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. 1. , . -
: 1 – -77, 2 – -70, 3 – -64, 4 – -58, 5 – -53, 6 – -47,

7 – -43, 8 – -40, 9 – -34, 10 – -31, 11 – -27, 12 – -25, 13 – -23, 14 – -21 °
[Fig. 1. Representative spectrum of the saturated nickel carbonyl vapor at the following temperatures: 1 – -77, 2 – -70,

3 – -64, 4 – -58, 5 – -53, 6 – -47, 7 – -43, 8 – -40, 9 – -34, 10 – -31, 11 – -27, 12 – -25, 13 – -23, 14 – -21 ° ]
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. 2.
 230.7 . 

[Fig. 2. The dependency of optical absorption coefff  cient (at wavelength of 230.7 nm) on the gas phase concentration 
of Ni(CO)4. Point labels correspond the equilibrium temperatures]
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[Designation and dimension
of the constant (mol/cm3)] [Value]

,

[Numbers of the corre-
sponding equations in the

text]

 ( / 3),
-

[The concentration upper limit 
(mol/cm3)]

q230.7 , / 2 8.23 10–7 4 4.2 10–7

Q250–270 , / 3 1.02 10–8 6 7.0 10–7

Q270–290 , / 3 1.77 10–8 6 1,2 10–6

Q300–310 , / 3 1.00 10–7 6 4.2 10–6



74 ,  19,  1, 2017

 2
.

 (
1)

[T
ab

le
 2

. R
es

ul
ts

 o
f 

sp
ec

tro
ph

ot
om

et
ric

 s
tu

dy
 o

f 
eq

ui
lib

riu
m

 (
1)

]

[E
xp

. 
nu

m
be

r]
[S

ol
id

 
ph

as
e]

(
) 

 C
O

T=
29

8 
TT

[I
ni

tia
l p

re
ss

ur
e 

of
 

C
O

 b
ef

or
e 

th
e 

re
ac

tio
n 

at
 

T=
29

8 
TT

]

, °
[E

qu
ili

br
iu

m
 

te
m

pe
ra

tu
re

, °
]

 N
i(C

O
) 4

[A
bs

or
pt

io
n 

co
ns

ta
nt

s]
:

k 23
0.

7
kk

, 
–1

S 30
0,

 3
10

 
SS

*

N
i(C

O
) 4,

 *
[E

qu
ili

br
iu

m
 

va
po

r, 
ba

r *
]

 C
O

,
*

[E
qu

ili
br

iu
m

 v
ap

or
, 

ba
r *

]

x N
i(C

O
)

xx
4, 

.%
 *

[M
ol

e 
fr

ac
tio

n 
in

 
4

th
e 

ga
s-

ph
as

e,
m

ol
.%

 *
]

p pN
i(C

O
)

C
O

4

4
*

1
N

i,
.

0.
70

5

80
(4

3.
72

)
(0

.1
27

)
(0

.3
27

)
(2

7.
9)

(1
1.

11
)

(4
3.

72
)

(0
.1

27
)

(0
.3

27
)

(2
7.

9)
93

(2
6.

35
)

(0
.0

79
)

(0
.5

47
)

(1
2.

6)
(0

.8
82

)
(2

6.
35

)
(0

.0
79

)
(0

.5
47

)
(1

2.
6)

10
0

(2
0.

37
)

(0
.0

62
)

(0
.6

31
)

(9
.0

)
(0

.3
93

)
(2

0.
37

)
(0

.0
62

)
(0

.6
31

)
(9

.0
)

11
5

(5
.5

4)
(0

.0
18

)
(0

.8
45

)
(2

.0
)

(0
.3

46
)

(5
.5

4)
(0

.0
18

)
(0

.8
45

)
(2

.0
)

12
5

3.
96

 (2
.3

2)
1.

06
·1

0–2

(7
.6

·1
0–3

)
0.

89
7

(0
.9

09
)

1.
2

(0
.8

)
0.

01
6

(0
.0

11
)

13
0

3.
11

 (1
.3

8)
5.

8·
10

–3

(4
.6

·1
0–3

)
0.

92
9

(0
.9

33
)

0.
6

(0
.5

)
0.

00
7

(0
.0

06
)

2
N

i, 
.

0.
22

4

80
3.

35
8.

0·
10

3.
35

–3
0.

23
3

3.
3

2.
74

3.
3

85
3.

24
7.

8·
10

3.
24

–3
0.

23
7

3.
2

2.
50

3.
2

90
2.

24
5.

5·
10

2.
24

–3
0.

25
0

2.
2

1.
41

2.
2

10
0

0.
53

1.
3·

10
0.

53
–3

0.
27

4
0.

5
0.

23
5

0.
5

10
5

0.
29

7.
5·

10
0.

29
–4

0.
28

0
0.

3
0.

12
1

0.
3

11
0

0.
17

4.
4·

10
0.

17
–4

0.
28

5
0.

2
0.

06
7

0.
2

11
5

0.
12

3.
2·

10
0.

12
–4

0.
28

9
0.

1
0.

04
5

0.
1

3
1%

 
. 

-
G

a 
 N

i
0.

70
5

87
1.

15
1.

98
·1

0
1.

15
–3

0.
84

1
0.

24
4.

0·
10

0.
24

–3

95
0.

37
6.

53
·1

0
0.

