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ABSTRACT  

The purpose of this dissertation is to evaluate the efficiency of lignite being 
used as an adsorbent, in order to adsorb such petroleum pollutants as methyl 
tert-butyl ether ( tBE) and benzene, toluene, ethylbenzene, m-, p-xylene, o-
xylene (BTEX) from aqueous solution, so as to be applied as a filling 
material in permeable reactive barriers. Therefore, natural raw lignite was 
used. Sample of lignite was analyzed minerally and chemically and was 
examined towards some of its natural characteristics, such as the surface 
area, the distribution of the pores, pH, humidity, ash and thermogenic power.  

The kinetic experiments of the adsorption of 

 

and tBE showcased 
that the required time for the achievement of equilibrium is 9 hours. 
Additionally, the experimental data were examined in order to discover in 
which kinetic model 

 

from the following 

 

they adapted more accurately: 
pseudo-first order, pseudo-second order or intraparticle diffusion model. It 
turned out that the kinetic of the adsorption follows the pseudo-second order 
model under the given experimental conditions: dose of adsorbent/volume of 
the solution 1gr/40mL, concentration 5mg/L. Finally, the impact of 
temperature in the evolution of the adsorption phenomenon was studied. In 
order to do so, the experiments took place in three different temperatures: 
250, 200 and 150 C respectively. It was discovered that the adsorptive ability 
is increased  in lower-temperature conditions.  

The equilibrium experiments of the adsorption displayed a positive effect of 
increasing the adsorbent s dose in the adsorption of the pollutants from the 
aqueous solution. Furthermore, the experimental data were examined in 
order to discover in which isotherm model 

 

from the following 

 

they 
adapted more accurately: Freundlich, Langmuir and Linear. The model that 
resembles better the results in their entirety was realized to be the Linear. 
However, in many cases, the other two models converged adequately with 
the experimental results as well.  

Moreover, it should be emphasized that there was a great difficulty in 
achieving a satisfactory removal of MtBE in all the conducted experiments. 
This is mainly due to the fact that this pollutant has great solubility in water, 
a highly hydrophilic nature, low affinity for organic carbon and higher 
transport rates in water.  
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Depci T., 2005) 

 

            

(polyoxyethlene sorbitan monooleate)  .       

 

 
,  

 

  
pH.     

 

             

 

       

. 
,          

3  ( 22-23). ,          

  

( 23) , ,    ,      
,      

 

( 22),        
(Karatepe N., 2002). 



       

47

  

22.         
(Karatepe N., 2002)  
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23.      

 

 pH 
(Karatepe N., 2002) 

  

Chattopadhyaya G., Macdonald D., Bakhshi N., Mohammadzadeh 
J. S.  Dalai A. (2005)      

 

   
(SO2)      

 

      
Saskatchewan   

 

Regina  .   breakthrough         
,            

SO2.               

SO2 ( 24-25),                

( 26-27). 
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24.      breakthrough   SO2 

(Chattopadhyaya G., Macdonald D., Bakhshi N., Mohammadzadeh J. S.  Dalai A., 
2005) 

  

25. 

    

SO2 

 

breakthrough 

 

(Chattopadhyaya G., Macdonald D., Bakhshi N., Mohammadzadeh J. S. 

 

Dalai A., 
2005) 

  

26.  

  

 breakthrough   SO2 

(Chattopadhyaya G., Macdonald D., Bakhshi N., Mohammadzadeh J. S.  Dalai A., 
2005) 
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27.     

 

 breakthrough   SO2 

(Chattopadhyaya G., Macdonald D., Bakhshi N., Mohammadzadeh J. S.  Dalai A., 
2005) 

  

Pehlivan E.  Arslan G. (2006)       
(Cu2+),  (Pb2+)   (Ni2+)      

pH,   ,       
.        

60%  67 %      ,             
30%  

,        90%.     
pH     3,8-5,5 

( 29).     20

 

C     
Langmuir       .  

,        
( 30).     

 

  

 

60  min 
( 28). 
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28.                  
(Pehlivan E.  Arslan G., 2006) 
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29.   pH              
(Pehlivan E.  Arslan G., 2006)  
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30.   

 

             
(Pehlivan E.  Arslan G., 2006) 

 

 

Mohan D. 

 

Chander S. (2006)       
( , ,   

)              
pH    

 

 

 

      
pH  
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( 31).              

(25$/tn)       (40$/lb) . 

  

31.   pH   

 

(a)Fe(II), (b)Mn(II)  (c)Fe(III)   
(Mohan D.  Chander S., 2006) 
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Vesela L., Nemecek J., Siglova M. 

 
Kubal M. (2005) 

       
(oxyhumolite) 

     
(BTEX, , , 

, , 

 
(TCE) 

 
TPH (Total Petroleum 

Hydrocarbon)) 

   

.                   

57,3%     
99,9%      . 

  

40.       (Vesela L., Nemecek 
J., Siglova M.  Kubal M., 2005) 
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41.    

 

  (Vesela L., Nemecek 
J., Siglova M.  Kubal M., 2005) 

 

 42.                
PRB (Vesela L., Nemecek J., 

Siglova M.  Kubal M., 2005) 
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Hanzlik J., Jehlicka J., Sebek On., Weishauptova Z. 

 
Machovic 

V. (2003)  

 
     

(    )       
Ag(I),   Cd(II)    Cu(II).                         

.  ,             
.  

6.      ,   

 

 
(Hanzlik J., Jehlicka J., Sebek On., Weishauptova Z.  Machovic V., 

2003) 

  

 

Saha A.K., Shahani M.J.  Altekar V.A. (1976)             

pH,      ,   ,      
/ .    

,             
99,1%    ,       

.            
pH   

10,5  .          
/ ,    

120,    30

 

C. 

 

    

(Saha A.K., Shahani M.J.  Altekar V.A., 
1973)         .    

,        90%    

 

  
98-99%          

.     
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,      pH  12,6.          

/ 

 
   26-7 g/g Ni    

25

 
C.  

  

Gurses Ah., Bayrakceken S., Doymus K. 

 

Gulaboglu M. (1994)          

cetyltrimethylammonium bromide (CTAB)    .     
: ,       

 

 
,      

.       
21

 

C  45o C           
,     

 

 

 

 
. 

 

     
.- ., (2006)    

 

          

 

   

,    . , 

 

        

 

         

Cu, Pb, Cd  Zn    .        
.          

