109

measurements in this study are conducted after twenty minutes of
exposure to CO/H, in order to let the reaction reach steady state, It
is Tikely that the Cg already exists on the surface. Bell et at.(41)
indicated that Cg does not deactivate the catalysts. The location of Cg
has been suggested to be between the metal and the support
(41)

interface. It is possible that some Cg may occupy active sites for

Cad* High PHz varies the low level of C which results in 3]

irr?
increasing with PHZ. An alternative explanation for the abserved
increase of k; with PH2 is "slow oxygen remové]." Whenever the steady-
state level of 0,4 1s sufficiently high to impair CO dissociation, a
varying level of 0,4 would translate into a varying rate éonstant, kqe
As eoad is expected to decrease with increasing PHZ' this also will
result in k; increasing with PHZ.

From the study of H/D isotope effect (Chapter 5), we found an
inverse H/D isotope effect (RCD4 > RCH4) with %p, > Gcn, and kCHx 2
kCDx' If one of the hydrogenation steps of sUrfgce carbon is rate
Timiting, then one would expect kCHx > kCDx since light Hy generally
reacts faster than D2. However, the observation of kCHx 2 kCDx seems
incompatible with what would have been observed if ko was a
hydrogenation step. The observation of eCDx > eCHx, implias that in D,y
atmosphere, CO “"dissociates" more rapidly than in H, atmosphere. This
seems consistent with H-assisted CO dissociation. With regard to ko, it
is suspected that a carbon “depolymerization" step or a change in

carbon-metal coordination rather than a hydrogen-addition step is rate
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determining, Since hydrogen is not involved in rate-limiting step; it
will result in kCDx 2 kCHx°

With respect to k;, the possibility of a thermodynamic effect,
i.e., a difference ‘in steady-state.level of CO qissociation-impairing
species such as OH or CgHy (respectively 0D or CBDy) is considered.
Additional evidence which suggests.the H may not be involved in the rate
Timiting step is presented in Figure 4-24a,

A special experiment was conducted at one pgrticular reaction
condition (T = 2309C, Hp/i0 = 3.3, 60 wt % Ni/Si0,) with Rep, = Ry
The 1ingrowth aof 12CH4 transient reponses was compared: the ingrowth
of 12CH4 from_13C0 + HZ + 12co + H23 and'the ingrowth'of 12CH4 from 1260
+ Dy - 1200 + Hy. The 12CH4- transient (from 13co _EE 1260 )
represents the carbon involving reaction pathways. The 12CH4 transient
(from D ___Q H2 ) represents the H involving reaction pathways. As
seen in Figure 4-24a, the H involving reaction pathways are much faster
than the carbon involving pathways. This observation indicated that the
hydrogenation of surface carbon is .a fast process. H assisted CO
dissociation or hydrogenation of surface active carbon may not involve
in rate-limiting step. The result further suggestéd' that the
hydrogenation of surface carbon 1is a process involving a fast
equilibrium between each addition of H steps.

The abparent activation znergy obtained from TOF of CHy and from o
may also bear relevant information regarding the rate-limiting step.
The apparent activation energy of the hydrogenation of surface active

carbon, Cy4 (* 10 kcal/g mole Figure 4-8), differs from that of the
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methahation reaction (25 - 32 kcal/g mole Table 4-2). This finding
suggests that the hydrogenation of surface active carbon does not seem
to be rate controlling. Taken together, a simplified reaction scheme is
proposed as shown in Figure 4-25. The slow step is either C-C
depolymerization or change in C-M &oordination.

Literature regarding the ;-C dépo]ymerization and change in C-M
coordination will be discussed below. Tamaru and coworkers(94595) have
suggested that a part of the carbon inventory on the catalyst is in the
form of C chains attached to the metal. surface. It was proposed that
these species can resupply the catalyst surface with single carbon atom
units by scission of the C—C bonds in the chains.

Goddard et al.(gs) tried to estimate the energetics of the carbide
rcute to CHy; on nickel by theoretical methods. Goddard et a1.(96)
concluded that deposited carbon i$ not monoatomic, but for a C-C species
bonded to 4 nickels in a distorted ethylenic iype structure. They also

suggest that the fo]]owing steps are favorable:

H, " H H H
NN NG N Ni Ni Ni Ni Ni Ni (4-7)
. H . H
Ni ~ 2 Ni - H "2 .
Ni — CHo— i - CHy Ni - H + CHy (4-8)

A change in C-M coordination as a rate determining step is also proposed

by Hadjigeorghious and Richardson: (17) (i.e.) (M-C + M RDS, MZ-C) .
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The mechanism of methanation can be described as follows. Both H,
and C0 in the gas phase are virtually in equilibrium with adsorbed H
atoms (Chapter 6) and CO. The dissociétibn ‘of C0 is essentially
jrreversible. The reaction of surface carbon proceeds through a slow
step (C-C depolymerization or change in the C-M coordination) and then
reacts very rapidly via a reversible sequence of steps to form a CH, (x
= 1 - 3) group. The CH3ad species further reacts with H 4 to form

CHy. The proposed mechanism inciuded the following elementary reaction

. steps.

(2) HZ(g) — 2 Had . kHZ
(3) COag * Cag + Oaq ' ky
' RDS e

(4) Cn —_— Cn-l + Cad* (c-C dgpolymer1zat1on) ' ko

ad ad
or
RD ’ e
(4) Cad RD3 cad* (change.in C-M coordination) ko

(5) Cagx * Hag > CHyqg k3

(8) Cag * Cippeact kg
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(7) Ogq + Had * OHaq . 33
(8) OHyy + Hyy + Hy0 _ o ke
(9) CHyg + Hyy <= CH, __ ky
(10) CHp og + Haq > CHy 44 kg

4.4.5 Reactivity and Coverage of Reaction Intermediates

The ecad follows a general trend; it increases with increasing
temperature (Figures 4-8). This phenomenon can be explained in two
Ways. |
1. With increasing temperature, a larger part of the catalyst surface

participates in catalysis as the result of surface héterogeneity.

2. Higher temperature favors C0 dissociation, resulting in more

formation of Cad'

Goodman {38) a1s0 indicated that at fixed reaction condition (Hp/C3
ratio and total pressure), increasing the temperature results in a

progressive increase 1in the ‘“carbidic" carbon species on the surface
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until a mixed carbide/graphite carbon is observed. On further heating
this produEes multilayer graphite and deactivation.

The ecad varies with Hy/CO ratio as shown in Figure 4-9, Different
trends are observed. For Raney nickel and Ni/Si0y, ecad increases with
Hp/CO ratio. The observation can be explained by a varying low level of

Cipp and 0,4 on the surface. However, the Ni powder showed an opposite

ir
trend; this diffefeﬁce trend is probably due to the nature of Ni powder
(See 4.4.9.). The low-surface-area metal powders are difficult to
prepare and to maintain in a clean state. '

The surface oxygeh may also affect the @p,4. Recently, a study of
Raney nickel by ESCA(97) indicated a high concentration of. oxygen on the
catalyst surface. The results of this study also suggest that the
surface has a high level of oxygyen (Figures 4-21,4-22), It is clear
that for Raney nickel and Ni/SiOz, the surface oxygen has an effect on
Oc. For Ni powder, a similar result is not observed (Figure 4-23),
indicating that surface oxygen containing species pn Ni powder is low.
Goodman et a].(35) also reports no detectable oxygen species on Ni{100)
surface through a study by AES, Different oxygen levels on the surface
may result in different behavior of 9cad*

The reactivity of all the nickel catalysts in this study displayed
the same trend (ngure 4-11~15), increasing with increasing temperature

at constant H,/CO ratio. It also increases with Hy/CO ratip at constant
| temperature. For Ni/Si0p, the reactivity is a strong function of
reaction conditions. MWhen P., is maintained constant, it will increase

with PH2' When pHZ remains constant, it will decrease as the Pco
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jncreases. Figure 4-15 (k vs. T) and Figure 4-14 (k vs. Hp/CO ratio
with different catalysts) show that the overall trend for k is
similar. However, by comparing different catalysts, significant
differences are observed (Figure 4-15). The reactivity of intermediates
depend on the pature of nickel. Different catalysts have different
distribution of step sites and smooth planes. The binding of carbon
atoms to steps is stronger than on smooth planes(loo). The measured ko
is either breaking carbon-carbon bonds or breaking carbon-metal bonds.
For the later case of breaking carbon-metal bonds, different catalysts
will have different k's. The k can also represent the ease of breaking
carbon-carbon bonds or breaking carbon-metal bonds. High temperatures
may increase the mobiiity of carbon (change in C-M coordination) and
increase the vibration between carbon-carbon bonds (C-C
depolymerization). This results in an increase in k increase with
temperature. An alternative explanation for the observed increase of k
with temperature is that with a temperature increase, not only .more
intermediates are formed, but also the reactivity 5f the intermediate
increases.

Data presented in Figure 6-14 jndicates that the amount of adsorbed
hydregen increases with PHZ' Also, the observation that k increases
with PH2 is shown in Figure 4-10. Taken together, the variation in k
with pHZ may be explained by the nature of carbon condition which is a
function of PHZ' The increasing PHé méy favor the mobility of carbon
(change in C-M coordination) and increase the vibration between carbon-

carbon bonds (C-C depolymerization). This will result in a higher k
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with higher Py . However, the details of how P, affects the carbon-
Ho Ho

carbon bonding or carbon-metal bonding are unclear so far.

4,4,6 Active Sites for Methanation

(87) presented evidence that the dissociation of CO,q requires

Ponec
sites which are multiply coordinated {multisites) by suitable metal
atoms. CO disscciation has also been shown to require a large ensemble
of surface atoms (18'22'87).

Biloen and sachtler(8) suggested that dissociation of CO occurs on
the sites coordinated by several metal atoﬁé. The undissociated CO,4
molecule is occupied on the on-top sites. As soon as a multisite
becomes available, it is rapidly filled with COads‘ The carbidic
intermediates may alsc occupy the multisites. ' Somorjai et a]'(gg)
suggest that CO dissociation proceeds preferentﬁal]y on various defects
like steps, kinetic, etc. Ordered defects appear to adsorb CO easier
and may activate €0 more strongly. Vérious-reports have reported the
locations of Ca (reac;ive) and C8 (unreactive).

Schouten et a].(100) suggest that adsorbed, atomic carbon (Ca) is
more stable on Ni (100) than Ni (110), which in turn is much more stable
(101) report that
carbon was formed in the Bbudard reaction on Ni{lll) but could not be
observed on Ni(l00) and (110).

The dispersed carbon phase.(Ca) on Ni (001) is considered to be

made up of single carbon atoms bonded to the Ni lattice at a high



119

coordination number on both flat(loz) and stepped(103) {001) surfaces.
[t has been suggested that on Ni(110), the dispersed form of chemisorbed
carbon is composed of diatomic carbon species.(loq’los) Bell and
Hinslow (41) indicate that both the structure of Cgs» and its location
relative to the surface of the catalyst, are difficult to define. They
propose that Cg attaches to the support'and/or is held in the pores
between the metal particles. wise's(35) remark may well élariﬁy the
exact location of carbon. Wise indicates the local surface structure of
Ni crystallite governs the type of surface carbon formed. In other
words, one crystal face may produce C, and the other may produce CB'

It is speculated that carbidic active carbon bounds to nickel
through three or more atoms. The unreactive carbon is most prebably
located either between the metal and support interface, or between the
pores and metal particles. The adsorbed CO is probably located on top °
of the sites.

It appears that the sites for CO dissociation and for surface
carbon depend on the chemical and physical state ;f the metal. The
reaction condition may also affect the chemical and physical state of
the metal. | Factors such as support, promoter, particle size, and
impurity may also affect the state of metal catalysts.

Figure 4-16 shows the Arrhenius plots for different Ni catalysts.
The difference in TOF for different catalysts is less than a factor of
10. A difference of at least a factor ten is the criterion for a
structure-sensitive reaction.(49‘51) Methanation is, according to this

definition, a structure-insensitive reaction., However, Figures 4-1% and
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4-8 show significant differences in Kk .and o fof different Ni
catalysts. The TOF, @, k from Raney nickel were compared at one typical
reaction condition (210°C, Hp/CO = 3) with that of 60 wt % Ni/Si0,. The
values  of  TOFganey nickel/TOFNi/Si0,s ®Raney .nickel/eNi/SiOZ and
kRaney nickel/kNi/SiOZ are 4.4; 6 and 0.73, respectively. It is
concluded that the k and © are significantly more structure/catalyst
sensitive than Qh;t is indicated by their algebraic product
k * 0= TOF
Various factors which may affect the k and © are discussed in the

following sections.
4,4,7 Particle Size Effect

Coenen et al.(ss) suggest that the 1larger crystallités are
particularly active in the reaction, and a maximum activity is found
within the apbropriate particle size range. Coenen et a].(laﬁ) also
report ‘that, with silica supported Ni, a trend in activity seems to
occur; the small Ni crystallites (45 A) have a lower TOFCH4 thanllarger
crystallites of 130 A partic1e$. However, large unsupported Ni
crystallites also exhibit a low specific activity.

Maximum activity occﬁrs over a specific range of crystallite
sizes. It can be expected that, as the size of the metal particles
varies, the relative population of atoms in the plane and atoms on
edges, corners (or those near to these or other defects) would vary

correspondingly. The concentration of sites with both an exceptionally
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Tow coordination numbers, such as edges and corners or an exceptionally
high coord{nation number, &s occurs at sites in the transition zones
between various crystallographic planes, can further vary due to the
fact that small particles favor special particle shapes. It is possible
that a paqticle size range exists which has the most favorable
conditions for methanation. _ |

How does the particle size effect translate into k and 6 effects?
The particle sizes measured by Hy TPD for Ni/Si0,, Raney nickel and Ni
powder are 62 A, 188 A and 900 A respectively (Table 2-1). In view of
the particle size, Raney nickel seems to be in the sjze range which
favors methanatior (see Fighre 1 in Ref. 55). Ni/SiOz has the smallest
particle size which may result in low methanation activity. Ni powder
has the largest particle size of the catalysts investigated, that may
still have higher methanation activity than the Ni/SiOz. From Figure
4-8 and 4-9 the order of ©p is Raney nickel > Ni powder > Ni/Si0,. The
order of ©g seems consistent with the particle size. Many possibile
explanations can be formulated.

