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OBJECTIVE: To produce methanol from syngas via methyl formate. The
goal is to evaluate the feasibility of combining in c¢ne reactor the
carbonylation of methanol to form methyl formate with the hydro-
genolysis of methyl formate to form methancl. In adgition, one aim is
to discover a hydrogenolysis catalyst which will give an overall
methanol production rate comparable to that of the current ICI process.
The kinetiecs will be studied of the reactions individually and
together.

TECENTCAL APPROACH: There is a current interest in improving the
efficiency and economies of the methanol synthesis from syn gas.
Several commercial processes produce methanol from mixtures of
hydrogen, carbon monoxide and carbon dioxide. One process shown here
employs a copper, 2inc oxide, alumina catalyst and operates at approxi-
mately 250°C and one hundred atmospheres. The percentage conversion
er pass is low, less than 20%, and sc a large recycle is needed. The
LaPorte liquid phase methanol process provides better contrel of the
exothermic process and may avoid the necessity of shifting the syn gas
to a higher hydrogen to carbon monoxide ratio. It would also operste
at a similar temperature and pressure as that shown on the first slide.

This project examines a lower temperature synthesis of methanol via
methyl formate suggested in 1919 by J. Christiansen of Denmark (1).
The first reaction involved is the carbonylation of methanol by carbon
monoxide to produce methyl formate, an ester of formic acid. This
reaction is catalyzed by an alkali alkoxide. This could be sodium
methoxide, or potassium methoxide. A higher alcohol could be used in
place of methanol, thus producing the corresponding alkyl formate.
This reaction proceeds fairly rapidly at B0°PC and 30 atmospheres. The
second reaction is the hydrogenclysis of methyl formate or an alkyl
formate by hydrogen to produce the original alcohol plus a molecule of
methanol. This reaction proceeds at 110°C to 1B0°C with one to thirty
atmospheres of hydrogen. It is catalyzed by a copper catalyst.

Each reaction is very selective so few by-products would be made. The
overall reaction is of 2:1 syn gas to methanol. Higher conversions can
be attained here compared with the current commercial process. This
could save the cost of using high pressure recycle compressors and
pernans allow cheaper materials of construction. flsc, no wWater is
formed in this reaction which could eliminate the cost of distilling
water {rom the product methancl. A techno-economic study (2) comparirg
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tnis mlternative process with the ICT and LaPorte progesses showed that
tne process would need to be congducted in one reactor rather Lnarc in
two reactors to compete (v the area of econatructian costs,

Tne work shown will be aipsd abk combining these two reactionz and Lwo
catalystz in one reactor. Flrst, these reactions a2re being studiec
indiwidually. Most of the recent published work has been done in
hustralia by Trlmm and co-workers {3). They studied the kydrogenalysiz
reaction mostly In the wapor phase but fourd some favorable results En
the 1iguid phase (§). With methyl formate as the starcing liguid, dis-
stived hydroger reacts over the aclid heterogenecus catalyst, namely
Cirdler copper chromite, We alse chogse a liguid phase reacter for the
hydroganolysgis =tudy singe the parbonyiation reaction is perforied With
a2 homogeneous catalyat in the liguid pnase.

OJr objectives are ghown on the next siide: that i[5 te develop prac-
tical operating gponditions for the low temperature methanol synthesis.
Tne main problem with che first reaction ia the sost of cleaning up Cos
and waeter fram the syn gas sines they might react wWith the sodicm
metnoxide catalyst. The inFluerce oF €0y and water on  the
carbonylation reaction was examingd. HRiso, tne [irst reaction has Deen
stugled mainiy with pure CO, not syn gas. This reaction 1s used com-
mercially inm the synthesis of Formic acdid. The influence of hydrogen
was examjngd. The hydrogenclysis reaction 15 Lnhibkited by the prasence
of CO, This might be the mair obstacle to che successful developmeni
of this process.

The next slide shows the system used for studying the carbanvlatien
reaction. Carboan mongxide 12 bubbled Ehrough & sclution of rociur
mechoxide im methanol in batoh experiments. Az the 0 is used up to
meke methyl formste, the pressurs drops. An on-line GO sampling system
tekes a fresh sample from the liguid and the vaper phases ev:ry half
hour and aznalyzes for Hi, {0, COa, MelH and methyl formate.

