
CHAPTER IV

EXPERIMENTAL SYSTEMS 

AND EXPERIMENTAL PROCEDURES

This chapter will explain about the experimental system and the experimental 

procedures that were used in this work. This chapter is classified into 3 main 

sections. The catalyst preparation is presented in section 4.1. The experimental 

system is described in section 4.2. The section 4.3 finally explains about catalyst 

characterization including the temperature programmed oxidation (TPO), chemical 

analysis, differential thermal analysis, CO adsorption, BET surface area, and XRD 

presented in section 4.3.1, 4.3.2, 4.3.3, 4.3.4, 4.3.5 and 4.3.6, respectively.

The scope of this study

The composition of reactant

Ethanol 30 vol%

Helium 70 vol%

The catalysts used in this study are as fallows:

2 wt% Pd / Si02

2 wt% Pd / 0.5 wt% La203 / Si02

2 wt% Pd / 3 wt% La2Û3 / Si02

The reaction conditions of ethanol decomposition are as follows:

Reaction temperature 

Operation pressure

200-500°C 

1 atm
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4.1 Preparation of catalyst

4.1.1 Materials

The chemicals used in this study have to be specified as follows:

1. Palladium (II) chloride (PdCl2), manufactured by Wako Pure Chemical 

Industries CO., Ltd., Japan.

2. Lanthanum nitrate hydrate (La(N03)3'6H20 ), manufactured by Wako Pure 

Chemical Industries CO., Ltd., Japan.

3. Silica gel (Si02), manufactured by Strem Chemical CO., Ltd., USA.

4. Ethanol (CFLCLLOH), (99.99%) manufactured by E.Merch, Federal 

Republic of Germany.

4.1.2 Apparatus: unit for calcination

This unit which consists of an electrical furnace and automatic temperature 

controller was used for calcining the impregnated catalysts at high temperature.

4.1.3 Preparation of support

Silica support was obtained by grinding Grade 57 silica gel (Si02) granulars 

and collecting particles in the 16-20 mesh range. The silica support particles were 

calcined at 550°c for 8 hr in a furnace to eliminate adsorbed water and other 

impurities. The temperature of furnace was increased from ambient temperature to 

550°c at the heating rate 2°c/min. The calcined silica was removed from the furnace, 

cooled down to room temperature and stored in a desiccator.
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4.1.4 Impregnation of promoter and active species

4.1.4.1 Lanthana loading

1. The wetability (or water capacity) of the support was determined by adding 

deionized water to a 1.0 g sample of silica. Water was added until the particles began 

to visibly stick together. The result from that provided US that the wetability was 1.0 

ml/g of silica.

2. A lanthanum nitrate solution was applied to dry silica support using the 

standard catalyst impregnation method. The lanthanum nitrate solution was added to 

the dried silica support as the lanthanum oxide source. An example of preparation is 

described as follows: lanthanum nitrate hydrate 0.1644 g was added to 2.0 ml of 

deionized water. The entired lanthanum nitrate solution was slowly added to 2.0 g of 

silica support. This recipe produced a 3.0 weight percent loading of La2C>3 on the 

SiC>2 substrate.

3. The lanthanum nitrate impregnated silica support was dried overnight at

110°c.

4. The dried impregnated silica was calcined at 550°c for 8 hr in furnace to 

decompose the lanthanum nitrate salt into lanthana (La2Û3) and to firmly fix it to the 

silica surface. The temperature of furnace was increased from ambient temperature to 

550°c by heating rate of 2°c/min. The support was removed from the furnace, cooled 

to room temperature and stored in a desiccator. The lanthana-modified silica 

(I^CVSiCh) was used as a support material for the palladium catalysts. The 

modified silica supports were designated as 0.5% La203/Si02 and 3% La2Û3/Si02 in 

which 0.5 and 3.0 weight percent loading of lanthanum oxide was fixed to the silica 
surface.



