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Abstract- 

The catalytic methanol production on a Cu-Zn-oxide catalyst was studied at 

17 arm and about 200C in a batch reactor. The initial rate measurement was 

performed for different C02/C0 ratios in the fee~ The rate was found to 

increase with increasing c02/CO, for a fixed H 2 partial pressure. This 

behavior was observed for catalysts at different stages of deactivation, and 

from 195 to 225Co Addition of a small amount of water vapor greatly suppressed 

the rate. 

Nhen C1802 was used in a feed of C02:CO:H 2 = 3:10:20, the initial rate of 

production of methanol-180 was found to be about half the rate of production of 

methanol-160° In view of the much lower partial pressure of CO 2 than CO in the 

feed~ this result suggests that the hydrogenation rate of CO 2 on a per mole 

basis is faster than that of CO. This ks consistent with the above initial 

rate data. Production of C160180 and C1602 were also rapid, which indicated 

rapid exchange of the lattice oxygen with CO 2. The production of H2180 was 

also rapid, being about twice as fast as the methanol production rate. Thus 

under the conditions of initial rate measurements~ the water-gas shift reaction 

is rapid. 

The relative rates of hydrogenation of CO 2 and CO were also determined 

near chemical ec.uilibrium by the relaxation metho~ Nonequilibrium 

thermodynamic theories were applied to describe the relaxation process.° The 

physical meaning of the equilibrium exchange rate for a complex reaction was 

discovere~ A method was developed to measure the equilibrium exchange rates 

of the simultaneous reactions in methanol synthesis= 



OBJECTIVE 

The objective of this work is to gather kinetic and mechanistic data for 

the catalytic production of methanol from a mixture of CO, CO 2 and H 2 over a 

Cu-Zn-oxide catalyst. 

DESCRIPTION OF THE OVERALLAPPROACH 

Work performed in this project can be grouped into "three sections. Each 

represents a different type of kinetic measurement. The first type is the 

measurement of initial rate data. These data were gathered for different 

CO/CO 2 ratio in the feed, at 17 atm, and from 195 to 225C. The second type is 

labeling experiment. C1802 was used as a component isotope of the fee~ The 

third type is relaxation experiment. In this, the theories of nonequilibrium 

thermodynamics were used to describe the relaxation toward equilibrium of the 

reaction system, which consists of a mixture of CO, C02, H2, H20 , and methanol. 

Equilibrium exchange rates were calculated from the relaxation data. These 

three approaches are separately described below. 



• i.THE RATE OF METHANOL PRODUCTION ON A COPPER-ZINC OXIDE CATALYST. 
THE DEPENDENCE ON THE FEED COMPOSITION 

Introduction 

Methanol synthesis on a copper-zinc oxide catalyst has been extensively 

studied with respect to the solid state properties of the ca'talyst (I-4), the 

adsorgtlon properties ~)~ the reaction mechanism (6©9)~ and the kinetics (~0- 

12)~ Xn a ve~ 7 e~tensive kinetic study~ Klier e% al measured the rate of 

methsno! production in an In%e~al reactor as a Z~notion of the CO/CO 2 ratio in 

the reactant feed (12). They observed a sharp maximum at a CO/CO 2 cf 

about 2812. The (~ ta  were Interpreted assumin~ that %he active site of the 

catalyst under~oes a redo~ reaction with the gas phase CO and CO 2. When the 

CO 2 content is %oo iow~ the reduced and inactive form of the active site 

dominates. When the CO 2 content is t o o  high~ the competitive adsorption of CO 2 

blocks the active si%eo Thus an optimum CO/CO 2 ratio is observe~ Using this 

model and the assumption that methanol is formed by the reaction of adsorbed CO 

with adsorbed H2~ a rate expression was derived which fitted the experimental 

rate data well. Furthermore, reasonable values of adsorption entha!pies and 

entropies could be calculated using the kinetic model. 

Because of the use of an integral reactor in Klier's study, the carbon 

conversions were relatively high~ especially in the experiments at hi~her 

tempera%urea in which the methanol yield approached the equilibrium yiel~ The 

hi.~h conversion introduced a number of possible complications to the kinetic 

messu~emen%~ The rate of #.he reverse reaction of methanol decomposition could 

~e significant and could contribute tc the obsez-~ed kinetics° The rate of %.he 

ccmpetln~ water=~as shift reaction could be_ high and ~sult in the production 

of water the e~fe~t ©f which has to be examined° The large chan~e in the gas 

phase composition alon~ the reactor also could compllca%e analysis of the data= 

To obtain the kinetics of the methanol synthesis reaction without these 

complications~ we performed initial rate measurements using a batch reactor. 

