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Equilibrium Constants for Methyl tert-Butyl Ether Liquid-Phase 
Synthesis 

J& Fdlp. Izqulerdo, Fldel Cunlll, Merkxell Vlla, Javler TeJero, and Montwrrat Iborra 
Chsmical EnginWng Depertment, Unhwslty of Barcelona. Martii FranqGs 7, 08028 Barceha, Spain 

Equlltbrlum constants for the Ilquld-phase syntherlr of 
methyl 1.rt-butyl ether (MTBE) were determined 
expwhentally In the temperature r a g .  40-80 OC. 
EquIWbrlum was establI8hed In the methanol addltlon to 
hbu tyhe  for obtalnhg MTBE over the rulfonk acid rerln 
Lewatlt 8% 118 a8 the catalyrt In a batch reactor 
malntatned at 1.6 MPa. The experhnental equlllbrlum 
constant k glven as a functlon of temperature, and 
enthalpy, free energy, and entropy changes have been 
determlned as well. At 298 K, AHo = -38.0 f 0.8 kJ 
mol-', AGO = -13.6 f 0.8 kJ mol-', and ASo = -81.7 f 
0.5 J mol-' K-'. The UNIFAC ertlmates of actlvlty 
coWkhta have been wed to dercrlbe the Ilquid-phare 
mmkkallty. A comparkon of expwbnental, 
th.rmodvnamlc, and llterature data has beon carrled out. 

Introductlon 

There is currently great interest in methyl tert-butyl ether 
(MTBE) because of its excellent antiknock and poisoning 
emission reduction properties. The MTBE production is ex- 
pected to be doubled in a few years. 

MTBE Is obtained by the addition reaction of methanol to 
isobutene. The reaction is reversible, moderately exothermic, 
and usually catalyzed by macroporous sulfonic ion resins (mainly 
Amberlyst 15 and Lewatit SPC 118). The selectivity is ex- 
tremely high, but some byproducts such as dimethyl ether and 
dilsobutylene can appear if the temperature is hlgh enough and 
the molar methanoi/isobutyiene ratio is far from the stoichio- 
metric one ( 7 ) .  The presence of tert-butyl alcohol is also 
possible if the reactor feed contains water. 

Despite the fact that more than 1000 papers about MTBE 
can be found in the literature, only a very few of them bring out 
the reaction thermodynamics (7 -4) .  Besides, as it will be 
presented in the Results and Discussion, the dispersion of data 
is significant in such a way that it would be a big problem to 
choose the better one. 

The aim of the present work is to determine experimental 
vakreg of the equlibrium constant by direct measurement of the 
mixture composition at equilibrium and to compare them with 
those calculated from thermodynamic data and those found in 
the open literature. The temperature range covers 40-50 OC, 
for which we did not flnd experimental equilibrium constants. 

Experlmontal Sectlon 

Matd8b. Methanol HPLC (ROMIL Chemicals), with a min- 
imum purity of 99.8% containing less than 0.2% water, and 
MTBE (MERCK, Schuchard) with a minimum purity of 99% 
containing less than 0.1 wt % water were used. Isobutylene 
of 99% purity was supplied by SEO, Barcelona, the main im- 
purltles being isobutane and linear butenes which do not react 
under our reaction condltlons, and used without further purifi- 
cation. Nitrogen supplied by SEO, Barcelona, with a minimum 
purity of 99.998% was used to achieve the suitable pressure 
to maintain the reacting mixture in the liquid phase. 

The ion-exchange resin Lewatit SPC 118 BO (now K-2631) 
(Bayer), used as the catalyst, is a macroporous sulfonated c+ 
polymer of styrene-dlvlnyibenzene (DVB) contalnlng a matrix 

cross-linked wlth approximately 18% DVB with a surface area 
(BET method) of 36 f 1 m2-g-' and an exchange capacity 
determined by titration of 4.83 mequlv of HS03*g-' of dry resin. 
The bead size distribution ranges from 0.25 to 1.6 mm, and the 
effective bead size is 0.63 mm (f0.05 mm). 

