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ÔËÅÃÌÀÒÈÇÀÖÈß ×ÅÒÛÐÅÕÕËÎÐÈÑÒÛÌ
ÓÃËÅÐÎÄÎÌ ÑÌÅÑÅÉ ÕËÎÐÌÅÒÀÍÀ È ÕËÎÐÀ
ÏÐÈ ÈÕ ÔÎÒÎÂÎÑÏËÀÌÅÍÅÍÈÈ

Ïðèâîäÿòñÿ ýêñïåðèìåíòàëüíûå äàííûå ïî ôëåãìàòèçàöèè ñìåñè õëîðìåòàíà è õëîðà ÷åòûðåõ-
õëîðèñòûì óãëåðîäîì. Óñòàíîâëåíî, ÷òî ìèíèìàëüíàÿ ôëåãìàòèçèðóþùàÿ êîíöåíòðàöèÿ (ÌÔÊ)
â ýêâèìîëÿðíîé ñìåñè ñîñòàâëÿåò 33 % îá. Ïîêàçàíî, ÷òî ðàñ÷åòíîå çíà÷åíèå ÌÔÊ, íàéäåííîå
èç óðàâíåíèÿ òåïëîâîãî áàëàíñà, äîñòàòî÷íî õîðîøî ñîãëàñóåòñÿ ñ ýêñïåðèìåíòàëüíûì.

Êëþ÷åâûå ñëîâà: õëîðìåòàí; õëîð; ôîòîâîñïëàìåíåíèå; ôëåãìàòèçàöèÿ; ÷åòûðåõõëîðèñòûé
óãëåðîä.

Ôëåãìàòèçàöèþ ãàçîâûõ ãîðþ÷èõ ñìåñåé èñïîëü-

çóþò äëÿ ïðåäîòâðàùåíèÿ âîñïëàìåíåíèÿ ñìåñè ïðè

äåéñòâèè èñòî÷íèêà çàæèãàíèÿ. Ñìåñè õëîðìåòàíà

è õëîðà CH3Cl + Cl2 ñïîñîáíû âîñïëàìåíÿòüñÿ ïîä

äåéñòâèåì ÓÔ-èçëó÷åíèÿ [1], íàïðèìåð â ïðîöåññå

ôîòîõëîðèðîâàíèÿ õëîðèñòîãî ìåòèëà. Äëÿ ôëåãìà-

òèçàöèè ñìåñè õëîðèñòîãî ìåòèëà è õëîðà óäîáíî

èñïîëüçîâàòü ÷åòûðåõõëîðèñòûé óãëåðîä CCl4, ÿâ-

ëÿþùèéñÿ êîíå÷íûì ïðîäóêòîì ðåàêöèè õëîðèðî-

âàíèÿ õëîðìåòàíà.

Äëÿ èññëåäîâàíèÿ ôîòîâîñïëàìåíåíèÿ ñìåñåé

CH3Cl + Cl2 â ïðèñóòñòâèè CCl4 èñïîëüçîâàëè öè-

ëèíäðè÷åñêèé ñîñóä èç íåðæàâåþùåé ñòàëè äèà-

ìåòðîì 5·10–2 ì è äëèíîé 5·10–2 ì. ÓÔ-ñâåò îò ðòóò-

íîé ëàìïû ìîùíîñòüþ 1 êÂò ïîïàäàë â ñîñóä ÷åðåç

êâàðöåâîå ñòåêëî, óñòàíîâëåííîå ñ òîðöà ñîñóäà.

