
Miniature ^ulff-type Generator / o r 

Inprovins ^ e e d ^® ^uel Ce l l s 

T-S. E4B. 3 # Sc. 

Berartmeiit of Chemistry 

( Submitted in r a r t i a l fu l f i l lment of 

the requirements for the decree of 

Kaster of Science ) 

B l U C i l l H I V J k H b i n 

S t . C a t h a r i n e s , Ontar io 

September 1$7^ 



utBLB or conaiiga 

Bage 

IMtEOiiUCSlOM 1 

Sources and JaterconTersioa of Jkaergy 2 

Class i f icat ion of fuels 3 

His to r i ca l fuel Consumption in the ltforld 5 

She &as Industry Plays an Important Bole ? 
i a Supplying laergy to Industry and Private 
Residences 

leview Some of the Changes ia Fuel Sechaology ? 

(a) Gases produced fro® coal used for 8 
l ight ing 

(h) &as©s produced froa coal used for heating 3 

(c) Changing froa coal to hydrocarbons as 9 
feed-stocks 

(d) Kxaaples of gas i f ica t ion of petroleum 12 
fract ion for producing gas for heating 

tremendous Chasge i a &as Industry froa Gases Produced 
for Heating to Gases Produced for Chemical Industry 13 

Emerging Seeds of COJtg ttixtlires a n d fl2 i a Chemical i^ 
Industry 

Processes of Makiog GO-Hg f lSynthesis (las11 and E^ Ik 

( i ) Main Process 15 

(a) Catalytic steam hydrocarbon reforming 15 

(b) Pressure noncatalytic p a r t i a l oxidation 17 
of hydrocarbons 

(c) Pressure ca ta ly t i c p a r t i a l oxidation of 18 
hydrocarbons 

( i i ) Other Processes Also Using Hyarocarboas 18 

(a) Catalytic reforming of Petroleum naptha 19 

(b) Ihermal decomposition of hydrocarbons 19 



Bage 

I# Main factors in Gas Industry for Controlling the 2Q 
Desired Gaseous Products 

J# lulff Process 22 

38 

38 

K0 Season for Choosing She fculff Process i a our zk 
Invest igat ion 

L# Advantages of Methanol 24 

Mm the Aim of Ihe Invest igat ion 26 

CEAPSKE 2; Experimental 2 8 

A* Description of Apparatus o0 

3m ^Molecular Sieves11 09 

C# Pek ing of Colusa ^ 

D* Operation of She Apparatus ^ 

1« Model GT-11 Gas Sample falve 

1 Description of falve 

11 Operation 03 

?• Freparatiozi Hi-Mi Catalyst 39 

G* Calibrat ion of the Chromatograph 39 

OMPi^E 3- He su i t s and Discussion 4-2 

BIBS 1. i t hano l and Air System 53 

A# Prediction of Possible lieaction 53 

3# Explanation of Captions 54 

C* Calculation of flow Hates of Air and &thanol 5/f 
lapor 

D. Summary of Hesuits $§ 

PAST 11, Methanol System 68 

0AS1 (I) Methanol and HJJ System 

A# Prediction of Ideal leact ion 68 

B# Explanation of Captions 69 



C # Calculation of flow Bates of IL and Methanol 
Vapor 

B# Quinary of fiesuits 

CASS (11); Methanol a t Above Boiling Point without Carrier Ga 

A# Prediction of Possible Heactions 

B # Ixplanat ion of Captions 

Gm ^umiary of fiesults 

F*BX J1J# Methane System 

A# Prediction of Possible Reactions 

B # Explanation of Captions 

C@ Calculation of Klow Bates of H2t
 wk and- teter 

Vapor 

B, ^unusary of Results 

CG1GMJ310I 

BIBLXO&flABU 



LIST or wmums 

Figure Page 

1 Diagrammatic representat ion of the apparatus 2f 

2 Chroaatogram of coal gas -a i r mixture 3k 

3 Ghromtograa of gas mixture (hZt a i r f GH f̂ and CO) 3 ^ 

k$5 Gas sample valve 3? 

6 Diagrammatic simple vacuum l ine kO 

7 Hydrogen ca l ib ra t ion curve kl 

8 Bate v # s . leap* curve for CH3CH2OH and Air system 52 

9 Jtate v*s# Eeap. curve for CHjQiE{kQ0 C) and Air systea 6? 

10 l a t e v # s #
 fiesp. curve for CH^(3o> a i r ) and H20(60dC) 87 

system 



LIST of mm&a 

Table 

1.1 

1.2 

1.3 

2 . 1 

2 .2 

3 . 1 . 1 
to 

3 . 1 . 9 . 

C l a s s i f i c a t i o n of f u e l s 

P r o p e r t i e s of c o a l , water and producer g a s e s 

H i s t o r i c a l survey of the hydrogenat ion of Go 

Commonly a v a i l a b l e Molecular S ieves 

Slopes of l i n e a r c a l i b r a t i o n curves of 0 2 , M2 

G% and CO 

I t h a n o l and A i r system 

Jage 

k 

10 

16 

33 

40 

10 
to 
5 1 . 

3 . 2 . 1 | 
t o 

3 . 2 . 1 0 , 
Methanol and Ho system 

58 
to 
62 

3 . 2 . 1 1 
to t 

3 . 2 . 1 8 ; 
Methanol (66°C) wi thou t M2 system 

63 
to 
66. 

3.2.19 

3.3.1) 
to \ 

3.3.6) 

Bate of CELOH input at different temperature 

CH/j,(30̂  air) direct to reactor 

70 

75 \ 
to 
77-

3 . 3 . 7 
to 

3 . 3 . 1 2 ; 
C%(30$> a i r ) and c ^ O t W c ) system 

78 
to 
80 

3 .3 .13 
to • 

3 . 3 . 1 8 , 
C%(30> a i r ) and E20(60°C) system 

31 
to 
83 

3.3.191 
to 

3.3.24, 
CH^(91.5^ pure) and HgO^O^C) systea 

m 
to 
86. 



ABSffBACf 

She or ig inal objective of th i s work was to provide a simple generator 

which would produce hydrogen for* fue l -ce l l feed aad which could "be operated 

uader remote or northern conditions* A secondary objective m e to maximize 

the yield of hydrogen aad carbon monoxide fro® avai lable feed-stocks« 

A search of the patent l i t e r a t u r e has indicated that the concept of 

a sna i l lu l f f - type generator i s essent ia l ly sound and that hydrogea nay 

he recovered fro© a wide var ie ty of hydrocarbon feed-stocks* 

A siaple experimental set-up has been devised, patterned a f t e r that 

or iginal ly used "by 1* G# Wulff for producing acetylene* Shis provides 

a supply of feed-stock, with or without a ca r r i e r gas, which may "be 

passed d i rec t ly through a heated tube, which may contain a catalyst* 

A sui table procedure has been devised for analysing effluent gases 

for hydrogen, o^ygeat ni trogen, methane and carbon monoxide hy gas 

chroiiatography with the column jacked with Molecular oieve 5 <̂ * 

Sthanol with a i r as ca r r i e r gas and a t the same time as oxidant 

was thermolyzed a t temperatures in the range 700-1100 Ct with or without 

catalyst* 

Methanol with or without nitrogen as a ca r r i e r gas mas a l so cracked n i th 

the ease type of reactor refractory tube, hut the temperature range 
0 

was lower, down to 300 0 when a catalyst was used* 

fhe problems of convertiug methane to hydrogen and carbon monoxide 

efficiently, using air and/or water as oxidants vera also studied* 



Ifhe author thanks most sincerely Br# G*„ M# Jfinlay for the help, 

guidance and encouragement so freely given during the course of this work. 

ne would like to extend his thanks to the members of the faculty 

and technical staff of the Department of Chemistry for their assistance 

and helpful discussions* i'hanks are also due to the iiefence Research 

Board of Canada for their financial support and to Brock university for 

the research facilities* Ke also sincerely thanks Mrs. Cindy Scott 

for the typing of this thesis* 



GMPx'iiH 1 

IHKHOlfUCClOIi 



- 2 -

(A) Sources and Interconversion of Mm&r^y 

fhe commercially important sources of energy are fuel and water power; 

the commercially important forms of energy are heat, mechanical energy and 

electrical energy* fhe energy content of fuels is always first transformed 

into heat energy, which nay be utilized directly, or transformed into 

mechanical energy by the use of either the steam (as well as some other 

organic working fluids) engines or the internal-combustion engine {including 

gas turbine)• She mechanical energy nay be transformed into electrical 

energy and then finally into either chemical energy or heat* The utilization 

of water power is always carried out through the production of mechanical 

energy, which ©ay then be transformed into electrical or heat energy if 

o.eaired# 

2here is a case which is an electric cell that converte the chemical 

energy of a fuel directly into electric energy in a continuous process 

without passing through any above Mentioned indirect transformation of 

energy* This is called a Fuel Cell and is not so familiar to most 

people; as in contrast, the idea of usiag electrochemical processes for 

generating or for storing electrical energy in flashlight batteries and 

storage batteries is familiar* If conversion of energy fro® a primary 

source to electricity can be made in one step, the efficiency should be 

? Forty years agQ the term "fuel" was generally understood to refer only 
to those substances which on heating in air ignited and continued to burn 
with the evolution of heat that could economically be used to meet nan's 
needs of heat and power* fhe primary fuels included wood, peat, lignites, 
coals, oils, natural gas, and animal and vegetable wastes* On ignition, 
these fuels combine with the oxygen of the air, evolving heat and produc
ing mainly G0£ and H£0 vapor* With advances in science and technology, 
methods have been developed for using the energy of other chemical reactions, 
and of the nuclear fission and fusion of atoms* fhe mixtures of elements 
and chemical compounds that interact to provide the energy for rockets are 
referred to as rifuellf and the forss of uranium used in nuclear power 
stations are commonly described as 4Inuclear fuels11. 
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higher than were the conversion to occur in ©any more steps as mentioned 

above apart from considerations of the Garnot cycle, which intrinsically 

limits the efficiency of conventional inairect ana of some direct methods. 

fuel cells (gas fed) which are the new energy sources have the following 

advantages* 

(1) fuel cells offer a highly efficient conversion of chemical energy 
into electricity directly, by which method the fundamental 
limitation of the Garnot cycle is avoided* 

(2) fuel cells are clean and quiet* 

(3) ftiel cells can be adapted for any desired temperature ran^e* 

(k) fhe operation of the cells is simple compared with that of indirect 
devices* 

(5) She exhaust gases are not noxious and are nonpollutant. 