A#nw.tur. The experiments were performed in a stainless 
steel jacketed reactor (200 cm3) in a batchwlse operation. 
Figure 1 shows the experimental setup. The temperature was 
measured with a thermocouple submerged in the liquid phase 
and was controlled within f0.2 OC by thermostated water 
(thermostatic bath, LAUDA s15/12) containing propylene gtycol 
that flows through the jacket. The reactor was connected 
directly to the liquid sampling valve (VALCO 4-CL4WE) which 
injects a small pressurized liquid volume (0.2 pL) to the gas 
chromatograph (HP 5890A). This technlque has been shown 
to be suitable to analyze liquids and liquified gases with an 
excellent reproducibility (5). 

A n a m .  Helium (SEO, Barcelona) with a minimum purity 
of 99.998% was used to help the liquid sample to vaporize and, 
at the same tlme, to carry it to the conductivity sensor at a Row 
rate of 30 cm3 min-'. A 3 m X 3.2 mm 0.d. stainless steel U C  
column packed wlth Chromosorb 101 (80/100 mesh) was used 
to separate the mixture of MTBE, methanol, isobutylene, and 
nitrogen. The column was temperature programmed with a 
5-min initial hold at 110 OC followed by a 10 OC/min ramp up 
to 220 OC, and held for 5 min. 

proM<kuv. The methodology was as follows. 
(1) A calculated amount of methanol and about 10 g of dry 

resin were charged into the open reactor. The resin was dried 
at 105 OC for 24 h, and the residual water amount, titrated by 
the KarCFisher method, was less than 3 wt %. 

(2) After the reactor was closed, It was pressurized wlth N, 
at about 21 bar so as to check its sealing. This step was also 
used to remove the air. 

(3) Then the reactor pressure was reduced to 3 bar, and an 
isobutylene quantity, glven by the planned methand/lsobutylene 
ratio, was measured at 8 bar in a calibrated buret and charged 
into the reactor by shifting with nitrogen. 

(4) At this time, the magneticdrive stirrer was switched on 
at 500 rpm. The reactor pressure was at once set at 16 bar 
(absolute pressure), and a liquid amount of about 15 cm3 was 
allowed to flll the auxlllary clr& (see Figure 1) for analysts using 
the liquid injection valve mentioned above. After waiting for 
thermal equilibrium between the 0.2 pL of liquid and the valve 
(about 30 s), the sample was injected to the chromatograph 
which allowed us to determine the initial concentration accu- 
rately. 

(5) The remaining liquid in the auxiliary circuit was returned 
to the reactor by closing the sample valve (V, in Figure 1) and 
by opening the valve V, which allows nitrogen at 17 bar to shift 
the liquid. The reactor pressure was restored at 15 bar by a 
relief valve, V8. The total pressure was maintained at 15 bar 
to ensure the liquid phase at every temperature. 

(6) At the desired temperature, the reaction took place for 
enough tlme to reach the equilibrium, which was checked by 
taking samples at successive times until a stationary compo- 
sition was obtained, within the limits of experimental error. 
Depending on temperature, it took several hours to get the 
equilibrium. Obviously, the waiting time was longer when the 
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Flgurr 1. Experlmental setup. 

temperature was lower. The number of samples was as small 
as possible in order to reduce and avoid compound losses, 
particularly the isobutylene, every time that the reactor pressure 
was restored. 

(7) I f  the amount of byproducts was negligible, the same 
charge was used to study the equ#ibrkwn at other temperatures. 
On the contrary, a fresh mixture was replaced. 

(8) At lower temperatures (40 and 50 'C) a MTBE amount 
was initially charged into the reactor to lower the waiting time 
to reach the equilibrium. Even under that strategy the waiting 
time lasted sometimes 8 or more h. 

(9) Experimental equilibrium constant K, values were com- 
puted from the composition by using the following expression: 

I t  must be recognized that only the reacting species have to 
be considered for the K, caiculatbn, but ail the species present 
in solution, both reacting and inert, have to be taken into ac- 
count to calculate K,. 

