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Kravets L. I., Gilman A. B., Drachev A. I. Ð18-2004-71

Research in Water Permeability of Poly(ethylene) Terephthalate

Track Membranes Modified by Polymerization of Dimethylaniline

under the Action of Direct Current Discharge

The properties of poly(ethylene) terephthalate track membranes modified

by polymerization of dimethylaniline in a discharge of direct current are investigated.

The influence of conditions of plasma treatment on the basic characteristics

of the membranes (pore size, wettability, surface charge, water permeability) is stud-

ied. It is shown that under the action of discharge, a polymeric layer is formed

on the membrane surface that can swell in solutions with low pH values. It has been

found that the degree of the swelling stipulated by the conformation transfer of macro-

molecules of the deposited polymeric layer depends upon the size of relative magnifi-

cation of the mass of the membrane during its plasma treatment. It is also shown that

the obtained membranes can reversibly react to changing the pH of solution and ap-

plied pressure.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-

tions, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2004

Êðàâåö Ë. È., Ãèëüìàí À. Á., Äðà÷åâ À. È. Ð18-2004-71

Èññëåäîâàíèå âîäîïðîíèöàåìîñòè ïîëèýòèëåíòåðåôòàëàòíûõ

òðåêîâûõ ìåìáðàí, ìîäèôèöèðîâàííûõ ïîëèìåðèçàöèåé

äèìåòèëàíèëèíà â ðàçðÿäå ïîñòîÿííîãî òîêà

Èññëåäîâàíû ñâîéñòâà ïîëèýòèëåíòåðåôòàëàòíûõ òðåêîâûõ ìåìáðàí, ìîäè-

ôèöèðîâàííûõ ïîëèìåðèçàöèåé äèìåòèëàíèëèíà â ðàçðÿäå ïîñòîÿííîãî òîêà.

Èçó÷åíî âëèÿíèå óñëîâèé îáðàáîòêè ìåìáðàí â ïëàçìå íà èõ îñíîâíûå õàðàêòå-

ðèñòèêè: ðàçìåð ïîð, ñìà÷èâàåìîñòü, ïîâåðõíîñòíûé çàðÿä, âîäîïðîíèöàåìîñòü.

Ïîêàçàíî, ÷òî ïîä äåéñòâèåì ðàçðÿäà íà ïîâåðõíîñòè ìåìáðàí îáðàçóåòñÿ ñëîé

ïîëèìåðà, ñïîñîáíûé íàáóõàòü â ðàñòâîðàõ ñ íèçêèìè çíà÷åíèÿìè ðÍ. Óñòàíîâëå-

íî, ÷òî ñòåïåíü íàáóõàíèÿ, îáóñëîâëåííàÿ êîíôîðìàöèîííûì ïåðåõîäîì ìàêðî-

ìîëåêóë îñàæäåííîãî ñëîÿ ïîëèìåðà, çàâèñèò îò âåëè÷èíû îòíîñèòåëüíîãî óâå-

ëè÷åíèÿ ìàññû ìåìáðàíû ïðè åå îáðàáîòêå â ïëàçìå. Ïðîäåìîíñòðèðîâàíî, ÷òî

ïîëó÷åííûå ìåìáðàíû ñïîñîáíû îáðàòèìî ðåàãèðîâàòü íà èçìåíåíèå ðÍ ðàñ-

òâîðà è ïðèëîæåííîãî äàâëåíèÿ.

Ðàáîòà âûïîëíåíà â Ëàáîðàòîðèè ÿäåðíûõ ðåàêöèé èì. Ã. Í. Ôëåðîâà

ÎÈßÈ.

Ïðåïðèíò Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004
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‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢µ§·µ¸ ¨´É¥·¥¸ ± ¶·µ¡²¥³¥ ¶µ²ÊÎ¥´¨Ö ³¥³¡· ´ ¸ ±µ´-
É·µ²¨·Ê¥³Ò³¨ É· ´¸¶µ·É´Ò³¨ ¸¢µ°¸É¢ ³¨, ¶·µ´¨Í ¥³µ¸ÉÓ ±µÉµ·ÒÌ ³µ¦´µ
·¥£Ê²¨·µ¢ ÉÓ ¶ÊÉ¥³ ¨§³¥´¥´¨Ö ¢´¥Ï´¨Ì Ê¸²µ¢¨°, ´ ¶·¨³¥· É¥³¶¥· ÉÊ·Ò [1Ä4],
Ô²¥±É·¨Î¥¸±µ£µ [5] ¨ ³ £´¨É´µ£µ [6] ¶µ²¥°, ¸µ¸É ¢  [7] ¨ ·� · ¸É¢µ·  [3, 4,
8Ä10], ¤ ¢²¥´¨Ö [11]. „ ´´Ò¥ ¨¸¸²¥¤µ¢ ´¨Ö ¨³¥ÕÉ ¡µ²ÓÏµ¥ ¶· ±É¨Î¥¸±µ¥ ¨
´ ÊÎ´µ¥ §´ Î¥´¨¥, É ± ± ± ¶µ§¢µ²ÖÕÉ ´¥ Éµ²Ó±µ ¶µ²ÊÎ ÉÓ ³¥³¡· ´Ò ¸ Ê´¨-
± ²Ó´Ò³¨ ¸¢µ°¸É¢ ³¨, ´µ ¨ µÉ±·Ò¢ ÕÉ ¢µ§³µ¦´µ¸É¨ ¸¨´É¥§  ³¥³¡· ´, ¨³¨-
É¨·ÊÕÐ¨Ì ¡¨µ²µ£¨Î¥¸±¨¥. �¤´µ ¨§ ´ ¶· ¢²¥´¨° ¢ ÔÉµ° µ¡² ¸É¨ Å ¸¨´É¥§
£¨¤·µ£¥²¥¢ÒÌ ³¥³¡· ´ [3Ä7, 9, 10], ¶µ²ÊÎ ¥³ÒÌ É· ¤¨Í¨µ´´Ò³¨ ³¥Éµ¤ ³¨
¶µ²¨³¥·¨§ Í¨¨ ¨²¨ ¸µ¶µ²¨³¥·¨§ Í¨¨. ’ ±¨¥ ³¥³¡· ´Ò ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ°
¸Ï¨ÉÒ° ¶µ²¨³¥·, ¶·µ´¨Í ¥³µ¸ÉÓ ±µÉµ·µ£µ µ¡· É¨³µ ¨§³¥´Ö¥É¸Ö ¶·¨ ¨§³¥-
´¥´¨¨ ´ ¡ÊÌ ´¨Ö ³ É¥·¨ ²  ³ É·¨ÍÒ. �·¨Î¥³ ¸É¥¶¥´Ó ´ ¡ÊÌ ´¨Ö, µ¡Ê¸²µ-
¢²¥´´ Ö ±µ´Ëµ·³ Í¨µ´´Ò³¨ ¶¥·¥Ìµ¤ ³¨ ³ ±·µ³µ²¥±Ê², § ¢¨¸¨É µÉ ¶·¨·µ¤Ò
¸Ï¨Éµ£µ ¶µ²¨³¥·  ¨ ¥£µ ¸É·Ê±ÉÊ·Ò (±µ²¨Î¥¸É¢  ¸Ï¨¢µ± ¨ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê
´¨³¨). �¥¤µ¸É É±µ³ £¨¤·µ£¥²¥¢ÒÌ ³¥³¡· ´ Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ¢ ´¨Ì ¶µ· · §-
²¨Î´µ£µ · §³¥· .

„·Ê£µ¥ ´ ¶· ¢²¥´¨¥ ¢ µ¡² ¸É¨ ¸µ§¤ ´¨Ö ³¥³¡· ´ ¸ ±µ´É·µ²¨·Ê¥³Ò³¨
É· ´¸¶µ·É´Ò³¨ ¸¢µ°¸É¢ ³¨ § ±²ÕÎ ¥É¸Ö ¢ ³µ¤¨Ë¨± Í¨¨ ¶µ¢¥·Ì´µ¸É¨ ³¥³-
¡· ´, ¢Ò¶Ê¸± ¥³ÒÌ ¢ ¶·µ³ÒÏ²¥´´µ³ ³ ¸ÏÉ ¡¥. �´µ, ´  ´ Ï ¢§£²Ö¤, ¡µ²¥¥
¶¥·¸¶¥±É¨¢´µ, ¶µ¸±µ²Ó±Ê ¶µ§¢µ²Ö¥É ·¥£Ê²¨·µ¢ ÉÓ ¤¨ ³¥É· ¶µ·, µ¡· §ÊÕÐ¨Ì¸Ö
¢ ¶·µÍ¥¸¸¥ ³µ¤¨Ë¨± Í¨¨ ³¥³¡· ´. „²Ö ¸µ§¤ ´¨Ö ³¥³¡· ´ ¸ ·¥£Ê²¨·Ê¥³Ò³¨
É· ´¸¶µ·É´Ò³¨ ¸¢µ°¸É¢ ³¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ ¨¸¶µ²Ó§ÊÕÉ ¸¶µ¸µ¡´µ¸ÉÓ ³ ±·µ-
³µ²¥±Ê² ¶µ¢¥·Ì´µ¸É´µ£µ ¸²µÖ ± µ¡· É¨³Ò³ ±µ´Ëµ·³ Í¨µ´´Ò³ ¶¥·¥Ìµ¤ ³.
ˆ¸¸²¥¤µ¢ ´¨Ö ¢ ¤ ´´µ³ ´ ¶· ¢²¥´¨¨ ¸¢Ö§ ´Ò ¸ Í¥²¥´ ¶· ¢²¥´´Ò³ Ëµ·³¨·µ-
¢ ´¨¥³ Ì¨³¨Î¥¸±µ° ¸É·Ê±ÉÊ·Ò ¶µ¢¥·Ì´µ¸É´µ£µ ¸²µÖ ³¥³¡· ´. „²Ö ÔÉµ£µ ¶·¨-
³¥´ÖÕÉ · §²¨Î´Ò¥ ³¥Éµ¤Ò: Ì¨³¨Î¥¸±ÊÕ [1] ¨²¨ · ¤¨ Í¨µ´´µ-Ì¨³¨Î¥¸±ÊÕ
¶·¨¢¨¢±Ê [2], ¶·¥¤¢ ·¨É¥²Ó´ÊÕ  ±É¨¢ Í¨Õ ¶µ¢¥·Ì´µ¸É¨ ¢ ¶² §³¥ ¸ ¶µ¸²¥¤Ê-
ÕÐ¥° ¶·¨¢¨¢±µ° ¨§ · ¸É¢µ·  [8] ¨ É. ¤. ‘ ÔÉµ° ¦¥ Í¥²ÓÕ ³¥³¡· ´Ò Ê¸¶¥Ï´µ
³µ¤¨Ë¨Í¨·ÊÕÉ, µ¸ ¦¤ Ö ´  ¶µ¢¥·Ì´µ¸É¨ Éµ´±¨¥ ¶µ²¨³¥·´Ò¥ ¸²µ¨, ¶µ²ÊÎ¥´-
´Ò¥ ¸ ¶µ³µÐÓÕ ¶µ²¨³¥·¨§ Í¨¨ ¢ ¶² §³¥ [11]. ˆ¸¶µ²Ó§µ¢ ´¨¥ ¶² §³Ò ¤ ¥É
·Ö¤ ¸ÊÐ¥¸É¢¥´´ÒÌ ¶·¥¨³ÊÐ¥¸É¢: ¢µ§³µ¦´µ¸ÉÓ ·¥£Ê²¨·µ¢ ´¨Ö Éµ²Ð¨´Ò ¸²µÖ
¶µ²¨³¥· , µ¸ ¦¤¥´´µ£µ ´  ¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´Ò, ¥£µ ¢Ò¸µ±ÊÕ  ¤£¥§¨Õ, ³ -
²µ¥ ¢·¥³Ö ¶·µ¢¥¤¥´¨Ö ¶·µÍ¥¸¸  ¨ ¢µ§³µ¦´µ¸ÉÓ ¶·¨³¥´¥´¨Ö ¤²Ö ³µ¤¨Ë¨± Í¨¨
Ï¨·µ±µ£µ ±·Ê£  µ·£ ´¨Î¥¸±¨Ì ¨ Ô²¥³¥´Éµ·£ ´¨Î¥¸±¨Ì ¸µ¥¤¨´¥´¨°. �·¨ ÔÉµ³
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¸¢µ°¸É¢  ¶µ¢¥·Ì´µ¸É¨ µ¡· §ÊÕÐ¨Ì¸Ö ³¥³¡· ´ ¢ §´ Î¨É¥²Ó´µ° ³¥·¥ § ¢¨¸ÖÉ µÉ
É¨¶  · §·Ö¤  ¨ ¶·¨·µ¤Ò ¸µ¥¤¨´¥´¨Ö, ¨¸¶µ²Ó§µ¢ ´´ÒÌ ¤²Ö ³µ¤¨Ë¨± Í¨¨ [12].

