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tert-Amyl Methyl Ether (TAME). Thermodynamic Analysis of
Reaction Equilibria in the Liquid Phase
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Ethers derived from Cs olefin streams provide a good mix of octane-enhancing and carbon monoxide-
reducing qualities and are, therefore, being considered as a replacement for the more common isobutylene-
derived fuel additives such as methyl tert-butyl ether (MTBE). This paper provides data on the
thermodynamic reaction equilibria for the synthesis of tert-amyl methyl ether (TAME), which is produced
from the etherification reaction of 2-methyl-1-butene and 2-methyl-2-butene with methanol. Thermo-
chemical parameters for the reaction mixture are experimentally verified, and expressions for the
thermodynamic equilibrium constants as a function of temperature are developed. A corrected value for
the Gibbs free energy of formation for TAME is provided.

Introduction

Ether-based oxygenates have seen a tremendous growth
in the 1990s. Compared to alcohols, ethers have a lower
Reid vapor pressure (RVP), while providing the benefits
of increasing octane levels and reducing carbon monoxide
emissions. Methyl tert-butyl ether (MTBE), produced from
the addition reaction of methanol and isobutylene, has been
the oxygenate of choice, mainly due to the economics and
availability of the two feedstocks (Brockwell et al., 1991).
However, over the past 5 years there has been a growing
concern about contamination of groundwater by MTBE,
due to leaking storage tanks and pipelines. California,
which represents 25% of MTBE annual global demand, has
already passed legislation for its phaseout by 2002 (Morse,
1999). The major factor affecting the impact of MTBE on
drinking water stems from its high water solubility.
Therefore, refiners are seeking alternative additives with
lower water solubilities. Tert-amyl methyl ether (TAME),
produced from methanol and Cs tertiary olefins, is a
promising candidate, although other ethers such as tert-
amyl ethyl ether (TAEE) and tert-hexyl ethyl ethers
(THEE1, THEE2, and THEES3) are also being actively
investigated (Kitchaiya and Datta, 1995; Zhang and Datta,
1995). Not only are these ethers less water soluble, but they
also have lower vapor pressures, which further aid in the
reduction of air pollution for motor vehicles.

These tertiary ethers are industrially synthesized in the
liquid phase over acid-functionalized ion-exchange resin
catalysts. The reactions are thermodynamically limited,
with equilibrium conversion declining at higher tempera-
tures and as higher molecular weight olefin feeds are
utilized (Datta et al., 1997). Several thermodynamic studies
pertaining to MTBE, ETBE, TAEE, and ethanol-derived
Cs ethers are available in the literature (Colombo et al.,
1983; Safronov et al., 1989; Rehfinger and Hoffmann, 1990;
Izquierdo et al., 1992; Vila et al., 1993; Jensen and Datta,
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Figure 1. Simultaneous etherification and isomerization reac-
tions involved in TAME synthesis.
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1994; Zhang and Datta, 1995a; Kitchaiya and Datta, 1995;
Zhang and Datta, 1995b). Although a number of thermo-
dynamic studies have also been reported on TAME (Ran-
driamahefa et al., 1988; Safronov et al., 1989; Rihko et al.,
1994; Hwang and Wu, 1994, Oost et al., 1995; Piccoli and
Lovisi, 1995), none of these have been able to provide
satisfactory agreement between experiments and theory.
Therefore, the aim of this paper is to provide a thermody-
namic analysis of the reaction network involved in TAME
synthesis and to investigate the cause(s) of the deviation
between experiments and thermodynamic analysis, as well
as some additional equilibrium data.

