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íàíîòðóáîê, íàíîêðèñòàëëîâ è íàíîñòðóêòóð (àïàòèòîïîäîáíûõ è äð. áèîñèñòåì, àìîðôíûõ è êîëëî-
èäíûõ íàíîðàçìåðíûõ ñèñòåì, íàíîñòðóêòóðíûõ ïë¸íîê è ïîêðûòèé, íàíîïîðîøêîâ è ò.ä.).  
 Ñáîðíèê ÍÍÍ íå ïóáëèêóåò: ñòàòüè ïîëåìè÷åñêèå, êëàññèôèêàöèîííûå è óçêîñïåöèàëüíûå, 
ñîäåðæàùèå ðåøåíèÿ ñòàíäàðòíûõ çàäà÷; ñòàòüè îïèñàòåëüíûå è ìåòîäè÷åñêèå (åñëè ìåòîä íå ÿâëÿ-
åòñÿ ïðèíöèïèàëüíî íîâûì); ñòàòüè, â êîòîðûõ èçëàãàþòñÿ îòäåëüíûå ýòàïû èññëåäîâàíèÿ èëè ìà-
òåðèàë, ðàçäåë¸ííûé íà íåñêîëüêî ïîñëåäîâàòåëüíûõ ïóáëèêàöèé; ñòàòüè î ðÿäîâûõ èññëåäîâàíèÿõ, 
íå ïðåäñòàâëÿþùèõ îáùåãî èíòåðåñà è íå ñîäåðæàùèõ çíà÷èìûõ âûâîäîâ.  
 Ñòàòüè ïóáëèêóþòñÿ íà îäíîì èç äâóõ ÿçûêîâ: àíãëèéñêîì èëè óêðàèíñêîì.  
 Ñòàòüè, â îôîðìëåíèè êîòîðûõ íå ñîáëþäåíû ñëåäóþùèå ïðàâèëà äëÿ ïóáëèêàöèè â ÍÍÍ, âîç-
âðàùàþòñÿ àâòîðàì áåç ðàññìîòðåíèÿ ïî ñóùåñòâó. (Äàòîé ïîñòóïëåíèÿ ñ÷èòàåòñÿ äåíü ïîâòîðíîãî 

ïðåäñòàâëåíèÿ ñòàòüè ïîñëå ñîáëþäåíèÿ óêàçàííûõ íèæå ïðàâèë.)  
 1. Ñòàòüÿ äîëæíà áûòü ïîäïèñàíà âñåìè àâòîðàìè (ñ óêàçàíèåì èõ àäðåñîâ ýëåêòðîííîé ïî÷òû); 
ñëåäóåò óêàçàòü ôàìèëèþ, èìÿ è îò÷åñòâî àâòîðà, ñ êîòîðûì ðåäàêöèÿ áóäåò âåñòè ïåðåïèñêó, åãî 

ïî÷òîâûé àäðåñ, íîìåð òåëåôîíà (ôàêñà), àäðåñ ýëåêòðîííîé ïî÷òû.  
 2. Èçëîæåíèå äîëæíî áûòü ÿñíûì, ñòðóêòóðèðîâàííûì (ðàçäåëàìè «1. Âñòóï», «2. Åêñïå-
ðèìåíòàëüíà/Òåîðåòè÷íà ìåòîäèêà», «3. Ðåçóëüòàòè òà ¿õ îáãîâîðåííÿ», «4. Âèñíîâêè», «Öèòîâà-
íà ë³òåðàòóðà»), ñæàòûì, áåç äëèííûõ ââåäåíèé, îòñòóïëåíèé è ïîâòîðîâ, äóáëèðîâàíèÿ â òåêñòå 

äàííûõ òàáëèö, ðèñóíêîâ è ïîäïèñåé ê íèì. Àííîòàöèÿ è ðàçäåë «Âèñíîâêè» äîëæíû íå äóáëèðî-
âàòü äðóã äðóãà. ×èñëîâûå äàííûå ñëåäóåò ïðèâîäèòü â îáùåïðèíÿòûõ åäèíèöàõ.  
 3. Îáú¸ì ñòàòüè äîëæåí áûòü íå áîëåå 5000 ñëîâ (ñ ó÷¸òîì îñíîâíîãî òåêñòà, òàáëèö, ïîäïèñåé ê 

ðèñóíêàì, ñïèñêà ëèòåðàòóðû) è 10 ðèñóíêîâ. Âîïðîñû, ñâÿçàííûå ñ ïóáëèêàöèåé íàó÷íûõ îáçîðîâ 

(íå áîëåå 22000 ñëîâ è 60 ðèñóíêîâ), ðåøàþòñÿ ðåäêîëëåãèåé ÍÍÍ íà îñíîâàíèè ïðåäâàðèòåëüíî 

ïðåäîñòàâëåííîé àâòîðàìè ðàñøèðåííîé àííîòàöèè ðàáîòû.  
 4. Â ðåäàêöèþ îáÿçàòåëüíî ïðåäîñòàâëÿåòñÿ ïî e-mail (èëè íà êîìïàêò-äèñêå) ôàéë ðóêîïèñè 

ñòàòüè (ñ èëëþñòðàòèâíûì ìàòåðèàëîì), íàáðàííûé â òåêñòîâîì ðåäàêòîðå Microsoft Word 2003, 
2007 èëè 2010 ñ íàçâàíèåì, ñîñòîÿùèì èç ôàìèëèè ïåðâîãî àâòîðà (ëàòèíèöåé), íàïðèìåð, 
Smirnov.doc.  
 5. Ýëåêòðîííàÿ âåðñèÿ ðóêîïèñè äîëæíà ñîäåðæàòü àííîòàöèþ (200–250 ñëîâ) ñòàòüè (âìåñòå ñ 

5–6 êëþ÷åâûìè ñëîâàìè) è 5–7 èíäåêñîâ PACS (â ïîñëåäíåé ðåäàêöèè ‘Physics and Astronomy 

Classification Scheme 2010’—http://publishing.aip.org/publishing/pacs/pacs-2010-regular-edition; 
ñì. PACS numbers (imp.kiev.ua)). Òåêñòû óêðàèíîÿçû÷íûõ ñòàòåé äîëæíû òàêæå ñîäåðæàòü çàãëà-
âèå ñòàòüè (âìåñòå ñî ñïèñêîì àâòîðîâ è àäðåñàìè ñîîòâåòñòâóþùèõ ó÷ðåæäåíèé), ðàñøèðåííóþ 

àííîòàöèþ (300–350 ñëîâ), êëþ÷åâûå ñëîâà, çàãîëîâêè òàáëèö è ïîäïèñè ê ðèñóíêàì íà àíãëèé-
ñêîì ÿçûêå. Êðîìå òîãî, ñîäåðæàíèÿ àííîòàöèé íà óêðàèíñêîì è àíãëèéñêîì ÿçûêàõ äîëæíû áûòü 

èäåíòè÷íûìè ïî ñìûñëó.  
 7. Ðèñóíêè (öâåòíûå, ÷åðíî-áåëûå èëè ïîëóòîíîâûå ñ ãðàäàöèåé ñåðîãî) äîëæíû áûòü ïðåä-
ñòàâëåíû â âèäå îòäåëüíûõ ôàéëîâ (ïðåäïî÷òèòåëüíî â ãðàôè÷åñêèõ ôîðìàòàõ TIFF, EPS èëè 

JPEG) ñ íàçâàíèÿìè, ñîñòîÿùèìè èç ôàìèëèè ïåðâîãî àâòîðà (ëàòèíèöåé) è íîìåðà ðèñóíêà, 
íàïðèìåð, Smirnov_fig2a.tiff. Êà÷åñòâî èëëþñòðàöèé (â òîì ÷èñëå ïîëóòîíîâûõ) äîëæíî îáåñïå÷è-
âàòü èõ âîñïðîèçâåäåíèå ñ ðàçðåøåíèåì 300–600 òî÷åê íà äþéì. Äîïîëíèòåëüíî ðèñóíêè ïðåäî-
ñòàâëÿþòñÿ â ôîðìàòå ïðîãðàììû, â êîòîðîé îíè ñîçäàâàëèñü.  
 8. Íàäïèñè íà ðèñóíêàõ (îñîáåííî ïîëóòîíîâûõ) íàäî ïî âîçìîæíîñòè çàìåíèòü áóêâåííûìè 

îáîçíà÷åíèÿìè (íàáðàííûìè íà êîíòðàñòíîì ôîíå), à êðèâûå îáîçíà÷èòü öèôðàìè èëè ðàçëè÷íîãî 

òèïà ëèíèÿìè/ìàðêåðàìè, ðàçúÿñíÿåìûìè â ïîäïèñÿõ ê ðèñóíêàì èëè â òåêñòå. Íà ãðàôèêàõ âñå 

ëèíèè/ìàðê¸ðû äîëæíû áûòü ÷¸ðíîãî öâåòà è äîñòàòî÷íûõ òîëùèí/ðàçìåðîâ äëÿ êà÷åñòâåííîãî 

âîñïðîèçâåäåíèÿ â óìåíüøåííîì â 2–3 ðàçà âèäå (ðåêîìåíäóåìàÿ øèðèíà ðèñóíêà — 12,7 ñì). 
Ñíèìêè äîëæíû áûòü ÷¸òêèìè è êîíòðàñòíûìè, à íàäïèñè è îáîçíà÷åíèÿ äîëæíû íå çàêðûâàòü 

ñóùåñòâåííûå äåòàëè (äëÿ ÷åãî ìîæíî èñïîëüçîâàòü ñòðåëêè). Âìåñòî óêàçàíèÿ â ïîäòåêñòîâêå 

óâåëè÷åíèÿ ïðè ñú¸ìêå æåëàòåëüíî ïðîñòàâèòü ìàñøòàá (íà êîíòðàñòíîì ôîíå) íà îäíîì èç èäåí-
òè÷íûõ ñíèìêîâ. Íà ãðàôèêàõ ïîäïèñè ê îñÿì, âûïîëíåííûå íà ÿçûêå ñòàòüè, äîëæíû ñîäåðæàòü 

îáîçíà÷åíèÿ (èëè íàèìåíîâàíèÿ) îòêëàäûâàåìûõ âåëè÷èí è ÷åðåç çàïÿòóþ èõ åäèíèöû èçìåðåíèÿ.  
 9. Ôîðìóëû â òåêñò íåîáõîäèìî âñòàâëÿòü ñ ïîìîùüþ ðåäàêòîðà ôîðìóë MathType, ïîëíîñòüþ 

ñîâìåñòèìîãî ñ MS Office 2003, 2007, 2010.  
 10. Ðèñóíêè, à òàêæå òàáëèöû è ïîäñòðî÷íûå ïðèìå÷àíèÿ (ñíîñêè) äîëæíû èìåòü ñïëîøíóþ 

íóìåðàöèþ ïî âñåé ñòàòüå.  
 11. Ññûëêè íà ëèòåðàòóðíûå èñòî÷íèêè ñëåäóåò äàâàòü â âèäå ïîðÿäêîâîãî íîìåðà, íàïå÷àòàí-
íîãî â ñòðîêó â êâàäðàòíûõ ñêîáêàõ. Ñïèñîê ëèòåðàòóðû ñîñòàâëÿåòñÿ â ïîðÿäêå ïåðâîãî óïîìèíà-
íèÿ èñòî÷íèêà. Ïðèìåðû îôîðìëåíèÿ ññûëîê ïðèâåäåíû íèæå; ïðîñèì îáðàòèòü âíèìàíèå íà ïî-
ðÿäîê ñëåäîâàíèÿ èíèöèàëîâ è ôàìèëèé àâòîðîâ, áèáëèîãðàôè÷åñêèõ ñâåäåíèé è íà ðàçäåëèòåëü-
íûå çíàêè, à òàêæå íà íåîáõîäèìîñòü óêàçàíèÿ âñåõ ñîàâòîðîâ öèòèðîâàííîé ðàáîòû è (â êîíöå 
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êàæäîé ññûëêè) å¸ öèôðîâîãî èäåíòèôèêàòîðà DOI, åñëè òàêîâîé èìååòñÿ ó ñîîòâåòñòâóþùåé ïóá-
ëèêàöèè (è óêàçàí íà å¸ èíòåðíåò-ñòðàíèöå èçäàòåëüñòâà):  
1. T. M. Radchenko and V. A. Tatarenko, Usp. Fiz. Met., 9, No. 1: 1 (2008) (in Ukrainian); 

https://doi.org/10.15407/ufm.09.01.001  
2. T. M. Radchenko, A. A. Shylau, and I. V. Zozoulenko, Phys. Rev. B, 86: 035418 (2012); 

https://doi.org/10.1103/PhysRevB.86.035418  
3. A. Meisel, G. Leonhardt, und R. Szargan, Röntgenspektren und Chemische Bindung [X-Ray Spectra and 

Chemical Bond] (Leipzig: Akademische Verlagsgesellschaft Geest & Portig K.-G.: 1977) (in German).  
4. J. M. Ziman, Printsipy Teorii Tvyordogo Tela [Principles of the Theory of Solids] (Moskva: Mir: 1974) 

(Russian translation).  
5. M. A. Stucke, D. M. Dimiduk, and D. M. Hazzledine, High Temperature Ordered Intermetallic Alloys. 

V (Eds. I. Baker and R. Darolia) (Pittsburgh, PA, USA: MRS: 1993), p. 471.  
6. Handbook of Mathematical Functions with Formulas, Graphs and Mathematical Tables (Eds. 

M. Abramowitz and I. A. Stegun), Nat’l Bureau of Standards. Appl. Math. Ser. Vol. 55 (Washington, 
D.C.: U.S. Govt. Printing Office: 1964).  

7. B. B. Karpovych and O. B. Borovkoff, Proc. of Symp. ‘Micromaterials Engineering’ (Dec. 25–31, 
1999) (Kyiv: RVV IMF: 2000), vol. 2, p. 113 (in Ukrainian).  

8. T. M. Radchenko, Vplyv Uporiadkuvannya Defektnoyi Struktury íà Transportni Vlastyvosti Zmis-
hanykh Krystaliv [Influence of Ordering of the Defect Structure on Transport Properties of the 

Mixed Crystals] (Thesis of Disser. for Dr. Phys.-Math. Sci.) (Kyiv: G. V. Kurdyumov Institute for 

Metal Physics, N.A.S.U.: 2015) (in Ukrainian).  
9. E. M. Gololobov, V. B. Shipilo, N. I. Sedrenok, and A. I. Dudyak, Sposob Polucheniya Karbonitridov 

Metallov [Production Method of Metal Carbonitrides], Authors’ Certificate 722341 SSSR (Published 

November 21, 1979) (in Russian).  
10. V. G. Trubachev, K. V. Chuistov, V. N. Gorshkov, and A. E. Perekos, Sposob Polucheniya Metallich-

eskikh Poroshkov [The Technology of Metallic Powder Production]: Patent 1639892 SU. MKI, Â22 

F9/02, 9/14 (Otkrytiya i Izobreteniya, 34, No. 13: 11) (1991) (in Russian).  
11. Yu. M. Koval’ and V. V. Nemoshkalenko, O Prirode Martensitnykh Prevrashchenij [On the Nature 

of Martensitic Transformations] (Kyiv: 1998) (Prepr./N.A.S. of Ukraine. Inst. for Metal Physics. 
No. 1, 1998) (in Russian).  

Ñëåäóåò ïðèìåíÿòü îáùåïðèíÿòûå ñîêðàùåíèÿ íàçâàíèé æóðíàëîâ è ñáîðíèêîâ òðóäîâ:  
http://www.cas.org/content/references/corejournals; http://rmp.aps.org/files/rmpguapb.pdf; 
http://images.webofknowledge.com/WOK46P9/help/WOS/A_abrvjt.html; 
http://www.ams.org/msnhtml/serials.pdf. 

Îáÿçàòåëüíûì òðåáîâàíèåì ÿâëÿåòñÿ ïðåäîñòàâëåíèå äîïîëíèòåëüíîãî ñïèñêà öèòèðîâàííîé ëèòåðà-
òóðû (References) â ëàòèíñêîé òðàíñëèòåðàöèè (ñèñòåìà BGN/PCGN; ðåêîìåíäóåìûå òðàíñëèòåðàòî-
ðû: http://www.slovnyk.ua/services/translit.php; http://ru.translit.net/?account=bgn). Ïîñëå òðàíñëè-
òåðèðîâàííûõ íàçâàíèé êíèã, äèññåðòàöèé, ïàòåíòîâ è ïð. íàäî ïðèâîäèòü â êâàäðàòíûõ ñêîáêàõ èõ 

àíãëîÿçû÷íûé ïåðåâîä. Ïðè òðàíñëèòåðàöèè ñòàòåé èç ÍÍÍ íàäî èñïîëüçîâàòü íàïèñàíèå Ô.È.Î. àâ-
òîðîâ, ïðèâåä¸ííîå òîëüêî â àíãëîÿçû÷íîì îãëàâëåíèè ñîîòâåòñòâóþùåãî âûïóñêà, è îôèöèàëüíîå 

òðàíñëèòåðèðîâàííîå íàçâàíèå ñáîðíèêà (ñì. òàêæå ñàéò).  
 12. Êîððåêòóðà àâòîðàì ìîæåò áûòü âûñëàíà ýëåêòðîííîé ïî÷òîé â âèäå pdf-ôàéëà. Íà ïðîâåðêó 

êîððåêòóðû àâòîðàì îòâîäÿòñÿ 5 ðàáî÷èõ äíåé, íà÷èíàÿ ñî äíÿ, ñëåäóþùåãî çà äàòîé îòïðàâêè 

êîððåêòóðû. Ïî èñòå÷åíèè óêàçàííîãî ñðîêà ñòàòüÿ àâòîìàòè÷åñêè íàïðàâëÿåòñÿ â ïå÷àòü. Èñïðàâ-
ëåíèÿ ñëåäóåò îòìåòèòü è ïðîêîììåíòèðîâàòü â ñàìîì pdf-ôàéëå ëèáî îôîðìèòü â âèäå ïåðå÷íÿ 

èñïðàâëåíèé è ïåðåñëàòü (îò èìåíè óïîëíîìî÷åííîãî ïðåäñòàâèòåëÿ êîëëåêòèâà àâòîðîâ) ïî ýëåê-
òðîííîé ïî÷òå â àäðåñ ðåäàêöèè.  
 Ðóêîïèñè ìîæíî íàïðàâëÿòü íåïîñðåäñòâåííî â ðåäàêöèþ ÍÍÍ ïî ïî÷òîâîìó àäðåñó: áóëüâàð 

Àêàä. Âåðíàäñêîãî, 36, êàá. 210; 03142 Êèåâ, Óêðàèíà ëèáî ÷ëåíó ðåäàêöèîííîé êîëëåãèè (ñîñòàâ 

ðåäêîëëåãèè óêàçàí íà 2-é ñòðàíèöå îáëîæêè). Ýëåêòðîííûé âàðèàíò ñòàòüè íàïðàâëÿåòñÿ ïî e-
mail: tatar@imp.kiev.ua (ñ òåìîé, íà÷èíàþùåéñÿ ñëîâîì ‘nano’).  
 Â ñîîòâåòñòâèè ñ äîãîâîð¸ííîñòüþ ìåæäó ðåäàêöèåé ÍÍÍ è ó÷ðåäèòåëÿìè ñáîðíèêà, ðåäàêöèÿ 

ñ÷èòàåò, ÷òî àâòîðû, ïîñûëàÿ åé ðóêîïèñü ñòàòüè, ïåðåäàþò ó÷ðåäèòåëÿì è ðåäêîëëåãèè ïðàâî 

îïóáëèêîâàòü ýòó ðóêîïèñü íà àíãëèéñêîì (óêðàèíñêîì) ÿçûêå, è ïðîñèò àâòîðîâ ñðàçó ïðèêëàäû-
âàòü ê ðóêîïèñè ïîäïèñàííîå àâòîðàìè «Ñîãëàøåíèå î ïåðåäà÷å àâòîðñêîãî ïðàâà»:  

Óãîäà ïðî ïåðåäà÷ó àâòîðñüêîãî ïðàâà  
Ìè, ùî íèæ÷å ï³äïèñàëèñÿ, àâòîðè ðóêîïèñó «                 », 
ïåðåäàºìî çàñíîâíèêàì ³ ðåäêîëå´³¿ çá³ðíèêà íàóêîâèõ ïðàöü «Íàíîñèñòåìè, íàíîìàòåð³àëè, 
íàíîòåõíîëîã³¿» ïðàâî îïóáë³êóâàòè öåé ðóêîïèñ àíãë³éñüêîþ (÷è òî óêðà¿íñüêîþ) ìîâîþ. Ìè ï³ä-
òâåðäæóºìî, ùî öÿ ïóáë³êàö³ÿ íå ïîðóøóº àâòîðñüêîãî ïðàâà ³íøèõ îñ³á, óñòàíîâ àáî îðãàí³çàö³é. 
Ï³äïèñè àâòîð³â:   (ÏÐ²ÇÂÈÙÅ ²ì’ÿ, äàòà, àäðåñà, ¹ òåëåôîíó, e-mail)  
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In this work, we have dealt with a problem encountered in transport phe-
nomena. The equations describing such phenomenon contain fractional 
derivatives. We use the modified Jumarie’s definition of such a derivative 
to solve the transport equation. In particular, we have treated the space–
time fractional diffusion equation (of Fick’s law) regarding the process of 
degassing a thin plate in vacuum. 

Ó ö³é ðîáîò³ ìè ðîçãëÿäàºìî ïðîáëåìó, ùî âèíèêàº â ÿâèùàõ ïåðåíå-
ñåííÿ. Ð³âíÿííÿ, ùî îïèñóþòü òàêå ÿâèùå, ì³ñòÿòü äðîáîâ³ ïîõ³äí³. Ìè 
âèêîðèñòîâóºìî ìîäèô³êîâàíå âèçíà÷åííÿ çà Äæóìàð³ òàêî¿ ïîõ³äíî¿ 
äëÿ ðîçâ’ÿçàííÿ ð³âíÿííÿ ïåðåíåñåííÿ. Çîêðåìà, ìè ðîçãëÿäàºìî ïðîñ-
òîðîâî-÷àñîâå äðîáîâå äèôóç³éíå ð³âíÿííÿ (çà Ô³êîâèì çàêîíîì) ñòîñî-
âíî ïðîöåñó äåãàçàö³¿ òîíêî¿ ïëàñòèíè ó âàêóóì³. 

Key words: fractional Jumarie’s derivative, Fick’s law, Mittag-Leffler 
functions, Laplace transform. 

Êëþ÷îâ³ ñëîâà: äðîáîâà ïîõ³äíà çà Äæóìàð³, Ô³ê³â çàêîí, ôóíêö³¿ Ì³ò-
òà´-Ëåôôëåðà, Ëÿïëÿñ³â ïåðåòâ³ð. 

(Received 12 February, 2024; in revised form, 14 February, 2024) 
  

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 2, ññ. 307–316 
https://doi.org/10.15407/nnn.23.02.0307 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 



308 M. E. MEZABIA, A. SOUIGAT, B. TELLAB, and M. T. MEFTAH 

1. INTRODUCTION 

In recent decades, considerable attention has been paid to the frac-
tional derivative by the application of this concept in different are-
as of physics as quantum physics [1–6], quantum electronics, nanoe-
lectronics, transport in nanostructures [7–10], and in general engi-
neering as: continuum mechanics, viscoelastic and viscoplastic flow, 
electrical circuits, control theory, image processing, viscoelasticity, 
biology and hydrodynamics [11–15]. Historically, the fractional cal-
culus has been developed by Riemann and Liouville. Not only does 
the latter defines a derivative and antiderivative (integral) for an 
integer order (as usual derivative of order one, two, etc.), but to 
give meaning to the derivative with non-integer order. The frac-
tional calculus was developed recently in Refs. [16–20] and applied 
successfully for modelling some physical processes [21–29]. One im-
portant of such process is the diffusion phenomenon. The associated 
fractional diffusion equation arises quite naturally in continuous-
time random walks. The fractional derivatives may be introduced by 
different definitions. For example, Jumarie [30] has considered the 
Riemann–Liouville definition and modified it agreeing with the 
fractional difference definition and fully consistent with the frac-
tional-difference definition and avoiding any reference to the deriv-
ative of order greater than the considered ones. 
 The purpose of this paper is to study the problems of transport 
equation as diffusion equation (Fick’s equation) in ordinary space. 
Section 2 starts with defining fractional Jumarie’s derivative [30]. 
We show that this definition is agreed with the standard derivative; 
as it happens, the fractional derivative of a constant is well zero. 
Furthermore, when we perform the limit 1, the standard case is 
recovered. In Section 3, we treated the Fick’s equation, when the 
derivatives (in time and space) are fractional (0 1 and 

0 2 ). The solution of this equation is presented explicitly for a 
particular case. We end this work with a conclusion in Sec. 4. 

2. JUMARIE’S DERIVATIVE 

The analytical solutions of the fractional differential equation are 
emerging branch of applied science also in basic science such as ap-
plied mathematics, physics, mathematical biology, and engineering. 
There are many types of fractional integral and differential opera-
tors with the Riemann–Liouville (R–L) definition. Other useful def-
inition includes the Caputo definition of fractional derivative 
(1967). Riemann–Liouville definition of the fractional derivative of 
a constant is non-zero that creates a difficulty to relate between the 
basic calculi. To overcome this difficulty, Jumarie modified the def-
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inition of fractional derivative of Riemann–Liouville type as follows 
[30]: 
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With this new formulation, we obtain the derivative of a constant 
as zero. For 1, we can check that the second definition recovers 
the standard first derivative of f(t); to be convinced, it easy to see 
this statement by performing the Laplace transform to both side of 
the second definition. We must stop here to make an important re-
mark about the second definition of Jumarie ( 0 < 1): 
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we can write it as follows: 

 
0
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t
t f f d g t . (3) 

 Recently in Ref. [26], it has developed analytical method for so-
lution of linear fractional differential equations with Jumarie’s 
type derivative in terms of Mittag-Leffler functions and found that 
the solution of the fractional differential equation j

tD y ay  is 
( )y E ax . This new finding has been extended in Ref. [31] to get 

analytical solution of system of linear fractional differential equa-
tions. The main aim of this work is to investigate the possibility of 
applying these new analytical-solution methods for treatment the 
space–time fractional diffusion equation with Jumarie’s type deriv-
ative for degassing a thin plate in vacuum. 

3. APPLICATIONS 

In this section, we will deal with the Fick’s equation describing the 
diffusion of impurities in a material during the process degassing a 
thin plate under vacuum, which allows industry of a high-strength 
component to reduce the impurity (like hydrogen) content within 
the material by being removed in gas form [32, 33]. The impurity 
transport in the material during degassing can be modelled by the 
space–time fractional diffusion equation, which is referred to as 
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 ( , ) ( , )t xD c x t D c x t , (4) 

where  is the diffusion coefficient of impurity through the materi-
al; 0 1 and 0 2 . 
 Consider the case of degassing a thin plate of thickness L in vac-
uum, whose surfaces, x 0, x L, are maintained at zero concentra-
tion of impurity. The initial concentration of impurity is a given 
function c0(x) defined at all points x on the plate. Therefore, the 
initial and boundary conditions can be written as the following 
equations: 

 0( ,0) ( ), 0 ; (0, ) ( , ) 0c x c x x L c t c L t . (5) 

 As  is time-independent, we use the separation of variables 
technique: 

 1 2( , ) ( ) ( )c x t c t c x , (6) 

to get the following two equations to solve: 

 2
1 1( ) ( )j

tD c t k c t , (7) 

which is a time-dependent equation, and 

 2
2 2( ) ( )j

xD c x k c x , (8) 

which is a space-dependent equation, and k is a positive real con-
stant. 

3.1. Time-Dependent Equation 

Taking into account the Jumarie’s definition (1), we can transform 
Eq. (7) to the following integral equation: 

 2
1 1 10

1
( ) ( ) ( ) (0)

(1 )

td
k c t t c c d

dt
. (9) 

 By taking Laplace transform in both side, assumed that 
1 1( ) ( ( ))C p L c t , it is easy to find 

 
1

1
1 2

(0)
( )

c p
C p

k p
. (10) 

 Then, by taking the inverse of Laplace transform, we find the 
solution of the time-dependent Eq. (7) as follows: 
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which is shown in Fig. for different values of . 
 For example, in case 1/2, we get: 

 2 2 4 2
1 1/2( ) ( ) exp( )erfc( )c t E k t k t k t . (12) 

 It is clear that, when we put 1 in Eq. (11), we retrieve the 
standard case. 

3.2. Space-Dependent Equation 

To solve Eq. (8), we put 2 , where 0 1; therefore, Eq. (8) 
can be written as 

 2 2
2 2( ) ( )jum

xD c x k c x , (13) 

 From Ref. [26], the solution of the last equation is 

 2( ) ( ) ( )cos sinc x A kx B kx , (14) 

where 

 

Fig. Time-dependent part of the concentration for different values of . 
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are the fractional cosine and sine. Therefore, the solution for the 
space–time concentration, governed by Eq. (4), can be written as 

 2( , ) ( ) ( ) ( )cos sinc x t E k t A kx B kx , (17) 

where A and B are constants to be determined by using the bounda-
ry conditions (5). Using the boundary conditions, we observe that 

 0, ( )A kL nM , (18) 

where M is the period [26]. Then, we get 
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 The general solution is a linear combination 
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 Using the initial conditions (5), we have  
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 To determine the coefficients Bn, we multiply the both sides of 

the last equation by ( )sin
x

mM
L

, where m is an integer, and 

integrate both sides of the resulting equation from a zero to L, and 
we get the following result: 
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or equivalently 
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 00
( ) ( )sin
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that gives the global solution of the diffusion Eq. (4) as 
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 As initial function, we take the initial spatial concentration as 

 0 0( ) ( )c y c y L y . (25) 

Then, the coefficient Bn (23) becomes as follows: 

 0 0
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 By replacing the fractional sine and making the change y Lh , 
we find 
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The last expression can be seen to be replaced by 

 3
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k k
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or equivalently 

 3
0 2 , 3 2 , 4( ) ( ) 2 ( )n n nB c L nM E E , (30) 

such that , ( )E x  is the Mittag-Leffler function of the second kind, 
and 

 2( )n nM , (31) 

leading to the following final closed result ( /2): 
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4. CONCLUSION 

In this work, we have treated some problems, which encountered in 
transport phenomena. The equations describing these phenomena 
have fractional derivatives. At first, we have presented the modi-
fied Jumarie’s definition of such derivatives. After what, we have, 
as application, solved the fractional diffusion equation (Fick’s law) 
that presents a partial fractional differential on the time t and a 
partial fractional differential on the spatial co-ordinate x. The order 
of the fractionality in the time is  (0 < 1)  and in the space is 
 (0 < 2) . The solution of the time fractional equation is ex-

pressed in term of Mittag-Leffler function of the first kind, where-
as the solution of the spatial fractional equation is expressed in 
term of Mittag-Leffler function of the second kind (see Eq. (33)). 
This treatment can be useful to describe the transport phenomena 
in nanomaterials and nanostructures. 
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Äèñïåð´óâàííÿ ð³äèí ðîçïîðîøóâà÷àìè, ùî îáåðòàþòüñÿ, º îäí³ºþ ç 
íàéåôåêòèâí³øèõ òåõí³ê îäåðæàííÿ äèñïåðñíèõ ñèñòåì ç íàíî÷àñòèí-
êàìè. Îñíîâíå ïðèçíà÷åííÿ äèñïåð´óâàëüíèõ ïðèñòðî¿â — öå ïåðåòâî-
ðåííÿ ñóö³ëüíîãî ïîòîêó ð³äèíè íà äèñïåðñíó ñèñòåìó, ùî ñêëàäàºòüñÿ 
ç îäíîð³äíèõ êðàïåëü ð³äèíè. ª äâà ñïîñîáè ïåðåòâîðåííÿ ñòðóìåí³â 
ð³äèíè â òîíê³ ïë³âêè: ã³äðîñòàòè÷íèé (íà ïîõèë³é ïëàñòèí³) ³ â³äöåíò-
ðîâèé (íà ïë³âêîóòâîðþâà÷³ — ëîïàò³). Äèñïåð´óâàííÿ ð³äèí — öå âà-
æëèâà òåõíîëîã³ÿ, ÿêà çàñòîñîâóºòüñÿ â ð³çíèõ ïðîìèñëîâèõ ãàëóçÿõ, 
òàêèõ ÿê íàôòîãàçîâà, ôàðìàöåâòè÷íà, õàð÷îâà òà ³íø³. Ó ö³é ñòàòò³ ìè 
ðîçãëÿíåìî äèñïåð´óâàííÿ ð³äèí ðîçïîðîøóâà÷àìè, ùî îáåðòàþòüñÿ. 
Öåé ìåòîä óìîæëèâëþº îäåðæàòè äð³áíîäèñïåðñí³ ñèñòåìè ç ïîíèæå-
íèì ðîçì³ðîì ÷àñòèíîê, ùî â³äêðèâàº øèðîê³ ìîæëèâîñò³ äëÿ ïîë³ï-
øåííÿ ÿêîñòè ê³íöåâîãî ïðîäóêòó. Ïîòð³áíî çíàõîäèòè íîâ³ ï³äõîäè äî 
êîíñòðóþâàííÿ ðîçïîðîøóâà÷³â âåëèêî¿ îäèíè÷íî¿ ïîòóæíîñòè. Äëÿ 
îá´ðóíòóâàííÿ ¿õ ñë³ä ïðîâîäèòè ïðèíöèïîâ³ òåîðåòè÷í³ äîñë³äæåííÿ, à 
ç ìåòîþ êîðåêö³¿ ðåçóëüòàò³â òåîðåòè÷íó àíàë³çó íåîáõ³äíî ðåòåëüíî 
ïåðåâ³ðÿòè òà êîðè´óâàòè ëàáîðàòîðíèìè òà ïðîìèñëîâèìè äîñë³äæåí-
íÿìè. Â ñòàòò³ ïîêàçàíî îñíîâí³ ïðèíöèïîâ³ ñõåìè ðîçïîðîøóâà÷³â ð³-
äèíè, ùî îáåðòàþòüñÿ (ñîïëîâèé â³äöåíòðîâèé ðîçïîðîøóâà÷, ëîïàòêî-
âèé â³äöåíòðîâèé ðîçïîðîøóâà÷, â³ÿëîâèé ðîçïîðîøóâà÷), ³ ïðîàíàë³-
çîâàíî, íå âäàþ÷èñü ó òåõí³÷í³ ïîäðîáèö³, ¿õí³ ïðèíöèïîâ³ íåäîë³êè, à 
òàêîæ ìîæëèâ³ íàïðÿìè ïîøóê³â ñïîñîá³â çìåíøåííÿ åíåðãîñïîæèâàí-
íÿ íà äèñïåð´óâàííÿ òà ïîë³ïøåííÿ äèñïåðñíîãî ñêëàäó êðàïåëü ðîçïî-
ðîøåíî¿ ð³äèíè òà, çîêðåìà, îäåðæàííÿ ñêëàäó êðàïåëü, îäíîð³äíîãî çà 
ðîçì³ðàìè. Ðîçãëÿíóòî âàæëèâ³ ïèòàííÿ ïîâåä³íêè ð³äèíè âñåðåäèí³ 
öèë³íäðè÷íèõ îáîëîíîê, ùî îáåðòàþòüñÿ, à òàêîæ ïîêàçàíî îñîáëèâîñò³ 
ðóõó ð³äèíè ï³ä ÷àñ âèõîäó ¿¿ ç ðîçïîðîøóâà÷à. 
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Dispersing liquids with rotating atomizers is one of the most effective 
techniques for obtaining dispersion systems with nanoparticles. The main 
purpose of dispersing devices is to transform a continuous flow of liquid 
into a dispersed system consisting of liquid droplets. There are two meth-
ods of converting liquid jets into thin films: hydrostatic (on an inclined 
plate) and centrifugal (on a film-forming blade). Liquid dispersion is an 
important technology that is used in various industries such as oil and gas 
industries, pharmaceutical, food, and other ones. Dispersing liquids with 
rotary atomizers has its advantages and disadvantages. On the one hand, 
this method is very effective, as it allows obtaining a homogeneous dis-
persion system with nanoparticles. On the other hand, the dispersion pro-
cess can be quite complex, as its success depends on many factors, such as 
atomizer-rotation speed, droplet size, liquid properties, etc. In this article, 
we will look at the dispersion of liquids by rotating atomizers. This meth-
od makes it possible to obtain finely dispersed systems with a reduced 
particle size that opens up wide opportunities for improving the quality of 
the product. It is necessary to find new approaches to the design of atom-
izers with a large unit capacity. For their substantiation, fundamental 
theoretical studies should be conducted, and in order to correct the re-
sults, the theoretical analysis should be carefully checked and corrected by 
laboratory and industrial studies. The article shows the main principle 
schemes for rotating liquid atomizers (nozzle centrifugal atomizer, vane 
centrifugal atomizer, fan atomizer), and we will analyse, without going 
into technical details, their fundamental shortcomings, as well as possible 
directions of searching for ways to reduce energy consumption for disper-
sion and improve dispersed composition of droplets of sprayed liquid, and, 
in particular, obtaining a composition of droplets that is uniform in size. 
Important issues of fluid behaviour inside rotating cylindrical shells are 
considered. In addition, the features of the movement of the liquid, when 
it leaves the atomizer, are shown too. 

Êëþ÷îâ³ ñëîâà: ð³äèíà, êðàïëÿ, äèñïåð´óâàííÿ, ïë³âêîóòâîðþâà÷, â³ä-
öåíòðîâèé ðîçïîðîøóâà÷. 

Key words: liquid, droplet, dispersion, film former, centrifugal atomizer. 

(Îòðèìàíî 29 òðàâíÿ 2024 ð.) 
  

1. ÂÑÒÓÏ 

Äèñïåð´óâàííÿ ð³äèí ðîçïîðîøóâà÷àìè, ùî îáåðòàþòüñÿ, º îäí³-
ºþ ç íàéåôåêòèâí³øèõ òåõí³ê îäåðæàííÿ äèñïåðñ³éíèõ ñèñòåì ç 
íàíî÷àñòèíêàìè. Öåé ìåòîä ïîëÿãàº â òîìó, ùî ð³äèíà ïîäàºòüñÿ 
íà ðîçïîðîøóâà÷, ÿêèé âèïóñêàº ¿¿ ó âèãëÿä³ ì³êðîñêîï³÷íèõ 
êðàïåëü. Ðîçïîðîøóâà÷³, ùî îáåðòàþòüñÿ, õàðàêòåðèçóþòüñÿ âå-
ëèêîþ øâèäê³ñòþ îáåðòàííÿ, ùî äîïîìàãàº ïîäð³áíþâàòè ð³äèíó 
íà äð³áí³ø³ êðàïåëüêè [1–4]. 
 Çàñòîñóâàííÿ ðîçïîðîøóâà÷³â, ùî îáåðòàþòüñÿ, äëÿ äèñïåð´ó-
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âàííÿ ð³äèí çíàéøëî øèðîêå çàñòîñóâàííÿ ó ð³çíèõ ãàëóçÿõ íàó-
êè òà òåõí³êè. Íàïðèêëàä, âîíè âèêîðèñòîâóþòüñÿ ó ôàðìàöåâ-
òèö³ äëÿ îäåðæàííÿ ë³êàðñüêèõ çàñîá³â, â õàð÷îâ³é ïðîìèñëîâîñò³ 
äëÿ âèðîáíèöòâà íàïî¿â ³ ïðîäóêò³â õàð÷óâàííÿ, ó êîñìåòè÷í³é 
ïðîìèñëîâîñò³ äëÿ îäåðæàííÿ êîñìåòè÷íèõ çàñîá³â, à òàêîæ ó 
íàôòîãàçîâ³é ãàëóç³ äëÿ ðîç÷èíåííÿ ³íã³á³òîð³â êîðîç³¿ é ³íøèõ 
ðå÷îâèí. 
 Äèñïåð´óâàííÿ ð³äèí ðîçïîðîøóâà÷àìè, ùî îáåðòàþòüñÿ, ìàº 
ñâî¿ ïåðåâàãè òà íåäîë³êè. Ç îäíîãî áîêó, öåé ìåòîä º äóæå åôåê-
òèâíèì, îñê³ëüêè óìîæëèâëþº îäåðæàòè ãîìîãåííó äèñïåðñíó 
ñèñòåìó ç íàíî÷àñòèíêàìè. Ç ³íøîãî áîêó, ïðîöåñ äèñïåð´óâàííÿ 
ìîæå áóòè äîñòàòíüî ñêëàäíèì, îñê³ëüêè óñï³øí³ñòü éîãî çàëå-
æèòü â³ä áàãàòüîõ ÷èííèê³â, òàêèõ ÿê îáåðòîâà øâèäê³ñòü ðîçïî-
ðîøóâà÷à, ðîçì³ð êðàïëèí, âëàñòèâîñò³ ð³äèíè òîùî. Äëÿ äîñÿã-
íåííÿ áàæàíîãî ðåçóëüòàòó íåîáõ³äíî ïðàâèëüíî ï³ä³áðàòè ðîçïî-
ðîøóâà÷, âðàõîâóþ÷è ïîòðåáè êîíêðåòíîãî çàñòîñóâàííÿ [5–11]. 
 Îòæå, äèñïåð´óâàííÿ ð³äèí ðîçïîðîøóâà÷àìè, ùî îáåðòàþòüñÿ, 
º âàæëèâèì òåõíîëîã³÷íèì ïðîöåñîì, ÿêèé âèêîðèñòîâóºòüñÿ ó 
áàãàòüîõ ãàëóçÿõ ïðîìèñëîâîñòè òà íàóêè. Çà ïðàâèëüíîãî çàñòî-
ñóâàííÿ öåé ìåòîä äàº çìîãó îäåðæàòè âèñîêîÿê³ñí³ äèñïåðñí³ 
ñèñòåìè ç íàíî÷àñòèíêàìè [12–18]. Îäíàê ïåðåä çàñòîñóâàííÿì 
ðîçïîðîøóâà÷³â, ùî îáåðòàþòüñÿ, ïîòð³áíî ðåòåëüíî ïðîàíàë³çó-
âàòè óìîâè ïðîöåñó òà ïðàâèëüíî ï³ä³áðàòè ðîçïîðîøóâà÷, ùîá 
çàáåçïå÷èòè éîãî åôåêòèâí³ñòü é óñï³øí³ñòü. Ìåòîþ äàíî¿ ñòàòò³ º 
ïîêàçàòè îñíîâí³ ñõåìè ðîçïîðîøóâà÷³â ð³äèíè, ùî îáåðòàþòüñÿ, 
à òàêîæ ïðîàíàë³çóâàòè ¿õí³ ïðèíöèïîâ³ íåäîë³êè òà ìîæëèâ³ 
íàïðÿìè ïîøóê³â ñïîñîá³â çìåíøåííÿ åíåðãîñïîæèâàííÿ òà ïî-
ë³ïøåííÿ äèñïåðñíîãî ñêëàäó êðàïåëü ðîçïîðîøåíî¿ ð³äèíè. 

2. ÇÀÃÀËÜÍ² ÏÈÒÀÍÍß ÑÒÎÑÎÂÍÎ ÄÅÑÏÅÐ¥ÓÂÀÍÍß Ð²ÄÈÍ 
ÎÁÅÐÒÎÂÈÌÈ ÐÎÇÏÎÐÎØÓÂÀ×ÀÌÈ 

Íàéá³ëüø ïîòóæí³ äèñïåð´àòîðè îäèíè÷íî¿ ïðîäóêòèâíîñòè çà 
ð³äèíîþ, ÿêó ðîçïîðîøóþòü, çà äîñòàòíüî äð³áíîäèñïåðñíîãî 
ñêëàäó ðîçïîðîøåííÿ — ðîçïîðîøóâà÷³, ùî îáåðòàþòüñÿ. Ðîçã-
ëÿíåìî îñíîâí³ ïðèíöèïîâ³ ñõåìè ðîçïîðîøóâà÷³â ð³äèíè, ùî 
îáåðòàþòüñÿ, òà ïðîàíàë³çóºìî, íå âäàþ÷èñü ó òåõí³÷í³ ïîäðîáè-
ö³, ïðèíöèïîâ³ íåäîë³êè ¿õ, à òàêîæ ìîæëèâ³ íàïðÿìè ïîøóê³â 
ñïîñîá³â çìåíøåííÿ åíåðãîñïîæèâàííÿ íà äèñïåð´óâàííÿ òà ïî-
ë³ïøåííÿ äèñïåðñíîãî ñêëàäó êðàïåëü ðîçïîðîøåíî¿ ð³äèíè ³, çî-
êðåìà, îäåðæàííÿ ñêëàäó êðàïåëü, îäíîð³äíîãî çà ðîçì³ðàìè. 
 Íà ðèñóíêó 1 íàâåäåíî ïðèíöèïîâó ñõåìó êîíñòðóêö³¿ ñîïëîâî-
ãî (äþçîâîãî) â³äöåíòðîâîãî ðîçïîðîøóâà÷à [1, 2]. Ñîïëîâèé â³ä-
öåíòðîâèé ðîçïîðîøóâà÷ (ñîïëîâèé äèñê) ñêëàäàºòüñÿ ç îáåðòîâî-
ãî êîðïóñó 1 (íàïðèêëàä, öèë³íäðè÷íî¿ îáè÷àéêè), ùî ðîçòàøî-
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âàíèé íà âàëó 4, ñîïëà (äþçè) 2, ïðèñòðîþ 3 äëÿ ï³äâåäåííÿ òà 
ð³âíîì³ðíîãî ðîçïîä³ëó âñåðåäèí³ êîðïóñó ð³äèíè, ÿêà ï³ä ä³ºþ 
â³äöåíòðîâî¿ ñèëè óòâîðþº ïî âíóòð³øí³é ïîâåðõí³ ñò³íîê îáè-
÷àéêè ê³ëüöå. 
 Â ðàç³ ïîñò³éíî¿ ÷àñòîòè îáåðòàííÿ äèñêà âèòðàòà ð³äèíè âè-
çíà÷àºòüñÿ óìîâàìè âõîäó ð³äèíè íà äèñê, òîâùèíîþ ð³äêîãî ê³-
ëüöåâîãî øàðó, ê³ëüê³ñòþ òà ä³ÿìåòðîì ñîïåë. Äëÿ çá³ëüøåííÿ 
ïðîäóêòèâíîñòè ñîïëîâîãî ðîçïîðîøóâà÷à éîãî âèãîòîâëÿþòü áà-
ãàòîðÿäíèì (ùî ñêëàäàºòüñÿ ç ê³ëüêîõ ðÿä³â ñîïåë). Ð³äèíà, íàä-
õîäÿ÷è ó ñîïëî, ïðèòèñêàºòüñÿ äî çàäíüî¿ ïî õîäó îáåðòàííÿ ðîç-
ïîðîøóâà÷à ñò³íêè, ³ òîìó îêðóæí³ øâèäêîñò³ ñîïëà òà ð³äèíè º 
îäíàêîâèìè. ²ç âèõîäîì ó ãàçîâå (ïîâ³òðÿíå) ñåðåäîâèùå øâèä-
ê³ñòü ð³äèíè ñêëàäàºòüñÿ ç îêðóæíî¿ ñêëàäîâî¿ øâèäêîñòè òà 
ñêëàäîâî¿ â³äíîñíîãî ðóõó ð³äèíè ïî ñîïëó, ÿêó äëÿ íèçü-
êîâ’ÿçêèõ ð³äèí ìîæíà îáðàòè ð³âíîþ ðàä³ÿëüí³é. 
 Ñîïëîâ³ äèñêè º ïðîñòèìè çà êîíñòðóêö³ºþ, ìàþòü âèñîêó îäè-
íè÷íó ïðîäóêòèâí³ñòü ³ â áàãàòüîõ âèïàäêàõ äàþòü çìîãó îäåðæà-
òè õàðàêòåðèñòèêè ðîçïîðîøåííÿ, ùî çàäîâîëüíÿþòü ïðîìèñëî-
â³ñòü. Îäíàê äð³áíîäèñïåðñíå ðîçïîðîøåííÿ ç ñîïëîâîãî äèñêà 
ìîæíà îäåðæàòè ò³ëüêè çà çíà÷íèõ îêðóæíèõ øâèäêîñòåé (ó 120 
ì/ñ ³ âèùå). Öå â³äáóâàºòüñÿ ç íàñòóïíî¿ ïðè÷èíè. Íà âèõîä³ ³ç 
ñîïëà ñòðóì³íü ð³äèíè (ïîð³âíÿíî âåëèêîãî ä³ÿìåòðà) âçàºìîä³º ç 
íàâêîëèøí³ì ñåðåäîâèùåì (ïîâ³òðÿì, ãàçîì). Ñïî÷àòêó â³í ðîç-
ðèâàºòüñÿ íà îêðåì³ âåëèê³ ôðà´ìåíòè, à ï³ñëÿ ïîâòîðíèõ ðîçäð³-
áíþâàíü ïåðåòâîðþºòüñÿ íà äåäàë³ äð³áí³ø³ êðàïë³. 
 Ñèëà âçàºìîä³¿ ñòðóìåíÿ, ùî âèõîäèòü ³ç ñîïåë ó ãàçîâó ôàçó, 
ïðÿìî ïðîïîðö³éíà øâèäêîñò³ çì³íè ³ìïóëüñó ñòðóìåíÿ òà ëîáî-
âîãî ïåðåð³çó ñòðóìåíÿ. Öÿ âåëè÷èíà ó ñâîþ ÷åðãó ïðîïîðö³éíà 
ä³ÿìåòðó ñîïëà (10 ìì). Òîìó äëÿ äð³áíîäèñïåðñíîãî äðîáëåííÿ 
ñòðóìåíÿ òàêîãî ïåðåð³çó ñòðóì³íü ðîçãàíÿþòü äî øâèäêîñòåé ó 

 

Ðèñ. 1. Ïðèíöèïîâà ñõåìà ñîïëîâîãî (äþçîâîãî) â³äöåíòðîâîãî ðîçïîðî-
øóâà÷à.1 
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120 150 ì/ñ ³ âèùå. Ç ö³º¿ ïðè÷èíè íåäîë³êîì ñîïëîâèõ ðîçïî-
ðîøóâà÷³â º âåëèêå ïèòîìå ñïîæèâàííÿ åíåðã³¿ ó 4–6 êÂò ãîä íà 
òîííó ð³äèíè, ùî ðîçïîðîøóºòüñÿ [3]. 
 ª é äðóãèé âàæëèâèé íåäîë³ê ðîçïîðîøóâà÷³â ñîïëîâîãî òèïó. 
Ä³ÿìåòðè êðàïåëü çà ðîçïîðîøóâàííÿ ðîçïîðîøóâà÷àìè, ùî îáå-
ðòàþòüñÿ, ïðîïîðö³éí³ õàðàêòåðíîìó ðîçì³ðó, çîêðåìà, òîâùèí³ 
ñòðóìåíÿ ð³äèíè. ²ç âèõîäîì ñòðóìåíÿ ð³äèíè ³ç ñîïëà éîãî ïåðå-
ð³ç ó ïëîùèí³, ïåðïåíäèêóëÿðí³é äî ðàä³ÿëüíîãî íàïðÿìó, ìàº 
âèãëÿä ñå´ìåíòà. Òîìó ï³ñëÿ âèõîäó ñòðóìåíÿ â ãàçîâå ñåðåäîâè-
ùå ñïî÷àòêó ðóéíóþòüñÿ éîãî íàéòîíø³ ä³ëÿíêè, à ïîò³ì — äå-
äàë³ òîâñò³ø³. ×åðåç òàê³ îñîáëèâîñò³ äèñïåðñíèé ñêëàä êðàïåëü, 
ùî óòâîðþþòüñÿ ñîïëîâèìè ðîçïîðîøóâà÷àìè, çíàõîäèòüñÿ â äî-
ñòàòíüî øèðîêîìó ³íòåðâàë³ ðîçì³ð³â, ùî äëÿ á³ëüøîñòè ïðîìèñ-
ëîâèõ òåõíîëîã³é º íå´àòèâíèì ÷èííèêîì. 
 Çà àíàë³çè ðîáîòè ñîïëîâèõ äèñê³â ìîæíà âèîêðåìèòè äâ³ îñî-
áëèâîñò³ (ïðîáëåìè). Äëÿ äð³áíîãî äèñïåð´óâàííÿ ñîïëîâèìè ðîç-
ïîðîøóâà÷àìè íåîáõ³äíî çàñòîñîâóâàòè âåëèê³ øâèäêîñò³ îáåð-
òàííÿ ÷åðåç âåëèêó òîâùèíó ñòðóìåíÿ ð³äèíè, ùî âèõîäèòü ³ç 
ñîïëà, ³, îòæå, ñïîæèâàòè âîäíîðàç çíà÷íó ê³ëüê³ñòü åíåðã³¿, à ç 
³íøîãî áîêó ðîçïîðîøåííÿ ð³äèíè º ïðèíöèïîâî ïîë³äèñïåðñíèì. 
Îñíîâíå çàâäàííÿ — ïîíèæåííÿ ïîòóæíîñòè, ùî âèòðà÷àºòüñÿ íà 
äèñïåð´óâàííÿ âåëèêî¿ ê³ëüêîñòè ð³äèíè çà îïòèìàëüíèõ ðîçì³ð³â 
êðàïåëü, — ìîæå áóòè âèð³øåíå ëèøå ç âèð³øåííÿì ïèòàííÿ ïðî 
³ñòîòíå çìåíøåííÿ òîâùèíè ñòðóìåí³â, ùî âèõîäÿòü ó ãàçîâå ñå-
ðåäîâèùå â ìîìåíò ðîçïîðîøóâàííÿ ¿õ. Ö³ºþ ïðîáëåìîþ çàéìà-
ëîñÿ áàãàòî äîñë³äíèê³â ³ òåîðåòèê³â. Äëÿ ðîçðàõóíêó ñåðåäíüîãî 
ä³ÿìåòðà êðàïåëü â³äöåíòðîâèõ ðîçïîðîøóâà÷³â çàïðîïîíîâàíî 
áàãàòî çàëåæíîñòåé. Îäí³ºþ ç òàêèõ ôîðìóë, ÿêà çàñëóãîâóº íà 
óâàãó — ôîðìóëà Ìàðøàëëà [4]. ¯¿ áóëî ³ñòîòíî ìîäåðí³çîâàíî 
Ï³òåðñüêèì [2, 5], ³ çàñòîñîâóºòüñÿ âîíà çà ïðîäóêòèâíîñòè â³ä-
öåíòðîâîãî ðîçïîðîøóâà÷à çà ð³äèíîþ ó ïîíàä 30 ò/ãîä.: 

 
1 33 2 2

32 0,1d q r , (1) 

äå q Q/l — ë³í³éíà ãóñòèíà îá’ºìíî¿ âèòðàòè ð³äèíè, ì3/(ñ ì); l 
— äîâæèíà çìî÷åíîãî ïåðèìåòðà êðîìîê ðîçïîðîøóâà÷à (ñóìàðíà 
øèðèíà ïë³âîê, ùî ðîçïîðîøóþòüñÿ), ì;  — êóòîâà øâèäê³ñòü 
îáåðòàííÿ äèñêà, ñ–1; r — ðàä³þñ îáåðòàííÿ ðîçïîðîøóâàëüíèõ 
êðîìîê ðîçïîðîøóâà÷à, ì. Àíàë³çóþ÷è (1), ìîæíà ïåðåêîíàòèñÿ, 
ùî äëÿ ïîñò³éíîãî ä³ÿìåòðà êðàïåëü d32 äëÿ ð³çíèõ ðîçïîðîøóâà-
÷³â äîáóòîê l ìàº áóòè ïîñò³éíèì (çà îäíàêîâî¿ âèòðàòè Q). 
 Ïîêàçàíî [6], ùî ôîðìóëà (1) çàñòîñîâíà é ó äåùî øèðøîìó 
ä³ÿïàçîí³ ïðîäóêòèâíîñòåé ñîïëîâèõ äèñê³â. Çâ³äñè íàïðîøóºòüñÿ 
âèñíîâîê: ³ñòîòíîãî ïîíèæåííÿ ñïîæèâàíî¿ ïîòóæíîñòè ìîæíà 
äîñÿãòè øëÿõîì ïîíèæåííÿ îáåðò³â äèñêà, ùî ðîçïîðîøóº, çà 
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â³äïîâ³äíîãî çá³ëüøåííÿ äîâæèíè çìî÷åíîãî ïåðèìåòðà. Äëÿ âè-
ð³øåííÿ ö³º¿ ïðîáëåìè íåîáõ³äíî ñòðóì³íü ð³äèíè áóäü-ÿêî¿ ïåð-
âèííî¿ ôîðìè ïåðåòâîðèòè íà ïë³âêó çà ìîæëèâîñòè á³ëüøî¿ øè-
ðèíè. Ç âèð³øåííÿì ïðîáëåìè íèçüêîåíåðãåòè÷íîãî îäåðæàííÿ 
îäíîð³äíî¿ ð³äêî¿ ïë³âêè íà ðîçïîðîøóâà÷àõ, ùî îáåðòàþòüñÿ, 
àâòîìàòè÷íî âèð³øèòüñÿ äðóãà ïðîáëåìà â³äöåíòðîâèõ ðîçïîðî-
øóâà÷³â — îäåðæàííÿ ÿê³ñíîãî ðîçïîðîøåííÿ, òîáòî îäåðæàííÿ 
á³ëüø ìîíîäèñïåðñíèõ êðàïåëü. Îáãîâîðèìî ç ö³º¿ òî÷êè çîðó 
á³ëüø ïðèäàòí³ êîíñòðóêö³¿ ðîçïîðîøóâà÷³â, ùî îáåðòàþòüñÿ, 
äëÿ âèð³øåííÿ ïîñòàâëåíî¿ ïðîáëåìè — ëîïàòåâ³ (ù³ëèíí³) ðîç-
ïîðîøóâà÷³ [3]. 
 Ïðèíöèïîâó ñõåìó êîíñòðóêö³¿ ëîïàòåâîãî â³äöåíòðîâîãî ðîç-
ïîðîøóâà÷à ïîêàçàíî íà ðèñ. 2. Ëîïàòåâèé ðîçïîðîøóâà÷ âêëþ-
÷àº â ñåáå öèë³íäðè÷íèé êîðïóñ 1 — âëàñíå äèñê, ÿêèé êð³ïèòüñÿ 
íà âàëó 4. Íà ïåðèôåð³¿ äèñêà ðîçòàøîâàí³ ïëàñê³ ëîïàò³ 2. Íà 
ïåâí³é â³ääàë³ â³ä îñ³ îáåðòàííÿ ðîçòàøîâóþòüñÿ êàíàëè àáî ³íø³ 
åëåìåíòè ââ³äíîãî ïðèñòðîþ 3. ×åðåç ââ³äíèé ïðèñòð³é 3 ð³äèíà 
íàäõîäèòü âñåðåäèíó êîðïóñó 1 ³ á³ëüø-ìåíø ð³âíîì³ðíî ðîçïîä³-
ëÿºòüñÿ ïåðåä íàäõîäæåííÿì íà ëîïàò³ 2. 
 Íà ïî÷àòêó ðóõó ð³äèíè, ÿêà íàäõîäèòü ó äèñê, ùî îáåðòàºòü-
ñÿ, ä³º, êð³ì ´ðàâ³òàö³éíî¿ ñèëè, ñèëà â’ÿçêîãî òåðòÿ, çà äîïîìî-
ãîþ ÿêî¿ âîíà ðîçêðó÷óºòüñÿ, ðîçãàíÿºòüñÿ òà ïåðåì³ùàºòüñÿ â 
íàïðÿìêó ëîïàò³. Íà ëîïàò³ ð³äèíà ïåðåáóâàº ï³ä ä³ºþ â³äöåíòðî-
âî¿ òà Êîð³îë³ñîâî¿ ñèë. Ïîçäîâæíÿ ñêëàäîâà â³äöåíòðîâî¿ ñèëè 
ðîçãàíÿº ñòðóì³íü ð³äèíè âçäîâæ ëîïàò³. Ïîçäîâæíÿ ñêëàäîâà 
øâèäêîñòè åëåìåíò³â ð³äèíè (òèïó âîäè) âçäîâæ ëîïàò³ íàáëèæà-
ºòüñÿ äî îêðóæíî¿ øâèäêîñòè â³äïîâ³äíèõ òî÷îê ëîïàò³. 
 Êîð³îë³ñîâà ñèëà òà íîðìàëüíà ñêëàäîâà â³äöåíòðîâî¿ ñèëè 
ñïðè÷èíÿþòü ïîÿâó îñüîâî¿ ñêëàäîâî¿ øâèäêîñòè åëåìåíò³â ð³äêî¿ 

 

Ðèñ. 2. Ïðèíöèïîâà ñõåìà êîíñòðóêö³¿ ëîïàòåâîãî â³äöåíòðîâîãî ðîçïî-
ðîøóâà÷à.2 
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ïë³âêè, ùî ïðèâîäèòü äî ðîçò³êàííÿ ïë³âêè â îñüîâîìó íàïðÿì-
êó. Ñóìàðíà ä³ÿ öèõ ñèë ïåðåòâîðþº ñòðóì³íü ð³äèíè íà ëîïàò³, 
ùî îáåðòàºòüñÿ, â òîíêó ïë³âêó. Äëÿ çìåíøåííÿ ã³äðàâë³÷íîãî 
óäàðó òà äîäàòêîâîãî ïîë³ïøåííÿ ðîçïîä³ëó ð³äèíè â ì³ñöÿõ âõî-
äó ð³äèíè íà ëîïàò³ âñòàíîâëþþòü íàïðÿìí³ åëåìåíòè. 
 Ç ìåòîþ çá³ëüøåííÿ îäèíè÷íî¿ ïðîäóêòèâíîñòè ëîïàòåâîãî äè-
ñêà áåç çì³íè ÿêîñòè ðîçïîðîøåííÿ òà ä³ÿìåòðà äèñêà çàïðîïîíî-
âàíî êîíñòðóêö³¿ áàãàòîÿðóñíèõ äèñê³â. Âñ³ ö³ é ³íø³ «õèòðîù³», 
íà æàëü, íå äàþòü ïîì³òíîãî åôåêòó. ² âñå öå — ÷åðåç âåëèêó òó-
ðáóëåíòí³ñòü ïîòîêó ð³äèíè â ìîìåíò ¿¿ âõîäó íà ëîïàòü, îñîáëèâî 
â áàãàòîÿðóñíèõ äèñêàõ. Òîìó, çäàâàëîñÿ á, ùî, çã³äíî ç (1), äî-
ñÿãíóòî âåëèêó äîâæèíó çìî÷åíîãî ïåðèìåòðà, ùî òåîðåòè÷íî 
óìîæëèâëþº îäåðæàòè äð³áíîäèñïåðñíå ðîçïîðîøåííÿ, àëå ïîá³-
÷í³ åôåêòè çâîäÿòü ðåçóëüòàò íàí³âåöü. 

3. ÎÑÎÁËÈÂÎÑÒ² ÐÓÕÓ Ð²ÄÈÍÈ ²Ç ÂÈÕÎÄÎÌ ¯¯ 
Ç ÐÎÇÏÎÐÎØÓÂÀ×À 

Ðîçãëÿíåìî äåÿê³ âàæëèâ³ ïèòàííÿ ïîâåä³íêè ð³äèíè âñåðåäèí³ 
öèë³íäðè÷íèõ îáîëîíîê, ùî îáåðòàþòüñÿ, ÿêùî ¿õí³ îñ³ ñèìåòð³¿ 
çá³ãàþòüñÿ ç íåðóõîìîþ ó ïðîñòîð³ âåðòèêàëüíîþ â³ññþ îáåðòàí-
íÿ. Íåõàé íåðóõîìà ð³äèíà çíàõîäèòüñÿ ó íåðóõîì³é âåðòèêàëüíî 
âñòàíîâëåí³é îáîëîíö³ àáî îáè÷àéö³ òà íàäõîäèòü ó á³÷íèé îòâ³ð 
(ñîïëî, êðóãëèé àáî ³íøî¿ ôîðìè îòâ³ð). Îá’ºìíà âèòðàòà Q ð³äè-
íè ÷åðåç îòâ³ð âèçíà÷àºòüñÿ çà â³äîìèì ç ã³äðîäèíàì³êè ð³âíÿí-
íÿì [7, 8]: 

 
2P

Q S , (2) 

äå S — ïåðåð³ç îòâîðó â ïëîùèí³, ïåðïåíäèêóëÿðí³é íàïðÿìêó 
øâèäêîñòè âèòîêó; P — òèñê ïåðåä îòâîðîì âèòîêó;  ³ — êîå-
ô³ö³ºíòè âèòðàòè. 
 Êîåô³ö³ºíòè âèòðàòè âèçíà÷àþòüñÿ ôîðìîþ, ðîçì³ðàìè îòâîðó 
âõîäó ð³äèíè, íàïîðîì ³ ô³çè÷íèìè âëàñòèâîñòÿìè ñàìî¿ ð³äèíè 
(â’ÿçê³ñòþ, ïîâåðõíåâèì íàòÿãîì), à òàêîæ, ùî âàæëèâî, ã³äðî-
äèíàì³÷íîþ îáñòàíîâêîþ â ìîìåíò íàäõîäæåííÿ ð³äèíè â áîêî-
âèé îòâ³ð ó öèë³íäðè÷í³é îáè÷àéö³. Êîåô³ö³ºíò  — öå òàê çâà-
íèé êîåô³ö³ºíò øâèäêîñòè, ÿêèé âðàõîâóº ðîçïîä³ë øâèäêîñòåé 
ïî ïåðåð³çó ñòðóìåíÿ,  — êîåô³ö³ºíò ñòèñíåííÿ, ùî âèçíà÷àºòü-
ñÿ â³äíîøåííÿì íîðìàëüíîãî ïåðåð³çó ñòðóìåíÿ S0, ùî âèò³êàº ç 
îòâîðó, äî íîðìàëüíîãî ïåðåð³çó S îòâîðó âèò³êàííÿ: 

 0S

S
. (3) 
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 Äëÿ íåðóõîìèõ îáè÷àéîê êîåô³ö³ºíòè âèòðàòè âèçíà÷àþòüñÿ 
íàïîðîì ð³äèíè, ïîëîæåííÿì ïë³âêîóòâîðþâà÷à òà òóðáóëåíòí³ñ-
òþ ïîòîêó (Ðåéíîëüäñîâèì ÷èñëîì Re). Çà îáåðòàííÿ îáîëîíêè 
â³äíîñíî ð³äèíè, ùî çíàõîäèòüñÿ âñåðåäèí³ ö³º¿ îáîëîíêè, êàðòè-
íà âèò³êàííÿ ÷åðåç á³÷íèé îòâ³ð ó ñàì³é îáîëîíö³ ³ñòîòíî çì³íþ-
ºòüñÿ. Âïåðøå òàêå çàâäàííÿ ðîçãëÿäàëîñÿ ó çàñòîñóâàíí³ 
öåíòðèôó´ Á. Ã. Õîë³íèì ³ Î. ². ²íîçåìöåâèì. Äëÿ àíàë³òè÷íîãî 
âèçíà÷åííÿ êîåô³ö³ºíò³â âèòðàòè ó ðàç³ îáåðòîâî¿ îáè÷àéêè ðîç-
ïîðîøóâà÷à âèêîðèñòîâóºòüñÿ ð³âíÿííÿ Íàâ’º–Ñòîêñà â öèë³íä-
ðè÷í³é ñèñòåì³ êîîðäèíàò, æîðñòêî ïîâ’ÿçàí³é ç îáè÷àéêîþ, ùî 
îáåðòàºòüñÿ, ³ ð³âíÿííÿ íåðîçðèâíîñòè ñòðóìåíÿ [9]: 

2 2

2 2

1 r rr r
r

u uPu u uu
r r r r r r r

, 

2

2 2
r

r

u u u uu uu
r r r r r r

, 

 
1

0
P

g
z

, 0.rru u
r r

  (4) 

Òóò ur — ðàä³ÿëüíà ñêëàäîâà øâèäêîñòè ð³äèíè, à u — òàí´åí-
ö³éíà (îêðóæíà) ñêëàäîâà øâèäêîñòè ð³äèíè; ,  — ãóñòèíà òà 
ê³íåìàòè÷íà â’ÿçê³ñòü ð³äèíè. Êîîðäèíàòó z ñïðÿìîâàíî âçäîâæ 
îñ³ îáåðòàííÿ. 
 Äëÿ ñêëàäîâî¿ êîåô³ö³ºíòà âèòðàòè  ðîçâ’ÿçàííÿ äàíî¿ ñèñòå-
ìè í³÷îãî íîâîãî íå äàº. Òà öå é çðîçóì³ëî ç ñóòî ô³çè÷íèõ ì³ð-
êóâàíü, òîìó ùî  âèçíà÷àºòüñÿ ëèøå ñòàíîì ðóõó ð³äèíè, òîáòî 
÷èñëîì Re ³, îòæå, çà Re const îäíàêîâå äëÿ âñ³õ ð³äèí. ²íøà 
ñèòóàö³ÿ — ç êîåô³ö³ºíòîì ñòèñíåííÿ ñòðóìåíÿ (3). Ó äàíîìó 
âèïàäêó â³í âèçíà÷àºòüñÿ â îáè÷àéö³, ùî îáåðòàºòüñÿ ç äåÿêîþ íå 
ð³âíîþ íóëþ â³äíîñíîþ øâèäê³ñòþ, çà â³äíîøåííÿì äî êóòîâî¿ 
øâèäêîñòè îáåðòàííÿ ñóö³ëüíî¿ ð³äèíè. 
 Íåõàé öèë³íäðè÷íà îáè÷àéêà òà ð³äèíà ìàþòü çàãàëüíó â³ñü 
îáåðòàííÿ, ùî çá³ãàºòüñÿ ç â³ññþ êîîðäèíàò Oz. ßêùî îêðóæíà 
øâèäê³ñòü îáåðòàííÿ îáîëîíêè é îêðóæíà øâèäê³ñòü ð³äèíè ó 
ì³ñöÿõ çàê³í÷åííÿ îñòàííüî¿ äîð³âíþþòü îäíà îäí³é, ¿õíÿ â³äíîñ-
íà øâèäê³ñòü äîð³âíþº íóëþ. Çà òàêî¿ ñèòóàö³¿ ð³äèíà íàäõîäèòü 
â îòâîðè ç òàêèì ñàìèì çíà÷åííÿì , ÿê ³ ó âèïàäêó àáñîëþòíî 
íåðóõîìèõ ð³äèíè é îáè÷àéêè. 
 Íåõàé ó îáè÷àéêó ç ãëàäêèìè âíóòð³øí³ìè ñò³íêàìè ðàä³þñà 
R1, ùî îáåðòàºòüñÿ ç êóòîâîþ øâèäê³ñòþ , íàäõîäèòü íà ðàä³þ-
ñ³ R0 ð³äèíà, ùî íå îáåðòàºòüñÿ. Ð³äèíà ÷åðåç ñèëè â’ÿçêîñòè ïî-
÷èíàº çàêðó÷óâàòèñÿ, îáåðòàòèñÿ. Ìàêñèìàëüíà êóòîâà øâèäê³ñòü 
îáåðòàííÿ ð³äèíè  çàëåæèòü [9] â³ä â³äíîñíî¿ â³ääàë³ â³ä îñ³ îáå-
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ðòàííÿ òà Re, îá÷èñëåíîãî çà â³äíîñíîþ øâèäê³ñòþ ì³æ øâèäê³ñ-
òþ îáè÷àéêè òà øâèäê³ñòþ øàð³â ð³äèíè, ùî çíàõîäÿòüñÿ â áåç-
ïîñåðåäí³é áëèçüêîñò³ â³ä ïîâåðõí³ îáè÷àéêè. Çà ðàä³þñà íàäõî-
äæåííÿ ð³äèíè R0 0 êóòîâà øâèäê³ñòü  ð³äèíè íà â³ääàë³ r â³ä 
îñ³ îáåðòàííÿ, ÿê ïîêàçàíî â çàçíà÷åí³é ðîáîò³, äîð³âíþº 

1
1

Re
r

R
, 

à â³äïîâ³äíà îêðóæíà øâèäê³ñòü öèõ åëåìåíò³â ð³äèíè äîð³âíþº 

 1
1

Re
r

u r r
R

, (5) 

äå r — ïîòî÷íà öèë³íäðè÷íà êîîðäèíàòà åëåìåíòó ð³äèíè; R1 — 
ðàä³þñ âíóòð³øíüî¿ ïîâåðõí³ öèë³íäðà îáè÷àéêè; êîìïëåêñ 

1Re QR  — Ðåéíîëüäñîâå ÷èñëî â ðàä³ÿëüíîìó íàïðÿìêó ðóõó 
ð³äèíè â ìîìåíò âõîäó ¿¿ â îòâ³ð îáè÷àéêè. 
 ßê ïîêàçàíî â [9], çà âñ³õ R0 0 êóòîâà øâèäê³ñòü  ³, â³äïîâ³-
äíî, u  ìåíøà, í³æ çà (5), òîáòî îáåðòàííÿ ð³äèíè â ðåàëüíèõ 
óìîâàõ â³äñòàº â³ä øâèäêîñòè îáåðòàííÿ öèë³íäðè÷íî¿ îáè÷àéêè, 
äëÿ ÿêî¿ îêðóæíà øâèäê³ñòü u âíóòð³øíüî¿ ïîâåðõí³ îáè÷àéêè 
çàâæäè äîð³âíþº u 1R1. Ç öüîãî âèïëèâàº, ùî, ÿêùî ð³äèíà 
âñåðåäèí³ îáåðòîâî¿ ãëàäêî¿ îáè÷àéêè ìàº êóòîâó øâèäê³ñòü îáåð-
òàííÿ ³íøó, í³æ êóòîâà øâèäê³ñòü âíóòð³øí³õ ñò³íîê îáè÷àéêè, â 
öèõ óìîâàõ êîåô³ö³ºíò ñòèñíåííÿ ñòðóìåíÿ, ùî âèò³êàº ç áîêîâî-
ãî îòâîðó òà, â³äïîâ³äíî, îá’ºìíà âèòðàòà Q äîð³âíþþòü 
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äå S — ïåðåð³ç á³÷íîãî îòâîðó äëÿ âèò³êàííÿ ð³äèíè, P — ïîâíèé 
òèñê ð³äèíè ïåðåä îòâîðîì âèò³êàííÿ, 1 ³ 2 — êîåô³ö³ºíòè ê³-
íåòè÷íî¿ åíåðã³¿ çà Êîð³îë³ñîì äëÿ ð³äèí òèïó âîäè ( 1),  — êî-
åô³ö³ºíò ì³ñöåâîãî îïîðó â òî÷êàõ âèò³êàííÿ äëÿ ð³äèí òèïó âîäè 
( 0). ßêùî ð³äèíà º íåðóõîìîþ ùîäî ëàáîðàòîðíî¿ ñèñòåìè â³ä-
ë³êó, òî îá’ºìíà âèòðàòà ð³äèíè ÷åðåç á³÷íèé îòâ³ð ó îáè÷àéö³, 
ùî îáåðòàºòüñÿ, çã³äíî ç (6), äîð³âíþº 

 
1 1

SP
Q

R
, (7) 

