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ÍÀÍÎÀÄÑÎÐÁÖ²¯ ÒÀ ÄÈÔÓÇ²¯ Ç² ÇÂÎÐÎÒÍÈÌÈ ÇÂ’ßÇÊÀÌÈ
Â ÍÅÎÄÍÎÐ²ÄÍÈÕ ÖÈË²ÍÄÐÈ×ÍÈÕ ÁÀÃÀÒÎÊÎÌÏÎÍÅÍÒÍÈÕ
ÍÀÍÎÏÎÐÈÑÒÈÕ ÑÅÐÅÄÎÂÈÙÀÕ

Àíîòàö³ÿ. Ðîçðîáëåíî íîâ³ âèñîêîïðîäóêòèâí³ àíàë³òè÷í³ ìåòîäè ìîäåëþâàííÿ ïîë³â êîí-
öåíòðàö³é äèôóíäîâàíèõ ãàç³â ó âíóòð³øíüî- òà ì³æ÷àñòèíêîâîìó ïðîñòîðàõ ó íå-
îäíîð³äíèõ öèë³íäðè÷íèõ n-ñêëàäîâèõ íàíîïîðèñòèõ ñåðåäîâèùàõ ç âèêîðèñòàííÿì îïå-
ðàö³éíîãî ìåòîäó Ãåâ³ñàéäà òà ìàòðèöü âïëèâó Êîø³ äëÿ íåîäíîð³äíèõ êðàéîâèõ çàäà÷
àäñîðáö³¿ äëÿ ñèñòåì ð³âíÿíü ó ÷àñòèííèõ ïîõ³äíèõ ç³ çâîðîòíèìè çâ’ÿçêàìè.

Êëþ÷îâ³ ñëîâà: ìîäåëü áàãàòîêîìïîíåíòíî¿ íàíîàäñîðáö³¿ òà äèôóç³¿, áàãàòîêîìïîíåíòí³
íåîäíîð³äí³ íàíîïîðèñò³ ñåðåäîâèùà, îïåðàö³éíèé ìåòîä Ãåâ³ñàéäà.

ÂÑÒÓÏ

Íàòåïåð îñîáëèâîãî çíà÷åííÿ íàáóâàþòü åêñïåðèìåíòàëüí³ òà òåîðåòè÷í³ äîñ-
ë³äæåííÿ àäñîðáö³¿ ³ äèôóç³¿ ãàç³â ÷åðåç ì³êðîïîðèñòå òâåðäå ò³ëî òà ðîçïîä³ëè
àäñîðáîâàíèõ ôàç. Ö³ äîñë³äæåííÿ ïîëÿãàþòü ó ðîçðîáëåíí³ ñèñòåì íàêîïè÷åí-
íÿ åíåðã³¿ ³ òåïëî- òà ìàñîîáì³íó íà îñíîâ³ öåîë³òó [1], ñèñòåì äëÿ àäñîðáö³¿
òîêñè÷íèõ ðå÷îâèí ³ç âîäè [2] òà âèîêðåìëåííÿ ãàç³â [3], à òàêîæ êàòàë³òè÷íèõ
ñèñòåì çìåíøåííÿ âèêèä³â âèõëîïíèõ ãàç³â, ùî ñïðèÿþòü çìåíøåííþ ãëîáàëü-
íîãî ïîòåïë³ííÿ [4] òà ðîçâèòêó áåçïå÷íèõ åíåðãåòè÷íèõ ñòðàòåã³é [5].