,               

,      

 

         

.   10  15 min          

 

 
.      

10 

 

100 ppm       
. ,   Cu  

 

      
.   

 

 

G. Arslan  Er. Pehlivan, (2006)      
(VI)   

 

         

 

 

.    

 

   
,  ,  pH 

 

   .           

 

pH         pH   2  
3,2 ( 36).       
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Freundlich       

80 

 
( 35).         

:  ,       
( 37). ,        

,          
( 38).  

  

35.              
(G. Arslan  Er. Pehlivan,, 2006)  

  

36.   pH          
(G. Arslan  Er. Pehlivan,, 2006)  
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37.             
c 

 

    (G. Arslan  Er. 
Pehlivan,, 2006) 

  

38.               
(G. Arslan  Er. Pehlivan,, 2006)  

 

                        

Konigstein        
, , ,    

 

    
(C. 

Klinger, Ul. Jenk  J. Schreyer).  

  

Komnitsas K., Bartzas G. 

 

Paspaliaris I. (2003)             

(Fe, Zn, Mn, Ni, Cd, Co, Al 

 

Cu),         

 

     

.           
.  
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,          

(U.S. Department of Energy, 1995).  

,                   

:   . ,         
,          

 

(H. Polat, M. Molva  

 

M. Polat, 2006),      
. ,      

,      
-    .              

,   ,          
.   
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4 

 
4.1 

  
 

 

(adsorption)            
-  - .         

,

  

 

 

(adsorbate)       

 

  

 

   

 

(adsorbent).   

(absorption)                       

,         .    

 

(sorption),           
,                      

 

( , 2005). 

4.2  

 

       

( . .    
), ,       

(activated active carbon),                       

( , ,    
,   ,  

 

. .) ( , 2005). 

4.3 

  

           

 

( , 2005): 

 

     

:   
,  ,  .,     

50-200 m2/g       ,           
.      

300 m2/g          
1000-1500 m2/g. 
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. 

 
      

( 
,  ).

  
    

,     ( )      
. 

4.4           

( , 
2005): 

 

      

. 

 

      

. 

 

       

. 

 

     

. 

 

     

. 

 

 

. 

 

      

       
. 

4.5  

 

          

.       ,   
,       ,        

( , 2005). 

4.6          

 

    

( , 2005):  

+  

  

, 
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,   

  
,  

  

,   

 

                 

.              

,           
.          

 

( - , 2005): 

 

           

,     
. 

 

  

. 

 

  

-           
. 

 

   

(      
). 

 

         

(         
).           

( -
, 2005): 

 

 

:                    

. 

 

 

:          
Van der Waals           

. 
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:                  

.             

.      

 

       
,              

.       

 

               

 

( , 2001).                

,              

.                

.           
,      

.          
,     ,   

.    

,        
,  

 

. .    , 

 

        
,      

 

( , 2005). 

4.7               

,    

 

      

 

          

.                      

 

 

.                    
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.              

.                 

,         
.        

  

        

.     ,      

 

,        
qc     Cc   

 

 

,   

 

( , 2001).          

 

  

, : 

 

 

Gibbs 

 

 Langmuir 

 

 BET 

 

 Freundlich 

 

 

 

       

Freundlich, 
Langmuir   .           

,       
,          ,     

. ,                   

.  

4.7.1                

:   

qe = Kd · Ce     [1]  
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Kd =    [L3/ M]  
Ce =              

[M / 
L3]   
qe =            

,       
[ / ]       

Kd             

.  
, ,                     

Kd ,      Kd             

( - , 2005).  

  

39.                
K

d
.     
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4.7.2 I Freundlich      

Freundlich              
:   

n
ee KCq /1      [2]  

  

qe =           
,       

[ / ]  
Ce = 

 

            
[M/L3]  

F = 

 

    Freundlich (         

[( / )( /L3)-1/n]  
1/n=      Freundlich (    

) [ ].       

1/n      
( ) :     

1/n 0,          
1/n=1,     (    K       

Kd)     
1/n<1,         
1/n>1,             

,         
,     

(1/n<1)   (1/n=1).  



       

69

  

40.    Freundlich     
1/n        

Freundlich       
:  

ee C
n

Kq log
1

loglog      [3]    

K  1/n                 
,            

 

( - , 2005).   

4.7.3  Langmuir  

To  Langmuir            
. ,           

,  
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.         

:  

e

e
e bC

QbC
q

1
     [4]  

:  qe =              
,       

[ / ]  
Ce =  

 

               
[M/L3]  

Q =    

 

Langmuir [ / ]  
b =    

 

Langmuir [L3/ ]       

 

Langmuir              

.        :  

Q

C

bQq

C e

e

e 1      [5]      

b  Q    
.   1/Q       ,    

1/bQ         y ( - , 
2005). 
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41.     

   

4.8  

  

                

. ,            
,                   

.                

,        
.        

,         
,      

(TOC),     (DOC),     
(COD),      (Dissolved 

Organic Halogen, DOH), 

 

    
(UV)  

 

 (Snoeyink and Summers, 1999) (Metcalf & Eddy, 
2003). 
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4.9                 

 
( , 2005): 

 
          

  
          

,      

  

    

,      

  

      

,    

 

        

.        
.      ,     

,     .            
,       

.  

,    ,      
.               

.  , ,       
. ,              

.               

,        
.               

,      
.        

,             
.          

.       
,    ,      

,  

 

( , 2005).               

: 
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V
m

CC
q t

t
0      [6]  

C0:      (mg L-1) 

Ct:         t (mg 
L-1) 

m:      (kg) 

V:          (L)                 

.        

 

 

,         
: 

)(1 te
t qqk

dt

dq
     [7]    

k1:     

 

  (hours-1) 

qe:           
(mg g-1) 

qt:        t    
(mg g-1) 

   

7 

     

t=0 

 

t=t 

  

qt=0 

 

qt=qt 

 

(Shawabkeh and Tununji, 2003; Al-Qodah 
et al., 2007; Daifullah and Girgis, 2003): 

tkqqq ete 1ln)ln(      [8]     

k1   

 

      

ln(qe 

 

qt)   t.          

 

 

,         : 

2
2 )( te

t qqk
dt

dq
     [9] 
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k2:     

 
  (g mg-1 hours-1) 

   
9 

     
t=0 

 
t=t   

qt=0  qt=qt 

 
(Al-Qodah et al., 2007; Tsai et al., 2005; 

2006):  

tk
qqq ete

2

11      [10]    

10        
:  

t
qkqq

t

eet

11

2
2

     [11]     

k2   

 

      

t/qt   t. 