Theoretical Analysis

TAME can be produced from either tertiary pentene,
namely 2-methyl-1-butene (2M1B), or 2-methyl-2-butene
(2M2B) and methanol over a protonated ion-exchange resin
catalyst like Amberlyst-15. In addition to the two parallel
etherification reactions, 2M1B also isomerizes to form
2M2B, and vice-versa, on the catalyst. The resulting
reaction network is shown in Figure 1. The only significant
side reaction observed is the production of tert-amyl alcohol
if any water is present in the feed. The equilibrium analysis
of Kitchaiya and Datta (1995) and Jensen and Datta (1995)
is summarized below.
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Table 1. Experimentally Determined Mole Fractions and Ideal K and Nonideal K; Equilibrium Constants for TAME
Synthesis at Various Temperatures

T/IK XMeOH,e X2M1B e X2M2B.e XTAME,e Kx1 Kxz Kxs K1 Kz Ks

298 0.159 0.009 0.152 0.680 451.40 28.23 8.91 119.80 7.45 16.08
308 0.174 0.012 0.164 0.650 311.61 22.74 9.65 85.94 6.23 13.79
318 0.187 0.015 0.174 0.625 229.22 19.27 10.56 65.38 5.47 11.96
328 0.242 0.023 0.217 0.519 95.37 9.89 13.70 29.39 3.03 9.70
348 0.271 0.027 0.241 0.461 62.74 7.04 15.98 19.97 2.23 8.96

For q liquid-phase reactions, the equilibrium constant
K; for the ith reaction, Z}‘Zl vijA\j, can be written as

Ki=eXp(_ %) = ” ajl = (”V”")(rj X9 = KKy,

1)

where aje = yjeX;e IS the activity of species j at equilibrium.
The activity coefficient y; may be calculated from the
equilibrium mole fraction xje using an appropriate model.
Columbo et al. (1983) and lzquierdo et al. (1992) have
demonstrated the adequacy of the UNIFAC group contri-
bution method for the highly nonideal MTBE reaction
mixture. Furthermore, Jensen and Datta (1995), Kitchaiya
and Datta (1995), and Zhang and Datta (1995), respec-
tively, have shown the accuracy of the UNIFAC method
for the ETBE, TAEE, and THEEXx reaction systems.
Therefore, this work assumes that the UNIFAC method is
applicable to the TAME system.

The standard Gibbs free energy change and the standard
enthalpy change for reaction i can be written as a function
of temperature by relating them to the molar heat capacity
Cp; of species j, given as a function of temperature by the
usual form

Cpy=ay + bT +¢T?+dT° 2)
Thus
. Ab;, , Ac_, di_,
AHiT = IiH + AaiT + TT + TT + TT (3)

which when used in the van't Hoff equation provides the
standard Gibbs free energy change, or equivalently the
equilibrium constant, for reaction i

A k=, — i A8 BB
RT K=l gt R NT+oR
Ac_, Ad;_,
ﬁTJ’lzRT @)

as a function of temperature. iy and lix are the respective
integration constants, evaluated from thermochemical data
at the standard temperature T° as

o o Ab' 0\2 Aci 0\3 Ad' o\4
lin = AHpr = A T® = —~(T°)" = =A(T°)" = —~(T")
®)
and
i Ag ° o _AGi
I,K—InKiTo—I—RTO—FI nT —ﬁT “er(T) ~

Lr(™)° ©6)
Experimental Section

The experimental study was carried out in a 300 mL
Parr batch reactor. Amberlyst 15 ion-exchange resin cata-
lyst (obtained from Sigma) was treated by washing the

resin with ethanol, followed by 1.0 M HNO3, and then with
ethanol again to remove any excess free acid remaining
on the resin beads. After drying for 12 h in an oven under
vacuum at 105 °C, the resin was stored in a desiccator until
time of use. One gram of catalyst was loaded into the
reactor, and the reactor was evacuated using a vacuum
pump before the desired reactant mixture was pumped in.
TAME decomposition was studied by charging the reactor
with TAME (97% purity, obtained from Aldrich). The
reactor was heated to the desired reaction temperature and
the mixture agitated using a built-in stirrer. The reactor
was maintained at 1.03 MPa to ensure liquid-phase opera-
tion.

