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4.9 U1J1Jilafl~t1~'llm'ltl~i1Jt)lJAmYfl~1~f.J1J (Pseudo-second order) 'Ufl~m'itl~i1J 
-J, ~ - I ~ U fl1J (a) RB5 nat (b) MO 'YI~Wl11J1JU~fl~1~fllJ 67 

4.10 f11l1Jff1Jli'lJi''i:ldl~ In kl fl1J 1fT 'tImm'ltl~i1JiM'fl1J RB5 Uflt MO l~f.J'.rui 

AlJ CTSIMMT lrJlJi1tl~i1J 69 

4.11 fl'll-n11J'lfl'YIl'Ufl~m'itl~i1Jfft1fl1J (a) RB5 na: (b) MO A1f.JU~~lJ CTSIMMT ~ 
, ... 

f11l1J\T~'Ufl~L1J~U~fl~1~fllJ 71 

4.12 -n ~ -tr-, "."" ~ fl'll 11J'lfl'YIl'Ufl~m'ltl~C)$1JU fl1J (a) RB5 ua: (b) MO ~1f.JU';j~lJ CTSIMMT 'YI 

~~~" I qIf11l1Jl 1J'tIlJ1'l1J~lJU~fl~l~fllJ 73 

4.13 -n ~ -tr-, I( ,.". ~ fl'll l1J'ifl'YIl'Ufl~m'it1~C)$1JU fl1J (a) RB5 ua: (b) MO 1f.JU'.i'illlJ CTSIMMT 'YI 

t1~'ilm'l 'l1a'U~fl9il~fllJ 76 

fl. 1 , 1 ... -" J - ... ,,- J,fl C)$1'YIfl'lJm'ltl~C)$1JU1J1JUa~''lJf.J'i~lfl lUtHlfl'lltl1U fl'lJ RB5 

~~wl1.tJii'lJm'it1~i1J 25°C 88 

fl.2 'fllC)$l'YIfl'lJm'itl~i1Ju1J1J-n1lJA"l1~lflJlffff~'f1'll:1i'fft1fl'lJ RB5 

~~wl1.tJii'lJm'ltl~i1J 25°C 88 

fl.3 'fllC)$l'Y1fl'lJm'itl~i1Ju1J1JUfl~lnfJl~lflJlffff~lfl';jl::1i'fft1fl'lJ RB5 

~~wl1.tJii'lJm'itl~i1J 35°C 89 

fl.4 'fllC)$1'YIfl1Jflntl~i1JL11J1J-n1lJA"l1\llflJlffff"1f1'lltl1fft1fl'lJ RB5 

~~wl1.tJii'lJm'ltl~i1J 35°C 89 

fl.5 , 1 ~ -" t: - QI ,,­ J,fl C)$1'Y1fl'lJm'itl~C)$1JU1J1Jua"''lJfJ'l~lfllJ1UU'''flntl1U fl'lJ RB5 

~~tul1.tJii'lJf'll'itl~i1J 45°C 90 

fl.6 'fllC)$''YIfl'lJm'lt1~i1Ju1J1J'rJllJA''l1~lflJlffff~lflntl1ffJfl1J RB5 

~~tul1.tJii'lJm'itl~i1J 45°C 90 

fl.7 , 1 <II -" t: - ... ".... " fl C)$1'YIfl'lJm'.itl~C)$1JU1J1Jua~11Jf.J'i\llfllJ1UU"lfln:l1Uf.Jfl'lJ RB5 

~ ..., ~ 
'YI~Wl1.tJ'lJ lJm'itl~C)$1J 55°C 91 

fl.8 'fllC)$1'YIfl'lJm'itl~i1Ju1J1J-n1lJA"l1,nflJlffff"lfl'.i1:11ffJfl'lJ RB5 

d ..., .... 
'YI~Wl1.tJ'lJ lJm'.itl~C)$1J 55°C 91 



..... ,
tT11''lJ'Y1l1yt (Pl8) 

,... 
1Il"'n "~1 

, QI"''' f: ... ... "... " t1.9 6 i C)fLVl6lJm'j~flC)f1.1LL1.11.1LLn~LlJV'Hl1t1'IJ111'11'~Lm l::'I1~HmlJ MO 

~~Da'l1~ii''lJm'j~flci1.1 25°C 92 

t1.10 '6iC)fLVltllJm'j~flci1.1u1.11.1-n1'IJiil'l1\llmfltrff~Lml::Mtrtf6lJ MO 

· fi~Da'l1~ii''lJm'j~flci1.1 25°C 92 

, QI"''' f: ... "... " t1.11 tl i C)fLVltllJt11'j'(lflC)f1.1U1.11.1Un~llJV'j\l1t1'IJ111'ff~lt1n::'11 11'VtllJ MO 

~~D1'I1~ii''lJm'j'(lflci1.1 35°C 93 

, i ... -n'" r ... ... "... ~ t1.12 • tl C)fLVl6lJm'j'(lflC)f1.1U1.11.1 1'IJfI'I1\l1t1'IJ111'11'~Lt1n::'I111' 6lJ MO 

~~Da'l1~ii''lJm'j'(lflci1.1 35°C 93 

, i .... ..." f: ... ... "... " t1.13 6 C)fLVltllJm'j'(lflC)f1.1U1.11.1Un~LlJV'j\l1t1'IJ111'11'~Lt1n::'I111'VtllJ MO 

~~Da'l1~ii''lJm'j'(lflci1.1 45°C 94 

, i ... -n'" J ... ... "... " t1.14 6 C)fLVl6lJm'j~flC)f1.1U1.11.1 1'IJfI'I1\l1t1 l11'11'~Lt1'jl:::'I111'V6lJ MO 

· fi~Da'l1~ii''lJm'j'(lflci1.1 45°C 94 

t1.15 'tliC)fLVltllJm'j'(lflciml1.11.1Un~LjjV!\l1t1Jltrff~Lml::Mtrtf6lJ MO 

· fi~Da'l1fJii''\..!m'j'(lflci1.1 55°C 95 

, i '" -n'" f: ... ff, "... " t1.16 6 C)fLVl6lJm.'j~flC)f1.1U1.11.1 1'IJflIJ1\l1t1'IJ111' ~Lt1'jl::'I111'V6lJ MO 

~~Da'l1~ii''lJm'j'(lflci1.1 55°C 95 

... ..." I "" r ... ... "... ~ "U.I t111lJ11'lJ'Vt'IJ1)'j:::'I11Ht111lJl"UlJ"U'IJ"U6~'lJl11'11'~'ml:::'I111' tllJ RB5 

n1.1t1n1fflJN11' ~~tl1'l1~ii''lJm'jtJflci1.1 25°C 99 
Q,I Go' fI ,. .. It -=& Q# " .. " 

"U.2 t111lJ11'lJ'Vt 'IJ 1) 'j::'1111.:1 t11'VtL6'11'\16~'IJ111'11'~Lt1 'j1::'1111'VtllJ RB5 

n1.1t1nlfflJN11' ~~ru'l1fJii''lJt11'j'(lflci1.1 25°C 99 
o QI QlQlQI ~4 QI 

'\1.3 111.11.1 \lln6~tl~ 'jlt11'j'(lflC)f1.1tl'IJfl1.1'I1'IJ~'VlVlJ (Pseudo-first order) '\16.:1 t11'j'(lflC)f1.1 

trtf6lJ RB5 ~~W'l1fJii''lJt11'jtJflci1.1 25°C 100 
o QI QlQlQI" QI 

"U.4 U1.11.1\lln6~6~'jlt11'j'(lflC)f1.16'IJfl1.111'6.:1'VlVlJ {Pseudo-second order} '\I6~m'j'(lflC)f1.1 

trtftllJ RB5 ~~w'HfJii''lJm'j~flci1.1 25°C 100 

., .,,, I "" r ... ... "... ~ 
'\1.5 t111lJ11'lJ'Vt'\..!1).'j::'H1Ht111lJL'\IlJ'\I'IJ'\I6~'lJl11'11'~'t1'j1::'H11' tllJ RB5 

nm1nlfflJN11' ~~ru'HfJii''lJt11'j~flci1.1 35°C 101 



..., ,
lTl'iUtylll'rt (fl8) 

'1.1.6 

'1.1.7 

'1.1.8 

'1.1.9 

'1.1.10 

'1.1.11 

'1.1.12 

'1.1.13 

'1.1.14 

'1.1.15 

'1.1.16 

'1.1.17 

'1.1.18 

41 41 tI ., ICI r Q QI -tlQ " 
fl11lJfflJ'W '1..11) '1::'11 11~fll'W ltl'l'l.ltl.:J'U1ffff,:j 1m1::'11 fffJtllJ RB5 

ptJ11f11ftlJNff ~fJW'l1fJiii'Uf11'ltltlcM1.1 35°C 101 
o Q,I d.cSQlQ,lQI QI 

U1.11.1\l1f1tl~Of'l'l1f11ltltlCJ1.10'Utl1.1'I1'U,:jll1fJlJ (Pseudo-first order) 'I.IO,:jf11ltltlCJ1.1 

ntfOlJ RB5 ~fJW'I1fJiii'Uf11'ltltlcM1.1 35°C 102 

U1.11.1~1f1tl~6f'1'l1f11'ltltlcM1.Jt)'UA1.1fftl.:J1YifJlJ (Pseudo-second order) 'I.Itl,:jf11'ltltlcM1.1 

ntftllJ RB5 ~fJW'I1fJiii'Uf11'ltltlcM1.1 35°C 102 

'" .....t, 'JI 'JI =.ct .., .t.ct 'JI
fl11lJfflJ'W'U1) '1::'1111.:Jfl11lJl'1.1lJ'I.I'U'I.Itl.:J'Ulffff.:Jlf1'l1::'I1fffJOlJ RB5 

n1.111mftlJNff ~fJW'I1fJiii'Uf11'ltltlcM1.1 45°C 103 
til" QI tI I..c:t ~ ICI QI tid. tI 

fl11lJfflJ'W'U1)l::'I111~f\1'Wl0'l'l.lO.:J'Ulffff.:Jlf1'l1::'I1fffJOlJ RB5 

n1.111mftlJN~ ~fJW'I1fJiii'Uf11ltltlcM1.1 45°C 103 
0'" Q,lQlQI d.::& QI 

1l1.J1.1\l1f10,:jOf'lllfl1ltlflCJ1.1O'Utl1.1'H'U.:Jll1fJlJ (Pseudo-frrst order) 'I.IO~f11'.if,JflCJ1.1 

~tfOlJ RB5 ~fJW'HfJiii'Ufl1'lf,JflcM1.1 45°C 104 

U1.11.1~1f10~6f'1l1f11'ltlflcM1.16'UA1.1ffO.:J1YifJlJ (Pseudo-second order) 'I.IO~fl1'.itlflci1.1 

ntfVlJ RB5 ~fJW'HfJiii'Uf11'.itlflcM1.1 45°C 104 

.., ....t I 'JI 'JI =.ct ... .t.ct J! 
fl11lJ11'lJ'W'U1)'.i::'I111~fl11lJl'1.1lJ'I.I'U'I.Itl~'Ulff11',:jlml::'I111'tlOlJ RB5 

n1.111mftlJNfI' ~fJW'I1fJiil'Ufl1lf,JflcM1.1 55°C 105 
QI QI tI ,t c:l ~ .c:t QI tllCI iI 

fl11lJfflJ'W'U1) l::'H11,:jfll'Wltl'l'l.ltl,:j'Ulfffl'~ Iml:: 'H fffJOlJ RB5 
-c 

n1.111f11ftlJN11' ~fJW'I1fJiil'Ufl1'ltlflcM1.1 55°C 105 
o QI Q,I Got tV .. d QI 

U1.11.1\l1f10,:jtlf'l'l1f11'ltlflCJ1.1tl'Ufl1.1'H'U,:jll1fJlJ (Pseudo-flfSt order) 'I.Itl,:jf11ltltlCJ1.1 

ntftllJ RB5 ~~W'I1fJiil'Uf11'.itlflci1.1 55°C 106 

U1.11.1~1f10,:j6f'1'l1fl1'ltltlcM1.16'UA1.111'O,:jlYifJlJ (Pseudo-second order) 'I.Itl~f11'lflflci1.1.. .. 
~tfOlJ RB5 ~fJW'HfJiil'Uf11'ltlflci1.1 55°C 106 

~ ..,.t, 'JI 'JI • f .ct.s .t.ct 'JI .., ....... 

fl111J"alJ'W'U1)lt'H11,:jfl11lJl'1.1lJ'I.I'U'I.IO,:julffa,:jlmlt'l111'fJOlJ MO 01.111f1111'lJNfI' 

~fJW'I1fJiil'Ufl1'ltlflcM1.1 25°C 107 
QI QI cf • 1 Q ~ ,c;I #I. " Q,I Q,I QI .J 

fl11lJfflJ'W'U1)lt'H11,:jf\1'Wltl'l'l.lO,:j'Ulffft,:jlmlt'HfffJOlJ MO 01.111f1111'lJN11' 11 

fJW'HfJii1'Uf11'.if,JflcM1.1 25°C 107 



cv , 
tll1Utylllvt <Pl0) 

. 
IIl"YI "" 	 ",'j1 

o Q.I flICVOl d4 	 01 

'\1.19 U1J1J~la6-116~nm'j~~CJ11J6U~1J'H'lNl'YItJll (Pseudo-first order) '\I6-11m'j~~CJ11J 

flJ611 MO ~'2w'H1Jijium'j~~ci1J 25 °c 108 

'\1.20 U1Jmi1a6-11tr~no1'i~~cimlUi1Jff6-11lntJll (Pseudo-second order) '\I6-11m'j~~ 

ci1JflJ611 MO ~'2W'H1Jij'um'j~~ci1J 25 °c 108 

QI QI 0' f " ,r r Q Q,I fI_ ~ QI QI QI"

'\1.21 	 tl1111fflll'lUli'j~1111-11tl1111l'\l1l U'\I6-11Ulffff-lllml~11ff 611 MO 01Jl1alffllHff 

~'2W'H1Jij'u~n'jtl~ci1J 35 °c 109 

Q,I QI 0' " d r .ct Q,I <14 " QI QI GI 

'\1.22 	 tl1111fflll'lU li'j:; 1111-11tlll'11t1,.-'\16-11Ulffff-IIltln:;11 fftJ611 MO 01Jl1alffll Hff 

~'2W'H1Jij'um'j~~ci1J 35 °C 109 
o Q.I QlQJQI dQ 	 QI 

'\1.23 ll1J1J~la6-116~nm'jtl~CJ11J6U~1J11U-IIl'YItJll (Pseudo-first order) '\IfHm'j~~CJ11J 

flJ611 MO ~'2w111Jijium'tl~ci1J 35 °c 110 

'\1.24 U1Jmi1a6-11tr~nm'j~~ci1Jtrui1Jff6-11'ntJll (Pseudo-second order) '\I6-1101'i~~ci1J 

flJ611 MO ~'2w111Jijhm1'iij~ci1J 35 °c 110 

QI 0' I "" Q.I 0'4 d QJ QI QI~ 4
'\1.25 	 tl1111fflll'lUli'j~111Htl1111''Ull'\lU'\I6-11Ulffff-llLml:;11ff 611 MO 01Jl1alffllHff 

~'2w11fJijium'tl~ci1J 45 °c III 
Q,I Q,I t/ f'.cS : ,d Q,I tid. " QI QI QI

'\1.26 	 tl1111fflll'lUli'~'H11-11tl1l'116"-'\I6-11Ulffff-llltl'1:;'HfftJ611 MO 01Jl1a1ffllffff 

~'2W'H1JijiU~l,~~ci1J 45 °c 111 
00 Q,I QlQ,lQ,I dl6:t 	 QI 

'\1.27 1L1J1J~la6-116~nm'jtl~CJ11J6U~1J'HU-IIl'YItJll (Pseudo-fllSt order) '\I6-11m'~~CJ11J 

flJ611 MO ~'2w111Jijium,~~ci1J 45 °c 112 

'\1.28 Ll1J1J~ha6-11tl~nm'jtl~ci1Jtlui1Jff6-11lntJll (Pseudo-second order) '\I6-1101'i~~ci1J 
ct " .-=:l ~, QI

fftJ611 MO 'YI'2W111Jll um'jtl~CJ11J 45 °c 	 112 

<II <II .. I "" :""'" ..... " '" <II <II'\1.29 	 tl1111fflll'lUli'~'H11-11tl1111l'\l1l'\lW"6-11Ulffff-lllml::11fftJ611 MO 01Jl1a1ffllffff 

~'2w111Jijium'tlAci1J 55 °c 113 

n: QI 0' " AS ~ Q QI t/4 " QI QI QI

'\1.30 	 tl1111 lll'lUli'~111Htlll'1'6"-'\I6-11Ulffff-lllml~11fftJ611 MO 01Jl1alffllffff 

~'2W111Jij1um'tl~ci1J 55 °c 113 

o QI 	 Ji4Q,lQ,lQI 	 Q,I 

'\1.31 	 U1J1J~la6-116~'lm'tlACJ11J6UA1J11U-lll'Y1tJll (Pseudo-fllSt order) '\I6-11m'tl~CJ11J 

flJ611 MO ~'2w111Jijium'tlAci1J 55 °c 	 114 
o QI QlQlQI.c:t 	 GI 

'\1.32 	 U1J1J~la6-116~'lm'tJ~C)11J6UA1Jff6-111'Y1tJll (Pseudo-second order) '\I6-11m'tlAClt1J 

flJ611 MO ~'2W111Jm.um'tl~ci1J 55 °c 114 



cv , 

ft'11'lJty.fll.... (~tl) 

f1.1 

fl11lJ\l.:J'UV.:Jl1.JPtU~fWh.:Jti'U (Co = 100 mg/L u~~ Q= 3.57 ± 0.02 mUmin) 118 

fl.2 !l'il~l1.J'ifl'VIl'UV.:Jfl1'itJPtCJ71.Jffri'VlJ MO ~1rJUHi'U CTSIMMT ~fl11lJ\T.:J'UV.:J 
l1.JflU~fl~l.:Jti'U (Co = 100 mg/L u~~ Q= 3.57 ± 0.02 mL/min) 118 

fl.3 ml~l1.J'ifl'VIl'UV.:Jfl1'itJflCJ71.Jffri'VlJ RB5 ~1rJUHi'U CTSIMMT ~ 
""d" 'QIfl11lJl'UlJ'U'Ul'ilJ~'UU~fl~1.:Jfl'U (H = 15 em u~~ Q = 3.57 ± 0.02 mL/min) 119 

...I Old"" IQ d "" fl.4 flHnl1.J'ifl'VIl'UV.:Jfl1'itJPtC)f1.JfftlVlJ MO Pt1t1U'iPt'U CTSIMMT'VIfl11lJl'UlJ'U'U 

.d." I '" 
l'ilJ~'UU~fl~l.:Jfl'U (H = 15 em U~~ Q= 3.57 ± 0.02 mL/min) 119 

fl.5 ml~l1.J'ifl'VIl'UV.:Jfl1'itlflCJ71.Jffri'VlJ RB5 ~1md;i'U CTSIMMT ~t1mlfl1'i''H~ 

U~fl~l.:Jti'U (Co = 100 mg/L u~~ H = 15 em) 120 

fl.6 ml~l1.J'ifl'VIl.'UV.:Jfl1'itlflCJ71.Jffri'VlJ MO ~1m1i~'U CTSIMMT ~t1~'ilfl1'i ''H~ 
U~fl~l.:Jti'U (Co = 100 mg/L u~~ H = 15 em) 120 

fl.7 

d . 
'VI Co = 50 mg/L, H = 15 em u~~ Q= 3.59 mL/mm 121 

fl.8 fl11lJfflJ-n'Ui''i~'H11.:JthVhV'I1'UV.:JJlffff.:Jlml~,"ff RB5 ti1.JmlJ1~'i . 
OIl Old. 

ff~fflJ'H~.:Jfll'U'HVtlflC)f1.J 'VI Co = 50 mg/L, H = 15 em u~~ Q = 3.59 mL/min 121 

QI QI tI I r d. QI tid. " 
fl.9 fl11lJfflJ~'U1i'i ~'H 11.:JmlJl~ 'i ff~ fflJ'UV.:J'Ulffff.:Jlml~'H fftlVlJ RB5 .GI' d.QlQ,I 

'H~.:Jfll'U'HVtlflC)f1.Jfl1.Jl1~l 'VI Co = 50 mg/L, H = 15 em u~~ Q = 3.59 mL/min 122 

Q,I Q,I tI I I d. t' d. Q,I tid. " Q,I

fl.l0 fl11lJfflJ~'U1i'i~'H11.:Jfll~1V'I1'UtH'Ulffff.:Jlml~'HfftlVlJ RB5 fl1.J!1~1 
d 
'VI Co = 100 mg/L, H = 15 em u~~ Q = 3.57 mL/min 122 

fl.11 fl11lJfflJ-n'Ui''i~'H11.:JfiTvhV'I1'UV.:JJlffff.:JLml~,"ff RB5 ti1.JmlJ1~'i . 
Q,I I Q,I d. 

ff~fflJ'H~.:Jfll'U'HVtlPtC)f1.J 'VI Co = 100 mg/L, H = 15 em u~~ Q= 3.57 mL/min 123 

fl.12 fl11lJfflJ-n'Ui''i~'H11.:JmlJl~'iff~fflJ'UV.:JJlffff.:JLml~,"ffri'VlJ RB5 . 
Q,I f Q,I Q,I d. 

'H~.:Jfll'U'HVtlflC)f1.Jfl1.Jl1~l 'VI Co = 100 mg/L, H = 15 em u~~ Q= 3.57 mLlmin 123 

Q,I Q,I tI I I d. ~ d. Q,I tid " Q,I

fl.13 fl11lJfflJ~'U1i'i~'H11.:Jfl1~lV'I1'UtH'Ulffff.:Jlml~'HfftlVlJ RB5 fl1.J!1~1 

d 
'VI Co = 200 mg/L, H = 15 em u~~ Q= 3.57 mL/min 124 



u , 

Q'11'Utyillvt (fl8) 

, 
ff:::"nJ'H~·uhl.J'Htltl"ci'U nCo = 200 mg/L, H = 15 em Ull::: Q = 3.57 mUmin 124 

cal QI tI I r 4 QI "4 J1 
f1.15 f1111Jff1J"'fI.J1I'j:::'H11~m1J1~'jff:::ff1J'lJtl~\..I1ffff~lfl'j1:::'HfftJtl1J RB5 

, 
GIl QlQI .tCI • 

.'Hll~N1\..1'Htlt1"C)f'Ufl'Ul1ll1 'YI Co = 200 mg/L, H = 15 em 1m::: Q = 3.57 mUmm 125 

QI QI tI '1.tCI r .tCI QI "4 J1 QI 

f1.16 f1111Jff1J .... \..I1I'j:::'H11~f11'..Utl'.ll''lJtl~\..I1ffff~1fl'j1::: 'HfftJtl1J RB5 fl'Ul1ll1 

~ Co = 100 mg/L, H = 20 em 1m::: Q = 3.56 mUmin 125 

f1.17 f1111Jff1J'.f\..l.fi'j:::wh~fhv.1tl'.ll''lJtl~J1aff~1fl'j1:::,fa RB5 ti'UmlJ1~'j 
, 

QI I QI .tCI • 

ff:::ff1J'Hll~N1\..1'Htlt1~C)f'U 'YI Co = 100 mg/L, H = 20 em 1m::: Q = 3.56 mL/min 126 

cal cal 0' I ... ~ r .cs QI "4 J1 
f1.18 f1111Jff1J .... \..111 'j::: 'H 11~ lJ'j1J1 ~ 'j ff::: ff1J'IJ tl~\..I1ffff ~lf1'j 1::: 'H ff tJtl1J RB5 

, 
GIl QlQI .cs 

'Hll~N1\..1'Htlt1"C)f'Ufl'Ul1ll1 'YI Co = 100 mg/L, H = 20 em 1m::: Q = 3.56 mL/min 126 
• cal cal tI ...cs r .cs QI "4 J1 cal 

f1.19 f1111J ff1J .... \..I1I 'j:::'H11~ f11 .... 1tl'.ll''lJtl~\..I1ffff~lf1'j1:::'H fftJtl1J RB5 fl'U l1ll1 

~ Co = 100 mg/L, H = 25 em 1m::: Q = 3.56 mUmin 127 

f1.20 f1111Jff1J..r\..l.fi'j:::w:h~fhv.1tl'.ll''lJtl~J1aff~1f1'j1:::Ma RB5 ti'Um1J1~'j 
, 

cal , QI .cI 

ff:::ff1J'Hll~N1\..1'Htl~~C)f'U 'YI Co = 100 mg/L, H = 25 em 1m::: Q = 3.56 mL/min 127 
QI cal tI , r .cI QI tiel J1 

f1.21 f1111J ff1J .... \..I1I 'j:::'H 11~m1J1~ 'j ff::: ff1J'IJ tl~\..I1 ffff~1fI'j 1::: 'H ff tJtl1J RB5 
, 

QlI QlQI .cI 

'Hll~N1\..1'Htl~"C)f'Ufl'Ul1ll1 'YI Co = 100 mg/L, H = 25 em Ull::: Q = 3.56 mL/min 128 
cal cal tI '1.cI r .cI cal tl4 J1 cal 

f1.22 f1111Jff1J .... \..I11 'j::: 'H11~fI1.... 1tl'.ll''lJtl~\..I1ffff~1fl'j1:::'H fftJtl1J RB5 fl'U !1ll1 

~ Co = 100 mg/L, H = 15 em 1m::: Q = 7.18 mUmin 128 

f1.23 f1111Jff1J..r\..l.fi'j:::w:h~fh~1tl'.ll''lJtl~J1aff~1f1'j1:::Ma RB5 ti'UmlJ1~'j 
, 

QI I QI .cI 

ff:::ff1J'Hll~N1\..1'Htl~~C)f'U 'YI Co = 100 mg/L, H = 15 em 1m::: Q = 7.18 mL/min 129 

f1.24 f1111Jff1J..r\..l.fi'j:::'H':h~m1J1mff:::ff1J'lJtl~J1aff~1fl'j1:::,farrtl1J RB5 
, 

QlI QlQI .cI 

'Hll~N1\..1'Htlt1~C)f'Ufl'Ul1ll1 'YI Co = 100 mg/L, H = 15 em Ull::: Q = 7.18 mL/min 129 

cal cal tI I 1.cI r .cI cal "4 J1 cal 

f1.25 f1111Jff1J .... \..111 'j::: 'H 11~f11 ....1tl'.ll''IJ tl~\..I1ffff~1f1'j1::: 'H fftJtl1J RB5 fl'U l1ll1 

~ Co = 100 mg/L, H = 15 em 1m::: Q = 9.18 mL/min 130 

f1.26 f1111Jff1J..r\..l.fi'j:::'H11~fh~1tl'.ll''lJtl~J1aff~1f1'j1:::,fa RB5 ti'Um1J1~'j 
, 

cal I QI .cI 

ff:::ff1J'Hll~N1\..1'Htl~~C)f'U 'YI Co = 100 mg/L, H = 15 em 1m::: Q = 9.18 mUmin 130 



" 
fl.27 fl11lJtYlJi1.nf':f~'H';h~tJllJ1f1·HY~fflJ"fl~1.'hihY~lfl·n:a1iMfllJ RB5 . 

41' Q,lQI #lid 

'HlHN1U'Hfltltltt11Jfl1Jl11:111'1 Co = 100 mgIL, H 15 em U1:l~ Q = 9.18 mL/min 131 

" 
fl.28 fl11lJtYlJiutl':f~'H';h~fhVilfl'lr"fl'nhiftY~'m1~,.;'ifV'fllJ MO n1Jnm 

~ Co = 50 mgIL, H = 15 em U1:l~ Q 3.58 mL/min 	 131 

" fl.29 fl11lJtYlJiutl':f~'H';h~fhVilfl'lr"fl,nhiftY.:jlfln~,.;'if MO n1JtJl1l1"':f . 
Q,I f ., .:::I 

ff~ffll'HMN1U'Hfl~tltt11J 1'1 Co = 50 mgIL, H = 15 em 1&1:1~ Q = 3.58 mL/min 132 
Q,I Q,I fI , Q 	 : .-=I QI 0'4 iI 

fl.30 fl111lfflJ .... U1i':f::;'H11.:jtJ':flJ1f1':fff:::ffll"tHU1ffff.:jlm1::;'HfffJfllJ MO . 
QlI Q,lQI ..:I 

'H1:I.:jN1U'Hfltltltt11Jfl1Jl11:111'1 Co = 50 mgIL, H = 15 em 1&1:1::; Q"" 3.58 mL/min 132 
" 

fl.31 fl11lJfflliutl':f::;wh.:jfhVilfl'lr"fl.:j\hifff.:jlfln::;,.;'ifV'flll MO nm1m 

~ Co 100 mgIL, H = 15 em U1:I::; 	Q = 3.58 mLlmin 133 

" 
fl.32 fl11lJfflliUtl':f:::'H'j1.:jfhVilfl'lf"fl.:j\hifff.:jlfln~,.;'if MO n1JtJllJl"':f 

, 
QI , Q,I .c:t 

ff::;ffll'H1:I.:jN1U'Hfl~tltt11J 1'1 Co = 100 mgIL, H 15 em 1&1:1::: Q= 3.58 mLlmin 133 

" fl.33 fl111lffllVi'Utl':f:::'H11.:jtJl1l1"':fff:::ffll"fl.:j\hifff.:jlfln~,.;'ifV'flll MO 
CVI QlQI d 

'H1:I.:jN1U'Hfl~tltt11Jfl1Jn1:l11'1 Co 100 mgIL, H = 15 em U1:I::; Q = 3.58 mL/min 134 
" 

fl.34 fl11lJfflJVi'Utl':f::;'H 11.:jfhv.lfl'lf"f).:j\hifff.:jlfln::;,.;'ifV'fllJ MO nm11:11 

~ Co = 200 mgIL, H = 15 em il1:l::; Q= 3.57 mL/min 134 
" 

fl.35 fl11lJtYlJVi'Utl':f:::'H11.:jfhVilfl'lf"t).:jlhiftY.:jlm1::;,.;'if MO n1JtJ11l1"':f 
QI , QI d 

ff::;fflJ'H1:I.:jN1U'Ht)~tltt11J 1'1 Co =200 mgIL, H = 15 em 1m::; Q 3.57 mLlmin 135 
" 

fl.36 fl111lfflliu tl':f::; 'H 11.:j tJl1l1f1':f ff::;fflJ"t).:j U1 ifff .:jlfln:::,.;' if V't)lJ M 0 
, 

41' QlQI 4, 

'H1:I.:jN1U'Ht)~tltt11Jfl1J111:111'1 Co = 200 mgIL, H = 15 em 111:1::: Q = 3.57 mL/min 135 

" fl.37 fl11lJfflJiutl':f:::'H11.:jfhVim'lf"f).:jU1iftY.:jlm1~,.;'ifV'f)lJ MO nm1m .... 
1'1 Co = 100 mgIL, H = 20 em 1l1:l::: Q 3.56 mLimin 136 

" 
fl.38 fl111lffllVi'Utl':f::;'H11.:jfhVilt)'i1"t).:jUlifff.:jlm1::;,.;'if MO n1JtJ11l1"':f . 

QI , QI ,4 

ff::;ffll'H1:I.:jN1U'Hf)~tltt11J 1'1 Co 100 mgIL, H =20 em 1&1:1::: Q = 3.56 mLimin 136 
" 

fl.39 fl111ltYlJiU tl':f::; 'H 11.:jtJl1l1"':f ff::: ffll" fl.:j oU1 ifff.:j tfl ':f 1:::,.;'ifV'fllJ MO .QI' 	 4Q,lQI 

'H1:I.:jN1U'Hfl~~tt11Jfl1Jntn 1'1 Co = 	100 mgIL, H =20 em U1:I::: Q= 3.56 mL/min 137 



., 
flAO fl11lJtllJl~'t.nl'.i:::11':h-3fhWl0'lf'U0-31hiYtl·Ufl'n:::..i'iY~OlJ MO fl1H1tn 

~ Co = 100 mg/L, H = 25 em um: Q= 3.56 mUmin 137 

" flA1 	 fl11lJtl1Jl;U.fi'.i:::'H1HflTW10'lf'U0-31hiYtl-31fl'.il:::..i'iY MO fl1J'lJllJl~'.i 
, 

01 • Q,I Q 	 • 

ff:::fflJmHN1UHO~flC)fU VI Co = 100 mg/L, H = 25 em ua::: Q 3.56 mL/mm 138 

01 1 Q 	 : d Q,IQ,I" 	 tid 11 
flA2 	 fl11lJfflJ'V4U1i'.i:::'H1H'l.hlJl~'.iff:::fflJ'U0-3Ulffff-31fl'.il:::'HffDOlJ MO 

01' 	 at · QlQI 

Ha-3N1UHO~fl9fUflUnal VI Co 100 mg/L, H = 25 em ua::: Q 3.56 mL/min 138 

QI QI" , . at : .c:t Q.I tl4" 01 

flA3 	 fl11lJfflJ'V4U1i'.i:::'H1Hfll'V41O'lf'U0-3Ulffff-31fl'n:::'HfffJOlJ MO flunm 

~ Co = 100 mg/L, H 15 em ua::: Q= 7.15 mUmin 139 
., 

flA4 fl11lJtllJ";U.fi'.i:::'H11-3fi1i110G)f'U0-31hiYtl-31fl'n:::..i'iY MO fl1J'lJllJl~'.i . 
Q,I 1 <:V #:I 	 • 

ff:::fflJ'Ha.:JN1UHO~flC)fU VI Co 100 mg/L, H = 15 em ua::: Q 7.15 mL/mm 139 
GI GI" , Q 	 : at Q,I o'lIf:!I.Jl 

flA5 	 fl11lJfflJ'V4U1i'.i:::H11-3,j'.ilJl~'.iff:::fflJ'U0-3'Ulffff-31fl'.il:::HffDOlJ MO 
«vI QlQI 4 · 'HrI.:JN1U'H0~flC)fUflUnal VI Co 100 mg/L, H = 15 em Uri::: Q 7.15 mUmin 140 ., 

flA6 fl11mYlJ";u.fin:H11.:Jfh.w1OG)f'U0.:JlhiYtl.:Jlfl'.il:::..i'iY~OlJ MO flUnrll 
..; 
VI Co = 100 mg/L, H 15 em Uri::: Q = 9.19 mUmin 140 

" 
fl.47 fl11lJtllJ";un'.i:::'H11.:Jfl1i11O'lf'U0.:JlhiYtl.:Jlfl'n:::..i'iY MO flU,j'ilJl~'.i 

141 

flA8 
CUI QlQ,I ,4 · .!}1r1.:JN1U'H0~flC)fUflUnrll VI Co = 100 mg/L, H = 15 em Uri:; Q 9.19 mL/min 141 

10iC)f1Vl0lJfl1'.i~fliuua:::fl1'.ifllfJiu'U0-3tilC)f1'U i~'.il~'UUUU'.i~'U MMT 161 

-3.2 10iC)f1Vl0lJfl1'.i~fliuua:::fl1'.ifllfJiu'U0.:JtilC)f'U iml~uuuu'.i~'U CTSIMMT 161 

http:fl11mYlJ";u.fin:H11.:Jfh.w1OG)f'U0.:JlhiYtl.:Jlfl'.il
http:o'lIf:!I.Jl
http:fl11lJtl1Jl;U.fi'.i:::'H1HflTW10'lf'U0-31hiYtl-31fl'.il


e 
dOOl 

QACs = ffl' Quaternary Ammonium Cations 

BET Brunauer Emmett and Teller 

XRD X -Ray Diffusion 

FTIR Fourier Transfonn Infrared Spectroscopy 

SEM = Scanning Electron Microscope 

MMT = ui;i'U:tJ6'U~lJt);fllfl''U~ (Montmorillonite clay) 

CTSIMMT = ui;i'UlJ6'Ufi'lJt)lfllfl'\Jfi'i~utlnf'ltJ'fll"'lSl'U (Chitosan modified 

Montmorillonite) 

CCN Chitosanlclay nanocomposite 

N. O-CMC-MMT N. O-carboxymethyl-chitosanlmontmorillonite 

Rl Chitosanlamino resin 

GMAlMBA-TEPA = Glycidyl meiliacrylate/methelenebisacrylimide resin loaded with 

tetraethelenepentamine 

MOF-235 Iron terephthalate 

MWCNTs = Multiwalled carbon nanotubes 

CMK-3 Mesoporous carbon material-kinetic 

CTMAB/IOSSTA-MMT= Cetyl trimethyl ammonium bromide anionic surfactants sodium 

stearate and their mixture to montmorillonite 

RB5 Reactive Black 5 

MO Methyl Orange 

Organo-clay ui;i'UlJ6'Ufi'lJ6'lfllfl''Ufi'~\lnt1i'1Jt11-3fJfIlfflJ~K'ltJffn6'UYI;Vth::u1'n 
QACs 

TMA ffl' Tetramethyl- ammonium 

TDMA ffl' Tetradecyltrimethylbexadecylammonium 

TDMA-Br = ffn Tetradecyltrimethyl ammonium bromide 



HDTMA 	 ff11 Hexadecyltrimethylammonium 

Abs 	 Absorbance 

fl'lllJtJ1'lflgU~ff11i'lmh~ff1lJ11f:1~flfliluUff~'~lJ1fl~~fI (nm) 

pI 	 ,fI'olCJfOlnfl'tl;fl 

"d. II,. r '" 
%wt 	 nJollCJfUfl LfltJU111Ufl 

CEC 	 fl'lllJ,lufl11Uflm11~tJU1.h~''U'lfl (Cation Exchange Capacity) (meq.lg) 

P 
QI Q,I QI QI ~ A •.d,4, 

fl '11lJflU 'tl 011fl 'l'IJ tHfl'l\lfltlflCJf'U'tlfJf.U11lJlIfl1~ "1 

v 	 m1l1fll'IJ0~Unff~\lfltlfltir'U 11thVlriumlJ1fll 

mlJ1W'IJ0~Uliff~\lfl~fltir'UlI'U'U,rUI~tJ'l . 
I "" c 	 mfl~'tl'IJO~ BET 

~ ., .J.... .I t 
fl'lllJl otJ 'IJ0~fl11 tlfl!O)f'U'tllflfl'IJU"lftJU 1 fl 

fl'lllJ~OtJ'lJ0~fl11tlfltir'U~itJ~ffO~Ufl~itJ~lJ'~~1J\9l0 "1 '11 

N In'IJO~ l'lfl11f1 (Avogadro's number) 

.l .J..J. '" ., .1 .l ... d. 
s 'VfU'tl'tlfl'l\lfltlfl!O)f'UlJflfl~lI'UU'VftJN'l'IJO~'IJO~U'IJ~ 

v mlJ1f11l;~ 111f1'IJ0~unff~\lfltlfltir'U 

a lJ'lfl'IJO~i'l~fltir'U 11 '1.hm~tJ fllll 

..... 
U1~A~N'l 

"" 4J!.cl 	 QIQ..rfl'l111l'IJ1I'lJU'lJ0~ffaOll'tlffll~fl11f1~fl11~fI!O)f'U (mgIL) 

~ ~ "" ~ ..t ~ 
fl'lllll'IJlJ'lJWIJO~fftJOlllll1f1tJ (mg/L) 

.~ ., q~ 
q 	 lJl111Wfl11~fI!O)f'UfftJOll (mg/g) 

m1l1Wfl11~fltir'UffV'01l~fffll'l~ffll~fI(mg/g) 

mlllWfl11tlfltir'UffV'01lU'U'UitJl~tJ'llJ'~~fI'illflfflJfl11'0 l!O)fl'tlOlJ 

'" "" " fl11~fI!O)f'UU'U'UUfl~llItJl (mg/g) 

mlJ1Wfl11tlfltir'UffV'OlJ~nfll t (mg/g) 

r QI IQ 

m 	 Ul'"tJfl'IJO~mflU (g) 
.. 

v 	 mlJ19l1'IJ0~111 (L) 



L 

'" ~I ... ..( ... , ...; 
Kd tYlJlJ'~tY'YI1'imlU~ml~.:J11'H) fIlfN'YI Henry's Law (Llg) 

KF fhfl.:j~'lJtHtYlJf1111V 'C)1l'YIVlJmltlfl9f'IJ!1'IJ'IJ~rW~'lf (Llg) 

KL fhfN~'lJV.:JtY:Uf1111V 'C)1l'Y1VlJmltlA9f'IJU'IJ'lJU"'~lijvi (Llg) 

llod'c1 f1111tJ~V'WUtJ"'~'Vift~~1'WOtYl~lJl~1!1'W (kJ/mol) 

1l,JI f111LtJ~V'WUtJ"'.:JlV'W'YI1",i1lJl~'!1'W (kJ/mol) 

IlJ f11'l'LtJ~V'WUtJ"'~IV'W ''YI1illJl~'l'J1U (kJ/mol*K) 
I 4 ttl 

R f11fl~'YI'IJV.:JUfltY (8.314 J/mol*K) 

T 	 ~Wl1fJii'IJV~tYll"':"'lViM'VlJ (K) 
".:I .... .. 4 
fIlfl~'YI'IJV~tYlJm'V'WA'lJl1U.:JI'Y1VlJ (l/min) 

,...; "'......
fIlfl~'YI'IJV~tY:um'VUA'lJtYV~L'YIVlJ (glmg*min) 

mlJ1WmltlA9f'IJihrVlJ~tYm1~tYlJ'.}"'~lflml'YIfl"'V~ (mglg) 

mlJ1WmltlAi''IJff~v:u~tYm1:tYlJ'.}'''~lflf111r\'lU1W (mglg) 

MTZ Mass Transfer Zone 

t* L1"'lmlf,lfli''IJ~AlJflA'lJV~fln~I'IJ'l'fI'YIl (min) 

f111lJtn1'IJV.:J1'I.JfllUl1Vf,lfl9f'IJ (m) 
., 	 . 

·lill1..rfl'IJV~,r1\lflf,lfl9f'IJ'lJU,r1f,lfli''IJfltYm1~tY:u'.}", (gig) 

~ 001 QI 	 GI QI.d ~ ~QI 

Ul11Ufl'IJV~~1\lnf,lflC)1'IJ'IJ'W~1f,lflC)1'IJ'YIn"'lt'l'lJ~'W (gig) 

fl11lJl1U1LLhiun:U'IJV~L'lJfllU11t)f,lfl9f'IJ (kglm
3

) 

...; 
L1"'l'YI,flL'IJ'l'fI'YIl (min) 

mlJl;tl~'fll'IJln'YIl (mL) 
., 	 . 

m:U1W mlf,lA9f'IJfftrtllJl'i.:Jl1 :Ufll 'W'l': 'IJ'IJ11 Vf,lfl9f'IJ11'I.J'lJ1'I.J'fIU.:J (mg) 

LUB 	 fl11lJtn1'IJV.:JI'IJ'fI~J.:J1,j,,n~.:J1U (m) 

BV 	 Bed volume 

Q 	 ti~nf111111'"l'Wl1Vtlfl9f'IJ~;.:J (m3
0ffixed-bedlmin) 

ti~nm'l'111'"lUl1Vtlfl9f'IJ'lJU1ALgfll'W..rv~tJij'IJ1ifll'l' 

(m
3
of fixed-bedlmin) 



1i 

M 

P 

T 

x 

EBCTsc 

EBCTLC 

ReSC,min 

v 

e 

Re 

J,...nrm.ltHli1tl~.1J1U'I16tl~.1J'il~~ (kg/min) 

f111lJ'I1Uluth.,l'J1lJ'll6~i1t1~.1J (kg/m
l
) 

nal~~t;)t'JJ'J f1't'lltTl'l1 i''JJ'I16tlt;).'JJ'il~~ (min) 

lJ1a'll6>1i1tl~.'JJ1U'I16tlt;).'JJ f.U ~t;)~i1tlt;).'JJ'I1lJt;)fI'fIlft~6'11lhm1al 
(kg/min) 

iflJ'.h::ff't'lim'Juftifllt.l1UlftlU'll6>16~fIlflfllf'JJ6U~U'llUl~lgf) 
iflJih::ff't'lim'Juftifllt.l1UlftlU'll6>16~fIlflfllf'JJ6U~U'llU l~1'I1qj 

t~UF-hflUVflal >1'll6~6~fIlfl f11 f'JJ 6U~U'llU It;)6'4fIlfl I'll qj 

.J! I .. 	 .. d.,. ° 
ttlUp.jlflUt.lf)al~'ll6~6~fIlflfll'J'JJ6U't'llJ'llUl~6'4f11flmf) 

• .1 .. I 

Ul1m~6'Jm'JUft'J (Diffusivity factor) 

= 	 EBCT 'll6>16~fIlfl~6~1U'I16tlt;).'JJ'llUl~lgf) 
EBCT 'll6>16~fIlfl~6~1U'I16t1~.'JJ'llUl~hyqj 

na11um'J,hliiu m'J'll6~'I16tlt;).'JJ'llUl~tgf) 

nal'Um'Jrlllijum'J'll6~'I16tl~.'JJ'llUl~1'11qj 

° 1 ° 
0, 

<IIf111lJ1'J1 U'I16tl~.'JJ'llUl~mf) 

<II l'f111lJl'J1 U'I16tl~.'JJ'llUlt;) 'I1ty 

fhmnu~UlJt'JJ6f~U'6t.1~1l'~1u'I16tl~.'JJ'llUl~lgf) 


fht'Jt.I"'U~UlJl'JJ6f'u'I16tlt;).'JJ'llUl~'my 

<II ... 	 , ........ 


f111lJ'I1U~t'l1~ f1U'lJ~f)f1 (Kinematic viscosity) 

f111lJftlU 1 Ul'Ut;).Q>1 

I <!"I' .. OJ .. 

f11t'JtJ 'U~UlJl'U6'J 

http:f111lJ'I1Uluth.,l'J1lJ'll6~i1t1~.1J


fl 

...... _I
flflfl fl111J'U"U~mfl 

.Q .Q "J d t Y .d ~ CV • I

1V1t11'1..tTt'1..t'fi'1..tthl'.i~'ll'l1.:J~1t1~ ~1~tI'IIVfl'J1U'IIVUTt'.i::flW 1,Jflfll'Illl'1::fl'llJ1,JflflMl1.:J '1 . . " ... , v 1v 0 11" o· -4 ...::sA GI 1 " jJ Q QIQ 4) Q

VI ~fllW1 11f11 '.ifl1:J1ll'1..t::'1..t1 'lf1t1111l'1V VtlH~tI.:J VI.:J '1..t~1'1..t1'1f1fll'.iU'(l:i:t11'1..tfll'.i~11'1..t'1..t.:J1'1..t1~tI 

'tJiun 

'IIV'IIVUTt'.i::flW ~'.i Jfl'Jflq1:JW VlJl1'lf m~1'.i6~1I1fl1:J11V1t11ii'Vi'l..t1 ~flVtI~Ul'llm1~1ri 

lr1'1..tVth.:J~Ul'I::',rflla.:J' ~1'1..tfll'.i";1.:J1'1..t1~tI~'1..tnY~~i'1..tul'l::'lri1.:J '1ItJi1t1~ 
'IIV'IIVUTt'.i:: flW 1I'.i:: 'fi 1'1..t11 a fl~~'.i ff1'1111'lf11ff1fl'.i'.i lJ ~.:J u1~1lVlJ flW:: fl'J'.i lJfll'.i ffVU 

1V1t11iiTt'1..tI'tJmh'1..t ~'tJ(1,rri111'1..t::il111;fl1:J1l~tl1nU'IIV1J1'11~'IIV.:J1V1t1TUTt'1..tIUl'l~.fJV\!l'I~1~tl1.fJV.:J 
Q,I 4 QI d 0 1 II 0 Q W 0 d , '11 'j/,Q .. 'jI 91 d CV Q ~ 
flU.:J1'1..t1~tlVI~::Vl1 11 ff1lJ1'.i t1V11.:J1'1..t1~tlff1l '.i ~Ql'l1.:J ~1t1~ '.i1lJtI.:Jl~lM '1..t1Vll'.i fll'.iUWCVI~flfl1:J1 

Q Q .Q 91 Q fI Q Q,I dd, At 
ff1'll11'lf11ff1fl'J '.i lJff.:JU1~ l'IVlJ flW~1ff1fl'J '.ilJff1ff~'.i 1J1111V1t11l'1t1f,J1J l'I'.i 1"l1'fi1'1..t Vlfll W1'lf1t11't1l'1V 

" " 1'1..t'.i:: 1111.:J~11ii '1..t .:Jl'1..t1V1t11iiTt '1..t1fI i'.:JU 

'II V 'IIVUfJ W 1 (111 U'l~,rV.:J 11 ~u~ fll '.i f11f11'1fl1ff1fl '.i '.i lJ1f1 ij fI w::1 ff1fl'.i '.ilJ fflff~1 

'" '" ... .,1,1', v A 11" • 1".,I a
lJ1111V1t11l'ltlf,JUl'I'.i1'lf'fi1'1..t VI "1 Mfl11lJV111fl'.i1::Mfftl1'1..tVl lf1'.iV.:JlJVUl'I;:;1J fl'.iW~H '1 '1..tfll'.i 

'YI~l'Iv.:Jlr1'1..tvd1.:J~ 

'IIV'IIVUflW1YiV'1..t'1 Uflfffl1:J111ltyqplV1 ff1'1111'lfl1ff1fl'.i'.ilJ~.:JU1~~VlJ Ul'l::U'V.:J '1 

Uflfffl1:J 11lltUtU1 ~'; ff1 'II11'1f11ff1fl'.i'.i lJ ~.:JU1~~VlJ 11'(1:: ff1'11 11'1fl1ff1 fl '.i '.i lJlf1 ijUl'I:: 'ihmTt 

flW~1ff1fl'J'.i1JfflffA1lJ1111V1t11atlf,J1Jl'I'.i1'1f'fi1U ~flVtI1,rlha.:J1~11l'1::'lbm11~v1'1..tfl1'.i";1.:J1'1..t1~tI 
v ... 
~1t1~Al'IV~1J1 

'II V'II V1J Tt'.i ~fJW 11 afl~A'.i UW ci1 ~flfl1:J 1 ff1'1111'1f11ff1fl 'j 'j1J~.:J U1~ ~V1J flW:: 

1ff1fl'J'.i1Jfflff~11JM11V1t11atlf,JUl'Il1'1f'fi1U Ul'l:: lf1Hfll'.i'tJ'1..tUfl1~tl11U'1hr,j ~, ,rfll'.iffU1Jff11 '1..t 

f11'1..t'tJ'1..t1~tI1r1'1..tvd1.:J~ 
" . " v ... "''''1v.... "" ~ !itVl1tl'1..t 'IIVfl'J1U'IIV1JTt'.i::fJW1J~1 lJ1'.i ~1 VI 11fll'.i ll'1t1.:J~ VU'.i1J11'(1~ ff .:Jlff'.i1Jfll'.i flfl1:J 1l1J'1..t 

· ... 1'" 0 1i/"... .... 11 0 d 1 .....
Vtl1.:J~Al'IV~1J1 '1..tV~~ ~'1..tVl1 11~1~tI '.i~ffUfl111Jff1l'.i~ '1..t'lf1~~l'IV~1J1 



A A 
<V6L'HH 

1ftV 

~61J~tytyl 

ffl'111<Vl 

'" ~... ... ""'" "'~.I d , 1 .... ...
: fll'j~~C)j'1J ·r1L1I'VI"66Ln.j~ ff'jU6fl'VInU1J"fl 5 ffl'j fl ~C)j'1'U U'j~'U1I6'U~ 

1I6~fl1"''U~~ftUun\''.W'fl1~C)j'1'U 

'n'U1~v;fii1VlQU'j~ff~flli46flfnnfll'jfh~~ff~611~iiu'j~'fl1J 2 ff '~un ff;U6flVi~ 
d ......... : '" ... 


U1Jflfl 5 (Reactive Black 5: RB5) 1l"~ff'1I'VI"66L'j'U~ (Methyl Orange: MO) ~lfl'Ulffff~lfl'jl~11 l~v 

'.fuitl'U1I6'U~1I6~fl1fl ''U~~ftUU'j~1V 'fl1~C)j'lU (Chitosan modified Montmorillonite: 

CTSfMMT) L;jU~1~~ci1J fll'j'VIftfl6~Uu~66m;ju 3 "i1u '~un "i1u~ 1 fll'j11fln::a1'~Wff1l,j~ 
Q,I Q,I , Q,I ... ~ 'Q t/.Q 1 , ... 'J/

'U6~Vl1~ftC)j'1J -W1J11 fl1'j~~Ulj'jU'j~U1I6U~1I6'jfl " U~ (Montmorillonite: MMT) ~1vffl'j 

, 1 t, 'J/ .... ...,1 ......... d, ..1 

fl. ~C)j'lU~~ff~Hfl 11UHI'U MMT lJ-W'U'VIH1fl~"~ lJ'UUlft'U6~1-w1Um"fJ 11ty'U'U Ufl~'j::V::'Uf.H 

" • ~... .!..1... ,~ 1 ?t ...... 'J/ A qJ
<V6~11~'j::111H'ti'UftU (doo1) L'n1l'UU ~lm~1I 1.27 nm lJL1JU 1.40 nm FH'lfll'j1Lfl'jl::11~1mfl'jtH,.l 

L;v1'V1nUff~6111flu~nl'jft ffLufl1Vl'j 1~1'V1ijL~o1 (Fourier Transform Infrared Spectrophotometer) 

, 'J/ d ''''1' 1 .... 1 ,."" ....~ I'"Uffft~ 11l11Ufllmflmll"V'U'UO~11\10::1I U'U6~ fl ~C)j'lUfl1JlJ'j:::'1J1flmtJ uU'j~U MMT ff1U'VI 2 

fll'jflmnffl1'l"Ufl:;~"U'nflfflff~1fll'j~~ci1J 'n1J'h Uitl'U CTSfMMT ijU'j:::ff'VInm-W''Ufll'jtil~ft 

ff RB5 Ufl::: MO q~fl'huitl'U MMT rOV,,::: 71.48 Ufl::: 65.18 ~11lih~1J t1~1I1Wfll'j~ftci1Jff~OlJ 

lnft~'U"l~~ft~tiTV;L6,)H'Yhti1J 2 l1fl:::~WMt.Jij 55 °C ~O\l"ff1l'lflfll'j~~ci'IJijfl111lffO~flf(O~ti'IJ'O 
1C)j'L'VIO 11 U1J 1J Ufl ~Lijv111 lflfl':h'61C)j'L 'VI611U1J1J~1'U tl'ti' 6' ~'j1fll'j ~~ci'IJ'U6~ff6611';~ ff6~<vij~d,. 

" 
.!..1. 'J/ , , ... 'J/., ... ~ ... 

L't'f1l'U'UOVH'j1ftL'j1 'U'ti'1,mm U":::L'Ulqff1lt:!flmV 'U 60 'Ul'VI 'U6\1flO~'jlfll'j~~C)j'1Jff6~fl(;10~fl'IJ 

ff1lfll'j6~'jlfll'j~ftci1J6'Uft1JffO~LViV1I th'U~ 3 fll'jflmnfll'j~ftci1J''U11'Ihvu6,j~fll'j116~ftci1J 
U1J1JL1Jftrl~ 'n1J'h U~1I1Wfll'j~~ci1Jq~~~'U6~ff RB5 u,,~ MO iitiwt'ilti'IJ 9.12 Ufl:::7.35 mglg 

o .... 1"" ....!. .1 'J/ 'J/ .!. 'J/ • 
~11lfll~1J lJ'j1l1Wfll'j~ftC)j''IJ~:::L-W1l'U'U~llJfl111ltl~'U6~L1J~Ufl:::fl111lL'U1I'Utm1l~'U U~~:::fl~tH~11l 

6'ftnfll'j'11 "~Li411~'U Hflfll'j1~VUff~~',",L\f'U'hd~'U CTSfMMT Lr\'U ~1~ftoi1J~iju'j :::ff'VI im-w 

dl11i'1Jfll'jtil~~ff RB5 Ufl:: MO 

http:Ufl:::7.35
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CHITOSAN MODIFIED MONTMORILLONITE CLAY 

The objective of this research was to study the removal of two negatively-charged 

dyes such as reactive black 5 (RB5) and methyl orange (MO) from aqueous solution by using 

chitosan modified montmorillonite (CTSIMMT) as adsorbents. The experiment was divided into 

3 parts. Firstly, the physical properties of the both adsorbents were characterized. The 

modification of montmorillonite (MMT) by intercalation of chitosan caused a decrease of surface 

area and an increase of average pore size and an expansion ofbasal spacing (dOOl ) from 1.27 nm to 

1.40 nm. The result of Fourier Transform Infrared Spectropil~tometer shows the ion-exchange 
Q 

between amino groups of chitosan with the positively-charged molecules inside MMT. Secondly, 

the study of equilibrium and kinetic adsorptions was investigated. The CTSIMMT has dye 

removal percentage ofRB5 and MO higher than that ofMMT about 71.48 and 65.18, respectively. 

The maximum adsorption capacity of both dyes was obtained at initial pH value of the dye 

solution of2 and operating temperature of 55°C. The equilibrium adsorption data was better fitted 

to Langmuir isotherm model comparing with that of Freundlich isotherm. The rate of adsorption 

increased initially rapid and reached equilibrium within 60 min. The adsorption rate data were 

better fitted to pseudo-second order equation. Finally, fixed-bed adsorption column experiments 

demonstrating that the maximum of adsorption capacity ofRBS and MO was 9.12 and 7.35 mg/g, 

respectively. The adsorption capacities increased with bed height and initial dye concentration, but 



decreased with an increase in flow rate. The results show that the CTSIMMT is an effective 

adsorbent for removal ofRB5 and MO. 
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UYlYl1 
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1.1 	fllUUntuyuD:::tlUl"8~'U'l!'t'Ilfl111Ij)r.J 

... 	 ~ 4 d .1 A 4 !II 44 1!11'&' .rif11 1 tJ tI tilUY fJ 'VU fl
A 

flll 1 fl fll'hJ'\.,ml f) tI 'IHl-3 ff fJ f) lJ ! fllJ lJ Utl1 tllJ1\1lJlJ 1fl -tI tI flllJ fll '1 

-tlfJlrJi1-t1fl-3~fl ffl'Mm '1lJ,]l-3 ., !'lftl ~flffl'Mm'1lJ~ -3'Vm ~flffl'Mm llJ~f)fld'fllJ ~fl ffl'Mfl1'1lJflll 

A ='1 !II If 4 ..; ... .r . 1 · 4 "" 44!11"''&' d 4.r:! 
