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;(4$*=µ': *20 K+4./0 .,4 E'3,04./0 !)"4B5++#0*#: *#@ !,0)(4$*'µ8#@ *': E%0*)0, $*'0 
L*,+8, $*, #(#8, (",9µ,*#(#4=?'.,0 #4 ,0,+1$)4: 94, *#0 3,",.*'"4$µ% *20 7)49µ5*20 
74,*#µ4.=: 9':.

J6+#:, ?, =?)+, 0, )@3,"4$*=$2 *'0 #4.#960)4, µ#@, ' $*="4<' *': #(#8,: (50*, =*,0 ,(+%3)"' 
.,4 %+, *, µ6+' *#@ )"9,$*'"8#@ C4,3)8"4$': J#<4./0 .,4 ;(4.4071020 D(#B+=*20 94, *'0 
B#=?)4, .,4 *'0 $@µ(,"5$*,$' *#@:.

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>    I



,*%)-./.
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"1(20 (BTEX, MtBE .,4 TAME) ,(% @7,*4.% 745+@µ, µ6$2 ()4",µ5*20 74,+)8(#0*#: 6"9#@ 
(batch). A4, *# +%92 ,@*%, *# .+5$µ, *': &@$4.=: ,.,*6"9,$*': 74,*#µ4.=: 9': @(6$*' <=",0$' 

$*#@: 105#C 94, 12 /"): .,4 )()<)"95$*'.) ?)"µ4.5 .,4 3'µ4.5, 7'µ4#@"9/0*,: $@0#+4.5 76., 
74,&#")*4.5 7)89µ,*, 74,*#µ4.=: 9':. J, 7)89µ,*, ,0,+1?'.,0 #"@.*#+#94.5, 3'µ4.5 .,4 
("#$74#"8$*'.,0 .5(#4, &@$4.5 3,",.*'"4$*4.5 *#@:, %(2: ' )474.= )(4&50)4,, ' .,*,0#µ= 
)$2*)"4./0 (%"20, *# pH, *# µ69)?#: *20 $2µ,*47820 .,4 ' @9",$8,.

E) $*%3# *'0 ()"49",&= *': 74)"9,$8,: *': ("#$"%&'$': (",9µ,*#(#4=?'.,0 ()4"5µ,*, 

.40'*4.=: *': ("#$"%&'$':, 4$#""#(8,: *': ("#$"%&'$':, ()4"5µ,*, 74)")10'$': *': )(87",$': 
*': @7,*4.=: µ=*",: .,4 ()4"5µ,*, ,0*,9204$*4.=: ("#$"%&'$':.

D(% *, ,(#*)+6$µ,*, *20 ()4",µ5*20 .40'*4.=: *': ("#$"%&'$': ).*4µ=?'.) # 3"%0#: (#@ 
,(,4*)8*,4 94, *'0 )(8*)@<' *': 4$#""#(8,:. J, ()4",µ,*4.5 7)7#µ60, )<)*5$*'.,0  )(8$': 2: ("#: 
*'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, F)@7#("/*': *5<':, F)@7o7)1*)"': *5<': .,4 $*# 

intraparticle µ#0*6+# 7453@$': .,4 74,(4$*/?'.) %*4 *# .40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 
("#$#µ#45N)4 .,+1*)", *'0  ("#$"%&'$' *20 ()*")+,-./0 "1(20 $) %+, *, 7)89µ,*, 74,*#µ4.=: 
9':.

E6$2 *20 ()4",µ5*20 4$#""#(8,: *': ("#$"%&'$': 74,(4$*/?'.) %*4 *# 7)89µ, 74,*#µ4.=: 9': 
(#@ )83) )()<)"9,$*)8 3'µ4.5 µ) @7"#3+2"4.% #<1 (,"#@$45N)4 *'0 µ)9,+1*)"' 4.,0%*'*, 

("#$"%&'$': 94, *# $10#+# *20 )<)*,N%µ)020 "1(20. G 47,04.= 7%$' ("#$"#&'*4.#1 @+4.#1 
(@(% *4: $@9.)."4µ60): ()4",µ,*4.6: $@0?=.):) ("#$74#"8$*'.) $) 3.5 gr 74,*#µ4.=: 9': ,05 40ml 
@7,*4.#1 74,+1µ,*#:, .,?/: µ) ()",4*6"2 ,1<'$' *': 7%$': *#@ ("#$"#&'*4.#1 @+4.#1 7)0 
(,",*'"=?'.) $'µ,0*4.= ,1<'$' *': ,(#µ5."@0$': *20 "1(20. D.%µ,, *, ()4",µ,*4.5 7)7#µ60, 
)<)*5$*'.,0 2: ("#: *'0 ("#$,"µ#9= *#@: $*, µ#0*6+, Freundlich,  Langmuir .,4 $*# µ#0*6+# 

9",µµ4.=: 4$%?)"µ': .,4 74,(4$*/?'.) %*4 *# µ#0*6+# Freundlich ("#$#µ#45N)4 .,+1*)", *, 
()4",µ,*4.5 7)7#µ60,.

J6+#:, µ6$2 *20  ()4",µ5*20  74)")10'$': *': )(87",$': *': @7,*4.=: µ=*",: .,?/: .,4 *20 
()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': ("#$74#"8$*'.) # B,?µ%: (,")µ(%74$': *': 
("#$"%&'$': *20 "1(20, +%92 (,"#@$8,: ,0*,9204$*4./0 )0/$)20.
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Abstract

The current  study has examined the efficiency of diatomaceous earth in the adsorption of petroleum 
pollutants BTEX (benzene, toluene, ethylbenzene, xylenes), MtBE (methyl tert-butyl ether ) and 
TAME ( tert-Amyl methyl ether ) from aqueous solution through batch experiments. For this aim, 

the fraction of natural raw diatomaceous earth was dried in 105o C for 12 hours. Through treatment 
of the natural raw material (both thermically  and chemically), 10 different samples of diatomaceous 
earth, were created. These samples were also analyzed chemically and minerally, resulting in the 
determination of their natural features, such as the surface area, the distribution of internal pores, 
pH, particle size and humidity.

With the objective of providing a description about the process in the adsorption of petroleum 
pollutants within the diatomaceous earth specimens, kinetic, balance in adsorption and competitive 
adsorption experiments, were conducted.

By the results of the kinetic experiments of adsorption, the required time for the achievement of 
equilibrium was appreciated. These results were also examined for their adaptation in the pseudo-

first-order, pseudo-second-order kinetics and the intraparticle diffusion model. It  was observed, that 
the pseudo-second-order kinetic model fits better to the adsorption of petroleum pollutants in the 
diatomaceous earth samples. 

Through the equilibrium adsorption experiments, it was discovered that the DHC1 sample presented 
the greatest efficiency in adsorption to the most  of the pollutants. Subsequently, the ideal amount of 

the absorbent material was defined to 3.5gr diatomaceous earth/40ml aqueous solution, as with an 
additional increase in the absorbent material, there wasn’t any significant change in the removal of 
pollutants. Furthermore, the experimental data were examined as for their fitting in the Freundlich, 
Langmuir and the linear isothermal model and it was determined that the Freundlich model fits 
better to the experimental data.

Finally, the experimental data showed that the adsorption of pollutants is much larger in a crystal 
clear aqueous solution than in a natural water. It was finally observed, that the percent removal of 
pollutants from water solution of all components (BTEX, MtBE and TAME), was smaller, in 
comparison to the percent removal of pollutants of one component.
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60µg/dm, ;0Gµ3%G$("$: 253C, µ*90;3& (=µ$.),"=# 8G3(G3I/.7 M 0.074mm) (!/97: Wen-
Tien Tsai et al., 2006). 40

!"#$%$& 3-13: @8",G$(/ ./& ,-(/& .35 8G3(G3I/.)%3B 54)%3B (./# 8G3(G-I/(/ bisphenol-A 
(.35& 0#0G93B& E#;G$%0&. (pH: 7, .$HB./.$ 80G)(.G3I7&: 400rpm, (59%*#.G=(/ GB835: 60µg/
dm, / ;0Gµ3%G$("$: 253C, µ*90;3& (=µ$.),"=# 8G3(G3I/.7 M 0.074mm) (!/97: Wen-Tien 
Tsai et al., 2006). 40

!"#$%$& 3-14: @8",G$(/ .35 µ09*;35& .=# (=µ$.),"=# .35 8G3(G3I/.)%3B 54)%3B (./# 
8G3(G-I/(/ bisphenol-A (.35& 0#0G93B& E#;G$%0&. (pH: 7, .$HB./.$ 80G)(.G3I7&: 400rpm, 
(59%*#.G=(/ GB835: 60µg/dm, ,-(/ 8G3(G3I/.)%3B: 0.5g/ 2.0 dm, / ;0Gµ3%G$("$: 253C) 
(!/97: Wen-Tien Tsai et al., 2006). 41

!"#$%$& 3-15: !G3(,)3G)(µ-& .=# (5#.040(.C# .=# 0K)(C(0=# )(-;0Gµ=# 8G3(G-I/(/& 
Lagmuir, DKR, Tempkin, Toth (!/97: M. Nljivic et al. 2009). 44

!"#$%$& 5-1: 60"9µ$.$ ,)$.3µ)%7& 9/& 835 %$.$(%05E(./%$# 9)$ .)& $#E9%0& ./& 8$G3B($& 
0G9$("$&. 58

!"#$%$& 5-2: :83.04*(µ$.$ 34)%7& 0),)%7& 08)IE#0)$& 9)$ .$ ,0"9µ$.$ ,)$.3µ)%7& 9/&. 61

!"#$%$& 5-3: +,)-./.0& %$) 0I$Gµ39*& Eµ3GI=# 8G3(G3I/.)%C# 54)%C#. 62

!"#$%$& 5-4: @),)%7 08)IE#0)$ %$) %$.$#3µ7 0(=.0G)%C# 8-G=# 9)$ .$ ,0"9µ$.$ ,)$.3µ)%7& 
9/&. 63

!"#$%$& 5-5: A/µ)%7 (B(.$(/ .35 I5()%3B, $%$.*G9$(.35 %$) ;0Gµ)%E .G38383)/µ*#35 
,)$.3µ"./. 68

!"#$%$& 5-6: A/µ)%7 (B(.$(/ .58)%C# I5()%C# ,)$.3µ).C#. 68

!"#$%$& 5-7: ?*.G/(/ :(10(."./ .=# ,0)9µE.=# ,)$.3µ)%7& 9/&. 71

!"#$%$& 5-9: ?0.G7(0)& I5()%3H/µ)%C# H$G$%./G)(.)%C# 5,E.=#. 74

!"#$%$& 5-10: :#$4B(0)& 08)409µ*#=# 8./.)%C# 3G9$#)%C# (5(.$.)%C# .=# 5,E.=# 
(J59%0.GC(0)& (0 mg/l). 74

!"#$%$& 5-11: J5#;7%0& %E.= $8- .)& 383"0& 8G$9µ$.383)7;/%$# .$ 80)GEµ$.$ ,)0G0B#/(/& 
08",G$(/& µ7.G$& (./# 8G3(-I/(/ (J59%0#.GC(0)& (0 mg/l). 76

!"#$%$& 5-12: J5#;7%0& %E.= $8- .)& 383"0& 8G$9µ$.383)7;/%$# .$ 80)GEµ$.$ 
$#.$9=#)(.)%7& 8G3(G-I/(/& (J59%0#.GC(0)& (0 mg/l). 77

!"#$%$& 6-1: !0)GEµ$.$ %)#/.)%7& ./& 8G3(G-I/(/& 9)$ .3 ,0"9µ$ Draw (J59%0.GC(0)& (0 
mg/l). 83

!"#$%$& 6-2: !0)GEµ$.$ %)#/.)%7& ./& 8G3(G-I/(/& 9)$ .3 ,0"9µ$ DHCl (J59%0.GC(0)& (0 
mg/l). 86

!"#$%$& 6-3: !0)GEµ$.$ %)#/.)%7& ./& 8G3(G-I/(/& 9)$ .3 ,0"9µ$ DHCl_550 (J59%0.GC(0)& 
(0 mg/l). 89

!"#$%$& 6-4: !0)GEµ$.$ %)#/.)%7& ./& 8G3(G-I/(/& 9)$ .3 ,0"9µ$ DH2SO4 (J59%0.GC(0)& 
(0 mg/l). 92

!"#$%$& 6-5: !0)GEµ$.$ %)#/.)%7& ./& 8G3(G-I/(/& 9)$ .3 ,0"9µ$ DH2SO4_550 
(J59%0.GC(0)& (0 mg/l). 95

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>    VIII



!"#$%$& 6-6: !0)GEµ$.$ %)#/.)%7& ./& 8G3(G-I/(/& 9)$ .3 ,0"9µ$ DHCl_NaOH 
(J59%0.GC(0)& (0 mg/l). 98

!"#$%$& 6-7: !0)GEµ$.$ %)#/.)%7& ./& 8G3(G-I/(/& 9)$ .3 ,0"9µ$ DHCl_NaOH_550 
(J59%0.GC(0)& (0 mg/l). 101

!"#$%$& 6-8: !0)GEµ$.$ %)#/.)%7& ./& 8G3(G-I/(/& 9)$ .3 ,0"9µ$ DH2SO4_NaOH 
(J59%0.GC(0)& (0 mg/l). 104

!"#$%$& 6-9: !0)GEµ$.$ %)#/.)%7& ./& 8G3(G-I/(/& 9)$ .3 ,0"9µ$ DH2SO4_NaOH_550 
(J59%0.GC(0)& (0 mg/l). 107

!"#$%$& 6-10: +,)-./.0& 0K0.$2-µ0#=# GB8=#. 111

!"#$%$& 6-11: L83439)(µ-& (5#.040(.7& D2 .35 %)#/.)%3B µ3#.*435 O05,3,0B.0G/& .EK/& 9)$ 
-4$ .$ 0K0.$2-µ0#$ ,0"9µ$.$. 112

!"#$%$& 6-12: !0)GEµ$.$ )(3GG38"$& ./& 8G3(G-I/(/& 9)$ .3 ,0"9µ$ DHCl (J59%0.GC(0)& 
(0 mg/l). 116

!"#$%$& 6-13: !0)GEµ$.$ )(3GG38"$& ./& 8G3(G-I/(/& 9)$ .3 ,0"9µ$ DH2SO4 
(J59%0.GC(0)& (0 mg/l). 119

!"#$%$& 6-14: L83439)(µ-& (5#.040(.7& Df ./& )(-;0Gµ/& .35 Freundlich 9)$ -4$ .$ 
0K0.$2-µ0#$ ,0"9µ$.$. 123

!"#$%$& 6-15: :83.04*(µ$.$ 1/& (0)GE& 80)G$µE.=# ,)0G0B#/(/& ./& 08",G$(/& ./& 5,$.)%7& 
µ7.G$& (./# 8G3(G-I/(/(J59%0.GC(0)& (0 mg/l). 125

!"#$%$& 6-16: :83.04*(µ$.$ 2/& (0)GE& 80)G$µE.=# ,)0G0B#/(/& ./& 08",G$(/& ./& 5,$.)%7& 
µ7.G$& (./# 8G3(G-I/(/ (J59%0.GC(0)& (0 mg/l). 128

!"#$%$& 6-17: :83.04*(µ$.$ 3/& (0)GE& 80)G$µE.=# ,)0G0B#/(/& ./& 08",G$(/& ./& 5,$.)%7& 
µ7.G$& (./# 8G3(G-I/(/ (J59%0.GC(0)& (0 mg/l). 131

!"#$%$& 6-18: L83439)(µ-& (5#.040(.7& D2 .35 %)#/.)%3B µ3#.*435 O05,3,0B.0G/& .EK/& 9)$ 
-40& .)& (0)G*& 80)G$µE.=# ,)0G0B#/(/& ./& 08",G$(/& ./& 5,$.)%7& µ7.G$& (./# 
8G3(G-I/(/. 135

!"#$%$& 6-19: :83.04*(µ$.$ 1/& (0)GE& 80)G$µE.=# $#.$9=#)(.)%7& 8G3(G-I/(/& 
(J59%0.GC(0)& (0 mg/l). 137

!"#$%$& 6-20: :83.04*(µ$.$ 2/& (0)GE& 80)G$µE.=# $#.$9=#)(.)%7& 8G3(G-I/(/& 
(J59%0.GC(0)& (0 mg/l). 140

!"#$%$& 6-21: :83.04*(µ$.$ 3/& (0)GE& 80)G$µE.=# $#.$9=#)(.)%7& 8G3(G-I/(/& 
(J59%0.GC(0)& (0 mg/l). 143

!"#$%$& 6-22: :83.04*(µ$.$ 4/& (0)GE& 80)G$µE.=# $#.$9=#)(.)%7& 8G3(G-I/(/& 
(J59%0.GC(0)& (0 mg/l). 146

!"#$%$& 6-23: L83439)(µ-& (5#.040(.7& D2 .35 %)#/.)%3B µ3#.*435 O05,3,0B.0G/& .EK/& 9)$ 
-40& .)& (0)G*& 80)G$µE.=# $#.$9=#)(.)%7& 8G3(G-I/(/&. 150

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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!"#$"%&µ"'( )#(*+µ,-.'

!"#$%µ& 2-1: '"()% *+,-./0.1 )2%, 3&"&454( #//5, 6%µ789, (:7&;7821&8( 3%4(: [1]). 5

!"#$%µ& 3-1: <2&27)278( 47& 2%, 6"()% :7&2.µ78(= 4%= (>%4(: G.R. Matos & A. Founie, 
2005). 17

!"#$%µ& 3-2: ?)@A+"µ% 3".)"@$%)%= PEI )2% ;7&2.µ78( 4% )+ A+"µ.8"&)0& 20.C (>%4(: 
Patricia Baojiao Gao et al., 2005). 24

!"#$%µ& 3-3: ?)@A+"µ% 3".)"@$%)%= 2%= $&7,@/%= )2% ;7&2.µ78( 4% 13@ ;7&$."+278.B= 
@".1= )2.1= 20.C: (A) pH 3.0  (B) pH 6.5  (C) pH 10.0  (D) $1)78@=  ;7&2.µ02%= (>%4(: Pa-
tricia Baojiao Gao et al., 2005). 24

!"#$%µ& 3-4: C37"".( 2%= &"678(= )148D,2"5)%= )2%, 3".)"@$%)% 2.1 81&,.B 2.1 
µ+A1/+,0.1 (EF) (>%4(: Reyad A. Shawabkeha and Tutunji, 2003). 25

!"#$%µ& 3-5: C37"".( 2%= µ#-&= 2.1 ;7&2.µ02% )2%, 3".)"@$%)% 2.1 81&,.B 2.1 µ+A1/+,0.1 
(>%4(: Reyad A. Shawabkeha and Tutunji, 2003). 25

!"#$%µ& 3-6: C37"".( 2.1 µ+4DA.1= )5µ&27;05, 2.1 ;7&2.µ02% )2%, 3".)"@$%)% 2.1 81&,.B 
2.1 µ+A1/+,0.1 (EF) (>%4(: Reyad A. Shawabkeha and Tutunji, 2003). 25

!"#$%µ& 3-7: ?)@A+"µ+= 3".)"@$%)%= 2%= .1".87,#)%= )2%, +37$#,+7& 25, ;7&2.µ729, 
(>%4(: Y. Yang et al., 2003). 26

!"#$%µ& 3-8: ?)@A+"µ+= 3".)"@$%)%= 2%= .1".87,#)%= )2%, +37$#,+7& 2.1 Jilin ;7&2.µ02% 
(>%4(: Y. Yang et al., 2003). 26

!"#$%µ& 3-9: ?)@A+"µ+= 3".)"@$%)%= 2%= .1".87,#)%= )2%, +37$#,+7& 2.1 Zhejiang 
;7&2.µ02% (>%4(: Y. Yang et al., 2003). 26

!"#$%µ& 3-10: ?)@A+"µ% 3".)"@$%)%= 2%= .1".87,#)%= )2%, +37$#,+7& 2.1 Zhejiang 
;7&2.µ02% 31"5µD,.1 )2.1= 950.C (>%4(: Y. Yang et al., 2003). 27

!"#$%µ& 3-11: ?)@A+"µ% 3".)"@$%)%= 2%= .1".87,#)%= )2%, +37$#,+7& 2.1 Jilin ;7&2.µ02% 
31"5µD,.1 )2.1= 950.C (>%4(: Y. Yang et al., 2003). 27

!"#$%µ& 3-12: Breakthrough 8&µ3B/% 3".)"@$%)%= 2.1 RY )+ MOMD µ+ ;7&$."+278D= 
&"678D= )148+,2"9)+7= 6"5)2789, .1)79,. (µ#-& MOMD: 0,4 gr,  µD4+A.= µ."05,: 106-
250µm,  +)52+"78( ;7#µ+2".=: 3,35 mm,  ".(: 3,77 mL/min,  pH: 2,  A+"µ.8"&)0&: 21oC) 
(>%4(: M.A. Al-Ghouti et al., 2007). 27

!"#$%µ& 3-13: Breakthrough 8&µ3B/% 3".)"@$%)%= 2.1 RY )+ MOMD µ+ ;7&$."+278D= 
µ#-+= MOMD. (&"678( )148D,2"5)% 6"5)2789, .1)79,: 57,24 mg/l,  µD4+A.= µ."05,: 106-
250µm,  +)52+"78( ;7#µ+2".=: 3,35 mm,  ".(: 3,77 mL/min,  pH: 2,  A+"µ.8"&)0&: 21oC) 
(>%4(: M.A. Al-Ghouti et al., 2007). 28

!"#$%µ& 3-14: Breakthrough 8&µ3B/% 3".)"@$%)%= 2.1 RY )+ MOMD µ+ ;7&$."+278# 
3.).)2# ".(=. (µ#-& MOMD: 0,40gr, &"678( )148D,2"5)% 6"5)2789, .1)79,: 56,30 mg/l,  
µD4+A.= µ."05,: 106-250µm,  +)52+"78( ;7#µ+2".=: 3,35 mm,  pH: 2,  A+"µ.8"&)0&: 21oC) 
(>%4(: M.A. Al-Ghouti et al., 2007). 28

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>    X



!"#$%µ& 3-15: Breakthrough 8&µ3B/% 3".)"@$%)%= 2.1 RY )+ MOMD µ+ ;7&$."+278# 
µ+4DA% µ."05,. (µ#-& MOMD: 0,40gr, &"678( )148D,2"5)% 6"5)2789, .1)79,: 56,30 mg/l,  
+)52+"78( ;7#µ+2".=: 3,35 mm,  ".(: 3,77 mL/min , pH: 2,  A+"µ.8"&)0&: 21oC) (>%4(: 
M.A. Al-Ghouti et al., 2007). 28

!"#$%µ& 3-16: Breakthrough 8&µ3B/% 3".)"@$%)%= 2.1 RY )+ MOMD µ+ ;7&$."+278D= 
+)52+"78D= ;7&µD2".1=. (µ#-& MOMD: 0,40gr, &"678( )148D,2"5)% 6"5)2789, .1)79,: 
60,30 mg/l, µD4+A.= µ."05,: 106-250µm,  ".(: 3,77 mL/min , pH: 2,  A+"µ.8"&)0&: 21oC) 
(>%4(: M.A. Al-Ghouti et al., 2007). 29

!"#$%µ& 3-17: Breakthrough 8&µ3B/% 3".)"@$%)%= 2.1 MB 8&7 2.1 RY )+ MOMD 
6"%)7µ.3.79,2&= µ+4#/% )2(/%. (µ#-& MOMD: 1,0gr, ".(: 3,77 mL/min, µD4+A.= µ."05,: 
106-250µm,  pH: 2, A+"µ.8"&)0&: 21oC, +)52+"78( ;7#µ+2".=: 1,10 cm, &"678D= 
)148+,2"9)+7= 6"5)2789, .1)79,: 46 8&7 51 mg/l 47& MB 8&7 RY &,20)2.76& ) (>%4(: M.A. 
Al-Ghouti et al., 2007). 29

!"#$%µ& 3-18: C37"".( 2%= ".(=  )2%, 3".)"@$%)% µ@/1*;.1 )2%, EG-;7&2.µ78( 4% 
(Breakthrough) (>%4(: Mohammad A. Al-Ghouti et al., 2004). 29

!"#$%µ& 3-19: C37"".( 25, )148+,2"9)+5,  )2%, 3".)"@$%)% µ@/1*;.1 )2%, EG-
;7&2.µ78( 4% (Breakthrough) (>%4(: Mohammad A. Al-Ghouti et al., 2004). 30

!"#$%µ& 3-20: C37"".( 2%= µ#-&= 2%= EG-;7&2.µ78(= 4%=  )2%, 3".)"@$%)% µ@/1*;.1 
(Breakthrough) (>%4(: Mohammad A. Al-Ghouti et al., 2004). 30

!"#$%µ& 3-21: C37"".( 2%= +)52+"78(= ;7&µD2".1 25, )2%/9,  )2%, 3".)"@$%)% µ@/1*;.1 
)2%, EG-;7&2.µ78( 4% (Breakthrough) (>%4(: Mohammad A. Al-Ghouti et al., 2004). 30

!"#$%µ& 3-22: C37"".( 2.1 µ+4DA.1= )5µ&27;05, 2.1 EG-;7&2.µ02%  )2%, 3".)"@$%)% 
µ@/1*;.1 (Breakthrough) (>%4(: Mohammad A. Al-Ghouti et al., 2004). 30

!"#$%µ& 3-23: Breakthrough 8&µ3B/+= 3".)"@$%)%= 2.1 Cd (??) 8&7 2.1 ZN (??) )+ EG-
;7&2.µ78( 4% (>%4(: Mohammad A. Al-Ghouti et al., 2004). 30

!"#$%µ& 3-24: Breakthrough 8&µ3B/% &3.µ#8"1,)%= "&;7+,D"4+7&= µD)5 3".)"@$%)%= )+ 
;7&2.µ78( 4% (>%4(: Ahmet Erdal Osmanlioglu, 2007). 31

!"#$%µ& 3-25: ?)@A+"µ% 3".)"@$%)%= 25, 7@,25, Pb2+ )+ ;7&2.µ02% 8&7 Mn-;7&2.µ02%. 
(E#-&: 0.050 g, H48.= ;7&/Bµ&2.=: 50 ml, T: 23 °C, '"@,.= 7)."".30&=: 21 h, pH(&"678@): 
4) (>%4(: Majeda A.M. Khraisheh et al., 2004). 31

!"#$%µ& 3-26: ?)@A+"µ% 3".)"@$%)%= 25, 7@25, Cu2+ )+ ;7&2.µ02% 8&7 Mn-;7&2.µ02%. 
(E#-&: 0.050 g, H48.= ;7&/Bµ&2.=: 50 ml, T: 23 °C, '"@,.= 7)."".30&=: 21 h, pH(&"678@): 
4) (>%4(: Majeda A.M. Khraisheh et al., 2004). 32

!"#$%µ& 3-27: ?)@A+"µ% 3".)"@$%)%= 25, 7@25, Cd2+ )+ ;7&2.µ02% 8&7 Mn-;7&2.µ02%. 
(E#-&: 0.050 g, H48.= ;7&/Bµ&2.=: 50 ml, T: 23 °C, '"@,.= 7)."".30&=: 21 h, pH(&"678@):
4) (>%4(: Majeda A.M. Khraisheh et al., 2004). 32

!"#$%µ& 3-28: ?)@A+"µ% 3".)"@$%)%= 2.1 81&,.B 2.1 µ+A1/+,0.1 )+ $1)78@ ;7&2.µ02%, 
A+"µ78# 2".3.3.7%µD,. ;7&2.µ02%, 8&A9= 8&7 @I7,% 8&7 A+"µ78# 2".3.3.7%µD,% ;7&2.µ78( 4% 
)2.1= 30.C (>%4(: J. Al-Qodah et al., 2007). 33

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>    XI



!"#$%µ& 3-29: ?)@A+"µ% 3".)"@$%)%= 2.1 81&,.B 2.1 µ+A1/+,0.1 )+ @I7,% 8&7 A+"µ78# 
2".3.3.7%µD,% ;7&2.µ78( 4% )+ 2"+7= ;7&$."+278D= A+"µ.8"&)0+= (>%4(: J. Al-Qodah et al., 
2007). 33

!"#$%µ& 3-30: ?)@A+"µ% 3".)"@$%)%= 2.1 81&,.B 2.1 µ+A1/+,0.1 )+ 2".3.3.7%µD,% 
;7&2.µ78( 4% µ+ ;7&$."+278D= &"678D= )148+,2"9)+7= 81&,.B 2.1 µ+A1/+,0.1 (K+"µ.8"&)0&: 
30.C, 2&6B2%2& &,#;+1)%=: 300)"//+32@) (>%4(: J. Al-Qodah et al., 2007). 33

!"#$%µ& 3-31: ?)@A+"µ+= 3".)"@$%)%= 25, MB, RB 8&7 RY µ+ 6"()% &3.2+$"5µD,. 
;7&2.µ02% (µ#-& ;7&2.µ02%: 0,05g, @48.= ;7&/Bµ&2.=: 50cm3, 6"@,.= 7)."".30&=: 48hr 8&7 
2&6B2%2& &,#;+1)%=: 125rpm)  (>%4(: M.A.M. Khraisheh et al., 2005). 34

!"#$%µ& 3-32: CI#"2%)% 2%= 3".)"@$%)%= 2%= 6"5)278(= SB &3@ 2% µ#-& 3".)".$%278.B 
1/78.B (<148D,2"5)% SB: 100 mg/L, µD4+A.= )5µ&27;05, ;7&2.µ78(= 4%=: 300 µm, V: 50 mL., 
t: 10min, L: 30oC) (>%4(: Emin Erdem et al., 2005). 35

!"#$%µ& 3-33: CI#"2%)% 2%= 3".)"@$%)%= 2%= 6"5)278(= SB )+ ;7&2.µ78( 4%= &3@ 2%, 
&"678( )148D,2"5)% 2%= .1)0&= (µ#-& 3".)".$%278.B: 5g, µD4+A.= )5µ&27;05, ;7&2.µ78(= 
4%=: 63 µm, V: 50 mL., t: 10min, L: 30oC) (>%4(: Emin Erdem et al., 2005). 35

!"#$%µ& 3-34: CI#"2%)% 2%= 3".)"@$%)%= 2%= 6"5)278(= SB &3@ 2. µD4+A.= )5µ&27;05, 
;7&2.µ78(= 4%= (<148D,2"5)% Sb: 100mg/L, µ#-& 3".)".$%278.B: 5g, V: 50 mL., t: 10min, L: 
30oC) (>%4(: Emin Erdem et al., 2005). 36

!"#$%µ& 3-35: CI#"2%)% 2%= 3".)"@$%)%= 2%= 6"5)278(= SB )+ ;7&2.µ78( 4%= &3@ 2. 6"@,. 
(<148D,2"5)% Sb: 10mg/L, µ#-& 3".)".$%278.B: 5g, µD4+A.= )5µ&27;05, ;7&2.µ78(= 4%=: 63 
µm, V: 50 mL., L: 30oC) (>%4(: Emin Erdem et al., 2005). 36

!"#$%µ& 3-36: M&µ3B/+= 7)@A+"µ%= 3".)"@$%)%= 47& 2& 7@,2& µ@/1*;.1 )+ $1)78( 8&7 EG-
;7&2.µ78( 4% (>%4(: N. Al-Degs et al., 2001). 37

!"#$%µ& 3-37: O3.;.278@2%2& &$&0"+)%= SSE &3@ &8&2D"4&)2. ;7&2.µ02% 5= )1,#"2%)% 2.1 
6"@,.1 &,#;+1)%=, (;@)% 3".)".$%278.B:150mg/l, 2&6B2%2& &,#;+1)%=: 4003+"7)2".$./min) 
(>%4(: Jinlu Wu et al., 2005). 37

!"#$%µ& 3-38: O3.;.278@2%2& &$&0"+)%= SSE 5= )1,#"2%)% 2%= ;@)%= &8&2D"4&)2%= 
;7&2.µ78(= 4%=, (6"@,.= &,#;+1)%=: 25min) (>%4(: Jinlu Wu et al., 2005). 38

!"#$%µ& 3-39: O3.;.278@2%2& &$&0"+)%= SSE &3@ &8&2D"4&)2% ;7&2.µ78( 4% 8&7 PAC 
(8.,7.3.7%µD,.= +,+"4@= #,A"&8&=), (;@)% 6."(4%)%= PAC: 300mg/l) (>%4(: Jinlu Wu et al., 
2005). 38

!"#$%µ& 3-40: <B48"7)%= 2%= &3.;.278@2%2&= &$&0"+)%= SSE &3@ &8&2D"4&)2o ;7&2.µ02% µ+ 
;@)% 6."(4%)%=  300 mg/l µ+2&IB 2.1 CFS 8&7 2.1 BRS (>%4(: Jinlu Wu et al., 2005). 38

!"#$%µ& 3-41: C30;"&)% 2.1 6"@,.1 8&7 2%= A+"µ.8"&)0&= )2%, 3".)"@$%)%= -7-&,7.82@,.1 
)+ 2".3.3.7%µD,% ;7&2.µ78( 4%,(;@)% ;7&2.µ02% 1g/2L, 2&6B2%2& &,#;+1)%=: 4003+"7)2".$./
min) (>%4(: W.T. Tsai et al., 2005). 39

!"#$%µ& 3-42: C30;"&)% 2.1 pH )2%, 3".)"@$%)% -7-&,7.82@,.1 )+ 2".3.3.7%µD,% 
;7&2.µ78( 4%, (;@)% ;7&2.µ02% 1g/2L, 2&6B2%2& &,#;+1)%=: 4003+"7)2".$./min, A+"µ.8"&)0&:
25.C) (>%4(: W.T. Tsai et al., 2005). 39

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>    XII



!"#$%µ& 3-43: C30;"&)% 2.1 pH )2%, 3".)"@$%)% MB )+ ;7&2.µ78( 4%, (;@)% ;7&2.µ02%: 
1g, )148D,2"5)% EF: 100mg/dm3, 2&6B2%2& &,#;+1)%=: 300 3+"7)2".$./min, A+"µ.8"&)0&: 
22.C, µD4+A.= )5µ&27;05,: 106-250µm) (>%4(: Al-Ghouti et al., 2009). 42

!"#$%µ& 3-44: C30;"&)% 2.1 µ+4DA.1= 25, )5µ&27;05, 2%= ;7&2.µ78(= 4%= )2%, 3".)"@$%)% 
MB, (;@)% ;7&2.µ02%: 1.7g, pH ;7&/Bµ&2.=: 11, @48.= ;7&/Bµ&2.=: 1.7 dm3, A+"µ.8"&)0&: 
21.C, )148D,2"5)% EF: 100mg/dm3, 2&6B2%2& &,#;+1)%=: 300 3+"7)2".$./min) (>%4(: Al-
Ghouti et al., 2009). 42

!"#$%µ& 3-45: C30;"&)% 2%= µ#-&= 2.1 3".)".$%278.B 1/78.B )2%, 3".)"@$%)% MB, 
(µD4+A.= )5µ&27;05,: 106-250µm, pH ;7&/Bµ&2.=: 11, @48.= ;7&/Bµ&2.=: 1.7 dm3, 
)148D,2"5)% EF: 100mg/dm3, 2&6B2%2& &,#;+1)%=: 300 3+"7)2".$./min) (>%4(: Al-Ghouti 
et al., 2009). 42

!"#$%µ& 3-46: ?)@A+"µ% 3".)"@$%)%= 7@,25, Cu+2 )+ -+@/7A. (P 3+7"&µ&278# ;+;.µD,&, 
3".*/+3@µ+,& ;+;.µD,& &3@ µ.,2D/. (Q)Lagmuir, (--) DKR, (...) Tempkin, (-) Toth ) (>%4(: 
M. Rljivic et al. 2009). 43

!"#$%µ& 3-47: ?)@A+"µ% 3".)"@$%)%= 7@,25, Cu+2 )+ 3%/@ (P 3+7"&µ&278# ;+;.µD,&, 
3".*/+3@µ+,& ;+;.µD,& &3@ µ.,2D/. (Q)Lagmuir, (--) DKR, (...) Tempkin, (-) Toth ) (>%4(: 
M. Rljivic et al. 2009). 43

!"#$%µ& 3-48: ?)@A+"µ% 3".)"@$%)%= 7@,25, Cu+2 )+ ;7&2.µ02% (P 3+7"&µ&278# ;+;.µD,&, 
3".*/+3@µ+,& ;+;.µD,& &3@ µ.,2D/. (Q)Lagmuir, (--) DKR, (...) Tempkin, (-) Toth ) (>%4(: 
M. Rljivic et al. 2009). 44

!"#$%µ& 3-49: C30;"&)% 2%= µ#-&= 2.1 3".)".$%278.B )2%, 3".)"@$%)% Cu+3 )+ 2"0& 
;7&$."+278# µ+4DA% )5µ&27;05, ;7&2.µ78(= 4%=, (K+"µ.8"&)0&: 30 .C, &,#;+1)%: 45 rpm, 
6"@,.= 7)."".30&=: 480 min) (>%4(: Metin GSrS et al. 2008). 45

!"#$%µ& 3-50: C30;"&)% 2.1 6"@,.1 )2%, 3".)"@$%)% Cu+3 )+ ;7&2.µ78( 4%, (µD4+A.= 
)5µ&27;05,: 1.29 mm, K+"µ.8"&)0&: 30 .C, ;@)% 3".)".$%278.B: 6 g, &,#;+1)%: 45 rpm) 
(>%4(: Metin GSrS et al. 2008). 45

!"#$%µ& 4-1: L&I7,@µ%)% 7)@A+"µ5, 3".)"@$%)%= Freundlich µ+ *#)% 2%, 27µ( 1/n. 51

!"#$%µ& 5-2: >.).)2# )1,+7)$."#= µ78".3@"5, 8&7 µ+).3@"5, )2%, ./78( +7;78( 
+37$#,+7& 2%= ;7&2.µ78(= 4%=. 63

!"#$%µ& 5-3: >.).)2# )1,+7)$."#= µ78".3@"5, 8&7 µ+).3@"5, )2., ./78@ @48. 3@"5, 2%= 
;7&2.µ78(= 4%=. 64

!"#$%µ& 5-4: !"&$78( &3+78@,7)% 2.1 pH 25, ;+74µ#25, ;7&2.µ78(= 4%=. 70

!"#$%µ& 5-5: :7&$."78( 8&7 ./.8/%"5µD,% &3@8"7)% 47& 2. 0;7. 6"5µ&2.4"#$%µ& 
(R.L.Pecsok et al., 1980). 80

!"#$%µ& 6-1: M7,%278( 2%= 3".)"@$%)%= 47& 2. ;+04µ& Draw (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 ;+04µ&2.= 
Draw). 84

!"#$%µ& 6-2: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2. ;+04µ& Draw (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= Draw). 85

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>    XIII



!"#$%µ& 6-3: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2. ;+04µ& Draw (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= Draw). 85

!"#$%µ& 6-4: Intraparticle µ.,2D/. ;7#61)%= 47& 2. ;+04µ& Draw (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 ;+04µ&2.= 
Draw). 86

!"#$%µ& 6-5: M7,%278( 2%= 3".)"@$%)%= 47& 2. ;+04µ& DHCl (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 ;+04µ&2.= 
DHCl). 87

!"#$%µ& 6-6: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2. ;+04µ& DHCl (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DHCl). 88

!"#$%µ& 6-7: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2. ;+04µ& DHCl (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DHCl). 88

!"#$%µ& 6-8: Intraparticle µ.,2D/. ;7#61)%= 47& 2. ;+04µ& DHCl (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 ;+04µ&2.= 
DHCl). 89

!"#$%µ& 6-9: M7,%278( 2%= 3".)"@$%)%= 47& 2. ;+04µ& DHCl_550 (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 ;+04µ&2.= 
DHCl_550). 90

!"#$%µ& 6-10: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2. ;+04µ& DHCl_550 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DHCl_550). 91

!"#$%µ& 6-11: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2. ;+04µ& DHCl_550 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DHCl_550). 91

!"#$%µ& 6-12: Intraparticle µ.,2D/. ;7#61)%= 47& 2. ;+04µ& DHCl_550 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DHCl_550). 92

!"#$%µ& 6-13: M7,%278( 2%= 3".)"@$%)%= 47& 2. ;+04µ& DH2SO4 (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 ;+04µ&2.= 
DH2SO4). 93

!"#$%µ& 6-14: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2. ;+04µ& DH2SO4 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DH2SO4). 94

!"#$%µ& 6-15: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2. ;+04µ& DH2SO4 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DH2SO4). 94

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>    XIV



!"#$%µ& 6-16: Intraparticle µ.,2D/. ;7#61)%= 47& 2. ;+04µ& DH2SO4 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DH2SO4). 95

!"#$%µ& 6-17: M7,%278( 2%= 3".)"@$%)%= 47& 2. ;+04µ& DH2SO4_550 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DH2SO4_550). 96

!"#$%µ& 6-18: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2. ;+04µ& DH2SO4_550 (T7 27µD= 
2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 
2.1 ;+04µ&2.= DH2SO4_550). 97

!"#$%µ& 6-19: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2. ;+04µ& DH2SO4_550 (T7 27µD= 
2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 
2.1 ;+04µ&2.= DH2SO4_550). 97

!"#$%µ& 6-20: Intraparticle µ.,2D/. ;7#61)%= 47& 2. ;+04µ& DH2SO4_550 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DH2SO4_550). 98

!"#$%µ& 6-21: M7,%278( 2%= 3".)"@$%)%= 47& 2. ;+04µ& DHCl_NaOH (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DHCl_NaOH). 99

!"#$%µ& 6-22: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2. ;+04µ& DHCl_NaOH (T7 27µD= 
2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 
2.1 ;+04µ&2.= DHCl_NaOH). 100

!"#$%µ& 6-23: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2. ;+04µ& DHCl_NaOH (T7 27µD= 
2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 
2.1 ;+04µ&2.= DHCl_NaOH). 100

!"#$%µ& 6-24: Intraparticle µ.,2D/. ;7#61)%= 47& 2. ;+04µ& DHCl_NaOH (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DHCl_NaOH). 101

!"#$%µ& 6-25: M7,%278( 2%= 3".)"@$%)%= 47& 2. ;+04µ& DHCl_NaOH_550 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DHCl_NaOH_550). 102

!"#$%µ& 6-26: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2. ;+04µ& DHCl_NaOH_550 (T7 
27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 
3".)"@$%)%= 2.1 ;+04µ&2.= DHCl_NaOH_550). 103

!"#$%µ& 6-27: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2. ;+04µ& DHCl_NaOH_550 (T7 
27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 
3".)"@$%)%= 2.1 ;+04µ&2.= DHCl_NaOH_550). 103

!"#$%µ& 6-28: Intraparticle µ.,2D/. ;7#61)%= 47& 2. ;+04µ& DHCl_NaOH_550 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DHCl_NaOH_550). 104

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>    XV



!"#$%µ& 6-29: M7,%278( 2%= 3".)"@$%)%= 47& 2. ;+04µ& DH2SO4_NaOH (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DH2SO4_NaOH). 105

!"#$%µ& 6-30: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2. ;+04µ& DH2SO4_NaOH (T7 
27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 
3".)"@$%)%= 2.1 ;+04µ&2.= DH2SO4_NaOH). 106

!"#$%µ& 6-31: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2. ;+04µ& DH2SO4_NaOH (T7 
27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 
3".)"@$%)%= 2.1 ;+04µ&2.= DH2SO4_NaOH). 106

!"#$%µ& 6-32: Intraparticle µ.,2D/. ;7#61)%= 47& 2. ;+04µ& DH2SO4_NaOH (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DH2SO4_NaOH). 107

!"#$%µ& 6-33: M7,%278( 2%= 3".)"@$%)%= 47& 2. ;+04µ& DH2SO4_NaOH_550 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 2.1 
;+04µ&2.= DH2SO4_NaOH_550). 108

!"#$%µ& 6-34: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2. ;+04µ& DH2SO4_NaOH_550 
(T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 
3".)"@$%)%= 2.1 ;+04µ&2.= DH2SO4_NaOH_550). 109

!"#$%µ& 6-35: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2. ;+04µ& DH2SO4_NaOH_550 
(T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 
3".)"@$%)%= 2.1 ;+04µ&2.= DH2SO4_NaOH_550). 109

!"#$%µ& 6-36: Intraparticle µ.,2D/. ;7#61)%= 47& 2. ;+04µ& DH2SO4_NaOH_550 (T7 27µD= 
2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 87,%278(= 2%= 3".)"@$%)%= 
2.1 ;+04µ&2.= DH2SO4_NaOH_550). 110

!"#$%µ& 6-39: ?)."".30& 2%= 3".)"@$%)%= 47& 2. ;+04µ& DHCl (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 7)."".30&= 2%= 3".)"@$%)%= 2.1 ;+04µ&2.= 
DHCl). 117

!"#$%µ& 6-40: ?).A+"µ% 3".)"@$%)%= Freundlich 47& 2. ;+04µ& DHCl (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 7)."".30&= 2%= 3".)"@$%)%= 
2.1 ;+04µ&2.= DHCl). 118

!"#$%µ& 6-41: ?).A+"µ% 3".)"@$%)%= Lagmuir 47& 2. ;+04µ& DHCl (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 7)."".30&= 2%= 3".)"@$%)%= 
2.1 ;+04µ&2.= DHCl). 118

!"#$%µ& 6-42: !"&µµ78( 7)@A+"µ% 47& 2. ;+04µ& DHCl (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 7)."".30&= 2%= 3".)"@$%)%= 2.1 ;+04µ&2.= 
DHCl). 119

!"#$%µ& 6-43: ?)."".30& 2%= 3".)"@$%)%= 47& 2. ;+04µ& DH2SO4 (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 7)."".30&= 2%= 3".)"@$%)%= 2.1 ;+04µ&2.= 
DH2SO4). 120

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>    XVI



!"#$%µ& 6-44: ?).A+"µ% 3".)"@$%)%= Freundlich 47& 2. ;+04µ& DH2SO4 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 7)."".30&= 2%= 3".)"@$%)%= 
2.1 ;+04µ&2.= DH2SO4). 121

!"#$%µ& 6-45: ?).A+"µ% 3".)"@$%)%= Lagmuir 47& 2. ;+04µ& DH2SO4 (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 7)."".30&= 2%= 3".)"@$%)%= 
2.1 ;+04µ&2.= DH2SO4). 121

!"#$%µ& 6-46: !"&µµ78( 7)@A+"µ% 47& 2. ;+04µ& DH2SO4 (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 7)."".30&= 2%= 3".)"@$%)%= 2.1 ;+04µ&2.= 
DH2SO4). 122

!"#$%µ& 6-47: >.).)27&0& &3.µ#8"1,)% "B35, &,# ;@)% 3".)".$%278.B (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25, 7)."".30&= 2%= 3".)"@$%)%= 
2.1 ;+04µ&2.= DHCl). 123

!"#$%µ& 6-48: M7,%278( 1%= )+7"#= 3+7"&µ#25, ;7+"+B,%)%= 2%= +30;"&)%= 2%= 1;&278(= 
µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 
3+7"&µ#25,). 126

!"#$%µ& 6-49: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2%, 1% )+7"#= 3+7"&µ#25, 
;7+"+B,%)%= 2%= +30;"&)%= 2%= 1;&278(= µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 127

!"#$%µ& 6-50: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2%, 1% )+7"#= 3+7"&µ#25, 
;7+"+B,%)%= 2%= +30;"&)%= 2%= 1;&278(= µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 127

!"#$%µ& 6-51: Intraparticle µ.,2D/. ;7#61)%= 47& 2%, 1% )+7"#= 3+7"&µ#25, ;7+"+B,%)%= 
2%= +30;"&)%= 2%= 1;&278(= µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 
5= µD).= @".= 25, ;B. 3+7"&µ#25,). 128

!"#$%µ& 6-52: M7,%278( 2%= )+7"#= 3+7"&µ#25, ;7+"+B,%)%= 2%= +30;"&)%= 2%= 1;&278(= 
µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 
3+7"&µ#25,). 129

!"#$%µ& 6-53: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2%, 2% )+7"#= 3+7"&µ#25, 
;7+"+B,%)%= 2%= +30;"&)%= 2%= 1;&278(= µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 130

!"#$%µ& 6-54: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2%, 2% )+7"#= 3+7"&µ#25, 
;7+"+B,%)%= 2%= +30;"&)%= 2%= 1;&278(= µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 130

!"#$%µ& 6-55: Intraparticle µ.,2D/. ;7#61)%= 47& 2%, 2% )+7"#= 3+7"&µ#25, ;7+"+B,%)%= 
2%= +30;"&)%= 2%= 1;&278(= µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 
5= µD).= @".= 25, ;B. 3+7"&µ#25,). 131

!"#$%µ& 6-56: M7,%278( 3%= )+7"#= 3+7"&µ#25, ;7+"+B,%)%= 2%= +30;"&)%= 2%= 1;&278(= 
µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 
3+7"&µ#25,). 132

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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!"#$%µ& 6-57: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2%, 3% )+7"#= 3+7"&µ#25, 
;7+"+B,%)%= 2%= +30;"&)%= 2%= 1;&278(= µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 133

!"#$%µ& 6-58: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2%, 3% )+7"#= 3+7"&µ#25, 
;7+"+B,%)%= 2%= +30;"&)%= 2%= 1;&278(= µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 
3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 133

!"#$%µ& 6-59: Intraparticle µ.,2D/. ;7#61)%= 47& 2%, 3% )+7"#= 3+7"&µ#25, ;7+"+B,%)%= 
2%= +30;"&)%= 2%= 1;&278(= µ(2"&= )2%, 3".)"@$%)% (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 
5= µD).= @".= 25, ;B. 3+7"&µ#25,). 134

!"#$%µ& 6-60 >.).)27&0& &3.µ#8"1,)% @/5, 25, "B35, (BTEX, MtBE 8&7 TAME) &3@ 2& 
1;&278# ;7&/Bµ&2& 13+"8#A&".1, A&/&))7,.B ,+".B 8&7 ,+".B /0µ,%=. 135

!"#$%µ& 6-61: M7,%278( 1%= )+7"#= 3+7"&µ#25, &,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 138

!"#$%µ& 6-62: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2%, 1% )+7"#= 3+7"&µ#25, 
&,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 
3+7"&µ#25,). 139

!"#$%µ& 6-63: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2%, 1% )+7"#= 3+7"&µ#25, 
&,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 
3+7"&µ#25,). 139

!"#$%µ& 6-64: Intraparticle µ.,2D/. ;7#61)%= 47& 2%, 1% )+7"#= 3+7"&µ#25, &,2&45,7)278(= 
3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 140

!"#$%µ& 6-65: M7,%278( 2%= )+7"#= 3+7"&µ#25, &,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 141

!"#$%µ& 6-66: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2%, 2% )+7"#= 3+7"&µ#25, 
&,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 
3+7"&µ#25,). 142

!"#$%µ& 6-67: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2%, 2% )+7"#= 3+7"&µ#25, 
&,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 
3+7"&µ#25,). 142

!"#$%µ& 6-68 Intraparticle µ.,2D/. ;7#61)%= 47& 2%, 2% )+7"#= 3+7"&µ#25, &,2&45,7)278(= 
3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 143

!"#$%µ& 6-69: M7,%278( 3%= )+7"#= 3+7"&µ#25, &,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 144

!"#$%µ& 6-70: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2%, 3% )+7"#= 3+7"&µ#25, 
&,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 
3+7"&µ#25,). 145

!"#$%µ& 6-71: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2%, 3% )+7"#= 3+7"&µ#25, 
&,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 
3+7"&µ#25,). 145

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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!"#$%µ& 6-72 Intraparticle µ.,2D/. ;7#61)%= 47& 2%, 3% )+7"#= 3+7"&µ#25, &,2&45,7)278(= 
3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 146

!"#$%µ& 6-73: M7,%278( 4%= )+7"#= 3+7"&µ#25, &,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 
4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 147

!"#$%µ& 6-74: M7,%278@ µ.,2D/. U+1;.3"92%= 2#I%= 47& 2%, 4% )+7"#= 3+7"&µ#25, 
&,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 
3+7"&µ#25,). 148

!"#$%µ& 6-75: M7,%278@ µ.,2D/. U+1;.;+B2+"%= 2#I%= 47& 2%, 4% )+7"#= 3+7"&µ#25, 
&,2&45,7)278(= 3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 
3+7"&µ#25,). 148

!"#$%µ& 6-76 Intraparticle µ.,2D/. ;7#61)%= 47& 2%, 4% )+7"#= 3+7"&µ#25, &,2&45,7)278(= 
3".)"@$%)%= (T7 27µD= 2.1 4"&$(µ&2.= 3".8B32.1, 5= µD).= @".= 25, ;B. 3+7"&µ#25,). 149

!"#$%µ& 6-77 >&"+µ3@;7)% 2%= 3".)"@$%)% 2.1 µ+04µ&2.= 25, +,9)+5, BTEX, /@45 
3&".1)0&= MtBE 8&7 TAME. 149

!"#$%µ& 6-78 >&"+µ3@;7)% 2%= 3".)"@$%)% 25, MtBE 8&7 TAME, /@45 3&".1)0&= 2.1 
µ+04µ&2.= 25, +,9)+5, BTEX. 150
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!"#$"%&µ"'( )$*&'+'

!"#$%& 3-1: '()"#$*, µ+ ,-././."+µ0%.* 1"&,.µ2,+* (3+45: A. Chaisena et al., 2004). 16

!"#$%& 3-2: 67)µ.2 ,8% .µ918% –:; ),+% 7/"<9%7"& ,.( 1"&,.µ2,+ (3+45: Al-Ghouti et al., 
2003). 20

!"#$%& 3-3: =1-$<">7* "1"$,+,7* ,+* 7/"<9%7"&* .?7"12.( ,.( /(-",2.( (3+45: “!%$-4&%+ 
@%9>()+ A - B(µ/>+-8µ&,"#0* )+µ7"C)7"* )7 D0µ&,& 1"&E8-")µC%”, @D5%&,  2005). 21

!"#$%& 3-4: 6"&1"#&)2& &<(19,8)+* ,+* 1"&,.µ"#5* 4+* (3+45: Yuan, P. et al., 2004). 21

!"#$%& 4-1: !/7?+4+µ&,"#$ F-9<+µ& 4"& ,+% /-.)-$<+)+ 7%$* .-4&%"#.G )(),&,"#.G )7 
7%7-4$ 9%D-&#& (3+45: Metcalf & Eddy, 2003). 49

!"#$%& 5-1: F-&<"#5 &%&/&-9),&)+ ,+* /7-2D>&)+* &#,2%8% H ),. />04µ& (Haberkornard et 
al, 1999). 65

!"#$%& 5-2: 6"94-&µµ& /7"-&µ&,"#5* 1"9,&?+*. B,& 17?"9 &/7"#.%2I7,&" + )#71&)µ0%+ 0%,&)+ 
8* )(%9-,+)+ ,+* 48%2&* (B,&D.4"9%%+, 2007). 66

!"#$%& 5-3: J7",.(-4"#5 1"9,&?+ <&)µ&,$µ7,-.( XRF (B,&D.4"9%%+, 2007). 67

!"#$%& 5-4: !/7?7-4&)µ0%. 1724µ& 1"&,.µ"#5* 4+* /-.* &%9>()+ XRF. 67

!"#$%& 5-5: ;>7#,-.%"#$ K"#-.)#$/". B9-8)+* – SEM. 69

!"#$%& 5-6: 6724µ&,& /-.* &%9>()+ ),. SEM #&,9 ,+% 7/2),-8)5 ,.(* µ7 >7(#$E-().. 69

!"#$%& 5-7: @)L7),2µ7,-. Dietrich-Frunhlin. 71

!"#$%& 5-8: K"#-.)G-"447* #&" µ&4%+,9#" &%917()+* /.( E-+)"µ./."5D+#&% ),& />&2)"& ,+* 
/7"-&µ&,"#5* 1"&1"#&)2&*. 73

!"#$%& 5-9: @7-.<8,.4-&<2& ,+* >2µ%+* @4"9* - B+µ72. 17"4µ&,.>+M2&*. 73

!"#$%& 5-10: @7-.<8,.4-&<2& /&-&>2&* N&>&D9 - B+µ72. 17"4µ&,.>+M2&*. 74

!"#$%& 5-11: @0-".* H-8µ&,.4-9<.* (GCMS-QP2010 Plus). 78

!"#$%& 5-12: O&)"#9 E&-&#,+-"),"#9 &0-".( E-8µ&,.4-9<.( (R.L.Pecsok et al., 1980). 78
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1 &4;8><>?

