically higher 3.298 A.

Since to the best of our knowledge there are no
refined XRD parameters for a number of members

|
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Fig. 1. Powder XRD diffraction patterns of natural and ion ex-
changed clinoptilolite from Beli Plast deposit, Bulgaria.
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Fig. 2. Powder XRD pattern for fluorite sample with x = 0.223
(Sr content) and indexed peaks corresponding to the main re-
flecting crystal planes compared with pure CaF,.
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Table 1. Unit cell parameter @ and volume V for synthesized
(Ca,Sr) fluorite samples with different Sr-content

Sr per unit cell a(A) V (A%
0.007 5.468(3) 163.5(5)
0.053 5.476(1) 164.2(1)
0.113 5.502(1) 166.5(2)
0.189 5.529(1) 169.0(1)
0.26a 5.544(1) 170.4(2)
0.383 5.589(3) 174.6(4)
0.500 5.660(2) 181.3(2)
0.509 5.641(2) 179.53)
0.554 5.658(2) 181.1(2)
0.674 5.688(1) 184.1(1)
0.760 5.714(1) 189.6(1)

of the Ca, Sr.F, system, we list for completeness
in Table 1 the calculated values of both the unit cell
parameter and volume.

DISCUSSION

Clinoptilolite case

Values of |F (020)[? calculated using Eq. (6) for
various cationic combinations for a model clinop-
tilolite with 6.5 Al per unit cell (frequently met in
nature) are graphically represented in Figure 3.

1 = A@GSL

B(3.25Ca)

. F(4.5Na,2T)

] 2 -2
650 | ‘E)zo| x10

(y-axis)

E(3.25Ba)

The curve shows the changes in the structure
factor in relation to the number of electrons (N) of
the atoms on the mirror plane of the clinoptilolite
structure. Theoretically, a zero value of F(020) can
be reached if, e.g. 3.8Na” and 2.7TI" ions are in the
mirror plane of the structure. A 1(020) value, close
to zero was obtained by Tl- and Cs-, combined with
Na-exchange on clinoptilolite from Beli Plast de-
posit, Bulgaria (Fig. 4).

Some characteristic points and intervals can be
specified on the curve in Figure 2. First, point “0”
corresponds to about 268 diffracting electrons and
in this case |[F (020)]* should be zero (1(020) = 0).

The interval B-D on the curve represents all
theoretically possible combinations of Ca, Na, and
K, i.e., typical for natural clinoptilolite (6.5 tetra-
hedral Al for our case) exchangeable-cation com-
positions. Some natural samples are marked with
x in Figure 4 according to their chemical content
(Boles, 1972).

Further lowering of [F (020)|> can be achieved if
clinoptilolite is ion-exchanged with heavy cations.
Point “E” corresponds to 3.25 Ba atoms on the mir-
ror plane. Such trend was used by Petrov [9] to eval-
uate directly the Ba content in clinoptilolite from
Beli Plast using exchanged samples having differ-
ent Na/Ba ratios and a Na-clinoptilolite reference
sample following the intensity ratios after correc-
tion for u* (mass absorption coefficient) according
to the equation:

H(6.5T1)

G(3.5Na,3T1)

ot+———T——T—"—1——7"
0 50 100 150 200 250

Tttt

300 350 400 450 500 550 600

number of electrons, N

Fig. 3. Graphical representation of the behavior of |F (020)|*> with an increase in the number (N) of diffracting electrons on the mir-

ror plane of the clinoptilolite structure.
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020
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200
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//\"\’\//\\_,\EP
TIBP BP
Cs BP
TI,Na BP Cs,Na BP
1 12 13 14 1 12 13 14

L l ] I L l ] I
26 CoKq 20 CoKq

Fig. 4. Intensity changes in the 020 and 200 clinoptilolite re-
flections as a function of Tl, Cs, and subsequent Na-exchange.

-1

IBa/INa:|FBa 71/|FNa

2 * 2 *
"/uBa "ILINII (7)
The right-hand side of Eq. 7 was used to con-
struct a graphical curve of theoretical Ba-Na com-
positions; 1,,/1, is experimentally measured. Figure
5 illustrates the good agreement between XRD and
chemical analyses (in number of Ba atoms per unit
cell).

Fluorite case

As described above from crystal chemical point
of view one can judge for the Sr** content in the
fluorite structure based on the ratio /,,,/L,,.

The Sr-dependence (x) of the intensity ratio
I,,,/1,5, in (Ca, Sr) fluorite is shown in Figure 6 by
points, whereas the solid line presents the best fit to
the data (R?2=0.997).

Additional parameter that can be used is the unit
cell parameter of (Ca, Sr) fluorite, which is informa-
tive for the higher contents of Sr in the structure.

The x-dependence of the unit cell parameter a
is given in Figure 7, where empty dots are the ex-

Na
BP
0.9
15
1.7 19
22 Ba
24

{54 (10 117 {18 {19 {21'{25 2.4

Fig. 5. Ba atoms determined by powder XRD (upper num-
bers) and wet chemical analysis (lower numbers) of natural
sample BP (Beli plast deposit) its Na-exchanged form and Ba-
exchanged series

R?=0.997 ]

0.0 02 04 06
X (Sr)

Fig. 6. x-dependence of the absolute change in the intensity ra-
tio I;;,/1,»,. Circles are experimental data; the line presents the
best fit to the data.

perimental data, while full squares are data from lit-
erature [4]. The straight line presents the linear re-
gression best fit to the experimental data, a = 5.453
+ 0.342x. This function describes very well the de-
pendence of the unit cell parameter on the strontium
concentration (R? = 0.9975).

The data in Table 1 for the unit cell parameters
of (Ca, Sr) fluorite synthesized with controlled ali-
quots of strontium well represent the increase of a
as well as of the volume (V) with the increase of the
Sr content.
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R?=0.998 1

5450 . .
0.0 0.2 0.4 0.6

X (Sr)

Fig. 7. x-dependence of the unite cell parameter a. (0) — experi-
mental data, (m) — calculated data, the line is the linear regres-
sion best fit to the data.

CONCLUSIONS

The crystal chemical interpretation of changes
in the structure factors of reflections in the powder
XRD patterns allows chemical determinations of ion
exchange processes on natural zeolite clinoptilolite
using careful intensity measurements of peaks.

