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ABSTRACT 

A Kinetic Study of Methanol Synthesis in a Slurry Reactor Using a CuO/ZnO/AI203 

Catalyst. (May 1992) 

Hamad Abdulwahab Al-Adwani, B.S., Kuwait University 

Co-Chair Of Advisory Committee: Dr. R. G. Anthony 

Co-Chair Of Advisory Committee: Dr. A. Akgerman 

A kinetic model that describes the methanol production rate over a 

CuO/ZnO/AI20 3 catalyst (United Catalyst L-951) at typical industrial operating 

conditions is developed using a slurry reactor. Different experiments are conducted in 

which the H2/(CO+CO2) ratio is equal to 2, 1, and 0.5, respectively, while the CO/CO 2 

ratio is held constant at 9. At each H2/(CO+CO2) ratio the space velocity is set at four 

different values in the range of 3 (100-13 000 l/hr kgea t. 

The effect of H2/(CO+CO 2) ratio and space velocity on methanol production 

rate, conversions, and product composition is further investigated. The results indicate 

that the highest methanol production rate can be achieved at H21(CO+CO2) ratio of 1 

followed by H2/(CO+CO 2) ratio of 0.5 and 2 respectively. The hydrogen and carbon 

monoxide conversions decrease with increasing space velocity for all H2/(CO+CO2) 

ratios tested. Carbon monoxide hydrogenation appears to be the main route to methanol 

at H2/(CO+CO2) ratio of 0.5 and 2. On the other hand, carbon dioxide hydrogenation 

appears to be the main route to methanol at H21(CO+C02) ratio of 1. At all 

H2/(CO+CO2) ratios, the extent of the reverse water gas shift reaction decreases with 

increasing space velocity. 

The effect of temperature on the kinetics is examined by using the same 

experimental approach at 508 K. It is found that a different reaction sequence takes plaee 

at each temperature. 



Also, a time on stream study is conducted simultaneously in order to investigate 

the characteristic of catalyst deactivation with time on stream. During the first 150 hours 

of time on stream, the catalyst loses approximately 2/3 of its initial activity before 

reaching a steady state activity. 
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C H A P T E R  I 

I N T R O D U C T I O N  

I.I Inn'oduction 

tMcthanol is one of ths basic fccd stocks in the chemical indusn-y and its demand 

is increasing on a regular basis. Studies arc being conducted for building new msthanol 

plants in different locations around the globs. It is being used as a fuel addhivc and as a 

clean burning fuel  Moreover, methanol is the starting point for formaldehyde, methyl 

tctr-butyl ether (MTBE) and other solvents. 

Worldwide, most methanol is produced directly from synthssis gas, a mixture of 

H 2, CO, and CO 2, in a gas phase fixed bed master over a CuO/ZnO/Al203 catalyst. 

Bsing the only oxygcnam produced directly from synthesis gas in high sslectivity, 

msthanol provides a single carbon fced stock for synthssizing higher oxygenate 

chemicals that cannot be produced directly from synthesis gas in high selcctivities, (King 

and Gram, 1985). Nevertheless, methanol synthesis kinetics am complex and disagreed 

upon by different rcseamhcrs. In 1991, the intsmational annual production of methanol 

mashed about 22 Million tons (Crosse, 1991), which makes it a 4 Billion dollar business. 

Therefore, a good understanding of the kinetics of methanol synthesis will increase 

profits and improve energy conssrvadon. 

Mcthanol is produced from synthssis gas over a CuO/ZnO, a CuO/ZnO]Cr203, or 

a CuO/ZnO/A1203 catalyst. The later is c o n s i ~  of industrial importance. The thrcs 

principal reactions that occur dttdng methanol synthesis am: 

C 0 + 2 H 2  ¢=~ CH30H 

C02+3H2 ¢:~ CHJOH + H20 

C02+H2 ¢:~ CO+H~O 

AH2~x=-21.7 kcal I mol 

A b h ~ r = -  I I. 9 kcal I reel 

AH2~r=+9.8 kcal I mol 

IThis thesis follows the style and format of the ~JChE Journal. 
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The literature is divided on which of the above reactions actually contribute to 

methanol synthesis. A study by Liu et al. ('1985) indicates that methanol synthesis is best 

represented by the carbon monoxide hydrogenation reaction. On the other hand, Lee et 

al. (1989) assert that carbon dioxide hydrogenation to methanol is the dominant reaction. 

However, Sehaek et al. (1989) suggest that carbon monoxide hydrogenation is the main 

route to methanol at typical industrial conditions while carbon dioxide is the main route 

under lower temperatures and pressures 

The oil crisis in the early 1970's accelerated the need to find altemative fuel 

sources. Methanol has a potential as a clean burning fuel that can be produced from coal 

derived synthesis gas. Unfortunately, The coal derived synthesis gas is characterized by 

low H2/CO ratios that make the majority of methanol synthesis catalysts susceptible to 

poisoning by coke deposition causing the catalyst activity to decrease. 

Most methanol production plants employ the same chemical process in which a 

purified synthesis gas with the H2/CO ratio of 5 to 8 is passed through a fixed bed 

reactor over a Cu/ZnO catalyst at pressures and temperatures ranging from 5 to 10 MPa 

and 500 to 575 K. Methanol is then collected by condensation and purified while the 

unreacted synthesis gas is recycled. The Lurgi, ICI, and Linde companies are all 

utilizing fixed bed reactors in their methanol synthesis processes. In the Linde's process, 

the reactor has a shell and tube configuration in which the shell side is filled with the 

catalyst and the heat generated by the reaction is removed by injecting boiler feed water 

into the tubes. The Lurgi's process is completely the opposite to the of  Linde's. Fixed 

bed reactors operate at near plug flow conditions and endure high space velocities. The 

later characteristic is of great importance in methanol synthesis in order to minimize 

synthesis of side products (Natta, 1955). Fixed bed reactors are used extensively in the 

chemical industry because of their simplicity and low cost of construction, operation, and 

maintenance. One of the important features of the fixed bed reactor is that, unlike slurry 



and fluidized bed reactors, there are no difficulties in separating the catalyst particles 

from the reactor effluent stream (Hill, 1977). 

Liquid phase methanol synthesis processes are also being developed by industry. 

Air Products and Chemicals company with funding from the Department of Energy built 

a 5 ton/day plant employing the liquid phase methanol process technique where the 

catalyst is slurried with a mineral oil. The type of mineral oil used in that plant is the 

same as of that used in this study. A wide range of H2/CO ratios can be handled in this 

process. Slurry reactors are used in order to avoid the main drawback of the fixed bed 

reactors which is non isothermal conditions when conducing exothermic reactions like 

the methanol synthesis reaction. Slurry reactors provide good heat recovery and 

isothermal conditions because of the high heat capacity of the slurry liquid. Also, fine 

particles of the catalyst in the slurry increases the intraparticle effectiveness, and 

therefore provide a high rate of production ofmethanoI per unit weigh of catalyst. 

Pass et al. (1990) studied methanol synthesis in a trickle bed reactor where the 

feed gas and the oil flow eocurrently over a CuOIZnOIA1203 catalyst at 523 K and 7.1 

MPa under a wide range of space velocities and at a H2/(CO+CO2) ratio of 1. 

Substantially high methanol productivities and conversions where achieved compared to 

those achieved in a slurry reactor at similar space velocities due to plug flow conditions 

encountered in the trickle bed reactor compared to back mixing conditions in the slurry 

reactor. 

Along with the CuO/ZnO, CuO/ZnO/Cr203 

other catalysts are being investigated for practical use. 

and CuOIZnOIAI203 catalysts, 

Maj et al. (1985) prepared and 

characterized Na-ThO 2 and NH4-ThO 2 catalysts for methanol production that produced 

CO conversions of 3% with high seleetivities. Pd/SiO 2 and R.h/TiO 2 catalysts were 

investigated by (Poutsma et al., 1978 ; Kelly et at., 1986) showed lower activities than an 

CuO/ZnO, CuO/ZnOICr293, and CuO/ZnOIAI203 catalysts, lntermetalie catalysts like 

Cu/Ce x and Cu/'Th x were reported to demonstrate activity towards methanol synthesis. 
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Recently, Stiles et al. (1991) prepared a catalyst system (Cu/Mn/Zn /Co/Cr / (K+Cs)  = 

4/3/1/0.028/(15 wt. %+4.0 wt %)) with high activity for producing higher alcohols. 
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1.2 Objectives ~ 

The aim of this work is to develop a kinetic model that describes the methanol 

production rate over a CuO/ZnO/Al20 3 catalyst (United Catalyst L-951) at typical 

industrial operating conditions of 523 K, and 5.2 MPa using a slurry reactor. Different 

experiments will be conducted in which the H2/(CO+CO2) ratio is adjusted at 2, I, and 

0.5, respectively, while the CO/CO 2 ratio is hdd  constant at 9. At each H2/(CO+CO2) 

ratio the space velocity is set at four different values in the range of 3 000-13 000 

I/hr kgca t . A slurry reactor is used in this study to eliminate variables such as wetting 

efficiency, flow irregularities, and heat temperature profiles that usually occur in trickle 

bed reactors. 

The advantage of the proposed work is that the wide ranges of H2/(CO+CO2) 

ratio and space velocity will provide experimental data sufficient enough to produce a 

general power law kinetic model that best describes methanol production using a 

CuO/ZnO/AI203 catalyst and to obtain information about the effects of H2/(CO+CO 2) 

ratio and space velocity on methanol production rate, conversions, and product 

composition. 

The effect of temperature on the above mentioned parameters is investigated by 

using the same experimental approach at 508 K. 

Also, a time on stream study will be conducted simultaneously in order to 

investigate the characteristic of catalyst deactivation with time on stream. The reaction is 

operated continuously in order to simulate pilot plant conditions and avoid secondary 

reactions. 



CHAPTER II 

LITERATURE R E V I E W  

2. I Reaction Mechanism 

No universal methanol synthesis reaction mechanism has been determined by 

researchers yet due to the complex nature of methanol synthesis, the different types of 

catalysts used in these studies, and the.different apparent rate controlling steps of these 

catalysts. Rase (1990) describes the following mechanism for methanol synthesis over a 

CuO/ZnO/AI203 catalyst: 

1. Adsorption ofH 2 on an active site. 

2. Adsorption of CO on an electron deficient active site which in turn reacts with 

the oxygen end of CO, forming a strongly bonded activated complex. 

3. The migration of the adsorbed H 2 to the adsorbed CO in order to form a surface 

formyl species. 

4. The surface formyl species is hydrogenated to form a surface methoxide. 

5. The surface methoxide in turn is hydrogenated to methanol which is desorbed 

yielding the original catalyst site. 

Aharoni et al., (1974) suggest different reaction steps are to be taken as the rate 

determining stage over a CuO/ZnO/AI203 catalyst, among these are: 

1. Adsorption ofH 2 and CO on active sites. 

2. Trimolecular reaction between adsorbed H 2 and adsorbed CO. 

. Reaction between the adsorbed hydrogen atom and the adsorbed surface 

compound CH30. 

4. Reaction b,=,tween gaseous H 2 and the surface compound. 

5. Two stage hydrogenation of adsorbed CO by adsorbed hydrogen. 
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2.2 Steady State Kinetics 

The roles of carbon dioxide and carbon monoxide in the methanol synthesis are 

surrounded by controversy. This controversy is hindering the development and 

optimization of methanol synthesis industrial processes, (Lee et a1.,1989). 