As smaller particles bind oxygen from CO dissociation more firmly
than larger particles, the ¢ (coverage of reaction intermediates) is
tower since 0,4 may inhibit CO dissociation. Smaller particles allow a
faster deactivation of carbon, resulting in a lower steady state .
Also, small particles may bind carbon more fi:smly causing its lower ec
value. It is more difficult to remove carbon from small particles as

the steady state o; is low.
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However, the trend observed for k seems to vary significantly with
reaction conditions (Figures 4-14 and 4-15). At high temperatures and
high Hy/CO ratios, a different trend js found: kNi/SiOZ > kRaney nickel
> Kyy powders For Ni/Si0p, Ni is highly dispersed on the support
5105, High temperatures and high H,/CO ratios may favor the C-C
depolymerization or change in the C-M coordination. Ni powder is a
highly packed bulk structure on which C-C depo]ymerizat{on and change in
C-M coordination may not be favorable. For Raney nickel the particle
size falls in between those sizes of Ni/Si0p and Ni powder; as does
ko. The effect of reaction conditions (T and Hp/CO ratio) on ky is more
pronounced on Ni/Si0p than.othen Ni catalysts. This is probably due to

the support effect.

4.,4.8 Support Effect

Recent investigations(91’107) have provided evidence that supports
can significantly influence .the adsorption and CO hydrogénation
activity/selectivity properties of Ni.

| The activity for methanation on different Supported Ni catalysts
was reported by Vannice.(loa) The relative order is Ni/Ti0; > Ni/Al,04
> Ni powder > Ni/Si0p. Bartholomew and Vance(197) also. showea that
support significantly influences the specific activity and kinetics of
carben hydrogenation on Ni with the order of Ni/Ti0; > Ni/Al,03 >
Ni/Si0,. As presented in Figure‘4-16, the order of specific activity is

Raney nickel > Ni powder > Ni/Si0p. It seems that the support effect
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can be directly translated to a 0 effect. Figure 4-8 indicates that
the order of 8 is Raney nickel > Ni powder > Ni/S_iOZ. However, the k
effect on support shows different trend =~ Ni/310, > Raney nickel > Ni
powder. It appears that the k effect cannot be satisfactorily explained

by the support effect only,

4.4.,9 Effect of Nature of Nickel Catalysts on k and on @

The pigher specific activity of Raney nickal relative to Ni powder
and Ni/Si0, found in this study suggests that a1uminum metal or A1203 at
the surface is a chemical promoter for methanation, presumably as a
result of an electronic interaétion in the Ni-M. alloy.

It has been reported that the electron density of Ni metal is
modified by the additives Al. . The change in the electron density of Ni
metal remarkably alters the specific activity of methanation:(lug’llo)
The high electron deqsity of the Ni metal in .Raney nickel catalyst
facilitates the dissociation of adsorbed CO by enhanced dr-Pr* back
bonding. This increases the extent of w-back bonding in the Ni-CO
complex, resulting in an increased Ni-CO bond strength and a decreased
C-0 bond strength. Our abservation of ©c Raney nickel > @, Ni powder
> O, Ni/S10p is consistent with the electronic interaction in the Raney
nickel. Bartholomew and Mustard(lll) have shown that the reductive
behavior of metal on various supports depends, among other things, on
the degree of dispersion of the metal, with smaller crystallites being

harder to reduce. The reduction of silica supported catalysts is a very




124

complex process. Due to the presence of basic silicates, complete
reduction can only be achieved at temperatures of 700%C or
higher.(los) Then Serious‘sintering of the resulting Ni metal occurs so
that the high degree of dispersion, which is the salient feature of this
type of catalysts, is lost. Therefore, incompiete raduction (70-80%
according to manufacturer.s‘ information) at 350°C is expected. The
unreduced Ni*t species may cause the low @; values in Ni/SiDz.

This is explained by the presence of the less reducible solid Ni
_species, which can withdraw electrons from the surrounding Ni® atoms.
Since the C-0 bond of the CO species adsorbed on these electron-
deficient NiQ atoms is not broken under the conditions of the reaction,
less G is expected. These inactive particles (Ni™ and neighboring Ni°
atoms) result in a geometric dilution effect of the active unperturbed
Ni© phase,'leading to a lower @ values.

The nilt may also trap.hydrogen and at high Hp/CO and/or high

temperature the redox equilibrium might shift to the right.(llz)

.2+ — + .0
it o+ 2 H + Ni ' (4-9)

N H2
This results in an increasing O and kp. For Op, the results can be
attributed to the presence of more available Ni® sites. The increasing

k, may be explained by the presence of additional Ht species that may

tend to facilitate the C-C depolymerization and the change in C~M
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coordination. The behavior of Ni powder as shown in Figure 4-9 (op
decreases as Hp/CO ratio is increased) may be explained by the following
hypothesis.

According to the report by Goodman et a].(36), the Ni surface has
no detectable oxygen. Results from the studyl (F%gure 4-23) also
indicate that the oxygen level is very Tow. The "slow oxygen removal®
may not affect ©; in nickel powder. Ni powder is composed of bulk Ni
particles. It is speculated that during the methanation, the C;..

continuously and irreversibly blocks the active sites. The experimental
sequences for measuring 6, on Ni powder followed a variation of Hy/CO
ratio from low to high, at constant temperature, which may cause a
decrease in Oy as Hp/CO is increased (C;.. blocks the siées during the
measurements of O.). Opg data indicates that it remains essentially
constant during the reaction. Besides, Ni powder has no support metal
interface available for C;.. deposited. The Ciyppr may deposit on active
"sites. This site blocking in Ni powder will not affect k. The k
behavior seems normal (Figures 4-14, 4-15). Another hypothesis is the
impurity in Ni powder. It is likely that high PH2 favors the mobility
of those impurities toward active sites. This also results in the
decrease in Op as Hp/CO ratio is increased. However, knowledge of the
crystal orientation and the distribution of impurities, as well as their
electronic state, is poor,

It appears that factors such as effect of support, reducibility,

electronic properties, particle size, impurity and reaction conditions

may complicate the overall observed effect on the k and ©, It is,
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therefore, extremely difficult to correlate the effect of these factors

on k and ©., However, it is clear that the nature of nickel catalyst has

a significant effect on k and @. The production of carbidic carbon and

the removal of carbidic carbon is a structure/catalyst sensitive

process.

4,5 Conclusions

1. A low coverage in reaction intermediates are not due to the fact

that a carbidic adlayer blocks a large' fraction of the catalyst
surface. '

Small coverages in C and  oxygen appear to inhibit the CO

irr
disseciation, thereby 1limiting the steady-state production of
carbidic reaction intermediates.

A proposed mechanism is shown in Figure 4-25 (p. 113).

Hp and CO in the gas phase are in equilibrium with adsorbed H atoms
and CO. The dissociation of CO is essentially irreversible. The
reaction of surface carbon proceeds through a slow step (change in
the C-M coordination or C-C depolymerization). The reaction then
proceeds very rapidly via a reversible sequence of steps to form a

CHy (x =1 - 3) group. The CH3aq Species further reacts with H, 4 to

form of CH4(g).
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3. The production and consumption of carbidic intermediates is a
sensitive function of the nature of the catalyst surface. The ko
and ecad are significantly more structure/catalyst sensitive than

what is being indicated by their algebraic product kzecad = TUFCH4-
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5.0 H/D ISQTOPE EFFECT ON RANEY NICKEL,
Ni/Si0, AND NICKEL POWDER

5.1 Background

Isotopic transient methods prbvide an excellent way to study the H/D
isotope effect in methanation. The 'study of H/U0 isotope effect in
" methanation as a function of reaction condition and different -nickel
catalysts provided a deeper understanding of the H/D isotope effect.
The H/D effect experiments were conducted at Py, = 1 bar for Raney
nickel and nickel powder. For 60 wt % Ni/SiOp, Pi,. = 4 bar instead of

1 bar was used.

5.2 Results

By conducting H2/12C0 + H2/13CO and 02/1200 +DE/13C0 transients the
(k, ©) of CD, intermediates could be compared with (k, @) of CH,
intermediates. The steady state CDy and CHy production was aiso
compared at the same reaction conditions, in order to determine the
overall H/D isotope effect. The dependence of overall H/D isotope
effect (Rgp,/Rgy,) on the Hp/CO ratic with Raney nickel at 192°C is
shown in Figure 5-1. The inverse H/D isotope effect (RCD4/RCH4 > 1) is
found on Raney nickel and increases with the H,/CO ratio.. Figures 5-1

also displays the kCDx/kCHx and eCDx/SCHx vs. Hp/CO ratio respectively
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on Raney nickel, The kCDv/kCHx values shown are highly independent of
HZ/CO ratios and kCDx > kCHx' As seen in Figure 5-1, the result clearly

indicate that the overall H/D isotope effect on Raney nickel is merely a
, R

o}
cD CD

@ effect. The trend in 5——1 is similar to that observed for R 4 .
CHx ' CH4

The data presented in Figure 5-1 indicates that the origin of H/D

isotope effect %n Raney nickel is due to the diéference of coverages in
reaction intermediates. At higher temperature, similar behavior is also
observed, but the overall H/D isotope effect is less pronounced. The
details are listed’ in Table 5-l. Table 5-1 also “presents the
temperature dependence of the H/D isotope effect over Raney nickel at
constant H2/c0'ratio. The data indicated that the inverse H/D effect
decreased as temperature increased, however, kCDx ~ kCHx was observad.
The overall H/D isotope effect again is due to the o effect. The
overall inverse H/D effect obtained from Raney nickel is close to the
results réportéd in literature.(9’7)

In 60 wt % Ni/Si0y, the H/D isotope effect study was conducted in a
diffefent way. By using a buffering gas He and maintaininy the total
pressure constant (4 bar), Peos PH2 and PDZ were independently
changed. The results of H/D isotope effect are presented in Figures 5-2
and 5-3. R

ch
. 4 .
Figure 5-2 shows the —— , k ka and O~p /O as a function
g Roy > Co/keH, co, /®cH,

: 4
of PHZ' As indicated from Figure 5-2, the overall H/D isotope effect

increases with the PHz' The kCDx 2 kCHx is also shown in Figure.S-Z.

The . resuit suggests that the overall H/D effec® is merely a @ effect.



Table 5-1

Effect of Reaction Conditions on
H/D Isotope Effect in Raney Nickel

<232

T Hy/CO TOF_x10~4 k_x10"3 o x10°2
212 3 20,32 12.006 16.93
212 6 31.49 13.82 22.78
212 10 43,223 © 20.52 21.66
212 20 81.16 25.84 31.4
212 30 106,21 32.16 33.02

T D,/C0 TOF x10~% k x 10~3 ¢ x1072
217 ‘5“‘ —21.95 12.13 318.08
212 6 34.74 13.95 24.9
212 10 48,68 21.626 22,51
212 20 92.6 24.06 38.48
212 30 123.65 29.4 41.94
T Rn/R H, /D Ha/D
712 3 108" T 120679
212 6 1.103 1.009 1.093
212 10 1,126 1,053 1.068
212 20 1.1408 0.931 1.22
212 30 1.164 0.914 1.27
T Ho/CO TOF_x10°4 k_x10-3 o x1072
192 3 5,195 9.725 " 5.34
212 3 . 20,32 12.006 16.93
232 3 92.318 24.1 33.3
252 3 323,39 51 63.41

D,/C0

192 2 6.603 10.14 6.509
212 3 21,95 12.13 18,08
232 3 98.177 28.0 36.1
252 3 333.1 63.7 63.18
T Rp/Ry Dy /Hg Dg/Hq
192 3 1.27 1.0429 1.218
212 3 1.03 1.01 1.0679

3 1.063 1.16 0.915

262 3 1.03 1.033 0.5963
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The RCD4/RCH4’ kCDx/kCHX and GCDX/GCHX ratios are displayed as a
function of Pco in Figure 5-3. The inverse H/D isotope effect decreases
as Pco increases. kCDx is close to kCHx’.és ;hogn in Figure 5-3, The
BCDX/GCHX also decreased with increasing Pco.. The values are listed in
Table 5-2. A typical result at Pco = 0.3 bar, PD2 or PH2 =3 barand T
= 220°C is shown in Figure 5-4. As seen in Figure 5-4, the decay of
transient responses CD, and CHy are fndistinguishab]e and kCD > kCHx'
At this particular condition, the data confirms PCD > kCH « The
RCD /RCH and kep /kCH are 1.4 and 1.03, respect1ve1y. This results in
GCDX/GCHX = 1,35, The H/D effect is due to a © effect.

The influence of temperature on the H/D isotope effect on 60 wt %
Ni/Si0, is shown in Table 5-2. The overall H/D isotope effect decreases
as temperature is increased. The @ effect also decreases as temperature
increases. The observed inverse H/D isotope effect (RCD4 > RCH4) on 60
wt % Ni/Si0y is consistent with the result repobted by Coenen.(Q)

Similar experiments were Eonducted on Ni powder at P, . =1 bar and
T.= 210°%C. The results are shown in Table 5-3. Several features are
noteworthy. First, 'no appreciable H/D isotope effect is found.
Secondly, the kCD kCH .

The amount of CO,4 on the catalyst surface can a]so be determined
during the transient experiments. The amount of adsorbed CO in Hy is
close to that in Dy (i.e., COyq in Hy 2 COpq in Dy). (Figure 4-4,
Figure 4-5.)