� ¨¡µ²¥¥ ¶µ¤Ìµ¤ÖÐ¨° ³ É¥·¨ ² ¤²Ö ¸µ§¤ ´¨Ö ³¥³¡· ´ ¸ ·¥£Ê²¨·Ê¥³Ò³¨
É· ´¸¶µ·É´Ò³¨ ¸¢µ°¸É¢ ³¨ Å É·¥±µ¢Ò¥ ³¥³¡· ´Ò (’Œ), ¶µ²ÊÎ ¥³Ò¥ µ¡²Ê-
Î¥´¨¥³ ¶µ²¨³¥·´ÒÌ ¶²¥´µ± ¶ÊÎ±µ³ ¢Ò¸µ±µÔ´¥·£¥É¨Î´ÒÌ ÉÖ¦¥²ÒÌ ¨µ´µ¢ ¸
¶µ¸²¥¤ÊÕÐ¨³ Ì¨³¨Î¥¸±¨³ É· ¢²¥´¨¥³ É·¥±µ¢ ¤ ´´ÒÌ Î ¸É¨Í, µÉ²¨Î¨É¥²Ó´µ°
µ¸µ¡¥´´µ¸ÉÓÕ ±µÉµ·ÒÌ Ö¢²Ö¥É¸Ö ¢Ò¸µ± Ö µ¤´µ·µ¤´µ¸ÉÓ ¶µ· ¶µ · §³¥· ³. ‚
´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¨§ÊÎ¥´  ¢µ¤µ¶·µ´¨Í ¥³µ¸ÉÓ ³¥³¡· ´, ¸µ¸ÉµÖÐ¨Ì ¨§ ¶µ·¨-
¸Éµ° ¶µ¤²µ¦±¨, ’Œ, ¨ ¸²µÖ ¶µ²¨³¥· , ´ ´¥¸¥´´µ£µ ¶ÊÉ¥³ ¶µ²¨³¥·¨§ Í¨¨ ¢
¶² §³¥ ¶ ·µ¢ ¤¨³¥É¨² ´¨²¨´ . „²Ö µ¸ ¦¤¥´¨Ö ¶µ²¨³¥·  ¢Ò¡· ´ · §·Ö¤ ¶µ¸Éµ-
Ö´´µ£µ Éµ± , É ± ± ± ¶·¥¤¢ ·¨É¥²Ó´Ò³¨ ¨¸¸²¥¤µ¢ ´¨Ö³¨ ¡Ò²µ Ê¸É ´µ¢²¥´µ,
ÎÉµ ¢ ÔÉµ³ ¸²ÊÎ ¥ ´  ¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´ ¤µ¸É¨£ ¥É¸Ö ´ ¨¡µ²¥¥ ¢Ò¸µ± Ö
±µ´Í¥´É· Í¨Ö ËÊ´±Í¨µ´ ²Ó´ÒÌ £·Ê¶¶, ¨£· ÕÐ¨Ì µ¶·¥¤¥²ÖÕÐÊÕ ·µ²Ó ¢ ¶·µ-
Í¥¸¸ Ì ³ ¸¸µ¶¥·¥´µ¸ .

Œ…’�„ˆŠ� �Š‘�…�ˆŒ…�’�

‚ · ¡µÉ¥ ¨¸¶µ²Ó§µ¢ ²¨ ¶µ²¨ÔÉ¨²¥´É¥·¥ËÉ ² É´Ò¥ (��’”) ’Œ Éµ²Ð¨´µ°
(10,0 ± 0,2) ³±³ ¸ ÔËË¥±É¨¢´Ò³ ¤¨ ³¥É·µ³ ¶µ· 0,215 ³±³ (¶²µÉ´µ¸ÉÓ ¶µ·
2 · 108 ¸³−2), ±µÉµ·Ò¥ ¡Ò²¨ ¶µ²ÊÎ¥´Ò µ¡²ÊÎ¥´¨¥³ ��’”-¶²¥´µ± Ê¸±µ·¥´-
´Ò³¨ ´  Í¨±²µÉ·µ´¥ “-400 (‹ ¡µ· Éµ·¨Ö Ö¤¥·´ÒÌ ·¥ ±Í¨° ¨³. ƒ. �. ”²¥·µ¢ 
�ˆŸˆ) ¨µ´ ³¨ ±·¨¶Éµ´  (Ô´¥·£¨Ö ∼ 3 ŒÔ‚/´Ê±²µ´) ¨ ¶µ¸²¥¤ÊÕÐ¥° Ë¨§¨±µ-
Ì¨³¨Î¥¸±µ° µ¡· ¡µÉ±µ° ¶µ ¸É ´¤ ·É´µ° ³¥Éµ¤¨±¥ [13].

‚ ± Î¥¸É¢¥ ¨¸Ìµ¤´µ£µ ¢¥Ð¥¸É¢  ¤²Ö ³µ¤¨Ë¨± Í¨¨ ³¥³¡· ´ ³¥Éµ¤µ³ ¶µ-
²¨³¥·¨§ Í¨¨ ¢ ¶² §³¥ ¶·¨³¥´Ö²¨ N,N-¤¨³¥É¨² ´¨²¨´ (Fisher Scientiˇc Co.,
‘˜�) ¸ T±¨¶ = 193 ◦C. „µ¶µ²´¨É¥²Ó´ÊÕ µÎ¨¸É±Ê ¶·¥¶ · É  ´¥ ¶·µ¨§¢µ¤¨²¨.

�¸ ¦¤¥´¨¥ ¶µ²¨³¥·  ¨§ N,N-¤¨³¥É¨² ´¨²¨´  („Œ�) ´  ¶µ¢¥·Ì´µ¸ÉÓ ³¥³-
¡· ´ ¶·µ¢µ¤¨²¨ ¢ ¶² §³¥ É²¥ÕÐ¥£µ · §·Ö¤  ¶µ¸ÉµÖ´´µ£µ Éµ±  ´  Ê¸É ´µ¢±¥,
¸Ì¥³ É¨Î¥¸±¨ ¶·¥¤¸É ¢²¥´´µ° ´  ·¨¸. 1. ‚ ·¥ ±Í¨µ´´ÊÕ ± ³¥·Ê 1 ¸ ¤¢Ê³Ö
£µ·¨§µ´É ²Ó´Ò³¨ ¶²µ¸±µ¶ · ²²¥²Ó´Ò³¨ Ô²¥±É·µ¤ ³¨ 3 ¤¨ ³¥É·µ³ 160 ³³ ´ 
 ´µ¤ ¶µ³¥Ð ²¨ µ¡· §¥Í ³¥³¡· ´Ò 2 · §³¥·µ³ 100 × 100 ³³. Š ³¥·Ê ¢ ±ÊÊ³¨-
·µ¢ ²¨ ¸ ¶µ³µÐÓÕ Ëµ·¢ ±ÊÊ³´µ£µ ´ ¸µ¸  4 ¤µ µ¸É ÉµÎ´µ£µ ¤ ¢²¥´¨Ö 0,26 � ,
±µÉµ·µ¥ ¨§³¥·Ö²¨ ¢ ±ÊÊ³³¥É·µ³ 8, § É¥³ Î¥·¥§ ±¢ ·Í¥¢Ò° ´ É¥± É¥²Ó 5, ·¥-
£Ê²¨·Ê¥³Ò° µÉ ¡²µ±  Ê¶· ¢²¥´¨Ö 6, ¨§  ³¶Ê²Ò 7 ´ ¶Ê¸± ²¨ ¶ ·Ò „Œ� ¨
¢±²ÕÎ ²¨ · §·Ö¤, ¶µ¤ ¢ Ö ´ ¶·Ö¦¥´¨¥ µÉ ¨¸ÉµÎ´¨±  ¶¨É ´¨Ö 9. �¸ ¦¤¥´¨¥
¶µ²¨³¥·  µ¸ÊÐ¥¸É¢²Ö²¨ ¶·¨ ¤ ¢²¥´¨¨ ¶ ·µ¢ „Œ� 26,6 �  ¨ ¶²µÉ´µ¸É¨ Éµ± 
· §·Ö¤  0,1 ³�/c³2 ¢ É¥Î¥´¨¥ 20Ä180 ¸. ‚µ§¤¥°¸É¢¨Õ ¶² §³Ò ¶µ¤¢¥·£ ²¨ µ¤´Ê
¸Éµ·µ´Ê ³¥³¡· ´.

‚¢¥¤¥´¨¥ ¨µ¤  ¢ µ¡· §ÍÒ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ¢ ¶² §³¥ ³¥³¡· ´Ò ¶·µ¢µ-
¤¨²¨ ¶ÊÉ¥³ ¨Ì ¢Ò¤¥·¦±¨ ¢ Ô±¸¨± Éµ·¥ ¢  É³µ¸Ë¥·¥ ´ ¸ÒÐ¥´´ÒÌ ¶ ·µ¢ ¨µ¤ 
¶·¨ 20 ◦C ¢ É¥Î¥´¨¥ 30 ³¨´.
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�¨¸. 1. ‘Ì¥³  Ê¸É ´µ¢±¨ ¤²Ö ¶µ²¨³¥·¨§ Í¨¨ ¢ ¶² §³¥: 1 Å ·¥ ±Í¨µ´´ Ö ¢ ±ÊÊ³´ Ö
± ³¥· ; 2 Å µ¡· §¥Í ’Œ; 3 Å Ô²¥±É·µ¤Ò; 4 Å Ëµ·¢ ±ÊÊ³´Ò° ´ ¸µ¸; 5 Å ¶Ó¥§µ-
±¢ ·Í¥¢Ò° ´ É¥± É¥²Ó; 6 Å ¸¨¸É¥³  ´ ¶Ê¸±  ‘��-2; 7 Å ¸µ¸Ê¤ ¸ ¦¨¤±¨³ ¨¸Ìµ¤´Ò³
¢¥Ð¥¸É¢µ³; 8 Å ¢ ±ÊÊ³³¥É·; 9 Å ¨¸ÉµÎ´¨± ¶µ¸ÉµÖ´´µ£µ ´ ¶·Ö¦¥´¨Ö

• · ±É¥·¨¸É¨±¨ ¨¸Ìµ¤´µ° ¨ ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ ¢ ¶² §³¥ ³¥³¡· ´ µ¶·¥-
¤¥²Ö²¨ ¶·¨ ¶µ³µÐ¨ ·Ö¤  ¢§ ¨³µ¤µ¶µ²´ÖÕÐ¨Ì ³¥Éµ¤¨±. ˆ§³¥´¥´¨¥ Éµ²Ð¨´Ò
³¥³¡· ´ ·¥£¨¸É·¨·µ¢ ²¨ ¸ ¶µ³µÐÓÕ Ô²¥±É·µ´´µ£µ ¨§³¥·¨É¥²Ö Éµ²Ð¨´Ò ®’¥s 
Unit¯ (�¢¸É·¨Ö), ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨° ± 0,1 ³±³. ƒ §µ¶·µ´¨Í ¥³µ¸ÉÓ ³¥³¡· ´
(¶µÉµ± ¢µ§¤ÊÌ , ¶·µÏ¥¤Ï¨° Î¥·¥§ ³¥³¡· ´Ê) ¨§³¥·Ö²¨ ¶·¨ § ¤ ´´µ³ ¶¥·¥-
¶ ¤¥ ¤ ¢²¥´¨Ö ¶µ ³¥Éµ¤¨±¥ [14]. �  µ¸´µ¢ ´¨¨ ¶µ²ÊÎ¥´´ÒÌ §´ Î¥´¨° ¶µ
¶·µ£· ³³¥ [15] · ¸¸Î¨ÉÒ¢ ²¨ ÔËË¥±É¨¢´Ò° ¤¨ ³¥É· ¶µ· (¶µ£·¥Ï´µ¸ÉÓ 3 %).
ˆ¸¸²¥¤µ¢ ´¨¥ ³¨±·µ¸É·Ê±ÉÊ·Ò µ¡· §Íµ¢,   É ±¦¥ µ¶·¥¤¥²¥´¨¥ ¤¨ ³¥É·  ¶µ·
´  ¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´ ¶·µ¢µ¤¨²¨ ¸ ¶µ³µÐÓÕ ¸± ´¨·ÊÕÐ¥£µ Ô²¥±É·µ´´µ£µ
³¨±·µ¸±µ¶  JSM-840 (JEOL) ¸ · §·¥Ï¥´¨¥³ 10 ´³. �¥·¥¤ ¶·µ¸³µÉ·µ³ ´ 
µ¡· §ÍÒ ´ ¶Ò²Ö²¨ ¢ ¢ ±ÊÊ³¥ Éµ´±¨° ¸²µ° §µ²µÉ . Š· ¥¢µ° Ê£µ² ¸³ Î¨¢ ´¨Ö
µ¶·¥¤¥²Ö²¨ ¸ ¶µ³µÐÓÕ £µ·¨§µ´É ²Ó´µ£µ ³¨±·µ¸±µ¶ , ¸´ ¡¦¥´´µ£µ £µ´¨µ³¥-
É·µ³, ¶µ ³¥Éµ¤¨±¥ [14]. „²Ö ¨§³¥·¥´¨° ¨¸¶µ²Ó§µ¢ ²¨ ¢µ¤Ê (¡¨¤¨¸É¨²²ÖÉ),
ÉµÎ´µ¸ÉÓ ¨§³¥·¥´¨° ¸µ¸É ¢²Ö²  ± 1◦. �·µ´¨Í ¥³µ¸ÉÓ ¢µ¤´ÒÌ · ¸É¢µ·µ¢ ¸
· §²¨Î´Ò³¨ §´ Î¥´¨Ö³¨ ·� ¨§³¥·Ö²¨ ¸ ¶µ³µÐÓÕ ¸É ´¤ ·É´µ° Ë¨²ÓÉ· Í¨µ´-
´µ° Ê¸É ´µ¢±¨ ”Œ�-2 [16] ´  µ¡· §Í Ì ³¥³¡· ´Ò ¶²µÐ ¤ÓÕ 254 ³³2. ‚
± Î¥¸É¢¥ · ¡µÎ¨Ì · ¸É¢µ·µ¢ ¸²Ê¦¨²¨ · ¸É¢µ·Ò ¸µ²Ö´µ° ±¨¸²µÉÒ · §²¨Î´µ°
±µ´Í¥´É· Í¨¨, ±µÉµ·Ò¥ ¶·¥¤¢ ·¨É¥²Ó´µ µÉË¨²ÓÉ·µ¢Ò¢ ²¨ Î¥·¥§ ’Œ ¨§ ��’”
¸ ¤¨ ³¥É·µ³ ¶µ· 0,05 ³±³. „µ ´ Î ²  Ë¨²ÓÉ· Í¨¨ ³¥³¡· ´Ò ¢Ò¤¥·¦¨¢ ²¨ ¢
¸µµÉ¢¥É¸É¢ÊÕÐ¥³ · ¸É¢µ·¥ ¢ É¥Î¥´¨¥ 20 ³¨´. „²Ö · ¸Î¥É  ¢¥²¨Î¨´Ò ¶µÉµ± 
¶·¨³¥´Ö²¨ Ê· ¢´¥´¨¥ • £¥´ Ä�Ê §¥°²Ö [16].
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ˆ¸¸²¥¤µ¢ ´¨¥ ¸É·Ê±ÉÊ·Ò ¶µ²¨³¥·  ¨§ „Œ�, µ¸ ¦¤¥´´µ£µ ´   ´µ¤¥, ¶·µ¢µ-
¤¨²¨ ³¥Éµ¤ ³¨ Ô²¥±É·µ´´µ° ¸¶¥±É·µ¸±µ¶¨¨ ¤²Ö Ì¨³¨Î¥¸±µ£µ  ´ ²¨§  (�‘•�)
¨ ˆŠ-ËÊ·Ó¥-¸¶¥±É·µ¸±µ¶¨¨. ‘¶¥±É·Ò �‘•� ¶µ²ÊÎ ²¨ ´  ·¥´É£¥´µ¢¸±µ³ Ëµ-
ÉµÔ²¥±É·µ´´µ³ ¸¶¥±É·µ³¥É·¥ ®Riber SIA-100¯ c  ´ ²¨§ Éµ·µ³ MAC-2 (MgKα,
100 ‚É, 15 ±‚, 20 ³�). �µ²µ¦¥´¨¥ ¶¨±µ¢ (Ô´¥·£¨¨ ¸¢Ö§¨) ± ²¨¡·µ¢ ²¨ ¶µ
¸É ´¤ ·É´µ³Ê ¶¨±Ê ‘1s (284,6 Ô‚) [17]. ˆŠ-¸¶¥±É·Ò ·¥£¨¸É·¨·µ¢ ²¨ ¸ ¶µ-
³µÐÓÕ ËÊ·Ó¥-¸¶¥±É·µ³¥É·  ®Bruker Equinox 50S¯ ¢ µ¡² ¸É¨ 400Ä4000 ¸³−1

