
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Adsorbents Characterization

4.1.1 BET Surface Areas
The specific surface areas of all adsorbents except activated 

carbon were determined by BET 3-parameters to fit an adsorption isotherm. 
The surface areas of all zeolite adsorbents are shown in Figure 4.1 while the 
surface area of activated carbon was reported by the supplier. The surface 
areas of all zeolites were in the same range of approximately 550 m2/g. The 
surface area of activated carbon was 1,100 m2/g.

Figure 4.1 BET characterization of adsorbents: 3A, 4A, 5A, NaX and NaY 
zeolites and activated carbon (AC, coconut shell based carbon).

According to the results, the effect of surface areas to 
diphenylmercury (DPM) adsorption on all zeolites was unimportant for 
comparison of ability to remove DPM from n-heptane solution while the area 
of activated carbon which shown twice as much as the area of zeolites might
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enhance the ability of removing DPM. Thus, the concentration of DPM per 
gram of adsorbents was used to compare the ability of removing DPM in the 
studies.

4.1.2 Chemical Composition
The X-ray diffraction patterns of all adsorbents are shown in 

Figure 4.2. It was found that the commercial zeolite adsorbents contain a 
majority of aluminosilicate indicated by most of the peaks of high relative X- 
ray intensities in the range of 2Theta between 5° and 50°, referred to the 
provided diffraction patterns from the computer database. Besides, aluminum 
oxide (ADCbjas a binder also presents in the commercial zeolite adsorbents 
with a small amount. K+, Na+, and Ca2+ are the naturally present exchangeable 
cations that found in zeolite adsorbents.

Figure 4.2 X-Ray diffraction patterns of zeolite adsorbents.



25

4.1.3 Thermo Gravimetric Analysis
In order to minimize the effect of water and control the amount of 

water adsorbed on adsorbents not exceeding 5% by weight, weight losses in 
adsorbents upon temperature were investigated by thermo gravimetric technique to 
indicate the proper temperature for treating the adsorbents before use. TGA results of 
the adsorbents are shown in Figure A1 in Appendix B. The summary of TGA results 
is shown in Table 4.1.
Table 4.1 Thermo gravimetric analysis results

Solids Water contents 
(% wt)

3A 15.346
4A 17.368
5A 17.047
NaX 20.429
NaY 19.167
Activated Carbon 10.769

From the results in Figure A1 in Appendix B, it was clear that to 
control the water contents less than 5% in 3A, 4A, 5A, NaX, and NaY zeolites 
and activated carbon, the adsorbents should be treated at least at the 
temperature of 300°c, 350°c, 300°c, 300°c, 300°c, and 120°c, respectively. 
However, for all experiments, zeolite adsorbents were treated at 350°c while 
the activated carbon was treated at 120°c for 6 h. The adsorbents were cooled 
down by placing in a desiccator.

4.2 Adsorption of Diphenylmercury on Plastic (HDPE) Containers

Results of storage tests for both 2.0 mg/1 and 5.0 mg/1 of DPM 
concentrations are shown in Figure 4.3. The plastic (HDPE) containers gave 
good stability over the course of one week although the overall loss in 
mercury concentration slightly occurred, approximately by 5% loss, after 
storing for 5 days. Although Bloom (2000) concluded that polyethylene 
containers are unsuitable for storage of mercury in petroleum, it is reasonable
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to use plastic (HDPE) containers for the collection and storage of 
organomercury, especially diphenylmercury in this study.

Day Day
Figure 4.3 Adsorption of diphenylmercury in n-heptane in plastic (HDPE) 
containers.