~afl	m:::flll:l !utlfltl tll!ffrJ'VUflfl-tltlffTU 'Mtyll:::lJ~tl.I11 lJlJtT-3 lJff!-tllJ lJfl atl l'MlJtI ua:::lJu'1lJltl.l 

... ... 0''' 4 !II 4 1 i' 41 'I!r ,p:! 4
ffl1fltl'Yl'1fJ\T-3 !tlfl-3l1lflfffJfllJ!fllJffllJll(1a:::alfJtll ~fllJ-tltllfl lJlat:}a 'Mtljua:::lJ flHfflH 

citJ~fltl\l~''';ffllJl'1(1dflrJffalfJ'~!fl-3flllJll1'1lJ')fl~~fffl11:::tJfl~ (Aksu, 2005) 'Mlmil!ffm'Mnld 

tJtI!~fltl a-3 i tlLl'Mn-3J l1i '1'1lJ')fl~itlmlJltl.llJlflll:::'Vil1..ru'M n-3 J m.A l!ffrJ ff-3~am::: 'YltJ91fl~-3ii;1fl 

f I 	 Q.I 0r 4" 4.d i f: 	 i"4 ::, I ... 0',21tlU'Ma-3t1l !')ftl fffJfllJ!fllJ'Yla:::alrJ tltIlll:::tJfltJ-3Uff-3Uflfl'Yll 'M'n')ftll lJ1;1'llJllflff-3!fl1l:::'Muff-3 ~ 

ua::: 11::: aflfll'1u'n~-tlfl-3flflflCH!lIt1!,rl\1~bJ1 ff~ ~a i M'flflflCH!lItl 1 tI J lafla~ ua::: ff -3 ~a!ffrJ~fliffl1J1 

d 	 :I' ~QI 0ifjl.Q 0 GlQ :'I.cd, Q,I ci 
!i1t1IP1t1 tlflfllllfltlfJ-3'Yll 'M&flflfll'1malfJ'Ylfl'tlUfll'nua:::!utl'YltllH&flfJlI 

fll'1nloOflffd'fllJ~tJtI!~fltlfl~itlJl!ffrJffllJl'1fl'Vil'~'Maluii Ih'fun ii'YlHfllUfll'n ii 

!II • 0 ='1 !II i!ll" "''';4 QI 4 i!ll.... 4.1""fJfllJ\T-3 U~lIl!utl~fl-3 ')ftfllfl-3lJfl'YllJafl'l:ltl.l:::!'IH'n::: lJfll1 ')f'naHlt.!\T-3 ua:::lJu1l.lltl.l-tlfl-3 

~ii~fltl.len'naflfJ'~tnfl~tI~llJlJl~1U flllirn'YlHfllUfll'n !'lftl fll'1t]flciftJ fll'mamtJ~rJtltJ'1:::1 
I ." ='1 !II ='1 _d4.1 "" "" , " i 9J "" ,!II

ua:::fll'1mfl-3~ltl"~tlWfltJH lutl~tI !utl11l'YllJul:::ff'Ylllfll'nua::: lJflfl 11&flflffl'l'naml fl~llJlJl 

i-3,rtlii~HfllUfll'n\l-31~tlii~l1llJli .f1t1flllnliflffd'fllJlfliiflVl-3U'n'hunrJ (AI-Deges et aI., 

... ='1 - .l! d... i" " 42 ~ ='1 d, I .l!QI"2008) fll'lt]flCJf1J!utl11iflll'MtI-3'YltlUlJ ')f!tlfl-3l1lfllJlPltI 't'JtI~lu":::!utlm::: '1J 1t1 flll'Yl lJCJftJCJffltl CJf-3 

ffllJl'1(111l1fffJ~iillfll\lfllJli .r!t1t1i1t}flcitJ !'lftl Ultltl 1fffJl'Mnfli cN'Yll-:jflllLfl'l:l~'1 ttJn flfl~a',r 
;1lJ1" ua:::'tJlfl'nfliillJflf t~tI,;'tI (Rafatullah et aI., 2010) itlfl~~'~iifll'lfffl'l:llfll'1t~lrJlJ 

, 	 ....... 0' ='1 0 ",... ... 0'4 AI"" "" i 0 QI 4 !II .l!... I


flltlfllJlJtI ~tutlllltl1t1lJlfl lt1 flnlflflltlfllJlJtI~lJul:::ff'Yl1i fll'n tI fll'1 fllllfl fffJfllJ \T-3lJlfl CJf-3lJ'M'.d 

fllftJ flflCH" " ,,::: 11 ~ fl:::iil tI fld~iftl fi'l'Vil'Mlfl~i tI flll Vfl oOtJu,,::: ffllJ 1 'l fl tlflcitJ' flflfltl ~iitJ '1::: 1 

tJ1flU"::: 1flflfltl~iitJ 'l::; 1"tJ1 1'~fh1~;) i1flVHt'lfti riltl tilJ,j'tI ~ffllJ 1'1 (I t}fl citJ ff!lJ "'~tI tJ g 

(Methylene Blue) U":::ff!flfffltJg 29 (Acid Blue 29) itlmlJlw\T-3(l-3 453.12 ua::: 554.32 mglg 

flllJ€ilitJ (Auta and H~eed, 201 1) flVH"~~llJriltltilJ,j'tlV>i'iil{tI't'Jtlitlfll'1!~;fJlJ\T-3 U":::t.Ilfl~fl 
.. . .. 

fll'111lm;tJlJli .f1'M";u,,::: flll nlifl fl-3lftllijfl 1,.; tI ltl lJ lU fll'1 'imtl1i1flflciftJ 11 lmd~tl1i '1 '1lJ')fl~ii.. 



2 

fll'.iffml1LfhJlJ1t1~lJ l~fl{l\llm~lJ~1tlflcitJ~'h1f11\lt1 ihRlJ1tumt1 m,:::ff1lJ1'.itl'thm;tJlJ11cU 

hl1i'tf (Wang and Wang, 2007) ''''' " ... l' " ,... ... .h.d ... QI?I ... 1":'1 QIU'.ifllJlJfllJfllJfl'.il1 l1 lJfl (MMT) IlJlJUHllJ'6'.i'.ilJ'lf1f1'1flJfI'I1lJ{I'YIlJ[llJ 'lfllJlJfl1t)flCJftJ 

4oJ! 4 .. 4o.l .d... 4 4o I'" .... ,... ..." 
A

fftJ fllJ I fllJ llJ fln 1 t1lJ'V4lJ 'YI N1\1~ U l1:: lJ '.i 1 fI1 \l t1 lJ lJ '.i lJ 101 lJ 1 t1 U l1:: lJ fl1 '.i Nl1 fI lJ I'If{I'V41tu '1H) 

, AI ... '" "...... ...t... 0 "" .t
m[l lJ lJ '.i ZI'YI ff 1m::Nl1flfl 01enu'.ifllJ lJfl11lJtJ'.i "1'Y11i \T~llJ fl~\ll t1N1lJ t1'.i ::'lJ1lJ fll'.i 'YI1 tJ'.i "1'Y11i '11 l11 [I 

,flJflfllJ (~t1'.it1CJ1:l111' OlJ'1'1f Im::i'f1lJ1'.i'.iW Ifl[l'.i~lt1lJfI, 2549) uHllJ MMT l~lJuiilllJ'lJt1~lJ 
, " .d.. "" "" "" :'1 "A I '" 1 J!ffllJfI 'YIfI (Smectite) 'YIlJfllJlJlJ1 (AIP3) UfI::CJfl1m (SiOJ IlJlJfNfllJ'.iZt1tltJ'I1l1t1 fI'.i~ffn~'tIfl{lU'.iI 

~ j) Q# d t • ~ ~ .ct, , ... 

fllJ MMT \lZCJffllJt1lJlillJ'lflJ (Lamellar structure) Ul1Z'.iZ1111~'l1lJfllJ~ZlJ'If~N1HfJ~CJf{lff1lJ1'.itl 

'tIfl1V~1 '~I~fJl1Zl11V'lJJ1 uHllJ MMT ijlI'.iZ~fI'lJfJdtJlJiflJFhrh',rff1lJ1'.itlt)flcitJff~fJlJ~ij .. 
1l'.iZ~tJ1t1'tfA l,flJ uHilJ MMT ijmlJ1Wm'.itlflcitJ'tIfJ{lffllJViUlJtJlJutJtJ'lTlJltllJ1\1~-qfllfhtitJ 

322.6 mglg (ilVlJ1fl'.i111' \l111{1,f, 2545) Ui~lJ MMT ijmlJ1Wfll'it)flci'lJ'tIfJ~ff1'ifl1ijlJij 

(Rhodamine B) UtJtJilJ'tlV1\T~"1f1nhti'lJ 42.19 mglg (Panneer Selvam et aI., 2008) I~lJ~lJ 
O{lulY'llu iilllJ MMT ijmlJ1W1lJfll'.i t)flcitJ ff~fJlJ~ijll'.i::~\I~ !t~L~f.l'thlJ1tlflcitJ ff~fJlJ 

~ijll'.i Z~l1'lJ \l:: t)flcitJ'~UflV L~fl~ \l1t1U'.i ~N~t1'.i::'I1"h~ll'.iZ~ fI'lJ 'tI fJ~Ui.~lJ titJ 1l'.i:: ~l1tJ'tIfJ~iMfllJ 
(~t1'.i t1CJ1:l 111' OlJ'1'1f, 2549) Ul1::ff~fllJ~ijll'.i:: ~l1tJt~lJ ff~'~lJ1t1hl fJfI ff111 t1'.i '.ilJyJf.lf)~6lJ'tIfJ{I .. . 
... 1 001 cv .dl , j}~ ... I • ~ " " AS .c::. ...Q!

lJ'i::I'YIff fI{llJlJll~ fllJfll'.iflfllllJ'.iU'ifllJ MMT fl1Vff1'.j1fn~ C"j l'lflJ ff1'il'lflUHfI{lN1Ul1::t1'.ifl L'V4fJ 

I~lJm lJ1W fll'.i tlflcitJ'tI fJ{lUi ~lJ1'11'ff1lJ1'.itltlflci'lJ 'fJfJfllJ ~ijll '.i:: ~l1tJ',r IVl1f.lt.iHl,flJ fll'.i Pi'flU11 '.i 
''''' " .ot "" "" ... , ... 1 4 l' " U'.ifllJ MMT fl1Vff1'.iflflUH~HN1CJf'YIl1 f1'iLlJ'YIflU6lJ lJLlJVlJ tJ lJfI (Cetyltrimethylammonium 

bromide) ff1lJ1'.im~lJIllfJ!I~lJ~m'.ifh~flIlJViflflfJI'.i'\..1\1'tfO{l 80.12 % Ul'I::fll'iPi'f1ull'iff1'.il1f1UH 

.ot "" 4 .. "" ..l. A I "d "'1 0 "'.. !"III:J!~fI{lN1\llJlJ (Gemini) ff1lJ1'.itll'V4lJLlJfl'.ilCJflJfl lJfll'.ifllll~HlJ'YIl1fJm'.ilJll L'/'IiN 90.62 % (Kan et al., 

2011) fll'.iPi'flUlI'iUi~lJ MMT ~1Vt1'.ifl '81f1'.iflflfJiit1ff1lJ1'.im~lJmlJ1tufll'.it)flcitJIlJVil1fJfll'ilJ~ 

'~O{l 88 % U~llZij&1l11'lJfll'il,r1~'fflJ~l1lJ1lJf)'h (Teng and Lin, 2006) L~lJ~lJ i{lJlJ Ui~lJ 
MMT ~\lt1iflllll'.ii{lijll'.i::ff'YI1im'V4'lJm'.ifh~flff~fJlJtlt1".hui~lJ MMT .. 

lJfJt1\llt1tA Ui~lJ MMT ff1lJ1'.iml1lJ1Pi'fI,,1l'.i~1V'ff1'.i'fl1f1CJf1lJ (CTSIMMT) ,,"::'til 
, ,,.l ... ... '" ""AI '" , .d""AI ,114 ..

'11 'V4lJ N1't1 fJ ~ fl1t)flCJftJlJ lJ '.i:: ~ tJ 1t1 1m:: 'ff1lJ 1 '.itl tl fI CJftJ fJfJ fJlJ 'YIlJ lJ '.i:: ~ l1 'U W'l fI I lJ fJ{I 111 t1 'ff1'.i 

'fl1flCJf1lJL~lJ'tJ 1fJ1'V4iillJfJ!1i'i'.ilJ'lf1~~ijll'.i::~tJ1t1fJd~Fh (Darder et aI., 2003) 'fl1f1CJf1lJl~lJ 
.d "',11 AI'" d "'"" ql:'1 91 .l!... "'1 ... " 'ff1'.i'YIff1m'.itlfft1f1 '/'Ill1mlJl1fJml'tl~'tIfl~'fffl1'V41t1fJ{I UlJl1~ UfI::\-I LlJlJl'llJ CJf{llJfl1'itJ'i flfl'fffl1 

m,hdllJ ll'.i::L 'YIff' 'YIV&~lJ ,)llJ1lJlJ1t1 i{lfil1'I1'ijlllafJt1u~~'tIfJ{I fffl1l11~hd!'l1 afJ.yf~'~lJ ,)llJ1lJlJ1t1 

.ot", , 1 "'AI "" "" 1 · ...... " I, 'I ti-'lIJ1tl{lUlJ11ff1'.i fI f1CJf1lJllZlJlJ'.i::'ff'YI1im'V4 lJfll'.it1nfl'ffVfJlJ\T~ Uflff1'.i fI tI'lCJf1lJl1::fl1VlJ11fllJfJV 

Ufl::'V4fJ~~1~1V1~fJfI::l11mf1 fll'i'th'ff1'.i'fl1flCJf1lJmfl1~'1''UlJiflJH1't1fJ~Hi~lJ MMT 1l::,f1vl'11'ij 

http:Im::i'f1lJ1'.i'.iW
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.1 ...... , 0 ........ '" ... ..:. J I .....1 ''''' '" ~ 1 ...

lJ1~fI''YItifl111 'Ufll1fll~AfI'tJf)lJlfllJl111J'tI'U 1'11'U fll1AAltlJ1U1A'U MMT A1tJfI'11 &fl ~'lf1'U~::1J 

m1J1o.fll1tlAitJfftUH1fl11A (Congo Red) lyhfltJ 54.52 mg'g ~{JU{Jfdl1r;1J1tufll1tlAitJ~1tJld 
A'U MMT' nfi11yhfltJ 12.70 mg'g U~nfi1,r~tJfl11f1'11 'fl1~'lf1'Uf)dHl~fnnfi11YhfltJ 81.23 mg'g 

(Wang and Wang, 2007) i{JJ'U''U{J1'U1itJn~{J'Yi1fll1fffl1:J1fllHiAU111UiA'U MMT ~1tJ'tl1~'lf1t.! 
l'rlf)'~1~t.!~1~AitJ't.!fll1 fhiAffij'f)lJlfln~n111~ ~LltJ~lflJ1ffff{Jlfl11~'" , ~un mUf)fl:;jyJUtJ~tl 5 

...... .. ..l! ~ ... '" ..l. ... .. ~ ••1 '" !!11L1:: fl'IlJ'YILlf)f)11 t.! ~ 'If{Ji t.!fI'tJf) 1J'YIt.! tJlJ L')f 't.!~~fI'l11fl111Jnf)fltJf) 1.1 IILI::~~fI'l11fl111J"a{J'YIf)'tIf){J 

11,::1'Y1 fI' 

• ~ 0 ...... J! :' ... ... "1"y' ''''' .. "" 1 ~ .. ., .1
111f)f1fl1:J1fl11flnAfI'vf)1J~lflt.!lf1'fI'{Jlfll1::11 AtJ 1'DU'JAt.! lJ'Ot.! ~1Jf11 LI LI &'U~AAU lJ1 

~1tJ'fl1~'lf1t.!1~t.!~1~AitJ 1AtJfffl1:J1't.!11'J~,~t.!i{Jn 
1.2.1 l.;lf)fffl1:J1fJ0.fl'lJtM'YI1{J flltJfl111ULlZ 'YI1{Jltln'tl f){J~1t}AitJ 

• J/ 

1.2.2 1,"f)fffl1:J1fll1 t}AitJutJtJm:'1IilA.,jt.!~f)t.!1~tJ1 

1.2.3 l.;lf)fffl1:J1fll1t}flitJ' t.!'J::tJtJ11f)t]flitJlltJtJltJfl.Q{J 

1.3.1 IdAt.! CTSIMMT ~Znfl111JfI'11Jl1n1t.!fll1tlflitJffij'mJ~n11n:~LltJi~fl111d 

At.! MMT Irlf){J~lfl1dAt.! MMT n11'J~~LltJ Irlf)'I111J1iAU11'J~1tJfI'l'Jifl1~'lf1t.!~::'Yi1hf"iAt.!n 

11'J~~tJ1fl 
.~ . ., ... '" , ... t "" ..:. J

1.3.2 lJ'J 1.110.fll'J tl fl'lftJfI'tJ'OlJ t.! fll1 'YIA Llf){JUtJtJfl::')ft.! fl'tl 'il ~f)t.! IfltJ1f)lU::I111J'tI t.! 

I...:. 1 .......!I ... ." 1 ..1 '"
llJf)1111J11L11 t.!fll'JfI'lJflfI' 111f)fll'JnflLl{J'tIf){Jtl1111t)'1I'tIf){JfI'11n::n1tJl'ilf){J ~1 fl t.! 'J{j{J 1t.!nt)fltJf)1J ~ ~ 

ij tJlJij'f)lJ ~~n111:: ~ tJntJ"t.!fI'fl11::~ 1~t.! fl1 fl 117f)01'JtvilJ~t.! 'tI t){J~W11 fJ iJtrl t){J ~1fl 1 t.!,rt.! ~ t)t.! 011 

" 4" ~ J) d ~ 
tJt)lJ fl'fl1~:: t.! tJlJtJt) 1.1 'YI ~W11fJlJ \T{J 

. r: ... "" '" 1 I .1.......... '" ..:. J •1.3.3 lJ11J1W011t}A'lftJfI'tJf)1J t.!11t.!1tJlJntJ~01'J11t)tlfl'lftJf)n~::I111J'tIt.!It.!f){J~lfl fll'J 

..:. ,..,....:.,.. ... ,.. o,,""".!. • 
1111.1 tl111JI'tI1J 'tit.! 111J~t.! 'tIf){JfI'tJf)lJI1111::f11~ ~::'YI1 ,11fll'J f:l1tJ ,t)t.! 1.1 1nU{J'\Jt.!IlJf)tl111J U~fl~1{J'tIf){J 

,..,.. "",.. i ., J .!I ~01 01 '" ...
tl111JI'tI1J'tI 'il'tl t){J fl'tJf)lJ t.! fl'l'J n::mtJfltJ~1t}A'lftJt11lJU{J'tI 'U 11'J f)fllHI ~Hl {j'tl f){jf)~ 'J 1 fll'J L11 n 

• 0'1'" ... ., .... ,.. 1 QI ... ..:. .!.!I '" JQI

It.!f){J ~lfl'Yl1 ,11nmfl'lJflfI'1::1111{jfl'tJf)1J t.!fI'11 n:: nltJfltJfl1tlA'lftJI 111.1 1.1 1fl 'tit.! 111f)fl111111J'tIt.! 'tIf){J 

..:. • ... .l..l. ..... "'..:. J
tl111.1 U{J'tIf){JitJ flt.! {Jlt.!f){j ~1 fllJ 11t.! 'YI fl1 ,t.! fl11t]fl'lftJl111.1 U{J'tI t.! 
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....... 

1.4 '118'1.11'llgJ'll8.:amll~r.J 

... " .d 1~ ~II ... " .d ... A I 0 '" ......... ... AOI

1.4.1 fftJtllJ'VI 'If !'Um':i'VI~1'Itl.:jl1J'UfftJtllJ'VIlJ1J':i~~1'ItJ ~1'U1'U 2 '}j''U~ fW ff':i11tlfl'VIn 

UtJ~fl 5 (Reactive Black 5) ~,rtl Sigma-Aldrich tJl'II'VI Sigma-Aldrich ~1ti'~ 11':i~1't1ff 
QI ~ ..:::I.Q d' d" .QQ.J...

ff'l1':i!tlllJ':im 111'1~ff1lJ'VI1'Itlm':i'U~ (Methyl Orange) tJ'I1tl Labchem tJUJ'Vl ASIa PacIfic SpecIalty 

Chemicals ~i1ti'~ 11':i~l'V1fftltlffl~l':i1ntJ 

1.4.2 i1t1~tJ7tJ~1oN1'Um':i'VI~1'Itl.:jij 2 '}j'ij~ fitl uHl'U MMT (tJl'II'VI i'VItJij1111tl'U 

..:::I QI d' 0 QI I.Q 

lfllJ.f)WCVIfJ~ffl'11m':ilJ ~lfl~) U1'I~U':i~'U CTSIMMT 
.Q d' ~ QI QI ... I 'j) .Q d',l 4.Q

1.4.3 m':i11fl':il~'I1fflJtJ~'t11.:jmtlfi1'W'Utl.:j~1t1~tJftJ 1J':i~fltltJ~1t1 m':i11ml~'I1'W'U'VIr-I1 

U1'I~'U'Ul~~'Wl'U1\l ~tI ':i ~ tI~'Utl.:j'lftl.:j1H':i~w:iH~'U ~'U 'I1~~.:jn'lf'U 'U tl~i1~~tJ7tJ ff'W! l'UU1'I ~ 
nflllw~1f'U i:h mlJ1W1il~f111tJtl'U i~1~':i 1~'U U1'I~ i'U 1~':i 1~'U ~~ itl1tJffll1'1fl'VIlfl (Isoelectric 

point) U1'I~mlJ1Wffl':ifl'U'VI~d'l'Ui1~~tJ7tJ 

1.4.4 f11 ':i ff fllll f11 ':i ~ ~ tJ7tJ UtJ tJ fl ~ '}j' ij ~ ,f'U ~ tl 'U 1~ tJ 1 11 'j ~ fl tl tJ ~1 tI fll':i ff fllll 

11':i~ff'VIim'W m':i~~tJ7tJ m':ifffllllfl'VIi'W1'I'U tl.:jfil'~ltl'}j'11lJ~'U 'Utl.:j ffl':i 1'I~ I'll tI m':i fffllllfl'VI i'W1'I'Utl.:j 

~W'11 fJ ii flU fffllll i tl1 c]H'VI tllJ flU t1 ~ tJ7tJ flU fffllll fl 'VI i 'W 1'1 'U tl.:j 11 m ff'ml'ff un ~ flU fffllll 

.Q .Q .:& .Q .Q " " ~ " 4".Q .Q

tl'VI1i'W1'I 'U tl.:j fl11lJ \T.:j 'U tl.:jltJ~ 'U.:j tl'VI1i'W1'I'U tl.:jfl11lJl'UlJ'U 'U 1':ilJ~'U 'U tl.:jffl ':i ~~ 1'1 1 tiff tltllJ 111'I~tl'VI1i'W1'I 

'Utl.:jV~':ilm':i i '111'1 

1.4.6 m':ifffllll11':i~ff'VIim'Wm':i~~tJ7tJ1,*i1~~tJ7tJ 2 '}j'ij~ ri1'Um':i'VI~1'Itl.:j~1'I1iltl... ... 

lil tl fI1'*i1~~ tJ7tJ ~ ff llJ1':i ~ ~ ~ tJ7tJ fftrtllJU~1'I ~ ff i ~lJ1 flfl11 ~1fl r-I1'I fll ':i fffllll11 ':i ~ ff'VI i.f)1'W fll ':i ~~ tJ7tJ 

~ QI 0 r d 1 ' 
1.4.7 m':it'ff1111m':it1~tJftJutJtJfl~~~'VIlm':i'VI~1'Itl.:j 2 tJfl U1'l::;fl11lJl':i1':itltJ 'Um':il'Utll 

200 rpm 

. a. QI I .4 

lmtl.:j1~f11m':it1~fl1'l'UUff.:j (UV-VIS Spectrophotometer) 
~ ~. 

1.4.9 m':ifffllllijW~1':iWl1\l'Wl::;m':if;'~~fftrtllJ l'Wtl,j.:j~11'j~ff'VIim'Wu1'I~fffltlm'W 



5 

1.5.1 ff11Jnmh,r...ftti'{J1J''lJJ1ihY-31tl·n::'H1~ l~lJ'~uHl'U CTSIMMT lrJ'Ui1~~i1J 
1.5.2 Nnfln1,rV~1~ff11J1'Hl\l11UU~::qfl~1~'U fll~ fh,r~ftti'{J1J ''IJJ11ftlJ~ln~~llfl 

1H-31'U,"6flti'{J1J1~ 

1.5.3 lli1Jun:ff'YI1mTfU1:1::'W\lIlI'Ultl111Jff11J1HI 1 'lJfll~ l~ui~'IJ MMT ~lrJ'lJ1ff9iJ 
...",td' , ~I ... ,,, ... ~I 1 0' .f 

1i n 1J'lfl~'YI1J{J'21J1fl 'IJ lJ~:: l'YIff U1:1::m ltl1Qfl mfl~lJ~:: V'lf'IJ1Jlfl'll'IJ 

• '1 1 1 ..I.., ~ 14 ... 0'" I
1.5.4 ffl1J1HlHlffn tl ~C)fl'IJ'YIfffl"1J1'111flllJ1:1{Jfl'IJ{Jfl'll{J~ff~1Tf1flfJ~ U1Jn~ U1:1:: 

q
\I 

.It !;II 0 .. ~ 1 , "A I 1 '!"I ~ .f"'.....It..l...'!;I1 I
C)f~llJ'U'Il{J~lffV'lf'IJ"'H'U ~'YI1J{J'21lJ'U '111'U1'U1J1fl &'UlJ~:::l'YIff 'YIV 1J1 'lflJ~::: tJ'lf'U l~1J1fl'll'U 



,...

Unn2 

-=IV 
2.1 "tlD'JJ 

ffti'mJ (Dyes) flV ff'lfij~n1d ~~, oM" 'Ufll'j ti'm,d'ff~~ ~'VlV Vl'il 'il~lrJ'U ffl'jV'U 'Vl1 ti'''fl v 
Q .d ct'd" " oCt 0" d.dl 4 .d.d " CIt. ~ 'WI.1' Q

ffUV'U'U'VlHlfl ,~ lJllfl'l:lW~lil'UFH'fl'tl'jmNll~lVtJ~ fftJVlJ'UH'I1'U~ll~llltJ'U-1 I~l 'UH'I1'U~'il~ 

1liffllJl'j f.'Ill~llltJJlU~ 'il~ll~llltJ' 'U i 'nhll~1l1tJV'U'Vl1 tJ1II lrlmi1 ffti'VlJ ~hnen'U m ~ 'U 1'Ufll'j ti'VlJ 

'il~fil' ~llJlllfJll'U V~ ffti'VlJ~lJ Hl'Ul'li'lhn 'U llJlllfJll'UV~1~'U'tJ1 ~tJ 'il~'thllltJ1 fl'j ~ fff1~ H~fl'UV~ 

1~oJ'U'i1fl'jl1 ~~Vl'illn~..r'U1i~1vvVijfl (Ionic bond) 'tIlV..r'U1i~ lfl11W'U,;' (Covalent bond) ti'U• 
QI d" ~ 1 .d,d d do JI! t Q .Q d , Q,I 1.Ji " 1 
1~Q'Vl~V~fll'jtJVlJ ~tJ~H ff'Vll'tl'U'illflfftlVlJ'U'Ulfl~'illflVlllfl~'jV'U 'U .... 'U1i~~t)f~V~ 'U lJWfJll'UV~ 

ffti'VlJJ'U iifl11lJ fflm'j o~~flii'U""~~~l'U''U'lh~ ffl11fl~ i'lJ~l~ ti'U .... ~H ltJ U ff ~~ ffltJ~llJ V~1~ 'U 'il~ 
iifl11lJtJl1fl~'U'lh~ 400 -700 'Ul1'UllJ~'j ffti'VlJ~iilflHfffH'VlHllJlllfJll~Hti'U'il~ii 

fl11lJfflm'jO ''UflU~~flii'U''''~Hl'UUff~~~1~fl11lJtJl1fl~'U~H '1 ti'U 111 ~~ffltJ~lfflm'joi''U 

m .... '11 ~~fil' 'tI1lJlllflllffti'VlJ~l~1'Vl'Uffti'UUff~~ff'~l'j II~'U ~1tJffltJ~lVVflmlrJ'U ~l~ti'U'11• 
ffti'VlJlfliiVl'ill,rl~il~flltJ'UV~rI1flll 3 't11~flV 'VlHfll'j'tlll'J' 'il~1tJfll'j U'~~lJff~ij ~ 

m~ 'illtJvd' 'U Vlfllff 'ill flfll'j fflJ Ffff'Vll~ ~bm!~ Ull~ 'illflfll'j 11 ~11 'U 1'li'1 , 11 tl'U Vl'tlU fll 'j n'U ffl'j 'U1~ 

'I1ij~' 'U ffti'VlJ'tIlm'li'l~il~flltJ'il~111 ff~fflJvdmtJ''UV1tJ1~~1~ '1 'il~riVi1lrJ'Uffl'jriVlJ~'l~ ~ l'li'U 

.:Ill! .Q I d ~'I ad 0 'WI'" .d .Q
2-naphthylamine Ull~ NH2Benzidine fftlVlJtI1~'If'U~ l'l1'U ff Azo llJ'Uff'Vl'Vl1 1~~lfJUll~lJ'jlfl1~flt)f~ 

ii"h'U 11 'j ~flV'U'U V~ 111 'tI ~m!fll fl'j liitJlJ HfflJVd alvi~ll~'11' 'U J 1'il~1rJ'UV'U ~'j ltJ~ V11111Ull~ 
~~ii;1¢1,'UJl all'li'ltiil~flltJlJ'4'l:1ti''il~lrJ'Uffl'jriVlJ~l~~ (imflq'l:lw VlJ'Yj'l1, 2549) fll'j~hu'Uflff.. I, " . ~ d CIt. Q,I d 4 0 .d. ~ 0 'WI ... 4 .d 9J.d ... 1 .d 
tJVlJ'Vl'UtJlJfl'Umfl'Vl"1~ flV fll'j'illU'UflfftJVlJ~llJfll'j'Ul I lJ '11 l'U V~'illflffI'JVlJlJ'tIllltJlJ'j ~Ul'Vlml~lJ 

" ";kJ' ... ",,f '''' "'.1 "" '" .II, '1 kJ"fll'j 'I1~1'U'Vl IlJl'tIlJV'Ufl'U'U'UV~fl'U1~QlJ'j~ff~fl 'Ufll'j 'I1~1'U t)f~ 'Ufl~lJ H~l'U~~ffl't1m'jlJ I~ 

' 
o ... " ..... '" d kJ""'':'illU'UflfftJVlJ~llJ11i 'I1~1'U vvmil'U 11 11'j~Ul'Vl I~~~'U 

2.1.1 ffLV;~ (Acid dye) ff'lfij~dln~'illflffl'j11'j~flV'UV'U'Vl1ti' ii11'j~~ll'U ll~llltJJl111 

...' , '~I'" 0 '" kJ, ......... ~I '" kJ ..., "" ",
~ ff1'U 'tI~llJ'UlflllV'U'v~m~flllJ~O'U flll Ifl 'Ufll'j~~fflfl~llJ'U""'U1i~ IVVV'Ufl 'I1tJVlJlff'U tJ 

111'j~'U , 'UJlti'vlJ~ii ffm .... lrJ'U m~l~V'ill~ fflV;~'Ul~i1fflm'jmi11111oM'ti'VlJl~'U 'mt)fll~h ff 

'Ul"1'Vl~1~ l~'U 11v ih'U 1'UllV'U 'tJ'U'UUfl~ 1 'tIlJ Ull~V~flmfl1AA 1nflU 1oM''il~tilffti'VlJ~ln~'illfl 
ffl'j11'j~flV'UV'U'Vl1 tfl1111~llltJJlti'VlJ~lrJ'Um~ 'til VlrJ'Ufllll~ ffLV;~1li'Vl 'U fll'jtJ1fl 1li'Vl'ul'tliv 
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4, d" ~ 4 '4J! i'I ",.I. 1 '~I
2.1.2 ff fll'Ull1 (Direct dye) 11'H)01~U'itJn11ffu01JH1/J 4

ff'lft.lflt.lff1t.1 l1tyllJt.I 

ffl'i11'i::mJ'JJ 0:: iOJt~;jJll1l!n i1JmfJa\1'1 ;jl1~nnloialvHjfl~'hl'1f~dffffl1Jl'it:la~altJJ1'rf ii 
11'i~~alJ il tJ1J 1~~tnJ1iNt.I 'tJlOJta'Qi aff ff~::~flliNt.I ltJ,,n~Wi1JlafJa'IJ0'lff'O::iflntJ'I~1Ul1'inO~'t.I 

''t ~ ~ d1........"...., 't 4, I , .... '" ,

'i::1111'1 11JU'lfJ~Ut1t.1 ltJ Ua::tJfl~lJnt.lA1tJl1t.11i:: @J !A'iI~t.I ff 1Jl1t.1910m'itIrnt.ll 91n'lltJ l1t.1Uff'l 

• t •2.1.3 ffllJffn (Basic dye) 1110lJl'1f1;'1ntJnffUflfl'000t.lUn (Cationic dyes) l1'1U 

4 '1 ~ "" I 't J! 't "" ~ y. • I .I~ "A A1l1'il~l1alffO~ t.lt.Il ff"::Uff9l'llJ'i~~lJ1nlJt.I IflHffll'1 !1J1afJa'IJ0'lff Un:: L'IJff1t.1lJ'i~ ~lJ1nt.l L11 

Iflfl-nt.l1i~O'lJliNt.I'tJ~UffA'I11')~~alJlrJt.I-nt.l1i~ 'oooiln iltJ1J'cA'~01JliNt.I ttli11')~t.I 't.latlt.l ua::'tJ 

tI~f1;iin'~ , t.I'lJW~~~1J i1JmfJa'IJ0'lffff1t.1~;j11,)::~lJ1n~::~fl ilJO'lJ i1JtafJa'IJtI'IliNt.I 'tJ~ii11'i~~ 
alJ 1rJt.I ff~~Al1t.1 'tifl1'i1~~tl1JliNt.Ilmi ,),)1J'lfl~l'W'il~"~'til1t.1~tlm')oimla~uff'I 

4 ~,J :'1 Q :'4 Q..lQ , ,.,.d, , 
. 2.1.4 ffi'lffll1t1')ff (Disperse dye) IlJt.lffl1 1Ja::altJt.llU9l1JfflJlJ9Im~"ltJ i'lA ffl1Jl')t:1 

Gtl1JliNt.l1tJo~CJ1191111iNt.I'tJi'Wnl0ffl91t11 't.laot.l ua::tI::f1;iin'~ m'i ei'tl1J.,:: '~ffl'il11 (Carrier) 

lito'Jhmi 'I 691 'i 1m') t)i'lCi1J'lJO'lffl'1i'l'111t.lliNt.I ltJ111 0~01J ii'ltJ 1 ~~Wl1lJij Ua~f1111J~t.I\T'I ffAff 

" ~I 4 d .... ..1 I "4 '4 4" .... <Ol <:9 "" <:9
1l1t1'i ffllJt.I ffl1l1t.1Uff '1ua~m')OJtnnonflOt.l'IJ1'1A U9Iff.,::OJtA m\lnfl1t.111'i OUnfflJl'1'1ft.l A l'lft.l unff 

't.l9I;ffoon 'OJtA ffAffll1t11 ffUU'IOtin 'rfL1~lt.I 2 mi1J ii'ltJ~"lHUlmi1Jlflii1 t.I~dff~01J '~uri ff. . . 

Go1J 0:: iOJt (Azo dyes) Ua~ff~o1Ju01Jiji\'ULOt.ll1'ilfh it.lt.l (Amino antraquinone) ~'1.J'I 2 n~lJ 
11')::nOlJ~1tJO'l.A";t.lti''lJ0'l1011,) 1it.l a liit.l (Ethanolamine; NH2CH2CH2CH) 111tltl'l.A-nt.lti'~ 

fnf1tJfIil 'I 0't.I 
- 4 •.1 ~I 4d ~'1'4AI '" '1 ~ 42.1.5 ff,)U~f1l1n (Reactive dye) llJt.lffl1a~altJt.ll "lIlJ'j~~alJ l1JOtlfd t.lt.I"'~lI 

~~'I • .::a" Q 3 "~1 't d 1 Q ~ QJQ,I Q,IfflllJ 91llJt.li'll'1 fftJtllI'lft.l A \Hl11Jl::nlJ 01') tJtl1Jlt1t.1 tJlt]fa'Q I a fflllnl1~fl lJlafJa'IJO'l ff.,::tJfl.,lJ nlJ 

l1~'@JA'itlfl 't]fA (OH) 'Utl'lIOJta'Q iaffua::l~01litJ'I~i'lO't.l~1tJ";t.l1i~ ifl11mt.l.n,t.lfffl11~~lrJt.I~1'1 
na1tJ1rJt.lffl')11')::n01Jlflii~ili'l111tiO'lJ10Jta'Qiaff fflUtlfI;1'tiii 2 n~1J titl n~1J~~tl1J~i'l~~Wl1lJij 

\1'170-75 °c ua~n~lI~~tllI~fl~f2Wl1lJij11n~ fflUtlfl;1'ti',fff~fffl1ff 'rJnff~i'll1t.1't.I'rJnfffl11~ 
4 't '" 4 J! ",.I, , ~ ~ l' d4 , I ~IA

2.1.6 ffO:: It]fOfl (Azoic dye) ffutlll'1ft.lAt.I 1Jffl1Jl')t:Ia::altJt.lll" m')l1ff.,::nOllJllJt.I 

liNt.I'tJ'rfAtI'I~tl1Jrf1tJffl')11')::ntllJ~t.I oa~'1a::altJJ1'rfritlt.l ~'1I~t.lm:: lJ 1t.1mnh1'If'i111~11rJ t.I 

ff (Coupling) mf1~tl1J'filJrf1tJff1'i LAO:: iOJtflO1J il1Ut.lt.l.n~'1.,:;tflAl~t.lff'~ ffO:: it]fSfl lcA'~tllIliNt.I 

'tJ,~,f'lIt]fa'Q iaff 't.laot.l 11100::CJ119l11 ffO:: it]fSfllrJt.lff~l1t.1~om'ici1n u~'til1t.1~Om'i,jA\l 
4 d .... 4 0" ".... 1-~ .... '" " ~ 2.1.7 ffU191 (Vat dye) 911ff111.,ln9lt.lfl'il1l 910'l1111n 11911ffa::altJOtlnllUln9lt.ll1'1f 

http:llJt.lffl1a~altJt.ll
http:1Jl1t.1910m'itIrnt.ll
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4 .. ..... ~.. ..., tf ~It ... '" ... !)! ... ,1"", 1 ftl ""',d".... I

fI.:j I'IJ mmffff L'lJln'IJ !V~~gmmflCti AffllJ'lJffU191 ffvOtl'V'lJA'lJtI ff1'IJlJ~~fHl'U'VI1.:jLfltlYl fflfltyO~ 

2 'VUA flO ff6'IJAlfl (Indigoid) Ufl~ ffUO'IJYlnfl1'IJOvA' (Antraquinoid) 

"'" tf tf... ...!II ... ,111,,!II ,
2.1.8 fftlO~UA'lJYI 'H~Olfl~tI (Mordant or chrome dye) ffVOll'V'lJA'IJ~O.:j t'lfffll'V1V 

~At,rl 'U'lf1Vl\40"rLftAm~~Aff'U'lJLII'IJ'V ffl~~'lf1V~A~'cNflo ffl~U~~flO'UOOfl 'CtiA''UO.:jlfl'H~ 
1 1 ""'... '" ... ... ~!II "'" tf ~ "'" "''''''1 '.4 ....tfl'V'IJ flllt1Vtl A1Jfll'Hflfl O~tltll'\.Wtl tlJ'lJfI'IJ fftlO~UA'lJYlm'IJffYltl lI!flflfl 'HtyCJl'.:jlMHl1fl 

~ tf tf 1 '" .... 1 !II r ,!!lot ",!II!)! ':1'1 4,!II!II ~, 1ft I "'" {ltlO~UA'lJYI'HfllV 2Jlflflfl~'Ufl'U fl'H~Ufl1fl::fllV'IJ1 fI~.:jYll 'HvOtl ~H1V CJj'.:j 'VVOtlln'IJ V lJ~fI'IJ 

Ufl::lll'IJ'v'noiito'tlA1trn 

2.1.9 ff6'IJtfl~'IJ L~'IJff~ '1ifl~fllVJl 1AV~::tftfl'~'lJflOflflt){JA'·ml.:j~lmftflu5mVlfl'U 

r "'!II "",1,!II..! .... !II !II
'lJl ffVOtl'V'lJA'IJ 'Vf;11'H'i'UVOtlfilV 

"'" "".... ~It "",,d r 1 ""!'I tf2.1.10 ffOOflCtiLA'V'IJ (Oxidation dye) tlJ'lJffYlfl~fllV'IJl fltI~~LflflllJ'lJflOflflOVA 

'Ha.:j;'lmnAU5mVl''lJJ11f1vff;'~~flml'IJ 01ffvu5m Vlfl1alflfl~flO'IJfI~flfl1V' 'lJllI'IJ tv t of 
til'H i''UtrOtl}:JlfJlL-n~'U'lJfffl1 

"'" ... tf !'I ... '" "I • r """ :II !II ""'.... tf... "" "I !II2.1.11 ffCJj'flLoWO~ (Sulfur dye) LlJ'lJffYlltlfl::fllV'lJ11tl0'Vl1fl1~UOtlflO.:j~A1CJl'ffL'nO L'H 

ltlL-nflflO~' 'IJ fffl1'n~fl~ fllVJl'~ u9i ffcg'fltoW 0 f'UH'VUfI~flii9100 fl2J1;11'H,j lV' 'lJl U ~gfllfh'11~ ~ 
fl::mvJl'~ UVtI'\.hffcg'flloWO!tlltTOtl~hv ff~~~flYI'IJ Ufl::J.:jl~'lJff~ihlflllJfl u9iff~OO'IJ~~ '1JYI'IJ 

9iOfl1~cg'fl 

"I!II- "' .... Yo .r 1 .... !II <'Ii... I ::tl!ll .... t ""'!)! "'" 
!'V11ifl1~Y1Cti'U"JJO'IJtI1 fl'U'IJ t'V'IJ fl1~tlflCJl''U Ufl~fl1~UVflfl1VWOL-nOflfll'IJ LlJ'IJ fI'IJ fI.:j'IJ'IJ ff vOtlLfltl 

QI J I Q" Q.QC:l 0 QI d • (V A I QI Cl,.tIIOt ;::l' ... 1 Q.I J 
ff .:jLfl~1::'HU91fl ~'V'IJ AUtl11i fll~AYlLLfI flfll.:jfl'IJ 'U'IJ 0 ~fl'Ufftl'U91'U0 .:jffUfI rI ~ lJ~~Ul YI (;,fl mq1:l fU 

Otl"1'V,2549) 

QI' d QI 1y :'1. 4 Gt r ~14 ~ 4 
'nO.:jfl10Vl.:j~1A"1 Ufl::'UV1V911 fI mA'IJ MMT LlJ'lJU~A'IJ l'lJfl~tlffltlflIYl91 (Smectite) 2J'~91~Yll.:j 

Lfl~..t11uflo My+(A1zoy• MSy)SiPIO(OH)2.n(HP) ti1'l1i'u~91'.iOdH~lV (Empirical formula) 'UO.:jU~ 

A'IJ MMT 1~url(Na. C~)o.3(Al. Mg)zSi40Io(OH)rn(~O) 1fl1~fffl.:j'UO.:juiti'WUfffl~'-n'IJfl1'n~ 2.1 

, , t 4 ... 1 , fJ} • I Y 1 f Q,Q.d.4' tI01'"'lJU91n~'If'IJfI'IJ~:lJ~::flO'U UA1VUfI'IJ 3 UfI'lJCJl'O'IJfl'IJ flUfl UfI'IJ'UO.:jCtiflfl1Y1t1lU~H'Uo.:jLCJl'nn 
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mJ 1m~tJU1J1J Y1l ,:j~..nrl 2 UHtJ lIl::fl1Jt11J1IHtJ'Uf),:jf)~iJtJl~iilllil,:j'UfN lGJ1ft n't1'U 1t1L~tJ LL1J1JYll ~ 
)J JI 	 • II 

IIlIfl 11 U'	111YI l flf) ~~ l,:jfl ftH l ::WlHitJfttJuYi ft::itJ ,:: ii 'J1f),:j'h~ f)~ lil tN 'lflll l:: ''Uf)~itJ fttJ ii 

· '" 3+ V 1_ 1 ..J 4+ 'II ,...... .r 2+ 2+
fl111l 1llffll'lftfltJ Inn:: Al ffl1l1HII'Ul lJl1Y1tJYI Si LtJUHtJGJ1ftm tJtlfl'lfltJ Mg Uft:: Zn 

v 1_ 1 ..J 3+ 'II ' ... 1!P 0 1. v , ... "".r _I ~..9 ..J
ffl1l1nWUl lJUYltJYI At LtJUHtJf)glltJl t1 Y11 11UlfltJ"JI'tJfltJUfffl,:jlJn,1 tJft1J 11lf)flUUYltJYI 

... .J _I do .J 0' v... 1. t... '" d ... , , ,
IflflllJtJ1l1fl 'llJl~'ft1J'::llf)1tJl'U~lIJtJYll 11f)f)flGJ1lttJ.fl1t1 tJ"JI'tJfltJl'Wlt111l'fllltl~fl1 1111 U~ 

I~f)n lfl1~lfftn11U1t111Jf),:j-itJfttJiiflUtlfli1t1tJ f)th,:juu tJ 11tJIf)~mf1';11...r(lflflCih,tJ'"hnllU ClIIJV1J 

sWt. "4 Q.t Q A • ~ t .ei t Q,I A cI, ,. fQ 	 Q, 
fl,,:jff,:jHft1.11llUl ,:jHftfllflflllJtJl::1111,:j"Jl'tJfltJ "JI'tJfltJ t~Utlfl"Jl'tJ f)f)fltlflfltJlflfl1i1tJ "JI'f)~ 11,:jl::1111~ 

-itJfttJ4tJ ~,:j,ftJldfttJ MMT 1.tJ1inll"Jl'19i;~ii1f)f)f)tJ1J1flllJf),:j1ftm:: 1'J1tJ 1GJ11Atlll 1f)f)f)tJ 

Uflft1crtlll'f)f)f)tJ Uft::Jl (iltIlJ1tllm '111~ff Uft:: i'fltJ1nw lfltll9i1f1llft, 2547) UYllflf)~1.tJ 
" 	 . .r" 

'J1f),:j1Hl::Wll,:j,j'tJfttJ lTlf)fjftt11JlIl:::,ft1J1JtJu;fttJ MMT ~1t1l'tt~tJ';1i ..r'J1f),:j11,:jl:iwh,:j,j'tJfttJ 

fflllUClIIJtI1t1i1'~lrlf)ft:ift1t10~'tJJ1 

OOxygens. @HVOrnllyla, _Aluminum, 

o and • Sihcons IOllff fOl.lrth Aepll.M:ed by Aluminum" • 

. 
.ftTrtii 2.1 1f1Hff!HIIJf),:juifttJllf)tJ~1l0~ft1ft'tJ~ 1,:jflftllflft1,:jL11t1i fit! f)flflClhttJ 1~flftll 

Q .o!I 	 do'll '.... ...d r:/, dd d11
flft1,:jlftfl flO eJ fllittJ 1~flftllfffll L'ttty flO og1l1tJtlll, l'ttftfl, UllfltJ1GJ1t11l 1,:jflftllff 

rll1gfl fif) CHiim 1Jl,:jfhtJl~tJf)gijtJl1,:jflftll~ii OH f)~flHflftl~ fif) 1@JfllOflCHft 

(Ohtsuka, 1997) 

http:UYllflf)~1.tJ
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a r I ~ 

MMT llfll CEC (Cation exchange capacity) lYllfltJ 80 meq.lg 

o'tJ ....
8~fl 1::fl81Jl1HlflU %wt o'tJ ...

8~fl 1~n81Jl1HlflU %wt 

Si02 56-60 MgO 1.5-2.0 

A120 3 16-18 CaO 1.9-2.1 

Fe20 3 5-7 ~O3 0.3-0.5 

Nap 2.4-3 TiOz 1.2-1.5 

Irl B-!J ~1fl U i fi tJ MMT nfJ t1H'I'll,j~ 'lfB '1.1\1, (hydrophilic) ~ -!Jl rJ tJ i 1t1 ~ ~'IJ ~ 1j 

fl111lffl1l1'i fl itJ 01'St1~~'IJ~hj1j1.1'S:: ~11; B1BBBtJ~1j1.1'S~1a'IJ1 ~,rBfJ fJVH h~'illllfJtI.I ffll~ 
" . 

lmhij ffl1l1'SflUl1l11.1i''lJ1.1l-!J 'lr~fJf11nhuifitJ MMT '1.1i'ilU1.1'i~1fJff1j a~uH~ll-!J~hf11j1.1'i~1 

'lJ1fl (Cationic Surfactant) flalmrJtJi1tl'il~'lJffl1l1'ifltl~~'IJ 11llaQa~hjn1.1'i::1 ua::11llaQa~n 
,~ .~ ~ QI .... ~ ct' ".c:1 QiIQ C\.4 tI

1.1'i~1a'IJ .,.'il U'i ~tJYlgfl'il~UlJ'StJ ~::gfl 1'ifJfl11 "Organo-c1ay" C)f-!J ~::llfJ tI.I ffll'IJ'il'lfB'lJffl'SBtJYI'S fJ 

(Organophilic) ~-!JlrJtJi1tl~~'IJ~nfl111lffl1l1'ifl itJf11'S tl'il~'lJffl'S BtJYI;dtJ Bfl~lflifffl 'i a'ilU'i~~h 
... • 'I • d,. ...; fll l' " .!/ cI _I ,,x " 111N1ff1tJ llfty~::liltJ l1l1aQaYlllJtJ C)ffJ11Ua~1.1alfJ'lJl~l1tJ-!J,tltJlJ'S~~'lJ1fl 1.1'.i~1'IJ1flll1altJ~~1'lJ111.1 

V'il~'lJti'IJ1.1'i::1a'IJrf1fJUHYlH1'rifh vhh1'1.1'i~1a'IJ'lJtJui~tJ MMT 1jfl111lUHa~a-!J ri-!JNahr 

.... 1 "';"'.1 1P:!.M "'.1'''' 1 'I" .dI '"I
ffl1l1'ifltl~C)f'IJ ~BBtJYllllJ'S~~a'IJ ~l~'lJtJ l'1ftJ f11'i'il~UlJ'iU'i'iltJ MMT ~fJ l'lfffl'ia~UH'il-!JN1 

Tetradecyltrimethyl ammonium bromide (TDMA-Br) 1l1i.flrJtJff1'S1.1i''lJ1.1l-!JlftJN1'lJ~-!Jui~tJ 
fflll1'S flui 11.1lrJ tJi1t1~~'lJalllVia B~l'i tJ '~-!JlrJtJ a~1j1.1'S:: 1a'IJ'~ u~iJ 1.1 'i::ffYlntn'rfi tJ01'itl ~ 
............ .!/ d ... ...; .... 1 1"" ,x, "... ..
C)f'IJff&1lYlatJ'IJ\lC)f~liltJffYllllJ'i::1'IJ1fl ~tJ~fJa~ (Wibulswas, 2004) tJBfl'illfltJ 'illlf11'.itJlffl'ia~ 

U'i~~~N1 Hexadecyltrimethylammonium (HDTMA) 1l1i'ilu1.1'ifJtl.lffll'lNilftJN1'lJ~~uifitJ MMT 

'rf'IJ'h ffl1l1'iflt1~~'lJff1'SBtJYI;d l'iitJ fl'.i'il81fifl ~tJ~a ua::utJ1.1YllntJ !rJtJ~tJ ~~ditJJ1'~ 
t!'I .. ...... ... ...1 
~ufJ1l1fl'if.U ~111-!JfI' ua::'i'iltJ1'i'itl.llflfJ'i'il fllla, 2547) 
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'fll~'Hl'W~;j'W'1J 10lnnnJo{ti nlJ')fl~oth~"l'd·url'Wffl'.i o'4'Vi''Wi''lJO~ 'fI~'W ij 

~ I • " "... "I'" "I • tI..§... ,,_ I -.9'" '<II _I
llJ'.i H 11 'W 1~ 1 fl1:Il r.J fltJ l fI" 'W U1:1:: llJ 1:1:: 1:Ilr.J'W 1 'H~lJ O~fllJ '.i:: fit) 1Jrll flty 0 ~ ~ 'W llJ 'lJ O~ 

D-glucos~mine l'lr.Jlfll"'Hl'Wll::'A'~nntJiimr.Jlf11'.i~ub'W~~r.Jfl'h 11~o::CiVi1:l (Acetyl group) 

'lJfH lfl~'WOf)n'tJ ~r.Jn"h tJiimr.J1~o::;Vim'li'W (Deacetylation) 'til11f1l1m;llJ llJl1:1fJ1:Il~r.J1'lJO~lfl 

~'W~lflr.Jl~'Wl~'W-f)::CiVi1:ln~1f1'Hlij'W (N-acetylglucosamine) gntJi''lJltJ~tI'W111,j&11g0Uft n~ lfl'Hl 

ij'W (Glucosamine) nil,!'W 1l1n~'flr.J~r.Jn11lfl~'W~UWltJ~r.J'W~0l~'W'fll~'Hl'W 'Vf1Jll1.'Wti'.i'.ilJ')fl~ 
='1 "_I ., _14 ~"" ql .r ='1 ... d

lm::llJ'WO~fllJ'.i::nOm)g ~'WllJ1:IOn'Won'lJO~rI"1'Vf1nfJ~ \I UlJ1:I~ U1:I::l')fO'.il1lJ'Wffl'.iti'.i'5lJ')fl"'VI 

ij~n1:ltu:: lPlfll~'Wlil'Vfl::~1 flO lrl'Wl'ffi>J;1fl1'Vf (BiomateriaIs) t.iOtJff1:l1tl"llJti'J'5lJ')fl~ ijfl11lJ 

.1 .... '1. 0 1"'" ""I • ... ... _I ..... '" ""I • ... " lJ1:IflPl fHI 'W n1'.i 'WllJ 1 ')fn1J lJ'41:1tJ llJlnfl H1:I1ffVU1:I::lJ1:IOPlfl tJ~ flff.:J 111Pl 1:1 f)lJ llJlnfln1'.iU'Vf 

l,j,1 l-WUf1:: l,j1r1'W~1:I (Non-phytoxic) ~O,"')fU1:l::ff~1 hm~'VI1~m'.i1:l!nll lfll~'Hl'Wlrl'W 

o~'Vi''W~')fiJfl11 ~ ~'lJf)~ 'fI~'W~~ lrl'Wl'ffi>J~ij'.ilfl1gn 1~O~1l1n'fI~'W 1~'W i 'V'la1lJoi'~ijlJln~q'lLrI'W 
6'W"1JffO~'.iO~1l1m'Hf1~11:lff 

'fll"'Hl'WLrJ'Wi1~flci1J~ijtJ'.i::ff'VIYlfl1'Vf\T~ i'W n1'.i~flci1J i ,l11::11un 1eM'W 'VI O~Ufl ~ 
.::. .ct cf.d.d_1 .. ~ 1.:i4d 4 .....1

(Wu et aI., 1999) U1:Itffl'.iO'W'VI'.itJ'VIlJlJ'.i::11:11J11'SOllJ'Wn1:l1'1 1')f'W ff'.il!tlfl'VIn (Wu et aI., 2001) 

,~o~1l1nii11~o::in'W (-NH2) U1:l::11~l@lPl'.iOn;1:I (-OH) od1J'W 1CJi1,}'1allJoi''ti1'.nrl~t1Pl'fI1:: 

LL1:I::,rJ'W1J1ntu~ijn1'.it1Pll11~tl1A'1tJUH'VIH'flij "~Uff'H'1\'Wfl1'Vf~ 2.2 ~tufflJ,m'VIHl-W~l 
<II .... ~ I ...... .... ,f f .., ... l~ I 

Uf1tfl11lJ ffllJ lHl ~ 'W n1'.i ~Pl'H1J lJ'5::ff'VIti fl1'Vf'lJO~n1'5 ~fI 'H1J 11:: 'lJ'W o~n1Jn1'.i '.i 1J lJ 'S" O'W'lJO~ 

· ""1 £II + .lI,f I ...... £II •11\lO::lJ 'Wnf11tJllJ'W -NH3 (pK = 6.3) 'H~1l:'lJ'Wf)gn1J'.i::fl1Jfl11lJ'lJ'WmPl-PlH (Dambies et aI., 

2001) 

H 

-----0 

mailto:U1:l::11~l@lPl'.iOn;1:I


12 

n~url'-j, i fl1~lI}$lU 'Il::Uff~~fl111lff11l1'HI1uflut1~i'U i~~Un'1 ulJiJ~ij"'6~6tJ'UH 
• tJ 

,J,::flU iffurlln~fll':i'U11lM16't'l6~i11l1fl (Highly swollen) l2jUrJ::~"tJ6d1uU1 ijfl111l 

'0 ~.. o..lt i' 'II 'II" .. 1'" I 'II" 'II
t:l1~'Il1lVt1::911 'Il~61'1l'll::U11l111}$~fl111l llff::~1fllUfll':i l'l1~lU ll'l6 M~ltJ916flU l'l1~lU LUfll':i 

• tJ 

'YI~Clu~fl1':it1~i'Ull'U'Ufl:: UCI::1U ':i::'U'UM ofl~i'Uu'U'Ul'U~U~ fJfU 1'1'11 mi'YI1~fl1tJfl1'Vtmri1Uff11l1':i t:I 

\lfltli''UtI'j~i~~t./fl1':iU1 i fl1911I}$1Ui tl91; ~M10lfla6'Ui1''Uuifufhuu~ui~u MMT 

.. '''' ... ....... f: i 1 ~I ... ....; .... 1 

lU6~'Il1flm~U MMT llfJfUffll'U~'I10'UU1UCl::ff1':i fl ~C]f1UllJhll'WCll1l6':i'YIlllJ':i:: ~'U1fl 

~nl11 H'ifll91C]f1Uff11l1Hu'lf1 itluClmtl~t./u tI':i::~'U1flO'Uio06U'U1fl~od1U,r6~-.h~':i::M1H 
.uu~u i A'41tJ ifll91C]f1U)jfl111lff11l1HI1Ufll':iUClmtl~tJu tI':i::,'U 1fln'Ui 006U 'U1fl~od1U 

tJ ' 

,r6~1H':i::M1HitJ'IJ6~uiAU MMT iA'q~n~ 180% CEC (Cation Exchange Capacity) (Darder 

et aI., 2003) ld6~'Il1flifll91ll}$lUMd~11l1C1flCl'll::1J,::fl6'UitlA'1tJM~6::iJlU (-NH2) Md~M~un:: 
• tJ 

M~ilJ~':i6fl;CI (OH) ff6~M~ M~i~niumri1uff11l1':it:l'n~vru1i::itJl~':il'1lU (H-bonds) O'U 

M~ilJ~':i6fl;CI (OH) lUUNU;iilfl\Pl'UO~uiAU MMT iff ~~'t'hhnflll'lll}$lUV~lfl1::'UuuiAU 

MMT A'1~uHv~mrltJ1~u~~UH i~Uff~~1Uft1'Vt~ 2.3 1~tJri'1itl fll':iU'YIU~'U{N'H~6::iJlu 
'UU 1CJii 'U 1u'Vtofil1l61'U6~ i fll~C]f1u'Uull'Hiu MMT 1'1'111 1':i t:I ffmn iA'1~tJfll'l1lfl ':il::..1 

IR-spectra l,rU fll'lllC1mtl~t./utI'l::~'U1fl"0~111}$1At./lliOUUU (Na+) fl'U'H~0::inu~ltl':i910U 
lU~ (-NH/) 'Il::ln~~vtfl 1594 cm-

l 
luuiAU MMT itl,rJu 1520 cm-

1 
luuiAU CTS/MMT 

(Monvisade and Siriphannon, 2009) fll'H,i~utJ,uiAU MMT A'1tJffl,ifll91C]f1UJ~ff~fHll,r 
I I It"" ..It... 2' 1'.1.. 1· 'I10~1H'::'H1H'I1U~U (Basal spacing) C]f~'Il::Ut./llUff~~~J1t./fll dool 'UtJ1rJ 'Hf.1I'UU1UO~'Il1fl 1I}$'Vt0 

..... i 1 " i· 1 ~I .... II.... • 1 •• It .... i2ClUJm'U0~ff1' fl 9lC]f1Ul,,1 lJU'YI'flUCI::llJU~1fl1tJUO~fl1tJ U'I10~11'l':i::M11~'I1U ('UtJ1tJ\Pl1 ~l 

lrtOCl::Cl1tJodluJ1) lud'mHu::.uU1AtJ1 (Monolayer) 1,rU flni~utl,!dAU MMT A'1tJff1,ifl 

1911l}$lU~ 25 %CEC 'Il;'ri11,r dool fl1'1~~U'Il1fl 1.30 nm itllrJU 1.52 nm lrJU~U lrtmhfll'llvill 

.1"" i 1 ,... ,.,..... QI "" A ~ .... t....

lJ '111 lfU 'U U~ fl 9lC]flU'UUU'l~U MMT L1I}$'Vt6C111l0a:: 'Il'U911flU MU l"U l'UU Clfl1:lfU::ffU~'I1U 

. . 0" ".1 I.... t... • .... ..;2
(BIlayer) UCI:: 'Il::'YI11 M dOOI fl1H"Ufl11C1fl1:lfU::'I1Ul~tJ1 l'l1U fll'l ~~m.htl1tJffl'j i fll91ll}$lU'YI 

o 1 " I. ~ A "" i.1 ~I160% CEC 'Il::'YI1 M'I16~1H door l'Vtll"U'Illm~ll 1.30 nm lJllJU 2.52 nm (Wang et aI., 2005) 

UlJiodH i 'j~9111lfll'j ,vi11 til 11 1fU'UU~ ifl1~C]f1U1l1flfl11d'Il:: iliijNClIJi Of)1':i 'UtJ1tJi1'U6~ 'li0~1H 
dool 609;0i tl 
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. 
ill'Wn 2.3 1~Hff~l~ 1:umfJtl'llfl~td~hn.mu~Pi':mi~'litl iu~Pi'i~u1ll¢i'1vi~ LIPlCJfl'W 

(Wang et al., 2005) 

u-J~u CTS/MMT t~'Wi1~~cH1J~ffl:U1Hl~~cH1J 1m1~'YIUfl~ii1.1n:~1J1fl i¢i'~ AoM'W 
~ ~ . 