(6) Some designs can be operated in cold weather* 

(7) They provide low voltage direct current* 

(8) Operation is dependable* 

Because of the above advantages, modern developments in fuel cell 

technology have progressed at rapid speed* 

Modern fuel cells use gaseous fuels, either hydrogen or carbon monoxide 

or mixtures of these gases* ihe oxidizer is normally oxygen or air* 

Hydrogen is known to be a good fuel cell fuel even at low temperatures* 

An acid cell, in principle, does not require a high purity hydrogen feed, 

thus carbon monoxide and other impurities aight be accomodated* 

(B) Classification of fuels 

She basis of the commercially important fuels is carbon and its 

compounds with hydrogen* fhey are classified, first, into primary or 

natural fuels, euch as wood, lignite, coal, crude petroleum and natural 

gag, and, second, into secondary or prepared fuels, such as charcoal, 

coke, fuel oil, %ater gas and producer gas* A second classification 

frequently met, although of minor importance, ia based upon whether the 

fuel considered ia solid, liquid or gaseous* 
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(0) historical jftiel Consumption in the World 

Experience over many years hag shown that the effective use of fuel 

and power in the development and improvement of industry and agriculture, 

ana in increasing overall productivity of the nation, ia one of the major 

factors in raising the average standard of living in many countries, and 

the development of modern industries has been aependent on the availability 

of ample supplies of fuel to provide heat ana power, rfor many centuries 

the principal fuels used were wood and other vegetable and animal waste 

materials* Goal naa also been usea over long periods of time in some 

parts of the world where there were outcrops near the surfaces but only 

in relatively snail quantities before the nineteenth eentury# It wag in 

Sreat Britain in the early years of that century that there began the first 

r£*pidv development of modern industry based on the use of coal for furnaces 

and for raising steam to provide power to replace or supplement the 

labor of men and anixoals, 

She estimated total consumption of fuel in the world in 1850 for a 

population of about 1100 million was equivalent to about ̂ 00 million tons 

of bituminous coal or 0»k ton per person* Of the total, more than 60> 

was wood* and Yft> was aniisal dung and farm wastes* Coal, lignite, and 

peat accounted for not much more than 2Q)&m By the year 190GS the estimated. 

fuel consumption for a world population of 1&0G idillion was equivalent 

to 1275 million tons of bituminous coal or G«6 ton per person per annum; 

5<v» was as coal and lignitey ^2p as woou, ITp ^s animal au&g and farm 

wastes , and 3^ as oil and natural gas# 

Since 1900, there have been great increases in the consumption of 

fuel ana power, in spite of improvement in the efficiency with which 

they are used* These increases have been due to several factors* She 
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development of internal combustion engines of several kinds for the 

production of power from different grades of fuel o i l s and fro® gas has 

led to increased demands for o i l and gas for f ac to r i e s , and for read 

and a i r transport* Gasoline fs high energy content, c leanl iness , and ease 

of handling and storing made i t an ideal fuel for moving vehic les ; and 

i t s use soon spread from automobiles to trucks and busesf to farm t r ac to r s t 

boats and airplanes* In even more recent t imes, other types of fuel 

derived from petroleum have been increasingly used to power o i l - f i r ed 

bo i le rs and steam locomotives, and diesel engines for driviisg locomotives, 

t rucks , and buses* ihere i s much greater mechanization and automation to 

aia and replace manual labor and there i s a growiag demand for be t ter and 

more convenient systems of heating ana a i r conaxtionix^ in homes, offices 

and factories* tehile there has .been th i s increase in deioana per person 

for the world as a wholef there has a lso been an unprecedented growth 

in the size of the population* 

By the year 1962 the world population has reached 3 $X$5 million and 

the coal equivalent of the fuel and other sources of energy consumed had 

reached 5*150 mil l ion tons or 1*6 tons of coal equivalent per person, 

43/? was as coal and l i g n i t e , 29^ as petroleum o i l s , l¥p as natural gas , 

7$ a s hydroe lec t r ic i ty , and 7$ a s ^ood, animal dung, and farm wastes* 

fhe t o t a l amounts of fuel and power used per person per annua and the 

proportions of the primary sources of energy in the t o t a l s vary great ly 

froa one country to another according to the a v a i l a b i l i t y of the forms of 

energy, the c l inate , the extent of indus t r ia l development, and the average 

standard of l iving of the people* "faith the move toward more mechanisation 

and automatic control to reduce mnual labor, the demand for the ©ore refined 

and convenient forms of energy • e l e c t r i c i t y , gas, and o i l —— i s 

increasing rapidly in th i s century* 
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(J3) ihe flag Industry "plays an important role in supplying energy to 
Industry and Private Hesidences* 

j'roia the above statistical data, history tells that when men first 

began to produce heat and energy from fuels, especially solid fuels, in 

the early part of the century the gas industry played an important role* 

By the second half of the 20th century the gas industry haci grown into 

one of the key industries showing remarkable ability to adapt itself 

to meet severe competition, changing raw materials, and drastic economic 

and labor conditions, while constantly maintaining and expending its 

service* 

The gases produced by the gas industry for utilization as sources 

of heat and energy in private resiaences and industry include manufactured 

gas (e^* coal gasf vater ̂ aa} producer gas, blast furnace gas), natural 

gas and hW- (.Liquid petroleum gas). 

It should be noted that the term "manufactured, gas11 historically 

connotes the production of ̂ as for distribution by public utilities or 

otner central agencies to domestic and industrial consumers* ihis 

connotation still obtains tooay but it has been "broadened by changing 

technology to encosipaes processes for converting solid or liquid fuels 

to a gaseous* product that is suitable for use either as a source of energy 

or as a feed material for the synthesis of chemicals, liquid fuels or other 

gaseous fuels* Ihus gasification of solid and liquid fuels fields a 

versatile product that can be handled conveniently and inexpensively, 

thereby greatly extending the usefullness of solid and liquid fuels, 

(h) Iteview some,.of the chaoses _ in Juel technology 

So gain perspective on gasification technology today, it is useful 

to review some of the changes in fuel technology, economics and supply 

that have infJuenced the course of the development of gasification 
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processes throughout the years and that account for fche relative 

importance of processes currently used* 

In the early part of the nineteenth century, gas was produced by the 

destructive distillation of coal in retorts and was used first for light

ing in fish-tail burners because its unaeratad diffusion flame was luminous* 

She unsaturated hydrocarbon components of the gas were chiefly responsible 

for the luminosity of the flame and were designated as "illuiiinants11* 

tfhese initially important constituents lost some of their relevance through 

the development of the Bunsen or ̂ blue-flame11 burner in the middle of 

the century because this burner was used for heating, not lighting* 

Soward the end of the century the illumiimnts lost all of their signifacance 

with the aevelopment of the feelsbach mantle, Kven this advance in illum

ination technology was soon superseded as a result of the invention of 

the incandescent electric bulb, although both Vielsbach mantles and fish

tail burners were still in use well into the present century* l!husf in 

its first centurys the gas industry experienced a drastic change in the 

characteristic of its product for lighting, and finally in the demand 

for this application. In the same period, the development of the atmosph

eric burner, an inexpensive, easily controllable device for burning gas 

with a smokeless flame, increased the demand for gas as a source of heat 

in domestic and industrial applications. This latter factor had a profound 

effect on the growth potential for gas production and utilization, and 

more than compensated for the loss of the lighting load. In addition, 

the elimination of the luminosity or illuminant requirement gave greater 

latitude in the development of gasification processes^ 

In the latter half of the nineteenth century, the complete 
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gas i f ica t ion of sol id fuel in fixed beds was achieved through the develop

ment of J (a) the continuous gas producer which produced a gas having 

a heating value of 130-170 Btu/cu, f t . by blowing a i r f usually mixed with 

some steam, through a deep bed of hot coke or coal ; and (b) the cyclic 

blue water gas generator in which a coke fuel bed was a l t e rna t e ly blasted 

with a i r and reacted with steam to produce a blue or water gas having a 

heating value of about 300 Btu/cu, f t , fhe term wbluefl re fers to the color 

of the unsaturated flamef as contrasted with a similar flame of a gas 

containing w i l lumisant,w To increase the heating value of the blue gas 

and give i t luminous proper t ies , the carbureted (enriched with o i l vapors) 

water gas process was developed. In th i s process o i l was cracked in 

checker b r i ck - f i l l ed chambers in the presence of blue gas from the 

generator. By th i s process, the carbureted water gas has a heating value 

up to or above the value for coal gas (gas formed by earbonimtion of coal) 

which has the highest heating v%luet averaging about 500 Btu/cu,f t , 

Thus, a t the beginning of the present century, gas for d i s t r ibu t ion to 

the public could be made by the carbonization of coal with coke and t a r 

as co-products or by the carbureted water gas process with t a r as a by

product, Producer gas processes, which produced gases of much lower 

heating mlue (because about one-half or as much as two-thirds of the i r 

volume i s maae up of nitrogen contained in the a i r used for gas i f ica t ion) 

were avai lable and used for on-s i te generation of gas for indus t r i a l hea t 

ing for steelmaking and other large indus t r ia l furnaces, 

(G) Changing from coal to Hydrocarbons as f eeds tocks 

fhe influence of the competitive posi t ion of raw materials and of 

sources of gas supply on the development and appl icat ion of gas i f ica t ion 

> 
Btus (British thermal Unit) fhe common standard for measuring energy 

in fuels, is defined as the quantity of heat required to raise 
the temperature of one pound of water one IP, 
1 Itu * 252 cal, ss 1055 joule 
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processes is clearly evident from the chaages that occurred in the United 

States and Canada gas industry ia the first half of this century. In the 1920s, 

heavy fuel oil was less expensive than coke. This resulted in the modi

fication of the carbureted water gas process to the heavy-oil process 

in which oil was sprayed directly on the fuel bed to deposit carbon and 

reduce the coke required; also a number of other oil-gas processes were 

designed and developed to utilize the cheaper grades of heavy oils. As 

natural gas became available for distribution in areas served by man

ufactured gas, peak load gasification processes were needed to produce 

a high heating value gas. This led to the development of a high Btu oil 

gas process yielding a gas with a value of 1000 Btu/cu,ft, or more and 

combustion characteristics that make it compatible with natural gas# 

(The heating value of natural gas served by a utility company is usually 

between 1,000 and 1100 Btu/cu,ft, ) These processes had a rather short 

life-span owiBg to the increased availability of natural gas and the 

development of underground storage reservoirs near isajor consuming areas, 

In 1963$ gas utilities manufactured only 0,5> of the gas sold. This 

percentage has been decreasiag progressively and will continue to do so, 

particularly in vien of the current construction of liquefied natural 

gas storage facilities. Thus, the imnufacture of gas by utility companies 

in the United States does not contribute significantly to the total supply, 

This situation will continue until some time in the future when it will 

be necessary to supplement natural gas by high-Btu gas ©ade from coal# 

At that time gasification processes under development today, particularly 

bydrogasification, will again play a prominent role in the United States, 

In other countries, Manufactured gas is the principal source 

of gaseous fuels for domestic and industrial use and coal is still the 
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principal source of raw material for gasification processes. However, 

the importance of coal for gas-making is generally decreasing as a conse

quence of one or more of the following factors: 

(1) The competitive advantages offered by petroleum feedstocksf not only 

in lower raw material costs but also in lower capital and operating costs 

of fluid fuel gasification plants, 

(2) the development of economic methods for transporting liquefied 

natural gas by tanker and for storing it at centers of consumption, 

(3) She recent discovery and development of major supplies of natural 

gas in trance and Holland, 

(k) fhe increased use of indigenous natural gas in Canada and Bussia* 

As a result of these factorst the manufactured gas industry throughout 

the world is in a state of flux today* Kie great mobility of liquefied 

natural gas will undoubtedly make inroads on manufactured gas in countries 

without indigenous supplies as will the greater use of native natural gas* In 

addition* the use of petroleum feedstocks for gasification process is increas

ing and new processes are emerging to the detriment of coal-based processes* 

(d) liamules of Ossification of Petroleum fraction for producing. ia.s 
for heating 

