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Abst rac t - -The  chemical equilib'ia c,f the Ras-pnase methanol pr,..,ductkm frurn methyl formate were 
stw.lied by ar!alyzmg the hydruger!c, ly~,is reaction (HCC.)t)Ctt:~ ~ 2H 2 : 2CH:~OH) and decarbonylatiol: reaction 
(HCOOCH:~ CH:~OH ~ CO) occ~rrmg cor~currenliy. The equdibrium constar!l, which includes the effects ,..,f 
n,..mideatity, was estimated for each reactiot~ using equali~,,s tff state. Equilibrium comp,.Jsitiulr for each 
constituent in this reaction system was evaluated m relaliu~: lu temperature, pressure, and initial cc, r',cenlra- 
tkm rmio (HjHCOOCH:j, and the effect of CO feed <.,i~ equilibriLun C(mverskm of melhyl furmale was also 
discussed Oe.n.erat guidelines to impr,we the seleclivilv ut hydrogeg~ulysis reacthm woe pr,.,,posed. 

INTRODUCTION 

Methyl formate (MF; HCOOCH:0 has been reporled 
to undergo a variety of reactions and ovum serve as a 
building block molecule in. C~ chemistr)  [1-3]. l 'he  
combination of an efficient synthesis of MF and i-s 
facile decomposition allows the molecule t,> be used as 
a means for separation, storage, and transport of 
syngas (CO/H,J as well. Among these application.s. 
methanol synthesis from MF has become ,.me r 
promising iadirect syngas converskms in an integral~d 
C t chemical complex involving MF which could come 
into, existence in the future [3]. 

VIF can undergo hydrogenolysis to :~roduce two 
moles of methanol as follows: 

HCOOCH~ + 2H, = 2CH+OH. ( 1 } 

This reaction was first described by Christiansen [4] as 
a two~step methanol synthesis route from syngas. 
Besides the hydroge0.olysis react6m, MF coukl ul> 
dergo other reaction.s under sintilar condi!ions. For it> 
stance, thermal decomposition or pyrolysis [5] t~f MF 
to methanol and CO has been used to obtain high 
purity CO [6] according to the following ~eactiop.. 

HCOOCH~ = CH ~OH-r- CO (2) 

The methanol could react further to form CO and H~: at 
higher temperatures, and thus yield reaction (3}. 

HCOOCH, ==2COq 2H= !3) 

Reaction. (2) is known to be the react[ol~ producing Hte 
major by-product, CO, in the gas-phase reaction (1) 
over a COl)per chromite catalyst [7i. 

As a part of a research progranL Io produce meth- 
anol efficienlly Ihrough Ihe vapor-phase hydrugel!~,,- 
tysis (~f MF over suitable copper-containing catalysts. 
we investigated the chemical equilibria for the teat- 
lions (1) and (2). In this work we calculated vapor- 
phase fugacity cc,e/ficie~ts for the reactiop.s a~d es- 
timated the equilibrium constants in.cludh~g the cor- 
rection factors for nonideality from an adequale equa- 
tion of state (EOS). From these tllermodynamic view- 
points, the effects of Ihe initial col~centraliun, tempera- 
hjre, and pressure on lhe equilibrium conversion of 
MF were examined and the equilibrium composilious 
of the constituents for the reactkm, system were 
eslimated. 

THERMODYNAMIC EVALUATIONS 

1. Basic thermodynamics 
Prior to the calculation of equilibrium constants, it 

is necessary to determirm the heat of reactionAH and 
Gibbs free energy AG for each reaction as function uf 
temperature (T in degrees Kelvin) and pressure (P in 
aim). Unfortunately, few data for these values, espe- 
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Table  I. T h e r m o d y n a m i c  p r o p e r t i e s  of  the const i t -  
uent  s p e c i e s  in this  react ion  s y s t e m  

