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It has already been reported about the possibility of enlarging of cement production with
active mineral additives. It was shown that joint thermal treatment of active mineral additives
increases strength of the cement [1].

As is known, the properties of the concrete, besides other factors, depend on the activity
of the mineral additives that are inserted into the cement [2].

The practice has shown, that in some cases high class high performance concretes are
very brittle and are sensitive to variable thermal and mechanic influences. Therefore more
frequent reinforcement of structures made of this concrete becomes necessary. Thus deficit and
expensive steel reinforcement charges increase and construction prime price goes up.

In 21st c., concrete remains as main and most important building material. Therefore it
is necessary the studying its disatvanges and to searching for their elimination methods.

From the concrete anisotropy arises its is almost brittleness, what is a global problem.

Concrete compressive strength is about 10-times higher than its bending strength and
20-times higher than tensile strength. Concrete is the artificial stone, which with its structure
and genesis is similar to natural stones of the sedimentation origin.

Anisotrophy affects mechanical strength of rocks of sedimenation origin too. But in the
structure of a natural stone practically there are no open pores and hollows, therefore its
mechanical strength is higher than that of concrete.

Concrete mechanical strength anisotropy decreases the buildings durability and seismic
resistance.

To eliminate concrete stone anisotropy, it must be reinforced. Practically the most
widespread reinforcement methods are ordinary- and pre-stressing using concrete
reinforcement by periodically profiled steel or wire net.

In the 50s of the 20th c., in different countries began so-called “dispersed reinforcing” of
concrete using fibers of different origin. Generally, the “dispersed reinforcing” means
reinforcing by bars prepared from any material uniformly distributed in the concrete volume
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with length less than 55 mm. Sometimes, such method is called as 3D-reinforcing or reinforcing
of the whole volume. However, it does not give provide full guarantee to eliminate concrete
anisotropy and reinforcing of the whole volume of the concrete. Because of this, we tried to
realize the following.

. Modification of concrete structure using innovation methods of dispersed reinforcing,
which means independent 3D dispersed and nano-reinforcing using as a fiber 3 —200 nm
zeolite thread and needle like crystals, for example clinoptilolite and natrolite (Figure 1).

Figure 1. Natrolite.

. According to Ref. [3], during the hydration of cement entered in AFt phase with the size
of 40 — 90 nm using new formations as crystal rudiment, when for example newly formed
thread and ettringite needle like crystals (Figure 2) and zeolite’s or natrolite’s crystal hydrate,
independent nano or zeonano reinforcings take place. After this, there are formed for example
clusters of natrolite and ettringite — zeoettringite, probably, with the chemical formula
Nax0O - 2AL0s - 35102 - 6Ca0 - 3503 - 34H20.

Figure 2. Ettringite.

In the presented work, cements were obtained with the clinker produced by Heidelberg
Cement’s Kaspi Cement Plant and Tedzami’s zeolite tuff. Before inserting into the cement
mixture additives subjected to thermal treatment at the temperature 100 —700 °C. Data,
testifying active mineral additives thermal treatment positive influence on the strength of the
cement and concrete see in Table 1.
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Table 1. Properties of Portland cement with the zeolite tuff.

. Compressive | Compressive | Compressive
Water Ssetting
Cement composition demand times strength strength strength,
’ . (2 days), (7 days), (28 days),
% min
MPa MPa MPa
Comparable
1: 2:4 7 . .
Clinker 95 % + Gypsum 5 % % 35 0 30 39.8 208
1 [0) 1 0
Clinker 90 % + Zeolite Tuff 5 % + 105 1:35 | 225 265 371 593
Gypsum 5 %
Clinker 90 % + Zeolite Tuff
(thermally treated at 700 °C) 5 % 96 1:20 | 2:10 32.3 42.4 55.5
+ Gypsum 5 %

Figure 3 shows results of the XRD analysis of the active mineral additive — zeolite tuff,

thermally treated at 100 — 700 °C.

-
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Figure 3. XRD analysis of zeolite tuff.

Interesting results were obtained by studying the physical-mechanical properties of
cement based on Portland cement with thermally treated mineral additives (Figure 4). Inserting
of zeolite tuff in cement—concrete mixture decreases concrete anisotropy because compressive
strength increases by 43 %, bending strength by 35 % and strength on split by 44 %.
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Figure 4. Cement’s physical-mechanical properties.

The main factor of the active mineral additive is mineralogical composition thermally
treated before crystallization or till full dehydration, which increases activity of mineral
additives.

Inserting of thermal treated mineral additive — zeolite tuff (Al2Os - 25i0O: in the cement
mixture and clinker minerals react at the nano level and product is ettringite, probably, with
the chemical formula 3CaO - ALOs - 3CaSOs - 32H20) increases activity, compressive and
flexural strength of concrete.

Our opinion is that, increasing of concrete compressive strength with the thermal
treatment of mineral additive caused by the presence of active silica SiO2 and alumina Al2Os in
mineral additives, which help in formation of additional crystal-hydrates containiong AFt
phases together with fresh ettringite on the nano-level.
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B pabore mpexncTaBieHBI pe3yJIbTAaTHl HCCIENOBAHUI OMOJOTMYECKM aKTHUBHBIX
cynbbaHUIAMHUACOAEPXKAIUX KOOPAMHAIIMOHHBIX COeJMHEHUH, HA4aThIX II0J, PyKOBOZCTBOM
YIeHa-KOPpeCIOHJleHTa akageMuu HayK Ipysum Apcena IlIBemamBunau. [Inxa BeiBozos
MCIIOJIB30BAaHBI KaK paHHHEe paboTsI ¢ coaBTopcTBoM ApceHa llIBesamrBuay, Tak U OCTaBIeHHBIE
UM MaTepHaJbl B Buje pykomnuceit [1 —8].

BBezenue

W3 m3BeCTHBIX CeromHA JIeKapCTBEHHBIX BELIECTB /IS MHOTMX He [0 KOHIIA U He B
COBEpUIEHCTBE W3y4YeHBl MEXaHH3MBI WX JeHCTBHA U IIpeBpamleHuil B opraHusme. /[Iixa
YCTaHOBJIEHHS Ha MOJIEKYJIIPHOM YPOBHE BO3MOXKHBIX M3MeHEeHUI, HeoOXomuMma mHMOpMaIus
He TOJBKO OO0 DJIEMEHTHOM COCTaBe XUMUYECKUX COeSUHEHWH, HO M 00 HUX CTPYKType,
T.e. 3HAHMe IIPOCTPAHCTBEHHOTIO PACIIOJIOXKeHHUS aTOMOB B MOJIEKYyJaX (MOHAaX), M3 KOTOPBIX
IIOCTPOEHBI KPHUCTAJLIBI IEKAPCTBEHHBIX IIpelapaToB. bes nociesHeit nHGOpMany HEBO3MOXKHO
BBIABJIEHHE  MeXaHM3Ma UX IIpeBpalleHuil. 3HaHMe TOYHOH  IIPOCTPAaHCTBEHHOM
CTPYKTYPHI IEKapCTBEHHBIX BEIeCTB BA)KHO, IIpeXJe BCero, MAaf IOHMMAHUA MeXaHHU3Ma
B3aMMOJIEHICTBHA JIEKAPCTBEHHBIX CPEeACTB C  MAaKpOMOJEeKyJIaMu (pepMeHTOB, OeIKOBBIX
TOPMOHOB, PEIeNTOPOB U T.I. JTO, B CBOIO O4Yepelb, MOXET CIYXXUTh OCHOBOH IJIA CO3ZaHUA
JIEKapCTBEHHBIX IIPelapaToB HOBOTO IIOKOJIEHWS, MOJIEKYJIbl (MOHBI) KOTOPBIX OyAyT
oIlpe/leJIEHHBIM 00pa3oM, 60jiee aKTMBHO BO3/€HiCTBOBATh Ha (QYHKIIMIO HEKOTOPHIX (hepMEHTOB
WJIH PeleIITOPOB.

Llenxsro HacTosmeld pabGOTHI ABIAETCA OCYIIECTBIEHHE CPAaBHUTEIBHOM XapaKTepPUCTHKU
CTPYKTYP, U3y4eHHBIX HAMHU CYyJIbhaHWIAMUACOIEPXKAIIUX COeJUHEHWH, BBIABIEHIE Pa3IHIMil
B COCTaBe HMX CTPYKTYpPHBIX DJJ€MEHTOB U 3HAYUTEIBHBIX WM3MEHEHHI B XapaKTePU3YIOLINX
CTpOeHUe TeOMeTPUYeCKUX IIapaMeTpax.



Structurally specific features of the coordination compounds ... .

CynpdanmiaMuibl KaK COCTABOM KM CBOMCTBAMH, TaK M 3HAYEHUAMHU IeOMETPUYECKUX
IIapaMeTpoB CTPYKTyp Onusku znpyr K gApyry. OJHOBpeMEHHO, B  CTE€PEOXUMHYECKOM
OTHOIIEHUH, Cyab(paHUIAMUZ, — aAHHUOHBI, uMeiomue znoHopHble atomMel N, O, S, moryr
BBICTYIIaTh B POJIM KaK MOCTHUKOBOIO, TaK U OMJeHTaTHO-LUKIudYecKoro juranga. OHU Bcerga
cogepxar cyinsdpamuzayo (cynbdporHamuzuyio) rpyumy -SO2-NHR u R-paguxan umeer
reTepOLUKINYecKyIo npupozny (R = nuposnHOBbIM, MUPUAA3MHOBBIN U APYTHe TeTePOIIUKIIbI).
IIpu ux 3amMeHe KapOOKCaMUAHON WJIX HUTPUIBHOW TPYIIIAMM TEPSIOT aHTUOHMOTHUYIECKHe
CBOMCTBAa. YCTAaHOBJIEHO, YTO HAXOJAIIASACSI B I72pa-TOJIOXKEHHU aMHUHOTPYINa [JOJDKHA OBITH
He3aMeIeHHOH, a B OEH30JIBHOM KOJIbIle HeJb3d BHECTH JOIOTHUTENbHBIX 3aMECTUTENIeH, TaK
KaK OHM YMEHBIIAIOT aHTUOAKTepUAIbHYI0 aKTUBHOCTh. B 3aBUCHMOCTH OT IIPUPOABI pafuKaia
IIOJMy4alOTCS ~ COOTBETCTByIOIIve Impemaparsl: 3Tazon (Aet), cynsdpazumerokcun (F),
cynbdpazumesuH (S), cynbpanupugasus (R), Hopcynsdazon (L) u zp. AntubaxrepmanpHOe
IeiicTBue CynbGaHUIAMUOB CBS3aHO C Te€M, UTO OHH SBIAIOTCS AaHTUMETAOOJIUTaMU I7apa-
aMuHOGeH30iiHO# KucnoTs! (PucyHok 1a), u3-3a CTPyKTYPHOTO CXOACTBA MOCIENHEH ¢ aMHAOM
cynsdanmnoBoil kuciaoTsl (Pucynok 16); mapa-aMruHOOeH30iHAsA KMCIOTA y4acTByeT B 0Opa3o-
BaHUM MUKpOOaMM HeOOXOAUMOM 111 UX pa3BuUTUA doaueBoit kuciaorsl [9 — 10].

Oxne— ™

O O
\Y/
\s{\. R @
N
H
N,

HzN NH,
(@) ©)

Pucynok 1.

W3 ocraBnennsix pabor Apcena Epacrosuua IllBermamBunu ciemyer, dYTo B
CTPYKTYPHOHCCII€MOBAHHBIX CO€AMHEHMAX ,ZLEfICTBPIeM O6'LEMHBIX BHEIJ_[HeC(bepHBIX dHHNOHOB
IIpOUCXOAUT ,I[eCTa6I/I)II/IBHI_H/IH OHEPTrHuunu CBA3HUN KOOPpAMHHNPOBAHHBIX dTOMOB C
KoMmILTekcooOpasoBateneM Ha 20 — 25 %. YcraHOBIEH ClefyIOUUi PSf BIUAHUS T€TEPOLUKIIOB
Ha O -ZIOHOpHBIe CBOMCTBa aToMoB: Hopcyabgason (R = Ttwmason) < cynsdazumeTokcHH
(R = 2,6-mpumeroxcunupumugus) < cyiabbaszumesuH (R = 4,6-auMeTOKCUNIMPUMUIUH)
~ cynbbanupuzasus (R =3-meroxcunupupasun). Ha ocHOBe wu3ydeHHSI IPAMBIM METOZOM
(PEHTT€HOCTPYKTYPHBIM aHHAQJIM30M) CTPOEHUS 3Ta30JICOAEPXKAMUX KOOPAUHAIMOHHBIX
coegunenuii (R = 5-atmn-1,3,4-Tuazuasos) oTBEPTHYTO COOOpaXKeHNEe O KOOPAMHAIIUK 3Ta30.1a
TPETUYHBIM aTOMOM a30Ta; BMECTe€ C STHM OSKCIEPHUMEHTAJIbHble JAaHHbBIE JATU OCHOBY IJI
IIpeJIIOIOKEeHUA, YTO 3TA30JICOZepXKallee KOOPAUHALMOHHOE COeJUHEHVe MArHUsS SBJISEeTCA
3¢b(deKTUBHBIM IIPOTHUBOBOCIAIUTEIBHBIM CPeACTBOM. B skcnepumeHTe, BO BpeMsa MOJeIbHOTO
CTa(PMIIOKOKOBOTO CeICHCa Cyab(aHMIAMUCOAEPKAlle KOOPAWHALVIOHHBIE COeJUHEHUA
6uometainos (II) mposaBaanu GakTepuocTaTHYeCcKue CBOHCTBA.

B N3Yy9€HHBIX HAMH M OIIMCAHHBIX B JIUTEPATYpE€ KPpUCTAJUIMYECKHUX COCAMHEHUIX
CYJIBCI)HHI/IJIHMI/I,ILLI B AEIIPOTOHHPOBAHHOM BH € ABIAIOTCI BHeH.[HeC(l)epHBIMI/I Al 10-aHNOHAMU
(mporon ormemngercs or N-H u mosy4aercs cOOTBETCTBYIOWIMEI aHWOH) U HCKIIOYUTEIBHO
PEeKO YYacTBYIOT B OOpa30BaHMU KOOPAWHAIMOHHOW CBiA3u. OOBACHEHMe IIOTyYeHHBIX
pe3yIbTaToOB cTepudecKUM dSddekroM (0O0BEMOM IpeAIoIaraeMoro JHWTaHAAd), AAeT IIPaBO

10



E. B. Miminoshvili & L. A. Beridze. Nano Studies, 2014, 9, 9-20.

OXUJATh, YTO IIPU UX YYAaCTHH B KOMJIEKCOOOPAa30BaHUU HOJDKHBI OOPAa30BATHCSA TOIBKO TPAHC-
(bOpMBI IOJIUSAPOB.

Hexotopsie xpucrannorpadudeckue JaHHbIE COeTUHEHU

OKCIlepUMeHTaJIbHbIe JaHHbBIE IIOMy4YeHBl B OJMHAKOBBIX YCIOBUAX HAa aBTOMAaTHYECKOM
nuppakromerpe. CTPYKTypsI OIpeeeHsl IpIMbIM MeTogoM U yrouHeHsl MHK B usorpontHom
IpUOIIDKeHUH JJIA aTOMOB BOJOPOZia M aHM3OTPOIIHOM /JIf OCTaJbHBIX aTOMOB. B pacuerax
mconb3oBaH Komiekc mporpamm SHELXTL [ 11].

L. F = C12H14N4O4S

Qopmynsusiit Bec M = 310.334; cummerpus TpukiuHHadg; a = 7.961(2), b = 9.322(2);
c=10.425(2) A; a = 93.48(3), B = 95.393), y = 114,09(3)% T = 293K, mp. rp. P-1, Z = 2;
peu=1.475 1/ c™m3; 1 (Cu Ko) = 2.979 cm!; okoruaTensHoe 3HaueHHe R-akropa 0.050. Cremky
KPUCTAJUIOB IIPOBOAMJIM Ha aBTroMaTtudeckoM audpakxrtomerpe Nicolet P3 mo crammaprrHOit
mertonuke (A1 Cu Ka 1.54180 A, meton cremxu /26 -cxanuposanue) [12].

IL. MgF2-11H20

Banosrrit cocraB CHsNsO195:Mg; dopmynsasiit Bec M: = 841.125; cummerpus
MoHOKIHHHAA;, 4 = 19.753(4), b = 34.031(7), ¢ = 13.859(3) A; B = 125.37(3) °, V="7597(3) A3,
T=293K, np. rp. C2/c, Z = 8; pwn. = 1.481/cMm? u(CuK«) = 2.169 Mm!, okoHUaTENTBHOE
sHaveHne K-¢akropa 0.042. Habop skcriepuMeHTaIbHBIX JAHHBIX ITOJyYeH Ha aBTOMAaTHIeCKOM
nugppakxromerpe Nicolet P3 (1 Cu Ka, MmeTon cremku /2 G-ckanuposanue) [13, 14].

III.  Mn(Aet)2-11H20

Banosrrit cocraB C20H44NsOi1sSsMn; dopmynsnsiit Bec M: = 819.809; cummerpusa
MoHoxmHHHa; a = 17.160(2), b = 14.115(1), ¢ = 15.130(2) A; B = 98.23(3) °; V=3626.9(7) A3,
T=293 K, np. rp. P2i/n, Z=4; pww=1511/c™m3; 1 (Cu Ko) = 6.01 cM™!; okOHUaTeIbHOE 3HAYE-
Hue R-dakropa 0.045. HaGop skcnmepuMeHTaabHBIX HAHHBIX IIOJy4YeH Ha aBTOMATHYECKOM
nudpakromerpe SYNTEX P-1 (1 Mo K« 0/71069 A, rpaduToBsIit MOHOXpOMATOp, METOI, CHEMKH
6/20 - ckauuposanwue) [15].

IV.  Cuenz(Aet)2-2H20

Banoserit cocraB C2sH#N1206SsCu; dopmynsnsiit Bec M = 786.485; cummerpus
MoHOKIMHHAA; a = 17.065(4), b = 9.875(3), ¢ = 10,580(2) A; = 108,37(2) %; V =1692.1(5) A3;
T=293 K, mp. rp. P2i/a, Z=2; psw.= 1.55 v/ cM?; okoHuaTenpHOe 3Ha4eHMe R-pakropa 0.060;
HabOp SKCIIepMMEHTAJIBbHBIX AAHHBIX IIOJTy4YeH Ha aBromaruyeckoM gudpaxromerpe SYNTEX
P-1 (4 Mo Kq, rpaduToBbIif MOHOXpOMATOP, MeTOZ CheMKHU /2 f-ckanuposanue) [16, 17].

V. Cuen2S2-2H20

Banoserit cocraB C2sHsN1206SsCu; dopmynsusiii Bec M = 814.539; cummerpus
pom6iraeckas; a = 26.992(5), b = 6.669(1), ¢ = 20.331(4) A; V=3659.2(8) A%, T=293 K; mp. rp.
Pca2,, Z = 4; p ww = 14871/ cm3® oxonuarensHoe 3HaueHme R-daxrtopa 0.052; nabop
SKCIIepUMEHTAJIBHBIX JAHHBIX IIOJydeH Ha aBromarudeckoMm audppaxkromerpe SYNTEX P-1
(4 Mo Ko, rpaduToBBIil MOHOXpOMATOp, MeTOZ, cheMKu 62 f-ckanuposanue) [18].

VI.  NiensF

Banoserit coctaB CzoHsoN14OsS:Ni; dopmynsnsiit Bec M = 857.642; cummerpus
TpukTHEHAA; 4 = 13.562(4), b = 13.462(5), ¢ = 13.19(5) A; a = 80.77(3), B = 115.02(2),
y=110.783) % V=2040(1)A3% T = 293K; mp. tp. P-1; Z = 2; p ws = 140 r/cM,
4 (CuKq) =625 cm!; oxonuarensHoe 3HadeHue K-dakropa 0.043. CrpeMKy KpuCTaIoB
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IIPOBOAMIN Ha aBTOMaTHmdeckoM audpaxkromerpe Nicolet P3 mo crammaprHOit MeTomuke
(A4 Cu K, meToz cremku 62 6-ckanuposanue) [19].
VII. Sr(Aet)2:8H20

Bamossrii cocraB C20H3sNsO12S4Sr;  dopmynsmsiit Bec M: = 798.4; cummerpus
monokmuHHasA; 2 = 10.390(2), b = 14.609(3), c = 21.931(5) A; f=92,42(2) °; V=3326(1) A3; T=
293 K, up. rp. P2i/c; Z=4; pee.= 1.59 T/ ™3, g Mo Ka) = 19.69 cM™!; okoHUaTeIbHOE 3HAUeHKe
R-daxropa 0.041; HabOp 5KCIEpPUMEHTAIBHBIX JAHHBIX ITOJTY4YeH HAa aBTOMATHYeCKOM Audpa-
kromerpe SYNTEX P-1 (4 Mo K«, rpaduroBsIit MOHOXpOMAaTOp, MeTO[, CheMKH 626 -CKaHUPO-
Banwue) [20, 21].
VIII. Ba(Aet)2:7H20

Bamossiit cocraB Cs«oH72Ba:Ni16O2Ss; dopmynsusiii Bec M: = 1660.3; cummerpus
MoHOKIMHHAA, a= 9.793(2), b = 15.408(3), ¢ = 22.553(6) A; B = 94.98(2) °; V'=13390(1) A3;
T=293K, nup. rp. P2y/c; Z = 2, pwn = 1.63 T/ c™3, (Mo Ko) = 1.48 mml; oxoHUaTenrpHOE
sHaveHne R-dakropa 0.047; HaOOp SKCIIEPUMEHTAJbHBIX JAHHBIX IIOJy4eH IPU KOMHATHOM
Temrepatype Ha apromatudyeckoMm pudpaxkromerpe SYNTEX P-1 (4 Mo Ko, rpadurossrit
MOHOXPOMATOp, METOJ, CheMKHU /2 f-ckaHuposanue) [22].
IX. NiR2:2H20

Banoserit cocraB Cn2H26NsOsS:Ni; dopmynsnsiit Bec M = 653.323; cummerpus
monokuuHag; 2 = 20.116(3), b = 8,221(2), ¢ = 16.923(4) A; B = 75.19(5) °; V'=2705.6(7) A3,
T=293K; mp. tp. C2/cc Z = 4 pmm = 1611/cM3 w(CuKs) = 36.80 cm!. Habop
9KCIIePUMEHTAJIbHBIX JAaHHBIX IIOJy4eH Ha aBToMarudyeckoM audpaxtomerpe SYNTEX P-1
(A Cu Ko —1.54180 A, rpaduroBsiii MOHOXpOMATOp, METOZ, CheMKu 6/2 f-cKanupoanue) [23].

CTPyKTyPHBIe THUIIBI U € JTHHUIIBI

BCE I/ISYLIeHHLIe COoeIMHEHUA KPOMe r[epBoro N [OeBATOIO HMOHHBbIE M OTHOCATCA K
CTPYKTypaM HOHHO-OCTPOBHOTO, a IIE€PBBIH U JIEBATHIH — MOJIEKYJIAPHO-OCTPOBHOTO THIIA.
HecmoTps Ha 5TO OHM Pa3IMYaAIOTCS COCTABOM CTPYKTYPHBIX €IMHUI] (KpUCTa/LIOTpadudecKu
HEe3aBUCHMBIX) U II0 STOMY IPU3HAKY UX MOXKHO paclipe/ie/IUTh B IPYIIIIBL:

1. F = C12H14N4O4S

B coemuueHUU CTPYKTYpHOH eAMHUIEH SABISeTCS MOJeKynaa cyabdosuMerokcuHa (4-
aMUHOOeH30JICYIbhaMu0-2,6- UMETOKCUTTUPUMHUAYH).
2. M(A)2-11H20

Crpyxrypaas ¢opmyna [M(OHz2)s](A)2-5H20, rae M(II) = Mg u Mn. A = F ((F)~ — aunon
cynsdonumerokcuna) u Aet ((Aet) - — aHMOH dTa3oia, 2-(mapa-aMHMHOOEH30JICYIbhaMUL0-5-
atwi-1,3,4-tnaguaszona). CTpyKTypHas eZUHUINIA COCTOUT M3 reKCa-aKBaKOMIUIEKCHOTO KaTHOHA
[M(OH2)s]*, nByx ammonoB (F)- m (Aet)” m matm Moiexkyn Bomsl. B coemumHeHHH
MnosMgos(Aet)2-11H20O metammsr Mg(II) m Mn(Il) cratuctuyecku 3amemialoT Ipyr [pyra,
00pasyst HeIlpepBIBHBIH P, TBEPIBIX PACTBOPOB.

3. Cuenz(Aet)2-2H20

CrpyxrypHas ¢opmyna [Cuenz(OHz):](Aet)2 (rme en — mosekysa saTuieHguamuaa HoN-
CH>-CH>-NH>2, (Aet)” — ammonH »3Tazoma). CTpyKTypHas# eAMHHUIIA COCTOMT U3 KaTHOHA
[Cuen2(OH2)2]* u nByx aHmOHOB (Aet)".

4, Cuen:$2-2H20
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Crpyxrypaas ¢opmyna [Cuen2(OH2)]S2-H20 (rme en — monekysna stunenguamuza HoN-
CH2-CH>-NH2, S-Ci2HisN4O2S - asmon cynedazumesuHa, 4-ammuHo—N-(4,6-mumerni-2-
IUpUMHUANHII)OeH30ncyabdonamus). CTpyKTypHas  eJWHMIIA COCTOMT M3  KaTHOHA
[Cuen2(OH2)]?*, nByx aHnoHOB (S)~ 1 OHOT MOJIEKYJIBI BOZBL.

5. NiensF2-

CrpykrypHas ¢opmyna [Niens]F2 (rme en — monekyna stuneHguamuHa, (F)- — anmnon
cynbpopuMerokcuHa). CTpyKTypHas efUHHIA COCTOUT U3 KaTuoHa [Niens]*, nByx anuoHos (F)~.
6. M(Aet)2-nH20

Crpyxrypuas dopmyna [M(Aet)(OHz)s)(Aet)-kH20 (rme M(II) = Sr u Ba, £ = 3 u 2
(cootBeTcTBeHHO, (Aet)” — aHmoH 3Tazosna). CTPyKTypHas enMHUIA COCTOMT M3 KaTHOHA
[M(Aet)(OH2)s]*, annona (Aet)” u 3 mwiu 2 MOJIEKYJI BOZBIL.

7. NiR2-2H>0

B coesuHeHMM CTPYKTYpHOH egWHMIEH  ABIIeTCI KOMIUIEKCHAas  MOJIEKyJa
[Ni(R)2(OHz2)2] ((R)—C11H11N4OsS, anumon cynsdanupuzmasuna, 6-(m-aMuHOGEH30ICYIbGAMUTO)-
3-MeTOKCUIINPUA3UH).

CTPOEHPIE HEKOTOPBIX NCXOAHBIX KOMIIOHEHTOB: MOJIEKYJI STHICHAHNAMHUHA
U cyabdaZMe3HHa, a TaKKe aHMOHOB 3Ta30JIa ¥ CyIbGalupraasuHa

Aet — aHMOH 3Ta30a.
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N1 Q\. ci1
{ cs 01 N2 C1

» .

R — annon cynpdanupugasuHa.

CrpoeHue U COCTaB CTPYKTYPHBIX €/JHHHI],

1. B coemuHeHMU CTPYKTYpHOH eAWHHIEH ABISEeTCA MOJIEKyJa CyabdOAUMETOKCHHA (4-
aMuHOOeH30JICy TbpOoHaAMU0-2,6-gumeTokcunupumMuauHa).  Crpykrypa pacmudpoBaHa C
YZI,0BJIETBOPUTEIBHON TOYHOCTBIO U JIOKAJIM30BAaHbI BCe — KaK CpefHel TSXKeCTH, TaK U JeTKue
aToMbl. CTpoeHUe MOJIeKYJIBI Hpe,ZLCTaBJIeHO Ha Pucynke 2.

N Cll
b’cg %2301 ]
< — B
PBC7 ' 4 B rozo
«Q 0 5

o4|°J6ia
ce

Pucynok 2. F — monexysa cyapdoguMeToKCHA

2. CrpyxTypsl ¢ obuieit popmynoit [M(OH2)6](A)2-5H20 (rme M(II) = Mg u Mn. A = F -
cynpbomuMeTokcuH u  Aet — 9razon) sgBagiorcs  woHHBIMU. B [M(OHz)e]> -
rekcaakBakomiiekcax gauHsl M—O cBs3eif, a TakXe COOTBETCTBYIOL[ME VIJIBI HAaXOAITCS B
HPe,I[eJIaX, HPI/IHHTBIX AJIS OKTaSﬂPI/I‘-IECKI/IX KOH(i)I/II'ypa]_H/II/I OTUX METAJIJIOB. I/Isyquo TaKXe
sTasosncogpepxamee coeguHenue [M(OHz)s](Aet)2-5H20 (M = MnosMgos) u ycTaHOBIEHO, YTO B
HeM mousl Mg(II) u Mn(Il) cTatucTryecku 3aMenaioT gpyr Apyra, o0pasysl HeIpephIBHBIN P
TBEPABIX PaCTBOPOB. AHMOHBI CyIbGOSUMETOKCHUHA U 3TA30j1a IIOIyYeHbl JelIPOTOHUPOBAaHUEM
uMuHOTpy sl (Ha pucyHke 2 N(2)H B m060M aHHOHE) U PacIIOIOXKeHbI BHe KOOPAUHAIIMOHHON
cdepsr. I'ekcaakBakommaekcHsi katuoH [M(OH2)s]** mpoezncrasien Ha Pucynke 3a.

a

Pucynoxk 3. (a) rexca-akBakomiuekcHsii kKaTuoH [M(OH2)s]*,
komriuiekcHbie KaTroHsI (b) [Cuen2(OH2)2]* u (c) [Cuen20H2]*.
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3. Coemuuenmne Cuenz(Aet)2:2H20 moctpoer u3 [Cuenz(OH:2):2]* meHTpocMMMeETPHUYIHBIX
KaTHOHOB C KOH(Urypamyeil TeTparoHajapHOM OUIMpaMHUAbI. B KOMIIZIEKCHOM KaTHOHe [Be
Mmostekyasl sTwieHauamMuHa (en = HoN-CH>-CH>-NH2) xoopzunupoBaHbl 060MMU aTOMaMu
a30Ta, BBINOJHSIOT POJb OWJEHTATHOTO JWTAaHZAA, OOpasylollero IATHYIEHHBIH IUKI U
PacCIOJIOXKEeHBI B DKBaTOPUAJIBHOM IIIOCKOCTH, C TpaHc-nosuuuein (PucyHok 36). 3amonHeHue
IIOJIM3/Ipa MeJIU [0 IIECTH OCYIIEeCTBIIAETCS JBYMSA MOJIEKYJIaMU BOJBI, COeJUHEHHBIMY LIEHTPOM
cUMMeTpry. AHMOHBI 3Ta30J1a IOIy4YeHbl JeIIPOTOHNPOBAaHNEM NMUHOTPYIIIIBI ¥ PACIIOIOYKEHBI
BHE KOODPJUHALMOHHOU Cdepsl.

4. Y coepunenus Cuen:S:2H20, HecMOTpsA Ha CXOJCTBO €r0 COCTaBa C IPeIbIAYILUM
coeHEHNEM, CTPYKTypa COBepuIeHHO WHasg. KOoOpAZMHAIMOHHBIN IOMUSIP MeIU SBIIAETCSI
TeTparoHaJIbHOM mHupaMugoii. B xommiekcHom katuorHe [Cuen2OH:]** nBe Mosexyis
STWIEHJUAMUHA, aHAJIOTUYHO IIPeJbIIYINero COefUHEeHUA, KOOPAUHUPYIOTCSI 000MMHU aTOMaMH
a30Ta U SIBASIOTCS OUIEHTAaTHBIMU, OOpasylOWVMK NATHWIEHHble IUKIbI, aurapzamu. OHU
pacCIOJIOXKeHBI B OCHOBe IIMPAaMHUZABI. 3allOJHeHWe KOOPAMHALMOHHOTO YHCIA [O IIATH
OCYILECTBIAETCA OZHOI MOsIeKyIoii Bogsl (PucyHok 3¢). AHHOHBI CyIb()OANME3HHA IOy Y€HbI
ZIeIPOTOHUPOBaHNEM HMUHOTPYIIIIBL ¥ PACIIONIOKEHbI BHE KOOPAMHAIIMOHHOM cepsl.

5. B ornmume ot aByx mpeasimymux coesuHeHwuii, B Niensl2 MoyeKyJbl BOJbI 3aMellleHbI
TpeTheil MOJIEKYJIOH STUIeHANaMUHA U 00pa3oBaH KOMILIEKCHBII KaTHoH [Niens]? (PucyHox 4).
Annons! cynpHoAMMeTOKCHHA IOTy4YeHbl ZelIPOTOHUPOBAaHNEM UMUHOTPYIIIIBI ¥ PACIIOIOKEHBI
BHE KOOPZAHMHALVOHHOH cdepsl.

Pucynoxk 4. Kommtexcusiit katuos [Niens]*1o

6. B rpynne coepunenuii ¢ ctpykrypHoit popmyiroit [M(Aet)(OH2)s](Aet)-kH20 (rpe M(II)
= Sr u Ba, k=3 1 2 cOOTBETCTBEHHO) aHMOHBI 9Ta30/1a 00pPa3oBaHbl AenpoToHrpoBaHueM —NH-
rpynnel. Opun u3 Hux (I) — BHemrHecdepHsIit annoH, Apyroi (II) xoopauHMpOBaH K HOHY
metanna (Sr* m Ba?) N(21) u O(21) aromamu, BBIIOJHAA PO MOCTHUKOBOTO OHZEHTATHO
nukandeckoro surasza (Pucysok 5, B Hymeparuax aTomoB 1 ykaspiBaeT Ha IIOPAAKOBBIA HOMEP
aToMa B HOHe, 2 — IOPAJKOBBIH HOMEpP MOHA DTa30J1a).

Koopaunanuonnoe unciao Sr(Il) paBHO BOCBMH: IIATH MECT 3aHHMMAIOT MOJIEKYJIBI BOJBI,
nBa — aromsl N(21) u O(21) anuoHa 5Tasosa, a JONOJHEHME KOOPAMHAIIMOHHOTO YHCIA O
BochMU ocyuiectBiasgerca atomom O(21), ceasanuHbiM meHTpoM cuMmerpuu ¢ O(21) aTomom
nauranzga cocegHero xommekca. Aromsr O(21) u O(21)! BEIIOIHAIOT POJIB MOCTHKOB MEXZY
IBYMsS aTOMaM{ CTPOHIIWA, CBA3aHHBIMU TeM K€ I[€HTPOM CHMMETPHH, T.€. IIOJydaeTcs
IeHTPOCUMMeTpruHbIi AuMepHbIit KaTuoH [(H20)sSr(Aet)2Sr(OHz2)s]*.

Hapsany ¢ yBennueHmeM HOHHOTO pajuyca 1o cpaBHeHmio Sr(II) xoopauHammoHHOe
gucno Ba(ll) yBemmuumBaercs m0 meBaTH. B KOOpAMHANMOHHOHW cdepe dUeThIpe IIO3UIIUU, C
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MOHO/IEHTaTHO# GyHKI[Mel, 3aHUMAIOT aTOMBI KUCIOPOZia MOJIeKyJI Bozbl. Ciefyoniye deThIpe
MecTa, ¢ OM/IeHTaTHO-MOCTUKOBOM (yHKIHed, 3aHATsl aToMaMu Kuciopoza SOz rpynnupoBok
KOOpPAMHHUPOBAaHHOTO MOHA dTasosna u Mosekya Bogsl. O(1), O(1)! — aTomMsl KuCIOpOAa MOHOB
sTasosa. ATomsl kuciaopoga Mouekys Bogsl O(2w) u O(2w)' (Pucysoxk 6, atomsr O(2w) u O(2w)!
yKasaHbl Kypcopamu) B oTiauuue oT coesunenus Sr(Il), B coemunenmu Ba(ll) Bsimosmnsior
OUeHTaTHO-MOCTHUKOBOM (PyHKIHIO (OHM TakXKe CBSI3aHBI MEXJY COOOI LEHTPOM CHMMETPUH).
3anosnHeHe KOOPAUHAIIMOHHOTO YHCIIA O JeBSITH OCYILecTBIseTcss aroMoM asora N(2) Toro xe
noHa srtasona. MocT, 06pa3oBaHHBIN KHCIOPOSHBIMU aTOMaMM MEX[Y CBS3aHHBIMU TE€M XXe
nentpom cumMerpuu Ba(Il)-Ba(Il)! monamu, crroco6CTByeT MOTyYeHUIO IeHTPOCUMMETPHUIHOTO
DVIMEepHOTO KaTHOHA, CTPYKTypHas ¢opmynaa koroporo [(H20)sBa(OH:2)(Aet)2(H20)Ba(OHz2)4]*
(cmemoBaTenbHO, HECMOTPSA HAa OAMHAKOBBIM COCTaB, CTPYKTypHasf (opMyJsa KOMILIEKCHOTO
KaTHOHA Ba(II) OTJINYaeTCs oT dbopmy e KOMILIEKCHOTO KaTHOHA Sr(II)

[(H20)sSr(Aet)2Sr(OH2)s]).

Pucynox 5. IIpoexnus ¢pparmeHTOB éprKTyp Srm
Ba na xpucrawrorpapuyeckoit maockocru (100).

Pucynoxk 6. Karnouns: (a) [(H20)sSr(Aet)2Sr(OHz)s]*
u (b) [(H20)4Ba(OH2)(Aet)2(H20)Ba(OHz2)4]*".
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Pucynoxk 7. Kommrexkcuas mosexyia [Ni(R)2(OHz)z].

7. NiR2-:2H>O - B wuccresyeMoM coeiMHeHUM CTPYKTYpHON enuHHIeH ABjIdeTCA
komIurekcHasa Mosekynaa [Ni(R)2(OHz2):] (Pucynok 7). Koopaunannonuoe wucio Ni(II) paBro
mecTu. Tak Kak aToM HUKeIA HAaXOAUTCA Ha OCH CHMMETPHUU BTOPOTO IIOPSAZKA, TTOIHDIP
IIOJTy4aeTCs C IOMOIIBIO TpeX He3aBUCHMBIX aToMoB. /IBe u3 HuX, atomsl asora (N(1) u N(2)),
IpUHAJJIeXAT aHHOHy cyabdanupuzasuHa (B coeguHeHun [Sr(Aet)(OH2)s](Aet)-3H20
KOOpAMHAIIUA C aTOMOM MeTaya ocymectsiasgerca atomamu N(1) u O(1l) aHmoHa srasona) u
OJHUM aTOMOM KHCJIOPOZa MOJeKyJIsl Bogsl (O(w)).

Kparkoe onmcanue 1 XapaKTepUCTHKA CTPYKTYP

Ha ocHOBe nuTepaTypHBIX HCTOYHUKOB YCTaHOBJIEHO, YTO IJIA CyJb(aHMIAMUIOB
IOIYCTHMBI, B 3aBHCHMOCTH OT YCJIOBHH, KaK IIPOTOHHPOBaHWE, TaK W [eIPOTOHUPOBAHUE.
Ogznako B paboTax, pacCMOTPEHHBIX B CTaTbe, HU B OJHOM CJIyd4ae He 3aMeYeHO
HPOTOHI/IPOBaHI/Ie CYJIb(l)aHI/IJIaMI/I,I[OB. KaK B I/IBY‘-IEHHBIX HaMH, TdK 1 B JII/ITepaType OIIMCAHHBIX
KPUCTLINYECKUX COeTUHEHUIX C MeTaI/IaMu Maiblx HoHHbIX pazuycos (M(II) = Mg, Mn, Co,
Ni, Cu, Zn) cynpbaHMIAMUABI BBIMOJHAIOT (PYHKIUIO BHEIIHeC(EPHOrO anuA0-aHUOHA WU
HecMOTpA Ha Hamuuume JAoHOpHEIX N, O, S aromMoB, He YyYacTBYIOT B OOpa3OBaHHUU
KOODAWHAIIMOHHON  cBA3u.  [lelicTBuTenbHO, B  OIMCAaHHBIX  coeguHeHmax II-VI
cynbbaHUIAMHUABL ABIAIOTCA BHeIIHeC(hepHBIMU aIlUJ0-aHHOHAMU, a KOMIIEKCHBIE KAaTHOHBI
IIOJIy4alOTC MOJIEKYJIaMH BOABI WJIM OSTUIeHAMAMUHA. Bo Bcex ciy4yadx STHUIeHAMAMUH
KOOpZUHUPYeTCA OOOMMK aTOMaMM a30Ta U ABIAETCI OWJEHTATHBIM, OOpPa3yIoIUM
MATUWIEHHBIN UK, TUTAHAOM C XapaKTepHBIM JJI1 Hero rom-kKoHbopmanuei. M3BectHo, 9TO
n3-3a SIpKO BeIpakeHHOro 3pdexra Ana-Temmepa crepeoxumusa Cu(ll) mo cpaBHeHuUHM co
CTepeoXHMHell IPYruX 3JIeMeHTOB Oojiee CIOXHAA U [JIA IOJHDAPOB coemuHeHui IV u V
IIOJIy9alOTCS, COOTBETCTBEHHO, TeTPAaroHaJIbHO-OMIMUpamMuzanbHasd (4 + 2) U TeTparoHaJIbHO-
nupamuzansHad (4 + 1) kopuryparuii.

PesynpraThl aHanusa CTPOeHUsS KOMIUIEKCHOrO KarthoHa [Niens]?* ykaspIBaloT Ha
peann3anuio BEICOKOIHEPTeTHYeCKOi KOH(POPMAIMOHHOM (GOpMbI AAA, YTO MOXKHO OOBACHUTH
oOpa3oBaHHEM BOJOPOIHBIX CBA3ell MeXZy KAaTHOHAMM U aHUOHAMH. AHAIU3 CTPOEHHA
KOMILIEKCHOTO KaTHOHA He yKa3bIBaeT Ha KaKyIO-HUOYb oOpalaomiee BHIMAaHIEe OCOOEHHOCTb
B €T0 TeOMETPUMU.
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Ta6muua 1. HexoTopsie reomerpuyeckue mapamMerpsl cyibdaHuaaMuos: qauHs (A) u yrist (°).

Ne S-0 S-N S—C CSN|OSO|OSN|[CcSsO| & | ©

I |1.4193) |1.6383) | 1.746(3) |106.7(2) | 117.8(1) | 109.1(2) | 108.4(2) | 58.8 | 77.6
1.436(3) 103.3(2) | 110.9(1)

I |1.4573) |1.5713) | 1.760(4) |107.02) | 114.42) | 114.9(2) | 107.52) | 62.7 | 102.1
1.441(3) | 1.577(4) | 1.770(5) | 108.7(2) | 114.7(2) | 115.2(2) | 107.0(2) | 685 | 91.7
1.448(4) 105.52) | 106.3(2)

1.462(4) 104.92) | 106.7(2)

I |1.4443) |1.586(3) | 1.752(3) |108.03) | 114.7(4) | 113.5(3) | 106.4(3) | 66.5 | 91.3
1.447(3) | 1.578(3) | 1.745(3) | 108.02) | 114.3(3) | 105.6(2) | 108.3(3) | 61.8 | 91.7
1.457(2) 112.6(3) | 109.1(3)

1.457(3) 105.5(3) | 107.2(3)

IV | 1.452 1590 | 1.775 10556 |116.46 |105.68 |109.04 |67.2| 99.8
1.445 113.44 | 106.12

V | 1.445 1587 | 1.772 1086 |1177 |1129 1077 |60.0 | 90.9
1.438 1573 | 1.770 1077 |1136 1037 |1069 |68.0 | 96.8
1.466 1163 | 105.7
1.421 1053 | 107.9

VI | 1.4613) |1.5703) | 1.766(5) |108.7(2) | 113.7(2) | 105.4(2) | 105.7(2) | 65.3 | 84.8
1.444(4) | 1.581(4) | 1.757(4) | 108.2(2) | 113.6(2) | 115.92) | 106.7(2) | 68.0 | 89.9
1.440(4) 104.8(2) | 108.0(2)

1.453(3) 115.02) | 106.8(2)

VII | 1.4433) | 1.586(4) | 1.760(5) |108.2(2) | 114.8(2) | 113.7(2) | 106.7(2) | 69.5 | 83.5
1.440(4) | 1.588(4) | 1.752(4) | 110.4(2) | 114.7(2) | 113.4(2) | 108.0(2) | 71.6 | 89.4
1.452(4) 104.92) | 106.0(2)

1.457(3) 103.1(2) | 108.9(2)

VIII | 1.439(13) | 1.587(7) | 1,751(12) | 109.3(4) | 115.1(6) | 112.6(6) | 106.8(9) | 63.1 | 85.7
1.449(14) | 1.580(6) | 1,706(9) | 109.0(4) | 115.7(6) | 103.2(8) | 107.3(6) | 71.3 | 925
1.460(11) 105.5(8) | 108.5(9)

1.450(9) 113.9(6) | 106.2(7)

IX | 1.465(4) | 1.658(4) | 1,735(5) | 101.3(2) | 114.2(2) | 107.12) | 108.73) | 7.2 | 89.1

1.463(5) 116.92) | 109.03)

B coemunenusax VII u VIII, rmze M(II) = Sr u Ba, xommniexcooOpasoBaTeay ABISIOTCS
MOHAMY MeTaJUIOB ¢ GoibiruM pazuycoM. Hamre coo6paxkeHre 0 BOSMOXXHOCTH KOOPAWHALIUY B
TaKWX CHCTEeMaXxX OIIPaBAaJOCh U U3 JBYX aHHOHOB 3Ta30JIa OAMH OKa3aJICs KOOPAMHUPOBAHHBIM.
B o6oux cny4asx (coefuHEHUAX) KOOPAUHAIIUS OCYLIECTBIIIETCS aTOMaMHU KHMCJIOPOJa U a30Ta
SO2 u NH rpynn. HecmoTps Ha faHHBIe PeHTTeHOCTPYKTYPHOTO aHalIM3a, IO KOTOPBIM OHU
IOJDKHBI OBITh M30CTPYKTYPHBIH, OTU COEZVHEHWS OTJIMYAIOTCA IAPYT OT Apyra KaK COCTaBOM,
Nx  crpykrypusle  dopmynsr:  [Sr(Aet)(OHz)s](Aet)-3H20 m
[Ba(Aet)(OH2)s](Aet)-2H20. C mepBoro B3riffa OHU OTINYAIOTCSA TOJIBKO KOJIUYECTBOM BOJBI BO

TaK u CTpOE€HUEM.