J_, ~CII d tJ1 Ql,. Q-'~~4 Q.IQJ f 

1Pl~fl1 'Yifl~U~~ Utl~'W~!fltl tl]l.I!Pl 'W fll':i~~CJf1J t tl'YI~ 'VI 'W fl!fi~'IJ'W! 'W fl~ ~ lflfll':i11:UIP11fi'W ':i ~'YI1N 

'YI~fl~iJ1 umi~'YI~i~~'jflf191'11J'W lCJii 11 lfl'Y'Ifl~t:uflf'tJfH 1~ 11PlCJfl'Wn1J ltl'YI~'Yiufl 1~viim:u1w m1 
v • 

~~cH1J Ltl'YI~'YIUfi!!1J1Ji'Wt~V1iiriwrhn1J 28.77 mglg ffl'Yii'ml~tl1 20.90 mg/g ffl'Yil1Jl'lfl~U~~ 

Utl~ 20.90 mg/g ffl'Yii'uwmfitl t~u\Vl'u (Futalan et al., 2011) u-i~u CTS/MMT ffl:Ul'Jt:nh:ul~~ 

cH1JffV'fl:u~ii1.11~~1J1fl i~ AoM'W fft1Jff~~1 9 (Basic blue 9) ff!1Jff~lih 66 (Basic blue 66) ffnJff~ • 
"'~ ~I fjl d! "'-~ "' "l ' "'~ "'.I "' "' !'Htlfl~ 1 (Basic yellow _1) !ll'WIPl'W CJf~:UlJ':i:U1Wfll':i~~CJf1Jfl~ &'W'if1~ 46-49 mg/g 'YI'Jfl:Utufl':itCJf'WIPl 

m':ith11~nV'fl:u l~v:u1t1iw1f1~ 92-99 % 1~v'YI1m':i'YI~tlfl~~~11m'lf:u"ttui~:u!Vi'u'llfl~nV'mJtvhti'1J 

500 ppm tn:IJliPl':i 100 mL tm~mmwi1~~cH1Jt'tilti1J 1 g (Monvisade and Siriphannon, 2009) . ~ 

;f ,.,. .., .,. 'I .... "" "'o'lll ~d! ., ~I .I 
'Wflfl~lfi'WU':i~'W CTS/MMT V~:U~11:Uff1:Ul':i0 &'Wfll':i~~CJf1Jm~fl'W'YI':iV 1~~CJf~~~UIPlfliP11All'Wll':i~V 

t11J~ril.Wm•lHJ~fl11ril pKa toM'W mmwnn~~ci1Jm~unuiJ~ (Tannic acid) ~~t~'Wffl':i:UtlW'I:I1J'W . 
I~ .c:t, I I Ql .cl I .c:t I Q.l f~ 

U'J~'W CTS/MMT :U~l!'Yilfi1J 240 g/kg l'l~l'Y'Itfl'if!'tllfi1J 4 (An and Dultz, 2007) m~'W CTS/MMT 

ffl:Ul'JO~~cM1JffVU:U~ii1J1~~tl1Ji¢i'~¢j'1tl!oM'Wtil.l toM'W u-J~u CTS/MMT "Yl:Ul':iO~~cM1Jff~U~ tfl 
~ . ~ 

!1~ (Congo Red) ium:UlWfll':i~~cM1Jt'thti1J 53.42 mg/g (Wang and Wang, 2007) u1~u 
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CTS/MMT ff11Jl'Hl~~CJ7umuvfllioW!~~ (Reactive Red) h.1tnlJ1Wfll~~~CJ7urthnu 5.61 mg/g 

(Kittinaovarat et al., 2010) U(I~Ui~u CTSIMMT iitnlJ1Wfll~~~CJ7uiYflCJ7flliWVV!~U~1 34 

" (Bezactiv Orange V-3R) nhnu 279 mg/g (Nesic et al., 2012) ~~uu~~ff11J1Hlff~1.11~11 ui~u • 
CTS/MMT !~Ui1~~CJ7u~iill~~ii''YI~ fll'W 1 U fll~~~CJ7uJ~ ivVVl.llJ1flU(1~ 1vVeJl.I(11J i~ 

~ ~ 

cv 
2.5 fll'a~~CJf'U 

.... "'i A I o' A I "" .J! "" 
flU ~fiCJflJ 'H 1J 1fJfH 1J ~ 1flllfll ~ W 'UV~ fll~ ff~ fflJffU 11 ~ ~ fl VlJ 'lfl.l fl 'H U ~ 'H ~ eJ 

A I "" 1IJ !ll "" ci 1 II) ' A ld 1 !ll ci t ci d ci 
ff1~1J~::fleJlJ'H(llfJ'lfl.lfl rJUUN1'UV~U'U~ ~fJ ~lJ!IJ{li:Jl.l f1Hff~1~'UV~U'U~l.ll.l ~::lJlJ'UV~U'U-:J'YHfllJ 

ff::fflJffnll~~flV'Ugl.l '1 i1'uuN1 lll:lfl'h "i1~~CJ7u (Adsorbent)" ff1l.lff111.h::nvu~1-:J '1 ~ 
~ Q,l Q.IQ' Q.I~Q.I Q.l Ql~ 

ff~fflJUUN1'UV~fi1~~C)flJ !~l:lfl11 "ffllQfl~~C)flJ'HHlfi1Qfl~~C)flJ (Adsorbate)" (!~"lf1 ~fiHl'~!d"lf, 

2552) i~fJm~'U1l.lfll~fl~cH'U'il::!fl~'il1flfll~!Wflff1~ (i1flfl~~cHU) ~~Vl.lfllfi'UV~i1flfl~~CJflJ'il~ 
cu cucu q cucu 

(1~(11fJV~1 l.I'UV~ i 'H(l ('UV~!lf(11'H~VUflff) U(l~'il~ i'H(I!'lf1ffllr-fff01J'UeJ~U~~ (i1~~cH1J) 1~fJ 

v ~ fl1fl 'UV~ i1 Q n~ ~ cH'u 'il:: u w i J:hu! 'lf1 i 1.1 if~ifu N1'U v~i1~ ~cH'u ~1u ~ v u~ v~::'" 11-:~ 'Ufl~ u ~ ~ nu 

'UV~!lf(11 (imnnlJw fllJ'W'If, 2549) ~~Ju i-:~~flcH'u~~~m1:lu'tlv~u~~~iiri'nlltu::!~u~w~u Ql •c; cu cu ll 

~11..11'1..1 mn i~uii'Uu 1~n111~11 r~m~lJ~l.l N11i'1!W1::'Uv~i1~~CJ7u 1 M'mn~~~l.l ~~ 'il::iir~(l'l 11' 

ff11J n fl ~ficHU i ~mn~u fi11J ff'~'thuifuN11i'1m 1~ 'tlv~i 1~ ~cH'u~ 1~11~U 1rl vi 1~~ ciuii 1w 11..1 
cu 'U cu cu Q 

ma1ulJ1fl u~i1~~iuii'ttu 1~1 l'i 11~11 i1~~cH'u~ ~iifi111J'HU 1mlu ~fl~~ url'11fl111~111.1'1mw 
d.,. ci 1 .... "' o ~ !ll"' ..., "'.f "" o .1 , ci ~I 

1W1l.I'YilJ'Ul.l1~!(1fl l.lfi1~~C)f1J'il~'Yil mfi1~~C)f1JlJWl.IN1'il1!W1::1J1fl'Ul.l Ufi1W1l.I'Ul.l1~!~flVl'il!IJl.l cu q cu cu cu q 

" ~1.1 ff~ 1 fl~vnn u w i 'UeJ~ i1Q n~~cH'umuiu~w1 u 'tlv-:~i-:~~~ciu i 1.1 if~ rlu N11l.I~W1'W'Ul.l1~!~ n 

~~nri11 1rlv'W'il11tu 1fllllrl' fllltu~ 'Yil~fllfJfllW'UeJ~~W1l.l 'lu i1~~cH'u ~w 1 u ri1u 1 'H qj'Uv~i 1~~cH'u 
~~fl11ii'Ul.llfl'l Mqjn11'UU1~ illmQ(I'UeJ~i1Qfl~flciu 'l uffmu~n1'1f'H~eJ iv 1~v 1 M'i1Qfl~flcH'uJu 
ff1111~fluwi L'lfT~~W1'W'UeJ~i1~~ciu 1m::ff11111 ouwi~v i llif~ifuN1fl1fJ 1 u ~w1um ci 1J u i~vd1~ 

. " 
ff~~1n ri-:~um~~~ciui-:~Qn~r~ciu'lfufl~1~., liv~luffmu:::'Uv-:~m~-:~uu 1'lfu m1~~cH'1Jivvvu 

"lfUfl~1~ '1 'H~eJffllll~~nvufluvr1v'lfUfl~1~ '1 ~~~(11tni1 ~~u~u ~w1uthu 1 Mqj'Uv~i1~f!ciu 
fl1~ii'Ul.l1fl 1 Mqjri~u~wv ~~v 1 M'UV~!lf(11~iii1Qfl~flcium ri1Ju mm~o i 'H(II.,j'1~~w1u 'UeJ~i1 
~flcMUi~fld1~ff~~1fl iflfJ~i1Qfl~~CJ7uif~fi~V~Ll.lrl'flllW~I~lJ lfufiv lrleJ~flcHUieJflfll.l'lfU~~1~ 

4 .... 1 ~ .c:t ~ ~ , d r ~, " i ~ ... , ~ .ct r~ 
'") 'H~flfflliJ~~fleJUfll.I'YI~fJ"lfl.lflfiH '") 'YI~::(llfJl.l1 ~f!U~1 Velfll.I'H~flffUIJ~::flfllJell.I'YI1fJ 

! 'H ci 1J l.l if-:~ fl-:1 fffl1W! ~ U ff1 ~ (1:: (111:l'U fl~ i eJ flfll.l 'H~ elffll (1::: (llfJ'U V~ ff111J ~:: flfllJfll.l vr1 V~ -:lfl ri 11 

!GJfl.l!~lJ m~fl~cH'ui-:~o n~~ciu lu1~ m.J'U v~m (11~flii r~~ 111' fi111H'lfll'lfu 'UeJ~i1flfl~flcH'u~vd cu qJ cu cu cu cu 

flltJ'lu1w~u'Uv~i1~flcH'uiifilff~flilfl111l!.,j'1l'lfu'Uv~i1flfl~f!CJ7u'lfiifll~tnnu~vduuN1flltJUflfl 
cu q cu cu cu <u cu 



,,. 
/ 

/ 

ffJ Jl .f"-
... :-

'Jfi'YJfJ~OU ' 15 
" 

'""""'', .. ;.-
q;~ .~c'o ~ 

'_-;..-: -~-"l ~'-
.. 

,> 

v ' 
~1~ .. ~cif1J ~·:n!u ffn'l.h~mltJ'Yin'lfu ~nvd'l. u :n"'l'W'llv~~1~~ci'1J:O'~ttlu "~1t1n~~971J" '\IV~l~1J1J 

q tV CU q CUI CUI IV 

~~971J'\IV~nnn 1~ell~~v~tm~~f!tb'l.u~r.1'W'liV~~1~f!971J 

flll~f!tJflJ(;Ylllllt"l~lll'WflVVflltJ'W 2 th~lfi'YI (McKay, 1996) t~~~rl 

(1) flll~f!cif1J'Yil~fl1Vfll'W (Physical adsorption) fiv ~1\Jfl~fltJf1Jll~~~1~fltJf1J'il~Vfl . ' 
.ct CLI'j} dl .e:l .,. I .c1 I ='• 

l'I1'WV1fl'W~1Vlll~t.Jfll'I1'Wt.J1l~'I11H tlH~fl~VV'W "j llt.Jfl11 "UH van der Waals" ll~~llJ'W 

m~1J1'Wmlr-rumT1Jt~ ~n£Jw~"hfitu'llv~mlflf!9fmh~tfi'Yid fiv flllf!f!tJf1Jlflf!~'W i~~ w " .. .. 
tJW'11I,JiJUfl~ '11~V W tJW'11I,JiJ1Jllt.llfllfflf1 itJ umanf! l~1Jlfl~~~'W W tJW'11I,JiJ~~lfl1ltJW'11IJiJ 
1Jnv1mri tiu nn~~971Jn~w)1J~l~ '1 'l.u~tauu~~'l.uliv~ 1~vffn'lli'tJmmrr tf!u~u nn~~cif1J 

~ .. .. 
..,.,N,SI~"" "'"''\' ..,.,N ~ 1 "' 

'Yil~fllt.Jfll'Wffl1Jllt1lflfl'\I'W ~'YI~1J'Wiin'\IV~\911f!~91'1J &f!V\911~ ll~~lflf!'\I'W'lJ'W'lf'W'\IV~ lll~fl~'\IV~\911 .. . 
• v • 

t"lfl~ fltJf1J nff~ff1J1J'W 'lf'W '\1 V~~ 1fl~cH1Jllft1 1 ~W i~ ~lflfl ~ l'W 1'W l11m fl~ '\IV~ ~1t1 fl~ ~9f'1Jn~V'W lf 1J cv cu 'V q cu cu 

CLI ~ .ci CL1 Q.l ~I CL1 ~ 
fl'W 1l~llVflflll~fi91'1J~fl£JW~'W11 "flll~f!91'1J'I1mt.J'lf'W (Multilayer adsorption)" , 

CLI .c:t 4 QJ' CL1 CLI \fJ 9/d ,l .<:::\ 

(2) flll~f!91'1J'Yil~lfi1J (Chemical adsorption) fiV 1911\Jfl~~91'1J'il~\Jfl~~91'1J &1'YI'I'l'WH1 

"' "' 'i .... "" , Sl I "' , "" "' 1 .. ~I Sl " Sl "' 
'\IV~\911~f!91'1J tflt.J'I'l'W1i~lfl1J flllfl 'W'W1i~ VVV'Wflll~~'W'W1i~ fl1lm'W\9111J'W\9l'W t'Wflllffll~'l'l'W1i~ 

.d 3) G) 3) Q.l d _d Q.l CLI "1 llJt 9/ CLI ~ CLI Cl CV Ct. 1IJ ~ ~ ~ ~ ll} j} 

lfl1J\91V~ t 'lf'W~~~l'Wff~lm~tfl'W l~1J1J'YIH'Wfl~1J &11 &fl fi~'W'W flllf!f!91'1J1l~1Jfllfl~ tf!fl'l1lVlfl~'\I'W &fl .. .. 
c;l .d C\ CL1 oQ .f ~ Q.l CL1 I ~ ~ 4 Q.J 

ll1'YitJW'11iJ1l\T~ "j U~~flll~~91'1J1l~lfl~'\I'Wl1J'I'41~1J'Wiin'\IV~\911~~91'1J1'Yil'W'W 'W'WflV fl11~~91'1J'Yil~ 
v y • 

1 fliiu 'il~ l~lfl~ 'lJ'W 'lfu '\1 B~ 111 l~ fl ~ '\1 v~~ 1t1 fl~f!tJf1Jn ff~ ff1J 1J 'W ~1'\IV~ ~ 1~ fltJf1Jl 'lfu 1~ ~J101J flll ~ fl 
q cu cu cu qJ 

V CLI e:t~J:!!l. ~ J lJ} 9J .cl ~ .c::t I ~ .ci CLI ~ 
9f1J'Yil~fllt.Jfll'l'l m1 flfi91'1J'YI1~1fl1l'W 'il~1flfl'li'W t ~1-v. v~'lf'Wl 11 v11 'Yil'W 'WU~~11 vnm1 fl ~ 91'1JUl ~lfl 'YI u .. .. 

v y 

11 "flll~~971J'lf'Wl~t.J1 (Monolayer adsorption)" fl111J~V'W'\IV~flllfl~tJf1J'l.h~1fi'YIU ~~ii~lff~n·;h .. .. .. 
I SJ "' 

fllfl111l 1 vu" v~ n11 ~ fl 91'1J m ~ fll tlfll'l'l 

llj '1. "' <> ,% ~ ,SI I I 'i ' 1 
fl~ tfl 'Wflllfl~91'1J1l~lfl~'\I'W 3 '\I'W\91V'W flllfl flllt"llt.J &V'W1J'11fllfl flllt"lltl V'W'il~fllfl .. - . 

U~~flll~~tJf1J flllt:hv 1 V'W1J'I1 fllfl'il~fffl£llflll1fi~V'W ~'\IV~~1t1flflfltJf'lJ~·h'W '\IV~ l '11~ l tJJn Vfl~V .. .. .. 
l ~'1111~'\IV~l'I1~101J'\IV~U~~ (Liquid-solid interface) ffl'11i' 1Jnnci1v 1 V'W~~fllfl 'il~fffllllflllll'l'l'i 

~hu'llv~~1t1flflfltJf1J1.u'l i 11'1. 'Wl"Wl'W'\IV~~1flfltJf1J ~~l"Wl'W 11~1~v11 1v~tiu vdmv 1 u~1~~iu ~hu cu cu cu q cu cu q cu cu 

nn~~i1J1l~fffl£Jlii~uHvf!mUv1l~'l111~~1t1flf!fltJf1Jn1J~1~f!971J ~~m..-.~ 2.4 uff~~n~ inm1 cu cu cu cu 

Administrator
Rectangle

Administrator
Rectangle
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a b 
~I 

'llltlflll'l~ 2-4 ff1111'Jflt~nmt~ hi'-hn" 1nm'J~~911JI'i1fltl~~911J h.1 'lJfl~t'IHl1f-lffm~u .. .. .. 
m 'j ri 1t1l au 1.1 1" 'llln 'lJ fl ~m" 11 fl~ fl'W ~ ~ 1u ~u 'lJ fl~m" 111 tl~~ ~'j fl1JI'i 1~ ~ 911J~ ~n fl111J 11u l'lJ fl~ . .. 
t~~ ~I 2}1 c;v Q.l~od -=i:'l e!lcv Q.l.ck 1 

'lf'W! u'W a 'llltl'W 'W 'll~f-ll'Wt 'll1tJll'I1'W 'Ufl ~~ 1~~G]f1JGJf~lJfl111JC'I tltu'W b 'll 'W fl ~1{)fllf'l~~GJf1JG]f~ fl ~1J 'W 

~1'lJfl~ll'I1'Wl'WI'i1~~i1J 

tll'J tilflfl 1 .U\9i1~~9f'1J'll~'W'll1'J tl.! 1ii~f'l111J 1i1tl'l1~! 'll 1~ 'll~\Oi fll'i1\} tl~~9f'1J UC'I ~m 1.11tl.! flU 

~~911J'lJfl~l'i1\}tl~~i1J1J'WI'i1~~i1J ~11Jtl1'JUti11J'lJfl~ IUPAC (International Union of Pure and 

Applied Chemistry) 'lJ'W1~'lJfl~'Jl'I'J'W'lJfl~l'i1~~911J'll~fltl1i1U 'Wtlt~'W 'Jl'I'J'W 'lJ'W l~t~tl (Micropore) lj 
<u q <u <u <u q 

j} I c/ 1Gf I Gt I .:::! 

tff'Wf-11t!J'WtltlC'IN'lJfl~ll'I1'Wfl~ &'W'lf1~ 2 - 50 nm UC'I~lV.1'W'lJ'W1~ &'Hty (Macropore) 1l~:JJ'lJ'W1~ 

t~'W~1ff'WrltlC'IN'lJfl~'J'W'>'W1JlflW:h 50 nm I911~~911Jfl1'll'll~i}aJ·h~t~'W'YIHflC'I:JJ t~'W'YI'l~m~lJflfl 
<u <u q <u cu 

t~'WU~'W1J1~'lJ'W1~t~tl 'Hlfll~'Wf-l~~lj'lJ'Wl~'lJfl~fl~.fllflfl~l'W'th~ 50 tJ.l1l (j~ 1.2 em lj~'W~~1fl~ 
lu'lh~ 300 (i~ 1200 m2

/g ljf'l111.1l'I'J'W.fl1tll'WI'i1~~91mh~1.11W 30-85% -tfu~~1111tV.1~'lJfl~i1~~ . .. .. 
... ... 1"" 'i 'I"""" ..!1 <!I ... GJf1Jff11J1'lfl1~ ~~1tl &~tl &'ln1i BET (Brunauer Emmett Teller) GJf~'ll~fffl1:11tl1'J~~GJf1JUfl~tl1'Jf'lltl 
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'll~Hnl9ft'W LIPI'H'il'W tJ'WIPi1~~ti'tJ ~,nfu flTH~mrr~~IP1'1~~ti'tJ~i1~vfilJ~~u€l~'ll'Wl~'ll~~·n'I~'Wi1 
'V q 'qJ cu q cu cu q 

'll'Wl~tgm~m.J~~ti'u i1vfu~~hff':mr~:ulmrl~t~h.JtJntJM~~Mu1mnm~P~~i1~~ti'tJ c1ln~nqllw 
fl1J'tl'lf, 2549) 

d t:S .. I o' .c!!l ~ Q.l 

'VIqll~ BET (Bnmauer Emmett and Teller) 1J~~IJ~~~~flll'l~~1i1Jlt:lfll'l"~~9flJ'VINfllt:lflll'l 

't <ti ,N.,. d '1"~1""" <!t .,.,N do"''! "' 
'll ~~ &1Jl€lfJ€l'll~~Ufl~lJ'Wl'I'W~1'll~~'ll~~U 'll~ U€l~ t 'Jflu'W11ifll'l" 'H~~H 'VIfl'W fll'I'W ~ l'W'VI~lflty t 'W fll'l"1~ 

~ d~ 0 Q.l ..:::. d.,:4 .::1 d. o'.Ji d Q.di, 
l'I'W 'VI ~1'ill t l'll~ 'll ~ ~ 1 ~~ u 'W 1ft~ 'll ~~ 'YI qll ~'Wfl ~ fll 'j 'lli:Jl {I'll~ 1Jl 'lliPI 'YI q 1:J ~ u €l~ l1J {J'j 9f ~ t 11 'W 'YI q 1:J ~ 'YI 'Jf 

~ ~'Ult:Jfll~ ~~~~ N1'llfl~ hrt€lfl€li1n fl~~ti'lJ~ll t:J~i1tf1'W 'J~\H~t:J1 1M' ~11J lHlfl~lJli:Jfll'j ~~~~ N1 cu q "ij cu cu . ~ ~ 

'liD~ i:umfJ€lntlt:J~i1ti'tiutJtJMmt:Jiu i~t:Jmff't:J~:u:u~~l'W~l~ 'l ~~u (a) 1:umfJ€l'lltJ~utiu"n:untJ 
Q.l ~ ~ ~ d :, Q.l "' I 3/ \r) le:S 0 

Qfl~~9f1Jl'Jf~fllt:Jflll'I1J'W l'I'W~1'llfl~'llfl~U'll~U1J1J'I1 €llt:J "") 'Jf'W 'il'W 'W 1J &1Jtl1'W (b) &1J 1J UHm~'Yll 

~~'111N Lill€lfJ€lU~€l~.N'W (c) 'Yiq1:Jij'll~~UMliit:Jl~l1JUt1~~1Jlt:J l1Jl€lfJ€l~ u~l 'WUf'i€l~i'W l~ 
~ 

~1Jfll'l"'llfl~ BET U~~~,~~~ij 

1 -~(~)+-1-
v[(pp0)-1J - VmC Po VmC 

(2.1) 

l~EJ p 

v 

~fl m:UlW'llfl~Ufl~~tlfl~~ti'lJU1J1Ji'Wt~t:l1 - .... . . ~ 

~fl ~lfl~n'll~~ BET tH~ii~1tilu 1'111Pll:u~:um,-il c 

· (E E) c = exp l;r L (2.2) 

~.Ji 4 'j) Q.l d ~ ~ ~ 
'VI9f~ E, flfl fl1lmV'W'llfl~fll,.~~CJf1J'Ylm~'ll'W'If'Wmfl 

E ~u fl1l:U~tJ'W'llu~m,.~~ni'tJ~iu~~u-!lu€l~iu~~-!I~'WfiD "l 1u um~ii~wvhntJ L ., ., 

fl111J~fl'W'llfl-!lfll'l"'11€lfl1J€l~mt:J (Liquefaction) 

d ~'"'" "'"" ~ 0, ~1Jfll~'Yl 2.1 !IJ'W W t CJft'YI U1J'llfl~fll'l"~~CJflJ'If'W~'I1'W -!1 U€l~~l1JUtl'W l'llfllqj€lfll~ 'YI~€lU-!11Jl . ~ 
d ,..I Q.l Ql fl I Ql G) d ..... I d 

l'l€lfliPlflHnfl111J~1Jl'I'W1i'l"~'l111-!l 1/v[(PofP)-1] U€l~ 0 = PIP0 ~-!IU~~~ &'Wflll'I'Yl 2.5 fl'Hn'W'il~\Jfl 

.d I Q.l Q.l ~~ ~ 3} j} .d :'t j} I G) I ,e9 

l'l"flfl11 BET plot fl111Jff1Jl'I'W1i'W'il~i'l1t~'Wml~'YlliJ'Wl~'WIPIHllll'll~ P/P0 fl~ &'W'If1-!l 0.05 tl-!10.35 . ., 
fl111Ji''W A U€l~'il~i~Ufl'W y 'H~U I 'il~tlfl'l-h1Jlrll'W1Wm1JlWflll~~ti'1Jttflffnnfl~~ti'lJU1J1J<}f'W 

q cu cu 'ij cu . ~ 

!~t:J1 (vm) U€l~~lfl-!ln'llU~ BET (c) L~t:JLoM~:Ufll~~~~~itJU 
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(2.3) 

(2.4) 

"""" 'I 31'1 A d... d 1 .... 1 1:'1 ,. 
11ifll~ BET 1l~t'ltl &'if &t.lfl1~'111'VIt.I'Ylfl1'UtN'tHNU'U~ ~tii11~~~CJf1J lH~fH'I'U6~UfHYA'if~ .. .. . 
.Ji A .:t~ ~ I ~ d~ 0 

flltlfll'VI CJf~ff11Jl~fll11'VItJ'Ylfl1'Yl~l11J~U'Ylt.lfll S
10

taJ U~~'VIt.I'YIN11ll!'VIl~ S (Specific surface area) 

i~1llflff1Jfll~ 

(vmNs) 
SBET,total = -v-

S _ (Stotal) 
BET- a 

fi6 m'\16~ }Jm1~ (Avogadro's number) 

s 
... A dd.... .... .I A "' d 
fl 6 n u 'YI 'Yl\911\} n~ ~ ll]f1J u n fl 'Jll 1JtJ nu m'll 6~ 'll v~ u 'll~ 

v fiij mlll\91~!~~ 11l~'U6~unff~\}fl~~ci1J 

a fi6 111~'UV~~1~~ci'11 m.hmiluni'll 

..!..~ 
v 1-<p 

(2.5) 

(2.6) 
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~ . ~ 

'lHlmnnuthmlllWfll'J~~ci'uu~ff'flQfl~~ci'uuuu'ifut~tJ1 (vm) V'lffllll'JtlUlllll11fll 
. . ~ 

'U'Wl~lV.1'Wl'il ~tl '1 li ~tJVlfftJffllflU~V '1 tJij 

2crvm 
1i --~~ k- RTln(:

0
) 

(2.7) 

'UV'l~1~~ci'ufiufl11llt,rll,rl.I'UV'l~1\lfl~~iu i l.I'UV'lnnn "hu i M\lJ-r.q~m'Jll'UV'lfll'J~~iu i u 

'UV'lt'H €'11~~ijfl11llffV~fl~tl'lfll1 '1 v 1 9ft'V!Vllfll'J~~iuuuu'V'l(l.l ~"ll' (Freundlich) U€'1~tt€'1'ltijtJf 

(Langmuir) t'!fl.l fll'J~~CJflJ'UV'lrll'WfllJ,j''W~i'W.Jl tm~JltfftJ ti'l'W~l.l (Rozada et al., 2003) 

mmw 'Ufl'l~1tlfl~~CJ7UU'W~1~~CJ7u ffllll'Jtlfi1'W1W 1~ 111flffll~€'1ll1€'1ff1'J (Seader 
qJ 1\1 cu q 

and Henley, 1998) 1 ~tJ1l~i1fl11fl11llt,rll,rl.I'UV'l~1\}fl~~iu~'H1tJ '1 'l1111flff1'J€'1~€'11tJ 11~\}fl~~ci'u 
~ . . 

t~duu~1G'I~ci'urrhuu ~'lmmw m'J~~iu1-11 '1 ~1911llffllm'Jl1 2.8 u€'1~ff1'H 1utl'J~ff'VIn mv.m1 
~ ~ ~ 

Ql .ct Sl 0 , jl .... I o' d ~ 0 Q.l d. 3) Q.l , ~ .d 
~~9flJfftJflllffllll'JtlflllJ1W ~1llflffllfll'JtiJtl'Jt9flJ191fll'Jfl11l~fftJtlll ~'lUff~'! 1 Al.lffllfll'J'VI 2.9 
~ 

m ~ ~ Ql ·~ 
fit) l.I1'Hl.lfl'Utl'IU'J~l.l (g) 

v <!I ~ 

flfl mlllm'UV'l'lh (L) 

o/o Removal = (Co-Ce) X 100 
Co 

~ 

'JltJ(l~tvtJ~'U t~'l '1 v 1 9fmt~llm'J~~CJ7un~'~il 

(1) '1v 19frrtflllfll'J~~ci'uuuutff'l.I191'J'l (Linear isotherm) 

(2.8) 

(2.9) 
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(2.10) 

(2) itJ 19fL'YitllJfll'i'rJ~cM1JU1J1J'rl1'1.J~'lf (Freundlich isotherm) 

fflJfll'i' 1tJ 19fL'YitllJfll'i'rJ~cM1JLL1J1J'rlp.!~'lf (Chen et al., 20 11) ~~Uff~~ 111 'W fflJfll'i' 

d .c:i.Q .t:i cvcvQ.I:'It e~ Q.l ~~ cv cv 
'VI 2.11 9f~tl1i1Jlt.lf.Nfll'i'111J~1f1'WLIJ'W'If'W '1 'lltl~~1\}f1r.]~9f1J (Multilayer) 1J'W'ri'WH1'lltl~~1rJ~9f1J 

&rt t1~111n illmflC'I'lltJ~i 1\Jf1rJ~ci'1Jiiu 1 ~v~m~v11~vr:h~nu ~ ~ 

(2.11) 

fitJ mlJlWI'i1Qf1rJ~cM1J1J'W~1'lltJ~\P11r.]~cM1J (mg/g) 

fitJ fl1llJL,rlJ,r'W~fflJ~C'I'lltNi1\}f1rJ~ci'1Ji'Wffl'i'C'I~C'IltJl1rl'~m1rJ~cM1J (mg/L) 

' "" fflJfll'i''VI 2.11 

. 1 
lnqe = lnKF + -lnCe 

n 
(2.12) 

i~t.J~lfl~~ n l111~1llf1~1Lfflll1rt~"h'Wfl1llJ'lf'W ( -
1

1 
) UC'I~~lfl~~ KF m1~1llf1~1 

s ope 

wnGJ1lt'H'W'WL;tJC'I'lltJ~~~I'i~unu y i'WfflJfll'i'~ 2.12 

(3) itJ 1CJfL'YitllJfll'i'rJ~cM1JU1J1JUC'I~Liit.J{ (Langmuir isotherm) 

itJ 19fL'Yitl:JJfll'i'rJ~cM1JU1J1JUC'I~Liit.J{ (Almeida et al., 2009) iitrlJlJ~!l'W':hl'11\]f1rJ~ 

cJf1J11~1lf1flC'IlJ~1'llt1~1'11~~9fmriv~iut~tl1 (Monolayer) ;~L~'W i1l~llJff:JJfll1~ 2.13 . .. 
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(2.13) 

~v tfhnwiP11~fl~~GJ71J1J'lJ~1'UV~fl1~~tJru (mg/g) 

~v fl111H'lfll'lf'lJ~ffll~~'Uv~IP1'1tlfl~~tJru1ufflS~~mtrM~~ms~~tJru (mg/L) 
q tU cu cv 

(2.14) 

~ I .!! I - ... 1 "' I KL 'I d l!J ~ 
tlJVlflflltft'1:ll1'lJ~ff1'lJfl1llJ'lf'lJ ( -

1
- ) MSV'Hlfll - &'lJfflJfllH1 2.14 11~ t~ 

_ s~e ~ 

... ~ cv ~ Q Q.l Q,l A .:::. Q.l Q.l v Q.l Q,l r1 
us lJ lW flU~ ~CJl'1JU 1J 1J 'lf'lJt~W1'UV~~1Q fl~ ~CJl'1J 1J'lJ'W'lJ N1~1~~ CJl''U\J ~"J'~ U r!~U 'Yl 'W ~ 1tlfftyrlfl1:1 W 

qm 

f:JWMWrlft'lffl'lf ~v msfffl1:llt~tr1tl1JW~~~l'W fl11llfvu ur~~~l'lJ 1~a1umsfffl1:11 
f:JW 11 wr~ft'lffl'lf 'U v~ ms ~~tJru 1l~fffl1:llfl11 t tJ~au mJ r~~w ~~~1u ~hn ~lJli'IS _!l'W (11ad,cf) nn 

ttJ~tr'WU tJr~~W'W 'Yllr!iJlJ11'11,!l'W (!1adj/) Url~fl11 ttJ~tr'W U tJr~~tfl'W 1 'YISiJ lJli'IS_!l'W (!1ad,S') ~~ 
" tm~~,~~~u 

msttJ~auutJr~~w~~~l'lJflff1~111~1!1'W (Standard free energy, !1ad,cf) ~v nn 

AU~ ti'W U Uri~ 'W ~ ~~ l'lJ ~ ffS ~ 'U V~ tJ ~m til~ tn ~ ~'lJflltl 1 ~ fffll1~ lJ 1~ 1,! 1 'W 11~ V fl11 ~ ffl1 ~~~ 'W 

tU~ti'W ttJt~'WffUNi1~.fi'WcrJ~fffl11~1Jll'l1,!1'lJ (25 °C Uri~ 1 atm) 

/1. cf =. 
ads 

"'~ • I""""" "" ~ , ~ 'I "" l!J .I ~ ~ 
flfl uumtrltfl~'U'W ~w~ &'W'Ylft''Yll~ &u'Ul~lf'Wl 

/1 cf=+ 
ads 

"' .I"'""" "" ~ , ll!J ~ I "" , ~ "' "" ~ ... flfl uumtrltfl~'U'WW~ lJ &~ U~1l~tfl~ ~W~ &'lJ'Ylft''Yll~tlfl'Wfl~'U 

11 cf=O ads ~v s~uumliuffll~" ilitn~msttJ~aumJr~~ .. . 
ffllfl1Sfl11tU~ti'WUtJr~~w~~~l'lJflff1~lll~1!1'W (Standard Gibbs' free energy change 

.ct d Q.l J 
equation) llliJU1J'Uffllfl11tti'W~~'W (Almeida eta/., 2009) 
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0 

A ads G = - RTinKL (2.15) 

trl~ IJ.adsd' fiv fll~ttJ~vuutJlt-3't'f~-3·nlJVffl~lJ119ll!1lJ (kJ/mol) 
~ r ~ q ~ 

KL rw rn~~l1'\IV-3fflJflllUCWlJt~l (L/g) 

R 
~ I ..J t:'J 
~v rn~~'Yl'\IV~Utlff (8.314 J/mol*K) 

T 

tlH L tJ~ tllJ u tJ lt~lV lJ l11lllllJ 1\91 l! 1lJ (Standard enthalpy, IJ.aJslf) fi v 1 ~ lJ tl n 

... t.d ... 1 <JJ d ~ .d tl 0 Q~ Q.f ..;. ~ d ~ 
tultVlJUult~~11lJlVlJ'Ylltl~1l1tltl1ll11i1'JV~~tJl~tlV11l11U{ImVltllJn~vttl~LUlJff1l'!Jl~tlV11'HlV 

"" Jr .d"" .,f 'I 31 0 -~ 31 .d • 31 
1i1~<JflJ~'HlJ~l1Ltl~'tllJflltJ t\9lfffl11~lJlm!1lJ (25 C Ult~ 1 atm) um~unntu~1111lV'IJ'YlrlllJL'tl1 
~ .:::. ~ Gf .d Go' ,J 

'HlVVVtl1l1m~11111l~Ltl~'tllJ tlJm~111lJfllll1~1111~'1J~~l1 

31 m 

flllt'l1~vum.llt~LVlJ 1nllllJ119ll!1lJ (Standard entropy, 11ad?) ~v mmru~uvn~~ 
fl1111 11it1:JUl~tflV11'tiV-3l~1111 ~~l~uuii~1111i:J.it~lJl~1flt~u\J~ wu 1nlilfh~~~i:jfi1\J~ u~o1 

ct 1fJ f ?J £:1 rJ) 1 d d ~ d 1 ~ 1 I 1 ~~ .ct I ~ I cv t 
1~111111~1111 &11!1JlJl~111t111lJVtJ !V'IJ l'JliJtl1l~V~11fl1\911 ~Wfll'\IV~!V'IJ l'Jlu'il~11~1'\I'IJV~tl11'1'1~ 

':'I "" Jr "" .I"""""" "" .f 'I 31 o 
WlJl11lt1J Ult~~tulUJlJ 9l'~tlllltl~u{lmt~11l~m~'tllJfllV t\9lfffl11~11119ll,i1lJ (25 C Ult~ 1 atm) 

')I 

m IJ. S'=+ ads 

IJ. cP=-adP 

<!! "" • r.d .I "" .,f 'I "" "'. 1 31 31 f!V m~fllltultti'IJUult~m~'tllJ tlJ'Ylff'Yl1~ w'ti1~'HlJ1 

~v 1n~m1 t'lJ~vuutJlt~tn~~u i unffm~vvum1'11 
~v 1~uuv~iuff1l~lt i1itn~mlt'l1~vuu'!JM "' . 

t111111ri1 (!J.ad;f) Ult~ (IJ.adsS') ff1111ltl'H1ill~t~flllff~1~m1'Ylfl1111fflll~'trfil~W;h~ 

lnKL tl11 liT 1~vi-Nff11fl1l'\IV~ Van't Hoff(Almeida et al., 2009) i~Uff~~lftuff11flll~ 2.16 

0 0 

I K 
_ f>adsH f>adsS 

n -----1- RT R 

IJ.ad;f fiv flll ttJ~vuutJlt~tvlJ'YillllllJ1\9llj1lJ (kJ/mol) 

IJ.adsS' fiv flllttJ~vuutJlt~tv'IJ 1ni1JlJ11Pllj1lJ (J/mol*K) 

R 

T 

.c!t ' d r:'J 
fiV fllfi~'Yl'\IV~Utlff (8.314 J/mol*K) 

(2.16) 
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Q.l Ql ~ .:9 ,9} t II~ \1) 
fl1'i~~CJf1HYl'i\}fl~~C]flJ']j'U~11U~ 'il~1.h~flijlJ U~1fJ'IJU~6Ufl1'iU'Y'I'i!l-11U'll'U'IJ6~ t11{1 

'iVlJ ~ \Pl1~~cMlJ fll'itn;diU4'Y'I1Ui1~~cMlJlUa~lfufh\Pl1~~9flJ U€'1~,fU~6Ufl1'itfl~Ui)mv1tl'lij 
d ~ ~ Ql Ql ~ £, 1 d <&:::\ J il d ~ ~ d ~ 0 Q,l Ql 

'Vl'Y'IU!l-11~1~~CJflJ CJf~'IIU~VU ~'Vltfl~'IJU'll'1'Vlff~ 'IJU~VUUU'il~tUU'IJU~6Ufl111U~Vm1fl1'i~~CJflJ .. . .. 
v v 

'IIV~'i~lJlJfl1'i~~ci'mTu ~ (t~'ll'1ll~'imn'll', 2552) 1~vm'iu'Y'Ii~hU'iu'IJa~ l11€'1'ifllJi1~~ci'lJ iu 

11rl'fl'llfl~fl1'itllf1 1vu h.nlJUilJ 'Ufl~ i 11€'1~fl~'iVlJ1f1~~cMlJ~11Q~fi~'il~tl'l~VU~flV1-:J-ff1 ~ ~.:Jlfl~ 
v v v v 

iu 'IIV.:J! 11€'1lJH ~ ~fllJ'iVlJi1~~ci'lJ iu'IIV.:J i11€'1ih~u~uff'i'il'l~Vfl1'i~~ci'1J uafl'il1flUI'l11lJ 
J1 I I 1 I 

11U1'1JV.:J'.ifU'IJV.:J i11€'1'iVlJI9i'1~~9flJUU'ill-lflNU nm)~'i1fl1'itl'l~VUfi'llfl.:J'IJfl.:J l 11€'1 uufiv tliV'IIV~ 
II') lt .dd .f ~ WJ "' "' IIJ 'l ~ 
t11€'1AI'l€'16U'Vll'i1lJlfl'IJU l'l11lJ11U1'1Jfl.:J'll'U'IJfl.:J L11€'1'i6lJ~1~~CJflJ'il~€'1~lJl.:J€'1-:J 'llfl.:J &11€'1 U'll''U'IJV.:J • 
t 11{1'i6lJ\Pl1~~9flJ'il~AI'l~flU~.ffllJlfl ~.:JlJ'flfi'ilUW 11 ,rAffliflU11 rJ~fi .:J 1lJA{Ifl€'1'1Jfl~\9i1ilfl~~cjflJ~.:J 

CV q; q qJ IV 

U 'Y'Il ~1U iu 'IIV~ i, 11 €'1 'ifllJI9i1~~cMlJA sU1~~'Y'I1 'U 'II fl.:J1f1~~ciflJ i~ fll'i U'Y'I ~ 'Ufl.:J 1911\} fl~~cHlJ ~ .:JAfl~~ U 
' 3)'1} Ql Ql • !71" l!::l 

'illflll-I€'1~1~'1Jfl.:JI'l1llJA'IJlJ'IJU'IJV.:J~1Qfl~~CJflJ~llJfltjfl1'iU'Y'I'i'IJV~nfll'l (Fick'Iaw of diffusion) A'Y'IfJ.:J 
' v 

flVl.:Jl~fJ1 tldUfll'i U'Y'I~ i Ul'Y'I1 U'IJfl.:JI9i1~~cHlJ AliV1f1Qfl~~cMlJU'Y'Il ~lU 'lf'U'IIV~ t 11€'1'ifllJ1f1~~cHlJ 
' v 

o.:Jf:buafl'IIV.:JI9i1~~ci'lJ ulf-hl911ufl~~ci'lJm'ilAfl1~~~H1Uflfl'IIV~i1~~ilJ9i.:JA~'U.riuH1~~ilJ~hu 
~ • ~ qJ ~ 

v u flfJ'IJV.:Ji1~~cHiJ u~l9i'1t1fl~~ci'mY1U i 11 W'il~U'Y'I-i A.U1~h'Y'I1U 'II V.:Ji 1~~cHlJ!l{l ~U'Y'I~, ua.:J r~U H1i 1 
- 1U CV cu u <u 1U q CU 

~~cHlJ \9i1t1fl~~cHlJlJnff1UffllJl'it1Afl1~~~~fb.flltr1U'i'Y'I'iU'IJfl.:JI9i1~~cHlJ~.:Jmh1 U'1~19i'1tlfl~~ 
<u 1U <u <u q CV <u CU 

cHlJVfllJl·Uhua~!'l~U 'Y'Ii A.UTthhu ~fl'llfln'Y'I'iU~fl l tJ .. .. . 
.dl " Ql ct " c:;# .dl ,..or Q,l d -=t ' 

fl1 Hl'fl'lll'il€'1U 'Y'I€'1 fflff~'i fll'i~~CJflJ'il~U ff~.:J 111 A 11 U tl.:J 1J 'il 'il tr'VllJ H€'1 fl'i ~ 'VllJ~ fl'VIN .. 
fllfJ.fll'Y'IAA{I:;'VJl.:JAI'lij fia iff~~ 1 -MArJ U \Pl11P1~cHlJ 'il:: ijij'Vln'Y'I€'1~flfl€'1 i flfll'i ~~cMlJ~ 1tr AH'I ~A ~fl'Vl'i 1lJ . ~ .. 
O.:Jfl'1 i.flfll'i~~cirlJ AoHU fll'itllfl 1aUlJ1'lff111::1111-:JI9i'1tlfl~~cHlJOlJI9i1~~cHlJ m'l~fl'i~lJ1Ufl11 

~ qJ cu IQ 'V 

tfl~tJi)mvlAI'lij ulJlJ1ll"a.:J'il€'1U'Y'I'lff1ff~i'~.:J\lfl1 -Mvlimr.rtJ 'i1fl~m'iw ~.:Jmh1 ~.:JulJlJ,}l"a.:J~ 
"',3/'l "'.I <I .,.,;,.,J.,. "" 
UtrlJ 'lf 1UflUfl1ilJltrJJ'i1fl~fl1'iWfl1'i~~CJflJ'VIAfl~'IJ'UlJ 2 UlJlJ l'lfl Pseudo-first order U'1~ Pseudo-

"i"' "'.f .... ~ , ... .J3/.d 
second order (Wang an<;l Wang, 2007) 1~flflm1fl1'i~~CJflJ'il::'IJUV~fllJ11'1JU~flU ~1fl~'IJU'lf1mJ'~ 

i.:Jfl~11,j'l.:J~U ,fU~VUJU'il~A~U,fU~flUll111U~i~'i1fl1'i~~cHlJ 
v v v 

i.:JtT u ~.:J ff1lJl'i uvn11 1r1 '1 ~11 'liu ~au m11htr 1au lJ 1€'1'11V.:Ji1ufl~~ci'lJ~lu iu 'IIV.:J . .. .. 
lfJ Ql Q.I~J91.d ~IQ,I Q,IQIQ.I ~.c::t r 
t11'l'ifllJ~1~~CJflJAfl~'IIU'll'1'Vl~~ AJJUfl~'i1fl1'i~~CJflJV'U~lJ11U.:JA'VltrlJ (Pseudo-first order) ff1U 

~u~vu m1 An~tl fim tr1AI'lij~ifu H1'11V.:Ji1~~ilJAn~~u 1 ~-M1~ff~ A~u i~ 11m1 ~~ilJ iu ~ 11 ffa.:J 
~ cu q 'V 

tfiVlJ (Pseudo-second order) ~~,Tu~au 1 u fl11111fl€'1 ifli~'ilflU~~cHlJ'IIfl.:J'il'lU'Y'I'lff1ff~fij 
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. 
(1) ff1Jfll~tl~'nfll~~~CJ7m)uitmil~tfit.r1J (Pseudo-first order equation) 

'iH'l'W 'VH'Ifflff~i''U~-3flUtl~ci'1J {l~~n~ima 1~t.rff1Jfll~,~~~'J.AW'W 1iuff~~ iii-3d 

(2.17) 

~~ m1JlW'U~~ffrf~1J~Qfl~~CJf1J~ff1J~"' (mglg) 

~~ m1JlW'U~~ffrf~1J~~fltl~CJf1J~rl"'l t (mg/g) 

4 ' d 
PI~ rllrl~'YI'U~~ff1Jfll~ Pseudo-first order (1/min) 

trl~'t'llfll~V'WYhm~fflJfll~~ 2.17 i~t.rLoHl~~'W l'U'U~1Jl'U~ (Boundary conditions) 

~ t = 0; qt = 0 ""'~ t = t; qt = qt {1~,~ 

(2.18) 

. " 
ffl1Jno~~~t.lhnl,~~ff1Jm'jfi 2.18 iu~tJ,~~fflJfll~'~u~H 1~i~u 

~ ~ 

(2.19) 

~lrl~~ k1 ""'~ff1JtJ'j~ff'Yitffl1ff1JW'Wn R
2 ffl1Jl~t1Mll~{llflflHrlr!111JfflJ'I'run 

'j~l111-3 In( q e - qt) tl1J t 

(2) ff1Jfll~flmlflHtl~CJflHl'Wi1Jff~~lfit.r1J (Pseudo-second order equation) 

{JmJrmfflff~i',~~fll~tl~ci'lJ{I~~fl~ima 1~t.rff1Jfll~,~~~'J.AW'W1ii~uff~~~~ 1tJd 

. 
~~ filr~~fi'tl~~ff1Jfll'j Pseudo~second order (glmg*min) 

(2.20) 

trl~'Yhnnvu.Yhm~ff1Jfll~~ 2.20 i~ai .g,~~'W l'tl'tl~lJl'tl~ (Boundary conditions) 

~ t = 0; qt = 0 '""~ t = t; qt = qt 'il~l~ 

(2.21) 

. " 
ff1Jfll'jfi2.2I ffl1Jlm'ii'~~tJ1mJ'lunJ,~~ff1Jm~'ff'W~H i~u 

... ... 

.£_- _ 1_ + .£_ (2.22) 
qt - k2q~ qe 

fi1r~~~ k 2 , qe ""'~ff'1JtJ~~iY'YitffMff1JW'Wn R
2 ffl1Jl'jt1Mll~'illflmn~ 

QJQ.It/ 1 tcv 
fl111Jff1JW'W1'i~~l111~ - fl1J t 

qt 
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Q.,l j/ ~ Q.l t ~ 41 ~ " lj} .::::! ~ 
VH'I-Nl'I.Jfl'.i~~'I.J (E) fHI 'VHH~l'I.JtHJHf!l'Yl :IJH'IfJ~'UtNffl'.if!~fi'I.J1l~fltl~:IJ 11~11~ 

tfl"Uijm tll!flij l~ uijm tJ1 i"~Afl"A~1:1Jlflttff"~-)lljfiTVHl~~l'I.J m~~'I.J~l U ijm tll i "~tn"oN1 
I d Q.l 9/ 9) I Ql 'J} .Q t I~ t t ~~ 

Uff"~1l:IJW~~~l'I.Jfl'.i~~'I.J~~:I.Jlfl fllfllW~~~l'I.Jfl'.i~~'I.J:IJfllV~ &'I.J"If1~ 5-40 kJ/mol Uff"~111u'I.Jfll'.i 

~"cirurn~mmnw u~~rl'lfilw"'~~l'I.Jm~~'I.Jijfilt~'iiw1f1~ 40-800 kJ/mol uff"~-ht~'I.Jfll'.i""ciru . ~ ~ 

'VIl~Aflij (Alkan et al., 2008) 

. filw"'~~l'I.Jm~~'I.J (E) ffl:J.Jl'.ifnn,ll"vm'.iff~l~mll'lfl11ml'm~''I.J1i'.i~'Prh~ lnk
2 

tiu 

IIT 1"vi-Nff:J.Jfll'.i'UV~ Arrhenius (Almeida et al., 2009) ~~Uff"~ Biuff:J.Jfll'.i~ 2.23 

lnk2 =InA- Ea 
RT 

R 

T 

.... 
2.10 '118~VI9f1J 

. 
.c=!t ' d Q.l Q.l q 

fltl fllfl~'YI'UV~ff:I.Jfll'.itl'I.J"Ufft!~!'YW:IJ (g/mg*min) 

.c!t ' .d ~ 
fltl fllfl~'YI'UV~Uflff (8.314 J/mol*K) 

(2.23) 

m '.i ffflfllfll '.i "'"' ciru i u '.i ~ uu 11 v"" ciru 11: ffflfllt~v1tiu fll '.it 11~ vuu u ~ ~'IJ v~ fl11 :JJ 
~ .. 

~ ~ 'l • .1 liJ •• 1 d "' "' "" 0 ' 'l "' t'IJ:I.J'IJ'I.J &'I.Jtnff'IJV~ 1l1~U~:tnff'IJV~U'IJ~1'YitJUflU£1nll1'.itlfllUl1'1.J~.flltJ &'I.Jl1V~"9fU (Juang et al., 

2004) tl'I.J ~UU'.i fl1l~W1ll'HU lfll'.iflltl 1 V'I.J:IJ1~ffl'.iU l nw i mrnum~l -fi'l'IJ V~l1 V~~cifu~ ~ t 1J 'I.J u1 nw 

~'lHl~ l l1~ ll1~ff:IJNffnUi1""cif'Ut1J'I.J~h'I.J!l'.iflU~djnl'.ifhtJ 1 V'I.J:IJ1~ffl'.i:I.Jlfl~ff"l~'I.Jff1'WU '.in t-\'1 
~ . 

i1GI "cirut1 :JJ~ u hjiji1fl n""cifut ~vuu mi trl mhmYi1m'.i ""cifml'nfl w~'IJ-e:~~ fl11:JJ 1 .fi'm1' u t ut'V'l ff 'qJ (\1 cu cu c:u 

"' 'IJV~ 1 MmYivutiUfl11:1Jtl11'1JV~tu" i 'Wlft~""cifu1l~~"~~11'1'Wuuum'IJ~nl"'~ (Exponential) u~: 11di 
~ 

' ~ ' "~ ' ,- "" ~ liJ ''"~ .I "' .I ~ ~ 
flll'Ul~f!!''Wt.lfllfll'.ifllt.J & V'W :IJ1~ffl'.i lfl"'IJ'W &:I.Jfl~ u~ltl'IJV~l1V~"9f1J ~ult1J1J'IJV~fl11:1Jl'IJ:IJ'IJ'I.J 11: 

~ ~ •• 1 "' 'l .,; ,- .I! ?1 "' "' "t .. 1 "' ' U'VIlm1t.Jtff'Wfl'.iln t1 ~~Uff~~ &'WfllW'VI 2.6a &"tl dc0 9f~lu'Wffqj~flfiW 'Wfl'.ilnU~~U'VI'I.Jtlfl'.ilff1'W 

'Ut~~fl1l:J.Jt .fi':JJ~ u i w l'l ff'Ut~~ 111 ~'Uw~tn" m'.i ""cirurnvu tiufl11:J.Jt .fi':JJ.fi'u i ut l'lff'U a~ 111 ~'Ult ~1 .. 
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Dill 

(b) 

.,! .I 91 91 "' "' 'I "' 
ill'Vffl 2.6 ~1JU1J1J'fl111Jl'Ull'IJ'U'IJ~NVI1~fl~1191'1J &'UlHJ~1191'1J (Seader and Henley, 1998) 

(a) ~1JU1J1J'IJV~'fl111JA'li'1l'li''U (b) flHVh1J~'fl'Yl~ff1Mi'1Jfll~~flcM1Jl'U~~1J1JlfV~flcM1J 

26 

trlm 1m~hu 1 thgnu vvi1~1lci'1J~vqlm1'n1J'Yll~t'li'l~~i~1l~1l~ 1U€l~ 1J1 t 1w ~ljm ~ ri 1v 

1 vu 1l1€lffn ~~,g vu lh~ vvn 'illfl'YlHt'li'm v~11ci'uvvn hJ ti vv '1 'il'W o~umtJMV~flci'u H€1~ 
" ~tJ H 1J1J'IJV~'fl111JtoU1JoU'W 'il~lj~ u :i H'fl~lmi1J~1elfl'H~ w ffU €l ~~ vn1 tJu 1J1J'IJ v~ 'fl111l t 'li' 11.U w <Mu i1 -.h 

"" 9) 9) 'I .d .l ,J,J.,. .d 9) 9) 

"S-shaped" M ~flU 'Yl'U 111tr! ff'U m1rl t2 & 'Ufll'Vf'Yl 2.6a 'Vf'U'Yl'Ylllfll~ &1J €ltl'UU 1J€l~ 'IJV~'fl111Jl 'UlJ'IJ 'U 1Jlfl 

' .c:t ~~ I .c:t I ~ 9) 

'YlLJ'fl M~fl1J~!1W~~M1~~ Ls U"~ L1 'il~t~tlfl11 "Mass Transfer Zone" M~VU'Yl'U111tl MTZ 

' ' " ..r::!:t ..c:t Ql' QJ' Ql 'j} ..... 1 3) 9J 
(Lin et al., 2004) MTZ 'il~!'fl€lfl'U'Yl€l~lll\9111JU'U1Vl~'Ufl~'l1fl~11CJ11J fl~Uff11~111tlJ1Jt!1J1J'fl111J!'IJ1J'IJ'U 

'I 91 •• 1 'I .d .!t • I 91 91 'I 91 •• 1 "' "' 
&'Utff'UmJn t2 &'Ufll'Vf'Yl 2.6a A'UV~'illfl~1JU1J1J'Ufl~'fl111Jt'IJ1J'IJ'U &'U!ff'Umln t1 - t b 1J€lfl'HW~ 

' " 'fl~ ltJnu ~~ fflll n \ltJ 111111 1ri l'fl111H'li'1l'li'u 'll u~~1\l flflflcM1Jm ~tJ1J'U ~11111ci'1J 1 ~ u v n 111 nil m wJ .. .. .. 
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!1)9/ .c:ll IQ.I t/ 
'ffl 'J UC'I ~ fi111J 1 'IJlJ'IJ'IJ ~~1Jfl11 'Yil tn.Jtf'IJ tJ 

ffll'li'lJnnv-l'lum'Vf~ 2.6b ~~fln~vn·:h "nnrhlJ"Jfi'YI1" i~v~nm tb 'lumwhlJ1fi'YI 
~ ~ 

~ ~ ..l ., d 1 1 ., o'.dJ ~ ., .I ~ ~ G) 
l fi111J 1 '1J 1J '1J 'IJ 'Y1 Dtltll.Jl ~ ltll'l D~~C)J'lJ ~~lJ flll'Yil tllJtf'IJ tJ C)J''I 'fftl~ fl C'1 D'l tllJ liJ U lJlJ fi111J 1 'IJlJ'IJ '1J ~ 'IJ fl1 'Vf . . . 
.c::l .... f ~ 3/ !I) fJ} Q.l Ql .c:l I.e::! 

'YI 2.6a IJtl\PIUC'I1fi111J1'1J1J'IJ'IJ (cle0) '1Jtl'l~1\jtltj~C)J'lJ'YI~~1lJ1fi'Yil~~D~'YI 0.05 - 0.10 'IJD'Ifi111J 

" " ~ 'J) ~ ' J'~ ... I , 31 d Q.l ~ J ' d tf, 
t'IJ 11 'IJ W11J ~ u ~'I u~ ~~ u ~ 11 fi111J1'1J 11 'II u n Dtl n ~ ltll'l tl~ ~C)j'lJ ~::: 1'Vf 11 'II u t1 tJH 11~ 1 n ~ u n "J::: 'YI 'I . . 

I d ~~,, d ... ,. ~~d ... ~~ 

flllll C'1 tl'IJ tl 'I fi111J t'IJ 1J '1J 'IJ 'IJ '1J D'l l'l C'l 'YI tl tl tll.Jl ~ 1 tll'l D tJ ~ C)J'lJ 1Jfi111J& '1J 1J '1J 'IJ l'YitllJ tllJ fi111J! 'IJ 1J 'IJ '1J 

111J~'IJ (cle0) tvhfilJ 0.95 u~hhnu 1.0 ~AdC'Il t e 

nm 

(a) 

(b) 
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'J) 'J} ~ tJ) ~ c:, ~ 
1'UlJ'U'IJ1'.ilJIPl'WflU Superficial velocity 'W'WfiU 

..,j 
1lJU 

(2.24) 

<!tOJ lit 'J/"' "''A'.J'J/GJ ... 2 
flU Umlfll'.i 1'1-Hl'U11'Ul'UU~IPl1Qfl~~CJfUIPlU~'IJ'YI'H'IJ11Pl~'UU~'HU~~CJfU (g/cm ·s) 

flU Superficial velocity 'UU~'Uu~im1 (cm/s) 

<!t 'J/ 'J/ ~ 'J/ ... ... 'I II) 'J/ 3 
flU fl111l1'UlJ'U'IJ1'.ilJIPl'IJ'UU~IPl1flfl~~CJfU l'W'UU~ 1'11Cl'U11'U1 (g/cm ) .. .. 

