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    THE ACTIVATED ADSORPTION OF METHANE ON 

              REDUCED NICKEL 

                         By MASA0 KUBOKAWA. 

    The activated adsorption plays an important part in catalysis and it has 

been the subject of many studies. It is well known that nickel is highly active 

as a catalyst for the decomposition of methane," but the adsorption of methane 

on nickel has not been studied so much. According to 0. Schmidt," methane 

is adsorbed little on nickel and seems to make no activated adsorption from a 

monotonous isobar in the temperature range between room temperature and 

23o°C. I-I. S. Taylor and his co-workers,'" however, assumed that methane might 

make such an activated adsorption- as breaks the C-H bond from the exchange 

reaction of methane with CD, or D2 at more than 138°C. The present research 

is to ascertain the existence of the activated adsorption directly from experiments 

on adsorption performed by using the nickel carefully prepared, and elucidate the 

nature of the adsorption in question. 

                           Experimental. 

    Apparatus and Method. 

    Experiments were carried out under low pressures to''-5 mm., using a large quan-

tity of active nickel catalyst because it adsorbs little methane. The main part of the apparatus 

is shown in Fig. i. The volume of the adsorption space was measured by the standard 

volume V. The specific gravity of nickel was taken as 8.90. Before the experiment is carried 

out, the catalyst in S is fully desorbed and a required quantity of methane filled in the right-

hand side of c,. The initial pressure shown at the moment the gas was introduced into S 

through c, was calculated from the volume of tie adsorption space and its temperature. The 

pressure measured at any time being deduced from it, the adsorption amount was obtained. 
    The temperature of the electric furnace used was kept within to.5°C. during the experi-

ment by means of a regulator of chopper bar type." In the experiment at low temperatures 

ether cooled by liquid air (-112°C.), solid carbonic acid (-78°C.) and liquid ammonia 

(-33°C.) were used. 

    * This is the detailed report which appeared in Pror. fm/. Arad. Tokyo, 11. 61-66 (1938). 
    1) e.g. Slater, J. Chum. Soc., 109, tot (1916); Cantelo, J. Phys. Chem., 28. 1036 (1924): 30, 899, 

       1941 (1926): 31, 124 (1927). 
    2) Sehmidt, Z. phyrik. Chem., 118, 211 (1925); 135, 295 (1928) 
    3) hiorikawa, Benedict and Taylor, r. Ant. Chem. Sac., 58, 1445 (1936). 
    4) Kubukawa, Re-r. Phvs. (7hem. Japan, 12, 90 (1938)
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                                       Pig. r. Apparatus. 

                 S Sorption vessel. A Apparatus for gas analysis by 
                 1' Automatic TBpler pimp. thermal conductivity method. 

                1) f>iffnsinn pomp. It (Ias burette for ordinary gas 
                   \t, Mcfxorl manometer. analysis. -

                 U_ Ordinary manometer. V Standard volume of 22o cc. 

    In the case of analysis of the desnrbed gas, the gas was introduced into A by means of 

an automatic Topler pump T.5> A consists of two chambers connected with a U tube-holding 

sulphuric acid. In each chamber a platinum wire ar mm. in diameter and 30 cm. in length 

is stretched. These two wires are set as tie arms of WLheatstone bridge, on which -a given 

                                         low electric current is transmitted. If one 

53 of the chambers holds a gas of good 
                                         thermal conductivity such as hydrogen, 

                                         the temperature of the wire does not rise 
52 and the wire shows smaller resistance than 

                                         the other. Therefore, in one off the chain-

51 -8 bets pure methane being put under a low 
   i pressure (2mm. Hg) and in the other a 

so hydrogen-methane mixture of known per-
                                            centage under the same pressure, the read-

    0 so 40 6o so 100 ing of the bridge was made. The calibra-              -. Per entage of hydrogen. 
     Fig. 2.-Calibration curve for gas analysis of non curve thus obtained is shown in Fig. 

                  Cit4 and It, mixture. -. -

     5) Wheaver and Shepherd, J. Am. Chem. Soc., 50, 1829 (1928)6
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    From this curve the amount of hydrogen contained in clot c.c. of methane (at N.T.P.) 
could be detected within the accuracy of to.z%. 
    For fear of the vapour of grease and mercury, the part L was cooled with solid carbonic 
acid. The grease used was Apiezon grease L. 