BHemrHeil cdepe (3 M 2 COOTBETCTBEHHO); NPUYMHONW SABIAETCA PpasjiMuide B CTPOEHUU
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HAXOJAIIETOCS BO BHeIIHel cepe aHMOHOB 3Tazosa. M3 mpoekmuii pparmentos crpykryp Sr(1l)
u Ba(Il) ma xpucramrorpaduyeckoit mrockocru (100) (PucyHOK 5, Kypcops!) fCHO IOKa3bIBAIOT,
yTto ¢BaA3b C13—-C14 no pasHomy opueHTHpoBaHa K naruwieHHOMY nukiary S11C11N12N13C12.
Eciu B coeguuenmu katuoHe Sr(II) cmase C13—-Cl4 HaxomuTca B IUIOCKOCTH IIMKJIA, B
coenuuenun Ba(ll) onHa mepmeHAuKyIfpHA K IUIOCKOCTH; IIO9TOMY, YHCJIO MOJIEKYJI
pacTBopuTens B cTpykrype c aromoMm Ba(Il) cooTBeTrcTByeT NOCTYNHOW MAJIf PaCcTBOPUTEIS
mycrore — 54 A3, a B cTpyxrype ¢ atomom Sr(IT) — 58 A 3. PasmocTs cocraBnseT 4 Ky6uueckux
anrcrpema. Paznuuwme B monubix paguycax Sr(II) m Ba(Il) orpaskaercs B cocraBe M CTpoeHUHU
kaTuoHOB: [(H20)sSr(Aet)2Sr(OH2)s]?* u [(H20)4Ba(OH2)(Aet)2(H20)Ba(OH2)4]%, cooTBeTCTBEHHO.

IIpu xooppuuamum c¢ atomamu MetauioB (II) — Mg, Mn, Co, Ni, Cu, Zn, B
WCKJIIOYNTETBHBIX CIy4asx, M3-3a2 cTepeodakTopa, JIOTUYHO IIOIyYeHUe TpaHCc-POpM, OFHAKO
o1 coenuHeHHsA [X IONydYeHO IIPOTHBOIIOJIIOKHOE; OCeBas CUMMETPHsS BTOPOTO IIOPsAKa
mosekynsl [Ni(R)2(OHz2):] (ammons! cynbdanupumasrHa U MOJEKYIBl BOJABI) YKa3bIBaeT IL[HC-
OKTadpu4ecKyio GopMy KoMIuiekca. SICHO, YTO B [#C-TIO3UIUN KOMIIOHEHTHI MOJIEKYJIIPHOTO
KOMILIEKCA M3-332 «00BEMHON TECHOTHI» OOJIee HAaIpsDKEHBI, YeM HaXOJACh B TpaHC-TIO3UIUN. Y
Hac HeT 00sACHeHHA (akTa 0Opa3oBaHUA JAHHOH CTPYKTYPHI, HO 0€3yCJIOBHO, YTO HAIpsKeHUe,
BO3HHUKHYTOE U3-3a LHC-TIO3ULMII aHWOHOB CyJIb(anupuzasuHa, AedopMaunys MOJEKYIIH,
OTpa3suUTCs B M3MEHEHUU ero reomerpudyeckux mapamerpoB. B moisekysne [Ni(R)2(OH2)2] mpa
aHUOHA CyabdanupuIasrHa KOOPIUHUPOBaHBI ¢ MOHOM Ni?* aToMaMy a3oTa MMUHO TPYIIIEI U
rerepounkia nupugasuHa (N(1) u N(2) ma Pucynke 7), Torga xak srasosn ¢ noHamu Sr?* u Ba*
KOOpAMHMPOBaH aromamu asora 1 kuciaopoga NH u SOz rpynm (N(2) u O(1) na Pucysxke 6).

B n1uTeparype IpUTHATO OXapaKTepU30BaTh IeOMETPUIO CyIb(aHUIAMUIOB HE TOJIBKO
IJIMHAMY ¥ yTJIaMH BaJeHTHBIX cBaseil, Ho u CSNC ropcuonHsIME (yron romr-koH$OpManuy —
®) u mexuukaudeckuMu (yroja BaHHBI — ©) AByXrpaHHBIMU yriaaMu. HekoTopsle mapameTpst,
XapaKTepU3yIOlye TeOMEeTPHIO CyIbhaHUIaMUOB, TpuBesieHsl B Tabaune 1.

[ToryyenHsle [fJaHHBIE CBHUJETENBCTBYIOT, YTO B  Cy/JIb(QaHIIAMULCOLEPKAIINX
CTPYKTypax yroia BaHHBI ® wMeHsdeTcs B uImpokoMm wuHTepBane 55-100° a yrom rom-
koHpopmaruu @ — 55 - 70 °. MckrroueHueM M3 3TOH 3aKOHOMEPHOCTU OKa3aJoCh COeIVHEHUe
[Ni(R)2(OHz2)2], mns xoroporo @ =7.2° W3-3a Hamu4yusd CTPYKTYPHBIX aHOMAQJIUU B
KOOpAUHAIMOHHOM coenunennn Hukesni(ll), mo Hamemy MHeHWIO, NpeACTaBIIeT HHTepeC
cunte3 Hukeni(ll) c pasHsIMu cyapbhaHIIaAMUAAMU U UCCIeOBaHUe UX GU3UKO-XUMUYECKUX U
OMOJIOTUYECKUX aKTUBHOCTEH.
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1. Introduction

High interest towards portable gas sensors is caused by the possibility of their wide use
in different devices. For example, alcohol sensors can be used in medical equipment, for control
of chemical processes and food quality, for determination of alcohol level in wines, and human
intoxication degree. Since ethanol is one of most widespread kinds of alcohol and has many
useful and harmful properties, an important problem is detecting ethanol in atmosphere and
measuring its concentrations in different media [1 —4]. Acetone is one of most widespread
volatile compounds in human breathing and can play an important role for monitoring patients
with pancreatic diabetes [5]. Acetone also plays an important role in chemical industry for
monitoring technological processes.

Almost all of most important parameters of resistive semiconductor sensors depend on
the correct choice of sensing material. Metal oxides are known to be very sensitive to the
environmental composition; therefore, these oxides and their composites are widely used as
sensing materials for such sensors. Right choice of oxides constituting the composite may lead
not only to exhibiting sensitivity to target gases or its increase, but also to improving the
number of such important parameters of the sensor as long-term stability, high speed of
operation, selectivity, and so on. It is known that admixture of Ga-and Sn-containing particles
in a composite raises the sensor sensitivity to reduction gases and structure porosity, removing
thus the possibility of long-term drift.

Noise spectroscopy and diagnostics are among the powerful and sensitive tools for
studies of properties of semiconductors and different-purpose devices, in particular, gas sensors
[6 —9]. Phenomenon of low frequency (LF) fluctuations of electric current in semiconductors
and semiconductor devices is an object of investigations of many researchers and engineers
[10 - 16]. Studies have shown that behavior and magnitude of LF-noise in devices based on
nanosize porous silicon differs essentially from the noise in devices based on crystalline silicon
[11 —13]. Since the sensors based on porous silicon, are very sensitive to different gases present
in environment, the level and frequency dependence of LF-noises in these sensors also depends
on the type and concentration of these gases. At present, there is no full understanding of the
sensitivity mechanism and LF-noise character in the sensors for different gases. In formation of
internal noises, besides surface effects, also the bulk properties of the material are important.
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Present work studies static (sensitivity and so on) and dynamic (LF-noises)
characteristics of gas sensors based on nanosize porous structures of silicon. Action of different
gases is examined.

We fabricated and studied thin-film resistive gas sensor based on In20s3 - Ga20s - SnO2
(70:20:10) nanocomposite. We study sensitivity of this sensor to action of ethanol and
acetone vapors. Also the noise spectrum is examined in the absence and in the presence of
different concentrations of these vapors.

2. Techniques of experiment

In203-Ga203-SnO:2 ceramic target used in the process of magnetron sputtering, was
fabricated on the basis of mixture of In203, Ga203, and SnO: (70 : 20 : 10) powders and annealed
5 h thermally at temperature 900 °C. Then, the mixture was carefully stirred in an agate mortar,
for full homogenization. To the mechanical mixture of In203-Ga203-SnO2, we added 3 mass % of
polypropylene powder serving as binding material. Then, from obtained powder, pellets were
moulded at temperature 160 °C with diameter 40 mm and height 3 mm. Subsequent thermal
sintering of moulded pellets was performed in the order presented in Table 1.

Table 1.
Regime Duration
Rise 20-950°C 6 hours

Exposure at 950°C 2 hours

Rise 950-1360°C 6 hours

Exposure at 1360°C | 15 hours

Drop 1360-40°C 11 hours

Obtained pellets were used as targets for HF magnetron sputtering of thin films on the
polycor substrate. Parameters of the sputtering process were chosen as follows: generator power
60 W, process duration 2 min, target—substrate distance 7 cm, substrate temperature 200 °C.
After that, catalytic particles of palladium were deposited by the technique of ion—plasma
sputtering onto the obtained polycor In203-Ga20s-SnO: structure during 2s and gold comb
ohmic contacts during 1 h. The fabricated samples underwent thermal treatment in air at 350 °C
during 2 h in order to remove possible mechanical stresses and to stabilize sensor parameters.

We studied, by means of special measuring system, the sensitivity (ratio Rgi-/Rgas»
where R,;, is the structure resistance in air and Ry the structure resistance in the presence of
gas in air) of fabricated sensor to ethanol (C2HsOH) and acetone (CsHesO) vapors. The sample
was placed into a hermetic chamber where a certain concentration of gas can be supplied (from
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100 to 10 000 ppm). For obtaining the needed concentration of ethanol or acetone vapors, we
insert into the chamber corresponding amount of liquid alcohol or acetone. A heater placed
inside the chamber, allows raising the working body (WB) temperature up to 350 °C. Variation
of sensor resistivity depending on the WB temperature and acting gas concentration was
measured by means of the special software created by A. Adamyan in Borland Delphi 6.0 [15].
All measurements were performed under 1 V dc-voltage applied to the sensor.

==y

R SB |
1 gas cell ;
S LNA Fourier analyzer
el
E| e sample I g :>
T 4L | -~ HS |——|-
L ==

gas =

| i

Figure 1. Experimental setup for noise measurement: SB — shielded box,
LNA - low-noise amplifier, E — dc-source, and HS — heating system.

Measurement of noises was carried out by the method of direct filtration in the
frequency range from 1 to 300 Hz at WB temperature 250 °C. LF noises were measured in the
dc regime, i.e., the fluctuations of voltage were measured. Values of current were taken from
linear region of sample CVC. Measuring setup is shown in Figure 1. It consists of current source
with low level of own noises (9 V dc-voltage source) providing dc in the sample and the gas
chamber fabricated of special thermoglass inside which the heater is mounted. The heater is fed
by a dc source placed outside the measuring setup. The sample was attached to the heater by
pressing. The system was placed in a permalloy box shielded from the external electromagnetic
influence. The measuring part consists of an amplifier (Model-5184 Preamplifier) and spectral
Fourier analyzer (Handyscope 3, TiePieEngineering) operating in Windows 7. Data obtained
from spectral analyzer, are transferred to a computer and processed by means of LabView
software.

3. Results and discussion

It is known that the sensitivity of resistive sensors to influence of gases is caused by
chemical reactions running between molecules of studied gas and oxygen ions adsorbed on the
surface of sensing material. Mechanism of sensitivity of a thin layer of In:0s-Ga203-SnO2
nanocomposite to acetone vapors may be described as follows: first the oxygen from air adsorbs
on the surface of oxide (physisorption), then stronger bond forms between the absorber and
absorbed substance via overlapping of electronic shells of adsorbent and adsorbate atoms
(chemisorption). At low temperatures the surface reactions are running too slow to be useful.
With increase in film temperature, the amount of chemisorbed substance increases and
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chemisorption of oxygen produces ionic kinds, such as O*, Oz~ u O, which capture electrons
from the conduction band of the semiconductor. These ions desorb from the surface at
temperatures, respectively, 80 130 and 500 °C. Thus, in the range of used temperatures, only the
most stable oxygen ions will react with acetone. When the sensor undergoes influence of
reduction gases, e.g., ethanol, gas molecules react with adsorbed O- and, by forming CO2 u H:0,
release captured electrons back into the conduction band of the semiconductor. This leads to
the increase in the concentration of charge carriers in the sample and decrease in sample
resistance.

Results of measurements of sensor sensitivity to ethanol vapors at different WB
temperatures are presented in Figure 2.

91 400
81 | 1 350
nr ~J 1 300
< 200
K I 1 150 =
51 1 100
1| A L { 50
1 | N - . 0
0 1000 2000 3000 4000 5000 6000 7000 8000
Time. s
Figure 2. Sensitivity to alcohol vapor versus temperature
of working body; acting gas concentration 5000 ppm.
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Figure 3. Sensitivity of the sensor with polycor / In203-Ga203-SnO2
(70 : 20 : 10) structure versus the concentration of alcohol
vapors in air atmosphere. Temperature of working body 250 °C.

During measurements, the concentration of acting gas (ethanol vapor) was 5000 ppm. It
is seen in the figure that changes in resistance under action of ethanol vapor are observed
beginning from the WB temperature 150 °C (4-times). The highest sensitivity, 76, was recorded
at WB temperature 300 °C. Decrease in the sensor sensitivity at WB temperatures above 300 °C
can be explained by the fact that, probably, the rate of desorption of acting gas is at these
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temperatures higher than the rate of adsorption. Despite that the highest sensitivity is observed
at 300 °C, subsequent studies of low-concentration influence were performed at WB
temperature 250 °C, because the power consumed by sensor is lower and the long-term stability
of its parameters is higher than at relatively lower temperatures. Response observed at 250 °C is
well sufficient for its detection. Note also that our fabricated sensor has good selectivity
properties: sensitivity to influence of isobutane and propane was negligibly low. Results of
measurements of sensitivity of our sensors at different concentrations of ethanol and acetone

vapors in air atmosphere is shown in Figures 3 and 4, respectively. WB temperature is in these
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Figure 4. Sensitivity of the sensor with polycor / In203-Ga203-SnO2
(70 : 20 : 10) structure versus the concentration of acetone
vapors in air atmosphere. Temperature of working body 250 °C.

Table 2. Numerical values of response and restoration times of sensors under
action of different concentrations of ethanol and acetone vapors in air atmosphere.

Response time,

Restoring time,

Acting gas |Concentration, ppm| min min

5000 44 23

Ethanol

vapor 3000 4.2 2.6
1000 4 5.41
5000 4.1 5.6

Acetone

vapor 3000 3.5 3.95
1000 3.2 453
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Monotonic increase in the sensor sensitivity with the increase in concentration of
ethanol and acetone vapors allows determining to high accuracy the concentration of acting gas.
Table 2 lists numerical values of response and restoration times of sensors under action of
different concentrations of ethanol and acetone vapors in air atmosphere.

Long times of response in case of ethanol and acetone vapors are due to the fact that, as
indicated above, for obtaining corresponding concentrations, a strictly definite amount of liquid
alcohol or acetone is placed into chamber and a certain time is required for full evaporation of
this amount. The time of response of the sensor reckoned from the moment of reaching 90 % of
maximal sensitivity, includes the time needed for full evaporation of ethanol and acetone.
Figure 5 demonstrates the measured frequency dependences of spectral density (SD) of noise
voltage. Measurements were performed in the frequency range from 1 to 300 Hz at temperature
250 °C. Noises in a sample were measured during passage through it of forward dc (current
generator regime). Spectra are drawn in the log-log scale. We see in Figure 5 that the noise
spectra differ quantitatively for different gas media in LF range and have differing slopes.
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Figure 5. Noise spectrum of fluctuations Figure 6. Noise spectrum of fluctuations
of signal from tested sample at different of signal from tested sample at different
concentrations of alcohol vapors in concentrations of acetone vapors: (1) — air,
atmosphere: (1) —air, (2) —air + 0.1 % (2) — air + 0.1 % acetone, (3) —air + 0.3 %
ethanol, (3) — air + 0.3 % ethanol, acetone, (4) — air + 0.5 % acetone.

(4) — air + 0.5 % ethanol.

The measured noise, as distinct from [9], has not purely 1/f spectrum and is probably
associated with random fluctuations of potential barriers at semiconductor—gas interface.
Measured SD of LF noises may be described by a sum of Lorentzians having distributed multiple
relaxation times 7-% where 0 < a < 2 (a # 1) [16]. Corresponding SD has the form S, < f77,
where y = —2 + a and f is frequency. As we can observe in Figures 5 and 6, when gas vapors
with higher concentration, enter the atmosphere of gas chamber, SD of noises increases and
simultaneously increases the curve slope. Exponent y equals 0.6 in air. With adding alcohol
vapors, it increases and takes the values y = 1 (air + 0.1% ethanol), y = 1.2 (air + 0.3 % ethanol),
and y = 1.4 (air + 0.5 % ethanol). As indicated in Fig. 6, behavior of noises in the medium of
acetone vapors is, in principle, the same, although the rate of change in the level of noises is
slower and the values of exponent y are y = 1.2 (air + 0.1 % acetone), y =1 (air + 0.3 %
acetone), and y = 1.3 (air + 0.5 % acetone).
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Figure 7. Concentration dependence of gas sensitivity recorded by
noise and resistive methods for (a) ethanol and (b) acetone vapors.

We performed an experiment on measurements of the gas sensitivity of sensor, using the
resistive and noise techniques. Calculation in noise method is made from change in SD of noises,
when the sample is placed from air medium into the medium of air with tested gas. In noise
method, the sensor sensitivity Gy was estimated as [14] Gy = Sy (f)¢g/Sy (f) air» where Sy (f) gir
and Sy (f).4 are SD of noise voltage of sensor in respective media. Comparison of recorded gas
sensitivities showed that the noise method is by an order of magnitude better than the resistive
method. Note also that at low frequencies (10 Hz), the sensitivity of sensor is, although
inconsiderably, but higher than at higher frequencies. Advantage of the noise technique is
clearly displayed at high concentrations of vapors of the tested gas (see Figures 6 and 7).

4. Conclusion

We fabricated, by magnetron sputtering technique, thin-film resistive sensor based on
nanocomposite In203-Ga 203-SnO:2 (70 : 20 : 10) structure. Gas sensitivity of fabricated sensors
has been measured at different WB temperatures and different concentrations of acting gases
(ethanol and acetone). It was established that our elaborated sensor exhibits noticeable
sensitivity to ethanol vapors at already WB temperature of 150 °C.

Comparative analysis of sensor sensitivity to different concentrations of ethyl alcohol
and acetone showed that the sensor has much higher sensitivity to ethanol vapor. It was
established that the gas sensitivity of our developed sensors to influence of such gases as
isobutane and methane is negligibly low; this means that our sensor is selective. Since the
sensor sensitivity depends linearly on concentration of ethanol and acetone vapor (in case of
resistive method), it may also be used for determination of concentrations of these gases. We
have shown that the noise diagnostics not only allows determining most sensitively the
concentrations of gas vapors, but can also characterize changes in energy distribution of surface
states.
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1. Introduction

Since the ancient ages the humanity was using lumber for construction of livings and for
heating as firewood, manufactures working tools, and battle equipment. According to the
nowadays forecast of European scientists, lumber will stay in 21st century as one of the most
demanded environmental friendly material for construction of residential houses and
manufacturing of decorative or utilities items.

During the whole period of its existing, human improve the timber treatment methods
and ways, but only in middle of 20th century they were able to develop industrial technology of
glued structures that gives us opportunity to use different quality materials to create large-span
and curvilinear shape elements. The glued timber structures differ by ecological compatibility,
manufacturability, strength, reliability and beautiful appearance.

Despite the lot of positive properties, these structures have some disadvantages, as
burning, rotting, water absorption that creates possibility of cracks origination and accordingly
decreases load bearing capability. Mainly these problems are decisive, while instead of timber
for construction of residential building other traditional construction materials were selected.

In constructions mainly are applied wood of coniferous trees (pine, white spruce, larch),
while application of wood of deciduous trees is rather limited because their quality is lower in
comparison with coniferous trees, as well as their physical-technical indicators. Also would be
mentioned that is limiting the application of 3rd and 4th quality lumber in construction that
represents the most share in felled limber output. The 1st and 2nd quality lumber is very scarce.

For solution of this problem in worldwide scale recently are carried out researches for
transition of low quality lumber into a high quality, to reach this is applied so-called
nanotechnology that gives us opportunity by application of the wood deeply industrial
nanotechnology to obtain a new material with totally different properties — glued wooden
constructions by nano-composites that gives to lumber the unique properties and is a new for
nature.

2. Results and discussion

Technology of obtaining nano-lumber provides introduction in lesser quality lumber of
nano-composites that fill free spaces in lumber and considerably improves its properties.

There are many ways to synthesize nanoparticles: chemical recovery, photolysis,
radiation chemistry, processing under high pressure, etc. To stabilize the synthesis process,
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there are applied various nano-stabilizer materials of synthetic origin, as are: hard matrixes,
water-organic emulsions, macromolecular solutions, etc.

Natural polysaccharide has an important role in nano-composites (polyposis) —
arabinogalactan (E —409) that is contained in the lumber of Siberian larch (dauria). It shares
15 % of lumber’s volume, which means that it is easily obtainable polymer with possibility to
create complex compounds with metals and oxides.

The arabinogalactan (E—409) represents a branched structure water-soluble
polysaccharide with high molecular weight and the size of molecule up to 2 nm. Its solution has
low viscosity, easily penetrate in capillary system of plants and zoo tissues. It has a fire-
retardant property. Arabinogalactan (E —409) creates unique nanocomposite complexes with
different types of insoluble molecules, in particular, dihydroquercetine and is able to transfer
these molecules into the deep of biological tissues. The arabinogalactan (E—409) gluing
properties are widely used in manufacturing technology of high quality paper (for strength
improvement).

The dihydroquercetine represents a strong antioxidant with a property to attract free
radicals in the biological tissues and in the same time eliminates oxidation, burning and rotting
processes. The developed on its basis preparations in USA and Europe are known as
“taxopholines”. It is successfully used to protect pipes from corrosion, in the agriculture- as
stimulator for the growth of plants, in medicine for strengthening blood vessels walls, etc.

The application of nanotechnology in manufacturing at drying of Siberian larch makes
possible to remove water extract from the lumber, which contains molecules of
dihydroquercetine that are in turn placed in the arabinogalactan micro-molecular shell. After
the modification of particles of these unique material with the size of 20 nm, there are applied
the low cost lumber (pine, cedars) for deep treatment that gives to this material totally new
properties: increases quality, strength, fire and bio-resistance.

The weight of coniferous trees after such kind of treatment increases up to 10 — 15 %,
sometimes even up to 35 %. From this result, we can use a new name — porous nanocomposite
that consists of porous material of polymer matrixes of natural or artificial origin, in which
micro- and macroporous surfaces are equally covered by the nanofilm that gives to lumber
additional properties. In the lumber materials of different types, number of microporous is
changing in the range 25 — 35 %, total amount of micro- and macroporous makes up to 60 %.
These porous surface areas multiple times are greater than the outer surface area of the material.
The coniferous plants have more homogenous micro- and macrostructures then deciduous
plants. Accordingly the coniferous plants are more easily subjected to nanotreatment.

The depth of the lumber treatment with nano-composites depends on the preliminary
given options of treatment and freely would reach 20 — 25 mm from the surface that is good
enough to manufacture of glued structures. Such structures do not change their geometrical
sizes, because nanofilm originated in natural wood is porous and do not let to moisture
percolate into the bulk structure and the lumber becomes totally hydrophobic. In turn these
exclude the saturation and accordingly changing in sizes and origination of new cracks. Besides,
the nanotreatment provides the decrease in drying ratio (decrease in geometrical sizes in
process of drying) and at the last stages the removal of cohesive moisture.

On our planet there are big weather changes for last 10 years related to the global
warming. These changes are resulting in the serious outcomes — floods, droughts, forest fires
became frequent accidents, accompanying with human victims and large material losses.
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Due to this, to create new technologies, materials and structures we will be set new
requirements that will give the possibility to avoid or at least decrease devastating results of the
climate change. Earth is under the influence of active seismic actions that mostly makes losses
for Japan, Asia and Pacific Ocean area. Devastating storms happen in the North America, there
are many floods in the Europe and etc.

To solve these problems in buildings, including wooden structures, it is necessary to
improve many properties, as are: seismic resistance, strength, ecological compatibility,
durability, fire resistance, bio resistance, etc. The nano-lumber, used completely or
incompletely, partly solves building tasks. It has great future in seismically active and north

regions with cold climate.

The Figure1l-6 illustrate the practicality of the wood structures made from
nanocomposites (photos shown are provided by the German company “Weining Group”),
which shows bridges made from glued nano-lumber in Germany and Switzerland.

31



Nano lumber, innovative construction material of the 21st century.

Figure 11. ‘ Figure 12.

In Figures 7 — 12, there are presented gymnasium and aqua parks placed in Netherlands.

3. Conclusion

The existing literature and analysis of the survey on innovative construction material —
nano-lumber — gives us a possibility to formulate opinions about results of using this material
and related nanotechnology in construction: (1) expands the range of the products made from
natural wood; (2) reduces the cost of construction and operating costs; (3) improves the seismic
resistance of structures and stability of geometric sizes, hydro- and fire-resistance; (4)
contributes to the creation of a new individual architectural forms; (5) accelerates construction-
installation throughout the building cycle; (6) makes it possible the creation of buildings and
structures with elevated antiseptic protection; (7) creation of environmentally friendly housing;
(8) provides improved period of using of building in the mostly difficult climates, mining-
geological, and seismic conditions.

In order to increase the potential of industrial wood processing in Georgia with local raw
materials to work on, it will be set up a large production base, which will meet requirements of
market with sawn wood, cardboard, paper and modern bearing wooden construction, including
stick on constructions using nanotechnology.
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Introduction

When the nanotechnology area began to develop intensively as an independent field in
the frontiers of physics, chemistry, materials chemistry and physics, medicine, biology, and
other disciplines two decades ago, such terms as “nanoparticle”, “nanopowder”, “nanotube”,
“nanoplate”, and other related shape-like terms had rapidly become very common. For instance,
a simple search using SciFinder results hundreds thousands of articles with keywords
“nanoparticle” or “nanotube”. At the same time, during the last years, efforts of researchers have
led to reports of enormous number of the nanostructure types above and the discovery of more
rare species, such as “nanodumbbells”, “nanoflowers”, “nanorices”, “nanolines”, “nanotowers”,
“nanoshuttles”, “nanobowlings”, “nanowheels”, “nanofans”, “nanopencils”, “nanotrees”,
“nanoarrows’, “nanonails”, “nanobottles”, or “nanovolcanoes”, among many others.

The problem how to name a discovered rare nanoform is commonly resolved according
to imagination of researchers. Since any novel nanoform / nanostructure could theoretically get
useful, unexpected and unpredictable applications (as, for example famous graphene, discovered
not long ago [1]), each new achievement, reproducible or not, is welcome due to an extreme
importance of nanotechnology at this moment and in future. Without a good understanding of
the reasons for shape formation, approaches to the synthesis of nanostructures can be hard to
carry out. According to the available literature, no any universal generalization of rare and
common nanostructures is observed in available literature. Several existing classifications are
related with dimensionality of the nanostructure itself and their components [2, 3] (for instance,
0D clusters and particles, 1D nanotubes and nanowires, 2D nanoplates and layers, 3D
core / shell nanoparticles or self-assembled massives, intermediate dimensional nanostructures
as fractals or dendrimers) or the classification based on the triad symmetry group-shell
composition-structural formula of the shell (here nanostructures are divided in branches, classes,
and subclasses determined by the symmetry group of a shell and the sets of the quantum
numbers of a structure) [4]. In this work, we offer for discussion by the nanotechnological
community a non-formal classification, which is not directly related with dimensionality and
chemical composition of nanostructure-forming compound or composite and it is based mainly
on the less-common nanostructures. The classification includes the following sections — see
Table 1.
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Table 1.

Classic carbon-based nanostructures

Conventional non-carbon nanostructures

Carbon nanotubes, Fullerenes,
Nanodiamonds, Graphene and Graphane

Simple and core-shell nanoparticles,
Non-carbon nanotubes, Nanometals,
Nanowires, Nanorings, Nanobelts,
Nanopowders, Nanocrystals, Nanoclusters,
Nanofibers, Nanodots / Quantum dots

Relatively rare

nanostructures

Simple linear 1-D, 2-D,
and 3-D-nanostructures

Prolonged 3-D nanostructures

Nanolines, Nanopencils, Nanodumbbells,
Nanopins, Nanoshuttles, Nanopeapods,
Nanochains, Nanowicks, Nanobars,
Nanopillars

Nanobricks, Nanocones, Nanoarrows,
Nanospears, Nanospikes, Nanonails,
Nanobowlings, Nanobones, Nanobottles,
Nanotowers, Nanoarmors, Nanopins.

Circle- and ball-type nanostructures

Nanocage-type structures

Nanowheels, Nanoballs, Nanoeggs,
Nanograins, Nanorices, Nanospheres

Nanocapsules, Nanocages, Nanoboxes,
Nanocubes

“Nanovegetation” world

“Nanoanimal” world

Nanotrees, Nanopines, Nanopalms,
Nanobushes, Nanograsses, Nanoacorns,
Nanokelps, Nanomushrooms, Nanoflowers,
Nanobouquets, Nanoforests, Nanocorns,

Nanourchins, Nanoworms, Nanolarvae,
Nanosquamae

Nanoleaves, Nanobroccoli, Nanomulberry,
Nanocactus, Nanospines, Nanosheaves,
Nanoonions, Nanodewdrops
“Nanohome” objects “Nanotechnical” structures and devices

Nanobrushes, Nanobrooms, Nanocombs,
Nanocarpets, Nanofans, Nanowebs,
Nanospoons, Nanoforks, Nanobowls,
Nanotroughs, Nanocups, Nanospindles,
Nanofuns

Nanosaws, Nanosprings (Nanocoils /
Nanospirals, Nanoairplanes, Nanopropellers,
Nanowindmills, Nanoboats, Nanobridges,
Nanocars, Nanobatteries, Nanotweezers,
Nanomeshes, Nanofoams, Nanobalances,
Nanojunctions, Nanopaper, Nanorobots,
Nanothermometers, E-nose, E-tongue, E-eye,
NEMs

Nanostructures classified as polyhedra

Other rare nanostructures

Nanotriangles, Nanotetrahedra, Nanosquares,
Nanorectangles, Nanopyramids,
Nanooctahedra, Nanoicisaedra,
Nanododecahedra, Nanocubes, Nanoprisms,
Nanocuboctahedra

Nano New York, Nanosponges, Nanostars,
Nanoglasses, Nanodrugs

Note: This is a non-JUPAC classification!
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The description is focused to the examination of less-common nanostructures (i.e.,
published mainly in the range of 1—-100 reports) corresponding to the shapes above. Such
structures possess unusual shapes and high surface area, which make them very useful for
catalytic, medical, electronic and many other applications [5].In addition, certain attention will
be paid to the ultrasmall nanoparticles (size < 10 nm) [6] and those containing radioactive

elements [7].

Some examples of rare nanospecies
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“Nanotechnical” structures and devices
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2 I

Sn nanosquare CuO nanotetrahedron Fe20s nanooctahedron

Nanostructures classified as polyhedra

-

-l

Mn- doped In20s Decahedron of Rhombic dodecahedral
pyramids few micrometers Au nanocrystals

Au nanoprisms

Ultrasmall particles (< 10 nm)

In most reports on ultrasmall nanoparticles, their size is defined as lesser 10 nm (more
rarely lesser 5 nm), although in a few publications such sizes as 30 and even 50 nm (standard
non-ultrasmall nanoparticle size) were erroneously attributed as ultrasmall. An especial interest
is given to nanoparticles with approximately 20 — 40 metal atoms per cluster and sizes < 2 nm
(also referred as nanoclusters). The nanoparticles < 10 nm possess a series of useful applications,
first of all in the nanomedicine area (in particular, as MRI agents).

- Overall number of reports is currently slightly more 500;

- Major part of these publications is dedicated to ultrasmall metallic gold, iron oxides, and
gadolinium oxide nanoparticles;

- Other (considerably lesser): Ag, Cu, Pd, Ni/ Co, Fe / Ni, C, Se, Se, SiO2, TiO2, CdS, NaYFs,
Lno33Gdx/ [Mo(CN)s]* (Ln = Eu (x=0.34), Tb (x= 0.35)), [Fe(pyrazine){Ni(CN)4}];

- Mainly biomedical applications of ultrasmall particles: Magnetic Resonance Imaging
(MRI) contract agents, virus inactivation, immunoassay labeling, etc.), as well as varieties of
catalysis, hydrogen sorption, as magnetic devices, ultrasmall transistors, sensors for gases or
biological objects, parts of solar cells and batteries;

- In comparison with “standard” particle size in nanotechnology (20 — 50 nm), ultrasmall
nanoparticles (formally < 10 nm and especially <2 nm) contain a relatively little number of
atoms, so their properties and related applications could be distinct.

Examples of their applications are:

- Catalysis (Ag — in propylene epoxidation; Pt — propane oxidative dehydrogenation;
Au / TiO2 — remarkable photocatalytic activity for both liquid and gas phase oxidation reactions;
- Frequently, ultrasmall NPs can carry out those functions, which have not been detected
for their larger forms (non-ultrasmall NPs or bulk states). Thus, when supported on silica,
ultrasmall Cu nanoclusters (1 nm) were found to efficiently catalyze C-H oxidation reactions,
hitherto unknown to be catalyzed by Cu;

- Electrochemical applications: Graphene-like MoS: and ultrasmall Mg nanoparticles with
an average diameter of 2.5 nm, used in a combination of G-MoS: cathode and N-Mg anode,
achieved a high operating voltage of 1.8 V and a first discharge capacity of 170 mA hg, of
which 95 % is kept after 50 discharge—charge cycles, representing itself as one of the most
successful configurations for rechargeable Mg batteries;
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- In20s films — ethanol sensors.

Preparation:
- Their synthesis is really a more complicated than the obtaining conventional-size
nanoparticles;
- The principal motif is not to allow the formed very small particles to be aggregated with
use of appropriate surfactants, dispersing in polymeric and other matrices, reducing time of
synthesis procedures and temperature, etc.;
- Classic wet chemistry techniques;
- Application of microwaves, hydro- and solvothermal conditions;
- Laser pyrolysis;
- Irradiation methods;
- Use of polymeric templating agents (for example, stable ultrasmall Au nanoparticles
were synthesized in aqueous phase by using a tri-block copolymer (BMB) as a templating
agent);
- Seeded emulsion polymerization, in which nanocrystals are used as seeds, was applied
for obtaining small biocompatible polymer-coated nanocrystals with sizes close to ultrasmall
region (> 15 nm).

Q —id<
Etched MH.-PAMAM
Si0, l Dendrimer 3

-3:?;?& s
b e

Synthesis and ek M
Functionalization
of Silica Microspheres

ey v
Pd-PAMAM %%
Nanoparticles

There is presented an example of synthesis: Pd nanoparticles within the cores of the
SiOz2-supported PAMAM dendrimers {poly(amido amine)} were synthesized by letting Pd(II)
ions complex with the amine groups in the cores of the dendrimers and then reducing them
into Pd(0) with NaBHa.

Radioactive nanoparticles

Most common radioactive (r/a) nanoparticles (NPs) are: isotopes of metallic gold, iodine
and technetium salts, CeO2 and other lanthanide and actinide compounds, as well as several p-
(P, C, F, Te) and d- (Fe, Co, Cu, Cd, Zn) elements.

Main isotopes used are: “C, 12mTe, 12], 124] 131] 18F 9mTc 59Fe, 1%Aqy, €Co, 137mCe, ?Y, U
(natural mixture). Among them the most frequently used isotopes are

Nanoparticles containing iodine isotopes (in organic or inorganic supports):
- Silica NPs radiolabeled them with I (in vivo bioimaging, biodistribution, clearance,
and toxicity studies);
- Biodegradable poly (DL-lactic acid-co-glycolic acid) nanoparticles loaded with
radionuclide ¥'I (for treatment of cancer resistant to conventional radiotherapy);
- 1] on hydroxyapatite or CNTs/pingyangmycin (see the image below) composite
(treatment of oral cancer lymph node metastasis).
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Nanoparticles containing *™Tc and '#¥Re:

- “mTc, important isotope for nuclear medicine, has been obtained and applied both on
inorganic (iron oxides and carbon allotropes) and polymeric supports;

- ¥mTc-Fe203 can be used for obtaining anatomical information about cancerous tissues
and tissue functions without the need for surgery;

- ¥mTc-Fe3sOs can be used as potential radiopharmaceuticals in nuclear medicine; for
sentinel lymph node detection. Its synthesis route is: co-precipitation of FeClsand FeClz in the
presence of NaOH and further labeled with **Tc (having final activity of 7.4 MBq /0.1 mL and
size 50 — 60 nm);

- *mTc was used as the radiolabeling isotope to study the biodistribution of oxidized multi-
walled carbon nanotubes (OMWCNTs, 1 - 10 nm in length, 10 —30 nm in diameter) and / or
nanodiamonds (NDs, 2 — 10 nm in size, functionalized with -OH and -COOH on the surface);

- #mTc-polymer-containing nanoparticles in technetium-tin colloid in the nanoscale size
of 4 to 13 nm were prepared from SnF2, NaF, poloxamer (special nonionic triblock copolymers),
PVP, and *™Tc pertechnetate (1480 — 1850 MBq) as precursors. Use as a radiopharmaceutical in
nuclear medicine, which is very useful as a radioactive tracer for identifying sentinel nodes,
such as axillary lymph nodes in breast cancer;

Nanoparticles containing *Au:

- Nanoparticles, containing its radioactive isotope '®Au, can be obtained from !*’Au
nanoparticles by neutron irradiation;

- Mainly biomedical and therapeutic applications (targeted delivery of therapeutic
payloads);

- Unexpected applications: radiotracer application, consisting purely of a gold and silica
particles, whose particle size could be varied from tens to several hundred of nanometers by
controlling the catalyzer and precipitation time, could be used to investigate multiphase system
in process industries without disturbing the system operation. Also, such nanoparticles were
proposed to be utilized as a tracer in petrochemical and refinery industrial processes where the
internal temperature is extremely high and the conventional organic radioactive labeled
compounds would be decomposed.

Other isotopes are used for different purposes: “C / SiO:2 (to trace and image the long-
term behavior of nanoparticles in biological and environmental systems); Cd!”™Te/ZnS
(biodistribution studies); 18F (bioimaging); >°Fe20s (biodistribution studies); Ce isotopes (137m,
139, 141, 143) (environmental behavior of ceria nanoparticles; medical applications); *3Sm,
152Fu (similar applications).
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Irradiation of Fe3Os nanoparticles (manufactured nanomaterials increasingly used in
healthcare for different medical applications ranging from diagnosis to therapy) with a proton
beam was carried out to produce effectively >°Co as radiolabel (nuclear reaction >°Fe(p, n)>**Co) —
see the scheme below. Note the use of nuclear techniques for the quantification of FesOs
nanoparticles in biological systems. Current industrial uses are limited.
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Radioactive nanoparticles can contain radionuclide alone or be supported in inorganic

(silica, carbon nanotubes, nanodiamonds, iron oxides, ZnS and other salts) or organic
compounds, polymers and biomolecules in the form of nanoparticles.

Methods for their obtaining include conventional chemical methods (such as, for
instance, interfacial polymerization, co-precipitation, microemulsion or double-emulsion
solvent-evaporation technique, hydrothermal method) and irradiation with neutron, proton,
and deuteron flows.

Among disadvantages of applications of radioactive nanoparticles, only small volumes of
material are required to create rather large contamination events; additionally, special
permissions are needed to work with radionuclides.
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Synthesis of nanoparticles from organometallics

The picture represents 3D structures grown by exposure of a substrate to a TMGa
organometallic precursor flow (~ 1 sccm). Carrier gas flow: N2: 2 — 10 slm. Its growth depends
on the reactor conditions (50 — 760 Torr), giving rise to grass leaf (450 — 550 °C), neuron (550 —
600 °C), balloon, cylinder and scepter (600 — 750 °C) shaped structures. Most of these structures

are held by carbon membranes, and contain Ga inside. Growth duration is 5 to 15 min.
CH;3 - Ga - CHj
|

cu,\
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vt O]
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TMGa (trimethylgallium) + InP 650°C — GalnP wire capped by (Ga, In) ball + carbon
radicals TMGa + TMIn + InP 650 °C — GaP wire capped by (Ga) ball+carbon radicals.

(Ga,In)P (in different conditions)
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In process of electron beam induced decomposition, electron induces e.g. reactions of
adsorbed MeCpPtVMes: MeCpPtVMez(ads.) + e~ — PtCs(ads.) + Hz(g)T + CH4T.

41‘ a)H.0 .
?c b)Filtering
*L =) |
200°c & .. ,
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Zr(CsHs)zclz Zr(C.H,),C1,@C WFlame

Nano-t-Zr

There is shown the schematic representation of the synthetic procedure followed in the
synthesis of nanometric tetragonal ZrO2. On the left a unit cell of the Zr(CsHs)2Cl2 precursor is
drawn.
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1. Introduction

Nanotechnology can be defined as a study and engineering of matter at the dimensions
of 1 — 100 nanometers, where the physical, chemical, or biological properties are fundamentally
different from those of the bulk material. A bulk material should have constant physical
properties regardless of its size, but at the nano-scale size, dependent properties are often
observed. With approaching the nanoscale, the percentage of atoms at the surface of materials
becomes significant and the properties of materials are changed [1]. Therefore, nanoparticles are
of great scientific interest as they are effectively a bridge between bulk materials and atomic or
molecular structures. In order to explore novel physical properties and phenomenon, real size
potential applications of nanostructure, the ability to fabricate and process of nanomaterials
should clearly concerned as a priority of nanotechnology.

Nowadays, the economic and societal promise of nanotechnology has led to investments
by governments and companies around the world. Nanoscale based science has numerous
applications across nearly all economic sectors and allows the development of new technologies
with a broad commercial potential, such as nanostructured materials, nanoscale based
manufacturing processes, and nanoelectronics [2]. Especially, for developing countries, it can
provide new opportunities and benefits, if research areas are prioritized on those that can
address the most pressing needs of the country. In 2000, the United States launched the world’s
first national nanotechnology program. From 2001 through 2013, the federal government
invested approximately $ 17.9 billion in nanoscale science, engineering, and technology
through the U.S. National Nanotechnology Initiative (NNI) [3].

The use of nanotechnology in the knowledge intensive based products to increase the
competitiveness of Turkey in global market is also concerned as a priority of Turkey’s National
Science and Technology Policies. In the Vision 2023 Strategy Document, nanotechnology is
identified as one of the strategic technological fields with strategic focus areas; nano-photonics,
nano-electronics, nano-magnetism, nano-materials, nano-characterization, nanofabrication,
nanosized quantum information processing and nano-biotechnology [4, 5] Nanotechnology is
also mentioned in the Turkish Industrial Strategy Document 2011 -2014. The industrial
strategy and action plan aims to expedite the transformation to an industrial structure. At
present, 32 research centers consist of universities, government research and development
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institutes and SMI’s are conducting research studies in nanotechnology / nanoscience fields.
These centers have recognized great potential on the manufacture of nanotechnology based
products.

The physical, chemical, biological or hybrid methods such as vapor phase growth, liquid
phase growth, solid-state reaction, hybrid growth, high-energy ball milling, sputtering, sol-gel,
chemical bath deposition, molecular beam epitexy can be evaluated to fabrication of
nanomaterials. However, the application of electrophoretic deposition techniques, especially to
manufacturing of nanotechnology based coating materials, has shown remarkable growth in
recent years.

