
CHAPTER III 
EXPERIMENTAL

3.1 Materials

3.1.1 Reactants
• Deionized water
• Methanol (purity >99.8%)

3.1.2 Gases
• Hydrogen (Thai Industrial Gases Public Company Limited) of 

99.99% purity was used as a reduction gas.
• Oxygen (Thai Industrial Gases Public Company Limited) of

99.97% purity was used as a reduction gas.
• Helium (Thai Industrial Gases Public Company Limited) of

99.995% purity was used as a diluted gas, purged gas and carrier gas in a gas 
chromatograph.

• Nitrogen (Thai Industrial Gases Public Company Limited) of
99.99% purity was used as a diluted gas, purged gas and carrier gas in a gas
chromatograph.

3.1.3 Chemicals
• Hydrogen tetrachloroaurate (III), HAUCI4.3 H2O, (Alfa AESAR) 

(purity 99.99%)
• Cerium (III) nitratehexahydrate, Ce(N0 3 )3.6H2 0 , (Aldrich) (purity 

99.99%)
• Sodium carbonate anhydrous, Na2C0 3 , (Riedel-de Haen) (purity 

99.99%)
• Copper (II) nitrate trihydrate, Cu(N0 3 )2'3 H2 0 , (Sigma) (Purity 

99.99%)
• Gold standard solution for AAS (Fluka)
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• Copper standard solution for AAS (Fluka)
• Deionized water
• Acetone, AR, 2.5 L

3.2 Equipment

The system of experiment for oxidative steam reforming of methanol 
(OSRM) is shown in Figure 3:1.

Figure 3.1 Schematic of oxidative steam reforming of methanol experimental 
system.

There are 4 main parts in this system such as liquid feed section, gas 
blending section, catalytic reactor section, and analytical instrument section.
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3.2.1 Liquid Feed System
The mixture of distilled water and methanol was filled in a syringe 

and this mixture was injected by syringe pump at a rate of 1.5 ml/hour to a 
evaporator for making the vapor of methanol and steam. The methanol vapor and 
steam are carried by helium, mixed with oxygen stream before entering a catalytic 
reactor and a flow rate of He and oxygen are varied to keep the constant gas hourly 
space velocity (GHSY) at 30,000 ml/g-cat.hour.

3.2.2 Gas Blending System
The purge gas (He) was delivered from the storage tank, and then 

passed through a micron filter in order to remove particles and passes the check 
valve to prevent reverse flow. The flow rate was controlled by 840 Sierra Instrument 
model mass flow controller in order to achieve the desired flow rate. All streams 
were mixed in a mixing chamber before passing through the catalytic reactor.

3.2.3 Catalytic Reactor
The steam reforming of methanol was carried out in a vertical pyrex 

glass microreactor with an inside diameter of 9 mm and length of 36 cm at 
atmospheric pressure and in the temperature range of 200-400°C. In the middle of 
the reactor, the catalyst was packed between quartz wool plugs. The reactor was 
installed and electronically heated in the furnace. The temperature of the catalyst bed 
was controlled and monitored by PID temperature controller equipped with a 
chromel-alumel thermocouple (Type K).

3.2.4 Analytical Instrument
The product gases (e.g. H2, CO, C02, and CH4) from the reactor are 

analyzed both qualitatively and quantitatively by a Hewlett Packard 5890 series II 
gas chromatograph equipped with a thermal conductivity detector (TCD). The 
column utilized in a gas chromatograph is Carbosphere®, 80/100 mesh, 10 ft X  1/8 
inch stainless steel packed column. The gas chromatograph conditions used in this 
study are summarized as follows:

Injection Temperature: 95°c
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Oven Temperature: 95°c
Detector Temperature: 145°c
Carrier gas: He (99.99% purity), 30 mL/min

The results were recorded by Agilent Chemstation software. The 
observed peaks were identified by comparison with the retention time of the standard 
gas. For quantitative analysis, the peaks area was used to determine the concentration 
of each component based on the calibration curves obtained from known 
composition gases.

3.3 Preparation of Catalyst and Support

In this study, the catalysts were prepared Co-precipitation technique and the 
support (Ce0 2) was prepared by precipitation technique.