Gasification of petroleum fract ions f ranging from liquefied pe t 

roleum gases through the highest-boil ing bunker C fuel o i l s , i s practiced 

throughout the world for the purpose of producing basical ly two classes 

of fuel gasesJ town gases of approx* ^50-550 l tn/s #cu*ft* gross heating 

va lue t and high-Btu gases with heating value ranging from 900 to 1100 

3 tu /s*cu, f t , fhe lower-heating-value town gases a re used in areas in 

which fuel gas d i s t r ibu t ion and u t i l i s a t i o n s t i l l follow the pract ices 

of the manufactured gas era during nhich coal was used as the basic 

raw material* fhey a re characterized by a r e l a t ive ly high fig and 00 

content f and a high burning ve loc i ty . In t h i s wayf they simulate the 
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propert ies of the dominant source of gas supply-coal retort , coke oven and 

water gas* fhe high-Btungases a re produced in areas which have converted to 

natural gas as the prime source of supply andf therefore, they attempt to 

simulate, as closely as poss ible , the propert ies of methane—the major con

s t i tuen t of natural gas . Two of these emmples a re given below. One of 

C3) 

these is the study of catalytic gasification of shale oil f in which crude 

shale oil was bydrogasified at 1000 lbs* pressure at temperatures in the 

ranges 880-1100°J with depleted uranium and 970-1200^1 with cobalt molyb-

date* *ith both catalysts, the higher reaction temperatures produced greater 

hydrocarbon gas yields, greater percentages of methane in the gas, and 

greater methane yields expressea as percentage of conversion of the feedstock, 

fhe other example is the study of production of high methane-content gas 

by steam ref orming of light distillates^ f ̂ y ^he Institute of Gas Sech-

nology, Chicago* A study was made to develop a catalyst for the low temp

erature catalytic steam reforming of various feedstocks using the process 

developed by the British das Council for gasifying light petroleum distillates, 
(') tremendous change in gas industry from gases -produced for heating 

to images produced for chemical industry 

In the historical survey of industrial catalysts'^' t after the first 

stage*, which was sufficient to revolutionize the whole inorganic chemical 

industry in the yeats between 1900 and 1920, and the second stage, in 

which organic applications lead to production of new organic chemicals, then 

came a third stage which was brought into the petroleum*^'*" industry 

after the watch maker chemist named Houdry first developed catalytic cracking 

of petroleum* fhe gas industry was also affected at this period by this 

industrial catalytic application, accompanied by changing new technology, 

froa then on, the gaseous products from those processes were not only for 

heating purposes, but also used as a feed material for the synthesis of 

chemicals, liquid fuels or other gaseous fuels, especially in those 
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countr ies , where they have enough to supply f inatural gasfl pipel ines from 

house to house* The uas companies which or ig inal ly supplied gases for 

heating in those countries may now pay much more a t ten t ion to applicat ions 

in chemical synthesis, -he reason ^;iven in the following paragraph is 

a l so a main factor which causes the tremendous change in fos industry 

from gases produced for her.ting to gases woclucea for chemical industry* 

(ft) ^merging needs of CQ-a^ mixtures and E„. in chemical industry 

i»ew ca ta ly t i c syntheses ana transformations are being discovered with 

ever increasing rap id i ty ; and th i s century has seen the emergence of the 

synthetic chemical and fuel industry. rxshe pr incipal processes usi iv 

appropriate f;as mixtures as feedstocks include synthetic uho (Hg and H^) , 

synthetic methanol (00 and t u ) , and the Fischer-Tropsch or #os-synthesis 

process for l iquid fuels (Co and Hj>). tfhere are many others which we 

can find from the h i s t o r i c a l survey of the hydrojjenation of carbon 

monoxide in fable 1,3^ l f7 In addi t ion , the hydrogenation of coal to 

produce liquid fuel, practiced extensively in (Jerraany during World ^ar I I , 

required substant ia l quant i t ies of hydrogen, and recently l iquid hydrogen 

for rocket fuel , and gpseous hydrogen for metal processing atmospheres 

•«•• etc* have been in demand* These hydrogen consumptions combined with 

the l i rge-sca le indus t r i a l u t i l i z a t i o n of chemical synthesis processes^ 

imposed on ^s manufacturers, for the f i r s t time, the requirement* of 

producing gasee of a cer ta in composition sui table for the synthesis. 

Thus the hydrogen manufacturing and producing; of Syn thes i s Gas", which 

are co-related with each other, are milestones in th is half century 

road of $jas industry. 

(K) Proflftflsfes of riaki.n£ C0-J5L "Synthesis Cras" and Hydrogen 

In the early stages of the synthetic chemical and fuel industry, 
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"synthesis j a s " was made loy the blue water gag process coupled with 

water gas shif t conversion and OO2 removal to produce h2 or a gas having 

the desired proportions of Go and H£^9)s Jn some ins tances , coke-oven 

gas was used as a source of synthesis gas a f t e r the purification* ihe 

need for large quant i t ies of synthesis gas for l iquid fuels in O-eriiany 

during ^orlci tor II led to development of continuous processes using 

coal , coke, or orown coal as feeds with e i ther Highly superheated steamf 

or oxygen and steam as the gasifying mediumOf these , processes using 

oxygen are the only ones of commercial significance tooay« Thus, pr ior 

to 1<W)» a ^ leas t 90Ja of the worla production of hydrogen (including 

ammonia find methanol synthesis gases) was made by processes based on 

coal or coke, the pr inc ipal ones being the steam-Miter gas process, and 

the pur i f ica t ion of coke-oven gas. By 1965, less that 25/» of the worla1 a 

hydrogen production was derived from coal or coke, Essent ia l ly a l l new 

production f a c i l i t i e s were u t i l i z i n g hydrocarbons, and many exist ing 

f a c i l i t i e s that had been based on coal or coke were e i ther shut down or 

converted to hydrocarbon feed-stocks, which include natura l gas , o i l 

refinery gas f LH5 (propane and butane) natural gasol ine , naphtha, fuel 

o i l , and crude o i l . In consequence, the following processes have been 

developed for producing hydrogen, hyarogen-nit^ogen^ hydrogen-carbon 

monoxide mixtures under pressures up to *K) atnu 1 (a) ca ta ly t i c steam-

hydrocarbon reforming (b) pressure noncatalytic p a r t i a l oxiaation of 

nyarocarbons and {c) pressure ca ta ly t i c p a r t i a l oxidation of hydrocarbons}^' 

( I ) ^ain Processes 

( a) Catalyt ic bteaia-Hydrocarbon deforming; 

Catalyt ic steam-hydrocarbon reforming began commercial operation 

in 1930 a f t e r more than f i f teen years had been spent in i t s development* 



feble 1*3 Historical Survey of the Hydrogenation of Carbon Monoxide 

Year Reaction Researcher 

1902 Methane from CO -f 3H2 or C02 + 4H2, using Ni catalyst, 
normal pressure, 250°C 

1913 High-pressure synthesis (>100 atm) of hydrocarbons and 
chemicals with various catalysts 

1922 Synthol (oxygenated products) in presence of alkalized 
iron turnings and other catalysts, >100 atm, approx 
400°C 

1923 Methanol, ZnO-Cr203, 200-300 atm, 300-400°C 
1925 Fischer-Tropsch normal-pressure synthesis of gasoline, Fe 

and Co catalysts prepared by decompn of salts, eg, 
nitrates, 1 atm, 200-250°C 

1931 Ni-ThOr-kieselguhr precipitation catalyst for normal-
pressure synthesis 

1932 Co-ThOr~kiese!guhr precipitation catalyst (standard 
catalyst) 

1935 Synthesis done in steps with intermediate removal ofeon-
densables 

1936 Startup of the first full-scale Co normal-pressure synthesis 
plant at Oberhausen-Holten, Germany 

1936 Fischer-Pi chler medium-pressure synthesis with Co 
catalysts, 5-20 atm, 180-200°C 

1937 Medium-pressure synthesis with Fe catalysts, 5-30 atm, 
200-320°C 

1938 High-pressure synthesis of high-melting paraffins with Ru, 
50-1000 atm, 100-200 °C 

1938 Oxo synthesis (aldehydes from CO -f- H -f- olefins in the 
presence of Co catalyst) 

1938 Startup of first commercial-scale Co medium-pressure 
plant at Oberhausen-Holten, Germany 

1941 Isosynthcsis, oxide catalysts, eg, Th02,150-600 atm, 400-
500°C 

1943 Schwarzheide pilot-plant comparison experiments on me
dium-pressure synthesis with pptd, fused Fe catalysts 

1949 Carbon monoxide and water used as synthesis gas 
1950 Commercial-scale medium-pressure synthesis plant 

erected for the conversion of CO and H2 from natural 
gas with Fe catalyst in a fixed fluid-bed reactor at 
Brownsville, Texas 

1955 Startup of a large-scale synthesis plant at Sasolburg, 
South Africa, for medium-pressure synthesis with Fe 
catalysts. Modern fixed-bed reactors (Lurgi-Ruhr-
chemie) are used in combination with entrained fluid-
ized-bed reactors (M. W. Kellogg) 

1962 Synthesis of polymethylene from CO and H2 with acti
vated Ru catalysts, high pressure, <150°C 

Sabatier and Senderens 

Badische Anilin- & Soda-
Fabrik A.G. 

Fischer and Tropsch 

BASF 
Fischer and Tropsch 

Fischer and Meyer 

Fischer and Koch 

Fischer and Pichler 

Ruhrchemie 

Fischer and Pichler 

Fischer and Pichler 

Pichler 

Roelen 

Ruhrchemie 

Fischer, Pichler and Zieseeke 

KWI, Ruhrchemie, Rhein-
preussen, Lurgi, Brabag, I.G. 

Kolbel and Engelhardt 
Hydrocarbon Research Inc., and 

American Oil Companies 

South African Coal, Oil, and Gas 
Corp., Ltd. (Sasol) 

Pichler and Firnhaber 
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ky 1965 it ¥as producing ©ore hyarogen and synthesis p s mixtures than 

any other process, and accounted for the major part of new production 

capacity being installed* la this process gaseous hydrocarbons, such 

as methane, ethane, and those which may he vaporized at moderate temp

eratures, such as propane.butane and other normally liquid hydrocarbons 

up to and including heptane and octane (petroleum naphtha), are reacted 

with steam over a nickel catalyst at 1200-1800 i1 to produce carbon oxides 

and hydrogen. The primary reaction products are then processed further 

in various ways, depending on the final use for the hydrogen and on the 

purity required. 

for MEjj synthesis gas production* air is added in a secondary reform

ing step, also over a nickel catalyst where the oxygen is consumed*, and 

the nitrogen provides the $*> required in the ammonia synthesis gas* 

if or methanol synthesis gasf uhe primary reaction product is cooled and 

carbon dioxide is removed to produce the CO-^2 mixture required. (The 

CO2 my be recycled to the primary reaction zone to maintain the required 

ratio of carbon monoxide to hyarogen in the methanol synthesis gas). 

j'or high purity hydrogen the primary reaction product is reacted cataly-

tically with additional steam to oxidize carbon Monoxide to carbon dioxide. 

1'he carbon dioxide is then removed in order to produce high-purity hydrogen* 

(k) Pressure HoncataLytic Bartial Oxidation of hydrocarbons. 

Shore are two commercial processes producing hydrogen and hydrogen-

containing synthesis gases by the noncatalytic partial oxidation of 

hydrocarbons under elevated pressures* 2hese are the i'exaco process, 

which began commercial operation in 195^> and the Shell gasification 

process, in commercial operation since 1956. Both processes carry out 

the partial oxidation by burning hydrocarbons with oxygen or oxygen-rich 

gas mixtures to produce a gas containing hyarogen and carbon monoxide 



with small quantities of 002f water ¥aporf and G%# 

i*he principal adYanta^e of the pressure noacatalytic partial oxidation 

processes ofer steam reforming is that they can operate on any hydro

carbon feedstocks that can he compressed or pumped9 from natural gas to 

crude oil, residual oil, or asphalts. l*o cesulfurization is required 

prior to the partial oxidation step (for steam-reforming processt the Ni-

catalyst will he poisoned by sulfur or organic sulfur compounds ). She 

princijal disadvantage of the partial oxidation processes is the necessity 

for providing a supply of 95-99^ pure oagrjen, ordinarily obtained by an 

air-separation plantf which adds appreciably both to the plant investment 

and the operating cost* Consequentlyt by 19&5* partial oxidation processes 

were being installed for producing hydrogen primarily in locations where 

natural gas or lighter hydrocarbons including naphtha were unatnliable 

or were uneconomical as compared with residual fuel oil or crude oil. 