Compound 1 2 3 4 
number 

Compound HCOOCH 3 CH3OH CO H 2 

Specific heat capacity coefficients a 

a I 4.456 4.394 6.342 6.947 

a2• 10 3 42.096 24.274 1.836 --0.199 

a 3 x 107 -2034 -68.55 2.80 4.81 

Gibbs free energy coefficients a 

A 1 350.9 - 201.9 109.9 0 

A2• 102 17.47 12.54 --9.22 0 

A 3 • 10 6 16.32 20.34 1.45 0 

Critical cu~:stants c 

Tc(K ) 487.2 513.2 133.4 33.3 d 

pC (atni) 59.15 78.7 34.5 12.8 a 

c~ (cm:~/reel) 172.0 117.9 93.1 65.0 d 

Zr 0.255 0.224 0.294 0.305 d 

Acentric factor~wO.257 0.556 0.066 0 

aSpecific heal capacity Cp(T)-al+a2T+a3 T2 (cal/moI.K). 

Data from Ref. [8] 
t'Gibbs free energy of formation AG,,(T)=AI+.~2T+A3 T2 

(kJ/mol). Data from Ref. [9]. 
CDatafrom Ref [10]. 
C/Data Irom Ref [8]. 

cially fur the reactions with MF, have been rep~,rt- 
ed. Therefore, A H a n d  AG must be determi:~.ed using 
the thermodynanfic data for the constituent species of 
the reaction system (Table 1). The compound numbers  
in Table 1 (1 for MF, 2 for methanol, 3 for carbon 

monoxide, and 4 for hydrogen) are assigned for the 
convenience in computations which will be performed 
below. The heat of reaction is calculated including the 
effect of elevated pressures in conjunction wilh an EOS 
(here we choose the Berthelot EOS as previously used 
[1 l]). Theu, fur reaction (1) 

AH, ( 7", P)  - - 8973-- 3706931/T ~ - 9. 5624 T 

+3 .  426 x 10 ~ T ~ + 18.89 t"< 10 -~ T S 

- (0. 056 + 3706931/T ' ) P (cal/mol) 

~4) 

and for reaction (2) 

gJr-/2 (7", P )  = 8 9 1 1 - 4 2 4 0 6 4 / T 2  +6 .  287" - 7 .  993 

x l 0  S T ~ + 4 5 . 8 8 •  ~T:~+ (0.301 

+-424064/T ~ ) P (cal/mol).  (5i 

in order to find the thermodynamically favorable reac- 
flop. ranges, Gibbs free energy change for each reac- 
tion is investigated. 

AG~ (T)  - - 5 2 .  8 0 6 + 7 . 6 1 •  10 2 T 

+ 2 . 4 3 6 8 •  10 s T 2 (kJ/mol) (6't 

AG2 (T)  - 3 9 .  169 -  1. 4154x 10 I T  

5. 4777• 10 ' T 2 (kJ/mol). (7) 

Employing the rough criteria for screening chemical 
reactions (law)table reaction for A G<0 and pussib- 
ly favorable one fur 0 < A G < 5 0  kJ/mul [9]), ther- 
modynamically favorable temperature range fur the 
reaction system is determined as 280-580 K. 

According to the heats of reaction calculated, the 
hydrogenolysis reactiun is highly exothermic [,_4tt~ 
{298 K, 1 at!n)=- 11.470 kcal/mol] while lhe decarbu[~- 
ylalion reactkn~, is highly endothermic [~H2(298 K, 1 
atm)= 10.194 kcal/mul] and both _4H have nearly 
same magnitude. In terms of the calculated Gibbs tree 
energy changes, however, the hydrugenulysis reacticm 
{,:3Gl(298 K)=-6.62 kcal/mul] occurs much m~re 
faw~rably than the decarbonylatiun reaction [ gG:~(298 
K)=-0.62 kcal/mol]. It can be easily nuticed from 
these results that the reaclion (1) is dominant al lu,,,,er 
temperatures whereas Ihe reaclion (2) is dominam al 
higher temperatures, and that at moderale tempera- 
tures the two reaclions must be competing wilh each 
uther. 