A summary of the important results in H/D isotope effect study is

given below:



Table 5-2

Effect of Reaction Conditions on H/D Isotope Effect on

60 wt % Ni/S10,

Ni/Si0,
T Ry By, Hp€0  T0Ex07 kx1073 . o x1p°
220 0.1 0.3 3 7.101 17.13 4.1434
220 0.1 1 . 10 13.421 22,20 6.044
220 0.1 3 30 30.13 31.08 7.33
220 0.3 3 10 18,371 41.08 4.188
220 1 3 3 8.842 15.68 5.63
T By B, D0 TOF x107%  k x100% @ x1072

220 0.1 0.3 3 7.387 17.31 4,267
220 0. 1 10 14,856 2105 7.0568
220 0.1 3 30 38,38 35.89 10.69
220 0.3 3 10 25.739 41.47 6,205
220 1 3 3 10.92 15.75 6.93
T P By, Rp/Ry D, /M, Dg/Hg
220 0.1 0.3 3 1.04 1.01 1.03
220 0.1 1 10 1.106 0.948 1.16
220 0.1 3 30 1.2 0.8736 1.45
220 0.3 3 10 1.40 1,032 1.35
220 1 3 3 1.23 1.004 1.23

135




136

Table 5-2 {Continued)

Effect of Reaction Conditions on H/D Isotope Effect
in 60 wt % Ni/Si0,

s H,/CO TOF_x10-% k x1008 o x1072
180 3.3 0.947 2.5764  3.674
200 3.3 2,736 5.9637 ©  4.588
220 3.3 9.19 19.113 4.808
T D,/C0 TOF_x10~* k x1003 o x1072
180 3.3 1.084 2,398 4.52
200 3.3 3.168 6.428 4.927
220 3.3 9.676 18.69 5.176
T Rp/Ry o Dy/hy Do/Hg
180 3.3 1.148 | 0.9307  -1.23
200 3.3 1.157 1.077 1.074
220 3.3 1.05 0.978 - 1.07
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effect study
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Table 5-3

Effect of Reaction Conditions on H/D Isotope Effect in Nickel Powder

I 2/C0 ToF_x10~4 k x10”3 9 x10-2
210 E 7.82 6,76 11.55
210 10 12.63 10,63 11.87
210 25  15.45 25.56 6.04
T D,/C0 TOF x107% k_x10-3 0 x1072
210 3 8.258 6.639 12.43
210 10 12.984 10.75 12.07
210 25 15,334 22,06 6.94
T Rp/Ry DysHy Do/Hg
210 3 1.056 0.98 1.076
210 10 ' 1.028 1.01 1.016

210 25 0.99 0.86 1.149
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® Raney-nickel and Ni/Si0, showed an inverse H/D isotope effect. It
is a function of the (H,/CO (P., and PH2)), and it decreases as the
temperafure increases. '

o The origin of H/D isotope from Raney nickel and Ni/Si0, is due to
the @ effect (coverage of reaction intermediate effect) with @CDx >
QCHX. |

¢ No appreciable H/D isotope effect on unsupported Ni -powder is
observed, while a pronounced H/D inverse isotope effect on Raney

nickel and Ni/Si02 is found.

5.3 Discussion

There 1is some debate as to whether the slow step (RDS) in
methanation is CO dissociation (H-assisted or H-unassisted), or one of
the hydrogenation steps. of surface carbon (formatién CH,, or further
reaction of CHX).(Z'IG)

No matter whether the slow step involves CH, or CH. 0, the inclusion
of H should lead to a signficant H/D isotope effecf‘where hydrogen is
replaced by deuterium. However, both Mori et a1(7) and Coenen et a].(g)
reported inverse H/D isotope effects on Ni/Si0, but with different slow
steps (CHnO VS, CHx). The advantages of using isotopic transient method
in study of H/D effect are that not only can the steady-state rate be

observed, but the k and @ under reaction conditions in Hy and in Dy can
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be determined, The study of H/D isotope effect in this investigation
gives us a greater understandinyg of the slow step.

Figure 5-5 is the simplified reaction scheme; the ko and BCHX are
what we measpred in this study.

At steady-state condition

k180, 4 = *2%%H, . (5-1)

From Chapter 4, Figures 4-4 and 4-5, it can be concluded that the amount

of C0,q is highly independent of reaction condition.

Ocg x constant (independent of Hp/CO ratio, or P, and PHZ)

@co (in Dy) x Oco (in Hp) at the same reaction condition (Figures 4-4

and 4-5) was also observed. As shown in Figure 4-10, ko increases with
ak2 ’
PHZ' ET 0 . This formula implies that the methanation may involve
H
2 .
a slow step in one of hydrogenation steps in surface carbon. If this is
the case, then substituting H, by Dy should lead to a significant
difference in Dk2 and sz probably Hﬁz > Dkz' since the lighter Hy may
k -

react faster than the heavier 02. ﬁ—g may be < 1, However, results
k
2

obtained from H/D study showed interesting results (Dk2 ~ sz).

A -significant inverse H/D isotope effect was observad and is

documented in Table 5-2. A Ocp. > OcH. and Dkz 2 sz was also found.
X X

Having Dkz N sz suggests that the slow step may not be one of the
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hydrogenation steps on surface carbon. Since kz is a function of Py
(Figure 4-10), the amount of Hyq adsorbed on the surface is also a

function of Py, (Figure 6-14). So H, x Dy, implying that the amount

2
of Hy and Dy on the catalyst surface are nearly the same. Independent
measurements showed that the amount of hydrogen on the surface is close
to. that of deuterium (Chapter 6). If the hydrogenation of surface
carbon is not the slow step, then the hypothesis proposed that either
the carbon-carbon "depolymerization" step or a change in carbon-metal
caordination is rate determining. The C-C depolymerization mechanism

"has also been proposed by many investigators.(g4 N 96). Furthermore,
Hadjigeorgbious and Richardson(17) indicate that a change of C-M
coordination may be involved in RDS. The proposed hypothesis explains
why DKz x sz. For ky = f (PHZ)’ our explanation is that the nature of
carbon condition (with carbon or metal) is a function of PHZ (Chapter

4). If C-C depolymerization or a change in C~M coordinates is the slow

step, then substitution of Hy by Dz should not have any effect on ko,
Rep
R

and sz 2 Dkz' The basis behind > 1 is concentrated on Oc (QCDX

CH
4
> Oy ). This can be explained by the different oxygen levels present
% _

on the surface with Hz and with 02. This results in a different 0. in

Dy, and ©. in Hp. A detailed discussion will be presented later. As

indicated in Figure 4-6, © increased with Py . From Equation 5-1,
CH H2

ak2 ak1
aeCHx/aPHz > 0, with 33;— >0 , and Oco = constant. 3$;- >0 fIs
2 2

obtained. From H/D isotope effect study, we have GCDX > @cy » but Dkz 2
- X

sz, with 8., in Dy 2 Oco in Hape Dkl > Hkl is obtained. akl/aPH2 >0,
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suggesting an H-assisted C0 dissociation. The observation of Ocp. >
' X
Ocy.» implies that CO “dissociates" more rapidly in D, atmosphere than
X

in Hyp atmosphere. Assuming that H-assisted CO dissociation is the slow
step seems inconsistent with the literature findings(4’5’8'12’22'23’25‘

28) and conclusions from Chapter 4. Additionai]y, no observed evidence

of the CH,0 species on the nickel surface has been reported in the

literature. The observed 3k;/3Py, > 0 is probably due to "Cip. or Opg.

Bell and Winslow(%}) recently reported that Tow levels of “Cg"
build up during the first few hundred seconds of exposure of the clean
ruthenijum surface: The fast bui]d-ﬁp of CB before the steady s;ate
methanation rate is reached may play an important role in affecting the
active carbon, High PHZ favors the removal of Cg, which results in more
active carbor formation. The Hy or D, may also affect the level of Ca

on the surface, which also contributes to the difference in Ocp_ and
X

GCHX' |

The "slow oxygen removal" effect on ky with PHz ran be explaingd as
follows. Whenever the steady-state Tevel of 0,4 is sufficiently high as
to impair CO dissociation, then a varying level of 0aq wpuldytrans]ate
into a varying rate constant kj. As 0§d is expected to decrease with
PH2 increased, kq would increase, conforming the observations. For Dkl
> Hkl’ a thermodynamic effect, i.e., a difference in steady-state leve!
of (0 dissociation~impairing species such as O, OH, Cg» CgHy
(respectively 0, 0D, Cg, CgD,) may be the cause.

The question arises that, if H is not involved in the RDS, what

will the transient curves look like? To answer this, an experiment was
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it

performed at one particular reaction condition in 60 wt % Ni/Si0p, at T
= 2309, Pco = 0.3, PHZ’ PDZ = 1 atm. At this condition, no H/D isotope
effect is found (i.e., RCD4 x RCH4)' The ingrowth 12CH4 curve from
(1300 + Hy » 1200 + ”2) was compared to the ingrowth curve from (12co +
Dy = 1260 & Hp). The result is shown in Figure 4-24, A significant
difference fis observgd indicating thaf the H involving reaction steps
are much faster than the carbon involving step. The hydrogenation of
carbon or H-assisted CO dissocatign may not be a slow step.

Qur hypothesis for the mechanism of methanation is shown in Figure
4-25, The simplified scheme indicates that the adsorbed CC is in
equilibrium with gas phase CO0. The H-unassisted CO dissociation is fast
and irreversible. The step C 4 ~ ICH, is the slow step. There is a
rapid equilibrium 1in CHx + H e CH ., 30,41} The formation of

methane from Cd, is fast.
. Step 2 is the slow step. Step 2 can either be carbon-carbon
depolymerization or change in the carbon-méta] coordination.

The &bove analysis is based on Ni/5105. Hoﬁever,_there are many
similarities between Raney nickel ;nd Ni/5i0,. These behaviors are
listed as follows:

A. the behaviors of k and ® with reaction condition (Figures 4-9 and
4-14);

8., CO,q and H,q behavior (Figures 4-4, 4-5, 6-8, 6-10, 6-15, 6-16,
6-17);

C. H/D isotope effect behavior (Figures S5-1, 5-2. Table 5-1 and Table
5-2);
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D. 120 + Hy » H, behavior (switching off 12C0, Figures 4-21 and 4-22);

E. A smililar result on Raney nickel by comparing the 12CH4 (from 120
+ Dy » 1200 + Hy) with 12H, (from 13c0 + Hy, » 2200 + Hy) is
observed in Figure 4-24b, '

Such remarkable similarities in so many critical parameters suggest
that the reaction mechanism on the. two catalysts (Raney nickel and
Ni/SiOz) must be essentially the same, 1involving either the
depolymerization of carbon-carbon or the change of the carbon-metal
coordination as the slow step. Ni powder seems to show different

behavior compared to Ni/Si0, and Raney nickel. These behaviors are

]
CH .
listed as follows. (1) 3~3—5 < 0 (Figure 4-39), (2) no appreciable
H

H/D isotope effect (Table 5-3), %3) 12¢9 (switch}ng of f) shows different
behavior of H,0 (Figure 4-23).  Are the discrepancies be due to
different mechanisms; or due to the nature of céta]yst?

The Oco in Ni powder is also iﬁdependent of reactions conditions.
eco x constant_(Figures 4-4 and 4-5). Let us refer to Figure 5-5, the

simplified reaction scheme

kyoco = ka Ocy (5-1)
BOCHX .
since 35— < 0 (Figure 4-9) (5-2)
H,
5p— >0 ( Figure 4-14) (5-3)
H
2
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ak
apz > 0 suggests that H is involved in the slow step of hydrogenation

of §%rface carbon. rowever, ftrom the H/D isotope effect study, D, =
sz. This imp]ies that the slow step is not hydrogenation of surface
carbon, The ky = f(PHz) is probably due to the nature of carbon

condition (associated with carbon or metal {Chapter 4)).

Far
kleco = k2 eCHx = TOF (5-'1)
since a—f,-;%ﬁ > 0 (Figure 4-18) Oco = ¢ (Figures 4-4,4-5) . (5-4)
akl . .
50 wp—> 0. (5-5)
Hy

This suggests H-assisted CO dissociation. However, from H/D isotope

* study Dkz i~ sz, Dec = Hec, and oco in Dy x @co in Hy. It follows that
1 2 Hkl' This contradicts H-assisted CO dissociation. So H-involving
RDS is not the case for Ni powder.

Dy

akl 3k2
For =—>0  =—>0 (5-6)
GPH BPH
2 2
aOCHx
w0 (5-7)
H
2
FrDka]_:Hkl’ DkZ:sz and 3-‘5;’-—>0 —3—P—l_r>0
2 2
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It is inferred that the RDS in methanation over Ni powder does not
involve H. The overall rate of CHy; may be controlled by the balancing

formation or removal of carbon. The variant behavior on nickel powder

30
is probably due to the nature of nickel powder. For 33—5 <0, this

H

observation is consistent with Goodman's resu]t.(3) éiodman also
reported no detectabﬁe oxygen levels on Ni(100). In this study, very
low levels of oxygen on the Ni powder compared with Ni/Si0, and Raney |
nickel were observed (Figure 4-21, 4-22, 4-23). The hypothesis is that
.if the nature of Gc has a tendency to alter by increasing PHZ' Ac will
also be affected by oxygen and Cjpp. High PH.2 affects oxygen Tlevel
which, in turn, favors CO dissociation. If the oxygen level is very,
very low, then an increase in PHz‘will not result in the increase in
Oc. The O, decreasing as Hp/CO increases has been discussed in 4.4.9.
The H-assisted CO dissociation not involving the slow step is also
indicated by Dkl x Hkl' Therefore, on Ni powder, the hypothesis CO,q >
Caq * ICHy + CHy of this scheme is valid.

There are many other possibilities which may cause H/D isotope

effect, These possible effects will be discussed later.

5.3.1 Effect of CO Diffusion

The inverse H/D effect may possibly be caused by the different
'd{ffusivity of CO in Hy and in D, (Diffpy ip H, * Diffeg 4p 02). The

general overall rate of CHy can be expressed as RCH4 = kPH;Pcoy with x >
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0 and y < 0. If there is a diffusion effect, then the concentration
gradient between the bulk and the catalyst surface will be different in
either Hy or Dy, leading to the observed H/D isotope effect. If this is
the case, then adding an inert (while maintaining P, and PH2 constant)
will have the same effect — Diffyg i, Hy * Diffpy 4 Hpt+inert This
will lead to an observation of RCH4 in inert (PH2 = 2, Peg = m, Pinert =
n) different from RCH4 (PH2 = 4, P, = m). This can be experimentally
verified by comparing Rep /Rey, with (RCH4 in inert)/(RCH4) at the same
reaction condition. If there is a diffusion effect, the two values
should be comparable, The diffusion effect will also occur when CD i§

diluted with an inert.