" ' 
ff1'111'unnvh u '.ifi'YI'.i u~l.lfl~l9i'1flfl~~ ti'u '1 u 1rJ ff'UU~ i '11 CJ 'il~ fl n~ ~ ti'm1~ '1111~ li nm t* 

CU q CU IV qJ 'U 

t* 

L 

t* = Lpb(Wsat-Wo) 

uoco 

flU 11Cilfll'.i~~iuu~l.lfi~'UU~fl'.il'VJ1u'.ifi'YI'.i (min) .. . .. 
flU fl111lti11'UU~1U~ 1 'IJ'HU~~tJf'U (m) 

" ' 

wsat flU thMtTn'Uu~,;'1fln~~iuuul911~~iuliffm1~ff1l~.CJ (gig) .. .. .. 
wo flU J1)1Uf1'UU~i1Qf1~~i'Uu'Wi1~~i'U~11Cl1111l~'W (gig) 

pb 

(2.25) 

(2.26) 
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9/ Q.l Q..l tl t:f I Y I ~F-

nm W ~~lU'Jfi'YilU'Yit.1~10fftyClfl"':JW tb ~~1Jf11t.IDOfl11t1"1 t* !ff1JD um:IJ'J1J1W'UD'I 

~1\}fl~~ci11~U't1' 11~ 'I~ t.l tl-3 ~~!111 fi'YI~ ff11JU 0'111 hfl ~ Ofll'J Vt.lfi tm\91 m 1't'Jt111 fi'YI ~ 11 lflnm t = 0 

~di ~ Ad 
1lt.lm~'YI'IO'Inm w ~~!111fi'YI~ tb (Farran et al., 2000) '111Dfl11'111'Wt.I'Yimt'll'UD'Iml't'Jt11Hl'YI~1u 

'lf1'1n"1 t = o 11um~..t'~il'~n"1 tb ~"un-~'llum..,~ 2.1 t1'1'1f1'1'UD'I MTz ufJ11trlmi1v11fi'Ufl1nJ 

" ' 
V11'UD'I '11 D~~~'U fln't'J! 11 'Jfi'YI~ ~~ ii~fl'lJW~fl Dt.l ,j'l'l~t.l ~ 'IU ff~ 'I i 1i t.lfll'W i12.6a tm ~ fl1111 ff111U tl 

1unn~~~11\f'I"J'~'UD'Ii1~~~11~~v~~~~t111fi'YI~ Ol'Jfd'I'UD'-1 MTZ ii~n'llw~n11'11rlvrna'Uf)'U 
' " 

fi11110l1'UD'I'I1D~~i11~'1uff~'llwn'Wi12.7b ~n'llw~a'lfuil1l~lilh1' tb iifi1uvmm~a!vrlfli1 tb iu 
' ...... I 

mtu'YI"lf1'-I'UD'I MTZ Ufi'U 

f Gf .&:l! .::i.ct f " Q 1 fj} fj} I Q.l ~ Q.l 

U'W'J m ~ 111£1 & t.l U t.I1Uflt.l 'U'J !dW 'YI1Jfll'Jt'll(Jl'Y11J1" ffl'J 11~ fl11'-IU"~1JU t.l1 t.I111'UlffDt.l t.l \91 "fl'lJW~ ... 

'UD'ImWh.tJ1fi'YI~~"1~t.lrftt.II•1HUt.11i'11llfl dc0 rrhn'U o tl'l 1.0 1rlD~1~~~uJ'11111~~11~1l1mio 
~iir-~"~Dfl1111fli'H'UD'I MTZ i~uri 5191'Jlfl11Ulm'YI111"ff11 V\911lfln i11" u"~ltHl'I'UD'ImwJ 

"""" d 0 ftJ ~ ~ ~ liJ ~ I liJ ~ ~ I 

ff11~" 11i fll'J 'YI'Yilt.lltl~ IJU 11'U'U D'lfi11111'U11'Ut.l!m~fl1111fl11'1 'UD'-1 MTZ t ~ fl "11 n1m 1 U\91fll'J 

rhw 1W'I11fl1111 tl11'UD'I'I1D~\9l~11V'I l lf r-1"~ i~mit.IVllJlfl'WD 1rlD'-11llflfl1111 i~u U t.1 Dt.I'UD'-1 

fl1111~11fi't.I'H'UD'IflUU10 1Dt.l111"ffl'J (Walker and Weatherley, 1998) ~'l,_f'Wfll'J'UtllO'U'WWI'UD'I 
MD~~~'U 1~o..f1 it.l~'lfffl'lJ11llflfl11'Yif'mD'I i u 11' D'lt.li}'U"~nn iu1~'U'U'I1D~fl~'U'UU1~!gfl u"~ m1 

Q.l .c:i4::! Gf ,J Q.l .c::! I I ~ 
DDflU'U'U'I1D~fl9f'U'YI11'U'Wl~ mty'U'W 'U'Wlfl'UD'ID'l;ffllfiU"~ Superficial velocity 1l~tl'-111'flll'YI11fl11 

U~fl1111 tll1'U D'-1'11 D~~~11 1 ~ ~ 11~ 'W ;}'D'Iiifllnh ~ 11 

~ "'liJ 1 ... ..,. -• ~ ~ liJ lei 
tlU ~ 'lJ 11 1J & D 9f1 'YI D 11 fl1 1 ~ fl9f'U 'YI 1'11 111~ ff1J 1 1J U 'lJ 'lJ 'U D'-1 'fl1111l 'U 11 'U 'W 11 ~ UJ11 flU . ... ... 

ttJ~ tl'W U tJ M\91" Dfl fl1111 tl11'U D'-1 '11 D~ fl ~'U U" ~ 1 t.l-i 1'1 'UD 'I m 1't'J 1111 fl 'YI 1 11 ~ i~! tJ~ £1'W U t.l" 'I tl '11 !,j i1 ... ... ... 

Q,l ' Ql Q.l d.c::! ~ Q.l ' Jt .c::l QJ 

'fl1111 tl11~D'-1'11D~fl9f11 1l~U\9lfl\91l'lfl'W '11 D~fl9f'U'YI11fl1111 tl11111fl 'U'W ff~ ff1'W 'UD'I MTZ 111D1 'YI £1'U fl'U 

'fi11110l1'UD'I'11Dfl~~11 olrl1lntul'lf1'1 MTZ mh'lm11, 1l~ff1111~'111'~1flfl~'Ufli'-1'11~'1iu MTZ cu I ct cu 

1fiflm 1 ~ 11 ~1u"~ ~ n'fli '1'11~ '~ rr'-~ i ~1n flfll'j ~ fl~'U ~'-~ tfu 11 ~ n 1 u nu ,_, v1 v'Uu lfl 11 D~ f) ~'U "~ 
fllti'Wfl ilfmlllW'UD'Ii1~fl~'U~i~Qfl 1~'11'W (Unused adsorbent) '11~Dfl1111tll1'UD'I1'Ufl~ i~Qfl 

' " 
'1~'-ll'W (Length of unused bed) i~1t.l~auutJ""\91"Dflfi1111011'UD'I1'Uflll'l'1111fl 1'W'11D~fl~U 

fll'J'I11'fl1111 £111'UD '11'Ufl~rJ'I hi\} fl 1 ~'ll'W ff111U tl '111 i~ ~lflfl'J 1't'J1'U 1 'fl 'YI~ 1 fl 0'111 

QJ Q.l ~ d Q.l ~ ~ A .d " .... 1 .el m 111W 'UD'I 1911\} fl~ fl9f11'YI'I'1111 fl'YI\}fl~~9fU 111 flfll 1 flU 'Yilfl 1 \91'W 'W 'YI'U 'W 1 ff'W m ln111 1 fl 'YI ~ fl 'I~ fl 
" ' " 

1 'lJ 'j fl 'YI 'j u" ~ '111 'fl1111 ff1111'J (l, 'W fll'j ~ ~ ~'U 'U D '-1 i 1Gl ~ ~'U 1 ~ tJ fl1 'j V'IJ .yj 1 fl 'j \91 w 'W 'Vi li' 'I '1111 ~ 'lJ 'W 
... ... ~ 

1ff'W fl11't'J1 'lJ 1 fi'YI1 '11 ~ D 't'll~lflff11~" fll 1 fl~cif'U 5191 '.i 1 "hu 'U fl'-1 m 111W yf'l fffl'l 11 ~ 1 ~ 'W ff ~ ~h'W 'UD'I ... . ... 

fl1111ff111Utl ium'J~~~'U'UD'I1'U~ w ~~t'U'Jfi'Yij (Fraction of bed capacity utilized) 1m~t1'1'll1 itJ 
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31 .II "' 31 CV I • .,;, I 'I 31 cv I d"' I 

CI'U~1el'I1'W~~~ &~ff~ff1'W'1Jfl~t'U~'Vl 11\}fl t'Jf~l'W (Unused fraction) UCI~fl~'ilff1'W'IJfl.:J!'U~'Vl !11\}fl 

'131 ~I :II d,l '131 "131.11 "''131G I .,; t'Jf~l'Wffl111HlUu'itu'Wfl1111el11'1Jfl~t'U~'Vl 11Clfl &'Jf~l'W (LUB) ~~ 9f~~~ff1111~ !'11&U'WrmN'Vl UCI~ .. . 

tb = t*(l- LUBIL) (2.27) 

' ... "" tb flfl netl'Vl~~t'U'ifl'Vll (min) 

LUB fifl fl111lel11'1Jfl~t'U~~rJ~itiiKloN~l'W (m) 

1uil 1966 iir-fffmnuet:::ri'~'Wlff11fl11~1'*1um'i'lltlltl'IJ'W1~'11fl~~cir'U~lfll1fl~~cir'U .. "' "' 
' " 'IJ'Wl~Agfl lu-H'D~11~'U~fll'ji11ttiultflt]~cirun1<N,nu~1~~~ij (Reynolds and Richards, 1996) 

o> fll'W1W'I11m111~1'1Jfl~,.1~~cir'U 

Bed volume (BV) = Q/Q0 
(2.28) 

Q fifl fl~'ilfll'i i '11CI i'W'I1fl~~cir'U'il1~ (m3 
of fixed-bed/min) 

"' 

fifl fl~'ilfll'i i11et i'W'11flt)~ti''U'IJ'Wl~tgflL'Wlffl~1J~'U~flH (m
3 
of fixed-bed/min) 

M=(BV)P (2.29) 

M 
l!!( I Ql Q.l 3 

P flfl fl1111'11'W1U'W'W1111'1Jfl~~1t)~9f'U (kg/m) 

T=MIM, (2.30) 

T fifl netl~~~t'U 'jfl'VJ 1ff1'11 i''U'11fl~~91'U~~ ~ (min) . "' .. 
fiD111et'IJfl~,;1~~91'Ul'W'I1fl~~ci''U w ~~~,;1~~cM'U'I111~fffll'W~flm.hvnm (kg/min) 

cu 'V q cu 
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(2.31) 

Q ... "' "' 'I "' "' 3 ~Hl Vm1f11'i m"" 1'U'11Vt)~CJflJ'il'i~ (m offtxed-bedlmin) 

T 

f11'i'Ut.l1t.I'IJ'U1~'1JV~'I1V~~ci'lJ (Absorber) ff1:JJ1Hn.h~:JJ1W ilt~ttf11'i l ~'1i'v:JJ""'i11f1f11'i 
~ ~ 

Q.l d~~:~ d .c!l 0 

'YI~mN'11llt)~CJflJ'YilJ'IJ'U1~mo'I1Hl RSSCT (Rapid small-scale column test) ffllf11'if11'ifi1'U1W'IIV~ 
v , 

UlJlJ~1""ll~U'ii~\}Olfi\I'W1f11'itmttmYittmhff'mh~iY'Yiim'iu'W1 (Diffusion coefficients) rhnm 

lutn'ifflJ~ffi'WtlJ~~rT~ i~\}O~~cMlJ '11'1ll EBCTS (Empty bed contact times) um:fl11lJ!~1 i unu 

~1tU'U~1'U (Loading rates) 'i~'l1'll~'11llt)~cMlJ~ii'IJ'W1~tgm11J'11llt)~cMlJ~ii'IJ'W1~ 1 11q) fflJf111'1Jtl1tl 

'IJ'W1 ~ d trJ·u Yf ~niu fim119l11"hu 'i ~miNt rJu F-J1tlu rfo"" H 'llll~ ll~ fl1flfl1f lJ ll'W ~ ii 1 'W'I1 ll~ ~ci'lJ 

Q.l~lo GJ"d t 9) o~.dl Q.IQ.Icl • 

CJflJtiJ u 'ii1'W 1'W mo u ff~~ m mu 11 f111llllf1UlJlJ'il~\9lll~mu~o~fl11lJff:JJ'W'W n 'i ~'1111~'1J'W 1~'11 ll~ 
v • 

ll~fllfltm~~1fl11lJ'ff1lJ11fl i'Wf111U'W-i'Ull~'ll'WI9lll'Uf11101'11'U~fl\9l'i1 (Rate of limiting step) t~ll 'llf 

i~fl11lJfflJ'W'WnllVH~1t.r (Empirical relationships) ff1lJl'ifl~~ff:JJlJ~~1'W~11 "f11'i""~""~'Ull~'IJ'U1~ 
0 ,.. ' Q.l Q.l .c::i Q.l Q.l ~~ d lll ... l 

ll'Ufllfl'ii~'Yil i '11011 U'W 1 flltti 'U 'i'W'i'U'IJll~\911~~CJflJ""~""r CJf~fl11lJfflJ'W'U li'U 'il~t1J'U & IJ\911lJfflJf111 
q v q cu 

v 

~ll illil 

(2.32) 

.. 
"'~ 

Dsc 'YJC)f~ ~ll fflJll'i~ff'Yli on uw:i mtt 1 u 'i'W1 u '11 ll~fl1J mflmftJll'W ~ii'llu 1~ ,go .. . ~ 

DLC ~v ff':JJ111~ff'Yli m1 uw:i mtt 1 u~w7u 'llll~ v~mflmf lJfl'W ~ii'Uu 1~ i 11 q) 

dLC 
a jl r d' t1 d.:s q ' 
fill tff'Ufl1tl'Wtlf1""H'IJll~ll~fllflfll11Jll'U'YilJ'IJ'U1~ll~fllfl rtity 

dLC ... ,., ' " " """' Q fill tff'Wfntl'Wtlf1""1~'1Jll~ll~fllflfl1'ilJll'U'YllJ'IJ'U1~ll~fl1flmf1 

X ~ll u'VJml9lllftn'iU'W:i (Diffusivity factor) 

01V\9l 'j 1t11 'j U'W i t'1i'Tch'W'i'U fl1tl, 'U i1~ ~ cMlJt v 'U ~ 'U \9} fl'U n 1'11 'U ~ V\9111U"" ~f) 1';i u 't'l i F-J1'U cu cu q cu 

oC\ ~ I d Q.l t Ql Q.l "' I I Q.l dQ d d.t:::! 
tfl~'IJ'U llJfl~'YI ~~'U'U fl11lJfflJ'W'U li'i~'l111~fl1\911U1J1 'Ull~ll~fllfl 'YilJ'IJ'U 1~mmm~ll~fllfl 'YilJ'IJ 'U 1~ 
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h1t\J &oM'IJ EBCT U~~r;nn L 'Wfll'Hll&U'Wfll';i 'il~&,r1111&~t11,rV\In1HJ\9l';i1~b'IJ'UV\I'IJ'IJ1~'1JV'IV1iflli'l , 
i'IUff~\1 L'IJff1Jfll'j~tJ i1Jil 

2-X 
EBCTs = (rlgddLc) .EBCTLc 

~~ . 
fiCJf\1 EBCTsc fiv EBCT 'IJV'IV1iflli'lnV~L'IJ11V~~cif1J'IJ'IJ1~H~fl 

EBCT Lcfiv EBCT 'IJV\1Vliflli'l~V~L'IJ11V~~cif1J'IJ'IJ1~ i11t\J 

(2.33) 

(2.34) 

i'IJwh EBCTsc u~~ fsc 'il~iirhuvt~n11rhrhi1m.hi'IJ11V~~cif1J'IJ'IJ1~i11t\l~'Wv~ti1J 
9J I fl .J, 'J/ Q.l Q.l o' I d GJ Q.l d Q.l d 

'IJ'W 1~&ff'IJ N1ff'IJti'IJV\IV'IJflli'lfl 'If i'l1111ff11W'IJ li';i ~1111\1 1'11111& 'j 1t 'IJ 11 V~~9f1J'IJ'IJ 1~& ~ flfl1Ji'l1111& 'j 1 ., . ., , 
'lltN11V~~cif1J'IJ'W1~ i11tY'il~ff111l';iflUt1111 ili~tlff11fll';i~V i 1Jil 

(2.35) 

.d~ 1!!1 c:S Gt IV G 
't'lCJf\1 Ysc i'IV i'l1111&n t'IJ11V~~9f1J'IJ'Wl~mn 

VLC fiv 1'11111&~1 i'IJ11V~~cJf1J'IJ'Wl~ '111t\l 

4 t ~ ,/ Ql o'd ~ ,J Gl Ql d ~ I ~ 
Resc,min i'IV fll&';itl &'IJ~'IJ11&1JtJ'jfi'WVtlfi"J'~ L'W11V~~C)f1J'IJ'IJ1~mfl11'je:Jfll Resc,min 'il~'Wtl111 

t1:Ju fl1i'l1111&~1~U Vtl~ff~~ff111U fl~ 1t iJ 'W \1 1'1J i 'W flUfl ~ ffV1J RSSCT 1 ~ tJlJ ';i 1ff'illflfl't'l n W ~'IJ V \1 . -

fll'jm~'il1tJi1tm~nnri1t~1V'W111Mllti'IJVfl ~'l'il~miiwli1'1 0.02 G\1 0.13 ., 

ReLc fiv fl1t';itlt'W~U11&1JVfi'W11tl~~cif1J'IJ'Wl~ i11t\l 

Re = (d.v)/(v.e) (2.36) 

4 4 .<::\b) .c:l Q ,J 

i'IV i'l111111'W~&'lf\l lfi'IJ&11\9lfli'l (Kinematic viscosity) 

e fiv i'l1111W1'WL'IJ&1J~rl\l 

Re fiv fl1&';iUl'W~U11&1Jvf 

11V~~cif1J~ii'll'W1~ '111ru~vfi1t';i a1 'IJU11t1Jt~f'Ut~\111V~~CJ71J~ii'll'W HH~fl rhV~';i 1~hu ';i~111H ., ... ., 
"' 1 !ll ..!\ -1 "' ~I "' 'I ResC,min fl1J ReLc 'il~\)fl 'lft'Yftl~~~IJ'Utl\lff11flU Ysc 'il~~~~\lt11~tl&IJ'IJi'l111W11'1Jtl\lt1J~~\IUff~\l &'IJ . 

ff1Jfll'jn (2.37) 
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(2.37) 



' "" 1J'YI'YI 3 

... cv 
3.1 tl'Hl'U.:Jl'J.!1'll£1 

l11m'i~~u1.J·.mj~u MMT ~1tlffl'i1flt~CJI'l'W u~~1tml~l1'muffl.J'IJ~l11-.'Jtl1tJflTVHt~~ • 
y y 

..::! Q.l Q.f Q,f 41::). ·~ ·~ Q.l .di Q.l c:t 
'VIN!fll.l'Ufl-3~1~~CJ1'1J'VI-3fffl-.'J'lfl..l~ (U'i~'W MMT U~~U'i~'W CTS/MMT) 'illfl'W'Wfffllllfll'i~~CJ1'1Jff 

~ ~ 

9) : .c:l Q,l cl .c:lj/ ~ Ql 

tJfll.l'illfl'Wlffff-.'Jtm1~'11 ( ffl'i~~mtJfftJfll.l) 'lum'i'VI~~t~-3U1J1Jfl~ u~~fffllllm'i~~CJI'1J 'l u 'i~1J1J'I1fl 
~ 

• y y 

~~itJu 1J1J! mrw-.'J .Uu~t~'W nn1~tJl'i-.'J'I1l.l~ ffll.ll'i mt ff~ -3fl11l.lffl.l'W'W .fit fliJ U1J1JUf<I'Wfll'W 1 ~~-3mr. . 
Yi 3.1 

<!! "' "" fll ';j fffllll fll';i ~ ~ C)j'1J t t 1J 1J fl~ 'lf'W ~ 
y 

"' "' 'IJ'W~fl'W!~tl1 



.... 
3.2.1 U':i~'IJ MMT (Montmorillonite clays) 

3.2.2 ff1':iifl11919f1'1J (Chitosan, high molecular weight) ~M'fl Aldrich ti11f'Yl Sigma­

Aldrich ~1n101 'lh~mrtifl1u"u~ 
""" .Ji,. , """ \!" \J~ .,; "" ,. 3.2.3 fftlfllJ RB5 9f.:f tfiHff':i1.:f'Ufl.:ffftlfllJ tfiUff~H 11 t'IJ.fi1'Vl'Yl 3.2a lJlJ'H'I tlJ!C'IfH'I • 

tllhntJ 991.82 g/mol tm~ihh~~"'l.J 

3.2.4 ~frrfllJ MO ~.:, 1m.:Jff~1-:J'Ufl.:JffVfll.li~ufffi.:Ji1ium'Vl~ 3.2b ijlJ1C'I ll.lmfl'C'I • 
t'vhntJ 327.34 glmol u"~n1h~~"1J 

NaO,SOCif,CH,-~--o-·-· 
0 HO fj 

(a) (b) 

" nm'lifluthui~'IJ MMT ~1f.lff1':i ifl11919f1'1Jijnm'li.:Ju 
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3.3.1 thtd~'IJ MMT g 'l~'l1t1l'WJ1niu 100 mL U'l~t~l.lff1':i'l:::mtlifl11919f1'1J 
, , • !";! 

t'UlJ'U'IJ 2 giL IJ':ilJ1191':i 100 mL 

3.3.2 vl1fl1':ifl1'1J~1f.lel191':i1fl1':ifl1'1Jfi.:J~ ~fl11l.ltl1':ifl'l.J 200 rpm t~unm 1 hr ~ 

3.3.3 'il1ntTmH'miTrim'lf~1f.lffn'l~mu 0.1 M 19ft~tll.li~fl':iflfli9f~ (NaOH) l1~fl 
0.1 M fl':il"l 1~ 1fl':ifl'lfl1fl (HCI) llffldlmh.:, 7.0 - 7.5 rf'.:Jff1':i'C'I~C'I1f.lllffldlu~t.I'Ufl.:ft'il'C'It~'IJt1'l1 

~ ~91 
30 min 'Yl~Wl11Jl.ll1fl.:f 

!II r I jl 'J} 
Gl Q.l l.et. jl ~ ~ .o::! 0 lJ/ j) 0 

3.3.4 l1C'I~'il1fl'IJ'IJfl':ifl.:JU':ifi'Wfl1f.ltfl':ifl.:Jfl':ifl.:f"J'ty\lJ1fl1f1 t'Vlfl':ifi'W1flflflt!C'I~'ll.:Jfl1rl'W1 

.:, 0 'I , , ,. 'I , d "" ~· 
fl'C'I'W UC'I~'Yl1 tl1Ul1-:J tflrlfl'l.J t'W~fl'l.J'Yl~Wl1fJlJ 40 °C !IJ'Wt1C'Il 24 hr 
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. 
0 I ""' "" .... - I 'j/ , ., 'j/ ""' .. , 'J) 

3.3.5 'I.JlU'J~'I.J MMT 'Yl~~HtJJ'J~1t.l'ffU fll~9fl'I.J1Jl'U~~1t.lfl'l'fl1'Ylt.llffl'ff~'J 'H 

"' ll~tVt.J~ 'il~flU'I.Jth111ivu~l'I.J~~unH'tl'I.Jl~ 200 mesh ~'il~1~'tl'I.Jl~V~fllflt'Yhn'U 75 ~m 

"' th\Oi1~~cH'lJ'rl.:J'ffV.:J'IfU~ (ttl~'I.J MMT Ull~u'.i~'I.J CTS/MMT) i111tfl'l'l~lf''Hl 
,N d.,. ., ,'J) .... .... ~ "' ., .... ., 
'Yl'I.J'Ylll-I1Uli~'IJ'I.Jl~~'Yl1'1.J t~t.l 'lf'Hllflfll'l'fll'J~~CJf'lJUll~fll'l'fllt.I'IJV.:JfllCJf l 'I.J t~'l' t'il'I.J 'lJ'I.J~1~~CJf'lJ (N2 

• • ""' o' 'J) .,.j ., ""' o' • .1 "' o' 
adsorptlon-desorptwn) 1tml~'H~1t.ltfiHl.:JtlfllmlJ~flt9ffl'l'h1flfl'I.JlllltCJffl'J (Automatic Surface 

• .d !II oC::\.d," ~ d' " Analyzer) 1'1.J ASI-C-8 t.J'Hfl Quantachrome Instrument ~W'Hf.llJ'Yl 'If 77.4 K (JJt.llJlmW '0111-:Jfl 

Ull~ i'~'I.J1'l''JW tflt.J'J~tfllJll, 2547) 

~ rl • ~ .:::::.. ' 
fll'J1tfl'l'l~'H'HU~t.J~'J~'H1N'If'I.J~'I.J (fll d001 ) 'Ufl.:Jttl~'I.J MMT Ull~ttl~'I.J 

., 'I 'J) o' .,.j - I d I "' - I :II I "' o' 'J) CTS/MMT l~t.l l'lfflf.l'llfl.:JU'lJ'Jfl'ff (Bragg's law) t'~tltJJllt.I'I.Jfll 29 lJJtJJ'I.Jfll d001 1tfi'Jl~'H~1t.J 

4 .Q rl eX Q,l',:1 rl ' dg~ 
tmfl.:J1tml~'Hfll'l'tllt.l1t'U'I.JH'fftflfl9f (X-Ray Diffraction: XRD) 1'1.J X' Pert MPD t.I'Hfl Philips 

t~t.Ji-*~19l'l'l1'1.Jfll'J'ffUfl'I.J 2.4 fl.:Jffl~fl'I.JlYi 'ffUfl'I.JlJlJ 29 i'I.J'lfd.:J 5- 18 fl.:Jffl ~lffflt.J1l'Jl~h 30 kV • 
Ull~~lm~u'ffil'Jrh 25 rnA (Wang and Wang, 2007) 

~ G • .... ~ Jv v v 
3.4.3 fl111Aft11~'H't'i\Jn.:JflY'U'U6.:JVI1~VI9f'lJ 

m'l'1tml~li'Mlfll'l'tt'Yl'I.J~'Ilfl.:JM~ll.:Jniu i~wi M~mdJ1u (-NH) ttli~M~i~ 
~'l'flflC}fll (-OH) 'llfl.:J'ffl'Jiflt~9fl'I.Jfl'U'H~'Ilfl.:Jth1uu'.i~'I.J MMT trlm<flfll'l'i~ullm'.i~'I.J MMT 

'JI "' 'l ""' · o' 'JI <!i • .1 "' o' •• 1 o' ""' • .1 • I 'l 'l • .11 ""' o' 
~1t.J'ffl'l' lfll~9fl'I.J 1tfi'Jl~'H~1t.ltfi'JV.:JlJ!'l'tl'J'Yl'l'l'I.J'ffnV'JlJV'I.Jn'l'lt'J~ fftJJfll~'l' m 'YllH~V'l' 

I d 'J) , 'J) 

(Fourier Transform Infrared Spectrophotometer: FTIR) 1'1.J Spectrum RX 1 t.I'Hfl Perkin Elmer 'If 

'ffU KBr ·ll-l'fflJfl'lJIOi'1VUH Ull~'ffUfl'I.Jn'VJt!lJt'UflS (Wavenumbers Scan) iu'lf1.:J 4,000 - 400 

-I 
em (Wang and Wang, 2007) .. 

A t!v v 4 ~ v v 
3.4.4 fl111lf'I11~'Ha'W!l'UAU,~ilfllJW~'W'UN1'll6.:JV11ijVICU'lJ 

thu'.i~u MMT Ull~ttl~'I.J CTS/MMT iilfffllJl-«Wil'I.JUll~'l'lt.Jll~tVt.I~'IJV.:J 
cv ~ C\ .Q rl ~ 4 91 tl~ G . 

llfl'l:l W~ 'Yl'I.J WJ 1tfi'J l~'H~1t.Jtm fl.:J flll fl.:J ~li'Yl'J'J ff'I.J tltllfl~'Jfl'I.JU 'lJ'lJ 'ffUfl'I.J (Scanmng Electron . 
I "' 'J) , Y 0 Q.l I 

Microscope: SEM) 1'1.J JSM-5410LV t.I'Hfl JEOL 'lffllli.:J'Ilt.llt.J 5,000 t'Yll 

3.4.s nn1tfl1l::'lhnmw'llo.:Jfilli.J~H , 'Uo.:.t~1ijV~iu 
""' o' o'.l "' "J 'J) I • ~ o' "J '; 
1tfi'Jl~'H'Hlfl.:JflJJ'J::flfl'lJ'Yll.:JtfllJ l~UflJJ'JlJlWtil~fiWUfl'I.J til~ HJ l~'l't'il'I.J til~ 

1u 1~'l't'il'I.J tm~til~ci'lltl'Jvs'tlv.:Ji1~~ci''IJJ.:J'ffv.:J'IfiJ~ t~fl~u5u·hljm'l'tll~vuullli.:Jt~.:J~ll'l'~nv'IJ . .. 
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~ J " T A ~ Q.l Q.l 

. 3.4.6 fl111&fl11::'mJ~ &tl&GV6Ulfl't11fl (Isoelectric point) 'Utl~VIlij~GV'U 

liJ,."" .. ,J.,.A, .. ~. o' 1~"""' 
tll'i'Hl~~ &tl &GJftlHWI'YI'ifl (~~'YilJIJ'i::~ff'YI1i&1J'Uff'Ut.l) 'ln1i Solid addition 

'I q q q cu 

method (Wang et al., 2008) 

3.4.6.1 lhl'i1~~ci1J 0.1 g Cl::rnv1uff1Hl~mv 1l'IU'Yifft9wlJiut\Pl'i\Pl (KN03) ~ 
~ ~ 0 

fl111lt'tllJ'ti'U 0.1 M ~l'U'J'U 45 mL 

0 .c::l Q.l 9/ 9) 3) 1 9/.C::S I .c:l ~ !J) 
3.4.6.2 'Yl1fll'it\Pl'it.llJff1'iCl::Cl1tJR\I'tltl 1 '\11\1\Pl'U 'HlJflll'lttl<JftHI\Pl'U (pH

0
) 

U\Pltl~l\lfl'U (2, 4, 6, 8, 10 tm: 12) 1~tJtl111Ji'lJ~1VitV'if~1Vff11Cl::mv 0.1 M 1GJft~t.llJ i~~'itltl iGJf~ 

(NaOH) 'Hltl 0.1 M mRi'UIPl~tl (HN03) 

3.4.6,3 lhilit'tiV1~':Wtfl1v'lt'tlfhuu1'i11J~fl111lt~'J'itllJ 200 rpm tilunm 48 . 
"" "' hr 'YlfJW'HfJlJ 25 °C 

3.4.6.4 ml''l~1mTmhi111'R~1-riW'if'tJ'Rli'1v (pHr) tvlmhi111tm1::M'H1~R~il 

lJ'i~~'tJ''Yl~tfl'UtfWJ (pi) 1~tJtl1'i't.h~1 pH0 fllJ pH0 - pHr ('tltl\IU~Cl~ pH ~1\1 "']) i1Jow~V\Plm1~ 
0 ~ t I Y '1 9J 'j) !J) ) .c::l lfl 

3.4.6.5 'Yl1GJf1\Pl\IU\Pl'tltll - 4 U\Pl 'iffl11lJt'tllJ'ti'U'tiV\Iffl'iCl~mV &l'IU'Yiff!GJffJlJ &'U 

t\Pl'i\Pl (KN03) rvhnlJ 0.01 M 

~ cl_r:!: .:::!l e:tJ <V cv .::IV 
3.4.7 fl11ltfl11::'H'U11J1Wa'116U't11U (Organic matter) 'Utl~vt1~~GV'UHt'l~trmn.J 

,~!!\ 4::1 y .ete:~ ... lc:. ~ .ct o'~l cl ... l Q.l d, Q.l 

t u tl\1 "ltlfftJtllJ t fllJ lJIJ 1 mw ffnt:~u 'YI 1 miJu t1 'lfliJ 1 ~ tlVlJ'HCl n 111 t!Qtl ~~GJflJ 

lfl 3} ~ .::.0 I~ j/ I 1 'j/ Cit. Clto d ct'i1 Q.l Q.l ~ ~ 
&1lJ'Ul'I'UH1'tltl\IU'iR'U CTS/MMT UCl1 ~~ff\IHCl 'HlJ'ilJ1Wffl'iti'U'YIHI 'U\Pl1~RGJflJ!l'llJ'ti'U . ~ 

c1imnq1:mf fllJ'Vj<Jf, 2549) t~mflunn tiuel'u 11i1fYv11\ltl~~ci1J i 1'11u~u H1'tiV'II'i1~RcilJ "~ '~ ~'~ 
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~ 0 111.1.:, d ~ .K ,1 ~ ~ 
3.4.7.5 ~lfihlhlhll UJ'If.:Jfi~::'n'il1.Jl.r.H't'IJV.:Jfl1tlm::t1Hl.:JU~::'Utfl1 (MPA) U~'J 

th itl1tml::M'Ylltn:ulWffl'iDhll11rf~e~ itl 

OM= Mo X 100 
Mv 

"'~ ~ A 
fiV :U1~'11V.:Jfl1tJm::me~.:J (g) 

"'~ ~ A .1~ 
flv :U1~'1JV.:Jfl1tJm::t1.JeJ.:Jtm::'lltm (g) 

OM "'~ .I .td " "' "'" fiV tuV'itCJfhl\9lffl'iVhi'YI'itl (Organic matter,%) 

(3.1) 

(3.2) 

(3.3) 

•• 1 "'~ ~ ~~~~ ~~ ~ mnilmlTI:IJl\9l'i~lhl (Standard curve) 'll~HfftJV:U tvm~:: t'lftuhl11i thlfil'i1flfl1l:U 

~ ~ "'~ ~ ,~ ~ "' 'l ~ d" d 
t'IJ:U'Ilhi'IJV.:Jffl'i~::mtJfftJV:U CJf.:J~:: 'lf'Yl~fifil'i~flfi~'IJmN tfltlfllft'tlfit)'IIV.:Jt1.Jtl'i (Beer's Law) n 

n~ lTh "trl mt ff .:J riv.:J f·hhl ffl 'i ~:: m vi1n m.:J fllfl1l:U t ,;' :uu ff .:J 11:: ~fl ~.:J til hi tl iJ m flU 1.J1.J;fi 1 ft'.:J 

Q.l ~ ~ )I 9/ ,d Q.l IJ} I I 

(Exponential) n1.J nn t'Vi:U'Ilhl 'IJV.:Jfi'Jl:Ut 'IJ:U'Ilhl 'IJV.:J ffl'i ~::mtJ" CJf.:J ~::1fl fi'Jl:ut 'IJ:U'IJ 6-:J u ff .:Jffei.:J m hi 

i .I 1 'J "' 'l ~ ~ ~ ~ 1 "' 

hl~u'Uei.:Jfllfi'Jl:Uffl:ul'ifl thlfil'i~flfi~hl!tff.:J (Absorbance, Abs) tfltl t'lf!fl'iei.:J'Jflfllfil'i~flfi~hl 
. . ~ 

Ql , Ql 4 d.t::),d. Q.l d 

Uff.:J (UV-VIS Spectrophotometer) (~mmp:IW V:UVf'lf, 2549) CJf.:J:U11ifil'i'nfi~V.:Jfi.:Jhl 

"' "'~ d ~~ ~~91~1 
3.5.1 t\9l'itJ:Uffl'i~::mtJfftJVl.J'nfl1l:Ut'lll.J'Ilhl 1,000 mg!L tl'Hl t'lftu'Wffl'i~~mtt 

-,. d3} 0 ~.t:!l ~dj) d y 'efl.r)~'JJ 
l.Jl\9l'i~lhl tfltlfil'i~::mmNfftJV:U11lhl1hl 0.1 g lhlhlltflelfl t:uvffvv:u~~mttflttm11~tl~vtJn.:J n m 

tvhl~fJWMIJiJM'e~.:J mhrilm'itli'1.Jmm\9l'i,)'1vthnihlihl'll1fliflmmmiM'iimm\9l'Hviln1.J too mL 

0 .c::.l d , .d.c:::l " " ' Q.l ,. i ~~ "' 
3.5.2 mnnt\9l'itJ:Uffl'i~~mtJfftJVl.J'n:Ufl1l:Ut'll:U'Ilhl\9ll.:J '1 nhl tfltJ 'lf11ifil'it~eJ~l.:J 

i ~ ~~~~ ~~,/, d ~0 I 

ffl'i hi'IJV 1 CJf.:J t'lf'Yl~nm'iffl.l19J~:U1~ffl'i\9ll:Ufl1ll.Jffl.J't'fhl1i hlffl.Jm'in 3-4 u~1mm'iffunhl11lfll 

f11ll.Jt111flghi'IJV.:Jtluv:uu~~::tl~ffl:Ul'iflflflni'ihlttff .:J i ~:uln~fffltThl fie~ fll A 
~ q m~ 
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(3.4) 

.t:!t j/j}~ 9/ ~.c:ljl .::!1 I<V 

flV fl111J1'1J1J'IJ'U1':UJ\9l'U'IJV.:J'Ulffr.JV1J1Jfll1'Yilfl1J 1,000 mg/L 
... ~ ~ ~ .,.~ .d~ .,. 
flV fl111J1'1J1J'IJ'U'Ulffr.JV1J'YI\9l~Hfll'H\9l'W1J (mg/L) 

... ~~ .,. ~ .d ~ '1 ~ 
flV 1J'j1Jl\9l'j'IJV.:Jffl'jCI~Cilf.I1Jl\9l'ijl'Uffr.JV1J'YI\91V.:J !'If (mL) 

3.5.3 fffHml'VJ1Jl\9l'ijl'U (Standard curve) 'IJV.:J~YtrV1J ;.:J'Yilill~r.JlhJ1ff£YV1J~ 
~ ~ I ~ <V I 'J "'' "i 'J~I 

'YI'i11Jfl111J1'1J1J'IJ'U\911-:J '1 UCI11Jl1~fllfl111Jffl1JHtl !'Ufll'i~~flCI'UUff.:J (Abs) !~f.l !'lffllfl111J 

tJ11fl~'U~ff11Jl'itl~~fl~'UUff.:J l~1Jlfl~ff~ (A ) ~l'll l~'illfl'IYV~ 2) U~1'th'IYV1JCI ltlfffl.:Jml'VJ cv q max qJ 

..l! ~I ~.1 ... ... o' I I '1 ... ... 
1Jl\9l'jjl'U CJf.:J11J'U mTrtfl111Jff1J'W'U1i':i~l'I11-:Jfllfl111Jff11Jl'itl ! unu~~flCI'UUff .:J (Abs) fl1Jfl111J 

~ ~ .,.~ ... '1 .d 
1'1J1J'IJ'U'IJV.:JfftJV1J ~.:JUff~.:J !'Ufil'W'YI 3.3 UCI~ 3.4 

8 

7 

6 
0 
<.> 5 a 

.0 4 ..... 
0 

"' .0 3 < 
2 

I 

0 

-

0 

y=O.Ol89x 

R2 = 0.9923 

100 200 

Concentration (mg!L) 

300 400 



8 

6 
0 
(.) a -e 
0 

4 

"' .0 
~ 

2 

0 

0 

y=O.Ol97x 

R2 =0.9915 

100 200 

Concentration (mg/L) 

300 

cl A..l ~ 4=1 Q,l o'd " d 
ill'W'fl 3.4 fl11nlJ1\PI1~1t.I'UV~t.ll~HY~tfi11~1HWV11 MO 'YI A = 520 run 

.X max 

. 
0 QJ "' 

<:IV 
'tl1~1.J'fl ti'UVU A.nax (nm) tl'llfll'llllVI'l!lt.l 

"' 1 ff Reactive Black 5 614 Abs=O.O 189conc. 

"' 2 ff Methyl Orange 520 Abs=0.0197conc. 

~ .., 
3.6 fll'lftfl'l:llfll'l~~CJS1.JU1.J1.Jfl~ 

40 

400 

R2 

0.9923 

0.9915 

flU fffl'l:l1,hd1'YI ~ flll'l fl11 ~ ~ cM1Jfffi'V11 l ~vi ~td ~ t.1 MMT tn'l~ td ~ t.1 

CTSIMMT t1:lt.llol1~\PicM1J J1nnn~~d 
"' <otV V V q V .F-

3.6.1.1 t\Pl1 tllJff11rt~ClltlfftJVlJfl1111t'UlJ'Ut.ll111\Pit.l 200 mg/L u1111\PI1 200 mL 

t~v 1~t~uJ1ffff~tm1~_,1 ~1ntTu1'~~l'Wtv'lfti111Vi'u (pHJ 'UV~ff11rt~rt1Vfffi'V11 
3.6.1.2 u1J1ffff ~tml~Mi'I.J1'~~1fl1111ff1lJ11t1 1 um1~1P1fl~Uttff~ (Abs) ¢11v 

tfi~V~l~~1fl11~~fl~t.!Uff~ (UV-VIS Spectrophotometer) t'~V 'hf'YI111J~1fl1111ff1111Hl 1 Uflll . ... 
4!:!1 d ""~" ~\Pif1rt'tJUff~ (Abs) 'Yifl111lt'UlJ'Ut.lt111\PI'tJ 

3.6.1.3 t~11~1~~cM1Jrt~iuiuJlffff~lfl1l~M 0.5 g (fl11t~VfliD111W'UV~~1\PI\PI ... ... 
Q,l 91 91 ~ 91 d9/ li}Y • ~ .:A 'lV' 
CJ$1JUrt~fl1111t'UlJ'Ut.lt 111\PI U 'U V~ ff11rt ~ C'lltlfftJVlJ ~~ ~ \PilJl 'il 1 f1fl11'YI\PI "'V~ 'Q'11 l1 C'lltl "1 fl Htl'l V l1 ~ltl 

1'1 elfl n ff' ~to \PI ~-.m) 
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0 itl I 91 _,j I d G ~~ 
3.6.1.4 'U1 t'llti1~'JtHfi'HI.:Jt'lH.l1U'U'J~1lJ'Ylfi'J111t~1'HllJ 200 rpm tiJ'Utdm . 

"" "' 24 hr 'Yl~W'H.fJ11 25 °C 

3.6.1.5 thtY1:itt'll1'U~fltl~t'llVWtY~~mf1it11~rhvhfl"lf~ff11~~ (pHe) mf.:J~1n 
')I I 1 I I 

U'Utllitltwnil~~ci'lJflflfl l~tll'*tfl~fl.:Jifum1t1-:J (Centrifuge) nfl1111t~TifllJ 6000 rpm t~'Unm 

30min 

3.6.1.6 U1ffU~~~1tlff'J'U~l ffitl1~fl1fi'J111ff1111'Hl lunu~~niluttff.:J (Abs) 

91 _,j • "' I 4 91 tid ~~ YJ/ 91 91 
~'Jtltfl':ifl.:J'J~fllm~~~fl~'UUff.:J (UV-VIS Spectrophotometer) U~'Jt ~ti'UtiJ'Ufi'J111t'll11'll'U~1tl 

mT~1111911i1'U ~1mTut.i1itl1tm1~Mmttlfl1t~u~m·nh;l~irrffl11 1~t~ff1111Hl'H1i~~1t1ff11m~~ 
2.9 lui'J.,Yfl 2.6 lJ'Yl~ 2 

3.6.2 nT-anmn1tl Tcvt'ntl)Jfl11~~ci'u .. 
q .dj/ d 9J 9/ ~ 9/ I ~,I 

3.6.2.1 t~ ~ r.111 ffn ~~ ~ 1r.1 fftlfl11 n fl 1 111t 'II 11 'II u t ~ 11 ~ u u~ n ~ H n u u "lf'J.:J 

o - 300 mg/L m111~~ 200 mL tvlfll'*t~uJ1irff'.:Jtm1~lf' ~1ntTu1~fiTwm"lft111~u (pH0) 'llV.:J 

3.6.2.2 ll1itl1~fi1m111ff1111~t!lum~~~niluuff.:J (Abs) ~1mfl1v~1~fi1m~ 

~'flflilWtff.:J (UV-VIS Spectrophotometer) tvlfl 1M'n~llJfl1fi'J111ff1111~tl lunu~'flniluuff.:J (Abs) 

d 3/~~3/ 
'Ylfld11Jt'll11'll'Ut~11~'U 

3.6.2.3 t~hJi1~'flci'lJ~~itlluJ1ffff.:Jtfl':i1~M 0.1 g t'flmilflnl'*i'J~'flci'lJ~ 
ff1111 ~ tl'fl 'fl ci'lJ ffrffl11 U~ ~ ~ ff i ~ 111 flfl ·;h ~ 1 fl ~~ t11 ~ fffl1:11tl ~ ~ ff'YJ n fi Wlfl U 'fl 'fl ci'lJ 1 'U 11 'J.,Y fl 3 .6.1 .. .. 

l..::t. ~ l.q 

(m'fi'U MMT 'H~flm~'U CTS/MMT) 

3.6.2.4 l'11m~t'llV1~1mfl1fl.:Jt'llVlU'U'J~llJ~fl111lt~'J~fllJ 200 rpm t~unm 

24 hr ~~WM.t.;JiJ 25 oc tvlfl11ft.,Yl~ff11~~m~~'flci'lJ 
3.6.2.5 ~fl1llUlffUU'll'J'W~fltl~t'llVltff~~U~'J i tl1'flfil-rim"lf~ ff11~~ (pHe) 

~lntTulllitluvnil'fl'flci'lJflflfll'fltll'*tfl1fl.:JtJum~v.:J (Centrifuge) ~fl1111t~'J~fllJ 6000 rpm t~'U .. 
nm 30min 

9l _,j "' I 4 tid ~~ 31 31 91 
'fi'Jtltfl':ifl.:J'J'flfllflU~'flfl~'UUff.:J (UV-VIS Spectrophotometer) U~~t ~ti'UtiJ'Ufi'Jl11t'IJ11'll'W'fi'Jtl 

m1vl111~'Jil'U 
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Utltl!ff'U~H (Linear) fl1'W~'lf (Freundlich) ln'l~ln'l'ltlh.r! (Langmuir) 1~t.rffllll'H1'11lt~~lflffllfll'J 
11) ,. "' ~ 11 d l "' " &tl &CJH'YitlllfllHl~CJftl CJf'ltlt.l 'Uti'YJ'YJ 2 '1..!111'\Jtl 2.6 .. .. 

lum'Jfffllll~-c~u't'l-c~fYlff~!nn~~itJ~~nlnl'J'YI~-c~tN~flW11niltt~n~Hfiu .. . .. 
I .c:l~ J:9 Q.l~ 

4 fllll11ifll'Jffflfll~'I'U 

. .c:l ~.c:lQ.I rl Qjl d ""~ 'JI "r= 
3.6.3.1 t~'J t.rll'U lffff'ltml~11lllflfft.rtlll'Yifl111lt'\Jll'\J'Ut'Jll~'U 200 mg!L ll'JlJl~'J 

' " ' 
200 mL lu'\J1~lt1'lf1J~'\J'Ul~ 250 mL ~lll~l'U1tJYiti111'U~ llln'll'uf~fh~m'lfi~ml'u (pH

0
) '\Jtl'l 

3.6.3.2 tll t tJ1~fllfl111lffllJU\ll'Ufll'J~~fl~'UUff'l (Abs) ~1t.llfl~tl'lf~filfll'J 
<!t ~l" I l <!t ~~fl-cl'UUff'l (UV-VIS Spectrophotometer) !'Viti 11'YI'Jltlfllfl111lffllll'J\l 'Ufll':i~~fl~'UUff'l (Abs) 

d 9/'JI~'j/ 
'YI ft1111 1 '\Ill '\J'Ul 'j 11~ 'U 

3.6.3.3 t~11~1~~it1~1u1u 0.1 g -c~'lt'l1Nffllnmhffff''ltfln~M' lu'\J1m'l1'lfllw .. .. .. 
Ji d j/ I ..c:::l l Y .... r= Ql Q.l .d t Q.l ,.. ~ l" Q.l Q.l d <V .c:l 'JI 1 .c:l 

CJf'lfft.ltllJU~-cl~ ffll~ 'lfll':illlW ~1~~CJfti'Yil'Yilfl'U l ~t.ll-cltlfl 'lf~1~~CJfti'Yiffl1ll':i\l~~ CJftl fft.ltlllll~-cl~ ff 

i~m nn-:hlllflN-clfll':iffflfll'l1 ':i~ff'Yinm'Vim'J~~iul ul11.u't~ 3.6.1 cuHiu MMT 11'1 md~u 

CTS/MMT) 

3.6.3~4 '1.11 1tJt'\Jeh~1t.llfl~tl'll'\J~lU'U1':iltl~fl111lll1':itltl 200 rpm 1~trll~vllfll'J 

tJ1tJfll~W111,JlJ~U~fl~l'lfl'W 4 fll (25 35 45 !n'l~ 55 °C) 
~ ' d ~ 

3.6.3.5 t~mi1t~~l'1Ull'Jfl '1 10 tJl'n lu 1 •ih tll'lmn ~tl1lllflt1~1tJVHUTVJfl '1 

30 mfi ~utl-~i1tll'l~ 3 m1''1lllmrw~mi1t~ril'IJ11'Jfl.., 1 i1l11" llun-hfl111lt'li'll.u'u~~fl"~ 
3.6.3.6 111~1t~~HJl~t~tJhrltJ1'~fh~w'lf~n-c~ll~ '1 (pH,) 111mTutl1tt1 

"' "' ,- l " ~ _<f d " d ~I tWfl~1~\PICJftltltlfl &\Plt.l 'lftmtl'lll'Utlf1t.l'l (Centrifuge) IPI1t.lft111ll':i1':itltl 6,000 rpm tll'Ut1-cll 

30 min 'tiufi U"'1UlffU-c!~-c!lt.lff1tJ~lffttJ1'~P~fllfl111lffllJl'J\lltJm'J~\Plfl~'UUff'l (Abs) ~1tr 
~ "' I <!t - ld ~I " " " -.I tft 'J tl'I1\Plfllfll 'J ~\PI fl-c! 'UU ff 'I (UV-VIS Spectrophotometer) U-c!~lll-cl t.I'U t ll'U fl111lt 'tJ ll'\J'UIPI1t.lfl Hn 

mmiltJ 

3.6.3.7 1tml~M111mmwnu~~itJ tm~'l.llN~fll'J'YI~-c!tl'l~t~hJffn'l:llntJ 

u tltl~l-cltl'l 5~ 'Jlfll'JIPI~itJ l~e.r l.Uffllfll'Jflmlfll'J~~ cMtlfl'U~tJ11rt'ltne.rll (Pseudo-first order .. .. 
Ql Q.l Ql Q,l <d. • e::!i 

equation) U~~ffllfll'Jtl~'Jlfll'J~~CJftltl'U\Pltlfftl'll'Yitlll (Pseudo-second order equation) CJf'lffllfll'J 

mril~ll~ridlutJ'YI~ 2lul11'li't~ 2.8 111mTutl1 t'l1ffnflllflfll'Vil'JllJt~tJ!'\JtJ'I'Virl''l'lltJm~\9l'u ffflfll .. . 
ij 'YI n'Vi-cl '\1 tl'lt 1-cll ffll rrff~ tlm lJlW fll'J ~ ~cMtl U-cl dtflfllij 'Yin 'Vi -cl'\Jtl'l ~W 11 lJ lJ~ tl fl~ 'J 1 fl1 ':i t1 \PI cHtl 

~tJttJ 



43 

0 "" OJ j/ j/ j/ , """ I "" ~ j/ 3.6.4.2 'Yllfll'H~'HJ11fflHl~~ltl~"'lJV 1 'lJH~'I.J 1111fll'VHV'JHHJ~'I.J (pH~ 

U~fl~Hfl'I.J 5 fh (2 4 6 8 U~~ 10) i~tlfll'I1Ji'1Jfh~tv'lf~1tlffl'i~~mtl 0.1 M i9fl~t111ieJ~'iVfl i9f\9i' 

(NaOH) 11lV 0.1 M m~itJ~~fl (HN03) 

3.6.4:3 'lhJlffff"lml~11"'i111~filfl1111ffl111Hl 1unn~~ni1umn (Abs) ~1tl .. 
~ Ql • 4 . 

lmV"1~fllfll'i~~fl~'I.JUff" (UV-VIS Spectrophotometer) l'WV 1 1f'Yl'i11Jfllfl1111ff111l'it11 'I.Jfll'i 

4 d ""~" ~~fl~'I.JUff" (Abs) 'Ylfl1lllt'llll'll'I.Jt'ill~'I.J 

3.6.4.4 t~11i1~~cM1l~"i111iltJ1tJ 0.1 g 1uJ1iYiY"tfln~M' i~mi1elfl1~i1~~cM'1J .. .. 
~ffl1ll'i t1~ ~ill ifvv11u~~~ if i ~lllntr;h ~ 1mmnnnm:n1J 'j ~ ifn nfl w1m1 ~ ~cM'11 1 u 111..r v 3.6 .1 

lc:t. 4 1-C\ 

(U'i~'I.J MMT 11'iVU'i~'I.J CTSIMMT) 

3.6.4.5 thitJt'lJV1~1mfl1v"t'llthutJ1'i11l~fl11lltl1HJ1l 200 rpm ttlunm 

24 hr ~~W11fJij 25 °C t~V 11ft..rl~ffll'J~fll'i~~cM1J 
3.6.4.6 'lhffnU'll1tJ~Vtl~t'lJVltff'i~u"'1i111~fil~W'lf~ff11'J~ (pH

0
) ~1mTu 

th i1Jtwni1~11cM1JVVfl i11t~1~tfliv"1ium~tl.:l (Centrifuge) ~fl1lllt'i1'IV1J 6000 rpm ttlunm 

30min 

" ~ ... I «< " - td ~I " " " ~1mm V-:1.111fllfll'i~11fl~'I.JU ff .:1 (UV-VIS Spectrophotometer) U~1liJ~ti'I.JtiJ'I.Jfl1lllt'lllJ'lJ'I.J 111tl 

m wJ 11 1~ 1 ~ 1u ~1ntT u tJlf.l~fll'j n~~v"~ i ~ tJnm:n6nn vm'llv.:~fil~tv'lft1ml'u'll v.:~ ffl'j~ ~ mvil 

vv11~vmmrum'i11~c.U11~v i tJ .. 
4 ~ ~ A J .... ~ Q.l' 

3.6.5 fll1f1fl'lllV'tlfifftl'UtH~W'H.UliVJ8IJ1lllll.!fll1~YICJftJ 

1um'iffn'hll6nn-w~'llv.:~vru't1flij~villmrum'i~~i1l~~l'ilnl'i'YI11~v-:~~ . .. .. ., 
..::::., l Q.l I .c::t~ ~ Ql .c::S. 

vru 11 flllU~fl~l.:~nu 4 fll ll11ifll'ifffl'hll11-:ltJ . .. 
.c::l .c:t~ .d !)I 9/ ~ j} I CV1 I 

3.6.5.1 l~ 'i till ffl'i ~ ~ ~ 1 tJ ff tJV lJ 'Yl fl1llll 'lJ lJ 'lJ'I.J l 'i 11 ~ 'I.J U ~ fl ~ N fl 'I.J 'I.J 'lf1 'I 

0 - 300 mg!L m1ll~'i 200 mL ~lmfu111fll'~LV'lf~11,r'I.J (pH0) 'lJV.:Iffl'i~~mtlffVV11 
3.6.5:2 '111 itJ1~fllfl1111ff111l'itl ium'i11~fli1tJuff.:~ (Abs) ~1mfl1v-:~1~filfll'i .. 

"f ~,j/ I i "f 
~11fl~t.!Uff-:1 (UV -VIS Spectrophotometer) l'WV '11'Yl'i11Jfllfl1111ff111l'itl 'I.Jfll'i~11fl~'I.JUff'l (Abs) 
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~ Go' Q.l '1 ... 1'1 ~ .c:::.l Ql rl 1 4 G) ~ Q,l Q.l ,J 
3.6.5.3 1~ll~1~~CJ11.JM LIJ thlhl1ffff..:.J1fl'i1::'11 0.1 g ~tlt~6fll'Jf~1~~CJ11.Jl'l 

fflll u t1 ~~ci'tJii'rYmml'i ~::ii-i~ 111n n11 'illflN~fll'iffmntJ'i:: ffl'l in ll'l nn ~~ci'lJ 1 hi '111.,Y 6 3 .6.1 

·~ 4 ·~ (m~hl MMT '11'i61t'i~hl CTS/MMT) 

3.6.5.4 'Yi'1fl1'it'l.IV1~1mfl1o..:.~t'l.lt.huhl1'i11.J~fl11111~1'ifllJ 200 rpm t~hlnm 
24 hr 1~t.J'ii::'Yi'1fl1'itJi'mhotu'l1fiij~U~fll9iHfihl 4th (25 35 45 U~:: 55 °C) . .. 

3.6.5.5 l'i6ll1thuu u 'l.l1hl~flt.l~1'l.IV11 ff~ 'iiU ~1 1 tJ1~fhih6'Jf~ ffll ~~ (pHe) 

'il1nJw.hitJuvni1~~cilJ6flfl1~vl,s'tfl1o..:.~ilhlm~tJ..:.J (Centrifuge) ~fl11ll1~11fllJ 6000 rpm trlhl 

11~130min 

3.6.5.6 thun~::mtJff1hl~lu1tJ1~ti1fl11llff1lll'it!lhlnn~~fl~hiUff..:.J (Abs) .. 
~ ,j • CV I <!I - •"' ='• ~ ~ ~ 
~1tltfl'ifl..:.l1~fl1fl11~~fl~h1Uff~ (UV-VIS Spectrophotometer) u~::1IJ~t.lhi1IJhlfl11ll1'l.lll'l.lhl~1tJ 

m1vJm~'i!lhl 'l11N~fll'il'I~~6..:.J~ 1~ tJt1mn6l'lil'l~'l.lfl..:.lfJW,.., t.Jijl'im.Bmw m1~~ci'1.J 11~:: 
'il1fltThl'l11 i tJt1mnm6f1ll i~mijmf'llo..:.~nn~~ci'tJI'io itJ .. 

fl11 ~~CJ7tJii'rY6llfilfJ 'l hi '116~~CJ71.J111.J1JL11~~..:.1 'l ,s'i1~~CJf1J~ff1ll1'i tl~~ CJ71Jii'rY6llUI9i ~~1!1' 
qJ qJ cu qJ 

i~mnn11'i11flN~fl11ffmntJ 1 ::iYl'lin WlfllHI~ci'lJ 'l hi '111.,Yfl 3.6.1 (11 -l~hl MMT 11~ md~hl .. 
I I jl 'j} 

CTS/MMT) nm:JW::'l.lfl::JOtJmwm'Jl'l~~fl..:.IUff~..:.J ,iihlm'Vi'Yi 3.5 Cif..:.~ii.,)'hl~flhlfl11fffl'l:l1fl..:.IU • 
.cS ~ ~ ' Q.,f ~ 

3.7.1 fll"Jftflll18flfil'I~'U8~fi1UJQ'~'U8~1'UVIg)8fll"J~VICUlJU1.JtJilJVI'tH 

lhlnnffmJ16l'lil'l~'l.I6-:Jf111ll~..:.J'l.lfl..:.JtlJ~I9iom'i~~ci'tJulJlJ11.J~~..:.~'il~l'l1m'i 
• y 

l'l~~fl-:~1~vl,s'fl11ll~..:.~'l.lfl-:JtlJ~Viu~nl9i1..:.~fihl 3 ti1 iinm'iffmn,Y..:.~il 

3. 7 .1.1 'l11i1~~ci'1.J NfflltllJl'l11tJfl16~i'l hi u~'i 1ff1hll'l'i1tJI'ioi1~~ci'1Jrl'hfitJ 
" " " . 

1 o Q.l fj} I Gf fj} 9) Q.l o Q.l .::!G) 9/ 
1 g : 0.02 g (2 % ~tJ'U1'11hlfl) 11~11'l.ltJ1t'l11'\11flhl ff1'11'J1.Jfl11ll~..:.l'l.I6..:.111.J~l'll'll' 15 20 11~~ 25 em 

(lsNi1~~ci'lJ 0.6 0.8 11~~ 1.0 g NfflltllJl'I'J1tJfl1fl~tJf 30 40 u~:: 50 g ~lllth,YtJ) t~fl..:.J'illmd~hl 
.. "" 1 II) .. ..9 li "' "" ~ 'l ... "'1 0 'l ~"" 

ll6hl~llfl1~ ~ m~tll6~::mt~hl1'il~llfl11ll'l1hl~~..:.~m1Jn~~..:.~thlflfl~llhl ~tJ~1..:.J'il~l'l1 mn~m1 

fl~ihl fi'..:.~ Jhl ~..:.~~o..:.~'Yi'1 m'i Nffll~1vl'l 'i1tJfl1fl~tJfl hi u-~ 'i1ff1hl~mm~ mJ , ~fl i:Ul 'lftn~m'i fl~i hi • • 
~hlmtJ'lhl'l1fl~~ci'lJ (Wibulswas, 2004) 

~ d ~ CV d' I ~ ,jj 'l ~ "J_I 
3.7.1.2 IJ~~flff1fJfJ1..:.1l'lflhlflfl~llhlfl6hl 11~1'il..:.llJ'i'i~ ttJ11fl1~..:.1 tiJ~..:.I 10 em 

~6ll11l'li1~~971.J~ NfflltllJl'l'i1tJfl1fl~CJf11~1~..:.1, 'Uflflnllu~iittV'W ~1tfhltlfl~1..:.1 1.2 em 11~~t.l11 

40cm 
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3.7.1.3 1.Jrimnl1fliuh1Y'I1(1~1Uflt1~1J'U ~tJ<n'ili1~~imHY:J.JfltJ'VI:i1Vfl1fl~cM . .. 
t~tJi1t~~H J 1~t~t~fl'il1 flflt~~tn1mi' 1th i 1.Jvht ~uu 1.1 (l,uf (Blank) t~ t~1.1 i' tJrhffuti'1 u tfl i t1~1'~~1 .. 