In the case of fluorite, as the XRD intensity ratio
I,,,/1,,, was found to decay with the strontium con-
centration X, the latter can be easily followed out by
a simple crystal chemical approach, which provides
a means for determining the concentration of stron-
tium in Ca,_Sr,F, crystals based on XRD data only.
For bigger concentrations of strontium the unit-cell
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parameters additionally serve for the evaluation
processes. Such approach is promising for crystal
structures if detailed structural and crystal chemical
knowledge is available and systematized.
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THE BEGINNINGS

Crystallography began in Sofia University in
1893 with the establishment of the Department of
Natural History by Prof. Georgi Bonchev. He was
PhD student in crystallography in Zagreb, Croatia,
and taught geology, introduced a course in crystal-
lography and published the first books on crystal-
lography in Bulgaria in the 1890’s. In 1905 he was
appointed Chair of the Department of Mineralogy
and Petrography.

Prof. Ivan Kostov graduated from the Natural
Sciences Department of Sofia University. “St. Kli-
ment Ohridski” in 1936. After studying at the Impe-
rial College of Science and Technology in London

Fig. 1. Academician Professor Ivan Kostov.

(1940-1945), he returned to Sofia University. In
1953, as the first Head of the Dept. of Mineralogy
and Crystallography, he taught crystallography, or-
ganized mineral collections, published Bulgarian,
Russian and English editions of his textbooks on
“Mineralogy and Crystallography” and supervised
doctoral studies.

In 1967, Prof. Kostov was elected to Member-
ship in the Bulgarian Academy of Sciences, (BAS)
where he served as Head of the Geological Institute,
Head of the Sector Mineralogy and Geochemistry,
and Director of the National Museum of Natural
History. He was a member of the German and Rus-
sian Academies of Sciences and Honorary member
of the Bulgarian, Russian and Ukrainian Mineral-
ogical Societies. His successor at the Department
of Mineralogy and Crystallography Prof. Vesselina
Breskovska, conducted crystallographic activi-
ties with Prof. Georgi Kirov, Assoc. Prof. Mihail
Maleev and Assoc. Prof. Srebri Petrov.

The Institute of General and Inorganic Chemistry
of the Bulgarian Academy of Sciences was founded
in 1960 by Prof. Georgi Bliznakov whose studies of
the effects of impurities on the nucleation, growth
and shape of crystals received international recog-
nition. Crystallographic research was initiated in
the 1960s with an electron microscope and Debye-
Scherer camera. In 1974, a DRON-1 diffractometer
equipped with high and low-temperature chambers
was installed. In 2006, the Institute obtained Bruker
D8 equipment, which was successfully upgraded in
2010 with a linear LynxEye detector.

Between 1982 and 1985, Prof. Kostadin Petrov
from the same Institute was Head of the Methodical
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X-Ray Diffraction Lab at the Center of Chemical
Sciences, which consisted of 10 institutes. His re-
search activities were in the fields of preparative and
applied inorganic solid state chemistry, structural
perfection and texture of materials for electronics,
superconducrtors, catalysts, refractorty compounds,
thin films, diffusion layers and galvanic coaings. He
applied X-ray and neutron powder diffraction and
Rieveld methods to materials identification, phase
analysis and determination of crystallite sizes and
microdeformations. His PhD thesis was concerned
with polycrystalline inorganic catalysts and micro-
structure and topotactic synthesis of materials (later
co-authors in this field of research were Kostadin
Petrov, Nikolay Zotov and Daniela Kovacheva).

e

Fig. 2. Associate Professor Daniela Kovacheva with her staff
and the new XRD diffractometer (2008) in the Laboratory of
Solid State Chemistry & XRD analysis.

CRYSTALOGRAPHY IN THE 1980s

In the 1980s, researchers from the Bulgarian
Academy of Sciences and Sofia University held
four meetings to discuss X-ray diffraction meth-
ods. The meetings evolved into National symposia
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held in 1983, 1985, 1987 and 1991. These symposia
were attended each time by over 80 scientists from
3 universities, research institutes and industrial
laboratories in Bulgaria who gathered to share ex-
periences and plan future studies. The interest in ap-
plying XRD-based methods for study grew among
physicists, chemists, geologists, mineralogists and
soil researchers. Resulting publications concerned
small angle diffraction, X-ray topography, micro-
deformations of metal structures, thin layers, fiber
composites, textures, and high-and low-temperature
experiments.

INSTITUTE OF APPLIED MINERALOGY

The Institute of Applied Mineralogy of the Bul-
garian Academy of Sciences was established in
1984 for research on minerals and their applica-
tions in industry and ecology. The Institute housed
an XRD laboratory with an Enraf-Nonius CAD-4
single crystal diffractometer and two powder dif-
fractometers, and Electron Microscopy and Crys-
tal Growth labatories. More than 100 structures of
new crystalline materials were published under the
leadership of Assoc. Prof. Josef Macicek who also
supervised the PhD studies of Olyana Angelova,
Todor Todorov, Rositsa Petrova and others.

In 1988, the research group of the XRD labora-
tory obtained a grant from the International Centre
for Diffraction Data (ICDD) for production of PDF
patterns of new crystalline phases. More than 200
new diffraction patterns were added to the PDF of
ICDD (simple and double selenates. selenites, hy-
drioselenites, adducts of inorganic salts with or-
ganic molecules, and perrhenates with nicotinic
and isonictinic hydrazides). The research included
synthesis and determination of structures and co-
rundum numbers (RIRs), Computer programs were
developed for calculating RIRs of powder patterns
from known structures and characterization of the
data according to [UCr guidelines.

INSTITUTE OF MINERALOGY AND
CRYSTALLOGRAPHY

The Central Laboratory of Mineralogy and Crys-
tallography (CLMC) of the BAS (successor of the
Institute of Applied Mineralogy) was established in
March, 1995, to conduct fundamental and applied
investigations, provide consultation on and applica-
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tion of analytical methods and training of special-
ists in mineralogy and crystallography. At the Sth
General Assembly of he BAS, the Laboratory was
renamed the Institute of Mineralogy and Crystal-
lography “Acad. Ivan Kostov” (IMC-BAS). Today,
IMC consists of well-equipped laboratories, offices
and a library, it is supplied with an optical cable and
Internet as well as PC for every research associate
and specialist. Achievements are presented through
Annual Reports (www.clmc.bas.bg), at scientific
conferences and exhibitions, in periodicals, and via
the mass media.