Computation of the EqulUbrlum Constant from 
Tharmochemlcal Data 

reaction of a nonideai system is given by 

Kx = x M l B E / x d / 4 4 H 8  (1) 

The thermodynamic equilibrium constant for a liquid-phase 

(2) 
and can be related to the thermodynamic properties of the 
system through the equation 

The standard free energy change for the iiqulbphase reactlon 
can be computed from the standard enthalpy and entropy 
changes: 

(4) 

The standard entropy change for the liquid-phase reaction 
can be deduced from the vaporization heats through the ex- 
pression 

K = exp(-AG',)/RT) (3) 

AGO,,) = AH',,) - TAS',,) 

S 
AS'(,)(T) = - ( ~ / T ) C V , A H ' , , ( T )  (5) 

/=1 

where each AH',, is obtained by the Watson relation (eq 6): 

AHOAT) = AHov(ToX(l - T/Tc)/(l - To/T,))0.38 (6) 

Similarly, the reaction enthalpy change is given by 
S 

I' 1 
AH',,, = AH',,) - ~ v , A H ' , , ( T )  (7) 

Table I. Thermochemical Data of Methanol, Isobutene, and 
MTBE (Standard State, Liquid at 1 atm and 298 K) and 
Constants for the Equation CJ(J mol-' K-') = a + b ( T / K )  + c(T/KV + d(T/KV 

methanol isobutene MTBE 
A H 0 , / ( J  mol-I) 37940 20 660 30 380 
0 1  1391.6O 596.9 53.18b 

c, x 102 3.781' 1.44P -0).1533b 

Tc/K 512.6 417.9 496.4 

bi -12.36' -4.638' 0 . n ~  

d,  X lo3 -3.719 -1.372' -0.2024b 

'Calculated from the Gallant fitting of a third-order equation 
(16). bEstimated by the Rowlinaon equation (17). 

By introducing eqs 5 and 7 in eqs 3 and 4, we can finally get 
the dependsnce of AGO,,, and K on temperature. 

The dependence of AH',,, on temperature can also be 
computed by integration of the Klrchoff equation (eq 7): 

S 

/=1 
dAH'(,)/dT = CvF,(,)r (8) 

where CPm are the molar heat capacities in the iiquld phase of 
the species that take part In the reaction and are usually ex- 
pressed in the polynomial form 

(9) 

By integrating eq 8 and taking into account eq 9, we obtain 

CP(,)/ = a, + b,T + c,T2 + d/T3 

AH',,, = 1,  + 8T + (b /2 )T2 + (C/3)T3 + (d/4)T4 (10) 

where 

s S S 

i=1 /=1 /=1 
a = C v ,  a, b = CV,  b, c = Cv, C, 

P (1 1) 
d = c v ,  d, 

/=1 

The integration of the van't Hoff equation (eq 7) 

d in K/dT = A H o / R T 2  (12) 

considering eq 10 gives 

in K = ZH - I K / R T  + ( a / R )  in T + 
(b /2 )RT+ (c/6)RT2 + (d/12)RT3 (13) 

The constants I, and I, can be calculated from the temper- 
ature dependence relationship for the enthalpy change of re- 
action and for the equilibrium constant, respectively. 

The thermochemical data required for evaluation of equiiib- 
rium constants are the heats of evaporation of methanol, iso- 
butylene, and MTBE, at the standard state, as well as their 
molar heat capacities in the form of power functions. Table 
I shows ail these thermochemical data. The required standard 
enthalpy and entropy changes of the reactlon in the gas phase 
have been taken from our previous work (6): AHo@) = -65.4 
kJ mol-' and AS', = -174 J mol-' K-'. Thermochemical data 
yield the following values at 298 K by using eqs 4-7: AH' = 
-37.1 kJ moi-l, AGO = -13.5 kJ mol-l, and AS' = -79.3 J 
mol-' K-l. From the first two, an equation for the theoretical 
temperatwe dependence of the equilibrium constant, using eqs 
10 and 13, is obtained: 

in K =  1145 - 14740T-'- 233 in T +  1.066T- 
1.077 X 103T2 i- 5.306 X 10-'T3 (14) 

The values of the theoretlcal equilibrium constant predicted by 
eq 14 are shown In Figure 3 (dashed line). 
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0.028 
0.032 
0.023 
0.007 
0.063 
0.037 
0.043 
0.033 
0.071 
0.049 
0.022 
0.015 
0.014 
0.083 
0.061 
0.031 
0.021 
0.020 
0.076 
0.042 
0.029 