¸ 500-±· É´Ò³ ´ ±µ¶²¥´¨¥³ ¶·¨ Ï £¥ ¸± ´¨·µ¢ ´¨Ö 2 ¸³−1. �É´¥¸¥´¨¥ ¶µ-
²µ¸ ¶µ£²µÐ¥´¨Ö ¢Ò¶µ²´Ö²¨ ¸µ£² ¸´µ [18]. ˆ§³¥·¥´¨Ö ¸¶¥±É·µ¢ ¨¸Ìµ¤´µ£µ
¦¨¤±µ£µ „Œ� ¶·µ¢µ¤¨²¨ ¢ Éµ´±µ° ±Õ¢¥É¥, ¶·µ§· Î´µ° ¢ ˆŠ-¤¨ ¶ §µ´¥. „²Ö
µ¸ÊÐ¥¸É¢²¥´¨Ö ¨§³¥·¥´¨° ˆŠ-¸¶¥±É·µ¢ ¶µ²¨³¥· , ¶µ²ÊÎ¥´´µ£µ ¨§ „Œ� ¢
· §·Ö¤¥, ¥£µ µ¸ ¦¤ ²¨ ´  ¸¶¥Í¨ ²Ó´µ° ¶² ¸É¨´¥ KRS · §³¥·µ³ 10 × 15 ³³,
±µÉµ·ÊÕ · ¸¶µ² £ ²¨ ´  µÉ±·ÒÉµ° ¶µ¢¥·Ì´µ¸É¨ ’Œ, ¶µ³¥Ð¥´´µ° ´   ´µ¤¥.

ˆ§³¥·¥´¨¥ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ³¥³¡· ´ ¶·µ¨§¢µ¤¨²¨ ³¥Éµ¤µ³ ¤¨´ -
³¨Î¥¸±µ£µ ±µ´¤¥´¸ Éµ·  [19].

�…‡“‹œ’�’› ˆ ˆ• ��‘“†„…�ˆ…

ˆ¸¸²¥¤µ¢ ´¨¥ ¶·µÍ¥¸¸  µ¸ ¦¤¥´¨Ö ¶µ²¨³¥· , ¶µ²ÊÎ¥´´µ£µ ¶µ²¨³¥·¨§ -
Í¨¥° „Œ� ¢ ¶² §³¥ (��„Œ�), ´  ¶µ¢¥·Ì´µ¸ÉÓ ��’” ’Œ ¶µ± §Ò¢ ¥É, ÎÉµ
¸ Ê¢¥²¨Î¥´¨¥³ ¢·¥³¥´¨ µ¡· ¡µÉ±¨ ´ ¡²Õ¤ ¥É¸Ö ¶µ¸É¥¶¥´´Ò° ¶·¨·µ¸É ³ ¸¸Ò
µ¡· §Í , ¸¢Ö§ ´´Ò° ¸ µ¸ ¦¤¥´¨¥³ ¶µ²¨³¥·´µ£µ ¸²µÖ ´  ¥£µ ¶µ¢¥·Ì´µ¸É¨ (¸³.
É ¡². 1). �·¨ ÔÉµ³ Éµ²Ð¨´  ³¥³¡· ´Ò Ê¢¥²¨Î¨¢ ¥É¸Ö,   ÔËË¥±É¨¢´Ò° ¤¨ -
³¥É· ¶µ· Ê³¥´ÓÏ ¥É¸Ö, ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ¡ µ¸ ¦¤¥´¨¨ ¶µ²¨³¥·  ± ± ´ 
¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´Ò, É ± ¨ ´  ¸É¥´± Ì ¥¥ ¶µ·. ‘Ê³³ ·´ Ö ¶µ¢¥·Ì´µ¸ÉÓ
¶µ· ¨¸¸²¥¤Ê¥³µ° ’Œ ¸µ¸É ¢²Ö¥É ∼ 85 % µÉ µ¡Ð¥° Ê¤¥²Ó´µ° ¶µ¢¥·Ì´µ¸É¨
³¥³¡· ´Ò, µÉ´µ¸¨É¥²Ó´µ¥ ¦¥ ¨§³¥´¥´¨¥ Éµ²Ð¨´Ò ³¥³¡· ´Ò ¶·¨ µ¡· ¡µÉ±¥
¢ ¶² §³¥ ¡µ²ÓÏ¥ µÉ´µ¸¨É¥²Ó´µ£µ Ê³¥´ÓÏ¥´¨Ö ¤¨ ³¥É·  ¶µ·. �Éµ ¶µ§¢µ²Ö¥É
¸¤¥² ÉÓ ¢Ò¢µ¤ µ Éµ³, ÎÉµ µ¸ ¦¤¥´¨¥ ¶µ²¨³¥·  ´  ¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´Ò ´¥-
¸±µ²Ó±µ ¶·¥¢ ²¨·Ê¥É ´ ¤ µ¡· §µ¢ ´¨¥³ ¥£µ ¢ ¶µ· Ì. � ¡²Õ¤ ¥³Ò¥ ¢ É ¡². 1
· ¸Ìµ¦¤¥´¨Ö §´ Î¥´¨° ∆M /M ¨ ¸Ê³³Ò ∆l/l ¨ ∆D/D ¸¢Ö§ ´Ò ¸ ¶µ£·¥Ï´µ-
¸ÉÓÕ ¨§³¥·¥´¨°.

’ ¡²¨Í  1. ‡ ¢¨¸¨³µ¸ÉÓ µÉ´µ¸¨É¥²Ó´µ£µ Ê¢¥²¨Î¥´¨Ö ³ ¸¸Ò (∆M/M ), Éµ²Ð¨´Ò (∆l/l)
¨ µÉ´µ¸¨É¥²Ó´µ£µ Ê³¥´ÓÏ¥´¨Ö ¢¥²¨Î¨´Ò ÔËË¥±É¨¢´µ£µ ¤¨ ³¥É·  ¶µ· (∆D/D) ��’”
’Œ µÉ ¢·¥³¥´¨ µ¡· ¡µÉ±¨ (t) ¢ · §·Ö¤¥

t, c ∆M/M , % ∆l/l, % ∆D/D, %
20 9,5 5 4
60 11,5 6 5
180 13,5 7 7
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�²¥±É·µ´´µ-³¨±·µ¸±µ¶¨Î¥¸±µ¥ ¨¸¸²¥¤µ¢ ´¨¥ µ¡· §Íµ¢ ¶µ± §Ò¢ ¥É, ÎÉµ
¶µ²¨³¥· · ¢´µ³¥·´µ µ¸ ¦¤ ¥É¸Ö ´  ¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´Ò, ´¥ ¨§³¥´ÖÖ ¥¥
·¥²Ó¥Ë . „¨ ³¥É· ¶µ· ´  ¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´ ¶·¨ ÔÉµ³ ¶· ±É¨Î¥¸±¨ ´¥
¨§³¥´Ö¥É¸Ö. ‡´ Î¨É ¶µ²¨³¥·, µ¡· §ÊÕÐ¨°¸Ö ¢ ¶² §³¥, · ¸¶·¥¤¥²Ö¥É¸Ö ¶µ ¶µ-
¢¥·Ì´µ¸É¨ ¶µ·. �¸ ¦¤¥´¨¥ ��„Œ� ¢ ¶µ· Ì ¶·¨ µ¡· ¡µÉ±¥ ³¥³¡· ´ ¢ ¶² §³¥
¶µ¤É¢¥·¦¤ ¥É¸Ö ¸²¥¤ÊÕÐ¨³¨ Ô±¸¶¥·¨³¥´É ³¨. �¡· §¥Í ³¥³¡· ´Ò ¶µ³¥Ð ²¨
´  ³¥É ²²¨Î¥¸±ÊÕ ¶² ¸É¨´Ê ¨ ¶²µÉ´µ ¶·¨¦¨³ ²¨ ¥¥ ± ¶µ¢¥·Ì´µ¸É¨ ¸ ¶µ-
³µÐÓÕ ³ ¸±¨. ’ ±¨³ µ¡· §µ³, µ¤´  ¸Éµ·µ´  ³¥³¡· ´Ò, · ¸¶µ²µ¦¥´´µ° ´ 
 ´µ¤¥, ¡Ò²  µÉ±·ÒÉ  ¶µ µÉ´µÏ¥´¨Õ ± £ §µ· §·Ö¤´µ³Ê ¶·µ¸É· ´¸É¢Ê (µ¡· -
¡µÉ ´´ Ö ¸Éµ·µ´ ),   ¤·Ê£ Ö Å § ±·ÒÉ  (´¥µ¡· ¡µÉ ´´ Ö ¸Éµ·µ´ ). ‘µ£² ¸´µ
¤ ´´Ò³ �‘•�  Éµ³Ò  §µÉ  ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ± ± ´  µ¡· ¡µÉ ´´µ°, É ± ¨
´  ´¥µ¡· ¡µÉ ´´µ° ¸Éµ·µ´¥ ³¥³¡· ´Ò (É ¡². 2). �Éµ ¸²Ê¦¨É ¤µ± § É¥²Ó¸É¢µ³
Éµ£µ, ÎÉµ µ¸ ¦¤¥´¨¥ ¶µ²¨³¥·  ¶·¨ µ¡· ¡µÉ±¥ ³¥³¡· ´Ò ¢ ¶² §³¥ ¶·µ¨¸Ìµ¤¨É
¢ µ¡Ñ¥³¥ ¶µ·, ¤µ¸É¨£ Ö µ¡· É´µ° ¸Éµ·µ´Ò µ¡· §Í .

’ ¡²¨Í  2. �É´µ¸¨É¥²Ó´µ¥ ¸µ¤¥·¦ ´¨¥  Éµ³µ¢  §µÉ  ¨ ¨µ¤  ´  µ¡· ¡µÉ ´´µ° ¨ ´¥µ¡-
· ¡µÉ ´´µ° ¸Éµ·µ´ Ì ¶µ¢¥·Ì´µ¸É¨ ��’” ’Œ ¸µ ¸²µ¥³ ��„Œ� ¶µ¸²¥ ¢Ò¤¥·¦±¨ ¢
¶ · Ì ¨µ¤ 