1.1. Electrophoretic deposition

Electrophoretic Deposition is a colloidal processing method for the deposition of
materials in applied electric field. The charged powder particles, dispersed or suspended in a
liquid medium are forced to move toward the oppositely charged electrode with application of a
DC electric field. The particles accumulate at the deposition electrode and thus create a
relatively compact and homogeneous thin film (Figure 1). In order to effectively applying of
this technique to process materials, it is essential to produce a stable suspension containing
charged particles free to move when an electric field is applied. The EPD has been known since
1808 when the Russian scientist Reuss observed an electric field induced movement of clay
particles in water [6]. The first practical use of the techniques occurred in 1933 with deposition
of thoria particles on a platinum cathode as an emitter for electron tube application, was
patented in USA. Later, it was mainly used for the processing of traditional ceramics, including
enamels and porcelain. However, in recent years, the interest has been shifted to the processing
of functional ceramics, composite ceramics, biomaterials and deposition of nanoparticles
combined with carbon nanotubes to produce advanced nanostructured materials.

DC Source Meter

©
© 02,0 L
02070 %0 %0000
06°0%5°50° 20 0
o %o 009 eeg (4] + or - charged particles
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r .

v 0
0%20%2000%0%00 Counter
conductive
electrode

Figure 1. A schematic representation of EPD process, positively charged
particles in suspension migrating towards the negative electrode [1].

1.2. Effected factors

It is evident from the literature reports [7 — 11] a large number of parameters regarding
the suspension and application properties are affecting the quality of deposit formed in EPD.
The physicochemical natures of suspended particle and solution, surface properties of the
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powder, electrical conductivity of medium, type and concentration of the additives and the
parameters related to the process, i.e. deposition time, applied voltage, concentration of solid
could be given as main parameters that influence the process.

In general, a well-dispersed stable suspension is providing a better deposition during
EPD compared to an unstable or agglomerated powder suspension. The particle size and the
Zeta potential of solid surface ({), are important parameters that determine the suspension
stability and mobility. Although there is no string rule to specify particle sizes suitable for
electrophoretic deposition, to prevent the settle of particles during deposition resultant from
gravity force and cracking of deposit at following drying steps, the particles have a range of
1 -20 pm is generally preferred. As indicated above, electrophoresis is the phenomenon of
motion of particles in a colloidal solution or suspension in an electric field, and generally occurs
when the distance between particles over in which the double layer charge falls to zero and
effective forces becoming larger [7]. In this condition, the particles will move relative to the
liquid phase when the electric field is applied.

The stability of the colloidal system can be determined by the total potential energy of
interaction between particle surfaces ( V7) as previously described by DLVO theory given in
Eq. (1):

Vr=Va+ Ve+ Vs, (1)
where, Vi is representing the sum of these van der Waals attractive and Vz is electrical double
layer repulsive forces that exist between particles as they approach each other due to the
Brownian motion [12, 13]. The combination of these two functions is the fundamentals of the
DLVO theory. The potential energy occurred by the solvent Vs is only makes a marginal
contribution to the total potential energy over the last few nanometers of separation. Therefore,
the balance between Vi and Vz is more important on the stability of the suspension. These
forces are potentially much larger and operative over a much larger distance. The DLVO theory
proposes that an energy barrier resulting from the repulsive force prevents the approaching of
two particles one another and adhering them together (Figure 2).
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Figure 2. A variation of free energy diagram with
particle separation according to DLVO theory [12].
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However, if the particles collide with sufficient energy to overcome that barrier, the
attractive force will pull them into contact where they adhere strongly and irreversibly
together. Therefore, if the particles have a sufficiently high repulsion, the dispersion will resist
flocculation and the colloidal system will be stable. The van der Waals forces dominates at both
large and small separation, however, in former case its value may be too small to be significance.
At small Vk must approach a finite magnitude, whereas the absolute value of the Va increases
very markedly and hence is expected to pull the surface into a deep attractive well, which
called the primary minimum. On the other hand, the secondary minimum is only occurred at
larger distance where a much weaker and potentially reversible adhesion between particles
exists [12].

Excess Excess Even
pozitive pozitive charge
charge charge distribution

ﬁ. f

— Stern Plane

O ‘ ;
: —" Shear Plane

Diffusion Double Layer

Figure 3. Typical plot of diffusion
double layer and charged layers.

The magnitude of the zeta potential that can be described as the potential difference
between the particle surface and the shear layer plane formed by the adsorbed ions is also
referred as a key indicator to the stability of the colloidal system (Figure 3). If all particles in
suspension have a large negative or positive zeta potential, they will tend to repel each other
and there will be no tendency for the particles to come together. However, if the particles have
low zeta potential values then there will be no force to prevent the particles coming together
and flocculating. Although there is no string level to separate the stable and unstable regions,
the general dividing line between stable and unstable suspensions is generally taken at either
+30mV or —30mV. Particles with zeta potentials more positive than + 30 mV or more
negative than — 30 mV are normally considered stable. However, if the particles have higher
densities from the dispersant, they will eventually sediment and forming a close packed bed (i.e.
a hard cake) [14].

As can be seen from Figure 4, the electrostatic potential decays exponentially with
distance away from the shear plane. The inverse of the decay constant is a distance called the
Debye double thickness. The thickness of the double layer (x') depends upon the
concentration of ions in solution and can be calculated from the ionic strength of the medium.
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The higher the ionic strength, faster the decay and hence the more compressed double layer
becomes (Figure 5). Therefore, the thickness of the double layer determines the magnitude of
zeta potentials. At high enough salt, the double layer collapses to the extent that the ever
present attractive van der Waals forces overcome the charge repulsion.
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Figure 4. Typical plot of zeta potential variation versus pH
Showing the position of the isoelectric point and the pH
values where the dispersion would be expected to be stable.

Not only the suspension stability but also the electrical conductivity of the solution is
remarkably influenced from the ion concentration of the solution. The conductivity of the
solution increases rapidly with increasing ion concentration of the suspension. However, it
should be noted that at high ionic concentration, the rate of agglomeration also increases. This
leads to occurrence of larger agglomerates and the electrophoretic mobility of the particles

reduced [15].
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Figure 5. Effect of ion concentration of
solution on the zeta potential of the surface.

Therefore the optimization of the suspension parameters is required as a first step of the
indented deposition. After the parameters related to the suspension are fixed, the process
parameters should be altered conveniently to obtain desired deposition. Obviously, the most
dominant parameters are applied voltage, deposition time and concentration of particle in the
suspension. Invariably, high applied potential leads to higher deposition rate but care has to be
taken to ensure stable current density to obtain uniform deposition. Similarly, higher deposition
rate is expected to increasing of the particle concentration and the deposition time [16].
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2. Applications

EPD is practical and versatile method that can be used for deposition of various materials
in aqueous system [17, 18]. In a wide range of industrial applications, the increased demand to
use of different kind of engineering materials has also led to the increasing interest to EPD
because of its low operation cost, simple equipment requirement, flexibility and high process
efficiency in recent years. A performed research works focused on the production of porous
surfaces by electrophoretic infiltration (EPI) can be given a new research interest. For example,
the fiber materials like tows etc. can be coated by EPD or EPI, this leads to production of more
effective porous membranes [19, 20]. In general the membranes used in filtration can be
produced in different methods with various framework structures and pore sizes [21, 22].
However, recent advance on the membrane science showed that porous materials with
increased lightweight, improved fracture toughness, damage tolerance and thermal shock
resistance can be produced by EPD [19]. The production of dense membranes of zeolite and
lanthanum cobaltite can be given as examples [21 — 24].

In ceramic industry, the deposition of uniform coatings made of clay based material,
vitreous enamel or alumina on electrically conductive surfaces by EPD has been received
extensive interests in industrial scale especially for the production of sanitary ware, tiles, table
ware, etc. The main advantage’s of EPD in these clay based applications was reported as
achieved improvement on the formation rates compared to slip casting. The excellent
smoothness and uniformity of the coated surface compared to conventional dipping or spraying
processes, was also made the employment of the method to production of vitreous (or
porcelain) enamel coatings on metals. EPD can be applied to any solid that is available as a fine
powder (e.g. < 30 pm), therefore it has found several applications in the industrial production of
domestic white ware in the early 1970s [8]. Besides than the mentioned traditional areas, within
the last two decades, it has also been increasingly employed to enhance the substrate properties
of the material used in advanced ceramics production. The usability of the submicron powders,
d>100 nm made it more effective compared the other production methods. Boccaccini et al,
reported that the hydrated alumina which was produced by sol-gel technique and coated by
EPD has an several advantages than the material produced with dip coating. In this way, it’s
possible to obtain thicker, denser and more adherent coatings [19]. Furthermore, the EPD
coatings can also be evaluated for the improvement of wear and oxidation resistance of the
ceramic or composite materials. Thin or thick layer coating on the substrates surface leads the
production of interlayer and this prevents the conduction or corrosion of the surface. In
addition, the gaining of different features to the materials by surface coating could be
considered a further benefit of the method. Therefore it was found several applications in the
production of biomedical implants, electronic, magnetic and related devices [7 —11].
Biomaterial is a synthetic material that used to make devices to replace part of a living system or
to function in intimate contact with living tissue. EPD is able to produce uniform coatings with
high microstructural homogeneity, is therefore, to deposition as thin and thick films on
substrates of different shapes and the three-dimensional complex and porous structures of the
surface make it preferable method to production of biomaterials [25]. The applications in the
biomaterials field probably started with the development of hydroxyapatite (HA)
Cai1o(PO4)s(OH)2 coatings on Ti substrates decades ago [25,26]. The development of
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multifunctional coatings that strongly stick to bone tissue and having anti-infectious and
antiallergic properties has evoked a higher synergy to selection of this method [25]. The
improvement on the deposition of bioactive hydroxyapatite and related calcium phosphate
films on biocompatible metallic substrates (e.g. TiAl4V alloys and Fecralloys) and the deposition
of zirconia on dental crowns and bridges [27] has been marked as successful applications of EPD
[28, 29]. Laminates, functionally graded materials and fiber reinforced ceramic composites are
the important materials and have several applications in industry especially for the high
mechanical durability of the materials is required. Therefore, in literature, comprehensive
efforts have been devoted to usability of EPD to fabrication of ceramic laminates; fiber
reinforced ceramic composites and functionally graded materials. In particular, the
zirconia/alumina and AlOs / Y-TZP system can be given as interesting examples due to the
high fracture resistance of the coated surfaces [30]. The studies [9 — 11] showed that the gradual
transition to microstructure, the strength of the bond between composites increases and
mechanical durability (toughness, hardness) of the material surface is enhancement [31 — 34].
The well established bonding between ZrO2, SiC and Al20s composites reported by Askari et al.
is shown in Figure 6.

Figure 6. Microstructure images
of the homogeneous layers [34].

Versatility of EPD was used to deposit different amount of SiC and ZrO2 on the surface.
Aim of this was to reach and control different mechanical properties in the layers. Beside,
preferring various thermal processes porosity can be changed. As a result porosity and all these
affect on mechanical and physical properties of the functionally graded material with changing
hardness, fracture toughness, grain size and shrinkage of the bulk was obtained.

Fabrication of graded WC—Co composites in non-aqueous acetone suspension using WC
and various amounts of Co particles can be given as a successful application of EPD in graded
material production. It was reported that the amount of Co particles in suspension strongly
effect the fracture resistance of the product and material has high fracture resistance can be
obtained by this process [35].

Rather than the relatively higher particle sizes, the evaluation of nano particles which
are below than 100 nm, and stabilization of them in various mediums, has also been subjected
to several research works for the production of monolithic ceramics, ceramic coatings and
ceramic films. In these studies, the deposition were performed within the special colloidal
systems either aqueous or non-aqueous suspension. An electrophoretic coating of
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nanocrytalline TiO2 films on Ti-metal sheets is studied by Tan et al. [36]. It was showed that the
light scattering and transparent film layers deposited on metal surface behave as a
photoelectrodes and caused to significant improvement in the photo to current conversion
hence enhanced the solar absorption capacity of the surface to light scattering. They proposed
that this method can be used as a cost effective and simple technique in the production of dye-
sensitized- solar cells with increasing conversion efficiency.

The discovery of carbon nanotubes (CNTs) by lijima in 1991 has initiated the usability of
nanometarials in production industry. An increased surface area along with enhanced
electrical/optical properties makes them suitable for numerous applications such as
nanoelectronics, photovoltaics and chemical / biological sensing. In the last few years the
interest of the scientific community has been concentrated on the production of carbon
nanotubes, both single-walled (SWCNTs) and multi-walled (MWCNTs) [37 — 40]. Many of the
properties of CNTs are now well-known and their usage is spreading with current researches
that focused on the expanding of the potential applications [41 — 43]. These studies recognized
that homogeneous dispersion of CNTs within the appropriate polymer, ceramic or metallic
matrix is fundamental to production of particular arrangements of CNTs to combine with other
materials. Therefore, EPD has been found a very convenient method to manipulate CNT to
form ordered, oriented nanotubes arrays [37]. In the study performed by Boccaccini et al. [37],
several solvents including distilled water, mixtures of acetone and ethanol, pure organic
solvents such as ethanol, isopropyl alcohol, n-pentanol, ethyl alcohol, tetrahydrofuran,
dimethylformamide and deionised water with pyrrole have been employed to preparation of
stable CNT suspension for EPD. It was reported that the presence of charger salts improved the
adhesion of CNTs to substrates and also increased the deposition rate. CNTs films produced by
EPD can be used for various applications like emission devices, biomedical scaffolds, catalyst
supports, structural composites, fuel cells, capacitors and gas sensors [16, 37].

A porous morphology of the CNT film coated on stainless steel substrate by EPD is
shown on Figure 7. The SEM images clearly indicated a homogeneous dense network with
needle like structures that ensures the required porosity. The side view given in Figure 7b, also
revealed a successful deposition of the CNT on the substrate.

Figure 7. SEM images of CNT obtained by EPD on
stainless steel substrates. (a) surface view, (b) side view.
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The usage of silica nanoparticles with multi-walled CNTs by EPD was examined by
Chicatun et al. [44]. They studied SiO2 / CNT composite films on metallic substrates that can be
used in the biomedical field or in thermal management devices. Another interesting approach
was released by Li et al. [45]. In this study, the usability of EPD for the production of
conductive substrates coated with manganese dioxide and multi-walled CNTs to obtain
electrochemical super capacitors was investigated. It was found that the porous microstructure
and fibrous crack free surface film layers with a pore size changes within the range of 10-100
nm can be deposited [45]. The test results also indicated that the value of specific capacitance
(SC) decreases with increasing scan rate and increasing film thickness. As a result by changing
the scan rate and film thickness, the magnitude of the SC can be controlled. The creating of
CNT’s with an oxide films of multilayered FesOs / CNT, Eu20s / CNT or TiO:2 / CNT duo
structures for optical, photocatalytic and energy-storage devices can be given remarkable
studies found in literature [16]. By changing the parameters like number of the layer and
thickness etc. property of the materials can be dramatically changed. TiO2 was stated as one of
the most effective material and, when TiO>-CNT combination is used, the photocatalytic
affectivity of the product was increased.

Electrophoretic deposition of nano-sized SiO: particles on metallic and ceramic
substrates has recently been investigated by A. Charlot et al. [46]. In this study, the charging
particles were stabilized by dispersing them in an alkali medium (pH=10). The results showed
that silica film can be deposited with different thicknesses between 125 nm and 300 nm
according to the applied electric field and deposition time. A better deposition performance
obtained for thin silicate films on metallic and ceramic substrates than sol—-gel process suggested
that EFD can be used in the field of photonics, optics as antireflective layer or anti-corrosive
coating. The applicability of EFD method to produce electroceramics coated with BaTiOs thick
films [47, 48], ZnO thick films for sensor and actuator applications [49], thick films made of
MgO for tunable electronic devices [50], LiCoO:2 electrodes for rechargeable lithium batteries
[51, 52], carbon-polytetrafluoroethylene thin films for gas diffusion electrodes [53] and MgB:
films fabricated by the diffusion of the Mg into the boron film and heat treatment of Mg/B
coatings [54, 55] have also been reported by several research groups as a significant usage of
EPD. In our previous studies [56 — 58], the usability of EPD to fabrication of suitable material
for sensor applications has been studied. In these studies ZnO, BaTiOs and SnO:2 nano particles
were concerned to obtain porous layers with high surface area on substrate. As its well know
that ZnO is one of the most important oxide semiconductors for toxic and combustible gas
sensing applications. Therefore, sub-micron sized ZnO particles were firstly synthesized by
using homogeneous precipitation method and stabilized ZnO aqueous suspensions (5 wt. %)
were than submitted to EPD tests. In deposition tests, gold-palladium electrode was used and
the affect of applied voltage and deposition time on the product properties were discussed. The
results indicated that a 10 pm thick homogeneous, porous layer can be obtained by EPD method.
BaTiOs is also well-known dielectric material for electronic applications like multilayer
capacitor, transducer, thermostat and electro optic devices. Although, some other metal oxides
such as In20s, TiO2, a-Fe20s, HfO2 and BaSnOs have also been widely investigated for gas
sensing applications, in literature, the use of BaTiOswas found as a relatively new research area.
The performed tests showed that desired sensors with high sensitivity can be tailored by
altering the substrates morphology with help of suitable dopants usage [56, 57]. BaTiOs crystals
were synthesized with a novel one pot reaction nonaqueous method. In which the metallic
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barium is directly dissolved in benzyl alcohol at slightly elevated temperatures. The synthesized
spherical BaTiOs nanocrystals (appox. 5 nm) were stabilized in ethanol suspensions and than
used for deposition process. Pt plated alumina was used as substrate. Various voltages were
applied by altering the cathode to anode distance as well as deposition time for optimal process
control. Because of the ethanol adsorbed on the surface of the nanoparticles, application of high
voltages was possible without causing hydrolysis. The characterization test performed on the
products dried in air atmosphere and sintered at different temperatures showed that relatively
higher porous structure of the coated surface compare to CNT make it more preferable to gas
sensor applications. The SEM images given in Figure 8 confirmed the successful deposition of
BaTiOs layers on Pt-coated alumina substrate.

(b) | (©)
Figure 9. (a) 2500 x, (b) 5000 x and c) 6000 x magnificated side view
images of SnO2nanocrystallite film layers on Pt coated alumina substrate.
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A further study [58] focused on the deposition of porous and homogenous SnO:films to
production of gas sensor material showed that the deposited SnO-film has a high sensitivity to
liquefied petroleum gas (LPG) at various gas concentration and operation temperature.
Nanosized SnO2 (60 nm) particles were used in non-aqueous mediums with and without iodine
to prepare stabilized EPD suspension. It was reported that highly porous, crack free and
homogeneous SnO: films on Pt coated alumina substrate can be achieved with proposed flow
sheet (Figure 9).

An interesting development to produce doped functional glasses was reported by Clasen
et al. [59, 60]. In these studies shaping of a green body and doping were achieved in a single step
and lower temperatures compared to conventional route. The doped glasses are normally
created by melting silica at 2100 °C, however, at this high temperature most of the suitable
dopants evaporate. As an alternative to conventional production way, the authors suggested to
using of EPD, in which, the soluble salts firstly added into a silica suspension, these salts
dissociate and the ions are adsorbed on the surface of the particles, which were then deposited
by EPD producing a homogeneously doped green body.

Finally, it’s no doubt that concentrated affords performed to using of EPD in the
production of solid oxide fuel cells (SOFCs) as new electric power generation systems, should be
concerned more important applications [61]. The increased interest in SOFCs is due to their
high energy conversion efficiency, clean power generation, reliability, modularity, fuel
adaptability, the fact that they are noise-free, have excellent long term stability and also due to
the versatile nature of the technology for direct conversion of chemical energy to electrical
energy. According to literature reports [62 —64], the relative advantages of EPD in the
production of SOFCs can be listed as follows; (a) deposit coatings on substrates of any shape, (b)
control the deposition conditions thus being able to prepare porous coating as electrode and
dense coating as electrolyte, (c) obtain laminate structures of electrodes and electrolyte and (d)
produce Ni-yttria stabilized zirconia (YSZ) cermets (anodes) by electrophoretic co-deposition.

3. Boron history and its role in EPD

Boron compounds may have been known for about 6000 years, starting with the
Babylonians. The Egyptians, Chinese, Tibetans and Arabians were reported to use such
materials. The elemental form of boron was first recognized by Sir Humphry Davy and by
Joseph Louis Gay-Lussac and Louis Jacques Thénard in 1808. It was prepared by reduction of
boron trioxide with potassium and by electrolysis of moistened boric acid. Although, the purity
of their products was about 50 %, in fallowing years, higher purity boron was produced by
well-known Moissan process with a purity of 90 %. The product is light boron in color and is
considered to be amorphous. Crystalline boron was obtained in 1856 by the German chemist
Friedrich Woéhler by dissolving amorphous boron in molten aluminum. On cooling crystalline
boron separates out and recovered by dissolving aluminum in sodium hydroxide. E. Weintraub
of General Electric laboratory succeeded in preparing 99 % pure boron by decomposition of
BCls in an electric arc. Since then numerous methods have been developed to find new
alternatives for the producing commercial quantities of pure boron. The discovery of boron
hydrates by German chemist Alfred Stock and co-workers in 1912 has widened the utilization
of boron compounds in industrial applications. Research on boron hydrides was started in the
United States in 1931 by government sponsorship of various military programs to develop high-
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energy fuels for rockets and aircraft during World War II. Boron fuels (alkyl penta- and
decaboranes) created great interest because they possessed much higher heats of combustion
than conventional hydrocarbon fuels. Large quantities of boron fuels were manufactured.
Progress in borane research led to the discovery of a large number of new compounds [65].

In principle boron as a material, have many excellent surface properties, including
corrosion resistance, very high hardness, refractory properties and a strong tendency to bond
with most substrates. The potential benefits of the boron have not been sufficiently realized
because it has high ionization energies, which make it impossible to convert into ionic form.
Furthermore, its lightweight and high-melting point prevents the deposition of boron in thin
film form [66]. However, in recent years, Hyam et al. 2007 reported that the deposition of thin
film boron is possible by EPD, if the mobility of boron particles in solution and the stability of
the suspension are provided. The degree of stoichiometry in the electrophoretic deposition is
generally controlled by the degree of stoichiometry in the powder used. Therefore, it is
important to use similarly charged particles and similar solvent-binder—dispersant systems for
gaining better control of layer thickness. The principal driving force for EPD is the charge on
the particle and the electrophoretic mobility of the particles in the solvent under the influence
of an applied electric field.

In EPD tests ethylene glycol, D.M.S.O and acetone were tested as an organic media and
it was found that the deposition tests performed in acetone solution showed no gravitational
deposition [67]. The required surface charge on boron particles was obtained by addition of
iodine in acetone solution. According to chemical reaction given in Eq. (2), the concentration of
H* ions in the suspension increases and adsorption of H* ions on the neutral boron particle
surfaces leads to inducing positive charge on the boron particles:

(CH3)2C=0 + I + B— B+ + CHs~C{O-CHoI + HI. 2)
These particles with positively charged surface repel each other and make the suspension stable
due to electrostatic stabilization. The authors also suggested that EPD could be concerning as a
first step to synthesis of magnesium diboride (MgB:2) superconductor. Superconductivity can be
defined as a losing of all electrical resistance of an element or metallic alloy when the material
cooled below a characteristic critical temperature. It was first discovered in 1911, when Dutch
physicist Heike Kamerlingh Onnes cooled mercury to 4 degrees Kelvin. In recent years, the
discovery of superconductivity at 39 K in binary metallic MgB: has attracted great interest in
fundamental physics and number of potential applications. Specifically, lack of weak-links, a
relatively high-critical temperature (7) of 39 K, and the low cost of the starting materials make
MgB: a promising candidate for practical applications [66, 68 —70]. The synthesis of MgB2 as
powder or thin film form can be performed by several techniques including mechanical
alloying, spark plasma sintering (SPS), and boron thin films by pulsed laser deposition (PLD),
magnetron sputtering, plasma enhanced chemical vapor deposition (PECVD) and electron beam
evaporation [66]. As an alternative to these techniques, an electrodeposition of elemental boron
films by applying high potential looks like a very promising method for further production. The
authors tested the affect of particle size on the charge transfer and growth mechanism during
electrophoretic deposition in suspension and reported that ZP of boron particles increases with
increase in particle size, which helped to increase the stability of the suspension solution. The
boron films prepared from a suspension of coarse (2.62 um) particle size was found to be
uniform, thick and suitable for magnesium diffusion as compared to the film formed from the
medium (1.8 um) and fine particle size (0.8 um) suspension solution. The difference in particle
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size of boron in suspension changes the nucleation mechanism and current density in the
electrolytic cell [66].

Recently, Raddaha et al., released another interesting report titled as Chitosan/h-
BN/TiO2 composite coatings on stainless steel (316L) substrates. The article presents the results
of an experimental investigation designed to deposit chitosan / hexagonal boron nitride (h-BN)
and chitosan/h-BN/titania (TiO2) composites on SS316L substrates using EPD for potential
antibacterial applications. Electrophoretic deposition offers important advantages in the
deposition of complex compounds. Chitosan is an interesting polymer that has been preferably
used to produce a variety of coatings in combination with EPD. It is a cationic polysaccharide
that has been used for biocompatible coatings and drug delivery [71]. Due to its biodegradability,
biocompatibility, non-toxicity and antibacterial properties, chitosan has attracted much
attention for a wide variety of biomedical applications. On the other hand, h-BN presents a
layered structure with many unique engineering properties and it has been also preferred
material for many biological applications due to the its improving role on the mechanical and
optical properties of the final composites.

The influence of EPD parameters, i.e. voltage and deposition time and relative
concentrations of chitosan, h-BN and TiO: in suspension on deposition was evaluated and
reported that h-BN and TiO: particles were dispersed in the chitosan matrix through
simultaneous deposition. The adhesion tests between the electrophoretic coatings and the
stainless steel substrates by using tape test technique showed that the adhesion strength
corresponded to 3B and 4B classes. Corrosion resistance, evaluated by electrochemical
polarization curves, indicated that corrosion resistance of the chitosan / h-BN / TiO: and
chitosan / h-BN coatings were enhanced compared to the bare stainless steel substrate [71].

Chitosan is insoluble in water and organic solvents. However, protonated form of it can
be dissolved in water-ethanol mixtures at low pH. Under this condition, the amine groups of
chitosan are protonated (Eq. (3)) and applied an electric field provides motion of the charged
macromolecules towards the cathode:

Chit-NH: + H3O* — Chit-NHs* + H20. 3)

As a consequence of the pH increase at the cathode surface due to electrochemical

decomposition of water, chitosan loses its charge and forms an insoluble deposit:
Chit-NHs* + OH- — Chit-NH: + H20. (4)

4. Conclusion

EPD is the most attractive surface deposition method for different kind of applications
from traditional to high technology, mass production and newly employed ones. The method
provides precision control of thickness and deposition rate and deposition selectivity.
Mono/multilayer coatability of the material surface in the desired pore range and structure
allowed to use it for the production of composites, nanotechnology materials, bio materials,
sensors, optic devices, functionally graded materials from nanometer range to micrometer range
as a preferable method. Furthermore, the versatility, three dimensionally controlled nano
structures and building of nano composite capability in the form of dense or porous
configuration expected to the expanding of it within the innovative materials production
market.
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BJIUSHUE YCJIOBUM IIOJIYYEHUA HA
CTYKTYPHOE COCTOAHUME KPUCTAJIJIOB BOPA

. JI. Tabynus, O. A. Ilarapeitmsum, JI. C. Yxaprumsuiu

WuctutyT MeTasutypruu u matepuanosenenus um. ©. H. TaBazaze
Toumucu, I'pysus
d_gabunis@hotmail.com

ITpunsra 11 cenTa6psa 2014 roza

B macrosmee BpeMs 6op, ero coefUHEHHS M CIUIaBbI, a TaKXXe MaTepHajbl U
KOMIIO3MLIIMM HAa €ro OCHOBe HAXOAAT LIMPOKOe IIPUMEeHeHHe B Pa3JINyYHBIX OTPACIAX
COBpeMeHHOI TeXHUKHU. BricOkue 3Ha4eHMHA MX IPOYHOCTH, TBEPAOCTHU, M3HOCOCTOMKOCTH
IIpU COXPaHeHUU YIOBIETBOPUTENbHBIX IUIACTUYECKUX CBOMCTB OTKPBIBaeT HOBBIE
BO3MOXKHOCTH ITIOJTYyY€HHSI MAaTePHAIOB C IOBBIIIEHHBIMU CJIy>KeOHBIMHU XapaKTepPUCTHKAMU.
B coBokymHOCTH € paflUKaJIbHO OTIMYAIOUIMMU APYT OT APyTa HeHTPOHOIOTIOMAIIUMY 1
HEeUTPOHOIIPO3PAaYHBIMU CBOMCTBAMM CBOMIX H30TOIIOB, OOp M Marepuajabl Ha €ro OCHOBE
IIPUBJIEKAIOT BCce OOJIblllee BHUMAHUE YUYEHBIX, HCCIefoBaTelel U pa3pabOTYMKOB.

YcTaHOBNIEHO, YTO  HAHOPAa3MEePHOCTb  CTPYKTYp  OTKpBIBaeT  YHUKAaJIbHBIE
BO3MOXXHOCTH CO3[IJaHMS MaTepHUaJoB C 3HAUUTEJbHO YJIy4IIeHHBIMHU cBoiicTBamu. Takue
MaTepHalbl IIPOABIAIOT KaueCTBEHHO HOBBIe (PYHKIIMOHAJIBHEIE XapaKTepUCTUKHU. B aToMm
OTHOIIEHWH OOp, C y4eTOM ero MajJoro yZeJbHOrO Beca, M OOpcozepKalye MaTepHaIbl
MOXXHO YCIIEIIHO MCIIOJIb30BaTh B 3JIEKTPOHHOM, aTOMHOMN U aBUaKOCMHUYEKOM
npombinieHHOCcTH. Co3ZjaHHBIE HA WX OCHOBEe IIOKPBITUA MOTYT HAWTHU IIHPOKOE
IpUMeHeHNe W B MeAMIIUHe — A obecledeHUs 3aIIUTHl OT HEHTPOHHOTO OOIydYeHUd
06CITy)XMBAIOLIETO IIEPCOHANA TIPU SUATHOCTUKE U JIeYeHNH OHKOJIOTUYECKHUX 3a060IeBaHUH.
B sroMm acmexTe Bo3pocuInii mHTepeC K HAHOKPUCTAJIMYECKUM MaTepuajaaM Ha OCHOBe 6opa,
CIIOCOOHBIX 0071aaTh GIaTONPUATHBIM COYETAaHUEM PA3IUYHbBIX (PU3NIECKUX U XUMHUIECKUX
CBOMCTB, BIIOJIHE IIOHATEH.

Crnemyer OTMeTHTh, YTO WM3MeHEHUEe CBOYCTB HAaHOMATE€pPUAIOB OOYCJIOBIEHBHI He
TOJIBKO MaJBIMH pasMepaMH YacTHIl, HO U IIPOABJIeHUEM KBaHTOMeXaHU4YeCKuX 3¢h(deKToB
IpU JOMUHHPYIOLell pou IOBEPXHOCTH pasfena. JDTU 3PGeKTsl HACTyMaloT IPU TaKOM
KPUTHUYECKOM pa3Mepe, KOTOPBIM COM3MEPUM C T.H. KOPPeIAIMOHHBIM PafUyCOM TOTO WJIN
WHOTO SBJIEHUA, HAIIpUMep, 3apOKJeHUsI HOBOHM TBepmoH ¢as3pl M KPUCTANIHU3ALUU. DTHU
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Influence of producing conditions on structural state of boron crystals.

IPU3HAKYU BIIOJIHE OOSACHAIOT TOT (PaKT, 4TO Jaxke TPAaMM HAaHOKPUCTA/L/IA MOXKeT ObITh Gosee
s¢deKTUBEeH, YeM TOHHBI OOBIYHOTO BellecTBa. M zesio He B KOJIMYECTBe, a B Ka4eCTBe.

Kak m3BecTHO, OCHOBHBIM CTPOUTENBHBIM 3JIEMEHTOM CTPYKTYPbI 60pa 1 MaTepHaioB
Ha €ro OCHOBe fABIfeTcA uKocadhp ¢ 12 aromamu. V3 yCTaHOBIEHHBIX CTPYKTYPHBIX
MopuduKanuy 6opa &- u f-poMO0O3ApUYECKOH U B-TeTparoHaabHOM, Hanbojee CTaOMIBPHOM
apnfercs B-pombosgpudeckas. OJHAKO ee MOXXHO IOJYYUTH JIHIIb B pe3ysIbTaTe OTXKUTA
(> 1500 °C) nnn mepemnasa (~ 2200 °C) amopdHroro 6opa. Crpykrypa B-poMb03apHrIecKOro
6opa DOCTaTOYHO CJIOXKHATA U ee diIeMeHTapHas sgdeiika comepxut 105 peryifpHsIX y3iaoB
aTroMoB 6opa. OHa XapaKTepusyeTcs HalIU4YueM CyObadeiiku Bss u OONBIIMM KOJIMYECTBOM
nmycror, 3aHuMalomux g0 70% ob6vema. CiemyeT OTMETHTH, YTO CJIOXKHASA CTPYKTYpa,
BBICOKAs TeMIlepaTypa IIJIaBJIeHMSA, HU3Kas TEeIJIONPOBOZHOCTh YW OOJbIIAA peaKIMOHHAg
CIIOCOOHOCTh B PACIUIaBIEHHOM COCTOAHUU CO3/Iae€T Cepbe3Hble TEeXHOJIOTHMYeCKUe
TPYZLHOCTH IIOJTy4YeHUH KPHUCTAJIOB O0pa U B 0COOEHHOCTH €TI0 HaHOKPHUCTAJLIIOB.

OcHoBHBIE  [JaHHBIE O  ITIONYYeHHM U pe3yjbTaTaX  MCCIeJOBAHUU
HAaHOKPUCTAIINYECKUX IOPOIIKOB 60pa, KOTOPHIX paHee HAa3bIBAIU «YJIbTPAAUCIIEPCHBIMU»
npencrasieHsl B [1]. CoBpemeHHBle pabGOTHI IMOATBEPAUIN BO3MOXHOCTH IIOTydYeHUA
HAaHOKPHUCTAJIJIOB 60pa, MOTYIIUX CYIIEeCTBOBAaTh KaK B BUZE TPEXMEPHBIX TaK U JByXMEPHBIX
[2 ] cTpyKTyD.

BaxxHoe BiIuAHME HA CTPYKTypPHOE COCTOSIHME KPHUCTAJUIOB 60pa OKa3bIBAIOT YCJIOBUS
ero NOJy4YeHMs, TeMIepaTypa, cpefa, AaBieHue. [lopomku Gopa 1 HaHOMaTepHaIbl Ha
OCHOBe OOpa MOXXHO IIONydYaTh ApoOjeHueM, KOHJeHcaluel U3 ra3oBOil (a3bl, TEPMO- U
IJIa3MOXUMHUYECKUM CHHTE30M, OT)KUTOM aMOpGHBIX TOPOIIKOB U T.II. B HacTosAmei pabore
pPaccMaTpUBAIOTCS BOIIPOCHI IOTyYeHUs HAaHOKPUCTA/UINIECKUX YacCTUL, 6Opa M MaTepHaIoB
Ha €ro OCHOBe B 3aBHCHMOCTH OT YCJIOBUM IIOJNy4YeHUs: MEXaHUYECKUM H3MeTbUYeHHeM U
n3MeJib4yeHnueM BBICOKOBOJIBTHBIM SJIEKTPUIECKUM pa3pAaAnom, XMMHNYECKNUM n
3JIEKTPOZYTOBBIM CHHTE30M, TEpPMUIECKOH 06pabOTKOM aMOpPGHBIX TOPOLUIKOB 6opa.

MexaHnYecKoe M3MeJIbYeHUEe — BEICOKODHEPIeTUYeCKUHA PasMOJI KPUCTAIMIECKOTO
MaTepHaja — MOXXHO CYMTATh Haubojiee IPOAYKTUBHBIM M HCIOIB3YEMBIM METOAOM
IOJy4YeHUs IIOPOLIKOB [-poM0O03ApudyecKoro 6opa. YUHTHIBAsA CyI[eCTBOBAaHHME HIKHOTO
mpezena JUCIEPrUpoBaHus BemecTBa TakuM MerozoMm ~ 0.7 - 10~ cm, nmpeamonaraercs, 4To
MEXaHUYeCKUM U3MeTbUYeHHEeM KPHCTAJIJIOB Oopa MOXHO IIOJIY4YaTh YaCTHIBI IIOPOLIKA
HAHOKPUCTAIINYECKUX pa3MepoB. [leifCTBUTENIBHO, IIPY TOHKOM H3MeTbUY€HUU IIOPOLIKOB
6opa  yZApHO-UCTHPAIOWIMM  BO3JEHCTBMEM Ha  BO3LyXe OOpa3yloTCA  YaCTHILBI
HAaHOKPHUCTALINYeCKoro Gopa pasmepoMm ~ 250 um. OPpaxuuio TakuxX IOPOLIKOB IIOCTIe
IIPOMBIBKY B JUCTUJUIMPOBAHHOM BOZE U YZaJeHUs T.H. aMOP(U3MPOBAHHOMN YaCTH MOXHO
UCIIOIB30BaTh IO IleJIeBOMY HA3HAYEHWIO, HAIpUMep, [AAA CO3JaHUA CIeI[UaTbHBIX
ITIOKPBITHH.

ITpencraBisgercss, YTO PacHOCTPAaHEHBIH M LIMPOKO HCIOJIB3YyeMbIH B IIOCIeLHEe
BpeMfA  MeTOJ, MEeXaHUYeCKOrO CHHTe3a, T.H. MEeXaHOCHHTe3a, Pa3IUYHBIX BeleCTB U
KOMIIO3UIIMY U3 COOTBETCTBYIOIIMX IIPEKYPCOPOB IIO3BOJIUT B IIPOIjeCCe W3MeIb4eHUs
IPaKTUYeCKW TNpH KOMHATHOH TeMIepaType IIOay4aTh Kapouz Oopa, HuTpuz Oopa u
HeoOXoMMBbIe OOpCoiep Kalyie MaTepHasbl ¥ KOMIO3UILIUH.
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OpHako MexaHWYeCKHe MeTOAbl H3MeJbYeHHA OO0JIafaloT pajioM HeZOCTaTKOB. B
IEPBYIO OdYepeAb OTO 3arpa3HEHHe IPOAYKTOB M3MeJIbUYEeHHI MaTepuajoM TeJa
V3MeJIPYUTENd, 4TO TpebyeT [OOIOIHUTEIbHYI0 00paboTKy TPOLYKTOB W3MeIbYeHUs,
HAIIpEMepP MX XUMHUYeCKylo ouucTKy. K coxaseHMIO, Ipu JUCIIEPTUPOBAHUN HA BO3ZAyXe
IIOPOLIOK OKHCJIAEeTCA — OJTO TaKXe CjefyeT INPUHATH BO BHuUMaHMe. HeobGxomumo
YYIUTHIBATH U JOCTATOYHO BBHICOKME DHEPTO3aTPaThl U JIUTETHHOE BpeMs U3MeTbUeHMUs.

B srom oTHOmeHnu Gosiee NpUBIEKATEIbPHBIM fABJIAETCSA BO3/EHCTBHE HA MaTepHas
BBICOKOBOJIPTHOTO 3JIEKTPUYECKOro paspsza. McciremoBaHus IOKasalu IE€PCIEKTHBHOCTD
ero wucnons3oBaHus. OH IO3BOJIAET BO3LEHCTBOBATh HA MAUCIEPCHBIE MaTepHasbl Kak
3JIEKTPOMAarHUTHBIMU U TEPMHYECKUMH ITOJIIMH, TaK M BOJTHAMH JABJI€HUS, OIU3KUMHU K
yZapHbIM. MeToJ TO03BOJIAEeT NOCTUYb CPaBHUTENIBHO BBICOKOH CTEIIEHM AHUCIEPCHOCTH C
He3HAYNTEeIbHBIM 3arpA3HEeHNeM IPOAYKTOB U3MeJbYeHUs IIPU HU3KHUX 3aTpaTax dSHePTUH U
BpeMeHU. B ToXxe BpeMs, MCIIONB30BaHME B KauecTBe paboueil Cpenbl COOTBETCTBYIOIIEH
IeIIM H3MeJIb4YeHUs >KUAKOCTU, HAIpUMep, KePOCHHA II03BOJIAET M30eXaTh OKUCIeHUS
IPOAYKTOB [UCIEPTUPOBAHUA U CO3[AeT yCJIOBUSA JAJA IONydeHUsA TpeOyeMOro BelecTBa,
HampuMmep, Kapobuza 6opa B«C. B sTom ciyvae, mopbupas TeXHOJIOTHYECKHe ITapaMeTpsl
KOMIIO3UIIMM Ha OCHOBE OOpCOZEPKAIUX BELIECTB C TOYKM 3PEHUS COAEpP)KaHUA B HHUX
nzoronoB B mim !B, mMoxHO OyzeT moaydaTh KaK HEHWTPOHOIOTJIOWIAIOUIVE ,TaK U
HeWTPOHOIIPO3pavyHbIe MaT€PUAIIBI.

[lyroBoii paspajn B kuzakoi (ase Bce dallle MCIOIB3YIOT [JIA MOTYyYeHUS PasIuIHBIX
HAaHOCTPYKTYp, KaK aJbTEepPHATHBY [JyrOBOMY paspsazy B TrasoBoii ¢dasze. Hawmm
SKCIIEPUMEHTAJIBHO YCTAQHOBJIEHa BO3MOXKHOCTh IIOJIyYeHUs HAHOPAa3MEPHBIX YaCTUI]
HuTpuza 6opa BN gucmeprupoBaHueM B JKMAKOM a30Te IO MeTOLY ONKHCAaHHOM B
IIpeiBApUTENBHO  M3MeJbYeHHBIX  ((dpakuusa 160 — 80 MmxM)  IOpOLIKOB B-
poMO0o3IprYecKoro 6opa.

Hcmonp3yss rasoobpa3Hsle OOpcozeprKaliyie XMUMUYeCKHe PeareHThI JIETKOJIeTYyYHnX
MaTepHaJOB TAaKKe MOXHO IIOMydYaTh HAHOKPHCTA/UIMYECKHWe YaCTUIBI 0Oopa U ero
coepuHenuit. OfmHAKO Bce Xe CefyeT 3aMEeTUTh, YTO IIPUMEHEHMe [JII TaKuX Iiejei
Iu6opaHa YCIOXHSIET TeXHOJIOTHIO U CHIDKaeT 0e30IIaCHOCTb IIpoIlecca IOJMyYeHHs. JTO B
OIlpefle/IeHHOI CTelleHM OTrpaHuYMBaeT HX 5(QdeKTHBHOe IpUMeHeHHue i IOJIydeHHud
6opcozepXKalluX HAHOKPUCTAITNIECKIX YaCTHII,

HeobxozmumMo OTMETHTH,YTO BO3[EHCTBHE SIEKTPUYECKOTO ¥ MArHUTHBIX IOJIeil
ABNAETCS TJIaBEHCTBYIOUMM IIpu 00pabOTKe COOTBETCTBYIOIIUX IIPEKyPCOPOB U
CIIOCOOCTBYeT 00pa30BaHMI0 HAHOKPUCTAUINYECKUX CTPYKTYp. IIpu temmeparypax (2000 —
6000 °C), pasBuBaromuXcs B CTONOE 3JIEKTPUYECKOH [yTe, BOTOHAIOTCA BCE METAJIBI U
coepuHeHUA. C y4eTOM 5TOro 0OCTOATENIBCTBA MOXKHO CMEJIO CKa3aTh, YTO DJIEKTPOAYTOBOM
croco6 TOoyYeHHsA U OOpPabOTKM MAaTepHaOB SABJILETCA CPAaBHUTEJIBHO IPOCTHIM U Ooiee
NOCTYIIHBIM METOJOM IIOJIy4eHUs HAHOCTPYKTyp M KOMIIO3MIIMM Ha OCHOBe 0Oopa u
6opconepxamux MaTepuanos. OOpasyrouuecs IpU 5TOM IPOAYKTHI COAepKaliue GOpHBIE
HAHOCTPYKTYPBI, MOTYT OCKJAThCSA Ha KaTo/e MJIM Ha CTEHKaX peaKkTopa.

