
1. Ïðè èçó÷åíèè ïðåâðàùåíèÿ ïàðà-ôîðìû âîäîðîäà â îðòî- ïðè 923 Ê èçìåíÿëè íà-
÷àëüíîå äàâëåíèå ïàðà-âîäîðîäà. Ïðåäïîëàãàåì, ÷òî â íà÷àëüíûé ìîìåíò âðåìåíè îðòî-
ôîðìà îòñóòñòâóåò. Â îïûòàõ îïðåäåëÿëè âðåìÿ ïîëóïðåâðàùåíèÿ. Ïîëó÷åíû ñëåäóþùèå
äàííûå:

p0, òîð 50 100 200 400
τ1/2, ìèí 648 450 318 222

Îïðåäåëèòå ïîðÿäîê ðåàêöèè è ïîïðîáóéòå îáúÿñíèòü ïîëó÷åííûé ðåçóëüòàò.
Ðåøåíèå: äëÿ ðåàêöèè A→R ïðîèçâîëüíîãî n-ãî ïîðÿäêà êèíåòè÷åñêîå óðàâíåíèå èìå-

åò âèä −dcA

dt
= kcn

A, ïîýòîìó
1

n− 1

(
c1−n
A − c1−n

0,A

)
= kt. Îòñþäà âðåìÿ ïîëóïðåâðàùåíèÿ

τ1/2 =
c1−n
0,A

k(n− 1)
(2n−1 − 1)⇒ ln τ1/2 = (1− n) ln c0,A + const,

òî åñòü (1−n) ìîæíî íàéòè êàê óãîë íàêëîíà ãðàôèêà çàâèñèìîñòè ln τ1/2 îò ln c0,A. Èìåÿ

â âèäó, ÷òî c0 =
p0

RT
, ïîëó÷èì 1− n = −0.514± 0.003⇒ n = 1.514± 0.003.

2. Ðàçëîæåíèå àöåòîíà: A(g)→B(g) + C(g) + D(g), ãäå B, C, D åñòü C2H4, H2 è CO.
Ïðîâîäèì ðåàêöèþ â ñîñóäå ñ äâèæóùåéñÿ ñòåíêîé. Ãàçû èäåàëüíûå. Ïðè t = 0 ïðîäóêòîâ
íåò. Ïîëó÷èòå âûðàæåíèå äëÿ çàâèñèìîñòè êîíöåíòðàöèè îò âðåìåíè; óðàâíåíèå ñâÿçè
âåëè÷èíû îáúåìà è êîíöåíòðàöèè àöåòîíà.

Ðåøåíèå: ñòåíêà ñîñóäà ìîæåò äâèãàòüñÿ, ïîýòîìó â ñîñóäå ïîääåðæèâàåòñÿ ïîñòîÿííîå

äàâëåíèå P ; ãàçû èäåàëüíû: çíà÷èò, V =
NRT

P
,

dV

dt
=

RT

P

dN

dt
, ãäå N � îáùåå êîëè÷å-

ñòâî âåùåñòâà â ñèñòåìå. Ñêîðîñòü ðåàêöèè åñòü, ïî îïðåäåëåíèþ, ÷èñëî ýëåìåíòàðíûõ

àêòîâ â åäèíèöå îáú¼ìà ðåàêöèîííîãî ïðîñòðàíñòâà, òî åñòü r = − 1

V

dNA

dt
= kcA. N =

= 3(N0,A −NA) + NA = 3N0,A − 2NA, ïîýòîìó
dN

dt
= −2

dNA

dt
= 2kNA. Ñ äðóãîé ñòîðîíû,

dcA

dt
=

dNA

V

dt
=

1

V

dNA

dt
− NA

V 2

dV

dt
= −kcA −

NA

V 2
· RT

P

dN

dt
= −kcA +

2RT

P
c2
A.

Îòñþäà

kt =

c0,A∫
cA

dcA

cA

(
1 + 2RT

P
cA

) =

c0,A∫
cA

dcA

cA

− 2RT

P
·

c0,A∫
cA

dcA

1 + 2RT
P

cA

= ln
c0,A

(
1 + 2RT

P
cA

)
cA

(
1 + 2RT

P
c0,A

) .

dV =
RT

P
dN = −2RT

P
dNA = −2RT

P
d(cAV ) = −2RT

P
(V dcA + cAdV )⇒

⇒
(

1 +
2RT

P
cA

)
dV = −2RT

P
V dcA ⇒

dV

V
= −

2RT
P

dcA

1 + 2RT
P

cA

⇒
V∫

V0

dV

V
=

c0,A∫
cA

2RT
P

dcA

1 + 2RT
P

cA

⇒

⇒ ln
V

V0

= ln
1 + 2RT

P
c0,A

1 + 2RT
P

cA

⇒ V

V0

=
1 + 2RT

P
c0,A

1 + 2RT
P

cA

.

3. Èçó÷àåì êèíåòèêó äâóõ ðåàêöèé òèïà nA→P (n 6= 1). Çíàåì, ÷òî êîíñòàíòû ñêîðî-
ñòè â îáåèõ ðåàêöèÿõ îäèíàêîâû. Ïðè íà÷àëüíîé êîíöåíòðàöèè èñõîäíîãî âåùåñòâà c0,A = 2
êèíåòè÷åñêèå êðèâûå äëÿ A ïåðåñåêëèñü ïðè âðåìåíè 2. Ïðè íà÷àëüíîé êîíöåíòðàöèè 4
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êðèâûå ïåðåñåêëèñü ïðè âðåìåíè 2.5. Îïðåäåëèòå ïîðÿäîê ðåàêöèè è êîíñòàíòó ñêîðîñòè.
À åñëè âðåìÿ ïåðåñå÷åíèÿ ïðè òåõ æå íà÷àëüíûõ êîíöåíòðàöèÿõ ñîñòàâëÿåò ñîîòâåòñòâåí-
íî 4.674 è 6.631?

Ðåøåíèå: àíàëîãè÷íî 1
1

n− 1

(
c1−n
A − c1−n

0,A

)
= nkt, ïîñêîëüêó WP = − 1

n

dcA

dt
. Îòñþäà

c1−n
A = n(n− 1)kt + c1−n

0,A ⇒ ln cA =
1

1− n
ln
(
n(n− 1)kt + c1−n

0,A

)
.