26

4.1.4.2 Palladium loading

For palladium-based catalysts, the supports were silica and lanthana-modified 

silica. The preparation procedures are as follows:

1. The previously calcined SiC>2 and La203/Si02 support were impregnated 

with a solution of palladium by the incipient wetness technique. The solution used 

was prepared by dissolving palladium (II) chloride in a 1:1 by volume mixture of 

water and concentrated hydrochloric acid. In this preparation, the solution was heated 

at 80°c for 30 min to promote dissolution of the palladium salt. Using the water 

capacity measurement obtained previously for the silica particles, a sufficient amount 

of the palladium salt was added to obtain a two weight percent of palladium.

2. After an impregnation, the catalyst was dried at 110°c for 8 hr.

3. The dried catalyst was calcined 550°c for 8 hr in a furnace. The temperature 

of furnace was increased from ambient temperature to 550°c by the heating rate of 

2°c/min. The palladium salt was, consequently, decomposed into small palladium 

metal or metal oxide crystallites. Finally, the catalyst was cooled down and stored in 

a disiccator. The prepared catalysts are designated as 2%Pd/Si02, 

2Pd%/0.5%La2O3/SiO2, and 2%Pd/3%La20 3/Si02
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4.2 Experiment system

4.2.1 Chemicals and reagents

Thai Industrial Gasses limited provided all gases used in this study. They are 

high purity helium (99.995%), ultra high purity helium (99.999%), and high purity 

hydrogen (99.995%). The high purity helium was used as a purge gas and diluent gas 

in the catalytic reactor system. The ultra high purity helium was used as a carrier gas 

for gas chromatograph. The high purity hydrogen was used to reduce the catalyst to 

the active metal form. Ethanol (99.99%) reactants, supplied by Aldrich, were used in 

this study.

4.2.2 Instrument and apparatus

A flow diagram of the decomposition system is shown in Figure4.1. The parts 

used in this study are listed and explained as follows:

1. Reactor

The decomposition reactor employed was a conventional micro reactor made 

from quartz tube with 8 mm. inside diameter. The catalyst was placed between quartz 

wool layers. The effluent gas was analyzed by an online gas chromatograph.

2. Electrical furnace

It supplied the required heat to the reactor for the ethanol decomposition 

reaction. It could be operated from room temperature up to 800°c. The reaction 

temperature was controlled by an automatic temperature controller.

3. Gas chromatograph

Gas chromatograph (SHIMADZU GC-14B) equipped with a thermal 

conductivity detector (TCD) was used to analyze the composition of gas effluent from 

the reactor. The GC operating conditions are listed in the Table 4.2



1. P re ssu re  re g u la to r
5. 3 - w ay  v a lv e
9. C a ta ly s t b ed
13. T e m p e ra tu re  c o n tro lle r  
17. B u b b le  f lo w  m e te r  
20. H e a tin e  line

2. O n  - o f f  v a lv e  
6. S a tu ra to r  

10. M a g n e tic  b a r 
14. T h e rm o c o u p le  
18. S a m p lin g  v a lv e

3. G as  f ilte r
7. H e a te r

11. S tir r in g  c o n tro lle r
15. R e a c to r
19. G as  c h ro m a to g ra p h y

4. M e te r in g  v a lv e  
8. T h e rm o m e te r  

12.V a ria b le  v o lta g e  tra n s fo rm e r 
16. F u rn a c e

F ig u r e  4.1 F lo w  d ia g ra m  o f  e th a n o l d e c o m p o s it io n  sy stem .
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T a b le  4.1 O p e ra tin g  co n d itio n s  o f  g as  ch ro m a to g ra p h  (S H IM A D Z U  14B )

M o d e l S H IM A D Z U  14B
D e tec to r T C D
C o lu m n P o ra p a k N  (3 0 0 x 0 .3 2 cm )
C arrie r  gas U ltra  h ig h  p u rity  h e liu m
F lo w  ra te  o f  c a rr ie r  gas 50 m l/m in
C o lu m n  te m p e ra tu re

- In itia l tem p e ra tu re 60°c

- In itia l tim e 5 m in
- R a te 5 ° c /m in

- F in a l tem p e ra tu re 1 5 0 °c
D e tec to r te m p e ra tu re 1 5 0 °c
In je c to r te m p e ra tu re 1 5 0 °c
D e tec to r c u rre n t 80 m A

