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The present review covers the contributions of Academician Gligor Jovanovski and his co-workers
in the field of minerals: their spectra, their structure and their investigations with analytical techniques.
All together 60 entries were covered, starting with an early spectroscopic paper and ending with the beau-
tiful book entitled MINERALS FROM THE REPUBLIC OF MACEDONIA WITH AN INTRODUC-
TION TO MINERALOGY.

The contributions are reviewed chronologically in each of the sections entitled Spectroscopic Pa-
pers and Other Papers Devoted to Minerals. Some of the entries contain illustrations (25 in number),
primarily, parts of the recorded infrared and/or Raman spectra. The cover of the above mentioned book is
shown in Fig. 25.

In the list of references, complete titles are included so that a simple look at a given reference ena-
bles the reader to grasp the essentials of the content of the paper or a conference contribution.

Keywords: infrared (IR) and Raman spectroscopy; Fourier transform infrared (FTIR); atomic absorption
spectrometry (AAS); atomic emission spectrometry with inductively coupled plasma (AES-ICP); neutron
activation analysis; powder X-ray diffraction

MMUHEPAJIN O MAKEJOHUJA
XXVII. OMAK 3A AKAJJEMUKOT I'JIMTI'OP JOBAHOBCKH

Bo oBoj mperiesien Tpyz ce aHaTU3MpaHN 00jaBeHUTE MPUIIO3HN Ha akaaeMuK | imrop JoBaHOBCckH
1 HErOBUTE COPaOOTHHUIM 0J] 00JlacTa HA MUHEPAINTE: HUBHUTE CHEKTPH, HUBHATA CTPYKTypa U HUBHOTO
N3y4dyBambe CO aHAINTHYKK TeXHUKH. OmndareHn ce BKyMHO 59 cTaThm M cOONMIITEHWja W €AHA KHUTa,
MMOYHYBajKH CO €IHA paHa CTaTHja W 3aBPIIyBajKH CO MpeKpacHara kHuWra 4uj HaciaoB ¢ MINERALS
FROM THE REPUBLIC OF MACEDONIA WITH AN INTRODUCTION TO MINERALOGY.

Bo cekoja on cekuuuTe (HUBHUTE HACIIOBU Ha aHTJIMCKH ce SPectroscopic Papers, T.e. cilexitipo-
ckoticku ciuamuu u Other Papers, T.e. gpyau ciiaiuiuu) npudareHuTe TPYIOBU CE PasriieyBaHH XPOHO-
JIOMIKK. 32 HEKOH ondaTeHu TPYAOBH ce A3JeHU U CIMKU (BKYNHO 24), IpeIUMHO JeJI0BU OJf CHUMEHHUTE
uH(pAIPBEHH WM paMaHCKH criekTpu. KopuilaTa Ha morope crioMHarara KHUTa € okakana Ha Fig. 25.

Bo mmcrara Ha OWMTHpaHW TPYAOBU Ce NaJ€HH HUBHUTE IIEJIOCHH HACIOBH, Taka IITO CO €lIeH
MOTJIe] YUTATENIOT MOXE Ja TH JOJOBH OWTHHTE €JIEMEHTH COJp)KaHHM BO JajieHaTa CTaTHja WIIH
COOMIITEHHE.

Knyuynn 360poBu: MuHepanu on PenyOnuka Makenonuja; nndpanpeena (IR) u pamancka crnekTpo-
ckonuja; pypue Tpanchopmua uHpaupeeHa cnekrpockonuja (FTIR); aTromcka ancoprunoHa CreKTpo-
Mmerpuja (AAS); aToMCKa €MHCHOHA CIIEKTPOMETpPHja CO MHAYKTHUBHO crperHara miasma (AES-ICP);
HEYTPOHCKa aKTHBAIOHA aHAJIN3a, TpalKacTa peHAreHcka qudpaxumja

* Dedicated to Academician Gligor Jovanovski on the occasion of his 70" birthday.
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1. PROLEGOMENA

It is both rewarding and difficult to write a
review article about the contributions of Academi-
cian Gligor Jovanovski to the study of minerals
from Macedonia.

It is rewarding because these contributions
are exceptional scientifically and, in addition, serve
as a clear sign for the existence of a country
named, despite denials from some quarters, Mace-
donia or, more fully, the Republic of Macedonia.

On the other hand, it is difficult to briefly
summarize the content of around 60 scientific pa-
pers, published mainly in distinguished interna-
tional journals and cited many, many times in the
scientific literature.

Since this review article is published in the
present special issue dedicated to Academician
Gligor Jovanovski, accepting the challenge | now
try my best to give the reader a fair presentation of
the content of the papers on minerals from Mace-
donia and a deserved tribute to their author.

It should be noted that the work on the min-
erals from Macedonia does not cover all research
interests of Academician Jovanovski and that the
reviewed papers deal with studies in several scien-
tific fields. The early papers dedicated to the study
of minerals from Macedonia are spectroscopic in
nature (at first by conventional infrared spectros-
copy and later enriched by the use of Raman and
FTIR spectroscopy). Such a state of matters is a
natural consequence of the availability of spectro-
scopic equipment, on the one hand, and the active
spectroscopic work at the Institute of Chemistry of
the Faculty of Science, on the other. Needless to
say, a number of co-workers from the Institute of
Chemistry actively participated throughout in the
studies by Academician Jovanovski as may be seen
in the list of references given below.

Without having X-ray diffraction instrumen-
tation on hands, Jovanovski devoted a respectable
portion of his research of minerals to crystallo-
graphic (X-ray) studies. Clearly, such studies
would not have been possible without the open-
handed cooperation of researchers from Zagreb
and Uppsala and the perseverance of Jovanovski
himself.

