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ABSTRACT 

A new method for synthesizing methanol from CO and H 2 in a 
slurry reactor is described and some recent experimental results 
are presente~. AU~he temperatures and pressures used (i00-160"C, 
50 a~n) ~he methanol produ~ remains in the liquid phase and 
constitutes ~he bulk of the liquid phase. Small amounts of other 
products (less than 6% total) are also present. MeV.hanol is both 
a reactant and a produc~c. The reaction is believed to proceed in 
~-~o s~eps. I n  the first, methanol is carbonylated ~o meV~hyl 
formate, and then ~he methyl formate is hydrogenated to methanol. 
A homogeneous catalyst such as potassium methoxide is used for t.he 
carbonyla~ion rea~-~ionand a heteroqeneous catalyst~uchas coppe~ 
chromite is used for the hydrogenation reaction. Rates fo~ T~e 
concurrent reaction (both rea~ions r~zking place in the same 
rea~-~or) are greaterthanpredictedfrom stnlciies of the individual 
~ea~ions. The improved performance can he explained ~y an 
in~erac~ionhe~eenthe~woca~alys~s in thesurface layer adjacent 
~o the heterogeneous catalysT. 

I'NTRODUCTION 

Methanol (MeOH] is widely used a s  a solvent, as a p r e c u r s o r  

for many impcrUant ~do carbon chemicals, as ~he sr~%r~ing material 

for Mobi!'s ~ process foe producing high octane gasoline, as a 

raw material for octane enahancers  such  as methyl ~er~iary-hu~yl 

e~her (.MTBE] I, and as a ~anspor~ation fuel either alone or mixed 

wi~h hydrocarbons. Significan~ expansion of MeCH p~c~uc'~ion might 

be requi=e~ if oxygenated ~=anspor~.ation fuels are neede~ to 

sauisfy environmental c o n c e r n s .  

MeOH is made commeEcia!!y from a mix--ure of CO and H 2 

(synthesis gas) w~ich is obuai.ned by par-~ial oxid~uion of mev-h~ne, 

1 petroleum, or o~her carbonaceous ~a=e~ia!. T~e overall cob • 

r e a c h - i o n  f r = ~  syn~.hes is  gas is 

-~-~e - -eacu i cn  i s  u s u a l l y  ca_--:_ied o u u  L~ ~ e  gas phase u s ~ . g  ~ ~ - Z n  
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catalys~ 2 at a ~emperat'~re of 240-260°C a~d 50-100 a~n. Some CO 2 

(typically 5-10%) is presen~ and is beneficial for ~he rea~cion. 

The chief ~isadvan~ages of the gas phase .-eac~ion are ~he low 

canversion per pass (5-15%) and ~he need for good temperature 

control of V.he reaction mixture because of ~he high exothe---aic heat 

of reaction wi~-h possible eamage to ~he catalyst if hot spots 

develop. Higher per pass conversion with be~er hea~ ~.¢ansfer can 

be ohUained by slurTying ~he ca~alys~ wi~h a heavy oil and ca.--Eying 

cu~ the reaction in ~he liquid phase 3 . 

We have developed a new synthesis for MeOH--one which gives 

pe.-- pass conversions of over 90% at a reac~cion temperature of !00- 

160oc and a pressure of 40-60 acre. The high conversion is possible 

because, ~nder ~hese conditions, the me~ha/~ol produce remains in 

the liquid and can be ¢onuinuously removed from the reactor. 

Liutle or no gas need be removed if the fee~ gas ¢onCains ~he 

s~oichiome~ric q/C0 .-atio of 2.0. The reactor produ~ conDains 

a~ou~ 95% MeOH and 5% me,by! formate (MeF) plus small amounts of 

di.me~hy! eTJ~e.T and o~her produc~.s (less T.b~ln 1%). rn this paper, 

we will firs~ describe -~he synthesis, then presen~ some ~ypical 

da~a, and finally propose an exp!ana~ion for an unexpected 

inueram,ion found Ln -.he ream.ion. 

TEE CONCU~-.~T SYSTKES~S 

An ind/~ec~ .--oute fo~ pr~ducin~ MeO~ from synthesis gas "~as 

p r o p o s e d ,  by ~_ris~iansen 4 in !919. ~-. consisted of ~'¢wo reac'~ions 

L~ se-Ties, and we refer ~o i'. as ~he ~"~o-s~ep s v~T-~esis. ~n ---~e 

f'~su sue.D, a mole~ale of MeOH is ca~.~onvla~ed ~ ~rcduce mer_~y! 

J 
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foEma~ce.  

c ~ o H  - co  .., ~ o c c ~  ( 2 )  

This :eac~ion is used indusv_ria!ly ~cday :o manufac~ure Me- =. 

Typical Eeacuion conditions are 60-90"C and 30-50 aT.~. The 

reaction takes place in a liquid solution of Me0H and MeF in which 

an alkali me~al a!Moxide ca~alys~ is dissolved. The a~ive 

=atalys~ fo= T~e car~ny!ation rea~ion is =epor~ed by Tonner et 

el. s to be ~he me~hoxide ion MeO-. rt reacts wi~h CO ~o give a 

formate ion whi=h t.hen reacts with meT/la~ol to give MeF and 

--egenera~e the meT21oxide ion. They found increased ca~all~cic 

a~civi~y of t-~e alkali a!koxides wiT.~ dec=eased ionization 

pouential of ~he alkali camion, ~he lowervalues presua~b!y 

producing more MeO" ions. The mo!e=ules CO, ~0, and C02 have been 

found ~o in~ibi~ T~e Eea~-~ian by removing catalyst as insoluble 

forma~es and carbonates. G, 7 

In ~he second s~ep, t.he MeF produced in ~he fimst --eac~ion is 

hyctroger~%~e~ ~o t-~o molecules of MeOH. 

