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Òåðìîäèíàìè÷åñêèé àíàëèç ïðîöåññà ñïåêàíèÿ ìîëèáäåí- è æåëåçîñîäåðæàùåãî ñûðüÿ ñ
êàëüöèíèðîâàííîé ñîäîé
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ðàñòâîðîì ñîäû, ïðîìûòîãî äèñòèëëèðîâàííîé
âîäîé è âûñóøåííîãî ïîä âàêóóìîì â òå÷åíèå
24 ÷.

  

à                             á

  

 â                              ã

Ðèñ. 2. Ýëåêòðîííî-ìèêðîñêîïè÷åñêèå ñíèìêè ïîâåðõíîñòè

ãðàíóëû æåëåçî-ìîëèáäåíîâîãî êàòàëèçàòîðà ïîñëå

îáðàáîòêè 0,1 Ì ðàñòâîðîì ñîäû è âûñóøèâàíèÿ â

óñëîâèÿõ âàêóóìà (à – ×55; á – ×170; â – ×350; ã – ×1900)

Ñîãëàñíî ïðåäñòàâëåííûì ôîòîãðàôèÿì,
ïîñëå âûñóøèâàíèÿ ñëîé ãèäðîêñèäà æåëåçà ðàñ-
ñûïàåòñÿ íà îòäåëüíûå ÷àñòèöû, îñâîáîæäàÿ ïðè
ýòîì ÷àñòü ïîâåðõíîñòè êàòàëèçàòîðà.

Òàêèì îáðàçîì, ýôôåêò óñêîðåíèÿ âûùå-
ëà÷èâàíèÿ ìîëèáäåíà ïîñëå ñïåêàíèÿ ñûðüÿ ñ
ñîäîé õîðîøî îáúÿñíÿåòñÿ äâóìÿ ôàêòîðàìè: âî-
ïåðâûõ, ÷àñòè÷íûì èçâëå÷åíèåì ìîëèáäåíà óæå
íà ñòàäèè ñìåøåíèÿ ñûðüÿ ñ âîäíûì ðàñòâîðîì
ñîäû è, âî-âòîðûõ, ïîñëåäóþùèì «îáíîâëåíè-
åì» ïîâåðõíîñòè ÷àñòèö îò ñëîÿ ãèäðîêñèäà æå-
ëåçà â ïðîöåññå ïðîêàëèâàíèÿ.

Äëÿ ýêñïåðèìåíòàëüíîãî ïîäòâåðæäåíèÿ
ýòîãî âûâîäà áûëè ïðîâåäåíû èññëåäîâàíèÿ ïî
âûùåëà÷èâàíèþ ìîëèáäàòà æåëåçà áåç ïðåäâà-
ðèòåëüíîãî ïðîêàëèâàíèÿ ñ ñîäîé è ïîñëå òàêî-
ãî ïðîêàëèâàíèÿ. Ïîëó÷åííûå ðåçóëüòàòû ñîïî-
ñòàâëåíû íà ðèñ. 3 â âèäå êèíåòè÷åñêèõ êðèâûõ
Õ(t), ãäå Õ – ñòåïåíü ïðåâðàùåíèÿ, êîòîðóþ
ðàññ÷èòûâàëè ïî ñîäåðæàíèþ ìîëèáäåíà â ðà-
ñòâîðå â äàííûé ìîìåíò îòáîðà ïðîáû ðàñòâî-
ðà. Ïåðåä ïðîêàëèâàíèåì îäèí îáðàçåö ìîëèá-
äàòà æåëåçà (ñ ìàññîé 1,0 ã) ñìåøèâàëè ñ 5-êðàò-
íûì èçáûòêîì áåçâîäíîãî Na2ÑO3, êîòîðûé
ïðåäâàðèòåëüíî òùàòåëüíî ïåðåòèðàëè â ñòóï-
êå. Ñìåñü âòîðîãî òàêîãî æå îáðàçöà ìîëèáäàòà
æåëåçà ñ ñîäîé ãîòîâèëè â òîì æå ñîîòíîøåíèè,
íî ñîäó ïðåäâàðèòåëüíî ðàñòâîðÿëè â 10 ìë âîäû.
Îáà îáðàçöà ïðîêàëèâàëè îäíîâðåìåííî â ìó-
ôåëüíîé ïå÷è â òå÷åíèå 1 ÷ ïðè òåìïåðàòóðå
773 Ê. Ïîñëå îõëàæäåíèÿ îáðàçöû ïîäâåðãàëè
âûùåëà÷èâàíèþ â ìîäåëüíîì ðåàêòîðå ñ 50 ìë
âîäû. Îáðàçåö ìîëèáäàòà æåëåçà, êîòîðûé íå
ñìåøèâàëè ñ ñîäîé è íå ïîäâåðãàëè ñïåêàíèþ,
âûùåëà÷èâàëè 1,0 Ì ðàñòâîðîì ñîäû â êîëè÷å-
ñòâå 50 ìë. Ïðè âûáîðå òàêîé êîíöåíòðàöèè

ðàñòâîðà èñõîäèëè èç òîãî, ÷òîáû ñîäåðæàíèå
ñîäû â ýòîì ýêñïåðèìåíòå ñîâïàäàëî ñ åå ñî-
äåðæàíèåì â ýêñïåðèìåíòàõ ñ ïðîêàëåííûìè
îáðàçöàìè ñìåñåé ìîëèáäàò æåëåçà ñ ñîäîé.