ßê³ñòü ìàòåìàòè÷íèõ ìîäåëåé äëÿ îïèñó àäñîðáö³¿ ãàç³â ó ì³êðî- ³ íàíîïî-
ðèñòèõ òâåðäèõ ò³ëàõ (çîêðåìà, â öåîë³òàõ) îñîáëèâî âàæëèâà äëÿ ðîçðîáëåííÿ
ð³çíîìàí³òíèõ åôåêòèâíèõ òåõíîëîã³÷íèõ ð³øåíü. Íàïðèêëàä, ðîçì³ð çåðåí
öåîë³òó ZSM-5 çàçâè÷àé ñòàíîâèòü 0.2–2 ìêì [6], à éîãî âíóòð³øíüîçåðíîâà
ñòðóêòóðà ìîæå áóòè ïðåäñòàâëåíà ì³êðîïîðàìè (ðàä³óñ ïîð rp � 1 íì), ìåçîïî-
ðàìè (1 25� �rp íì) ³ ìàêðîïîðàìè (rp � 25 íì). Áóëî ðîçðîáëåíî ð³çí³ ìàòåìà-
òè÷í³ òà îá÷èñëþâàëüí³ ìîäåë³ äëÿ îïèñó òåïëî- òà ìàñîïåðåíîñó ïðîïàíó
íà öåîë³ò³ ZSM-5 [7]. Ôîðìàë³çì ìîäåëþâàííÿ äàíèõ çàñòîñîâóâàâñÿ äëÿ àä-
ñîðáö³¿ ñóì³øåé CO–O2 íà öåîë³ò³ ç ³äåíòèô³êàö³ºþ êîåô³ö³ºíò³â äèôóç³¿ â íàíî-
ïîðèñòèõ ³ ì³êðîïîðèñòèõ ìàòåð³àëàõ [8, 9] òà êîíêóðåíòíî¿ äèôóç³¿ ãàç³â
ó öåîë³ò³ [10, 11]. Áóëî ïðîâåäåíî åêñïåðèìåíòàëüí³ òà òåîðåòè÷í³ äîñë³äæåííÿ
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àäñîðáö³¿ âîëîãè ç ïðèðîäíèõ ãàç³â òà ðîçïîä³ëó âîëîãè òà òåìïåðàòóðè â øàðàõ
êðåìíåçåìó [12]. Îäíàê á³ëüø³ñòü ³ç öèõ ìîäåëåé íå º óí³âåðñàëüíèìè ³ ïîâ-
í³ñòþ íå â³äîáðàæàþòü ñêëàäíèõ ïðîñòîðîâî-÷àñîâèõ âàð³àö³é òåïëî- òà ìàñîïå-
ðåíîñó âñåðåäèí³ ì³æ- òà âíóòð³øíüî÷àñòèíêîâèõ ïðîñòîð³â âêëþ÷íî ç ê³íåòè-
êîþ ñêëàäíèõ ïðîöåñ³â àäñîðáö³¿ â íåîäíîð³äíèõ ñåðåäîâèùàõ ð³çíîðîçì³ðíèõ
÷àñòèíîê íàíîïîðèñòî¿ ñòðóêòóðè, ñôîðìîâàíèõ ó âèãëÿä³ øàð³â, ùî
âçàºìîä³þòü. Öå ïîòðåáóº íîâèõ ï³äõîä³â ÿê³ñíîãî ìîäåëþâàííÿ, ùî äàþòü
çìîãó îïèñàòè ñêëàäí³ ìåõàí³çìè ñèñòåìè ì³æôàçíèõ âçàºìîä³é óñ³õ
êîìïîíåíò³â ñèñòåìè. ×àñòêîâî òàê³ ï³äõîäè ðîçãëÿíóòî ó [13, 14].

Ó çàïðîïîíîâàí³é ïðàö³ ïîáóäîâàíî ìàòåìàòè÷íó ìîäåëü ñêëàäíîãî ïðîöå-
ñó íàíîïîðèñòîãî ìàñîïåðåíîñó â íåîäíîð³äíîìó íàíîïîðèñòîìó ñåðåäîâèù³
ç îáìåæåíîþ ê³ëüê³ñòþ n-ñêëàäîâèõ íàíîñåðåäîâèù, ùî âçàºìîä³þòü, îòðèìàíî
òî÷íèé àíàë³òè÷íèé ðîçâ’ÿçîê ìîäåë³ òà îá÷èñëåíî êîìïîíåíòè ìàòðèöü âïëèâó
(ãîëîâíèõ) ðîçâ’ÿçê³â ñèñòåìè. Ðîçðîáëåííÿ ìîäåë³ ´ðóíòóºòüñÿ íà çàñòîñóâàí-
íÿõ âèñîêîïðîäóêòèâíèõ ìåòîä³â îïåðàö³éíîãî ÷èñëåííÿ Ãåâ³ñàéäà [15, 16].