One too!eerie replaces T.~e Me0~ consumed ~n T.~e carbony!ation 

Eea~ion, and -.he ~T.~er is pEcduc'.. The Eeoc--ion can he c~%=T-ied 

out i.n r.~e vapo~ or liqui~ phase usLng a heterogeneous ca~a!yst 

such as c~3ppe= c2-=¢mi~e. FoE liquid phase hy¢ITogenolysis, 

~e~nper-a~-~Tes =f 140-!80"C a/~d ~EeSSlLTeS of 40--60 a~ are U S e d .  CO 

is ~wn Uo deac'~i-~aze T.he ca~a!ys~ 6 . 

.R~ue -~qua~ions foe rea~ions 2 ar.d 3 have been deue=-~i.ned L~ 
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our laboratory 6 and by o ~ h e r  investigators 5"7"8- There are 

obvious disadvantages to ~he ~o-step synthesis as outlined above 

in T.haT ~4o reactors and ~o separation systems wou!dberequired. 

Ca._~rying them out concurrently in one rea~ur would =learly be 

superior provided ~hat-~he reactions proceed a~ an adequate rate 

and ~ha~ ~he reactions do non interfere wiT/~ one anov-~er. We 

define using a single reactor for bo~hEea~ionsas ~he concurrent 

synthesis and iU is t.he subjec~of this paper. I~ should beno~ed 

~hat i~ ~s no~ a~ all obvious T/~aT~he rea~ionsc~%nbecarriedout 

=oncurT.enT!y in a single reactor. Zn fac~, ~here are several 

~easons why ~he conouzT.en= reaction should fail. 

!. The ~empera~uresnormal!yusedfo~ each rea~ion differ by 

almost 100°C. A ¢ompEo~ise temperature must be used--one which 

=igh~ well be unsa~isfacto~l for bot2~reac~i~ns. 

2. water and CO 2 are k n o w n  To deactivate t.he Carbonyla~ion 

ca~a!ys~ by forming insoluble alka!ime~al foEma~es o r  c.a.EhonaTes.  

We found iT necessary, for example, ~o carefully dry t.he methanol 

before oaf-tying ~u~he car~nylaTion rea~-~ion s. 

:3. C .a rhon  d i o x i d e  a n d  CO deac~civate t h e  hydrogenolysis 

catalyst, aun~ CO mUS~. be pEesen~ i/~ large a m o u n t s  i ~  ~he _--ea~'~ions 

are ca---T_ied out concurrently because CO is rune of T_~e _-eac~an~s. 

4. since boE.~ C0 and K2. are presenT, ~he presence of any ~0 

or CO 2 will qUaLran~ee ~he presence of V.~e aV.her ~ough ~./~e -~a~er 

s~-.. reac-.ion. Tolerance -.u CO 2 and ~,0 ~s impor-.anT sLnce it gas ~ ~" 

is expensive tm _-emove C02 to v~ low levels in s.vnT.~esis gas 

q e n e . . - - - ~ i c n .  
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5. Undesired side reactions mighU occu~ as T.he resul~ of 

combining ---~e reactions. 

We have found that, in spite of ~he potential difficul~ies 

outlined above, ~he concurTent rea¢~ion proceeds at a good rate at 

150oC and 50 atzn, ~hat the catalys~s remain a~ive for more Than 

200 hours, and tha~ small amounts of CO 2 and H20 are role--areal 9. 

."/he se!ec~ivity to MeOH is high---greater than 95% with the 

prLncipal by-produc~ being MeF--~he equilibrium amount at the 

reaction conditions. In addition small amounts of dimethyl ether 

(less ~han 0.4%) are produce~. No higher alcohols are found and 

only urace amounts of other products have been detected. 

In the ne~ set-.ion some ~ypical experimen~a! results are 

presented and then a mathematical model foe the reaction is 

proposed. 

E X P ~ A L  

Reac'.ions are carried o=~ in a 300 or I000 ml autoclave. A 

diagram of the experimen~a! apparatus is shown in Figure I. Zn a 

~ypical run, MeCH and the ~--~o cat~. lys~s are charged t o  ~he Eea~or. 

The ---eac'~or is hea~ed ~o 170"C and ~ is passed ~u:ough the reacuor 

for 16 hours ".o reduce the hydrc~enclysis ca'.alyst in situ. Then 

a H~/CO feed :L~e is Lnv..-odu=ed inuo ~he teat---or aU a preseu 

---aue. UruTeac--~ed gases are removed T..h2oug~ a back press~e 

---equla~r w~ic_~ ac~s =o ma~'z~aLn T.he desired _-eac-.~r pressure. 

.More complete desc":.ipuions o f  the apparauus and experimental 

pr--cedu--es have been published 9. 

The resul-s of a -.-ygical .--an are shown Ln Figure 2 where the 
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rate of MeOH synv2~esis is plotted versus time of reaction. The 

heterogeneous catalyst is copper chromite (calsicat, 81C-83B] . The 

soluble catalyst is potassiuaa me~hoxide (KOMe). The ra~e Of 

formation of MeOH is based on hydrogen consumption. The ra~e is 

low initially and rises to a maximum at about 40 hours, rt should 

be noted T.hat ~he concentration of MeF in ~he liquid starT~ a~ zero 

and rises ~o a steady state value at about 40 hours. The 

composition of MeF in ~he reactor ~hen remains =or~sr~ln~ a~ 

approximately ~he equilibrium value. 

Figure 3 shows ~he rate at which CO and H~ are conveE~e~ in a 

~yp. ical rum. After about 40 hours, ~he rate of conversion of each 

is essentially consT~lnt and equal as is expected since the feed 

ratio is s~oichiome~Tic (H2/CO=2). The level of conversion depends 

on V_he rate at which • gas is removed from the rea~or with lower 

rates giving higher conversions. An impor~.an~: ~ifference in ~he 

conversion rates occurs during ~he first 40 ho~s. Hydrogen 

conversion sT~%rT~ at zero and steadily into.eases to the steady 

s~ate value, while CO c~nversion s~a2-.s ~igh a/~d decreases ~:O the 

steady s~ate value. 

