
R E S U L T S  A N D  D IS C U S S IO N
CHAPTER IV

Physical properties of sol-gel aluminas prepared were determined 
through BET surface area measurement, thermal gravimetric analysis (TGA), 
and X-ray diffraction technique. Moreover, adsorption behaviors of these 
adsorbents on the dynamic water and hydrocarbons adsorption were also 
studied. Details and discussion over these practical results together with 
informative figures will be presented in this section.

4.1 A d s o rb e n t  C h a ra c te r iz a t io n

The synthesis of sol-gel aluminas used in this work was done by the 
hydrolysis of aluminum alkoxide at 85°C. Fresh adsorbents were immediately 
tested for their physical properties. For the adsorbent characterization, the 
effects of calcination temperature and time on the adsorbent properties were 
studied. Aluminas were prepared and calcined at 400, 500, 600, and 700°C for 
5, 6 , and 6.5 hours. The aluminas prepared in the range of the calcination 
temperature and time are in the gamma form (y-A12 0 3), which possesses high 
surface area (Perason and Grant, 1992).

Calcination is a further heat-treatment step, beyond drying, during the 
adsorbent preparation process. Normally, calcination is referred to the 
calcination in contact with air, typically at temperature higher than those used 
in the adsorbent pretreatment and regeneration. Several processes occur 
during calcination. They include loss of chemically bonded water and some 
gases like C 02, modification of the texture through sintering, modification of 
adsorbent structure, active phase generation, and stabilization of mechanical 
properties (Perego and Villa, 1997).
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4.1.1 Effects of Calcination Temperature on the Adsorbent Properties 
B E T  Surface A rea  a n d  P ore S ize D istribu tion  
Summarized data of the BET surface area, total pore volume, 

and average pore size of the prepared sol-gel aluminas are shown in Table 4.1. 
In this study, the calcination temperature was varied from 400 to 700°c. At 
the same calcination time, the BET surface areas of these aluminas decrease 
with increasing the calcination temperature. As shown in Table 4.1, the 
surface area of the sol-gel alumina calcined at 400°c is twice as much as that 
calcined at 700uc. Over the range of the calcination temperature and time 
studied, the sol-gel alumina calcined at 400°c for 5 hours had the highest BET 
surface area of 573 m2 /g.

The pore volume and pore size of these sol-gel aluminas were 
also investigated. According to Table 4.1, the maximum pore volume of 0.19 
cm3/g is obtained for the sol-gel alumina calcined at 400°c for 5 hours. Like 
the BET surface area, the overall pore volume reduced with increasing 
calcination temperature. For the pore size, all prepared sol-gel aluminas had 
veiy small pore radius between 6.7 to 7.4 angstroms. The values of the pore 
radius indicate that these sol-gel aluminas were microporous materials.

The reduction of BET surface area and the decrease in the total 
pore volume of the prepared sol-gel aluminas, it implies that both phenomena 
are resulted from the sintering effect of the alumina structure during the 
calcination process at high temperature (Perego and Villa, 1997). In case of 
alumina, upon the calcination of bohemite above 300°c, a series of phase 
changes occur, simultaneously, with the loss of hydroxyl groups and hence of 
water. These result in the formation of a series of oxides (ๆ-, y-, and 8 -  
phase), known as pseudo y-alumina (Perego and Villa, 1997), which is good 
for binder, catalyst support, and even adsorbent. Further increasing 
calcination temperature will enhance the sintering process and result in a sharp
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T a b le  4.1 Effects of calcination temperature and calcination time on BET
surface area and pore size distribution of the sol-gel alumina.

Calcination
Temperature

(°C)

Calcination
Time
(๒-)

BET Surface 
Area* 
(m2/g)

Pore 
Volume* 
(cm3/g)

Pore
Radius5

(°A)
400 5.0 573 0.19 5.9
400 6 . 0 552 0.18 6.7
400 6.5 509 0.17 6.7
500 5.0 517 0.18 6 . 6

500 6 . 0 458 0.17 6 . 8

500 6.5 435 0.16 6 . 8

600 5.0 362 0.13 7.1
600 6 . 0 358 0 . 1 2 7.2
600 6.5 332 0 . 1 2 7.3
700 5.0 303 0 . 1 1 7.3
700 6 . 0 275 0 . 1 0 7.4
700 6.5 284 0 . 1 0 7.6

: From 5 point BET
* : Total pore volume for pores with radius less than 8  °A at P/P0 = 0.1064 
5 : Average pore radius
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drop of the total surface area of alumina. If the calcination temperature 
increased to above 900°c, the monoclinic 9 -AI2 O3 will form and it will 
transform into the hexagonal (X-AI2 O3 if the calcination temperature reaches 
l,200°c. These materials are anhydrous, low surface area oxides and are not 
suitable for adsorbent purposes. They are used in applications where the 
mechanical strength is required (Perego and Villa, 1997).