The laboratories of CLMC and IMC, have pro-
duced hundreds of scientific papers, conducted doz-
ens of national and international projects, awarded
PhD degrees and acquired a new scanning electron
microscope (ZEISS EVO LS25), powder diffrac-
tometer (D2 Phaser BrukerAXS), single crystal dif-

Fig. 3. The X-ray single crystal diffractometer Supernova A
(Oxford Diffraction) in the Laboratory of X-ray diffraction
analysis, IMC (2010).

Fig. 4. The staff of the Laboratory X-Ray Diffraction Analysis
(IMC). From left to right: Boris Shivachev, Rositsa Petrova,
Luiza Dimova Yana Tzvetanova, Ognyan Petrov, Vladislav
Kostov-Kytin.

fractometer (Oxford Supernova A 80-400 K Mo/
Cu, with a temperature device from 80 to 400 K), a
micro FTIR Spectrometmer (TENSOR 37 Bruker)
MIR and NIR with ATR accessories, and SETSYS
Evolutiuon TGA-DTA/DSC/MS up to 2400 K
(Setaram).

Recently, the laboratory complex of IMC was
substantially enriched with new modern apparatus-
es in the frame of projects of Center of Excellence
and Center of Competence including single crystal
XRD apparatus ,,D8 Venture* — Bruker AXS and
powder XRD apparatus ,,Empyrean” — Malvern
Panalytical.

BULGARIAN CRYSTALLOGRAPHIC
SOCIETY

The Bulgarian National Committee for Crystal-
lography (BNCC) was founded in 1992 as an ad-
hering body of BAS. The members of BNCC were
specialists in the fields of structural crystallography,
crystal chemistry, crystal physics, mineralogy and
materials sciences. BNCC coordinated the activi-
ties of the Bulgarian crystallographic community
and maintained relations with IUCr and the Euro-
pean Crystallographic Association (ECA). Former
Chairmen of BNCC were Andrey Apostolov (Sofia.
University, 1992-2000), Kostadin Petrov (Inst. of
General and Inorganic Chem., BAS, 2000-2008),
and Ognyan Petrov (Central Lab of Min and Cryst,
BAS 2009-2010).

The I*' Bulgarian National Crystallographic
Symposium

The 1** Bulgarian National Crystallographic Sym-
posium organized by the NCCB in Oct. 2009 was
attended by 98 participants presenting 68 oral and
poster reports. Full papers were published in the
Proceedings volume “1st National Crystallographic
Symposium” (ISSN 1313-9991, Academic Publish-
ing House Marin Drinov, online at http://clmc.bas.
bg/symp09/docs/First_Cryst Symp.pdf).

An assembly to establish the Bulgarian Crystal-
lographic Society (BCS) was held on February 27,
2010, at the Institute of Mineralogy and Crystal-
lography of BAS. 47 crystallographers from institu-
tions throughout the country attended the assembly.
The Bulgarian Crystallographic Society was offi-
cially registered in Bulgaria on April 19, 2010 with
a Board of seven Managers with Ognyan Petrov,
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President of the Board, and Rositsa Nikolova, Vice-
President. The initiative for this move started during
the I** National Crystallographic Symposium that
took place on 22-23 October 2009 in the National
Museum “Earth and Man”. The Board applied for
membership of BCS in IUCr at the XXII General
Assembly and Congress (IUCr) in Madrid, 2011.
Bulgarian Crystallographic Society announces its
decision to become a member of UICr (adhering
body, category 1) and has been approved by the
General Assembly on August, 25, 2011.

The 2" Bulgarian National Crystallographic
Symposium

The 2" Bulgarian National Crystallographic Sym-
posium was announced by the already established
Bulgarian Crystallographic Society.

The Second National Crystallographic Sympo-
sium (NCS’10) was organized by the University of
Sofia, Faculty of Chemistry, and Organizing Com-
mittee headed by Prof. Tony Spassov with the sup-
port of the Earth and Man National Museum — So-
fia, UNION project, Geological Institute — BAS, In-
stitute of General and Inorganic Chemistry — BAS,
Institute of Mineralogy and Crystallography — BAS.
The 3-day event, held from 21* to 23" of October
(2010) at the Earth and Man National Museum, So-
fia, has gathered more than 100 participants from 6
countries. In accordance with the resolutions of the
First Crystallographic Symposium (NCS’09), the
event scope was extended with international patici-
pation. The organizers of NCS’10 invited leading
researchers from abroad to inspire the interdisci-
plinary audience and attract young researchers to
this important field of science. The invited speak-
ers were Prof. Bernt Krebs (University of Miinster,
Germany), Prof. Mois Aroyo (University of the
Basque Country, Bilbao, Spain), Prof. Boriana Mi-
hailova (University of Hamburg, Germany), Prof.
Ramiza Rastsvetaeva (Institute of Crystallography
RAS, Moscow, Russia), Dr. Stanislav Ferdov (Uni-
versity of Minho, Portugal), and Dr. Milen Gateshki
(Application Specialist, PANalytical).

Main purpose of the meeting was to create
background for the crystallographic community
in Bulgaria to meet and share knowledge and ex-
perience in modern crystallographic approaches of
matter study achieved by scientists from national
research institutes and universities in the fields of
crystallography, crystal chemistry, crystal physics,
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mineralogy and materials science. NCS’10 offered
the opportunity for young scientists in various dis-
ciplines of Crystallography to present their research
and exchange new ideas during the round table dis-
cussions. The most outstanding presentations from
young scientists in all topics were awarded.

Special acknowledgements are due to the spon-
sors of the 2™ National Crystallographic Symposi-
um PANalytical, Bruker AXS, TEAM OOD.

The contributions presented at the Second Na-
tional Crystallographic Symposium were given the
opportunity to be published in a special issue (Pro-
ceedings of the 2™ National Crystallographic Sym-
posium) of the Journal “Bulgarian Chemical Com-
munications” (Bul. Chem. Comm. 43/2 2011). The
acceptance of the papers was based on the Journal’s
normal reviewing procedure with Guest editor Prof.
Tony Spassov.

Fig. 5. Participants at the 2" National Crystallographic Sym-
posium

The 3" Bulgarian National Crystallographic
Symposium

The 3" Bulgarian National Crystallographic Sym-
posium took place on October 3—5 2011 in the Na-
tional Museum “Earth and Man”. The constituted
Organizing Committee was co-chaired by Prof. Da-
niela Kovacheva (Institute of General and Inorganic
Chemistry, BAS) and Prof. Thomas Kerestedjian
(Geologcal Institute, BAS).