4.2 .3  C a ta ly t ic  r e a c to r  sy s te m

C a ta ly s t ev a lu a tio n s  w ere  co n d u c ted  in  a  tu b u la r  f lo w  reac to r. T h e  c a ta ly s t 
w as h e a te d  b y  an  e lec tric  fu rn ace . T h e rm o c o u p le  ty p e  K  w a s  p la c e d  in  th e  c e n te r  o f  
c a ta ly s t b e d  in  o rd e r  to  m easu re  th e  c a ta ly s t te m p e ra tu re , w h ic h  w as  c o n tro lle d  b y  an  
au to m a tic  te m p e ra tu re  c o n tro lle r. L iq u id  e th an o l w as  p la c e d  in  a  s a tu ra to r  se t a t 
51°c. It w a s  v a p o riz e d  in  h e liu m  b a la n c e d , in  o rd e r  to  p ro d u c e  3 0 % v o l in  re a c tan t 
feed . T h e  e ff lu e n t gas fro m  re a c to r w as  an a ly z e d  b y  an  o n -lin e  g as  ch ro m a to g ra p h  
(S H IM A D Z U  G C 1 4 -B ) e q u ip p e d  w ith  a  th e rm a l c o n d u c tiv ity  d e tec to r.
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4.2.4 Experimental procedure

1. 0.1 g o f  2 % P d /S i0 2  c a ta ly s t w as p a c k e d  in  th e  m id d le  o f  th e  quartz  
m ic ro re a c to r , w h ic h  w a s  p la c e d  in  an  e lec trica l fu rn ace . H e liu m  g as  w a s  in tro d u ced  
in to  th e  re a c to r  w ith  a  f lo w  ra te  o f  30 m l/m in  fo r 30 m in .

2. T h e  re a c to r  w as  h ea ted  up  w ith  th e  h e a tin g  ra te  o f  5°c/min u n til the 
te m p e ra tu re  re a c h e d  400°c, an d  th e n  h y d ro g e n  gas w ith  th e  f lo w  ra te  o f  60 m l/m in  
w as sw itc h e d  to  rep la c e  h e liu m  fo r th e  red u c tio n  p ro cess . T h e  c a ta ly s t w a s  red u ced  at 
th is  te m p e ra tu re  fo r  2 h r  b e fo re  co o lin g  d o w n  to  ro o m  te m p e ra tu re  in  h e l iu m  flow . 
A fte r  th is  p re tre a tm e n t w as  acco m p lish ed , th e  c a ta ly s t w as  re a d y  to  b e  u s e d  fo r the 
reac tio n .

3. T h e  re a c to r  w as  h ea ted  up  to  th e  reac tio n  te m p e ra tu re  in  h e liu m  a tm o sp h ere  
w ith  th e  h e a tin g  ra te  o f  5 ° c /m in  b e fo re  th e  re a c tan t gas w a s  in tro d u c e d  to  s ta rt the 
reac tio n . T h e  re a c tio n  te m p e ra tu re  w as ca rried  o u t a t te m p e ra tu re  200, 300, 400 and  
500°c. T h e  sa m p le d  gas w as ta k e n  at 5, 60, 120, 180, 240 a n d  360 m in  o f  reac tion  
in te rv a ls .

4 . A fte r  th e  re a c tio n  w a s  co m p le ted , th e  3 0 %  e th a n o l in  h e liu m  w a s  sw itched  
to  h e liu m  a n d  th e  re a c to r  w as  co o led  d o w n  to  ro o m  te m p e ra tu re . 5

5. In  c a se  th a t  th e  ca ta ly s ts  w e re  2 % P d /0 .5 % L a2 O ; SiC>2 and 
2% P d /3L a203/S i02, th e  sam e  p ro ced u re  as  p re v io u s ly  d e sc r ib e d  w e re  p e rfo rm e d .
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4.3 Characterization of catalysts

4.3.1 Temperature programmed oxidation

a) Materials

T h e  1%  v o l o x y g e n  in  h e liu m  gas m ix tu re  su p p lie d  b y  T h a i In d u s tr ia l 
G as w as u se d  as  an  o x id iz in g  agen t. T h e  u ltra  h ig h  p u rity  h e liu m  w as u se d  fo r 
p u rg in g  th e  sy s te m  b e fo re  s ta rtin g  th e  ex p erim en t.