Results of the study are reported here° 
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Experimen~l 

All measurements were conducted in e constant volume stainless steel 

r e a c t o r  w i t h  a vo lume o f  63 mL. The i n s i d e  o f  t h e  r e a c t o r  was made up o f  t w o  

c o n n e c t i n g  c o n c e n t r i c  c y l i n d r i c a l  s e c t i o n s .  The i n s i d e  d i a m e t e r  and  t h e  h e i g h t  

o f  t h e  b o t t o m  s e c t i o n  were  6.5 and  2.6 cm, r e s p e c t i v e l y ,  and t h o s e  o f  t h e  u p p e r  

s e c t i o n  were  a b o u t  3.5 and 2.7 cm, r e s p e c t i v e l y .  The c o n t e n t  o f  t h e  r e a c t o r  

was stirred by a magnetically driven fan which had blades at two different 

levels. The lower blades were about 1 cm above the catalyst bed, and the upper 

blades were about %5 cm above %he lower blades. The lower blades were 

e x t e n d e d  a l m o s t  t o  t h e  p e r i m e t e r ~ o f  t h e  r e a c t o r .  The e x t e n t  o f  m i x i n g  i n  t he  

r e a c t o r  was d e t e r m i n e d  by m o n i t o r i n g  t h e  r e s p o n s e  o f  t h e  mass s p e c t r o m e t e r  

s i g n a l  t o  a s t e p  change i n  t h e  gas  c o m p o s i t i o n  i n  t h e  r e a c t o r  w i t h o u t  any 

c a t a l y s t .  T y p i c a l l y ,  t h e  r e s p o n s e  was l i k e  an  e x p o n e n t i a l  decay ,  and  t h e  

signal relaxed to within the noise level of the measurement in about two 

minutes. At the top of the reactor was a leak valve (Varlan Vacuum Products) 

which fed a small amount of the reaction mixture into a mass spectrometer 

chamber. A UTI 100 C quadrupole mass spectrometer was use~ The selection of 

mass numbers  and t h e  c o l l e c t i o n  o f  d a t a  were  p e r f o r m e d  by an  Apple I I  p l u s  

computer inter£aced with the mass spectrometer. One mass intensity was 

collected every five seconds, and all five components (CO, C02, H2, CH30H and 

H20) were monitored in every experiment by monitoring masses 44, 31, 28, 18, 15 

and 2. These intensities were converted to mole fractions in the reactor after 

c o r r e c t i n g  f o r  t h e  e r a o k i n  8 p a t t e r n s  and  t h e  s e n s i t i v i t y  f a c t o r s  w h i c h  were  

i n d e p e n d e n t l y  d e t e r m i n e d .  I n  a l l  e x p e r i m e n t s ,  t h e  mass 15 i n t e n s i t y  c o u l d  be 

a c c o u n t e d  f o r  by t h e  c r a c k i n g  o f  CH30H. Thus  CH 4 was n o t  d e t e c t e d  a s  a 

s i E n i f i c a n t  p r o d u c t .  

The e n t i r e  r e  a c S o t  ~as  _at_rusted i n  an  oven q u i p p e d  w i t h  f o r c e d  a i r  
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circulation. The tem merat~z~ ~radient alon~ the reactor was less than 2 C. At 

the be~innin~ of each series of experiments~ a mixture of C0~ C02~ CH30.H and H 2 

a% about 17 ate (I ate : 101.5 kPa) was introduced into the reactor to 

calibrate the mass spectrometer sensitivity factors° This was repeated thr~ 

times before rate measurements were made and was done twice at the end of the 

series° For the rate measurements, a mixt~re of the desired composition was 

prepared in a 9remixer ~fore heine expended into the reactor. A transducer 

(Viatran) measured the reactor pressure before and after the erperlment, and 

was isolated from the reactor during reaotio~ All e~perimentm were conducted 

at 16~ + 0.2 ate pressure which decreased by less than O~ ate thrmu~hout the 

experiment~ Each experiment lasted for 30 to 35 m!r~ The experiments in each 

series were performed one after another immediately after evacuation of the sas 

mixture of the previous run~ and introduction of the gas mixture for the new 

rur~ Between series of enperiments~ the cats!yet was left in contact ~ith the 

react!on mixture at I ate at reaction temperature. 

The ea~mlyst was prepared according to the method of Herman et a! (I)o 

It was precipitated f~m a copper nitrate (A!fa)and zinc nitrate (Alfa) 

solution (total cation concentrati©n was I M) by the dropwise addition of a I M 

sodium carbcna%~- (AlZa) solution at 85 to 90 C to a final pH ef about 7. The 

resu!tin~ mi=ture was c~led ~or 2 h while stirrinso The precipitate Was then 

filtered and washed with glass distilled water five times~ dried in air at 72 

C~ then calcined in air at 350 C for 5 h° Between 150 and 350 C, the 

calcination temperature was raised by 50 C every 30 mir~ The resuitin~ 

catalyst was a black powder of 80-120 mes~ Its BET area was 21 m2~ "I, which 

was reduced to 18 m2E -I after use° Its CuO/Zn0 ratio was 30/70 by weight~ 

assuming that the precipitation of Cu and Zn was complete° The catalyst was 

loosely spread out in a to, ion tray placed at the hottmm of the reactor tc form 
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a bed of less than 3"ram thlch It was reduced with a 2~ H z in N 2 mixture at I 

arm and 250 C. Reduction at 200 C gave the same results. Two methods of 

reduction were use~ In one, the reduction was performed in a batch system and 

a fresh charge of H2/N 2 was introduced every 50 mlr~ after the previous charge 

was ewacuate~ This procedure was repeated eight times. At the end o5 the 

eighth time, the catalyst was left in the H2/H 2 mixture overnigh~ The 

reduction was considered complete because for one charge of ~atalystt this 

reduction procedure was repeated after the catalyst was used in experiments. 