The “Third National Crystallographic Sympo-
sium” (NCS2011) was organized by the Institute of
General and Inorganic Chemistry — BAS, the Geo-
logical Institute — BAS and with the assistance of
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the University of Sofia “St. Kl. Ohridski”, Faculty
of Chemistry and the Institute of Mineralogy and
Crystallography — BAS.

Along with invited distinguished lecturers in key
fields of crystallography, the event was based also
on the participation of Bulgarian scientists, working
abroad and using the experience of crystallographic
institutions. A testimony for the growing interest
to the National Crystallographic Symposium is the
fact that the Third symposium was attended by over
100 participants. With up to 14 hours of continu-
ous face-to-face communication each symposium
day, the attendees found out about the latest devel-
opments in research and industry, participated in
workshops, improve their skills at hands-on dem-
onstrations.

Again the Journal “Bulgarian Chemical Com-
munications” gave the opportunity to published in
a special issue the presented scientific results of the
participating crystallographers (Bulgarian Chemical
Communications, Volume 44, Special Issue, 2012).

During 2011 the International Union on Crys-
tallography proclaimed an initiative for publishing
materials about the development of Crystallography
in the countries of South East Europe. Such invita-
tion was submitted to the Bulgarian Crystallograph-
ic Society and the President at that time Assoc. Prof.
Ognyan Petrov submitted the needed material for
the history and present state of Crystallography in
Bulgaria (Newsletter — special issue volume 19,
Number 4, 2011 Crystallography in South East
Europe — Crystallography in Bulgaria — Ognyan
Petrov).

The 4™ Bulgarian National Crystallographic
Symposium

The successive Fourth National Crystallograph-
ic Symposium (NCS’12) was held in “Assen Zla-
tarov” hall of the University of Chemical Technolo-
gy and Metallurgy, Sofia, November 1-3, 2012 and
was organized under the auspices of the Bulgarian
Crystallographic Society (BCS) by University of
Chemical Technology and Metallurgy, Institute of
Mineralogy and Crystallography — BAS, Institute
of General and Inorganic Chemistry — BAS, Geo-
logical Institute — BAS, and Institute of Catalysis
— BAS. The Organizing Committee chaired by As-
soc. Prof. Ognyan Petrov invited leading research-
ers from abroad to inspire the interdisciplinary audi-
ence and attract young researchers. The organizers

of NCS’12 invited leading researchers from abroad
to inspire the interdisciplinary audience and attract
young researchers to this field of science.

A special issue of the “Bulgarian Chemical
Communication” journal was kindly offered and in-
cluded full texts of reports given at the 4 National
Crystallographic Symposium. A testimony for the
growing interest to the National Crystallographic
Symposium was the fact that this special issue col-
lected 37 papers — a number exceeding by about
60% the ones in previous NCS issues. They cover
a wide interdisciplinary range — mainly synthesis,
structure and properties of a variety of materials —
“glaserite” type compounds, ion-exchanged natural
zeolites and microporous titanosilicates, apatite, Ni-
Al layered double hydroxides, ZnO powders, borate
materials, ZnFe,O,, LINbO, and LiTaO;, TeO,/TiO,
powders, Fe-doped TiO, nanoparticles, magnesium
chlorates, amorphous Ge—Te—In system, molybde-
num modified aluminum bronze, bacteria and DNA
samples, proteins, urea and thiourea adducts, ortho-
dontic archwires, polycaprolactam, hybrid materi-
als, organic dyes. Special attention is paid to the 100
years Anniversary of X-ray diffraction discovery.

Special acknowledgements are due to the spon-
sors of the 4™ National Crystallographic Symposium
— ASTEL, PANalytical, Bruker AXS, RETSCH,
and Labexpert Ltd. for their help and making the
symposium a success and this special issue possible.

The 5™ Bulgarian National Crystallographic
Symposium

The Fifth National Crystallographic Sympo-
sium with international participation (NCS’14)
took place from 25" to 27" September, 2014, at
the University of Chemical Technology and Met-
allurgy — Sofia and was organized under the aus-
pices of the Bulgarian Crystallographic Society by
an Organizing Committee chaired by Assoc. Prof.
Irena Mihailova and was dedicated to the officially
proclaimed by the General Assembly of the Unit-
ed Nations International Year of Crystallography.
The year 2014 marked the centennial of the birth of
modern crystallography and we hope to have used
this opportunity to stimulate and ignite an interest in
crystallography amongst students, scientists and the
general public.

The UN adopted the resolution that 2014 should
be the International Year of Crystallography at the
Sixty-Sixth General Assembly on 3 July 2012.
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Following the tradition, established in the pre-
vious symposia of the Bulgarian Crystallographic
Society, the organizers invited leading researchers
from abroad and from Bulgaria. The invited speak-
ers were: Prof. Dr. J. Manuel Perez-Mato (Univer-
sity of Basque Country, Bilbao, Spain), Prof. Dr.
Ulrich Bismayer (University of Hamburg, Germa-
ny), Prof. Dr. Georgi Kirov (Sofia University “St.
Kliment Ohridski”, Bulgaria), Prof. Dr. Ross Angel
(University of Padova, Italy), Prof. Dr. Maria La-
lia-Kantouri (Aristotle University of Thessaloniki,
Greece), Dr. Tonya Vitova (Karlsruhe Institute of
Technology, Germany), Dr. Jorg Rothe (Karlsruhe
Institute of Technology, Germany), Dr. Emre S.
Tasci, (Middle East Technical University, Ankara,
Turkey), Dr. Biliana Gasharova (Karlsruhe Institute
of Technology, Germany), Dr. Krassimir Grabev
(Karlsruhe Institute of Technology, Germany), As-
soc. Prof. Dr. Rossitza Pentcheva (University of
Duisburg-Essen, Germany).

One of the sessions of the Fifth National Crys-
tallographic Symposium, was dedicated to Prof.
Georgi Kirov from Sofia University “St. K1. Ohrid-
ski”. He was the first scientist awarded an honorary
sign by the Bulgarian Cristallographic Society for
his overall activity and his outstanding contribution
to the development of crystallography in Bulgaria.

As expected in the International Year of Crys-
tallography this edition of the symposium NCS’14
was marked by the largest number of participants
compared to the previous ones. Bulgarian scientists
from eight universities, eleven institutes of the Bul-
garian Academy of Sciences and scientists from uni-
versities and institutes from Germany, Italy, Spain,
Turkey, Greece, the Republic of Macedonia, USA
and Egypt submitted 27 oral and 90 poster presenta-
tions. It is also a great achievement that over 30% of
the participants in NCS’14 were students, PhD stu-
dents and young scientists who actively participated
in the poster sessions. An award for the Best Poster
Contribution by young scientist was announced and
given.