îñê³ëüêè ïîâíèé òèñê P º íåçíà÷íèì ó ïîð³âíÿíí³ ç ( 1R1)
2, ³ íèì 

ï³ä êîðåíåì ó çíàìåííèêó âèðàçó (6) ìîæíà íåõòóâàòè. 
 Â³äíîñíà øâèäê³ñòü u  (øâèäê³ñòü îáè÷àéêè ùîäî ð³äèíè) çà 
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âèêîíàííÿ ö³º¿ óìîâè çã³äíî ç (5) íàáëèæàºòüñÿ äî ë³í³éíî¿ òàí-
´åíö³éíî¿ (îêðóæíî¿) øâèäêîñòè âíóòð³øíüî¿ ïîâåðõí³ îáè÷àéêè, 
ùî îáåðòàºòüñÿ: 1 1u u R . Â³äïîâ³äíî äî (6), êîåô³ö³ºíò âè-
òðàòè  ð³äèíè ç³ çá³ëüøåííÿì â³äíîñíî¿ øâèäêîñòè ì³æ øàðàìè 
ð³äèíè òà âíóòð³øíüîþ ïîâåðõíåþ îáè÷àéêè çìåíøóºòüñÿ. Çâ³äñè 
âèïëèâàº, ùî, ÷èì øâèäøå îáåðòàºòüñÿ îáè÷àéêà (  ç ð³-
äèíîþ, ùî íå îáåðòàºòüñÿ âñåðåäèí³, òèì, â³äïîâ³äíî äî (6) ³ (7), 
ìåíøîþ º âèòðàòà ¿¿ ÷åðåç á³÷íèé îòâ³ð â îáè÷àéö³. Îñê³ëüêè ðå-
àëüíà ð³äèíà âñå-òàêè îáåðòàºòüñÿ, òî â³äíîñíà øâèäê³ñòü ì³æ 
øàðàìè ð³äèíè òà ïîâåðõíåþ îáè÷àéêè, ùî îáåðòàºòüñÿ, çìåíøó-
ºòüñÿ, à êîåô³ö³ºíò ñòèñíåííÿ  ð³äèíè ñòàº ³íøèì. Òîìó ìîæíà 
ñòâåðäæóâàòè, ùî âåëè÷èíà çàãàëüíîãî êîåô³ö³ºíòà âèòðàòè çà 
âèò³êàííÿ ð³äèíè ç áîêîâîãî îòâîðó â îáè÷àéö³, ùî îáåðòàºòüñÿ, º 
³íøîþ â ïîð³âíÿíí³ ç âåëè÷èíîþ êîåô³ö³ºíòà âèòðàòè çà âèò³êàí-
íÿ íåðóõîìî¿ ð³äèíè ç íåðóõîìî¿ îáè÷àéêè. 
 Ó ðîáîò³ [9] ïîêàçàíî, ùî ç³ çìåíøåííÿì â³äíîñíî¿ øâèäêîñòè 
îáè÷àéêè òà ð³äèíè êîåô³ö³ºíò  ïðîõîäèòü ÷åðåç ì³í³ìóì, à öå 
îçíà÷àº, ùî ïëîùà ïåðåð³çó ñòðóìåíÿ, ùî âèõîäèòü ç îòâîðó îáè-
÷àéêè, ìîæå áóòè çíà÷íî ìåíøîþ, í³æ ïëîùà ïåðåð³çó îòâîðó. 
Â³äïîâ³äíî, îá’ºìíà âèòðàòà ð³äèíè Q çà ïåðåðàõîâàíèõ óìîâ ÷å-
ðåç ñîïëî àáî ³íøó íàñàäêó â á³÷íîìó îòâîð³ îáè÷àéêè ìîæå ìàòè 
çíà÷íî ìåíøó âåëè÷èíó, í³æ ó ðàç³ â³äíîñíèõ øâèäêîñòåé, ùî 
íàáëèæàþòüñÿ äî íóëÿ. ² ùî îñîáëèâî äèâíî: â³äíîñíå çìåíøåííÿ 
âèòðàòè ñïîñòåð³ãàºòüñÿ á³ëüøîþ ì³ðîþ çà âåëèêèõ ä³ÿìåòð³â 
îòâîð³â âèò³êàííÿ, í³æ çà ìàëèõ. Òàêèé òåîðåòè÷íèé âèñíîâîê 
çàðåºñòðîâàíèé ïðÿìèìè ñïîñòåðåæåííÿìè (ðèñ. 3). 
 Íà ðèñóíêó 3 çàðåºñòðîâàíî ñòèñê ñòðóìåíÿ ð³äèíè òèïó âîäè, 
ùî âèõîäèòü ç öèë³íäðè÷íî¿ îáè÷àéêè, ÿêà îáåðòàºòüñÿ, ÷åðåç 
ëîïàòåâ³ êàíàëè íà ïëàñêèé ïë³âêîóòâîðþâà÷ (äèñê ä³ÿìåòðîì ó 

 

Ðèñ. 3. Ñòèñíåííÿ ñòðóìåíÿ, ùî âèò³êàº ç êàíàë³â ëîïàòåâîãî ðîçïîðî-
øóâà÷à.3 
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270 ìì, îáîðîòè äèñêà — 2800 îá/õâ). Íà ôîòî âèäíî, ùî ð³äèíà, 
ÿêà âèò³êàº ç êàíàëó â îáè÷àéö³, ëèøå ÷àñòêîâî çàïîâíþº éîãî. 
Öå ñâ³ä÷èòü ïðî òå, ùî êîåô³ö³ºíò ñòèñíåííÿ  â öüîìó âèïàäêó º 
ìåíøèì çà îäèíèöþ. 
 Íàâåäåí³ ôîòîãðàô³¿ º åêñïåðèìåíòàëüíèì ï³äòâåðäæåííÿì 
ñòèñíåííÿ ñòðóìåíÿ ï³ä ÷àñ ðîáîòè áóäü-ÿêîãî â³äöåíòðîâîãî ðîç-
ïîðîøóâà÷à. Ðåàëüíèé ñòèñê ñòðóìåí³â ð³äèíè ïîòð³áíî âðàõîâó-
âàòè òà âèêîðèñòîâóâàòè. Â³í çíàéøîâ ³íæåíåðíå çàñòîñóâàííÿ 
äëÿ êîíñòðóþâàííÿ ðîçïîðîøóâà÷³â. 
 Íà ðèñóíêó 4 ïîêàçàíî ðîçïîä³ë ñåðåäíüî¿ òîâùèíè ïë³âêè ïî 
âèñîò³ êàíàëó çà ð³çíèõ ÷àñòîò îáåðòàííÿ äèñêó òà ïîñò³éíî¿ âè-
òðàòè ð³äèíè. Åêñïåðèìåíò ïðîâîäèëè ç äèñêîì, ùî ìàº ä³ÿìåòåð 
d 270 ìì, ê³ëüê³ñòü êàíàë³â — 16, âèñîòó êàíàë³â — H 25 ìì, 
øèðèíó êàíàë³â — b 25 ìì. Õàðàêòåðèñòèêà ð³äèíè, ùî ðîçïî-
ðîøóºòüñÿ: òåõí³÷íà âîäà ê³ìíàòíî¿ òåìïåðàòóðè, âèòðàòà ð³äèíè 
— Q 0,4 ì3/ãîä. 
 Àíàë³çóþ÷è îäåðæàí³ ðåçóëüòàòè, ðîáèìî âèñíîâêè, ùî ç³ çá³-
ëüøåííÿì ÷àñòîòè îáåðòàííÿ òîâùèíà ïë³âêè íà âèõîä³ ç êàíàë³â 
äèñêó ñòàº ìåíøîþ. Òàêîæ ç ðèñóíê³â ïîì³òíî, ùî ð³äèíà çàïîâ-
íþº êàíàë ïî âèñîò³ íåð³âíîì³ðíî, à ï³ê òîâùèíè ïë³âêè çì³ùó-
ºòüñÿ ç³ çì³íîþ ÷àñòîòè îáåðòàííÿ. Òàêà íåð³âíîì³ðí³ñòü ³ñòîòíî 
âïëèâàº íà äèñïåðñí³ñòü ðîçïîðîøåííÿ. Äëÿ äîñÿãíåííÿ á³ëüø 
ÿê³ñíîãî ðîçïîðîøåííÿ ð³äèíè ïîòð³áíî ïðàãíóòè îäåðæàòè ðå-
çóëüòàò, çà ÿêîãî òîâùèíà ïë³âêè áóäå îäíàêîâîþ ïî âñ³é âèñîò³ 
êàíàëó. 
 ßêùî âèòðàòó ð³äèíè çì³íèòè, òî õàðàêòåð ñåðåäíüî¿ òîâùèíè 
ïë³âêè òàêîæ çì³íèòüñÿ. Íà ðèñóíêó 5 ïîêàçàíî ðîçïîä³ë ñåðåä-
íüî¿ òîâùèíè ïë³âêè ïî âèñîò³ êàíàëó çà ÷àñòîòè îáåðòàííÿ äèñ-
êó ó 3000 îá/õâ ³ âèòðàòè ð³äèíè Q 1 ì3/ãîä. Ç³ çá³ëüøåííÿì 
âèòðàòè ð³äèíè òîâùèíà ïë³âêè ñòàº á³ëüø ð³âíîì³ðíîþ ïî âèñîò³ 
êàíàëó, àëå âñå ùå íåäîñêîíàëîþ, õî÷à ³ ïîë³ïøóº äèñïåðñí³ñòü 
ðîçïîðîøåííÿ. 
 Ï³ä ÷àñ ïðîºêòóâàííÿ êîíñòðóêö³¿ ðîçïîðîøóâà÷à òðåáà çâàæà-
òè íà áàãàòî ÷èííèê³â, ùîá äîñÿãòè îïòèìàëüíîãî ðåçóëüòàòó äè-
ñïåðñíîñòè ðîçïîðîøåííÿ. Íà öå âïëèâàº íå ò³ëüêè êîíñòðóêö³ÿ 
ñàìîãî ðîçïîðîøóâàëüíîãî äèñêó, à é ÷àñòîòà îáåðòàííÿ, óìîâè 
ðîáîòè, õàðàêòåðèñòèêà ð³äèíè, ùî ðîçïîðîøóºòüñÿ, òà ³íøå. 
 Íà ðèñóíêó 6 ïîêàçàíî ñõåìó îäí³º¿ ç íàéïðîñò³øèõ êîíñòðóê-
ö³é â³ÿëîâîãî ðîçïîðîøóâà÷à, ùî äîáðå ïðàöþº â ïðîìèñëîâîñò³. 
Â³ÿëîâèé ðîçïîðîøóâà÷ ñêëàäàºòüñÿ ç îáè÷àéêè, ùî îáåðòàºòüñÿ, 
— êîðïóñó 1, ç’ºäíàíîãî ç âàëîì 2. Â îáè÷àéö³ 1 ïåðåäáà÷åíî 
îòâîðè 3 äëÿ âèòîêó ð³äèíè, ïîðó÷ ç ÿêèìè ïðèêð³ïëåíî ïëàñê³ 
ïëàñòèíè-ïë³âêîóòâîðþâà÷³ 4, ðîçòàøîâàí³ â³ÿëîì (çâ³äñè é íàçâà 
òèïó ðîçïîðîøóâà÷³â — â³ÿëî). Ð³äèíà ÷åðåç çàëèâíó òðóáó 5 àáî 
³íøèé ïðèñòð³é ïîäàºòüñÿ â îáè÷àéêó 1, â ÿê³é âîíà çàêðó÷óºòü-
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ñÿ ï³ä ä³ºþ ñèë â’ÿçêîãî òåðòÿ òà ï³äí³ìàºòüñÿ äî îòâîð³â 3 â îáè-
÷àéö³ 1 ³ ÷åðåç íèõ âèõîäèòü íà â³ÿëîâ³ ïëàñòèíêè. 
 Â³ÿëîâèé ðîçïîðîøóâà÷ ïðàöþº òàê. Êîæåí ñòðóì³íü ð³äèíè, 
ùî âèò³êàº ç îòâîðó 3, ðîçò³êàºòüñÿ ïî â³ÿëîâèõ ïëàñòèíàõ, ïåðå-
òâîðþþ÷èñü íà îäèíî÷íó ïë³âêó ð³äèíè. Îòâîðè 3 ïî âèñîò³ ðîç-

 

 

 

Ðèñ. 4. Ðîçïîä³ë ñåðåäíüî¿ òîâùèíè ïë³âêè ïî âèñîò³ êàíàëó çà Q 0,4 
ì3/ãîä ³ n 2000 îá/õâ, n 3000 îá/õâ, n 3600 îá/õâ (â³äïîâ³äí³ ðèñó-
íêè ðîçòàøîâàíî çãîðè óíèç).4 
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òàøîâóþòü òàê, ùîá îêðåì³ ïë³âêè ð³äèíè íà â³ÿëîâ³é ïëàñòèí³-
ïë³âêîóòâîðþâà÷³ âñòèãëè çëèòèñÿ (îá’ºäíàòèñÿ) ó ñóö³ëüíó òîíêó 
íåïåðåðâíó ïë³âêó âåëèêî¿ ñóìàðíî¿ äîâæèíè. Ïë³âêà ð³äèíè, 
çðèâàþ÷èñü ³ç â³ÿëîâèõ ïëàñòèí ³ ïîòðàïëÿþ÷è â ãàçîâå ñåðåäî-
âèùå, ³íòåíñèâíî ðîçïîðîøóºòüñÿ. Ñàìå óòâîðåííÿ òîíêî¿ ïë³âêè 
âåëèêî¿ øèðèíè çàáåçïå÷óº âèñîêèé åíåðãåòè÷íèé êîåô³ö³ºíò êî-
ðèñíî¿ ä³¿ äèñïåð´óâàííÿ ð³äèí â³ÿëîâèìè ðîçïîðîøóâà÷àìè. 
 Â³ÿëîâ³ ðîçïîðîøóâà÷³ óñï³øíî ïðàöþþòü, íàïðèêëàä, ó ïèëî-
âëîâëþâàëüíèõ óñòàíîâêàõ ó õåì³÷í³é ³ õàð÷îâ³é ïðîìèñëîâîñ-
òÿõ, ÷îðí³é ìåòàëóð´³¿, â àáñîðáö³éíèõ ñêðóáåðàõ äëÿ ïðîâåäåííÿ 
õåì³÷íèõ ðåàêö³é ³ â óñòàíîâêàõ äëÿ ³íøèõ ö³ëåé. Ïåðåâàãîþ â³-
ÿëîâèõ ðîçïîðîøóâà÷³â º òå, ùî ¿õí³ îòâîðè âèò³êàííÿ º ïîð³âíÿ-
íî âåëèêèìè, íàïðèêëàä, ó 10 ìì ³ á³ëüøå, òà äàþòü ìîæëèâ³ñòü 
âèêîðèñòîâóâàòè äëÿ ðîçïîðîøåííÿ çàáðóäíåí³ ð³äèíè. Êð³ì òî-
ãî, çà äîïîìîãîþ â³ÿëîâèõ ðîçïîðîøóâà÷³â º ìîæëèâ³ñòü îäåðæà-
òè ðîçïîðîøåííÿ, áëèçüêå äî ìîíîäèñïåðñíîãî (çà ðàõóíîê ïåðåò-
âîðåííÿ ñòðóìåí³â ð³äèíè íà ïë³âêè âåëèêî¿ øèðèíè òà ìàéæå 

 

Ðèñ. 5. Ðîçïîä³ë ñåðåäíüî¿ òîâùèíè ïë³âêè ïî âèñîò³ êàíàëó (Q 1 
ì3/ãîä ³ n 3000 îá/õâ).5 

 

Ðèñ. 6. Ïðèíöèïîâà ñõåìà â³ÿëîâîãî ðîçïîðîøóâà÷à.6 



330 Ï. ª. ÒÐÎÔÈÌÅÍÊÎ, Ì. Â. ÍÀÉÄÀ, Î. Â. ÕÎÌÅÍÊÎ òà ³í. 

ïîñò³éíî¿ òîâùèíè). 

4. ÂÈÑÍÎÂÊÈ 

Äèñïåð´óâàííÿ ð³äèí ðîçïîðîøóâà÷àìè, ùî îáåðòàþòüñÿ, º îäíèì 
ç íàéåôåêòèâí³øèõ ìåòîä³â îäåðæàííÿ ãîìîãåííî¿ äèñïåðñíî¿ ñè-
ñòåìè. Ó ö³é ñòàòò³ ðîçãëÿíóòî ïðèíöèï ðîáîòè òàêèõ ðîçïîðî-
øóâà÷³â ³ çàñòîñóâàííÿ ¿õ äëÿ äèñïåð´óâàííÿ ð³äèí ó ð³çíèõ ãà-
ëóçÿõ íàóêè òà òåõí³êè. Ìè òàêîæ ïðîàíàë³çóâàëè ïåðåâàãè òà 
íåäîë³êè öüîãî ìåòîäó, à òàêîæ éîãî ìîæëèâîñò³ äëÿ âèð³øåííÿ 
ïðàêòè÷íèõ çàâäàíü. Ä³çíàëèñÿ, ÿê³ ïàðàìåòðè ðîçïîðîøóâà÷³â 
âïëèâàþòü íà ÿê³ñòü äèñïåð´óâàííÿ, ³ ÿê ïðàâèëüíî ï³ä³áðàòè ðî-
çïîðîøóâà÷ äëÿ äîñÿãíåííÿ ïîòð³áíîãî ðåçóëüòàòó. 
 Ïîêàçàíî, ùî ïîòð³áí³ íîâ³ ï³äõîäè äî êîíñòðóþâàííÿ ðîçïî-
ðîøóâà÷³â âåëèêî¿ îäèíè÷íî¿ ïîòóæíîñòè. Äëÿ îá´ðóíòóâàííÿ ¿õ 
ñë³ä ïðîâîäèòè ïðèíöèïîâ³ òåîðåòè÷í³ äîñë³äæåííÿ, à ç ìåòîþ 
êîðåêö³¿ ðåçóëüòàò³â òåîðåòè÷íó àíàë³çó íåîáõ³äíî ðåòåëüíî ïåðå-
â³ðÿòè òà êîðè´óâàòè ëàáîðàòîðíèìè òà ïðîìèñëîâèìè äîñë³-
äæåííÿìè. Ñåðåä íèõ ïåðøî÷åðãîâèìè òà âàæëèâèìè äëÿ ðîçïî-
ðîøóâà÷³â, ùî îáåðòàþòüñÿ, º: 
— ïî-ïåðøå, ç’ÿñóâàííÿ òà âèâ÷åííÿ óìîâ âõîäó ð³äèíè íà ëî-
ïàòü ³ âïëèâ öèõ ïðîöåñ³â íà ïðîäóêòèâí³ñòü òà ³íø³ õàðàêòåðèñ-
òèêè ðîçïîðîøóâà÷³â; 
— ïî-äðóãå, âñåá³÷í³ òåîðåòè÷í³ é åêñïåðèìåíòàëüí³ äîñë³äæåííÿ 
ôîðìóâàííÿ ð³äèíè íà ëîïàò³, ùî îáåðòàºòüñÿ, òîáòî ïåðåòâîðåí-
íÿ íåîðãàí³çîâàíîãî ïîòîêó ð³äèíè â óïîðÿäêîâàíèé îäíîð³äíèé 
ïë³âêîâèé ðóõ ç íàéìåíøèìè âèòðàòàìè åíåðã³¿, òà, â ïåðøó ÷åð-
ãó, âèâ÷åííÿ âïëèâó ôîðìè òà øâèäêîñòåé ðóõó ëîïàò³ íà ïàðà-
ìåòðè ïåðåòâîðåííÿ ð³äèíè ó äîáðå îðãàí³çîâàíèé òîíêîïë³âêî-
âèé ðóõ ç ïðîãíîçîâàíèìè ïàðàìåòðàìè; 
— ïî-òðåòº, åêñïåðèìåíòàëüíå âèâ÷åííÿ ³íøèõ ìîæëèâèõ ñïîñî-
á³â äèñïåð´óâàííÿ ð³äèí, âèõîäÿ÷è ç ìîëåêóëÿðíî-ê³íåòè÷íèõ 
îñîáëèâîñòåé ¿õíüî¿ áóäîâè. 
 Àâòîðè âèñëîâëþþòü ïîäÿêó ÌÎÍ Óêðà¿íè çà ô³íàíñîâó ï³äò-
ðèìêó ïðîºêòó «Ìåõàí³çìè ôîðìóâàííÿ òà ìîäåëþâàííÿ ñòðóê-
òóðíîãî ñòàíó ïë³âîê òóãîïëàâêèõ ñïîëóê ñ ïðîãíîçîâàíèìè ìå-
õàí³÷íèìè õàðàêòåðèñòèêàìè» (¹ 0122U000776) òà ïð³îðèòåòíèõ 
íàïðÿì³â íàóêîâèõ äîñë³äæåíü ³ íàóêîâî-òåõí³÷íèõ (åêñïåðèìåí-
òàëüíèõ) ðîçðîáîê (äîäàòêîâà óãîäà ¹ ÁÔ/25-2021). 
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1 Fig. 1. Schematic diagram of a nozzle (nozzle) centrifugal sprayer. 
2 Fig. 2. Schematic diagram of the design of a bladed centrifugal sprayer. 
3 Fig. 3. Compression of the jet flowing from the channels of the blade sprayer. 
4 Fig. 4. Distribution of the average thickness of the film along the height of the channel at 
Q 0.4 m3/h and n 2000 rpm, n 3000 rpm, n 3600 rpm (corresponding figures are locat-
ed from top to bottom). 
5 Fig. 5. Distribution of the average thickness of the film along the height of the channel 
(Q 1 m3/h and n 3000 rpm). 
6 Fig. 6. Schematic diagram of a fan sprayer. 
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A prospective nanoarchitecture, quantum-dot cellular automata (QCA), 
provides a novel technique for plotting digital architectures at a minimal 
scale with substantial advances. It is a promising nanoarchetype with out-
standing achievement to challenge the deficiencies of complementary met-
al oxide semiconductor (CMOS) based architecture just as switching 
speed, design, and fabrication sizes. QCA relies on the manipulation of 
quantum dots (nanoscale semiconductor particles) to perform computation 
and store information. Complex image processing approaches take in a 
number of cases that identified binary median filter and mathematical 
morphological (MM) procedures, for instance, erosion and dilation. When 
it comes to MM on binary images, QCA can be used to implement digital 
image-processing operations. Morphological operations are fundamental in 
image processing and computer vision for tasks such as noise reduction, 
object detection, and image enhancement. QCA can provide a platform for 
designing and implementing efficient morphological operators for binary 
images. Erosion and dilation are substantial approaches in frequent real-
life image appliance. In this research, optimized nanostructures in QCA 
are outlined for MM applications that function dilation and erosion. The 
proposed nanoarchitecture is compared with the best counterpart that re-
veals a substantial advancement with regard to cell operation, extent, and 
delay. The proposed configurable design achieved 42.20%, 41.18%, 
50.00% and 60.84% improvement, and the non-configurable design 
achieved 12.42%, 31.24%, 34.36% and 12.45% improvement in terms of 
employed cell, enclosed extent, clock and cell extent, correspondingly. 
Further, the energy consumption through the structures is assessed at 
distinct temperatures’ level of 2 K. 

Ïåðñïåêòèâíà íàíîàðõ³òåêòóðà, — êâàíòîâî-òî÷êîâ³ êë³òèíí³ àâòîìàòè 
(ÊÒÀ), — ïðîïîíóº íîâèé ìåòîä ïîáóäîâè öèôðîâèõ àðõ³òåêòóð ó ì³í³-
ìàëüíîìó ìàñøòàá³ ç³ çíà÷íèìè äîñÿãíåííÿìè. Öå — ïåðñïåêòèâíèé 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
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https://doi.org/10.15407/nnn.23.02.0333 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 
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íàíîàðõ³òèï ç âèäàòíèìè äîñÿãíåííÿìè ó ïîäîëàíí³ íåäîë³ê³â êîìïëå-
ìåíòàðíî¿ àðõ³òåêòóðè íà îñíîâ³ ìåòàë-îêñèä-íàï³âïðîâ³äíèê³â 
(ÊÌÎÏ), à òàêîæ ó øâèäêîñò³ ïåðåìèêàííÿ, äèçàéí³ òà ðîçì³ðàõ âèãî-
òîâëåííÿ. ÊÒÀ ñïèðàºòüñÿ íà ìàí³ïóëþâàííÿ êâàíòîâèìè òî÷êàìè (íà-
íîðîçì³ðíèìè íàï³âïðîâ³äíèêîâèìè ÷àñòèíêàìè) äëÿ âèêîíàííÿ îá÷è-
ñëåíü ³ çáåð³ãàííÿ ³íôîðìàö³¿. Ñêëàäí³ ï³äõîäè äî îáðîáêè çîáðàæåíü 
âðàõîâóþòü íèçêó âèïàäê³â, ÿê³ ³äåíòèô³êóþòü á³íàðíèé ìåä³ÿííèé 
ô³ëüòåð ³ ìàòåìàòè÷í³ ìîðôîëîã³÷í³ (ÌÌ) ïðîöåäóðè, íàïðèêëàä, åðî-
ç³þ òà äèëÿòàö³þ. Êîëè ñïðàâà äîõîäèòü äî ÌÌ íà á³íàðíèõ çîáðàæåí-
íÿõ, ÊÒÀ ìîæå áóòè âèêîðèñòàíà äëÿ ðåàë³çàö³¿ îïåðàö³é öèôðîâî¿ îá-
ðîáêè çîáðàæåíü. Ìîðôîëîã³÷í³ îïåðàö³¿ º ôóíäàìåíòàëüíèìè â îáðîáö³ 
çîáðàæåíü ³ êîìï’þòåðíîìó çîð³ äëÿ òàêèõ çàâäàíü, ÿê çìåíøåííÿ øó-
ìó, âèÿâëåííÿ îá’ºêò³â ³ ïîë³ïøåííÿ çîáðàæåííÿ. ÊÒÀ ìîæå çàáåçïå-
÷èòè ïëàòôîðìó äëÿ ïðîºêòóâàííÿ òà âïðîâàäæåííÿ åôåêòèâíèõ ìîð-
ôîëîã³÷íèõ îïåðàòîð³â äëÿ á³íàðíèõ çîáðàæåíü. Åðîç³ÿ òà äèëÿòàö³ÿ º 
âàæëèâèìè ï³äõîäàìè â ÷àñòîìó çàñòîñóâàíí³ ðåàëüíèõ çîáðàæåíü. Ó 
öüîìó äîñë³äæåíí³ îïèñàíî îïòèì³çîâàí³ íàíîñòðóêòóðè â ÊÒÀ äëÿ çà-
ñòîñóâàíü MM, ùî ôóíêö³îíóþòü ÿê äèëÿòàö³ÿ é åðîç³ÿ. Çàïðîïîíîâàíà 
íàíîàðõ³òåêòóðà ïîð³âíþºòüñÿ ç íàéë³ïøèì àíàëîãîì, ùî äåìîíñòðóº 
³ñòîòíèé ïðî´ðåñ ùîäî ðîáîòè êîì³ðêè, îáñÿãó òà çàòðèìêè. Çàïðîïîíî-
âàíà êîíô³´óðîâàíà êîíñòðóêö³ÿ äîñÿãëà ïîë³ïøåííÿ íà 42,20%, 
41,18%, 50,00% ³ 60,84%, à íåêîíô³´óðîâàíà êîíñòðóêö³ÿ äîñÿãëà ïî-
ë³ïøåííÿ íà 12,42%, 31,24%, 34,36% ³ 12,45% ç òî÷êè çîðó âèêîðèñ-
òîâóâàíî¿ êîì³ðêè, îáñÿãó çàìêíóòîãî ïðîñòîðó, òàêòîâî¿ ÷àñòîòè òà 
îáñÿãó êîì³ðêè â³äïîâ³äíî. Êð³ì òîãî, ñïîæèâàííÿ åíåðã³¿ ñòðóêòóðàìè 
îö³íþºòüñÿ íà ð³çíèõ òåìïåðàòóðíèõ ð³âíÿõ ó 2 Ê. 

Key words: quantum-dot cellular automata, morphology, erosion, dilation. 
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1. INTRODUCTION 

QCA are imminent nanoarchitecture beyond existing changes to en-
code binary information [1–3]. In CMOS architecture, the computing 

supremacy has improved drastically throughout the previous 10 years 

and has been reliant on transistor decline [4–6], and so, improved con-
figurability of CMOS architecture effects the execution of several as-
pects such as heat depletion and outflow currents [7–9]. 
 Many studies are accepted by researchers to annihilate the limita-
tions of transistor-based architecture. QCA, as one of the resolutions, 

is an innovative transistor less quantum model with extreme low power 

dissipation and decidedly small extent [10–13]. The logic statuses of 

QCA are presented by a cell that is operated to encode and transmit da-
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ta through the two state electron arrangements [14–17]. 
 The QCA cell group can be combined and ordered specifically to 
manage computation functions [18–20]. Image operations is a par-
ticularly investigating area in very large-scale integration (VLSI) 
archetype by reason of its several restrictions in processing power 
and as yet, this archetype is extensively operated to design the dis-
tinction of image operations. In real life image operations, it is re-
currently vital to lessen noise level through specific substances of 
the image need to be sustained to expand the complete effect. A 
nonlinear filtering approach such as median is adept to exclude co-
ercion noise although alleviating the image thresholds [3]. 
 A familiar nonlinear image operation process is morphology [4] 
that is placed on the figure of an individual embedded in an image 
and profoundly linked with the set theory [5] and Minkowski alge-
bra [6]. In the early, MM process was functioned on binary images 
later, several deviations and generalizations processes have been de-
fined to be practicable on monochrome or pigmented images [7]. 
Through the usage of complex coding and scripting, there are pro-
visional consequences where binary images emerge. Digital image 
operation is continuously emergent research part with huge applica-
tions spreading out into our life and such utilization embrace sever-
al techniques like object realization and image improvement. Rec-
ognizing such complex presentations on everyday computer can be 
adequate, but not decisive due to restrictions on computational 
memory and peripheral machines [8]. Operating complex computa-
tional functions on hardware through pipelining and parallelism in 
algorithms, return significant falling in execution phases [9]. 
 Emerging nanoarchetypes have been the consideration of compre-
hensive investigation whereas traditional VLSI archetypes are get-
ting their substantial ceiling. QCA shows a state-of-the-art infor-
mation presentation system that proposed a systematic digital logic 
presence and points to the expansion of different design methods 
[10]. Numerous logic designs and devices are proposed through 
QCAs, e.g., QCA wire [11], 3-input and 5-input majority logic, XOR 
circuit [12], several and flip-flops [13–19], several sequential and 
combinational logic architectures [20–26], and reversible architec-
tures [27, 28]. 
 Now, a number of operations are identified for scientific MM 
methods with nonlinear filters. A marginal median filter was de-
signed without QCA structure in [29]. This work, two MM filters 
are outlined focused on circuit functionality where the designed cir-
cuits present parallel processing, intense functioning, and minimal 
energy depletion. Moreover, the designs are developed in reference 
to cell intricacy, dimension, and latency as associated with the ex-
isting layout [30, 33]. 
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 The preeminent purpose of this research is described below: 
— designing optimal layouts of single layer QCA configurable and 
non- configurable MM filters to decrease cell complexities and cov-
ered area; 
— comparing and assessing the presented schematization with ex-
isting schematizations; 
— investigating and demonstrating the effectiveness of the pro-
posed layouts with the usage of the QCADesigner and QCAPro sim-
ulation engine. 
 In the following Section, a detailed summary of MM operation is 
systematized. Section 3 provides the relative study of QCA nanoar-
chetypes, and Sec. 4 presents the performance of the proposed cir-
cuits. Energy depletion and output emission by the designed cir-
cuits are provided in Sec. 5 and consequently conclusion in Sec. 6. 

2. MORPHOLOGICAL TECHNIQUES IN IMAGE OPERATION 

A number of shortcomings may enclose in binary images and, in 
certain contexts, the binary spaces assembled by plain thresholding 
are distorted by textures. MM process is a substantial choice of im-
age applications that adjusts the binary images based on contours. 
This operation is measured to be particular data processing tech-
niques convenient in image practices e.g., noise abolition, boundary 
removal, texture evaluation and more [5]. MM image operations 
stick to the aim of abolishing the shortcomings and preserving the 
formation of binary image. The procedures are certain basically on 
the correlated classifying of pixel values, instead of the statistical 
values, thus the process realized more on images, nevertheless this 
process can also be practical to monochrome images where the light 
transmission is unidentified and therefore the outright picture ele-
ment are not received in concern [6]. MM procedures substantiate 
the image through a small prototype called configuring module and 
this module is practical to all potential settings of the feedback im-
age and produces the similar dimension’s output. Within this oper-
ation, the producing image picture element values are formed on 
same picture elements of feedback image through is neighbours. 
This process shows a new image where if the assessment is positive, 
it will perform non-null picture elements at that setting in the 
feedback image. The basis of the MM process is opening, closing, 
erosion, dilation specified in logical AND, OR representation and 
defined by set evaluation [6]. The exclusion or addition of picture 
elements rests on the configuring module that utilized for operating 
the image. 
 Erosion is a particular and essential operator in MM and it is the 
reasons of image lessening or become narrow in dimension. Erosion 
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is mostly dwindling with the margins of the forefront that out-
comes in spaces of those picture elements shorten in dimension and 
voids of those dimensions converted higher [7]. Thus, after thin-
ning and loading the voids of images, the margins become occupied, 
hence, to some extent isolated; the margins erosion is practical so 
as to create the margins of the images narrower for enhanced out-
put [8]. In this process, two elements work as data. The initial one 
is the feedback image to be eroded and next is the configuring 
module. Let M be a complete grid and B is an image in M. The 
mathematical characterization of erosion of B by the configuring 

module C is recognized by 

 B Ө C {z M| Cz B}. (1) 

In this equation, Cz is the conversion of C through the direction z. 
 Dilation is another essential process in MM where it is practical 
not only to binary image but also practical to monochrome image. 
This operation reasons the image objects to rise in dimensions. The 
outcome of this process will steadily rise the margins of forefront 
pixels; hence, spaces rise in dimensions and voids in that dimen-
sions convert smaller [7, 38]. Unlike erosion, the dilation takes has 
two elements that works as data. The initial one is the feedback im-
age that needs to be dilated and next one is the configuring module 
also recognized as kernel. The mathematical characterization of di-
lation of B by C is recognized by 

 c
c C

B C BcBc . (2) 

This operation can also be achieved as follows: 

 | z

z
B C z M C B Ø . (3) 

In this equation, Cs indicates the proportionate of C. 
 It can be perceived from Fig. 1 that the dilation and erosion 
model can be noted the previous formation of the image and precise-
ly in what way the procedures of configuring module alter the ini-
tial image. During the dilation procedure if the origin of the con-
figuring module overlays through a dark picture element, then spot 
dark all picture elements from the image surrounded through the 
module. Wherever the origin of the module overlays with a white 
one, then adjusts to the subsequent picture element. 
 Through the erosion operation if the origin of the configuring 
module overlays through a dark picture element and as a least one 
of the dark picture elements in the module drops over a white one, 
then change the dark element in the binary image from dark to 
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white. Wherever the origin of the module overlays with a white one 
in the image, then no adjustment is needed, directly adjust to the 
subsequent picture element. 

3. QCA SUMMARY 

QCA is a prospective generation nanoarchetype, which signifies log-
ic conditions not as voltage state but relatively as the form of a 
couple of electrons in a square cell. The square cell is consisting of 
four dots known as quantum-dots that are employed in the edges of 
each cell, and two additional movable electrons. The electrons can 
channel concerning the quantum dots in the square cell, however 
cannot skip the cell. Then electrons continuously employ the dots at 
the transversely contrasting edges, because of the coulomb revul-
sion within the electrons. Therefore, two firm statuses can be 
shaped in the quantum cell, as indicated in Fig. 2, a, logic ‘0’ and 
logic ‘1’ or polarization 1 and polarization 1, respectively. Infor-
mation in binary format can be conducted by adjoining cell inter-
faces along a route of cells that is termed as QCA wire. Another re-
volved (45 ) cells, as exposed in Fig. 2, b, for realizing a QCA in-
verter chain also for crossing resolutions in QCA [9]. In this arche-
type, almost all designs are executed with inverter gate and majori-
ty voters as directed in Fig. 2, c and Fig. 2, d, correspondingly. 

 

Fig. 1. Dilation and erosion operations by configuring module. 
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Placing the QCA cells transversely enables the inversion process. A 
basic majority voter can be executed with five QCA cells. Logical 
AND or OR designs are arranged by changing particular fixed feed-
backs of the gate to logic ‘0’ or logic ‘1’, correspondingly. The set-
tled feedback in the input defines the statues of the others two in-
puts and it is a condition of the conservative three-input majority 
voter. A different sort of QCA five-input majority voters is pre-
sented in [13–15, 19, 21–23, 37] but the most common is presented 
in Fig. 2, e. 
 Like the archetypal CMOS layout, the clocking mechanism is a 
decisive element in all combinational and sequential QCA architec-
tures. The foremost assistance of clocking keeps in the circumstance 
that information forfeiture and lessening can be re established. An 
electric mechanism assists to generate the QCA clocking field [12]. 
The substantial states specify a benefit to QCA architecture [17]; 

 

Fig. 2. QCA logical designs: a—plain cell; b—wires; c—potent inverter; 
d—3-input majority gate; e—5-input majority gate. 
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however, it is essential to plot with the consistent clarification of 
the challenge for which the architecture is intended to resolve. QCA 
architecture can be in several excited statuses if the feedback of the 
architecture is moved unexpectedly which directs to a meta steady 
situation, and it can initiate interval to attain at its steady ground 
situation [31]. Accordingly, to evade such complications, adiabatic 
switching gains the attention. As per the research in Ref. [12], a 
clock requisite four levels specifically switch, hold, release, and re-
lax as presented in Fig. 3 for an adiabatic sequence. In the initial 
level, the inter dot impediments are composed that polarizes the 
cell. After that in the hold level, the impediments are so elevated 
that the emission of the cells cannot be altered from an outside 
origin; therefore, it holds its emission status [31]. The impediments 
are dropped and the polarization are declines in the release level 
and in time, the cells turn into un-polarized in the relax level. In 
every rotation, the neutralized cells are revitalized [17]. The energy 
depletion is minimal since only two additional electrons are affect-
ing [31, 37]. 

4. OUTLINED QCA CIRCUIT ARCHITECTURES 

It is quite necessary in nanoscale design to propose a structure that 
can perform with advanced reliability [33]. It has been investigated 
that easy QCA outlines perform in computer simulation though, 
break down once it is set to perform as a part of a complex archi-
tectures. In other illustrations, the circuit architects that take 
about their projects to run it in computer simulation, they simply 
regulate simulation constraints. Hence, a number of circuits are not 

 

Fig. 3. QCA clocking procedures. 
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practical. This part the designed architectures are provided with 
applicable outcome. For erosion process, configuring module need to 
be kept in the feedback image and for dilation process, it needs to 
be temperately narrowed. At this time, all five-pixel valuation of 
the image, which drops under the distinct picture element of 3 3 
configuring module, is detached. Wherever the full dark picture 
elements of the configuring module overlay with picture element on 
the feedback binary image validate dark the pixel of the subsequent 
object that relays to the configuring module. The resulting binary 
image is dilated, if OR calculation of these picture elements is cer-
tain, and the resulting binary image is eroded, if AND calculation 
of these picture elements is occupied. 

 
a      b 

 
c 

Fig. 4. QCA formation of designed non-configurable circuit: a—QCA sche-
matic; b—QCA representation; c—outcome. 
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 The designed architecture is drawn in Fig. 4, a and b, separately 
and the consistent outcome is given in Fig. 4, c where, it is coher-
ent that the outlined process operates applicably. The outcome 
square is 1 (elevate), if each feedback is elevated excluding input i. 
 An innovative configurable design is also projected which con-
tains 5 inputs as drawn in Fig. 5, a and b, separately. The computer 
simulation outcome is presented in Fig. 5, c, which authorizes the 
precision of the designed nanoarchitecture. As of the simulation 
process, it can be perceived that the outcome square is 0 (drop), if 
each feedback is elevated excluding input i. 
 A systematic calculation in state-of-the art and the designed ar-
chitectures is provided in Table 1 and the productivity of the de-

 
a      b 

 
c 

Fig. 5. QCA formation of designed configurable circuit: a—QCA schematic; 
b—QCA representation; c—outcome. 
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signed architectures is certain from assessment. The outlined non-
configurable nanoarchitecture achieved 12.42, 31.24, 34.36 and 
12.45% improvement in terms of employed cell, enclosed extent, 
clock, and cell extent, respectively. Likewise, the configurable 
nanoarchitecture achieved 42.20, 41.18, 50.00 and 60.84% en-
hancement in terms of employed cell, enclosed extent, clock and cell 
extent, correspondingly. 

5. ENERGY DISSIPATION OF THE DESIGNED NANOCIRCUITS 

Designing QCA nanoarchetype circuits, the comprehensive energy of 
a cell is measured through Hamiltonian matrix [34, 35]. Used for a 
group of cells, the matrix and Hartree–Fock assessment with the 
columbic interaction regarding cells by a matrix explanation are 
stated in Refs. [36, 37]. Now from Eq. (4), Mi directs the overall 
emission f the ith adjoining cell, hi,j is the numerical phase defining 
electrostatic control inside m and n cells reliable with the numerical 
plot,  is the channelling energy concerning two logic phases of a 
QCA cell in addition i is the comprehensive amount adjoining the 
cells; 
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 The energy consumption can be nominal by calculating  and 
 completely; 

 tanh tanh
2

diss
diss

cc cc c c

E
P

T T K T K T
t h . (5) 

TABLE 1. Valuation of designed QCA nanoarchitectures. 

Architecture Employed cell Extent in, μm2 Clock cycle Cell extent in, μm2 

Non-configure 
in [33] 

35 0.044 3 0.01136 

This paper 31 0.031 2 0.01007 

Configure 
in [30] 

51 0.051 4 0.01654 

This paper 30 0.031 2 0.00976 
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In Equation (5),  and  defines the Hamiltonian values earlier 
and afterward the adjustment, T denotes the temperature, and Kc is 
the Boltzmann element. Overall energy consumption of the outlined 
nanoarchitectures is estimated through QCAPro simulation engine 
[35, 36]. The simulation engine evaluates the depleted energy of in-
clusive layout all design in a number of energy levels under non-
adiabatic converting [37]. Total energy consumption is estimated at 
three specific channelling points is provided in Table 2 at a firm 
temperature of 2 K. 
 Figure 6 shows overall energy consumption for several tunnelling 

TABLE 2. Inclusive energy consumed through the designed nanocircuits at 
specific energy phase. 

Outlined  
nanoarchitectures 

Average energy con-
sumed in, meV 

Energy consumption at T 2 K 

0.50Ek 1.0Ek 1.5Ek 

Non-configurable 

Leakage energy  0.00828 0.02317 0.04096 

Switching energy  0.05448 0.05200 0.04524 

Energy consumption 0.06276 0.07517 0.08620 

Configurable 

Leakage energy  0.00836 0.02304 0.04027 

Switching energy 0.05148 0.04716 0.04261 

Energy consumption 0.05984 0.07020 0.08288 

 

Fig. 6. Inclusive energy consumption at three different tunnelling phase 
where T 2 K. 
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phase at a firm temperature of 2 K. The diagram shows that the 
inclusive energy consumption growths steadily for practical tunnel-
ling level in the proposed nanoarchitectures. 
 The energy consumption map with 1.0Ek tunnelling energy at 
temperature of 2 K is provided in Fig. 7 mutually considering con-
figurable and non-configurable nanocircuits. 
 Besides, Figure 8 presents the emission plots for both nanoarchi-
tectures. 
 The temperature level effect on the output emission of proposed 
nanoarchitectures is achieved in this study. The output emission is 
occupied at several temperatures with QCADesigner engine. The av-
erage emission for every QCA cell is analysed from [14, 18] and sys-
tematized in Fig. 9. The structures perform proficiently in a tem-
perature level of 1–11 K, and the emission for QCA cell is altered 
slightly in this level. 

  
a      b 

Fig. 7. The energy emission plots of designed (a) non-configurable and (b) 
configurable nanoarchitectures with 1.0Ek tunnelling energy at T 2 K. 

  
a      b 

Fig. 8. The emission plots of designed (a) non-configurable and (b) configu-
rable nanoarchitectures with 1.0Ek tunnelling energy at T  2 K.
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6. CONCLUSION 

In this research, the design and computer simulation of the MM 
configurable and non-configurable nanoarchitectures of dilation and 
erosion on digital binary images are analysed. The designed 
nanocircuits provide enhanced design achievement, comparable dis-
pensation with minimal energy consumption related to state-of-the 
art nanoarchitectures. The simulation outcomes confirm the precise 
performance of the designed layouts. Moreover, the energy con-
sumption by the architectures indicates that depleted energy level is 
rather minimal. This assists to form the proposed nanoarchitectures 
appropriating image processing operations practical on independent 
or cellular appliances. 

REFERENCES 

1. J. A. Carballo, W. T. J. Chan, P. A. Gargini, A. B. Kahng, and S. Nath, 
32nd International Conference on Computer Design (ICCD) (19 October, 
2014), p. 139; https://doi.org/10.1109/ICCD.2014.6974673 

2. C. S. Lent, P. D. Tougaw, W. Porod, and G. H. Bernstein, Nanotechnology, 
4, Iss. 1: 49 (1993); https://doi.org/10.1088/0957-4484/4/1/004 

3. N. Gallagher and G. Wise, IEEE Trans. Acoust., Speech, Signal Process, 29, 
Iss. 6: 1136 (1981); https://doi.org/10.1109/TASSP.1981.1163708 

4. E. Aptoula and S. Lefèvre, Pattern Recognit, 40, Iss. 11: 2914 (2007); 
https://doi.org/10.1016/j.patcog.2007.02.004 

5. I. Grattan-Guinness, Hist. Math, 31, Iss. 2: 163 (2004); 
https://doi.org/10.1016/S0315-0860(03)00032-6 

6. K. Michielsen and H. De Raedt, Phys. Rep., 347, Iss. 6: 461 (2001); 
https://doi.org/ 10.1016/S0370-1573(00)00106-X 

7. V. Chatzis and I. Pitas, IEEE Trans Image Process, 19, Iss. 7: 699 (2000); 

  
a      b 

Fig. 9. Temperature vs. output emission; (a) non-configurable and (b) con-
figurable nanoarchitectures. 



QCA NANOARCHITECTURE FOR MORPHOLOGICAL PROCESSES ON BINARY IMAGES 347 

https://doi.org/10.1109/42.875192 
8. K. Benkrid, A. Benkrid, and S. Belkacemi, J. Syst. Archit., 53, Iss. 4: 184 

(2007); https://doi.org/10.1016/j.sysarc.2006.09.010 
9. K. Konstantinidis, G. C. Sirakoulis, and I. Andreadis, IEEE Trans. Syst. 

Man Cybern, Pt. C, 39, Iss. 5: 520 (2009); 
https://doi.org/10.1109/TSMCC.2009.2020511 

10. T. Cole and J. C. Lusth, Prog. Quantum. Electron, 25, Iss. 4: 165 (2001); 
https://doi.org/10.1016/S0079-6727(01)00007-6 

11. M. Abdullah-Al-Shafi and A. N. Bahar, 5th Intl. Conf. on Informatics, Elec-
tronics & Vision (May 13, 2016), p. 620; 
https://doi.org/10.1109/ICIEV.2016.7760076 

12. P. D. Tougaw and C. S. Lent, J. Appl. Phys., 75, Iss. 3: 1818 (1994); 
https://doi.org/10.1063/1.356375 

13. M. Abdullah-Al-Shafi and A. N. Bahar, Cogent. Eng., 3, Iss. 1: 1237864 
(2016); https://doi.org/10.1080/23311916.2016.1237864 

14. M. Abdullah-Al-Shafi, Nanosistemi, Nanomateriali, Nanotehnologii, 16, 
Iss. 2: 289 (2018); http://dx.doi.org/10.15407/nnn.16.02.289 

15 M. Abdullah-Al-Shafi, M. S. Islam, and A. N. Bahar, Int. J. Comput. Appl., 
128, Iss. 2: 27 (2015); https://doi.org/10.5120/ijca2015906434 

16. M. Abdullah-Al-Shafi, A. N. Bahar, F.Ahmad, and K. Ahmed, Cogent. Eng., 
4, Iss. 1: 1349539 (2017); https://doi.org/10.1080/23311916.2017.1349539 

17. M. Abdullah-Al-Shafi and A. N. Bahar, Cogent. Eng., 4, Iss. 1: 1391060 
(2017); https://doi.org/10.1080/23311916.2017.1391060 

18. M. Abdullah-Al-Shafi and A. N. Bahar, J. Nanoelectron. Optoelectron., 13, 
Iss. 6: 856 (2018); https://doi.org/10.1166/jno.2018.2302 

19. M. Abdullah-Al-Shafi and A. N. Bahar, Int. Nano Lett., 9, Iss. 3: 265 
(2019); https://doi.org/10.1007/s40089-019-0279-1 

20. M. Abdullah-Al-Shafi and A. N. Bahar, J. Comput. Theor. Nanosci., 14, 
Iss. 5: 2416 (2017); https://doi.org/10.1166/jctn.2017.6842 

21. M. Abdullah-Al-Shafi and A. N. Bahar, Sens. Lett., 17, Iss. 7: 595 (2019); 
https://doi.org/10.1166/sl.2019.4117 

22. M. Abdullah-Al-Shafi and A. N. Bahar, J. Nanoelectron. Optoelectron., 14: 
Iss. 9: 1275 (2019); https://doi.org/10.1166/jno.2019.2630 

23. M. Abdullah-Al-Shafi and Z. Rahman, Solid State Electron. Lett., 1, Iss. 2: 
73 (2019); https://doi.org/10.1016/j.ssel.2019.11.004 

24. M. Abdullah-Al-Shafi, A. N. Bahar, M. A. Habib, M. M. R. Bhuiyan, 
F. Ahmad, P. Z. Ahmad, and K. Ahmed, Ain Shams Eng. J., 9, Iss. 4: 2641 
(2018); https://doi.org/10.1016/j.asej.2017.05.010 

25. M. T. Niemier, M. J. Kontz, and P. M. Kogge, Proc. 37th Annual Design Au-
tomation Conference (2000), p. 227; 
https://doi.org/10.1145/337292.337398 

26. M. Crocker, X. S. Hu, M. Niemier, M. Yan, and G. Bernstein, IEEE Trans. 
Nanotechnol., 7, Iss. 3: 376 (2008); 
https://doi.org/10.1109/TNANO.2007.915022 

27. M. Abdullah-Al-Shafi and A. N. Bahar, Int. J. Inf. Technol. Comput. Sci., 
10, Iss. 10: 38 (2018); https://doi.org/10.5815/ijitcs.2018.10.05 

28. Md. Abdullah-Al-Shafi, Commun. Appl. Electron., 4, Iss. 1: 20 (2016); 
http://dx.doi.org/ 10.5120/cae2016652004 

29. J. L. Cardenas-Barrera, K. N. Plataniotis, and A. N. Venetsanopoulos, 



348 Nasima AKTER, Md. ABDULLAH-AL-SHAFI, and Md. Nasim AKHTAR 

Math. Probl. Eng., 8, Iss. 1: 87 (2002); 
https://doi.org/10.1080/10241230211381 

30. V. Mardiris and V. Chatzis, J. Eng. Sci. Technol. Rev., 9, Iss. 2: 25 (2016); 
https://doi.org/10.25103/jestr.092.05  

33. R. Zhang, K. Walus, W. Wang, and G. A. Jullien, IEEE Trans. Nanotech-
nol., 3, Iss: 4: 443 (2004); https://doi.org/10.1109/TNANO.2004.834177 

34. I. Amlani, A. O. Orlov, R. K. Kummamuru, G. H. Bernstein, C. S. Lent, and 
G. L. Snider, Appl. Phys. Lett., 77, Iss. 5: 738 (2000); 
https://doi.org/10.1063/1.127103 

35. S. B. Tripathi, A. Narzary, R. Toppo, M. Goswami, and B. Sen, J. Phys. 
Conf. Ser., 1039, Iss. 1: 012028 (2018); https://doi.org/10.1088/1742-
6596/1039/1/012028 

36. M. Abdullah-Al-Shafi and R. Ziaur, Solid State Electron. Lett., 1, Iss. 2: 73 
(2019); https://doi.org/10.1016/j.ssel.2019.11.004 

37. S. Sheikhfaal, S. Angizi, S. Sarmadi, M. H. Moaiyeri, and S. Sayedsalehi, 
Microelectron. J., 46, Iss.6: 462 (2015); 
https://doi.org/10.1016/j.mejo.2015.03.016 

38. S. S. Ahmadpour, M. Mosleh, and S. Rasouli Heikalabad, J. Supercomput., 
76, Iss. 12: 10155 (2020); https://doi.org/10.1007/s11227-020-03249-3 

39. M. Abdullah-Al-Shafi, M. S. Islam, and A. N. Bahar, Int. Nano Lett., 10, 
Iss. 3: 177 (2020); https://doi.org/10.1007/s40089-020-00304-y 

40. M. R. Hasan, R. Guest, and F. Deravi, ACM Comput. Surv., 55, Iss. 13: 1 
(2023); https://doi.org/10.1145/3583135 



349 

 

PACS numbers: 07.07.Df, 07.07.Vx, 87.85.Rs, 89.20.Hh, 89.60.Fe, 92.60.Jq, 92.60.jk 

Application-Driven IoT-Based Home-Gardening System 

P. Vivekanandan, P. Radhika, S. Bharathi, S. Gowtham, Pandey Om, 

and V. Paul Japez 

SNS College of Technology,  
Department of Mechatronics Engineering,  
Coimbatore, Tamilnadu, India 

The ‘internet of things’ is a computer-science branch that offers concepts 
as well as methods for connecting a broad variety of digital gadgets in 
order to speed up mechanical operations. People living in cities, who 
struggle to maintain their own gardens, find expert gardeners. This study 
presents a NodeMCU or Arduino-based microcontroller-based Internet of 
Things (IoT) method for monitoring smart gardens, enabling users to 
check critical temperature, moisture, and humidity characteristics of their 
indoor plants and gardens. A prototype is developed to show how the rec-
ommended technique may be used in practise. An Android smartphone 
application is made to display the real-time profiles of environmental fac-
tors such as temperature, wetness, and humidity. With the use of this 
technology, users will be able to better take care of the development and 
health of their plants in their gardens. This scientific endeavour takes the 
place of the need for gardeners and the challenges associated with main-
taining gardens in major cities. The purpose of this study is to advance 
IoT innovation for smart cities in our culture. 

«²íòåðíåò ðå÷åé» — öå ãàëóçü ³íôîðìàòèêè, ÿêà ïðîïîíóº êîíöåïö³¿, à 
òàêîæ ìåòîäè ï³äêëþ÷åííÿ øèðîêîãî ñïåêòðó öèôðîâèõ ´àäæ³ò³â äëÿ 
ïðèøâèäøåííÿ ìåõàí³÷íèõ îïåðàö³é. Ëþäè, ÿê³ æèâóòü ó ì³ñòàõ ³ 
ÿêèì âàæêî äîãëÿäàòè çà âëàñíèìè ñàäàìè, çíàõîäÿòü äîñâ³ä÷åíèõ ñà-
ä³âíèê³â. Ó öüîìó äîñë³äæåíí³ ïðåäñòàâëåíî ìåòîä ²íòåðíåòó ðå÷åé 
(IoT) íà áàç³ ì³êðîêîíòðîëåðà NodeMCU àáî Arduino äëÿ ìîí³òîðèí´ó 
ðîçóìíèõ ñàä³â, ùî äàº çìîãó êîðèñòóâà÷àì ïåðåâ³ðÿòè êðèòè÷í³ õàðà-
êòåðèñòèêè òåìïåðàòóðè, ñèðîñòè òà âîëîãîñòè ñâî¿õ ê³ìíàòíèõ ðîñëèí 
³ ñàä³â. Áóëî ðîçðîáëåíî ïðîòîòèï, ùîá ïîêàçàòè, ÿê ðåêîìåíäîâàíèé 
ìåòîä ìîæíà âèêîðèñòîâóâàòè íà ïðàêòèö³. Áóëî ñòâîðåíî çàñòîñóíîê 
äëÿ ñìàðòôîí³â Android, ÿêèé â³äîáðàæàòèìå ïðîô³ë³ ôàêòîð³â íàâêî-
ëèøíüîãî ñåðåäîâèùà â ðåæèì³ ðåàëüíîãî ÷àñó, òàêèõ ÿê òåìïåðàòóðà, 
ñèð³ñòü òà âîëîã³ñòü. Çàâäÿêè âèêîðèñòàííþ ö³º¿ òåõíîëîã³¿ êîðèñòóâà÷³ 
çìîæóòü ë³ïøå ï³êëóâàòèñÿ ïðî ðîçâèòîê ³ çäîðîâ’ÿ ñâî¿õ ðîñëèí ó ñà-
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äàõ. Öå íàóêîâå çóñèëëÿ çàì³íþº ïîòðåáó ó ñàä³âíèêàõ ³ ïðîáëåìè, 

ïîâ’ÿçàí³ ç äîãëÿäîì çà ñàäàìè ó âåëèêèõ ì³ñòàõ. Ìåòîþ öüîãî äîñë³-
äæåííÿ º ïðîñóâàííÿ ³ííîâàö³é IoT äëÿ ðîçóìíèõ ì³ñò ó íàø³é êóëüòóð³. 

Key words: internet of things (IOT), fertilization, humidity, water level sensor. 

Êëþ÷îâ³ ñëîâà: ³íòåðíåò ðå÷åé (IoT), óäîáðþâàííÿ, âîëîã³ñòü, äàâà÷ ð³âíÿ âîäè. 
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1. INTRODUCTION 

Agriculture is considered the primary sector of the Indian economy, 
and its growth plays a crucial role in achieving sustainable econom-
ic development on a global scale. The tropical climate of India pro-
vides an excellent environment for cultivating diverse crops that 
can be used for consumption. However, the availability of freshwa-
ter and fertile land is even more critical for the success of agricul-
ture in India. These natural resources are the backbone of the coun-
try's agricultural production and must be managed effectively to 
ensure sustained growth in the sector. As such, it is essential to fo-
cus on preserving and efficiently utilizing these resources to max-
imize the potential of agriculture in India. Water scarcity is a ma-
jor issue in India, a country that heavily relies on agriculture as a 
key driver of its economy. Insufficient water supply has a signifi-
cant impact on crop yields and agricultural output, which in turn 
affects food production. Farmers face numerous challenges in pro-
ducing crops due to a lack of water, making it increasingly difficult 
to meet the growing demand for food in the world. As a result, ad-
dressing water scarcity has become a critical concern for policymak-
ers, stakeholders, and communities involved in the agricultural sec-
tor in India. It is essential to implement effective measures to man-
age and conserve water resources to ensure sustainable agricultural 
practices and food security in the country. 
 According to the International Water Management Institute 
(IWMI), around 70% of land-based water consumption is used for 
domestic, industrial, and environmental purposes, exacerbating the 
issue of water scarcity. This makes it necessary to explore better 
ways of managing water resources, especially in agriculture, where 
water usage can be minimized. Irrigation is a technique used to wa-
ter food or cash crops, and it has been shown to increase agricul-
tural production. However, traditional irrigation methods can be 
wasteful, leading to an overuse of water. To address this issue, ir-
rigation management techniques based on the World Bank have 
been developed to enhance irrigated regions and increase earnings. 
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The use of water-efficient agricultural systems has been shown to 
boost economic development. Robotic equipment has largely re-
placed traditional watering methods, but it may not be suitable for 
areas with water scarcity. Therefore, before implementing automat-
ic irrigation, factors like soil and plant moisture conditions, water 
availability, and operational relevance of irrigation systems must be 
considered. A smart watering system, which can automate the en-
tire watering process, could be a better alternative to traditional 
irrigation methods. 
 The proposed project aims to monitor the irrigation network au-
tomatically, without requiring human intervention. This is particu-
larly useful for farmers who may have fields located far away from 
their place of residence, making it difficult for them to visit and 
inspect their crops regularly. With the implementation of an IoT 
system, farmers can manage their plants remotely. The system 
works by using a Node-MCU microcontroller to detect the present 
temperature, moisture, and dampness parameters of the plants and 
gardens. The data collected is then displayed in real-time on a mo-
bile application for smartphones, which also provides information 
on external elements such as temperature, humidity, and wetness. 
This approach allows farmers to modify the amount of water flow-
ing from the pump and adjust the intervals between watering cycles 
as needed, providing greater control over the irrigation process. 
Overall, this IoT-based technique offers a smarter way to monitor 
gardens and crops, enabling farmers to make informed decisions re-
garding irrigation management. This research project aims to pro-
vide garden owners with the tools to have better manage their gar-
dens in terms of plant growth and health, particularly in urban are-
as where space is limited. The use of IoT technology can help ad-
dress the challenges faced by gardeners in urban settings. The pri-
mary objective of this research is to implement and develop IoT sys-
tems for smart cities, focusing on the specific application of smart 
gardening. By utilizing IoT sensors and devices, gardeners can mon-
itor key parameters such as temperature, humidity, and moisture 
levels, and adjust irrigation and other gardening practices accord-
ingly. This approach can lead to more efficient use of resources, re-
duced wastage, and improved overall garden health. Ultimately, 
this research aims to promote the use of IoT technology in urban 
gardening to create sustainable and thriving green spaces in smart 
cities. 

2. LITERATURE SURVEY 

The research conducted by Jinling et al. proposed a remote-control 
system for greenhouses, which is based on the Global System for 
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Mobile GSM-SMS. This system is capable of sending temperature, 
ambient temperature, and humidity status via SMS, as well as con-
trolling watering equipment through remote machines. Additional-
ly, factories utilize sensors and automation devices to improve their 
operations and efficiency [1]. Gautam and Reddy suggested a novel 
on-board irrigation system that can be controlled remotely using 
GSM and Bluetooth technology [2]. 
 Suresh and colleagues presented a framework based on the func-
tionalities of present and future microcontrollers, as well as their 
usage demands [3]. Kansara et al. introduced an IoT-based smart 
irrigation system that reduces the need for human intervention. 
This system uses sensors to detect changes in temperature and hu-
midity in the bypass region, and then sends a signal to the micro-
controller to enable or disable the irrigation setting. The microcon-
troller in this system is designed to minimize power usage and ex-
tend the system's lifespan by reducing power consumption [4]. 
 Archana and Priya have proposed a system based on a microcon-
troller that monitors the water level and irrigated area. This system 
includes sensors that detect the presence of water in the fields. An-
itha proposed an IoT-based waste monitoring system that employs 
sensors on the lid of the waste container to detect the level of waste 
based on the height of the container. This system provides real-time 
information on the waste level, allowing for efficient and timely 
waste management. Uddin et al. proposed an automatic microcon-
troller-based variable irrigation system model that solely uses solar 
energy as a power source to control the entire system [7]. 
 Sensors are installed in rice fields to constantly detect water lev-
els and transmit the information to farmers to keep them informed 
about the water level. Farmers can remotely monitor and control 
various environmental factors using transparent wireless sensor 
networks (WSN) developed by Chavan and Karande. These networks 
are designed to monitor soil moisture, temperature, humidity, and 
other factors in agricultural environments, which can be crucial for 
efficient crop management. Anitha proposed an IoT-based home se-
curity system that includes motion sensors and a camera to detect 
any suspicious activities in the home. The system also includes an 
alarm that is triggered, when a potential threat is detected, and no-
tifications are sent to the homeowner’s mobile phone. The system 
can be remotely controlled through a mobile application, allowing 
the homeowner to monitor their home from anywhere. Additionally, 
the system includes a smoke sensor to detect any fire hazards and 
alert the homeowner [9]. Parameswaran et al. proposed an irrigation 
system that utilizes soil moisture sensors and solenoid valves to 
regulate water flow in crops [10]. 
 The system takes into account not only the climatic conditions 
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but also the pH levels of water and soil, as they are important fac-
tors in crop production. Monitors are used to display information 
on pH, moisture content, and temperature, thus improving the ag-
ricultural system and increasing productivity. The system can also 
provide remote monitoring and control, allowing farmers to adjust 
irrigation levels and pH values from a distance. This technology can 
be very useful in areas where water resources are scarce or in in-
stances where manual monitoring and adjustment of irrigation sys-
tems are not feasible. 

3. MATERIALS AND METHODOLOGY 

The research paper lists the necessary components for the system, 
which includes Arduino Uno, fertilizer sensor, moisture sensor, relay, 
pump. The software requirements are Arduino IDE, MIT App Inventor. 

3.1. Arduino Uno 

Arduino Uno is a type of open-source computer hardware that is 
designed to simplify the creation of microcontroller-based projects 
by providing a user-friendly programming environment and a com-
munity of users who can share resources and knowledge. A micro-
controller board can be used to sense and control various inputs and 
outputs. The Arduino Uno is a popular board in the Arduino family 
due to its affordability, ease of use, and compatibility with a wide 
range of operating systems. It can be programmed using various 
programming languages, including C  and JAVA. A visual repre-
sentation of an Arduino Uno is displayed in Fig. 1. 

3.2. Fertilizer Sensor 

The sensor used for fertiliser monitoring is illustrated in Fig. 2. Its 

  

Fig. 1. Arduino Uno board. Fig. 2. Fertilizer sensor. 
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function is to measure the concentration of ammonium in the soil, 
which is utilized by soil bacteria to produce nitrites and nitrates. In 
conjunction with meteorological data, pH readings, and soil conduc-
tivity measurements, the sensor employs machine learning to calcu-
late the optimal timing for fertilisation. Based on this information, 
it predicts the total nitrogen present in the soil currently and in the 
next 12 days. 

4. MOISTURE SENSOR 

Soil moisture sensors (Fig. 3) are widely used for measuring the wa-
ter content in soil. Traditional methods for measuring soil moisture 
require drying and weighing samples, which can be time-consuming 
and labour-intensive. However, modern soil moisture sensors utilize 
various indirect methods such as dielectric constant, electrical re-
sistance, or neutron interaction to estimate soil moisture. These 
factors can be affected by factors like temperature, soil type, and 
electrical conductivity, which, in turn, influence the accuracy of 
the measurement. 
 The dielectric constant of soil is related to its water content, and 
soil moisture sensors utilize capacitance to measure the dielectric 
permittivity of the soil and determine its water content. These sen-
sors are inserted into the soil and provide the water content status 
as a percentage. The data collected from these sensors can be used 
for a variety of applications in hydrology, agriculture, soil science, 
and environmental science. These sensors are also helpful in teach-
ing concepts related to horticulture, biology, and agriculture. 

5. WATER PUMP 

Figure 4 illustrates a water pump, which is a mechanical device 
that increases water pressure for conveying it from one place to an-
other. These pumps are utilized worldwide to provide water for do-
mestic, agricultural, industrial, and municipal purposes. By guar-
anteeing that the correct amount of water is supplied to every sec-
tion of a field, water pumps enhance irrigation efficiency and speed 
up crop growth. These pumps are easier to maintain due to their 
less complicated design and fewer moving components, which re-
sults in less maintenance work. 

6. RELAY 

A relay is a switch that operates using electricity. It consists of a 
set of input terminals for one or more control signals and a set of 
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functional contact terminals. Relays use electromagnetism to con-
vert weak electrical inputs into stronger currents, where the elec-
tromagnets break or create circuits in response to these inputs. The 
device is designed for simple updates to contacts and isolates the 
activation component of the actuating part. It can operate at high 
temperatures and requires little current to function, yet it can pow-
er large machinery. Figure 5 shows a general image of a 5-V relay. 

7. PROPOSED METHODOLOGY 

The purpose of this study is to develop a system that can remotely 
monitor soil moisture levels in agricultural fields to maintain opti-
mal moisture levels for crop growth. This IoT-based system is de-
signed to accomplish this task. The prototype developed in this 
study allows for monitoring and maintenance of soil moisture levels 
in any agricultural field. This framework is expected to operate and 
generate reports in real-time. Although adjustments in sensing 
components, technologies, and source code may be necessary for ac-
tual implementation, the proposed approach and control remain 
consistent. The proposed system was demonstrated using Thing-
Speak cloud, an IoT analytics platform that allows for real-time da-

  

Fig. 3. Soil moisture sensor. Fig. 4. Water pump. 

 

Fig. 5. Relay. 
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ta stream aggregation, visualization, and analysis. ThingSpeak also 
allows for the execution of MATLAB code and can be used for pro-
totyping and proof of concept IoT systems that require analytics. 
This system has the potential to promote sustainable agriculture 
practices in any country. 

7.1. PROPOSED SYSTEM 

According to the presented methodology, data is gathered from var-
ious sensors including soil moisture level, temperature of the area, 
air moisture, and water level. These sensors are connected to a 
breadboard, which is further connected to an Arduino board. The 
collected data is then transferred to the Arduino IDE for pro-
cessing. The programming language utilized in the system runs in-
structions to extract and display the data. If the data is found to be 
invalid, the process is terminated, as illustrated in Figs. 6 and 7. 

 

Fig. 6. Proposed system. 

 

Fig. 7. Data flow diagram of the proposed system. 
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8. IMPLEMENTATION OF THE PROPOSED SYSTEM 

The proposed system aims to automate and regulate the irrigation pro-
cess by monitoring the moisture level of the field. This smart irriga-
tion device is designed to be a useful tool for farmers and gardeners 

who have limited time to water their plants. Moisture sensors and tem-
perature sensors are used to measure the water content and tempera-
ture of the plants. If the moisture level is found to be below the desired 

level, the moisture sensor sends a signal to the Arduino board, which 

activates the Water Pump to supply water to the specific plant. The 

system can also be extended for outdoor use. The operational model of 

the proposed system is illustrated in Figs. 8 and 9. 

9. EXPERIMENTAL ANALYSIS 

The DHT11 sensor was chosen due to its high sensitivity and accuracy 

in measuring temperature and humidity. A digital sensor communi-
cates with the ESP8266 NodeMCU via a single-wire serial interface. 
The NodeMCU’s analogue pin A0 was utilised to read the analogue 

output from the moisture sensor, which is a variable resistor that 

changes its resistance based on the moisture content in the soil. The 

analogue value read by the NodeMCU is then converted to a digital 
value using the built-in ADC (analogue-to-digital converter). To con-
trol the water pump, a relay module was used to switch the higher volt-
age required by the motor pump. The NodeMCU’s GPIO pins can only 

supply up to 3.3 V, which is not sufficient to operate the motor pump. 
The relay module acts as a switch that can handle higher voltage and 

current, allowing the NodeMCU to control the pump. An external 5-V 

power supply was also used to power the DHT11 and moisture sensors, 

as they require more power than what the NodeMCU can provide. 

Overall, the selection of these components and their integration into 

the system design is crucial in ensuring the accuracy, reliability, and 

efficiency of the automated irrigation system. 

  

Fig. 8. Working model of the proposed 
system. 

Fig. 9. Complete connection of the 
system. 
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 The table below lists the information gathered from various sensors. 

TABLE. Sample dataset. 

Created at Created Entry 
A1 A2 A3 A4 

Date Time Id 
09 March 07:22:2     107 

2019 4 113 35 51 49 6 
23 March 07:28:3      

2019 1 191 40 72 48 547 
17 March 06:18:2 

138 37 71 44 589 2019 4 
22 March 07:19:5     132 

2019 2 118 29 68 40 4 
13 March 07:27:1      

2019 6 132 32 51 49 562 
23 March 08:05:1     112 

2019 0 174 37 61 33 9 
09 March 07:21:2      

2019 8 165 36 61 45 703 
19 March 06:01:5 

172 33 77 45 674 2019 4 
21 March 08:36:2     137 

2019 6 180 38 53 34 9 
20 March 07:37:2     123 

2019 6 180 26 78 32 0 
08 March 08:49:1     138 

2019 1 176 28 50 28 5 
14 March 07:48:1      

2019 1 113 36 70 25 421 
20 March 08:08:3     140 

2019 6 105 38 57 35 1 
10 March 06:59:3 

108 29 71 46 
136 

2019 7 9 
11 March 06:30:2      

2019 2 159 40 78 27 304 
14 March 07:46:5     124 

2019 5 105 32 71 37 2 
23 March 07:03:5      

2019 2 130 36 61 33 948 
16 March 07:50:1      

2019 5 148 39 79 39 356 
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Continuation TABLE. 

Created at Created Entry 
A1 A2 A3 A4 

Date Time Id 

08 March 06:10:0 
128 30 80 31 625 2019 9 

05 March 06:09:1      

2019 0 107 26 67 35 729 
20 March 08:58:2      

2019 6 175 36 71 31 659 
23 March 06:33:0      

2019 5 159 38 64 43 986 
26 March 07:02:1      

2019 4 108 34 55 25 368 
19 March 06:21:1     138 

2019 9 146 34 57 43 8 
28 March 08:11:0      

2019 7 161 25 65 41 589 
19 March 08:14:1      

2019 8 146 34 66 39 804 
29 March 07:02:3 

186 33 56 34 827 2019 4 
11 March 08:40:5 

158 28 65 50 545 2019 2 
07 March 07:10:1 

163 32 72 34 785 2019 8 
04 March 07:26:4 

129 33 58 33 126 2019 7 
      2 

19 March 08:12:4 
136 32 67 27 680 2019 2 

27 March 06:31:0 
103 37 69 45 111 2019 6 

      1 
16 March 07:25:2 

199 31 73 47 146 2019 3 
      9 

08 March 06:42:4 
190 37 76 29 428 2019 3 

10 March 06:49:0 
189 40 65 30 916 2019 4 
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 The data from the sensors for temperature, humidity, soil mois-
ture, and water level are shown in Table under the characteristics 
A1, A2, A3, and A4, correspondingly. 
 The temperature measured by the DTH11sensor at various times 
and dates at various locations in Vellore is depicted in Fig. 10 be-
low. 
 Similar to that, Fig. 11 of the graph below shows the humidity 
measured by the DHT11 Sensor at various locations. 
 The soil moisture level recorded by the soil moister sensors is de-
picted graphically in Fig. 12. 
 The water level sensor is used to track the water level in differ-
ent fields throughout the Vellore districts. The following Fig. 13 
makes this very evident. 
 The ThingSpeak cloud receives this data for visualisation, and a 
connection between temperature and humidity is computed. When 
watering plants, the relationship between temperature and humidity 
is crucial. Therefore, we can turn on or off the irrigation system 
depending on the correlation. The association is displayed in the fol-
lowing Fig. 14 using ThingSpeak to visualise data from the Matlab. 
 The working space of Arduino was depicted in Fig. 15. 
 The proposed work is new since, up until now, the majority of 

 

Fig. 10. Temperature recorded by 
DTH-11 sensor. 

Fig. 11. Humidity recorded by DTH-
11 sensor. 

 

Fig. 12. Soil moisture recorded by 
soil moisture sensor. 

Fig. 13. Water level recorded by wa-
ter level sensor. 
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research on irrigation systems has typically recorded data and sent 
SMSs or alarms to the owners to let them know when to water or 
turn off the water supply. However, the suggested approach uses 
data gathered from numerous sensors to turn autonomously on and 
off. Additionally, the captured data is kept in the cloud for later 
use. 