We have ~es'~ed other solu~=le and heterogeneous ca~a!ys~s. 

Re!auive teach, ion rates obtained using a coppe--- c~u.-omite 

hetemogeneous cata!ys~ and -"~o diffeEenu soluble" ca~a!ysts aU the 

same reaction conditions are shown in Table !. 
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i. i i 

Table 1 
Effe~c of Soluble Catalyst 

on Ra~e of Formation of Methanol 
(Cu-C~ Heterogeneous, Catalyst) 

Soluble Catalyst Relative Reac~cion 

Potassium Me~hoxide 

Sodium Me~huxide 
I I 

Rate at 40 Hours 

i00 

68 

The copper chromite-KOMe ~mbination shows a signifi=antly higher 

=eac~i~n rate ~han ~he copper chromi~e-NaOMe combination. This 

.-esul~ is puzzling because ~he mole f.-a~ion of MeF in ~he liquid 

is ~he same in each case and essentially equal to the equilibrium 

composition for ~he experimental conditions. Since ~he MeF-Me0H 

rea~ion is =lose to equilib=ium, T/le soluble catalyst should have 

little effe~= unless it is somehow pal~i=ipatin~ in the 

heterogeneous reaction. The same phenomenon is shown in a 

different way in Figure 4 w~ere ~he Eate of foEmation of ,MeOH is 

plotted versus --atio of soluble to heterogeneous catalyst, rn each 

case, ~he Me2 cmmposition is ~he same an~ essen=ia!!y at 

ye~ ~he ra~e varies wi~h the am~un~ of soluble equilibrium, 

~a~a!ysu. 

ANALYSTS CF C~NCURR..~T. ~ ! S  

Ouar s~u~lles of the cancurT.enu MeOH s!rn~hesis descT-~-bed above 

show v--~au ~ere a~e signific~lnu diffe=en~.s between V--~e a~=ua! 

perf_crmance and t--hat predic'-ed assuming V.ha= ~he _-eac--ion proceeds 

~Toug~ ~e ca~ony!a:ion and hyd.~=geno!ysis .--ea~ions given ~y. 
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equauiorLs 2 and 3. These can he summarized as: 

I. The reaction =ate for ~e concurrent production of Me0H is 

si~if icanUly hi,he.- ~.hat ~hat calculated f=om kinetic data 

obtained f,-om t.he individual Eeac~ions. 

2. CO deac~:ivation of ~he hydrogenolysis =eaG~ion is reduced. 
°. 

3. The amoun~ and ~ype of sQluble catalyst affects ~he rate 

cf Me0H foEma~ion bu~ no~ ~he mole f.-ac~ion of MeF in ~e Eeac~or 

liquid. 

4. The soluble ca~alys~ is no~ =emove~ by formation of 

formates, c~T~ona~.es OZ' o'..~er insoluble sal~s. In fact, ~he 

rea~ion proceeds using potassium foEma~e and c~r~ona~e as ~he 

soluble ca~alys~--al~ough a~ a Eeduced raUe. 

At least ~#o explanations for ~hese disc=epancies are 

possible. One is ~ha= T~e =ea~ion is essentially the ~wo sUep 

mechanism outlined ahove--ca~bonylanion ~o MeF in ~e liquid 

fol!owe~ by hycLTogenolysis of MeF on ~he hetere~eneous catalyst-- 

and ~= ~he differences n o t e d  above are due ~:o ~he changed 

envi~o~e~u i~ -~ic2~ ~.~e =eaG-~io.~s ~ake place. 

A second explanation is ~.~a~ Me0H foE~auion ~akes place 

-~ough a diffar--n~ pathway--one whic~ does not =equine ~a~ Me. ~ he 

forme~ homogeneously in ~he liquid phase. This lat-.eur pa~way 

would probably L~volve adsorption of T.~e soluble ~a~alys~ as well 

as C~ a~d ~2 or,. ~-~e heUeroc~eneous ca~alysU wi~h subsequ.ent  _--ea~ion 

a'- o~ nea~ -~he su~face. T~e .~eF appea~in~ L~ T.~e liquid c=u!d he 

fo~me~ by a ~cmcgeneous side _-eat--ion and would he a~ T_~e 

i_:" i" =-. i . 
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The essential difference in ~ese ~o pa~/%s is ~ha~ in ~he 

firs~ ~.he ,carbony!ation reaction takes place ~omogeneously and is 

an essential step i~ ~he reaction sequence. In ~he second, any 

homogeneous carhcnylaUion is a side .-eac~ion and not essential to 

~he formation of MeOH. We believe ~hat ~he experimental evidence 

points uo ~.he former. Refer~_inq to Figure 3, it can be seen t.hat 

on introducing CO into V.he reactor it begins to reac~ rapidly while 

H 2 does nat. At ~he beginning only MeF is being formed. As ~he 

MeF mole fraction inc~.eases in ~he liquid, H 2 consumption and ~hus 

MeOH formation incr. eases . These da~a strongly suggest t.hat t.he 

MeOH formation follows ~he MeF composition and that MeF is an 

essential step in the teach, ion pathway. 

Based on this observation, we have developed a mathematical 

model which we believe explains why ~--he concuz-rent synthesis does 

not appear to be a simple ¢om~ination of the carbonylation and 

hydrogenolysis steps considered separately. 

MODEL FOR C O N ~  SYNTHESIS 

A overall des~ip=ion of the proposed m~del is qiven here. A 

more c~mple~e development including equations has bee~% made a~ 

will he --epor'.ed in a s~sequent publication. The basic 

assumptions for he =ode! follow: 

1. l"Ae reac-~ion pEmceeds in ,~'~o s~eps---~he f~.----s~ beLnq 

ca--bcnylauion and ~he second hydrogenation. 