Schack et al. (1989) studied methanol synthesis over a CuO/ZnO/AI203 catalyst 

supplied by BASF in a Berty reactor with a H2/CO/CO 2 feed gas ratio range of 70/30/0 

to 70/22/8. The pressure and temperature were in the range of 2.89 to 4.38 MPa and 483 

to 513 K respectively. The space velocity was kept constant at 9 500 l/hr kgca t. The 

catalyst was reduced in-situ. Schack determined that the optimum methanol production 

rate occurred at a carbon dioxide concentration of 2 rm'~le percent in the gas feed with a 

constant CO/H 2 ratio of 1.0/3.9. When the carbon dioxi~]e mole percent in the feed was 

held constant at 2% while increasing the mote perc~t of carbon monoxide in the feed 

with the balance being hydrogen, a maximum methanol production rate occurred in the 

range of carbon monoxide mole percent of 20 to 29% depending on the pressure at 

488 K. When carbon monoxide was replaced with helium in the feed, methanol 

production rate dropped drastically and more water was produced. Schack concluded 

that carbon dioxide concentrations above 2 mole percent prevents the carbon monoxide 

hydrogenation reaction, and when carbon monoxide exists in the feed, the water-gas shift 

reaction proceed in the forward direction and vise versa. Schack indicated that carbon 

dioxide acts as a catalyst promoter and a methanol producer. Finally Schack concluded 

that carbon monoxide hydrogenation is the main reaction in methanol synthesis under 

usual industrial conditions while carbon dioxide is the main source of methanol at lower 

temperatures and pressures. 

On the other hand, Chinchen et al. (1990) used isotopic labeling to determine the 

main reaction that occurs in the methanol synthesis under the typical industrial conditions 

of 523 K and 5.2 MPa. Chinchen found that the methanol produced had the s a m e  14C as 

that of carbon dioxide used in the feed gas. Therefore, he points out that methanol is 



8 

directly produced from carbon dioxide immediately whereas carbon monoxide is first 

converted to carbon dioxide via the reverse water gas shift reaction, and carbon dioxide 

remains the principal source of methanol. The distribution rate of 14C was slow enough 

to identify the following reactions: 

1400 + 12002 ¢~ 14002 + 1200 

I"I,20 + 1400 ¢=~ 14C02 + H 2 

1200 + O(a ) ¢~ 12002 

The catalyst used by Chinchen was a CuO/ZnO/Al203 catalyst manufactured by 

ICI and had a composition of 60% Cue, 30% ZnO, and 10% AI203 by weight, 

(Chinehen et al. 1987). The experiments were conducted in a fixed bed reactor and the 

space velocity was varied between 15 000 and 120 000 hr "1 while the CO and CO 2 mole 

percent in the feed w ~  varied between 9.2 to 21.7 % and 0.01 to 10 % respectively with 

the balance being hydrogen. The reactor volume along with the catalyst loading were not 

gi vt-'n. 

Lee et al. (1989) investigated the kinetics of methanol synthesis in a one liter 

slurry reactor using Witco-40 mineral oil and a catalyst with panicle size of 106 microns 

as slurry. The pressure was set at 6.5 MPa while the temperature was varied between 

478 and 523 K. Two types of catalysts where used, the first catalyst investigated was a 

BASF CuOIZnOIAI20 3 catalyst and the second was a United Catalyst 

CuO/ZnO/AI203/SiO 2 catalyst. Only methanol and water were detected at the reactor 

effluent stream. Three different sets of experiments were conducted. In the first 

experiment, the gas feed composition was set at carbon monoxide free synthesis gas, 

while in the second carbon dioxide free synthesis gas was introduced, and in the third set, 

the H2/CO ratio w~s held at 0.656 while the CO2/(CO+H 2) ratio was varied between 

0.047 and 0.264 at five different levels. Lee, in agreement with Schaek et al. (I989), 

concluded that methanol production rate reaches a moximum as the mole percent of 

carbon dioxide in the feed increases. After reaching the maximum value, methanol 



productivity decreases as the mole percent of carbon dioxide increases. The location of 

the maximum is a function of  temperature. The hydrogenation of carbon dioxide was 

found to best describe methanol synthesis. 

The third set of experiments was conducted to investigate the catalyst activity, 

which was found to decrease remarkably when no carbon dioxide was used in the feed. 

Lee suggests that this drop in the catalyst activity is due to the deposition of carbon on 

the catalyst by the Boudouard reaction, and not due to the absence of CO 2 as a ~,atalyst 

promoter by maintaining the catalyst in the proper state of  oxidation through the 

following reaction: 

Cu + CO 2 ¢:~ CuO + CO 

Natta (1955) studied methanol synthesis kinetics in a fixed bed reactor over a 

ZnO/Cr20 3 catalyst and a Cu/ZnO/Cr20 3 catalyst. The temperature measured over 90% 

of the reactor length was at a constant value (___ 1 K). The temperature and pressure were 

in the range of 573 to 633 K and 20.3 to 3.04 MPa. Carbon dioxide was not used in the 

feed, while the H2/CO ratio was varied between 2 and 10 at different space velocities. 

Natta indicates that equilibrium can be reached at H2/CO ratios greater than 10, because 

hydrogen adsorption rate occurs at a much slower rate than the adsorption rate of carbon 

monoxide on the catalyst surface. Therefore, it is suggested to operate at H2/CO ratio 

greater than 10 in order to achieve stoiehiometrie H2/CO ratio of 2 in the adsorbed 

phase. The role of carbon dioxide in methanol synthesis was discussed by Natta as well. 

He suggests that carbon dioxide has a favorable significance on methanol production 

because it decreases the mole fraction of dimethyl ether in the gas effluent stream, 

inhibits the conversion of carbon monoxide to carbon dioxide if water is present, and 

provide a better temperature control, because the heat evolved from the carbon dioxide 

hydrogenation reaction is lower than that of carbon monoxide hydrogenation reaction. 

However, Natta did not discuss the effect of carbon dioxide on the catalyst activity. 
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Klier et al. (1982) studied methanol synthesis in a fixed bed reactor using a 

CuO/ZnO catalyst. The temperature was in the range of 498 to 523 K, while the 

pressure and the space velocity were held constant at 7.6 MPa and 6 100 1/hr kgca t 

respectively. The hydrogen mole fraction in the feed was held constant while the 

CO/CO 2 ratio was varied in order to find the role of carbon dioxide in methanol 

synthesis. The maximum methanol production rate was found at H2/CO/CO 2 ratio of 

70/28/2 indicating that the optimal mole fraction of carbon dioxide in the feed gas is 0.02 

at 523 K. This value agrees "~th the results obtained by Schack et a1.(1989). Klier 

concluded that carbon dioxide mainly plays the role of catalyst promoter. He came to 

this conclusion by observing that a conversion to methanol of 47% was achieved using a 

gas feed with a carbon dioxide mole fraction of 0.06. On the other hand, when using a 

carbon dioxide free gas feed, 51 to 61% conversion to methanol were achieved. 

Liu et a1.(1984) extensively studied the effect of the feed composition on 

methanol synthesis. The investigation was conducted using a constant volume batch 

reactor and a CuO/ZnO catalyst. The temperature was in the range of  468 to 498 K 

while the pressure was held constant at 17.2 MPa. The catalyst was reduced using an 

N2/H 2 mixture with a ratio of 98/2. Liu observed that methanol production rate 

increased with increasing CO2/CO ratio. Methanol production rate reached a maximum 

when carbon monoxide free gas was used as feed. Water had an inhibiting effect on 

methanol production, because water is strongly adsorbed on the catalyst surface. 

However, Liu found that small amounts of carbon dioxide or water keep the catalyst 

active. Due to the inhibiting effect of water and the favorable effect of carbon dioxide on 

methanol production, Liu reached the conclusion that carbon dioxide hydrogenation is 

the main route to methanol production. 

Graaf et al. (1988) found that the water produced was more than what was 

accounted for thermodynamically, and suggests that the extent of the water gas shift 

reaction is negligible because the water gas shift reaction is relatively slow compared to 
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the methanol synthesis reaction. Therefore, the carbon dioxide hydrcgenation reaction 

must be the main route to water production. Graaf calculated the rate of production of 

methanol from carbon monoxide and carbon dioxide respectively, and found that both 

carbon monoxide and carbon dioxide contribute significantly to methanol production. 

The study was performed in a spinning basket reactor using a commercial 

CuO/ZnOtAI203 catalyst supplied by Haldor Inc. The temperature and pressure were in 

the range of 483 to 517 K and 1.5 to 5.2 MPa, respectively. The gas feed composition 

was adjusted at different values where the hydrogen mole fraction was between 0.625 

and 0.90 and that of carbon monoxide between 0 and 0.22 with the balance being carbon 

dioxide. 

2.3 Kinetic Models 

Chemical kinetics that describe the reaction rate will still be valid and appreciated 

even if their mechanisms were proven to be incorrect. For methanol synthesis reaction, 

developing a mechanistic kinetic model is not an easy task because of the controversial 

results given by previous researchers. 

Methanol production rate is usually described by a power law or a Langrauir- 

Hinshelwood expression. Agny and Takoudis (1985) proposed the following two- 

parameter kinetic model using the Langmuir-Hinshelwood approach: 

PooP:~=" K,.~ PcoPm) (i) 

Where k is the reaction rate constant and Keq 1 is the equilibrium constant of 

carbon monoxide hydrogenation reaction. The value of  the pre-exponential factor and 

the overall activation energy at 523 K are 13 600 mol/(s atm goat) and 34 000 cal/gmo 1 

respectively. Agny and Takoudis postulated that the adsorbed CO molecule 
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dissocaitively adsorbs a hydrogen molecule to form the formyI intermediate CHO- with 

H2/CO ratio of 0.5/1 which is represented in the (Pco P°H~ )~ term where n was 

determined as -1.3 empirically. The CHO- intermediate was postulated to be the 

abundant surface intermediate while the rate determining step was the surface reaction 

between the adsorbed hydrogen and the methoxy intermediate CH30-. Carbon dioxide 

was detected at the reaction effluent stream with concentrations between trace amounts to 

0.51 percent. They suggested that carbon dioxide is produced from the water gas shift 

reaction and the redox reaction ~om the oxidized state to the reduced state of the 

catalyst. The study was conducted using a U shaped fixed bed reactor and a 

CuOIZnOIA1203 catalyst supplied by United Catalyst. The pressure and temperature 

where maintained in the range of 0.3 to 1.5 MPa and 523 to 563 K respectively. A 

carbon dioxide free synthesis gas ~,~;~ used .as feed, therefore, no term corresponding the 

carbon dioxide was incorporated in the rate equation. The H2/CO ratio was maintained 

between 2.1 and 2.4. 

Klier et al. (1982) assumed that CH3OH and H20 are weakly adsorbed on the 

active sites and CO 2 competes with H 2 and CO for active sites. As a result, Klier et al. 

developed the following kinetic model based on two synthesis route terms. The first 

describes methanol synthesis from CO hydrogenation while the second describes 

methanol syn'thesis from CO 2 hydrogenaron. Unlike Agny et a1.(1985), Klier et al. took 

into consideration the effect of carbc.~ dioxide as a catalyst promoter and a source of 

methanol in the rate equation: 

~3 ~.arPco~ 2 Pcmon) 
1~.~o~.2~-~coj KcoE~,( P¢oPm K..~ Pcu, oHP.,o) 

r,,~#~, = ÷ k~( Pco~ (2) 
( 1 + K2Pco~)3( l+KcoPco+Kco, Pco~+Kmpm)3 

Pco 
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Where Keql and Keq z, are the equilibrium constants for CO and CO 2 

hydrogenation reactions respectively and (klA03), KCO, KI-I2, KCO2, K2, k2 are the 

desorpfion and adsorption parameters The values of these parameters at 523 K are 4.095, 

2.625, 1.584, 5.00, 1.00, 9.00, 90.00, and 3.75 respectively, where the partial pressures 

are given in atmospheres. 