,    ,    ,   
intraparticle  ,          

(Al-Ghouti et al., 2005; Al-Qodah et al., 2007): 

2/1
1 tkxq pt      [12]  

x1:         (mg g-1)  

kp: 

   

intraparticle  (mg g-1 hours-1/2)     

kp   

 

      

qt   t1/2.       
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5  

 
5.1 

  
 

,  ,      
,        

,   :  

 

 (Benzene) (Riedel-de Haen, : 99,7%) 

 

 (Toluene) (Riedel-de Haen, : 99,7%) 

 

 
(Ethylbenzene) (Fluka, : 99%) 

 

p-  (p-xylene) (Fluka, : 99%) 

 

m-  (m-xylene) (Fluka, : 99%) 

 

o-  (o-xylene) (Fluka, : 99%) 

 

 
(MtBE) (Riedel-de Haen, : 

99%)     

,    ,         
,        

 

      

 

        

.    

5.2 

  

5.2.1 

    

 

,           
,            

. ,         
.                     

.           

E       

 

                     

125 m   
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. ,                

.     

 
  

12-14 gr     
,       

. 

5.2.2  

   

   

 

,      
,             .    

m2/gr .             

(Brunauer-Emmet-Teller).             
.       

,          
.           

(-195,8

 

C)        
,           

300o C  .                    

.                

 

 

,           
(Vm).   

 

          
: 

  

ommon P

P

cV

c

cVPPV

P 11

)(
     [13]   

Vn:          P,  
Po:             

(Po= 753,80 mmHg),  
Vm:               

c:               
.  
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Vm 

 
             

P/Vn (Po - P) vs. P/Po . 

 
   

, SBET,     :   

LmamBET mVanVS /      [14]    

na:    Avogadro (6.023 x 1023 /mol),  
m:        (0,162 nm2),  

m:        
VL:        (22,414 cm3).           

,                

,                 

,                   

( ).          

 

    

Nova 2200 Quanta Chrome     
E    .     

,         
11,40 m2/gr. 

5.2.3 

 

 

  

     

  

       

,         
,       ,      

.                

,             
,        

,    ,   
,        

.  
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,     

,         
:     

,       50 
nm (>500 A).    

,    

 

  2 
nm    50 nm (20-500 A).    

,       2 
nm ( <20 A).          

,             

(Nitrogen Gas Adsorption),    

 

  
.                            

,             
.       

 

          

,     Nova 2200 
Quanta Chrome,       ,         

.        

 

       

 

    

BJH (Barrett, Joyner, Halenda),                        

,        

 

    

t-Method-Halsey(adsorption).           

7           
(S ).       
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7.         

.    

(cc/gr)   (cc/gr)   (m2/gr)   ( 
) 

(m2/gr)    
SBET 

(m2/gr)    
(cc/gr)     (A) 

 

0,000872 0,0147 2,38 9,02 11,40 0,02 54,78 

 

 

8.              
.          

(%)         
(%)         

(%)         (%) 

 

5,59 94,41 20,86 79,14   

8                
.      

 

     

 

   

,           
. 

5.2.4  

  

        

 

 

,   &     
,      

(x-Ray Fluorescence Spectroscopy).   

9.     

 

SiO2 (%) 55,58 
Al2O3 (%) 13,47 
Fe2O3 (%) 12,06 
CaO (%) 5,10 
K2O (%) 4,46 
MgO (%) 3,24 
SO3 (%) 2,55 
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Na2O (%)

 
1,52 

TiO2 (%) 1,42 
P2O5 (%) 0,18 
MnO (%) 0,09 
Rb (%) 0,05 
Cl (%) 0,04 

SrO (%) 0,04 
ZnO (%) 0,04 
ZrO2 (%) 0,03 
Cu (%) 0,02 
Cr (%) 0,02 

PbO (%) 0,02 
Ni (%) 0,01 

BaO (%) 0,01 
V (%) 0,01 

Nb (%) 0 
Mo (%) 0 

 

 

10.     

  

Soma, 

 

Martin 
Lake, Texas 

SiO2 (%) 33,4 32,1 
Al2O3 (%) 16,1 13,4 
Fe2O3 (%) 6,0 18,8 
CaO (%) 33,8 17,2 
K2O (%) 0,7 0,23 
MgO (%) 6,1 1,81 
SO3 (%) 2,8  

Na2O (%) 1,1 0,28 
TiO2 (%)  1,30 
MnO (%)  1,81 
SrO (%)  0,26 
BaO (%)  0,14 

 

                  

,      
.                    

.       
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,            

.    

5.2.5  

  
              

,    
-x (x-Ray Diffraction 

 

xRD).              
,  

,  ,     .  

5.2.6  

  

        

-         
- 

 

  

 

        
.                  

.   

11.   

 

C (%) 32,39 
H (%) 3,03 
N (%) 0,58 
S (%) 1,26 
O (%) 14,32 

 

5.2.7  PH     

pH        

 

    
D 4972-01.        

.     
:      10gr         

30mL    
pH.     20min.        

pH           
5,72   20,30 C.      
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5.2.8       

,   ,      
105

 
C   20         
12,50%. 

5.2.9      

,   ,      
900 C   3      74,12%      

. 

5.2.10   

 

            

Leco AC-350         
&     .    

,   ,               

3220,4 cal/gr.  

5.3                  

,           
(BTEX  MtBE)   . 

,                
(batch).    

,         
,       

 

    
,    ,                   

.         

:
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5 mg/L  5 

ppm.      ,     
L       

10 mL ,         
.          

10 mL     o . ,    
(mL)     o   

 

    
100 mL,        

.    

,      

 

  
,   ,                

 

    

,  
,      5 ppm.     

5.3.1                            

. ,         
,    

  

    

 

 
.  

,    ,     
(15

 

C, 20

 

C  25

 

C)      

 

    

 

  

.    ,   

 

    

 

 
.        

 

 

40 mL.      
1gr     .                  

. ,    
,         

,      
,  0,5  32 .  
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5.3.2         

,                  

BTEX  MtBE    ,             

, ,           
. ,                

.  

,    ,     
(15

 

C, 20

 

C  25

 

C)              

.    ,           
.         

 

 

40 mL.     
0,5, 1, 1,5, 2,5  3gr    

 

   

 

    
.  