b) Apparatus

T e m p e ra tu re  P ro g ra m m e d  O x id a tio n  o f  c a ta ly s t w as  c a rrie d  o u t in  a  q u a rtz  
tu b e  reac to r (8 m m . O D ) p la c e d  in s id e  an  e lec tr ica l fu rn ace . T h e  fu rn a c e  te m p e ra tu re  
w as c o n tro lle d  by  a  te m p e ra tu re  c o n tro lle r  (P C  6 0 0 , S h in k o ). D u rin g  th e  o x id a tio n  
th e  e ff lu e n t g as  w as a n a ly z e d  u s in g  a  g as  c h ro m a to g ra p h  (S H IM A D Z U  8 A IT ) 
eq u ip p ed  w ith  a  gas sa m p lin g  v a lv e  (1 .5  m l. S a m p lin g  lo o p ) an d  a  th e rm a l 
c o n d u c tiv ity  d e tec to r. F ig u re  4 .2  sh o w s th e  f lo w  d ia g ra m  o f  th is  sy s tem .

Table 4 .2  O p e ra tin g  co n d itio n  o f  g as  ch ro m a to g ra p h  (S H IM A D Z U  8 A IT )

M o d e l S H IM A D Z U  8 A IT
D e tec to r T C D
P ack ed  c o lu m n P o ra p a c k  Q S  (2 0 0 x 0 .3 2cm )
H e liu m  flo w  ra te 60  m l/m in
C o lu m n  te m p e ra tu re 90°c

D ete c to r /in je c to r  te m p e ra tu re 110°c

D etec to r cu rren t 90  raA



$ ----------- ---------------------------------

1 r— ►  Vent

1. P r e s s u r e  r e g u la to r  
5 . 3 -w a y  v a lv e  
9 . T h e r m o c o u p le  

13. B u b b le  f lo w  m e te r

2 . O n  - o f f  v a lv e  3 . G a s  f i l te r
6 . C a ta ly s t  b e d  7 . R e a c to r

10. T e m p e r a tu r e  c o n t r o l l e r  11 . S a m p l in g  p o r t

4 . M e te r in g  v a lv e  
8 . F u r n a c e

12 . G a s  c h r o m a to g r a p h

F ig u r e  4 .2  F lo w  d ia g ra m  o f  te m p e ra tu re  p ro g ra m m e d  o x id a tio n  sy s tem . to
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c) TPO procedure

1. T h e  co k e  ca ta ly s t w as p ack ed  in  th e  m id d le  o f  a  q u a rtz  m ic ro re a c to r  b e fo re  
p la c in g  th e  reac to r in s id e  th e  fu rn ace .

2. T h e  1%  v o l o x y g en  in  h e liu m  g as  w as f lo w ed  th ro u g h  th e  c a ta ly s t a t th e  
f lo w  ra te  o f  30  m l/m in .

3. T h e  tem p e ra tu re  p ro g ra m m e d  o x id a tio n  o f  co k e  w as s ta rted . T h e  
te m p e ra tu re  w as ra ised  to  900°c w ith  th e  h ea tin g  ra te  o f  5 ° c /m in . W h en  th e  
te m p e ra tu re  reach ed  5 0 °c , th e  e ff lu e n t w as  sam p led  an d  a n a ly z e d  ev e ry  5 m in  b y  th e  
o n -lin e  gas sam ple .

4. T h e  a m o u n ts  o f  c a rb o n  d io x id e  p ro d u ced  an d  o x y g e n  co n su m e d  w ere  
m easu red . 5

5. A fte r  th e  c a ta ly s t te m p e ra tu re  re a c h e d  700°c, th e  1% v o l o x y g e n  in  h e liu m  
gas w as ch a n g e d  to  u ltra  h ig h  p u rity  h e liu m  an d  th e  re a c to r  w a s  c o o le d  d ow n .