10. CONCLUSION AND FUTURE WORK 

In addition to automating the data collection process for soil and 
plant nutrition requirements, future advancements in intelligent 
irrigation systems may also involve the use of advanced algorithms 
to predict soil moisture levels based on collected data. This could 
result in even greater efficiency and cost-effectiveness in the long 
run. 
 Furthermore, the use of sensors to monitor and regulate other 
important factors such as water level and sand content in soil can 
also be incorporated into the intelligent irrigation system. By in-
corporating additional variables, the system can become more pre-
cise and effective in delivering the correct amount of water to the 
plants. 
 The system described in this study is just the beginning of what 
is possible with smart agriculture. As more data is collected and 
analysed, the system can be further tailored for specific applica-
tions and scenarios. Ultimately, the objective is to not only save 
water but also reduce system costs, making it a more sustainable 
and profitable solution for farmers and agriculturalists. 
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The article discusses certain nanotechnologies’ key aspects: their rapid 
development, purposes, and uses. The types of certain nanotechnology 
generation are explained. Emphasis on the use is given to the cleaning of 
drinking water, in particular, sewage and ballast water. The latter is dis-
cussed at the level of the publisher and organizer of the international wa-
ter industry—Global Water Intelligence. The variety of ways of applying 
nanotechnologies to reduce pollution of aquatic environments is presented, 
and the disadvantages are emphasized. The article is descriptive and ap-
plied to help the reader understand the essence of the growth of the nano-
technology boom in several different technologies, ways, and distribution 
methods. A comparison of nanofiltration membranes with reverse osmosis 
(SWRO) systems is provided, concerning to processes at the nanoscale lev-
el, namely, the use of semi-permeable membranes, which allow only mole-
cules of a certain size to pass through; the pore size in such membranes is 
measured in nanometers. Therefore, reverse osmosis is an example of a 
nanoscale technology that is widely used for water purification. The arti-
cle contains, as a research part, an illustrative example of the application 
of the nanotechnological principle of the self-discharge filter in the inno-
vative process of disinfection/purification of ballast water according to 
the quality standard D-2 of the IMO Convention, based on an experimental 
level by the developers of the Danube Institute of the National University 
‘Odessa Maritime Academy’ (DI NU ‘OMA’; Izmail, Ukraine). It is shown 
how, with the help of its effective application process, the level of final 
destruction of invasive foreign organisms in ballast water increases. In 
the discussion of the article, it is stated that this filter will significantly 
reduce the labour costs of the marine ships’ engine crew for the produc-
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tion of high-quality distillate and will allow to improve the cleaning and 
washing of the filter working elements of the modernized ships’ SWRO. 
In particular, shortly, these are ceramic membranes, which will be com-
mercialized and industrialized in the areas of water purification and de-
salination, as opposed to the use of the SWRO and nanofiltration mem-
branes. The application No. 1059B162300675 submitted by the applicant, 
Candidate of technical sciences, Docent of the Department of Management 
in the Transport Industry of the DI NU ‘OMA’ of the Ministry of Educa-
tion and Science of Ukraine Nataliia Tiron-Vorobiova (2216B—TÜBITAK-
TWAS Postgraduate and Postdoctoral Fellowship Programs 2024–2027), 
refers to the use of ceramic membranes: Ballast Water Treatment System 
(BWTS) using Ceramic Membrane Filtration Method, Electrooxidation 
(EOx) Development and Ecological Assessment. The application provides a 
key decision (quotation): ‘Recently, research has mainly focused on im-
proving adequate, cheap, and aquatic-safe ballast water management sys-
tems (BWTS). However, most of these treatment processes alone do not 
meet all the required discharge quality indicators; they require modifica-
tion. Thus, there is a significant need for innovative environmental tech-
nologies and clean, cost-effective, sustainable maintenance of safe sea-
water sources. Recently, the integration of electrochemical (EOx) process-
es with improved membrane filtration processes has been considered as a 
means to overcome this barrier. The main idea is aimed at creating mod-
ern BWTS that meet the requirements of the quality standard D-2 of the 
IMO Convention. BWTS developed based on experimental research within 
the bilateral project Ukraine–Türkiye (‘2514 TÜBİTAK ve MESU İkili 
İşbirliği Programı’, 2021), is innovative, multifunctional, based on high 
nanotechnological principles.’. Against the background of the driving ad-
vantage of the use of nanofiltration, reverse osmosis, special attention is 
be paid to the acceptance of ‘nanotechnology: the environment’ (because 
the latter remains under threat) with the participation of the increasingly 
widespread use of nanotechnological approaches. 

Ó ñòàòò³ ðîçãëÿäàþòüñÿ êëþ÷îâ³ àñïåêòè ïåâíèõ íàíîòåõíîëîã³é: ¿õí³é 
ñòð³ìêèé ðîçâèòîê, ïðèçíà÷åííÿ òà âèêîðèñòàííÿ. Ïîÿñíþºòüñÿ ïåâí³ 
òèïè ´åíåðàö³¿ íàíîòåõíîëîã³é. Àêöåíò ðîáèòüñÿ íà âèêîðèñòàíí³ äëÿ 
î÷èùåííÿ ïèòíî¿ âîäè, çîêðåìà, ñò³÷íèõ âîä ³ áàëàñòíèõ âîä. Îñòàííº 
îáãîâîðþâàëîñÿ íà ð³âí³ âèäàâöÿ é îðãàí³çàòîðà ì³æíàðîäíî¿ âîäíî¿ 
ãàëóç³ Global Water Intelligence. Ïðåäñòàâëåíî ð³çíîìàí³òí³ ñïîñîáè çà-
ñòîñóâàííÿ íàíîòåõíîëîã³é äëÿ çìåíøåííÿ çàáðóäíåííÿ âîäíîãî ñåðå-
äîâèùà òà çàçíà÷åíî íåäîë³êè. Ñòàòòÿ ìàº îïèñîâèé ³ ïðèêëàäíèé õà-
ðàêòåð, ùîá äîïîìîãòè ÷èòà÷åâ³ çðîçóì³òè ñóòü çðîñòàííÿ áóìó íàíîòå-
õíîëîã³é ó ê³ëüêîõ ïåâíèõ ð³çíèõ òåõíîëîã³ÿõ, øëÿõàõ ³ ìåòîäàõ ïî-
øèðåííÿ. Íàâåäåíî ïîð³âíÿííÿ íàíîô³ëüòðàö³éíèõ ìåìáðàí ³ç ñèñòå-
ìàìè çâîðîòíüî¿ îñìîçè (SWRO) ùîäî ïðîöåñ³â íà íàíîð³âí³ ç âèêîðèñ-
òàííÿì íàï³âïðîíèêíèõ ìåìáðàí, ÿê³ ïðîïóñêàþòü ëèøå ìîëåêóëè ïå-
âíîãî ðîçì³ðó; ðîçì³ð ïîð ó òàêèõ ìåìáðàíàõ âèì³ðþºòüñÿ â íàíîìåò-
ðàõ. Îòæå, çâîðîòíÿ îñìîçà º ïðèêëàäîì íàíîìàñøòàáíî¿ òåõíîëîã³¿, 
ÿêà øèðîêî âèêîðèñòîâóºòüñÿ äëÿ î÷èùåííÿ âîäè. Ñòàòòÿ ì³ñòèòü ÿê 
äîñë³äíèöüêó ÷àñòèíó ³ëþñòðàòèâíèé ïðèêëàä çàñòîñóâàííÿ íàíîòåõíî-
ëîã³÷íîãî ïðèíöèïó ñàìîðîçðÿäíîãî ô³ëüòðà â ³ííîâàö³éíîìó ïðîöåñ³ 
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äåç³íô³êóâàííÿ/î÷èùåííÿ áàëàñòíèõ âîä â³äïîâ³äíî äî ñòàíäàðòó ÿêîñ-
òè D-2 Êîíâåíö³¿ ²ÌÎ, çàñíîâàíîìó íà åêñïåðèìåíòàëüíîìó ð³âí³ ðîç-
ðîáíèêàìè Äóíàéñüêîãî ³íñòèòóòó Íàö³îíàëüíîãî óí³âåðñèòåòó «Îäåñü-
êà ìîðñüêà àêàäåì³ÿ» (Ä² ÍÓ «ÎÌÀ»; ²çìà¿ë, Óêðà¿íà). Ïîêàçàíî, ÿê 
çà äîïîìîãîþ åôåêòèâíîãî ïðîöåñó éîãî çàñòîñóâàííÿ ï³äâèùóºòüñÿ ð³-
âåíü îñòàòî÷íîãî çíèùåííÿ ³íâàç³éíèõ ñòîðîíí³õ îðãàí³çì³â ó áàëàñò-
íèõ âîäàõ. Â îáãîâîðåíí³ ñòàòò³ çàçíà÷åíî, ùî öåé ô³ëüòåð çíà÷íî ïî-
íèçèòü âèòðàòè ïðàö³ ìàøèííîãî åê³ïàæó ìîðñüêîãî ñóäíà íà âèðîáíè-
öòâî âèñîêîÿê³ñíîãî äèñòèëÿòó òà äàñòü çìîãó ïîë³ïøèòè î÷èùåííÿ òà 
ïðîìèâàííÿ ðîáî÷èõ åëåìåíò³â ô³ëüòðà ìîäåðí³çîâàíîãî ñóäíîâîãî 
ÑÎÎÏ. Çîêðåìà, íàéáëèæ÷èì ÷àñîì ñàìå êåðàì³÷í³ ìåìáðàíè áóäóòü 
êîìåðö³ÿë³çîâàí³ òà ïðîìèñëîâî âïðîâàäæåí³ â ñôåðàõ î÷èùåííÿ òà 
îïð³ñíåííÿ âîäè, íà â³äì³íó â³ä âèêîðèñòàííÿ ÑÎÎÏ ³ íàíîô³ëüòðàö³é-
íèõ ìåìáðàí. Çàÿâêà ¹ 1059B162300675, ïîäàíà çàÿâíèêîì — ê.ò.í., 
äîöåíòîì êàôåäðè ìåíåäæìåíòó â òðàíñïîðòí³é ãàëóç³ Ä² ÍÓ «ÎÌÀ» 
Ì³í³ñòåðñòâà îñâ³òè ³ íàóêè Óêðà¿íè Ò³ðîí-Âîðîáéîâîþ Íàòàë³ºþ 
(2216B çà Ïðîãðàìîþ ñòèïåíä³é äëÿ àñï³ðàíò³â òà ïîñòäîêòîðàíò³â 
TÜBITAK-TWAS 2024–2027 ðîê³â), ñòîñóºòüñÿ âèêîðèñòàííÿ êåðàì³÷-
íèõ ìåìáðàí: ñèñòåìè î÷èùåííÿ áàëàñòíèõ âîä (ÑÎÁÂ) ç âèêîðèñòàí-
íÿì ìåòîäó ô³ëüòðàö³¿ ÷åðåç êåðàì³÷í³ ìåìáðàíè, ðîçðîáêè åëåêòðîî-
êèñíåííÿ (EOx) òà åêîëîã³÷íî¿ îö³íêè. Çàÿâêà ì³ñòèòü êëþ÷îâå ð³øåí-
íÿ (öèòàòà): «Îñòàíí³ì ÷àñîì äîñë³äæåííÿ â îñíîâíîìó çîñåðåäæåí³ íà 
âäîñêîíàëåíí³ àäåêâàòíèõ, äåøåâèõ òà áåçïå÷íèõ äëÿ âîäíîãî ñåðåäî-
âèùà ñèñòåì óïðàâë³ííÿ áàëàñòíèìè âîäàìè (ÑÎÁÂ). Îäíàê á³ëüø³ñòü 
öèõ ïðîöåñ³â î÷èùåííÿ ñàì³ ïî ñîá³ íå â³äïîâ³äàþòü óñ³ì íåîáõ³äíèì 
ïîêàçíèêàì ÿêîñò³ ñêèä³â; âîíè ïîòðåáóþòü ìîäèô³êàö³¿.». Òàêèì ÷è-
íîì, º çíà÷íà ïîòðåáà â ³ííîâàö³éíèõ åêîëîã³÷íèõ òåõíîëîã³ÿõ ³ ÷èñòî-
ìó, åêîíîì³÷íî åôåêòèâíîìó, ñòàëîìó îáñëóãîâóâàíí³ áåçïå÷íèõ äæå-
ðåë ìîðñüêî¿ âîäè. Îñòàíí³ì ÷àñîì ³íòå´ðàö³ÿ åëåêòðîõåì³÷íèõ (EOx) 
ïðîöåñ³â ç óäîñêîíàëåíèìè ïðîöåñàìè ìåìáðàííî¿ ô³ëüòðàö³¿ ðîçãëÿäà-
ºòüñÿ ÿê çàñ³á ïîäîëàííÿ öüîãî áàð’ºðó. Îñíîâíó ³äåþ ñïðÿìîâàíî íà 
ñòâîðåííÿ ñó÷àñíèõ ÑÎÁÂ, ùî â³äïîâ³äàþòü âèìîãàì ñòàíäàðòó ÿêîñòè 
D-2 Êîíâåíö³¿ ²ÌÎ. ÑÎÁÂ, ðîçðîáëåíà íà îñíîâ³ åêñïåðèìåíòàëüíèõ 
äîñë³äæåíü ó ðàìêàõ äâîñòîðîííüîãî ïðîºêòó Óêðà¿íà–Òóðå÷÷èíà 
(«2514 TÜBİTAK ve MESU İkili İşbirliği Programı», 2021), º ³ííîâàö³é-
íîþ, áàãàòîôóíêö³îíàëüíîþ, çàñíîâàíîþ íà âèñîêèõ íàíîòåõíîëîã³÷íèõ 
ïðèíöèïàõ. Íà òë³ ðóø³éíî¿ ïåðåâàãè çàñòîñóâàííÿ íàíîô³ëüòðàö³¿, 
çâîðîòíüî¿ îñìîçè, îñîáëèâó óâàãó áóäå ïðèä³ëåíî ïðèéíÿòòþ «íàíîòå-
õíîëîã³¿: äîâê³ëëÿ» (îñê³ëüêè îñòàííº çàëèøàºòüñÿ ï³ä çàãðîçîþ) çà-
âäÿêè âñå á³ëüø øèðîêîìó âèêîðèñòàííþ íàíîòåõíîëîã³÷íèõ ï³äõîä³â. 

Key words: nanofiltration, nanofiltration materials, reverse osmosis, ma-
rine environment, ‘softening’ membranes, self-discharging nanofilter. 

Êëþ÷îâ³ ñëîâà: íàíîô³ëüòðàö³ÿ, íàíîô³ëüòðàö³éí³ ìàòåð³ÿëè, çâîðîòíÿ 
îñìîçà, ìîðñüêå ñåðåäîâèùå, «ïîì’ÿêøóâàëüí³» ìåìáðàíè, ñàìîðîçðÿä-
íèé íàíîô³ëüòåð. 
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1. INTRODUCTION 

Water is a rich source of valuable resources, whether it is chemicals 
in industrial wastewater, minerals in geothermal brines, or water 
itself. Interest in efficiently capturing and reusing products from 
the aquatic environment is growing, creating opportunities for 
technologies such as nanofiltration. Global Water Intelligence 
(GWI), a leading publisher and event organizer serving the interna-
tional water industry, provides an essential guide to exploring this 
key technology for resource recovery. 
 Stricter water quality standards have led to increased demand for 
efficient membrane filtration technologies such as nanofiltration. 

1.1. Nanofiltration as a Circular Economy 

Nanofiltration (NF) (Fig. 1) is a type of semipermeable membrane, a 
thin selective barrier used to filter liquids in many industries. Posi-
tioned between reverse osmosis and ultrafiltration, nanofiltration is 
the second densest membrane with a pore size ranging between 1–
10 nanometers. Nanofiltration membranes are available in various 
configurations, with the most common being spiral membranes; 
however, hollow fibre membranes have gained popularity since Pen-
tair X-Flow introduced them in 2013. While polymeric NF materials 
dominate the market, other options include ceramics and cellulose. 
 Pressure is required to push the liquid through the membrane, with 

the permeate passing through while the concentrate is rejected. Parti-
cles can be rejected not only by size exclusion, but also by the chemistry 

of the membrane surface, selectively attracting or repelling certain 

contaminants based on their charge or chemical affinity. 
 Nanofiltration can purify high-quality water with less energy 
consumption than reverse osmosis (RO). For applications that do 
not require the removal of high levels of dissolved salts, nanofiltra-
tion membranes can be a useful alternative to RO, capable of re-
moving bacteria, viruses, organics, and divalent ions. 

  

Fig. 1. Nanofiltration [1]. 
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 Nanofiltration was initially used for sulphate removal in the oil and 

gas sector, but now, it is applied for various purposes such as water 

softening, drinking water treatment, and purification of many indus-
trial wastewater and brines. Recently, NF has also been employed for 

removing emerging contaminants from drinking water. 
 Nanofiltration aligns with the principles of the circular economy, 
primarily by reclaiming high-quality water suitable for reuse, but 
the recovery of other commodities such as biomass, minerals, and 
chemicals is gaining momentum in the market [1]. 
 Nanofiltration should be used with fresh water and low-salinity 
brackish water if it contains heavy metals or microbiological con-
tamination. In such situations, reverse osmosis will produce overly 
pure water that will need to be demineralized, increasing the cost 
and complexity of the purification system. 

2. MAIN PROBLEMS: GOALS AND SOLUTIONS 

2.1. Water Pollution and Nanotechnology [2] 

How can nanotechnology be used to reduce water pollution? 
 Nanotechnology is utilized to address three very distinct water 
quality issues. 
 One problem involves removing industrial water contaminants from 

groundwater, such as a solvent used in cleaning called TCE (trichloro-
ethylene). Nanoparticles can be employed to transform the contami-
nant through a chemical reaction to render it harmless. Research has 

shown that this method can effectively capture contaminants dis-
persed in underground aquifers at significantly lower costs than meth-
ods requiring pumping water from the ground for purification. 
 Another complex issue is the removal of salt or metals from wa-
ter. The deionization method using electrodes made of nanofibers 
shows promise in reducing costs and energy requirements for con-
verting saline water into potable water. 
 The third problem lies in standard filters being ineffective 
against viral cells. Currently, a filter with a diameter of just a few 
nanometers is being developed to be capable of removing viral cells 
from water. 

3. MAIN TEXT. WATER POLLUTION: APPLICATION 
OF NANOTECHNOLOGY IN DEVELOPMENT 

3.1. Research 

Researchers at the University of Tokyo demonstrated the use of 
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fluorine nanochannels for salt removal from water. 
 Researchers at EPFL demonstrated a water filter powered by so-
lar panels, which utilizes nanowires of titanium dioxide (TiO2) and 
carbon nanotubes for water purification. 
 Researchers at Brown University demonstrated the creation of 
water filters using short channels between graphene sheets, allow-
ing water to pass through but blocking larger contaminants. 
 Researchers at North-Western University developed a nanocom-
posite coating that can be applied to a sponge to absorb oil but repel 
water. 
 Researchers at Nagoya University demonstrated the use of ami-
no-modified nanocarbons for removing heavy metal ions from wa-
ter. 
 Researchers at RMIT University and the University of New 
South Wales demonstrated a filter made of nanosheets of alumini-
um oxide, which can filter water for both heavy metals and oils. 
 Researchers at the University of Cincinnati demonstrated a 
method for removing antibiotics contaminating waterways. The 
method utilizes vesicle nanoparticles that absorb antibiotics. 
 Researchers at the Pacific Northwest National Laboratory devel-
oped a material for removing mercury from groundwater. The ma-
terial is called SAMMS, which stands for Self-Assembled Monolay-
ers on Mesoporous Supports. This involves taking a ceramic particle 
with many nanosize pores on its surface and lining the nanopores 
with molecules containing sulphur atoms on one end, leaving a hole 
in the centre lined with sulphur atoms, as shown in the SAMMS 
figure. They line the nanopores with sulphur-containing molecules 
as sulphur binds to mercury, trapping mercury atoms inside the 
nanopores. 

3.2. Usage 

–Nanosponges with a reactive nanoparticle layer covering a synthet-
ic core that easily magnetizes. For example, silver nanoparticles, if 
bacteria are a problem, attach to pollutants or kill them. Then, 
when a magnetic field is applied, the nanosponges are removed from 
the water. 
–Pellets containing nanostructured palladium and gold as catalysts 
for breaking down chlorinated compounds polluting groundwater. 
Since palladium is very expensive, researchers formed pellets of na-
noparticles that allow nearly every palladium atom to react with 
chlorinated compounds, reducing processing costs. 
–Enzyme-functionalized micromotors for removing carbon dioxide 
from water. 
–Graphene oxide for removing radioactive material from water. Re-
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searchers found that graphene oxide patches absorb radioactive ions 
in water. Then, graphene oxide forms clumps that can be removed 
from water for disposal. 
–Graphene as membranes for inexpensive water desalination. Re-
searchers have found that graphene with nanopores a nanometer or 
less in size can be used to remove ions from water. They believe this 
can be used for desalinating seawater at a lower cost than reverse 
osmosis methods currently used. 
–Carbon nanotubes as pores in reverse osmosis membranes. This can 
reduce the power required to operate reverse osmosis desalination 
plants as water molecules pass through carbon nanotubes more easi-
ly than through other types of pores. Other researchers are using 
carbon nanotubes to develop small inexpensive water purification 
devices needed in developing countries. 
–Carbon nanotubes for oil spill clean up. Researchers found that 
adding boron atoms during carbon nanotube growth results in the 
nanotubes growing into a sponge-like structure that can absorb oil 
many times its weight. 
–Nanoparticle-like hairs (nanohairs) for capturing and measuring 
mercury contamination levels in water. 
–Integration of nanomembranes with solar energy to reduce the cost 
of seawater desalination. 
–Iron nanoparticles for cleaning groundwater from tetrachloroeth-
ylene contamination. 
–Addition of graphene oxide to sand filters to enhance their ability 
to remove pollutants from water. 
–Silver chloride nanowires as photocatalysts for decomposing organ-
ic molecules in polluted water. 
–Electrified filter consisting of silver nanowires, carbon nanotubes, 
and cotton for bacteria eradication in water. 
–Nanoparticles capable of absorbing radioactive particles polluting 
groundwater. 
–Iron nanoparticle coatings allowing them to neutralize dense hy-
drophobic solvents polluting groundwater. 
–Nanodroplet mats for absorbing oil spills. 
–Iron oxide nanoparticles for arsenic removal from water wells. 
–Carbon nanotubes with a gold tip for capturing oil droplets pollut-
ing water. 
 Antimicrobial nanofibers and activated carbon in a disposable fil-
ter as an inexpensive means of purifying contaminated water. 

3.3. Nanofiltration is Sometimes Used for Wastewater Treatment 

It provides higher flow rates and consumes less energy than reverse 
osmosis systems. The design and operation of nanofiltration are 
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very similar to ‘nanofiltration, considerably similar to reverse os-
mosis’, with some differences. 
 The main difference is that the nanomembrane is not as ‘tight’ as 
the reverse osmosis membrane. It operates at a lower feed water 
pressure and does not remove monovalent (i.e., those with one 
charge or valence) ions from water as effectively as the RO mem-
brane. 
 While an RO membrane typically removes 98–99% of monovalent 
ions such as chlorides or sodium, a nanofiltration membrane typi-
cally removes 50% to 90%, depending on the membrane material 
and manufacturing. Due to its ability to remove effectively divalent 
and trivalent ions, nanofiltration is often used for water softening, 
leaving a smaller impact on the overall content of dissolved solids 
than RO. For this reason, it is called a ‘softening membrane’. Nano-
filtration is often used to filter water with low levels of dissolved 
solids, remove organic matter, and soften water. 
 As it is a ‘looser membrane’, nanofiltration membranes are less 
likely to foul or scale and require less pretreatment than reverse 
osmosis systems. Sometimes it is even used as pretreatment for re-
verse osmosis. 
 Nanofiltration can be used in various water and wastewater 
treatment applications for economically efficient removal of ions 
and organic matter. 
 In addition to water purification, nanofiltration is often used in 
the manufacturing process for pharmaceuticals, dairy products, 
textiles, and bakeries. 
 In particular, WaterProfessionals® have extensive experience in 

 

Fig. 2. How nanofiltration works [3]. 
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applying nanofiltration systems to address water purification chal-
lenges (Fig. 2). 

3.4. Sea Water Reverse Osmosis (SWRO) Systems on Maritime Vessels 

Steam vacuum systems from leading manufacturers such as Alfa 
Laval, Mitsubishi, and others, according to design documentation, 
are expected to produce high-quality distillate on-board maritime 
vessels. However, in practice, due to changes in the operation 
modes of the main engine, the temperature of the water in the in-
ternal circuit of the engine, which serves as the heat carrier of the 
ship’s desalination plant, may vary. As a result, the obtained distil-
late may not always meet the 1.5-ppm standard after desalination. 
The obtained permeate does not meet the quality standard, leading 
to fouling of the internal circuit of the main engine’s diesel genera-
tors. This increases the deposition of solid scale and loose sludge in 
the engine rooms of internal combustion maritime diesel engines 
(ICME) and boiler drums, requiring additional use of expensive rea-
gents for water treatment. 
 Currently, on new vessels, Sea Water Reverse Osmosis Systems 
(SWRO) are being additionally installed alongside existing steam 
vacuum systems, reducing energy costs for desalinating seawater. 
 Energy costs can be analysed using reversible thermodynamic 
processes. From thermodynamic principles, it follows that any wa-
ter desalination method will be most efficient if it includes a ther-
modynamically reversible process. Energy calculation to determine a 
reversible system serves as the lower bound of energy for any other 
process [4]. 
 To obtain large volumes of freshwater, a significant amount of 
seawater must be used, where, as a result of desalination, we obtain 
pure permeate and highly concentrated NaCl brine, which is com-
pletely drained overboard. 
 The ratio of produced freshwater to the volume of seawater re-
quired to obtain freshwater is called the water recovery coeffi-
cient—a. 
 In practice, a reverse osmosis desalination system cannot be a re-
versible process; there will always be losses depending on the coeffi-
cient. 

 
0 

V
a

V V
, (1) 

where V is the volume of fresh water (‘sweet-water’) produced; V0 is 
the volume of water remaining after the desalination process has 
not been converted into fresh water (‘sweet-water’). It is usually 
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called brine or concentrate. 
 For example, if the system processes 1000 L of seawater: 
V V0 1000 L and, at the same time, receives 400 L of fresh wa-
ter: V 400 L, and 600 L remain as brine, then, the water recovery 
coefficient will be: 

a 400/(400 600) 400/1000 0.4. 

This means that 40% of the original seawater was converted into 
fresh water. 
 Actual work considering losses are in a formula, more specifically 
taking into account osmotic pressure and water volume. This for-
mula takes into account that the volume of seawater exceeds the 
volume of fresh water (‘sweet-water’) by the water recovery coeffi-
cient: 

 
1

1W PV
a

, (2) 

where P is the osmotic pressure, V is the volume of pumped water. 
 For most engineering calculations, this simplified version of this 
formula is used, which directly relates the volume of fresh water to 
osmotic pressure and water recovery coefficient. 
 Another example. Let us say we need to get 100 L of fresh water. 
Osmotic pressure P is of 5 bar (this is approximately of 0.5 MPa). 
The water recovery coefficient a is of 0.4 (40% of the original sea-
water is converted into fresh water). 
 The actual work done by W is of 0.075 MJ (megajoules). 
 To convert into more convenient units, for example, kWh, you 
can use the following conversion: 

1 MJ 0.27778 kWh. 

So, to obtain 100 L of fresh water under these conditions, it is nec-
essary to expend approximately 0.0208 kWh of energy. 
 It is sufficient to provide an example by comparing the Alfa La-
val VSP-36-C-125 steam vacuum unit, which has a capacity of 36 
m3/day, with a permeate quality of 1.5 ppm and consumes 52 
kWh/m3 [5]. In reverse osmosis units, energy consumption will be 
five to ten times lower depending on the membranes used [6]. 
 In recent years, reverse osmosis systems have gained widespread 
popularity for water purification and desalination, with the use of 
nanotechnology. 
 The FiiZK Aqua membrane filtration technology (see, for instance, 
https://fiizk.com/en/news-from-fiizk/water-purification-and-
desalination-solutions-for-land-based-farming-and-parasite-control/) 
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utilizes membrane filtration to stop unwanted substances. The use of 
membranes is intended to prevent contamination by organic and bio-
logical contaminants (parasites, bacteria, and viruses). 
 The membrane pore size determines the fraction that can be re-
tained through filtration and our installations offer means for (Fig. 
3): 
–ultrafiltration (UF; pore size of 0.01–1.0 μm), 
–nanofiltration (NF; pore size of 0.001–0.01 μm), 
–reverse osmosis (RO; pore size 0.001 μm). 
 A significant drawback of using SWRO systems in the maritime 
fleet is the high operating pressure of up to 100 bar required to 
achieve the quality standards of the obtained permeate. All types of 
installations are compelled to flush the working membranes from 
heavy metals, salts, and other inclusions, and discharge them over-
board along with the brine, causing significant harm to the marine 
environment and biodiversity. 

4. DISCUSSION 

In earlier works, the authors proposed a catalyst capable of obtain-
ing crystalline salt from the brine obtained during seawater desali-
nation with minimal costs, using modern crystallizers to produce 
technical-grade salt in maritime conditions. 
 The scientific breakthrough in creating nanotubes, which subse-
quently found application in the production of nanomembranes for 
seawater desalination in SWRO installations, provided enormous 
potential for reducing energy consumption and operating pressure 
from 80 bars to 3 bars. The material used to produce nanotubes 
consists of sheets of carbon atoms. Their density is so high that on-
ly seven water molecules can pass through their cells, and the rate 

 

Fig. 3. Applications (MF)/Seawater [3]. 
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of seawater passage through nanotubes is 5000 times higher than in 
synthetic membranes. This effect has not found a complete explana-
tion in science and requires further study. The quality of the ob-
tained fresh water is 0.5 ppm, and energy consumption does not ex-
ceed 2 kWh/m3 [7, 8]. 
 According to the authors of the article, a decision has been made 
to propose the creation of a nanodischarge automated filter with 
disks made of nanocarbon tubes in the development and testing of a 
ballast water treatment/disinfection system created at the Danube 
Institute of the National University ‘Odesa Maritime Academy’ 
(Izmail, Odesa region, Ukraine) in accordance with the IMO Conven-
tion D-2 quality standard (Fig. 4). 
 Such a filter will significantly reduce the labour costs of the ship’s 
crew for the production of high-quality distillate and improve the 
cleaning and flushing of the filtering elements of the modern SWRO 
ship system. 
 The advantage of the self-cleaning filter lies in providing the in-
stallation with a high level of invasive species destruction in ballast 
water treatment. The disc filter is used for filtering fine-dispersed 
suspensions; it consists of a housing in which a hollow shaft with 
perforated discs mounted on bearings is connected to the shaft cavi-
ty (Fig. 4). 
 Filtration cloth is fastened to the surface of the discs using 
clamps. During filtration, the shaft with the discs remains station-
ary, and the filtrate passes through the filtering partition inside 
the discs, then into the hollow shaft, and is discharged from the 
top. A sediment layer forms on the upper and lower surfaces of the 

 

Fig. 4. View of the disc self-cleaning filter [4]. 
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discs. After filtration is completed, the suspension is drained, and 
flushing liquid is supplied inside the shaft and discs, while the 
shaft with the discs is rotated by an electric drive. 
 Due to centrifugal forces, sediment is removed from the discs 
and discharged from the bottom of the filter. Then the filtration 
and flushing cycles are repeated. The positive quality of the filter is 
automatic sediment discharge. 
 The application of existing technologies from such company as 
CJC™ for purifying circulating lubricants and heavy fuel for ship 
engines provides the authors with practical experience and acquired 
expertise. Regarding ballast water treatment, proposed fine purifi-
cation filters can be successfully applied since the density of oil is 
significantly higher than the density of ballast water, which in-
creases the fluid’s permeability. 

5. CONCLUSION 

According to experts, nanotechnologies will become a driving force of 
the industrial revolution and will change our way of life. Research 
and development in nanotechnologies are on the rise in the pursuit of 
original and useful things, and while there is a boom in factory pro-
duction, little is being done to ensure the safety of society and the 
environment. 
 According to the National Science Foundation of the U.S.A., over 
the next decade, nanotechnologies are expected to ‘capture’ 1 tril-
lion dollars of the world market. Nanotechnologies promise enor-
mous potential benefits in improving almost all types of industrial 
products. However, on the other hand, the question arises: are they 
safe? The increasing number of scientific studies and government 
reports warns that created nanoparticles may pose a danger to hu-
man health and the environment, although there have been few 
studies on their toxicity. 
 Considerable efforts have been made to overcome the shortage of 
clean water, and nanotechnologies are a strong candidate for rapid 
development. Research and commercialization of polymer RO and 
NF membranes began in the early 1960s. So far, two types of mem-
branes dominate the water desalination market: cellulose-based 
membranes (CA) and thin-film composite membranes (TFC). The 
most representative products, such as TS40, TS80, and AD-90, were 
developed over 30 years ago, and since then, there have been no 
significant changes due to low production costs and a high level of 
salt rejection. New research directions in barrier layers of TFC 
membranes include improving resistance to contamination, as well 
as chemical and thermal stability. Meanwhile, microporous supports 
can be optimized to increase mechanical strength and permeability. 
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 Inorganic RO and NF membranes have been studied on a labora-
tory scale for water purification since the 1980s. The most typical 
ceramic membranes are metal-oxide membranes and carbon-based 
membranes. The main method for synthesizing metal oxide mem-
branes is the sol–gel technique, which requires further optimization 
for particle size and distribution control. The efficiency of mixed 
matrix membranes (MMMs), made from both organic and inorganic 
nanomaterials, is excellent, but they are too expensive compared to 
other membranes. Therefore, it is important to understand the eco-
nomic competitiveness of MMMs, as well as their potential applica-
tion. 
 Although nanotechnologies are leading the way in the develop-
ment of RO and NF membranes for water purification, there are 
still technical and scientific problems that need to be addressed be-
fore more advantages can be gained. Despite the difficulties that 
need to be overcome, it is very likely that ceramic membranes will 
be commercialized and industrialized in water purification and de-
salination in the near future [9]. 
 Thus, nanotechnologies encompass a wide range of technologies 
for controlling the structure of matter at the atomic and molecular 
levels. A nanometer is one billionth of a meter, the length of a 
chain of 10 adjacent hydrogen atoms; the thickness of a human hair 
is approximately 80.000 nanometers. It is difficult to imagine 
something so small, let alone believe that it can be used in manu-
facturing processes [10]. 
 At such a microscopic level, matter behaves differently than in 
our everyday life in this world dominated by ‘classical Newtonian 
physics’. In the nanoworld, ‘the properties of matter are determined 
by a complex and rich combination of classical physics and quantum 
mechanics’, as stated in an exclusive online issue of Scientific 
American in January 2006. Moreover, in larger quantities, minia-
ture nanomaterials can have enormous power due to their signifi-
cantly higher surface area to volume ratio. As the particle size de-
creases and its reactivity increases, a substance that may be inert 
on a micro or macroscale can acquire hazardous properties on a na-
noscale [11]. 
 Regarding social and ethical issues, according to Vital Signs 
2006–2007, serious concerns are not limited to safety and health 
impact; broader social and ethical implications need to be studied. 
 As with other forms of black carbon, such as carbon nanotubes, 
there is an increasing risk to the environment and/or public concern 
that graphene-based/(restored) rGO (GO—graphene oxide) nano-
materials will be found in natural water bodies due to their diverse 
applications. In addition, these nanomaterials may play an im-
portant role in biogeochemical activity due to their high mobility in 
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the environment. These nanoadsorbents may also contain various 
toxic chemicals due to potential impurities. 
 Therefore, comprehensive research is needed to develop environ-
mentally friendly methods for producing clean nanomaterials based 
on graphene/(restored) rGO and to assess the toxicity and biocom-
patibility of these nanomaterials. 
 ‘The nanotechnological revolution is driven by profit—it is not a 
necessity for human development; as long as poverty and social in-
justice are fundamental problems, new technologies will never be a 
universal solution to them’, as stated in the Vital Signs report. 
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The paper considers influence of various factors on the stability of the 
ettringite structure of two forms of formation: à—on the base of pure 
minerals Ñ3À ÑṤH2, b—a mixture of alumina cement (AC-400) and gyp-
sum plaster (G5); besides, a model of hydration process using the example 
of calcium sulphate hemihydrate is presented. Factors affecting stability 
of ettringite depending on changes in humidity and pH of the environ-
ment, temperature, and operating conditions are established. It is con-
firmed the hypothesis of the effect caused by the ratio G f(ÑàÎ/Al2Î3) in 
the minerals of the CaO–Al2O3–H2O system on the Gibbs surface energy: 
for ÑÀ2 0.27, G 24.70; for ÑÀ 0.54, G 51.86; for Ñ12À7 0.8, 
G 141.00, for Ñ3À 1.63, G 145. It is also determined the depend-

ence of the order of formation of hydrate compounds during hydration of 
aluminate and sulphoaluminate cements on the Gibbs surface energy 
G f(Da) and the ratio G f(CaO/Al2O3) for the minerals of the system 

by means of the average Gibbs energy (for ÑÀ2, 24.70; for ÑÀ, 51.86; for 
Ñ12À7, 141.00; for Ñ3À, 145) of the system CaO–Al2O3–H2O: Ñ2AÍ8, 
Ñ4AÍ13, Ñ4AÍ10, ÑAÍ10, Al(OÍ)3. Change in the heat of hydration of pure 
clinker minerals over time and change in their degree of hydration depend 
on the value of the coefficients. For example, the coefficient K 
(mCaO/nAl2O3 ratio) is the largest for C3A mineral, i.e., 1.63, and the heat 
of hydration is correspondingly the highest for C3A mineral and is of 873 
J/g on the 28th day; therefore, accordingly, C3A mineral will enter the hy-
dration reaction as the fastest. An increase in temperature is detected for 
artificially formed ettringite in the C3A ÑṤH2 system followed by 
CA ÑṤH2 and CA2 ÑṤH2 that confirms the main idea of the experiments. 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
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Íàäðóêîâàíî â Óêðà¿í³. 
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Stabilization of the ettringite phase is carried out by means of the nano-
modification with carbon nanotubes (CNTs), taurite, and silicon dioxide. 
Results of investigations performed confirm a 4–5-fold increase in 
strength indicators, a change in the softening factor depending on the 
type of nanomodifier and systems with different plasticizers and nano-
tubes. 

Â ðîáîò³ ðîçãëÿíóòî âïëèâ ð³çíèõ ÷èííèê³â íà ñòàá³ëüí³ñòü ñòðóêòóðè 
åòòðèíã³òó äâîõ ôîðì óòâîðåííÿ: à) íà îñíîâ³ ÷èñòèõ ì³íåðàë³â 
Ñ3À ÑṤH2, á) ñóì³ø³ ãëèíîçåìèñòîãî öåìåíòó (ÃÖ-400) ³ ã³ïñó áóä³âå-
ëüíîãî (Ã5); òàêîæ ïðåäñòàâëåíî ìîäåëü ïðîöåñó ã³äðàòàö³¿ íà ïðèêëàä³ 
íàï³ââîäÿíîãî ñóëüôàòó Êàëüö³þ. Âñòàíîâëåíî ÷èííèêè âïëèâó íà ñòà-
á³ëüí³ñòü åòòðèíã³òó â³ä çì³íè âîëîãîñòè òà pH ñåðåäîâèùà, òåìïåðàòó-
ðè, óìîâ åêñïëóàòàö³¿. Ï³äòâåðäæåíî ã³ïîòåçó âïëèâó ñï³ââ³äíîøåííÿ 
G f(ÑàÎ/Al2Î3) â ì³íåðàëàõ ñèñòåìè CaO–Al2O3 íà ¥³ááñîâó ïîâåðõíåâó 
åíåðã³þ: ÑÀ2 0,27 — G 24,70, ÑÀ 0,54 — G 51,86, Ñ12À7 0,8 — 
G 141,00, Ñ3À 1,63 — G 145; âèçíà÷åíî çàëåæí³ñòü ïîðÿäêó ôî-

ðìóâàííÿ ã³äðàòíèõ ñïîëóê çà ã³äðàòàö³¿ àëþì³íàòíèõ ³ ñóëüôîàëþì³-
íàòíèõ öåìåíò³â â³ä ¥³ááñîâî¿ ïîâåðõíåâî¿ åíåðã³¿ G f(à.î.ì.) ³ ñï³â-
â³äíîøåííÿ G f(ÑàÎ/Al2Î3) äëÿ ì³íåðàë³â ñèñòåìè çà ñåðåäíüîþ ¥³áá-
ñîâîþ åíåðã³ºþ: ÑÀ2 — 24,70, ÑÀ — 51,86, Ñ12À7 — 141,00, Ñ3À — 145 
ñèñòåìè CaO–Al2O3–H2O: Ñ2AÍ8, Ñ4AÍ13, Ñ4AÍ10, ÑAÍ10, Al(OÍ)3. Çì³íà 
òåïëîòè ã³äðàòàö³¿ ÷èñòèõ êë³íêåðíèõ ì³íåðàë³â ó ÷àñ³ òà çì³íà ¿õíüîãî 
ñòóïåíÿ ã³äðàòàö³¿ çàëåæàòü â³ä âåëè÷èíè êîåô³ö³ºíò³â. Íàïðèêëàä, êî-
åô³ö³ºíò K (ñï³ââ³äíîøåííÿ mÑàÎ/nAl2Î3) º íàéá³ëüøèì äëÿ ì³íåðàëó 
Ñ3À — 1,63, à òåïëîòà ã³äðàòàö³¿, â³äïîâ³äíî, íàéâèùà ó ì³íåðàëó Ñ3À ³ 
ñòàíîâèòü íà 28 äîáó 873 Äæ/ã; òîìó, â³äïîâ³äíî, ì³íåðàë Ñ3À áóäå 
íàéøâèäøå âñòóïàòè â ðåàêö³þ ã³äðàòàö³¿. Âèÿâëåíî ï³äâèùåííÿ òåì-
ïåðàòóðè äëÿ øòó÷íî óòâîðåíîãî åòòðèíã³òó â ñèñòåì³ C3A ÑṤH2, äàë³ 
ÑÀ ÑṤH2 ³ CA2 ÑṤH2, ùî ï³äòâåðäæóº îñíîâíó ³äåþ äîñë³ä³â. Ïðîâå-
äåíî ñòàá³ë³çàö³þ åòòðèíã³òîâî¿ ôàçè çà ðàõóíîê íàíîìîäèô³êóâàííÿ 
âóãëåöåâèìè íàíîòðóáêàìè (ÂÍÒ), òàóðèòîì, ä³îêñèäîì Ñèë³ö³þ. Íàâå-
äåí³ ðåçóëüòàòè äîñë³äæåíü ï³äòâåðäæóþòü çá³ëüøåííÿ â 4–5 ðàç³â ì³-
öí³ñíèõ ïîêàçíèê³â, çì³íó êîåô³ö³ºíòà ðîçì’ÿêøåííÿ â çàëåæíîñò³ â³ä 
âèäó íàíîìîäèô³êàòîðà òà ñèñòåì ç ð³çíèìè ïëàñòèô³êàòîðàìè ³ íàíîò-
ðóáêàìè. 

Key words: nanomodifying, alumina cement, carbon nanotubes, hydration, 
nanosystem, solidified structure. 
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1. PROBLEM STATEMENT 

The need for the production of the latest building materials for the 
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repair and construction of high-quality buildings is constantly in-
creasing and requires a solution [1–4]. 
 The rapid pace of construction of buildings and structures re-
quires rapid dismantling of monolithic structures, increasing the 
reversibility of forms during the factory production of building 
structures. In monolithic construction, such technologies are possi-
ble when using fast-hardening binders, which can gain up to 90–
100% strength after 1–3 days. This also applies to the emergence 
of 3D-construction technologies. 
 In addition, during the war and post-war years, the restoration of 
construction objects, thermal units of metallurgical plants as well 
as production of building materials and reconstruction of existing 
objects are possible only within short periods of time, and such pro-
cesses may include the use of composites based on alumina cement 
and gypsum, which, in the early hardening periods, have high indi-
cators of strength properties. 
 In this regard, a particular attention should be paid to aluminate, 
sulphate and sulphoaluminate binders [3–6]. 
 One of the problems of their use consists in recrystallization of 
sulphoaluminates during hardening and insufficient stabilization of 
the ettringite phase during operation [3, 5]. 
 Therefore, studies of the structure and durability of the ettring-
ite phase and its composition with calcium sulphates are relevant. 

2. RESULTS AND DISCUSSION 

Based on the analysis of literary sources of Ukrainian and foreign 
scientists [1–3], it was concluded that there is a need to solve the 
problem of developing compositions of composite binders based on 
the CaO–Al2O3–SO3 system, surfactants with high structure density 
and strength indicators by means of stabilizing the state of the 
ettringite component. This will contribute to the intensification of 
the construction period and to the formation of a durable concrete 
strong structure. 
 After conducting an analysis of possible directions for formation 
of the concrete structure, a hypothesis was proposed about the pos-
sibility of: 
– stabilization of the ettringite phase by means of modification 
with nanoadditives; in order to solve this problem, it is necessary to 
determine the conditions under which the ettringite phase goes into 
an unstable state; 
– the technology of introducing nanoadditives and studying solu-
tions with the maximum amount of ettringite for the stability of 
their structure and mineral composition of the CaO–Al2O3–SO3–H2O 
system. 
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 The cited results of research into the hydration processes of the 
pure C3A–CṤH2 system showed that three periods of formation are 
visible in the life cycle of ettringite: primary ettringite (hardening, 
Fig. 1, à), secondary ettringite (Fig. 1, b), and recrystallization dur-
ing operation. 
 Thus, in the C3A–CṤH2 system (Fig. 1, a), after 3 days of harden-
ing, the main lines of hydrated ettringite phases appear 
(d/n 0.892, 0.273, 0.260, 0.245, 0.241, 0.233, 0.197, 0.189, 0.180, 

0.170, 0.166, 0.163, 0.150, 0.145 nm), 4CaO 13H2O (d/n 0.246, 
0.220, 0.183 nm) (Fig. 1). 
 After 28 days of hardening, there is an increase in the intensity 
of the main interplanar distances and hydrated phases C3ÀÑ3H32 
(d/n 0.475, 0.399, 0.327, 0.2773, 0.2680, 0.225, 0.2130, 0.189, 

0.187, 0.180, 0.166, 0,162, 0.155 nm) (Fig. 6, b). 4ÑàÎ Al2O3 13H2O 

lines (d/n 0.475, 0.248, 0.207, 0.197, 0.164 nm) are observed (Fig. 
1, b). 
 Further, to determine the factors and conditions of stability of 
the ettringite phase for compositions based on aluminate and sul-
phate components and sulphoaluminate cements, studies of the sta-
bility of the ettringite phase with changes in humidity and pH of 
the environment, temperature, and operating conditions were con-
ducted (Figs. 2–4). 
 The rate of heat release, total heat release, temperature and in-
tensity of reactions of the hydration process depend on the ratio 
G f(CaO/Al2O3) of CaO, Al2O3 molecular weights. As is customary 

in the work, this ratio is defined as the coefficient of dependence of 

  
a      b 

Fig. 1. X-ray diffractograms of samples made of the composition Ñ3À–ÑṤH2 on 

the 3
rd

 day of hardening (a) and on the 28th
 day of hardening (b); —ettringite 

3CaO Al2O3 3CaSO4 31H2O; —ettringite 3CaO Al2O3 3CaSO4 12H2O; —
tetracalcium nineteen-hydroaluminate 3CaO Al2O3 19H2O. 
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the Gibbs surface energy on the molar mass ratio. The higher the 
mineral coefficient and the Gibbs surface energy, the higher the ex-
othermic rate of hydration and the total heat release (Fig. 2) [18]. 
 The composition with a C3A mineral content of 70%, 150–200 
J/g C3A has the highest exothermic rate during C3A hydration in 
the C3A–CṤH2 system with different CṤH2 content (Fig. 2, b). Be-
cause its surface energy is 2.8-times higher than that of CA and 
5.8-times higher than that of CA2. Thermodynamic curves charac-
terize the rate of the hydration process and the influence caused by 
the ettringite formation phase on the structure of the mixture and, 
accordingly, on its properties. 
 In addition, the surface energy and specific surface area affect 
the formation of ettringite crystals, which subsequently creates 

 
a 

  
b      c 

Fig. 2. Thermodynamic characteristics of the C3A CṤH2 system: (a) exo-
thermic histograms (mW/h); (b) heat release (J/g) [18]; (c) hydration tem-
perature of CA ÑṤH2, CA2 ÑṤH2, C3A ÑṤH2 systems [18]. 
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prerequisites for recrystallization in the process of system harden-
ing (Fig. 3) [18]. 
 The study of the influence of external factors was carried out, 

  
a      b 

Fig. 3. Photomicrographs of the C3A CṤH2 structure depending on the heat 

release of the system: a—Ñ3À ÑṤH2 (70:30); b—AC Gypsum (30:70) [18]. 

 
a 

  
b      c 

Fig. 4. Graphs of dependence [18]: coefficient of softening Ksoft (à) on the 
medium with variable humidity of samples containing: 1—C3ÀÍ6 hydrate, 
2—C3ÀÑ3H32 mineral, 3—AC:G; change in ettringite content over time: b—
Ñ3À ÑṤH2, c—AC Gypsum [18]. 
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e.g., humidity for 3 days (Fig. 4, a). Change of the ettringite phase 
over time of nanomodified samples under normal conditions (Fig. 4, 

b, c). 
 Due to the high cost of pure minerals, it was decided to conduct 
further studies of the ettringite phase formed on the basis of the 
AC G composition (intended to replace alumina cement 70:30 and 
modify gypsum binders with the AC:G composition (30:70)). 
 Stability of ettringite crystals depends on the morphology of the 
crystals formed under different conditions, for example, on the pH 
value. The pH range of 11–12 provides a needle-like form of 
ettringite [7–10]. As the pH value increases, the length and thick-
ness of needle fibres of ettringite decreases. At a pH greater than 
13, ettringite has an x-ray amorphous gel-like structure (Fig. 5) 
[18]. 
 Study of the stability of the ettringite phase of the AC:G (70:30) 
system. Stabilization was carried out with nanomodifiers—taurite, 
silicon dioxide, nanotubes, SiC after determining the effect of sur-
factants. The following additives were used as plasticizers: Sika 
Viscocrete G, MC Bauhemi 2695, and Stachema STP 156. The 
smallest reduction in W/T and the best indicators of the main phys-
icomechanical and technological properties are achieved using the 
Sika Viscocrete G additive: W/T for the AC:G composition (70:30) 
is of 0.27 compared to 0.32 without plasticizer, compressive and 
flexural strength is of 19 MPa and 14 MPa, respectively [1]. 
 In the compositions after three days of hardening, in the composi-
tions of alumina cement AC-40 gypsum grade G-5, after 3 days of hard-
ening, the main interplanar distances and intensities of hydrated phas-
es Ñ3ÀÑ3H32 (d/n 0.973, 0.561, 0.388, 0.348, 0.256 nm) appear 

  
a      b 

Fig. 5. The influence of the environment temperature on the structure and 
morphology of samples made of the composition of AC:G (70:30) on the 3rd 
day of hardening under normal conditions in running water (a) and on the 
3rd day of hardening at an elevated temperature of 40–50 C (b) [18]. 
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(Fig. 10). The observed lines are as follow: 4CaO·Al2O3·13H2O 

(d/n 0.423, 0.266, 0.246, 0.238, 0.212, 0.168 nm), 4CaO Al2O3 19H2O 

(d/n 0.331, 0.238, 0.151 nm), Ca4Al2(OH)14 6H2O (d/n 0.463, 0.255, 
0.176, 0.151 nm) (Fig. 6). 
 In the process of hardening, after 3 days, intensity of ettringite 
and calcium hydroxide lines appears and increases, which confirms 
the fact of the intensified hydration process (Fig. 6, b). 
 When modified with nanoadditives, the structure of samples with 
increased surface energy of the solid phase is formed as a result of 
an increase in the number of crystallization centres, and as a result, 
the structure is formed more quickly. 
 During the hardening process, the structure will have the proper-
ty to deform [10–17]. At the same time, the tubes play a reinforc-
ing role between the blocks [6]. 
 Nanotubes and nanoadditives are entered into the crystal struc-
ture and alloying it. 
 As a result of modification with nanoadditives, an increase in the 
strength indicators of composite materials was achieved: for AC:G 
(70:30)% 0.18% nanotubes 0.4% Sika, up to 70.2 MPa compared 
to 14.67 MPa of the reference composition AC:G (70:30)%; for 
AC:G (70:30)% 0.75% taurite 0.4% Sika, up to 66.40 MPa; for 
AC:G (70:30)% 1.0% silicon dioxide 0.4% Sika, up to 60.73 MPa. 

  
a      b 

Fig. 6. X-ray diffractograms of samples made of the composition AC:G (70:30) 
on the 3

rd
 day of hardening (a) and on the 28th

 day of hardening (b); —ettringite 

3CaO Al2O3 3CaSO4 31H2O; —ettringite 3CaO Al2O3 3CaSO4 12H2O; —hydro-
aluminate Ca4O Al2(OH)14 6H2O; —tetracalcium nineteen-hydroaluminate 

4CaO Al2O3 19H2O; —tetracalcium thirteen-hydroaluminate 4CaO Al2O3 13H2O. 
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The softening coefficients increase accordingly: when AC:G (70:30)% 

is modified with nanotubes, up to 1.16; when it is modified with tau-
rite, up to 1.02; when it is modified with silicon dioxide, up to 1.07 
(Fig. 7). 
 Research on the compressive strength limit of samples modified 
with nanotubes over time showed that the composition with the op-
timal content of ettringite AC:G (70:30) at the age of three days has 
a compressive strength of 70.2 MPa, while, for the base composi-
tion, it is 14.7 MPa (Fig. 8). 
 The issue of the proposed hypothesis of increasing the stability of 
the ettringite phase due to modification with nanoadditives was 
considered. 
 The developed model of the hydration processes of mineral bind-
ers (on the example of gypsum binders) is presented in the form of 

 

Fig. 7. Dependence of the softening coefficient for the AC:G (70:30) + Sika 
system on the type of nanomodifier. 

 

Fig. 8. Change in the compressive strength limit for the composition AC:G 
(70:30)% 0.4% Sika 0.18% CNT. 
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a system that changes over time and passes through the stages of 
the physical state of macro–micro–nano–micro–macro. The transi-
tion from macro-/micro- to nanosystem with formation of a dis-
persed medium is presented in the form of a surface (Fig. 10), con-
sisting of nanoparticles in a multidimensional phase space [3]. 
 The model represents a three-phase medium binder solution  

stone and is separated with two surfaces. The surface is the in-

  
a      b 

Fig. 9. The amount of the formed ettringite phase for the composition 

Ñ3À ÑṤH2 (à) ( —ettringite 28%, —ettringite 11%, —tetracalcium 

nineteen-hydroaluminate 3CaO Al2O3 19H2O) and AÑ:G (70:30)% (b) ( —
ettringite 11%, —ettringite 5%, —hydroaluminate Ca4O Al2(OH)14 6H2O 

23%, —tetracalcium nineteen-hydroaluminate 4CaO Al2O3 19H2O, —
tetracalcium thirteen-hydroaluminate 4CaO Al2O3 13H2O) for 3 days during 
hardening under normal conditions. 

 

Fig. 10. Model of the hydration process on the example of hemihydrate. 
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terface between structural elements and the dispersed medium. The 
second surface is the interface between the dispersed medium and 
the solidified structure. At the interface, there is a partial transi-
tion of the macro- and microsystem into a nanosystem, as well as 
topochemical reactions of the transition of hemihydrate of calcium 
sulphate into calcium sulphate dihydrate. 
 The measure of the change in the characteristic function at con-
stant parameters and masses (concentrations) of all substances (ex-
cept for the mass (concentration) of the component with a changing 
amount in the system) is presented as the chemical potential, which 
allows creating a structure and framework of the highest strength 
by adjusting the dimensions of the solid surface and the number of 
crystallization centres. Creation of a frame with the highest 
strength can be achieved by adjusting the size of the solid surface 
and centres of crystallization, which affect the primary spatial 
structure. 
 The idea is that a frame of the highest strength can be created by 
adjusting the dimensions of the solid surface and the number of 
crystallization centres that affect formation of the spatial struc-
ture. Internal stresses, which lead to the weakening of the not yet 
formed structure, do not arise as a result of the fact that the join-
ing of blocks takes place in free space. 
 The entire transformation of the system is reduced to obtaining a 
solidified structure with certain properties.  
 In the system of macro-/micro- and nanoevolution, each of its el-
ements passes from one permitted state to another. 
 Calculation of the state of the nanosystem consists in the calculation 

of the external and internal components and means ( , ) ( , )i iZ m
the calcu

) () ((  in-
troduction of the elementary density, which can be calculated by 
solving the Schrödinger equation. 
 According to the proposed model at the starting point, the specif-
ic surface of solid components consists of particles in contact with 
the solution: 

1 4 7 10 13 ...âèõÌ m m m m m ; 

m1 CaSO4 0.5Í2Î (mass of hemihydrate conversion to dihydrate due 
to dissolution); m4 CaSO4·0.5Í2Î (topochemical reaction); m7, m10, 
m13, mn 2 CaCO3, Fe2O3, and other, respectively. 
 Taking the structure of hardened binder or materials based on it 
as the final criterion (initial factor), it is necessary to determine the 
main parameters. Such parameters include the spatial framework, 
shape of the blocks, and morphology of the crystals. 
 A decisive role for formation of these parameters belongs to solu-
tions of a certain concentration, presence of a solid surface of the 
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site (crystallization of centres), (water), temperature, pressure, and 
the mechanism of transition of calcium sulphate hemihydrate to 
calcium sulphate dihydrate. 
 The sequence of changes in the concentration of the solution de-
termines the moving force of the interaction, which varies from 0 
to 1. The maximum concentration of C2 0.008 g/l contributes to 
creation of crystallization centres, growth and formation of blocks, 
as well as to filling of voids. 
 Therefore, by means of changing conditions for introduction of 
various additives into the solution system, it is possible to influence 
the shape, size, number of crystals, and, accordingly, formation of 
a spatial structure for the purpose of obtaining a product with cer-
tain properties. 

4. CONCLUSIONS 

Studies of the structure and durability of the ettringite phase and 
its composition with calcium sulphates were carried out. Raw mate-
rial compositions based on fast-hardening binder systems ÑàÎ–
Àl2O3–SO3–Í2Î AC:G (70:30) for obtaining concrete grades 300–400 
were developed, which makes it possible to obtain fast-hardening 
binders in monolithic construction that are capable to gain up to 
90–100% of their strength within 1–3 days and increase the revers-
ibility of forms in case of factory production of building structures. 
 The influence of the Gibbs surface energy on the order of for-
mation of hydrated compounds during the hydration of minerals of 
alumina cements was established theoretically and confirmed exper-
imentally: for ÑÀ2, 24.70; for ÑÀ, 51.86; for Ñ12À7, 141.00; for Ñ3À, 
145 of the system CaO–Al2O3–H2O: Ñ2AÍ8, Ñ4AÍ13, Ñ4AÍ10, ÑAÍ10, 
Al(OÍ)3, which makes it possible to determine the list of stable hy-
drate compounds and structures, which affect recrystallization in 
multicomponent systems. 
 The theoretical position of influence of G during hydration of 
aluminate cements in the presence of gypsum received further de-
velopment; the frequencies of chemical reactions CaO–Al2O3–SO3–
H2O can be divided into two parts: a) CaO–Al2O3–H2O; b) CaO–
Al2O3–SO3–H2O, and, as a result, Ñ3AÍ6, ÑAÍ10, Ñ2AÍ8, Ñ4AÍ13, 
Ñà2(OÍ)2 are formed in the first one, and trisulphate C–A–S–H and 
monosulphate C–A–S–H are formed in the second one. As a result, 
it is possible to determine the tendency of hydrate compounds to 
interact with other components and creates conditions for recrystal-
lization of hardened stone. 
 It was theoretically established and experimentally confirmed 
that the optimal content of calcium sulphate in AC G5 composi-
tions is, according to the calculation, in the range from 28% to 
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38% of the mass of the aluminate binder and contributes to the in-
crease in the formation of ettringite and allows obtaining the struc-
ture of cement stone with special characteristics. 
 Formulations of special solutions for the production of pre-
stressed products (road, airfield slabs, expanding, waterproofing 
concrete) were developed that makes it possible to satisfy the need 
for the production of the latest building materials for the repair 
and construction of high-quality structures. 
 For the first time, a theoretical model of the hydration process of 
mineral binders using ultra- and nanoadditives, surfactants was 
proposed. The developed model of the hydration process can be used 
in various systems, including those presented earlier. 
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Âïëèâ ìàãíåòíîãî ïîëÿ íà óòâîðåííÿ íàíîðîçì³ðíèõ êðèñòàë³ò³â 

çà êðèñòàë³çàö³¿ êàðáîíàòó Êàëüö³þ ç ã³äðîêàðáîíàòíèõ ðîç÷èí³â 

Â. Ð. Ãàºâñüêèé1, Â. Ç. Êî÷ìàðñüêèé1, Á. Ä. Íå÷èïîðóê2, 
Ñ. Ã. Ãàºâñüêà3, Î. Â. Ãàðàùåíêî1 

1Íàö³îíàëüíèé óí³âåðñèòåò âîäíîãî ãîñïîäàðñòâà òà ïðèðîäîêîðèñòóâàííÿ,  
 âóë. Ñîáîðíà, 11,  
 33028 Ð³âíå, Óêðà¿íà 
2Ð³âíåíñüêèé äåðæàâíèé ãóìàí³òàðíèé óí³âåðñèòåò,  
 âóë. Ñòåïàíà Áàíäåðè, 12,  
 33028 Ð³âíå, Óêðà¿íà 
3Ð³âíåíñüêèé íàóêîâî-äîñë³äíèé åêñïåðòíî-êðèì³íàë³ñòè÷íèé öåíòð  
 Ì³í³ñòåðñòâà âíóòð³øí³õ ñïðàâ Óêðà¿íè,  
 âóë. Âàñèëÿ ×åðâîí³ÿ, 39,  
 33003 Ð³âíå, Óêðà¿íà 

Äîñë³äæåíî óòâîðåííÿ íàíîðîçì³ðíèõ êðèñòàë³ò³â çà êðèñòàë³çàö³¿ êàð-
áîíàòó Êàëüö³þ ç ã³äðîêàðáîíàòíèõ âîäíèõ ðîç÷èí³â ï³ä âïëèâîì ïîñ-
ò³éíîãî ìàãíåòíîãî ïîëÿ. Êðèñòàë³çàö³ÿ â³äáóâàëàñü ó ã³äðîêàðáîíàòíèõ 
âîäíèõ ðîç÷èíàõ øëÿõîì çì³øóâàííÿ âîäíèõ ðîç÷èí³â CaCl2 ³ NaHCO3. 
Êîíöåíòðàö³¿ ïî÷àòêîâèõ êîìïîíåíò³â äîñë³äæóâàíî¿ ñèñòåìè ðîçðàõî-
âóâàëèñÿ íà îñíîâ³ òåðìîäèíàì³÷íèõ êîíñòàíò äèñîö³ÿö³¿ âóã³ëüíî¿ êè-
ñëîòè ïî ïåðøîìó òà äðóãîìó ñòóïåíÿì, êîíöåíòðàö³éíèõ êîíñòàíò 
ñò³éêîñòè êîìïëåêñ³â NaCO3 ³ NaHCO3

0, ð³âíÿííÿ åëåêòðîíåéòðàëüíîñòè 
òà ð³âíÿííÿ áàëàíñó ìàñ, à òàêîæ åêñïåðèìåíòàëüíîãî ì³ðÿííÿ ïîêàç-
íèêà àêòèâíîñòè éîí³â Ã³äðî´åíó. Äëÿ ðîçðàõóíêó éîííî¿ ñèëè ðîç÷èíó 
çà òåîð³ºþ Äåáàÿ–Ãþêêåëÿ âèêîðèñòîâóâàëè ìåòîä ³òåðàö³é, ó ÿêîìó 
äëÿ ïåðøî¿ ³òåðàö³¿ áðàëè ïî÷àòêîâ³ ìîäåëüí³ êîíöåíòðàö³¿. Â ðåçóëü-
òàò³ ðîçðàõóíê³â âñòàíîâëåíî, ùî îñíîâíèì êîìïîíåíòîì êàðáîíàòíî¿ 
ï³äñèñòåìè â äàíèõ óìîâàõ º HÑÎ3, â³äíîøåííÿ êîíöåíòðàö³é ã³äðîêàð-
áîíàò-éîí³â äî êàðáîíàò-éîí³â ïåðåâèùóâàëî 18, à òîìó ïðîöåñ êðèñòà-
ë³çàö³¿ êàðáîíàòó Êàëüö³þ â³äáóâàâñÿ ÷åðåç ïðîì³æíó ðåàêö³þ äèñîö³ÿ-
ö³¿ ã³äðîêàðáîíàò-éîí³â, ùî º îñîáëèâ³ñòþ äîñë³äæóâàíîãî ïðîöåñó. Ðå-
íò´åíîñòðóêòóðí³ äîñë³äæåííÿ ïîêàçàëè, ùî çà äàíèõ óìîâ åêñïåðèìå-
íòó óòâîðþþòüñÿ äâ³ ìîäèô³êàö³¿ êàðáîíàòó Êàëüö³þ: êàëüöèò ³ âàòå-
ðèò, àëå ìàëîéìîâ³ðíî, ùî áóäå óòâîðþâàòèñü àðà´îí³ò. Ðîçðàõóíîê ðî-
çì³ð³â êðèñòàë³ò³â ìåòîäîì Äåáàÿ–Øåððåðà ïîêàçàâ, ùî â ðåçóëüòàò³ 
ñèíòåçè óòâîðþþòüñÿ íàíîêðèñòàëè, ðîçì³ðè ÿêèõ äëÿ êàëüöèòó ñòàíî-
âëÿòü 110 íì, à äëÿ âàòåðèòó — 23 íì. Âñòàíîâëåíî, ùî çà äàíèõ óìîâ 

Íàíîñèñòåìè, íàíîìàòåð³àëè, íàíîòåõíîëîã³¿  
Nanosistemi, Nanomateriali, Nanotehnologii 
2025, ò. 23, ¹ 2, ññ. 393–405 
https://doi.org/10.15407/nnn.23.02.0393 

 2025 ²ÌÔ (²íñòèòóò ìåòàëîô³çèêè 
³ì. Ã. Â. Êóðäþìîâà ÍÀÍ Óêðà¿íè) 

Íàäðóêîâàíî â Óêðà¿í³. 
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ñèíòåçè ìàãíåòíå ïîëå ³íäóêö³ºþ ó 125–250 ìÒë ïðàêòè÷íî íå âïëèâàº 
íà ðîçì³ðè íàíîêðèñòàë³â êàëüöèòó òà âàòåðèòó. 

The formation of nanosize crystallites during the crystallization of calci-
um carbonate from aqueous bicarbonate solutions under the influence of a 
permanent magnetic field is studied. Crystallization took place in aqueous 
hydrocarbon solutions by mixing aqueous solutions of CaCl2 and NaHCO3. 
The concentrations of the initial components of the studied system are 
calculated on the basis of the thermodynamic constants of the first- and 
second-order dissociations of carbonic acid, the concentration constants of 
stability of the NaCO3 and NaHCO3

0 complexes, the electroneutrality equa-
tion and the mass-balance equation, as well as the experimental measure-
ment of the activity index of hydrogen ions. To calculate the ionic 
strength of the solution according to the Debye–Hückel theory, the meth-
od of iterations is used, in which the initial model concentrations are tak-
en for the first iteration. As a result of the calculations, it is established 
that the main component of the carbonate subsystem under these condi-
tions is HÑÎ3, the ratio of concentrations of hydrocarbonate ions to car-
bonate ions exceeds 18, and therefore, the process of crystallization of 
calcium carbonate occurs through the intermediate reaction of dissociation 
of hydrocarbonate ions that is a feature of the investigated process. XRD 
studies show that under the given conditions of the experiment, two mod-
ifications of calcium carbonate are formed: calcite and vaterite; but arag-
onite is unlikely to be formed. Calculation of crystallite sizes using the 
Debye–Scherrer method shows that, as a result of synthesis, nanocrystals 
are formed, the sizes of which are of 110 nm for calcite and of 23 nm for 
vaterite. As established, under the given conditions of synthesis, the 
magnetic field with an induction of 125–250 mT practically does not af-
fect the sizes of the calcite and vaterite nanocrystals. 

Êëþ÷îâ³ ñëîâà: ìàãíåòíå îáðîáëåííÿ, êðèñòàë³çàö³ÿ êàðáîíàòó Êàëü-
ö³þ, ã³äðîêàðáîíàòíà âîäíà ñèñòåìà, ðîç÷èíè åëåêòðîë³ò³â, òåîð³ÿ Äå-
áàÿ–Ãþêêåëÿ, ìåòîä ³òåðàö³é, ðåíò´åíîñòðóêòóðíà àíàë³çà, ìåòîä Äå-
áàÿ–Øåððåðà. 

Key words: magnetic treatment, crystallization of calcium carbonate, car-
bonate aqueous system, electrolyte solutions, Debye–Hückel theory, itera-
tion method, XRD analysis, Debye–Scherrer method. 

(Îòðèìàíî 28 êâ³òíÿ 2024 ð.; ï³ñëÿ äîîïðàöþâàííÿ — 16 ñ³÷íÿ 2025 ð.) 
  

1. ÂÑÒÓÏ 

Äîñë³äæåííÿ êðèñòàë³çàö³¿ êàðáîíàòó Êàëüö³þ çà óòâîðåííÿ ïî-
ë³êðèñòàë³â, ÿê³ ÿâëÿþòü ñîáîþ à´ëüîìåðàö³þ íàíîðîçì³ðíèõ 
êðèñòàë³ò³â, çà íàÿâíîñòè ìàãíåòíîãî ïîëÿ âèêîíóþòüñÿ ïîíàä 
60 ðîê³â [1]. Çà öåé ïåð³îä âåëèêà ê³ëüê³ñòü åêñïåðèìåíòàëüíèõ 
äàíèõ ïîêàçàëà, ùî âïëèâ ìàãíåòíîãî ïîëÿ íà êðèñòàë³çàö³þ 
CaCO3 íå º ïîâí³ñòþ é îäíîçíà÷íî âñòàíîâëåíèì [2, 3]. Òàêà íå-
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îäíîçíà÷í³ñòü, î÷åâèäíî, ïîâ’ÿçàíà ç³ ñêëàäí³ñòþ äîñë³äæóâàíî¿ 
ñèñòåìè, ó ÿê³é ï³ä ÷àñ êðèñòàë³çàö³¿ â³äáóâàºòüñÿ ðÿä ïîñë³äîâ-
íî-ïàðàëåëüíèõ õåì³÷íèõ ðåàêö³é [2–4], ÿê³ â ê³íö³ ïðèâîäÿòü 
òàêîæ äî ñêëàäíèõ ôàçîâèõ ïåðåòâîðåíü ³ ïîâåðõíåâèõ ïðîöåñ³â, 
â³äïîâ³äàëüíèõ çà ê³íöåâå óòâîðåííÿ ïîë³ìîðôíîãî êàðáîíàòó 
Êàëüö³þ [5]. Ñêëàäí³ñòü äîñë³äæóâàíî¿ ñèñòåìè òàêîæ ïîëÿãàº ó 
¿¿ íåñòàá³ëüíîñò³ ïî â³äíîøåííþ äî ð³âíîâàæíîãî ö³é ñèñòåì³ ÑÎ2 
[6], ùî ìîæå çì³íþâàòèñÿ çà ð³çíèõ óìîâ åêñïåðèìåíòó. 
 Òàêèì ÷èíîì, âñòàíîâëåííÿ óìîâ, çà ÿêèõ ÷³òêî ô³êñóâàëèñÿ á 
åôåêò âïëèâó ìàãíåòíîãî ïîëÿ àáî â³äñóòí³ñòü òàêîãî åôåêòó íà 
êðèñòàë³çàö³þ êàðáîíàòó Êàëüö³þ, º âàæëèâîþ íàóêîâîþ çàäà÷åþ 
ç òî÷êè çîðó ÿê ïðèêëàäíèõ òåõíîëîã³÷íèõ ïðîöåñ³â [7, 8], òàê ³ ç 
òî÷êè çîðó ôóíäàìåíòàëüíèõ ïèòàíü ñòîñîâíî ïðîöåñ³â êðèñòàë³-
çàö³¿ [4, 9, 10]. 

2. ÅÊÑÏÅÐÈÌÅÍÒÀËÜÍÀ ÌÅÒÎÄÈÊÀ 

²í³ö³þâàííÿ êðèñòàë³çàö³¿ êàðáîíàòó Êàëüö³þ âèêîíóâàëè øëÿ-
õîì çì³øóâàííÿ 50 ìë âîäíîãî ðîç÷èíó CaCl2 êîíöåíòðàö³ºþ ó 
20,0 ììîëü/äì3 ³ 50 ìë ðîç÷èíó NaHCO3 ç êîíöåíòðàö³ºþ ó 20,0 
ììîëü/äì3. Åêñïåðèìåíòè âèêîíóâàëè ïàðàëåëüíî ó äâîõ îäíàêî-
âèõ õåì³÷íèõ ñòàêàíàõ ºìí³ñòþ ïî 100 ìë. Ï³ñëÿ òîãî, ÿê ðîç÷è-
íè çì³øóâàëèñü, îäèí õåì³÷íèé ñòàêàí ïîì³ùàëè ó êîíòåéíåð ç 
ìàãíåòàìè. Óïðîäîâæ åêñïåðèìåíòó ðîç÷èíè ïåðåì³øóâàëè 
ñêëÿíèìè ïàëè÷êàìè âïðîäîâæ îäí³º¿ õâèëèíè. Óñ³ ðîç÷èíè ãî-
òóâàëè ç õåì³÷íî ÷èñòèõ ðåà´åíò³â. Ðåà´åíòè ãîòóâàëè íà äèñòè-
ëüîâàí³é âîä³ ç ïèòîìîþ åëåêòðîïðîâ³äí³ñòþ ó 3–4 ìêÑì/ñì. 
Êîíöåíòðàö³¿ ïðèãîòîâëåíèõ ðîç÷èí³â ïåðåâ³ðÿëèñÿ øëÿõîì ì³-
ðÿííÿ éîí³â Na  ïîëóì’ÿíèì àíàë³çàòîðîì ð³äèí ÏÀÆ-2 ç â³äíî-
ñíîþ ïîõèáêîþ ì³ðÿííÿ ó 1% ³ éîí³â Cl  — àíàë³çàòîðîì éîí³â 
À²-123 (Cl -éîí-ñåëåêòèâíà åëåêòðîäà) ç ïîõèáêîþ ó 0,015 îä. 
Ïîêàçíèê pH ðîç÷èíó NaHCO3 ïåðåâ³ðÿâñÿ àíàë³çàòîðîì éîí³â 
À²-123 (pH-åëåêòðîäà) ç ïîõèáêîþ ó 0,01 îä. Ìàãíåòíå ïîëå ñòâî-
ðþâàëîñÿ çà äîïîìîãîþ êîíòåéíåðà ç äâîìà ïëàñêèìè ñàìàð³é-
êîáàëüòîâèìè ìàãíåòàìè (ðèñ. 1, à). Òåìïåðàòóðà ó âñ³õ äîñë³äàõ 
áóëà ó ìåæàõ 18–20 C. Íà ðèñóíêó 1, á ïîêàçàíî ðîçïîä³ë ìàãíå-
òíîãî ïîëÿ ó õåì³÷íîìó ñòàêàí³. ²íäóêö³ÿ ìàãíåòíîãî ïîëÿ ì³ðÿ-
ëàñÿ ìàãíåòîìåòðîì ÌÒ-1 ç ïîõèáêîþ, ùî íå ïåðåâèùóâàëà 5%. 