‘Éµ·µ´  ¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´Ò N/C, % J/C, %

�¡· ¡µÉ ´´ Ö 13 0,013

�¥µ¡· ¡µÉ ´´ Ö 12 0,006

ˆ´É¥·¶·¥É Í¨Ö ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ¤ ´´ÒÌ ¸¢Ö§ ´  ¸ ³¥Éµ¤¨±µ° ¶µ²ÊÎ¥-
´¨Ö ’Œ, ¢±²ÕÎ ÕÐ¥° µ¡²ÊÎ¥´¨¥ ¶²¥´±¨ ��’” Ê¸±µ·¥´´Ò³¨ ´  Í¨±²µÉ·µ´¥
ÉÖ¦¥²Ò³¨ ¨µ´ ³¨. ˆ§¢¥¸É´µ, ÎÉµ ¶·¨ µ¡²ÊÎ¥´¨¨ ¶µ²¨³¥·´µ£µ ¤¨Ô²¥±É·¨± 
§ ·Ö¦¥´´Ò³¨ Î ¸É¨Í ³¨ ¸ ¢Ò¸µ±µ° Ô´¥·£¨¥°, ¢¥²¨Î¨´  ±µÉµ·µ° ¸µ¸É ¢²Ö¥É
´¥¸±µ²Ó±µ ŒÔ‚, ¢ ¥£µ µ¡Ñ¥³¥ ´ ¡²Õ¤ ¥É¸Ö µ¡· §µ¢ ´¨¥ ¨§¡ÒÉµÎ´µ£µ § ·Ö¤ 
[20], µ¡ÑÖ¸´Ö¥³µ¥ É¥³, ÎÉµ ¢Ò¸µ±µÔ´¥·£¥É¨Î´Ò¥ ¨µ´Ò, ¶·µÌµ¤Ö Î¥·¥§ µ¡Ñ¥³
¶µ²¨³¥· , ´ ·Ö¤Ê ¸ · §·ÊÏ¥´¨¥³ Ì¨³¨Î¥¸±¨Ì ¸¢Ö§¥°, ¶·µ¨§¢µ¤ÖÉ ¨µ´¨§ Í¨Õ
³ ±·µ³µ²¥±Ê². •¨³¨Î¥¸± Ö µ¡· ¡µÉ±  µ¡² ¸É¨ ² É¥´É´ÒÌ É·¥±µ¢ ¨µ´µ¢ ¶·¨-
¢µ¤¨É ± µ¡· §µ¢ ´¨Õ § ·Ö¦¥´´ÒÌ ¶µ·. ˆ¸¸²¥¤µ¢ ´¨Ö ³¥Éµ¤µ³ ¤¨´ ³¨Î¥-
¸±µ£µ ±µ´¤¥´¸ Éµ·  ¶µ± § ²¨, ÎÉµ ¨¸¶µ²Ó§µ¢ ´´Ò¥ ¢ · ¡µÉ¥ ¨¸Ìµ¤´Ò¥ ��’”
’Œ ¨³¥ÕÉ ¨§¡ÒÉµÎ´Ò° ¶µ²µ¦¨É¥²Ó´Ò° § ·Ö¤, ¶²µÉ´µ¸ÉÓ ±µÉµ·µ£µ ¸µ¸É ¢²Ö¥É
µ±µ²µ 30 ´Š²/¸³2. ‘ ÊÎ¥Éµ³ Éµ£µ, ÎÉµ ±µ²¨Î¥¸É¢µ ¶µ· ´  ¥¤¨´¨ÍÊ ¶µ¢¥·Ì´µ¸É¨
¢ ¨¸¸²¥¤Ê¥³µ° ³¥³¡· ´¥ ¸µ¸É ¢²Ö¥É n = 2 ·108 ¸³−2, ¸·¥¤´¨° § ·Ö¤, ¶·¨Ìµ¤Ö-
Ð¨°¸Ö ´  µ¤´Ê ¶µ·Ê, ¶·¨¡²¨§¨É¥²Ó´µ · ¢¥´ 1,5·10−16Š². …¸²¨ ¶·¥¤¶µ²µ¦¨ÉÓ,
ÎÉµ § ·Ö¤ · ¸¶·¥¤¥²¥´ ¶µ ¶µ¢¥·Ì´µ¸É¨ ¸É¥´±¨ ¶µ·Ò, ¨³¥ÕÐ¥° Ëµ·³Ê Í¨²¨´-
¤·  ¤¨ ³¥É·µ³ D = 0,215 ³±³ ¨ ¤²¨´µ° l = 10 ³±³ (Éµ²Ð¨´  ³¥³¡· ´Ò),
Éµ ¸·¥¤´ÖÖ ¶²µÉ´µ¸ÉÓ § ·Ö¤  ¢ É ±µ° ¶µ·¥ qs = 2,2 ´Š²/¸³2. ‚¥²¨Î¨´  Ô²¥±-
É·¨Î¥¸±µ£µ ¶µ²Ö, ¸µ§¤ ¢ ¥³µ£µ É ±¨³ § ·Ö¦¥´´Ò³ Í¨²¨´¤·µ³ ´  · ¸¸ÉµÖ´¨¨
R = 1 ³±³, ¸· ¢´¨³Ò³ ¸µ ¸·¥¤´¨³ · ¸¸ÉµÖ´¨¥³ ³¥¦¤Ê ¡²¨¦ °Ï¨³¨ ¶µ· ³¨
(0,7 ³±³), ¸µ¸É ¢²Ö¥É 200 ‚/¸³. �·¨ µ¡· ¡µÉ±¥ ¢ ¶² §³¥ µ¡· §ÍÒ ³¥³¡· ´
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¶µ³¥Ð ²¨ ´   ´µ¤. ‚ · §·Ö¤¥ ¶µ¸ÉµÖ´´µ£µ Éµ±  ±  ´µ¤Ê µ¸ÊÐ¥¸É¢²ÖÕÉ ¤·¥°Ë
µÉ·¨Í É¥²Ó´µ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ, ¢ ± Î¥¸É¢¥ ±µÉµ·ÒÌ, ´ ·Ö¤Ê ¸ Ô²¥±É·µ-
´ ³¨, ¢Ò¸ÉÊ¶ ÕÉ µÉ·¨Í É¥²Ó´Ò¥ ¨µ´Ò „Œ�. Œ¥¦¤Ê µÉ·¨Í É¥²Ó´Ò³¨ ¨µ´ ³¨
¨ ¶µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´Ò³¨ ¶µ· ³¨ ´ ¡²Õ¤ ¥É¸Ö Ô²¥±É·µ¸É É¨Î¥¸±µ¥ ¶·¨-
ÉÖ¦¥´¨¥, ÎÉµ ¨ ¶·¨¢µ¤¨É ± µ¸ ¦¤¥´¨Õ ¶µ²¨³¥·  ¢ ¶µ· Ì ³¥³¡· ´Ò.

ˆ¸¸²¥¤µ¢ ´¨¥ ¶µ¢¥·Ì´µ¸É´ÒÌ ¸¢µ°¸É¢ ’Œ ¶µ± §Ò¢ ¥É, ÎÉµ ¶·¨ µ¡· ¡µÉ±¥
¢ ¶² §³¥ „Œ� ´ ¡²Õ¤ ¥É¸Ö Ê²ÊÎÏ¥´¨¥ ¸³ Î¨¢ ¥³µ¸É¨ ¶µ¢¥·Ì´µ¸É¨. ’ ±, ¥¸²¨
¨¸Ìµ¤´ Ö ³¥³¡· ´  Ì · ±É¥·¨§Ê¥É¸Ö ¢¥²¨Î¨´µ° ±· ¥¢µ£µ Ê£²  ¸³ Î¨¢ ´¨Ö (Θ),
· ¢´µ° 65◦, Éµ ¤²Ö ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ ³¥³¡· ´ §´ Î¥´¨Ö Θ, ´¥§ ¢¨¸¨³µ µÉ
¢·¥³¥´¨ µ¡· ¡µÉ±¨ ¢ · §·Ö¤¥, ¸µ¸É ¢²ÖÕÉ ´¥ ¡µ²¥¥ 45◦. �Éµ µ§´ Î ¥É, ÎÉµ
¢µ ¢¸¥Ì ¸²ÊÎ ÖÌ, ¢´¥ § ¢¨¸¨³µ¸É¨ µÉ ¢¥²¨Î¨´Ò µÉ´µ¸¨É¥²Ó´µ£µ Ê¢¥²¨Î¥´¨Ö
³ ¸¸Ò ³¥³¡· ´Ò, ¶·µ¨¸Ìµ¤¨É ¶µ²´µ¥ § ±·ÒÉ¨¥ ¨¸Ìµ¤´µ° ¶µ¢¥·Ì´µ¸É¨ ¸²µ¥³
µ¸ ¦¤¥´´µ£µ ¶µ²¨³¥· . �µ¸±µ²Ó±Ê ¶µ ¤ ´´Ò³ Ô²¥±É·µ´´µ° ³¨±·µ¸±µ¶¨¨ · §-
¢¨É¨Ö Ô·µ§¨¨ ¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´ ¶·¨ µ¡· ¡µÉ±¥ ¢ ¶² §³¥ ´¥ ´ ¡²Õ¤ ¥É¸Ö,
Éµ Ê²ÊÎÏ¥´¨¥ ¸³ Î¨¢ ¥³µ¸É¨ ³µ¦´µ ¸¢Ö§ ÉÓ ¸ ¶·µÍ¥¸¸µ³ µ¡· §µ¢ ´¨Ö ´  ¶µ-
¢¥·Ì´µ¸É¨ ¤µ¶µ²´¨É¥²Ó´ÒÌ £¨¤·µË¨²Ó´ÒÌ £·Ê¶¶.

�¨¸. 2. �‘•�-¸¶¥±É· ��„Œ�

�´ ²¨§ ¸¶¥±É·  �‘•� ¶µ²¨³¥· , ¶µ²ÊÎ¥´´µ£µ ¢ ¶² §³¥ „Œ� (·¨¸. 2), ¶µ-
± §Ò¢ ¥É ´ ²¨Î¨¥ ¢ ´¥³ ¶¨±µ¢, ¸¢Ö§ ´´ÒÌ ¸ ¶·¨¸ÊÉ¸É¢¨¥³ ¢ ¶µ²¨³¥·¥  Éµ³µ¢
Ê£²¥·µ¤  (284,6 Ô‚),  §µÉ  (399,2 Ô‚) ¨ ´¥§´ Î¨É¥²Ó´Ò³ ¸µ¤¥·¦ ´¨¥³ ±¨¸²µ-
·µ¤  (532,2 Ô‚). �·¨ ÔÉµ³ µÉ´µÏ¥´¨¥  Éµ³µ¢  §µÉ  ± Ê£²¥·µ¤Ê ¢ ¶µ²¨³¥·¥
¨ ¨¸Ìµ¤´µ³ „Œ� ¶· ±É¨Î¥¸±¨ ¸µ¢¶ ¤ ¥É (É ¡². 3). �Éµ ¤ ¥É µ¸´µ¢ ´¨¥ ¶µ² -
£ ÉÓ, ÎÉµ ¸É·Ê±ÉÊ·´µ¥ §¢¥´µ ¢ ¶µ²¨³¥·¥ ¨¤¥´É¨Î´µ ¸É·Ê±ÉÊ·¥ ¨¸Ìµ¤´µ£µ „Œ�.
� ²¨Î¨¥ ¢ ¶µ²¨³¥·¥ ´¥¡µ²ÓÏµ£µ ±µ²¨Î¥¸É¢  ±¨¸²µ·µ¤  ³µ¦¥É ¡ÒÉÓ ¸¢Ö§ ´µ
¸ ¶·¨¸ÊÉ¸É¢¨¥³ µ¸É ÉµÎ´µ£µ ±¨¸²µ·µ¤  ¢ ¶² §³µµ¡· §ÊÕÐ¥³ £ §¥,   É ±¦¥ ¸
¶µ¸²¥¤ÊÕÐ¨³ µ±¨¸²¥´¨¥³ ��„Œ� ¶·¨ ¢Ò´µ¸¥ ´  ¢µ§¤ÊÌ, Ì · ±É¥·´Ò³ ¤²Ö
¶µ²¨³¥·µ¢, ¸¨´É¥§¨·µ¢ ´´ÒÌ ¢ ¶² §³¥ [21].

‘· ¢´¥´¨¥ ˆŠ-ËÊ·Ó¥-¸¶¥±É·µ¢ (·¨¸. 3) ¨¸Ìµ¤´µ£µ „Œ� (1) ¨ ��„Œ� (2)
¶µ§¢µ²ÖÕÉ ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ § ±²ÕÎ¥´¨Ö. „²Ö ¶µ²¨³¥· , ¸¨´É¥§¨·µ¢ ´´µ£µ
¢ ¶² §³¥, ¶µ²´µ¸ÉÓÕ ¸µÌ· ´ÖÕÉ¸Ö ¶µ²µ¸Ò ¶µ£²µÐ¥´¨Ö, ¸¢Ö§ ´´Ò¥ ¸  ·µ³ -
É¨Î¥¸±¨³ ±µ²ÓÍµ³: ¶²µ¸±µ¸É´Ò¥ ¤¥Ëµ·³ Í¨µ´´Ò¥ ±µ²¥¡ ´¨Ö ¸±¥²¥É  (1601,
1504 ¨ 1452 ¸³−1) ¨ ¢´¥¶²µ¸±µ¸É´Ò¥ ¤¥Ëµ·³ Í¨µ´´Ò¥ ±µ²¥¡ ´¨Ö £·Ê¶¶ CH
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’ ¡²¨Í  3. �É´µ¸¨É¥²Ó´µ¥ ¸µ¤¥·¦ ´¨¥  Éµ³µ¢ ¢ „Œ� ¨ ��„Œ�

�¡· §¥Í N/C, % O/C, %

„Œ� (· ¸Î¥É) 12,5 0

��„Œ� (�‘•�) 12,3 2

 ·µ³ É¨Î¥¸±µ£µ ±µ²ÓÍ  ¸ ¶ÖÉÓÕ ´¥§ ³¥Ð¥´´Ò³¨  Éµ³ ³¨ ¢µ¤µ·µ¤  (750 ¨
696 ¸³−1). �µ²µ¸Ò ¶µ£²µÐ¥´¨Ö 1373, 1348 ¨ 1323 ¸³−1 ¸¢Ö§ ´Ò ¸ ¢ ²¥´É-

�¨¸. 3. ˆŠ-ËÊ·Ó¥-¸¶¥±É·Ò ¶µ£²µÐ¥´¨Ö „Œ� (1), ��„Œ� (2) ¨ ��„Œ�, ¤µ¶¨·µ¢ ´-
´µ£µ ¨µ¤µ³ (3)

´Ò³¨ ±µ²¥¡ ´¨Ö³¨ £·Ê¶¶Ò CN ¢ É·¥É¨Î´ÒÌ  ³¨´ Ì. �¸´µ¢´Ò¥ ¨§³¥´¥´¨Ö ¢
¸¶¥±É·¥ ��„Œ� ¸¢Ö§ ´Ò ¸ ¢Ò¸µ±µÎ ¸ÉµÉ´µ° µ¡² ¸ÉÓÕ Å ¤²Ö „Œ� Ì · ±-
É¥·´Ò ¢ ²¥´É´Ò¥ ±µ²¥¡ ´¨Ö £·Ê¶¶ CH3 (2985, 2940, 2877, 2846 ¨ 2804 ¸³−1),
Éµ£¤  ± ± ¢ ˆŠ-¸¶¥±É·¥ ¶µ²¨³¥·  ¶·¨¸ÊÉ¸É¢ÊÕÉ ¶µ²µ¸Ò ¶µ£²µÐ¥´¨Ö 2950,
2928 ¨ 2870 ¸³−1, µÉ´µ¸ÖÐ¨¥¸Ö ± ¢ ²¥´É´Ò³ ±µ²¥¡ ´¨Ö³ £·Ê¶¶ CH2. �µ²-
´µ¸ÉÓÕ ¸µÌ· ´Ö¥É¸Ö ¶µ£²µÐ¥´¨¥, ¸¢Ö§ ´´µ¥ ¸ ¢ ²¥´É´Ò³¨ ±µ²¥¡ ´¨Ö³¨ £·Ê¶¶
CH (3080, 3055 ¨ 3024 ¸³−1). ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ ¢ ˆŠ-¸¶¥±É·¥ ��„Œ�
´¥ ´ ¡²Õ¤ ²µ¸Ó ¶µ²µ¸ ¶µ£²µÐ¥´¨Ö, Ì · ±É¥·´ÒÌ ¤²Ö ±¨¸²µ·µ¤¸µ¤¥·¦ Ð¨Ì
£·Ê¶¶. �µ-¢¨¤¨³µ³Ê, ÔÉµ ¸¢Ö§ ´µ ¸ ¨Ì ¶·¨¸ÊÉ¸É¢¨¥³ Éµ²Ó±µ ´  ¶µ¢¥·Ì´µ¸É¨
¶²¥´±¨ ¶µ²¨³¥· .