Table 11. Experimental Conditions and Obtained Equilibrium Constants 
T/K bA/l XM XI XE K, YM Yr YE K.1 K 

1 313.7 1.06 0.076 0.896 426.3 2.773 1.265 1.006 0.287 122.3 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

313.7 
313.7 
313.7 
323.5 
323.5 
323.5 
323.5 
333.3 
333.3 
333.3 
333.3 
333.3 
343.2 
343.2 
343.2 
343.2 
343.2 
353.2 
353.2 
353.2 

1.23" 
1.45" 
1.50 
1.00 
1.06 
1.23" 
1.45O 
1.00 
1.06 
1.27 
1.48 
1.50 
1.00 
1.06 
1.27 
1.48 
1.50 
1.06 
1.27 
1.48 

0.072 
0.095 
0.295 
0.058 
0.093 
0.090 
0.113 
0.081 
0.112 
0.254 
0.342 
0.356 
0.106 
0.134 
0.275 
0.367 
0.383 
0.160 
0.296 
0.389 

0.895 
0.882 
0.697 
0.879 
0.870 
0.868 
0.854 
0.847 
0.839 
0.724 
0.643 
0.630 
0.811 
0.805 
0.694 
0.612 
0.597 
0.764 
0.662 
0.582 

a MTBE is wed at the beginning. 

Rosuttr and Dkcusslon 

The experiments were carried out at the temperature range 
313-353 K, under a pressure of 16 bar and with an intlal 
t?"ol/fsobutene ratio from 1 to 1.5. That molar ratio range 
was chosen seeing that, for methanol/isobutylene ratios less 
than 1, the byproduct dlisobutene was significantly produced, 
even at b w  temperatues, and when the ratio was greater than 
1.5 the undesirable dimethyl ether was also formed. 

The mass balance was checked by comparing the molar 
variations of isobutene, methanol, and MTBE. The average 
discrepancy was about 5%, which couM be explained by 
considering the small losses (by evaporation) of specles on 
m t o h ~  the pressure after the chemical analysis, and the small 
amount of isobutylene changed into dilsobutylene that probably 
was in the detection boundery of the chromatograph. We as- 
sumed that the nitrogen amount dissolved in the reactant mix- 
hre (about 0.6%) was ne&ibk and did not affect the chemical 
equilibrium at aU. 

Table I1 shows the experimental conditions and results as 
well as the nonkieai behavlor of the system calculated by the 
UNIFAC methad. I t  Is computed that the experimental error 
of mdar fractions is f0.002, which allows the expression of 
the molar fractions to three decimal places. The amounts of 
diisobutene and dimethyl ether detected at the highest tem- 
peratures, only in the runs in which tsobutene or methanol were 
used in great excess, were in the boundary of the chromato- 
graph mass detwtbn. Those quantltles yle#ed molar fractions 
less than or equal to the experimental one mentioned above, 
particularly diisobutene whose molecular weight is high. 
Moreover, their effect on the actMty coefficients of methanol, 
isobutene, and MTBE was negligible. Hence, the dlisobutene 
and dimethyl ether amounts were not presented in Table 11. 

As can be seen, MTBE activity coefficients are very close 
to unlty. In umtrast, isobutylene and, malnly, methanol activity 
coetfidents are higher than 1. The validity of UNIFAC predic- 
tlons for that reacting system was already checked (2). The 
parameters needed for the use of UNIFAC have been taken 
from the tables published by SkjoWorgensen et ai. (9), 
QmhYng et ai. ( IO), A M  et ai. ( 77), and Tiegs et ai. ( 72). 
I t  is worth nothing that at each temperature the Kvaiues ob- 
tained were not affected by the InWi molar ratio, under 0th- 
mlse uniform conditions. Also, these pseudoexperimental 
equilibrium constants followed the general trend of lowering 
when temperature increased, as expected for an exothermic 
reaction. Therefore, we can conclude that the experimental 

382.3 2.813 1.258 1.005 0.284 108.6 
397.9 2.642 1.292 1.010 0.296 117.7 
319.8 
242.7 
250.4 
227.5 
226.9 
146.3 
153.7 
128.4 
126.8 
125.8 
92.8 
98.0 
81.9 
79.7 
79.7 
62.7 
53.6 
51.5 