(c) Pressure Catalytic Partial, Ujciaation of Hydrocarbons 

fihe reactions of hydrocarbons with oxygen to proauce carbon oxides 

and hydrogen are exothermic in contrast to the enaothermic steam-hydrocarbon 

reactions* nydrogen may be produced from Hydrocarbons in an autothermal 

self-sustaining processt by combining the exothermic ana endothermic 

reactions to maintain the required reaction temperature without external 

heating of the catalyst bed# Large-diameter internally insulated Tassels 

may be used to contain the nickel catalyst in contrast with the small 

externally heated catalyst containing tubes used, in the steam-hydrocarbon 

process* AII oxygen supply is required in this case* 

(ii) Other processes also using hydrocarbons 

Besides the abo¥S three main processes adapted predominantly for 

production of hyuro^en or/and "natural gases"f there are other processes 
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using hydrocarbons as feed-stocks* 

( a ) Catalytic lefermine of Petroleum laphtha 

The production of by-product hydrogen from the ca ta ly t i c dehyctro-

genation of petroleum naphtha in the production of gasoline has become 

an important source of hyarogen* She ca ta ly t i c naphtha-reforming processes 

(not to be confused with ca ta ly t i c steam reforming) concert s t ra ight - run 

and cracked petroleum naphthas (mixtures of a l i p h a t i c , iiaphthenicf and 

olef inic gasoline containing substant ia l quant i t i es of aromatic hydrocarbonsf 

by passing the iraporiged feed over a platinum ca ta lys t a t temperatures 

ranging fro© 850-1000 °ff (^55~*5^0C) a t pressures 200-500 P^ig* Hydrogen 

yie lds of 700-1300 f t . / b a r r e l o f naphtha reformed are obtained* 

(b) Sheraal Decomposition of Hydrocarbons 

l a the United States* for economic reasons t the blue water gas process 

has been replaced by steam reforming of natural gas for the production 

of synthesis gas for both ammonia and methanol synthesis . Una plant 

inTolved in th i s method for a number of yea^s uses a cycl ic process, a t 

atmospheric pressure f ij passing natural gas throtagh brick checkerwork 

(preheated to 2000°^ by hot combustion gases. IMs has been modified 

with a refractory furnace column and revised operating conditions to 

proauce ace,fcylene^^. P i lo t plant work has been carr ied out hj Universal 

Oil Products Co* f and patents haire been issued on a continuous process for 

producing hydrogen from methane and other hydrocarbons by ca t a ly t i c 

or noncatalytic thermal decomposit ion^^/wMM-J^ 

She endothermic thermal decomposition react ion GH^-"*G*2 H2 i s 

carr ied out a t 1200^1800° I and 10 to 30 psig. pressure in a f luidiaed 

bed reactor containing ca ta lys t part icJesoa which the carbon co l l ec t s . 
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Catalyst pa r t i c l e s are continuously withdrawn from the reactor and flow 

into a regenerator through which a i r i s blown to burn off carbon and 

reheat the ca ta lys t , fhe hot regenerated ca ta lys t i s carr ied back into 

the reactor with the feed gas stream. !£he ca ta lys t pa r t i c l e s ise i s in 

the range of 0.01 - 0.8mm. in diameterf for ready f luidi2at ion f and i t s 

composition i s given as a refectory base, such as alumina t s i l ica-alumina, 

or sil ica-magnesia, plus oxides of sirconiura or titanium* In addi t ion , 

chromiumf nolybdenum and titanium oxides are mentionedf and nickel , i ron t 

or cobrl t compounds are present to provide optimum hydrogen production. 

fhe p i l o t plant ca ta lys t had a silica-alumina base and contained 10jo 

nickel, ihe temperature control of the process i s maintained by the 

a i r addit ion ra te in the generator, which also regulates the carbon 

content of the regenerated ca ta lys t f which i s maintained a t about 0.1 -

0.5/^ to keep the ca ta lys t in a reduced s t a t e , rfith a reactor temperature 
0 0 

of 1550 M\ regenerator temperature of 1000 J?t a catalyst recirculation 

rate of JOO lbs# per lb. of U^ feed, and 0.25/* carbon on the regenerated 

catalyst, the product gas contained 93*3,** ̂ 2* &.5> U V * 0«1/* % an(^ 

0.1,t> 00. 

Most of the synthesis gas produced today is used by the chemical 

industry, ihe iiasol plant in sJouth Africa is the only me jor synthdthic 

liquid fuel plant in operation today, Ln this plant, which also produces 

chemicals, synthesis gas is generated from coal by the Lurgi process' 16J , 

since the cost of coal is lower here as compared to other parts of the 

world, 

(1) Main factors in &as Industry for controlling the aes.ir.eA...gaseous. Products 

Jfrout the above few processes and many imnj others, from the point 

of view of the gas industry, almost any different desired products may 

be produced after cracking, referring, pyrolysis or no matter what it is, 

http://es.ir.eA
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depending on the three main factors: Catalyst; Reactor; and Operating 

conditionst obviously with different starting raw materials as feed - stock. 

One of these examples discussed below is the process of the manufacture 

of acetylene from hydrocarbons, She desired product is the samet i.e.f 

acetylenet but with different set-ups and methods for the reactors and 

different operating conditions. It is not feasible to supply the 

necessary thermal energy by conducting heat through the vails of a vessel. 

(Thereforef different approaches have been developed. Xhese processes for 

manufacturing acetylene from hydrocarbons can thus be classified according 

to the means of supplying the thermal energys (l) Electric discharge proc

esses* in which energy w s provided by the electric arc with very high 

flux density with the cathode in one end and anode in the other* ihis 

process for manufacture of acetylene has been adopted in Cxermany only by 

the plant of Ohemische Gierke Huels. (2) Une-stage or two-stage partial 

combustion processes. (I7)d8) in the combustion or flame processes the 

necessary energy is imparted to the feedstock by the partial combustion of 

the hydrocarbon feed (one-stage process) t or by lie combustion of residual 

gas or any other suitable fuel and subsequent injection of the cracking 

stock into the hot combustion gases (t^o-stage process) and (3) She 

regenerative furnace processes (1^)(l9/(20)(2l) gmppiy the necessary 

energy for the cracking reaction by heat exchange with a solid refractory 

material* An alternating cycle operation is employed whereby the 

hydrocarbon feed is heated by the hot refractory mass for a period of 

time to proauce acetylene, following this periodf during ̂ hich carbon 

and tars are deposited on the refractoriesf the process employs a combustion 

step in *which the refractory mass is heated in an oxidizing atmosphere 

and the carbon and the deposits are removed by burning* ihe refractories 



must resist both reducing and oxidising atmospheres at temperatures 

around 1200 0. The refractories must also withstand the frequent and rapid 

heating and cooling cycles and, in the case of a moving refractory bed 

(pebbles), abrasion. 

After the acetylene is formedf the hot gases are quenched rapidly 

in oraer to preserve the acetylene formed in the reaction. As in other 

hyurocarbon-to--acetylene processesf this is accomplished with *ater 

spraysf or by passing the cracked gas through a second regenerative furnace,, 

section in which the gas is cooled while warming the furnace* 

She regenerative technique is best exemplified by the Vulff process 

which has been in operation in Los Angeles California since 1952» and 

which produces over one million pounds per year of bottle^ welding-grade 

acetylene. This process can use only gaseous or vapor!sable hydrocarbons 

as feedstocks in the production of acetylene. Hydrocarbons above methane 

are preferred because of higher conversion per unit mass* 

(*0 ^ulff Process 

this invention is the process of making acetylene and other products 

such as a variety of gases (e.g., ethylenef allylene (CHo -C s GM)t olefins 

higher than ethylene* hydrogent carbon monoxide etc.), oils and tars from 

other hydrocarbons as raw materials among which are natural gasf artificial 

illuminating gasf gasoline vaport oil vaport gas oil vapor, paraffin series 

hydrocarbonsf olefin series hydrocarbons and the cyclic hydrocarbons of the 

aaphtheae and benzene series* 

She invention resides in the selection of raw materialst their treat

ment as to temperaturef pressure, dilution, time of treatment, exposure to 

a contact masst kinds of contact masses and apparatus employed, flow ratest 
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and the treatment of the reaction products after they are generated. 

fundamentally, this process is one of heat treating hydrocarbons or 

mixtures of hydrocarbons while diluted with steam, mercury vapor, nitrogen, 

methane, carbon monoxide or hydrogen, or any combination of these, for a 

certain period of time and cooling rapidly thereafter. 

She original laboratory scale set-up of apparatus by \iulff in the process 

of making acetylene from some other hydrocarbons contained three main parts: 

(l) mixing tube which is used to mix the diluent(s) with starting raw material(s) 

with external heating to insure total vaporisation of the hydrocarbon(s) and 

its efficient admixture to the entering diluent(s) before entering into the 

treating tube. (2) the treating tube (cracking tube) which may be made of 

kieselguhr and clay composition, carborundum, fused silica, silllmanite, 

porcelain or other ceramic and refactory materials, is surrounded by an 

electrical furnace with the temperature controllable within 1500°? to 

3500 I1, (3) Condenser of Liebig type which is cooled with the running 

tap-water from the outer jacket, i'he cracked gases should be cooled imm

ediately to prevent side reactions* 

In his original work in production of acetylene only carborundum grain 

was placed inside the treating tube as a catalyst. She higher temperatures 

were preferred, the higher the temperature of treatment the shorter the 

time of treatment. Also the production of acetylene is temperature 

dependant but is not affected by the diluents. 

She use of steam as a diluent is entirely practical and is accompanied 

by the formation of substantial quantities of carbon monoxides, bater 

has the additional advantage over mercury in that it is capable of reacting 

with the carbon accumulating in the treating tube and retraining it in the 

form of a gas (i.e. water gas). Under favourable conditions for formation 

of acetylene, the resulting gas mixture after condensation of any diluent, 

contains usually over 50^ of hydrogen. 

file:///iulff


(K) Reason for choosing the. Wulff Process in our investigation 

She regenerative nature of the *»ulff operation permits the recovery 

of most of the sensible heat in the cracked gas, also the plant is very 

flexible because the demonstrated ratio of acetylene to ethylene can be 

varied at will from nearly ktl to l:*f or lower, depending on the feedstock. 

Since the *ulff plant is also able to crack any vaporiaable hydrocarbon 

it can be seen that this plant is remarkably versatile, lor e^mple, 

modification of the regenerative furnace techniq.ua which eliminates the 

necessity of vacuum pumps for both cracked gas and combustion gas by 

operating under atmospheric pressure in the original toulff process, have 

been revealed by Qldershaw and Levine * °' in the United states and 

lunugi et.al. in JapanC2^! Oldershav et.al. work with undiluted OH^ 

and obtain an CglLg concentration of over 11$ by volume in the cracked gas# 

Kunugi uses E£ a^ diluent and operates the pyrolysis a higher temperatures, 

i.e. in case of 01^ at 1^00°0 instead of 1100@0 as employed by Vfulff. 

At the optimum dilution ratio of methane-to-i^ of l*37i the cracked 

gas contains about 6*5$ by volume of C2H2* It is reported that the 

process which has been developed at the University of Sokoyo is being 

modified for the use of coke oven gas as hydrocarbon feedstocK. 

from the early work of 0. £. Wulff to produce acetylene or/and 

ethylene, he obtained almost, 50-6Qjb of H2 in the mixture of gases produced. 

Shus, the ^ulff process" can be further adjusted to maximize the yield of 

Hp from hydrocarbon feed~stocks(or alcohols) and the reaction conditions, 

for emmplet reactor, temperature, space velocity of gases passed through 

reactor tube, use of different catalysts, and so on may be varied. 

(I») Advantages of Methanol 

http://techniq.ua
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In our thinking methanol i s a l so a convenient source of % due to 

the following advantages for producing "synthesis gas" (GO + 2 Hjj) as 

compared to gasoline (taken as n-octane though other components w i l l be 

there) and to some other hydrocarbons• 

( i ) r e l a t ive ly cheap in market p r i ce , 23.2j£/gallon (d lb . ) th i s i s 

approximately the same cost a s bulk ntax-free11 gasoline* 

( i i ) high energy content: 

Methanol (CEjOH « 32gm.) ss. 171 *cBl/«ole. 

n-octane (gasoline) (Cy^m ^ ll%m.) => 1302,7 Kcsl/mole. 

Methanol (8 lb . /gal lon) =• 19,^00 Kcal/gal. 

n-octane (? lb . /gal lon) = 36,250 Kcal/gsl . 

i . e . Methanol (per, gallon) has S3«5)° the energy content of 

gasoline* 

( i i i ) Low freezing point (-9^ C)# ^hen used in the fuel ce l l as a 

source of ac t ive gases, i t doesn' t freeze in the Arc t ic , as 

gasoline may do* 

(iv) Jrroduce richer synthesis gas , or release more n^ content 

percentage-wise per gallon as compared to gasol ine. 

Synthesis Sas Production 

c # l 8 + ^°2 •—+ 8 CO + 9H2 

lift gnu . > JtiO Jt» (I? x 22#ft) 

1 ga l . > 2?.8 x 360 1 
28.3 1/cu.ft . — 3?^ &C1P 

— * SZ^al^i^S^ = 1 9 8 3 0 r 

of rig 

12S x 1 0 0 ^ 5 3 . 0 > Kj> 
3?^ 
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G130H > CO -t 2 % 

32 giu — - > 6 7 . 2 / ( 3 x Z2A) 

1 gal # —**> £69 SCF 

•—^ 179 SCF of H2 

J22 x 100 s 66.5?i of % 
269 * 

(v) Ion-explosive t eTen when mixed with a i r f a s compared to 
also 

methane and methanol has a low sulfur content and so 

would not poison ca ta lys t s or refuire any desulfurigation 

process. 