Cpezny MHOTOYHCIEHHBIX METOJOB IIOJy4eHHsS OOopa M MaTepHajJoB HAa €r0 OCHOBe
METOZ, XMMHUYECKOTO CHHTe3a C WCIIOJNb30BaHUEM OpPraHHYeCKMX U HEOPraHWIeCKUX
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IIPeKypPCOPOB IIpUBJIEKaeT BHUMAaHWE CBOEH IIPOCTOTOH, AOCTYIHOCTBIO KOMIIOHEHTOB U
BO3MOXHOCTBIO CHIDKEHUSA SHEPTo3aTpar.

bruta moxasaHa BO3MOXHOCTH ITOJIyYeHHS TeTePOMOAYIBHONM KepaMUKHM Ha OCHOBE
B4C. Takas kepaMMKa MOXeT OBITH ITOJy4YeHa U IIPU COBMEINEHHUHU IIpoliecca IOTydYeHUsd
TpeOyeMOro BellleCTBAa C IUIAKMPOBAHMEM YAaCTHUI, METAIMYECKON CBA3KOH. Tak, ObLia
ONKMCaHA TEXHOJIOTHUA, KOTOpas II03BOJIZET COBMECTUTH Iipouecc monydeHus B4«C u
nactuyeckoi cesasku (Hampumep, Cu/Ti), crmoco6cTByromeii KOHCOMUAUKM YacTul,. B
YaCHOCTU, HAaHOKPUCTAITMYeckue mopoumku B:C momyuanu KapOOTepMUYECKUM METOLOM
IUPOJIN3a HU3KO- U BBICOKOMOJIEKYJIIPHBIX OPTaHUYECKUX COeJIWHEHWUM TUIPOKCHJIBHOM
rpynnsl B uHTepBase Temmeparyp 900-1300°C. [lna yayumeHHs KOHCOJUAALUU
IOPOIIKOB UX CHUHTE3 COBMEIIATH C OJHOBPEMEHHBIM IUIAKMPOBAaHMEM YaCTHII
cBa3pIBatomieil ¢azoit — TBepzapiMu pactBopamu Cu/Mn u Cu/Ti. Komconupamurio
IIOJTyYeHHbIX KOMIIO3UIIMM IIPOBOAIIIM ILIA3MEHHO-MCKPOBBIM METOZOM, UTO IIO3BOJIAJIIO
IIOJIy4aTh IJIOTHYIO HAaHOKPUCTAINYECKYIO TeTePOMOLYIbHYI0 KepaMukKy Ha ocHoBe B4C.
YcTaHOBIEHO. YTO B TaKOM reTepoMOJYJIbHOM KepaMUKe COepXKaTcsai KOMIIOHEHTSHI, pa3Mep
KoTopsIx He npeBbimaer 80 — 100 M.

Ilopomkyu HaHOKPUCTa/UIMYECKOrOo rekcaroHanabHOro BN momywamn xummdeckum
CHHTe30M B arMocdepe aMMuaka cMmeceli, cofepxamux Oypy u Kapbamuj uau Oypy u
xyopug, ammoHud mpu Temmneparypax 870 u 1050 °C, coorBercTBeHHO. Pasmep momyueHHBIX
vgactur, BN xonebancsa B8 npegenax 100 — 150 M, a ux ariomeparoB — 2 — 3 MKM. Y ieJIbHAs
IIOBEPXHOCTH COCTABJIAIA mopsanka 8. 8 M2/ T.

WccnemoBanue psAza QYHKIMOHAIBHBIX CBOMCTB OOpa3LOB, IIOJyYEHHBIX U3
YKa3aHHBIX MAaTE€pPHAJOB IIOKAa3aJdH BO3MOXKHOCTh UX IIPUMEHEHUS KaK [JII CO3JaHUA
M3Ze/INH, COBMEIAIONIVX BBICOKYIO YAAPHYIO IIPOYHOCTD C YZOBIETBOPUTEIBHOM BA3BKOCTHIO
(kommosunuu Ha ocHoBe B4C), Tak m Ayud M3menuid, XapaKTepU3YIOIIMXCSA IOBBIIIEHHOMN
M3HOCOCTOMKOCTBIO (Kommosunuu Ha ocHoBe BN) u T.11. Ilogbupas msoronmuyeckuil cocTas
KOMIIIIBUIIMY II0 GOPY M TeXHOJIOTHYeCKHe IapaMeTphl IIPOIlecca, MOXHO IIOMydYaTh Kak
HEHTPOHOIOTJIOMAIOIIME, TaK XU HEeHTpOHOIpo3payHble MaTepuanbl. OHM MOTyT OBITH
MICIIOIB30BAHBI JJIA CO3JAHMUA CIIELINAIbHbIX U3/IeJIUU YN IIOKPBITUU.

AnHanu3 uMMeIOmUXCS B HACTOsIIee BpeMs AAHHBIX IIOKA3bIBA€T TEOPETUYECKYIO U
IPaKTUYeCKyI0 BO3MOXXHOCTb IIONXy4deHHUsA Oopa ¥ HAHOKPUCTAUIMYECKOTro OGopa
COTBETCTBYIOLIEl TepMUUECKOI 06paboTKOM aMOPGHBIX IIOPOLUIKOB Gopa.

Wzyvamace  KpucTajnusanus  aMOpGHBIX  IIOPOUIKOB  Gopa  pa3IUYHOTO
IPOUCXOXKAEHUS U XUMHUYECKOTO COCTaBa. YJAJoCh IIOKa3aTh, YTO HA IIPOIECC UX
KPUCTAUIM3AL UK CYIIeCTBEHHOE BIMAHNE OKa3bIBAIOT CIIOCOOBI IOTydYeHuUs, TeMIIepaTypa U
BpeMs BBIIEP>KKU OTxKura. [IpezcraBifer mHTepec Gojee IMOAPOOHO PacCMOTPEThH JaHHBIE
110 KPUCTAJIU3aL UK aMOPGHBIX IIOPOLIKOB 60pa.

Tak, B amopdHOM GoOpe, IMOSy4eHHOM HUPOJIHUTHYECKUM CIOCOOOM, CyIIeCTBEHHOE
U3MeHeHNe CTPYKTypBl IIPOMCXOAMT Yyxe 1ocie ero Harpesa: c¢ 1200°C HauwmHaer
dopmupoBaTecs o-pombo3ZpudYecKas CTpykTypa Oopa. Ilpu yBemmueHun TeMmIepaTypsl
BBIIIIE 1300 °C Ha peHTTeHOrpaMMe UCCIeyeMOro o0Opaslia IOABJIAIOTCA JIMHUH
o-poM60spuYecKoro 6opa ¥ IpU AajnbHeHIIeM MOBBIIEHUN TeMIIEpaTypsl GOpMHUpPYeTCs
o-pombosgpudeckuii 60p. Heobxomumo oTMeTHTH, 4TO IIpU 3TOM He HAGIIONAIOTCA
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U3MeHeHUs CTPYKTYpHOH eguHMUBI — uKocasgpa Bi2. Ilpoucxomur smump wux
IeperpymnrpoBKa 32 cueT HeGOIbIINX TOBOPOTOB OHU IIPEBPAIIAIOTCS B TETPadZphl, a IpU
UX COeIUHEHUU oOpasyeTcsa a-poMbosgpudeckas cTpykrypa. [Ipu manbHelimem Harpese oT
1770 mo 1900 °C ob6pasyercs T.H. «IpoMeXyTouHas» (asza U GopMHUpyeTcs CTpPyKTypa f-
pomboagpudeckoro 6opa. Beizensemas mpu mpeBpalieHUH TEIUIOBAs SHEPTUS PaCXOLYeTCs
Ha IIOCTpOeHUe GoJjIee CIOKHOM [3-poMO0IpHYeCKOil CTPYKTYPBI U3 aTOMOB 60pa. 3aMedeHo,
YTO Majoe COZIpXKaHHe IpuMeceil B MCXOZHOM IIOpOIIKe aMopdHOTOo Gopa — TJIaBHOE
yCJIOBHE TIOJIy4eHHs o-poMbosapuyeckoro Gopa. IlpemBapurensHOe IpeccoBaHUe
uccienyeMoro obpasija Takke CIOCOOCTBYeT IIpeBpallleHHIo, a IIPOBefieHHe OTXKWTa B
uHepTHOI atMocdepe B 1.5-pasa yckopsieT Ipoliecc IpeBpalieHus.

ITocne orxura mpu 1200 °C amopdrOro 60pa, MOTYUYEHHOIO SIEKTPOJIUTHYECKHM
CIIOCO60M, Ha PEHTreHOTpPaMMe HCCIeZyeMOoro obpaslia IOCTENeHHO IIOABJISIOTCS JIMHUU
o-pombosgpudeckoro 6opa. OTMeruM, 4YTO B O3TOM CJIy4dae IIOPOIIKM He TpPeOyIoT
IIPeCCOBAaHUA U eNUHCTBEHHBIM OIpeJesIfIOIMM IIapaMeTpPOM, BIIMSIONMM Ha IIPOIecc
KPUCTAJIN3aLUK, fABIAeTCA TeMrneparypa. OZHaKo BILUIOTH O TeMIEpaTypshl IIaBIeHus [3-
pombosgpudeckoro 6Gopa (~2200°C) mnonxHoe mpeBpaimieHHe B [-poMOO3APUUECKYIO
CTPYKTYPY He IIPOUCXOZUT. ITO IOATBEP)KJAeT CAeMIaHHbIH BBIBOJ, YTO -poMbOO3prdecKas
CTPYKTypa obpasyeTcs JHIIb IIOCJe IUIaBiaeHus amopbHoro 6opa. OTmeTuM, 4YTO cpefa
mpolecca KPUCTAIM3ALIMM — BaKyyM WJIM  MHepTHasd arMmocdepa — He OKa3bIBaeT
CYIEeCTBEHHOTO BIUAHUS HA IPOLECC KPUCTAUIU3ALIUH.

[Tpu xpucranmnsanyuy aMmophHOro 60pa, IOTyYeHHOTO IIA3MOXUMUYECKUM METOZOM,
Ha pEHTreHOTpaMMe HCCIeZyeMOro obpasia HaOJIoZaeTcs JIHIIb OJHA JUHUA, KOTOPYIO
MOXXHO UJeHTUPUIINPOBaTh Kak HeGoburyio (~ 10 %) npumecs B-reTparonanpHOro 60pa.

[ToxpiToXXMBasg 5TH pe3yAbTATHl MOXKHO 3aKJIIOYHTh, YTO B OJUHAKOBBIX YCJIOBUAX
KpUCTaIIu3anuy aMopdHBIH O0p OBICTpee BceX IpeBpaliaeTcs B O-POMOO3ApUYECKUi,
3aTeM ITMPOJIUTUYECKUH U TPyZHee BCeX — 3JIEKTPOIUTHYECKHI 60p, HECMOTpS HajIU4ue B
€ro CTPYKType TOTOBBIX CTPYKTYp [-pomboszpuueckoro 6Gopa — Bas. Ilo-Bumumowmy,
OCHOBHOM NIPUYHMHOM pasjuyuus B IPOLleCCaX KPUCTA/UIM3ALUHU OOpa fABIAETCA pasiudue B
TEXHOJIOTUYECKUX MeTOZaX IIOMyYeHHs HCXOAHOTO aMopdHOro 6opa, BIMAIOIUX HAa €ro
YUCTOTY.

Takum o6GpaszoMm, mombupas cpefy, TeMIepaTypy H IPOJO/LKHTEIBHOCTh BpeMeHHU
OT’KUra OJId KPpHUCTA/UIN3alIn aMOP(bHBIX IIOpOIIKOB, MOXXHO HO]Iy‘IaTB HaHOKPHCTAJIBI X~
u B-pombosppuyueckoit Mogudukanuu 6opa. PaspaboranHble B HacTosAllee BpeMSA METOZBI
IOJNyYeHUs aMOP(HBIX IOPOUIKOB 06Opa IIO3BOJAIOT IIPOTHO3UPOBATH  PpeaybHbIe
BO3MOXXHOCTH YBeJIMYEHUs KOJIMUYECTBA IOIydaeMoro 6opa Kak B KPUCTAINYECKOM, TaK U
HAaHOKPUCT/UIMYECKOM COCTOSTHUSAX.

B szaxmrouenun HeO6XO,Z[I/IMO OTMETUTDH, ITO II€PCIIEKTUBHOCTH MCIIOJIB30BAHUA pAlad
YHUKAJIBHBIX CBOMCTB 06Opa B Pa3IMYHBIX O0JIACTAX COBPEMEHHOH TeXHUKH Oyner
CIIOCOOCTBOBATh MCCJIEOBAHMUAM BIMSAHUE yCJIOBUI IOMyYeHUS Ha CTPYKTYPHOE COCTOSHUE
6opa 1 TakuM OOpasOM CTUMYJIMPOBATh CO3ZAaHME HA €r0 OCHOBE HOBBIX HAHOCTPYKTYPBIX
KPUCTAUIMYeCKUX MaTepUaIoB (PyHKIIMOHAIPHOTO HAa3HAYEHHUS.
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Nanomaterials, and their associated manufacturing and processing technologies, are the
key enablers of the nanotechnology industry and encompass a wide range of materials. The
common link across these materials is that they exhibit features only present at the nanoscale
that potentially offer performance enhancement over existing materials. Nanomaterials
typically measure in the range of 1 to 100 nanometer (nm).

Nanotechnology has been making its presence felt in oil industry for some time, and
many applications are already standard in downstream, for example, nanostrucated zeolities are
now used to extend up to 40% more gasoline than catalysts they replaced [1, 2]. The most
obvious applications of nanotechnology for upstream operations is development of better
materials [3 —5]. The oil industry needs strong, stable materials in virtually all of its process,
including construction sector. By building up such substances on a nanoscale, it could produced
equipment that is lighter, more resistance and stronger such as weight reduction of offshore
platforms and structures, corrosion resistance alloy components in the wellbore and in surface
production facilities, better performing drilling parts and coating materials [4, 6].
Nanotechnology could also develop nanostructured steel alloys to provide a new class of steel
with hardness fracture toughness exceeding conventional alloys. Other emerging application of
nanotechnology are in the sector of developing types of smart sensor for monitoring of the
structural integrity and the integrity of pipe lines in oil industry.

This paper examines and documents applications of nanotechnology that can improved
the overall competitiveness of the oil and gas industry. The data and information collected is
from current literature and researches and focus on applications of nanotechnology and
nanomaterials in construction areas of the oil and gas industry. The purpose is to point out
clear-cut direction among the nanotechnology development areas where petroleum engineering
construction process would immediately harness nanotechnology by specifying clear
recommendations. To conclude, the future opportunities and challenges in construction oil and
gas, are highlighted.

Application of nanotechnology in construction oil and gas

Nanotechnology can be used for design and construction processes in many areas of
petroleum sector, in term of materials, techniques and safe environmental operations, since
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nanotechnology generated products have many unique characteristics, (summarized in Table 1).

There are large number of applications of nanotechnology in construction area to oil and gas

industry. Some of these applications are examined in detail below and followed by a summary

of possible solutions that nanotechnology can offer in a number of areas of critical importance

to the industry.

Table 1. Examples of use, benefits, limitations for top 5 nano-products in petroleum industry.

Product Categories Main Uses Key Benefits Key Limitations
Composites building materials high strength, technical limitations
(polymer, steel, piping), lightweight, durable and bulk volumes,
drilling parts, offshore structures, ductility, environmental
structures, surface wear and corrosion impact during
production of facilities resistance, earthquake | disposal phase
resistance
Coating functional surfaces, UV protection, cost to produce not
exterior and interior antimicrobial, available in bulk
building scratch, corrosion
surfaces,piping,tanks,offs | resistance, water
hore structures proofing, durability,
self-cleaning, longer
life, aesthetics
Membranes removal of toxic metals better material technical limitations
and volatile organic utilization, reduces andenvironmental
compounds (vocs), water | footprint, low weight | impact during
filtration, efficient and space disposal phase
conversion of requirement, bio-
hydrocarbons and fouling resistance,
refining efficiency low capital cost, low
maintenance
Sensors remote sensing and low maintenance, product acceptance,

monitoring for example
crack structural integrity
of pipes lines and wells

minimum
infrastructure
requirements, precise
and accurate
measurement
techniques

standards and
guidelines

Cement / Concrete

bulk materials in building
construction and capital
structures for example oil
well cement, offshore
structures, supports for
storage containers

strength and
durability, long
lasting, aesthetics,
schedule. shorter
curing time

manufacturing cost
at the level of mass
production, higher
initial investment,
lobbying,
environmental at
end of life-cycle
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Nanocomposite materials

Nanocomposites are a class of materials that has gained much interest recently since the
oil and gas industry need strong, stable materials in virtually all of its processes, specially in
drilling operation. Because of the extremely harsh environment conditions currently present
during exploration and drilling activities and even more adverse conditions as drilling
operations move deeper, there is a strong need to develop harder, more resistance and durable
materials. The incorporation of engineered nanoparticles into composite materials and coatings,
can make materials and devices more resistant to harsh environments during drilling operation.
This is due to the enhanced thermo-mechanical properties, thermal stability and flammability
achieved by the addition of nanoparticles compared with conventional materials.

Industrial drilling make heavy use of superheated materials with superior wear
resistance. In this respect, nanocomposite materials have better corrosion and chemical
resistance characteristics, can stand better harsher operating condition. Drill bits coated with
nanostructure ceramic materials have increased hardness and durability compared with their
conventional counterparts [7].

US Department of Energy, has developed a novel nanosynthesis technique of high
pressure and temperature (p— 7') reactive sintering to synthesize diamond/sic nanocomposite
that offer superb hardness (40 — 60 GPa), enhanced yield strength (16 GPa, comparable to
diamond) and high fractured toughness (12 — 15 MPa - m'?). The development and deployment
of these novel diamond nanocomposites will dramatically increase drilling workload and
efficiency while also reducing energy and capital costs and harmful environmental and carbon
effects [8].

Another example of commercial nanotechnology application is the thermosetting and
thermoplastic pipes and liners created from nanocomposite materials have enhanced thermo-
mechanical and creep properties, allowing for operations at the higher temperatures and
pressures without increasing the thickness of the pipe or the changing the manufacturing
processes involve [9].

Another major area where nanocomposite materials can make a dramatic impact is with
sealants when subjected to harsher condition [10, 11]. Nanocomposite materials also offer a
dramatic impact on the application of elastomers (rubber), for drilling under the extreme
conditions of temperature (> 200 °C) and persuure (> 20000 Psi).

Recently, by engineering elastomer nanocomposites with carbon nanotubes and layered
silicates, ensuring mixing at the molecular level and wrapping and interpenetrating network
structures, a new class of elastomers has been developed, that is strong, tough, environmentally
resistance and a significant weight reduction compare to the traditional elastomers [12].The use
of nanocomposite in offshore engineering due to their advantage in terms of weight reduction,
life cycle cost saving, etc, is another feature which can be achieved and is discussed in following
sections.

Structural composities

Steel is a major construction material. Its properties, such as strength, corrosion
resistance and weld ability are very important for design and application in offshore oil and gas
production platforms (in which steel and concrete are the materials of choice for offshore, with
steel dominant in the topside applications), oilfield tubular, piping and other equipment. In the
presence of water or at high pressures, the corrosive impurities such as carbon dioxide (CO2)
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and hydrogen sulphide (H:S), can cause rapid degradation of steel components in the wellbore
and in surface production of facilities.

Sandvik Nanoflex Materials Technology has developed Sandvik Nanoflex TM which is a
new stainless steel with ultra-high strength, good formability and a good surface finish. Due to
its high performance, is suitable for application which requires lightweight and rigid designs. Its
good corrosion and wear resistance can keep life-cycle costs low [13]. Similarly, MMFX steel Co.
has produced MMFX nanostructure-modified steel which offers corrosion resistance at a cost
for below stainless steel and has amazing strength (three times stronger), ductility and
roughness [14]. Further more, Nanostructured steel surface technologies are enhancing the
physical properties of oil field tubulars, piping and other equipment. Nanostructured alloys for
thermal spray coating and weld overlay for hardfacing and wear plate applications combine
high hardness and toughness properties for exceptional resistance to corrosion, erosion, impact
and wear. As shown in the Figure 1 at left, nanostructured steel alloys provide a new class of
steel, with hardness fracture toughness exceeding conventional alloys. NOV Grant Prideco’s
Platinum® HB, developed in partnership with The NanoSteel Co. using its Super Hard Steel®
technology, is engineered for drill string hardbanding applications to provide high strength for
minimum casing wear performance and tool joint protection as well as high toughness to resist
cracking and spalling in severe downhole applications [15].
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Figure 1. New class of nanosteel alloys.

The use of nanocomposite in offshore industry is another way of weight reduction,
corrosion resistance, life cycle costs when compared to traditional steel. Because nanocomposite
increases the performance of polymer matrices with compromising their original features.
Although these materials would mostly used in secondary structural applications, they have
great potential as primary load bearing members. This is particularly the case in the retrofitting
of existing topside structures where increased fire and blast resistance is required.
Nanocomposities are appealing in this situation as no hot working (welding) is required which
would otherwise require a costly platform shutdown.As the industry moves to greater water
depths, the significance of weight saving has become increasingly important in conjunction
with the application of buoyant tension for the leg structures. Nanocomposities may find
excellent usage in the fabrication of the following:

° Profiles for oil pollution barriers
° Granting, ladders and railings on oil drilling platforms and ships
° Walkway systems sucker rods
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Nanocoating

Nanocoatings are materials that are produced by shrinking the material at the molecular
to form a denser product. The coatings incorporating certain nanoparticles or nanolayers have
been developed for certain purpose such as low friction, high erosion and corrosion resistance,
high hardness and durability and electro chemically reactive. It is one of major application of
nanotechnology in construction oil and gas industry. Drilling equipment, platforms, offshore
structures and vessels, pipes and tank can be coated with nanomaterials for improved corrosion-
resistance, wear-resistance, shock-resistance and enhanced thermal conductivity, [16 —18].
These capabilities will greatly enhanced the ability of component to produce in more extreme
conditions.

In production applications, the hydraulic fracture proppant was coated with nano
crystals to control fines migration without decreasing productivity [19]. More recently silica
nanoparticles with a polyethylene glycol (PEG) coating was used to study the mechanisms of
nanoparticle retention in porous media [20].

Another major use of nanocoating is for corrosion protection in the different oil and gas
industry areas, such coatings are capable of self-repair [17], reduction corrosion maintenance
and increased reliability. They are used extensively to reduce corrosion in marine and offshore
structures. There are usually economic advantages to using coatings as opposed to more
corrosion resistance materials or cathodic protection. It has also been reported that
nanocomposite coatings as thin film coatings, top layer coatings and thermal barrier coatings are
excellent ways of decreasing corrosion rates to improve the lifetime of materials and devices
[16, 21, 22].

A polymer nanocomposite coating can effectively combine the benefits of organic
polymers, such as elasticity and water resistance to that of advanced inorganic materials, such as
hardness and permeability [23]. Finally, nanocoating inhibits the adhension of microbes and
marine fouling organisms. Establishment of nano-structure results in appreciable reduction in
interaction between germs and surface. Nanocoating helps in reduction of germs, virus, algae by
oligodynamic effect of metal component. Nanocoting can be applied in many ways including
chemical vapor phase deposition, physical vapor phases deposition, electrochemical deposition,
sol-gel methods, electro-spark deposition, and laser beam suface treatment.

Cementitious materials

Cement is a constructional materials used in petroleum industry for the improvement of
the functionality of the oil well drilling related process and in offshore oil and gas production
platforms with steel dominant in the topside applications. The incorporation of nanoscale
particles into cement has catalyzed certain mechanical properties.

Oil well cement is a vitual element, which ensures the long-term durability of the
borehole by providing a high-quality casing. Cementing deep wells requires materials that
while satisfying performance specifications, are different from those encountered in
conventional processes or macro-structural level. Because leakage of cement sheaths leads to
premature access of bottom water into production, gas-water-oil crossflow, pollution of fresh
water horizons, etc. Adding nano-dispersive modifiers to cement can enhance the strength of
concrete and foam concrete 1.5 — 2 times [24].

Nanoparticles, especially nanosilica, nano-Fe203 [25 — 28] and nanoalumina [29 —31]
have been widely employed for increasing compressive strengths of cementitious. Abrasion
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resistance [32, 33], and flextural fatigue performance [32] can be improved with the use of
titania nanoparticles and nanosilica.

Further, the self monitoring capability of cement mortar with nano-Fe:0s has been
reported [26]. It is also been reported that adding small amount of carbon nanotube (1 %) by
weight could increases both the compressive and flexural strength [34, 35]. More recently, it
has been observed that macro and micro characterization of mortors produced with 0.30 % of
carbon nanotube can improve the strength performance of Portland cement composities [36].

Further in the development of concrete, nanocomposite based 2D and 3D gride-type
reinforcement of concrete structures would shows considerable potential for use as
reinforcement of concrete, because of its corrosion and chemical resistance, its light weight and
its ease of forming to fit curvatures. Grid-type reinforcement for concrete structures consist of
high-performance fibres such as glass, carbon, aramid and hybrids impregnated with resin
systems varying from vinyl esters and other thermosetting resin systems to thermoplastics. The
significant systems-level savings could achieve due to the factors of weight. This may find
excellent usage in supports for storage containers and marine and offshore structures [37].

Nanosensors

The oil and gas installations and infrastructures need continuous monitoring and
upgrading and maintenance, for many decade ahead (specially in offshore oil and gas industry).
Nanosensors could be embedded into structures, and would allow engineers to monitor
deterioration and cracking of the structural integrity of platforms and rigs, without any physical
intervention. This concept of producing a network of nanosensors that communicate with each
other across the structure, offers significant advantages over traditional sensor stations comprise
single monitoring points at strategic location across a structure.

Another nanosensor, smart dust, is being developed by researchers at the University of
California in San Diego. Smart was created from nanostructured porous silicon crystals that can
be tuned to change colour when a specific compound is detected. Within the oil and gas
industry this sort of technology could be deployed to remotely sense pipeline leaks for gases,
such as toxic hydrogen sulphide, or to remotely monitor the structural integrity of pipelines and
wells [38].

Nanomembranes

In recent years, the membrane technologies are becoming more frequently used for
separation of wide varying mixtures in the petroleum industry, due to their simplicity and low
energy costs, but it has one major drawback and that is a reverse relationship between
selectivity and permeability. Recently nanocomposite membranes have been developed to
improve the reverse relationship problem [39 —41]. It has shown polyimide (PI)/TiO2 [42],
nano-sized nickel carbon [43], nanocomposite membranes for gas separation have strong
influence on the gas permeation properties. Among the most nanocomposite membranes,
polyimide/silica materials have received the most attention for gas permeation studies [44 — 46].

The range of applications covers the supply of pure or enriched gases such as He, N2 and
O2 from air, the separation of acid gases such as CO2 and H:S, the separation of H: in the
petrochemical and chemical industries. Table 2 shows applications established in the membrane
gas separation [47]. An overview of various applications and materials can be found in the
literature [48 — 53].
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Table 2. Gas membrane application [47].

Gas separation Application

02/ N2 nitrogen generation
oxygen enrichment

H> / hydrocarbons refinery hydrogen recovery

H./CO syngas ratio adjustment

H>/No ammonia purge gas
acid gas treating

CO2/ hydrocarbon enhanced oil recovery
landfill gas upgrading

H>S / hydrocarbon sour gas treating

H>O / air air dehydration

pollution control

Hydrocarbons / air hydrocarbon recovery

organic solvent recove
Hydrocarbons from process streams 5 i

monomer recovery

Another area of significant challenge lies in the waste treatment from petroleum
industry. Reverse osmosis (RO) has been used to treat many process streams in petroleum
industry. Because many of the separation performed in the petroleum industry involve
chemical that damage or degrade membranes. Reverse osmosis membranes remain relatively
energy intensive, non-selective and degrade membranes. Nanotechnology has produced
entirely new classes of functional materials whose application to desalination and water
purification need exploration. For example, recent reports on filtration and desalination
membranes fabricated from carbon nanotube [54 — 56] and zeolite films [57 — 59] offers exciting
new possibilities. Mixed matrix or nanocomposite membrane may exhibit improved mechanical,
chemical and thermal stability as well as improved separation, reaction, and sorption capacity
[60]. More recently, it has reported as a new concept, thin film nanocomposte membrane
technology may offer new degree of freedom in tailoring RO membrane separation
performance and material properties [60].

Future challenged and direction
There are numerous areas in construction sector of oil and gas industry in which
nanotechnology can contributed to more efficient, less expensive and more environmentally
sound technologies than those that are already available. The future possibilities of
nanotechnology for construction oil and gas can be identified as
1. Nanotechnology-enhanced materials, which combine high strength, low weight, and to
endurance to increase performance and reliability of drilling string, tubular goods,
rotating equipment.
2. Nano-enhanced cements with higher tensile strength and shorter curing time than
conventional materials.
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3. Development of nanosttructured-steel allay for surface production of facilities and serve
downhole applications.

4. Lightweight, rugged materials that reduce weight requirements on offshore platforms.

5. Nanocoatings for low friction, high erosion, corrosion resistance and assure flow.

6. Smart nanosensors for monitoring deterioration and cracking of the structural integrity

of offshore platforms, and remotely monitor integrity of pipelines.

7. Improved elastomers with much better temperature and pressure resistance, and self-
healing properties, critical to deep drilling and to enable drilling in higher-
temperature/higher-pressure environments.

8. Improve engineered nanoparticle for enhanced imaging of the reservoir structure deep
into the reservoir.

9. Improve nanocomposite materials to allow better flame retardancy and environmentally
friendly.
10.  Improved the structural integrity of the rubber materials applications for harsh and

deepwater conditions.

As with most developing technologies, although many achievements with nanomaterials
have been made in laboratory, a major number of challenges exist during the initiation and
implementation of the application of the technology into reality. Most nanomaterials-based
products are still in research and laboratory development stage in oil industry. Before they can
be practically applied, numerous problems need to be solved, such as the fabrication of
materials, health and environment issuses and the production of low-cost and easily
industrialized nanomaterials and equipments. Some of the barriers that may slow
implementation of future development in nano-systems for the oil and gas industry include the
following factors [4 — 6]:

1. Lack of strong support for innovation in the E & P sector.
2 Barriers to entry and adoption.

3. Perceived cost and risk.

4 Lack of awareness.

With the continues heavy interest in nanotechnologies in the oil and gas industry, many
potential solutions will emerge for the above referenced challenges. Once solutions to these
problem are solved and the relevant technologies developed, nanotechnologies can be
extensively applied in construction area of the oil and gas industry. Innovations in
nanotechnology as applied to the oil and gas industry, will bring about a technological break
through to the industry with many win-win rewards for rewards for both sides.

Conclusions

The present paper presented an overview of most recent research progress in
nanotechnology in area of construction to the oil and gas industry. The reviewed literature
suggests that the construction oil and gas is facing many materials-based and technique-based
challenges, some of may well be addressed by nanotechnology, as it shows good promise.
Nanomaterials are expected to play a large role in solving petroleum construction problems.
These include, structural nano materials, environmentally friendly and sustainable of
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construction materials, cost-effective structures, advanced nano sensors and nanocoating.
Although most of nanomaterials based products are still in stage of laboratory testing, they
could be extensively applied in the oil industry, once the existing problems are solved, The

application of nanotechnology and nanomaterials may lead to a more efficient and greener use

of current reservoirs due to smaller amounts of raw materials required, the more efficient use of

rare materials (metals) and the engineering of new functionalities that have not previously been

achieved using conventional technologies.
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In recent years, it has especially increased the interest in the development of
technologies of forming the carbon-based materials, which are focused on nanosystems and
nanoparticles (nanotubes, fibers, clusters, etc.) obtained by the modification with doping. This
will enable scientists and engineers in field of applications to control purposefully the unique
properties characteristic of such materials (see, e.g., [1]).

In order to obtain carbon nanotube fibers and carbon clusters doped with ferromagnetic
metals, we have developed a simple pyrolysis process of cycling hydrocarbon vapors, as well as a
process of chemical vapor deposition (CVD).
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Figure 1. Experimental setup used to
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produce the carbon-based nanomaterials.
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Figure 1 is a schematic representation of the technological process. The process set up is
a closed-loop system which consists of the horizontal pipe furnace (1) to provide the given
temperature distribution in the active zone of the reactor (2). A plate’s shape (3) varies
depending on the type of final product. The circulation circuit of the reactants within the
reactor consists of the compressor (4) connected in series, the oxygen pump with the partial
oxygen pressure gate (5), the hydrocarbon container (6) and the valve (7) for releasing (or
collecting) the excess of hydrogen.

The proposed method allows obtaining not only nanocarbon-based materials with
different shapes and structures of nanograins, but also metals in nanostates and their
compounds, such are metal oxides.

Carbon nanotubes, fibers, films

Initially, the nanocarbon materials were obtained from ethyl alcohol, and then with
equal success from different hydrocarbons in the temperature range 500 - 1200 °C [2].
Changing temperature, oxygen partial pressure, the amount or density of hydrocarbons, moving
speed of the pyrolyzed mass in the reactor, and the conditions of substrate surface, it can be
produced nanocarbon system of varying geometric size and shape (see: Figure 2).

Figure 2. Examples of carbon nanosystems.
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Nanopowders of magnetic carbon

The carbon nanopowder synthesized at 700 °C on the surface of iron (or other
ferromagnetic metals or alloys) substrate in the freely poured condition is the nanocomposite
which consists of nearly spherical carbon nanoparticles (NP) with the average diameter of 80 —
200 nm (Figure 3) and carbon nanotubes (NT) with the diameters of 200 nm and the lengths of
~1 pm.

Figure 3. Electron microscopic images of
magnetic powder of nanocarbon doped with iron.

In addition the carbon NPs having the structure of core & shell-type spheres, where the
core represents pure iron atomic clusters, in the carbon NTs, the iron atoms’ clusters are mainly
concentrated at one end of the NT near the tube channel inlet. The iron concentration in the
carbon NP of such a composite equals to 2.1 at. %.

The dimensions and shape of the magnetic carbon nanopowders or nanotubes can be
changed not only by controlling the process’s parameters, but also by the selection of
hydrocarbon s used.

Under conditions of controlled oxygen partial pressure, from the nanoscale carbon it is
possible to obtain a magnetic metal oxides of high purity, and then from these oxides — high
purity metal in nanocrystalline state. Figure 4 shows nanoscale powders of magnetic carbon and
iron oxide (Fe20s).

(a) (b)
Figure 4. (a) iron-doped carbon, (b) Fe20s.
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Unlike existing methods for producing carbon-based nanomaterials, this process is
characterized as a simple one: it does not require the use of hydrogen and inert gases or vacuum.
Cheap raw materials, easiness of the process control and simple hardware design allows the
proposed method to obtain a diversity of carbon-based nanomaterials at low cost.
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Introduction

The basis of electrohydraulic effect lies in the previously unknown phenomenon of a
sharp increase in the hydraulic and hydrodynamic effects and amplitude of impact action. The
results characterized by the realization of the pulse electrical discharge in the ion conducting
liquid under the conditions of the maximum shortening of the pulse duration, maximally steep
pulse edge and shape of pulse, close to the aperiodic [1].

Inside the volume liquid, locating in the open or closed vessel, the specially formed pulse
electrical (spark, brush and other forms) discharge around the zone of its formation forms
superhigh hydraulic pressure, capable of accomplishing the wuseful mechanical work
accompanying by the complex of physical and chemical phenomena. The unique capabilities of
electrohydraulic effect resulted in widespread use it in many areas: in the mechanical
engineering and metal working, in welding and transportation systems in the mining industry
and building materials industry, chemical industry, electrical engineering, in power plants, in
medicine [2]. We use this phenomenon for the homogenization of magnetic nanofluid [3, 4].
However, in the scientific publications there is a lack of information using this method for
magnetic nanofluid processing.

Nano materials and its research is one of the most important development frontiers in
modern science. The use of nanoparticles materials offers many advantages due to their unique
size and physical properties. Because of the widespread applications of magnetic nanoparticles
(MNPs) in biomedical, biotechnology, engineering, material science and environmental areas,
much attention has been paid to the preparation of magnetic nanofluids.

Fluids containing magnetic nanoparticles represent the colloidal dispersion of magnetic
materials (ferromagnets: magnetite, ferrite) with particle size of five to several tens of
nanometers which are stabilized into polar (water or alcohol) or nonpolar (hydrocarbons and
silicones) environment through surfactants or polymers (surface-active substances). Principle of
stability in colloidal systems is provided by interaction between particles together with
Brownian motion, which compensates gravitation (the Brownian motion must overcome
coprecipitation velocity). According to this, the nanoparticles (which volume fraction is no
more than 25 % in liquid) are at the equilibrium state.

The stability of the magnetic colloid depends on the thermal contribution and on the
balance between attractive (van der Waals and dipole-dipole) and repulsive (steric and
electrostatic) interactions. The typical particle numerical density in a magnetic colloid is
~ 102 m3. To evaluate the typical particle diameter (D) to avoid magnetic agglomeration we
compare the thermal energy with the dipole-dipole pair energy [2, 5] and get:
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D < ( 72kT )1/3 )

~ \muoM?2
where &, 7, po and M are the Boltzmann’s constant, the absolute temperature, the permeability
of free space and the intensity of magnetization. Plugging typical values one has D10 nm.

The synthesis of uniform-sized (or monodisperse, with a relative standard deviation of
<5 %) nanocrystals is of key importance because the properties of these nanocrystals depend
strongly on their dimensions. From the fundamental scientific viewpoint, the synthesis of
uniform-sized nanocrystals with controllable sizes is very important to characterize the size-
dependent physical properties of nanocrystals [2, 6]. For magnetic nanofluids the stability of
sedimentary and aggregate condition is a major factor.

For the synthesis of magnetite (FesOs) nanoparticle containing fluids it is necessary to
solve some problems: First, it is necessary to gain magnetic particles with size no more than
8 — 15 nanometers and to cover the particles of dispersive phase by the stabilizer molecules.This
must prevent the agglomeration of particles and provide formation of steady colloid system of
one-domain magnetic particles at the same time, dispersed in a liquid-carrier. Chemical
deposition, by general point of view, do not gives finely divided (< 10 nm) homogenous
dispersion (see Figure 1, sample 1), because in the liquid medium depending on synthesis
parameters there are some micro and > 10 nm sized nanoparticles, some chemical radicals and
conjugates represented [7 — 9].
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Figure 1. Magnetization vs magnetic field for magnetic naofluids synthesized by chemical
co-precipitation (sample 1) and processed by electrohydraulic discharge (sample 2).

In addition, in the fluid occurs even more agglomeration and precipitation after certain
amount of time from the synthesis, especially when the particles are not coat with surfactants.
The disintegration of the agglomerate often cannot be achieved by agitation and stirring, there
is needed an additional efforts to disperse them. One of the weapons is the ultrasonic processing.
The advantage of the electro-hydraulic processing treatment discussed below with respect to
the ultrasonic processing.

Electrohydraulic processing

Foundation, which ensures the varied technological opportunities of electrohydraulic
effect, is the method of obtaining so-called overlong spark discharges in the conducting liquids.
During the electrohydraulic discharge, cavitation bubbles generated by the pulsed arc discharge.
Induced shock-like pressure rises in a cavitation zone near the discharge electrodes. These
cavitated bubbles are a major source of UV emission and radical species such as ozone, OH,

H20z, etc. These chemical and physical reactions occur simultaneously in the cavitation zone
[10, 11].
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In this task, a principal scheme has developed (see Figure 2) which provides immediately
transfer the energy through the air gap (see GAP1). Additional forming air Gap allow us to
accumulate a certain amount of energy and avoid additional oscillating processes by impulse
transfer, also to create sharp front of arc discharge [1]. Electrohydraulic aggregate consists of
powerful transformer T2 as shown in Figure 2, Rectifiers diodes (D1-D4), and energy capacitor
(C1). Voltage across capacitor rises until occurs the spontaneous breakdown of the air forming
space, and entire energy, stored up in the capacitor, instantly enters on the Gap 2 in the liquid
where release in the form of short, high power pulse. After that, the process is repeated with
the frequency of a given capacity and voltage, which depends on the power of the feeding
transformer.

GAP1

Adjgslable
. T2 RA1 Air Gap
fusion T1

mEgE

u;=1-220Vv

magnetic
_nanofluid

Uz=0-10kv

-—

GAP2

—

P
Electrodes <—

25 mm
Adjustable

Figure 2. Principal scheme of the electrohydraulic device.

The energy emission characterized to the electrohydraulic method realized by active
resistance of the contour:
1 _R?

c aL )

where C'is the capacitance of the condenser, R and L — active resistance and active inductance,
respectively. Therefore, the main factors are the form of an electrical impulse and duration of
the current.

The frontal slope of the current determines the velocity of discharge channel expansion.
It is necessary to gradually accumulate energy on the condenser plates to be released at once.
Adding several kV on the Discharge electrodes current pulse amplitude reaches tens of
thousands of Ampere that provides immediate and significant increase in fluid pressure. This
leads to the formation of a supersonic velocity wave and the fluid volume displacement speed
reaches hundreds of meters per second [11]. Resonant processes and powerful infrared and
ultrasonic vibrations additionally dispergate and fragmentate large materials, break down
chemical bonds that are included in the medium composition and particle sorption.

Electromagnetic field during discharge significant effects on the ionic characteristics and
physical and chemical changes in the medium as well.

Experiment

Magnetic nanoparticles by chemical co-precipitation of Fe* and Fe* ions in an alkaline
solution prepared by the following reaction:

FeSO4 + 2 FeCls + 8 NaOH — Fe30s + Na2SOs4 + 6 NaCl + 4 H20. (3)
1.9 g FeSO4 and 2.2 g FeCls dissolved in water separately, entire in 15 ml distilled water. These
two solutions was thoroughly mixed and added to 20 ml, 7 % NaOH with constant stirring at
25 °C. Then, from synthesized the dark black slurry of FesOs, impurity ions such as chlorides

89



The effect of electrohydraulic discharge for high dispersive magnetic nanofluid synthesis.

and sulphates removed by washing the particles several times with distilled water until pH
reduced to 7.4. The resulting fluid was set on the magnet for separation of magnetitie
nanoparticles from water. After that procedure, we gain 4.6 g magnetite in 100 ml volume, this
corresponds 4.6 % concentration of magnetic nanofluid.

Two samples were sent to magnetic measurements. First, the sample after synthesis and
the second after electrohydraulic processing (see Figure 3).
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Figure 3. Changes in absorption spectrum of magnetic

nanofluid after ultrasonic and electrohydraulic processing.
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Figure 4. Optical absorbance (at A = 430 nm) of a magnetic
Nanofluid after ultrasonic and electrohydraulic processing.

For the visibility of photospectroscopy measurements the fluids with low concentration
were prepared, 0.1 ml 4.6 % magnetic nanofluid dissolved in 250 ml distilled water. The
concentration of solution consisted 0.00184 %. An Absorption in 430 nm wavelength measured
for 100 ml samples in each case — after processing with ultrasound and electrohydraulic
discharge (see Figure 4) — with respect to processing pulse number / time.

Discussion

The pulsed energy stored in the capacitor £ was about 11.0 ], which was calculated by
E = 0.5CV?, where C was 0.1 pF and V the capacitor voltage was 15 kV. By the TI1, (see
Figure 2) variable transformer the output voltage from T2 varied from 2 to 10 kV. In one pulse,
we consider steady pulse of a discharge with duration 70 — 100 microsecond. Time between
pulses was 0.6 second. The spark discharge source in the fluid consisted of a stainless steel wire
electrode (cathode) with a radius of 2 mm and an exposed length of 3 mm, and a brass
cylindrical rod with diameter of 10 mm acted as anode. Distance between rods was 2 mm.
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For the ultrasonic generator we used TOPT-500 ultrasonic homogenizer with operating
frequency 22 kHz, ultrasonic power 10 —500 W. Horn diameter 10 mm. Nanofluid processing
carried out in 70 % of the ultrasound energy. Processing time is 1, pulse delay — 0.6 s.

For the concentration analysis we used “metash” visible spectrophotometer V-5100,
with range 325 — 1000 nm, bandwidth 4 nm. We measured absorbance (A, also referred to as
Optical Density or OD), the amount of light that is absorbed by a solution. We assume in a
single pulse 2-3 stable Hydraulic discharge, and in the Ultrasound pulse - a single pulse, a 70 %
power 2 s duration pulse.

There is a relationship between concentration and absorbance. This relationship
expressed by the Lambert—Beer law — commonly known as Beer’s law. This law states that the
absorbance of a light absorbing material is proportional to its concentration in solution:

A = ¢lc. (4)
Here &£ — the extinction coefficient of the substance, has units of M cm™; / — the sample
“thickness” the width of the cuvette, almost always — 1 cm, ¢ — the concentration of the solution.

Figure 4 shows the dependence of the optical density changes in processing time. As
seen in the picture concentration changes drastically after processing of sedimented
nanoparticles in the liquid. In case of ultrasonic processing after certain pulse number
absorbance goes through saturation. The change in particle concentration in the
electrohydraulic processing relatively large, but do not saturates and continues to grow. It is
associated with an increase free radicals and gas bubbles in the liquid during discharge
[1,11, 12]. Therefore, it is necessary to take into account the processing duration of
electrohydraulic treatment (see the dashed area in Figure 4); power and volume of the fluid
under processing; also discharge electrode and vessel geometry. It is the subject of our further
research.

Wide absorbance range from 250 to 900 nm is shown on the Figure 3. As shown, the
concentration increment after electrohydraulic processing of liquid is more than 22 % than
after ultrasound treatment.

Vibrating sample magnetometer (VSM) is used to evaluate magnetization of the
magnetic nanoparticles (MNPs) as a function of an applied external magnetic field (/) between
-3 and +3 T. Based on the obtained VSM curve at room temperatures, magnetic behavior of the
MNPs can be identified. For example at room temperature, the zero magnetic remanence (when
His zero), and the hysteresis loop feature indicates that the MNPs are superparamagnetic. Also,
from the plateau part of the VSM curve, saturation magnetization can be determined (see
Figure 1). The sample 1 is a magnetic nanofluid after chemical synthesis, the sample 2 —
nanofluid after electrohydraulic processing. It is necessary to cover processed nanoparticles by
surfactants to maintain the long-term stabilization, i.e. prevent farther sedimentation. However,
covering by surfactant weakens the magnetic properties of particles. On the other hand, it is
most important that the core / shell materials should possess sufficient magnetic and
superparamagnetism properties for use in practical applications.