Already traditionally, a special issue of Bulgar-
ian Chemical Communications Journal was offered
to publish 66 studies, presented at the Fifth National
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Crystallographic Symposium with international
participation NCS’14.

Special acknowledgements are due to the spon-
sors of the 5" National Crystallographic Sym-
posium — PANalytical, Bruker AXS, Rigaku,
AQUACHIM,, Oxford Cryosytems, FOT Ltd,
Labexpert Ltd., Lab Technics Engineering, and the
Ministry of Education and Science (Bulgaria).

The 6™ Bulgarian National Crystallographic
Symposium

The 6™ National Crystallographic Symposium
(NCS2016), held in the Grand Hall of the Bulgar-
ian Academy of Sciences, on 05-07 October 2016
was the successive initiative of the project started in
the beginning of 2009 by a group of Bulgarian crys-
tallographers — enthusiasts and it was again con-
ducted under the auspices of the Bulgarian Crystal-
lographic Society (BCS). NCS2016 was conducted
by Organizing Committee co-chaired by Prof. Boris
Shivachev and Assoc. Prof. Daniela Karashanova.

The organizers in conjunction with BCS have
awarded a special honorary sign to Prof. Kostadin
Petrov from the Institute of General and Inorganic
Chemistry of Bulgarian Academy of Sciences. He
was the first amongst the enthusiasts to start to act
for the establishment of an independent Crystallo-
graphic Society in Bulgaria. The National Crystal-
lographic Committee, which was chaired by Prof.
Kostadin Petrov laid down the foundations for the
appearance of the Bulgarian Crystallographic Soci-
ety in 20009.

Invited lecturers of the NCS2016 were leading
researchers in their respective fields: Svetlana Mint-
ova, ENSICAEN, France, Prof. Katharina Fromm,
University of Fribourg, Switzerland, Prof. Krzysztof
Wozniak, University of Warsaw, Poland, Prof. Atul
Khanna, Guru Nanak Dev University, India, Prof.
Srebri Petrov, University of Toronto, Canada, Prof.
Boriana Mihailova, University of Hamburg, Ger-
many, Evdokiya Salamanova, Karolinska Institute,
Sweden, Prof. Bogdan Ranguelov, IC-BAS, Prof.
Pavleta Shestakova, IOCCP — BAS, Prof. Radosti-
na Stoyanova IGIC — BAS, Prof. Yuri Kalvachev,
IMC-BAS, Ivanina Sergeeva, IG-BAS, Prof. Al-
exander Karamanov, IPCBAS, Liliya Vladisla-
vova, Otto-Schott-Institut fiir Materialforschung,
Friedrich-Schiller-Universitit Jena, Germany, Prof.
Tzonko Kolev, IMBBAS, Prof. Galina Gencheva,
Sofia University.
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The audience featured 110 registered scientists
from seven Bulgarian universities, 16 institutes of the
Bulgarian Academy of Sciences and scientists from
universities and institutes from Poland, Switzerland,
Germany, France, Sweden, Italy, Slovakia, Spain,
Estonia, Turkey, the Republic of Macedonia, Czech
Republic, Canada, USA and India. A total of 22 oral
and 65 poster presentations involved more than 250
authors to present their investigations during the
three days of the Symposium. It is worth noting that
over 50% of the participants were students, PhD stu-
dents and young scientists who actively participated
in the poster sessions. For the second time the organ-
izers were helped by the Ministry of Science and
Education and the Bulgarian National Science Fund
through a grant (DPMNF 01/13 —27.09.2016) espe-
cially targeting the young scientists.

The progress in the level of experimental tech-
niques — possibilities emerging from new, intense,
tuneable and precisely focused X-ray beams, as well
as from high resolution, sensitive, energy dispersive
detectors were presented by our kind sponsors: TA
instruments, Jeol, Bruker, Panalytical, Zeiss,
ELTA’90, Aquachim, Labexpert, InfoLab.

The Symposium attracted the attention of sever-
al Bulgarian Official Institutions: the vice-president
of the Bulgarian Parliament Ivan Ivanov, members
of the Parliament’s Commissions: for “Education
and science”, “Children, Youths and Sports”, “En-
vironment and Water”, Parliament’s Deputy Chair-

persons Borislav Velikov and Prof. Vili Lilkov, the
Rector of the University of Chemical Technology
and Metallurgy, Prof. Mitko Georgiev and the Pres-
ident of Bulgarian Academy of Sciences, represent-
ed by the vice-president Corresponding member
Prof. Nikolay Miloshev.

Again a special issue of Bulgarian Chemical
Communications Journal was offered to publish 17
full papers, presented at the Sixth National Crystal-
lographic Symposium with international participa-
tion NCS’2016.

The 7™ Bulgarian National Crystallographic
Symposium

The 7™ National Crystallographic Symposium
(NCS’18), took place on 03—05 October, 2018 at the
University of Chemical Technology and Metallur-
gy, Sofia, organized by the Board of The Bulgarian
Crystallographic Society and conducted by Organ-
izing Committee chaired by Prof. Zara Cherkezova-
Zheleva. The presented investigations were focused
on the current topics in material design and prepara-
tion, advanced characterisation techniques. 20 oral
and 67 poster presentations focused on the crystal-
lography were presented by 165 participants from 7
countries (see the photo). 39 of all 87 papers were
presented by PhD students and young scientists.

An award for the best young scientist poster
presentation was announced following the already

Fig. 6. Participants at the 7" National Crystallographic Symposium
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existing tradition. The members of the international
jury had the difficult task to select the winner. The
NCS’18 award was given to Ekaterina Serafimova.
In addition, Aleksandar Nikolov, Hristina Sbirkova-
Dimitrova and Totka Todorova also received spe-
cial certificates for the recognition of their achieve-
ments. The special honorary sign of the Bulgar-
ian Crystallographic Society has been dedicated to
Prof. Michail Maleev for his overall activity and
his outstanding contribution to the development of
crystallography in Bulgaria.