As the instrumental basis of the Institute of
Chemistry grew and diversified and as an active
research practice using the corresponding tech-
niques took place, in his portfolio Jovanovski in-
cluded the work with atomic absorption spectrome-
try (AAS), atomic emission spectrometry with in-
ductively coupled plasma (AES-ICP) and neutron
activation analysis. Again, some of these studies

were carried out in cooperation with researchers
from institutions where the corresponding equip-
ment was available.

2. SPECTROSCOPIC PAPERS

The early spectroscopic papers dealt mainly
with minerals found in the ore deposit Alsar (or
Allchar,) of which lorandite (Fig. 1) is the most in-
teresting one. The importance of this mineral, reach
in thallium, stems from the expectation that it can be
used as a suitable dosimeter for solar neutrinos and,
as a consequence, the large-scale international pro-
ject LOREX (from Lorandite Experiment).

Fig. 1. Lorandite

Thus, in the paper by Trajkovska,
Soptrajanov, Jovanovski and Stafilov [1] the infra-
red spectra (Fig. 2) recorded at room temperature
(RT) and the boiling point of liquid nitrogen (LNT)
and the RT Raman spectra of lorandite, as well as
those of realgar and orpiment, were recorded and
discussed.
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Fig. 2. IR spectra of lorandite (a), realgar (b) and orpiment (c)

The novelty in the paper concerns the inter-
pretation of the temperature shifts of the bands at

Maced. J. Chem. Chem. Eng. 34 (1), 1-17 (2015)
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401 and 381 cm™, on the one hand, and that of the
trio of bands at lower frequencies, on the other.
The higher-frequency band was assigned to vibra-
tions with mainly As-S; character, whereas the
bands at lower frequency are likely to result from
vibrations with mainly As-S, character (the sub-
scripts “t” and “b” refer to “terminal” and “bridg-
ing” role of the sulfur atoms in the structure). In
another paper by the same group of authors [2],
studied were the infrared spectra of lorandite and
realgar recorded from KBr pellets on a conven-
tional infrared instrument and from Csl pellets on a
Fourier transform infrared (FTIR) one (Fig. 3).
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Fig. 3. Fourier-transform infrared spectrum of lorandite

Considering the AsS; pyramids in the struc-
ture as the simplest vibrational units, assignments
were made for the As-S; stretches and for the
symmetric  and  antisymmetric  Sp—As-S,
stretchings (the description being only approxi-
mate). It should be noted that the modes described,
tentatively, as S—-As—S deformation could, perhaps,
be equally well described as As—S—As bendings.

The vibrational (infrared and Raman) spec-
tra of M'M"'S, type synthetic minerals (with M' =
Tl or Ag and M" = As or Sb) were recorded and
compared with the corresponding spectra of M"',S;
type minerals, orpiment (As,S;) and stibnite
(Sb,S3) [3]. The spectra of the three As-containing
minerals (orpiment, lorandite and smithite
(AgQASsS,) are rather similar, as are those of the
three Sh-containg minerals (stibnite, weissbergite —
TISbS,, and miargyrite — AgSbS,), despite differ-
ences in the crystal structures. The spectra of this
group of compounds were reinvestigated much
later in [4].

The Raman study of sulfide minerals (stib-
nite, realgar, orpiment and lorandite) from the Al-
Sar deposit [5] revealed differences between the
spectra of single crystals of stibnite and those of
the polycrystalline samples. It was concluded that
the differences in the appearance could be ascribed
to either different polarization effects or to the ex-
tent of grinding.

Maced. J. Chem. Chem. Eng. 34 (1), 1-17 (2015)

Infrared spectroscopy was used in [6], as a
suitable method to estimate the lorandite content in
natural minerals of realgar and of the realgar con-
tent in crystals of lorandite.

After the end of the LOREX project (one of
the reasons for this was the fact that the quantity of
lorandite selected from the ore was not nearly that
which was, theoretically, required), the studies on
lorandite by Jovanovski and coworkers ceased.
However, the studies on vibrational spectra of
minerals were far from being abandoned.

Thus, the vibrational spectra of natural gyp-
sum and barite were studied and interpreted in [7]
and those of some phosphate minerals were investi-
gated in the communication [8]. The latter communi-
cation is important since the FTIR spectrum of a
mineral believed to be struvite is, in fact, of
newberyite so that the sample identity was wrongly
determined.

The FTIR spectra of calcite (1) and arago-
nite (2) were recorded (Fig. 4) [9]. Because of the
operation of selection rules, a band at 1083 cm ™ is
present in the spectrum of aragonite in a spectral
region where calcite shows no absorption. This
band was used to determine the content of calcite
in aragonite and of aragonite in calcite. A linear
relationship exists between the integrated band
intensities of mixtures of calcite and aragonite and
the mass fraction of the “foreign” component in
mixtures of the two minerals.
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Fig. 4. Infrared spectra of calcite (1) and aragonite (2)

The discrimination between some carbonate
minerals by Fourier transform infrared spectrosco-
py was the main goal of paper [10].

Gypsum, barite and their synthetic ana-
logues were studied by FTIR and Raman spectros-
copy in [11]. It was found that the spectra of natu-
ral and synthetic CaSO, -2H,0 were very similar,
whereas slight frequency differences were present
when the spectra of natural and synthetic BaSO,
were compared.
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The difficulties connected with the selection,
separation, purification, identification and charac-
terization of several sulfide minerals (galena —
PbS, sphalerite/wurzite — (Zn,Fe)S, pyrite — FeS,,
and chalcopyrite — CuFeS,) from the Sasa, Bu¢im,
Zletovo and Toranica localities in Macedonia were
discussed in [12]. The identification was based on
the comparison of the results from the study in
guestion (obtained by the use of infrared and Ra-
man spectroscopy and powder X-ray diffraction)
and the relevant literature data on the corresponding
mineral species originating from all over the world.
The Raman spectra of galena, wurzite, pyrite and

chalcopyrite from the localities in eastern Macedo-
nia were studied in the communication [13].