3.3.1 Precipitation Technique
3 .3 .1 .1  P r e p a r a t io n  o f  C e C >2 S u p p o r t

An aqueous solution of 0.1M Na2CC>3 was added dropwise in 
the aqueous solution of 0.1 M Ce(N0 3)3.6H20  under vigorously stirring condition at 
80°c. The mixture was kept at a pH of 8-9 for 1 hour. Excess ions, CO32' and NO3', 
were eliminated by washing with warm deionized water. The suspension was 
centrifuged in centrifuge HERMLE Z383 at 500 round per min. The precipitate was 
dried at 110°c overnight and calcined in air at 500°c for 4 hours. After calcination, 
the powder of catalysts were labeled and kept in a desiccator.

3.3.2 Co-precipitation Technique
Before adding the metals, the support (CeC>2) was dried in an oven at 

110°c for 12 hours. Hydrogen tetrachloroaurate (III), HAUCI4.3 H2O and Copper (II) 
nitrate trihydrate, Cu(NC>3)2-3 H20  were weighed for a desired amount, and then 
dissolved in deionized water under continuous stirring and heating at 80°c. The dried 
support was added to a solution and the pH of solution (~8) was adjusted by adding 
0.1 M Na2CÛ3 then the mixture was aged for 1 hour. The suspension was washed by 
warm deionized water to eliminate the residue ions. The suspension was centrifuged
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in centrifuge HERMLE Z383 at 500 round per min. Deionized precipitate was dried 
at 110°c overnight and calcined in air at various temperatures for 4 hours. After 
calcination, the sample was ground and sieved by 80-120 mesh size, and was kept in 
a desiccator.

3.4 Catalyst Characterization

The properties and characteristics of the prepared catalysts (Au-CuO/CeCh) 
are different due to the effect of Au/Cu ratios and calcination temperatures. The 
different properties may affect the activities and selectivity of the catalyst; therefore, 
it is necessary to conduct some characterizations. In this work, several 
characterizations are utilized.

3.4.1 BET Surface Area Measurement Technique
Autosorb-1 Gas Sorption System (Quantachrome Corporation) are 

used to measure the BET surface area, total pore volume, and average pore diameter 
of the catalysts. The equipment measurement is based on Brunauer-Emmet-Teller 
(BET) equation. This technique is done by calculating the physical multi-layer 
adsorption of Nitrogen. A sample is outgassed by heating under vacuum to eliminate 
volatile absorbents in the surface at 250°c for at least 4 hours prior to the analysis. 
Nitrogen gas with the cross-sectional area of 1.62x1 O'19 m2/molecule is adsorbed on 
the catalyst surface at liquid Nitrogen temperature (-196°C). The surface area is 
calculated from the 27 points nitrogen adsorption. The average pore diameter and 
pore volume are obtained at P/Po ratios close to unity. The result is analyzed by 
Autosorb Anygas Software version 2.1, which are calculated using the BET equation 
as shown in Eq. 3.1.

where:

I ( C - I ) r y
K r C  (w m

(3.1)

p pressure of gas



34

Po =  sa tu ra ted  v a p o r  p ressu re  o f  th e  liq u id  at th e  o p e r a tin g  tem p era tu re  
พ  =  w e ig h t  o f  g a s  a d so r b e d  at a r e la tiv e  p r essu re , Po 
พ ท 1 =  w e ig h t  o f  a d so rb a te  c o n s t itu t in g  a m o n o la y e r  o f  su r fa c e  c o v e r a g e  
c  =  c o n s ta n t  that is  re la ted  to  th e  e n e r g y  o f  a d so r p tio n  in  th e  f ir st  a d so rb ed  

la y e r  and  m a g n itu d e  o f  th e  a d so r b e n t/a d so r p b a te  in te r a c tio n

T h e  su r fa c e  area  is  c a lc u la te d  b y  E q . 3 .2 .

พ . An .( 6 .0 2 x 1 o 23)s =  m 4 - - - - ----------- - . (3 .2 )
M  พ,N2

w h ere:
ร  =  s p e c if ic  su r fa c e  area (m 2 / g ) .
A n 2 =  c r o s s - s e c t io n a l area o f  o n e  m o le c u le  N 2 ( 0 .1 6 2  m u 2  at -1 9 6 ° C )
Mw_ N2 =  m o le c u le  w e ig h t  o f  n itr o g e n  (2 8  g /g - m o l)