"" fl11~~fl(l'UUff~ (UV-VIS Spectrophotometer) 
4 ~ c:,, Q,,, 'J} Gt'J} d9/ d 

3. 7.1.4 t:J.Jfl'U1fl(l'U 'J1(lflflfl'il1flflfl(l1J'U 'il'U'I1:J.J~UCI1 1 '11~~ff11(l~CI1Vfff.lfl:J.J'VI .. 
!II !II~ !II ... , "''I' "'!II ,!II .. 

fl11:J.Jt'ti:J.J'ti'Ut1:J.J~'U 100 mg/L U(l~fl~1lfl11 'HCI 5 mL/min 'illfl\1~ 1 ffff1HI~(lli:JffVfl:J.J t~V 'lf1l:J.J 

'lfU~ tttfilut~v~ tltl.!'l1fliJ~1cMium1'VI~(lfl~ 25 oc . .. 
3.7.1.5 t~tJi1t~~1~Jl~~luflt~~1Ju'tJfl '1 1 ulfi1ufl1~'li'11:J.J~um IO!t~:J.J1t~tJ 

i1fl~NJ1'tJfl '1 5 'Ulll'il'Ufl11J 2 .Jt1i:J.J~ t~mhi1.J'I11V~11fl11i'l1(1 ~l'~tfl'lf U(l~1'~~1 
fl11:J.Jffl:J.J11tl i um1~~niiuuff~ (Ahs) uet~t1.J~vut~Ufl11:J.Jt'li':J.J'lfu~1tJm1'¥l:J.J1~1 l1u 'il1flJuth 

H(lfl11'VI~(lfl~~ i~ 11ff~Hm1'¥lttJ1fl'VIl t~t~111mmw m1~~i11~ff:J.J~(l (<Je) nm~ ~~ttJ:i fl'VI a 
<t..) tm~m:J.J1~1~~~m1fl'VIl <vb) 

i d ~ l::l j} 'J} .c:t 'J} 491 ' Q.l 

U fl1 1 fffl1llti'VI1i ~(1'\1 fl~ fl11:J.Jt '\1 :J.J'ti'Ut 1:J.J~ U '\1 fl~ ffl 1 (1 ~ (lli:JffVtl :J.J ~flfll 1 ~~ 9f1J 

~ 0 1 'J 9J rJJ 'J} .:! 9} d I Q.l I d~ ~ Q1 .cf 
UtJtJttJ~U~'il~'VI1fl11'VJ~(ltl~ ~v 1'lffl11:J.Jt'ti:J.J't1Ut1:J.J~u'VIu~fl~l~flu 3 m :J.J11ifl11fffl1ll~~u 

.d !II 1 0 Q.l Q.l Q.l rl, 
3.7.2.1 fl11:J.Jff~'tltl~ttl~'VI1'lf 15 em ~tlfl11'U1~1~~9f1JJ:-.Iff:J.Jfl1J'V111tlfl1tll'l9f 'W .. .. 

i~11thu 2 %1~vJ1m!fl mi'1t'tl~1iM't,Y1nu <i~i1~~CJ11.1 o.6 g J:-.~ff:J.JntJ'VI11tJfl1tll'lcM30 g) 

0 ~ .d 9) ... o' I 9) ~ i 9) ,.I 
3.7.2.2 'VI1fl11IJ~'ilflff1f.lf.JN'VIfl'Ufltl(l:J.J'Uflti'U U(l1'il~1J'i:i'il VUfl'JCI~ IJff~ . . .. 

V1140 em ~'il~i~fl11:J.J~~'tltl~ttJ~111~:J.JlW 15 em 

3.7.2.3 Jri~vJ1mtui'I11'11(1~1Uflt~rl':J.Ju ~tJn~i1~~itJJ:-.~ff:J.JntJ'Yl11tJfl1tJI'lcH 
t~tJi1t~ ~1~ J 1~ t~t~fl 'illflflt~rl':J.Jumi' 1th i 1.Jvht ~uu tJ(l~fl' (Blank) t~ t~1.1 i' 1.1~1~u ti'i ut fli t~~-r~ ~ 1 

"" fl11~~fl(l'UUff~ (UV-VIS Spectrophotometer) 

3. 7 .2.4 trlt~J1fliu i '11(lt~t~fl'il1flflt~~:J.Ju 'ilU'H:J.J~u~1 1 M'~~ff11(l~mvffvt~:J.J~ 

fl11:J.Jt,j':J.J'li'ut~:J.J~'UU~fl~Pll~nu (50 100 tm~ 200 mg/L) U(l~V~11fl11im'l 5 mL/min 'illfltl~iri 

ff11(l~ftltJffVti:J.J 1~vi~if:J.J'lfU~ 19filut~v~ t!W'11fliJ~icMium1'VI~(lt1~ 25 oc . .. 
3.7.2.5 t~tJi1t~~1~J1~~1uflt~~m1'tJfl '1 1 u1fiiufl1~'li'11:J.J~mfl IO!t~mt~tJ 

i1t~dNJl'tJfl '1 5 U1ll'il'Ufl11.1 2 'li'1i:J.J~ t~mhi11'111V~11fl11i'l1(1 ~1-Ylw'lf U(l~-r~~1 

fl1l:J.Jff1:J.J11tl i um1~~niiuuff ~ (Abs) U(l~t1.J~vut~Ufl11:J.Jt,j':J.J,Yu~1Vml'l"l:J.J1~1l1u 'il1flJu th 



46 

,J 'I ~. I ~ • .I .1! "' d .J 
f-Hl fll':i'YI~HHN'YI 1 ~ l u ff':i1-:Jm1n!1JH1'Yil !l'Hl'I111J'hntu fll':i~~CJfU'YifflJ~Cl (<Ie) t1Cll'YI ~~!UHl'Yil 

(tt,) UCl~lllJ1\Pl':i~~~!1J':i~VIl (V J 

' ' " 
tu~u.:J~~ri1fll':i'YI~Cl6-:J i~v1-M'fl'IPI11fll':i ,MClfiUIPlfl~1-:Jtiu 3 rh ii1nm':iffm:n~.:Ji1 

3.7.3.1 ~112Jff.:J'l.I6-:Jt1J~~1-M' 15 em i~tJfll':iU1i1~~cimmlJtiU'Yt':i1tJ~161PlcM1u 
~ ~ 

fl\Pl':i1tiJU 2% i~tJtl1'11Ufl U~'ll'llth 1'!1't,r1nU (1-Ni'l~~c)fu 0.6 g NfflJn1J'Yt':i1tJ~16\PlcM 30 g) 

3.7 .3.2 ri1m1iJ~ ~flff1tJtJH~nu ~6rl'mf ri6u u "'1~-:JU':i':i ~ ivun1e1-:J 1 tlu.:J . . ~ 

10 em ~6mmi1~~ciu~NfflJtiU'Yt11tJ~16\PlcMUa1Cl.:J 1u~6rl'tn1~iinyuj)heyuvflel1-:J 1.2 em tm~ 
tJ1140 em ~~~i~~1111\J.:J'U6-:J!U~tl':i~lJ1W 15 em 

3.7.3.3 thi6mllniu1M'''htCl~humJrl'mf ~un~i1~~ciuNUlJtiun'.lltJ~16\PlcM . .. 

... 
fll':i~~flCl'WUff.:J (UV-VIS Spectrophotometer) 

41: tl,ltl ~ ~ "~, .d$f .d 
3. 7 .3.4 tlJ6'1..11flClU l '11Cl66fl~1fl~6CllJU ~'1..1 'HlJ~UCl'l 1'11~~ffl'.l€l~ClltJfftJ6lJVI 

~'lllJ!,rlJ,rU{~lJ~U 100 mg/L l!Cl~fl\Pl':i1fll':ii'I1ClU\PlfWh.:Jtiu (5 10 UCl~ 15 mL/min) 'illflU.:Jiff 

"' ~ i 'I ~"' "' i "' tl ,.,J'I ~ ff1':iCl~ClltJfftJ6lJ ~tJ 1GJfUlJGJfU~ CJfClU6tJ~ 6W'I1fllJ'YI1 GJf 1 Ufll'.l'YI~Cl6-:J 25 oc . ~ 

3.7.3.5 !~Ui16~1-:JJl~f-hU~6rl'l.JlJ'fJfl "1 1 Ulfi1u~1-:J'li'1 imtt'.lfl ~62J1!~1J 

\9l16tiHJll'Jfl "l 5 U1fi'ilumu 2 •ih ilJ.:J !~6lhitJM1fl\Pl'.l1flUi'I1Cl rlTWWGJf ttel~'fl"lrl1 
... ,J d ~ ~ ~ • .1 ~ 0 

fld12Jff1lJ1':ifl 1 Ufll':i~~flCl'I..IUff .:J (Abs) UCl~ttJCltJUt1JU~11lJ!'l.llJ'l.IU~1tJmlnlJ1\Pl':ill'l..l 'ill flU 'WU1 

HClfll':i'YI\01 Cl6-:J~ 1~ 11 u~1-:Jm 1vJtu1 ~'Yil t~6111mmwm1 ~l"tciu~fflJ~Cl (<~e) nm~ ~~tu':i~'YI~ 
(tt,) !!Cl~lllJ1\Pl':i~~~!1J':i~'YI~ (V J 
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~ " e = flt:Hl:IJ'W 

g 
d = 'U'lflll1'1fl.J~ 

"' "' l1'.i"fi11Jfll.Jf111l.Jtl''l 15, 20 

Ui'l:: 25 em 

h f= iuufi''ltr'l 10 em 
3} I o' 

g = lU''WNli!!'WUfli'lN'lltH 

~ o' 
fltlill.J'W 1.2 em 

"' o' 
h = fl'lll.Jtl''l'lltl'lfHli'll.J'W 40 em 

a 

d 



' .,. 
'U'YI'YI 4 

Ntlfl11l~tiUU~0nU11tiNU 

.Q J ~ cl~ d Q,.# v 
. 4.1.1 Ntlfll~lAfl~l~'tl'rf'UfiNlUD~,'Ul~l'Wl'UAiUUJ,tH~l~~CJftJ 

~ o'fV Q.l 91 .4 ol=t, o''J) 

111f1fl1'J'1Afl'i1~'11~1~~9fl.J~1tl1fi'HJ~ Automatic Surface Analyzer 1Ul'J'1~'11~1tl 
I Jl I I 

BET -method t~t~ffml1'111~'U l1~1u~~'U'Wl~ 'J''WHHu ~tJ'Ut~~i1~~cH'U fmnu1tm1~11'mr~~ l u • • • 
I Jl I I 

~1'J'1~n4.1 'W'l111 ui~u CTSIMMT n.WulifbU't~vn-hu~~n'Uul~'J'-...'jtJm~vlmun11td~u . . " 

MMT trtfl~111f1 'hH~f1~'Utl~ 1fl1~9f1'U11~t'IY1 ,1J1Jmmm'W'J''U'U'U1~t~f1'Ufl~ui~u MMT ff1'U'J''W'J''U 
q II 'V q 1\J q 

'U'Ul~ lmy11~hi\jf1'U~U~ ~~'t11hf''U'U1~1'W1'Utl!~ti'Utl~td~u CTS/MMT i11qj~u ff~H~ hfifu~ 
~1€1~€l~trtt1~111f1ifu~~1il1tll'W1'U'U'U1~t~f1'111tJ11J trlmntJ'Ufl'UttS~'U MMT (Wang and Wang, 

2007) 

' miiv (nm) 

MMT 78.23 3.62 

MMT 61.40 6.70 

MMT 46.00 14.20 

MMT 

MMT 

CTS/MMT 27.95 8.92 

CTSIMMT 22.30 11.80 

CTS/MMT 23.00 16.90 

CTSIMMT 

CTS/MMT 

CTS/MMT 

12.71 

12.74 

12.30 

13.00 

12.60 

15.20 

15.76 

13.60 

18.80 

15.60 

16.20 

Wang and Wang, 2007 

Monvisade and Siriphannon, 2009 

An and Dultz, 2007 

Kittinaovarat et a!., 20 I 0 

" ... ., ... 
.:Jl'W11lti'W 

Wang and Wang, 2007 

Monvisade and Siriphannon, 2009 

An and Dultz, 2007 

Kittinaovarat eta!., 2010 

Kittinaovarat eta!., 2010 
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tdmtntJlJ1flfJlJ~'lJ~ih~11'n1~U~~'lJ\J1~~'W(\Jnl~tJ'lJtl~U'.f~'lJ MMT U~~~d~'l.J 
Ql ~ Ql A I ·~ .J.c::s A .J~ 0 .c::t .d 'J) 

CTSIMMT tllJ~1 \J"Hltltl\J "l 'nlJ 11 U 'J ~ 'lJ 'Yili'W 'lJ 'YI f.l11111'n1~ llltl 'l~lJ'lJ 'lJ 1~ l'n1 'lJ1 'i1 ~ V\J t1 tJ 

(Monvisade and Siriphannon, 2009; Wang and Wang, 2007) tdtJ~\ll'JW1mlJ1Wtll'J~~CJ71Jihft~lJ .. 
~ih.h~~~lJ~1vtd~'lJ CTS/MMT fllJU~~\J MMT 'nlJ'h U~~\J CTS/MMT ijtfimwnn~~cJ1lJ .. 

' ~ 'jl' ,..,. ""',l ~..,. 0 ' 1 'jl ~ ' .... II) 'liJ 'jl..,. ~ 
111tltl11 tl~U1111U'J~\J MMT 11'W\J'Yif.l11l11'W1~lJ1tltl11 Uff~~ lf111\J11tll'J~~CJ11J llll~ltl~'lJ\J 

" 
14 l.c::t .c::sd 3/91 

t'i1rn~m~lJ1\Jtll'J'Y11~tllvmv.t~tJ1~1~tJ1 u~"~:um~lJ1\Jtl1'J'YI1~1fl11lJ1!tltJ1'lJtJ~~1a 

. . 
.c:l I 'J) Ql d. .c:.t. I ,:!t I 0 Q1 f~ 

fll'W'YI 4.1 fllfl1111t'lJ11'lJtl~Hff (Intensity) l.lfll\l~"J'~ 1lJtlfl1~11 29 = 5.81 o ff1lf'JlJU'J~\J MMT 

u~~trlt~fh:u:urvhnlJ 29 = 6.95° U111i'ud~u CTSIMMT ~~t111111mri1Uff1m'Jmh hlri1'W1WM1 • • 
>J 

~tl~-h~'J~lfi1~'17'W~\J (doo) 'lJtl~td~uilt~tJtllfftJ Bragg's law f.l~tll'Jfl1\J1W wlJ·;h n:a~ dOOI 

'lJtJ~u:f~'lJ MMT ijf11t'YhnlJ 12.71 A tm~u:f~'l.J CTS/MMT ijfilt'YhnlJ 15.20 A (~i'W~l'Jl~~ 4.1) 
" • • >J 

tll'Jfl'J:::v::: d001 'lJtl~td~u MMT 'lJV1V,;1ti7t~Qni~m.h~1tJff11lfi1~CJ11\J ff1111'JfltJ~lJ1ai~i~i1 
I~ Ql 11) 'J) ~ I, ~ Ql Ql I 

'J~a::: d001 'lJtJ~U'J~'W MMT ffllJ11fl'lJtmJ~1l~!:UtJ~:::mat~~ 'W'Wltm:::'l:::M~~1tl"1Jl.lltl!2i'W'J:::a::: 

t~wrlmd~u MMT u'lf~i1~~ trlmhm'l'i~mh~1tJff11lflt~CJ11\J 1:umfJ"'lJtJ~ffnlflt~CJ11\J1l~ 
91 liJ ... I d Ql b) .d I , I I .dl ,t=::t, t::l lr) 3-ld ...::::. 

t'lJ1 nJU~nt'tJM'lJ'tJ'J~~-lJ1tltllJ ltltltl\JlJ1tl'Yitl~tlltJ 'lJ'lftlnH d001 tm:::1l:::\}tltJ~~~f.l1l TVIlJ'JtdW 

,f 'lJ trl tltd ~ 'lJ CTS/MMT U M ~,; 1~~ ~tl~ iHi~n ri 11~ 11::: lf ~ ,;1~~ U~t rt tl~ 1l 1 tltllt" TJ~ 'lJ t1 ~ 
lflt~CJ11\J~ij'lJ'W1~ 1 mytm:::Qn~1 ~ i 1iu~t~~il~Ju11:::n1MU1~tilui1J1v'W ~~ri~f.l" 1-.f'lftl~il~ 
<v l Qlll)'j)'J) .C::S j) I ~ 

~~tl"11lf~~1l~'WtltJ~~ u~~m:::a:::tl11~tl11'J:::v:::t~11 (Wang and Wang, 2007) 

trlmmalJtfivlJf.l~m'Jf1m:nnlJ~lu1~a~u "l 't'I1Ji1 'J~l'J~'lJtJ~'lft~~iN'J:::Mi1~ 

~u~u (d001 ) 'lJtJ~u:i~u MMT ijfi11ml'tfia~nu J'uf!t~t~~iu•Jb~ 12.30 ~~ 13.oo A ri1.wd~u 
CTSIMMT 'l:::ij'J:::tJ~'lJtJ~'JftJ~-;h~'J:::lf'h~iu U~~tltlntiJ'lJ 2 ~1~i~un 'J:::a:::'lf1~~lf~~ 13.60 ~~ 
15.76 A u~:::'J:::a:::~1~~fft1~ 16.20 ~~ 18.20 A i~uff~~i'Wm'Jl~~ 4.1 \lltl~l'Wi~v'lJtJ~ An and 

• >J • 

Dultz (2007) um; Kittinaovarat et al. (2010) tJ~mm)nEJw:::fiwlJUil ID111W lflt~CJ11'Wifi1..rtum'J 

i~mhu~~u MMT 'l:::ri~f-1" 1-.f'lft~~il~'J:::Mil~i'urri:u~u i~~1:ummw ifi1~CJ11'W~1'111 unni~ 
_ I ' ~ ~ ' !:lt liJ 'JI ' liJ 't "' "' "' "' ?t ~ 

U1J'J U~tll'J1W1l'lJ'lJ'l:::UlJ~tltltlt1J\J 2 'J:::tJ::: l~Utl 'J:::tJ:::U'Jtl &fll~CJ11\J\l~t'JtJ~~1tl\J11J'lJUlJlJ'li'\J 

t~l'J1tnl'Ji u'lft~~i1~'J~1-d1~.fu (monolayer) u~~'J:::a:::~fft!~ i fit ~911\J ~~~ a~i1tiwiJuu1J1J fft!~ 
~\JflltJ 1 'lJ 'lft~~iN 'J:::Mi1~.fu (bilayer) ~t1~i1~'J:::Mi1~.fu ff1111'J tl'lJtJ1tJi1\l~ -ey~ i ~ilitfl\Jfl1111 
tll1~'lJt1~;~a:::~fft1~ ~~u~\l~ijnnr~:um:un i flt~CJ11'W~1..rtunni~u'l1'J~~111 ~~Ju mmw 

' >J 

'lJtJ~ iflt~CJ1l'Wli1..rt u nn~~utJ'J 1 u~1ui~ail 11:::rit~ 1 H'tfi~m'J~~~1 a~i1'lJtJ~ i flt~CJ11'W 1 u'lft~~-h~ 
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4=1 31 ~ " Jl ~ ~ 
t'VW~'lf''IJl~tJ1!'Yhuu 'Uflfl1l1flihfhnw l t.1 fll'l't)~cM1J, flflflt.l '11J'Ufl~U l~'U CTSIMMT 1l~t'YUJ'IJ'U 

I f I t .d ,c:! J 
~1lJ'l'~t.l~'llfl~'Mfl~1H'l'~l111~'ll''U'YUlUl'IJ'U (An and Dultz, 2007; Kittinaovarat et al. 2010; Wang 

and Wang, 2007) 

CTS/MMT 

6 8 10 12 14 16 18 

2e (degree) 

. ~ J ' ... ~ J Q.l QJ Q.l 

4.1.3 Nafll11tfl'll::'H'H\frt~ft'lf'U'Ufl~fi1~~CU1.J 

fll'W~ 4.2 ml'~~ IR Spectra 'lltNtd~u MMT 1r~t~9flt.l tm::Ul~t.l CTS/MMT 

1trl'l'l~Mt~tJloM'~1t.ltrlifl~ FTIR t~flfffl1olll11l1~fr~n'lfu~ttJ~tJU1tl'llfl~Ul~t.l MMT~\)Ml~utJ'l' 
, .1 "'' I C> I I C> Gj i/ ~ Q/ I 
IJllJ'UU'l'~t.l CTSIMMT 111111 IR-spectra 'llfl~U'l'~t.l MMT ml'~~ mmt.ltN'Hlq! 0-H stretching 

~oWrl 3622 cm-
1 'H~ -OH ~oWrl 3421 cm-

1 U'1~ Hp ~oWrl 1633 cm-
1 

IR-spectra 'llfl~ffn1r~1~9f1'U 

Uff~~lM'tiluo~M~ 0-H U'1~ N-H ~~rl 3421 cm-
1 'H~TI~niu C-H (Methyl) ~~rl 2925 cm- 1 U'1~ 

1423 cm-
1 M~fr~n'lf'W C-H (Methylene) ~rirl 2883 cm-'tm~ 1382 cm-

1 U'1~'W1Jl1~TI~n'lfu NH-CO 

~oWrl 1633 cm-
1 ~h'W IR-spectra 'llfl~td~'W CTS/MMT Uff~'llMtituu~M~TI~nGJTu 0-H N-H U'1~ 

Hp ~~fl 3421 cm-
1 'W1JM~fr~ni'W C-H (Methyl) (2925 cm-

1 U'1~1423 cm-
1
) 'W1Jl1~TI~n'lfu C·H 

(Methylene) (2883 cm-1U'1~ 1382 cm-
1
) U'1~~~fl 1633 cm-

1 'Wtm~'W'~n'lfu NH-CO U'1~ Hp 

(Wang and Wang, 2007) ~~M~fr~n'lfu~h~ "l ~'W11lt.~\9l1~~cM1Jttl~'W CTS/MMT 1l~iil1~W~n'lfu 
11J~ .I li/ "' .. __ I Gji/~QI 

'llfl~ffl'l' tfl ~~9f1'WIJ'l'1flUfl~~1t.l (Wang et al., 2005) 1llflN'1fll'l'1trl'l'1~l1~~fl'111Uff~~ ~'Ht'H'WfN 

mm'1mtl-~t.~utl'l'~~'l'~WJ1~M~fl~ill u c -NH3 +) 'llfl~ffl'l' 1 r~l ~9fl'Wn11t1 'l'~ ~111fl~flgmv 1 md~u 

MMT (Monvisade and Siriphannon, 2009) 



' 

_, 
W avenumbers (em ) 

1000 

ct "I "' .fll'W'YI 4.2 fftufWl'JlJ FTIR 'lltl.:J MMT CTSJMMT Ur;J~ CTS 

~ tlQJ v 4 ~ QJ v 
4.1.4 N~fll~1&fl~l~'t'll:rW§l'J.Wi;i~~flliW~'WllN1'U0-:J~1~~CJS'lJ 

51 

500 

.c:t. t/Q.J Q.l ,X .q cv Ql " .dt ij/ 
1llfifll'J1tml~l1'ffW!l'WUr;J~r;Jfl'l:JW~'YI'WN1'lltl\1~1~'Pl9f1J'Pl1tHmt>.:J SEM 'flNr;J 

nnitml~M~\IU'ff'Pl\lt 'Wfll'YI~ 4-3 'YitJil 1lltlfll'YI~ 4-3a 1l~t,:;'W i~·),ij l:JJtr;Jtlr;J'lJ'Wl'Pl hnu'llt>\1 . .. 
" ifll~9fl'WV'Pltfll~l1~t>tflilt>1Jt>~1J'W.W'WN1'llt>.:Jtt'H1u MMT tm~uH)u CTS/MMT ihl'm!W~'llt>\1 

91 ~ Ja .d . Q.l ·~ Q,l til d 
'J'YI'J'Wtl11-:J'll'W t1Jtlt'Ylti1Jfi1JU'J'Pl'W MMT 'Pl.:JUff'Pl\1 t'W.tll'YI'Yl 4-3b .. . 

' • .q tl, " cv c:t.Q.I 

'YI1J11 mtmntml~l1'fftl'flflr;Jt>\ltl1J.:Jl'W11ltt'll0\l Pandey and Mishra (2011) Ur;J~ Wang and Wang 

(2008) 'lfuflt> ffl'I~ti'tli'tJ'fffll'Yitd~'W MMT 1l~tltlflr;J:JJl1~atf1~01J0V1J'WH1'll0\ltd~'W MMT . .. 
tsM'W ffl'J Chitosan/clay nanocomposite (CCN) (Pandey and Mishra, 2011) Ur;J~'ffl'I N, 

0-carboxymethyl-chitosan/montmorillonite (N,O-CMC-MMT) (Wang and Wang, 2008) 
~ l.c=::t. l.c::t. d. Q.l d " ~ . d Q.l Q,l l.q 

'W0fi1lltl'WU'J'Pl'W N,O-CMC-MMT Ur;J~U'J'Pl'W CCN :JJr;Jtl'l:JW~4'Y11'W'Yltl11\l'll'Wt'lf'Wt'Plt11tl'Wtl1JU'J'Pl'W 

" 
CTS/MMT t'W\Il'Wi~t~il 
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(a) (b) 

.Q " " ... f .d cv QJ jl 4 
'ill fl fll'i 11 rl 'i 1 ~ '11 'HlV~rliJ 1~ flV1J 'YI H1rl11 'tl V ~ ~ 1~ ~ 9f1J~ 11'H rl:i V 'I CHNS 

Analyzer i~~·H'lfll'ii1ml~M~'1Uff~~i'Wm'il~~ 4.2 'W1J'h Ul~'W CTS/MMT ijtJ1111W'tiV~tiliOJ 

m11Jv'W til~ ieJ i~'i1'il'W til~ iu im!'il'W u~~til~cJf~1rlv{ 11~ni1ui~u MMT ~~uff~~o~m'i 
q q q cu 

... OJ OJ 
tnJ.JlW'Ufl~fil~viH , 'Ufl~~1~~cU1J .. .. 

'11U~~1~~CJf1J 

%C %H %N %S 

MMT 2.9290 1.8250 0.4620 0.3436 

CTS/MMT 14.1000 3.6220 2.6270 1.6400 

'1111li'J1'1119J : Montmorillonite clay (MMT) 

Chitosan modified Montmorillonite (CTSIMMT) 
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4.1.6 N~nl'~llfl'al~ti12il1olcuo&Llfl'rl;fl (Isoelectric point) 'Utl-:tA1ijilcU1.J 

~~ i6 htflUlfl'YI~fl (pi) 'U6'1i1t]~ciru fl6 fi1~1D'lf (pH) 'U6'11Pi'1t]~ciru~ij1.l'.i~~ 
Q ~~ tl 4 'J fQ ... I Ji I .: ~~ I ~ o Ql cv Ql f Q 

"J''Yililu'Wtf'Wt.l ('11'.i6 tlJlJu'.i~~) tlf'lfll'W1l~lu'WflllllV.l~~1~1'11'.i1J~1t]~tlf1JU~H'I~'lf'W~ (Wang et al., 

2008) 1llf1fll'.i1tml~M1l~ i6ttlfflUlfl'YI~fl'll6'1i1~~ciru i~fH'Ifll'.i1tml~M1i'lu~~'I1'Wm'.il'l~ 4.3 . ~ 

v.u-h wHit.~ MMT ""'~ad~'W CTSIMMT ij~~i6ttlftll"'fl'YI~tll'tlln1J 7.1 ""'~ 8.2 ~1mh1iu 

~mHu~ml~'U6-:t~~ i6ttlfflUlfl'YI~tl i~u~~'~ i-ftumv.~ 4.4 v.ui1 ~l~&a'lf'U6-:t1Pi'1t]~ci'uijfil~l 
I , ,. "" "" I .r "" Ql Ql "'.I "" ~I 1 Ql !J/ 

f1111l~ 6 ttlf6Ultl'YI'.itlUU~'I11V.'Wf.I1'U6'1~1~~Cif1J1l~lJu'.i~1l~'Yililu'W1J1f1 U"'~ 'W'Yil'I~Hfi'W'UllJ 
q cu q q 

, Q Ql Ql 4:::1 I I q ,. Q .Q ' A Q Ql Ql .<:::1 ... I Q ~· 
tnV.W'If'U6'1~1~~tlf1J1Jfl1~ -:1 f1111l~ t6 t tlf6mtl'YI '.itlU ~~'111V.'W f.I1'U6'1~1~~tlf1J 1l~1Ju'.i ~ 1lU'Yili Lu'W 

qJ v q cv q q 

mJ (Yahya et al., 2008) 

3 3 
-KN03(0.1 M) - KN03 (0.1 M) 

2 
- KN03 (0.01 M) 

2 
- KN03 (0.01 M) 

0 0 
:I: ... :I: ... 

~ -1 8 10 12 ~ -1 8 10 12 
:I: :I: 
0. 

pHo 
0. 

-2 -2 

-3 -3 

-4 -4 

-5 -5 

(a) (b) 

mow~ 4.4 ~~i6ttlfflmfl'YI~tl'U6'1 (a) MMT Lm~ (b) CTS/MMT 

fll'.i1i~u1.l'.iu~~'W MMT i1.1&1JtJ&d~tJ CTSIMMT 'W6f11llf1'il~ri'lf.l"' 1lf~~ i6ttlf 

flmfl'YI~fl'U6'1U~~'W MMT l~lJ~'W'illfi 7.10 i1.I11J'W 8.20 mf1il'-:tri'lf-1"'1lfu~~'W CTS/MMT tJ'-:~ij 
1 ' Jl , • 

f.l"'~l'I'U6-:tfil pH
0
-pH ni'l'lfi'hu~~'W MMT n'lf1'1 pH ~hw:h 8.20 ll-:tthU6'11Jl'illf1Ul'.iitlt~tlfl'W 

ij,uj6~iJ1umi1u 11Jmn"'u"'~'rlm1llJllfll~~~ibnuu~~'W MMT 'il~ri-:tf-1"' 1lfu~~'W CTS/MMT ij .. .. . 
mmtu '11~6~iJ1 'W~ij1.l'.i~ ~1J1f11~1J1Jlf1~'W ~'I'Yil1lfijf.l"'~l'I'U6'1fil pH0 -pH 1 'W 'lh'l~~lfi':h 8.20 

9) ,f "' liJ "'"' liJ 9) ,f ..;. "' Ql '"" ' .,. ' f111'11Jlf1'UWU1~Ul1Jl'.ifi~~Cif1J W66'W'YilJ1h~1l"'1J t~U-:t'U'WllJ6l'Yit.I1Jf11JU'.i~'W MMT U1'W'Yifl1 pH 
~ . .. 

U -:~w:h 8.20 'il~ijfilf.l"'~l-:t'U6-:t pH0 -pH 'U6-:tU ~~'WU~fi~l-:tn'W U 6t.llJlmrl6lm tJ1JlntJ1Jn'W'.i~W:h-:t 
ll~~'W MMT um~Ul~'W CTSIMMT 
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I 
0 .., ... ... .., .., 

'iJY~1t>icuamfln1fl (pi) 'tllVI'lJ'tl 'lfUVIV11tJVICif'U 

1 MMT 7.10 

2 CTSIMMT 8.20 

tn.nvm~ : Montmorillonite clay (MMT) 

Chitosan modified Montmorillonite (CTSIMMT) 

... ·-~ ... .ctcl "" <V ... , 4.1.7 N'tlfl1111fi11~'H'U''nJ1WiJ11tlU'tl'UI (Organic matter) 'Utl.:!VIlt]VICif'UU'tl~iJfJtl'IJ 

~ rl - I.e:. .::::. .c::t "l a.~ Q,l .::t 91 <)' l !II"'"" 
'0 1 f1 fl1 ':i11 fl 'J 1 ~ '11 '111IJ 'Hl1 W ff1'Hl'W 'VI 'W 'IJ Vl1~ ~ CJflJ 11 C'l~ fftltl ll t ~ V 'lf11i 

Organic matter determination (ASTM D 2974- Standard Test Methods for Moisture, Ash, and 

oC':.\ o' ... F- oC':.\ .c::tfl<v l d 
Organic Matter of Peat and Organic Soils) HC'If11'J11fl'J1~'11IJ'Jll1Wffl'Jtl'W'Vl'JV ~~Uff~~ 'WV11'Jl~'Vl 

4.4 'WlJ'h ui~'W CTSIMMT UC'I~H~ffV't>llJ~ 2 'JfU~'II~iiff1'Jfl'W'V11rJL~'Wtl~flti'J~f1tllJ ff1'Wl'WLd 

~'W MMT '0~11Jiiffl'Jfl'W'Vl1rJt>~HW trlmi1fl1'J~~CJflJff6t>llJ~fftl~~1VLLi~'W CTS/MMT 11~1 .. .. 
'WlJ'h mll1Wff1'Jfl'W'Vl1rJ'lltl~Ld~'W CTS/MMT ml~f11'J~~CJflJL~ll~'W'01f1 26.28 % (Ld~u .. 
CTS/MMT fltl'W~~CJflJ) 1t1L~'W 38.17 LLC'I~ 33.27 ff1'11i'1Jff6t>ll RB5 UC'I~ MO VlllltlWllJ mmw 

"' d o'd .!, ~ .N l !j/ d odl I d !1/ l I"' 

ffl'Jtl'Wl'l'JV'VlL'Wll'll'W'WLLff~~ l1!'11'Wf'l~f11'Jti'Jlf1!)tl~'lltl~fftltlll 'WU'J~'W CTS/MMT 

... ... " % Organic matter 
'lfUVliJfJtl'IJ ... , 

N~J:Jtl81J u-iR'U CTS/MMT tltl'Ut)~cVU 
fq u v 

U,~'U CTS/MMT 'tHN~~"'JU 

RBS 41.15 26.28 38.17 

MO 35.42 26.28 33.27 
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~ ... f A A 4V 

4.2.1 NiUll'lftfl'Mlu1::i:rfl1i.tll'ftfl11~fi~U 

1~flfff11:11'1.h~~'Yinm'Yiihlm'dtJ~cifuffVfl:IJ RB5 11€1~ MO ~1md~hl MMT 11€1~ 
CTS/MMT ffllll'J\ll'il i~~[Jfll'Jl111Ufli1~hl~fll~ifh1i~ (Removal percentage) ~~Uff~~ i fl hi 

l'll'Jl~~ 4.5 'Yi1J'h Ul~hl CTSIMMT iin.Jv{t~hl~fl1Hll1i~ffVfllJ..f~fffl~'lflJ~~~fl';hu-J~hl MMT 

t11'J~Ul~hl CTS/MMT ffllll'J\lt}~cif1JffVfllli~lJlflfl'htThl vnt~V~ll11llfl1d~hl CTS/MMT ij 

cMfl~11~'J~l11Hi'hl~hl (d001 ) ~fl{l~~hltl€1::ii'Uhll~'Ufl~~'Yi1hll'il~[Ji l1tYfl11Ul ~hi MMT ~.:JUff~.:J 
i fl hlm'JH~ 4.1 l'i1 i -H'iYvflll~iiillmfl€1'Uhll~ i '"tYffllJl'J mt1~flhl ~1'1Y1 h.Jv~i hlifl~1H'J~l111~ 
~ ... .,f d~ d 31 ~ Ql ,l ... '"" ..!\ 
'lfhl~hllllfl'Uhl fll'J'YI tlll€1fl€1'Ufl~fftlfllJ0~1fll~fl1J'YihiH1'Ufl~U'J~hl CTS/MMT U11llhlfl~lll'illfl UH 

v~mtio1'Yil~fl10fll'Yi 11€1~11H'Yil~ hllhffill'l (Electrostatic forces) 'J~l111~1h~~1J1fl'Ufl~l1~ 
.q,. I 4 Ql .cl , I 'J} J'\1) 'J}d 

fl~ll thi1JhiU'J~hl CTS/MMT nmh~~€11J'Ufl~ffOfl11 (Wang and Wang, 2007) flflhi'Hhllhl 1~11 

fll'Jfff11:11t11'dtJ~cif1Jfft1fl~ im'J~ (1rlhlff~l1tJ'J~~€1'U) ~1ompfhltl'Ufl~Ul~hl MMT 'Yi'Uil ui~hl 

CTS/MMT (Wang and Wang, 2007) U€1~td~hl N,O-CMC-MMT (Wang and Wang, 2008) 

4 0 -~ d ... 1 d' d (/ 0 OJ od., , 1&::::1. 

Lllfl'Yil fl1 'J LlJ 'J O'U t'Yl01J11Jfl'H9fhll'l fll'J f111l ~ff[JfllJ MO U €1~ RB5 ~ 'JtiU 'J ~hi 

MMT l'l1J11 Ul~hl MMT l'lfLUfll1~hll?)'fll'Jfll1i~ffVfllJ MO ~.:Jflil ~<Jfll'ilL~fl<Jlll'illfl'Uhll~ 

i111€1fl€1'Ufl<J ffVfl11 RB5 il1t)jn11ffVfl11 MO ~<JU'Yil 1'1Y1 i ui hi~'Yi1hll1~floMfl<J11n~l111~i'hl~hl i ~ 
Uflon·;hffVfl11 MO U€1~U1111fl~'illflUHHtlfl~hi'Yil~ivHh (Repulsion forces) 'J~l111~U'J~~€11J'Ufl~ 

Ul~hl MMT 01JU'J~~€11J'Ufl~ffVfl11 RB5 ~~<Jfl111~fl~'illfl RB5 211ilhl1hll1~cif€1 hhul'l (Sulponate 
~ ~I I d.:t .I ''I ·~ I d 31 d .I <I d <I 

functional group) 9f.:J1IJhll1\j'YI11IJ'J~,mJ6~ 1h1 1111€1f1€1lllflfl11ffOfllJ MO 'UW~'YI1IJV'J19fhll'lfll'J 
0 Ql .c:1 fJ/ 9) - I ~-- .d -I f -A 9/ ~ .d. - - d. g} .d 

t11'il~ff[Jfl11 RB5 ~10U'J~hl CTS/MMT 11t11ff.:Jfl11ff0fl11 MO 9f~Ul'il1hlfl.:Jlll'illflff0fl11 RB5 11 
"' 

31 ~·'131 ~.,.,.31 11!31 ' • 
Ofl11 MO 'il<J'Yill'Hff111l'JmJ~'il1Jff[Jfl11 RB51~111flfl11 MO (Elwakeel, 2009; Mohammadt et al., 

2011) 



lliUH~ 4.5 r-mm':iffm:n'lh~iY'YinflTYH11':i~~911Jfftl'mJ RB5 u~~ MO ~ C0 = 200 mg/L i~wl'* 
mlJ1Wi1~~9flJ 0.5 g fJWHJJinUfl1'J~~9flJ 25 °C U~~ pH0 = 7.0 ± 0.5 

0 v 4 Sl 

"" """' 
% fll'ifl11l~iltl8'll 

'11U~iltl8'll 

MMT CTS/MMT 

RB5 1.85 73.33 

MO 2.15 67.33 
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'il1nr-~'i:lm'Jffn£J11h:::iY'Yinnwm1':i~~cir'lJ vn.r;h u'.i~u CTSIMMT t1~hJi1~~91'lJ 
~ ~ 

~ff1lJ1Hl~~cir'lJfftl'v:w RB5 tm::: MO luJ1ffff~tm1:::l1'i~mnni1td~u MMT ~~Ju 'lunu 
~ ~ 

'YI~'i:IV~.,j''W\PIVU~V itJ 'il:::fffl£11!U~1~fl1':i~~i'lJfftl'VlJ~1mtl~tJ CTS/MMT t'Yhuu 

4.2.2 N'rlflUHfl£J11olcumo'llml~~ci'1.J 

iv 1~t'YIVlJ'UV~fll'J~~cM'lJtrJufl1llJfflJWtJn':i:::H1l~mlJlW'UV~i1\}fl~~i'lJ~V~ 
A -.::. Q.l Q.l cv " 31 Q.l Q.l Gt .d ~ 

'lJtJ~tJ f-11'U V ~\PI1~~CJJ'lJ fllJfl11lJt'UlJ'UtJ 'UV~\PI1tlfl~~9f'lJ 1 'W 'UV~t11'i:I1'Yiff fll1:::fflJ~'i:l W VW 11 fllJ cu cu cu q q cu 

.Ji "'' llJ "i ., .!\ llJ ., ""~ .Ji llJ "i 
HU~ "1 fll~fffl£11 tV 19fi'YIVlJfl1'J~~9flJt~V111fl'i:l tfl'UV~fl1':i~~9flJfft1VlJ 9f~ tV 19fi'YIVlJ'UV~fl1'J~~ 

91tJt1:iu u lJ'lJ ~ 1~ v~ ~vn lJlCJ '1 ~ ~ tlffll nu 11 n~ '1 nm'J ~~ilJ ffvv 11 t1:1u nu ~ ~ilJ u 'lJ'lJ iut~ CJ1 

(iv 19ft'YIVlJU'lJ'lJU'i:l~lijtlf) H1Vfll'J~~9f'lJtt'lJ'lJH'i:llCJ.;tJ (iV 1C)fi'YIVlJU'lJ'lJ'YJ':itJ~'ll') m lJlW 'UV~ff 
~ . 

~ "' ., 0 llJ ~ .Ji ''I "' 'I ., ~ 
tiVlJ'Yitlfl~~9f'lJff1lJ1':itlfl1tJ1W t~'il1flfflJfl1':ifflJ~~lJ1~ff1':i 9f~Vtll'UlJ'YI'YI 2 1'U'I11'UV 2.6 cu qJ q cu 

fll'W~ 4.5 f-l~fll':i~~V\PI.,j'VlJ~fll':i'YI~riV~tllJfflJfll'J iv 19fi'YIVlJU'lJ'lJU'i:l~lijtlftnl~'thtJ~'ll' 'WlJil 
~ . 

i V 19ft'YIVlJ fll':i ~ ~9f'lJ'UV~fftl'vmf~ffV~'ll'ij~ijfl11lJffV~fl ~ V~ tl'lJ i V iCJJt'YIVlJfll 'J ~ fl i'lJtt lJ'lJ 

mNtijvfmnn11iv 1CJJt'YIVlJfl1'J~fl91'lJttlJ'lJW(tJ~'ll' if'ICJ~'il1':iW1'il1fl~1 R2 ltJ\Pil'J1~~ 4.6 u~::: 
~1'Wl'J1lJt\PIVf~l~ "1 ~i~'il1flfl1Hhr-!'i:lfl1':i'Yifi~V~fl1'J~fl9f'lJfft}'VlJ~fJW'I11Jll~1~ "1 (25, 35, 45 

tt'i:l::: 55 °C) lJl~gV\Pifl'lJfflJfll':i iv 19ft'YIVlJfll':i~fl9f'lJtt'lJ'lJtt'i:l~lijtlf tt'i:l:::ffllfll'J iv 19ft'YIVlJfl1'J~fl 

cM'lJttlJ'lJ'Y'I':iu~'ll' i~uff~~inu\Pil'Jl~~ 4.6t'lfut~CJ1nu 
q 

fl.2 llllJ11 ijiDlJ1Wfl1'Jfl~i'lJflVtJU~~mi~fl1':ifl~cM'lJU\Pifl~1~fltJt'ritl~tgfl'lrVtl (i~tfltJ~Vml::: 5) 
~ ~ 

11'1u i~tnflm':i~fli'lJmtJ 
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-< 20 

-- Langmuir Isotherm ( 45°C) 

Langmuir Isotherm (55°C) 

0 

0 100 200 300 400 500 

Equilibrium concentration (mgJL) 

(b) 

m'f'l~ 4.s · 1v 19fmv1Jm7~~i1Jii'rrv1J~1nJ1ihY'·um1~M'Uv~iYV'mJ (a) RBs u€'1~ (b) MO 

~~W'H.fJlJU~fl~Ph~fi'U 1~flL~fl1~~cH1JU~~'U CTS/MMT ID1J1W 0.1 g 

U€'1~ pH0 = 7.0 ± 0.5 
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' .<:1 "" .. lit 1 .... .<:1 .. ..1 "" .... 
~UH'fl 4.6 'rll~llltl'ltl~'IJV'I HI C]ft'Yitlllfll~~~C]f1JU1J1Jtnl'ltlltl~ U~~U1JUnp.l~'lf'IHl'lfll~~~C]j'1J 

.qy d_ .c:t. I Ql 

fftltlll RB5 tnl~ MO 'YI~W'I11JllUI'!nl'll'lnlJ 

... 
,tllCJfl'fltltllt1J1JIUHiiitli ,o lCJfl'fltlttuuu.nl-u~v ~W'H-t"Jtl 

... .<:1 !I R2 R2 V'UVIO'tltltl (OC) qm KL KF n 

(mgt g) (Lig) (Lig) 

25 82.64 1.143 0.9616 4.59 2.03 0.8565 

35 94.34 1.245 0.9531 4.55 1.93 0.8761 
RB5 

45 111.11 1.507 0.9775 6.65 2.10 0.9425 

55 138.89 1.999 0.9870 8.27 2.07 0.9408 

25 68.49 1.047 0.9730 4.81 2.21 0.8483 

35 84.75 1.128 0.9786 4.93 2.08 0.9212 
MO 

45 100.00 1.347 0.9611 5.16 1.97 0.8914 

55 123.46 1.833 0.9809 7.93 2.13 0.9276 

. ~ 

~lnl'll~l'l'yj 4.6 'ri1J'Jl rll qm mll1Wf11~~~i'U~'I"J'~Ht1J1J'lflJt~ti1'1Jtl'lffrfall 
I ~ .X ~ .X "'> I .r= Ql 

RB5 tm~ ~om KL um~ KF ~~t'rlll'IJlJI'llllfll'H'rlll'IJ'W'Ila'I~W'I11Jll ttff~'111IJHJ1Wf11'i~~C]j'1J'iJ~ 

.:J. J ~d ef I Ql .c:1 jl ~ ~ ef I C\ 

t'rlll'IJ lJ 1'1111 ~ w '11 iJ lJ'YI \1 'I 'IJ 'W ~~~~ u ff~'111n ~~ 1J 1lJ nl~~ ~C]j'1J fftJalJ 'YI 'I ffa 'l'lflJ ~ lJ 1J lJ tt ~ ~ lJ 

:'1 y .!! "" ~ "' 'I .... y 
CTS/MMT IIJ'Wm~1J1'Wfll~~~rt1lmau (Endothermic process) C]f-:J'iJ~ali1Jltlt'rlll!l'llJ &'W'I11'1Ja 

4.2.4 ~l1n'ri~'IJa'I~W'I1fJiJ\Plflmll1Wfll'i~~i'1J 

t~a'l~ln tllt~n~~ih.h~~~1J'IJa'lffValJ RB5 tnl~ MO 'il~t1n~~~~~11JlJttl~'W CTS/MMT ~ij 
q q IU tv 

'l1~~~1J1n ~~lV.tv'lf'lla'lffl~~~~lv-a'l'il~iimmw'lla'l 1~~~ an 1 CJt~"lavvumn~-:~~~~,r, 1 'lhttl'l 1l1J . ~ . 
01J tllt~fJ~ffVflll l u1J1 nw Yiiiu~~ ~1J1n'IJV'Itd~u CTS/MMT ri 'lrm i M'ii.riun1Nffl'l1 ~1Jv~1l1J 

n1J tllnlfJ~ffrfflll~~~'l ~'IJ'Wmll1Wfl1'i~~i'1JffVflll~'l~~~'l u\Pl~~1V.m'lf~l 'ildjmll1W'IJfl'l 

Ill Ill ~ y 0 'I y.,. A d I 0 Ql .... ~ "' y ~ .X ... ~ • r= 
&~~~an &C]j'~ tt~flalJlJfltJ 'YI11'111J'ri'W'YI11'1ff1'11'i1J~~C]j'1J &llmn~fftlflllt'rlllll1n'llu ~'llJ'WIJ~lJlW ., . 
fll1~~i'1J~'IU'I~lJ (Wang and Wang, 2008) t~a'l'illntd~'W CTS/MMT iil~ la tC]f~Hlrtl1~rtt'Yll01J 
8.2 (lu11'1'lfv 4.1.6) ;'tlfn'iu11~~1wt~'lfU'~n11'Y~d~u~1'1Jt~'IIPi1~~CJ11J'il~iiu~~l'1'Jwm u\Plr-~~ 
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t111'Vl~HHH'il1nmv.~ 4.6 v.tJ11m1~~ci1Jffei'mJ~~w~n-~5-Hn:m1mn~~u 1~vmfu .J~~ .. .. ..., 
4 ,. d,., --=i .d Q,.l ~ ~ Q.l Q.J , .c::i .d .ct 

I'W~Nlll'illfl UJI~fJ~fftJfllJ\jfltJ~111'WtJ1fl1JV.'WN1'116~1911t)~CJ11JW:W!!HtJ~I11'WtJ1'V11~1fllJ (Wang and 

Wang, 2007) 

120 
§ + Reactive Black 5 ,-._ 

100 ~ 
bO 
E 

• • Methyl Orange t .....__ 

0 80 
'g 
0. 60 o:l 
0 
s:: 
0 

! • • f • • -~ 40 • 0 

"' "0 
20 < 

0 I 

0 2 4 6 8 10 12 

Initial pH solution . 
mnn 4.6 fi11:!.J'ffll~ 'W 1f1~ 1111~m:m W fl1 1 ~~cM1J ifJDlJ nmh~ &tl~ i~ll \Vi' 'W '116~ ff11 ~~ mtJff .. 

ei'DlJ RB 5 ~~"~ MO ~ C0 = 200 mg/L t~tJ1'*1911t)~c}f1J&d~'W CTS/MMT mmw 

0.1 g tm~aWM.flil1um'J~~ci1J 25 oc . .. .. 

fl11t)~cM1JmtJ 

4.2.4 Nt'lftl~ftftlnO'tlBV.t'I'IIB..:.IBW'H.flil~ammwm~AVIcU1J .. .. .. 
'il1flfl11 fffl'l:I1V'Vl nV.~'IIfl~flW 'H.fliJ~ Bmll 1W fl11 ~~cM1J ~ ff.fl11~ ffll~~ l ~N" 

q qJ <u q 

fl11fffl1:11\0l~uff~~ 1 'W191111~~ 4.6 v.11i1 mmwm1~~cM1J'IIfl~ffei'amf..:.~n-a~'lfU~'il~l~ll~'W19111lfl11 
,d. ,f "' ,.\ I ') "' ,f 11) ~Q ,.\ "' .J. J <V ~ 

!v.ll'II'W 'Ufl~~W'H iJll I'W fl~'il1flt11Hl1tl A fl'W1J1~ff11 'il~lfl~'II'W 1~!1 1 !llfl~W '11 iJll!V.lJ'II'W ~~~~tJ\I'Vll 

1 ~') ~ 1 <V <V <V ,f ~ ·1~ 1 I <=I~ ~ 
'11 tfl1..:.1ff11-:J.fl1tJ 'W'IIfl~1911~~CJ11J'IItl1tl19111J1fl'II'W 'il~'VIl '11 !lll~fl~'II'Wl~ '11fl.l'lJ~NfftJB1Jff11J11tl!'lJ1 .. . " 

11J1~1J1fl~'W (Wang and Wang, 2008) 'i11fl~1'W1iitJtu '1 ~r-hu:m 1~iifl11fffl'l:l1fl11~~ciuirflfl'ltfl 
9} ·~ ·~ ~1tJU1~'W CTS/MMT (Wang and Wang, 2007) &m~m~'W N,O-CMC-MMT (Wang and Wang, 

.I _t= ... .d. ,f .d. ,f "' -1 ... 11)~<=1 ~ 
2008) V.1J11 u'JlJlW fl11 ~~CJ11J 'ii~!V.ll'II'W19111Jfl11 !V.lJ'lJ'W'IIfl~flW 'H.flll 'W flfl'illfl'W tl.:J 1~1Jfl11fffl'l:l1 .. . .. 
fl11t)~cM1Jffrfflll RBS ~1tlff11 Chitosanlamino resin (Elwakeel, 2009) !!~~ffei'fllJ MO ~1tlff11 
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I A ~ ~ .M ft~ "' ~ .M y 
Iron terephthalate (Haque et al., 2011) 'Vn..J1111JVfJW'I11Jll1'VU.J'lJlfu'aJ1Wfll'i~~CJ11Hl~1'rll.J'lJ'W~1V 

' Q.l .c9 d lJ} Q.l .QQI ~ 
1"1f'Wfl'W CJ$~1Jfi111JffV~tH'IV~fl1Hl'W1\ltJ'W 

<'! rl<r " ~ rl v 
4.2.5 N'ilnl'UHl'HlAfltl~ &U &~'UUJflU'U8-3nl~ij~CV'lJ 

.dl "i 1IJ ~ " "' i 0 d "' fll':i fffl'illl'YIV'i 1J 1~'W 11Jflff'lJV~fll'I~~9t'lJ ~Wfll':i'W lN{;'Ifll':i'YI~{;'I V~l.Jl'rl {;'! V\PI flU 

ffl.Jfll':i'lJV~ Standard Gibbs' free energy change U{;'l~ffllfll':i'lJV~ Van't Hoff(Almeida eta!., 2009) 

A ~ I "' d ~ .M ~ .M 1IJ y ... "' ' "' "'ft'1 ~ 1 
1'riVflfl'ill11fl':i~'lJ1'W fll':i ~~CJ11..1'YI1fl~'lJ'W ffll.JlHUfl~'lJ'W 1~1V~'I1l V 11J11{;'1~ \l~ 1fl~ m 'W'Yiff'Yil~ ~ 

( flllltl~ V'WU tJ {;'!~'riel~ ~1'W flffl ~l.Jl\PI'i! l'W: /).ads(/) 1~V'I11ml.JlW fi111J~ V'W ~ ~l'W 1.,Y111 ~ VVVfl\llfl 

'i~UU (fll':i ttl~vuutJ{;'I~!V'W'Yil{;'!Ul.Jl\Piljl'W: !1J) 11{;'1~'111ml.JlW~UVfltl~fl1lll 11h1'Ju'i~1iivu 

'lJV~':i~uu::h\l~lfl~ 1tJ1uilff'Yil~ 1~ (fll'ittl~vuutJ{;'I~!V'W i 'YI'iUl.Jll'l'ijl'W: 11adt') 

' 
cl ~ o' "i "' .... " "' "' y i G) y"' fll~Hfl 4.7 'rll'ill.J1\PIV'i'lJV~1'YIV1 1J !~'Wlllflff'lJV~fll'i~~CJ11..1fftJV1J RBS 11{;'1~ MO ~tl !"!fl'l1~~ 

CJfU"!fU~\P\1~"'' tm~iiffm1~1'Wflll'YI~{;'IV~UI'Ifl~Pil~fl'W 

... ._. ._. /).ads(/ (kJ/mol) /).adslf 
'li'UVIm~VI"'I'lJ 

25 oc 35 oc 45°C 55 oc (kJ/mol) 

CTS/MMT, RB5 -0.33 -0.56 -1.08 -1.89 +15.53 

R1, RB5 -29.88 -31.21 -32.54 - +9.75 

GMA/MBA- -8.41 -9.34 -10.28 - +19.40 

TEPA,RB5 

CTSIMMT,MO -0.11 -0.31 -0.79 -1.65 +15.44 

MOF-235,MO -31.10 -35.90 -41.00 - +99.6 

MWCNTs,MO -27.62 -30.15 -32.19 -33.71 +19.39 

'111JlV!l11>J : Chitosan modified montmorillonite (CTS/MMT) 

Chitosan/amino resin (Rl) 

/).adsS' 

(kJ/mol*K) 

+0.0527 

+0.1329 

+0.0933 

+0.0516 

+0.4410 

+0.1015 

Glycidyl methacrylate/methelenebisacrylimide resin loaded with 

tetraethelenepentamine ( GMA/MBA-TEPA) 

Iron terephthalate (MOF-235) 

Multiwalled carbon nanotubes (MWCNTs) 

!II "' eHUJ'i 

...::to Ql e1 
.:!l'W11W'W 

Elwakeel, 2009 

Elwakeel and Rekaby, 

2011 

.c::a. Ql J' 
.:Jl'W11W'W 

Haque et al., 2011 

Yao et al., 2011 
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~ "1"1 ... <I "'"'31 
'illf1fll'iMfl111ll'Hl'i 1J t~'W11Jf1ff'IJV~fll'i~~9f1HHJV1J Reactive Black 5 mt~ 

Methyl Orange thv.nlijt191Vf~i~uff~~i1iul9ll'i1~~ 4.7 v.u·:h fll'i~~ciuffV'vmf~ffV~"lfil~~1tl 
I"' cl I r/1 ?f .II I c::lt CV d "' ~ "J 9} GJ "' 

U'i~'W CTS/MMT 1Jfill 11atip tiJ'WI:IU 9f~Uff~~11t1J'Wf1'i~U1'Wfll'i~~CJfU'Yltf1~'1J'W t~tV~ t 'W'Yiff'Yil~ 

\J .... ICJJ 91 d .. I Q.l ~ .cS ,X 'Gt ' ei ~ 
tiJ'IJH'H'Wl fll'it1l1:1t1'WUIJI:I~V.I:1~~1'WVff'i:::'IJV~fl1'ifffl111'WV~ t'W'Jf1~ -0.11 fH -1.89 kJ/mol t1JV 

"' ~ ~ "J.f ?f I "* "' ~ ~ 131 c:$ I ~W'HfJ1JtW1J'IJ'W'illfl 25 tiJ!IJ'W 55 °C fl1'ii:I~I:I~'IJV~fl1 t).aJs(j t1JV~W'HfJ1JtW1J'IJ'WUff~~ 'Ht'H'W11 

...... ~ "J31 ~d "'~I Lf'c!l?f I 

fl1'i~~CJfUtf1~'1J'Wttl~ &~1Jlfl'IJ'W'Yl~WM1J1l\f~'ll'W ff1'W t1.ati,u 1JflltiJ'WU1fl Uff~~11f1'i~U1'Wfl1'i~~ 

CV ?f 31 c{J cl I ?f 1 31 c:$ I "' CV I .,( G 
9futiJ'W'i~UU~~fi111J'iV'W Ul:l~ /).ads" 1JfilltiJ'WU1fl Uff~~ 'Ht'H'W11~~ff1JJ:-.!ff'i~'H11~!l'lff'IJV~U'IJ~ 

UI:I:::'IJ tl~t'H 1:11ij fi111J hit lJ 'W 'i ~tii tlutfi1J1J1 fl~'W ..r~u Vl'il! rl V~ 1Jl'illfl 11 ':i~fl1'i~'H ~ ~ ijfll 'i 

11~:~~11 ri V t11l'i ~ ~U 1fl'IJV~ff1 'i flU 'W V11a~ 1:1~ 1:11 r.~J 1 i ~ Vtlf11J1 'illntd ~'W MMT U 1:1:::11 'i::: fll'i~ fftl~ 

tfl~'illf) 11J~I:Ifll:lffJV1Jt,j'1 i11U'Yl'W~11Jtl:lfli:I'IJV~\OhrJ11:1:::1:11ti~Qf1~~iu i 1nV'WU~1 W U~t1Wl~'Wfh 
"'cv"''o131 "1 1 ?1 "'~ ~ fllti'Wtlf1'1Jtl~l9l1~~9f1J 'il~'Yil 'Hfi111J &1J!IJ'W'i:::t1JrJUtW1J1Jlf1'1J'W (Almeida et al., 2009) 

0.8 

0.6 

...., 
~ 0.4 
.E 

0.2. 

0 

3.00 

• 
R2 =0.9472 

y = -1.8575x + 6.2116 

R2 =0.9266 

3.10 3.20 

l!f X leY (1/K.) 