    Materials. 
    Methanee which was prepared by the reaction between aluminium carbide, and water was 

carefully refined and distilled several times with liquid air.1) 
    Nickel was 'prepared thus: nickel oxide prepared by decomposing completely nickel 
nitrate of ICahlbaum free from cobalt at 350"C. was reduced with hydrogen. In every experi-
ment 15 g, of nickel oxide was reduced in S in Fig. t. Hydrogen was passed over the oxide 
at a speed of r I. an hour and let_ it out through c., The conditions of the reduction are as 
follows : 

                 Ni(I) ........................Reduced at 35o°C- for 3 days. 
                 Ni(II) ........................Reduced at z5o°C. for 5 days. 

Hydrogen was prepared by the electrolysis of potassium hydroxide solution and dried with 

phosphorus pentoxide after passing it over heated platinum black. 

                            Results. 

    Adsorption at low temperatures. 
    In the temperature range -Iloo-..2o0C- adsorption equilibrium was estit-

blished within several minutes after the introduction of the gas. The adsorbed 

gas being easily removed, reproducible results were obtained. It is considered 
from these results that methane makes only van der \Vaals' adsorption on nickel 
at these temperatures. The isotherms for Ni(l) is shown in Fig. 3. 

                                            As shown in Fig. 4, the adsorp-

                                        tion `y tion isotherms coincide well with ~R 
oo6 

E ° Langnmir's equation, which is ex-
   114 pressed thus : Y 

                      SSY dc 
                                    m=abp j(1 +bp), 

     0.01 7oc 

E or plnt=l/ab+p/a, 
t where of is the adsorbed amount, 

      0 0.1 0.2 0.3 0.4 o.g p equilibrium pressure, a and b                p (Equilibrium pre>sure in cm.) 
  Fig. 3i-Adsorption i.ntherms of methane. Constants. 

    From the assumption of the monontolecular adsorption the amount of methane 

required for surface saturation becomes 0.115 c.c. (N.T.P.) using the value of a 

obtained from Fig. 4. The heat of adsorption Q is calculated by 

    6) Kuhokawa, Rev. Phyr. Gum. Jajan, 11, 8s (1037)•

.1

.SSY OC
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p    16 
                                    b=bae2r, or log 6=Q/457 T+Const. 

  12 la The relation between i/T and the 

                      vt u logarithm. of b calculated front Fig. 4 c g 
                                'st is linear as shown in Fig. 5. As the 

t 
4 lift value of the heat of adsorption r 

-

                                      kcal/g. mol was obtained, which is a 
                                        reasonable value for the heat of van       0 0.1 0.2 03 04 0.5 

              -» p 
Fig. 4 der Weals' adsorption. 

. 

    Adsorption above room temperature. 
   It is evident from Fig. 3 that van der Waals' adsorption is decreased with 

the rise of temperature, especially above room temperature. At temperatures a 

little higher than room temperature, 0.8 
however, another type of a slow ad-

sorption was observed. This adsorp- o.6 

Lion is considered to be what is called 
                                                                            0.4 

activated adsorption as the velocity r 
                                             co 

of the adsorption increases with ` 
                                                                            0.s 

rising temperature. In the case of t 

Ni(I) at loo0C. this type of adsorp- o 

Lion proceeded at measurable rate, 
                                                        2 3 while in the case of Ni(II), which is /TSdIoa 5 6 7 8 

more active than Ni(I) being reduced Fig. 5. 
   0.10 

                                         at lower temperatures, the adsorption 

q 0.03 was observed even at 4o°C.. But 

                                      at such a low temperature as this 

   0.06                                       adsorption equilibrium is not so 

c rapidly established : it is established 

K 0104 in more than 5 days at too°C ., in 3 

                                         days at 130°C., and in i hour at 
   o.oa 

t m 170°C. 