3 .4 .2  X -R a y  D iffr a c t io n  T e c h n iq u e  (X R D )
T h e  c r y s ta llin e  stru ctu re o f  o x id e  su p p o rt an d  th e  m e a n  p artic le  

d ia m e te r  o f  g o ld  are a n a ly z e d  b y  m e a n s  o f  a R ig a k u  X -R a y  D iffr a c to m e te r  sy s te m  
( R I N T -2 2 0 0 )  w ith  c o p p e r  tu b e  for g e n e r a tin g  C u K a r a d ia tio n  ( 1 .5 4 0 6  A ) , an d  n ic k e l  
filter . It is  a lso  p o s s ib le  to  a c h ie v e  a r e la tiv e  a n a ly s is  b y  th e  in te n s ity  o f  th e  p eak . F or  
th e  sa m e  c r y s ta llin e  su b sta n c e  th e  h ig h er  o f  th e  p ea k  in d ic a te s  th e  h ig h e r  c o n te n t o f  
that p h a se .

R I N T -2 2 0 0  is  u se d  to  ob ta in  X R D  p attern  at a  g en e r a to r  v o lta g e  o f  4 0  
k v  an d  a gen era to r  cu rren t o f  3 0  m A . T h e  g o n io m e te r  p a ra m eters  are  d iv e r g e n c e  s lit  
=  1° (2 0 );  sc a tte r in g  s lit  =  1° (2 0 );  and r e c e iv in g  s lit  =  0 .3  m m . T h e  sc a n  sp e e d  o f  5°
(2 0 ) /m in  w ith  sc a n  step  o f  0 .0 2  ( 2 0 )  is  u se d  for  th e  c o n t in u o u s  run in  5 to  9 0 ° c  (2 0 )  
ran g e . S a m p le  sh o u ld  b e g ro u n d  to th e  f in e  h o m o g e n e o u s  p o w d e r  an d  h e ld  in a b eam  
in a  th in -w a lle d  g la s s  co n ta in e r . T h e  s ig n a l is  se n t  to  th e  o n - l in e  c o m p u te r  to  record  
an d  a n a ly z e . S ch errer  e q u a tio n  in  th e  form  o f  E q . 3 .3  s h o w s  th e r e la t io n sh ip  b e tw e e n
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th e  c r y s ta llin e  th ic k n e ss  ( Dh) and th e  b r o a d e n in g  (B j)  o f  th e  d if fr a c tio n  lin e  

c o r r e sp o n d in g  to  th e  B r a g g  a n g le  (9 )  u s in g  w a v e le n g th  (A ).

w h ere:

h Bj - c o s  9
(3 .3 )

D h =  m ea n  c r y s ta l lin e  d ia m e te r  (A )

K = S ch em er  c o n sta n t, 0 .9
A =  X -R a y  w a v e le n g th  (Â )

B11 =  a n g le  w id th  o f  p e a k  in  term  o f  A ( 2 G) (rad ia n )

0 =  B r a g g  a n g le  o f  th e  r e f le c t io n  (d e g r e e )
It is  im p o rtan t to  n o te  h ere  that th e  resu lts  fro m  th e  S ch em er  e q u a tio n  

are a  c r y s ta llin e  th ic k n e s s  that is  p e r p en d icu la r  to  th e  d if fr a c tio n  p la n e s  rather than an  
actu a l p a r tic le  s iz e .  It is  n e c e s sa r y  to a p p ly  a c o m e c tio n  fa c to r  that d e p e n d s  o n  th e  
actu a l sh a p e  o f  th e  c r y s ta l l in it ie s  and o n  th e  M ille r s  in d ic e s  o f  th e  d if fr a c tio n  p la n e s  
in  ord er to  o b ta in  th e  actu a l c r y s ta llite  s iz e  from  th e  th ic k n e ss .

3 .4 .3  T r a n sm is s io n  F dectron  M ic r o s c o p y  T e c h n iq u e  (T E M )
T h e  tr a n sm iss io n  e le c tr o n  m ic r o  g r a p h ic s  w il l  b e  e m p lo y e d  for  