�  µ¸´µ¢ ´¨¨ ¶·µ¢¥¤¥´´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¸É·Ê±ÉÊ·Ò ¸¨´É¥§¨·µ¢ ´´µ£µ ¢
· §·Ö¤¥ ¶µ²¨³¥·  ³µ¦´µ ¶·¥¤¶µ²µ¦¨ÉÓ, ÎÉµ ·µ¸É ¶µ²¨³¥·´µ° Í¥¶¨ µ¸ÊÐ¥-
¸É¢²Ö¥É¸Ö §  ¸Î¥É ¢§ ¨³µ¤¥°¸É¢¨Ö ´  ¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´Ò  ´¨µ´-· ¤¨± ²µ¢,
¢µ§´¨± ÕÐ¨Ì ¶ÊÉ¥³ µÉ·Ò¢  ¶·µÉµ´  ³¥É¨²Ó´µ° £·Ê¶¶Ò „Œ� (·¨¸. 4,  ) ¶µ¤
¤¥°¸É¢¨¥³ § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨ ¢ ±ÊÊ³´µ£µ “”-¨§²ÊÎ¥´¨Ö ¶² §³Ò. • · ±-
É¥·´Ò° Ë· £³¥´É µ¡· §ÊÕÐ¥°¸Ö ¶µ²¨³¥·´µ° Í¥¶¨ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 4, ¡.

‚ · ¡µÉ¥ [22] ¡Ò²µ ¶µ± § ´µ, ÎÉµ µ¡· ¡µÉ±  ��’” ’Œ ¢ ¶² §³¥ ¢µ§-
¤ÊÌ  ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì ¸¢µ°¸É¢ ³¥³¡· ´ Å ¢µ¤µ-
¶·µ´¨Í ¥³µ¸ÉÓ ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ ³¥³¡· ´ ¢ ¡µ²ÓÏ¥° ¸É¥¶¥´¨ § ¢¨¸¨É µÉ
·� Ë¨²ÓÉ·Ê¥³µ£µ · ¸É¢µ· . �¡Ê¸²µ¢²¥´µ ÔÉµ ´ ²¨Î¨¥³ ´  ¶µ¢¥·Ì´µ¸É¨ ³¥³-
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�¨¸. 4. •¨³¨Î¥¸±¨¥ ¸É·Ê±ÉÊ·Ò: a Å „Œ�, ¡ Å ��„Œ�, ¢ Å ��„Œ�, ¤µ¶¨·µ¢ ´´µ£µ
¨µ¤µ³

¡· ´ ³µ¤¨Ë¨Í¨·µ¢ ´´µ£µ ¸²µÖ ¸ Ê¢¥²¨Î¥´´Ò³ ¸µ¤¥·¦ ´¨¥³ ± ·¡µ±¸¨²Ó´ÒÌ
£·Ê¶¶. ‚ ÔÉµ° ¸¢Ö§¨ ¡µ²ÓÏµ° ¨´É¥·¥¸ ¶·¥¤¸É ¢²Ö²µ ¶·µ¢¥¤¥´¨¥ ¨¸¸²¥¤µ¢ -
´¨° ¢µ¤µ¶·µ´¨Í ¥³µ¸É¨ ³¥³¡· ´, ´  ¶µ¢¥·Ì´µ¸É¨ ±µÉµ·ÒÌ ´ Ìµ¤ÖÉ¸Ö ¨´Ò¥
ËÊ´±Í¨µ´ ²Ó´Ò¥ £·Ê¶¶Ò, ¢ Î ¸É´µ¸É¨ ¸µ¤¥·¦ Ð¨¥  §µÉ.

ˆ§¢¥¸É´µ, ÎÉµ ¤²Ö ³¥³¡· ´ ¸ ¦¥¸É±µ° ¸É·Ê±ÉÊ·µ° ¶·¨ ¢Ö§±µ¸É´µ³ Ì · ±-
É¥·¥ É¥Î¥´¨Ö Ë¨²ÓÉ· É  (±µ£¤  ¤¨ ³¥É· ¶µ· ´ ³´µ£µ ¡µ²ÓÏ¥ · §³¥·  ³µ²¥±Ê²
¢µ¤Ò) Ê¢¥²¨Î¥´¨¥ ¤ ¢²¥´¨Ö ¶·¨¢µ¤¨É ± ²¨´¥°´µ³Ê ·µ¸ÉÊ ¨Ì ¶·µ´¨Í ¥³µ¸É¨
¶µ ¢µ¤¥ [23]. ˆ§ÊÎ¥´¨¥ § ¢¨¸¨³µ¸É¨ ¢µ¤µ¶·µ´¨Í ¥³µ¸É¨ (G) ¨¸Ìµ¤´µ° ��’”
’Œ µÉ ¢¥²¨Î¨´Ò ¶·¨²µ¦¥´´µ£µ ¤ ¢²¥´¨Ö (∆P ) ¢ ¨¸¸²¥¤µ¢ ´´µ³ ¤¨ ¶ §µ´¥
¢ ±¨¸²µ° (pH = 1,2) ¸·¥¤¥ ¶µ± § ²µ, ÎÉµ µ´  ¨³¥¥É  ´ ²µ£¨Î´Ò° Ì · ±É¥·
(·¨¸. 5, ±·¨¢ Ö 1). �É³¥É¨³, ÎÉµ ¢ ±¨¸²µ° ¸·¥¤¥ ¢¥²¨Î¨´  ¶µÉµ±  ¤²Ö ¨¸Ìµ¤-
´µ° ³¥³¡· ´Ò µÉ²¨Î ¥É¸Ö µÉ · ¸¸Î¨É ´´ÒÌ §´ Î¥´¨°, ÎÉµ ¸¢Ö§ ´µ ¸ ´ ²¨Î¨¥³
µÉ·¨Í É¥²Ó´µ£µ § ·Ö¤  ´  ¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´Ò, ¢µ§´¨±´µ¢¥´¨¥ ±µÉµ·µ£µ
µ¡Ê¸²µ¢²¥´µ ¨µ´¨§ Í¨¥° ¶µ¢¥·Ì´µ¸É´ÒÌ ± ·¡µ±¸¨²Ó´ÒÌ £·Ê¶¶ [22]. „²Ö ³¥³-
¡· ´, ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ ¢ ¶² §³¥ „Œ�, § ¢¨¸¨³µ¸ÉÓ ¶·µ´¨Í ¥³µ¸É¨ ¶µ ¢µ¤¥
µÉ ¤ ¢²¥´¨Ö ´  ¨¸¸²¥¤Ê¥³µ³ ÊÎ ¸É±¥ ¢ ±¨¸²µ³ Ë¨²ÓÉ· É¥ (·� = 1,2) ´¥ Ö¢²Ö-
¥É¸Ö ²¨´¥°´µ° (·¨¸. 5, ±·¨¢Ò¥ 2 ¨ 3). �Î¥¢¨¤´µ, ÔÉµÉ ÔËË¥±É ¢Ò§Ò¢ ¥É¸Ö
Ê³¥´ÓÏ¥´¨¥³ ¤¨ ³¥É·  ¶µ· ³¥³¡· ´, ¸¢Ö§ ´´Ò³ ¸ ¨§³¥´¥´¨¥³ ±µ´Ëµ·³ Í¨-
µ´´µ£µ ¸µ¸ÉµÖ´¨Ö ³ ±·µ³µ²¥±Ê² ��„Œ�. �·¨ ´¨§±¨Ì §´ Î¥´¨ÖÌ ·� · ¸É¢µ· 
¢ ·¥§Ê²ÓÉ É¥ ¶·µÉµ´¨·µ¢ ´¨Ö  Éµ³µ¢  §µÉ  §¢¥´ÓÖ ³ ±·µ³µ²¥±Ê² µ¸ ¦¤¥´´µ£µ
¢ ¶² §³¥ ¸²µÖ ¶µ²¨³¥·  ¶·¨µ¡·¥É ÕÉ ¶µ²µ¦¨É¥²Ó´Ò° § ·Ö¤, ÎÉµ ¶·¨¢µ¤¨É ±
¥£µ ´ ¡ÊÌ ´¨Õ Å µ¡· §µ¢ ´¨Õ £¥²Ö [24], ¢Ò§Ò¢ ÕÐ¥£µ ±µ´É· ±Í¨Õ ¶µ· ³¥³-
¡· ´. Œ ±·µ³µ²¥±Ê²Ò ��„Œ� ¢ ÔÉµ³ ¸²ÊÎ ¥ ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ·ÒÌ²Ò°
®±²Ê¡µ±¯. �µ¤µ¡´µ¥ ±µ´Ëµ·³ Í¨µ´´µ¥ ¸µ¸ÉµÖ´¨¥ ³ ±·µ³µ²¥±Ê² ¢ ·¥§Ê²Ó-
É É¥ Ô²¥±É·µ¸É É¨Î¥¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö § ·Ö¦¥´´ÒÌ §¢¥´Ó¥¢ ¸ ³µ²¥±Ê² ³¨
¢µ¤Ò Ö¢²Ö¥É¸Ö Ê¸Éµ°Î¨¢Ò³. �µ¢ÒÏ¥´¨¥ ¤ ¢²¥´¨Ö ¤µ 1,5·105 �  ¤²Ö ³¥³¡· ´Ò
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�¨¸. 5. ‡ ¢¨¸¨³µ¸ÉÓ ¢µ¤µ¶·µ´¨Í ¥³µ¸É¨ (G) µÉ ¢¥²¨Î¨´Ò ¶·¨²µ¦¥´´µ£µ ¤ ¢²¥´¨Ö
(∆�) ¶·¨ Ë¨²ÓÉ· Í¨¨ · ¸É¢µ·  ¸ ·� = 1,2 ¤²Ö ¨¸Ìµ¤´µ° ��’” ’Œ ¸ ¤¨ ³¥É·µ³ ¶µ·
0,215 ³±³ (1), ��’” ’Œ, µ¡· ¡µÉ ´´µ° ¢ ¶² §³¥ ¢ É¥Î¥´¨¥ 20 ¸ (2), ��’” ’Œ,
µ¡· ¡µÉ ´´µ° ¢ ¶² §³¥ ¢ É¥Î¥´¨¥ 60 ¸ (3), ¨ ��’” ’Œ, µ¡· ¡µÉ ´´µ° ¢ ¶² §³¥ ¢
É¥Î¥´¨¥ 60 ¸ ¨ ¤µ¶¨·µ¢ ´´µ° ¨µ¤µ³ (4). �Ê´±É¨·´ Ö ²¨´¨Ö Å · ¸¸Î¨É ´´Ò¥ §´ Î¥´¨Ö
¶µÉµ±  ¤²Ö ¨¸Ìµ¤´µ° ��’” ’Œ

¸ µÉ´µ¸¨É¥²Ó´Ò³ Ê¢¥²¨Î¥´¨¥³ ³ ¸¸Ò, · ¢´Ò³ 11,5 %, ´¥ ¨§³¥´Ö¥É ¢¥²¨Î¨´Ò
¥¥ ¢µ¤µ¶·µ´¨Í ¥³µ¸É¨ (·¨¸. 5, ±·¨¢ Ö 3). ‘²¥¤Ê¥É § ³¥É¨ÉÓ, ÎÉµ ¢¥²¨Î¨´  ±µ´-
É· ±Í¨¨ ¶µ· ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É µÉ µÉ´µ¸¨É¥²Ó´µ£µ ¶·¨·µ¸É  ³ ¸¸Ò µ¡· §Í .
’ ±, ¤²Ö ³¥³¡· ´Ò ¸ ∆M/M = 9,5 % ´ ¡²Õ¤ ¥É¸Ö ³¥´ÓÏ¥¥ µÉ±²µ´¥´¨¥ µÉ
²¨´¥°´µ° § ¢¨¸¨³µ¸É¨ ¢¥²¨Î¨´Ò ¶µÉµ±  µÉ ¶·¨²µ¦¥´´µ£µ ¤ ¢²¥´¨Ö (·¨¸. 5,
±·¨¢ Ö 2). �¡Ê¸²µ¢²¥´µ ÔÉµ, ¶µ-¢¨¤¨³µ³Ê, Ê³¥´ÓÏ¥´¨¥³ Éµ²Ð¨´Ò µ¸ ¦¤¥´-
´µ£µ ¸²µÖ ��„Œ�. ‘µÌ· ´¥´¨¥ ²¨´¥°´µ° § ¢¨¸¨³µ¸É¨ ¶µÉµ±  µÉ ¢¥²¨Î¨´Ò
¶·¨²µ¦¥´´µ£µ ¤ ¢²¥´¨Ö ¤²Ö ¨¸Ìµ¤´µ° ³¥³¡· ´Ò ¤ ¥É µ¸´µ¢ ´¨¥ ¶µ² £ ÉÓ, ÎÉµ
¸É¥¶¥´Ó ´ ¡ÊÌ ´¨Ö ³ É·¨ÍÒ ¸ ¦¥¸É±µ° ¸É·Ê±ÉÊ·µ° ´¥ ¸Éµ²Ó §´ Î¨É¥²Ó´  ¶µ
¸· ¢´¥´¨Õ ¸ ¶µ²¨³¥·µ³, µ¸ ¦¤¥´´Ò³ ¢ ¶² §³¥.

�µ¢ÒÏ¥´¨¥ pH Ë¨²ÓÉ· É  (¸´¨¦¥´¨¥ ±µ´Í¥´É· Í¨¨ ¨µ´µ¢ �+ ¢ · ¸-
É¢µ·¥) ¸ÊÐ¥¸É¢¥´´µ ¨§³¥´Ö¥É Ì · ±É¥· § ¢¨¸¨³µ¸É¨ G µÉ ∆� ¤²Ö ¨¸Ìµ¤´µ°
³¥³¡· ´Ò (·¨¸. 6, ±·¨¢ Ö 1). �·¨ ·� = 4,6 ¢µ§· ¸É ¥É ¤¨¸¸µÍ¨ Í¨Ö ± ·¡µ±-
¸¨²Ó´ÒÌ £·Ê¶¶ Å pK¸µµ´ ¢ ��’” ¸µ¸É ¢²Ö¥É 3,6Ä3,7 [22], ÎÉµ ¢¥¤¥É ± µ¡· -
§µ¢ ´¨Õ µÉ·¨Í É¥²Ó´µ£µ § ·Ö¤  ´  ³ ±·µ³µ²¥±Ê² Ì ��’”, ¶·¨¢µ¤ÖÐ¥£µ, § 
¸Î¥É Ô²¥±É·µ¸É É¨Î¥¸±µ£µ µÉÉ ²±¨¢ ´¨Ö, ± ¨§³¥´¥´¨Õ ¨Ì ±µ´Ëµ·³ Í¨µ´´µ£µ
¸µ¸ÉµÖ´¨Ö. �¥²¨´¥°´Ò° Ì · ±É¥· § ¢¨¸¨³µ¸É¨ Ê± §Ò¢ ¥É ´  Ê³¥´ÓÏ¥´¨¥ ¤¨ -
³¥É·  ¶µ· ³¥³¡· ´Ò.