                                          One of the curves of the adsorp-
      0 10°0 soon 3000 4000 500° 

           -• Time in min. tion velocity of Ni(I) is shoon in 
      Fig. 6.-Velocity curve of activated adsarption 

            of methane o0 Ni (I} Fig. 6 and that of Ni(II) in Fig. .7. 
         I. Expt. at io0°C, pa=0.0x173 cm. The ordinatess of Figs. 6 and 7 denote 

          it. „ . r3o°C, Pos0.0to32 cm
, in. •• [5o°C, po=o.00858 cm. the amount of adsorption and the
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number of experiments must be carried 
 out at different temperatures and pres-

 sures. Therefore, the isotherms obtained 

 as many as possible were interpolated 

 and the isobar for an equilibrium 

 pressure obtained. The isobars of Ni(I) 
 and Ni(II) are shown in Figs. 8 (o.oi 

 cm.) and 9 (o.oooi cm.) respectively. 
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    On the reproducibility of the results. 

    The methane adsorbed above room temperature can not easily desorbed 

merely by evacuation. But when evacuated at 200°C. for an hour, it is com-

pletely desorbed. Therefore this previous evacuation was made before each 

experiment. If methane is adsorbed above 250°C., the adsorbability of nickel 

falls. This may be due to the formation of nickel carbide') taking place above 

the temperature, since the activity of nickel is recovered by passing hydrogen 

over it at the temperature for 24 hours." At such a low temperature as 170°C. 

the activated adsorption could be reproduced only by evacuation. 

    The examination of van der W\raals' adsorption at -78°C. on the nickel 

which had made activated adsorption showed the decrease in the amount of 

adsorption. The desorption at 2o0°C. before the experiment on van der Waals' 

adsorption, however, produced no influence on the adsorption. 

    Allmand and Chaplin" have shown that the activated adsorption can be 

interpreted by the phenomena of the displacement of surface impurity such as 

unreduced oxide or adsorbed oxygen. Their interpretation must be denied in the 

present research. For nickel was fully reduced ; much attention was paid to the 

poisoning by leakage of the atmospheric gas. The fact that methane was not 
adsorbed at 120°C. when poisoned by introducing a small quantity of air to the 

system and the reproducibility of the present experiment show that,the measure-

ment was made on true activated adsorption. What is, then, the activated 

adsorption of methane ? Is it nothing but the activation of the C-I-I bond or is 

it so dissociative an activation as will cut the bond 7 To solve these questions, the 

following experiment was performed. 

    The detection of hydrogen in the desorbed gas. 

    The methane which had made activated adsorption was taken out by means 

of Topler pump and the content of hydrogen contained in it was examined as 

already mentioned. After the hydrogen which had adsorbed on Ni(l) was fully 

dcsorbed by evacuating at 35o°C. for six hours, methane was introduced. One 

of the experiments carried out is thus: methane was left in the vessel under the 

initial pressure of 1.37 cm. at t 5o°C. and five days later, when equilibrium was 

established, the gas to be desorbed at the same temperature was analysed. The 

gas coming out for the first r minute was pure methane ; the gas taken out for 

     7) Scheffer, Dokkum and Al, Ree. tmv., 45, 303 (1926). 
     S) This fact is interpreted according to the equation: Ni,C+21t,-nNi+(;lh. 
     9) Allmand and Chaplin, Tmm. Farad Soc., 28, 213 (1932).
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the next 30 minutes contained 14% of hydrogen ; the gas desorbed hereafter 

became rich in hydrogen. This result shows that the methane which had made 

activated adsorption has been dissociated and that the dissociated hydrogen can 

not easily cone out into the gaseous phase because of its strong adsorption on 

nickel. 

   Both the adsorbability of the hydrogen dissociated by activated adsorption 

and the velocity of adsorption can not be neglected in the present research, be-

cause they must be taken into consideration in calculating the heat of activated 

adsorption of methane and the activation energy.
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adsorption of hydro 
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activated         adsorption

10) 
11) 
tz) 
13)

                                  The isobar of hydrogen for 

                                   nickel at o.ooot cm. is shown in 

                                   Fig. io.'D~ From the comparison 

                              of Fig. to with Fig. S under the 

                                assumption that the adsorption is 

                                   in Henry's region, it is seen that 

                              hydrogen is adsorbed on Ni(I) about 

   too 120 140 r6o rso too times as methane at 1300C. 
     -. Temperature 'C. 