The lecturers of NCS’18 were leading research-
ers and experts from Europe and USA: David L.
Bish, Indiana University, Bloomington, USA; Mira
Ristic, Division of Materials Chemistry, Ruder
Boskovi¢ Institute, Croatia; Beatrix-Kamelia Sei-
dlhofer, Helmholtz-Zentrum Berlin fiir Material-
ien und Energie GmbH, Germany, CALIPSOplus;
Vladimir Stilinovi¢, Department of Chemistry, Uni-
versity of Zagreb; George Tzvetkov, Sofia Univer-
sity; Angel Ugrinov, Department of Chemistry and
Biochemistry, North Dakota State University, USA;
Ana Proykova, Sofia University; Boris Shivachev,
IMC-BAS; Hristo Kolev, IC-BAS; Vladislav Ko-
stov-Kytin, IMC-BAS; Krastyo Buchkov, ISSP—
BAS; Aleksandar Nikolov, IMC-BAS; Zara Cherk-
ezova-Zheleva, IC-BAS.

Top presentation was given by Prof. David L.
Bish — “The Mars Science Laboratory Experi-
ence” giving first results from the studies on the
surface of the Planet Mars.

Special guests of the Symposium were Officials
from Bulgarian Institutions: Rector of the Univer-
sity of Chemical Technology and Metallurgy, Prof.
Mitko Georgiev represented by the Vice-Rector for
Research Prof. Emil Mihailov, General Scientific
Secretary of the Bulgarian Academy of Sciences
Prof. Evdokia Pasheva, and Mrs. Zlatina Karova,
Head of the Transnational Scientific Initiatives Unit
at Science Directorate, Ministry of Education and
Science.

The symposium NCS’18 has been organized
with the financial support of the National Science
Fund, contract Ne DPMNF 01/37/2018. We also
acknowledge the financial support of sponsors of
the 7th National Crystallographic Symposium —
Malvern-PANalytical, ROFA, Aquachim, Lab-
expert, InfoL.ab and Eurotest Control.

Also, as a tradition a special issue of the “Bul-
garian Chemical Communication” journal was
specified which gathered selected full text articles
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(30 in number) from scientific investigations pre-
sented during the 7th National Crystallographic
Symposium (NCS’18).

The 8" Bulgarian National Crystallographic
Symposium

The 8™ National Crystallographic Symposium
with international participation (NCS’21), which
took place from 1st to 4th September at the Creativ-
ity House of the Bulgarian Academy of Sciences,
Varna. (Initially, this successive symposium was
planed for 2020 but due to COVID19 pandemic it
was postponed with one year).

Two colleagues and outstanding scientists —
Prof. Andrei Apostolov and Assoc. Dr. Venelin
Krastev from the Faculty of Physics, Sofia Univer-
sity “St. KI. Ohridski” were decorated with the spe-
cial honorary sign of the Bulgarian Crystallographic
Society for their overall activity as co-founders of
the Bulgarian Crystallographic Society and for their
contribution to the development of crystallography
in Bulgaria.

Lecturers at NCS’21 were leading researchers
and experts from France, Germany and Canada as
well as from Bulgaria: Christian Riissel, Friedrich
Schiller University, Germany; Valentin Valtchev,
ENSICAEN, University of Caen — CNRS, France;
Valentina Ivanova, Institut List, CEA Saclay Na-
no-INNOV, Commissariat a I’énergie atomique et
aux énergies alternatives, France; Ognyan Petrov,
IMC-BAS, Bulgaria; Svetoslav Stankov, Institute
for Photon Science and Synchrotron Radiation,
Karlsruhe Institute of Technology, Germany; To-
nya Vitova, Institute for Nuclear Waste Disposal,
Karlsruhe Institute of Technology, Germany; Sne-
jana Bakardjieva, Institute of Inorganic Chemistry
of the Czech Academy of Sciences, Czech Repub-
lic; Plamen Tchoukov, TCH NanoSolutions, Ed-
monton, Canada; Martin Fabian, Institute of Geo-
technics, Slovak Academy of Sciences, Slovakia;
Venelin Krastev, Sofia University “St. KI. Ohrids-
ki”, Bulgaria; Liliya Vladislavova, EMPA, Switzer-
land; Silvana Dimitrijevi¢, Mining and Metallurgy
Institute Bor, Serbia; Zara Cherkezova-Zheleva, IC-
BAS, Bulgaria; Ruzha Harizanova, UCTM-Sofia,
Bulgaria.

The investigations presented at NCS’21 were fo-
cused on the current topics in materials design and
preparation, as well as on various advanced charac-
terization techniques. 18 oral and 59 poster presen-
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tations encompassing different topics and aspects of
crystallography were presented by 97 participants
from 17 countries. 22 out of 77 papers were present-
ed by PhD students and young scientists. They had
the opportunity to disseminate their research results,
to discuss problems, ask questions and to share their
personal ideas and opinions. According to a well-
established tradition, the organizers of NCS’21
encourage and support the initiation of successful
scientific career of young researchers by awarding
the best young scientist poster presentations as rec-
ognition of their achievements.

The symposium NCS’21 has been organized
with the kind financial support of our traditional
partners and sponsors — Malvern-PANalytical,
Aurubis-Bulgaria, Aquachim, Labexpert, In-
foLab, ELTA’90 and Gravelita Ltd.

Again a special issue of Bulgarian Chemical
Communications journal was available for a selec-
tion of full text articles from scientific investigations
presented at the 8" National Crystallographic Sym-
posium with international participation (NCS’21).

International and National workshops,
schools, and other activities of the Bulgarian
Crystallographic Society

After the Fourth National Crystallographic Sym-
posium (NCS’12) the Board of BCS decided to en-
large activities in direction of attracting students,
PhD students and young scientists by organizing
workshops, schools and lectures on basic crystallo-
graphic items and courses, which may ensure scien-
tific background for their future scientific carriers.

International school on fundamental
crystallography (2013)

The International school on fundamental crys-
tallography: Introduction to International Tables
for Crystallography, Vol. A: Space-group symme-
try and Vol. Al: Symmetry relations between space
groups was at Gulechitza winter resort, Bulgaria, in
the period 30 September — 5 October, 2013, and or-
ganized by the BCS, the Institute of Mineralogy and
Crystallography — BAS and the [UCr Commission
on Mathematical and Theoretical Crystallography
and the European Crystallographic Association.
Chair of the Organizing Committee was Prof. Ros-
itsa Nikolova.

Invited lectors were Prof. Mois Aroyo and Prof.
Massimo Nespolo from the IUCr Commission on

Mathematical and Theoretical Crystallography. 31
young researches took part coming from Bulgaria,
Spain, Italy, Israel, Turkey, and Macedonia.

