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Abstract

The kinetics of the three-phase methanol synthesis over a commercial Cu±Zn±Al2O3 catalyst were studied in an apolar

solvent, squalane and a polar solvent, tetraethylene glycol dimethylether (TEGDME). Experimental conditions were varied as

follows: P�3.0±5.3 MPa, T�488±533 K and �vG/w�7.5�10ÿ3±8�10ÿ3 Nm3 sÿ1kgÿ1
cat . The nature of the slurry±liquid

in¯uences the activation energy and the kinetic rate constant by interaction between adsorbed species and solvent and by

competitive adsorption of the solvent on the catalyst surface. The rate of reaction to methanol observed in TEGDME appeared

to be about 10 times lower than in squalane. TEGDME reduces the reaction rate, which is a disadvantage for its use as a

solvent. # 1999 Elsevier Science B.V. All rights reserved.

Keywords: Methanol synthesis; Liquid-phase; Reaction kinetics; Solvent; Slurry-phase

1. Introduction

Methanol is an industrially important chemical

which is produced at an annual rate of over 20 million

tons worldwide. Methanol is widely used as a feed-

stock in various chemical applications and can also be

used as a transportation fuel or a fuel additive. A

considerable amount of methanol is used for the

production of methyl tert-butyl ether (MTBE), a

rapidly growing octane enhancer for the automotive

market. Because of its favorable properties it may

penetrate the transportation fuel market in a large

scale. If so, the current scale with packed (multi-tube)

beds of typical 1000 ton/day will be too small by 2

orders of magnitude. Therefore, new production tech-

nologies are needed, suitable for methanol production

at the scale of 105 ton/day.

Conventionally, methanol is produced in two-phase

gas±solid processes [1]. The solid phase is the catalyst

and the gas phase consists of a mixture of reactants

(CO, CO2, and H2) and products (CH3OH and H2O).

The so-called low-pressure synthesis processes are

operated in an adiabatic quenched reactor system

(the ICI system) or in an internally cooled multi-

tubular reactor (the Lurgi system). Both reactor types

are operated at temperatures from 480 to 560 K at a

pressure of about 5.0 MPa using Cu/Zn/Al catalysts.

The methanol production rate is limited by the

catalyst activity, the chemical equilibrium and the

sensitivity of the catalyst to higher temperatures.

The overall reactions important for the methanol

synthesis are:
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Methanol synthesis reactions:

CO� 2H2?CH3OH (1)

CO2 � 3H2?CH3OH� H2O (2)

Reverse water±gas-shift reaction:

CO2 � H2?CO� H2O (3)

Recently, a three-phase methanol synthesis process

was commercialized by Chem. Systems [2] under the

trademark LPMEOH. Here, a gas±liquid slurry reactor

is applied where the catalyst is kept in suspension by

an inert liquid. One of the aims of the liquid is to

provide a heat sink for the exothermal reaction. The

inventors claim the following advantages in compar-

ison with the conventional Lurgi or ICI systems: (i)

superior temperature control because of excellent heat

transfer characteristics; (ii) high conversion per pass;

(iii) no diffusion limitations; (iv) low pressure drop

over the reactor; (v) low gas recycle ratio; and (vi)

stable reactor temperatures, resulting in longer cata-

lyst life. An important advantage of a slurry system

might be the possibility to scale-up the technology to

capacities typical for transport fuel applications. A

pilot plant based on the LPMEOH process with a

capacity of 10 ton/day was described by Roberts et al.

[3]. The slurry bubble column with an inner diameter

of 0.67 m and liquid height of about 6 m was tested

with low-pressure methanol-synthesis catalysts (Cu/

ZnO/Al2O3) suspended in paraf®nic or naphthenic

oils. The concept of the solvent methanol process

[4] is to introduce a high-boiling solvent in a suitable

reactor (trickle bed or slurry bubble column) in co-

current ¯ow with the synthesis gas. The solvent selec-

tively absorbs methanol as soon as it is formed,

resulting in a low methanol activity at the catalyst

surface thus leading to high single pass conversions.