Graaf et al. (1988) studied methanol synthesis in a spinning basket reactor over a 

commercial CuO/ZnO/AI20 3 catalyst at pressures between 1.5 and 5.2 MPa and 

temperatures between 483 and 51g K. The H2/CO/CO 2 ratio was varied between 

67.4/26.1/6.5 and 88.5/11.5/0. Graaf indicates that methanol is directly produced from 

both carbon monoxide and carbon dioxide hydrogenation reactions. Surplus amounts of 

water were Collected during the experiment relative to the amount predicted by 

equilibrium calculations. Graaf assumed that the hydrogen molecule is dissoeiativly 

adsorbed on the catalyst surface. After testing 48 different kinetic models based on 

different mechanisms, the following dual site Langmuir Hinshelwood rate expression is 

given by Graaf: 

P CrhOH ~ II20 .~ 
A ( PcoPm'P~.~_ n ) +B ( Pco~Pu, ~ ' 

r . ~  = P. ,~; ,~  p ~ I C ~  " (3) 
( 1 +C Pco +19 Pco,) ( 1 +(E pn:)o.s +F Pu:o) 

Where the rate controlling step is the surface reaction between the adsorbed H2 

molecule and the formyl species. The kinetic parameters A, B, C, D, E, and F were fit 

from data, and the equilibrium constants,Keq 1 and Keq 2 were determined from 

thermodynamic correlations. The kinetic parameters values are given as functions of 

reaction temperature. 

McNeil et al. (1989) u~ed a Bert), reactor to investigate the kinetics of methanol 

synthesis over a wide range of F.,2/CO/CO 2 ratios using a commercial CuO/ZnO/A120 3 
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catalyst supplied by BASF. The temperature and pressure were maintained in the range 

of 483 to 513 and 2.89 to 4.38 MPa, respectively. This model takes into consideration 

both carbon monoxide and carbon dioxide hydrogenation reactions. It also includes the 

role of carbon dioxide as a methanol production inhibitor. 

In developing the kinetic model, the following assumptions were made 

1. The hydrogen molecule is dissoeiatively adsorbed. 

2. The ntmnber of sites that contain hydrogen molecules is constant. 

3. The rate determining step for the carbon monoxide reaction is the surface reaction 

bet'ween the hydrogen atom and the methoxy intermediate which is the most abttndant 

reaction intermediate for the carbon monoxide hydrogenation reaction. 

4. The rate determining step for the carbon dioxide reaction is the surface xeaetion 

between the hydrogen atom and the formate intermediate which is the most abundant 

reaction intermediate for the carbon dioxide hydrogenation reaction. 

5. Hydrogen is adsorbed on ZnO while the carbon monoxide and carbon dioxide are 

adsorbed on copper, where the CO 2 is adsorbed on Cu 0 sites and CO is adsorbed on 

Cu +I sites. 

With these assumptions, McNeil proposed the following rate equation: 

P~3o~Pmo 
PcoP~z Pcmo:-t Pco: Pn2" K _2 

K,qi ~2 P n2 
( ) + C " , ,z  _ 3 ) (4 )  

AlPcoPez +BlPnz +CiPcm A2Pco'z Pnz +B~Pc~ ~-CzPmo 

The values of the equation parameters, A1, A 2, B 1, B 2, C 1, and C 2 were derived 

from the experimental data, while Keq 1 and Keq 2 are the equilibrium constants for the 

carbon monoxide and carbon dioxide hydrogenation reactions respectively. The 

parameter values at 513 K are AI=3.762*105, A2=8.939"105, Bt=1.536"107, 
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B2=2.368.106 , C1=2.993"107, and (22=7.702"106. where the partial pressures are given 

in Mpa. 

Natta (!955) used a fixed bed reactor to study methanol synthesis in the gas phase 

over ZnO/Cr20 3 and CuO/ZnO/Cr20 3 catalysts using a carbon dioxide free synthesis 

gas. The pressure was set at 30 blPa while the temperature was varied between 573 and 

633 K. 

It was found that the adsorption and desorption steps of hydrogen and carbon 

monoxide are faster than their reaction on the catalyst surface. The mzction is 

trimoleeular involving two Hydrogen molecules and one carbon monoxide molecule, 

With these assumptions, the following kinetic model was proposed: 

7coPco( 7n~Pm) ~ - 7c.,o. Pcs~on 
K~ 

r ,~ . , , t=  (5) 
( A +B 7coPco + C 7n,P~.:+D "tca,onP~,onfl 

The p~ametcrs A, B, C, and D were ~gl~SSeA from experimental data and the 

values of the parameters ~ dLffemnt for each of the two catalysts used and ~Fcnd  also 

on the temperature. Keq 1 is the thermodynamic equilibrium consmm for the carbon 

monoxide hydrogenation reaction and '/i is the fugacity coefficient of each component. 

Natta re~-~-ted that the agreement between the calculazcd values and the experimental 

data were best at low CO/H 2 ratios. 

A Langmuir-I~nshelwood ram equation was d~rived by Villa et aL (1985) in 

which it was assumed that the ram determining step is the carbon monoxide 

hydrogenation surface reaction between the adsorbed hydrogen and carbon monoxide 

molecules. The study was conducted in a Berry reactor over a CuO/ZnO/AI20 3 cztalyst 

at the temperature and p=ssum ranges of 488 to 51g K and 3.0 to 9.5 MPa. Villa 

proposed the following model: 
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PcoP~, Pennon 
K~ (6) 

( A +B pco+C P¢o~ +D Pen,oH) 

Where Keq 1 is the equilibrium constant for the c~rbon monoxide hydrogenation 

reaction and the prarameters A, B, C, and D where regressed from experimental data. 

Dybkjaer et al. (1981) devised the following Langmuir-Hinshelwood rate 

expression for methanol synthesis assuming that the sites that adsorb carbon monozide 

and carbon dioxide are different from the one that adsorb hydrogen and water: 

k Pn~( I" . Pcn'°R_2 ) 
K.~ p co P n~ 

( I +A p + 

(7) 

Where Keql is the thermodynamic equilibrium constant of the carbon monoxide 

hydrogenation reaction and the parameters A, B, and k were empirically regressed from 

kinetic data. The investigation was performed in a fixed bed reactor over a 

CuO/ZnO/C.r20 3 catalyst. 

Lennov et al. (1973) studied methanol synthesis in a fixed bed reactor over a 

CuO/ZnOiAI20 3 catalyst using a carbon dioxide free synthesis g~. The temperature 

and pressure were set in the range of 493 to 533 K and 4.0 to 5.5 MPa while the H2/CO 

ratio was held at 2. 

Leonov deduced a power law kinetic model that takes into consideration the 

forward and backward carbon monoxide hydrogenation reaction: 
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0.5 034 
PcoPH, Pdl;o, ~ (8) 

r , , n ~ , o t  = 1¢ ( o.66 o.s - J 
Pcmou PcoPh',K~. 

Where k and Keq I are the reaction rate constant and the thermodynamic 

equilibrium constant of the forward carbon monoxide hydrogenation reaction, 

respectively. 

Weimer et al. (1987) conducted liquid phase methanol production operations in a 

one liter slurry reactor at 5.2 M~Pa and 523 K. Space velocities were varied between 

5 000 and 15 000 I/hr kgoa t and the H21COICO21N 2 ratio was set at either 3515111311 

(CO rich gas) or 551191512i (balanced gas), respectively. The catalyst particle size was 

less than 10 microns. 

Carbon monoxide rich gas feed was used to simulate synthesis gas derived from 

coal. When carbon monoxide rich gas was fed, increasing the space velocity caused the 

carbon monoxide conversions to decrease and the methanol productivity to increase. The 

same mznd was observed for the balanced gas case. It was shown that the mass transfer 

resistances were negligible at a stirrer speed of I200 rpm for 1(3 wt. % slurry. Weimer 

indicates that methanol production rate is approximately proportional to / ~  and -~a~ 

by postulating the following rate expressimu 

r ~ t  =W,~k ( foe  ~2 "'" f ~,orl 
Ja,I t 1 K,~afcof~, ) 

(9) 

Where k is the reaction constant, Keq I is the equilibrium constant for the carbon 

monoxide hydrogenation reaction, ar.,d the fi's are the fugacities of each component. The 

value of m depends on the catalyst and for this case it was 1/3 since the data collected 

indicate an overall first order behavior. The water partial pressure term was neglected 

because water production rate was small. 
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The other study in which methanol synthesis was investigated in the liquid phase 

was conducted by yon Wedel et al. (1988). A slurry reactor was used with a 

CuO/ZnO/AI20 3 catalyst. The temperature was in the range of 490 to 520 K and the 

pressure was in the range of 2 to 6 MPa. The partial pressure of carbon dioxide was 

increased from 0 to 1 MPa while the (CO+H2)partial pressure was varied between 1 and 

5 M~a in order to find the optima1 synthesis gas composition at which maximum 

methanol production rate is achieved. That composition was found at a carbon dioxide 

partial pressure of 0.2. Although the effect of carbon dioxide on methanol production 

was not incorporated in the suggested rate equation, yon Wedel et al. indicated that the 

role of carbon dioxide is to keen the catalyst in the active state, and proposed the 

following power law rate equation: 

r,~nh,mot ~- ( / l i  e FJIRT _0.4 _o.18 _0.13 . Poe Pm )'(AT e ~jxr P~,o~J (10) 

Ef and E b m'e the activation energies for the forward and reverse carbon monoxide 

hydrogenation reaction, respectively. The parameters A 1 and A 2 were derived from 

kinetic data and reported as i.97"107 and 2.51"1010 respectively, where the partial 

pressures are given in MPa. 

2.4 The CuOIZnO/AI203 Catalyst 

The CuO/ZnO/AI203 catalyst used in this study w ~  supplied by United Catalyst. 

The manufacturer reports that the catalyst is 42 wt. % CuO, 47 wt. % ZoO, and I 0 wt. % 

AI20 3 along with traces of graphite, sulfur, sodium, chlorine, and other heavy metals. 

The manufacturer indicates that the catalyst surface area is 55 m2/g with a pore volume 

of 0.2 to 0.3 ee/g for pores with radius greater than 29.2 angstroms. 

Natta (1955) and Chinehen et al. (1990) indicate that the activity of the catalyst 

under investigation is a function of the eopper metal area and not the wt. % of copper and 
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it is independent of the support indicating dlat the reaction occurs on the copper. They 

also indicated that alumina or chromia along with ZnO hinder agglomeration of Cu 

particles, and interestingly, ZnO reacts vdth alumina or chromia to block the conversion 

of methanol to dimethy! ether which is a thermodynamically favored reaction under 

industrial operating conditions. Also, ZnO plays the role oF a sink for poisons by 

reacting with chlorine and sulfur components. 
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CHAPTER III 

E X P E R I M E N T A L  

3.1. Apparatus 

A methanol production unit was designed ,and built. It consists of three zones; the 

gas feed mixing, the slurry reaotor, and products separation a.nd analysis. The system 

diagram is shown in figure 1. All kinetic experiments were conducted in a stirred 100 ec 

Autoclave laboratory reactor model EZE-seal. The body of the reactor is made of 

stainless steel with' an inner diameter of 46 mm and 13 mm thick, with a maximum 

working pressure of 3 300 psi at 850 OF. The vessel has six ports, one gas inlet, and one 

thermowell. One of the ports is used to install a U shaped thermowell to measure the 

temperature of the gas phase in order to eliminate wail effects on the measured gas phase 

temperature. The reactor effluent port is connected to a 5.0 micrometer filter to prevent 

the catalyst entrainment. The feed gas and the recycled oil are introduced to the reactor 

at two different ports. A battle bar and a bladed impeller are oonneoted to the stainless 

steel reactor cover. The baffle bar is used in order to inhibit vortex formation. The 

impeller is used to keep the catalyst suspended in the slurry and enhance the mixing of 

the reactants in the slurry phase. The impeller is driven by a Magnadrive II stirrer model 

0.75-1 that is capable of delivering 0.45 hp at 3 000 rpm. Cooling water is run through 

the Magnadrive assembly to keep the temperature of  the assembly in the permissible 

range. A rupture disc with a rating of 3000 psi was supplied by the manufacturer for 

safety reasons. A schematic d~'awing of the slurry reactor is shov,.'n in figure 2. 

Feed gases, H2, premixed CO/CO 2, and nitrogen, are supplied in cylinders. 

Before being introduced to the system, hydrogen is passed through a molecular sieve 

guard bed to remove moisture, and the CO/CO 2 mixture is passed through two stainless 

steel guard vessels in order to remove catalyst poisons like iron and nickel carbonyls. 