Èíòåíñèâíîñòü ñâåòîâîãî ïîòîêà, èçìåðåííàÿ ìå-

òîäîì ôåððèîêñàëàòíîé äîçèìåòðèè, ñîñòàâèëà

1,96·1021 êâàíò�(ì2·ñ). Â ñîñóä, ïðåäâàðèòåëüíî âàêó-

óìèðîâàííûé äî îñòàòî÷íîãî äàâëåíèÿ 10–2 ìì ðò. ñò.,

íàáèðàëè ãàçîâóþ ðåàêöèîííóþ ñìåñü ïî ïàðöèàëü-

íûì äàâëåíèÿì êîìïîíåíòîâ. Íà÷àëüíàÿ òåìïåðà-

òóðà ñìåñè ñîñòàâëÿëà 20 °Ñ, äàâëåíèå — àòìîñôåð-

íîå. Â íåêîòîðûõ ñëó÷àÿõ äëÿ ñîçäàíèÿ íåîáõîäè-

ìîãî ïàðöèàëüíîãî äàâëåíèÿ ÷åòûðåõõëîðèñòîãî

óãëåðîäà âñþ óñòàíîâêó ïîäîãðåâàëè. Ïîñëå îòêðû-

òèÿ öåíòðàëüíîãî çàòâîðà, ðàñïîëîæåííîãî ìåæäó

ñîñóäîì è ëàìïîé, ïîä âîçäåéñòâèåì ÓÔ-èçëó÷åíèÿ

íà÷èíàëñÿ ðàçîãðåâ ðåàãèðóþùåé ñìåñè. Òåìïåðàòó-

ðó ðàçîãðåâà ñìåñè ôèêñèðîâàëè ñ ïîìîùüþ ìèêðî-

òåðìîïàðû (äèàìåòð ñïàÿ �20 ìêì), óñòàíîâëåííîé

â öåíòðå ñîñóäà. Äàííûå, ïîëó÷åííûå ñ òåðìîïàðû,

ïåðåäàâàëèñü ÷åðåç àíàëîãî-öèôðîâîé ïðåîáðàçîâà-

òåëü (ÀÖÏ) â êîìïüþòåð, ãäå îíè îáðàáàòûâàëèñü

â âèäå çàâèñèìîñòè Ò = f (�).

Â ïðèñóòñòâèè ôëåãìàòèçàòîðîâ òðèõëîðìåòàíà

è ÷åòûðåõõëîðèñòîãî óãëåðîäà áûëî îòìå÷åíî çà-

ìåòíîå âëèÿíèå íà âîñïëàìåíåíèå ïðîäóêòîâ ãîðå-

íèÿ, àäñîðáèðîâàííûõ íà ñòåíêàõ ñîñóäà, ïîýòîìó

ïîñëå êàæäîãî âîñïëàìåíåíèÿ ñòåíêè ñîñóäà î÷èùà-

ëè èçîïðîïèëîâûì ñïèðòîì. Òàêèì îáðàçîì, ðåçóëü-

òàòû ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ôîòîâîñ-

ïëàìåíåíèÿ áûëè ïîëó÷åíû â ÷èñòîì (íåòðåíèðî-

âàííîì) ñîñóäå. Íà ðèñ. 1 ïîêàçàíî èçìåíåíèå òåì-

ïåðàòóðû ñìåñè ïðè ñîäåðæàíèè â íåé 30 % CH3Cl

è äîáàâëåíèè ðàçëè÷íîãî êîëè÷åñòâà ÷åòûðåõõëî-

ðèñòîãî óãëåðîäà ïîä äåéñòâèåì ÓÔ-èçëó÷åíèÿ. Êàê

âèäíî èç ðèñ. 1, ñ óâåëè÷åíèåì ñîäåðæàíèÿ CCl4

ìàêñèìàëüíûé ðàçîãðåâ ñìåñè ñíèæàåòñÿ, ïåðèîä

èíäóêöèè ðàñòåò, à ïðè êîíöåíòðàöèè ôëåãìàòèçà-

òîðà áîëåå 33 % ñìåñü ïåðåñòàåò âîñïëàìåíÿòüñÿ.

Èçìåíåíèå ìàêñèìàëüíîé òåìïåðàòóðû ðàçîãðå-

âà ñìåñè ñ íà÷àëüíîé êîíöåíòðàöèåé õëîðìåòàíà

20, 30 è 40 % â ïðèñóòñòâèè CCl4 ïîêàçàíî íà ðèñ. 2.