An experiment was conducted by comparing the steady-state isotope

effect

R CD R CH, in Ar
4 4
RCH, R CH,

at one particular condition. (232°C, Hy/CO = 10, Raney nickel). The
results and conditions are listed in Table 5-4,

If the isotope effect is due to the difference in mass transfer of
reactant CO, then adding Ar will result in observing different steady-
state reaction rate. However, as shown in Table 5-4, the mass transfer

effect is not the reason for H/D isotope. effect.
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Table 5-4

Diffusion Effect on H/D Isotope Effect in Raney Nickel

(unit = bar)

Pco PHZ PD2 . PAP
R CHy 0.09 0.9 0 0
" R CDy 0.09 0 0.9 )
R CHy in Ar 0.09 0.9 0 1
R CD4 R CH4 in Ar
. m = 1.35 “ﬁ-—ﬁ-&_—‘ = 1.05
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5.3.2 Effect of Surface Oxygen and Carbon-Containing Species on H/D
Isotope Effect

The amount of surface oxygen containing species in Raney njcke] and
Ni/Si0 1is Targer than that on Ni powder. This 1is observed by
performing 1200 + Hy + H, gases delivery sequence. A large amount of
. Ho0 was observed on Ranay nickel and N1/5102.. However, in Ni powder
only a very small amount of Hy0 is found. The amount of HyC production
represents all the oxygen containing species on the catal}st surface
with metal and with support. This finding suggests that 0 impaired
species in Ni/Si0p and Raney-Ni >> Ni powder. It is Tikely that under
the steady state condition, the concentration of 0 impaired species in
0, vari?s from that in Hp. This contributes to the eCDx > GCHX' The
inverse H/D effect has been observed on Raney nické],'Ni/SiOZ. If the
oxygen containing species is relatively low, then no H/D effect should
be observed. This is thé case for Ni powder, indicating that the nature
of nickel catalyst does have an effect on H/D isotope effect.

From the H, adsorption study presented in Chapter 6, it is
concluded that part of H or D is associated with CB in the form cf CBHx'
CgDy. It is also possible that due to the thermodynamic effect, the
concentration of CgH, is different from CgDys This is another possible

source for the observation of H/D effect.
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The reaction conditions may cause variatibns in the concentration
of oxygen containing species and CBHx or CBDx containing species,
resulting in the observation of H/D isotope effect is a function of
reaction conditions.

Ozaki(SI) pointed out the possiblity that the H/D isotope effact on
the rate of reaction does not always'arise from the RDS, but can alsc
arise from a thermodynamic isotope effect on the concentration of an
intermediate. The observed H/D isotope effect in this study may come
from the nature of cagalyst. In this case, the changes.may arise from
modifications of the metal dispersion and/or interaction with the
support. The concentration of oxygen, carbon-containing'species may be
different in different Ni catalysts. This difference might exp]afn why
the H/D 1isotope effect is substantially different in different Ni

cata1ysts._

5.4 Conclusions

1. The origin of H/D isotope effect 1is the coverage in react{on
intermediates. The cbserved effect is merely a © effect and not a k
effect. .

2. The H/D jsotope effect depends on the nature of the catalyst.

3. Raney nickel and Ni/Si0, share the same reaction mechamism. The
slow step does not involve H addition. Instead, it probably
involves either the C-C depolymerization or the change of C~M

coordination,



151

6.0 Hy, ADSORPTION STUDY

6.1 Background

The aim of this investigation was to get a better understanding of
the forms and concentration of hydrogen under reaction conditions.
Extensive results from Raney_nicke1 and 60 wt % Ni/Si0, catalysts are
reported in this chapter. A few experiments done in Ni powder are also

included in this chapter.

6.2 Results

In this study, various methods were used in order to measure the
amount of adsorbed.hydrogen on the catalyst surface. In Table 6-1, data
from the study 1is compared to data from indebendent measurements by
different methods.

In view of the totally different measurement methods, the
consistency in our measurement with different techniques indicates that
the methods applied in this study are a good way to measure the amount
of adsorbed hydrogen on the catalyst surface.

Table 6~1 also indicates the inconsistency of the data in Raney

nickel, Chemisorption data 3.3 ml/g versus 8.2 ml/g through transient
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Table 6-1

Comparison Between Transient Measurements
with Other Independent Measurements

: Results in this study Independent Measurement
Catalysts Hy ml/g . Hp ml/g
Raney nickel 6.7% (350%, Py, = 1 atm) 7.49°
8.22 (30%, Py =1 atm) 3.3¢
2 6.07
60 wt %Ni/Si0,  7.29 (30°c, PHZ = 0.3 atm) 7.04®
Ni powder 0.364 (§0°Cf = 0,13 atm) é
(1,25 m%/q) 1.89(m%/q)
1.882 (3500C, Py, = 1 atm) 1.74b

2.23h

Ce.

el

f.
g.
he

The amount of hydrogen measured by (H,/D +Ar) exchange method at
Prot = 1 atm in the absence of co. Ee result is extrapolated from
Figure 6-4,

TPD measurement was conducted by Miss D. Blazewick. The gas

after reduction

delivery sequence of the TPD is H, (350°C)
Hp(30°C) » Ar (30%C 20 min) + Ar (350°C) at a heating rate 20°C/min..
Hp chemisorption measurement was supplied by Dr. D. G. Blackmond.
Same as a, but Hp and D, are diluted in He,

Hy chemisorption measurement results at room temperature from
reference (10).

Surface area calculation based upon the assumption H/M =1.
BET surface area was conducted by Exxon research laboratory.

Thermal desarption gas delivery sequence He (3509C) » Hy (350°C) -
Hp (300C) » He (36°C) » He (350°C).

HZ chemisorption result obtained from Dr. R. D. Ke]Iey with 5% A1203
iR Raney n1cke1



153

method (Hgz/D, (trace Ar)) was observed. This can be explained by the
difference 1in the nature of the different methods. The H, uptake from
a typical adsorption isotﬁerm was determined by extrapolating the Hp
uptake at P .. equal to zero. The t&pical transient method fn measuring
the amount of adsorbed hydrogan in the absence of CO is shown in Figures
6-1 and 6-2. From this method, the amount of hydrogen which can be
replaced by deuterium is measured., Weakly adsorbed H, is also included
in the measurements. Since the hydrogen uptake increases with Py , the
variation of the amount of adsorbed H, through transient method, (Dz +
Ar » HZ)’ with PHZ is excepted. This may explain the difference in
results in transient method and in chemisorption measurements on Raney

nickel.

6.2.1 The Amount of Adsorbed Hydrogen in the Absence of CO

In the absence of CO, Haq measurements were conducted by D, (Ar
trace)/Hz exchange as a . function of temperature with different nickel
catalysts. The temperature dependence on the amount of adsorbed
hydrogen with various Fata]ysts is shown in Figures 6-3, ©6-4 and 6-5.
The amount of Hp uptake is close to that of Dy. The in-situ thermal
desorption measurements are also included in Figures 6-3 and 6-5 for
comparison, As can be seen in Figures 6-3 and 5-4, the Ni/Si05 and
Raney nickel exhibited normal behavior ~ the amount of adsorbed hydrogen
decreased as the temperature increased. This finding is consistent with

gerieral behavior of hydrogen adsorptions -- it tends to decline as the
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D2 (Ar) > H2,T= 30°c P,= 0.3 ber
. o
N = © s s 100 20
Tims Bseo

Figure 6-1 D, (Ar) —> H, exchange at '30%, Py = 0.3 bar in
o 2

60 wt % Ni/810,

Ho2-->D2(Ar) , T = 220°C, P,= 0.3 bar

................................ HILTHT 14
Ho Ar o D
2 ™. , 2
[T TH m

0 60 100 160 200

Time secC

Figire 6-2 Hz -— D (Ar) exchange at 220%C, p = 0.3 bar

in 60 wt % Ni/810, ; '
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temperature increases because adsorption is generally an exothermic
process.(113) However, Eesu]ts obtained from Ni powder experiments show
the opposite trend. The amount of adsorbed hydrogen increased with
temperature, and then leveled off.. Data obtained from thermat
desorption of HZ shown in Figures 6-3 and 6-5, shows consistent results
{(in view of different techniques) with the H2/DZ exchange measurement.
This suggests that the D, {Ar trace)/H, exchange method is a reliable
technique in measuring the adSorbed Hp at the catalyst surface. The
amount of -adsorbed hydrogen can also be measured through the gases
delivery sequence of H, + Ar + Dy,  For the amount of adsorbed
deﬁterium, can be measured through the gas delivery sequence Dy + Ar +
Hg (Figure 6-6), As can be seen from Figures 6-3 and 6-4, different
methods (HZ/DZ(Ar) vs. Hp ++ Ar +» Dz) give different measurement
results. The measurement data from the titration method (H2,«+ Ar e Dz)
is a1wéys less than the data obtained by axchanged method (Hy/Dp+Ar).
Additionally, the data obtained from titration.method is around 55 to
65% of that obtained from exchange method. There are nmnj possibile
causes of the d{fference. The difference is probably due to the weakly
adsorbed hydrogen being removed by Ar flush or hydrogen migration from
the exterior of surface into the bulk of nickel. B8ell and ﬁins]ow(83)
alsa indicated recently the hydrogen'migration into the bulk nickel.
They also imply that the Ar flush will favor the migration process.
Although there is some variance in different methoeds, similarities

are also observed. The amount of hydrogen adsorbed is close to that of
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deuterium.  The overall trend of H 4 with respect to temperature is
consistent, For Raney nickel and 60 wt % Ni/SiOZ, the amount of
adsorbed hydrogen decreases as the temperature increases. The opposite
is observed for nfcke1 powder.  However, the different methods gave
different result's.. . In this study, the preferred procedure for measuring
the amaunt of hydrogen adsorbed on the catalysts was the H2/02(Ar)
exchange method as it does not interrupt the continuity of the reaction
process (the titration method has to interrupt the react’ion process).

The amount of adsorbed hydrogen were measured systematically by
.vanying temperature and PHZ' The data are summarized in Table 6-2. A
typical result on 60 wt % Ni/Si0, is shown in Figure 6-7. It indicates
that the amount of adsorbed H, inc~eases with pressure of Hy.

As described in Chapter 2, any isotope effect due to substitution
of Hy by D, was assumed to be neg]igib]e.(72'84) However, it is
interesting to find out how isotopé effects can affect our transient
measurements, If Qe account for the iéoﬁope effect in terms of the
physical interaction with nickal surface, it can be assumed that H atomg
adhere a little more strongly on the nickel surface than D atoms. If
adsorbed H atoms play a role which will lead to either a tailed peak or
asymmetrical peak in HD transient. A difference in the HD arsas (HD
from Hy + Dy and HD from D, + Hp) should also be observed. The HD
formation 1is faster in D (preadsorbed) + Hy system than in the H
(preadsoébed) + Dy system.

Results given in Figures 6-1 and 6-2 shuw that neither a tailed

peak nor asymmetrical peak in HD transient was observed. Also, no
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L]

differences in the HD areas (HD from Ho + Do and HD from Dy » Hz) were
observed. Based upon these two observations, it was concluded that the
assumption of negligible isotope effect by substitution of Hy to D, is

valid,

6.2.2 The Amount of Adsorbed Hydrogeh in the Presence of GO

The dependence of the amount of adsorbed hydrogen on temperature
(with constant Ho/CO0 ratio) on various nickel catalysts is shown dn
Figures 6-8, 6-9 and 6-10. The overall trend for different Ni catalysts
shows consistent agreement. The amourt of adsorbed hydrogen at éonstant
Hp/CO ratio increases with temperature. It can be seen tha* "~ amount
of surface carbon also increases with temperature (Figures 4-8 and Table
4-4), Based upon these two observations, it is suggested that hydrogen
is associated with surface carbon.

At a low temperature, 309C, the presence -of CO has a significant
influence on the amount of adsorbed hydfogen. Most of the adsorbed
hydrogen 1is replaced by CO. OnTy very small amount of Hag 1s Teft on
the surface (i.e., 0.1 monolayer of hydrogen for Ni1/5i05, 0.15 monolayer
for Raney Nickel). The full monolayer is taken as the amount of
hydrogen measured by Ho/D3(Ar) exchange at the same condition, but 1in
the absence of C0. A typicai result is shown in Figure 6-11. The
result indicates that Dy and Ar decéyed simultanecusly and the formation
of HD was much less than the formation of HD in the absence of co

(Figure 6-1).  These observations suggest that most of the catalyst
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surface is covered by CO. Findiﬁg the amount of hydrogen on the
catalyst surface to be small is in accord with many literature
findings.(74:75,83)

As the temperature was increased to 110°C, more H,q were observed,
including: 0.3 monolayer Ni/Si0p, and 0.3 ~ 0.4 monolayer for Raney
nickel. It can be concluded that even at 110°C, there is some amount of
hydrogen able to coexist with CO. -As soon as the temperatures reached
the reaction condition, more hydrogen was adsorbed on the surfaces. A
typical transient result under reaction condition is shown in Figure
6-12, The amount of adsorbed hydrogen ,ieasured by titration method is
also shown in Fiéures 6-8 and 6-10. The results from titration method
and Hp/Dp exchange method agree. The amount of adsorbed hydrogen is
nearly the same as the amount of adsorbed deuterium. A typical
titration method result obtained under: reaction condition is shown in
Figure 6-13. In the previous section, the different results between
" titratjon and exchange methods were observed in the absence of C0. 1In
the presence of CQ, there is little difference between methods. This
suggests that, at PH2 < one atm and under rgaction conditions, the
effect of the large amount of weakly adsorbed hydrogen on the Hy/Dyp
exchange measurement and hydrogen migration into bulk nickel s
insignificant. The large amount of Hyq Ppresent under reaction
conditions has also been reparted by Bell et a].(38’83) Happel et al.
also reported that under reaction cenditions the amount of H,4 is close
to the amount of COad.(lls)