The rhombohedral carbonates originating
from Macedonia were studied by Fourier transform
infrared spectroscopy in ref. [14]. In the FT spectra
of the calcite-group minerals (calcite — CaCOg;
magnesite — MgCO; and siderite — FeCOs3), on the
one hand, and those of the dolomite one [dolomite —
CaMg(COs),, and kutnahorite — CaMn(COs),], on
the other, significant frequency differences were
observed, especially in the case of the infrared ac-
tive v4 mode (cf. Fig. 5 for some data).

i Characteristics of the cation catif)\xi?;gen CZZ;I fgﬁc i;‘gr_ Vlbratlonzacln:[?quenC|es /
ineral . . .
Effv_ectlve A CN distance / A cation—oxygen

radius / A ' bond / % Vs V2 Va
Magnesite MgCO; 0.72 2431 6 214 29 1450 887 748
Dolomite
CaMg(COs), (0.86)ay 32.20 6 2.25 24 1438 881 729
Siderite FeCO, 0.78 55.85 6 2.18 31 1422 866 737
"Siderite” FeCO,
with 46.2% MnCO3; 1415 866 732
Calcite CaCO, 1.00 40.08 6 2.37 19 1424 875 712
Aragonite CaCO; 1.18 40.08 9 2.49 19 1474 858 712

Fig. 5. Spectroscopic data of the studied rhombohedral carbonates

Identification of the silicate varieties and
their localities using FTIR spectroscopy was at-
tempted in the paper [15] by G. Jovanovski, B.
Boev, P. Makreski, M. Najdoski and G.
Mladenovski. An overview of the basic morpho-
logical, physicochemical and crystallographic
characteristics of the most typical silicates is given
and colored pictures of all studied silicate minerals
are presented.

Six sulfate minerals were identified by infra-
red and Raman spectroscopy in [16]. It turned out
that a mineral, previously characterized as anhy-
drite is actually gypsum, although its outside ap-
pearance is quite different from that of samples of
gypsum collected at various locations in Macedo-
nia including Debar where the wrongly identified
mineral was found.

The infrared spectra at room temperature
(RT) and the boiling temperature of liquid nitrogen
(LNT) of M'sM"'S; type minerals where M' is ei-
ther Tl or Ag and M"" is As or Sb were studied
in [17] and reinvestigated by P. Makreski, G.
Jovanovski, B. Mingeva-Sukarova, B. Soptrajanov,
A. Green, B. Engelen and I. Grzeti¢ in ref. [18]
where the vibrational (Raman and far infrared) spec-
tra of two thallium synthetic minerals, ellisite
(TI3AsS;) and stibioellisite (T1;SbS3), were recorded

and analyzed. To facilitate the interpretation, two
further synthetic minerals, proustite (AgsAsS;) and
pyrargyrite (AgsSbSz) were included in the study.
The spectra of all four synthetic minerals were
compared with the spectra of naturally occurring
orpiment (As,Ss) and stibnite (Sh,S3).

The article [19] (tenth in the series with a
common main title MINERALS FROM MACE-
DONIA) is interesting mainly because in it the
FTIR spectroscopy was combined with atomic ab-
sorption spectrometry (AAS), atomic emission spec-
trometry with inductively coupled plasma (AES-
ICP)" and powder X-ray diffraction. The combina-
tion of four powerful instrumental techniques and
classical chemical analysis was employed in the
processes of separation and identification of a num-
ber of oxide minerals (hematite, Fe,Os; magnetite,
Fe;O,4; limonite, FeOOH; goetite, a-FeOOH; co-
rundum, Al,Os; rutile, TiOy; chromite, FeCr,Oy).
The analyzed samples were collected from eight
mineral  deposits (Pehéevo, AlSar, Radusa,
VeselCani, Sivec, Kosino, Rzanovo and Damjan).

The dependence of the color of quartz and
opal on the composition of trace elements was

“Itis strange that the term emission atomic spectrome-
try with induced coupled plasma was used in the abstract.

Maced. J. Chem. Chem. Eng. 34 (1), 1-17 (2015)
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studied in [20] by AAS spectrometry and by FTIR
and micro-Raman spectroscopy.

It was shown that the infrared spectra could
not give indications about the variations of the color
of different quartz samples, but the complete chemi-
cal analysis showed that the trace elements are those
responsible for the color of the mineral samples.
Thus, for example, the red color of the quartz and
opal specimens is connected with the presence of
Fe, the green ones contain significant amounts of
Ni, the milky appearance is due to Ca and light or
dark brown to black color originates from the pres-
ence of Al, Pb and Mn trace elements.

Fourier transform infrared spectroscopy was
used in paper [21] to identify ten collected miner-
als from the Sivec mineral assemblage.

A series of articles deals with the vibrational
spectra of silicates (nesosilicates [22], pyroxenes
and pyroxenoids [23], amphiboles [24],
sorosilicates [25], sheet silicate minerals [26],
phyllosilicates [27], and cyclosilicates [28] collect-
ed from various localities in the Republic of Mace-
donia. As a rule, the recorded vibrational (infrared
and Raman) spectra of various silicates were dis-
cussed and interpreted in terms of their structural
characteristics. The most important crystallogra-
phic data (crystal system, unit cell parameters,
number of structural units in the primitive unit cell
and unit cell volume), as well as numerically pre-
sented powder X-ray diffraction patterns, were in-
cluded [22-28] and discussed. Sometimes the de-
tailed chemical composition of the studied miner-
als was also given. In all cases, assignments of the
recorded and graphically presented infrared and
Raman spectra were given.