3. ÐÅÇÓËÜÒÀÒÈ É ¯Õ ÎÁÃÎÂÎÐÅÍÍß 

3.1. Âèçíà÷åííÿ êîìïîíåíòíîãî ñêëàäó ã³äðîêàðáîíàòíî¿ ï³äñèñòåìè 

Äëÿ óìîâ åêñïåðèìåíòó çàïèøåìî ð³âíÿííÿ áàëàíñó ìàñ: 
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 2 0
23 3 3 3 3

CONa HCO Na HCO CO NaCO NaHCO0 0
C C C C C C C C , (1) 

à òàêîæ ð³âíÿííÿ åëåêòðîíåéòðàëüíîñòè: 

 + + 2
3 3 3Na H CO HCO NaCO OH

2C C C C C C , (2) 

äå Ñõ — êîíöåíòðàö³ÿ â³äïîâ³äíîãî êîìïîíåíòà õ. Äëÿ âñòàíîâ-
ëåííÿ ê³ëüê³ñíèõ ñï³ââ³äíîøåíü ì³æ êîìïîíåíòàìè êàðáîíàòíî¿ 
ï³äñèñòåìè (CO3

2 , HCO3, CO2) çàïèøåìî õåì³÷í³ ðåàêö³¿, ùî â³ä-
áóâàþòüñÿ ó äàí³é ñèñòåì³ ç óòâîðåííÿì âîäíîãî ðîç÷èíó 
NaHCO3, à ñàìå: ðåàêö³¿ äèñîö³ÿö³¿ âóã³ëüíî¿ êèñëîòè ïî ïåðøîìó 
òà äðóãîìó ñòóïåíÿõ (1), (2): 

 3 2 2HCO H H O CO , (3) 

 2
3 3CO H HCO  (4) 

â³äïîâ³äíî; ðåàêö³¿ äèñîö³ÿö³¿ âîäè: 

 2H O H OH ; (5) 

ðåàêö³¿ óòâîðåííÿ êîìïëåêñ³â NaHCO3
0 ³ NaCO3: 

 0
3HCO Na NaHCO , (6) 

 2
3CO Na NaCO  (7) 

â³äïîâ³äíî. 

  
   à     á 

Ðèñ. 1. Ñõåìà åêñïåðèìåíòàëüíîãî óñòàòêîâàííÿ äëÿ äîñë³äæåííÿ êðèñòà-
ë³çàö³¿ ÑàÑÎ3 â ìàãíåòíîìó ïîë³ (à): 1 — ñóñïåíç³ÿ ÑàÑÎ3, 2 — õåì³÷íèé 

ñòàêàí, 3 — ïîñò³éí³ ìàãíåòè. Ðîçïîä³ë ìàãíåòíîãî ïîëÿ â ñòàêàí³ (á).1 
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 Íà îñíîâ³ ðåàêö³é (3)–(7) çàïèøåìî òåðìîäèíàì³÷í³ êîíñòàíòè 
äèñîö³ÿö³¿ âóã³ëüíî¿ êèñëîòè ïî ïåðøîìó ³ äðóãîìó ñòóïåíÿõ: 

 3

2

H HCO
1

CO

a a
K

a
, (8) 

 
2
3

3

H CO
2

HCO

a a
K

a
 (9) 

â³äïîâ³äíî, à òàêîæ òåðìîäèíàì³÷íó êîíñòàíòó äèñîö³ÿö³¿ âîäè Kw: 

 
H OHwK a a . (10) 

 Êîíöåíòðàö³éí³ êîíñòàíòè ñò³éêîñòè êîìïëåêñ³â NaCO3 ³ 
NaHCO3

0 ìàòèìóòü âèðàçè: 

 3

2
3

NaCO
3

Na CO

C
K

C C
, (11) 

 
0
3

3

NaHCO
4

Na HCO

C
K

C C
 (12) 

â³äïîâ³äíî. 
 Òàêîæ íåîáõ³äíî âðàõîâóâàòè ð³âíÿííÿ áàëàíñó ìàñ ³ ð³âíÿííÿ 
åëåêòðîíåéòðàëüíîñòè: 

 2 2 0
23 3 3 3 3

CONa CO Na CO HCO NaCO NaHCO0 0
C C C C C C C C , (13) 

 2
3 3 3Na H CO HCO NaCO OH

2C C C C C C  (14) 

â³äïîâ³äíî. 
 Çíà÷åííÿ êîíñòàíò: K1 1,72 10 4, K2 4,40 10 11, Kw 1,00 10 14. 
 ²ç (1)–(14) îäåðæóºìî çàëåæí³ñòü ÑÎ3

2  â³ä Í  ó âèãëÿä³: 

 
2
3

2
3

3 CO

0
CO

1
Na H H

1 H
B C

A

K C

C
, (15) 

äå 

2 2
3 3

2 2
3 3

2
3

4 CO CO
3

4 2HCO HCO

+

HCO H

H H , H H 2,

H
H .

H
w

A B

C

K
K

K K

K
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 Êîåô³ö³ºíòè àêòèâíîñòåé  âèçíà÷àëè çà äðóãèì íàáëèæåííÿì 
òåîð³¿ Äåáàÿ–Ãþêêåëÿ [11]: 

 
20,512

log( )
1 0,328

Z

a

I
I

, (16) 

äå Z — éîííèé çàðÿä, b — â³ääàëü íàéìåíøîãî çáëèæåííÿ éîí³â, 
² — éîííà ñèëà ðîç÷èíó, ùî âèçíà÷àºòüñÿ ÿê 

 2

1

0,5
N

i i
i

I C Z ; (17) 

åôåêòèâí³ ðîçì³ðè éîí³â [12]: 2
3 3H Na CO HCO

9, 4, 5, 4a a a a , 

OH
3a  (ó [Å]). Éîííó ñèëó I âèçíà÷àëè ³òåðàö³éíèì ìåòîäîì, 

ïåðøå íàáëèæåííÿ ÿêîãî â³äïîâ³äàëî ïî÷àòêîâèì çíà÷åííÿì 

êîíöåíòðàö³é: 
0

Na 40 ììîëü/äì3 òà 2
3CO 0

C 20,0 ììîëü/äì3. 

Ó äàíîìó âèïàäêó äîñòàòíüî áóëî òðüîõ ³òåðàö³é (ðèñ. 2). Îñê³ëü-
êè ðîçâ’ÿçîê (15) º ãðîì³çäêèì, òî ââåäåìî äîäàòêîâ³ ïîçíà÷åííÿ: 

1

2
D

AB
, 30

NaE K AC B , 

 3 30 0
3

4
Na Na 2 2

AB
F K K B AC

K
, 2( )G B AC .(18) 

 Ó òåðì³íàõ ïîçíà÷åíü (18) ðîçâ’ÿçîê (15) áóäå ìàòè âèãëÿä: 

 2
3

1 2

CO
( )C D E F G . (19) 

 

Ðèñ. 2. Çàëåæí³ñòü éîííî¿ ñèëè â³ä ê³ëüêîñòè ³òåðàö³é.2 
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 Çà (15)–(19) îáðàõóâàëè 2 0
23 3 3 3

COCO HCO NaCO NaHCO
,  ,  ,   ³ C C C C C  (ðèñ. 3) 

òà ñï³ââ³äíîøåííÿ ì³æ êîìïîíåíòàìè êàðáîíàòíî¿ ï³äñèñòåìè 
2

23 3
COCO HCO

,   ³ C C C . ²ç ðèñóíêó 3 âèäíî, ùî çà pH äîçîâàíîãî ðîç-

÷èíó NaHCO3, ùî äîð³âíþº 8,9, ìîëÿðí³ êîíöåíòðàö³¿ êîìïîíåí-
ò³â ìàþòü íàñòóïí³ çíà÷åííÿ: 

2
3 3 3

0
23

3 3 3CO HCO NaCO

3
CO3 3NaHCO

ììîëü ììîëü ììîëü
1,78 ,  33,18 ,  1,26 ,

äì äì äì

ììîëü ììîëü
0,71  ³ 0,095 10 .

äì äì

C C C

C C
 

 ²ç ðèñóíêó 4 âèäíî, ùî çà pH äîçîâàíîãî ðîç÷èíó Na2CO3, ùî 
äîð³âíþº 8,9, îñíîâíèì êîìïîíåíòîì º ÍÑÎ3. Ðîçðàõîâàí³ ñï³â-
â³äíîøåííÿ ì³æ êîìïîíåíòàìè êàðáîíàòíî¿ ï³äñèñòåìè â äàíèõ 
óìîâàõ áóäóòü òàêèìè: 2

23 3
COHCO CO

94,6%, 5,1% ³ 0,3%. 

3.2. Ðåíò´åíîñòðóêòóðí³ äîñë³äæåííÿ 

Ðåíò´åíîñòðóêòóðíó àíàë³çó äîñë³äæóâàíèõ çðàçê³â áóëî ïðîâåäå-
íî ç âèêîðèñòàííÿì ðåíò´åí³âñüêîãî äèôðàêòîìåòðà ÄÐÎÍ-4 çà 
ê³ìíàòíî¿ òåìïåðàòóðè. Â ÿêîñò³ äæåðåëà ðåíò´åí³âñüêîãî âèïðî-
ì³íåííÿ âèêîðèñòàíî ðåíò´åí³âñüêó òðóáêó ç ì³äíîþ àíîäîþ. Äëÿ 
âáèðàííÿ K -âèïðîì³íåííÿ âèêîðèñòîâóâàëè í³êëåâèé ô³ëüòåð. 

 

Ðèñ. 3. Êîíöåíòðàö³¿ êîìïîíåíò³â âîäíîãî ðîç÷èíó 0,02 ìîëü/äì3 Na2CO3 
â çàëåæíîñò³ â³ä pH ðîç÷èíó: 1 — CO3

2 , 2 — NaCO3, 3 — HCO3, 4 — 
CO2, 5 — NaHCO3

0.3 
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Ðåæèì ðîáîòè ðåíò´åí³âñüêî¿ òðóáêè: àíîäíà íàïðóãà — 41 êÂ, 
ñèëà ñòðóìó — 21 ìÀ. Êðîê ñêàíóâàííÿ äèôðàêòîãðàìè — 0,05 , 
à ÷àñ åêñïîçèö³¿ — 5 ñ. 
 Â ïðîöåñ³ îáðîáêè åêñïåðèìåíòàëüíèõ äèôðàêòîãðàì êîæíèé 
ðåôëåêñ îïèñóâàëè ¥àóññîâîþ ôóíêö³ºþ, â ðåçóëüòàò³ ÷îãî áóëè 
îäåðæàí³ òàê³ ïàðàìåòðè ðåôëåêñ³â: êóòîâå ïîëîæåííÿ 2 , ï³â-
øèðèíà (øèðèíà íà ïîëîâèí³ âèñîòè) , ³íòå´ðàëüíà ³íòåíñèâ-
í³ñòü I. Îäåðæàí³ ðåçóëüòàòè âèêîðèñòîâóâàëèñÿ äëÿ ³íòåðïðåòà-
ö³¿ åêñïåðèìåíòàëüíèõ äèôðàêòîãðàì ³ ðîçðàõóíêó ðîçì³ð³â íà-
íîêðèñòàë³â. 
 Íà ðèñóíêó 5 ïîêàçàíî ðåíò´åí³âñüê³ äèôðàêòîãðàìè äâîõ çðà-
çê³â, ÿêèõ áóëî îäåðæàíî áåç âïëèâó ³ ï³ä ä³ºþ ïîñò³éíîãî ìàãíå-
òíîãî ïîëÿ çà îäíàêîâèõ ³íøèõ óìîâ. Ç äèôðàêòîãðàì âèäíî, ùî 

 

Ðèñ. 4. Ñï³ââ³äíîøåííÿ  (ó â³äñîòêàõ) ì³æ êîìïîíåíòàìè êàðáîíàòíî¿ 
ï³äñèñòåìè âîäíîãî ðîç÷èíó 0,02 ìîëü/äì3 NaÍCO3 â çàëåæíîñò³ â³ä pH 
ðîç÷èíó. — —HCO3, ---- —CO2, - - —CO3

2 .4 

 

Ðèñ. 5. Ðåíò´åí³âñüê³ äèôðàêòîãðàìè çðàçê³â, ñèíòåçîâàíèõ áåç ä³¿ ìàã-
íåòíîãî ïîëÿ (à) ³ ï³ä ä³ºþ ìàãíåòíîãî ïîëÿ (á).5 
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âîíè äîñòàòíüî ïîä³áí³. Áóëî âèñëîâëåíî ïðèïóùåííÿ, ùî ðåôëå-
êñè äèôðàêòîãðàì íàëåæàòü êàðáîíàòó Êàëüö³þ. Â³äîìî, ùî êàð-
áîíàò Êàëüö³þ êðèñòàë³çóºòüñÿ â òðüîõ ìîäèô³êàö³ÿõ: êàëüöèò, 
âàòåðèò ³ àðà´îí³ò [13]. Ç âèêîðèñòàííÿì â³äîìèõ ì³æïëîùèííèõ 
â³ääàëåé [14] ³ ôîðìóëè Âóëüôà–Áðå´´à [15] 

 2 sind k , (20) 

äå d — ì³æïëîùèííà â³ääàëü,  — êóò äèôðàêö³¿, k — ïîðÿäîê 
äèôðàêö³éíîãî ìàêñèìóìó,  — äîâæèíà õâèë³ ðåíò´åí³âñüêîãî 
âèïðîì³íåííÿ, áóëî ðîçðàõîâàí³ êóòîâ³ ïîëîæåííÿ ðåôëåêñ³â 2  
äëÿ ð³çíèõ ìîäèô³êàö³é êàðáîíàòó Êàëüö³þ. Â òàáëèö³ íàâåäåíî 
ïîð³âíÿííÿ ðåçóëüòàò³â ðîçðàõóíêó òà ë³òåðàòóðíèõ äàíèõ ç åêñ-
ïåðèìåíòàëüíèìè äàíèìè äëÿ äâîõ ìîäèô³êàö³é êàðáîíàòó Êàëü-
ö³þ (êóòîâ³ ïîëîæåííÿ íàâåäåíî â ´ðàäóñàõ, ³íòåíñèâíîñò³ — ó 
â³äñîòêàõ). Åêñïåðèìåíòàëüí³ êóòîâ³ ïîëîæåííÿ 2  â òàáëèö³ íà-
âåäåíî ëèøå äëÿ çðàçêà, ñèíòåçîâàíîãî áåç âïëèâó ìàãíåòíîãî 
ïîëÿ, îñê³ëüêè äëÿ çðàçêà, ñèíòåçîâàíîãî â ìàãíåòíîìó ïîë³, â³ä-
ïîâ³äí³ çíà÷åííÿ äóæå áëèçüê³. 
 Ç òàáëèö³ âèäíî, ùî íà äèôðàêòîãðàìàõ ïðèñóòí³ ëèøå ðåôëå-
êñè, õàðàêòåðí³ äëÿ êàëüöèòó òà âàòåðèòó. Ðåôëåêñ³â ùå îäí³º¿ 
ìîäèô³êàö³¿, à ñàìå, àðà´îí³òó, íå áóëî çàô³êñîâàíî. Ðîçðàõîâàí³ 
é åêñïåðèìåíòàëüí³ çíà÷åííÿ êóòîâèõ ïîëîæåíü ðåôëåêñ³â äîáðå 
çá³ãàþòüñÿ ì³æ ñîáîþ. Â³äì³ííîñò³ â³äíîñíèõ ³íòåíñèâíîñòåé çó-
ìîâëåíî òèì, ùî ë³òåðàòóðí³ äàí³ íàâåäåíî äëÿ ï³êîâèõ ³íòåíñè-
âíîñòåé, à íàìè âèêîðèñòàíî ³íòå´ðàëüí³ ³íòåíñèâíîñò³. Êð³ì òî-
ãî, äèôðàêòîãðàìè áóëî îäåðæàíî ç âèêîðèñòàííÿì ðåíò´åí³âñü-
êîãî âèïðîì³íåííÿ ð³çíèõ äîâæèí õâèëü â îáîõ âèïàäêàõ. 

ÒÀÁËÈÖß. Åêñïåðèìåíòàëüí³ òà ë³òåðàòóðí³ äàí³ äëÿ êàëüöèòó é âàòå-
ðèòó.6 

Êàëüöèò Âàòåðèò 
Ðîçðàõóíîê Åêñïåðèìåíò Ðîçðàõóíîê Åêñïåðèìåíò 
2  I 2  I 2  I 2  I 

23,0 12% 23,1 11% 24,9 63% 24,9 66% 
29,4 100% 29,5 100% 27,1 75% 27,1 100% 
36,0 14% 36,0 10% 32,8 100% 32,8 72% 
39,4 18% 39,5 17% 44,0 63% 43,9 46% 

43,2% 18% 43,2% 15% 48,8 15% 49,2 50% 
47,2 5% 47,2 6% 49,9 63% 50,1 42% 
47,5 17% 47,6 19%     
48,6 17% 48,6 22%     
57,5 8% 57,5 8%     
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 Äëÿ ³íäåêñàö³¿ ðåôëåêñ³â íàøèõ äèôðàêòîãðàì áóëî âèêîðèñ-
òàíî ôîðìóëó Âóëüôà–Áðå´´à òà êâàäðàòè÷íó ôîðìó äëÿ ãåêñàãî-
íàëüíî¿ ñèí´îí³¿ [15]: 

 
2 2 2

2 2 2

1 4

3

h hk k l

a a c
, (21) 

äå a ³ c — ïàðàìåòðè åëåìåíòàðíî¿ êîì³ðêè, (h k l) — Ì³ëëåðîâ³ 
³íäåêñè ðåôëåêñó. Â ðåçóëüòàò³ áóëî âñòàíîâëåíî, ùî ðåôëåêñè ç 
êóòîâèìè ïîëîæåííÿìè 23,1 , 29,5 , 36,0 , 39,5 , 43,2 , 47,2 , 
47,6 , 48,6  ³ 57,4  íàëåæàòü êàëüöèòó òà ìàþòü Ì³ëëåðîâ³ ³íäåê-
ñè (102), (104), (110), (113), (202), (204), (108), (116) ³ (212) â³ä-
ïîâ³äíî. Ðåôëåêñè âàòåðèòó ìàþòü Ì³ëëåðîâ³ ³íäåêñè (100), 
(101), (102), (110), (112), (104) òà (202), ÿêèì â³äïîâ³äàþòü êóòîâ³ 
ïîëîæåííÿ 24,9 , 27,1 , 32,8 , 43,9 , 49,2  òà 50,1  â³äïîâ³äíî. 
Íàø³ ðåíò´åíîñòðóêòóðí³ äîñë³äæåííÿ äîáðå êîðåëþþòü ç ðåçóëü-
òàòàìè ðîá³ò [16–18], â ÿêèõ àâòîðè äîñë³äæóâàëè ñèíòåòè÷í³ 
ìîäèô³êàö³¿ êàðáîíàòó Êàëüö³þ. 
 Äëÿ ðîçðàõóíêó ðîçì³ð³â íàíî÷àñòèíîê âèêîðèñòàëè ôîðìóëó 
Äåáàÿ–Øåððåðà [19, 20] 

 
0,89

cos
D , (22) 

äå  — äîâæèíà õâèë³ ðåíò´åí³âñüêîãî âèïðîì³íåííÿ,  — ï³â-
øèðèíà ðåôëåêñó,  — êóò äèôðàêö³¿. Ô³çè÷íå çíà÷åííÿ ï³âøè-
ðèíè îá÷èñëåíî çà ôîðìóëîþ 

 2 2 1 2
1 2( ) , (23) 

äå 1 — åêñïåðèìåíòàëüíå çíà÷åííÿ ï³âøèðèíè ðåíò´åí³âñüêîãî 
ðåôëåêñó, 2 — ³íñòðóìåíòàëüíå çíà÷åííÿ ï³âøèðèíè ðåíò´åí³â-
ñüêîãî ðåôëåêñó. ²íñòðóìåíòàëüíå çíà÷åííÿ ï³âøèðèíè ðåíò´å-
í³âñüêèõ ðåôëåêñ³â âèçíà÷àëîñÿ íà îñíîâ³ àíàë³çè ðåíò´åí³âñüêèõ 
äèôðàêòîãðàì åòàëîííèõ ïîðîøê³â êðåìí³þ é Al2O3, ÿêèõ áóëî 
îäåðæàíî çà òàêèõ ñàìèõ óìîâ. 
 Çà äîïîìîãîþ ôîðìóëè Äåáàÿ–Øåððåðà âèçíà÷àëè ðîçì³ðè äëÿ 
âñ³õ ðåôëåêñ³â äâîõ ìîäèô³êàö³é êàðáîíàòó Êàëüö³þ òà çíàõîäè-
ëè ñåðåäíº àðèôìåòè÷íå çíà÷åííÿ îäåðæàíèõ ðåçóëüòàò³â äëÿ 
êîæíî¿ ìîäèô³êàö³¿. Âíàñë³äîê öüîãî áóëî âñòàíîâëåíî, ùî äëÿ 
çðàçêà, ñèíòåçîâàíîãî áåç âïëèâó ìàãíåòíîãî ïîëÿ, ðîçì³ðè íàíî-
÷àñòèíîê êàëüöèòó ñêëàäàþòü 110 íì, âàòåðèòó — 23 íì. À äëÿ 
çðàçêà, îäåðæàíîãî â ïîñò³éíîìó ìàãíåòíîìó ïîë³ ðîçì³ðè ñêëà-
äàþòü 115 íì ³ 25 íì â³äïîâ³äíî. Òàêèì ÷èíîì, ïîñò³éíå ìàãíåò-
íå ïîëå íå âïëèâàº íà ðîçì³ðè íàíîêðèñòàë³â êàëüöèòó òà âàòå-
ðèòó çà êðèñòàë³çàö³¿ êàëüö³é-ã³äðîêàðáîíàòíî¿ ñèñòåìè ÷è òî öåé 
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âïëèâ íå º ³ñòîòíèì. 
 Â ïîïåðåäí³é íàø³é ðîáîò³ [3] ìè äîñë³äæóâàëè êðèñòàë³çàö³þ 
êàðáîíàòó Êàëüö³þ ç êàëüö³é-êàðáîíàòíî¿ âîäíî¿ ñèñòåìè òà 
âñòàíîâèëè, ùî çà êðèñòàë³çàö³¿ ó ìàãíåòíîìó ïîë³ ðîçì³ðè âàòå-
ðèòó çðîñòàþòü â³ä 24 íì äî 31 íì, à êàëüöèòó — â³ä 100 íì äî 
ì³êðîííèõ ðîçì³ð³â, ÿê³ íåìîæëèâî âèçíà÷èòè ìåòîäîì Äåáàÿ–
Øåððåðà. Êð³ì òîãî, ³íòå´ðàëüí³ ³íòåíñèâíîñò³ ðåôëåêñ³â êàëüöè-
òó òà âàòåðèòó ïðèáëèçíî ñï³âì³ðí³. Ó äàí³é ðîáîò³ ³íòå´ðàëüí³ 
³íòåíñèâíîñò³ ðåôëåêñ³â êàëüöèòó ³ñòîòíî ïåðåâèùóþòü ³íòåíñèâ-
íîñò³ ðåôëåêñ³â âàòåðèòó (ðèñ. 5). Îñê³ëüêè ³íòå´ðàëüí³ ³íòåíñèâ-
íîñò³ ïðÿìî ïðîïîðö³éí³ îá’ºìíîìó âì³ñòó êîìïîíåíò³â ñóì³ø³, 
çà êðèñòàë³çàö³¿ ç ð³çíèõ ñèñòåì (êàëüö³é-êàðáîíàòíî¿ òà êàëüö³é-
ã³äðîêàðáîíàòíî¿) óòâîðþþòüñÿ ð³çí³ îá’ºìí³ ñï³ââ³äíîøåííÿ êà-
ëüöèòó òà âàòåðèòó. Äëÿ ê³ëüê³ñíî¿ îö³íêè öèõ ñï³ââ³äíîøåíü íå-
îáõ³äí³ äîäàòêîâ³ äîñë³äæåííÿ. 
 Ç òî÷êè çîðó ô³çèêî-õåì³÷íèõ ïðîöåñ³â, ùî â³äáóâàþòüñÿ â êà-
ëüö³é-êàðáîíàòí³é ³ êàëüö³é-ã³äðîêàðáîíàòí³é âîäíèõ ñèñòåìàõ, ó 
öèõ ñèñòåìàõ ä³º ïðèíöèï³ÿëüíî ð³çí³ ìåõàí³çìè óòâîðåííÿ 
CaCO3. Çà êðèñòàë³çàö³¿ êàðáîíàòó Êàëüö³þ ç êàëüö³é-
ã³äðîêàðáîíàòíèõ âîäíèõ ðîç÷èí³â, óòâîðåííÿ CaCO3 â³äáóâàºòüñÿ 
â ðåçóëüòàò³ äåïðîòîí³çàö³¿ ã³äðîêàðáîíàòó â ïîë³ éîíà Êàëüö³þ 
çà ðåàêö³ºþ 

 2
3 3 2 2Ca 2HCO CaCO CO H O. (24) 

 Çà êðèñòàë³çàö³¿ æ CaCO3 ç êàëüö³é-êàðáîíàòíèõ âîäíèõ ðîç-
÷èí³â â³äáóâàºòüñÿ ïðÿìà ðåàêö³ÿ ñèíòåçè 

 2 2
3 3Ca CO CaCO . (25) 

 Íà äóìêó àâòîð³â, âêàçàíà ð³æíèöÿ â ìåõàí³çì³ óòâîðåííÿ 
CaCO3 ìîæå áóòè ïðè÷èíîþ ð³çíîãî âïëèâó ìàãíåòíîãî ïîëÿ íà 
êðèñòàë³çàö³þ êàðáîíàòó Êàëüö³þ ç êàëüö³é-ã³äðîêàðáîíàòíèõ ³ 
êàëüö³é-êàðáîíàòíèõ âîäíèõ ðîç÷èí³â, ùî ïîòðåáóº ñïåö³ÿëüíèõ 
ö³ëüîâèõ äîñë³äæåíü. 

4. ÂÈÑÍÎÂÊÈ 

Äîñë³äæåííÿ ïîêàçàëè, ùî çà çíà÷íîãî ïåðåâèùåííÿ ó ðîç÷èí³ 
éîí³â HÑÎ3 íàä éîíàìè CO3

2  (ó äàí³é ðîáîò³ — â 18,6 ðàç³â) çà 
òåìïåðàòóð ó 18–20 C ç íàéá³ëüøîþ éìîâ³ðí³ñòþ óòâîðþþòüñÿ 
êàëüöèò ³ âàòåðèò, òà ìàëîéìîâ³ðíî, ùî áóäå óòâîðþâàòèñÿ àðà-
´îí³ò. 
 Â ïðîöåñ³ êðèñòàë³çàö³¿ ç ã³äðîêàðáîíàòíîãî âîäíîãî ðîç÷èíó 
óòâîðþþòüñÿ íàíîêðèñòàëè êàëüöèòó òà âàòåðèòó ç ðîçì³ðàìè ó 
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110 íì ³ 23 íì â³äïîâ³äíî. 
 Ïðîâåäåííÿ êðèñòàë³çàö³¿ CaCO3 ã³äðîêàðáîíàòíîãî âîäíîãî ðî-
ç÷èíó â ïîñò³éíîìó ìàãíåòíîìó ïîë³ ó 125–250 ìÒë ïðàêòè÷íî 
íå âïëèâàº íà ðîçì³ðè íàíîðîçì³ðíèõ êðèñòàë³ò³â êàëüöèòó òà 
âàòåðèòó. 
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1 Fig. 1. Scheme of the experimental setup for studying the crystallization of CaÑÎ3 in a 
magnetic field (a): 1—suspension of ÑaÑÎ3, 2—chemical beaker, 3—permanent magnets. Dis-
tribution of the magnetic field in the glass (á). 
2 Fig. 2. Dependence of the ionic strength on the number of iterations. 
3 Fig. 3. Concentrations of the components of an aqueous solution of 0.02 mole/dm3 Na2CO3 
depending on the pH of the solution. 1—CO3

2 , 2—NaCO3, 3—HCO3, 4—CO2, 5—NaHCO3
0. 

4 Fig. 4. The ratio  (in percent) between the components of the carbonate subsystem of an 
aqueous solution of 0.02 mole/dm3

 NaHCO3 depending on the pH of the solution. — —HCO3, --- 
—CO2, - - - —CO3

2 . 
5 Fig. 5. XRD-patterns of samples synthesized without the action of a magnetic field (a) and 
with the action of a magnetic field (á). 
6 TABLE. Experimental and literary data for calcite and vaterite. 
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Isomorphous Substitutions of Calcium with Rare-Earth Elements 

and Lithium in Scheelite-Structured Molybdates for Actinoid 

Simulation 

E. I. Get’man and S. V. Radio 

Vasyl’ Stus Donetsk National University,  
21, 600-Richchia Str.,  
UA-21027 Vinnytsia, Ukraine 

Using V. S. Urusov’s crystal-energy theory of isomorphous miscibility, 
the mixing energies, critical decomposition temperatures, and limits of 
isomorphous substitutions are calculated, and the regions of thermody-
namic stability of Ca1 x(Li0.5Ln0.5)xMoO4 solid solutions, where Ln are rare-
earth elements (REE), are determined. As shown, the critical decomposi-
tion temperatures decrease symbately with the mixing energy as the REE 
number increases in the La–Sm series within the temperature range of 
162–16 K, and it increases in the Eu–Lu series within the temperature 
range of 30–294 K. The thermodynamic stability diagram and the decom-
position domes of solid solutions in the concentration range from x 0 to 
x 1.0 through x 0.05 are presented. These allow for the determination 
of equilibrium substitution limits by temperature, temperature by a given 
substitution limit, or ranges of thermodynamic stability of solid solutions. 
The results may be useful for the storage and disposal of actinoides, radi-
oactive REE isotopes, and molybdenum in the field of ultra-low tempera-
tures. 

Ç âèêîðèñòàííÿì êðèñòàëîåíåðãåòè÷íî¿ òåîð³¿ ³çîìîðôíî¿ çì³øóâàíîñòè 
Â. Ñ. Óðóñîâà ðîçðàõîâàíî åíåðã³¿ çì³øàííÿ, êðèòè÷í³ òåìïåðàòóðè ðî-
çïàäó, ìåæ³ ³çîìîðôíèõ çàì³ùåíü, à òàêîæ âèçíà÷åíî îáëàñò³ òåðìîäè-
íàì³÷íî¿ ñòàá³ëüíîñòè òâåðäèõ ðîç÷èí³â Ca1 x(Li0,5Ln0,5)xMoO4, äå Ln — 
ð³äê³ñíîçåìåëüí³ åëåìåíòè (ÐÇÅ). Ïîêàçàíî, ùî êðèòè÷í³ òåìïåðàòóðè 
ðîçïàäó ç³ çá³ëüøåííÿì íîìåðà ÐÇÅ â ðÿäó La–Sm ñèìáàòíî ç åíåðã³ºþ 
çì³øàííÿ çìåíøóþòüñÿ â ³íòåðâàë³ òåìïåðàòóð 162–16 Ê, à â ðÿäó Eu–
Lu çðîñòàþòü â ³íòåðâàë³ òåìïåðàòóð 30–294 Ê. Ïðåäñòàâëåíî ä³ÿãðàìó 
òåðìîäèíàì³÷íî¿ ñòàá³ëüíîñòè, à òàêîæ áàí³ ðîçïàäó òâåðäèõ ðîç÷èí³â ó 
ä³ÿïàçîí³ êîíöåíòðàö³é â³ä õ 0 äî õ 1,0 ÷åðåç õ 0,05. Âîíè äàþòü 
çìîãó âèçíà÷àòè ð³âíîâàæí³ ìåæ³ çàì³ùåíü çà òåìïåðàòóðîþ, àáî òåì-
ïåðàòóðó çà çàäàíîþ ìåæåþ çàì³ùåííÿ, ÷è òî îáëàñò³ òåðìîäèíàì³÷íî¿ 
ñòàá³ëüíîñòè òâåðäèõ ðîç÷èí³â. Ðåçóëüòàòè ðîáîòè ìîæóòü áóòè êîðèñ-
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íèìè äëÿ çáåð³ãàííÿ òà çàõîðîíåííÿ àêòèíî¿ä³â, ðàä³îàêòèâíèõ ³çîòîï³â 
ÐÇÅ òà Ìîë³áäåíó â îáëàñò³ íàäíèçüêèõ òåìïåðàòóð. 
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oides, calcium, lithium, scheelite structure, isomorphous substitutions, 
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1. INTRODUCTION 

Materials with scheelite mineral structure (calcium tungstate, 
CaWO4), based on individual molybdates and tungstates or solid so-
lutions, which are considered as matrices for immobilizing radioac-
tive isotopes, can contain elements in oxidation states from 1 to 7 
(in the Ca positions: Li, Na, K, Rb, Cs, and Tl; Ca, Sr, Ba, Mn, and 
Cu; Fe, La–Lu, and Y; Th, U, Np, and Pu; in the W positions: Nb, 
Ta, Mo, W, Re, I, V, and Ge [1]. Normal salts of tungstates and 
molybdates of alkaline earth elements of the composition MIIXO4 
and double molybdates and tungstates of alkali and rare-earth ele-
ments (REE) of the composition Na0.5Ln0.5XO4 (where MII is an alka-
line earth metal, Ln is a rare-earth element, and X Mo or W) with 
a scheelite structure are of interest due to their potential practical 
applications as ion conductors, microwave dielectrics [2], lumino-
phores [3], scintillators [4], LEDs, optical fibres, photocatalysts for 
wastewater treatment [5], high-performance electrochemical super-
capacitors for energy storage and conversion [6], lasers [7], and in 
many other cases. 
 Of particular interest is the recent trend of using molybdates and 
tungstates of alkaline earth elements doped with double molybdates 
and tungstates of alkali metals and REEs with a scheelite structure 
for the storage and disposal of high-level radioactive waste with 
long-lived radioactivity [8–13]. Previously, alumophosphate or bo-
rosilicate glasses, which have a lifetime of no more than 30–40 
years, were used as matrices for radioactive waste disposal [14]. Ac-
cording to [8, 15], under conditions typical for deep geological re-
positories, borosilicate glass may dissolve upon contact with 
groundwater over geological timescales. Meanwhile, according to 
current regulations, the matrix material must ensure environmental 
safety for more than 105 years [16]. Such a long time can be provid-
ed by ceramic matrices of minerals that can persist in natural con-
ditions for at least the above-mentioned number of years, in partic-
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ular, molybdates and tungstates of alkaline-earth elements with a 
scheelite-type structure, which can isomorphously incorporate radi-
oactive isotopes of actinoides and lanthanides close to them in size 
and charge (the amount of the latter, according to [17], is up to 35 
wt.% of nuclear reactor waste), as well as radioactive isotopes of 
molybdenum. 
 However, most publications focus on studying synthesis condi-
tions and properties of the corresponding solid solutions but do not 
predict their behaviour during storage and disposal. As known [18], 
solid solutions tend to decompose upon cooling, which can lead to 
the degradation of materials based on them, as well as changes and 
non-reproducibility of their properties. The insufficient information 
on the substitution limits and thermodynamic stability areas of sol-
id solutions forces researchers to choose material compositions and 
synthesis conditions either by analogy with related systems or by 
the ‘trial and error’ method, which can lead to excessive consump-
tion of expensive reagents and increase the duration of research. 
Therefore, it is rational to apply not only experimental but also 
computational methods, free from the drawbacks. An example of 
such an approach can be found in the works [19, 20], where the re-
sults of calculations from the study [21] were used to select synthe-
sis conditions for solid solution samples of the Y1 xScxPO4 system. 
 At the same time, to date, studies have mainly focused on sys-
tems in which larger REE ions were used as simulators for large 
triple-charged actinoides, such as U or Pu, in matrices containing 
strontium and sodium [9–13]. At the same time, to the best of our 
knowledge, only in the Ca1 xLix/2Gdx/2MoO4 system [8] was Gd3  used 
as a simulator for minor actinoide Cm3 , involving, according to the 
requirements of isomorphous substitutions [18], smaller calcium 
and lithium cations compared to strontium and sodium. As noted in 
Ref. [8], the study of the structure and chemical stability of 
Ca1 xLix/2Gdx/2MoO4 yields promising results in the development of 
new single- or multicomponent systems for immobilizing high-level 
nuclear waste with high molybdenum content. 
 Therefore, the present work aimed to predict the limits of isomor-
phous substitutions and the thermodynamic stability of 
Ca1 x(Li0.5Ln0.5)xMoO4 solid solutions with a scheelite structure con-
taining REE cations as actinoide simulators for the disposal of high-
level radioactive waste. 

2. INITIAL DATA AND CALCULATION METHODOLOGY 

In V. S. Urusov’s crystal-energy theory of isomorphous miscibility, 
the main problem in determining the limits of isomorphous substi-
tutions is finding the mixing energy (Qmix) [18]. Since both compo-
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nents of the Ca1 x(Li0.5Ln0.5)xMoO4 systems are isostructural with 
scheelite, the mixing energy can be calculated as the sum of only 
two contributions, resulting from the differences in the degrees of 
ionicity of the chemical bonds in the system components (Q ) and 
the sizes of the substituting structural units (QR) [18]: 
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R R
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where m 2 is the number of different structural units in the com-
ponents of the systems in the pseudobinary approximation of the 
scheelite structure (lithium and lanthanides, statistically located at 
the cation sites in the Li0.5Ln0.5MoO4 scheelite structure, are consid-
ered as one structural unit, and the molybdate anion is considered 
as the second one); zm zx 2—the formal (integer) charges of the 
substituting (zm) and common (zx) structural units of the compo-
nents; 1.723 is the reduced Madelung constant, calculated using 
the Templeton formula [22]; C 20(2 1) is a constant depending 
on the properties of the components, where  is the difference in 
electronegativity ( ) values of the cations taken from Ref. [23], and 
the anion MoO4

2  taken, according to the recommendation [24], as 
equal to the  of the oxide anion O2  (3.758). The choice of the  
scale [23], as opposed to the scales of other authors, was because 
the  values change in it with a regular periodicity, increasing in 
the series La3 –Eu3  from 1.327 to 1.433 and Gd3 –Yb3  from 1.386 
to 1.479, with a sharp drop during the transitions Eu3 –Gd3  from 
1.433 to 1.386 and Yb3+–Lu3  from 1.479 to 1.431, which is due to 
the structure of the electronic shells of the REEs. Europium and 
gadolinium have a half-filled 4f-shell (7 electrons), and ytterbium 
and lutetium have a filled shell (14 electrons). When transitioning 
from europium to gadolinium and from ytterbium to lutetium, the 
first electron appears in the 5d-sublevel; n 8 is co-ordination 
number of the substituting structural unit in the pseudobinary rep-
resentation of the scheelite structure; RLi, Ln–M is interatomic dis-
tance ‘cation–tetrahedral anion’ in Li0.5Ln0.5MoO4 calculated from 
the unit cell parameters taken from Ref. [25]; R is the difference 
in the interatomic distances ‘cation–tetrahedral anion’ in CaMoO4 
and Li0.5Ln0.5MoO4; R/R1 is relative difference in the interatomic 
distances ‘cation–tetrahedral anion’ in the system components (di-
mensional parameter); R1 is interatomic distance ‘cation–tetrahedral 
anion’ in the system component with the smaller cation radius;  is 
the difference in the degrees of ionicity of the chemical bonds in 
the system components in the pseudobinary approximation of the 
structure. The degree of ionicity of the chemical bond ε in the crys-
tals was determined by the difference in  between the tetrahedral 
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anion and the cations according to the tabulated data provided by 
S. Batsanov [26]. 
 Since the size parameter, R/R1, was significantly less than 0.1 
(Table 1), according to Ref. [18], the calculation of the equilibrium 
substitution limits as a function of temperature was carried out in 
the approximation of regular solid solutions using Becker’s equa-
tion [27] 
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where x is the mole fraction of the dissolved component, Rg is the 
universal gas constant, Td is the decomposition temperature of the 

TABLE 1. Some initial data*, calculated mixing energies, and critical de-
composition temperatures of the solid solutions in the Ca1 x(Li0.5Ln0.5)xMoO4 
systems. 
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La 3.851 1.327 2.594 123.76 0.0185 2.710 2.720 162 
Ce 3.837 1.348 2.589 123.56 0.0148 1.732 1.772 105 
Pr 3.812 1.374 2.582 123.28 0.0081 0.518 0.609 36 
Nd 3.798 1.382 2.580 123.2 0.0044 0.153 0.314 19 
Sm 3.775 1.410 2.573 122.92 0.0016 0.020 0.274 16 
Eu 3.765 1.433 2.567 122.68 0.0043 0.145 0.511 30 
Gd 3.756 1.386 2.579 123.16 0.0067 0.359 0.522 31 
Tb 3.744 1.410 2.573 122.92 0.0099 0.771 1.027 61 
Dy 3.734 1.426 2.569 122.76 0.0126 1.249 1.618 96 
Ho 3.727 1.433 2.567 122.68 0.0145 1.651 2.021 120 
Er 3.714 1.438 2.566 122.64 0.0181 2.571 3.077 183 
Tm 3.707 1.455 2.562 122.48 0.0200 3.135 3.642 217 
Yb 3.698 1.479 2.556 122.24 0.0225 3.961 4.800 286 
Lu 3.692 1.431 2.568 122.72 0.0241 4.562 4.936 294 

*Note: The unit cell parameters of CaMoO4 for calculating the distance 
R(CaMoO4) 3.7812 Å are taken from Ref. [30], and the distances R(LiLn(MoO4)2) 
are taken from Ref. [31]. Li 1.009; Ca 1.160; (Ca1 x(Li0.5Ln0.5)õ)  
 (( Li Ln)/2 Ca)/2; 3.758 (( Li Ln)/2 Ca)/2. 
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solid solution. The values of Rg and Qmix in both latter cases were 
expressed in calories [18]. 
 The critical decomposition temperatures, Tcr, were calculated ac-
cording to Ref. [18] in the approximation of regular solid solutions 
using equation 

 mix

2cr

Q
T

kN
, (3) 

where k is the Boltzmann constant, and N is the Avogadro number. 
 The error in calculating the critical (maximum) decomposition 
temperature of solid solutions was 100 K, and the mixing energy 
QR, considering the error of the initial data, was up to 13% [18]. 

3. RESULTS OF CALCULATIONS AND THEIR DISCUSSION 

3.1. Mixing Energies of Solid Solutions 

Some initial data and calculation results of mixing energies are 
summarized in Tables 1 and 2 and presented in Fig. 1. As can be 

TABLE 2. Data for calculating the mixing energy for solid solutions in the 
Ca1 x(Li0.5Ln0.5)xMoO4 systems. 

Ln (MoO4) (Li0.5Ln0.5) (Li0.5Ln0.5)MoO4 
* Q , kJ/mole 

La 2.590 0.768 0.002 0.010 
Ce 2.579 0.766 0.004 0.040 
Pr 2.566 0.764 0.006 0.091 
Nd 2.562 0.762 0.008 0.161 
Sm 2.548 0.760 0.010 0.254 
Eu 2.537 0.758 0.012 0.366 
Gd 2.560 0.762 0.008 0.163 
Tb 2.548 0.760 0.010 0.256 
Dy 2.540 0.758 0.012 0.369 
Ho 2.537 0.758 0.012 0.370 
Er 2.534 0.756 0.014 0.506 
Tm 2.526 0.756 0.014 0.507 
Yb 2.514 0.752 0.018 0.839 
Lu 2.538 0.758 0.012 0.374 

*Note: (CaMoO4) (Li0.5Ln0.5)MoO4; the value of (CaMoO4) 0.77 was deter-
mined according to the tabular data of S. Batsanov [26], based on (MoO4) 3.758 
and (Ca) 1.160. 
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seen from the data provided, with an increase in the atomic number 
of REEs, the contributions to the total mixing energy due to differ-
ences in the sizes of the substituting structural units, QR, initially 
decrease significantly and smoothly from 2.71 to 0.02 kJ/mole in 
the REEs series from La to Sm, then increase from 0.02 to 4.56 
kJ/mole in the REEs series from Sm to Lu (Table 1, Fig. 1 a). This 
is related to a similar change in the size parameter R/R1, which 
first decreases from 0.0185 to 0.0044 and then increases to 0.0241. 
Such a change in R/R1 is because the crystal ionic radius of the 
substituted double-charged calcium cation, which mainly determines 
the value of R/R1, lies within the range of ionic radii of the sub-
stituting REEs from lanthanum to lutetium and is close to the ionic 
radius of samarium [28]. 
 The dependences of the contributions to the total mixing energy 
due to differences in the degrees of ionicity of the chemical bonds 
of the components, Q , for the cerium and yttrium subgroups are 
identical (Fig. 1, b). They systematically increase in the groups of 
systems containing REEs of the La–Eu series from 0.010 to 0.366 
kJ/mole and REEs of the Tb–Yb series from 0.256 to 0.839 
kJ/mole, followed by a sharp decrease when transitioning from the 
system containing Eu to the system containing Gd, from 0.366 to 
0.163 kJ/mole, and from the system containing Yb to the system 
containing Lu, from 0.839 to 0.374 kJ/mol. This is due to the 
aforementioned structure of the electron shells of the REEs. 
 According to Ref. [18], in general case, if the differences in the 
degrees of ionicity of the chemical bonds in the system components 

 

Fig. 1. Dependences of the calculated contributions to the mixing energy QR 

(a), Q  (b), and the total mixing energy Qmix (c) of the Ca1 x(Li0.5Ln0.5)xMoO4 
systems on REE atomic number. 
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are less than 0.05, the value of Q  will be insignificant and can be 
neglected. This is also because the errors in the values of electro-
negativity, which served as the basis for calculating Q , are on the 
order of 0.05 [29], which is much larger than the inaccuracies in 
determining the parameters of the unit cells, which are mainly used 
to determine the QR energy. 
 In this case,  varies from 0.002 to 0.018 (Table 2), and most of 
the Q  values are significantly smaller than QR (Fig. 1, a, b). How-
ever, in the case of systems with samarium and europium com-
pounds, the Q  values, on the contrary, exceed QR values. Therefore, 
the contributions of Q  to the mixing energies were considered in all 
systems. 

3.2. Decomposition Temperatures of Solid Solutions 

The calculated critical decomposition temperatures Tcr of the unlim-
ited series of solid solutions in the Ca1 x(Li0.5Ln0.5)xMoO4 systems 
(Table 1, Fig. 2, e for x 0.5) decrease in the range of 162–16 K 
with an increasing of REEs atomic number in the La–Sm series, in 
correlation with the mixing energy. In the Eu–Lu series, the values 
of Tcr increase in the range of 30–294 K. It should be noted that 
the Ca1 x(Li0.5Ln0.5)xMoO4 systems are characterized by very low crit-
ical decomposition temperatures for solid solutions (for 12 out of 14 
systems, they are below room temperature), and only for two of 

 

Fig. 2. Dependences of decomposition temperatures for solid solutions in 
the Ca1 x(Li0.5Ln0.5)xMoO4 systems on the REEs’ atomic numbers (thermo-
dynamic-stability diagram) for substitution limits of õ 0.05 (a), 0.10 (b), 
0.15 (c), 0.20 (d), and 0.50 (e). 
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them, Ca1 x(Li0.5Yb0.5)xMoO4 and Ca1 x(Li0.5Lu0.5)xMoO4, they are close 
to room temperature. 
 For all systems, based on the critical decomposition temperatures 
Tcr (at 0.5, Table 1) and the decomposition temperatures (Td for 
substitution limits x 0.05, 0.10, 0.15, and 0.20, Table 3) of the 
limited series of Ca1 x(Li0.5Ln0.5)xMoO4 solid solutions, thermodynam-
ic-stability diagrams, i.e., dependences of decomposition tempera-
tures on the REEs’ atomic numbers, have been plotted (Fig. 2). 
 These dependences can be used to determine graphically the equi-
librium substitution limits x at given decomposition temperatures 
Td or the decomposition temperatures at given substitution limits 
[32]. The intersection points of an isotherm, drawn from a given 
decomposition temperature, with a vertical line drawn from the 
REE atomic number, make it possible to determine the composition 
range in which the substitution limit is located. Interpolating the 
segment of this vertical line between the two nearest curves pro-
vides the possible substitution limit. 

3.3. Areas of Thermodynamic Stability 

From the thermodynamic stability diagram, it follows that the unlim-
ited solid solutions of the Ca1 x(Li0.5Ln0.5)xMoO4 systems, which are 

TABLE 3. Calculated thermodynamically possible decomposition tempera-
tures (Td [K]) for solid solutions in the Ca1 x(Li0.5Ln0.5)xMoO4 systems at 
x 0.05, 0.10, 0.15, and 0.20. 

Ln 
Values of Td [K] at corresponding x 

0.05 0.10 0.15 0.20 
La 99 118 131 140 
Ce 65 77 85 92 
Pr 22 26 29 31 
Nd 11 14 15 16 
Sm 10 12 13 14 
Eu 19 22 25 26 
Gd 19 23 25 27 
Tb 37 45 49 53 
Dy 59 70 78 84 
Ho 74 88 97 104 
Er 112 134 148 159 
Tm 133 158 175 188 
Yb 175 209 231 248 
Lu 180 214 238 255 
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stable at temperatures above the critical (Fig. 2, above curve e), 
should decompose when the temperature is lowered below the critical, 
forming limited areas. This would occur if the diffusion rate and 
time were sufficiently large to allow stable nuclei of the new phase to 
form and begin to grow. 
 For each of the Ca1 x(Li0.5Ln0.5)xMoO4 systems, the decomposition 
temperatures of the solid solutions were calculated in the composi-
tion range of 1.0 x 0 with a step of x 0.05 and decomposition 
domes were plotted (Fig. 3). According to them with greater accura-
cy than in Fig. 2, it is possible to determine graphically for each 
system the decomposition temperature at a given substitution limit 
or the equilibrium substitution limit at a given temperature, as well 
as the regions of thermodynamic stability. Above the peaks of the 
decomposition domes, a continuous series of stable solid solutions 
will exist; below the peaks but above the dome lines, there will be 

 

Fig. 3. Decomposition domes for solid solutions in the Ca1 x(Li0.5Ln0.5)xMoO4 
(1.0 x 0) systems: (a) Ln La, Ce, Pr, and Nd; (b) Ln Sm, Eu, and Tb; 
(c) Ln Dy, Ho, Er, and Yb; (d) Ln Gd, Tm, and Lu. 
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two limited solubility regions; and below the dome lines, there will 
be two limited solubility regions and mixtures of two solid solutions 
based on each of the system components. 

3.4. Comparison of Calculation Results with Literature Data 

As far as we know, there is no literature data on the critical de-
composition temperatures, limits of isomorphous substitutions in 
the case of limited solubility of components, and thermodynamic 
stability of solid solutions in the Ca1 x(Li0.5Ln0.5)xMoO4 systems. 
 Previously (see Table 3), the synthesis conditions and some prop-
erties of solid solutions in systems with wide areas of solid solu-
tions, such as [(Li0.5Nd0.5)1 xCax]MoO4 and [(Li0.5Sm0.5)1 xCax]MoO4 
(õ 0.2–0.9) [33], the unlimited solubility of components in 
Ca1 2xEuxLixMoO4 [34] and [(Li0.5Gd0.5)1 xCax]MoO4 [8], as well as one 
solid solution composition Ca0.9MoO4:0.05Eu3 , 0.05Li+ [35], have 
been studied. Additionally, the literature presents results on the 
study of solid solutions in the systems CaMoO4:Eu3 , Li  [36] and 
CaMoO4:Eu3 , M  (M Li, Na, K) [37] without specifying the com-
ponent ratios. 
 The results obtained in this study are consistent with the data [8, 
33–37] in the sense that the synthesis temperature ranges for the 
samples of these systems (673–1223 K, Table 3) fall within the pre-
dicted areas of thermodynamic stability of the solid solutions, i.e., 
well above the decomposition domes presented in Fig. 3, a, b, and d. 
 It is known [38] that, for radioactive waste disposal, its compo-
nents are included in chemically and mechanically stable matrices, 
with subsequent placement in underground storage until the com-
plete decay of radionuclides or until their activity approaches the 
level of the surrounding natural background. In this process, the 
oxides of fission products are incorporated into a glassy matrix, 
since glass, being a non-stoichiometric compound, can dissolve a 
complex mixture of fission products in its liquid state and subse-
quently retain it firmly upon cooling (and solidification). The re-
sulting product has relatively high chemical and radiation re-
sistance. Most commonly, two types of glass are widely used for 
immobilizing radioactive waste: aluminophosphate glass and borosil-
icate glass. However, the main problem of glass remains unresolved, 
i.e., its thermodynamic instability, which manifests as glass crystal-
lization (devitrification) under the influence of increased tempera-
tures caused by radioactive decay. Devitrification phenomena de-
grade the initial properties of the product, particularly increasing 
its leaching rate, resulting in the release of radioactive waste ele-
ments into the solution over a relatively short period. In addition, 
due to the formation of crystalline phases with a total lower iso-
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morphous capacity than that of glass, some radionuclides may leach 
into aqueous solutions, posing a threat to the biosphere. It is noted 
[39] that glass and ceramics are among the most reliable materials 
for immobilizing radioactive waste. Ceramic matrices have the 
greatest potential for practical use due to their high chemical sta-
bility and thermal stability. Ceramics based on natural and artifi-
cially synthesized mineral additives can incorporate a significantly 
larger volume of radioactive waste than glass. Furthermore, it has 
been noted [40] that the immobilization of certain radioactive iso-
topes proves to be a more complex process for molybdenum-rich 
waste generated during the reprocessing of used nuclear fuel, such 
as UMo–MoSnAl fuel from gas-graphite reactors, or mixed waste 
containing lanthanides and transition metals proposed for nuclear 
fuel reprocessing in the United States. In both cases, immobilization 
in glass is found to be impossible, as the waste contains substantial 
amounts of highly radioactive isotopes that release heat during de-
cay, as well as a large quantity of molybdenum that exceeds the 
solubility limits in borosilicate glasses. Currently, it is planned to 
mix such waste with aluminoborosilicate, during which separation 
into two liquid phases occurs upon cooling, followed by the crystal-
lization of molybdate phases and further additional separation into 
two liquid phases. It has been noted [40] that a detailed understand-
ing of the thermochemistry of vitrification and phase formation 
processes is required to ensure the formation of the desired crystal-
line phase. 
 As the further development of nuclear power engineering could 
lead to unacceptable radioactive contamination of the Earth’s bio-
sphere, one direction for preventing this situation could be the dis-
posal of radioactive waste in space [41]. If it becomes necessary to 
dispose of radioactive waste not only within the Earth’s crust but 
also at ultra-low temperatures in space, materials based on solid so-
lutions of Ca1 x(Li0.5Ln0.5)xMoO4 may be used, particularly those con-
taining Nd, Sm, Eu, Gd, and actinoides close to them in size. Such 
materials have lower critical decomposition temperatures (16–31 K) 
compared to previously recommended materials based on solid solu-
tions of other compositions: phosphates La1 xLnxPO4, fluorides 
La1 xLnxF3, and arsenates Lu1 xLnxAsO4. The critical decomposition 
temperatures of the latter are in the intervals of 150–830 K [42], 
522–1811 K [43], and 186–624 K [44], respectively. 

4. CONCLUSIONS 

1. Within the framework of V. S. Urusov’s crystal-energy theory of 
isomorphous substitutions, the mixing energies (interaction param-
eters), critical decomposition (stability) temperatures, and the lim-
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its of isomorphous substitutions have been calculated, and the 
thermodynamic stability of the solid solutions in the 
Ca1 x(Li0.5Ln0.5)xMoO4 systems, where Ln are rare earth elements, has 
been assessed. 
2. It has been shown that with the increase in the REE number, the 
contributions to the total mixing energy due to differences in the 
sizes of the substituting structural units, QR, initially decrease sig-
nificantly from 2.71 to 0.02 kJ/mole in the REEs series from La to 
Sm, and then increase from 0.02 to 4.56 kJ/mole in the REEs’ se-
ries from Sm to Lu. 
3. The contributions to the total mixing energy Qmix due to differ-
ences in the sizes of the substituting structural units QR signifi-
cantly exceed the contributions due to differences in the degrees of 
ionicity of the components Q . However, in the case of systems with 
samarium and europium compounds, the Q  values exceed the QR 
values. 
4. The calculated critical decomposition temperatures Tcr of the un-
limited series of solid solutions in the studied systems decrease 
along with the mixing energy as the REEs’ numbers increase in the 
La–Sm series, ranging from 162 to 16 K, and increase in the Eu–Lu 
series, ranging from 30 to 294 K. 
5. A thermodynamic stability diagram and decomposition domes for 
each solid solution system are presented in the concentration range 
from x 0 to x 1.0 through x 0.05. These allow for the graphical 
determination of the decomposition temperature of solid solutions 
for a given composition x, the equilibrium substitution limit for a 
given decomposition temperature, and the assessment of thermody-
namic stability regions over a wide range of compositions and tem-
peratures. 
6. The calculated results do not contradict the literature data, in 
the sense that the temperature range for obtaining samples of pre-
viously synthesized systems falls within the thermodynamic stabil-
ity regions of solid solutions as predicted by modelling. 
7. For the disposal of radioactive waste at extremely low tempera-
tures (e.g., in space), materials based on solid solutions of 
Ca1 x(Li0.5Ln0.5)xMoO4, particularly those containing Nd, Sm, Eu, Gd, 
and actinoides of similar size, may be used. These materials have 
significantly lower critical decomposition temperatures (16–31 K) 
compared to previously recommended materials based on solid solu-
tions of other compositions such as La1 xLnxPO4 phosphates, 
La1 xLnxF3 fluorides, and Lu1 xLnxAsO4 arsenates. 
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In this work, the formation of a superconducting network of quantum 

nanowires in SmMnO3  manganites in two hidden topological states CSL1 

and CSL2 of a chiral quantum spin liquid is experimentally studied. As be-
lieved, the states of bound pairs of Majorana fermions are trapped at the two 

ends of the quantum nanowire. The formation of nanofragments of 1D cou-
pled charge and spin densities’ waves with wave vectors q1||a and q2||b as re-
gards directions in the crystal lattice within the magnetic fields H 100 Oe 

indicates formation in ab planes of 2D quantum-nanowires’ net. Within the 

weak magnetic fields H 100 Oe, 350 Oe and 1 kOe, the continuous spectrum 

of the thermal excitations of bounded Majorana pairs in SmMnO3  in tem-
perature interval of 4.2–12 K is divided into two low-energy Landau zones 

with numbers n 1 and n 2 with two specific features of magnetization 

M(T) in the shape of alternating double peaks and truncated Dirac cones. 

Ó ö³é ðîáîò³ åêñïåðèìåíòàëüíî âèâ÷åíî óòâîðåííÿ íàäïðîâ³äíî¿ ñ³òêè 
êâàíòîâèõ íàíîïðîâîä³â ó ìàí´àí³òàõ SmMnO3  ó äâîõ ïðèõîâàíèõ òî-
ïîëîã³÷íèõ ñòàíàõ CSL1 ³ CSL2 ê³ðàëüíî¿ êâàíòîâî¿ ñï³íîâî¿ ð³äèíè. 
Ââàæàºòüñÿ, ùî ñòàíè ïîâ’ÿçàíèõ ïàð Ìàéîðàíîâèõ ôåðì³îí³â çàõîï-
ëþþòüñÿ íà äâîõ ê³íöÿõ êâàíòîâîãî íàíîïðîâîäó. Óòâîðåííÿ íàíîôðà-
´ìåíò³â 1D-çâ’ÿçàíèõ õâèëü çàðÿäîâî¿ òà ñï³íîâî¿ ãóñòèí ç õâèëüîâèìè 
âåêòîðàìè q1||a é q2||b ùîäî íàïðÿìê³â êðèñòàë³÷íî¿ ´ðàòíèö³ ó ìàãíåò-
íèõ ïîëÿõ H 100 Å âêàçóº íà óòâîðåííÿ â ïëîùèíàõ ab 2D-ñ³òêè êâà-
íòîâèõ íàíîïðîâîä³â. Ó ñëàáêèõ ìàãíåòíèõ ïîëÿõ H 100 Å, 350 Å ³ 
1 êÅ áåçïåðåðâíèé ñïåêòåð òåïëîâèõ çáóäæåíü ïîâ’ÿçàíèõ Ìàéîðàíî-
âèõ ïàð ó SmMnO3  â ³íòåðâàë³ òåìïåðàòóð 4,2–12 Ê ðîçáèâàºòüñÿ íà 
äâ³ íèçüêîåíåðãåòè÷í³ çîíè Ëàíäàó ç íîìåðàìè n 1 ³ n 2 ³ç äâîìà 
îñîáëèâîñòÿìè íàìàãíåòîâàíîñòè M(T) ó ôîðì³ ïîäâ³éíèõ ï³ê³â ³ çð³çà-
íèõ Ä³ðàêîâèõ êîíóñ³â, ùî ÷åðãóþòüñÿ. 

Key words: Majorana and Dirac fermions, alternating double peaks and 
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truncated Dirac cones, chiral quantum spin liquid. 

Êëþ÷îâ³ ñëîâà: Ìàéîðàíîâ³ òà Ä³ðàêîâ³ ôåðì³îíè, ÷åðãóâàííÿ ïîäâ³éíèõ 

ï³ê³â ³ çð³çàíèõ Ä³ðàêîâèõ êîíóñ³â, ê³ðàëüíà êâàíòîâà ñï³íîâà ð³äèíà. 

(Received 24 September, 2024) 
  

1. INTRODUCTION 

Topological superconductors (TS) in dimensions D 1, 2, with bro-
ken time-reversal (TR) symmetry have recently attracted a lot of 
attention [1–10]. These systems support Majorana fermion excita-
tions at order-parameter defects such as vortices and sample edges. 
Majorana fermion excitations, with second quantized operators 
satisfying the self-Hermitian condition † , can be construed as 

quantum particles, which are their own antiparticles [11]. The self-
Hermitian character of Majorana fermions (MFs) leads to a 2D 
quasi-particle exchange statistics, which is non-Abelian [1, 12]. The 
non-Abelian statistics of MFs can be used as a robust quantum me-
chanical resource to implement fault-tolerant topological quantum 
computation (TQC) [13, 14]. In 1D TS with broken TR symmetry, 
Majorana fermion modes are supposed to be trapped at the two ends 
of a quantum wire [13–15], which, in a 2D quantum wire network 
[15], can potentially lead to successful demonstration of non-
Abelian statistics as well as TQC [15–17]. According to Ref. [18], in 
flat-band superconductors, the group velocity vF of charge carriers 
is extremely small, which leads to freezing of the kinetic energy. 
Superconductivity in this case seems impossible, since within the 
framework of the BCS theory this means the disappearance of such 
microproperties as the coherence length of Cooper pairs, their su-
perfluidity rigidity, and the critical current. The authors report the 
existence of a group velocity of free charge carriers in the two-layer 
graphene studied by them, which is characteristic of a graphene su-
perlattice with a Dirac superconducting flat zone [19–23]. For the 
filling factor of the moiré superlattice in superconducting graphene 
1/2 3/4, a very small value of the group velocity vF 1000 
m/sec was found. It is important to note that the measurement of 
superfluidity, which controls the electrodynamic response of a su-
perconductor, shows that it is dominated not by kinetic energy, but 
by an interaction-controlled superconducting gap, which is consis-
tent with the theories of the quantum geometric contribution [19–
23]. Evidence has been found for the crossover of electron-pairs 
characteristic of BCS and Bose–Einstein condensation [24–27]. The 
superconducting properties of a deformed graphene, which in nor-
mal state has a spectrum of free charge carriers with a flat energy 
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band, were studied in Ref. [28]. 
 According to Ref. [29], in systems with a condensed state, when 
a quasi-particle is a superposition of electron and hole excitations 
and its production operator † becomes identical to the annihilation 
operator , such a particle can be identified as a Majorana fermion. 
In the Reed–Green model, the Bogolyubov quasi-particles in the 
volume become dispersive Majorana fermions, and the bound state 
formed in the core of the vortex becomes the Majorana zero mode. 
The former is interesting as a new type of wandering quasi-
particles, while the latter is useful as a qubit for topological quan-
tum computing. In condensed matter, the constituent fermions are 
electrons. Because the electron has a negative charge, it cannot be a 
Majorana fermion. Nevertheless, Majorana fermions can exist as 
collective excitations of electrons. The resulting Majorana fermions 
do not retain the true Lorentz invariance of the Dirac equation, 
since they do not move at the speed of light. However, with proper 
length and time scaling, the resulting Majorana fermions also obey 
the Dirac equation. Such Majorana fermions appear within the 
boundaries of topological superconductors or in the class of spin-
liquid systems [29]. 
 The condensation of bosons in the form of a bound state of Majo-
rana fermions was previously studied in topological superconductors 
by tunnelling spectroscopy [30–32]. The tunnelling conductivity 
spectra of topological superconductors depend on their size and 
symmetry. In one-dimensional topological superconductors with 
time reversal violation, there is an isolated single Majorana zero 
mode at each end. Tunnelling conductance due to the isolated zero 
mode shows a differential conductance peak dI/dV with zero offset 
height 2e2/h [30–32]. If one Majorana zero mode is coupled to an-
other Majorana zero mode at the other end of the superconductor, 
the tunnelling conductance is highly dependent on the coupling t 
between the Majorana modes at the different ends. When the ratio 
t/  of the coupling between modes to the width of the fermion spec-
trum  is very small, the peak shape dI/dV is realized [32]. How-
ever, in the case of significant mixing of the two Majorana modes, 
the differential conductivity has the form of a trough. In this case, 
the zero-bias conductance vanishes. The cause of the coexistence of 
superconductivity and strong correlations in electron systems with 
flat bands was studied in Ref. [33]. Flat band systems with a low 
density of charge carrier states play an important role because the 
flat band energy range is so narrow that the Coulomb interactions 
between free carriers EC e2/a dominate over the kinetic energy, 
which puts these materials in a regime with strong correlations. If 
the flat band is narrow in both energy and momentum, its occupa-
tion can be easily changed in a wide range from zero to full. 
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 It is well known that Landau levels are a striking example of 
two-dimensional flat bands. They occur when a strong magnetic 
field acts on a 2D electron system. In this case, the electron motion 
is reduced by the Lorentz force to quantized cyclotron orbits. In 
this case, the translational degeneracy leads to completely flat 
zones, the width of which is completely determined by the degree of 
disorder. Partially filled Landau levels, first studied in semiconduc-
tor heterostructures, contain a rich set of competing orders, includ-
ing ferromagnetism, charge-ordered band and bubble phases, and 
the best-known fractional quantum Hall liquids. The essential fea-
ture of these states is their intrinsic Berry curvature, which under-
lies their topological character and leads to integer and fractional 
quantum Hall effects. Twisted bilayer graphene has recently been 
found to exhibit highly correlated states and superconductivity. 
Thus, the formation of flat bands of Majorana fermions is a charac-
teristic mechanism of topological superconductivity, BCS and Bose–
Einstein condensation of bosons in the form of a bound state of 2D 
Majorana fermions and Dirac superconducting flat zone. The cross-
over of electron pairs characteristic of BCS and Bose–Einstein con-
densation of bosons in the form of a bound state of Majorana fer-
mions (Majorana zero mode) was also studied in topological super-
conductors. 
 The phase transition of a quantum spin liquid (QSL) to a chiral 
state in 2D frustrated AFMs with different types of crystal lattice, 
caused by an external magnetic field close to H 0 Oe, has at-
tracted great interest among theoreticians and experimenters [34, 
35]. It was shown that the transition of the QSL to the chiral state 
induced by an external magnetic field is accompanied by a phase 
transition into a phase with a topological order and excitation of 
fractional fermions (Majorana fermions). Kitaev was the first to 
construct a quantitative model of the so-called Z2 quantum spin liq-
uid (a spin liquid with a local Z2 magnetic flux in the unit cell) for 
spins S 1/2 located at the nodes of a quasi-two-dimensional hex-
agonal lattice [34]. As shown in work [35], the chiral spin liquid 
state spontaneously breaks time-reversal symmetry (TRS), but re-
tains other symmetries. There are two topologically different CSL1 
and CSL2 states of the chiral spin liquid separated by a quantum 
critical point. In this work, the formation of quantum nanowires-
like net bounded Majorana pairs in SmMnO3  manganites was first 
experimentally studied in two hidden topological states CSL1 and 
CSL2 of chiral quantum spin liquid. 

2. MATERIAL AND METHODS 

Samples of self-doped manganites SmMnO3  ( 0.1) were obtained 
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from high-purity oxides of samarium and electrolytic manganese, 
taken in a stoichiometric ratio. The synthesized powder was pressed 
under pressure of 10 kbar into discs of 6 mm in diameter, 1.2 mm 
thick and sintered in air at a temperature of 1170 C for 20 h fol-
lowed by cooling at a rate of 70 C/h. The resulting tablets were a 
single-phase ceramic according to x-ray data. X-ray studies were 
carried out with 300 K on DRON-1.5 diffractometer in radiation 
NiK

1 2
. Symmetry and crystal lattice parameters were determined 

by the position and character splitting reflections of the pseu-
docubic perovskite-type lattice. Temperature dependences of dc 
magnetization were measured using a VSM EGG (Princeton Applied 
Research) vibrating magnetometer and a nonindustrial magnetome-
ter in ZFC and FC modes. 

3. RESULTS AND DISCUSSION 

According to our previous work [36], the temperature dependences 
of the magnetization of frustrated manganites La1 ySmyMnO3  
( 0.1, ó 0.85, 1.0) contain two sharp peaks M(T) of different 
intensity at close temperatures T1 and T2 slightly above the critical 
temperature Tc of the phase transition of the samples to the coher-
ent superconducting state. It was shown that these features corre-
spond to the Lindhard divergence L(qnest) of the temperature de-
pendence of the paramagnetic susceptibility of stripe-like 1D elec-
tron/spin correlations modulated with the wave vectors qnest1 2kF1 
and qnest2 2kF2. The appearance and evolution of the magnetization 
features with increasing field are explained by the formation in ab 
planes with complete nesting of the electron–hole regions of the 
Fermi surface of a spatial modulation of the electronic and mag-
netic properties in the form of fragments of two fluctuating quasi-
one-dimensional waves of the charge/spin density (CDW/CDW) in-
commensurate with the crystal lattice with the wave vectors q1||a 
and q2||b directions. As can be seen in Fig. 1, the peak features of 
the magnetization M(T) in SmMnO3  arise at temperatures T1 20 
K and T2 50 K slightly above Tc 12 K. In contrast to the sample 
with y 0.85, the intensity of the peak feature near the tempera-
ture T1 in SmMnO3+  is negligible but finite. A small Curie-like in-
crease in magnetization at T 0 K should also be noted. An in-
crease in the measuring field strength to 350 Oe did not lead to a 
qualitative change in the temperature dependence of magnetization. 
 Cardinal changes in the magnetization M(T) were detected during 
measurements in a magnetic field of H 1 kOe. An increase in the 
magnetic field led to a decrease in the Kosterlitz Thouless jump in 
the magnetization of the sample near the temperature Tc 12 K of 
its transition to the coherent SC state, complete suppression of the 
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magnetization peak near T1 and significant broadening of the M(T) 
peak near T2. 
 The final stage of the evolution of the temperature dependences 
of magnetization M(T) in SmMnO3  with increasing external mag-
netic field strength can be considered the results of measurements 
in a field of H 3.5 kOe, shown in Fig. 2. 

 

Fig. 1. Temperature dependence of magnetization M(T) in a field H 100 
Oe in the ZFC-measurement mode. In the ZFC mode of magnetization 
measuring in the temperature range 4.2 T 100 K, a coherent supercon-
ducting state with a critical temperature Tc 12 K is observed. In the 
temperature range 12–60 K, the charge/spin density wave state is realized 
in the form of a two-peak magnetization feature M(T). 

 

Fig. 2. Temperature dependence of magnetization M(T) in a field H 3500 
Oe in the ZFC-measurement mode in the temperature range 4.2 T 100 
K. A coherent superconducting state with a critical temperature Tc 12 K 
is absent. In the temperature range 20–70 K, the spin-density wave state 
is realized in the form of a wide-peak magnetization feature M (T). 



CREATING OF BOUNDED MAJORANA PAIRS IN SUPERCONDUCTING NET 429 

 At temperatures below 60 K of the transition of the sample from the 

paramagnetic phase to the phase with periodic nanoscale ordering of 

quasi-particles in the form of fluctuating CDW/CDW fragments, only 

a wide peak of magnetization near the temperature T2 42 K is pre-
served. As a result of the increase in the external magnetic field 

strength in the range of fields of 100 Oe H 3500 Oe, a ‘metallic’ 

state of the SDW type with a fairly high density of free quasi-particles 

at the Fermi level was formed in the SmMnO3  sample at temperatures 

below 60 K. This indicates a small value (absence) of the charge pseu-
dogap in the electron spectrum of charge/spin carriers in SmMnO3  at 

EF in a magnetic field of H 3.5 kOe. 
 Thus, an increase in the field strength to H 3.5 kOe led to the sup-
pression of the charge pseudogap in the quasi-particle spectrum, to a 

decrease in the 1D CDW amplitude and, accordingly, to an increase in 

the amplitude of the fluctuating 1D SDW incommensurate with the 

crystal lattice. With increasing H, we have a transformation of the 

mixed state of nanofragments of charge-spin density waves into a 1D 

spin-density wave. The increase in the width of the M(T) peak near T2 

with increasing H is apparently caused by the renormalization of the 

spectrum by coupling with magnons. Thus, we associate the appear-
ance of the two peak features of magnetization at temperatures 

slightly above Tc with the formation in SmMnO3  in weak fields 

H 100 Oe of nanofragments of 1D coupled charge and spin density 

waves incommensurate with the crystal lattice in two spatially sepa-
rated regions of the sample (conventionally ‘metallic’ and ‘dielectric’ 

nanophases) with high and low densities of states free carriers at the 

Fermi level N1(EF)  N2(EF). With an increase in the external magnetic 

field strength H, ‘metallization’ of the spectrum of free charge carri-
ers in SmMnO3  occurs. 
 Previously, the formation of a broad continuum of spinon pair 
excitations in SmMnO3  in the ‘weak magnetic field’ regime 
H 100 Oe, 1 kOe in the FC mode is explained in the framework of 
the Landau quantization models of the compressible spinon gas with 
fractional values of the factor  of filling three overlapping bands 
with quantum numbers n 1, 2, and 3 [37]. In the regime of ‘strong 
magnetic field’ H 3.5 kOe, the new step-like quantum oscillations 
of temperature dependences of supermagnetization of incompressi-
ble spinon liquid were found. According to the experimental results 
obtained in this work, in low-energy Landau zones with numbers 
n 1, 2, with an increase in the strength of the measuring field H, 
two alternating supermagnetization features are formed, which are 
characteristic of the excitation of 2D Majorana and Dirac fermions. 
 A singularity of supermagnetization M(T) in Landau band with 

number n 1 in a magnetic field H 100 Oe has a double-peaks’ shape 

with a strong dip near the average temperature T 4.65 K (Fig. 3). 
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 However, in the zone with n 2, the singularity has a distinct shape: 

a truncated Dirac cone with a flat top in an ultra-narrow energy range 

E 0.01 meV with a weak dip in its top near the average excitation 

temperature of massless Dirac quasi-particles, T  5.41 K (Fig. 4). 

 

Fig. 3. An alternate excitation in the FC-measurement mode of a double-
peaks’ feature in the magnetic response arise from excitation of bounded 
Majorana pairs in Landau zone with n 1 near average temperature 
T 4.65 K in external magnetic field H 100 Oe (CSL1 state). 