 

               

. ,    
,         

,    

  

, 8-9 .  
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9. 

 

     

 

5.3.3            

,           

 

     

10 ,      
.      ,          

-       
0.45 m,  2 ml    

.   ,  

 

,              
,     5 

. 

5.3.4  

  

              

.    (GCMS-QP2010 Plus)            

  

SPME.           
.  
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10.   (GCMS-QP2010 Plus)    

5.3.4.1    (SPME)       

 

    

BTEX   MTBE   , 

    

Supelco (SPME fiber assembly 100 m Polydimethylsiloxane coating for 
manual holder, red).    

SPME    :                 

.  ,                      

.          
.   ,             

.               

GC.   
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(GC),       ,                

septum  .       

SPME:   ,                    

,    
,                

.        
.           

,              
.        

.            

:  

 

    

BTEX 

 

MtBE 
1.  3gr   (NaCl) 
2.     22ml  

1.    10ml   

 

2. 

 

  10ml         

 

3.  100 L  

 

 ( 1:100) 
4.  5 L   (Toluene-d8  20ppm) 
5.         

 

6.        22ml  

 

    

BTEX 

 

MtBE 
1.    (20 C±0,5) 
2.     (1400) 
3.    (22ml)     

1 ,      

 

4.     (22ml)  4 

 

5.    GC.   7 
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11.              
BTEX-MtBE        

 

      

,           
.        

(GC-MS)   :  

 

 

: 250

 

C 

 

  
: 300

 

C 

 

 
interface: 280o C 

 

 
: 40

 

C (1 min) 

 

 
: 5

 

C/min  60

 

C (0,5 min) 

 

 
: 30

 

C/min  270

 

C (2 min) 

 

 
: 270

 

C 

 

 

 

  
: 7 min 

  

splitless  split  5 min (1/50)   
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12.                   

  

  

 

 

2 ml   

 

  

  

 

5 ppm  

  
   

1 gr      

0,5  32 

 

 

  

   

0,5, 1, 1,5, 2,5,  
3 gr 

 

 

  

SPME (  
) 
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6   

  
        

,              
. ,      

,        
.  

6.1        

 

          

 

BTEX  MtBE         
.        :     

(1gr),        

 

 
.          

(250 C, 200 C  150 C).    
. 

6.1.1     250 C   

 

12   

 

            

.   

12.           

C (mg/L)  

 

(hr) MTBE BENZENE TOLUENE ETHYLBENZENE 
m-,p-

XYLENE 
o-

XYLENE 
0 5,083

 

7,533 5,742 4,046 7,759 4,071 
0,5 4,749

 

3,987 2,675 1,146 2,003 1,142 
1 4,112

 

3,816 2,470 1,085 1,732 1,047 
2 4,798

 

4,285 2,444 0,935 1,446 0,867 
3 4,452

 

3,947 1,965 0,671 0,996 0,580 
6 3,998

 

4,183 2,218 0,750 1,049 0,654 
9 4,494

 

3,738 1,932 0,653 0,982 0,535 
12 3,962

 

3,352 1,844 0,570 0,780 0,475 

 

             

(Ct/Co)    .  
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0,000

0,200

0,400

0,600

0,800

1,000

1,200

0 2 4 6 8 10 12 14

t (hours)

Ct
/C

o

MTBE BENZENE TOLUENE ETHYLBENZENE m-,p-XYLENE o-XYLENE

 

 

42.        (Ct/Co)      
250 C   

,        

%100
o

to

C

CC    

 

    

13,      43.   

13.               
(%)  

 

(hr) MTBE BENZENE TOLUENE ETHYLBENZENE m-,p-XYLENE o-XYLENE 
0 0,00 0,00 0,00 0,00 0,00 0,00 

0,5 6,57 47,07 53,41 71,68 74,19 71,95 
1 19,10

 

49,34 56,98 73,19 77,68 74,27 
2 5,61 43,11 57,44 76,88 81,36 78,69 
3 12,42

 

47,61 65,77 83,41 87,17 85,76 
6 21,34

 

44,48 61,37 81,47 86,48 83,92 
9 11,59

 

50,38 66,36 83,86 87,35 86,87 
12 22,05

 

55,51 67,89 85,90 89,94 88,34 
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25 C

0,00

20,00

40,00

60,00

80,00

100,00

0 1 2 3 4 5 6 7 8 9 10 

(h)  

(%
)

MTBE BENZENE TOLUENE ETHYLBENZENE m-,p-XYLENE o-XYLENE

  

43.     

 

                    

,    
,     .                       
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25oC - PSEUDO FIRST ORDER MODEL for MtBE

y = -0,1387x - 3,7748

R2 = 0,1407

-7,000

-6,000

-5,000

-4,000

-3,000

-2,000

-1,000

0,000

0 2 4 6 8 10 12 14

t

ln
(q

e
-q

t )

25oC - PSEUDO SECOND ORDER MODEL for MtBE

y = 23,926x + 49,114

R2 = 0,6839

0,000

50,000

100,000

150,000

200,000

250,000

300,000

350,000

400,000

450,000

0 2 4 6 8 10 12 14

t

t/g
t

25oC - INTRAPARTICLE DIFFUSION MODEL for MtBE

y = 0,0097x + 0,0084

R2 = 0,4937

0,000

0,005

0,010

0,015

0,020

0,025

0,030

0,035

0,040

0,045

0,050

0,00 0,50 1,00 1,50 2,00 2,50 3,00 3,50 4,00

t^(1/2)

q
t

   

25oC - PSEUDO FIRST ORDER MODEL  for Benzene

y = -0,1183x - 3,0718

R2 = 0,2448
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25oC - PSEUDO SECOND ORDER MODEL for Benzene

y = 6,0993x + 2,5758

R2 = 0,9863
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25oC - INTRAPARTICLE DIFFUSION MODEL for Benzene

y = 0,03x + 0,0755
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25oC - PSEUDO FIRST ORDER MODEL for Toluene

y = -0,2963x - 3,0693

R2 = 0,5946
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25oC - PSEUDO SECOND ORDER MODEL for Toluene

y = 6,3664x + 1,7201

R2 = 0,9977
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25oC - INTRAPARTICLE DIFFUSION MODEL for Toluene

y = 0,0318x + 0,0685

R2 = 0,5414
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25oC - PSEUDO FIRST ORDER MODEL for Ethylbenzene

y = -0,3007x - 3,3653

R2 = 0,6047

-8,000

-7,000

-6,000

-5,000

-4,000

-3,000

-2,000

-1,000

0,000

0 2 4 6 8 10 12 14

t

ln
(q

e
-q

t )