In this period the given lectures were: Massimo
Nespolo: Introduction, symmetry in two and three
dimensions; Symmetry operations with a screw or
glide components. Mois Aroyo: Matrix algebra;
Point groups; Symmetry operations; Space groups;
Structure tools. Mihail Abrashev: X-ray diffrac-
tion. E. S. Tasci: Tools for Phase Transitions. Boris
Shivachev: Refinement strategies.

International Year of Crystallography — seminar
organized by BCS in honor of this world wide
recognition (2014)

The seminar was conducted in the Institute of
Mineralogy and Crystallography, Bulgarian Acad-
emy of Sciences (24 May, 2014). The given lec-
tures were: Transmission Electron Microscopy
in morphological and phase analyses of modern
materials (Prof. Daniela Karashanova, IOMT-
BAS); Indexing using powder XRD patterns (Prof.
Vladislav Kostov-Kytin, IMC-BAS), and demon-
stration of apparatus for Electron Microscopy and
preparation of samples for study (Medical Tech-
nics Engineering).

International Year of Crystallography —
European night of Scientists (2014)

This event was organized by the Bulgarian Acad-
emy of Sciences on 26 September, 2014, devoted to
its 145 Anniversary. It was conducted in the frame
of the Project K-TRIO 2, financed by the European
Commission on the activities of Maria Sklodowska
Currie and the Program “Horizon 2020”.

One of the topic lectures “International Year
of Crystallography” was given by Prof. Rositsa
Nikolova (Institute of Mineralogy and Crystallog-
raphy-BAS) — President of the Bulgarian Crystallo-
graphic Society. Also, Assoc. Prof. Rositsa Titoren-
kova from this institute has organized and presented
a Cabinet on curiosity “Growing the Crystal”.

Special presentation was given by Dr. Milen
Kadyiski from the Institute of Mineralogy and
Crystallography-BAS during the Night of Scientists
organized by “ANGEL KANCHEV” UNIVERSI-
TY OF RUSE. In the Café¢ scientifique “Crystallog-
raphy in the Scientific Debate” he gave the lecture —
Importance of Crystallography for Science, Society
and Business during 21 century”
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Program “EUROPE 2014” — Contract “Yellow
Bricks” between Sofia Municipality and the Bulgar-
ian Crystallographic Society

The scientific project “Study of the composition,
structure, properties and way of production of the
yellow bricks in Sofia” was successfully finished
by specialists from the Institute of Mineralogy and
Crystallography-BAS, Institute of Physical Chem-
istry, the University of Mining and Geology, and
the University of Architecture, Civil Engineering
and architecture under the auspices of the Bulgarian
Crystallographic Society. Multiple investigations
were done on the original bricks and the samples
prepared from marl material from Bulgarian depos-
it. The made conclusions concern possible ways for
production of “authentic” bricks and recommenda-
tions were given for selecting of raw materials from
Bulgaria for future production. Laboratory objects
were synthesized equivalent to the original “yellow
bricks” using different methods and raw materials.

The Final Report of this Project was officially
defended and deposited in the Museum of Sofia.

International School on Introduction in the
Rietveld structure refinement (2015)

The School was held in the hotel of the campus
of the Bulgarian Academy of Sciences, Sofia 1113,

Bulgaria (28 September — 3 October 2015). The
Organizing Committee was chaired by Prof. Dan-
iela Kovacheva. This six day long school aimed to
introduce participants to the way the information
about crystal structure and sample microstructure
is contained in X-ray powder diffraction patterns
and how to get use of it. The school provided a set
of lectures, devoted to the main aspects of crystal
structure description and fundamentals of powder
diffraction. Main concepts, that Rietveld structure
refinement is based on, were covered as well. Prac-
tical sessions were designed to initiate and promote
basic skills for working with powder diffraction
data and respective data treatment software. Tutors
were on disposal to help participants in the course
of training.

As a whole 15 basic lectures were given by
Juan Rodriguez-Carvajal (France), Michael Ev-
ans (Bruker-AXS, Karlsruhe, Germany), Milen
Gateshki, PANAlytical, Nederland, Daniela Ko-
vacheva (Institute of General and Inorganic Chem-
istry, Bulgarian Academy of Sciences), Ognyan
Petrov (Institute of Mineralogy and Crystallog-
raphy, Bulgarian Academy of Sciences), Boris
Shivachev (Institute of Mineralogy and Crystal-
lography, Bulgarian Academy of Sciences), and
Peter Tzvetkov (Institute of General and Inorganic
Chemistry, Bulgarian Academy of Sciences.

Fig. 7. Group photo of the Participants
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School — Introduction to powder X-ray
Diffraction (2017)

This school was conducted in Bulgarian and spe-
cially devoted to Bulgarian students and young re-
searchers in the period 19-23 June, 2017 and hosted
by the University of Chemical Technology and
Metallurgy, Sofia. Prof. D. Kovacheva was chair of
the Organizing Committee. Participated 40 young
and even older researchers. During the 5 days of
the school were given 20 lectures and conducted 20
trainings on the basic principles of crystals, crys-
tal lattices and symmetry, X-rays and diffraction
principles, powder XRD data and processing, phase
identification and quantification, indexing, etc.

The Lecturers were: Assoc. Prof. Tsveta Stan-
imirova (FGG, Sofia University), Prof. Daniela
Kovacheva (IGIC-BAS), Prof. Tomas Kerestedjan
(GI_BAS). Prof. Srebri Petrov (University of To-
ronto), Assoc. Prof. Luiza Dimova (IMC-BAS),
Assoc. Prof. Peter Tsvetkov (IGIC-BAS), and Prof.
Ognyan Petrov (IMC-BAS).

Second National School on Introduction
to Powder X-ray Diffraction (2019)

This initiative was organized by BCS to con-
tinue the tradition to educate youngsters in crystal-
lographic approaches and methods. The event was
hosted by the Institute of Optical Materials and
Technologies — BAS and took place on 19-21 June,
2019.

The main topics were covered by prominent
scientists from institutes of BAS and concerned:
CIF files, data conversion and software (Boris Shi-
vachev); Small angle diffraction and thin films dif-
fraction (Georgy Avdeev); Quantitative and semi-
quantitative powder XRD analyses (Luiza Dimova);
Line profile analysis and microstructure (Vladislav
Kostov-Kytin)

National School on Electron Microscopy and
its Application in Material Science

Bulgarian Crystallographic Society also organ-
ized this event at the same place, which just fol-
lowed (24-26, June, 2019) the previous one. The
lecturers from institutes of BAS were D. Karash-
anova, B. Rangelov, B. Georgieva, M. Tarassov, S.
Stoitsova, and Z. Paunova. They discussed the fol-
lowing main topics: principles of SEM and TEM,

element analysis and surface studies, ionic micros-
copy, preparation approaches for samples, study of
biological objects, etc.