(vi) Mora convenient and safely transportable f and a l so lower in 

t ransportat ion cost as compared to t ransferr ing Hg or wsynthesis 

gas . " 

(Tii) Pollut ion free i f consumed in a fuel c e l l by complete conversion 

to water and carbon dioxide. 

( • H i ) J t f s more easily convertedf more easi ly controlled and gives 

a be t t e r yield than any known competitive material* 

(M) She Aim of the Invest igat ion 

The complete engineering design of the chemical reactor in conjunction 

with the fuel c e l l has been made in United S ta tes . Some e ^ s p l e s have 

been collected in these references (24 f25)# fhe concept of providing 

synthesis gas (or hydrogen) for the operation of a fuel c e l l a t remote 

or unattended locations was or iginal ly presented by the Defence Hesearch 

Board (D.K.B.) in Canada. Shis research was i n i t i a t e d to determine i f 

the fculff process could be adapted to th i s purpose. l*e propose to show 

that a small *ulff uni t can produce fuel c e l l feed (synthesis gas) with 

reasonable speed and efficiency and that methanol provides the simplest 
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source of synthesis gasf althoiagh other possible feedsf such as methane 

and ethanol have also been studied. It appears that any hydrocarbon 

could be broken down to Co and BJJ by this method or some variation thereof. 

'rhere are, however, explosive hazards and handling problems which we have 

not yet explored in depth. Certainly it seems to us that methanol due 

to the above advantages is probably the most convenient material to HUB 

as a source of synthesis gas in remote locations* inhere cost is a irajor 

factor, other alternatives may be considered, and might well be applied 

if the operation can be closely supervised* 
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Description of Apparatus 

f ig . 1 i s a diagrammatic representation of the apparatus. Ehe supply 

gas d i rec t ly from the pressure tank i s introduced to the flowmeter 

(manufactured by Matheson Gas Co. type 610}• the flow ra te of gases l e t 

in to the system can be controlled coarsely by the needle valve of the gas 

tank t and more f inely by the needle valve of th i s flowmeter.* ^hen more 

than one gas supply tank i s necessary, the two-way stop-cock can be attached 

in the delivery l ine in between the gas tank and the flowmeter* 4a ord

inary mercury nanometer which i s used to read the pressure inside the 

aystemt with the mirror meter scale (not sho^n) i s connected next to the 

flowmeter. A safety device in which a long g lass tube i s immersed into 

the long tes t - tube containing mercury i s introduced next to re l ieve possible 

ofer-pressure of the inside system. She gas i s then bubbled inside the 

generator bath containing e i ther water as an oxidant or the s ta r t ing 

materials such a s methanol or ethaaol depending on which i s to be studied^ 

The temperature of the generating bath i s controlled by the water thermos

t a t i c bath with the heating element and automatically controlled e l ec t r i c 

supply (not shown) outside the generator bath* She thermometer i s f ixed 

in one of the necks to read the actual temperature of the l iquids (oxidant 

or s ta r t ing mate r ia l ) . She ou t - l e t gases or/and vapors a re then passed 

into the t reat ing tube which i s a refractoiy material f in our case f a 

High temperature MCMJMJ Combustion riube supplied by ffisher Scient i f ic 

Co« f one in. la in te rna l diameter f consistent wall l / 8 in . and 30 in. 

long. She ca ta lys t which i s to be studied i s placed in the middle portion 

of t h i s reactor tube. In the diagramf the ca ta lys t shown i s the nickeliaed-

nickel wire f nhich ia coiled in a sp i ra l shape, l a the case of a powdered 

ca t a ly s t , (e .g . far ious oxides haire been used in our study*) i t i s then 

placed in a COMM1 6l combustion boat a lso supplied by Usher Scient i f ic 
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Co. in size A9 (not shown)* An e l ec t r i c furnace surrounded the reactor 

tube containing a heating a l loy metal element (not shown) in th i s c ross-

section view. fihe furnace was manufactured by hQSkJi^ Manufacturing Qoa 

I'yipe Mi. 305. 

4 thermo-couple was placed next to the t rea t ing tube inside the 

furnace9 the sensi t ive junction of which was in the a id-par t of the reactor 

tube* I t was connected to an input control ler with an indicating pyrometer . 

fhe temperatures given herein , are therefore, those of the outside of the 

tube a t or near the ho t t e s t portion, A condenser shown in the diagram 

i s an All lhn typef through the jacket of which tap water i s p a s s i n g to 

cool the off-gases produced from the t rea t ing tube. Any condensable 

l iquids are then dropped into the col lect ing conical flask* fxlhusf the 

gases which are produced are then injected into the gas chromatograph 

by a by-pass loop injector (not shown) with a volume of $ BI«1 • (^ype Koael 

GV-ll). 

She gas-chromatograph which i s used in th is stuay i s laboratory 

Chromatograph hodel 700 manufactured by i and k Sc ien t i f ic Company. 'Jhe 

machine operated under the following conditions; 

5 mX sample by-pass loop injector with 

Injector temperature C O = 30 ^ ^ ^ c h r o B j a t o g r a m 

Column Temperature («C) * 55-60 °J g f J ^ * ! ***£„ . 
^ a t 55"G and 10 sec/lOml 

Jietector Sempewt.re C C) = 200 *"** 6 ° ml/m±n* 

Carrier gas: He (8#5J4 Hg) 20 p. s . i . 

a t flow ra te 10-12 sec a / l0 mt 

I c 150 ma. 
gave sat isfactory separat ions, eas i ly ca l ibra ted , for hydrogen, onqrgen, 

nitrogen t methane and carbon monoxidef respect ively! and served well for 

any mixtures of these which were encountered* 
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A 7ft . column used in th is separation f has been jacked by the method 

described below, 

w Molecular Sieves fl 

fhe ffMolecular Sieves" are the only commonly used chromatographic 

packings that wi l l separate oxygen from nitrogen a t room temperatures and, 

for th is reason, the i r applicat ion to gas analysis has been extensively 

studied* Moreover, since i t i s possible to use molecular sieves to 

separate mixtures of hycrogen t oxygen, nitrogen, methane, and carbon 

monoxide, they can be used to obtain the grea tes t amount of information 

following a single injection for a wide var ie ty of gaseous mixtures. 

Examples of such mixtures include town gas t water gas t coal gas§ exhaust 

gases# mine gases ana furnace gases* 

Molecular Sieves i s one of only four materials which have commonly 

been used as column packings in gas-sol id chromatography (sol id adsorbent 

used as s tat ionary phase), the others are s i l i ca g e l , charcoal, and alumina. 

This contras ts with gas- l iquid chromatography for which a large number 

of s tat ionary phases have been studied* 

fhe words "molecular sieves11 cons t i tu te a trade name for a number of 

a r t i f i c i a l l y prepared zeolites* They can be obtained from most chemical 

supply houses in pe l l e t form, and from cer ta in manufacturers of gas chrom

atographic equipment in the form of sized f ract ions . & number of molecular 

sieves are ava i lab le , but only three of these a re in common us% Of 

these l o . 5** i s the one that 1ms been most frequently used as a stationary-

phase for gas analysis by gas chromatography. 

A chroma tog ram of coal gas -a i r mlxture(Fig. 2 ) , i s one of the example 

separations by columns packed with molecular sieves 5^» Except for the 

hydrogen peak a l l the other gaseous peaks have a pos i t ive peak response, 

then for EL i t should change to po la r i ty MBtt as in gas chromatography. 
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Sable 2.1 Commonly Available Molecular Sieves 

fype l o . 

5A 

1 131 

Molecular Sieve 

sodium aluminum s i l i c a t e 

calcium aluminum s i l i c a t e 

sodium aluminum s i l i c a t e 

Effective pore diameter 

k'A 
o 

5 A 

10 1 

fhe clean 7-foot copper tubing with the I.D. 3/l6 in. was cut-off 

for use as the column. Ehe bottom end of the column was closed with a 

small plug of glass wool, while the outside of the same end was tightened 

with a rubber nipple with a few holes in it. Ehen the packing with molecular 

sieve 5 A nesh kZ/60 was introduced into the column by a funnel connected 

to the column at the other end with a short length of rubber tubing, tap

ping oB the sides of the column results in a denser lacking in the center, 

causing a greater difference between the flow in the center of the column 

and that near the column wall* Huyten et.al,t 7) an& pypker^ ' both 

noted that the best way to fill the column wag by tapping the end of the 

column on the floor while it was slowly filled, fhis was done, and once 

the column was filled, a pressure of about ̂ 0 p.s.i. of inert nitrogen 

gas was applied, with some tapping, in order to settle the column 

completely, the column was then plugged and carefully shaped for use. 

Any carbon dioxide or water vapor present in the gaseous samples 

will be retained by the molecular sieve of the chromatographic column. 

Xhus, a short (about two foot) pre-column unit packed with potassium 

hydroxide folloved by anhydrous magnesium perchlorate was used to remove 

both carbon dioxide and water vapor and thereby prolong the life of the 

column.^ ' 



P i g . 2 # Chromatogxam of coal g a s - a i r 
mixture (Ber ry , PRO0# *rth. SIMP, GAS 
CHEOMAfQCr. , Hamburg, 19S2)# De tec to r vo l tage: 
750V; columns 120 mra molecular s i eves 5^1 
temperatures 100; c a r r i e r g a s ; helium a t 
65 ml/min. 

time (min.) 
?ig. 3 Chromatogram of gas mixture (H£, 
CR^$ CO, and air)* Operating currents 
150 ma; column: 2134 mm(7t,ft.) molecular 
sieves 5&! temperature: 55C; carrier gas J 
helium(8.5^ &>) at 60 ml/min, 
^2 h*s reversed polarity. 
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fhe chromatogram of mixtures of H » Air , CH t̂ and CO as shown in 

' ig» 3» P#34f i s the r e su l t of our new jacking 7 f t . column^ which has 

been act ivated in a column oven a t 24o*C for 1 hr* 15 min. by flushing 

with fie (8,55* BL) a t 30 p . s . i . Another 15 min, ac t iva t ion was necessary 

a t 300^0 and 15 min. a t 2^0°Q so as to have a be t te r separation of the 

methane peak from the nitrogen peak! 

Operation of the Apparatus 

She method of operation of the apjar tus of 3?ig, 1 was a s follows; 

i t was almost the same for a l l the processes which were studied. 

fhe valve was opened, below 5 p . s . i , reading from the regulating 

valve of the tank gas f the gas was then passed through the flow-meter, 

from which can be read the desired flow ra te of the in l e t gas t which was 

set by adjusting the fin© needle valve. Shis i n - l e t gas whether i t was the 

ca r r i e r iner t gas or s ta r t ing gas material was bubbled.into the l iquid 

layer of the generating bath containing ei ther the reactant or the oxidant, 

the temperatures of which were controlled by the isothermal water bath 

system* 

fhe mixture of gas and/or vapor was then passed into the cracking tube 

which was made of a refractory material which could stand up to the temp

erature ranges we studied f i # e . from 300°-1100°C# She desired ca ta lys t 

was placed in the middle part of the said tube t as above mentioned. I t 

should be noted that for every run of the experiments since there was 

coated carbon on the inside wall of the reactor tube, that i t should be 

disconnected and flushed while the tube was hot with enough a i r to burn 

awa^ the coated carbon* 

After condensing a l l the condensable l iquids e .g. f uareacted s ta r t ing 

mater ia ls , iwater, . # # e tc a > the cracked gases irere then introduced into 

the gas-sol id chromatograph by the by-pass gas-sampling valve. She 
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operation of th i s valve w i l l be discussed below@ 

for each run of the experiments, the e l e c t r i c a l furnace was heated from 

room temperature to ?00#Cf which took about ^5 mixu 9 then for each 100^0 

r i s e , i t took about 10-15 niu» # the higher the temperature the longer the 

time taken, ( i . e . 700*^800°-* 900°-* 1000"C took 10 min., each while 1000^ 

1100 0 took about 15 min*) For each temperature, the system was kept a t 

temperature for 15-20 min. to s t a b i l i z e , and then sampling was s tar ted 

for 5 min,, whereupon the resul t ing sample (mixture of gases) was then in 

jected into the gas chromatography for each temperature, three(or sometimes 

two) check samples were analysed, the t o t a l time for a l l gases to flow through 

the chromatographic column took about 2§ min., so the second sampling was 

s tar ted 20 min, • a f t e r the f i r s t injection, fhe t o t a l time a t each temp

erature was about i j h r s , i f three check samples were analysed, §ood 

agreement was usually found among the check samples analysed. She t o t a l 

time for the whole run of the experiment took 7-8 h r s . i f three samples 

were analysed for each temperatures. In some cases, i t was possible to get 

the same resu l t s when decreasing temperature a s when increasing temperature* 

Shis was done by heating the furnace to the highest temperature ( i . e . 1100 0 ) , 

then descending 100^C each time, fhe time taken for heating from room 

temperature to 1100 C was 1§ h r s , 

She ca ta lys t was placed in the Oombax 6l boat with leve l fu l led which 

have weighed between 1.9 - 3*0 gm, ranges. She exposed surface of the 

ca t a lys t s with the reactants i s about 8 cm. 