The first vessel contains molecular sieve and the second contains activated carbon. The 
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Figure 2. Schematic diagram of the slurry reactor 
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activated carbon vessel is loomed behind the molecular sieve vessel in order to remove 

Ni(CO)4, because commercial methanol catalysts can not accommodate earbonyl poisons 

of  more than 10 parts per billion (Golden et al. 1991). An activated carbon filter is 

insta!ledjust before the reactor inlet in order to further remove impurities 

Two mass flow controllers are provided to adjust ihe flow of feed gases. Both of 

the flow meters are. Brooks model 5850E equipped with Brooks 5869 flow indicators. 

The hydrogen mass flow controller has a range of 0 to i 000 standard milliliters per 

minute (smlpm) and that of CO/CO 2 have a range of 0 to 2 000 smlpm. The 

manufacturer indicates that the measurmment percent error range of both flow controllers 

is -0.25 to +0.4. W h ~  both streams leave their designated flow controllers they are 

mixed at a T fitting. The composition of that mixture ( I-I2, CO, and CO2) is checked by 

introducing a high i~ressure inlet gas sampling port equipped with a metering valve to 

reduce flow. The flow controllers are calibrated using a vvrtioal bubble flow meter over 

the entire operating range. The calibration curves for Hydrogen and CO/CO 2 flow 

controllers are shown in Figure 3 and 4 resp~tively. 

Two pressure gauges are installed to monitor the pro-reactor and the reactor 

pressures respectively, and the reactor outlet pressure is monitored by a pressure 

transducer model 406-50051 made by Consolidated Comrols and powered by a 12 volt 

power supply. The pressure transducer output is continuously plotted by a Houston 

Instruments strip chart recorder. The reactor outlet pressure is reduced to atmospheric 

pressure using a Tescom back pressure regulator. 

As the reactor effluent leaves the back pressure regulator it passes into an 

oil/gas separator which is a glass cylinder with a diameter' of  4 cm and a height of 40 cm. 

The upper part of the oil/gas separator is filled with glass wool to improve separation. 
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The oil level in the separator is maintained at a level of 3 cm from the bottom using an 

Eldex A-30-S pump that recycles the collected oil back to the reactor. 

ARer passing through the gas/oil separator, the gas is either sent to an on line 

Gow Mac 550 gas chromatograph equipped with a Varian 4290 integrator for analysis, or 

to an alcohol/gas separator where condcnsabie gases are collected using a dry ice and 

acetone bath. The tail gas flow rate .;s measured using a I000 co bubble flow meter. A 

sampling port located after the bubble fl.ow meter is used to collect samples of tail gas to 

be analyzed on a Carl¢ gas chromatograph equipped with a Varian 4290 integrator. 

Both gas chromatographs use a the.nnal conductivity detec.tor (TCD). 

Three Staco VmJable voltage auto-transformers are used to supply power to 

heating tapes in order to maintain the temperature of the lines after the reactor along with 

the gas/oil separator at 373 K. The reactor is heated using a furnace supplied by the 

manufacturer which is con~olled by a Thermolyn e Furnatrol I furnace controller. Type 

K thermocouples are used to measure temperatures at six different locations throughout 

the system along with that cf  the gas/oil separator. 

The catalyst used in this study is a CuO/ZnO/AI20 3 alcohol catalyst # L-951 

supplied by United Catalyst. S, ufface area measurem~t on this catalyst was performed 

using the BET technique in our laboratory. The surface area of the fresh catalyst was 

found t,a be 49.1 m2/g compared to 55 m2/g as reported by the manufacturer. The oil 

used in this investigation is Freczcne Heavy supplied by Witco. The oil is mainly 

saturated aliphatic and naphthcnic hydrocarbons with a molecular weigh of 349 and a 

specific gravi~ of 0.71 at 523 K ( Ledakowics and Nowioi.:i, 1987), 



3.2. Procedure 

3.2.1. Catalyst Loading 

Five grams of catalyst with a particle size of 500-600 microns arc loaded into the 

reactor. The catalyst bulk .density '-,'. 1.38 g/ee, 40 ml of oil is trmasferred to the reactor 

giving a 12.4 % slurry. The reactor is then sealed and its cover top is wrapped with a 

heating tape and an insulation material to control gas phase temperature. 

3.2.2. Catalyst Reduction 

S~.ncc the catalyst supplied by th~ manufacturer is parfi~ly oxidi~d, it must b~ 

brought to the active state. In-sire reduction of t~he catalyst is era'fled out according to 

guidelines dcscribe,,d by 5awant et al, (1987). The r"~,ducfion procedu~ consist of flowing 

a mixture of  nitrogen and hydrogen at a ratio of 95/5 and a soace velocity of 3 000 

l/hr kgca t through the slurry at 1.7 MPa and 298 K with the.. impeller speed set at 1 200 

rpm. Nitrogen flow rate is conu-olled through CO/CO 2 mass flow controller since the 

two gases have the same sensor conversion factor and spex:.ific gravity. The lines after 

the reactor are kept at 373 K. First, the feed gas is run at tt:e desixe.d rate through the 

bypass and riot through the reactor in order to analyze the gas composition by taking a 

sample from the inlet sampling port and injecting it into the earle gas chromatograph. 

When the analysis result agree with the flow controllers readings, the flow is direetec! to 

the reactor to start the reduction procedure. The reactor is heated from 298 K to 398 K at 

a rate of 1 K/rain and kept at 398 K for one hour. The reactor is heated again to 448 K at 

the same ra~e ~ d  held there for another hour. Then, the reactor temperature is raised to 

478 K at a rate of 1 K/min. At this point, synthesis gas is introduced to the reactor at 

3 009 l/In- kgca t with H2/(CO+CO 2) ratio of 2/1 and kept at these conditions for six 

hours. 
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3.2.3. Reaction Procedure 

At 'thc end of the six hours, the reactor pressure and temperature are raised slowly 

and cautiously to 5.2 MPa and 523 K respectively. The temperature is increased at the 

same rate of 1 K/rain. As soon as these conditions are reached, the hydrogen flow is 

stopped letting only nitrogen flow through the system for 15 minutes. Then, the slurry 

reactor is isolated by dosing the inlet and outlet valves and opening the bypass line 

valve. Hydrogen at the desired flow rate is introduced to the system through the bypass. 

No flow rate fluctuations were observed. Moreover, the pressure drop across the mass 

flow controller was mound the permissible value of 40 psig. The manufacturer 

recommends 45 minutes warm up period before introducing flow through the mass flow 

ecmtrollers. This recommendation was followed. When the desired H 2 flow rate is 

established, CO/CO 2 mixture at the desired flow rate is also introduced to the system 

through the bypass using the other mass flow controller, which exhibits the same 

characteristics as those of the H 2 flow controller. The total flow rate is checked by a 

vertical 1 000 ce bubble flow meter. A sample is taken from the inlet gas sampling port 

and analyzed on the Curie gas chromatograph to ensure that the inlet composition meets 

that of  the desired composition. The reaction is started by o p t i n g  the.reactor's inlet and 

outlet valves and closing the bypass valve. 

Fine adjustments are made to the reactor's pressure and liquid and gas phase 

temperatures. On line analysis is conducted every 45 minutes to cheek for steady state 

conditions. When no changes in pressure, temperatures, flow rate, and composition are 

observed, steady 'state in the reactor is reached. 

Cleaned and dryed condensers are weighed, and placed in a container and 

connected to the system..The container is then filled with dry ice and the flow is directed 

towards the condensers in order to collect all ¢ond~sable products in the tail gas leaving 

the reactor for a time period of two hours. During the material balance period, gas 

samples are taken twice from the outlet gas sampling port to analyze for H 2, CO, CO 2, 
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and any other gas product on the Carle gas chromatograph. At the end of the two hours 

period, flow through the condensers is stopped. The condensers arc dried from the 

outside to remove moisture and weighed to determine the condensate production rate. 

Condensate ,~amples are injected in the Gow Mac gas chromatograph to analyze for 

methanol, water, and dimethyl ether. Methanol production rate is determined marking 

the end of the mass balance procedure. 

At this point it is possible to switch to other conditions by following the same 

reaction procedure described above. Otherwise, the reaction is terminated by slowly 

reducing the reactor's temperature ",,rod pressure and stopping the synthesis gas flow and. 

introduoing Nitrogen instead at 200 smlpm. 

3.2.4 I~nefic Data Gathering 

The reaction is started at a temperature of 523 K, pressm'e of 5.2 MPa, 

H2/(CO+CO2) ratio of 2, and space velocity of 5 000 b'hr kgeat. These are considered as 

the overall base line conditions for all other rims. The reaction is initiated at these 

conditions and left undisturbed until steady state conversions are reached after 175 hours 

of continues operation, during which the material balance procedure are conducted daily. 

When steady state conversions are reached at the temperature, pressure, and 

H2/(CO+CO2) ratio specified above, the space velocities are manipulated in the order of 

7 500, 5 000, 3 000, 5 000, 10 000, and 5 000 l/hr kgea t respectively fi'om which kinetic 

data are collected. The run with spa~ velocity of 5 000 l/hr kgea t is alternatively 

performed to establish the overall base line conditions in order m cmltinuo~ly monitor 

the catalyst activity. 

Then the H21(CO+CO2) ratio is set to 1 at a space velocity of 5 000 I/hr kgcat. 

When steady conversions are reached, kinetic data are collected by setting the space 

velocity to 8 000, 5 000, 3 000, 5 000, 13 000, and 5 000 I/hr kgeat, respectively, and 

performing the material balance procedure described above at each space velocity. The 



30 

run at 5 000 l/hr kgca t is conducted repeatedly in order to check the catalyst activity 

within the experimental series at the H21(C0+C02) of 1. 

After concluding the experimental series at the H2/(CO+C02) of 1, the overall 

base line conditions run at 5 000 l/hr kgca t and H2/(C0+CO2) ratio of 2 is performed 

again to detect any loss of catalyst activity. Then the I-I2/(CO+CO2) ratio is switched to 

0.5 at 5 000 I/hr kgca t and held their until steady state conversions are achieved. Then 

the space velocity is changed in the sequence of 8 000, 5 000, 3 000, 5 000, I3 000, and 

5 000 l/hr kgeat and the kinetic data are collected. The overall base line condition is 

re-run after the ~ d  of this experimental series also. 

The final experimental series is at a temperature of  508 K and a H2/(CO+CO 2) 

ratio of 2. The space velocity is set at 5 000, 7 500, 5 000, 3 000, 5 000 I/hr kgea t and 

the same procedure is followed as described above for collecting ldnefic data and 

monitoring the catalyst activity. Before terminating the reaction, the overall base line 

conditions run is performed for the last time. 

3.2.5 Analytical Procedure 

Two gas chromatographs are de, dica~ed for this investigation, a Gow Mac 550 and 

a Carle series S. Each gas chromatograph is connected to a Varian 4290 integrator. Both 

gas chromatographs use a thermal conductivity det~tor (TCD). 

The Gow Mac G. C. is used to analyze for the reaction products, methanol, water, 

and dimethyi ether. It is equipped with a I m long Q type Porapak column which is 

effective for the separation of reaction products. It is also equipped with a 6 pox 

sampling valve made by Varian. The gas chromatograph settings are as follow: the 

column temperature is 392 K, the detector t~nperature is 473 K~ the injection port 

thermostat is set to 35, the detector power se~ng is 200 mA, and the carrier gas flow 

rate is set at 20 co/rain. 
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Since the analysis on the Gow Mac G. C. is performed using a sampling valve, 

the response factor for methanol, RFmethanol is given by: 

R F , ~  = Y,,,~,=,,t I A C . ~ , . a  01) 

where Ymethanol and ACmethanol ale file mole fiaction and the area count of methanol 

respectively. To find the methanol response factor, pure meflmne is bubbled at a rate of 

I0 co/rain through a three stage bubbler containing methanol. The bubbler is connected 

to the sampling valve of the O.C. The methanol saturated methane is injected into the 

Gow Mac through the sample loop. The mole fraction of methane is calculated by the 

following eqtmtion: 

y=~,~ = A C . , ~ . ~ !  ACk,,,a 02) 

the balance is Ymethano| which is used in equation (l I) to calculate the response factor of 

methanol. 