Åñëè ïîðÿäêè ðåàêöèé ðàâíû n1 è n2 ñîîòâåòñòâåííî, òî, èñõîäÿ èç óñëîâèÿ,{
(2kn1(n1 − 1) + 21−n1)n2−1 = (2kn2(n2 − 1) + 21−n2)n1−1

(2.5kn1(n1 − 1) + 41−n1)n2−1 = (2.5kn2(n2 − 1) + 41−n2)n1−1

Ñ÷èòàÿ ðåàêöèè ýëåìåíòàðíûìè, äîñòàòî÷íî ïðîâåðèòü çíà÷åíèÿ n1, n2 = 0, 2, 3. Ïðè

n1 = 0 è n2 = 2 èç ïåðâîãî óðàâíåíèÿ ïîëó÷èì 2 =
(
4k + 1

2

)−1 ⇔ 8k + 4 ⇒ k = −1

2
, ÷òî

íåâîçìîæíî. Àíàëîãè÷íî ïðè n1 = 0, n2 = 3{
22 =

(
12k + 1

4

)−1

42 =
(
15k + 1

16

)−1 ⇔
{

48k + 1 = 0
240k + 1 = 0,

÷òî íåâîçìîæíî. Íàêîíåö, ïðè n1 = 2, n2 = 3 (4k + 1
2
)2 = 12k + 1

4

(5k + 1
4
)2 = 15k + 1

16

⇔
{

16k2 − 8k = 0
25k2 − 25

2
k = 0

⇒ k =
1

2
.

Òàêèì îáðàçîì, ðåàêöèè èìåþò âòîðîé è òðåòèé ïîðÿäêè. Ïðîâîäÿ àíàëîãè÷íûå ðàññóæ-
äåíèÿ äëÿ âòîðîãî çàäàíèÿ, íàéä¼ì n1 = 1, n2 = 2.

4. Äîêàæèòå, ÷òî äëÿ ïàðàëëåëüíîé ðåàêöèè ñïðàâåäëèâî ñîîòíîøåíèå:

Eobs =
k1E1 + k2E2

k1 + k2

.

Ðåøåíèå: ñîãëàñíî óðàâíåíèþ Àððåíèóñà k = k0e
− Ea

RT , òî åñòü −Ea

R
=

d ln k

d 1
T

, ïîýòîìó

äëÿ êàæäîé èç ýëåìåíòàðíûõ ðåàêöèé

Ei = −R
d ln ki

d 1
T

= −R

ki

dki

d 1
T

(i = 1, 2).

Ðåàêöèÿ â öåëîì ïðîòåêàåò ñ ýôôåêòèâíîé êîíñòàíòîé ñêîðîñòè k′ = k1 + k2; çíà÷èò,

Eobs = −R
d ln(k1 + k2)

d 1
T

= − R

k1 + k2

(
dk1

d 1
T

+
dk2

d 1
T

)
=

k1E1 + k2E2

k1 + k2

.

5. Ïðîäóêòàìè ïðåâðàùåíèÿ A1 è A2 ÿâëÿþòñÿ B1 è C1; B2 è C2 ñîîòâåòñòâåííî.

t B1 C1 B2 C2

0.025 0.0232 0.0015 0.1161 0.0232
0.05 0.0431 0.0057 0.215 0.0432
0.075 0.0601 0.0121 0.302 0.0604
0.1 0.0746 0.0206 0.375 0.0752
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Ìîæíî ëè ñäåëàòü âûáîð â ïîëüçó ñõåì ïîñëåäîâàòåëüíîé èëè ïàðàëëåëüíîé ðåàêöèé?

Ðåøåíèå: äëÿ ïàðàëëåëüíûé ðåàêöèé cRi
= c0,A ·

ki

k′ (1 − e−k′t), ãäå k′ =
∑
j

kj; îòñþäà

cRi

cRj

=
ki

kj

= const . Çíà÷åíèÿ
cB1

cC1

èçìåíÿþòñÿ â ïðåäåëàõ 3.5 � 15.5, òîãäà êàê
cB2

cC2

≈ 5 äëÿ

âñåõ ïðèâåä¼ííûõ t. Òàêèì îáðàçîì, ïåðâàÿ ðåàêöèÿ ÿâëÿåòñÿ ïîñëåäîâàòåëüíîé, à âòîðàÿ
� ïàðàëëåëüíîé.

6. Ïðèäóìàéòå 4 ñïîñîáà ðàçäåëüíîãî îïðåäåëåíèÿ êîíñòàíò ñêîðîñòè ïðÿìîé è îáðàò-
íîé ðåàêöèé â îáðàòèìîì ïðåâðàùåíèè A↔ B (3 àíàëèòè÷åñêèõ è 1 ÷èñëåííûé). Îäèí èç
ñïîñîáîâ: ïðè èçó÷åíèè êèíåòèêè îáðàòèìîé ðåàêöèè ïðîâåëè ñåðèþ îïûòîâ ïðè ïîñòîÿí-
íîé òåìïåðàòóðå è óñëîâèè: [A]0 + [B]0 = 0.01. Âî âñåõ îïûòàõ â ìîìåíò âðåìåíè t = 0, 5
èçìåðÿëè êîíöåíòðàöèþ A. Åäèíèöû êîíöåíòðàöèè è âðåìåíè óñëîâíûå. Îïðåäåëèòå êîí-
ñòàíòû ñêîðîñòè ïðÿìîé è îáðàòíîé ðåàêöèé.

[A]0 [A]
0.008 0.00301
0.006 0.00295
0.004 0.00289
0.002 0.00283
0.001 0.00280

.

Ðåøåíèå: èçâåñòíî, ÷òî äëÿ îáðàòèìîé ðåàêöèè ïåðâîãî ïîðÿäêà

[A] = [A]e + ([A]0 − [A]e)e
−(k1+k−1)t, [B] = [B]e − ([B]0 − [B]e)e

−(k1+k−1)t.