The activity of the catalyst after the repeated reduction remained the same. 

I n  the  second method, the  c a t a l y s t  was reduced i n  a f l o w i n g  s t ream of H2/H 2 

mixture  fon ~2 h. This  method was used only once and i% produced a c a t a l y s t  

t h a t  was s l i g h t l y  more a c t i v e  than the  f i r s t  metho~ Otherwise the  behavior  of  

the  c a t a l y s t s  was independent  of the r educ t i on  metho~ 

H 2 (Air Products, high purity), CO 2 (Linde, bone dry), and CO (Linde, 

high purity) were used without further puri~Icatior~ H20 was introduced by 

vaporizing liquid doubly distilled water that was purified by pumping. A 

premixed mixture of 4°28~ C02, 32o5~ CO, and 63~2~ H 2 (Airco) was used in 

every series of experiments as a test on the deactivation of the catalyst. 

R e s u l t s  

Since the a c t i v i t y  of the c a t a l y s t  depends on i t s  ox ida t ion  s t a t e  which 

i n  tu rn  depends on the  composi t ion of  the  gas mixture ,  p r e l i m i n a r y  exper iments  

were performed to t e s t  f o r  the  r e p r o d u c i b i l i t y  of the system by i n t r o d u c i n g  a 

r e a c t a n t  f e e d  of  the  same composi t ion  i n  consecu t ive  exper iments .  I t  was found 

t h a t  f o r  a f r e s h  charge of c a t a l y s t ,  r ep roduc ib l e  r a t e s  were ob ta ined  a f t e r  two 

or  t h r e e  exper iments .  However, a slow d e a c t i v a t i o n  was observed when the  r a t e s  

were compared from day ~o day. An example i s  shown i n  Table 1. The a c t i v i t y  

of  the  c a t a l y s t  decreased  by about  60~ be fo re  a s t eady  s t a t e  was reached~ 
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While the activity chmnged~ the dependence of the rate on the feed composition 

did not changes Such deactivation was not noticed amon~ the experiments within 

each series (in One @my), An example is shown in Table 2, in these 

experiments~ the composition Of %he reactant feed was randomly varied~ and the 

initial rate of methanol production varied smoothly with the composition (see 

azso Fig.  2). 

As described~ each"series of experiments BeEan with three calib~tion . 

runs for the mess spectrometer, in the first one or two rate measurements 

immediately after the ca!ibration~ the methanol production rate was ~ound to be 

hish~r than the steady state ~teSo 'The excess methanol was attributed to the 

4is~lacement of adsorbed methanol by the feed Eases (probably COa). Once 'this 

excess adsorbed methanol was displaced~ reproducible rates were obtained as is 

.shown by the data in Table 2, 

Because %he catalyst was p!a~ed in a tray at the bottom of the reactor~ 

there was no forced convection through the catalyst be~ Transport of 

reactants and p~ducts ~ an~ out of ~/e bed had to be by diffusic~ The 

influence of catalyst Bed diffusi©n on %he measured rats was minimized by 

making the ~d as thin as p~sslble to less than 3 mm %hio~ The absence of 

such inf!uen~e was confirmed by measuring the initial rate usins different 

amounts of. catalysts (i.eo different bed thickness), Such experiments were 

conducted at both 198 C and 2~-5 Co In both cases~ the steady state rate of a 

catalyst was first obtained usin~ a H2-~ 2 feed mixture (70:30), Then about 

half of the catalyst was remove~ The remainlng catalyst was a~in reduced in 

a ~/N 2 mix%ure~ and ~he rate measurements were performed usinE the same fe~d~ 

Xt was foun~ that the initial rate of methanol production was reduced by about 

60%0 This proportional decrease in rote su~ested that catalyst bed diffusion 

was much fas%er than %he chemical transformation rateo That the rate was " 
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reduced by s l i g h t l y  more than h a l f  was a t t r i b u t e d  to  the d e a c t i v a t i o n  of the 

c a t a l y s t  a f t e r  exposure to  a i r  and the  second r e d u c t i o ~  D i f fu s ion  l i m i t a t i o n  

in  the  c a t a l y s t  pores  was not  t e s t e d ,  However, we b e l i e v e  ~hat pore d i f f u s i o n  

l i m i t a t i o n  was no t  impor t an t  because 1) the  c a t a l y s t  used has a low BET area  

and t h e r e f o r e  l a rge  pores ,  2) the  c a t a l y s t  was a f i n e  powder, and 3) the ro t e  

of  methanol p roduc t ion  was slow. I n  f a c t ,  because of  the  slow r e a c t i o n  r a t e ,  

the  hea t  r e l e a s e d  by the  reac~Acn was smal l  and the re  was no tempera ture  

g r a d i e n t  In  the  c a t a l y s t  bed. 