Special experiments were conducted, in Ni/Si0y in order to heasure

-the amount of adsorbed hydrogen by varying the pressure of hydrogen and
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carbon monoxide (independent variables). Typical results are shown in
Figures 6-14 and 6-15; detailed results are summarized in Table 6-3.
The results obtained were seemingly inconsistent. At constant
temperature and constant pressure of CO, the amount of adsorbed hydrogen
increases with the pressure of hydrogen (Figure 6-14). However, at
constant temperature and constant pressure of hydogen, the amount of
adsorbed hydrcgen shows only a slight dependence on the pressure of CO
(Figure 6-15), The amount of adsorbed hydrogen tends to incline
slightly at lower pressures of CO, and levels off at higher pressures of
C0. As suggested by data plotted in Figure 6-14, hydrogen and co
compete for either the same.adsorption site or incomplete cgverage. It
was observed that the amount of adsorbed CO is highly independent of
reaction conditions {Chapter 4). The amount of adsorbed CO is virtually
constant as partial pressure of hydrogen varies (Figure 4-5).  This
finding invalidated the possibility that H, and CO compete for the same
site. In the absence of CO the amount of adsorbed hydrogen was also
observed to increase with the partial pressure of hydrogen (Figure
6-7). This suggests that at high partial pressure of nhydrogen, say
three bar, the measurement may suffer from large amount of physically
adsorbed hydrogen; by titration method, the large amount of physically
adsorbed hydrogen is eliminated. If the amount of adsorbed hydrogen
‘measured _through different methods (transient vs. titration) gives
similar results, then the H2/02(Ar) transient measurements are not
suffering from a large amount of physically adsorbed hydrogen. Figure

6-8 shows consistencies between different measurement methads.,
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Table 6-3

The Amount of Adsorbed Hydrogen as a Function of

Reaction Condition in 60 wt % N1/3102

PHZ Peo Hp 02
- atm atm m/g, ml/g
229 0.3 0.1 6.4 6.94
220 1 0.1 §.29 9.32
220 3 0.1 17.95 18.14
220 3 0.3 14.48 16.25
220 3 1 14,22 15.8
220 1 0.3 8.22 7.62
280 - 1 0.3 10 © 10,2
240 0.3 | 0.1 8.45 7.01
240 1 0.1 ‘ 10.0 12.03
240 3 0.3 14.0 11.1

240 3 1 12.03 14.7
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Therefore, at PH2 equal to one bar, the catalyst surface may be free
from large amount of physically adsorbed hydrogen. The results obtained
from PHZ equal to one bar, and varying Pco are also shown in Figure
6-15, The amount of adsorbed hydrogen is highly independent of Pco.
Taken together, these findings indicate that the amount of adsorbed
nydrogen is & sensitive function of pressure of hydrogen; however, at
constant pressure of hydrogen it shows only slight dependence on -Pca.
The amount of adsorbed hydrogen as a function of Hp/CO ratio and
Pco is .plotted in Figures 6-16 and 6-17 on, Raney nickel. The
'experimepzs were conducted by keeping the flow rate of hydrogen constant
while chénging the flow rate of CO. The totzl pressure was maintained
at one atmosphere (Figure 6-16). As seen in Figures 6-16 and 6-17, the
amount of adsorbed hydrogen is highly independent of H,/CO ratio and
Pco. Tha findings are consistent with ﬁhose presented in Figure 6-15.
From Figures 6-15, 6-16 and 6-17, one can determine that the amount
of adsorbed hydroéen is highly independent of Pco or Hy/CO ratio, at
.constant pressure cf hydrogen. This suggests that on]y‘a small portion
of the adsorbed hydrogen’ participates in methanation, which further
explains why the amount of adsorbed hydrogen is not a function of Hy/CO
ratio or Pco. However, the variation of H»/CO and Pco will affect the
methanation significantly (Figure 4-18). | X
The sources of tlarge amounts of hydrogen are probably largely
associated with surface carbon (reactive and irreactive) and/or with

nickel metal (Hp or Hyq). They will be fully discussed in ne-t section.
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The transient responses can provide even more information regarding
the nature of hydrogen at the catalyst surface.

At Tlow temperature, the transient response curves without and with
CO are shown fn Figures 6-1 and 6-11. The area under the HD curves with
the area between Ar and D, indicate the amount of adsorbed deuterium at
the catalyst surface. As can be seen in Figure 6-1, the areas are
large, which indicates that the amount of adsorbed deuterium is also
large. However, as soon as CO is present on the surface, the area
diminishes. This effedt can be seen in the simu]taneous decay of Ar and
D, and the very small amount of HD area (Figure 6-11), both indicating
the amount of adsorbed deuterium is very small.

The transient curves for a higher temperature, 1109, are shown in
Figures 6-18 and 6-19. In Figure 6-19, the coexistence of Hy and CO,in
the presence of C0, can be observed. It is.worth mentioning that the
shape of HD curVes_is relatively symmetrical for low temperatures with
or without the presence of CO. Figures 6-2, 6-20 and 6-21 show the
transient responses obtained in the absence of CO at different partial
bressure of Hy at temperature equal 220%C, The responses indicate that
at higher pressures of Hp, more physically adsorbed "hydrogen is
observed, It can be seen from the transient responses. The maxima of
HD curves decreases as the PH2 increased. The H, and Dy crossing point
increased with PHZ. |

The transient responses obtained at reaction conditions with
different PH2 are shown in Fiyures 6-12, 6-22 and 6-23. By comparing

the transient responses with and without CO, important observations are
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worth mentioning., More HD formation takes place in the presence of CO
than that formed in the absence of C0. This is a clear indication that,
in the presence of CO, there are more adsorbed hydrogen or deuterium
atoms than in the absence of C0. The adsorbed hydrogen may come from
CaHy>» CHys or Hyge The temperature dependence on transients can ajso be
seen by comparing the transients at different temperatures. By
comparing Fiqure 6-24 with Figure 6-12, 'a significant difference is
-observed. Figure 6-24 is the transient obtained at 1809C. The HD area
and the area between Ar and D, are lower than that at 220°C (Figure
6-12). The titration method also furnishes more information reygarding
the nature of adsorbed species., The responses. for those transients are
illustrated in Figure 6-6, for the condition in the absence of CO, and
in Figure 6-13, under reaction conditions. In Figure 6-6, the Dj
transient is in the same magnitude as the HD transient. However, under
reaction condition, significant differences are observed (Figure
6-13). The 02 transient is much smaller ‘than the HD trahsient. The
shape of the D, peak and HD peak (Figure‘6-13)~are very similar to those
observed when Hy, is used to disﬁlace adosrbed D-atomifrom the surface of
nicke! in the absence- of any adsorbed CO or.carbun (Figure 6-6). The
area under the D, and HD curve is nearly the same (Figure 6-6), which
suggests that D atom has the equal opportunity either to be Dy, or HD.
However, in the presence of CO0, the area between Dz and HD show
significant differences (Figure 6-13)., The D, becomes smaller and the
HD becomes larger. The ingrowth HD curve is similar ;o the ingrowth of

methane curve (shape and location) (Figure 6-25). The additional HD
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formed may associate with CH,Dp_, and CBDy, or, to some extent, 0D
species., This is further evidence that the catalyst surface has a large
amount of adsorbed hydrogen.

Typical transient responses obtained from Raney nickel are
presented as follows. At low temperature, 30°9C, the transients result
in the absence of CO and presence of CO are shown in Figures 6f26 and
6-27. Again, similar behaviors are observed. At low temperature in the
presence of CO most adsorbed hydrogen will be replaced by CO.

The transient result at 110°C in the absence of CO and in the
presence of CO are shown in Figures 6~28 and 6-29. As seen in Figure
6-29, the adsorbed hydrogen is observable. It can be seen from the HD
area and the area between Ar and Ds. ]

The transient result at 210°C with the of Ho/CO ratio equal to 6‘15
shown in Figure 6-31. Figure 6-30 shows the tranéient result in the
absence of CO at 210°C. In view of thosé transients, it i§ indicated
that in the presence of CG, more amounts- of adsorbed hydroggn were
observed, The HD area is larger than it would be in the absence of CO.

The titration measurements on Raney nickel are illustrated in
Figures 6-32 and 6-33. In-Figures 6-32 and 6-33, the D, transient is
not in the same magnitude as the HD transient., The D, transient is
larger than the HD traﬁsient. This observaticn suggests that part of D;
transient may come from the desorption of'DZ. The results indicate that
the large amount of deuterium observed is originating from the D,
transients (desorption of D, and/or recombination of deuterium atoms).

Comparing the transients in Ni/Si0p (Figure 6-13) with Raney nickel
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(Figure 6-33), a sﬁgnificant difference is obéerved. Under reaction
condition, the contribution from HD to the total amount of adsorbed
hydrogen is less in Raney nickel than in Ni/Si0,. The large amount of
adsorbed hydrogen 1is probably associated with free hydrogen  atoms,
adsorbed hydrogen molecules, CBHy, CHx and OH, Typical transiesnts for
Ni powder with the presence and in the absence of CU are shown in
Figures 6-34 and 6-35. A large amount of adsorbed hydrogen is observed

under reaction condition.

6.3 Discussion
6.3.1 Stoichiometry of H/CO

It is generally accepted fﬁat the stoichiometry of Had/coad ratio on
nickel catalyst is cloée to one at low temperature (25°C) static
chemisorption conditions., The measurements of Hy and co uptéke are
obtained through Tow temperéture static chemisorption (the chemisorption
method of measuring hydrogen has been described in previous section).
In general, H, adsorption follows H/M = 1.(116’117) In general -dual-
isotherm technique was used for CO adsorption measurements. The
amount of strongly ﬁe]d adsorbed CO was determined by the difference of
two isotherms {with a brief evacuation in between the two isotherms).
The duai-isotherm technique also assumes that only weakly held CO

(mainly on the support) is removed during the evacuation step (1).




184

H2 (Ar) --> D2, T =210"C, P =1 bar
AI‘ _Hz D o
v . I_D
N'Hlllllllllllllllllll“"‘:". srrrve—td a———3 :;AMIIIIIMIIlllll"ll::ll:!::l::ll:::::::::::::::::::::l:::: »
| ] ] 1 1 1 i 1 1
0 10 20 30 40 6G 80 70 80 90
Time sec

Figure 6-34 H, + Az —>»D, , T = 210%, Py, = 1 bar,

* nickel powder

H2(Ar)—->D2 T=210 C H /CO"
AT H, JD2
D
dardsssarsaszstanainiasens 'l:io- ...:::"’i".“lillhnl-lc::::::::::::::;::;::::::;::::;:::::;:::::::u
6 1'0 2‘0 3l0 4I0 E‘O BlO 710 B'O 9’0
Time sec

Figure 6-35 H+A1""CO-9D2+CO '7'--2100
H /cO = 6, nickel powder
2



185

However, Fang et a1.<118) showed that a significant amodnt of
chemisorbed CO is removed from the metal.

The CO adsorption is considerably more complex, the stoichiometry
of which varies with. equiiibration pressure, temperature, metal
crystallite size, and metal loading. Formation of nickel carbonyl and
substantial amounts of chemical and physical adsorption of CO on the
suppért provide additional comp]ications.(lls) Various ranges of the
stoichiometry of H/CO on nickel catalyst has been reported by
Vannice(s’se'los) (range from O0.17 to 2.58) and Bartholomew and
Panne[(117) (range from 0.036 to 1.84). It would be interesting to find
out the atoichiometnynof H/CO measured by transient measurement .method
in this study. :

The Hy and CO uptake measurements in th{s study are summarized in
Table 6-4.

In view of the large variations in the H/CQ stoichiometry from 1.07
to 2.54, one may ask oneself what causes the variations. It is probably
" due to the nature of different techniques.  The transient method
measures the total replaceable isotopes, including strongly and weakly
adsorbed isotopes. The chemisorption method measures the strongly
adsorbed species. It is therefore not surprising that different methods
lead to different results. The advantages of using transient method is
that the adsorbed species can be measured in-situ under reaction

conditions.




Catalysts

raney Nickel

60 wt % Ni/Si0p

Ni

powder

C.

d.

e.

fe

Table 6-4
Stoichiometry of H/CO

ml/g ml/g

Hy co

8.228 - 6.45°
8.2¢ 15,219
0.36% 0.4067

H/CO
2.54
1.07
1.77
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H2/02 exchange measurements conducted at 110°C Prot = 1 atm.

1260/1300 exchange measurements conducted at 110°C Hp/CO = 1U Pyyp =

1 atm.

Ho/D, exchange measurements conducted at 110°C PHZ = 0.3 atm.

1200/13c0 exchange measurements conducted at 110°C Pco = 0,1 atm

PH2= 3.9 a‘tlfl.

Hy/D, exchange measurements conducted at PHZ = 0,13 atm.

1’2C0/1360 exchange measurements conducted at Pco =

32.87 atm.

0.13 atm Py, =
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6.3.2 Equilibrium Between H 4 and Ho

It has been reported that the adsorbed hydrogen is in equilibrium-
with the gas phase Hy on nickel cata1yst.(61’71’82) Ozaki(SI) and
Falconer and Kester(gz) indicated that adsorption of hydrogen on nickel
is rapid and reversible.

Therefore, it is reasonable to assume that the adsorbed hydrogen is
in equilibrium wifh gas phase hydrogen in the absence of CO0., It is
.interesting to find out whether equilibrium exists between adsorbed
hydrogen and gas phase hydrogen in the presence of CO.

A equilibrium index is being defined by

(1,1 | .
Kin TTL T (6-1)

For example, the Kip can be determined from Figure 6-2 in the absence of

co.

Inp maximum HD intensity during Hy/Dp exchange

i

IHE' [DZ Ho and D, intensity corresponding to the HD intensity
at the same x coordinates.
The K;, can also be determined in the presence of CO from Figure
6-12, The degree of equilibiium can be calculated by
Kin (with CO)
K;, (without COJ - Deq(%) (6-2)
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The assumption is that in the absence of CO, the adsorbed hydrogen is in
“equilibrium with gas phase hydrogeﬁ.