1.746 
2.938 
2.634 
2.667 
2.510 
2.733 
2.504 
1.865 
1.616 
1.584 
2.560 
2.374 
1.795 
1.560 
1.524 
2.246 
1.738 
1.515 

1.680 
1.221 
1.275 
1.269 
1.304 
1.240 
1.288 
1.542 
1.749 
1.785 
1.261 
1.305 
1.565 
1.787 
1.834 
1.328 
1.586 
1.818 

1.112 
1.001 
1.008 
1.007 
1.013 
1.003 
1.011 
1.074 
1.139 
1.151 
1.006 
1.014 
1.082 
1.153 
1.169 
1.019 
1.089 
1.165 

0.379 
0.279 
0.300 
0.298 
0.309 
0.296 
0.313 
0.373 
0.403 
0.407 
0.312 
0.327 
0.385 
0.414 
0.419 
0.341 
0.395 
0.423 

121.2 
67.8 
75.2 
67.7 
70.2 
43.3 
48.2 
48.0 
51.1 
51.2 
28.9 
32.1 
31.5 
33.0 
33.4 
21.4 
21.2 
21.8 

r=1.27 f c 
4 
0 0.93- 

r=1.48 

- 0.89 

k I I  + 

0.86 
40 50 60 70 80 1 

T i0C 
Fbwo 2. EqulYbrlum isobutene conversions at different temperatures. 

- 1  

2 
2.8 2.9 3 3.1 3.2 

103/(l/K) 
3 

Figm 3. h Kagalnst 1/T.  Comparison between the values obtalned 
experimentally (solid line) and those predicted from thermal data 
(dashed line). 

method followed and UNIFAC predictions are suitable for 
equitbium constant determinations, at leest, for MTBE synthesk 
or decomposltkn. A comperlson, however, wlth theoretical and 
literature data is necessary to back up that conclusion. 

Figwe 2 is a plot of the lsobutene equilibrium conversion as 
a function of 1/T. A maximum conversion is obtained at 40.5 
OC for a methanoi/isobutene ratio of 1.5. 
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Flgun 4. In K + f (  T) against 11 T. Comparison between the values 
obtained experimentally (solid line) and those predicted from thermal 
data (dashed line). 

I f  the entheipy change of reactkm is assumed to be constant 
over the temperature range, the temperature dependence of 
the pseudoequilibrium constant can be found by using the 
equation 

in K = A S o / R  - ( A H o / R ) ( l / T )  

which Is deduced from eqs 3 and 4. Thus, when the K values 
in Table I1 are fitted to this equation, we can calculate AHo 
from the slope and A S o  from the intercept. Obtained values 
are 

AHo = -39100 f 800 J mol-' 

A S o  = -85.3 f 0.5 J mol-' K-' 

The solid line in Figure 3 Is the line fitted to pseudoexperi- 
mental data, and the dashed line denotes the In K values p ra  
dlcted theoretically by eq 15 with AHo = -37.1 kJ mol-' and 
A S o  = -79.3 J mol-' K-'. A very slight difference may be 
seen between the two lines which lmpiles that the experimental 
slope Is slightly greater than the theoretical one. 

If, however, the variation of the enthalpy change of reaction 
is significant, eq 14 must be used to fit the data (Figure 4). In 
this case, we obtain I ,  from the slope and I ,  from the lnter- 
cept, and therefore, a more correct expression for the tem- 
perature dependence of K is 

In K = 1144 - 14634T-' - 233 In T +  1.066T- 
1.077 X 10-3T2 + 5.306 X 10-'T3 (16) 

In Figure 4, It can be seen that the difference between the solid 
line (experimental values) and the dashed line (theoretical val- 
ues) Is smaller than in Figure 2. This fact indicates that AHo 
variation with temperature Is enough to take into account on 
working out equilibrium constants. Rehflnger and Hoffman ( 7 )  
found theoretically that AHo Is In the range -37.7 to -43.6 kJ 
mol-' for 298 and 363 K, respecttvely. At the same tempera- 
ture range we found for AHo -37.1 to -43.1 kJ mol-'. 