An example of  the data showing the p a r t i a l  p r e s su re s  of the components 

in  the r e a c t o r  i s  shown in  Fig. 1. They were c a l c u l a t e d  from the mass 

s pec t r om e te r  i n t e n s i t i e s  by f i r s t  c o r r e c t i n g  f o r  the  c rack ing  p a t t e r n  and the 

mass spec t rome te r  s e n s i t i v i t i e s ,  and then normal i z ing  the  data  to  f i t  the  mass 

conse rva t ion  equat ions .  The data  f o r  a l l  the  o t h e r  exper iments  were s i m i l a r  to  

these  except  f o r  d i f f e r e n t  magnitudes and s igns  of  the  s lopes .  The r a t e  of  

change of  the H 2 p a r t i a l  p r e s su re  was always nega t ive  because i t  was a 

reactant. That for the CH30H partial pressure was always positive because it 

was a product. That for H20 was positive i£ it was not being introduced in the 

feed, and could be either negative or positive if it was introduced in the 

feed, depending on whether the CO/CO a ratio was hlgh or low, respectively. 

Similarly, the rates ~£ chanEe ~-CO and CO 2 par~laX pressures depended on the 

feed  composi~ior~ 

The dependence c~ the i n i t i a l  r a t e s  of CH30H produc t ion  on the CO/CO 2 

r a t i o  i n  a 70% by volume of  H2, 30% CO + CO 2 f e e d  i s  shown i n  F ig .  2. The 

CO/CO 2 r a t i o s  were v a r i e d  randomly i n  these  exper iments .  The 225 C data were 

ob ta ined  w i th  a f r e s h  charge of  c a t a l y s t ,  and the  195 C da ta  were ob ta ined  wi th  

a s teady s t a t e  c a t a l y s t .  The d i f f e r e n c e  shown in  the r a t e s  between the two 

t empera tu res  were l a r g e r  than the  r e a l  d i f f e r e n c e  b e c a u s e  of  the  d e a c t i v a t i o n  

phenomenon desc r ibed  e a r l i e r .  The t r e n d  was c l e a r ,  however, t h a t  independent  
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of the degree of deactivation, the rate was higher at a higher CO 2 partial 

pressure. Similarly to CH3OH, the initial rates of H20 production also 

increased with increasing ~ CO 2 partial pressure° This is illustrated by the 

data in Table 2. It is due to the increased rates of reverse water Eas shift 

and of hydrogenation of CO 2 to methanol and water with increasing CO 2 pressure. 

The dependence of the initial rate Of methanol production on the partial 

pressure of water in %he feed was also investigate~ The results are sho~n in 

Figs° 3 and 4 for the 195 C and 22~ C experiments° The data in each of these 

fi&~res were cbtaiued in cne series of ex~erlments in which the water partial 

pressure was ~aried randomly, The dotted lines in the figures show the rates 

in the absence of water. For the 225 C dmta~ experiments with no water were 

performed with 63% H 2 instead 0£ 70% H2° The rates thus obtained were used to 

confirm the normal behavior o f  th~ uatalys%~ The dotted line sho~n was drawn 

using data from other series of experiments us!r4 70% H 2 feed compositions° 

Discussion 

It has been established that the rate data reported here were free of 

influence by mass and heat transfe~ processeso They were initial rates at the 

feed compositions that were introduced into the reactor. Over the 30 mlno 

interval when the rate data were gatheredpthe conversion was low (< 15%) 

such that in all cases e~mm~ed~ except when the reed did not Contain CO~ the 

partial pressure of methan~l increased linearly with time. This indicated that 

the gas composition in the reactor only chanE, ed slishtly9 and that the reverse 

raa~%icn ef methanol decomposition was not impoz~ant in these measurements° 

When only CO 2 and no CO was used0 the methanol formatlen rate was the highest 

and a carson conversion of 15% was reamhe~ Coupled with the fact that the 

equilibrium partial pressure of methanol was the iouest.~ the reverse reaction 
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oE methanol decomposi t ion  was the most l i k e l y  in  these  experiments .  As shown 

in Fig. I, however, the methanol pressure increase showed at most a slight 

cu rva tu re .  

Since the exper iments  were performed in  a batch r e a c t o r ,  the c a t a l y s t  

might not  have reached a t r u l y  s t eady  s t a t e .  This could  be p a r t i c u l a r l y  

impor tan t  i f  the na ture  and the a c t i v i t y  of the c a t a l y s t  vary s e n s i t i v e l y  wi th  

the  gas phase composi t ion.  Resu l t s  in  t h i s  s tudy,  however, d id  no t  support  

t h i s  p o s s i b i l i t y .  In  every sequence of exper iments  performed,  the gas phase 

composi t ions  were va r i ed  randomly. A f t e r  account ing  f o r  the c a t a l y s t  

d e a c t i v a t i o n ,  the r a t e s  of methanol fo rmat ion  f o r  the same feed  composi t ion 

were always r ep roduc ib l e ,  and did  no t  depend on the p reced ing  exper iment .  

Therefore  we be l i eve  t h a t  the data  r ep re sen t ed  the t r ue  behavior  of the 

c a t a l y s t .  

Data in  Figs.  3 and 4 showed the  i n h i b i t i o n  e f f e c t  of water .  The ex ten t  

of  i n h / b i t i o n  i n c r e a s e d  w i th  i n c r e a s i n g  wa te r  p a r t i a l  p ressu re .  This sugEested 

T~hat wa te r  i s  c o m p e t i t i v e l y  adsorbed on the  a c t i v e  s i t e  of  the c a t a l y s t .  The 

suppress ion  of  a c t i v i t y  should no t  be due to  d e a c t i v a t i o n  by ox ida t ion  by wa te r  

of the  c a t a l y s t .  This i s  because CO 2 i s  a s t r o n g e r  ox id i z ing  ~gent  than water ,  

y e t  a d d i t i o n  of  CO 2 enhanced and not  suppressed the r e a c t i o n .  