25oC - PSEUDO SECOND ORDER MODEL for Ethylbenzene

y = 7,157x + 1,3465

R2 = 0,9994
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25oC - INTRAPARTICLE DIFFUSION MODEL for Ethybenzene

y = 0,0278x + 0,0648

R2 = 0,5053
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25oC - PSEUDO FIRST ORDER MODEL for m-,p-Xylene

y = -0,2942x - 2,7103

R2 = 0,5914
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25oC - PSEUDO SECOND ORDER MODEL for m-,p-Xylene

y = 3,5701x + 0,6103

R2 = 0,9995
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25oC - INTRAPARTICLE DIFFUSION MODEL for m-,p-Xylene

y = 0,0558x + 0,1306

R2 = 0,5034
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25oC - PSEUDO FIRST ORDER MODEL for o-Xylene

y = -0,3417x - 3,2264

R2 = 0,6858
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25oC - PSEUDO SECOND ORDER MODEL for o-Xylene

y = 6,8896x + 1,3957

R2 = 0,9995
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25oC - INTRAPARTICLE DIFFUSION MODEL for o-Xylene

y = 0,0293x + 0,0655

R2 = 0,5257
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6.1.2     200 C    

14   

 
            

.   

14.           

C (mg/L)  

 

(hr) MTBE BENZENE TOLUENE ETHYLBENZENE 
m-,p-

XYLENE 
o-

XYLENE 
0 5,823

 

6,342 5,810 3,562 6,550 3,433 
0,5 4,939

 

4,739 2,588 0,919 1,329 0,775 
1 4,497

 

4,778 2,356 0,897 1,465 0,744 
2 4,586

 

4,779 2,274 0,704 1,223 0,640 
3 4,161

 

4,309 2,093 0,753 1,279 0,706 
6 4,065

 

4,316 1,931 0,607 0,923 0,514 
9 3,781

 

3,643 1,875 0,563 0,901 0,448 
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44.        (Ct/Co)      
200 C   
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,        

%100
o

to

C

CC    

 
    

15,      45.   

15.               
(%)  

 

(hr) MTBE BENZENE TOLUENE ETHYLBENZENE 
m-,p-

XYLENE 
o-

XYLENE 
0 0,00 0,00 0,00 0,00 0,00 0,00 

0,5 15,18

 

25,28 55,46 74,19 79,71 77,43 
1 22,77

 

24,66 59,45 74,83 77,63 78,33 
2 21,24

 

24,65 60,86 80,23 81,33 81,34 
3 28,54

 

32,06 63,97 78,86 80,47 79,44 
6 30,20

 

31,95 66,77 82,96 85,91 85,03 
9 35,08

 

42,56 67,74 84,21 86,24 86,94 
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20oC - PSEUDO FIRST ORDER MODEL for MtBE

y = -0,2956x - 2,9215

R2 = 0,8147
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20oC - PSEUDO SECOND ORDER MODEL for MtBE

y = 11,439x + 11,341

R2 = 0,985
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20oC - INTRAPARTICLE DIFFUSION MODEL for MtBE

y = 0,0246x + 0,0147

R2 = 0,8714
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20oC - PSEUDO FIRST ORDER MODEL for Benzene

y = -0,177x - 2,7606

R2 = 0,5832
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20oC - PSEUDO SECOND ORDER MODEL for Benzene

y = 9,0929x + 9,0897

R2 = 0,9519
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20oC - INTRAPARTICLE DIFFUSION MODEL for Benzene

y = 0,0289x + 0,0231

R2 = 0,8022
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20oC - PSEUDO FIRST ORDER MODEL for Toluene

y = -0,5838x - 2,8393

R2 = 0,843
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20oC - PSEUDO SECOND ORDER MODEL for Toluene

y = 6,241x + 1,1822

R2 = 0,9997
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20oC - INTRAPARTICLE DIFFUSION MODEL for Toluene

y = 0,0409x + 0,0641

R2 = 0,5694
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20oC - PSEUDO FIRST ORDER MODEL for Ethylbenzene

y = -0,5379x - 3,3906

R2 = 0,7211
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20oC - PSEUDO SECOND ORDER MODEL for Ethybenzene

y = 8,2441x + 1,1386

R2 = 0,9997
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20oC - INTRAPARTICLE DIFFUSION MODEL for Ethylbenzene

y = 0,0301x + 0,0525

R2 = 0,516
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20oC - PSEUDO FIRST ORDER MODEL for m-,p-Xylene

y = -0,7218x - 2,6545

R2 = 0,8024
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20oC - PSEUDO SECOND ORDER MODEL for m-,p-Xylene

y = 4,3708x + 0,5739

R2 = 0,9996
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20oC - INTRAPARTICLE DIFFUSION MODEL for m-,p-Xylene

y = 0,0556x + 0,102

R2 = 0,4913
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20oC - PSEUDO FIRST ORDER MODEL for o-Xylene

y = -0,4528x - 3,438

R2 = 0,6358
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20oC - PSEUDO SECOND ORDER MODEL for o-Xylene

y = 8,2943x + 1,3085

R2 = 0,9993
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20oC - INTRAPARTICLE DIFFUSION MODEL for o-Xylene

y = 0,0294x + 0,0525

R2 = 0,5058
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6.1.3     150 C    

16   

 
            

.   

16.           

C (mg/L)  

 

(hr) MTBE BENZENE TOLUENE ETHYLBENZENE 
m-,p-

XYLENE 
o-

XYLENE 
0 4,732

 

3,870 3,870 2,813 6,023 3,116 
0,5 4,732

 

2,900 2,089 0,725 1,652 0,985 
1 4,544

 

2,772 1,826 0,522 1,183 0,682 
2 4,305

 

2,729 1,741 0,446 0,975 0,559 
3 3,978

 

2,486 1,484 0,345 0,829 0,490 
6 3,852

 

2,257 1,253 0,353 0,807 0,455 
9 3,764

 

2,226 1,189 0,262 0,650 0,346 
12 3,658

 

2,280 1,144 0,232 0,528 0,281 
24 2,306

 

0,292 0,055 0,000 0,000 0,000 
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46.        (Ct/Co)      
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,        

%100
o

to

C

CC    

 
    

17,      47.   