Changing the calcination temperature, even when the phase 
transitions are avoided, can affect the material pore size. For gamma alumina, 
increasing the calcination temperature results in a collapse of micropores, and 
this increases the mean pore size (Richardson, 1989).

W ater A dsorp tion  C apacity
Determination of total water adsorption capacity was done 

through the use of thermalgravimetric analyzer (TGA). The net water 
adsorbed of each sol-gel alumina is shown in Table 4.2. The total water 
adsorption capacity was examined based on the alumina’ร dry weight 
compared to the net weight gained during its isothermal adsorption. As seen 
in Table 4.2, an obvious drop in the amount of water adsorbed occurs as the 
calcination temperature increases. This effect results from the reduction of the 
total pore volume of the sol-gel alumina as the calcination temperature 
increases. Again, the sol-gel alumina, which was calcined at 400°c for 5 
hours, gave the highest water adsorption capacity (0.19 g/g of alumina).

Comparison of the pore volume and pore radius data in Table
4.1 and the water adsorption capacity in Table 4.2 shows that, at the low 
calcination temperature, where the sol-gel aluminas have very small pore 
radius, the water adsoiption capacity is close to the total pore volume. When 
the calcination temperature increases, which, in turn, increases the pore size. 
There is a gradually increase in the difference between the pore volume and 
the water adsoiption capacity. From this observation, it can be postulated that 
the capillary effect plays an important role in the water adsorption mechanism
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T a b le  4.2 Water adsorption capacity of the sol-gel alumina prepared at 
various calcination temperatures and calcination times.

Calcination
Temperature

(°C)

Calcination
Time
(hr)

Water 
Adsorption 
Capacity 

(g/g of alumina)
400 5.0 0.199
400 6.0 0.165
400 6.5 0.150
500 5.0 0.152
500 6.0 0.143
500 6.5 0.139
600 5.0 0.085
600 6.0 0.076
600 6.5 0.064
700 5.0 0.085
700 6.0 0.068
700 6.5 0.064
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of these sol-gel aluminas. The capillary effect is the condensation of vapor to 
liquid in specific small cylinders or pores. The condensed liquid occupies 
almost all pore volume of the porous material. This mechanism results in high 
water adsorption capacity.

X R D  A nalysis
Figure 4.1 shows the comparison of the X-ray diffraction 

patterns of the sol-gel aluminas prepared with different calcination 
temperatures together with the uncalcined alumina. The X-ray diffraction 
pattern of an commercial gamma alumina sample obtained from the Alfa 
Chemical Co., Ltd. was also compared in this figure. The pattern of the 
uncalcined material exhibits the absolutely amoiphous solid structure. After 
calcination at high temperature, the modification of the solid took place. This 
can be evidently shown by the difference of the XRD patterns of aluminas 
before and after the calcination. For all these sol-gel aluminas, their XRD 
patterns correspond to the gamma alumina of amorphous structure. Peaks of 
these patterns at 29 value equal to 37.0, 46.2, and 67.1 indicate the gamma 
form of these sol-gel aluminas.

When the calcaination temperature increases, the shape of the 
peaks, especially at 20 value of 46.2, and 67.1, is significantly sharper. 
Normally, the smoothness and sharpness of the X-ray diffraction patterns 
indicate the crystallinity of the solid. For alumina, as the calcination 
temperature increase, the structure of alumina is modified to be more 
crystalline solid. If the calcination temperature increases to about 900°c, the 
structure of alumina is totally changed to monoclinic 0-Al2O3 form and 
transforms into hexagonal a-A l20 3 if the calcination temperature reaches 
l,200°c (Richardson, 1989).
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Figure 4.2 XRD patterns of the sol-gel alumina calcined at 4 0 0 ° c  with different calcination time.



4.1.2 Effects of Calcination Time on the Adsorbent Properties
B E T  Surface A rea  a n d  Pore S ize D istribu tion
Table 4.1 shows that, with the same calcination temperature, 

different calcination times result in different physical properties of the sol-gel 
alumina. When the calcination time increased, a remarkable drop in the BET 
surface area was observed. The pore volume also follows the same trend as 
that of the surface area. When the calcination time increased, the total pore 
volume decreased, but the average pore radius increased. It can be concluded 
that all these changes correspond to the general sintering effect during the heat 
treatment of the sol-gel alumina structure. The long period of time during the 
calcination enhances the change of the adsorbent texture.

W ater A dsorp tion  C apacity
As mentioned before, the total pore volume of these sol-gel 

aluminas decreased and the pore size increased with increasing the calcination 
time. These affect the water adsorption capacity of water. As seen in Table
4.2, when the calcination time increases, the adsorption capacity drops, 
dramatically. Since the capillary effect was found to be an important 
mechanism in the water adsorption of this sol-gel alumina, an increase in pore 
size will inhibit these phenomena, and this results in a significant decrease in 
the water adsorption capacity.