The nest sllce shows the rate eguation for the carbony:ation reacbicn.
Tne forward reactlon rate varies with the catalyst concentration, the
tethansl eonecentration, and the eoncentration of CO dissoclved in the
Ligquid. Although th:e CO in the ligquid ean be measured with tne on-
line GC, It is more acourate %o measurg the partisl pressure of €O ik
the gas phase and milti{ply thst times a sclubility facsteor alpha
{Hemry's - law coefficient} whiech is koown or measured at various
cemperatures.

The reverse freaciicn proceeds more slowly and is proportiemal to
catalyst eoncentration and methyl forwate ceoncentration. The methanol
and methyl formate voncentratlons can also be expressed as a fungiion
of the change ir pressure af CO. The rate equation gan be rewritten in
thae farm shown on the nedt slide. The equilibrium constant ¢an then be
measured at varisus temperatures. When eguation 2 13 integrated thne
resuit iy egueticn 4 wnich i8 simplified by defiming &, B, @elta, ard
lambda in this way. If just thae forsward reactior iz invelved, 3s
during the Ffirst few tinutes of the reaction, the rate eguation
simplifiss to:  the natural log cof FCO diviced by PCO inltial equals
kL.
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The next slide shows a typical carbonylation run where the CO partial
pressure drops with time as methyl formate is made. The CO dissolved
in the liquid eventually drops low enough to stop the reacticn. In the
next slide the log of PCO/ PCO° is plotted versus time. The forward
rate constant can be obtained from the first few minutes of time. Then
as the reverse reaction becomes significant a non-linear regression was
used to fit the data. On this slide the open circles show pure CO as
the reactant gas. The filled circles show the same partial pressure of
CO with an equal pressure of hydrogen. Apparéntly, hydrogen simply
acts as a diluent and does not inhibit this reaction.

In the next slide we see the influence of CO, and H;0 on the carbonyla-
tion catalyst, sodium methoxide. (02 reacts with sodium alkoxide to
give the salt of the semiester of carbonic acid. Water can react with
the catalyst to yield sodium hydroxide and aicohol The reverse
reaction also can oceur,

In the next slide we see the ln of CO pressure over initial CO pressure
plotted versus time. The triangles show CO alone. It has the steepest
slope since it is the fastest reaction. The circles show CO; and CO

bubbled into the reactor. The CO2 at this temperature reacted
stoichiometrically with the sodium methoxide. The sguares show the
addition of water and CO to the reactor. Not all of the sodium

methoxide was converted to sodium hydroxide since there is some

equilibrium reached between the forward and reverse reactions. Since

it is more expensive to scrub COp; from syn gas than to remove water,
the poisoning effect of CO; on the two reactions run concurrently will
be important to study.

The next slide shows the Arrhenius plot for the log of the rate con-
starc Ky, or k.:; plotted versus 1/T. E activation is calculated for
the forward reaction, 16.3 keal/mcl, in the filled circles and for the
reverse reaction in the open circles, 19.8 kcal/mol,

The next slide shows these activation energies: for sodium methoxide
measured at this lab in column 1, for sodium methoxide measured by
Tonner et al. in Australia in column 2, and for potassium methoxide
measured by Liu et al. at the Unlver51ty of Pittsburgh in column 3.
All three agree on the forward rate and Liu's data differs from ours
for the reverse rate possibly because he worked at a point much closer
to equilibrium by running semi-batch experiments for over 24 hours (5)
while ours were batch experiments lasting one hour. The forward rates
were all measured in the first few minutes.

The next slide shows the scehmatic for the hydrogenolysis reaction.
Methyl formate is heated to the reaction temperature, then the pre-
reduced copper catalyst is shot into the reactor by pressurizing with
hydrogen. At that point the run begins. This is a semi-batch reaction
in which hydrogen is constantly fed in as it is used, to keep the to-al
pressure constant. The on-line GC then measures the mole percents of
hydrogen, methanol and methyl formate, No reverse reaction is sesn
under these concditions, The next slide shows how the rate constant is
measured from the experimental da%a. The rate is egual %to the rate
constant times the concentration of methyl formzte. When this first
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srder rate (s integrated from time zero Lo Lime t, we obtain : minus
the matural log of the methyl lormate coneentration over initiz)l eone
egntratiaon 1s egual to kL.