Typical results are summarized in Table 6-5 for various nickel
catalysts.

As seen in Table 645, at low tgmperature (30°C) and in the presence
of CO, the adsorbed hydrogen i§ not in equi]ibrium with gas phase
hydrogen. The degree of equilibrium is 0.99% for Raney nickel, and
1.88% for Ni/Si0,. At a higher temperature (110°C), the degree of -
equilibrium is increasing, However, it is far from.equilibrium; At
1109 with presence of CO, even though there is some amount of adsorbed
hydrogen, the adsorbed hydrogen is not in equilibrium with_gas phase
hydrogen. Under reaction conditions, the adsorbed hydrogen is close to
equilibrium with gas phase hydrogen. This conclusion is based on the
degree of equilibrium shown in Table 6-5. The degree of equilibrium is
in the range from 88% to éG%. The results from Table 6-5 indicated that
at low temperatures (in the presence of C0) the adsorbed hydrogen is not
in equ]ibri;m Qita gas phase hydrogen. This is consistent with the
result of Bell and Cant.(Bz) Under the reaction condition, the adsorbed
hydrogen is close to ehui]ibrium with gas phase hydrogen. This alsc is

consistent with the results of Bell and coworkers.(38’3l’82)

6.3.3 Effect of Nature of Nickel Catalysts

As shown in Figure 6-5, the amount of adsorbed hydrogen on Ni powder

increases with temperature. This behavior is completely different from



Table 6-5

Equilibrium Between Hy4 and H,
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Catalyst g Pco (atm) PH2 (atm) Hy/CO Kin Deq(%)
C
Raney- 30 0 1 - 1.907 -—-
nickel 30 0.09 0.91 1.0 0.019 0.99
110 0 1 ’ - 2.13 -
110 0.09 0.91 10 1.44 61.0
216 0 1 - 2.90 S
210 0.5 0.5 1 2.80 96.0
210 0.09 0,91 10 2.56 88,0
210 0.03 0.97 33 2.77 95
Ni 110 0 1 - 1.07 -
powder 110 - 0.14 0.86 6 G.117 10.9
210 0 1 - 1.14 -~
210 - 0.14 0.86 6 1.07 94
Ni/Si0, 30 0 0.3 - 2.12 --
30 0.1 0.3 3. .04 1.88
110 0 0.3 - 2.07
110 0.1 0.3 3 0.982 41.4
180 0 6.3 - 2.43 —
180 0.1 0.3 3 2.18 88.5
220 0 0.3 - 2.17 -
220 g.1 0.3 3 2.06 95.0
[1y1°
Kin * T, T, 1
2 2
K: (in the presence of C0)
b =10 : x 100
eg Kin (in the absence of CO)
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that on Raney nickel (Figure 6-4) and 60 wt % Ni/Si0p (Figure 6-3). As
suggested by Scott and Phi]lips,(lzo) the support induced hydroxyl group
may participate in the exchange reaction with H, and D, when the
temperature is increased. If this is the case, then the amount of
adsorbed hydrogen, measured by Hzldz transient method, should exhibit a
tendency to increase with temperature. From our observations on Raney
nickel (Figure 6-4) and Ni/Si0p (Figure 6-3), it suggested that the
effect is insignificant. It cannot account for the strange behqvioE
over Ni powder, as Ni powder has no support (i.e., no support-induced
hydroxyl group). - It is suspected that activated chemisorption or
hydrogen migration into the bulk nickel may dominate the observec
phenomena. No supporting evidence for activated chemisorption on Ni
powder was found in the literature. . However, independent measurements
on the amount of adsorbed hydrogen showed trends consistent with the
transient method measurements of this study (Table 6-1).

The observed transient responses for adsorbed hydrogen on Raney
nickel and Ni/Si0, also exhibited a different trend. As seen for
titration measurements on Ni/Si0p, Figure 6-6, the areas under D, and HD
are in the same magnitude. It is assumed that Ar flush can remove
weakly adsorbed molecule deuterium, Af;er Ar flush, most adsorbed
deuterium {s in atom form. After ‘switchihg back to Hp gas, the
deutarium atom has the equal opportunity either to form HD or Dy. This
is the case for Ni/SiOa‘ in the absence of CO0. Similar titration

measurements on Raney nickel produced different results (Figure 6-32).
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It is indicated that Raney nickel has a large amount of adsorbed D-
M and/or adsorbed deuterium molecule, This will result in an area under
Dy larger than that under HD. On Ni/SiOZ, the titration results under
reaction conditions also show different behavior from results not under
reaction conditions (Figure 6-13 and Figure 6-6). The HD area is larger
than D, area. This suggests that under reaction conditions the amount
of Ni-D species &ecreases. A large pefcent of D is associated with
carbon (reactive and irreactive) or surface hydroxy] gr6ups. The
titration result for Raney nickel under reaction conditions gave similar
shapes and magnitudes for D, and HD peaks as titrations taken not under
reaction conditions (Figures 6-32 and 6-33). This indicates that under
reaction conditions, large amount of Ni-D and adsorbeﬁ Dy species
present on the surface coexist with some D associated with carbon
(reactive and irreactive) or surface hydroxyl group.

The ultimate goal in the measurement of adsorbed hydrogen is to'
achieve a better understanding of the behavior of hydragen at the
catalyst surface, undef reaction conditions. Up to this point, the
following observations have been made:

"1, In the pfesence of C0 at low temperature, the adsorbed hydrogen is
not in equilibrium with gas phase hydrogen. The adsorbed hydrogen
s in equilibrium with gas phase hydrogen under reaction

condition. This observation is valid for all nickel catalysts in

this study.
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2., The amount of adsorbed hydrogen at constant H2/C0'ratio increased
with increasing reaction temperature. }his phenomenon is observed
for Raney nickel, nickel powder and Ni/SiOz catalysts.

3. The amount of adsorbed hydrogen is insensitive to the variation of
Hy/CO ratio at constant total pressure (Raney nickel), or to the
variation of pressure of CO at constant hydrogen prassure (Ni/SiOz)..

4, Large amounts of hydrogen coexiét with close to monolayer'of CO,4q-
Many unanswered questions and inconsistent experimental results

still exist. Such as, what are the forms of adsorbed hydrogen under

reaction condition?. Is it associated with carbﬁn (reactive and
irreactive) and/or with oxygen (surface hydroxyl groups) and/or with Ni,
etc.?

How do we ekplain the inconsistent experimental raéu]ts (i.e..

Figures 6-14 and 6-15)? Do we suffer from any complications in

measuring the amount of adsorbed hydrogen?

Let us answer those questions at least to some extent.

6.3.4 Sites for Adsorbed Hydrogen

Where are the sites for adsorbed hydrugen? It has been suggested by

many investigators(121-124)

that the most probable bondiny made is with
H atoms occupying "“three-fold hollow adsorption sites,” i.e., the
hydrogen atoms sit above holes in the cubic close-packed nickel surface

at equal distance to three surface nickel atoms. Bel](al) proposed
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that the hydrogen atoms are located primarily in the three- and four-

fold hollows between Ru atoms under reaction condition.

6.3.5 Adsorbed Hydrogen in 60 wt % Ni/Si0,

Bell et a].(38) proposed that the hydrogen is associated with Ca»
in the forms of CBHy’ y is between 1.8 and 2.4, Assuming that all the
amount of adsorbed hydrogen measured through the transient method is
associated with irreactive carbon species, it is interesting to find out
the value of y 1in Ni/Si05. We obtained the value of y in CBHy of 2.98
(Table 6-6). It seems to agree with Bell's observation. However, in
view of the carbon irreactive value, it is the upper limit of the ecirr
because we included the carbon from dissociation of CO. Actually, y
will b2 larger than 2.98. If we assume the hydrogen is associated with
total carbon on the surface, then y is 2.62. Assumptions based upon
hydrogen being'associated'with Cg or Ciypa1 2lone are not sufficient to
explain the large value of hydrogen adsorbed on Ni/Si0p. The remaining
adsorbed hydrogen is probably associated with_the three-fold sites. By
comparing Figures b6-6 and 6-13, one can infer that, uander reaction
conditions, there is some adsorbed hydrogen associated with metal. It
is probably associated with three-fold sites.

The amount of adsorbed hydrogen was observed to be not a strong
function of Hy/CO ratio (i.e., at PH2 maintained constant while varying
Pco independently, Figure 6-15) on Ni/Si0, catalyst. This observation

suggests that the amount of H,q which participates in methanation is
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Table 6-6

The Concentration of Adsorbed Species in 60 wt % Ni/Si0,

ml/g ml/g

T PHz(atm) Peolatm) Hz , co ec
220 1 0 7.994 -
110 3.9 0.1 - 15b
220 1 0.3 7.922 9.45P
220 1 0.3 0.721¢ (0.04808)
220 1 0.3 6.03 (0.402)
y =55 192 - 2.98 for et
_ 2 x7.92 _
= =803 - 2.62 for CHy (CBH_V + CH_Y)

a. The amount of hydrogen measured by Hy/D, exchange.
b. The amount of CO measured by 1260/13¢c0 exchange.

c. Equivalent (O translates from @; reactive (measure by 12/13
exchange).

d. Equivalent CO translates from 0. total (ecto£ measured by Hp

+ 1209 » Hy) (this is the upper limit of e).
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small. Most adsorbed hydrogen is not participating in the reaction.
This alsc implies that the avai]abi]ity_of Haq 1s not a controlling
5rocess in methanation, There is an abundancé of hydrogen on the
catalyst surface.

Through transient Hp/D, exchange methods and titration methods, the
amount of adsorbed hydrogen was also observed to be close to that of
deuterium (Figure 6-8). Additionally, an inverse H/D isotope effect on
Ni/S10; was observed (Chapter 5). When an H/D isotope effect is
observed, one would expect that the amount of adsorbed hydrogen should
be differ from the amount of adsorbed deuterium.

Results from the study indicate that the amount of hydrogen or
deutarium participating in methanation is small compared to the total
amount of hydrogen or deuterium measured. This will result in Hy uptake
being the same as D, uptake at a significant H/D isotope eoffect
condition. .
It has been suggested that ‘the' support-induced hydroxyl
(120,125)

group

and Dp=Hy0-Hp exchange reaction (82,120,126) may affect
the measurement of H,/D, exchange.’

If this is the case, then changing reaction condition will change
the concentrations of surface hydroxyl groups and Hp0. As seen in
Figure 6-15, the Ho uptake is insensitive to the change of reaction
conditions. It has also been reported in the literature that the Uy-
Ho0-Hy exchange is slow on Ni catalysts.(lzo’IZG)

The possibility of the surface hydroxyl group and D,-H,0-H,

exchange atfecting the amount of adsarbed hydrogen measured has not be
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ruled out, However, the extent of this effect in the study was
considered 1nsignificanti This possibi]ity_exjstg but does not play an
important role in the Hp/D, exchange measuréments. One may suspect phat
seeing a long tail on HD transient during the 'Hé/Dz exchange under
reaction condition is evidence of surface hydroxyl group and Dy-H;0-Hp
exchange effects, We do observe. some tailing in H,/D, exchange;
however, it does not have a significant effect on the measurement
result, Besides, the tail may also come from the heterogeneity in the
adsorbed species.

It is possible that all the hydrogen measured is associated with CO
in the form of CH0. If this is the case, then a variation of the
amount of adsorbed hydrogen would accompany a variation of the amount of
adsorbed CO. As seen in Fiqure 6-8, the amount of adsorbed hydrogen

‘increases with increasing reaction temperature. According to this
hypothesis (CHnO), the amount of adsorbed CO should increase with an
increase in reaction temperature. Figufe 4-4 indicates that the amount
of adsorbed CO does. not increase with increasiﬁg temperature. 0., is

close to a constant value. Combiﬁing these two resu]tg, the possibility
of the formation of CH,0 species can be ruled out.
Inconsistent results 6bserved are-shown.in Figures 6-14 and 6-15.

One shdws the amount of adsorbed hydrogen to increase with‘PH2 (P =

C), the other shows the amount of adsorbed hydrogen to be virtually

constant while varying the Peo (PH2 = C), Figure 6-14 seems to favor

the effect of surface hydroxyl group and Dp-H,0-H, exchange. The Hy0

production also increased with PHZ. However, in view of Figure 6-7, the
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possibility can be ruled out. We also observed the amount of adsorbed
hydrogen to increase with PHZ in the absence of CO. The causes for this
phenomena of Hp uptake increasing with PH2 can be either large amounts
of weakly adsorbed hydrogen or Hp spillover on unreduced nickel,

Both molecular and atomic bound hydrogen have been suggested as the
state of weék]y bound hydrogen.(127) Another possibility arises since,
if one H atom is bound on a Cy site, the second H atom may be found in .
the subsurface hole just below the Cg site. In such a situation a
hydrogen-H interaction still exists. This is called "type C H" in the
literature. This results in H/metal > 1.(128) If type C hydrogen and
the weakly bound hydrogen increased with RHZ, this effecf would have

been observed (Figure 6-7).

* and NiZ* may exist on unreduced

As indicated in Chapter 4, Ni
Ni/SiOz.(ZZZ) As unreduced samples cannot chamisorb Hy, the following

reactions are possible

My + 2 NT T 2 6%+ 2 (6-3)
Hy + NiZ5 T i 4 2 (6-4)

One may speculate the presence of Ni* and Ni2* on the Ni® metallic
particle, in some 1hstances, would increase the hydrogen'uptake as a

result of the reduction of these Ni* and NiZ*,(112,129)
High PH2 may also favor the hydrogen spillover. This would result

in the amount of adsoibed hydrogen increasing with PH..»




6.3.6 Adsorbed Hydrogen in Raney Nickel

If we assume all- the adsorbed hydrogen is associated with Ctota]Hy
or CgH,, then the y values are 2.32 and 2,71 respectively (Table 6-7).
These results seem reasonab]e compared with Bell's result, however the y
value will actually be higher because the total carbon value reported is
the upper limit. It is not sufficient to explain the large amount of
adsorbed hydrogen on Raney nickel based upon hydragen associafed with CB
or Ciotale The rest of the hydrogen is probably associated with three
fold sites. ' |

Figures 6-16 and 6-17 indicate that the amount of adsorbed hydrogen
is not a sensitive function of reaction condition. Results shown in
Figure 6-10 indicate that the amount of adsorbed hydrogen is close to
that of deuterium, He also observed an inverse H/D iéotope effect
(Chapter 5). The same conclusion is obtained as on Ni/SiOp. The amount
of hydrogen or dedterijum participating in methénation is small compared
to the total amount of hydrogen or deuterium at the catalyst surface.