 

Fig. 4. An alternate excitation in the FC-measurement mode of a 2D Dirac 
cones-like feature in the magnetic response arise from excitation of 
bounded Majorana zero modes with energy EMZM 0.4 meV in Landau zone 
with n 2 in external magnetic field H 100 Oe (CSL2 state).  
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 In a magnetic field H 350 Oe, the alternation of magnetization 
features M(T) in the zones with number n 1 and 2 changed to the 
opposite. In the zone with number n 1, a singularity M(T) in Lan-
dau band has a shape a truncated Dirac cone with a flat top in a 
wider energy range E 0.05 meV with a weak dip in its top near 
the average excitation temperature of massless Dirac quasi-particles 
T 4.6 K. At the same time, in the zone n 2, the supermagnetiza-
tion feature has the form of two broad weak peaks M(T) with a 
strong dip near the average temperature of the excitation of Majo-
rana fermions near T 5.5 K. As can be seen in Figs. 5, 6, this 
regularity in the alternation of features M(T) in low-energy Landau 
bands with number n 1 and 2 is also preserved in the measuring 
field H 1 kOe despite a significant expansion of features M(T) 
caused by the appearance of strong fluctuations of the topological 
order in spin system. 
 In the n 1 zone, a two-peak super magnetization feature forms 
near the average temperature T 4.6 K, while in the n 2 zone, 
with increasing temperature near the average excitation tempera-
ture T 5.5 K, a cone-like feature M(T) with a flat top appears in a 
wide energy range E 0.05 meV. Thus, an increase in the mag-
netic field strength in SmMnO3  in the ‘weak magnetic fields’ mode 
is accompanied by a rearrangement of singularities of super mag-
netization in low-energy Landau bands with number n 1 and 2. As 
shown in Fig. 7, new step-like features of super magnetization form 
in ‘strong magnetic fields’ regime. An alternate permutation of the 

 

Fig. 5. An alternate excitation in the FC-measurement mode of a double-
peaks’ feature in the magnetic response arise from excitation of bounded 
Majorana pairs in Landau zone with n 1 near average temperature 
T 4.65 K in external magnetic field H 1 kOe (CSL1 state). 
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double-peaks’ and truncated-Dirac-cones’ features of the magnetiza-
tion M(T) in two Landau bands with number n 1, 2 during the 
Landau quantization of the fermion pairs spectrum in SmMnO3  in 
‘weak magnetic fields’ regime may be explained by the existence in 
this material of two well-known in the literature hidden states CSL1 
and CSL2 of the chiral spin liquid. 

4. CONCLUSIONS 

According to the experimental results of this work, the temperature 
dependences of the magnetization of SmMnO3  in ZFC-measurement 
mode contain two sharp peaks of different intensity at close tem-
peratures T1 and T2 slightly above the critical temperature Tc of the 
phase transition of the samples to the coherent superconducting 
state. 
 It was shown that these features correspond to the Lindhard di-
vergence L(qnest) of the temperature dependence of the paramag-
netic susceptibility of stripe-like 1D electron/spin correlations 
modulated with the wave vectors qnest1 2kF1, qnest2 2kF2. We asso-
ciate the appearance of the two-peak features of magnetization with 
the formation in SmMnO3  in weak fields H 100 Oe of nanofrag-
ments of 1D coupled charge and spin density waves incommensurate 
with the crystal lattice in two spatially separated regions of the 

 

Fig. 6. An alternate excitation in the FC-measurement mode of a Dirac 
cones-like feature in the magnetic response arise from excitation of 
bounded Majorana modes with energy EMZM 0.41 meV in Landau zone 
with n 2 near average temperature T 5.5 K in external magnetic field 
H 1 kOe (CSL2 state). 
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sample (conventionally ‘metallic’ and ‘dielectric’ nanophases) with 
high and low densities of states free carriers at the Fermi level 
N1(EF) N2(EF). An increase in the field strength to H 3.5 kOe 
led to: 1) the suppression of the charge pseudogap in the quasi-
particle spectrum; 2) a decrease in the 1D CDW amplitude; 3) an 
increase in the amplitude of the fluctuating 1D SDW incommensu-
rate with the crystal lattice. With increasing H, we have a trans-
formation of the mixed state of nanofragments of 1D CDW/SDW 
into a 1D SDW. 
 In the weak magnetic fields H 100 Oe, 350 Oe and 1 kOe, the 
continuous spectrum of the thermal excitations of bounded Majo-
rana pairs in SmMnO3  in interval temperature 4.2–12 K in FC 
mode is divided into two low-energy Landau zones with numbers 
n 1, n 2, with two specific features of magnetization M(T) in the 
shape of alternating double peaks and truncated Dirac cones. An 
increase in the magnetic field strength in SmMnO3  to H 3.5 kOe 
is accompanied by a rearrangement of singularities of super mag-
netization in low-energy Landau bands with number n 1 and 2: 
new step-like features of super magnetization form in ‘strong mag-
netic fields’ regime. An alternate permutation of the double-peaks’ 
and truncated-Dirac-cones’ features of the magnetization M(T) in 
two Landau bands with number n 1, 2 during the Landau quanti-
zation of the bounded Majorana pairs spectrum in SmMnO3  in 
‘weak magnetic fields’ regime may be explained by the existence in 

 

Fig. 7. The thermal excitation in the FC-measurement mode of a step-like 
features of temperature dependence of supermagnetization in interval 
temperature 5–8 K of incompressible quantum spin liquid in Landau zones 
with n 1 and 2 in external magnetic field H 3.5 kOe. 
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this material of two well-known in the literature hidden states CSL1 
and CSL2 of the chiral spin liquid. 
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Surface Morphology and Low-Temperature Luminescence 
of Thin (Y0.06Ga0.94)2O3:Cr3+ Films 
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². Yo. Kucharskyy1, ². Ì. Kofliuk1, and D. S Leonov2 

1Ivan Franko National University of Lviv,  
 50, Drahomanov Str.,  
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Thin films of (Y0.06Ga0.94)2O3:Cr are obtained by radio-frequency (RF) ion-
plasma sputtering in an argon atmosphere on amorphous -SiO2 sub-
strates. The surface morphology of the obtained films is studied by means 
of AFM. The low-temperature (8.6 K) luminescence of the thin films of 
(Y0.06Ga0.94)2O3:Cr3  under excitation by synchrotron radiation (22.14 eV 
and 7.75 eV) is studied. The obtained luminescence spectra are analysed 
according to excitation energy. A high-energy shift of the R1-line in the 
spectra of the activator luminescence of the Cr3  ion in the thin films of 
(Y0.06Ga0.94)2O3:Cr3  is found relative to the same for single crystal sam-
ples. This shift is analysed in the form of a nephelauxetic effect. 

Ìåòîäîì âèñîêî÷àñòîòíîãî (Â×) éîííî-ïëàçìîâîãî ðîçïîðîøåííÿ â àò-
ìîñôåð³ àð´îíó íà àìîðôíèõ ï³äêëàäèíêàõ -SiO2 îäåðæàíî òîíê³ ïë³â-
êè (Y0,06Ga0,94)2O3:Cr. Ìåòîäîì ÀÑÌ äîñë³äæåíî ìîðôîëîã³þ ïîâåðõí³ 
îäåðæàíèõ ïë³âîê. Ïðîâåäåíî äîñë³äæåííÿ íèçüêîòåìïåðàòóðíî¿ (8,6 Ê) 
ëþì³íåñöåíö³¿ òîíêèõ ïë³âîê (Y0,06Ga0,94)2O3:Cr3  ÷åðåç çáóäæåííÿ ñèíõ-
ðîòðîííèì âèïðîì³íåííÿì (22,14 åÂ ³ 7,75 åÂ). Ïðîàíàë³çîâàíî îäåð-
æàí³ ñïåêòðè ëþì³íåñöåíö³¿ çàëåæíî â³ä åíåðã³¿ çáóäæåííÿ. Âñòàíîâëå-
íî âèñîêîåíåðãåòè÷íå çì³ùåííÿ R1-ë³í³¿ ó ñïåêòðàõ àêòèâàòîðíîãî ñâ³-
÷åííÿ éîíà Cr3  ó òîíêèõ ïë³âêàõ (Y0,06Ga0,94)2O3:Cr â³äíîñíî òàêî¿ äëÿ 
ìîíîêðèñòàë³÷íèõ çðàçê³â. Äàíå çì³ùåííÿ ïðîàíàë³çîâàíî ó ôîðì³ íå-
ôåëîêñåòè÷íîãî åôåêòó. 

Key words: gallium oxide, yttrium oxide, chromium activator, thin films, 
nanocrystals, photoluminescence, synchrotron radiation. 
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1. INTRODUCTION 

In recent years, oxide nanostructures based on -Ga2O3 have been 
extensively studied. This material, which belongs to wide bandgap 
semiconductors, is widely used in ultraviolet photodetectors, gas 
sensors, solar cells, luminescent devices, and high-power Schottky 
diodes [1–8]. Due to their operational and chemical properties, pure 
and activated nanometre thin films of -Ga2O3 obtained by various 
methods are widely used in luminescent devices. Among them, an 
important place is occupied by -Ga2O3:Cr3  as a red phosphor for 
multiple types of luminescent screens, including flat panel PDP 
(plasma, display, panel) screens [9–13]. 
 In general, the optical and luminescent properties of thin oxide 
films, including -Ga2O3:Cr3 , are determined by the methods of 
preparation, deposition modes, processing technology, and the in-
troduction of special impurities that can purposefully change the 
spectral and luminescent properties of the films. Given that the lu-
minescence of -Ga2O3 depends significantly on structural defects 
[14–16], in this work, some Ga3+ ions were replaced by isovalent Y3  
ions, which did not require local compensation of the electric 
charge. At the same time, it was taken into account that Y2O3 thin 
films are quite promising when used in optoelectronics and lumines-
cent technology [17–20]. This led to the study of thin films with 
the chemical composition (Y0.06Ga0.94)2O3:Cr3  in this work. 
 Taking into account that the physical properties of thin films are 
determined by the size of the nanocrystalline grains from which 
they are formed and the presence of intergranular boundaries, the 
surface morphology of thin (Y0.06Ga0.94)2O3:Cr3  films was studied by 
atomic force microscopy (AFM). In order to study in detail the lu-
minescence in these films, the luminescence spectra were studied 
under excitation by synchrotron radiation at low temperatures 
T 8.6 K. The films were obtained by the method of RF ion-plasma 
sputtering, which is considered optimal for depositing homogeneous 
multicomponent semiconductor and dielectric films [21]. 

2. EXPERIMENTAL TECHNIQUE 

Thin films of (Y0.06Ga0.94)2O3:Cr with a thickness of 0.3–1.0 μm were 
obtained by RF ion-plasma sputtering in an argon atmosphere on 
amorphous substrates of fused quartz -SiO2. The feedstock was a 
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mixture of Y2O3 and Ga2O3 oxides of the stoichiometric composition 
of the ‘ÎÑ×’ (especially pure) grade. The concentration of the acti-
vator ion Ñr3  was 0.5 mol.%. After the films were deposited, they 
were heat treated in argon at 1000–1100 Ñ. 
 The structure and phase composition of the obtained films were 
studied by x-ray diffraction analysis (Shimadzu XDR-600). X-ray 
diffraction studies have shown the presence of a polycrystalline 
structure with a predominant orientation in the (002), (111), (110), 
and (512) planes. The analysis of the obtained diffractograms shows 
that the structure of the films corresponds to the monoclinic crystal 
structure of -Ga2O3. 
 At the same time, the obtained diffractograms practically coin-
cide with the diffractograms of unalloyed films of (Y0.06Ga0.94)2O3, 
which were presented earlier in our work [22]. 
 Using an OXFORD INCA Energy 350 energy dispersive spec-
trometer, elemental analysis of the samples was carried out at sev-
eral points on the surface of the films. The calculations showed that 
the percentage of components in the obtained films corresponded to 
their percentage in the (Y0.06Ga0.94)2O3:Cr compound. 
 The surface morphology of the thin films was studied using an 
INTEGRA TS-150 atomic force microscope (AFM). The image of the 
thin film surface was obtained in the semi-contact mode. 
 The luminescence spectra at T 8.6 K were studied using syn-
chrotron radiation at the Superlumi facility (DESY, Hamburg, 
Germany) [23]. A primary monochromator with a spectral resolu-
tion of 4 Å was used to select the spectral range of synchrotron ra-
diation for luminescence excitation. The luminescence spectra were 
recorded and analysed using an ANDOR Kymera monochromator 
with a spectral resolution of 2 Å, a Newton 920 CCD camera, and a 
Hamamatsu R6358 photoelectronic multiplier. 

3. RESULTS AND DISCUSSION 

Microphotographs of the surface of thin (Y0.06Ga0.94)2O3:Cr films are 
shown in Fig. 1. 
 The topography of the samples was quantitatively characterized 
by standard parameters: root mean square roughness, maximum 
grain height, and average grain diameter, which were calculated 
from AFM data using Image Analysis 3.5 image processing software 
for a 5000×5000 nm area. 
 Based on the analysis of the surface morphology images, it was 
found that thin films of (Y0.06Ga0.94)2O3:Cr after argon heat treat-
ment have an average square surface roughness of 2.9 nm with a 
maximum grain height of 33 nm. The average grain diameter is of 
123 nm. 
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 The histogram of grain height distribution for the obtained films 
is shown in Fig. 2. 
 The characteristic distribution of grain diameter sizes in thin 
(Y0.06Ga0.94)2O3:Cr films is shown in Fig. 3. 
 As can be seen in Fig. 3, the distribution of grain diameters in 
the obtained thin films has the form of a bimodal distribution. The 
growth of crystalline grains and the evolution of crystal structures 
were analysed in a thorough review [24], and it was shown that 
polycrystalline thin films with a thickness of up to 1 μm, which is 
typical for our (Y0.06Ga0.94)2O3:Cr films, often have 2D-like struc-

  

Fig. 1. Images of the surface morphology of thin (Y0.06Ga0.94)2O3:Cr films 
after heat treatment in an argon atmosphere on -SiO2 substrates. a—two-
dimensional image; b—three-dimensional image. 

 

Fig. 2. Grain height distribution for AFM images of the surface of thin 
(Y0.06Ga0.94)2O3:Cr films after heat treatment in an argon atmosphere. 
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tures. Most of the materials analysed in Ref. [24] form thin films 
of nonequilibrium grains, whose dimensions are smaller than the 
film thickness, and they form two-dimensional structures only after 
annealing. In some cases, further grain growth is observed due to 
‘anomalous’ growth or preferential coalescence of several grains, 
which usually have specific crystallographic orientations and ratios 
relative to the substrate surface plane. Our results show that such a 
situation is most likely characteristic of the (Y0.06Ga0.94)2O3:Cr films 
we obtained. In particular, according to Ref. [25], when the number 
of growing grains leads to a ‘matrix’ of grains beyond statistical 
limits, a bimodal grain size distribution develops, which is called 
secondary grain growth. Grains that grow abnormally often have a 
limited or homogeneous texture. 
 Our results (Fig. 3) show that the distribution of grain diameters 
on the surface of the (Y0.06Ga0.94)2O3:Cr film after argon heat treat-
ment is described by a two-modal distribution with maxima in the 
region of 100 and 135 nm. This situation may indicate that grain 
growth occurred during the heat treatment due to growth and sin-
tering processes. It should be noted that a similar situation is ob-
served during RF deposition on similar -SiO2 substrates and pure 
thin -Ga2O3 films, where the growth of secondary and even tertiary 
grains is observed [26]. 
 The luminescence spectra of the obtained thin (Y0.06Ga0.94)2O3:Cr 
films under excitation by synchrotron radiation at 56 nm (22.14 eV) 
and 160 nm (7.75 eV) are shown in Fig. 4. 
 As can be seen from the results shown in Fig. 4, the spectra ob-

 

Fig. 3. Distribution of grain diameter sizes and calculated approximate 
diameter distribution on AFM images of thin (Y0.06Ga0.94)2O3:Cr films after 
heat treatment in argon atmosphere. 
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tained at different excitation energies differ slightly. The lumines-
cent luminescence spectrum under 56 nm excitation is characterised 
by intense luminescence in the 690–750 nm region with a maximum 
at 700 nm (1.77 eV) and a less intense band with a maximum at 600 
nm (2.07 eV) and a local maximum in the luminescence spectrum at 
400 nm (3.10 eV). When excited at 160 nm, a broad intense lumi-
nescence with a maximum in the 400 nm region, a local maximum 
in the 600 nm region, and a slight luminescence in the 690–750 nm 
region, which shows a narrow band with a maximum at 693.5 nm 
(1.788 eV), are observed. 
 The luminescent band with a maximum around 400 nm is a typi-
cal luminescence of the (Y0.06Ga0.94)2O3 substrate, which was dis-
cussed in detail in Ref. [27]. This luminescence is also characteristic 
of pure -Ga2O3 crystals [28, 29] and thin -Ga2O3 films [30]. The 
luminescent band with a maximum in the region around 600 nm 
most likely corresponds to the luminescence of defects, primarily 
due to a disturbance in stoichiometry. This luminescence has not 
been reported in studies of nominally pure -Ga2O3 crystals [28, 29] 
or the -Ga2O3 and (Y0.06Ga0.94)2O3 films [30], but it has been ob-
served in thin ZnGa2O4:Cr films [31] and Y2O3:Cr3  nanophosphors 
[32]. At the same time, as can be seen in Fig. 4, the luminescence 
intensity of luminescence and such defects depends on the energy of 
the excitation quanta. A similar situation is observed in the photo-
luminescence of ZnGa2O4:Cr [31]. 
 The wide luminescence band in the 690–750 nm region is due to 
the intracentre luminescence of the Cr3  impurity [33]. Gallium ox-
ide has a monoclinic structure, and Cr3  ions in the structure of -
Ga2O3 are in an octahedral oxygen environment [33]. In such an en-
vironment with an inversion centre, electrodipole transitions are 

 

Fig. 4. The emission spectra of thin (Y0.06Ga0.94)2O3:Cr films at exc 56 nm 
(1) and exc 160 nm (2) at 8.6 K. 
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prohibited by parity. Therefore, the luminescent spectrum can be 
caused either by the displacement of chromium ions from the inver-
sion centre or by interaction with crystal lattice vibrations. The in-
dicated broad band of luminescence arises from the radiative transi-
tion 4T2

4A2 [33] in Cr3+ ions. Against the background of this 
band, two narrow R-lines (R1 and R2), characteristic of Cr3+ ions in 
an octahedral environment, are distinguished in the short-wave re-
gion. The spectral position of these lines depends significantly on 
the temperature and the perfection of the samples obtained. In par-
ticular, with a decrease in temperature, the maxima of the R1- and 
R2-lines shift to the short-wave (high-energy) region [36–39]. In ad-
dition, our studies show that the cooling of -Ga2O3:Cr3+ crystals to 
lower liquid nitrogen temperatures leads to a sharp decrease in the 
luminescence yield of the 4T2

4A2 transition, quenching of the R2 
line, and a strong increase in the intensity of the R1 line [36–39]. 
Our results are in good agreement with the above results and show 
that the intensity of the 4T2

4A2 transition is determined not only 
by the temperature but also by the excitation energy. 
 A characteristic feature of the results of the study of the lumi-
nescence of -Ga2O3:Cr3  crystals at temperatures of 20 K and lower 
[36–39] is the presence of an intense luminescence of the R1 line, 
the spectral position of which differs slightly from one author to 
another. In particular, in Ref. [36], the spectral position of the R1 
band is of 695.3 nm; in Ref. [37], it is of 695.6 nm; in Ref. [38], it 
is of 694.5 nm; and in Ref. [39], it is of 696.1 nm. Most likely, this 
situation is due to the structural perfection of the studied samples 
in different works. At the same time, in the obtained luminescence 
spectra of thin (Y0.06Ga0.94)2O3:Cr3  films, the spectral position of the 
R1 band is even more energetic, i.e., of 693.5 nm. Such a shift could 
be explained by the addition of Y3  ions to the structure of -Ga2O3 
instead of some Ga3  ions. However, this situation seems unlikely. 
Unfortunately, we have not found any scientific publications de-
voted to the low-temperature luminescence of Y2O3:Cr3 . However, 
studies of such luminescence at room temperature [32] show that 
the spectral position of the R1 line in the luminescence spectra of 
Y2O3:Cr3  is more than 700 nm. At the same time, at room tempera-
ture, the position of the R1-line varies from 695.6 nm [38] to 694.5 
nm [39] depending on the perfection of the -Ga2O3:Cr3  samples. 
Therefore, the replacement of some Ga3  ions with Y3 ions should 
shift the R1-band to a longer wavelength region, but the opposite 
situation is observed. 
 To analyse the observed high-energy shift in the spectral position 
of the R1 band in the low-temperature luminescence spectra of thin 
(Y0.06Ga0.94)2O3:Cr3  films, we assume that they consist of nanocrys-
talline grains, for which a size effect is possible. The main reason 



444 Î. Ì. BORDUN, ². Î. BORDUN, ². ². MEDVID et al. 

for such effects is the influence of surface energy. In a review arti-
cle [40], the authors point out that the source of the change in sur-
face energy is a large number of incomplete broken bonds. In this 
case, the smaller the size of the nanoparticle, the more such bonds 
account for the total number of bonds in the nanocrystal. That is, 
as the particle diameter decreases, the surface energy also de-
creases. 
 According to Ref. [41], a decrease in surface energy increases the 
volume of a unit cell. Therefore, in thin films consisting of 
nanocrystalline grains, the metal–ligand (Cr–O) distance increases 
and, as a result, the crystal field strength decreases, and the posi-
tion of the emission bands is shifted. This situation, in particular, 
is observed in thin films of -Ga2O3:Cr, where the crystal field 
strength is Dq 1667 cm 1 [31]. The calculations of Dq in single-
crystal samples of -Ga2O3:Cr3  [42] give the value of Dq 1680.7 
cm 1. 
 An increase in the metal–ligand (Cr–O) distance leads to a change 
in the Raká parameters, which may result in a nephelauxetic effect. 
The term ‘nephelauxetic’ was introduced by Jørgensen in Ref. [43] 
to describe the expansion of the 3d-electron cloud, when a metal ion 
is in a crystal lattice. For a metal ion in a crystal lattice, the elec-
trostatic repulsion between these electrons is weaker, and the elec-
tron-to-electron repulsion parameter Raká B decreases. A simple 
phenomenological description of this effect was proposed in Ref. 
[43]: 

 B B0, (1) 

where B0 is the Raká’s parameter of the free ion and  is the pro-
portionality coefficient, called the nephelauxetic parameter. In Ref. 
[44], certain limitations of the relation (1) were noted, and an ex-
tended form of the nephelauxetic parameter was proposed, which 
takes into account both the Raká’s parameters B and C, in particu-
lar, 

 1
0 0

B C

B C
, (2) 

where C0 is the Raká’s parameter of the free ion. 
 When the Cr3+ ion is in the 4A2 ground state, three 3d-electrons 
occupy orbitals stretched in the directions between the ligands. As 
the ligands approach the metal ion (Cr–O), the bonds become more 
covalent, the 3d-electrons move further away, and the B parameter 
decreases. This leads to an increase in the distance between the 4A2 
ground state and the excited 2E state. Given that, the excited 2E 
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state splits in the crystal field into two sublevels, Ē and 2Ā, we ob-
serve two R-lines in the luminescence spectra. 
 Since, by definition, the nephelauxetic effect is manifested in a 
decrease in the Raká’s B parameter and an increase in the C pa-
rameter with a decrease in the metal–ligand distance, i.e., with an 
increase in the size of crystallites, we observe the presence of such 
an effect at a short-wave shift of the R1 line in the luminescence 
spectra of thin films of (Y0.06Ga0.94)2O3:Cr compared to single crystal 
samples. Given that, for example, the grain diameters vary from 25 
to 170 nm (Fig. 3), this shift is considered as an average result due 
to the different magnitude of the nephelauxetic effect in crystal-
lites of different sizes. 

4. CONCLUSIONS 

It has been established that thin films of (Y0.06Ga0.94)2O3:Cr with an 
average surface roughness of 2.9 nm are formed on -SiO2 sub-
strates after heat treatment in argon, which are formed from 
nanocrystalline grains with an average diameter of 123 nm. 
 It is shown that, at low-temperature luminescence of thin 
(Y0.06Ga0.94)2O3:Cr films, the shape of the luminescence spectrum de-
pends on the energy of the excitation quanta, and the spectrum 
shows the luminescence of the (Y0.06Ga0.94)2O3 in the form of a broad 
band with a maximum in the region of 400 nm, the luminescence of 
defects according to stoichiometry in a band with a maximum in the 
region of 600 nm and the activator luminescence of Cr3  ions in the 
region of 690–750 nm, in which an intense R1 line is distinguished. 
The maximum of this band was shifted to the high-energy region 
relative to single crystal samples. The analysis of this shift is based 
on the fact that at smaller sizes of nanocrystals in thin films rela-
tive to single crystals, the influence of surface energy is observed, 
since the number of elementary cells in nanocrystals decreases and 
the relative number of elementary cells on the surface of the crys-
tallite increases proportionally. As a result, the volume of the unit 
cell increases, and the Cr–O distance increases accordingly. The 
consequence is the weakening of the ligand field and the appearance 
of a nephelauxetic effect, which leads to a high-energy shift of the 
R1 band in the activator luminescence of thin (Y0.06Ga0.94)2O3:Cr3  
films at a low temperature of 8.6 K. 
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We employ first-principles calculations to investigate the structural sta-
bility and electronic properties of cubic zinc oxide (ZnO) and zinc sulphide 
(ZnS) heteroclusters adsorbed with H2O molecule. A comprehensive inves-
tigation on H2O grabbing by ZnO/ZnS heteroclusters is carried out using 
DFT computations at the CAM–B3LYP–D3/6–311 G(d, p) level of theory. 
The notable fragile signal intensity close to the parallel edge of the nano-
cluster sample might be owing to H/OH-binding-induced non-spherical 
distribution of ZnO or ZnS heterocluster. The hypothesis of the energy 
absorption phenomenon is confirmed by density distributions of CDD, 
TDOS/PDOS/OPDOS, and LOL for ZnO/ZnO–H2O or ZnS/ZnS–H2O. A 
vaster jointed area is engaged by an isosurface map for H/OH adsorption 
on ZnO or ZnS surface towards formation of ZnO–H2O or ZnS–H2O com-
plex due to labelling atoms of O1, Zn15, O27 or S27, H29, H30. There-
fore, it can be considered that zinc in the functionalized ZnO or ZnS 
might have more impressive sensitivity for accepting the electrons in the 
process of H/OH adsorption. It is considerable that, when all surface at-
oms of ZnO or ZnS are coated by OH and H groups, the semiconducting 
behaviour is recovered. Our results open up the possibility of tailoring the 
electronic properties by controlling the surface adsorption sites. 

Ìè âèêîðèñòîâóºìî ðîçðàõóíêè ç ïåðøèõ ïðèíöèï³â äëÿ äîñë³äæåííÿ 

ñòðóêòóðíî¿ ñòàá³ëüíîñòè é åëåêòðîííèõ âëàñòèâîñòåé êóá³÷íèõ ãåòåðîê-
ëàñòåð³â îêñèäó Öèíêó (ZnO) òà ñóëüô³äó Öèíêó (ZnS), àäñîðáîâàíèõ ³ç 

ìîëåêóëîþ H2O. Êîìïëåêñíå äîñë³äæåííÿ çàõîïëåííÿ H2O ãåòåðîêëàñòå-
ðàìè ZnO/ZnS áóëî ïðîâåäåíî ç âèêîðèñòàííÿì DFT-îá÷èñëåíü íà òåîðå-
òè÷íîìó ð³âí³ CAM–B3LYP–D3/6–311 G(d, p). Ïðèì³òíà ñëàáêà ³íòåíñè-
âí³ñòü ñè´íàëó ïîáëèçó ïàðàëåëüíîãî êðàþ çðàçêà íàíîêëàñòåðà ìîæå áó-
òè ïîâ’ÿçàíà ç íåñôåðè÷íèì ðîçïîä³ëîì ãåòåðîêëàñòåðà ZnO àáî ZnS, ³í-
äóêîâàíèì çâ’ÿçóâàííÿì H/OH. Ã³ïîòåçó ïðî ÿâèùå àáñîðáö³¿ åíåðã³¿ áóëî 

ï³äòâåðäæåíî ðîçïîä³ëàìè ãóñòèíè CDD, TDOS/PDOS/OPDOS ³ LOL äëÿ 
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ZnO/ZnO–H2O àáî ZnS/ZnS–H2O. Øèðøà ç’ºäíàíà îáëàñòü îõîïëþºòüñÿ 

³çîïîâåðõíåâîþ ìàïîþ äëÿ àäñîðáö³¿ H/OH íà ïîâåðõí³ ZnO àáî ZnS çàäëÿ 

óòâîðåííÿ êîìïëåêñó ZnO–H2O àáî ZnS–H2O çàâäÿêè ìàðêóâàëüíèì àòî-
ìàì O1, Zn15, O27 àáî S27, H29, H30. Îòæå, ìîæíà ââàæàòè, ùî Öèíê ó 

ôóíêö³îíàë³çîâàíîìó ZnO àáî ZnS ìîæå ìàòè âðàæàþ÷ó ÷óòëèâ³ñòü ùîäî 

ïðèéíÿòòÿ åëåêòðîí³â ó ïðîöåñ³ àäñîðáö³¿ H/OH. Âàæëèâî, ùî, êîëè âñ³ 
ïîâåðõíåâ³ àòîìè ç ZnO àáî ZnS ïîêðèò³ ãðóïàìè OH ³ H, íàï³âïðîâ³äíè-
êîâà ïîâåä³íêà â³äíîâëþºòüñÿ. Íàø³ ðåçóëüòàòè â³äêðèâàþòü ìîæëèâ³ñòü 

íàëàøòóâàííÿ åëåêòðîííèõ âëàñòèâîñòåé øëÿõîì êîíòðîëþ âóçë³â ïîâå-
ðõíåâî¿ àäñîðáö³¿. 

Key words: cubic ZnO/ZnS heteroclusters, semiconductor, H/OH adsorp-
tion, first-principles calculations. 

Êëþ÷îâ³ ñëîâà: êóá³÷í³ ãåòåðîêëàñòåðè ZnO/ZnS, íàï³âïðîâ³äíèê, àäñî-
ðáö³ÿ H/OH, ïåðøîïðèíöèïí³ ðîçðàõóíêè. 
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1. INTRODUCTION 

Zinc oxide (ZnO) is a promising semiconductor material for various 
applications ranging from optoelectronics to biomedicine, attributed 
to its wide direct band gap, high excitons-binding energy, high mo-
bility, and high quantum efficiency. To improve further the per-
formance of ZnO devices, plasma treatment is a common method for 
surface modification [1–4]. The luminescence properties of ZnO af-
ter plasma treatment are significantly changed, including ultravio-
let (UV) luminescence, visible luminescence, and recombination 
mechanism [5–11]. 
 Optical properties are improved significantly by H plasma, with 
negligible alteration in thickness. Although no chemical reaction is 
introduced, emission intensity is enhanced by Ar plasma by elimi-
nating the non-radiative recombination centres. Furthermore, H 
and Ar plasma also induce strong exciton localization, leading to 
significant broadening of the UV spectrum [12–15]. 
 However, replicating or applying the reported improvement in 
plasma treatments for ZnO often proves challenging. This difficulty 
arises from several factors, including the diverse properties of ZnO 
samples, which encompass thin films, single crystals and nanostruc-
tures grown through various methods. Moreover, the specific ef-
fects of plasma treatments using different gases remain unclear, as 
each type of gas plasma exhibits unique interactions. Consequently, 
it is crucial to conduct a systematic comparison of the influence of 
various plasma gases on the optical and electrical properties and to 
identify accurately the specific defects affected [16–21]. 
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 Transparent and superhydrophilic materials are indispensable for 
their self-cleaning function, which has become an increasingly 
popular research topic, particularly in photovoltaic (PV) applica-
tions. It was reported hydrophilic and superhydrophilic ZnO by 
varying the morphology for use as a self-cleaning coating for PV 
applications [22]. 
 The researchers have applied molecular dynamics simulations 
through a reactive force field for ZnO–H2O ambient. The force-field 
parameters were fitted to a dataset of energies, geometries and 
charges derived from density functional theory calculations. The 
applied model has provided a good fit to the quantum mechanics 
reference data for the ZnO–H2O system that was present in the 
dataset. The force field has been used to study how H2O is adsorbed, 
molecularly or dissociatively, at monolayer coverage on flat and 
stepped ZnO surfaces, at different temperatures. The results show 
that structures that promote hydrogen bonding are favoured and 
that the presence of steps promotes an increased level of hydroxyla-
tion in the water monolayers [23]. 
 The cubic form of zinc sulphide (ZnS) is the prototype II–VI semi-
conductor with smallest lattice constant of a0 5.4102 Å at 300 K and 

the primarily candidate for UV-light emitting devices because of its 

large band-gap energy around 3.7 eV at room temperature [24]. 
 Many research groups have attempted to dope anions and cations 
into the ZnO or ZnS lattice, which helps to reach various complex 
applications since its electronic structure and characteristics may be 
significantly adjusted. The enhanced catalytic properties reveal the 
synergy between ZnO and ZnS functional nanomaterials, which up-
grade the electron–hole pair, resulting in an enhanced catalytic per-
formance under the visible region. Notably, the ZnO-based ZnS 
nanocomposite was prepared by a wet chemical method without any 
template. The template method is not sensitive to the preparation 
conditions, is easy to operate and implement, and controls nanoma-
terials’ structure, morphology, and particle size through the tem-
plate material. Generally, the outstanding photocatalytic perform-
ance of wurtzite ZnO and ZnS semiconductor and their composite 
under visible light irradiation could be attributed to synergistic ef-
fects, when coupled with other metal oxide semiconductor. The pre-
sent study is a part of our ongoing research to understand the solar 
energy conversion/harvesting directions. We reported a facile syn-
thesis of ZnS and ZnO nanoparticles and their nanocomposites by 
the wet chemical method [25–29]. 
 In this work, we analysed the effect of H2O adsorption on the 
properties of ZnO or ZnS heterocluster via the density of state, 
charge distribution, bond orders and HOMO–LUMO orbitals using 
DFT studies. The optimized ZnO or ZnS is shown in Fig. 1, a, b, 
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and the Zn and O or S atoms are also numbered to characterize the 
reaction pathway. 

2. THEORY, MATERIALS AND COMPUTATION 

The hydration of ZnO or ZnS and formation of ZnO–H2O or ZnS–
H2O heterocluster was calculated within the framework of first-
principles calculation based on density functional theory (DFT) (Fig. 
1). The rigid potential energy surface using density functional the-
ory [30–43] was performed due to Gaussian 16 revision C.01 pro-
gram package [44] and GaussView 6.1 [45]. The coordination input 
for energy storage on the solar cells has applied 6–311 G(d, p) and 
EPR–3 basis sets. 
 First, we optimized the structural parameters of the nanocluster 
of ZnO or ZnS and hydrated nanocluster of ZnO–H2O or ZnS–H2O 
for obtaining the highest short circuit current density. Figure 1 
shows the process of H2O adsorption on nanocluster of ZnO or ZnS 
which is varied to maximize the absorption in the active region. 
This is a utility used to calculate ring area and perimeter, since 
ring area is sometimes involved in wave-function analysis. In this 
function, it is needed to input the index of the atoms in the ring in 
clockwise manner, which can conclude the total ring area and total 
ring perimeter for a tailored ring as 9.4242 Å and 12.2796 Å2 for 
ZnO (Fig. 1, a) and 9.4240 Å and 12.2794 Å2 for ZnS, respectively 
(Fig. 1, b). 

 

Fig. 1. Characterization of (a) ZnO/ZnO–H2O and (b) ZnS/ZnS–H2O hetero-
clusters through a labelled ring in clockwise manner including H, O, S, Zn 
towards H2O adsorption. 
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3. RESULTS AND DISCUSSION 

In this article, the data has evaluated the efficiency of ZnO or ZnS 
in H2O medium through energies, geometries and charges derived 
from density functional theory calculations. The applied model has 
provided a good fit to the quantum mechanics reference data for 
the ZnO–H2O or ZnS–H2O systems that was present in the dataset. 
The force field has been used to study how water is adsorbed 
molecularly at monolayer coverage on ZnO or ZnS surfaces. 
 The amounts of charge-density differences ‘CDD’ is measured by 
considering isolated atoms or noninteracting ones. The mentioned 
approximation can be the lightest to use because the superposition 
value may be received from the primary status of the self-
consistency cycle in the code that carries out the density functional 
theory (Fig. 2, a, a , b, b ) [46]. Figure 2, a, b indicates all Zn, O or 
S atoms of ZnO or ZnS fluctuating around 9 to 1 Bohr. In Figure 

  
a      a  

  
b      b  

Fig. 2. CDD graphs for heteroclusters of (a) ZnO, (a ) ZnO–H2O, (b) ZnS, 
and (b ) ZnS–H2O. 
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2, a , b , the atom of Zn15, O27 or S27 from ZnO–H2O or ZnS–H2O 
and O1, H29, H30 from H2O molecule accompanying other Zn, O or 
S atoms from ZnO–H2O or ZnS–H2O have shown the fluctuation 
around 1 to 1 Bohr and 9 to 1 Bohr, respectively. 
 Furthermore, atomic charge during H2O adsorption by ZnO or 

TABLE 1. The atomic charge (Q/coulomb) for heteroclusters of ZnO and 
ZnS through H/OH adsorption and formation of ZnO–H2O and ZnS–H2O 
heteroclusters. 

ZnO ZnO–H2O ZnS ZnS–H2O 
Atom Charge Atom Charge Atom Charge Atom Charge 
Zn1 0.7141 O1 0.5958 Zn1 0.5916 O1 0.6526 
Zn2 0.7139 Zn2 0.6972 Zn2 0.5915 Zn2 0.5742 
Zn3 0.7135 Zn3 0.7278 Zn3 0.5915 Zn3 0.5431 
Zn4 0.7141 Zn4 0.7273 Zn4 0.5914 Zn4 0.5535 
Zn5 0.7141 Zn5 0.5927 Zn5 0.5914 Zn5 0.4722 
Zn6 0.7135 Zn6 0.6958 Zn6 0.5913 Zn6 0.5761 
Zn7 0.7140 Zn7 0.7113 Zn7 0.5913 Zn7 0.5656 
Zn8 0.7140 Zn8 0.7264 Zn8 0.5912 Zn8 0.5528 
Zn9 1.7451 Zn9 0.5981 Zn9 0.4176 Zn9 0.4722 
Zn10 1.7450 Zn10 1.7256 Zn10 0.4179 Zn10 0.4578 
Zn11 1.7471 Zn11 1.7376 Zn11 0.4175 Zn11 0.4581 
Zn12 1.7471 Zn12 1.8835 Zn12 0.4176 Zn12 0.4646 
Zn13 1.7461 Zn13 1.9004 Zn13 0.4175 Zn13 0.5131 
Zn14 1.7460 Zn14 1.6986 Zn14 0.4176 Zn14 0.3470 
O15 1.5357 Zn15 1.4867 S15 0.6704 Zn15 2.6670 
O16 1.2210 O16 1.5460 S16 0.5475 S16 0.7342 
O17 1.2210 O17 1.2236 S17 0.5473 S17 0.6123 
O18 1.2210 O18 1.2143 S18 0.5473 S18 0.7932 
O19 1.2209 O19 1.2232 S19 0.5475 S19 0.8517 
O20 1.2209 O20 1.2259 S20 0.5473 S20 0.5726 
O21 1.2209 O21 1.1381 S21 0.5471 S21 1.1263 
O22 1.2209 O22 1.2260 S22 0.5469 S22 0.5741 
O23 1.2210 O23 1.1370 S23 0.5475 S23 1.1166 
O24 1.2210 O24 1.2155 S24 0.5473 S24 0.5695 
O25 1.2210 O25 1.2183 S25 0.5471 S25 0.6185 
O26 1.2210 O26 1.2157 S26 0.5471 S26 0.5693 
O27 1.2210 O27 1.1850 S27 0.5469 S27 0.2986 

 
O28 1.2183 

 
S28 0.6184 

H29 0.2973 H29 0.4588 
H30 0.3764 H30 0.3556 
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ZnS towards formation of ZnO–H2O or ZnS–H2O (Table 1) was dis-
cussed. The atomic charge of Zn, O or S, and H/OH adsorbed on 
ZnO or ZnS have been measured. The values detect that, with add-
ing H2O, the negative atomic charges of oxygen atoms of O16, O17, 
O18, O19, O20, O21, O22, O23, O24, O25, O26, O27, O28 in ZnO–
H2O have changed through coating of ZnO with H/OH. In fact, 
ZnO–H2O has shown more efficiency than ZnO for admitting the 
electron from electron donor of O16 to O28 (Table 1 and Fig. 3, a). 
 However, the negative atomic charge of zinc atoms and loss of 

 
a 

 
b 

Fig. 3. The fluctuation of atomic charge (Q/coulomb) for (a) ZnO/ZnO–H2O 
and (b) ZnS/ZnS–H2O. 
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negative atomic charge of sulphur in ZnS/ZnS–H2O have been ob-
served through Table 1 and Fig. 3, b. The changes of charge density 
analysis in the adsorption process have illustrated that ZnO and 
ZnO–H2O nanoclusters have shown the ‘Bader charge’ of 1.747 and 
1.900 coulomb, respectively. The differences of charge density for 

these structures are measured as Qads.ZnO–H2O 0.153 coulomb. The 
changes of charge density analysis in the adsorption process have 
illustrated that ZnS and ZnS–H2O nanoclusters have shown the 
‘Bader charge’ of –0.670 and –2.667 coulomb, respectively. The 
differences of charge density for these structures are measured as 
Qads.ZnS–H2O –1.997coulomb. 

 To understand better the different adsorption characteristics of 
ZnO/ZnO–H2O and ZnS/ZnS–H2O heteroclusters, total density of 
states (TDOS) using the Multiwfn program [45] has been measured. 
This parameter can indicate the existence of important chemical in-
teractions often on the convex side (Fig. 4, a, a , b, b ). In isolated 
system (such as molecule), the energy levels are discrete, the con-
cept of density of state (DOS) is supposed completely valueless in 
this situation. Therefore, the original total DOS (TDOS) of isolated 
system can be written as follows [47]: 

  TDOS ( )   i
i

E E , (1) 

 

2

22
1

( )
2

x

cG x e
c

, where 
FWHM

2 2ln
c

x
. (2) 

 Moreover, the curve map of broadened partial DOS (PDOS) and 
overlap DOS (OPDOS) are valuable for visualizing orbital composi-
tion analysis, PDOS function of fragment A is defined as 

 ,  PDOS  (  )A i A i
i

E F E , (3) 

where ,i A  is the composition of fragment A in orbital i. The 
OPDOS between fragment A and B is defined as 

 , ,  OPDOS  ( )   i
A B A B i

i

E X F E , (4) 

where ,
i
A BX  is the composition of total cross term between fragment 

A and B in orbital i. 
 In the TDOS map, each discrete vertical line corresponds to a mo-
lecular orbital (MO), the dashed line highlights the position of 
HOMO. The curve is the TDOS simulated based on the distribution 
of MO energy levels. In the negative part, the region around 0.60 
to 0.80 a.u. has obviously larger state density than other regions 
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for ZnO and ZnO–H2O nanoclusters (Fig. 4, a, a′). However, it has 
been shown a larger state density through pointed peaks for ZnO–
H2O (Fig. 4, a ) than ZnO (Fig. 4, a) around 0.20 to 0.40 a.u. 
 It is remarkable that, when all surface atoms of ZnO are coated 
by OH and H groups, the semiconducting behaviour is recovered. 
Our results open up the possibility of tailoring the electronic prop-
erties by controlling the surface adsorption sites. In the positive 

 
a 

 
a  

Fig. 4. TDOS/PDOS/OPDOS graphs of heteroclusters of (a) ZnO, (a ) ZnO–
H2O, (b) ZnS, and (b ) ZnS–H2O. 
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part, the region around 0.1 to 0.2 a.u. has obviously larger state 
density than other regions for ZnS and ZnS–H2O nanoclusters 
(Fig. 4, b, b ). 
 Fragment 1 has been defined for Zn1 (Fig. 4, a), O1 (Fig. 4, a ) 
and Zn2, Zn4, Zn6, Zn8, Zn10, O16, O19, O22, O24 (Fig. 4, a, a ) 
and H30 (Fig. 4, a ). Moreover, Fragment 2 has indicated the fluc-
tuation of Zn11, Zn12, Zn13, Zn14, O17, O25, O26, O27 for ZnO 
and ZnO–H2O heteroclusters (Fig. 4, a, a ) and H29 for ZnO–H2O 
(Fig. 4, a ). Finally, it was considered the fluctuation of O15 (Fig. 
4, a), Zn15 (Fig. 4, a ) and Zn3, Zn5, Zn7, Zn9, O18, O20, O21, O23 

 
b 

 
b  

Continuation Fig. 4. 
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for both ZnO and ZnO–H2O nanoclusters (Fig. 4, a, a ) through 
Fragment 3. Moreover, Fragment 1 has been defined for Zn1 (Fig. 
4, b), O1 (Fig. 4, b ) and Zn2, Zn4, Zn6, Zn8, Zn10, S16, S19, S22, 
S24 (Fig. 4, b, b ) and H30 (Fig. 4, b ). Moreover, Fragment 2 has 
indicated the fluctuation of Zn11, Zn12, Zn13, Zn14, S17, S25, 
S26, S27 for ZnS and ZnS–H2O heteroclusters (Fig. 4, b, b ) and 
H29 for ZnS–H2O (Fig. 4, b ). Finally, it was considered the fluctua-
tion of S15 (Fig. 4, b), Zn15 (Fig. 4, b ) and Zn3, Zn5, Zn7, Zn9, 
S18, S20, S21, S23 for both ZnS and ZnS–H2O heteroclusters (Fig. 
4, b, b ) through Fragment 3. 
 Localized orbital locator (LOL) has similar expression compared 
to electron localization function (ELF) [48]: 
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 Multiwfn [49] also supports the approximate version of LOL de-
fined by Tsirelson and Stash [50], namely, the actual kinetic energy 
term in LOL is replaced by second-order gradient expansion like 
ELF, which may demonstrate a broad span of bonding samples. This 
Tsirelson’s version of LOL can be activated by setting 
‘ELFLOL_type’ to 1. For special reason, if ‘ELFLOL_type’ in set-
tings.ini is changed from 0 to 2, another formalism will be used: 

 
2

1
LOL( )

1  ( )
r

r
. (7) 

 If the parameter ‘ELFLOL_cut’ in settings.ini is set to x, then, 
LOL will be zero, where LOL is less than x. 
 The heteroclusters of ZnO/ZnO–H2O and ZnS/ZnS–H2O can be 
defined by LOL graphs owing to exploring their delocaliza-
tion/localization characterizations of electrons and chemical bonds 
(Fig. 5, a, a , b, b ). Covalent zones have high LOL value, the elec-
tron depletion zones between valence shell and inner shell are indi-
cated by the blue circles around nuclei (Fig. 5, a, a , b, b ). The 
counter map of LOL for ZnO/ZnO–H2O (Fig. 5, a, a ) and ZnS/ZnS–
H2O (Fig. 5, b, b ) has shown the localized orbital locator through 
H/OH adsorption. ZnO–H2O or ZnS–H2O heterocluster indicates a 
larger isosurface map of the localized orbital locator due to label-
ling atoms of O1, Zn15, O27 or S27, H29, H30. A narrower con-
nected area occupied by an isosurface map means that localized or-
bital locator is relatively difficult. However, the large counter map 
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of LOL for ZnO–H2O or ZnS–H2O can confirm that ZnO or ZnS can 
be a promising semiconductor material for various applications. 
 Moreover, intermolecular orbital overlap integral is important in 
discussions of intermolecular charge transfer, which can calculate 
HOMO–HOMO and LUMO–LUMO overlap integrals between the 
H/OH and heterocluster of ZnO or ZnS. The applied wave-function 
level is CAM–B3LYP–D3/6–311 G(d, p) that corresponds to HOMO 
and LUMO, respectively (Table 2). 
 The amount of ‘Mayer bond order’ [51] is generally according to 
empirical bond order for the single bond is near 1.0. ‘Mulliken bond 
order’ [52] with a small accord with empirical bond order is not ap-

 
a 

 
a  

Fig. 5. The graphs of LOL for heteroclusters of (a) ZnO, (a ) ZnO–H2O, (b) 
ZnS, and (b ) ZnS–H2O. (Counter line map on the right and shaded surface 
map with projection in the left.) 
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propriate for quantifying bonding strength, for which Mayer bond 
order always performs better. However, ‘Mulliken bond order’ is a 
good qualitative indicator for ‘positive amount’ of bonding and 
‘negative amount’ of antibonding, which are evacuated and local-
ized, respectively (Table 3). 
 As it is seen in Table 3, ‘Laplacian bond order’ [53] has a straight 
cohesion with bond polarity, bond dissociation energy and bond vi-
brational frequency. The low value of Laplacian bond order might 
demonstrate that it is insensitive to the calculation degree applied 
for producing electron density. Generally, the value of ‘Fuzzy bond 
order’ is near Mayer bond order, especially for low-polar bonds, but 
much more stable with respect to the change in basis-set. Computa-

 
b 

 
b  

Continuation Fig. 5. 
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tion of ‘Fuzzy bond order’ demands running ‘Becke’s DFT’ numeri-
cal integration, owing to which the calculation value is larger than 
assessment of ‘Mayer bond order’ and it can concede more precisely 
[54]. 

4. CONCLUSIONS 

Considerable attention has recently been given to ZnO or ZnS as a 
promising multifunctional material with wide-ranging technological 
applications. Understanding the interaction of water with ZnO or 
ZnS is important for this material to be used in gas sensing, cataly-
sis and biomedical applications. In summary, H2O grabbing on the 
ZnO or ZnS was investigated by first-principles calculations. We 
have provided ZnO or ZnS heterocluster, and then, the geometrical 
parameters of H/OH adsorption on the surface of ZnO or ZnS 
through the absorption status and current charge density were 
studied. ZnO–H2O or ZnS–H2O heterocluster indicates a larger iso-
surface map of electron delocalization due to labelling atoms of O1, 
Zn15, O27 or S27, H29, H30. A narrower connected area occupied 
by an isosurface map means that electron delocalization is relatively 
difficult. However, the large counter map of LOL for ZnO–H2O or 

TABLE 2. LUMO, HOMO, and energy gap ( E) for ZnO and ZnS through 
H/OH adsorption and formation of ZnO–H2O and ZnS–H2O heteroclusters. 

Heteroclusters EHOMO, eV ELUMO, eV E ELUMO EHOMO, eV 
ZnO 2.4280 1.3056 1.1223 

ZnO–H2O 2.6110 1.6053 1.0056 
ZnS 2.7413 1.1723 1.5690 

ZnS–H2O 2.7459 1.1762 1.6696 

TABLE 3. The bond orders of Mayer, Wiberg, Mulliken, Laplacian, and 
Fuzzy types from mixed alpha and beta density matrix for ZnO and ZnS 
through H/OH adsorption and formation of ZnO–H2O and ZnS–H2O het-
eroclusters. 

Bond order 
ZnO–H2O ZnS–H2O 

O1–Zn15 O1–H29 O27–H30 O1–Zn15 O1–H29 S27–H30 
Mayer 1.1308 0.6507 0.4783 1.2782 0.6905 0.8056 
Wiberg 1.7176 0.6631 0.4490 1.0554 0.6397 0.6436 

Mulliken 1.9120 0.1727 0.0573 1.8753 0.1573 0.1864 
Laplacian 1.6451 0.2169 0.1505 1.7453 0.2014 0.2491 

Fuzzy 1.6561 0.6878 0.4321 1.5246 0.6273 0.6852 
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ZnS–H2O can confirm that ZnO or ZnS can be a promising semicon-
ductor material for various applications. 
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Ðîçãëÿäàþòüñÿ îïòè÷í³ âëàñòèâîñò³ ïë³âîê íàíîêîìïîçèò³â íà îñíîâ³ 
áàðâíèê³â ç îäíî- òà áàãàòîñò³ííèìè âóãëåöåâèìè íàíîòðóáêàìè. Ïîêà-
çàíî, ùî â çàëåæíîñò³ â³ä òèïó íàíîòðóáîê ìàº ì³ñöå òðàíñôîðìàö³ÿ 
ñïåêòð³â âáèðàííÿ ïîð³âíÿíî ç³ ñïåêòðàìè ïë³âêè áàðâíèê³â íà ï³äêëà-
äèíêàõ êâàðöó. Íà ïðèêëàä³ êîìïëåêñ³â ôóëëåðåí³â Ñ70 ç³ ñêâàðà¿íîâè-
ìè áàðâíèêàìè ïîêàçàíî ìîæëèâ³ñòü çì³íè ñïåêòð³â âáèðàííÿ çàëåæíî 
â³ä ä³ÿìåòðà âóãëåöåâî¿ ñòðóêòóðè. 

The optical properties of nanocomposite films based on dyes with single- 
and multiwalled nanotubes are considered. As shown, depending on the 
type of nanotubes, there is a transformation of the absorption spectra 
compared to the spectra of the dye films on quartz substrates. Model of 
the complexes based on C70 fullerene with squaraine dyes is used to dem-
onstrate the possibility of dependence of the absorption spectra on the di-
ameter of the carbon structure. 
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chemical calculations. 

(Îòðèìàíî 20 æîâòíÿ 2024 ð.; ï³ñëÿ äîîïðàöþâàííÿ — 14 áåðåçíÿ 2025 ð.) 
  

1. ÂÑÒÓÏ 

Êîìïëåêñè âóãëåöåâèõ íàíîñòðóêòóð (âóãëåöåâ³ íàíîòðóáêè, ãðà-
ôåí, ôóëëåðåíè) ³ç ñåíñèá³ë³çàòîðàìè-áàðâíèêàìè çíàõîäÿòü âñå 
øèðø³ îáëàñò³ ïðàêòè÷íîãî çàñòîñóâàííÿ. Òàê, âóãëåöåâ³ íàíîñò-
ðóêòóðè ç áàðâíèêàìè âèêîðèñòîâóþòüñÿ ó ñòâîðåíí³ õåì³÷íèõ ³ 
á³îëîã³÷íèõ ñåíñîð³â, çîêðåìà äëÿ âèÿâëåííÿ òîêñè÷íèõ ðå÷îâèí, 
á³îìîëåêóë, à òàêîæ ó ä³ÿãíîñòèö³ äëÿ ñòâîðåííÿ ôëþîðåñöåíò-
íèõ á³îìàðêåð³â ³ êîíòðàñòíèõ à´åíò³â äëÿ â³çóàë³çàö³¿ [1, 2]. Âó-
ãëåöåâ³ íàíîñòðóêòóðè â ïîºäíàíí³ ç áàðâíèêàìè ñëóãóþòü äëÿ 
ñòâîðåííÿ ôîòîä³îä, ñîíÿ÷íèõ åëåìåíò³â çàâäÿêè ¿õí³é çäàòíîñò³ 
äî åôåêòèâíîãî âáèðàííÿ òà âèïðîì³íþâàííÿ ñâ³òëà. Çîêðåìà, 
ïåðñïåêòèâíèìè º ðîçðîáêè ñèñòåì íàíîòðóáîê ç áàðâíèêàìè äëÿ 
îäíî÷àñíî¿ ôîòîòåðì³÷íî¿ òà ôîòîäèíàì³÷íî¿ òåðàï³¿ ïóõëèííèõ 
çàõâîðþâàíü [3]. Íàíîòðóáêè ï³ä ÷àñ âáèðàííÿ åíåðã³¿ åëåêòðîìà-
ãíåòíèõ õâèëü áëèçüêîãî ³íôðà÷åðâîíîãî ä³ÿïàçîíó ìîæóòü ïåðå-
òâîðþâàòè ¿¿ ó òåïëîâó, òàêèì ÷èíîì ïðèâîäÿ÷è äî ôîòîòåðì³÷íî-
ãî åôåêòó. Âîäíî÷àñ, áàðâíèê-ôîòîñåíñèá³ë³çàòîð, ùî çíàõîäèòü-
ñÿ ó êîìïëåêñ³ ç íàíîòðóáêîþ, çà âáèðàííÿ âèïðîì³íåííÿ â îáëà-
ñò³ ôîòîòåðàïåâòè÷íîãî â³êíà (600–1200 íì) ìîæå ´åíåðóâàòè ñè-
í´ëåòíèé Îêñè´åí, ùî äàº çìîãó ö³ëåñïðÿìîâàíî ðóéíóâàòè êë³-
òèíè ïåðåðîäæåíèõ òêàíèí. 
 Áàãàòî äîñë³äæåíü áóëî ïðèñâÿ÷åíî âèâ÷åííþ åôåêòèâíèõ õà-
ðàêòåðèñòèê êîìïëåêñ³â íàíîòðóáîê ç áàðâíèêàìè, îäíàê ìåõàí³-
çìè ¿õíüî¿ âçàºìîä³¿ çàëèøàþòüñÿ íå äî ê³íöÿ âèçíà÷åíèìè. Ñå-
ðåä òàêèõ, ÿê ñàìå, âïëèâàº òèï íàíîòðóáîê, ¿õí³é ðàä³þñ íà âëà-
ñòèâîñò³ ñàìîãî áàðâíèêà. Àäæå â³äîìî, ùî íåð³âíîì³ðí³ñòü ðîç-
ïîä³ëó çàðÿäó íà ìîëåêóëàõ áàðâíèê³â ñïðèÿº ïðîöåñàì à´ðå´àö³¿ 
öèõ ìîëåêóë [4]; á³ëüøå òîãî, âïëèâàº ÿê òèï ï³äêëàäèíêè, ïîâå-
ðõíÿ, òàê ³ òåìïåðàòóðí³ ðåæèìè îñàäæåííÿ [5]. 
 Ó äàí³é ðîáîò³ ðîçãëÿíóòî çì³íè ñïåêòðàëüíèõ âëàñòèâîñòåé 
áàðâíèê³â, îñàäæåíèõ íà îäíî- òà áàãàòîñò³íí³ âóãëåöåâ³ íàíîòðó-
áêè, ÿê³ ìàþòü ð³çíèé ä³ÿìåòåð, ó ïîð³âíÿíí³ ³ç ¿õí³ìè ñïåêòðà-
ìè íà êâàðöîâ³é ï³äêëàäèíö³ òà çä³éñíåíî êâàíòîâî-õåì³÷í³ ðîç-
ðàõóíêè âçàºìîä³¿ ñêâàðà¿íîâèõ áàðâíèê³â ³ç âóãëåöåâèìè ñòðóê-
òóðàìè, ùî ìàþòü ð³çíó êðèâèíó -ñïðÿæåíî¿ ïîâåðõí³. 

2. ÌÅÒÎÄÈÊÀ ÅÊÑÏÅÐÈÌÅÍÒÓ ÒÀ ÌÎÄÅËÞÂÀÍÍß 

Äëÿ âèâ÷åííÿ ñïåêòðàëüíèõ îñîáëèâîñòåé áàðâíèê³â çà íàíåñåííÿ 
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¿õ íà âóãëåöåâ³ íàíîòðóáêè áóëî îáðàíî âîäîðîç÷èíí³, ôóíêö³î-
íàë³çîâàí³ îêòàäåöèëàì³íîì îäíîñò³íí³ âóãëåöåâ³ íàíîòðóáêè ä³-
ÿìåòðîì â³ä 2 äî 10 íì ³ äîâæèíîþ â³ä 0,5 äî 2 ìêì. Ä³ÿìåòåð 
áàãàòîñò³ííèõ âóãëåöåâèõ íàíîòðóáîê áóâ á³ëüøèì. Îáèäâà âèäè 
íàíîòðóáîê áóëè ñïî÷àòêó ï³ääàí³ óëüòðàçâóêîâîìó äèñïåð´óâàí-
íþ ó âîäíîìó ðîç÷èí³. Åëåêòðîííî-ì³êðîñêîï³÷í³ çîáðàæåííÿ 
îäåðæàíèõ ïë³âîê íàâåäåíî íà ðèñ. 1 ó âèïàäêó îäíîñò³ííèõ (ë³-
âîðó÷) ³ áàãàòîñò³ííèõ íàíîòðóáîê (ïðàâîðó÷) — ÎÑÂÍÒ ³ ÁÑÂÍÒ 
â³äïîâ³äíî. Âèäíî, ùî ìàº ì³ñöå ôîðìóâàííÿ ñóáìîíîøàðîâèõ 
ïë³âîê. Îñê³ëüêè áàãàòîñò³íí³ íàíîòðóáêè íå áóëè ôóíêö³îíàë³-
çîâàíèìè äëÿ ðîç÷èíåííÿ ó âîä³, ñòóï³íü ¿õíüîãî óëüòðàçâóêîâîãî 
äèñïåð´óâàííÿ ñïðèÿâ ôîðìóâàííþ á³ëüø òîâñòèõ ïë³âîê ó ïîð³-
âíÿíí³ ³ç âèïàäêîì îäíîñò³ííèõ íàíîòðóáîê. 
 Ï³ä ÷àñ äèñïåð´óâàííÿ ó ðîç÷èíè ç íàíîòðóáêàìè áóëî äîäàíî 
ñêâàðà¿íîâ³ áàðâíèêè, ðîç÷èíåí³ ó õëîðîôîðì³. Êîíöåíòðàö³¿ áà-
ðâíèê³â áóëè ï³ä³áðàí³ òàêèì ÷èíîì, ùîá âæå ó ïî÷àòêîâîìó ðî-
ç÷èí³ õëîðîôîðìó óíèêíóòè à´ðå´àö³¿ öèõ ìîëåêóë, ùî êîíòðî-
ëþâàëîñÿ ñïåêòðîñêîï³ºþ âáèðàííÿ. Íàíåñåííÿ çðàçê³â íà êâàð-
öîâ³ ï³äêëàäèíêè â³äáóâàëîñÿ øëÿõîì çàíóðåííÿ îñòàíí³õ ó ðîç-
÷èíè îäíîñò³ííèõ íàíîòðóáîê ³ç áàðâíèêàìè òà ðîç÷èíè áàãàòîñ-
ò³ííèõ íàíîòðóáîê ç áàðâíèêàìè (ìåòîä Ëåí´ìþðà–Áëîäæåòò [6]). 
Çðàçêè ïë³âîê âèñèõàëè çà ê³ìíàòíî¿ òåìïåðàòóðè. 
 Äëÿ ïîÿñíåííÿ ìåõàí³çì³â âçàºìîä³¿ áàðâíèê³â ³ç íàíîòðóáêàìè 
áóëî ïðîâåäåíî êâàíòîâî-õåì³÷í³ ðîçðàõóíêè äëÿ ìîäåëüíèõ âè-
ïàäê³â ç³ ñêâàðà¿íîâèì áàðâíèêîì ³ âóãëåöåâèìè íàíîñòðóêòóðà-

  
à      á 

Ðèñ. 1. Åëåêòðîííî-ì³êðîñêîï³÷íå çîáðàæåííÿ ïë³âîê îäíîñò³ííèõ âóã-
ëåöåâèõ íàíîòðóáîê (à — âåðõíÿ ÷àñòèíà çîáðàæåííÿ) òà áàãàòîñò³ííèõ 
(á) âóãëåöåâèõ íàíîòðóáîê.1 
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ìè. Äëÿ ðîçðàõóíê³â áóäîâè, ðîçïîä³ëó çàðÿä³â ³ åëåêòðîííî¿ 
ñòðóêòóðè âèêîðèñòîâóâàëè íàï³âåìï³ðè÷íå íàáëèæåííÿ ÀÌ1 ó 
ïðîãðàìíîìó ïàêåò³ Gaussian 09 [7], äëÿ ðîçðàõóíêó åëåêòðîííèõ 
ïåðåõîä³â — ìåòîä ZINDO. Ðîçãëÿíåìî, ÷è ìîæå âïëèâàòè êðè-
âèíà âóãëåöåâî¿ íàíîñòðóêòóðè íà îïòè÷í³ âëàñòèâîñò³ áàðâíèê³â. 
Îñê³ëüêè ä³ÿìåòåð íàâ³òü îäíîñò³ííî¿ íàíîòðóáêè ïåðåâèùóº 
2 íì, à çàäàâàííÿ ìîäåë³â íàíîòðóáîê ç á³ëüøèìè ä³ÿìåòðàìè 
âèìàãàº îêðåìèõ ï³äõîä³â, ðîçãëÿíåìî ÿê íàéïðîñò³øèé ìîäåëü 
ôóëëåðåíà Ñ70 ÿê ñòðóêòóðó, ùî ìàº äâà ð³çí³ ä³ÿìåòðè çà ðàõó-
íîê ñâîº¿ åë³ïñî¿äàëüíî¿ ôîðìè: á³ëüøèé ä³ÿìåòåð, ÿêèé ñêëàäàº 
áëèçüêî 0,9 íì, òà êîðîòêèé — 0,83 íì [8]. Äëÿ êîìïëåêñ³â áàð-
âíèê–Ñ70 ðîçòàøóºìî áàðâíèê äëÿ âèïàäê³â, êîëè ñêâàðà¿í çíà-
õîäèòüñÿ á³ëÿ á³ëüøîãî òà ìåíøîãî ä³ÿìåòð³â ìîëåêóëè ôóëëåðå-
íà Ñ70. Íåçâàæàþ÷è íà òå, ùî ä³ÿìåòðè ðîçãëÿäóâàíèõ íàíîòðó-
áîê çíà÷íî ïåðåâèùóþòü ä³ÿìåòðè ìîëåêóëè Ñ70, äàíèé ìîäåëü 
ïîêëèêàíèé äëÿ ðîçãëÿäó âïëèâó êðèâèíè ïîâåðõí³ âóãëåöåâèõ 
íàíîñòðóêòóð, ÿêà â³äïîâ³äàº çà ãóñòèíó ¿õí³õ åëåêòðîííèõ ñòà-
í³â, íà ñïåêòðàëüí³ âëàñòèâîñò³ áàðâíèê³â. Äî ðîçãëÿäó äîäàìî 
òàêîæ ãðàôåíîâó ïëîùèíó ç äàíèì ñêâàðà¿íîâèì áàðâíèêîì. 

3. ÐÅÇÓËÜÒÀÒÈ É ÎÁÃÎÂÎÐÅÍÍß 

ßê âèäíî ç ðèñóíêà 2, ñïåêòðè âáèðàííÿ ñêâàðà¿íîâîãî áàðâíèêà, 

 

Ðèñ. 2. Íîðìàë³çîâàí³ ñïåêòðè âáèðàííÿ äëÿ ïë³âîê: 1 — ÷èñòèé áàðâ-
íèê, íàíåñåíèé íà êâàðöîâó ï³äêëàäèíêó ìåòîäîì ñï³í-êîàò³í´ó ç õëî-
ðîôîðìíîãî ðîç÷èíó; 2 — íàíîêîìïîçèò áàðâíèê³â ç ÎÑÂÍÒ, íàíåñåíèé 
íà êâàðöîâó ï³äêëàäèíêó ìåòîäîì Ëåí´ìþðà–Áëîäæåòò; 3 — íàíîêîì-
ïîçèò áàðâíèê³â ç ÁÑÂÍÒ, íàíåñåíèé íà êâàðöîâó ï³äêëàäèíêó òàêîæ 
ìåòîäîì Ëåí´ìþðà–Áëîäæåòò.2 
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íàíåñåíîãî íà ï³äêëàäèíêó ³ç ðîç÷èíó õëîðîôîðìó ìåòîäîì ñï³í-
êîàò³í´ó ìàº 2 øèðîê³ ï³êè ïðè 648 ³ 600 íì. Ãîëîâíèé ï³ê, ùî 
â³äïîâ³äàº çà – -ïåðåõîäè, ÿê³ ðîáëÿòü ãîëîâíèé âíåñîê ó ñïåê-
òåð âáèðàííÿ ðîç÷èí³â ìîíîìåðíèõ áàðâíèê³â, ³ ðîçòàøîâàíèé 
ïðè 634 íì [9, 10] ó âèïàäêó ïë³âêè çñóâàºòüñÿ â îáëàñòü á³ëü-
øèõ äîâæèí õâèëü íà 14 íì, ùî âêàçóº íà J-à´ðå´àö³þ áàðâíè-
ê³â. Á³ëüøå òîãî, ï³ê ³ñòîòíî ðîçøèðÿºòüñÿ, à ï³ê, ÿêèé äëÿ ðîç-
÷èí³â ìîíîìåð³â ëåäü ïîì³òíèé, äëÿ ïë³âêè çðîñòàº çà ³íòåíñèâ-
í³ñòþ òà òàêîæ ðîçøèðÿºòüñÿ, ìàþ÷è ìàêñèìóì ïðè 600 íì. 
 Ç äîäàâàííÿì äàíèõ áàðâíèê³â äî ðîç÷èíó ç íàíîòðóáêàìè, íà-
íåñåííÿì äàíèõ ðîç÷èí³â íà ï³äêëàäèíêè òà âèïàðîâóâàííÿì ðî-
ç÷èííèê³â ñïåêòåð âáèðàííÿ äåùî çì³íþºòüñÿ; òàê, äîâãîõâèëüî-
âà ñìóãà çñóâàºòüñÿ ó á³ê ìåíøèõ äîâæèí õâèëü íà 4 íì, à êîðî-
òêîõâèëüîâå ïëå÷å — íà 2 íì. Âîäíî÷àñ, ³íòåíñèâíîñò³ îáîõ ï³ê³â 
òàêîæ çì³íþþòüñÿ: äëÿ áàðâíèê³â, ùî âçàºìîä³þòü ç ÎÑÂÍÒ, â³ä-
áóâàºòüñÿ â³äíîñíå çðîñòàííÿ äîâãîõâèëüîâî¿ êîìïîíåíòè âáèðàí-
íÿ. Ó âèïàäêó áàãàòîñò³ííèõ íàíîòðóáîê ï³êè ìàéæå çð³âíþþòü-
ñÿ çà ³íòåíñèâí³ñòþ, ïðè÷îìó ìàº ì³ñöå âèíèêíåííÿ äîäàòêîâîãî 
ïëå÷à â îáëàñò³ 500–550 íì, ï³êè áàðâíèê³â íà áàãàòîñò³ííèõ íà-
íîòðóáêàõ çì³ùóþòüñÿ íà 3–5 íì ïîð³âíÿíî ç³ ñïåêòðàìè áàðâ-
íèê³â ó ïë³âö³ ç îäíîñò³ííèìè âóãëåöåâèìè íàíîòðóáêàìè. 
 Î÷åâèäíî, ùî ïðîöåñè J- òà Í-à´ðå´àö³¿, ÿê³ õàðàêòåðí³ äëÿ 
äàíèõ áàðâíèê³â ó ïë³âêàõ, âèçíà÷àþòü ð³çí³ ÷èííèêè, òàê³ ÿê 
òèï ï³äêëàäèíîê, ðåëüºô ïîâåðõí³, ùî âïëèâàþòü íà ñïåêòðè. 
 Ñïðîáóºìî îö³íèòè çà äîïîìîãîþ êâàíòîâî-õåì³÷íèõ ðîçðàõóí-
ê³â ðîëü âïëèâó âèãíóòîñòè âóãëåöåâèõ ïëîùèí íà ñïåêòðè áàðâ-
íèê³â. Íà ðèñóíêó 3 çîáðàæåíî ìîäåë³ ôóëëåðåí³â Ñ70, á³ëÿ ÿêèõ 
ðîçòàøîâàíî ñêâàðà¿íîâ³ áàðâíèêè, à ñàìå, á³ëÿ á³ëüøîãî òà ìå-
íøîãî çà ä³ÿìåòðîì ôóëëåðåíà, à òàêîæ êîìïëåêñ äàíîãî áàðâ-
íèêà ç ãðàôåíîâîþ ïëîùèíîþ. 
 Ðîçðàõóíêè âêàçóþòü, ùî â ðåçóëüòàò³ îïòèì³çàö³¿ êîìïëåêñó ç 
ôóëëåðåíîì ìîëåêóëà ñêâàðà¿íîâîãî áàðâíèêà ðîçòàøîâóºòüñÿ íà 
â³ääàë³ ó 3,48 Å (äëÿ âèïàäêó, êîëè áàðâíèê ïàðàëåëüíèé äî ìå-
íøîãî ä³ÿìåòðà Ñ70, — L-ëîêàë³çàö³ÿ); âîäíîðàç, ñêâàðà¿íîâå ê³-
ëüöå çíàõîäèòüñÿ ïàðàëåëüíî íàä ï’ÿòèêóòíèêîì ó áîêîâ³é ÷àñ-
òèí³ ôóëëåðåíà Ñ70. Ó ³íøîìó âèïàäêó â³ääàëü º á³ëüøîþ ³ ñêëà-
äàº 3,58 Å; âîäíîðàç, ñêâàðà¿íîâå ê³ëüöå çíàõîäèòüñÿ íàä àòîìîì 
Êàðáîíó, ÿêèé º âåðøèíîþ òðüîõ øåñòèêóòíèê³â. Òàêîæ ñïîñòå-
ð³ãàºòüñÿ íåçíà÷íå âèãèíàííÿ ïëîùèíè áàðâíèêà â³äíîñíî éîãî 
ïî÷àòêîâîãî ñòàíó. 
 Ùîäî ðîçïîä³ëó çàðÿäó, òî, çã³äíî ç ðîçðàõóíêàìè, îêðåìà ìî-
ëåêóëà ôóëëåðåíà Ñ70 ìàº 30 àòîì³â Êàðáîíó ç íå´àòèâíèìè çíà-
÷åííÿìè çàðÿä³â, à 40 àòîì³â ïîçèòèâíî çàðÿäæåí³. Ó êîìïëåêñ³ 
ç³ ñêâàðà¿íîâèì áàðâíèêîì, ÿêèé ì³ñòèòü äâà åëåêòðîíî-äîíîðí³ 
àòîìè Îêñè´åíó, ê³ëüê³ñòü íå´àòèâíî çàðÿäæåíèõ àòîì³â çá³ëü-
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øóºòüñÿ äî 31 äëÿ âèïàäêó L-ëîêàë³çàö³¿, ïðè÷îìó äîäàòêîâèé 
íå´àòèâíî çàðÿäæåíèé àòîì ëîêàë³çîâàíèé ó ï’ÿòè÷ëåííîìó ê³-
ëüö³ ôóëëåðåíà Ñ70, ùî çíàõîäèòüñÿ íàéáëèæ÷å äî ñêâàðà¿íîâîãî 
ôðà´ìåíòà áàðâíèêà. Ó âèïàäêó S ê³ëüê³ñòü ïîçèòèâíî òà íå´àòè-
âíî çàðÿäæåíèõ àòîì³â çàëèøàºòüñÿ ïîñò³éíîþ, ÿê ó íåçàëåæíî-
ìó ôóëëåðåí³ Ñ70, ïðîòå â³äáóâàºòüñÿ ïåðåðîçïîä³ë çàðÿäó, ùî çî-
áðàæåíî íà ðèñ. 4. 
 Ùîäî ìîëåêóëè áàðâíèêà, òî ¿¿ õðîìîôîð çàçíàº ³ñòîòíèõ çì³í 
ó ðîçïîä³ë³ çàðÿä³â (ðèñ. 4, á). Åëåêòðîíî-äîíîðí³ àòîìè Îêñè´å-
íó, ÿê³ äî âçàºìîä³¿ ìàëè çíà÷åííÿ íå´àòèâíîãî çàðÿäó ó 0.542 
å.î., ÷àñòêîâî âòðàòèëè éîãî òà íàáóëè çíà÷åííÿ ó 0.484 å.î. Â 
ìåæàõ ê³íöåâèõ ãðóï, — ôåíîëüíèõ ê³ëåöü, — â³äáóëîñü àëüòåð-
íóâàííÿ çàðÿä³â, íà â³äì³íó â³ä âèõ³äíîãî ñòàíó, äå âñ³ Êàðáîíîâ³ 
àòîìè ìàëè îäíàêîâ³ çíà÷åííÿ âåëè÷èí çàðÿä³â. Çì³íè âåëè÷èí 
çàðÿä³â îäíàêîâ³ â îáîõ âèïàäêàõ ðîçòàøóâàííÿ áàðâíèêà â³äíîñ-

 

Ðèñ. 3. Îïòèì³çîâàíà ãåîìåòð³ÿ ñêâàðà¿íîâîãî áàðâíèêà (âãîð³), êîìïëå-
êñ³â ôóëëåðåí³â Ñ70 ç³ ñêâàðà¿íîâèìè áàðâíèêàìè ó âèïàäêó ëîêàë³çàö³¿ 
îñòàíí³õ âçäîâæ ìåíøîãî (L-ëîêàë³çàö³ÿ, ë³âîðó÷) ³ á³ëüøîãî (S-
ëîêàë³çàö³ÿ, ïðàâîðó÷) ä³ÿìåòð³â ôóëëåðåíà Ñ70; îïòèì³çîâàíà ãåîìåòð³ÿ 
ñêâàðà¿íîâîãî áàðâíèêà ç ãðàôåíîâîþ ïëîùèíîþ (âíèçó).3 
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íî ôóëëåðåíà Ñ70. Çà âçàºìîä³¿ ç ãðàôåíîâîþ ïëîùèíîþ ê³íöåâ³ 
ãðóïè áàðâíèêà âåäóòü ñåáå ïîä³áíî äî âèïàäê³â ç ôóëëåðåíîì, à 
àòîìè Îêñè´åíó òà ñóñ³äí³ äî íèõ àòîìè âòðà÷àþòü çíà÷åííÿ çà-
ðÿä³â ùå á³ëüøå. 
 Ðîçãëÿíåìî, ÿê âïëèâàº çì³íà ðîçïîä³ëó çàðÿäó êîìïëåêñ³â 
ôóëëåðåíà Ñ70 ³ç ñêâàðà¿íîâèìè áàðâíèêàìè íà ¿õíþ åëåêòðîííó 
ñòðóêòóðó. Çã³äíî ç ðîçðàõóíêàìè, äëÿ êîìïëåêñ³â ñêâàðà¿íîâîãî 
áàðâíèêà òà ôóëëåðåíà Ñ70 ìàº ì³ñöå ïîíèæåííÿ HOMO-ð³âíÿ â³-
äíîñíî ð³âí³â îêðåìîãî áàðâíèêà â îáîõ âèïàäêàõ ðîçòàøóâàííÿ. 
Ïðè öüîìó ð³âåíü LUMO äëÿ îáîõ âàð³ÿíò³â êîìïëåêñ³â ëîêàë³çî-
âàíèé íà ôóëëåðåí³ (ðèñ. 5), îïóñêàþ÷èñü â³äíîñíî çíà÷åííÿ 
LUMO îêðåìîãî ôóëëåðåíà. 
 Â ö³ëîìó ù³ëèíà êîìïëåêñ³â çâóæóºòüñÿ â îáîõ âèïàäêàõ ëî-
êàë³çàö³é áàðâíèêà â³äíîñíî ð³âí³â îêðåìîãî áàðâíèêà, ùî êîðå-
ëþº ç ðåçóëüòàòàìè, îäåðæàíèìè â [11]. Ïðîòå çà ðîçòàøóâàííÿ 
áàðâíèêà ïàðàëåëüíî äî ìåíøîãî ðàä³þñà ìàº ì³ñöå á³ëüøèé çñóâ 
ï³êó âáèðàííÿ ó ÷åðâîíó îáëàñòü, â òîé ÷àñ ÿê éîãî ðîçòàøóâàííÿ 
ïàðàëåëüíî äî á³ëüøîãî ðàä³þñà äàº ìåíøèé çñóâ. Òîáòî áàðâíèê, 
çíàõîäÿ÷èñü á³ëÿ âóãëåöåâî¿ íàíîñòðóêòóðè ç á³ëüøèì ðàä³þñîì, 

 
    à     á 

Ðèñ. 4. à — ðîçïîä³ë çàðÿäó ó Êàðáîíîâèõ àòîì³â ìîëåêóëè ôóëëåðåíà 
Ñ70 (÷îðí³ êâàäðàòè) òà íà íèõ æå ó êîìïëåêñàõ Ñ70 ç³ ñêâàðà¿íîâèìè 
áàðâíèêàìè: ê³ëüöÿ — ó âèïàäêó L-ëîêàë³çàö³¿, òðèêóòíèêè — ó âèïà-
äêó S-ëîêàë³çàö³¿. á — ðîçïîä³ë çàðÿäó ó Êàðáîíîâèõ àòîì³â ìîëåêóëè 
áàðâíèêà (÷îðí³ êâàäðàòè) òà íèõ æå ó êîìïëåêñàõ ç ôóëëåðåíîì: ê³ëü-
öÿ — ó âèïàäêó L-ëîêàë³çàö³¿, òðèêóòíèêè «âãîðó» — ó âèïàäêó S-
ëîêàë³çàö³¿, òðèêóòíèêè «âíèç» — äëÿ âèïàäêó ç ãðàôåíîâîþ ïëîùè-
íîþ. Íóìåðàö³þ àòîì³â íàâåäåíî ï³ä ãðàô³êàìè.4 
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áóäå çì³ùóâàòè ï³ê âáèðàííÿ ìåíøå ó ïîð³âíÿíí³ ç âèïàäêîì, 
êîëè âóãëåöåâà íàíîñòðóêòóðà á³ëüø âèãíóòà. 
 Îïòèì³çàö³ÿ äîñë³äæóâàíî¿ ñèñòåìè áàðâíèê–ãðàôåíîâà ïëî-
ùèíà âêàçóº, ùî áàðâíèê òàêîæ çàçíàº çì³í, ùî ïðîÿâëÿºòüñÿ, 
îêð³ì ðîçïîä³ëó çàðÿäó, íà åëåêòðîíí³é ñòðóêòóð³, àäæå âåëè÷è-
íà åíåðãåòè÷íî¿ ù³ëèíè ³ñòîòíî çâóæóºòüñÿ ó ïîð³âíÿíí³ ç³ ù³-
ëèíîþ êîìïëåêñ³â ç ôóëëåðåíîì Ñ70, ðîçì³ð ÿêî¿, çã³äíî ç ðîçðà-
õóíêàìè, ñêëàäàº 3,3 åÂ àáî 376 íì, ùî ìîæå ïðèâîäèòè äî çñó-
âó ìàêñèìóìó ñïåêòð³â âáèðàííÿ â êîðîòêîõâèëüîâó îáëàñòü. Òî-
ìó ìîäåëþâàííÿ áàðâíèêà ç ïëîùèíîþ ïîòðåáóº á³ëüø äåòàëüíèõ 
äîñë³äæåíü. 
 Îäåðæàí³ ðåçóëüòàòè âêàçóþòü, ùî ðàä³þñ âóãëåöåâî¿ íàíîñò-
ðóêòóðè âïëèâàº íà ñïåêòðè áàðâíèêà, òà öå ìàº áóòè ïðåäìåòîì 
ïîäàëüøèõ äîñë³äæåíü. 