17.               
(%)  

 

(hr) MTBE BENZENE TOLUENE ETHYLBENZENE 
m-,p-

XYLENE 
o-

XYLENE 
0 0,00 0,00 0,00 0,00 0,00 0,00 

0,5 0,00 25,06 46,02 74,23 72,57 68,39 
1 3,97 28,37 52,82 81,44 80,36 78,11 
2 9,02 29,48 55,01 84,15 83,81 82,06 
3 15,93

 

35,76 61,65 87,74 86,24 84,27 
6 18,60

 

41,68 67,62 87,45 86,60 85,40 
9 20,46

 

42,48 69,28 90,69 89,21 88,90 
12 22,70

 

41,09 70,44 91,75 91,23 90,98 
24 51,27

 

92,45 98,58 100,00 100,00 100,00 
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15oC - PSEUDO FIRST ORDER MODEL for MtBE

y = -0,0497x - 2,3982

R2 = 0,8633
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15oC - PSEUDO SECOND ORDER MODEL for MtBE

y = 15,588x + 86,226

R2 = 0,9098
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15oC - INTRAPARTICLE DIFFUSION MODEL for MtBE

y = 0,0152x - 0,0053

R2 = 0,9069
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15oC - PSEUDO FIRST ORDER MODEL for Benzene

y = -0,0362x - 2,212

R2 = 0,5999
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15oC - PSEUDO SECOND ORDER MODEL for Benzene

y = 14,552x + 9,8497

R2 = 0,9961
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15oC - INTRAPARTICLE DIFFUSION MODEL for Benzene

y = 0,0161x + 0,0195

R2 = 0,7695
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15oC - PSEUDO FIRST ORDER MODEL for Toluene

y = -0,0742x - 2,4217

R2 = 0,6262
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15oC - PSEUDO SECOND ORDER MODEL for Toluene

y = 6,5798x + 13,049

R2 = 0,9584

0,000

20,000

40,000

60,000

80,000

100,000

120,000

140,000

160,000

180,000

0 5 10 15 20 25 30

t

t/q
t

 
15oC - INTRAPARTICLE DIFFUSION MODEL for Toluene

y = 0,0238x + 0,0403

R2 = 0,7967

0,000

0,020

0,040

0,060

0,080

0,100

0,120

0,140

0,160

0,180

0,00 1,00 2,00 3,00 4,00 5,00 6,00

t^(1/2)

q
t

   

15oC - PSEUDO FIRST ORDER MODEL for Ethylbenzene

y = -0,1318x - 3,3733

R2 = 0,5327
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15oC - PSEUDO SECOND ORDER MODEL for Ethylbenzene

y = 8,8784x + 4,576

R2 = 0,9975
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15oC - INTRAPARTICLE DIFFUSION MODEL for Ethylbenzene

y = 0,0151x + 0,0558

R2 = 0,4734
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15oC - PSEUDO FIRST ORDER MODEL for m-,p-Xylene

y = -0,1265x - 2,5679

R2 = 0,532
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15oC - PSEUDO SECOND ORDER MODEL for m-,p-Xylene

y = 4,1473x + 2,3434

R2 = 0,9969
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15oC - INTRAPARTICLE DIFFUSION MODEL for m-,p-Xylene

y = 0,0326x + 0,1171

R2 = 0,4868
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15oC - PSEUDO FIRST ORDER MODEL for o-Xylene

y = -0,132x - 3,1254

R2 = 0,5945
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15oC - PSEUDO SECOND ORDER MODEL for o-Xylene

y = 7,9984x + 5,0394

R2 = 0,9967
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15oC - INTRAPARTICLE DIFFUSION MODEL for o-Xylene

y = 0,0175x + 0,0577

R2 = 0,5265
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6.1.4     
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,       ,        
SPME (         

).   

 
   

:   

18.            
m-

 

p-

 

o-

    

MtBE  

(g/l  250 

C) 

0,157 0,198 0,175 0,187 0,47 1,770 42-54  

 

106,16 106,16 106,16 106,16 92,14 78,11 88,15   

 

 

logKow 

 200 C 

3,20 3,15 2,77 3,15 2,69 2,13 1,059 

 

     

MtBE         
.      

 

 
,                 

,      
(R2) 

 

    ,             
90 

 

100%.   
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19.   R2   
2            

  

 

 

R2 1/qe 1/(qe
2K2) K2 

250 C 
MtBE y=23,926x+49,114 0,6839 23,926 49,114 11,65561 

 

Y=6,00993x+2,5758

 

0,9863 6,0993 2,5758 14,44268 

 

y=6,3664x+1,7201 0,9977 6,3664 1,7201 23,56319 

 

y=7,157x+1,3465 0,9994 7,157 1,3465 38,04133 
m-,p-

 

y=3,5701x+0,6103 0,9995 3,5701 0,6103 20,88418 
o-

 

y=6,8896x+1,3957 0,9995 6,8896 1,3957 34,00916 
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200 C 
MtBE y=11,439x+11,341 0,985 11,439 11,341 11,53785 

 
y=9,0929x+9,0897 0,9519 9,0929 9,0897 9,096101 

 
y=6,241x+1,1822 0,9997 6,241 1,1822 32,94712 

 
y=8,2441x+1,1386 0,9997 8,2441 1,1386 59,69189 

m-,p-

 

y=4,3708x+0,5739 0,9996 4,3708 0,5739 33,28784 
o-

 

y=8,2943x+1,3085 0,9993 8,2943 1,3085 52,57578 
150 C 

MtBE y=15,588x+86,226 0,9098 15,588 86,226 2,81801 

 

y=14,552x+9,8497 0,9961 14,552 9,8497 21,4992 

 

y=6,5798x+13,049 0,9584 6,5798 13,049 3,317784 

 

y=8,8784x+4,576 0,9975 8,8784 4,576 17,22596 
m-,p-

 

y=4,1473x+2,3434 0,9969 4,1473 2,3434 7,339804 
o-

 

y=7,9984x+5,0394 0,9967 7,9984 5,0394 12,69485 
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TOLUENE
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20.         
.   