in v e s t ig a t in g  th e  a v e r a g e  p a r tic le  s iz e  and  id e n t ify in g  th e  m icro stru c tu re  o f  p repared  
c a ta ly s ts . T h e  c a ta ly s t  sa m p le s  w il l  b e  g ro u n d ed  in to  f in e  p o w d e r  and  u ltr a so n ic a lly  
d isp e r se d  in  e th a n o l. A  sm a ll d ro p le t o f  th e  s u sp e n s io n  w il l  b e  d e p o s ite d  o n  a co p p e r  
grid , and th e s o lv e n t  w i l l  b e  e v a p o r a te d  p rior  to lo a d  th e  sa m p le  in to  th e  m ic r o sc o p e . 
T E M  w ill  b e  ca m ied  ou t u s in g  a JE O L  2 0 0 0 C X  o p era ted  at an a c c e le r a t in g  v o lta g e  o f  
1 2 0  k V  in  b r ig h t f ie ld  m o d e s . A  b ea m  w i l l  b e  p a sse d  th ro u g h  a s e r ie s  o f  le n se s  to  
fo rm  a m a g n if ie d  im a g e  o f  a sa m p le  that is  in serted  in  th e  area  o f  th e  o b je c t iv e  le n s .  
T h e  im a g e  fro m  s e le c te d  area  w ill  b e  v ie w e d  th ro u gh  p r o je c tio n  o n to  a v ie w  o f  
screen . H o w e v e r , e le c tr o n  b e a m s  can  b e  e a s i ly  sca ttered  b y  air m o le c u le s ,  and T E M
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c o lu m n s  m u st b e  k ep t u n der h ig h  v a cu u m . A d d it io n a lly , th e  e le c tr o m a g n e t ic  le n se s  
w ill  b e  u se d  for  fo c u s in g  th e e le c tr o n  b eam .

3 .4 .4  T e m p e r a tu r e -P r o g r a m m e d  R e d u c t io n  T e c h n iq u e  (T P R )  
T e m p e r a tu r e -P r o g r a m m e d  R e d u c tio n  (T P R ) is  c o n d u c te d  u s in g  an in -

h o u se  T P R  s y s te m . A  m e a su r e m e n t is  carr ied  o u t b y  p la c in g  a sa m p le  in  a quartz  
reactor. T h e  sa m p le  is  su b jec ted  to  T P R  a n a ly s is  u s in g  10%  แ 2 in  A r  fo r  3 0  m l/m in . 
T h e  r e d u ctio n  tem p era tu re  is  ra ised  from  3 0  to  8 5 0 ° c  at a  ram p  rate o f  1 0 ° c /m in .  A  
therm al c o n d u c tiv ity  d e tec to r  is  u sed  to  m o n ito r  th e  d if fe r e n c e  o f  h y d r o g e n  c o n ten t  
b e fo r e  and a fter  th e  red u ctio n . T h e  tem p era tu re , at w h ic h  th e  r e d u c tio n  is  c o m p le te d ,- 
c o u ld  b e  d e te r m in e d  from  T P R  pattern .

3 .4 .5  T e m p e r a tu r e -P r o g r a m m e d  O x id a tio n  T e c h n iq u e  (T P O )
T em p era tu re  P ro g ra m m ed  O x id a tio n  (T P O ) is  u se d  to  e v a lu a te  -

a m o u n t o f  carb o n  fo rm a tio n  o f  sp en t c a ta ly s ts . T h e  5 0  m g  o f  sp e n t c a ta ly s t  is  p la c e d  
in  q u artz  tu b e reactor . T h e  sp en t ca ta ly s t  is  c o n d u c te d  to  T P O  a n a ly s is  u s in g  2%  O 2 

in  H e  for  3 0  m l/m in  b e fo re  th e  tem p era tu re  is  lin e a r ly  in c r e a se d  at a ram p  rate o f  
1 2 ° c /m in .  C a rb on  fo rm a tio n  is  o x id iz e d  in to  carb o n  d io x id e  th en  c o n v e r t  to  m eth a n e  
in  th e  m eth a n ato r . F ID  S R I m o d e l 11 0  is  u se d  to  d e te c t  th e  e f f lu e n t  g a s  from  
m eth a n ato r . T h e  resu lt fro m  m ea su r e m e n t c a n  b e  u se d  to  d e te r m in e  a m o u n t o f  
d e p o s ite d  carb on .