Additiunally, equilibrium constants K~, as a fm~c- 
tion of lemperature can be conventionally calculated 
by van'l Hoff rule: 

d In K,~ A H  
d T  R T  ~ 18) 

where R is the universal gas constant. Substituting eq. 
(4) or (5) for AH in eq. (8) and integrating it, the 
equilibrium constant for each reaction may be deter- 
mined through the adjustment of integration constants 
with the known values of ziG: for reaction (1) 

K a , - e x p ( 5 7 7 2 . 5 / T - 4 . 8 1  In T + I .  72•  10-'  T 

- 6 . 7 9 •  10-'  T~ +19 .  1) (9) 

and for reaction (2) 

K~=exp  ( -  5130/ T + 3.16 in T - 4 . 0 2 3 x 1 0  ST 

+ 1.55 • 10 s T ~ _ 14. 15). (10) 

In the gas-phase reaction system, the equilibrium 
constant for each reaction is 

K~,=K~, K~IP -~ (11) 

K,~ = K~2 Kr F' (12) 
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Fig. I. Fngacity coeff icient for MF calculated from 
the Soave-Redl ich-Kwong EOS: ( - - - )  for the 
pure  component;  ( - - --)  for a mixture  of 16 
tool% MF, 79.5 mol% methanol ,  and 4.5 
tool% H 2. 

where 

.K~,= (x~ )V(  Ix e ) <xi ') ' ]  ~13) 

K~, = <xf) i x f ) / x~  (14) 

.K~,- (4,~ ~ )  14,,. (16) 

Here, the subscripts 1, 2, 3, and 4 in each mole 
fraction x, and in each vapor-phase fugacily coefficient 
r denote the component i as already defined in Table 
1, and the superscript e represents an equilibrium 
state. Kfl and K~2are correction factors for nonideality 
defined in terms of the vapor-phase fugacity coef- 
ficients of i, ~,. The computation of K,~ and /~x2 is 
related to equilibrium compositions of reaction 
mixtures and considered in the subsection of 
equilibrium calculations. 
2. F u g a c i t y  c o e f f i c i e n t s  a n d  c o r r e c t i o n  f a c t o r s  

Fugacity coefficients can be evaluated using an 
adequate EOS, which indicates the deviations from 
ideal gas bahavior. The choice of EOS is not easy 
because each component in reaction mixlure exhibits 
different deviation from the ideality. For instance, CO 
and H 2 represent nearly ideal gas behaviors while 
MF and methanol are far off from idealily, Therefore 
the choice of the method to estimate exact ~ /s  of MF 
an<] methanol becomes important. A number of works 
[12-14] for the chemical equilibria in methanol syn- 
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Fig. 2. Fugacity coeff ic ient  for methanol .  Refer to 
the caption in Fig. I. 

thesis from syngas indicate thai the Soave-Redlich- 
Kwul N EOS {15] or Peng-Robmson EOS [16] gives 
besl results in correcting nonideal gas behaviors. In 
comparing two EOS's applied, the difference in 
fugacity coefficients is significant for representing the 
nonideality [13]. In the present work, the values of 
fugacity coefficients and correction factors are calculat- 
ed using the Soave-Redlich-Kwong EOS. 

Fig. I shows fugacity coefficients of MF as a func- 
tion of temperature and pressure, which are calculaled 
from lhe Soave-Redlich-Kwong SOS for the pure 
component (solid curves) and for a mixture that is 16 
tool% MF, 79.5 tool% methanol and 4.5 tool% H 2 
(dotted curves), which is a composition in that range of 
that found in methanol synthesis reactions and will be 
resulted in the next section. Fugacity coefficients u[ 
methanol have been calculated previously [12] using 
Peng-Robinso~ EOS. Here we have calculated using 
Soave-Redlich-Kwong EOS as shr in Fig. 2. The dis- 
continuities of the fugacity coefficient curves, as shown 
in Figs. 1 and 2, represent the saturation conditions 
between pure liquid and pure vapor phases. The curv- 
ed segment below and to the right ot the intersection 
corresponds to liquid-phase fugacity coefficient of MF 
or methanol [12]. The dotted curves in these figures 
represent vapor-phase fugacity coeificients of MF and 
methanol, respectively, in the equilibrium mixture of 
MF, methanol, and H 2. At low temperature, MF in a 
vapor-phase mixture rich in methanol (79.5 tool%) 
behave more like nonideal gas than it does in the pure 
vapor state. As temperature is increased, however, MF 
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Correction factor for the vapor-phase hydro- 
genolysis of MF to methanol. Refer to the 
caption in Fig. I. 