Conclusion
Experimental studies have shown the effectiveness of electrohydraulic processing on the
high dispersive magnetite nanofluid synthesis. The concentration enhancement of Magnetite

nanoparticle was caused by an instant increase of pressure and other physical phenomena
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influence, which accompanied during electrohydraulic effect. However, the effective use of this
effect closely related to the control of some physical parameters. Finally, the recorded hysteresis
loops shows that the particles are superparamagnetic at room temperature, which is
characteristic of a soft ferromagnetic material such as magnetite.
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1. Introduction

Single-photon sources and single-photon detectors are one of the most important
components in the fields of quantum information and communications technology [1]. In
addition to quantum information and quantum cryptography, single-photon detectors are
required in research in different areas of modern science, particularly in space astronomy,
single-molecule spectroscopy and high energy physics [2, 3]. They can also serve as a basis for
development of a new generation of measuring systems for applications in medicine, homeland
security, DNA sequencing, elemental microanalysis, traditional and quantum-enabled
metrology, analysis of defects in microchips, positron emission tomography etc. [4 — 8].

Single-photon detectors (SPD) typically work by sensing an electrical signal that results
from the absorption of a photon. An ideal SPD is the one for which: the detection efficiency
(the probability that a photon incident upon the detector is successfully detected) is 100%, the
dark-count rate (rate of detector output pulses in the absence of photons) is zero, and the count
rate is as high as possible. In addition, an ideal single-photon detector would have the ability to
distinguish the number of photons in an incident beam.

Conventional SPDs are based on photomultipliers and avalanche photodiodes, and are
used in a wide range of time-correlated single-photon counting applications. A revolution in
photon detection is now underway, with the advent of detectors based on superconductivity
[9 — 12]. These new tools are dramatically improving the sensitivity of measurements across the
electromagnetic spectrum, from radio waves through visible light to gamma rays.
Superconducting Single-Photon Detectors (SSPD) come in two main types: thermal and pair-
breaking. With both types, the energy of an individual photon (and hence its frequency) is
revealed by the strength of the device’s output signal. The thermal type of the detector relies on
the fact that the electrical resistance of a superconductor rises sharply from zero to its normal
value in the very narrow temperature range in which the material switches from
superconducting to normal state. The comparison of SSPD with other fast photon counters
present in the market shows that even when left unoptimized the SSPD beats other detectors in
the sum of its technical characteristics. On the other hand, an extremely low temperature is
required for the functioning of SSPD. The next problem was that the superconducting
transition is often less than a thousandth of a degree wide, and it was very hard to keep the
temperature of the device within that range. In 1993 K. D. Irwin offered to solve this problem
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applying a constant voltage across the detectors, a technique called voltage biasing. This
technique, however, complicates the structure of the detector.

In 1999 a group from the University of Tokyo and Japan Science and Technology Corp.
lead by S. Komiyama fabricated a detector based on quantum dots (QD). They demonstrated
two mechanisms of single photon detection in the THz spectral region by using gate-voltage-
induced lateral GaAs/AlGaAs quantum dots. Firstly, a QD in strong magnetic fields (B=3-4T)
is operated as a single electron transistor (SET). THz-photons (1.8 — 1.5 THz) excite the QD via
cyclotron resonance, and electrical polarization is thereby induced within the QD. The
polarization, in turn, affects the SET conductance. Secondly, a SET with parallel double QDs is
operated without magnetic fields, where GHz-photons (about 500 GHz) excite and ionize one
of the QDs, which is, in turn, probed by the other QD to change the SET conductance [13, 14].
In the first case the disadvantage of the device is its need of strong magnetic field; in the second
one the “single-photon” property of the detector is lost.

Superconducting nanowire single photon detectors (SNSPD) offer single-photon
sensitivity from visible to mid-infrared wavelengths, low dark counts, fast recovery times
(~10ns) and low timing jitter (~60 ps) [15]. They were introduced in 2001 by Gregory
Gol'tsman and colleagues [16]. A standard detector consists of a superconducting NbN or NbTiN
wire of small cross section, normally having a thickness below 10 nm and a width ~ 100 nm.
The detector is operated at cryogenic temperatures well below the critical temperature of the
device. Recent experimental progress in the development and application of single-photon
detection techniques presented in [17 — 20]. Is there an alternative to SNSPD? Our study aims to
answer this question.

2. Thermoelectric single-photon detector

The thermoelectric single-photon detector (TSPD) is one of the real competitors to
superconducting detectors for single photon detection in a wide range of the electromagnetic
spectrum [21 —23]. The TSPD operation principle is based on photon absorption by absorber as
a result of which a temperature gradient is generated on the edges of the thermoelectric sensor.
Photon detection becomes possible by measuring the potential, emerging between the two
absorbers. The scheme of the TSPD sensitive element is given on Figure 1. Such a sensor does
not require either a separate power unit or a bias voltage. Therefore, it does not need additional
leads for electronic circuitry either, and a matrix detector built on them will have a very simple
engineering and electronic structure. Materials which can be used to prepare the absorber and
the sensor and the achievable count rates and energy resolution are given in publications

[23 - 25].
Absorbe N M F* 7 l —
| | | | Photon ‘
¢ i i thermalizacion >
Y T m|F area AT

Substrate

X Sensor

Figure 1. The detection pixel of TSPD.

94



A. A. Kuzanyan. Nano Studies, 2014, 9, 93-102.

A conclusion is done according which the thermoelectric detector may possess an energy
resolution of 0.1 eV and a gigahertz level count rate. The conception of TSPD using a nanoscale
sensor is proposed in [26]. Here we present the results of computer modeling of the TSPD. The
sensor of the detector is composed of two micron-sized thin pads — photon absorbers connected
by a bridge made of a thermoelectric material. The processes of heat distribution in absorption
of a photon of different energy in different areas of the absorber for different sensor and
absorber geometries are investigated. The calculations were performed for a tungsten absorber
and a cerium hexaboride (CeBs) sensor.

3. Computing technique

The calculations were based on the heat conduction equation:
OT | dqx , 94y |, 0q, _
Pt o oy T =0,
where p is the density of the heat-conducting material, ¢ — its specific heat capacity, and g g

and g: — the projections of the heat flux density vector:

aT aT aT
qx - _Aaa qy - _Aa, qz = _;{E

Here, A is the thermal conductivity. The specific heat capacity at liquid-helium temperatures is
determined by the equation

c =yT + AT3,
where the coefficients A and y indicate the contribution of electrons and phonons. For
simplicity of calculations in a first approximation, the phonon contribution to the heat capacity
is not taken into account (A4 = 0). The calculations were carried out by the matrix method for
differential equations. The operating temperature of the detector was taken to be 9 K. At this
temperature, the materials used have the parameters presented in Table 1 [27 — 31].

The modeling of thermal processes occurring in the absorption of a photon is as follows.
The entire volume of the absorber and the bridge was broken down into a cell of the size Ax, Ay
and Az These dimensions were typically of the order of 0.1 um. Obviously, the greater the
number of cells will provide the more accurate the calculation, but more time consuming.
The thermal processes were modeled according to the following algorithm.
° For all cells the initial temperature was set to 9K. The cell where the photon is absorbed

was chosen in the absorber.
° According to the formula A7 = E/V p ¢, where E'is the energy of the absorbed photon

and Vis the cell volume, the initial temperature of the cell 70 =9 K + AT was calculated.
° Then the temperature of all the cells for each time point & was determined by the

formula:

Tijic(tne1) = Tij(tn) +
AL[ATie) +AT) Tigr =T | MTjen) + AT) Tiwa =T ATprn) + AT) Tiewr — T
+— : + : + : :
pc 2 Ax? 2 Ay? 2 Az?

Here 1, j, k are the coordinates of the cell, 2 is number of time interval from the beginning of
the process, Az is the time interval. Obviously, the value of Az also determines the accuracy and
speed of calculation. By trial and error for each case the optimal value Azis determined.

As can be seen in Figure 1, the sensor is composed of two absorbers of the same size. Red
squares represent the area in which the absorbed photon is thermalized. The middle region of
the absorber surface is denoted by the letter M, the closest one to the bridge — by N, and the
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most distant one from the bridge — by F. The figure also shows the directions of the coordinate
axes: x is parallel to the axis of symmetry of the sensor (corresponding to the length of
geometric shapes), y is perpendicular to the x (width), z is perpendicular to x, y and the
substrate surface (height).

One of the main characteristics of thermoelectric sensors is the time of the heat flow
through the metal-insulator boundary (7«x), which is called the Kapitza boundary [23]. This

To*Cabs

A where Aabs is the contact surface area, and at low

time is calculated by the formula 7, =
abs

temperatures ro ~ 20 K* cm? / W. If we substitute in this equation the heat capacity of tungsten
at the temperature of 9 K (Table 1), we obtain the corresponding values of 7x = 5.2, 15.6, 31.2
and 52 ps for the absorber thickness value of 0.5, 1.5, 3, and 5 pm, respectively. These are times
that limit the transfer of heat of an absorbed photon from one absorber to another absorber
through the thermoelectric bridge. Only for these time intervals a voltage will arise between
the absorbers, by measuring which we can register the fact of photon absorption. We will try to
find out below how feasible this is and what voltage may arise between the absorbers when
absorbing photons with an energy of 100 eV.

Table 1. Parameters of used materials.

Parameters Unit A% CeBs

Density, p kg/m® 19250 4800
Electron contribution, y J/kg-K*> 0.022  0.813
Thermal conductivity, A W/m-K 9680 0.94
Seebeck coefficient, S uv /K - 55-265

4. Registration of photons with an energy of 100 eV

The heat equation of heat distribution from a limited volume in a three-dimensional
model was solved for various geometries of the thermoelectric sensor with boundary conditions
of the absence of heat transfer to the medium and a slight loss of heat to the substrate, as in the
end we will consider the initial stages occurring for times less than 7x. Table 2 shows the
calculation numbers, data on the absorber and the sensor size (x, y;, z), maximum temperature
gradient value A7max at the ends of the bridge derived from computer simulation, the time
t (ATmax) in which this maximum is reached, the voltage AUnax= ATmaxS (calculated using the
Seebeck coefficient value S =150 pV/K averaged from literature reports), the time of the
gradient fall to the background values ¢ (A7'=10#K) and the detector count rate R=1/¢ (AT
=10 K).

As shown in [26], photons with an energy of 100 eV are absorbed with a 100 %
probability in a 0.5 um thick tungsten. And this thickness value of absorbers and the
thermoelectric bridge is used in the calculations. Data of Table 2 will be discussed in parallel
with the consideration of the time dependence of the temperature difference at the ends of the
thermoelectric bridge A7{¢). In Figures 2 and 3, these dependences are given for the absorbers
with the dimensions of 10 x 10 x 0.5 pm and 10 x 0.5 x 0.5 um? respectively. The insets show
the numbers of calculations and the size of the bridge.
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Table 2. Sensor geometry, A 7max, AUmax and count rate (R) for £=100 eV photon.

No. W absorber | CeBs bridge A Tnax, AUnax, | H(ATnax), t(AT= R GHz
size, pm size, pm 104K nV ps 10+K), ps
CIM 10x10x0.5 1x1x0.5 0.842 12.6 104.1 (105)>2000 <05
C2M 10x10x0.5 0.1x1x0.5 0.839 12.58 75.6 (10-%)>2000 <05
C3M 10x10x0.5 0.01x1x0.5 0.697 10.5 15 (10°)>1500 <0.66
C4M 10x10x0.5 0.01x5x0.5 0.602 9 13.8 (10%) 330 3
C5M 10x10x0.5 | 0.01x10x0.5 0.47 7 13.2 (10%)163 6.1
ceM 10x10x0.5 0.1x10x0.5 0.828 12.4 32.4 (105)>2000 <05
C7M 10x0.5x0.5 | 0.01x0.5x0.5 8.79 131.9 11.7 240 4.2
C8M | 10x0.5x0.5 | 0.1x0.5x0.5 15.6 234 32.4 >2000 <05
COM | 10x0.5x0.5 1x0.5x0.5 15.9 238 39 >2000 <05
CIOM | 5x0.5x0.5 0.1x0.5x0.5 31.3 469 15 >5000 <0.2
CIIN | 5x0.5x0.5 0.1x0.5x0.5 136 2040 0.3 >5000 <0.2
CI12F 5x0.5x0.5 0.1x0.5x0.5 31.2 468 21.6 >5000 <0.2
C13M! | 5x0.5x0.5 0.1x0.5x0.5 34.4 516 14.1 >5000 <0.2
Cl14M? | 5x0.5x0.5 0.1x0.5x0.5 28.1 421.5 12.3 >5000 <0.2
C15M | 5x0.5x0.5 | 0.01x0.5x0.5 21.1 316.5 3.6 132.6 7.5
C16N | 5x0.5x0.5 | 0.01x0.5x0.5 117.1 1756.5 0.3 119.7 8.4
C17F 5x0.5x0.5 | 0.01x0.5x0.5 18.1 271.5 10.2 136.5 7.3
C18M! | 5x0.5x0.5 | 0.01x0.5x0.5 23.2 348 3.6 136.5 7.3
C19M? | 5x0.5x0.5 | 0.01x0.5x0.5 19 285 3.6 128.1 7.8
1EF=110eV
2E=90eV
1.0x10™
8.0x10° (’_
\ No; brid}geyslizze ()]
o 6.0x1071 —CIM;1,1,05
) ——C2M;0.1,1,05
i — C3M; 001,1,05
o 4007 T GoM 001’ 10,05
C6M; 0.1, 10, 0.5
2.0x10°
0.0«

100

200
t, ps

300 400

Figure 2. A7(¢) dependence for a W absorber with the size
of 10 x 10 x 0.5 pm?3, bridge CeBs and photon energy 100 eV.
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As can be seen in Figure 2, for the bridge length of 1, 0.1 pm and a width of 1 pym (C1M,
C2M) the decline of AT after reaching a maximum is very slow. If we extend the bridge to the
width of the absorber 10 um (C6M), it decreases the A 7max value and the decline in A7'is faster.
However, a decrease in the length of the bridge to 0.01 pm (C3M-C5M) has a more significant
impact on the variation of these parameters. The most encouraging is the curve corresponding
to the calculation C5M. At the same time, according to both Table 2 and Figure 2 data, for the
absorber size of 10 x 10 x 0.5 um? values A7 less than 10 K are achieved, which is selected by
us as the background for the operation of the thermoelectric detector. Reducing the volume of
the absorber 20 times leads to a significant increase in the achievable A 7mix values. Figure 3
shows plots of A7(#) for three values of the bridge length — 1, 0.1 and 0.01 pm. And once again
we see that the decrease in the length of the bridge leads, as might be expected, to some
reduction of A7max and an acceleration in the decline of A T"after the maximum.

Let us further reduce the volume of the absorber two times and consider the influence
on the A7{¢) of the location of the photon thermalization zone (Figure 1) and of changes in the
photon energy by 10 %. Figures 4 and 5 show the results of these calculations for the bridge
lengths of 0.1 and 0.01 pm respectively.

We first note the similarity of calculations presented in Figures 4 and 5. In all considered
cases, ATmax values exceeding the background 20 times or more are reached. Significantly differ
the AT(¢) curves for the calculations labeled M, N and F. At the length of the bridge of 0.1 um
this difference is leveled for ¢ > 20 ps, whereas for the bridge length of 0.01 pm the difference
holds longer. If the photon energy is different by 10 eV, the A7 differs by 3.38 - 10 K. With
the value of the Seebeck coefficient of 150 uV / K, this provides the build-up of a 50 nV voltage
— a quantity that can be detected without the use of special electronics, distinguishing photons
with an energy of 100 + 10 eV.

1.8x107 -
1.6x10™ -
1.4x107 ﬁ\
J No; bridge size (u)
1.2x107 - —— C7M:001,05,05
g — CEM; 01,05, 05
X 1.0x10° —— COM: 1,05,05
[y J
<1 8.0x10™
6.0x10™ -
4.0x10™ -
2.0x107 4
00 T T T T T T T T T T
0 100 200 300 400 500
t, ps

Figure 3. 7(¢) dependence for a W absorber with the size of
10 x 0.5 x 0.5 um?, bridge CeBs and photon energy 100 eV.

98



A. A. Kuzanyan. Nano Studies, 2014, 9, 93-102.

141077 Absorber- W, 5x0.5x0.5 7, o

1 2%102 4 Bridge - CeB,, 0.1x0.5x0.5 \’ —C12F

] Photon - £=100 eV for C10M, e (] 3V

1.0x1024 C11M, C12M; 110 eV for C13M —— C14M
and 90 eV for C14M

0 10 20 30 40 50 60 70 80 90 100
t, ps
Figure 4. A7(¢) dependence for a bridge length of 0.1 pm.

1.2x107 - . —C1oM
Absorber - W, 5x0.5x0.5 o, TGN
dae - 3 — C17F
1.0x102- Bridge - CeB,, 0.01x0.5x0.5 n ey
o ] Photon - E=100 eV for C15M, C19M
O A C16M, C17M: 110 eV for C18M
5, 8-0x107 1 and 90 eV for C19M
o)
o -3
o 6.0x107 -
<
4.0x10° -
2.0x10”
0.0-

T T T T T T T T T T T T T T T T T T 1
0O 10 20 30 40 50 60 70 80 90 100
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Figure 5. 7(¢) dependence for a bridge length of 0.01 pm.

The dependences shown in Figures 4 and 5 differ in that a shorter bridge provides a

faster decline in A7. Table 2 shows that according to calculations SI5M-S19M one can expect a
detector count rate at the level of 7.3 — 8.4 GHz.

99



Nanosensor for thermoelectric single-photon detector.

It is time to remember about the Kapitsa boundary and the restriction imposed by it on
the duration of the photon registration process. As mentioned above, for a 0.5 pm thick
tungsten absorber this time is 5.2 ps. If one puts a condition that during this time the A 7max
value should be reached, then to this condition correspond the calculations C15M, C16N, C18M
and C19M. For sensors with corresponding characteristics, the count rate will be determined by
the time of the heat flow through the Kapitza boundary. To the 5.2 ps process duration

corresponds a count rate of 192 GHz!

5. Conclusion

° Using computer simulation of heat transfer processes in the three-dimensional model of
a thermoelectric sensor, we have shown that the sensor with a tungsten absorber and a
thermoelectric bridge of cerium hexaboride is capable of detecting photons with an
energy of 100 eV and distinguishing between photons whose energies differ by < 10 %.

° For some sensor geometries, the temperature gradient decline time is more than the time
of heat passage through the Kapitza contact 7k, but during this time the A7 reaches its
maximum value and the resultant potential can be measured. In these cases, the detector
count rate is determined by the time 7x and for sensors with 0.5 p thick tungsten
absorbers it is respectively 192 GHz.

° If the thermoelectric bridge of CeBs possesses a Seebeck coefficient of S =150 uV/K,
which corresponds to the average value reported in the literature, then as can be seen in
Table 2, the resulting voltage can reach microvolts.

The characteristics obtained are encouraging and ensure the competitiveness of the
thermoelectric detector with the superconducting single-photon detectors described in the
literature. The simplicity of design of the thermoelectric sensor, the lack of stringent
requirements for maintaining the operating temperature and the high operating temperature,
two times higher than the boiling point of liquid helium, are additional advantages of the
thermoelectric detectors based on CeBe.
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Nanoscience and nanotechnology are interdisciplinary branches that mandatorily
require a creation of united term base. This is communication language for specialists of various
branches (physicists, chemists, biologists, mechanicians, material scientists and others) who
create nanoscience and nanotechnology besides, notions and terms corresponding to
international standards will cause their uniform understanding and allow us to get rid of false,
ambiguous interpretations. This language is created in advanced countries [1 — 4] and we have
to make it understandable for Georgians using adequate terms in our native language.

There is no special Georgian-language dictionary (neither in printed nor in electronic
form) in nanoscience and nanotechnologies — new and very prospective branches of science and
technology, except of parts of English—-German—Russian—Georgian “Short Dictionary (Glossary)
in nanochemistry and nanotechnologies” [5 — 7], which was published in 2011 — 2013 in journal
“Nano Studies” (Georgia), and which is the first attempt to create Georgian glossary in
nanoscience and nanotechnology; it is a predecessor of electronic dictionary which creates by
us together with Georgian physicists, specialists in nano- and information technology and
lexicographers from the A. Chiqobava Institute of Linguistics (Tbilisi, Georgia).

Creation of Georgian electronic dictionary in nanochemistry, nanophysics and
nanotechnology is timely, if not belated, since these branches develop successfully and rapidly
in USA, advanced European countries (especially in Germany), China, South Korea and Japan
beginning with 1980s. Nanoscience is being developed of a high rate, and the electronic format
of dictionary provides possibility of its fast update.

Electronic dictionary will have one subject and different linguistic directions,
particularly in special, nanoscience (nanochemistry, nanophysics) and nanotechnology
directions; multilingual, translational: English—-German—Russian—-Georgian, illustrated and with
explanations in Georgian; its volume, determined by words, word combinations and terms will
count 5340 unit per each language, total of up to 21 360 units. Based on significance of
nanoscience and nanotechnology is extremely topical a creation of electronic dictionary in this
branch, which will be mass consumer product. It will have a lexicographical, reference and
especially educational value.

Dictionary consists of very common list of issues, among them will be nanomaterials,
nanoobjects, methods of their synthesis, nanoelectronics, nanophotonics, nanomaterials for
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optical, optical-electronic, electronic and magnetic systems, sensory materials, polymeric
nanocomposites, nanoelectromechanical systems, functional and constructional nanomaterials,
nanomaterials as energy source, chemical technologies of nanomaterials, engineering process of
nanoproduction for receipt of nanomaterials using self-assemblage and self-organization,
nanotechnologies for military, space, aviation technology and many other things.
For accomplishment of abovementioned goals the following tasks are set out:
L. Accumulation of English-language terms/synonyms wused in nanochemistry,
nanophysics and nanotechnologies according to topics and creation of their
corresponding Georgian-language terms.

2. Searching a Russian and German terms / synonyms corresponding to English-language
and Georgian lexical units.
3. Brief explanations of Georgian-language terms and notions used in nanochemistry,

nanophysics and nanotechnologies, according to specification of two international

technical committees ISO/TC229  “Nanotechnologies” and IEC/TC113

“Nanotechnology standardization for electrical and electronic products and systems”;

also other standards elaborated by this committee for nanoscience and nanotechnology.
4. Selection of illustrative materials for every lexical unit with indication of sources.

5. Representation of obtained materials in electronic format.

The electronic dictionary, which we are going to develop, would be systematized by
specialty, by subject or by branch signs. The dictionary would be Multilanguage: English-
German-Russian-Georgian, illustrated and with explanations in Georgian. The e-Dictionary
will have alphabetical and hierarchical structure. All preliminary chosen programs, that serves
as a system that drives the developed e-Dictionary, belonged to the open source programs,
distributed under GPL license (GNU GPLv3+). Those programs are already tested by other
customers and are characterized as reliable, stable and they are updated in the systematic bases.

Special English-German—Russian term base is necessary for project implementation;
electronic dictionary will be prepared on the basis of printed and electronic foreign (English,
German, Russian) special authorial dictionaries, special scientific literature (periodicals,
monographs, encyclopedias, ISO standards in nanoscience and nanotechnology, conference
proceedings). Certain portion of this material will be purchased and other part can be found
using Internet search systems. Difficulties expected in the process of project implementation
include only disagreement of some foreign-language nanoterms with standards elaborated by
international commissions and fast update of foreign-language lexical databases in nanoscience
and nanotechnology. Among them the latter difficulty can be negotiated via continuous update
of electronic dictionary.

Periodically, in parallel with electronic dictionary creation will be arranged
presentations of its parts and discussions in Arnold. Chikobava Institute of Linguistics (Tbilisi),
in University, with participation of interested persons of society; also there will be call button
in computer program of electronic dictionary. We suppose it will be the best way of electronic
dictionary’s assessment.

Creation of “English—German—Russian—Georgian Electronic Dictionary (Glossary) in
Nanochemistry, Nanophysics and Nanotechnology” in the era of nanotechnologies is notable
for scientific culture of small-numbered Georgian nation as a bridge to ultramodern
nanotechnological achievements, as means of creation of as far as possible universal
communication tool in this branch. Dictionary will be unique tool for distribution of
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professional knowledge of nanoscience among wide audience. Creation of electronic dictionary

will be also certain contribution to Georgia lexicography.

Goal of dictionary “English-German—Russian—Georgian Electronic Dictionary (Glossary)
in Nanochemistry, Nanophysics and Nanotechnology” is creation of multifunctional product
from which is well visible its applied potential:

1. Creation of Georgian-language lexical database, terminology adequate to English-
language terminology in nanochemistry, nanophysics and nanotechnology, which will
be interesting and useful not only for researchers, students and professors, but for those
who are engaged in nanotechnological manufacturing or schedule its creation: for
engineers, technologists, investors, translators etc., who will create and develop
Georgian nano-industry. 5 340 Georgian lexical units (words, word-combinations and
terms) will be put into dictionary.

2. Dictionary will provide wide audience of readers with basic information about
fundamental and applied aspects of nanochemistry, nanophysics and nanotechnology;
basic knowledge and latest advances in branch will be united in it. Along with terms
their explanations in Georgian will be presented in electronic dictionary, so dictionary
will have reference importance.

3. Dictionary will be one of means of Georgians communication with people of other
nationalities regarding nanoscience and nanotechnologies.

Electronic dictionary will be a product of corporate effort of Georgian scientists —
chemists, physicists, lexicographer and information technologist.

Nanoscience and nanotechnology have close contact with society in the spheres such as
science, technology, economics, culture, ethics, law, national safety and, of course, education.
That’s why students, scientists, researchers, technologists, investors, universities, scientific-
research institutes, scientific-research laboratories of defense profile, teaching-scientific
libraries, translators, can be among its consumers. Dictionary is meant for specialists working in
nanophysics, nanochemistry and nanotechnology, who are related to chemistry, colloidal
science, sol-gel technologies, aerosol technology, ceramic and chemical technology, material
science, solid state physics, surface physics, supramolecular science, metallurgy, powder
technology, machine building, aviation and space engineering, information technologies,
computing engineering, optics, environmental protection etc.

Due to the fact that Georgian explanations will be presented in electronic dictionary
along with terms, dictionary will have reference importance for scientists, scientific groups,
universities, libraries of various institutions working in nanophysics, nanochemistry and
nanotechnology.

We consider the use of following means: advertisement in internet, educational
institutions, scientific-research institutes, libraries, field-oriented institutions, publishing houses
as way and strategy of electronic dictionary’s distribution.

As far as we know there is no multilingual dictionary in nanoscience and
nanotechnology; therefore it will be also useful for foreign (English, German and Russian)
readers interested in nanoscience.

After completion of electronic dictionary lexical database of dictionary will be updated,
enriched, and dictionary will increase in volume on permanent basis, since electronic
technologies make it possible; and second, in case of funding the issuance of dictionary in
printing format will be possible too.
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There are a number of theories explaining the mechanism of action of homeopathic
preparations. The basic theory was offered by Samuel Hahnemann, originator of homeopathy.
Hahnemann believed that the whole world and all its parts are permeated by certain substance,
which is too thin and inaccessible for ordinary perception. He believed that all curative
substances have this power, but in its original form, like it is found in the nature.

Hahnemann observed the enhanced action of medications after every dilution and
supposed that more and more vital force (life force) was liberated each time. This served as the
basis for Hahnemann’s view of low- and high-potency preparations. As the more diluted the
preparation is, the less its dose is, but the stronger its action (force) becomes, Hahnemann called
such conventional dose potency or force.

The same kind of substance, the vital force, is found in a human. In Hahnemann’s view,
the cause of any disease is the reduced dynamic force. So, it is the impact on the body vital force
evidencing the effects of the homeopathic preparations; however, Hahnemann’s views were
contradicted by the developing materialistic scientific world-view as early as in Hahnemann’s
life and became a symbol of idealism and vitalism [1].

The experimental and clinical research in recent years have well evidenced that the
medications affect the receptor mechanisms of the realization of physiological processes and
cause a cascade of biochemical and physical-chemical reactions (S.. V. Anichkov, 1950, 1976;
I. Cherkes, 1954, 1976; M. D. Mashkovskyi, 1960, 1989; P. V. Sergeev, 1981; I. V. Komissarov,
1983; I. S. Chekman, 1991).

The most efficient medications used in medicine affect the tissue receptors. Supposedly,
there are special receptors in an organism, which react differently to the high and low doses of
chemical compounds [1 —3). The proponents of this theory tend to explain the mechanism of
action of homeopathic preparations by probable impact of homeopathic preparations on their
“own” homeoreceptors. Homeoreception is the means to influence on a human body by both,
the medications and numerous factors of external and internal world, and the realization of
modalities is closely associated with such influence. The homeopaths gain the desired effects
provided the preparation is chosen accurately, in accordance with one’s individual
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homeoreception. One can prove the presence and functionality of homeoreceptors only
pharmacologically.

Chekman, the Corresponding Member of the Academy of Sciences of Ukraine offers one
more explanation of the efficiency of homeopathic preparations. According to him, the
interaction of the homeopathic preparations ultralow doses with tissue receptors
(homeoreceptors) causes not only biochemical and physical-chemical, but also the whole
cascade of quantum-mechanical reactions resulting in the therapeutic effect [1, 2]. In other
words, the action of homeopathic preparations is realized in the same way as many classic
allopathic medications [1].

At present, the view of the homeopathy stimulating the immunobiological forces of a
body is widely recognized. As for the ultralow doses, the clinical and experimental studies
contain a number of suppositions of substances being more active at concentrations less than it
is accepted in classical pharmacology. Even more so, the view of the limits of small doses
expands permanently. The staging of the reaction to different doses of a stimulus is proved by
L. K. Garkav, M. V. Ukolova and E. V. Kvakina, who discovered 10 levels of body reactions
depending on the dose. N. P. Kravkov, with his experiment on epinephrine, showed that its
high and low doses have opposite effects on blood vessels. I. P. Pavlov discovered a similar
mechanism of action with caffeine. He stated that “a dose is more important when reduced
rather than increased”.

P. V. Simonov established that subminimal doses of substances cause retention
evidenced by the clearly seen protective properties. The author called this action preventive.
He writes: “The ability to cause the effect opposite to an average dose is perhaps the property of
subminimal doses of many curative substances”. He supposes that it is this property the reliable
therapeutic effects gained by the homeopaths should owe to. As for the high dilutions
theoretically not containing even one molecule of the active substance, the view of it among
the homeopaths varies widely. On the other hand, the studies of some scientists evidence that
the highly diluted solutions can lead to the biological effects.

In the 1930s, V. M. Person, homeopath from Leningrad, discovered the impact of the
mercurous chloride of 10-1? dilution on starch fermentation with ptyalin, and on fibrin lysis
with pepsin and tripsin, and gained reliable results. However, the regularities to equalize the
use of ultralow doses to therapeutic principle have not been identified yet, as this problem is
understudied in science. However, the major question of homeopathy not studied to date is the
phenomenon of potentiation. Modern chemistry or physics do not offer any view of this issue.
Despite this, the said doses (potentiating) are commonly used to date.

Many observers note that the reduced doses are followed by either reduced, zero or
renewed and increased activity of the substance. Then, they speak about the efficiency of
ultralow doses notwithstanding the fact that usually, they believe that the opposite is true.
One can compare this with homeopathy, as most people, and scientists among them, consider
the ultralow doses as homeopathic. In such cases, the observers do not indicate the methods of
dose reductions. Perhaps, this is done by gradual dilutions, i.e. without the effect of potentiation.

Hahnemann was the first to pay particular attention to the regular dilutions and put
forward the idea of drug potentiation. It should be noted that it is the homeopathic preparation
prepared by using dynamization being a carrier of certain specific information. What does this
mean? What are the body perception mechanisms and further reciprocal changes like? By
answering these questions we will probably be able to understand the theory of homeopathy. A
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number of woks, mostly by English and American homeopaths, prove the efficiency of high
dilutions. These are the works in biology, biochemistry, biophysics and magnetic-nuclear
resonance having left without due attention of the scientific society.

Some authors give a hypothesis of water becoming coherent as a result of interaction
between the water dipole and irradiation of a diluted molecule and acquiring the property to
transfer the specific information to the cell receptor, like the laser does. The surface of the cell
membrane is the mediator between the electromagnetic waves and biological activity of a cell.
A cell membrane rigorously retains its surface potential, which is sometimes changed by an
electromagnetic field, by the virus penetration or by the connections of neurotransmitters
(mediators), hormones or growth factors with its receptors. A. B. Libov in his studies presumes
that specific ion currents caused by Faraday law, acts on the cell surface receptors and ion
channels.

In specific cell areas, such as ion channels and cell receptors, the dissipation of waves
may decline. In such cases, different ions and charged side chains, due to the influence of the
electromagnetic signals on the cell receptors, will follow the exactly determined resonance
circular or spiral pathway. The ions moving through ion channels are forced to move along a
spiral pathway. Similarly, the receptor molecules are forced to move between the bilipid layers,
resonate with specific frequencies to cause a signal transfer and thereby the periodic action
typical to them will occur. Any movement or change in conformation of the growth factor
receptors will lead to the signal transferring processes.

The ordered water molecules forming a by means of intermolecular hydrogen bonds,
will be located between the growth factors and receptors; however, they are not essential for
connecting to proteins. The ordered water molecules are placed on other surfaces of proteins
and may be bounded, or unbounded to them. For example, the water molecules filling the space
between the hormones and receptors in the bounded state of a ligand-receptor are totally
accessible for electromagnetic activation in their unbounded state.

Thus, presumably, high dilutions of substances change the electromagnetic forces thus
causing the resonance of the signal proteins of a cell surface, which transfer the biological
activity through the cell receptors and ionic channels and initiate the signal transferring
processes. It should be noted that the hypothesis about the information activity of homeopathic
preparations was put forward as far back as in 1962, by N. Vavilova, homeopath from Moscow.

In recent years, they tried to explain the effects of homeopathic drugs by using a famous
Arndt—Schultz law. However, this law is not universal. If considering the literary data, the issue
as to whether the given law is effective with high dilutions is unclear, as such dilutions contain
no molecules of the initial substance. Despite this, certain regularities between the effects of the
maximally high and minimally small doses can be identified.

Another important issue to be taken into account when talking about the action of
homeopathic preparations concerns the interaction of such preparations with blood
transmission systems. The serum proteins and peptides, and albumens in the first instance, have
bonding ability with different compounds. The metabolic pathways of these compounds are
different depending on the degree of their affinity and value of the bonding power: the
compounds with high degree of affinity mostly metabolize through liver, while those with low
degree of affinity are excreted through kidneys. As there are specific bonding systems for
different mediators, such as histamine, serotonin and prostaglandins, we can assume that it is
through them the effects of the homeopathic preparations are realized.
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There is a theory linking the mechanism of action of homeopathic drugs to the effect of
contamination. Free radicals are formed in a contaminated solution resulting in the
pharmacological effect. In 1971, G. Baeyer designed the first cybernetic model with the high
dilution being the information carrier. Many researchers have offered the mechanisms to
explain the memory of the alcohol and water mixtures. These mechanisms are described in the
works of an American researcher D. Vahina, director of the department of non-traditional
medicine at the National Health Institute. The information transferring action of the material
particles of a substance is provided by changing the properties of the solvent. One of the models
suggests that during the dynamization, the water molecules form the structures like a grape
bunch corresponding to the configuration of the molecules of the substance [1].

The changes in the structure of solvents during the potentiation of homeopathic
preparations were also noted by F. R. Chernikov and V. V. Maklakov, scientists of the Institute
of Physical-Technical Problems of Moscow. There are many other works dedicated to this issue.
Some authors explain the action of homeopathic preparations by the specific structures of
Oxygen-18 and heavy isotopes of deuterium, which give signals to the biological systems. There
is a view of the information being transferred through “coherent oscillations” of water
molecules.

It may be said that homeopathic information in order to realize its effect in a body,
affects the bioregulatory systems in the first instance. In modern view, homeostasis is regulated
at different levels, including neuroendocrinal, immune, cellular and molecular mechanisms.
Didier Grandgeorge was one of the first to try to explain the mechanisms of action of a
homeopathic drug by means of neurophysiology. In his opinion, the central nervous system
functions with the scales of homeopathy. A nerve impulse causes the changes in the state of a
cell membrane and liberation of the homeopathic doses of neurotransmitters (mediators) in the
synaptic gap.

At present, several tens of molecules playing the role of a neurotransmitter are known.
For example, D. Grandgeorge associates the action of opium, the homeopathic preparation, with
the suppression of synthesis of endomorphin, and action of Nux vomica with the changes in a
glycinergic system.
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1. Introduction

Progress in microelectronics and nanoelectronics has stimulated the design of
fundamentally new methods for producing oxide films, as well as the further development of
conventional methods. High-temperature treatment leads to the spread of diffusion regions, the
diffusion of unwanted impurities, the generation of defects (dislocations, voids, cracks), the
violation of the ratio between the components in binary semiconductor compounds, and so on.
All these factors have a detrimental effect on the parameters of integrated circuits and the yield
of devices. Taking into account the factors above, we have reason to believe that low-
temperature methods are very promising. A large number of methods may be used to form thin
TiOz2 layers; these include evaporation [1] or sputtering [2, 3] of TiO2, metalorganic chemical
vapor deposition (MOCVD) [4], chemical vapor deposition (CVD) [5, 6], rapid thermal
oxidation (RTO) [7] and so on. All of them have in some case advantages and in some case
disadvantages.

In this report we suggest reactive magnetron sputtering method for receiving thin
dielectric TiO:2 layers with high dielectric constant.

2. Experiment

Titanium oxide thin films were deposited onto silicon substrates by using DC magnetron
sputtering system. Pure titanium (99.999 %) of 100 mm diameter and 6 mm thickness has been
used as sputtering target. High purity argon and oxygen were used as the sputtering and
reactive gases respectively. Rotary and turbo pump combination was used to get the desired
vacuum. The base pressure of the system is less than 10~ mbar. After attaining the base pressure
the oxygen partial pressure was set using aneedle valve. Before each run the target was pre
sputtered in Ar atmosphere for 5 — 10 min in order to remove the surface oxide layer of the
target. All the depositions were carried out at a total pressure of 1.3 - 10 mbar. The distance
between the target and substrates was kept at 45 mm.
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In order to enable electrical assessment of the titanium dioxide layers produced, 1.3 mm
aluminum dot MOS capacitor were fabricated. Those layers which showed a low DC leakage
current were analyzed by capacitance-voltage (C— V) measurements at a frequency 1 MHz.

3. Results and discussion

Titanium dioxide layers were analyzed using the capacitance-voltage technique. The
variation of the capacitance with gate voltage ranging from —5.0 to +5.0 V with frequency
1 MHz was obtained using Keithly Instruments Semiconductor Parameter Analyzer. The oxide
capacitance is the high frequency capacitance when the device is biased for strong accumulation.
The C- Vplot is shown in Figure 1, giving a flatband voltage Vz=-0.5V, threashold voltage
Vir=0.35V, oxide capacitance Cox=5.03 nF, the oxide charge density [8] of capacitor was
calculated by

Q = Cpy @ = —113 nC/cm?, (1)
where Wy, is a work function between metal and semiconductor and was calculated to be 0.8 V.
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Figure 1. Capacitance—voltage characterization for magnetronsputtered TiOx.
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The dielectric constant (X) of TiO2 was observed by calculation from the knowledge of
the capacitance (Cox), film thickness (7ox), the free space charge permittivity (£o0) and the area
of the capacitor (A) using the relation [8]

K =SoxTox — 35 2)

£oA
The oxide thickness was measured by Spectroscophic Elliphsometer and it found to be 85 nm.
The dielectric constant was calculated to be 35, which is lower than may be expected for
titanium dioxide. The reason is relatively high leakage currents, for an applied voltage bias of
2V leakage current is 1.5 - 103 A. Also there is a possibility of existing of a very thin layer of
silicon dioxide due to oxidation of the silicon substrate in the TiO2/ Si interface.
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Figure 2 shows the results of X-ray diffraction employing Cu K« radiation.
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Figure 2. Intensity vs °2Theta from XRD measurement.

Crystal system is tetragonal. The (011), (004), (020), (015) and (121) diffraction peaks of
the TiO: are high intensity peaks. Crystallographic parameters are a=3.7960, b =3.7960 and
€ =9.4440 A, calculated density is 3.9 g/ cm®. The mineral name is anatase nanocrystalline [9].
This indicates that either a low degree of crystallinity or that the films are large crystalline but

with a small crystallite size.
Refractive index and the thickness of the oxide were measured by Spectroscopic

Ellipsometer (Figure 3).
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Figure 3. Refractive index of TiO2.

In the visible light range (~550 nm) the refractive index is about 2.25. The optical
dielectric constant can be determined from the refractive index of TiO2 as € = n?2 =2.252 ~ 5.43.

The band gap was calculated 3.3 eV by using equation
hc 1240
BeV)= —=—. 3)
E'is photon energy, 4 — Planck constant, ¢ — speed of light, A — cut of wavelength by the help of

Spectrophotometer, which equals A =375 nm.
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4. Conclusion

Titanium dioxide thin films had been deposited onto silicon substrate using DC
magnetron sputtering. The research was carried out on a film of thickness 85 nm. XRD analyses
reveal the anatase nanocryatline nature of the film. The dielectric constant of TiO: thin film
had been determined from the C'— V characterization. Relatively low dielectric constant can be
explained by high leakage current and more research is needed to solve leakage current
problem without decreasing effective dielectric constant.
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1. Introduction

In MRI three types of the density of a magnetic flux are applied: the first — strong Bo
field in z-direction, the second — B1 transverse radio-frequency wave, while the third — space-
coded fields (G gradients) in z-directions as well.

Bo field of about 1.5 T is induced by polarization of nuclear spins. Then relatively less
will be B field (approximately 0.01 T) used for transportation of induced magnetization into
transverse component of the pattern as well as G gradients (~ 10 mT / m) used for the space
coding of the transfer magnetization.

For high Bo fields at ordinary MRI it shows that the equilibrium of the magnetization for
magnetic fluids will be saturated and the particles of the fluid will be in accordance with Bo, i.e.
will be lined in Bo direction [1, 2].

In the paper low (sick) fields of 0.10 —0.35 T are considered. In such kind of low fields
the fluid is unable to reach saturation (is not completed) and nano-particles revolve in
additional, also revolving, magnetic field.

2. Magnetization in sick fields. Basic equations

Under an action of a magnetic field the expression for relaxation of the magnetization
for magnetic fluids is given as follows

M . N

E+U-VM—wxM+<¥)(M—Msat):O, )
which at the same time provides both the magnetization and the re-orientation of given field. U
is the vector of linear velocity of the magnetic fluid, while & the vector of spin velocity of the

magnetic fluid and 7 — its time of relaxation.
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The left-hand-side of (1) is straightly dependent on v velocity of the linear motion and
on @ angular (spin) velocity. The equation of state in the magnetic field possesses the time

constant characteristic for the equilibrium magnetization described by the following expression:

1_1.,1 ,
T Tp Ty @

Tp, Ty being Brown’s and Neel’s times of relaxation, respectively, given as follows:

3Vhuc
- , 3
Tp kT (3)
KoV
Ty = Tp-" e kT y (4)

V}, being the hydrodynamic volume of nano-particles in m3, while yu; — the dynamic viscosity
of the given fluid (ns / m?), £ — Boltzmann’s constant, 7— the absolute temperature (if no other
hints are given, assume 295 K or 22 °C). V}is the volume of nano-particles in m? (excluding the
active external particles), k, being the anisotropic constant (J/m?) and 7, is Neel’s time
characteristic (in ns). Usually 7 & 107 — 1071% 5. In (2) the smallest time constant is denoted
by 7. Thus, at Brown’s and Neel’s relaxation the radius of particles increases.

Neel’s relaxation, describing the rotation of the magnetization vector of particles, usually
dominates for small particles of less than 4 nm radius, while Brown’s relaxation, due to rotation
of the particles in a fluid, dominates for the particles of radius exceeding 4 nm.

If the number of particles in a magnetic fluid is fixed (for example, being located at its
surface), the only Neel’s relaxation is in action, while Brown’s relaxation is absent.

b, = Re{b,e/*7} y o
N h, = Re{hxef&}
________________________ | _ d
@) N
H,=H
Vi(y) — O ° lg
________________________ l___ 0
A

Figure 1.

In Figure 1, the flux of a magnetic fluid is presented in the fixed area (y= 0, y = d). The
trended flux is pumped by Ho magnetic field acting in z-direction and by the sinusoidal
magnetic field in x-direction of the sick signal with the complex amplitude h, as well as in V-
direction by the sinusoidal magnetic fluctuation density of the sick signal with the complex
amplitude By. In x- and y-directions the components of the magnetic field vary due to the
sinusoidal law with € frequency. v, (y) velocity is directed along x-axis, while the spin velocity
w,(y) — along z-axis and both are y-dependent.