„²Ö ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ��„Œ� ³¥³¡· ´Ò (·¨¸. 6, ±·¨¢ Ö 2) ´ ¡²Õ¤ -
¥É¸Ö Ê¢¥²¨Î¥´¨¥ ¢µ¤µ¶·µ´¨Í ¥³µ¸É¨, ¸¢Ö§ ´´µ¥ ¸ Ê³¥´ÓÏ¥´¨¥³ ±µ´Í¥´É· Í¨¨
¶·µÉµ´µ¢ ¢ Ë¨²ÓÉ· É¥. ‚ ¸·¥¤¥ ¸ ¡µ²¥¥ ¢Ò¸µ±¨³ §´ Î¥´¨¥³ ·� Ê³¥´ÓÏ ¥É¸Ö
¸µ¤¥·¦ ´¨¥ ¶µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´ÒÌ  Éµ³µ¢  §µÉ  ¢ ��„Œ�, ¢ ·¥§Ê²ÓÉ É¥
Î¥£µ Ô²¥±É·µ¸É É¨Î¥¸±µ¥ ¢§ ¨³µ¤¥°¸É¢¨¥ µ¸² ¡¥¢ ¥É. ‘ Ê³¥´ÓÏ¥´¨¥³ ±Ê-
²µ´µ¢¸±µ£µ ¢§ ¨³µ¤¥°¸É¢¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ´¥Ô²¥±É·µ¸É É¨Î¥¸±µ¥ ¢§ ¨³µ¤¥°-
¸É¢¨¥ £¨¤·µËµ¡´ÒÌ £·Ê¶¶ [24], ÎÉµ ¶·¨¢µ¤¨É ± ±µ²² ¶¸Ê £¥²Ö Å ¶¥·¥Ìµ¤Ê
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�¨¸. 6. ‡ ¢¨¸¨³µ¸ÉÓ ¢µ¤µ¶·µ´¨Í ¥³µ¸É¨ (G) µÉ ¢¥²¨Î¨´Ò ¶·¨²µ¦¥´´µ£µ ¤ ¢²¥´¨Ö
(∆�) ¶·¨ Ë¨²ÓÉ· Í¨¨ · ¸É¢µ·  ¸ ·� = 4,6 ¤²Ö ¨¸Ìµ¤´µ° ��’” ’Œ ¸ ¤¨ ³¥É·µ³ ¶µ·
0,215 ³±³ (1), ��’” ’Œ, µ¡· ¡µÉ ´´µ° ¢ ¶² §³¥ ¢ É¥Î¥´¨¥ 60 ¸ (2), ¨ ��’” ’Œ,
µ¡· ¡µÉ ´´µ° ¢ ¶² §³¥ ¢ É¥Î¥´¨¥ 60 ¸ ¨ ¤µ¶¨·µ¢ ´´µ° ¨µ¤µ³ (3)

³ ±·µ³µ²¥±Ê² ¢ ±µ³¶ ±É´µ¥ ±µ´Ëµ·³ Í¨µ´´µ¥ ¸µ¸ÉµÖ´¨¥ ®£²µ¡Ê² ¯. �µ¤µ¡-
´µ¥ ¸µ¸ÉµÖ´¨¥ ³ ±·µ³µ²¥±Ê² ´¥ ¢Ò§Ò¢ ¥É §´ Î¨É¥²Ó´µ£µ Ê³¥´ÓÏ¥´¨Ö ¤¨ ³¥-
É·  ¶µ·, ¨ ¶µÔÉµ³Ê ¤²Ö ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ ³¥³¡· ´ ´ ¡²Õ¤ ¥É¸Ö ¢Ö§±µ¸É´Ò°
Ì · ±É¥· É¥Î¥´¨Ö Ë¨²ÓÉ· É . ‘²¥¤Ê¥É µÉ³¥É¨ÉÓ, ÎÉµ, ´¥¸³µÉ·Ö ´  ³¥´ÓÏ¨°
ÔËË¥±É¨¢´Ò° ¤¨ ³¥É·, §´ Î¥´¨Ö ¢¥²¨Î¨´Ò ¶µÉµ±  ¤²Ö ³µ¤¨Ë¨Í¨·µ¢ ´´µ°
³¥³¡· ´Ò ¢ÒÏ¥, Î¥³ Ê ¨¸Ìµ¤´µ° ��’” ’Œ. �Éµ ¸¢Ö§ ´µ, ¢¥·µÖÉ´µ, ¸ ¨§³¥-
´¥´¨¥³ ¸É·Ê±ÉÊ·Ò ¨ Ì¨³¨Î¥¸±µ£µ ¸µ¸É ¢  ¶µ¢¥·Ì´µ¸É´µ£µ ¸²µÖ ³¥³¡· ´Ò.

�¡· ¡µÉ±  ³¥³¡· ´, ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ ¢ ¶² §³¥ „Œ�, ¢ ¶ · Ì ¨µ¤ 
¶·¨¢µ¤¨É ± ¥£µ ¤¨ËËÊ§¨¨ ¢ ¶µ¢¥·Ì´µ¸É´Ò¥ ¸²µ¨ ³¥³¡· ´ ¨ ¢ µ¡Ñ¥³ ¶µ·.
Œ¥Éµ¤µ³ �‘•� ¸µ¤¥·¦ ´¨¥ ¨µ¤  ¡Ò²µ µ¡´ ·Ê¦¥´µ ¨ ´  ´¥ µ¡· ¡µÉ ´´µ° ¢
¶² §³¥ ¸Éµ·µ´¥ ³¥³¡· ´Ò (¸³. É ¡². 2). � ²¨Î¨¥ ¨µ¤  ¢ ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ
³¥³¡· ´ Ì ¶µ¤É¢¥·¦¤ ¥É¸Ö ¤ ´´Ò³¨ ˆŠ-ËÊ·Ó¥-¸¶¥±É·µ¸±µ¶¨¨. �µ¸²¥ ¢¢¥¤¥-
´¨Ö ³µ²¥±Ê² J2 ¢ ��„Œ� ¢ ±µ´Í¥´É· Í¨¨ ∼ 2 · 1018¸³−3, · ¸¸Î¨É ´´µ°
¶µ ¤ ´´Ò³ �‘•�, µ¸´µ¢´Ò¥ ¶µ²µ¸Ò ¶µ£²µÐ¥´¨Ö ¢ ˆŠ-¸¶¥±É·¥ ¸µÌ· ´ÖÕÉ¸Ö
(·¨¸. 3, ±·¨¢ Ö 3). ‚ Éµ ¦¥ ¢·¥³Ö ´ ¡²Õ¤ ÕÉ¸Ö ¨§³¥´¥´¨Ö ¢ ¸µµÉ´µÏ¥´¨¨
¶µ²µ¸ ¶²µ¸±µ¸É´ÒÌ ±µ²¥¡ ´¨° ¸±¥²¥É   ·µ³ É¨Î¥¸±µ£µ ±µ²ÓÍ  (1601, 1504
¨ 1452 ¸³−1), ¸¢Ö§ ´´Ò¥, ¢¥·µÖÉ´µ, ¸ ±µ´Ëµ·³ Í¨µ´´Ò³¨ ¨§³¥´¥´¨Ö³¨ ¢
³ ±·µ³µ²¥±Ê² Ì ¸¨´É¥§¨·µ¢ ´´µ£µ ¢ ¶² §³¥ ¶µ²¨³¥· , µ¡Ê¸²µ¢²¥´´Ò³¨ ´ -
²¨Î¨¥³ ¨µ¤ .

ˆ§¢¥¸É´µ, ÎÉµ ¢¢¥¤¥´¨¥ ¢ ¶µ²¨ ´¨²¨´ ³µ²¥±Ê² ¨µ¤ , µ¡² ¤ ÕÐ¨Ì ¢Ò¸µ-
±¨³ ¸·µ¤¸É¢µ³ ± Ô²¥±É·µ´Ê, ¶·¨¢µ¤¨É ± ¶¥·¥´µ¸Ê Ô²¥±É·µ´  µÉ É·¥É¨Î´µ£µ
 Éµ³   §µÉ  ³ ±·µ³µ²¥±Ê²Ò ´  ¨µ¤ ¸ µ¡· §µ¢ ´¨¥³ ± É¨µ´-· ¤¨± ² , Ì · ±-
É¥·¨§ÊÕÐ¥£µ¸Ö ´ ²¨Î¨¥³ ²µ± ²¨§µ¢ ´´µ° ¤Ò·±¨ ¨ µÉ·¨Í É¥²Ó´µ § ·Ö¦¥´´µ£µ
±µ´É·¨µ´  (�−) [25], ¸µ¤¥·¦ Ð¥£µ ¶µ²¨¨µ´Ò ¨µ¤  · §²¨Î´ÒÌ É¨¶µ¢ J−

3 , J−
5

¨ É. ¶. [26]. �Éµ ¶µ¤É¢¥·¦¤ ¥É¸Ö ´ ²¨Î¨¥³ ¢ ¸¶¥±É·¥ �‘•� �„Œ� ¸³¥Ð¥´¨Ö
¶µ²µ¸Ò, µÉ¢¥Î ÕÐ¥° Ô´¥·£¨¨ ¸¢Ö§¨ Ô²¥±É·µ´  1s-Ê·µ¢´Ö ¢  §µÉ¥, ¢ µ¡² ¸ÉÓ
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¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨° Å 410 Ô‚. ‚ ´ Ï¥³ ¸²ÊÎ ¥ ²¥£±µ ¶·¥¤¸É ¢¨ÉÓ ¶µ-
¤µ¡´µ£µ ·µ¤  ¸É·Ê±ÉÊ·Ê ¢ ��„Œ� ¶µ¸²¥ ¥£µ ¤µ¶¨·µ¢ ´¨Ö ¨µ¤µ³ (·¨¸. 4, ¢).
‚¢¥¤¥´¨¥ ¨µ¤  ¢ ��’” ’Œ ¸µ ¸²µ¥³ ��„Œ� ¢¥¤¥É, É ±¨³ µ¡· §µ³, ± ¶¥·¥-
´µ¸Ê Ô²¥±É·µ´  µÉ  Éµ³µ¢  §µÉ  ´  ³µ²¥±Ê²Ò ¨µ¤  ¨ µ¡· §µ¢ ´¨Õ ¨µ´´ÒÌ ¶ ·,
± ¦¤ Ö ¨§ ±µÉµ·ÒÌ ¸µ¸Éµ¨É ¨§ ¶µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´µ£µ ³µ´µ³¥·´µ£µ §¢¥´ 
¨ ±µ´É·¨µ´ . ˆÌ ´ ²¨Î¨¥ ¶·¨¢µ¤¨É ± ¨§³¥´¥´¨Õ £¨¤·µ¤¨´ ³¨Î¥¸±¨Ì Ì · ±-
É¥·¨¸É¨± ³¥³¡· ´Ò. ˆ§ ·¨¸. 5 (±·¨¢ Ö 4) ¢¨¤´µ, ÎÉµ ¢ ¢µ¤´µ° ¸·¥¤¥ ¸ ´¨§±¨³
§´ Î¥´¨¥³ pH = 1,2 É ± Ö ³¥³¡· ´  ¶·¨ ¶¥·¥¶ ¤¥ ¤ ¢²¥´¨Ö ¤µ 2, 8 · 104 � 
´¥¶·µ´¨Í ¥³ , É. ¥. ³Ò ´ ¡²Õ¤ ¥³ ¶µ²´ÊÕ ±µ´É· ±Í¨Õ ¶µ·, ±µÉµ· Ö ¢Ò§¢ ´ 
¸ÊÐ¥¸É¢¥´´Ò³ ´ ¡ÊÌ ´¨¥³ µ¸ ¦¤¥´´µ£µ ¢ ¶² §³¥ ¶µ²¨³¥·  ¨ µ¡· §µ¢ ´¨¥³
£¥²Ö, µ¡Ñ¥³ ±µÉµ·µ£µ ¶µ²´µ¸ÉÓÕ § ±·Ò¢ ¥É ¶µ·Ò. �¡Ê¸²µ¢²¥´µ ÔÉµ ´ ²¨Î¨¥³
¢ £¥²¥ ±µ´É·¨µ´µ¢ ¨µ¤ , ¸µ§¤ ÕÐ¨Ì ¢´ÊÉ·¥´´¥¥ µ¸³µÉ¨Î¥¸±µ¥ ¤ ¢²¥´¨¥ [24],
· ¸¶¨· ÕÐ¥¥ £¥²Ó. �µ-¢¨¤¨³µ³Ê, ¢ ±¨¸²µ° ¸·¥¤¥ ¸²µ° ��„Œ�, ¸µ¤¥·¦ -
Ð¨° ¨µ¤ ¢ ±µ´Í¥´É· Í¨¨ ∼ 2 ·1018 ¸³−3, Ö¢²Ö¥É¸Ö ¶µ²¨Ô²¥±É·µ²¨É´Ò³ £¥²¥³,
±µÉµ·Ò° ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¸µ¢µ±Ê¶´µ¸ÉÓ ³ ±·µ³µ²¥±Ê², ¸¢Ö§ ´´ÒÌ ±µ¢ -
²¥´É´Ò³¨ ¸¢Ö§Ö³¨ ¨ µ¡· §ÊÕÐ¨Ì ¥¤¨´ÊÕ ¶·µ¸É· ´¸É¢¥´´ÊÕ ¸¥É±Ê, ´ ¡ÊÌÏÊÕ
¢ ¢µ¤¥. � ·Ö¤Ê ¸ ¶µ²µ¦¨É¥²Ó´µ § ·Ö¦¥´´Ò³¨ ³µ´µ³¥·´Ò³¨ §¢¥´ÓÖ³¨ µ¡· -
§µ¢ ¢Ï¨°¸Ö ¶µ²¨Ô²¥±É·µ²¨É´Ò° £¥²Ó ¸µ¤¥·¦¨É ±µ´É·¨µ´Ò ¨µ¤ , ¢ ¶·µÍ¥¸¸¥
´ ¡ÊÌ ´¨Ö µ¸É ÕÐ¨¥¸Ö ¢´ÊÉ·¨ £¥²Ö. �µ·Ò ³¥³¡· ´Ò ¢ ¤ ´´µ³ ¸µ¸ÉµÖ´¨¨
®§ ±·ÒÉÒ¯.