J, *)+)@*,8, 3"%04,, µ) *'0 ,05(*@<' .,4 )&,"µ#9= *)304./0  ,05+@$': µ)95+': ,."8B)4,: $*#0 
*#µ6, *': ()"4B,++#0*4.=: ,05+@$':, 63#@0 $@++)3?)8 $'µ,0*4.6: (+'"#&#"8): $3)*4.5 µ) *'0 
(#4%*'*, *#@ ()"4B5++#0*#: $*# #(#8# N#1µ). O3)4 +#4(%0 74,(4$*2?)8 %*4 60,: µ)95+#: ,"4?µ%: 

#"9,04./0 3'µ4./0 )0/$)20, (#@ ' 874, ' .#40208, µ,: (,"59)4 .,4 3"'$4µ#(#4)8, 
,()+)@?)"/0)*,4 $*# 67,&#: .,4 $*# @(%9)4# 0)"%, (5", *#@: ,@$*'"#1: .,0#04$µ#1: (#@ 63#@0 
?)$(4$*)8. !#++6: ,(% *4: #@$8): ,@*6: )80,4 *#<4.6: 94, *#0  50?"2(# .,4 (,",µ60#@0  $*# 67,&#: 
.,4 $*# @(%9)4# 0)"% 94, (5", (#++5 3"%04,.

O0, ,(% *, ("#B+=µ,*, (#@ 63)4 74,(4$*2?)8 %*4 3"8N)4 474,8*)"': ("#$#3=: )80,4 ' "1(,0$' *#@ 

)75&#@: .,4 *#@ @(%9)4#@ 0)"#1 ,(% ()*")+,-.#1: @7"#9#050?",.):. J# &,40%µ)0# ,@*% )80,4 
(#+1 $@30%, )474.5 $) ()"4#36: (#@ 63#@0 )9.,*,$*,?)8 74@+4$*="4, = µ#057): ,(#?=.)@$': 
()*")+,-./0 ("#-%0*20. P$*%$#, *, *)+)@*,8, 3"%04, 980)*,4 $*,74,.5 )µ&,06$*)"# %*4 ("%$?)*, 
B)0N80':, %(2: *# MtBE .,4 *, BTEX )80,4 (,0*,3#1 (,"%0*, $*# (,9.%$µ4# ()"4B5++#0. 
E5+4$*,, ' $@30%*'*, ,0830)@$': *#@ MtBE $@0,9208N)*,4 5++): (*'*4.6: #"9,04.6: )0/$)4: 

(VOCs), (#@ (,"59#0*,4 .,4 3"'$4µ#(#4#10*,4 )7/ .,4 (#+1 ()"4$$%*)"# .,4"% (Q,µ()*5.': .,., 
2005), )0/ *# µ)89µ, *20  BTEX B"8$.)*,4 $*4: ("/*): 10 ?6$)4: *20 (4# $@305 )µ&,04N%µ)020 
(,9.#$µ82: "1(20 (R,µB,$5.':, 2007). 

G (,"#@$8, ,@*/0  *20 3'µ4./0 #@$4/0 $*, @75*40, $/µ,*,, (#@ 3"'$4µ#(#4#10*,4 2: 7)<,µ)06: 
(%$4µ#@ 0)"#1, <1(0'$) *'0  ,0'$@38, 94, *4: (4?,06: )(4(*/$)4: $*#@: *)+4.#1: 3"=$*): .,4 $*'0 

@7"%B4, N2=, µ) ,(#*6+)$µ, ' )(4$*'µ#04.= .#40%*'*, 0, $*"6F)4 *# )074,&6"#0 *': $*'0  
,0*4µ)*/(4$' ,@*#1 *#@ *%$# $#B,"#1 ()"4B,++#0*4.#1 ("#B+=µ,*#:.

!+6#0, ' ,(#µ5."@0$' *20  MtBE, BTEX .,4 TAME ,(% *, @(%9)4, 0)"5 63)4 µ)+)*'?)8 )@"62: 
.,4 745&#"): 74)"9,$8): 63#@0  )&,"µ#$*)8 )(4*@3/:, $@µ()"4+,µB,0#µ60': *': B4#)<@98,0$':-
B4#,(#7%µ'$':, *': )<5*µ4$':, *': #<)872$':, .,?/: )(8$': .,4 *': ("#$"%&'$':. ;0*#1*#4:, 

$*'0  ("5<', ' )&,"µ#9= ,@*/0  *20 74)"9,$4/0 ,(#µ5."@0$': *20 "1(20, $) µ)95+' .+8µ,.,, 
(,"#@$45N)4 #"4$µ60, (+)#0).*=µ,*, .,4 µ)4#0).*=µ,*, ()<5"*'$' ,(% *'0 ()"4#3=, 
,(#7#*4.%*'*, .,4 7,(50):).

G ("#$"%&'$' )80,4 µ4, 74,74.,$8, (#@ µ(#")8 0, )&,"µ#$*)8 )8*) in-situ (µ) 3"=$' 74,()",*/0 
,0*47"/0*20 &",9µ5*20) )8*) ex-situ, )80,4 $3)*4.5 ,(+= (60,0*4 5++20) .,4 µ(#")8 0, )(4*13)4 

,".)*5 4.,0#(#4'*4.6: ,(#7%$)4: ,(#µ5."@0$':. I )0)"9%: 50?",.,: )80,4 8$2: *# (4# )@"62: 
3"'$4µ#(#4'µ60# ("#$"#&'*4.% 94, *4: #"9,04.6: )0/$)4:, 2$*%$# )80,4 60, $3)*4.5 ,."4B% @+4.% 
.,4 63)4 60, @F'+% .%$*#: ,0,9600'$':/)(,0)0)"9#(#8'$':. ;(#µ602:, ' 6")@0, 63)4 $*",&)8 
$*'0  )1")$' 0620, .,*5 ("#*8µ'$' &@$4./0, 5&?#020 .,4 &*'0/0 @+4./0 94, *'0 ,0*4.,*5$*,$' 
*#@.
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9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     1



O0, &@$4.% @+4.%, $*# #(#8# 63)4 7#?)8 474,8*)"' 6µ&,$' )80,4 ' 74,*#µ4.= 9'. I4 74,*#µ8*): 63#@0 

@F'+% (#"/7):, @F'+= ,(#""#&'*4.%*'*, .,4 )<,4")*4.6: 74'?'*4.6: 474%*'*):, 9)9#0%: (#@ *#@: 
.,?4$*5 4.,0#1: 94, *'0 3"=$' *#@: 2: ("#$"#&'*4.% @+4.%. 

M*%3#: *': (,"#1$,: µ)*,(*@34,.=: )"9,$8,: )80,4 0, .,?#"4$*)8 ' 4.,0%*'*, *': 74,*#µ4.=: 9': 
$*'0  ("#$"%&'$' ()*")+,-./0 "1(20 (MtBE, BTEX .,4 TAME) ,(% @7,*4.% 745+@µ, µ6$2 
()4",µ5*20 74,+)8(#0*#: 6"9#@.

?)&5+,4# 1 “@4$,=2=;”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     2



2 !234>38@? 3AB<7

2.1 BTEX

I %"#: RJ;S ,(#*)+)8 ,".*4.%+)<# 94, *4: #@$8): B)0N%+4#, *#+#@%+4#, ,4?@+#B)0N%+4# .,4 

<@+%+4, (Benzene, Toluene, Ethyl-benzene, Xylenes). J, $@$*,*4.5 ,@*5 ,(#*)+#10  *'0  .1"4, 
#µ57, 74,+@*/0 #"9,04./0  "1(20 (#@ $@0,0*/0*,4 $*# 67,&#: .,4 $*# @(%9)4# 0)"% .,4 
("#6"3#0*,4 ,(% 74,""#6: ()*")+,-./0  ("#-%0*20, %(2: B)0N80', diesel, ()*"6+,4# ?6"µ,0$':, .,. 
T%92 *': (#+4.%*'*,: .,4 *': µ)95+': 74,+@*%*'*5: *#@: .,*,&6"0#@0  0, )4$32"=$#@0 $3)*4.5 
)1.#+, $*# @(%9)4# 0)"% .,4 0, ("#.,+6$#@0  (#++5 ("#B+=µ,*, +%92 *': 60*#0': .,4 

µ,."#3"%04,: *#<4.%*'*,: (#@ (,"#@$45N#@0 (;.A47,"5.#:, 2005). 

G (,"#@$8, $@$*,*4./0 BTEX $*# 0)"% .,4 $*# 67,&#:, .,?/: .,4 ' )<@98,0$' ,@*/0 )<,"*5*,4 
5µ)$, ,(% *4: 74,74.,$8): *': )<5*µ4$':, *': 745+@$':, *': ("#$"%&'$': .,4 *': 
B4#,(#4.#7%µ'$': ,(% µ4."##"9,04$µ#1:. G )<5*µ4$' )80,4 # ("/*#: .,4 # B,$4.%*)"#: 
µ'3,04$µ%: ,(#µ5."@0$': *20 RJ;S, # #(#8#: +,µB50)4 3/", +%92 *': @F'+=: *#@: 

74,+@*%*'*,:, *#@ $3)*4.5 µ4."#1 µ#"4,.#1 *#@: B5"#@: .,4 *': µ)95+': *5$': ,*µ/0 (#@ 
(,"#@$45N#@0. E)*5 *'0 )<5*µ4$' )0%: µ)95+#@ (#$#$*#1 *20 $@$*,*4./0 ,@*/0  ?, ,.#+#@?=$)4 
)8*) ' 745+@$= *#@: $*# 0)"% )8*) ' ("#$"%&'$' *#@: $*, )7,&4.5 $2µ,*874, .,4 *'0 @(5"3#@$, 
#"9,04.= 1+', ,05+#9, µ) *4: 474%*'*6: *#@: .,4 *4: $@0?=.): (#@ )(4.",*#10 $*# ()78#. J6+#:, 
)80,4 7@0,*= .,4 ' B4#,(#4.#7%µ'$' *20  $@$*,*4./0 ,@*/0 ,(% .,*5++'+#@: µ4."##"9,04$µ#1: 

(#@ $@0=?2: )80,4 (,"%0*): $*# 67,&#:. D@*= %µ2: ' 74)"9,$8, $@0=?2: (",9µ,*#(#4)8*,4 µ) 
$3)*4.5 ,"9% "@?µ% .,4 $@305 )80,4 ,0,9.,8, ' )08$3@$= *': ((.3. µ) 74#36*)@$' #<@9%0#@). 

2.1.1 127C6D4E (Benzene)

J# B)0N%+4# (Benzene) )80,4 60, &@$4.% $@$*,*4.% *#@ ,"9#1 ()*")+,8#@ µ) 3'µ4.% *1(# C6H6. 
D0=.)4 $*#@: #"9,04.#1: ,"2µ,*4.#1: @7"#9#050?",.): .,4 )80,4 60, 53"2µ#, (#+1 )1&+).*# 

@9"%, µ) 9+@.45 µ@"2745. I4 3"=$)4: *#@ )80,4 (#+@5"4?µ):, .,?/: ,(#*)+)8 ("%7"#µ# $@$*,*4.% 
$*'0  (,",929= &,"µ5.20, (+,$*4./0, $@0?)*4.#1 .,#@*$#1. .,4 B,&/0. S"'$4µ#(#4)8*,4 )(8$': 
2: B4#µ'3,04.% 74,+@*4.% .,4 2: ("%$?)*# *': B)0N80':, ,&#1 ,@<50)4 *#0 ,"4?µ% *20 #.*,0820. 
;0*#1*#4:, #4 .,".40#9%0): 474%*'*): *#@ 63#@0 #7'9=$)4 $*#0  ()"4#"4$µ% *': 3"=$': *#@ 
(C4,74.*@,.= ('9=: [1]).

M*#0 (80,., (#@ ,.#+#@?)8 (!80,.,: 2-1) (,"#@$45N#0*,4 #4 B,$4.6: 474%*'*): *#@ B)0N#+8#@. 

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     3



!:78F8G 2-1: R,$4.6: L74%*'*): B)0N#+8#@ (Benzene) (C4,74.*@,.= ('9=: [1]).

127C6D4E127C6D4E

E#"4,.%: J1(#: C6H6

E#"4,.% R5"#: 78.1121 g/mol

)H46I=I2G)H46I=I2G

!@.0%*'*, 0.8786 g/cmU, liquid

M'µ)8# *=<': 5.5 °C (278.6 K)

M'µ)8# B",$µ#1 80.1 °C (353.2 K)

C4,+@*%*'*, $*# 0)"% 1.79 g/L (25 °C)

L</7): 0.652 cP at 20 °C

M*,?)"5 Henry 0.55 kPam3/mol (25oC)

J5$' ,*µ/0 95.2 mm Hg (20oC)

M@0*)+)$*=: >,*,0#µ=: #.*,0%+':-0)"#1 2.13 logKow (20oC)

&B4F47HJ76I=I8&B4F47HJ76I=I8

;@"2(,-.= O02$'

;1&+).*#

;@"2(,-.= O02$'
>,".40#9)06:

;@"2(,-.= O02$'
E)*,++,<4#9%0#

;@"2(,-.= O02$'

J#<4.%

NEPA 704

M'µ)8# ,05&+)<': -11#C

M'µ)8# ,@*#,05&+)<': 561#C

,$%$0102

V30' B)0N#+8#@ µ(#"#10  0, ("#.1F#@0 #(#*)7=(#*) @+4.5 (+#1$4, $) 50?",., @&8$*,0*,4 ,*)+= 
.,1$'. D.%µ,, (,"59)*,4 $) '&,8$*)4, .,4 $) 7,$4.6: (@".,946: (&@$4.6: ('96: B)0N#+8#@), )0/ 
,(#*)+)8 .,4 $*#43)8# *#@ .,(0#1 *#@ *$495"#@.

E63"4 *# R '!,9.%$µ4# !%+)µ# , #4 µ)9,+1*)"): (#$%*'*): B)0N#+8#@ (,"59#0*,0 2: @(#("#-#0 
$*'0  B4#µ'3,08, *#@ 35+@B,. Wµ2:, $*' 7).,)*8, *#@ 1950, ' ,@<'µ60' N=*'$' 94, B)0N%+4#, 
474,8*)", ,(% *'0 ,@<,0%µ)0' B4#µ'3,08, (+,$*4./0, ,(,4*#1$) *'0 (,",929= B)0N#+8#@ ,(% *# 

?)&5+,4# 2 “!)"4=",&; "1(20”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     4



()*"6+,4#. M=µ)",, #4 µ)9,+1*)"): (#$%*'*): B)0N#+8#@ ("#6"3#0*,4 ,(% *'0  ()*"#3'µ4.= 

B4#µ'3,08, .,4 µ%0# 60, µ4."% (#$#$*% (,"59)*,4 ,(% *#0 50?",.,.

3%2'*&+

S"'$4µ#(#4)8*,4 2: ("%$?)*# *': B)0N80':, .,?/: ,@<50)4 *#0  ,"4?µ% *20 #.*,0820. P$*%$#, ' 
(4?,0%*'*, 0, B")?)8 µ6$2 *#@ .,@$8µ#@ $*# @(%9)4# 0)"%, #7=9'$) *4: G02µ60): !#+4*)8): 
Dµ)"4.=:, .,?/: .,4 *'0 ;@"2(,-.= O02$' 0, ?)$(8$#@0 ,@$*'"#1: 0%µ#@:, µ)4/0#0*,: *' 

$@9.60*"2$' B)0N#+8#@ $*' B)0N80' $*# 1%. 

G (+6#0 74,7)7#µ60' 3"=$' *#@ )80,4 $*'0 (,",929= 5++20 3'µ4./0, %(2: *#@ $*@")08#@, (#@ 
3"'$4µ#(#4)8*,4 $*'0 (,",929= (+,$*4./0 .,4 5++20 (#+@µ)"/0, &,40#+/0 94, .%++): .,4 
"'*80):, .,?/: .,4 .@.+#)<,08#@, *# #(#8# 3"'$4µ#(#4)8*,4 $*'0 (,",929= 054+#0. T49%*)"# 
$@305 3"'$4µ#(#4)8*,4 $*'0 (,",929= )+,$*4./0, +4(,0*4./0, 3"2µ5*20, ,(#""@(,0*4./0, 

&,"µ5.20, )."'.*4./0 .,4 )0*#µ#.*%020.

M) ,µ&%*)"): *4: G!D .,4 *'0 ;@"/(', *# 50% *#@ B)0N#+8#@ 3"'$4µ#(#4)8*,4 $*'0  (,",929= 
,4?@+#B)0N#+8#@ / $*@"#+8#@, *# 20% 3"'$4µ#(#4)8*,4 $*'0  (,",929= .#@µ)08#@ , .,4 ()"8(#@ *# 
15% *#@ B)0N#+8#@ 3"'$4µ#(#4)8*,4 94, *'0 (,",929= .@.+#)<,08#@ (*)+4.5 $) 054+#0 ).

M*# 9"5&'µ, (#@ ,.#+#@?)8 (A"5&'µ, 2-1) (,"#@$45N)*,4 $@0#(*4.5 ' 3"=$' *#@ B)0N#+8#@ $*'0 

(,",929= 5++20 3'µ4./0.

K3L@=µ8 2-1: S"=$' B)0N#+8#@ $*'0 (,",929= 5++20 3'µ4./0 (C4,74.*@,.= ('9=: [1]).

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     5



456&78(.($

G #<)8, (B",3@("%?)$µ') 6.?)$' $) B)0N%+4# µ(#")8 0, ("#.,+6$)4 @(0'+8,, 8+499#, 
(#0#.)&5+#@:, *,3@.,"78):, .,?/: .,4 )")?4$µ% $*, µ5*4, .,4 *# 76"µ,. E(#")8 )(8$': 0, 
#7'9=$)4 $) )")?4$µ% *#@ ,02*6"#@ ,0,(0)@$*4.#1 $@$*=µ,*#: .,4 $) @F'+5 )(8()7, $) 6++)4F' 
$@0,8$?'$':.

G 3"%04, (µ,."#("%?)$µ') 6.?)$' µ(#")8 0, ("#.,+6$)4 µ)82$' *20 )"@?"/0  ,4µ#$&,4"820, 

#7'9/0*,: $) ,0,4µ8,, 0, .,*,$*"6F)4 *# µ@)+% *20 #$*/0 .,4 0, )<,$?)0=$)4 *# ,0#$#(#4'*4.% 
$1$*'µ,. K(5"3#@0 ,.%µ, ()"4(*/$)4: 74,*,",3=: *#@ 9@0,4.)8#@ .1.+#@, )0/ 7)0 )80,4 ,.%µ, 
902$*%, )50 )('")5N)4 *' 9#04µ%*'*, = *4: )9.1#@:. G $@0)3=: 6.?)$' $) @F'+5 )(8()7, µ(#")8 
)(8$': 0, ("#.,+6$)4 +)@3,4µ8, .,4 (4# $@9.)."4µ60, *'0  I<)8, E@)+/7' T)@3,4µ8,. A4, *# +%9# 
,@*% *# K(#@"9)8# K9)8,: *20  G.!.D. (D.H.H.S.) .,4 ' Dµ)"4.,04.= K('")$8, !"#$*,$8,: 

!)"4B5++#0*#: (U.S. Environmental Protection Agency - ;.X.D.) .,*'9#"4#(#4#10 *# B)0N%+4# 2: 
.,".40#9%0# 94, *#0 50?"2(#.

M1µ&20, µ) *'0 Dµ)"4.,04.= K('")$8, !"#$*,$8,: !)"4B5++#0*#: (U.S. Environmental 
Protection Agency - ;.X.D.), *# µ694$*# )(4*")(*% %"4# B)0N#+8#@ $*# (%$4µ# 0)"% )80,4 5 µg/l 
(0.005 mg/l)(C4,74.*@,.= ('9=: [7]).

2.1.2 %EDEJ6D4E (Toluene)

J# J#+#@%+4# (Toluene), 902$*% .,4 2: µ)?@+#-B)0N%+4# )80,4 60,: ,"2µ,*4.%: @7"#9#050?",.,:, 
$3)7%0 ,745+@*#: $*# 0)"%, µ) 3,",.*'"4$*4.= #$µ=. S"'$4µ#(#4)8*,4 .@"82: 2: B4#µ'3,04.= 
("/*' 1+' 94, *'0 (,",929= 5++20 3'µ4./0 #@$4/0, 2: #"9,04.%: 74,+1*':, ,++5 .,4 2: 
("%$?)*# *': B)0N80':, .,?/: ,@<50)4 *#0 ,"4?µ% *20 #.*,0820. (C4,74.*@,.= ('9=: [5]). D0 .,4 

)80,4 +49%*)"# *#<4.% ,(% *# B)0N%+4#, $) @F'+6: $@9.)0*"/$)4: µ(#")8 0, ("#.,+6$)4: µ' 
,0,$*"6F4µ): B+5B): $*#0 ,0?"/(40# #"9,04$µ%.

M*#0 (80,., (#@ ,.#+#@?)8 (!80,.,: 2-2) (,"#@$45N#0*,4 #4 B,$4.6: 474%*'*): *#@ *#+#@#+8#@. 

!:78F8G 2-2: R,$4.6: L74%*'*): *#+#@#+8#@ (Toluene) (C4,74.*@,.= ('9=: [5]).

%EDEJ6D4E%EDEJ6D4E

E#"4,.%: J1(#: C7H8 (C6H5CH3)

E#"4,.% R5"#: 92.14 g/mol

)H46I=I2G)H46I=I2G

!@.0%*'*, 0.8669 g/cm3, liquid

M'µ)8# *=<': -93 °C

M'µ)8# B",$µ#1 110.6 °C

?)&5+,4# 2 “!)"4=",&; "1(20”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     6



%EDEJ6D4E%EDEJ6D4E

C4,+@*%*'*, $*# 0)"% 0.053 g/100 mL (20-25 °C)

L</7): 0.590 cP (20 °C)

&B4F47HJ76I=I8&B4F47HJ76I=I8

;@"2(,-.= O02$' ;1&+).*#

NEPA 704

M'µ)8# ,05&+)<': 4#C

,$%$0102

J# *#+#@%+4# ,(,0*5*,4 $) 3,µ'+6: $@9.)0*"/$)4: $*# ,"9% ()*"6+,4#, )0/ (,"59)*,4 $@0=?2: 
$*4: 74)"9,$8): 741+4$': *': B)0N80':, .,*5 *'0 (@"%+@$' *#@ ,4?@+)08#@ .,4 $*'0 (,",929= *#@ 
#(*50?",.,.

3%2'*&+

J# J#+#@%+4# ,(#*)+)8 .#40% 74,+1*' 94, (+,$*4.%, µ)+504 ).*@(2*/0, 3"/µ,*,, .%++):, 76"µ,*,, 

.,#@*$#1., B)"08.4, ,++5 .,4 5++, 3'µ4.5 (,"5929,. S"'$4µ#(#4)8*,4 )(8$': $*'0 (,",929= 
*#@ ,&"#1 *': (#+@#@")?50':, &,40#+/0, JYJ, $*'0 $10?)$' B)0N#+8#@, (#+@µ)"/0 .,4 5++20 
#"9,04./0 3'µ4./0 #@$4/0, $) &,"µ,.)@*4.5 )87', ,++5 .,4 $) .,++@0*4.5 ("#-%0*,. J6+#:, 
3"'$4µ#(#4)8*,4 2: ("%$?)*# *': B)0N80':, .,?/: ,@<50)4 *#0 ,"4?µ% *20 #.*,0820, %(2: .,4 *# 
B)0N%+4#.

456&78(.($

G #<)8, (B",3@("%?)$µ') 6.?)$' $) 3,µ'+6: $@9.)0*"/$)4: *#+#@#+8#@ µ(#")8 0, µ'0 
,(#7)4.01)*,4 *#<4.=, µ(#")8 %µ2: 0, ("#.,+6$)4 .#1",$', @(0'+8,, (#0#.)&5+#@:, µ63"4 .,4 
0,@*8,. D0*4?6*2:, ' 6.?)$' $) @F'+6: $@9.)0*"/$)4: µ(#")8 0, ("#.,+6$)4 7@$+)4*#@"98, *#@ 
.)0*"4.#1 0)@"4.#1 $@$*=µ,*#:, .,"74,.= ,""@?µ8,, ..,.

G 3"%04, (µ,."#("%?)$µ') 6.?)$' µ(#")8 0, ("#.,+6$)4 $#B,"6: B+5B): *#@ .)0*"4.#1 0)@"4.#1 
$@$*=µ,*#:. J, $@µ(*/µ,*, ()"4+,µB50#@0 *'0  @(0'+8,, *'0 ,*,<8,, *'0 )9.)&,+4.= ,*"#&8,, *# 
0@$*,9µ% (,.#1$4): µ)*,.40=$)4: µ,*4/0), .,4 *'0 )<,$?604$' *': #µ4+8,:, *': ,.#=:, .,4 *': 

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     7



%",$':. ;(8$':, 63)4 (,",*'"'?)8 )")?4$µ%: *#@ ,0/*)"#@ ,0,(0)@$*4.#1 $@$*=µ,*#: .,4 *20 

µ,*4/0, .,?/: .,4 µ4."6: 7@$µ)0)8: )(4(*/$)4: $*, 0)@"5 .,4 $*# $@./*4.

G (#+1 µ4."= 74,+@*%*'*, *#@ *#+#@#+8#@ $*# 0)"% )('")5N)4 .,4 *# µ)*,B#+4$µ% *#@ $*# 
,0?"/(40# $/µ,, ,&#1 7)0 µ(#")8 0, )<,3?)8 ,(% ,@*% µ6$2 *20 #1"20 = *20 .#("5020. O*$4, 
.,*5 *# µ)*,B#+4$µ% *#@, *# 95% #<)47/0)*,4 $) B)0N#-.= ,+.#%+', )0/ *# @(%+#4(# 5% )80,4 
@()1?@0# 94, *4: $#B,"6: B+5B): *20 .@**5"20.

M1µ&20, µ) *'0 Dµ)"4.,04.= K('")$8, !"#$*,$8,: !)"4B5++#0*#: (U.S. Environmental 
Protection Agency - ;.X.D.), *# µ694$*# )(4*")(*% %"4# *#+#@#+8#@ $*# (%$4µ# 0)"% )80,4 0,8 mg/l 
(C4,74.*@,.= ('9=: [9]). 

2.1.3 /4MJDE-N27C6D4E (Ethyl-benzene)

J# ,4?@+#-B)0N%+4# (Ethyl-benzene) )80,4 60,: ,"2µ,*4.%: @7"#9#050?",.,:, 745&,0#:, $3)*4.5 

,745+@*#: $*# 0)"%, µ) 3,",.*'"4$*4.= #$µ= (C4,74.*@,.= ('9=: [2]). D(#*)+)8 60, 474,8*)", 
)1&+).*# .,4 )."'.*4.% @9"% .,4 $) ()"8(*2$' ,05&+)<': *#@ µ(#")8 0, ("#.,+6$)4 )")?4$µ#1:, 
0, ,()+)@?)"/$)4 *#<4.5 ,6"4, .,4 0, ,0*47"5$)4 µ) #<)472*4.5 @+4.5. >@"82:, 3"'$4µ#(#4)8*,4 
$*'0  ()*"#3'µ4.= B4#µ'3,08, 2: )0745µ)$# $@$*,*4.% *': (,",929=: $*@")08#@ .,4 5++20 
$@0?)*4./0 (#+@µ)"/0. 

M*#0  (80,., (#@ ,.#+#@?)8 (!80,.,: 2-3) (,"#@$45N#0*,4 #4 B,$4.6: 474%*'*): *#@ ,4?@+#-
B)0N#+8#@.

!:78F8G 2-3: R,$4.6: L74%*'*): 94, *# D4?@+#-R)0N%+4# (C4,74.*@,.= ('9=: [2]).

/4MJDE-N27C6D4E/4MJDE-N27C6D4E

E#"4,.%: J1(#: C8H10

E#"4,.% R5"#: 106.167 g/mol

)H46I=I2G)H46I=I2G

!@.0%*'*, 0.867 g/cm3, liquid

M'µ)8# *=<': -95 °C (188 K)

M'µ)8# B",$µ#1 136 °C (409 K)

C4,+@*%*'*, $*# 0)"% 0.015 g/100 ml (20 °C)

L</7): 0.669 cP  (20 °C)

M*,?)"5 Henry 0.80 kPam3/mol (25 oC)

J5$' ,*µ/0 9.5 mm Hg (20 oC)

M@0*)+)$*=: >,*,0#µ=: #.*,0%+':-0)"#1 3.15 logKow (20 oC)

?)&5+,4# 2 “!)"4=",&; "1(20”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     8



/4MJDE-N27C6D4E/4MJDE-N27C6D4E

&B4F47HJ76I=I8&B4F47HJ76I=I8

;@"2(,-.= O02$' ;1&+).*#

NEPA 704

M'µ)8# ,05&+)<': 15-20#C

,$%$0102

M@0=?2:, B"8$.)*,4 $) µ4."6: (#$%*'*): $*# ,"9% ()*"6+,4#. P$*%$# ' µ,N4.= (,",929= *#@ 
(",9µ,*#(#4)8*,4 µ6$2 *': 3'µ4.=: ,0*87",$': *#@ B)0N#+8#@ µ) *# ,4?@+604#. G 3'µ4.= 
,0*87",$' (#@ +,µB50)4 3/", )80,4 ' ,.%+#@?' (;<8$2$' 2-1):

C6H6 + C2H 4 ! C6H5CH2CH 3       (2-1)

3%2'*&+

J# ,4?@+#-B)0N%+4# B"8$.)4 )&,"µ#9= .@"82: $*'0 (,",929= $*@")08#@ .,4 $@0?)*4./0 
(#+@µ)"/0. D.%µ,, 3"'$4µ#(#4)8*,4 2: #"9,04.%: 74,+1*': .,4 2: $@$*,*4.% *': ,$&5+*#@, *20 
$@0?)*4./0  )+,$*4./0, *20 .,@$8µ20, *20  3"2µ5*20, *20 µ)+,04/0 .,4 *#@ .,(0#1. T49%*)"# 
$@305 3"'$4µ#(#4)8*,4 $*'0 $10?)$' 5++20 3'µ4./0, %(2: ' ,.)*#&,40%+', *# 74-,4?@+#-

B)0N%+4#, *, ?)44.5 #<6, *#@ ,4?@+#-B)0N#+8#@ .,4 ' 5+&,µ)?@+#-B)0N#-.= ,+.#%+'.

456&78(.($

G #<)8, (B",3@("%?)$µ') 6.?)$' $*# ,4?@+#-B)0N%+4# µ(#")8 0, #7'9=$)4 $) ,0,(0)@$*4.5 
("#B+=µ,*,, %(2: # )")?4$µ%: *#@ +,4µ#1 .,4 ' ?2",.4.= $@$*#+=. E(#")8 )(8$': 0, 
("#.,+6$)4 )")?4$µ% *20 µ,*4/0, 0)@"#+#94.5 ("#B+=µ,*, %(2: # 8+499#: ..,..

G 3"%04, (µ,."#("%?)$µ') 6.?)$' $*# ,4?@+#B)0N%+4# 7)0 63)4 µ)+)*'?)8 )@"62: .,4 #4  62: */", 
74,?6$4µ): µ)+6*): (,"#@$45N#@0 $@9."#@%µ)0, ,(#*)+6$µ,*,. P$*%$#, N24.6: µ)+6*): 7)830#@0 
)(4B5"@0$' *#@ $@.2*4#1, *20 0)&"/0 .,4 ,@<'µ60' )µ&504$' .,".404./0 %9.20.

M1µ&20, µ) *'0 Dµ)"4.,04.= K('")$8, !"#$*,$8,: !)"4B5++#0*#: (U.S. Environmental 
Protection Agency - ;.X.D.), *# µ694$*# )(4*")(*% %"4# ,4?@+#-B)0N#+8#@ $*# (%$4µ# 0)"% )80,4 0,3 

mg/l (C4,74.*@,.= ('9=: [8]).

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     9



2.2.4 OJD6D48 ? OJDP748 (Xylenes)

E) *#0 %"# Z@+%+4, = Z@+604, (Xylenes) ()"49"5&)*,4 µ4, #µ57, *"4/0 $@$*,*4./0 *': B)0N80':, 
' #(#8, ()"4+,µB50)4 *, %"?#- (#), µ)*5- (m), (5",- (p) 4$#µ)"= *#@ 74-µ)?@+#-B)0N#+8#@. J, 
9"5µµ,*, #, m, p $@µB#+8N#@0 ,0*8$*#43, *# 5*#µ# 50?",., *#@ µ#"8#@ *#@ B)0N#+8#@, $*# #(#8# 
$@076)*,4 *# .5?) µ)?1+4# (C4,74.*@,.= ('9=: [6]).

J, <@+%+4, )80,4 60, 74,@96:, 53"2µ#, )1&+).*# @9"%, µ) )@35"4$*' #$µ=. ;µ&,08N)*,4 .@"82: 

$*# ()*"6+,4# .,4 $*# .5"B#@0#, )0/ $3'µ,*8N)*,4 .,4 .,*5 *' 745".)4, (@".,94/0 $) 75$'. 

W(2: &,80)*,4 .,4 $*#0 !80,., 2-4 (#@ ,.#+#@?)8, #4 3'µ4.6: 474%*'*): ,(% 4$#µ)"6: $) 4$#µ)"6: 
74,&6"#@0 )+534$*,.

!:78F8G 2-4: R,$4.6: L74%*'*): 94, *, Z@+%+4, = Z@+604, (Xylenes) (C4,74.*@,.= ('9=: [6]).

OJDP748OJDP748OJDP748OJDP748OJDP748

>#40% %0#µ, Xylenes o-Xylene m-Xylene p-Xylene
M@$*'µ,*4.% 
%0#µ, Dimethylbenzenes 1,2-Dimethylbenzene 1,3-Dimethylbenzene 1,4-Dimethylbenzene

E#"4,.%: J1(#: C8H10 (C6H4C2H6)C8H10 (C6H4C2H6)C8H10 (C6H4C2H6)C8H10 (C6H4C2H6)

E#"4,.% R5"#: 106.16 g/mol106.16 g/mol106.16 g/mol106.16 g/mol

)H46I=I2G)H46I=I2G)H46I=I2G)H46I=I2G)H46I=I2G

!@.0%*'*, 0.864 g/mL, (liquid) 0.88 g/mL, (liquid) 0.86 g/mL, (liquid) 0.86 g/mL, (liquid)

M'µ)8# *=<': -47.4 °C (226 K) [25 °C (248 K) [48 °C (225 K) 13 °C (286 K)

M'µ)8# B",$µ#1 138.5 °C 
(412 K)

144 °C 
(417 K)

139 °C 
(412 K)

138 °C 
(411 K)

C4,+@*%*'*,

$*# 172" - 175 mg/l
(25 °C)

157 mg/l
(25 °C)

198 mg/l
(25 °C) 

M*,?)"5 Henry - 0.50 kPam3/mol (25 oC) - 0.71kPam3/mol (25 oC)

J5$' ,*µ/0 - 6.6 mm Hg (20 oC) - -
M@0*)+)$*=: 
>,*,0#µ=:

#.*,0%+':-0)"#1
- 2.77 

logKow (20 oC)
3.20

logKow (20 oC)
3.15 

logKow (20 oC)

&B4F47HJ76I=I8&B4F47HJ76I=I8&B4F47HJ76I=I8&B4F47HJ76I=I8&B4F47HJ76I=I8

;@"2(,-.= O02$';@"2(,-.= O02$'
;1&+).*#;1&+).*#;1&+).*#

;@"2(,-.= O02$';@"2(,-.= O02$' ;(4B+,B=;(4B+,B=;(4B+,B=

NEPA 704NEPA 704

M'µ)8# ,05&+)<': 24 °C (75 °F) 17 °C (63 °F) 25 °C (77 °F) 25 °C (77 °F)

?)&5+,4# 2 “!)"4=",&; "1(20”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     10



,$%$0102

J# µ)89µ, <@+60420 ,(#*)+)8 60, ,(% *, 30 ("/*, $) (,",929= 3'µ4.5 $*4: G.!.D. .,4 (,"59)*,4 
.@"82: µ6$2 741+4$': *#@ ,"9#1 ()*")+,8#@ $) µ4, 74,74.,$8, ,(#.,+#1µ)0' ,+.@+82$'.

3%2'*&+

J# µ)89µ, <@+60420 B"8$.)4 )&,"µ#9= 2: 9@,+4$*4.% *#@ 35+@B,, 2: )0*#µ#.*%0#, 2: ("%$?)*# 
3"2µ5*20  .,4 B)"04.4/0, )0/ 3"'$4µ#(#4)8*,4 .,4 2: 74,+1*': $) B4#µ'3,08): ).*1(2$':, 

(,",929=: )+,$*4./0, .,#@*$#1. .,4 7)"µ5*20. Wµ2:, .@"82: 3"'$4µ#(#4)8*,4 2: B4#µ'3,04.= 
("/*' 1+' 94, *'0 (,",929= 5++20 3'µ4./0 #@$4/0. 

456&78(.($

G #<)8, (B",3@("%?)$µ') 6.?)$' $) <@+%+4, 63)4 $@07)?)8 µ) 71$(0#4,, )")?4$µ% *': µ1*': .,4 
*#@ +,4µ#1, 9,$*")0*)"4.5 ("#B+=µ,*, %(2: ' 0,@*8,, # )µ)*%:, # =(4#: (,"#74.%: )")?4$µ%: *20 

µ,*4/0, .,?/: .,4 0)@"#+#94.5 ("#B+=µ,*, %(2: ' )<,$?604$' *': B",3@("%?)$µ': µ0=µ':, ' 
)<,$?604$' *#@ 3"%0#@ ,0*87",$': .,4 ' µ)82$' *': ,(%7#$': $*'0  ,"4?µ'*4.=. G #<)8, 7)"µ4.= 
6.?)$' µ(#")8 )(8$': 0, #7'9=$)4 $*#0 (,"#74.% )")?4$µ% .,4 *'0 <'"%*'*, *#@ 76"µ,*#:.

G 3"%04, (µ,."#("%?)$µ') 6.?)$' $) <@+%+4, µ(#")8 0, #7'9=$)4 $) 0)@"#+#94.5 ("#B+=µ,*, 
%(2: # (#0#.6&,+#:, # 8+499#:, ' .#1",$', ' ,0'$@38,, ' )<,$?604$' *': B",3@("%?)$µ': µ0=µ': 

.,4 ' ,04.,0%*'*, $@9.60*"2$':. ;(8$':, ' )<,$?604$' *': +)4*#@"98,: *20 (0)@µ%020, # 
,@<'µ60#: .,"74,.%: (,+µ%:, # 7"4µ1: ?2",.4.%: (%0#: .,4 ("#B+=µ,*, $*, 0)&"5, 63#@0 
,0,&)"?)8 2: (4?,05 ,(#*)+6$µ,*, *': 3"%04,: 6.?)$': $) <@+%+4,.

M1µ&20, µ) *'0 Dµ)"4.,04.= K('")$8, !"#$*,$8,: !)"4B5++#0*#: (U.S. Environmental 
Protection Agency - ;.X.D.), *# µ694$*# )(4*")(*% %"4# <@+60420  $*# (%$4µ# 0)"% )80,4 0,6 mg/l 

(C4,74.*@,.= ('9=: [10]).

2.2 MtBE

E) *#0 %"# MtBE ).&"5N)*,4 60, 3'µ4.% $@$*,*4.% µ) µ#"4,.% *1(# C5H12 (Methyl tert -butyl 

ether). I MtBE )80,4 60, (*'*4.%, )1&+).*#, 53"2µ# @9"%, (#@ 74,+1)*,4 $) (#+1 µ)95+# B,?µ% 
$*# 0)"% .,4 3"'$4µ#(#4)8*,4 .@"82: 2: ("%$?)*# *': B)0N80':, .,?/: ,@<50)4 *#0 ,"4?µ% *20 
#.*,0820. P$*%$#, ' (4?,0%*'*, 0, B")?)8 $*# @(%9)4# 0)"% .,4 0, ("#.,+6$)4 $#B,"5 
()"4B,++#0*4.5 ("#B+=µ,*, 63)4 #7'9=$)4 $*#0 ()"4#"4$µ% *': 3"=$': *#@ (C4,74.*@,.= ('9=: 
[3]).

W*,0 # MtBE B")?)8 $*# @(%9)4# 0)"%, 6()4*, ,(% 74,""#= $) 74@+4$*="4# = µ#057, ,(#?=.)@$': 
()*")+,-./0 ("#-%0*20, 63)4 *'0 474%*'*, 0, 74,+1)*,4 $) (#+1 µ)95+# B,?µ% .,4 0, )<,(+/0)*,4 

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     11



)1.#+, .,4 9"=9#",. G µ)95+' (*'*4.%*'*, (#@ (,"#@$45N)4 2: .,?,"= #@$8,, *%*) µ)4/0)*,4 

7",$*4.5, .,?/: ' $*,?)"5 Henry (#@ *# 3,",.*'"8N)4 )80,4 ,".)*5 3,µ'+=, (,")µ(#78N#0*,: *'0 
)<5*µ4$= *#@ ,(% *# @(%9)4# 0)"%. O*$4, µ(#")8 )1.#+, 0, .,*,$*=$)4 µ)95+): (#$%*'*): 
@(%9)420 @75*20  µ'-(%$4µ):, 780#0*,: $*# 0)"% µ4, 7@$5")$*' 9)1$' ,.%µ' .,4 $) (#+1 3,µ'+6: 
$@9.)0*"/$)4:. M'µ,0*4.% )80,4 0, ,0,&)"?)8, %*4 $*4: ()"4$$%*)"): ()"4(*/$)4: ' 
B4#,(#4.#7%µ'$' *#@ ,(% µ4."##"9,04$µ#1: 7)0 )80,4 )1.#+' = #1*) .,0 7@0,*=.

M*#0 (80,., (#@ ,.#+#@?)8 (!80,.,: 2-5) (,"#@$45N#0*,4 #4 B,$4.6: 474%*'*): *#@ MtBE.

!:78F8G 2-5: R,$4.6: L74%*'*): 94, *# MtBE (C4,74.*@,.= ('9=: [3]).

Methyl tertiary-butyl ether (MtBE)Methyl tertiary-butyl ether (MtBE)

E#"4,.%: J1(#: C5H12O

E#"4,.% R5"#: 88.15 g/mol

)H46I=I2G)H46I=I2G

!@.0%*'*, 0.7404 g/cmU

M'µ)8# *=<': [109 °C

M'µ)8# B",$µ#1 55.2 °C

C4,+@*%*'*, $*# 0)"% 42-54 g/L (20-25 °C)

L</7): 0.652 cP  (20 °C)

M*,?)"5 Henry 0.04053 kPam3/mol 
(20oC)

J5$' ,*µ/0 249 mm Hg (25oC)

M@0*)+)$*=: >,*,0#µ=: #.*,0%+':-0)"#1 1.059 logKow (25oC)

&B4F47HJ76I=I8&B4F47HJ76I=I8

;@"2(,-.= O02$' ;1&+).*#

NEPA 704

M'µ)8# ,05&+)<': -28#C

,$%$0102 - 3%2'*&+

I EtR; .,*,$.)@5N)*,4 µ6$2 *': 3'µ4.=: ,0*87",$': *': µ)?,0%+': .,4 *#@ 4$#B#@*@+)08#@. 
S"'$4µ#(#4)8*,4 .@"82: 2: #"9,04.%: 74,+1*':, 2: ("/*' 1+' 94, *'0 (,",929= 5++20 3'µ4./0 

#@$4/0 ,++5 .,4 2: ("%$?)*# *': B)0N80': 94, *'0 ,1<'$' *#@ ,"4?µ#1 *#0 #.*,0820.

?)&5+,4# 2 “!)"4=",&; "1(20”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     12



456&78(.($

I4 )")@0'*6: 74,?6*#@0 ()"4#"4$µ60, $*#43)8, 94, *4: )(4(*/$)4: *#@ MtBE $*'0 @9)8,. !4# 
$@9.)."4µ60,, ' Dµ)"4.,04.= K('")$8, !"#$*,$8,: !)"4B5++#0*#: (U.S. Environmental 
Protection Agency - ;.X.D.) .,*5+'<) $*# $@µ(6",$µ, %*4 *, 74,?6$4µ, $*#43)8, 7)0  )(,".#10 94, 
*'0 (#$#*4.#(#8'$' *20 .4071020  94, *'0 @9)8, ,(% 6.?)$' $) 3,µ'+6: $@9.)0*"/$)4:, ,++5 
#7'9#10 $*# $@µ(6",$µ, %*4 # MtBE )80,4 (4?,05 .,".40#9%0# 94, *#0 50?"2(#, $) @F'+6: 

7%$)4:. 

J# ,0/*,*# )(4*")(*% %"4# EtR; $*# @(%9)4# 0)"% (#4.8+)4 ,(% 3/", $) 3/",, ,++5 9)04.5 
.@µ,80)*,4 .5*2 ,(% 2mg/L.

2.4 %/.&

I TAME (tert-Amyl Methyl Ether) )80,4 µ4, 53"2µ', (*'*4.= #@$8,, 3,µ'+#1 4</7#@: (#@ 63)4 
3,",.*'"4$*4.= #$µ= ,4?6",. ;80,4 )+,&"/: 74,+@*%: $*# 0)"% .,4 $'µ,0*4.5 )@745+@*#: $*#@: 
,4?6"):, *'0  ,+.#%+' .,4 $*#@: ()"4$$%*)"#@: #"9,04.#1: 74,+1*):, $@µ()"4+,µB,0#µ6020 *20 
@7"#9#0,0?"5.20. 

M*#0 (80,., (#@ ,.#+#@?)8 (!80,.,: 2-6) (,"#@$45N#0*,4 #4 B,$4.6: 474%*'*): *#@ TAME.

!:78F8G 2-6: R,$4.6: L74%*'*): 94, *# JDE; (C4,74.*@,.= ('9=: [4]).

tert-Amyl Methyl Ether (%/.&)tert-Amyl Methyl Ether (%/.&)

E#"4,.%: J1(#: C6H14O

E#"4,.% R5"#: 102,18 g/mol

)H46I=I2G)H46I=I2G

M'µ)8# *=<': [80 °C

M'µ)8# B",$µ#1 86.3 °C

C4,+@*%*'*, $*# 0)"% 10.71 g / L (20°C)

&B4F47HJ76I=I8&B4F47HJ76I=I8

M'µ)8# ,05&+)<': -11#C

M'µ)8# ,@*#,05&+)<': 430#C

3%2'*&+

I4 µ)9,+1*)"): (#$%*'*): TAME (#@ (,"59#0*,4 ,05 *#0 .%$µ# 3"'$4µ#(#4#10*,4 2: ("%$?)*# 
*': B)0N80': µ) $*%3# *'0 ,1<'$' *#@ ,"4?µ#1 *20 #.*,0820, *'0 ,0*4.,*5$*,$' *#@ µ#+1B7#@ 
.,4 *'0 ,1<'$' *#@ ()"4)3%µ)0#@ #<@9%0#@ $*' B)0N80'. T49%*)"# $@305 B"8$.)4 )&,"µ#9= 2: 

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     13



74,+1*': .,4 2: µ6$# ,(#µ5."@0$': *': (,",&80': )8*) µ%0# *#@, )8*) $) $@07@,$µ% µ) 5++#@: 

74,+1*):.

456&78(.($

I TAME 7)0  )0*#(8N)*,4 *%$# $@305 $*# ()"4B5++#0  %$# # EtR; = *# µ)89µ, *20 )0/$)20  
RJ;S. G (,",929= *#@ *# 2002 7)0  <)(6",$) *#@: 287 *%0#@: (,9.#$µ82: .,4 )(#µ602: 7)0 
63#@0 .,*,9",&)8 ,<4%+#9): ()"4(*/$)4: "1(,0$': (Annemarie van Wezel et  al., 2009). 

!,"5++'+,, 7)0  63)4 µ)+)*'?)8 )(,"./: .,4 .,*’ )(6.*,$' 7)0 63#@0 ?)$(4$*)8 )(4*")(*5 %"4, 
6.?)$':.

2.5 QJ78I6I=I8 B3E;36@=;=G 

G (,"#@$8, ()*")+,-./0 "1(20 $*, @75*40, $/µ,*, (%(2: *# µ)89µ, *20 )0/$)20 BTEX, # 
MtBE .,4 # TAME) .,4 #4 )07)3%µ)0): ,"0'*4.6: )(4(*/$)4: (#@ ,@*= )9.@µ#0)8, #7=9'$) *#@: 
)(4$*=µ#0): $*'0 6")@0, *%$# *20  µ'3,04$µ/0  )<5(+2$': *20 "1(20 ,@*/0 $*#@: @75*40#@: 
,(#76.*):, %$# .,4 *20 (4?,05 )&,"µ%$4µ20 *)304./0 ()"4#"4$µ#1 .,4 ,(#.,*5$*,$': *': 
()"4B,++#0*4.=: "1(,0$':.

M*4: µ6"): µ,:, 745&#"): 74)"9,$8): 63#@0 )&,"µ#$*)8 )(4*@3/: 94, *'0 ,(#µ5."@0$' *20 "1(20 
,@*/0 ,(% *, @(%9)4, 0)"5 $@µ()"4+,µB,0#µ60': *': B4#)<@98,0$':-B4#,(#7%µ'$':, *': 
)<5*µ4$':, *': #<)872$':, .,?/: )(8$': .,4 *': ("#$"%&'$':. G ("#$"%&'$' )80,4 µ4, $3)*4.5 
,(+= 74,74.,$8, (60,0*4 5++20) .,4 µ(#")8 0, )(4*13)4 @F'+6: ,(#7%$)4: ,(#µ5."@0$':. P$*%$#, 
*# @F'+% .%$*#: *20 3"'$4µ#(#4#1µ)020  ("#$"#&'*4./0 ((3. )0)"9%: 50?",.,:) 63)4 #7'9=$)4 

$) µ4, ("#$(5?)4, )1")$': 0620, (4# #4.#0#µ4./0 @+4./0.

M*'0 ("#$(5?)4, ,@*= ,0*4.,*5$*,$': *20 ("#$"#&'*4./0 @+4./0 @F'+#1 .%$*#@: (#++6: 
µ)+6*): 63#@0 =7' ).(#0'?)8. G ,&,8")$' 94, (,"57)49µ, *20  RJ;S ,(% @7,*4.% 745+@µ, µ6$2 
("#$"%&'$': $) "'*80): (Lin, H.S. et al., 1999) .,4 #"9,04.= 5"94+# (Carmody et  al., 2007) 
(,"#@$45N)4 µ4, )074,&6"#@$, ("##(*4.=, )0/ #"@.*5 74#<)478#@ *#@ (@"4*8#@, µ#0*)"08*':, 

N)%+4?#:-B (Yazaydin et al., 2006), .,?/: )(8$': .,4 (#+@µ)"= (Annesini, M.C. et al, 2000), 
$@0?)*4.6: (Bi, E. et  al., 2005) .,4 ,0?",.#13): (Hung, H. et al., 2006) "'*80): 63#@0 )<)*,$*)8 
)(4*@3/: 94, *'0 ,(#µ5."@0$' EtR; ,(% @7,*4.5 74,+1µ,*,.

?)&5+,4# 2 “!)"4=",&; "1(20”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     14



3 Q48IEµ:I=G

3.1 18;4FL 5838FI=34;I4FL F84 4H46I=I2G

3.1.1 K274FL

I 74,*#µ8*': )80,4 60, 3,+,"% = F,?@"% 4N'µ,*#9)06: (6*"2µ,, (#@ $3'µ,*8$*'.) ,(% 
µ4."#$.#(4.5 .)+1&' &@.4/0, *, #(#8, #0#µ5N#0*,4 745*#µ,, ,(% #"9,04.=: ("#6+)@$': 
$@$*,*4.5 .,4 5++, $@$*,*4.5, %(2: ,"94+4.5 #"@.*5, ('+% .,4 5µµ#. J# 3"/µ, *': µ5N,: *#@ 
.@µ,80)*,4 $@0=?2: ,(% .4*"402(%, @(%+)@.# 62: .,&6 (>2$*5.': A., 2003).