ÌÀÒÅÌÀÒÈ×ÍÈÉ ÎÏÈÑ ÇÀÄÀ×²

Ðîçãëÿíåìî àäñîðáö³éíèé ìàñîïåðåíîñ ó íåîäíîð³äíîìó îáìåæåíîìó öèë³í-
äðè÷íîìó n-ñêëàäîâîìó íàíîïîðèñòîìó ñåðåäîâèù³ çà êîîðäèíàòîþ r, çàïîâ-
íåíîìó ð³çíîðîçì³ðíèìè ñôåðè÷íèìè íàíîïîðèñòèìè ÷àñòèíêàìè àäñîðáåíòó
ç ð³çíèìè ô³çèêî-õ³ì³÷íèìè õàðàêòåðèñòèêàìè. Ãåîìåòðè÷íó ñõåìó äîñë³äæó-
âàíî¿ øàðóâàòî¿ íàíîñòðóêòóðè íàâåäåíî íà ðèñ. 1.

Ìàòåìàòè÷íó ìîäåëü òàêîãî ñêëàäíîãî ïðîöåñó íàíîïîðèñòîãî ïåðåíåñåí-
íÿ ç óðàõóâàííÿì áàãàòîêîìïîíåíòíîñò³ ñåðåäîâèùà çà ðàä³àëüíîþ êîîðäèíà-
òîþ r òà ô³çè÷íèõ ïðèïóùåíü [17, 18] ìîæíà îïèñàòè ó âèãëÿä³ òàêî¿ çì³øàíî¿
êðàéîâî¿ çàäà÷³: ïîáóäóâàòè îáìåæåíèé â áàãàòîøàðîâ³é öèë³íäðè÷í³é îáëàñò³

D t r t r R R R Rn j j n

j

n

� � � � � �
�
	



�


�

� �

�

�

( , ): , ( , ), ,0 01 0 1

1

1

�



�

áàãàòîêîìïîíåíòíèé ðîç-

â’ÿçîê ñèñòåìè ð³âíÿíü ó ÷àñòèííèõ ïîõ³äíèõ

�

�
�

�

�
�

�

�
�

�

�

�

�

�
�

�

�

�
�

C t r

t

Q t r

t
D

r r r
C

j j
j j

( , ) ( , )
inter

2

2

1
( , )t r , (1)

�

�
� �

Q

t
C Q

j
j j j j� �( ) (2)

164 ISSN 1019-5262. Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç, 2023, òîì 59, ¹ 6

Ðèñ. 1. Ãåîìåòðè÷íà ñõåìà n-ñêëàäîâî¿ öèë³íäðè÷íî¿ íàíîñòðóêòóðè, íàïîâíåíî¿ ð³çíîðîçì³ðíèìè
íàíîïîðèñòèìè ÷àñòèíêàìè ç ïîçíà÷åíèìè êîîðäèíàòàìè ìåæ ïîä³ëó ñåðåäîâèùà
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Ïåðåõ³ä äî îðèã³íàë³â. Îñîáëèâèìè òî÷êàìè ãîëîâíèõ ðîçâ’ÿçê³â êðàéîâî¿
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Çàóâàæèìî, ùî ðåêóðåíòíèé àëãîðèòì îá÷èñëåííÿ âèçíà÷íèêà " ��
� ( )p ñèñòå-

ìè (15) ìîæå áóòè ïîáóäîâàíèé ç âèêîðèñòàííÿì ñèñòåìè âèçíà÷íèê³â A
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×ÈÑÅËÜÍÅ ÌÎÄÅËÞÂÀÍÍß ÐÀÄ²ÀËÜÍÎÃÎ ÐÎÇÏÎÄ²ËÓ ÅËÅÊÒÐÈ×ÍÎÃÎ ÏÎËß
ÇÀÐßÄÆÅÍÕ ×ÀÑÒÈÍÎÊ Ó n-ÊÎÌÏÎÍÅÍÒÍÎÌÓ ÍÀÍÎÏÎÐÈÑÒÎÌÓ ÑÅÐÅÄÎÂÈÙ²

Ïðîô³ë³ ðîçïîä³ëó åëåêòðè÷íîãî ïîëÿ, ñòâîðþâàíîãî çàðÿäæåíèìè ÷àñòèíêà-
ìè, ùî ôîðìóºòüñÿ âñåðåäèí³ äîñë³äæóâàíî¿ n-êîìïîíåíòíî¿ íàíîïîðèñòî¿
ñòðóêòóðè, ïîáóäîâàí³ íà îñíîâ³ ð³âíÿííÿ Ïóàññîíà ç âèêîðèñòàííÿì îäåðæà-
íèõ ðîçïîä³ë³â êîíöåíòðàö³é àäñîðáòèâó (19), (20):
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³ ä³åëåêòðè÷íà ïðîíèêí³ñòü ñèñòåìè òåïåð âèçíà÷àºòüñÿ