Alpha, the ponversion, is defined zs the concentration of the metnyl
formate oconsumad dividad by the initial methyl formate concentration.
This can Be rearranged to give t-glpha sguals [WMeF]/[MeF1®. When tnls
is subatituted imto the ‘ntegrated eguat-ion, we get -ln [1-alpha’l = kKt.
Experimertally we have from %he GC ; molas of Methanol divided by moles
of methyl formata, From this we can caleculsace alpha, the fraztion con-
verted, The nex: x=lide shows the rate eguation where rate |& propor-
tiona. to -the raze eonstant times the mechy: formate cancenzration
times the cazalysi concepiration times the partial pressure of hydrogen
times the pressure aof CO raized to some power. This empirically fius
the drop in rate with the inhibition by £0. The next slide ahbowa a
possibtle reason for the irhibitian of the hyorogenclysis reactliom by L0
iz =het the adscrptior strengkh on the copper actlve =sites iz greatest
for methyl formate, next For CO and least for Hz. 3¢ perbaps CO is
competing with Ha for adszerption on tne same ailtes. Upe way to obtain
some great improvemant in thils proceas would be to find a eatalyst
whatre B; adsorbs mare stroengly than €O, It seemz important Lo measure
this inhik‘tion since there Will be plenty of CT present. Forbunately,
some work by the fAustrallians and by those abt PLtt shows that the
inkibitios by C0 is reversible in the liguid phaze. This is lortuenate,
in thas, if thers wereé an upset In the process and e lot of CO was
present, activity could be regained.

fn examele of our tests far the hydrogenolysis reaction in the liguid
phase 18 shown in tne nest slide, The gatalyst used was Uirdler ecpper
chromite at a temparaturs of 1109C.  We plotted -in [1-alpha) wversus
time., The reaction progre=sing without T iz shown by the ecircles. In
g second run shown by the sguares, we start with just hydrogen thén Ly
F5! of OO0 was added st about 165 minutes angd the reaction rate dropaed
off but conzlnged to be first order. The next slide shows thWoe more
experiments where 100 PSI of OO was agded, as Shown by the cireles or
W5 P8I of 0O wacs added, as shown by the squares, The lines bend over
farther as more CO 18 added. From this data a power lad pan be derivec
whicrh expresses the change in rate as a functian of CO partial pres-
sure, The mext slide shows some gnta where HRaney copper was usaed for
tne first time in the liguid phase us the catalyst. Here, the overail
conversicn is greater for the same grems of reduced catalyst injeoted,
as seer on the y-axiz, The U inhibition odturs to the same extent as
with copper chromite, The nest slide ocompares three catalysts, esch
LN Several times with gifferent pressures of CO addec. The rate for
20 grams of catalyst per liter of methyl formate 1s fastest for Raney
copper, next for Raney eapper chromite, and laxt for Gircdler copper
chromi ba. The inhibition by CO ia roughlty che same for e&ll the
catalysts tested. BSome surface area measurements by CO adsorptian have
showr that Ranev copper simply has & higher copper surface area per
gram =f catalyst than does the Girdler copper chromite.

The nett slide shows some modeling work whicrt has been sgtarted to pre-

dict tne rate of® the two reactioms combined In gne autoclave. The
gotimum temperature wil! prabably Be betwaen 14090 and 1B0°9C.  This is
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a complicated system to model since there is a homogenous reaction, and
a helercgenous reaction. We assume that the reactants will behave as
ideal gases and that the methanol and methyl formate going from liguid
to vapor can be neglected in the material balance. Also, we assume
that the amount of CO and Hy dissolved in the liquid methanol and
methyl formate remains constantly resupplied from the gas phase and
that the dissolved gases can be neglected in the material balance. The
catalysts, particularly the copper catalyst, will deactivate with time
on stream and s0 some decay constant is used to simulate this
deactivation.

The next slide shows the beginning mole balance for this modeling work.
"Fg,in" is the flow of syn gas into the reactor in moles per time.
"Fg,out™ is the flow of syn gas and more correctly also of methanol
vapor out of the reactor. Eventually, these two reactions will be run
concurrently, first in a semi-batch process and later in a flow process
as shown by the model. Mg is the total moles in the gas phase and Ml
is the total moles in the liquid phase. The kinetic equations for the
two reactions will be written as a funetion of the variables shown for
the carbonylation and the hydrogenolysis reactions. The first reaction
is assumed to go faster and is in equilibrium. The second reaction is
slower and is the rate determining step. An equilibrium value of MeOH
to methyl formate will be reached in the reactor.

This process will show some accumilation of products in the reactor and
this accumulation s equal to the reactants in, plus methanol and
methyl formate produced, minus components consumed, minus syn gas and
vapors out. In the real experiments, some methanol vaper will come

ver with the unreacted syn gas and some methanol liquid will accumu-
late in the reactor. Four equations showing the change in mole frac-
tion of each component per change in time are shown. These are inte-
gra-ed and solved simultaneously. For example, the change in methanol
per time is one mole lost for each occurrence of reaction one and two
meles of methanol produced for each occurrence of reaction two.