Íà ãðàôèêàõ õîðîøî âèäíà êðèòè÷íîñòü ñìåíû ðå-

æèìà ïðîöåññà, êîòîðàÿ íàèáîëåå ñèëüíî ïðîÿâëÿ-

åòñÿ â ñìåñÿõ ñ èçáûòêîì õëîðà. Àíàëîãè÷íûå çàâè-

ñèìîñòè ïðè äîáàâëåíèè CCl4 áûëè ïîëó÷åíû è äëÿ

äðóãèõ ñîîòíîøåíèé õëîðìåòàíà è õëîðà.

Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ ïîñòðî-

åíà çàâèñèìîñòü êîíöåíòðàöèîííîé îáëàñòè ôîòî-

âîñïëàìåíåíèÿ ñìåñè (CH3Cl + Cl2) îò ñîäåðæàíèÿ

â íåé ÷åòûðåõõëîðèñòîãî óãëåðîäà (ðèñ. 3). Èç ðè-

ñóíêà âèäíî, ÷òî ìèíèìàëüíàÿ ôëåãìàòèçèðóþùàÿ
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êîíöåíòðàöèÿ ÷åòûðåõõëîðèñòîãî óãëåðîäà â òàêîé

ñìåñè ñîñòàâëÿåò �33 % (îá.).

×åòûðåõõëîðèñòûé óãëåðîä äëÿ äàííîé ñèñòåìû

ÿâëÿåòñÿ âåùåñòâîì íåéòðàëüíûì, òàê êàê íå ó÷àñò-

âóåò â õèìè÷åñêèõ ïðåâðàùåíèÿõ, ïîýòîìó äëÿ òåî-

ðåòè÷åñêîé îöåíêè ìèíèìàëüíîé ôëåãìàòèçèðó-

þùåé êîíöåíòðàöèè (ÌÔÊ) CCl4 ìîæíî èñïîëüçî-

âàòü óðàâíåíèå òåïëîâîãî áàëàíñà:

Q T Ò Ñ V C V
i i

� � ��( ) ( ) ,ã ïã ïã ô ô0 (1)

ãäå Q — òåïëîâîé ýôôåêò õèìè÷åñêîé ðåàêöèè;

Òã — ïðåäåëüíàÿ òåìïåðàòóðà ãîðåíèÿ;

Ò0 — íà÷àëüíàÿ òåìïåðàòóðà;

Ñ
iïã , Ñô — òåïëîåìêîñòü i-ãî ïðîäóêòà ãîðåíèÿ

è ôëåãìàòèçàòîðà;

V
iïã , Vô — îáúåì i-ãî ïðîäóêòà ãîðåíèÿ è ôëåãìà-

òèçàòîðà.

Èç óðàâíåíèÿ (1) íàéäåì êîëè÷åñòâî ÷åòûðåõ-

õëîðèñòîãî óãëåðîäà, íåîáõîäèìîå äëÿ ñíèæåíèÿ

òåìïåðàòóðû ãîðåíèÿ äî ïðåäåëüíîé. Çà ïðåäåëüíóþ

òåìïåðàòóðó ïðèìåì ðàñ÷åòíóþ àäèàáàòè÷åñêóþ

òåìïåðàòóðó ãîðåíèÿ ñìåñè íà íèæíåì êîíöåíòðà-

öèîííîì ïðåäåëå ôîòîâîñïëàìåíåíèÿ.

Ïðè õëîðèðîâàíèè õëîðìåòàíà ïðîèñõîäèò ïî-

ñëåäîâàòåëüíîå (òðåõñòàäèéíîå) çàìåùåíèå òðåõ àòî-

ìîâ âîäîðîäà íà õëîð:

CH3Cl + Cl2 	 CH2Cl2 + HCl; (I)

CH2Cl2 + Cl2 	 CHCl3 + HCl; (II)

CHCl3 + Cl2 	 CCl4 + HCl. (III)

Êàæäàÿ èç ñòàäèé (I)–(III) ïðîòåêàåò ïî ðàäèêàëü-

íî-öåïíîìó ìåõàíèçìó ñ ó÷àñòèåì àòîìîâ è ðàäèêà-

ëîâ. Òåïëîâûå ýôôåêòû ýòèõ ñòàäèé ïðèìåðíî îäè-

íàêîâû è ñîñòàâëÿþò îêîëî 100 êÄæ�ìîëü.