C  (mg/L)  

 
(gr) MTBE BENZENE TOLUENE ETHYLBENZENE 

m-,p-
XYLENE 

o-
XYLENE 

0 5,601

 

6,872 5,352 3,996 7,176 4,018 
0,5 5,024

 

5,241 3,529 1,428 2,509 1,377 
1 4,379

 

4,024 2,172 0,755 1,192 0,685 
1,5 3,946

 

3,018 1,464 0,459 0,705 0,389 
2,5 3,957

 

2,196 1,018 0,323 0,447 0,224 
3 3,815

 

1,734 0,787 0,215 0,344 0,125 

  

 

 

       

%100
o

to

C

CC    

 

    

21,      49.   

21.              
%  

 

(gr) MTBE BENZENE TOLUENE ETHYLBENZENE 
m-,p-

XYLENE 
o-

XYLENE 
0 0,000 0,000 0,000 0,000 0,000 0,000 

0,5 9,671 29,471 46,799 70,240 72,539 71,411 
1 22,416

 

44,288 66,089 83,831 86,345 85,914 
1,5 22,274

 

54,749 74,340 88,869 91,359 90,636 
2,5 26,646

 

68,616 84,549 94,443 96,365 96,889 
3 32,604

 

78,019 89,167 97,049 97,604 98,443 
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25oC- FREUNDLICH ISOTHERM for MtBE

y = 2,0379x - 2,7117
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25oC - FREUNDLICH ISOTHERM for Benzene
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25oC - FREUNDLICH ISOTHERM for Toluene

y = 0,6155x - 1,1355
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25oC - LANGMUIR ISOTHERM for Toluene

y = 3,9683x + 9,4824
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25oC - LINEAR ISOTHERM for Toluene

y = 0,0311x + 0,0455
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25oC - FREUNDLICH ISOTHERM for Ethylbenzene
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25oC - LANGMUIR ISOTHERM for Ethylbenzene

y = 1,9188x + 4,263

R2 = 0,8446
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25oC - LINEAR ISOTHERM for Ethylbenzene
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25oC - FREUNDLICH ISOTHERM for m-,p-Xylene

y = 0,7212x - 0,6935

R2 = 0,9878
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25oC - LANGMUIR ISOTHERM for m-,p-Xylene

y = 1,3368x + 3,3529

R2 = 0,9845
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25oC - LINEAR ISOTHERM for m-,p-Xylene
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25oC - FREUNDLICH ISOTHERM for o-Xylene
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25oC - LANGMUIR ISOTHERM for o-Xylene

y = 2,9509x + 2,7014

R2 = 0,9167
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25oC - LINEAR ISOTHERM for o-Xylene
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6.2.2     200 C    

22   

 
             

.   

22.         
.   

C  (mg/L)  

 

(gr) MTBE BENZENE TOLUENE ETHYLBENZENE 
m-,p-

XYLENE 
o-

XYLENE 
0 4,12 6,59 6,60 4,21 8,20 4,08 

0,5 3,56 4,68 3,13 1,19 1,96 1,18 
1 3,28 3,58 2,32 0,80 1,30 0,67 

1,5 3,64 3,57 1,76 0,55 0,78 0,43 
2,5 2,73 2,19 0,86 0,17 0,16 0,05 
3 2,54 2,04 0,69 0,14 0,11 0,01 

 

 

 

       

%100
o

to

C

CC    

 

    

23,      50.   

23.              
%  

 

(gr) MTBE BENZENE TOLUENE ETHYLBENZENE 
m-,p-

XYLENE 
o-

XYLENE 
0 0,000 0,000 0,000 0,000 0,000 0,000 

0,5 11,560

 

24,652 48,738 69,661 74,969 70,374 
1 12,451

 

33,268 60,111 78,847 81,853 80,836 
1,5 8,830 45,121 71,423 87,363 90,382 89,637 
2,5 20,336

 

63,753 85,136 96,032 97,720 98,993 
3 35,181

 

70,436 89,475 97,650 99,149 99,128 
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20 C
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20oC - FREUNDLICH ISOTHERM for MtBE

y = 0,2934x - 1,7459

R2 = 0,0079
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20oC - LANGMUIR ISOTHERM for MtBE

y = 59,523x - 47,149

R2 = 0,1318
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20oC - LINEAR ISOTHERM for MtBE
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20oC - FREUNDLICH ISOTHERM for Benzene

y = 0,9825x - 1,5165
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20oC - LANGMUIR ISOTHERM for Benzene

y = 0,1008x + 33,553
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20oC - LINEAR ISOTHERM for Benzene
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20oC - FREUNDLICH ISOTHERM for Toluene

y = 0,7516x - 1,0021

R2 = 0,9342
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20oC - LANGMUIR ISOTHERM for Toluene

y = 1,3877x + 8,8679

R2 = 0,3819
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20oC - LINEAR ISOTHERM for Toluene

y = 0,0759x + 0,0168

R2 = 0,9355
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20oC - FREUNDLICH ISOTHERM for Ethylbenzene

y = 0,602x - 0,7596
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20oC - LANGMUIR ISOTHERM for Ethylbenzene

y = 2,7465x + 2,7579

R2 = 0,5618
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20oC - LINEAR ISOTHERM for Ethylbenzene

y = 0,1654x + 0,0246
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20oC - FREUNDLICH ISOTHERM for m-,p-Xylene

y = 0,4554x - 0,5519

R2 = 0,899
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20oC - LANGMUIR ISOTHERM for m-,p-Xylene

y = 1,7963x + 1,4196

R2 = 0,6788
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20oC - LINEAR ISOTHERM for m-.p-Xylene

y = 0,1952x + 0,0737

R2 = 0,9387
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20oC - FREUNDLICH ISOTHERM for o-Xylene

y = 0,2591x - 0,7963

R2 = 0,8312
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20oC - LANGMUIR ISOTHERM for o-Xylene

y = 4,347x + 1,0515

R2 = 0,7637
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20oC - LINEAR ISOTHERM for o-Xylene

y = 0,1458x + 0,0481
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6.2.3     150 C    

24   

 
             

.   

24.         
.   

C  (mg/L)  

 

(gr) MTBE BENZENE TOLUENE ETHYLBENZENE 
m-,p-

XYLENE 
o-

XYLENE 
0 4,30 3,37 3,34 2,23 5,31 3,00 

0,5 3,83 2,66 1,69 0,70 1,42 0,77 
1 3,78 2,34 1,25 0,43 0,69 0,38 

1,5 3,19 1,46 0,71 0,13 0,30 0,11 
2,5 3,13 1,01 0,34 0,06 0,11 0,00 
3 3,00 0,96 0,27 0,01 0,04 0,01 

 

 

 

       

%100
o

to

C

CC    

 

    

25,      51.   