� � � �( ) [ ( ) ( )],( ) ( ) ( ) ( )r r r r r ri i i

i

N

n� � � � ) ���
�

�& 1

0

1 . (24)

Ðîçâ’ÿçàííÿ ð³âíÿííÿ åëåêòðè÷íîãî ïîëÿ ÷àñòèíîê íàíîïîðèñòîãî êîìïîçè-
òó (22) çã³äíî ç (23), (24) ç óðàõóâàííÿì îòðèìàíèõ âåêòîðíèõ àíàë³òè÷íèõ ðîç-
ïîä³ë³â êîíöåíòðàö³é àäñîðáàòó (19), (20) âèêîíàíî íà áàãàòîâèì³ðí³é ñ³òö³ [20].

Äëÿ ÷èñåëüíîãî ìîäåëþâàííÿ âèêîðèñòîâóâàëèñü òåõíîëîã³÷í³ ïàðàìåòðè
íàíîñòðóêòóðè, åêñïåðèìåíòàëüíî äîñë³äæåí³ â [21, 22]. Öÿ íàíîñòðóêòóðà ñòâî-
ðåíà ç ïë³âîê ìàòåð³àë³â Al O SiO2 3 2/ . Òîâùèíà ïë³âêè Al O2 3 ñòàíîâèòü
0.1 ìêì, à ïë³âêè SiO2 — 0.09 ìêì.
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Íà ðèñ. 2 íàâåäåíî ðåçóëüòàòè ðîçðàõóíê³â êîíöåíòðàö³¿ C t r( , ) çàðÿäæåíèõ
÷àñòèíîê àäñîðáàòó ó äîñë³äæóâàíîìó çðàçêó, à òàêîæ ïåðåð³ç ïðîñòîðîâî¿ çàëåæ-
íîñò³ ïëîùèíîþ, ÿêèé íàãëÿäí³øå äåìîíñòðóº ðàä³àëüíèé ðîçïîä³ë ÷àñòèíîê
ó øàðàõ íàíîïîðèñòî¿ ñòðóêòóðè. Íàâåäåí³ íà ðèñ. 2 çàëåæíîñò³ äåìîíñòðóþòü
ðîçïîä³ë êîíöåíòðàö³¿ çàðÿäæåíèõ ÷àñòèíîê àäñîðáàòó â íàíîñòðóêòóð³, ÿêà óòâî-
ðåíà 15 øàðàìè Al O2 3 òà 16 øàðàìè SiO2. ßê âèäíî ç ðèñ. 2, ïðîòÿãîì çàäàíîãî
³íòåðâàëó ÷àñó (äî 30 õâ) çàðÿäæåí³ ÷àñòèíêè íàêîïè÷óþòüñÿ â øàðàõ ì³êðîñèñòå-
ìè òàê, ùî âîíè ïåðåâàæíî çàïîâíþþòü øàðè ìàòåð³àëó Al O2 3 (ñâ³òë³ ñìóãè), íà
â³äì³íó â³ä øàð³â SiO2, äå ÷àñòèíêè àäñîðáàòó ôàêòè÷íî íå íàêîïè÷óþòüñÿ.