2. The ca--b=ny!aUion .-eac~ion ~es place homogeneously in 

r_~e liquid and T.~e hy~-Tcqenauion octets on T.~e suarface of ~he 

~e~e~=gene=us ca~alysu. 
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~s rapid compared to the 3. The carbonylaTion reaction " 

hydroqenaTion reaction. ~: 

4. Mass transfer from gas to liquid is rapid compared to 

reaction rates, and the liquid phase is well mixed and of ~niform 

composition. 

5. MeF mule frac~cion in the b=!k liquid is T.~e equilibrium 

composition for ~he reaction conditions. This is a consequence of 

assumptions 3 and 4 and the fac~ ~ha~ ca~a!yst loading is low. It 

has been verified expe_Timen~a!ly. 

6. The hydrogenation rea~cion ~akes place on ~he surface of 

~he heterogeneous catalyst. 

Zn order To  reach The surface MeF must diffuse ~o The surface 

of ~he catalyst. I~ is ~his region adjacent T o  ~he ca~a!yst 

surface ~hat is of prime interest. MeF is disappearinq a~ the 

surface, and ~here mus~ ~e a con¢en~aTion gradient from the bulk 

liquid composition ~o ~he surface c~ncenV-Ta~ion. Since ~he MeF 

concen~aUion decreases in ~he surface layer, i= will be below ~e 

equilibrium value for ~he h=m~neous reaction, and rea~ion wi'.h 

CO will occur. It seems quite possible t~at all or "  mos~ of the 

homogeneous reac-.ion is ~king place in T.~is layer. When --ea~ion 

o==urs, CO is depleued, and ~here must he diffusion from the hu~( 

liquid into ~e surface layer. The net effe=-, is -~ha ~ - the 

ccncen~_rauion of CO nea-- ~he surface layer ~s less T.~an T~e 

equilibrium values Ln -,he hu//~ liquid. 

A qualitative exp!ana'~ion for ~e effecz, s 

_ - i sec--.i~n is ~iven h _ . 

n o c ~  L~ ~ e  

.~n e a c h  ~ s e  a c o m p ~ i s c n  ~ s ~ e  
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between ~he situation observed wi~h ~he individual reactions and 

~ha~ wi~h t_he concurrent teach.ion wi-~h -~he abject of explaining T.he 

difference. 

I. Hi~he~_.~ate of reaction for conc-urT_ent reaction ~han for 

4 4 4 I _nd_v_dua_ _--eacticns. ."~le ra~e li~i'.i~q step for MeOH =rod~ction 

is t.he hydrogenolysis reac-~ion, and the ra~e of =ea~cion will he 

highe~ when ~he surface ccncen~a~ion of MeF is higher. Zf the 

ca~rbcnyla~ion =each.ion is net taking place in the surface layer 

(the case when only the hy~rogenolvsis =eaction occurs), ~he MeF 

concen~.ra~ian will drop (probably linearly) f---om the hulk 

concen~-ra'~ion to the surface cuncen~a~ion. If the carbonylation 

teach.ion ~ s ~k"ng place (the ccncurr_en~ reac'~ion), there will be 

addle-lena! .-eac~ion in the surface laye= which will yield a higher 

value of -.h~e surface concentration foe MeF. The higher surface 

concen~a~ion would be expe~ed ".o produce a higher reaction ra~e. 

The Ln~erac~ive effec~ of the -'-~o =eac~ions =esu!T.s in mo=e of ~he 

MeF =eachinq the surface wi~h =esul~an~ higher reaction ~a~e. 

2. ~ecr.ease in C~ de~c~i'~atio~. ~-f no homogeneous ca~a!yst 

is ~Eese~, V-he CO nea--- T~le heterogeneous hydr~geno!ysis sturface 

will be essen=ia!Iy ~haU i~ ~-he --~u~_/k liquid. Hcweve=, if 

~--cmegenecus =a~alysu is present, reac--ion w~_!l ~ake place in the 

su_-f_ace !aye=, and ---~e CO c . ~ ' n c e n ~ . - ~ = i c n  will be less ~a~ -.ha-. i.~ 

r~e L-u//~ liquid. _-he ne~ effec-- ~ s --o =educe the CO c~ncenv---a~ion 

au the su_~f.ace and thus = o  .--e~uce i~s deac-.ivzu~..ng effec--. 

3. Amc~. ~- and _-~r~_e. c$ hcmc~enecus catai"~ affec~ r~e of 

MeCH .~c~a---icn. .%s noued above, "--~e amounu and ~p.e of ~omcgenecus 
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catalysU should no~ affect V.he raue of MeOH formation since MeF is 

in equilibrium in the bulk liquid. However, i= is nou in 
r 

equilibrium in T~e surface layer, and therefore the homogeneous 

ca~alys= =an affe~c ~.he rate of Me~ forma=ion and T/lus ~he rare of 

MeOH production. 

4. Dec.--eased sens~tiv~tcv to CO 2 and ~20 ~eactiva~icn of 

homogeneous ca~a!vs~. .Removal of homogeneou~ c.a~a!ys~ by formation 

o f forma=es and/or carbonates has been repor~aed for V.he 

carbonylation reaction. This does no= oc~-ur or a= leas~ is grea=ly 

reduced for v_he c~ncurren= reaction. The presence of hydrogen in 

V_he surface layer and the presence of a ~ydrogenolysis =a~a!ys= may 

se.-'ve =o conve=--, for-=a~es or carbonates to me~hoxides. 

CONCLUSZONS 

The conc~%.~T-ent synthesis is a promising al=ernaUive method for 

producLnq .~eOH. There is !i=~le nee~ for recycle of synt.hesi~ gas 

and V.he produc~ is a liquid ~ e  of MeCH (95%) and MeF (5%). 