4.3 Kinetic Studies of Diphenylmercury

The adsorption kinetics of DPM on all adsorbents are shown in Figure
4.4. It did not follow the simple first order with respect to DPM concentration. 
The rate of mercury removal is rapid on the initial contact and slows down as 
the contact time is increased. In fact, the improvement in mercury removal is 
quite limited and almost reaches the equilibrium when the contact time 
reached to about 200 minutes for most selected adsorbents, except for zeolite 
NaX and NaY that still preformed well until 400 minutes of contact time. It is 
noted that a very high level of mercury removal was not achieved even 
through the feed contains only one species of organomercury, 
diphenylmercury, in condensate due to the demand of removing mercury to a 
very few ppb levels although the use of NaY which shown the greatest 
capability of removing mercury among selected adsorbents. However, it gave 
some evidence that organomecury like diphenylmercury can be removed by 
using a proper adsorbent while Yamada et al. (1994) reported that
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Figure 4.4 Kinetics of diphenylmercury adsorption on various adsorbents.
— 0—  5  0  mg/1 DPM 2.0 mg/1 DPM
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organomercury can not be adsorbed on any type of adsorbent and not be 
extracted with any type of agent.

From the results, it is obvious that contact time must be allowed at 
least 600 minutes to reach the equilibrium of adsorption process for all kind of 
adsorbents. The NaY and NaX zeolites gave a very good trend to remove 
mercury while 3A, 4A, and 5A zeolites and activated carbon show less 
efficient to remove mercury, respectively.

D.M. Ruthven (1984) shows that the kinetics of adsorption can be 
resumed by the following expression.

± -  =  2 (  D A

พ V n  J

Where: A/V is the ratio of the external area-to-particle, and for a spherical 
particle, it is simply as 3/rc.

rc is the crystallite size.
Dc is the intracrystalline diffusivity. 
q (qt ,q00) is mass adsorbed (at time t and at t —>00).

A plot of fractional uptake versus V7 should therefore yield a straight 
line through the origin with the slope of 2(A/V)(Dc/7t)1/2. These results are 
presented in Figure 4.5.

Figure 4.5 Evolution of q/qmax ratio versus time.
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The slope could give the Dc constant. Since we don’t have any 
precision of the crystallite size of the zeolite and it is known that, as 
synthesized, commercial molecular sieve zeolite crystals are quite small 
(typically 1.5-10 pm) reported by Ruthven (1984), the calculations were 
performed with two size of crystallite: 1.5 pm and 10 pm. The results for the 
NaX and NaY zeolites are presented in Table 4.2.

Table 4.2 Calculation of intracrystalline diffusivity constant

Solids Dc (cm2/s)
with 1.5 pm of crystallite size

Dc (cm2/s)
with 10 pm of crystallite size

NaX 2 .6x l0 'ls 1 .2xlO'1J
NaY 1.4xl0"14 6.4xl0 '13

On the following data shown in Table 4.3, there are some 
intracrystalline diffusivity constants reported in the literature.

Table 4.3 Survey of literature for intracrystalline diffusivity constant

Adsorbents Compounds Temperature
(°C)

Diffusivity
Constant
(cm2/s)

References
literature

NaY, CeY, 1.1-Methyl 28 3xl0‘n to Satterfield
HY naphthalene 16xl0‘13 etal. (1971)

cumene
2 .Benzene 25

The calculated diffusivity constants are closed to the ones found in the 
literature where the calculation of diffusivity constants based on the weighted 
average crystallite size of 10.1 pm. However, these constants are very low
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specially the one of NaX zeolite. Therefore, a limitation of the 
diphenylmercury adsorption is due to the diffusivity.

4.4 Effect of Pore Size on Diphenylmercury Adsorption

The effect of pore size on the adsorption of diphenylmercury with 3A, 
4A, 5A, NaX and NaY zeolites is shown in Figure 4.6. At 2.0 mg/1, the weight 
percent of DPM removal is 45.23, 54.19, 54.19, 84.48, and 84.91, 
respectively. At 5.0 mg/1, the weight percent of DPM removal is 29.76, 44.65, 
46.53, 79.26, and 79.58, respectively. For the activated carbon, the weight 
percent of DPM removal is 52 and 30 at 2.0 mg/1 and 5.0 mg/1, respectively. It 
should be noted that NaX and NaY zeolites, which have the biggest pore 
opening within the concerned group, show very good performing in removing 
diphenylmercury.

Figure 4.6 Effect of zeolite pore opening size on diphenylmercury adsorption.