Seven nesosilicate minerals: almandine —
FesAly(SiO,)s, spessartine — MnzAlL(SiOy)s, zir-
con— ZrSiQ,, titanite — CaTiOSiO,, olivine —
(Mg,Fe),Si0,, kyanite — Al,OSiO,, and staurolite —
Fe,AlgOg(Si0,)4(OH),, have been studied by infra-
red and Raman spectroscopy in [22]. The spectra
were recorded (as examples, in Figure 6 and Figure
7 the IR and Raman spectra of almandine and
spessartine are given and in Figure 8 the IR spectra
of kyanite and staurolite are shown).

The spectra were interpreted, in terms of the
vibrations of the SiO, structural units and by com-
paring the spectra of the samples collected in Mac-
edonia (Pelagon, Lojane, Kozjak, Dunje, Rzanovo,
Stavice) with the published data on the respective
minerals collected in areas all over the world (the
reasons behind such comparison lie in the belief
that in naturally occurring minerals impurities may
cause observable differences).

Maced. J. Chem. Chem. Eng. 34 (1), 1-17 (2015)
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Staurolite is unique among the studied miner-
als of this group because only in its structure OH
groups are present and, understandably, the O-H
stretching region (Fig. 9) was worth studying in the
case of this mineral.

The most important crystallographic parame-
ters of all seven minerals were listed and the structur-
al differences and/or similarities were emphasized.

Since the bonds within the SiO, tetrahedra in
the structure of the orthosilicates are considered to
be much stronger than those between the silicate
groups and the “outside” cations, it was reasonable
to consider the SiO, groups as the main vibrating
units and assign the spectra accordingly. Then the
infrared bands at the highest frequencies (above
700 cm™ or so) would be interpreted as due to the
antisymmetric SiO, stretch, vs;, while the strong
Raman band around 900 cm™ (when present)
would certainly originate from the symmetric v,
stretch. The strong infrared bands originating from
the bending v, mode appear below 700 cm ™ and in
the region below 500 cm™ weak IR bands or
shoulders due to the v, bending mode are found in
the spectra of almandine, spesartine, zircon, titanite
and kyanite. Rather surprisingly, to this mode a
strong band (at 417 cm™) is assigned in the infra-
red spectrum of olivine.

Expectedly, the infrared spectrum of stauro-
lite is different from those of the other studied
minerals, especially in the O-H stretching region
where bands are present in the spectrum of this
mineral (Fig. 9), but in the spectra of the remaining
six studied minerals the region is empty.
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Fig. 9. The O—H stretching region in the IR spectrum
of staurolite

The IR spectra of the pyroxenes augite —
(Ca,Na)(Mg,Fe,Mn.Al)(SiAl),Os, ferrojohannsenite
Ca(Fe,Mn)Si,Os, and of carpholite MnAl,Si;O¢(OH),,
[23], compared with the spectrum of quartz are
shown in Figure 10.

The broad spectral bands were subjected to
curve fitting, a clever procedure making it possible to
“resolve” overlapped bands and determine the indi-

vidual frequencies of the components which would
be impossible to do otherwise.

This procedure has been employed in other
cases as well (see below).

Absorbance

130 1200 1m0 10 sw  Eb e 6w S0 4
Wavernmber/em™

Fig. 10. Infrared spectra of augite (a), ferrojohannsenite (b),

quartz (c) and carpholite (d). The spectrum of quartz is given

for comparison and curve fitting has been performed in the
case of the other three minerals.

The spectrum of carpholite is for the first
time studied in some details in [23]. It should be
noted that this mineral is the only studied pyroxene
which contains OH groups as is evident from the
spectrum in the O—H stretching region (Fig. 11).

Some commonly appearing amphiboles with
a general formula Wy 1 X,Y5Zg0,,(0OH), were stud-
ied in ref. [24]. It was shown that the intensity and
the number of IR bands in the O—H stretching re-
gion, especially after curve fitting, could serve for
exact mineral identification.

Vibrational spectroscopy (IR and Raman)
was used [25] to identify and characterize three
sorosilicate minerals: epidote - CazAIZ(Fes+,
Al)(SiO,4)(Si,07)O(0OH), collected from the Dunje
locality, hemimorphite — Zn,(Si,O;)(OH),-H,0, and

Maced. J. Chem. Chem. Eng. 34 (1), 1-17 (2015)
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ilvaite — CaFe,”"Fe*(Si,0;)O(OH), picked up from
the samples collected from the Sasa locality.
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Fig. 11. Carpholite: the O—H stretching region

It should be mentioned that the Raman spec-
trum of ilvaite has not, apparently, been recorded so
far, whereas spectra of the other two minerals are
available, but not properly analyzed and discussed.
Unfortunately, the recorded by us Raman spectrum
of ilvaite is of poor quality and thus of little use for
identification purposes. On the other hand, the in-
tensity and especially the frequency of the IR bands
in the O—H stretching region could serve as a relia-
ble tool for discrimination between epidote and the
isomorphous, but Fe-free, clinozoisite.

IR and Raman spectroscopy were used [26]
as an identification tool for some sheet silicate
minerals: chrysotile — Mg3Si,Os(OH),, antigorite —
(Mg,Fe*")3Si,05(OH),,  talc — Mg3Si;O010(0OH),,
clinochore — (Mg,Fe*")sAl(SizAl)O14(OH)g, cymrite
—  BaAl;Si,04-H,O, and montmorillonite -
(Na,Ca)o.33(Al,Mg)2Si4010(OH),-nH,0.

On the basis of the recorded vibrational
spectra it is possible to distinguish between
isomorphous chrisotile and antigorite and the pres-
ence or absence of a peak at ~ 1630 cm* attributed
to the H—O—-H bending vibrations (Fig. 13) is in-
dicative of presence or absence of H,O molecules
in the structure. Thus, cymrite and/or
montmorilomite would not be mixed with minerals
in whose spectra there are bands in the O-H
stretching region (chrysotile, antigorite, talc or
clinochore), but no band exists around 1630 cm™.