The reactor was operated in a recirculating mode, where
the charged mixture was pumped continuously via a
positive displacement pump (Gilson Medical, model 305)
through an internal liquid-sampling injector (Valco model
CL4WE) to a Perkin-Elmer AutoSystem gas chromato-
graph equipped with a Supelco capillary column (SPB-1,
0.25 mm i.d., 1.0 um film thickness, 60 m length), before
being recycled back to the reactor. A flame ionization
detector (FID) operating at 250 °C was utilized. An oven
temperature program starting at 35 °C for 4 min and then
increased to 100 °C at a rate of 20 °C/min, where it was
held for 1 min, was sufficient to provide the necessary
separation. GC samples were taken until the successive
reactor composition remained constant over time, at which
point the temperature was set to the next desired value
and GC sampling resumed.

Results and Discussion

Equilibrium constants were determined for the three
individual reactions using eq 1. Equilibrium mole fractions
Xje determined from GC analysis were used to calculate the
species activity coefficients at equilibrium yje using the
UNIFAC method. Table 1 lists the experimental results
for the TAME decomposition reaction at different temper-
atures, along with ideal and nonideal equilibrium constants
Kxi and K, respectively. Although K,; and K; follow similar
trends, it is clear that the equilibrium reaction mixture
significantly deviates from ideality. As the temperature
increases, the equilibrium composition of TAME for both
etherification reactions decreases, which is expected of
exothermic reactions. The composition of 2M2B relative to
2M1B also decreases with increasing temperature. Fur-
thermore, only two of the three reactions are independent,
and their reaction equilibrium constants are, thus, related
by

InK; =InK,+ InK; @)

Theoretical reaction equilibrium constants at each tem-
perature were calculated using eq 4 and the necessary
liquid-phase thermochemical data. The thermochemical
properties for the two iso-olefins were obtained from
Kitchaiya and Datta (1995), and those of methanol, from
Zhang and Datta (1995a). The standard enthalpy and
standard Gibbs free energy for TAME at T° = 298.15 K
were obtained from the Thermodynamic Research Center
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Table 2. Liquid-Phase Thermochemical Data Reported
in the Literature for the TAME Reaction System

heat capacity coefficients/

kJ-mol~1-K~1
o0 — Ao A T2 T3
component Chi=a +bT +GT* +dT AG§rl  AHgTl
j 10a; 10%y; 107¢; 10%°d; kJ-mol™* kJ-mol—t
methanol® 0.077 1.62 2.06 2.87 —166.64 —238.91
2M1BP 1.27 —0.609 5.08 1.69 65.00 —62.47
2M2BP 1.33 -—1.48 7.51 -0.882 58.40 —69.91

TAME 1.73¢ 2.29¢ —6.00° 20.0° —108.209 —334.904

aZhang and Datta (1995a). ° Kitchaiya and Datta (1995). ¢ Es-
timated by the Missenard method (Reid et al., 1987). ¢ TRC (1992).
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Figure 2. Experimental (M, this study; O, Rihko et al., 1994) and
theoretical reaction equilibrium constant as a function of temper-
ature for TAME synthesized from methanol and 2M1B using
literature (dotted line) and regressed (solid line) AHp. and
AG{r- values from Table 3.

(TRC), while the heat capacity information was estimated
using the Missenard method described by Reid et al. (1987).
This method is a group contribution method providing
estimates with <5% error. The thus obtained thermo-
chemical data for all components are summarized in Table
2.