4. ÂÈÑÍÎÂÊÈ 

Çà âçàºìîä³¿ ñêâàðà¿íîâèõ áàðâíèê³â ç íàíîòðóáêàìè ð³çíîãî ä³ÿ-
ìåòðà, ùî ðåàë³çóºòüñÿ øëÿõîì îñàäæåííÿ ¿õ ç ðîç÷èí³â çà ìåòî-
äîì Ëåí´ìþðà–Áëîäæåòò, ìàº ì³ñöå òðàíñôîðìàö³ÿ ìàêñèìóì³â 
âáèðàííÿ êîìïîçèòíèõ ïë³âîê â³äíîñíî ñïåêòð³â âáèðàííÿ ïë³âêè 
áàðâíèê³â. Ç ôîðìóâàííÿì êîìïëåêñ³â ôóëëåðåí³â Ñ70, ùî ìàþòü 
á³ëüøèé ³ ìåíøèé ä³ÿìåòðè, à òàêîæ ãðàôåíîâî¿ ïëîùèíè ç³ 
ñêâàðà¿íîâèìè áàðâíèêàìè, ùî ì³ñòÿòü 2 åëåêòðîíî-äîíîðí³ àòî-

 
à      á 

Ðèñ. 5. à — ôîðìè ìîëåêóëÿðíèõ îðá³òàëåé â îáëàñò³ åíåðãåòè÷íî¿ ù³-
ëèíè ìîëåêóëè ôóëëåðåíà Ñ70, ñêâàðà¿íîâîãî áàðâíèêà òà äëÿ ¿õí³õ 
êîìïëåêñ³â. á — ðîçðàõîâàí³ ñïåêòðè âáèðàííÿ ñêâàðà¿íîâîãî áàðâíèêà 
(1) òà éîãî êîìïëåêñ³â ç ôóëëåðåíîì Ñ70 äëÿ L-ëîêàë³çàö³¿ (2) òà S-
ëîêàë³çàö³¿ (3).5 
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ìè Îêñè´åíó, â³äáóâàºòüñÿ ïåðåðîçïîä³ë çàðÿäó íà õðîìîôîðàõ 
áàðâíèê³â ³ ìîëåêóëàõ ôóëëåðåí³â. Òàêèé ïåðåðîçïîä³ë çàðÿäó 
ïðèâîäèòü äî çì³í ãåîìåòð³¿ áàðâíèê³â ³ ïîíèæåííÿ ñèìåòð³¿ ìî-
ëåêóëè Ñ70, ùî ñóïðîâîäæóºòüñÿ çì³ùåííÿìè åëåêòðîííèõ ð³âí³â 
Ñ70. À çì³íè åíåðãåòè÷íî¿ ù³ëèíè ìàþòü ì³ñöå äëÿ êîæíîãî ç âè-
ïàäê³â êîìïëåêñ³â ñêâàðà¿íîâîãî áàðâíèêà ç âóãëåöåâèìè íàíî÷à-
ñòèíêàìè. 
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1 Fig. 1. Electron microscopic images of films of single-walled carbon nanotubes (à—top part 
of the image) and multi-walled carbon nanotubes (á). 
2 Fig. 2. Normalized absorption spectra for films: 1—film of pure dye deposited onto a quartz 
substrate by spin coating from a chloroform solution; 2—nanocomposite of dye with SWCNT 
deposited onto a quartz substrate using the Langmuir–Blodgett method; 3—dye nanocompo-
site with MWCNT deposited onto a quartz substrate also using the Langmuir–Blodgett 
method. 
3 Fig. 3. Optimized geometry of squaraine dye (top), fullerene C70 complexes with squaraine 
dyes in cases where the dyes are localized along the smaller diameter (L-localization, left) and 
larger diameter (S-localization, right) of fullerene C70; optimized geometry of the squaraine 
dye with a graphene plane (bottom). 
4 Fig. 4. à—Charge distribution on the carbon atoms of fullerene C70 molecule (black squares) 
and on it in the complexes with squaraine dyes: circles—L-localization, triangles—S-
localization. á—Charge distribution in carbon atoms of the dye molecule (black squares) and 
in complexes with fullerene: circles correspond to L-localization, upward triangles correspond 
to S-localization, downward triangles correspond to the case with a graphene plane. The atom 
numbering is shown under the graphs. 
5 Fig. 5. à—Forms of molecular orbitals in the energy gap region for fullerene C70, squaraine 
dye, and their complexes. á—Calculated absorption spectra of squaraine dye (1) and its com-
plexes with fullerene C70 for L-localization (2) and S-localization (3). 
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The Impact of γ, Neutron, Ion, and Electron Irradiation 
on the Structure and Properties of Graphene 
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UA-79013 Lviv, Ukraine 

The development of nuclear energy and space industry imposes new re-
quirements on materials and devices based on them. One such requirement 
is the resistance of materials to radioactive radiation. Therefore, the 
study of the impact of radiation on the structure and properties of gra-
phene is a key stage in the research of this ‘two-dimensional’ material. 
This article examines the influence of -radiation, neutron, electron, and 
ion irradiation on graphene and devices based on it. All types of radiation 
induce defects in graphene proportionally to the intensity, exposure time, 
and particles’ energy. Studies have shown that devices based on graphene 
remain functional during irradiation; and further heating and annealing 
can set off the effect of defects, restoring the characteristics to their ini-
tial values. This unique property demonstrates graphene ability to self-
heal defects caused by irradiation. 

Ðîçâèòîê òåðìîÿäåðíî¿ åíåðãåòèêè òà êîñì³÷íî¿ ³íäóñòð³¿ ñòàâèòü íîâ³ 
âèìîãè äî ìàòåð³ÿë³â ³ ïðèëàä³â, ÿê³ íà íèõ ´ðóíòóþòüñÿ. Îäí³ºþ ç òà-
êèõ âèìîã º ñò³éê³ñòü ìàòåð³ÿë³â äî ðàä³îàêòèâíîãî âèïðîì³íåííÿ. Òî-
ìó âèâ÷åííÿ âïëèâó âèïðîì³íåííÿ íà ñòðóêòóðó òà âëàñòèâîñò³ ãðàôåíó 
º êëþ÷îâèì åòàïîì ó äîñë³äæåíí³ öüîãî «äâîâèì³ðíîãî» ìàòåð³ÿëó. Ó 
ö³é ñòàòò³ ðîçãëÿäàºòüñÿ âïëèâ -âèïðîì³íåííÿ, íåéòðîííîãî, åëåêòðîí-
íîãî òà éîííîãî îïðîì³íþâàííÿ íà ãðàôåí ³ ïðèëàäè, çàñíîâàí³ íà íüî-
ìó. Óñ³ âèäè îïðîì³íåííÿ ñïðè÷èíÿþòü äåôåêòè ó ãðàôåí³ ïðîïîðö³éíî 
³íòåíñèâíîñò³, ÷àñó åêñïîçèö³¿ òà åíåðã³¿ ÷àñòèíîê. Äîñë³äæåííÿ ïîêà-
çàëè, ùî ïðèñòðî¿, çàñíîâàí³ íà ãðàôåí³, çàëèøàþòüñÿ ïðàöåçäàòíèìè 
ï³ä ÷àñ îïðîì³íåííÿ, à ïîäàëüøå íàãð³âàííÿ òà â³äïàë ìîæóòü êîìïåí-
ñóâàòè äåôåêòè, ïîâåðòàþ÷è õàðàêòåðèñòèêè äî ïî÷àòêîâèõ çíà÷åíü. 
Öÿ óí³êàëüíà âëàñòèâ³ñòü ñâ³ä÷èòü ïðî çäàòí³ñòü ãðàôåíó ñàìîçàë³êîâó-
âàòè äåôåêòè, ùî âèíèêëè âíàñë³äîê îïðîì³íåííÿ. 

Key words: graphene, -radiation, neutron irradiation, electron irradia-
tion, ion irradiation, self-healing effect, nuclear fusion. 
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1. INTRODUCTION 

As of today, graphene is one of the most actively researched mate-
rials worldwide [1]. The interest in this material is driven by its 
unique properties and two-dimensional structure [2, 3]. One key re-
search direction for graphene is the study of the impact of irradia-
tion on its structure and properties [4]. This issue is particularly 
relevant due to plans for using graphene-based devices and materi-
als in nuclear reactors, the space industry, and other fields, where 
the level of radiation exposure is significant, and conventional 
semiconductor devices cannot withstand such conditions [5–7]. 
Based on literature sources on the graphene structure, it can be 
concluded that it interacts weakly with radioactive radiation [8–10]. 
 Thermonuclear fusion requires the use of new materials and sen-
sors for accurate measurement of the magnetic field and plasma 
control in the reactor, especially in the DEMO reactor. Considering 
the high neutron flux [11] and temperature conditions that can 
reach 350 C during the reaction [12], traditional Hall sensors may 
not cope with this task. For this reason, graphene-based sensors 
[11] are considered one of the possible alternatives. 
 Recently, SpaceX successfully launched the ‘Fourth Transporter’ 
mission [13], which, in addition to commercial purposes, also in-
cluded scientific research. Students from the Netherlands and Chile 
developed devices incorporating graphene elements to study the ef-
fects of space travel and space conditions on graphene components. 
Graphene elements will undergo a series of tests to check their per-
formance and resistance to extreme conditions of the space envi-
ronment, such as vibrations, radiation, and temperature changes. 
The obtained data will be used to develop sensors and instruments 
for navigation and astronomical observations in space [13]. 

2. IMPACT OF γ-RADIATION 

Studying the impact of -radiation on graphene and micro- and 
nanoelectronic devices based on it is crucial due to their potential 
applications in the space industry and nuclear energy. Ensuring the 
reliability and long-term operation of such equipment requires un-
derstanding how -radiation affects various components and devel-
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oping devices and materials resistant to this type of radiation. 
 Y. Zhang and colleagues [14] investigated the influence of -
radiation on graphene layers. Graphene oxide was first obtained us-
ing the improved Hummers method, and then, graphene oxide was 
exfoliated to obtain graphene oxide. Subsequently, graphene oxide 
was transformed into graphene using sodium citrate. The prepared 
graphene underwent heat treatment in a nitrogen atmosphere and 
was later irradiated with -rays from a Co60 source at a dose of 
100 kGy with an accumulation rate of 2 kGy/h. Gamma irradiation 
resulted in a reduction in the distance between graphene layers, but 
it increased the size of the graphite crystal and the number of lay-
ers. The authors suggest that this increase was likely caused by 
cross-linking opened due to gamma irradiation [14]. 
 Other researchers investigated the impact of -radiation on gra-
phene-based devices. Xu and colleagues [15] studied the effects of -
radiation on graphene/Si Schottky diodes. Co60 served as the radia-
tion source, and the devices were irradiated without electrical bias. 
The devices were irradiated up to a dose of 10 kGy at a dose rate of 
0.5 Gy/s. The research revealed an increase in reverse current after 
irradiation. -radiation disrupted C=C bonds in graphene and Si–O 
bonds in SiO2. Photoelectron spectroscopy showed the formation of 
defects in the form of unpaired Si bonds. -irradiation of gra-
phene/Si Schottky diodes led to the degradation of their electrical 
characteristics, including a reduction in the Schottky barrier 
height, resulting in a significant increase in reverse current [15]. 
 Another team of scientists led by Xi [16] investigated the impact 
of -radiation on energy-independent memory using graphene nano-
disks (Fig. 1). Co60 was also used as the radiation source, and it was 
found that irradiation caused electron loss through photoemission. 
Despite significant shifts in the graphene and surrounding oxide 
conduction zone, data retention after irradiation remained satisfac-
tory. The researchers concluded that -radiation affects signifi-
cantly devices in programmed states, but data retention after irra-
diation is acceptable, with devices exhibiting good data retention 
even after irradiation with a dose of 10 kGy [16]. 

 

Fig. 1. Scheme of graphene nanodisk memory [16]. 
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 Similar results were obtained by a team of scientists from the 
Brookhaven National Laboratory [17] on Long Island, New York, 
USA. The team studied the impact of -quanta on the graphene 
field-effect transistor (GFET) schematic representation of the tran-
sistor shown in Fig. 2. Co60 served as the traditional radiation 
source, and the radiation dose was approximately of 1 kGy/h, simi-
lar to previous studies. The study found that transistors exhibit 
high sensitivity to this type of radiation. -radiation resulted in a 
decrease in electron mobility in graphene and a shift of the Dirac 
point towards positive p-doping. 
 Raman spectroscopy indicated an increase in the D-peak to G-
peak intensity ratio after -irradiation, suggesting an increase in 
disorder in monolayer graphene [17]. 
 As a result, it can be stated confidently that this type of irradia-
tion affects the physical and electrical properties of graphene. The 
acquired defects degrade graphene properties, and this type of ra-
diation influences the interactions between graphene and other sub-
stances within the device. It is noteworthy that, after such testing, 
all devices retained their functionality. 

3. IMPACT OF NEUTRON IRRADIATION 

It is crucial to understand the impact of neutron irradiation on 
graphene, as this material exhibits higher radiation resistance [18]. 
This characteristic makes it promising for use in various sensors in 
the space industry and, particularly, in nuclear energy, including 
future thermonuclear fusion reactors. 
 Eapen and colleagues [19] from the University of North Carolina 

 

Fig. 2. Schematic representation of the graphene field-effect transistor 
(GFET) [17]. 
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investigated the effects of neutron irradiation using the PULSTAR 
reactor with a flux of 2.8 10 9 dpa/s. The irradiation was performed 
at 325 K with an average fast neutron flux of 2 1012 n/(cm2 s). 
The Raman spectroscopy results showed an increase in the intensity 
of the D-peak after irradiation, indicating the formation of new de-
fects in graphene. X-ray photoelectron spectroscopy (XPS) results 
indicated changes in the chemical structure of irradiated graphene 
samples [19]. Specifically, a high content of sp3 bonds was noted, 
likely formed during heating and cooling. These sp3 bonds may sug-
gest the formation of new chemical bonds and defects in graphene. 
 In 2019, Bolshakova et al. [18] conducted the world’s first study 
on the influence of neutron irradiation on Hall sensors based on 
monolayer graphene. The study was conducted in-situ, meaning in-
formation was collected from Hall sensors located in a magnetic 
field in the operating reactor. The neutron flux in the reactor was 
of 1.5 1020 n/(m2 s). Graphene for Hall sensors was grown using the 
CVD method on a copper foil, and the substrate was made of Al2O3. 
The experiment lasted for 48 hours. After irradiation, the sensitiv-
ity of the sensors remained unchanged, indicating that graphene-
based sensors are resistant to neutron irradiation. 
 Another research team led by Semir El-Ahmar [6] also investi-
gated the effects of neutron irradiation on Hall sensors based on 
graphene passivated with a 100-nm Al2O3 layer. They used hydro-
gen-intercalated graphene grown on a semi-insulating high-purity 
single-crystal 4H-SiC(0001) substrate by the CVD method. Irradia-
tion was performed at the National Centre for Nuclear Research 
(NCBJ) using the MARIA research nuclear reactor. MARIA is a 
high-performance device for extracting nuclear energy with a ther-
mal neutron flux up to 2.5 1014 cm 2 s 1 and fast neutrons up to 
1.0 1014 cm 2 s 1. The samples were irradiated with fast neutrons at 
a fluence of 6.6 1017 cm 2 for an exposure time of 121 hours. Elec-
trical measurements were taken before and after irradiation, and 
the temperature during irradiation did not exceed 300 C [6]. 
 Raman spectroscopy revealed a characteristic defect D-peak, indi-
cating that the neutron flux penetrates through the Al2O3 layer to 
graphene, creating defects. Hall effect measurements showed that 
the structure after a nuclear reaction retained the characteristics of 
graphene, which would not have been the case, if the sheet had un-
dergone intensive chemical bonding with the substrate [6]. This in-
dicates the stability of graphene to neutron irradiation. As a result 
of the study, scientists found that the defect density was seven or-
ders of magnitude lower than the fluence, suggesting that graphene 
has a small cross-section for neutrons [6]. 
 Neutron irradiation leads to structural changes in graphene, in-
cluding the formation of defects and alterations in the chemical 
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structure. However, Hall sensors in two studies [6, 18] did not lose 
their functionality, demonstrating the resilience of graphene to 
neutron irradiation. 

4. IMPACT OF ION IRRADIATION 

The study of the impact of ion irradiation on graphene is essential, 
as this type of radiation can be used to create defects in graphene 
in the form of nanopores [20] and alter its properties. Ion irradia-
tion is also a common technique in the production of semiconductor 
devices [21]. Ions can be either atoms with unpaired electrons or 
whole molecules with unpaired charges [22]. 
 A research team led by Kichul Yoon [25] investigated the influ-
ence of ion irradiation on graphene using the Zeiss ORION NanoFab 
ion microscope, operating at a voltage of 25–27 kV and using the 
helium and neon gas atoms as ions for irradiating CVD-grown gra-
phene. Researchers observed the formation of various types of de-
fects, including single-atom vacancy defects (monovacancies) and 
Stone–Wales defects (STW). 
 Xu and the team [24] also studied the impact of low-energy (less 
than 50 eV) ion irradiation on graphene. Monolayer graphene sam-
ples were irradiated with various ions, including boron, nitrogen, 
and fluorine, with different energies and fluences. Analysis of the 
samples before and after irradiation was performed using X-ray 
photoelectron spectroscopy (XPS), X-ray spectroscopy, Raman spec-
troscopy, and scanning electron microscopy [24]. The research re-
vealed that low-energy ion irradiation can be successfully used to 
dope graphene with other atoms, but it also introduces damage and 
defects into the graphene [24]. The level of damage depends on the 
type of ion and fluence. Boron irradiation caused the least damage 
among the three types of ions considered, as this atom is the light-
est. Nitrogen and fluorine irradiation at high fluences led to sig-
nificant changes in the structure and properties of graphene, in-
cluding its transformation into amorphous carbon [24]. 
 Vázquez and the team proposed using this type of irradiation for 
graphene modification, specifically for creating nanopores, which 
could further be applied in filtration and sensing devices [21]. 
 Ion irradiation causes serious damage to the two-dimensional 
structure of graphene, a conclusion supported by other researchers 
as well [23–26]. 

5. IMPACT OF ELECTRON IRRADIATION 

Scanning electron microscopy and transmission electron microscopy 
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are crucial tools for studying micro and nanoscale objects, making 
the investigation of electron irradiation’s effects on graphene im-
portant due to potential damage to the studied samples. Addition-
ally, this type of radiation can be employed to control graphene 
properties, such as adding functional groups, altering electronic 
structure, or manufacturing graphene devices through electron 
beam lithography (EBL) [27]. 
 I. Childres and colleagues [29] presented data on the impact of 
electron irradiation on the electrical transport properties of 
monolayer graphene and the performance of devices based on this 
material. The irradiation resulted in a decrease in charge carrier 
mobility in graphene and the appearance of the D-peak in Raman 
spectroscopy, indicating defects induced by irradiation [29]. 
 Studying the impact of electron irradiation on graphene devices 
revealed two main effects: a reduction in the charge-neutral point 
(CNP) for substrate-supported graphene and a decrease in graphene 
mobility with the appearance of the D-peak in Raman spectroscopy, 
suggesting irradiation-induced defects [29]. 
 Similar conclusions were drawn by other researchers, including 
Yangbo Zhou and colleagues [30], who investigated mechanically 
exfoliated graphene layers irradiated with electron beams ranging 
from 1 keV to 30 keV. Irradiation doses were controlled by the 
beam current (from 0 1 pA at 2 keV to 130 1 pA at 30 keV). The 
study revealed that electron irradiation can lead to changes in the 
electrical characteristics of graphene devices, such as increased re-
sistance and reduced charge carrier mobility. The effects of irradia-
tion depended on electron energy and dose, with high-energy elec-
trons and large doses causing significant changes in graphene prop-
erties [30]. 
 Electron irradiation can also have a positive impact on the opera-
tion of graphene-based devices. Hossain et al. [31] investigated the 
influence of electron irradiation on graphene and 1/f noise (flicker 
noise). The level of 1/f noise is an important indicator for assessing 
material suitability for practical devices in various fields. The au-
thors demonstrated an interesting feature of 1/f noise in graphene: 
it decreases with an increase in the concentration of defects result-
ing from electron irradiation [31]. They found that bombarding 
graphene devices with 20 keV electrons can reduce the spectral 
noise density by an order of magnitude. The authors analyzed this 
noise reduction using mobility mechanisms and fluctuations in the 
number of charge carriers. The research results showed that elec-
tron irradiation introduces defects into graphene, confirmed by the 
appearance of disorder peaks in Raman spectroscopy. Interestingly, 
the noise level in graphene decreases after irradiation, contrary to 
the behaviour of traditional materials, where irradiation typically 
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increases noise levels [31]. This noise reduction is explained by de-
creased mobility caused by defect introduction. In graphene, mobil-
ity is limited by long-range Coulomb scattering from charged de-
fects, even at room temperature, unlike traditional materials where 
phonon scattering typically determines mobility limitations [31]. 
 In conclusion, electron irradiation influences graphene, altering 
its electronic properties and structure. It is important to use scan-
ning and transmission electron microscopes cautiously for graphene 
investigation and electron beam lithography (EBL) in the fabrica-
tion of graphene devices. Prolonged exposure can lead to a deterio-
ration of graphene device properties; so, optimal conditions should 
be adhered to for preserving its characteristics. 

6. IMPACT OF TEMPERATURE ON GRAPHENE 

Understanding how temperature affects graphene and graphene-
based devices is crucial for predicting and comprehending whether 
such devices can operate in high-temperature environments, such as 
nuclear fusion reactors. 
 Studies have shown that elevated temperatures can restore the 
properties of graphene and reduce defects that accumulate in sam-
ples during irradiation [6, 14, 24, 30]. The processing temperature 
in experiments was around 300 C. Performing several annealing cy-
cles proves to be more effective than a single annealing process [6]. 
These findings indicate that graphene possesses self-healing proper-
ties for defects induced by irradiation through annealing. 

7. CONCLUSION 

Summarizing the obtained results, it is noteworthy that all types of 
radiation have an impact on the structure of graphene, inducing 
defects in the material. It is evident that an increase in fluence and 
particle energy leads to a higher concentration of defects in gra-
phene. An important conclusion is that graphene-based sensors, 
even in the presence of defects, continue to function effectively, 
demonstrating the resilience of graphene to radiation. This opens 
up possibilities for the application of graphene in high-radiation 
environments where traditional semiconductors may not be effi-
cient. 
 Radiation exposure also allows for the modification of the gra-
phene structure, creating pores and altering the interactions be-
tween graphene and substrates. A significant outcome is the reduc-
tion in the 1/f noise level upon irradiation, in contrast to the in-
creased noise observed in classical semiconductors. Post-irradiation 
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material treatment contributes to defect reduction, indicating gra-
phene ability to compensate for them. 
 It is crucial to conduct more in-situ studies, particularly measur-
ing sensor characteristics during irradiation, rather than solely be-
fore and after, to gain a more precise understanding of the impact 
of radiation on device functionality. Considering the unique proper-
ties and radiation resistance of graphene, this material stands out 
as an excellent candidate for applications in nuclear energy and 
space exploration. 
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The characteristics of optical absorption and cytostatic activity under 
high-energy electron irradiation of a solution of doxorubicin (of anthracy-
cline class) in sodium chloride are studied. The energy of irradiating elec-
trons was of 1 MeV, and the absorbed dose was within 2–90 kGy. As 
proven, when sodium chloride is irradiated, the absorbed dose affects the 
optical absorption spectra of samples and leads to an increase in the cy-
tostatic effect of the drug. As shown, the optical spectra and cytostatic 
activity change with time in a co-ordinated manner. The dissolution of 
conium (of alkaloid class) in irradiated sodium chloride causes shifts of 
the maxima of the infrared absorption spectra of conium. A possible rea-
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Íàäðóêîâàíî â Óêðà¿í³. 
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son for the changes in solution properties, when using pre-irradiated so-
dium chloride, is the conformational rearrangement of the antitumour 
drug molecules. This effect can be caused by the interaction with 
bubbstons and their clusters, which are formed under the impact of irra-
diation. 

Ó ðîáîò³ äîñë³äæåíî õàðàêòåðèñòèêè îïòè÷íîãî âáèðàííÿ òà öèòîñòàòè-
÷íî¿ àêòèâíîñòè ï³ä ÷àñ îïðîì³íåííÿ âèñîêîåíåðãåòè÷íèìè åëåêòðîíà-
ìè ðîç÷èíó äîêñîðóá³öèíó (êëàñó àíòðàöèêë³í³â) ó Íàòð³þ õëîðèä³. 
Åíåðã³ÿ åëåêòðîí³â îïðîì³íåííÿ äîð³âíþâàëà 1 ÌåÂ, à óâ³áðàíà äîçà 
çíàõîäèëàñÿ ó ìåæàõ 2–90 êÃð. Äîâåäåíî, ùî çà îïðîì³íåííÿ Íàòð³þ 
õëîðèäó âåëè÷èíà óâ³áðàíî¿ äîçè âïëèâàº íà ñïåêòðè îïòè÷íîãî âáè-
ðàííÿ çðàçê³â ³ ïðèâîäèòü äî ïîñèëåííÿ öèòîñòàòè÷íî¿ ä³¿ ïðåïàðàòó. 
Ïîêàçàíî, ùî çì³íè îïòè÷íèõ ñïåêòð³â ³ öèòîñòàòè÷íî¿ àêòèâíîñòè â³ä-
áóâàþòüñÿ óçãîäæåíî â ÷àñ³. Ðîç÷èíåííÿ êîí³óìó (õåì³÷íîãî êëàñó àë-
êàëî¿ä³â) â îïðîì³íåíîìó Íàòð³þ õëîðèä³ çóìîâëþº çñóâè ìàêñèìóì³â 
²×-ñïåêòð³â óâ³áðàííÿ êîí³óìó. Ìîæëèâîþ ïðè÷èíîþ çì³íè âëàñòèâîñ-
òåé ðîç÷èíó çà âèêîðèñòàííÿ ïîïåðåäíüî îïðîì³íåíîãî Íàòð³þ õëîðèäó 
º êîíôîðìàö³éíà ïåðåáóäîâà ìîëåêóë ïðîòèïóõëèííîãî ïðåïàðàòó. Òà-
êèé åôåêò ìîæå çóìîâëþâàòèñÿ âçàºìîä³ºþ ç áàáñòîíàìè òà ¿õí³ìè 
êëàñòåðàìè, ùî âèíèêàþòü ï³ä âïëèâîì ðàä³ÿö³éíîãî îïðîì³íåííÿ. 

Key words: NaCl, doxorubicin, conium, bubbstons, optical absorption, 
high-energy electrons, radiation dose, cytotoxicity. 

Êëþ÷îâ³ ñëîâà: NaCl, äîêñîðóá³öèí, êîí³óì, áàáñòîíè, îïòè÷íå âáèðàí-
íÿ, âèñîêîåíåðãåòè÷í³ åëåêòðîíè, äîçà îïðîì³íåííÿ, öèòîòîêñè÷í³ñòü. 
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1. INTRODUCTION 

The problem of antimicrobial resistance in 2020 was proclaimed by 
the World Health Organization as one of the ten global public 
health threats facing humankind. 
 It should be noted that the use of anticancer chemotherapy drugs 
is associated with a number of significant problems. These problems 
include nonspecific action and high toxicity of anticancer drugs to 
organs and tissues not affected by the tumour. A serious obstacle to 
the therapeutic effect of drug therapy is the resistance of malignant 
tumours to cytostatics [1, 2]. 
 One of the most promising new approaches for modifying water-
soluble antitumour drugs has been developed at the Taras 
Shevchenko National University of Kyiv [3, 4]. It is based on the 
use of high-energy (of 1 or 2 MeV) electron irradiation of sodium 
chloride for injections before dissolving antitumour drugs in it. 
 Studies [5, 6] have shown that the cytostatic activity of doxoru-
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bicin and conium increases. The magnitude of the activity increase 
depends on the antitumour drug concentration, the radiation dose ² 
absorbed by sodium chloride, and the time interval between the ir-
radiation and determination of cytostatic activity. It is important 
that the above-mentioned drugs are related to different chemical 
compounds: doxorubicin belongs to the anthracycline class, while 
conium is an alkaloid. 
 The aim of the study is to investigate the mechanisms of high-
energy electron irradiation effect on the optical spectra and cy-
tostatic activity of doxorubicin and conium solution in sodium chlo-
ride pre-irradiated with electrons, and to assess the possibility of 
modifying existing antitumour drugs. 

2. MATERIALS AND EXPERIMENTAL PROCEDURE 

The absorption spectra of doxorubicin (Pharmacia Italia SpA, Italy) 
and conium (Conium maculatum, Weleda, Germany) solutions in 
sodium chloride were studied. Conium contains the alkaloids coniine 
(C8H17N), N-methylconiine (C9H19N), -coniceine (C8H15N), conhy-
drine (C8H17NÎ), and pseudoconhydrine (C8H17NÎ)). Sodium chloride 
for injections (0.9% NaCl, YURiA-PHARM, Ukraine) was used as a 
solvent for antitumour drugs. 
 The solvent was irradiated with electrons with energy of 1 MeV 
using a resonant linear electron accelerator Argus (pulse duration 
of 3.3 μs, pulse frequency of 400 Hz). The average current density 
of the electron beam was of 0.1 μA/cm2, which corresponded to a 
flow density of 6.25 1011 cm 2 s 1. The absorbed dose I was deter-
mined, considering that one gray (Gy) corresponds to a fluence of 
4.5 109 cm 2. The dose I absorbed by the solvent ranged from 2 to 
90 kGy. 
 The IR absorption spectra were recorded with a Bruker IFS-66 
spectrometer; the absorption spectra in the visible and ultraviolet 
(UV) ranges were recorded with a Shimadzu UV-260 spectropho-
tometer with a measuring range of 190–900 nm. 
 The luminescence was recorded with a CaryEclipse spectrofluoro-
meter (Varian) using a 1 1 cm2 quartz cell. 
 The cytostatic activity of doxorubicin was determined using 
Lewis lung carcinoma (LLC) cell line. 
 All samples for recording IR spectra were formed as KBr tablets. 
The IR spectra were recorded using a Bruker IFS 66 Fourier-
transform IR spectrometer (Germany) in transmission mode. The 
accuracy of the wave-number determination was 0.2 cm 1, the 
transmittance was determined with accuracy of 0.1%. The OPUS 
5.5 software package was used for the spectra recording and proc-
essing. 
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3. RESULTS AND DISCUSSION 

The effect of preliminary electron irradiation of sodium chloride for 
injections on the optical and cytostatic properties of doxorubicin 
and conium dissolved in it was studied. The Fourier-transform in-
frared (FTIR) absorption spectra A(I, k) in the UV range for 
doxorubicin after its dissolution in sodium chloride for injections, 
which was pre-irradiated with high-energy electrons, are shown in 
Figs. 1, 2. 
 The data shown in Fig. 1 indicate significant changes in the spec-
tra, which was caused by solvent irradiation. In the range of va-

 

Fig. 1. Absorption spectra for doxorubicin in the range 3800–2400 cm
1: curve 1 

(² 0 kGy), curve 2 (² 10 kGy), curve 3 (² 40 kGy), curve 4 (² 80 kGy). 

 

Fig. 2. Absorption spectra for doxorubicin in IR the range: curve 1 (² 0 kGy), 
curve 2 (² 10 kGy), curve 3 (² 40 kGy), curve 4 (² 80 kGy). 
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lence vibrations of OH–NH–CH molecular groups at 3800–2400 
cm 1, the intensity of this band increases for all samples with irra-
diated solvent without exception (curves 2–4). Besides, a shift of 
the maximum of this band to higher frequencies is observed com-
pared to the non-irradiated sample (1). 
 Analysis of the spectra in Figs. 1, 2 and the data listed in Table 1 in-
dicates that the position of the absorption maxima corresponds to the 

values of the corresponding normal vibration of a certain molecular 

group. A comparison of the positions of the peaks, which correspond to 

vibrations of the same groups of atoms of unirradiated sodium chloride 

and solution samples irradiated with different doses, showed that some 

absorption maxima shifted, split and sometimes vanished. These ef-
fects can be associated with specific interactions between molecular 

groups, bubbstons and free radicals that appeared after irradiation. 
 The complete vanishing of a maxima compared to the control 

TABLE 1. Maximums of IR absorption spectra of doxorubicin with saline 
irradiated by 1-MeV electrons with different doses. 

Wave-number, cm 1 

Dox NaCl Dox NaCl 
(irrad. 10 kGy) 

Dox NaCl 
(irrad. 40 kGy) 

Dox NaCl 
(irrad. 80 kGy) 

671.374 — — 671.374 
720.436 720.436 — 720.436 
763.186 763.186 759.225 763.186 
806.824 806.824 806.824 806.824 

— 846.113 846.113 846.113 
978.772 978.772 978.772 978.772 
1011.502 1011.502 1011.502 1011.502 
1075.962 1075.962 1075.962 1075.962 
1288.453 — — 1282.387 
1403.152 1403.152 1403.152 1403.152 
1572.995 1580.123 1575.697 1575.697 
1615.075 1615.075 1615.075 1615.075 
2925.531 2937.000 — 2925.531 

— 2980.385 2980.385 2980.385 
—  — 3348.112 
— 3450.845 3450.845 3450.845 
— 3600.645 — 3600.645 
— 3625.685 3625.685 3625.685 

3693.217 3700.760 3700.760 3700.760 
3722.331 3722.331 3722.331 3722.331 

— 3750.509 3750.509 3750.509 
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sample occurs due to changes in the conformational characteristics 
of molecules belonging to those molecular groups whose vibrations 
have corresponding frequencies (Table 1). Since vibrations are ac-
tive in the IR spectrum only when they lead to a change in the di-
pole moment of a molecule, those molecular groups, whose maxima 
vanish after irradiation, do not affect the total dipole moment of 
the molecule because they oscillate near the centre of symmetry. 
 This conclusion correlates with the findings of the analysis of the 
spectra in the range 500–1000 cm 1, in which the deformation vi-
brations of hydrogen bonds contribute. A significant increase in the 
absorption intensity is also observed, which is the largest in the 
spectrum 2. At the same time, no significant shifts of bands are ob-
served in the range corresponding to vibrations of C=O double 
bonds and deformation vibrations of ÑÍ. 

The increase in the intensity of the bands along with high-
frequency shifts can indicate an increase in the number of hydrogen 
bond groups in the case of valence vibrations. The distortion of the 
planar shape of the doxorubicin molecule due to the free rotation of 
its parts around single bonds can lead to a change in the positions 
of the maximums of the absorption bands with a frequency shift to 
the low-frequency range of the spectrum. These effects can be 
caused by nonspecific interactions between the molecular groups of 
doxorubicin and the radiolysis products of the solvent water. This 
conclusion is confirmed by the data presented in Fig. 3, which 
shows the effect of irradiation by value ( , ) (0, )A I k A k , where 
A(I, k) A(I, k) A(0, k) (A(0, k) A(I 0 kGy)) in the FTIR spectra 

of doxorubicin solution. 
 The curves 1, 2, and 3 in Fig. 3 are given by functions 

( 10,kGy)

(0, )

A I

A k
, 

( 40,kGy)

(0, )

A I

A k
, and 

( 80,kGy)

(0, )

A I

A k
, 

respectively. According to the spectra in Fig. 3, À(², k1,2)/A(0, k1,2) 7 

for all used values of I and wave-numbers k1 668.94 cm
1
 and 

k2 900.60 cm
1. This behaviour of À(², k) may indicate the invariance 

of the power centres responsible for the absorption of waves with wave-
numbers k1, k2, and their coagulation under the influence of irradia-
tion with high-energy electrons. 
 The dependence of the optical absorption spectra of doxorubicin 
solution in the UV and visible range on the absorbed dose was in-
vestigated (see Fig. 4). 
 The time interval between the irradiation of the samples and the 
measurements shown in Fig. 4 did not exceed ten days. During this 
time, no changes in each of the spectra were observed for all I un-
der study. The absorption value of doxorubicin solution in the visi-
ble range (Fig. 4) does not monotonically depend on I that is consis-
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tent with the data obtained for the infrared range (Figs. 1, 2). The 
optical spectra recorded within ten days after solvent irradiation 
were analyzed using the OriginLab software package. The experi-
mental spectra were approximated by linear combinations of Lor-
entzian functions (Fig. 5). 
 The dose dependence of the position of the maxima of the absorp-
tion spectra in the UV and visible range, recorded immediately after 
solvent irradiation and preparation of doxorubicin solutions, is pre-
sented in Table 2. 
 The results of the analysis of the obtained spectra indicate shift-
ing of the maxima (Table 1) and dramatic changes in their intensi-
ties, depending on the solvent irradiation dose. 

 

Fig. 3. Ratio of difference in absorbances of irradiated and non-irradiated 
doxorubicin solution to absorbance of non-irradiated doxorubicin. 

 

Fig. 4. Optical absorption spectra of doxorubicin solution in the UV and 
visible range: curve 1—I 0 kGy, curve 2—I 10 kGy, curve 3—I 40 kGy, 
curve 4—I 80 kGy. 



496 M. A. ZABOLOTNYY, L. I. ASLAMOVA, G. I. DOVBESHKO et al. 

 The effect of irradiating solvent on an alkaloid drug (conium) 
was also studied in order to compare it with an anthracycline drug 

  
a      b 

  
c      d 

Fig. 5. Approximation of absorption spectra of doxorubicin solution in so-
dium chloride in the UV range by linear combinations of Lorentzian func-
tions: (a) ² 0 kGy, (b) ² 10 kGy, (c) ² 40 kGy, (d) ² 80 kGy. 

TABLE 2. Position of maxima of absorption spectra in the UV and visible 
range as a function of dose in optical absorption spectra. 

/I, kGy irrad. 0 kGy irrad. 10 kGy irrad. 40 kGy irrad. 80 kGy 
, nm 192.57 195.10 194.59 206.20 
, nm 229.32 230.31 230.83 248.51 
, nm 255.81 255.34 255.27 — 
, nm 289.45 290.06 290.79 292,04 
, nm 471.44 474.53 474.71 474.34 
, nm 509.07 510.72 510.81 510.13 
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(doxorubicin). 
 The addition of solvent (Fig. 6) irradiated with different doses of 
electron radiation affected the position of the maxima of the 
conium absorption bands: 1120 cm 1 line (curve 1) shifted to 1106 
cm 1 (curve 2), then, to 1089 cm 1 (curve 3). This shift of the ab-
sorption lines of conium in the vibrational range of the IR spectrum 
indicates a change of conformational state caused by the interaction 
with bubbstons (their clusters) present in the irradiated solvent. 

The cytostasis of doxorubicin dissolved in sodium chloride irradi-
ated with high-energy electrons in comparison to a non-irradiated 
solvent was studied. Figure 7 shows the numbers of live LLC cells 
in percentage (N) after 24-h incubation of doxorubicin solution for 

 

Fig. 6. Dependence of normalized absorption of conium on wave number 
for 0.9% NaCl solution non-irradiated (curve 1) and irradiated with dif-
ferent doses of absorbed electron radiation: 2—5 kGy, 3—10 kGy. 

 

Fig. 7. Cytostatic effect of doxorubicin dissolved in irradiated and non-
irradiated sodium chloride solvent. 
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different concentrations (X). 
 In Figure 7, curve 1 shows the percentage of live LLC cells after in-
cubation of doxorubicin dissolved in irradiated (I 40 kGy) sodium 

chloride for different concentrations of doxorubicin; curve 2 shows the 

percentage of live cells for the non-irradiated solvent; curve 3 shows 

difference of curves 2 and 1. The dependences in Fig. 7 show the effect 

of the irradiated solvent depending on the doxorubicin concentration. 
 A possible reason for the changes in the spectra of doxorubicin solu-
tion, when using a pre-irradiated solvent, is the conformational rear-
rangements in the antitumour drug molecules caused by the interaction 

with bubbstons and their clusters under the radiation exposure. The 

space distribution of the electric field of single bubbstons was studied 

in Refs. [6–8], but the formation of bubbston clusters has not been fully 

investigated. On the one hand, solving this problem is complicated due 

to the nonlinear nature of the equations describing the electric field of 

the double electric layer of a bubbston; on the other hand, it is due to the 

lack of information about the polarization, deformation, and forces of 

individual bubbstons and their clusters. When bubbstons coagulate, 

their spherical symmetry is broken; the fractal dimension of coagulants 

depends on the mechanisms of cluster growth [7]. 
 Usually, the electric potential distribution (k) in the vicinity of 
a single spherically symmetric bubbston is determined using the 
Poisson–Boltzmann equation [9] and information on the distribution 
of counter-ions (n0) and density (r) around the inner positively 
charged surface of the air–liquid interface [10]. 
 In the case of spherical symmetry of the nanoparticle and zero 
total charge of the nanoparticle and the adjacent layer of singly-
charge counter-ions with a concentration of n0, the corresponding 
equations are [10, 11] as follow: 

0

2
0 4 ( ) 0

R

Q r r dr , 2 0
2

0 0

21 ( ) ( )
sinh ( )

enr r
r r

r r r
, (1) 

where R0 is the radius of the bubbston air bubble, 0 is the vacuum 
permittivity,  is the dielectric constant, Ò is the ambient tempera-
ture, kB is the Boltzmann constant, and ( )Be k T . 
 At low values of electrical energy, 

 
( )

1
B

e r

k T
, (2) 

the Debye radius (RD) is supposed to be 0
2

02
B

D

k T
R

e n
. Therefore, 

the RD decreases with increasing n0 caused by irradiation. 
 Using the Maple 2019 software, Eqs. (1) were solved numerically 
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for n0 1021, 3 1021, 1022 m 3. The parameter RD was estimated by 
the co-ordinate of the point r0, at which the derivative (r)/r r0 
differs from the tangent of the angle at the point R0. This analysis 
showed that the space dimensions of bubbstons decrease, when so-
dium chloride is irradiated with electrons, causing changes in the 
distribution of ponderomotive forces near a bubbston. 

4. SUMMARY 

The mechanisms of antitumour drug modification of doxorubicin 
and conium solutions in sodium chloride for injections, irradiated 
with high-energy electrons, are investigated. Modifications of exist-
ing antitumour drugs without adding foreign nanoparticles are de-
veloped. It should be noted that doxorubicin belongs to the chemical 
class of anthracyclines, and conium belongs to the class of alka-
loids. 
 It is shown that the absorption spectra of doxorubicin solution in 
the infrared range are characterized by a non-monotonic dependence 
of the ratio of intensities of high- and low-frequency maxima on the 
absorbed dose. This behaviour is caused by the coagulation (cluster-
ing) of bubbstons, which can occur at high bubbston concentrations 
(at high doses of absorbed radiation). 
 The radiation dose absorbed by sodium chloride affects the spec-
tral dependence of the absorption of doxorubicin dissolved in it (in 
the visible range). In the range 175–250 nm, the absorbance de-
creases, however, in the range 250–600 nm, it increases as com-
pared to the absorbance of doxorubicin solution prepared with non-
irradiated solvent. The value of the absorption difference modulus 
in the visible range of the spectrum increases monotonically with 
increasing absorbed radiation dose, which does not coincide with the 
behaviour in the infrared range. This is associated with the depend-
ence of molecular absorption processes on the frequency of electro-
magnetic radiation. 
 It is shown that the addition of an irradiated solvent affects the 
positions of the maximums of the conium absorption bands. The ab-
sorption line at 1120 cm 1 shifts to 1106 cm 1, and then, to 1089 
cm 1. This shift of conium absorption lines in the vibrational range 
of the IR spectrum can indicate changes in its conformational state 
caused by interaction with bubbstons (or their clusters) present in 
the irradiated solvent. The effect of irradiation (I 2 kGy, 5 kGy) 
on the IR spectra of the conium solution was observed over the 
course of two weeks. 
 The study of the doxorubicin pharmacological activity performed 
using the Lewis lung carcinoma cell line proved that pre-irradiation 
of sodium chloride with high-energy electrons before dissolving 
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doxorubicin increased the cytotoxic/cytostatic effect of the drug. 
This effect was most pronounced at relatively low concentrations. 
 The optical effects of doxorubicin dissolved in pre-irradiated so-
dium chloride decreases significantly after two four months; the 
higher the radiation dose, the slower the relaxation processes pro-
ceed. The forces of interaction of bubbstons during their clustering 
depend on their mutual orientation and are non-central. 
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Electromagnetic radiation emitted from various sources need to be shield-
ed. Especially, in case of human beings, this is of prime significance. EMI 
shielding can be done using various shields with more and more flexibility 
through stretchable, bendable, and droppable shields. In view of human 
health and its importance, lot of emphasis has been laid in developing tex-
tile fabrics, which can exhibit shielding properties along with mechanical 
strength, based on textile structure and material. The required character-
istics such as electric and magnetic properties in normal textile fabrics 
are not up to the mark. Hence, these properties are to be added. This can 
be achieved by coating the layer, conductive yarn or magnetic fibre inte-
gration, etc. Based on the previous work done, an attempt was made to 
review the various materials and their use for this very purpose. This 
mainly includes fabrics with metal coating, MXene coating, carbon coat-
ing, etc. It is observed that high conductivity and effective EMI shielding 
make MXenes to be in the forefront in EMI shielded fabrics, while other 
coatings (magnetic and conductive) will be the next choice. 

Åëåêòðîìàãíåòíå âèïðîì³íåííÿ, ùî âèïðîì³íþºòüñÿ ð³çíèìè äæåðåëà-
ìè, ïîòðåáóº åêðàíóâàííÿ. Öå ìàº ïåðøî÷åðãîâå çíà÷åííÿ, îñîáëèâî 
äëÿ ëþäåé. Åêðàíóâàííÿ â³ä åëåêòðîìàãíåòíèõ ïåðåøêîä ìîæå áóòè 
çä³éñíåíå çà äîïîìîãîþ ð³çíèõ åêðàí³â ç á³ëüøîþ ãíó÷ê³ñòþ çàâäÿêè 
ðîçòÿæíèì, ãíó÷êèì ³ ñêèäàëüíèì åêðàíàì. Ç îãëÿäó íà âàæëèâ³ñòü 
çäîðîâ’ÿ ëþäèíè, âåëèêó óâàãó ïðèä³ëÿþòü ðîçðîáö³ òåêñòèëüíèõ òêà-
íèí, ÿê³ ìîæóòü ïðîÿâëÿòè åêðàíóâàëüí³ âëàñòèâîñò³ ðàçîì ç ìåõàí³÷-
íîþ ì³öí³ñòþ, çàëåæíî â³ä ñòðóêòóðè òåêñòèëþ òà ìàòåð³ÿëó. Ïîòð³áí³ 
õàðàêòåðèñòèêè, òàê³ ÿê åëåêòðè÷í³ òà ìàãíåòí³ âëàñòèâîñò³, ó çâè÷àé-
íèõ òåêñòèëüíèõ òêàíèí íå â³äïîâ³äàþòü âèìîãàì. Òîìó ö³ âëàñòèâîñò³ 
íåîáõ³äíî äîäàòè. Öüîãî ìîæíà äîñÿãòè øëÿõîì íàíåñåííÿ ïîêðèòòÿ, 
ïðîâ³äíî¿ íèòêè àáî ³íòå´ðàö³¿ ìàãíåòíîãî âîëîêíà òîùî. Íà îñíîâ³ ïî-
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Íàäðóêîâàíî â Óêðà¿í³. 
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ïåðåäíüî¿ ðîáîòè áóëî çðîáëåíî ñïðîáó ïåðåãëÿíóòè ð³çí³ ìàòåð³ÿëè òà 
âèêîðèñòàííÿ ¿õ ñàìå äëÿ ö³º¿ ìåòè. Öå ãîëîâíèì ÷èíîì âêëþ÷àº òêà-
íèíè ç ìåòàëåâèì ïîêðèòòÿì, ïîêðèòòÿì ìàêñåíàìè, âóãëåöåâèì ïîê-
ðèòòÿì òîùî. Ïîì³÷åíî, ùî âèñîêà ïðîâ³äí³ñòü é åôåêòèâíå åêðàíóâàí-
íÿ â³ä åëåêòðîìàãíåòíèõ ïåðåøêîä âèñóâàþòü ìàêñåíè íà ïåðåäí³é 
ïëàí ó òêàíèíàõ, ùî åêðàíóþòü â³ä åëåêòðîìàãíåòíèõ ïåðåøêîä, òîä³ 
ÿê ³íø³ ïîêðèòòÿ (ìàãíåòí³ òà ïðîâ³äí³) áóäóòü íàñòóïíèì âèáîðîì. 

Key words: textile fabrics, EMI shielding, shielding effectiveness. 

Êëþ÷îâ³ ñëîâà: òåêñòèëüí³ òêàíèíè, åêðàíóâàííÿ åëåêòðîìàãíåòíèõ 
ïåðåøêîä, åôåêòèâí³ñòü åêðàíóâàííÿ. 
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1. INTRODUCTION 

EMI (Electromagnetic Interference) is a phenomenon that takes 
place, when an electromagnetic field disturbs the operation of an 
electronic device close to it. Various EMI-shielding materials pro-
tect devices and human beings from this radiation by reflecting or 
absorbing it [1, 2]. In spite of huge increase in usage of electronic 
devices, shielding of human as well as equipment from EM waves is 
of prime importance. Since life without technology is not possible, 
electromagnetic irradiance even though dangerous for devices and 
human beings needs to be used in daily life. Many devices like 
switches, regulators, and circuit boards are likely to become defec-
tive due to EMI. These radiations also effect human cells and capa-
ble of altering DNA. Human cells subjected to EM radiation might 
lead to cancer. In addition, exposure to EM radiation leads to fa-
tigue, stress and many other diseases. Earlier reports indicated bio-
logical impacts of EM radiation from various home appliances like 
TV, oven, etc. It was reported that exposure to microwaves impacts 
bone marrow and liver tissues [3, 4]. 
 Figure 1 shows some of the non-cancerous effects of low frequen-
cy in the human beings. 
 Recent focus on developing EMI-shielding devices was towards 
usage of textile fabrics. Since textile fabrics are thin, lightweight, 
and flexible, they are preferred especially in view of cyber security. 
Reflection by conductive materials that lead to secondary electro-
magnetic radiation can be minimized through absorption [5, 6]. 
This mechanism in EMI shielding is widely used in medical electri-
cal equipment. Generally, shielding materials are tested between 
104–1012 Hz for computers, motors, and power lines [7, 8], while as 
other experiments like magnetic resonance tomography are tested 
for low frequencies [9, 10]. Various frequency ranges in a shielding 
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material demand various physical properties [11]. 
 Figure 2 shows the mechanism of EMI shielding. 
 The effectiveness of shielding (SE) is given by: 

 1 020log  or as 10log
t

P
SE T SE

P
, (1) 

 R A MSE SE SE SE , (2) 

where SE is a parameter comprises of shielding due to reflection 
(SER), absorption (SEA), and multiple reflections (SEM) inside the 
shielding material. T represents the transmission coefficient, P0 and 

 

Fig. 1. Non-cancerous effects of low frequency in the human beings [4]. 

 

Fig. 2. Schematic representation of the EMI-shielding mechanism [4]. 
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Pt represent powers without and with shielding [12, 13]. Textile-
based EMI shielding has gained more significance in recent times 
due to advent of novel materials such as MXenes. It is reported that 
EMI shielding depends on reflection and absorption inside the 
shielding fabric [12]. The thickness, porosity, conductivity, dielec-
tric and magnetic properties influence shielding properties in tex-
tiles. If the thickness of the fabric is very small, multiple reflec-
tions need to be considered [14]. 
 In general, electrical conductivity and thickness of a material de-
termine high-frequency properties, while low-frequency properties 
are determined by magnetic properties [15–24]. Different methods 
are reported, while probing EMI shielding in materials. These in-
clude free space, shielded box, shielded room and coaxial transmis-
sion-line methods [25]. Coaxial transmission method is used between 
10 kHz to 1 GHz. Free space method is preferred, if large distance 
exists between antenna and the device. Shielded-box method was 
confined to approximately 500 MHz with low reproducibility. 
Shielded room method uses an anechoic chamber, which is unsuita-
ble for specimens in small size [26]. Various materials are used in 
EMI-shielding materials and some of them are discussed in the next 
subsequent sections. 

2. ROLE OF MXenes IN EMI SHIELDING 

Many techniques in preparation of EMI shielded fabrics are based 
on fibres, metal coating, and carbon coating. However, MXenes and 
their use in preparation of conductive coatings were widely report-
ed. MXenes are 2D layered materials with nitrides [27]. Even 
though their preparation [28–30] is not mentioned in this review; 
sixty plus MXenes with different chemical composition and proper-
ties were reported [31]. 

2.1. MXene Coating 

2D nature of MXenes makes them significant as coatings on textile 
fabrics. Electromagnetic interference shielding in combination with 
solar water evaporation as well as photothermal conversion was re-
ported [32]. SiO2 nanoparticles and PFOTES along with MXene were 
combined to yield shield effectiveness of 36 dB. Similarly, MXene 
textiles of bark shape demonstrated high effectiveness, good Joule 
heating and piezoresistive sensing [33]. It is reported that bark 
shape enhanced EMI-shielding effectiveness. Similarly efficient fab-
ric shield with good electrical conductivity and low resistance with 
MXene loaded on cotton fabric that can be used as strain sensor to 
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detect human motion was reported [34]. Basalt fibre fabrics are 
used as EMI shields [35]. Combination of Mxene with polymer net-
work results in a textile fabric EMI shielding [36]. Samples without 
Mxene have almost zero EMI shielding in X-band [37]. Polyethylene 
terephthalate textiles applied with Ppy-modified Mxene sheets are 
coated with silicon. This yields 1000-S/m electrical conductivity 
and shielding efficiency of 90 dB [38]. Mxene combined with Pani 
nanowires on carbon-fibre fabric with PDMS coating reported a 
conductivity of 325 S/m and 35-dB effectiveness [39]. In a similar 
way, 3-dimensional nanoflower structure gives an effectiveness of 
52 dB efficiency in X-band [40]; Mxene with metal reported 54 dB 
in X-band [41]; MXene with carbon-based conductive materials re-
ported about 43 dB shielding [42]. 

2.2. MXene Fibres 

Apart from MXenes, another possibility is to use MXene fibres. 
MXene fibres can be used as core in a coaxially spun fibre [43]. 
MXene fibres are reported to exhibit a shielding effectiveness of 27 
to 33 dB for single layer with conductivity of 105 S/m. If 3 layers 
are considered, SE was up to 100 dB. Coaxial spinning of MXene 
core and aramid nanofibre shell has an efficiency of 83 dB [44]. 
Similarly, MXene fibres designed from MXene–glutaraldehyde (GA) 
solution with thermal drawing yield SE of 50–60 dB in X-band 
[45]. In continuation, short MXene fibres, which produce MXene 
nonwoven, yielded SE of 75 dB in X-band [46]. Similarly, a combi-
nation of reduced graphene oxide (rGO) and MXene to form a core 
shell aerogel reported to have SE value up to 83 dB, which could 
sustain 83% even after four months [47]. 

3. ROLE OF METALS IN EMI SHIELDING 

Majority of the metals exhibits very high conductivity. However, 
low conductivity was seen in case of thin films and transition met-
als [48, 49]. Based on the magnetic properties, metals are used as 
coating to produce EMI shielding. 

3.1. Metal Coatings & Metal Wires 

Fabrics coated with metal (smart textiles) are used as strain sensors 
to detect human motion [50], as electrodes in ECG [51], textile bat-
teries [52], textile solar cells [53], etc. In the same way, it was re-
ported that EMI-shielding properties can be added to textile fabrics 
by metal coating. In this context, copper-coated polyester nonwoven 
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was of importance [54]. As shown in Fig. 2, thick layer of copper 
was formed on the fibre, which reported a shielding effectiveness of 
42 dB to 63 dB between 30 MHz to 1.5 GHz, depending on the coat-
ing thickness. In multilayer systems, 90 dB can be attained with 
three to five layers of copper-coated nonwoven fabrics. 
 Figure 3 shows a copper-coated PES fabric. 
 By using the above material, 30 to 55 dB can be attained between 
0.5 GHz–1.5 GHz in a PES nonwoven fabric. This uses electroless 
plating of copper [55]. Apart from copper, silver is often selected to 
get high conductivity in coating. An oxidized-cellulose textile sur-
face exhibited 47 dB and 69 dB for single and triple layers [56]. 
 Combination of silver nanowires with Fe3O4 nanoparticles pro-
duced SE of 60 dB for single fabric layer and 100 dB for three fab-
ric layers in X-band [58]. Silver nanowires combined with CNTs 
reached more than 51 dB EMI shielding [59]. A PES woven fabric, 

 

Fig 3. Copper-coated PES fabric [54]. 

 

Fig. 4. EMI-shielding mechanism in copper-based activated carbon fibres 
[57]. 
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when dipped in Ni(CH3CO2)2 solution along with hydrazine hydrate, 
formed nickel nanoparticles on the surface of the fabric giving rise 
to 32-dB effectiveness. This is due to the ferromagnetic and con-
ductive nature of nickel [60]. Keeping the mechanical, thermal, and 
chemical stability in view, various researchers opted for embedding 
of metal nanoparticles in polymeric coatings. A textile fabric im-
mersed in PVB–ethanol solution embedded with silver nanowires 
yield an effectiveness of 59 dB between 5–18 GHz [61]. Silver nan-
owires with polyurethane layer exhibit SE of 64 dB that reduced by 
11% after 20 washing cycles and to 18% after 5000 cycles. This 
fabric can be used as for various applications, where washing of 
fabric is essential [62]. 
 Apart from these regular metals in nanoform, liquid metals are 
proposed. This include In, Pb, Ga, Bi, Sn, etc. with low melting 
points. A combination of liquid metal and PDMS coating yielded 73-
dB efficiency [64, 65]. 
 Apart from coating of textiles, metal wires can be inserted. In-
stead of polyamide filament yarns coated with silver, yarns with 
stainless-steel fibres are being used in smart textiles [66–69]. Since 
stainless-steel fibres exhibit magnetic properties, they are suitable 
for EMI shielding [70]. In place of stainless-steel yarns, self-spun 
yarns, which include stainless-steel wires, are widely used for EMI-
shielding textile fabrics. A ring-spun composite yarn from stainless 
steel and polyester fibre reached EMI-shielding effectiveness of 31–
35 dB in the range of 8.2–18.0 GHz [71–73]. A wrap yarn with 
same combination has SE around 5–28 dB for various wrapping 
densities in the frequency range of 4–8 GHz [74]. However, metal 
coatings are reported to have higher shielding effectiveness as com-
pared to metal-wire approach [75, 76]. 

 

Fig. 5. Mechanism of Ag/aminated GO-based cotton fabrics [63]. 
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4. ROLE OF CARBON IN EMI SHIELDING 

Designing of textile fabrics with carbon coating or carbon fibres 
was one of the techniques investigated. Carbon coated textiles are 
used in batteries, sensors [77], and electronic textiles [78–80]. Car-
bon has various forms like quantum dots, graphene, CNTs, carbon 
black and graphite [81]. Based on their dimension, carbon can have 
different conductivities [82]. Based on these conditions, they are 
well suited for EMI-shielding applications. 

4.1. Carbon Coatings, Carbon Fibres, and Filaments 

Carbon coatings with CNTs (carbon nanotubes) on fabrics enhance 
their EMI-shielding effectiveness. 1D-shape high anisotropic con-
ductivity of carbon nanotubes influence EMI-shielding properties. 
Usage of CNTs along cotton fibres has SE of 21.5 dB in X-band and 
20.8 dB in Ku-band [83]. 
 By adding graphene, SE was enhanced [4]. EMI-shielding effec-
tiveness was increased to 55 dB by adding ZnO nanoparticles and 
rGO in a textile coating [85] as desired in most of the shielding ap-
plications. Apart from copper, silver nanowires in combination with 
graphene reached SE of 72 dB at 8.2 GHz [90]. Usage of rGO sheets 
with silver nanoparticle coating on a fabric reach SE of 27 dB in X-
band [86]. Combination of CNTs with nickel ferrite (NiFe2O4) coat-
ing on a textile fabric reached SE of 84 dB in X-band with en-
hanced structural stability and thermal conductivity [87]. Apart 
from carbon material and metal fillers’ combination, conductive 
polymers are also used. It is reported that PANI polymerized on 
CNT improved distribution of CNT on cotton fabrics [88]. Usage of 
recycled carbon fibres reached SE of around 30–70 dB. In a similar 
way, 73 dB of SE with carbon fibre/TPU composite was reported 
[89]. 
 These are some of the materials and methods reviewed in prepa-

 

Fig. 6. EMI-shielding mechanism for PDMS/MWCNT-based cotton fabric 
[84]. 
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ration of fabric textiles, which exhibit EMI shielding. Majority of 
the assessments were carried out in X-band, and a shielding effec-
tiveness of about 30–90 dB was reported. The samples are of thick-
ness below 1 mm. These values correlate with SE values of electro 
spun nanofibre mats [13]. Based on various factors, EMI-shielding 
fabrics, macroscopic textiles, and nanofibrous mats can be used in 
variety of applications. 

5. CONCLUSIONS AND FUTURE PERSPECTIVES 

Smart textiles and research in their area is widely enhancing in 
view of their EMI-shielding properties. Required physical proper-
ties, which include electrical and magnetic conductivity, may be 
added to regular fabrics by coating with conductive polymers, car-
bon- or metal-based coatings as well as MXenes. Apart from this, 
developing of yarns using metal wires or carbon fibres to produce 
EMI-shielding textile fabrics is of significance. In this review, some 
of the developments in this area of research were presented. In 
many cases, 30-dB to 100-dB EMI-shielding effectiveness based on 
various coatings was observed. Various approaches may be used to 
obtain high EMI-shielding effectiveness not limited to X-band, but 
also in other frequency ranges. 
 Future research is mainly focused on investigating more and 
more materials to dig their inherent properties and tailor them to 
act as a durable EMI shield. Emphasis should be laid on polymers 

 

Fig. 7. Schematic representation of future perspectives [4]. 
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and natural chemicals, which suit for EMI shielding. This would be 
economical and environment friendly. Fabrics should be reusable 
and could withstand various conditions like stress and strain. Since 
the effectiveness is reported to decrease with multiple washes, self-
cleaning techniques need to be envisaged. In view of the significant 
potential for development of EMI-shielding fabrics at various work 
places with different conditions, emphasis need to be towards devel-
opment of durable, flexible, and lightweight textiles for EMI-
shielding applications. 
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Gallium arsenide GaAs nanoparticles are prepared in water using laser 
ablation method. The optical properties and energy gap of the colloidal 
solution are investigated using UV-visible spectrometer; the absorption 
peaks are observed between 200 and 300 nm wavelength, and the energy 
gap is calculated of about 1.86 eV. Zeta potential value is of about 
22.18 mV that gives the impression of acceptable stability of the colloi-

dal solution. 

Íàíî÷àñòèíêè àðñåí³äó ¥àë³þ GaAs áóëî îäåðæàí³ ó âîä³ ìåòîäîì ëàçå-
ðíî¿ àáëÿö³¿. Îïòè÷í³ âëàñòèâîñò³ é åíåðãåòè÷íó çàáîðîíåíó çîíó êîëî¿-
äíîãî ðîç÷èíó áóëî äîñë³äæåíî çà äîïîìîãîþ ÓÔ-îïòè÷íîãî ñïåêòðîìå-
òðà; ï³êè âáèðàííÿ áóëî ñïîñòåðåæåíî â ä³ÿïàçîí³ äîâæèí õâèëü â³ä 
200 äî 300 íì, à åíåðãåòè÷íó çàáîðîíåíó çîíó áóëî ðîçðàõîâàíî ïðèá-
ëèçíî ó 1,86 åÂ. Çíà÷åííÿ äçåòà-ïîòåíö³ÿëó ñòàíîâèëî ïðèáëèçíî 
22,18 ìÂ, ùî ñòâîðþº âðàæåííÿ ïðèéíÿòíî¿ ñòàá³ëüíîñòè êîëî¿äíîãî 

ðîç÷èíó. 

Key words: gallium arsenide GaAs, laser ablation, zeta potential, optical 
properties of GaAs. 

Êëþ÷îâ³ ñëîâà: àðñåí³ä ¥àë³þ GaAs, ëàçåðíà àáëÿö³ÿ, äçåòà-ïîòåíö³ÿë, 
îïòè÷í³ âëàñòèâîñò³ GaAs. 
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1. INTRODUCTION 

Studying the optical properties of the semiconductors gives a clear 
indication to determine the nature of the use of a substance semi-
conductor, and to understand the mechanism of electronic transfers 
between energy bands by measuring the absorption of radiation by 
the semiconductor and its transmittance. All semiconducting mate-
rials share an important and distinctive feature in a scheme of ab-
sorption, which is the increase in absorbance when the absorbed ra-
diation energy becomes equal to the gap energy and this point has 
been called the fundamental absorption edge [1]. 
 Progress in solid-state physics has been characterized by a shift 
in dealing with large crystals to dealing with small crystals that are 
characterized by the length of at least one of their dimensions being 
within the range (100–1 nm). The change in dimensions affects the 
properties of the electron in the semiconductor, such as the Broglie 
wavelength and the wave behaviour of the particle; particles behave 
wave-like. In addition, the decrease in the size of the crystals leads 
to a greater separation of the energy levels and an increase in the 
effective energy gap, which leads to the appearance new physical 
properties due to quantum effects such as quantum Hall effects, 
quantum conductance oscillations [2, 3]. 
 Nanotechnology is any technology that is accomplished on a 
nanometer scale and has many applications. Nanotechnology in-
cludes the production and application of physical, chemical, and life 
(biological) systems on a scale that extends from a single atom or 
molecules to dimensions of a fraction of a micron, as well as the in-
tegration of the resulting nanostructures into systems [4]. 
 The process of manufacturing materials on the nanoscale can be 
done in two ways, the first is self-assembly, or called a bottom-up 
approach, in which nanomaterial are built atom by atom (atom-by-
atom), the second method is called top-down approach, in which ma-
terials are sculpted to obtain their nanosize [5, 6]. 
 The concept of the assembly method was derived from natural 
biological processes where molecules combine to form a more com-
plex compound with nanoscopic dimensions. In this method, the 
secondary units assemble and organize into a final structure charac-
terized by the lowest possible free energy, and this process is di-
rected according to the properties of the secondary units. The 
nanostructure or microstructure can be obtained from one or more 
building components. For example, the superlattice resulting from 
the assembly of magnetic and semiconducting nanoparticles, in 
which the nanocrystal contains two construction components and is 
characterized by specifications, which differ from the properties of 
separate universes, as seen in Fig. 1 [3, 7]. 
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2. EXPERIMENTAL METHOD 

Laser ablation method has been used to prepare GaAs nanoparticles. 
The nanoparticles have been extracted from GaAs plate immersed in 
water and using Nd:YAG laser with 1064-nm wavelength, 1.32 
J/cm2, 8-cm lens’ length and 5-min. ablation time. 
 The extracted GaAs nanoparticles were predicated in the water as 
shown in Fig. 2. 
 The water colour was changed to a light brown colloidal solution 
of GaAs nanoparticles as shown in Fig. 3. 

 

Fig. 1. Manufacturing materials on the nanoscale methods. 

 

Fig. 2. Laser ablation method. 

 

Fig. 3. Light brown colloidal solution of GaAs nanoparticles. 
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3. RESULTS AND DISCUSSION 

The transmittance of GaAs has been examined using UV-visible 
spectroscopy. 
 The transmittance of the particles increases with wavelength and 
stabilizes approximately between 60% and 75% over the wave-
length range 800–1000 nm (Fig. 4). The absorbance and reflectance 
spectrums are determined using Ref. [8] as follow: 

 A ln(1/T), (1) 
 R A T 1. (2) 

 The absorbance show several peaks within the range 200–300 nm, 
which belong to the GaAs nanoparticles [9]. The reflectance also 
varied with wavelength as shown in Fig. 4, c. 
 The optical constants n, k, and absorption coefficient have been 
deduced from the optical properties using Eqs. (3), (4) and (5), re-
spectively, and showed a clear variation with wavelength as shown 
in Fig. 5 [10–12]: 

 

Fig. 4. Transmittance, absorbance, and reflectance of GaAs nanoparticles 
versus wavelength. 