This way, the gas recycle can be reduced, or ideally

eliminated. Flashing of the solvent delivers methanol

and the lean solvent can be pressurized and recircu-

lated to the reactor.

At present, several companies and universities are

investigating the three-phase methanol synthesis pro-

cess [1,5]. Up till now, the in¯uence of the nature of

the liquid on the intrinsic reaction rates has hardly

been published. Roberts et al. [6] studied the effect of

the slurry liquid on the activity and selectivity of a zinc

chromite catalyst for the synthesis of methanol in a

slurry reactor at temperatures between 598 and 648 K

and a total pressure of 13.8 MPa. The kinetics were

measured in three slurry liquids that were suf®ciently

stable at these temperatures and pressures: decahy-

dronaphthalene (DHN, C10H18), tetrahydronaphtha-

lene (THN, C10H12), and tetrahydroquinoline (THQ,

C9H11N). The rate of methanol synthesis was high in

THQ, while a low activity was obtained in THN. The

latter solvent had a low selectivity to methanol and

high hydrocarbon selectivity, relative to the other two

liquids. No mechanistic explanation was given to

describe the large differences in catalyst activity

and selectivity to methanol. In this contribution we

present data on the reaction rates of the methanol

synthesis in two other solvents, an apolar solvent

squalane and a polar solvent (tetraethylene glycol

dimethylether, TEGDME; dipole moment �4

Debeije).

2. Experimental

2.1. Equipment

Awell-mixed fed batch gas±slurry reactor was used.

The experimental set-up is shown in Fig. 1. Experi-

mental conditions were varied as follows: P�3.0±

5.3 MPa, T�488±533 K, and �vG/w�7.5�10ÿ3±

8�10ÿ3 Nm3 sÿ1 kgÿ1
cat;ox:.

The individual syngas components were mixed in a

separate feed gas compression system. The purities of

the synthesis gas components were H2�99.999

mol%, CO�99.8 mol% and CO2�99.999 mol%.

The gas mixture was fed to a compressor which

compressed the gas into a gas cylinder. The syngas

was fed to the reactor through a mass ¯ow controller

and via two puri®cation columns to remove catalyst

poisons such as iron carbonyls, hydrogensulphide and

oxygen, before entering the reactor. These columns

were packed with BASF R3-11 and BASF R5-10

catalysts at 473 and 413 K, respectively.

The 0.35�10ÿ3 m3 stainless steel autoclave was

connected to a magnetic stirrer. The shaft of the

impeller in the reactor was hollow with small holes

in the stirrer blades and sleeves in the top of the shaft.

This enabled the vapor in the reactor to be recycled

through the liquid by the suction created by the

impeller. Above N�15 rev sÿ1 strong circulation of
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the gas in the autoclave was observed. The impeller

was always driven at N�33 rev sÿ1 to ensure complete

mixing of the liquid and gas phase, a uniform dis-

tribution of the catalyst, and high mass and heat

transfer rates. Vortex formation was prevented by

four vertical baf¯es with a width of 8�10ÿ3 m each.

The reactor was electrically heated, and the tempera-

ture was measured with a PT-100 resistance thermo-

meter (range: 273±773 K; accuracy: 0.2 K). The

reactor pressure was measured (range: 0.1±10.0

MPa; accuracy: 0.01 MPa) and controlled by a pres-

sure reducer in the reactor outlet, which was con-

nected to a PID controller. A porous ®lter (5 mm),

placed under the liquid level, was used for the gas

distribution.

Downstream of the pressure reducer, a sample ¯ow

was split from the main ¯ow and led to a heated

injection valve of an on-line gas chromatograph (GC)

[7]. To avoid condensation, the product gas lines were

heated at 473 and 373 K upstream and downstream the

needle valve, respectively. The product gas ¯ow rate

was measured via the displacement of a thermostated

(373 K) mercury-sealed piston in a glass tube. Blank

experiments showed that the packed puri®cation col-

umns and the reactor, without catalyst and half-®lled

with squalane, caused no signi®cant conversion of

syngas.