The same procedure is followzd to determine the response factor of water. In the 

case of dimethyl ether, pure samples arc injemed into the Gow Mac through the sample 

loop. Nevertheless, the calculation procedure re.mains the same. 

The Carle gas chromatograph is used to determine the concentration of hydrogen, 

carbon monoxide, and carbon dioxide. The Carlo G. C. has the following settings: the 

temperature adjustment for the hydrogen transfer tube is set to 73, the output is set to 1, 

the bridge is set to thermostor, and the column temperature is 323 K. A calibration 

mixture containing 51.5 % hydrogen and 48.5 % carbon monoxide is used to calculate 

the hydrogen and the carbon monoxide response factors using equation (1 I). the carbon 

dioxide response factor is determined by using another calibration gas mixture containing 

10 % carbon dioxide and 90 % carbon monoxide, The response factors on the Carl (3. C. 
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are updated pcriodically. Ty'pical response factors for the gases involved in this 

investigation on both gas chromatographs are given in table 1. 

Table I. Response factors for the Carle and Gow Mac gas chromatographs 

_ _ _ _  Component 

Methanol 

Water 

Dimethyl ether 

H2 

,,, C02 

CO 

RespO.__nse Factor 

s.7z .ois(lo-6) 
4.40-~.070(! 0-6 ) 

i 

G. C. Type 

Gow Mac 

Gow Mac 

3.93_+0.011(I 0 "6) Gow Mac 

19.10~.082( 10 -5 ) Carle 

2-51--+0-009(10 "5) Carle 

3.3 I:L-0.018(IO -5) Cade 
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C H A P T E R  IV 

R E SULTS A N D  D I S C U S S I O N  

4.1 Time on Stream Study (Figures 5-17) 

The time on stream study showed that constant catalyst acti~dty can be achieved 

for a long period of time. Continuous operation of 660 hours attests to this fact. Figure 

5 indicates that the catalyst activity, represented by methanol production rate, decreases 

sharply during the first 150 hours, after which it re~.ches a constant value of about 4.70 

mol/hr kgca t for the next 510 hours. On the other hand, water production rate increases 

steadily from 0.16 mol/hr  kgca t at 8 hours of time on stream to 0.67 mol/hr kgca t at 660 

hours of time on stream as indicated in figure 6. The methanol mole fraction in the 

condensate steadily deceases during the time on stream study from 0.99 at 8 hours to 

• 0.87 at 660 hours, while that of water inere.mses in from 0.011 at 7 hours to 0.I2 at 660 

hours as shown in figure 7, indicating that by 660 hours of continuous operation, the 

water mole fraction in the condensate increased 11 fold from its initial value while the 

water production rate increased 4 fold from its initial value. On the other hand, methanol 

production rate remained unchanged during the steady state portion of the time on stream 

study. From this observation, it can be concluded that the extent of the carbon dioxide 

hydrogenation is increasing ~d~ time on stream. 

This conclusion is also confh-med by figures 10, 11, and 12. In figure 10, it earl 

be observed that higher hydrogen % conversions than that of carbon monoxide are 

achieved, for a H~(CO+CO 2) ratio of 2 the hydrogen and carbon monoxide % 

conversions should be equal, indicating that more hydrogen is reacting than carbon 

monoxide. Figure 11 indicates that as time on stream increases carbon dioxide % 

conversion increases, implying that the extent of carbon dioxide hydrogenation reaction 

increases as the time on stream increases. Moreover, the % conversion of carbon 
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monoxide to carbon dioxide is increasing negatively with time on stream as illustrated in 

figure 12 indicating that the extent of the reverse water gas shift reaction is increasing 

with time on stream, and by comparing figures 11 and 12 it can be concluded that the 

extent of the carbon dioxide hydrogenation reaction is higher than that of the reverse 

water gas shift reaction at H2/(CO+CO2) ratio of 2 and a space velocity of 5 000 

I/hr kgca t. Therefore a net increase in water production rate was observed with t/me on 

stream. 

The % conversion of hydrogen decreases rapidly during the first 150 hours of 

time on stream after which it reaches a steady state value of  6.8 as shown in figure 8. On 

the ~,aer hand, hydrogen to methanol % conversion has a steady state value of 6.4 as 

shown in figure 16. The steady state hydrogen % conversion and the hydrogen to 

methanol % conversion values are statistically equal, indicating ~.hat although the water 

gas shift reaction is taking place as proven above, its extent is small. 

The % conversion of  carbon monoxide decreases rapidly during the first 150 

hours of time on stream after which it reaches a steady state value of 4.5 as shown in 

figure 9. On the other hand, carbon monoxide to methanol % conversion has a steady 

state value of 7.2 as shown in figure 14. The steady state carbon monoxide % 

conversion is lower ~han carbon monoxide to methanol % conversion indicating that 

some of  the carbon monoxide is invoiced in the reverse water gas shift reaction. 

Attesting to this conclusion are figures 15 and 17 in which it can be observed that the 

total carbon to methanol % conversion with a steady state value of 6.4 is lower than 

carbon monoxide conversion to methanol. 

Finally, figure 13 shows that the steady state value of the total c~bon % 

conversion is 5 which is lower than that of total carbon to methanol % conversion 

indicating that me~hanol, the feed carbon oxides, and hydrogen, undergo side reactions. 

The detection of dimethyl ether in the condensate along with trace amounts of acetic acid 

confirm this inference. 
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4.2 Effect of Space Ve|ocity and Hff(CO+CO 2) Ratio (Figures 18-32) 

Kinetic data were co~.lected by adjusting the H2/(CO+CO 2) ratio at 2, 1, and 0.5 

respectively, while the CO/CO 2 ratio was maintained at 9. At each H2/(C0+CO2) ratio 

the space velocity is set at four different values in ' the range of 3 000 - 13 000 lhtr kgca t. 

Tile results indicate that the highest methanol production rate can be achieved at 

H2/(CO+CO2) ratio of 1 followed by H2/(CO+CO2) ratio of 0.5 and 2 respectively as 

shown in figure 19. At a l l  ratios, methanol production rate increases as the space • 

velocity increases. 

Moreover, water production rate increases as the space velocity increases at all 

H2/(CO+CO 2) ratios following the same CSTR performance equation. As figure 19 

shows, the highest water production rate is achieved at H2/(CO+CO 2) ratio of 2 followed 

by H2/(CO+CO 2) ratio of 0.5 and I respectively. One the other hand, dimethyl ether 

production rate increases as the space velocity increases for H2/(CO+CO 2) ratio of 2 and 

1, while at H2/(CO+CO 2) ratio of 0.5 dimethyl ether production rate increases until 

reaching a maximum at 5 000 l/hr kgca t, then it starts decreasing. This observation is 

illustrated in fi~mare 20. 

Figures 21 and 22 show the opposite effect of space velocity on methanol and 

water mole fractions in the condensate. As the space velocity increases the mole fraction 

of methanol in the condensate decreases while that of water increases, indicating that 

methanol seleetivi~ is inversely proportional to space velocity. At all space velocity 

values, H2/(CO+CO2) ratio of 1 has the highest methanol mole fraction followed by 

H2/(CO+CO2) ratio of 0.5 and 2 respectively. 

The hydrogen and carbon monoxide %. conversions decrease with inereas/ng the 

space velocity for all H2/(CO+CO2) ratios tested. "Ibis is shown in figures 23 and 25 

respectively. 

On the other hand, carbon dioxide % conversion increases with increasing space 

velocity as illustrated in figure 24. At a H2/(CO+CO 2) ratio of 0.5, carbon dioxide % 



49 

conversion has a negative value indicating that carbon dioxide is being produced, The 

carbon dioxide hydrogenation reaction is not taking place while the reverse water gas 

shift reaction is taking place, or the extent of carbon dioxide hydrogenation reaction is 

lower than that of the reverse water gas reaction causing a net production of carbon 

dioxide. 

At H21(C0+C02) ratio of 2, carbon dioxide % conversion has a negative value at 

space vdoeities lower than 4 000 I/hr kgca t indicating that there is a net production of 

carbon dioxide, but as the space velocity increases carbon dioxide % conversion attains a 

positive value indicating that the carbon dioxide is consumed mad the extent of the carbon 

dioxide hydrogenation reaction is higher than that of the reverse water gas shift reaction 

which produces carbon dioxide. 

At H2/(CO+C02) ratio of I, carbon monoxide % conversion is always positive 

and increases with increasing space velocity indicating that carbon dioxide is another 

source for methanol by reacting with hydrogen. It can also be concluded that as the 

space velocity increases, more methanol is being produced by the carbon dioxide 

hydrogenation reaction and the extent of the reverse water gas shift reaction decreases. 

Figure 26, which shows the effect of  space velocity on CO to CO 2 % conversion 

attests to the conclusions made in the last paragraph sirtce it is consistent with figure 25. 

At all H2KCO+C02) ratios, the CO to CO 2 % conversion decreases as the space vdoci .ty 

increases suggesting that the extent of  the reverse water gas shift reaction is decreasing 

with increasing the space velocity. 
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4.3 Effect of Temperature 

The rezction was also conducted at 508 K and H2/(CO+CO 2) ratio of 2. Lower 

methanol productivities were ob:~erved as indicated in figure 27. In addition, lower % 

conversions were achieved at 508K than these achieved at 523 K. In all cases, % 

conversions decrease with increasing space velocity. 

Total carbon to methanol % conversion and hydrogen to methanol % conversion 

at 508 K decrease in a path p~allel to these at 523 K. This is shown in figures 31 and 32 

respectively. Unlike the 523 K case, hydrogen % conversion experienced a very small 

aecrease with increasing space velocity as shown in figure 28. In the case of carbon 

monoxide % conversion and total carbon % conversion different decreasing paths are 

observed for each temperature as shown in figures 29 and 30 respectively. The reason 

behind this is the fact that a different reaction ,~.xtuenee takes place at each temperature. 

Thin conclusion can be conf'umed by the fact that at a higher temperature the reaction 

with a higher activation energy is favored, and at lower temperatures the reaction with 

lower activation energy i:; favored Ct.~venspiel, 1972). 

The activation energy for the carbon monoxide hydrogenation reaction is 16.53 

kcal/mol while that of carbon dioxide hydrogenation reaction is 11.28 kcal/mol (Klier et 

ai.,1982). Therefore at the higher temperature of 523 K the carbon monoxide 

hydrogenation reacriou is favored while at the lower temperature of 508 K the carbon 

dioxide hydrogenation reaction is favored which explains the difl~rent paths followed by 

hydrogen, carbon monoxide, and total carbon % conversions at each temperature when 

increasing the space velocity. Sehaek et a1.(1989) suggest that carbon monoxide 

hydi'ogenation is the main route to methanol at higher temperatures while carbon dioxide 

hydrogenation is the main route at lower tempratures. 
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4.4 Comparison with Other Studies 

The results obtained by this study on the effect of space velocity on methanol 

production rate are compared with these obtained by other studies conducted in slurry 

rea.-.'.ors using a CuOIZnO/AI203 catalyst. The values of the methanol production rate 

achieved by this study were corrected to values at initial activity by multiplying the 

steady state values by an activity factor of 3. 

Figure 33 compares the change in methanol production rate wi~h space velocity at 

H2/(CO+CO2) of 0.5 to data by Frank and Mednick (1982) and Weimer et al. (1987). 

All studies were conducted in a slurry reactor at 523 K. Frank and Mednick (1982) study 

was carded out in a 2 liter autoclave with catalyst loading of I0-30 % at 7 MPa and 

H2/(CO+CO2) of 0.6 while the a mount of CO 2 was not specified. Weimer et a1.(1987) 

conducted their study in a 0.3 liter autoclave with catalyst loading of 15 % at 5.2 MPa 

and H2/(CO+CO2) of 0.55. T h e  highest production rates were achieved by Frank and 

Mednick (1982) due to higher catalyst loadings and higher pressure. 