3 .4 .6  F o u r ier  T ra n sform  Infrared  S p e c tr o sc o p y  (F T -IR )
T h e  F T -IR  sp ec tra  o f  th e  s a m p le s  w e r e  r e co rd ed  u s in g  a T h erm o  

N ic o le t  N e x u s  6 7 0  F T -IR  sp e c tr o m e te r  in  th e  a b so r b a n c e  m o d e  at 3 2  sc a n s  w ith  a 
r e so lu tio n  o f  4  c m K l .  S p ectra  o f  fr e q u e n c y  ra n g e  o f  4 0 0 0 - 4 0 0  c m ' 1 w e r e  m ea su red  
u s in g  a d eu tera ted  tr ig ly c e r in e su lfa te  d e tec to r  (D T G S )  w ith  s p e c if ic  d e te c t iv ity  o f  
1 X10 9c m  H z l / 2  พ '1.
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3 .4 .7  U V -v is ib le  S p e c tr o p h o to m e te r
T h e  m e a su r e m e n ts  w e r e  p er fo rm ed  o n  a ir -e x p o s e d  sa m p le s  at an  

a m b ien t tem p era tu re  o f  b e tw e e n  2 0 0  and  8 0 0  n m . Ion  in te n s ity  w a s  e x p r e s s e d  u s in g  
th e  K u b e lk a -M u n k  fu n c tio n

F ( * “ > ( 3 -4 )

3.5 Optimum Condition and Activity Measurement

O S R M  r ea c tio n  w a s  carr ied  o u t in  a f ix e d -b e d  rea c to r  u n d er  a tm o sp h e r ic  
p ressu re . B e fo r e  c o n s id e r in g  th e  e f fe c t  o f  b im e ta ll ic  (C u /A u )  c a ta ly s ts  o n  th e  O S R M  
p r o c e s s , th e  o p tim u m  c o n d it io n s  for  th e  e x is te n c e  o f  O S R M  r ea c tio n  m u st b e  
p e r fo r m e d 'o n  A u -C u 0 /C e 0 2  c a ta ly s ts .T h e r e fo r e , v a r ia b le s  a f fe c t in g  th e  a c t iv ity  and  
s e le c t iv ity  o f  th e  b im e ta ll ic  c a ta ly s ts , w i l l  b e  s tu d ie d  in  th is  r e sea rch  su c h  as the  
e f fe c t s  o f  p retrea tm en t c o n d it io n , A u /C u  (w t/w t)  ra tio s , c a lc in a t io n  tem p era tu re , 
H 2 O /C H 3 O H  m o la r  ra tio s , and O 2 /C H 3 O H  m o la r  ra tio s  o n  th e  c a ta ly s t  a c t iv ity . 
F in a lly , th e  d e a c t iv a t io n  te s t  o f  A u -C u 0 /C e 0 2  w a s  a ls o  p e r fo r m e d  fo r  4 8  h o u rs . A ll  
o f  th e se  p a ra m eters  w e r e  su m m a r iz e d  in  T a b le  3 .1 .

3 .5 .1  E ffe c t  o f  C a ta ly st  P retreatm en t
T h e  e f fe c t  o f  c a ta ly s t  p retrea tm en t o n  th e  c a ta ly s t  a c t iv ity  o f  

A u -C u O /C e 0 2  c a ta ly s ts  w a s  s tu d ied  in  th e  O S R M  rea c tio n . T h e  p rep ared  c a ta ly s ts  
w e r e  p retrea ted  b y  O 2 and  N 2 g a s  w h ic h  su ita b le  p retrea tm en t c o n d it io n  w a s  c h o se n .

3 .5 .2  E ffe c t  o f  C u /A u  (w t /w t)  R a tio
T h e  e f fe c t  o f  C u /A u  (w t/w t)  ra tio s  o n  a c t iv ity  an d  s e le c t iv ity  w a s  

s tu d ie d  in  O S R M  r e a c tio n . T h e  C u /A u  (w t/w t)  ra tio s  w e r e  v a r ie d  w ith  5 /0 , 5 /1 ,  1 /1 , 
1 /5 , and  0 /5  ra tio s . T h e  su ita b le  C u /A u  ratio  w a s  c h o s e n .
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3 .5 .3  E ffe c t  o f  C a lc in a tio n  T em p era tu re
T h e  e f fe c t  o f  c a lc in a t io n  tem p era tu re  w ith  th e  su ita b le  g o ld  and  

c o p p e r  c o n te n ts  o n  A u -C u O /C e C >2 c a ta ly s ts  o n  a c t iv ity  an d  s e le c t iv ity  w a s  s tu d ied  in  
O S R M  rea c tio n . T h e  c a lc in a t io n  tem p era tu res o f  2 0 0 ,  3 0 0 , 4 0 0 ,  and  5 0 0 ° c  w ere  
stu d ie d  for C u -A u /C e C E  c a ta ly s ts . T h e  su ita b le  c a lc in a t io n  tem p era tu re  w a s  c h o se n .