From eqs 3, 4, 10, and 13, equations for the temperature 
dependence of AHo, A S o ,  and AGO can be obtained: 

1.792 X 10-2T3 + 1.3230 X 10-5T4 
AHo(T) = 121670 - 1935T + 8.8598T2 - 

J mol-' (17) 

A S o ( T )  = 7583 - 1935 In T +  17.72T- 
2.687 X 10-2T2 + 1.765 X 10-v3 J mol-' K-' (18) 

AGo(T)  = 121670 - 9518T+ 1935TIn T -  8.8598T2 + 
8.958 x 10-3T3 - 4.4113 X 10-9' J mol-' (19) 

Table 111. Standard Free Energy, Enthalpy, and Entropy 
Changes of MTBE Synthesis in the Liquid Phase at 298 K 

AHO(298 K)/ ASO(298 K)/ AG0(298 K)/  
(kJ mol-') (J mol-' K-') (kJ mol-') 

AHo function of T -38.0 f 0.8 -81.7 f 0.5 -13.6 f 0.8 

theory 

AHo constant -39.1 f 0.8 -85.3 f 0.5 -13.7 f 0.8 

theory (this work) -37.1 -79.3 -13.5 

Rehfinger (1)  -37.7 -14.0 
Arntz (13) -39.2 f 0.4 
Gicquel (3) -39.8 f 2 

Gupta (15) -36.8 
Obenaus (14) -37.0 

Table IV. Obtained Equilibrium Constants and Those 
Published by Other Researchers 

Rehfinger Al-Jaral- 
T/"C present work (1) Colombo (2) lah (4) 

40 l l 8 f  9 136 151 
50 70 f 5 85 100 
60 48 f 4 54 68 
70 32 f 2 35 47 38 
80 21 d2 1 23 33 16 
90 16 24 13 

100 11 18 7 

Table 111 shows the values of AGO, AH', and A S o  at 298 
K determined for AHo assumed to be constant and for AHo 
variable wtth the temperature, along wlth those theoretical and 
experimental values deduced in other works ( 7, 3, 73- 15) 
using different methodologies and resins. As can be seen, all 
the values of AHo are quite similar at 298 K, within the limits 
of experimental error, WMCh accounts, again, for the validity of 
the methodology used In this work. Nevertheless, If values of 
K are calculated at different temperatures (Table HI), we can 
see discrepancies that cannot be explained unless a AHo 
varlatbn with temperature Is assumed (7).  I t  may be seen In 
Table 111 that the values of Colombo et ai. (2) are greater due 
to the fact that they used an almost constant AHo of -34.7 kJ 
mol-'. The theoretical equilibrium constants calculated by 
Rehfinger and Hoffman are slightly different from those deter- 
mined by us experimentally, but these discrepancies come out 
on changing the temperature due to, likely, small different 
values of AHo. Finally, the Kvalues determined by Ahlarailah 
et ai. (4) are also qulte similar to ours, and the discrepancies 
can be explained If we take Into account that they covered a 
high temperature range where we found problems in getting a 
true equillbtium owing to the presence of side reactions at such 
temperatures. 

ConclUrlOIlS 

The agreement of AHo obtained experimentally In this work 
at 298 K with those determined in other works using different 
methods In some cases proves that the methodology used is 
correct. The trends of the K variations with temperature con- 
firm this fact. 

From the temperature dependence relationship for the 
equllikkrm constant, equations for the temperature dependence 
of enthalpy, entropy, and free energy changes of the MTBE 
synthesis have been determined. These values show that the 
variation of reactkm standard enthalpy with the temperature is 
important In equilibrium calculations. 
The experimental equiliklum constants at lower temperature 

(40 and 50 O C )  determined in this work cover a small gap 
existing In the open literature for MTBE synthesis In the liquid 
phase. 