The reaction seems ~ procee~ in ~o steps--~he firs= is ~he 

carhonylaUion of MeOH ~ MeF and ",~e second is ~he hydrogenolysis 

of MeF Go MECH. T~e ~ncurT-en= ---are of reaction is higher 

-~au predicated from =he Lndividual feat',ions and =he Lncr-eased ra~e 

be expia;.,ned ~/ LuUerac~.ions which ~cc'u.r on or nea~ =he surface 

layer adjoLn"ng ~he heUer:geneous ca~alys=. Work is ongoLnq ~'-o 

de~erm/.ne op=ima! opera=Ln~ conditions, eva!ua~e be~--.er cav.a!ys-~ 

com~i.na~ions, an~ develop mav.~emauica! models. 

f I.~ a sub,or= ."Ae aur.~ors g~uef'~!iy acknowledge ~.~e " i i _. _ of 
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A NOVEL S~SIS OF M~I"XANOL 

V. M. ~alekar, J. W. Tierne~ and ~. Wander 
Depar--.menT of ~hemica! and Pe~ro!eum Engineering, Universiuy of 
~i~¢sburgh, Pi~=sbu~gh, 9A !~25!. 

ABSTRACT 

Commercial methanol s.vnr-hesis processes are characuerized by high 
pressures" and ¢empe_--a¢u2es wir.~ low per pass conversion. A novel 
liqui~ phase synThesis of meThanol from CO and H= at about 100"C 
lower -~han presen¢ commercial processes, with little or no 
recycle, is repc=~-ed. The reac~cion may proceed in ~o sTeps---¢he 
ca_-~onylation of meThanol t o  meThyl formate an~ ".he 
hy~LT=geno!ysis of me~.Sy! foEmaUe t o  ~'¢wc moles of me~anc!. Hig~ 
meUhanol s vnuhesis :aues are obuained. The process is uoleranT To 
C0= and H~0 wi~h about 94% selectivity ~o meT.h~no!. 

Rea~ion studies wi-,~ differen~ ca~a!yst sys~ams a~e reported. 
High Me0E foEmauion ~ues are obtained wi~ a mixed catalyst 
comprised of sodium and poUassium me~hoxide and copper chromite. 
An inue~-a~cion may exisu wi-~.~ ~he ~wo ca~a!ysts; potassium seems 
to promoue ~J~e acTivi~ of ~=-cb~omiUe. S~udies on ~ese various 
ca~alys~s are being ca_-T.ied ou~ to elucidate ~he nanu~e of ~he 
reacu.ions L~volved in ~he Me0E synthesis. The effec~ cf variation 
in p r o c e s s  peurameTers such as T~mpe=aTure, pressure, feed ~L~/C0 
.--atio and =aTa!yst loading are also L~vesTigaTed. _"~e process is 
uu!eranT To f!u~-~uaTions Ln The feed H~/C0 .-atio. 

~...~ODUCT. ~_ON 

Social and envi_--onmenTal c o n c e = : ' ~  arising out ' of C0 and 
hycLTOCa~bon emissions due to use of gasoline as a transpoz--~a~ion 
fuel have led to a gr_owing demand for alcernate cleaner burning 
fuels such as me~hano!. [I] One route for ~he synthesis of 
meu~anol fro= synv~lesis gas involves v21e ca2~ony!aTion of 
meT-Sanol " , o  form meT.~y! formaEe CMeF) and . ~he successive 
hyciToqeno!ysis of me,by! formate to give ~o moles of meEhanol 
(Me0E) as shown in reactions % and 2 .  [2] 

Hcccc~ ~ 2 ~  --> 2c~oH (2) 

Essen¢ially all .~e0H produced today is made by -~Se di.--~c gas 
p~ase CO ~yd.-ogenation pr=cess at tempe~aEures of 200-300°C and 
pressures of 50-110 a~ using C,I/Z.nO based ca~a!ys~s[3]. Me ~r.b~lne 
-s t~e mai~ source of syngas r.~ough c¢a! gasificauion is also 
• ~sed == some ~en~ [ 9 ] .  The outlet MeC~ concenr---aEion is 
rest.-i&'ced uo 5-~ mole% due to ~eau t.-~umsfer limitaEions ~J~.~=9! 
:¢.-/mo!), !ead/_ng t O  a ~igh reczcle .--auio. 

" =  . = o m p a r ' i s ¢ n , -  ~ s  . n o v e l  s v n u . h ' e . ~ i s  i s  ca_-- '= ' . ied o u . =  a =  m / . " d e =  
condluions of ~-00-!50°c an~ pressures of ~0-~5 a~=. T~--e ~o suaps 
~ere _~i_-s--. proposed hy C_5~is~iansen[4~ L~ !919. AkeE-D~g~-~ee---ing 
_-epcn-a_ed = _---~o c~mponenu liquid phase =ar-%!ir~ic sy. suem T~ co~ver-- 
synthesis gas :o a ~Jure of =e~nol and me~_~y! for~aua in 
sl,-.g!e suep a= 383~K. ~ 0.5 .~Pa pressure in u~e a~sen¢e of CO:, 

= T o  "~rb.c,- a . ! . !  c o r ' r - = ' - - . < ; = c r ' . d . e n c e  .~ '= .cu / .~ .  b e  a d d . T P . s s e d .  



H:O and sulfur compounds[5]. The only experimenua! evidence ~s 
provided by ~_myanizov en al.[6~ who showed ~ha~ reac=ions 
occur in a single reactor, using NaOMe and Cu-cD.romi~e as 
ca~alys~s. 