Maced. J. Chem. Chem. Eng. 34 (1), 1-17 (2015)
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The phyllosilicate minerals biotite —
K(Mg,Fe?")s; muscovite — KAL(SizAl)O10(OH,F)y;
phlogopite — KMgs(SizAl)O10(F,OH),; clinochore —
(Mg,Al)s(Si,Al)4010(OH)g collected from various
localities in the Republic od Macedonia (Dunje,
Nezilovo, Pelagon, Caniste, Sivec) were studied
by IR and Raman spectroscopy in [27]. The results
of the study showed that Raman spectroscopy is
more sensitive to compositional changes than IR.

Samples of beryl — (Be,Mg,Fe)s;Al,SigOs,
and the tourmaline mineral schorl —
Na(Fe,Mg);Al¢(BOs)3SisO15(0OH,F),, collected from
Caniste (beryl) and Bonce (schorl) localities were
studied in ref. [28]. The crystals were mechanically
separated from the ore.

Although beryl is nominally anhydrous, the
infrared spectra clearly show (Fig. 14) that water
molecules are present in the existing channels of
the structure of the mineral. In fact, two types of
water molecules (type | and type Il) have been
identified and the bands attributable to the vibra-
tions of these water types are marked correspond-
ingly in Figure 14. In the inset of Figure 3 of ref.
28 (not shown here) a clear band due to the HOH
bending of water type Il is present, once again con-
firming the existence of such molecules in the
channels of the structure.

The IR spectra of the mineral schorl in the
1500850 cm* and 850400 cm* regions are given
as Figure 15. As seen, curve fitting was performed

and four bands were identified in the former region
and quite a number in the latter one.

Absorbance

I 1 1
3750 3700 3850 3600 3550

Wavenumber/cm-!

Fig. 14. The O—H stretching region in the IR spectrum of beryl

The frequencies of the bands together with
their assignments and a comparison with the IR data
of various tourmalines are given in a table in ref.
[28].

Two papers [29, 30] bear the wording “spec-
tra—structure characterization” or ‘“spectra—struc-
ture correlation” in their titles. This may be a little
misleading since the correlations between the spec-
troscopic and crystallographic data were present in
the majority of previously discussed contributions.
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Fig. 15. Curve fitting of the features in the 1500-850 cm* (left) and 850-400 cm™ regions (right)
of the infrared spectra of the cyclosilicate schorl; the curve-fitting results are shown as dashed lines

In the first of these two papers [29] the spec-
tra of the alkali feldspars albite — NaAlSi;Og, micro-
cline — KAISi;Og, and sanidine — (K,Na)(Al,Si),Og,
were recorded (Fig. 16). Also studied were the IR
and Raman spectra of the zeolite type mineral stil-
bite — Naca4A|,gSi28)72'30H20.

Despite their common structural characteris-
tics, the appearance of the vibrational spectra of
the three studied alkali feldspars makes it possible
to discriminate between them (Fig. 16). At least
some of the differences reflect the degree of disor-
der on going from microcline (highly ordered feld-

Maced. J. Chem. Chem. Eng. 34 (1), 1-17 (2015)
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spar with well-resolved peaks in the spectrum) to
sanidine (disordered feldspar and broad, ill-
resolved peaks). Thus, the band around 650 cm™
shifts the lower wavenumber values with increas-

ing Al/Si disorder, whereas the band near 540 cm*t
shows an opposite trend being positioned at higher
frequency in the spectrum of mineral in which the
structural disorder is largest.
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Fig. 16. Infrared spectra of tectosilicates: (a) albite, (b) microcline, (c) sanidine; the bands marked
with asterisks originate from calcite impurities

In the case of the two isomorphous minerals
grossular — CazAlx(SiO,)s, and uvarovite —
Ca3Cry(Si0,); sharing a common general chemical
formula, CagY,(Si0,)s, the most prominent spec-
tral differences [30] are mainly due to the differ-
ence in the nature of the trivalent cations (AI** and

Grossular
CajAl,(Si0,),

Uvy

Uvarovite
Ca,Cry(SI0,),

i
Uy ’ Uvy
u A
b L ‘

T T T T T
1100 1000 900 300 700

Wavenumber/cm™

Raman Intensity

Cr®). It seems that two different effects (different
cation crystal field stabilization energy and the ef-
fect of cation masses and radii) working in opposite
directions are responsible for the observed shifts of
the SiO, stretching Raman band (blue shifted) and
the corresponding infrared band (red shifted).

Grossular
CaAl,y(S10y)s

Uvarovite
Ca;Cry(SiOy),

Raman Intensity
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Fig. 17. Raman spectra of grossular and uvarovite (nesosylicates)

The vibrational spectra of the endemic min-
eral nezilovite (present only in the NeZilovo locali-
ty) were studied experimentally and theoretically
in [31]. The Raman spectra were excited by two

Maced. J. Chem. Chem. Eng. 34 (1), 1-17 (2015)

lines: 532 nm from a Nd:YAG laser and 632.8 nm
from a He:Ne laser, whereas the IR spectra were
recorded at transmittance mode. The theoretical
basis for the assignment of the spectra was based
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on a pseudopotential plane-wave density functional
theory (PW-DFT). The Raman spectra, as well as
the higher-frequency region of the infrared spectra,
resemble the corresponding spectra of the

Grossular i o,
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Ca;Cry(Si0y);
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magnetoplumbite-group minerals, whereas the
lower-frequency part of the IR spectra is similar to
the corresponding region of barium ferrite.
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Fig. 18. Infrared spectra of grossular and uvarovite

The micro-Raman spectra of four extremely
rare and endemic thallium sulfosalts, namely
fangite (TI;AsS,), vrbaite (TIl;Hg3ASeSh,S,),
raguinite (TIFeS,) and rebulite (TlsShsAsgS,,), from
the AlSar deposit were presented (Fig. 19) for the
first time ever (the minerals themselves are known
for over 30 years) and discussed in the paper by P.
Makreski, G. Jovanovski and B. Boev [32]. The
composition of the investigated minerals, together
with those of lorandite (TIASS,) and parapierrotite
(TI(Sb,As)sSg) were determined by scanning electron
microscopy and energy dispensive spectrometry.