The ~ c r e a s e  of the r a t e  wi th  i nc reas inE  CO 2 p res su re  shown in  Fig.  2 i s  

somewhat s u r p r i s i n E  in  view of the  r e s u l t s  of K l i e r  e t  a l  (12) who showed t h a t  

on e s s e n t i a l l y  the same c a t a l y s t ,  the methanol fo rmat ion  r a t e  reached a maximum 

a t  a CO/CO 2 r a t i o  of about 28/2. There a re  a number of  d i f f e r e n c e s  between 

t h e i r  measurements and ours.  F i r s t ,  t h e i r  exper iments  were performed a t  a 

higher pressure of 75 arm. The catalyst could behave differently alt~cuEh this 

does not seem likely. At hiEher pressure, condensation of methanol, water and 

CO 2 in the catalyst pores is possible. If such condensation did occur, 

dlffusional effect would influence their observed kinetics. Second, their 
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experiments were conducted in an integral reactor and their conversions were 

much hi~her than ours~ It is possible that the reverse-reaction of methanol 

de~ompcsition occurTed in their ex~rimenteo In other wozcls~ the decrease in 

ra%e beyond the maximum on incz~asinE CO 2 pz~ss~e could be a-consequence of 

the much lower equilibrium methanol yield at a high CO 2 ~pressUreo This 

equiiihrium limiT~tl¢~ was not p~sen% in our e~erimen%So Third~ because of 

%he inte~ra! nature of their re~ctcr~ the ~as phase composition changed a!on~ 

their reactor, in particu!a~- bemuse of %he production of water by the water 

Eas shif~ reaction~ %he ra%~ of methanol production they measured did not 

correspond to the £eed composition in the same way as that in our experiments° 

Since %he rate of water production increased with the CO 2 conten~ in the .feed 

(see Table 2) and t h a t  water inhibited the reacticn~ this could result in the 

decrease ~ methanol formation rate with increasing CO 2 content in their 

exgerimentSo While these are possible explanations of the differences~ the 

answer can only he o5%ained by a detailed study of t he  effect of the different 

opez-atinE conditions° 

in conclusion0 usinE initial rate messuremenCs~ methanol synthesis on a 

Cu-Zn-O catalyst ~as found to be enhanced by CO 2 and suppressed by H20o The 

observation pointed to %he Im~c~C~nt role =f C029 hut it did  not provide any 

mechanistic info~m'atio~ The lar~ difference in the dependence cf t he  rates 

on the feed composition obtained in this study amd i n  am earlier study usinE an 

inte~ra! reactor pointmd to the senmitivity, o f  the catalyst ~havior to the Eas 

phase envlronm•~n%~ it also i11ustra%sd once again the dan~er ~f derivinE 

msuhanistlc infux~ation from kinetic da%ao 
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TABLE I. SLOW DEACTIVATION OF THE Cu-Zn-O CATALYST. 

Ca%alyst weight = 0.4197 g 

Gas oomposition" H2/CO/CO 2 = 63.22/32,5/4.28 

T- 225 C 

P : 17.0 +g.1 arm 

Date 

Nov. ~4 
Nov. 16 
l~ov. 25 
Nov. 25 
Nov. 29 
Dec. 3 

Initial CH3OH Production rate 

(10"5 moles/sin-z) 

1.80 (fresh catalyst) 
1.73 
0.86 
O.74 
0.85 
0.75 
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TABLE 2. RATES OF METHANOL AND WATER FORMATION 
Cu-Zn-O (30/70). P = 16.9 Z 0.1 arm, 

Experiment 

11-F 
11-G 
11-H 
11-I 
11-~ 
11-K 
11 -b 
11 -M 

InltialgasComposition (%) 

co . ~  

6}.22 32.5 4.2B 
63.22 32.5 4.28 
59.23 30.4.~ 10.32 
70.05 27.74 2.21 
69.73 12.24 18.03 
70.25 2o.95 8,8o 
69.99 0 }0.01 
70.02 16.22 13.76 

IN ONE SERIES OF EXPERIMENTS. 
T = 228 C, 0.2810 E catalyst 

cH__~ r~t..__~ ~ ~ 

0o-5 moles/~±n-~) 0o-5 moZes/=in-~ 

1.54 I .}3 
1.60 1.41 
1.50 3.09 
1.27 1 ..:30 
2.00 9.88 
1.50 3.33 
2.49 11.24 
1.70 4.57 
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Figure ..Legend 

Fig° 1: 

Fig. 2: 

Fig. 5: 

Fig. 4: 

The partial pressures of gases in the reactor as a £unctlcn of time° 
ReactiGn conditions- 16~5 atm~ 198 C~ a feed compo~itlon of 70% H2~ 
was 30% uC~s~1, a-" H2~ b: C02~ c: COD d'. CH30H ~ e~- H20- 0.3578 8 of ca ta l ys t  

The initial rates of methanol product&on as a function of the CO/CO 2 
ratio in the Zee~ Feed composition- 70~ H2~ 30% CO ÷ CO 2. The 225 C 
data were f o r  a fresh charge of matalyst~ The 195 C data were £or a 
steady state catalyst° 

The ir~luence of water on the initiai rates of methanol production at 
198 C. Other reaction conditions: 17 arm, a feed composition of 70% 
~, 30% CO + CO 2 + H20. Numbers in the brackets denote the initial 
partial pressures of H2O. 0.3578 g of catalyst was used. 