2.2. Catalyst

The catalyst applied was a mixture of CuO (55

wt%), ZnO (25 wt%), and Al2O3 (8 wt%)(commercial

Haldor Topsùe MK 101). Properties of the catalyst

were reported by Dybkjaer [8]. It was crushed and

sieved to a particle size of 40±65 mm, in order to

eliminate the in¯uence of pore diffusion resistances [9].

2.3. Liquid medium

In order to study the effect of the nature of the

solvents on kinetics, solvents were selected on the

basis of varying speci®c properties such as apolarity

(squalane), and polarity (tetraethylene glycol

dimethylether�TEGDME). See Table 1 for the purity

and source of the solvents used. TEGDME was iden-

ti®ed as one of the potential solvents [10] for the

solvent methanol process in view of its miscibility

with methanol, a high normal boiling point (548 K),

excellent thermal stability, and high solubility for the

products relative to the reactants.

2.4. Analysis

A Hewlett-Packard 5980A gas chromatograph was

used for on-line analysis of both the feed and the

Fig. 1. Experimental set-up: (1) gas supply cylinder CO, CO2, H2; (2) pressure controller; (3) mass flow controller (MFC); (4) purification

columns; (5) gas±slurry reactor; (6) back pressure reducer (BPR); (7) on-line GSC analysis; (8) flow meter; (9) bubble bottle; (10) personal

computer; PI�pressure indicator; P�pressure measurement and controller; T�temperature measurement and controller.
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product gas. It was equipped with a heated 10-port gas

injection valve with two different sample loops of 0.07

and 1.95 cm3 to determine the concentrations over a

wide range, a capillary column (0.53 mm i.d., 25 m

fused silica coated with a Poraplot Q ®lm with thick-

ness 0.020 mm) with helium or nitrogen as carrier gas

with a linear velocity of 0.2 m sÿ1, and a TCD (548 K;

reference ¯ow, 0.50 cm3 sÿ1) and FID (548 K; hydro-

gen ¯ow, 0.53 cm3 sÿ1; air ¯ow, 7.5 cm3 sÿ1) placed

in series. The initial temperature of the column

(303 K) was gradually increased according to an

optimized temperature program. Chromatographic

peak integration was performed by Hewlett-Packard

3396A and 3393A integrators for the TCD and FID,

respectively.

Since the thermal conductivity of hydrogen almost

equals that of the carrier gas helium, detection is very

dif®cult due to negative peaks, non-linearity, and poor

sensitivity. Therefore, hydrogen was determined in a

separate analysis with nitrogen as the carrier gas.

The mole fractions of the components were calcu-

lated from the peak areas (Ai) correcting for ¯uctua-

tions in the atmospheric pressure, according to

yi � CiAi=Patm; (4)

where Ci is the calibration factor for component i at

0.1 MPa. The calibration constants were periodically

determined by calibration of the equipment with H2,

CO, CO2, and CH3OH standard mixtures of known

composition. The TCD was calibrated for water by

injection of a gas ¯ow with a known concentration of

water. The concentration of water in the carrier gas

nitrogen was adjusted with two mass ¯ow controllers

and a continuous evaporator mixer from Bronkhorst

(Ruurlo, Netherlands).

2.5. Experiments

Before the experiments were started, the catalyst

was reduced according to an in situ activation proce-

dure developed and patented by Air Products and

Chemicals [11]. A mixture of 5 mol% H2 in N2 was

fed to the reactor with a ¯ow of 3.3�10ÿ4

Nm3 sÿ1 kgÿ1
cat at 3.0 MPa. The reduction procedure

followed a well-de®ned temperature program with

temperature changes of 0.017 K sÿ1. When the water

fraction in the reactor outlet had become undetectable,

indicating a complete reduction, syngas was supplied

to the reactor. After four days, the catalyst had lost its

`̀ hyperactivity'' and the composition of the product

stream had become constant.

A standard experiment was repeated periodically to

determine deactivation of the catalyst. To minimize

the number of experiments and to get unbiased con-

clusions on the in¯uence of the nature of the liquid on

the kinetics, an experimental statistical design was

adopted with both temperature and total pressure as

variables for two different synthesis gas compositions.