Fig. to.-Adsorption isobar of hydrogen The amount of adsorption of hydro-
     at o.aooicm. for Ni(l)~ gen is thus large , so that the heat 

rtion calculated from the isobar of the activated adsorption of methane is 

   at all. For example, the heats of adsorption for Ni(I) and Ni(II) 

d from Figs. 8 and 9 are 40 and 6 kcal./g. mol respectively. 

    of the activated adsorption. 

    the measured velocity of the activated adsorption of methane is the 

of the surface reaction which means the dissociation of the C-H bond or 

he          of the dissociated hydrogen into the interior of nickel') which 

the surface reaction must be determined. The velocity of the activated 

on of hydrogen is exceedingly large as compared with that of methane. For 

      case of Ni(I) o.t34 c.c. of hydrogen was adsorbed for 15 minutes 

ot5S8 cm. Comparing this result with Fig. 6 it is seen how rapidly 

  is adsorbed.''' The diffusion laws'o") which are applicable to the 

          of hydrogen can not be applied to that of methane. These 

Cf. Burton and White, j. -.1m. Chap. Soc., 52. 2325 (1930). 
Ward, Proc. Roy. See. (A), 133. 5o6 (1)31), Tran:. Pamd. Sot., 25, 444 (1932). 
Cf. lijima, Rev. Ply:. Chem. Japan, 7.3, 24, 36 (t933): 8. 44 (1934): 12. 1 (1934 
WWilliam and Cady, Chem. Reu., 14, 171 (1934}
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facts lead to the conclusion that the observed velocity is the velocity of the 

surface reaction including the activation of the C-H bond of methane. 

   From the reversibility of the surface reaction the rate of sorption is expressed 

thus :u) 3.0 

      - =k,p(I-d)-kaB, 

                                                             2.5 

where p is the pressure of 

methane, k, and k, constants, g 
                                                                      2.0 

and 0 the fraction of the surface S I 

covered with adsorbed methane. c 

For small amount adsorbed, (i t 1.5 
-0) may be taken as unity, lII 

and the above equation reduces ,;0 
                                               0 1000 2000 3000 4000 Soon to _° r (Time in min.) 

      _ dp =k(p_pe) Fig. II. 
           dt 1. Expt. at 100°C, p0=0.01173 cm. 

                                                   71. „ 130°C, po=0.01032 cm. 
where p, denotes the equilibrium In. .. 150°C, p,=o.uu858 cm. 

pressure, as a limiting expression of both adsorption and desorption. Integrating 
this equation, it becomes 

            log (p-p°)=log (A,-pt)-o.4343 Id, 

where p° is the initial pressure of methane. The linear relation between log 

(p-p,) and t required by this equation holds well as shown in rig. a for Ni(1) 
and Fig. 12 for Ni(II). 

    3.0 

1 

      2,5 
                                                            T. Expt. at 4o°C, /=0.00768 cm. 

'^ if . 60°C, 0.00801 cm. 
                                                          III. „ so-C, 0.00777 cm. 

   2.0 TV. „ loo°C, 0,9084 cm. 
vj V. ., 120°C, 0.00791 cm. 

                                                                 VI. ,. 15o°C, 0.09790 em. 
                                                          VII. , 170°C, 0.00794 cm. 

 t [.5 V ill. ., Zoo°C, 0.00796 cm. 
                                                           Ix. „ 250°C, 0,00797 cm. 

           N V 
     IX 
     1,0 

      0 30 6o 90 120 
              -. t (Time in min.) 

                      Fig. 12. 

     14) Barrer, Proe. Rate. Soc. CA), 149, 253 (1935)

a

IX N v N



                                       The Review of Physical Chemistry of Japan Vol. 12f No. 

No. 3 ACTIVATED ADSORPTION OF METHANE 185 

    The heat. of activation E is given by Arrhenius' equation, a being a constant. 

                     -rH 
              k=ae "I'. 

This relation holds as shown in Figs. 13 and 14. 

                                                                     2.5 

   24 

                                       W 20 
M A b 

   r.5 . 
M 'F 

Y n c 1.5 
t2 ^ C 

   IA t 

t 
                                                  IA 

    0.5 
      2.0 21 2{ 2.6 Z.8 -,.o :.8 ZO 2.2 24 2.6 2.8 3A 

              x/75< m' I/7X lo' 

                  Fig. 13. Fig. 14. 