The diphenylmercury molecule model presented in Figure 4.7, the 
narrowest intramolecular distance corresponding to H-Fl length across a
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benzene ring is 4.64 Â and the widest part, corresponding to H-H distance 
across the two benzene rings, is 12.70 Â whereas the pore opening of 3A, 4A 
and 5A zeolites are 2.9, 3.8 and 4.4 Â, respectively. Therefore, the adsorption 
on the 3A, 4A and 5A zeolites are most likely due to the adsorption on the 
external sites (at the surface zeolites and inside the mesopores). For the 5A 
zeolite, a part of DPM molecule could perhaps get inside the supercage 
through the pore opening while the pore opening (7.4 Â) for the NaX and NaY 
zeolites is sufficient to allow the DMP molecules to adsorb on the adsorption 
sites located in the supercage cavities.

Figure 4.7 Diphenylmercury molecule model.

4.5 Isotherms of Diphenylmercury Adsorption on Adsorbents

From the previous results, it can be seen that there are two different 
phenomena based on the location of surface adsorption. The first one is the 
group of a small pore size such as 3A, 4A and 5A zeolites since the 
diphenylmercury adsorption is due mainly to the adsorption on the external 
sites. The second one is constituted by NaX and NaY zeoiltes with a high pore 
opening which the diphenylmercury molecules can penetrate inside the 
supercage of the zeolites through the pore channels. Figure 4.8 shows the plots 
of diphenylmercury adsorption versus equilibrium diphenylmercury 
concentration. Thus, two adsorption models were used to describe the
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adsorption phenomena: pure Langmuir adsorption model called Langmuir and 
Bi-Langmuir model where there are two different kinds of adsorption sites.
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Figure 4.8 Diphenylmercury adsorption versus equilibrium diphenylmercury 
concentration (experimental results).

4.5.1 Langmuir Model
The pure Langmuir model hypothesizes the followings. There is 

only one kind of adsorption sites that each site is equivalent to another and can 
adsorb only one molecule on one distinct adsorption site, and the adsorption 
energy is the same for all the adsorption sites.

The model determines the fraction or the ratio of the number of 
adsorbed molecules on the total number of molecules required for a complete 
monolayer, defined as 9. At the equilibrium, the adsorption speed (R-Ad) and 
desorption speed (Roe) are equal;

RAd = kA(l-0)C-L (4.2)
RDe= k D0-L (4.3)

where c is equilibrium concentration of diphenylmercury.
L is total site for a complete monolayer.
kA and kD are adsorption and desorption constants, respectively.



33

Therefore, the two previous equations can be rearranged as
following.

6 = - b e (4.4)
( 1  +  b C )

where b is called adsorption/desorption constant.
The experimental data which can be measured is the quantity of 

molecules adsorbed on the solid called q (mol/m2 or mol/g of adsorbent). 
Thus, the equation 4.4 can be rewritten as the following.

f  b e  '

. 1  +  b C .

And it can be rearranged to satisfy the first order linear relationship.

(4.5)

7
1 ( 1 N

^  m a x  V  b q m a x  J c (4.6)

Figure 4.9 shows the results obtained from the experimental results.

l/c (liter/pinole)

Figure 4.9 Determination of the one site Langmuir model coefficients.

From the slope and the intercept of the curves with the y axe, 
qmax and the adsorption coefficient (b) can be calculated as shown in Table
4.4.
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Table 4.4 Langmuir model coefficients versus types of solids

Solids qmax
(pmole/g adsorbent) b

Activated Carbon 0.721 0.24235
3A 0.992 0.16699
4A 1.246 0.20968
5A 1.326 0.21578
NaX 7.069 0.11627
NaY 3.022 0.35801

There is a good agreement between the experimental results and 
the one site Langmuir model as seen in Figure 4.10 after inserting the 
adsorption parameters shown in Table 4.4 into the Equation 4.5 for the 
comparison.

Figure 4.10 Comparison between experimental results and the one site 
Langmuir model.
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It is  n e cessa ry  to  ch e c k  i f  the m a x im u m  q u an tity  o f  m ercury  
ad sorb ed  (qmax) on  the d ifferen t so lid s  is  “th e o r e t ic a lly ” p o s s ib le  or i f  the  
ca lc u la tio n  resu lts  are not in  a cco rd a n ce  w ith  the rea lity .