4.3.2 Chemical analysis

A to m ic  A b so rp tio n  S p e c tro m e try  (A A S ) m e th o d  is a  te c h n iq u e  fo r 
d e te rm in in g  th e  c o m p o s itio n  fo r m e ta llic  e le m e n ts  in  so lu tio n . T h e  sam p le  w as 
an a ly z e d  a t D e p a rtm e n t o f  C h em ica l E n g in e e r in g , F acu lty  o f  E n g in ee rin g , K h o n  K aen  
U n iv e rs ity .

4.3.3 Differential thermal analysis (DTA)

D T A  is a  te ch n iq u e  in  w h ic h  th e  d iffe re n ce  in  te m p e ra tu re  b e tw e e n  a  
su b s ta n c e  and  re fe ren c e  m a te ria l is m e a su re d  as  a  fu n c tio n  o f  te m p e ra tu re  w h ile  th e  
su b s tan ce  an d  re fe ren c e  m ate ria l a re  su b je c te d  to  a  c o n tro lle d  te m p e ra tu re  p ro g ram .
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4.3.4 CO adsorption

a) Materials

0.1 g  o f  c a ta ly s t w as  u sed . T h e  u ltra  h ig h  p u re  h e liu m  w a s  u se d  as  a  ca rrie r 
gas. T h e  u ltra  h ig h  p u re  h y d ro g en  w as u se d  to  re d u c e  th e  ca ta ly s t. T h e  ca rb o n  
m o n o x id e  w as u se d  as an  a d so rb e n t an d  a  s ta n d a rd  gas.

b) Apparatus

T h e  re m a in in g  ac tiv e  sites w ere  m e a su re d  b y  th e  C O  a d so rp tio n  te c h n iq u e  on  
the  b a s is  th a t o n e  C O  m o lecu le  a d so rb ed  o n  o n e  m e ta l a c tiv e  site . A n  e x te n s iv e  ch a rt 
o f  in s tru m e n t is in c lu d ed  in  F ig u re  4 .3 . T h e  a m o u n t o f  C O  ad so rb e d  o n  th e  ca ta ly s t 
w as m e a su re d  by  th e  T h e rm a l C o n d u c tiv ity  D e te c to r  (G O W  M A C ). T h e  o p e ra tin g  
c o n d itio n s  o f  T C D  are  lis ted  in  T ab le  4 .3 .

T a b le  4 .3  O p e ra tio n  co n d itio n s  o f  gas c h ro m a to g ra p h  (G O W -M A C )

This analysis was carried out by using a Shimadzu DTA-50 at Department of
Chemical Engineering, Faculty of Engineering, Thammasat University.

M o d el G O W -M A C
D etec to r T C D

H eliu m  flo w  ra te 30  m l/m in
D e te c to r tem p e ra tu re 80°c

D e te c to r cu rren t 80  m A
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1 2 3 4

1. P re ssu re  re g u la to r  
5. 3 -w ay  v a lv e  
9. T h e rm o c o u p le  

13. B u b b le  f lo w  m e te r

2. O n  - o f f  v a lv e  
6. C a ta ly s t b ed

10. V a ria b le  v o lta g e  tra n s fo rm e r  
14. G as c h ro m a to g ra p h y

3. G as f ilte r  
7. R e a c to r

11. T e m p e ra tu re  c o n tro lle r

4. M e te r in g  v a lv e  
8. F u rn a c e  

12. In je c tio n  p o rt

F ig u re 4 .3  F lo w  d ia g ra m  o f  C O  a d so rp tio n  sy stem . C OCn
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c) Procedure

1. 0.1 g  o f  th e  c a ta ly s t w as p laced  in  a  s ta in le ss  s te e l tu b u la r  re ac to r. T h e  
h e liu m  g as  w a s  in tro d u c e d  in to  th e  reac to r a t th e  f lo w  ra te  o f  30  m l/m in . T h e  re a c to r  
w as h ea ted  a t  an  in c rea s in g  ra te  o f  1 0 °c /m in  u n til th e  te m p e ra tu re  rea c h e d  200°c, 

th en  th e  h e liu m  g as  w as sw itc h e d  to  h y d ro g e n  gas a t th e  f lo w  ra te  o f  100 m l/m in . T h e  
re a c to r w as  c o n tin u o u s ly  h e a te d  at th e  sam e ra te  u n til th e  te m p e ra tu re  rea c h e d  500°c. 