We have succeeded in carrying ou~ ~he ~-~o rea~cions described 
above in a single s!u_.--ry reac-~or, operated in a semi-continuous 
manner..~relimina.~_~ resu!=s on reac-.ion s~udies ~e-e reported by 
Liu eu a!. IT]. In spice of pcUenUia! deac-~ivauing species like 
CO- and 5~, Zhe con~uz~renu (concurrenu = bo~ reaouions =a_--ried 
ouu in r~he same teapot) rea~ion using a =ixed ca~alys~ 
comprised of KOMe and C~1-c~.Tomi~e gives high Me0H producuion 
races wiuh low -- .a~es of deactivation. ~n ~is paper, we repcr--- 
experimen=a! findLngs for ~his new synthesis of Me0H. 

BACKGROUND 

The homogenous carbony!a=ion of MeOH using NaCMe or KOMe as 
caualys= and liqui~ phase ~ydurc~enolysis of Me.-" u~ing Cu-c~romi'.e 
as ca~a!ys= have been s~adied individually. Liu e~ a!. [8] found 
T.~a= CO._ and H~0 inhi~i= ~he carbonyla=ion reaction due ~o V.he 
formauion of insoluble K sa!~s, while CO an~ ~0 ~ea~ivaue V.~e 
copper chrom.Sue. They also prese~ed Mine=ic expressions for each 
reaction. 

D~e Uo ~he favorable v.~ermodynamics of ~e ~o individual 
processes, up =o 95% c~nversion can he o~aine~ wi~.~ abou~ 94% 
selecuiviUy =o Me0H. One of ~e salien~ fea=u~es of =his 
concu-~r_enu process is -,.h~ ~o higher alcohols are produced. 
Vedage eual. [9] found ~.~a~ ~.~e presence of alkali on ccppe~ in 
~=-Zno ca~alys~s enhances .~eCH forma=ion .~aue huu higher alcohols 
.~ave invariably been formed, def.-easing se!e~iviuy =owa_-ds 
mer/lanol..Wlier e~ a!. [i0] reported alkali promotion of ~he wa~er 
gas shif', rea~'~ion on & Cu-Zn surface. A bifuncuiona! base - 
hydrogena=ion =a=alys~ has been ~epor~ed by Union Carbide[ ll]. r'- 
consis-~s of a Co" and an alkali me~ho~ide; ~he hy~oge~aUion 
compcnenu is be!ieve~ == be =oppe= ~y4~ride (Cull). 

Liu eu a!. [7] found v2~a= ~he Me05 forma=ion =ace using a m/xe~ 
c~%~alys= ~mprised of F43Me and Cu-cJ~Eomiue was hutq~er ~ "~a= 
ca!~ulaued using a kinetic .-ace expression o]:v.<%ined ~y CO=d:i/Li~'~g 
~e ~c ~ndividua! .-a~e equauions. T~is suggests E~a~ ",-he effe~ 
may ncu be ~ simple summauion of ~.~e ~'-~o individual sueps. 

A 300 c:. suaiaiess suee! auu==lave was cleaned and charged wiu~ 
150 co. of MeGH and -.~e ca~a!ysu. The cara.Iys= was reduced in 
si~--= in -~e liquid phase usiag pu_Te H~. f!ow~..~g au 25 c~/m/.~ au 
IT0°C aund a pressu~Te of ~3 ~., foe 16 ~our~. L~=[12] fo~d --~1~ 
~ere were ~o mass ~--ansfer !italia=ions in ~ rea~or sys~e.~n. 
."~'--is ~as ~e advanEa~e of e!~ ~-m/-na=Lnq an ~erna! _-educe--ion s U e p -  
A sc-~emauic o~ ~he ex~e_~imenna! se~=p is shown L~ .~igure I- 

."/~e uemperau ' . u :e  -~as a d j u s u e ~ t  U :  150°C a n ~  c m n u : m i l e ~  == -.ri---~/.'z 
= I ° C  ( b y  a uempe_---auu~e o ¢ : n E . . - ' o l l e r ) .  CO a n d  ~ .  a ~  a E.j 'C~ f e e d .  
.--auio of Z -~e_-a revered by --'~o on-li~e mass _~!cw cmn~ro!!e_~s.."ze 
- _ e a c = = r  Col lv .e lTCS "~ere -_~crough!y s~.~.--='.ed. G a s e s  "~e--.e "~i'.~w~ 
_---- r.~e ---:p o. ~ r.~e rea=~:r u~=uq~ a ~ac.~ pressure requ!au:~. 
Regular analysis =f gas arid !iqui~ samples -,-as done usL~.q an __=~ 
gas c2:_--=_ma~gz-ap~ equipped wi-.~ _~crapak Q and Ca,-~osieve S 

I 



¢olumulsand a ~he---~al conductivity detector. The gas eff!uenu was 
measured by a calibrated wet test flow meuer. T~e MeOH formation 
rate was computed based on ~he gas phase .q~ consumption. 

The operating conditions have to be in ~he cross-hatched area in 
Figure 2[7]. The boundary is de=ermined by ~he ~empera~ure aZ 
which ~he vapor pressure of MeOH is equal to its equilibrium 
pa=--.ial pressure. ~"ae condizions ensure ~ha~ MeOH is pruduced in 
~.~e liquid phase in cont.-as= =c ~he gas phase operating poin~ 
which is used /.ndus~ria!ly. The propez'a.ies of T.~e ca=alys~s and 
t.~e operating conditions used are listed in Tables i and 2, 
respectively. 