The availability of H,y may not be a controlling process in
methanation. Raney nickel also exhibits a similar behavior (Figure
6-17), as does Ni/Si0, (Figure 6-15). -The same conclusion regarding the
insignificance of surface hydroxyl group and DQ-HZO-Hz‘exchange effects
is obtained. It is also concluded that the large amount of hydrogen is
not associated with CO in a form of CHL0 (Figure 6-1G). This is baﬁed

upon the same discussion as in Ni/Si0j.
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Table 6-7
The Concentration of Adsorbed Species in Raney Nickel
ml/g ml/g

T H,/CO H, €0 o
210 = 8.5 . o
110 10 - 6.45
210 6 11,472 5,50
210 6
210 6 9,868¢ 1.53
210 6 1.4194 0.22

CBHy

_ 11,47 x 2 _

Y= gagg - 1419 - 27

ctotHy

y = 11.47 g 2 _ 2.32
a. The amount of hydrogen measured by Hp/Dp exchange at P, =1 atm.
b. The amount of CO measured by 12C0/13CO exchange at Py,. = 1 atm.
c. Equivalent CO translates from C reactive (measured by 12C0/13C0

exchange).
d.

Equivalent CO translates from Gctot (ecto

" measured by Hz + 1200 *

Hy. This is upper limit for the total carbon on the surface.
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It has been reported in the literature that a large volume of
hydrogen evolved when Raney nickel was heated was formerly considered as

(130)  ¢r nickel dissolved hydrogen (131)

evidence for a ‘hydride
A}

structure. Anderson et al.(891 indicate that this may be.explainad on

the basis of the reaction between residual aluminum and H,0 bound as

alumina triﬁydrate.
Al + 3 H20 > Al(OH)3 + 1.5 H2 (6~5)

If this is the case, then by varying the concentration of Ho0 may have
significant effect on the amount of adsorbed hydrogen. As shown in

Figuré 6-~17, the amount of adsorbed hydrogen is highly independent of

] Hp/CO ratio (Hp0 concentration will vary with Hp/CO ratio). Even though

this reaction does occur under measurements in this study, however, the
effect may not be very important. -

Furtheér conclusions regarding the detaiied behavior of the hydrogen
on Ni powder c&nnot be reached due to the limited amount of experimental

data obtained under reaction conditions.

6.4 Conclusions

From the study of the amount of adsorbed hydrogen, various

important results are summarized as follows:
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At room temperature, in the presence of CO, almost all adsorbed
hydrdgen at the catalyst surface is replaced by C0. The adsorbed
hydrogen is not in equilibrium with gas phase hydrogen.

At a higher temperature (1109C) the CO co-exists with less than 0.3
monoléyer of hydrogen (taking the amount of hydrogen measured at
1109 in the absence of CO as one monolayer). The adsorbed hydragen
is not in equilibrium with the gas phase hydrogen.

The amount of adsorbed hydrogen at constant Hpo/CO ratio is increased
with the temperature. The adsorbed hydrogen is close to equilibrium
with the gas phase hydrogen at 210°C; The coexistence of large
amounts of hydrogen with close to monolayer of CO under reaction
condition is observed.

The large amount of hydrogen observed under reaction condition is
probably associated with two sources-with the surface carbon as Cgﬁy
and CH,, and in an atomic and/or molecular form, with nickel.

The availability of hydrogen for methanation may not be a limiting
process. There is an abundance of hydrogen at the catalyst surface
under reaction condition. |
The transient method.is a good method in-ﬁeasuring the amount of

adsorbed hydrogen under reaction condition.
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7.0 SUMMARY

This study was aimed at establishing a better undérstanding of the
mechanism of methanation on nickel catalysts. The proposed mechanism
involved both adsorbed hydrogen atoms and CO being in equilibrium with
gas phase hydrogen and CO. The dissociation of CO is a fast and
irreversible process. The reaction of surface carbon proceeds through a
slow step (change in the carbon metal coordination or carbon-carbon
depolymerization) and then reacts very rapidly via a reversible sequence
of steps to form a CH, (x = 1-3) group. The CH3ad specfgs further
reacts with Hy4 to form CHq(g).

In the catalyst aging study on Raney nickel the formation of
methane via two parallel pathways was observed. The origin of catalyst
aging 1in this particular case is in essence not a process of site
blocking, but rather a slow “deterioration" of the Raney nickel itself,
causing prenounced kinetic heterogenéity. .

The observed Tlow value of fréctiona1 coverage of reaction
intermediates is not due to a. carbidic adlayer which blocks a large
fraction of the surface. |

Small coverages iﬁ C;pp and oxygen appearing to inhibit the CO
dissociation, thereby limiting the steady-state production of carbidic
reaction intermediates. ‘ ‘

. The coverage of reaction intermediates (6c) and its reactivities
(kz) are significantly more structure/catalyst sensitive than what is

indicated by their algebraic product:
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The results from the .study of H/D isotope effect indicate that the
origin of H/D isotope effect is a fhermodynamic isotope -effect (the
coverage of reaction intermediates effect). The H/D isotope effect is
sensitive to the nature of the nickel catalysts. A slow step not
involving hydrogen in methanation was confirmed in the study of H/D.
isotope effect.

The amount of adsorbed CO 1is not sensitive to the reaction
condition. A large amount of hydrogen coexists with close to a
monolayer of CO found under reaction condition., The adsorbed hydrogen
is in equilibrium with gas phase hydrogen under reaction condition. The
large amount of hydrogen observed under reactijon condition is associated
with surface carbon (CBHy and CH,) ana associated with n%ckel metal (in

atomic and/or in molecular form).




APPENDIX A
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APPENDIX A

The TPD spectrum in 60 wt % Ni/Si0, shows a sing]e major peak with
peak maximum temperature 80°C (Figure A-4). The single desorption peak
agrees with Titerature data.(132’133) The peak maximum temperature 809C
is lower than the result reported by Bartholomew and weatherbee,(132)
who reported the peak maximum temperature in the range of 135 to 1459
over different weighg percentage Ni on silica cata]ysts.. The difference
in the peak maximum temperature is probably due to different temperature
ramping rate, different adsorption temperature and a different carrier

gas.
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APPENDIX B

1 HOME

=
!

REM DAAGY &/18/839

é DIM VICIB,120),T(?),2¢(4)

10 DIM MI¢10),P1(10),Y0¢10)

1t DIM TRYC120),MGC10) ,GKC1G)

20 DIM QI¥%C10,120),SI1%(10),PI%C10)

40 REM MI IS MASS NUMBER

80 REM VO IS UOLTAGE OUTPUT FROM ISAAC D/A
100" PRINT

111 IMPUT * MUL H.U 2 *;T(3

112 INPUT "SWITCH TYPE ?*;2%¢1)

113 INPUT *DATE 2";Z$¢2)

114 INPUT "PAUSE BETWEEN CYCLES( O-1&8SEC)?>";T(%)
116 INPUT "WHAT H2/C0 RATIO ?;T(5)

118 INPUT "WHAT FILE NAME ?";FILEs

119 INPUT "WANT TO INPUT MASS RA NGE(Y/N)?";;RES
120 IF RE$ = "Y' THEN GOTO 150

130 IF RE$ = "N" THEN GOTO 355

140 GOTO 119

150 NO = 0

180 PRINT

170 NO = NO + 1 :

130 PRINT "WHAT MASS NUMBER?* :

198 PRINT "[";NG;"1": INPUT " > *;MICNO)

200 PRINT

210 PRINT “WHAT SENSIVITY (L=0, M=1,H=2)%"

215 PRINT "[";NO;"1": INPUT " >*;GK(NOD)

217 IF GK(NOY = 0 THEN SI%(NO) = 4095

219 IF GK(NO) = 1 THEN SIX(ND) = 4095

220 IF GK(NG)> = 2 THEN SIX(NO) = 2048

221 PRINT '

22z 1F NO > = 10 THEN GOTO 270

230 INPUT “INPUT ANDOTHER MASS NUMBER(Y/N)?" ;RF%
240 IF RF$ = “Y" THEN GOTO 140

250 IF RF$ = "N* THEN GOTO 270

240 GOTO 230

270 PRINT

. 280 INPUT "TOTAL MUMBERS OF CYCLES(MAX 120)?>";CY
300 PRINT
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304
308
310
316
330
340
345
350Q
335
3480
345
3866
370
372
374
a7
374
377
385
284
3%0
420
430
440
440
470
474
480
490
520
S22
923
524
925
530
S50
551
552
5353
S54
535
o8
580
570
580
570
$00
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INPUT "ION GAUGE P *E—6 Torr ?";T(1)
INPUT "MASS ELE ENERGY EV ?";T(2)
INPUT "WHAT TEMPERATURE 2";T(4)
INPUT "WHAT D2/CO RATIO 2";T(&)
INPUT "WHAT CO FLOW RATE (N. L./H) 2";T(?)
INPUT “CATALYST TYFE ?";2%¢(3)
INPUT "CATALYST WEIGHT (g> ? ";T(8)
INPUT " OTHERS ?"j2%¢(4)
TS = T(P)
FOR I = 1 TO NO
MG(1) = MICI» - 0.08 + 0.0049 % MICI)
- 0.00011 % MICI) % MICID
VOCI) = = MG{I> % 0.1008 .
FICIY = €4,992 - MBCI) % 0.1008) * 409.4
PIZ(I> = PICD) - ‘
PZ = PICIY - PIXCID)
IF PZ ¢ = 0.5 GOTO 385
PI%CI) = PIX(I) + .1
PRINT “C";[;"3] MG=";MG(I);
"ML= MICI) " SI=" 3 GK(I)

NEXT I :
PRINT "(PRESS THE RETURN KEY TO START)"
INPUT " ";AS

IFAs > " " GOTO 420

FOR J =1 TO €Y

& CLRTIMER

& PAUSE = TS

FOrR I = 1 TGO NQ
P = PIXACID)
S = SIA)

IF GK(I> > 0 THEN GOTC 525
& AQUT , DV 2048,(CH) = 2
GOTO 530

& AQUT,(DV) = 4095,(CH) = 2
& AQUT,(DV) = S,(CH) = 3

& AOUT, (DY) = P, (CH) = 0

& PAUSE = 0.01

& PAUSE = 0.01

& PAUSE = 90.01

& FAUSE = Q.01

& PAUSE = 0.01

& PAUSE = 0.01

& AIN,(TY) = Q,(CH) = 5
QI%CI, I = Q

NEXT 1
& TIMERIM, TV = T
TRY(IY = T



420
425
425
430
639
8348
&37
638
&40
845
&S0
455
658
&80
480
690
700
710
7220
730
731

732
734
736
738
740
742
7350
760
787
770
780
810
820
830
B840
8BS0
855
83é
840
870
880
200

NEXT J
& AQUT,(DV) =
& AQUT,(DV) =

D¢ = CHR$ (4
PRINT " SAVE DATA "

4095, (CH#d
4095, (CH#)

ftu

oDwN

: REM CTRL

Cy

TRMCI) + 20

VI(I,J) = QI%CI,J) 7 409.4

& BUZZ ON

& PAUSE = 2

& BUZZ STOP

FOR J =1 TO
TRACI) =

FOR I = 1 TO NO
NEXT 1

NEXT J

PRINT D$;"MON C,I,0"
PRINT D$;"OPEN "3;FILES
PRINT D$;"DELETE “FILE$
PRINT D$3;"OPEN *;FILE$
PRINT D$;"WRITE ";FILES

PRINT NO
PRINT CY

FOR I =1 70
PRINT T(I)
MEXT I

9

FOR I =1 T0 4

PRINT 2Z%(I1)
NEXT 1

FOR I = 1 TO NO

PRINT MICI)
PRINT GK(ID
MEXT 1
FOR J =1 TO

PRINT TRZ%<(D

cY

FOR I =1 TO NO

PRINT V1<1,J
NEXT I
NEXT J

& ERRPTCH

)

ONERR GOTD 4000

PRINT D%;"CLO
& BUZZ ON

& PAUSE = &

& BUZZ STOP

ST*;

FILES

- 4»978
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#10
?15
P16
?20
730
?40
50
3000
010
3019
301é
3020
4000
4002
4003
4009
4010

PRINT (
& AOUT,(DV) = 4095,(CH) = 2
g ADUT,(DV) = 4095,(CH) = 3

INPUT "WANT TO RUN ANOTHER SCANCY/N)?" ;RD$
IF RD$ = "Y" THEN GOTO 100

IF RD$ = "N THEN GOTO 3000
GOTO 920

TEXT : PRINT

PRINT "OK, I WILL STOP NOW!"