Òàêèì îáðàçîì, e−(k1+k−1)t ÿâëÿåòñÿ òàíãåíñîì óãëà íàêëîíà ãðàôèêà çàâèñèìîñòè [A] îò
[A]0 ïðè ïîñòîÿííîì t. Îòñþäà e−(k1+k−1)t = 0.03 ⇒ k1 + k−1 = 7.013. Ïîäñòàâëÿÿ ýòî

çíà÷åíèå â óðàâíåíèå äëÿ [A], íàéä¼ì [A]e = 0.00286. Ñ äðóãîé ñòîðîíû, [A]e =
[A]0 + [B]0

K
,

ãäå K � êîíñòàíòà ðàâíîâåñèÿ; ñîîòâåòñòâåííî, K = 0.286 =
k1

k−1

. Ðåøàÿ ñîâìåñòíî äâà

óðàâíåíèÿ íà k1, k−1, íàéä¼ì k1 = 1.560, k−1 = 5.453.
Âòîðîé ñïîñîá. Áóäåì ïðîâîäèòü ðåàêöèþ ïðè óñëîâèè [B]0 = 0, òîãäà

[B] = [A0]− [A]; r = k1[A]− k−1[B] = (k1 + k−1)[A]− k−1[A]0.

Ïðè ôèêñèðîâàííîé [A]0 ïðÿìîëèíåéíàÿ çàâèñèìîñòü r([A]) ïîçâîëÿåò íåïîñðåäñòâåííî
îïðåäåëèòü k−1 è k1 + k−1. Òàêæå ìîæíî èçìåðÿòü íà÷àëüíûå ñêîðîñòè r0 = k1[A]0, ïîñëå
÷åãî îïðåäåëÿòü ñîîòíîøåíèå k1 è k−1 ïî çíà÷åíèþ êîíñòàíòû ðàâíîâåñèÿ.

Òðåòèé ñïîñîá. Èçìåðèì êèíåòè÷åñêóþ êðèâóþ äëÿ [A]; îíà ïîçâîëÿåò íåïîñðåäñòâåííî

îïðåäåëèòü [A]e, à çíà÷èò è [B]e = [A]0 +[B]0− [A]e, K =
[A]e
[B]e

. Ïðåîáðàçóÿ âûðàæåíèå äëÿ

[A], íàéä¼ì

e−(k1+k−1)t =
[A]− [A]e
[A]0 − [A]e

⇒ ln([A]0 − [A]e) = ln([A]− [A]e) + (k1 + k−1)t.

Èçìåðÿÿ çíà÷åíèÿ [A] ïðè ôèêñèðîâàííîì t ìîæíî ïîñòðîèòü ïðÿìîëèíåéíóþ çàâèñèìîñòü
ln([A]0 − [A]e) îò ln([A]− [A]e), ïî êîòîðîé ëåãêî îïðåäåëèòü k1 + k−1. Îòñþäà

k1 =
K

1 + K
(k + k−1), k−1 =

k + k−1

1 + K
.
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×åòâ¼ðòûé ñïîñîá (÷èñëåííûé). Ïîäñòàâëÿÿ [A]e =
[A]0 + [B]0

1 + K
â âûðàæåíèå äëÿ [A],

íàéä¼ì

[A] =
[A]0 + [B]0

1 + K
+

K[A]0 − [B]0
1 + K

e−(k1+k−1)t = k−1
[A]0 + [B]0
k1 + k−1

+
k1[A]0 − k−1[B]0

k1 + k−1

e−(k1+k−1)t.

Èñïîëüçóÿ ýêñïåðèìåíòàëüíûå çíà÷åíèÿ [A]i, èçìåðåííûå ïðè âðåìåíè ti, áóäåì ìèíèìè-
çèðîâàòü ôóíêöèîíàë

Φ(k1, k−1) =
∑

i

(
[A]i − k−1

[A]0 + [B]0
k1 + k−1

− k1[A]0 − k−1[B]0
k1 + k−1

e−(k1+k−1)ti

)
.

Ïîëó÷åííûå çíà÷åíèÿ áóäóò áëèçêè ê ðåàëüíûì êîíñòàíòàì ñêîðîñòè.

7. Â íåêîòîðûõ ñëó÷àÿõ àíàëèòè÷åñêîå ðåøåíèå ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíå-

íèé ïîëó÷èòü íåâîçìîæíî. Íàïðèìåð, äëÿ êèíåòè÷åñêîé ñõåìû A + B
k1→C, B + C

k2→D.
Èñêëþ÷àÿ t êàê ïåðåìåííóþ ïðè [C]0 = 0, ìîæíî ëè îïðåäåëèòü çíà÷åíèÿ îáåèõ êîíñòàíò?

Ðåøåíèå: êèíåòè÷åñêèå óðàâíåíèÿ äëÿ ðåàêöèé èìåþò âèä
d[C]

dt
= k1[A][B]

d[D]

dt
= k2[B][C].

Ðàçäåëèâ âòîðîå óðàâíåíèå íà ïåðâîå, íàéä¼ì
d[D]

d[C]
=

k2

k1

[C]

[A]
. Óñëîâèå ìàòåðèàëüíîãî áà-

ëàíñà [A] + [B] + [C] + [D] = [A]0 + [B]0 + [D]0 íå ïîçâîëÿåò âûðàçèòü [A] ÷åðåç [C] è [D],
ïîñêîëüêó ñóùåñòâóåò åù¼ îäíà ïåðåìåííàÿ ([B]). Äàëüíåéøåå ðåøåíèå âîçìîæíî ëèøü
÷èñëåííûìè ìåòîäàìè (íàïðèìåð, ñ ó÷¼òîì èçìåðåííîé çàâèñèìîñòè [B](t)), òàê êàê òî÷-
íîå ðåøåíèå ïîëó÷åííîãî äèôôåðåíöèàëüíîãî óðàâíåíèÿ íåâîçìîæíî.

8. Îïðåäåëèòå ïîëîæåíèå òî÷êè ïåðåãèáà íà êèíåòè÷åñêîé êðèâîé ïðîäóêòà â ïðîñòîé
àâòîêàòàëèòè÷åñêîé ðåàêöèè.