As it is seen in Figure 1, the velocity of the flux bleeding is directed only along x-axis
while time-average spin velocity — only along z-direction. Both are space distinguished in y-
dependence:

U = vy (Y)Ty, & = w,(¥)i,. )
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Taking into account the distribution of magnetic field strengths (densities) as they are
given in Figure 1, 7, and , 7, are space homogeneous due to corresponding zero space derivatives.
Due to Ampere’s law, given in the form of

VxH=]+—=0, (6)
when the conductivity is zero (f =0) or the change in current density differs from it

(aD / ot * 0), the field strength should be zero and given by (6) surely.

As it is seen in Figure 1, both x- and z-components of the intensity of the magnetic field
are homogeneous, when Ho is invariant in space. It is seen as well that the field derivatives due

to x and z are taken as zero, while the pressure gradient 9p / 9y may differ from zero, being

additionally independent on the linear flux (at its absence as well). As it follows from (6)

d(H,) Oh,,
——2 =9 7
dy 0z @
From (7) yields thus
d(H,) oh,
ay =0, and E =0 (8)
as well as
oh, 0(Hy) doh, d(Hy)
oz ox 2\ 0 A 5 =0 ©)
and
oh, Oh, dh, dh,
W_W_ , (W_O and W—O . (10)
Gauss’s law regulates densities of the fixed magnetic flux along 7,:
v.5=20x, 0 0B _, 11
~ dx Ay 9z ab
Then we get
ob, db, 0(By)
EZERr I PR

Based on this survey we may conclude that by and Ax should be constant in space and
independent on y, while 4y may be dependent on y;, when yitself depends on my.
The density of total instantaneous magnetic fluctuations B, total instantaneous magnetic

field H and total instantaneous magnetization M are given as follows

B = Re{(b,(»)i, + by7,)e’s*} + Byl,, (12)

H= Re{(hyi, + hy(y)T,)e’’t} + Holy, (13)

M = Ref{(,(y)ix + iy (1T, )e*} + Mo, (14)
while the relation between B, H and M is given in the following way:

B = uo( + M), (15)

Relation between Mo and M,4,;; is given by [3]

M, = MequilL(ao); (16)

L(ay) showing the sequence of magnetic nano-particles for given magnetic field of |H|
magnitude. According to these circumstances for the expression (1) x- and y- (transversal)
components will be given by the following formulae:
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]me+wzmy+;(mx—H—0hx) =0,

! ~ 1 o) MO
]fmy—wzmx+—(my——hy)=0, (17)

T H,
where M, and M, are functions of the spin velocity w, and are given by the following

expressions:
. MO ~ _ I.Ey
M, (]ET +1+ —HO) hy, — (w,T) m

m, = —-* ,
Ho (ét+1) (jET +1+ ]I-VI[_S) + (w,T)?
- b
M, (w;7) hy + (jéT + 1)M—z

(18)

Y H (ét+1) (j§1'+ 1 +%—3) + (w,7)? .

3. Conclusion

As it will be seen in further analysis, in the case of absence of fixed flux the spin velocity,
and 7, and M, are space invariant. When the flux is fixed, the spin velocity together with 7,
and 7m,, varies with varying of the width y. The second term in (1) contributes nothing, as to
the velocity of the flux along xand at a/ 9, magnetization is zero.

In magnetic fluids the magnetization increases in the rotating (spiral) form, as to at the
rotation it itself is responsible for movement of the fluid with the spin velocity w,, differing
from zero, which itself changes the magnetization.

Thus, just like the relaxation of magnetic fluids, the mechanical equations should be
taken into account and solutions for w,, M, and M, should be received.
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65603900 903936 mdb0d3zbgem MomEabmdom (JozMmgemgdgb@gdo) 9930w 9gdgE0s
domo  3bM39IYMAGMOOLIMZOL.  3MEboo  mEYBoBIgoo  slg3g  MIbodzbgeom
50 9bmdom 8903536 390 EbOLHYSEL,  350F0mAL, MdMmL, GHYz09l, 0dgz05mdofoms
9999639l s Lbggdl, Mmagems  gogwgbs  3mEbow  mGmYBoHIgddo  dodobatg
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2590ggbgds MHMymE 3 InDBoMIOOLIMZOL, 1939 BOHILOYIEO 5EF067BOLMZ0LS.

39650 Md9b, MmA S. platensis 530560l MOHY60BI0IH 2odm93zbol Mogolmgswn
9©035¢90L, ©50Mmbw3c0gdl [3]. dO®A0L [4] 93@™MMJd0 M3e0sb, MmA S. platensis
d90dgds  459mygbgdme 0dbgl GHmdLbogzmMo gwgdgb@gdoom: 35domdom, Y300 QS
39603bwolymrom  ©sFMFYosbgdmmo  Bsdobsdg  ygdol  golinmsgzgdolsmaol.
3965369 Hergddo dgEbogdms gmE@oMgdsl 0dbsbm@gdls S. platensis doge 396MEberOL,
MdOHmb s b3y Jodo®o 9egdgbd ol Bobmbsfowszgdols fomdmddbol Mmbstro [5 - 7].

9. 960MHM™b0 359300l Lob. BoBo3ZoL 0bLEOEGHMGHT0 250M 33193900 ooy IPPAS
B-256 ¢030L crtrx-9)3569 §yocdigbs®ol S. platensis domdsbol 459mygbgdom, Gmdgeros
doqde 0dbs MHMLgmol 3gEbogMgdsms 9350090006 3. 5. HoFoM0sHY30L Lob. ;396569
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R0BoMEMaool  0bLEGHOGMGH0.  9Ju3gmH0dx6EHIOOL  OML  sEMwoYm  FJIIRO
306mdqoo: pH >8, 8mdogs ogm dgbs®PBmbgdmmo 3500 ¢od gobomgds, 30 —34 °C
A99396M53 M5, MPY39GH0 dMDdIGH0MYds, bmEME0gw©adm©s d03MMmbim3mwo ©s pH-ob
d9©doz0  3MbEHOMo, Fomdmgds S. platensis  00mIsLOL  BIEEHJIZGOOGHIOHYIO
250 IO M.

Lodmdsmdo [8] Fglfogeroe 0dbs d0mygbme Jodome gwgdgb@ms: 3mds@ob,
b3oergbdol, Mmoo, bBozgEol, dobsbggol, ©30bol @, 93939,  GHMJLo3WE
9w9996GHms:  39M03beol,  39dondol, JOHmAol s  GHYzool 89d339germds  S. platensis
d0mdsLodo figoerd3gbo®ol Mol obsdozsdo 9339003 Zarrouk go®gdmdo s0bodbwyero
JodomGo  gwgdgb@gdol 3903390 MoMmEIbmdom  BoBHZ3060™M350g ©>  domo
IODNOOMMI©  BsGH300HmM30L  890gy.  dgufogerow  0dbs,  spMgomgg,  S. platensis
WOMBOWIMSQ 3odMAMO d0MmTsLodo L3oggbdol, dotmsbgioL, 0MOol, Bsabowmdols s
Bo@®omdol 8993390 mds 0bLEHOYI6EIMMo Bgo@Mmbmwo 5dG03530M0 BsoBob
39000l 25dmygbgdoom.

f0obs0qdotg  Lodmdsmdo  dglfogeroe  0dbs  Bx-0f3969  fgoerdigbo®ols
305bMdsJBgMos Spirulina platensis ¥ MgOMY@o BOEOL 05303580 9339053 Zarrouk
39M9dmdo  JodomMo  9wgdgb@GHgool:  L3ogrgbdol, Mmool @y  boggwol  Ji3g30L
05308909)M90900 o0 B35t 39 BoGZ0MM30L MM, MHMEs T9MHBIM 0Ym MOMOMYIO
9099963 0b 49603390 BoM©gbMds.

39630bowmm  Bgdmom  s0bodb  gagdgb@gdbg  PoBIMOIMWO  (35¢3gME0
9939603960l F99ga900.

JodomGo  gwgdgb@ol  L3owgbdol  Gmwo s  960d3bgemds  3mEbsEo
6560D3900Lsm30L, BB3ZS JodoE 9egdgbE oMb F9IMYdom, ¥390 G0l Tgbfiagerowo.
dobo  momgdol ygzgws Jgbogmomo 900l GHmJbozmMo s dson  Jgodwrgds  3Jmbgl
396396ma9bmo ®30L93900 [2]. B39bL Fgdmbgggzsdo 9du3gModgbEHgdolsmzol dgMBgmen
0965 bL3ogbdob JarmGoo.

3.0 -
sl
2,6--
B
2.2-.

2.0 4

dd6sema domdabs, dafem

1.8 -
1.6 ~

1.4 4

1.2 4 <

T T T T T T T T T
1 2 3 Bl 5

e*RI
Bobsbo 1. Spirulina platensis d0mdsbol 330w gds 8339093 39M93mdo b3owrgbdol
bb3o@5Lbgs M5MmYbMdOm BoEHZ0MM30LsL LEFYoLo 5 OOL gobsgwrmdsdo.
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BobsbBbg 1 25dmbsbwemos S, Platensis 30m3dsbol (33¢00e0gds Gobo  “9x G900
BOHOOL 3OmEqLdo 8339953 396Mgdmdo L3owgbdols Lbgsslb3s MomEabmdol BsGzoMmm3z0LL.
9330093 296093mdo BoEzommeno S. platensis LoHgolo dBoMTSBOL GOMPY6MdS oym 1.2 4 / ¢,
bewem 93390530 go69gdmb pH — 8.6.

ol 6mIgML JgqLodsdgds B30wgbdol T9dga0 MoMmEIbmds (Y / @): 1 —2.5;2 -
1;3-0.25; 4 — 300636 Me00; 5 - 0.5; 6 — 0.05.

OmamO3  bobobosb  BsbL, S. platensis  domdslols 93060905 3MBEGHOMEW D6
(060 4) 99509300 Tgbsdhbgzos 8339093 A9MgdmTo  L3orgbdol yz9wsby OO
(om©YbMdom BsBH30Mm30LsL — 2.5 3y / @ (8o 1), bowm 30mdsbol BOES Y3gasby
39¢5© BBl BsE300HmMEo b3owgbdol yzqw sy 300 Momgbmdols (0.05 3y / ) ML
(06990 6). 53 Tg0mb3z935d0 bgds HBOEOL BoJBHOMMO LEHOTNWSE0s 3MBEHOMEMIb
(8630 4) 950M900m. 3mb396EGHMI30ME 0bEHM35¢do 0.25 — 0.503y / ¢ (3G 9do 3 ©s
5) bgds figoed3gbs®ols domasliols 99amgdom 3000 BMs. 1S 500bodbmL, HmA
130egbdols Esds3H0sd 5 Ty / @ MoMmEIBbMBOM odmofj30s S. platensis X M9gOME0 HOHEOL
IMY635 BoB300HmM30L Igmeg Malizy.

BobsBbg 2 Fomdmpgboros 93390030 456M9dml pHEgwowgds dsbdo b3ogrgbdol
Lbgo@olb3s MoMmEbmd0 Bo@300030L5b.

11.8
11.6 o
11.4 o

11.2 o

M W O ®

11.0 4
10.8 4

10.6 o

pH

10.4 o
10.2 o

10.0 4

9.8+

9.6 o +

9.4

T ¥ T T T T
1 2 3 4

© el
BsbsBo 2. 33390530 2569dmb pH-0b (330 gds dsldo L3ogrgbdols
1b3oolb3s MoMmEIbMBOL hoEZ0MM30LsL LEFYoLO 5 EOOL gobTogwrmdsdo.

o=

960l 6mdgMl F99Ls059905 3o gbdol 3900 MoMmYbmds (Y / @0): 1 —2.5; 2 —
0.5;3-0.25;4-1;5-0.05; 6 — 3mb6@mevo.

OmamO3 BsbsBosb 2 BsbL,03390030 2oM9dml pH-0b 3mbEHOMEmsb dgscmgdom
99930605 35806, Gm@Es dsB8o Bs@zomme odbs LB3owgbdo 2.5 8y / @ Momgbmdoo
(06900 1), b 306¢OMmEol pH-Ls3sb 439e0Bg 6530900 296Lb35300005 00 2o69dmls
pH, ®m3gerdoi BsGzomomryeros 0.05 3y / ¢ bL3owgbdo (3o 5). b3oggbdol Lbgsslbgs
509bMd0L BoBH306MmM30L5L goblibgsgzgds pH Mom@gbmdgdl dmeol d9scgdom d3o6mgs

306390 9L, ML 396 303Y3000 Igbmg ELOL TGbobgd.
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3b™do0s, H™A Jodoemo 9w9dgb@GHo mMmos dgol 3bM39Ems MEYSBMgdoLs o

939boGgms  gz9es Bofogrols 8905aqbermdsdo. xge 300093 I93bMs3gE g Lom3mbols Igmey
Bobggzo®mdo 3. 5. H00MH05H9305 99BHI0ES Mool oo 360d3bgermds  d39b56M9ms

3b™39wIYmRgmdolsmzol [9]. GmameE  356M5mdY6, dolo  M3BsMmobmds  ofj393L
dggbotrgms BMOlL Fghgmgdsl [2]. 0b6@gMOLIMIWgdMwo 56 bs ogmlb S. platensis
00mdsbob YR 9IEIOOL  M9o30Mm9d0L  Jgufogms 9339953 Zarrouk o69gdmdo  mMoOOL
bbgo@olbgs MoMm©9gbmdol Bos@3z0Mmm30LsL. B3gbo 9Judgmodgb@ol mml dgmBgme 0dbs
000l LMxksGHo  ©s  0mool 39090 Oom©gbmds: 0.5, 10; 25; 5030y /
3M6GOM@msb ghmo©.  ©533003905  Bo@oMs  9du3gM0dgbGol  Lofilgolo 5 ol
2960530 mdsdo. 9339053  39Mgdmdo  Bos@zo®mvyewo  S. Platensis  d0mdslols  Lafyolio
(om©Ybmds 0ym 1.37 3 / ¢, beagwe 83390530 gocgdml pH - 8.9.

4.4
4.2 5
4.0

3.8

38

3.4

3.2 4
3.0
2.8
286
2.4
2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4 <

H'Ht‘;nggn doedslis, Hafcy

L |

BsbsBo 3.Spirulina platensis d0mdsliols (3300 gds3d 339053 49M9ImIo MO0l
Lb3oolb3s MoMmEIbMBOm PoEZ30MMZ30LSL LoHYolo 5 EOL 26353 MdsTo.

BsbsBBg 3 HoMdmeggbocros S. platensis domdslols 33e0wgds 0339993 296M9dmdo
0)mool  bbgosbbgs ®om@gbmdom BsBzommzolol 9Judgmodgb@ol Lsfilyolo 5 ol
3968530™d5d0.

360l bmdgml J9qlsdsdgds mmool 99890 MromMm©gbmds (8 / ¢0): 1 —50; 2 — 25;
3-0.5;4-10;5 - 3006&OHM0. B33 99bg0s ool 0.5 dg / @ BoEHZ0MHME GomMm©gbmdsl
(06900 3), §95¢9396560L doMIsLOL S AoMgdml pH-0ol 3603369crmds Igbymg gL 396
0965 300900 399603296 30BgBmS godm.

0O 3 BobsBosb 3 Fsbl, 3339053 goMgdmdo BoE30MHM0 01000l 5O EYMHMO
509bMds 56 0f393L L3330 Fyoed3gbseol domAslol BOIL 3MBEBHMMEW B dg@s.
509y /¢ (0o 1) o 250y /¢ (3Gmo 2), 09339053 350M9dmdo Mmool sLgm
50 9bMdsms  BoB300mM30LsL  begds S. Platensis v)x6Hggdol  d0mdslols  d9gd306M9ds
3MBGHOHME b 90gdom.
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BobsBbg 4 FomImagbowos 8390930 goMgdml pH-ob (33¢00gds dsbdo mwymool
Lbgo@olb3s M5Mm©gbmdom BoBH3060m30L5L 9JudgModgbE ol Lohgolo 5 Ol gobdsgwrmdsdo.
3ol bmdghl gqglsdsdgds BoG30M00wwo 11000l G900 Mom@gbmds (Y / @): 1 —
50; 2 - 25;3-10; 4 - 0.5; 5 = 3006&HOMo. HMyme3 bsbsbosb 4 Bsbl, pH-ob doglodscrwy®o
50mobmds  (11.99) 560l 3mbGHOMEOol Jgdmbggzsdo 89-4®gl (860 5), bmeom
90b08sem0o — 1-» 9L, OMES 3339093 2M98mdo Bo@z0Mmem 0dbs 0.5 3y / 0 Mmoo
(0690 4).

12.2 -
12.0 -
11.8
11.6 -
11.4 4
11.2 s 5
11.0
10.8 -
10.6 -
10.4 3
10.2
10.0 -

e AE
9.8 + A
9.6 -]
9.4

. :

1

pH

9.2 ]

1 g 1

—
r
-

*II

BsbsBo 4.03390530 go69dml pH-0b (33000¢gds dsLdo Mmool bgsalibgs
509bMd0m PoE300M30LL Lofigolo 5 Ol As6dsgzcPMdsTo.

59x9M5 993990000 B3960 259M 330930l dmeMm 9egdgbEHL Boggwl.
530gd0Md96, Mm3 boggwo dmbsfogmdl mabow  mEMAB0BIGddo  dodEobstg

R0BOMEMyomed  3OH™mEqLgddo. ob dgol 693w gmEH0gdoL, 93M9039,DMA0  FOWSL
090950039600 M3580. 35M5©M™d3b, ®MI bozgwro sHIbL 30w gdolL  5dBH035305L, 936939,
9mbsfogmdsls 090MEMdL ge3mbob dgEsdmermBddo [2].

S. platensis  d0mdsbOL MY OIMO BOOL 3OMEILYdBY s dobo MXMYIdOL
LoMEbWOLKYBbsM0SBMBsDY boggerol Bgas3ergbols Tglolifogwro® hoGHIM®S M3d9bodg
99b39608963)0, HMIGP oYL STXJMOE 23630b0Es300 TbMEME gOHML. 8339053 FoMgdmdo
Bodzommmeo S. platensis 30mdslols Lofgobo Gomgbmds dgopaqbs 1.04 3/ @0, beeom
39090l pH — 8.82. 503608b53m, T 9339053 2560900 BsLoGZ300™M350 dgMBgme 0dbos
603900l yo3obs@o s 6039wol 99dgao Momgbmds (dy / ): 0.075; 0.25; 1.5; 2.5; 5.
99b396M0396¢ 0 BosBoMms 7 ©Eol as63ogwmdsdo. d9gdaly ool dggagdo 396 odbs
900900 3946036 Jobgbms godm. 8339093 2oM9dmdo Bs@zoMmmwyemo S. platensis
00mdsLob Lofigolo GomEgbmds Fgoqbs 1.04 3 / a0, bowm go6gdml pH — 8.82.
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3.6 -
3.4
32
3.0
28
2.6
2.4
22
2.0-
1.8
1.6 -
1.4

dd6oemo domdsbs, da/e

1.2
1.0 4

0.8 —— ]
1 2 3 4 5 6 7
R ©J

Bobsbo 5.Spirulina platensis d0mdsboL 33¢00gds 9339003 4oM9dmado boggerol
bbgo@slb3s M5Mm©YbMdom BoE300m30LsL LyHYoLo 7oL 9633w Mdsdo.

BoboBBg 5 Fomdmpgboeros S. platensis domdsbol (33e00gds 8339003 2oMgdmdo
60390l Bbgoslbgs Mom©gbmdom BosG3z06MHm30LsL 9dudgModgbGol Lsfyobo 7 ool
296353c0md530. 3OOL BmIgOL F9qLsds39ds bozgwrol 899ga0 MoMm©gbmds (33 / ¢0):1 - 5;
2 — 3mb@6Mmeo; 3 -0.075; 4 -2.5;5-0.25; 6 — 1.5.

M3 bsbsBoD 5 BB, S. platensis B0MISLOL BroM©IbMds FooboMs 603gerols
0omgdol  g3zgms  geBgmo  MHomEIbmdoL  @ToGJOoLSL, M3 FIBLZMIGGOOM
d9L59R69g305 08 JgdmMbzgzoLomM3z0l, MMEs 9339053 oM9gdmdo Bos@zomomvyer 0dbs bozgwro
1.5 3y / @ ©50gbmdom (3090 6). M3 bBBL, 9JudgmHodgb@ol Lsfigolbo bsdo OOl
39605303530 d0Mdslols 3603600 M356 (3300 gdOL 5POE0 SO 593V, bmerm 4 EPOIb
60390l momddol gzges BsGH30MHmMEo MHoMm©gbmdolomzol goblibgsggds domdsligdol
360093690Md790L ImGmOL »R®® dqLsdhbggz0s.

BobsBBg 6 oMM 96005 83390530 39M93mL pH-0b 33w0ogds 3339053 49M9dmado
60390l Bbgoslbgs Mom©gbmdom BosGHz06MHm30LsL 9du3gModgbGol Lsfyobo 7 ol
3968530Md5d0. 3OOl BMIgOL T9qLodsdgds 9339003 4oM9gdmdo Bos@zommvyero 6ozgwol
9990090 G5mobmds (Y / @): 1 — 3mb@edmwo; 2 - 5; 3 — 2.5; 4 - 0.075; 5 - 0.25; 6 — 1.5.
O3 BsbsBosb 6 BsbL, S. platensis 9339093 Zarrouk o0gdmdo bozgeols dg@mBgmero
509bMdOL BoBHZ300m30UsL 906036935 83390530 25693mb pH-ob bBO©oL FH9bgbios
3M6EOMEmob  9gomgdom, 53539 ©OML Y60  0dbs domAsLol RGOl
LomEbwolvybsm0sbMdS.
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12.0 4
11.8-.
1161
11.4-:
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pH

10.6-
10.4
10.2-
10.0-.

9.8 ~

9.6 — —— . .
1 2 3 4 5 6 7
eI

BabsBo 6.03390530 2o0Mgdmb pH-ob 3300gds dslido 6o3geol Lbgsalbgs
50 96Md0m BoE300mmM30L5L Lofigolo 7 EOLYsbIsgEMdsdo.

QoLOLOIEL,  Tga30de0s 300350, MMI  BYIMmMsbodbmo  9Ju3gM0d9gbEgdOL
3obbmM30gmgdom  Bg9bl  Boge  olsbmeo  FoBsbo:  Fgagqlfogws ey -0(3569
0909396500l 3006MdogdBHgeos Spirulina platensis MxOIEMEo BOHEOL  ©Obsdozsdo
8339053 Zarrouk 9o69d8mdo Jodow@mo 9wgdgb@gdol: b3owgbdol, Mmool s boggwol
9439308 930L90)MgdGO0 FoDO (3503939 BOAZ0MMZ0L OML, GMEs JgMbgme oym
000MJM0 GegdgbBHol 2560339990 MomEgbmds, B39b0lL sBMHom, JguiM)egdme 0dbs.
3830J6OMdm, MHMI Ls0bGHYMHGLM 0dbgds  AuAsgLo  Logombol Tglogws Lbgs JodowGo

99996¢3980L5mM30L5(3.

B9l LobosBMZIM M35 GMDIE F3INZENO FSPEPMOS YOWIZMBIM 5. BYEM MO0
@5 5. bobobodzowl  9dudg@modgb@gddo  Bmbsfiorgmdolsmzol, bmerm 9. 40bGHmEL
9939600396 gddo  Imbsfogmdols goMms, F3wowolsmzol, Gmdgwoi 956 Tgo@sbs

900900 990093900L goblxsdo.
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Introduction

The interesting in the obtaining of nanoparticles with different physical-chemical
properties has been growing during recent years. Most often, the structures including magnetite
FeFe:O4 (Fe3O4), maghemite y-Fe20s and spinel ferrite of 3d-metals such as cobalt, nickel; zinc
and cuprum, are used in medicine and biology. The main requirements to the nanosized iron
oxide particles produced for bio-medical purposes are the particle homogeneity, the presence of
ferri- or paramagnetic properties and their colloidal stability in aqueous and non aqueous
solutions. Among the great number of traditional synthesis methods which permit to form iron
oxides and hydroxides as well as other iron-bearing particles (spinel ferrites or composites based
on iron) a new one has appeared. We called that method the rotation-corrosion dispergation
(the RCD-method) [1]. The iron—oxygen nanoparticles are formed on a steel surface when its
surface is brought in contact with air oxygen and aqueous dispersion medium containing ions of
different types such as heavy and precious metals. A special interest in the iron oxides particles
formation is focused on systems with inert (silver, gold, platinum) [2] or iron and steel
electrodes [3]. In this case, the processes of the phase formation allow to avoid both the
introduction of ferrous and ferric salts into the system and the additional cleaning of the
particles. In this situation, the particles do not include spare components. By applying
electrochemical systems, it is possible to form nanosized structures under standard conditions
that are important for achieving colloidal stability and adaptability with respect to the
conditions met in different practical application.

The purpose of our work is to study structural features of the iron—oxygen nanoparticles
formed when the rotation-corrosion dispergation method is applied and the difference of such
particles from the similar particles obtained by the co-precipitation method.
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Materials and methods

The formation of iron-oxygen nanoparticles with the help of the rotation-corrosion
dispergation method is carried out on the surface of the rotating disk electrode made of the
finished steel (St3), the composition is the following, %: C 0.14 —0.22; Si 0.05 - 0.15; Mn 0.4 -
0.65; Cr 0.3; Ni 0.3; P 0.04; S 0.05; N 0.01. According to its composition, such steel appears to be
the iron—carbon alloy containing the phases of iron spinel ferrite FeFe20s4, graphite C and
cementite (Fe,Ni,Co)3C. Due to the presence of such components, a large number of micro
galvanic couples, such as ferrite — graphite and ferrite — cementite, are created in the system. In
these couples, the ferrite particles play the role of anodes whereas the graphite and cementite
particles are cathodes. The differences in the value of standard electrode potentials of such
components lead to the electrochemical red-ox reactions in the system. As it was shown in our
earlier articles [4, 5], the additional components of steel, such as Si, Mn, Cr, Ni, Cu, S, P, do not
participate in the processes of the phase formation: their concentration in the dispersion
medium is very low. No other structures, except of iron oxides and hydroxides, are formed on
the surface of a steel electrode.

The rotation of the steel disk supplies the variable contact of its surface with air and
dispersion medium. As the dispersion medium distilled water, zinc, nickel, cobalt, ferric and
ferrous salts (chlorides and sulphates) and argentum nitrate were chosen. The concentration of
Zn(II) and Ni(II) was 100 mg / dm?; concentrations of Co(II), Fe(Il), Fe(IlI) were in the range
from 10 to 200 mg / dm3. The content of argentum in the dispersion medium was from 0.5 to
5.0 mg / dm?. The pH value in all cases was 6.5.

X-ray diffraction (XRD) was used for the phase identification. The measurement was
taken on computer-aided equipment (DRON 3) with filtered emission of cobalt anode in
discrete conditions of plotting, with pitch of 0.1 degree and time of piling in every point 4 s.
The additional module was used for recording this process in situ [6]. As additional visualization
technique of the derived samples the scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were suggested.

As the main method of the structure research we chose Fourier transform infrared
spectroscopy (FTIR). The spectres were recorded for the mineral phases stirred with dry KBr.
Thermo Nicolet FTIR spectrometer in the range 4000 — 400 cm™ with 50 scan collected was
used for measurement.

Result and discussion

As it was shown in our previous studies [7, 8], the process of the phase formation in the
systems based on the iron corrosion process under oxidative conditions leads to formation of the
spectrum of iron oxyhydroxides, iron oxides, iron and heavy metal spinel ferrites and
core&shell nanocomposites with ferromagnetic cores and precious metal shells. The type of the
nanoparticles depends on duration of the phase formation process and physical-chemical
conditions such as pH value, concentration and chemical composition of dispersion medium,
temperature etc. The colloid-chemical mechanism of the phase formation can be realized due to
interaction of the products of iron corrosion process with metal aquahydroxoforms from the
dispersion medium as well as with primary mineral phase of Green Rust or lepidocrocite [8, 9].

128


http://lingvo.yandex.ru/?text=pitch&dict=LingvoUniversal&lang_from=en&lang_to=ru
http://lingvo.yandex.ru/?text=piling&dict=LingvoUniversal&lang_from=en&lang_to=ru
http://www.multitran.ru/c/m.exe?t=3410556_1_2&ifp=1&s1=Fourier%20transform%20infrared%20spectroscopy
http://www.multitran.ru/c/m.exe?t=3410556_1_2&ifp=1&s1=Fourier%20transform%20infrared%20spectroscopy

O. M. Lavrynenko & Yu. M. Bolbukh. Nano Studies, 2014, 9, 127-148.

At the same time, disperse iron oxyhydroxide minerals y-FeOOH, a-FeOOH can be formed
when iron spinel ferrite nanoparticles are oxidized under standard conditions.

We suppose that the iron—-oxygen nanoparticles formed when the rotation-corrosion
dispergation method was applied have a lot of structural features. Below we will show our
structure research of the iron—oxygen primary particles, iron oxides, spinel ferrites and
composites FeFe204 & Ag°.

Fe(II)-Fe(IlI) /ayered double hydroxides (Green Rust) and ferrihydrite

Two types of Fe(Il)-Fe(III) LDH: hydroxysulphate or hydroxycarbonate Green Rust,
respectively, can be formed on the steel surface depending on the anion composition of the
dispersion medium. The structure of Fe(II)-Fe(III) LDH is usually obtained in ferric and ferrous
sulphate solution after 10-20min contact of steel surface with water medium.
Hydroxysulphate Green Rust II (GR(SO«*)) has the following general composition
FellsFe™>(OH)12SOs - ~8H20 [10] with trigonal spatial group P3mI; the parameters of
elementary lattice are a=0.55241 nm, ¢=1.10113nm, V=0.29097 nm® and Z=1/2. The
presence of GR(SO+*") phase on the steel surface is not always identified by XRD (Figures 1a and
b) when the initial concentration of ferric iron is low (< 10 mg/ dm?3), but its presence may be
confirmed by SEM (Figure 2a).

(111)

o
a
=}

1

»(120)

> (051, 200)

@ (004, 100)
0(021) @ (311)

@ (004, 100)
& (311)

0 10 20 30 40 50 20 0 I 20 30 I 4I0 5IO 6lO 20
(a) (b)
& °
1400 el o
-2 -6
700 q * -
* -3 @ -7
) 1000- & =i =
S = =
500 < - s A
a 9 S & 600- = * Se
* * < £ = 8 * (#
= 3 I T | WM \L
200
T T T T T T T T T T T T T T T T T T T
0 20 30 40 50 20 0 20 30 40 50 20
(c) (d)

Figure 1. XRD-data of primary iron—oxygen particles formed when the rotation-corrosion
dispergation method was applied: a, b — hydroxysulphate Green Rust (GR(SO+*) on the steel
surface; ¢ — hydroxycarbonate Green Rust (GR(COs3?") on the steel surface; d — ferrihydrite
from near electrode layer. The numbers correspond to mineral phases: 1 — GR(SO4*-),

2 — magnetite FeFe2Os, 3 — GR(CO3?); 4 — lepidocrocite y-FeOOH; 5 — goethite a-FeOOH,
6 — ferrihydrite FesO3(OH)s and 7 — Fe? (from steel surface).
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Hydroxicarbonate Green Rust belongs to the first type of LDH structure. It is formed
when the steel electrode contacts with distilled water and air. Under such conditions the
quantity of CO2 gas in the air is enough for the primary GR(COs*) particles formation. The
general chemical formulas are the following FelsFels(OH)12COs-2HO [2] or
Fe!lsFe'>s(OH)12COs - 3H20 [11]. Figure 1c shows XRD-data and Figur 2b shows TEM-image of
GR(COs*).

JSM6700F  SEI 15.0kV  X4,000 1_mn_ WD 15.1mm

Figure 2. SEM-images of primary iron—oxygen particles formed on the steel surface when the
RCD-method was applied: a — hydroxysulfate Green Rust (GR(SO+*") and b — hydroxycarbonate
Green Rust (GR(COs*); ¢ — TEM-image of ferrihydrite formed on the near electrode layer.

Ferrihydrite particles are usually presented in near electrode layer when the rotation-
corrosion dispergation method is applied. Its XRD-data are shown on Figure 1d and TEM-image,
respectively, is shown on Figure 2c. The structured features of ferrihydrite strongly depend on
genesis of that mineral. In our early work we analyzed the literature source devoted to structure,
particle size, mineral and chemical composition of different types of ferrihydrites [12]. Such
mineral can include in its structure the structural elements of iron oxyhydroxides as well as iron
oxides.
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Figure 3. FTIR spectra (a and b) of ferrihydrite Fh (1); hydroxysulfate
Green Rust GR(SO+*) (2) and hydroxycarbonate Green Rust GR(COs%) (3).
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So, according to FTIR-data, in ferrihydrite spectra (Figure 3, line 1) the band at 632 cm™
relates to asymmetric linkage vibration in y-FeOOH structure. The presence of the broad band
at 686 cm! coupled with the band at 728 cm™! points to akaganeite 3-FeOOH. At the same time
the band at 450 cm ! coupled with the band at 560 cm™ can be considered as hematite a-Fe20s
as well as the couple bands at 440 and 580 cm™. The presence of the band at 412 cm™ on the
spectra points to feroxyhyte 8-FeOOH formation. While the band of Fe(OH): at 480 cm™ is not
found in spectra. The band at 1120 cm™ relates to OH-groups in ferrihydrite structure. The
sample contains a lot of coordinately fixed and physically adsorbed water. The broad intensive
band at 3629 — 2873 cm™! with adsorption maximum at 3340 cm™! confirmed that suggestion.
The band at 980 cm™ can give rise to anions SO4* or SOs*, but together with the band at
890 cm™ it could be related to bond Fe-OH as well as the band at 1114 and 686 cm™. The
carbonate-ion band at 1430 cm™! is absent in ferrihydrite spectra.

The hAydroxysulphate Green Rust GR(SO+*) FTIR spectra are presented on Figure 3,
line 2. The band at 1137 cm™ can be related to the vibration of anion SO+* and the band at
1970 cm™! relates to C=0 linkage in CO:. The valence vibrations of water molecules and OH-
groups are seen due to the adsorption bands at 3401 and 3189 cm™. The band at 1369 cm™! may
be related to COO-groups, but carbonyl stretching vibrations at 1430, 853, 695 cm™ are not
found in the spectra. The intensive band at 1508 cm™ points to the valence vibration of C-O
linkage. The bands at 1022 and 744 cm™ relate to y-FeOOH. The IR bands at 896 and 790 cm™!
are typical for a-FeOOH. The intensive bands at 455 cm™! belong to 6-FeOOH and bands at 482
and 542 cm™ point to the presence of a-Fe20s. The band at 420 cm™ can be related to a-FeOOH
as well as to Fe-O in oxides. The bands at 790 and 898 cm-! come from traces of goethite and
lepidocrocite. The bands of SO4*- are situated at 1078 and 1135 cm™; and 642 and 620 or 1075,
1130, 1198 cm™!; and 975 cm™.

In Aydroxycarbonate Green Rust GR(COs?-) the bands at 1508 and 1646 cm™ (H20
1650 cm™) correspond to Fe—O linkage, also the band at 136 cm™ can be associated with COs*
groups (Figure 3, line 3). Other bands typical for GR(COs*) are listed below. The bands at 1184,
1022, 748 and 478 cm™ can be attributed to lepidocrocite; the bands at 790, 883 and 628 cm™ —
to a-FeOOH; the band at 455 cm™ — to §-FeOOH. The iron oxide bands are 550 and 482 cm™
for a-Fe20s and 613 and 580 cm™ for y-Fe20s. The presence of 1369 cm™ band points to the
near surface Fe-OH linkage and the presence of 651, 493 and 420 cm™ bands points to Fe-O
stretching.

Iron oxides and hydroxides

Green Rust structures as well as ferrihydrite show a great chemical activity under
standard condition in the presence of oxygen. Such structures usually are kept in inert gas
atmosphere. The process of their phase transformation strongly depends on red-ox conditions:
under oxidative conditions the iron oxyhydroxides are formed in the system. When the
entrance of the oxidant into the system is limited and ferrous species contact with the primary
particles in the water dispersion medium the magnetite particles are the typical product of the
phase transformation. But in the absence of ferrous species in the water medium the phase
transformation of lepidocrocite leads to the formation of maghemite y-Fe20s.

When the rotation-corrosion dispergation method is applied to form iron-oxygen
particles on the steel surface the phase transformation Green Rust into magnetite particles or its
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mixture with maghemite particles or aggregates can be fixed on SEM-images and XRD-data.
Oxyhydroxide particles can be formed on the steel surface under oxidative conditions as well as

in the near electrode layer contacting with air.
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Figure 4. XRD-patterns of the iron-oxygen mineral phases formed when the RCD-method

was applied: a — lepidocrocite y-FeOOH, b — goethite a-FeOOH, ¢ — maghemite y-Fe20s;

d, e — magnetite FeFe:O4 and f — magnetite FeFe2O4 obtained by co-precipitation method.

The numbers correspond to mineral phases: 1 —y-FeOOH, 2 — FeFe:0s4, 3 — a-FeOOH,
4 —y-Fe203, 5 — 2FeCls- 7H20, 6 — FeCl2 - 4H>0, 7 — FeSOs- 4H20.
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The processes of the magnetite and iron oxyhydroxide formation, their properties and
colloid-chemical mechanisms of their formation in our systems were in detail described in our
previous works [7,9]. Figure4 shows XRD-data of lepidocrocite (Figure 4a) and goethite
particles (Figure 4b), maghemite (Figure 4c) and magnetite (Figure 4d and e) particles obtained
when the RCD-method was applied, magnetite particles (Figure 4f) obtained by co-
precipitation of ferric and ferrous salts in low alkaline medium [13]. The magnetite particles
that XRD-data are presented on (Figure 4d) were formed on the steel surface, whereas
magnetite particles that XRD-data are presented on (Figure 4e) were obtained in the near
electrode layer. It is indicative that on the XRD-data of all samples obtained when the RCD-
method was applied only iron-oxygen mineral phases are identified. On the contrary the
reflexes of ferric chlorides are presented on X-ray pattern as well as reflexes of magnetite and
goethite (Figure 4f).

v

150KV X3500  1um . WD 152mm 20kV  X10,000 1um - 0664 1049 SEI

JSM 6700F

Figure 5. Iron—oxygen nanoparticles formed when the RCD-method was
applied. TEM-images of: a — lepidocrocite y-FeOOH, b — magnetite FeFe20s,
¢ — maghemite y-Fe:03; SEM-images of: d — lepidocrocite, e — magnetite.

The typical morphology of the iron—-oxygen particles, obtained in our systems, is shown
on the Figure5. The lepidocrocite particles have the acicular shape (Figures5a and d),
magnetite forms the domatic crystals (Figure 5b) or spheres (Figure 5e) and maghemite shapes
of globules (Figure 5c).
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Figure 6 shows the FTRI spectra of the iron—oxygen structures (lepidocrocite and the
mixture of magnetite and maghemite) formed in our system under oxidative conditions and
when the concentration of ferrous iron was low in water dispersion medium.
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Figure 6. FTIR-spectra (a and b) of lepidocrocite y-FeOOH
(line 1), the mixtures of FesOs with y-Fe20s (line 2) and (line 3).

The FTIR spectra of lepidocrocite (Figure 6, line 1) are characterized by the presence of
following bands [14]: the broad peak with its minimum at 570 cm™ and the sharp peak at
462 cm™ both related to the vibrations of the Fe—O linkage. A broad peak in the interval 740 —
721 cm™ appears due to the bending vibrations of -OH---O groups. The well defined widened
peak is found between 1500 and 1700 cm™ (minimum at 1666 cm™), it relates to OH-group
vibrations. The broad peak between 3000 and 3600 cm™ may be connected with the stretching
vibrations of the —O-H bonds linked by hydrogen bonds. The analysis of the lepidocrocite
spectra (Figure 6, line 1) permits to suppose the presence of goethite a-FeOOH as the additional
phase. Not clearly visible band at 2850 cm™ as well as the bands at 1160 and 1018 cm™ relating
to cOH in the plane and the bands at 742 and 540 cm™ relating to YOH outside the plane point
to the plate-like shape of the lepidocrocite particles. Not clearly visible band at 892 cm™ and the
following bands at 792, 630, 495 cm™! belong to YOH outside the plane related to goethite.
According to [15] the bands at 892 and 742 cm™ characterize the (001) crystalline plane in the
lepidocrocite structure. When the band at 636 cm™ that qualifies the Fe—O vibration in the
(010) plane together with the band at 656 cm™ characterizing less crystalline phase are present
in the spectra then the structure of the sample is heterogeneous. But the absence of the
structure-depending band at 412 cm™! proves a small size of the particles. The band at 1103 cm™!
can be associated with SO4?- anions.

The typical bands relating to magnetite structure are the following [16 —21]: 440,
shoulder 480, 580, 670 or the intensive peak 590 cm™'. The groups of the bands characteristic for
maghemite y-Fe2Os3 are the following [22 — 25]: 418, 560 — 585, 631, 691; 720 670; 650 550; 620
and 516 cm™'. The bands at 620 and 580 cm™ correspond to linkages Mu—O-Mon (metal in
tetrahedral site links with oxygen and links with metal in octahedral site) and Ma—Mon (metal
in tetrahedral site links with metal in octahedral site), respectively. All bands become weaker as
crystallinity decreases and finally they almost disappear. A peak at around 3425 cm™ in the
spectra could be attributed to the metal-OH stretching vibrations of the hydroxyl group.
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The following bands are presented on the first spectra of the mixture of maghemite with
magnetite phases (Figure 6, line 2): the bands at 1025 cm™ relating to goethite; the bands at 725
and 670 cm™ corresponding to Fe—O asymmetric vibration in y-Fe20s, the band at 682 cm™
characterizing the Fe—-O—Fe vibration in metal oxides. Other bands 655 and 543 cm™! as well as
the bands at 628 and 524 cm™! are associated with tetrahedral and octahedral sites in bulk of
7-Fe203 or with its surface. The strong band at 570 cm™! as well as the bands at 478, 443, 670 and
543 cm™ correspond to the magnetite phase. The band at 420 cm™ may be related to Fe-O
bonds in a-FeOOH as well as the band at 505 cm™. The band at 1130 and 1164 cm™ can
correspond to SO4>~. The band at 1430 cm™! points to COs?-anions.

For the second sample of the mixture of maghemite with magnetite (Figure 6, line 3) the
bands at 447 and 559 cm! are related to magnetite. The band shift from 570 to 586 cm™ can be
explained by a coating of FeFe:Os with its oxidized layer. The shift of the band at 655 to
640 cm™ as well as the correlation of the bands at 458 and 428 cm™! coupled with the intensity
lowering of the band at 458 cm™! point to reduction of sample’s crystallinity. Moreover the band
feature at 428 cm™! may be assigned to Fe—O bonds in iron oxide mixture. The weakening of the
band at 1164 — 1130 cm™ points to the decrease of the SO+~ quantity. The appearance of two
bands at 1427 and 1411 cm™ points to the presence of different complexes of carbonate ions in
the mineral structure. The absence of the bands at 1025 and 505 cm™' shows the decrease of the

hydroxyl content.
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Figure 7. FTIR spectra (a and b) of the magnetite samples:
FesOsnm_1 (line 1), FesOs nm_2 (line 2), FesO4 nm_3 (line 3).

Figure 7 shows the spectra of magnetite obtained when the RCD-method was applied. So,
the bands at 1195, 1122 and 1099 cm™! correspond to stretching asymmetric vibration of the
SO+* inner-sphere complexes in nanosized magnetite Fe3O4+ nm_1 (Figure 7, line 1). The bands
at 968 and 883 cm™ point to the Fe—~OH bonds. The bands at 550 and 450 cm™ as well as strong
band at 570 cm™ correspond to magnetite. The presence of the band at 628 cm™ can be
evidenced by the predominance of the Mu—O—Mo.n linkages and the band at 501 cm™! together
with the band at 860 cm™ points to the surface hydroxyl groups. The couple of the bands at 462
and 550 cm™ as well as the bands at 474, 570 and 628 cm™ can be related to hematite a-Fe20s.
At the same time the presence of the bands at 748 and 651 cm™ point to lepidocrocite
7-FeOOH; the bands at 883 and 798 cm™ correspond to goethite a-FeOOH, but the band at
694 cm™ is typical of the GR structure.
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The shift of the band at 601 to 597 cm™ in the spectra of the Fe3Os nm_2 sample
(Figure 7, line 2) as well as the increasing of the band at 412 cm! intensity points to the
increase of the particle size. The bands in the interval from 1195 to 1130 cm™ do not appear.
But the widening of the band with maximum at 748 cm™ points to prevalence of y-FeOOH. The
band’s strengthening at 474 cm™ points to the increase in the quantity of a-Fe:03. Whereas the
band at 485 cm™ does not appear but the appearance of the band at 532 cm™ is confirms the
presence of y-Fe20s.

On the Fe3sOs nm_3 spectra (Figure 7, line 3) the following bands point to the presence of
SO4* (the band at 1122 cm™); a-FeOOH (the band at 1022 cm™); y-Fe20s (the bands at 439 and
698 cm™); a-Fe20s (the band at 525 and the strong band at 424 cma!); y-FeOOH (the bands
near 752 cm™). The band at 485 cm™! is related to the surface Fe—O or FeO and the band at
898 cm™! corresponds to Fe—OH linkage. The band at 871 and 732 cm™ can be associated with

carbonate ions.
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Figure 8. FTIR spectra (a and b) of magnetite: Fe3Os mkm_mid
(line 1), FesOs mkm_max (line 2), FesOs_NH4OH (line 3).