Òåìïåðàòóðà ðàçîãðåâà ñìåñè çàâèñèò íå òîëüêî

îò âåëè÷èíû òåïëîâîãî ýôôåêòà, íî è îò ñêîðîñòè

âûäåëåíèÿ òåïëà, ò. å. îò ñêîðîñòè õèìè÷åñêîãî âçà-

èìîäåéñòâèÿ. Ïîýòîìó î âêëàäå êàæäîé ñòàäèè â ðà-

çîãðåâ ñìåñè ìîæíî ñóäèòü ïî ñêîðîñòè õèìè÷åñêîé

ðåàêöèè.

Â òàáëèöå ïðåäñòàâëåíû ýëåìåíòàðíûå ðåàêöèè

ïðîäîëæåíèÿ öåïåé êàæäîé ñòàäèè è êîíñòàíòû ñêî-

ðîñòè ýòèõ ðåàêöèé. Àíàëèçèðóÿ ïðèâåäåííûå äàí-

íûå, ìîæíî ïðèéòè ê âûâîäó, ÷òî òðåòüÿ ñòàäèÿ õëî-

ðèðîâàíèÿ ïðîòåêàåò ñî ñêîðîñòüþ íà 2–3 ïîðÿäêà

íèæå, ÷åì äâå ïåðâûå. Òàêèì îáðàçîì, ìîæíî ñ÷èòàòü,

÷òî îñíîâíîé âêëàä â ðàçîãðåâ ñìåñè âíîñÿò ïåðâàÿ

è âòîðàÿ ñòàäèè õëîðèðîâàíèÿ.

Ðèñ. 1. Èçìåíåíèå òåìïåðàòóðû ñìåñè, ñîäåðæàùåé 30 % îá.

CH3Cl,âî âðåìåíè â çàâèñèìîñòè îò êîíöåíòðàöèè CCl4 (% îá.):

1 — 0; 2 — 20; 3 — 32; 4 — 34; 5 — 36; 6 — 43

Ðèñ. 2. Çàâèñèìîñòü ìàêñèìàëüíîé òåìïåðàòóðû ðàçîãðåâà

ñìåñè îò êîíöåíòðàöèè CCl4 â ñìåñè ïðè íà÷àëüíîì ñîäåð-

æàíèè õëîðìåòàíà (% îá.): 1 — 20; 2 — 30; 3 — 50

Ðèñ. 3. Çàâèñèìîñòü êîíöåíòðàöèîííîé îáëàñòè ôîòîâîñïëà-

ìåíåíèÿ ñìåñè õëîðìåòàíà è õëîðà îò êîíöåíòðàöèè ÷åòûðåõ-

õëîðèñòîãî óãëåðîäà

Ñòàäèÿ Ýëåìåíòàðíàÿ ðåàêöèÿ
Êîíñòàíòà
ñêîðîñòè,

ì3�(ìîëü·ñ) [3]

I 1.1 Cl
•

+ CH3Cl 	 C
•
H2Cl + HCl

1.2 C
•
H2Cl + Cl2 	 ÑH2Cl2 + C

•
l

2,95·105

1,75·105

II 2.1 C
•
l + ÑH2Cl2 	 C

•
HCl2 + HCl

2.2 C
•
HCl2 + Cl2 	 ÑHCl3 + C

•
l

1,99·105

0,78·104

III 3.1 C
•
l + ÑHCl3 	 C

•
Cl3 + HCl

3.2 C
•
Cl3 + Cl2 	 ÑCl4 + C

•
l

0,73·105

0,90·102
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Â ñâÿçè ñ ýòèì äëÿ ðàñ÷åòà àäèàáàòè÷åñêîé òåì-

ïåðàòóðû ãîðåíèÿ íà íèæíåì ïðåäåëå áóäåì ïðèíè-

ìàòü âî âíèìàíèå òîëüêî äâå ïåðâûå ñòàäèè (I è II).