Íà ðèñ. 3 íàâåäåíî ðåçóëüòàòè ðîçðàõóíêó êîíöåíòðàö³¿ àäñîðáàòó ó âíóòð³ø-
íüîêðèñòàë³òíîìó ïðîñòîð³, à ñàìå â íàíîïîðàõ øàð³â äîñë³äæóâàíîãî êîìïîçèòó.
ßê âèäíî ç ðîçðàõóíêîâèõ çàëåæíîñòåé, êîíöåíòðàö³ÿ çàðÿäæåíèõ ÷àñòèíîê (ìî-
ëåêóë àäñîðáàòó) ó íàíîïîðàõ ìåíøà í³æ ó ì³æêðèñòàë³òíîìó ïðîñòîð³, ùî
ñâ³ä÷èòü ïðî íàñè÷åííÿ àäñîðáàòîì íàíîïîð êîìïîçèòó. Öå º îçíàêîþ äîñÿãíåííÿ
ôàçîâî¿ ð³âíîâàãè ì³æ äèôóíäîâàíèì àäñîðáàòîì ó ì³æêðèñòàë³òíîìó ïðîñòîð³
øàð³â íàíîïîðèñòî¿ ñòðóêòóðè òà àäñîðáàòîì ó íàíîïîðàõ. Ñë³ä çàçíà÷èòè, ùî
ïåðåð³ç ïðîñòîðîâî¿ çàëåæíîñò³ ïëîùèíîþ äëÿ ö³º¿ çàëåæíîñò³ ôàêòè÷íî
ïîä³áíèé äî çàëåæíîñò³, çîáðàæåíî¿ íà ðèñ. 2, á.
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Íà ðèñ. 4 ïðî³ëþñòðîâàíî ðå-
çóëüòàò ÷èñåëüíîãî ìîäåëþâàííÿ
ïðîñòîðîâî-÷àñîâîãî ðîçïîä³ëó
åëåêòðîñòàòè÷íîãî ïîòåíö³àëó,
ñòâîðþâàíîãî âñåðåäèí³ íàíî-
ñòðóêòóðè íàêîïè÷åíèìè â í³é çà-
ðÿäàìè. ßê âèäíî ç ðîçðàõóíêîâî¿
çàëåæíîñò³, åëåêòðè÷íå ïîëå ôàê-
òè÷íî ³ñíóº ëèøå âñåðåäèí³ øàð³â,
ÿê³ ïåðåâàæíî çàïîâíåí³ çàðÿäæå-
íèìè ÷àñòèíêàìè àäñîðáàòó. Íà
ìåæ³ óòâîðåíèõ øàð³â Al O2 3 ³
SiO2 ïîòåíö³àë åëåêòðè÷íîãî ïîëÿ
çíà÷íî ³ øâèäêî çìåíøóºòüñÿ.

ÂÈÑÍÎÂÊÈ

Ðîçðîáëåíî ìàòåìàòè÷íó ìîäåëü

àäñîðáö³¿ â îáìåæåíîìó öèë³íä-

ðè÷íîìó íåîäíîð³äíîìó áàãàòîøàðîâîìó íàíîïîðèñòîìó ñåðåäîâèù³ òà îòðè-

ìàíî âèñîêîïðîäóêòèâí³ âåêòîðí³ àíàë³òè÷í³ ðîçâ’ÿçêè, ùî â çàãàëüíîìó âè-

ïàäêó îïèñóþòü âïëèâ âíóòð³øíüîê³íåòè÷íèõ ÷èííèê³â ïåðåíåñåííÿ çàðÿäæå-

íèõ ÷àñòèíîê àäñîðáàòó, îñíîâíèìè ñåðåä ÿêèõ º áàãàòîêîìïîíåíòí³ñòü

íàíîñòðóêòóðè çà ðàä³àëüíîþ êîîðäèíàòîþ r òà â³äïîâ³äíî ñèñòåìè n-³íòåð-

ôåéñíèõ ïîâåðõíåâèõ âçàºìîä³é ì³æ øàðàìè. Ðåàë³çàö³ÿ òàêèõ âåêòîðíèõ

àíàë³òè÷íèõ ðîçâ’ÿçê³â º ìàëîâèòðàòíîþ ³ íå ïîòðåáóº âåëèêèõ îáñÿã³â îá÷èñ-

ëåíü ïîð³âíÿíî ç ñóòî ÷èñåëüíèìè ìåòîäàìè, à òàêîæ äàº çìîãó åôåêòèâíî

ðîçïàðàëåëþâàòè îá÷èñëåííÿ çà ðàõóíîê âïðîâàäæåííÿ íîâèõ ìàòðè÷íèõ ðå-

êóðåíòíèõ ïðîöåäóð îá÷èñëåííÿ ôóíêö³é íåîäíîð³äíèõ ³ çâîðîòíèõ âçàºìîä³é

(âïëèâ³â) ì³êðî- ³ ìàêðîïðîöåñ³â òà åëåìåíò³â íàíîñòðóêòóðè, âêëþ÷àþ÷è

óìîâè ð³âíîâàãè íà êîæíîìó ³ç íèõ. Öå äàº ìîæëèâ³ñòü åôåêòèâíî ìîäåëþâà-

òè òà ÿê³ñíî ãðàô³÷íî â³çóàë³çóâàòè ïðîô³ë³ êîíöåíòðàö³é àäñîðáàòó ó ïðîñòî-

ðàõ ìàêðî- ³ íàíîïîð, ðîçïîä³ëÿòè åëåêòðè÷íèé ïîòåíö³àë, ïðîâîäèòè êîì-

ïëåêñíèé àíàë³ç ³íòåãðàëüíîãî ïåðåíîñó äëÿ íåîäíîð³äíèõ áàãàòîñêëàäîâèõ

íàíîïîðèñòèõ ñòðóêòóð ç ð³çíèìè ô³çè÷íèìè âëàñòèâîñòÿìè.