X R D  A nalysis
The XRD-pattems of the sol-gel alumina calcined at 400°c with 

different calcination time are shown in Figure 4.2. From this figure, no 
significant difference between each XRD pattern could be observed. This may 
be because the range of the calcination times studied in this experiment hardly 
affect the alumina crystalline structure. Normally, when the calcination time 
increases, it will enhance the modification of adsorbent morphology. This will 
result in a lower BET surface area, reduction of total pore volume and pore 
size of alumina.
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4 .2  C o m p e t i t i v e  A d s o r p t i o n  o f  W a t e r  a n d  H y d r o c a r b o n s  in  t h e  S i m u l a t e d  

N a t u r a l  G a s  S y s t e m

In this part, the focus shifts to the adsoiption mechanism of gases, 
both water and hydrocarbons, in the simulated natural gas system. The 
multicomponent adsorption experiments were carried out only with the highest 
surface area alumina (calcined at 400°c for 5 hr). The natural gas used in this 
study consisted of several hydrocarbon compounds including, methane (CH4), 
ethane (C2H6), propane (บ3 แ 8), iso- and n-butane (C4 H10). All the 
hydrocarbons in the natural gas stream represented light hydrocarbons. The 
representation of a heavy hydrocarbon used here was pentane.

Figure 4.3 shows the breakthrough curves of water and hydrocarbons 
in this adsorption system. Normally, a breakthrough curve shows the relation 
between the ratio of concentration of an interested component at anytime (Ct) 
to that of the component in the feed (Ci) and the adsoiption time. From Figure
4.3, for water, the term Ct/Cj gradually increases and reaches the value of one 
and remains constant, but for all hydrocarbons Ct/Cj can go beyond one, the 
Roll-Up effect. More details of this phenomenon have been described by 
Ruthven (1984).

The Roll-Up phenomenon occurs via the replacement of low 
molecular weight molecules by higher molecular weight molecules or the 
replacement of low affinity molecules by molecules with higher affinity. To 
prove this mechanism, first, an experiment was done by the adsorption of the 
hydrocarbons only, without the presence of water. Until the alumina bed was 
saturated with the hydrocarbons, which could be observed that the inlet and 
outlet hydrocarbon compositions is equal. Then the adsorbent bed was purged 
with pure nitrogen gas for a while to remove the residue hydrocarbons left. 
Next, the humidified nitrogen gas was introduced to the column to start the 
water adsoiption. With this technique, if the proposed hypothesis is correct,
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Figure 4.3 Breakthrough curves of water and hydrocarbons adsorbed on the sol-gel alumina at 3 0 ° c .
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Figure 4.4 Breakthrough curves of hydrocarbons adsorbed on the sol-gel alumina at 3 0 ° c  without water.
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once the adsorption of water begin, hydrocarbon should be detected at the 
outlet of the adsoiption column.

Figure 4.4 demonstrates the breakthrough curve of all hydrocarbons 
during the first step of this experiment. At this step, no water appeared in the 
gas stream. All breakthrough curves gradually increased and reached the 
value of one. The plots exhibit different than in the case we have water in the 
gas stream as seen in Figure 4.3. No roll up effect can be observed. This 
phenomenon proves that, there is no replacement between the hydrocarbons 
itself along the adsorption on the sol-gel alumina surface.

Figure 4.5 shows the concentrations of the components came out from 
the adsoiption column immediately after the humidified nitrogen flow was 
introduced into column. The figure shows that a certain amount of 
hydrocarbon can be detected at the very beginning. Methane has the highest 
concentration since it is the major component in the natural gas used. The 
data obtained from this figure can explain that, at the veiy beginning of the 
adsorption process, hydrocarbon molecules are adsorbed onto the alumina 
surface, but dramatically desoiped out later because of the replacement of 
water molecules, which possess higher affinity than the hydrocarbons. The 
hydrocarbon molecules are finally desorbed into the gas stream and came out 
of the adsorbent bed. This effect resulted in increasing the hydrocarbon 
concentration in the outlet stream, which was even higher than the inlet 
concentration.

4.2.1 Adsorption Behaviors of Flydrocarbons
Figure 4.6 shows the adsoiption isotherms of methane, ethane, 

propane, iso-butane, n-butane, and pentane on the sol-gel alumina obtained 
from the adsoiption of the simulated natural gas system. The sol-gel alumina 
used in this experiment was calcined at 400°c for 5 hours and has the highest 
BET surface area, total pore volume, and water desorption capacity. From
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F i g u r e  4 . 6 .  it  c a n  b e  s a i d  t h a t  a s  t h e  m o l e c u l a r  w e i g h t  o f  t h e  a d s o r b a t e  

i n e r e a s e s .  t h e  r e l a t i v e  a m o u n t  a d s o r b e d  a l s o  i n c r e a s e s .  T h e r e  a r e  s e v e r a l  

r e a s o n s  f o r  t h i s  b e h a v i o r .