 

Fig. 5. Absorption coefficient, refractive index, and extinction coefficient 
of GaAs nanoparticles versus wavelength. 
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 2 2
0 0(1 ) (1 )  4 (1 )n R R R R k , (3) 

 0 (4 )k , (4) 

 2.303A/t. (5) 

where  is the absorption coefficient, A is the absorbance and t is 
the film thickness. 
 The energy gap of GaAs nanoparticles was also investigated by 
drawing the relation between the square of the absorption coeffi-
cient multiplied by the energy ( h )2 [(eV/cm)2] and the photon en-
ergy E [eV], where the tangent to the curve showed that the energy 
gap of the GaAs nanoparticles of about 1.86 eV (Fig. 6). 
 One of the most important properties of colloidal solutions is sta-
bility, and this property is measured by examining the zeta poten-
tial. The stability of the colloidal solutions increases with the in-
creases in the zeta potential. Figure 7 shows that the zeta potential 
value is of around 22.01 mV that reflects acceptable stability for 

 

Fig. 6. The energy gap of GaAs nanoparticles versus wavelength. 

 

Fig. 7. Zeta potential of GaAs nanoparticles. 
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the colloidal solution of GaAs nanoparticles [13]. 

4. CONCLUSION 

Gallium arsenide GaAs nanoparticles have been prepared in water 
using Laser ablation method, the transmittance of the particles 
show good transmittance of about 60–75% over the wavelength 
range 800–1000 nm. The absorbance, reflectance, refractive index 
and extinction coefficient were varied with wavelength. The energy 
gap was calculated of about 1.86 eV; finally, the zeta potential 
value was of 22.18 mV. 
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This work is a comparative study of the effect of two different annealing 
methods on the copper-oxide (CuO) nanoparticles’ properties. These later 
are synthesized using the direct precipitation method. Rapid thermal an-
nealing (RTA) and slow thermal annealing (STA) are two methods of an-
nealing tested. The prepared samples are annealed in air at various tem-
peratures of 300, 400, 500 C for 1 hour. Then, they are characterized by 
employing scanning electron microscopy (SEM), x-ray diffraction (XRD), 
UV–visible and Fourier Transform Infrared (FT-IR) spectroscopies. The 
main results revealed an increase in the grain size with both methods as 
the annealing temperature increases. It reaches 30.93 nm with RTA and 
26.75 nm with STA at 500 C. XRD spectra show, in the case of RTA at 
500 C, a significant decrease in the intense picks corresponding to the 
(002) and (111) orientations. This result indicates that, beyond 400 C, one 
hour of RTA is not suitable for enhancing CuO-nanoparticles’ crystallinity 
compared to STA. The optical analysis demonstrates that the energy of the 
optical band gap in STA is higher than that in RTA. It reaches 2.88 eV at 
500 C using RTA that is close to the gap value for CuO in the range of 
1.8–2.8 eV. FT-IR results show, for both methods, the presence of charac-
teristic peaks of the Cu–O bonds in the monoclinic CuO structure without 
any trace to Cu2O structure. Nevertheless, samples subject to RTA for one 
hour are more susceptible to absorbing species of C=O bond than those sub-
ject to STA. Hence, RTA at 500 C is far from producing CuO nanoparticles 
with preferred characteristics. It needs further research to examine 
higher-temperature annealing with controlling annealing time. 

Öÿ ðîáîòà º ïîð³âíÿëüíèì äîñë³äæåííÿì âïëèâó äâîõ ð³çíèõ ìåòîä³â 
â³äïàëþâàííÿ íà âëàñòèâîñò³ íàíî÷àñòèíîê îêñèäó Êóïðóìó (CuO). Ï³ç-
í³øå ¿õ áóëî ñèíòåçîâàíî ìåòîäîì ïðÿìîãî îñàäæåííÿ. Áóëî ïðîòåñòîâà-
íî äâà ìåòîäè â³äïàëþâàííÿ: øâèäêå òåðì³÷íå â³äïàëþâàííÿ (ØÒÂ) òà 
ïîâ³ëüíå òåðì³÷íå â³äïàëþâàííÿ (ÏÒÂ). Ï³äãîòîâëåí³ çðàçêè â³äïàëþâà-
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ëè íà ïîâ³òð³ çà ð³çíèõ òåìïåðàòóð ó 300, 400, 500 C óïðîäîâæ 1 ãîäè-
íè. Ïîò³ì ¿õ õàðàêòåðèçóâàëè çà äîïîìîãîþ ñêàíóâàëüíî¿ åëåêòðîííî¿ 
ì³êðîñêîï³¿ (SEM), ðåíò´åí³âñüêî¿ äèôðàêö³¿ (XRD), ÓÔ-îïòè÷íî¿ ñïåêò-
ðîñêîï³¿ òà ³íôðà÷åðâîíî¿ ñïåêòðîñêîï³¿ ç Ôóð’º-ïåðåòâîðîì (FT-IR). Îñ-
íîâí³ ðåçóëüòàòè ïîêàçàëè çá³ëüøåííÿ ðîçì³ðó çåðåí çà îáîìà ìåòîäàìè 
ç ï³äâèùåííÿì òåìïåðàòóðè â³äïàëó. Â³í ñÿãàº 30,93 íì ³ç ØÒÂ ³ 
26,75 íì ³ç ÏÒÂ çà 500 C. Ðåíò´åí³âñüê³ äèôðàêö³éí³ ñïåêòðè ïîêàçàëè 
ó âèïàäêó ØÒÂ çà 500 C çíà÷íå çìåíøåííÿ ³íòåíñèâíèõ ï³ê³â, ùî â³ä-
ïîâ³äàþòü îð³ºíòàö³ÿì (002) é (111). Öåé ðåçóëüòàò ïîêàçàâ, ùî ïîíàä 
400 C îäíà ãîäèíà ØÒÂ íå ï³äõîäèòü äëÿ ï³äâèùåííÿ êðèñòàë³÷íîñòè 
íàíî÷àñòèíîê CuO ïîð³âíÿíî ç ÏÒÂ. Îïòè÷íà àíàë³çà ïîêàçàëà, ùî åíå-
ðã³ÿ îïòè÷íî¿ çàáîðîíåíî¿ çîíè çà ÏÒÂ âèùà, í³æ çà ØÒÂ. Âîíà ñÿãàº 
2,88 åÂ çà 500 C ç âèêîðèñòàííÿì ØÒÂ, ùî áëèçüêî äî çíà÷åííÿ çàáî-
ðîíåíî¿ çîíè CuO â ä³ÿïàçîí³ 1,8–2,8 åÂ. Ðåçóëüòàòè FT-IR ïîêàçàëè 
äëÿ îáîõ ìåòîä³â íàÿâí³ñòü õàðàêòåðíèõ ï³ê³â â³ä çâ’ÿçê³â Cu–O ó ìîíî-
êë³íí³é ñòðóêòóð³ CuO áåç áóäü-ÿêèõ ñë³ä³â ñòðóêòóðè Cu2O. Òèì íå 
ìåíø, çðàçêè, ï³ääàí³ ØÒÂ ïðîòÿãîì îäí³º¿ ãîäèíè, á³ëüø ñõèëüí³ äî 
ïîãëèíàííÿ ÷àñòèíîê ç³ çâ’ÿçêàìè C=O, í³æ çðàçêè, ï³ääàí³ ÏÒÂ. Îòæå, 
ØÒÂ çà 500 C º äàëåêèì â³ä óòâîðåííÿ íàíî÷àñòèíîê CuO ç áàæàíèìè 
õàðàêòåðèñòèêàìè. ª ïîòðåáà ó ïîäàëüøèõ äîñë³äæåíü äëÿ âèâ÷åííÿ 
â³äïàëó çà âèùî¿ òåìïåðàòóðè ç êîíòðîëåì ÷àñó â³äïàëþâàííÿ. 

Key words: annealing methods, copper oxide, nanoparticles, nanoparticles’ 
synthesis methods, rapid thermal annealing. 
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1. INTRODUCTION 

Nanoparticles are particles of matter, whose properties are quite 
different from those of the corresponding bulk material [1]. Their 
properties depend on their size, shape, and morphology [2–4]. Thus, 
the main advantage of nanomaterials is that they can be used to 
improve current materials or create new ones having exceptional 
properties. 
 Copper oxide in its nanostructure attracts considerable attention 
because of its outstanding properties. It is non-toxic, its constitu-
ents are available in abundance, it is a good solar absorber [5], a 
good electrical conductor [6], and it is stable at high pressure and 
temperature [7]. The enhancement in these properties can be influ-
enced by the morphology of its nanostructures, which in turn de-
pends on the process of synthesis [3, 6, 8, 9]. 
 The thermal annealing process is an important step in synthesiz-
ing nanostructures of a metal oxide including copper oxide. There 
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are two techniques of thermal annealing, which are slow thermal 
annealing (STA) and rapid thermal annealing (RTA). The influence 
of these kinds of annealing on the physical properties of copper ox-
ide in the form of thin-film nanostructure is the most commonly 
studied by researchers [10–15]. This may be due to the diverse ap-
plications possible of this kind of nanostructure [6, 16, 17]. Some 
of them confirmed the efficient impact of STA in an optimum an-
nealing-temperature range of 200–650 C on structural and electri-
cal properties of thin copper-oxide films [10–12, 18–22], and others 
demonstrated that RTA is an effective and efficient technique to 
enhance the structural properties in a high annealing-temperature 
range from 400 C to 800 C for a tuning time corresponding to each 
temperature [13–15, 23]. 
 Nevertheless, several studies showed the effective implementa-
tion of copper oxide in form of nanoparticle structure to produce 
materials for environment, energy [24–33], and therapeutics [34–
38]; annealing process in operation represents an important step in 
synthesising copper oxide [39, 40]. There are only a few reports 
studied the effects of annealing temperature in the case of copper-
oxide nanoparticles [24, 40, 41]. Yet, in all previous research, the 
annealing process was performed in different conditions, which are 
specific to each experimental work, and they in turn may influence 
the obtained results. No study was conducted so far that reported 
the results of the effect of the rapid and slow thermal annealing 
processes performed under the same experimental conditions to con-
clude the efficiency of one annealing method relative to the other. 
 Therefore, this work aims to examine the efficient effect of rapid 
annealing on the physical properties of copper-oxide nanoparticles 
compared to the slow annealing process. 

2. MATERIALS AND METHODS 

2.1. CuO-Nanoparticles’ Synthesis 

CuO nanoparticles were synthesized using the sol–gel method 
through the following process. 2 g of CuSO4 5H2O is dissolved in 20 
ml of distilled water. On the other hand, 8 g of NaOH has been dis-
solved in 200 ml of the same solvent. Each solution is stirred sepa-
rately for a few minutes at room temperature to obtain two ho-
mogenous solutions of 0.4 mol/l and 1 mol/l, respectively. Sodium 
hydroxide solution is completely added to the first solution of cu-
pric sulphate and then stirred for one hour on a heating plate set at 
100 C. The solution is then left to cool at room temperature; then, 
it is filtered to get a black powder. This later is carefully collected 
and dried in an oven for an hour at 100 C to evaporate all residual 
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solvents on the substrate surface. After that, it was milled using a 
ceramic mortar. Thus, copper-oxide nanoparticles are obtained. 

2.2. Specimen Preparation 

After synthesizing CuO nanoparticles, they were divided into two 
portions. From the first portion, three fractions were prepared to 
undergo a rapid heat annealing at 300 C, 400 C, and 500 C for one 
hour. In the same way, three other fractions were prepared from 
the second portion, but this time to undergo a slow heat annealing 
at the same temperatures and during the same time. In both anneal-
ing processes, a Nabertherm GmbH annealing furnace was used. It 
is an electrically heated furnace that heats from 30 to 3000 C. 
 In STA, the sample is heated gradually in the oven from room 
temperature to the target temperature with a heating rate of 2 C 
per minute. Once the set temperature is reached, heating maintains 
it constant for one hour; then, it automatically stops heating allow-
ing gradual cooling of the sample. Whereas in the case of the RTA, 
the sample is heated directly at the desired temperature for one 
hour; then, it is immediately removed from the oven and cooled at 
room temperature. To do so, the sample is put in a special glass 
tube, which is brought in through a hole drilled in the back of the 
oven made to evacuate the vapour produced during heating. 
 After heat treatment, different specimens were subdivided into 
small amounts to be characterized. 

2.3. Specimen Characterization 

To determine the nanoparticles’ size and shape, a morphological 
study was conducted using a scanning electron microscope of 
TESCAN-VEG03 type. Magnification of 5 μm has been used. Struc-
tural properties were studied using Rigaku Mini Flax 600 x-ray dif-
fractometer (CuK  radiation, 1.54056 Å); x-ray diffraction pat-
terns were set between 2 20  and 80  with a step of 0.5  per min-
ute. In this intention, infrared spectrophotometry (FT-IR-8400S) 
was used as well. Optical properties were analyzed employing a UV–
visible spectrophotometer (Perkin Elmer-Lambda 25); the spectral 
range was measured between 200 and 800 nm. 

3. RESULTS AND DISCUSSION 

3.1. Morphological Analysis 

SEM images of the surface morphology of the prepared CuO 
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nanoparticles are presented in Fig. 1. They show that most CuO 
nanoparticles have a sheet-like shape. The same result was found in 
the literature using the same synthesizing method [41]. Actually, 
sheet average particle size varies in a broad range in this structure; 
so, it is not practical for easy to measure the particle size of our 
samples. Nevertheless, SEM results reveal some distinctions be-
tween the morphology of the RTA and STA samples annealed at dif-
ferent temperatures. RTA images at different temperatures show an 
inhomogeneous distribution of the nanoparticles with large con-
glomerates compared to STA samples [10]. This could be justified 
by the grain growth mechanism correlated to rapid thermal anneal-
ing [42, 43]. The fast ramping to the target temperature triggers 
the nucleation process within the short time; a higher temperature 
generates high pressure, which promotes the mutual diffusion of 
small and intermediate grains during annealing, resulting in larger 
agglomerates [10, 44]. 

 

Fig. 1. SEM images of the CuO nanoparticles synthesized using (a) RTA 
and (b) STA at 300 C, 400 C, and 500 C for one hour of annealing. 
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3.2. Structural Analysis 

The x-ray diffractograms of the prepared CuO nanoparticles are 
presented in Fig. 2. The results show that the peaks in all obtained 
XRD spectra are well matched with the monoclinic phase of CuO 
crystals (JCPDS card No. 080-1268). All samples exhibit the same 
preferential orientations, (111) and (002), which agree with re-
search on copper-oxide nanoparticles [8, 9]. X-ray diffractograms’ 
analysis demonstrates that, in both methods, the diffracted inten-
sity of the most intense peaks increases with the increase of the 
temperature except for the case of RTA at 500 C, where it de-
creases significantly as depicted in Fig. 3, a, b. It is also noticeable 
that STA peaks are more intense than RTA peaks at all positions 
and almost at all the studied annealing temperatures (Fig. 2). 
 Further, Table 1 indicates that the crystallite size calculated in 
both techniques of annealing increases with the increase of the tem-
perature, but it takes higher values in RTA cases. 
 To explain those observations, it is necessary to return to the 
factors associated with both peak intensity and crystallite size. 
Thermal treatment increases the crystalline nature, which leads to 
an increase in the number of grains orientated in a particular direc-
tion. By increasing the annealing temperature, many different 
grains of the same orientation coalesce together and form a large 

 

Fig. 2. XRD patterns of CuO nanoparticles prepared with RTA and STA at 
300 C, 400 C, 500 C for one hour of annealing. 
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grain having a certain orientation. Therefore, the diffracted inten-
sity is supposed to be increased as the crystallite size increases as in 
the case with STA samples. In contrast, RTA spectrum measured at 
500 C revealed a significant decrease in the intensity even though 
the crystallite size increased at that temperature. This proves that 
texture may change during grain growth and affects the kinetics in 
the process of rapid annealing [45]. 
 This could be justified by the fact that the rapid annealing proc-
ess at high temperature (above 400 C) for one hour can favour the 
crystallization process, but, at the same time, may produce micro-
cracks in the growing grains after sudden cooling from high tem-
perature to room temperature [46, 47]. These microcracks can scat-
ter x-rays in different directions, thereby changing the texture and 
reducing the peak intensity in a particular direction as indicated in 
Fig. 3, a, as it can be attributed to the grain recrystallization in 
contrast to recovery behaviour, which occurs in the case of RTA at 
relatively high temperatures [46, 47]. Recrystallization results in 
the formation of new grain orientations that explains the reduction 
of the peak intensity, and the recovery occurs during the incubation 

 

Fig. 3. The predominant peak corresponding to the (002) orientation as a 
function of annealing temperature and method: (a) RTA case; (b) STA 
case. 

TABLE 1. Structural properties of CuO nanoparticles annealed following 
two methods. 

Annealing method STA RTA 
Annealing temperature T, C 300 400 500 300 400 500 

Crystallite size D, nm 22.28 23.48 26.75 22.36 24.22 30.93 
Strain ε 10 2, % 0.146 0.141 0.120 0.139 0.133 0,099 

Dislocation density 10 2, nm 2 0.201 0.181 0.139 0,200 0.170 0.104 
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period for recrystallization [47] that, on the other hand, explains 
why the grain size did not decrease. Peak intensity can increase 
again, when the recrystallization is completed, and this depends on 
both the annealing time and temperature [45–49]. 
 For this reason, further study is required to be conducted about 
the effect of rapid thermal-annealing time and temperature. 
 The high intensity of STA peaks compared to RTA peaks may be 
explained by the difference in the crystal structure factor of the 
samples. It is known that the diffracted intensity in a particular 
direction is proportional to the square of the structure factor 
modulus. This latter reflects the total scattering from each crystal 
plane and depends on the distribution of atoms in the crystal struc-
ture. In other words, it is related to both the crystal structure and 
composition. Therefore, the peak intensity is affected by the ther-
mal perturbation of the atoms and, more generally, by the disorder. 
Atoms, which have undergone rapid heating, are perturbed and sus-
ceptible to disorders more than those undergone slow heating. The 
latter has time to return to its equilibrium state; this leads to a low 
state of disorder and high diffracted intensity. 
 In addition, Figure 3 shows that, by increasing temperature, 
curves shift towards increasing  in both methods, especially, in the 
STA method; this means that the nanoparticles have undergone 
compressive stress. This can be explained by the merging process 
induced by increasing thermal annealing, and this, in turn, enlarges 
the grain size [10, 42]. 
 The crystalline size increases from 19.99 to 31.47 nm for tem-
peratures from 350 to 550 C. This can be explained by the merging 
process induced by thermal annealing. 
 Table displays the calculated values of compressive stress and dis-
location density ( ), where  is determined, based on the crystallite 
size (D), using the formula [50] 

 2D , (1) 

whereas the microstrain values were determined using the following 
formula [50]: 

 
cos

4
. (2) 

 As illustrated in Table, the dislocation density and the compres-
sive stress values decrease as the temperature increases in both 
techniques of annealing. The decrease is slightly higher in RTA 
than in STA. The increase in the temperature stimulates the kinet-
ics and the interactions of the dislocations. This leads to an increase 
in the migration and annihilation of the dislocation and, conse-
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quently, to a decrease in their density. 
 However, rapid thermal annealing enhances the concentration of 
the vacancies in the lattice arrangement, which, in turn, increases 
the velocity of dislocation glide motion. Therefore, the dislocation 
density is reduced more effectively in rapid thermal annealing than 
in slow thermal annealing. This behaviour can also be attributed to 
the grain boundary effects. It is known that dislocation density, 
stress, and grain-boundary size are interrelated [51]. Grain bounda-
ries contribute to the strain-hardening phenomenon in metals. They 
block the continued movement of dislocations in the metal during 
straining. As more dislocations become blocked, the metal becomes 
more difficult to deform. That is probably what happened in the 
case of the RTA, in which crystallite size takes higher values than 
those in STA, thereby, higher values of boundary size and lower 
values of stress. 

3.3. Optical Analysis 

The optical band-gap energy (Eg) for CuO nanoparticles was esti-
mated employing the absorption spectrum fitting method (ASF) 
[52]. In this method, the optical band gap can be calculated using 
only the absorbance spectrum without any need for thickness. It is 
based on the following equation [52]: 

 1 2

1 1
m

g

A B B , (3) 

where A is the absorbance,  is the wavelength, B1 and B2 are inde-
pendent on , m takes the value of 1/2 for the best fitting. 
 Thus, the value of the band gap is obtained from 1/ g, where Eg 
is equal to 1240 g. The value of g can be determined by extrapo-
lating the straight line of (A/ )2 versus 1/  curves, shown in Fig. 4, 
at (A/ )2 0. Table 2 displays the variation in the optical gap as a 
function of the annealing temperature. It can be noticed that the 
optical gap decreased by increasing the annealing temperature in 
the two cases of the annealing method. 
 However, the RTA method yielded lower values of the energy 
gap, especially, at 500 C (Fig. 5). This may be justified by the fact 
that the increase in particle size decreases the optical gap according 
to the potential-well quantum theory, i.e., the quantum confinement 
in nanometer particle-size materials. This result confirms what is 
mentioned above (Fig. 1): the particle size for RTA is larger than 
the particle size for STA. 
 On the other hand, to understand better the effect of two types 
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of annealing processes on the structure of copper oxide, an infrared 
absorption bands analysis was done. 
 FT-IR spectra of all the samples are presented in Fig. 6. All sam-
ples’ spectra show a wide band located at around 3440 cm 1 that 
corresponds to the O–H-group stretching of a water molecule ad-
sorbed on the oxide surface [53], and an intense peak located at 

 

Fig. 4. ASF diagrams for samples prepared using (a) RTA and (b) STA an-
nealing methods at 300 C, 400 C, 500 C for one hour of annealing. 
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1384 cm 1, which is attributed to the stretching vibration of C=O 
group indicating the presence of absorbed species in the surface of 
nanoparticles [53, 54]. Another intense peak at around 613 cm 1 is 
attributed to the Cu–OH-vibration bands [54]; but the most intense 
absorption bands are located at around 494 cm 1 and 504 m 1; it is 
assigned to the stretching vibrations of Cu–O indicating the forma-
tion of copper oxide [55]. 
 It is noticed that, by increasing the annealing temperature, Cu–
O-bond concentration increased and Cu–OH-bond concentration de-
creased, especially, in the case of RTA. However, the decrease of O–
H- and C=O-bonds’ concentrations is noticed in the case of STA, 
particularly, at 500 C, where the O–H group disappears. This 
means that 500 C is not sufficient to remove all residues and impu-
rities in RTA more than in STA. 

TABLE 2. Energy-gap values calculated using two methods of annealing at 
different temperatures. 

500 400 300 Annealing temperature T, C 
2.88 3.63 3.72 RTA: Eg, eV 
3.79 3.87 3.91 STA: Eg, eV 

 

Fig. 5. Optical band-gap energy of the prepared CuO nanoparticles as a 
function of annealing temperature following two methods: RTA and STA 
for one hour of annealing. 
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 No FT-IR peak of Cu2O exists in all synthesized samples. 
 Both method of annealing did not affect the crystal phase of CuO 
nanoparticles, but affect only the crystal quality. The same result 

 

Fig. 6. FT-IR spectra of CuO nanoparticles prepared following: (a) RTA 
and (b) STA at 300 C, 400 C, 500 C for one hour. 
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was found in literature [41, 56]. 

4. CONCLUSIONS 

In summary, this work reports the results of the effect of rapid and 
slow temperature annealing on the structural and optical properties 
of copper oxide nanoparticles. RTA and STA effects were studied 
for the first time under the same working conditions in the case of 
copper-oxide nanoparticles using the direct precipitation method. 
The objective of the work is to provide the literature with data 
about the effect of rapid thermal annealing on copper-oxide 
nanoparticles’ properties and to examine the efficiency of this 
method of annealing compared to slow thermal annealing in enhanc-
ing CuO-nanoparticles’ properties. The results showed that samples 
in both methods have a sheet-like shape at different tested tempera-
tures. They reveal a change in the texture of samples, which un-
derwent rapid thermal annealing at 500 C for 1 hour. Compared to 
STA, RTA at 500 C is not sufficient to remove all residues and im-
purities, but it has recorded relatively the lowest value of band-gap 
energy. Thus, rapid thermal annealing at 500 C resulted in im-
proved optical properties of CuO nanoparticles, whereas STA re-
sulted in improved crystalline nature of CuO nanoparticles. 
 We need to increase further annealing temperature and shorten 
the annealing time at the target temperature to study the effect of 
RTA on improving the crystallinity of copper-oxide nanoparticles. 
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Conducting polymers are important materials with important applications. 
Most of their applications depend on the shape of the particles and often 
on their thin films. In this paper, a new copolymer is synthesized from 
aniline and formylpyrrole in acidic solution. The polymer is described us-
ing infrared spectroscopy, and the presence of hexagonal rings in its 
structure is confirmed. In the scanning electron microscopy (SEM) images, 
a change in the shape of the particles is observed to become fibres instead 
of balls in poly(2-formylpyrrole) (PFPy) that confirms the effect of the 
presence of aniline as a reactant. Thin films are fabricated by anchoring 
onto glass films of different thicknesses. The surface of the film appears 
rough and contains many peaks, whose heights range between 10 and 30 
nanometers, and the dimensions of its particles match the SEM images. 

Ïðîâ³äí³ ïîë³ìåðè º âàæëèâèìè ìàòåð³ÿëàìè ç âàæëèâèìè çàñòîñóâàí-
íÿìè. Á³ëüø³ñòü ¿õ çàñòîñóâàíü çàëåæèòü â³ä ôîðìè ÷àñòèíîê ³ ÷àñòî 
â³ä ¿õí³õ òîíêèõ ïë³âîê. Ó ö³é ñòàòò³ ñèíòåçîâàíî íîâèé êîïîë³ìåð ç 
àí³ë³íó òà ôîðì³ëï³ðîëó â êèñëîòíîìó ðîç÷èí³. Ïîë³ìåð îïèñàíî çà äî-
ïîìîãîþ ³íôðà÷åðâîíî¿ ñïåêòðîñêîï³¿ òà ï³äòâåðäæåíî íàÿâí³ñòü ãåêñà-
ãîíàëüíèõ ê³ëåöü ó éîãî ñòðóêòóð³. Íà çîáðàæåííÿõ ñêàíóâàëüíî¿ åëåê-
òðîííî¿ ì³êðîñêîï³¿ (ÑÅÌ) ñïîñòåð³ãàºòüñÿ çì³íà ôîðìè ÷àñòèíîê, ÿê³ 
ïåðåòâîðþþòüñÿ íà âîëîêíà çàì³ñòü êóëüîê ó ïîë³(2-ôîðì³ëï³ðîë³), ùî 
ï³äòâåðäæóº âïëèâ ïðèñóòíîñòè àí³ë³íó ÿê ðåà´åíòó. Òîíê³ ïë³âêè âè-
ãîòîâëåíî øëÿõîì çàêð³ïëåííÿ íà ñêëÿíèõ ïë³âêàõ ð³çíî¿ òîâùèíè. 
Ïîâåðõíÿ ïë³âêè âèãëÿäàº øåðñòêîþ òà ì³ñòèòü áàãàòî ï³ê³â, âèñîòà 
ÿêèõ âàð³þºòüñÿ â³ä 10 äî 30 íàíîìåòð³â, à ðîçì³ðè ¿¿ ÷àñòèíîê â³äïîâ³-
äàþòü çîáðàæåííÿì ÑÅÌ. 

Key words: aniline, 2-formylpyrrole, thin films, polymerization, conduct-
ing polymers. 
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1. INTRODUCTION 

Conducting polymers were discovered in the middle of the last cen-
tury [1], and have been developed over the past years to obtain ma-
terials with unique properties [2]. Conducting polymers are used in 
the manufacture of sensors and biosensors [3] and electronic appli-
cations [4, 5], rechargeable batteries [6], enzyme-immobilization 
matrices [7], light-emitting diodes [8], optical displays [9], as mem-
branes [10] (in addition to their uses in chemical analysis and oth-
ers [11]). Thin films are the basis for most applications of sensors, 
modified electrodes [12], and electrochemical drug release systems 
all rely on conducting polymer films [13]. 
 Poly(2-formylpyrrole) was prepared by the action of strong acids 
on the monomer [14]. The resulting polymer particles depend on the 
method of synthesis and the conditions applied. All the references, 
which mentioned the preparation of polyformyl, had spherical par-
ticles, which agglomerated and formed clusters [14]. Spherical par-
ticles are of different sizes and rough surfaces [15]. The particles 
form thin films easily, and the films have good mechanical proper-
ties and good chemical stability [16]. The thickness of 
polyformylpyrrole thin films can be easily controlled regardless of 
the supporting substrate [17]. The shape and size of the particles 
make up the film material greatly affect its properties and, thus, 
its applications [18]. 
 In this work, we present a method for modifying polyformylpyr-
role with a small amount of aniline to improve the linking of poly-
meric chains and change the shape of the particles and the proper-
ties of their thin films. 

2. EXPERIMENTAL 

2.1. Materials and Measurements 

Aniline 98% sigma, Pyrrole-2-carboxaldehyde 98% sigma, Hydro-
chloric acid 35.5% sigma, Ethanol 99% sigma: polymer was charac-
terized with surface morphologies examined with SEM, EDX and 
XPS (TESCAN model MIRA3), FT-IR (JASCO FT/IR model M4100) 
spectrophotometer between 4000 and 400 cm 1, and AFM (Nanosurf 
model: eseyscan2). 
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2.2. Polymer Synthesis 

2-Formylpyrrole (20 mmol) was dissolved in 25 ml of alcohol (5% 
hydrochloric acid prepared by adding the appropriate amount of 
concentrated 35% hydrochloric acid to the alcohol). Then, aniline is 
added in a varying percentage each time to the reaction medium. 
The mixture is stirred, and a bright yellow precipitate is formed. 
 Then, it soon begins to dissolve and the solution becomes darker 
and darker until a very soft dark green precipitate is formed. After 
a period of 48 hours, the precipitate is separated with the sediment 
and washed well several times with distilled water and then alcohol. 

2.3. Films Fabrication 

Films fabricated by anchoring method with glass plates were im-
mersed in the reaction medium (four sheets in each experiment) and 
removed successively for different times. The films were gently 
washed with distilled water and alcohol, then, dried with gentle air 
without touching the film and prepared for later study. Table 1 
shows a list of the experiments carried out and the weight yield of 
the reaction. The thicknesses of thin films were calculated from the 
optical absorption spectrum [17]. 

3. RESULTS AND DISCUSSION; POLYMER CHARACTERIZATION 

Scanning Electron Microscope Images (SEM). SEM images provide 
important information about the physical size, shape, surface na-
ture, and accumulation method of nanoparticles in a descriptive 
manner. Figure 1 shows SEM images of the prepared samples. We 
note that the polymer has particles in the form of fibres with sharp 
irregular angles. The fibre sizes are for diameter: 95, 75, 123, 156 
nm and for length: 800, 1200, 1500, 1800 nm for the percentage of 
aniline of 2, 5, 10, 15%, respectively. In comparison with the SEM 
images of the same polymer prepared in the absence of aniline, we 
notice a significant difference in the shape and size of the prepared 
particles, as the prepared particles appear spherical in shape, while 
they are in the form of fibres and rods, if they are prepared in the 
presence of aniline. 
FT-IR Spectrum. Figure 2 shows the FT-IR spectrum of the result-
ing polymers. In the IR spectrum, a broad peak around 3500 cm 1 is 
due to the stretching of the [O–H] bond, and this band obscures 
completely any peak of the primary or secondary amine. A weak 
peak at 1730 cm 1 is due to stretching of the unreacted carbonyl 
group at the end of the polymer chain. The peaks at 1585, 1490, 
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1290 and 1160 cm 1 mostly belong to the hexagonal rings that con-
firms the inclusion of aniline within the polymer chains. 

 

Fig. 1. SEM images of the polymer with percentage of aniline: (a) 2%; (b) 
5%; (c) 10%; (d) 15%; and (Ref.)—reference [14]. 

 

Fig. 2. The FT-IR spectrum of the resulting polymers. 
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 An increase in the percentage of aniline in the reaction solution 
corresponds to an increase in the intensity of signals returning to 
the hexagonal rings compared to others. 
 During the experiment, a yellow precipitate formed at the begin-
ning of the experiment and then dissolved again later. The precipi-
tate is Schiff’s base, which dissociates in acidic media into the al-
dehyde and amine. The presence of the active aromatic ring in ani-
line during the reaction makes it vulnerable to electrophilic attack 
by the electrophile formed during the polymerization reaction, and 
this helps to link the polymeric chains and form random branched 
chains. Figure 3 shows the proposed linking scheme for polymeric 
chains. 
 On the other hand, the presence of the amine in the acidic envi-
ronment gives aryl ammonium salts, which may play the role of an 
electrophile that attacks the active aromatic rings (both aniline and 
pyrrole) in the presence of an oxidizer (here, the aldehyde plays the 
role of the oxidizer), which gives possibilities for different binding 
to the polymer structure as is published in Ref. [19]. 
 Figure 4 shows the proposed possibilities for the structure of 
polymers formed during the reaction. The polymer formed is a mix-
ture of all possibilities, and one cannot be preferred over the other. 
Thin Films. Five thin films with different thicknesses were fabri-
cated during the reactions for different reaction times. Table shows 
the reaction times and film thicknesses. The thickness of the films 
increases with increasing reaction time in an unsteady manner, and 
this is consistent with that researchers have found in previous stud-
ies [17]. The thickness of the first films (with different durations) 

 

Fig. 3. Proposed linking scheme for polymeric chain. 
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also increases with the decrease in the percentage of aniline due to 
the consumption of part of the aldehyde in the form of Schiff’s base 
at the beginning of the reaction. In addition, the movement of the 
precipitate, when the reaction is triggered, reduces the stability of 
the molecules attached to the surface of the substrate during the 
beginning of the reaction. For long times ( 2 h), the films thickness 
are increase with increasing percentage of aniline. It is believed 
that this is due to the activity of the aniline ring in the reaction. 
 Figure 5 shows AFM images of thin films on glass. The surface 
of the film appears rough and contains many peaks, whose heights 
range between 10 and 30 nanometers, and the dimensions of its par-
ticles match the SEM images. 

 

Fig. 4. The proposed possibilities for the structure of polymers formed 
during the reaction. 

 

Fig. 5. AFM images of thin films on glass (3D image and topography at 6 h). 
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4. CONCLUSIONS 

Adding aniline to the 2-formylpyrrole, polymerization reaction af-
fects the shape and size of the polymer particles, giving rod-shaped 
particles of different sizes instead of balls. Aniline causes changes 
in the positioning and shape of the particles, which make up the 
prepared thin films. Aniline enters the polymer chain in two ways. 
The first one is by linking the chains as a result of the electrophilic 
addition to the aromatic ring, and the second one is as a result of 
the formation of an alkyl ammonium that plays the role of an elec-
trophile in the presence of the aldehyde as an oxidant. This leads to 
the formation of a random copolymer of aniline and 2-
formylpyrrole. 

HIGHLIGHTER 

1) Changing the shape of the polyformylpyrrole particles by adding 
a small amount of aniline. 
2) Formation of a random copolymer of aniline and 2-formylpyrrole 
with properties different from the base polymer. 
3) Thin films of different thicknesses are easily fabricated using the 
anchoring method. 
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The PVA–In2O3–Fe2O3 nanocomposites are fabricated by the casting 
method. Solar cells, transistors, and electronic gate units are just a few 
examples of the many nanoelectronic–optical systems, which can benefit 
from these nanocomposites. Nanocomposites including polyvinyl alcohol 
(PVA), indium oxide (In2O3), and iron oxide (Fe2O3) have their optical 
characteristics studied. The nanocomposites have significant ultraviolet 
(UV) light absorption properties. Moreover, the transmittance diminishes, 
when the In2O3–Fe2O3-nanoparticles’ increase. By raising the weight per-
cent ratio of In2O3–Fe2O3 nanosize components to 6 percent, we found that 
polyvinyl-alcohol average energy gap (Eg) decreases that makes it suitable 
for photonics applications. A number of optical characteristics are evalu-
ated, such as the extinction coefficient (k), absorption coefficient ( ), re-
fractive index (n), optical conductivity, the real component ( 1) and 
imaginary component ( 2) of the dielectric constant. 

Íàíîêîìïîçèòè ÏÂÑ–In2O3–Fe2O3 âèãîòîâëåíî ìåòîäîì ëèòòÿ. Ñîíÿ÷í³ 
åëåìåíòè, òðàíçèñòîðè é åëåêòðîíí³ çàòâîðè — öå ëèøå ê³ëüêà ïðèê-
ëàä³â áàãàòüîõ íàíîåëåêòðîííî-îïòè÷íèõ ñèñòåì, ÿê³ ìîæóòü îòðèìàòè 
êîðèñòü â³ä öèõ íàíîêîìïîçèò³â. Äîñë³äæåíî îïòè÷í³ õàðàêòåðèñòèêè 
íàíîêîìïîçèò³â, ùî ì³ñòÿòü ïîë³â³í³ëîâèé ñïèðò (ÏÂÑ), îêñèä ²íä³þ 
(In2O3) é îêñèä Ôåðóìó (Fe2O3). Íàíîêîìïîçèòè ìàþòü ³ñòîòí³ âëàñòèâî-
ñò³ ùîäî âáèðàííÿ óëüòðàô³îëåòîâîãî (ÓÔ) ñâ³òëà. Êð³ì òîãî, êîåô³ö³-
ºíò ïðîïóñêàííÿ çìåíøóºòüñÿ ç³ çá³ëüøåííÿì ê³ëüêîñòè íàíî÷àñòèíîê 
In2O3–Fe2O3. Çá³ëüøèâøè âàãîâå ñï³ââ³äíîøåííÿ íàíîðîçì³ðíèõ êîìïî-
íåíò³â In2O3–Fe2O3 äî 6 â³äñîòê³â, ìè âèÿâèëè, ùî ñåðåäíÿ øèðèíà çà-
áîðîíåíî¿ çîíè ïîë³â³í³ëîâîãî ñïèðòó (Eg) çìåíøóºòüñÿ, ùî ðîáèòü éîãî 
ïðèäàòíèì äëÿ çàñòîñóâàííÿ ó ôîòîí³ö³. Îö³íåíî íèçêó îïòè÷íèõ õàðà-
êòåðèñòèê, òàêèõ ÿê êîåô³ö³ºíò åêñòèíêö³¿ (k), êîåô³ö³ºíò âáèðàííÿ 
( ), ïîêàçíèê çàëîìëåííÿ (n), îïòè÷íà ïðîâ³äí³ñòü, ä³éñíà ñêëàäîâà ( 1) 
òà óÿâíà ñêëàäîâà ( 2) ä³åëåêòðè÷íî¿ ïðîíèêíîñòè. 
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1. INTRODUCTION 

The optical properties of polymers play a crucial role in various ap-
plications such as electrical transitions, insulation covers, optical 
filters, greenhouses, and selective surfaces. However, the primary 
objective of boosting the optical properties of these polymers is ac-
complished by improving reflection, interference, antireflection, 
and polarization phenomena [1, 2]. Polymers have become the pre-
ferred choice over traditional silica-based optical materials, because 
they are easier to process, less expensive, and can be produced in 
larger quantities [3, 4]. Polymers can have their characteristics en-
hanced and controlled by adding the right dopant. Some key points 
about optical properties of the intermixture composed of several 
metal salts interacting with PVA are shown, which are determined 
by refractive index and the light absorption coefficient [5, 6]. There 
are myriad uses for polymers. The polymeric properties such as pie-
zoelectric, optical, semiconductor and electro-optical ones have en-
abled more recent developments in stretchable electronics [7]. 
Dopant–polymer optical properties are very sensitive with respect to 
electronic nature of electrolytes. For good optical properties of pro-
duced materials, it is necessary to have command over electronic 
mechanisms [8, 9]. 

2. EXPERIMENTAL PROCEDURE 

The samples were fabricated using polyvinyl alcohol (PVA), indium 
oxide (In2O3), and iron oxide (Fe2O3). The nanoparticles composed of 
In2O3–Fe2O3 were incorporated into a polymer PVA by the casting 
method at various weight percentages: 0, 2, 4, and 6 wt.%. To cre-
ate a more uniform solution, 40 ml of distilled water was used to 
dissolve polyvinyl alcohol (PVA). The solution was then stirred us-
ing a magnetic stirrer at a temperature of 70 C for duration of 30 
minutes. The UV/1800/Shimadzu spectrophotometer is utilized for 
the precise measurement of the optical characteristics of PVA–
In2O3–Fe2O3 nanocomposites within the wavelength range of 200 to 
1100 nm. 
 Absorbance is the quotient of the intensity of light absorbed by a 
material (IA) and the intensity of incoming light (I0) [10, 11]: 
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 A IA/I0. (1) 

 The transmittance (T) is defined as the ratio of the intensity of 
the transmitting rays (IT) passing through the film to the intensity 
of the incident rays (I0), which fall on it [12, 13]: 

 T IT/I0. (2) 

 Absorption coefficient ( ) is defined as the ability of a material 
to absorb the light of a given wavelength [14, 15]: 

 2.303A/t, (3) 

where A is the absorption of the material, t—the sample thickness 
in cm. The coefficient  for this transition type is given by [16, 17] 

 
ropt

gh B h E , (4) 

where opt
gE  is energy gap between direct transitions. 

 The refractive index (n) is given by [18, 19] 

 
2

2

1
4 –

11

k R
n R

RR
. (5) 

 The below equation can be employed to obtain the extinction coef-
ficient (k) [20]: 

 k /(4 ). (6) 

 The formulas for the real ( 1) and imaginary ( 2) components of 
the dielectric constant may be used to separate it [21, 22]: 

 1 n2 k2, (7) 

 2 2nk. (8) 

 The optical conductivity ( ) is determined via the equation given 
by Ref. [23]: 

 (4 )opt nc . (9) 

3. RESULTS AND DISCUSSION  

Figure 1 shows the absorption spectra for PVA–In2O3–Fe2O3 nano-
composites versus wavelength. In the visible/near infrared spec-
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trum, films often have low absorption values. This explains, why 
objects absorb light of longer wavelengths because few photon in-
teracts with atoms well and transmit less energy. Therefore, since 
the photon interacts with matter depending on its frequency and, 
thus, the wavelength, there will be an increasing in absorbance as 
the wavelength decreases. That means that these unbound electrons 
will simply absorb the falling light. This leads to an increase in ab-
sorbance with increasing weight percentages of In2O3–Fe2O3 
nanoparticles [24, 25]. 
 Optical transmittance spectra at different incident-light wave-

 

Fig. 1. The relationship between the wavelength and changes in the ab-
sorbance of PVA–In O3–Fe2O3 nanocomposites. 

 

Fig. 2. The PVA–In2O3–Fe2O3-nanocomposites’ transmission changes de-
pending on the wavelength. 
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lengths are shown in Fig. 2 as a function of increasing the concen-
tration of In2O3–Fe2O3 in PVA films. Transmittance drops with in-
creasing concentration of In2O3–Fe2O3 nanoparticles, as seen in this 
graph. The addition of In2O3–Fe2O3, which possesses electron-
accepting electromagnetic energy, has the capability to enhance the 
excited states of electrons [26, 27]. It also conforms to that previ-
ously was determined in other studies [28, 29]. 
 The absorbance coefficient versus wavelength is drawn in Fig. 3 
for PVA–In2O3–Fe2O3 nanocomposites. The low absorption coeffi-
cient at long wavelengths and low energy level 1–3 eV is revealed in 
Fig. 3. The probability of an incident-photon exciting an electron 
from the value band to the conductivity band because h  is lower 
than Eg is rather small. However, if the incident-photons’ energy is 
higher than prohibited energy gap of the material, a good absorp-
tion at high energies occurs since the electron hops to the conduc-
tion band from valence band [30]. The absorption value gives away, 
if it is the direct electron transition or no. Therefore, with  values 
more than 104 cm 1 at high energies, direct electron transition 
means that both the electrons and photons retain the same amount 
of energy and the momentum. At low energies, when the absorption 
coefficient is small 104 cm 1, indirect electron transition is ex-
pected, whereby phonons preserve electrons’ momenta [31]. 
 In Figure 4, we can see, how the square root of the absorption 
edge h  relates to the photon energy. To calculate the size of the 
energy gap for an approved indirect transition by following a 
straight line from the peak, all the way is down the x-axis, where 
the square root of the product of Planck’s constant and frequency is 
zero. A smaller energy gap is seen for higher concentrations of 

 

Fig. 3. The absorption coefficient of PVA–In2O3–Fe2O3 nanocomposites will 
change as a function of photon energy. 
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In2O3–Fe2O3 nanoparticles. The growth of the localized levels inside 
the forbidden energy gap is the corresponding reason. 
 The transition occurs in a two-stage process, when the amount of 
In2O3–Fe2O3 increases. With a rise in the amount of In2O3–Fe2O3 
nanoparticles, the electron moves from a valence band passing 
through its local levels until it reaches the conduction band. The 
reason for such observation lies in the nature of these materials: 
since they are heterogeneous (for example, electrical conductivity 
depends on the degree of concentration), the density of localized 
states rises with the increase of In2O3–Fe2O3-nanoparticles’ concen-

 

Fig. 4. The correlation between the square root of ( h ) and the energy of 
the photons for nanocomposites consisting of PVA–In2O3–Fe2O3. 

 

Fig. 5. The correlation between the cubic root of ( h ) and the energy of 
photons for PVA–In2O3–Fe2O3 nanocomposites. 
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tration. This is that other researchers have already shown [32, 33]. 
 Forbidden energy-gap transitions also use the same procedure to 
obtain them. Figure 5 depicts the forbidden transition of the indi-
rect energy gap of PVA–In2O3–Fe2O3 nanocomposites. 
 Figure 6 shows the connection between refractive index and 
wavelength. There is a significant increment observed in the refrac-
tive index with an increase in nanocomposite density. The low 
transmittance in the UV region gives a higher value for the refrac-
tive index. They have high transmittance, which makes them trans-
parent; hence, they are low in the visible zone [34, 35]. 
 Figure 7 shows the variation of (k) for PVA–In2O3–Fe2O3 nano-
composites with wavelengths. Observed (k) values suggest that it 
decreases with increasing concentration of In2O3–Fe2O3 nanoparti-
cles in a solution. The absorption coefficient increases with the per-
centage of In2O3–Fe2O3 nanoparticles, thus, resulting in an increase. 
Consequently, the structure of the host polymer will be altered by 
the atoms of the In2O3–Fe2O3 nanoparticles [36, 37]. 
 The equations (7) and (8) were used to determine the real and 
imaginary components of the dielectric constants for the nanocom-
posites consisting of PVA–In2O3–Fe2O3. Figure 8 illustrates the cor-
relation between the variable 1 and the wavelength. Reducing the k 
value results in the noticeable influence of n on the 1 value, as seen 
in this figure. The actual dielectric constant increases as the con-
centration of In2O3–Fe2O3-nanoparticles’ increases. Figure 9 illus-
trates the correlation between the variable 2 and the wavelength. 
The absorption coefficient, denoted as k, governs the relationship 
between k and , ultimately determining the value of k. This value 
of k influences subsequently [38–40]. 
 The optical conductivity ( opt) may be calculated using Eq. (9). 
Nanocomposites made of PVA–In2O3–Fe2O3 show wavelength-

 

Fig. 6. Relationship between the refractive index and wavelength for 
PVA–In2O3–Fe2O3 nanocomposites. 
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dependent changes in optical conductivity (Fig. 10). Improving op-
tical conductivity may be achieved by increasing the iron oxide to 
iron trioxide weight ratio in PVA polymer to 6 weight percents. 
Elevated electron mobility is the result of expanding the band gap 
to include additional energy levels [41, 42]. Therefore, electrons can 
go from the valence band to the newly formed energy levels and, 
then, into the conduction band. So, the band gap narrows and con-
ductivity grows [43]. 

4. CONCLUSIONS 

Through the casting approach, nanoparticles of In2O3–Fe2O3 were 

 

Fig. 7. The relationship between the extinction coefficient and wavelength 
for the nanocomposites PVA–In2O3–Fe2O3. 

 

Fig. 8. Relationship between the wavelength and the real part of the di-
electric constant of nanocomposite consisting of PVA, In2O3, and Fe2O3. 



 SYNTHESIS AND IMPROVED OPTICAL PROPERTIES OF PVA–In2O3–Fe2O3 555 

integrated into polyvinyl alcohol (PVA), resulting in the develop-
ment of cost-effective optoelectronic nanocomposites. The percent-
age of In2O3–Fe2O3 nanoparticles in PVA–In2O2–Fe2O3 nanocompo-
sites determines how much light the composites absorb. At 6 weight 
percent (wt.%) of In2O3–Fe2O3 nanoparticles, the energy gap of PVA 
for permitted indirect transitions dropped from 4.75 eV to 4.15 eV 
and, for prohibited indirect transitions, from 4.4 eV to 3.55 eV. 
 Optoelectronics is one of numerous optical areas and nanoscale 
technologies, which will benefit greatly from this finding. These 
enhancements are closely related to the variables of extinction coef-
ficient, absorption coefficient, optical conductivity, refractive in-
dex, imaginary and real dielectric constants, and concentrations of 
In2O3–Fe2O3 nanoparticles. Happening more often, nanocomposites 
made of PVA–In2O3–Fe2O3 show outstanding optical properties, 

 

Fig. 9. The variation of imaginary part of the dielectric constant of PVA–
In2O3–Fe2O3 nanocomposites with wavelength. 

 

Fig. 10. The variation of optical conductivity of PVA–In2O3–Fe2O3 nano-
composites with wavelength. 
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which increase their prospective applications in electric and opto-
electronic fields, according to these results. 
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Fabrication and Tailored Dielectric Characteristics of ZrO2–
Sb2O3-Nanoparticles-Doped PVA for Electronics Applications 
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Polymer-nanocomposites’ films have numerous applications in various 
fields due to their few cost, lightweight, and good chemical and physical 
properties. The current study aims to investigate of dielectric properties 
of PVA–ZrO2–Sb2O3 nanocomposites at frequency range from 100 Hz to 5 
MHz. The results demonstrate that the dielectric constant, dielectric loss, 
and A.C. electrical conductivity of PVA are increased with increasing the 
ZrO2–Sb2O3-nanoparticles’ content. The dielectric constant and dielectric 
loss of PVA–ZrO2–Sb2O3 nanocomposites are reduced, while the A.C. elec-
trical conductivity is increased with rising frequency. The obtained re-
sults exhibited that the PVA–ZrO2–Sb2O3 nanocomposites can be consid-
ered as promising nanomaterials to apply various electronics applications. 

Ïîë³ìåðí³ íàíîêîìïîçèòí³ ïë³âêè ìàþòü ÷èñëåíí³ çàñòîñóâàííÿ â ð³ç-
íèõ ãàëóçÿõ çàâäÿêè ñâî¿é íèçüê³é âàðòîñò³, ëåãê³é âàç³ òà äîáðèì õå-
ì³÷íèì ³ ô³çè÷íèì âëàñòèâîñòÿì. Ìåòîþ öüîãî äîñë³äæåííÿ º âèâ÷åííÿ 
ä³åëåêòðè÷íèõ âëàñòèâîñòåé íàíîêîìïîçèò³â ÏÂÑ–ZrO2–Sb2O3 â ä³àïà-
çîí³ ÷àñòîò â³ä 100 Ãö äî 5 ÌÃö. Ðåçóëüòàòè ïîêàçàëè, ùî ä³åëåêòðè÷íà 
ïðîíèêí³ñòü, ä³åëåêòðè÷í³ âòðàòè òà çì³ííà åëåêòðîïðîâ³äí³ñòü ïîë³â³-
í³ëîâîãî ñïèðòó çá³ëüøóâàëèñÿ ç³ çá³ëüøåííÿì âì³ñòó íàíî÷àñòèíîê 
ZrO2–Sb2O3. Ä³åëåêòðè÷íà ïðîíèêí³ñòü ³ ä³åëåêòðè÷í³ âòðàòè íàíîêîì-
ïîçèò³â ÏÂÑ–ZrO2–Sb2O3 çìåíøóâàëèñÿ, òîä³ ÿê çì³ííà åëåêòðîïðîâ³ä-
í³ñòü çá³ëüøóâàëàñÿ ç³ çðîñòàííÿì ÷àñòîòè. Îäåðæàí³ ðåçóëüòàòè ïîêà-
çàëè, ùî íàíîêîìïîçèòè ÏÂÑ–ZrO2–Sb2O3 ìîæíà ðîçãëÿäàòè ÿê ïåðñ-
ïåêòèâí³ íàíîìàòåð³ÿëè äëÿ çàñòîñóâàííÿ â ð³çíèõ åëåêòðîííèõ ïðè-
ñòðîÿõ. 
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1. INTRODUCTION 

Polymeric materials are used instead of traditional materials be-
cause they are cheap, light, and have the proper physical and chem-
ical properties. The performance properties of polymer composites 
are superior to those of individual polymers. It is simple to modify 
the microstructural, electrical, mechanical, and other properties of 
polymers by adding nanofillers into the polymer matrices in varying 
amounts. Modified polymer composites are significantly affected by 
the size, shape, concentration, and interfacial contact with nanopar-
ticles (NPs). The strength of the bonds between polymer and nano-
particles is an important consideration for composite material per-
formance [1]. 
 Inorganic particles embedded in the polymer matrix have been 
found to increase the density, mechanical, magnetic, redox, elec-
tronic, and thermal properties of the material. These properties de-
pend on the shape, size, adhesion of particle–matrix interfaces, and 
filler content in the polymer matrix of the nanocomposites (NCs). 
Metal oxide nanoparticles have been found to be effective for poten-
tial applications in photocatalysis [2]. 
 The surface of the nanoscale metal oxides provides vacancies’ or-
bitals to interact with the host polymers that leads to charge trans-
fer between them. The characteristics of individual polymeric nano-
composites are affected by the structure of the components, the 
content and shape of the nanometal oxides, the morphology of the 
composites, in addition to the nature of interactions at the interfac-
es between components in the NCs. Therefore, the improvement of 
such properties and interfacial interactions between polymers and 
nanometal oxides acquire a role in decorated the optoelectrical 
properties of polymeric nanocomposites. 
 In this article, the authors have focused on the effect and role of 
different nanometal oxides in the modification of the optical and 
electrical properties of host polymers to be suitable for optoelec-
tronic and industrial applications [3]. 
 ZrO2 is a technologically important material due to its superior 
hardness, high refractive index, optical transparency, chemical sta-
bility, photothermal stability, high thermal-expansion coefficient, 
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low thermal conductivity, high thermomechanical resistance, and 
high corrosion resistance. These unique properties of ZrO2 have led 
to their widespread applications in the fields of optical, structural 
materials, solid-state electrolytes, gas-sensing, thermal barriers 
coatings, corrosion-resistant materials, catalysts [4]. 
 Antimony oxide (Sb2O3) has a wide band gap of 3.4 eV that is 
widely used in various applications as catalyst, flame retardant, op-
toelectronic and photoelectric devices. The photocatalytic activity of 
pure Sb2O3 is low due to high band gap (Eg 3.4 eV) [5]. 
 A polar organic polymer such as polyvinyl alcohol (PVA) has re-
ceived a lot of interest in recent years due to its highly transparent, 
mechanical flexibility, affordable, non-toxic, high-biocompatibility, 
and good storage properties as well as strong chemical and thermal 
stabilities [6]. The nanoparticles-doped polymers comprised of great 
applications for a variety of fields like optical, optoelectronics, and 
electronics approaches [7–31]. 
 The current work aims to investigate of dielectric properties for 
PVA–ZrO2–Sb2O3 nanocomposites to use in different electronics ap-
plications. 

2. MATERIALS AND METHODS 

The nanocomposites films of PVA doped with ZrO2–Sb2O3 nanoparti-
cles were fabricated via dissolving of 0.5 gm PVA in 30 ml of dis-
tilled water by using magnetic stirrer to mix the polymer for 1 hour 
to obtain solution that is more homogeneous. The ZrO2 and Sb2O3 
nanoparticles were added to PVA with different contents of 2.2%, 
4.4% and 6.6% at constant ratio 1:1. The casting process was used 
to prepare the PVA–ZrO2–Sb2O3-nanocomposites’ films. The dielec-
tric properties of PVA–ZrO2–Sb2O3-nanocomposites’ films were test-
ed at frequency ranged between 100 Hz and 5 106 Hz using LCR 
meter type (HIOKI 3532-50 LCR HI TESTER). 
 The dielectric constant ( ) is given by [32] 

 Cp/C0, (1) 

where Cp is the matter capacitance, C0 is the vacuum capacitance. 
 Dielectric loss ( ) is determined by [33] 

 D, (2) 

where D is the dispersion factor. 
 The A.C. electrical conductivity is found by [34] 

 A.C. 2 f D 0. (3) 
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3. RESULTS AND DISCUSSION 

The variation of dielectric constant and dielectric loss for PVA–
ZrO2–Sb2O3 nanocomposites with frequency and ZrO2–Sb2O3-NPs’ 
content are shown in Figs. 1–4. 

 

Fig. 1. Variation of dielectric constant for PVA–ZrO2–Sb2O3 nanocompo-
sites with frequency. 

 

Fig. 2. Behaviour of dielectric loss for PVA–ZrO2–Sb2O3 nanocomposites 
with frequency. 
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 The dielectric constant and dielectric loss of PVA increase with 
increasing ZrO2–Sb2O3-NPs’ content; this is due to increase in the 
number of charges’ carriers. The elevated values of dielectric con-
stant and dielectric loss at low frequencies were assigned to the 
availability of enough time for the dipoles to interact with the 

 

Fig. 3. Dielectric constant variation for PVA with ZrO2–Sb2O3-NPs’ con-
tent. 

 

Fig. 4. Behaviour of dielectric loss for PVA with ZrO2–Sb2O3-NPs’ content. 



564 Ahmed HASHIM and Farhan Lafta RASHID 

fields before it changes, while dielectric constant and dielectric loss 
values’ decrease at high frequencies relate to the short time availa-
ble to them [35–45]. 
 Figures 5 and 6 illustrate behaviour of A.C. electrical conductivi-
ty for PVA–ZrO2–Sb2O3 nanocomposites with frequency and ZrO2–

 

Fig. 5. Behaviour of A.C. electrical conductivity for PVA–ZrO2–Sb2O3 
nanocomposites with frequency. 

 

Fig. 6. Performance of A.C. electrical conductivity for PVA with ZrO2–
Sb2O3-NPs’ content. 
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Sb2O3-NPs’ content, respectively. The A.C. conductivity rises with 
increasing ZrO2–Sb2O3-NPs’ content. In all samples, the conductivi-
ty increases with frequency. The bonds are designed to switch at 
high frequencies, resulting in a dielectric transition with vulnerable 
trustworthy polar functional groups, which causes physiological ad-
aptations within the polymer structure via the formation of charge 
transfer complexes, implying increased electrical conductivity of 
the films. 
 The rise of A.C. electrical conductivity with nanoparticles’ con-
tent can be related to increase of charge-carriers’ numbers [46–58]. 

4. CONCLUSIONS 

The present work included investigation of dielectric properties for 
PVA–ZrO2–Sb2O3 nanocomposites to employ in various electronics 
fields. The results showed that the dielectric constant, dielectric 
loss, and A.C electrical conductivity of PVA are increased with in-
creasing the ZrO2–Sb2O3-NPs’ content. The dielectric constant and 
dielectric loss of PVA–ZrO2–Sb2O3 nanocomposites are reduced, 
while the A.C. electrical conductivity is increased with rising fre-
quency. Finally, the obtained results displayed that the PVA–ZrO2–
Sb2O3 nanocomposites can be suitable for various electronics appli-
cations. 
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The nanocomposites consisting of polyvinyl alcohol (PVA), copper oxide 
(CuO), and silicon dioxide (SiO2) are produced using the solution cast 
method. The samples are consisted of PVA serving as the organic host 
matrix, together with different amounts of nanosize CuO and SiO2 rang-
ing from 0 to 6 wt.%. This study investigates the electrical properties of 
nanocomposites (NCs), namely, PVA–CuO–SiO2. An inquiry is carried out 
to examine the electrical properties of NCs throughout the frequency 
range of 100 to 5 106 Hz under standard temperature settings. The ex-
perimental findings indicate the reduction in the dielectric constant ( ) 
and loss ( ) of the PVA–CuO–SiO2 NCs with increasing frequency. The 
electrical conductivity A.C. of an alternating current (A.C.) increases with 
higher frequencies. The , , and A.C. of pure PVA increase with the in-
creasing concentration of the CuO–SiO2 nanoparticles (NPs). The defini-
tive results demonstrated that the PVA–CuO–SiO2 nanostructures have 
promising potential for various electrical and electronic nanodevices. 

Íàíîêîìïîçèòè, ùî ñêëàäàþòüñÿ ç ïîë³â³í³ëîâîãî ñïèðòó (ÏÂÑ), îêñèäó 
Êóïðóìó (CuO) òà ä³îêñèäó Ñèë³ö³þ (SiO2), áóëî îäåðæàíî ìåòîäîì ëèò-
òÿ ç ðîç÷èíó. Çðàçêè ñêëàäàëèñÿ ç ÏÂÑ, ÿêèé ñëóæèâ îðãàí³÷íîþ ìàò-
ðèöåþ-õàçÿ¿íîì, ðàçîì ³ç ð³çíîþ ê³ëüê³ñòþ íàíîðîçì³ðíèõ CuO òà SiO2 
â³ä 0 äî 6 âàã.%. Ó öüîìó äîñë³äæåíí³ âèâ÷åíî åëåêòðè÷í³ âëàñòèâîñò³ 
íàíîêîìïîçèò³â (ÍÊ), à ñàìå, ÏÂÑ–CuO–SiO2. Áóëî ïðîâåäåíî äîñë³-
äæåííÿ ç ìåòîþ âèâ÷åííÿ åëåêòðè÷íèõ âëàñòèâîñòåé ÍÊ ó âñüîìó ä³ÿ-
ïàçîí³ ÷àñòîò â³ä 100 äî 5 106 Ãö çà ñòàíäàðòíèõ òåìïåðàòóðíèõ óìîâ. 
Åêñïåðèìåíòàëüí³ ðåçóëüòàòè ïîêàçàëè ïîíèæåííÿ ä³åëåêòðè÷íî¿ ïðî-
íèêíîñòè ( ) òà âòðàò ( ) ÍÊ ÏÂÑ–CuO–SiO2 ç³ çá³ëüøåííÿì ÷àñòîòè. 
Åëåêòðîïðîâ³äí³ñòü A.C. çì³ííîãî ñòðóìó çá³ëüøóºòüñÿ çà âèùèõ ÷àñ-
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òîò. Çíà÷åííÿ ,  ³ A.C. ÷èñòîãî ÏÂÑ çá³ëüøóþòüñÿ ç³ çá³ëüøåííÿì 
êîíöåíòðàö³¿ íàíî÷àñòèíîê CuO–SiO2. Îñòàòî÷í³ ðåçóëüòàòè ïðîäåìîíñ-
òðóâàëè, ùî íàíîñòðóêòóðè ÏÂÑ–CuO–SiO2 ìàþòü áàãàòîîá³öÿþ÷èé ïî-
òåíö³ÿë äëÿ ð³çíèõ åëåêòðè÷íèõ òà åëåêòðîííèõ íàíîïðèñòðî¿â. 

Key words: nanocomposites, PVA, CuO–SiO2 nanoparticles, electrical prop-
erties. 

Êëþ÷îâ³ ñëîâà: íàíîêîìïîçèòè, ïîë³â³í³ëîâèé ñïèðò, íàíî÷àñòèíêè CuO–
SiO2, åëåêòðè÷í³ âëàñòèâîñò³. 
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1. INTRODUCTION 

Nanotechnology is a recently emerged scientific field that explores 
the distinct characteristics of materials at the nanoscale scale, 
which vary dramatically from those shown by the same materials at 
higher particle sizes [1, 2]. It has revolutionized multiple domains, 
with medicine being the most significant beneficiary. Notably, 
nanotechnology relies on principles of biology, pharmacy, engineer-
ing, physics, and chemistry. Therefore, researchers must possess a 
comprehensive foundation encompassing all these disciplines. 
Nanotechnology has revolutionized several aspects of our lives. Ex-
amining the management of several illnesses has instilled signifi-
cant optimism for the potential remedy of various formerly un-
treatable conditions. Nanotechnology has great potential for revolu-
tionizing medical practices by enabling precise diagnostics and 
highly efficient treatments for life-threatening illnesses like cancer. 
These advancements will be realized over the next decade via 
nanomedicine [3, 4]. 
 Polymer nanocomposites (NCs) have gained substantial attention 
from both academia and industry in recent decades and have 
emerged as essential materials for developing cutting-edge applica-
tions, particularly in the field of electrical engineering [5, 6]. Poly-
vinyl alcohol (PVA) is well recognized as a very important polymer 
and is extensively used in several crucial applications and indus-
tries. Examples of these applications and businesses include electro-
chromics, fuel cells, biomedical domains, and sensors. Polyvinyl al-
cohol (PVA) has distinct characteristics compared to other poly-
mers, such as exceptional mechanical robustness, resistance to cor-
rosion, and favourable thermal stability [7, 8]. 
 Polyvinyl alcohol (PVA) is a hydrophilic artificial polymer that is 
a granular powder with no smell, transparent appearance, lack of 
taste, and white or cream hue. Due to its water-solubility, PVA may 
produce hydroxyl organic components. Two prominent features of 
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PVA are its susceptibility to biological degradation and its biocom-
patibility. Polyvinyl alcohol (PVA) has exceptional tensile strength 
and durability, along with a remarkable ability to resist the permea-
tion of oxygen and odours. The visual propagation of light is excep-
tional. Additionally, it has exceptional attributes in terms of form, 
mixing, and adherence [9, 10]. 
 Silicon dioxide, also known as silica, is a compound consisting of 
silicon and oxygen. Its chemical formula is SiO2, and it is mostly 
found in nature as quartz. All types of silica have the same chemi-
cal makeup but vary in atomic arrangement [11, 12]. 
 The SiO2 particles operate as a solid plasticizer, enhancing the 
composite polymer dimensional stability and chemical and mechani-
cal properties [13]. Moreover, SiO2 is an amorphous, non-toxic ma-
terial with several potential applications. Silica is a solid substance 
that lacks odour and comprises silicon (Si) and oxygen atoms (O2). 
Silica (SiO2) particles go airborne and aggregate to create non-
combustible particulate matter [14, 15]. 
 CuO nanoparticles (NPs) have been utilized to improve the char-
acteristics of polymer films, regardless of whether they are derived 
from petroleum or biological sources. This is attributed to their 
ability to enhance the mechanical properties of polymers, relatively 
low toxicity, thermal stability, and high surface area to volume ra-
tio [16]. Copper oxide is a metallic substance with semiconductor 
properties and unique optical, electrical, and magnetic attributes. It 
has found applications in several domains, such as near-infrared 
filters, sensors, catalysis, producing supercapacitors, magnetic 
storage media, and semiconductors [17, 18]. 
 The electrical properties of pure PVA were improved by including 
the copper oxide (CuO) and silicon dioxide (SiO2) nanoparticles 
(NPs) in this work. The study results show a substantial improve-
ment in the aspects mentioned above. 

2. MATERIALS AND METHODS 

The casting approach was used to manufacture nanocomposite films 
by adding polyvinyl alcohol (PVA), copper oxide (CuO), and silicon 
dioxide (SiO2) nanoparticles. The experimental protocol included the 
dissolution of pure polyvinyl alcohol (PVA) in 40 ml of distilled wa-
ter for 45 minutes. A magnetic stirrer was used to agitate the mix-
ture at 50 C, enhancing the solution uniformity and homogeneity 
throughout this procedure. The polymer was modified by adding 
copper oxide (CuO) and silicon dioxide (SiO2) nanoparticles at vary-
ing weight percentages 0%, 2%, 4%, and 6%. Following four days 
of air-drying the solution at room temperature, the outcome was 
the achievement of polymer nanocomposite formation. The PVA–
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CuO–SiO2 NCs were obtained from the Petri dish and used for 
measurement. The dielectric properties of NCs were assessed using 
the LCR meter/HIOKI/3532/50/LCR-HI-TESTER with a frequency 
range from 100 Hz to 5 MHz. 
 To get the value of the dielectric constant ( ), the following for-
mula might be used [19, 20]: 

 Cp/C0, (1) 

where Cp, C0 are signifying capacitance and vacuum capacitor. 
 Dielectric loss ( ) is given by [21, 22]: 

 D; (2) 

here, the displacement (D) is used. 
 The A.C. electrical conductivity is calculated as follows [23, 24]: 

 A.C. 0 , (3) 

where  is angular frequency. 

3. RESULTS AND DISCUSSION 

Figure 1 illustrates the variations in the dielectric properties of 
nanocomposites made up of polyvinyl alcohol (PVA), copper oxide 
(CuO), and silicon dioxide (SiO2), referred to as PVA–CuO–SiO2 
nanocomposites, as a function of frequency. The results suggest 
that the  negatively correlates with the frequency (f) in all sam-
ples. At low frequencies, the insulating materials’ dipoles align 
with the applied electric field, causing charge accumulation. This 
accumulation leads to increased polarization and, consequently, an 
increase in the . At higher frequencies, the dipoles cannot align 
quickly enough with the direction of the applied electric field; this 
results in a reduction in polarization and, therefore, a drop in the  
value. This characteristic has many applications, including commu-
nication antennas and microwave components [25, 26]. 
 Figure 2 depicts the dielectric loss of nanocomposites made up of 
polyvinyl alcohol (PVA), copper oxide (CuO), and silicon dioxide 
(SiO2), which varies with frequency. The graph data demonstrates a 
negative correlation between frequency and dielectric loss, indicat-
ing that as frequency increases, dielectric loss decreases. This be-
haviour is attributed to mobile charges inside the polymer back-
bone. The occurrence arises from diminishing the impact of space 
charge polarization as the frequency increases. The dielectric loss of 
PVA–CuO–SiO2 NCs increases with more electrons, especially, at 
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intermediate frequencies, but decreases as the frequency increases 
[27–30]. 
 Figures 3 and 4 depict the relationship between the levels of 
nanoparticles and the dielectric properties, including the dielectric 
constant and dielectric loss, in nanocomposites made of polyvinyl 
alcohol (PVA), copper oxide (CuO), and silicon dioxide (SiO2). 
 The data demonstrates the relationship between the concentration 
of CuO–SiO2 nanoparticles and the simultaneous rise in  and . 

 

Fig. 1. Behaviour of  with a frequency for the PVA–CuO–SiO2 NCs. 

 

Fig. 2. Behaviour of  with a frequency for the PVA–CuO–SiO2 NCs. 



574 Rehab Shather ABDUL HAMZA, Majeed Ali HABEEB, and Idrees OREIBI 

 The observed phenomena may be explained by interfacial polari-
zation inside the nanocomposites when an electric field is applied 
[31, 32]. This polarization increases charge carriers, resulting in a 
higher dielectric constant and dielectric loss. This behaviour is con-
sistent with the discoveries made by other researchers [33–36]. 

 

Fig. 3. Influence of CuO–SiO2 NPs’ content on the  of PVA–CuO–SiO2 
NCs at 100 Hz. 

 

Fig. 4. Influence of CuO–SiO2 NPs’ content on the  of PVA–CuO–SiO2 
NCs at 100 Hz. 
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 Figures 5 and 6 depict the correlation between the frequency (f) 
and the concentration of CuO–SiO2 nanoparticles in the PVA–CuO–
SiO2 nanocomposites, especially, in connection to the performance of 
A.C. electrical conductivity. The graph demonstrates a direct rela-
tionship between the A.C. electrical conductivity and the electric 

 

Fig. 5. Variation of conductivity for PVA–CuO–SiO2 NCs with frequency f. 

 

Fig. 6. Variation of electrical conductivity for PVA–CuO–SiO2 NCs with 
CuO–SiO2 NPs’ contents. 
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field frequency in all nanocomposite samples. This phenomenon may 
be ascribed to the migration of ions inside the clusters and the 
movement of electrically charged particles [37–39]. At lower fre-
quencies, there is a higher accumulation of charge at the interface 
between the electrode and electrolyte, leading to a decrease in the 
number of ions that can move and, therefore, a drop in electrical 
conductivity. The conductivity increases directly to the concentra-
tion of CuO–SiO2 nanoparticles. The rise in electric charge results 
from the creation of fully saturated nanoparticles. 
 Table displays the dielectric constant, dielectric loss, and A.C. 
electrical conductivity values of PVA–CuO–SiO2 nanocomposites at 
a frequency of 100 Hz [40–42]. 

4. CONCLUSION 

The present investigation entails the fabrication of nanostructured 
films comprising PVA–CuO–SiO2 by the solution casting technique. 
An inquiry has been carried out to examine the electrical properties 
of nanostructures consisting of PVA–CuO–SiO2. The dielectric 
properties of PVA–CuO–SiO2 nanocomposites indicate that , , 
and A.C. of pure PVA increase, when the concentration of CuO–SiO2 
nanoparticles increases. In addition, the  increased from 0.34 to 
0.94 at a frequency of 100 Hz, whereas the  increased from 0.024 
to 0.082 at the same frequency. The  and  drop in magnitude as 
the frequency increases, but the A.C. electrical conductivity experi-
ences an increase. The dielectric properties of the PVA–CuO–SiO2 
nanostructures render them highly appropriate for a wide range of 
flexible nanoelectronics applications, owing to their cost-
effectiveness, high energy-storage capacity, and low loss. 
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Â ðîáîò³ îïèñàíî ïðîöåñ ñèíòåçè ã³äðî´åëåâèõ ìàòåð³ÿë³â íà îñíîâ³ ïî-
ë³â³í³ëîâîãî ñïèðòó (ÏÂÑ) ³ ïîë³åòèëåíãë³êîëþ (ÏÅ¥), íàïîâíåíèõ ÷àñ-
òèíêàìè ä³îêñèäó Òèòàíó â êîíöåíòðàö³ÿõ 1%, 0,1% ³ 0,01% ìàñ. Ðîç-
ïîä³ë çà ðîçì³ðàìè ÷àñòèíîê ä³îêñèäó Òèòàíó áóëî îäåðæàíî ìåòîäîì 
äèíàì³÷íîãî ðîçñ³þâàííÿ ñâ³òëà. Äëÿ îäåðæàííÿ äàíèõ ïðî ñòðóêòóðó 
îäåðæàíèõ ìàòåð³ÿë³â äî ³ ï³ñëÿ îïðîì³íåííÿ åëåêòðîíàìè âèêîðèñòî-
âóâàëàñÿ øèðîêîêóòîâà ðåíò´åíîãðàô³ÿ, çà ðåçóëüòàòàìè ÿêî¿ áóëî âè-
ÿâëåíî ìîæëèâèé âçàºìî÷èí ì³æ ÷àñòèíêàìè ä³îêñèäó Òèòàíó òà ïîë³-
ìåðíîþ ìàòðèöåþ. Âèïðîáóâàííÿ íà ðîçðèâ ïîêàçàëè ïîíèæåííÿ ì³ö-
íîñòè íà ðîçðèâ ³ äåôîðìàö³þ ùîäî ðîçðèâó ã³äðî´åëþ ç³ çðîñòàííÿì 
êîíöåíòðàö³¿ ä³îêñèäó Òèòàíó. Ã³äðî´åë³ ÏÂÑ–ÏÅ¥–TiO2 íå ïðîÿâèëè 
àíòèì³êðîáíî¿ ä³¿ äî ðåôåðåíòíèõ øòàì³â Staphylococcus aureus ³ 
Escherichia coli. 