• Reactive Black 5 

• Methyl Orange 

3.30 3.40 

.ci Q.l Q.l r/ I Q.l Q.l Q!j/ 1 G)iJ lA 

ill'Yffl4.7 fi111Jff1JW'W1i'i:::M11\Iln KL nu 1/T 'IJtl~fl1'i~~CJfUfftlt11J RB5 Ul:l~ MO ~tl &'lfU'i~'W 

CTS/MMT tlJ'Wfl1~~cMU 

'illf1\11'W1.0 tlg'W '1 ~r-hu1J1 i ~nm'ifff1111'111Wl'ilijtl9lt~f'llt~\I!'Ylt~f11l i~mij mf 
'Utl\lfl1'i~~cM1JffJV1J ~5 Ul:l~ MO ~1llfl1~~cMU'JfU~~1~ '1 wu·;h trlv~WM1Jijt'~1J~'W til 11ads(j 

y y 

'ildjti1~:~~~:~~ uvn'illnu t1.adjl u~:~::: 11adsS' 'il:::nti1tlJuu1m"lfut~v1nut1u~lui.Or.~il ~~uff~~inu 
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~lfmn f1nfl1vn~vnl'tlt~~& ·n11ff't~ N'ff~mn t11ru f11'j~~cM'1J , ~ ~n'l f11'jfff1fl1~~ 

Uff~~ h.1m~~ 4.8 fl11lJfflJ~'Un'j~ld1~mlJ1Wf11'j~~cM'm11Jn"Ct1fflJNff ~1J-;h mlJ1Wf11l~~cM1J 
~ ~ 

Cl ~ t C\ ~ ~ ,d ~ ~ Gf I Q.t ~ J 
'Ufl~fftlfllJ'n~fffl~'lf'U~&~lJ'U'U~llJ'j~tl~l'J'Ctl'n&~lJ'U'U A 'U 'lf1~m f1 ""J tfi lJlW f11'j ~~C)flJ~~&~lJ'U'U 

V~1~'j1~&~1 ~uo~~~ "1 11~~ u"Ct~~~L.,j'1~fflJfJ'Ctf11'j~~cM'mnt~iun"Ct11h~mru 60 u1-ti rivum!1rl 

,~ijf11'jfff1fl1f11'j~~cM1J~eft~lJ RBS U'Ct~ MO ~1tlfl1~~cM1J'lfU~~1~ en ~1Ji1 nm&.,YT~fflJ~'Ctf11'j -u -u I cu q 

• Jl ' 

~~cM1Jijfh imi'&fitt~fl'Ufl1JHW11ft~u1~tl~~1'jtlJ1~1f1~1'j1~-ti 4.8 

m'jH~ 4.8 nmL.,Y1~fflJfJ'Ctf11l~~cM1J'tlfl~~JvlJ RBS U'Ct~ MO 1~t~isM'fi1~~cM1J'll'U~~1~ "1 &mdj 

ff fl11~ i 'U f11'j 'VI~ 'Ctfl~1t~f1~ Ntl'U 

... .., .., v ' .., v "" 'll''U~'UtHVI1VIVICU1J n~11'lll9'n1J~~fll'jijVICU'U (min) BHeN .. 
CTS/MMT ~~i'IJ RB5 "'"'"' 60 .:J1'U11W'U 

R1 ~~i'IJ RB5 50 Elwakeel, 2009 

GMA!MBA-TEPA ~~i'I:J RB5 60 Elwakeel and Rekaby, 2011 

CTSIMMT ~~i'IJ MO "'"'"' 60 .:J1'U1'iW'U 

CMK-3 ~~i'IJ MO 60 Mohammadi et al., 2011 

MWCNTs ~~i''IJ MO 65 Yao et al., 2011 

111Jltl!'l1~ : Chitosan modified Montmorillonite (CTS/MMT) • 
Chitosan/amino resin (Rl) 

Glycidyl methacrylate/methelenebisacrylimide resin loaded with 

tetraethelenepentamine ( GMAIMBA-TEPA) 

Mesoporous carbon material-kinetic (CMK-3) 

Multiwalled carbon nanotubes (MWCNTs) 
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40 --·~ e. + 25°C 
0 I• • 35 oc "' "0 

.# <t:: 20 ... 45 oc 
• 55°C 

0 

0 200 400 600 800 

Contact time (min) 

(b) 

.m ..... ~ 4.s fl11:wff':wvfun'J~lf-h:nnmwm'J~~9rtJffutJ:wntJnmff':w~ff'\ltl~J,ffir~!fl';jl~M'ffutJ:w 
(a) RBS U~~ (b) MO ~tl\UlffllJUmwh~n'W 1~o1i'\Pi1~~9ftl!d~'W CTS/MMT mmw . ~ ~ 

0.1 g, C0 = 200 mg/L U~~ pH0 = 7.0 ± 0.5 
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4 .:. oC\ ~' v v 
4.3.2 NtUl11flfl'll18'flfi't'Ul'UtJ.UlW't'liltlft689111flUGlAevtJ 

.. .. \1 

~1flfll':ifffl'l:l 1~'Yln'Y'Hl'U~N~W M 1Jl1~VVIPI':i1fll':i~~CJ71J i~Hnfll':i ffmni-3Ufffl-3 l 'IJ 

.d ' Q.l Ql .! J ~ A ~ ~ 
IPll':i l-3'Yl 4.9 Vi1J11 VIP! ':i1fll':i flfiCJflJ ~~!'Y'UJ'U'IJ 1Pl11Jfll':i!'Vi1J'U'IJ 'IW-3VW M fl1J 1 ~HI 'Vi ~1':i W U1flfll':i .. . .. 
!~1J~ 'IJ 'UV-3fhfi-3~'U V-3fll':i !flflll i)m V1lfli1 (k2) ~-3 ffV~fl nV-301J Hnfll':i fffll.l 1~'Yln'Vin'UV~~W M fJ ij 

~mn111w m':i ~T~itJ lin1 1'li' v 4.2.4 u~v~1-3 h~IPI11J~tu M 1Jl1i1ii ~i1Hn~vnn1&'1i'Ttiff1J~ nm':i~fl 

cM'tJ •~v-3~1mliPI':i1fll':i&'li'1uu1JT~n~~~uv~titJv~P~nm':ifl1'W ~-3 l unnf1mndn1M'Wfl l lfv~P~':i1fll':i .. . .. 
munhtiillJfl~WM1Jl1 i-3Ufffl-3 i1iu~P~l':i1-3~ 4.8 ~1fl-31u1ivgu 'l ~fhu111 i~i1m':iffmnm':i~fl 
CJttJihrv1J RBS ~1Vff1':i Chitosan/amino resin (Elwakeel, 2009) lm~m':i~flitJihfv1J MO ~1Vff1':i . 
CTMABIIOSSTA-MMT (Chen et al., 2011) VitJ'.h ~WM1Ji1i1Hn~VVIPI':i1fll':i~fiCJt1.J &liV~WMlJij 

.~11~u fl1fi-3~'Uv-3m':i&nfllli]mv1&fli1 (k) ~~·~1J~u,,futiu ~-3i1fi111JffVT~flnv-3ti1.J-31u1ivd 
4.3.3 Ntlfll'a't'llOU~1.J,a.:Jtlnmmm,ijAcV1J 

fl1 ':i ffm:nv 'IJ i 1J'U V.:Jll ii m V1fll':i ~ fl CJt1J1~VM 1fln, fl'UV-3 VIP! ':i 1 fll':i ~~CJt1.JfftfV1J 

fl':i ~'ri1 i ~1 fl tl fl1':i.,. ~ 1':i W 1fl 'J11J ffV~fln V-3 'U V-3'1fVlqjn fl1 ':i ~f!CJ71J 01JU 1.1 1.1 ~ 1n V-3 fl1 ':i~ fiCJtlJ 

UtJtJ ~ 1nv-3 DIPI':i1 fll':i flfiCJt1.1~!1Ju ~ ~ intiu 1 T~V'Yi'1 111 i~url UtJtJ ~1~W-3DIPI':i 1fll':ifl fiCJttJD'W itJM ~-3 .. .. .. 
41:! • .Ji I k) 9} I t I 1 <V <V 

l'YJV1J (Pseudo-first order equation) CJf-311~1J-31JVfl t~11'U'IJIPIV'IJfl1HllV V'IJ1J1n'UV-31P11tJfl~fiCJf1J 

~1'W iu 'U v~ '1M n ':iV tJ 191 1ft fl cirtJ&flfl~ u 'lf'1~ fffl um:u tJ tJ 111 n v~ DIP! ':i 1 m':i fiT~ CJttJ 5u itJffV~& Yiv11 .. . .. 
.. .Ji ' J'lll,' t ~ IL!:l~ .c:::td ~ ~ Q,l Q.l 

(Pseudo-second order equation) CJf~11~1J'l'lf tfi11'1J'IJIPIV'Wfll':i1flflll{)mV1lf11J'Yl'Vi'IJH1'1JV~IPI1~fiCJf1J 
~ ~ \1) 'j}'J} d ~ 0 d Q.l Q.l Ql Q.l Q.l ~ 4 

lflfl 'IJ 'IJ t fl 'lf1'Yl "J'fl l1J V'IJ 1H n fl1 ':i 'Yl fl n V ~1J 1Vi n V IPI fl1.J ff1Jfll ':i VIP! ':i 1 fl1 ':i ~ fiCJflJV 'IJ fllJ M 'IJ -31 'Yl V1J Un~ 

ff1Jfll':iVIPI':i1fll':iflf!CJt1JD'WitJffV~&fiV1J Vil':i 1lJ&IPlVf~1~ 'l ~ i ~ ~ 1flfll':i'Vi gVIPiff1Jfll':ill fffl~ l 'Wfll'Vi~ .. 
I Q.l Q.l od'J) ~ ~ .c::l 'JJ Q.l Ql Ql Ql Ql 

4.9 Vi 1J 11 VIP! ':i 1fll':i ~fl CJflJ 'IJ 8~ ff(J V1J'Yl~ ffV~ 'lf'IJ f11Jf1111J ffVfl fl n V~ fl1.J ff1J fl1 ':i VIP! ':i1 fll':i ~ fl CJf1.J V'IJ fl1.J 

ffV~lnV1J1J1flfl11ff1Jfll':i DIP! ':i1fll':i flfiCJftJV'IJ itJM~~&fieJ1J 1 flt1.,.1ll':iW n1mh R
2 

, 'IJIPI1':i 1~~ 4.9 .. 
un~111fl1Pll':i1~d5~Vi1.1Vfl11 fl1fl~~l'Wfll':itflfllli)mt~1lfli1 (k2) 'IJV~fll':i~fiCJttJfftfV1J RBS ~~i1fl1 

I d 'j} Ql ~ 1 Ql .c:l g) ...::::. J tq )JQ I d !iJ 
1J1flfl11ffVV1J MO fi~'IJ'IJ Ufffl~11fl':i~1J1'1Jfll':iflf!CJf1JffVV1J RBS ff11J1':ifllflfi'U'IJ tfll':i1fl11fftJV1J .. 
MO 
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r 
~ .,. ~ .., .., .o:t .,. .., .., .,. 

'UU~U t2W'H.fJ'll qe,exp U'll fll'l tlU ~U'HU .:ll'fUJ'll U'll m 'lOU ~u uo.:~& nrm 
v 

(oC) (mg/g) tltl'll (Pseudo-first order) (Pseudo-second order) 

k x1Q2 

I qe,cal 
R2 k

1
xi0

3 
qe,cal K 

(min-1
) (mg/g) (g/mg*min) (mg/g) 

25 62.14 3.65 64.96 0.9293 1.89 63.29 0.9993 

Reactive 35 73.78 4.79 69.29 0.8935 2.91 75.76 0.9987 

Black 5 45 85.44 5.16 96.09 0.8791 4.67 87.71 0.9984 

55 104.85 5.69 113.33 0.8380 8.51 103.09 0.9994 

25 53.33 3.09 48.97 0.9251 1.15 54.35 0.9993 

Methyl 35 62.22 5.71 67.96 0.8858 2.35 62.89 0.9998 

Orange 45 77.77 6.16 71.43 0.9078 3.43 78.13 0.9997 

55 95.55 7.12 88.26 0.9206 6.15 97.09 0.9995 

Ql oQ I I 4::lQ1 Ql fj} Ql Ql Ql Ql Ql Q 

~~CJf'UGJ1'1J~~H 1 'Vi'U11 11V~ ':i 1 f1l ':i ~~CJf'UtHl~fi~V.:Jfl'Uff1lfl1'Hl~':iltl1':i~11CJf'UV'IJ ~'UffV.:Jt'Yitl11 

:IJlflfl11ff1lfllHJ'IJi'U'I1~-:JL'rltJ11 (~.:JiJfl111lffV~fi"'V.:Jfl'U.:Jl'W1,)tJd) 1~tJ~111':itu l'illmh R
2 

1 'W 

~l':il.:J~ 4.10 um:il.:J'Vi'Uvn11 ~lfi.:J~lum':itn~li~mvltrtl1 (k) "tJV.:Jm':i~~97'Uit'vv11 RB5 1~v1-M 
"' 

uHiu CTSIMMT ( .:Jiu1\)vi1) 11~ii~1111flfl11m':i~~97'Uit'rJv111~v1<Mi1~~97'U Chitosan/amino 

resin (Elwakeel, 2009) U~'O~ii~lUVVfl11fl11~~9f'Ui\'rJV111~vioMi1~~9f'U GMA/MBA-TEPA 

(Elwakeef and Rekaby, 2011) ~h'Wrllfi.:J~ium':i&n~li~mtmfllJ (k) 'tlV.:Jtl1':i~~97'Uit'rJV11 MO 

"' 1~tJioMUl~'IJ CTS/MMT ( .:JTwi,)!'Jil) 'il~ii~lll'vvn11fll':i~~9f'Ui\'rJV111~vioMi1~~9f1J CMK-3 

(Mohammadi et al., 2011) MWCNTs (Yao et al., 2011) U~~ CTMAB/10SSTA-MMT (Chen et al., 

2011) 

1llflfl11fffl1-J1'11~fi11Jfl1l'tlV.:Ji\'rJV11 RB5 U~~ MO ~.:JUff~.:Ji'IJm':il.:J~ 'tl.1 tm~ • • 
'tl.2 'Vi'U11lJtn111tufl11~~97'U~nm i~ 1 U~fl~l.:Jfl'IJt'VlV.:J&gflUVt.l chhnu~vv~~ 5) 'Hl6ll.hn~ 

m':i~~97'Umv 



' . ct t ~ Q,l d3/ ,. G)31QI 
\!111H'fl 4.10 fllfi~'YI k2 (Pseudo-second order) 'UV~f1ll~~91'lJfftltllJ RB5 Ufl~ MO t~U t<JfiPI'J~~ 

cMlJ'lfU~19h~ "l tm~iiffm1~ l l!f1ll'YI~flt:~~u~P~nl9il~flu 

... <v <v 3 2 "' "' 2 "' "' 1ft!VI'U0~\!11~VICU'U k2 xl0 R (m.t~11 R (~U~11 

..l! .. 
ff~'ILl1fllJ) (g/mg*min) 'H'U\IL'fHJlJ) 

CTS/MMT ~~'11'11 RB5 1.890 0.9293 0.9993 

R1 ~~'11'11 RB5 1.470 0.9770 0.9990 

GMA/MBA-TEPA 9.580 0.9600 0.9990 

~~'11'11 RB5 

CTS/MMT ~~'11'11 MO 1.150 0.9251 0.9993 

CMK-3 ~~'11'11 MO 4.000 0.8156 0.9998 

MWCNTs ~~'11'11 MO 4.570 0.9699 0.9980 

CTMABIIOSSTA-MMT 4.892 0.9060 0.9990 

~~'11'11 MO 

'PilJ1tJ!'1119J : Chitosan modified Montmorillonite (CTS/MMT) 

Chitosan/amino resin (Rl) 

v ... 
OHO~ 

" .. ., .. 
\11'U1iH.I'U 

Elwakeel, 2009 

Elwakeel and Rekaby, 2011 

" .. ., .. 
\11'U111V'U 

Mohammadi eta/., 2011 

Yao eta/., 2011 

Chen et a/., 20 11 

Glycidyl methacrylate/methelenebisacrylimide resin loaded with 

tetraethelenepentamine ( GMAIMBA-TEPA) 

Mesoporous carbon material-kinetic (CMK-3) 

Multiwalled carbon nanotubes (MWCNTs) 

Cetyl trimethyl ammonium bromide anionic surfactants sodium stearate and their 

mixture to montmorillonite (CTMABilOSSTA-MMT) 
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(b) 

. ,et Q..OQ.Ia' I 0 Q,l QIQ,IQ.I 

ilWf't1 4.9 fl11llfflll'1'W1i1~i111~ t/~ (min*g/mg) mt~ t (min) HiJiJ'ill'lfH6mlfl11t)~C}I1Jf>'W~1J 
.d Ql .d9/ .d oC::t, 

ff6~t'YICJll (Pseudo-second order) 'tl6~fl11~~911JffCJ6ll (a) RB5 mt~ (b) MO 'V!Vtui1flll ~ . ~ 

U~f1~1~tl'W t~CJ1~u1~'W CTS/MMT !~'U~1~~~iJ . ~ 
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<9 "' " ... , "'~ 0 fll'Hl'fllll'Wl'Jllllfl~:i'll~H'VHI.:J.:Jl'Wfl':i~'J'W (E) ffUJ1Hl'l11 !fl !flt.lfl11'W1Nllfl11 

'Vlflll~.:JhJv.g~fltl1Jffllfl11 Arrhenius (Almeida et al., 2009) v.cf.:J.:Jl'Wfl:i~~'W11~~'Wcf.:J.:Jl'W • 
ri~nlJlJ'u!Pi' (Activation energy) t~uv.cf.:J.:Jl'W~l~"J'fl~lllmfJll'll~.:Jffl'Ji.:J~U~~ffllllHltnfltJfimt.Jl 
ti'li1i~ tJfimt.~l~tfifl i~t~1 ttfffl.:J';hi1rhv.cf.:J.:Jlum:~u~1 tJfimt.~l~tfifl i~'*lufffi.:J':hi1v.cf.:J.:Jlu 

Vll1H~ 4.11 fll'Wcf.:J.:J1Um:\Vl'u'll~~fll':iflfiCJf1JffV~ll RB5 tm: MO 1flt.J1'*~1flfiCJf1J•JfWfl~1~., 
q 'V cu I 

tm:i1ffm1: 1 u fll':i'Vlflll~~Uflfl~l~nu 

... <V <V R2 
, 

"' 'ltUVI'Utl~VI1~VICJf'lJ E
11

(kJ/mol) tlHtl~ 

CTS/MMT ~flciU RB5 +41.46 0.9940 
.q Ql J 

.:Jl'W1~t.l'W 

Kaolinite clay ~r~ciu RB5 +38.10 - Karaoglu et al., 2010 

CTS/MMT ~r~ciu MO +44.96 0.9872 
...... J 

.:Jl'W1~t.l'W 

CTMAB!lOSSTA-MMT~flciU MO +4.050 - Chen et al., 2011 

11lllt.lt11fJ : Chitosan modified Montmorillonite (CTS/MMT) 

Cetyl trimethyl ammonium bromide anionic surfactants sodium stearate and their 

mixture to montmorillonite (CTMAB/lOSSTA-MMT) 

rll'Wl':illJtfl~l'tlfl~'Wcf~~l'Wfl':i:~UUfffl~ i 1i 'Wfll:iN~ 4.11 'W1J':h v.cf~~l'W 
3) Qlq!i} t::llfj) ldfJ} Ql~ ' Q.ld3/ 

m:fJU'll~.:Jfl11~fl9f1Jfft.l~lJ RB5 lli'll'W~t.lfl11fft.l~ll MO fl~UU Ufffl~11fl':i:1J1'Wfll':i~fl9f1Jfft.l~lJ 

.q ~ li)Yd I t::t,g) ~ d 'j} Q.l ' d ~ ... l.q~ d 

RB5 ffllllHltflfl'li'W !flt':i1fl11fft.l~ll MO 9f.:Jlli'l11llff~fli'lll~.:Jfl1Ji'lli'l~'Vl'll~~fll':itflflu{)fl':it.llti'lll 
Q.1 ll) ~ .d 9} d I Ql d $1 .q ~ ll) 9/d I 'j} d 

(k) fl~Ufffl~ !1 !'Wfll':il.:J'Vl 4.9 (til k2 lli'lllllflfl':i~1J1'Wfll':i~flC)f1Jfft.l~lJ~:tflfl'li'W !flt11 Ufltll k1 ll 

I 3) Q.l d g) Cl ~ j} .£ 9) I Q.l 3) t::l I IGJ I 

mu ~t.Jm ~u1u flUflfl9f1Jfft.J~ll ~~tflfl'lJU'jj'l) u ~fl~lfl'W mmv.ll.:J.:Jl'W m ~flu lli'll~t.J t u 'jj''J.:J 
~ . ~ 

5-40 kJ/mol u fffl~i1 t~ Ufll':iflflcMU'VlNfllt.Jfll'W Ull~~lrll'Wcl'.:J~l'W flnl'i'ui1f11v~l WM1-:J 
~ . ~ 

" 
40-800 kJ/mol Ufffi.:Jil t~'Wfl11flflcMU'Vl1-:Jti'li1 (Alkan et al., 2008) ~.:JUU fll':iflflcMUffV~ll RB5 

~ ~ 

4.11 tm:~1m1uii't.~~u "1 ~~l'Wlll i¢ii1fl11ffflll1111rll'Wcl'.:J.:Jl'Wm~~u'll~.:Jfll:i~fli1J~YV~ll RBS 
" ul!~ MO ¢i1t.J~1flflciu'jj'iJfi~1-:J., v.ui1 r11v.cr~~1um~\Vl'u~~ijf11t~uu1m'lfw~t.J1nunu,nui,J't.Ju 

~ I • 



ill'W~ 4.10 fl11lHYlJWU1i-J~'I1-h~ ln k1 ll1J 1/T 'tltNf11':irJ~ti1J~ti'tnJ RB5 Uri~ MO i~vl-Ntd~u 
CTS/MMT tlJui1~~ti'U .. 
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fi111.Jt'1i'll,j'lJt~ll·~lJ Urt~5\9l':ilf11':i 1 '11 riU\9lf1~1~lllJ ~~Wl':illJt\9lf.l~~ 1 ~ 'illf1tn':ifff11:ll'il~ ijtJ ':i~ 1V"l1tJ 

1 lJf11':ilh hJf.lf.lntt'U1Jt~f.l'tJV1V'tllJ 1~'Uf.l~'Hf.l~~ti1JU1J1Jt'U~~~ 1~ Urt~'illf1f·lrtf11':ifff1'1:11 W'U'Jl .. 
Q.l dltJY?f j} ij) jJ tlQ.I Q.l o!!l d I Q.l \1)9J 
rlf1'hlW~'tlf.l~f111'YJt'U':ifi'Yl':i'YI t~tlJlJtfflJ fl~flrtlV':i \911f.lf1'hl':itf.lff'H':if.lt':iVf111 "S-shape" ~~Uff~~ n .. .. . . 
, d i 91 , ..::t jJ .::t ' Q.l , • d 

lJfllW'Yl 4.11 4.12 Uri~ 4.13 ~Vfi111.Jt'tlll'tllJ'tlf.l~ffVf.llJ'Yif-lllJ'Hf.lrJ~CJf'Uf.lf.lf1lJ1 lJ"l11~H':if1 "1 'il~ll 

I 'J) I 4 ~ j} 'J) d ~ ~ I d ~ .d, d 
flllJf.ltJ U\9ltllf.ltl~ ~~t'U':i fi'YJ~ fi111.Jt'tllJ'IllJ f1'il~tW1.J'tllJ f.lVH':i1~t':i1'il lJ f11~'YI~fi~'YI lJ 'YI'tJ'~ 
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,.,,.,..,:,., 
ft1UJA'IJli'IJ'UAUil11'U ft'JllltJ'~'UO~I'lJ~ 8'l111 1 fll'i,.H~ qtotal qe tb vb 

(mg/L) (em) (mLJmin) (mg) (mgt g) (min) (mL) 

50 15 3.59 4.27 7.12 2.93 10.54 

100 15 3.57 4.79 7.98 2.52 9.07 

200 15 3.57 5.51 9.17 2.29 8.23 

100 20 3.56 6.51 8.14 3.86 13.89 

100 25 3.56 8.40 8.40 4.34 15.63 

100 15 7.18 3.54 5.89 1.54 11.06 

100 15 9.18 2.77 4.62 1.35 12.39 

l1111H~ 4.13 'Wl'i1ijt191Df~1~'il1t1fll'.i\91\9lcM'UffV'D11 MO h.I'J~'U'U'Hfl\91\9lcM'Utt'U'Ut'U~~~ ~fl1111 
~ ~ 

t.u'11.u'ui~111Pi'u fl1111\J ~'lJD~t'U~ u~~fl\9l'.i1fll'.i 1 mm191n~1~tiu 

' " " "' " 8'l7111fl11','Hil fl11liA'IJli'IJ'UA1'lll11'U fl11llg'~'IJMI'lJ~ qtotal qe tb vb 

(mg/L) (em) (mL/min) (mg) (mg/g) (min) (mL) 

.so 15 3.58 2.27 3.79 2.57 9.24 

100 15 3.58 3.18 5.29 2.17 7.83 

200 - 15 3.57 - 4.41 7.35 2.09 7.55 

100 20 3.56 3.78 4.72 2.29 8.24 

100 25 3.56 4.21 4.21 2.98 10.71 

100 15 7.15 2.67 4.45 1.93 12.89 

100 15 9.19 1.87 3.12 1.43 13.17 

' .::1 ~~ ' QJ ~ 
4.4.1 fnlfll''Jftfl'lJlO'YififUl'IJO~fl11llg'~'IJO~A'I.JPil110fll'i~PICJ1'lJU'lJ'lJI'lJPI1H 

' ,dl .c::., ~ I Q.l .c:). I 

'il1n ~~m '.i rrn1:11 D'Yl nw ~ 'lJ D~ fl1111 \1 ~'ll D~ t 'lJ ~\91 Dm 1 ~ \91 C)j''lJ u u 'lJ t 'lJ ~ u ~ w u 11 

.!\ ..,; ~ "' .d -~ .d d ..,; ~ 
t11flfl1111 "J ~ 'lJ D~t 'lJ ~! 'W lJ'lJ 'W m 111W t11'J ~~C)j''lJ 'YI"'J'11~~ nmu ~~ 1J 'J 111\91 'J 'YI ~ ~ t 'lJ 'J fl 'YI~ t1 'il ~ t 'W11 'll'W 

~ ~ J. c1 ~ ~ 0 , ~ d ~ .d~ d QJ li) 'J} ~ ~ 
\911tl t'W fl~111'il1t1t11flfl1111 ff ~ 'lJ fl~t 'U~ t'WlJ'lJ'W t1'il~'Y11 '11 t'U~lJ'W'W 'YI ~1'YI ff1111 'J tl\91\91C)f'U t ~t'W 11111t1'1J'W 

~ ~ 
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.J Q.l l!:l y y ·~ d 
ill'Vtfl4.11 ml'VJt1J)fiYl)'IJV~fll'j~~GJf1JfftiV1.1 (a) RB5 U'l~ (b) MO ~1t1UJ~'W CTS/MMT 'VI 

... ... 

fl111.1ff~'IJV~t1J~U\Pifl~l~nu (fl111.1t.u'1.1.u''Wti1l~'Wtl'hnu 100 mg/L t!'l~U\PI)lfll'j i 11'1 ... 

rvhnu 3.57 ± 0.02 mL/min) 
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m':i~~~tJii'tfvlJ RB5 hn~tJ1J'HV~~CJ71Ju1JtJt1J~~~ ~V\9l':i1fln i muvhntJ 3.57 

± 0.02 mL/min 1Hl~fl11lJt.UlJ,YlH1lJfl'U1'Yh01J 100 mg/L l~rl~fll':iffmni~U'tl~~ i-flul9ll':i1~~ 

4.12 'rltJ'h ~fl11lJ'tl~'llV~t1J~tvhntJ 25 em \l~ihnmtum':i~~~1J~'tllJ~~ t1~1u~~mlJ119l':i~\l~ 
1\1 cu q q q 

I d. .c::ll IQI OQI 

11J':ifi'YI~lJlflfl1111J~'YI\1'~ 15 tnl~ 20 em lJfllt'Yilfl1J 8.40 mglg, 4.34 min mt~ 15.63 mL \911lJ~1~1J 

~fllJW~ 'Utl~fl':i1vJ 11J':ifi'YI':i'IJV~fll':i ~~cH1Jfftft~lJ RB5 ~fl11lJ 'tY ~ 'Uti~11J~U\91Mh~nuu 'tl~~ l -fl 'Ufll'rl 
~ . ~ 

' "' 'YI 4.11a 

fll':i~~~tJii'tfvlJ MO lu':i~1J1J'HV~~CJ71JU1J1J11J~~~ ~V\9l':i1fll':il'HlH'Yhnu 3.57 

± 0.02 mL/min U~~fl11lJt.UlJ.Uut1lJfl'urrhn1J 100 mg/L l~rlelfll':iffflll1i~U'tl~~ t-flU1911':iH~ 

4.13 'ri1J'll ~fl11lJ'tl~'Uti~11J~1'Yh01J 15 em \l~iiiDlJ1Wfll':i~~CJ71J~fflJ~CllJ1flfl1111J~~ff~ 20 Uel~ cu cu q q cu 

.c:t ' ' Ql ' ... r= Ql ~ ~ J ~ ~ 
25 em lJfllt'YI1fl1J 5.29 mglg U\9lu':ilJ1Wfll':it]~91'1J'Yl~'HlJ~\l~t'rllJ'IJ'U\911lJfll':it'rllJ'IJ'U'IJV~fl11lJ\1'~ 

'IJV~t1J~ (~~ t~t.J1.Jfl~Utl'1IDlJ1Wfll':i~~~1J~'tllJ~Cl\l~U'l.hr.fu1911lJIDlJ1Wfll':i~~~1J.J~'I1lJ~) tm~ 
~ . ~ 

' , , )I ' 

ti'lv~\11mtJ~vl~ 3 'IJU1~iitilmlJ1tumHt~ci'tJvl~mm lm)'t~t.J~numn i~uu tu~Viiifl11lJff~umJ ... ... 

\l~iim mw m ':i ~ ~~1J~fflJ~CllJ1flfli111J~~iifl11lJff ~lJ1fl <m mw m':i ~~ci'1J~fflJ~ ~'" 1 i~\11fl cu q cu cu q 

~ ' 
IDlJ1Wfll':i~~cH1Jvl~'HlJ~'I11':i~1t.JIDlJ1W'IJV~i1t]~cH1.J) ul'iVifl11lJ\T~'Ilti~11J~1'Yhnu 25 em \l~ii 

nmu~~IDlJl\9l':i~~~t1J':ifi'YI~lJ1flfl11t1J~~\1'~ 15 u~~ 20 em ii~wvhntJ 2.98 min u~~ 10.71 mL 

\911lJ~Wi1J ~fllJW~'IJV~fl':i1'i'Jt1J':ifi'YI':i'Utl~fll':i~~cH1Jii'tfvlJ MO ~fl11lJff~'Uti~1U~U\9lfl~1~0'UUff~~ ... ... ~ 

i-rlum'rl~ 4.11b. 
~ ' ' 

uvfl\11flihT~'rltJ6n11 mmwm':i~~~tJVi'Q"ll~~ nmu~~mmmVi~~tU':ifi'YI~ 

~ ~ ~ 31 31 el i1 .c:::1Y • 
\:1 1fl rl~ fl1':i fl"flll 1 V'YI1i 'ri~'IJ tl~fl11lJt'UlJ'IJ Ut ':i lJ \91 U 'Uti~ 'tl1 ':i ~~ ~1 t.J'tlt.ltllJ\91 V fll':i ~ ~ 

1 
I ~ 9) fJ} ~ 3} ~ ~ ... F- Ql d 

cHUU1J1Jt1J~iJ.:~ 'ri1J11 tlJtlfl11lJ1'1JlJ'IJ\Jt':ilJ\9l'U'IJV~ff1':i~~mt.J1'rllJ'IJ'U u':ilJ1Wfll':i~~CJ11J'YifflJ~~\l~ 
4~ I .d ~ ~ 3Jj}~ j) _d.~cj 0 

L'rllJ'IJU u\9lnmtm~mlJ11911'YI'il~!u1fi'Yl':i\l~~~~~ tuv~m'il1fltlJVf111lJt'lllJ'IJUt':ilJ\91Ut'rllJ'IJUfl\l~'YI1 . ~ 

GJ~ 1 'r "> ~ lif~ I 'r cv cv ,I"' ~ ~ 
& 'HfllHllt.J & V 'UlJ 1~1fl~'IJ'U & ~lJlfl (fllHllt.J & ti'UlJ1~'1Jtl~\911\)fl~~91'1J \l~U u':i rl'U\911lJf111lJ1'1JlJ'IJ'U 

~ rJ) Ql ~ ~ 0 Gf rJ) Ql .c1 iJ ~ ~ \IJ 3) I Q.l ... F- Ql d 
t':ilJ\91\J 'IJV~'tll':i ~~mt.J) ~~uu \l~'Yil & '11fll':i~~91'1J'tlt.JVlJtfl~'IJU t~lJlflt'lf'UflU (u':ilJltu fll':i~~91'1J'YI 

~ ~ ,!f., oi~"' cv ~ cv d ~"' ~ <!I 1 'l~ 
'tllJ~~\:1~ t'rllJ 'IJU) u~~ u Vfl\11flU t.J~'Yil 11 \911~~91'1JVlJ\911t ':i1lJlfl'IJU Vfl~1t.J \:1~ 'tY ~ r~r:~ m nmu~~ 

IDlJl\9l':i~\1~11J':ifi'YIHl~Cl~ . ... 
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fll'Yt~ 4.12 tnll'lt'lJ~Iil'Yll'll~Nm~~~"lf'UffVfllJ (a) RB5 tm: (b) MO ~-;wu-J~u CTS/MMT ~ 
ji)'JllJt'!i'lJ'Ii'ui~mi'uu\Plf1~l\HlU (mllJU~'Ilfl~t'lJ~nilnu 15 em U'l:VIPI~lm~i '11'1 

n-hnu 3.57 ± 0.02 rnL/min) 
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m'itJ~ci''UiYrfmJ RB s hn~'U'U'HtltJ~ci''Uu'Um'U~ii~ ~fl11lra~'Uv~m~rthn'U 
15 em U'1~V\Pl'i1flU1mmhn'U 3.57 ± 0.02 mL/min 1A~"fl1'iffmni~uff~~111'W\Pll'i1~~ 4.12 

'W'U':h ~fl11lJt.u'lJ.u''Wi~lJ1i''W1'Vhn'U 200 mg/L 1ldh.filJ1Wfl1'it)~cM'U~fflJ~"lJ1flf1'h~fl11lJt.u'lJ.u''U 
~ j} f Q,l 4 I I Ql t.d )I ~ ~ 'J) I Ql 

t'ilJ\Pl'W!'Y11fl'U 50 u"~ 100 mg/L lJfl1!'Y11fl'U 9.17 mg/g U\Pl'Yifl11lJ!'UlJ'U'Wt'ilJ\PIW'YI1fl'U 50 mg/L 11~ 

iinmu"~mlJ1\Pl'i~~~!'U'ifl'YillJ1flfl'll~fl11lJt.u'lJ.u''WtilJ1i''W1'Vhn'U 100 tm~ 200 mg/L iithrvhn'U 

2.93 min u"~ 10.54 mL \Pl1lJthi'U trn1:JW~'UtJ~m1l'lt'U'ifl'YI'i'Utl~fl1'i~~ci''UffrfvlJ RB5 ~fl11lJ .. .. 
t.u'lJ.u'tJ{~lJ1i''WU\Plfl~1~fl'WUff~~ li1'Wfi1'Yi~ 4.12a 

tll'i~ .. ~cM'UffrftJlJ MO l'W'i~'U'U'Ht'J~~cM'UU'U'Ul'U~fi~ ~fl11lJff~'Utl~!'U~tl'hfl'U .. .. 
15 em tm~v\Plnnn1l1"rvhn'U 3.57 ± 0.02 mL/min 1A~"nnttnll1i~uff~~111u\Pl1'i1~~ 4.13 

'W'U';h ~fl11lJt.u'lJ.u'tJt1l,l1i''Wrvhn'U 200 mg/L 1l~iimlJ1Wfl1'i~~cM'U~fflJ~"lJ1flf111~fl11lJt.u'lJ.u''W 
~ )I 1 Ql d f I Ql t.d 9} SJ ~ 'J) I Ql 

t'ilJ\Pl'W!l'11fl'U 50 u"~ 100 mg/L lJfl1!'Y11fl'U 7.35 mg/g U\Pl'Yifl11lJ!'UlJ'U'Wt'ilJ\Pl'W!'YI1f11J 50 mg/L 11~ 

iin"1tm~,.filJ1\Pl'i~~~t'U'ifl'YI~lJ1flfl'.h~fl11lJt.u'lJ.u''WtilJ1i''W1'Vhn'U 100 U"~ 200 mg/L ii~lt'Vhfl'U 
2.57 min u"~ 9.24 mL \Pl1lJrl'1i'U trn1:lW~'UtJ~m1l'lt1J'ifl'YI'i'Utl~fl1'i~~ci'uffirtJlJ MO ~fl11lJ .. .. 
t.u'lJ.u'ut1lJ1i''Wu\Plfl~1~nuuff~~ 111umv.~ 4.12b 

"' . . 
'Wtlfl1l1flUtJ~'W'U~fl11 mmwm'i~~ci'u¥i"J'l.l~" nmtm~mmmn~~t'U'ifl'YI~ 

Q,l ,::tj} dt 1..::1.3/ 

'Utl~fl1'it)~91'UffVtllJ RB5 1l~lJfl1lJ1flf111ffVtllJ MO 

"' Otl'W'I·n!1UlAiim'ifff11:11fl1'i~~ci''UUtfvlJ RB5 ~1Vrl1'WfllJlJ'W~ (Ahmad and .. 
Hameed, 2010) tm~ff1'ilfl1\PICJ11'W (Barron-Zambrano et al., 2010) l'W'i~'U'U'Yitl~~ci''UU'U'Ut'U~fi~ 

I 4 'J) 'J) ~ j} ~ ~ ... F- Ql .d ~ ~ f 

'W 'lJ 11 tlJ t'Jfl11lJt 'U lJ'U 'W t 'i lJ\Pl 'W 'U t'J~ ff1 'i" ~ m tit 'WlJ'U 'W lJ'i lJlW fll'i ~ ~ 9f'lJ 'YI fflJ ~" 1l ~t 'W lJ 'U'W U\Pl 

.r= d • IIJ!)I"' ~ "'"'!)/ !)/ tl1 "" 
lJ'ilJ1\Pl'i'YI'il~t'U'ifl'YI'i'il~"~"~ \Plt'JlJ1 t~lJf11'ifffl'lllfl1'i~~9f'UffVt'JlJ MO ~1Vff1'iff t'J 'i'Wtl"m'U'W 

q ~ - v 

, Ql ..:! ,Jt 'J)'J)~" 
(Sporopollenin: DAE-S) 'W 'i~ 'lJ 'U'H tl~~CJ1'UU 'U'U!'U~'W ~ 'W'U11 tlJt'Jfl11lH'UlJ'U'Wt HJ \PI 'W 'Ut'J~ 

.J.~ Qld 4~'J) d 
ff1'i"~mm'WlJ'U'W mlJ1Wf11'i~~CJ1'U'YifflJ~"'il~!'WlJ'U'W~1V (Kueukosmanoglu et al., 2006) 1l1fl'YI . .. . 

"' i~m111mi~.u'1~1i'u v.u11 iifl11lJfftJ~flrl'v~n'U~1'Wiivu 

111 n ~" n u ttn1:11 fl'YI ~ 'W" 'U v~ V\Vl 'i 1m 'i 1 '11" 'U v~ ffn "~" 1 vir iJvlJ ~ v m 'i ~~ cM'U 

~ t~Q.I l 4~ cv.d d 
U'lJ'U!'lJ~'W ~ 'W'U 11 tlJ 'elt'J\Pl 'i 1f11'i 'JII"'U'el~ff1'i"~"1vt'WlJ'U'W m lJ1W f11 'it)~ CJ1'U'YI fflJ ~" U "~ nm'YI ~~ 

I d "' .,f "' "' <V II) "' .,f , !lJ'ifl'YI'i 11~"~"~ u\Plm m\Pl'i'YI'il~!lJ'i r1 'YI'i 1)~!..-.lJ'U'W !'W -e~~lJ11l1mlJtlt'J\Pl'i1f11'i m "!'WlJ'U'W n"1 u .. . .. 
m'i~lJr.iffn11i1~~ci'1111~ ii'!!vv (nm 1 um'i ~lJNff'il~utl 'i ~nr-iunua\Pl'i1f11'i 1 '11") ~~-ff~~" 1M' .. 

cv .d d . .:i ~ J ' 
mlJlW tll'i ~~CJ1'U'YI fflJ~ mm~n" 1'YI 'ii~H'lJ'ifl'YI 'i"~ "~ ff1'WmlJ1\Pl'i'YI'il~! lJ'ifl'YI'i 11~! 'W lJ 'U'W !'W 'i 1~ 11 cu q q qJ q cu 
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' i.l , ' 

rnnn~~t1JHl'Ylp1~ 3. fl\Ol'i lfll1 iH~ihh ifl~tflrJ~flhllJlfl fi'~Uhl~n'il iMn fl\Ol'ilfll'i i H~\l~lj 

m1Jl\Ol'i~ ~~'1J 'j fi'Yll1Jl nni1~ v\Ol'ilfll'i i 11~~1 <m 1Jl\Ol 'j~ ~~'1J 'iflna 1111 ,r~lflfl\OJ'j lfll'i 1'" ~t~ru 
titJnm~~~t'U'ifi'Yll) ~~ i~r~un~u~·:l'ln1Jlr~'i~~flt1J'ifi'Yll~~uu'i~hlfll1Jt1~l~~~t'U'ifi'Yll 

fll'i~flcJf'Uihi't~1J RB5 lhl'i~1J1Jl1VflflcJf1JU1J1Jt1Jfl~~ ~fi111Jff~'UV~t1Jfl!lhfl1J 
~ .. .. 

15 em U~~fi111Jt.u'mi'ui~1J~hi!'Yhn'U 100 mg/L ifl'N~fll'ifffllllfi'~Ufffl~i-nur~nl~~ 4.12 <tmi1 

~vr~ 'ilfll'i i M~t'Yhti'U 3.57 mL/min ~~lim1J 1w fll'iflflcif'U~ff1Jfl ~u ~~nm~ ~ flt1J'i fl n 'i1J 1nni1~ 
• q q cu 

flfl'ilfll'iiH~nhti1J 7.18 u~~ 9.18 mL/rnin lithnhti'U 7.98 mglg u~~ 2.52 min fll1J~li'U u\Pl~ 

vr~'ilfln iH~n1lti11 9.18 mL/min ~~lim1Jlfl'i~~flt1J'ifi'Yll1Jlnn1l~vmlnn i M~rYhti'U 3.57 

u~~ 7.18 mL!min lithrYhn'U 12.39 mL ~fl1:1W~'UV~ml'Y'It'U'ifi'Yl'i'UV-:Jfll1flflcJf'UfftYv1J RB5 ~ .. .. 
V\Ol'ilfll1 i M~ur~niPil-:Jflh!Uff~-!1 i-n uinv.~ 4.13a 

flU~~cJf'UftGV1J MO ihi1~1J'UHV~flcJf'UU1J'U!'Ufl~~ llfi111J\J-!l'UV~!1J~t'Yhn1J 

15 em u~~fi111Jt'li'1J'li'ui~1J~Un1lti1J 100 mg/L ifl'N~flnffflllli~ufffi-:Ji-nur~nl-:J~ 4.13 'W1J11 

~V\011lfll1 i'" m'Yhti11 3 .ss mL/min ~~lim1J1w m1 flflcJf1J~ff1Jfl~u~~n~ 1~~fl t'U1 fi'Yl11J 1nwh~ . cu q q cu 

V\011lfll1il1~rvhti'U 7.15 u~~ 9.19 mL!min lithrYhti'U 5.29 mglg u~~ 2.17 min \0111J~1i'U u\Pl~ 
Vfl'ilfln i M~rrhti11 9.19 mL!min ~~liilimr~1~~flt'U1fi'Yll1Jlflfl11~flfl1lfll1 i l1~1'Yhti1J 3.58 

1m~ 7.15 mL/min lifim,hti'U 13.17 mL ~fl1:1W~'UV-:Jml't'lt'U1fi'Yll'UV~fll1~flcJf1JftGv1J Methyl 

Orange ~Vfl1lfll1 iM~U~fliPil-:Jflh!Ufffl-!1 i-num-w~ 4.13b 
., . . 

hi V fl ~ lfllj el~'W1J fl flil m 1J lW fll1 flflcJf'U'n ff1J fi~U ~~! 1~ 1 n ~ fl! 1J 1 fl 'Yl1 'UV-!1 fll1 cu q q q cu 

~~cifuii'Gv1J RB5 ~~li'fi11Jlflfli1ii'rYa1J MO u\Plm1Jlf11~~flt111fi'Yl1'Ufl-:Jfll1~~cif'Uii'tra1J RB5 ~~ cu q cu cu 

..c:l • fJ} ' ..c:l 91 
1Jfllhl flVfl1lffrlfl1J MO 

~lfl~1ui1ir~gu "1 ~~lhi1J1ifl'linufffl1:11fl11~~cif1JiMv1J RB5 f1'1vffn 

Chitosan/amino resin (Elwakeel, 2009) rllhlfllJlJhl~ (Ahmad and Hameed, 2010) U~~ffl1ifl110l 

9flhl (Ban:on-Zambrano et al., 2010) l'W1~1J1Jl1V~fi91'1JU1J1J!1J~~-:J 'W'U'h trlaV\011lfll'iil1~'Ufl-:J 
ffl'i~~~1m~1J~'W tJ~mwm'i~flcM11~ff1J~~u~~nm~~fi!'U1fi'Yll~~~fi~-:J thummr~1~~fl 

~lflfll'ifffl1:1l'f~fi1'UfJ1J'Ufl-:JffrYV1J RB5 U~~ MO fi-:JUff~~ 'l 'Wfll'il-!1~ fl.l-fl.6 

-w11i1 livm1ri1u1 ~l111-:J'filfi111Jt'li'1J'li'u~n~l 'l~ "1 l1~-:J~1ul1a~fl91'utitJ'filfi111Jt'li'1J'li't.~ti1J~u 

(C/C0) uiOlniP!l-:Jtiu&~r~-:Jt~m!vr~ <i~tnu1'vv~~ s) H1a i~&n~m'i~~CJ1'1J!~v 



76 

0.8 

0.4 
---+- 3.57 rnUmin 

-7.18mUmin 
0.2 

-..-9.18mUmin 

0 

0 20 40 60 

Time(min) 

(a) 

0.8 

0.6 
0 

S2_ 
u 

0.4 ---+- 3.58 mUmin 

-7.15mUmin 
0.2 

---.- 9.19 mUmin 

0 

0 20 40 60 

Time (min) 

(b) 

ill'W~ 4.13 m1'V'l!1J1fl'VI~'\Jfl'lfl11~~~1Jfffi'fl:J.J (a) RB5 U~~ (b) MO ~1md~u CTS/MMT ~fl!PI11 
fl11ll1~U~fl~1'ltlhl (fl11:J.J\j'l'\Jfl'ltlJ~t'Yh01J 15 emU~~ fl11:J.Jtotl:J.Jotlhi~:J.J~hlt'Vhtl1J 

100 mg/L) 



tl.lbftM.nt~fttntlbftlb1ftlt~BfUN~~I!~M~11 1!1-1.1 tLUU~@~I!11~fl.1t-Bibt-.lirtLtYt-Bibtl.lbftM.1tllJ 
N' r-" r"'"" Y • ~~t l'b ~r ~ 

rtL ~ rtlbrtM.1 ~ 11 tLt ~ t 111~ & u, t~ L rtt rr rtlb rtM.m "1 .tLUL t~B~ mm ~ rt t ntlb rt lb mLt ~Brttt-1!~1! ~ 11 ~n 
r F' f' ~... , ~ k l'b " 'P " " " • 

"' "' . ~fl.1t-Bib 1:-~ ftlt ~I:-@ lb tl.lbftM.1 tLUftl~tl.lbftM.1~11 tLt~ tfl.1~11 Ltl l!t1 tl.lbftM.tl! 1-1.1 .tLUU ~@@fUI:-1!~ I! ~11 
r ~ r r-F r r-_lrt I!> If' 

"' "' ~11 tl.~ft t ntlbftlb Htlt Y ~1!11~1111:-Bibt-~ftltYt-Bib tl.lbftM.1 tLU ftl~ tl.lbftM.1 ~1111Jb~~ tLU mLrt.trr Lti1M. I (6 ?' (6 ((, f' ?' f' ?' l'b ~.., J 

ti.Ut-L~U~111!H1 tLUL.t~B~I!11 tl.~rttntlbftlb1ftlt~ ~fUt-Bibt-.lirtLtYLt t-f1.~11111111111Jb~~BHI111~t 
l'bl Lt l'b "?""" f'F' I!> 

"' . f1.1 OW ~1!11 s;ffi{ ft@fl~I1Jb~~tLULRUU.tlU Lt~UU.L:!lHLftl~tl.fll1tti.Lt-ULI1 b tf,l:='l'b lP 1(6 ~l'b'!Qr 

LL 



' "" 1Jrlrl 5 

" . 
'illfltn:i~~utJ:iu~~hJ MMT ~1tJffn1r~liPlCJfl'W vm·:h u~~u CTS/MMT ij~ui'i~b 

. " 
"ml-:J tm~ij'U'W l~'U fl-:Jt'Yi 1 'Wtu ii tJ ht qjw.h U ~ ~'1..1 MMT '1..1 flfl 'illflihi'I'Vi lJ uw;hij:i ~ tJ~ 'U fl'l'lffl'liN 

'~"" 9/~.ct9/ 
1 ~, 1l'l"lf'W ~ 'W fl11 'I 'U'W flfl~1 tJ 

. 'illfltnlfffl'l:llfll:ir.J~ciftJullllfl~"lfij~,f'W\Plfl'W!~tJ11~vmi'lmll1~"fl'~flflm~u 2 "hu 

i~un f1l:il1~"fl'lff1'W~ 1 fll1fffl'l:ll'tU.lfJ"fll:ir,]~ciflJ Villil U~~'W CTS/MMT ffUJl:itlr,]~cifllff 

t1'mJ RB5 tm~ MO (t~uiY~ijtJ:i~~"ll) 1~ni1u~~u MMT ffllfi'llmlffmnvl1i'Vi"'Ufl'lrh'Vitfl"lf 

t1ll~u 'Ufl'l ffll" ~" 1vii't1'D11 ~m.n 111m m1 r.J~ciflJ Villil m1 r.J~ciftJii't1'Dll 'illnJ 1ii'ff' 'It r~:il~'li ~ij ~ 1 

rlw"lf~l'il~ fflllntJ~~cill ii't1'Dll 1 ~nil~~Ti1tfl"lfff '~ u"~m1 ffmnvl1i'Vi" 'U D'l Dw,., flfi~ mfilllw 
IU 'U q 'U 

fll:ir,]~cifll~fffll1~ffllfJ" Vill'h trlmJW 11 1Jfitvtll~'W mllltu flllr.J~cifll'Ufl'lfft1'flllJ''Ifffl'l"lfU ~ 'il~ 
d.~ fJ) lfJ 1 (V .d3/ ~ ~ .d g) Q..r 111 <t Q.l 

!Vill'U'W~1tJ tfl CJftl1flll fll:i r,]~CJfll'Ufl'lfftJfllll1'1 fffl'l"lf'W ~llfl1lll fffl ~fl "fl'l flll !fl ! CJf!l1flllfll:i ~~C)flJ 

Ulllltm'ltijv{ (flll~~cifll!tllll-5ut~tJ1) lllnnil iDlCJftl1flllfll:i~~citJutJtJvhu ~"lf u"~mlllw nn ... ... . 
" . Q.l Q.l d Q.l .c::l !&/ A A .c:l f 1 c:v 

r,]~CJflJUllll"lf'Wt~tl1\1-:J'Q'~ (q) 'Ufl'lfll:ir,]~CJfllfftJflll RB5 l1~Wl11Jll 25 35 45 tm~ 55°C llflltl1lflll . 
0 Q.l d9/ d A d 

82.64 94.34 111.11 u"~ 138.89 mg/g \Pllllm~ll um:fftJflll MO l1~WlffJll25 35 45 u"~ 55°C 11 

~lt·vhnll 68.49 84.75 100.00 u"~ 123.46 mg/g \Pllllrll~ll 

jl ~ Ad CJ/ Q.l Q,l Q.IQ.IQ.I .c:.l t 
tJVll 'Yl 'I fftl 'I "lf'W ~ 11 fl1lll fftl ~ t1" V'l n11 ffll m 'J fl \Pill n n ~ ~ CJf1J v u ~ 11 ffv -.1 t 'YHJ 11 ( 'U u IPl vu m 'J 

tn~tJ f'lm vltfl ij~~u ti1'Ufl'li1~~ciun~~u, ~<M'1~ff~) lll n n ·.h ffllfll:i a\Pl:ilfll:i ~ ~ ci11 au ~11, ~ '~ 
~ ~ q IU 

tlltlll tm~~lfl'I~'Ufl'lfll'J!fl~tJ~mtll!fl)j (k) 'Ufl'lflllr.J~cif1Jftt1'flll RB5 ~~WlffJlJ 25- 55°C )j~l 
flVl'W'M1'1 1.89 Xl0

3
- 8.51 x10

3 
g/mg*min u"~fft1'flll MO ~flWlfflfi 25 - 55°C n~lmiiu'lf1'1 cu q cu 'U 

1.15 x10
3

- 6.15x10
3 

g/mg*min ffllfi'llfll:iffflll1Vl1n'Vi"'Ufl'l!1"lffll~ff~flmlllWflU~~cjf'lJ 
t ... F- Q.l d 'J} t A ~ ~ I d l f 9/ I 

'Vi1111 1J'Jll1W fll:ir,]~CJfll 'Ufl'lfftJfllll1'1fffl'l"lf'W~!'Vill'U'W fltJl'll1~!l1 'W'If1'1m n u"~ 'il~t 'Ul\YffllfJ" 

fll'J~~cif1JflltJ l '1..1!1"1 60 'W Tn U"~flllfffllllfl'YlnW"'Uti'I~W lf fJlJ~tlfl\Pl'Jlfll'J~~cif1J W1Jil fl\Pl'Jl 

QJ .?,.~ d.~ "" QJ 

m 1 ~~ CJf1J 'il ~ t w 11 'U u \Pllll m 1 t Wll'U u 'Ufl'l ~w 11 fJ 11m 1 ~ ~ CJf1J 



79 

' ' .cS Qldi/ , "' "'"' 
~1flf11)fffll:l1f11)~f19f1Jfft1V11 RB5 u~:: MO tJ)::tJtJ'I1V~fl9f1JU1J1Jt1Jfi'U~ '¥lfl1111~~ 

'UV~ttJfl fi~11Jt,j':IJ,j''Ui~:W~'U U~::fl\Pl)1f11) i '11~U\Plfl~1~n'U tnrh m111W fil'j~f!cirlJ~:: tvi1l~'U\Pl111 
~.~ 'lJ'j}~'jl' JsQI ll) ~J~ 
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fl1)~f'lcir1JUtYv11 RB5 ltJ)::tJtJ'HV~f!cirtJU1J1Jt1Ji'l~~ fl1)t~vfl1,rfi1111~~'UV~t1Jflt'VhntJ 25 em 

fl111lt,j':IJ,j''Ui~11~'Ut'l'htitJ 200 mg/L u~::fl\Pl'j1f11'ji'J1~t'VhtitJ 3.56 mL/min "htJfll'j~~ciruueYvll 
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~I !II 
trimethylhexadeeylammonium (TDMA) u~:: Hexadeeyltrimethylammonium (HDTMA) tlJ'UIPI'U 
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CTS/MMT mmw 0.1 g ~W'11IJijitJm'l~~CJS1J 35 °C U~~ pH0 = 7 ± 0.5 
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,J 111 1 Q.l cl fl ~ .c:l Q.l fld. !)/ 1 G) 3} Q.l Q.l I~ 
fll'Vt'fl fl.S t-el Clft'YI'ellJfll'j~~Clf'UU'U'UU~~llJtl'j~lfl'UltHY~lfl'jl~lHYtl'ellJ RB5 ~tl ~'lfi'I'J~~Clf'lJll'j~'W . ... ... 

CTS/MMT mllltu 0.1 g ~tul1l.)i.Jl'Wfl1'j~~cH'U 45 oc U~~ pH0 = 7 ± 0.5 
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fll'Vt~ n.6 i-eJ1Clft'YI-ellJfl1'j~~9i'Uu'U'UoW('W~'lf~lflJ1ih1~tml~Mil'rf-eJll RB51~ttl.ft'~1~~9i'Uld~u 
CTS/MMT mmtu 0.1 g ~Wl11Jlll'Wfl1'j~~cH'U 45 °C U~~ pH0 = 7 ± 0.5 
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CTS/MMT mlJlW 0.1 g ~Wl1fJlJ1tJm'j~~CJ1'1J 55 oc U'ft~ Plio= 7 ± 0.5 
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ill'Vtfl fl.9 H) ~ll)St'VlVllfllHI~Il)S1JU1J1JU"~tllti':H'Ilf1'U1««~tm1:::'YI«tJVll MO ~tl ~'l$~1~~1l)S1JU'j~'U 
~ ~ 

CTS/MMT lfimru 0.1 g ~W'YitJiJlum1t)~cH1J 25 oc tm::: pH0 = 7 ± 0.5 
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ill'Vt~ fl.10 lV ill)St'VlVllf111~~cH1JU1J1J'Yh'U~'l$111fllf,ffff~tfl11:::li'ffV'Vll MO i~v'l.Ui1~~cH1JU~~'U 
~ . ~ 

CTS/MMT lfimru 0.1 g ~Wl1fJlJl'Uf111t)~cH1J 25 oc u"::: pH0 = 7 ± 0.5 
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fll'ffrl tl.ll ~tl ~'lft'Yitlllfil':i~~CJf11U1111U'i:l'l1llti'HI1fl'U1tHY'I1fl'.i1~'11~tltlll MO t~tl l"lf~1~~'1f1111':i~'U 

CTS/MMT mmw 0.1 g fJW11tJiJ1'Ufil':i~~CJf11 35 oc 11'1:\~ pH0 = 7 ± 0.5 
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CTS/MMT mmw 0.1 g fJW'YifJijt'Ufil':i~~CJf11 35 oc 11'1:\~ Plio= 7 ± 0.5 
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.fll'Vt'fl fl.13 tfl t9HVlfllJf11'j~~C)f'UH'U'UU"'~ll.H.l'Hllf1'WTtHHlf\'i1:'11-.;HJfllJ MO ~W 'lf~1~~C)f'UUHl'W 

CTS/MMT mmw 0.1 g fJW'11fJlJL'Wf11'j~~cH'U 45 oc 11"': pH0 = 7 ± 0.5 
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CTS/MMT tlllJ1W 0.1 g VJW'11fJiJL'Uf11'j~~9f'U 45 oc 11"': pH0 = 7 ± 0.5 
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d bJ ,.. <V d ~ ~ Q Q,f tid. lj) ,. q 9) Ql Q.l 'Q 

.fll'Wrl fl.15 ttl tCJfnrltllJfll'j~~CJf1JU1J1JUL'l~&1Jf.J'j'il1fl'Wl'ffff~tfl'n:lHHltllJ MO &~f.J t'lf~1~~CJf1JU'j~'W 

CTS/MMT ID1J1tu 0.1 g fJW'I11Jijl'Wfll'j~~CJf1J 55 °C UL'l~ pH0 = 7 ± 0.5 
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" R2 =0.9276 

2 3 4 5 6 
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~ . ~ 

CTS/MMT IDlJltu 0.1 g fJW'11f.lijl'Wfll'j~~CJf1J 55 °C UL'l:; pH0 = 7 ± 0.5 
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d ... r.: Ql .d d'J} .d ~ ~ j1 ~ 'J} 

ftl1H't1 fU u'j'.I.Jl\Uflllt)~Clf'U'Yiffl.l~~ (q.,) 'IJV~ffUVl.l RB5 'YI'Qtlll11Jl.IU~~fl1ll.I!'Ul.I'IJ'W!ll.I~'W 

u~rwh~ti'u 

~Vlfi1'UfJt1 ~Vlfll1't1Vltltl~ 

... 