T he c a lc u la t io n s  w ere  p erform ed  b a sed  on  N a Y  ch a ra cter istics , 
p ro v id ed  b y  IFP. S in c e  th e b in d er or c la y  q u an tity  is  around 2 6 .7 %  o f  the  
ad sorb en t m a ss  and th e u n it c e ll  form u la  o f  N a Y  is  k n o w n , the q u an tity  o f  
c a g e s  is  around 2 .7 7 x 1  o20 c a g e s /  g o f  z e o lite , th e  c a lc u la t io n  o f  w h ic h  is  
sh o w n  in A p p en d ix  A . B e s id e s , it is  k n o w n  that th is  k ind  o f  so lid  can  get a 
m a x im u m  o f  3 m o le c u le s  o f  p a r a -d ie th y lb en zen e  ad sorb ed  in sid e  on e  
su p erca g e  ( in fo rm a tio n  p ro v id ed  b y  IFP). From  g eo m etry  p o in t o f  v ie w , as the  
d ip h en y lm ercu ry  is  c o m p o se d  o f  tw o  arom atics r in g s, th is  k in d  o f  so lid  co u ld  
g et around o n e  m o le c u le  o f  d ip h en y lm ercu ry  per ca g e .

B a sed  on  th ese  ch a ra cter istics  and th e qmax ca lcu la ted  
p r e v io u s ly , th e nu m b er o f  d ip h en y lm ercu ry  m o le c u le s  ad sorb ed  in s id e  on e  
su p erca g e  o f  the N a X  w a s around 0 .01  m o le c u le  in d ica tin g  that the grea test  
part o f  th e z e o lite  su p erca g es  w ere  free  o f  d ip h en y lm ercu ry  m o le c u le s . T h is  
lo w  v a lu e  c o u ld  be d u e to the restr ic tio n  o f  the d if fu s iv ity  o f  the m o le c u le s  
in s id e  th e z e o l i t e  or th e  rotation  p ro b a b ility  o f  the d ip h en y lm ercu ry  m o le c u le s  
in order to  e x p o s e  the s id e  that can  p en etrate  in s id e  the su p erca g e  o f  z e o lite s .

H o w e v e r , the d ip h en y lm ercu ry , as se e n  p r e v io u s ly , can n ot  
p en etrate  in s id e  the z e o lite  su p e r c a g e s  o f  th e 3 A  and 4 A  z e o lite s  and o n ly  
p rob ab ly  s l ig h t ly  for the 5 A  z e o lite . T h ere fo re , the a d so rp tio n  is due m a in ly  to  
the ex tern a l su r fa ce  or the binder.

N o tic e a b ly , th e N a X  and N a Y  z e o lite s  h ave  a h ig h  m axim u m  
d ip h en y lm ercu ry  a d so rp tio n  ca p a c ity  com p ared  to the 3 A  and 4 A  z e o lite s . The  
resu lt w as p rob ab ly  due to the fa ct that th e d ip h en y lm ercu ry  co u ld  p en etrate  
in s id e  su p erca g es  o f  th ese  z e o lite s  and ad sorb ed  in s id e  th e su p erca g es. 
T h erefo re , th e a d so rp tio n  o f  the N a X  and N a Y  z e o lite s  w a s p erhaps rela ted  to  
tw o  p h en o m en a  (a d so rp tio n  on  the ex tern a l su rfa ce  or b in d er s im ila r  to 3 A  and  
4 A  z e o lite s  and ad sorp tion  in s id e  th e z e o lite  su p e r c a g e s). In th is  ca se , a m o d el 
w ith  tw o  k in d s o f  ad sorp tion  s ite s  is  required . T h is  m o d e l w o u ld  be a lso  b ased  
on the L an gm u ir iso th erm  e x p ress io n .

I  x ib iib W
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For the 5A zeolite, there is perhaps a part of adsorption due to
the supercage sites, but the extent is not known and would be calculated.