The influence of water on the initial rates of methanol production at 
225 C. Other reaction conditions- 17 atm~ a feed composition of 70% 
H2~ 30% CO + CO + H20, , Numbers in the brackets denote the initial 2 
paz~ial pressures of H20o The dotted line denotes the rate in the 
absence of water. 0.2810 8 of catalyst was used, 

15 



ii,62 

11.58 

A 

_,~ll.Sq 

L , ~  " "  

=11.50 
ID. 

• 1 ii'~60 5 

o •  
% 

o o  

• o  

• ° o  o 

"%. 
O 0 

! 

10 

O • O  
O 0  

6 e~• 

i 

TIME 

oOoooo 

H2 

. 

o •  

O°OOoOoo o 

, . .  , .. . - ,  

15 20 25 
(MIN) 

( b  

.99 ~ ' '  

• o  

4;97 
E 

4:9.~ 

~- 4:'9 ~. - 

4,91 
0 

o n  

! 

5 

0 0  

£02 

0 ° 

OOO0 
OOOQ 

• • 
OO0  • • 

• • 

I . . . .  I ! 

10 15 20 
TIME (MIM) 

• •OooO 

• ! 

25 

16 



0.052B 

o.o4o8 

0.0290 
= 

14J 

~- 0.0172 

o:oo~ 
0 

I I o  

8 

I~ l t o Q 

® 
Q 

i + @ • 

O 
Q 

5 10 

0 

• 6 

® Q  t 0 • 

O 

0 • 

6 t - I a Q  I I  

00 

CO 

!5 20 
TIME (MIP~) 

Q 1 0  

Q 

e 

ee ® 

, ! ,  ,r ~ . . . . . .  

25 

o.057 

0.046 
! - . , ,  

o;o3s 

0;'024 

o.o13 

r . ,  , ,, _ ,, 

Q 

8 

e 
e ® Q  Q 

ql, Q Q ®  

e 

Q .  I @  

• I © e ®  ..4- 

• "e 
e~ 

• • 
e 

® @ee • 

e 
e~ 

CH30H 

®®.. l _ ,  . . . . .  t .  

0 5 !0 
...... ! .I 

15 20 

TIME (M!~) 

, .,,; _ t ± 

25 

17 



0;101 

o.osz 

E ,,¢ 

0,061 
l.Jul 

ILl  

=- 0";041 

o,o2z 

nnl 
O 0  

g O  

Q • 
_ • | 

0 5 

t 
O 

I 

l l l O i  
l o g  • 

t i  t 

I I  t I  

t l l  I 
t 

H20 

, ,,,,, , • • 
, • I I l  t 
• o e • 

O O OOO01  

. . . .  ! . _ _ t  . t 

10 15 20 25 

TI~E (MIN) 

18 FI .I 



! 

W 
J 
0 

I 0 

W 

0 

0 =e 

~ 0  

2 0  

t 0  

70~ H 2 
50~ (;O÷CO 2 

22s c 

f r e s h  

¢ 

®~" ,,4 ,6  ,~  ,~ ,~  

C02/CO+CO ~ 
19 F-I f~. Z- 



? 
Z 
m 

1 

U) 

4 
0 

! 
0 

V 

W F. 
< 

(3 
0 

Q. 

O 

O 

D 

198 C 17 ATM O(0) 

70% H 2 ,,,"(0) 
30% C0+C02+H20 

J 

# 
# 

# #  

,"(0) 

/ /  
/ 

/ 

# 
# 

# 
/ 

/ 
# 

/ 

/ 

• (o~ss,~) 

(0,835) • (0.781) 

% (i,030) " (1,76) 
I ,, ,, - ! _. I . . . . .  I .  

.2  .4  .6 .8  

• (1.292) 
• (3.01) 

_ J 

1 . 0  

C02/CO+CO 2 
20  .3 



I 
Z 

0 

! 
0 

0 

10  

225 C 17 AT~ 

70% H2 ~ 
30% C0":'C02+H20 

0 

S 

® (0.87) 

®(1.00) 
® (0.~0~82)e(2.52) ~ (2.67) 

i | 

. 4  . 6  . 8  

¢02/C0+00  

,(1.08) 

® (1.50) 

t .0 

21 



II. C1802 ISOTOPE LABELING EXPERIMENT 

Introduction. 