The experimental and theoretical reaction equilibrium
constants for the TAME reaction system as a function of
temperature are plotted in Figures 2—4, along with the
data of Rihko et al. (1994), who studied TAME synthesis
as well as decomposition using different feed mixtures. The
experimental results of this study are similar to the results
obtained by Rihko et al. (1994). However, experimental
results for both of the etherification reactions are ap-
proximately an order of magnitude higher than the results
predicted using the literature thermochemical data listed
in Table 2. However, the equilibrium constant for the
isomerization reaction agrees well with predictions. The
disagreement between theory and experiments raises ques-
tions about the accuracy of the thermochemical data listed
in Table 2. It is known that slight changes in the enthalpy
and the Gibbs free energy of formation values can cause
significant changes in the equilibrium constant. Rihko et
al. (1994) found that an increase of 1% in the enthalpy of
formation of TAME caused the value of the equilibrium
constant to increase by as much as 3-fold. Furthermore,
Kitchaiya and Datta (1995) found that the equilibrium
constant is fairly insensitive to errors in the heat capacity
data, but a 1 kJ/mol difference in the standard Gibbs free
energy can result in a 50% difference in the thermodynamic
equilibrium constant.
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Figure 3. Experimental (l, this study; O, Rihko et al., 1994) and
theoretical reaction equilibrium constant as a function of temper-
ature for TAME synthesized from methanol and 2M2B using
literature (dotted line) and regressed (solid line) AHY. and AG.
values from Table 3.
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Figure 4. Experimental (M, this study; O, Rihko et al., 1994) and
theoretical reaction equilibrium constant as a function of temper-
ature for the isomerization of 2M1B to 2M2B using literature
(dotted line) and regressed (solid line) AH{. and AG{. values
from Table 3.

To obtain more accurate values of the standard enthalpy
change AHZ. and the standard Gibbs free energy change
AG}p. for reaction i at T° = 298.15 K, egs 5 and 6 for the
constants liy and Ik are substituted into eq 4 to obtain

o AHi°T°( 1 1)
T

InK; -5 =K. +—5 (8)

where
Ab,_ A, Adp_
¢i = AaiT° + T(To) + ?(To) + T(To) X

1 1 T  Ab .
(T F)—I-AailnF—!—T(T T)+

A 2 02 Adi 3 0\3

- (T = @)+ ([T =) 9
A plot of the LHS of eq 8, using experimentally determined
values for Kj, versus (1/T° — 1/T) results in a straight line,
as shown in Figure 5, with a slope of AHX /R and an
intercept equal to Kir-. The resulting standard enthalpy
AHP. and standard Gibbs free energy AG;;. of reaction for
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Table 3. Standard Enthalpy and Gibbs Free Energy of Reaction i at T° = 298.15 K

regressed from eq 8

determined from literature values

reaction i AGgro/kJ-mol~—1 AHpro/kJ-mol~1 AGro/kJ-mol—1 AHgr/kJ-mol—1
1 —12.00 —32.96 —6.56 —33.52
2 —5.50 —23.50 0.04 —26.08
3 —6.76 —9.46 —6.60 —7.44

Table 4. Calculated Standard Gibbs Free Energy and Standard Enthalpy of Formation for TAME at T° = 298.15 K

regressed from eq 8

lit. values (TRC) exp at 298.15 K

reaction i AG§it-/kJ-mol~1 AHg1o/kJ-mol— AG§it-/kJ-mol~1 AHg1-/kJ-mol— AG§te/kJ-mol~1
1 —113.9 —334.32 —108.2 —334.9 —113.5
2 —-113.7 —332.34 —-113.2

LHS of eq |8

10' (T - YTy /K

Figure 5. Estimation of standard enthalpy change and standard
Gibbs free energy change of reaction at T° = 298.15 K using eq 8
for reaction 1 (@), reaction 2 (M), and reaction 3 (a).

all three reactions are shown in Table 3, along with values
obtained using the thermochemical data in Table 2. A much
better fit between theory and experiments is obtained if
the AH?. and AGj. values thus obtained from eq 8 are
used in eqs 4—6, as shown in Figures 2—4 (corrected). The
resulting equilibrium constants for the TAME reaction
network can thus be written in their final form:

5018.61

In K; = —39.065 + +4.6866InT +

0.00773T — (2.635 x 107°)T? + (1.547 x 10 ¥)T? (10)

3918.02
T

0.01293T — (3.121 x 10 °)T? + (1.805 x 10 %)T? (11)

In K, =—34.798 + +39168InT +

1100.69
T

(4.865 x 10~ %)T? — (2.580 x 10 9T? (12)

In K; = —-4.159 + +0.7698 In T — 0.00521T +

On average, eqs 10—12 provide values with errors of 9.6%,
9.2%, and 1.8%, respectively, within the studied temper-
ature range.