J, .)+1&' *20 74,*%µ20 ,(#*)+#10*,4 ,(% 5µ#"&# SiI2.nH2O .,4 63#@0 (#+@(#8.4+): (#"/7)4: 

µ#"&6:. !502 ,(% 10.000 )87' ,(% ,@*5 *, µ4."#$.#(4.5 5+9' 63#@0 ,0,902"4$*)8, .,?60, µ) 
*'0 74.= *#@ )@745."4*' µ#"&= .,4 *# µ69)?#: *#@: .@µ,80)*,4 µ)*,<1 < 10µm .,4 ()"8(#@ 1mm, 
$@0=?2: %µ2: )80,4 µ)*,<1 10µm .,4 150µm (>2$*5.': A., 2003).

9:5µ$(5-50)$

!#++6: &#"6: # %"#: ¨74,*#µ8*':¨ 3"'$4µ#(#4)8*,4 .,4 94, $*"/µ,*, (#@ ()"463#@0  µ4."% ,"4?µ% 

74,*%µ20. M) ,@*6: *4: ()"4(*/$)4: )80,4 ("#*4µ%*)"# 0, 3"'$4µ#(#4#10*,4 )(4?)*4.#8 
("#$74#"4$µ#8, %(2: ,"94+#13#: = ,"94+#µ49=: 74,*#µ8*': = 74,*#µ4.= 5"94+#: (94, µ4."5 .,4 
µ)95+, (#$5 74,*%µ20, ,0*8$*#43,) 94, 0, ("#$74#"4$*#10 #4 ("#$µ8<)4: .,4 ' $3)*4.= 
.,?,"%*'*, *#@ @+4.#1. M@0/0@µ, *#@ %"#@ 74,*#µ8*': )80,4 #4 %"#4 74,*#µ4.= 9' .,4 (@"4*4.= 
5+)@"#: (>ieselgur) (S"'$*87': A., 2002).

;#.µ$(&'µ8+ <&$(5µ&72+ 0.+

M*4: µ6"): µ,:, 745*#µ, N#@0 $) @7,*4.5 #4.#$@$*=µ,*, (,9.#$µ82: .,4 ,(#*)+#10 ('9= *"#&=: 
94, *#@: ?,+5$$4#@: #"9,04$µ#1:, .,?/: )(8$': .,4 $'µ,0*4.= ('9= ,*µ#$&,4"4.#1 #<@9%0#@ 
µ6$2 *': &2*#$10?)$':. J, 745*#µ, 63#@0 *' µ#0,74.= 4.,0%*'*, 0, ,(#""#&#10 @7"#74,+@*% 
(@"8*4#, (#@ $@0,0*5*,4 $*# &@$4.% *#@: ()"4B5++#0 .,4 0, 74,µ#"&/0#@0 474,8*)", @F'+% 

(#"/7):, %µ2: 5.,µ(*#, $.)+)*4.% (+,8$4# *#@ 5µ#"&#@ (@"4*8#@.

>,*5 *' 745".)4, *20  ,4/020, *, @(#+)8µµ,*5 *#@: .,*,.5?4$,0 .,4 )0/?'.,0 µ)*,<1 *#@: .,4 
$3'µ5*4$,0  60, (,31 $*"/µ, .#4*5$µ,*#: $*# B@?% 2.),0/0 .,4 +4µ0/0 (*, .#4*5$µ,*, 
74,*#µ4.=: 9': )80,4 $@0=?2: *,<40#µ'µ60, B5$)4 *': ("#6+)@$': *#@ 9+@.#1 = @&5+µ@"#@ 0)"#1 
*#@:), µ)"4.5 ,(% *, #(#8, ,0,71?'.,0 ("40 ,(% ()"8(#@ 7).,(60*) ).,*#µµ1"4, 3"%04, 94, 0, 

980#@0 µ6"#: *#@ (,"%0*#: )75&#@:. M) µ)"4.6: ()"4#36:, *, .#4*5$µ,*, 74,*#µ4.=: 9': )80,4 
74,µ#"&2µ60, $) 4.,0#(#4'*4.% (53#: .,4 µ) .,*5++'+' .,?,"%*'*,, (#@ )<59#0*,4 94, (#++6: 
)@)"9)*4.6: 94, *'0 ,0?"2(%*'*, 3"=$)4:. 

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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M*'0 ;4.%0, 3-1 (#@ ,.#+#@?)8, (,"#@$45N)*,4 )4.%0, ,(% '+).*"#04.% µ4."#$.%(4# )0%: 

7)89µ,*#: &@$4.=:, µ' *"#(#(#4'µ60': 74,*#µ4.=: 9':.

&4F678 3-1: \@$4.%:, µ' *"#(#(#4'µ60#: 74,*#µ8*': (!'9=: A. Chaisena et al., 2004).

3.1.2 )H46I=I2G H48IEµ4IR7

!"40 *# *6+#: *#@ 19#@ ,4/0,, *, .#4*5$µ,*, 74,*#µ4.=: 9': ("#$6+.@$,0  *'0  ("#$#3= *#@ 
,0?"/(#@ 2: (4?,0% B4#µ'3,04.% @+4.%. ;.)80' *'0 ()"8#7#, #4 3'µ4.6: .,4 &@$4.6: 474%*'*): *': 
74,*#µ4.=: 9': ((.3. 2: @+4.% µ%02$':) )83,0 )87' ,0,902"4$*)8.

I4 µ!"#$%&'( 474%*'*): *': 74,*#µ4.=: 9': $@µ()"4+,µB50#@0:

• S,µ'+% )474.% B5"#:

• KF'+% (#"/7):

• KF'+= ,(#""#&'*4.%*'*,

• KF'+= .,?,"%*'*,

• E4."= ?)"µ4.= ,9294µ%*'*,

• D.,µF8,

• D7"50)4,

I4 474%*'*): ,@*6: *': 74,*#µ4.=: 9': *'0 .,?4$*#10 B4#µ'3,04.5 3"=$4µ# @+4.% 94, 60, (+=?#: 
)&,"µ#9/0 (#@ ?, ,0,+@?#10 74)<#74.5 $*# ,.%+#@?# @(#.)&5+,4#.
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9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     16



3.1.3 '3?;24G H48IEµ4IR7 

I4 ,"34.6: )&,"µ#96: *20 74,*#µ4*/0 ,&#"#1$,0 $*'0 ("#$"%&'$', *' +)8,0$' .,4 *' µ%02$'. 
M=µ)", #4 $(#@7,4%*)"): 3"=$)4: *': 74,*#µ4.=: 9': ().*%: *20  ("#,0,&)"?60*20), .,*5 $)4"5 
$(#@7,4%*'*,:, )80,4 #4 ,.%+#@?): (>2$*5.': A., 2003):

• )!*+*,%&- ./0,1#: $*4: B4#µ'3,08): (#*/0, N53,"':, $*# &4+*"5"4$µ, (%$4µ#@ 0)"#1, @9"/0 
,(#B+=*20, $*'0 3'µ4.= .,4 &,"µ,.)@*4.= B4#µ'3,08,, $*'0 (,",929= )+,820 ..5.

• 20*13,%&4 &#% µ!"3,%&4 50%&4: E#02*4.5 .,4 #4.#7#µ4.5 @+4.5, µ6$, .,?,"4$µ#1, $*8+B2$':, 
$@0?)*4.5 @+4.5, ("/*' 1+' $*' B4#µ'3,08,: )+,$*4./0, 3,"*4#1, 3"2µ5*20, )µ,946, $(8"*20, 
&,"µ5.20 .,4 .,++@0*4./0.

• 6,* 7%!µ*8#"/# 0%9#:µ-,3" 3( #",%9*&,%&; µ-<#.

• 6,* 7%!µ*8#"/# &#,#05,=", >",!µ!&,4"3", #9!05µ#",%&=" ((.3. 2: &#")8: *#@ DDT), ..,.

M*# A"5&'µ, 3-1 (#@ ,.#+#@?)8, 780)*,4 µ4, $*,*4$*4.= ,()4.%04$' *': 3"=$': *': 74,*#µ4.=: 9': 
94, *, 6*' 1975 62: .,4 2005.

K3L@=µ8 3-1: M*,*4$*4.= 94, *'0 3"=$' C4,*#µ4.=: 9': (!'9=: G.R. Matos & A. Founie, 2005).
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G #4.#0#µ4.= ,<4#+%9'$' *20 74,*#µ4*/0  $*'"8N)*,4 $*'0 3'µ4.= .,4 #"@.*#+#94.= *#@: 

$1$*,$', *# µ69)?#: *20 .%..20, *# $3=µ, *20 74,*%µ20  .,4 .,*5 .,0%0,, $*, 7)@*)")1#0*, 
$@$*,*4.5 *#@:.

E4, )07)4.*4.= 3'µ4.= $1$*,$' ).µ)*,++)1$4µ': 74,*#µ4.=: 9': (,"#@$45N)*,4 $*#0 (80,., 3-1 
(#@ ,.#+#@?)8.

!:78F8G 3-1: S'µ4.= $1$*,$' ).µ)*,++)1$4µ20 74,*#µ4*/0 (!'9=: >2$*5.': A., 2003).

,*%&5#2 SiO2 Al2O3 TiO2 Fe2O3 CaO MgO K2O Na2O H2O "3>874FL SK

Vogelsberg
(K23µ87:8) 90.08 0.97 0.50 2.68 V30' 0.30 0.41 0.51 3.50 1.03 30

*8D4@63748 85-92 4-104-10 0.8-2.0 0.1-2.0 0.1-0.2 0.2-1.50.2-1.5 5.8 0.3 13

*LI<
-89<7:8:
#2JF6G H48I.
KF3:CEG H48I.
!3L;47EG H48I.

89.17
81.25
71.22

1.89
1.82
4.09

0.12
0.15
0.14

0.35
1.24
2.22

V30'

0.18
V30'

0.22
0.20
V30'

0.39
0.69
0.79

0.69
0.68
0.54

3.49
5.26
4.83

3.58
8.43
16.17

-
-
-

3.1.4 &B2923>8;:8 H48IEµ4IR7

>,*5 *' 745".)4, *': ("%2"': ()"4%7#@ ,05(*@<=: *':, ' 74,*#µ4.= 9' =*,0 )()<)"9,$µ60' 
$3)7%0 ,(#.+)4$*4.5 µ) *# 36"4. I ("/*#: µ1+#: = #4 )9.,*,$*5$)4: 94, *'0 )()<)"9,$8, &@$4.=: 
74,*#µ4.=: 9': .,*,$.)@5$*'.,0 $*4: ,"36: *#@ 20#@ ,4/0,.

M=µ)",, #4 74,*#µ8*): 7)0  74,*8?)0*,4 $*# )µ(%"4# $*'0 µ#"&= (#@ )<#"1$$#0*,4. D0*4?6*2:, +%92 
*': (,"#@$8,: *20 7)@*)")@%0*20 $@$*,*4./0, @&8$*,0*,4 )<)@9)04$µ% µ) 745&#"): µ)?%7#@: 
)()<)"9,$8,:. A4, *# +%9# ,@*%, ' 74,*#µ4.= 9' )<#"1$$)*,4 .,4 µ)*,&6")*,4 $) )9.,*,$*5$)4: 
)()<)"9,$8,:. ;.)8, 3"'$4µ#(#4#10*,4 *")4: 74,&#")*4.6: 74,74.,$8): 94, 0, .,*,$.)@,$*#10 
(#++5 74,&#")*4.5 ("#-%0*, 74,*#µ4.=: 9':, ,05+#9, µ) *, )(4?@µ'*5 3,",.*'"4$*4.5 

(C4,74.*@,.= ('9=: [11]).

="'&78+ <&$(5µ)(.+ 

J# ,.,*6"9,$*# µ)*5++)@µ, ,+6?)*,4, <'",80)*,4 $) $3)*4.5 3,µ'+6: ?)"µ#.",$8): .,4 
*,<40#µ)8*,4 94, 0, ,&,4")?)8 ' <60' 1+' .,4 94, 0, (,",3?)8 (#4.4+8, ,(% 74,&#")*4.5 $) µ69)?#: 
$2µ,*874,. D@*6: #4 &@$4.6: $.%0):, (#@ ,(#*)+#10*,4 .@"82: ,(% 5µ#"&# (@"8*4#, )80,4 9)04.5 

@(%+)@.): $*# 3"/µ,.

,"%1µ>:5+ <&$(5µ)(.+

D@*5 *, ("#-%0*, (,"59#0*,4 ,(% *# &@$4.% @+4.% µ) (1"2$' = $@µ(1.02$', $) @F'+%*)"): 
?)"µ#.",$8):, $@0=?2: (502 ,(% 900#C (9)04.5 .@µ,80#0*,4 ,(% 400-1200#C) $) ,(+% = 
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()"4$*"#&4.% .+8B,0#. E)*5 *'0 (1"2$', ' 74,*#µ4.= 9' @(#B5++)*,4 $) ()",4*6"2 )()<)"9,$8, 

94, *' 7'µ4#@"98, ("#-%0*20 µ) )(4+)9µ60, µ)96?' $2µ,*47820, (#@ µ(#"#10 0, 3"'$4µ#(#4'?#10 
2: )04$31$)4: 74'?'*4./0 &8+*"20, 2: (#+@+)4*#@"94.5 @+4.5 (+'"/$)2:, 2: $@$$2µ,*/µ,*, 94, 
,(#""%&'$' @9"/0 ,(% 74,""#6:, .*+. >,*5 *' 745".)4, *': (1"2$': #(#4)$7=(#*) (*'*4.6: 
#@$8): ,(#µ,."10#0*,4 .,4 *# 3"/µ, ,++5N)4 3,",.*'"4$*4.5 ,(% @(%+)@.# $) $.#1"# "#N, +%92 
*': #<)872$': µ)*5++20 .,4 .@"82: $47="#@ (#@ ()"463#0*,4 $*# &@$4.% @+4.% 2: ("#$µ8<)4:.

Flux-calcined <&$(5µ)(.+

D@*5 *, ("#-%0*, (,"59#0*,4 )(8$': ,(% *# &@$4.% @+4.% µ) (1"2$' $) ()"4$*"#&4.% .+8B,0#. 
;&,"µ%N#0*,4 ?)"µ#.",$8): µ)9,+1*)"): *20  900#C, µ) *'0 (,"#@$8, %µ2: 3'µ4./0 ,+5*20, 
$@0=?2: $%7,: (,0?",.4.% 5+,: 0,*"8#@). >,*5 *' 745".)4, *': flux-(1"2$':, *# µ69)?#: *20 
$2µ,*47820 *20 74,*#µ4*/0  ,@<50)*,4 ()",4*6"2 +%92 $@$$2µ5*2$': .,4 $) (#++6: ()"4(*/$)4: 

,(#.*5 ,0#4.*% +)@.% 3"/µ,, ,05+#9, µ) *4: $@0?=.):, (#@ )(4+69#0*,4. G ()",4*6"2 5+)$' .,4 # 
74,32"4$µ%: ,6", )+693#@0 *'0 *)+4.= .,*,0#µ= µ)96?#@: 94, 0, (,",3?#10 )04$3@µ60, 
74'?'*4.5 &8+*", $3)*4.5 @F'+=: 74,()",*%*'*,: .,4 ).+)(*@$µ60, +)@.5 (#+@$10?)*, @+4.5 
(+'"/$)20.

;07)4.*4.5 ,0,&6"#0*,4 $*' $@063)4,  (!80,.,: 3-2) *, 3,",.*'"4$*4.5 #"4$µ6020 )µ(#")1$4µ20 

74,*#µ4*/0, (#@ 63#@0 @(#$*)8 (1"2$' ((1"2$' 62: *#@: 750#C 94, *'0 ,(#µ5."@0$' *#@ 0)"#1 
.,4 *#@ #"9,04.#1 µ6"#@:) (>2$*5.': A., 2003):

!:78F8G 3-2: S,",.*'"4$*4.5 )µ(#")1$4µ#@ 74,*#µ8*' (#@ 63)4 @(#$*)8 (1"2$' 62: *#@: 750#C (!'9=: >2$*5.': 
A., 2003).

-J;I8I4F6 !2342FI4F6I=I8 %

]µµ#-(3,+,N8,) < 1%

Fe2O3 < 5%

Al2O3 < 2-5%

MnO+TiO2 < 1%

CaO < 1-2%
J4µ6: 74=?'$':  70-700ml/min

M@µ(1.02µ, ()µ(+#@*4$µ60# .+5$µ, *20 74,*%µ20) 80-90%
SiO2 ($@0#+4.%) *#@+534$*#0 80%

J4µ6: 74=?'$':  70-700ml/min
M@µ(1.02µ, ()µ(+#@*4$µ60# .+5$µ, *20 74,*%µ20) 80-90%

SiO2 ($@0#+4.%) *#@+534$*#0 80%

I4 (,",(502 *4µ6:, µ(#"#10  )0 *#1*#4:, ,0,+%92: µ) *'0  3"=$', 0, )80,4 @F'+%*)"): = 
3,µ'+%*)"):. A)04.5 4$31#@$): ("#74,9",&6: 7)0 @(5"3#@0. D(#&,$4$*4.=: $'µ,$8,: )80,4 $*4: 
()"4(*/$)4: ,@*6: #4 &@$4.6: 474%*'*):, (#@ ,(,4*)8 # .,*,0,+2*=:.
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3.1.5 SJ;4F6G F84 M23µ4FL I3EBEBE4=µP7EG H48IEµ:I=G

I .1"4#: %9.#: *20 74,*#µ4*/0  ,(#*)+)8*,4 ,(% #(,+4#)47=: (*@36: 74,*%µ20. D(% #"@.*#+#94.= 
(+)@"5, #4 .%..#4 *#@ #"@.*#1 ,(#*)+#10*,4 $@0=?2: ,(% 3,+,N8,, 5$*"4#, $µ).*8*', µ#$3#B8*', 
µ#0*µ#"4++#08*', .,#+408*' .,4 60@7"# µ,"µ,"@98,. ;(8$':, $*'0 $@0#+4.= µ5N, ()"463#0*,4 
$'µ,0*4.5 (#$#$*5 5µ#"&#@ #<)478#@ *#@ (@"4*8#@, ,"94+4.5 #"@.*5 .,4 0)"% (Yuan et al., 2004).

M) $19."4$' µ) $@0?)*4.#1: 5µ#"&#@: 3,+,N8): (silicas), ' 7",$*4.%*'*, *20 74,*#µ4*/0 

$@076)*,4 .@"82: µ) *'0 (,"#@$8, )0)"9/0 ?6$)20 $*'0 )(4&50)45 *#@:. I4 )0)"96: ,@*6: ?6$)4: 
"@?µ8N#@0 *# &#"*8#, *'0  #<1*'*,, *'0  74,+@*%*'*,, *'0 @7"#&4+4.%*'*, .,4 *4: 745&#"): 
7)$µ)@*4.6: .,4 ,0*,++,.*4.6: 4.,0%*'*): *': )(4&50)4,:.

J# 0)"% .,*63)4 474,8*)"' ?6$' $*'0 #(5+4, 7#µ=. O0, µ4."% µ6"#: *#@ )80,4 7#µ4.5 $@07)7)µ60# 
$*# ."@$*,++4.% (+69µ, ."@$*5++20 3"4$*#B,+8*', (#@ $@0?6*#@0 *# #(5+4#. O0, µ)95+# µ6"#: 

%µ2: *#@ 0)"#1 )80,4 ("#$"#&'µ60# = ,(#""#&'µ60# ,(% *"43#)47= ,99)8, .,4 ,(#µ,."10)*,4 
)1.#+, .,*5 *' 745".)4, ?6"µ,0$':. G 74,74.,$8, ,&,8")$': *#@ 0)"#1 )80,4 (#+@$*,74,.=, 
9)9#0%: (#@ #&)8+)*,4 $*' 74,&#")*4.= &1$' *20  7)$µ/0, (#@ $3'µ,*8N)4 µ) *'0 #(5+4, 7#µ= 
(R,µB,$5.': L., 2007).

A)04.5, $*#@: 74,*#µ8*):, *# 7)$µ)@µ60# µ) *'0 #(5+4, 7#µ= 0)"% B"8$.)*,4 .,4 @(% *'0  µ#"&= 

)0)"9/0 #µ5720 @7"#<@+8#@. D@*6: #4 @7"#<@+4.6: #µ57): ,(#*)+#10 ("2*,"34.6: )0)"96: ?6$)4: 
$*'0  )(4&50)4, *#@ 5µ#"&#@ #<)478#@ *#@ (@"4*8#@ µ) *# #(#8# $3'µ,*8N#@0 (i) ,(+#1: 7)$µ#1: -
SiOH (silanol groups), (ii) 787@µ#@: 7)$µ#1: -Si(OH)2 (geminal silanol proups), .,?/: .,4 (iii) 

9)4*#04.#1: 7)$µ#1: @7"#9%0#@ (Muster et al., 2001). ;(8$':, #4 74,*#µ8*): ,(#*)+#10*,4 ,(% 

#µ57): -Si-O-Si- (siloxane groups) µ) *, 5*#µ, #<@9%0#@ $*'0  )(4&50)4, (;4.%0, 3-2).  O*$4, #4 
)0)"96: ,@*6: #µ57): ("#$787#@0 $*# $10#+% *#@: 4#0,0*,++,.*4.6:, .,?/: .,4 (#+4.6:-
@7"%&4+): 474%*'*): $*'0 )(4&50)4, (;4.%0, 3-3).

&4F678 3-2: C)$µ#8 *20 #µ5720 –IG $*'0 )(4&50)4, *#@ 74,*#µ8*' (!'9=: Al-Ghouti et al., 2003).
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&4F678 3-3: K7"%&4+): 474%*'*): *': )(4&50)4,: #<)478#@ *#@ (@"4*8#@ (!'9=: “;0%"9,0' D05+@$' L - 
M@µ(+'"2µ,*4.6: $'µ)4/$)4: $) ?6µ,*, 74,32"4$µ/0”, D?=0,,  2005).

E) *'0 ?)"µ4.= )()<)"9,$8, $) 3,µ'+6: ?)"µ#.",$8): (400-850 #C) ,(#µ,."10)*,4 *# "#&'µ60# 

$*'0  µ5N, *#@ 74,*#µ8*' 0)"% .,4 $(5)4 µ6"#: *20 7)$µ/0 @7"#9%0#@ (#@ $@9.",*#10  *4: #µ57): 
IG $*'0 )(4&50)4,, #4 #(#8): ,(#µ,."10#0*,4 µ,N8 µ) 5++): (*'*4.6: #@$8): .,4 #"9,04.5 

@(#+)8µµ,*,. E) *'0  (1"2$' $) @F'+%*)"): ?)"µ#.",$8): ( 900# C – 1250o C) ' 7#µ= *#@ 

74,*#µ8*' ,0,.,*,*5$$)*,4, +%92 *': #+4.=: ,&,8")$': *#@ 0)"#1 .,4 *20  #µ5720 @7"#<@+8#@ 

,(% *# #(5+4# .,4 *': ,(#."@$*,++#(#8'$=: *#@ (Zhuravlev et al., 2000). M*#@: 1100-1250 #C 

(,",*'")8*,4 ?",1$' *#@ #(,+4#)47#1: (@"4*8#@, $(5$4µ# *20 7)$µ/0 Si–O-Si .,4 7'µ4#@"98, 
0620 (;4.%0, 3-4), .,?/: .,4 7'µ4#@"98, 74,&%"20 µ)*,++4./0  #<)47820 ,(% *'0  ,(#$10?)$' 

5++20 7)@*)")@%0*20 #"@.*/0, (#@ @(5"3#@0 $*'0 µ5N, *#@ &@$4.#1 @+4.#1. D@*% $'µ,80)4 %*4 ' 
?)"µ4.= )()<)"9,$8, #7'9)8 $) 3'µ4.5 µ' #µ#9)0)8: )(4&50)4): $2µ,*47820 *#@ 74,*#µ8*'.

O*$4, µ) *'0 ?)"µ4.= )()<)"9,$8, $) $3)*4.5 @F'+6: .,4 @F'+6: ?)"µ#.",$8):, ,@<50)*,4 ' 
&,40%µ)0' (@.0%*'*, *': 74,*#µ4.=: 9':, ' ,@*%-("#$.%++'$' *20  .%..20, ' µ'3,04.= ,0*#3= 
.,4 (,",*'")8*,4 µ)82$' *': ,(#""%&'$': 0)"#1, 9)9#0%: (#@ $'µ,80)4 ,1<'$' *': 

@7"#&#B4.%*'*,: *#@ @+4.#1 (Muster et al., 2001). ;(8$':, *# pH *#@ @7,*4.#1 74,+1µ,*#: 

74,*#µ8*' ,@<50)*,4 ,(% ()"8(#@ 8 $) 9,5 (> 950 #C).

&4F678 3-4: C4,74.,$8, ,&@75*2$': *': 74,*#µ4.=: 9': (!'9=: Yuan, P. et al., 2004).
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3.2 '3?;= <G B3E;3E@=I4F6 JD4F6

E4, ,(% *4: 74)"9,$8): ,(#""1(,0$': *20 @75*20 )80,4 ' ("#$"%&'$'. G ("#$"%&'$' +%92 *#@ 
$3)*4.5 µ4."#1 *': .%$*#@:, ,++5 .,4 +%92 *': µ' (,",929=: )(4.4071020 (,",("#-%0*20, 63)4 
.,?4)"2?)8 2: µ4, ,$&,+=: .,4 $3)*4.5 #4.#0#µ4.= 74)"9,$8,.

J# (4# 7'µ#&4+6: ("#$"#&'*4.% )80,4 # )0)"9%: 50?",.,:. J# 9)9#0%: %µ2: *': @F'+=: )µ(#"4.=: 
*#@ *4µ=: 63)4 )0*)80)4 *4: ("#$(5?)4): 94, *'0 ,0*4.,*5$*,$' *#@ ,(% 5++, (4# #4.#0#µ4.5 @+4.5, 
$) µ4, ("#$(5?)4, ()",4*6"2 µ)82$': *#@ .%$*#@: )()<)"9,$8,: *20 @9"/0 .,4 ,6"420 
,(#B+=*20. A4, *# +%92 ,@*% ' 6")@0, 63)4 $*",&)8 $*'0 )1")$' 0620, .,*5 ("#*8µ'$' &@$4./0, 
5&?#020 .,4 &*'0/0 @+4./0 94, *'0 ,0*4.,*5$*,$' *#@.

G 74,*#µ4.= 9' )80,4 60, @+4.%, $*# #(#8# 63)4 7#?)8 474,8*)"' 6µ&,$'. I4 74,*#µ8*): 63#@0  @F'+% 
(#"/7):, @F'+= ,(#""#&'*4.%*'*, .,4 )<,4")*4.6: 74'?'*4.6: 474%*'*):, 9)9#0%: (#@ *#@: .,?4$*5 
4.,0#1: 94, *'0 3"=$' *#@: 2: ("#$"#&'*4.% @+4.%. O*$4, (#++6: µ)+6*): 63#@0 (",9µ,*#(#4'?)8, 
(#@ $*%3# 63#@0 *#0 ("#$74#"4$µ% *': 4.,0%*'*,: ("#$"%&'$': 74,&%"20 3'µ4./0 #@$4/0 ,(% 
*' 74,*#µ4.= 9'.

M*' $@063)4,, ,.#+#@?)8 # !80,.,: 3-3, (#@ (,"#@$45N)4 $@0#(*4.5 #"4$µ60): µ)+6*):, (#@ 63#@0 
).(#0'?)8 94, *'0  ,<4#+%9'$' *': 74,*#µ4.=: 9': 2: ("#$"#&'*4.% @+4.%, .,?/: .,4 µ4, $10*#µ' 
()"49",&= *20 $'µ,0*4.%*)"20 )<’ ,@*/0.

!:78F8G 3-3: !"%$&,*): µ)+6*): 94, *'0 3"=$' *': ,.,*6"9,$*': .,4 *"#(#(#4'µ60': 74,*#µ4.=: 9': 2: 
("#$"#&'*4.% $@9.)."4µ6020 3'µ4./0 $*#43)820 .,4 #@$4/0 ,(% 0)"% .,4 @9"5 ,(%B+'*, (*Spent diatomaceous 

earth, !"#$%&'! "() "!*+,(-'!. !"# '&- "!*!,/,0 '&1 µ"2*!1).

(E. /F8IP3>8-
;IEG

'=µ4FL 
I3EBEBE4=µP7EG

T23µ4FL 
I3EBEBE4-
=µP7EG

!3EPD2J;= &4H4F? 2B4@L7248 
(m2/g)

!3E;3E@=µP7= 
EJ;:8 /78@E3PG

1 ^
Rif Mountain, 

Morocco 14.3 (BET) Ag+ Ridha et al., 
1998

2
^

(poly-
ethyleneimene)

Shanghai - Phenol Gao et al., 
2005

3 ^

(MnCl2- NaOH) - - Dyes Yuan et al., 
2004

4 ^
Al-Azraq basin, 

Jordan - Dyes
Shawabkeh 
and Tununji, 

2003

5 ^
Al-Azraq basin, 

Jordan
27,80 (Shears 

Method) Dyes Al-Ghouti at 
al., 2003

6 ^
^

(HCl)

Zheng, China
ChangbaiShan, 

China

64.70 (BET)
19.11 (BET)

(Modif. Zheng) 
40.01 (BET)

Urokinase Yang et al., 
2003

7 ^
Kutahya-Alayunt,

Turkey -
Benzidine

2,2H-bipyridyl
4,4H-bipyridyl

Akyuz et al., 
2001

8 ^

(MnCl2- NaOH) - - Dyes Al-Ghouti et 
al., 2007
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(E. /F8IP3>8-
;IEG

'=µ4FL 
I3EBEBE4=µP7EG

T23µ4FL 
I3EBEBE4-
=µP7EG

!3EPD2J;= &4H4F? 2B4@L7248 
(m2/g)

!3E;3E@=µP7= 
EJ;:8 /78@E3PG

9 ^

(+Fe 25%) - - As Jang et al., 
2007

10 ^

(MnCl2- NaOH)
Al-Azraq basin, 

Jordan Cd, Zn, Pb Al-Ghouti et 
al., 2004

11 ^ Kayseri, Turkey - Cs-137, Cs-134
Co-60

Osmanlioglu, 
2007

12 ^

(MnCl2- NaOH)
Al-Azraq basin, 

Jordan Pb, Cu, Cd Khraisheh et 
al., 2004

13 ^

(H2SO4)
^

(900oC, 3h)
Al-Azraq basin, 

Jordan
572.9 (Shears 

Method) Dyes Al-Qodah et 
al., 2007

14 ^
^

(980oC, 4h)
Al-Azraq basin, 

Jordan
54,38 (BET)
0.35 (BET) Dyes Khraisheh et 

al., 2005

15 ^
Saraykoy basin, 

Turkey - Textile dyes Erdem et al., 
2005

16 ^
^

(MnCl2- NaOH)
Al-Azraq basin, 

Jordan

(raw) 33 (Zn+2 ad-
sorption method)

(modified) 80 (Zn+2 
adsorption method)

Pb+2 Al-Degs et 
al., 2001

17 ^

(microemulsion)
Ceara-Mirim, 

Brazil - Cr
De Castro 

Dantas et al., 
2001

18 ^
^

(Al2(SO4)3 - CaO)
^

(450oC, 2h) China -
NH4-N, TN, TP, 

As, Cd, Pb,
Cu, Zn

Wu et al., 
2005

19 ^

(NaOH) Taiwan
(spent*) 0.29 ± 0.13 

(BET)
(treated) 96.4 ± 2.4 

(BET)

Herbicide Tsai et al., 
2005

20 ^
Ras-Traf, 
Morocco - Herbicides 

Insecticide
Agdi et al., 

2000

21 ^ USA 3.8 (BET) Bisphenol-A Tsai et al., 
2006

22 ^

(200oC, 3h) - - Pesticides Katsumata et 
al., 2006

23 ^ - - Pesticide Katsumata et 
al., 2006

24 ^
Al-Azraq basin, 

Jordan - methylene blue Al-Ghouti at 
al., 2009

25 ^ - 18.8 (BET) Pd(II) G.Sheng et 
al., 2009

26 ^ Serbia 5 (BET) Cu+2 M. _ljivic et 
al., 2009

27 ^ Turkey 18.65-20.42 (BET) Cu+3 Metin G`r` 
et al., 2008

28 ^ China 65 (BET) Th(IV) G.Sheng et 
al., 2008

29 ^

^

diatomite-suppor-
ted magnetite 
nanoparticles

China
(unsupported) 10.9 

(BET)
(supported) 86.6

(BET)

Cr(VI) P. Yuan et al.,  
2010
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I4 Patricia Baojiao Gao et al. (2005) µ)+6*'$,0 *'0 ("#$"%&'$': *': (#+@,4?@+)04µ80':   (PEI) 

$) &@$4.= .,4 3'µ4.5 *"#(#(#4'µ60' µ) (#+@,4?@+)04µ80' 74,*#µ4.= 9'. J, ,(#*)+6$µ,*, 67)4<,0 
%*4 ' 4$%?)"µ' ("#$"%&'$': ,.#+#@?)8 *'0 )<8$2$' Freundlich .,4 %*4 # *"#(#(#4'µ60#: 
74,*#µ8*': (,"#@$45N)4 µ)9,+1*)"' 4.,0%*'*, ("#$"%&'$':, 474,8*)", $) B,$4.% pG.

K3L@=µ8 3-2: L$%?)"µ' ("#$"%&'$': PEI $*' 74,*#µ4.= 9' $) ?)"µ#.",$8, 20#C (!'9=: Patricia Baojiao Gao et al., 
2005).

K3L@=µ8 3-3: L$%?)"µ' ("#$"%&'$': *': &,40%+': $*' 74,*#µ4.= 9' @(% 74,&#")*4.#1: %"#@: $*#@: 20#C: (A) pH 
3.0  (B) pH 6.5  (C) pH 10.0  (D) &@$4.%:  74,*#µ8*': (!'9=: Patricia Baojiao Gao et al., 2005).

I4 Reyad A. Shawabkeha and Tutunji (2003) µ)+6*'$,0 *'0 ("#$"%&'$' *': B,$4.=: 3"2$*4.=: 

#@$8,: .@,0#1 *#@ µ)?@+)08#@ (methylene blue, MB) $) 74,*#µ4.= 9'. !4# $@9.)."4µ60,, 
µ)+)*=?'.) ' )(87",$' *': ,"34.=: $@9.60*"2$': *': 3"2$*4.=: #@$8,:, *#@ µ)96?#@: 
$2µ,*47820 *#@ ("#$"#&'*4.#1 @+4.#1 .,4 *': 7%$': *#@:. J, ,(#*)+6$µ,*, 67)4<,0 µ4, 
,µ)*5.+'*' ("#$"%&'$' µ) 4.,0%*'*, 42 mmol B,&=:/100 g 74,*#µ8*', (#@ )(4*)13?'.) µ6$, $) 
10 +)(*5. D@*= ' *4µ= ,@<50)*,4 )+,&"/: µ) *'0 ,1<'$' *': ?)"µ#.",$8,: *#@ 74,+1µ,*#:. 

J6+#:, 74,(4$*/?'.) %*4 ' 4$%?)"µ' ("#$"%&'$': ,.#+#@?)8 *'0  )<8$2$' Freundlich, )0/ ' 
.40'*4.= *': ("#$"%&'$': ()"49"5&#0*,4 .,+1*)", ,(% *# µ#0*6+# F)@7#-("/*': *5<':.

?)&5+,4# 3 “A4,*#µ8*'>”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     24



K3L@=µ8 3-4: ;(4""#= *': ,"34.=: $@9.60*"2$': $*'0 ("#$"%&'$' *#@ .@,0#1 *#@ µ)?@+)08#@ (ER) (!'9=: Reyad 
A. Shawabkeha and Tutunji, 2003).

K3L@=µ8 3-5: ;(4""#= *': µ5N,: *#@ 74,*#µ8*' $*'0 ("#$"%&'$' *#@ .@,0#1 *#@ µ)?@+)08#@ (!'9=: Reyad A. 
Shawabkeha and Tutunji, 2003).

K3L@=µ8 3-6: ;(4""#= *#@ µ)96?#@: $2µ,*47820 *#@ 74,*#µ8*' $*'0 ("#$"%&'$' *#@ .@,0#1 *#@ µ)?@+)08#@ (ER) 
(!'9=: Reyad A. Shawabkeha and Tutunji, 2003).
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I4 Yuxiang Yang et al. (2003) µ)+6*'$,0 *'0 ("#$"%&'$' *': #@"#.405$':  $) 71# *#(4.#1: (,(% 

*4: ()"4#36: Zhejiang .,4 Jilin *': >80,:) 74,*#µ8*):. I4 71# 74,*#µ8*): @(6$*'$,0 ?)"µ4.= 
)()<)"9,$8, $*#@: 400, 800, 900 .,4 1150#C, )0/ 60,: )< ,@*/0 (,(% *' ()"4#3= Zhejiang) @(6$*' 
.,4 *"#(#(#8'$' µ) (+1$' #<6#: (@7"#3+2"4.#1 #<6#:) 94, )<)@9)04$µ%. C4,(4$*/?'.) %*4 ' 
?6"µ,0$' *#@ 74,*#µ8*' $) @F'+6: ?)"µ#.",$8): >900#C, ("#.,+)8 µ)82$' *': )474.=: )(4&50)45: 
*#@ .,4 µ'7)04$µ% *#@ µ4."#(#"/7#@:, µ) ,(#*6+)$µ, 0, (,",*'")8*,4 µ)82$' *': 

("#$"#&'*4.=: *#@ 4.,0%*'*,:. J6+#: (,",*'"=?'.) %*4 ' ("#$"#&'?=$, (#$%*'*, *': 
#@"#.405$': 6&*,$) *'0 µ694$*' *4µ= *': %*,0 # 74,*#µ8*': )83) )()<)"9,$*)8 ?)"µ4.5 $*#@: 
400#C.

K3L@=µ8 3-7: L$%?)"µ): ("#$"%&'$': *': #@"#.405$': $*'0 )(4&50)4, *20 74,*#µ4*/0 (!'9=: Y. Yang et al., 2003).

K3L@=µ8 3-8: L$%?)"µ): ("#$"%&'$': *': #@"#.405$': $*'0 )(4&50)4, *#@ Jilin 74,*#µ8*' (!'9=: Y. Yang et al., 
2003).

K3L@=µ8 3-9: L$%?)"µ): ("#$"%&'$': *': #@"#.405$': $*'0 )(4&50)4, *#@ Zhejiang 74,*#µ8*' (!'9=: Y. Yang et al., 
2003).

?)&5+,4# 3 “A4,*#µ8*'>”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     26



K3L@=µ8 3-10: L$%?)"µ' ("#$"%&'$': *': #@"#.405$': $*'0 )(4&50)4, *#@ Zhejiang 74,*#µ8*' (@"2µ60#@ $*#@: 
950#C (!'9=: Y. Yang et al., 2003).

K3L@=µ8 3-11: L$%?)"µ' ("#$"%&'$': *': #@"#.405$': $*'0 )(4&50)4, *#@ Jilin 74,*#µ8*' (@"2µ60#@ $*#@: 950#C 
(!'9=: Y. Yang et al., 2003).

I4 M.A. Al-Ghouti et al., (2007) µ)+6*'$,0 *'0 ("#$"%&'$' 3"2$*4./0 #@$4/0 )(502 $) 

*"#(#(#4'µ60# µ) #<)874, µ,99,08#@ 74,*#µ8*' (MOMD). !"#$74#"8$*'.,0 *, (#$#$*5 
,(#µ5."@0$': *#@ .@,0#1 *#@ µ)?@+)08#@ (MB), *#@ )0)"9#1 µ,1"#@ Cibacron reactive black 
(RB) .,4 *#@ )0)"9#1 .8*"40#@  Cibacron reactive yellow (RY) .,4 .,*,7)83?'.) ' )(4""#= *': 
,"34.=: $@9.60*"2$': *20 3"2$*4./0 #@$4/0  .,4 5++20 (,",µ6*"20 $*' $@µ()"4&#"5 *': %+': 
74,74.,$8,:.

K3L@=µ8 3-12: Breakthrough .,µ(1+' ("#$"%&'$': *#@ RY $) MOMD µ) 74,&#")*4.6: ,"34.6: $@9.)0*"/$)4: 
3"2$*4./0 #@$4/0. (µ5N, MOMD: 0,4 gr,  µ69)?#: µ#"820: 106-250µm,  )$2*)"4.= 745µ)*"#:: 3,35 mm,  "#=: 3,77 

mL/min,  pH: 2,  ?)"µ#.",$8,: 21oC) (!'9=: M.A. Al-Ghouti et al., 2007).
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K3L@=µ8 3-13: Breakthrough .,µ(1+' ("#$"%&'$': *#@ RY $) MOMD µ) 74,&#")*4.6: µ5N): MOMD. (,"34.= 
$@9.60*"2$' 3"2$*4./0 #@$4/0: 57,24 mg/l,  µ69)?#: µ#"820: 106-250µm,  )$2*)"4.= 745µ)*"#:: 3,35 mm,  "#=: 

3,77 mL/min,  pH: 2,  ?)"µ#.",$8,: 21oC) (!'9=: M.A. Al-Ghouti et al., 2007).

K3L@=µ8 3-14: Breakthrough .,µ(1+' ("#$"%&'$': *#@ RY $) MOMD µ) 74,&#")*4.5 (#$#$*5 "#=:. (µ5N, 
MOMD: 0,40gr, ,"34.= $@9.60*"2$' 3"2$*4./0 #@$4/0: 56,30 mg/l,  µ69)?#: µ#"820: 106-250µm,  )$2*)"4.= 

745µ)*"#:: 3,35 mm,  pH: 2,  ?)"µ#.",$8,: 21oC) (!'9=: M.A. Al-Ghouti et al., 2007).

K3L@=µ8 3-15: Breakthrough .,µ(1+' ("#$"%&'$': *#@ RY $) MOMD µ) 74,&#")*4.5 µ)96?' µ#"820. (µ5N, 
MOMD: 0,40gr, ,"34.= $@9.60*"2$' 3"2$*4./0 #@$4/0: 56,30 mg/l,  )$2*)"4.= 745µ)*"#:: 3,35 mm,  "#=: 3,77 mL/

min , pH: 2,  ?)"µ#.",$8,: 21oC) (!'9=: M.A. Al-Ghouti et al., 2007).

?)&5+,4# 3 “A4,*#µ8*'>”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     28



K3L@=µ8 3-16: Breakthrough .,µ(1+' ("#$"%&'$': *#@ RY $) MOMD µ) 74,&#")*4.6: )$2*)"4.6: 74,µ6*"#@:. 
(µ5N, MOMD: 0,40gr, ,"34.= $@9.60*"2$' 3"2$*4./0 #@$4/0: 60,30 mg/l, µ69)?#: µ#"820: 106-250µm,  "#=: 3,77 

mL/min , pH: 2,  ?)"µ#.",$8,: 21oC) (!'9=: M.A. Al-Ghouti et al., 2007).

K3L@=µ8 3-17: Breakthrough .,µ(1+' ("#$"%&'$': *#@ MB .,4 *#@ RY $) MOMD 3"'$4µ#(#4/0*,: µ)95+' $*=+'. 
(µ5N, MOMD: 1,0gr, "#=: 3,77 mL/min, µ69)?#: µ#"820: 106-250µm,  pH: 2, ?)"µ#.",$8,: 21oC, )$2*)"4.= 

745µ)*"#:: 1,10 cm, ,"34.6: $@9.)0*"/$)4: 3"2$*4./0 #@$4/0: 46 .,4 51 mg/l 94, MB .,4 RY ,0*8$*#43, ) (!'9=: 
M.A. Al-Ghouti et al., 2007).

I4 Mohammad A. Al-Ghouti et al. (2004) µ)+6*'$,0 *'0 ("#$"%&'$' 4%0*20 Pb (II), Cd (II) .,4 

Zn (II) $) 74,*#µ4.= 9', (#@ *"#(#(#4=?'.) µ) #<)874, µ,99,08#@. !4# $@9.)."4µ60,, )<)*5$*'.)  
' )(87",$' *': ,"34.=: $@9.60*"2$': *20  4%0*20, *#@ "@?µ#1 "#=:, *#@ µ)96?#@: *20 
$2µ,*47820 *#@ ("#$"#&'*4.#1 @+4.#1 .,4 *': )$2*)"4.= 74,µ6*"#@ *': $*=+': $*' $@µ()"4&#"5 
*': ("#$"%&'$':. J, ,(#*)+6$µ,*, 67)4<,0 %*4 # *"#(#(#4'µ60#: µ) µ,99504# 74,*#µ8*': =*,0 
,(#7#*4.%: $*'0  ,(#µ5."@0$' *20  4%0*20 B,"620 µ)*5++20 ,(% @7,*4.5 74,+1µ,*, (Cd(II) > Zn

(II)aPb(II)).

K3L@=µ8 3-18: ;(4""#= *': "#=:  $*'0 ("#$"%&'$' µ%+@B7#@ $*'0 EY-74,*#µ4.= 9' (Breakthrough) (!'9=: 
Mohammad A. Al-Ghouti et al., 2004).
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K3L@=µ8 3-19: ;(4""#= *20 $@9.)0*"/$)20  $*'0 ("#$"%&'$' µ%+@B7#@ $*'0 EY-74,*#µ4.= 9' (Breakthrough) 
(!'9=: Mohammad A. Al-Ghouti et al., 2004).

K3L@=µ8 3-20: ;(4""#= *': µ5N,: *': EY-74,*#µ4.=: 9':  $*'0 ("#$"%&'$' µ%+@B7#@ (Breakthrough) (!'9=: 
Mohammad A. Al-Ghouti et al., 2004).

K3L@=µ8 3-21: ;(4""#= *': )$2*)"4.=: 74,µ6*"#@ *20 $*'+/0  $*'0 ("#$"%&'$' µ%+@B7#@ $*'0 EY-74,*#µ4.= 9' 
(Breakthrough) (!'9=: Mohammad A. Al-Ghouti et al., 2004).

K3L@=µ8 3-22: ;(4""#= *#@ µ)96?#@: $2µ,*47820 *#@ EY-74,*#µ8*'  $*'0 ("#$"%&'$' µ%+@B7#@ (Breakthrough) 
(!'9=: Mohammad A. Al-Ghouti et al., 2004).

K3L@=µ8 3-23: Breakthrough .,µ(1+): ("#$"%&'$': *#@ Cd (LL) .,4 *#@ ZN (LL) $) EY-74,*#µ4.= 9' (!'9=: 
Mohammad A. Al-Ghouti et al., 2004).
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I Ahmet Erdal Osmanlioglu (2007) (,"#@$8,$) µ4, µ)+6*' $.#(%:  *': #(#8,: =*,0 0, )<)*,$*)8 

' &@$4.= 74,*#µ4.= 9'  2: )0,++,.*4.% @+4.% 94, *'0  ,(#µ5."@0$' *': ",74)06"9)4,: ,(% *, @9"5 
,(%B+'*,. E)*5 *'0 )()<)"9,$8, *20 @9"/0 ,(#B+=*20  µ) *#0  74,*#µ8*', ' ",74)06"9)4, 
µ)4/?'.) ,(% ,"34.5 2,60 Bq/ml $) +49%*)"# ,(% 0,40 Bq/ml.

K3L@=µ8 3-24: Breakthrough .,µ(1+' ,(#µ5."@0$': ",74)06"9)4,: µ6$2 ("#$"%&'$': $) 74,*#µ4.= 9' (!'9=: 
Ahmet Erdal Osmanlioglu, 2007).

I4 Majeda A.M. Khraisheh et al (2004) µ)+6*'$,0 *'0 ,(#.,*5$*,$' ,(%B+'*#@ 17,*#:, (#@ 

()"463)4 B,"6, µ6*,++,, 3"'$4µ#(#4/0*,: ,.,*6"9,$*# .,4 *"#(#(#4'µ60# µ) #<)874, *#@ 
µ,99,08#@ 74,*#µ8*'. I4 µ)+6*): 4$#""#(8,: .,*67)4<,0  %*4 ' *"#(#(#4'µ60' 74,*#µ4.= 9' 63)4 
@F'+%*)"' 4.,0%*'*, ,(#µ5."@0$': *20  Pb2 +, Cu2 +.,4 Cd2 + ,(% *# @7,*4.% 745+@µ, $) $36$' µ) 
*' µ' )()<)"9,$µ60' 74,*#µ4.= 9'. 

K3L@=µ8 3-25: L$%?)"µ' ("#$"%&'$': *20 4%0*20 Pb2+ $) 74,*#µ8*' .,4 Mn-74,*#µ8*'. (E5N,: 0.050 g, W9.#: 
74,+1µ,*#:: 50 ml, T: 23 °C, S"%0#: 4$#""#(8,:: 21 h, pH(,"34.%): 4) (!'9=: Majeda A.M. Khraisheh et al., 2004).

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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K3L@=µ8 3-26: L$%?)"µ' ("#$"%&'$': *20 4%*20 Cu2+ $) 74,*#µ8*' .,4 Mn-74,*#µ8*'. (E5N,: 0.050 g, W9.#: 
74,+1µ,*#:: 50 ml, T: 23 °C, S"%0#: 4$#""#(8,:: 21 h, pH(,"34.%): 4) (!'9=: Majeda A.M. Khraisheh et al., 2004).

K3L@=µ8 3-27: L$%?)"µ' ("#$"%&'$': *20 4%*20 Cd2+ $) 74,*#µ8*' .,4 Mn-74,*#µ8*'. (E5N,: 0.050 g, W9.#: 
74,+1µ,*#:: 50 ml, T: 23 °C, S"%0#: 4$#""#(8,:: 21 h, pH(,"34.%):4) (!'9=: Majeda A.M. Khraisheh et al., 2004).

!:78F8G 3-4: M*,?)"6: 4$%?)"µ': Langmuir 94, *'0 ("#$"%&'$' Pb2+, Cu2+ and Cd2+ $) 74,*#µ8*' .,4 Mn-
74,*#µ8*' (!'9=: Majeda A.M. Khraisheh et al., 2004).

I4 Q. Al-Qodah et al. (2007) µ)+6*'$,0 *'0 ("#$"%&'$' *#@ .@,0#1 *#@ µ)?@+)08#@ $) %<40' .,4 

?)"µ4.5 )()<)"9,$µ60' 74,*#µ4.= 9'. J, ,(#*)+6$µ,*, ("#$,"µ%$*'.,0 $) 74,&#")*4.6: 
4$%?)"µ): ("#$"%&'$': .,4 ,(#7)83?'.) %*4 ' 4$%?)"µ' Langmuir ("#$#µ#45N)4 .,+1*)", *, 
()4",µ,*4.5 7)7#µ60,. G µ694$*' 4.,0%*'*, ("#$"%&'$': @(#+#98$*'.) $) 126,6 mg/g $*#@: 
30#C .,4 ,@<50)*,4 )+,&"/: µ) *'0 ,1<'$' *': ?)"µ#.",$8,:. J6+#:, 74,(4$*/?'.) %*4 *# 
.40'*4.% µ#0*6+# F)@7#-("/*': *5<': ()"49"5&)4 .,+1*)", *'0 .40'*4.= *': ("#$"%&'$': *#@ 

.@,0#1 *#@ µ)?@+)08#@ $*'0 74,*#µ4.= 9'. 

?)&5+,4# 3 “A4,*#µ8*'>”
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K3L@=µ8 3-28: L$%?)"µ' ("#$"%&'$': *#@ .@,0#1 *#@ µ)?@+)08#@ $) &@$4.% 74,*#µ8*', ?)"µ4.5 *"#(#(#4'µ60# 
74,*#µ8*', .,?/: .,4 %<40' .,4 ?)"µ4.5 *"#(#(#4'µ60' 74,*#µ4.= 9' $*#@: 30#C (!'9=: Q. Al-Qodah et al., 2007).

K3L@=µ8 3-29: L$%?)"µ' ("#$"%&'$': *#@ .@,0#1 *#@ µ)?@+)08#@ $) %<40' .,4 ?)"µ4.5 *"#(#(#4'µ60' 74,*#µ4.= 
9' $) *")4: 74,&#")*4.6: ?)"µ#.",$8): (!'9=: Q. Al-Qodah et al., 2007).

K3L@=µ8 3-30: L$%?)"µ' ("#$"%&'$': *#@ .@,0#1 *#@ µ)?@+)08#@ $) %<40' .,4 ?)"µ4.5 *"#(#(#4'µ60' 74,*#µ4.= 
9' µ) 74,&#")*4.6: ,"34.6: $@9.)0*"/$)4: .@,0#1 *#@ µ)?@+)08#@ (b)"µ#.",$8,: 30#C, *,31*'*, ,057)@$':: 300$"/

+)(*%) (!'9=: Q. Al-Qodah et al., 2007).

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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I4 M.A.M. Khraisheh et al. (2005) µ)+6*'$,0 *'0 ,(#µ5."@0$' *#@ .@,0#1 *#@ µ)?@+)08#@, *#@ 

)0)"9#1 µ,1"#@ (reactive black) (C-NN) .,4 )0)"9#1 .8*"40#@ (reactive yellow) (MI-2RN) ,(% 
@7,*4.% 745+@µ, µ) *' B#=?)4, ,.,*6"9,$*#@ .,4 ,(#*)&"2µ60#@ 74,*#µ8*' $*#@: 980#C. J, 
,(#*)+6$µ,*, *': µ)+6*': 67)4<,0  %*4 µ) *'0 ?)"µ4.= )()<)"9,$8, *#@ 74,*#µ8*' $*#@: 980#C 
(,"#@$45$*'.) ,0)(,".=: 4.,0%*'*, ("#$"%&'$': *20 3"2$*4./0. E)*5 *'0 (1"2$' $*#@: 
980#C (,",*'"=?'.) $'µ,0*4.= ,++,9= $*4: 474%*'*): *': )(4&50)4,: .,4 *#@ µ4."#(#"/7#@: *#@ 

74,*#µ8*'. I %9.#: *20 µ4."#(%"20 µ'7)08$*'.), )0/ (,",*'"=?'.) µ)95+' µ)82$' *': )474.=: 
)(4&50)4,:.

!:78F8G 3-5: !"#$"#&'*4.6: 4.,0%*'*): *#@ &@$4.#1 .,4 ,(#*)&"2µ60#@ 74,*#µ8*' $*'0 ("#$"%&'$' ER, RB .,4 
RY, $1µ&20, µ) *'0 )<8$2$' Freundlich, 94, ,"34.= $@9.60*"2$' 4$#""#(8,: Co = 100mg/dm3 (!'9=: M.A.M. 