Workshop for training specialists from Republic
of Kosovo on powder XRD methods (2017)

In the period 5-11 November, 2017 the Institute
of Mineralogy and Crystallography-BAS and the
Institute of General and Inorganic Chemistry-BAS
responded to the desire of representatives of the
Geological Survey of the Republic of Kosova and
the University “Isa Boletini” in Kosovska Mitro-
vitsa for organizing a “Intensive Practical Course
on Powder X-ray Diffraction” with the help of the
Bulgarian Crystallographic Society. They came and
participated actively.

The given lectures by Prof. Daniela Kovacheva
and Prof. Ognyan Petrov concerned basic items in
the description of the solid substances, the proper-
ties of the X-rays and the principles for using them
in the analyses of powder materials. The training in-
cluded qualitative and quantitative analyses of geo-
logical samples. The colleagues from the Republic
of Kosovo showed interest about collaboration and
obtaining of methodical help in characterization of
materials, education of PhD students as well as par-
ticipation in scientific events in Bulgaria. This hap-
pened to be a good example for collaboration be-
tween scientists from countries in the Balkan region
and the Bulgarian Crystallographic Society.

Perspectives for sustainable development
of the Bulgarian Crystallographic Society

Without no doubt it may be stated that the Bul-
garian Crystallographic Society during this 10-Year
existence has performed profound organizational,
logistic, and popularization activities. One can only
advise all this to continue with the same rhythm and
consistency, namely, to continue organizing of sub-
sequent Symposia in a row as well as international
and national schools for young scientific personnel.

Sustainable popularization of Crystallography is
also needed.

It is probably the time that came for strengthen-
ing the international relations with crystallographic
societies, associations and groups from the neigh-
bouring countries — Greece, Romania, Turkey, Ser-
bia, North Macedonia, and possible others.
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Instructions about Preparation of Manuscripts

General remarks: Manuscripts are submitted in
English by e-mail or by mail (in duplicate). The text
must be typed double-spaced, on A4 format paper
using Times New Roman font size 12, normal
character spacing. The manuscript should not
exceed 15 pages (about 3500 words), including
photographs, tables, drawings, formulae, etc.
Authors are requested to use margins of 3 cm on all
sides. For mail submission hard copies, made by a
clearly legible duplication process, are requested.
Manuscripts should be subdivided into labelled
sections, e.g. Introduction, Experimental, Results
and Discussion, ezc.

The title page comprises headline, author’s
names and affiliations, abstract and key words.

Attention is drawn to the following:

a) The title of the manuscript should reflect
concisely the purpose and findings of the work.
Abbreviations, symbols, chemical formulas, refer-
ences and footnotes should be avoided. If indis-
pensable, abbreviations and formulas should be given
in parentheses immediately after the respective full
form.

b) The author’s first and middle name initials,
and family name in full should be given, followed
by the address (or addresses) of the contributing
laboratory (laboratories). The affiliation of the author(s)
should be listed in detail (no abbreviations!). The
author to whom correspondence and/or inquiries
should be sent should be indicated by asterisk (*).

The abstract should be self-explanatory and
intelligible without any references to the text and
containing not more than 250 words. It should be
followed by key words (not more than six).

References should be numbered sequentially in
the order, in which they are cited in the text. The
numbers in the text should be enclosed in brackets
[2], [5, 6], [9-12], etc., set on the text line. Refer-
ences, typed with double spacing, are to be listed in
numerical order on a separate sheet. All references
are to be given in Latin letters. The names of the
authors are given without inversion. Titles of
journals must be abbreviated according to Chemical
Abstracts and given in italics, the volume is typed in
bold, the initial page is given and the year in
parentheses. Attention is drawn to the following
conventions:

a) The names of all authors of a certain
publications should be given. The use of “ef al.” in

the list of references is not acceptable.

b) Only the initials of the first and middle names
should be given.

In the manuscripts, the reference to author(s) of
cited works should be made without giving initials,
e.g. “Bush and Smith [7] pioneered...”. If the refer-
ence carries the names of three or more authors it
should be quoted as “Bush et al. [7]”, if Bush is the
first author, or as “Bush and co-workers [7]”, if
Bush is the senior author.

Footnotes should be reduced to a minimum.
Each footnote should be typed double-spaced at the
bottom of the page, on which its subject is first
mentioned.

Tables are numbered with Arabic numerals on
the left-hand top. Each table should be referred to in
the text. Column headings should be as short as
possible but they must define units unambiguously.
The units are to be separated from the preceding
symbols by a comma or brackets.

Note: The following format should be used when
figures, equations, efc. are referred to the text
(followed by the respective numbers): Fig., Eqns.,
Table, Scheme.

Schemes and figures. Each manuscript (hard
copy) should contain or be accompanied by the
respective illustrative material as well as by the
respective figure captions in a separate file (sheet).
As far as presentation of units is concerned, SI units
are to be used. However, some non-SI units are also
acceptable, such as °C, ml, 1, etc.

The author(s) name(s), the title of the
manuscript, the number of drawings, photographs,
diagrams, etc., should be written in black pencil on
the back of the illustrative material (hard copies) in
accordance with the list enclosed. Avoid using more
than 6 (12 for reviews, respectively) figures in the
manuscript. Since most of the illustrative materials
are to be presented as 8-cm wide pictures, attention
should be paid that all axis titles, numerals,
legend(s) and texts are legible.

The authors are asked to submit the final text
(after the manuscript has been accepted for
publication) in electronic form either by e-mail or
mail on a 3.5 diskette (CD) using a PC Word-
processor. The main text, list of references, tables
and figure captions should be saved in separate files
(as *.rtf or *.doc) with clearly identifiable file
names. It is essential that the name and version of
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the word-processing program and the format of the
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the pictures are presented in *.tif, *jpg, *.cdr or
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are written using ISIS Draw or ChemDraw
programme.
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with a list of three individuals and their e-mail
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reviewers should be outside the authors’ own
institution or organization. The Editorial Board of
the journal is not obliged to accept these proposals.
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