Table 2 shows the details of the experimental condi-

tions of measurements with squalane and TEGDME.

Reaction rates for water and methanol were calcu-

lated from simple material balances over the reactor:

RCH3OH � yCH3OH
�v

W

P0

RT0

; (5)

RH2O � yH2O
�v

w

P0

RT0

: (6)

In these equations P0 and T0 correspond to normal

conditions at 0.1 MPa and 293 K and yi based on the

concentration in the product gas from the reactor. �v is

the volumetric ¯ow rate of the reactor ef¯uent cor-

rected to P0 and T0.

For each experiment the atomic balances of atomic

species C, H, and O in the product and feed were

checked. The deviations in these material balances

were always very small, usually less than 1%.

3. Results and discussion

Reference experiments with standard gas showed

no signi®cant deactivation. A simpli®ed model is used

Table 1

Purity and source of the solvents

Name Formula Source Purity (mass %)

Tetraethylene glycol dimethylether (TEGDME) C10H22O5 Fluka AG >99

Squalane C30H62 Janssen Chimica >99
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to describe the reaction rate for methanol [9,12].

Though, the validity of the simpli®ed model is

restricted to a small range of conditions only, it is

accurate enough to compare solvent effects on the rate

of reaction:

RCH3OH � k fH2
ÿ fCH3OH

fCOfH2
K

� �
: (7)

The gas phase fugacities were calculated as follows:

fi � yi'iGP (8)

with the gas phase fugacity coef®cients 'iG in Eq. (8)

from the Soave±Redlich±Kwong equation of state

[13,14].

For the temperature dependence of the equilibrium

constant of the formation of methanol, K, the follow-

ing relation was used [9] (pressures in bars):

log K � 5139

T
ÿ 12:621: (9)

The relevant kinetic parameters, k and EA, were

calculated from the experimental data by minimizing

the �2 function with the Levenberg±Marquardt

method [15]:

�2 �
X

i

�Rexp
i ÿ Rmod

i �2
�2

i

; (10)

where R
exp
i is the experimental reaction rate of metha-

nol, Rmod
i is the model prediction of the reaction rate

and �2
i is the variance of the experimental reaction

rates. To speed up convergence, the kinetic constant

was rewritten according to Froment [16]:

k�T� � k�Tm�expfÿEA=R��1=T ÿ 1=Tm�g; (11)

where Tm was 510 K. The MARR (mean absolute

relative residual) function, indicating the mean rela-

tive error, was applied to describe the accuracy of the

®tted model on the experimental data:

MARR �
XN

j

R
exp
j ÿ Rmod

j

R
exp
j

�����
����� 1

N
� 100%: (12)

See Table 3 for the MARR values and the optimized

kinetic parameters for the methanol synthesis in

TEGDME and squalane. Parity plots of the experi-

mental and calculated reaction rates for methanol in

TEGDME and squalane are presented in Fig. 2. This

®gure shows that the agreement between model and

experiment is not impressive. This is caused by the

adoption of a simpli®ed model, that does not account

for the formation of methanol via CO2 and inhibition

of adsorbed species. Remarkable is the great differ-

ence in activity between TEGDME and squalane. The

kinetic rate constant at 510 K is about 10 times the

Table 3

Final estimate of the kinetic parameters in TEGDME and squalane and accuracy of the fitted model

Liquid k (510 K) (mol sÿ1 kgÿ1 MPaÿ1) Ea (kJ molÿ1) N MARR (%)

TEGDME 0.248�10ÿ3 39.7 17 19.5

Squalane 2.05�10ÿ3 61.1 8 12.1

Table 2

Experimental conditions for the kinetic gas±slurry experiments (slurry 1.5�10ÿ3 kg crushed Cu/ZnO/Al2O3 catalyst (50±60 mm) suspended in

0.160 kg TEGDME (feed number 1±3) or squalane (feed number 4±5))