Òåïëîâîé ýôôåêò òàêîé äâóõñòàäèéíîé ðåàêöèè Q

(êÄæ�ìîëü) ïî çàêîíó Ãåññà ñîñòàâèò:

Q H H H� � � �
 
 
CHCl HCl CH Cl3 3
2

= 100,4 + 2·92,3 – 82,0 = 203 êÄæ�ìîëü

ãäå 
Hi — çíà÷åíèÿ òåïëîòû îáðàçîâàíèÿ âåùåñòâ,

âçÿòûå èç [2].

Ñîãëàñíî íàøèì èçìåðåíèÿì íèæíèé êîíöåíòðà-

öèîííûé ïðåäåë ôîòîâîñïëàìåíåíèÿ �í = 9 % (îá.)

[1]. Êîýôôèöèåíò èçáûòêà õëîðà �Cl 2
â òàêîé ñìåñè

íàéäåì èç óðàâíåíèÿ

� � �Cl í í Cl
0

2 2
)� �( ( ) ,100 V (2)

ãäåVCl 2

0 — òåîðåòè÷åñêîå êîëè÷åñòâî õëîðà, íåîáõî-

äèìîå äëÿ ñãîðàíèÿ õëîðìåòàíà ñ îáðàçîâàíèåì

CHCl3 è HCl; VCl 2

0 = 2 ìîëü�ìîëü.

Ïîäñòàâëÿÿ ÷èñëåííîå çíà÷åíèå VCl 2

0 â (2), ïîëó-

÷èì � = 5,06. Òîãäà èçáûòîê õëîðà â ýòîé ñìåñè ñî-

ñòàâèò:


V VCl Cl2 2
� � �0 1( )�

= 2 (5,06 – 1) = 8,12 ìîëü�ìîëü.
(3)

Àäèàáàòè÷åñêàÿ òåìïåðàòóðà ãîðåíèÿ íèæíå-

ïðåäåëüíîé ñìåñèTã
ïðåä áóäåò îïðåäåëÿòüñÿ ïî ôîð-

ìóëå

T Ò
Q

C V
i i

ã
ïðåä

ïã ïã

� � �
�0

� �
� �

Ò
Q

C V C V C V
0

CHCl CHCl HCl HCl Cl Cl3 3 2 2

. (4)

Ïîñêîëüêó ôëåãìàòèçàöèþ ñìåñåé ïðè ôîòîâîñ-

ïëàìåíåíèè èçó÷àëè â êîðîòêîì (â íàïðàâëåíèè ñâå-

òîâîãî ïîòîêà) ñîñóäå, ñ÷èòàëè, ÷òî âîñïëàìåíåíèå

ïðîèñõîäèò ïðàêòè÷åñêè îäíîâðåìåííî âî âñåì ñî-

ñóäå, ò. å. â èçîõîðíûõ óñëîâèÿõ. Ïîýòîìó äëÿ ðàñ÷å-

òà Tã
ïðåä èñïîëüçîâàëè çíà÷åíèÿ òåïëîåìêîñòè ïðè

ïîñòîÿííîì îáúåìå, âçÿòûå èç [2]. Â ýòîì ñëó÷àå

Tã
ïðåä � �




 � 
 � 


�293
203 10

57 3 1 20 8 2 25 5 812
956

3

, , , ,
Ê.

Ìàêñèìàëüíîå êîëè÷åñòâî ôëåãìàòèçàòîðà òðåáó-

åòñÿ äëÿ íàèáîëåå ãîðþ÷åé ñìåñè, êîòîðàÿ ñîãëàñíî

ýêñïåðèìåíòàëüíûì ðåçóëüòàòàì (ðèñ. 3) ñîäåðæèò

ãîðþ÷åå è îêèñëèòåëü â ñîîòíîøåíèè 1:1. Â òàêîé

ñìåñè ìîæåò ïðîèçîéòè ïîëíîå çàìåùåíèå íà õëîð

òîëüêî îäíîãî àòîìà âîäîðîäà:

CH3Cl + Cl2 	 CH2Cl2 + HCl.

Òåïëîâîé ýôôåêò ýòîé ðåàêöèè ñîñòàâèò:

Q H H HI CH Cl HCl CH Cl2 2 3
� � �
 
 
 =

= 98,2 êÄæ�ìîëü.