Figure 34 compares the change in methanol production rate with space velocity at 

523 K and 5.2 MPa, and H2/(CO+CO2) of 1 to data by (Pass ,1990) who used the same 

type of catalyst as that used in this study. Both studies were conducted in a slurry reactor 

at 523 K. Pass' study was carried out in a 0.3 liter autoclave with catalyst loading of 23 

%. Similar production rates were achieved by both studies. 

Figure 35 compares the change in methanol production rate with space velocity at 

H2/(CO+CO2) of 2 to data by Frank and Mednick (1982) and Weimer et al. (1987). All 

studies were conducted in a slurry reactor at 523 K. Franks and Mednick~ study was 

carded out in a 2 liter autoclave with eatatyst loading of 10-30 % at 7 MPa and 

H2/(C0+C02) of 2 while the a mount of CO 2 not specified. Weimer et al. conducted 

their study in a 1 liter autoclave with catalyst loading of 10-25 % at 5.2 MPa and 

H2/(CO+CO2) of 2.3. The highest production rates were achieved by Frank and 

Mednick (1982) due to higher catalyst loadings and higher pressure. 
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The relatively low methanol production rate achieved in this study in comparison 

with those achieved by the other three studies could be related to differences in catalyst 

rc ~aetion procedures, different catalyst types, or different catalyst loadings. 

4.5 Role of Carbo'n Dioxide 

Methanol production rate as a funct;~n of mole percent carbon dioxide in the feed 

is plotted in figure 36. It indicates that methanol production rate increases with 

increasing mole percent in the feed up to the optimum value of carbon dioxide mole 

percent in the feed of 4.7 at which methanol production rate reaches a maximum value, 

after which methanol production rate starts to decrease with increasing carbon dioxide 

mole percent in the feed. 

This observation is confirmed by other studies. Lee et al. (1989) who conducted 

methanol synthesis studies in a 1 liter autoclave reactor at 7.2 MPa, 6 200 1/hr kgca t, and 

different temperatures, found that meihanol production rate attains a maximum value at 

7.5 mole percent carbon dioxide in the feed. Lee also ir, dicates that the location of the 

maximum is a function of temperature. Moreover, Schack et al. (1989) indicate that 

methanol production rate reaches a maximum value at 2 mole percent carbon dioxide in 

the feed. The study Schack conducted was in a Berty reactor at 513 K, 4.38 MPa, and 8 

700 I/hr kgca t. Results obtained from both studies, along with these obtained by this 

study are shown in figure 37. 

The ratio of hydrogen moles reacted to carbon moles reacted is plotted in figure 

38 as a function of time on stream at 523 K, 5 000 l/hr kgcat, and H2/(CO+CO2) ratio of 

2. It can be seen from the figure that this ratio is near 4 which is the sto~ehiometric ratio 

of hydrogen to carbor, in the carbon monoxide hydrogenation react:on, indicating that 

this particular reaction is the main route to methanol at the specified conditions. 

Confirming this conclusion is figure 39 in which the ratio of carbon aoles reacted 

to oxygen moles reacted is plotted as a function of time on stream at 523 K, 
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5 000 i/hr kgca t, and H2/(CO+CO2) ratio of 2. It can be seen from figure 39 that this 

ratio is near I which is the stoiehiometdc ratio of oxygen to carbon of carbon monoxide 

~n the carbon monoxide hydrogenation reaction, attesting that this reaction is the main 

route to methanol at the specified conditions. 

One the other hand table 2 shows the effect of H2/(C0+CO2) ratio on the ratio of 

carbon moles reacted to oxygen moles reacted at 523 K.. 'The space velocity had no 

significant effect on the ratio of carbon moles reacted to oxygen moles reacted for space 

velocities higher than 40001/hr kgeat. This is shown in figure 40. 

Table 2. Effect of H2/(CO+CO2) ratio on the ratio of carbon moles reacted to oxygen 

moles reacted 

i , 

H?/(CO+CO2) ratio 

cO? mole % in feed 

(CIO),~.,~,,~ ratio 

, ,, ,, w 

0.5/1 

1.2 

3.1 

I/I 
I l Jllll II 

4.7 

0.66 

2/1 
m m  i z . . . .  

5.6 

0.94 

Table 2 indicatcs that the carbon monoxide hydrogenation reaction is the main 

route to methanol at H2/(CO+CO2) ratios of 0.5 and 2 since the ratio of carbon moles 

reacted to oxygen moles reacted is approximately I. H2/(CO+CO2) ra~os of 0.5 and 2 

correspond to carbon dioxide mole percent in the Iced of 3,1 and 5.6 respectively. 

However at H2/(CO+CO2) ratio cf l which correspond to carbon dioxide mole 

percent in the feed of 4.7, the main route to methanol is the carbon dioxide 

hydrogenation reactiun or at least both CO mad CO 2 lead to methanol production since 

the ratio of carbon moles reacted to oxygen moles reacted has an average value of 0.66 

that is elosc to the stoichiomemc ratio 0.5 which is the stoiohiom¢~c ratio of oxygen to 

carbon of c,~xbon dioxide in the carbon dioxide hydrogenation rc~efion. 
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4.6 Pore Diffusional Limitations 

Another experiment was conducted in which the catalyst particle size used was in 

the range of 250 to 300 microns instead of 500 to 600 microns. The same reduction 

procedure and reaction conditions were implemented. The H2/(CO+CO2) ratio was set 

at 2 for 360 hours oftime on stream. 

Figure 41 shows a comparison between the two experiments. It can be seen that 

higher methanol production rates are achieved during the experiment with particle size 

range of 250 to 300 microns for the first 150 hours of time on stream, due to the 

identical and continuous mixing and fi'iction conditions in the slun.'y reactor between Lhc 

catalyst particles in the two experiments, the catalyst pat-fide size eventually reduces to 

an eqtml size. This is shoval in figure 42. 

Therefore, it can be concluded that there is an experimental evidence of the 

existence of  pore diffusional limitations. On the other hand, theoretical pore diffusional 

limitations calculations showed that these limitations do not exist. This observation is 

confirmed by Berty et al. (I983) who conducted a methanol synthesis study in a Berty 

reactor at a space velocity, range of 2 600 to 22 1O0 l/hr kgea t and pressure of 5.2 MPa. 

"I~e temperature was in the range of 477 to 505 K and the catalyst particle size was in the 

range of 1.5 to 5 ram. Higher methanol production rates were achieved at smaller 

catalyst sizes verifying the existence of pore diffusional limitations. 

Bert'y sttggests that the contradiction between theoretical and experimental 

observations is due to fact that the Weisz- Prater criterion for diffasional limitation is 

based on A ¢* B reaction type while the methanol synthesis reaction is a reducing mole 

type, and due to the uncertainty in the tortuosity that is used in the calculation of 

effective diffusivity. 
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4.7 Equilibrium Calculations 

Equilibrium calculations were performed on the methanol synthesis reaotion 

at 523 K and 5.2 MPa. The space velocity was varied in the range of 3 000 to 

13 000 1/hr kgca t. the oil molar flow rate was held at 14.15 moVhr kgea t. The 

H2/(CO+CO2) ratio was set at 2, 1, and 0.5. The two independent reactions considered 

are the carbon monoxide hydrogenation reaction and the reverse ,,cater gas shift reaction. 

The solution is assumed to be ideal and the liquid vapor equilibrium is governed by 

Henry's law. Hertry's law constants for.the components involved are determined using 

relations given by yon Wedel, (1988). Thermodynamic equilibruim constants are 

calculated by assuming ideal ga.,; behavior by the mixture. Based on these assumptions, 

the following set of equations are written: 

Component mass balance: 

H2: (V yl)ou t + (L xl)ou t + 2 ~I + ~2 = (Vyl)in + (i, Xl)in (I4) 

CO2: (Vy2)ou t + (L X2)ou t + ¢2 = OrYg)in + (L x2)in (15) 

CO: Ory3)out + (I, X3)ou t + ¢1 " ~2 = OrY3)in + (Z x3) ~ (16) 

CH3OH: (Vyg)ou t + (L X4)ou t -  ¢1 = (Vy4)in + (L x4)m (17) 

n 2 o :  (VYs)out + (rxs)out  " ~2 = OrYS)in + (I'xs)in (18) 

Oil: (VYr)ou t + (L xr)ou t = (L xr)in (19) 

Over all mass balance: 

rout + Lout + 2¢1 = rout + L o u t  (20) 

Henry's relations: 

H2: yl /x l  = kl (21) 

CO2: y2/x2 = k2 (22) 

CO: y3/x 3 = k 3 (23) 
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CH3OH: Y4/X4 = k4  

H20: Y / x 5  = k 5 

(24) 

(25) 

Summation of components mole fractions in the liquid phase: 

x I + x  2 + x  3 + x  4 +X  5 +X 6 =1 (26) 

Reaction equilibrium constants: 

K I = f cI130It / (OrlI2) 2 .[CO) 

K2 = (fttaofco) / OrHafc02) 

(27) 

(28) 

Where the reactions,involved are : 

CO ÷ 2H 2 ~= CH30H KI, CI 

H2+C02 ¢= CO+H20 K2, 

These fifteen equations in fifteen unknowns are solved using a IMSL library 

program utilizing a Lcvcnberg-Marquardt algorithm and finite difference approximation 

to the Jacobian. The computer program is shown in appendix B. fi is the fugacity of 

component i and is set equal to H i C T xi, where H i is Henry's constant for component i 

and C T is the total concentration which was set equal to Densftyoil/MWoi i. 

Results obtained indicate that the experimental methanol production rate along 

with the experimental carbon monoxide and hydrogen % conversions are about one tenth 

of those determined by equilibrium calculations. On the other hand, more water is 

produced experimentally than the ~,anount determined by equilibrium calculations. These 

results are illustrated in tables 3 and 4. 
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Table 3. Comparison between experimental methanol and water production rates with 

these obtained by equilibrium calculations 

J J  

Ratio=2 

| 

Rado=l 

Ratio=0.5 

Space Veloeib" 

l/hr kgeat ' 

Exp. 
I 

3 000 3.04 

5 000 4.76 

7 500 5.07 

10 000 5.7I 

3 000 2.44 

5 000 4.99 

8 000 6.2 

13 000 7.5 

3 000 1.99 

5 000 4.84 
j,, 

8 000 5.74 
. .  • ~ ' 

b 

13 000 I 7.25 

Methanol Production Rate 

. I I  

Water Production Rate 

0.28 

0.40 

0.47 
i r  

0.!5 

0.42 

0.47 

0.73 

0.32 0.12 

0.58 0.20 

0.60 0.29 

0.76 

0.94 

0.38 

0.52 

0.089 

0.12 

0.21 
I 

0.027 

0.044 

0.069 

0.11 
i i i  

mol/hr kge~t 

Equil. 

23.17 

38.28 

57.30 

76.26 
I - - -  

19.33 

32.02 

48.2t 

83.4~ 
I IJl  

12.60 

20.99 

33.56 

54.71 

molflar kg~.Rt 

Exp. I Equil. 
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Table 4. Comparison between experimental hydrogen and carbon monoxide % 

conversions with these obtained by equilibrium calculations 

Space Ve!~..ity Hydrogen % conversion 

1/hr kgcar ...... 

Exp. 

11.16 Ratio=2 

Ratio=l 

Ratio--0.5 

3000 

5000 

7 500 

10000 

3000 

5000 

80OO 

13600 

3000 

5000 

80OO 

13000 

7.49 

2.60 

3.20 
m 

Enuil. 
I 

52.07 

51.69 

51.50 

51.40 

57.83 

Carbon monoxide % 

conversion 

Exp. 

4.34 

4.65 

5.24 

3.63 

1.78 

Equil. 