ID'.I.Jltuflllt)~cH'U~ffl.l~~ (mg/g) mlll\Ufll'jt)~Clf'U~ffl.l~~ (mg/g) ~W'H-tJtl . . 

(OC) d I Q> 

'YI C0 (mg/L) U~fi~l~fi'W -Vl C0 (mg/L) u~n~h~ti'u 

50 100 150 200 250 300 50 100 150 200 250 300 

25 0 0 2.2 0 1.5 2.6 26.7 46.7 53.3 62.2 62.2 62.2 

35 0 0 1.2 0 0 2.2 28.9 48.9 62.2 71.1 71.1 71.1 

45 2.2 1.8 0 0 2.3 2.4 35.6 53.3 66.7 82.2 84.4 82.2 

55 0 2.1 2.4 0 0 3.4 42.2 68.9 86.7 102.2 104.4 106.7 

t I I ' .::1 _r= Q,l d d,., d ~ 'J} 'J} ~ .!J'. 
ftl1H't1 fl.2 Ull.I1\Ufll'jt)~Clf1J'YI'ffl.l~~ (q.,) 'IJV~'ffUfll.l MO 'YifJWl11JllU~~fl1ll.I!'IJl.I'IJ'W!'jlJ19l'W 

U~Mh~n'W 

'lfVlfi1'Ufltl 
q q ~Vlfll1't1Vltltl~ 

... 
ID'.I.Jltufll'jt)~Clf'U~ffl.l~~ (mg/g) mllltuflllt)~Clf'U~ffll~~ (mg/g) ~W'H-tJtl . 

CO C) 
d I Q> 

'YI C0 (mg/L) u~n~1~n'W -Vl C0 (mg/L) u~mh~ti'u 

50 100 150 200 250 300 50 100 150 200 250 300 

25 0 0 2.8 0 3.2 2.3 23.3 38.8 46.6 54.4 54.4 54.4 
., 

35 0 0 0 2.3 3.1 3.3 27.2 42.7 54.3 62.1 62.1 62.1 

45 0 2.6 3.4 3.5 0 2.5 31.1 50.5 62.2 73.8 77.7 73.7 

55 3.1 0 3.2 0 2.3 0 38.8 62.1 77.6 93.2 97.1 93.2 
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"" "':II 
GJfhl~fftiV1J 

1lhm:um'it]~ci'tJ~ff1J~'ll (mg/g) ~Vim•lm~twh-!!nhl 

2 4 6 8 10 

"lf~fl1tlf11J • • 4.45 1.22 0 0 2.23 
RB5 

'Ji~tllHl~'llV-!1 111.11 91.11 64.44 57.78 48.89 

MO 
Gjf~fl1tlfi1J • • 1.48 0 3.89 0 0 

'.Jt~tll'i'Vl~'llV-!1 97.09 69.90 58.25 50.48 38.83 
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.flWnl 'U.l fl1ll.Jffl.J'V'I'U1i~~'H11~fl11l.JL'Ul.J'U'U'UV~'UTt\'ff·Ufl'il::l1ffOVl.J RB5 fl'Uldmffl.!Hff 'Yl C0 = 

205.31 mg/L 1~o'l~i1~~ci'Uui~'W CTS/MMT IDl.llW 0.1 g ~W'HfJlJ'l'Wm~~~ci'U 

25 oc U~~ pH
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= 7 ± 0.5 
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CTS/MMT !~'Wi1~flcM'U ~W'HfJiJl'Wfll'J~~cMlJ 25 °C u~:: pH0 = 7 ± 0.5 
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. . 

"' .. 
RB5 ~ C0 = 205.31 mg!L 1~ul-M'i1~~GJf'UU'.i~'U CTSIMMT th1.11W 0.1 g t,}Wl1~ii1u 
flll~~GJf'U 25 °C ln'l~ pH0 = 7 ± 0.5 
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.tCt 0 Ql QIQIQI d. cv.::sv 
lll'nfl '\1.4 U'U'U'il1tl'D~'D~l1fl1l~~CJf'UV'W~'U'il'V~l'YIU1J (Pseudo-second order) 'UV~fl11~~CJf'U'il'tltllJ 

RB5 ~ C0 = 205.31 mg!L l~ul-M'i1~~GJf'UU'.i~'U CTS/MMT mmw 0.1 g fJW'IUJiil'U 

fl1l~~GJf'U 25 oc Utl~ PRo= 7 ± 0.5 
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.fll'n't'l 'U.S fl11l.l't'UJ'Vt'W1i':i~'Y111~fl11l.l1'\ll.l'\I'W'\IV~'Wl't'H1~1ml~'HffrJVl.l RB5 fl'l.H1mffl.lf.lff 'VI C0 = 

187.83 mg/L 1~vi"*l'11~~ci'lm:i~'W CTSIMMT mmw 0.1 g t.lW'YtfJlJ'l'Wm':i~~ciu 

35 oc U't'l~ pH
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= 7 ± 0.5 
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CTS/MMT t1:J'W\Ol1~~cM'lJ VW'Y1fli1i'Wfl1':i~flcM'lJ 35 °C U't'l~ pH0 = 7 ± 0.5 cu q cu cu 
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fll'Vffl '\1.7 U'U1.HITtlfl~fl91'l1f11'lr,}~CJf'U~'U~'U'H'U~l'Ylfi1J (Pseudo-first order) 'U~~f11'lr,}~CJf'Uffflfl1J 

I 

RB5 ~ C0 = 187.83 mg/L 1~vi'Ji'i1~91~'Uld~u CTS/MMT '!fi1J1W 0.1 g f.JW'HfJinU 

f11'l~~~'U 35 °C U'tl~ pH0 = 7 ± 0.5 
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fll'W'Yl '\1.8" U'U'U,1'tl~·Hl91'l1fl1'l~~CJf'Ufl'U~'Uff~-3l'Ylfi1J (Pseudo-second order) 'Ufl-3f11'l~~CJf'Ufffi~1J 

RB5 ~ C0 = 187.83 mg/L 1~oi'Ji'i1~~cH'UUl~'U CTS/MMT 'lfil.llW 0.1 g f_JW'HJJ)jiu 

f11'l~~~'U 35 °C U'tl~ pH0 = 7 ± 0.5 
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fll'Yfrl 'U.9 fi111Jff1J'VfU1i'l"~lf1VJfi111J1'1J1J'IJ'I..I'IJV-!J'I..Ilffff-!J1fn'l~'l'lfftHl1J RB5 fl1J11lllff1JHff 'Yl C0 = 

209.19 mg/L hw'li'i1~~cM1JUi~'l..l CTSIMMT illlJltu 0.1 g fJW'I'IfJlil'l..lfll'l"~~cM1J 

45 oc Ull~ pH0 = 7 ± 0.5 
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CTS/MMT 1~Ui1~flcM1J fJW'I'IfJiilUfl11~f!9f1J 45 °C Ull~ pH0 = 7 ± 0.5 
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ill't'tfl 'U.ll U1J1J1lltHNV~llf1ll~Wl91'1Hl'Wfi1J'H'IN1l'ltllJ (Pseudo-first order) 'UV~f1llflfl91'lJfftJVlJ 
"' "' 

RB5 ~ C0 = 209.19 mg/L tfltJl.Ui1~flcMlJUH)u CTSIMMT mlllW 0.1 g QW'H1Ji'1lu 

f1ll~flci1J 45 °C 1!"~ pH0 = 7 ± 0.5 
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ill't'tfl 'U.12 U1J1J1ll'ftV~V~llf1ll~~91'lJV'WfllJffV~ll'ltllJ (Pseudo-second order) 'UV~f1ll~~91'lJfftJVlJ 

RB5 ~ C0 = 209.19 mg/L hwl.Ui1~~cMlJUi~u CTS/MMT mlllW 0.1 g QW'HQi'1lu 

fl11~~ci1J 45 oc tm~ pH0 = 7 ± 0.5 



250 

i 200 

150 

100 

50 

0 

·~ '····· 

0 200 

105 

• • • • • • • • • 

400 600 800 

Contact time (miri) 
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.fll'W'tl 'U.l3 fl11lJfflJ'Vf'U1i'.i~'l111~fl11lJ1'1llJ'IJ'U'Il6~'1J1tHf~Lfl':i1~'11ffV6lJ RBS fl'U11mfflJ~ff 1'1 C0 

= 205.31 mg/L Lflvl-M'i1~flcH'UU~~'IJ CTS/MMT mmw 0.1 g ~W'I11Jillum'.i~fl 

CJT'U 55 °C 11"~ pH0 = 7 ± 0.5 
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CTS/MMT t~'Ui1~flCJ11J ~W'I11Jill'Ufll'l~flcH1J 55 oc ""~ pH0 = 7 ± 0.5 
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ill'Vtfl 'U.15 U'l.J'l.J 'iiTCifH 69lllfl1l91919f'l.J6\J911Jlf'\H1'Yiti1J (Pseudo-ftrst order) 'U6.:Jfl1l9191CJf'l.Jfft161J .. .. 
RBS ~ C0 = 205.31 mg!L tfltJ1'lf'i1t)9lcM1JUi~u CTS/MMT mmw 0.1 g QWlftJii1u 

fnlt)flcM'l.J 55 oc 1m::; pH
0 

= 7 ± 0.5 

8 

7 l 6 
y = 0.0097x + 0.0805 

' ,..-.., I 
OJ) 

~ R2 =0.9994 -€ 5 
OJ) 

1 * 4 1:: 

'a 
'-' 3 ...; .g I 

2 
! 

0 

0 200 400 600 800 

t (min) 

J o .QI <VQ.IQ.I .c:l cv.cl, 
ill'Vtfl 'U.16 U1J1J'illt'W.:J69lllfl1l9'1919f1J6\J911Jff6.:J1'Yiti1J (Pseudo-second order) 'U6.:Jfl1l91919f1Jfft161J .. .. 

RBS ~ C0 = 205.31 mg/L 1~w1'lf'i1t]9lcM1Jtti~u CTS/MMT 1h1J1W 0.1 g QW111Jii1u 

fl11t)flcM1J 55 oc tm::; pH0 = 7 ± 0.5 
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ill'W'YI 'U.l7 fl1llJfflJV(\J1i'j~lf11~fl11111'll1J'll\J'll6~\Jlffff~tflll~l1fft16lJ MO fl1J11J;11fflJ~ff 'YI C0 

= 201.89 mg/L 1~vi~i1tl~cM1Jtd~u CTSIMMT mlJltu 0.1 g tJWl1tJ~i'I.Jfll'jtl~ 

cM1J 25 °C 111;1~ pH0 = 7 ± 0.5 
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CTSIMMT t~ui1t1~ci1J tJWl1tJmunntJ~ci1J 25 ac um: pH0 = 7 ± 0.5 
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40 50 60 

~ 0 Q,f Q.l ~ Q.l .c:i q Q,f .c:l, 
ill'ft'n 'U.l9 U1J1HilfiV.:.JV\OI'J'lfll'J~~9f1JV'U~1J'H'I.Nl'YW1J (Pseudo-frrst order) 'IJV"'fll'J~~9f1Jfft1V1J 

MO ~ C0 = 201.89 mg/L l~t~'I.-M'~1~~CJftJU'i~hl CTSIMMT m1J1W 0.1 g ~W'H.fJ2j'l.hl 
fll'J~~CJf'U 25 oc Ufl~ pH0 = 7 ± 0.5 
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12 ,....._ y = 0.0184x + 0.1675 
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.§ 10 R2 = 0.9993 
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~ 0 Ql Ql Q.l Q.l ..:1 Ql .ct91 
ill'ft'n 'U.20 U'U'U~lfiV"'V\OI'llfll'J~~CJf'UVhi~'UffV.:.Jl'Yiti1J (Pseudo-second order) 'IJV~fll'J~~9f1JfftiV1J 

MO ~ C
0 
~ 201.89 mg/L l~t~'I.-M'~1~~CJftJU'i~u CTS/MMT m1J1W 0.1 g fJW'H.fJ2j'l.hl 

fll'l~~CJf'lJ 25 oc Ufl~ pH0 = 7 ± 0.5 



109 

250 

~ 200 ~ 
5 ~ •••• ••••••••• 
~ 150 

100 -

50 -

0 

0 200 400 600 800 

Contact time (min) 

J Q.l Q.l t/ I j/ 'j} ~ A QJ t/Q g/ Q.l Q.l Ql .d 
mrtn 'tl.21 fi111Jff1J'W'W1i'j~'H11~fi111Jl'U1J'U'W'Utl~'W1ffff·:mrn~11fft.Jtl1J MO nunmfflJ~ff 'YI C0 

= 201.89 mg/L hwi'*~ldtl~ti'uui~'W CTSIMMT mmw 0.1 g fJW'HfJiji'Wfll'jtl~ 

ti'u 35 oc u~~ pH0 = 7 ± 0.5 
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' ' .ct. 0 Ql CVQIQI ~..::1 Qlc$, 

fll'Wtl 'll.23 U1J1J1ll~D·Hl\PI'Jlfll'J~~CJf1JD'W~1J'I1'W-:J1'YW1J (Pseudo-first order) '\JD-:Jfll'J~~CJf1JfftiD1J 

' 

~ . 
MO ~ C0 = 201.89 mg/L hw1~~1~~ciuui~'W CTSIMMT mmw 0.1 g fJW'I11Jijlu 

fll'J~~ciu 35 oc u~~ pH0 = 7 ± 0.5 
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fll'Wtl 'll.24 U1J1J'ill~D-:JD\PI'Jlfll'J~~CJf1JD'W~1JffD-:J1'Yiti1J (Pseudo-second order) '\JD-:Jfll'J~~CJf1JfftiD1J 

MO ~ C0 = 201.89 mg/L i~t~1~~1~~ciuui~'W CTSIMMT ID1J1W 0.1 g fJW'I11JiJl'W 

fll'J~~ciu 35 oc u~~ pH0 = 7 ± 0.5 
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lll'rtfl '11.25 fl111Jff1J'VfU1i~~l111-:Jfl111Jl'U1J'U'U'UV.:J'U1~HY~lfl'd1~1HH.m1J MO fl'Ul'lmff1J~ff 'VI C0 

= 203.00 mg/L 1~tJl'*i'l~~ci'tJui~u CTS/MMT ID1J1W 0.1 g t.}Wl11Ji1h.Jm~~~ 

cM'U 45 °C·Ufl~ pH0 = 7 ± 0.5 
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.tll'Wtl '1J.27 U'U'U'ill'l~·HI~'ilfll'i~~9f1.Hl'U~'Ulf\Hl'YW1J (Pseudo-first order) 'U~~fll'i~~9f'Uffl.I~1J 

MO ~ C0 = 203.00 mg!L 1~vl-*~1~~~'UUi~'W CTSIMMT ill111W 0.1 g tJWlfiJiJlu 

fll'i~~~'U 45 oc tm~ pH0 = 7 ± 0.5 
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~ ~ 

MO ~ C0 = 203.00 mg/L 1~al-*~1~~~uui~'U CTSIMMT mmw 0.1 g f.JWlfiJiJl'U 

fll'i~~~'U 45 oc tm~ pH0 = 7 ± 0.5 
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= 197.44 mg/L 1flv1'*19i1~flcM1Jtd~'I.J CTSIMMT mlJlW 0.1 g tJW11fJij1'1.Jfll'i~fl 

cM1.J 55 °C LL~::: pH0 = 7 ± 0.5 
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,J 0 Ql Q.J Ql Ql ~ .:I Ql dj/ 

ill'Vffl '\1.31 U1J1Hl1~'tNV~':ilf11':i~~CJf'l.HltJ~1J11'1.H1'Ylt.ll.J (Pseudo-ftrst order) 'tiV~f11':i~~CJf1JffVVl.J 

MO ~ C0 = 197.44 mg/L 1~d1~~1~~cM1Jtd~tJ CTS/MMT mmtu 0.1 g ~tu11tJiiltJ 
f11':i~~ci1J 55 oc u~~ pH0 = 7 ± 0.5 
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ill'Yffl '\1.32 U1JlJ~l""V~V~':ilf11':i~~ctt1JfitJ~1Jff~HL'YWl.J (Pseudo-second order) 'tiV~fll':i~~cttlJffVVl.J 

MO ~ C0 = 197.44 mg/L 1~v1~~1~~cimd~tJ CTS/MMT IDl.Jltu 0.1 g ~tu11tJiilu 

fll':i~~cMlJ 55 oc tm~ pH0 = 7 ± 0.5 



115 

l~fi11JfJll l~fl11fl~tltl~ 

.ct tnlJlWfll'J~~~'IJ (mglg) tnlJlWfll'J~~~'IJ (mglg) 
Altll (Ulfl) ' ' .c:::t .:::::t. ' Go' d .:::::t. ' ~ 

11~W'I11J!l (°C) U~fl~l~fi'W 11~W'I11J!l (°C) U~fl~l~fi'W 

25 35 45 55 25 35 45 55 

0 0 0 0 0 0 0 0 0 

10 0 1.25 0 0 24.44 33.33 35.34 51.11 

20 2.42 0 0 0 31.12 42.22 53.33 82.22 

30 0 0 3.14 0 37.78 57.78 68.89 93.33 

40 0 1.22 0 2.62 42.22 66.67 77.78 97.78 

50 2.45 0 0 2.22 55.56 66.67 77.78 100.00 

60 2.27 0 3.24 4.15 62.22 73.33 80.00 100.00 

90 0 3.24 2.22 1.25 62.22 73.33 88.89 108.89 

120 4.48 0 0 0 62.25 73.33 88.89 108.89 

150 0 0 2.34 2.72 62.22 73.33 88.89 108.79 

180 0 1.45 3.24 2.34 62.22 73.35 88.89 108.89 

240 - 2.22 0 0 2.45 62.23 73.33 84.44 104.45 

300 0 1.25 2.24 0 62.22 73.33 84.54 104.45 

360 0 2.24 0 0 62.22 73.35 84.44 104.44 

420 0 0 0 2.22 62.23 73.33 84.44 104.44 

480 2.25 0 3.24 0 62.22 73.35 84.54 104.45 

540 2.14 0 4.15 4.15 62.23 73.33 84.54 104.44 

600 0 0 0 2.22 62.22 73.33 84.44 104.45 

660 0 0 1.25 0 62.22 73.33 84.44 104.44 

720 0 0 0 0 62.22 73.33 84.44 104.44 
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'V~fl1tJtJ1.1 'f~tlll'tl~iUl-:1 

.... m:JJ1Wfll':i~"~1J (mg/g) m:JJ1Wfll':i~"~1J (mglg) 
n~n (Ul'tl) . . 

n~Wl'lfJlJ (°C) Uflmh~fl'U n~Wl'lfJlJ (°C) Uflfl~l.:Jfl'W 

25 35 45 55 25 35 45 55 

0 0 0 0 0 0 0 0 0 

10 0 0 3.89 1.47 19.42 27.18 42.72 54.37 

20 0 2.68 0 0 23.30 34.95 50.49 73.79 

30 0 1.59 0 0 27.18 42.72 50.48 85.43 

40 0 0 0 2.85 31.07 46.60 58.25 89.32 

50 2.49 0 0 0 38.83 54.37 62.13 93.20 

60 0 0 3.89 2.49 42.72 62.13 73.79 100.97 

90 0 1.47 2.13 1.55 50.48 58.25 77.65 100.97 

120 2.49 0 0 2.49 54.36 62.13 77.67 100.97 

150 1.85 0 2.45 0 54.36 66.02 81.55 97.08 

180 0 3.12 0 0 54.37 62.13 77.67 97.08 

240 0 2.15 0 0 54.36 62.13 77.67 97.09 

300 0 1.85 0 2.49 54.36 62.14 77.67 97.09 

360 3.89 0 3.12 2.45 54.37 62.13 77.67 97.08 

420 0 3.42 2.85 0 54.36 - 62.14 77.65" 97.09 

480 1.85 0 0 0 54.37 62.13 77.65 97.08 

540 0 3.89 1.59 0 54.36 62.14 77.67 97.08 

600 0 2.45 0 0 54.36 62.14 77.67 97.08 

660 0 0 0 0 54.36 62.13 77.67 97.08 

720 0 0 0 0 54.36 62.13 77.67 97.08 
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illflfft.!1fl fl 

Ntl fll 1ft fl1:J 1 fll 1 ijV.i1JUU0lJ 1 'U 1~1J1J110ijVIi1JU 1J1J!1J VI ri ~ 
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· l<i1~fi'W (fi111JL.,Y1l.,Y'Wi~1l~'W=l00 mg/L UCI~fl~'jlfll'j1'1Hl=3.57 ± 0.02 mL/min) 
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~l~tl'W (fl111l~'ll1l'U'W~'j1J~'W=l00 mg/L UCI~tJ~'jlfll'j '11CI=3.57 ± 0.02 mL/min) 
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.flW~~ R.7 f111lJ~lJ~'Wn1~·w:i1-:Jfilvhu'1f'llfl-:JJ,~~-:JLf111~M'~vulJ RB5 n1Jnm hw1~u~~u 
CTS/MMT !ll'W~'l~flci'1JltJ)~1J1J'Yifl~flci'1J ~ C0 =50 mg/L H = 15 em 

Q = 3.59 mL/min H"~ pH0 = 7 ± 0.5 
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m'V'I~ fl.s fl11lJ~lJ~un'i~'YI11-:J~T~m'1f'llfl-:JJ,~~-:JLfl)1~M'~V'ulJ RB5 n1Jmmmrr~rrlJ'Y!ci-:J 

~1'W'Yifl~f'ICJf1J lfltll~H~~'W CTS/MMT LlJ'W~l~f'ICJf1J ~ C0 =50 mg/L H = 15 em 

Q = 3.59 mL/min H"~ pH0 = 7 ± 0.5 
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.fll'rt'fl fl.9 fl111JfflJ~'U'Ii'.l~'\111·:rlhllll'l'.lff~fflJ'IJfl-!l'U1ffff·Ufl';i1~'11fft.lfllJ RB5 mHf-11'U'\1fl~I'IC)f1J 

tl1Jnm ll'ltJt'*u-:i~'U CTS/MMT !~'Wi1~~tJf1J ~ C 0 =50 mg!L H = 15 em 

Q = 3.59 mL!min !!-rt~ pH0 = 7 ± 0.5 
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CTS/MMT !~'U\9l1~~ci$1Jt'U'.l~1J1J'Hfl~~c]$1J ~ C
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= 100 mg!L H = 15 em 

Q = 3.57 mL/min U-ri~ pH
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= 7 ± 0.5 
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~1'U'Yitl~\91cif1J l\91CJt~td~'U CTS/MMT ti!mf1~\91cM1J ~ C0 = 100 mg/L H = 15 em 

Q = 3.57 mL/min Uft~ pH0 = 7 ± 0.5 
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tl1J!dm l\91CJt~u1~'U CTS/MMT ti!'U~1~\91CJ1'1J ~ C0 = 100 mg/L H = 15 em 

Q = 3.57 mL!min Uft~ pH0 = 7 ± 0.5 
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CTS/MMT l~'WI'f1~~9f1Ji'W'j~1J1Jl1fl~~9f1J ~ C0 = 200 mg/L H = 15 em 

Q = 3.57 mL/min Ut;~~ pH0 = 7 ± 0.5 
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.fll'W~ fl.14 fnllJ~:Uri''W£'j~l111>'l~TWtfl'lf'lJfl>'lJ1ff~>'J!fl'jl~Mffti'fl:U RB5 nmfim~'jff~ff:Wl1~>'l 

r--h'Wl1fl~f19f1J 1flvi'*!!~~'W CTS/MMT !~'WI'f1~~9f1J ~ C0 = 200 mg/L H = 15 em 

Q = 3.57 mL/min !!t;l~ pH0 = 7 ± 0.5 
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n1Jnm lf!EJi'lf'u~~l..! CTS/MMT trJmi'1~f!CJf1J ~ C0 = 200 mg/L H = 15 em 

Q = 3.57 mL!min U(l~ pH0 = 7 ± 0.5 

ill'Vf~ f\.16 'fl11lJalJ'Vil..!njgm-J1-:JrlTYim"ll'llel-:JJ1ffa-:Jl'fll1~,11jrfeJlJ RB5 n11nm tflll'l'lf'u~~l..! 

CTS/MMT trJl..!i1~f!CJf1JilJj~1J1Jl1B~f!CJf1J ~ C0 = 100 mg/L H = 20 em 

Q = 3.56 mL!min U(l~ pH0 = 7 ± 0.5 
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.fll'¥1~ 'fl.18 'fl11llffll'tf'W n'i ~'11 -:h~mll1\9l';i't;l'~ffli'\J't)~Jlffff ~tml~llffti''t"lll RB5 '11"~ H1'U'11'tJ~~91'U 
<u 

nunm 1~vl~td~'U CTS/MMT t~'U~1~~91'U ~ C0 = 100 mg/L H = 20 em 

Q = 3.56 mL/min ttl:!~ pH0 = 7 ± 0.5 
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ftl'rlfl fl.19 'fl11ll'ffll'ri'U1i'J~1111~fllVHtl'll''l.ltl·ri.J1'ff'ff~tm1~11"H.Itlll RB5 fl'Ut1Cl1 ~W t'll'tt'J~'U 

CTS/MMT tll'Wi1~~ci''UL'U'J~'U'U11tl~~ci''U ~ C0 = 100 mg/L H = 25 em 

Q = 3.56 mL/min !tl:l~ pH0 = 7 ± 0.5 
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m'rl~ fl.2o 'fl111Jffll~'Un'J~1111~~TrittJ'll''l.ltl~J,~iY~tm1~M'~utllJ RB5 n'Umm91'J'ff~'ffll11,r~ 
H1'W11tl~~ci''U 1~v'li'uH1u CTS/MMT t~'Ui1~~9T'U ~ C0 = 100 mg/L H = 25 em 

Q = 3.56 mL/min Ul:l~ pH0 = 7 ± 0.5 
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.mn~ A.21 fl'lll.l"ill.lvitnh·~wh:nfiml'l'.i'!;1'~'!;1'l.l'lltl~Jl~-d'~tml~M~Vtll.l RB5 11"'~~h'W11tl~~cU1J .. 
nunm i~u1'lf'ui~'W CTS/MMT L~'Wi1~~cU1J ~ C0 = 100 mg/L H = 25 em 

Q = 3.56 mL/min Ui:'l~ pH0 = 7 ± 0.5 
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.mn~ A.22 fl11l.l-d'l.lvi'Wn'.i~W.h~rhrim'lf'lltl~Jl~-d'~tfl'.il~M~trtll.l RB5 nunm i~u1'lf'ni~u 

CTS/MMT t~'Wi1~~cU1Ji'W'.i~1J1J11tl~~cU1J ~ C0 = 100 mg/L H = 15 em 

Q = 7.18 mL/min Ul:'lg; pH0 = 7 ± 0.5 
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.fll'W~ fl.23 fl11lJ'ffll'W'W1h:::l111~rhvh~'l1'U~~J,~hY'~tml:::lHM'mJ RB5 n1J1J1ll119l'HY!::fflll1~~ 

~l'Wl1~~f1i1J hwi<J1'ui~'W CTS/MMT tflm11~f1i1J ~ C0 = 100 mg!L H = 15 em 

Q = 7.18 mL/min U'(l!:: pH0 = 7 ± 0.5 
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.fll'W~ fl.24 fl11llffll'W'Wtl1!::11-.il~IDlll\9l'HY!::ffll'U~~Jlffff~tfl'il!::l1'~hj'~ll RB5 11~~~TW11~f1f1i1J .. 
n11nm hwl.Uui~'W CTS/MMT tflu~Vh~f1ci'1J ~ C0 = 100 mg/L H = 15 em 

Q = 7.18 mL/min U'(l!:: pH
0 

= 7 ± 0.5 
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.fi1'W~ fl.25 fl11l.lfflJ't~\.tn';i~11'h~rhVim'lf'Ufl~J,~br~tfl'.n:aHhYmJ RB5 n1Jnm hwl'*u~~'U 
CTS/MMT tiJ'UI?f1~~cif1Jl'U'J~1J1J11fl~~cif1J ~ C0 = 100 mg!L H = 15 em 

Q = 9.18 mL/min U'fl~ pH0 = 7 ± 0.5 
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m11~ fl.26 fl11:uff':u'rl''Un'J~11-:h~~,Viw'lf'llfl~J,~ff'~tml~M'~ri'fl:u RB5 ti'mfim1'11~~~:u11'tf~ 
~1'U11fl~~cif1J 1~u1'*u~~'U CTS/MMT tilm11~~cif1J ~ C0 = 100 mg/L H = 15 em 

Q = 9.18 mL/min U'fl~ pH0 = 7 ± 0.5 
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fll'W~ fl.27 f111:JJ~:JJ'WlnJ':i~'l'l';il~1Jhn~V~·ny~ff:JJ'Ut!~Jlffif~tml~'I'Hi'vmJ RB5 '11ft~HTW'11t!IVI~i1l 
n1111m t~w'l'lf'u<J~'W CTS/MMT tiJ'W~1~~9f1l ~ C0 = 100 mg/L H = 15 em 

Q = 9.18 mL/min !HI~ pH0 = 7 ± 0.5 
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fll'W'fl fl.28 fl11l.lff:JJ'Vl'W1i':i~'l111~fll'VHtl'lf'Utl~'Wlffff~!fl':il~'11fftlt!l.l MO fl11!11:11 !IVItl 'lf!n~'W 

CTS/MMT tiJ'W~1~~9f1l'l'W':i~1l1l'11tl~~9f1l ~ C0 =50 mg/L H = 15 em 

Q = 3.58 mL/min !nl~ pH0 = 7 ± 0.5 
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ill'W~ fl.29 fl11:tHYt~'rl'tnf1~l1-h:Jrhvhu'lf'\JU.:jJ1ti'ff.:j!fl:i1~Mti'vut~ MO n1Jmll11Pl:iff~fflll1'tl.:j 
~1'Wl1U~~P~cJf1J 1~P~£JL'lf'!!~~'W CTS/MMT t1Jul'i'1~1PlcJf1J ~ C0 =50 mg/L H = 15 em 

Q = 3.58 mL/min !!!;1~ pH0 = 7 ± 0.5 
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ill'W'YI fl.30 fi111Jff1J'Vi'W'Ii':i~l111-:jlJ':i1J11Pl':i 1:l~1:l1J'\JU.:j'Ulffff.:j!fl'jl~l1 ff£JU1J MO '}1!;1-:jf!'n'U l1UIPIIPI9f1J ... 

n1Jnm t~P~rli'lf'td~'W CTS/MMT t1Jul'i'1~19lcJf1J ~ C0 =50 mg/L H = 15 em 

Q = 3.58 mL/min !1!;1~ pH0 = 7 ± 0.5 
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ill'W~ fl.31 fl11lJ~lJ~'Wn"J:::Yr:h~thvh~'lf'U~,nllff~f.:J!fl':i1~..1ffa'mJ MO nur;nn 1~vl.Uu~~'W 
CTS/MMT trl'W~1~~cirul'W"J:::uuvm~~ciru ~ C0 = 100 mg/L H = 15 em 

Q = 3.58 mL/min l!J;l~ pH0 = 7 ± 0.5 
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ill'W~ fl.32 fl11lJ~lJ~'Wn"J:::l1':h~~lfim'lf<u~~Jlff~~~fi"J1~..1ffa'mJ MO numm~"JJ;l'~J;\'lll1~~ 
Hl'Wl1tl~~ciru 1~vl.Uu~~'W CTS/MMT trl'W~1~~cifu ~ C0 = 100 mg/L H = 15 em 

Q = 3.58 mL/min l!J;t;:: pH0 = 7 ± 0.5 
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.m'f'l~ rt.33 fi'"Jl:JJff:JJ~tnf'i~lrh:n~:wl\?l'HY~ff:JJ'Iltl~Jl~hl'~tfl'il~tl~hfmJ MO l1rl'~~·h'Wl1tll?ll?lci1J 
"' 

nu1m tl?ltl'l'lf'ui~'W CTS/MMT tlJ'Wi1~1?1CJ11J ~ C0 = 100 mg/L H = 15 em 

Q = 3.58 mL/min u"~ pH0 = 7 ± 0.5 
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ill'f'I'YI fl.34 fi'"Jl:JJff:JJ'f'I'W1i'i~l111~fll'VHtl'li'IJ'fl~'Wlffff~!fl'il~l1fft.m:JJ MO f11Jnm !l?ltl 9H!'i\?l'W 

CTS/MMT tlJ'Wi1~1?1CJ11J'l'W'i~lJ1Jl1'fl~l?lCJ11J ~ C0 = 200 mg/L H = 15 em 

Q = 3.57 mL/min u"~ pH0 = 7 ± 0.5 
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ill'W~ fl.35 fl11lJfflJoWtJ1f1~'VIil~~·hvhu'lf'\JU·nhi1ff'~tfl';il~..,jfftfmJ MO n·mnlJ11'11'ff~'fflJ'Vi~~ 

~1'W'VIU~\9lcif1J t\9lt~1'lf'u<J~'W CTS/MMT tlJ-mh~J\9lcH1J ~ C0 = 200 mg/L H = 15 em 

Q = 3.57 mL/min u"~ pH0 = 7 ± 0.5 
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ill'W~ fl.36 fl11lJfflJoW'Wn1~'VIil~mml'l1ff~fflJ'\JU~Jlffff~tml~Mfftfu:u MO 'Vi~~~l'W'VIU\9l\9lci1J .. 
n1Jnm t\9lt~1'lf'u'i~'W CTS/MMT tlJ'WI91'1~\9lcir1J ~ C0 = 200 mg/L H = 15 em 

Q = 3.57 mL!min U"~ pH0 = 7 ± 0.5 



10 

8 ~~············· ••• ~ .. 
6 

4 

2 -

0 

0 20 40 60 80 100 120 140 

Time(min) 

m'W~ tl.37 f111lJ'ihn~'t.ni''i~'l-1'll~rhvht:~'lf'\Jt:~~Jl~'tY~tml~M~fYt:~lJ MO n11nm i~wl~u~~'U 
CTS/MMT trl'Ui1~~9f1Jl'U'i~1J1Jl1fl~~ci1J ~ C0 = 100 mg/L H = 20 em 

Q = 3.56 mL/min U~~ pH0 = 7 ± 0.5 
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ill'W~ f\.38 fl11lJfflJli''UTI'i~l111~fllYht:~'lf'\Jfl~Jl~ff~lfl':il~M~UmJ MO n'Umm~P~'i'I:Y~'I:YlJ'I-1€1~ 
~l'UYIV~~ci'U i~vl~u~~'U CTS/MMT trlmi'J~~ci'U ~ C0 = 100 mg/L H = 20 em 

Q = 3.56 mL/min U~~ pH0 = 7 ± 0.5 



137 

500 

3 400 y = 3.5612x + 0.2810 a 
'-' 
d) 

R2 = 1.0000 a 
;:I 300 0 
> 

"'d 
d) 

200 c;j 
"3 a 
;:I 
<:.) 100 <:.) 

<!; 

0 

0 20 40 60 80 100 120 140 

Time(min) 

' " .e( Q.l Q.l r/ I - F- o d Q.l rid ~ Q.l I Q.l 

ill'Wfl fl.39 fl11lJn'lJ'W'U1i':i~l111~1J':illl~':iff~fflJ'Ufl~'Uln'n'~tml~l1fftlfllJ MO mN~l'U'Hfl~~CJfl.J .. 
n1mm1~ll'li'ui~'U CTS/MMT trJui1~~cH1J ~ C0 = 100 mg/L H = 20 em 

Q = 3.56 mL/min UCI~ pH0 = 7 ± 0.5 
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ill'Wfl fl.40 fl11lJn'lJ'W'U1i':i~l111~fiTVHtl'lf'Ufl~'Uln'ff~tml~l1n'tlfllJ MO fl1Jt11;11 !~tl 'lftt':i~'U 

CTS/MMT trJu\911~~9f1J'l'U1~1J'l.Jl1fl~~CJT1J ~ C0 = 100 mg/L H = 25 em 

Q = 3.56 mL/min ttCI~ pH0 = 7 ± 0.5 
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mvt~ fl.41 fl11lJ~lJ'Vi'tni'J~l'lil'1~1.Wtfl'll''Ufl·n.i1ff~'~tm1~..rffV'm.J MO timnlJ119l'Jff~fflJ'YI~'~ 
P-h'Wl'lfl~\919T'U 119lv1oM'u~~'W CTS/MMT ttlui1~19l9T'U ~ C0 = 100 mg/L H = 25 em 

Q = 3.56 mL/min ll'fl~ pH0 = 7 ± 0.5 
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tl'U11'ftl 119lv1oM'u~~'W CTS/MMT ttl'Wi1~19l91'1J ~ C0 = 100 mg!L H = 25 em 

Q = 3.56 mL/min U'fl~ pH0 = 7 ± 0.5 
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ill'Vf'fl rl.43 rl11:1H1lJ'VfU1i':i:i:l111~fl1'rllfl'lf'Uti~'Wlffff~lrl'i1:i:l'ifftltllJ MO flU11Ln tfltl t'lfll':ifi'U 

CTS/MMT trlui1~f!"JTUL'U':i:i:UU'Htl~f!"JTU ~ C0 = 100 mg/L H = 15 em 

Q = 7.15 mL/min 111:\:i: pH0 = 7 ± 0.5 
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q Ql Q.l t/ I I d 0 .:::1 Q.l t/e;t 'J) Q.l ., F- Q.l 

ill'rl'fl rl.44 fl11lJfflJ't'llJ1i'J:i:l111~fll'rlltl'lf'Utl~lJ1ffff~lm1:::l'ifftltllJ MO flU1J':ilJ1\91':iff:i:ffl.ll'itl~ 

Hl'Ul'itl~fliu iflvl.UuHI'W CTS/MMT t~'Wi1~fliu ~ C0 = 100 mg/L H = 15 em 

Q = 7.15 mL/min 111:\:i: pH0 = 7 ± 0.5 



140 

1000 
,.-.._ 
.....l 

800 y = 7.1538x + 0.4142 E 
'-' 

11) 

R2 = 1.0000 E 
.2 
0 

600 
> 

"0 

* 400 
"5 
E 
;:I 

200 0 
0 
~ 

0 

0 20 40 60 80 100 120 140 

Time (min) 

~ Ql Ql " • ~ d Ql ~d. 'j} QJ ' Ql 

.fll'W'tl f\.45 fl11llffll'Vl'U'jj'J~'V111-:JIDll119l'H1~ffll'llti-:Jtn~H1'-:J!fi'J1~lHHJUll MO 'VIl:l-:Jr-.ll'U'VItiiPl~GJfU 
" 

nunm t~tti'lf'u-:i~'U CTS/MMT tlJ'Ui1~~c]fu ~ C0 = 100 mg/L H = 15 em 

Q = 7.15 mL!min Ul:l~ pH0 = 7 ± 0.5 
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.mn~ f\.46 fl11ll~ll'W'W1f-i~w:i1-:Jrhriw'lf'llt1-:Jthff~<ltml~lfffri'Vll MO nunm 1~ttH'u-:i~'U 
CTS/MMT tlJ'Ui1~~clrui'U'J~1JU'VItl~~c]fu ~ C0 = 100 mg/L H = 15 em 

Q = 9.19 mL/min Ul:l~ pH0 = 7 ± 0.5 
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1200 

,J Q.l Q.l ~ I I e:t ~ .-=! QJ fld. g/ CV .... ~ QJ 

.fll'Wrl fl.47 fl111J"UJ't'I'U1i1~l111~fiTVHfl'lf'llfl~'U1"HY~tfl11~l1t'l'tlfllJ MO tllJu11J11011t'l'~t'I'1Jl1't'l~ 

f-il'Wl1fl~~cH1J hwi'!f'td~'U CTS/MMT t1Jui1~~i'u ~ C0 = 100 mg!L H = 15 em 

Q = 9.19 mL/min !!'t'l~ pH
0 

= 7 ± 0.5 
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.rn'W~ fl.48 fi111J't11.l'Viu-fi1~w;h~mm\OI'jff~t'l'l.J'Ilfl~Jlff'ff~tfl'jl~MffrYfll.l Mo ml~f-il'Ul1fl~~i'u 
"' 

nunm 1~vi'lf'u~~'U CTS/MMT t1J'Ui1~~cH1J ~ C0 = 100 mg/L H = 15 em 

Q = 9.19 mL/min !l't'i~ pH0 = 7 ± 0.5 



142 

g)l~H~ tl.l rl'~rnff1'W 1~'H -:h~~ltl11lJt.u'lJ·l~'-tJ~rnn if! "1 mf~~l'W'HtJ~flcM1Jtl1J~lf111lJt.u'lJ.u''Wt~lJ~'W 
d9} .d l IV 3) 3) 4 'J} I CV 

( C/C0) '\Jtl~'ffrltllJ RB5 'YWldll-l\1' ~'\Jtl~t1Jf!U~fWll~fl'W (f111lJ!'\JlJ'\J'W!1lJ~'Wt'Yilfl1J 

100 mg!L tt'fl~U~11m1imuvhn1J 3.57 ± 0.02 mL/min) 

'lfYitll'Utl'll 'lfYifll~'tlYitlM .. .. .. 
... C/C0 C/C0 

lltll ('1Ht1) ' ' d I <V 

Vifl11Uft~'\Jtl~!1Jfl (em) t!~fl~l~tl'W 'Yifl11l-l\T~'Utl~!1Jfl (em) U~fl~l~fl'W .. 
15 20 25 15 20 25 

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

1 1.0000 1.0000 1.0000 0.0155 0.0086 0.0051 

2 1.0000 1.0000 1.0000 0.0223 0.0120 0.0120 

3 1.0000 1.0000 1.0000 0.0756 0.0309 0.0240 

4 0.9983 1.0000 0.9965 0.0911 0.0532 0.0394 

5 1.0000 0.9965 1.0000 0.1203 0.0875 0.0703 

6 0.9983 1.0000 1.0000 0.2062 0.0978 0.0909 

7 0.9966 0.9965 1.0000 0.2938 0.2024 0.1252 

8 1.0000 0.9982 1.0000 0.4055 0.2813 0.1647 

9 1.0000 0.9965 0.9965 0.5309 0.4683 0.3173 

10 1.0000 1.0000 0.9982 0.6306 0.5352 0.4202 

11 1.0000 1.0000 0.9965 0.6993 0.6072 0.4991 

12 1.0000 1.0000 1.0000 0.7784 0.6432 0.5111 

13 0.9966 1.0000 1.0000 0.7989 0.6741 0.5506 

14 0.9983 1.0000 0.9982 0.8076 0.7153 0.5729 

15 1.0000 0.9982 1.0000 0.8247 0.7461 0.6038 

16 1.0000 0.9982 1.0000 0.8436 0.7753 0.6518 

17 1.0000 1.0000 0.9965 0.8608 0.8027 0.6981 

18 0.9983 1.0000 1.0000 0.8711 0.8250 0.7444 

19 1.0000 1.0000 1.0000 0.8849 0.8371 0.7736 

20 1.0000 1.0000 1.0000 0.8900 0.8525 0.8045 

21 1.0000 1.0000 0.9965 0.8986 0.8593 0.8250 
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Yll'lH~ fl.t fll'l'J 1ri1u 'J~lrhuhf111llt'li'll'li'u~rnn 'liPl "1 lnl'~~l'Wl1~~1Plci'Unmhmlllt'li'll'li'w~ll~'W 
d9) d I Q.l 9) 9) _.d 9) I Q.l 

(C/C0) 'll~~fff.l~ll RB5 'Ylf111ll~~'ll~~t'U\Pltt\9lf1\911~f1'W (f111llt'llll'll'Wt'Jll\9l'Ut'Yllf1'U 

100 mg/L UC\~fl\9l'Jlf11'J1mwvhn'U 3.57 ± 0.02 mL/min) (\Pl~) 

'lf~fl1'1Jfl1J .. .. 'IJ~fll"j'fl~l:ltl\1 

<Ot C/C0 C/C0 
&11:11 ('IH'fl) ' "' ' .... d I "" 

'Ylfl11ll~~'ll~~t'U\Pl (em) H\9lf1\911~f1'U 'Ylfl11ll~~'ll~~t'U\Pl (em) U\9lf1\911~f1'W 

15 20 25 15 20 25 

22 1.0000 0.9982 1.0000 0.9055 0.8645 0.8439 

23 1.0000 0.9965 1.0000 0.9124 0.8696 0.8542 

24 1.0000 1.0000 1.0000 0.9124 0.8765 0.8628 

25 1.0000 1.0000 0.9965 0.9158 0.8816 0.8713 

26 0.9983 0.9982 1.0000 0.9227 0.8867 0.8731 

27 0.9983 1.0000 1.0000 0.9261 0.8936 0.8713 

28 0.9983 0.9965 0.9965 0.9295 0.9005 0.8765 

29 1.0000 1.0000 1.0000 0.9329 0.9022 0.8799 

30 1.0000 1.0000 0.9965 0.9364 0.9056 0.8902 

35 1.0000 1.0000 1.0000 0.9467 0.9108 0.8937 

40 1.0000 1.0000 1.0000 0.9502 0.9125 0.8970 

45 1.0000 1.0000 1.0000 0.9536 0.9177 0.9022 

50 1.0000 0.9983 1.0000 0.9587 0.9245 0.9057 

55 1.0000 1.0000 1.0000 0.9639 0.9314 0.9108 

60 1.0000 1.0000 1.0000 0.9673 0.9365 0.9159 

65 1.0000 1.0000 1.0000 0.9639 0.9331 0.9159 

70 1.0000 1.0000 1.0000 0.9639 0.9331 0.9159 

75 1.0000 1.0000 1.0000 0.9622 0.9365 0.9159 

80 1.0000 1.0000 1.0000 0.9673 0.9331 0.9159 

85 1.0000 1.0000 0.9982 0.9673 0.9365 0.9159 

90 1.0000 1.0000 1.0000 0.9673 0.9331 0.9159 

95 1.0000 1.0000 1.0000 0.9673 0.9365 0.9159 
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d'j) d I Q.l 'j) 'j/ ~ 3) I Q-' 

(C/C0) 'IJU.:J""tltll.J RB5 'Vlfl11l.J~.:J'IJU.:J~U~U~fWll-!lfl'W (fl11l.J~'Ul.J'U'U~'Jl.J~'U!'Vl1flU 

100 mg/L U~~i~'J1fl1'Jil1tH'Vhnu 3.57 ± 0.02 mL/min) (~U) 

'H~fl11Jflll 'l.f~tn1fl~iUH .. .. 

"" 
C/C0 C/C0 

n~n (tnfl) ' "" I ~ llfl11l..l"".:J'UU.:J~u~ (em) tt~fl~Hn'W 'Vlfl11l.J~-!l'IJU-!!~U~ (em) U~fl~1-!lfl'U .. 
15 20 25 15 20 25 

100 1.0000 1.0000 1.0000 0.9673 0.9365 0.9159 

105 1.0000 1.0000 1.0000 0.9673 0.9365 0.9159 

110 1.0000 1.0000 1.0000 0.9673 0.9365 0.9159 

115 1.0000 1.0000 1.0000 0.9673 0.9365 0.9159 

120 1.0000 1.0000 1.0000 0.9673 0.9365 0.9159 
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d3/ d 9) 9) .:! lj} I Cl.l I QJ 

(C/C0) 'llti·HH.I't:n.J RB5 'VIfl11ll!'llli'IJ'W!1li\?I'WU\?Itl\9l1'1f1'W (fl1lll\)''l'lltl'I!1J~H'V11f11J 15 em 

Ut'l~:aJ\911lf111l'l1t'ltvhntJ 3.57 ± o.o2 mL/min) 

'tf~A11JA1J 'tf~fll'l'n~'tl0'1 
Q Q Q 

d 'J)!J)d9} d <J) 'J} .J. 3) 

.et 
C/C0 'VIfl11llt'1Jli'IJ'Wt1li\?I'W (mg/L) C/C0 'VIfl11llt'llli'IJ'Wt1li\?I'W (mg/L) 

n-a1 (uln) 
I ... I ... 

U\?lf1\?ll'lf1'W U\?lf1\?ll'lf1'W 

50 100 200 50 100 200 

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

1 0.9971 1.0000 1.0000 0.0122 0.0155 0.0033 

2 0.9981 1.0000 1.0000 0.0254 0.0223 0.0344 

3 1.0000 1.0000 0.9980 0.0519 0.0756 0.0889 

4 1.0000 0.9983 0.9942 0.0733 0.0911 0.1493 

5 0.9971 1.0000 0.9980 0.1069 0.1203 0.4938 

6 1.0000 0.9983 1.0000 0.1283 0.2062 0.6028 

7 1.0000 0.9966 1.0000 0.1884 0.2938 0.8073 

8 1.0000 1.0000 1.0000 0.2943 0.4055 0.8949 

9 0.9990 1.0000 1.0000 0.3859 0.5309 0.9260 

10 0.9971 1.0000 1.0000 0.5031 0.6306 0.9416 

11 1.0000 1.0000 0.9980 0.5519 0.6993 0.9494 

12 1.0000 1.0000 1.0000 0.6151 0.7784 0 0.9572 

13 1.0000 0.9966 1.0000 0.6609 0.7989 0.9611 

14 1.0000 0.9983 1.0000 0.7006 0.8076 0.9669 

15 1.0000 1.0000 1.0000 0.7413 0.8247 0.9669 

16 1.0000 1.0000 1.0000 0.7586 0.8436 0.9669 

17 0.9990 1.0000 1.0000 0.7790 0.8608 0.9688 

18 1.0000 0.9983 1.0000 0.8055 0.8711 0.9727 

19 1.0000 1.0000 0.9980 0.8269 0.8849 0.9727 

20 1.0000 1.0000 1.0000 0.8483 0.8900 0.9727 

21 1.0000 1.0000 1.0000 0.8523 0.8986 0.9727 
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.c:i Q.l t I I 9)9)d 6l Q.ll Q.IQ.II 'J)9)_d.9) 

g}l'HUl fl.2 'fl~11ff1'W1~'H11.:Jf11f1111Jt'\JlJ'\J'W'Yirdtn ~~ "1 mHH1'W'Hfl'(J~ttf1Jfl1Jf11fi111H'\JlJ'\J'Wt1lJ~'W 
.e:t9) d 9) il d 9) t Q.l ' Q.l 

(C/C
0

) '\J'fl.:JffU'fllJ RB5 'Yifi111Jt'\JlJ'\J'Wt1lJ~'WU~fl~1.:Jfl'W (fi111J\}'.:J'\J'fl.:Jt1J~H'YI1fl1J 15 em 

U{l~'t1~11fl111muvhtiu 3.57 ± 0.02 mL/min) (~'fl) 

.ol 
n~;n ('Ul'YI) 

d 9)9)~'j) 
C/C0 'Yifi111Jt'\JlJ'\J'\.mlJ~'U (mg/L) 

U~fl~l.:Jn'W 
I .,.. 

U~fl~l.:Jfl'W 

50 100 200 50 100 200 

22 1.0000 1.0000 1.0000 0.8564 0.9055 0.9727 

23 1.0000 1.0000 1.0000 0.8584 0.9124 0.9727 

24 1.0000 1.0000 0.9980 0.8615 0.9124 0.9727 

25 1.0000 1.0000 1.0000 0.8645 0.9158 0.9727 

26 0.9990 0.9983 1.0000 0.8666 0.9227 0.9727 

27 0.9990 0.9983 1.0000 0.8696 0.9261 0.9746 

28 1.0000 0.9983 1.0000 0.8717 0.9295 0.9746 

29 1.0000 1.0000 1.0000 0.8717 0.9329 0.9746 

30 0.9990 1.0000 1.0000 0.8737 0.9364 0.9785 

35 0.9981 1.0000 1.0000 0.8757 0.9467 0.9785 

40 1.0000 1.0000 1.0000 0.8798 0.9502 0.9824 

45 1.0000 1.0000 1.0000 0.8839 0.9536 0.9785 

50 1.0000 1.0000 0.9980 0.8839 0.9587 0.9785 

55 1.0000 1.0000 1.0000 0.8859 0.9639 0.9824 

60 1.0000 1.0000 1.0000 0.8869 0.9673 0.9785 

65 1.0000 1.0000 1.0000 0.8869 0.9639 0.9824 

70 1.0000 1.0000 1.0000 0.8869 0.9639 0.9824 

75 1.0000 1.0000 1.0000 0.8859 0.9622 0.9824 

80 1.0000 1.0000 1.0000 0.8849 0.9673 0.9824 

85 0.9990 1.0000 1.0000 0.8869 0.9673 0.9824 

90 1.0000 1.0000 1.0000 0.8839 0.9673 0.9785 

95 1.0000 1.0000 1.0000 0.8849 0.9673 0.9824 
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m'lH~ r~.2 u\91'11~h'W'J~ldl~rhwnllt'li'll'li't.t~nm 1~ "ll1cr~~l'U'I-HJ~~ciut1mhr~11llt'li'll'li''Wt1ll~'U 
..::1 fJ} .d 'j) 'j) .cJ. fj} I Q..l I Q.l 

(C/C
0

) 'Utl~~Wtlll RB5 'Vlfl11llt'Ull'U'Ut'Jll\9l'UU\9lfl\911~fl'U (fl11ll~~'Utl~t1J~t'Vllfl1J 15 em 

u~~U\91-:ilfll'Jl'rHH'Vhnu 3.57 ± 0.02 mL/min) (l?itJ) 

'lfVIfi1'UfllJ 'lfVIfll'l'nVI"8'1 
" " " 

.d 'J)3)d.3) d 3)3)~'j) 

"' 
C/C0 'Vlfl11llt'Ul.J'U'Ut'Jl.J\9l'U (mg/L) C/C0 'Vlfl11llt'Ul.J'U'Ut'Jl.J\9l'U (mg!L) 

n"1 (uln) 
I "' I "' U\9lfl\911~fl'U U\9lfl\911~fl'U 

50 100 200 50 100 200 

100 1.0000 1.0000 1.0000 0.8859 0.9673 0.9785 

105 1.0000 1.0000 1.0000 0.8849 0.9673 0.9825 

110 1.0000 1.0000 1.0000 0.8869 0.9673 0.9825 

115 1.0000 1.0000 1.0000 0.8859 0.9673 0.9825 

120 1.0000 1.0000 1.0000 0.8859 0.9673 0.9825 
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~nH~ fl.3 B\91':il"h\J'j~,_d,~rhfl11llt'li':IJ'u\J~nm L\91 "1 , .. nr~~l\J'IHJ~\91'l1'1Jti''IJ~lfl11llt'lfll.u'lJt~ll~lJ 
(C/C

0
) 'llfl~~r!tllJ RB5 ~tJ\91'jlfll'j1'1Hltt\91fl~l~tl\J (fl11ll\J'~'Ilfl~t'IJ\91t'Vlltl'IJ 15 em UCI~ 

9} 'j} d 'j} ' Q..l 

fl11llt'llll'IJ\Jt':ill\91\Jt'Yllfl'IJ 100 mg!L) 

'U~fi1'Ufi'IJ 1~fl11't1~~tl~ q q 

q C/C0 ~tl\91':ilfll'j1'11CI (mL/min) C/C0 ~-ei'mlfll':i1'11CI (mL/min) 
n~1 ('l!l't1) 

I "" I "" U\91fl\911~fl\J U\91fl\911~fl\J 

3.57 7.18 9.18 3.57 7.18 9.18 

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

1 1.0000 1.0000 1.0000 0.0155 0.0153 0.0207 

2 1.0000 1.0000 1.0000 0.0223 0.0801 0.1052 

3 1.0000 1.0000 1.0000 0.0756 0.1056 0.1431 

4 0.9983 1.0000 1.0000 0.0911 0.1413 0.4224 

5 1.0000 1.0000 1.0000 0.1203 0.3628 0.6120 

6 0.9983 0.9965 0.9982 0.2062 0.6354 0.7896 

7 0.9966 1.0000 0.9982 0.2938 0.6984 0.8982 

8 1.0000 1.0000 0.9982 0.4055 0.7683 0.9103 

9 1.0000 1.0000 1.0000 0.5309 0.8040 0.9310 

10 1.0000 0.9982 0.9948 0.6306 0.8194 0.9448 

11 1.0000 0.9982 1.0000 0.6993 0.8534 0.9500 

12 1.0000 0.9965 1.0000 0.7784 0.8909 0.9552 

13 0.9966 0.9965 1.0000 0.7989 0.9097 0.9586 

14 0.9983 0.9982 0.9982 0.8076 0.9386 0.9620 

15 1.0000 1.0000 1.0000 0.8247 0.9454 0.9603 

16 1.0000 1.0000 0.9982 0.8436 0.9505 0.9637 

17 1.0000 0.9982 0.9982 0.8608 0.9523 0.9637 

18 0.9983 1.0000 1.0000 0.8711 0.9591 0.9637 

19 1.0000 0.9982 1.0000 0.8849 0.9591 0.9637 

20 1.0000 1.0000 0.9982 0.8900 0.9625 0.9603 

21 1.0000 0.9982 1.0000 0.8986 0.9625 0.9620 
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' ' ' ~ Q.l I I I rJ) fJ} .d, GJ. Q.l I Q.l Ql I rJ) IJ/ ~ 9J 
VllH~'n fl.3 fl~'ilff1'W'i~l111~fllfl11lJ!'tllJ'ti'W'YU1~1 &~ "1 l1~~~1'W'Mfl~~GJf1Jf11Jfllfl11lJ!'tllJ'ti'W!'ilJ~'W 

(C/C0) 'tlfl~ffV'Bll RB5 ~fl~'ilf11'ii'M~U~f11Vil~tl'W (fl11ll\!~'tlfl~!1J~1liln1J 15 em~~~~ 
rJ) fJ} ~ rJ) I Q.l I 

fl11lJ!'tllJ'ti'W!'ilJ~'W!'Vllf11J 100 mg!L) (~fl) 

<=t 
n~n (Ul'YI) 

22 

23 

24 

25 

26 

27 

28 

29 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

C/C0 ~fl~'ilm'ii'M~ (mL/min) 

U~f11ViHn'W 

3.57 7.18 9.18 

1.0000 1.0000 0.9982 

1.0000 1.0000 0.9982 

1.0000 1.0000 1.0000 

1.0000 0.9982 1.0000 

0.9983 0.9965 1.0000 

0.9983 1.0000 1.0000 

0.9983 0.9965 1.0000 

1.0000 0.9982 1.0000 

1.0000 0.9982 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 0.9982 

1.0000 1.0000 0.9982 

1.0000 0.9982 1.0000 

1.0000 0.9982 1.0000 

1.0000 1.0000 0.9982 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 0.9982 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 0.9982 

1.0000 1.0000 0.9982 

C/C0 ~fl~'ilm'ii'M~ (mL/min) 

U~f1~1~tl'W 

3.57 7.18 9.18 

0.9055 0.9591 0.9655 

0.9124 0.9642 0.9672 

0.9124 0.9642 0.9672 

0.9158 0.9659 0.9672 

0.9227 0.9659 0.9706 

0.9261 0.9693 0.9655 

0.9295 0.9727 0.9672 

0.9329 0.9727 0.9706 

0.9364 0.9693 0.9672 

0.9467 0.9727 0.9706 

0.9502 0.9693 0.9672 

0.9536 0.9693 0.9706 

0.9587 0.9693 0.9706 

0.9639 0.9727 0.9741 

0.9673 0.9693 0.9741 

0.9639 0.9727 0.9741 

0.9639 0.9727 0.9706 

0.9622 0.9693 0.9741 

0.9673 0.9659 0.9706 

0.9673 0.9693 0.9741 

0.9673 0.9693 0.9741 

0.9673 0.9693 0.9741 
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~nH~ fl.3 V~'lTN1'W'l~ldVlftlfl11llt.,Y·mi\A~ncn 1~ '1 ,,.nl'.:J~l'U'I1fl~~ci'1Jfiufilfl11llt.,rll.,r'Ut~li~'U 

(C/C0) '\Jfl.:J~V'flll RB5 ~tl~'llfn'll'Ht'JU~fl~l.:Jft'U (fl11li~.:J'\Jfl.:Jt1J~t'Vhfiu 15 em tm~ 
9}9}-d.'J) IQ.I I 

fl11llt'\Jli'\J'Ut'lli~'Ut'Yilfl1J 100 mg!L) (~fl) 

1{~fll1.JfJt.l 'ti~fll1'tl~'tltl~ 
~ 

... C/C0 ~U~'llfn'll'11t'l (mL/min) C/C0 ~V~'llfn'll'11t'l (mL/min) 
!l'tll (1-Al'tl) 

I ... I ... 