Ðåøåíèå: ïóñòü ðåàêöèÿ A
k0→P ïðîòåêàåò ñî ñêîðîñòüþ r0, à ðåàêöèÿ A + P

kc→P � ñî
ñêîðîñòüþ rc. r0 = k0[A], rc = kc[A][P ]. Èç óñëîâèÿ ìàòåðèàëüíîãî áàëàíñà [P ] = [A]0 +

[P ]0 − [A];
d[A]

dt
= −r1 − r2 = −k0[A]− kc[A]([A]0 + [P ]0 − [A])⇒

⇒ d[A]

kc[A]2 − (k0 + kc[A]0 + kc[P ]0)[A]
= dt⇒

⇒
[A]∫

[A]0

d[A]

k0 + kc([A]0 + [P ]0)

(
kc

kc[A]− k0 − kc([A]0 + [P ]0)
− 1

[A]

)
= t⇒

⇒ 1

k0 + kc([A]0 + [P ]0)
· ln
(

kc[A]− k0 − kc([A]0 + [P ]0)

[A]
· [A]0
−k0 − kc[P ]0

)
= t⇒

⇒ [A] =
[A]0(k0 + kc([A]0 + [P ]0))

kc[A]0 + (k0 + kc[P ]0)e(k0+kc([A]0+[P ]0)t
= [A]0 ·

a

b + c · eat
,

ãäå a = k0 + kc([A]0 + [P ]0), b = kc[A]0, c = k0 + kc[P ]0. [P ] = [A]0 + [P ]0 − [P ], òî åñòü

d2[P ]

dt2
=

d2[A]

dt2
= [A]0 ·

d2

dt2

(
a

b + c · eat

)
= −a2c[A]0 ·

d

dt

(
eat

(b + c · eat)2

)
=
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= −a2c[A]0 ·
d

dt

 1(
b · e−

a
2

t + c · e
a
2

t
)2

 = a2c[A]0 ·
ab · e−

a
2

t + ac · e
a
2

t(
−b · e−

a
2

t + c · e
a
2

t
)3 = 0⇒

⇒ c · e
a
2

t = b · e−
a
2

t ⇒ eat =
b

c
⇒ tinf =

1

a
ln

b

c
=

1

k0 + kc([A]0 + [P ]0)
ln

kc[A]0
k0 + kc[P ]0

� òî÷êà ïåðåãèáà.

9. Êèíåòèêó íåîáðàòèìîé ðåàêöèè ïåðâîãî ïîðÿäêà èçó÷àëè â ñòàòè÷åñêîé ñèñòåìå â

ðåæèìå îõëàæäåíèÿ. Òåêóùåå çíà÷åíèå òåìïåðàòóðû îïðåäåëÿåòñÿ ôîðìóëîé T =
T0

1 + αt
.

Ïðîâåëè äâà îïûòà ïðè îäíîì çíà÷åíèè ïîñòîÿííîé α. Â ïåðâîì îïûòå íà÷èíàëè îõëà-
æäåíèå îò òåìïåðàòóðû 323 Ê. Âî âòîðîì � îò 373 Ê. Â îáîèõ îïûòàõ ïîñëå íåêîòîðîãî
âðåìåíè êîíöåíòðàöèÿ èñõîäíîãî âåùåñòâà ïðàêòè÷åñêè íå èçìåíÿëàñü. Â ïåðâîì îïûòå
ðåàêöèÿ ïðîøëà íà 11 ìîæíî èçâëå÷ü èç ýòîãî ýêñïåðèìåíòà, åñëè α = 0.04 Ê/ìèí.

Ðåøåíèå: ñîãëàñíî çàêîíó äåéñòâóþùèõ ìàññ,

d[A]

dt
= −k[A]⇒ d[A]

[A]
= −kdt⇒ ln[A]− ln[A]0 =

∫
kdt.

Ñîãëàñíî óðàâíåíèþ Àððåíèóñà, k = A0e
− E

RT , ãäå A0 � ïðåäýêñïîíåíòà. Ïîäñòàâëÿÿ T =
T0

1 + αt
, íàéä¼ì k = A0e

−
E(1+αt)

RT0 = k0e
−Eαt

RT0 , ãäå k0 � êîíñòàíòà ñêîðîñòè ðåàêöèè ïðè òåì-

ïåðàòóðå T0. Òåïåðü ìîæíî íàéòè

ln[A]− ln[A]0 =

∫
kdt = k0 ·

∫
e
−Eαt

RT0 dt = −k0RT0

Eα
e
−Eαt

RT0 ,

ïîýòîìó
[A]

[A]0
= exp

(
−k0RT0

Eα
e
−Eαt

RT0

)
. Çíà÷åíèÿ T0, α èçâåñòíû; t îïðåäåëÿåòñÿ òî÷íîñòüþ

èçìåðåíèÿ [A] (èëè, íàïðèìåð, êàê âðåìÿ îõëàæäåíèÿ äî òî÷êè ôàçîâîãî ïåðåõîäà îäíî-
ãî èç âåùåñòâ, ó÷àñòâóþùèõ â ðåàêöèè); çíà÷èò, ëåãêî ñîñòàâèòü äâà óðàâíåíèÿ ñ äâóìÿ
íåèçâåñòíûìè (k0, E), êîòîðûå ìîãóò áûòü ðåøåíû ÷èñëåííî. Ïîëó÷åííûå çíà÷åíèÿ ïîç-
âîëÿþò ðàññ÷èòàòü êîíñòàíòó ñêîðîñòè ðåàêöèè ïðè ëþáîé òåìïåðàòóðå, òî åñòü ÿâëÿþòñÿ,
ïî ñóòè, èñ÷åðïûâàþùåé êèíåòè÷åñêîé èíôîðìàöèåé î ïðîöåññå. Ïðè Eα � RT0 ìîæíî
ñ÷èòàòü ex ≈ 1 + x, ïîýòîìó

[A]

[A]0
= exp

(
−k0RT0

Eα
+ k0t

)
.

10. Äëÿ ðåàêöèè òèïà A
k1↔

k−1

B
k2→C, ïðîâîäèìîé â ðåæèìå èäåàëüíîãî ñìåøåíèÿ â ïðî-

òî÷íîì ðåàêòîðå, ïîëó÷èòå âûðàæåíèÿ äëÿ êîíöåíòðàöèé ó÷àñòíèêîâ ðåàêöèè è óñëîâèÿ
ïîëó÷åíèÿ ìàêñèìàëüíîé êîíöåíòðàöèè B.