& AOUT,(DV) = 4095,(CH) = 2

& AOUT,(DV) = 4095,(CH) = 3

END

& BUZZ ON

& PAUSE = 10

& BUZZ STOP

INPUT "WANT WRONG, NEW FILE MAME ?*;FILES$
GOTO 480
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S R
i0

13 DIM MG(IU),AU(IO,Z),TRZ(!EO),DA(240),DB(240).

&80
465
&&7
470
S80
590
&1

s93
&74
6735
)
&97
458
705
710
717
7220
730
740
750
788
770
780

720

972

780

?%0

1600
101¢e
1040
1050
1gs8e
1050
10&0
11090
1110
1120
1210
1225

EM

DASP4 &/13/8S

bDIM MIC10),VI(10,120),MRC10,120),V0(10>
12 DIM T(9),2%(5>,6K(10),SIXC10)

INPUT “"WHAT FILE MNAME?" ;FILE$

D = CHRS (4):

PRINT D$;"MON C,I,0"
PRINT D$;"OPEN ";FILE$;" ,D1*
PRINT D%;"READ ";FILES$

INPUT NO

INPUT CY

FOR I =1 TO ¢
INPUT T<(I)

NEXT I :
FOR I =1 70 4
INPUT Z2$C(I)
NEXT 1

FOR I =1 TO NO
INPUT MICI)
INPUT GK(ID
NEXT 1

FOR Jd =1 T0 CY
INPUT TRZCD)
FOR I = 1 TO NO
INPUT VIL1,3)
NEXT 1

NEXT J

PRINT D%;"CLOSE “;FILE®
800 2$(3) = FILE%
INPUT “"WANT TO PRINT DATA NOW(Y/N)?" jRH$
IF RH$ = “Y" THEN &OTO 1010
IF RH$ = “N* THEN GOTO 1225

GOTC 972
605UB 9000

INPUT "WHICH MASS NUMBER?" ;MA&

TEXT
GosuB 9430

PRINT "{*3;MA;"]

" :MICMAY

PRINT *CYCLE","TIME(SEC)";"

FOR J = 1 TO CY
PRINT J,TR%CJ) / 1000,"" ,UI(MA,d)

NEXT J
GOTO ¢72

REM CHR$<4) IS CRTL-D

ANAVOLT"

INPUT "WANT TO PLOT NOWCY/N)?" ;RPS
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1230
1249
1250
1245
1320
1330
1340
1350
1420
1430
1434
1440
1442
1450
1440
1470
1480
1500
1550
1540
1570
1580
1440
1450
1658
1858
1540
182G
I's80
13871

1872
1874
1880
1920
1930
1940
1950
1950
1990
2000
2110
2130
2140
2150
2140

IF RP% = "Y" THEN GOTO 1250
IF RP$ = "N" THEN GOTO 1920
GOsSUB 9255
INPUT "WHICH PEAK?" ;NP
MAX = 0O
FOR J =1 TO CY
IF VI(NP,J) > MAX THEN MAX = VIINP,J)
NEXT J
MP = MICNP)

FOR J = 0 TO (CY % 2) STEP 2
AA = VI(NP,J / 2)
IF A4 < 0 THEN A8 = 0
DACJI) = A4 * 100 / MAX -
NEXT J
INPUT "A SECOND PEAK (Y/N)?";RNS
IF RN$ = "Y" THEN GOTO 1500
iF RN$ = "N" THEN GOTO 1480
INPUT “WHICH PEAK?" ;NR
MBX = 0
FOR Jd = | TO CY .
IF VIC(NR,J) > MBX THEN MBX = VI(NR,J)
NEXT J
MR = MI(NR)
FOR J = 0 TO (CY * 2) STEP 2

CC = VICNR,J / 20
IF CC < 0 THEN CC = 0
DBCJY = CC * 100 / MBX
NEXT J
6OSUB 8000

ONERR GOTO 1225

PRINT "1~ ";MP,MAX"UOLTS"
PRINT "2~ ";MR,MEX"VCLTS"
GOTD 972

TEXT

INPUT "WANT TO NORMALIZE DATA PTS.(Y/N)?"5RA%
IF RAg = "Y® THEN GOTO 1940
IF RA$ = "N" THEN GOTO 3170
GOsSuUB 9000
INPUT "WHICH MASS NUMBER?" ;MB
PRINT “DETERMINE L VALUE"
INPUT "FROM WHICH POINT NLZ?";NL
INPUT "TO WHICH POINT LR?";LR

LA =0
FOR J = NL TO LR

NR(MB,J) = VIC(MB,J)
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2170
2180
2190
2200
2210
2225
2228
2230
2240
2250
2260
2270
2280
2270
2300
2310
2320
2325
2330
2340
2342
2344
2350
2340
2570
2380
2350
2400
241¢
2420
2430
2431
2432
2436
2442
2444
2444
2448
2450
2452
2453
2454
2440
2462
2470
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LA = LA + NRMB,I
NMEXT J
= LA / (LR - NL + 1)
AVKMB, 1) = L
PRINT "DETERMINE R VALVE"
INPUT "FROM WHICH POINT RL?";RL
INPUT *"TQ WHICH POINT RR?";RR
RS =0
FOR J = RL. TO FR
MR(MB,J) = VI(MB,J)
RS.= RS + NR(MB, D
MEXT J
R=RS / (RR - RL + 1
AV(MB,2) = R
INPUT "CURVE IS UP OR DOWNCU/D)?";2Y%
IF 2¥$ = "U" THEN GOTO 2370
IF 2Y¥$ = "D" THEN GCTO 2320
G0TO 2300
FOR Jd =1 TO CY -
WZ = (VI(MB,J) - R / (L - R

IFWZ ¢ 0 THEN W2 = @
NR(MB,J) = WZ

NEXT J

GUTD 2430

FOR J = { TO CY
QZ = (VICMB,Jd> = L) 7/ (R = L)

IF G2 < 0 THEN @2 = 0
NR(MB,J> = Q2
VICMB,J) = G2

NEXT J

INFUT "WANT TO MODIFY DATA (N/O/L)?*;l1A$

IF 1A% = "N" THEMN GOTO 2500

IF IA$ = “0" THEN GOTO 2442

IF IAaS$ = "L" THEN GOTO 2480

INPUT "FROM WHICH POINT MJ?";MJ

INPUT "TO WHICH POINT MU?*;MU

FOR J = MJ TO MU
2K = NR(MB,J)

IF (ZK - 1> > = 0 THEN GOTO 2440
NRCMB,J) = | ~ ((1 =~ 2ZK) / 20Q)
VICMB,JdY = NR(MB,J)

GOTO 2470
NRCMB,J) = 1 + (2K = 1) / 20
VI(MB,J) = MRC(MB,J)

NEXT J




2472
240
2482
24g%
2464
24835
2494
2494
2497
2498
2500
2530
2533
2540

2550
2851

2552
2533
2554
2585
2088

2047
2548
2949
2570
2580
2590
2620
24630
24635
2440
2450
2560
28720
2880
2770
2771
2772
2773
zg0o
2820
2830
2840
2900
2930
2940

GOTO 2430
INPUT "FROM WHICH POINR IW ? ";IW
IMPUT "TO WHICH POINT IX?";IX
IZ = IX + 1
Ia = I2 + 1
VE = (VI(MB,I12) + VI(MB,IAY)Y 7 2,
FOR = JW TO IX
NR(MB, J) VE
VI(MB,J) VE
NEXT J
GOTO 193¢0
INPUT "WANT TO CALCULATE AREA{Y/N)?" jAZ%
IF A2% = "Y" THEN GOTO 2530 ’
IF AZ% = "N" THEN GOTO 4230
PRINT
PR# 1
GOSUB 9430 :
PRINT "AREA TYPE 1 : AREA B ETWEEN TWO CURVES"
PRINT "AREA TYPE 2 : AREA A
AND BEL QUMAXTMUM
PRID‘T IIL MASSII ’II " '"R MASSII n ,IILII ’ll II’IIR(I s

nu

"TYPE"," AREA(SEC>"
PR% O
INPUT "AREA TYPE ?";BZ
[F BZ = 1 THEM GOTO 2590
1IF BZ = 2 THEN . GOTO 2900
GOSUEB 2000
INPUT "WHICH MASS NUMBER FOR THE LEFT CURVE?" jML
INPUT "WHICH MASS NUMBER FOR THE RIGHT CURVE?";MR
INPUT " AREA FROM 1 TO WHICH POINT JR ?°;JR
Wi =0
FOR Jd = 1 TO JR
Wl = Wl + (NR(MR,J> = NRCML,J))

NEXT J
WL = WL * TRA(14) /7 1000

PR# 1

PRINT

PRINT MICML)Y ;MICMRY ;* " ,AU(MR,1)," *,
AV(MR,2),",B6,"",W1

FPRH# O

INPUT “WANT ANOTHER AREACY/ZNY?";C2%

IF C2% = "Y" THEN GOTO 2549

IF C2¢ = "N" THEN GOTO 3170

GOSUB %000

INPUT "WHICH MASS NUMBER FOR LEFT CURVE?" ;2L
INPUT "WHICH MASS NUMBER FOR RIGHT CURVE?";ZR
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2945
2952
2940
2945
2975
2930
2990
3081
3082
zued
3085
2084
300
=170
3175
3180
3200
2230
3232
3234
3240
23250
3300
3310
3315
3320
3325
3330
334¢
&350
3340
3370
3330
3390
3400
3405
3410
3415
3420
3530
3710
az12
3720
3730
3740
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INPUT "AREA FROM 1 TG WHICH POINT DR?" ;DR
23 = 0

FOR J = 1 TO DR

2D = (1 = NRCZL,J) = NR(2ZR,J))
23 = 23 + 2D

NEXT J ..
24 = 23 * TRAL14) / 1600

PRINT

PR# 1

FRINT MICZL),MICZRY,"  “,AUCZR,1)," =,
AV(ZR,2)," ",BZ," ",24

PR# 0

GOTO 2820 .

INPUT "WANT TO SMOOTH DATA PTS.(Y/N)?";FZ$

IF F2% = "Y* THEN GOTO 3200

IF F2% = “N" THEN GOTO 2530

GOSUB 9000

INPUT "WHICH MASS NUMBER?" ;ME

INPUT “ORDERS OF SMOOTHING?" ;0S
MO = ME:0T = 0S

GOSUB 9255

GOSUB 9300

FOR J = 0 TO (CY % 2) STEP 2
EX = VICME,J / 2)

IF EX < 80 THEN EX = 0
DACJ) = EX % 100

MEXT J

IMPUT "A SECOND PEAK(Y/N)?"3;L2%

IF L2% = "Y* THEN GOTO 3340

IF L2$ = "M" THEN GOTC 3530

IMPUT "WHICH PEAK?" ;MF

INPUT “ORDERS OF SMOOTHIMNG?" ;0V
MO = MF:0T = @V

GOSUB 9300

FOR J = 0 TO (CY % 2) STEP 2
FX = VIMF,J / 2)

IF FX < 0 THEN FX = 0
DB¢JY = FX % 100

NEXT J

- GOSUB 000

PRINT "MASS~-";MI(ME)

PRINT “MASS-";MI(MF)

INPUT “PLOT ON PRINTER(Y/N)?" ;G2%

IF 62% = "Y" THEM GOTO 3750

IF G2% = "N* THEN GOTO 3790




3750
X782
3770
8772
3789

© 3790

3791
2&00
4230
4240
4250
42595
4258
4240
4400
4440
447¢
4480
4490
4500
4510
4520
4520
4540
45350
4540
4570
45380
q&¢0
4500
4510
4420
4430
44640
46350
44460
4470
S020
8000
8010Q
2020
020
8040
8050
8040

Gosue
PRH 1
- PRINT
PRINT
60sUB
PR ©
TEXT
GOTO 2

INPUT "WANT TO READ OR SAVE FILE(R/Q/P/N)*“,Rﬂi

IF RM$
IF RMs
IF RM$
IF RM3
OMERR
INPUT
PRINT
PRINT
PRINT
PRINT

8880

"MASS-" ;MI (ME)
tMASS—" ;MI (MF)
2430

170

= "N" THEN GOTO S020

"R" THEN GUTO &40

""" THEN G6OTO 972

"S" THEN GOTO 4400

GOTO 1225

“NANT NEW FILE NAME 7“,NF$
t"OPEN " ;NF&;" ,D2"

D$;"NRITE ";NF$

NO

Cr

hmn

FORI =1T0 2%

PRINT
NEXT I

TCID

FOR I =1 TQO S

PRINT
MNEXT
FOR 1

Z2$(1)

= ]'TO NO

PRINT MICI)

PRINT
NEXT 1

FOR J =

PRINT
FOR I

GKCID

{1 TO Cy
TRACI)
=1 TO NO

PRINT VI(I,J)

MEXT I
NEXT J
PRINT
GOTO 4
END
HGR
PLT =

D% ; "CLOSE" ;NF$
230

FPEEK (9&&) + PEEK (247> » 2G4

POKE PLT,O
& SCROLLSET
& DUTLINE

HPLOT

€,40 TO 12,440

& LABEL = "1" AT 4,38

218



070
38080
8090
8100
g110
8120
81320
8140
8380
830
800
8905
s%10
7000
SUZ0

030
5040
9255
P25&
257
255
P240
2300
2301

o302
2303
5304
2305
$310

?320
S3%0
$340
P350
9340
9370
9330
2400
£410
420
F430
2450
9451

9452
4480
948%
9470
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& LABEL = "0" AT 4,141 :
& LABEL = * TIME L(SECY" AT 50,155
& PLTFMT = 1,1 :

FOR N = 1 TD (CY % 2)
& NXTPLT = DACN)

& NXTPLT = DBC(ND

NEXT N

RETURN

Is = CHR$ (9) -

D$ = CHRS (4)

PRINT D%“PRH1": PRINT I1$“2H*
FRINT D3$"PRH#0"

RETURN

FOR1 =1 TO NO

PRINT "["3I3"1 "3MICID

MEXT I

RETURN

FOR I = 0 TO 240

DACIY = 0

DBC(I) = 0
NEXT 1
RETURN
IF OT > 0 THEM GOTO 9305
FOR J =1 TO CY

VICHO,Jd> = NR(MO,J)

NEXT J
GOTO 9420

FOR J = 2 TO CY - 1
VICMO,Jd) = (NRCHMQ,J = 1) + 2 % NR(MO,d?
+ NR(MD,J + 1)) / 4
oT = 0T - 1 -
IF OT ¢ = 0 THEN GOTO 9400
FOR J = 2 TO CY - 1
NR(MG,J) = VIC(MO,J)
NEXT J
GOTO 9305
VICM, 1Y = VICMO,2)

VI(MO,CY> = VI(MO,CY - 1)
RETURN -
PRINT FILE$;" CATA = *32$(3);" WEIGHT = ";T(S);" gram”
PRINT “T=";T(4);" C";" H 2/C0=";T(S);* D2/CO=";
TCE) ;" €O FLOW= “;T(7):* N.L/H";
PRINT
PRINT "SWITCH TYPE=";2%$(1);" DATE = ";2%$(2)}
* TIME DIF= ";TRY(119) / 1000
RETURN
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