Khraisheh et al., 2005).

K3L@=µ8 3-31: L$%?)"µ): ("#$"%&'$': *20 MB, RB .,4 RY µ) 3"=$' ,(#*)&"2µ60# 74,*#µ8*' (µ5N, 74,*#µ8*': 
0,05g, %9.#: 74,+1µ,*#:: 50cm3, 3"%0#: 4$#""#(8,:: 48hr .,4 *,31*'*, ,057)@$':: 125rpm)  (!'9=: M.A.M. 

Khraisheh et al., 2005).

!:78F8G 3-6: ;474.= )(4&50)4, &@$4.#1 .,4 ,(#*)&"2µ60#@ 74,*#µ8*' (!'9=: M.A.M. Khraisheh et al., 2005).

!:78F8G 3-7: >,*,0#µ= (%"20 &@$4.#1 .,4 ,(#*)&"2µ60#@ 74,*#µ8*' (!'9=: M.A.M. Khraisheh et al., 2005).
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I4 Emin Erdem et al. (2005) µ)+6*'$,0 *'0  ("#$"%&'$' µ)"4./0 @&,0*4./0 3"2$*4./0 #@$4/0 

$) 74,*#µ4.= 9', 3"'$4µ#(#4/0*,: Sıf Blau BRF (SB), Everzol Brill Red 3BS (EBR), .,4 *# INT 
Yellow 5GF (IY). !4# $@9.)."4µ60,, )")@0=?'.) ' )(87",$' *#@ µ)96?#@: *20 $2µ,*47820 *': 
74,*#µ4.=: 9':, *20 ,"34./0  $@9.)0*"/$)20 *20 3"2$*4./0 #@$4/0, *#@ 3"%0#@ ("#$"%&'$': 
.,4 *': 7%$': *#@ ("#$"#&'*4.#1 @+4.#1. J, ,(#*)+6$µ,*, 7)830#@0  %*4 ' &@$4.= 74,*#µ4.= 9' 
63)4 @F'+= 4.,0%*'*, ,(#µ5."@0$': @&,0*4./0 3"2$*4./0 #@$4/0 ,(% @7,*4.% 745+@µ,.

K3L@=µ8 3-32: ;<5"*'$' *': ("#$"%&'$': *': 3"2$*4.=: SB ,(% *' µ5N, ("#$"#&'*4.#1 @+4.#1 (M@9.60*"2$' 
SB: 100 mg/L, µ69)?#: $2µ,*47820 74,*#µ4.=: 9':: 300 µm, V: 50 mL., t: 10min, J: 30oC) (!'9=: Emin Erdem et al., 

2005).

K3L@=µ8 3-33: ;<5"*'$' *': ("#$"%&'$': *': 3"2$*4.=: SB $) 74,*#µ4.= 9': ,(% *'0 ,"34.= $@9.60*"2$' *': 
#@$8,: (µ5N, ("#$"#&'*4.#1: 5g, µ69)?#: $2µ,*47820 74,*#µ4.=: 9':: 63 µm, V: 50 mL., t: 10min, J: 30oC) (!'9=: 

Emin Erdem et al., 2005).

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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K3L@=µ8 3-34: ;<5"*'$' *': ("#$"%&'$': *': 3"2$*4.=: SB ,(% *# µ69)?#: $2µ,*47820 74,*#µ4.=: 9': 
(M@9.60*"2$' Sb: 100mg/L, µ5N, ("#$"#&'*4.#1: 5g, V: 50 mL., t: 10min, J: 30oC) (!'9=: Emin Erdem et al., 2005).

K3L@=µ8 3-35: ;<5"*'$' *': ("#$"%&'$': *': 3"2$*4.=: SB $) 74,*#µ4.= 9': ,(% *# 3"%0# (M@9.60*"2$' Sb: 
10mg/L, µ5N, ("#$"#&'*4.#1: 5g, µ69)?#: $2µ,*47820 74,*#µ4.=: 9':: 63 µm, V: 50 mL., J: 30oC) (!'9=: Emin 

Erdem et al., 2005).

I4 K. Al-Degs et al. (2001) µ)+6*'$,0 *'0 (4?,0= 3"=$' &@$4.=: .,4 *"#(#(#4'µ60': µ) #<)874, 

µ,99,08#@ 74,*#µ4.=: 9': 2: ("#$"#&'*4.% @+4.% 94, 4%0*, Pb (II). J, ,(#*)+6$µ,*, 67)4<,0 %*4 
*# *"#(#(#4'µ60# ("#$"#&'*4.% @+4.% (.,+#1µ)0# 2: Mn-74,*#µ8*':) )µ&504$) @F'+%*)"' *5$' 
94, ("#$"%&'$' 4%0*20 µ%+@B7#@ $) 745+@µ, µ) pH 4. 

!:78F8G 3-8: !)4",µ,*4.6: $@0?=.): 74)<,929=: batch ()4",µ5*20 (!'9=: K. Al-Degs et al., 2001).

?)&5+,4# 3 “A4,*#µ8*'>”
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K3L@=µ8 3-36: >,µ(1+): 4$%?)"µ': ("#$"%&'$': 94, *, 4%0*, µ%+@B7#@ $) &@$4.= .,4 EY-74,*#µ4.= 9' (!'9=: K. 
Al-Degs et al., 2001).

I4 Jinlu Wu et  al. (2005) µ)+6*'$,0 *' 7@0,*%*'*, 3"=$': ,.,*6"9,$*': .,4 *"#(#(#4'µ60': 

74,*#µ4.=: 9': 94, $*'0 )()<)"9,$8, 7)@*)"#B5?µ420  +@µ5*20  (secondary sewage effluents-SSE). 
G ,.,*6"9,$*' 74,*#µ4.= 9' µ) 3#"=9'$' 7%$': 300 mg/l )µ&504$) (,"%µ#4, 7@0,*%*'*, µ) *#0 
)0)"9% 50?",., $*'0 ,&,8")$' *20 ()"4$$%*)"20 #"9,04./0 "1(20 .,4 *#<4./0 µ)*5++20  ,(% 
SSE. G ,(%7#$= *': B"6?'.) µ)42µ60' $*'0 ,&,8")$' *#@ ,"$)04.#1 .,4 *20 ?")(*4./0 
$@$*,*4./0 ((.3. ,µµ204,.% 5N2*# .,4 &2$&#"4.% 5+,:) .,4 (,"6µ)40) µ' 4.,0#(#4'*4.= ,.%µ, 

.,4 %*,0 ,@<=?'.) ' 3#"=9'$' 7%$': $*, 500 mg/l. W(#@ ' *"#(#(#4'µ60' 74,*#µ4.= 9' 
3"'$4µ#(#4=?'.) ,0*8 *': ,.,*6"9,$*':, ' ,(#7#*4.%*'*, ,(#µ5."@0$': 94, %+, *, $@$*,*4.5-
$*%3#@: B)+*4/?'.) .,*5 20-50%. A4, 3#"=9'$' 7%$': 150 mg/l, ' *"#(#(#4'µ60' 74,*#µ4.= 9' 
)83) (#+1 .,+5 ,(#*)+6$µ,*, $*, µ)*-)()<)"9,$µ60, +1µ,*,, µ) *, )(8()7, %+20 *20 
$@$*,*4./0-$*%320  .5*2 ,(% *, 0#µ#?)*4.5 %"4,. G *"#(#(#4'µ60' 74,*#µ4.= 9' ,(#*)+)8*,4 ,(% 

,.,*6"9,$*' 74,*#µ4.= 9' 60%, ,$B6$*' 30% .,4 ?)44.% 5+,: ,"94+8#@ 10%. 

K3L@=µ8 3-37: D(#7#*4.%*'*, ,&,8")$': SSE ,(% ,.,*6"9,$*# 74,*#µ8*' 2: $@05"*'$' *#@ 3"%0#@ ,057)@$':, 
(7%$' ("#$"#&'*4.#1:150mg/l, *,31*'*, ,057)@$':: 400()"4$*"#&./min) (!'9=: Jinlu Wu et al., 2005).

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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K3L@=µ8 3-38: D(#7#*4.%*'*, ,&,8")$': SSE 2: $@05"*'$' *': 7%$': ,.,*6"9,$*': 74,*#µ4.=: 9':, (3"%0#: 
,057)@$':: 25min) (!'9=: Jinlu Wu et al., 2005).

K3L@=µ8 3-39: D(#7#*4.%*'*, ,&,8")$': SSE ,(% ,.,*6"9,$*' 74,*#µ4.= 9' .,4 PAC (.#04#(#4'µ60#: )0)"9%: 
50?",.,:), (7%$' 3#"=9'$': PAC: 300mg/l) (!'9=: Jinlu Wu et al., 2005).

K3L@=µ8 3-40: M19."4$': *': ,(#7#*4.%*'*,: ,&,8")$': SSE ,(% ,.,*6"9,$*o 74,*#µ8*' µ) 7%$' 3#"=9'$':  300 
mg/l µ)*,<1 *#@ CFS .,4 *#@ BRS (!'9=: Jinlu Wu et al., 2005).

?)&5+,4# 3 “A4,*#µ8*'>”
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!:78F8G 3-9: M@9.)0*"/$)4: *20 $@$*,*4./0 $*%320 .,4 *#@ pH µ)*5 ,(% *'0 )()<)"9,$8, µ) 7%$' 3#"=9'$':  300 
mg/l (!'9=: Al-Degs et al., 2001).

I4 W.T. Tsai et  al. (2005) µ)+6*'$,0 *'0  ,(#µ5."@0$' N4N,04#.*%0#@ ,(% @7,*4.% 745+@µ, µ) 

("#$"%&'$' $) 3"'$4µ#(#4'µ60' .,4 )()<)"9,$µ60' 74,*#µ4.= 9'. A4, *# +%9# ,@*% 74,*#µ4.= 9' 
,(% N@?#(#4)8# )0)"9#(#4=?'.) 7#.4µ,$*4.5 ,(% @7"#<)874# *#@ 0,*"8#@ $) ?)"µ#.",$8, 100#C. 
J, ,(#*)+6$µ,*, 67)4<,0 %*4 ' .40'*4.= *': ("#$"%&'$': ?, µ(#"#1$) 0, ()"49",&)8 .,+5 ,(% 
*# .40'*4.% µ#0*6+# F)@7#-7)1*)"': *5<': .,4 %*4 *# µ#0*6+# Freundlich ("#$#µ#45N)4 .,+1*)", 
*, ()4"5µ,*, 7)7#µ60,.

K3L@=µ8 3-41: ;(87",$' *#@ 3"%0#@ .,4 *': ?)"µ#.",$8,: $*'0 ("#$"%&'$': N4N,04#.*%0#@ $) *"#(#(#4'µ60' 
74,*#µ4.= 9',(7%$' 74,*#µ8*' 1g/2L, *,31*'*, ,057)@$':: 400()"4$*"#&./min) (!'9=: W.T. Tsai et al., 2005).

K3L@=µ8 3-42: ;(87",$' *#@ pH $*'0 ("#$"%&'$' N4N,04#.*%0#@ $) *"#(#(#4'µ60' 74,*#µ4.= 9', (7%$' 74,*#µ8*' 
1g/2L, *,31*'*, ,057)@$':: 400()"4$*"#&./min, ?)"µ#.",$8,:25#C) (!'9=: W.T. Tsai et al., 2005).

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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 I4 Wen-Tien Tsai et al. (2006) µ)+6*'$,0 *'0 ("#$"%&'$' 74$&,40%+'-A $) *6$$)", 

µ)*,++)1µ,*, (,07)$8*':, 74,*#µ4.= 9', 74#<)874# *#@ *4*,08#@, )0)"9= +)@.,0*4.= 9'), .,?/: .,4 
$) 71# )87' )0)"9#1 50?",.,. E) B5$' *, ,(#*)+6$µ,*,, #4 4.,0%*'*): ("#$"%&'$': *20 
)0)"9/0 ,0?"5.20 )80,4 $'µ,0*4.5 µ)9,+1*)"): ,(% ).)80): *20 #"@.*/0 ("#$"#&'*4./0.

!:78F8G 3-10: !"#$"%&'$' *': bisphenol-A $*, µ)*,++)1µ,*, .,4 $*#@: )0)"9#1: 50?",.):, (7%$' ("#$"#&'*4.#1: 
0,5g/ 2 dm, $@9.60*"2$' 74$&,40%+':: 20g/ dm, *,31*'*, ()"4$*"#&=:: 400rpm, pH: 7, ?)"µ#.",$8,: 25#C) (!'9=: 

Wen-Tien Tsai et al., 2006).

J6+#:, (",9µ,*#(#4=?'.,0  ()4"5µ,*, 94, *#0 ("#$74#"4$µ% *': )(87",$': *': $@9.60*"2$': *#@ 

"1(#@, *#@ pH, *': 7%$': .,4 *#@ µ)96?#@: *20 $2µ,*47820 *#@ ("#$"#&'*4.#1 @+4.#1 $*'0 
("#$"%&'$'. 

!:78F8G 3-11: ;(87",$' *': $@9.60*"2$': "1(#@ $*'0 ("#$"%&'$' bisphenol-A $*, µ)*,++)1µ,*, .,4 $*#@: 
)0)"9#1: 50?",.):. (7%$' ("#$"#&'*4.#1: 0.5g/ 2.0 dm,  *,31*'*, ()"4$*"#&=:: 400rpm, pH: 7, ?)"µ#.",$8,: 25#C 

.,4 µ69)?#: $2µ,*47820 ("#$"#&'*= c 0.074mm) (!'9=: Wen-Tien Tsai et al., 2006).

!:78F8G 3-12: ;(87",$' *#@ pH $*'0 ("#$"%&'$' bisphenol-A $*#@: )0)"9#1: 50?",.):. (7%$' ("#$"#&'*4.#1: 
0.5g/ 2.0 dm, *,31*'*, ()"4$*"#&=:: 400rpm, $@9.60*"2$' "1(#@: 60µg/dm, ?)"µ#.",$8,: 25#C, µ69)?#: 

$2µ,*47820 ("#$"#&'*= c 0.074mm) (!'9=: Wen-Tien Tsai et al., 2006).

!:78F8G 3-13: ;(87",$' *': 7%$': *#@ ("#$"#&'*4.#1 @+4.#1 $*'0 ("#$"%&'$' bisphenol-A $*#@: )0)"9#1: 
50?",.):. (pH: 7, *,31*'*, ()"4$*"#&=:: 400rpm, $@9.60*"2$' "1(#@: 60µg/dm, ' ?)"µ#.",$8,: 25#C, µ69)?#: 

$2µ,*47820 ("#$"#&'*= c 0.074mm) (!'9=: Wen-Tien Tsai et al., 2006).

?)&5+,4# 3 “A4,*#µ8*'>”
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!:78F8G 3-14: ;(87",$' *#@ µ)96?#@: *20 $2µ,*47820 *#@ ("#$"#&'*4.#1 @+4.#1 $*'0 ("#$"%&'$' bisphenol-A 
$*#@: )0)"9#1: 50?",.):. (pH: 7, *,31*'*, ()"4$*"#&=:: 400rpm, $@9.60*"2$' "1(#@: 60µg/dm, 7%$' 

("#$"#&'*4.#1: 0.5g/ 2.0 dm, ' ?)"µ#.",$8,: 25#C) (!'9=: Wen-Tien Tsai et al., 2006).

I4 Mohammad A. Al-Ghouti et al. (2009) µ)+6*'$,0 *'0 )(87",$' *': ,"34.=: $@9.60*"2$':, *#@ 

µ)96?#@: *20  $2µ,*47820, *': µ5N,: *#@ ("#$"#&'*4.#1, *#@ pH .,4 *': *,31*'*,: ,057)@$': 
$*'0  ("#$"%&'$' *#@ .@,0#1 *#@ µ)?@+)08#@ (MB) $) 74,*#µ4.= 9' .,4 .,*6+'<,0 $*, )<=: 
$@µ()"5$µ,*,:

• G µ694$*' 32"'*4.%*'*, ("#$"%&'$':, q, ,@<=?'.) ,(% 75 $) 105 mg/g, %*,0 *# pH *#@ 
74,+1µ,*#: *': 3"2$*4.=: ,@<=?'.) ,(% 4 $) 11. 
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$2µ,*47820 *': 74,*#µ4.=: 9': %*,0 ' .,*,0#µ= µ)96?#@: $2µ,*47820 )80,4 µ4."%*)"# ,(% 
250-500 µm. ;0/, $) µ)96?' $2µ,*47820 µ)9,+1*)", ,(% 250-500 µm, ' µ694$*' 4.,0%*'*, 

("#$"%&'$': )<,"*5*,4 ,(% *# µ69)?#: *20 $2µ,*47820. 

• G )(87",$' *': *,31*'*,: ,057)@$': $*'0 ("#$"%&'$' MB ,(% @7,*4.% 745+@µ, $) 74,*#µ4.= 
9' )80,4 ,".)*5 3,µ'+=. 

• G ,(#µ5."@0$' MB ,@<=?'.) ,(% 43 $) 100%, %*,0 ' µ5N, *#@ 74,*#µ8*' ,@<=?'.) 0,3 62: 
1,7 g.
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K3L@=µ8 3-43: ;(87",$' *#@ pH $*'0 ("#$"%&'$' MB $) 74,*#µ4.= 9', (7%$' 74,*#µ8*': 1g, $@9.60*"2$' ER: 
100mg/dm3, *,31*'*, ,057)@$':: 300 ()"4$*"#&./min, ?)"µ#.",$8,: 22#C, µ69)?#: $2µ,*47820: 106-250µm) (!'9=: 

Al-Ghouti et al., 2009).

K3L@=µ8 3-44: ;(87",$' *#@ µ)96?#@: *20 $2µ,*47820 *': 74,*#µ4.=: 9': $*'0 ("#$"%&'$' MB, (7%$' 74,*#µ8*': 
1.7g, pH 74,+1µ,*#:: 11, %9.#: 74,+1µ,*#:: 1.7 dm3, ?)"µ#.",$8,: 21#C, $@9.60*"2$' ER: 100mg/dm3, *,31*'*, 

,057)@$':: 300 ()"4$*"#&./min) (!'9=: Al-Ghouti et al., 2009).

K3L@=µ8 3-45: ;(87",$' *': µ5N,: *#@ ("#$"#&'*4.#1 @+4.#1 $*'0 ("#$"%&'$' MB, (µ69)?#: $2µ,*47820: 
106-250µm, pH 74,+1µ,*#:: 11, %9.#: 74,+1µ,*#:: 1.7 dm3, $@9.60*"2$' ER: 100mg/dm3, *,31*'*, ,057)@$':: 300 

()"4$*"#&./min) (!'9=: Al-Ghouti et al., 2009).

I4 M. _ljivic et al. (2009) µ)+6*'$,0 *'0 ("#$"%&'$' 4%0*20 Cu2+ $) N)%+4?#, ('+% .,4 74,*#µ8*' 

,(% *' M)"B8,. J, ("#$"#&'*4.5 @+4.5 3,",.*'"8$*'.,0 $) $36$' µ) *' $10?)$', *'0 )474.= 
)(4&50)4, .,4 *# $'µ)8# µ'7)04.#1 &#"*8#@. E) *, ()4"5µ,*, ("#$"%&'$': 74,(4$*/?'.) µ4, 
,1<'$' *': ,(#µ5."@0$': *20 4%0*20 Cu2+ µ) *'0  ,1<'$' *#@ ,"34.#1 pH *#@ 74,+1µ,*#:, 
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Fig. 3. The effect of pH of MB solution on the removal of MB from aqueous solu-
tion by diatomite. Experimental conditions: Initial MB concentration: 100 mg/dm3,
mass of diatomite: 1.0 g, particle size: 106–250 !m, agitation speed: 300 rpm, and
temperature: 22 ◦C.

intervals over 360 min and put it in different cuvettes for settling.
Different time intervals were chosen: 0, 5, 10, 15, 20, 25, 30, 60,
90, 120, 150, 180, 240, 300 and 360 min. This small sample volume
ensures that the volume of MB solution remains constant through-
out the experiment. The final MB concentrations were determined
using a PerkinElmer UV–vis spectrophotometer corresponding to
!max of MB dye. The amount of MB adsorbed, qt, at time t was
calculated from the following equation,

qt = (C0 − Ct)V
m

(7)

where C0 (mg/dm3) is the initial MB concentration, Ct (mg/dm3) is
the concentration of MB at time, t (min), V (dm3) is the volume of
MB solution and m is the mass of adsorbent.

The effect of initial MB concentration, particle size, pH, mass
of adsorbent on MB adsorption was studied and the experimen-
tal conditions are illustrated in Table 1. After the equilibrium time
of 360 min, the absorbance of MB in the equilibrium solution was
determined.

3. Results and discussion

3.1. Effect of pH

The concentration of hydrogen and hydroxyl ions affects the
adsorption process through the dissociation of functional groups
on the diatomite surface. The effect of solution pH on MB adsorp-
tion onto diatomite was studied and the results are illustrated in
Fig. 3. It indicates that the adsorption rate of MB adsorption onto
diatomite is very fast at the early stages (0–5 min) and then slows
down gradually.

It seems from Fig. 3 that the adsorption capacity of MB onto
diatomite increased with the increase in pH. The maximum adsorp-
tion capacity, q, increased from 75 to 105 mg/g when pH of the dye
solution increased from 4 to 11. It was shown that the zero point
of charge, pHZPC, of the diatomite was 5.4 [2]. Thus, it is clear that
the ionisable charge sites on the diatomite surface increased when
pH increased from 4 to 11. When the solution pH was above the
pHZPC, the diatomite surface had a negative charge, while at low
pH (pH < 5.4) it has a positive charge. Hence, when the pH of MB
solution increased, the association of MB molecules increased as
described in Eqs. (8) and (9),

(8)

(9)

From Fig. 3, it can be seen that the shape of qt versus time plots
of MB adsorption onto diatomite at pH 4 and 7.4 are quite similar in
comparison to that at pH 11. This might be due to the high negative
surface charge density on the diatomite surface at pH 11. Al-Ghouti
et al. [2] reported that the surface charge density of the diatomite at
pH 4, 7.4 and 11 were +0.136, −0.06 and < −0.22 C/m2, respectively.

3.2. Effect of initial MB concentration

Several experiments were carried out to determine the effect
of initial MB concentration on the MB removal kinetics from aque-
ous solution. However, initial concentration provides an important
driving force to overcome all the mass transfer resistance of MB
between the aqueous solution and the diatomite surface. As a result,
high initial MB concentration will enhance the adsorption process
[5]. Adsorption kinetic studies were measured as a function of initial
dye concentration and the results are illustrated in Fig. 4. Here, the
fraction of MB in the solution was defined as the ratio of MB concen-
tration in the solution at time t, Ct, to the initial MB concentration,
C0. The adsorption capacity increased from 88.6 to 143.3 mg/g as the
initial MB concentrations increased from 89.6 to 225.2 mg/dm3.

Fig. 4 indicates that the adsorption of MB was very fast in the
first few minutes (0–5 min). It is found that the time required to
reach the adsorption equilibrium between the diatomite and MB
solution was less than 45 min. The dye concentration decreased in
the first contact of the diatomite with MB, where the concentra-
tion of MB decreased to 16, 34, 45 and 49% from the initial dye
concentration in the first five minutes when the MB concentration
was 89.6, 149.6, 211.98 and 255.21 mg/dm3, respectively (see Fig. 4).
Steep slope curves of MB adsorption onto diatomite indicate instan-
taneous adsorption which may be due to effects of surface acidic
functional groups (silanol groups Si–OH) found on the diatomite
surface. Therefore, the adsorption of MB is thought to have taken
place probably via surface adsorption until the surface functional
sites are fully occupied, thereafter, MB molecules diffuse into the
pores of the diatomite for further adsorption. The same behaviour
was observed by Mohan and Singh [10].

Due to the porosity of the diatomite, intraparticle diffusion was
expected in the adsorption process. This was examined by plotting
MB uptake, qt, against the square root of time, t0.5, as shown in
Fig. 5. It is clear that the curves in Figs. 4 and 5 represent three dis-
tinct phases: (i) instantaneous adsorption of MB molecules within
5 min of the contact times, (ii) a gradual attainment of the equi-
librium where only about 2–8% of the adsorption is encountered.
This is due to the utilisation of the all active sites on the adsorbent

Fig. 4. The effect initial dye concentrations on MB adsorption onto diatomite.
Experimental conditions: mass of diatomite: 1.7 g, volume of dye solution: 1.7 dm3,
particle size: 250–500 !m, agitation speed: 300 rpm, pH: 11, and temperature: 22 ◦C
((i) instantaneous adsorption of MB molecules within 5 min of the contact times, (ii)
a gradual attainment of the equilibrium where only about 2–8% of the adsorption is
encountered, and (iii) an equilibrium attainment of MB molecules onto diatomite).

594 M.A. Al-Ghouti et al. / Journal of Hazardous Materials 165 (2009) 589–598

Ta
bl

e
2

In
tr

ap
ar

ti
cl

e,
ex

te
rn

al
di

ff
us

io
n,

ps
eu

do
-fi

rs
ta

nd
-s

ec
on

d
or

de
r

ki
ne

ti
c

pa
ra

m
et

er
s

of
M

B
ad

so
rp

ti
on

on
to

di
at

om
it

e
at

va
ri

ou
s

in
it

ia
lM

B
co

nc
en

tr
at

io
ns

.

Co
nc

.(
m

g/
dm

3
)

Ps
eu

do
-fi

rs
to

rd
er

Ps
eu

do
-s

ec
on

d
or

de
r

In
tr

ap
ar

ti
cl

e
di

ff
us

io
n

Ex
te

rn
al

di
ff

us
io

n
In

tr
ap

ar
ti

cl
e

di
ff

us
io

n

q e
,e

xp
(m

g/
g)

q e
,c

al
(m

g/
g)

k 1
(1

/m
in

)
q e

,c
al

(m
g/

g)
k 2

(g
/m

g
m

in
)

h
(m

g/
g

m
in

)
k p

(m
g/

g
m

in
1/

2
)

x i
k f

(m
/m

in
)

k′
(1

/m
in

)
D

(c
m

2
/s

)
R2

89
.6

0
89

.4
5

14
.9

8
0.

00
97

89
.2

9
0.

00
39

31
.0

9
2.

24
70

.2
2

0.
03

8
0.

15
96

9.
45

×
10

−
8

0.
88

98
14

9.
6

14
1.

9
47

.3
4

0.
00

23
11

4.
9

0.
00

38
50

.5
1

2.
51

95
.1

4
0.

02
1

0.
09

11
5.

41
×

10
−

8
0.

86
27

21
2.

0
18

5.
7

81
.2

8
0.

00
16

12
8.

2
0.

00
34

55
.8

7
1.

30
11

4.
9

0.
01

7
0.

05
43

3.
22

×
10

−
8

0.
73

94
25

5.
2

19
0.

1
72

.1
1

0.
00

18
14

2.
9

0.
00

32
65

.3
1

1.
87

12
5.

1
0.

01
4

0.
06

98
4.

14
×

10
−

8
0.

77
31

Fig. 9. Effect of diatomite particle size on MB adsorption. Experimental conditions:
mass of diatomite: 1.7 g, pH of solution: 11.0, volume of solution: 1.7 dm3, tempera-
ture: 21 ◦C, agitation speed: 300 rpm, and initial dye concentration: 100 mg/dm3.

not the only rate-limiting step in MB adsorption onto diatomite.
Thus, the intraparticle diffusion may have a little effect on MB
adsorption onto diatomite. Moreover, the film diffusion coefficient
is relatively more important than pore diffusion in MB adsorption. It
is shown in Table 2 that the values of external diffusion coefficient,
kf, decrease by increasing initial dye concentration. Khraisheh et al.
[15] reported the effect of surface area and pore distribution on MB
adsorption onto diatomite. They showed that mesopores are domi-
nant of the total pore volume for diatomite and calcined diatomite.
The contribution of macropores in adsorption is less than 1% of the
total surface area. The mesopores have the most influence in the
adsorption of organic solutes, which enables their surfaces to be
accessible to solute molecules.

The rate coefficient of the pseudo-second order kinetic model
decreased from 3.9 × 10−3 to 3.2 × 10−3 mg/g min when the initial
MB concentration increased from 89.6 to 255.2 mg/dm3. The kinetic
parameters of MB adsorption onto diatomite were calculated from
the slope and the intercept of the linearised form of the pseudo-
second order equation. It seems from Table 2 that the values of
h increase with the increase in the initial MB concentration. The
value of h increased from 31.09 to 65.31 mg/g min. This behaviour
was observed by various authors [16,17]. This could be attributed
to many factors; increasing the dye concentration might reduce
the diffusion of dye molecules in the boundary layer and enhance
the diffusion in the solid. Chu [17] also explained this behavior in
terms of the degree of adsorbate loading on the adsorbent. At low
initial concentration, the adsorbate will bind preferentially to high-
energy sites because they are usually taken up by the adsorbent
first and then sites of lower energy are progressively filled as the
adsorbate loading is increased. Therefore, the higher value of rate
parameter of pseudo-second order is to be expected. On the other
hand, high initial dye concentration will yield a lower value of rate
parameter. Moreover, increasing the MB concentration seems to
decrease an electrostatic interaction of the site with lower affinity
for MB molecules. It seems that the value of adsorption capacity,
qe, increased with an increased of initial dye concentration. This is
due to the efficient utilisation of the adsorptive capacities of the
diatomite by the greater driving force by a higher concentration
gradient.

3.3. Effect of particle size

To illustrate the effect of the diatomite particle size on MB
adsorption, three ranges of the particle size distribution, <106,
106–250 and 250–500 !m, were used and the results are shown
in Fig. 9. It can be seen from Fig. 9 that the maximum uptake capac-
ity seems to be independent of the particle size of the diatomite
when the particle size distribution is less than 250–500 !m. While
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Fig. 11. Effect of mass of diatomite on MB adsorption. Experimental conditions:
particle size 106–250 !m, pH of solution: 11.0, volume of solution: 1.7 dm3, agitation
speed: 300 rpm, and initial dye concentration: 100 mg/dm3.

around the diatomite particles being a result of increasing the
degree of mixing (i.e., the boundary layer resistance decreases,
creating a small difference between the solute concentration in
the bulk solution and at the surface of the particle) [1,24]. This
indicates that the external diffusion control process may play an
important role in the dye removal. A plot of ln(kf) versus ln(rpm)
(rpm: agitation speed) is expected to be linear (Walker et al. [13]).
This behaviour is described by Eq. (10) (R2 = 0.9948),

ln(kf ) = 0.61 ln(rpm) − 6.7426
⇒ kf = 1.18 × 10−3(rpm)0.61 (10)

3.5. Effect of mass of diatomite

Different masses of diatomite were chosen to study the effect of
the adsorbent mass on the adsorption process. 1.7, 1.0, 0.7 and 0.3 g
were chosen and the experimental results are shown in Fig. 11. The
concentration decays plots of MB adsorption at various masses of
adsorbent onto diatomite are illustrated in terms of the ratio of Ct/C0
versus time, t. It can be seen that the MB removal increased from
43 to 100% when mass of the diatomite increased from 0.3 to 1.7 g.
Different kinetic models were also used to calculate the adsorp-
tion parameters at various masses of adsorbent and the results are
shown in Table 5.

It is known that the diatomite surface contains silanol groups,
which could act as active centres for exchange with cationic
basic-dye (MB), and thus leading to the chemical adsorption
mechanism. The value of intraparticle diffusion parameter, kp,
remarkably increased from 1.98 to 12.76 mg/g min1/2 when mass
of the diatomite decreased from 1.7 to 0.3 g. Thus, resistance due
to intraparticle diffusion could be considered as negligible when
the high adsorbent masses were used. When the adsorbent mass
increased, the ratio of adsorbent/adsorbate in the system increased,
resulting in the domination of external diffusion and reduced the
effect of intraparticle diffusion [22]. In addition, it is shown from
Table 5 that the qe,cal values of pseudo-second order equation do
not agree well with the experimental values, qe,exp when the mass
of the diatomite was less than 1.7 g.

It is observed from Table 5 that increasing the mass of the
diatomite results in an increase in the external diffusion parameter,
kf. This behaviour could be explained as the external mass transfer
coefficient will depend on the driving force per unit area. Conse-
quently, increasing the mass of the diatomite increases the surface
area for adsorption and hence the rate of MB removal is increased
[22]. McKay et al. [22] explained that by taking into account the
mobility of the adsorbate (p-chlorophenol) molecules in a system
where more particles was added, the turbulence from particles will
be increased and possibly the effect of inter-particle shear reduces Ta

bl
e

5
In

tr
ap

ar
ti

cl
e,

ps
eu

do
-fi

rs
ta

nd
-s

ec
on

d
or

de
r

ki
ne

ti
c

pa
ra

m
et

er
s

of
M

B
ad

so
rp

ti
on

on
to

di
at

om
it

e
at

va
ri

ou
s

m
as

se
s

of
di

at
om

it
e.

M
as

s
of

di
at

om
it

e
(g

)
Ps

eu
do

-fi
rs

to
rd

er
(W

ho
le

ex
pe

ri
m

en
ta

ld
at

a)
Ps

eu
do

-s
ec

on
d

or
de

r
(W

ho
le

ex
pe

ri
m

en
ta

ld
at

a)
In

tr
ap

ar
ti

cl
e

di
ff

us
io

n
Ex

te
rn

al
di

ff
us

io
n

In
tr

ap
ar

ti
cl

e
di

ff
us

io
n

q e
,e

xp
(m

g/
g)

q e
,c

al
(m

g/
g)

k 1
(1

/m
in

)
q e

,c
al

(m
g/

g)
k 2

(g
/m

g
m

in
)

h
(m

g/
g

m
in

)
k p

(m
g/

g
m

in
1/

2
)

x i
k f

(m
/m

in
)

k′
(1

/m
in

)
D

(c
m

2
/s

)
R2

1.
7

10
1.

1
9.

87
4

0.
00

97
10

1.
0

0.
00

72
73

.4
6

1.
98

86
.7

1
0.

02
2

0.
20

84
2.

79
×

10
−

8
0.

81
85

1.
0

12
9.

1
40

.3
9

0.
00

25
10

6.
4

0.
00

57
64

.5
2

2.
62

88
.0

8
0.

01
6

0.
12

96
1.

73
×

10
−

8
0.

89
64

0.
7

18
0.

6
69

.0
2

0.
00

18
13

5.
1

0.
00

49
89

.4
9

3.
98

10
6.

6
0.

01
8

0.
09

39
1.

26
×

10
−

8
0.

89
86

0.
3

31
1.

0
13

6.
4

0.
00

23
23

2.
6

0.
00

15
81

.1
3

12
.7

6
13

9.
4

0.
01

2
0.

06
72

8.
99

×
10

−
9

0.
87

44

?)&5+,4# 3 “A4,*#µ8*'>”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     42



&?50#0*,: $3)7%0 *# 100% $) pH>7. M) 60*#0, %<40# ()"4B5++#0 (,",*'"=?'.) $'µ,0*4.= 

µ)82$' *': 4.,0%*'*,: ("#$"%&'$': *20 4%0*20 $) N)%+4?# .,4 ('+%, .5*4 (#@ 7)0 
(,"#@$45$*'.) $*'0 ()"8(*2$' *': 74,*#µ4.=: 9':. G µ694$*' 4.,0%*'*, ("#$"%&'$': (#@ 
@(#+#98$*'.) )80,4 0.128 mmol/ g, 0.096 mmol/ g .,4 0.047 mmol/ g 94, N)%+4?#, ('+% .,4 
74,*#µ8*', ,0*8$*#43,. J6+#:, *, ()4",µ,*4.5 7)7#µ60, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: 
$) 745&#"): 4$%?)"µ): ("#$"%&'$': .,4 74,(4$*/?'.) %*4 ' )<8$2$' Langmuir ("#$#µ#45N)4 

.,+1*)", *, ()4",µ,*4.5 7)7#µ60,.

K3L@=µ8 3-46: L$%?)"µ' ("#$"%&'$': 4%0*20 Cu+2 $) N)%+4?# (^ ()4",µ,*4.5 7)7#µ60,, ("#B+)(%µ)0, 7)7#µ60, 
,(% µ#0*6+# (d)Lagmuir, (--) DKR, (...) Tempkin, (-) Toth ) (!'9=: M. _ljivic et al. 2009).

K3L@=µ8 3-47: L$%?)"µ' ("#$"%&'$': 4%0*20 Cu+2 $) ('+% (^ ()4",µ,*4.5 7)7#µ60,, ("#B+)(%µ)0, 7)7#µ60, ,(% 
µ#0*6+# (d)Lagmuir, (--) DKR, (...) Tempkin, (-) Toth ) (!'9=: M. _ljivic et al. 2009).

amorphous silica (a broad reflection centered at 2θ=20–25°) andwell-
crystallized quartz.

According to the IUPAC classification (Sing et al., 1985), the zeolite
isotherm (Fig. 2) was of type-IV, with a small hysteresis loop which is
associated with mesoporous materials. Adsorption and desorption
isotherms for the clay and diatomite overlapped completely (deso-
rption isotherms are not shown). This phenomenon implies the equal
rates of adsorption and desorption processes, which is typical for non-
porous materials. Furthermore, adsorption isotherms for these two
materials were of type-II, most frequently encountered when
adsorption occurs on non-porous or macroporous materials, whereas
plateau parts of these isotherms indicate monolayer adsorption.

The specific surface areas calculated by the BET equation, Sp,BET,
were: 23 m2/g, 8 m2/g and 5 m2/g for the zeolite, clay and diatomite.

The pore size distribution of the zeolite showed a single peak at
r=2.4 nm (Fig. 3) indicating mesoporosity (according to IUPAC classifica-
tion: microporesb2 nm, mesopores 2–50 nm and macroporesN50 nm).

The final pH dependencies in respect to initial pH values were of
the same type for all adsorbents (Fig. 4). There was an increase of final
pH with the increase of the initial pH up to 4, where the plateaus

began. In the pH range 4–10 final pH values were independent of the
initial ones. The changes of solution pH in this range caused the
protonation or deprotonation of active surface sites (S–OH).

The plateaus ended at pH=10. Increasing the initial pHN10
increased the equilibrium pH values.

KNO3 was found to be an inert electrolyte in respect to diatomite
and clay. The large variations of electrolyte concentration caused only
small drifts in the final pH values (in the range of experimental error).
The value of pHPZC (Fig. 4) was not a function of electrolyte
concentration, i.e. the specific adsorption of K+ or NO3

− ions did not
occur on the surface of these adsorbents. On the other hand,
increasing initial KNO3 concentration decreased the final pH of the
zeolite dispersions. Such decrease is characteristic for specific
adsorption of cations on the surface of an adsorbent (Smiciklas
et al., 2008). For that reason, the same experiment was repeated with
distilled water.

The pHPZC values were determined from the plateau parts of
pHfinal= f (pHinitial) plots. In the case of zeolite, pHPZC=7.5 was
measured in distilled water. The points of zero charge of both clay
and diatomite were estimated to be 6.6.

Fig. 7. Adsorption isotherms of Cu2+ on (a) zeolite, (b) clay, (c) diatomite (■ — experimental data, and data predicted by (▬) Langmuir, (--) DKR, (…) Tempkin and (\) Toth model)
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amorphous silica (a broad reflection centered at 2θ=20–25°) andwell-
crystallized quartz.

According to the IUPAC classification (Sing et al., 1985), the zeolite
isotherm (Fig. 2) was of type-IV, with a small hysteresis loop which is
associated with mesoporous materials. Adsorption and desorption
isotherms for the clay and diatomite overlapped completely (deso-
rption isotherms are not shown). This phenomenon implies the equal
rates of adsorption and desorption processes, which is typical for non-
porous materials. Furthermore, adsorption isotherms for these two
materials were of type-II, most frequently encountered when
adsorption occurs on non-porous or macroporous materials, whereas
plateau parts of these isotherms indicate monolayer adsorption.

The specific surface areas calculated by the BET equation, Sp,BET,
were: 23 m2/g, 8 m2/g and 5 m2/g for the zeolite, clay and diatomite.

The pore size distribution of the zeolite showed a single peak at
r=2.4 nm (Fig. 3) indicating mesoporosity (according to IUPAC classifica-
tion: microporesb2 nm, mesopores 2–50 nm and macroporesN50 nm).

The final pH dependencies in respect to initial pH values were of
the same type for all adsorbents (Fig. 4). There was an increase of final
pH with the increase of the initial pH up to 4, where the plateaus

began. In the pH range 4–10 final pH values were independent of the
initial ones. The changes of solution pH in this range caused the
protonation or deprotonation of active surface sites (S–OH).

The plateaus ended at pH=10. Increasing the initial pHN10
increased the equilibrium pH values.

KNO3 was found to be an inert electrolyte in respect to diatomite
and clay. The large variations of electrolyte concentration caused only
small drifts in the final pH values (in the range of experimental error).
The value of pHPZC (Fig. 4) was not a function of electrolyte
concentration, i.e. the specific adsorption of K+ or NO3

− ions did not
occur on the surface of these adsorbents. On the other hand,
increasing initial KNO3 concentration decreased the final pH of the
zeolite dispersions. Such decrease is characteristic for specific
adsorption of cations on the surface of an adsorbent (Smiciklas
et al., 2008). For that reason, the same experiment was repeated with
distilled water.

The pHPZC values were determined from the plateau parts of
pHfinal= f (pHinitial) plots. In the case of zeolite, pHPZC=7.5 was
measured in distilled water. The points of zero charge of both clay
and diatomite were estimated to be 6.6.
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The pHPZC value of 6.2 for diatomite was reported in the literature
(Allen and Koumanova, 2005), whereas clay and zeolite pHPZC values
fluctuate strongly with the composition (Siracusa and Somasundaran,
1987; Kubilay et al., 2007; Lazarević et al., 2007) making comparison
between reported results difficult.

Any adsorbent will be positively charged at pHbpHPZC and
negatively at pHNpHPZC, therefore solution pH is an important factor
for preferential adsorption of cations or anions.

3.2. Effect of pH on Cu2+ adsorption

In Figs. 5 and 6, the changes of final pH and percentages of
adsorbed Cu2+ions as a function of the initial pH are shown.

In the initial pH range 2–4, final pH increasedwith the initial pH for
all investigated systems (Fig. 5). The plateau parts of the pHfinal vs,
pHinitial plots were shorter when compared with the results obtained
for KNO3 solutions (Fig. 4) because Cu2+ ions, unlike K+, undergo
hydrolysis at pHN6. In the initial pH range 7–10, the consumption of
OH− ions for Cu(OH)2 precipitation caused lower final pH values in
respect to KNO3 solutions.

For each adsorbent, the equilibrium pH decreased with the
increase of Cu2+ concentration. Consequently, the pHPZC values of
investigated adsorbents were dependant on Cu2+ concentration, and
were lower than the values obtained for inert electrolyte solution (clay
and diatomite) or distilled water (zeolite). The decrease of pHPZC can
be explained by the exchange of protons of protonated surface sites
(S–OH2

+) by Cu2+ ions.
Similar curves were obtained when the relative efficiency of the

Cu2+ uptake was used as variable (Fig. 6). For the same initial Cu2+

concentration, the proportion of removed Cu2+ increased with initial
pH between 2 and 7. Because of relatively constant final pH in the
initial pH region 4–6, a lower increase of Cu2+ uptake was observed.
The plateau appeared at initial pHN7, where the metal ion uptake was
almost 100% regardless of the adsorbent. The pronounced removal
from alkaline solutions was caused by Cu(OH)2 precipitation.

The main adsorption mechanism, encountered in cation removal
by zeolite and clay minerals, is ion exchange with the exchangeable
cations such as Ca2+, Mg2+, K+ and Na+ (Sprynskyy et al., 2006). The
cation exchange capacity (CEC) of these materials is a measure of the
number of negatively charged sites that attract exchangeable cations.
The negative charge caused by substitutions within the lattice
structure is permanent and pH independent, whereas the charges
on the edges and the exposed hydroxyls surface depend upon pH.

At the same initial pH, increasing Cu2+ concentration diminished
the relative amounts adsorbed (Fig. 6).

3.3. Effect of initial Cu2+ concentration

To avoid Cu2+ precipitation at pHN6, and to compare quantities of
metal ions removed from the solution only by the adsorption process,
initial solution pH 5 was chosen as optimal for maximum adsorption
capacity determination (Fig. 7a–c).

The adsorption capacities were 0.128 mmol, 0.096 mmol and
0.047 mmol Cu2+/g adsorbent indicating that zeolite is most efficient.
The decrease in Cu2+ adsorption in the order zeoliteNclayNdiatomite
follows the specific surface area.

The final pH value decreased with increasing amount of Cu2+

adsorbed until equilibrium was reached (Fig. 7d) due to a certain
Cu2+-proton exchange involved in the adsorption mechanism.
Uptake of the same amount of Cu2+ ions caused the highest
difference between pHPZC and the equilibrium pH in the case of
diatomite, indicating that replacement of surface protons is the
dominant adsorption process.

The comparison between previously reported adsorption capa-
cities of investigated materials and the presented results is difficult
due to different experimental conditions (pH, Cu2+ concentration

range, solid to solution ratio, contact time, etc.) and the properties of
the adsorbents.

For example, adsorption capacities towards Cu2+ of 0.106 mmol/g
(Panayotova and Velikov 2002), 0.104 mmol/g (Erdem et al., 2004),
and 0.404 mmol/g (Sprynskyy et al., 2006) were reported for zeolites.
In the later study the initial pH was 6.2, therefore it is possible that Cu
precipitation occurred along with the adsorption. Significantly higher
Cu2+ adsorption (0.435 mmol/g) was reported for raw diatomite from
Jordan (Khraisheh et al., 2004), and can be attributed to its larger
specific surface area (33 m2/g).

The experimental data obtained in equilibrium batch experiments
were fitted by Langmuir and Dubinin–Kaganer–Radushkevich (DKR)
isotherms in linear form and by Toth and Tempkin isotherms in non-
linear form (Table 1).

The Toth isotherm (Table 1) based on the Langmuir isotherm has
been proven useful in describing adsorption in heterogeneous systems
(Ho et al., 2002). The Tempkin isotherm assumes that the heat of
adsorption decreases linearly with the surface coverage (Hamdaouia
and Naffrechoux, 2007). Another assumption is that the adsorption is
characterized by a uniform distribution of binding energies, up to
some maximum value.

Although the application of the Langmuir model is limited by
conditions which were not fulfilled in our adsorption experiments
(Meunier et al., 2003), the experimental results were best fitted with
this equation (R2≥0.992), i.e. the Langmuir isotherm can be used for
mathematical modeling of the equilibrium data. From the Langmuir
constants, the dimensionless separation factors RL can be calculated:

RL ¼ 1þ C0 # KLð Þ−1: ð1Þ

RL is related to the nature of adsorbent/adsorbate interaction and
isotherm type: unfavorable (RLN1), linear (RL=1), favorable (0bRLb1),
or irreversible (RL=0). The calculated RL values for various initial Cu2+

concentrations were 0.0435bRLb0.694 (zeolite), 0.0388bRLb0.669
(clay) and 0.0144bRLb0.421 (diatomite). Thus, the adsorption process
in all investigated systems was favorable. The Gibbs free energy
change was calculated from:

ΔG ¼ −R # T # lnKL: ð2Þ

ΔG = −20.435 kJ/mol (zeolite), −20.726 kJ/mol (clay) and
−23.209 kJ/mol (diatomite) indicated the spontaneous adsorption
process. The ΔG values were comparable with the results reported for
Cu2+ adsorption on synthetic zeolite (−23.231 kJ/mol) (Mishra and
Tiwari, 2006), and kaolinite (−20.16 kJ/mol) (Wang et al., 2006).

Although relatively high correlation coefficients were obtained
using the DKR model (R2≥0.990), predicted values of the maximum
adsorption capacities were much higher than experimentally

Table 1
Cu2+ adsorption parameters calculated using Langmuir, DKR, Toth and Tempkin
equation

Model Equation Parameters Zeolite Clay Diatomite

Langmuir Ce /Qe=Ce /qm+
1/qm ·KL

R2 0.992 0.992 0.998
qm (mmol/g) 0.128 0.098 0.047
KL (L/mmol) 4.397 4.956 13.734

DKR lnQe= lnqm−β ·ε2 R2 0.990 0.992 0.990
qm (mmol/g) 0.209 0.151 0.062

ε=R ·T · ln
(1+1/Ce)

β (mol2/J2) 2.82 ·10−9 2.51 ·10−9 1.46 ·10−9

Toth Qe=qm·Kt ·Ce ·
(1+(Kt ·Ce)t)−1 / t

R2 0.990 0.976 0.988
qm(mmol/g) 0.238 0.178 0.0518
Kt (L/mmol) 279.2 338.6 853.6
t 0.245 0.246 0.380

Tempkin Qe= (qm·R ·T /b) ·
ln(A ·Ce)

R2 0.982 0.957 0.980
b (kJ/mol) 17.1 18.9 45.3
A (L/mmol) 460.3 517.1 6710
qm (mmol/g) 0.112 0.095 0.087
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Table 1
Specific surface area of diatomite according to mean particle size

Mean particle size (mm) Specific surface area (m2/g)

2.18 18.645
1.85 19.387
1.55 19.994
1.29 20.416

Table 2
Chemical composition of diatomite used

Chemical composition Content (m/m)%

pH 8.80
Silisium dioxide, SiO2 2.60
R2O3 (Al2O3 + Fe2O3) 0.15
Ferric oxide, Fe2O3 0.00
Sulfur trioxide, SO3 0.04
Aluminium oxide, Al2O3 0.15
Calcium oxide, CaO 50.95
Magnesium oxide, MgO 5.00

3.1. Batch experiments

As can be seen from Fig. 2, removal of Cr3+ from solution is
increased with sorbent surface area. Consequently, Cr3+ ions on

diatomite are increased with decreasing particle size and with
increasing sorbent amount. In Table 1, in spite of about 41% decrease
in particle size there was 9.5% increase in surface area amount. It
can be concluded that the removal efficiency of Cr3+ increased with
increasing surface area of sorbent. In initial conditions, the effect
of increase in sorbent amount was high in the removal of Cr3+ but
it has no impact after about 3 g diatomite amount.

From this result it has been seen that Cr3+ amount in solu-
tion was held in 85–95% according to sorbent particle size with
3.0 g of sorbent. Maximum holding efficiency could be obtained in
1.29 mm particle size diatomite. In this particle size, holding effi-
ciency was about 100% with 6.0 g sorbent amount. For this reason,
it was gone on with about 1.29 mm particle size and 6.0 g diatomite
in after these experiments. It was investigated the effect of treat-
ment time on holding efficiency at constant 30 ◦C temperature and
45 rpm shaking rate. As shown in Fig. 3, Cr3+ holding efficiency was
increasing sharply in 30 min time, but increase in holding efficiency
has no important in higher time. Increase in holding efficiency is
decreasing over 60 min treatment time.

After these experiments, 60-min treatment time was used as
constant. It was investigated the effect of temperature in holding
efficiency at constant 60 min time and 45 rpm shaking rate with
1.29 mm particle size sorbent and 6.0 g sorbent amount. There is no

Fig. 2. Cr3+ holding efficiency by different size and amount of diatomite; 30 ◦C, 480 min, 45 rpm.

Fig. 3. Cr3+ Holding efficiency of diatomite for different times; 1.29 mm size and 6 g diatomite, 30 ◦C, 45 rpm.
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.,4/= µ) 7453@$' .,*5 µ=.#: *': )(4&50)4,: *#@ ("#$"#&'*4.#1 µ6$#@. G ("#$"%&'$' ,&#"5 
$*'0  ("#$.%++'$'/.,*,."5*'$' *': #@$8,: (#@ ?, ("#$"#&'?)8 $*# ("#$"#&'*4.% µ6$# $) µ4, 
74,?6$4µ' ?6$' ("#$"%&'$': (Snoeyink and Summers, 1999). G ("#$"%&'$' µ(#")8 0, +5B)4 
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3/", (502 $*'0 )<2*)"4.= )(4&50)4, *#@ ("#$"#&'*4.#1 µ6$#@, $*#@: µ,."#(%"#@:, 

µ)$#(%"#@:, µ4."#(%"#@: .,4 @(#µ4."#(%"#@: (submicropores), ,++5 ' )474.= )(4&50)4, *20 
µ,."#- .,4 µ)$#(%"20  )80,4 µ4."= $@9."40%µ)0' µ) *'0 )474.= )(4&50)4, *20 µ4."#(%"20 .,4 *20 
@(#µ4."#(%"20  .,4 *# (#$#$*% *#@ @+4.#1, (#@ ("#$"#&5*,4 $) ,@*#1: *#@: (%"#@:, $@0=?2: 
?)2")8*,4 ,µ)+'*6# (Metcalf & Eddy, 2003).

I4 7@05µ)4: *': ("#$"%&'$': ()"4+,µB50#@0 (Crittenden, 1999):

• O+<)4: µ)*,<1 ,0*8?)*20 &#"*820 Coulomb

• D++'+)(47"5$)4: µ)*,<1 $'µ)4,.#1 &#"*8#@ .,4 74(%+#@

• D++'+)(47"5$)4: 74(%+#@-74(%+#@

• D++'+)(47"5$)4: µ)*,<1 $'µ)4,.#1 &#"*8#@ .,4 #@76*)"20 µ#"&/0

• C@05µ)4: London = van derWaals

• Iµ#4#(#+4.#1: 7)$µ#1: µ) ,0*87",$'

• C)$µ#1: @7"#9%0#@

G ("#$"%&'$' µ(#")8 0, 74,."4?)8 $) *")4: .,*'9#"8)::

I. !"#$"%&'$' ,0*,++,9=:: G $@$$/")@$' *': 3'µ4.=: #@$8,: #&)8+)*,4 $*'0 )(87",$' 
)+.*4./0 '+).*"#$*,*4./0 7@05µ)20 µ)*,<1 ,@*=: .,4 *20 &#"*4$µ6020 $2µ,*47820 *#@ 

("#$"#&'*4.#1 @+4.#1.