Ðåøåíèå: äëÿ âåùåñòâ, ó÷àñòâóþùèõ â ðåàêöèè, ìîæíî çàïèñàòü óðàâíåíèÿ
−k1[A]V + k−1[B]V + ν[A]0 − ν[A] = 0
k1[A]V − k−1[B]V − ν[B] = 0
k2[B]V − ν[C] = 0,

ãäå ν � ñêîðîñòü ïîòîêà, V � îáú¼ì ðåàêòîðà. Îáîçíà÷àÿ τ =
V

ν
, ïîëó÷èì

−k1[A]τ + k−1[B]τ + [A]0 − [A] = 0
k1[A]τ − k−1[B]τ − [B] = 0
k2[B]τ − [C] = 0.
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Âûðàçèì èç âòîðîãî óðàâíåíèÿ [B] =
k1τ [A]

k−1τ + 1
è ïîäñòàâèì â ïåðâîå:

−k1τ [A] +
k−1k1τ

2[A]

k−1τ + 1
+ [A]0 − [A] = 0⇔ [A] =

(k−1τ + 1)[A]0
1 + k1τ + k−1τ

.

Îòñþäà

[B] =
k1τ [A]0

1 + k1τ + k−1τ
, [C] = k2τ [B] =

k1k2τ
2[A]0

1 + k1τ + k−1τ
.

d[B]

dτ
=

k1[A]0(1 + k1τ + k−1τ)− k1τ [A]0(k1 + k−1)

(1 + k1τ + k−1τ)2
=

k1[A]0
(1 + k1τ + k−1τ)2

> 0

� êðèâàÿ [B](τ) ìîíîòîííî âîçðàñòàåò è íå èìååò ìàêñèìóìà.

11. Ðåàêöèÿ A→B→C. Îïðåäåëèòå ïîëîæåíèå òî÷åê ïåðåñå÷åíèÿ êèíåòè÷åñêèõ êðè-
âûõ ïî âðåìåíè.

Ðåøåíèå: ðåøåíèå êèíåòè÷åñêèõ óðàâíåíèé äëÿ ïîñëåäîâàòåëüíîé ðåàêöèè äà¼ò

[A] = [A]0e
−k1t, [B] =

k1[A]0
k2 − k1

(e−k1t − e−k2t), [C] = [A]0

(
1− k2

k2 − k1

e−k1t +
k1

k2 − k1

e−k2t

)
.

Òî÷êà ïåðåñå÷åíèÿ êðèâûõ [A] è [B] çàäà¼òñÿ óðàâíåíèåì

e−k1t =
k1

k2 − k1

(e−k1t − e−k2t)⇔ k1

k2 − k1

e−k2t =
2k1 − k2

k2 − k1

e−k1t ⇒ e(k1−k2)t = 2− k2

k1

⇒

⇒ tAB =
ln
(
2− k2

k1

)
k1 − k2

.

Òî÷êè ïåðåñå÷åíèÿ êðèâûõ [A] è [C], [B] è [C] çàäàþòñÿ óðàâíåíèÿìè, êîòîðûå ìîãóò áûòü
ðåøåíû òîëüêî ÷èñëåííî:

A, C : e−k1t = 1− k2

k2 − k1

e−k1t +
k1

k2 − k1

e−k2t ⇔ (2k2 − k1)e
−k1t − k1e

−k2t = k2 − k1;

B, C :
k1

k1 − k2

(e−k1t − e−k2t) = 1− k2

k2 − k1

e−k1t +
k1

k2 − k1

e−k2t ⇔

⇔ (k1 + k2)e
−k1t − 2k1e

−k2t = k2 − k1.

12. Ìîæíî ëè êèíåòè÷åñêè ðàçëè÷èòü äâå êèíåòè÷åñêèå ñõåìû: A + B
k1

�
k−1

AB
k2→C è

A+B
K

�AB, A+B
k2→C. Ðàâíîâåñèå â ïåðâîé ñòàäèè óñòàíàâëèâàåòñÿ áûñòðî. Äëÿ îïðåäåëå-

íèÿ êîíöåíòðàöèè AB èñïîëüçóåì ïðèíöèï êâàçèñòàöèîíàðíîñòè. Ñêîðîñòü îáðàçîâàíèÿ
ïðîäóêòà âûðàæàåì ÷åðåç [B].

Ðåøåíèå: â îáîèõ ñëó÷àÿõ óñëîâèÿ ìàòåðèàëüíîãî áàëàíñà çàïèñûâàþòñÿ êàê

[A]0 = [A] + [AB] + [C]
[B]0 = [B] + [AB] + [C]

⇒ [A] = [A]0 − [B]0 + [B].

Äëÿ ïåðâîé ñõåìû èç ïðèáëèæåíèÿ êâàçèñòàöèîíàðíîñòè ñêîðîñòü íàêîïëåíèÿ èíòåðìå-
äèàòà ðàâíà ñêîðîñòè åãî ðàñõîäîâàíèÿ, òî åñòü k1[A][B]− k−1[AB]− k2[AB] = 0⇒

⇒ [AB] =
k1[A][B]

k−1 + k2

=
k1[B]([A]0 − [B]0 + [B])

k−1 + k2

.
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Ñêîðîñòü íàêîïëåíèÿ ïðîäóêòà

WC = k2[AB] =
k1k2[B]([A]0 − [B]0 + [B])

k−1 + k2

.

Äëÿ âòîðîé ñõåìû WC = k2[A][B] = k2[B]([A]0 − [B]0 + [B]). Èòàê, â îáîèõ ñëó÷àÿõ
çàâèñèìîñòü WC îò [B] êâàäðàòè÷íà, à ðàçëè÷èÿ ñâÿçàíû ëèøü ñ êîýôôèöèåíòàìè; ñõåìû
ìîæíî ðàçëè÷èòü êèíåòè÷åñêè òîëüêî ïðè èçâåñòíîì çíà÷åíèè k2.

13. Ïðåäïîëîæåíî, ÷òî îäíîé èç ïðè÷èí îáðàçîâàíèÿ îçîíîâîé äûðû ÿâëÿåòñÿ ðåàê-
òèâíàÿ àâèàöèÿ: ïðè ñãîðàíèè êåðîñèíà çà ñ÷åò ïðèìåñåé âûäåëÿåòñÿ îêñèä àçîòà NO,
óñêîðÿþùèé ðàçëîæåíèå îçîíà ïî ñõåìå:

1) O3→O2 + O

2) O3 + O→ 2O2

3) O3 + NO→NO2 + O2

4) NO2 + O→NO + O2.