Results from the previous section and from other laboratories have 

indicated clearly the important effects of CO 2 in the methanol synthesis 

reactio~ In terms of the macroscopic reaction mechanism, three reactions can 

be readily identified: 

co, 2 = c 3oH (I) 

CO 2 + .~H2 _- CH30H + H20 (2) 

co , 2o = c°z* 2 (3) 

It is of interest to identify the relative contributions of CO and CO 2 to the 

methanol formation~ Unfortunately, because of the water-gas shift reaction 

(reaction 3), methanol formation from CO or CO 2 cannot be determined directly 

from the rate of disappearance of the reactants. It is, however, possible to 

obtain the information by isotopically labelling the reactant species. For 

example, when C1802 is used, methanol produced from it will be CH~180, while 

methanol produced from CO will be CH3160H. Therefore, measurinE the rates of 

formation of methanol-160 and methanol-180 provides directly the rates of 

reactions (I) and (2). This, of course, assumes that the measurements are made 

before substantial isotopic exchange between CO and CO 2 occurs. 

Experimental. 

The same batch reactor system, as the one used in section I, was used. 

The catalyst, and its pretreatment before each reaction, were also the same. 

For reaction measurements, C1802 (915% pure) was first put into the premixer. 

It was followed by C~., and H 2 to a desired composition of C02/CO/H 2 of 2/26/70. 

The mixture was then fed into the reactor at 200C and measurement was begun. 
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Results • 

The initial rates of production of methanol-160 and methanol-180 were 

determined together with C 1802~ C 180160, and C 1602. They were determined by 

monitoring the intensities of the various m/e peaks listed in Table 5. These 

intensities were then converted into the mole fractions after correcting for 

the cracking patterns and the mass spectrometer sensitivities~ which were 

independently determined~ The rate of reaction (or production) of the various 

species as determined from the various m/e intensities are listed in Table 3 • 

The rate of production of CH30H-180 can be taken as the rate of Change of 

m/e = 55 or 34~ and the rate of production of CH30H-160 as the rate of change 

of m/e = 3~ or 52. The data in Table 3 show that depending on the peaks used~ 

the production rates varie~ We attribute this to the low signal intensity 

such that the background influence on the signals was large. Nonetheless~ the 

ratio of the rates of production of CH30H-160/CH30H-180 was estimatedto be 0.3 

to 1.0. Since these are initial rate measurements, it can be concluded that 

methanol is produced from CO 2 about twice as fast as from CO. 

The data also showed that the rates of production of C1602 and C160180 

were very rapi~ The process that led to the appearance of these products is 

the exchange of lattice oxygen with gas phase CO 2. The results showed that 

th/s exchange process is at least five times faster than the methanol 

production rate. 

Finally, the rate of water-gas shift reaction was estimated from The 

production of H2180. it was found to be about the same or twice as fast as the 

production of methanol. 
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Table 3 

Reaction Rates with C1802 Corrected for Cracking Relative 

AMU 
m 

2 

17 

18 

19 

20 

28 

29 

3O 

31 

32 

33 

34 

44 

46 

48 

Parent 
Species 

H 2 

H2160 

H2160 

H2180 

H2180 

C160 

CH3160H 

C180 

CH3160H 

CH3160H 

CH3180H 

CH3180H 

C1602 

C160180 

C1802 

Rate (amps)* 

(- 1.7 x 10 -9 ± 0.7) 

6.2 x 10 "14 • 5 

- 3.9 x 10 "12 ± 2.8 

(2.6 x 10 "13 ± 0.7) 

(1.5 x 10 "12 = 0.1) 

- 7.4 x 10 "10 i 0.2 

- 8.9 x 10 "12 • 0.4 

2.8 x I0 "II • 0.5 

6.0 x 10 "13 ± 1.6 

1.2 x 10 -13 ± 0.8 

(6.0 x 10 "13 ± 0.3) 

(3.7 x 10 -13 • 0.3) 

(2.0 x 10 "12 ± 0.1) 

(8.5 x 10 "12 ± 0.1) 

(- 7.7 x 10 "12 • 0.7) 

*Values 
values. 

in parentheses are identical to the uncorrected 
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ii!. THE RELAXATION METHOD FOR CATALYTIC REACTIONS. 

Introduction 

Rele=ation towards chemical equilibrium has been a useful method to 

measure the kimstics o~ a chemical remction (~)° The usefulness relies on the 

fact that~ accor~in~ to the postulaTm~ of nonequilibrium thermodynamics (2~3), 

#.he net flux of a resction~ J, near chemical equilibrium is linearly 

proportions! to the Gibbs free energy dLfference of the reaction~ AG: 

where X is the proportionality constant known as the equilibrium exchange rate° 

For an elementary reaction, it has been shown that X equals the forward rate 

(which equals ~e reverse rate) of the reaction at equilibrium (2). Because of 

this physical si~niflcance of X~ much work has been performed using the 

relaxation method to determine the rate constants of very fast r~actiuns (4). 