In spite of the structural differences between
them, the spectra of the studied minerals exhibit
rather high similarity, mainly because of the
existence of XS; pyramidal and/or XS, tetrahedral
vibrational units (X = As, Sb, Fe) as the main
building blocks in their structures and by the rather
close X-S distances in the XS; and/or XS, struc-
tural units. Yet, some spectral differences have
been observed. Namely, the existence of only one
type of FeS, tetrahedra (in raguinite) and one type
of AsS, tetrahedra (in fangite) is manifested by the
appearance of only one band due to the v;(XS,)
mode in their spectra, whereas the presence of two
different types of As and Sb polyhedra (AsS; and
SbS3/SbS,) in the structure of rebulite and AsS;
and SbS; in vrbaite is manifested by the appearance
of two bands related to the v,(XS,) modes in their
spectra.

Raman Intensity

Reflectance

Absorbance

LI 1 1 1
1000 800 600 400 200
Wavenumber/icm-*

1200

Fig. 19. Raman spectra of neZilovite, 532 nm excitation (a)
and 632.8 nm excitation (b); IR spectra (c) and (d)
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When recording Raman spectra (Fig. 20),
care had to be taken to properly adjust the laser
power/density. This was necessary since if this was
not done, the sample would photodegrade into a
series of other products. Laser-induced solid-state
transformation was registered in  synthetic
Tl-sulfosalts as well.

The vibrational spectra of two arsenate hy-
droxyl-bearing minerals, sarkinite — Mn,(AsO,)(OH)
and adamite — Zn,(AsO4)(OH), were thoroughly
studied both experimentally (by FTIR and Raman
techniques) and theoretically (using the periodic
density functional theory, DFT) [33]. The FTIR
spectra of the white and green adamite and that of
sarkinite have been recorded at two different tem-
peratures (298 K and 113 K) and are presented
here as Figure 21. The shift of the O—H stretching
band in white adamite with gradual temperature
changes has also been studied and the results are
presented in Figure 22. The presence of only one
O-H stretching band in the spectrum of adamite is
consistent with the existence of a only one inde-
pendent OH ligand in the structure of adamite. On
the other hand, the existence of four independent
OH ligands present in the structure of sarkinite is
reflected in the more complex appearance of the
bands in the O—H stretching region of the spectra
of this mineral.

VitV Ve Lat.modes

Lorandite,
nA‘iS;

Fanone |

ThASS,

500 400 300 200 100
Wavenumber/cm!

Fig. 20. Raman spectra of some thalium sulfosalts

Qualitatively speaking, the agreement be-
tween the band assignments based on theory and
on experiment was satisfactory, the trends being, in
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most cases, reproduced. On the other hand, the ex-
isting differences are being due to the fact that the
theoretical frequencies refer to transversal optical
modes only, whereas the experimental band con-
tours contain information about both transversal
and longitudinal modes.
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Fig. 21. Infrared spectra of white adamite and sarkinite
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Fig. 22. Gradual temperature changes in the O—H stretching
region of the spectrum of white adamite

Two papers [34, 35] deal with the laser-in-
duced changes in the spectral features of some min-
erals (such effects were briefly discussed in ref. [32]).

In the first of the two [34], the appearance of
two strong laser-induced fluorescence bands (at
446 and 607 cm™) in the FT-Raman spectrum of
samples (collected from the Staro Bonce locality)
of the mineral almandine, FesAl,(SiO,)s, when the
spectrum was excited with the 1064 nm line of the
Ng:YAG laser. Such bands were absent in the dis-
persive Raman spectrum obtained using 488, 514.5
and 532 nm excitation.
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In the second paper [35] studied were the la-
ser-induced transformations of stibnite (Sh,S;) and
other related sulfosalts containing Sh,S; structural
units. In addition to the natural stibnite and
parapierrotite (TISbsSg) from the Alsar locality, sev-
eral synthetic sulfosalts — stibnite, stibioellisite
(TI:SbSz), miargyrite (AgSbS;) and weisshergite
(TISBS,), were included in the study. The transfor-
mation products were compared with those obtained
by the independently carried out thermal degradation
of stibnite.

A simple and efficient method for the detec-
tion of traces of rare earth elements in minerals by
Raman spectroscopy was proposed in ref. [36]. It
has a lower detection limits for the rare earth traces
in minerals (analytically important), but can even be
extended to serve as a convenient experiment for
undergraduate and postgraduate laboratory courses.

A review on the complementary use of vi-
brational spectroscopy and X-ray powder diffrac-
tion for detection and identification of silicate min-
erals from Macedonia is given in [37] and a more
complete review (in which other types of minerals
are also treated) is presented by Gligor Jovanovski
and co-workers in [38].

A long (77 pages) and very well documented
(89 references) review paper by Jovanovski,
Makreski, Soptrajanov, Kaitner and Boev [39]
summarized the complementary use of vibrational
spectroscopy and X-ray diffraction for identifica-
tion and detection purposes in the research of min-
erals from Macedonia. The article is adorned by 28
color pictures of minerals collected by some of the
authors. It may have been (and almost certainly
was) the seed of the extraordinary book Minerals
from the Republic of Macedonia to which the last
section of this review is devoted.

Paper [40] concerns the study of the proper-
ties, free-volume characterization and anti-cancer

effects of various arsenic sulfide (As;S4) nanopar-
ticles prepared by milling. Structural changes are
studied using Raman and FTIR spectroscopic
methods and positron annihilation lifetime method.
The anticancer effects are tested using flow
cytometry and western blotting analysis. The ef-
fects of milling are associated with the formation
of arsenic sulfide crystalline nanoparticles and the
fragmentation of the corresponding free-volume
entities. The anticancer effects of the
nanosuspensions are verified on the human cancer
H460 cell line, in which case DNA damage and
greater numbers of apoptotic cells are observed.