Âûâåäèòå êèíåòè÷åñêîå óðàâíåíèå äëÿ ñêîðîñòè ïðåâðàùåíèÿ îçîíà ïðè äîïóùåíèè ñòà-
öèîíàðíîñòè ïî O è NO2.

Ðåøåíèå: ïðèáëèæåíèå êâàçèñòàöèîíàðíîñòè ïî O è NO2 ïîçâîëÿåò ñâÿçàòü ñêîðîñòè
ñòàäèé: {

r1 − r2 − r4 = 0
r3 − r4 = 0

⇒
{

k1[O3]− k2[O3][O] = r4 = r3 = k3[O3][NO]
k3[O3][NO] = k4[NO2][O].

Èç âòîðîãî óðàâíåíèÿ [O] =
k1 − k3[NO]

k2

. Îçîí ó÷àñòâóåò â òð¼õ ðåàêöèÿõ, ïîýòîìó ñêî-

ðîñòü åãî ðàñõîäîâàíèÿ îïðåäåëèòñÿ ñîîòíîøåíèåì WO3 = k1[O3]+k2[O3][O]+k3[O3][NO] =
k1[O3] + [O3](k1 − k3[NO]) + k3[O3][NO] = 2k1[O3].

14. Ïðîàíàëèçèðóéòå ñèñòåìó ðåàêöèé:

A
k1→2M1

M1 + C
k2→P + M2

M2 + A
k3→P + M1

M1 + M1
k4→A

Êîíöåíòðàöèè M1 è M2 ìàëû. Î÷åâèäåí ðàäèêàëüíûé öåïíîé ìåõàíèçì. Ìîæíî ëè ïîëó-
÷èòü óðàâíåíèÿ êèíåòè÷åñêèõ êðèâûõ?

Ðåøåíèå: ñóììàðíîå óðàâíåíèå ðåàêöèè èìååò âèä A + C→ 2P, ïîýòîìó, ïðåíåáðåãàÿ
[M1], [M2], ìîæíî çàïèñàòü óñëîâèÿ ìàòåðèàëüíîãî áàëàíñà

[A]0 = [A] +
[P ]

2

[C]0 = [C] +
[P ]

2

⇒
d[A]

dt
+

1

2

d[P ]

dt
= 0

d[C]

dt
+

1

2

d[P ]

dt
= 0.

Çàïèøåì êèíåòè÷åñêèå óðàâíåíèÿ äëÿ ðåàãåíòîâ è ïðîäóêòà è ïîäñòàâèì èõ â óñëîâèÿ
ìàòåðèàëüíîãî áàëàíñà:

−d[A]

dt
= k1[A] + k3[M2][A]− k4[M1]

2

−d[C]

dt
= k2[M1][C]

d[P ]

dt
= k2[M1][C] + k3[M2][A]

⇒
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⇒


−k1[A]− k3[M2][A] + k4[M1]

2 +
1

2
k2[M1][C] +

1

2
k3[M2][A] = 0

−k2[M1][C] +
1

2
k2[M1][C] +

1

2
k3[M2][A] = 0.

Ñêëàäûâàÿ è âû÷èòàÿ ýòè óðàâíåíèÿ, íàéä¼ì{
k1[A] = k4[M1]

2

k2[M1][C]− k3[M2][A] = k1[A]− k4[M1]
2 = 0.

Îòñþäà

[M1] =

√
k1

k4

[A], [M2] =

√
k1

k4[A]

k2[C]

k3

.

Ïîäñòàâëÿÿ â êèíåòè÷åñêèå óðàâíåíèÿ, ïîëó÷èì

d[A]

dt
= −k2[C]

√
k1

k4

[A] =
d[C]

dt
= −1

2

d[P ]

dt
.

Çàìåòèì, ÷òî [A] − [C] = const = [A]0 − [C]0 ⇒ [C] = [A] + [C]0 − [A]0; ïîäñòàâëÿÿ â
äèôôåðåíöèàëüíîå óðàâíåíèå, íàéä¼ì

d[A]

d
√

[A]([A] + [C]0 − [A]0
) = −k2

√
k1

k4

dt⇒ k2

√
k1

k4

t = −2

[A]∫
[A]0

d
√

[A]

[A] + [C]0 − [A]0
=

=
2√

[C]0 − [A]0

(
arctg

√
[A]0

[C]0 − [A]0
− arctg

√
[A]

[C]0 − [A]0

)
.

[C] = [A] + [C]0 − [A]0, [P ] = [C]0 + [A]0 − [A]− [C]− 2([A]0 − [A]).

15. Ðàçëîæåíèå ñèëàíà ïðåäïîëîæèòåëüíî ïðîòåêàåò ïî ñõåìå

SiH4

k1

�
k−1

SiH2 + H2, k1 = 1, k−1 = 0.2

SiH2
k2→Si + H2, k3 = 20.

(Çíà÷åíèÿ êîíñòàíò íîðìèðîâàíû íà k1). Ìîæíî ëè èñïîëüçîâàòü ïðèáëèæåíèå êâàçèñòà-
öèîíàðíîñòè?

Ðåøåíèå: â êâàçèñòàöèîíàðíîì ïðèáëèæåíèè r1 − r−1 − r2 = 0⇒

⇒ k1[SiH4]− k−1[SiH2]− k2[SiH2] = 0⇒ [SiH2] =
k1

k−1 + k2

[SiH4].

[SiH4] çàäà¼òñÿ óðàâíåíèåì −d[SiH4]

dt
= r1 − r−1 = k1[SiH4]−

k1k−1

k−1 + k2

[SiH4]⇒

⇒ [SiH4] = [SiH4]0e
−k′t, [SiH2] =

k1

k−1 + k2

[SiH4]0e
−k′t, ãäå k′ =

k1k2

k−1 + k2

.