0^203 •—'— f i she r Scient if ic Go. 

2r0 - B# D# H# 

2 
A-^ch+ZnO—Anala 1 
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SAMPLE IN NEEDLE VALVE 

PORT I 

PORT 2 

SAMPLE OUTgSS^C TO 
COLUMN 

CARRIER GAS 

NEEDLE 
VALVE 

Figure k - VALVE IN "LOAD" POSITION 

SAMPLE 
PORT K \ 

PORT 6 

STROKE 

PORT 2 

'CARRIER GAS 

CARRIER GAS 
8 SAMPLE 

TO COLUMN 

Figure 5 - VALVE IN "INJECT" POSITION 
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Model &Y-11 a s sample ¥alve 

1* descript ion of Valve 

f i g . k and 5 i l l u s t r a t e the basic configuration and mode of operation 

of the Model OV-11 valve. Ports are numbered consecutively from rear 

of valve* 

A s ta in less s t ee l spool r ides inside a s t a in less s t ee l cylinder on 

s i l icone rubber 0-rings# In the ttloadH posi t ion (see Vlg.k) the spool 

i s pushed in and the sample flows through the sample i n l e t port ( l ) 

through the center of the spool to port (6) f around the sample loop 

ports (3) and (6) f to sample vent (port 2)m Carrier gas flows through 

port (5) f around the spool between the sea l s t then ex i t s (port 4) to 

the chromatographic column* 

So ^inject11 the sample (see l?ig*5)» & e spool i s pulled out. i h i s 

causes ca r r i e r gas to sweep the sample (contained in the sample loop) 

into the columnt and d iver t s the saaple stream d i rec t ly to the vent* 

fhe use of double seals prevents por t - to-por t leaisage when the spool i s 

moved fro® the "load11 to the l1!injectrt position* 

Mote that e i ther port ( l ) or port (z) nay serve as the sample inlet* 

Similarly, c a r r i e r gas ports (k) and (5) a re interchangeable* Shis w i l l 

depend on the convenience of at taching to the gas chromatography Ihe 

loop t itfhich i s interchangeable, has a volume of 5 c# c* being 

used in our gag sampling injection* 

Jl» Operation 

(a) To load the sample loop, push the spool all the way in* A l/8 

counterclockwise turn of the knob locks the valve in the "load11 position* 

(b) To inject the samplet unlock the spool from the "load" position 
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by a l / 8 clockwise ro ta t ion of the knobf and pul l the spool to the fu l l 

"out11 position* I t can be locked in th is posi t ion by a l / 8 clockwise 

ro ta t ion of the knob* 

Prexaration Hi-fll Catalyst 

Two nickel wires were attached on the cathode and anode posit ion of 

the i^berbach Corporation E lec t ro lys i s machine* Vieston model 301-5?* Hhe 

cathode and anode were then placed into the solution prepared by dissolving 

about 2 g®# of nickel chloride in 600 mX of d i s t i l l e d water with an 

addit ion of about 10 mt of cone* KQ£ # 

fhe automatic s t i r r e r was s ta r t ed t and the polar i ty was adjusted 

so as to have nickel coated on the 3-foot long nickel wire f by adjusting 

to a current of 3 amperes a t k volts* Shese conditions were then main

tained for 30 min, She coated nickel ised-nickel was then washed with d i s 

t i l l e d water, dried and coiled into a sp i ra l shape* I t was then ready for 

use* 

Calibration of the Ghrogtatoitraph 

The in te rpre ta t ion of the chroiaa tog rams required a cor re la t ion between 

concentration and signal response for each component* Because the 

sampling valve injected a constant volumet the sample siise could be 

varied by changing the pressure* fhe sample valve was evacuated; a t the 

same time, an individual pure coraponent was added up to a desired pressure 

in the simple vacuum l ine which i s shown in fig* S* 

*ihe pure gas with known pressure was then carried in a known volume 

bulb to the sample valve which had been evacuated* By the r e l a t ion of 

P i s P^ ¥ we can calcula te the rea l sample s ise which has been injected 
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Chapter 3 

Kesults and Discussion 
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Bart 1 Ethanol and Air %etea 

Prediction of Possible Bepctions 

An experiment with ethanol a t 50 C in the generator bath, using a i r 

a t a flow ra ta 31.5 a i / m i a J 3 1 ^ (latheson flowmeter (^rpe 610 )J as 

ca r r i e r gas and a t the same time as oxidant passing into the reactor tube, 

with temperature rang© from 700°-1100^C and using different ca ta lys t s or 

no ca ta lys t was performed* 

Instead of ge t t ing 1L aiM* ^ a s t i l e solely desired thermolysis 

products t the react ion proceeded i a a more complicated iaanner# Jietectable 

methane gas vas observed as a "by-product, especial ly in the temperature 

range of 700°-900° C# Share say imwe "been soma other undetectable by-

products obtained in the following reactions i 

GE3 CS2 0H*£02 (Air) ^=* 3 H2^2 GO * x %(nir) 

# I 00 

H20 * CI% 

:C0 x 
% f G02 2 I 2 M 

I t i s presumed that the react ion f i r s t produced the desired 

products t which then ia part reacted with each other to form GĤ  gas and 

EjO. EpO(Tapor) f however, ©ay then react with another mole of Co to form 

C0o a ^d H2§ (C02 i s not detectable i a our column)* Anyhow f some h^Q had 

been condensed in the condenserf carbon black was found a lso in the 

reaction tube and on the surface of ca t a ly s t s t probably resu l t ing from 

the dissociat ion of CĤ  to deposit carbon. 
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Ixplanation of Captions 

fhe experimental data were summarised and converted into chemical 

quant i t ies in the tables above which contain the following columns: 

Heactor temperature; centigrade temperature (*C) (the maximum temperature 

recorded on the outside wall of the reactor tube 

a t i t s ho t t e s t point)* 

teak 4»rea; fihe area corresponding to the chromatogram peak 

obtained hj in tegrator times the a t tenuator of the 

chromatograph# 

f a n c i e s : for H2, these quant i t ies were read fro® the chroma

tographic ca l ibra t ion curve ( p . 4 l ) ; and for 0 2 , l£» 

OĤ  and Co which gaTe the l inear ca l ib ra t ion l ines , 

those quant i t i es were obtained by each slope (parameter 

(m) (p**K))/ times the pea^: area of the chroaatogram* 

•Total Output: 

p conversion: 

ffhese values obtained refer only to 5 fflytsample inject ion. 

the values of th i s column nere obtained for t o t a l 

output of a l l gases instead of 5 W& sample# based on 

the fact that the output of % gas per minute should 

equal the inputs 

1 3L output X (various gas 
detected) #^< moles of 1*2 detected 

fhe jo conversion was calculated based on the desired 

product of 3 moles of % from each mole of ethanol* 

Calculation of flow .dates of *ir and -kthanol ¥apor 

lotal input rate of flow of air and ethanol vapor were calculated l)j 

the following assumption: 
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Air read from flowmeter (Matheson 610) a t 50 gives the value of 

31.5 al/iaia. , which i s then converted into M. aoles/mia. "by the following 

calcula t ion: 

31.5 m l / m i a g _ 8 ^ j i o 6 - l288^moles/min. 
./mole x | ^ f 

Hz(78p in Air) c 1288 x 78/100=1005 ,<« moles/min. 

M P " = 5 5 o - t — - 273,K 

i'rom Hand "book^1^ that ethanol a t 50°0 followed the following vapor 

pressure equation of organic compound. e q u a t i o n valid from -31.3 to 24-2.0 C) 

log 1 0 p — (^ 0.2165, xA ) +• B 
E 

where ? = pressure in to r r 

K z=m temperature in degree .Kelvin 

B — constant a t the specific temperature range 

A — molar heat of vaporization in cal/gram-mole 

i"or ethanol a t 50° G 

£ 3=, 2 7 3 ^ 5 0 - 323 K 

A = • 9673.9 B = 8.827392 

l oSlO p -=, (_ 2,19 x 9,6? ) + 8 . 8 3 - 2 . 2 7 
3.23 

P = 186 to r r or }Sk „ 0 # 2 i f 5 a t m > 

% assuming the t o t a l pressure in the system i s equal to the atmospheric 

pressure, then the flow ra te of ethanol vapor i s equal t o : 

1288^ m 0 l e s / f f i in . x £ | j | = 4 2 0 ^ moles/min. 

^UBtioarv of Results 

from the t ab les , we observe the following r e s u l t s . 

Cr£ 0^ i s a good ca ta lys t for n 2 a t higher temperatures* 

Cr2 Ô  gives the second best r e su l t for Go a t higher temperatures (next 

to l i-JJi) t but gives a lower yield of CO than Hi-Hi a t lower temperature* 
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Ni-Hi(Nickeli2ed-Hlckel) i s the second best ca ta lys t for H2 and the best 

for Co even a t lower temperature ranges* 

JUo ca ta lys t 1 and f i0 2 a re good ca ta lys t s for GO in the temperature range 

700^900" C. 

At 1000*-1100°C no ca ta lys t drops in GO formation 

but fi?iQ2 re ta ins good y ie lds , 

Neither of these cases a re as good as Cr20o or 

Hi-Hi ca ta lys t s in itg r e su l t . 

Hi-Ni and Cr2G*3 *> ive I®m Cl^ formation as compared to other catalysts* 

fhe ra te of gas production of % and Co was plot ted agains t the 

temperature for no ca ta lys t and Cr2©3 cata lys t in fig* 8 (p*52)* 

for Cr20o *^e y i e l d s o f G ° a n d H 2 rom *° a^xi**. a * 1000^C and the curve 

f la t tened out above t h i s temperature* 

for no ca ta lys t y ie lds for both EL and CO regularly increase to maxima 

a t 1100*C. 

from the above studies of ethanol and a i r system, the best r e su l t of 

getting H2 § a s which may be used as feed for a fuel c e l l i s performed by 

using ei ther Gr203 o r N i - H i a s ca ta lys t a t 1100°Ca Since the t o t a l flow 

ra tes of the a i r and the ethanol vapor input a re the same for a l l ca ta lys t s f 

thus , the approximate "retention time11 of the input gas in the reactor 

of the best condition (i*e# 1100°C) was calculated as follows; 

folume of the reactor tube: 

in te rna l diameter of the reactor tube — 1 is* 

length of the reactor tube = 30 in . 

*^r^ x L ^ volume 

~ x (jjf) x 30 x 16.4 ca?/cmia. 

=r 2 2 * | g * l6'* « 386.5 caP. 
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l*otal input of a i r and ethanol vapor a t the following flow rate: 

31.5 aO/min. * i^B ~ m ml/min. 

ffhus the "retention tiirte1* a t 1100°C: 

-JML^mL^ X 2Q8^C ± 2#Q rain* 
kZ ml/win® 1373 #L ~ 
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f 5 * 

! A 

o4.7 1.125.0 J1336.0 
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7.2 

13.9 

14.0 
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vo v. 