3 .5 .4  E ffe c t  o f  S te a m /M e th a n o l M o la r  R a tio
T h e  e f fe c t  o f  H 2 O /C H 3 O H  m o la r  ra tio s  o n  th e m e th a n o l c o n v e r s io n  

and  h y d r o g e n  s e le c t iv ity  w ill  b e  s tu d ie d  in  O S R M  r e a c tio n  o v e r  th e  rea c tio n  
tem p era tu res  v a r ied  in  th e  ran g e  o f  2 0 0 - 4 0 0 ° C . T h e  s te a m /m e th a n o l m o la r  ra tio s  
w e r e  v a r ied  fro m  0  to 4 . T h e  su ita b le  s te a m /m e th a n o l m o la r  ratio  w i l l  b e  c h o se n .

3 .5 .5  E ffe c t  o f  O 7 /C H 3 O H  M o la r  R a tio
T h e  e f fe c t  o f  0 2 /C H 3 0 1 1 m o la r  ra tio s o n  th e  m e th a n o l c o n v e r s io n  and  

h y d r o g e n  s e le c t iv ity  w il l  b e  s tu d ie d  in O S R M  r e a c tio n  o v e r  th e  r e a c tio n  tem p era tu res  
v a r ie d  in  th e  ra n g e  o f  2 0 0 - 4 0 0 ° C .  T h e  O 2 /CEI3 O H  m o la r  ra tio s w e r e  v a r ie d  from  0  to  
1 .9 2 . T h e  su ita b le  0 2 /C H 3 0 H  m o la r  ratio  w il l  b e  c h o se n .

3 .5 .6  E ffe c t  o f  S id e  R e a c tio n
T h e  e f fe c t s  o f  D M  and  S R M  r e a c tio n s  w ith  th e  su ita b le  (C u /A u )  

m o la r  ratio  an d  c a lc in a t io n s  tem p era tu re o n  A u - C u O /C e 0 2  c a ta ly s t  w e r e  stu d ied . 
T h e  r ea c tio n  tem p era tu re  o f  D M  and S R M  w e r e  v a r ie d  in  th e  ran g e  o f  2 0 0  to  4 0 0 ° c
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3.6 Calculations

T h e  m e th a n o l c o n v e r s io n , h y d r o g e n  y ie ld , h y d r o g e n  s e le c t iv ity ,  carb on  
m o n o x id e  s e le c t iv ity , m e th a n e  s e le c t iv ity , an d  ca rb o n  d io x id e  s e le c t iv ity  are  
c a lc u la te d  b y  E q s. 3 . 5 - 3 . 1 0

w h e r e

w h e r e

w h e r e

CO +  CO 2 +CH 4 
MeOH(m) X 1 0 0 (% ) (3 .5 )

X  =  m e th a n o l c o n v e r s io n  (% )
MeOH (jn) = m o le  o f  m e th a n o l in le t

Y„2 = X x S „ 2

H 2 +CH4+ CO + CO 2

รCO CO___________
H  2 +  CH 4 +  CO +  CO 2

x l 0 0 (% )

x l 0 0 (% )

S('o2 = CO,
H 2 + CH 4 + CO + COj X 1 0 0 (% )

(3 .6 )

(3 .7 )

(3 .8 )

(3 .9 )

ScHt --------- CH\.------ -—  X 1 0 0 (%)H 2 +CHa +C0 + C02 (3 .1 0 )

Yh2 =  h y d r o g e n  y ie ld  (% )
รH1 =  h y d r o g e n  s e le c t iv ity  (% )
รc0 =  carb o n  m o n o x id e  s e le c t iv ity  (% )
รc01 =  carb o n  d io x id e  s e le c t iv ity  (% )
5 CW4 =  m e th a n e  s e le c t iv ity  (% )
H 2 =  m o le  o f  h y d r o g e n  in  th e  p ro d u ct strea m
C O  =  m o le  o f  carb o n  m o n o x id e  in  th e  p ro d u ct stream  
CO, = m o le  o f  carb o n  d io x id e  in th e  p ro d u ct stream  
CHa = m o le  o f  carb o n  m eth a n e  in  th e  p r o d u c t stream
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