II. \@$4.= ("#$"%&'$': G $@$$/")@$' *': 3'µ4.=: #@$8,: #&)8+)*,4 $*'0 )(87",$' 7@05µ)20 
van derWaals = (,"%µ#420 7@05µ)20 µ)*,<1 ,@*=: .,4 *20 $2µ,*47820 *#@ ("#$"#&'*4.#1 
@+4.#1. >,*5 *'0 ("#$"%&'$' ,@*= *, ("#$"#&'µ60, µ%"4, .40#10*,4 )+)1?)", $*'0 
)(4&50)4, ("#$"%&'$': .,4 7)0 63#@0 $@9.)."4µ60# $'µ)8# $@9."5*'$':.

III. S'µ4.= ("#$"%&'$': G $@$$/")@$' *': 3'µ4.=: #@$8,: #&)8+)*,4 $*' 7'µ4#@"98, 3'µ4./0 
7)$µ/0 µ)*,<1 ,@*=: .,4 *20 $2µ,*47820  *#@ ("#$"#&'*4.#1 @+4.#1. O*$4, .,*5 *'0 
("#$"%&'$' ,@*=, ' ).5$*#*) 74,+@µ60' 3'µ4.= #@$8, µ(#")8 0, ("#$"#&'?)8 µ%0# ,(% 
$@9.)."4µ60): $*)")6: )(4&50)4):, (#@ 63#@0 *'0 4.,0%*'*, 0, 7'µ4#@"9=$#@0 3'µ4.#1: 
7)$µ#1: µ) *'0 $@9.)."4µ60' #@$8,.

A4, *, ()"4$$%*)", $@$*=µ,*,, (#@ $@0,0*/0*,4 $*# 0)"%, ' ("#$"%&'$' ("#.,+)8*,4 ,(% *#0 
$@07@,$µ% *20 (,",(502 74)"9,$4/0. 
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;()47= ' 74,&#"#(#8'$' µ)*,<1 &@$4.=: .,4 3'µ4.=: ("#$"%&'$': )80,4 71$.#+', # %"#: "%&'$' 

3"'$4µ#(#4)8*,4 $@305 94, 0, ()"49"5F)4 *' .,*,."5*'$' *#@ #"9,04.#1 @+4.#1 $*# 
("#$"#&'*4.% µ6$#.

J# &,40%µ)0# *': ("#$"%&'$': )80,4 ,@?%"µ'*# .,4 $@0#7)1)*,4 ,(% 6.+@$' ?)"µ%*'*,: (#@ 
#0#µ5N)*,4 ?)"µ%*'*, "%&'$':. D(% ?)"µ#7@0,µ4.= 7'+,7= 5(#F', ' ("#$"%&'$' ,(#*)+)8 
)</?)"µ# &,40%µ)0# .,4 %(2: )80,4 902$*%, .5?) )</?)"µ# &,40%µ)0# )@0#)8*,4 ,(% *'0 

)+5**2$' *': ?)"µ#.",$8,: (A4,00,.#@75.':, 2000).

;()47= ' 74)"9,$8, *': ("#$"%&'$': +,µB50)4 3/", µ) µ4, $)4"5 $*,7820, *# B",71*)"# $*574# 
#"8N)*,4 2: *# )+693#0 $*574# *#@ "@?µ#1 ("#$"%&'$':. A)04.5, ,0 ' &@$4.= ("#$"%&'$' )80,4 ' 
.1"4, 74)"9,$8,: *': ("#$"%&'$':, *# )+693#0 $*574# *#@ "@?µ#1 ?, )80,4 60, ,(% *, $*574, 
µ)*,&#"5: µ6$2 7453@$':, 7)7#µ60#@ %*4 ' *,31*'*, *': &@$4.=: ("#$"%&'$': )80,4 µ)95+'. 

W*,0 ' .1"4, µ6?#7#: *': ("#$"%&'$': )80,4 ' 3'µ4.= ("#$"%&'$', 63)4  (,",*'"'?)8 %*4 *# 
)+693#0 $*574# *': *,31*'*,: )80,4 ' ("#$"%&'$' (Metcalf & Eddy, 2003).

M*'0 ()"8(*2$' %(#@ ' *,31*'*, *': "%&'$': 4$#1*,4 µ) *'0 *,31*'*, *': )."%&'$':, *%*) 63)4 
)(4*)@3?)8 ' 4$#""#(8, .,4 ' 32"'*4.%*'*, ("#$"%&'$': *#@ ("#$"#&'*4.#1 @+4.#1 63)4 
.,+@&?)8 (+="2:. G ?)2"'*4.= 32"'*4.%*'*, ("#$"%&'$': *#@ ("#$"#&'*4.#1 @+4.#1 94, 60, 

$@9.)."4µ60# "1(# µ(#")8 0, ("#$74#"4$*)8 µ) *'0  ,05(*@<' *': 4$%?)"µ': ("#$"%&'$':, %(2: 
()"49"5&)*,4 $*' $@063)4,.

&4F678 4-1: ;()<'9'µ,*4.% A"5&'µ, 94, *'0 ("#$"%&'$' )0%: #"9,04.#1 $@$*,*4.#1 $) )0)"9% 50?",., (!'9=: 
Metcalf & Eddy, 2003).
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4.5 /7LBIJ9= I<7 4;6M23µ<7 B3E;36@=;=G

G (#$%*'*, *': ("#$"#&'µ60': #@$8,:, (#@ µ(#")8 0, .,*,.",*'?)8 ,(% 60, ("#$"#&'*4.% µ6$#, 
)<,"*5*,4 ,(% *, 3,",.*'"4$*4.5 *': ("#$"#&'µ60': #@$8,:, *'0 $@9.60*"2$' *': 
("#$"#&'µ60': #@$8,: .,4 *' ?)"µ#.",$8,. J, $'µ,0*4.%*)", 3,",.*'"4$*4.5 *': 

("#$"#&'µ60': #@$8,: ()"4+,µB50#@0 *' 74,+@*%*'*,, *' µ#"4,.= 7#µ=, *# µ#"4,.% B5"#:, *'0 
(#+4.%*'*, .,4 *# B,?µ% .#")$µ#1 *20 @7"#9#0,0?"5.20. A)04.5, ' (#$%*'*, *': #@$8,:, (#@ 
("#$"#&5*,4, ("#$74#"8N)*,4 2: $@05"*'$' *': $@9.60*"2$': $) µ4, $*,?)"= ?)"µ#.",$8, .,4 ' 
*)+4.= $@05"*'$' .,+)8*,4 4$%?)"µ' ("#$"%&'$': (Metcalf & Eddy, 2003). I4 4$%?)"µ): 
("#$"%&'$': ,0,(*1$$#0*,4 *#(#?)*/0*,: 74,&#")*4.6: (#$%*'*): ("#$"#&'*4.#1 @+4.#1 $) 

60,0 $*,?)"% %9.# @9"#1, %(#@ @(5"3)4 $@9.)."4µ60' (#$%*'*, ("#$"#&'µ60': #@$8,:. J@(4.5 
3"'$4µ#(#4#10*,4 (502 ,(% 76., 7#3)8, .,4 ,(,4*)8*,4 $'µ,0*4.%: 3"%0#:, 6*$4 /$*) *, 7)89µ,*, 
0, &?5$#@0  $) 4$#""#(8,. M*# *6+#: *': ()"4%7#@ 7#.4µ=: ("#$74#"8N)*,4 ' ("#$"#&'µ60' #@$8, 
(#@ (,"6µ)40) $*# @7,*4.% 745+@µ,. G $@9.60*"2$' *': ("#$"#&'µ60': #@$8,: $*# 
("#$"#&'*4.% µ6$# µ)*5 *'0 4$#""#(8, @(#+#98N)*,4 3"'$4µ#(#4/0*,: *'0 ;<8$2$' 4-1. G 

$@9.60*"2$' *': ("#$"#&'µ60': #@$8,: $*# ("#$"#&'*4.% µ6$#, (#@ @(#+#98$*'.) ,(% *'0 
;<8$2$' 1, $*' $@063)4, 3"'$4µ#(#4)8*,4 94, *'0 ,05(*@<' *20 4$%?)"µ20 ("#$"%&'$': %(2: 
()"49"5&)*,4 (,",.5*2.

qe =
(C0 ! Ce ) "V

m
     (4-1)

W(#@:

qe = ' $@9.60*"2$' *': #@$8,: $*# ("#$"#&'*4.% µ6$# ((.3. $*)")%) µ)*5 *'0   

4$#""#(8, (mg ("#$"#&'µ60': #@$8,: /g ("#$"#&'*4.#1 µ6$#@)

C0 = ' ,"34.= $@9.60*"2$' *': ("#$"#&'µ60': #@$8,: (mg/L)

Ce = ' *)+4.= $@9.60*"2$' 4$#""#(8,: *': ("#$"#&'µ60': #@$8,: µ)*5 *'0 )(8*)@<'  

4$#""#(8,: (mg/L)

V = # %9.#: *#@ @9"#1 $*#0 ,0*47",$*=", (L)

m = ' µ5N, *#@ ("#$"#&'*4.#1 µ6$#@ (g)

4.5.1 , 4;6M23µ= IEJ Freundl:ch

I4 )<4$/$)4: #4 #(#8): 3"'$4µ#(#4#10*,4 $@0=?2: 94, 0, ()"49"5F#@0 *, ()4",µ,*4.5 7)7#µ60, 
4$%?)"µ20 ("#$"%&'$': 63#@0 ,0,(*@3?)8 ,(% *#@: Freundlich, Langmuir .,4 ,(% *#@: Brunauer, 
Emmet and Teller (4$%?)"µ' R;J) (Shaw, 1966). D(% ,@*6: *4: *")4: )<4$/$)4:, ' 4$%?)"µ' *#@ 
Freundlich 3"'$4µ#(#4)8*,4 (4# $@305 94, 0, ()"49"5F)4 *, 3,",.*'"4$*4.5 *': ("#$"%&'$': $) 

)0)"9% 50?",.,. G 4$%?)"µ' Freundlich ("#6.@F) )µ()4"4.5 *# 1912 .,4 #"8N)*,4 2: )<=::
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x
m

= K f !Ce
1/n      (4-2)

W(#@:

x/m = ' µ5N, *': ("#$"#&'µ60': #@$8,: ,05 µ#057, µ5N,: *#@ ("#$"#&'*4.#1 µ6$#@ (mg 

("#$"#&'µ60': #@$8,: /g ("#$"#&'*4.#1 µ6$#@)

Kf = # (,"59#0*,: 32"'*4.%*'*,: Freundlich (mg ("#$"#&'µ60': #@$8,:/g 

("#$"#&'*4.#1 µ6$#@)(L 0)"#1 / mg ("#$"#&'µ60': #@$8,:)l/n

Ce = ' *)+4.= $@9.60*"2$' 4$#""#(8,: *': ("#$"#&'µ60': #@$8,: µ)*5 *'0 )(8*)@<'  

4$#""#(8,: (mg/L)

1/n = ' (,"5µ)*"#: 60*,$': *#@ Freundlich

E) B5$' *'0 *4µ= 1/n 74,."80#0*,4 #4 )<=: ()"4(*/$)4: ("#$"%&'$'::

• D0 1/n e 0, ' ("#$"%&'$' )80,4 µ' ,0*4$*")(*=

• D0 1/n = 1, ' 4$%?)"µ' )80,4 9",µµ4.=

• D0 1/n < 1, ' 4$%?)"µ' )80,4 )@0#-.=

• D0 1/n > 1, ' 4$%?)"µ' )80,4 µ' )@0#-.=

K3L@=µ8 4-1: J,<40%µ'$' 4$%?)"µ20 ("#$"%&'$': Freundlich µ) B5$' *'0 *4µ= 1/n.
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I4 $*,?)"6: *': 4$%?)"µ': Freundlich µ(#"#10 0, ("#$74#"4$*#10 ,(% *' 9",&4.= (,"5$*,$' 

*#@ log (x/m) 2: ("#: logCe, µ) 3"=$' *': ;<8$2$': 4-2, ' #(#8, µ(#")8 0, 9",&)8 <,05 µ) *' 
µ#"&=:

log x
m

!
"#

$
%&
= logK f +

1
n
' logCe      (4-3)

G 74,$(#"5 *20 *4µ/0 *#@ (,"59#0*, 32"'*4.%*'*,: Freundlich )80,4 )<,4")*4.5 µ)95+' 94, *4: 
74,&#")*4.6: )0/$)4: ((.3. 14000 94, *# PCB 62: 6.8*10-5 94, *'0  Y-74µ)?@+#04*"#N,µ80'). T%92 
*#@ )1"#@: *': 74,$(#"5:, # (,"59#0*,: 32"'*4.%*'*,: *#@ Freundlich ("6()4 0, ("#$74#"8N)*,4 
94, .5?) 06, 602$' (Metcalf & Eddy, 2003).

4.5.2 , 4;6M23µ= IEJ Langmuir

G 4$%?)"µ' *#@ Langmuir ("#6.@F) ,(% ?)2"'*4.= ("#$6994$' .,4 #"8N)*,4 2::

x
m

=
a !b !Ce

1+ b !Ce

     (4-4)

W(#@:

x/m = ' µ5N, *': ("#$"#&'µ60': #@$8,: ,05 µ#057, µ5N,: *#@ ("#$"#&'*4.#1 µ6$#@ (mg 

("#$"#&'µ60': #@$8,: /g ("#$"#&'*4.#1 µ6$#@)

a, b = )µ()4"4.6: $*,?)"6:

Ce = ' $@9.60*"2$' 4$#""#(8,: *': ("#$"#&'µ60': #@$8,: $*'0 @9"= &5$' µ)*5 *'0 

("#$"%&'$' (mg/L)

G 4$%?)"µ' *#@ Langmuir ,0,(*13?'.) @(#?6*#0*,: %*4: (1) @(5"3)4 ("%$B,$' $) 60,0 $*,?)"% 
,"4?µ% ?6$)20 $*'0 )(4&50)4, *#@ ("#$"#&'*4.#1 µ6$#@ .,4 %+): #4 ?6$)4: 63#@0 *'0 874, 
)06"9)4, .,4 (2) ' ("#$"%&'$' )80,4 ,0*4$*")(*=. G 4$#""#(8, )(4*@9350)*,4 %*,0 # "@?µ%: *': 
("#$"%&'$': *20  µ#"820 (502 $*'0 )(4&50)4, )80,4 874#: µ) *#0 "@?µ% *': )."%&'$': *20 
µ#"820  ,(% *'0 )(4&50)4,. G *,31*'*, µ) *'0 #(#8, ("#32"5 ' ("#$"%&'$' )80,4 ,05+#9' *': 

2?#1$,: 710,µ':, ' #(#8, )80,4 ' 74,&#"5 ,05µ)$, $*'0 (#$%*'*, (#@ ("#$"#&=?'.) $) µ4, 
$@9.)."4µ60' $@9.60*"2$' .,4 $*'0 (#$%*'*,, (#@ µ(#")8 0, ("#$"#&'?)8 $) ,@*= *' 
$@9.60*"2$'. M*' $@9.60*"2$' 4$#""#(8,: ' 74,&#"5 ,@*= )80,4 µ'7)04.= (Metcalf & Eddy, 
2003).

G $@µ&208, *20 ()4",µ,*4./0 7)7#µ6020 µ) *'0 )<8$2$' Langmuir 7)0 $'µ,80)4 %*4 #4 

("#'9#1µ)0): @(#?6$)4: 4$31#@0 94, *# $@9.)."4µ60# $1$*'µ,, (#@ µ)+)*5*,4, 74%*4 #4 ,(#.+8$)4: 
,(% *4: @(#?6$)4: µ(#")8 0, ,++'+#,0,4"#10*,4. I4 $*,?)"6: *': 4$%?)"µ': Langmuir µ(#"#10  0, 
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("#$74#"4$*#10 ,(% *' 9",&4.= (,"5$*,$' *#@ Ce/(x/m) 2: ("#: Ce 3"'$4µ#(#4/0*,: *'0 

;<8$2$' 4-4 µ) *' µ#"&=:

Ce

x
m

!
"#

$
%&
=
1
a 'b

+
1
a
'Ce      (4-5)

4.5.3 , K38µµ4F? B3E;36@=;=

G 9",µµ4.= 4$%?)"µ' µ(#")8 0, ()"49",&)8 µ) B5$' *'0 µ,?'µ,*4.= $36$':

x
m

= Kb !Ce      (4-6)

W(#@:

x/m = ' µ5N, *': ("#$"#&'µ60': #@$8,: ,05 µ#057, µ5N,: *#@ ("#$"#&'*4.#1 µ6$#@ (mg 

("#$"#&'µ60': #@$8,: /g ("#$"#&'*4.#1 µ6$#@)

*d = # $@0*)+)$*=: 9",µµ4.=: 4$%?)"µ': (mg ("#$"#&'µ60': #@$8,:/g ("#$"#&'*4.#1 

µ6$#@)(L 0)"#1 / mg ("#$"#&'µ60': #@$8,:)

Ce = ' $@9.60*"2$' 4$#""#(8,: *': ("#$"#&'µ60': #@$8,: $*'0 @9"= &5$' µ)*5 *'0 

("#$"%&'$' (mg/L)

;80,4 +#4(%0 $,&6:, %*4 ' 9",µµ4.= 4$%?)"µ' 7)0 )80,4 *8(#*, 5++# ,(% µ4, @(#()"8(*2$' *': 
4$%?)"µ': Freundlich, %(#@ ' (,"5µ)*"#: 60*,$': *#@ Freundlich 1/n = 1.

D(% *'0 ;<8$2$' 4-2 94, 1/n = 1 63#@µ):

x
m

= K f ! ce
1/n "

x
m

= Kd !Ce      (4-7)

4.6 !3E;36@=;= µ4>µLI<7

>,*5 *'0 )&,"µ#9= *': ("#$"%&'$': $*'0 )()<)"9,$8, *20 @9"/0 ,(#B+=*20 +,µB50)4 (50*, 

3/", ("#$"%&'$' µ49µ5*20  #"9,04./0  )0/$)20. J@(4.5, (,"#@$45N)*,4 µ)82$' $*' 
32"'*4.%*'*, ("#$"%&'$': 94, #(#4,7=(#*) 602$' $) 745+@µ, (#++/0 $@$*,*4./0, ,++5 ' #+4.= 
32"'*4.%*'*, ("#$"%&'$': *#@ ("#$"#&'*4.#1 µ6$#@ µ(#")8 0, )80,4 µ)9,+1*)"' ,(% *'0 
32"'*4.%*'*, ("#$"%&'$': 94, µ8, 602$'. I B,?µ%: *': (,")µ(%74$':, +%92 *20 
,0*,9204$*4./0 )0/$)20, $3)*8N)*,4 µ) *# µ69)?#: *20 µ#"820 (#@ ("#$"#&#10*,4, *' $@9960)4, 

("#$"%&'$': .,4 *4: ,0#49µ60): $@9.)0*"/$)4: *#@: (Metcalf & Eddy, 2003).
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4.7 *47=I4F? I=G B3E;36@=;=G

G (#$%*'*, *': ("#$"#&'µ60': #@$8,: (#@ 63)4 ("#$"#&'?)8 $*# ("#$"#&'*4.% µ6$#, 
).&",N%µ)0' 2: mg ("#$"#&'µ60': #@$8,: ,05 .4+% ("#$"#&'*4.#1 µ6$#@(qt) µ(#")8 0, 
).&",$*)8 2: )<=::

qt =
C0 ! Ct

m
"V      (4-8)

%(#@:

C0 = ' ,"34.= $@9.60*"2$' @9"=:-&5$': (mg L-1)

Ct = ' $@9.60*"2$' @9"=:-&5$': *': ("#$"#&'µ60': #@$8,: $) 3"%0# t    (mg L-1)

m = ' µ5N, *#@ <'"#1 ("#$"#&'*4.#1 µ6$#@ (kg)

V = # %9.#: *#@ @7,*4.#1 74,+1µ,*#: (#@ ()"463)4 *'0 ("#$"#&'µ60' #@$8, (L)

A4, *'0  )"µ'0)8, *20 .40'*4./0 7)7#µ6020 *20  batch ()4",µ,*4./0 µ(#"#10 0, 3"'$4µ#(#4'?#10 
74,&#")*4.5 .40'*4.5 µ#0*6+,, ).H*20 #(#820 *, (4# $'µ,0*4.5 )80,4 *, ,.%+#@?,.

J# ("/*# )80,4 *# .40'*4.% µ#0*6+# ‘F)@7#("/*': *5<':’, *# #(#8# µ(#")8 0, ).&",$*)8 ,(% *'0 
,.%+#@?' )<8$2$':

dqt
dt

= K1 ! qe " qt( )      (4-9)

%(#@:

k1 = ' $*,?)"5 "@?µ#1 F)@7#("/*': *5<': (hours-1)

qe = *# (#$% ("#$"#&'µ60': #@$8,: (#@ ("#$"#&5*,4 $) 4$#""#(8, ,05 µ#057, µ5N,: 

("#$"#&'*4.#1 µ6$#@ (mg g-1)

qt = *# (#$% ("#$"#&'µ60': #@$8,: (#@ ("#$"#&5*,4 $) 3"%0# t ,05 µ#057, µ5N,: 

("#$"#&'*4.#1 µ6$#@ (mg g-1)

;0$2µ,*/0#0*,: $*'0 ;<8$2$' 4-9 *4: #"4,.6: $@0?=.): t = 0 $) t = t .,4 qt = 0 $) qt = qt, 
(,8"0#@µ) (Shawabkeh and Tununji, 2003, Al-Qodah et al., 2007, Daifullah and Girgis, 2003):

ln(qe ! qt ) = lnqe ! K1 " t      (4-10)

E) *' 35",<' *': 9",&4.=: (,"5$*,$': *#@ ln(qe - qt) 2: ("#: t µ(#")8 0, +'&?)8 ' *4µ= *': 
$*,?)"5: K1.
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J# 7)1*)"# .40'*4.% µ#0*6+# (#@ µ(#")8 0, 3"'$4µ#(#4'?)8, )80,4 *# .40'*4.% µ#0*6+#  

‘F)@7#7)1*)"': *5<':’ *# #(#8# µ(#")8 0, ).&",$*)8 ,(% *'0 ,.%+#@?' )<8$2$':

dqt
dt

= K2 ! (qe " qt )
2      (4-11)

%(#@:

k2 = ' $*,?)"5 "@?µ#1 F)@7#7)1*)"': *5<': (hours-1)

qe = *# (#$% ("#$"#&'µ60': #@$8,: (#@ ("#$"#&5*,4 $) 4$#""#(8, ,05 µ#057, µ5N,: 

("#$"#&'*4.#1 µ6$#@ (mg g-1)

qt = *# (#$% ("#$"#&'µ60': #@$8,: (#@ ("#$"#&5*,4 $) 3"%0# t ,05 µ#057, µ5N,: 

("#$"#&'*4.#1 µ6$#@ (mg g-1)

;0$2µ,*/0#0*,: $*'0  ;<8$2$' 4-11 *4: #"4,.6: $@0?=.): t = 0 $) t = t .,4 qt = 0 $) qt = qt, 
(,8"0#@µ) (Al-Qodah et al., 2007, Tsai et al., 2005, 2006):

1
qe ! qt

=
1
qe

+ K2 " t      (4-12)

G E<8$2$' 4-12 µ(#")8 0, )(,0,74,*@(2?)8 94, 0, 63)4 9",µµ4.= µ#"&=:

t
qt

=
1

qe
2 !K2

+
1
qe

! t      (4-13)

G *4µ= *': $*,?)"5: K2 µ(#")8 0, +'&?)8 µ) *' 35",<' *': 9",&4.=: (,"5$*,$':  *#@ t/qt 2: ("#: 

t.

J6+#:, *# *"8*# .40'*4.% µ#0*6+# (#@ µ(#")8 0, 3"'$4µ#(#4'?)8 )80,4 *# ‘intraparticle µ!",'0! 
$%-85:*(’, *# #(#8# µ(#")8 0, ).&",$*)8 µ) *'0 ,.%+#@?' )<8$2$' (Al-Ghouti et al., 2005, Al-
Qodah et al., 2007):

qt = xi + Kp ! t
1/2      (4-14)

%(#@:

qt = *# (#$% ("#$"#&'µ60': #@$8,: (#@ ("#$"#&5*,4 $) 3"%0# t ,05 µ#057, µ5N,: 

("#$"#&'*4.#1 µ6$#@ (mg g-1)

xi = µ4, $*,?)"5 ,05+#9' *#@ (53#@: *#@ #"4,.#1 $*"/µ,*#: (mg g-1)

kp = ' $*,?)"5 "@?µ#1 intraparticle 7453@$': (mg g-1 hours -1/2)

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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G *4µ= *#@ kp  µ(#")8 0, +'&?)8 µ) *' 35",<' *': 9",&4.=: (,"5$*,$': *#@ qt 2: ("#: t1/2.
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5 !2438µ8I4F6 µP3EG

5.1 +ABE4

I4 3'µ4.6: #@$8): (#@ 3"'$4µ#(#4=?'.,0 94, *4: ,059.): *20 ()4",µ5*20 )80,4 #4 )<=::

• R)0N%+4# (Renzene) (Riedel-de Haen, .,?,"%*'*,: 99.7%)

• J#+#@%+4# (toluene) (Riedel-de Haen, .,?,"%*'*,: 99.7%)

• D4?@+#B)0N%+4# (ethyl benzene) (Fluka, .,?,"%*'*,: 99%)

• p-<@+%+4# (p-xylene) (Fluka, .,?,"%*'*,: 99%)

• m-<@+%+4# (m-xylene) (Fluka, .,?,"%*'*,: 99%)

• o-<@+%+4# (o-xylene) (Fluka, .,?,"%*'*,: 99%)

• methyl tertiary butyl ether (Riedel-de Haen, .,?,"%*'*,: 99%)

• tert-amyl-methyl-ether (TAME) (Supelco, .,?,"%*'*, 99%)

I +%9#: *': )(4+#9=: *20 $@9.)."4µ6020 "1(20  )80,4 ,&)0%: *# 9)9#0%: %*4 ,(#*)+#10  *'0 .1"4, 
#µ57, 74,+@*/0 #"9,04./0 "1(20 (#@ $@0,0*/0*,4 $*# 67,&#: .,4 $*# @(%9)4# 0)"% ,(% 

74,""#6: ()*")+,-./0  ("#-%0*20, %(2: B)0N80', diesel, ()*"6+,4# ?6"µ,0$':, .,., .,4 ,&)*6"#@ ' 
60*#0' .,4 µ,."#3"%04, *#<4.%*'*, (#@ (,"#@$45N#@0.

5.2 !3E;3E@=I4F6 JD4F6

5.2.1 !3E2IE4µ8;:8 B3E;3E@=I4FEA JD4FEA

G 74,*#µ4.= 9', (#@ 3"'$4µ#(#4=?'.) 94, *4: ,059.): *4: (,"#1$,: µ)*,(*@34,.=: )"9,$8,:, 
+=&?'.) ,(% *'0 ()"4#3= *': L$(,08,:. G &@$4.=, ,.,*6"9,$*' 74,*#µ4.= 9' @(6$*' <=",0$' 
$*#@: 105#C 94, 12 /"): .,4 )()<)"95$*'.) ?)"µ4.5 .,4 3'µ4.5, 7'µ4#@"9/0*,: $@0#+4.5 76., 
74,&#")*4.5 7)89µ,*, 74,*#µ4.=: 9':.  G )()<)"9,$8, ()"4)+5µB,0):

• b)"µ4.= )()<)"9,$8,: J# 7)89µ, *#(#?)*=?'.) $) &#1"0# $*#@: 550#C 94, 2 /"): (1).

• S'µ4.= )()<)"9,$8, µ) #<6,: J# 7)89µ, )()<)"95$*'.) 3'µ4.5 µ) )(,".=: (#$%*'*, #<6#: 
(HCl = H2SO4) 94, 3 /"): $) ?)"µ#.",$8, ()"4B5++#0*#: (,0,+#98,: 20ml #<6#:/gr 74,*#µ8*', 
$@9.60*"2$' #<6#:: 2.5E). E)*5 *# *6+#: *': 3'µ4.=: )()<)"9,$8,: ,.#+#1?'$) (+1$' *#@ 
@+4.#1 µ) ,(4#04$µ60# 0)"% 62: %*#@ *# pH *#@ ).(+1µ,*#: 0, (,"#@$45N)4 µ4."6: µ)*,B#+6: 

µ)*,<1 74,7#34./0 (+1$)20 (2).

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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• S'µ4.= )()<)"9,$8, µ) B5$': J# 7)89µ, )()<)"95$*'.) 3'µ4.5 µ) )(,".=: (#$%*'*, B5$)2: 

(NaOH) 94, 3 /"): $) ?)"µ#.",$8, 90#C (,0,+#98,: 20ml B5$)2:/gr 74,*#µ8*', $@9.60*"2$' 
B5$)2:: 3E). E)*5 *# *6+#: *': 3'µ4.=: )()<)"9,$8,: ,.#+#1?'$) (+1$' *#@ @+4.#1 µ) 
,(4#04$µ60# 0)"% 62: %*#@ *# pH *#@ ).(+1µ,*#: 0, (,"#@$45N)4 µ4."6: µ)*,B#+6: µ)*,<1 
74,7#34./0 (+1$)20 (3).

J, 7)89µ,*, *#@ 74,*#µ8*', (#@ 7'µ4#@"9=?'.,0, (,"#@$45N#0*,4 $@0#(*4.5 $*#0 !80,., 5-1 (#@ 

,.#+#@?)8.

!:78F8G 5-1: C)89µ,*, 74,*#µ4.=: 9': (#@ .,*,$.)@5$*'.,0 94, *4: ,059.): *': (,"#1$,: )"9,$8,:.

"7Eµ8;:8 H2:>µ8IEG !234>38@?

Draw \@$4.% @+4.%

Draw-550 b)"µ4.5 *"#(#(#4'µ60# @+4.% $*#@: 550#C (1)

Draw-HCl S'µ4.5 *"#(#(#4'µ60# @+4.% µ) HCl (2)

Draw-H2SO4 S'µ4.5 *"#(#(#4'µ60# @+4.% µ) H2SO4 (2)

Draw-HCl-550 S'µ4.5 (HCl) .,4 ?)"µ4.5 (550#C) *"#(#(#4'µ60# @+4.%

Draw-H2SO4-550 S'µ4.5 (H2SO4) .,4 ?)"µ4.5 (550#C) *"#(#(#4'µ60# @+4.%

Draw-HCl-NaOH S'µ4.5 *"#(#(#4'µ60# @+4.% µ) HCl .,4 NaOH (3)

Draw-H2SO4 -NaOH S'µ4.5 *"#(#(#4'µ60# @+4.% µ) H2SO4 .,4 NaOH

Draw-HCl -NaOH-550 S'µ4.5 (HCl-NaOH) .,4 ?)"µ4.5 (550#C) *"#(#(#4'µ60# @+4.%

Draw-H2SO4 -NaOH-550 S'µ4.5 (H2SO4-NaOH) .,4 ?)"µ4.5 (550#C) *"#(#(#4'µ60# @+4.%

J, *)+4.5 7)89µ,*, 74,*#µ4.=: 9': *#(#?)*=?'.,0 $) .+)4$*5 (+,$*4.5 µ(#@.,+5.4,, /$*) 0, 
,(#&)@3?)8 ' ("#$"%&'$' @9",$8,: ,(% *# ()"4B5++#0, µ63"4 *'0 *)+4.= *#@: 3"=$' $*, 
()4"5µ,*, ("#$"%&'$':.

E4, (#+1 µ4."= (#$%*'*, (1-2 gr) ,(% .5?) 7)89µ, .",*=?'.) 94, ,0,+1$)4: )474.=: )(4&50)4,:, 
.,*,0#µ=: )$2*)"4./0 (%"20, .,?/: .,4 5++20 *@(4./0 ,0,+1$)20, ,(,",8*'*20 94, *# 

3,",.*'"4$µ% *#@ @+4.#1. J, ,(#*)+6$µ,*, *20 ,0,+1$)20 (,"#@$45N#0*,4 ,0,+@*4.5 $*, 
@(#.)&5+,4, (#@ ,.#+#@?#10.
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!"#$%µ& 5-1: ?()@)"=,$8, - A0,+1$)4> 74,*#µ4.;> ='> 

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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Draw

• @;",0$'
• )474.; )(4&50)4, - .,*,0#µ; 
)$2*)"4./0 (%"20 - 3'µ4.; 
.,4 #":.*#+#=4.; ,05+:$' - 
pH - ,$<)$*4µ)*"8,

D550

• B)"µ4.; )()@)"=,$8, (550#C)
• )474.; )(4&50)4, - .,*,0#µ; 
)$2*)"4./0 (%"20 - 3'µ4.; 
.,4 #":.*#+#=4.; ,05+:$' - 
pH - ,$<)$*4µ)*"8,

Draw-HCl - Draw-H2SO4

• 3'µ4.; )()@)"=,$8, (C@6,)
• )474.; )(4&50)4, - .,*,0#µ; 
)$2*)"4./0 (%"20 - 
#":.*#+#=4.; ,05+:$' - pH 
- ,$<)$*4µ)*"8,

Draw-HCl-550 - Draw-H2SO4-550

• B)"µ4.; )()@)"=,$8, (550#C)
• )474.; )(4&50)4, - .,*,0#µ; 
)$2*)"4./0 (%"20 - #":.*#+#=4.; 
,05+:$' - pH - ,$<)$*4µ)*"8,

Draw-HCl-NaOH - Draw-H2SO4-NaOH

• 3'µ4.; )()@)"=,$8, (D5$)4>)
• )474.; )(4&50)4, - .,*,0#µ; 
)$2*)"4./0 (%"20 - #":.*#+#=4.; 
,05+:$' - pH - ,$<)$*4µ)*"8,

Draw-HCl-NaOH-550 - Draw-H2SO4-NaOH-550

• B)"µ4.; )()@)"=,$8, (550#C)
• )474.; )(4&50)4, - .,*,0#µ; )$2*)"4./0 
(%"20 - #":.*#+#=4.; ,05+:$' - pH - 
,$<)$*4µ)*"8,

!"#µ$%µ&
• )()@)"=,$8,
• ,0,+1$)4>

'()*+,- - .+&/0"1&)/2- 3*&/2µ4/%-
• % :=",$8,, .,*,#µ; µ)=6B#:>



5.2.2 /78DA;24G 24H4F?G 2B4@L7248G

E) *#0 %"# )474.= )(4&50)4, @+4.#1, ("#$74#"8N)*,4 ' )+)1?)"' )(4&50)4, )0%: @+4.#1, ' #(#8, 
)80,4 7@0,*%0 0, 6+?)4 $) )(,&= µ) ,6"4# = @9"% $*#43)8#. I4 µ#057): µ6*"'$': *': )474.=: 
)(4&50)4,: )80,4 $@0=?2: m2/gr @+4.#1.

G µ6*"'$' *': )474.=: )(4&50)4,: 980)*,4 $@0=?2: µ) *'0  µ6?#7# R;J (Brunauer-Emmet-Teller). 
G $@9.)."4µ60' µ6?#7#: $*'"8N)*,4 $*'0 &@$4.= ("#$"%&'$' )0%: ,)"8#@ $*'0 )(4&50)4, *#@ 

$*)")#1. M@0=?2: 980)*,4 µ6*"'$' *#@ (#$#1 *#@ ,N/*#@ *# #(#8# $) .,*5$*,$' 4$#""#(8,: )80,4 
("#$"#&'µ60# $*'0 $*)")= )(4&50)4,. I4 µ)*"=$)4: +,µB50#@0 3/", $*# .,0#04.% $'µ)8# 
B",$µ#1 *#@ ,N/*#@ (-195,8#C) .,4 $) µ4, ()"4#3= (46$)20 .#0*5 $*'0  ,*µ#$&,4"4.=, )0/ 
,(,4*)8*,4 ' ). *20 ("#*6"20  ,(,6"2$' *#@ 7)89µ,*#: $*#@: 300#C @(% .)0%. >5*2 ,(% ,@*6: *4: 
$@0?=.): )80,4 7@0,*% 0, ("#$"#&'?#10 ,".)*5 $*"/µ,*, µ#"820, *, #(#8, )(4.5?#0*,4 *# 60, 

(502 $*# 5++#. !"#.)4µ60#@ 0, @(#+#94$*)8 *# )µB,7%0 *': )(4&50)4,: ("6()4 0, µ)*"'?)8 *# 
(#$% *#@ ,)"8#@ (#@ ("6()4 0, ("#$"#&'?)8, /$*) 0, 7'µ4#@"9'?)8 60, µ#0#µ#"4,.% $*"/µ, 
(502 $*'0 $*)")= )(4&50)4, (Vm). D@*% µ(#")8 0, @(#+#94$*)8 µ6$2 *': 9",&4.=: ,()4.%04$': 

*': 9",µµ4.=: µ#"&=: *': )<8$2$': BET.

P
Vn ! Po " P( ) =

1
Vm ! c

+
c "1
Vm ! c

!
P
Po

     (5-1)

%(#@:

Vn = # %9.#: *#@ ,N/*#@ (#@ ("#$"#&5*,4 $) (8)$' P

Po = ' (8)$' .#")$µ#1 *20 ,*µ/0 $*' ?)"µ#.",$8, (#@ 980)*,4 *# ()8",µ, (Po = 

753,80mmHg)

Vm = # %9.#: *#@ ("#$"#&'µ60#@ ,N/*#@ $) 60, µ#0#µ#"4,.% $*"/µ, $*'0  )(4&50)4,

 c = ' $*,?)"5 BET (#@ $3)*8N)*,4 µ) *'0 )06"9)4, ("#$"%&'$': 94, *# ("/*# 

µ#0#µ#"4,.% $*"/µ,

J# Vm @(#+#98N)*,4 ,(% *'0  .+8$' *': )@?)8,: .,4 *'0 *)*,9µ60' )(8 *'0 ,"3= *#@ 74,9"5µµ,*#:   

P /Vn ! Po " P( )vs.P / Po . M*' $@063)4, ' )474.= )(4&50)4,, SBET, @(#+#98N)*,4 ,(% *'0 $36$':

SBET = Vm !na !am / m !VL      (5-2)

%(#@:

na = # ,"4?µ%: Avogadro (6,023x1023 µ%"4,/ mol)
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am = ' ()"4#3= (#@ .,*,+,µB50)4 60, µ%"4# ,N/*#@ (0,162nm2)

m = *# B5"#: *#@ 7)89µ,*#:

VL = # 9",µµ#µ#"4,.%: %9.#: *#@ ,6"4#@ ,N/*#@ (22,414cm3)

G )474.= )(4&50)4, (#@ @(#+#98N)*,4 µ) *'0 µ6?#7# R;J, )0763)*,4 0, µ'0 )80,4 ' ,(#*)+)$µ,*4.= 
)474.= )(4&50)4, $*'0 ()"8(*2$' 3'µ)4#"%&'$': .,4 $) ()"4(*/$)4: '+).*"#$*,*4.=: 6+<':, 
.,?%*4 *# 5N2*# )80,4 7@0,*% 0, ("#$"#&5*,4 &@$4.5 $) 60, (#+1 µ)9,+1*)"# µ6"#: *': 
)(4&50)4,: *#@ $*)")#1, )0/ $) #"4$µ60): µ%0# ()"4#36: *': 0, )0)"9#(#4#10*,4 *, )0)"95 .60*", 
94, *' 3'µ)4#"%&'$' = 4#0*,++,9= *#@ ,0*47"/0*#: (("#$"#&'?=$,: #@$8,:). 

G µ6*"'$' *': )474.=: )(4&,0)8,: 6940) 3"'$4µ#(#4/0*,: *'0  $@$.)@= Nova 2200 Quanta Chrome 
.,4 6+,B) 3/", $*# )"9,$*="4# ;µ(+#@*4$µ#1 *#@ !#+@*)30)8#@ >"=*':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 $*#0 (80,., (#@ ,.#+#@?)8 (!80,.,: 5-2).

!:78F8G 5-2: B(#*)+6$µ,*, #+4.;> )474.=: )(4&50)4,: 94, *, 7)89µ,*, 74,*#µ4.=: 9':.

"7Eµ8;:8 H2:>µ8IEG "D4F? 24H4F? 2B4@L7248 SBET (m2/gr)

Draw 13.04

Draw-550 10.10

Draw-HCl 10.62

Draw-H2SO4 9.30

Draw-HCl-550 9.12

Draw-H2SO4-550 9.06

Draw-HCl-NaOH 9.40

Draw-H2SO4 -NaOH 8.07

Draw-HCl -NaOH-550 7.70

Draw-H2SO4 -NaOH-550 9.40

J, ,(#*)+6$µ,*, *': #+4.=: )474.=: )(4&50)4,: 94, *, 7)89µ,*, *': 74,*#µ4.=: 9': )µ&,08N#@0 
3,µ'+6: *4µ6:, #4 #(#8): .@µ,80#0*,4 ,(% 7.70 m2/gr 94, *# 7)89µ, 74,*#µ4.=: 9': Draw-HCl -NaOH-550 
µ63"4 13.04 m2/gr 94, *# &@$4.%, ,.,*6"9,$*# @+4.%. I4 *4µ6: ,@*6: ."80#0*,4 474,8*)", 3,µ'+6: 
$@9."40%µ)0): µ) *@(4.6: *4µ6: 5++20 ("#$"#&'*4./0 @+4./0 (#@ 3"'$4µ#(#4#10*,4 )@"62: 

(!80,.,: 5-3).
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!:78F8G 5-3: C74%*'*)> .,4 )&,"µ#=6> 5µ#"&20 ("#$"#&'*4./0 :+4./0.

"7Eµ8;:8 H2:>µ8IEG Q4Lµ2I3EG B63<7 
(nm)

"D4F? 24H4F? 2B4@L7248 SBET 
(m2/gr) &@83µE>?

;0)"9%: 50?",.,: 1-103 200-600 >,?,"4$µ%: 0)"#1, 
,(#3"2µ,*4$µ%:

;0)"9%: 50?",.,: 1-10 400-1200 D(#µ5."@0$' #"9,04./0

]0?",.,: 0.5-102 100-300 !,",929= ,N/*#@

Silica gel 2-10 800 A)04.=: 3"=$': ,&@9",0*4.5

Silica gel 10-50 300

D+#1µ40, 2-10 300-400

5.2.3 !3E;H4E34;µ6G F8I87Eµ?G 2;<I234FR7 B63<7

J# (#"/7): )80,4 60,: %"#:, (#@ 3"'$4µ#(#4)8*,4 94, 0, ()"49"5F)4 *#0 %9.# *20  74,.6020, *#0 
.)0% 3/"# 7'+,7= )0*%: $*)")/0 $2µ,*47820, (#@ 7)0 .,*,+,µB50)*,4 ,(% $*)")5 @+4.5.

M*'0 (,"#1$, )"9,$8, )<)*5$*'.,0:

• J# E,."#(#"/7):: ,0,&6")*,4 $) 745µ)*"# (%"20 µ)9,+1*)"' ,(% 50 nm (>500 Å), 

• J# E)$#(#"/7):: ,0,&6")*,4 $) 745µ)*"# (%"20 µ)9,+1*)"' ,(% 2 nm .,4 µ4."%*)"' ,(% 50 
nm (20-500 Å),

• J# E4."#(#"/7):: ,0,&6")*,4 $) 745µ)*"# (%"20 µ4."%*)"' ,(% 2 nm (<20 Å).

A4, *'0 µ6*"'$' *#@ (#"/7#@: *20  7)49µ5*20  74,*#µ8*' 3"'$4µ#(#4=?'.) ' µ6?#7#: 
,(#""%&'$': ,)"8#@ ,N/*#@ (Nitrogen Gas Adsorption). M1µ&20, µ) *'0 µ6?#7# ,@*=, 

902"8N#0*,: *' 745µ)*"# *#@ µ#"4,.#1 ,N/*#@ .,4 *#0 %9.# *#@ ,N/*#@ (#@ ,(#""#&5*,4 ,(% *# 
@+4.%, µ(#")8 0, @(#+#94$*)8 ' .,*,0#µ= *20 (%"20, # #+4.%: %9.#: *20 (%"20 .,4 µ4, µ6$' 
745µ)*"#: *20 (%"20 *#@ )<)*,N%µ)0#@ @+4.#1.

A4, *4: µ)*"=$)4: *': .,*,0#µ=: *20 (%"20, *#@ #+4.#1 %9.#@ *20 (%"20 .,4 *': µ6$': 74,µ6*"#@ 
*20 (%"20 6940) 3"=$' *': $@$.)@=: Nova 2200 Quanta Chrome, (#@ ,0=.)4 $*# )"9,$*="4# 

;µ(+#@*4$µ#1 *#@ !#+@*)30)8#@ >"=*':.

G µ6?#7#: (#@ 3"'$4µ#(#4=?'.) 94, *#0 ("#$74#"4$µ% *#@ #+4.#1 %9.#@ *20 (%"20  .,4 *': µ6$': 
74,µ6*"#@ *20 (%"20 )80,4 ' BJH (Barrett, Joyner, Halenda), ' #(#8, @(#+#98N)4 *# (#$#$*% *#@ 
,)"8#@ (#@ ,(#""#&5*,4 ,(% *# @+4.% @(#?6*#0*,: (2: %+#4 #4 (%"#4 *#@ @+4.#1 )80,4 9)µ5*#4 µ) 
,6"4# 5N2*#, )0/ ' µ6?#7#: (#@ 3"'$4µ#(#4=?'.) 94, *4: µ)*"=$)4: *#@ µ4."#(#"/7#@: .,4 

µ)$#(#"/7#@: )80,4 ' t-method-Halsey(adsorption). 
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M*#0  !80,., 5-3, (#@ ,.#+#@?)8, 780#0*,4 *, ,(#*)+6$µ,*, *': #+4.=: )474.=: )(4&50)4,: .,4 *': 

.,*,0#µ=: )$2*)"4./0 (%"20 94, *, 7)89µ,*, *': 74,*#µ4.=: 9':.

!:78F8G 5-4: ;474.= )(4&50)4, .,4 .,*,0#µ= )$2*)"4./0 (%"20 7)49µ5*20 74,*#µ4.=: 9':.

Q2:>µ8

U>FEG 
µ4F3EB63<7 

Vmicro 
(cm3/gr)

&B4@L7248 
µ4F3EB63<7 

Amicro
(m2/gr)

U>FEG 
µ2;EB63<7 

Vmeso 
(cm3/gr)

&B4@L7248 
µ2;EB63<7 

Ameso (m2/gr)

"D4F?
24H4F? 
2B4@L7248 

SBET
(m2/gr)

"D4F6G 
6>FEG B63<7 
Vtot (cm3/gr)

.P;= 
H4Lµ2I3EG 
B63<7

(Å)

Draw 0.0009 1.98 0.0230 11.06 13.04 0.0240 73.58

Draw-550 0.0010 2.28 0.0157 7.81 10.10 0.0167 66.10

Draw-HCl 0.0005 2.10 0.0161 8.52 10.62 0.0166 62.67

Draw-H2SO4 0.0003 1.58 0.0134 7.71 9.30 0.0137 58.84

Draw-HCl-550 0.0018 4.31 0.0118 4.81 9.12 0.0136 59.41

Draw-H2SO4-550 0.0009 2.55 0.0134 6.51 9.06 0.0143 63.01

Draw-HCl-NaOH 0.0006 2.17 0.0106 7.23 9.40 0.0112 47.82

Draw-H2SO4 -NaOH 0.0000 0.00 0.0135 8.07 8.07 0.0135 69.30

Draw-HCl -NaOH-550 0.0000 0.00 0.0129 7.70 7.70 0.0129 67.48

Draw-H2SO4 -NaOH-550 0.0000 0.93 0.0150 8.47 9.40 0.0150 63.85

M*, 9",&=µ,*, 5-2 .,4 5-3, (#@ ,.#+#@?#10, 780)*,4 ' 9",&4.= ,()4.%04$' *20 (#$#$*/0 

$@0)4$&#"5: *20 µ4."#(%"20 .,4 *20 µ,."#(%"20  $*'0 #+4.= )474.= )(4&50)4, .,4 $*#0 #+4.% 
%9.# (%"20 *': 74,*#µ4.=: 9':, ,0*8$*#43,.

K3L@=µ8 5-2: !#$#$*5 $@0)4$&#"5: µ4."#(%"20 .,4 µ)$#(%"20 $*'0 #+4.= )474.= )(4&50)4, *': 74,*#µ4.=: 9':.

!E;E;I6 ;J724;@E3LG µ4F3EB63<7 !E;E;I6 ;J724;@E3LG µ2;EB63<7

Draw

Draw_550

D_HCl

D-HCl-550

D_H2SO4

D_H2SO4_550

D_HCl_NaOH

D_HCl_NaOH_550

D_H2SO4_NaOH

D_H2SO4_NaOH_550

0% 25% 50% 75% 100%

90%

100%

100%

77%

72%

83%

53%

80%

77%

85%

10%

0%

0%

23%

28%

17%

47%

20%

23%

15%
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K3L@=µ8 5-3: !#$#$*5 $@0)4$&#"5: µ4."#(%"20 .,4 µ)$#(%"20 $*#0 #+4.% %9.# (%"20 *': 74,*#µ4.=: 9':.

E) B5$' *, ,(#*)+6$µ,*, *': .,*,0#µ=: *20 )$2*)"4./0 (%"20  94, *, 7)89µ,*, *': 74,*#µ4.=: 

9': µ(#")8 0, )<,3?#10 *, )<=: $@µ()"5$µ,*,:

• G ?)"µ4.= *"#(#(#8'$' *20 7)49µ5*20 #7=9'$) 2: )(8 *20 (+)8$*20 $) µ4, µ4."= ,1<'$' *': 
)(4&50)4,: *20 µ4."#(%"20 (Amicro). J# 9)9#0%: ,@*% 8$2: #&)8+)*,4  $*'0 ,(#µ5."@0$' *#@ 
"#&'µ60#@ $*'0 µ5N, *#@ 74,*#µ8*' 0)"#1 .,4 $*# “$(5$4µ#” µ6"#@: *20 7)$µ/0 @7"#9%0#@ 
(#@ $@9.",*#10 *4: #µ57): IG $*'0 )(4&50)4,, #4 #(#8): ,(#µ,."10#0*,4 µ,N8 µ) 5++): 

(*'*4.6: #@$8): .,4 #"9,04.5 @(#+)8µµ,*,, ,(#*6+)$µ, *': ?)"µ4.=: )()<)"9,$8,: *': 
74,*#µ4.=: 9': $) 3,µ'+6: ?)"µ#.",$8): (400-850 #C).

• J, 3'µ4.5 *"#(#(#4'µ60, 7)89µ,*, µ) #<6, (HCl .,4 H2SO4) (,"#@$45N#@0 ,@<'µ60, (#$#$*5 
$@0)4$&#"5: µ4."#(%"20  $*'0 #+4.= )474.= )(4&50)4,. J# 9)9#0%: 8$2: #&)8+)*,4 $*'0 
,(#µ5."@0$' #"@.*/0 %(2: # D$B)$*8*': .,4 # D",9#08*':, (#@ =*,0 (,"%0*, $*'0 µ5N, *#@ 

&@$4.#1, ,.,*6"9,$*#@ @+4.#1, µ6$2 *': 3'µ4.=: )()<)"9,$8,:.

• G 3'µ4.= *"#(#(#8'$' µ) .,@$*4.% 05*"4# (NaOH) ("#.5+)$) $'µ,0*4.6: µ)*,B#+6: $*'0 
7#µ= .,4 .,*5 $@06()4, $*, &@$4.5 3,",.*'"4$*4.5 *#@ 74,*#µ8*'. J# 9)9#0%: ,@*% )83) $,0 
,(#*6+)$µ, *'0 )<,&504$' *#@ µ4."#(#"/7#@: $*, ()"4$$%*)", 7)89µ,*, (#@ )83,0 @(#$*)8 
3'µ4.= )()<)"9,$8, µ) NaOH.

• J, 7)89µ,*, 74,*#µ4.=: 9': µ(#"#10  0, 3,",.*'"4$*#10  2: µ)$#(#"/7', .,?/: #4 µ)$#(%"#4 
.,*63#@0 *# @F'+%*)"# (#$#$*% *#@ #+4.#1 %9.#@ *20 (%"20.

!E;E;I6 ;J7=;@E3LG µ4F3EB63<7 !E;E;I6 ;J7=;@E3LG µ2;EB63<7

Draw

Draw_550

D_HCl

D_HCl_550

D_H2SO4

D_H2SO4_550

D_HCl_NaOH

D_HCl_NaOH_550

D_H2SO4_NaOH

D_H2SO4_NaOH_550

0% 25% 50% 75% 100%

100%

100%

100%

94%

94%

98%

87%

97%

94%

96%

0%

0%

0%

6%

6%

2%

13%

3%

6%

4%
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M*# $'µ)8# ,@*% ,<8N)4 0, $'µ)42?)8 %*4 ' $@0)4$&#"5 *20 µ,."#(%"20 $*'0 ("#$"%&'$' )80,4 

µ4."%*)"' ,(% *# 1%, )0/ #4 µ4."#(%"#4 .,4 #4 µ4."#8 µ)$#(%"#4 63#@0 *'0 µ)9,+1*)"' )(4""#= 
$*'0 ("#$"%&'$' #"9,04./0 74,+@µ6020 #@$4/0 (D’ Silvia.A.P. et al., 1998).

5.2.4 "3JFIEDE>4F? 87LDJ;= (X-Ray Diffraction – XRD)

G ()"8?+,$' ,.*8020  S $) 7)89µ,*, @(% µ#"&= $.%0':, )(4*"6()4 *#0 ("#$74#"4$µ% *': 7#µ=: .,4 
*': $1$*,$': *#@ 7)89µ,*#:, *# #(#8# µ(#")8 0, ()"463)4 ()"4$$%*)"): ,(% µ8, ."@$*,++4.6: 

)0/$)4:. 

A)04.5, %*,0 60, 5*#µ# B")?)8 $) 76$µ' ,.*8020 S $.)75N)4 $1µ&20, µ) *'0  ("#$(8(*#@$, 
,.*40#B#+8,. ;50 60,: $*#83#: 4$,()3%0*20 #µ#820  ,*%µ20, 7'+,7= µ#0#745$*,*' (+)9µ,*4.= 
745*,<', B")?)8 µ6$, $) µ4, 76$µ', *%*) *# .5?) 5*#µ# ?, $.)7,001)4 *'0 ("#$(8(*#@$, 
,.*40#B#+8, .,*5 *#0 874# ,."4B/: *"%(#. J, $.)7,00@%µ)0, .1µ,*, $@µB5++#@0 µ)*,<1 *#@: .,4 

("#: #"4$µ60): .,*)@?10$)4: /$*) 0, ("#.1(*#@0 µ694$*, )0*5$)2:. J# $10?)*# &,40%µ)0# *': 
$.)75$)2: .,4 *': $@µB#+=: #0#µ5N)*,4 ()"8?+,$' *20 ,.*8020 S ,(% *, 5*#µ, (D+)<8#@, 2008).