80.7 

182.0 i:102.7 
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Total Output =y(< moles/rain. 
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Part 11 Methanol System 

Case (1): Methanol B^J^SjmMm 

Prediction of ideal reaction 

She methanol system was studied under the follo^iEtg two conditions* 

( l ) GÊ OH was generated helow hoi l isg point using ttj ( i ne r t gas) as 

a c a r r i e r gas ; (2) C2LQH was kept jus t above i t s "boiling point f without 

any ca r r i e r gas* 

l a case (1 ) ; Methanol was generated a t 2^°Q§ 35°^* and ^0@C to give 

a vapor phase which was then carr ied away to the reactor hy Hg Kaintainiag 

a constant flow r a t e , i , e» , 27*5 ml/s&iu^*' ihe temperature range under 

study for case ( l ) was 700*-1100* C. for 25°G and 35°^ using only ii-Mi 

as a ca ta lys t as compared to the resu l t without aay c a t a l y s t ; for 40*Cf 

some oxide ca ta lys t s were a lso studied* 

Among the effluent gases a f t e r thermolysis were obtained only i ^ , 

1% ^ad CO gas* 4s cornered to the ethaaol and Air fiSystem, th i s seems as 

though the side react ions a re not so predotaijasmt* 

Hopefullyf the reaction w i l l proceed as we predicted^ i«e# 

GB30fi — M? - GO + 2 % 

But, fro® the ideal calculat ion of the aho^e equation, one mole 

of methanol input should he concerted into two moles of E^ producedf 

the resu l t s t r e s s e d as per cent of conrersiom f a l l s from 25^0 to 35° c 

to ^0#C# 

fcitb lo t s of ca r r i e r gas (2$fiC) the yield i s high hut the r a t e i s 

low, with less ca r r i e r gas (40*C) the r a t e should he much be t t e r although 

there may he some wastage* 
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fhe exper imental da ta were summariged and converted i n t o chemical 

Q u a n t i t i e s i n the sane way a s in J^thanol ana ^ i r system in the t abu la t ed 

forms* ( f o r exp lana t ion of cap t ions r e f e r to .fcthanol ana A i r System f > 

of convers ion i s based on each mole of methanol "being converted i n t o two 

moles of H2 i n t h i s case*) 

Ca lcu la t ion of Flow Hates , of jdU and he thano l ¥apor 

5?otal inpu t rate of flow of H2 and methanol vapor were ca l cu l a t ed 

wi th the same assumption a s in the &thanol and Ai r System. 

^2 read from the flowmeter (Hptheson 610) a t 5 0 , g i v e s thev*lue 

of 27#5 ml/min. » which i s then converted i n t o XUnoles/inin» "by the 

fol lowing c a l c u l a t i o n : 

273 K. 
(32) 

tfrom the Handbook / the vapor p re s su re v a r i a t i o n w i t h tempera ture 

has the fol lowing equa t ion . (Equat ion v a l i d from -10 to 80 G) 

l1 

where p i s the p re s su re in mm of a e r c u r y of a s a t u r a t e d vapor a t the 

abso lu t e temperature i \ (fi = . t°C + 273 ) # 

For CE^ OH a t temperature range -10 6 to dO°G 

a = 3 8 f 32*f b = - 8 , b 0 1 7 

•J?hust e # g, » 

CHj OH a t 25#U 

log10 p = - 5*&JL3J& + BmdQ = 2 # 1 0 

.•• p ^ 1 2 6 mm or m^ 0 # i 6 6 a t » . 
750 
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2hus the ra te of methanol input equals 

1125 ^moles/mixu x ^ ^ f " ^25 moles/kin* 

by assuming t o t a l pressure actual to 1 a tin. pressure* fhe same calculat ions 

were a lso made for 35°^ ^^ ^0°Gm 

Sable 3 . * . 19 Bate of Methanol Input a t d i f ferent gsmperatures 

Senperatures ( 0) 

25 

35 

40 

p ( p a r t i a l pressure) 
of Methanol (atm.) 

0.166 

0.26B 

0.338 

Hate "of Ctî Ol 
input (t^moles/min) 

225 

413 

575 

Summary of Results 

From the tables for CEL0H a t kO°G we observe the following r e s u l t s : 

no c a t a l y s t : - almost 50/6 drop in yield of H2 and CO gases produced as 

compared to the higher temperature a t the saiae run* But* a t 

900^0 to 1100^0 the r e su l t s a re almost comparable with those in 

which the ca ta lys t s had been used* 

ZnO c a t a l y s t : - A good ca ta lys t for E2 a t temperature 700°0 a s compared 

to other ca ta lys t s $ while a t higher temperatures t i . e . , 800^0 to 

1100^0 the overal l r e su l t i s not as good as the o thers . 

Hi-<Ni and C^ tH: - these seem to be the be t te r ca ta lys t s for both M£ and 

00 in th i s system, even a t lower temperatures than 700°0 

ihfc ra te of gas production of IL and U0 was a lso plot ted against the 

temperature in th i s case for Hi-Mi cata lys t and Al2 Q3 ca t a ly s t , which 

has the lowest jb of conversion* 

fhe curves of l i g . 9 for both Eg and CO tend to form 

a plateau in the range of temperature studied, which encouraged us 
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to study CH oE jus t aboire i t s boi l iag point without any ca r r i e r gas in 

temperature ranges as low as fros 300^0 up to 1100°0. 

We concluded that in th i s system, to haire the best r e su l t of ge t t ing 

H^ gas which nay be used as feed for a f u e l - c e l l , the operation i s performed 

by using l i - I i as ca ta lys t a t 11G0^C# fhat i s why only l i - I i ca ta lys t has 

heBti studied for methanol baths a t 25 C and 35^ G* 

fhe procedure of calculat ion of "retention time11 of the input gases 

in the reactor i s done in the same manner as for the I thanol and Air 

System, since the reactor tube i s the same s ize a s the i t hano l and M r 

System. Ihus: 

folume of the reactor tube: 

"^r 2 x L - . JMJr)2 x 3 0 x 16,4 
7 

= 366,5 etuJ 

l o t a l input of % a n d Methanol irapor (a t W e ) a t the following flow 

r a t e : 

27#5 »l/mixu x J * ^ = i n . 7 ml/min. 

2hus the "retention time11 a t 1100°C i s 

7 ~ r * ~ r ^ — x r ~ ~ 7 ^ 2#1 min. (approx.) 41#7 ml/iiin. 1373 it 

Case ( l l ) : Methanol a t abo¥e boil ing point without ca r r i e r gas 

Predict ion of 'possible react ions 

In Case (11): Methanol was boiled jus t aboTe i t s boil ing point (65°G) 

a t 66 C, by allowing only an out le t to the reactor without using any 

ca r r i e r gas* the temperature range studied for t h i s case i s 300^0 to 

1100^0# fhis time more oxides ca ta lys t s ¥ere studied. 

Jn th is case, the reaction proceeded in a more complicated aanner 
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than in Case ( l ) , since Cfî  gas was observed as a "by-product, i'he side 

react ion might be of the same pat tern as in the fithanol and Air System: 

CE3 OH —> CO -* 2 % (1) 

3 H 2 +" Go TZl Kz° + °% ^ 
H20 -h GO - 7 - ^ % 4- C02 (3) 

CH^ » 2E2 + C (4) 

H20 -*- G ^ CO + Ho (5) 

I t should be noticed that the quantity of (Sfy gas in each run was 

found to be not as high as in the I thanol and M r %stem 'This might 

be due to the GO and Hg gases obtained (3 moles) not being a s great as 

in the I thanol and Air System (3H2
 a*id 2 c 0 =? 5 moles) ; In cont ras t , 

compare with Cfi OH (below b . p j using 1 2
 a s c a r r i e r gas f where the 00 

and E gases obtained were much lowerf thus the reaction (2) i s more 

fa¥oured to the r igh t hand side* Besides i t might be due to the duration 

of in l e t gases staying longer than in Case ( l ) t then the react ion (2) wi l l 

proceed to the r igh t hand side again* 

Explanation of Captions 

Itfhe resu l t of experimental data vas summarised in the tables 

without the t o t a l output caption f other def in i t ion and cat-tione are 

the same as in the GBL0H and Hg System* 

She absence of the t o t a l output caption i s because there i s no 

ca r r i e r gas , thus the ra te of flow of t o t a l in~gas was not known so 

the estimated t o t a l of out-put gas w i l l not be calculated,, The way %e 

estiiaated the t o t a l input of methanol vapor i s based on the following 

approximations t i« e# f the aaximum of: 

(a) 4 the number of moles of H formed. 

o r (b) the sum of OH and CO moles 
.— if 
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By considering the following reactions: 

01 OH _ _ » G0+ 2H2 

1 mole 1 mole 2 moles 

GE.0H » CĤ -f- ^§02 

1 mole 1 sole § sole 

fhus los t w i l l be any carbon deposited as carbon or used to form 

C02 which would not be detected t a l so los t w i l l be hydrogen used to form 

water and any other side reactions* Also the nnreacted methanol i s not 

under consideration* 

After ge t t ing the t o t a l input of pure methanol vapor $ the J^BT cent 

of conversion i s calculated a l so based on two moles of hydrogen fro© 

one mole of methanol* 

ûmsiaCT of Besul ts : 

the following r e su l t s were observed from tables of Case 11: 

lo c a t a l y s t : - below 500^0, the r e su l t s of H2 and GO are qui te poor 

compared to 600°0 up of the same run* 

iinO c a t a l y s t : - the best r e su l t in H2 was a t ^00 0 among the temperatures 

of the same run* the ca ta lys t function i s decreased due to 

the i n s t a b i l i t y of 2n0 a t higher temperature* 

Hi-Hi c a t a l y s t : - best ca ta lys t compared to others which had been usedf 

even a t 300^01 the resu l t of H2 can be compared with 

the highest temperature of the sane run, from *fr of conver

sion* 

Zn0f Hi-Hi and no c a t a l y s t : - l e s s 01k gas observed* 

0 ^ 0 3 5 - though i t i s a good ca ta lys t for Hg and C0f a l so gave highest 

y ie ld of GEL gas* 

All ca t a ly s t s : In a l l runs higher yields of 0H^ were observed in the tem

perature range fro© 5004?-900^0# 
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»e concluded that in Case (11) also Kl-JWi catalyst i s the f i r s t 

choice of ca ta lys t to be used in the production of M which may be used 

as feed in fuel c e l l . 4n0 ca ta lys t i s the best ca ta lys t e-t lower 

temperature to produce hg C^s0 Mie temperature renpe preferred i s 300 -

500°0, for orly about 1> difference in H yield a t highest temperature 

as performed (1100P0) for Ili-Mi cata lyst case. 

fhe oxygen w© found was negligible* Missing froa the sua wi l l be 

ttcoated carbon*t water9 carbon dioxide f foriaaldahydef polymers and any other 

side reaction products* 

So we a re unable to account for the var ia t ions from the expected 

2 : l t %/00 ratio, 
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Part 111 M#t_mae System 

Prediction of Possible Beactions 

kethane gas was oxidised hy a i r or/and water a t high temperature in 

the presence of Tarious catalysts* 

Ihen a i r was the only oxidant, the mixture of 70# 02^ and 30/1 a i r 

•was passed d i r e e l l y in to the reactor from a pressure tank a t constant 

flow ra te # While using both a i r and water as oxidants, then the mixture 

of ?0^ GĤ  and 30j£ a i r a t constant flow ra te was bubbled into the %0 

layer in the generator^ Choosing water as the only oxidant to he studied f 

in t h i s case t 93$ OH. was used instead of the 70^ fM and 30^ a i r gas 

mixture and was bubbled as abovef under the S£0 layer» 

In a l l the aboTS experiments, for each runf the experimental set-up 

was flushed with ine r t JJg gas before introducing the G l ^ a i r mixture and 

also afterwards* This was done to prevent o^gen or a i r mixed with CH^ 

gas in the system to c rea te a hazard, hy formisg an explosive ©ixture of 

a i r and 0% gas, ( 70ji CK^ and 30^ a i r gass mixture i s outside the e%r* 

plosion range), 

i'he p a r t i a l comhustion of methane with oxygen to produce carbon 

monoxide and hardrogen has long been recognized. According to the theo re t i 

cal reaction J 

°%+ 1°2 » G0 + 2B2 . . . . . . . . . . . . . 4 5 ) 

half a mole of oxygen i s required per mole of methane and ^synthesis gas11 

containing a 2 to 1 r a t i o of hydrogen to carbon monoxide i s produced# 

* C M 9 1 . * 3 » C 2 ( 5 ^ <*3«>-#> n%{0_03) Kj^.irtjk) iCft(0.Q3) 002(0ATM 



fro® the li terature f we learn that this ideal is neTer achieved 

due to the complexity of the reaction mechanism (the theoretical 

reaction representing only the supination of many reactions) and the 

fact that a numher of competing reactions exist, ^specially is this true 

where air and _%G a * the same time are used as oxidants, Prettre, Mchner 

and Perria^ ^ (March - 4pril 19^6) investigated this reaction and concluded 

that approxiniately one quarter of the methane is completely oxiaised to 

carbon dioxide and water vapor: 

C%"f 202 «g > C02^2H20 , 

and then the resmining three quarters of the methane reacts with these 

products (CCL and H2O) to produce carbon monoxide and hydrogen, i . e . , 

G% + M20 4==a~ CO + 3^2 * * • * • * • * • (6) 

C% + C02 w = S 2C0 + 21% . # . . # . # . @ (?) 