The paper describes the synthesis process of hydrogel materials based on 
polyvinyl alcohol (PVA) and polyethylene glycol (PEG) filled with tita-
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nium-dioxide particles in concentrations of 1%, 0.1%, and 0.01% mass. 
The size distribution of titanium dioxide particles is obtained by the 
method of dynamic light scattering. To obtain data on the structure of the 
obtained materials before and after electron irradiation, wide-angle radi-
ography is used, the results of which reveal a possible interplay between 
the titanium-dioxide particles and the polymer matrix. Tensile tests show 
a decrease in the tensile strength and strain to break of the hydrogel with 
increasing titanium-dioxide concentration. PVA–PEG–TiO2 hydrogels do 
not show antimicrobial activity against reference strains of Staphylococ-
cus aureus and Escherichia coli. 

Êëþ÷îâ³ ñëîâà: ã³äðî´åëü, ÏÂÑ–ÏÅ¥, TiO2, åëåêòðîííå îïðîì³íåííÿ, 
ìåõàí³÷íà ì³öí³ñòü, áàêòåðèöèäíà àêòèâí³ñòü. 

Key words: hydrogel, PVA–PEG, TiO2, electron irradiation, mechanical 
strength, bactericidal activity. 

(Îòðèìàíî 18 êâ³òíÿ 2024 ð.) 
  

1. ÂÑÒÓÏ 

Ïîë³ìåðí³ êîìïîçèòí³ ìàòåð³ÿëè çäàòí³ çàäîâîëüíÿòè á³ëüø³ñòü 
ñó÷àñíèõ âèìîã äî ìàòåð³ÿë³â, ÿê³ ìàëè á êîìïëåêñ íåîáõ³äíèõ 
ôóíêö³îíàëüíèõ âëàñòèâîñòåé [1]. 
 Íàïîâíåííÿ ïîë³ìåð³â äèñïåðñíèìè íàïîâíþâà÷àìè äàº çìîãó 
îäåðæóâàòè ìàòåð³ÿëè ç ïåâíèìè ôóíêö³îíàëüíèìè õàðàêòåðèñ-
òèêàìè [2, 3]. 
 Ã³äðî´åë³ — öå îá’ºìí³ ã³äðîô³ëüí³ ïîë³ìåðí³ ìåðåæ³, çäàòí³ 
âáèðàòè âåëèêó ê³ëüê³ñòü âîäè ÷è òî á³îëîã³÷íèõ ð³äèí, ùî ðî-
áèòü ¿õ îñîáëèâî êîðèñíèìè â ìåäèöèí³ òà ôàðìàöåâòèö³. ¯õíÿ 
ñõîæ³ñòü ç æèâèìè òêàíèíàìè êðàùà áóäü-ÿêîãî ³íøîãî âèäó ñè-
íòåòè÷íèõ á³îìàòåð³ÿë³â, ùî ïîÿñíþºòüñÿ ¿õí³ì âèñîêèì âáèðàí-
íÿì âîäè òà ì’ÿêîþ êîíñèñòåíö³ºþ, áëèçüêîþ äî êîíñèñòåíö³¿ 
ïðèðîäí³õ òêàíèí, òèì ñàìèì çàáåçïå÷óþ÷è ¿õíþ âèñîêó á³îñóì³-
ñí³ñòü [4]. 
 Âèêîðèñòàííÿ ã³äðî´åë³â äëÿ ñòâîðåííÿ ïîâ’ÿçîê º ñó÷àñíîþ 
àëüòåðíàòèâîþ òðàäèö³éíèì ìàðëåâèì ïîâ’ÿçêàì äëÿ ë³êóâàííÿ 
ðàí [5]. Åôåêòèâí³ ïîâ’ÿçêè ìàþòü áóòè íåòîêñè÷íèìè, ï³äòðè-
ìóâàòè âîëîã³ñòü ó ì³ñö³ ðàíè, çàõèùàòè ðàíó â³ä ïîäàëüøèõ 
ïîøêîäæåíü ³ ñïðèÿòè çàãîºííþ. Ã³äðî´åë³ ìîæóòü ì³ñòèòè äî 
96% âîäè, ÷èì ï³äòðèìóþòü âîëîãå ñåðåäîâèùå, ³äåàëüíå äëÿ çà-
ãîºííÿ ðàíè, ìîæóòü âáèðàòè ïåâíó ê³ëüê³ñòü ðàíîâîãî åêñóäàòó 
é îñîáëèâî åôåêòèâí³ äëÿ çíåâîäíåíèõ àáî íåêðîòè÷íèõ ðàí [6]. 
Ëèñòîâ³ ã³äðî´åë³ ëåãêî âèäàëèòè, íå ïîøêîäæóþ÷è ëîæå ðàíè 
çàâäÿêè âîëîã³é ïîâåðõí³ ì³æ ðàíîþ òà ïîâ’ÿçêîþ; âîíè îõîëî-
äæóþòü ðàíó òà ñïðèÿþòü ïîëåãøåííþ áîëþ [7]. 
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 Ïîòðåáó â ã³äðî´åëÿõ äëÿ ìåäè÷íèõ çàñòîñóâàíü çóìîâëåíî ¿õ-
í³ìè âëàñòèâîñòÿìè, òàêèìè ÿê ã³äðîô³ëüí³ñòü ³ á³îñóì³ñí³ñòü. 
Âîíè º äóæå çàòðåáóâàíèìè äëÿ ë³êóâàííÿ ðàí; òîìó âàæëèâî 
ðîçðîáèòè ìåòîäèêè íàéá³ëüø åôåêòèâíîãî âèðîáíèöòâà ã³äðî´å-
ë³â ìåäè÷íîãî ïðèçíà÷åííÿ ç óðàõóâàííÿì äîñòóïíîñòè ñèðîâèíè 
òà ë³êóâàëüíèõ âëàñòèâîñòåé ìàòåð³ÿëó. 
 Ó ö³é ðîáîò³ äëÿ ñèíòåçè ã³äðî´åëþ âèêîðèñòîâóºòüñÿ ïîë³ìåð-
íèé êîìïîçèò ÏÂÑ–ÏÅ¥ ³ç âêëþ÷åííÿìè ÷àñòèíîê TiO2 ç ìåòîþ 
íàäàííÿ àíòèáàêòåð³ÿëüíèõ âëàñòèâîñòåé îäåðæàíèì ã³äðî´åëå-
âèì ìàòåð³ÿëàì. ÏÂÑ º ñèíòåòè÷íèì ïîë³ìåðîì, ÿêèé âèêîðèñòî-
âóºòüñÿ ç ïî÷àòêó 1930-õ ðîê³â ó øèðîêîìó ä³ÿïàçîí³ ïðîìèñëî-
âèõ, ìåäè÷íèõ ³ õàð÷îâèõ çàñòîñóâàíü. Ð³çí³ âëàñòèâîñò³, òàê³ ÿê 
â’ÿçê³ñòü, òåìïåðàòóðà òîïëåííÿ, ïîêàçíèê çàëîìëåííÿ, çì³íþ-
þòüñÿ çàëåæíî â³ä ìîëåêóëÿðíî¿ ìàñè òà â³äñîòêà ã³äðîë³çè [8]. 
ÏÂÑ ÷àñòî âèêîðèñòîâóºòüñÿ ó ïîºäíàíí³ ç ³íøèìè ïîë³ìåðàìè 
[9]. Ïîë³åòèëåí´ë³êîëü (ÏÅ¥) ðîç÷èíÿºòüñÿ ó âîä³, åòàíîë³, àöå-
òîí³òðèë³, áåíçîë³ òà äèõëîðìåòàí³, º óí³âåðñàëüíèì ïðîñòèì ïî-
ë³åô³ðîì, ÿêèé øèðîêî âèêîðèñòîâóºòüñÿ â ð³çíèõ ãàëóçÿõ, 
âêëþ÷àþ÷è ìåäèöèíó [10]. 
 Çøèâàííÿ ã³äðàòîâàíî¿ ïîë³ìåðíî¿ ñèñòåìè ÏÂÑ–ÏÅ¥ ³ ðåçóëü-
ò³âí³ ìåõàí³÷í³ âëàñòèâîñò³ äîñÿãíóòî çà äîïîìîãîþ éîí³çóâàëü-
íîãî âèïðîì³íåííÿ, ÿêå ñïðè÷èíÿº ðàä³îë³çó âîäè é óòâîðåííÿ 
â³ëüíèõ ðàäèêàë³â, òàêèõ ÿê ðàäèêàëè OH, H ³ ã³äðàòîâàí³ åëåêò-
ðîíè: 2 2 2 2H O  OH, H ,  ,  H ,  H O ,  Hn n

aqe  [11–14]. 
 Ã³äðîêñèëüí³ ðàäèêàëè, ïîì³æ ³íøèõ ðåàêö³éíîçäàòíèõ ôîðì, 
â³ä³ãðàþòü íàéâàæëèâ³øó ðîëü, â³äðèâàþ÷è Ã³äðî´åí â³ä ïîë³ìå-
ðíèõ ëàíöþã³â ç óòâîðåííÿì ìàêðîðàäèêàë³â, ñïðèÿþ÷è ïåðåõðå-
ñíîìó çøèâàííþ ìàêðîìîëåêóë ïîë³ìåðó [11, 12]. 
 Íàíî÷àñòèíêè TiO2 º îäíèìè ç íàéá³ëüø âèâ÷åíèõ äëÿ àíòèì³-
êðîáíèõ çàñòîñóâàíü çàâäÿêè ¿õí³é áàêòåðèöèäí³é àêòèâíîñò³ òà 
áåçïåö³ [15]. Êð³ì öüîãî, ä³îêñèä Òèòàíó âèð³çíÿºòüñÿ âèñîêîþ 
õåì³÷íîþ ñòàá³ëüí³ñòþ, ñóïåðã³äðîô³ëüí³ñòþ, á³îñóì³ñí³ñòþ òà â³-
äíîñíî äåøåâîìó âèðîáíèöòâó [16]. 
 Òàêîæ TiO2 ñëóæèòü ôîòîêàòàë³çàòîðîì ³ íàï³âïðîâ³äíèêîì ³ç 
çàáîðîíåíîþ çîíîþ ó 3,2 åÂ, ÿêèé º ÿê ó àìîðôí³é (íåôîòîàêòèâ-
í³é), òàê ³ ó òðüîõ ïðèðîäí³õ êðèñòàë³÷íèõ ôîðìàõ: àíàòàç³, ðó-
òèë³ òà áðóê³ò³, ïðè÷îìó àíàòàç º á³ëüø ôîòîàêòèâíèì ³, îòæå, 
ë³ïøèì äëÿ ôîòîêàòàë³òè÷íèõ çàñòîñóâàíü [16]. 
 Îòæå, ä³îêñèä Òèòàíó º ïåðñïåêòèâíèì íàïîâíþâà÷åì äëÿ ã³ä-
ðî´åëåâèõ êîìïîçèòíèõ ìàòåð³ÿë³â çàâäÿêè éîãî ôîòîêàòàë³òè÷-
íèì ³ àíòèáàêòåð³ÿëüíèì âëàñòèâîñòÿì. Âèñîêèé ïîïèò íà ã³äðî-
´åëåâ³ ïåðåâ’ÿçóâàëüí³ ìàòåð³ÿëè âèìàãàº ïîäàëüøèõ äîñë³äæåíü 
òàêèõ ìàòåð³ÿë³â ³ ìåòîä³â âèðîáíèöòâà ¿õ. 
 Ìåòîþ äàíî¿ ðîáîòè º äîñë³äæåííÿ îñîáëèâîñòåé ñòðóêòóðíî¿ 
îðãàí³çàö³¿, ìåõàí³÷íèõ ³ áàêòåðèöèäíèõ âëàñòèâîñòåé ã³äðî´åëå-
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âèõ êîìïîçèò³â ÏÂÑ–ÏÅ¥–TiO2, çøèòèõ åëåêòðîííèì îïðîì³íåí-
íÿì. 

2. ÑÈÍÒÅÇÀ 

Ïðîöåäóðà ñèíòåçè âêëþ÷àº ðîç÷èíåííÿ 4,8 ã ïîë³â³í³ëîâîãî 
ñïèðòó (ÏÂÑ 17-99) ó 28,6 ìë âîäè òà 0,6 ã ïîë³åòèëåí´ë³êîëþ 
(ÏÅ¥-6000) ó 3,95 ìë âîäè çà òåìïåðàòóð ó 95 C ³ 20 C â³äïîâ³äíî 
ç ïîäàëüøèì ïåðåì³øóâàííÿì. Äî ðîç÷èíó ÏÂÑ äîäàâàëè ðîç÷èí 
ÏÅ¥ ³ çì³øóâàëè âïðîäîâæ 10 õâèëèí, óòâîðþþ÷è îäíîð³äíó ñó-
ì³ø îáîõ êîìïîíåíò³â. 
 Äàë³ ä³îêñèä Òèòàíó (Sigma-Aldrich) ç ñåðåäí³ì ä³ÿìåòðîì ÷àñ-
òèíîê ó 265 íì äîäàâàëè â ð³çíèõ ïðîïîðö³ÿõ (1%, 0,1% ³ 0,01% 
ìàñ.) äî ñóì³ø³ ÏÂÑ–ÏÅ¥ ðàçîì ç 2 ìë âîäè. Ìàãíåòíèì ïåðåì³-
øóâàííÿì áóëî äîñÿãíóòî îäíîð³äí³ñòü ðîç÷èíó ÏÂÑ–ÏÅ¥–TiO2. 
 Ñôîðìîâàí³ òàêèì ÷èíîì ´åë³ ïîì³ùàëèñü ó zip-ïàêåòè òà çáåð³-
ãàëèñÿ çà òåìïåðàòóð ó 4 C âïðîäîâæ 4 äí³â. Îõîëîäæåí³ ´åë³ áóëî 
îïðîì³íåíî åëåêòðîíàìè ç åíåðã³ºþ ó 4 ÌåÂ ³ç äîçîþ îïðîì³íåííÿ 
ó 33 êÃð. 

3. ÌÅÒÎÄÈ ÄÎÑË²ÄÆÅÍÜ 

3.1. Ìåòîä äèíàì³÷íîãî ðîçñ³þâàííÿ ñâ³òëà 

Äëÿ îäåðæàííÿ ãðàô³êà ðîçïîä³ëó ÷àñòèíîê ä³îêñèäó Òèòàíó çà 
ðîçì³ðàìè çàñòîñîâàíî ìåòîä äèíàì³÷íîãî ðîçñ³þâàííÿ ñâ³òëà 
(DLS) ç âèêîðèñòàííÿì àíàë³çàòîðà ÷àñòèíîê LiteSizer 500. Ó 
öüîìó ìåòîä³ âèêîðèñòîâóºòüñÿ ÿâèùå õàîòè÷íîãî òåïëîâîãî ðóõó 
÷àñòèíîê ó ð³äèí³, äå øâèäê³ñòü ðóõó ÷àñòèíîê îáåðíåíî ïðîïîð-
ö³éíà ¿õí³ì ðîçì³ðàì. Ðîçñ³ÿííÿ ñâ³òëà íà çðàçêó äåòåêòóºòüñÿ é 
ô³êñóºòüñÿ áàãàòî ðàç³â. Ïîð³âíþþ÷è çàïèñè â ð³çí³ ìîìåíòè ÷àñó 
ìîæíà âèçíà÷èòè øâèäê³ñòü ðóõó ÷àñòèíîê. Îäåðæàíà ³íôîðìà-
ö³ÿ óìîæëèâëþº îäåðæàòè ðîçïîä³ë ÷àñòèíîê çà ðîçì³ðàìè òà ñå-
ðåäíº çíà÷åííÿ ðîçì³ðó. 
 Äëÿ âèçíà÷åííÿ ðîçì³ð³â ÷àñòèíîê TiO2 0,1 ã ä³îêñèäó Òèòàíó 
äîäàëè äî 1,5 ìë âîäè, ðåçóëüò³âíó ñóì³ø çàëèâàëè â îäíîðàçîâó 
êþâåòó, ÿêó ïîì³ùàëè â ïðèëàä LiteSizer 500. Òåìïåðàòóðà ïðî-
âåäåííÿ äîñë³äæåíü ñêëàäàëà 25 C. 

3.2. Ìåòîä øèðîêîêóòîâî¿ ðåíò´åíîãðàôi¿ 

Äîñë³äæåííÿ êðèñòàë³÷íî¿ ñòðóêòóðè TiO2 é ñòðóêòóðíî¿ îðãàí³-
çàö³¿ çðàçê³â íà îñíîâ³ ïîë³â³í³ëîâîãî ñïèðòó ïðîâîäèëèñÿ ìåòî-
äîì øèðîêîêóòîâî¿ ðåíò´åíîãðàô³¿ íà äèôðàêòîìåòð³ XRD-7000 
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âèðîáíèöòâà Shimadzu. Éîãî ðåíò´åíîîïòè÷íà ñõåìà âèêîðèñòî-
âóº ìåòîä Äåáàÿ–Øåððåðà íà ïðîõîäæåííÿ ïåðâèííîãî ïó÷êà 
åëåêòðîí³â ÷åðåç äîñë³äæóâàíèé çðàçîê ³ç çàñòîñóâàííÿì CuKα-
âèïðîì³íåííÿ ( 1.54 Å) ³ ãðàô³òîâîãî ìîíîõðîìàòîðà. 
 Â³äíîñíèé ð³âåíü êðèñòàë³÷íîñòè àìîðôíî-êðèñòàë³÷íîãî ïîë³-
ìåðó âèçíà÷àâñÿ çà ôîðìóëîþ 
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; 

òóò Qêð, Qàì — ïëîùà ãðàô³êó ï³ä äèôðàêö³éíèìè ìàêñèìóìàìè 
äëÿ êðèñòàë³÷íî¿ é àìîðôíî¿ ñòðóêòóðè ïîë³ìåðó â³äïîâ³äíî, 
Qêð Qàì — ïëîùà âñüîãî ãðàô³êó àìîðôíî-êðèñòàë³÷íî¿ ñòðóêòó-
ðè â ³íòåðâàë³ êóò³â ðîçñ³ÿííÿ (2 1–2 2). 
 Äîñë³äæåííÿ áóëî ïðîâåäåíî ìåòîäîì àâòîìàòè÷íîãî ïîêðîêî-
âîãî ñêàíóâàííÿ â ðåæèì³ ç U 30 êB, I 30 ìA ó ³íòåðâàë³ êóò³â 
ðîçñ³ÿííÿ (2 ) â³ä 3 äî 50 ´ðàäóñ³â ³ ÷àñîì åêñïîçèö³¿ ó 5 ñ. Òåì-
ïåðàòóðà ïðîâåäåííÿ äîñë³äæåíü ñêëàäàëà T 20 2 C. 

3.3. Âèïðîáóâàííÿ íà ìåõàí³÷íó ì³öí³ñòü 

Ì³ðÿííÿ ì³öíîñòè òà âèäîâæåííÿ äî ðîçðèâó çðàçê³â ç êîíöåíò-
ðàö³ÿìè ó 1%, 0,1% ³ 0,01% ìàñ. TiO2 ïðîâîäèëè íà ðîçðèâí³é 
ìàøèí³ Shimadzu AGS-X 10kN Tensile Tester. Ðîçì³ðè ïðÿìîêóò-
í³õ çðàçê³â ñêëàäàëè 50 8,5 5,8 ìì, øâèäê³ñòü ðîçòÿãó — 5 
ìì/õâ. Äëÿ ïîë³ïøåííÿ ç÷åïëåííÿ çðàçê³â ç òè´ëÿìè ì³æ çðàç-
êîì ³ ïîâåðõíÿìè òè´ë³â ïîì³ùàëè òîíêèé øàð ïàïåðó, ïðèçíà-
÷åíèé äëÿ âáèðàííÿ íàäëèøêîâî¿ âîëîãè. 

3.4. Àíòèì³êðîáíà àêòèâí³ñòü çðàçê³â ùîäî ðåôåðåíòíèõ øòàì³â 

Îö³íêà áàêòåðèöèäíî¿ àêòèâíîñòè çðàçê³â ïðîâîäèëè ùîäî ðåôå-
ðåíòíèõ øòàì³â óìîâíî-ïàòîãåííèõ ì³êðîîðãàí³çì³â, — ãðàì-
ïîçèòèâíèõ Staphylococcus aureus ATCC 25923 ³ ãðàì-íå´àòèâíèõ 
Escherichia coli ÀÒÑÑ 25922, — ìåòîäîì äèôóç³¿ â àãàð íà òâåðäî-
ìó ïîæèâíîìó ñåðåäîâèù³ Luria–Bertani (LB). Ïîæèâíå ñåðåäîâè-
ùå LB ó ÷àøêàõ Ïåòð³ çàñ³âàëè 0,100 0,001 ìë ³íîêóëÿòà òåñò-
êóëüòóð ì³êðîîðãàí³çì³â Staphylococcus aureus, Escherichia coli ç 
ðîçðàõóíêó 2,5 0,1 105 ÊÓÎ/ìë. Çðàçêè, íàïîâíåí³ TiO2, ÿê³ ìàëè 
ôîðìó äèñê³â ä³ÿìåòðîì d 10 0,5 ìì ïîì³ùàëè íà ïîâåðõíþ 
ïîæèâíîãî ñåðåäîâèùà, çàñ³ÿíîãî òåñò-ì³êðîîðãàí³çìàìè. ×àøêè 
ç³ çðàçêàìè ³íêóáóâàëè 24 ãîä. çà òåìïåðàòóðè T 37,0 0,1 C. 
Àíòèì³êðîáíó àêòèâí³ñòü îö³íþâàëè çà íàÿâí³ñòþ ÷³òêî¿ çîíè çà-
òðèìêè ðîñòó íàâêîëî äèñêà ïîë³ìåðíîãî çðàçêà. Çðàçîê áåç íàïî-
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âíþâà÷à áóâ âèêîðèñòàíèé ÿê êîíòðîëüíèé. Åêñïåðèìåíò áóâ ïî-
âòîðåíèé òðè÷³. 

4. ÎÁÃÎÂÎÐÅÍÍß ÒÀ ÐÅÇÓËÜÒÀÒÈ 

4.1. Ðîçì³ð ÷àñòèíîê 

Çàñòîñîâóþ÷è ìåòîä äèíàì³÷íîãî ðîçñ³þâàííÿ ñâ³òëà (DLS) áóëî 
ïðîâåäåíî àíàë³çó ðîçì³ðó òà ðîçïîä³ëó ÷àñòèíîê. Íà ðèñóíêó 1 
ïðåäñòàâëåíî çàëåæí³ñòü â³äíîñíî¿ ÷àñòîòè ðîçïîä³ëó ÷àñòèíîê 
TiO2 çà ê³ëüê³ñòþ â³ä ¿õíüîãî ä³ÿìåòðà. 
 Ñåðåäí³é ä³ÿìåòåð ÷àñòèíîê TiO2 ñêëàâ 265 íì. ×àñòèíêè ìàëè 
ðîçì³ðè â ä³ÿïàçîí³ â³ä 150 íì äî 540 íì, à ³íäåêñ ïîë³äèñïåðñ-
íîñòè, ÿêèé º ì³ðîþ íåîäíîð³äíîñòè âèá³ðêè çà ðîçì³ðàìè, ñêëà-
äàº 9%. 

4.2. Øèðîêîêóòîâà ðåíò´åíîãðàô³ÿ 

Äîñë³äæåííÿ ñòðóêòóðè îäåðæàíèõ çðàçê³â ïîêàçàëè, ùî ÷èñòèé 
ïîë³â³í³ëîâèé ñïèðò ìàº íàï³âêðèñòàë³÷íó ñòðóêòóðó. Öå äåìîí-
ñòðóþòü äèôðàêö³éí³ ï³êè ³ç 2 m 11,2 , 19,5 , 23,0 , 40,8 , ùî 
â³äïîâ³äàþòü êðèñòàëîãðàô³÷íèì ïëîùèíàì ç Ì³ëëåðîâèìè ³íäå-
êñàìè (100), (101), (200), (201), ÿê ïîêàçàíî íà ðèñ. 2. 
 Ï³ä ÷àñ àíàë³çè øèðîêîêóòîâèõ ðåíò´åí³âñüêèõ äèôðàêòîãðàì 
äîñë³äæóâàíèõ çðàçê³â áóëî âñòàíîâëåíî, ùî äîäàâàííÿ ïîë³åòè-
ëåí´ë³êîëþ ç ìîëåêóëÿðíîþ ìàñîþ 6000 äî ñêëàäó ïîë³â³í³ëîâîãî 
ñïèðòó íå çì³íþº éîãî ñòðóêòóðíèõ îñîáëèâîñòåé (ðèñ. 3), çîêðå-
ìà êóòîâå ïîëîæåííÿ òà ñï³ââ³äíîøåííÿ ³íòåíñèâíîñòåé îñíîâíèõ 

 

Ðèñ. 1. Çàëåæí³ñòü â³äíîñíî¿ ÷àñòîòè ÷àñòèíîê TiO2 â³ä ¿õíüîãî ä³ÿìåòðà.1 
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äèôðàêö³éíèõ ï³ê³â çàëèøàþòüñÿ íåçì³ííèìè. Öå òàêîæ ï³äòâå-
ðäæóºòüñÿ ìàéæå ³äåíòè÷íèì ð³âíåì êðèñòàë³÷íîñòè ÏÂÑ òà éîãî 
ñóì³ø³ ç ïîë³åòèëåí´ë³êîëåì 6000. Êðèñòàë³÷í³ñòü ïîë³â³í³ëîâîãî 
ñïèðòó òà éîãî ñóì³ø³ ç ïîë³åòèëåí´ë³êîëåì 6000 ñòàíîâèòü ïðè-
áëèçíî 46% ³ 47% â³äïîâ³äíî. Âàðòî çàçíà÷èòè, ùî êðèñòàë³÷-
í³ñòü ñàìîãî ïîë³åòèëåí´ë³êîëþ 6000 äîð³âíþº áëèçüêî 88%. 
 Àíàë³çà øèðîêîêóòîâèõ ðåíò´åí³âñüêèõ äèôðàêòîãðàì âèõ³ä-
íîãî çðàçêà ÏÂÑ–ÏÅ¥–6000 ³ çðàçêà, ùî áóâ îïðîì³íåíèé åëåêò-
ðîíàìè (äèâ. ðèñ. 4), âèÿâèëà, ùî îïðîì³íåííÿ çðàçêà ç äîçîþ ó 

 

Ðèñ. 2. Øèðîêîêóòîâà ðåíò´åíîãðàìà ïîë³â³í³ëîâîãî ñïèðòó.2 

 

Ðèñ. 3. Øèðîêîêóòîâ³ ðåíò´åí³âñüê³ äèôðàêòîãðàìè ïîë³â³í³ëîâîãî ñïèð-
òó, ïîë³åòèëåí´ë³êîëþ 6000 òà êîìïîçèòó ïîë³â³í³ëîâèé ñïèðò–
ïîë³åòèëåí´ë³êîëü 6000.3 
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33 êÃð ïðèâîäèòü äî á³ëüø âèðàæåíîãî äèôðàêö³éíîãî ï³êó ³ç 
2 m 23,0 , ùî â³äïîâ³äàº êðèñòàëîãðàô³÷íèì ïëîùèíàì (101). 
 Êð³ì öüîãî, îïðîì³íåííÿ çðàçêà ÏÂÑ–ÏÅ¥-6000 øâèäêèìè 
åëåêòðîíàìè ñïðè÷èíÿº çá³ëüøåííÿ ñòóïåíÿ éîãî êðèñòàë³÷íîñòè 
ç 47% äî 53%. 
 Äîñë³äæåííÿ âèõ³äíîãî ïîðîøêó TiO2 ìåòîäîì øèðîêîêóòîâî¿ 
ðåíò´åíîãðàô³¿ âèÿâèëè êðèñòàë³÷íó ñòðóêòóðó àíàòàçó ç õàðàê-

 

Ðèñ. 4. Øèðîêîêóòîâ³ ðåíò´åí³âñüê³ äèôðàêòîãðàìè âèõ³äíîãî çðàçêà 
ïîë³â³í³ëîâèé ñïèðò–ïîë³åòèëåí´ë³êîëü 6000 ³ îïðîì³íåíîãî åëåêòðîíà-
ìè ç äîçîþ ó 33 êÃð.4 

 

Ðèñ. 5. Øèðîêîêóòîâ³ ðåíò´åí³âñüê³ äèôðàêòîãðàìè ïîðîøêó TiO2 òà çðàç-
ê³â îïðîì³íåíèõ åëåêòðîíàìè (33 êÃð) ÏÂÑ–ÏÅ¥ ³ ÏÂÑ–ÏÅ¥–1% ìàñ. 
TiO2.

5 
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òåðíèìè ï³êàìè (101), (004) ³ (200), ÿê³ ñïîñòåð³ãàþòüñÿ íà äèô-
ðàêòîãðàì³ (ðèñ. 5). 
 Äèôðàêòîãðàìà çðàçêà ÏÂÑ–ÏÅ¥, ùî ì³ñòèòü 1%ìàñ. TiO2, òà-
êîæ ïîêàçàëà ï³êè, ùî â³äïîâ³äàþòü TiO2. Îäíàê ö³ ï³êè ïðîäå-
ìîíñòðóâàëè íåâåëèêèé çñóâ êóòîâîãî ïîëîæåííÿ ïîð³âíÿíî ç 
âèõ³äíèì ïîðîøêîì TiO2 (íà ðèñ. 5 âêàçàíî ñòð³ëêîþ). Öå ñâ³ä-
÷èòü ïðî ìîæëèâèé âçàºìî÷èí ì³æ ïîë³ìåðíîþ ìàòðèöåþ ÏÂÑ–
ÏÅ¥ ³ ÷àñòèíêàìè TiO2. 

4.3. Âèïðîáóâàííÿ íà ðîçðèâ 

Àíàë³çà ìåõàí³÷íèõ õàðàêòåðèñòèê ã³äðî´åëþ äàº çìîãó îö³íèòè 
ì³öí³ñòü ìàòåð³ÿëó íà ðîçðèâ òà âèì³ðÿòè éîãî ïîäîâæåííÿ äî 
ðîçðèâó. 
 Íà ðèñóíêó 6 ïðåäñòàâëåíî çàëåæí³ñòü ì³æ íàïðóæåííÿì ³ â³-
äíîñíîþ äåôîðìàö³ºþ äëÿ çðàçê³â ïîë³â³í³ëîâîãî ñïèðòó ç ïîë³å-
òèëåí´ë³êîëåì (ÏÂÑ–ÏÅ¥), îïðîì³íåíèõ åëåêòðîíàìè, ùî ì³ñ-
òÿòü ð³çí³ êîíöåíòðàö³¿ ä³îêñèäó Òèòàíó. 
 Ðåçóëüòàòè åêñïåðèìåíòó äàëè çìîãó âñòàíîâèòè ïîêàçíèêè 
ì³öíîñòè íà ðîçðèâ ³ ìàêñèìàëüíå ïîäîâæåííÿ äî ðîçðèâó. Ö³ 
çíà÷åííÿ áóëî âíåñåíî â òàáë. 
 Ðåçóëüòàòè äîñë³äæåííÿ ñâ³ä÷àòü ïðî ïîíèæåííÿ ÿê ì³öíîñòè 
íà ðîçðèâ, òàê ³ ìàêñèìàëüíîãî ïîäîâæåííÿ ç³ çá³ëüøåííÿì êîí-
öåíòðàö³¿ TiO2. 
 Íàéá³ëüø éìîâ³ðíî, ùî ÷àñòèíêè TiO2 ñëóãóþòü äåôåêòàìè ó 
ïîë³ìåðí³é ìàòðèö³, íå´àòèâíî âïëèâàþ÷è íà ìåõàí³÷í³ âëàñòè-
âîñò³, àíàëîã³÷íî äî ïîðîæíèí. 

 

Ðèñ. 6. Êðèâ³ íàïðóæåííÿ–äåôîðìàö³¿ äëÿ çðàçê³â ç ð³çíèìè êîíöåíò-
ðàö³ÿìè TiO2.

6 
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4.4. Áàêòåðèöèäíà ä³ÿ 

Áóëî ïðîâåäåíî ïåðåâ³ðêó àíòèáàêòåð³ÿëüíèõ âëàñòèâîñòåé ã³äðî-
´åëåâèõ êîìïîçèò³â ÏÂÑ–ÏÅ¥, ùî áóëè íàïîâíåí³ ÷àñòèíêàìè 
îêñèäó Òèòàíó ç ñåðåäí³ì ðîçì³ðîì ó 265 íì. 
 Íà ðèñóíêó 7 çîáðàæåíî ã³äðî´åëåâ³ çðàçêè ³ç âì³ñòîì 1% ìàñ. 
TiO2, ðîçòàøîâàí³ â ÷àøêàõ Ïåòð³, ùî áóëè çàñ³ÿí³ òåñòîâèìè 
êóëüòóðàìè Escherichia coli ³ Staphylococcus aureus. 
 Â³äñóòí³ñòü îáëàñòåé áåç ÿâíîãî ðîñòó áàêòåð³é âêàçóº íà â³äñó-
òí³ñòü àíòèì³êðîáíî¿ àêòèâíîñòè çðàçê³â. Öå ìîæå ñâ³ä÷èòè ïðî 
òå, ùî ðîçì³ð âèêîðèñòàíèõ ÷àñòèíîê TiO2 º çàíàäòî âåëèêèì, 
ùîá åôåêòèâíî ïðèãí³÷óâàòè ð³ñò ì³êðîîðãàí³çì³â. 

5. ÂÈÑÍÎÂÊÈ 

Â ðåçóëüòàò³ ïðîâåäåíèõ äîñë³äæåíü âèçíà÷åíî ñåðåäí³é ä³ÿìåòåð 
÷àñòèíîê TiO2 ã³äðî´åëåâèõ çðàçê³â, ÿêèé ñòàíîâèòü 265 íì. 
 Ñòðóêòóðí³ äîñë³äæåííÿ çðàçê³â ïîêàçàëè, ùî ç äîäàâàííÿì 
ä³îêñèäó Òèòàíó äî ïîë³ìåðíî¿ ìàòðèö³ ÏÂÑ–ÏÅ¥ ñïîñòåð³ãàºòüñÿ 
íåçíà÷íå çì³ùåííÿ êóòîâîãî ïîëîæåííÿ äèôðàêö³éíèõ ìàêñèìó-
ì³â, ÿê³ â³äïîâ³äàþòü êðèñòàë³÷í³é ñòðóêòóð³ TiO2. Öå ìîæå ñâ³ä-

ÒÀÁËÈÖß. Çíà÷åííÿ äåôîðìàö³¿ òà ìåõàí³÷íîãî íàïðóæåííÿ äëÿ çðàç-
ê³â ã³äðî´åëþ ç êîíöåíòðàö³ÿìè ó 0,01%, 0,1%, 1% ìàñ. TiO2, îïðîì³-
íåíîãî åëåêòðîíàìè ç äîçîþ ó 33 êÃð.7 

0,01% TiO2 0,1% TiO2 1% TiO2 
164% 131% 120% 

23,2 0,5 êÏà 20,2 0,4 êÏà 16,2 0,5 êÏà 

  
à     á 

Ðèñ. 7. Äîñë³äæåííÿ áàêòåðèöèäíî¿ ä³¿ çðàçê³â ³ç âì³ñòîì 1% ìàñ. TiO2: 
à — Escherichia coli, á — Staphylococcus aureus.8 
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÷èòè ïðî âçàºìî÷èí ä³îêñèäó Òèòàíó ç ïîë³ìåðíîþ ìàòðèöåþ 
ÏÂÑ–ÏÅ¥. 
 Äîñë³äæåííÿ ìåõàí³÷íèõ âëàñòèâîñòåé ã³äðî´åëåâèõ ìàòåð³ÿë³â 
ïîêàçàëè, ùî ç³ çðîñòàííÿì êîíöåíòðàö³¿ TiO2 ó ïîë³ìåðí³é ìàò-
ðèö³ â³äáóâàºòüñÿ çìåíøåííÿ çíà÷åíü ì³öíîñòè íà ðîçðèâ ³ âèäî-
âæåííÿ äî ðîçðèâó çðàçê³â. 
 Äîñë³äæåííÿ àíòèáàêòåð³ÿëüíèõ âëàñòèâîñòåé çðàçêà ÏÂÑ–
ÏÅ¥–1% ìàñ. TiO2 ïîêàçàëè â³äñóòí³ñòü áàêòåðèöèäíî¿ ä³¿, ùî, 
éìîâ³ðíî, ïîâ’ÿçàíå ç âåëèêèì ðîçì³ðîì ÷àñòèíîê. 
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The study is aimed to improve the mechanical and thermal properties of a low-
density polypropylene–polyethylene blend mixed at 80–20 wt.%. Titanium 

dioxide is added at different percent ratios: 0, 2, 4, 6, 8 wt.%. Particle sizes 

and melt processing of the low-density polyethylene–polypropylene blending 

play a significant role in thermoplastic arrangements. The composite material 
is prepared using the composite by the melt mixing technique in a screw ex-
truder. The results show that the mechanical properties are improved, when 

TiO2 particles are added at an average particle size of 0.201. The tensile 

strength and hardness increase with the increase in filler content. The tensile 

modulus increases due to the higher surface area of the filler. The bending 

strength decreases due to the decrease in elasticity and the increase in tensile 

strength. The impact strength decreases by 2% and then increases. FT-IR re-
sults show the physical bonds between the filler particles and the blend. DSC-
test results indicate two glass transition temperatures, making the blend im-
miscible. SEM results show that ethylene–propylene–diene monomer (EPDM) 
rubber (as a type of synthetic thermoset elastomeric copolymers produced from 

a terpolymer of ethylene, propylene and a diene monomer) coupling agents en-
hance the adhesion between the titanium dioxide and the blended composite. 

Ìåòîþ äîñë³äæåííÿ áóëî ïîë³ïøåííÿ ìåõàí³÷íèõ ³ òåðì³÷íèõ âëàñòèâîñ-
òåé ñóì³ø³ ïîë³åòèëåíó íèçüêî¿ ãóñòèíè òà ïîë³ïðîï³ëåíó, çàì³øàíî¿ ç 

âì³ñòîì 80–20 ìàñ.%. Ä³îêñèä Òèòàíó äîäàâàëè â ð³çíèõ â³äñîòêîâèõ 

ñï³ââ³äíîøåííÿõ: 0, 2, 4, 6, 8 ìàñ.%. Ðîçì³ðè ÷àñòèíîê òà îáðîáëåííÿ ðî-
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çòîïó ñóì³ø³ ïîë³åòèëåíó íèçüêî¿ ãóñòèíè òà ïîë³ïðîï³ëåíó â³ä³ãðàþòü 

çíà÷íó ðîëü ó òåðìîïëàñòè÷íèõ êîìïîçèö³ÿõ. Êîìïîçèòíèé ìàòåð³ÿë áóâ 

âèãîòîâëåíèé ç âèêîðèñòàííÿì êîìïîçèòó ìåòîäîì çì³øóâàííÿ ðîçòîïó â 

øíåêîâîìó åêñòðóäåð³. Ðåçóëüòàòè ïîêàçóþòü, ùî ìåõàí³÷í³ âëàñòèâîñò³ 
ïîë³ïøèëèñÿ ³ç äîäàâàííÿì ÷àñòèíîê TiO2 ³ç ñåðåäí³ì ðîçì³ðîì ÷àñòèíîê 

0,201. Ì³öí³ñòü íà ðîçðèâ ³ òâåðä³ñòü çðîñòàþòü ç³ çá³ëüøåííÿì âì³ñòó íà-
ïîâíþâà÷à. Ìîäóëü ïðóæíîñòè çá³ëüøóºòüñÿ çàâäÿêè á³ëüø³é ïëîù³ ïî-
âåðõí³ íàïîâíþâà÷à. Ì³öí³ñòü íà âèãèí çìåíøóºòüñÿ ÷åðåç çìåíøåííÿ 

åëàñòè÷íîñòè òà çá³ëüøåííÿ ì³öíîñòè íà ðîçðèâ. Óäàðíà â’ÿçê³ñòü çìåí-
øóºòüñÿ íà 2%, à ïîò³ì çðîñòàº. Ðåçóëüòàòè ²×-ñïåêòðîñêîï³¿ ç Ôóð’º-
ïåðåòâîðîì ïðîÿâèëè ô³çè÷í³ çâ’ÿçêè ì³æ ÷àñòèíêàìè íàïîâíþâà÷à òà 

ñóì³øøþ. Ðåçóëüòàòè ÄÑÊ-òåñò³â ïîêàçàëè äâ³ òåìïåðàòóðè ñêëóâàííÿ, 

ùî ðîáèòü ñóì³ø íåçì³øóâàíîþ. Ðåçóëüòàòè ÑÅÌ ïîêàçàëè, ùî ñïîëó÷íà 

ðå÷îâèíà «ñèíòåòè÷íèé êàó÷óê íà îñíîâ³ ñîïîë³ìåðó åòèëåíó, ïðîï³ëåíó ç 

äîáàâêîþ ä³ºíîâîãî ìîíîìåðà» (ÑÊÅÏÒ) ï³äñèëþº àäãåç³þ ì³æ ä³îêñèäîì 

Òèòàíó òà çì³øàíèì êîìïîçèòîì. 

Key words: titanium dioxide, polypropylene, polyethylene, blend, EPDM. 
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1. INTRODUCTION 

In recent years, a significant focus has been on the study and de-
velopment of composites, which incorporate nanoparticles [1–3]. 
These nanocomposites have garnered significant interest due to 
their impressive enhancements in various characteristics, such as 
mechanical strength, optical clarity, and thermal conductivity [4, 
5]. In addition, they have shown great potential for a wide range of 
applications. Nevertheless, a significant hurdle in polymer nano-
composite technology is inhibiting particle aggregation [6–8]. Sur-
face modification can help overcome this issue by improving the in-
terfacial interaction between the polymer matrix and inorganic par-
ticles, which, in turn, can enhance the general properties of nano-
composites [9–13]. 
 Polyethylene (PE) and polypropylene (PP) were developed recently 

due to low cost, good mechanical properties, lightweight, and desirable 

applications. PE in two kinds, of low and high density, may be added to 

PP to develop mechanical PP properties [14]. The blend of PP and PE is 

used because PP and PE have similar characteristics, such as reasona-
ble wear and mechanical, thermal, electrical, and chemical resistance, 
used in pipes. PE has more moisture and depredation resistance than 

PP; therefore, it was blended with it [15, 16]. The characteristics of 

the PP–PE blend are refined by several additives, which are mixed 
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with them, like adding nanofillers, which improve the properties such 

as TiO2, CaO, Al2O3, ZrO2, and SiO2 have [17]. 
 Inorganic particles like clay, silica, CaCO3, layered silicate nano-
particles, and titanium dioxide (TiO2) have garnered significant at-
tention as inorganic materials for inorganic–organic nanocompo-
sites. One material that stands out is TiO2, which has significant 
potential in various applications, such as photocatalytic activity and 
photoelectric conversion in solar cells. In addition, TiO2 nanoparti-
cles also exhibit antibacterial properties, help prevent odours, and 
have a self-cleaning mechanism [18, 19]. The numerous benefits of 
TiO2 make it a highly desirable inorganic component for creating 
nanocomposite materials. These materials offer exceptional mechan-
ical properties, low density, and protection against the UV and 
thermal degradation, critical in regions with intense sunlight, high 
temperatures, and humidity, including Vietnam’s tropical climate. 
Various polymers can be effectively combined with TiO2 nanoparti-
cles through different processing techniques, including sol–gel or 
polymerization in solution. These polymers include poly(methyl 
methacrylate), epoxy, polyethersulphonate, poly(ethylene tereph-
thalate), and polystyrene [20]. 
 By adding small amounts of nanoparticles, polymer nanocompo-
sites improve the mechanical properties, heat resistance, thermal 
resistance, degradation, and elastic modulus. Besides, other charac-
teristics like melt processing, polymer crystallization, and electrical 
and thermal conductivities can be modified [21]. Nanofillers like 
SiO2, TiO2, Al2O3, and ZrO2 reinforce the polymers by embedding 
them in the polymer matrix. TiO2 is very important due to particu-
lar characteristics like low density, thermal degradation, hydro-
philic and photocatalytic degradation, and a large surface ratio, 
which makes them aggregate easily; therefore, styrene ethylene bu-
tylene styrene (SEBS) can be used as a coupling agent [22]. 
 SEBS showed good attributes, as found by Sajad and Farmarz’s 
desperation of titania nanoparticles in the matrix, and increased the 
samples’ thermal stability. Another coupling agent used with eth-
ylene and propylene is PDEM (propylene diethylene monomer) to 
prevent filler agglomeration [23]. 
 The current work aims to enhance the mechanical, thermal, and 
morphology properties of polypropylene–low-density polyethylene 
blend by preventing filler agglomeration in nanocomposite material 
by using EPDM coupling agents. 

2. EXPERIMENTAL WORK 

The polypropylene purchased from Sabic Company is produced in 
Saudi Arabia, and the low-density polyethylene purchased from 
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Amber Kabir Petrochemical Company is made in Iran. The polypro-
pylene and polyethylene pellets were mixed with TiO nanofiller with 
PDEM as coupling agent, then, put in the twin-screw extruder with 
a speed of 35 cycles/min at 170 C to mix, then, roll through the 
roller to get the sheet of 5-mm thickness. The samples are then cut 
into the required shapes. 

3. RESULTS AND DISCUSSION 

3.1. Mechanical Properties Tests Results and Discussion 

The tensile strength test results (stress–strain curve for the compo-
site) are represented in Fig. 2. The results show that the tensile 
strength increases, when titanium oxide increases due to high sur-

 

Fig. 1. LBZA average particle size of titanium dioxide. 

 

Fig. 2. Tensile strength versus strain. 
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face activity between the filler and the coupling agent PDEM and 
polypropylene and polyethylene that is due to reduction in interfa-
cial tension, stabilization of morphology, enhancements adhesion 
between faces in the solid state facilitating the stress transfer, 
hence improving the mechanical properties of the product. 
 The tensile strength modulus increases, when the titanium diox-
ide percentage increases, as shown in Fig. 3, due to the maximum 
surface area, aspect ratio, and loading, which all will increase the 
modulus. Through active sites or coupling agents, fillers with 
strong chain attachments resist the chain extension most. 
 The hardness increases to 6% of titanium dioxide. Then, it de-
creases, as shown in Fig. 4, because titanium dioxide has higher 
hardness than the polypropylene–polyethylene blend and has a high 

 

Fig. 3. Tensile modulus versus titanium oxide content. 

 

Fig. 4. The total percent hardness versus titanium oxide content. 
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surface area due to the small particle size of the filler. The reason 
behind the hardness increases is that the density increases. The dif-
ferent shapes of particles, which are irregular, including pentagonal 
and rectangular shapes, and have high surface area, aspect ratio, 
and high loading; therefore, the surface area increases. 
 The flexural strength test was used with the machine at the 2-
mm/min speed applied at 3 points. A load was applied at the central 
axis until fracture occurred. The bending strength decreases, when 

filler content increases (Fig. 5) due to the high modulus-strength in-
crease of blend material and the elasticity decrease, and it has a brittle 

fracture. When the filler content is increased, the distance between 

polymer chains is increased, hindering the movements of chains. 

 

Fig. 5. Bending strength versus titanium oxide content. 

 

Fig. 6. Impact strength versus titanium dioxide ratio content. 
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 The impact strength decreases to 2%, as shown in Fig. 6, because 
the elasticity decrease is related to PP having a methyl group, 
which is rigid and attached to a carbon atom of the polymer main 
chain, limiting the spin of the chain, producing a stronger but less 
flexible material; then, the impact strength increases; due to the 
high surface area of filler and high hardness, also titanium dioxide 
has high surface activity with higher content. 

3.2. DSC-Test Results and Discussion 

The thermal properties were indicated by the DSC test for the sam-
ples. As shown in Figure 7, there are two Tg, 125.59 C and 
155.82 C; so, it is an immiscible blend. The glass transition temper-
ature Tg is decreased for the sample 2 and, then, increased in other 
samples due to the filler-particles’ (TiO2) substantial spaces in the 
structure performance as strengthening filler between chains due to 
small average particle size (D50:0.507) and making van der Waals 
bonds, as shown in Figs. 7–11. 

3.3. FT-IR Results and Discussion 

As shown in Figure 12, there is a physical attraction between tita-
nium-dioxide particles and the PE–PP blend. 
 In sample 1, there is no titanium dioxide. Titanium dioxide was 

 

Fig. 7. The DSC test for sample 1. 
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added in other samples at different ratios 2, 4, 6, 8%. The trans-
parency intensity increases, when the titanium-dioxide filler con-
tent increases, because titanium-dioxide particles far apart the dis-
tance between chains, and the light can pass through the chains. 
 Then, the transparency intensity decreases because the content of 
filler particles increases, and the distance between chains increases. 

 

Fig. 8. The DSC test for sample 2. 

 

Fig. 9. The DSC test for sample 3. 
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The light cannot pass through the chains. There is vibration in the 
range of 466–700 cm 1 due to the single bond between the titanium 
and oxygen atoms, Ti–O, and often present in the stretching of the 
titanium-dioxide molecule. 
 The bond at 1410 cm 1 and 1375 cm 1 occurred due to the sym-
metric bending of the –CH3 group and the scissoring of an extended 

 

Fig. 10. The DSC test for sample 4. 

 

Fig. 11. The DSC test for sample 5. 
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chain alkyl group. In addition, the peak at 1462 cm 1 is attributed 
to the vibrational changes occurring in the C–H bond. 

3.4. SEM Results and Discussion 

The morphology of the specimens shown in Fig. 13 in sample 1 is a pure 

blend containing 70–20% of PP–PE blend without titanium dioxide, 

as shown in Fig. 13. There are little delaminations of the PP–PE blend 

and immiscible blend. In sample 2, there is more delamination and 

white colour in most of the reigns than in sample 1 due to TiO2 addi-
tion. The homogenous structure appears in the sample 3. As shown in 

the sample 3, there is no delamination due to good adhesion between 

TiO2 particles and the blend, because the EPDM coupling agent en-
hances the adhesion. As shown in samples 3, 4, the filler particles were 

distributed evenly due to good adhesion, when the titanium-dioxide 

filler increased. There is no evidence of agglomeration of filler parti-
cles in the samples. In the sample 5, there are separation between tita-
nium-dioxide particles, as shown in white dots, and delamination due 

to the high fraction of filler content. 

4. CONCLUSIONS 

1. The tensile stress is improved at 5 wt.% titanium-dioxide con-

 

Fig. 12. Transparency versus the wavelength for the samples. 
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tent, when compared with neat blend samples. 
2. The tensile strength modulus is improved at 5 wt.% titanium-

dioxide content. 
3. The bending strength has a minimum value of 4%, in which the 

elasticity is decreased to the minimum value, and the tensile 
modulus is increased to the maximum value. 

4. SEM tests reveal the enhanced morphology in samples 3 and 4 
due to the EPDM coupling agent, which enhances the adhesion. 

5. The titanium-dioxide particles increase the temperature of the 
nanocomposites’ glass transition. DSC results indicate that the 
blend is immiscible. 
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In this article, the evolution of copper grade microstructure after equal-
channel angular pressing (ECAP) and rolling is investigated. There is a 
relatively equiaxed ultrafine-grained structure formed after rolling after 
10 passes of ECAP transformed into a lamellar structure with smaller 
grain-boundary spacing. After 10 passes of ECAP, the grain-boundary 
spacing is 180 nm, and it is reduced to 110 nm after rolling. Microstruc-
ture grinding during rolling almost does not occur. There is an increase in 
the share of large-angle boundary by 20% compared to the states after 10 
passes of ECAP. 

Ó ö³é ñòàòò³ äîñë³äæóºòüñÿ åâîëþö³ÿ ì³êðîñòðóêòóðè ì³äíèõ ñîðò³â ï³ñ-
ëÿ ð³âíîêàíàëüíîãî êóòîâîãî ïðåñóâàííÿ (ÐÊÊÏ) òà âàëüöþâàííÿ. Ñïî-
ñòåð³ãàºòüñÿ â³äíîñíî ð³âíîîñüîâà óëüòðàäð³áíîçåðíèñòà ñòðóêòóðà, ùî 
óòâîðþºòüñÿ ï³ñëÿ âàëüöþâàííÿ, ÿêà ï³ñëÿ 10 ïðîõîä³â ÐÊÊÏ ïåðåòâî-
ðþºòüñÿ íà ïëàñòèí÷àñòó ñòðóêòóðó ç ìåíøîþ â³ääàëëþ ì³æ ìåæàìè 
çåðåí. Ï³ñëÿ 10 ïðîõîä³â ÐÊÊÏ â³ääàëü ì³æ ìåæàìè çåðåí ñòàíîâèòü 
180 íì, à ï³ñëÿ âàëüöþâàííÿ âîíà çìåíøóºòüñÿ äî 110 íì. Ïîäð³áíåí-
íÿ ì³êðîñòðóêòóðè ï³ä ÷àñ âàëüöþâàííÿ ìàéæå íå â³äáóâàºòüñÿ. Ñïî-
ñòåð³ãàºòüñÿ çá³ëüøåííÿ ÷àñòêè âåëèêîêóòîâî¿ ìåæ³ íà 20% ïîð³âíÿíî 
ç³ ñòàíîì ï³ñëÿ 10 ïðîõîä³â ÐÊÊÏ. 

Key words: microstructure, severe plastic deformation, pressing, rolling. 
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1. INTRODUCTION 

Nowadays, copper and copper alloys are widely used in industry due 
to their excellent physical and chemical properties. They make a 
great contribution to modern life: in magnetic circuits, power and 
communication cables, and other electrical devices. Recent achieve-
ments in the electronics industry have drawn the attention of many 
researchers to the development of copper-based alloys. Such alloys 
should have high strength and good electrical conductivity. Howev-
er, high strength and good electrical conductivity are the two oppo-
site conditions of all alloys. 
 Much works have been done in adding alloying elements (such as 
Cr, Ag, Zr, Nb and Co) to pure copper die. Such conventional hard-
ening methods lead to various types of defects (e.g., dislocations, 
hardening particles, point defects) in the copper die, which increase 
the scattering of conduction electrons and increase the electrical 
resistivity. Studies by K. X. Wei et al. [1] and C. Zhu et al. [2] 
have shown that the addition of Mg to copper-based alloys yields 
favourable results, and a reduction in production costs is achieved 
when Cu–Mg alloy contact wires are used. 
 Traditional metal forming techniques, including rolling and 
drawing, are commonly used to manufacture copper wires. High 
tensile strength ( 500 MPa) and good conductivity ( 60% IACS) 
are the most important properties required for wires [2]. Cold work-
ing improves the microstructure and increases the strength of al-
loys. 
 A high dislocation density is required to transform a coarse-
grained material into an ultrafine-grained material, and a high 
stress shall be applied to increase the dislocation density [3–6]. At 
the same time, grain boundaries are reorganized to form an ul-
trafine-grained (UFG) or nanostructures. Conventional metal pro-
cessing methods, such as extrusion or rolling, are limited in their 
ability to produce nanostructures for two important reasons. First, 
a limit to the amount of stress can be applied using these methods. 
Secondly, the stresses applied in conventional processes are insuffi-
cient to form nanostructures due to the low machinability of metal 
alloys under ambient conditions and low temperatures. As a result 
of these limitations, alternative machining methods based on the 
application of extreme deformation are needed. That means that 
very high stresses are applied at low temperatures without changing 
cross-sectional dimensions. 
 A new process of extreme plastic deformation, equal channel an-
gular pressing (ECAP), can be used to obtain nanostructures with 
high strength and good electrical conductivity [7–11]. ECAP pro-
cess has proven to be an efficient method for grinding metal grains 
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and composites and has the advantage of being scalable for the pro-
duction of large volume samples. Although ECAP is an effective 
processing tool for laboratory research, it is labour-intensive and 
not easy to use in industrial conditions [12, 13]. 
 In copper, high structure grinding and growth of mechanical 
properties are achieved during ECAP. Similar changes are observed 
when other metals are treated with ECAP, as well as with other 
methods of severe plastic deformation (SPD) [14–18]. Further mi-
crostructure grinding is only possible when followed by another 
strain method. Therefore, combinations of ECAP and other metal 
forming techniques began to be used later on [19–22]. The most 
widespread is the combination of ECAP with subsequent rolling. It 
allows obtaining sheet semi-finished products with ground structure 
and increased strength properties, which can be used in industry.  
 From the presented literature data, it can be concluded that cop-
per is significantly hardened after SPD due to the grinding of its 
microstructure, and additional rolling after ECAP will further 
grind the microstructure and prepare the work piece for further 
use. 
 Therefore, the purpose of this work is to study the peculiarities 
of nanostructures formation in copper using ECAP and rolling. 

2. EXPERIMENTAL METHODS 

M2 grade copper was used for the study and was supplied as a bar 
with a diameter of 25 mm and a length of 120 mm. M2 grade cop-
per contained 99.7% Cu. 
 A tooling with a channel-crossing angle of 90  was used to per-
form the ECAP. The speed of movable die was 5 mm/sec. Pressing 
was carried out at room temperature using the Vs route for 10 cy-
cles. The rolling direction after ECAP was perpendicular to the ex-
trusion direction during pressing. At the same time, before rolling, 
the samples, which had a cylinder shape after pressing, were milled 
to obtain two parallel flat surfaces 15 mm apart. Rolling was car-
ried out with compression rates per pass of 5–10%. The final 
thickness of samples after rolling was equal to 1.5 mm, i.e., the to-
tal compression was of 90%, which corresponds to the degree of 
true deformation of 2.7. 
 Optical microscope, transmission electron microscope and EBSD 
analysis were used to analyze the microstructure of the samples. 
Samples for metallographic analysis were thinned on a Tenupol-5 
device using the electrolyte composition: 250 ml of H3PO4, 250 ml 
of ethyl alcohol, and 500 ml of distilled water. EBSD measurements 
were performed on a JOEL field emission electron microscope (at 20 
kV) using the Oxford software package. 
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3. RESULTS AND DISCUSSION 

The microstructure of the initial bar consisted of large grains of 
120 μm. Twins were observed in the body of many grains (Fig. 1, 
a). After 10 passes, clear thin boundaries appeared in the structure 
with presumably high-angle disorientation. The shape of grains has 
become more regular. The structure consisted of both fairly equi-
axed grains and grains elongated in the shear direction. The grain 
size was of 350 nm (Fig. 1, b). A large number of twins were also 
observed in the structure. 
 EBSD analysis showed that the structure became much more 
equiaxed after 10 cycles. However, even after such a number of 
ECAP cycles, the structure remained extremely heterogeneous as 
small submicron grains were adjacent to areas consisting predomi-
nantly of subgrains. In general, no significant differences in micro-
structure in different planes were found, except for metallographic 
texture. 
 Metallographic analysis showed that the microstructure after 
rolling is significantly different from the obtained microstructure 
after ECAP (Fig. 1, c). A distinct fine-grained lamellar microstruc-
ture is observed. Lamellar boundaries parallel to the rolling plane 
are straight and clear. Many lamellae are internally divided into in-
dividual fragments by transverse boundaries, often thick and erod-
ed. In the rolling plane the structure is characterized by sufficient 
equiaxiality, most grains are irregularly shaped; their boundaries 
are thick and indistinct. 
 EBSD confirms the data of metallographic analysis and shows 
that the majority of lamellar boundaries acquire high-angle disori-
entation with increasing number of cycles, and the structure be-
comes quite homogeneous. However, the transverse boundaries 
within the lamellae retain predominantly low-angle disorientation. 
 In our case, the Vs route carried out pressing, so, the shear di-
rection in each subsequent pressing cycle was different. In such a 

 
        a    b      c 

Fig. 1. Graphs of microhardness distribution along the bar section. 
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case, the newly formed shear bands are likely to intersect the bands 
formed during the previous cycle. Therefore, a rather equiaxed 
structure can occur at the intersection of shear zones that are per-
pendicular to each other (since the sample has been rotated at 
90 C). The number of such intersections increases with each new 
pass and the volume fraction of equiaxed structures increases. In 
addition, the temperature of shear zone is probably much higher 
than the temperature of material volume. Therefore, the dynamic 
processes of return and recrystallization are more active and the 
fraction of large-angle boundary increases. 
 Figure 2, a shows the dependence of the large-angle boundary 
spacing (LABs) on the number of passes in different planes of the 
sample. Since after 1–2 passes the structure contains only a small 
number of grains whose size can be measured, the results of such 
measurements are very unreliable, so, they are not given at all. Af-
ter 4 cycles, the average distance between large-angle boundaries 
was about 1 μm, whereas, after 10 cycles, it decreased to 700 nm. 
The distance between low-angle boundaries (SABs) as a function of 
the number of cycles varies similarly to the grain size, decreasing 
after the first two passes and then remaining almost constant at 
approximately 400 nm (Fig. 2, b). 
 In general, the obtained data on copper microstructure after 
ECAP coincide quite well with the known literature data. Thus, the 
transformation of elongated subgrains with predominantly low-
angle boundaries formed after the first pass into a fairly equiaxed 
grain-subgrain structure with increasing number of passes was ob-
served in the paper [9]. 

 
a      b 

Fig. 2. Distances between boundaries after ECAP according to EBSD anal-
ysis: a—distance between large-angle boundaries; b—distance between low-
angle boundaries. 
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 The numerical values obtained from EBSD analysis after rolling 
show a significant difference between the microstructure in the 
rolling plane and in other planes. Thus, in the ED and TD planes, 
the distances between large-angle boundaries and low-angle bounda-
ries decrease monotonically enough with increasing number of 
ECAP cycles, reaching values of 200–300 nm after 10 passes (Fig. 
3). In the rolling plane, the distances between the boundaries almost 
do not change with the change in the number of passes, and are 
about 1000 nm for large-angle boundaries, and about 600 nm for 
low-angle boundaries. In the rolling plane, the portion of large-
angle boundaries is basically unchanged after the first 4 cycles, 
amounting to 25–30%, and it increases to 45% after 10 cycles. In 
the ED and TD planes, in all cases except for 1 pass of ECAP, the 
portion of large-angle boundaries was almost the same and much 
higher than in the rolling plane. Large-angle boundaries portion in-
creased by 20% after rolling compared to the values after ECAP. 

4. CONCLUSION 

The following conclusions can be drawn from the results obtained. 
Morphologically, the microstructure after ECAP does not differ 
from the typical microstructure formed in cubic metals during cold 
straining. The elongated microstructure becomes equiaxed after 10 
straining cycles and the large-angle boundaries portion increases. 
Transverse grain size almost does not decrease with increasing 
number of passes. Rolling leads to a further reduction in the size of 
the structural components, at least in the RD and TD planes. 

 
a      b 

Fig. 3. Distances between boundaries after ECAP according and rolling to 
EBSD analysis: a—distance between large-angle boundaries; b—distance 
between low-angle boundaries. 
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 The conducted studies have shown that rolling after ECAP leads 
to extremely serious changes in microstructure. Instead of a rela-
tively equiaxed structure, a lamellar structure is formed typical of 
cold-rolled b.c.c. metals. 
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In this paper, the change in the mechanical properties of copper wire in 
the process of deformation in a new way is studied. This new method con-
sists in combining two technologies in one line, namely, traditional draw-
ing and twisting in an equal-channel stepped matrix. The twisting of the 
work piece occurs precisely in an equal-channel stepped matrix due to its 
rotation around the work piece axis that allows achieving the twisting in 
the entire volume of the work piece, followed by calibration of the cross-
section due to the passage of the die channel. A physical experiment has 
shown the possibility of obtaining increased mechanical properties in cop-
per wire by obtaining the nanostructure in the surface layer. In this re-
gard, the use of an improved drawing method, combining torsion meth-
ods, which implement a simple shear scheme and the classical drawing 
process through a die, allows expanding the limits of the use of tradi-
tional structural materials. 

Ó ö³é ðîáîò³ äîñë³äæåíî çì³íó ìåõàí³÷íèõ âëàñòèâîñòåé ì³äíîãî äðîòó 
â ïðîöåñ³ äåôîðìóâàííÿ íîâèì ñïîñîáîì. Öåé íîâèé ìåòîä ïîëÿãàº â 
ïîºäíàíí³ äâîõ òåõíîëîã³é â îäí³é ë³í³¿: òðàäèö³éíîãî âîëî÷³ííÿ òà 
ñêðó÷óâàííÿ ó ð³âíîêàíàëüí³é ñòóï³í÷àñò³é ìàòðèö³. Ñêðó÷óâàííÿ çà-
ãîò³âêè â³äáóâàºòüñÿ ñàìå â ð³âíîêàíàëüí³é ñòóï³í÷àñò³é ìàòðèö³ çà-
âäÿêè ¿¿ îáåðòàííþ íàâêîëî îñ³ çàãîò³âêè, ùî äàº çìîãó äîñÿãòè ñêðó-
÷óâàííÿ ó âñüîìó îá’ºì³ çàãîò³âêè ç ïîäàëüøèì êàë³áðóâàííÿì ïîïåðå-
÷íîãî ïåðåð³çó çà ðàõóíîê ïðîõîäæåííÿ êàíàëó ìàòðèö³. Ô³çè÷íèé åê-
ñïåðèìåíò ïîêàçàâ ìîæëèâ³ñòü îäåðæàííÿ ï³äâèùåíèõ ìåõàí³÷íèõ âëà-
ñòèâîñòåé ì³äíîãî äðîòó øëÿõîì îäåðæàííÿ íàíîñòðóêòóðè ó ïîâåðõíå-
âîìó øàð³. Òîìó âèêîðèñòàííÿ âäîñêîíàëåíîãî ìåòîäó âîëî÷³ííÿ, ùî 
ïîºäíóº ìåòîäè êðó÷åííÿ, ÿêèìè ðåàë³çóºòüñÿ ïðîñòà ñõåìà çñóâó, òà 
êëàñè÷íèé ïðîöåñ âîëî÷³ííÿ ÷åðåç ìàòðèöþ, óìîæëèâëþº ðîçøèðèòè 
ìåæ³ âèêîðèñòàííÿ òðàäèö³éíèõ êîíñòðóêö³éíèõ ìàòåð³ÿë³â. 

Key words: copper wire, drawing, twisting, microstructure, mechanical 
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properties. 
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1. INTRODUCTION 

Over the past few years, articles on the application of severe plastic 
deformation (SPD) methods have been the most widely read and 
cited. This is due to the fact that SPD is successfully used to pro-
duce submicron granular structures, and in some cases nanoscale 
crystallites, in a wide range of alloys [1–7]. However, despite the 
large number of SPD methods, the creation of deformation nanos-
tructuring technologies for industrial use and, in particular, for the 
production of mass products, including wire, is a complex scientific 
and technical problem, the solution of which requires the develop-
ment of continuous SPD schemes that ensure the production of ul-
trafine-grained and nanostructures in long metal semi-finished 
products. Such new technologies can be based on the well-known 
metal drawing process. 
 Traditionally, most metals and alloys for structural purposes are 
characterized by a homogeneous microstructure, where the average 
grain sizes in different parts are more or less uniform. According 
to the classical Hall–Petch ratio [8], a homogeneous polycrystalline 
metal can be strengthened by reducing the average grain size, since 
an increase in the volume fraction of grain boundaries will further 
hinder the movement of dislocations. However, a reduction in grain 
size will inevitably lead to a decrease in the ductility and deform-
ability of the material due to the limited mobility of dislocations, 
thereby creating a dilemma known as the ‘strength–ductility com-
promise’, which limits the use of many metallic materials. However, 
in recent years, metals with a gradient nanostructure have become a 
new class of structural materials with a promising potential to 
overcome the compromise between strength and ductility. In such 
materials, nanostructures smaller than 1000 nm are formed in the 
surface layer, thereby, improving their mechanical properties [9–
11]. 
 Therefore, the development and development of new processes for 
obtaining high-strength materials with improved strength proper-
ties is an urgent and important issue for the development of pro-
duction. In this regard, the use of an improved drawing method, 
combining torsion methods, which implement a simple shear scheme 
and the classical drawing process through a die, allows expanding 
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the limits of the use of traditional structural materials. 
 The purpose of this work is to study changes in the mechanical 
properties of copper wire during deformation in a new way, which 
consists in twisting the wire in an equal-channel step matrix and 
traditional drawing. 

2. EXPERIMENTAL METHODS 

To implement the combined technology for the deformation of cop-
per wire, an industrial drum drawing mill B-1/550M was used. The 
deformation was carried out at room temperature using the Vs 
route (the rotation of the wire after each deformation cycle was 
carried out at 90 ). The number of passes was 3. The reduction in 
the diameter of the wire after each deformation cycle was 0.5 mm. 
So, after 3 deformation passes, we got a wire with a diameter of 5.0 
mm. 
 The technology of the twisting process in an equal-channel step 
matrix with subsequent drawing has no significant differences from 
classical drawing (Fig. 1). At the first stage, the wire is sharpened 
on the cutting machine to the required diameter. Next, the wire is 
passed through a lubricated chamber, in which a rotation mecha-
nism is installed. The wire passes through the hole of the matrix 
bandage, and then through the hole of the die. The front end of the 
wire is fixed in the pliers of the drawing drum. Next, two segments 
of an equal-channel stepped matrix are installed around the wire 
and are inserted into the bandage according to the wedge principle. 
At this stage, all preparatory operations are completed. After that, 

 

Fig. 1. Diagram of the combined wire deformation process: 1—wire; 2—
frame; 3—drawing block; 4—drive gear; 5—intermediate gear; 6—
bandage; 7—equal-channel stepped matrix; 8—fiber holder; 9—die. 
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the mill is started with the output to the planned drawing speed 
and the mechanism that rotates the equal-channel step matrix is set 
in motion in parallel. 
 Metallographic analysis was carried out on a transmission elec-
tron microscope JEM 2100. Objects for TEM were prepared by jet 
polishing on a Tenupol-3 device at room temperature and a voltage 
of 25 V in a 7%-solution of H3PO4 in distilled water. 
 The effectiveness of hardening after deformation was evaluated 
by measuring microhardness in accordance with GOST 9450-76 with 
an interval of 1 mm, as shown in Fig. 2, using the Vickers method. 
The indenter was a diamond tip in the form of a four-sided pyramid 
with a square base. The load was of 0.5 N. 
 Tensile tests were carried out using the Instron 5982 electrome-
chanical measuring machine. The tests were carried out in accor-
dance with GOST 10446-80 ‘Wire. Tensile testing method’ and 
GOST 1497-2000 ‘Metals. The method of tensile testing’. These 
standards establish methods for testing static tensile strength at a 
temperature of 20 C of wire made of metals and their alloys with a 
diameter or maximum cross-sectional size not exceeding 16 mm of 
circular cross-section. As test samples, wire segments with an ini-
tial estimated working length of 26 0.1 mm and a diameter of 5 
mm, limited with an error of up to 1%, were used. To recalculate 
the elongation with the reference of the rupture site to the middle 
of the calculated length, marks were scratched along the entire 
working length of the sample at regular intervals. The full length 
of the sample included sections for fixing it in the clamps of the 
bursting machine. The strain rate was of 0.56 10 3 s 1, which corre-
sponds to a stretching rate of 0.5 mm/min. After the tensile tests, 
a fractographic analysis of the surface of the destroyed samples was 
carried out using scanning electron microscopy (SEM). Due to the 
large depth of focus, SEM gives an apparent volume and thereby 
facilitates the interpretation of the fracture topography. 

 

Fig. 2. Hardness measurement point diagrams. 
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3. RESULTS AND DISCUSSION 

Figure 3 shows photos of the microstructure obtained using TEM. 
The first image was obtained at a distance of 0.2 mm from the 
surface of the wire (surface layer) (Fig. 3, a). As shown, the grain 
boundaries are fibrous and curved, which is usually characteristic 
of a large number of defects, the average grain size is 500 nm. This 
approach to the formation of the nanostructure of the wire surface 
layer is created due to friction and torsion during twisting in an 
equal-channel stepped matrix and is based on the use of the strain-
rate intensity coefficient, which controls the thickness of the layer 
of intense plastic deformation. As a result, a layer of nanofine-
deformed grains is created in the wire with generated at the mate-
rial-tool contact. The following TEM image was obtained at a dis-
tance of 2 mm from the wire surface (middle layer) (Fig. 3, b). A 
bimodal structure has been formed here, which consists of small 
grains with high-angle boundaries and large grains with a developed 
substructure. The average grain size is 2 microns. Inside the grains, 
a thin structure is formed in the form of clusters of dislocations 
and cells. Large grains were most likely formed by the mechanism 
of diffusion-free recrystallization, since, if dynamic recrystalliza-
tion had occurred, the grains would not have had distortions of the 
crystal lattice and would not contain defects. In addition, the last 
image was obtained from the central part of the wire. The structure 
is a cellular dislocation structure of deformation origin with an av-
erage grain size of 4 microns (Fig. 3, c). They are observed as large 
grains with a small number of subboundaries, as well as grains con-
taining a large number of subboundaries. 
 Figure 4 shows the stress–strain curves and mechanical proper-
ties of the samples obtained during stretching. The tensile strength 
of deformed copper wire compared to undeformed increases from 

     
a         b    c 

Fig. 3. Microstructure of deformed copper wire (cross section): a—surface 
layer; b—middle layer; c—central part. 
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302 to 635 MPa, and the yield strength increases from 196 to 406 
MPa—an increase of almost 100%. The elongation decreased from 
42% to 27%. The obtained results of plastic properties are superior 
to some existing SPD methods of wire [12–15]. 
 Figure 5 demonstrates a map of the hardness distribution of the 
sample, which shows that the hardness values of the surface layers 
are higher. The central regions have lower hardness values. This 
hardness distribution confirms the presence of a gradient micro-
structure. 
 A more accurate measurement of microhardness was carried out 
by Vickers hardness test randomly. Thus, the average value of mi-
crohardness in the surface layers was of 216 MPa, in the middle 
layers microhardness value was of 174 MPa, and 155 MPa in the 
centre of the wire. Such a spread of microhardness can be explained 

 

Fig. 4. Stretching curves of copper wire: 1—before deformation; 2—after 
3 deformation cycles. 

 

Fig. 5. Hardness distribution map in copper wire in cross section. 
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by the formation of a gradient structure and the hardening of grain 
boundaries due to an increase in the density of dislocations. 
 Fractographic analysis of copper wire after stretching showed 
that the fracture has a mixed viscous character. The destruction 
zone of the wire surface layer has elongated pits and micropores; 
there are no cut zones. This indicates viscous destruction, since the 
main feature of such destruction is high-energy intensity, and slow 
crack development, resulting in a large number of pits. The middle 
part of the wire occupies the periphery of the fracture and consists 
of ridges of separation, the microrelief is stepped and traces of vis-
cous stratification are visible. In the central part of the copper 
wire, together with large sections of the quasi-cut, areas with the 
formation of a shallow relief are observed. 

4. CONCLUSION 

Metallographic analysis showed the presence of a gradient structure 
in the copper wire after deformation by a new method. A nanos-
tructure with a grain size of 500 nm was obtained in the surface 
layer, which increases to 4 microns towards the centre of the wire. 
The micromechanical tests carried out to determine the microhard-
ness confirmed the presence of a gradient microstructure in the 
copper wire. Tensile tests showed not only a 2-fold increase in the 
strength properties of the wire, but not a strong decrease in plastic 
properties. Fractographic analysis of the destroyed wire samples 
showed the presence of a viscous fracture, which also indicates good 
plastic properties. 
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