I4 ."1$*,++#4 $@µ()"4&6"#0*,4 2: )0)"95 *"4$745$*,*, &"59µ,*, .,4 ' ()"8?+,$' µ(#")8 0, 
?)2"'?)8 4$#710,µ' µ) *'0 ,05.+,$' *': ("#$(8(*#@$,: 76$µ': ,(% *, 745&#", 74.*@2*5 
)(8()7, *#@ ."@$*5++#@. W*,0 ' ("#$(8(*#@$, ,.*40#B#+8, 7)0 )80,4 µ#0#3"2µ,*4.= *%*) 94, 

.5?) µ=.#: .1µ,*#: )(6"3)*,4 ,05.+,$' $) 74,&#")*4.6: 9208): .,4 6*$4 )(4*@9350)*,4 ,05+@$' 
*': ("#$(8(*#@$,: 76$µ':. M*'0  ()"8(*2$' *20 ."@$*5++20, ,(% .5?) 5*#µ# *#@ B,$4.#1 
(+69µ,*#: ,*%µ20 ("#.1(*)4 (+)9µ,*4.= 745*,<' %µ#4, µ) ).)80): *20  @(%+#4(20 ,*%µ20, 
(,"5++'+, ("#: ,@*6: .,4 µ)*,*#(4$µ60' .,*5 *# 7450@$µ, µ)*,<1 *20 ,0*8$*#4320 ,*%µ20. 
>5?) (+)9µ,*4.= 745*,<' ,0,.+5 $@93"%02: *' 76$µ' %*,0  (+'")8*,4 ' $@0?=.' Bragg 

(n ! " = 2 !d ! sin# ) .,4 #4 71# ,0,.+/µ)0): $@µ(8(*#@0 .,*5 74)1?@0$', 74,&6"#@0 %µ2: $) &5$'.

&4F678 5-1: A",&4.= ,0,(,"5$*,$' *': ()"8?+,$': ,.*8020 S $*# (+69µ, (Haberkornard et al, 1999).

G 60*,$' *': ,0,.+/µ)0': 76$µ': )<,"*5*,4 ,(% *'0 745*,<' *20 ,*%µ20  $*# 3/"#. M@0)(/:, µ) 

µ6*"'$' *20  9204/0 2? *20 ,0,.+/µ)020  7)$µ/0 ,(% *, 74.*@2*5 )(8()7, µ(#"#1µ) 0, B"#1µ) 
*4: $*,?)"6: .@F)+87,: .,4 µ) µ6*"'$' *20 )0*5$)20 0, ("#$74#"8$#@µ) *' 7#µ= (Haberkornard 
et al, 1999, J$4+49.)"87':, 2008).

! !"! ! ! ! !# ! ! !
! ! ! !"! $!

! !"! !% ! ! ! ! &!
! ! ! !

!"

# # # # # # # # # #

$# # # # %# # # # # # #

# # # # # # # # # %#

# # # # # # # # # # #

$# # # # # # # # # # #

#&'())#*+ #,#- . /0+ 1# # # # # # # %#

# # # $##

#
#!$23# # # # ## # # # $#*4(56'78'+('.#69#(:%#;<<<1#

#

# # # # # # # # # # # #

$# %# # # # # - # # # # # #

# # # # # # # # # # # #

# # # # #*4(56'78'+('.#69#(:%#;<<<%# %#-==>1$#

#
#!$!3# # # $# # # # # # # #

# # $#* %#-=="1#

#
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&4F678 5-2: C459",µµ, ()4",µ,*4.=: 745*,<':. M*, 7)<45 ,()4.#08N)*,4 ' $.)7,$µ60' 60*,$' 2: $@05"*'$' *': 
9208,: (M*,?#94500', 2007).

G ("#)*#4µ,$8, *20 7)49µ5*20  94, ,05+@$' XRD ,(,4*)8 7)89µ,*, +)4#*"4B'µ60,, B5"#@: 

()"8(#@ 0,5–1 g ,05 7)49µ,*#&#"6,. M) %*4 ,&#"5 $*#0  #"@.*#+#94.% ("#$74#"4$µ%, *# %"4# 
,0830)@$': ,06"3)*,4 ()"8(#@ $*# 0,5% w/w µ4,: &5$': $) 60, µ)89µ,, ,++5 9)04.5 (,"#@$45N)4 
.,+1*)", ,(#*)+6$µ,*, $) 7)89µ,*, µ) µ4."% ,"4?µ% 74,&#")*4./0 #"@.*/0 (>#@µ,0*5.':, 
2007).

J, 7)89µ,*, *#@ 74,*#µ8*' ,0,+1?'.,0 $*# ()"4?+,$8µ)*"# *1(#@ D8 Ddvance Bruker *': DXS 

*#@ )"9,$*'"8#@ A)04.=: .,4 J)304.=: I"@.*#+#98,: *#@ Jµ=µ,*#: E'3,04./0  I"@.*/0 !%"20 
*#@ !#+@*)30)8#@ >"=*': .,4 ' (#4#*4.= ,05+@$' *#@ ,.*40#9",&=µ,*#: 6940) µ) *'0 B#=?)4, *#@ 
("#9"5µµ,*#: EVA. J, ,(#*)+6$µ,*, (,"#@$45N#0*,4 ,0,+@*4.5 $*# !,"5"*'µ, D.

G #"@.*#+#94.= ,05+@$' 67)4<) $'µ,0*4.5 (#$#$*5 S,+,N8,, D$B)$*8*' .,4 830' D",9#08*' 94, 
*'0 &@$4.=, ,.,*6"9,$*' .,4 ?)"µ4.5 *"#(#(#4'µ60' 74,*#µ4.= 9'. P$*%$#, ' 3'µ4.= 

)()<)"9,$8, µ) #<6, (HCl .,4 H2SO4) #7=9'$) $*'0 ,(#µ5."@0$' *20 ,0?",.4./0 ()*"2µ5*20 
(#@ =*,0 (,"%0*, $*' µ5N, *#@ ("#$"#&'*4.#1 @+4.#1. 

5.2.5 -IE45248F? 87LDJ;= (X-Ray Fluoroscense – XRF)

W*,0 60, 5*#µ# B#µB,"74$*)8 µ) )06"9)4, µ)9,+1*)"' ,(% ,@*= *#@ 7)$µ#1 *20 '+).*"#0820 *#@, 
*%*) µ)*,.40#10*,4 '+).*"%04, ,(% )$2*)"4.6: $) )<2*)"4.6: $*#4B57):. O*$4, 7'µ4#@"9#10*,4 

.)06: ?6$)4: '+).*"#0820, #4 #(#8): .,+1(*#0*,4 ,(% '+).*"%04, (#@ ("#$(8(*#@0 $) ,@*6: ,(% 
*4: )<2*)"4.6: $*#4B57):. G (+="2$' *20 .)0/0 ?6$)20 $@0#7)1)*,4 µ) ).(#µ(= ,.*8020-X, 
)06"9)4,: 8$': µ) *'0  74,&#"5 )06"9)4,: *': ,0*8$*#43': )<2*)"4.=: .,4 )$2*)"4.=: $*#4B57,:. G 
7469)"$' *#@ 7)89µ,*#: 94, ).(#µ(= ,.*8020-X 980)*,4 µ) )474.6: +@308): ,.*8020-X, )06"9)4,: 
(#++,(+5$4,: ,@*=: (#@ ?6+#@µ) 0, 74)9)8"#@µ).

G 9)2µ)*"8, *#@ &,$µ,*%µ)*"#@ ,.*8020-X (,"#@$45N)*,4 $*'0 ;4.%0, 5-3.

?)&5+,4# 5 “!)4",µ,*4.% µ6"#>”

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     66



&4F678 5-3: T)4*#@"94.= 745*,<' &,$µ,*%µ)*"#@ XRF (M*,?#94500', 2007).

I ("#$74#"4$µ%: *#@ µ=.#@: .1µ,*#: 980)*,4 µ) *' B#=?)4, *': )<8$2$': *#@ Bragg:

n ! " = 2 !!d ! sin#      (5-3)

%(#@:

M = ' 9208, ()"8?+,$':

2d = ' )07#."@$*,++4.= ,(%$*,$' *#@ µ#0#."1$*,++#@ ,0,+@*=

M@µ()",$µ,*4.5, *# 7)89µ, 74)9)8")*,4 .,4 $*' $@063)4, ).(6µ()4 &5$µ,*, ,.*8020-X *20 
$*#43)820 *#@. M,"/0#0*,: µ4, $@9.)."4µ60' ()"4#3= 2? µ) *# 9204%µ)*"# *#@ &,$µ,*%µ)*"#@, 
(,",*'"#10*,4 ,0,.+5$)4: )&’ %$#0  (+'")8*,4 ' )<8$2$' *#@ Bragg. O*$4, +10#0*,: *'0 )<8$2$' 
,@*= 2: ("#: + (2d : $*,?)"%, ?: µ)*"5*,4) ("#$74#"8N)*,4 *# ,0*8$*#43# 3'µ4.% $*#43)8# 
(M*,?#94500', 2007).

>,*5 *'0  ("#)*#4µ,$8,, *# 7)89µ, ,0,µ4901)*,4 µ) )474.% .)"8 .,4 6()4*, ,(% ("#$?=.' B#"4.#1 
#<62: #7'9)8*,4 $) ("6$, /$*) 0, 7'µ4#@"9'?)8 µ8, $@µ(,9= .@+407"4.= (+,.6*, (;4.%0, 5-4) 
(M*,?#94500', 2007).

&4F678 5-4: ;()<)"9,$µ60# 7)89µ, 74,*#µ4.=: 9': ("#: ,05+@$' XRF.

M*# (+,8$4# *': (,"#1$,: )"9,$8,: (",9µ,*#(#4=?'.) $*#43)4,.= ,05+@$' 94, *, 7)89µ,*, 

74,*#µ4.=: 9': Draw .,4 D550. J# %"9,0# (#@ 3"'$4µ#(#4=?'.) )80,4 *# ,@*#µ,*#(#4'µ60# 
$1$*'µ, &,$µ,*#µ)*"8,: &?#"4$µ#1 ,.*8020 X *': Bruker, (Model: S2 Ranger) *#@ ;"9,$*'"8#@ 
D0%"9,0': A)23'µ)8,:, I"9,04.=: A)23'µ)8,: & I"9,04.=: !)*"#9",&8,: *#@ Jµ=µ,*#: 

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     67



E'3,04./0 I"@.*/0  !%"20 *#@ !#+@*)30)8#@ >"=*':. J, ,(#*)+6$µ,*, (,"#@$45N#0*,4 

,0,+@*4.5 $*#0 !80,.,: 5-5, (#@ ,.#+#@?)8.

!:78F8G 5-5: S'µ4.= $1$*,$' *#@ &@$4.#1, ,.,*6"9,$*#@ .,4 ?)"µ4.5 *"#(#(#4'µ60#@ 74,*#µ8*'.

Draw D550

C 8.4% 6.1%

CO2 30.7% 22.2%

O 49.6% 50.6%

Si 14.1% 23.2%

SiO2 30.2% 49.6%

Ca 27.9% 39.1%

CaO 39.1% 28.3%

>50#0*,: µ4, $19."4$' *': 3'µ4.=: $1$*,$': *#@ ("#$"#&'*4.#1 µ,: @+4.#1 (!80,.,: 5-5) µ) 
*'0 3'µ4.= $1$*,$' 5++20 *@(4./0 &@$4./0 74,*#µ4*/0 (!80,.,: 5-6), 74,."80)*,4 µ4, #µ#4%*'*, 

µ) *'0 3'µ4.= $1$*,$' *20 74,*#µ4*/0 *': L$(,08,:. D@*#8 #4 74,*#µ8*): (,"#@$45N#@0 µ4."%*)", 
(#$#$*5 #<)478#@ *#@ (@"4*8#@ (SiO2 = 54-84%) $) $19."4$' µ) 74,*#µ8*): 5++20 32"/0 .,4 
*,@*%3"#0, ,@<'µ60, (#$#$*5 CaO. 

J6+#:, ,<8N)4 0, $'µ)42?)8 %*4 *, 7)89µ,*, 74,*#µ4.=: 9':, (#@ 3"'$4µ#(#4=?'.,0 $*, ()4"5µ,*5 
µ,:, 7)0 (,"#@$45N#@0 5++): ("#$µ8<)4: ((3. Fe2O3, Al2O3, Na2O, MgO, K2O, TiO2).

!:78F8G 5-6: S'µ4.= $1$*,$' *@(4./0 &@$4./0 74,*#µ4*/0.

%JB4F?
-A;I8;=

)E3H87:8 );B87:8 %8VNL7 .836FE

SiO2 (%) 67-91 72 54-84 91,5 72,1

CaO (%) 0,2-3 1,48 5,5-17,6 - 9,9

Fe2O3 (%) 0,2-7 5,81 0,4-9,9 1,1 4,33

Al2O3 (%) 0,6-10 11,42 1,1-4,2 4 7,34

Na2O (%) - 7,21 0,15-3,13 - -

MgO (%) 0,4-1,6 - - - -

K2O (%) 0,2-1,4 - - - -

TiO2 (%) 0,1-1,21 - - - -

P2O5 (%) 0-0,21 - - - -

5.2.6 ,D2FI3E74F? µ4F3E;FEB:8 ;L3<;=G – SEM

G '+).*"#04.= µ4."#$.#(8, $5"2$': - SEM  ,(#*)+)8 µ4, µ6?#7# @F'+=: ,05+@$':. G (4# B,$4.= 
74,&#"5 *': ,(% *# #(*4.% µ4."#$.%(4# )80,4 %*4 3"'$4µ#(#4)8 '+).*"%04, $) ,0*8?)$' µ) *# 
#(*4.% µ4."#$.%(4# (#@ 3"'$4µ#(#4)8 #",*% &2: (Q,3,"5.', 2009). O*$4, µ) *'0 '+).*"#04.= 
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µ4."#$.#(8, $5"2$': (,"63)*,4 ' 7@0,*%*'*, µ)96?@0$': *20 7)49µ5*20 62: 100.000 &#"6: .,4 

(,",*="'$': *20 7)49µ5*20 $) .+8µ,., mm 62: µm (Watt et all, 1997).

G ,"3= +)4*#@"98,: *': '+).*"#04.=: µ4."#$.#(8,: $5"2$': B,$8N)*,4 $*'0  ).(#µ(= 
'+).*"#0820  (502 $*# 7)89µ, .,4 *'0 ,0830)@$' *': ,05.+,$': *20 '+).*"#0820 ,@*/0. 
D(#*6+)$µ, ,@*#1 )80,4 ' 7@0,*%*'*, ,()4.%04$': µ4,: µ4."#$.#(4.=: )(4&50)4,: *#@ 7)89µ,*#: 
.,4 ' )1")$' *': (#4#*4.=: .,4 (#$#*4.=: $1$*,$': *20 @+4./0 *#@ (Mouret et al, 2001).

&4F678 5-5: G+).*"#04.% E4."#$.%(4# M5"2$': – SEM.

A4, *'0 ,05+@$' *20 7)49µ5*20 7)0 ,(,4*)8*,4 .5(#4, )<)N'*'µ60' )()<)"9,$8, *#@:, ).*%: ,(% 
*'0 )(8$*"2$= *#@: µ) µ4, +)(*= $*"/$' +)@.%3"@$#@ *': *5<)2: *20 10 nm, /$*) 0, 980#@0 
'+).*"4.5 ,9/94µ, (Q,3,"5.', 2009). 

G ,05+@$' *20 7)49µ5*20 *': 74,*#µ4.=: 9': 6940) $*# Jµ=µ, ;(4$*=µ': *20 K+4./0  .,4 
E'3,04./0 !)"4B5++#0*#: *#@ !,0)(4$*'µ8#@ *': E%0*)0, $*'0 L*,+8, .,4 ' )()<)"9,$8, *20 

,(#*)+)$µ5*20 6940) µ) *' B#=?)4, *#@ +#94$µ4.#1 INCA, Oxford.

&4F678 5-6: C)89µ,*, ("#: ,05+@$' $*# SEM .,*5 *'0 )(8$*"2$= *#@: µ) +)@.%3"@$#.

J, ,(#*)+6$µ,*, *': '+).*"#04.=: µ4."#$.#(8,: $5"2$': 94, *, 7)89µ,*, 74,*#µ4.=: 9': 

(,"#@$45N#0*,4 $*# !,"5"*'µ, R. ;.)8, µ(#")8 )1.#+, .,0)8: 0, 74,."80)4 *4: (#+@(#8.4+): 
(#"/7)4: µ#"&6: *20 74,*%µ20.
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5.2.7 !3E;H4E34;µ6G pH

G µ6*"'$' *#@ pH 6+,B) 3/", $*# ;"9,$*="4# C4,3)8"4$': J#<4./0 .,4 ;(4.4071020 D(#B+=*20, 
B5$)4 *': ("%*@(': µ)?%7#@ D 4972-01. 

C)89µ, 74,*#µ4.=: 9': $@0#+4.#1 B5"#@: 10gr *#(#?)*=?'.) µ,N8 µ) 30ml ,(4#04$µ60#@ 0)"#1 $) 
(+,$*4.% $2+'05"4# .,4 ,.#+#1?'$) ,057)@$' *#@ 7)89µ,*#: 94, 20min. E)*5 *# (6",: *': 
,057)@$':, *# 7)89µ, ,&6?'.) $) '")µ8, 94, ()"8(#@ 10min, /$*) 0, .,?4N50#@0 *, $*)")5 .,4 

,.#+#1?'$) ' µ6*"'$' *#@ pH. G µ6*"'$' (",9µ,*#(#4=?'.) µ) 3"=$' (#*)0$4%µ)*"#@ µ) 60, 
$1$*'µ, )@,8$?'*#@ '+).*"#78#@ .,4 *, ,(#*)+6$µ,*, (,"#@$45N#0*,4 $*# A"5&'µ, 5-4, (#@ 
,.#+#@?)8.

K3L@=µ8 5-4: A",&4.= ,()4.%04$' *#@ pH *20 7)49µ5*20 74,*#µ4.=: 9':.

G 3'µ4.= )()<)"9,$8, µ) #<6, #7=9'$) $) µ4, $,&= µ)82$' *#@ pH *': 74,*#µ4.=: 9':, µ) *4: 

*4µ6: 0, (6&*#@0 ,(% *# 8.58 *#@ &@$4.#1, ,.,*6"9,$*#@ @+4.#1 $*# 3.93 *#@ 3'µ4.5 
*"#(#(#4'µ60#@ µ) @7"#3+2"4.% #<1 74,*#µ8*'. P$*%$#, ' 3'µ4.= )()<)"9,$8, *20 7)49µ5*20 µ) 
.,@$*4.% 05*"4# &,80)*,4 %*4 )(,06&)") *# pH $) &@$4#+#94.5 )(8()7, (ph a 8.5). J6+#:, 
$'µ,0*4.% )80,4 0, ,0,&)"?)8 %*4 ' ?)"µ4.= )()<)"9,$8, *20 7)49µ5*20 ("#.5+)$) µ4, µ4."= 
,1<'$' *#@ pH.

5.2.8 /;N2;I4µ2I3:8

I ("#$74#"4$µ%: *#@ ,$B)$*8*' (CaCO3) µ) *# ,$B)$*8µ)*"# Dietrich-Frunhlin (;4.%0, 5-7) 
(B5$)4 *@(#(#8'$': NORMAL 1998) )80,4 60,: $*,?µ4.%: ("#$74#"4$µ%:.

Draw

Draw_550

D_HCl

D_HCl_550

D_H2SO4

D_H2SO4_550

D_HCl_NaOH

D_HCl_NaOH_550

D_H2SO4_NaOH

D_H2SO4_NaOH_550
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I4 $*,?µ4.6: µ6?#7#4 ,05+@$': $*'"8N#0*,4 $*'0 )(87",$' )0%: ,0*47",$*'"8#@ $) 902$*= 

(#$%*'*, *#@ 7)89µ,*#: ' #(#8, 63)4 $,0 ,(#*6+)$µ, )8*):

• *#0 $3'µ,*4$µ% µ4,: #@$8,: (#@ ()"463)4 *# ("#: ("#$74#"4$µ% $@$*,*4.% = 

• µ4,: #@$8,: (#@ )80,4 902$*= ' $*#43)4#µ)*"4.= *': $36$' µ) *# ("#$74#"4N%µ)0# $@$*,*4.%.

&4F678 5-7: D$B)$*8µ)*"# Dietrich-Frunhlin.

I ("#$74#"4$µ%: *#@ ,$B)$*8*' +#4(%0 $*'"8N)*,4 $*' µ6*"'$' *#@ %9.#@ *#@ CO2 (#@ ).+1)*,4 

,(% *'0 )(87",$' 74,+1µ,*#: @7"#3+2"4.#1 #<6#: $*# 7)89µ, $1µ&20, µ) *'0 )</?)"µ' 
,0*87",$': 

I ("#$74#"4$µ%: *#@ ,$B)$*8*' 6+,B) 3/", $*# ;"9,$*="4# D0%"9,0': A)23'µ)8,:, I"9,04.=: 

A)23'µ)8,: & I"9,04.=: !)*"#9",&8,: *#@ Jµ=µ,*#: E'3,04./0 I"@.*/0 !%"20 *#@ 
!#+@*)30)8#@ >"=*': .,4 *, ,(#*)+6$µ,*, (,"#@$45N#0*,4 $*#0 !80,.,: 5-7, (#@ ,.#+#@?)8.

!:78F8G 5-7: E6*"'$' D$B)$*8*' *20 7)49µ5*20 74,*#µ4.=: 9':.

Sample /;N2;I:I=G (%)

Draw 7.32%

Draw_550 7.76%

D_HCl -

D_HCl_550 -

D_H2SO4 -

D_H2SO4_550 -

D_HCl_NaOH -

D_HCl_NaOH_550 -

CaCO3 + 2HCl! CaCl2 + CO2 + H2O
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Sample /;N2;I:I=G (%)

D_H2SO4_NaOH -

D_H2SO4_NaOH_550 -

J, ,(#*)+6$µ,*, 7)830#@0 60, $'µ,0*4.% (#$#$*% ,0?",.4./0 ()*"2µ5*20 *': *5<': *#@ 7.5 % 
94, *'0 &@$4.=, ,.,*6"9,$*' .,4 ?)"µ4.5 *"#(#(#4'µ60' 74,*#µ4.= 9'. P$*%$#, &,80)*,4 %*4 µ) 

*'0 3'µ4.= )()<)"9,$8, )(4*)13?'.) ' (+="': ,(#µ5."@0$= *#@: ,(% *'0 µ5N, *#@ 
("#$"#&'*4.#1 @+4.#1.

5.2.9 !3E;H4E34;µ6G @J;4F?G J>38;:8G

C)89µ, &@$4.=:, ,.,*6"9,$*': 74,*#µ4.=: 9': .,?#"4$µ60': ,"34.=: µ5N,:, N@98$*'.) µ)*5 ,(% 
<=",0$' $*#@: 105#C 94, 12 /"):. G &@$4.= @9",$8, *#@ 7)89µ,*#: @(#+#98$*'.) $*# 3%.

5.2.10 !3E;H4E34;µ6G µ2>PMEJG ;<µ8I4H:<7 H48IEµ4F?G >=G

M1µ&20, µ) *#0 ("#µ'?)@*= *# 95.5% *20 $2µ,*47820 *': 74,*#µ4.=: 9': 63)4 745µ)*"# 
µ4."%*)"' ,(% 45µm.

5.3 !2438µ8I4F? H48H4F8;:8

J, 7)89µ,*, *': 74,*#µ4.=: 9': (Draw, Draw-550, DHCl, DHCl-550, DH2SO4, DH2SO4-550, DHCl-NaOH, DHCl-

NaOH-550, DH2SO4-NaOH, DH2SO4-NaOH-550) )<)*5$*'.,0 2: ("#: *'0  4.,0%*'*, ,(#µ5."@0$': BTEX, 
MtBE .,4 JDE; ,(% @7,*4.5 74,+1µ,*, µ6$2 ()4",µ5*20 74,+)8(#0*#: 6"9#@. 

G ()4",µ,*4.= 74,74.,$8, 32"8$*'.) $) *6$$)"4: .,*'9#"8): ()4",µ5*20: 

• ()4"5µ,*, .40'*4.=: *': ("#$"%&'$':,

• ()4"5µ,*, 4$#""#(8,: *': ("#$"%&'$':,

• ()4"5µ,*, 74)")10'$': )(87",$': µ=*",: $*'0 ("#$"%&'$',

• ()4"5µ,*, ,0*,9204$*4.=: ("#$"%&'$':.

M) %+): *4: .,*'9#"8): ()4",µ5*20  )(4+63?'.) ,"34.= $@9.60*"2$' 5ppm = 5mg/l 94, .5?) 60,0 
,(% *#@: )<)*,N%µ)0#@: "1(#@:.

5.3.1 !838;F2J? JH8I4FR7 H48DJµLI<7

A4, *'0 (,",$.)@= *20 @7,*4./0 74,+@µ5*20, µ4."#(#$%*'*): *': *5<': *20 µL *20 .,?,"/0 
#@$4/0   (benzene, toluene, ethylbenzene, xylenes, MtBE .,4 TAME) 74,+1#0*,0 ,"34.5 $) 10 mL 
µ)?,0%+': (' µ)?,0%+' )80,4 60,: #"9,04.%: 74,+1*': .,4 B#'?5)4 $*'0  745+@$' *20  #"9,04./0 
3'µ4./0 #@$4/0 $*, @7,*4.5 74,+1µ,*,). G $@++#9= *20 )(4?@µ'*/0  (#$#*=*20 *20 .,?,"/0 
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#@$4/0  .,4 ' µ)*,&#"5 *#@: $*'0 #9.#µ)*"4.= &45+' *20 10mL 940%*,0 µ) *' B#=?)4, 

µ4."4$@"499/0. M*'0 $@063)4, (#$%*'*): *': *5<': *20 mL *#@ 74,+1µ,*#: µ)?,0%+'-#"9,04.#8 
"1(#4 $@++69#0*,0 .,4 µ)*,&6"#0*,0 µ) *'0  B#=?)4, µ4."#$@"499/0 $) .,?#"4$µ60# %9.# 0)"#1 
(74,+1*':) 94, *'0 (,",$.)@= *20 @7,*4./0 74,+@µ5*20.

&4F678 5-8: E4."#$1"499): .,4 µ,90'*5.4 ,057)@$': (#@ 3"'$4µ#(#4=?'.,0 $*, (+,8$4, *': ()4",µ,*4.=: 
74,74.,$8,:.

M*# $'µ)8# ,@*% ,<8N)4 0, $'µ)42?)8 %*4 #4 "1(#4 (#@ 3"'$4µ#(#4=?'.,0 ,0=.#@0 $*'0 .,*'9#"8, 

*20 (*'*4./0 @7"#9#0,0?"5.20 .,4 2: ). *#1*#@ µ4."6: (#$%*'*): ,@*/0 )<,*µ8N#0*,4 .,*5 *'0 
(,",$.)@= *20  @7,*4./0 74,+@µ5*20. O*$4, (",.*4.5 =*,0  71$.#+# 0, )(4*)@3?#10 $*,?)"6: 
$@9.)0*"/$)4: *20 5ppm 94, BTEX, MtBE .,4 TAME $) %+, *, ()4"5µ,*,.

M@0#+4.5 6940) 3"=$' *"4/0 @7,*4./0 µ'*"/0: @()".5?,"#@ 0)"#1, 0)"#1 +8µ0': .,4 0)"#1 
?,+5$$':. J# 0)"% +8µ0': +=&?'.) ,(% *'0 +8µ0' *': D945: (;4.%0, 5-9), )0/ *# 0)"% ?,+5$$': 

,(% *'0 ()"4#3= *#@ >,+,?5 (;4.%0, 5-10).

&4F678 5-9: D)"#&2*#9",&8, *': +8µ0': D945: - M'µ)8# 7)49µ,*#+'F8,:.
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&4F678 5-10: D)"#&2*#9",&8, (,",+8,: >,+,?5 - M'µ)8# 7)49µ,*#+'F8,:.

E) $*%3# *#0 ("#$74#"4$µ% *20 (#4#*4./0 3,",.*'"4$*4./0 *20  @75*20 (",9µ,*#(#4=?'.,0 
µ)*"=$)4: &@$4.#3'µ4./0 3,",.*'"4$*4./0 .,4 ,0,+1$)4: )(4+)9µ6020 (*'*4./0 #"9,04./0 
$@$*,*4./0. J, ,(#*)+6$µ,*, (,"#@$45N#0*,4 ,0,+@*4.5 $*#@: (80,.):, (#@ ,.#+#@?#10 
(!80,.,: 5-9 .,4 !80,.,: 5-10)

!:78F8G 5-9: E)*"=$)4: &@$4.#3'µ4./0 3,",.*'"4$*4./0 @75*20.

#:µ7= />4LG#:µ7= />4LG !838D:8 *8D8ML!838D:8 *8D8ML

E6*"'$' 1 E6*"'$' 2 E6*"'$' 1 E6*"'$' 2

PH 7.74 7.76 8.12 8.06

DO (mg/l) 8.57 - 7.92 -

D9294µ%*'*, (µs/cm) 588 442 56.1 x 103 57.4 x 103

Redox (mV) 175 240 170 168

CSB (mg/l) 222 92 2911 2192

P (mg/l) < 0.05 0.09 < 0.05 < 0.05

Cl- (mg/l) 20 14 22900 35000

NH4+ (mg/l) < 2 <2 < 2 2.1

NO2- (mg/l) 0.015 <0.010 < 0.01 < 0.01

NO3- (mg/l) < 0.5 <0.5 < 0.5 < 0.5

SO4-2 (mg/l) < 5 215 3450 3200

!:78F8G 5-10: D0,+1$)4: )(4+)9µ6020 (*'*4./0 #"9,04./0 $@$*,*4./0 *20 @75*20 (3),45'*675.1 75 mg/l).

#:µ7= />4LG#:µ7= />4LG !838D:8 *8D8ML!838D:8 *8D8ML

E6*"'$' 1 E6*"'$' 2 E6*"'$' 1 E6*"'$' 2

MTBE <0.05 <0.05 <0.05 <0.05
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#:µ7= />4LG#:µ7= />4LG !838D:8 *8D8ML!838D:8 *8D8ML

BENZENE <0.05 <0.05 <0.05 <0.05

TAME <0.05 <0.05 <0.05 <0.05

TOLUENE-d8 <0.05 <0.05 <0.05 <0.05

TOLUENE <0.05 <0.05 <0.05 <0.05

ETHYLBENZENE <0.05 <0.05 <0.05 <0.05

m-,p-XYLENE <0.05 <0.05 <0.05 <0.05

o-XYLENE <0.05 <0.05 <0.05 <0.05

5.3.2 !243Lµ8I8 F47=I4F?G I=G B3E;36@=;=G

M.#(%: *20 ()4",µ5*20  .40'*4.=: *': ("#$"%&'$': =*,0 0, .,?#"4$*)8 # 3"%0#: (#@ ,(,4*)8*,4 
94, 0, )(6+?)4 4$#""#(8,, 0, 980)4 µ4, ("/*' ).*8µ'$' *': ("#$"#&'*4.=: 4.,0%*'*,: *': 
74,*#µ4.=: 9': .,4 0, ("#$74#"4$*)8 *#  .40'*4.% µ#0*6+#  (F)@7#("/*': *5<':, F)@7#7)1*)"': 
*5<': .,4 intraparticle µ#0*6+# 7453@$':), (#@ ("#$#µ#45N)4 .,+1*)", *, ()4",µ,*4.5 µ,: 

7)7#µ60,.

M@0#+4.5 (",9µ,*#(#4=?'.,0 7).,#3*/ ()4"5µ,*, .40'*4.=: *': ("#$"%&'$':, 71# 94, .5?) 60, 
,(% *, 7)89µ,*, 74,*#µ4.=: 9': (Draw, DHCl, DHCl-550, DH2SO4, DH2SO4-550, DHCl-NaOH, DHCl-NaOH-550, 
DH2SO4-NaOH, DH2SO4-NaOH-550). M) .5?) ()8",µ, .",*=?'.,0 $*,?)"5: ' µ5N, *#@ ("#$"#&'*4.#1 
@+4.#1, # %9.#: *#@ 74,+1µ,*#:, ' ?)"µ#.",$8, (20#C) .,4 ' ,"34.= $@9.60*"2$' *20 "1(20.

G ("#$"%&'$' +5µB,0) 3/", $) µ(#@.,+5.4, $@0#+4.=: 32"'*4.%*'*,: 40ml. M) .5?) 60, ,(% 
,@*5 *#(#?)*=?'.) 74,*#µ4.= 9' µ5N,: 2gr .,4 60, µ,90'*5.4 ,057)@$':. J, µ(#@.5+4, ,&#1 
96µ4$,0 µ63"4 *# 3)8+#: µ) @7,*4.% 745+@µ, @()".5?,"#@ 0)"#1 %+20 *20 "1(20 (BTEX, MtBE 
.,4 TAME), .+)8$*'.,0 )"µ'*4.5 µ) *, )474.5 .,(5.4, *#@: .,4 *#(#?)*=?'.,0 $) µ,90'*4.#1: 
,0,7)@*="):, µ6$, $) ?)"µ#$*,*4.% ?5+,µ# $*#@: 20#C, %(#@ (,"6µ)40,0 94, .,?#"4$µ60, 

3"#04.5 74,$*=µ,*,, ,(% 1 62: 48 /"):.

5.3.3 !243Lµ8I8 4;E33EB:8G I=G B3E;36@=;=G

M.#(%: *20 ()4",µ5*20  4$#""#(8,: *': ("#$"%&'$': =*,0 0, .,?#"4$*)8 ' .,+1*)"' 7@0,*= 
7%$' *#@ ("#$"#&'*4.#1 @+4.#1 (#@ ,(,4*)8*,4 94, *'0  ,(#µ5."@0$' *20  "1(20 ,(% *# @7,*4.% 
745+@µ,, 0, @(#+#94$*)8 ' µ694$*' (#$%*'*, (#@ µ(#")8 0, ("#$"#&'?)8 ,05 gr 74,*#µ4.=: 9': 

.,4 0, ("#$74#"4$*)8 *# µ#0*6+# 4$%?)"µ': *': ("#$"%&'$': (Freundlich, Langmuir .,4 A",µµ4.= 
4$%?)"µ') (#@ ("#$#µ#45N)4 .,+1*)", *, ()4",µ,*4.5 µ,: 7)7#µ60,.

M@0#+4.5 (",9µ,*#(#4=?'.,0 *6$$)", ()4"5µ,*, 4$#""#(8,: *': ("#$"%&'$':, 71# 94, .5?) 60, 
,(% *, 7)89µ,*, 74,*#µ4.=: 9': DHCl .,4 DH2SO4. M) .5?) ()8",µ, .",*=?'.,0 $*,?)"5: # 3"%0#: 
,057)@$':, # %9.#: *#@ 74,+1µ,*#:, ' ?)"µ#.",$8, (20#C) .,4 ' ,"34.= $@9.60*"2$' *20 "1(20.
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G ("#$"%&'$' +5µB,0) 3/", $) µ(#@.,+5.4, $@0#+4.=: 32"'*4.%*'*,: 40ml. M) .5?) 60, ,(% 

,@*5 *#(#?)*=?'.) 74,*#µ4.= 9' µ5N,: ,(% 0 62: 5.5 gr .,4 60, µ,90'*5.4 ,057)@$':. J, 
µ(#@.5+4, ,&#1 96µ4$,0 µ63"4 *# 3)8+#: µ) @7,*4.% 745+@µ, @()".5?,"#@ 0)"#1 %+20 *20 "1(20 
(BTEX, MtBE .,4 TAME), .+)8$*'.,0  )"µ'*4.5 µ) *, )474.5 .,(5.4, *#@: .,4 *#(#?)*=?'.,0 $) 
µ,90'*4.#1: ,0,7)@*="):, µ6$, $) ?)"µ#$*,*4.% ?5+,µ# $*#@: 20#C, %(#@ (,"6µ)40,0  94, 
.,?#"4$µ60# 3"#04.% 745$*'µ, 24 2"/0.

5.3.4 !243Lµ8I8 H4232A7=;=G I=G 2B:H38;=G I=G JH8I4F?G µ?I38G ;I=7 B3E;36@=;=

C)7#µ60#@ %*4 $) %+, *, ()4"5µ,*, 3"'$4µ#(#4=?'.) @()".5?,"# 0)"%, ?)2"=?'.) $'µ,0*4.% 0, 
74)")@0'?#10 #4 )(47"5$)4:, (#@ ?, )83) ' 3"=$' µ4,: 74,&#")*4.=: @7,*4.=: µ=*",:, $*'0 
,(%7#$' *': 74)"9,$8,: *': ("#$"%&'$':. 

A4, *# +%9# ,@*% (",9µ,*#(#4=?'.,0 6<4 ()4"5µ,*,, 71# 94, .5?) µ4, ,(% *4: ()4",µ,*4.6: 

$@0?=.): (#@ (,"#@$45N#0*,4 $*#0 !80,., 5-11, (#@ ,.#+#@?)8.

!:78F8G 5-11: M@0?=.): .5*2 ,(% *4: #(#8): (",9µ,*#(#4=?'.,0 *, ()4"5µ,*, 74)")10'$': )(87",$': µ=*",: $*'0 
("#$%&'$' (M@9.)0*"/$)4: $) mg/l).

8/8 !3E;3E@=I4F6 Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME $H8I4F? 
µ?I38

1 DHCl 5 5 5 5 5 5 5 K()".5?,"#

2 DHCl 5 5 5 5 5 5 5 Y)"% +8µ0':

3 DHCl 5 5 5 5 5 5 5 Y)"% ?,+5$$':

M) .5?) ()8",µ, .",*=?'.,0 $*,?)"5: # 3"%0#: ,057)@$':, ' µ5N, *#@ ("#$"#&'*4.#1 @+4.#1, # 
%9.#: *#@ 74,+1µ,*#: .,4 ' ?)"µ#.",$8, (20#C).

G ("#$"%&'$' +5µB,0) 3/", $) µ(#@.,+5.4, $@0#+4.=: 32"'*4.%*'*,: 40ml. M) .5?) 60, ,(% 
,@*5 *#(#?)*=?'.) 74,*#µ4.= 9' µ5N,: 2 gr .,4 60, µ,90'*5.4 ,057)@$':. J, µ(#@.5+4, ,&#1 

96µ4$,0 µ63"4 *# 3)8+#: µ) *# @7,*4.% 745+@µ,, .+)8$*'.,0 )"µ'*4.5 µ) *, )474.5 .,(5.4, *#@: .,4 
*#(#?)*=?'.,0 $) µ,90'*4.#1: ,0,7)@*="):, µ6$, $) ?)"µ#$*,*4.% ?5+,µ# $*#@: 20#C, %(#@ 
(,"6µ)40,0 94, .,?#"4$µ60, 3"#04.5 74,$*=µ,*,, ,(% 1 62: 48 /"):.

5.3.5 !243Lµ8I8 87I8><74;I4F?G B3E;36@=;=G

>,*5 *'0 )&,"µ#9= *)304./0 ("#$"%&'$': $) @9"5 ,(%B+'*, $@0=?2: +,µB50)4 3/", 

("#$"%&'$' µ49µ5*20 #"9,04./0 )0/$)20. J@(4.5, (,"#@$45N)*,4 µ)82$' $*' 32"'*4.%*'*, 
("#$"%&'$': 94, #(#4,7=(#*) 602$' $) 745+@µ, (#++/0  $@$*,*4./0, ,++5 ' #+4.= 32"'*4.%*'*, 
("#$"%&'$': *#@ ("#$"#&'*4.#1 µ6$#@ µ(#")8 0, )80,4 µ)9,+1*)"' ,(% *'0  32"'*4.%*'*, 
("#$"%&'$': 94, µ8, 602$'. G 6.*,$' *#@ ,0*,9204$µ#1 $3)*8N)*,4 µ) *# µ69)?#: *20 µ#"820 
(#@ ("#$"#&#10*,4, *' $@9960)4, ("#$"%&'$': .,4 *4: ,0#49µ60): $@9.)0*"/$)4: *#@:.
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M.#(%: *20 ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': )80,4 0, ("#$74#"4$*)8 # B,?µ%: 

(,")µ(%74$': *': ("#$"%&'$': *20 "1(20, +%92 (,"#@$8,: ,0*,9204$*4./0 )0/$)20. A4, *# 
+%9# ,@*% (",9µ,*#(#4=?'.,0 $@0#+4.5 #3*/ ()4"5µ,*, ,0*,9204$*4.=: ("#$"%&'$':, 71# 94, 
.5?) µ4, ,(% *4: ()4",µ,*4.6: $@0?=.): (#@ (,"#@$45N#0*,4 $*#0 !80,., 5-12, (#@ ,.#+#@?)8. 

!:78F8G 5-12: M@0?=.): .5*2 ,(% *4: #(#8): (",9µ,*#(#4=?'.,0 *, ()4"5µ,*, ,0*,9204$*4.=: ("#$"%&'$': 
(M@9.)0*"/$)4: $) mg/l).

8/8 !3E;3E@=I4F6 Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME $H8I4F? 
µ?I38

1 DHCl 5 5 5 5 5 - - Y)"% +8µ0':

2 DHCl - - - - - 5 5 Y)"% +8µ0':

3 DHCl 5 5 5 5 5 - Y)"% ?,+5$$':

4 DHCl - - - - - 5 5 Y)"% ?,+5$$':

M) .5?) ()8",µ, .",*=?'.,0 $*,?)"5: # 3"%0#: ,057)@$':, ' µ5N, *#@ ("#$"#&'*4.#1 @+4.#1, # 
%9.#: *#@ 74,+1µ,*#: .,4 ' ?)"µ#.",$8, (20#C).

G ("#$"%&'$' +5µB,0) 3/", $) µ(#@.,+5.4, $@0#+4.=: 32"'*4.%*'*,: 40ml. M) .5?) 60, ,(% 
,@*5 *#(#?)*=?'.) 74,*#µ4.= 9' µ5N,: 2 gr .,4 60, µ,90'*5.4 ,057)@$':. J, µ(#@.5+4, ,&#1 
96µ4$,0 µ63"4 *# 3)8+#: µ) *# @7,*4.% 745+@µ,, .+)8$*'.,0 )"µ'*4.5 µ) *, )474.5 .,(5.4, *#@: .,4 

*#(#?)*=?'.,0 $) µ,90'*4.#1: ,0,7)@*="):, µ6$, $) ?)"µ#$*,*4.% ?5+,µ# $*#@: 20#C, %(#@ 
(,"6µ)40,0 94, .,?#"4$µ60, 3"#04.5 74,$*=µ,*,, ,(% 1 62: 12 /"):.

5.3.6 Q24>µ8IED=W:8

E)*5 *# (6",: *#@ 3"%0#@ ,057)@$':, *, 7)89µ,*, ,(#µ,."10#0*,0 ,(% *#@: µ,90'*4.#1: 
,0,7)@*="): .,4 ,&=0#0*,0  $) '")µ8, 94, ()"8(#@ 5 +)(*5, /$*) 0, .,?4N50)4 *# $*)")% @+4.%. E) 

*' B#=?)4, $1"499,: +,µB,0%*,0 7)89µ, ,(% *'0 @()".)8µ)0' @9"= &5$' .,4 ,.#+#@?#1$) 
74=?'$= *#@ µ) 3"=$' &8+*"#@ 0.45µm. !#$%*'*, *': *5<': *20 2 ml *#@ 74'?=µ,*#: 
&@+5$$#0*,0 $) )474.5 7)49µ,*#+'(*4.5 &4,+874,. J, 7)49µ,*#+'(*4.5 &4,+874,, ,&#1 96µ4N,0 
(+="2:, .+)80#0*,0 ,)"#$*)9/: .,4 &@+5$$#0*,0 $) F@9)8# µ63"4 *'0 ,05+@$= *#@:.

5.3.7 '=µ4F? 87LDJ;=

J, 7)89µ,*, (#@ $@++63?'.,0  .,*5 *'0 745".)4, *20 ()4",µ5*20, ,0,+1?'.,0 $) 60,0 ,6"4# 
3"2µ,*#9"5&# µ) ,0430)@*= &,$µ,*#µ)*"8,: µ,N/0 (GCMS-QP2010 Plus) .,4 µ) 3"=$' µ)?%7#@ 
µ4."#).31+4$': $*)")=: &5$': (SPME). I4 µ)*"=$)4: 6+,B,0 3/", $*# )"9,$*="4# C4,3)8"4$': 
J#<4./0 .,4 ;(4.4071020 D(#B+=*20 *#@ !#+@*)30)8#@ >"=*':.
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&4F678 5-11: D6"4#: S"2µ,*#9"5&#: (GCMS-QP2010 Plus).

?%#2 $>%&$+ #%1µ$(50%$@)$+

G 3"2µ,*#9",&8, )80,4 µ4, *)304.= 74,32"4$µ#1 µ)49µ5*20. I 74,32"4$µ%: $*'"8N)*,4 $*4: 
74,&#")*4.6: .,*,0#µ6: *20 $@$*,*4./0 )0%: µ)89µ,*#: µ)*,<1 7@# &5$)20. G µ4, &5$' 
(,",µ60)4 $*,?)"= $*# $1$*'µ, .,4 +69)*,4 ,.80'*' &5$', )0/ ' 5++' +69)*,4 .40'*= &5$' .,4 
746"3)*,4 µ6$, = )(502 ,(% *'0 )(4&50)4, *': $*,?)"=: &5$':. G .40'*= &5$' ("#.,+)8 
µ)*,*%(4$' *20 $@$*,*4./0 )0%: µ)89µ,*#: $) 745&#"): ?6$)4: µ6$, $*'0 3"2µ,*#9",&4.= $*=+', 

µ) ,(#*6+)$µ, *# 74,32"4$µ% *#@:. M*'0 ,6"4, 3"2µ,*#9",&8, ' .40'*= &5$' ,(#*)+)8*,4 ,(% 
60, 3'µ4.5 ,7",06: ,6"4# (R.L.Pecsok et al., 1980).

O0,: ,6"4#: 3"2µ,*#9"5&#: )80,4 60, *)+)82: .+)4$*% $1$*'µ, ().*%: ,(% *'0 6<#7# *#@ ,)"8#@ 
$*# *6+#:), µ) *, B,$4.5 3,",.*'"4$*4.5 *#@ 0, )80,4 # ?5+,µ#: )4$,929=: *#@ 7)89µ,*#:, ' 
3"2µ,*#9",&4.= $*=+' .,4 # ,0430)@*=:.

&4F678 5-12: R,$4.5 3,",.*'"4$*4.5 )0%: ,6"4#@ 3"2µ,*#9"5&#@ (R.L.Pecsok et al., 1980).

J# &"6#0 ,6"4# ()"463)*,4 $) 3,+1B740#@: .@+807"#@: µ) µ)95+' (8)$' .,4 (,"63)*,4 $*'0 

$@$.)@= µ) 60,0 = ()"4$$%*)"#@: "@?µ4$*6: (8)$':, (#@ "@?µ8N#@0 *'0 *,31*'*, "#=:. J# 7)89µ, 
)4$59)*,4 $) 60,0  ?)"µ,40%µ)0# ?5+,µ# µ) µ4, $1"499, (#@ *"@(5)4 µ4, )474.= B,+B87,. J, &"6#0 
,6"4# µ)*,&6")4 *, $@$*,*4.5 *#@ 7)89µ,*#: µ6$, $*' $*=+' %(#@ 74,32"8N#0*,4 *# 60, µ)*5 *# 
5++# .,4 746"3#0*,4 ,(% *#0 ,0430)@*=, (#@ $*6+0)4 60, $=µ, $*#0 .,*,9",&6,. G $*=+', *# 
$1$*'µ, )4$,929=: *#@ 7)89µ,*#: .,4 # ,0430)@*=: B"8$.#0*,4 µ6$, $) 60, ?)"µ#$*,*#1µ)0# 

&#1"0#, ,0 .,4 *, 71# *)+)@*,8, µ(#"#10 0, ?)"µ,0?#10 <)32"4$*5.
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M) .,0#04.6: (46$)4: .,4 ?)"µ#.",$8):, *, $@0'?4$µ60, &6"#0*, ,6"4, ?)2"#10*,4 3'µ4.5 

,7",0=, 94, (,"57)49µ,, *# =+4#, *# @7"#9%0# .,4 *# ,"9%. ;()47= )80,4 ,7",0=, #4 
,++'+)(47"5$)4: µ)*,<1 *20  µ#"820 *#@ 7)89µ,*#: .,4 *20 µ#"820  *#@ &6"#0*#: ,)"8#@ µ(#"#10 
0, ,90#'?#10. G )(4+#9= *#@ &6"#0*#: ,)"8#@ )<,"*5*,4 ,(% *'0  .,*5$*,$' .,?,"%*'*,: $*'0 
#(#8, B"8$.)*,4 = ,(% *4: ,(,4*=$)4: *#@ ,0430)@*=, (#@ ("6()4 0, ,0430)1)4 *, $@$*,*4.5 (#@ 
B"8$.#0*,4 $*# &6"#0 ,6"4# $) (#+1 µ)95+' ,",82$'. G .,?,"%*'*, *#@ &6"#0*#: ,)"8#@ )80,4 

(#+1 $'µ,0*4.=, ,&#1 .,4 830' ,.,?,"$4/0 µ(#"#10  0, ("#.,+6$#@0 ?%"@B# $*# $=µ, *#@ 
,0430)@*=.

I4 $*=+): 74,32"4$µ#1, (#@ ,(#*)+#10 *'0  $*,*4.= &5$' *': 3"2µ,*#9",&8,:, µ(#"#10  0, 
*,<40#µ'?#10 $) 71# .,*'9#"8):, *4: 9)µ4$µ60): .,4 *4: *"43#)47)8:.

I4 9)µ4$µ60): $*=+): .,*,$.)@5N#0*,4 )@.#+%*)",, )80,4 &?'0%*)"):, 63#@0 µ)95+' 

32"'*4.%*'*,, µ)95+# 3"%0# N2=: .,4 )80,4 .,*5++'+): 94, *#@: (4# 71$.#+#@: 74,32"4$µ#1:. 
O3#@0 $@0=?2: µ=.#: 1 62: 20 m .,4 745µ)*"# 3 62: 10mm. ;80,4 .,*,$.)@,$µ60): ,(% 9@,+8, 
µ6*,++# (,0#<)872*#, 3,+.%, ,+#@µ804#) = Teflon .,4 9)µ4$µ60): µ) (+'"2*4.% @+4.% (N)%+4?#, 
74,*#µ4.= 9', silica gel, ,+#@µ80,, )0)"9% 50?",., .*+.) J, %"9,0, (#@ 3"'$4µ#(#4#10  *'0 
.,*'9#"8, ,@*= *20 $*'+/0 #0#µ5N#0*,4 3"2µ,*#9"5&#4 ,6"4,:-$*)")5: &5$': (GSC).

I4 *"43#)47)8: $*=+): 63#@0  µ=.#: 10 62: 50 m .,4 745µ)*"# 0,2 62: 1,2mm. I4 $*=+): ,@*6: 
63#@0 .,+@µµ60' *'0 )$2*)"4.= *#@: )(4&50)4, µ) $*#4B57, @9"#1 (#@ 63)4 74,+@*4.6: = (#+4.6: 
474%*'*): .,4 2: ). *#1*#@ *,  %"9,0, (#@ 3"'$4µ#(#4#10  *'0 .,*'9#"8, ,@*= *20 $*'+/0 
#0#µ5N#0*,4 3"2µ,*#9"5&#4 ,6"4,:-@9"=: &5$': (GLC).

W+#4 #4 74,32"4$µ#8 (#@ 980#0*,4 µ6$, $*' $*=+' ("6()4 #(2$7=(#*) 0, ,0430)@?#10 .,4 0, 

.,*,9",&#10. W+, *, $@$*,*4.5 *#@ 7)89µ,*#: 63#@0 µ4."= $@9.60*"2$' $*# &6"#0 ,6"4#. 
D.%µ,, #4 #@$8): (#@ 780#@0 #<)8): .#"@&6: 6.+#@$': 746"3#0*,4 ,(% *#0 ,0430)@*= $) 3"%0# 
+49%*)"# ,(% 60, 7)@*)"%+)(*#, )0/ 5++): .#"@&6: 6.+#@$': )µ&,08N#0*,4 µ)*5 ,(% /"): .,4 
)80,4 *%$# µ4."6:, /$*) µ%+4: 74,."80#0*,4 (502 ,(% *' 9",µµ= B5$'. I(2$7=(#*), # ,0430)@*=: 
("6()4 0, ,90#)8 *# µ)95+# (#$% *#@ &6"#0*#: ,)"8#@ .,4 0, ,0430)1)4 .,4 *, µ4."5 830' .5?) 

$@$*,*4.#1 (#@ ()"463)*,4 $*# &6"#0 ,6"4#.

G )(4+#9= *#@ ,0430)@*= ("6()4 0, )80,4 (#+1 ("#$).*4.= .,4 0, B,$8N)*,4 $) ."4*="4, %(2: ' 
)474.= )&,"µ#9= *#@ $*# $@9.)."4µ60# ("%B+'µ,, ' )@)+4<8, *#@, ' ,."8B)45 *#@, ' )1.#+' 
)(4$.)@= *#@ .,4 *# .%$*#: *#@.