in the equilibrium mixture appears higher ideality 
than in its pure state. Contrary to these facts, the 
fugacity coefficient of methanol (Fig. 2) in the vapor- 
phase mixture, irrespective of the reaction ranges of 
temperature and pressure, is higher than in the case of 
pure state. 

The correction factors for each reaction ,:an be cal- 
culated from the vapor-phase fugacity coefficients of 
equilibrium components. Figs. 3 and 4 show the de- 
pendence of correction factors K+l and Kr oi1 the tem- 
perature, pressure, and composition (for Fig. 3 only) of 
a equilibriunl mixture. In terms of pure-componep.I 
fugacity coefficients, Fig. 3 show that the correction 
factor of the hydrogenolysis reaction shows more 
sinfilar pattern to the fugacity coefficient of methan.ol 
rather than to that of MF. This observation indicates 
that the contribution of methanol to K~t is more 
significant than that of MF in the equilibrium mixture 
of the hydrogenolysis reaction. Furtherly, considering 
the compositional effect K+] represent much less value 
than the case of pure state. This behavior is from lhe 
dominance of methanol fraction in K~formula and 
the application of a methanol-rich equilibrium mixture 
(16 tool% MF, 79.5 mol% methanol, and 4.5 mol% 
H 2) in the calculation of the fugacity coefficients. For 
the decarbonylation reaction whose correction factor is 
shown in Fig. 4, however, K+2 hardly depends on the 
reaction pressure since the nonidealities of MF and 
methanol compensate each other. The compositional 
effect of a equilibrium mixture of K~, 2 is not suggested 
in Fig. 4 because the numerator (r has higher than 
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Fig. 4. Correction factor for the decarbonylation of 
MF to methanol and CO calculated from the 
Soave-Redlich. Kwong EOS for the pure com- 
ponent. 

the denominator ((p]) when calculating with the same 
mixture compositions as the case of K+]. 
3. Equi l ibr ium c a l c u l a t i o n s  

Defining two equilibrium extent of reaction ~ and 
~:2 for reactions (1) and (2) respectively, the total mole 
of reaction mixture at equilibrium becomes rG, 

(= 1--sel + ~2) by the stoichiometry of the reaction sys- 
tem. Then, the mole fractions of each component at 
equilibrium can be easily obtained as following ex- 
pressions. 

x~ = (x~ - ~ - ~ , ) / n t o t  (17) 

x ~ -  ( 2 ~ , + ~ z ) / n , o ,  (18) 

x~ = (x~'+ e , ) /n ,o ,  (19) 

x f  = (x~ - 2~ e, ) / n , o ,  (201 

where the superscript o denotes the initial state. It 
should be noted from the above equations that meth- 
anol was considered as a product only, and that the 
initial CO was imposed to evaluate its effect on the 
equilibrium conversion of MF. 

Then, eqs. (13) and (14) can be rewritten as 

( x ~ ' - ~ - ~ 2 )  (x~'- 2 ~ ) '  

Kx, (2~e ~q- ~ =) (x~'+ ~,)  (22', 
(x~~ ~ -  ~,) ( 1 -  ~ + ~ , )  " 

~1 and ~2 can be determined by solving two simul- 
taneous algebraic equations (21) and (22). In this study 
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we use Taylor expansions of functions for K,~ and 0.2 
KxltKx2 with respect to ~l and '~2. Restricting the 
functions up to the terms with first power of ~t and of 
~2, it may be obtained as follows. 