Recently the results of the study of arsenate
water-bearing minerals hérnesite [Mgs(AsOy),-8H,0],
and symplesite (Fes(AsO,),-8H,0), by vibrational
(IR and Raman) spectroscopy and X-ray powder
diffraction were published by Makreski, Stefov,
Pejov and Jovanovski [41]. Although their spectra
exhibit evident similarity, yet, some spectral differ-
ences have been observed due to the differences
between their crystal structures and this enables to
discriminate between the studied minerals. Other-
wise, the authors observed that the Raman spectrum
of hornesite does not show any band in the water
stretching region. It confirms once more the very
well known fact that the Raman technique is not
reliable enough to detect the presence of water mol-
ecules in the studied samples due to their low
polarizability.

3. OTHER PAPERS DEVOTED TO MINERALS

The communication [42] (Fig. 23) is impor-
tant in several ways. Namely, it was the first of the
long series of papers with a general title “MINE-
RALS FROM MACEDONIA”.

16. Konuzpec na xesmuvapuitie u texnoaosuiie ta Maxedowfa, Crowje, 28-30 oxiaosaepu, 1999

‘nstitute of Chemistey, Faculey of Science,

MINERALS FROM MACEDONIA: 1. ANALYTICAL APPLICATION
OF POWDER X-RAY DIFFRACTION PATTERNS OF
CALCITE AND ARAGONITE

G. Jovanovski', V. Stefov!, B. Jovanovski', B. Soptrajanov’, B. Kuitner”

“Sv. Kiril i Metodip” Universoav, MK-91001 Skopje,
P. O, Box 162, Macedonia. E-mail: ¢ligor@ robre pmf.akin.edumh

Laboratory of General aind norganic Chemistry, Faculiv of Science, Universiey of Zagreb,
HR-10000 Ziereb. UL kralja Zvomimiva 8, Croatia. E-niaii: kainier@ clienipmi s

Fig. 23. The upper part of the first page of ref. [42]
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Furthermore it marked, for the first time, the
presence, as a co-author, of Branko Kaitner from
Zagreb, a researcher whose contributions to the
study of minerals from Macedonia were of great
importance, not only because of the fact that he
worked in Laboratory of General and Inorganic
Chemistry, Faculty of Science in Zagreb, where
X-ray diffraction instruments were on disposal to
the Macedonian researchers (especially to Gligor
Jovanovski, an MS and PhD student of this institu-
tion). If only for these reasons, the ground-
breaking importance of [42] is great, despite the
fact that it was a communication presented to a
congress of the chemists and technologists of Mac-
edonia rather than to be a contribution to a scien-
tific journal.

As for the scientific value of this communi-
cation it lies in possibility to use powder X-ray
diffraction methods to detect calcite impurities in
aragonite or aragonite impurities in calcite. This
was possible due to the fact that a strong diffrac-
tion maximum exists in the powder X-ray diagram
of calcite where aragonite exhibits no diffraction
and, on the other hand, the rather strong diffraction
maximum at 26 = 27.620° is present in the diffrac-
tion diagram of aragonite and none exists in the
corresponding region of the calcite diffraction pat-
tern. It was shown that, from an analytical point of
view, the X-ray diffraction method is more sensi-
tive than FTIR and, consequently, superior to the
spectroscopic one.

Vibrational spectroscopy and X-ray diffrac-
tion (assisted in some cases by atomic absorption
spectrometry (AAS) and atomic emission spec-
trometry with inductively coupled plasma (AES-
ICP) were, no doubt, the techniques Gligor
Jovanovski and his coworkers most often used.
However, when needed (and available) other tech-
niques were also employed among which neutron
activation analysis should certainly be mentioned.

The AAS and AES-ICP techniques were
employed in [43] to determine the content of trace
elements (Ag, Cd, Co, Cr, Mn. Ni, Pb and Zn) in
some iron minerals, namely hematite (Fe,O3); li-
monite (FeO-OH); magnetite (FeO-Fe,0s); marca-
site (FeS,); pyrite (FeS,); siderite (FeCO3) and vivi-
anite [Fe3(PO4)28H20]

Since one of the major problems in
electrothermal atomic absorption spectrometry
(ETAAS) and the atomic emission spectrometry
with inductively coupled plasma (AES-ICP) is the
matrix interference, a method for elimination of
iron by extraction with isoamyl acetate and the
subsequent determination of the investigated trace
elements in the inorganic phase.
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The content of the trace elements Cd, Co, Cr,
Mn, Ni and Zn in some copper minerals was deter-
mined by flame absorption spectrometry (FAAS)
and electrothermal atomic absorption spectrometry
(ETAAS) in [44]. To avoid the interference of the
matrix element, a method for electrolytic separation
of copper was proposed. For chalcopyrite a method
of extraction of iron by isoamyl acetate in HCI solu-
tions proved to be effective. The content of Cd, Co
and Cr was found to be very low in brochantite,
chalcantite, covellite and native copper.

The results of the determination by flame
atomic absorption spectrometry (FAAS) and ETAAS
of trace elements in iron minerals (pyrite — FeS,,
from Buc¢im and Sasa, chalcopyrite — CuFeS,, also
from Buc¢im and Sasa, and hematite — Fe,O3, from
Damjan and Rzanovo) were presented in [45]. For
better results, a method for separation of the chloride
complex of iron by extraction with diisopropyl ether
from an acidified medium was proposed and em-
ployed. The extraction method was optimized.