The simple relation of Eqo (~) offers another application of the 

relaxation method0 namelyo the ~termination of the individual fluxes of 

reactions in a remction network ~here the number of independent chemical 

species is less than the number of reactions° This application could be v~ry 

valuable if equation (I) can be applied to nonelementary remctions as well 

This pape~ e~Iores the physics! msmnin~ of X in a nonelementary reactlon= and 

presents a mmth~ of data analysis to extract %he values ©f X's in a relaxation 

e=.~.rimento 

Mathematical formulation of th__.~e re!axation process 

In a reaction system that contains m number of reactions and n number of 

chemical s~ecies of which g ar~independent (the remaining n-g species may be 

re!abed by mass consgrvation equations), the AG of the system is given by: 
m n 

AG = Z Z vijM i (2) 
j i 

where ~lj is the reaction stoichiometry o£ species i in reaction j. Choosing 
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chemical equilibrium as t h e  standard state, for small deviation from 

e q u i l i b r i u m ,  the  chemical  p o t e n t i a l  Pi  can be exp res sed  a s :  

~i = RT~n Ci/c ~ ~ RZ(C i * * - ci)/ci a Rz ~i (3) 

where the superscript * denotes equilibrium, Combining equations (q) to (3), 

the net flux of reaction J, Jj is then 

Jj = xj (-z vii Ai) (4) 
i 

Equation (4) can be used to describe the change in the concentration of each 

chemical species on relaxation: 

dC i 
d-~ = Z v i j  Jj - - Z Xj v i .  Z v i j  A£ 

j j ~ t  
It can readily be shown t/~at this system of rate equations can be expressed in 

the matrix form as." 

c * d ~  x (3) 

C* i s  a d i agona l  m a t r i x  whose e l e m e n t s  a re  C~| ~ i s  a v e c t o r  (A 1 , A 2, where 

and X i s  an nxn matr ix  wi th  e l emen t s  Xkl - - ~  Vk~ v£j  X~. 
% 

One can see  t h a t  Xk£ = X Ek , and the  ma t r ix  X i s  symmetr ic .  

... A n) T 

The meaning o f X  i n ~  nonelementar~  r e a c t i o n  

Consider a series reaction A - B - C ... - P in which the exchange 

rate 0£ the individual elementary steps are X I for A - B, X 2 for B - C, and X n 

for P-I - P, etc. The system is allowed to relax the equilibrium. The 

relaxation is d e s c r i b e d  by Eq. (5) as: 

~d~__~ 
I d t  

m • 

| 

! ° 

-xl -xl o 

: xl. 1 ÷ x i x_!_i 0 xi'l . 0 .. "'" ........ % 

,&  

'AA ' 

A i 

1 

(6) 
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In order that the relaxation can be meaningfully represented by an overall 

rmac~ion A -P, it must be assumed that during relaxation, the time rate of 

change of all intermediate species are negligibly small compared to the rate of 

chan~e of A and P. This can be achieved when B*, C* ... P-I* are small in 

comparison to A* and P*. Under such conditions, there is only one nonmer~ ' 

elgenva!ue ~ which is much smaller than the other eigenvalues (5), and this 

elgenvalue can be obtained By expanding A in an asymptotic series and keeping 

the first term (the consent term is zero because k = 0 is a solution as the 

system is governed by one mass conservation equation). It has been shown that 

the solution is (5): 

1 1 I I 1 ~*I) -I 

if the reaction A- P is one steps the relaxation time constant can be 

similarly found to be: " 

A ~ 

Comparison of Eq. (7) and (8) sho~s that t h e  overall exchange ratm~ Xo, is 

related to the individual exchange rates as~ 

l 1 1 1 

This relationship defines the analogy between a reaction network and an 

electrical circuit, which is present when the reaction system is near 

equilibrium, and ~hen there is no accumulation of reaction intermediates. 

~methcd to extramt equillbrium exchange rates from relaxation data 

Equation (5) describes in general the re!axation behavior of a chemical 

reactionsystemo The equation can be converted into an eiEenva!ue problem with 

the £ol!o~ing manioulation: 

C *-% C* da C. % dA .,, (10) 
• ~ ,x, d t  '~  d t  ,x, a ,  

In  eq=t ion,  a =   ago=l matrices whose  !e=en  Cp 
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r~p~ctively. It ~n ea.ily be s h c ~  t ~ t  the ~ a t r i ~  ~ - - ~  X ~-~-°~ i s  and C i 

also a symmetric nxn matrix. If this system has g independent chemical 

species, then this matrix will have a rank of E, and there are E nonzero 

elgenvalues and n-g zero eigenvalues. Furthermore, because this matrix is 

symmetr ic ,  t he re  a re  n or thogonal  e igenvec to r s .  

The procedure to  ob ta in  the  e q u i l i b r i u m  exchange r a t e s  i s  to  f i r s t  

i d e n t i f y  the n-g e igenvec to r s  of  A = O. They can be cons t ruc ted  from the  mass 

conse rva t ion  equa t ions  and then o r thogona l i zed  usinE a s tandard  mat r ix  

o p e r a t i o n  Then exper iments  a re  performed to  f i nd  the remaining or thogonal  

e igenvec to r s .  Once these  vec to r s  a re  found, the corresponding A's a r e  

determined from the relaxation data. Sinces 

~*-~ x c*-~ c*~ = c*-~ A A (11) 
% % % % % %  

% %%% % % % 

i t  fo l lows  t h a t :  

x = c*  A ^ ~-1 (12)  
% % % % %  
% % % 

where ~ i s  the  e iEenvalue matr ix .  This method i s  s i m i l a r  to  t h a t  o£ Wei and 

P r a t e r  f o r  r e a c t i o n  networks t h a t  fo l low f i r s t  o rder  k i n e t i c s  (6). An example 

of t h i s  us ing  the  methanol s y n t h e s i s  r e a c t i o n  of a Cu-Zn-O c a t a l y s t  w i l l  be 

Eiven. 
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