Since studies by Zhang and Datta (1995) and Kitchaiya
and Datta (1995) have demonstrated the accuracy of the
thermochemical parameters for methanol and the Cs iso-
olefins, respectively, those for TAME are likely the cause
of the discrepancy between theory and experiments. Thus,
the reaction was conducted at T° = 298.15 K to directly
determine the standard Gibbs free energy of formation of
TAME from the equilibrium composition. This is compared
to the value obtained from the regression of eq 8 in Table
4, and the two are seen to be in excellent agreement. In

comparison to the literature values, the AHg. value is
similar, but the AG§;r. value differs significantly. Thus, it
appears that a more accurate value for AGg. for TAME is
—113.8 kJd/mol, rather than the —108 kJ/mol value reported
in the literature (TRC, 1992).

Conclusions

The thermodynamic equilibrium constants for the si-
multaneous etherification and isomerization reactions
involved in the liquid-phase synthesis of TAME are ana-
lyzed. Experimental equilibrium constants were calculated
by studying TAME decomposition in a recirculating batch
reactor at different temperatures with activity coefficients
determined using the UNIFAC method. Comparison of
experimental data and theoretical predictions revealed the
possibility of erroneous values reported in the literature
for the standard Gibbs free energy of formation for TAME.

Experiments conducted at T° = 298.15 K, coupled with
the linear regression of data at other temperatures, re-
vealed that the actual value of AGf+. for TAME is closer
to —113.8 kJ/mol, rather than to —108 kJ/mol reported in
the literature (TRC) and used by all studies on TAME. The
use of these values in the thermodynamic analysis results
in a much better agreement between experiments and
theory, allowing for the determination of more accurate
expressions for the equilibrium constants for the TAME
reaction network.

Nomenclature

aj, b;, ¢j, dj = coefficients of molar heat capacity expres-
sion

a; = activity of species j, =yjx;

Cp; = molar heat capacity of species j, J/mol-K

liy = constant of integration

lik = constant of integration

Ki = thermodynamic equilibrium constant of reaction i

R = gas constant, 8.3143 J/mol-K

T = temperature, K

T° = standard temperature, 298.15 K

Xj = mole fraction of species j

Greek Letters

yj = activity coefficient of species j

Aaj = zj.”:lvijaj

Ab; = 3L vijb;

Aci = 3iL1viiC;

Ad = ZF:lVijdj

AC{, = liquid-phase heat capacity difference between
products and reactants of reaction i, AC, = 31L,v;,C3,,
J/(mol-K)

AGgr = standard Gibbs energy of formation of species j
in the liquid phase at temperature T, kJ/mol
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AG}r = standard Gibbs energy change for reaction i in
theliquid phase at temperature T, AG}r = 31 v;,AGg,
kJ/mol

AHgy = standard enthalpy of formation of species j in
the liquid phase at temperature T, kJ/mol

AH = standard enthalpy change for reaction i in the
liquid phase at temperature T, AHY = zj”=1vi,-AH°
YLV AHE T, kd/mol

vij = stoichiometric coefficient of species j in reaction i

Subscripts

e = at equilibrium

f = of formation

i = of reaction i

j = of species j

T = at temperature T

T° = at standard temperature

Abbreviations

2M1B = 2-methyl-1-butene
2M2B = 2-methyl-2-butene

RVP = Reid vapor pressure
ETBE = ethyl tert-butyl ether
MTBE = methyl tert-butyl ether
TAEE = tert-amyl ethyl ether
TAME = tert-amyl methyl ether
THEE = tert-hexyl ethyl ethers
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