ÑÏÈÑÎÊ Ë²ÒÅÐÀÒÓÐÈ

1. Van Assche T.R.C., Baron G.V, Denayer J.F.M. An explicit multicomponent adsorption

isotherm model: Accounting for the size-effect for components with Langmuir adsorption

behavior. Adsorption. 2018. Vol. 24. Ð. 517–530. https://doi.org/10.1007/s10450-018-9962-1.

2. Rad L.R., Anbia M. Zeolite-based composites for the adsorption of toxic matters from water:

A review. Journal of Environmental Chemical Engineering. 2021. Vol. 9, Iss. 5. 106088.

https://doi.org/10.1016/j.jece.2021.106088.

3. Nandanwar S.U., Corbin D.R., Shiflett M.B. A review of porous adsorbents for the separation

of nitrogen from natural gas. Industrial & Engineering Chemistry Research. 2020. Vol. 59,

N 30. P. 13355–13369. https://doi.org/10.1021/acs.iecr.0c02730.

4. Feng C., Jiaqiang E., Han W., Deng Y., Zhang B., Zhao X., Han D. Key technology and

application analysis of zeolite adsorption for energy storage and heat-mass transfer process:

A review. Renewable and Sustainable Energy Reviews. 2021. Vol. 144, 110954. https://doi.org/

10.1016/j.rser.2021.110954.

5. Unger N., Bond T.C., Wang J.S., Koch D.M., Menon S., Shindell D.T., Bauer S. Attribution of

climate forcing to economic sectors. Proc. Natl. Acad. Sci. 2010. Vol. 107, N 8. P. 3382–3387.

https://doi.org/10.1073/pnas.0906548107.

6. Niu X., Bai Y., Du Y., Qi H., Chen Y. Size controllable synthesis of ZSM-5 zeolite and its

catalytic performance in the reaction of methanol conversion to aromatics. Royal Society Open

Science. 2022. Vol. 9, Iss. 3. 211284. https://doi.org/10.1098/rsos.211284.

176 ISSN 1019-5262. Ê³áåðíåòèêà òà ñèñòåìíèé àíàë³ç, 2023, òîì 59, ¹ 6

Ðèñ. 4. Ïðîñòîðîâî-÷àñîâà çàëåæí³ñòü ïîòåíö³àëó
åëåêòðè÷íîãî ïîëÿ âñåðåäèí³ äîñë³äæóâàíî¿ íàíî-
ñòðóêòóðè

R , ìêì t , õâ

�( , )R t

0

2

4

6

8

8

0

2

4

6

0

5



7. Puertolas B., Navarro M.V, Lopez J.M., Murillo R., Mastral A.M., Garcia T. Modelling the

heat and mass transfers of propane onto a ZSM-5 zeolite. Separation Purification Technology.

2012. Vol. 86. P. 127–136. https://doi.org/10.1016/j.seppur.2011.10.036.

8. K��arger J., Ruthven D.M., Theodorou D.N. Diffusion in nanoporous materials. Hoboken, USA:

John Wiley & Sons, 2012.

9. Krishna R. Thermodynamically consistent methodology for estimation of diffusivities of

mixtures of guest molecules in microporous materials. ACS Omega. 2019. Vol. 4, N 8.

P. 13520–13529. https://doi.org/10.1021/acsomega.9b01873.

10. Petryk M., Leclerc S., Canet D., Sergienko I., Deineka V., Fraissard J. Competitive diffusion

of gases in a zeolite bed: NMR and slice procedure, modelling and parameter identification.

The Journal Physical Chemistry C. 2015. Vol. 119, N 47. P. 26519–26525. https://doi.org/

10.1021/acs.jpcc.5b07974.

11. Petryk M., Gancarczyk T., Khimich O. Methods of mathematical modeling and identification

of complex processes and systems on the basis of high-performance calculations (Neuro- and

nanoporous feedback cyber systems, models with sparse structure data, parallel computations).

Bielsko-Biala: Wydawnictwo Naukowe Akademii Techniczno-Humanistycznej, 2021. 195 p.