In summary, the next slide shows the conclusions. The rate constants
for the forward and reverse carbonylation reaction have been determined
and may be used in modeling the two reactions run in a single, slurry
phase reactor. €Oz and H20 have a negative influence on the reaction
rate. CO; forms an insoluble salt at 70°C. H,0 reacts with sodium
methoxide and produces sodium hydroxide which can then convert back to
the methoxide. Thus the carbonylation rate is affected to a lesser
extent. Raney copper was tested as the hydrogenolysis catalyst for the
first time in- the slurry phase. It is also inhibited by CO to the same
extent as copper chromite. This inhibition will next be tested at
higher temperatures, before running the two reactions concurrently.

FOOTNOTES :
1. Christiansen, J.E., U.S. Patent 1,302,011 (1919).

2. A Techrical and Economical Evaluation of the Two-Stage, Low Tem-
perature Methanol Process, by Burns and Roe Services Corperation,
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Lnder Contract Ne. DE-ACZ2Z-BAPDTAG7Y, Subtask 4.01 (FY 8€), Ocoober
1986,

3. Ewvans, J.¥., Tenner, 5.P., Wainwright, M.3., Trims, 2.0. and Cant,
N.W., 11:5h #ust. Conf. on Chem, Eng. (1083).

4. wsomt:, D.M., EKphler, M.A., Mainwright, ¥.5., Trimm, D.L. and Cant,
N.W., Appl. Caka. 22, 123 {1986).

&. Liu, £,, Tierney, J.W., Shaw, Y.T. and Wender, I., Fuel Prac,
Teew. 1E, 185 {108E).

SIGNIFICANT ACCOMPLISHRENTS: & Ramey copper catalyst was tested for
hydregenclysis actlvity at 110°C.  This is the first time 3uch a
patalyst has been tested in the liguid phase although Australian
workars tested It successfully in the vapar phase, The Baney copper
had two times the activity per gram of catalyst as that of the Gird.er
eoppar chromlte.

The overzll rate of methanol production neesda to be raised by ingraas-
ing the nycdrogenclysis reactior rate, since it iz the slouer of the tuo
reactions. Therefore, this improvement is an important one for rajsing
the overali rate.

PUBL*CATIONS: R.J. Gormley, A.M. Glustil, 5. Bassinil, and ¥,7.5. Rae,
Kinetic Farameters in the Carbonylaticn Step of the Low Temperature
Synthesis of Methanel, Proceedings of the 9th Ilnternational {ongress or
Catalysis, Calgary (18B8), p. 553.
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METHANOL SYNTHESIS

2H, + CO = CH,0OH
3H1 + 002 - CH;OH + H‘O
H,-CO-CO, Recyclad Syngas
CuiZnOiAlLQ,
250¢C
100 atm
l Saparation

> CH,OH

Problems: — Reaction exothermic (AH~-23 kcal mol”)

— At T necessary for catalytic activity, an
equllibrium iimitation on conversion

High P needed, large recycie

— Lower P process , higher conversions
desirabie

152




UOIJe||1ISIP Sajeujw)|a UCIeW IO} JOJEM ON e

S1S09
But|ohoa) pue :o_mmwano 19MOJ| ‘Su0iISI8AU0D J19ybiy smojje | Jamo e

1 1amo| s| abejueape utlepy o

paliwi| Ajjeojweudpowisy) IoN e

(€) (BHO*'HD = - (BFHZ + (60D
wje gg 0} | ‘04081 01 D01 L
no ajewlo |Ayjan
@ ((MHO'HO + Szofo - _ (6YHz + Szon_.vfo
0

sisAjousboipAH (g)

wie 0€ ‘0,091 01 D08
ajewlod Ao ‘HOO0 BN

(1) (NHD-OHD - (6)00 + (IHOHO
ﬁ__u - uoljejfuogqse) (v)