4 .5 .2  B i-S ite  L an gm u ir M o d e l
T h e m o d e l h y p o th e s iz e s  the fo l lo w in g s . T here are tw o  k in d s o f  

a d so rp tio n  s ite s , and the d ip h en y lm ercu ry  can  be ad sorb ed  eq u a lly . T he tw o  
k in d s o f  s ite s  w ere  referred  to s ite  I lo ca ted  at th e ex tern a l su r fa ce  area and 
s ite  II lo ca ted  in s id e  th e su p erca g e  o f  z e o lite s . H o w ev er , w ith  th is  a ssu m p tio n , 
the a d so rp tio n  o n  the a ctiv a ted  carb on  co u ld  n ot be m o d e le d  w ith  b i-L a n g m u ir  
m o d e l b e c a u se  th e a c tiv a ted  carb on  h as no su p erca g es  as z e o lite s  do.

T h u s, from  th e eq u a tio n  4 .5 , it can  be e x p r e sse d  by the
fo llo w in g .

(  b xc  ^

1 +  b , c  J 4in + f  b 2 C  ^1 + b  2 'c  J l  2  m a x
(4 .7 )

It w a s a ssu m ed  for s ite  I o f  th e N a X , N a Y  and a lso  5 A  z e o lite s  
that th e a d so rp tio n  p aram eters w ere  eq u iv a le n t to  th o se  o f  th e 4 A  z e o lite .  
T h erefo re , qimax and bi w ere  k n o w n . C o n se q u e n tly , the q 2 max and b 2 can  be 
th en  d eterm in ed  and sh o w n  in T a b le  4 .5 .

Table 4.5 B i- s i t e  L an gm u ir m o d e l c o e f f ic ie n ts  v e r su s  ty p e s  o f  so lid s

S o lid s qimax
(p m o le /g  ad sorb en t) bi

q 2 max
(p m o le /g  ad sorb en t) b 2

3 A 0 .9 9 2 0 .1 6 6 9 9 0 0

4 A 1 .2 4 6 0 .2 0 9 6 8 0 0

5A 1 .246 0 .2 0 9 6 8 1 .8 8 4 0 .1 0 6 0
N a X 1 .2 4 6 0 .2 0 9 6 8 5 .421 0 .1 0 4 8
N a Y 1 .2 4 6 0 .2 0 9 6 8 2 .0 5 2 0 .4 0 3 3

F igu re 4 .11  sh o w s  the co m p a r iso n  b e tw e e n  th e o n e  s ite  m od el
and the b i-s ite  m o d e l for the 5A  z e o lite .
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Figure 4.11 C o m p a riso n  b e tw e e n  ex p er im en ta l resu lts  and b i-s ite  L an gm u ir  
m o d el.

For th e 3 A  and 4 A  z e o lite s ,  a ll th e d ip h en y lm ercu ry  ad sorp tion  
is  due to th e ex tern a l a d sorp tion  s ite s , s ite  I. F or the o th er z e o lite s  (5 A , N a X  
and N a Y ), there is a co n tr ib u tio n  o f  th e tw o  k in d s o f  s ite s  to  the  
d ip h en y lm ercu ry  ad sorp tion . T he co n tr ib u tio n  o f  ea ch  part has b een  
c a lcu la ted , w ith  th e m o d e l c o e f f ic ie n ts  p resen ted  in  T ab le  4 .5 , for each  so lid  
as sh o w n  in  T a b le  4 .6 .

Table 4.6 C on trib u tion  o f  each  k ind  o f  s ite s  to the tota l d ip h en y lm ercu ry  
ad sorp tion

S o ild s A d so rp tio n  due to  
the ex tern a l s ite , (% ),“ site  I”

A d so rp tio n  due to 
th e in ternal s ite , (% ),“ s ite  II”

3A 1 0 0 0

4 A 1 0 0 0

5A 8 9 -9 3 7-11
N a X 2 7 -3 0 7 0 -7 3
N a Y 2 6 -3 0 7 0 -7 4
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It can  b e se e n  that for the 5A  z e o lite , in  ca se  o f  a b i-s ite  
L an gm u ir  a d so rp tio n  m o d e l, o n ly  10%  o f  th e tota l d ip h en y lm ercu ry  ad sorp tion  
c o u ld  be due to  the su p erca g e  s ite s  (in tern a l s ite s ) . T he a d so rp tio n  occu rred  
m a in ly  on  th e ex tern a l su rface  o f  th e z e o lite . In th is  c a se , th e a d so rp tio n  co u ld  
be a ssu m ed  as a o n e  s ite  m o d e l a d so rp tio n  su ch  as 3 A  and 4 A  z e o lite s .