25.         

  

  
%  

 

(gr) MTBE BENZENE TOLUENE ETHYLBENZENE 
m-,p-

XYLENE 
o-

XYLENE 
0 0,000 0,000 0,000 0,000 0,000 0,000 

0,5 8,846 18,379 46,895 75,079 78,089 77,116 
1 32,955

 

59,496 79,275 90,308 93,499 93,729 
1,5 39,226

 

72,730 88,392 97,130 97,149 98,140 
2,5 27,318

 

70,239 90,654 98,665 98,974 99,952 
3 25,895

 

72,084 92,025 99,725 99,669 99,876 
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15 C
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15oC - FREUNDLICH ISOTHERM for MtBE
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15oC - LANGMUIR ISOTHERM for MtBE
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15oC - FREUNDLICH ISOTHERM for Benzene
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15oC - LANGMUIR ISOTHERM for Benzene
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15oC - FREUNDLICH ISOTHERM for Toluene
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15oC - LANGMUIR ISOTHERM for Toluene
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15oC - LINEAR ISOTHERM for Toluene
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15oC - FREUNDLICH ISOTHERM for Ethylbenzene
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15oC - LANGMUIR ISOTHERM for Ethybenzene
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15oC - LINEAR ISOTHERM for Ethylbenzene

y = 0,1247x + 0,0297

R2 = 0,9489

0,000

0,050

0,100

0,150

0,200

0,250

0,300

0,350

0,00 0,50 1,00 1,50 2,00 2,50

Ce

q
e

     



       

125

15oC - FREUNDLICH ISOTHERM for m-.p-Xylene
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15oC - LANGMUIR ISOTHERM for m-,p-Xylene
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15oC - LINEAR ISOTHERM for m-,p-Xylene
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15oC - FREUNDLICH ISOTHERM for o-Xylene
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15oC - LANGMUIR ISOTHERM for o-Xylene

y = 5,6543x + 0,487
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15oC - LINEAR ISOTHERM for o-Xylene
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6.2.4              

, 

 
              

.   
,   ,       

(Linear)     R2.        
,    

 

   
,                

.   26             

,    27      
Langmuir  Freundlich           

.   

26.    (Linear) 

 

  

  

 

 

R2 Kd 

250 C 
MtBE y=0,0157x-0,0286 0,4329 0,0157 

 

y=0,0181x+0,0395 0,957 0,0181 

 

y=0,0311x+0,0455 0,8888 0,0311 

 

y=0,1285x+0,026 0,9851 0,1285 
m-,p-

 

y=0,128x+0,0638 0,9722 0,128 
o-

 

y=0,1279x+0,0392 0,9892 0,1279 
200 C 

MtBE y=0,0071x+0,0047 0,0795 0,0071 

 

y=0,032x+0,0058 0,8273 0,032 

 

y=0,0759x+0,0168 0,9355 0,0759 

 

y=0,1654x+0,0246 0,9419 0,1654 
m-,p-

 

y=0,1952x+0,0737 0,9387 0,1952 
o-

 

y=0,1458x+0,0481 0,9752 0,1458 
150 C 

MtBE y=0,0126x+0,0178 0,3218 0,0126 

 

y=0,0091x+0,0284 0,4957 0,0091 

 

y=0,0579x+0,0259 0,9445 0,0579 

 

y=0,1247x+0,0297 0,9489 0,1247 
m-,p-

 

y=0,1711x+0,069 0,9945 0,1711 
o-

 

y=0,17x+0,0465 0,9817 0,17 
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27.  

 
 Freundlich  Lamgmuir   

FREUNDLICH 

 
 

 
R2 1/n logK K 

250 C 
MtBE y=2,0379x-2,7117 0,4501 2,0379 -2,7117 0,001942 

 

y=0,6093x-1,3118 0,9719 0,6093 -1,3118 0,048775 
m-,p-

 

y=0,7212x-0,6935 0,9878 0,7212 -0,6935 0,202535 
150 C 

MtBE y=1,6598x-2,5017 0,3268 1,6598 -2,5017 0,00315 

 

y=0,5682x-1,0637 0,9525 0,5682 -1,0637 0,086357   
LANGMUIR 

 

 

 

R2 1/Q (1/Q)*(1/b) b 
250 C 

 

y=3,9683x+9,4824 0,9461 3,9683 9,4824 0,418491 
200 C 

MtBE y=59,523x-47,149 0,1318 59,523 -47,149 -1,26244 
150 C 

 

y=15,147x+12,323 0,7756 15,147 12,323 1,229165 

 

            

 

 

: 

 

         
(      

),           
.         

.   

 

          

,          

 

   
.   

 

    
52   

 

  

 

 

 

       

25 0C.  

 

     
, m-,p-  - ,     

,          
,  ,    70 

 

80%       ,          
.         

tBE,      
,         

.  
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,                   
Vesela L., Nemecek J., Siglova M. 

 
Kubal M., 2005,                

.      

,  

 

    
3 .           

9 . , ,         
.        

,             
(Saha 

A.K., Shahani M.J.  Altekar V.A., 1976), (G. Arslan 

 

Er. Pehlivan, 
2006),        .    

, ,               

,               
.  

 

Onal Y., Akmil-Basar C., Eren D., Sarici-Odzemir C. 

 

Depci T. 
(2005)                

,       ,      

 

   

Freundlich,            
.               
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7   

  
7.1 

  
                

tBE   
.           

125 m   .               

,    ,    ,  
pH,  ,      .          

tBE           
9 . 

,                
:  

 

 

   

   

 

intraparticle  .              

 

  

:  

 

 
/   1gr/40mL  

 

 
5mg/L.  

,           
.    ,       

: 25, 20  15 0C, 
.          

.                         

. ,             

: Freundlich, Langmuir  Linear.         
,      

Linear. ,                
.        

,      
: 
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9.1     

9.1.1            

,             

.            
(stationary phase),       

(mobile phase)           
.                

,      
(Pecsok, Shields, Cairns  McWilliam, 

1980).       

-    -     

 

      

.    

 

     
, ,  .     

 

 
,         . 

 

          

. 

 

 -           

 

       
.       

 

        

,   , 

 

  
.           

 

        

.   

 

         

 

          

 

( .,  
., 2005).  

 

13     
.  



       

140

 

 

13.     (pollutionissues.com) 

9.1.2      
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(SUPPORT COATED OPEN TUBULAR 
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,                 
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