Figure 8 shows the spectra of microsized magnetite particles obtained at co-precipitation
of ferrous and ferric sulphate salts in the water solutions. So, the bands at 597 —593 cm™!
relating to magnetite are weak when the oxidative layer applied on its surface (the sample FesOs
mkm_mid (Figure 8, line 1)). The band at 570 cm™! is presented on every spectrum. The bands
at 728 and 670 cm™! are related to y-Fe20s, but the bands at 485 and 443 cm™ together with the
band at 570 cm™! can be associated with magnetite. The band at 620 cm™! indicates the Ma—O-
Mon linkages and the strong band at 408 cm™ tells about the presence of a great number of the
octahedral species. The band at 978 cm™! relates to Fe-OH linkages and the band at 898 cm™!
corresponds to cOH in the plane of o-FeOOH vibration. The bands at 1643 and 1450 cm™!
(cH20), at 1133 cm™! (SO4*) and 1068 cm™ (complex vas SO42~ and ves SO3) on the spectra 2 of
the sample FesOs mkm_max are similar to the spectra 1 (Figure 8). The main changes get the
bands at 750 and 674 cm™! related to y-Fe:0s. Inside the interval from the band 560 cm™ to the
band 500 cm™ the new bands at 551 and 532 cm™ appear. Together with the new band at
462 cm™! they relate to a-Fe20s. But the magnetite phase due to the presence of the bands at 482,
443, 570 cm! is predominant. The band displacements from 408 to 416 cm™! give the evidence
of the change of crystallite size.
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The band at 686 cm™ related to y-Fe:0s shifts in the sample FesOs NH«OH (Figure 8,
line 3) and that shift can point to the less quantity of such iron oxide in the presence of a-Fe20s.
To the opposite the great increase of the band intensity at 466 cm™ points to the increase of
crystalline degree. The bands at 593 and 570 cm™ confirm the presence of magnetite. But two
peaks obviously observed at the bands 570 and 420 cm™ can correspond to Fe-O stretching
vibration in a-Fe:03. New bands at 493 and 539 cm™ point to the presence of FeO phase. The
band at 1068 cm™ is absent, but other new peaks are observed at 1660 and 1558 (NH), 1473
(NHs on the surface), 1361 cm™ (Fe—O linkages near surface). Two peaks are clearly observed at
979 and 898 cm™! in all spectra, particularly strongly they are developed in FesOs NH+OH
sample.

Nickel, zinc and cobalt spinel ferrites

The addition of the heavy metal cations to the dispersion medium complicates the
process of the phase formation when the rotation-corrosion dispergation method is applied.
Among the iron-oxygen structures formed wunder such conditions apart from iron
oxyhydroxides and oxides the spinel ferrites and basic salts of heavy metals appear. For practical
usage in biology and medicine the most interesting are the individual nanoparticles of iron,
cobalt, nickel and zinc spinel ferrites.

Colloid-chemical processes occurred in the systems based on the iron depending on
physical-chemical conditions were described in following works [1,7, 8]. The formation of
iron-oxygen particles in this system occurs in a wide range of the pH values with the
participation of different ionized forms of ferric and ferrous iron, zinc and cobalt. In such
systems the concentration of heavy metals in the dispersion medium plays an important role for
the phase composition. So, at relatively high concentrations of those ions (100 — 500 mg / dm?3)
the spinel ferrite phases dominate in the iron-oxygen structure composition on the steel surface,
whereas at low concentrations (1 — 10 mg / dm3) the most developed phase is magnetite.

The applying of the RCD-method does not permit to obtain the stoichiometric spinel
ferrites and regulate the cation correlation in their structure. The mass distribution (mass %) of
Fe:Co in the (CoiFei-x)Fe:04 structure was studied under following conditions: the ranges of
initial Co?*" concentrations from 1.0 to 1000.0 mg / dm3, pH value 2.5 — 12.0 and temperature 3 —
70 °C. The mass distribution is found in the ratio from 100:0 to 85.8:14.2 mass %. The mass
distribution of Fe:Zn in (Zn.Feux)Fe:04 structure averages 99.13:0.87 mass % in the near
electrode layer and 99.48:0.52 mass % on the steel surface. When the content of cobalt cations
in the spinel ferrite structure is increased from 0 to 12.7 % the particle size is growing from
12.6 + 0.2 nm to 15.8 + 0.2 nm. When the temperature of the phase formation is increased from
3 to 70 °C the magnetite Fe3O4 (FeFe204) particle size is growing from 24.3+0.2 nm to 28.4+0.2
nm as well as spinel ferrite (CoxFeq-»)Fe20s particle size is growing from 19.6+0.2 to
21.0 £ 0.2 nm. But under all physical-chemical synthesis conditions the spinel ferrite particles
are homogenous and at 300 K belong to magnetically soft materials with A 30 —50 kOe, M:
6,.5—-18.0 kOe and H: ~0.03 - 0.05 T. Figure 9 shows the X-ray patterns of the following non-
stoichiometric spinel ferrite phases: nickel ferrous spinel ferrite (Figures 9a-d), zinc ferrous
spinel ferrite (Figures 9e — f) and cobalt ferrous spinel ferrite (Figures 9g and h) obtained when
the rotation-corrosion dispergation method was applied as well as the particles formed due to
co-precipitation of ferric and ferrous salts.
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g — (CosFer-x)Fe204
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(the RCD method), Ccouny = 100 mg / dm3, h — (CoxFer-x)Fe204 (the RCD method),
Ccom = 10 mg / dm3. Numbers correspond to: 1 —y-FeOOH, 2 — (NisFei-x)Fe20s4,
3 — a-FeOOH, 4 — (ZnsFe1-x)Fe204, 5 — GR(CO3?), 6 — (CosFe1 x)FeaOa.
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Figure 9. XRD-data of the disperse spinel ferrites: a — d the intermediate products of the
(NixFei1-x)Fe204 formation (the RCD method); e — nanosized particles of (Zn.Fei-x)Fe:04

(the RCD method); f — (Zn«Fei-x)Fe20u (the co-precipitation method);
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TEM images of the nickel, zinc and cobalt spinel ferrites obtain when the RCD-method
was applied are shown on the Figure 10. All particles have similar morphology and shape of the
domatic crystals.

@
Figure 10. TEM-images of spinel-ferrite nanoparticles obtained when the RCD-
method was applied: a — (NisFei-x)Fe20s, b — (ZnsFei-x)Fe:04, ¢ — (CoxFei-x)Fe20s.

As it is known the spinel type oxides of transition metals can be divided into normal or
inverse structures. Nickel ferrite belongs to inverse spinel structure. There are four IR active
bands in the spectral region under the study: v:1 (630 -560 cm™) and v2 (525 (465) — 390
(445) cm™) that are assigned to the vibrations of the tetrahedron and octahedron for the ferric
iron cations respectively [26].

Figure 11, line 1 shows the FTIR spectra of the nickel ferrite precursor. The broad band
between 3441 — 3219 cm™! appears due to the O-H stretching corresponding to the surface
hydroxyl group disturbed by hydrogen bonds and the water molecules adsorbed onto oxide
particles (associated water content). Two strong bordering bands at 1978 and 1901 cm™!
associate with adsorbed COg; the strong band at 1640 cm™ corresponds to the vibration in OH-
group in the adsorbed water. The IR spectrum of the precursor material (Figure 11, line 1),
shows the typical bands associated with the spinel ferrite structure. The most intensive bands at
1349 and 879 cm™! relate to the Ni-O-Fe bond stretching of the tetrahedral building units that
formed the structure of spinel ferrite. The bands at 1558 and 1349 cm™ can point to the
presence of carboxylat ions as well as can be associated with the deformation vibration of OH-
hydroxyl groups. The presence of COs? ions are confirmed by the band at 1473, 880 and
717 cm™. Simultaneously the bands at 829 (Fe-OH), 956 (Fe-O), 1349 and near 1500 cm™
(line 1) confirm the presence of Fe2(OH)2COs structure. In the range of 1100 — 400 cm™ the
structure-sensitive and intrinsic absorption bands characterized of the metal-oxygen bonds are
found. So, following vibrations belong to a-FeOOH (879 and 794, 505 cm™), y-FeOOH (1029,
1164, 750 and 667 cm™), -FeOOH (462 and 863 cm™), a-Fe203 (551 and 420, 524 and 443 cm™),
7-Fe203 (698 cm™), spinel or inverse spinel structure of Fe3Os (667 cm™). The band at 590 cm™
can be associated with both the Fe—O in FesOs and the intrinsic vibration of the metal at the
tetrahedral sites. The appearance of the band at 590 cm™ (Fe—O) points to the intrinsic
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vibrations of the tetrahedral complexes, whereas the bands in the range of 443 — 462 cm™ are
attributed to the intrinsic vibrations of the octahedral complexes. Therefore, the vibration mode
of tetrahedral clusters is higher than the vibration mode of octahedral clusters. The spectrum
bordering with the inflection at 698 cm™ indicates the predominance of the tetrahedral
structures. At the same time the broadening of such peak may point to weak crystallinity of the
ferrite sample [27]. The band at 613 cm™ shows the presence of Ni(OH)2, but the well defined
bands of NiFe20s in spectrum 1 (Figure 11) are not observed.
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Figure 11. FTIR spectra (a and b) of the nickel ferrites (NiFei-x)Fe20a:
Ni_1 (line 1), Ni_2 (line 2), Ni_3 (line 3), Ni_4 (line 4) and zinc spinel
ferrites (ZnsFei-»)Fe204: Zn_100_1 (line 5), Zn_100_2 (line 6).

The main changes on the spectra 2 (Figure 11) are observed in the region of the
absorption bands belonging to hydroxyl groups and surface water molecules (3800 — 2800 cm™).
The intensity of moisture adsorption bands is considerably decreased with their displacement
into the area of big wave numbers, whereas the band at 2850 cm™ and the broad band’s at 2075,
1982 and 1920 cm™ are weakly developed. When the intensity of the band at 1430 cm™
belonging to COs?" ion vibrations is noticeably decreased, the band at 1380 cm™! can be related
to a-FeOOH and this confirms the increase of the goethite content. On the other hand the
broadening of the band in the range of 1470 — 1300 cm™' together with appearance of weak
reflex at 1540 cm™ confirms the presence of carboxilate groups. The smoothing band at
1164 cm-! gives the evidence of the y-FeOOH quantity decrease. The appearance of the
shoulder at 1070 cm™ related to valence vibrations -OH between COs? and iron atoms [28]
points to the formation of complexes on the phase interface. The bands at 914, 899 and 752 cm™!
confirm the formation of plate-type goethite [15]. The strong band at 590 cm™! disappeared on
the spectra, but the appearance of new bands at 683 cm™ (nickel salts), 652 and 521 cm™, as well
as, new shoulder at 571 cm™ and the band at 408 cm™ (Ni—O) correspond to intrinsic stretching
vibrations of the metal-oxygen at the tetrahedral and octahedral sites, respectively, indicate the
obtaining of the NiFe20Os structure. Moreover, such absorption bands give the evidence to the
formation of the individual spinel ferrite phases [29]. But the bands at 478 and 548 cm™ point to
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the presence of well crystallined hematite o-Fe203 phase whereas the bands at 530 and 440 cm™!
characterize the protohematite phase.

The band at 1153 cm-! in the spectra 3 (Figure 11) is increased with the splitting of the
bands at 1473 and 1365 cm™. The strong band at 601 cm™! with the shoulder at 590 cm™ related
to intrinsic vibration of the metal at the tetrahedral sites (Fe—O) and the band at 416 cm™
related to vibration in octahedral sites (Ni-O) can be associated with NiFe2Os. The splitting of
the main tetrahedral band shows that some of the Ni* ions are shifted from octahedral to
tetrahedral sites. Also the spectra 3 (Figure 11) have strong bands at 543 and 466 cm™! (o-Fe20s
phase), two bands at 582 and 617 cm™ (NiFe20s), the band at 690 cm™ (nickel salt), the band at
509 cm™ (a-FeOOH), and the band at 485 cm™ that points to the presence of adsorbed nickel
ions on the spinel ferrite surface. The strong bands at 629 and 440 cm™ with the band splitting
at 459 cm™ correspond to o-Fe20s phase. The band at 659 cm™ relates to —OH as well as the
inclusion of the Fe3Os phase. Two bands at 562 and 428 cm™ belong to the sub-bands of
tetrahedral sites. The difference in band positions for tetrahedral and octahedral complexes
corresponds to the differences of the band distances of Fe3*—~O%. The kink 833 cm™! appears due
to Fe—O-H linkage and the band at 6907 cm™ points to Fe-O linkage in y-FeOOH structure.

The peculiarity of the spectrum 4 (Figure 11) lies in the displacement of the band at
543 cm™ that pointed to Fe-O linkage in o-Fe:0s (Figure 11, line 3) to the band at 551 cm™.
Such displacement is explained by the structure reconfiguration accompanying of the spinel
ferrite degradation. The band at 582 cm™ relating to the spinel ferrite is not developed, whereas
the intensity of the band at 670 cm™ that is characteristic to Green Rust as well as Fes3Oxs is
growing. Reinforcement of the band at 620 cm™ points to the tetrahedral building of spinel
ferrite. The strong band at 755 cm™ relates to asymmetric vibrations of Fe—O linkage and it is
typical for a-FeOOH as well as y-FeOOH, but the band at 725 cm™ coupled with the band at
670 cm™ confirms the presence of y-Fe:0s. The change of spectrum profile in the area below
500 cm™ points to recrystallization of the sample accompanied by the formation of the
following structures: Mm—O—Mon linkage at 620 cm™, the surface Fe—OH linkages at 3840 and
3614 cm™ and o-Fe20s as the main phase at 551 and 462 cm™'. The presence of spinel ferrite is
confirmed by duplet 532 — 524 and 647 cm™'. The weak shoulder at 586 cm™ in couple with the
bands at 482 and 420 cm™! can point to the presence of adsorbed nickel ions as well as spinel
ferrite phase with characteristic bands at 483, 586 and 705 cm™. Whereas the presence of
Ni(OH): phase at 620 (626), 524 (428) and 420 (417) cm™ is possible. The kink at 836 cm™!
appears due to the Fe—-O-H linkage and the band at 694 cm™ points to Fe-O linkage in
v-FeOOH. Correlation of the hematite bands at 462 and 435 cm™ provide the evidence of low
cryslallinity of the sample. The bands near 819 — 806 and 879 — 836 cm™! point to the differences
in hydrate layer; the band at 435 cm™ coupled with the bands at 725 and 586 cm™ corresponds
to micro porous ferrite structure.

The compound zinc-iron oxide has a spinel structure AB20s with tetrahedral A sites
occupied by Zn?* ions and octahedral B sites occupied by Fe® ions, respectively. According to
the cation distribution into the spinel lattice it can be either normal zinc spinel ferrite structure
or its inverse structure with half of the trivalent ions in the tetrahedral position and the other
half together with the divalent ions in the octahedral sites [30].

The typical IR bands for the zinc spinel ferrite structure are the following: the high
frequency band is found in the range of 595 — 600 cm™ and the lower frequency band v2 is
found in the range of 480 —490 cm™!, respectively [30, 31]. The typical bands at 1349 and
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879 cm™ that correspond to the stretching Zn—O-Fe linkages of the tetrahedral building units of
the spinel skeleton are not observed on the IR spectra of (Zn.Fei-x)Fe:04 (Figure 11, line 5). The
wide absorption band in the high energy area, centred at 3158 cm™!, associates with the water
molecule vibrations (from —OH stretching) in the spinel ferrite structure. The broadening of
this band as well as the lowering of its frequency can point to the formation of the H-bridges in
the spinel ferrite precursor, which subsequently disappear after the completion of the phase
transformation. The band at 1632 cm~! gives the evidence of the H-O-H deformation mode.
The broad band situated below 700 cm™! belongs to the maghemite y-Fe2Os nanoparticles that
are present in both (Zn.Fei-x)Fe20s and (NiFei-x)Fe20s structures. The broad band near 686 cm™!
was observed only on the (Zn.Fei-x)Fe:04 spectrum. It points to the presence of Fe(OH)s on the
outer surface of the nanoparticles. Very small shoulders around the 713, 667 and 536 cm™!
appearing on the IR spectra 5 of (ZnsFei-x)Fe2Os (Figure 11) point to the tetrahedral sites, but
such bands completely disappear on the (Zn.Fei-x)Fe204 spectra 6 (Figure 11). According to [32]
the absorption bands splitting or shoulder formation can be connected with the presence of the
Fe? in the spinel ferrite structure. Moreover it is attributed to the Jahn-Teller distortion due to
the presence of Fe?" ions which produce the local deformation in the crystal field potential and
lead to the splitting of the absorption bands. The presence of the couple bands at 597 and
482 cm! as well as 566 and 420 cm™ point to the zinc iron spinel ferrite structure. But the last
pair can be attributed to a-FeOOH. The absorption bands at 640 and 555 cm™ correspond to the
metal-oxygen (Fe-O) stretching vibrations and give the evidence of the zinc spinel ferrite
structure [33]. The bands at 555 and 450 cm™! can correspond to a-Fe2Os. This result is also in
agreement with [34] that assigned the high-frequency bands to the tetrahedral groups (640 and
555 cm! areas) and the low-frequency bands to octahedral group (450 cm™). The peaks at 3182
and 1630 cm™! correspond to hydration water [31].

On the (Zn.Fei1-x)Fe204 spectrum 6 (Figure 11) the broad band profile changes due to the
appearance of moisture peaks at 3880 and 3749 cm™! that are attributed to the isolated surface
hydroxyls. The peak at 1095 cm™ points to the appearance of the overtone. The band at
1078 cm™! associates with the stretch motion, where the oxygen atom moves back along a line
parallel to the axis along two metal atoms [35]. The bands at 559 and 428 cm™! relate to zinc
spinel ferrite, where the peak 428 cm™! corresponds to the vibration of Zn—O. Also the band at
763 cm™! corresponds to Fe—O—Zn linkage and the strong band at 590 cm™ corresponds to Fe3Os
present in the spectra. The band at 485 cm™! relates to Fe(OH): and the band at 470 cm™! relates
to a-Fe20s increase in the spectrum (Figure 11, line 6) whereas the new strong band at 412 cm™!
appears. Such condition confirms the Fe-O vibrations in normally orientated crystal plane and
points to the increase of the particle size. The bands at 763, 640, 485 and 455 cm™ can be
attributed to the (001) crystal plane of a-FeOOH. The same way as the bands at 763, 640, 485
and 455 cm™! can point to the presence of a-FeOOH with crystal plane (001). The bands at 640
and 470 cm™ can be related to y-Fe:0s and the bands at 455 and 547 cm™ are attributed to
o-Fe20s, respectively. The presence of the ZnO phase with the typical bands placed at 496 and
558 cm™! is not detected.

The cobalt ferric spinel ferrites (CosFeix)Fe:04 were formed under the following
conditions (Figure 12): the concentration of the cobalt ions was 10 mg/ dm3 where the line 1
attributed to the particles obtained into the near electrode layer and the line 2 and line 3
correspond to the samples obtained on the steel surface. Other particles were formed on the
steel surface at Ccoun = 100 mg / dm3 (line 4) and Ccoqny = 200 mg / dm? (line 5).
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Figure 12. FTIR spectra (a and b) of the cobalt ferric spinel ferrites (CoxFei-x)Fe204.

The typical cobalt spinel ferrite structure is characterized by the following IR bands: the
antisymmetric stretching at 1629 cm!, the symmetric stretching at 1388 cm!, the totally
symmetric stretching at 1052 cm™!, the out of plane bending at 870 cm™, the antisymmetric in-
plane bending at 729 cm™! and the symmetric in-plane bending at 664 cm™ [36]. Two broad
bands in the frequency ranges of 3450 -3550 and 1600 - 1650 cm™ correspond to O-H
stretching and H-O-H bending vibrations of the water molecules, which confirm the water
components, present in the spinel structure.

The shift of the broad band corresponding to the moisture vibration to the lesser wave
numbers (the band centered at 3282 cm™) in comparison with Fe3Os (the band near 3480 cm™)
or mixture of FesOs and y-Fe2Os (the band near 3420 cm™) is detected for the cobalt spinel
ferrite. The following bands appeared in the spectrum 1 (Figure 12): two bands at 1630 and
1658 cm™ (cOH vibration of water); the bands at 1430 and 710 cm™ (COs*); the bands at 1160,
1122 and 1087 cm™ (vas SO4*~ and vas SO3>). In the area of the Fe—-OH vibrations at 890 —
960 cm-! the characteristic bands do not appear. The most signal intensity corresponding to
yOH vibration out of the plane in the y-FeOOH and a-FeOOH structure is found in the interval
of 780 — 690 cm™!. The wave length area 400 — 800 cm™! characterizes the Me—O and Me—-O-Me
linkage vibrations in the metal oxides. The typical absorption of Fe3Os at 580 cm™ relating to
Fe—O bond is absent but two bands at 435 and 478 cm™! are present on the spectrum. The bands
at 462 and 450 cm™! correspond to the 6-FeOOH and o-FeOOH. Due to the presence of the
band complex at 435, 478, 528 and 640 cm™! it is possible to suppose the a-Fe:Os metastable
phase formation characterized by the absence of Fe ions in its tetrahedral sites as well as the
presence of y-Fe2Os phase with the bands at 435, 478, 640, 694, 728 cm™'. The bands at 694 cm™,
in the area of 728 — 763 cm™!, the bands at 543, 516 and 489 cm™! can relate to hydrated Co—Fe
centers. The last band at 489 cm™ may be examined as a typical one.

The following bands appear on the spectrum 2 (Fig.ure 12): 590 (Fe3Os), 560 (y-Fe20s)
and the intensive band 428 cm™'. The bands at 435 and 451 cm™ are not seen in the spectra but
the band at 447 cm™ appears. Together with the new bands at 509 and 875 cm™ they can point
to the increase of the content of the a-FeOOH phase, whereas the bands at 447 and 559 cm™!
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can be associated with the FesOs phase. The band at 659 cm™ as well as the strong band at
1640 cm™ relates to —OH vibrations on the surface. New band at 686 cm—! can relate to
hydrated Co—Fe centers. The bands at 613 and 532 cm™ are seen on the spectrum and the band
at 547 cm™! becomes stronger. The band at 489 cm™ (FeCo) shifts to 485 cm™ but its intensity
does not change. The correlation of the band intensities at 462 cm™ and the band near 450 —
420 cm™ points to the decrease of the phase crystallinity.

The intensive band at 520 cm™ relating to a-Fe203 as well as the couple of bands at 574
and 636 cm™! relating to the coated Fe—O in octahedral sites appear in the spectrum of the
spectrum 3 (Figure 12). The band at 536 cm™ is absent. The main changes take place in the area
of the vibrations of Fe—~OH groups near 890 cm™ and in the range from 1623 to 1666 cm™. The
band at 659 cm™! splits into 651 and 667 cm™. Such change confirms the sample hydration. The
most intensive bands are the following: at 705, 667 and 466 cm™ (3-FeOOH) and the band at
416 cm™! corresponding to the phases CoFe204 as well as y-Fe20s. The bands at 466 and 447 cm™!
can also associate with complicate Co—y-Fe20s structure or with the surface Fe-O linkages of
Fe3O4 particles. The complex of bands at 732, 520, 489 cm-! can be explained as CoFe units.
According to the obtained data the particles include the following structure elements: Fe3Os,
y-Fe203 and a-Fe20s. The strong band at 720 cm™! corresponding to 3-FeOOH or y-Fe20s in the
presence of Co ions shifts to 705 cm™™.

The structural elements of both spectrum (line 1 and line 3) are present on the
spectrum 4 (Figure 12). The band at 455 cm™ appears but the bands at 536 and 447 cm™ as well
as the couple of strong bands at 651 and 667 cm™ and the band at 705 cm™ do not appear. The
bands at 424 and below 408 cm™! become stronger. The most significant changes are seen on the
spectra Co_200, where the typical bands of the following phases: Fe3Os at 590 cm™, a-Fe20s at
520 cm™ and 8-FeOOH at 466 cm™ are not found. The strong bands at 439 cm™! (y-Fe20s), 474
and 578 cm™ more probably relate to the Fe—O linkages in the mixture of y-Fe20s3 with o-Fe20s.
The broadening and smoothing of the bands in the interval of 900 —500 cm™ point to the
crystallinity decrease. But the increase of the band intensity at 474 cm™ and the shift of the
band from 435 to 439 cm™ give the evidence to the intercalation of cobalt ions into iron—oxygen
particles [36].

The FeFe:0 & Ag® nanocomposite

The physicochemical properties of the FeFe:O & Ag® nanocomposites were described in
[37]. Figure 13 shows XRD-data and Figure 14 shows TEM-images of such structures. The
FeFexO && Ag’ composites were formed under following conditions: the pH value was chosen
6.5 and the argentum concentrations were chosen 0.5 (Figure 15, line 1), 1.0 (Figure 15, line 2),
2.0 (Figure 15, line 3), 3.0 (Figure 15, line 4) and 5.0 mg / dm? (Figure 15, line 5).

Infrared spectra of the magnetite situated in the core of the composite particles show the
typical bands at 590 and 450 cm™ corresponding to the Fe—O linkages in tetrahedrical and
octahedrical positions [16]. The peculiarity of the FeFe:Os4& Ag’ composite with Cagn =
0.5 mg / dm? (Figure 15, line 1) is the availability of the band at 3509 cm™! in the interval of the
moisture vibration. The following bands are present in the area of the COs* vibration: the band
at 1473 cm™! is similar to the bands on certain spinel ferrites and lepidocrocite spectra and the
band at 1430 cm™ is similar to the band on magnetite spectrum. The band at 1369 cm™ can
relate to the Fe—O linkages of the near a-FeOOH surface. The band at 1149 cm™! points to the
presence of oxygen bridges or Fe-OH groups. The bands at 1029, 1164 and 759 cm™! correspond
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to y-FeOOH and the band at 682 cm™ can prove the presence of y-Fe20s. The band at 674 cm™
points to normal or inverse spinel structure and characterises the ferrimagnetic core whereas
the couple of bands at 628 and 586 cm™ corresponds to uncoated ferrimagnetic surface. The
band at 570 cm™ can be related to Fe—O-Fe linkage of uncoated magnetite surface Fe3Os as well
as the bands at 555, 570, 647 and 655 cm™ may be corresponding to y-Fe:0s3 and the bands at
570 and 424 cm™ point to Fe—O linkages in a-FeOOH. Moreover the combination of the bands
at 887, 759, 628, 497 and 455 cm™! can relate to the (001) crystal plane of a-FeOOH.
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Figure 13. XRD-data of the FeFe204 & Ag’ composite particles obtained when the RCD-method was
applied: a — Cagn = 1 mg/ dm3; b— Cagn =2 mg/ dm?; ¢ — Cagny =3 mg/ dm3; d — Cagny =5 mg / dm?3.
The numbers correspond to mineral phases: 1 — y-FeOOH, 2 — FeFe204, 3 — a-FeOOH, 4 — Ag°.
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Figure 14. TEM-images of the FeFe2Os & Ag° composite particles
Obtained when the RCD-method was applied: a — Cagn) = 1 mg / dm3;
b— Cagny =2 mg/dm? c — Cagn =3 mg/ dm3 d — Cagn =5 mg/ dm3.
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When the quantity of silver on magnetite surface is increasing (Figure 15, line 2) the
bands at 3509 and 887 cm™' disappear but the intensity of the band near 755 cm™ increases.
Together with the bands at 1150 and 1029 cm™ (the cOH linkage in the plane), very intensive
bands at 613 and 509 cm™ and the band at 482 cm™ (YOH out of plane) it relates to the
vibrations of the rode-like y-FeOOH. At the same time the strong band at 509 cm!
corresponding to a-FeOOH appears on the spectrum but the band at 474 cm™! corresponding to
the vibrations of the surface group in FesOs structure disappears. Whereas the bands at 497 and
528 cm™, relating to the a-Fe:03 do not appear. It confirms the transition from octahedral to
tetrahedral structure. The band at 586 cm™ splits into two bands centered at 593 and 582 cm™!
corresponding to Fe—O linkages in Fe3Os that were broken due to argentum interaction. The
shape of the sensitive band at 605 cm™ is not detected as well as the band at 674 cm™!
corresponding to normal or inverse spinel structure is not changed. Whereas the band at 628
cm relating to FesOs splits into three bands at 632, 624 and 613 cm™.
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Figure 15. FTIR spectra (a and b) of the FeFe204 & Ag’® composites:
Cagn = 0.5 mg / dm3 (line 1); Cagn = 1 mg / dm? (line 2); Cagn =2 mg / dm?
(line 3); Cagn = 3 mg/ dm? (line 4); Cagn =5 mg / dm3 (line 5).

The intensity of the band at 447 cm™! is strongly growing due to the increase of argentum
quantity on the magnetite particles on the spectrum 4 in comparison with spectrum 3
(Figure 15). Such changes give the evidence of the reinforcement of the octahedral magnetite
structure. That band shifts to 458 cm™ on the spectrum 5 (Figure 15). The vibration of the band
at 474 cm™ relating to the surface Fe-O linkages points to the change of the composite shell due
to the formation of the island structures when the quantity of the shell’s argentum increases.

The shape of the bands at 460 and 437 cm™ points to the crystallinity changes from
strong (spectrum 2) to weak (spectrum 3) and back to strong (spectrum 5) (Figure 15). The
appearance of the bands at 408 and 412 cm™ corresponds to nanocrystalline structure of the
samples. The band at 1079 cm™ (vas SO+~ and vas SO3?") is present only on the spectrum 1 and
spectrum 4 but the sulfate vibrations at 1106 cm™ (vas SO4*") and 1064 cm™' (HSO+«') are weak on
the spectrum 5 (Figure 15).

On the whole the increase of the argentum layer (Figure 15, spectrum 5) leads to the
shift of the vibration bands of the Fe—O linkages to the area of great wave numbers. So, the shift
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of the band at 570 to 578 cm™! points to predominance of the Mm-Mon structure, the shift of the
band at 586 to 593 cm™ gives the evidence of the interaction with argentum. The band at
489 cm! relating to the surface Fe—O vibration disappears but the band of the OH vibrations at
1018 cm™ becomes intensive that points to the formation of new hydrate coverage. The
presence of the bands at 609, 578 and 478 cm™ confirms the y-Fe:0s increase on the phase
interface. The appearance of the band at 566 cm™ gives the evidence to the inclusion of the
argentum ions into magnetite structure. The strong band at 412 cm™ appears due to the increase
of the particle size. The absence of the intensive bands in the area 795 — 890 cm™ points to the
small amount of o-FeOOH, but the bands at 794 and 632 cm! relate to the residual of
o-FeOOH. The following bands are presented on the spectra: at 686 and 721 cm™ (y-Fe20s), at
740 and 663 cm™ (y-FeOOH). The bands at 505, 458 and 420 cm™ can relate to a-Fe20s.

Conclusions

1. According to XDR data the iron-oxygen particles obtained when the rotation-corrosion
dispergation method was applied contain the products of the phase transformation of the main
phase and structural elements of its phase-precursors in their structure. Ferrihydrite and Fe(II)-
Fe(IIl) layered double hydroxides (Green Rust) relate to the phase-precursors in the systems
based on the iron (steel). So, some structural elements of iron oxyhydroxides as well as hematite
are included into ferrihydrite structure. Whereas Green Rusts contain the corresponding anions,
water and iron oxide admixtures in its structure alongside with the lepidocrocite and goethite
phases.

2. The process of the phase transformation of the phase-precursors strongly depends on
red-ox conditions. While under oxidative conditions the iron oxyhydroxides are formed in the
system, under reductive condition in the presence of the ferrous species the magnetite particles
are the typical product of the phase transformation. But in the absence of ferrous species in the
water medium the lepidocrocite U-FeOOH transformation leads to the maghemite [-Fe2Os
formation. Lepidocrocite has a plate-like morphology, it is heterogeneous and contains goethite
phase as admixture. The following structural elements were found in the magnetite structure:
sulphate and carbonate anions, goethite, hematite, maghemite and lepidocrocite admixtures.

3. Spinel ferrites obtained when the RCD-method was applied correspond to the non-
stoichiometric structures where zinc, nickel or cobalt atoms replace ferrous atoms. The FTIR
spectra of such particles have a few differences from stoichiometric spinel ferrites due to the
presence of the anions as well as structural elements of Green Rust and iron oxyhydroxides.

4. The structure of the core&shell composite FeFe:04&Ag? includes the following features:
1) the core degradation under condition when the colloidal particles are instable; 2) the
presence of argentum atoms in the magnetite structure as well as silver on its surface; 3) the
silver shell porosity or its island-like structure etc.

References

L. O. M. Lavrynenko, V. I. Kovalchuk, S. V. Netreba, Z. R. Ulberg. Nano Studies, 2013, 7, 295.
2. S. Peulon, H. Antony, L. Legrand, A. Chausse. Electrochem. Acta, 2004, 49, 2891.
3. L. Legrand, M. Abdelmoula, A. Géhin, A. Chaussé, J.-M. R. Génin. Electrochim. Acta, 2001,

46, 1815.
4. O. M. Lavrynenko. Sci. News Natl. Tech. Univ.Ukr. “KPI”, 2007, 5, 110.
5. E. H. JlaBpunenko. Hanocucremu, HaHOMaTepianu, HaHOTexHOorii, 2008, 6, 2, 529.

147



Structural features of the iron—-oxygen nanoparticles ... .

10.
11.
12.
13.

14

15.

16.

17.
18.
19.
20.
21.

22.
23.
24.
25.
26.

27.
28.
29.

30.
31.

32.
33.
34.
35.

36.
37.

O. M. Lavrynenko, S.V.Netreba, V. A.Prokopenko, Ya.D.Korol. Xiwmisa, ¢isuka Ta
TexHoJoria mosepxHi, 2011, 2, 93.

O. M. Lavrynenko. Nano Studies, 2011, 4, 5.

O. M. Lavrynenko. The obtaining of the composition structured systems based on the iron-
oxygen minerals, their structure and properties. ABroped. nuc. Ha 3m00yTTA HayK. CTYIIeHA
nokropa xim. Hayk: crrent. 02.00.11 «Komoizna ximisa». 2013, Kuis, 40 c.

O. M. Lavrynenko, S. V. Netreba, P. O. Kosorukov. Nano Studies, 2012, 6, 93.

J.-M. R. Genin, A. A. Olowe, Ph. Refait, L. Simon. Corros. Sci., 1996, 38, 1751.

J.-M. R. Genin, M. Abdelmoula, Ch. Ruby, Ch. Upadhyay. C. R. Geosci, 2006, 338, 402.

O. M. JlaBpurenko. Minepasnoriunwuii xxypHai, 2011, 33, 12.

U. Schwertmann, R.M. Cornell. Iron Oxides in the Laboratory: Preparation and
Characterization. 2000, Wienheim: Wiley—VCH.

L. Carlson, U. Schwertmann. Clays and Clay Minerals, 1980, 28, 272.

R. M. Cornell, U.Schwertmann. The Iron Oxides: Structure, Properties, Reactions,
Occurrence and Uses. 2003, Weinheim: Wiley—VCH.

P. E. G. Casillas, C. A. R. Gonzalez, C. A. M. Pérez. Infrared Spectroscopy of Functionalized
Magnetic Nanoparticles, Infrared Spectroscopy — Materials Science, Engineering and
Technology. 2012, InTech: http://www.intechopen.com/books/infra red-spectroscopy-
materials-science-engineering-andtechnology/infrared-spectroscopy-of-functionalized-
magnetic-nanoparticles

M. Ma, Y. Zhang, W. Yu, H. Shen, H. Zhang, N. Gu. Colloids Surf. A, 2003, 212, 219.

H. C. Liese. Am. Mineralogist, Mineralogical Notes, 1967, 52, 1198.

F. Zhao, B. Zhang, L. Feng. Mater. Lett., 2012, 68, 112.

M. Sundrarajan, M. Ramalakshmi. E-J. Chem., 2012, 9, 1070.

F. Mérquez, T. Campo, M. Cotto, R.Polanco, R. Roque, P. Fierro, ]J. M. Sanz, E. Elizalde,
C. Morant. Nanosci. Lett., 2011, 1, 25.

P. S. Sidhu. Clays and Clay Minerals, 1988, 36, 31.

D. K. Bora, P. Deb. Nanoscale Res. Lett., 2008, 4, 138.

C. Pecharromdn, T. Gonzdlez—Carrefio, ]. E. Iglesias. Phys. Chem. Minerals, 1995, 22, 21.
Y.-S. Li, J. S. Church, A. L. Woodhead. J. Magn. Magn. Mater., 2012, 324, 1543.

G. Dixit, J. P. Singh, R.C. Srivastava, H. M. Agrawal, R.]J. Chaudhary. Adv. Mater. Lett.,
2012, 3, 21.

S. Singhal, Sh. Jauhar, K. Chandra, S. Bansal, Bull. Mater. Sci., 2013, 36, 107.

D. L. Melissa. Am. Mineralogist, 2007, 92, 118.

M. Khairy, M. E. Gouda. J. Adv. Res., 2014: http://www.sciencedirect.com/science/
article/pii/S2090123214000101

Ch. A. Ladole. Int. J. Chem. Sci., 2012, 10, 1230.

M. C. Chhantbar, U. N. Trivedi, P. V. Tanna, H. J. Shah, R. P. Vara, H. H. Joshi, K. B. Modi.
Ind. J. Phys. A, 2004, 78, 321.

V. A. Potakova, N. D. Zverv, V. P. Romanov. Phys. Status Solidi A, 1972, 12, 623.

T. Marykutty, K. C. George. Ind. ]. Pure Appl. Phys., 2009, 47, 81.

P. M. P. Swamy, S. Basavaraja, A. Lagashetty, N. V. S. Rao, R. Nijagunappa,
A. Venkataraman. Bull. Mater. Sci., 2011, 34, 1325.

S. Ponce—Castafieda, J. R. Martinez, S. A. Palomares Sianchez, F. Ruiz, ]. A. Matutes—Aquino.
J. Sol-Gel Sci. Technol., 2002, 25, 37.

N. Sanpo, J. Wang, Ch. C. Berndt. J. Australian Ceram. Soc., 2013, 49, 84.

O. M. Lavrynenko. Nano Studies, 2012, 5, 27.

148



G. Nabakhtiani et al. Nano Studies, 2014, 9, 149-154.

RADIOACTIVE WASTE MANAGEMENT IN GEORGIA

G. Nabakhtiani, L. Chkhartishvili, A. Gigineishvili, K. Gorgadze

Georgian Technical University
Thilisi, Georgia
giorgi.nabakhtiani@gmail.com
chkharti2003@yahoo.com

Accepted April 14, 2014

1. Introduction

Georgia takes active steps for establishment of radioactive waste management system in

the country:

Based on the international support the Centralized radioactive waste Storage Facility
(CSF) was constructed and commissioned;

Georgia joined to “Join Convention on the Safety of Spent Nuclear Fuel Management
and on the Safety of Radioactive Waste Management”. According to the convention’s
requirement the first country status report was prepared and sent to the International
Atomic Energy Agency (IAEA) at 2011. (The country status report covers all aspects of
radioactive waste management system existed within the country);

IAEA experts reviewed draft Georgian law “On radioactive waste Management”;

The first radiological Survey of disposal site was conducted together with Swedish
experts at 2011;

EU Project G.4.01.08 “Survey and Strategic Assessment of Georgian Radwaste Interims
Storage and Disposal Facilities” was conducted at 2012-2013;

EU Project G.4.01/09 aim conducting of safety assessment of CSF and disposal was
started at 2013.

2. Elements for radioactive waste management system

Generally speaking radioactive management system should contain four major elements:
Legal basement — Laws and regulations defining main requirements for safe handling
with radioactive waste;

Administrative structure — Governmental institutions (Regulatory Body (RB),
Radioactive Waste Management Agency (RWMA) and others), which conduct state
regulation and handling with radioactive waste;
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3. Infrastructure for handling with radioactive waste — Facilities (storage facility, disposal
and others) and means, using of what handling with radioactive waste should be
conducted;

4. Financial system — financial mechanism for handling with radioactive waste.

Only some parts of above-mentioned elements are exist in Georgia now:
1. Legal Basement
Only some requirements are adopted. The whole system should be established.

2. Administrative Structures

Georgian Ministry of Environment and Natural Resources Protection through its
Department for Nuclear and radiation Safety (Georgian Law “On Nuclear and Radiation Safety”,
Art. 6) acts as a regulatory body. The main task is establishment of RWMA which on behalf of
state should conduct radioactive waste management within whole country.
3. Infrastructure for handling with radioactive waste

CSF is under operation (some addition improving of safety system components is
desired). Closed near surface disposal is also existed. Is it possible or not to use (and how) the
disposal site for further disposing - the answer can be obtained based on the results of Project
G.4.01.09.

It is taken the first step within JAEA Project GEO/9/011 to establish simple radioactive
waste processing facility at the CSF.

4. Financial system

The system is not defined well. Financial support is provided by the state.

RWMA should meet 9 basic principles defined by IAEA [1]. Based on these first it is
possible to define more detailed principles:

a) Openness;

b) Involvement of stakeholders;

c) A deliberative and accessible process;

d) Provision of adequate time for the resolution of issues;

e) Final disposal is regarded as the ultimate step in the radioactive waste management
process;

f) The aim shall be to achieve a maximum degree of passive safety in storage facility and
disposal;

g) The design, construction, commissioning, operation, decommissioning and closure of

waste generating and disposal (close up for disposal) facilities shall be in accordance with
all applicable regulatory requirements;
h) The following hierarchy of waste management options shall be followed where
practicable;
h.a) Avoidance and minimization of waste trough:
h.b) Re-use, reprocessing and recycling;
h.c)  Storage;
h.d) Conditioning and disposal.

i) The national radioactive waste management strategy shall cover the total life cycle of
waste management — generation to institutional control;
j) The competent regulatory body must specify the period for which an active institutional

control may be assumed for purposes of safety assessments.
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k) The transfer of waste among generators shall be considered provided all issues pertaining
to ownership and liability and safety are addressed.

1) To minimize the burden on future generations, decommissioning and closure of facilities
should be implemented as soon as practicable.

m)  The deliberate dilution of radioactive waste is not acceptable, however in the case of
NORM waste the dilution of higher concentration material with lower concentration
material will be considered provided all relevant regulatory concerns are addressed.

3. Radioactive waste framework

Georgia as all other countries should develop its policy for radioactive waste
management and strategy for practical implementation of the policy [2]. One requirement for
the policy is defined by Georgian law “On Nuclear and Radiation Safety”, Art. 36 to ban import
of radioactive west generated in other countries. Georgia also set requirements to return all
imported radioactive sources after completion of their using in the country. Therefore the
following main routes for radioactive west generation in Georgia can be considered:

1. Demolition of large facilities (Ssuch as nuclear reactor).

2. Renovation of the disposal site (some radioactive waste probably should be retrieved and
reprocessed).

3. Generation of new waste due developing of industry and medical application of

radioactive sources.
4. Generation of secondary radioactive waste.

Besides of all Disused Radioactive Sources (DSRS) and so-called historical waste should
be also considered.

Whole process for handling with radioactive waste can be divided into following three
main phases:

1. Establishment of national system for radioactive waste management (elaboration of legal
basement, establishment of radioactive waste management agency).
2. Predisposal activity (processing of the waste, preparation of the disposal).

3. Disposing.

According to IAEA radioactive waste classification [3] the maximum level of radioactive
waste can be generated at near future is Intermediate Level Waste (ILW); Therefore based on
IAEA [4] requirements the following waste framework can be developed (Table 1).

Disposal of liquid waste is preferable to conduct after their solidification (immobilization
in concrete matrix is one practical way for this). Taking into account limited quantity of DSRS,
they can be disposed into depth boreholes. Engineering Barrier System (EBS) for these
boreholes should be considered (especially for SHARS).

Based on all above-mentioned the main task is establishment of RWMA, which on
behalf of state will operate all radioactive waste management facilities (storage facility, waste
processing facility and disposal facility). Functions of RWMA also cover handling with DSRS on
all steps and decontamination activity.
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)

Table 1.
End point
< ey >
ec| | B |FE|EE| T
Radioactive waste stream | & & E‘ §° B § &3 & 'gn 2| B
wel 25| g |Eg EZ|B B Q
c 2 2 o D= Y Rl DOT
n 17,
VSLV Low volume NR ++ + NR NR NR
Large volume | NR ++ NR | NR | NR | NT
Low volume NR N + 4+ + NR NT NR
VLLV
Large volume | NR N + 4+ NR NT NT
Low volume + N + ++ ++ NR +
LLW
Large volume + N NR ++ ++ NR NT
LW Low volume + N N N ++ NR +
Large volume + N N N NR N
Short lived + + + + + NR +
DSRS Long lived + N N N NR | ++ +
SHARS + N N N NR ++ +
NORM Low volume NR N ++ N + NR NR
Large volume | NR N + NR | NR | NR | NT

Long-term storage is an end point only for radioactive waste stored for decay;
otherwise it must be followed by disposal option.