Ñîîòíîñÿ ïîëó÷åííûå äàííûå ñ òî÷íûì ðàñ÷¼òîì KINET, íàõîäèì, ÷òî [SiH2], ðàññ÷èòàí-
íàÿ â êâàçèñòàöèîíàðíîì ïðèáëèæåíèè, ñòàíîâèòñÿ áëèçêà ê òî÷íîé, íà÷èíàÿ ñ t = 0.2; â
ýòîì ìîìåíò [SiH4] ≈ 0.9, [Si] ≈ 0.05 ([SiH4]0 = 1). Òàêèì îáðàçîì, êâàçèñòàöèîíàðíîå
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ïðèáëèæåíèå ìîæåò áûòü èñïîëüçîâàíî äëÿ èññëåäîâàíèÿ ýòîé ðåàêöèè â ñîñòîÿíèÿõ, äëÿ
êîòîðûõ ñòåïåíü ïðåâðàùåíèÿ ïðåâûøàåò 10 %.

16. Ïðîöåññ êàòàëèçà çàäàí ñõåìîé

A + C
k1

�
k−1

A∗ + C,

A∗ + K
k2

�
k−2

M,

M
k3→P + K.

Èñïîëüçóÿ ïðèáëèæåíèå êâàçèñòàöèîíàðíîñòè ïî ïðîìåæóòî÷íûì ÷àñòèöàì, âûâåäèòå êè-
íåòè÷åñêîå óðàâíåíèå. Êàêèå ñîîáðàæåíèÿ î ñîîòíîøåíèè çíà÷åíèé êîíñòàíò ñêîðîñòè
ìîæíî ñäåëàòü, ÷òîáû óïðîñòèòü âûðàæåíèå è ïîëó÷èòü íåçàâèñèìîñòü îò êîíöåíòðàöèè
êàòàëèçàòîðà?

Ðåøåíèå: óñëîâèÿ êâàçèñòàöèîíàðíîñòè èìåþò âèä{
r1 − r−1 − r2 + r−2 = 0
r2 − r−2 − r3 = 0

⇒
{

k1[A]− k−1[A
∗]− k2[A

∗][K] + k−2[M ] = 0
k2[A

∗][K]− k−2[M ]− k3[M ] = 0

Èç âòîðîãî óðàâíåíèÿ [M ] =
k2[A

∗][K]

k−2 + k3

, èç ïåðâîãî [A∗] =
k1(k−2 + k3)[A]

k−1k−2 + k−1k3 + k2k3[K]
. Îòñþ-

äà

W = k3[M ] =
k1k2k3[A][K]

k−1k−2 + k−1k3 + k2k3[K]
,

÷òî ïåðåñòà¼ò çàâèñåòü îò [K] ïðè óñëîâèè k−1k−2 � 1, k−1k3 � 1, k2k3 � 1, òî åñòü
k−1 � 1, k2 � 1, k2, k−2 ≈ 1. Ïðè òàêèõ äîïóùåíèÿõ W = k1[A].

17. Ïðîöåññ êàòàëèçà çàäàí ñõåìîé

A + K
k1

�
k−1

M1,

B + C
k2

�
k−2

B∗ + C,

B
k3

�
k−3

M2,

M2
k4→P + K.

Äîïóñòèì, ÷òî â ïåðâîé ñòàäèè ìãíîâåííî óñòàíàâëèâàåòñÿ ðàâíîâåñèå. C � ñòåíêà ðåàêòî-
ðà. Ïî B∗ è M2 ïðèíèìàåì ñòàöèîíàðíîñòü. Ñêîðîñòü äåçàêòèâàöèè ÷àñòèöû M2, î÷åâèäíî,
ìàëà ïî ñðàâíåíèþ ñî ñêîðîñòüþ îáðàçîâàíèÿ àêòèâíûõ ÷àñòèö B∗. Âûâåäèòå êèíåòè÷å-
ñêîå óðàâíåíèå, êàêèå äîïîëíèòåëüíûå ñîîáðàæåíèÿ î ñîîòíîøåíèÿõ êîíñòàíò è ñêîðîñòåé
îòäåëüíûõ ðåàêöèé ìîæíî ñäåëàòü?

Ðåøåíèå: çàïèøåì óñëîâèÿ êâàçèñòàöèîíàðíîñòè{
r2 − r−2 − r3 + r−3 = 0
r3 − r−3 − r4 = 0

⇒
{

k2[B]− k−2[B
∗]− k3[B

∗][M1] + k−3[M2] = 0
k3[B

∗][M1]− k−3[M2] = k4[M2]

Èç âòîðîãî óðàâíåíèÿ [M2] =
k3[B

∗][M1]

k−3 + k4

, à èç ïåðâîãî [B∗] =
k2(k−3 + k4)[B]

k−2k−3 + k−2k4 + k3k4[M1]
.

Ñîîòâåòñòâåííî,

[M2] =
k2k3[B][M1]

k−2k−3 + k−2k4 + k3k4[M1]
, W = k4[M2] =

k2k3k4Kc[A][B][K]

k−2k−3 + k−2k4 + k3k4Kc[A][K]
,
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ãäå [M1] = Kc[A][K] (Kc � êîíñòàíòà ðàâíîâåñèÿ ïåðâîé ñòàäèè), ïîñêîëüêó ñ÷èòàåì, ÷òî
ðàâíîâåñèå óñòàíàâëèâàåòñÿ ìãíîâåííî. Ñ÷èòàÿ ïîñëåäíþþ ñòàäèþ ìåäëåííîé ïî ñðàâíå-
íèþ ñî âòîðîé, ïðåíåáðåæ¼ì ñëàãàåìûì k−2k4 â çíàìåíàòåëå; òîãäà

W =
k2k3k4Kc[A][B][K]

k−2k−3 + k3k4Kc[A][K]
.

Ñêîðîñòü ïðîöåññà ïåðåñòà¼ò çàâèñåòü îò [K] è [A] ïðè óñëîâèè k−2k3 � 1; â ýòîì ñëó÷àå
W ≈ k2[B].

18. Ðåøèòü ïðåäûäóùóþ çàäà÷ó, ñ÷èòàÿ êîíöåíòðàöèè âñåõ ïðîìåæóòî÷íûõ ÷àñòèö
ñòàöèîíàðíûìè; ñêîðîñòü äåçàêòèâàöèè M2 â òðåòüåé ñòàäèè ìàëîé ïî ñðàâíåíèþ ñî ñêî-
ðîñòüþ îáðàçîâàíèÿ M1 â ïåðâîé, êîíöåíòðàöèþ [M2] ìàëîé.