Notatlon 

a,b,c,d = changes of molar heat capacity coefficients weh 
chemical reaction 
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e,,b,,c,,d, = coefficients in the equation for molar heat capacity v = vaporization . . .  
of component i ;  C, = a, + b, i + c, T' + d, T3 
= molar heat capacity of component i ,  J mol-' K-l 3 = standard free energy, J mol-' 

Ho = standard enthalpy, J mol-' 
I ,  = Integration constant in van't Hoff's equation, adlmensionai 
I ,  = integration constant in Kirchoff's equation, J mol-' 
K = thermodynamic equilibrium constant 
K,  = equlllbrium constant based on activity coefficients 
K, = equilibrium constant based on molar fractions 
MTBE = methyl fert-butyl ether 
r = molar ratio 
R = gas constant, J mol-' K-' 
So = standard entropy, J mol-' K-' 
T = temperature, K 
x, = molar fraction of component i 
&e& Symbols 
y, = acthrity coefficient of component i 
POo = standard free energy change of reaction, J mol-' 
AHo = standard enthalpy change of reaction, J mol-' 
AH',, 
ASo = standard entropy change of reaction, J mol-' K-' 
Y, = stoichiometric coefficient of component i 
Subscripts 
E = MTBE 
e = equilibrium 
g = vapor phase 
I = isobutene 
i = component 
I = liquid phase 
M = methanol 

standard heat of vaporization of component i ,  J mol-' 

~lg#ly NO. m, 1634-04-4; K-2631, 120669-569; WH, 67 -wi ;  
isobutene, 115-1 1-7. 
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Hydrates of Hydrocarbon Gases Containing Carbon Dioxide 

Sanggono AdlsasmHot and E. Dendy Sloan, Jr." 
Chemical Engineering and Petroleum Refining, Colorado School of Mines, Golden, Colorado 8040 1 

Thk work presents equlllbrlum measurement8 for hydrate 
three-phase (vapor-hydraleaquoour Ilquld) behavior for 
natural gas components with hlgh concentratlons of 
carbon dkxlde, at 1.mp.ratur.r between the Ice polnt and 
ihe quadruple point of each mMure. Blnary hydrate 
pha8m oqullbrla were measured for carbon dloxlde with 
each of the fdkwlng game methane, ethane, propane, 
kobutane, and normal butane. Data for three of those 
blnary 8yrtema (carbon dloxlde + ethane, 
2meihylpropane (kobutane), and butane) do not exbi In 
the literature. Our resuits for the other two blnary 
syrtom are shown to complement or supplant parilal data 
u t a  from other Iaboratorles. In  additlon, resutts are 
presented for synthalc muitlcomponent mlxtures 
contalnlng flxed ratlos of methane, ethane, propane, 
2.thylpropane, and butane, with varylng amounts of 
carbon dkxlde. A molecular Interpreiatlon k given In 
terms of hydrate rtructural properties. 

Introductlon 

Carbon dkxlde hydratee have several unique applications. In 
the earth's permafrost and deep oceans, there is a large re- 
source deposited as hydrocarbon and carbon dioxide hydrates. 
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Kvenvolden ( 1 )  in 1988 estimated that the amount of carbon 
in hydrocarbon hydrates is on the order of 10 000 Qtons (1 Qton 
= 1 X 1015 g), greatly surpassing the resource of ail other 
combustible fossil fuels. Since carbon dioxide is normally 
produced naturally with hydrocarbon, hydrate phase equiiibrlum 
data are necessary to determine both the extent and future 
recovery of this energy resource. Recently carbon dioxide and 
hydrocarbon outgassing from such in situ hydrates has been 
hypothesized to contribute to the global warming process (7).  

In addition to such natural processes, carbon dioxide plays 
a substantial industrial role in gas production and processing. 
Carbon dioxide is used in enhanced oil recovery (EOR) pro- 
cesses, and processing the associated gas involves a risk of 
hydrate formation. Many natural gas wells produce gas with 
high carbon dioxide concentrations, such as the wells at the 
LaBarge reservoir in western Wyoming, and the Natuna pro- 
duction field in Indonesia. 

Even with these needs, only two binary systems containing 
carbon dioxide have been reported in the literature, namely, 
carbon dioxide + methane, measured by Unruh and Katz (2) 
in 1949 and Berecz and Baila-Achs (3) in 1983, and carbon 
dioxide + propane, measured by Robinson and Mehta (4) in 
197 1. Measurement details of binary mixtures of C02 + CH, 
were shown to confirm and extend the Unruh and Katz data in 
our previous paper (5). 

No publlshed data exist for binary mixtures of carbon dioxide 
with etther ethane, P-methylpropane (isobutane), or butane. The 
latter two binaries and the COP + C3H, binary form both 
structure I and structure I1  hydrates at high carbon dioxide 
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