T a b l e  4 . 3  s h o w s  t h e  a m o u n t s  o f  e a c h  g a s  a d s o r b e d  o n  t h e  

a l u m i n a  s u r f a c e  a n d  c o n c e n t r a t i o n  o f  e a c h  g a s  in  t h e  g a s  s t r e a m  u s e d  in  t h e  

a d s o r p t i o n .  T h e  d a t a  r e s u l t e d  f r o m  t h e  a d s o r p t i o n  e x p e r i m e n t  o f  t h e  c o n s t a n t  

c o n c e n t r a t i o n  o f  n a t u r a l  g a s  a t  5 %  v o l .  w a t e r  v a p o r  a t  1 % . a n d  p e n t a n e  a t  

0 . 5 % .  F o r  t h e  s a m e  t y p e  o f  a d s o r b a t e ,  t h e  a d s o r p t i o n  b e h a v i o r  i s  d e t e r m i n e d  

b y  t h e  v a n  d e r  W a a l  i n t e r a c t i o n  b e t w e e n  t h e  a d s o r b a t e  a n d  t h e  s u r f a c e .  A n  

i n c r e a s e  in  t h e  m o l e c u l a r  w e i g h t  e n h a n c e s  t h e  p h y s i s o r p t i o n  c a p a c i t y .  

A c c o r d i n g  t o  T a b l e  4 . 3 .  t h e  a m o u n t  o f  m e t h a n e  a d s o r b e d  t o  i t s  c o n c e n t r a t i o n  

in  t h e  g a s  p h a s e  r a t i o  i s  4 . 2 6 7 x 1  O '3, w h i l e  t h a t  o f  e t h a n e  a n d  p r o p a n e  a r e  

1 0 . 0 9 8 x 1  O '3 a n d  1 5 . 5 9 3 x 1  O '3, r e s p e c t i v e l y .  It m e a n s  t h a t  a n  i n c r e a s e  in  e a c h  -  

O F  g r o u p  i n c r e a s e s  t h e  r a t i o  f o r  a b o u t  0 . 0 0 5 .  I n  c a s e  o f  n o r m a l  a n d  i s o 

b u t a n e .  t h e i r  r a t i o  a r e  s l i g h t l y  d i f f e r e n t  b e c a u s e  o f  t h e i r  m o l e c u l a r  s h a p e .

T h e  i s o t h e r m  o f  p e n t a n e  in  F i g u r e  4 . 6  i s  d i f f e r e n t  f r o m  t h e  o t h e r  

h y d r o c a r b o n s .  T h e  b o i l i n g  p o i n t  o f  p e n t a n e  i s  3 6 . 1 ° c  a n d  t h e  a d s o r p t i o n  

e x p e r i m e n t  w a s  d o n e  a t  3 0 ° c .  T h u s ,  p e n t a n e  c o n d e n s e d  d u r i n g  t h e  a d s o r p t i o n .  

T h i s  m a k e s  t h e  i s o t h e r m  o f  p e n t a n e  b e h a v e s  d i f f e r e n t l y  f r o m  t h e  o t h e r  l i n e a r  

a l k a n e s .  T o  d e t e r m i n e  t h e  c o n c e n t r a t i o n  o f  p e n t a n e ,  a t  w h i c h  t h e  

c o n d e n s a t i o n  s t a r t s ,  t h e  K e l v i n ' s  e q u a t i o n  c a n  b e  u s e d .

I n  a  p o r o u s  a d s o r b e n t ,  t h e r e  i s  a  c o n t i n u o u s  p r o g r e s s i o n  f r o m  

m u l t i l a y e r  a d s o r p t i o n  t o  c a p i l l a r y  c o n d e n s a t i o n ,  in  w h i c h  t h e  s m a l l  p o r e s  a r e  

c o m p l e t e l y  T i l l e d  w i t h  l i q u i d  s o r b a t e .  T h i s  o c c u r s  b e c a u s e  t h e  s a t u r a t i o n  v a p o r  

p r e s s u r e  in  a  s m a l l  p o r e  i s  r e d u c e d  b y  t h e  e f f e c t  o f  s u r f a c e  t e n s i o n .  T h e  d e t a i l s  

c a l c u l a t i o n  o f  t h e  c a p i l l a r y  c o n d e n s a t i o n  o f  p e n t a n e  i s  c l e a r l y  s h o w n  in  

A p p e n d i x .  T h e  c a l c u l a t i o n  s h o w s  t h a t  t h e  c a p i l l a r y  c o n d e n s a t i o n  o f  p e n t a n e  

o n  t h i s  s o l - g e l  a l u m i n a  s t a r t s  a t  t h e  c o n c e n t r a t i o n  o f  p e n t a n e  in  t h e  g a s  p h a s e  

e q u a l  t o  7 . 9 %  v o l .
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T a b l e  4 . 3  A d s o r p t i o n  c a p a c i t y  o f  h y d r o c a r b o n s  o n  t h e  s o l - g e l  a l u m i n a  s u r f a c e .