Feed number Feed composition P (MPa) T (K) 103�v=wcat�Nm3sÿ1kgÿ1
cat �

yCO yCO2
yH2

1a 0.125 0.051 0.824 3.0 503.2 7.7

2 0.081 0.101 0.828 3.0±5.3 487.4±532.7 7.6

3 0.219 0.048 0.733 3.0±5.3 487.4±533.1 7.6

4a 0.153 0.050 0.797 3.0 503.2 7.7

5 0.110 0.110 0.780 3.0±5.3 488.4±533.5 7.7

aReference conditions for standard experiments.
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value observed in TEGDME. Furthermore, TEGDME

reduced the activation energy in comparison to squa-

lane. This indicates that the polar solvent increases the

rate of the rate determining step with a polar precursor

[9]. For comparison, the results obtained from calcu-

lations based on reaction kinetics are plotted for the

two-phase kinetics [9] and the three-phase kinetics in

TEGDME and squalane in Fig. 3. The kinetic rate

expressions for the reaction rate of methanol in squa-

lane obtained by Graaf [9] are also included for

comparison. It can be seen that the in¯uence of the

temperature differs between the two- and three-phase

systems. For both solvents, the three-phase system is

much less sensitive to the temperature. The rate of

reaction observed in TEGDME is lower and in squa-

lane is higher than in the two-phase system. The

reaction rate in squalane measured by Graaf [9], shows

the same behavior as our measurements. The kinetic

experiments of Graaf [9] were carried out after 20 days

time on stream, explaining a lower catalyst activity

compared to our measurements.

From a literature review concerning the in¯uence of

a liquid-phase on the heterogeneous reaction kinetics

in general, we conclude:

1. The rate of reaction is not signi®cantly affected by

introducing an ideal (non-adsorbing, inert, non-

polar) liquid. So, the liquid does not affect the

adsorbed surface species [17].

2. Competitive adsorption of a liquid on active cat-

alytic sites will reduce the reaction rates [18±20].

3. The liquid can interact with weakly adsorbed sur-

face species and can either increase or decrease the

reaction rate in comparison with the vapor phase

reaction [20,21].

4. Difference in solubility of reactants and products in

various solvents explains the difference in liquid-

phase concentration [4,17]. The reaction rate is

enhanced, compared to the rate in the ideal liquid

or the gas phase, if the solvent is similar to the

reactants (high solubility) and vice versa [22].

The effect of the solvent on the rate of homoge-

neous chemical reactions has been correlated quanti-

tatively with various physical properties (Lewis

acidity, Lewis basicity, polarity, and polarizability)

or with (semi)empirical parameters [23±25] describ-

ing interactions between the substrate and solvent. In

heterogeneous systems, the number of interactions is

increased due to the presence of the catalyst. In their

review, CÃ ervenyÂ and RuÊzÏicÏka [20] reported data on the

hydrogenation of cyclohexene on a 5% Pt on silica gel

catalyst in 19 different solvents. They used the Drou-

Fig. 2. Parity plot for the methanol reaction rates in TEGDME and

squalane.

Fig. 3. Comparison of initial reaction rates for methanol in: squalane,

TEGDME, squalane [9], and two-phase gas±solid system [9].

P�4.0 MPa; feed composition yCO�0.15; yCO2
� 0:05; yH2

� 0:80.
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gard±Decroocq equation for describing the solvent

effect on the rates of hydrogenation relative to stan-

dard reaction conditions:

log�kn=k0� � ��; (13)

where � characterizes the solvent and � is the para-

meter of sensitivity of the reaction rate constant kn

relative to a reference solvent (k0). Hydrogenation

rates were correlated successfully with ��1. The

difference between the parameter � for methanol

(reference solvent) and other solvents is large for

solvents containing a benzene ring. CÃ ervenyÂ and

RuÊzÏicÏka [20] concluded that solvents affect complex

interactions in three-phase systems, which can be

related to solvent parameters for the same reaction

conditions, catalysts, and reactants.

Stenger and Satter®eld [17,26] measured the effect

of the nature of an inert liquid on the rate of reaction

and the selectivity of the Fischer±Tropsch synthesis.