57.01 

56.61 

56.4I 

56.30 

31.79 8.96 

8.65 57.58 1.67 31.85 

7.06 57.70 0.71 31.72 

4.58 

9.28 

0.071 57.66 

55.13 

31.70 

15.69 4.04 

7.86 55.20 5.29 t5.20 
, , , ,  , , ,  

7.45 

6.00 

55.24 

55.27 t 

4.26 

4.27 

15.63 

15.64 
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4.8 Rate Equation Development. 

On the basis of equilibrium calculations, it is concluded that the carbon monoxide 

and carbon dioxide hydrogenation reactions are far from equilibrium and low 

conversions were achieved. It is also noted that more water is produced than that 

predicted by equilibrium calculations. It is assumed that the reactor is isothermal, the 

carbon monoxide hydrogenation reaction is the rate controlling step, and the water gas 

shift reaction is at dynamic equilibrium, also the liquid and vapor phases in the reactor 

are in equilibrium and governed by Henry's law. Therefore an equation of the form 

shown below (equation(29)) is proposed as a kinetic model describing methanol 

synthesis at the industrial conditions of 5.2 MPa and 523 K. 

= P.,o P'co, (29) 

Where k is the rate constant. All six parameters are fit from experimental data 

collected at three different H2/(CO+CO 2) ratios. Plash calculations am conducted on the 

is J| gas leaving the reactor to dctcrmine component distribution in the gas and liquid 

phase by solving the following equation: 

e Xi 
1 = E v (30) 

i=l [ 1 - ( ' ~ ) ( 1  
P 

Where x i and K i are the outlet liquid mole fraction and equilibrium constant (K 

value) of component i respectively. F is the inlet flow rate and V is the outlet gas flow 

rate. Henry's law is used to f'md the gas phase composition: 

Yl = ~ x i  (31) 
P 

Where C T is given by equation (32) and Pi is given by equation (33). 
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Or= Polz (32) 
MWou 

Pi = Y i P  (33) 

H i and C T are the Henry's constant for component i and the total concentration 

respectively. The oil vapor pressure is negligible. The calculated partial pressures are 

fitted to equation (29) yielding the following power law rate equation: 

0.58 0.78 

r~,,~,,.t = 0 .066  P m  Pco o.~s _o.~  (35) 
PcttJo# Pt¢~o 

This equation is valid in the space velocity range of 5 000-13 000 I/hr kgca t at 5.2 

MPa and 523 K. A parity plot showing the validation of equation (35) is shown in figure 

43. Methanol synthesis process simulation using equation (35) to describe methanol 

production rate at 523 K and 5.2 MPa was conducted. The same set of equations used in 

equilibrium calculations was used excluding equation (27) which was replaced with 

equation (35). The computer process simulation results indicate the model developed has 

an absolute average error of 5.78. The computer program is shown in appendix C. A 

comparison of average error percent of models proposed by several researchers is shown 

in tab!e 5. Methanol production rates obtained by process simulation are compared to 

experimental production rates in table 6. 

Table 
researchers 

Researcher 

Natta et al. (1955) 

Leonov et al. (,!973) 

Lee et al. (1,98,4) 

Villa et al. (1985) ...... 

yon Wedel f19.88) 

5. Comparison of the average error percent of models proposed by several 

McNeil et al. (1989) ...... 

This Study., 

Number of constants 

7 

6 

8 H .3  

2 

2 

l i Average error percent 

12.0 

20.6 

20.8 

9.8 

18 

5.8 

8 
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Table 6. Comparison between methanol production rates obtained by process simulation 

and experimental methanol production rates 

Ratio=2 

Ratio=l 

Ratio---0.5 

Space Velocity Methanol Production Rate 

l/hr kgca t mol/hr kg~,~r 
, = ,  

5 000 

7 500 

1O000 

5 000 

8 000 

13 000 

5 000 

8 000 

13 000 

% error 

Exp. Predicted 

4.76 4.86 -2.10 

5.07 5.48 -8.09 

5.96 -4.38 

5.43 -8.82 

5,71 

4.99 

6.20 6.17 0.48 

7.50 7.24 3.33 

4.84 5.5 -13.63 

5.74 6.36 -10.8 

7.25 7.35 1.38 

Due to the low conversions and production rates attained, the reverse term of the 

rate equation has a negligible effect on the calculated methanol production rate, but at 

studies where high conversions are achieved it is highly advisable to use that term. 

Therefore, the final form of the rate equation developed is: 

pO.Ss_o.Ts[ ] 
n2 Pco Pcmon 

~1 = 0.066 _o.as _o.~ 1 (35) 
Pcmou Pmo P ~  Pco Kl  

This equation caz~ be used for methanol rate prediction and for performing design 

calculation at typical industrial conditions using a CuO/ZnO/AI203 catalyst. K 1 is the 

thermodynamic equilibrium constant for the carbon monoxide hydrogenation reaction. 

Equation (35) shows that methanol synthesis is a fh'st order reaction in agreement 

with Weimer et al. (1987) who indicate that the reaction data exhibit an almost fast order 
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behavior with respect to pressure. Also, the driving force term (P'co Pbm) is in the 

numerator in agreement with many researchers' work. 

Moreover, the Methanol partial pressure term is in the denominator, considered as 

a resistance, in agreement with Natta (1955), who indicates that methanol is strongly 

adsorbed,  therefore inhibiting methanol synthesis. The water partial pressure term, also 

considered as a resistance, is in the denominator in agreement with Liu et al. (1984), who 

indicate that water is competetively adsorbed and therefore inhibiting methanol 

production and the extent of inhibitition increases with increasing water partial pressure. 

The main objective of  this study is to deduce a kinetic model describing methanol 

synthesis. It was not intended in this study '.o investigate the role of carbon dioxide in 

methanol synthesis nor the catalyst pore diffusional kinetics, but some basic insight into 

the effect of these factors were achieved. Therefore, further in depth studies on both the 

role of  carbon dioxide and diffusional kinetics in methanol synthesis reaction are 

recommended. 

4.9 Catalyst Characterization 

The catalyst surface area was measured before and after the reaction. The 

measured surface area for the fresh catalyst was 49 m2/g, and that of the same catalyst 

after 660 hours of continuous operation was 32 m2/g. The reduction in the surface area 

could be due to coke deposition, surface metal sintcring, or due to the fact that the 

catalyst suffered irrcversible deactivation when the reaction tempcmturc was raised to 

538 K. Also, atomic adsorption was used to analyze for iron in the catalyst after the 

reaction and was found to be 0.2 wt. % iron. The manufacturer did not report that the 

catalyst contains even trace of  iron. 
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Table A1. Effect of time on stream on condc'nsatc production rate and composition at 
5 000 l/hr kgca t, 523 K~ ~nd H2/(CO+CO2)=2. 

Run # Time('h.r) Comp. Prod. Rate(mol/hr Kg) comp. Fraction in condensate 
MeOH 

M~H Water DIvlE Water DME 

1 8 14.129 0.1591 0.000118 0.98886 0.011132 B.27E-06 

2 16 14.0965 0.161428 0.000135 0.988669 0.011322 9.45E-06 

3 38 9.200244 0.143795 8.46E-05 0.984602 0.015389 9.06E--06 

4 65 9.728286 0.20505 8.50E-05 0.979349 0.020642 8.64E-06 

5 86 7.952188 0.195943 6.50E-06 0.975945 0.024047 8.08E-06 

6 106 7.088709 0.230868 i.?AE-05 0.968442 0.031541 1.69E-05 

8 130 5.750382 0.165872 4.53E-05 0.971956 0.028036 7.65E-06 

I0 157 4.953652 0.193407 3.91E-05 0.962416 0.037576 7.91E4)6 

12 180 4.978227 0.205265 4.30E-05 0.960392 0.039599 8.29E-06 

20 328 4.860547 0.30336 4.35E-05 0.941246 0.058746 8.43E-06 

29 470 4.870703 0.452017 2.59E-05 0.915073 0.084922 4.86E-06 

31 493 4.643694 0.633291 5.54E-05 0.879981 0.120009 1.05E-05 

35 595 4.764352 0.581181 0.001728 0.890989 0.108688 0.000323 

41 660 4.67114.~ 0.670652 0.009818 0.872848 0.125318 0.001835 
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Table A2. Effect of  tim, on stream on conversions at 5000 l/hr kgcat, 523 K, and 
H21(CO+CO2)=2. 

Run # Time. 

1 8 

2 16 

3 38 

4 65 

5 86 

6 I06 

8 130 

10 157 

12 180 

20 328 

29 470 

31 493 

35 595 

41 660 

% Conversions 
CO to 

B2 C02 CO Carbon CO to C to H to 

C02 M~)H MeOH MeOH 

15.877 5.036 20.94 -0.522 19.44 20.99 !9.01 19.01 

19.725 5.22 22.48 -0.541 20.859 20.994 18.79 18.79 

15.63 1 .783  13.803 -0.185 12.674 13.6-,67 12.385 12.385 

12.899 1.196 14.151 -0.124 12.934 14.454 13.095 13.095 

8.494 2.031 I1.379 -0.21 10.5 

8.217 2.839 7.777 -0.294 7.313 

7.534 11.765 

6.267 2.091 

6.87 11.984 

4.785 17.423 

7.036 7.124 

7.138 6.264 

4.944 -1.22 5.585 

5.051 43.217 4.773 

2.852 -1.243 3.711 

5.936 -1.807 7.015 

4.662 43.739 4.894 

4.287 -0.649 4.73 

7.495 6.625 4.656 -0.687 4.841 

5.953 15.729 4.17 -1.631 5.257 

11.815 !0.704 10.704 

10.532 9.542 9.542 

8.544 7.74 7.74 

7.36 6.668 6.668 

7.396 6.701 6.701 

7.221 6.543 6.543 

7.236 6.556 6.556 

6.899 6 .251  6.251 

7.078 6.413 6.413 

6.94 6.288 6.2688 
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Table A3. Effect of space velocity on condensate production rate and composition at 
523 K and different H2/(CO+C02) ratios. 

-~. V. Comp. Prod. Rate(mol/'ar Kg) romp. Fraction in conde~at~ 

MeOH 
MeOH Water DME Water DME 

RATIO = 2/1 

3000 3.037 0.321 3.29E-0fi 0.904 0 . 0 9 5 8  9.79E-06 

5000 4.764 0.581 0.001728 0 . 8 9 1  0.1086 0.000323 

7500 5 .07006  0.596 5.65E-05 0 .8947  0.1052 9.98E-06 

10000 5.7099 0.763 0.01196 0 . 8 8 0 5  0.1176 0.00i844 

RATIO = 111 

3000 2.4399 0.0939 0.0053 0.96117 0.03674 0.00208 

5000 4.989 0 . 2 7 7 8  0 .0076  0.94588 0.05267 0.001441 

8000 6.2034 0 . 4 0 2 1  0 .0055  0 .9383  0.06082 0.000836 

13000 7.501 0.472 0.0318 0.937 0 .05899  0.00398 

RATIO =0.5/1 

3000 1.991 0. I469 0 .0138  0 .9253  0.06829 0.006405 

5000 4.8387 0 . 4 2 1 8  0 . 0 5 5 8  0.910I 0.07934 0.05582 

8000 5.7423 0.4659 0.0404 0.9189 0.07456 0.00646 

13000 7.25 0.7354 0.01568 0.90614 0.0919 0.00196 
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Table A4. Effect of space velocity on conversions at 523 K and different 
H2/(CO+CO2) ratios. 