C o m p o s i t i o n A m o u n t  A d s o r b e d  

X 1 0 3

( g / g  o f  a l u m i n a )

C o n c e n t r a t i o n  in  

t h e  G a s  S t r e a m

X 1 0 2

( %  V o l / 1 0 0 )

R a t i o  o f  A m o u n t  

A d s o r b e d  p e r  

C o n c e n t r a t i o n  in  

G a s  P h a s e  X 1 0 3

M e t h a n e 0 . 1 4 5 3 . 3 9 1 4 . 2 7 6

E t h a n e 0 . 0 6 7 0 . 6 6 4 1 0 . 0 9 8

P r o p a n e 0 . 0 9 2 0 . 5 9 0 1 5 . 5 9 3

i s o - B u t a n e 0 . 1 2 2 0 . 2 1 0 5 8 . 0 9 5

n - B u t a n e 0 . 0 5 7 0 . 1 4 6 3 9 . 1 2 5

P e n t a n e 4 . 1 0 0 0 . 5 0 0 8 2 0 . 0 0 0
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F i g u r e  4 . 6  Adsorption isotherms of hydrocarbons on the sol-gel alumina at 30°c.
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Figure 4.7 A d s o r p t i o n  i s o t h e r m  o f  w a t e r  o n  t h e  s o l - g e l  a l u m i n a  a t  3 0 ° c .
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H v e n  p e n t a n e  w a s  a d s o r b e d  w i t h  h i g h e r  a m o u n t  t h a n  t h e  o t h e r s  

h y d r o c a r b o n s ,  t h e  w a t e r  r e p l a c e m e n t  e f f e c t  w a s  a l s o  o b s e r v e d .  H o w e v e r ,  t h e  

d a t a  f r o m  t h e  b r e a k t h r o u g h  p l o t  o f  p e n t a n e  d u r i n g  t h e  a d s o r p t i o n  p r o c e s s  

i m p l i e s  t h a t  p e n t a n e  h a s  s t r o n g e r  a f f i n i t y  t h a n  t h e  o t h e r  h y d r o c a r b o n s  b e c a u s e  

t h e  b r e a k t h r o u g h  t i m e  o f  p e n t a n e  i s  h i g h e r  t h a n  t h a t  o f  t h e  o t h e r  h y d r o c a r b o n s .

4 . 2 . 2  A d s o r p t i o n  B e h a v i o r s  o f  W a t e r

F i g u r e  4 . 7  s h o w s  t h e  d y n a m i c  a d s o r p t i o n  i s o t h e r m  o f  w a t e r  o n  

t h e  s o l - g e l  a l u m i n a  c a l c i n e d  a t  4 0 0 ° c  f o r  5  h o u r s .  T h e  a d s o r p t i o n  w a s  d o n e  a t  

3 0 ° c .  w h i c h  i s  t h e  r e a l  a p p l i c a t i o n  t e m p e r a t u r e  u s i n g  in  t h e  g a s  s e p a r a t i o n  

p r o c e s s .  T h e  r e s u l t e d  i s o t h e r m  s h o w s  t h e  t y p e  11 B r u n a u e r  i s o t h e r m  o r  

s o m e t i m e s  c a l l e d  t h e  s i g m o i d  o r  S - s h a p e d  i s o t h e r m  ( S a t t e r f i e l d .  1 9 9 1 ) .  T h e  

i s o t h e r m  i n d i c a t e s  t h a t  t h e r e  i s  a  c o n t i n u o u s  p r o g r e s s i o n  o f  w a t e r  a d s o r p t i o n  

f r o m  m o n o l a y e r  t o  m u l t i l a y e r  a n d  t h e n  t o  c a p i l l a r y  c o n d e n s a t i o n .  T h e  

i n c r e a s e  in  t h e  a d s o r b e d  c a p a c i t y  a t  h i g h  p r e s s u r e  i s  d u e  t o  t h e  c a p i l l a r y  

c o n d e n s a t i o n  i n  t h e  p o r e s  a s  t h e  a d s o r b a t e  p o r t i o n  r a i s e d  ( R u t h v e n .  1 9 8 4 ) .  

D e t a i l s  o f  c a p i l l a r y  c o n d e n s a t i o n  c a l c u l a t i o n  u s i n g  t h e  K e l v i n ' s  e q u a t i o n  a r e  

s h o w n  in  A p p e n d i x .  F r o m  t h i s  c a l c u l a t i o n ,  it r e v e a l e d  t h a t ,  f o r  t h i s  s o l - g e l  

a l u m i n a ,  w a t e r  v a p o r  s t a r t s  t o  c o n d e n s e  in  t h e  m i c r o p o r e s  a t  t h e  c o n c e n t r a t i o n  

o f  w a t e r  in  t h e  g a s  p h a s e  e q u a l  t o  0 . 8 %  v o l .