They observed the reaction rate in the Fischer±

Tropsch synthesis in the presence of phenantrene

nearly twice that in n-octacosane and triphenyl-

methane, even though the solubility is moderately

less in phenantrene. The presence of phenantrene

caused reduction of deposit formation (catalyst deac-

tivation) and readsorption of primary products onto

the catalyst and hence inhibited secondary reactions.

Graaf et al. [21] observed a signi®cant contribution of

the methanol formation via CO2 by introducing squa-

lane in comparison with the two-phase system. The

three-phase methanol synthesis in squalane is much

less sensitive to the temperature. This suggests inter-

action between liquid and adsorbed species to be

dominant over liquid adsorption. Breman et al. [27]

measured the kinetics of the gas±slurry methanol-

higher alcohol synthesis from CO/CO2/H2 in n-octa-

cosane. The presence of n-octacosane as a slurry liquid

affected the product distributions in comparison with

the corresponding gas±solid system.

The solubilities of H2 and CO were measured in

both squalane and TEGDME [9,10]. Table 4 lists

values at 498 K. Notably the solubilities of H2 and

CO are moderately lower in squalane relative to

TEGDME. Despite this, the rate of reaction in squa-

lane appears to be more than 10 times faster than in

TEGDME. The latter solvent is much more polar than

squalane and is supposed to adsorb more strongly onto

the catalyst carrier.

4. Conclusions

From the above discussion, we conclude that (1) a

slurry liquid (TEGDME or squalane) affects the activ-

ity of the catalyst via interaction between liquid and

adsorbed surface species and (2) competitive adsorp-

tion of a polar solvent onto the catalyst carrier will

reduce the reaction rate signi®cantly. The observed

activation energy appeared to decrease in the follow-

ing order: two-phase>three-phase (squalane)>three-

phase (TEGDME). This indicates that the polar sol-

vent TEGDME stabilizes the rate of an elementary

reaction step of a polar precursor in comparison to the

two-phase process and squalane. On the other hand,

the latter conclusion suggests TEGDME to reduce the

reaction rate of methanol synthesis due to adsorption

on the catalyst surface. TEGDME has excellent ther-

mal stability and is the strongest solvent for the

methanol components [4], but appears to reduce the

intrinsic reaction rate in comparison to squalane

according to this study.

5. Nomenclature

A integrated area gas-phase component

(counts)

C calibration factor gas chromatograph (MPa

countsÿ1)

EA activation energy (kJ molÿ1)

f partial fugacity (MPa)

k pseudo reaction rate constant (mol sÿ1

kgÿ1 MPaÿ1)

K chemical equilibrium constant (dimension-

less)

MARR mean absolute relative residual (dimen-

sionless)

N total number of experiments (dimension-

less)

Table 4

Equilibrium liquid phase concentrations of the reactants in

TEGDME [10] and squalane [9] interpolated to 498 K in mol mÿ3

and yCO�0.15 and yH2
� 0:80 at P�3.0 MPa

Liquid H2 (mol mÿ3) CO (mol mÿ3)

TEGDME 119.8 31.9

Squalane 94.8 22.0
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P total pressure (MPa)

R gas constant (J molÿ1 Kÿ1)

Rj rate of reaction component j (mol kgÿ1
cat s
ÿ1)

T temperature (K)

w weight of catalyst (kg)

x mole fraction liquid phase (dimensionless)

y mole fraction gas phase (dimensionless)

Greek symbols

� function for Levenberg±Marquardt optimi-

zation (dimensionless)

�v gas flow rate at standard conditions

(T�293 K, P�1 bar) (m3 sÿ1)

' fugacity coefficient (dimensionless)

� parameter of Eq. (13), sensitivity of reac-

tion rate to a change in solvent

� function for Marquardt±Levenberg optimi-

zation (dimensionless)

� parameter of Eq. (13), effect of solvent on

reaction rate (dimensionless)

Subscripts

act activation

i component: CO, CO2, H2, H2O, CH3OH

j experiment number

G gas phase

L liquid phase

n solvent

m mean value

0 reference or standard conditions
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