Ñîãëàñíî äàííûì ðèñ. 3, âî âñåõ ýêñïåðè-
ìåíòàõ íàáëþäàåòñÿ çàêîíîìåðíîå óâåëè÷åíèå
ñòåïåíè ïðåâðàùåíèÿ ïî ìåðå óâåëè÷åíèÿ ïðî-
äîëæèòåëüíîñòè âûùåëà÷èâàíèÿ. Îäíàêî, åñëè
äëÿ êðèâîé (3), êîòîðàÿ ïîëó÷åíà äëÿ âûùåëà-
÷èâàíèÿ ñìåñè ìîëèáäàòà æåëåçà ñ âîäíûì ðà-
ñòâîðîì ñîäû, ïðèíÿòü, ÷òî X=0 ïðè t=0, òî íà
çàâèñèìîñòè X(t) áóäåò íàáëþäàòüñÿ àíîìàëüíî
ðåçêèé èçëîì ïðè t~10 ìèí. Ïî íàøåìó ìíå-
íèþ, êðèâàÿ (3) äîëæíà íà÷èíàòüñÿ íå ñ íóëÿ, à
ñî çíà÷åíèÿ Õ~60%, ïîñêîëüêó ÷àñòü ìîëèáäàòà
æåëåçà áûëà ïîäâåðãíóòà õèìè÷åñêîìó ïðåâðà-
ùåíèþ â ñîîòâåòñòâèè ñ óðàâíåíèåì ðåàêöèè
(2) åùå äî íà÷àëà ïðîêàëèâàíèÿ. Ê ñîæàëåíèþ,
ýêñïåðèìåíòàëüíî îïðåäåëèòü ýòî çíà÷åíèå Õ
ïðè t=0 íå ïðåäñòàâëÿåòñÿ âîçìîæíûì. Òàêæå
îñîáåííîñòüþ äàííûõ íà ðèñ. 3 ÿâëÿåòñÿ òî, ÷òî
ñòåïåíü ïðåâðàùåíèÿ ìîëèáäàòà æåëåçà â åãî
ñìåñè ñ ðàñòâîðîì ñîäû ïîñëå ïðîêàëèâàíèÿ
çíà÷èòåëüíî âûøå, ÷åì â äðóãèõ èçó÷åííûõ îá-
ðàçöàõ. Ïîñêîëüêó äîáàâëåíèå âîäû ê ñìåñè
ìîëèáäàòà æåëåçà ñ ñîäîé ïåðåä ïðîêàëèâàíèåì
çíà÷èìî óâåëè÷èâàåò ýôôåêòèâíîñòü ïîñëåäó-
þùåãî ïðîöåññà âûùåëà÷èâàíèÿ, òî âîäó â äàí-
íîì ñëó÷àå ìîæíî ðàññìàòðèâàòü â êà÷åñòâå îñî-
áîãî «àêòèâàòîðà» ïðîöåññà ñïåêàíèÿ ñìåñåé
ñîäû è ìîëèáäàòà æåëåçà.

Ðèñ. 3. Êèíåòè÷åñêèå êðèâûå äëÿ ïðîöåññà âûùåëà÷èâàíèÿ

ìîëèáäàòà æåëåçà 1,0 Ì ðàñòâîðîì ñîäû (1) è âîäîé (2,3):

1 – ìîëèáäàò æåëåçà áåç ïðåäâàðèòåëüíîãî ïðîêàëèâàíèÿ ñ

ñîäîé; 2 – ïðîêàëåííàÿ ñìåñü ìîëèáäàòà æåëåçà ñ ñîäîé,

ïðèãîòîâëåííàÿ áåç äîáàâëåíèÿ âîäû; 3 – ïðîêàëåííàÿ

ñìåñü ìîëèáäàòà æåëåçà ñ ñîäîé, ïðèãîòîâëåííàÿ ñ

äîáàâëåíèåì âîäû. (Òåìïåðàòóðà ïðîêàëèâàíèÿ 773 Ê,

âðåìÿ ïðîêàëèâàíèÿ 1 ÷, ìàññîâûé ìîäóëü ñïåêà

Fe2(MoO4)3/Na2ÑO3=1:5, ìîäóëü ðåàêöèîííîé ñìåñè

Ò:Æ=1:50 ã/ìë, ñêîðîñòü ïåðåìåøèâàíèÿ ðàñòâîðà â

ðåàêòîðå 300 îá./ìèí)
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WXY�WXYZNJ[\Q]N^_�]Q]`\a^a�JE�a^QWYZ^Qb
>ZJ_Yaa�JE�NJ`\c[YQdN�_JQW]^Q^Qb�]Q[�^ZJQ�
_JQW]^Q^Qb�Z]e�N]WYZ^]`�e^WX�aJ[]�]aX