I n  t h i s  s t u d y ,  a t  t h e  s a m e  c o n d i t i o n ,  t h e  a m o u n t  o f  w a t e r  

a d s o r b e d  w a s  s e v e r a l  t i m e s  g r e a t e r  t h a n  t h o s e  o f  h y d r o c a r b o n s .  T h i s  

s u b s t a n t i a t e s  t h a t  w a t e r  m o l e c u l e  h a s  h i g h e r  a f f i n i t y  c o m p a r e d  t o  

h y d r o c a r b o n s .  T h e  d y n a m i c  w a t e r  a d s o r p t i o n  i s .  in  f a c t ,  i n v o l v e d  w i t h  s e v e r a l  

o v e r l a p  p h e n o m e n a  ( N e d e z  et ai, 1 9 9 6 ) .  T h e  c l e a r  i n i t i a l  i n c r e a s e  in  t h e  

i s o t h e r m  c o r r e s p o n d s  t o  t h e  c h e m i s o r p t i o n  o f  w a t e r  m o l e c u l e s  o n  t h e  a l u m i n a  

s u r f a c e .  T h i s  i s  t h e  m o n o l a y e r  a d s o r p t i o n  s t a g e .  T h e n ,  t h e  f o r m a t i o n  o f  

g r o w i n g  m u l t i l a y e r s  o f  w a t e r  v a p o r  f o l l o w s .  I n  t h e  s m a l l  p o r e  m a t e r i a l s ,  

a c c o r d i n g  t o  t h e  K e l v i n ' s  e q u a t i o n ,  t h e  s a t u r a t e d  v a p o r  p r e s s u r e  i s  l o w e r e d .
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w h i c h  e v e n t u a l l y  t r a n s f o r m s  w a t e r  v a p o r  i n t o  l i q u i d  ( P o n e e  et ai,  1 9 7 4 ) .  

T h e r e f o r e ,  t h e  b e g i n n i n g  o f  c a p i l l a r y  c o n d e n s a t i o n  c o i n c i d e s  w i t h  t h e  s h a r p  

i n f l e c t i o n  o f  t h e  a d s o r p t i o n  i s o t h e r m  a s  s e e n  i n  F i g u r e  4 . 7 .

T h e  A l - 0  b o n d s  a r e  m o r e  i o n i c  t h a n  t h e  c o v a l e n t  b o n d  s o  t h e  

s u r f a c e  c h a r g e s  v a r y  i n  i n t e n s i t y .  A s  t h e  w a t e r  i s  a d d e d  t o  t h e  a l u m i n a  

s u r f a c e ,  h y d r o g e n  b o n d i n g  b e t w e e n  t h e  a d j a c e n t  a d s o r b e d  w a t e r  m o l e c u l e s  

w a s  i m m e d i a t e l y  d e v e l o p e d .  A t  t h e  s a m e  t i m e ,  d i e  h y d r o g e n  b o n d s  a r e  

f o r m e d  b e t w e e n  t h e  a d s o r b e d  w a t e r  m o l e c u l e s  a n d  t h e  f r e e  w a t e r  m o l e c u l e s  i n  

t h e  g a s  s t r e a m .  A l t h o u g h  t h e  a c c u r a t e  n a t u r e  o f  t h e s e  h y d r o g e n  b o n d s  i s  n o t  

y e t  w e l l  u n d e r s t o o d ,  i t  h a s  b e e n  u s u a l l y  t r e a t e d  t h i s  p h e n o m e n a  a s  

p h y s i s o r p t i o n  ( N e d e z  et ai,  1 9 9 6 ) .  T h i s  e f f e c t  i s  r e f e r r e d  t o  t h e  s t a r t  o f  

c a p i l l a r y  c o n d e n s a t i o n .  S o ,  i t  c a n  b e  c o n c l u d e d  t h a t  t h e  w a t e r  a d s o i p t i o n  i s  

t h e  c o m b i n a t i o n  o f  t h r e e  d i f f e r e n t  e f f e c t s ,  f i r s t  w i t h  t h e  g e n e r a t i o n  o f  

m o n o l a y e r  c h e m i s o i p t i o n ,  f o l l o w e d  b y  t h e  m u l t i l a y e r s  o f  p h y s i s o r p t i o n  o f  

w a t e r  v a p o r ,  a n d  c o m p l e t e d  w i t h  t h e  c a p i l l a r y  c o n d e n s a t i o n .

4 . 2 . 3  E f f e c t s  o f  W a t e r  C o m p o s i t i o n  o n  t h e  O v e r a l l  A d s o i p t i o n  P r o c e s s

O n e  o b j e c t i v e  o f  t h i s  ร ณ d y  w a s  t o  d e t e r m i n e  t h e  e f f e c t  o f  w a t e r  

a n d  h y d r o c a r b o n s  c o n c e n t r a t i o n s  o n  t h e  a d s o i p t i o n  b e h a v i o r  o f  o t h e r  s p e c i e s .  