S.V, 

Inar ~c~a 

RATIO = 211 

30OO 

50OO 

7500 

10000 

% Conversions 
CO to 

H CO2 CO Carbon 

CO2 

11.16 -4.93 4.34 0.5118 3.469 

7.49 6.625 4.65 -0.687 4.841 

2.646 8.048 5.244 0.0835 5.508 

3.198 8.54 3.63 -0. 885 4.091 

COto Cto Hto 

MeOH McOH MEOH 

7.51 6.804 6.804 

7.079 6.413 6.413 

5.014 4.54 4.54 

4.235 3.837 3.837 

RATIO = 111 

3000 

5000 

8013'0 

1300~ 

8.96 8.48 1.78 -0.8805 2.416 4.021 3.643 7.287 

8.653 13.525 1 . 6 7  -1.403 2.789 4.941 4.477 8.955 

7.06 16 .47  0 .705  -I.71 2.188 4.09 3.705 7.411 

4.58 24.54 0.079 -2.54 2.37 2.85 2.58 5.17 

RATIO = 0.511 

3000 9.28 -10.73 4.04 1.003 2.776 2.47 2.258 8.701 

5000 7.86 -6.94 5.29 0,65 4.24 3.607 3.3 12.706 

8000 7.455 -5.68 4.264 0.5311 3.414 2.67 2.44 9.41 

13000 5.998 -6.62 4.27 0.619 3.338 2.077 1 .898  7.314 
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Table A3. Effect of  space velocity on condensate production rate and composition at 
different temperatures and at H2/(CO+CO2)=2. 

T - 5 2 3  K 

S.V. Comp.  Prod. Ra~(mol/hr Kg) temp. Fraction in condensate 

trar kgcat MeOH Wamr DME MeOH Wamr DME 

3000 3.037 0.321 3.29E-O5 0.904 0.0958 9.79E-06 

5000 4.764 0.581 0.001728 0.891 0.1086 0.000323 

7500 5.07006 0.596 5.65E-05 0.8947 0.1052 9.98E..06 

I0000 5.7099 0.763 0.01196 0.8805 0.1176 0.001,544 

T=508 K 

3000 2.422 0.3.54 0.00188 0.8717 0.127 0.000678 

5000 3.186 0.3886 0.00115 0.89099 0.1087 0.00323 

7500 3.91 0.5416 0.00281 0.8777 0.1216 0.00063 
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Table A6. Effect of space velocity on conversions at different temperatures and at 
H2/(CO+CO2)--2. 

S.V.  

thtr kgcat 

T=523 K 

30OO 

5000 

7500 

10000 

% Conversions 

H CO2 CO CO to Carbon CO to C to H to 

CO2 MeOH MeOH MEOH 

11.16 -4.93 4.34 0.5118 3.469 7.5i 6.804 6.804 

7.49 6.625 4.65 -0.687 4.841 7.079 6.413 6.413 

2.646 8.048 5.244 0.0835 5.508 5.014 4.54 4.54 

3.198 8.54 3.63 -0.885 4.091 4.235 3.837 3.837 

T=508 K 

3000 5.747 4.723 5.63 -0.49 5.54 5.99 5.427 5.427 

5000 5.303 -8.24 4.194 0.855 3.025 4.733 4.288 4.288 

7500 5.38 -8.14 4.37 0.845 3 .201  3.866 3.503 3.503 
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Table A7. Percent error of the proposed equation 

S.V. P,.meoh R.meoh eq. 

l/hr kgcat mol/b.r kgcat mol/hr kgeat 

% error 

R a t i o = 2  5000 4.87 4.74 -2.63 
10000 5.71 5.90 3.39 
5000 4.64 4.74 2.02 
5000 4.81 4.71 -1.94 
5000 4.76 4.71 -1.19 
5000 4.67 4.69 0.50 
5000 4.95 4.97 0.43 
5000 4.98 4.99 0.19 

R a t i o  = 1 5000 5.46 5.49 0.58 
13000 7.50 7.35 -1.98 
5000 5.45 5.55 1.85 
8000 6.20 6.21 0.12 
5000 4.86 4.82 -0.82 

Ratio=0.5 5000 5.44 5.45 0.08 
5000 5.38 5.41 0.44 
13000 7.25 7.19 -0.86 

Absolute average error : 1.19 
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PKOGKAM LIN 

COMMON/LHSCONS/C(3) 

INTEGEK ITMAX, N 

REAL ~ L  

PARAMETEK (N=15) 

INTEGER K, NOUT 

REAL FNOP~, X(N), 
EXTEKNAL FCN, NEQNF, 

CHAKACTER*4 NAMEClS) 

XGUESS(N),conv(3) 

UMACH 

DATA NAME/' XH2','XC02',' XC0',' 

' YH2','YCO2',' YCO'. 

~' YM',' YW',' el',' e2',' L',' 

OPEN (8 ,FILE= ' INPUT' , STATUS= ' OLD' ) 

DO I=! ,3 

KEAD CS.-)cCI) 
ENDDO 

OPEN (20 ,FILE= ' GUESS ' , STATUS= ' OLD' ) 

DO I=1 ,N 

(20,-)XGUESS (Z) 

ENDDO 

~rit e (9, -) ' Initial Guess ' 

DO I=I,N 
wri~ e (9, -)name(i) ,XGUESS (1) 

ENDDO 

Izri~e(9, -) ' VH2 VC02 VCO 

l~el=cCz) / (c (2) +c(3) ) 
~e2=c(1)+c(2)+c(3) 

write(9,20) ¢(I),= (2) ,c(3) ,~el,te2 

20 formam (2X, SFlO. 3) 

10 format (2x, 4A, 4x, E12.5) 

ERRAEL = I .E-OS 

ITMAZ = 600 

XM', 

C 

C .  , , 

V' /  

CALL UMACK (2, NOUT) 
Find ~he solution 

CALL NE~NF (FCN, EKKKEL, N, iTMAX, XGUE$S, 

Ou~pu~ 

XW','XDIL', 

~TI0 V(IN)' 

x, FNOP, a) 

cony (I) =loon (X (12)-Z (13))/c (3) 

cony(2) =Ioo-x(13)/c(2) 
cony (3) = ioo- (2-X(12) +x (i~))/c(I) 



103 

WRITE (9,-) 'SOLUTION' 

do k=l,n 
WRITE (9,=) name(k),X(K) 

enddo 

C, 

C. 

C 

WKITE (9,=) 'Error NORM' 
WRITE (9,*) FNO~ 
WRITE (9,*) 'Stoping Criteria u s e d '  

WRITE (9,~) EB3REL 

WRITE(9,*) ' ZCONVERSIONS: ' 
WR!TE(S,*)'C0NV co =',coNY(:) 
WRITE (9, * ) '  CONV C02 ='.CONV (2) 
WRZTE(S,-)'CONV ~2 =',COrn(S) 
END 

User-defined subroutine 
SUSROUTZtr; FCN (X, F, N) 
C0~ONILHSCONS/C(3) 
INTEGER N 

REAL XCN), F(N) 

F(£) 
F(2) 
F(3) 

F(4) 
F(S) 
F(S) 
F(7) 
F(S) 
F(9) 

F(~O) 
F(I:) 

F C / 2 )  

~(13) 
z(14) 

~ ' ( ~ s )  

= x(Is)-x (7) +x(14)=x (1) +2=x (12)+x (Is)-c (1) 
= xC15),xCs) ÷xCz4)*xC2)÷x(:3)-c(2) 
= xC~s)-xcs) +x (14),xc3)+xC:2)-xC:s)-c(3) 
= x (:s),x(:o) +x (1~),x (4)-x (12)-o. o 
= xC1S),xC:1)+x(14) =xCs)-x(Is)-o. o 
= X(14)-X (6)-6.0856 
= X (14)+X (15)+2~X (12)- (C (1) ÷C (2)+C (3)÷6 • 0856) 
= x (1)+xC2)+x(~) +x(4)+x(s) +x(s)-1. 
= xCv)-2.2:-x(1) 

= xCs)-sl.s,x(2) 
= X(9)-6.S1,X(3) 
= X(10)-l.92-X(4) 
= X(:l)-:.~7-x(s) 
= X (~)-88.17-X (3)-X (I) --2 
= X(5)-X (3) -0. 248785-X(!) -X(2) 

RETURN 

END 
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APPENDIX C 

PROCESS SIMULATION PROGRAM 
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C 

PKOGKAM NDNLIN 

COMMON/LBSCONS/C (3) 

INTEGER ITMAX, N 

REAL E~L 

PARAMETER (N=I5) 

INTEGER K, NDUT 

REAL FNg~, X(N), XGuESS(N),conv(3) 
EXTEKNAL FCN, NEQNF, UMACH 

CHAKACTER-4 NAME (15) 

DATA NAME/' XH2','XC02',' XCD',' XH',' XW','XOIL', 

& ' YE2','YCO2',' YCD', 

' YM',' YW',' el',' e2',' L',' V'/ 

OPEN (8 ,FILE=' INPUT' , STATUS=' OLD' ) 

DO I=1,3 
~AD(8,-)C (Z) 

I~TDDD 
0PEN (20 ,FILE=' GUESS ' , STATUS= ' OLD ' ) 

DO I=I ,N 

READ (20,-) XGUESS (I) 
ENDD0 

~' r i te (9 , - )  ' Initial Guess' 

DO I=I,N 

write (9, -)name (i) ,XGUESS (i) 

ENDD0 

write (9,') ' VE2 VCD2 VC0 

~ e l = c  (z)  / (c (2) += (3) )  
te2=c (1) + c  (2)+c (3) 
write(S,20) ¢(1) ,c(2) ,c(3) .~el ,re2 
20 format (2X,SFI0.3) 

I0 ~orma~(2x,4A,~x,El2.5) 
EB/LREL = I.E-05 

ITMAX = S00 

C 

C... 

C 

~TZO V(Z~)' 

CALL UMACH (2, NOUT) 

Fiud ~he solution 

CALL NEQNF (FCN. ~ ,  N, ITMAX, XGUESS, X, FNORM) 
Ou~pul: 

cony (1) =~00- (X (12)-x (~3)) /c  (3) 
conv(2)=lOO=X(13)/C(2) 
cony (3) =ioo- (2-X (12)+X (13) ) /c ( i )  



106 

WRITE (9,') 'SOLUTION' 

do k=l ,n 

WRITE (9,*) name(k),X(K) 
enddo 

C 

WRITE (9,~) 'Error NOR/~' 

WRITE (9°.) FNOKM 

WRITE (9,-) 'Stoping Cri%eria used' 

WRITE (9, *) E ~ Y . L  

WRITE(9,") ' Y, CONVERSIONS: ' 

WRITE(S,=),COi~ CO =' ,CONV(1) 
WRITE(9.*)'CDNV C02 = '  ,CONV(2) 
WRITE(9,=) 'CONV H2 =' ,CDNV(3) 

END 
U s e r - d e f i n e d  sub rou t i ne  

stmROOTTm~ FeN (X, F ,  N) 
COm~O~/LHSCO~S/C (3) 
I b ' i ' E G ~  N 

m~AL xC~;), F (N) 

F(1) 
F(2) 
F(3) 
F(4) 
F(S) 
F(6) 

F(8) 
F(S) 
F(~O) 
F(11) 
F(12) 
F(13) 
F(~4) 

-- x (~.5) =x (7) +x (14)-x (I)÷2.x (12) +x(Is)-c (I) 
= x C1s)-xCs)+xC14).x(2)+x (13)-c (2) 
= x (Is),x (9)+xC14).x(3)+zC12)-x (13)-cCs) 
= X (15)',X(10) ÷X(14)*X(4)-X (12)-0.0 
= x(is)-x(11)+x(~4) -x(s) -x(13) -0.0 

= x (14)=x(s)-14. ~.s 
= xC1~)+xC1s)+2*x(12)- (c(!) +c(2)+c(3)+~4. !s) 
= x (1)+xC2)÷x(3) ÷x(4)÷x(s)÷x (6)-I. 
= xCT)-2.21.x(1) 

= Z(S)-91.8=X (2) 
= Z(9)-6.61=X(3) 
= x(1o)-1.92-x(~) 
= x(11)-:.sT-x(s) 

= . 853823+0. 582 =LOG (X (7)) ÷0.779,,LOG (X (9)) 

-LDG(X (12))-0.38S,,LDG (X( 10))-0. O644-LOG (X(11)) 
FCIS) = xCs).x(3)-o.2487ss-x(1)~x(2) 

RETURN 

END 
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