~,= I K~x? [K~,- K~, (xf)~] +K~,x ~ (x~) ~ 0 

[K~ (x, ~ - I) - x~] }/{ [K~ - G, (~:,~) ~] 

[G, (x~+ 1) +2x;] +2 (G,-+-2K~,x;x~) 

[K~ (x, ~ - 1) - x~] } (23) 

, =  t K . , x  ~ ( x~ ) * [ K~, ( x{' + 1) -V2x ~ ] .G -0.2 

- 2Kx~x~ ( K . , + 2 K ~ x ~ 1 7 6  Kx, (xE,*~ 

[K~, (x?+ 1) + 2 x  ~ + 2  (K~2-2K~,x~x~) 

[K~, (x~ - i) - x~ ] }. (24) 
--0.4 

Prior to the calculation of equilibrium mole fractiocs 
[eqs. (17)-(20)], the values of K:q and K~2 should possess 
the equilibrium constants [eqs. (9) and (10)], the 
correction factors [eqs. (15) and (16)]. and total 
pressure effects. K~I and K~ should be delermined by -0.6 
the relations such as K~I : K"~,lP/K,l and K:, 2 : K,~2/K,2P 
[see eqs. (11) and (12)1. 

400 

From the results of computation according to the 
above procedures, the extent of each reaction and the 
composition for each component at equilibrium can 
be represented as a function of temperature, pressure, 
and. initial composition Figs. 5 and 6 show the extents 
of reaction calculated in the coordinates of ~~ vs. Tand 
(:2 vs. T, respectively, emphasizing the effects of 
pressure and of feed ratio. From these figures it can be 
seen that both reactions are affected by temperature 
more sensitively rather than pressure. The increase in 
pressure does not influence maximal ~1 and (:2 
attainable. Hence, thermodynamically the reaction 
can be adequately carried out at atmospheric pressure. 

The equilibrium extent ~i of the bydrogenoiysis 
reaction decreases with increasing temperature until 
the reverse reaction, dehydrogenation of methanol, 
takes place: 

2CH~OH = HCOOCH3 +2H~. (la) 

At atmospheric pressure, the temperature at which the 
reaction (la) starts to show its effect is about 620 K. The 
dehydrogenation of methanol to MF has been carried 
out [17] as a step in the synthesis of some orgarfic 
chemicals [18,19]. Comparing Fig. 5(a) with 5(b), 
however, MF produced by the reaction (la) is quickly 
decarbonylated into methanol and CO since the re- 
action (2) is dominant around the temperature. This 
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Dependence of degrees of reaction (a) ~l and 
(b} ~ 2 on reaction pressure. Initial composi- 
tion is fixed as x~--0.2, x~=O.O, and x~=0.8.  

] 
lO00 

fact confirms the qualitative arguments forwarded in 
the previous section, that as reaction temperature is 
raised the dominant reaction changes from the re- 
action (1) to the reaction (2). The effect of initial corn- 
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Fig. 6. D e p e n d e n c e  of  d e g r e e s  of  react ion  (a) ~l and 
{b) ~2 at a t m o s p h e r i c  p r e s s u r e  on  the inilJal 
f eed  compos i t i ons ,  

position without CO on ,~ and f2 is shown in Fig. 6. II 
can be easily noticed from the figure that the increase 
in initial H2/MF ratio (x~ lessens the magnitudes of 
~e 1 and ~2 without change in general shape of the,. 

curves. 
Fig. 7 shows the equilibrium mole fractions of each 

constituent (,v~ and MF conversion (XM, d at various 
initial compositions without CO. Here the equilibrium 
conversion of MF is calculated as following; 

X~, 1- x~/x~. /25) 