I4 $(#@7,4%*)"#4 ,(% *#@: ,0430)@*6: (#@ 3"'$4µ#(#4#10*,4 $=µ)", )80,4 #4 74,&#"4.#8 

,0430)@*6:, (#@ µ)*"#10  $*49µ4,8): $@9.)0*"/$)4: = $*49µ4,8): *,31*'*): )µ&504$': *20 
$@$*,*4./0 .,4 #4 #+#.+'"2µ60#4 ,0430)@*6:, (#@ ,?"#8N#@0  *, $*49µ4,8, $=µ,*, .,4 780#@0 *# 
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#+4.% (#$% (#@ 63)4 µ)*"'?)8 µ63"4 µ4, #"4$µ60' $*49µ=. J, $=µ,*, *20 74,&#"4./0 ,0430)@*/0 

#+#.+'"/0#0*,4 $*'0 (#$#*4.= ,05+@$', )0/ *, $=µ,*, *20 #+#.+'"2µ6020 ,0430)@*/0 
74,&#"8N#0*,4 94, 0, 74)@.#+10#@0 *'0 (#4#*4.= ,05+@$' (.5?) $=µ, µ(#")8 0, (,",3?)8 ,(% *# 
5++#).

K3L@=µ8 5-5: C4,&#"4.= .,4 #+#.+'"2µ60' ,(%."4$' 94, *# 874# 3"2µ,*#9"5&'µ, (R.L.Pecsok et al., 1980).

D(% *#@: (4# $@305 3"'$4µ#(#4#1µ)0#@: ,0430)@*6: )80,4 # D0430)@*=: b)"µ4.=: D9294µ%*'*,: 

(TCD), # D0430)@*=: L#04$µ#1 \+%9,: (FID), # D0430)@*=: C6$µ)@$': G+).*"#0820 (ECD), # 
D0430)@*=: \2*#-#04$µ#1 (PID) .,4 # D0430)@*= \,$µ,*#µ)*"8,: E,N/0  (MS) (#@ )80,4 # (+6#0 
7'µ#&4+=: %$#0 ,&#"5 *'0 ,0830)@$' .,4 *#0 ("#$74#"4$µ% #"9,04./0 #@$4/0.

G &,$µ,*#µ)*"8, µ,N/0 B,$8N)*,4 $*'0 (,",929= 76$µ': 4#0*4./0  ?",@$µ5*20 µ) B#µB,"74$µ% 
*20 )<)*,N%µ)020 µ#"820 $@0=?2: µ) '+).*"%04, @F'+=: )06"9)4,:. J, (,",9%µ)0, ?",1$µ,*, 

$*' $@063)4, 74,32"8N#0*,4 µ) )&,"µ#9= '+).*"4.#1 = µ,90'*4.#1 ()78#@ = µ) $@07@,$µ% .,4 *20 
71#. I 74,32"4$µ%: B,$8N)*,4 $*#0  74,&#")*4.% +%9# µ5N,:-("#:-&#"*8# (m/z) .5?) 4#0*4.#1 
?",1$µ,*#:. M*4: ()"4$$%*)"): ()"4(*/$)4: *, ?",1$µ,*, )80,4 µ#0#&#"*4$µ60, (z=1) .,4 94, *#0 
+%9# ,@*% # %"#: "+%9#: µ5N,-("#:-&#"*8#" ,0*4.,?8$*,*,4 ,(% *#0 (+6#0 )13"'$*# %"# µ5N,.

A&7%5*7#B-&'. '(*%*2+ @C'.+ (SPME)

G SPME )80,4 µ4, µ6?#7#: (#@ 7'µ4#@"9=?'.) 94, *'0 ("#)*#4µ,$8, *#@ 7)89µ,*#: $*'0 ,05+@$' 
(*'*4./0 .,4 'µ4-(*'*4./0, (#+4./0 .,4 µ' (#+4./0  )0/$)20 $) 745&#"): µ=*"):. I4 
(,",7#$4,.6: µ6?#7#4 ("#)*#4µ,$8,: 7)49µ5*20  3")45N#0*,4 3"%0# .,4 )"9,*4.% 7@0,µ4.%, 
,(#*)+#10*,4 ,(% 74)"9,$8): (#++,(+/0 $*,7820 .,4 3"'$4µ#(#4#10 *#<4.#1: 74,+1*): (Soxhlet 
extraction .,4 Liquid-Liquid extraction, LLE).

G *)304.= SPME ,(#*)+)8*,4 ,(% 71# $*574,: $*# ("/*# $*574# 980)*,4 74,32"4$µ%: *20 ("#: 
,05+@$' $@$*,*4./0 µ)*,<1 *#@ )(4.,+@(*4.#1 $*"/µ,*#: .,4 *': µ=*",: *#@ 7)89µ,*#:. E4, 80,, 
' #(#8, ()"463)*,4 $) B)+%0, µ4,: $1"499,: B@?8N)*,4 )8*) $*' µ=*", *#@ 7)89µ,*#: )8*) ).*8?)*,4 
$*# .)0% (502 ,(% *# @7,*4.% 7)89µ,. J, 74,+@µ60, $@$*,*4.5 32"8N#0*,4 ,05µ)$, $*# 7)89µ, .,4 
*'0 80,. D&#1 )(6+?)4 4$#""#(8, ' 80, ,(#$1")*,4 µ6$, $*' B)+%0, 94, ,(#?=.)@$' *20 
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$@$*,*4./0 ("40  *'0 ,05+@$'. >,*5 *# 7)1*)"# $*574# (",9µ,*#(#4)8*,4 ' )."%&'$' *#@ 

$@9.)0*"2µ60#@ ).3@+8$µ,*#: $*# ,.#+#@?#1µ)0# ,0,+@*4.% %"9,0# GC. M*#0 ,6"4# 
3"2µ,*#9"5&# (GC) ' 80, )0/ B"8$.)*,4 µ6$, $*' B)+%0,, )4$59)*,4 ,()@?)8,: $*#0 )4$,9296, 
*#@ 3"2µ,*#9"5&#@ .,4 )<6"3)*,4 ,(% ,@*=0 %*,0 ' B)+%0, *"@(=$)4 *# septum *#@ )4$,9296,.

K(5"3#@0 *")4: *"%(#4 )&,"µ#9=: *': SPME: ' ,()@?)8,: ).31+4$', %(#@ ' B)+%0, B@?8N)*,4 
,()@?)8,: $*# 7)89µ, .,4 *, $@$*,*4.5 µ)*,&6"#0*,4 ,(% *' µ=*", ,()@?)8,: $*# )(4.,+@(*4.% 

$*"/µ, *': 80,:, ' ).31+4$' @()".)8µ)0#@ 3/"#@, %(#@ *, $@$*,*4.5 µ)*,&6"#0*,4 $*'0  80, µ6$2 
*#@ .)0#1 3/"#@ (#@ B"8$.)*,4 (502 ,(% *# 7)89µ,. J# .)0% ,@*% ("#$*,*)1)4 *'0 80, ,(% &?#"5. 
I *"8*#: *"%(#: )&,"µ#9=: *': SPME )80,4 ' (,"#@$8, *': 80,: µ) µ)µB"50', ' #(#8, 
3"'$4µ#(#4)8*,4 94, (#+1 B"/µ4., 7)89µ,*, ("#.)4µ60#@ 0, ("#$*,*)@*)8 ' 80, ,(% &?#"5. 

?:C-"'. <*&0µC(1: '(5 GC-MS.

G 74,74.,$8, (#@ ,.#+#@?=?'.) $*, (+,8$4, *': (,"#1$,: )"9,$8,: 63)4 2: )<=:: 

!"#)*#4µ,$8, 7)89µ,*#: 94, ,05+@$' BTEX-MtBE-TAME

• Q194$' 3gr 3+2"4#13#@ 0,*"8#@ (NaCl).

• E)*,&#"5 *#@: $) 7#3)8# 22ml.

            -------------------------------------------------------------------------------------------------------

• Z6(+@µ, .204.=: &45+': 10ml µ) @()".5?,"# 0)"%.

• !+="2$' .204.=: &45+': 10ml µ) @()".5?,"# 0)"% +89# ("40 *'0 3,",9=.

• !"#$?=.' 10µL 7)89µ,*#: – D057)@$' 3 &#"6: (,",82$' 1:1000).

• !"#$?=.' 5µL )$2*)"4.#1 ("#*1(#@ (Toluene-d8 – 20ppm) – D057)@$' 3 &#"6:.

• M@µ(+="2$' .204.=: &45+': µ) @()".5?,"# 0)"% 62: *'0 3,",9= – D057)@$'.

• E)*,&#"5 ()"4)3#µ60#@ .204.=: &45+': $*# 7#3)8# *20 22ml.

E4."#).31+4$' $*)")=: &5$': (SPME) .,4 ,05+@$' 7)49µ5*20 $*# GC-MS

• O+)93#: ?)"µ#.",$8,: 0)"#1 (~20#C)

• ;(4+#9= µ694$*20 $*"#&/0 ,057)@$': (1400).

• J#(#?6*'$' 7#3)8#@ 7)89µ,*#: (22ml) $*#0 µ,90'*4.% ,0,7)@*=", 94, 1 min, ("#.)4µ60#@ 0, 

74,+@?)8 *# 3+2"4#13# 05*"4#.

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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• ;4$,929= 80,: $*# 7#3)8# (22ml) 94, 19 min.

• ;4$,929= 80,: $*# GC. !,",µ#0= 94, 2 min.

G +=F' .,4 ' )()<)"9,$8, *20 3"2µ,*#9",&'µ5*20 6940,0 µ) *'0 B#=?)4, )474.#1 +#94$µ4.#1, $) 
'+).*"#04.% @(#+#94$*=, (#@ =*,0 $@07)7)µ60#: µ) *#0 ,0430)@*= &,$µ,*#µ)*"8,: µ,N/0 (MS).

I4 (,"5µ)*"#4 +)4*#@"98,: *#@ ,6"4#@ 3"2µ,*#9"5&#@ (GC-MS) =*,0 #4 )<=:: 

• b)"µ#.",$8, )4$,9296,: 230 #C

• b)"µ#.",$8, ('9=: 4%0*20: 200 #C

• D"34.= ?)"µ#.",$8,: 40 #C (1 min)

• X@?µ%: ,0%7#@: 5 #C/min 62: 60 #C (0,5 min)

• X@?µ%: ,0%7#@: 30 #C/min 62: 270 #C (2 min)

• J)+4.= ?)"µ#.",$8,: 270 #C

• S"%0#: (,",µ#0=: *': 80,: $*#0 )4$,9296,: 2 min

?)&5+,4# 5 “!)4",µ,*4.% µ6"#>”
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6 /BEI2DP;µ8I8

M) ,@*% *# .)&5+,4# (,"#@$45N#0*,4 ,0,+@*4.5 *, ,(#*)+6$µ,*, *20 ()4",µ5*20 .40'*4.=: *': 
("#$"%&'$':, 4$#""#(8,: *': ("#$"%&'$': .,4 ,0*,9204$*4.=: ("#$"%&'$':. J, ()4",µ,*4.5 
7)7#µ60, ,&#1 )()<)"95$*'.,0 .,*5++'+,, (,",*8?)0*,4 µ6$, ,(% 60, $10#+# (405.20 .,4 

9",&'µ5*20. E) *#0 *"%(# ,@*% 780)*,4 µ4, <).5?,"' )4.%0, *%$# *': ("#$"#&'*4.=: 4.,0%*'*,: 
*': 74,*#µ4.=: 9': (&@$4.=: .,4 *"#(#(#4'µ60':) %$# .,4 *': ,(#*)+)$µ,*4.%*'*,: *': 3'µ4.=: 
)()<)"9,$8,:.

6.1 /BEI2DP;µ8I8 F47=I4F?G I=G B3E;36@=;=G

M@0#+4.5 (",9µ,*#(#4=?'.,0 7).,#3*/ ()4"5µ,*, .40'*4.=: *': ("#$"%&'$':, 71# 94, .5?) 60, 
,(% *, 7)89µ,*, 74,*#µ4.=: 9': (Draw, DHCl, DHCl-550, DH2SO4, DH2SO4-550, DHCl-NaOH, DHCl-NaOH-550, 
DH2SO4-NaOH, DH2SO4-NaOH-550). M) .5?) ()8",µ, 74,*'"=?'.,0 $*,?)"5:

• ' µ5N, *#@ ("#$"#&'*4.#1 @+4.#1 (2gr),

• # %9.#: *#@ 74,+1µ,*#: (40ml),

• ' ?)"µ#.",$8, (20#C),

• ' ,"34.= $@9.60*"2$' *20 "1(20 (5ppm)

.,4 µ)*,B5++#0*,0 # 3"%0#: )()<)"9,$8,: (,(% 1 62: 48 /"):). J, ,(#*)+6$µ,*, (,"#@$45N#0*,4 
,0,+@*4.5 $*, @(#.)&5+,4, (#@ ,.#+#@?#10.

6.1.1 *47=I4F? I=G B3E;36@=;=G >48 IE H2:>µ8 Draw

M*#0  !80,., 6-1, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,: 94, *# 7)89µ, Draw.

!:78F8G 6-1: !)4"5µ,*, .40'*4.=: *': ("#$"%&'$': 94, *# 7)89µ, Draw (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 4.4280 4.1510 3.8750 9.3000 4.5460 7.3735 4.9900

1 4.0070 3.4170 3.0980 5.9810 3.6620 7.2190 4.7800

2 3.7840 3.1490 2.6730 5.4820 3.3630 7.0650 4.5890

4 3.5440 2.8630 2.5050 5.2050 3.0540 6.9030 4.2630

6 3.4180 2.6990 2.3850 4.9670 2.9810 6.7600 4.0940

12 3.2850 2.6620 2.3070 4.8890 2.8600 3.8610

24 3.2170 2.6090 2.1100 4.7020 2.6970 6.3920 3.7520

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

36 3.2090 2.6080 2.0970 4.6740 2.6890 6.3780 3.7480

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 4.8149 4.8026 4.9613 9.8756 4.9785 6.1548 5.1249

1 4.4778 4.1254 4.1290 6.5875 4.1256 6.0154 4.8921

2 4.2410 3.8495 3.7473 6.0548 3.7388 5.9045 4.7129

4 3.9048 3.4787 3.5265 5.7121 3.5574 5.6541 4.4159

6 3.8147 3.3975 3.3379 5.5226 3.4487 5.5689 4.2394

12 3.7215 3.3628 3.2932 5.4894 3.3286 4.0115

24 3.6715 3.3115 3.1205 5.3548 3.0690 5.1229 3.8502

36 3.6658 3.3054 3.1148 5.3360 3.0615 5.1149 3.8456

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-1, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20 ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-1: >40'*4.= *': ("#$"%&'$': 94, *# 7)89µ, Draw (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- 
;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 Draw).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-2 62: 6-4, (#@ ,.#+#@?#10.
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K3L@=µ8 6-2: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *# 7)89µ, Draw (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 Draw).

K3L@=µ8 6-3: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *# 7)89µ, Draw (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 Draw).
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K3L@=µ8 6-4: Intraparticle µ#0*6+# 7453@$': 94, *# 7)89µ, Draw (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 
'/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 Draw).

6.1.2 *47=I4F? I=G B3E;36@=;=G >48 IE H2:>µ8 DHCl

M*#0  !80,., 6-2, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,: 94, *# 7)89µ, DHCl.

!:78F8G 6-2: !)4"5µ,*, .40'*4.=: *': ("#$"%&'$': 94, *# 7)89µ, DHCl (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 5.8087 5.6660 6.1540 13.7010 5.9290 8.8310 7.3130

2 4.1750 3.4504 2.2360 4.7840 2.1290 7.9420 6.1350

4 3.8700 3.1590 2.1390 4.5050 1.7930 7.6695 5.7810

6 3.7640 3.0796 2.0010 4.4010 1.7004 7.5060 5.5500

12 3.5540 2.9400 1.9130 4.2720 1.6200 7.3340 5.4040

24 3.5070 2.8760 1.8122 4.1600 1.5779 7.2511 5.3080

36 3.4950 2.8737 1.8120 4.1598 1.5760 7.2500 5.3069

48 3.4900 2.8701 1.8115 4.1509 1.5740 7.2460 5.3060

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 5.7930 5.9010 6.1210 14.2640 5.5840 8.8450 7.3600

2 4.1720 3.6660 2.4850 5.1100 1.8480 7.9570 6.1620

4 3.8980 3.3150 2.0610 4.7770 1.5050 7.6385 5.8370

6 3.7530 3.2064 1.9870 4.7130 1.3005 7.4450 5.5520
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

12 3.5590 3.0980 1.9110 4.5910 1.1910 7.2600 5.3220

24 3.5000 3.0750 1.8127 4.4510 1.1831 7.2438 5.3100

36 3.4890 3.0672 1.8120 4.4440 1.1770 7.2430 5.3070

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-5, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20 ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-5: >40'*4.= *': ("#$"%&'$': 94, *# 7)89µ, DHCl (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- 
;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-6 62: 6-8, (#@ ,.#+#@?#10.
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K3L@=µ8 6-6: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *# 7)89µ, DHCl (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl).

K3L@=µ8 6-7: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *# 7)89µ, DHCl (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl).
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K3L@=µ8 6-8: Intraparticle µ#0*6+# 7453@$': 94, *# 7)89µ, DHCl (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 
'/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl).

6.1.3 *47=I4F? I=G B3E;36@=;=G >48 IE H2:>µ8 DHCl_550

M*#0  !80,., 6-3, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,: 94, *# 7)89µ, DHCl_550.

!:78F8G 6-3: !)4"5µ,*, .40'*4.=: *': ("#$"%&'$': 94, *# 7)89µ, DHCl_550 (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 4.7670 5.2360 6.1540 13.7010 5.6890 7.6710 5.6130

1 3.6880 3.5720 3.1830 7.4630 2.5880 7.1910 4.9520

2 3.2810 3.2050 2.6830 6.9430 2.1070 6.9830 4.5710

3 3.0890 3.0090 2.4390 6.7094 1.9330 6.7440 4.4017

4 3.0106 2.8570 2.3050 6.4630 1.8140 6.6090 4.1580

6 2.6539 2.6690 2.1910 6.3017 1.6279 6.4350 3.9100

12 2.5950 2.6060 2.1020 6.2070 1.4760 6.2890 3.8720

24 2.5620 2.5814 2.0880 6.1830 1.4730 6.2550 3.8080

36 2.5610 2.5640 2.0380 6.1540 1.4590 6.2450 3.7840

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 4.7210 5.1890 6.1890 13.5760 6.5160 7.6460 5.4420

2 3.2470 3.1480 2.6590 6.8650 2.9540 6.9560 4.4010

4 2.9760 2.8640 2.2950 6.7010 2.5920 6.5687 3.9550
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

6 2.5906 2.6680 2.1810 6.6212 2.4330 6.3817 3.8310

12 2.5580 2.5890 2.1070 6.1610 2.2860 6.2400 3.7430

24 2.5480 2.5800 2.0900 6.1590 2.2860 6.2300 3.7100

48 2.5401 2.5606 2.0300 6.1020 2.2530 6.2000 3.6820

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-9, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20 ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-9: >40'*4.= *': ("#$"%&'$': 94, *# 7)89µ, DHCl_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 
'/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_550).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-10 62: 6-12, (#@ ,.#+#@?#10.
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K3L@=µ8 6-10: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *# 7)89µ, DHCl_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_550).

K3L@=µ8 6-11: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *# 7)89µ, DHCl_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- 
/1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_550).
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K3L@=µ8 6-12: Intraparticle µ#0*6+# 7453@$': 94, *# 7)89µ, DHCl_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 
#*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_550).

6.1.4 *47=I4F? I=G B3E;36@=;=G >48 IE H2:>µ8 DH2SO4

M*#0  !80,., 6-4, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,: 94, *# 7)89µ, DH2SO4.

!:78F8G 6-4: !)4"5µ,*, .40'*4.=: *': ("#$"%&'$': 94, *# 7)89µ, DH2SO4 (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 5.1570 4.6190 5.4760 10.8920 5.9200 6.9700 6.8420

2 4.3570 3.6790 3.4052 5.8110 3.1960 6.6115 6.3440

4 3.9860 2.9440 2.8080 4.4030 2.4590 6.2940 6.0610

6 3.7320 2.6800 2.5080 4.0820 2.2730 6.1360 5.8070

12 3.2990 2.4311 1.9330 3.6950 1.9990 5.8360 5.3900

24 3.0830 2.1280 1.6400 3.5830 1.6993 5.5610 5.0522

36 3.0800 2.1240 1.6110 3.5700 1.6892 5.5440 5.0490

48 3.0780 2.1230 1.6150 3.5650 1.6790 5.5390 5.0380

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 5.6230 4.7810 5.5210 10.9740 6.3040 8.5321 5.9400

2 4.8310 3.7220 3.4250 4.5360 3.3810 8.1195 5.4190

4 4.4010 3.4670 2.8470 4.4780 2.8300 7.8540 5.1170

6 4.1980 3.1660 2.4680 4.1930 2.6430 7.6670 4.8960
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

12 3.7810 2.7570 1.9940 3.7840 2.4101 7.4130 4.4980

24 3.5840 2.3140 1.6580 3.5700 1.9790 7.1280 4.1703

36 3.5770 2.3030 1.6310 3.5660 1.9670 7.1170 4.1690

48 7.1110

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-13, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-13: >40'*4.= *': ("#$"%&'$': 94, *# 7)89µ, DH2SO4 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 
'/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-14 62: 6-16, (#@ ,.#+#@?#10.
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K3L@=µ8 6-14: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *# 7)89µ, DH2SO4 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4).

K3L@=µ8 6-15: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *# 7)89µ, DH2SO4 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4).
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K3L@=µ8 6-16: Intraparticle µ#0*6+# 7453@$': 94, *# 7)89µ, DH2SO4 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 
#*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4).

6.1.5 *47=I4F? I=G B3E;36@=;=G >48 IE H2:>µ8 DH2SO4_550

M*#0  !80,., 6-5, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,: 94, *# 7)89µ, DH2SO4_550.

!:78F8G 6-5: !)4"5µ,*, .40'*4.=: *': ("#$"%&'$': 94, *# 7)89µ, DH2SO4_550 (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 5.1770 4.8590 5.7960 10.6920 5.8200 7.3800 5.8420

2 4.4500 3.6660 3.6520 6.1970 3.3790 7.0885 5.3370

4 4.0890 3.3310 3.0030 5.4160 2.7850 6.8220 5.0320

6 3.8699 3.0940 2.6970 5.2050 2.5080 6.6670 4.8340

12 3.2632 2.5380 2.2250 4.8580 2.2620 6.3590 4.4790

24 3.2305 2.4410 2.1170 4.7190 1.9070 6.0860 4.2049

36 3.2142 2.4350 2.1030 4.7160 1.8900 6.0763 4.1930

48 3.2000 2.4310 2.1020 4.7000 1.7999 6.0695 4.1870

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 5.0010 4.9020 5.3880 10.8870 6.2480 6.8460 5.1370

2 4.3030 4.0880 3.3240 6.4330 3.9080 6.4590 4.6680

4 3.9420 3.3570 2.6980 5.6910 3.2440 4.3620

6 3.6780 3.0780 2.3480 5.4740 2.9120 4.1330
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

12 3.1335 2.5510 1.7321 4.9140 2.4830 3.7409

24 3.0905 2.4420 1.6290 4.7350 2.1790 5.6056 3.5180

36 3.0860 2.4380 1.6030 4.7280 2.1790 5.5556 3.4950

48 5.5445

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-17, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-17: >40'*4.= *': ("#$"%&'$': 94, *# 7)89µ, DH2SO4_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 
#*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_550).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-18 62: 6-20, (#@ ,.#+#@?#10.
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K3L@=µ8 6-18: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *# 7)89µ, DH2SO4_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- 
/1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_550).

K3L@=µ8 6-19: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *# 7)89µ, DH2SO4_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- 
/1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_550).
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K3L@=µ8 6-20: Intraparticle µ#0*6+# 7453@$': 94, *# 7)89µ, DH2SO4_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 
#*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_550).

6.1.6 *47=I4F? I=G B3E;36@=;=G >48 IE H2:>µ8 DHCl_NaOH

M*#0  !80,., 6-6, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,: 94, *# 7)89µ, DHCl_NaOH.

!:78F8G 6-6: !)4"5µ,*, .40'*4.=: *': ("#$"%&'$': 94, *# 7)89µ, DHCl_NaOH (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 4.6090 4.2350 4.7010 8.6970 5.4540 6.9960 4.9080

1 3.8680 3.0920 2.4360 4.3450 3.0410 6.7840 4.5490

2 3.5290 2.6950 1.9040 3.7480 2.4580 6.6180 4.3690

3 2.5210

6 2.8559 2.1240 1.2040 3.3530 1.8670 6.2200 3.8000

24 2.7700 2.0920 1.0980 3.2220 1.7230 6.0290 3.6850

36 2.7680 2.0190 1.0940 3.2170 1.7140 6.0110 3.6750

48 2.7660 1.9980 1.0800 3.1920 1.7130 5.9980 3.6745

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 4.5300 4.1030 4.8050 8.1860 5.3960 6.7780 5.1040

1 3.8010 2.9430 2.5340 3.8780 2.9610 6.5180 4.8080

2 3.5040 2.5250 1.9730 3.2030 2.4090 6.3858 4.5510

4 3.1320 2.2220 1.6380 2.9610 2.1030 6.1686 4.2910
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

6 2.7688 1.9303 1.3010 2.7890 1.9140 5.9828 4.0640

12 2.7379 1.9153 1.2460 2.6760 1.8040 5.8070 3.9560

24 2.7110 1.9140 1.2300 2.6550 1.7440 5.7890 3.9070

36 2.7080 1.9080 1.2270 2.6320 1.7230 5.7860 3.9020

48 2.7070 1.9030 1.2210 2.6490 1.7010 5.7750 3.9015

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-21, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-21: >40'*4.= *': ("#$"%&'$': 94, *# 7)89µ, DHCl_NaOH (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 
#*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_NaOH).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-22 62: 6-24, (#@ ,.#+#@?#10.
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K3L@=µ8 6-22: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *# 7)89µ, DHCl_NaOH (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- 
/1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_NaOH).

K3L@=µ8 6-23: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *# 7)89µ, DHCl_NaOH (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- 
/1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_NaOH).
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K3L@=µ8 6-24: Intraparticle µ#0*6+# 7453@$': 94, *# 7)89µ, DHCl_NaOH (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 
#*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_NaOH).

6.1.7 *47=I4F? I=G B3E;36@=;=G >48 IE H2:>µ8 DHCl_NaOH_550

M*#0  !80,., 6-7, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,: 94, *# 7)89µ, DHCl_NaOH_550.

!:78F8G 6-7: !)4"5µ,*, .40'*4.=: *': ("#$"%&'$': 94, *# 7)89µ, DHCl_NaOH_550 (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 4.0090 4.0800 4.7110 8.7970 5.2340 6.2760 5.0080

1 3.5070 2.9350 2.6960 4.9910 3.1480 6.0860 4.7490

2 3.1920 2.5810 2.2010 4.4610 2.6320 5.9420 4.5750

4 2.8790 2.2530 1.8510 3.9570 2.2690 5.7340 4.3011

6 2.4060 2.0690 1.5680 3.8119 2.0020 5.5850 4.0842

24 2.3840 2.0274 1.4610 3.7600 1.9780 5.4230 3.9610

36 2.3720 2.0140 1.4460 3.7550 1.9670 5.4200 3.9500

48 2.3680 2.0110 1.4440 3.7500 1.9660 5.4160 3.9420

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 3.9560 4.0840 4.6590 9.0470 5.4580 6.2580 5.0360

4 2.8350 2.2810 1.7680 4.2730 2.4913 5.7590 4.3590

6 2.3040 2.0260 1.5600 3.9070 2.1910 5.5860 4.1130

12 2.2980 1.9905 1.5020 3.8587 2.1820 5.4220 4.0090
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

24 2.2820 1.9810 1.4510 3.8490 2.1720 5.4160 3.9600

48 2.2780 1.9720 1.4410 3.8480 2.1650 5.4090 3.9540

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-25, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 

#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-25: >40'*4.= *': ("#$"%&'$': 94, *# 7)89µ, DHCl_NaOH_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 
#*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_NaOH_550).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-26 62: 6-28, (#@ ,.#+#@?#10.
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K3L@=µ8 6-26: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *# 7)89µ, DHCl_NaOH_550 (8. '.µ91 '() ,*!:0µ!'(1 
"*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_NaOH_550).

K3L@=µ8 6-27: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *# 7)89µ, DHCl_NaOH_550 (8. '.µ91 '() ,*!:0µ!'(1 
"*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_NaOH_550).
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K3L@=µ8 6-28: Intraparticle µ#0*6+# 7453@$': 94, *# 7)89µ, DHCl_NaOH_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl_NaOH_550).

6.1.8 *47=I4F? I=G B3E;36@=;=G >48 IE H2:>µ8 DH2SO4_NaOH

M*#0  !80,., 6-8, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,: 94, *# 7)89µ, DH2SO4_NaOH.

!:78F8G 6-8: !)4"5µ,*, .40'*4.=: *': ("#$"%&'$': 94, *# 7)89µ, DH2SO4_NaOH (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 4.9240 4.9742 5.5910 10.8250 5.1550 7.8540 5.4100

1 4.0610 3.9750 3.3130 5.9210 2.3560 7.5330 4.9320

2 3.6610 3.4790 2.5890 5.1880 2.0020 7.2940 4.6320

4 3.3140 2.9810 2.1360 4.7450 1.5020 7.0230 4.3690

6 3.1420 2.8370 1.8810 4.6070 1.2310 6.8019 4.0471

12 2.9330 2.5620 1.6777 4.3770 1.0658 6.5260 3.8073

24 2.9210 2.5480 1.6715 4.3680 1.0210 6.5120 3.7550

36 2.9150 2.5350 1.6667 4.3570 1.0190 6.5010 3.7450

48 2.9100 2.5280 1.6640 4.3490 1.0120 6.5050 3.7440

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 4.8740 4.7160 5.7240 11.1580 7.2380 7.3890 6.2940

1 4.0270 3.7010 3.4930 6.1450 4.4450 7.0830 5.8370

2 3.6080 3.1890 2.7526 5.6420 3.9271 6.8170 5.5232
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

4 3.2930 2.7820 2.2160 5.2500 3.6400 6.5340 5.2150

6 3.1300 2.5550 2.0487 4.8950 3.3750 6.3047 5.0300

12 2.9060 2.2870 1.8180 4.6670 3.0877 6.0310 4.7070

24 2.9030 2.2660 1.7980 4.6588 3.0280 5.9970 4.6820

36 2.8940 2.2600 1.7830 4.6519 3.0179 5.9880 4.6750

48 2.8810 2.2550 1.7790 4.6490 3.0090 5.9820 4.6600

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-29, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-29: >40'*4.= *': ("#$"%&'$': 94, *# 7)89µ, DH2SO4_NaOH (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 
#*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_NaOH).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-30 62: 6-32, (#@ ,.#+#@?#10.
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K3L@=µ8 6-30: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *# 7)89µ, DH2SO4_NaOH (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- 
/1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_NaOH).

K3L@=µ8 6-31: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *# 7)89µ, DH2SO4_NaOH (8. '.µ91 '() ,*!:0µ!'(1 
"*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_NaOH).
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K3L@=µ8 6-32: Intraparticle µ#0*6+# 7453@$': 94, *# 7)89µ, DH2SO4_NaOH (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_NaOH).

6.1.9 *47=I4F? I=G B3E;36@=;=G >48 IE H2:>µ8 DH2SO4_NaOH_550

M*#0  !80,., 6-9, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,: 94, *# 7)89µ, DH2SO4_NaOH_550.

!:78F8G 6-9: !)4"5µ,*, .40'*4.=: *': ("#$"%&'$': 94, *# 7)89µ, DH2SO4_NaOH_550 (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 4.6240 4.8920 5.6910 10.8350 5.5550 7.8540 5.0100

2 3.6600 3.5470 2.8310 5.3140 2.6310 7.3090 4.2700

4 3.2830 3.2000 2.3525 5.0280 2.3150 7.0650 3.9585

6 2.9610 2.9900 2.2370 4.8700 2.0060 6.8920 3.7180

12 2.6780 2.5370 1.9201 4.4880 1.8070 6.5730 3.4660

24 2.6580 2.5270 1.9190 4.4090 1.7720 6.5429 3.4420

36 2.6580 2.5110 1.9000 4.3930 1.7690 6.5322 3.4350

48 2.6500 2.5030 1.8820 4.3860 1.7610 6.5220 3.4240

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 4.5740 4.7160 6.1040 10.8080 5.1800 7.2890 5.1440

1 3.9030 3.8360 3.7660 6.0300 2.8200 6.9910 4.7190

2 3.5680 3.3650 3.3070 5.3390 2.2150 6.8040 4.4600

4 3.2680 3.0159 2.8705 4.9600 1.9830 6.4850 4.0595
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

6 2.8760 2.7930 2.6110 4.7760 1.7080 6.3180 3.9150

12 2.6480 2.4350 2.2550 4.4890 1.4932 6.0250 3.5750

24 2.6320 2.4170 2.2510 4.4580 1.4715 6.0101 3.5550

36 2.6290 2.4040 2.2430 4.4530 1.4606 5.9968 3.5420

48 2.6250 2.3810 2.2400 4.4500 1.4540 5.9870 3.5380

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-33, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-33: >40'*4.= *': ("#$"%&'$': 94, *# 7)89µ, DH2SO4_NaOH_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_NaOH_550).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-34 62: 6-36, (#@ ,.#+#@?#10.
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K3L@=µ8 6-34: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *# 7)89µ, DH2SO4_NaOH_550 (8. '.µ91 '() ,*!:0µ!'(1 
"*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_NaOH_550).

K3L@=µ8 6-35: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *# 7)89µ, DH2SO4_NaOH_550 (8. '.µ91 '() ,*!:0µ!'(1 
"*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_NaOH_550).
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K3L@=µ8 6-36: Intraparticle µ#0*6+# 7453@$': 94, *# 7)89µ, DH2SO4_NaOH_550 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- 4.-&'.401 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4_NaOH_550).

6.1.10 -5ED48;µ6G /BEI2D2;µLI<7

D(% *, ,(#*)+6$µ,*, *20 ()4",µ5*20 .40'*4.=: *': ("#$"%&'$': 74,(4$*/0)*,4 %*4  # 3"%0#: 
4$#""#(8,: *#@ &@$4.#1, ,.,*6"9,$*#@ @+4.#1 )80,4 24 /"):. A4, 3"%0#@: ,057)@$': 
µ)9,+1*)"#@: *20 24 2"/0 7)0 (,"#@$45N#0*,4 ,<4#$'µ)82*): µ)*,B#+6: $*4: $@9.)0*"/$)4: *20 
"1(20 $*'0 @9"= &5$'. J# 9)9#0%: ,@*% @(#7)4.01)4 %*4 63)4 )(6+?)4 4$#""#(8,, 7'+,7=, ' 
("%$+'F' µ#"820 $*'0  )(4&50)4, *#@ ("#$"#&'*4.#1 @+4.#1 $@0)(59)*,4 ,(#76$µ)@$' =7' 

("#$"#&'µ6020  µ#"820, µ) ,(#*6+)$µ, ' $@9.60*"2$' *20 "1(20 $*'0 @9"= &5$' 0, (,",µ60)4 
$*,?)"=.

G 3'µ4.= )()<)"9,$8, *#@ 74,*#µ8*' µ) @7"#3+2"4.% #<1 #7=9'$) $) µ4, µ)82$' *#@ 3"%0#@ (#@ 
,(,4*)8*,4 94, *'0 )(8*)@<' *': 4$#""#(8,: ,(% 24 /"): $) 6 /"):, )0/ *, 7)89µ,*, (#@ )83,0 
)()<)"9,$*)8 µ) ?)44.% #<1 (,"#@$8,$,0 3"%0# 4$#""#(8,: 874# µ) ,@*% *#@ ,0)()<6"9,$*#@ 

74,*#µ8*' (24 /"):) = @(#74(+5$4# ,@*#1 (12 /"):).

D0*8?)*,, ' ()",4*6"2 )()<)"9,$8, *20 7)49µ5*20 74,*#µ4.=: 9': DHCl .,4 DH2SO4 )8*) ?)"µ4.= 
($*#@ 550#C), )8*) 3'µ4.= µ) .,@$*4.% 05*"4# (µ) = 32"8: )(4(+6#0 ?)"µ4.= )()<)"9,$8, $*#@ 
550#C) 7)0 )@0#)8 *'0 .40'*4.= *': ("#$"%&'$':. 

\,80)*,4 +#4(%0  %*4 ' 3'µ4.= )()<)"9,$8, *#@ &@$4.#1 ,.,*6"9,$*#@ @+4.#1 µ) #<6, B)+*4/0)4 

*'0 ("#$"#&'*4.= *#@ 4.,0%*'*, (B+6() A"5&'µ, 6-37), )(4*,310#0*,: (,"5++'+, $) #"4$µ60): 
()"4(*/$)4: *'0 .40'*4.= *': ("#$"%&'$':, @(% *4: )<)*,N%µ)0): ()4",µ,*4.6: $@0?=.):.
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D.%µ,, 74,(4$*/?'.) %*4 *, )<)*,N%µ)0, 7)89µ,*, 74,*#µ4.=: 9': (,"#@$45N#@0 µ)42µ60' 

4.,0%*'*, ("#$"%&'$': 94, *#0 MtBE, *#0  TAME .,4 *# B)0N%+4#. J# 9)9#0%: ,@*% #&)8+)*,4 
.@"82: $*'0 µ)95+' 74,+@*%*'*, (#@ (,"#@$45N#@0 #4 $@9.)."4µ60#4 "1(#4 $*# 0)"% $*'0 
?)"µ#.",$8, 74)<,929=: *20 ()4",µ5*20.

A)04.5, ' 4.,0%*'*, ("#$"%&'$': *20 "1(20, $3)7%0 $) %+, *, 7)89µ,*, 74,*#µ4.=: 9':, 
,.#+#@?)8 *'0 )<=: $)4"5 (B+6() A"5&'µ, 6-38):

G ("#*8µ'$' ("#$"%&'$': µ) *' 7)7#µ60' $)4"5 µ(#")8 0, )<'9'?)8 ,(% *' µ)82$' *': 

74,+@*%*'*,:, *'0  ,1<'$' *#@ µ#"4,.#1 B5"#@: =/.,4 *'0 ,1<'$' *': @7"#&#B4.%*'*,: *20 
3'µ4./0 #@$4/0, (#@ ,.#+#@?#10  *'0 874, $)4"5. G @7"#&#B4.%*'*, *': .5?) #@$8,: ).*4µ=?'.) 
B5$)4 *20  *4µ/0 *#@ $@0*)+)$*= .,*,0#µ=: #.*,0%+':-0)"#1. A)04.5, %$# (4# µ4."= )80,4 ' *4µ= 
*#@ logKow *%$# (4# @7"%&4+' 3,",.*'"8N)*,4 µ4, #@$8,.

M*#0  !80,., 6-10, (#@ ,.#+#@?)8, 780)*,4 ' 74,+@*%*'*,, *# µ#"4,.% B5"#: .,4 # $@0*)+)$*=: 

.,*,0#µ=: #.*,0%+':-0)"#1 *20 )<)*,N%µ)020 "1(20.

!:78F8G 6-10: L74%*'*): )<)*,N%µ)020 "1(20.

&thylbenzene Xylenes Toluene Benzene %/.& MtBE

Q48DJI6I=I8 (g/L ;IEJG 25EC) 0.15 0.157-0.198 0.53 1.79 10.71 45.00

.E348F6 1L3EG (g/mol) 106.17 106.16 92.14 78.11 102.18 88.15

*8I87Eµ? EFI876D=G-723EA (logKow-20oC) 3.15 2.77-3.2 2.69 2.13 - 1.06

J6+#:, ' ("#$"%&'$' *20 "1(20 $*, 7)89µ,*, 74,*#µ8*', @(% $@0?=.): $*,?)"=: ?)"µ#.",$8,:, 
,.#+#@?)8 µ) ,."8B)4, *#0 µ'3,04$µ% *#@ .40'*4.#1 µ#0*6+#@ F)@7#7)1*)"': *5<':. I4 9",µµ4.6: 
(,+407"#µ=$)4: ()@?)8): )+,38$*20  *)*",9/020) *20 (,",µ6*"20 *': 9",µµ4.#(#4'µ60': 
)<8$2$': (t .,4 t/qt) *#@ .40'*4.#1 µ#0*6+#@ F)@7#7)1*)"': *5<': 780#@0 $@0*)+)$*6: $@$36*4$': 
R2 µ)9,+1*)"#@: ,(% 99.5%. J# 9)9#0%: ,@*% )(4B)B,4/0)4 *'0 µ)95+' $@µ&208, *20 

()4",µ,*4./0 7)7#µ6020 µ) *# ("#*)40%µ)0# .40'*4.% µ#0*6+#.

M*#0 !80,., 6-11, (#@ ,.#+#@?)8, 780)*,4 # $@0*)+)$*=: >2 *#@ .40'*4.#1 µ#0*6+#@ 
F)@7#7)1*)"': *5<': 94, %+, *, )<)*,N%µ)0, 7)89µ,*,.

ethylene > xylenes > toluene > benzene > TAME > MtBE

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'
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!:78F8G 6-11: K(#+#94$µ%: $@0*)+)$*=: >2 *#@ .40'*4.#1 µ#0*6+#@ F)@7#7)1*)"': *5<': 94, %+, *, )<)*,N%µ)0, 
7)89µ,*,.

PSEUDO SECOND 
ORDER MODEL

&9:;<;= R2 1/qe 1/(qe2K2) K2

Draw

benzene y = 39.865x + 72.173 0.9956 39.865 72.173 22.02

toluene y = 31.906x + 29.919 0.9993 31.906 29.919 34.02

ethylobenzene y = 26.572x + 35.895 0.9997 26.572 35.895 19.67

m+p-xylenes y = 10.778x + 5.0059 0.9995 10.778 5.0059 23.21

o-xylene y = 25.45x + 37.181 1 25.45 37.181 17.42

MtBE y = 40.71x + 266.52 0.9993 40.71 266.52 6.22

TAME y = 34.553x + 152.62 0.9968 34.553 152.62 7.82

DHCl

benzene y = 21.15x + 17.88 0.9999 21.15 17.88 25.02

toluene y = 17.654x + 7.0677 0.9999 17.654 7.0677 44.10

ethylobenzene y = 11.437x + 3.8517 1 11.437 3.8517 33.96

m+p-xylenes y = 5.1962x + 0.355 0.9999 5.1962 0.355 76.06

o-xylene y = 11.391x + 2.3274 0.9999 11.391 2.3274 55.75

MtBE y = 30.468x + 38.411 0.9995 30.468 38.411 24.17

TAME y = 24.108x + 25.643 0.9994 24.108 25.643 22.66

DHCl_550

benzene y = 22.339x + 18.033 0.9996 22.339 18.033 27.67

toluene y = 18.679x + 9.0309 0.9998 18.679 9.0309 38.63

ethylobenzene y = 11.973x + 4.4744 1 11.973 4.4744 32.04

m+p-xylenes y = 6.6317x + 1.4835 0.9999 6.6317 1.4835 29.65

o-xylene y = 11.656x + 4.2877 1 11.656 4.2877 31.69

MtBE y = 33.272x + 55.004 0.9993 33.272 55.004 20.13

TAME y = 27.185x + 32.273 0.9987 27.185 32.273 22.90

DH2SO4

benzene y = 22.302x + 70.699 0.9989 22.302 70.699 7.04

toluene y = 18.614x + 57.15 0.9991 18.614 57.15 6.06

ethylobenzene y = 12.354x + 22.731 0.9996 12.354 22.731 6.71

m+p-xylenes y = 6.7226x + 3.3448 0.9999 6.7226 3.3448 13.51

o-xylene y = 11.435x + 12.315 0.9996 11.435 12.315 10.62

MtBE y = 30.846x + 167.43 0.9971 30.846 167.43 5.68
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PSEUDO SECOND 
ORDER MODEL

&9:;<;= R2 1/qe 1/(qe2K2) K2

TAME y = 24.372x + 135.21 0.997 24.372 135.21 4.39

DH2SO4_550

benzene y = 23.452x + 77.296 0.9973 23.452 77.296 7.12

toluene y = 19.312x + 45.953 0.9981 19.312 45.953 8.12

ethylobenzene y = 13.02x + 17.065 0.9993 13.02 17.065 9.93

m+p-xylenes y = 8.1763x + 4.7279 0.9998 8.1763 4.7279 14.14

o-xylene y = 12.023x + 17.546 0.9999 12.023 17.546 8.24

MtBE y = 33.114x + 208.99 0.9997 33.114 208.99 5.25

TAME y = 26.911x + 131.39 0.9975 26.911 131.39 5.51

DHCl_NaOH

benzene y = 26.474x + 29.84 0.9994 26.474 29.84 23.49

toluene y = 22.192x + 16.615 0.9998 22.192 16.615 29.64

ethylobenzene y = 13.724x + 6.419 0.9999 13.724 6.419 29.34

m+p-xylenes y = 9.0093x + 1.9382 1 9.0093 1.9382 41.88

o-xylene y = 13.3x + 6.7454 1 13.3 6.7454 26.22

MtBE y = 46.829x + 127.25 0.9979 46.829 127.25 17.23

TAME y = 18.888x + 81.54 0.9986 18.888 81.54 4.38

DHCl_NaOH_550

benzene y = 29.006x + 45.181 0.9979 29.006 45.181 18.62

toluene y = 23.648x + 13.286 0.9997 23.648 13.286 42.09

ethylobenzene y = 15.188x + 7.9281 0.9999 15.188 7.9281 29.10

m+p-xylenes y = 9.7477x + 2.0285 0.9998 9.7477 2.0285 46.84

o-xylene y = 15.106x + 5.6984 0.9999 15.106 5.6984 40.04

MtBE y = 54.467x + 148.51 0.9972 54.467 148.51 19.98

TAME y = 43.961x + 105.21 0.9978 43.961 105.21 18.37

DH2SO4_NaOH

benzene y = 24.314x + 25.843 0.9997 24.314 25.843 22.88

toluene y = 19.811x + 21.998 0.9997 19.811 21.998 17.84

ethylobenzene y = 12.522x + 6.9722 0.9999 12.522 6.9722 22.49

m+p-xylenes y = 7.6456x + 2.2131 1 7.6456 2.2131 26.41

o-xylene y = 11.79x + 6.2952 1 11.79 6.2952 22.08

MtBE y = 33.854x + 90.638 0.9977 33.854 90.638 12.64

TAME y = 28.711x + 62.022 0.9989 28.711 62.022 13.29
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PSEUDO SECOND 
ORDER MODEL

&9:;<;= R2 1/qe 1/(qe2K2) K2

DH2SO4_NaOH_550

benzene y = 24.408x + 40.93 0.999 24.408 40.93 14.56

toluene y = 20.413x + 30.933 0.9995 20.413 30.933 13.47

ethylobenzene y = 12.835x + 8.1549 0.9999 12.835 8.1549 20.20

m+p-xylenes y = 7.7394x + 2.7949 1 7.7394 2.7949 21.43

o-xylene y = 13.12x + 7.1915 0.9999 13.12 7.1915 23.94

MtBE y = 35.359x + 102.3 0.9979 35.359 102.3 12.22

TAME y = 29.629x + 65.657 0.9986 29.629 65.657 13.37
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Γράφηµα 6-37: Ποσοστό αποµάκρυνσης πετρελαϊκών ρύπων ανά δείγµα διατοµικής γης - Κινητικά πειράµατα.

Γράφηµα 6-38: Προτίµηση προσρόφησης - Κινητικά πειράµατα.

0

20

40

60

80

Draw D_HCl D_HCl_550 D_H2SO4 D_H2SO4_550 D_HCl_NaOH D_HCl_NaOH_550 D_H2SO4_NaOH D_H2SO4_NaOH_550

%
 Α
πο

µα
κρ

.

BENZENE TOLUENE ETHYLBENZENE m+p-XYLENE o-XYLENE MTBE TAME

0

20

40

60

80

BENZENE TOLUENE ETHYLBENZENE m+p-XYLENE o-XYLENE MTBE TAME

%
 Α
πο

µα
κρ

.

Draw D_HCl D_HCl_550 D_H2SO4 D_H2SO4_550 D_HCl_NaOH D_HCl_NaOH_550 D_H2SO4_NaOH D_H2SO4_NaOH_550

Προσρόφηση πετρελαϊκών ρύπων σε χηµικά τροποποιηµένο διατοµίτη

Μεταπτυχιακή διατριβή - Παναγιώτης Παπούλιας            115



6.2 /BEI2DP;µ8I8 4;E33EB:8G I=G B3E;36@=;=G

M@0#+4.5 (",9µ,*#(#4=?'.,0 *6$$)", ()4"5µ,*, 4$#""#(8,: *': ("#$"%&'$':, 71# 94, .5?) 60, 
,(% *, 7)89µ,*, 74,*#µ4.=: 9': DHCl .,4 DH2SO4. M) .5?) ()8",µ, 74,*'"=?'.,0 $*,?)"5:

• # 3"%0#: )()<)"9,$8,: - 3"%0#: 4$#""#(8,: (24 hr),

• # %9.#: *#@ 74,+1µ,*#: (40ml),

• ' ?)"µ#.",$8, (20#C),

• ' ,"34.= $@9.60*"2$' *20 "1(20 (5ppm)

.,4 µ)*,B5++#0*,0  ' µ5N, *#@ ("#$"#&'*4.#1 @+4.#1 (,(% 0 62: 5.5 gr). J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, @(#.)&5+,4, (#@ ,.#+#@?#10.

6.2.1 );E33EB:8 I=G B3E;36@=;=G >48 IE H2:>µ8 DHCl

M*#0  !80,., 6-12, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0 $@0,"*=$)4 *': 7%$': *#@ ("#$"#&'*4.#1 @+4.#1 94, *# 7)89µ, DHCl.

!:78F8G 6-12: !)4"5µ,*, 4$#""#(8,: *': ("#$"%&'$': 94, *# 7)89µ, DHCl (3),45'*675.1 75 mg/l).

.LC8 (gr) MtBE Benzene TAME Toluene Ethylbenzene m+p xylenes o-xylene

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 7.679 5.078 6.029 4.712 4.725 10.222 6.635

0.1 7.482 4.672 5.725 4.186 3.467 8.958 5.402

0.25 7.287 4.334 5.422 3.789 2.976 7.987 4.705

0.5 7.007 4.001 5.112 3.465 2.429 7.049 3.923

1.5 6.388 3.289 4.469 2.729 1.796 5.476 3.057

2.5 6.004 2.978 4.107 2.413 1.501 4.552 2.620

3.5 5.763 2.728 3.904 2.214 1.305 4.060 2.309

4.5 5.588 2.593 3.761 2.062 1.191 3.803 2.129

5.5 5.406 2.455 3.642 1.851 1.111 3.559 1.915

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 5.305 4.448 5.280 4.987 5.304 11.731 7.454

0.1 5.272 4.181 5.095 4.393 3.809 10.130 5.766

0.25 5.223 3.936 4.900 3.941 3.165 9.015 4.834

0.5 3.679 4.655 3.594 2.654 7.953 4.242

1 5.006 3.338 4.344 3.084 2.174 6.629 3.629

1.5 4.935 3.058 4.136 2.857 1.989 5.807 3.241
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.LC8 (gr) MtBE Benzene TAME Toluene Ethylbenzene m+p xylenes o-xylene

2.5 4.717 2.659 3.907 2.517 1.607 4.873 2.777

3.5 4.607 2.567 3.711 2.273 1.309 4.289 2.396

4.5 4.531 2.450 3.591 2.079 1.227 3.827 2.111

5.5 4.428 2.280 3.424 1.898 1.164 3.558 1.959

M*'0  $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-39, (#@ (,"#@$45N)4 *'0  $@9.60*"2$' *20 
("#$"#&#1µ)020 #@$4/0 $*'0 @9"= &5$' (mg/l) $) .,*5$*,$' 4$#""#(8,: $@0,"*=$)4 *': µ5N,: 
*#@ ("#$"#&'*4.#1.

K3L@=µ8 6-39: L$#""#(8, *': ("#$"%&'$': 94, *# 7)89µ, DHCl (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 
'/- ;2( "5.*!µ+'/- .7(**("<!1 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0 2: ("#: *'0 ("#$,"µ#9= *#@: $*, µ#0*6+, 4$%?)"µ': 

("#$"%&'$': Freundlich, Lagmuir .,4 $*# µ#0*6+# A",µµ4.=: 4$%?)"µ':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-40 62: 6-42, (#@ ,.#+#@?#10.

0

3.00

6.00

9.00

12.00

0 1.0 2.0 3.0 4.0 5.0 6.0

D_HCL

C
e 

(m
g/

l)

D_HCl (gr)

MTBE R)0N%+4# TAME J#+#@%+4# D4?@+#B)0N%+4# m-,p-<@+%+4# o-<@+%+4#

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     117



K3L@=µ8 6-40: L$#?)"µ' ("#$"%&'$': Freundlich 94, *# 7)89µ, DHCl (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 
#*(1 '/- ;2( "5.*!µ+'/- .7(**("<!1 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl).

K3L@=µ8 6-41: L$#?)"µ' ("#$"%&'$': Lagmuir 94, *# 7)89µ, DHCl (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 
#*(1 '/- ;2( "5.*!µ+'/- .7(**("<!1 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl).
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K3L@=µ8 6-42: A",µµ4.= 4$%?)"µ' 94, *# 7)89µ, DHCl (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( 
"5.*!µ+'/- .7(**("<!1 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DHCl).

6.2.2 );E33EB:8 I=G B3E;36@=;=G >48 IE H2:>µ8 DH2SO4

M*#0  !80,., 6-13, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0 $@0,"*=$)4 *': 7%$': *#@ ("#$"#&'*4.#1 @+4.#1 94, *# 7)89µ, DH2SO4.

!:78F8G 6-13: !)4"5µ,*, 4$#""#(8,: *': ("#$"%&'$': 94, *# 7)89µ, DH2SO4 (3),45'*675.1 75 mg/l).