�µ¢ÒÏ¥´¨¥ ¤ ¢²¥´¨Ö ¤µ 2, 8 · 104 �  ¢Ò§Ò¢ ¥É ±µ²² ¶¸ £¥²Ö, ¨ ¶µ·Ò
³¥³¡· ´Ò ¸± Î±µ³ ¶¥·¥Ìµ¤ÖÉ ¢ ®µÉ±·ÒÉµ¥¯ ¸µ¸ÉµÖ´¨¥. Œ¥³¡· ´  ¢ É ±µ³
¸µ¸ÉµÖ´¨¨ Ì · ±É¥·¨§Ê¥É¸Ö ¢Ò¸µ±¨³¨ §´ Î¥´¨Ö³¨ ¶·µ´¨Í ¥³µ¸É¨ ¶µ ¢µ¤¥.
„ ´´µ¥ Ö¢²¥´¨¥ É ±¦¥ ¸¢Ö§ ´µ ¸ ±µ´Ëµ·³ Í¨µ´´Ò³ ¶¥·¥Ìµ¤µ³ ³ ±·µ³µ²¥±Ê²
��„Œ� ¨§ · §¢¥·´ÊÉµ£µ ®±²Ê¡± ¯ ¢ ±µ³¶ ±É´ÊÕ ®£²µ¡Ê²Ê¯, ±µÉµ·µ¥ Ì · ±-
É¥·´µ ¤²Ö ¶µ²¨³¥·µ¢, ¸µ¤¥·¦ Ð¨Ì § ·Ö¦¥´´Ò¥ ³µ´µ³¥·´Ò¥ §¢¥´ÓÖ [27, 28].
�µ¢ÒÏ¥´¨¥ ¤ ¢²¥´¨Ö ¶·¨¢µ¤¨É ± Ê³¥´ÓÏ¥´¨Õ · ¸¸ÉµÖ´¨Ö ³¥¦¤Ê Ë· £³¥´-
É ³¨ ³ ±·µ³µ²¥±Ê², ÎÉµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ´ ·ÊÏ ¥É ¡ ² ´¸ £¨¤·µËµ¡´ÒÌ ¨
Ô²¥±É·µ¸É É¨Î¥¸±¨Ì ¸¨², ¶·¥µ¡² ¤ ÕÐ¨³¨ ¸É ´µ¢ÖÉ¸Ö ¸¨²Ò ³¥¦³µ²¥±Ê²Ö·-
´µ£µ ¶·¨ÉÖ¦¥´¨Ö. �µ¤µ¡´Ò° ÔËË¥±É ³µ¦¥É ´ ¡²Õ¤ ÉÓ¸Ö ´¥ Éµ²Ó±µ ¶·¨ ¶µ-
¢ÒÏ¥´¨¨ ¤ ¢²¥´¨Ö ¨ ·� · ¸É¢µ· , ´µ ¨ ¶·¨ ¨§³¥´¥´¨¨ É¥³¶¥· ÉÊ·Ò · ¸É¢µ· 
¨²¨ ± Î¥¸É¢  · ¸É¢µ·¨É¥²Ö.

ˆ¸¸²¥¤µ¢ ´¨¥ ¢µ¤µ¶·µ´¨Í ¥³µ¸É¨ ’Œ ¸ µ¸ ¦¤¥´´Ò³ ¸²µ¥³ ��„Œ� ¨
¤µ¶¨·µ¢ ´´µ° ¨µ¤µ³ ¶·¨ ·� = 4,6 (·¨¸. 6, ±·¨¢ Ö 3) ¶µ± §Ò¢ ¥É, ÎÉµ § ¢¨-
¸¨³µ¸ÉÓ ¶µÉµ±  Î¥·¥§ ³¥³¡· ´Ê µÉ ¢¥²¨Î¨´Ò ¶·¨²µ¦¥´´µ£µ ¤ ¢²¥´¨Ö, É ± ¦¥
± ± ¢ ¸²ÊÎ ¥ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ³¥³¡· ´Ò, ´¥ ¸µ¤¥·¦ Ð¥° ¨µ¤ , ´µ¸¨É ¢Ö§-
±µ¸É´Ò° Ì · ±É¥·. �µ-¢¨¤¨³µ³Ê, ¶·¨ ¶µ¢ÒÏ¥´¨¨ ·� Ë¨²ÓÉ· É  Ê³¥´ÓÏ ¥É¸Ö
±µ´Í¥´É· Í¨Ö ¤Ò·µÎ´ÒÌ ¸µ¸ÉµÖ´¨° ´   Éµ³ Ì  §µÉ , ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ´ ¡²Õ-
¤ ¥É¸Ö ·¥§±µ¥ µ¸² ¡²¥´¨¥ ¢´ÊÉ·¨³µ²¥±Ê²Ö·´µ£µ Ô²¥±É·µ¸É É¨Î¥¸±µ£µ ¢§ ¨³µ-
¤¥°¸É¢¨Ö ¨ µ¡· §µ¢ ´¨Ö ¶µ²¨Ô²¥±É·µ²¨É´µ£µ £¥²Ö ´¥ ¶·µ¨¸Ìµ¤¨É. �µÔÉµ³Ê
³ ±·µ³µ²¥±Ê²Ò µ¸ ¦¤¥´´µ£µ ¶µ²¨³¥· , ¨³¥Ö ±µ³¶ ±É´ÊÕ ±µ´Ëµ·³ Í¨Õ, ´¥
¶·¥¶ÖÉ¸É¢ÊÕÉ ¶·µ´¨±´µ¢¥´¨Õ ³µ²¥±Ê² · ¸É¢µ·  ¢ ¶µ·Ò. �µ²¥¥ ´¨§±¨¥ §´ Î¥-
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´¨Ö ¶µÉµ±  ¤²Ö ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ³¥³¡· ´Ò µ¡ÑÖ¸´ÖÕÉ¸Ö ´ ²¨Î¨¥³ ¨µ¤  ¢
¶µ²¨³¥·´µ° ¶²¥´±¥, ¢Ò§Ò¢ ÕÐ¨³ ±µ´Ëµ·³ Í¨µ´´Ò¥ ¨§³¥´¥´¨Ö. �·¨ ¢¢¥¤¥-
´¨¨ ¨µ¤  ¢ ¶µ²¨³¥· · ¸É¥É ±µ´Í¥´É· Í¨Ö ¶µ²Ö·´ÒÌ Ë· £³¥´Éµ¢ Í¥¶¨, ³¥¦¤Ê
±µÉµ·Ò³¨ ¤¥°¸É¢ÊÕÉ ¸¨²Ò ¢§ ¨³´µ£µ ¶·¨ÉÖ¦¥´¨Ö. �Éµ ¶·¨¢µ¤¨É ± µ·¨¥´É -
Í¨¨ ³ ±·µ³µ²¥±Ê² ��„Œ� É ±¨³ µ¡· §µ³, ÎÉµ ¶µ²Ö·´Ò¥ Ë· £³¥´ÉÒ µ± §Ò-
¢ ÕÉ¸Ö ¢´ÊÉ·¨ µ¡Ñ¥³  ®£²µ¡Ê²Ò¯,   £¨¤·µËµ¡´Ò¥ ´  ¥¥ ¶µ¢¥·Ì´µ¸É¨. ‘µ£² ¸´µ
¶·µ¢¥¤¥´´Ò³ ¨¸¸²¥¤µ¢ ´¨Ö³ ’Œ ¸µ ¸²µ¥³ ��„Œ� ¶µ¸²¥ ¤µ¶¨·µ¢ ´¨Ö ¨µ¤µ³
¸É ´µ¢¨É¸Ö ¡µ²¥¥ £¨¤·µËµ¡´µ° Å ¢¥²¨Î¨´  ±· ¥¢µ£µ Ê£²  ¸³ Î¨¢ ´¨Ö ´  ¶µ-
¢¥·Ì´µ¸É¨ ¸µ¸É ¢²Ö¥É 80◦.

’ ¡²¨Í  4. � ¸Î¥É´Ò¥ §´ Î¥´¨Ö ¸·¥¤´¥£µ ¤¨ ³¥É·  ¶µ· D̄ ³¥³¡· ´ ¢ · ¸É¢µ· Ì ¸
· §²¨Î´Ò³¨ §´ Î¥´¨Ö³¨ ·�

pH CH+ , ¸³−3

D̄, ³±³

ˆ¸Ìµ¤´ Ö ��’” ’Œ ��’” ’Œ
��’” ’Œ ¸µ ¸²µ¥³ ��„Œ� ¸µ ¸²µ¥³ ��„Œ�,

¤µ¶¨·µ¢ ´´Ò³ ¨µ¤µ³

1,2 3, 8 · 1019 0,185Ä0,165 0,120Ä0,095 0Ä0,205

4,6 1, 5 · 1016 0,145Ä0,115 0,155Ä0,125 0,140Ä0,110

�·¨³¥Î ´¨¥. CH+ Å ±µ´Í¥´É· Í¨Ö ¶·µÉµ´µ¢ ¢ ¢µ¤¥.

‘ Í¥²ÓÕ ¡µ²¥¥ ¤¥É ²Ó´µ£µ ¨§ÊÎ¥´¨Ö ¶µ¢¥¤¥´¨Ö ³¥³¡· ´ ¢ · ¸É¢µ· Ì ´ ³¨
¡Ò² ¶·µ¢¥¤¥´ É¥µ·¥É¨Î¥¸±¨°  ´ ²¨§. „²Ö ¶·µ¸ÉµÉÒ ¢ÒÎ¨¸²¥´¨° ¶·¨´ÖÉµ ¸²¥-
¤ÊÕÐ¥¥ ¤µ¶ÊÐ¥´¨¥: ¨¸¸²¥¤Ê¥³Ò¥ ³¥³¡· ´Ò ¸µ¸ÉµÖÉ ¨§ ¶µ· ¢ ¢¨¤¥ Í¨²¨´-
¤·¨Î¥¸±¨Ì ± ´ ²µ¢ ¸ ¤²¨´µ° l, ± ¦¤Ò° i-° ¨§ ±µÉµ·ÒÌ ¨³¥¥É ¤¨ ³¥É· Di.
‘·¥¤´¨° ¤¨ ³¥É· ¶µ· ¢ ÔÉµ³ ¸²ÊÎ ¥ · ¢¥´

D̄ =

n∑
i=1

Di

n
. (1)

‘µ£² ¸´µ Ê· ¢´¥´¨Õ • £¥´ Ä�Ê §¥°²Ö ¤²Ö ¸É Í¨µ´ ·´µ£µ É¥Î¥´¨Ö ¦¨¤-
±µ¸É¨ ¶µ ± ´ ²Ê · ¤¨Ê¸µ³ Ri ¨ ¤²¨´µ° l µ¡Ñ¥³ ¦¨¤±µ¸É¨, ¶·µÏ¥¤Ï¥° Î¥·¥§
´¥£µ ¶µ¤ ¤¥°¸É¢¨¥³ · §´µ¸É¨ ¤ ¢²¥´¨° ∆P §  ¢·¥³Ö t, · ¢¥´

vi =
π

8η

∆P

l
R4

i t, (2)

£¤¥ η Å ¤¨´ ³¨Î¥¸± Ö ¢Ö§±µ¸ÉÓ ¢µ¤Ò. ’µ£¤  µ¡Ñ¥³ ¢µ¤Ò, ¶·µÏ¥¤Ï¥° Î¥·¥§
¥¤¨´¨ÍÊ ¶²µÐ ¤¨ ³¥³¡· ´Ò, ¸µ¤¥·¦ ÐÊÕ n ¶µ·, · ¢¥´

v =
n∑

i=1

vi. (3)
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�µ¤¸É ¢²ÖÖ (2) ¢ (3), ¶µ²ÊÎ¨³

v =
π

128η

t∆P

l

n∑
i=1

D4
i , (4)

¨²¨

v =
π

128η

t∆P

l
nD4. (5)

� · ³¥É· D ³µ¦´µ µ¶¨c ÉÓ ´µ·³ ²Ó´Ò³ · ¸¶·¥¤¥²¥´¨¥³ ¢¥·µÖÉ´µ¸É¥°,
É ± ± ± ¥£µ §´ Î¥´¨Ö ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¸Ê³³Ê ¡µ²ÓÏµ£µ Î¨¸²  ´¥§ ¢¨¸¨-
³ÒÌ ¸²ÊÎ °´ÒÌ ¢¥²¨Î¨´, ± ¦¤ Ö ¨§ ±µÉµ·ÒÌ ¨³¥¥É µ¤¨´ ±µ¢ÊÕ ¶²µÉ´µ¸ÉÓ
¢¥·µÖÉ´µ¸É¨:

f(D) =
1

σ
√

2π
exp

(
−

(
D − D̄

)2

2σ2

)
, (6)

£¤¥ σ2 Å ¤¨¸¶¥·¸¨Ö · ¸¶·¥¤¥²¥´¨Ö. ’µ£¤  ¶µ µ¶·¥¤¥²¥´¨Õ ¸·¥¤´¥£µ §´ Î¥´¨Ö

D4 =
1

σ
√

2π

∞∫
−∞

D4 exp

(
−

(
D − D̄

)2

2σ2

)
dD. (7)

�·µ¨§¢µ¤Ö § ³¥´Ê ¶¥·¥³¥´´µ° D ´  X = D − D̄ ¢ (7), ¶µ²ÊÎ¨³

D4 =
1

σ
√

2π

∞∫
−∞

(
D̄ + X

)4 exp
(
− X2

2σ2

)
dX, (8)

¨²¨

D4 =
D̄4

σ
√

2π

∞∫
−∞

exp
(
− X2

2σ2

)
dX+

4D̄3

σ
√

2π

∞∫
−∞

X exp
(
− X2

2σ2

)
dX

︸ ︷︷ ︸
0

+

+
6D̄2

σ
√

2π

∞∫
−∞

X2 exp
(
− X2

2σ2

)
dX +

4D̄

σ
√

2π

∞∫
−∞

X3 exp
(
− X2

2σ2

)
dX

︸ ︷︷ ︸
0

+

+
1

σ
√

2π

∞∫
−∞

X4 exp
(
− X2

2σ2

)
dX.