&�'��&()*+,-)*��.�/��/0123(+,,4��5�/��60230+*40��5�7��6*89:-:)

df@RghgRh�aBRB?�dhgi?@AgBj�Ck�_l?FgmRn�W?mlhCnCoj:�[h?D@C�
D?B@CiAf:�df@Rgh?

V� 0+/'-%W)16-,.�-%W/2,13� %\� .+/-,.62� 0'61(\%'-60,%1(� ,1
0+/� -,]05'/� %\� ,'%1"���#� 61W�-%2)^W/15-"$�#� %],W/(�� ,'%1"���#
-%2)^W60/�61W�(%W,5-�.6'^%160/� ,(�&/'\%'-/W�,1� 0+,(�_%'*�Y12)
`/�"8%Y
#���8%Y��61W��6�aY��6'/�\%51W�,1�0+/�.%1W/1(/W�(060/
b+/�6^(/1./�%\� ,'%1�%],W/� ,(�W5/� 0%� ,0(� .+/-,.62� ,10/'6.0,%1�_,0+
8%Y��c/� .%1\,'-/W� 0+60� 0+/� (5^2,-60,%1� %\�8%Y�� .61� &'%.//W
_,0+�0+/�\%'-60,%1�%\�,0(�&%2)-/',.�\%'-(�8%1Y�1�"_+/'/�1�,(���0%��#
,1�0+/�36(/%5(�&+6(/�60�0/-&/'605'/(�6^%d/�Ke��M�V(�%&&%(/W�0%
8%Y��� 0+/� .%10/10(� %\� �6�aY�� 61W� `/�"8%Y
#�� ,1� 0+/� /10,'/
,1d/(0,360/W�0/-&/'605'/�'613/�W%�1%0�.+613/�_+,.+�,1W,.60/(�0+60
,'%1�-%2)^W60/�.611%0�^/�W/.%-&%(/W�^)�,0(�(,10/',13�_,0+�(%W6�6(+
b+/� '/(520(� %\� 0+/� .62.5260,%1(� %\� /f5,2,^',5-� .%-&%(,0,%1� %\� 0+/
()(0/-�51W/'�(05W)�6'/�.%1\,'-/W�^)�0+/�W606�%\�g	'6)�W,\\'6.0,%1
c/�.%1.25W/W� 0+60� 0+/� (,10/',13�%\� ,'%1�-%2)^W60/�_,0+� (%W6�6(+
622%_(�,-&'%d,13�-%2)^W/15-�2/6.+,13�/\\,.,/1.)�%12)�,1�.6(/�%\�0+/
5(/� %\� 6f5/%5(� (%250,%1(� %\� (%W6� 6(+� b+/� -/.+61,(-� %\� 0+,(
&+/1%-/1%1�,(�&'%&%(/W�61W�/]&/',-/10622)�&'%d/1h�,1�6..%'W61./
_,0+�0+,(�-/.+61,(-��6�.+/-,.62�W/.%-&%(,0,%1�%\�,'%1�-%2)^W60/
%..5'(�,1�61�6f5/%5(�(%250,%1�%\�(%W,5-�+)W'%],W/�0%�\%'-�6�26)/'�%\
,'%1� +)W'%],W/� %1� 0+/� (5'\6./� _+,.+� &'/d/10(� 0+/� -%2)^W/15-
/]0'6.0,%1��1�0+/�.%5'(/�%\�6�(5^(/f5/10�.62.,160,%1��,'%1�+)W'%],W/
,(�W/+)W'60/W��,0(�26)/'�,(�W/(0'%)/W��61W�0+/�(5'\6./�%\�,'%1�-%2)^W60/
,(�'/2/6(/W�\%'�6�\5'0+/'�0'61(\%'-60,%1

p?jqC@rA$�`9YXf[7FT`v�W_9F�`9YXf[<]7v�^9[<�<^Sv�]S7_,
`9[XF<`WR^v� Y7<RSWFa�

ZYEYZYQ_Ya

���87[Z7[7Z�l�n���8<Y9RSUWF<�;�3���j<Ya<7Z<�6�n��nc9^9,
fX�c7_7_<f9]UW�9]_<f9]<FFXUS�U<]<YWb<]9_9Z�LpS7�`7]S9[^�9\�c_9,
R7^^WFa�9\�^c7F]�R<]<YX^]^N��b(d/01)/�8/0622)��������F9��"��cc��C,
C���0,1�45((,612�

��� n]7c<F9Z� k�{��� mTbSWF� l�3��� m<RS<Y9Z� o�3��
m9]7YdFWU9Z� {�h�� h<b_<f9]U<� `7]9[9Z� UZ<YW\W]^W_9Z<FF9a9
W^c9Ydb9Z<FWX<� 9]_<f9]<FFXUS� bS7Y7b99U^W[FXUS� U<]<YWb<]9_9Z
[7aW[_W_9Z<FWX<� <YUWY<_9`<]WRS7^UWUS� W� 9Y7\WF9ZXUS� TaY7Z9[9_9,
[9Z�LpS7�[7Z7Y9c`7F]�9\�`7]S9[^� \9_��T<YW\W7[�T^<a7�9\�e<^]7
W_9F�9gW[7�R<]<YX^]^�[7SX[_9a7F<]W9F�9\�<YUXY�<_9`<]WR�<F[�9Y7\WF
SX[_9R<_f9F^N���id/(0,)6�$)((+,*+�L.+/^1)*+�j6d/W/1,,��M+,-,)6
,�M+,-,.+/(*6)6�b/*+1%2%3,)6��������Z9Y��#"��F9��J��cc��"C,����0,1
45((,612�

���8WUSF7Z�l�o���~<^SU9Z�{�i���o_9b[9Z�n�3��1bZY7RS7,
FW7�`9YWf[7F<�W�FWU7YX<�Wb�9]_<f9]<FFXUS�U<]<YWb<]9_9Z�LpS7�7g,
]_<R]W9F�9\�`9YXf[7FT`�<F[�FWRU7Y�\_9`�^c7F]�R<]<YX^]^N���%1	
`/''%5(�8/062(��������F9����,����cc��J�,J���0,1�45((,612�

#��m9bS7ZFWU9Z�{�;���nW][WU9Z�6�{���39[9cdX<F9Z�l�{��
�&%(%^�,id2/.+/1,)6�-%2,^W/16�,i�-%2,^W/1(%W/'i+6(+.+/3%�%36'*6
LpS7�`7]S9[�9\�]S7�7g]_<R]W9F�9\�`9YXf[7FT`�\_9`�]S7�`9YXf,
[7FT`,R9F]<WFWFa�^Y<aN��~<]7F]�h���F9����J"C����������0,1�45(	
(,612�

���m<_�j�j���o<]]<�~���8W^_<�3�;��nc7F]�R<]<YX^]$�^7R9F[,
<_X�^9T_R7�\9_�`9YXf[7FT`�_7R9Z7_X��X)W'%-/06225'3)�����#��Z9Y�
����cc��C�,J��

"��~7_7US9[<�n�~���i<XF7_�V�l���;7Z^U<X<�k�}��mWF7]WU<
ZX^SRS7Y<RSWZ<FWX<� ]_W9U^W[<�`9YWf[7F<� Wb�9]_<f9]<FF9a9�U<]<Y,
Wb<]9_<�_<^]Z9_<`W�U<_f9F<]<�F<]_WX<�LpS7�UWF7]WR^�9\�Y7<RSWFa�9\
`9YXf[7FT`�]_W9gW[7�T^7[�R<]<YX^]�^9YT]W9F^�9\�^9[WT`�R<_f9F,
<]7N��a+/-,.62�b/.+1%2%3)�����"��F9������cc����,�"��0,1�45((,612�

��� 3<]9YWF�;�l���89W^77Z�{�m��� p_T^9Z�j�{���b/'-%W,	
16-,.+/(*%/� -%W/2,'%d61,/� d� d)(%*%0/-&/'605'1)*+� 1/%'361	
,.+/(*,*+�(,(0/-6*+�LpS7_`9[XF<`WR�`9[7YWFa�WF�SWaS,]7`c7_,
<]T_7�WF9_a<FWR�^X^]7`^N��87]<YYT_aWX<��89^R9e���JJ#������c��0,1
45((,612�

C�� p_T^9Z�j�{���8%W/2,'%d61,/� *+,-,.+/(*,*+� ,� \6i%d)*+
'6d1%d/(,)�&',�d)(%*,*+�0/-&/'605'6*+�"V�b4V
k'(#�L89[7YWFa�9\
RS7`WR<Y� <F[�cS<^7� 7�TWYWf_W<� <]�SWaS� ]7`c7_<]T_7^� "V�b4V
k
'(#N��j<T`<F�8{p��~TfYW^S7_^��89^R9e���JJ#��c������0,1�45(	
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