Ðåøàÿ óðàâíåíèå (1) îòíîñèòåëüíî Vô, íàéäåì:

V Q T Ò C Vô I ã
ïðåä

CH Cl CH Cl2 2 2 2
� � � �[ ( )(0

� � �C V T Ò ÑHCl HCl ã
ïðåä

ô)] [( ) ] .0
1 (5)

Ïîäñòàâëÿÿ ÷èñëåííûå çíà÷åíèÿ âåëè÷èí â (5),

ïîëó÷èì:

Vô �
� � 
 � 


�
�

98200 956 293 42 8 1 20 85 1

956 293 751

( )( , , )

( ) ,

= 1,13 ìîëü�ìîëü.

Îòñþäà ìèíèìàëüíàÿ ôëåãìàòèçèðóþùàÿ êîí-

öåíòðàöèÿ ÷åòûðåõõëîðèñòîãî óãëåðîäà â ñìåñè õëîð-

ìåòàíà è õëîðà ñîñòàâèò:

�ÌÔÊ �



� �
113 100

1 1 113

,

,
= 35,9 %.

Ðàñ÷åòíîå çíà÷åíèå ÌÔÊ, íàéäåííîå èç óðàâíå-

íèÿ òåïëîâîãî áàëàíñà, õîðîøî ñîãëàñóåòñÿ ñ ýêñïå-

ðèìåíòàëüíûì. Íà ýòîì îñíîâàíèè äëÿ ñèñòåì, ñî-

äåðæàùèõ â êà÷åñòâå îêèñëèòåëÿ õëîð, äëÿ îöåíêè

ÌÔÊ íåéòðàëüíûõ âåùåñòâ ìîæíî ðåêîìåíäîâàòü

ìåòîä, îñíîâàííûé íà òåïëîâîé ìîäåëè ïðåêðàùåíèÿ

ãîðåíèÿ. Íàïðèìåð, äëÿ áîëüøèíñòâà ðåàêöèîííûõ

ãàçîâûõ ñìåñåé óãëåâîäîðîäîâ ñ õëîðîì, â êîòîðûõ

ïðîèñõîäèò ðåàêöèÿ çàìåùåíèÿ àòîìîâ âîäîðîäà íà

õëîð, óäîáíî èñïîëüçîâàòü â êà÷åñòâå ôëåãìàòèçà-

òîðà îáðàçóþùèéñÿ â ðåàêöèè õëîðèñòûé âîäîðîä,

÷àñòü êîòîðîãî ìîæíî âîçâðàùàòü â ôîòîðåàêòîð äëÿ

ðàçáàâëåíèÿ ãîðþ÷åé ñìåñè. Îöåíêà ÌÔÊ õëîðèñ-

òîãî âîäîðîäà â ñìåñè õëîðìåòàíà è õëîðà ïî óðàâ-

íåíèþ (5) äàåò çíà÷åíèå 67 % (îá.).
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ABSTRACT

Subject of investigation (scientific study) — the photoignition of CH3Cl + Cl2 gas mixtures in

the presence of carbon tetrachloride. The inflammation was initiated by radiation of mercury-quartz

lamp of 1 kW. The experimentally determined value of the minimum phlegmatization concentration

(MPC) CCl4 was 33 % (vol.). The calculation of the MPC was based on the heat balance equation,

in which the limiting (peak) adiabatic combustion temperature is the combustion temperature in

the lower concentration limit of photoignition in the conditions of the first two fastest stages of

the sequential substitution of hydrogen atoms by chlorine. The calculation was performed for

an equimolar mixture of CH3Cl + Cl2. The resulting calculated value was 35.9 % (vol.), which is

in good agreement with the experimental value. It is concluded that for the evaluation of the phleg-

matization action of neutral (not participating in the chemical transformation) substances, the heat

balance equation can be used. Based on this method the estimates of phlegmatizing concentration of

hydrogen chloride are provided.

Keywords: methyl chloride; chlorine; photoignition; phlegmatization; carbon tetrachloride.
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