RESULTS AND DZSCUSSZON 

(i) General Resul~s 

A number of rea~-~ions probably procee~ simul~a/~eous!y in the 
.-eac~or including +T~e c~.Tbonylation of MeOH ~o MeF, ~he 
hyd=cgeno!ysis of MeF, ~he "~a~er gas shif~ rea~ion Cwgs) and ~he 
condensation of .Me0K to give dimeT-hyl ev.~e~ {DM~)..~res~lma~ly, 
T~e carbony!a-.ion an~ ~he hydrogenolysis rea~ions proceed in 
series. A~ steady sEa'~e, a c~n~T~n~ equilibrium Me~ concentration 
O f  %% was oi=Ua+...ned. ~ The liquid p~ase. The carbonylation 
=each.ion is -~hus at equilibrium, and ~he hyd=cgen.~!ysis of MeF is 
evidently ~he _~aCe determining step. As shown In PiguEe 3, an 
average of about 35 hrs. was require~ foe ~e system to at=ain 
s:eady staCe, al-~o~gh ~he w~s a~d T~e fo=--a~ion of dime~hyl 
eu~er proceed rapidly ¢ o  equilibrium. The wgs reaction dynamics 
res~!~s i.n an adjustment of -~he CO= and ~:.O c~n~ent L~ ~,he 
_-ea~or, ZZ seems unl~eiy uha~ CO: is a _~ea=uan~ because of i~s 
dea=-.iva~Lng effe~ on The ~ar~ony!ation catalyst. 

The main hyprcducus formed in ~he rea~ion are ~0, DME and 
equilibrium amounts of MeF. Traces of formaldehyde were found by 
gas analysis. AT a ~em~ez~re of 170°C (reduction temperature), 

Table I: Pu~per'.ies of. Ca~alysus 

c.~=~onvla~ion Ca~a Ivs~: .~OMe 

Type: w~i=e powder, 99% p~Te 

=~v~-rc~enc lvsls Ca:a !vs~: ~-c.~omi-.e 

..~ype: Bla~k powder 

Su----f_ace Area, ~/q = 103 ; 3ulM densi.'~.1, g/co = 0.64 

HH 



Table 2 : 

TemperaUure C°c) 

To~a! ~r.essure Calm) 

Zniuia! Caualysu L~ading 

KOMe C gmoles/li~) 

c~-¢~romiue Cg'~m liU) 

rniTial MeOH LoadL~g (re_l) 

F e e d  P~ue Claim, Z5°C] Ccc/m/~n) 

S~irT_e= Speed Cram) 

Feed RaTe CHic0) 

0perauing Condiuions for Che Con~ur.-'en¢ synthesis 

i001150 

63.5 

0. 007-0. 028 

20-40 

150 

1150-1500 

1.0-2.0 

a small amount of ~ are formed; iT disappears as ~he 
Uempe.Ta~u~e is !owe~ed. No hiqhe~ alcohols were deTe~e~ for any 
of -~e .~ans. AU i50eC ~.~e MeF equilibEium ¢onoen~=aTion is 
a~ouT 4%, _-esul~ing i~ hiq~ selectivity ~o Me0H. The blank ~ in 
Fiqu.Te 3, sugqes~s T.haT Co-chromiTe displays some carbonyla~ion 
ac=ivi~y. The ~ .~Te obtained was a!mos~ 16% of T~e Ea=e of 
MeCff  syn~esis usinq KCMe as ~he =a~a!ysT. 

(ii) Effe¢= oZ F,~ re  r ~ , i ~ L i = ~  

Different amounts of KOMe a~ consr~%nU Cu-chr=mi=e (3 gins) loading 
were used "t::o idenuify any in~er-a~ion ~e~deen v.he '~;,¢o ~a~alysT_s. 
.~"Ae rate of Me0H foEmaTion as a fund'.ion of .W~Me ioa~ing is shown 
in Figu=e 4. T~e amou2%T of KOMe added influen¢es V.he MeOH 
for~a=ion ."aTe. The na=u~Te of ~is plo~ indicates ~a= ~.he=e 
exisus an optimum cmncenu.--a~ion of KOMe (1:6 w ¢ .  ratio of KOMe 
To Cu-chromiUe in ou~ case). S i n c e  hy~Togen=lysis is V~e .-a~e 
deuerm/.n.tnq s~ep, i¢ seems likely v.~a= ~e na~u=e of V.he a~cive 
siCe is ~e =esulT of an inE~_Ta~uio= between ~he ~o ca~alys~s; 
.~EMe i~f!~inq ~he hydrogeno!ysis activity of Oa--chromiUe. ZU 
may he ~h~ ~he po~lssi'u~ adsorbs ~n ~he C=-cJ~Eo~i=e s~Efa¢e an~ 
prorogues i~s a~ivi~. By,ell eu el. [I~] fou~ a similar effec~ 
and o b s e r v e d ,  a s~'p maximum in ~ei~ s~a~y of Cs loading fo~ 
~c~-menu of MeCH pr~u~ivi~--y on Cu/ZnO =a~a!ys~s in V.~e 

s vnu~esis. The me,oxide ion would pEesumab!y a~ as a 
ccunuer ion -.o suahilize ~.~e K" on ~he Cu~~i=e sul'f.a~e. The 
overall --ea~ion is eviden¢iy not jusu a simple s~,,maTion of ~-~e 
~o Ln~iivi~a! .-ea~ioms. 

till] EDM~ in C==paz~--son ~ NaOMe 

"<CMe/~.~--ch.r=mi~e was foun~ ~ he :=ore_ a~ive T~an Na0Me/~.z-- 
---~r=~m.t=e. ~avlng a icwe~ iuni=au!on poTanuia!, pocassium (4.3Z V) 
has T.~e ahi!i~! ~ ~ener-aue mm=e anions ~ sodium 
(5. lZ V). However, ~he car~ony!aTian reach.ion is essen=ially au 
eq~i!ibriumo _~'~-is also seems ~ Lnd!=a~e a pE~mcE!ng effec= =f 
r.~e a!.'~ali on ---~e hy~T=qenol-!sis a~-=ivi.-y of ~=--chr~mi-.e. A -W:ui--.e 
i--nso!u~le .~E-~=ipi~Te c~ .~a--f=E-ua=e "~as fcunci L~ ~.~e _--eac--.i=n 
~m!x~.~.T_~ a_~--_e_ -- u~e --an. -"'--e low so!u~ili~ of Xa--f=rma=e =ay also 



(iv) Effe=¢ o f  C u - ¢ h r o l n i C e  Loading and Chamge in Inle~ ~low Ra~e 

A series of experimen~-~ were cal-:.iedouU wi~h differenuc-aUalys¢ 
Ioad~ngs au conscan¢ feed race. The MeOH synuhesis =ace was no~ 
linear in ¢a~a!ysu loading--a su-~prising resu!z, since ~he 
hydrogeno!ysis reac¢ion is ~he ra¢e de~e-~mining suep; doubling 
T~e amoun~ of -~he ca~alys~ should Rouble ~e raue. ~ossib!e 
causes sucha~mass cransfe= effe=Us were eliminaUed by Liu[12]. 