The authors of the first paper in which the
ko-method of instrumental neutron activation anal-
ysis (ko-INAA) was used [46] were Radojko Jaci-
movi¢, Petre Makreski, Vekoslava Stibilj, Trajce
Stafilov and, of course, Gligor Jovanovski. Its sub-
ject was the characterization of some iron minerals,
namely pyrite (FeS,), chalcopyrite (CuFeS,) and
hematite (Fe,Os). The number of elements simulta-
neously determined was thirty nine. It was found
that the content of the major constituents in all
samples is significantly lower than the value calcu-
lated on the basis of the chemical formula. Thus
the theoretical value for iron in pyrite is 46.5 %,
while the experimental one was found to be only
34.0 %, the corresponding values for iron in chal-
copyrite are 30.4 % and 24.2 % and those in hema-
tite are 69.9 % and 60.3 %. The situation of copper
in chalcopyrite is similar: 34.6 % theoretically and
25.7 % experimentally.

The ko-INAA method was used [47] to deter-
mine the composition of four copper minerals from
Macedonia, namely brochanite [Cu,SO,(OH)],
chalcantite (CuSQ,-5H,0), chalcopyrite (CuFeS,)
and native copper, while the fifth mineral, covellite
(CuS) was from Bor in Serbia. It was found that in
the native Cu from Bu¢im most of the investigated
elements (39 in number) are present in the order of
a few mg/kg, while the content of iron is higher
than that of the other elements. The contents of As,
K, Na and U in brochantite is higher than that of
the other determined elements, the situation with
the content of Ca, Co, Na and Zn in chalcantite, of
Ag, As, Se and Zn in chalcopyrite and of As and
Se in covellite being similar. Significantly lower
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than the theoretical value (100 %) was the content
of copper in native Cu (89.45 %).

The content of trace elements in iron minerals
hematite, pyrite and chalcopyrite was determined
[48] by instrumental neutron activation analysis
(ko-INAA) and radiochemical neutron activation
analysis (ko-RNAA). The determination of the con-
tent of the trace elements was performed after the
extraction of iron by isoamyl acetate and diisopropyl
ether.

Instrumental neutron activation analysis was
also used in the determination of trace elements in
chalcopyrite after the removal of matrix elements
[49].

The kq-neutron activation analysis was used
in [50] to determine the trace elements in brochan-
tite from Sasa and native copper from Budim. In
brochantite the contents of As, Fe, K, Na, Se, U
and rare-earth elements are higher than that of the
rest of investigated elements (44 in number).

The question whether the removal of copper
by electrolysis from copper minerals is an appro-
priate method for determination of trace elements
which is found in the title of ref. [51] was an-
swered positively.

The discrete solid-state process with steady-
state X-ray diffraction was visualized in [52] and
the linkage isomerization of As,S, clusters during
the protoinduced transition of realgar to
pararealgar was the subject of [53] (see Fig. 24).

Fig. 24. Structure and topology of the As,S, cluster before (a),
during (b) and after (c) irradiation with visible light

The geological setting, lithologies and iden-
tification of the minerals from the Rzanovo Fe—Ni
deposit were the subject of the paper by Boev,
Jovanovski and Makreski published in the Turkish
Journal of Earth Sciences [54]. A detailed review
is given of the mineralogy, petrology and
petrological evolution of the Rzanovo deposit
which is situated in the western ophiolite belt of
the Vardar zone. Two maps and twelve tables of
data are included. A particular attention was given
to the mineral identification by vibrational spec-
troscopy, the detailed text being enriched by seven
figures of infrared and Raman spectra and seven
tables.

The geology and mineralogy of the AlSar
Sb-As-Ti-Au deposit is being treated in paper [55].
Three maps and three tables with data were includ-
ed. Basic data for 44 minerals found in the AlSar
deposit were listed in the paper and a list of 70 ref-
erences was given.

A paper by Boev, Bermanec, Serafimovski,
Lepitkova, Mikul¢ic, Soufek, Jovanovski, Stafilov
and Najdoski [56] contains a detailed description
of the Alsar mineral assemblage.

A text on the minerals from Macedonia [57]
was published in the informative-professional review
“Macedonian Minery and Geology”. Twelve color
photos of minerals and a map with the locations from
which mineral samples were collected is included.

A long (22 pages) entitled “Minerals from
the Republic of Macedonia with an Introduction to
Mineralogy” [58] was included in the publication
“Ukrainian-Macedonian Scientific Proceedings
(number 5)” published in Kiev. As the title sug-
gests, a rather detailed review was given on the
two related subjects, a list of 109 references and a
mineral index containing a list of minerals studied
by the authors (and some other ones mentioned in
the text) is included.

A review on the crystallography in Macedo-
nia and the collaboration between Macedonian and
Croatian crystallographers was published [59] in
the book of papers presented at the scientific meet-
ing “Crystallography in Croatia ”. Seven color pic-
tures of either minerals or the determined crystal
structures were included.

4. THE BOOK “MINERALS
FROM THE REPUBLIC OF MACEDONIA”

A detailed, scientifically excellent and beau-
tifully presented book with the title given above
[60] may be considered as a crown on the work of
Gligor Jovanovski on minerals.

Fig. 25. The cover of the book Minerals from the Republic
of Macedonia with an Introduction to Mineralogy

Maced. J. Chem. Chem. Eng. 34 (1), 1-17 (2015)
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Although the two other authors (Petre
Makreski and Blazo Boev) have undoubtedly seri-
ously contributed to this jewel of scientific publi-
cation in Macedonia and the role of Robert
Jankuloski (photographs) and Ladislav Cvetkovski
(design) is preeminent, there is no doubt in the
mind of the present author that nothing of the sort
could have been accomplished if it were not for the
leadership of Gligor Jovanovski. With due modes-
ty, it may be mentioned that the authors of the
book included a statement reading “with the con-
tinued contribution of Branko Kaitner, Trajce
Stafilov and Bojan Soptrajanov”.

Let us look forward to new and equally ex-
citing contributions of Academician Jovanovski!
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