T h e  re a c to r  w a s  h e ld  a t th is  tem p e ra tu re  fo r 1 hr.

2 . T h e  re a c to r w as co o le d  d o w n  to ro o m  tem p e ra tu re .

3. T h e  c a ta ly s t w a s  th e n  read y  to  m e a su re  m e ta l a c tiv e  s ites; 40  p i o f  th e  C O  
gas w as in je c te d  to  T C D  a t th e  in jec tio n  po rt. T h e  C O  gas in je c tio n  w as rep ea ted  
u n til th e  sa m p le  co u ld  n o t ad so rb  C O  gas.

4 . T h e  a m o u n t to  m e ta l ac tiv e  sites o f  fresh  c a ta ly s t w as ca lcu la ted  b y  th e  
a m o u n t o f  a d so rb e d  C O  g as  acco rd in g  to  th e  d e sc r ip tio n  in  A p p e n d ix  D.

4.3.5 Specific surface area measurement

a) Apparatus

S p e c if ic  su rfa c e  a re a s  o f  th e  ca ta ly s ts  w ere  m e a su re d  b y  p h y s ic a l ad so rp tio n  
b ased  o n  B E T  a ssu m p tio n , w ith  n itro g en  as th e  a d so rb a te  u s in g  a  M ic ro m eritic s  
m o d e l A S A P  2 0 0 0  a t l iq u id -n itro g en  tem p e ra tu re . T h is  u n it  is lo ca ted  a t A n a ly s is  
C e n te r  o f  D e p a rtm e n t o f  C h em ica l E n g in ee rin g , F a c u lty  o f  E n g in ee rin g , 
C h u la lo n g k o rn  U n iv e rs ity .
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T a b le  4 .4  O p e ra tin g  c o n d itio n s  fo r B E T  su rface  a rea  m e a su re m e n t

T h e  c a ta ly s t w e ig h t 0.3-0.5 g

D eg as te m p e ra tu re 150°c

V acu u m  p re ssu re < 10 p.Hg

P ressu re  tab le 5 p o in ts

b) Procedure

1. T h e  sam p le  w as h ea ted  an d  p laced  u n d e r v acu u m  to  re m o v e  th e  m o is tu re  
and  o th e r c o n tam in an ts  b e fo re  an a ly sis .

2. T h e  c a ta ly s t sam p le  w as w e ig h ted . A fte r  th a t, th e  sa m p le  w a s  a u to m a tic a lly
analyzed .

3. T h e  a m o u n t o f  N 2 g as  n eed ed  to  fo rm  a  m o n o la y e r  o n  th e  su rfa c e  o f  s a m p le  
co u ld  b e  d e te rm in e d  fo rm  m easu rem en ts  th e  v o lu m e  o f  g as  a d so rb e d . T h e  B E T  
(B ru n n au e r, E m m ett, an d  T e lle r) e q u a tio n  w as u se d  fo r c a lc u la tin g  th e  sp e c if ic  
su rface  a re a  o f  th e  sam ple .

4.3.6 X-ray diffraction (XRD) analysis

T h e  c ry s ta llin ity , s tru c tu re  an d  co m p o sitio n , o f  sam p le  w a s  a n a ly z e d  u s in g  X - 

ray  d iffra c tio n  an a ly sis . T h e  re fra c tio n  o r d iffra c tio n  o f  th e  x -ra y  w a s  m o n ito re d  at 
v a rio u s  a n g le s  w ith  re sp ec t to  th e  p rim ary  b eam  x -ray  d iffra c tio n  a n a ly s is  w as  c a rried  
o u t u s in g  an  x -ray  re fra c to m e te r , S IE M E N S  X R D  D 5 0 0 0 , w ith  C u  ICx ra d ia tio n , 
accu ra te ly  m e a su re d  in  th e  4 -4 0 °  29  a n g u la r  reg io n , a t P e tro c h e m ic a l E n g in e e r in g  
R esea rch  L a b o ra to ry , D e p a rtm e n t o f  C h em ica l E n g in ee rin g , F a c u lty  o f  E n g in e e rin g , 
C h u la lo n g k o rn  U n iv e rs ity .
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