F o r  t h i s  r e a s o n ,  t h e  c o n c e n t r a t i o n  o f  e a c h  c o m p o n e n t  w a s  v a r i e d ;  3 - 5 %  o f  

n a t u r a l  g a s ,  0 . 0 5 - 1 %  f o r  w a t e r ,  a n d  0 . 3 - 0 . 5 %  f o r  p e n t a n e .  I n  t h i s  s e c t i o n ,  

s i n c e  a l l  h y d r o c a r b o n s  i n  t h e  n a t u r a l  g a s  s t r e a m  e x h i b i t  a l m o s t  t h e  s a m e  

b e h a v i o r ,  m e t h a n e  w a s  u s e d  t o  r e p r e s e n t  t h e  b e h a v i o r  o f  a l l  g a s e s  i n  t h e  

n a t u r a l  g a s  s t r e a m .  T h r e e  c o m p o n e n t s ;  n a t a a l  g a s  ( m e t h a n e ) ,  h e a v y  

h y d r o c a r b o n  ( p e n t a n e )  a n d  w a t e r ,  w e r e ,  t h e n ,  v a r i e d  i n  t h i s  s t u d y .

F i g u r e  4 . 8  s h o w s  t h e  c o m p a r i s o n  o f  t h e  b r e a k t h r o u g h  c u r v e s  o f  

m e t h a n e  w i t h  d i f f e r e n t  w a t e r  c o n c e n t r a t i o n s .  W h e n  t h e  a m o u n t  o f  w a t e r  

i n c r e a s e d  t h e  b r e a k t h r o u g h  t i m e  o f  m e t h a n e  r e d u c e d .  T h e  s a m e  h o l d s  t r u e  f o r  

t h e  c a s e  o f  p e n t a n e  a s  s h o w n  i n  F i g u r e  4 . 9 .  T h i s  r e s u l t  a l s o  s u p p o r t s  t h a t  t h e
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t h e  s t r o n g  a f f i n i t y  o f  w a t e r  w i t h  a l u m i n a  s u r f a c e  h a s  a  g r e a t  e f f e c t  o n  t h e  

r e p l a c e m e n t  o f  h y d r o c a r b o n s ,  w h i c h  h a v e  w e a k  a f f i n i t y ,  d u r i n g  t h e  

c o m p e t i t i v e  a d s o r p t i o n .

4 . 2 . 4  E f f e c t s  o f  H y d r o c a r b o n s  C o m p o s i t i o n  o n  t h e  O v e r a l l  A d s o r p t i o n

P r o c e s s

F i g u r e  4 . 1 0  s h o w s  t h e  b r e a k t h r o u g h  c u r v e s  o f  w a t e r  a d s o r p t i o n  

w i t h  v a r i o u s  l i g h t  h y d r o c a r b o n  c o n c e n t r a t i o n s .  T h e  p l o t s  d o  n o t  s h o w  a  

s i g n i f i c a n t  d i f f e r e n c e  in  e a c h  c u r v e .  T h e  b r e a k t h r o u g h  t i m e  o f  w a t e r  a t  

d i f f e r e n t  n a t u r a l  g a s  c o n c e n t r a t i o n  i s  a l m o s t  t h e  s a m e .  T h e  s a m e  i s  a l s o  t r u e  

f o r  t h e  b r e a k t h r o u g h  p l o t s  o f  p e n t a n e  a s  i n d i c a t e d  in  F i g u r e  4 .1  1. T h i s  m e a n s  

t h e  v a r i a t i o n  o f  n a t u r a l  g a s  c o m p o s i t i o n  in  t h i s  r a n g e  o f  s t u d y  ( 3 - 5  % )  h a s  n o  

e f f e c t  o n  t h e  a d s o r p t i o n  b e h a v i o r s  o f  t h e  o t h e r  s p e c i e s  o n  t h e  s o l - g e l  a l u m i n a  

s u r f a c e .

T h e  s a m e  p h e n o m e n a  a r e  o b s e r v e d  h e r e  f o r  v a r y i n g  o f  p e n t a n e  

c o n c e n t r a t i o n  a s  s h o w n  in  F i g u r e s  4 . 1 2  a n d  4 . 1 3 .  T h i s  i n d i c a t e s  t h a t  b y  

v a r y i n g  t h e  p e n t a n e  c o m p o s i t i o n  f r o m  0 . 3  t o  0 . 5 %  h a s  l i t t l e  e f f e c t  o n  t h e  

a d s o r p t i o n  b e h a v i o r  o f  w a t e r  a n d  o t h e r  h y d r o c a r b o n s  o n  t h e  s o l - g e l  a l u m i n a  

s u r f a c e  d u r i n g  t h e  a d s o r p t i o n  p r o c e s s  a t  3 0 ° c .