The sharp variation in equilibrium niole fraction is 
observed when the temperature exceeds about 500 K 
at atmospheric pressure irrespective of the HJMF ratio 
employed. Below 500 K it is easy Io understand lhat 
each mole fraction is constant since within the tem- 
perature range 300-500 K chemical equilibrium is 
affected by the reaction (1) only. More fractions of MF 
and methanol decrease with increasing temperature 
(above 500 K) because the reaction (la) (2 MeOH-.-~. 
MF ~2H 2) and the reaction (2) (MF-,.MeOH+ CO) are 
competing with each other. MF is produced by the 
consumption of two moles of methanol by the reaction 
(la) and then this MF is converted to one mule of 
methanol and of CO by the reaction (2). So the 
increase in temperature causes lhe reduction of tile 
amount of methanol from two moles into one mule. 
MF is completely cousumed by the dominant readion 
(2) eventually whereas the consumptk)n of 1-]:~ de- 
creases because some H 2 is produced by the reaction 
(la). The concentration of CO increases by the reaction 
(2). However, the actual experimental results [20] 
show that with the further increase in temperature Ihe 
amounts of CO and H._, continuously increases while 
that of methanol is decreases. This fact is thought to be 
due to the decomposition of methanol at high temper- 
atures: 

C H , O H -  CO f2H2.  (26) 

The decomposition of methanol has been extensively 
studied from 1930s [21], and a comprehensive review 
is available [22]. 

The conversion of MF also takes the similar ten- 
dency to equilibrium mole fraction, which remains 
constant at lower temperature and then abruptly 
changes at the transition region of about 500 K. The 
effect of initial H2/MF ratio on the equilibrium 
conversion of MF is compared in Fig. 8 compared with 
the result of Evans et ah [7]. Open circles in Fig. 8 are 
their experimental data from the vapor-phase hydro- 
genolysis of MF on a commercial copper chromite 
catalyst at 413 K and atmospheric pressure with 160 
cm3/min of total flow rate. At constant temperature 
and pressure the conversion of MF is increased with 

increasing H2/MF ratio in both cases. Since there is no 
reason that the calculated thermodynamic conversions 
and experimental kinetic results should show a similar 
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dependency on Hz/MF ratio, and their data are 
numerically quite close to our calculated values, it is 
suspected that their kinetic measurements might have 
been influenced by thermodynamic equilibrium. 

The influence of CO on the hydrogenolysis of MF 
has been observed by many authors [23-25] but most 
of the works were based on the reaction kinetics. 
Hence, the roles of CO have been explained in terms 
of their effects on catalyst [23-25]. At chemical 
equilibrium discussed here, the effect of CO is shown 
in Figs. 9 and 10. It is found that even if a small 
amount of CO is present in an initial gaseous mixture, 
the reaction degrees sel and f2  suffer an inhibition 
effect by CO; ~~ shows a maximum point at a certain 

temperature and then decreases in the same pattern as 
the case of no initial CO, whereas (:2 has a negative 
value at hJwer temperatures and then in.creases to a 
positive value of the same magnitude as the case of no, 
initial CO. From these effects of CO on ~l and se2, it can 
be concluded that the carbonylation reaction is easy tu 
take place at low temperatures: 

CH~ OH + CO = HCOOCH3. (2a) 

As shown in Fig. 10, initial presence of CO influences 
the temperature dependence of equilibrium composi- 
tion and MF conversion in a fairly different way from 
the case without CO feed. The most distinct behavior 
with CO feed is that methanol mole fraction shows a 
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Fig. 8. Comparison of MF convers ion  as  a function 
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are  413 K and 1 atm. Open circles  are from 
Evans et al. [7]. 

maximum and then decreases with increasir~g temper- 
atures. This curve must be strong]y associated with the 
curve of ~ in Fig. 9(a), which has a maximum poinl. 