A simi!a= resu!~ was obP.aL~ed when ~e gas feed raUe was varied 
a~ consT~n~ caualys~ loading. The raue should be inde_=enden~ of 
~hein!eU syngas flow raUe aU a suoi¢hiomeuric composiuion in,he 
we!!-s=i=T.ed rea¢~¢o~. However, ~e =ace was found ¢o dec=ease 
wi'~l ~ decrease in TJ~e L-LIe~ synthesis gas f!o~ =a~e. The MeCH 
syn~e~is--a~e auctiffe=enU flow =a=e~ is su~mari¢ed L~ Table 3.  

The ~o phenomena a~e =elaced, however, in ¢ha¢ TJ~e flow =aUe of 
gas !eavL~g ~e reactor dec=eases w~en ~he ca~a!ys~ loading is 
increased (more reaction) or feed r-ace is decreased. ~¢ was found 
v.~aU ~=O and ~ i~ ~he gas o=~leU increased in bov.~ TJ~e ca~es. 
A co~sUanu =aUe of L~zibi¢ing by-produce formaUion will resu!~ 
in ~ drop in T~e Me0H synthesis ~aUe. This is co~_~isUenU wi~h 
experi~en~a! observaUions. This mean~a compromise may have Uo be 
made beUween syngas oonvez~ionand~he z~ue of MeOK fozm~¢ion. 

Table 3: Effec'. of Flow .~a¢e on Ra~e of MeTJcano! Synthesis 

.-"low Rare (E. jco) 

= c / = i n  

Rare of .~eOH 9~od. 

g~oles/h/~m cau 

3 gins Cu-cbJ~Om/ue + 0.5 gins KOMe 

90/4,5 0 . 0 2 6 ~ 5  

7 0 / 3 5  0.02116 

50/25 0. 01602 

3 gm~ Cu~o=iue + !gm .ROMe 

7 0 / 3 5  0 . 0 1 9 0 5  

50/25 0.0156 

(v~ Co,ace.son of Cu/ZnO w~-~ Cu-cb~¢mi=e Ca~l~s¢ 

C=/Zn0 is =~e ccm=ercia! ~ gas p~se ~eOH synv_~esis 
caua!ysu. TIedage eu a!. ~9] and S~effer e~ al.[!&~ ~ave found -,_~au 
a!'~li meEa!s suc.~ as C~ and .T =rcmoue MeOH ac~ivi~--y, on ~2/ZnO. 
T~e ,--are of .~eOK for-Jauion usL~g a m~Jced .K~Me/C=~o~i3e 
ca¢a!ysu -~as c~mpared wi--~ ~au using a mixa~ KCMe/~-ZnO 
C~¢ZL~Irs~: a= =ea~io= tonal!---ions of 150°C aru~ 63 a~..~"~e pr~gre.s~ 
of U~e =ea=-~io~ for u~e .--~o ¢aualysu c=mbinauions is s~own in 
~iGqzTe 5. .~"Ae ac'=ivi~-y of KCMe/C~--chr~mi=e is almasu 8 ~i~e~ 

is a hen~e~ hydrcgeno!ysis cav~!ysu ~ ~=-ZnO. .-~is is an 
i~dic~=ion -~--.a= ~ H  is formed "~v .~eF ~ydr=~enoiysi~ and ,'zoU by 
di~e~ ~y~T--qen~uio~ of ~ unde--- ou~ ---eac---ion c=ndi=ior~. Mc 
~ig~e.-- al==~ois were formed i,~ ~ase of ~z/Z.~O L~ spiue o~5 T.~e 
p=esenc~ o f  a~<ali. 



(vi) Effe¢~ of Feet1 K~/CO Ratio 

The concur~_enU process involves H= and CO rea¢Uing separaUely in 
different reactions. For every CO reaoUing, ~wo H:. are required. 
The H-JC0 ra~io exisuing in ~he vapor phase is an impor~anU 
parameUe.-- influencing The razes of individual reacuions. Effects 
of different H.JCO rauios on ~he raze of rea~-~ion were suuduted. 
Feed H~/CO ratios of 2, 1.5 and i were used in -~his s~udy. The 
average deactiva-ion ra~e was used ~o tOrT.act ~he rate to that at 
-~he end of 30 ~Ts..Maximum rates obtained as a function of ~L/CO 
_--auios are shown L~ Figure 6. The raze of MeOH SlrnV21esis 
decreased wir~ a decrease in Me feed Hz/CO ~atio. This is 
consisuenu with ~he observation ~hat CO inhibits ~he 
~y~Togeno!ysis reaction. The resul=s show ~au ~he concurT.en~ 
_--each-ion can tolerate f!uc'~ua~ions in ~he feed H~/CO ra~io. 
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CONCLUSIONS 

Reaction studies on the concurrent MeOH synthesis using a mixed 
catalyst comprised of KOMe and Cu-chromite indicate an 
interaction between the two catalysts. This novel synthesis gives 
high selectivity to MeOH and there is little need for recycle of 
synthesis gas. High activity is obtained in comparison to a mixed 
catalyst comprised of KOMe/Cu-ZnO. The process is tolerant to 
fluctuations in the feed ~/CO ratio. 
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