Ðåøåíèå: óñëîâèÿ êâàçèñòàöèîíàðíîñòè
r2 − r−2 − r3 + r−3 = 0
r3 − r−3 − r4 = 0
r1 − r−1 − r3 + r−3 = 0

⇔


r1 − r−1 = r4

r2 − r−2 = r4

r3 − r−3 = r4

⇒


k1[A][K]− k−1[M1] = k4[M2]
k2[B]− k−2[B

∗] = k4[M2]
k3[B][M1]− k−3[M2] = k4[M2].

Èç ïåðâîãî óðàâíåíèÿ [M1] =
k1[A][K]− k4[M2]

k−1

, èç òðåòüåãî [B∗] =
k2[B]− k4[M2]

k−2

. Ïîä-

ñòàâëÿÿ âî âòîðîå, íàéä¼ì

k2
4[M2]

2 − (k2k3k4[B] + k1k3k4[A][K] + k−1k−2k−3 + k−1k−2k4)[M2] + k1k2k3[A][K][B] = 0.

Ïîëàãàÿ [M2] � 1, ïåðåíáðåæ¼ì [M1]
2; òàêæå ïðåíåáðåæ¼ì òðåòüèì ñëàãàåìûì, ñ÷èòàÿ

k−1k−3 � 1; ïîëó÷èì

[M2] =
k1k2k3[A][K][B]

k2k3k4[B] + k1k3k4[A][K] + k−1k−2k4

.

Îòñþäà

W = k4[M2] =
k1k2k3k4[A][B][K]

k2k3k4[B] + k1k3k4[A][K] + k−1k−2k4

.

Çàâèñèìîñòü îò [A] è [K] òåðÿåòñÿ â ñëó÷àå k2k3k4 � 1, k−1k−2k4 � 1, [B] ≈ 1, òî åñòü, â
ïåðâóþ î÷åðåäü, ïðè k4 � 1; òîãäà W ≈ k2[B].

19. Àâòîêàòàëèç ïðîìåæóòî÷íûì ïðîäóêòîì. Ñõåìà A+B
k1→2B

k2→C. Ïðîâåñòè êèíåòè-
÷åñêèé àíàëèç. Áóäåò ëè êîëåáàòåëüíûé ðåæèì?

Ðåøåíèå: êèíåòè÷åñêèå óðàâíåíèÿ èìåþò âèä
d[A]

dt
= −k1[A][B]

d[B]

dt
= k1[A][B]− k2[B]2

Ýòè óðàâíåíèÿ íå èíòåãðèðóåìû â ýëåìåíòàðíûõ ôóíêöèÿõ; ðàçäåëèâ âòîðîå íà ïåðâîå,

ïîëó÷èì
d[B]

d[A]
= −1 +

k2

k1

[B]

[A]
. Çàìåíà z =

[B]

[A]
ïðèâîäèò ê ðàçäåëåíèþ ïåðåìåííûõ

z + [A]z′ = −1 + az

(
a =

k2

k1

)
.

Îòñþäà

dz

(a− 1)z − 1
=

d[A]

[A]
⇒ ln

(a− 1)z − 1

(a− 1)z0 − 1
= (a− 1) ln

[A]

[A]0
⇒ (a− 1)[B]− [A]

(a− 1)[B]0 − [A]0
=

(
[A]

[A]0

)a

.
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Äëÿ àíàëèçà êîëåáàòåëüíîãî ðåæèìà íàéä¼ì ñòàöèîíàðíóþ òî÷êó ñèñòåìû äèôôåðåí-
öèàëüíûõ óðàâíåíèé, ïðèâåä¼ííîé âûøå:{

−k1[A][B] = 0
k1[A][B]− k2[B]2 = 0

⇒ [A] = 0, [B] = 0.

Êîëåáàíèÿ âáëèçè òàêîé òî÷êè íåâîçìîæíû, ïîñêîëüêó â ñëó÷àå èõ ðåàëèçàöèè îïðåäå-
ë¼ííûì ìîìåíòàì âðåìåíè ñîîòâåòñòâóþò îòðèöàòåëüíûå [A] è [B].

20. Ìîæíî ëè îïðåäåëèòü çíà÷åíèå ýíåðãèè àêòèâàöèè, íå óñòàíàâëèâàÿ ïîðÿäîê ðå-
àêöèè ïðåâðàùåíèÿ èñõîäíîãî âåùåñòâà A â ðåàêòîðå èäåàëüíîãî âûòåñíåíèÿ? Ñêîðîñòü

ðåàêöèè â ðåæèìå èäåàëüíîãî âûòåñíåíèÿ âûðàæàåòñÿ óðàâíåíèåì: r = n0,A
dx

Sdl
, ãäå n0,A

� ÷èñëî ìîëåé âåùåñòâà A, ïîäàâàåìîãî â ðåàêòîð â åäèíèöó âðåìåíè, x � êîëè÷åñòâî
èñõîäíîãî âåùåñòâà, ïðîðåàãèðîâàâøåãî íà ðàññòîÿíèè l îò âõîäà â ðåàêòîð, S � ñå÷åíèå
ðåàêòîðà, ïîëàãàåìîå ïîñòîÿííûì ïî âñåé äëèíå ðåàêòîðà.

Ðåøåíèå: â äàííîì ñëó÷àå çàêîí äåéñòâóþùèõ ìàññ ïðèíèìàåò âèä

r = ± 1

V

dnA

dt
= k

(nA

V

)n

= n0,A
dx

Sdl
,

ãäå n � ïîðÿäîê ðåàêöèè. Îòñþäà k · dl

dx
=

n0,AV n

nn
AS

� â ïðàâîé ÷àñòè ðàâåíñòâà ñòîèò

ôóíêöèÿ ñòåïåíè ïðåâðàùåíèÿ, èíâàðèàíòíàÿ ïî îòíîøåíèþ ê èçìåíåíèþ òåìïåðàòóðû.
Ïðîèíòåãðèðîâàâ ýòî ðàâåíñòâî, ìû âíîâü ïîëó÷èì â îáåèõ ÷àñòÿõ âåëè÷èíû, íå çàâèñÿùèå

îò òåìïåðàòóð. Çíà÷èò, ñòðîÿ çàâèñèìîñòü ln x îò
1

T
, ïîëó÷èì ïðÿìóþ ñ óãëîì íàêëîíà

Ea

R
� àíàëîã ìåòîäà ðàâíîïðîöåíòíûõ âûõîäîâ.
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