12. Petryk M.R., Khimich A., Petryk M.M., Fraissard J. Experimental and computer simulation

studies of dehydration on microporous adsorbent of natural gas used as motor fuel. Fuel. 2019.

Vol. 239. P. 1324–1330. https: //doi.org/10.1016/j.fuel.2018.10.134.

13. X³ì³÷ Î.Ì., Ïåòðèê Ì.Ð., Ìèõàëèê Ä. Ì., Áîéêî ².Â., Ïîïîâ Î.Â., Ñèäîðóê Â.À. Ìåòîäè

ìàòåìàòè÷íîãî ìîäåëþâàííÿ òà ³äåíòèô³êàö³¿ ñêëàäíèõ ïðîöåñ³â ³ ñèñòåì íà îñíîâ³ âèñî-

êîïðîäóêòèâíèõ îá÷èñëåíü. Êè¿â: ²í-ò ê³áåðíåòèêè ³ì. Â.M. Ãëóøêîâà, 2019. 190 c.

14. Sergienko I.V., Peryk M.R., Fraissard J., Leclerk S. Highly efficient methods of the identification

of competitive diffusion parameters in heterogeneous media of nanoporous particles. Cybernetics

and Systems Analysis. 2015. Vol. 51, N 4. P. 529–546. https://doi.org/10.1007/s10559-015-9744-7.

15. Doetsch G. Handbuch der Laplace-transformation: Band I: Theorie der Laplace-transformation.

Springer Basel AG, 2013. 581 p.

16. Staines J. The Heaviside operational calculus: The Laplace transform for electrical engineers.

California: Amazon, 2013.

17. Ëåíþê Ì.Ï., Ïåòðèê Ì.Ð. ²íòåãðàëüí³ ïåðåòâîðåííÿ Ôóð’º, Áåññåëÿ ³ç ñïåêòðàëüíèì ïà-

ðàìåòðîì â çàäà÷àõ ìàòåìàòè÷íîãî ìîäåëþâàííÿ ìàñîïåðåíîñó â íåîäíîð³äíèõ ñåðåäî-

âèùàõ. Êè¿â: Íàóê. äóìêà, 2000. 372 ñ.

18. Petryk M.R., Boyko I.V., Khimich O.M., Petryk O.Yu. High-performance methods of modeling the

adsorption with feedback in heterogeneous multicomponent nanoporous media. Cybernetics and

Systems Analysis. 2022. Vol. 58, N 5. P. 787–805. https://doi.org/10.1007/s10559-022-00512-8.

19. Petryk M.R., Boyko I.V., Khimich O.M., Petryk M.M. High-performance supercomputer

technologies of simulation of nanoporous feedback systems for adsorption gas purification.

Cybernetics and Systems Analysis. 2020. Vol. 56, N 5. Ð. 835–847. https://doi.org/10.1007/

s10559-020-00304-y.

20. Deng H. A Heaviside function-based density representation algorithm for truss-like

buckling-induced mechanism design. J. Numer. Methods Eng. 2019. Vol. 119. Ð. 1069–1097.

21. Broas M., Kanninen O., Vuorinen V., Tilli M., Paulasto-Kr��ockel M. Chemically stable

atomic-layer-deposited Al O2 3 films for processability. ACS Omega. 2017. Vol. 7. Ð. 3390–3398.

22. Arl D., Rog� V., Adjeroud N., Pistillo B.R., Sarr M., Bahlawane N., Lenoble D. SiO2 thin film

growth through a pure atomic layer deposition technique at room temperature. RSC Adv. 2020.

Vol. 10(31). Ð. 18073–18081.

M.R. Petryk, I.V. Boyko, O.M. Khimich, V.A. Sydoruk
HIGH-PERFORMANCE METHODS OF MODELING THE NANO-ADSORPTION
AND DIFFUSION WITH FEEDBACK IN HETEROGENEOUS
CYLINDRICAL MULTICOMPONENT NANOPOROUS MEDIA

Abstract. New high-performance analytical methods are developed for modeling the fields of
diffused gas concentrations in intra- and interparticle spaces in inhomogeneous cylindrical
n-component nanoporous media. The proposed approach is based on the Heaviside operational
method and Cauchy influence matrices for inhomogeneous adsorption boundary-value problems
arising from systems of partial differential equations.

Keywords: multicomponent nanoadsorption and diffusion model, heterogeneous nanoporous
media, Heaviside operational method.
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