(9)
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ˆ´É¥£· ²Ò ¢µ ¢Éµ·µ³ ¨ Î¥É¢¥·Éµ³ ¸² £ ¥³ÒÌ Ê· ¢´¥´¨Ö (9) · ¢´Ò ´Ê²Õ,
É ± ± ± ¶µ¤ ¨Ì §´ ±µ³ ¸ÉµÖÉ ´¥Î¥É´Ò¥ ËÊ´±Í¨¨. �¸É ¢Ï¨¥¸Ö ¨´É¥£· ²Ò Ö¢²Ö-
ÕÉ¸Ö É ¡²¨Î´Ò³¨:



∞∫
−∞

exp
(
− X2

2σ2

)
dX = σ

√
2π,

∞∫
−∞

X2 exp
(
− X2

2σ2

)
dX = σ3

√
2π,

∞∫
−∞

X4 exp
(
− X2

2σ2

)
dX = 3σ5

√
2π.

(10)

ˆ§ (9) ¨ (10) ¸²¥¤Ê¥É

D4 = D̄4 + 6σ2D̄2 + 3σ4. (11)

�µ¤¸É ¢²ÖÖ (11) ¢ (5), ¶µ²ÊÎ¨³ ¢Ò· ¦¥´¨¥ ¤²Ö µ¡Ñ¥³  ¢µ¤Ò, ¶·µÏ¥¤Ï¥°
Î¥·¥§ ¥¤¨´¨ÍÊ ¶²µÐ ¤¨ ³¥³¡· ´Ò,

v =
π

128η

tn

l

(
D̄4 + 6σ2D̄2 + 3σ4

)
∆P. (12)

�µ µ¶·¥¤¥²¥´¨Õ ¢µ¤µ¶·µ´¨Í ¥³µ¸ÉÓ ³¥³¡· ´Ò · ¢´ 

G =
nv

t
. (13)

�µ¤¸É ¢²ÖÖ (12) ¢ (13), ¨³¥¥³

G =
πn

128ηl

(
D̄4 + 6σ2D̄2 + 3σ4

)
∆P. (14)

’ ±¨³ µ¡· §µ³, ¢¥²¨Î¨´  G § ¢¨¸¨É µÉ · §´µ¸É¨ ¤ ¢²¥´¨° ∆P ´  ¢Ìµ¤¥
¨ ¢ÒÌµ¤¥ ³¥³¡· ´Ò ¨ ¶·¨ · ¢´ÒÌ ¢´¥Ï´¨Ì Ê¸²µ¢¨ÖÌ µ¶·¥¤¥²Ö¥É¸Ö ´ ¡µ·µ³
Ì · ±É¥·¨¸É¨± ’Œ, É ±¨Ì ± ± ¶²µÉ´µ¸ÉÓ ¶µ·, Éµ²Ð¨´  ¨ ¶ · ³¥É·Ò · ¸¶·¥-
¤¥²¥´¨Ö ¤¨ ³¥É·  ¶µ·.

� ¸Î¥É ¢¥²¨Î¨´Ò σ ¶·¨ ¸É É¨¸É¨Î¥¸±µ° µ¡· ¡µÉ±¥ ¤ ´´ÒÌ ¶µ ¤¨ ³¥-
É· ³ ¶µ·, ¨§³¥·¥´´Ò³ ³¥Éµ¤µ³ Ô²¥±É·µ´´µ° ³¨±·µ¸±µ¶¨¨, ¶µ± § ², ÎÉµ σ ≈
0, 1D̄. ‘ ÊÎ¥Éµ³ ÔÉµ£µ ¶µ ¶µ²ÊÎ¥´´Ò³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ § ¢¨¸¨³µ¸ÉÖ³ G µÉ
∆P ¨ ¢Ò· ¦¥´¨Õ (14) ¤²Ö ¨¸¸²¥¤µ¢ ´´ÒÌ µ¡· §Íµ¢ ¡Ò²¨ · ¸¸Î¨É ´Ò ¢¥²¨-
Î¨´Ò ¸·¥¤´¥£µ ¤¨ ³¥É·  ¶µ· ³¥³¡· ´ ¢ · ¸É¢µ· Ì ¸ · §´Ò³¨ §´ Î¥´¨Ö³¨ pH
(É ¡². 4). �µ²ÊÎ¥´´Ò¥ ¤ ´´Ò¥ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³, ÎÉµ ¢ ¶·µÍ¥¸¸¥ Ë¨²Ó-
É· Í¨¨ ¤²Ö ¨¸Ìµ¤´µ° ¨ ³µ¤¨Ë¨Í¨·µ¢ ´´µ° ³¥³¡· ´ ¶·µ¨¸Ìµ¤¨É Ê³¥´ÓÏ¥-
´¨¥ ¤¨ ³¥É·  ¶µ·, ¸¢Ö§ ´´µ¥ ¸ ±µ´Ëµ·³ Í¨µ´´Ò³¨ ¨§³¥´¥´¨Ö³¨ ¶µ¤¢¨¦´ÒÌ
Ë· £³¥´Éµ¢ ¶µ²¨³¥·´ÒÌ Í¥¶¥° ´  ¶µ¢¥·Ì´µ¸É¨ ¶µ·, ¶·¨ ¨Ì ¢§ ¨³µ¤¥°¸É¢¨¨
¸ ¢µ¤µ°. “³¥´ÓÏ¥´¨¥ §´ Î¥´¨° D̄ Ê ¨¸Ìµ¤´µ° ��’” ’Œ, ± ± ¡Ò²µ µÉ³¥-
Î¥´µ, ¸¢Ö§ ´µ ¸ ´ ²¨Î¨¥³ µÉ·¨Í É¥²Ó´µ£µ § ·Ö¤  ´  ¶µ¢¥·Ì´µ¸É¨ ³¥³¡· ´Ò.
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„²Ö ³¥³¡· ´, ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ ��„Œ�, ¡µ²ÓÏ¨¥ ¨§³¥´¥´¨Ö ¤¨ ³¥É·  ¶µ·
´ ¡²Õ¤ ÕÉ¸Ö ¢ · ¸É¢µ· Ì ¸ ´¨§±¨³ §´ Î¥´¨¥³ ·�, ÎÉµ µ¡Ê¸²µ¢²¥´µ µ¡· §µ-
¢ ´¨¥³ ¶µ²µ¦¨É¥²Ó´µ£µ § ·Ö¤  ´   Éµ³¥  §µÉ  ¢ ³ ±·µ³µ²¥±Ê² Ì ��„Œ�.
„µ¶¨·µ¢ ´¨¥ ¸²µÖ ��„Œ� ¨µ¤µ³ ¶·¨¢µ¤¨É ± ¤µ¶µ²´¨É¥²Ó´µ³Ê ·µ¸ÉÊ ¶µ²µ-
¦¨É¥²Ó´µ£µ § ·Ö¤  ´   Éµ³ Ì  §µÉ , ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ´ ¡²Õ¤ ¥É¸Ö ·¥§±µ¥ Ê¢¥-
²¨Î¥´¨¥ µ¡Ñ¥³  ¸²µÖ ¶µ²¨Ô²¥±É·µ²¨É  ¨ ¶·µ¨¸Ìµ¤¨É ¶µ²´µ¥ § ±·ÒÉ¨¥ ¶µ· Å
¶·¨ ´¨§±¨Ì §´ Î¥´¨ÖÌ ¶¥·¥¶ ¤  ¤ ¢²¥´¨Ö (³¥´¥¥ 2,8·104 � ) ¤¨ ³¥É· ¶µ· ³¥³-
¡· ´Ò · ¢¥´ ´Ê²Õ. �µ¢ÒÏ¥´¨¥ ¤ ¢²¥´¨Ö ¢Ò§Ò¢ ¥É ·¥§±¨° ±µ²² ¶¸ ¶µ²¨Ô²¥±-
É·µ²¨É´µ£µ £¥²Ö; ¸µ£² ¸´µ ¶·µ¢¥¤¥´´Ò³ · ¸Î¥É ³ ÔÉµ ¶·¨¢µ¤¨É ± ¶· ±É¨Î¥¸±¨
¶µ²´µ³Ê µÉ±·ÒÉ¨Õ ¶µ· ¨ ¶ · ³¥É· D̄ ³¥´Ö¥É¸Ö µÉ 0 ¤µ 0,205 ³±³ (É ¡². 4).

‡�Š‹�—…�ˆ…

ˆ¸¸²¥¤µ¢ ´¨¥ ¸¢µ°¸É¢ ��’” ’Œ, ³µ¤¨Ë¨Í¨·µ¢ ´´ÒÌ ¶ÊÉ¥³ ¶µ²¨³¥·¨-
§ Í¨¨ „Œ� ¢ · §·Ö¤¥ ¶µ¸ÉµÖ´´µ£µ Éµ± , ¶µ± § ²µ, ÎÉµ µ¡· ¡µÉ±  ³¥³¡· ´ ´ 
 ´µ¤¥ µ¡¥¸¶¥Î¨¢ ¥É µ¸ ¦¤¥´¨¥ ¶µ²¨³¥·  ± ± ´  ¶µ¢¥·Ì´µ¸É¨, É ± ¨ ´  ¸É¥´± Ì
¶µ·. �µ²¨³¥·, µ¡· §ÊÕÐ¨°¸Ö ¢ ¶² §³¥ ¨§ „Œ�, ¸¶µ¸µ¡¥´ ´ ¡ÊÌ ÉÓ ¢ ¢µ¤´ÒÌ
· ¸É¢µ· Ì, ¶·¨Î¥³ ¸É¥¶¥´Ó ¥£µ ´ ¡ÊÌ ´¨Ö ¸ÊÐ¥¸É¢¥´´µ § ¢¨¸¨É µÉ ¢¥²¨Î¨´Ò
·� · ¸É¢µ· . �ÉµÉ ¶·µÍ¥¸¸ ¸¢Ö§ ´ ¸ µ¡· §µ¢ ´¨¥³ ¶µ²µ¦¨É¥²Ó´µ£µ § ·Ö¤  ´ 
 Éµ³ Ì  §µÉ . � ¡ÊÌ ´¨¥ ¸²µÖ ��„Œ� ´  ¶µ¢¥·Ì´µ¸É¨ ¶µ· ¢Ò§Ò¢ ¥É Ê³¥´Ó-
Ï¥´¨¥ ¤¨ ³¥É·  ¶µ· ³¥³¡· ´Ò. „²Ö ³¥³¡· ´ ¸ µ¸ ¦¤¥´´Ò³ ¸²µ¥³ ¶µ²¨³¥· 
¢ · ¸É¢µ· Ì ¸ ·� = 1,2 ´ ¡²Õ¤ ¥É¸Ö Î ¸É¨Î´ Ö ±µ´É· ±Í¨Ö ¶µ·, ¶·¨¢µ¤Ö-
Ð Ö ± Ê³¥´ÓÏ¥´¨Õ ¢µ¤µ¶·µ´¨Í ¥³µ¸É¨. �·¨ ·� = 4,6 µ¡· §µ¢ ´¨Ö § ·Ö¤ 
´   Éµ³ Ì  §µÉ  ´¥ ¶·µ¨¸Ìµ¤¨É, ¶µ²¨³¥· ´ ¡ÊÌ ¥É ¢ §´ Î¨É¥²Ó´µ ³¥´ÓÏ¥°
¸É¥¶¥´¨, ÎÉµ ¢Ò§Ò¢ ¥É Ê¢¥²¨Î¥´¨¥ ¢µ¤µ¶·µ´¨Í ¥³µ¸É¨ ³¥³¡· ´Ò. ‚¢¥¤¥´¨¥
¨µ¤  ¢ ¸²µ° ¶µ²¨³¥·  ¶·¨¢µ¤¨É ± µ¡· §µ¢ ´¨Õ ¶µ²¨Ô²¥±É·µ²¨É , ´ ¡ÊÌ ´¨¥
±µÉµ·µ£µ ¢ ±¨¸²µ° ¸·¥¤¥ ¢Ò§Ò¢ ¥É ¶µ²´ÊÕ ±µ´É· ±Í¨Õ ¶µ· ¢ µ¶·¥¤¥²¥´´µ³
¤¨ ¶ §µ´¥ ¤ ¢²¥´¨Ö. ‘ ·µ¸Éµ³ ¤ ¢²¥´¨Ö ´ ¡²Õ¤ ¥É¸Ö ±µ²² ¶¸ £¥²Ö, ¸¢Ö§ ´´Ò°
¸ ¶¥·¥Ìµ¤µ³ ®±²Ê¡µ±¯Ä®£²µ¡Ê² ¯, ¢ ·¥§Ê²ÓÉ É¥ Î¥£µ ¶·µ´¨Í ¥³µ¸ÉÓ ³¥³¡· ´Ò
¸± Î±µµ¡· §´µ ¢µ§· ¸É ¥É. �µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ µ Éµ³,
ÎÉµ ’Œ ¨§ ��’”, ³µ¤¨Ë¨Í¨·µ¢ ´´ Ö ¢ ¶² §³¥ „Œ�, ¸¶µ¸µ¡´  µ¡· É¨³µ ¨§-
³¥´ÖÉÓ ¸¢µÕ ¢µ¤µ¶·µ´¨Í ¥³µ¸ÉÓ ¢ § ¢¨¸¨³µ¸É¨ µÉ ·� · ¸É¢µ·  ¨ ¢¥²¨Î¨´Ò
¶·¨²µ¦¥´´µ£µ ¤ ¢²¥´¨Ö.
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