O n z e o lite s  w ith  b ig g e r  pore aperture su ch  as N a X  and N a Y , the  
a d so rp tio n  o f  th e d ip h en y lm ercu ry  occu rred  m a in ly  o n  the su p erca g e  s ite s .

4.6 Breakthrough Curves Study

S in c e  th e ex p er im en ts  w ere  lim ited  by tim e , o n ly  h a lf  w a y  o f  the  
b reak th rou gh  cu rv es  for ea ch  ad sorb en t w ere  p resen ted  in F igu re  4 .1 2 .

Figure 4.12 B reak th rou gh  cu rv es , p lo ttin g  th e ratio o f  th e e ff lu en t  
co n cen tra tio n  o f  D P M  ,c , to  in itia l co n cen tra tio n , C 0 ( 2 1 0 0  p p b ), versu s  tim e  
for N a X  and N a Y  z e o lite s  in co n tin u o u s  sy stem  te sted  in u n it U 8 4 4 .

In g en era l, the b reak th rou gh  tim e  is  set at 0 .0 5  o f  th e ratio o f  the  
e ff lu e n t  c o n cen tra tio n  to th e in itia l co n cen tra tio n , C /C 0. For N a X  z e o lite , it 
w a s fou n d  that th e b reak th rou gh  tim e  is 315  m in s w h ile  th e b reak th rou gh  tim e  
o f  N a Y  is 4 4 0  m in s. T he m ercury  rem ova l e f f ic ie n c y  o f  N a X  and N a Y  z e o lite s  
is a lm o st the sam e. T he m ercury rem ova l e f f ic ie n c y  o f  N a Y  reach ed  to 99% ,
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whilst the mercury removal efficiency of NaX reached to 98%. Thus, in 
practical manner, using NaY to remove diphenylmercury is more preference 
than using NaX. However, it should be noted that the results from the small 
pilot tests are always pessimistic with respect to larger pilot operations due to 
the low ratio of the internal diameter of the reactors with respect to the 
average catalyst particle size. This value was less than 10 for the small pilot 
operations, thus some bypasses of the impurities were expected. In larger pilot 
units or industrial units, as the diameter ratio is increased significantly above 
ten, by- pass is substantially reduced and performance increases.

Cussler (1997) presented a very useful relation for a breakthrough curve in 
case of irreversible adsorption in a packed bed of length l as the following equation.

Where: V is feed flow rate
q0 is the saturation concentration in the adsorbent 
1 is the length of the bed 
k is the mass transfer coefficient 
a is the adsorbent area per bed volume 
ร is a void fraction

The equation was made with two assumptions: (1) the accumulation 
within the solution is much less than the accumulation within the tapping mass 
solid and (2) the adsorption is irreversible so that the equilibrium 
concentration near the trapping mass solid surface is zero. Therefore, if the 
plot of the logarithm of concentration of the breakthrough curve is linear with 
time, the adsorption process on the trapping mass solid can be said to be 
irreversible adsorption or chemisorption even though a few points at the 
begining of the breakthough curve are applied.

(4.8)
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F ig u r e  4 .1 3  Logarithm of concentration versus time.

Figure 4.13 shows the plot of the logarithm of concentration of the 
breakthrough curve versus time. Since the logarithm of concentration varies 
with time, the possibility of the irreversible adsorption or chemisorption rather 
than physisorption of diphenylmercury on both NaX and NaY zeolites is 
existing. However, the relevant support for this conclusion needs to be 
extended for further study.
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