In other words, at lower temperature the forward 
reaction of the reaction (]) proceeds and one mole uf 
MF arid two moles of H~ produce two moles of 
methanol, whereas one mole of methanol reacts with 
initial CO to make one mole of MF via the reaction. 
(2a). As the temperature increases, the amount of 
methanol hlcreases through the reactions (1) and (2) 
until its amount decreases by the backward reacticms 
of the reactions (1) and (2) because one mole of 
mefl~auol is produced r.reaction (2)j while two nluh's 
of it being consumed [reaclion (1 a)]. Very low r~lf: cr 
versiu]~ at low lemperalures is abrupll V Ji!cr~!as,bd 
within the temperature range of the transition where 
the inhibition of initial CO feed on the readiun (2) is 
no longer effective. For other compunents, the effect of 
initial CO was very small except that the mole fraction 
for H 2 is lowered before the transition of MF conver- 
sion. The reason for this phenomena can be explaiued 
once again by the competition between the reaction (1) 
and (2a), (2b) being inhibited by initial CO feed at low 
temperatures. 

C O N C L U S I O N  

The chemical equilibria of the gas-phase methanol 
production from methyl formate has been studied con- 
sidering the hydrogenolysis and decarbonyJation at 

1.0 

-0.2 

-0.4 

-0.6 
400 

Fig. 9. 
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-0.2 
600 800 1000 400 600 800 1000 
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Dependence  of degrees  of reaction [a) ~l  and (b) ~2 on the reaction pressure .  Initial compos i t i on  is 

f ixed as  x~l=0.2,  .~S---O.O5, .x~4=0.75. 
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Fig. tO. Ca lcu la ted  e q u i l i b r i u m  c o m p o s i t i o n s  of 
each component  ( - - )  and MF convers ion  
{---)  at a tmospher ic  pres sure  w h e r e  the in- 

o o ~  itial composi t ion  is f ixed as  X l = O . 2 ,  x 3 -  

0.05,  x~4 = 0.75.  

the same time. From the equilibrium corlstants and 
compositions calculated, following conclusions have 
emerged for better yields of methanol: 

(1) At the same pressure, lower the reaction tem- 
perature. 

(2) At the same temperature, raise the reaction 
p ressu re. 

(3) At the same temperature and pressure, H2/MF 
ratio should be increased. 

(4) CO should be removed in the feed. 
These results can help determine reaction conditions 
before the experiments and modify reaction param- 
eters during experiments. [furthermore, :he therm~- 
dynamic analysis revealed some characteristics of the 
reaction which have been considered as kinetic 
effects. These two effects should be differentiated in 
order to understand the reaction correctly�9 
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N O M E N C L A T U R E  

Ap A 2, A3: coefficients for the Gibbs free energy of for- 
mation (Table 1) 

al, a2, a 3 : coefficients for the specific heat capacity 
(Table 1) 

i 

J 

i% 

tlto t 
P 
Pc 
R 
T 

U C 

XMF 

0 

Xi 

Zc 

G r e e k  

aHj 
AG/ 
AGf 

~j 

r 
OA 

temperature-dependent specific heat capacity 
(Table 1) 
component (l: MF, 2: MeOH, 3: CO, 4: H2) 
reaction (1: MF+2H 2 ~ 2MeOH, 2: MF 
MeOH + CO) 
equilibrium constant for reaction ] 
equilibrium correction factor for reaction j 
total mole of reaction mixture at equilibrium 
pressure 
critical pressure (Table 1) 
universal gas constant 
temperature 
critical temprature (Table 1) 
critical volume 
equilibrium conversion of MF 
vapor-phase-mole fraction of componem i at 
equilibrium 
vapor-phase mole fraction of componenl i it~ 
initial mixture 
critical compressibility factor (Table 1) 

L e t t e r s  

heat of~aaction j 
Gibbs free energy change of reaction j 
temperature-dependent Gibbs free energy of 
formation (Table 1) 
extent of reaction j 
fugacity coefficient of component i 
acentric factor for nonideal component (Table 
1) 

A b b r e v i a t i o n s  

EOS : equation of state 
MeOH : methanol 
MF : methyl formate 
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