    As the heat of activation, E=7 kcal./g. mol was obtained, which was the 

same for both Ni(I) and Ni(II). 

                        Discussion of Results. 

    It is very interesting to mention that the C-H bond of so stable a saturated 

hydrocarbon as methane is activated on the surface of nickel at a low tempera-

ture, such as qo°C. The process of the dissociation which follows the activation 

is considered to be successive dehydrogenation of the surface free radicals; 

CH.-*CH,+H-,CII_+2H-.01+3H-*C+41. The process of the desorption is 

reverse: the surface free radicals are successively hydrogenated and desorbed as 

methane. 

    It seems probable, therefore, that various C-H fragments exist on the nickel 

surface in equilibrium. This equilibrium will be affected by temperature, pressure 

and the nature of surface. The formation of carbon (graphite) during the course 

of the activated adsorption is evident from the fact that the amount of the 

activated adsorption is considerably large as compared with the saturation value of 

van der Weals' adsorption of methane. It is also clear from the reproducibility 

of the present experiment that the adsorption by separated graphite is negligible. 

    The observed value of the activation energy, 7 kcal., is the one obtained for 

the initial part of the reaction, so that it is probably the value for the first stage, 

CH,-.CH,+H. Therefore, let us compare the value with that of Taylor and

N

N

N
N

v
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  others."' According to their report, it was ascertained that in the presence of 

  nickel CH, makes exchange reaction with CD„ D.. or D.O above 1350C., and 

  from this fact it was assumed that above the temperature the dissociation of the 

  C-H bond of methane would take place. Their values of the activation energy 

  are as follows : 

              (1) Cll,+CD,-.CH,D, CD,I4 etc. E-tgkcal. 

               (2) CH-I,+D_-.CH,D etc. E=28 kcal. 

     The velocity of reaction (t) is regarded as that of the process of desorption 
 of the radicals -CHs, CD,. etc.-as methane by their recombination with D or 

  H. Q, the heat of activated adsorption of methane on nickel can be calculated 
 from the data of the present experiment thus:"' 

               Q=19-7= 12 kcal./g. mol. 

     As to the activation energy for reaction (2), it is considered to include the 

 energy. of desorption of deuterium from the fact that the reaction is retarded by 
 strong adsorption of deuterium. Therefore it is not suitable to discuss here. 

     It has been found that the activation energy of the reaction CH,-.CII3+H, 

 which is the first stage of the homogeneous decomposition of methane, is so high 

 as too kcal."It is to be noted that such a high energy is reduced only to 7 

 kcal. in the case of methane adsorbing on the surface of nickel, for this fact in-
 dicates a remarkable .action of the catalyst. 

                         Summary. 

      t) The adsorption of methane on reduced nickel has been measured under 
  ic'-`,5 mm. pressures in the temperature range -112°-..25o°C. 

     2) Only van der Waals' adsorption being measured below room tempera-

 tore, the heat of adsorption has been found to be i kcal. In the presence of 

  active nickel catalyst, activated adsorption has been measured even above 40'C-

     3) It has been ascertained from the analysis of the desorbed gas that the 
 activated adsorption of methane is a dissociative adsorption including the activa-
 tion of the C-H bond. 

     q) The activation energy calculated from the velocity of the activated 
 adsorption is 7 kcal. 

       r5) Lot. tit. 
       t6) There is a little diterence between the activation energy of C-li and that of C-I) caused by 

           difference between their zero point energies, which has been neglected in the calculation. 
       17) Rice and Dooley,. J. Rm. Clone. Soc., 56, 2747 (1934).

3(1938)
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   5) Considering the observed value of the activation energy to be that of 
the process, CH,-.CI-i3+ H, and calculating the heat of activated adsorption to be 

12 kcal., the energy relation to the initial stage of the catalytic decomposition 
has been elucidated. 

   The author takes this opportunity to express his deep gratitude to' Professor 
S. Horiba for his continued guidance. 

    This is the paper presented to the Committee of Catalysis of Japan Society for the Promotion of 
Scientific Research. 

                                                   (Received April 27 (1938)J 
        The tnboratory of Physical Chemistry, 

            Kyoto .hapcrial Uniarrsity.
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