+ Acceptable solution

++ Preferable solution

N Not possible for safety reason

NT Not possible for technical reason

NR Possible but not recommended for technical or economic reason

BOSS Borehole disposal facility

SHARS Spent sealed high radioactive sources
The main function of RWMA can be defined as followings:

a) To carry out the long term management of radioactive waste according to established
safety and security requirements at facilities during their operation or in periods of
institutional control including monitoring;

b) To perform ecological rehabilitation of territories contaminated by radionucldes for
which the State is responsible or for other territories based on agreement with the
organization which has caused the contamination;

c) To transport radioactive waste to its own facilities;

d) To carry out segregation, slection.processing, storage and disposal of radioactive waste;

e)

To elaborate and submit to RB working plans based on the followings:
e.a) Periodical and routine monitoring of radioactive waste management facilities;
e.b) Assessment of radioactive waste stream;
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e.c) Elaboration and analyze of methods for long-term handling with radioactive
waste;

e.e) Systematic analyze of each method taking into account safety requirement,
technological issues, their acceptance and cost effectiveness and social factors;

e.f)  Defining of best methods by avoiding cost increasing;

e.g) Elaboration of mechanisms for reviewing of working plans;

To create radioactive waste inventorys;

Periodical conducting of Safety Assessment (SA) and preparation of Safety Case (SC) and

their submission to RB;

Based on the conducted SA defining of Safety Functions (SF) and Safety System

Components (SSC);

Based on analyze of SF, elaboration of Waste Acceptance Criteria (WAC) and it

submission to RB for approval;

To elaborate and submit to RB for approval long-term working plan (considering period

of the facility operation, its close up or decommissioning);

To elaborate and submit to RB for approval working rules (radiation minting, audit,

record keeping, acceptance and transfer of waste, emergency response and others).

RWMA should meet all requirements set by IAEA [5].

There are different forms for establishing of RWMA. Taking into account the Georgian

reality can be considered two major ones:

1.
2.

Pros:
Cons:

Pros:

Cons:

RWMA under some ministry;

Transfer of RWMA function to CSF operator.

The both cases can be briefly analyzed.

The first case

The agency is comparably independence and focused on its activity.

Problems with qualified specialist and high cost for equipment.

The second case

Qualified personnel. the possibility to use technical base of the CSF operator (Dosimeters,
laboratories, hot cells, workshops for creation of technical means and others). All of these
sufficiently increases the safety level and decreases the cost for RWMA operation. It
meets IAEA requirement: “Ensuring that staff are trained, qualified and competent”...).

It should be considered that CSF operator successfully implemented three IAEA projects.
Another new TAEA project GEO/9/012 is officially approved and will be implemented

soon.
Subordination to another Ministry.
Financial support to RWMA is very important task. The special, mechanism should be

elaborated to support activity of RWMA. Two main financial sources can be considered:

1.
2.

State budget;
Private finances.
State budget should provide financial support for handling state owned radioactivity.

Private sector should pay for handling with waste generated by them (principle — polluter pays).
There is also possible existion of two ways for accumulation of finances form private sector:

1.
2.

Payment for each action according to defined price list;
Establishment of radioactive waste insurance foundation.
Let briefly analyze these two ways.
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Pros:

Cons:

Pros:
Cons:

The first way
Payment is correctly defined considered chemical-physical characteristic and volume of

the waste.
Payment can be very high and difficult for to conduct for some small enterprises.
The second way

Payment is not very high and periodically collected form waste potential producers.
Waste generating organization can be assigned as bankrupt. Payment is not strictly
corresponded to the waste volume.
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Introduction

Seismological investigations in the Caucasus, and particularly in Armenia, have been
conducted since late 21st c. They were related mainly to investigations of strong earthquakes.
The regional seismic network of Armenia was a part of the USSR United System of Seismic
Observation (USSO). The “Spitak” earthquake showed the necessity of developing the existing
seismic network and its technical re-equipment with contemporary high technology equipment
and software. After the establishment of National Survey for Seismic Protection (NSSP) of the
Republic of Armenia in 1991, new tasks were posed for Armenian seismology, directed to the
population protection against strong earthquakes. Since then, the seismic network was being
developed through its upgrading and e increase of the number of seismic stations.

Experiment was done for earthquakes in time-series have been studied using the
variation of water level in boreholes and earth tidal. Short introduction of method Standard
deviation: the signal for imminent increasing regional seismic activity is the hydrogeodynamic
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parameter (water level) where is defined as a jump of daily averaged standard deviation
function (SDF). Such approach permits to compare by numbers the daily behavior of the
hydrogeodynamic field with those in other days. Among the earthquakes occurred on the
territory under consideration in certain time period, the “predicted” one is the earthquake with
magnitude M and epicenter distance which is identified by the maximum value of the function:
The physical meaning of the function is the surface density of earthquakes energy in the point
of measurement.

Investigated period of several earthquakes and hydrogeodynamic parameter in Armenia
and Georgia. For comparative analysis using data of water level from the network:

Analysis Comparison of ground-water level in borehole “Noemberyan” (Observatory
Network, NSSP of Armenia) and “Akhalkalaki” (Water Observatory, DSH Georgia) for “Van”
(Turkey, 23.10.2011, M=7.2) [I], “Zaqatala” (Azerbaijan, 07.05.2012, M=5.4) [II],
“Mingachevir” (Azerbaijan, 07.04.2013, M = 3.8) [III] earthquakes.

I. Van (Turkey, 23.10.2011, M= 7.2 (Figure 1))

42°40'0"E 44°0'0'E 45°20'0"E 46°40'0"E

42°0'0°N X @ 42°00°N
\

A
AKH e
“ NfB ©

>
STE
40°40'0°'N ) ¢ 40°40'0"N

39°200"N { = 30°200°N

DN : ) “
i sfg‘- =1 - |~~~ Legend
‘-'2%1.-{.—9. -
W, e . 35.45
o 45-55
e 5565 y
® 65-75 j
Faults ‘
38°00°N 38°00°N
42°400°E 44°00°E 45°20'0"E 46°400°E

23.10:2011

Figure 1. Map of the epicenters with magnitude
M= 3.5 for time period 01 Sep —f 01 Nov 2011.

On the figures below at the first graph in the left corner is the picture of tidal behavior
[m], the next shows the energy (J / km?), the next — magnitude, and the last describes precursors
(red columns) and water level signals (blue points). The blue points has been count using
normal standard deviation and the red columns, so-called precursors, were obtained by
subtraction of the daily standard deviation of today and the previous day. The first graph in the
right corner is water mean during 23 October, the period of great Turkey (Van) earthquake and
the next describes standard deviation of water level.
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Noemberyan daily hidrogeodynamic and earthquake monitoring
Earth tide (Dennis Milbert, http://home.comcast.net/~dmilbert/softs/solid.htm)
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Figure 2. “Noyemberyan” borehole daily monitoring
including period of earthquake in Van (2011).

On this figure, on “Noemberyan” borehole during 23 October Turkey (Van) earthquake
M=7.2 we can see anomaly, which is expressed by the falling of water level signal during one
week before “Van” earthquake (Figure 2). The anomaly has place to be during aftershocks too.

Georgia Boreholes EarthquakeWater Level monitoring
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Figure 3. “Akhalkalaki” borehole daily monitoring
including period of earthquake in Van (2011).

The same situation is on this figure. Here we have “Akhalkalaki” borehole data for 23
October (Figure 3). As we have mentioned above, one week before the earthquake we have the
same anomaly at “Akhalkalaki” borehole.
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Zaqatala (Azerbaijan, 07.05.2012, M=5.4 (Figure 4))
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Figure 4. Map of the epicenters with magnitude
M = 3.5 for time period 01 Apr — 01 Jun 2012.
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including period of earthquake in Zaqatala (2012).

On this figure, which describes “Noemberyan” borehole during “Zaqatala” earhquake
(07.05.2013 M=5.4), we also have an anomaly, which appears in falling of water level signal
during 3 days before an earthquake (Figure5). Also the anomaly continues during the

earthquake.
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Figure 6. “Akhalkalaki” borehole daily monitoring
including period of earthquake in Zaqatala (2012).

The same situation is on “Akhalkalaki” borehole (Figure 6). As we see the anomaly starts

during 3 days before an earthquake and ends after it.

Mingachevir (Azerbaijan, 07.04.2013, M= 3.8 (Figure 7))
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Figure 7. Map of the epicenters with magnitude
M > 3.5 for time period 01 Mar — 01 May 2013.
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Noemberyan daily hidrogeodynamic and earthquake monitoring
Earth tide (Dennis Milbert, http://home.comcast.net/~dmilbert/softs/solid.htm)
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Figure 8. “Noyemberyan” borehole daily monitoring
including period of earthquake in Mingachevir (2013).

One more figure of “Noemberyan” borehole for the period of “Mingachevir” earthquake
(07.04.2013 M=3.8) has anomaly too (Figure 8). We see the growing of water level signal
during one week before this earthquake and falling after earthquake.
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Figure 9. “Akhalkalaki” borehole daily monitoring
including period of earthquake in Mingachevir (2013).
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The same effect as on “Noemberyan” borehole we have on “Akhalkalaki” well too
(Figure 9). Growing of water level signal before an earthquake and then falling down after
earthquake.

Conclusion

1. Before the earthquake “Van” (Turkey, 23.10.2011, M =7.2), the water level variation in
the boreholes “Noemberyan” and “Ahalkalaki” is falling during one week before the earthquake,
which means that the expansion process has occurred.
2. The water level variation in boreholes “Noemberyan” and “Ahalkalaki” before the
earthquake “Zaqatala” (Azerbaijan, 07.05.2012, M =5.4) also is falling during three days before
the earthquake, which means that the expansion process has occurred.
3. The water level variation in boreholes “Noemberyan” and “Ahalkalaki” before the
earthquake “Mingachaur” (Azerbaijan, 07.04.2013, /= 3.8) is growing during one week before
an earthquake and then during it starts to fall down, which means that we have compression
process before the earthquake and then expansion process.

The results of the monitoring of water level variation parameter indicated a direct
connection between deformation processes to strong earthquakes.
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Introduction

Due to regular interaction, life could sustain on the Planet with a well-organized deposit
of minerals. Recently, scientists become more and more interested in the interaction between
inorganic molecules and biological species. Studies have found that many microorganisms can
produce inorganic nanoparticles through either intracellular or extracellular routes. Sinha &
Khare demonstrated that mercury nanoparticles can be synthesized by Enterobacter sp. cells [1].
Pyrobaculum islandicum, an anaerobic hyperthermophilic microorganism, was reported to
reduce many heavy metals including U (VI), Tc (VII), Cr (VI), Co (III), and Mn (IV) with
hydrogen as the electron donor [2]. The formation of heavy metallic nanoparticles can be
attributed to the metallophilic microorganism’s developed genetic and proteomic responses to
toxic environments [3]. Heavy metal ions, for example, Hg?, Cd*, Ag*, Co%, CrO+*, Cu*, Ni*,
Pb%, and Zn?" cause toxic effects to the survival of microorganisms. To counter these effects,
microorganisms have developed genetic and proteomic responses to strictly regulate metal
homeostasis [4]. The form, when metal partition from aqueous solution onto the mineral
surface, a process generally referred to as sorption. Environmental systems are always dynamic
and often far from equilibrium. In spite of this, the biotic ligand model assumes that the metal
of interest and its complexes are chemical equilibrium with each other and with sensitive sites
on the biological surface [5]. Constants for the interaction of the metal with the biological
surface have been estimated by measuring metal internalization fluxes, metal loading, and metal
toxicity [6]. To develop an efficient biosorbent and its reuse by subsequent desorption processes,
knowledge of the mechanism of metal binding is thus very important.

The mobility of Cr (VI) on Arthrobacter species and Spirulina platensis was examined in
this study simultaneous application dialysis and atomic absorption analysis.

Materials and methods

Arthrobacter bacterials were cultivated in the nutrient medium [7]. Cells were
centrifuged at 12 000 rpm for 10 min and washed three times with phosphate buffer (pH 7.1).
The centrifuged cells were dried without the supernatant solution until constant weight. After
solidification (dehydrated) of cells (dry weight) solutions for dialysis were prepared by
dissolving in phosphate buffer. This buffer was used in all experiments. Spirulina platensis
IPPAS B-256 strain was cultivated in a standard Zaroukh alkaline water-salt medium at 34 °C,
illumination ~ 5000 lux, initial pH 8.7 and at constant mixing [8]. K2CrOswas analytical grade.
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A known quantity of dried bacterium suspension was contacted with solution containing
a known concentration of metal ion. For biosorption isotherm studies, the dry cell weight was
kept constant (1 mg/ ml), while the initial chromium concentration in each sample was varied
in the interval (103 — 10 M). All experiments were carried out at ambient temperature. Metal
was separated from the biomass with the membrane Visking (serva) and analyzed by an atomic
absorption spectrophotometer. Dialysis carried out during 72 h.

Data analysis. The isotherm data were characterized by the Freundlich [9] equation
C»= K C V" where C»is metal concentration adsorbed on either live or dried cells of bacterium
species in mg g! dry weight. C: is the equilibrium concentration of metal (mgl?) in the
solution. K is an empirical constant that provides an indication log C’s as a function of log C' of
the adsorption capacity of either live or dry cells, n is an empirical constant that provides an
indication of the intensity of adsorption. The adsorption isotherms were obtained by plotting
log C'» as a function of log C'.

Results and discussions

Cr (VI) uptake by cells of Spirulina platensis, Arthrobacter globiformis 151B and
Arthrobacter oxidas 61B was studied as a function of metal concentration. The linearized
adsorption isotherms of Cr — bacterium species at room temperature are shown in Figures 1 and
2 by fitting experimental points. Freundlich parameters evaluated from the isotherms with the
correlation coefficients are given in Table 1. In Figure 1, it is presented biosorption isotherm for
Cr (VI) — Spirulina platensis. In Figure 2, it is presented biosorption isotherms for Cr (VI) —
Arthrobacter globiformis and Cr (VI) — Arthrobacter oxidas for dry (A, B) and living cells (C, D).
As shown in Figures 1 and 2 the adsorption of Cr (VI) in all cases of Spirulina platensis,
Arthrobacter species to living and dry cells was dependent on their concentrations, and thus
fitted the Freundlich adsorption isotherm. The correlations between experimental data and the
theoretical equation were extremely good, with R above 0.90 (Table 1) for all the cases. The
higher correlation coefficient show that the Freundlich model is very suitable for describing the
biosorption equilibrium of Chromium by the Spirulina platensis and Arthrobacter species in
the studied concentration range. (The constants determined in a given concentration range will
not necessarity be the same as constants determined in another concentration range, because
each determination will have its own detection window [10].)

-4.0

4241 Cr(VI)-Spirulina platensis
-4.4 4
046
g
— -4.84
-5.01

Y=-4.37+0.53x
R0.98

20 15 -0 05 00 05
logC,

Figure 1. Linearized Freundlich adsorption

isotherm for Cr (VI) — Spirulina platensis.
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Figure 2. Linearized Freundlich adsorption isotherms of Cr (VI) ion — Arthrobacter
globiformis and Arthrobacter oxidas (A and B — dry cells, C and D — living cells).

Table 1. Biosorption characteristics for Cr (VI) — Arthrobater Oxidas 61B,
Cr (VI) — Arthrobacter Globiformis 151B and Cr (VI) — Spirulina platensis at 23 °C.

Cr (VI)
Biosorption characteristics K, x10+# n R
Arthrobater oxidas (dry cells) 4.6 0.98 0.98
Arthrobacter globiformis (dry cells) 3.4 0.81 0.96
Arthrobater oxidas (living cells) 1.0 1.25 0.94
Arthrobacter globiformis (living cells) 1.3 1.35 0.91
Spirulina platensis 0.4 1.89 0.98

The adsorption yields determined for each Arthrobacter were compared in Table 1. The
data in Table 1 show a significant difference between the binding constants for Cr (VI) -
Arthrobacter oxidas and Cr (VI) — Arthrobacter globiformis. Decrease in bioavailability has
been observed experimentally for Cr (VI) — Arthrobacter globiformis as compared with
Arthrobacter oxidas. It is in good agreement, with literatute data by which, there is a large
difference in the efficiency of adsorption in each species of microorganisms, since the sorption
depends on the nature and the composition of the cell wall [11]. Metal concentrations sorbed by
bacterium and those in solution at equilibrium obeyed the Freundlich equation, suggesting the
presence of heterogeneous sorption sites on bacterium surfaces. On the other hand, Gram-
positive bacteria have a greater sorptive capacity due to their thicker layer of peptidoglycan
which contains numerous sorptive sites [12]. It is known, that plasma membrane is the primary
site of interaction of trace metal with living organisms. All biological surfaces contain multiple
sites including biotic ligands, transport sites, or specific sites and non-specific active sites that
are unlikely to participate in the internalization process, including cell wall polysaccharides,
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also proteins, and lipids, which act as a basic binding site of heavy metals. Functional groups
within the wall provide the amino, carboxylic, sulfydryl, phosphate, and thiol groups that can
bind metals [13]. It was shown, that the carboxyl groups were the main binding site in the cell
wall of gram positive bacteria [14]. Proceed from the assumption, may be speculate, that first
binding sites for Cr (VI) on the surface of Arthrobacter species are carboxyl groups. Our results
indicated that Cr (VI) sorption is depended of species of bacterial Arthrobacter. Differences
between Arthrobacter species in metal ion binding may be due to the properties of the metal
sorbates and the properties of bacterium (functional groups, structure and surface area,
depending on the species). Functional groups, such as amino, carboxylic, suphydryl, phosphate
and thiole groups, differ in their affinity and specifity for metal binding. n values which reflects
the intensity of sorption presents the same trend but, as seen from table 1 for both Arthrobacter
species n-values are not significantly different and their sorption intensity indicator are
generally small. Comparative Freundlich biosorption characteristics Cr (VI) — Arthrobacter
species of living and dry cells are shown (Table 1) that n-values are in both cases nearly the
same. Dry cells have larger biosorption constant for both species (K = 4.6 - 10#, 3.4 - 10*), than
living cells (1.0 - 10, 1.36 - 10*). This may confirm the hypothasis that metal sorption by this
bacterium is independent of the metabolic state of the organism [15]. In regard to Spirulina
platensis biosorption constant for Cr (VI) — Spirulina platensis is small.

Thus, different species of bacterium displayed a different sorptive relationship.
Biosorption is often followed by a slower metal binding process in which additional metal ion is
bound, often irreversibly. This slow phase of metal uptake can be due to a number of
mechanisms, including covalent bonding, crystallization on the cell surface or, most often,
diffusion into the cell interior and binding to proteins and other intercellular sites [16].
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Konnmouzpuoe cepe6po — IMpOAyKT HAaHOT@XHOJIOTHH, COCTOANINI M3 MUKPOCKOIMYIECKHUX
yacTul, cepeOpa, B3BEUIEHHBIX B [JEeMUHEPAJIM30BAaHHON U IeHMOHU3MPOBAHHOI BOZe. JTOT
IIPOAYKT BBICOKMX HaYYHBIX TEXHOJIOTHI IIPOU3BOAUTCSA DIEKTPOTUTHYECKUM MeToLoM [1].

[Tpo6ema GakTepHaJbHOTO 3arpsA3HEHUS NHUTHEBOH BOABI OCTPO CTOUT IIOBCEMECTHO.
ITorygyenne Ge3omacHOHM NHUTHEBOH BOABI BCerza ABJIAIOCH He IPOCTOH 3azadeit. OcobeHHO
yClIOXHAeTca ~— mpobjeMa  IpU  OTCYTCTBUM  IIeHTPAJIM30BAaHHOTO  BOZOCHAOXKEeHWH,
06ecIeYnBaoNero BBICOKOe Ka9eCTBO BOABI 33 CUET CJIIOKHOM M JOPOTOCTOAIIEH anmapaTypsl U
KBaJuUKauKu 0OCTy>KMBalOIero nepcoHana. [Ipumensemsie mpu 3TOoM XJI0p, PTOpP, 030H B
nepen30BITKE TaK JKe HAaHOCAT Bpe[| IOTPeOUTe M BOJBL.

B mosieBBIX YCIOBUSX [AJIA ITOJy4YeHUs ITUTHEBOM BOABI HE JOCTATOYHO IPO(PUIBTPOBATH
BOJy B3fATYIO M3 POJHUKA, KOJOAIIA HJIN JIOOOTO APYroro IPUPOSHOTO HCTOYHHUKA BOJBL.
Kunsuenue He Bcerza BO3MOXXHO W YacTO He JOCTaTOYHO My 00e33apaXMBAaHUS BOJBIL.
[Tpumensemsle Ae3MHPUIUPYIONIE KOHIEHTPATHL (IIOPOLUIKOBbIe MIH TabIeTUPOBaHHBIE), IPU
IIOBTOPHOM M YaCTOM yIOTpeOIeHUH BOABI C HUMH, MOTYT IIPUBECTH K TS>KeJIBIM ITOCIeZCTBHAM.
B MupHBIX yCIOBUAX IPUMEHEHNE TAKUX IIPENIapaToB HEZOMIYCTHMO.

Hcnonp3oBanue cepebpa Ay 06e33apaKUBaHUS BOJBI HE TOJIBKO yBEJIMYMBAET apCeHa
CYILIECTBYIOUIMX peareHTOB, HO U ABIAETCI OAHUM u3 Haubosee 35((PEKTHUBHBIX METOHOB
Ie3nHpeKITUY 1 KOHCEPBUPOBAaHUA ITUTHEBOH BOABL. B HacTosIee BpeMs KOJIIOUZHOe cepebpo ¢
yCIIeXOM IIpUMeHSeTCS Ha KOpabJIax, B IUIaBaTEIbHBIX OacceifHaX, B IOJIEBBIX YCIOBUAX U T.IL., A
TaK JXe TOTJa, KOTZa XJIOp IIPX B3aMMOJEHCTBUU C IIPUMEHEHHEeM BOZABI JAET TOKCUYECKUe WU
CUJIBHO IIaXHYI[Ve COeTUHEHUS.

Ha ceropuamuuit neHp 5TOT Meroz, nmpuMmeHserca B Poccum Ha Ykpamnue, B CIIA,
Awnrnuu, [seitnapun, OPT, Yexun, Opanuyu u fpyrux crpaHax.

C D70l 1enbI0 CO3JAI0TCA BO MHOTHX CTPaHaX reHepaTophl KOJIJIOULHOTO cepebpa, Kak
IJI IPUMEeHEeHWs B IIPOMBIIIIEHHBIX IIeJIAX (IIJIaBaTeIbHble OacCeHbI, MOPCKUeE Cy/a, aBUAIUA
U KOCMOHABTHMKA), TaK WU I WHAWBUAYATBHOTO IpuMeHeHus B ObrTy. OnHako, Bce 3TH
reHepaToOpsI KOJUIOUAHOTO cepebpa JOBOJIBHO CIOXKHBI B OKCILTYaTAllU U JOPOTOCTOSAIIH.
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Disinfection of drinking water from the effects of ... disasters by nanotechnology.

Konnmouznuoe cepe6po 1o 6GakTepUIMAHBIM CBOMCTBAM B Pa3bl BBIIIE JPYTHX U3BECTHBIX U
IIpUMeHSAEMBIX BellecTB [2, 3], m0ooTOMy pa3paboTka IPHOOPOB [ IOTYyYeHUS KOJIOMJHOIO
cepebpa ABIAETCA CBOEBPEMEHHBIM M BaXXHBIM. IlIaHUpyeTCsA CIPOEKTHpPOBAaTh U HU3TOTOBUTH
OIIBITHBIE 0OPa3Ibl YEThIPEX TUIIOB IIPOCTHIX B OKCILIyaTalluX U TIaBHOE JEeNIEBbIX IIPUOOPOB:

1. ITpu6op MHAMBUAYAJIBHOTO HCIIOJb30BAaHUA B ITOJIEBBIX YCJIOBHAX IJIS HYXA TyPUCTOB,

KOMAaHAMPOBAHHBIX, apMUU U T.J., JJI1 00OpabOTKM KOJUIOMJTHBIM cepeOpoM He MeHee

15 000 nuTpoB BOZBI, C ABTOHOMHBIM ITMTAaHHEM OT aKKyMYJIATOPOB MM IIaJIbYUKOBBIX

6arapeex;

2. ITpubop mys ceMeHHOro MCIOIB30BAHMA, HEIOCPEICTBEHHO HAZleBaloluecs Ha 000t

KyXOHHBIH KpaH 111 o6paborku 150 000 1uTpoB BOAEI C IPUMEHEHNEM aKKyMYJIATOPa;
3. [Tpubop f1s MCIONb30BaHUS B 00BEKTaxX OOILIENNTa, TaK JKe HaZeBaeMblil Ha KpaH 000

KOHCTpyKuuH, 11 oopabotku 1 500 000 1uTpos Boxsr;

4. [Tpubop gns obecrieyeHUs NHUTHEBOM BOJOM HAaceJIeHUA, MOIYIIMI OYUCTUTh U
o6e33apasuth B cyTku He MeHee 90000 UTpPOB IUTHEBOI BOJBL.

Ilenpro Hamero WCCaemOBAaHUSA SBJISIOCH, KPOMe Ppa3pabOTKH 3TUX IPUOOPOB M, B
KOHEYHOM CueTe, WX IIPOM3BOACTBA, HU3YUUTh BIUSHUE JEUCTBUA HOHOB cepebpa Ha
HeOpraHWYeCcKue BelecTBa B IUTheBOM Boge T. T6mamcu [4]. Hamum Taxxe, co3zman
3JIEKTpOJIN3ep, [AJA IOJydeHUsd KOHIIEHTpaTa pacTBopa KOJJIOMZHOTO cepebpa B BOJe,
IIpeIHa3HAYAIOMUHCA I PA3IUYHBIX IleJIel B TOM YKCIe U MEeTUIIMHCKHUX.

[ToryyeHme BOOHBIX PAacTBOPOB MOHOB KOJUIOUZHOTO cepe6pa OCHOBAaHO Ha
3JIEKTPOJINTUYECKOM MeETOJZle — IIPOIYCKaHUU IIOCTOSHHOTO 3JIEKTPUYECKOTO TOKa dYepes
IIOTPy>KeHHble B BOAY dJeKTponbl. IIpu sToM cepeOpsAHBIH 51eKTpof (aHOZ), pacTBOPSACH,
HACHIIAeT BOAYy HoHaMu cepebpa Ag*. KoHIeHTpamus mosryyaeMoro pacTBOpa 3aBUCHUT OT CHIIBI
TOKa, BpeMeHHU PabOTHI UICTOYHUKA TOKA U 00beMa 06pabaTsiBaeMoit BOAHI [5].
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1. Setting the scene

Very active investigation of Titanium alloys were provoked by the discovery of
thermoplastic martensit transformation and the possibility to fix within this transformation the
thermoplastic equilibrium. These alloys are characterized by special properties as are Shape
Memory Effect (SME) and Super Elasticity (SE). All these characterizations have practical
application for different sphere including medicine.

It was fixed that only Ti-Ni alloys have the highest hardness and plastic properties with
unique SME, and high corrosion resistance and reliability. It is also should be noted that
metallurgic and thermomechanic processing of the alloys is comparably easy.

According to the conducting investigations some negative properties of Ti—Ni alloys
were also fixed. Sometimes it is not possible to reach physico-mechanical properties of the alloy
by its thermomechanical processing. During the processing the extraction of “free” nickel is
fixed, which creates defined difficulties to use the alloy for medical purpose [1]. (Nickel
provokes allergic actions in human body). All usual methods for improving of physic-
mechanical properties of the alloy (alloying, thermomechanical processing) are already tested
without valuable results; Therefore the new task is set to create new material with new
chemical composition an nanostructure (nanocrystalline or submicrocrystallline).

The production of update medical technique and human body implants together with
high reliability of the equipments sets other strong requirements for them: miniaturization,
relevance of biomechanical properties to human tissue characteristics. So, elastic modules of the
equipment material should be corresponded to bone elastic modules, yield strength should be
increased approximately 1.5 — 2 times with the same SME and SE [2].

2. The way to solve the problem

To solve the above-mentioned problem the new method was developed considering
formation in titanium alloys 3D submicrocrystalline or nanostructure by cold rolling method.
The method allows enhance mechanical properties of the alloys by preserving their
biochemeical characteristics. This situation differences are caused by the processes held in
nanostructure metals, where main of them are developed not in crystal structure, but on the
borders of crystalline seeds; Therefore no dislocation or vacancies have main impacts on the
processes and material properties, but the borders among the crystalline seeds. More precisely it
can be said that material properties are defined mainly by interaction between the seeds border
and dislocation and defects formulated by strong deformation.

Using high purity components and electrical beam melting method the different
Titanium alloys were prepared and investigated. The main idea of the investigation was to find
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other elements which can replace nickel in alloys to enhance the alloy property and making it
more appropriate for medical application. A number of alloys were produced and processed
thermomechanicaly. All alloys were investigated by X-ray and thermo differential methods.
The electroresistance, internal friction, dilatometrial and torsion investigations also were
conducted. based on the results two alloys were chosen Ti-33Nb—7Zr and Ti-26Nb—4Ta-7Zr.
(The numbers give weight percentage.)
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Figure 1. The shape recovery for Ti-33Nb-7Zr alloy.

RN

N K

AN

-
| =" |
/‘-
60 90 120 150 180 210 240 270 300 330 {C

Figure 2. Dilatometric curve for Ti-33Nb-7Zr alloy sample.
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The shape recovery characteristics for the first alloy are shown on Figure 1. The torsion
deformation £=6.5% is conducted at room temperature. After that the sample temperature
was increasing until the shape recovery process conducted. As the Figure 1 shows the shape
recovery was conducted at 25 — 60 °C temperature interval which is comparably close to human
body temperature. Dilatometric characteristics of the same alloy are given on Figure 2. The
recovery temperature on Figure 2 is higher which is caused by the dilatometer properties. The
same characteristics of the second alloy are given on Figures3 and 4. The initial torsion
deformation for the second alloy sample was €= 6.8 %. The shape recovery is conducte within
80 —120 °C temperature interval. The both alloys are characterized by high SME and SE.
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Figure 3. The shape recovery for Ti-26Nb—4Ta-7Zr alloy.
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Figure 4. Dilatometric curve for Ti-26Nb—4Ta-7Zr alloy sample.
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3. Conclusion

According to the investigations results the given alloys consist of metastable -phase,
orthorhombic o’ martensit phase and thin dispersion hexagonical « phase. The experiments

proved high reliability of alloys samples and confirmes their acceptability for using in medical
sphere.
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V. Kvatchadze, M. Galustashvili. Mechanical and optical properties of ionic crystals exposed to
the combined action of various external fields (Review).
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Abstract

While Roéntgen correctly explained the newly discovered rays and Thomson was able to
correctly identify the electron, other scientists failed to explain their discoveries. Fermi’s eka-
rhenium and Hahn’s fission reaction are examples of confusing situations. On the other hand,
Frédéric Joliot and Irene Curie were unable to explain the results of their experiments.

Introduction

When a scientist faces a discovery it is natural the he or she tries to explain it.
Sometimes the explanation proves to be right and sometimes it is wrong. History of science is
full of such stories. The oldest story is that of alchemists. There was nothing in the knowledge
of that time from which one could conclude that it was impossible to obtain gold from lead, to
obtain lead from litharge or mercury from cinnabar. Copper was already obtained when a piece
of iron was immersed in a solution of blue vitriol (copper sulfate) (Figure 1) and copper can also
be turned yellow like gold during smelting when mixed with a certain earth such as calamine
and orpiment.

Figure 1. Transmutation of iron into
copper as viewed by alchemists.

191



New phenomena in science. How they were explained.

The concept of transmutation is deep-rooted in human thought. In the Old Testament
the Egyptian magicians changed iron rods into serpents. In the New Testament, Jesus while
attending a wedding feast changed water into wine. In Homer’s Odyssey, Minerva with a rod
turned the aged Ulysses suddenly into a youth. Even as late as the eighteenth century miners
believed that lead gradually became silver and that bismuth was an intermediate stage in the
process. The alchemists concluded that this process of transmutation was possible and why not
convert a base metal directly into gold?

In modern terms, the transmutation of iron into copper is an electrochemical reaction:
iron gives up electrons while copper in solution picks up these electrons to become metallic
copper. Lead ores always contain silver and when lead is recovered then heated in air at high
temperature silver present in the lead is obtained. When copper is heated in presence of a zinc
ore, brass is obtained which is an alloy of copper and zinc. It was thus possible to explain the
observations of alchemists. In modern times, great discoveries were made which changed our
lives.

Discovery of X-rays

X-rays were discovered accidentally by Wilhelm Konrad Rontgen (Figure 2) professor of
physics at the University of Wiirzburg in Germany on Friday November 8, 1895 through their
ability to induce fluorescence in certain salts of heavy metals, even after passing through several
millimetres thickness of optically opaque material. Rontgen immediately dropped his
investigations of electrical discharges in gases, in which he was engaged at the time of his
discovery, and proceeded to study the new radiations. His first observations established many of
the fundamental properties of X-rays, and the work of numerous other investigators who
immediately began to study the phenomenon quickly confirmed his results and extended them
in many directions.

Figure 2. Wilhelm Konrad Rontgen (1845 — 1923).

Rontgen quickly found that obstacles placed between the tube and the fluorescent
screen cast shadows. This fact convinced him that he was dealing with some kind of rays.
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Because of their unknown nature, he named them X-rays. He found that the rays penetrate all
substances to a greater or less degree. In general, dense substances are more opaque to the rays
than light substances. Rontgen was the winner of the first Nobel Prize in physics in 1901.

A Crookes tube which emits X-rays began to be known as an X-ray tube. When the hand
is interposed between an X-ray and a fluorescent screen, the rays penetrate the fleshy parts of
the hand more easily than the bones, so that the bones stand out as shadows on the screen. The
idea that the bones of a living hand could be photographed amazed the public. The newspapers
of the period carried headlines of this new marvel. The Birmingham artist Robert Alan Thom
(1915 - 1979) painted a picture in 1966 showing Roentgen at his first public demonstration of
the newly discovered X-rays in the evening of January 23, 1896. The lecture took place at the
Physics Department Auditorium of the University of Wiirzburg in Germany where Rontgen
was the rector. The painting shows Albert von Koélliker, professor of anatomy at the University
putting his hand on a photographic plate to make an X-ray picture (Figure 3).

Figure 3. Rontgen’s announcement of the discovery of a New
Type of Radiation from Great Moments in Medicine by Parke,
Davis & Company, Northwood Institute Press, Detroit 1966.

This new kind of unknown and invisible ray passed through glass and through paper. In
further experiments the rays passed through sheet aluminum, through tinfoil, through rubber,
through most materials. A packet of photographic film, wrapped carefully in black paper, was
found to be exposed. These new rays could expose carefully-concealed photographic plates. In
retrospect it seems certain that X-rays had been produced in many laboratories for several years,
produced by the high voltages that were often used in connection with gaseous discharge tubes;
Rontgen was merely the first experimenter to notice them.
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Discovery of the electron

On April 30, 1897, professor of physics at Cambridge Universoty Joseph John Thomson
(Figure 4) announced during a lecture at the Royal Institution of Great Britain in London, that
the rays he had observed streaming from the cathode in a discharge tube consisted of negatively
charged particles which he called “corpuscles”. He correctly concluded that these corpuscles are
matter in a finer state of subdivision than the ordinary atom. Of course this discovery
revolutionized science and technology, leading to advances in communications, transportation,
medicine, and other benefits that we take for granted today. He was awarded the Nobel Prize
for physics in 1906.

Figure 4. Joseph John Thomson (1856 — 1940).

It was improvements in vacuum technology that enabled Thomson to examine the
electrons in his tube. If the pressure of the gas in the tube is too high, the electrons scatter off
the gas molecules. In that case, it is not possible to produce a fine beam and measure its
deflection accurately.

Discovery of radioactivity

When Rontgen’s first experiments with X-rays were reported in France in January 1896,
it occurred to Antoine Henri Becquerel (1852 —1908) (Figure 5) that penetrating radiations
might be connected with luminescent materials, since X-rays were produced where the glass of
a cathode-ray tube showed its strongest fluorescent glow. Becquerel began a series of tests of
minerals known to show phosphorescence after exposure to light. Samples were placed in
contact with a photographic plate wrapped in black paper, and the whole arrangement was
placed in sunlight. Among the materials tested the only one that gave positive results was a
compound of uranium, and the surprising fact that this compound produced the effect even
when not previously exposed to light. This convinced the experimenter that it could emit some
kind of penetrating radiation quite independent of its ability to show phosphorescence.

Fluorescence and phosphorescence are processes in which certain substances absorb
energy, for example from visible or ultraviolet light, or from cathode rays or X-rays. This
energy is again emitted as light of a characteristic colour. The distinction between the two
processes lies only in the delay or lack of delay between the absorption and re-radiation of the
energy. Now we know that fluorescence and phosphorescence are not the processes which
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produce X-rays, and that they are also not at all related to the kind of rays Becquerel
discovered. Without abandoning his hypothesis, Becquerel succeeded in showing that neither
the ability to phosphoresce nor exposure to light was needed for obtaining these rays, but only
the presence of uranium. Thus the discovery of this new property of uranium mineral is
perhaps an excellent example of how wrong assumptions sometimes lead to results of value.

Figure 5. Antoine Henri Becquerel (1852 — 1908).

An extensive investigation of the radiation of uranium minerals and salts was begun by
Marie Curie (1867 —1934) (Figure 6) using pitchblende, a natural ore rich in compounds of
uranium. This material showed an activity, measured by its ability to produce ionization, far
greater than was to be expected on the basis of the amount of uranium it contained, and Mme
Curie suspected that this might be due to a new and much more highly active substance present
in the ore. Pierre and Marie Curie then undertook a long series of repeated crystallizations of
salts derived from pitchblende in order to concentrate the active ingredient. Finally, from a ton
of the ore, they obtained a small quantity of a new active element, which they named
polonium, and, later, a minute amount (less than 0.02 g) of a still more active element, radium.
Further experiments by the Curies and by others soon led to the discovery of many other
radioactive substances now known to be chemical elements occupying the last places in the
Periodic Table. Except for their radioactivity, uranium, thorium, polonium, and radium seemed
perfectly ordinary elements with a normal, permanent existence.

Figure 6. Marie Curie (1867 — 1934).
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Discovery of the neutron

Between 1930 and 1932, some physicists including Frédéric Joliot and Iréne Curie noted
that when certain light elements such as beryllium were exposed to alpha particles, some kind
of radiation was formed, which showed its presence by ejecting protons from paraffin. They
were unable to interpret their results. It was James Chadwick (1891 —1974) (Figure 7) in 1932
who repeated these experiments and explained the phenomenon by supposing that alpha
particles were knocking neutral particles out of the nuclei of the beryllium atom and that these
neutral particles were in turn knocking protons out of the paraffin. In this way the neutron was
discovered. He was awarded Nobel Prize for physics in 1935.

Figure 7. James Chadwick (1891-1974). Figure 8. Enrico Fermi (1901-1954).
Discovery of eka-rhenium

In 1934, Enrico Fermi in Rome (Figure 8) discovered that neutrons may, be captured by
atoms and that the frequency of capture increases when they are slowed down by passing them
through a hydrogen-rich material such as paraffin or water. He was thus able to produce atoms
of higher atomic weights than those bombarded. For example, on bombarding cobalt with
neutrons he was able to produce nickel

22Co+ qn— Co— UNi+e-.

H iHe
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Figure 9. The Periodic Table in the 1930s at the time of the confusion between
trans-uranium elements and fission. Element 93 was referred to as eka-rhenium.
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When, however, Fermi and his co-workers bombarded uranium with neutrons, they
obtained more than one radioactive product. Following the same line of thought as in their
previous experiments they suggested that one of these products was formed by neutron capture,
i.e., that it was a trans-uranium element or element number 93. Fermi put the new element
under rhenium in the Periodic Table and called it eka-rhenium (Figure 9). Rhenium had been
discovered a few years earlier in 1925, by Ida Tacke, Walter Noddack, and Otto Berg in Berlin.

Figure 10. Ida Noddack (born Tacke) (1896 — 1978).

The publication of Fermi’s paper on eka-rhenium in 1934 naturally attracted the
attention of one of the discoverers of rhenium, Ida Tacke, who in 1926 had married Walter
Noddack (1893 — 1962) and became Ida Noddack (Figure 10).

After reading Fermi’s paper she published in the same year a comment criticising his
conclusions. In this comment, entitled “The Periodic System of the Elements and its Gaps,” she
showed that Fermi’s experimental evidence was incomplete and his conclusions were
unjustified. She interpreted his results by saying that “When heavy nuclei are bombarded by
neutrons, it would be reasonable to conceive that they break down into numerous large
fragments which are isotopes of known elements but are not neighbours of the bombarded
element (in the Periodic Table).”!

Her argument was as follows: when atoms are bombarded by protons or alpha particles,
the nuclear reactions that take place involve the emission of an electron, a proton, or a helium
nucleus and the mass of the bombarded atom suffers little change. When, however, neutrons
are used, new types of nuclear reaction should take place that are completely different from
those previously known. Incidentally, Fermi received the Nobel Prize in 1938 for his work on
slow neutrons.

! Es wire denkbar, daf? bei der BeschiefSsung schwerer Kerne mit Neutronen diese Kerne
in mehrere grofiere Bruchstiicke zerfallen, die zwar Isotope bekannter Elemente, aber nicht
Nachbarn der bestrahlten Elemente sind. (English translation by the writer.)
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Discovery of uranium fission

Fermi’s experiments were repeated by Otto Hahn (1879 —1968) (Figure 11) and his co-
workers in Berlin. They agreed with his conclusions and published a series of twenty papers on
the complex radiochemical separations of the so-called trans-uranium elements. The results,
however, became so conflicting that after four years of intensive research the concept of trans-
uranium elements became doubtful. This doubt arose when experiments by Hahn’s co-worker,
Fritz Strassmann (1902 — 1980) (Figure 12), showed that BaCOs, which was added as a carrier in
the radiochemical separation of the products of bombardment, could not be separated from
these products by dissolution in HBr and fractional crystallization of the bromides.

Figure 11. Otto Hahn (1879 —1968). Figure 12. Fritz Strassmann (1902 — 1980).

This observation eliminated the possibility that radium was present in the products and
it became evident that barium itself must be one of the products. This conclusion could not be
reconciled with the physics of the day because barium had an atomic weight of only 137 while
that of uranium was 238. With the discovery of fission, the gap between chemistry and physics
was closed. In their paper dated January 6, 1939, Hahn and Strassmann wrote in Die
Naturwissenschaften, “As chemists we must actually say that the new particles do not behave
like radium but in fact like barium; as nuclear physicists we cannot make this conclusion which
is in conflict with all experience in nuclear physics.”2 Hahn then started speculating about the
mechanism of barium formation. Hahn communicated these astonishing results to his former
co-worker, Lise Meitner (1878 — 1968) (Figure 13), in Stockholm. Meitner and her nephew Otto
Frisch (1904 — 1979) (Figure 14) were able to explain the experiments as fission of the uranium
atom.

2 Als Chemiker miissen wir tatsichlich sagen, daf} die neuen Korper sich nicht wie
Radium verhalten, sondern eher wie Barium; als Kern-Physiker konnen wir uns nicht dazu
entschliefien, diesen aller Erfahrung der Kern physikwiderspechenden Schritt zu tun. (English
translation by the writer.)
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Figure 13. Lise Meitner (1878 — 1968). Figure 14. Otto Frisch (1904 — 1979).

Otto Hahn (in 1966) in his autobiography wrote a single phrase referring to Noddack’s
idea: “Her suggestion was so out-of-line with the then-accepted ideas about the atomic nucleus
that it was never seriously discussed”. Dieter Hahn, in his biography of his grandfather, wrote
in 1979 that Lise Meitner rejected Noddack’s hypothesis describing it as a “free fantasy” — and
there was no support for this hypothesis. Further, Meitner argued that there was nothing
theoretically or experimentally wrong with the trans-uranium explanation.

After reading Hahn’s article in Die Naturwissenschaften, 1da Noddack wrote a short
article in the same journal in March 1939, in which she reminded Hahn of her suggestion five
years earlier that the uranium atom might have undergone splitting, and ended by telling him
regretfully that he never cited her paper on this matter although she had once explained her
views to him personally. The editor of the journal apparently asked Hahn to comment, but he
refused. As a result, the editor added a note to the article that read as follows:

Editor’s remark: Otto Hahn and Fritz Strassmann informed us that they have neither the
time nor the interest to answer the preceding note. They think that they would rather renounce
commenting, as the possibility of breaking down a heavy atom into smaller fragments — an idea
already expressed by many others — cannot be concluded without experimental evidence. They
leave the judgment of the correctness of the views of Frau Ida Noddack and the way she
expressed them to the peers.

Epilogue

Discovering a new phenomenon in nature usually creates confusion in scientific circles
for a number of years. While Rontgen was able to correctly describe the phenomenon he
discovered and called it X-rays in a very short time, Becquerel published a dozen papers, nearly
each one contradicting the other, when he discovered the new phenomenon of radioactivity. A
similar situation was faced by Otto Hahn when he discovered uranium fission. In her statement,
Ida Noddack conceived, before anyone else, the idea of nuclear fission. Her argument was as
follows: when atoms are bombarded by protons or alpha particles, the nuclear reactions that
take place involve the emission of an electron, a proton, or a helium nucleus and the mass of the
bombarded atom suffers little change. When, however, neutrons are used, new types of nuclear
reaction should take place that are completely different from those previously known.
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