37
–4

0.
86

6
0.

08
1.

2·
10

0.
08

–3

10
0

0.
17

3.
04

·1
0

0.
17

–3
0.

87
9

0.
03

5.
1·

10
0.

03
–4

4
10

%
 

. 
-

G
a

 N
i

0.
56

6
75

0.
16

2.
49

·1
0

0.
16

–4
0.

65
8

0.
04

1.
3·

10
0.

04
–3

80
0.

11
1.

79
·1

0
0.

11
–4

0.
66

8
0.

03
0.

9·
10

0.
03

–4

85
0.

02
3.

32
·1

0
0.

02
–5

0.
67

8
0.

00
5

1.
6·

10
–4

*
. 

. 2
 

, 
, 

 3
00

 
 3

10
 

(S
30

0,
 3

10
 

SS
). 

, 
 2

30
.7

 
 (k

23
0.

7
kk

). 
[*

 N
ot

es
. T

he
 v

al
ue

s, 
ca

lc
ul

at
ed

 fr
om

 th
e 

ar
ea

 b
el

ow
 th

e 
sp

ec
tra

l c
ur

ve
, l

im
ite

d 
by

 th
e 

w
av

el
en

gt
h 

va
lu

es
 o

f 3
00

 a
nd

 3
10

 n
m

 ( S
30

0
31

0
,

nm
) a

re
 g

iv
en

 in
 th

e 
br

ac
ke

ts
. T

he
va

lu
es

 w
ith

ou
t b

ra
ck

et
s r

ef
er

 to
 d

at
a,

 c
al

cu
la

te
d 

fr
om

 th
e 

op
tic

al
 a

bs
or

pt
io

n 
co

ef
 c

ie
nt

 a
t t

he
 w

av
el

en
gt

h 
of

 2
30

.7
 n

m
 (

k 23
0

7.
nm

)]

. . , . . 



75,  19,  1, 2017

K
p

pP
# = Ni(CO)

CO

4

4  (8)

,  « »
KP -

, -
 ( , 

, ):

4

#
Ni Ni(CO) COln( ) 4� �

PRT Km = + m - mв сплаве  (9)
m mNi(CO) CO4

4� �-  – -
-

. 

, -
KP

# -
P. , -

K KP P
# = . ,  (9), 

 ( . 3) -
-

.

 (1) , 

. , 
-

. 3. KP  (  (1) 
)  « » KP

#  (  (1)  GaxNi1-x). : 1–5 – 
, 6–8 – : 6 – [11], 

7 – [12], 8 – [13], 9 – , 
, 10, 11 – 

 GaxNi1–x– : 10 –  Ga 1 .%, 11 – 10 .% Ga
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Abstract.The purpose of this work was to investigate the heterogeneous equilibrium:
Ni(S) + 4CO(V)� Ni(CO)4(V).

The data on the temperature dependence of this reaction equilibrium constant enables to measure 
important thermodynamic parameters (such as reaction enthalpy and entropy). Pure nickel or the 
solid solutions of gallium in nickel were used as equilibrium solid phases. It should be stressed that 
only nickel and nickel alloys form the stable carbonyl compound (Ni(CO)4) in the reaction between 
solid metals and carbon monoxide at low vapor pressures (up to 1 bar). The considered reaction has 
high selectivity and in the case of nickel alloys only nickel (as a component) reacts with carbon
monoxide.
High temperature spectrophotometry is the main method of vapor-pressure measurement in this work. 
Nickel carbonyl vapor has the speci  c bands in the near-UV absorption spectrum. The characteristic 
spectrum consists of  main peak at 206 nm and two shoulders at 230 nm and 270 nm. The investiga-
tion of the optical absorption at these bands as a function of temperature allows one to determine the 
temperature dependence of nickel carbonyl concentration and, therefore, the equilibrium constant 
and some thermodynamic values for very reaction. To record the spectra during heating the experi-
ment was carried out in an evacuated quartz cuvette. This cuvette was  lled with nickel (nickel alloy) 
powder and with carbon monoxide gas. The vapor pressure was measured by the digital manometer 
(XP(( 2i). Then the cuvette was sealed and annealed in the liquid thermostat for some days to reach an 
equilibrium state. After anneal the cuvette was quenched and analyzed for Ni(CO)4 concentration by 
spectral scanning. To  nd the dependency between the optical absorption coefff  cients kkk  and the 
Ni(CO)4 concentration in the gas phase the separate experiments for the spectrum scanning of car-
bonyl saturated vapor (Ni(CO)4 (S)

�Ni(CO)4 (V); Ni(CO)4 (L)
�Ni(CO)4 (V)) were organized at very low 

temperatures (-70 – -25 ° ).
Appreciable amounts of the nickel carbonyl were detected only at low temperatures (<130 °C), 
however at temperatures lower than 70 °  the reaction rate was very low. For the reaction with pure 
nickel the calculated value of the reaction entropy is –460.27±10.23 J/mol·K and enthalpy is
–168.12±3.97 J/mol. Concerning the solid solutions of gallium in nickel, the prompt decrease of the
equilibrium gas-phase carbonyl concentration with the increase of gallium concentration in the con-
tacting solid solution was found.

Keywords: vapor-pressure methods, spectrophotometry, heterogeneous equilibrium, vapor phase, 
absorption, nickel carbonyl.
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