HO*HO 40 SISIHLNAS IHNLYHIAWIL MO

I | D

153



SISATVLVD SNOIVA JO ALITIEVLS IH1 AININVYX3

ZH HLIM 02 30 IDNINTINI 3H1 INIWVYX3
| 'NOILDVIH SISATONIDOUAAH (4

02 HLIM £H J0 3DN3INTANI IHL ININVX3

SLIMNIWI OZH ANV 20D 30 IONINTINI IHL ININYX3
‘NOLDVIY NOLLYTANOAYYD (v

SISTHINAS TONVHLEIIW FHNLVHIdNGL
MQOT IH1 HO4 SNOILIONOD DNILYH340 TYILLDVEd 4073A30

SISTHLNAS TONVH.LIIN JHNLIVHIdINIL AOT

i1




1104 80uiiAg

o~

\OJ <} U] SB) KNP
—/

| ao1
A v { U |
jodep Juep

UwIn|o)

3

-

l
{

SWIN|OA
ot pog4 ebunig

ug seq
ey

ant
0}

BWN|oA I |

» pinbyy jueA

10dep

| ‘ o

pinb

W3LSAS ONITdWYS 29 JLVYWHO4 Ol TOHODTV

D, e

155



-

A [}Y ]
Ba { 0y ....un_ = W_”O_._UDnIU

2 g au.."_,..a__,_o...:& 7 [HOtHO|

5g 0 b[09] » = 7]00]

}

:su0ljenbo

Buimol|o} ay; 0} Buiproaoe aseyd seb syl u| ainsseid jejed
00 01 parejai ate floo] pue TOHHOHO] “HHO HOI 18YY paWINSSE S |

(1) NoH20™Ho1 Hiesl Yy — Mool FIHO HD) lieal 'y = 4
5
OHOO™HO = HOHO + 00

y

NOILOV3H NOILYIANOSHYD 40 3lvd

156




Equation (1) then becomes

\‘ | dPco . _ pCo~Pco Vg
rom e =k [eat]  ([omson]o-—FE0 o1
Pco _ Vg . plo-Pco 5
X =5 —k_i [cat]j Vs ( =T ) (2)
with
Keq= —— - (3)
- '
Equation (2) may be integrated to give
A o A+A
A-8 pco~Pco 2 |
In ( ——)= Ak t (4)
W A+8 p@o “peomAD |
RT Vy
s H + +p°
Vg [CH3° ]0 € Keg Pco

B - R:gv‘ 0% [CH30H]o

-
A=(A%-4B)2

X - A C[Vq [CO?]!
RT Vg

157



oQl

G2

ulw WL
0s

Y

62

Je0L

02

158




S unw gL

ov . og 02 ol 0
_ | | |

‘HOOEN W €0 = 1ed] @ D02 1V TONVHIIW 40 NOILVIANOGHVD

» D

090-

0G0-

o O-

O£ 0-

020-

0o1o-

000

30/ %% u

o

e

159



INFLUENCE OF CO, AND H,0
ON THE CARBONYLATION CATALYST

O

I
ROH(H) + CO(Q) = ROCH(Q) (1)
Na~ QR .

a0*C, 30 atm

CO, and H,0 may consume the catalyst
{K*OR or Na"CR?.

o

CO, + Na"OR - ROC, (2)
ONa

H,O + Na"OR - = —= NaOH - ROH 3)
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T T 7
Carbonylation of Methancl
Catalyst: NaOCH3 /
/
- — @ — Forward reaction -
AE,~18.3 kcal/moi
— Q== Raverse regction
AE;~19.8k cal /mol
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Hydrogenolysis of Methyl Formate
- Caotolyst: Copper Chromite
(Girdler G 89)
~ initial Pressure : 700 psig
T=i10°C
- Conversion= &

e

TIME, min
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Hydrogenolysis of Methyl Formate
20}~ Cotalyst: Roney Copper
Initiol Pressure : 700 psig
T=110 °C
I Conversion s &

.
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TIME, min
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TWO STEP METHANOL
SYNTHESIS IN A SLURRY REACTOR

Fg,in Fg, out

-
M =

Simplified System

Assumptions

1. The system can be represented by kinetic equations of
carbonylation and hydrogenolysis

2. ldeal gas condition

1
CH,0OH + CO == CH,CHO
Carbonylation = R, = f(T, C ¢at.1, C MeOH, P co, € MeF)

2
2H, + CH,CHO = 2 CH,OH
Hydrogenolysis = R, = f(T, C ¢cat2, C MeF, P H,, Pco)

Accumulation = in + produce — consume — out

Mole balance for MeOH, MeF, CO, H,

d(M} X MeOH) = R, + 2R,
dt
diM| X meF) = R —R
d t
dMg ¥ co) = Fg,inYico— R —Fg,outYeco
dt
dMg Y 1)) = Fg,inYi, H,—2R: — Fg out Y H,

dt
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