.LC8 (gr) MtBE Benzene TAME Toluene Ethylbenzene m+p xylenes o-xylene

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 7.306 4.742 5.018 4.170 4.229 10.570 4.828

0.1 7.237 4.521 4.907 3.886 3.408 9.653 4.327

0.25 4.272 4.786 3.593 2.967 8.807 3.872

0.5 7.006 4.005 4.630 3.358 2.524 7.755 3.373

1 6.786 3.656 4.383 2.996 2.222 6.645 2.903

1.5 3.383 4.213 2.754 1.956 6.044 2.617

2.5 6.345 3.142 4.002 2.484 1.703 5.262 2.280

3.5 2.958 3.856 2.299 1.585 4.787 2.073

4.5 5.951 2.831 3.687 2.132 1.452 4.285 1.857

5.5 2.754 3.559 1.989 1.345 3.977 1.779

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 6.475 4.686 5.901 4.723 5.076 10.952 5.967
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.LC8 (gr) MtBE Benzene TAME Toluene Ethylbenzene m+p xylenes o-xylene

0.1 6.436 4.486 5.701 4.307 3.864 9.955 5.204

0.25 6.382 4.252 5.485 3.968 3.333 9.009 4.473

0.5 6.287 3.931 5.205 3.522 2.842 8.016 3.982

1 6.152 3.601 4.907 3.167 2.348 6.922 3.263

1.5 6.030 3.383 4.605 2.908 2.189 6.241 2.901

2.5 5.828 3.089 4.307 2.645 1.913 5.314 2.517

3.5 5.614 2.854 4.175 2.394 1.736 4.918 2.321

4.5 5.507 2.791 3.986 2.198 1.598 4.311 1.924

5.5 5.412 2.700 3.878 2.152 1.468 4.021 1.963

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-39, *# #(#8# (,"#@$45N)4 *'0 $@9.60*"2$' *20 
("#$"#&'µ6020  #@$4/0  $*'0 @9"= &5$' (mg/l) $) .,*5$*,$' 4$#""#(8,: $@0,"*=$)4 *': µ5N,: 

*#@ ("#$"#&'*4.#1.

K3L@=µ8 6-43: L$#""#(8, *': ("#$"%&'$': 94, *# 7)89µ, DH2SO4 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 
'/- ;2( "5.*!µ+'/- .7(**("<!1 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0 2: ("#: *'0 ("#$,"µ#9= *#@: $*, µ#0*6+, 4$%?)"µ': 

("#$"%&'$': Freundlich, Lagmuir .,4 $*# µ#0*6+# A",µµ4.=: 4$%?)"µ':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-44 62: 6-46, (#@ ,.#+#@?#10.
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K3L@=µ8 6-44: L$#?)"µ' ("#$"%&'$': Freundlich 94, *# 7)89µ, DH2SO4 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 
µ97(1 #*(1 '/- ;2( "5.*!µ+'/- .7(**("<!1 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4).

K3L@=µ8 6-45: L$#?)"µ' ("#$"%&'$': Lagmuir 94, *# 7)89µ, DH2SO4 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 
#*(1 '/- ;2( "5.*!µ+'/- .7(**("<!1 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4).
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K3L@=µ8 6-46: A",µµ4.= 4$%?)"µ' 94, *# 7)89µ, DH2SO4 (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( 
"5.*!µ+'/- .7(**("<!1 '&1 "*(7*#:&7&1 '() ;5<,µ!'(1 DH2SO4).

6.2.3 -5ED48;µ6G 8BEI2D2;µLI<7

D(% *, ,(#*)+6$µ,*, *20 ()4",µ5*20 4$#""#(8,: *': ("#$"%&'$': .,4 $@0@(#+#98N#0*,: *# 
$10#+# *20 $*#43)820, (#@ (,",*8?)0*,4 $*, ("#'9#1µ)0, @(#.)&5+,4,, 74,(4$*/0)*,4 %*4 *# 
7)89µ, DHCl (,"#@$45N)4 µ)9,+1*)"' 4.,0%*'*, ("#$"%&'$': 94, *# $10#+# *20 )<)*,N%µ)020 
"1(20, µ) *4: µ694$*): *4µ6: qe (µ5N, ("#$"#&'µ60': #@$8,: ,05 µ#057, µ5N,: ("#$"#&'*4.#1) 
0, .@µ,80#0*,4 ,(% 0.08 62: 0.68 mg/gr.

G $)4"5 ("#*8µ'$': *20 )<)*,N%µ)020 3'µ4./0 #@$4/0 ,(% *# $10#+# *20 7)49µ5*20 74,*#µ4.=: 
9': ,.#+#@?)8 *'0 874, $)4"5 (#@ (,",*'"=?'.) $*, ()4"5µ,*, .40'*4.=: *': ("#$"%&'$'::

G ("#*8µ'$' ("#$"%&'$': µ) *' 7)7#µ60' $)4"5, %(2: 63)4 ,0,&)"?)8 .,4 $) ("#'9#1µ)0# 

.)&5+,4#, µ(#")8 0, )<'9'?)8 ,(% *' µ)82$' *': 74,+@*%*'*,:, *'0  ,1<'$' *#@ µ#"4,.#1 B5"#@: 
=/.,4 *'0 ,1<'$' *': @7"#&#B4.%*'*,: *20 3'µ4./0 #@$4/0, (#@ ,.#+#@?#10 *'0 874, $)4"5.

G 47,04.= 7%$' ("#$"#&'*4.#1 @+4.#1 (@(% *4: $@9.)."4µ60): ()4",µ,*4.6: $@0?=.):) )80,4 3.5 gr 
74,*#µ4.=: 9': ,05 40ml @7,*4.#1 74,+1µ,*#:, .,?/: µ) ()",4*6"2 ,1<'$' *': 7%$': *#@ 
("#$"#&'*4.#1 @+4.#1 7)0 (,",*'"=?'.) $'µ,0*4.= ,1<'$' *': ,(#µ5."@0$': *20 "1(20.
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K3L@=µ8 6-47: !#$#$*4,8, ,(#µ5."@0$' "1(20 ,05 7%$' ("#$"#&'*4.#1 (I4 *4µ6: *#@ 9",&=µ,*#: ("#.1(*#@0 2: 
µ6$#: %"#: *20 71# ()4",µ5*20 4$#""#(8,: *': ("#$"%&'$': *#@ 7)89µ,*#: DHCl).

J6+#:, (,",*'"=?'.) %*4 ' ("#$"%&'$' *20  "1(20 $*, 7)89µ,*, 74,*#µ4.=: 9':, $) $@0?=.): 

4$#""#(8,: .,4 $*,?)"=: ?)"µ#.",$8,:, ()"49"5&)*,4 µ) µ)95+' ,."8B)4, ,(% *'0 4$%?)"µ' *#@ 
Freundlich. I4 9",µµ4.6: (,+407"#µ=$)4: ()@?)8): )+,38$*20 *)*",9/020) *20 (,",µ6*"20 *': 
9",µµ4.#(#4'µ60': )<8$2$': (log qe .,4 log Ce) *': 4$%?)"µ': *#@ Freundlich 780#@0 $@0*)+)$*6: 
$@$36*4$': R2 µ)9,+1*)"#@: ,(% 99.1%. J# 9)9#0%: ,@*% )(4B)B,4/0)4 *'0 µ)95+' $@µ&208, *20 
()4",µ,*4./0 7)7#µ6020 µ) *# ("#*)40%µ)0# µ#0*6+# 4$%?)"µ': ("#$"%&'$':. 

M*#0  !80,., 6-14, (#@ ,.#+#@?)8, 780)*,4 # $@0*)+)$*=: >f *': 4$%?)"µ': *#@ Freundlich 94, %+, 
*, )<)*,N%µ)0, 7)89µ,*,.

!:78F8G 6-14: K(#+#94$µ%: $@0*)+)$*=: >f *': 4$%?)"µ': *#@ Freundlich 94, %+, *, )<)*,N%µ)0, 7)89µ,*,.

Freundlich &9:;<;= R2 1/n log(Kf) Kf

DHCl

MtBE y = 4.7924x - 5.3307 0.9947 4.7924 5.3307 2.14E+05

benzene y = 3.3452x - 3.0722 0.9914 3.3452 3.0722 1.18E+03

TAME y = 4.5823x - 4.3796 0.9973 4.5823 4.3796 2.40E+04

toluene y = 3.0171x - 2.6013 0.9923 3.0171 2.6013 3.99E+02

ethylobenzene y = 2.5619x - 1.7498 0.9926 2.5619 1.7498 5.62E+01

m+p-xylenes y = 2.428x - 2.6657 0.9915 2.428 2.6657 4.63E+02

o-xylene y = 2.7445x - 2.3226 0.9905 2.7445 2.3226 2.10E+02

DH2SO4

MtBE y = 4.6373x - 5.5528 0.9933 4.6373 5.5528 3.57E+05

benzene y = 3.664x - 3.4431 0.9867 3.664 3.4431 2.77E+03
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Freundlich &9:;<;= R2 1/n log(Kf) Kf

TAME y = 4.6855x - 4.6267 0.994 4.6855 4.6267 4.23E+04

toluene y = 3.2261x - 2.8456 0.9936 3.2261 2.8456 7.01E+02

ethylobenzene y = 3.1245x - 2.1678 0.9967 3.1245 2.1678 1.47E+02

m+p-xylenes y = 2.4419x - 2.8474 0.9973 2.4419 2.8474 7.04E+02

o-xylene y = 2.5375x - 2.3078 0.9923 2.5375 2.3078 2.03E+02
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6.3 /BEI2DP;µ8I8 B2438µLI<7 H4232A7=;=G I=G 2B:H38;=G I=G JH8I4F?G µ?I38G ;I=7 
B3E;36@=;=

M@0#+4.5 (",9µ,*#(#4=?'.,0  *")4: $)4"6: ()4",µ5*20 74)")10'$': )(87",$': *': @7,*4.=: 

µ=*",: $*'0 ("#$"%&'$', @(% 745&#"): ()4",µ,*4.6: $@0?=.):. >5?) $)4"5 ()"4)+5µB,0) 71# 
()4"5µ,*, µ) $*%3# *'0 )(,+=?)@$' *20 ,(#*)+)$µ5*20.

M) .5?) ()8",µ, µ)*,B5++#0*,0 # 3"%0#: )()<)"9,$8,: (,(% 1 62: 48 /"):), )0/ 74,*'"=?'.,0 
$*,?)"5:

• ' µ5N, *#@ ("#$"#&'*4.#1 @+4.#1 (2gr),

• # %9.#: *#@ 74,+1µ,*#: (40ml),

• ' ?)"µ#.",$8, (20#C),

• ' ,"34.= $@9.60*"2$' *20 "1(20 (5ppm).

J, ,(#*)+6$µ,*, (,"#@$45N#0*,4 ,0,+@*4.5 $*, @(#.)&5+,4, (#@ ,.#+#@?#10.

6.3.1 !3RI= ;243L B2438µLI<7

I4 ()4",µ,*4.6: $@0?=.): .5*2 ,(% *4: #(#8): 74)<=3?' ' ("/*' $)4"5 ()4",µ5*20 )80,4 #4 
,.%+#@?)::

• !"#$"#&'*4.% @+4.%: DHCl

• K7,*4.% 745+@µ,: @()".5?,"#

• X1(#4: BTEX, MtBE .,4 TAME

M*#0  !80,., 6-15, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,:.

!:78F8G 6-15: D(#*)+6$µ,*, 1': $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': @7,*4.=: µ=*",: $*'0 
("#$"%&'$'(3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 5.8087 5.6660 6.1540 13.7010 5.9290 8.8310 7.3130

2 4.1750 3.4504 2.2360 4.7840 2.1290 7.9420 6.1350

4 3.8700 3.1590 2.1390 4.5050 1.7930 7.6695 5.7810

6 3.7640 3.0796 2.0010 4.4010 1.7004 7.5060 5.5500

12 3.5540 2.9400 1.9130 4.2720 1.6200 7.3340 5.4040
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

24 3.5070 2.8760 1.8122 4.1600 1.5779 7.2511 5.3080

36 3.4950 2.8737 1.8120 4.1598 1.5760 7.2500 5.3069

48 3.4900 2.8701 1.8115 4.1509 1.5740 7.2460 5.3060

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 5.7930 5.9010 6.1210 14.2640 5.5840 8.8450 7.3600

2 4.1720 3.6660 2.4850 5.1100 1.8480 7.9570 6.1620

4 3.8980 3.3150 2.0610 4.7770 1.5050 7.6385 5.8370

6 3.7530 3.2064 1.9870 4.7130 1.3005 7.4450 5.5520

12 3.5590 3.0980 1.9110 4.5910 1.1910 7.2600 5.3220

24 3.5000 3.0750 1.8127 4.4510 1.1831 7.2438 5.3100

36 3.4890 3.0672 1.8120 4.4440 1.1770 7.2430 5.3070

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-48, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-48: >40'*4.= 1': $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': @7,*4.=: µ=*",: $*'0 ("#$"%&'$' 
(8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).
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J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-49 62: 6-51, (#@ ,.#+#@?#10.

K3L@=µ8 6-49: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *'0 1' $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': 
@7,*4.=: µ=*",: $*'0 ("#$"%&'$' (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

K3L@=µ8 6-50: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *'0 1' $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': 
@7,*4.=: µ=*",: $*'0 ("#$"%&'$' (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).
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K3L@=µ8 6-51: Intraparticle µ#0*6+# 7453@$': 94, *'0 1' $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': @7,*4.=: 
µ=*",: $*'0 ("#$"%&'$' (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

6.3.2 Q2AI23= ;243L B2438µLI<7

I4 ()4",µ,*4.6: $@0?=.): .5*2 ,(% *4: #(#8): 74)<=3?' ' 7)1*)"' $)4"5 ()4",µ5*20 )80,4 #4 
,.%+#@?)::

• !"#$"#&'*4.% @+4.%: DHCl

• K7,*4.% 745+@µ,: Y)"% +8µ0':

• X1(#4: BTEX, MtBE .,4 TAME

M*#0  !80,., 6-16, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,:.

!:78F8G 6-16: D(#*)+6$µ,*, 2': $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': @7,*4.=: µ=*",: $*'0 
("#$"%&'$' (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 4.5350 4.7250 5.0570 10.2490 5.3350 7.6750 5.5280

1 3.7530 3.7040 3.4530 6.6040 3.0540 7.2710 4.9230

2 3.4730 3.4090 3.0210 6.1350 2.7040 7.0160 4.6760

4 3.2630 3.1110 2.6580 5.7690 2.4560 6.8070 4.3740

6 3.0470 2.9400 2.4930 5.4510 2.1660 6.6540 4.2610
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

12 3.0310 2.8060 2.4870 5.2020 1.9590 6.5460 4.0550

24 3.0150 2.8040 2.4750 5.2000 1.9420 6.5390 4.0430

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 4.8250 5.2630 5.6140 11.4930 5.6500 7.0960 5.7180

1 4.0260 4.2180 4.0560 7.7510 3.5690 6.7050 5.1760

2 3.8070 3.8560 3.5590 7.1980 2.9490 6.4690 4.8550

4 3.5580 3.6300 3.1700 6.9572 2.7480 6.2320 4.5230

6 3.3790 3.4940 2.9930 6.6551 2.4260 6.1540 4.3980

12 3.3400 3.3800 2.9670 6.5930 2.2980 6.0120 4.2730

24 3.3350 3.3540 2.9580 6.5930 2.2860 6.0120 4.2670

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-52, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-52: >40'*4.= 2': $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': @7,*4.=: µ=*",: $*'0 ("#$"%&'$' 
(8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-53 62: 6-55, (#@ ,.#+#@?#10.
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K3L@=µ8 6-53: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *'0 2' $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': 
@7,*4.=: µ=*",: $*'0 ("#$"%&'$' (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

K3L@=µ8 6-54: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *'0 2' $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': 
@7,*4.=: µ=*",: $*'0 ("#$"%&'$' (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).
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K3L@=µ8 6-55: Intraparticle µ#0*6+# 7453@$': 94, *'0 2' $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': @7,*4.=: 
µ=*",: $*'0 ("#$"%&'$' (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

6.3.3 %3:I= ;243L B2438µLI<7

I4 ()4",µ,*4.6: $@0?=.): .5*2 ,(% *4: #(#8): 74)<=3?' ' *"8*' $)4"5 ()4",µ5*20 )80,4 #4 
,.%+#@?)::

• !"#$"#&'*4.% @+4.%: DHCl

• K7,*4.% 745+@µ,: Y)"% ?,+5$$':

• X1(#4: BTEX, MtBE .,4 TAME

M*#0  !80,., 6-17, (#@ ,.#+#@?)8, (,"#@$45N#0*,4 #4 $@9.)0*"/$)4: $*'0 @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,:.

!:78F8G 6-17: D(#*)+6$µ,*, 3': $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': @7,*4.=: µ=*",: $*'0 
("#$"%&'$' (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 5.3530 4.7660 4.8210 9.4810 5.5040 8.7940 5.6070

1 4.3470 3.5450 3.4170 6.2510 3.7350 8.1910 4.7740

2 3.9515 3.0880 2.9180 5.7390 3.3970 7.9390 4.4350

4 3.7600 2.9040 2.7360 5.2770 3.0190 7.6190 4.0860

6 3.5930 2.6840 2.4930 5.1070 2.8150 7.4580 3.9860
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

12 3.5210 2.6510 2.4480 5.0440 2.7890 7.3900 3.8200

24 3.5090 2.6480 2.3980 5.0300 2.7800 7.3520 3.8170

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 5.3060 5.3980 5.1850 11.0630 5.8210 8.6280 6.0060

1 4.4125 4.1740 3.7580 7.7310 4.1270 8.0920 5.1630

2 4.1750 3.8250 3.3050 7.2650 3.6140 7.7910 4.8530

4 3.9160 3.4830 2.9770 6.9090 3.3590 7.5030 4.4720

6 3.7610 3.3410 2.8210 6.6060 3.1170 7.3600 4.2670

12 3.7490 3.3340 2.7150 6.5070 3.0510 7.2510 4.0350

24 3.7410 3.3080 2.6940 6.4930 3.0390 7.2350 4.0060

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-56, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-56: >40'*4.= 3': $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': @7,*4.=: µ=*",: $*'0 ("#$"%&'$' 
(8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-57 62: 6-59, (#@ ,.#+#@?#10.
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K3L@=µ8 6-57: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *'0 3' $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': 
@7,*4.=: µ=*",: $*'0 ("#$"%&'$' (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

K3L@=µ8 6-58: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *'0 3' $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': 
@7,*4.=: µ=*",: $*'0 ("#$"%&'$' (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).
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K3L@=µ8 6-59: Intraparticle µ#0*6+# 7453@$': 94, *'0 3' $)4"5: ()4",µ5*20 74)")10'$': *': )(87",$': *': @7,*4.=: 
µ=*",: $*'0 ("#$"%&'$' (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

6.3.4 -5ED48;µ6G 8BEI2D2;µLI<7

R5$' *20 ()4",µ5*20 74)")10'$': *': )(87",$': *': @7,*4.=: µ=*",: $*'0 ("#$"%&'$' 
74,(4$*/?'.) %*4 ' 3"=$' &@$4.#1 0)"#1 (?,+,$$40#1 0)"#1 = 0)"#1 +8µ0':) 7)0  )(6&)") 
µ)*,B#+= *#@ 3"%0#@ (#@ ,(,4*)8*,4 94, *'0 )(8*)@<' 4$#""#(8,:, # #(#8#: =*,0 .,4 (5+4 6 /"):. 

P$*%$#, ' (#$#$*4,8, ,(#µ5."@0$' *20 "1(20 µ)4/?'.) $'µ,0*4.5 µ) *' 3"=$' &@$4.#1 0)"#1. 
J# 9)9#0%: ,@*% µ(#")8 0, ,(#7#?)8 )8*) $*'0 )µ&504$' ,0*,9204$*4./0 &,40#µ6020 µ)*,<1 *20 

("#$"#&#1µ)020 #@$4/0 .,4 *20 +#4(/0  &@$4./0  $@$*,*4./0 *20 71# @75*20, )8*) $*'0 
,@<'µ60' *4µ= *#@ pH, (#@ (,"#@$45N#@0  *, &@$4.5 17,*, $) $36$' µ) *# @()".5?,"# 0)"%. G 
,@<'µ60' *4µ= *#@ pH )('")5N)4 *4: &@$4.#3'µ4.6: 474%*'*): *#@ 3"'$4µ#(#4#1µ)0#@ 
("#$"#&'*4.#1 @+4.#1 .,4 .,* f)(6.*,$' *'0 ("#$"#&'*4.= *#@ 4.,0%*'*,.

;(8$':, (,",*'"=?'.) %*4 ' (#$#$*4,8, ,(#µ5."@0$' *#@ MtBE .,4 *#@ TAME (,"#@$45N)*,4 

µ)9,+1*)"' $*# 0)"% ?,+5$$':, $) $36$' µ) *# 0)"% +8µ0':. D@*% µ(#")8 0, ,(#7#?)8 $*'0 
,@<'µ60' 4#0*4.= 710,µ' *#@ ?,+,$$40#1 0)"#1, ' #(#8, 63)4 2: ,(#*6+)$µ, *'0 )@0#-.%*)"' 
,(#µ5."@0$' (#+4./0 )0/$)20 ,(% *# 0)"%.
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K3L@=µ8 6-60 !#$#$*4,8, ,(#µ5."@0$' %+20 *20 "1(20 (BTEX, MtBE .,4 TAME) ,(% *, @7,*4.5 74,+1µ,*, 
@()".5?,"#@, ?,+,$$40#1 0)"#1 .,4 0)"#1 +8µ0':.

G $)4"5 ("#*8µ'$': *#@ ("#$"#&'*4.#1 @+4.#1 2: ("#: *4: )<)*,N%µ)0): )0/$)4:, $) .5?) 

()"8(*2$', (,"6µ)40) 874, µ) ).)80' (#@ (,",*'"=?'.) .,4 $*# @()".5?,"# 0)"%.

J6+#:, *, ,(#*)+6$µ,*, *20 ()4",µ5*20 )<)*5$*'.,0 2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 
µ#0*6+, F)@7#("/*': *5<':, F)@7o7)1*)"': *5<': .,4 $*# intraparticle µ#0*6+# 7453@$': .,4 
74,(4$*/?'.) %*4 *# .40'*4.% µ#0*6+# (#@ ()"469",F) .,+1*)", *'0 .40'*4.= *': ("#$"%&'$': $) 
.5?) ()"8(*2$', =*,0 .,4 (5+4 ).)80# *': F)@7#-7)1*)"': *5<':, @(#7)4.01#0*,: 3'µ4.= 

("#$"%&'$'. J, ,(#*)+6$µ,*, *': ("#$,"µ#9=: *20 ()4",µ,*4./0  7)7#µ6020 $*# .40'*4.% 
µ#0*6+# F)@7#7)1*)"': *5<': (,"#@$45N#0*,4 $*#0 !80,., 6-18.

!:78F8G 6-18: K(#+#94$µ%: $@0*)+)$*=: >2 *#@ .40'*4.#1 µ#0*6+#@ F)@7#7)1*)"': *5<': 94, %+): *4: $)4"6: 
()4",µ5*20 74)")10'$': *': )(87",$': *': @7,*4.=: µ=*",: $*'0 ("#$"%&'$'.

PSEUDO SECOND 
ORDER MODEL

&9:;<;= R2 1/qe 1/(qe2K2) K2

DHCl

benzene y = 21.15x + 17.88 0.9999 21.15 17.88 25.02

toluene y = 17.654x + 7.0677 0.9999 17.654 7.0677 44.10

ethylobenzene y = 11.437x + 3.8517 1 11.437 3.8517 33.96

m+p-xylenes y = 5.1962x + 0.355 0.9999 5.1962 0.355 76.06

o-xylene y = 11.391x + 2.3274 0.9999 11.391 2.3274 55.75

MtBE y = 30.468x + 38.411 0.9995 30.468 38.411 24.17

TAME y = 24.108x + 25.643 0.9994 24.108 25.643 22.66

DHCl_lake

benzene y = 31.892x + 26.262 0.9991 31.892 26.262 38.73

toluene y = 25.084x + 21.164 0.9997 25.084 21.164 29.73

ethylobenzene y = 18.611x + 9.1784 0.9995 18.611 9.1784 37.74

m+p-xylenes y = 9.8677x + 3.718 0.9999 9.8677 3.718 26.19
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PSEUDO SECOND 
ORDER MODEL

&9:;<;= R2 1/qe 1/(qe2K2) K2

o-xylene y = 14.384x + 8.7042 0.9997 14.384 8.7042 23.77

MtBE y = 41.691x + 66.394 0.9981 41.691 66.394 26.18

TAME y = 31.747x + 46.518 0.9987 31.747 46.518 21.67

DHCl_sea

benzene y = 28.363x + 19.266 0.9995 28.363 19.266 41.76

toluene y = 23.096x + 13.18 0.9995 23.096 13.18 40.47

ethylobenzene y = 19.739x + 13.034 0.9998 19.739 13.034 29.89

m+p-xylenes y = 10.892x + 3.8894 0.9999 10.892 3.8894 30.50

o-xylene y = 17.699x + 9.131 0.9997 17.699 9.131 34.31

MtBE y = 33.107x + 44.354 0.9988 33.107 44.354 24.71

TAME y = 24.838x + 31.78 0.9993 24.838 31.78 19.41
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6.4 /BEI2DP;µ8I8 B2438µLI<7 87I8><74;I4F?G B3E;36@=;=G

M@0#+4.5 (",9µ,*#(#4=?'.,0 *6$$)"4: $)4"6: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$':, @(% 
745&#"): ()4",µ,*4.6: $@0?=.):. >5?) $)4"5 ()"4)+5µB,0) 71# ()4"5µ,*, µ) $*%3# *'0 
)(,+=?)@$' *20 ,(#*)+)$µ5*20.

M) .5?) ()8",µ, µ)*,B5++#0*,0 # 3"%0#: )()<)"9,$8,: (,(% 1 62: 48 /"):), )0/ 74,*'"=?'.,0 
$*,?)"5:

• ' µ5N, *#@ ("#$"#&'*4.#1 @+4.#1 (2gr),

• # %9.#: *#@ 74,+1µ,*#: (40ml),

• ' ?)"µ#.",$8, (20#C),

• ' ,"34.= $@9.60*"2$' *20 "1(20 (5ppm).

J, ,(#*)+6$µ,*, (,"#@$45N#0*,4 ,0,+@*4.5 $*, @(#.)&5+,4, (#@ ,.#+#@?#10.

6.4.1 !3RI= ;243L B2438µLI<7

I4 ()4",µ,*4.6: $@0?=.): .5*2 ,(% *4: #(#8): 74)<=3?' ' ("/*' $)4"5 ()4",µ5*20 
,0*,9204$*4.=: ("#$"%&'$': )80,4 #4 ,.%+#@?)::

• !"#$"#&'*4.% @+4.%: DHCl

• K7,*4.% 745+@µ,: Y)"% +8µ0':

• X1(#4: BTEX

M*#0  !80,., 6-19, (#@ ,.#+#@?)8, (,"63#0*,4 #4 $@9.)0*"/$)4: $*'0  @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,:.

!:78F8G 6-19: D(#*)+6$µ,*, 1': $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 5.3170 4.5717 4.8230 9.3070 5.3120 - -

1 4.5060 3.4630 2.9020 6.0220 3.1750 - -

4 3.9930 2.8820 2.2320 5.2310 2.5040 - -

6 3.8490 2.6570 1.9910 4.6840 2.1800 - -

12 3.8230 2.6350 2.0000 4.6790 2.0640 - -

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 4.9914 5.1248 5.2177 10.0124 5.0895 - -

!"#$"%&'$' ()*")+,-./0 "1(20 $) 3'µ4.5 *"#(#(#4'µ60# 74,*#µ8*'

9)*,(*:34,.; 74,*"4<; - !,0,=4/*'> !,(#1+4,>     137



'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

1 4.2114 4.0523 3.6541 6.8098 2.9174 - -

2 3.9013 3.6848 3.0654 6.1109 2.4512 - -

4 3.6477 3.3821 2.7147 5.7489 1.8992 - -

6 3.5301 3.1624 2.4715 5.7301 1.8113 - -

12 3.5215 3.1548 2.4692 5.7246 1.7062 - -

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-61, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 
#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-61: >40'*4.= 1': $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- 
/1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-62 62: 6-64, (#@ ,.#+#@?#10.
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K3L@=µ8 6-62: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *'0 1' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': 
(8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

K3L@=µ8 6-63: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *'0 1' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': 
(8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).
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K3L@=µ8 6-64: Intraparticle µ#0*6+# 7453@$': 94, *'0 1' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (8. '.µ91 
'() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

6.4.2 Q2AI23= ;243L B2438µLI<7

I4 ()4",µ,*4.6: $@0?=.): .5*2 ,(% *4: #(#8): 74)<=3?' ' 7)1*)"' $)4"5 ()4",µ5*20 
,0*,9204$*4.=: ("#$"%&'$': )80,4 #4 ,.%+#@?)::

• !"#$"#&'*4.% @+4.%: DHCl

• K7,*4.% 745+@µ,: Y)"% +8µ0':

• X1(#4: MtBE .,4 TAME

M*#0  !80,., 6-20, (#@ ,.#+#@?)8, (,"63#0*,4 #4 $@9.)0*"/$)4: $*'0  @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,:.

!:78F8G 6-20: D(#*)+6$µ,*, 2': $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 - - - - - 11.9500 6.6590

1 - - - - - 10.6070 4.8501

2 - - - - - 10.1970 4.4221

4 - - - - - 9.8040 4.0010

6 - - - - - 9.8021 3.8120

12 - - - - - 9.6850 3.8040
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 - - - - - 10.0014 5.6147

1 - - - - - 8.6641 3.7949

2 - - - - - 8.2147 3.4048

4 - - - - - 7.9071 3.1045

6 - - - - - 7.7965 2.8112

12 - - - - - 7.7873 2.7932

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-65, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 

#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-65: >40'*4.= 2': $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- 
/1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-66 62: 6-68, (#@ ,.#+#@?#10.
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K3L@=µ8 6-66: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *'0 2' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': 
(8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

K3L@=µ8 6-67: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *'0 2' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': 
(8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).
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K3L@=µ8 6-68 Intraparticle µ#0*6+# 7453@$': 94, *'0 2' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (8. '.µ91 
'() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

6.4.3 %3:I= ;243L B2438µLI<7 

I4 ()4",µ,*4.6: $@0?=.): .5*2 ,(% *4: #(#8): 74)<=3?' ' *"8*' $)4"5 ()4",µ5*20 ,0*,9204$*4.=: 
("#$"%&'$': )80,4 #4 ,.%+#@?)::

• !"#$"#&'*4.% @+4.%: DHCl

• K7,*4.% 745+@µ,: Y)"% ?,+5$$':

• X1(#4: BTEX

M*#0  !80,., 6-21, (#@ ,.#+#@?)8, (,"63#0*,4 #4 $@9.)0*"/$)4: $*'0  @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,:.

!:78F8G 6-21: D(#*)+6$µ,*, 3': $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 5.2410 4.3150 4.0680 9.3270 4.6650 - -

1 4.2490 2.9550 2.4190 5.7184 2.8290 - -

2 3.9750 2.6600 1.9070 5.1960 2.4470 - -

4 3.7250 2.3390 1.6840 4.8920 2.1660 - -

6 3.5060 2.1540 1.4460 4.7010 1.9490 - -

12 3.4820 2.1180 1.4380 4.6820 1.9250 - -
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 4.7925 4.8633 5.1248 10.0177 4.9632 - -

1 3.7765 3.5583 3.4521 6.3341 3.1783 - -

2 3.4721 3.2114 3.0154 5.8621 2.7825 - -

4 3.2443 2.8451 2.7748 5.6321 2.4852 - -

6 3.1182 2.6925 2.5548 5.3001 2.2011 - -

12 3.0115 2.6548 2.5144 5.3513 2.1848 - -

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-69, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 

#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-69: >40'*4.= 3': $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- 
/1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-70 62: 6-72, (#@ ,.#+#@?#10.
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K3L@=µ8 6-70: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *'0 3' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': 
(8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

K3L@=µ8 6-71: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *'0 3' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': 
(8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).
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K3L@=µ8 6-72 Intraparticle µ#0*6+# 7453@$': 94, *'0 3' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (8. '.µ91 
'() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

6.4.4 %PI83I= ;243L B2438µLI<7

I4 ()4",µ,*4.6: $@0?=.): .5*2 ,(% *4: #(#8): 74)<=3?' ' *6*,"*' $)4"5 ()4",µ5*20 
,0*,9204$*4.=: ("#$"%&'$': )80,4 #4 ,.%+#@?)::

• !"#$"#&'*4.% @+4.%: DHCl

• K7,*4.% 745+@µ,: Y)"% ?,+5$$':

• X1(#4: MtBE .,4 TAME

M*#0  !80,., 6-22, (#@ ,.#+#@?)8, (,"63#0*,4 #4 $@9.)0*"/$)4: $*'0  @9"= &5$' *20 
("#$"#&#1µ)020 #@$4/0  $@0,"*=$)4 *#@ 3"%0#@ )()<)"9,$8,:.

!:78F8G 6-22: D(#*)+6$µ,*, 4': $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (3),45'*675.1 75 mg/l).

'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )!2:38µ8 )

0 - - - - - 11.4615 6.7590

1 - - - - - 9.1890 3.5270

2 - - - - - 8.7454 2.7890

4 - - - - - 8.3510 2.5313

6 - - - - - 8.2620 2.3580

12 - - - - - 8.1820 2.2900
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'367EG (hr) Benzene Toluene Ethylbenzene m+p xylenes o-xylene MtBE TAME

!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I!2:38µ8 )I

0 - - - - - 10.2152 5.5585

1 - - - - - 8.1114 2.3556

2 - - - - - 7.5368 2.0115

4 - - - - - 7.0997 1.4048

6 - - - - - 7.1014 1.1711

12 - - - - - 6.9893 1.0121

M*'0 $@063)4,, ,.#+#@?)8 *# A"5&'µ, 6-73, *# #(#8# (,"#@$45N)4 *'0 µ5N, *20  ("#$"#&'µ6020 

#@$4/0 ,05 µ#057, µ5N,: ("#$"#&'*4.#1 @+4.#1 (mg g-1) $@0,"*=$)4 *#@ 3"%0#@.

K3L@=µ8 6-73: >40'*4.= 4': $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- 
/1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

J6+#:, *, ,(#*)+6$µ,*, )<)*5$*'.,0  2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 

F)@7#("/*': *5<':, F)@7#7)1*)"': *5<': .,4 intraparticle µ#0*6+# 7453@$':. J, ,(#*)+6$µ,*, 
(,"#@$45N#0*,4 ,0,+@*4.5 $*, A",&=µ,*, 6-74 62: 6-76, (#@ ,.#+#@?#10.
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K3L@=µ8 6-74: >40'*4.% µ#0*6+# F)@7#("/*': *5<': 94, *'0 4' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': 
(8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

K3L@=µ8 6-75: >40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': 94, *'0 4' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': 
(8. '.µ91 '() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).
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K3L@=µ8 6-76 Intraparticle µ#0*6+# 7453@$': 94, *'0 4' $)4"5: ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': (8. '.µ91 
'() ,*!:0µ!'(1 "*(42"'()- /1 µ97(1 #*(1 '/- ;2( "5.*!µ+'/-).

6.3.9 -5ED48;µ6G 8BEI2D2;µLI<7

R5$)4 *20 ()4",µ5*20  ,0*,9204$*4.=: ("#$"%&'$': 74,(4$*/0)*,4 %*4 # 3"%0#: 4$#""#(8,: *': 
("#$"%&'$': (,",µ60)4 $*,?)"%: .,4 8$#: µ) 6 /"): 94, %+): *4: )<)*,N%µ)0): )0/$)4: .,4 
@7,*4.6: µ=*"):.

G (,"#@$8, *20 MtBE .,4 TAME $*# ("# )()<)"9,$8, @7,*4.% 745+@µ, &,80)*,4 0, µ'0 
)('")5N)4 #@$4,$*4.5 *'0 ("#$"%&'$' *20 RJ;S $*# 3"'$4µ#(#4#1µ)0# ("#$"#&'*4.% @+4.%. J# 

9)9#0%: ,@*% µ(#")8 0, ,(#7#?)8 $*'0 µ4."%*)"' 74,+@*%*'*, = *'0 µ)9,+1*)"' @7"#&#B4.%*'*, 
*20 RJ;S 60,0*4 *20 MtBE .,4 TAME. I4 &@$4.#3'µ4.6: ,@*6: 474%*'*): 63#@0 $,0  ,(#*6+)$µ, 
*'0 µ)9,+1*)"' $@9960)4, - ("#*8µ'$' *#@ ("#$"#&'*4.#1 @+4.#1 µ) *# µ)89µ, *20 )0/$)20 
RJ;S, ' #(#8, µ) *'0 $)4"5 *': #7'9)8 *'0 5µ)$' ("#$"%&'$= *#@: $*'0 )(4&50)4, *#@ 
("#$"#&'*4.#1, .,+1(*#0*,: *# µ)9,+1*)"# µ6"#: *': 74,?6$4µ': )(4&50)4,: ("#$"%&'$':.

0

20

40

60

80

BENZENE TOLUENE ETHYLBENZENE m+p-XYLENE o-XYLENE

%
 D
(
#
µ,
.
"
.

D_HCl_lake D_HCl_lake_BTEX D_HCl_sea D_HCl_sea_BTEX

K3L@=µ8 6-77 !,")µ(%74$' *': ("#$"%&'$' *#@ µ)89µ,*#: *20 )0/$)20 BTEX, +%92 (,"#@$8,: MtBE .,4 TAME.
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P$*%$#, ' (,"#@$8, *#@ µ)89µ,*#: *20 )0/$)20 BTEX 7", .,*,$*,+*4.5 $*'0 ("#$"%&'$' *20 

MtBE .,4 TAME, µ) *'0 (,")µ(%74$' 0, (,"#@$45N)*,4 $'µ,0*4.5 µ)9,+1*)"' $) @7,*4.% 
745+@µ, ?,+,$$40#1 0)"#1.

K3L@=µ8 6-78 !,")µ(%74$' *': ("#$"%&'$' *20 MtBE .,4 TAME, +%92 (,"#@$8,: *#@ µ)89µ,*#: *20 )0/$)20 
BTEX.

J6+#:, *, ,(#*)+6$µ,*, *20 ()4",µ5*20 )<)*5$*'.,0 2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 

µ#0*6+, F)@7#("/*': *5<':, F)@7o7)1*)"': *5<': .,4 $*# intraparticle µ#0*6+# 7453@$': .,4 
74,(4$*/?'.) %*4 *# .40'*4.% µ#0*6+# (#@ ()"469",F) .,+1*)", *'0 .40'*4.= *': ("#$"%&'$': $) 
.5?) ()"8(*2$', =*,0 .,4 (5+4 ).)80# *': F)@7#-7)1*)"': *5<':, @(#7)4.01#0*,: 3'µ4.= 
("#$"%&'$'. J, ,(#*)+6$µ,*, *': ("#$,"µ#9=: *20 ()4",µ,*4./0  7)7#µ6020 $*# .40'*4.% 
µ#0*6+# F)@7#7)1*)"': *5<': (,"#@$45N#0*,4 $*#0 !80,., 6-23.

!:78F8G 6-23: K(#+#94$µ%: $@0*)+)$*=: >2 *#@ .40'*4.#1 µ#0*6+#@ F)@7#7)1*)"': *5<': 94, %+): *4: $)4"6: 
()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$':.

PSEUDO SECOND 
ORDER MODEL

&9:;<;= R2 1/qe 1/(qe2K2) K2

DHCl_lake_BTEX

benzene y = 31.084x + 27.427 0.9982 31.084 27.427 35.23

toluene y = 23.64x + 20.549 0.9983 23.64 20.549 27.20

ethylobenzene y = 16.875x + 10.948 0.9987 16.875 10.948 26.01

m+p-xylenes y = 10.829x + 4.0502 0.9996 10.829 4.0502 28.95

o-xylene y = 14.304x + 8.9516 0.9999 14.304 8.9516 22.86

DHCl_lake_BtBE_TAME

MtBE y = 21.338x + 12.705 0.9989 21.338 12.705 35.84

TAME y = 16.739x + 10.057 0.9989 16.739 10.057 27.86

DHCl_sea_BTEX

benzene y = 26.147x + 23.795 0.9994 26.147 23.795 28.73

toluene y = 21.231x + 15.655 0.9991 21.231 15.655 28.79
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PSEUDO SECOND 
ORDER MODEL

&9:;<;= R2 1/qe 1/(qe2K2) K2

ethylobenzene y = 18.067x + 10.863 0.9992 18.067 10.863 30.05

m+p-xylenes y = 10.444x + 3.0384 0.9997 10.444 3.0384 35.90

o-xylene y = 17.164x + 10.267 0.9992 17.164 10.267 28.69

DHCl_sea_BtBE_TAME

MtBE y = 14.729x + 7.0896 0.9997 14.729 7.0896 30.60

TAME y = 10.662x + 4.9401 0.9999 10.662 4.9401 23.01
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7 -JµB23L;µ8I8 F84 !3EIL;24G

7.1 -JµB23L;µ8I8

M*'0 (,"#1$, )"9,$8, µ)+)*=?'.) ' 4.,0%*'*, *': 74,*#µ4.=: 9': $*'0 ("#$"%&'$' ()*")+,-./0 

"1(20 (BTEX, MtBE .,4 TAME) ,(% @7,*4.% 745+@µ, µ6$2 ()4",µ5*20 74,+)8(#0*#: 6"9#@ 
(batch). A4, *# +%92 ,@*% *# &@$4.%, ,.,*6"9,$*# @+4.% @(6$*' <=",0$' $*#@: 105#C 94, 12 /"): 
.,4 )()<)"95$*'.) 3'µ4.5 =/.,4 ?)"µ4.5 7'µ4#@"9/0*,: $@0#+4.5 76., 74,&#")*4.5 7)89µ,*, 
74,*#µ4.=: 9':. J, 7)89µ,*, ,0,+1?'.,0 #"@.*#+#94.5, 3'µ4.5 .,4 ("#$74#"8$*'.,0 .5(#4, 
&@$4.5 3,",.*'"4$*4.5 *#@:, %(2: ' )474.= )(4&50)4,, ' .,*,0#µ= )$2*)"4./0 (%"20, *# pH, *# 

µ69)?#: *20 $2µ,*47820 .,4 ' @9",$8,.

E) $*%3# *'0 ()"49",&= *': 74)"9,$8,: *': ("#$"%&'$': *20 ()*")+,-./0  "1(20 $*, 7)89µ,*, 
74,*#µ4.=: 9': (",9µ,*#(#4=?'.,0  ()4"5µ,*, .40'*4.=: *': ("#$"%&'$':, 4$#""#(8,: *': 
("#$"%&'$':, ()4"5µ,*, 74)")10'$': *': )(87",$': *': @7,*4.=: µ=*",: $*'0 ("#$"%&'$', 
.,?/: .,4 ()4"5µ,*, ,0*,9204$*4.=: ("#$"%&'$':.

D(% *, ,(#*)+6$µ,*, *20 ()4",µ5*20 .40'*4.=: *': ("#$"%&'$': 6940) µ4, ("/*' ).*8µ'$' *': 
("#$"#&'*4.=: 4.,0%*'*,: *20 7)49µ5*20 74,*#µ4.=: 9': .,4 74,(4$*/?'.) %*4 ' 3'µ4.= 
)()<)"9,$8, *#@ &@$4.#1 ,.,*6"9,$*#@ @+4.#1 µ) #<6, B)+*4/0)4 *'0 ("#$"#&'*4.= *#@ 
4.,0%*'*,, )(4*,310#0*,: (,"5++'+, $) #"4$µ60): ()"4(*/$)4: *'0  .40'*4.= *': ("#$"%&'$': 
(@(% *4: )<)*,N%µ)0): ()4",µ,*4.6: $@0?=.):).

!4# $@9.)."4µ60,, ' 3'µ4.= )()<)"9,$8, *#@ 74,*#µ8*' µ) @7"#3+2"4.% #<1 #7=9'$) $) µ4, 
µ)82$' *#@ 3"%0#@ (#@ ,(,4*)8*,4 94, *'0 )(8*)@<' *': 4$#""#(8,: ,(% 24 /"): (94, *# 
,.,*6"9,$*# @+4.%) $) 6 /"):, )0/ *, 7)89µ,*, (#@ )83,0 )()<)"9,$*)8 µ) ?)44.% #<1 (,"#@$8,$,0 
3"%0# 4$#""#(8,: 874# µ) ,@*% *#@ ,0)()<6"9,$*#@ 74,*#µ8*' (24 /"):) = @(#74(+5$4# ,@*#1 (12 
/"):).

D0*8?)*,, ' ()",4*6"2 )()<)"9,$8, *20  7)49µ5*20 DHCl .,4 DH2SO4 )8*) ?)"µ4.= ($*#@ 550#C), )8*) 
3'µ4.= µ) .,@$*4.% 05*"4# (µ) = 32"8: )(4(+6#0 ?)"µ4.= )()<)"9,$8, $*#@ 550#C) 7)0 &,80)*,4 0, 
)@0#)8 *'0 .40'*4.= *': ("#$"%&'$':.

J, ()4",µ,*4.5 7)7#µ60, )<)*5$*'.,0  )(8$': 2: ("#: *'0 ("#$,"µ#9= *#@: $*, .40'*4.5 µ#0*6+, 
F)@7#("/*': *5<':, F)@7o7)1*)"': *5<': .,4 $*# intraparticle µ#0*6+# 7453@$': .,4 

74,(4$*/?'.) %*4 *# .40'*4.% µ#0*6+# F)@7#7)1*)"': *5<': ("#$#µ#45N)4 .,+1*)", *'0 
("#$"%&'$' *20 ()*")+,-./0 "1(20 $*, 7)89µ,*, 74,*#µ4.=: 9':.

E6$2 *20 ()4",µ5*20 4$#""#(8,: *': ("#$"%&'$': 74,(4$*/?'.) %*4 *# 7)89µ, DHCl (,"#@$45N)4 
*'0 µ)9,+1*)"' 4.,0%*'*, ("#$"%&'$': 94, *# $10#+# *20 )<)*,N%µ)020 "1(20, µ) *4: µ694$*): 
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*4µ6: qe (µ5N, ("#$"#&'µ60': #@$8,: ,05 µ#057, µ5N,: ("#$"#&'*4.#1) 0, .@µ,80#0*,4 ,(% 0.08 

62: 0.68 mg/gr.

G 47,04.= 7%$' ("#$"#&'*4.#1 @+4.#1 ("#$74#"8$*'.) $) 3.5 gr 74,*#µ4.=: 9': ,05 40ml 
@7,*4.#1 74,+1µ,*#: (@(% *4: )<)*,N%µ)0): ()4",µ,*4.6: $@0?=.):), .,?/: µ) ()",4*6"2 ,1<'$' 
*': 7%$': *#@ ("#$"#&'*4.#1 @+4.#1 7)0 (,",*'"=?'.) $'µ,0*4.= ,1<'$' *': ,(#µ5."@0$': 
*20 "1(20.

J, ()4",µ,*4.5 7)7#µ60, )<)*5$*'.,0 )(8$': 2: ("#: *'0 ("#$,"µ#9= *#@: $*, µ#0*6+, 
Freundlich,  Langmuir .,4 $*# µ#0*6+# 9",µµ4.=: 4$%?)"µ': .,4 74,(4$*/?'.) %*4 *# µ#0*6+# 
Freundlich ("#$#µ#45N)4 .,+1*)", *, ()4",µ,*4.5 7)7#µ60,.

J, ()4"5µ,*, 74)")10'$': *': )(87",$': *': µ=*",: $*'0 ("#$"%&'$' 67)4<,0 %*4 $) 745+@µ, 
@()".5?,"#@ 0)"#1 ' (#$#$*4,8, ,(#µ5."@0$' *20 "1(20  )80,4 $'µ,0*4.5 µ)9,+1*)"' ,(% %*4 

$) 74,+1µ,*, &@$4.#1 0)"#1. J# 9)9#0%: ,@*% µ(#")8 0, ,(#7#?)8 )8*) $*'0 )µ&504$' 
,0*,9204$*4./0 &,40#µ6020 µ)*,<1 *20 ("#$"#&#1µ)020  #@$4/0  .,4 *20 +#4(/0  &@$4./0 
$@$*,*4./0 *20 71# @75*20, )8*) $*'0 ,@<'µ60' *4µ= *#@ pH, (#@ (,"#@$45N#@0 *, &@$4.5 17,*, 
$) $36$' µ) *# @()".5?,"# 0)"%.

;(8$':, (,",*'"=?'.) %*4 ' (#$#$*4,8, ,(#µ5."@0$' *#@ MtBE .,4 *#@ TAME (,"#@$45N)*,4 

µ)9,+1*)"' $*# 0)"% ?,+5$$':, $) $36$' µ) *# 0)"% +8µ0':. D@*% µ(#")8 0, ,(#7#?)8 $*'0 
,@<'µ60' 4#0*4.= 710,µ' *#@ ?,+,$$40#1 0)"#1, ' #(#8, 63)4 2: ,(#*6+)$µ, *'0 )@0#-.%*)"' 
,(#µ5."@0$' (#+4./0 )0/$)20 ,(% *# 0)"%.

E6$2 *20 ()4",µ5*20 ,0*,9204$*4.=: ("#$"%&'$': 74,(4$*/?'.) %*4 ' (,"#@$8, *20 MtBE .,4 
TAME $*# ("# )()<)"9,$8, @7,*4.% 745+@µ, 7)0 )('")5N)4 #@$4,$*4.5 *'0 ("#$"%&'$' *20 

RJ;S $*# 3"'$4µ#(#4#1µ)0# ("#$"#&'*4.% @+4.%. J# 9)9#0%: ,@*% µ(#")8 0, ,(#7#?)8 $*'0 
µ4."%*)"' 74,+@*%*'*, = *'0 µ)9,+1*)"' @7"#&#B4.%*'*, *20 RJ;S 60,0*4 *20 MtBE .,4 
TAME.

D0*4?6*2:, ' (,"#@$8, *#@ µ)89µ,*#: *20 )0/$)20  BTEX 7", .,*,$*,+*4.5 $*'0  ("#$"%&'$' 
*20 MtBE .,4 TAME, µ) *'0 (,")µ(%74$' 0, (,"#@$45N)*,4 $'µ,0*4.5 µ)9,+1*)"' $) @7,*4.% 

745+@µ, ?,+,$$40#1 0)"#1.

J6+#:, 74,(4$*/?'.) %*4 *, )<)*,N%µ)0, 7)89µ,*, 74,*#µ4.=: 9': (,"#@$45N#@0  µ)42µ60' 
4.,0%*'*, ("#$"%&'$': *#@ MtBE, *#@ TAME .,4 *#@ B)0N#+8#@. J# 9)9#0%: ,@*% #&)8+)*,4 
.@"82: $*'0 µ)95+' 74,+@*%*'*, (#@ (,"#@$45N#@0 #4 $@9.)."4µ60#4 "1(#4 $*# 0)"% .,4 $*'0 
?)"µ#.",$8, 74)<,929=: *20 ()4",µ5*20.
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A)04.5, ' 4.,0%*'*, ("#$"%&'$': *20 "1(20, $3)7%0 $) %+, *, 7)89µ,*, 74,*#µ4.=: 9':, 

,.#+#@?)8 *'0 )<=: $)4"5:

G ("#*8µ'$' ("#$"%&'$': µ) *' 7)7#µ60' $)4"5 µ(#")8 0, )<'9'?)8 ,(% *' µ)82$' *': 

74,+@*%*'*,:, *'0  ,1<'$' *#@ µ#"4,.#1 B5"#@: =/.,4 *'0 ,1<'$' *': @7"#&#B4.%*'*,: *20 
3'µ4./0 #@$4/0, (#@ ,.#+#@?#10 *'0 874, $)4"5.

ethylene > xylenes > toluene > benzene > TAME > MtBE
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7.2 !3EIL;24G 

E)++#0*4.5 ?, =*,0 3"=$4µ# 0, )<)*,$*)8 ' )(87",$' *20 ,"34./0 $@9.)0*"/$)20  *20 
("#$"#&#1µ)020  #@$4/0, *#@ µ)96?#@: *20  .%..20  *#@ ("#$"#&'*4.#1 @+4.#1, *#@ pH .,4 *': 
?)"µ#.",$8,: 74)<,929=: *20 ()4",µ5*20 $*'0 ("#$"%&'$' *20 BTEX, MtBE .,4 TAME $*'0 

74,*#µ4.= 9'.

S"=$4µ# ?, =*,0  0, ("#$74#"4$*)8 ' 47,04.= 7%$' .,4 $@9.60*"2$' *#@ #<6#: (#@ ,(,4*)8*,4 94, 
*'0 (+="' ,(#µ5."@0$' *20 ,0?",.4./0 ()*"2µ5*20 (#@ )80,4 (,"%0*, $*' µ5N, *': &@$4.=: 
,.,*6"9,$*': 74,*#µ4.=: 9':.

b, µ(#"#1$) )(8$': 0, µ)+)*'?)8 ' 3'µ4.= *"#(#(#8'$' *': 74,*#µ4.=: 9': µ) 745&#"): 

#"9,04.6: 3'µ4.6: #@$8):, µ) $*%3# 0, ,(#.*=$)4 #"9,0#-&4+4.6: 474%*'*): .,4 0, B)+*42?)8 
$'µ,0*4.5 ' ("#$"#&'*4.= *': 4.,0%*'*,.

;(4("#$?6*2:, ?, µ(#"#1$) 0, )")@0'?)8 ' 7@0,*%*'*, ,1<'$': *': )474.=: )(4&50)4,: .,4 
.,*H)(6.*,$' *': ("#$"#&'*4.=: 4.,0%*'*,: *': 74,*#µ4.=: 9': µ6$2 )()<)"9,$8,: *': µ) 
µ4."#.1µ,*,.

J6+#:, ?, =*,0 3"=$4µ' ' µ)+6*' ("#$"%&'$': ()*")+,-./0 "1(20 $) µ)89µ,*, ("#$"#&'*4./0 
@+4./0 (74,*#µ4.= 9' - +4908*' - N)%+4?# - )0)"9% 50?",.,) .,4 0, (",9µ,*#(#4'?#10 ()4"5µ,*, 
$@0)3#1: "#=:, µ) 3"=$' $*'+/0 µ4."=: .+8µ,.,:.
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!83L3I=µ8 /

“/BEI2DP;µ8I8 E3JFIEDE>4F?G 87LDJ;=G”
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Draw_HCl Draw_HCl_550
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!83L3I=µ8 1

“/BEI2DP;µ8I8 =D2FI3E74F?G µ4F3E;FEB:8G ;L3<;=G”
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10 µm. - Draw 5 µm. - Draw

5 µm. - Draw10 µm. - Draw
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5 µm. - Draw5 µm. - Draw
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5 µm. - DHCl10 µm. - DHCl
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