Besidesf some of the (SL^ escapes from the rmotion as abovet and on 

account of the high temperature i t can be dissociated into i t s elements, 

x® e* , 

C% — H \ G -f- 2H2 . # . # . * # # . # (8) 

More carbon hlaok than we had ever found in the methanol and ethanol 

cases was observed, furthermore, at lower temperaturest there is un

converted 01k gas which passes through the reactor* 

IxDlanation of Captions in the fables 

the experimental data were summarised and converted into chemical 

quantities in the saute way as in the ahove two systems (ithaaol and 

Methanol) in the tabulated forms* In these cases, the jb of conversion 

wag calculated in the following ways; (l) for air as oxidant, and a i r 

ana water as oxidants cases, since there is an inert gas input, thus Imsed 

on this 12 gas the total output of a l l gases ^as calculated, then > of 
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conversion was calculated ; 

«u , r t W^4.„
 CHii Input - C % Output 

/» conversion ̂  H> * ** j ^QQ 
CH^ Input 

(2) l i h i l e fo r H^O a s only o x i d a n t , no i n e r t I 2 ga s was d e t e c t e d , the t o t a l 

ou tput of a l l gases was Imsed on the > of convers ion hy the fol lowing 

c a l c u l a t i o n , 

By assuming t h a t i d e a l l y , OH r e a c t s wi th H20 to f o n t one mole of Co 

and 3 moles of H2# 

G H ^ EjO ^ = ^ G0^3H2 . . . . . . . . . . . (9) 

One mole of CH^ can he converted i n t o one ao l e of GO and 2 moles of H2# 

Based on the hydrogen y i e l d oh t a ined , the only s ide r e a c t i o n i s assumed to he 

CE^ — * C^2H 2 . . . . . . . . . . _ . . (8) 

J l f i l M J l 2 J J J ^ ^ a-- ffioles o f OE^ 

decomposing hy r e a c t i o n T& 

Tota l CJ% conver ted fro® r e a c t i o n (9) and from r e a c t i o n (8) i s : 

2 x CO (ob ta ined) -Mio (oh ta ined) - 3 x Go (ohtaji ied^^r 
2 

moles I_U - moles GO 

f o t a l OH, input zz GH^ converted- t CH^ remaining 

t _,AM. moles of Ho - moles GO x 100 
' 2 To ta l Gi% input 

C a l c u l a t i o n of flow r a t e s of ifo. Ca^ and va^e r vapor : 

(a) I 'o ta l input r a t e of flows of % and GH^ of 70^ 0 % and 30^ A i r 

gas mixture were c a l c u l a t e d a s he lo^ fo r a i r a s only ox idan t : 

flow r a t e of a i r a t 50 of flowmeter ( M 6 l 0 ) = 31*5 m_t/min. 

flow r a t e of CH^ a t 50 of flowmeter (M6lO)=:^3*5 a l / * i n . 
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For Air (30-/>) : 

31.5 n l /o in x 30/100 6 

22400 ml/mole x 298°_./273<>K 
2 _ - - - • — - - — — — - _ _ - _ - . - — X 10 JC ?B/100=301 yUmoles/mia. 

For GH. (?0>) : 

^3.5 i-l/mla x ?0/lG0 , 
CH. = _. _ . ____ X i o 5 = 124-5 /Umoles/fflin. 

* 22400 ml/mole x 2980E/273°i. 

( _) Total input r a t e of flows of Ho &nd &L and iLO vapor mixtures were 

calculated as "below for Ai r and HgO as oxidants : 

For Air (30}-) : ( _»ee above ) 

For CE^ (70>6) i ( See above ) 

For E-0 (vapor) : 

(31.5 ml/min x ^ ~ - t 4 3 . 5 ml/rain x~?-~-) x 0.0?3 a t e . , 
II Q . MJUMJ„UU . . - . - . ^ ^ ^ ^ ^ ^ . ^ . . ^ . . s i - w . _J^^^__,^__,__,_W-^^.yr^--^r-^A~^l-. -—— - . -r—r^,-mj— X 1 fl 

2 ^ ^ 22400 ml/mole x 298°l/2?30 l x 0*9^? atm. 

=_128 ^moles/min, 

(31,5 ml/mis x J ^ + 4 3 . 5 ml/sin x—£~.) x 0.19? atm. , 

1 0 0 U} 22400 ml/mole x 298°l_/2730i> x 0.803 atm. 

= 400 ytmoles/mixu 

(c) Total input rote of flows of CHif and HO vapor mixtures for Ĥ O as 

only oxidant were calculated as below s 

for CI (91.5*) s 
* 43.5 ml/min x 91*5/100 , 

_*___________-. X 10 z 1630 yttmoles/mi&. 
22400 ml/mole x 298 ii/273^ 

i'or J3L0 (vapor) ; 
_ 43*5 ml/min x 0_19? atm. g 

B2°(60°C)- — ™ — — ™ ™ — ^ ^ X 10 =436 itooles/min. 
v ; 22400 ml/mole x 4 l f ? r X 0.803 atm. 7 

* (34) 
from Handbook 

HgO mpor pressure a t 40°C = 0*0?3 atm. 
HgU mpor pressure a t 60°0 =s 0.197 atm. 
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Stumnary of Results 

From the tables $ we observe the following resul ts* 

Cr^o^ J - i s *^-e best ca ta lys t among those which had been used t whether 

a i r and/or H2O acted as oxidants. 

Gr20<% s Zn0(ls2) J - i s the second best ca ta lys t aiaoiig those which had 

been usedf a l so whether a i r a_ad/or Ê O acted as oxidants. 

Io ca ta lys t : - the r e su l t with no cata lys t i s comparable to the other 

ca ta lys t s except CĴ G^ and Cr^Oj * ^a0(l i2) # 

All ca ta lys ts and without ca ta lys t : - the production of "d^ and 00 sharply 

increased a t the temperature 1100°C. 

A graph was plot ted of Seisperatur© (*C) against Bate (^moles/min.) 

for 01^(30^ a i r ) and H20(6o*C) as oxidants t since the other r e su l t s 

have almost the saia© trend as the curves shown: 

for CrgG^ c a t a l y s t s both 1% and 00 increase gradually from 700 G 

to 1000*0f a t 1100^0 the y ie lds suddenly increase I 

for 110 c a t a l y s t : - Hg has the same trend as for the 0*2^3 ca ta lys t 9 but 

increases up froa 900° C# l o r GO the yields a re almost constant froa 700^0 

to 1100°C# 

In th i s OIL system, the best ca ta lys t i s Cx^O^ among those which 

hairs been studied* Ehe temperature range i s preferred as high as possible 

( i . e . 1100*C). 
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Conclusion 

Iron the above few systems which we studied: f we have drawn the follow

ing conclusions: 

for the ethanol system* using air as a carrier gasf instead of 

getting hydrogen and carbon monoxide gases as the desired products from 

the following reaction: 

C2H50H -+- M r _ ^ 3H2 -r 2 C0*--»2t 

methane gas was also found* Although it can he collected and recycled 

for another system to crackf it might cause some inconvenience* Also it 

may he economically undesirable to have an extra set-up to separate the 

individual gases and cost more for investment capital* It would he hatter 

to look further to find a hatter catalyst which was laore selective for the 

above ideal reaction* She temperature required for the best catalyst %e 

have used (i.e#f ^203) t to give the highest result in hydrogen and carbon 

monoxide is 1000#0t a further increase in the temperature seems to give 

almost the same result as at 1000°C# Hopefullyf a catalyst may he found 

which can decrease the temperature required* 

for the Methanol System, it has heen demonstrated that methanol 

may he thermolysed substantially completely to hydrogen and carbon monoxide 

only in one pass through a heated refractory tube, using nitrogen as 

a carrier gas and operating in the range ?00°-1100°G# 

CH3OH —J2L* 2H2 -f- CO 

She ratio of hydrogen and carbon monoxide is not ideal as 2 to 1, 

since methane and free carbon have been observed* 

Methanol without a carrier gasf nay also be thermolysed under these 

conditions, but the conversion is no longer quite complete and methane 

is detected in minor amounts as one of the products* la the literature,* •**' 
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methane was a l so found as a side reaction product in the methanol and 

steam systemf reacting ca ta ly t i ca l ly a t about 26G°C to produce hydrogen 

and carbon dioxide for a hyarogen-generating plant based on methanol 

decomposition, designed for submarine 7uel-Cell Use. 

!i!he use of nickeli^ed-niekel wire as a ca ta lys t permits successful 

operation a t temperatures as low as 700^ and 8G0°C while using Ur as a 
2 

carrier gas* Yields of the desired products fall off to about 50> of the 

same run at 700^0 when operated in the absence of the catalyst* ^n0 

catalyst was found to be a good catalyst at lower temperature rangesf 

however, it has the disadvantage of a rather short life.*"' 

i'he selectivity of the particular catalyst cannot be compared from 

one system to another, since the operation conditions are different* For 

example: In the study of methanol with steam by M« Prigent et.al.'^9; 

Institute Francois du Fetrole copper chromite (CuCrgOjj,) was selected andf 

prepared by the thermal decomposition of a complex molecule containing 

copper, chromium and ammonia* While in Bngland, fi#G@ Gockerham e t . a l . * ' 

in the study of producing town gas from methanol by a ca t a ly t i c process 

which i s operated under pressure (20 to 25 atm») preferred nic&el-alumina 

ca t a ly s t , containing ISP of Mi* 

for the Methane system, mixtures of methane and water vapor and/or 
or 

a i r passed through the system without a ca ta lys t , even with ca ta lys t s 

produced considerable carbon, V*hen e i ther O^Oj 

or O^Goj ^n0 (1*2) ca ta lys t s were eaployedf considerable hydrogen was 

obtained f but there was a deficiency of carbon monoxide and some unreacted 

methane was found in the effluent gases* Shus, the hoped-for reactions 

were not achieved* 

So, in our case t further invest igat ion should be performed so as to 

reduce the free carbon formation by changing the "retent ion time11 in the 
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reactor tub© loj faster flow rate of the gases* A further increase m 

the temperature of reactor (if possible) shoula be studies. Alternatively 

more oxygen content in the feed-stocks may reduce the carbon black 

formation I But, to just such an extent sufficiently to react with 

carbon, otherwise, formation of more water rather than less carbon black 

might occur* 

e#g. CĤ -f 02 ^ 2E20 +* C 

On the other handt what we might do is periodically blow air through 

the reaction tube to remove carbon* 

2C^ 02 ^ 2C0 

Care must be taken with methane mixtures; we have had to guard 

against explosive compositions by purging with nitrogen or Co or depleted 

air (i.e., air low in oxygen). 
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