4 . 3  A d s o r b e n t  R e g e n e r a t i o n

R e g e n e r a t i o n  o f  a d s o r b e n t  i s  a l s o  a n  i m p o r t a n t  s t e p  o f  t h e  a d s o r p t i o n  

p r o c e s s .  A d s o r b e n t ,  w h i c h  r e q u i r e s  l e s s  e n e r g y  f o r  r e g e n e r a t i o n ,  i s  t h e  m o s t  

d e s i r a b l e  m a t e r i a l .  T h e  t h e r m o g r a m  o b t a i n e d  d u r i n g  t h e  r e g e n e r a t i o n  o f  t h e  

w a t e r - s a t u r a t e d  a l u m i n a  i s  s h o w n  in  F i g u r e  4 . 1 4 .  T h e  p l o t  a l s o  s h o w s  t h e  

d e r i v a t i v e  b e t w e e n  t o t a l  a d s o r b e n t  w e i g h t  c h a n g e  a n d  t e m p e r a t u r e .  T h e  g r e a t  

d r o p  o f  t h e  d e r i v a t i v e  c u r v e  a t  t h e  p o s i t i o n  a r o u n d  1 0 0 ° c  i n d i c a t e s  t h a t  a l m o s t  

a l l  w a t e r  v a p o r  t h a t  a d s o r b e d  in  t h i s  a l u m i n a  a m o u n t  i s  c a u s e d  b y  t h e
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A d s o r p t i o n  t i m e  ( m i n )

Figure 4.9 B r e a k t h r o u g h  c u r v e s  o f  p e n t a n e  w i th  d i f f e r e n t  w a t e r  c o n c e n t r a t i o n .
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Figure 4.10 B r e a k t h r o u g h  c u r v e s  o f  w a t e r  w i t h  d i f f e r e n t  n a t u r a l  g a s  c o n c e n t r a t i o n .
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Figure 4.11 B r e a k t h r o u g h  c u r v e s  o f  p e n t a n e  w i t h  d i f f e r e n t  n a t u r a l  g a s  c o n c e n t r a t i o n .



A d s o r p t i o n  t i m e  ( m i n )

Figure 4.12 B r e a k t h r o u g h  c u r v e s  o f  w a t e r  w  i th  d i f f e r e n t  p e n t a n e  c o n c e n t r a t i o n .
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A d s o r p t i o n  t i m e  ( m i n )

Figure 4.13 B r e a k t h r o u g h  c u r v e s  o f  m e t h a n e  w i th  d i f f e r e n t  p e n t a n e  c o n c e n t r a t i o n .
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p h y s i s o r p t i o n  a n d  c a p i l l a r y  c o n d e n s a t i o n ,  w h i c h  c a n  h e  e a s i l y  r e m o v e d  a t  t h e  

b o i l i n g  p o i n t  o f  e a c h  a d s o r b e d  c o m p o n e n t .  C h e m i s o r p t i o n ,  in  f a c t ,  i n v o l v e s  

t h e  f o r m a t i o n  o f  c h e m i c a l  b o n d i n g  b e t w e e n  t h e  s u r f a c e  a n d  t h e  a d s o r b e d  

s p e c i e s .  S o .  t h e  r e m o v a l  o f  c h e m i s o r p e d  s u b s t a n c e s  r e q u i r e s  h i g h e r  e n e r g y  f o r  

b r e a k i n g  i t s  c h e m i c a l  b o n d s  t h a n  t h a t  o f  t h e  p h y s i s o r p t i o n  n e e d e d .

A f t e r  e a c h  a d s o r p t i o n  p r o c e s s ,  t h e  a l u m i n a  w a s  r e g e n e r a t e d  b y  h e a t i n g  

t h e  a d s o r b e n t  b e d  t o  2 5 0 ° c  f o r  t w o  h o u r s ,  u n d e r  c o n t i n u o u s  n i t r o g e n  f l o w .  

F i g u r e  4 . 1 5  s h o w s  t h e  w a t e r  a d s o r p t i o n  c a p a c i t y  v e r s u s  t h e  n u m b e r s  o f  

e x p e r i m e n t a l  r u n s .  T h e  p l o t  e v i d e n t l y  i n d i c a t e d  t h a t  t h e r e  i s  l i t t l e  c h a n g e  in  t h e  

w a t e r  a d s o r p t i o n  c a p a c i t y .  U p  t o  5 %  r e d u c t i o n  o f  t h e  w a t e r  a d s o r p t i o n  

c a p a c i t y  W 'as o b s e r v e d  a f t e r  t e n  t i m e s  o f  a d s o r p t i o n  c y c l e .
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F i g u r e  4 . 1 5  W a t e r  a d s o r p t i o n  e a p a c i t y  o f  t h e  s o l - g e l  a l u m i n a  d u r i n g  1 0  a d s o r p t i o n  c y c l e s .
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