U~fl~l.:Jfl'U U~fl~l.:Jfl'U 

3.57 7.18 9.18 3.57 7.18 9.18 

100 1.0000 1.0000 1.0000 0.9673 0.9693 0.9741 

105 1.0000 1.0000 1.0000 0.9673 0.9693 0.9741 

110 1.0000 1.0000 1.0000 0.9673 0.9693 0.9741 

115 1.0000 1.0000 1.0000 0.9673 0.9693 0.9741 

120 1.0000 1.0000 1.0000 0.9673 0.9693 0.9741 
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~11H~ fl.4 B'~1T~1'W1~Yrh~filfl11lJl,rlJ'li\.t~nm 'l~ "1l1~·:n·h'WlH>~~cH'unufilf111l.ll'lflJ,r'Wi~lJI9i''W 
d9/ d I Ql 3) '3) 4 'j) I Ql 

(C/C0) 'lltl~'fftltllJ MO 'Yift11lJ\l~'lltl~l1J~U~fl~l~fl'W (f111lJl'lllJ'Il'Wl'ilJ~'Wl'Yilfl1J 

100 mg/L U't'l~B~'ilfll'iimu'Vhnu 3.57 ± 0.02 mL/min) 

'lfVIfll\Jfl1J 'lfVIfll1't1VIi.lM q q q 

.ol C/C0 C/C0 mn (Ul't'l) . . 
.ol I ~ 

nfl11lJff~'lltl~l1J~ (em) H~fl~l~n'W 'Yifl11lJ\l~'lltl~nJ~ (em) H~fl~l~fl'W ... 

15 20 25 15 20 25 

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

1 1.0000 1.0000 1.0000 0.0174 0.0138 0.0057 

2 1.0000 1.0000 1.0000 0.0429 0.0426 0.0150 

3 1.0000 1.0000 1.0000 0.0835 0.0680 0.0508 

4 1.0000 1.0000 0.9988 0.0951 0.0980 0.1052 

5 0.9988 0.9976 1.0000 0.2018 0.2468 0.13~9 

6 0.9988 1.0000 1.0000 0.3723 0.4117 0.3514 

7 1.0000 1.0000 0.9976 0.5208 0.5224 0.4924 

8 1.0000 1.0000 1.0000 0.7111 0.5743 0.5156 

9 0.9976 0.9976 0.9976 0.8109 0.6286 0.5514 

10 1.0000 1.0000 1.0000 0.8758 0.7001 0.5872 

11 1.0000 1.0000 1.0000 0.9037 0.7912 0.6162 

12 1.0000 1.0000 1.0000 0.9141 0.8627 0.6497 

13 1.000()- 1.0000 1.0000 0.9245 0.9054 0.7005 

14 0.9988 1.0000 0.9976 0.9454 0.9307 0.7421 

15 1.0000 0.9988 0.9988 0.9524 0.9365 0.7884 

16 0.9976 0.9988 0.9988 0.9570 0.9400 0.8473 

17 1.0000 0.9988 0.9976 0.9524 0.9469 0.8890 

18 0.9988 1.0000 1.0000 0.9571 0.9515 0.9132 

19 0.9988 1.0000 0.9976 0.9593 0.9596 0.9317 

20 1.0000 1.0000 0.9988 0.9651 0.9630 0.9445 

21 0.9976 0.9976 0.9976 0.9698 0.9677 0.9572 
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d Ql I I I <J}<Jid Qll QJQ.II <J}<J}~j) 
\iiT'iH'YI A.4 fl\il':i1ff"lU':i::l1"l1~fll'fl"l1lJt'lllJ'IlU'V111m l~ 'll1"~mul'tfl'(l~CJf1Jfl1Jfll'fl"l1lJt'lllJ'IlUt':ilJ\iiU 

~3) _d I Q.l <J} j} _d lJ} I Ql 

(C/C0) 'llfl~fftlfllJ MO 'Vl'fl"l1lJ\)'~'Ilfl~!1J~U\ilfl\il1~fl'\.J ('fl"lllJ!'IllJ'IJ'\.J!':ilJ\ii'\.J!'Vllfl1J 

100 mg/L u"::6\il':i1fl1':itl1mvhn1J 3.57 ± 0.02 mL/min) (~fl) 

'!lYifl"l'UfJll 'lfYiflT'i'YIYI~D-:1 
q 

... C/C0 C/C0 
n~1 ('Ul'YI) . 

i'i'fl"lllJ\)'~'Ilfl~m~ (em) U\ilfWh~nu 
d I ~ 

'Vl'fl"l1lJ\)'~'Ilfl~!1J~ (em) U\ilfl\ill~fl'\.J 

15 20 25 15 20 25 

22 1.0000 1.0000 0.9988 0.9733 0.9723 0.9618 

23 1.0000 1.0000 0.9988 0.9756 0.9769 0.9699 

24 1.0000 1.0000 1.0000 0.9779 0.9792 0.9734 

25 1.0000 1.0000 1.0000 0.9802 0.9815 0.9757 

26 1.0000 1.0000 1.0000 0.9825 0.9815 0.9791 

27 1.0000 1.0000 0.9976 0.9837 0.9815 0.9815 

28 1.0000 1.0000 1.0000 0.9849 0.9815 0.9826 

29 0.9976 1.0000 1.0000 0.9825 0.9815 0.9849 

30 1.0000 1.0000 1.0000 0.9849 0.9815 0.9838 

35 1.0000 1.0000 0.9976 0.9849 0.9815 0.9838 

40 1.0000 0.9976 0.9976 0.9837 0.9815 0.9838 

45 0.9976 ' 0.9976 1.0000 0.9849 0.9815 0.9803 

50 0.9988 1.0000 1.0000 0.9849 0.9815 0.9815 
-

55 1.0000 1.0000 1.0000 0.9849 0.9815 0.9838 

60 1.0000 0.9988 0.9976 0.9837 0.9815 0.9838 

65 1.0000 1.0000 0.9988 0.9849 0.9815 0.9803 

70 1.0000 0.9976 1.0000 0.9849 0.9815 0.9838 

75 1.0000 1.0000 1.0000 0.9849 0.9815 0.9838 

80 0.9976 1.0000 1.0000 0.9849 0.9815 0.9838 

85 0.9976 1.0000 1.0000 0.9849 0.9815 0.9838 

90 1.0000 0.9976 1.0000 0.9849 0.9815 0.9838 

95 1.0000 0.9976 1.0000 0.9849 0.9815 0.9838 
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g)l'iH~ fl.4 U\PllTthw l:::'H -h:u•hf111llt.u'lJ.u''W ~r.nn 'l ~ ~ m1~N1'W 'Hfl~~cH'U n'U~ilfl11ll t.u'll.u''Wt1ll~'W 
' ' d$1 d • Ql lj) 'J) ~ j) 'Ql 

(C/C0) '\Jfl~(;ltlflll MO 'Yifl11ll~~'\Jfl~t'U~U\Plfl\Pl1~fl'W (fl11ll!'\Jll'\J'Wtlll\Pl'Wt'YI1fl'U 

100 mg/L U{l:::U\Pl11fl11im:uvhn'U 3.57 ± 0.02 mL/min) (~fl) 

'lf~fll'Ufi'-J 'lf~fll1fl~i.'18~ .. .. .. 

q C/C0 C/C0 
lli.'ll ('Ulfl) ' ' "" ' ... Q I ... 

Ylfl11ll~-!l'\Jfl·H'U~ (em) U\Plfl\PlHfl'W Ylfl11ll'i;l-:J'\Jfl-!lt'U~ (em) U\Plfl\011-!lfl'W .. 
15 20 25 15 20 25 

100 0.9988 1.0000 1.0000 0.9849 0.9815 0.98381 

105 1.0000 1.0000 1.0000 0.9849 0.9815 0.98381 

110 1.0000 0.9988 1.0000 0.9849 0.9815 0.98381 

115 1.0000 1.0000 1.0000 0.9849 0.9815 0.98381 

120 1.0000 1.0000 1.0000 0.9849 0.9815 0.98381 
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Vll'lH~ tt.s ti~rnrl'l'U'I~l1-.h~rhtt'lllJL'IYlJ•I~\J~nmi~ "l m1~~1'Ul1U~~cM'm1mhr~'lllJL'Ifl.I'IY'UL~lJ~'U 
.d3/ .d fj} "~ 'j} ' Ql • Q.l 

(C/C0) 'll'O~ffti'OlJ MO 'Yifl'lllJ1'1llJ'Il'U1'IlJ\9l'UU\9lfl\9ll~fl'U (fl'lllJ\l~'ll'0~1U\9l1'Yilfl1J 15 em 

u~~fll'l'ilfll'Iimuvht111 3.57 ± 0.02 mL/min) 

<=t run (1HYI) 

.d 'j}'j}~j} 
C/C0 'Yifl'lllJ1'1JlJ'IJ'U1'JlJ\9l'U (mg/L) 

ul'lmh~ti'U 

.d 'j} 'J} ~ v 
C/C0 'Yifl'lllJ1'1JlJ'IJ'U1'IlJI'l'U (mg!L) 

Ul'lfliOil~fl'\..1 

50 100 200 50 100 200 

0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

1 1.0000 1.0000 1.0000 0.0099 0.0174 0.0088 

2 1.0000 1.0000 1.0000 0.0280 0.0429 0.0473 

3 1.0000 1.0000 1.0000 0.0668 0.0835 0.0751 

4 0.9990 1.0000 0.9986 0.1183 0.0951 0.3255 

5 0.9990 0.9988 1.0000 0.1309 0.2018 0.6051 

6 1.0000 0.9988 1.0000 0.2384 0.3723 0.7535 

7 1.0000 1.0000 1.0000 0.3495 0.5208 0.8727 

8 1.0000 1.0000 1.0000 0.4706 0.7111 0.9125 

9 1.0000 0.9976 0.9986 0.5736 0.8109 0.9443 

10 0.9981 1.0000 1.0000 0.6115 0.8758 0.9536 

11 0.9990 1.0000 1.0000 0.6486 0.9037 0.9575 

12 1.0000 1.0000 1.0000 0.7253 0.9141 0.96024 

13 1.0000 1.0000 1.0000 0.7606 0.9245 0.9628 

14 0.9990 0.9988 1.0000 0.7976 0.9454 0.9655 

15 0.9990 1.0000 0.9973 0.8626 0.9524 0.9708 

16 0.9990 0.9976 1.0000 0.8753 0.9570 0.9748 

17 1.0000 1.0000 0.9973 0.8988 0.9524 0.9721 

18 1.0000 0.9988 1.0000 0.9141 0.9571 0.9748 

19 1.0000 0.9988 1.0000 0.9259 0.9593 0.9774 

20 1.0000 1.0000 1.0000 0.9277 0.9651 0.9774 

21 1.0000 0.9976 1.0000 0.9331 0.9698 0.9748 



155 

~TiH~ tl.S tl\P1'i11;YTUl~11':h~tiltl11llt.u'lJ'\i''W~!1(;l1 iiPl "1 mf~~l'W11U~\PlcJftlfl1Jfllfi11llt,j'll,j''Wt1lJI?i''W 
~, d 9) fj) ~ fj) I Q.l I Q.l 

(C/C0) 'llU~'iYtJVlJ MO 'Ylfi11llt'IJll'll'WtlliiP1'WUIP1fl\P11~fl'W (fl11lltJ~'IlV~t1J\Plt'Yllfl1J 15 em 

tm~fliP1llfllliMm\'htl1J 3.57 ± 0.02 mL/min) (~U) 

.,. 
run ('Inn) 

d j)fj}~'j} 
C/C0 'Yltl11llt'IJli'IJlHlli\P1'W (mg!L) 

u101n~1~n'W 

.J 'j}fj)~tJI 
C/C0 'Ylfi11llt'IJlJ'IJ'WtllJ\P1'W (mg/L) 

U\P1fl~l~tl'W 

50 100 200 5o 100 200 

22 0.9990 1.0000 1.0000 0.9349 0.9733 0.9774 

23 1.0000 1.0000 1.0000 0.9367 0.9756 0.9801 

24 1.0000 1.0000 1.0000 0.9385 0.9779 0.9774 

25 1.0000 1.0000 1.0000 0.9412 0.9802 0.9801 

26 1.0000 1.0000 1.0000 0.9439 0.9825 0.9801 

27 1.0000 1.0000 0.9986 0.9457 0.9837 0.9814 

28 1.0000 1.0000 1.0000 0.9494 0.9849 0.9840 

29 0.9991 0.9976 1.0000 0.9530 0.9825 0.9880 

30 0.9991 1.0000 1.0000 0.9557 0.9849 0.9894 

35 1.0000 1.0000 0.9973 0.9584 0.9849 0.9920 

40 0.9982 1.0000 1.0000 0.9638 0.9837 0.9920 

45 0.9982 0.9976 1.0000 0.9683 0.9849 0.9920 

50 1.0000 0.9988 1.0000 0.9710 0.9849 0.9920 

55 0.9991 1.0000 1.0000 0.9765 0.9849 0.9920 

60 1.0000 1.0000 1.0000 0.9774 0.9837 0.9920 

65 1.0000 1.0000 1.0000 0.9765 0.9849 0.9920 

70 1.0000 1.0000 1.0000 0.9765 0.9849 0.9920 

75 1.0000 1.0000 1.0000 0.9765 0.9849 0.9920 

80 1.0000 0.9976 0.9986 0.9765 0.9849 0.9920 

85 1.0000 0.9976 1.0000 0.9765 0.9849 0.9920 

90 1.0000 1.0000 1.0000 0.9765 0.9849 0.9920 

95 1.0000 1.0000 1.0000 0.9765 0.9849 0.9920 
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dg} d 9) g} ~ g} l Q.l I (V 

(C/C0) '\lf.l·HH.lf.ll.l MO 'Ylmll.ll'\llJ'\l'Ul'Il.l\9\'UU\9\fWll.:Jfl'U (fl11l.l\}'.:J'\lf.l.:Jl1J~l'Yllfl1J 15 em 

u?J~tJ\9\'Ilfl17i'H?Jl'rhnu 3.57 ± 0.02 mL/min) (l?itJ) 

'lf Yl fl1tHUJ 'lf Yl fl1 ~ 'fl Yl tHl-:.1 q q q 

d ,,~gJ d gJ'JI4CJI 

.:t C/C0 'Ylfl11lJl'\llJ'\l'Ut7lJ\9\'U (mg!L) C/C0 'Ylfl11lJt'\llJ'\l'UtUI\9\'U (mg!L) 
ntn (Ul'fl) 

' ... ' ... 
U\9\fl\911-:Jfl'U U\9\fl\911-:Jfl'U 

50 100 200 50 100 200 

100 1.0000 0.9988 0.9987 0.9765 0.9849 0.9920 

105 1.0000 1.0000 1.0000 0.9765 0.9849 0.9920 

110 1.0000 1.0000 1.0000 0.9765 0.9849 0.9920 

115 1.0000 1.0000 1.0000 0.9765 0.9849 0.9920 

120 1.0000 1.0000 1.0000 0.9765 0.9849 0.9920 
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Vll'iH~ fl.6 -eJ'I'I':ilffTW'i~'l1'hHhfi11:JJ1,j':JJ,j''U~t1m 11'1 '111"~~1'U11fl~l'l9f'1Jrl1Jfllfi11:JJ1,j':JJ,j''U1~:JJ~'U 
(C/C0) 'llfl~ffV'fl:JJ MO ~tll>l'ilfn'i1mm~>~n~PiHn'W (fi11:1J\J~'Ilfl~11JI'I1'Vhn1J 15 em 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

'J) g) ~ 31 f Q.l 

U'l~fi11:JJ1'1J:JJ'IJ'U1'i:JJI>llH'Vllf11J 100 mg/L) 

C/C0 ~-el'l>l'ilfn'i111'1 (mL/min) 

Ul>lfl~Pil~rltJ 

3.57 7.18 9.18 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

0.9988 0.9988 0.9988 

0.9988 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 0.9976 

0.9976 1.0000 1.0000 

1.0000 0.9976 0.9976 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 0.9988 0.9976 

0.9988 0.9976 0.9976 

1.0000 1.0000 1.0000 

0.9976 1.0000 1.0000 

1.0000 1.0000 1.0000 

0.9988 1.0000 0.9976 

0.9988 1.0000 0.9976 

1.0000 1.0000 0.9976 

0.9976 1.0000 0.9976 

c;co ~fl\Pl'ilfn'i, 11'1 (mL/min) 

Ul>lfl~Pil~rltJ 

3.57 7.18 9.18 

1.0000 1.0000 1.0000 

0.0174 0.0092 0.0172 

0.0429 0.0530 0.0931 

0.0835 0.1199 0.1425 

0.0951 0.1464 0.4161 

0.2018 0.4659 0.7494 

0.3723 0.6735 0.8988 

0.5208 0.8719 0.9482 

0.7111 0.8973 0.9678 

0.8109 0.9215 0.9735 

0.8758 0.9423 0.9781 

0.9037 0.9515 0.9816 

0.9141 0.9619 0.9862 

0.9245 0.9665 0.9919 

0.9454 0.9700 0.9908 

0.9524 0.9723 0.9919 

0.9570 0.9746 0.9931 

0.9524 0.9769 0.9919 

0.9571 0.9780 0.9919 

0.9593 0.9792 0.9942 

0.9651 0.9803 0.9942 

0.9698 0.9815 0.9919 
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Vll"JH~ rt.6 Dl'l'n~hw 'i~Yr:h'lrilrt11t~ttfi't~tfi'u ~ nm if~ '1 11 rl''l Hl'U 11 v~ flcJftJntJri lmlt~t<fi't~tfi'ui~ tJ~ u 

(C/C0) '\JV'l~V'vt~ MO ~fl\Ol'ilfll'i1mut\Olfl~l'lfl'U (fl11tl'~'l'\JV'lt1Jflt'Yhn1J 15 em 

9/ fj/ ~ !JI I Q.l I 

u"~fl11tlt'tltl'ti'Ut'itl\Ol'Ut'Yilfl1J 100 mg!L) (IOIV) 

"" run (Ul't'l) 

22 

23 

24 

25 

26 

27 

28 

29 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

C/C0 ~fl\Ol'ilfll'i i '11" (mL/min) 

UIO!fl~Hfl'U 

3.57 7.18 9.18 

1.0000 0.9976 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 0.9976 1.0000 

0.9976 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 0.9976 

1.0000 0.9988 0.9976 

0.9976 1.0000 1.0000 

0.9988 0.9976 1.0000 

1.0000 0.9976 1.0000 

1.0000 1.0000 0.9988 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

1.0000 1.0000 1.0000 

0.9976 1.0000 1.0000 

0.9976 1.0000 1.0000 

1.0000 0.9976 0.9976 

1.0000 1.0000 1.0000 

C/C0 ~fll0l'ilfll'i1'11" (mL!min) 

UIO!fl~Nfl'U 

3.57 7.18 9.18 

0.9733 0.9861 0.9919 

0.9756 0.9861 0.9919 

0.9779 0.9861 0.9919 

0.9802 0.9861 0.9919 

0.9825 0.9861 0.9919 

0.9837 0.9861 0.9931 

0.9849 0.9861 0.9919 

0.9825 0.9861 0.9919 

0.9849 0.9861 0.9919 

0.9849 0.9861 0.9919 

0.9837 0.9861 0.9919 

0.9849 0.9861 0.9919 

0.9849 0.9861 0.9919 

0.9849 0.9861 0.9919 

0.9837 0.9861 0.9919 

0.9849 0.9861 0.9919 

0.9849 0.9861 0.9919 

0.9849 0.9861 0.9942 

0.9849 0.9838 0.9919 

0.9849 0.9838 0.9919 

0.9849 0.9861 0.9919 

0.9849 0.9861 0.9919 
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g)l'H~~ fl.6 UVI~lff1U~~"'dl-:~filfl1lllt~ll~hl~nm 1~ "1 ,,nf-:~~lhllHJ<(l~clf'1JI11Jfilfl1lllt~ll~W~ll~Pi'u 
(C/C0) 'Uf.l-:!ffrrf.lll MO ~UVI~lfll~i'H~UV'lf1~1-:Jnu (fi1111\T-:I'Ilf.l-:!t1J~t'Vhn1J 15 em 

3)'jl~j) IQJ r 

u~~fl1lllt'Ull'IJW~llV'lhlt'VIlf11J 100 mg/L) (Vlf.l) 

'lf~fi11Jflt.J 
~ ~ 

'l~fll'j'fi~~0-:1 

.... C/C0 ~UVI~lfll~i'H~ (mL/min) C/C0 ~UVI~lm~i'H~ (mL/min) 
&1~1 (t!l'fl) 

I QJ I QJ 

UV'lf1Vll-:Jf1hl UV'lf1Vll-:Jf1hl 

3.57 7.18 9.18 3.57 7.18 9.18 

100 0.9988 1.0000 1.0000 0.9849 0.9838 0.9919 

105 1.0000 1.0000 1.0000 0.9849 0.9861 0.9919 

110 1.0000 1.0000 1.0000 0.9849 0.9861 0.9919 

115 1.0000 1.0000 1.0000 0.9849 0.9861 0.9919 

120 1.0000 1.0000 1.0000 0.9849 0.9861 0.9919 
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illflf.Jll1fl ~ 

,u 1 cumuJJm·H~1~iuHtt~ m~fll£JcHU'lJe~n19n u 1 ~~Hill 
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fll'ifll~V~~Uelt~Nl1llflUl!~ttN~Arl'il~M1V~u1;fH~~ut~e1U~t~el 

Removal of Dye from Synthetic Wastewater by using 

Chitosan-coated-Montmorillonite clay 
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OJ ' 1JflflVI£18 

~1'U 111 vtllil'191Q'l.h~ ff ~fir~ eJffnlllm'J ~ ~~uncim.Jvi'1'il 1 ml11 nvfi ~! m 1~'111 ~ v 1 ~u "i ~'U lW'W ~lJ eJ 1ft 1ft 

1u~nn:JJ'lf1~ (MMT) uft~tt"i~'UlleJ'U~lleJ1ft 1ft '1u~!tl~eJU~1~1EJtf1119l'll'1'U (CTS/MMT) !iJ'WI'l1~~~·u ~1ui1lv 
~ 

dmJ:Je~e~m~u 3 tbu Mm1 t11':i'Yl~M~ri1u~ 1 nn1Lm1~MfJtufflJU1i'lleJ~I'l1~~~uuft~ffveJlJYi'1 11ui1 nn ttl 

119l'll'l'Uff1lJ1HI! '1Y1 '1 tHi~~~ fiu~1'1le.J~ui~'UUft~U mm '1Y1 '1 ue.~ ~1 u 'lfe~i1~':i ~ldw5u ~'U ri ~f-lft 1 M''lfeJ~11~ 
1 t, q 91 ~ Ji <=:!o ./iJ ..:!!) 4 CLI .J 1 ./ 01 ll) 1 

':i~l111~'lf'W~'U (d
001

) n11~'1J'U'll'~1!fl':i1~l1~1V!fl':ieJ~ XRD Uft~V'UV'Uf11'JUftfHUftV'Ul1l,jif~n'lf'U'IJeJ~ffl'J ttl \9l'll'1'U 

fiu 1ll!ftfJft~eJ~mv1uie.~~·:h~'J:::l111~4u~uf11mfl~eJ~ FTIR ncie.~:J.Jvi'1~'\.hmfinmih~~~'W 5 n Mw-i ff!:Uv1'111 

~I d. d ..:!:1 .:::t '1 I -=:I 4 " ... I I 1 ' .t:::l 91 y ='' .q .::t ".q " 91 
!lJ?l nm1:JJ ff!CleJ~l'llJ ff Yl!'W1 uft:::ffu~~ 'll'~eJ~tl1J'J:::neJuff1'U l'ltlJ'Ilel~ffEJeJ:J.Jf-11!1J'Wff1'JeJ'W 'Yl'J v 11m1:::11~1v 

Organic Matter method f1l'J'Yl~fteJ~~b'U~ 2 f1l'Jfff1111f11'J~~~1JU1J1Jf1::: Yl1J11tt"i~'WlleJ'W~lleJ1ft lft~!tl~eJ1J~1 

~1vtf11fl'll'1'Uiitl'J:::ff'Ylllflll11'Wm':i~~~uncieJllvi'1ff~n11u"i~'UlleJ'U~lJeJ~ft 1ft L'U~1i'J'Jll'lf1~ tel 1 'll'!'YleJllf11'J~~ 
~ ~ ~ 

I .d. d ./ Ql I Q.l Ql 'J} Q.l Q.l 

Uft::: f1l'J'Yl~fteJ~ff1'W'Yl 3 f11'Jfff1111'ilft'W'Vlftff1ff\9l'Jt1l':i ~~'ll'U Yl1J11 eJ\9l':i 1f11':i ~~'ll'1JffeJ~tlfteJ~f11Jffllf11'i f11'J~~'ll'1J 
~ ~ ~ 

au ~1Jl1~ ~u ft ~ ffeJ~! l1 f.Jll 'W eJ f) 'il1nd f) 1':i U':i 1f1{} 'IJ eJ~ ffclelll Yi'11 'U 1'11~ ~~ml rl' ~ f)l'j ~ ~~1J\) n~WJ'W,) 1VmlJ1 ru 

QJ QJ,d.q..j 
Organic matter l'lft~f1l':i~~'ll'1J'Yl!Ylll'IJ'U 
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Abstract 

The objective of this research was to study the adsorption of chemical dyes from synthetic wastewater 

by using montmorillonite (MMT) and chitosan-coated-montmorillonite clay (CTS/MMT) as adsorbents. This 

research was divided into 3 parts. Firstly, The properties of both adsorbents and 5 chemical dyes such as dark 

green, ocean blue, maroon, yellow and red color were analyzed. The interlayer (d()(ll) of montmorillonite clay 

was increased by modifying the clay surface with chitosan analyzed by XRD and the substitute of functional 

group of chitosan to those in the interlayer was analyzed by FTIR. The chemical dyes were organic determined 

by organic matter method. Secondly, the batch adsorption showing that the chitosan-coated-montmorillonite 

clay adsorbed those dyes greater than that of the precursor. The equilibrium data of those dyes are fitted well by 

Langmuir's isotherm except the dark green dye that is conform to Freudlich's isotherm. Finally, kinetic 

adsorption showing that was conform to presudo-first and presudo-second order kinetic models with good 

correlation. The increase of organic matter of the adsorbent after adsorption confirmed the chemical dye 

adsorbed on the clay. 

Keywords : Adsorption, Chemical dyes, Chitosan, Synthetic wastewater, Montmorillonite clay, Chitosan­

coated-Montmorillonite clay 

~ ~ "'9J i 9J ~I 9J ~ ::ll 9J ::ll ~ 9J '1 • I.,;"' ~ ::ll • , 
~i:l\ill.fiU!"¥1~1 l1l.J H1H1fl lti'l~Hlf11'l.J'l.J1 lu'U\ill'U lu'Ur1'Ufl1tfl'l'lflu'l'll.lfll':i~i'l\9llu'U~1'Ul'Ul.l1f1 'U~l.J'If'U 

1mi'tfi u-:Jnul.IMli'l'lulft'uf.lum·l'lflilii u~lu ~u\illt~u m':i V't~l.lffNlrit~1 M'tnrnl ltnuml.llrul.J lfl td t~-:J1llfl'lfnulu 
~ 1 3/-=:1 3} 3) .<::1 <V d' .d...::s .J i i/1 j) .,d 1 j} jJ d.::tt::t ..<::::). ~ .:::1 I ~ 

1J~'Wfll.J 'lfftfJtll.JHlU'Il.Jr1-!!1i'l':il~l1 'l'll.J':ilfll\]fll11'lltl ~Hlfl1'W'I'ltl-!lti'W Ui'l~ l1Hl'l'll.Jftftfl\9lfl'l'l'W'Wl'W 'W11ftutl1i'll'W 

11~ttntlrit~Bffttl1ft-:J":i t~-:Ji'U'I'll-!lli':i':il.l'lfl~ tiu lll1il':i~mi1ml'tfiB-:J ~u~u Mt~uU'1u t~ul'i'u i Mt~ Mi'um':i cu cu 'U q 

, Jl " " 

1hur~rit~u VJ-!!U~t~vH 1r~ 111tftutl1riliifit~ Br1i:llmt~-:J\911l.llinl.l'lf1~ i~\! M ~-:Jrit~ 1'11'lnfliftymtm ri-:J'IlllU 11 nmti:l~ 

m':itluttl t~u ~t~-!! nV't~l.l 1 u ~u i ctl oR-!! m ~ mu nu fl r~ iu l~u m ~ mu m':i 11 ~-!! ~ m1.n~ ri1wr u 1 ~1hu m.h nB~ fit~ B 
. . . . -· . . - . . ~ 'V·- --- . - -. . .. - - -

ffi:llBiFi'tlt~LJ lflllfl':i~'l.J1'Wfll':i'l'll-!1;1illl"l [1] 

td~ul.lt~'W~l.lt~1i'l h iu~l~uu~~u~l"l'l.Jl.llfl1utln:ml'l'i'1'1B iinm\]fl iim':i~n\9lt;-:Jl"l1tlhv~-:Jv'h1l11~ 

iiiltymt~B1nmml.lu1q'l'liu"~mmru 'llt~-:Jtd~u t~-:J ri'tl':i ~nt~u'I'11-:Jtl'liiri1u 111 t1j'llt~-:Jtt ~ ~u l.IB'U~l.J t~1" i" 

iu~t~'Wt~tJ:iJlUBl.Jt~t~n '1'11~ (Alp) t~~1uw-iut~tJ:iJU1Ui'l~;nmut~n '1'11~ (Si04) t~Q1um.Ju;nm 'l.uft'nflru~ 
" "" " ~ti'W n'Ut~'W i''W'l (Lamellar structure) i f!LI'H'W-!!i''W ~m~tl':i~fltl'l.J '1 tlctl1mt~'W;n f11ffti-!IU~'W tl':i~ fl'l.J fl'l.JU~'W tl\):iJ 

"" " " 'W1'11'W -!!U~'WUi'l~ii'lft~-:J-:iWU'W B~':i~l11HU~i'l~i''W ~'U ftflfltll~ iflHff~WUti.:JU ~~'Ul.Jti'U~l.Jt11i:l i i'l i 'U~lt fffi.:J iii 'U 

':itl~ 1 ifiB1u-#u ii'IHff~l.:J'IJt~·m'i~u11~iitl-:i~1lff'l'lnl1Ju"u (2] ft'nEJru~ ii'IHff~l.:J~t1Ju-#un1l.ll':itt'IJU1Vi1 M " .. 
trlt~t~,iluth~.:Jvil1M'il.lmfli'l~iitl':i~11'l.J1fl tiu Na+ Ca

2
+ Ui'l~th t~ul'i'u t'li'1mumnt~d1uit~.:J11.:J':i~'I111.:J-5u~u 

q; " q cu 

t~t~1lftl':i~~i11B1uu~~'Wl.Jti'W~l.lt~1i'l ii'l iul'fnmJl:lfl'W [3] ctl1BftflfiU!~tiu~~Hil 1lfu ~~'W'IfUfl0ffTI.Jl":ittUfl~'l.J 
d 'JI l '""'.1 11""" I ~ "' "'I 9) Ui'l~U'Yl'W'Ylfi1(J t:IJHl~~'Yl:IJU':i~~'l.J1fl Lflfl !'lf'W ffl':it:IJ'Yl~i'l'W'l.J~ [4] 1u'W\9l'W 
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u t~mntrd ui~ulJt~u ~lJt~~~ 1 ~ '1 u~fi·HYllJl'Hl'llllll'lll'IJ'U1 'lfJtiHYlllliivmmvmrm~~'YIHt fln'llt~'ltd 
~'Ut~t! 'hi'nffill'l'l!'Hlll~ffllnutn.i'lll '1111 -M'~~iuffl-:i'llut~t~u~riWlfU ~nu 1 ulh t 'liu m':i'lllu i~u llt!'U~ll~ll" 

" 
1~ '1u~liH11'1!'1~111Vil'lli)mvl (ion-exchange) nuffl':iH~UH~'libtJ-:i~!.fl'YI Quaternary ammonium Compound 

(QACs) t~m'll~vuu'll~'llfuf:h 1u 1fiHff~l'l'IJtJ'lui~ulltJ'U~mi~H h '1u~1M'mlll~num':i~~iuffl':ia'U'YI1 v ~'l 
" . 

i1~~i'IJ'll'U~lhl~\lfl11vn11 "Organo-clay" [5] ui~'U Organo-clay ffllJl':iCI!Ylll'll':i~ft'Yilhn'I'I1'Ufll':ifhu~fftJtlll 
7/ ..::::1~ : d Ql ~'1 ~ .J. ...:::1 'j) 'J) I .Je:s r/ Ql d .Q. .d, rl 
NllfllJ t'U'U llffflff 'l!fl':il~'\1 ~~ !'Utl'l 'illflfffltJ:IJNl!Yi~l'Ulltl'lfl'll':i~ fltl'IJ'\11\fl!U'U ffl':itl'U'YI':i (I [3] 

'1fl1fl'lfl'U (cTs) ttlu iu 1t~ 1'1'l~tllt~{nnll'll'l~mh'l'l1rt'l ttlunl':it~uW'un'IJt~'l ifl~u~ili~~cnvJ, ~'ln . 
eJ'lfl'll':i~ nt~mYltiqJ 1u4'l1'1Jt!'l D-glucosamine 'l'l'IJ '1,)1u 1i':i':ill'l!'l~ 1 ~mtlu tl'lfl'll':i~ fltJ'UtJ~1ut'llftt!fl'Utlfl'IJeJ'lfffl1 

'1'11fl~'l ~ UllM !IH~L~tl':il ttl'Uffl':i1inll'l!'l~~ljcinlltu~ 1~~~~'Utu'l'll~i1 ~tJ ttluifflij;1.fll'l'l (Biomaterials) 

Vt!Vff~lflfllll1inll'l!'l~ nmlll'll~t~~tiv1'Ufll':iUllJ11oM'nulJ'4llV ilitn~li'm!ffVU~~'ll~t!~tlV~tl~'lU1~'1l't!ll ili 

tn~m':iu-w' '11i'11 '1vluH~'11ittluYl'hl (non-phytoxic) fit~ iii'~!' '1fl1fl'lfl'U!tl'Ui1~~iu~'lllll11oM'1utm~~iu'IJtJ'lU~'l 
.s '1'"".1 • '1-''l"' w 1 .,:.,._, ,.... . "" . ""1 !l'IJ1'UHtJV'If'l lJlJu':i~~ U~~ffllll':it:l'Ul u t'l!'~fl'lf'IJ ~'11~'YilJu':i~~'IJ1fl ~~ !'l'l':i1~1llJ'I1l,jel~lJ 'U (-NH2) U~~ 

'11~'1eJ~':itlfl9f~ ( -OH) t!~'IJ'U 1'li1'1'1~!lJe!{l'i1'11ti'l~!1J'U~1V~!f11~U~~~n~tJi)mv11fl':i 'lff~l'l'Utl'l ifll~'lfl'UUff~'l 

'1ii.m'l1~ 2 [6] 1u'l17~t'Yirti'Yivnmm11.nflff'fl1~nnJftt~n t'!iu ti'.:Jll u~~ull~'l t1:1u~u ~'ll'ilh1'nt1.1ftt~m'l1ciT0 
" . " 

4 ,.£ d 0 4_ 0 Ql i 1 d d .c:t I d .J, ... 
mat~'YI'liU'U'ill'U1'Ulllfl tllt~'Ullllfffl~ffl':i fl fl'lfl'U n'il~tuunmYllll.;J~fll'IJt~'l'IJt!'ltffvll':i~t.n'l'l'U ~ 

jl J} I Jl ~~ 

l'i'<Juu 'll'U 11l vii n1" t~'ll 7 ~ff 'l fit Vit~flnll lfll':i ~ ~ iu n!i'mJ foi'11 fin 'illn'lllt nvff' 'lt fl 7 1~11'1 fl v 1 -M'u i ~ u 11 t~'U" . ... 

llt~1H 1 ~ '1u~1i':i':ill'l!'l~tilu191'1flf!cif'u uH~fffl'hllfll':i tvill'll':i~ft'l'l~.fll'l'lfll':i~~iu 1 ~ vm7'lli'u'l17 .:J~'U N1'1ltJ 'ltd ~'U 
" " . 

"' i 1 • "' <I W"' w w "'"' "'"" .I "'"' w "" i 1 ~11Jffl':i fl fl'lfl'Ufltllll1!fl':i 1~'11 fJf.U fflJ'Ufi'IJtl.:Jfl1~~'1f'IJUH~ffVtllJYn fffl'hllu':i ~ ff'l'l1i .fll'l'l f11':i ~fl'lf'IJ fffl'hll tJ 'If 

l'l'lelll!l~~ 'ili\'U'I'lftfflffflj f11':i fl~cif''IJ 1fiV'il~Ufffl'ltJV1 'U':i tJ 'Utl'l'l'll':i llJ!fl t~{fil'l '1 ! :Jf.:J 'il Cl'U'I'Iftfflfffl j UCl~! :Jf,H1:1J~Cl 
'II 'U 'U q 

trl':itfliiffHtlunT~'I'l~£Hl'l 
1. n!i'mJNltfllin'ltfl':il~M'~ H1um':i'l'lf!Cltl.:J~t!nli't~llr-i'lfl':i 1iY 'l1fl~nat~'l'Utl'l'IJ1£1'1'1 w1ti'iEJlJ~'U ~lnfl 

~1u1u 5 n Mufi nt~v1lr-:1!1:1~ nfl':illJ ntfttJI'l'l1lJ ni'l'ltlh uH~nu~'lun 
" 
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2. ff1'JLf11111'111'U111flU~'l1'VI Aldrich Chemistry 

3. u ~~'Ullt~'U~llt~~n 'ln '1u~n'J'Jll'll'1~~ Hiu -nui1ivllHli111 hwu1'11VJ '1 'VIfr~hhlt~u ~tfliifirucn ~lfi~P~ 
1Mu~~uiimmtu'llt:l.:Jt:l·H>l1.h~nt~u'V11-:Jtfln1~P~vJ,,.nrn (%wt) 1.h~nt~u 'l'I.J~-;w Si0

2 
(56-60 %), Alp

3 
(16-18 

%), Fep3 (5-7%), Nap (2.4-3 %), MgO (1.5-2.0 %), CaO (1.9-2.1 %), ~03 (0.3-0.5 %) Ut'l~ Ti0
2 

(1.2-1.5 %) 

ihh CEC (Cation exchange capacity) rrhfiu 0.8 meq./g ~.:Jt1J'U.,rt:llq!t'I~'VI1-:JU1'!1m~1JH 

1. fl11tvt~tlliU~~'Ulltl'U~lltl~ll1ll 1u~tfliltmfh~·;m1fl1 vt'll'l'U 

't.hu~~'Ullt:l'U~lltl1n 1n'1u~1i'J'Jll'll'1~ 1 g n~n1v1uJ1n~u 100 mL un~t~llffl'Jt'l~t'I1Vlf11111'111'U 
t'tYlJ,Y'U 2 g/L ml.J1\11'J 100 mL 'l'i1fl1'Jfl1'Uf1'·;w'eJ111'Jlfl1'Jfl1'Ufl'l~ ~fl11lJ!~1'JtlU 200 'JtlUfit:l'Ulll t1J'U!1t'll 1 

'Ji)1ll.:J ~ 25°C 111nJ'u'!J~mh pH f1'1Vn'1'Jt'l~t'll£J 0.1 M NaOH 'H~tl 0.1 M HCI hft~~1'U'lf1-:J 7.0- 7.5 if.:J 

ff1'Jt'l~t'11V 1lft~~1'U4U'Utl.:Jt 11t'lt1J'Ut1t'l1f1~ .:J.Ji'11ll.:J ~ 25°C mi.:J 111nJumt1-:JU ~~'U~1V!f!~ t:l'lfl'Jt:l'l"'J'tl.Jtl.Jlfllff t~t:l 
twmr:i~uun~tf1-:J~1vJ1n~u Ui:l~i'h1lfu..f.:J 1~P~vt~u1uri't~u~t:ltul1.flii 40°C t1:lunn1 24 .Ji'11ll.:J '\.htd~'Ullt:l'U~ " . .. 

"' ') l .t.d "" "' S1 l ') S1 .,. "1 S1 "" S1 d o '1· 1 • • l.Jtl'Ji:l tt'l 'U\11'VI!flt'ltlUH1\Pl1£J fl t\11'1l'l'Ul.J1U\Pl\Pl1Vfi'Jfl1'VIV1ff1ff\11'J l1t'l~!tl£J\Pl Ui:l1fl'U1 u'Jtl'Uf.ll'U\11~UflH'U'U1\Pl 

d '1" ' ~ 200 mesh fl11~ \Pl'U'U1\Pltl'4.fl1fi!'VI1flU 75 J.lm 

~ t! CI..,N::l QJ QJ c:lil " 
2. fll11!fl11~l1i;)tUfflJUVI'IltNVI1~RttiU!!il~fftltlllf.l1 

.:;:t~ ..::Ito rf I ~ ~ I 1.::::.0 rf ,0::, '1 <f l.q ./ 

fl'Jtu'VI 1 fl1'J1!fi'J1~l1'111'J~V~'J~l111-:J'li''U\Pl'U (fll d001 ) 'Utl'l!!'J\Pl'Ul.Jtl'U\11l.Jtl'Ji:l 1f:l 'U\11Ui:l~t!'J\Pl'Ul.Jtl'U\91 

"' 1 l .t ""' "' " l 'l 1 1 " .t .,j • l.d ' '1· I ~I ' l.Jtl'Jl:l t'l 'U\11!f!t'ltlUH1rl1£Jff1'J 1'1 t\91'111'U r!V 'll'flt)'Utl'lUU'Jflff (Bragg's law) !l'ltl!uM'Ufll 28 utu'Ufll dmll 
.<::::1. ci'J) ~ .::::td .<::::1. rl .d I 

1!fi'J1::;'!1\Pl1V!fi'Jtl.:J X-ray diffraction (Philips Model X' Pert MPD) fl'JU!'VI 2 fl1'J1!fi'Jl~l1l1lfl1'JU'VI'U'VI'Utl'll11.,j 

.:1'-:Jni'u Muri c -NH
2

) ui:l~M~'le~~P~'Jtln;n c -oH) 'lltl.:Jffl'J ifi1191'111'U nuM~'UtJ.:JJl1uu~~'UlltJ'U~lJtJ~n in 'lu~ 
..d 0 IV ~ ~ 1-=:t ~ ~ )' '1 r/'j/ ll] ') il!:l r/3) 4 

!lJtl'VI1fl1'JU'JUU1~l'I'UH1'11tl.:J!!'Jrl'U1Jtl'U\11lJtl'Jt'l tt'l 'U\11rl1Vff1'J tfl t\11'111'U 1!fi'J1~l1\Pl1vtfi'Jtl~ Fourier transform 

infrared spectrophotometer (Perkin Elmer Model Spectrum RX I) [8] mru~ 3 itml~Mmillmruff1'Jiju'VI1v 

1u~1~rtciuJ~fftl'l'lfUIPltitl'Ufl1'J~\PICJfUUt'1~1u~1~rtciu (CTSIMMT) l1"~fl1'J~rtciuii'Otl1JN1J~ 5 ff ~~H' 
m111tu~1tlfh.:J 1'Ufl1'J'VIrlt'ltl'l 2 g !~tl,~'UV'U":hii'Otlll\jfl\11~~ H~fl1'Utl~I91'1~1Pl9l'u 1r~v1rn Organic matter 

determination 'e1\.:Jfl~111fl ASTM D 2974 - Standard Test Methods for Moisture, Ash, and Organic Matter of 

Peat and Organic Soils mru~ 4 trltl~111flff0tllJNl!fliiff~!fi'J1::;M"i'h'U1m\iiitJ~rlU'J::;f)t)Ul1"fl!1J'Uffl'Jfl'U'VI1V 
<:::1 r/ d I QJ QJ:, _,g '1"0 .C:. f1' ,..1"':! .C::.. <:::ld'GJ d3/ 'j} 

!yj'J1~lJ1i1<fjfi1'JUtl'U!U'Uff1'UU'J~fltlUl1 nn [3] \Pl~'U'U 11-:J \Pl'VI1fl1'J1!fi'J1~l1l11u'J111U!ff1'Jtl'U'VI'Jtl! 'UffVtlllf-11 

,. j.&o=..:::l .<::i~ .<::::1. r/ I ,:;:t QJ d. d QJ j/ g) I ,. 1d Q.l QJ 

tiPIV1'11'11i Organic matter determination 1J11ifl1'J11fi'J1~'11!'li''UI\PIV1flUfl'Jtu'VI 3 \Pl~'Ul~\91'U U\111ut'IV'U11lfl\111~rl'll'U 

t1:ltm'lff0tll.JN1 



% 8Z:"9Z 111JL!A.111~~~!.LU11.@~J~IAM.~!.L.IH11Lft~~ .LWW/S.L:J 11.~f11 

% oo·o 111JL!A.111~~~UU11.@~J~1AM.~!.L.LJ.mlrt~~ .LWW 11.~f11 11,1-l.mUUI. 

06"L£ IL"8 09"0£ W£6 U11N~11.1J. 
I ... 

~t'v£ 8L"IZ: Z:9"9! Z:Z"I9 Lf1.1M1~ 

Ll"~£ PL"IZ 88"££ 61;'96 ft!-1.~@1:!1,1;!. 
..... 

WOP 19"£ 6Z:"OP lL"L6 ftLW.IJ. ... 
££"££ £{"61 £L"v 6Z:"81 ~r;Pt!"w~~~ 

11llo~~t-l:!H .LWW/S.L:J rt~til LHtf.@IJl:!t-H .LWW .LWW/S.L:J ,.. ,...,. , t'b ~ • 

.l<lJ.lllW :>JUC:i.IQ % LHtf.QIJl:!~lHUtLU% l:!~l'tJI, 
tti lfi J::r l"b 0 

... "' 

11llo~~tll\:::l:!i1LHtf.@l1l:!rtll]tiA.I't@tll:!fnltf.tn.:::m1 LHtf.QIJl:!~I!>LUtLUMLU'g;IA..f!:::tn. IIA.t-Ltl~ t"b l"b 1fi I'&P b? F ~ ~... 11i lOP l'b o ~ ~ ,... f' 

[8] 11.~11.~ 
~ 

1:-Lt.H:::!.t-Lt.t-@JI. 11.'!, IA.rtM:::~:tn U@ rtflllRHIA.rtMt-IA.rtfi.Ulrt~1 rt~!.1111UI1l\.~11j11 UblLHrt@fl.IJ.H'!, LIA flt~U@~LJI.ft!.!.!l. • I I F y ~ F F 'll w I& lq ~I M tO &:"' In I& If, I& IP/6 0 16 1=1'=>' 

~1t1l:! ll:! ~ @rt~rt@rtrt~ f 11L~UfTI H '!, fl ~!! mf.Mf:t-@ fi. ~L rtf\. %1. '!, qA.:::mm~t-L}U~rt~M.~t-L~H::!!.t-L~t-@¥o(!1t~f 11%i.l L);l. 

1:-~ £ ~jlf:rtij-11:-~,1;!.111:-~1:-l:!~l:!L~(! 8Z: L~%1.1, l:!HI:-~M.~rt~I:-L~H:::!.t-L~I:-@¥ortl,p@fb1Lki'1U!.IA.11::!1:!11~11.1l:!ll:!~@ft~rt@rt 
' ~ 

l't~f111:-@fi.ttlft~I1,!;JI1~ ~~fb1 Lkk1rtlllo~ll,l11:-@fl.l:!lJI:!lrtl Ulll.Lrtt-@!Jl rt,tt.L~UULft~1 L,t:lft@~-\!11.lfo~~lJJ',LftL.IJ.rtU!o~l 
~ ' ~ 

1,1111t~t~l1@~1,11j11t1l:! ll1~@ftjllt@rtlt~f11~!.LU ~LJI.rtf.!.!ljllt1l:!ll:!~@ftjllt@rtl't~f11L~Ut-i!~~LlJtLUjllt~1J@[b1 

rtrtlllo~ll,l1 flt~t.HI1@l11,11~1:!1 IH@ft~rt@ftft~J',11 l IA.t-UL~rt1 t1 t-~,1;!.11LHft@flQ~ll.LUUU~ftllolJ',@[b1 ):;:>" In I& "=" Fr /' ltt "=" I' '="'• F l:::vG ill (f, tf, IP 10 0 /' ? I' 

(1./'llW) Lftft1 LHft@fl 
~ b 1€ I& 

.l;!.t-@fl.l:!~rt,L;!.::!t.LU'.IJ.IAM.fl.rtfl.lrtltl,l @1,1 a] ::!ll11 (1.f'3W) Lftft1 LHft@fl.l;!.t-@fi.M.~ft!.lM.fl.rtfl.lrtLW @1,1 °] fl~l 1=>' F" 16 '"" ~ b~& f6J;7 16 F r& ~& ~r 

(I) 
O:J 

OOl X (•:J-O:J) = zvaow.ay o/o 

(I) UUrt.IJ.t-~LHrt@fl.IJ.~HUtLU~rt!lol.!',@fllULl\.~1 Tntrtll,llJJ',Lftl.IJ. LHft@fl.IJ.fl,Jio~~J',LUMLU'!llA..IJ.::!.!',fl t0 15 ~ ~=" tt1 o 11 p Jl I"' tfi k o t6 "J;:r m '="' t:r I"" 

LHtf.@l11:!11llo~~tLUMUmiA.l:!:::tn. 1 " lfi,_, t'b ~ ~ , ... 

rt!tllH .. ::::I:!HN~I:!~LU.LUI:!H 
I' "' 

lS::ll 

-Jef 1:-@!,1,!111.1 LR.UU:::llll '3 p·o 11.~t11mLrttn.1.W 008 rtn.mL~:t:::l:!U.IJ.t-@M~Lrttn.JI.1 LftM.fll:!fll::!ll. rtf.1Ufl [£] JI.Mft@ f' b F '="'I bl"' IP bf .. /& b F'... If ttl 

m R.UU W ll. t-@ fl. !ltrtl ~L lA::: Wn ~ 1 t-@ 1:! ~ lA UU!ltft LH ft@fl ,1;!. 11llo ~ ~ UU t-@ fl. .!',~.IJ.LUI:! M 11.1:!& L R.UU tLU Jl (1) ~ 0 ~J;>' If, 16 J;:r .., I' &' 

11lb~~tLUt-GR.tll1l:!LI.Jl:!MI'tl:!I!>LR.UI.JtLU 'S 
~ ' p 

'3 ~·o 11ULIA111.~ 
"' . "' 

f11111Lrt~~b 11.J-1Ufl [£] JI.Mrt~ _ltlfi.UUW~ 1:-@fl.~rtl~L);I.:::Wn~li:-@U~lA.tLU~(.! 11.lfo~~tLUrt@IA1llol @1LR.U~tLU 

::!U 11 fi,Jio~ ~ tL U MLlJ!liA..IJ.::!!.fll R.UUHUflt ~ n.1 11 @U::: J',flLHit@fl.IJ.I:-@ n. ::!U fLI11111!1o~~ tLUL R.UU tLU l'tl b "=" Ju lP" /6 J"'L. ,., (6 t£ P t1) li=' 

LHtf.@l1l:!t-GR.::Urtrt11rtlb~~tLUUtUUtLU ·p 
" "~==' r& IS=' 

L91 
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'illn'JU~ 4 'Vftr.h ~1'111l.J~ 3421 cm-
1 

'\Jfl.:) CTS/MMT 'il~'Vi'Ul11JW.:)n'i'W 0-H U'tl~ N-H (ff1'U MMT 'il~ 
~ ~ 

'Vi'Ul1~W.:)n'i'W -OH U'Cl~ J,) ~mll.J~ 2925 cm-
1 U'Cl~l423 cm-

1 'Vi'Ul1~W.:)ni'U C-H (Methyl) ff1'U~I'I11l.J~ 

2883 cm- 1ltn~ 1382 cm-
1 'Vi'Ul1~W.:)n'i'U C-H (Methylene) ll'tl~~mll.J~ 1517 cm-

1 'Vi'Ul1~W.:)n'i'W N-H (Amine) 

ll~ffll1i''UL'Uld~'Ul.Jfl'Ufll.Jfll'tll'tli'Wfl'1i'J'JlJ'lfl~'il~ilJ'Vi'UlM ll'tl~~mll.J~ 1633 cm-
1 '\J~N CTS/MMT 'Vi'Ul11J 

~ 

o' " " 
W.:)fli'U NH- co (ff1'U MMT 'il~'Vi'Ul1llW.:)tli'U -OH ll'Cl~ lh ) ~.:)U'U~.:)ffll.Jl'JtlV'UfJ'U M-hlill.Jl'Clfl'ft'\J{}.:j il'llfl 

~ . 

6 8 10 12 14 16 18 

29 (degree) A ave~.,.,,~·• c'" 

~tJ~ 3 H'tlnl'Jllfl'J1~'11~1tlll'liV.:) XRD '\Jfl.:) MMT ~tJ~ 4 'ff!Unflfl.J FTIR '\Jfl.:) MMT, CTS/MMT lW~ CTS 

ll'tl~ CTS/MMT 

'illfifll'Jl.:)~ I 'Vi'Ullll~~'Ul.Jfl'UfllJVl'Clift\9)'11'1~B'U~1~1tlil'lt~911'U (CTS/MMT) ll'Cl~H.:)ff~Vl.JN'l~.:) 5 

'lfUfl'il~lJffl'J~'U'Vl1 vdJ'UB.:)rl1.h~flB'U ff1'U L'Ull~~'UlJV'UfllJBl'Cl 1-cl i'Wfl1i'J'Jl.J'lfl~ (MMT) 'il~ illiJffl'J~'U'Vl1 ve~ 

l'Cltl lfltJYi'ill'JWl'illfltiTlJ1Wffl'J~'U'Vl1 v ffll1i''IJ L'UU~~'UlJB'UfllJBl'Cl hfi'lf1i'iB'llfh~1tJil'lt~911'U ( CTS/MMT) 

nB'Unl'Jflfli'll'il~lJffl'J~'U'Vl1vvcitl'J~l.JlW 26.28% ul'i1'Uu~~'UlJB'UfllJBl'tl i'tlflll'li'ivu~1~1ttif1tfl'lll'Ul1~.:)nl'J 
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Abstract - In this study, montmorillonite clay (MMT) was modified by chitosan to form a 
nanocomposite: chitosan-coated montmorillonite (CTS/MMT) and used as the adsorbent for the 
removal of two azo dyes, reactive black (RB5) and methyl orange (MO), from aqueous solution by the 
batch adsorption technique. The MMT and CTS/MMT samples were characterized by X-ray diffraction 
(XRD) and CHNS-analyzer. Batch adsorption experiment was divided into 3 parts. Firstly, the dye 
removal efficiency was investigated. It was observed that CTS/MMT provides higher removal 
efficiency of both dyes than that of MMT. Secondly, the dye equilibrium adsorption was investigated 
and the equilibrium data was fitted by Langmuir and Freundlich equations. It was demonstrated that the 
experimental results are better fitted to Langmuir isotherm. Finally, the kinetic adsorption was studied 
by studying effect of contact time and fitting the experimental data to pseudo-first-order and pseudo­
second-order kinetic models. The results indicate that the adsorption rate is initially rapid and reaches 
equilibrium at 60 min and the experimental results follows pseudo-second order kinetic model with the 
best correlation. 

Keyword: adsorption, azo dye, chitosan-coated-montmoril/onite, isotherm, kinetic adsorption 



1. Introduction 

Presently, textile industries are much larger 
scale-up to increase the amount of products. 
Reactive dyes ,which contains at least one azo 
bond (-N=N-) bearing aromatic rings, are the 
most common dyes used due to their advantages 
such as bright colors, excellent color fastness and 
ease of applications [I]. Many reactive dyes are 
toxic to some organisms and may cause direct 
destruction of creatures in water. In addition, 
since reactive dyes are highly soluble in water, 
their removal from effluent is difficult by using 
conventional physicochemical and bilological 
treatment methods [2]. 

MMT is the natural matter, low cost and high 
spport in Thailand. The inner layer of MMT 
composes of an alumina (Al20 3) compolex 
octahedral sheet, which is situated between two 
silica (Si04) tetrahedral sheets. The substitution 
of Al3+ for Si4+ in the tetrahedral layer and Mg2+ 
or Fe2+ for Ae+ in the octahedral layer results in 
a net negtive charge on the layer surfaces. 
Naturally, the negative charge in the interlayer is 
compensated with cations such as Na+, or Ca2+. 
When MMT dissovles in water, it swells due to 
cations accumulation in the interlayer 
enchancing its basal spacing. Since the charge on 
the clay surface is negative, it can highly adsorb 
cationic dye such as methylene blue [3 ] 

Chitosan (CTS) is is the N-deacetylated 
derivative of chitin and the second most plentiful 
natural biopolymer. As a well-known sorbent, 
CTS is widely used for the removal of heavy, 
transition metals and dyes because amine group 
(-NH2) and hydroxyl group (-OH) on the 
polymer chain of CTS can adsorb both cationic 
and anionic molecules [4]. Nevertheless, CTS 
has some limitation that is the weak mechanical 
property and low specific gravity so it swells and 
floats when dissolves in water. To improve this 
limitation, it is immobilized on the negatively 
charge MMT surface to form nanocomposite 
such CTS/MMT. Therefore, the objective of this 
research was to study adsorption of two azo 
dyes by using MMT and CTS/MMT as 
adsorbents in batch adsorption test. 

2. RESEARCH METHODOLOGY 

2.1 Materials 

The commercial montmorillonite (MMT) was 
supplied by Thai Nippon Chemical Industries 
Co. Ltd., Thailand and was used without further 
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purification. The chemical composition (wt%) of 
the MMT was Si02: 56-60% and Al20 3: 16-18%. 
The cation exchange capacity (CEC) of this clay 
was 0.8 meq/g. The chitosan (CTS) was 
purchased from Sigma-Aldrich. The azo dyes 
used were reactive black 5 (RB5) and methyl 
orange (MO) obtained from Asia Pacific 
Specialty. 

2.2 Preparation of chitosan-coated­
montmorillonite 

An amount of 1.0 g ofMMT dissolved in 100 
mL distilled water and I 00 mL of 2g/L chitosan 
solution were added into a batch reactor. The 
mixing was done by stirring at constant speed 
200 rpm for I h at room temperature (25°C). The 
pH of suspension was adjusted to 7.0-7.5 by 
O.IM NaOH or O.IM HCl solutions and let it in 
gel for 30 min. The formed composite was 
filtrated and washed With distilled water and then 
dried at 40°C for I2 h. All samples as adsorbents 
were ground into powder to pass through a 200-
mesh sieve, and stored in desiccators. The 
adsorbents were characterized by X-ray power 
diffractometer (XRD). The intercalation of 
chitosan onto MMT surface was confirmed by 
using CHNS-analyzer. 

2.3 Batch adsorption test 

All adsorption experiments were carried out 
on a mechanical shaker at 200 rpm using 250 mL 
Erlenmeyer flasks. A series of adsorption 
experiment were carried out at room temperature 
(25°C). The first experiment was to study the 
isotherm. I 00 mL of dye solutions with different 
initial concentrations of 50, 100, I 50, ~00 and 
250 ppm were prepared. Then, the dye solution 
and O.I g of CTS/MMT was added into the flasks 
and then horizontally shaken for 24 h at 200 rpm 
and then centrifuged at 30,000 rpm for I hr. The 
supernatant was measured absorbance by using 
UV-spectrophotometer at Amax equal to 614 nm 
and 520 nm for RB5 and MO, respectively. The 
second experiment the effect of contact time and 
kinetic study was carried out. 200mL of 200 
mg/L dye solution and 0.1 g of CTS/MMT was 
added into the flasks and then shaken 
horizontally for contact time ranging from 5 to 
12 h. The samples were collected in certain time 
interval and then treated as the procedure in the 
first experiment. 



3. RESULT AND DISCUSSION 

3.1 Properties of MMT and CTSIMMT 

The content of C, H and N of CTS/MMT was 
higher than that of MMT. This confirms that the 
CTS were intercalated to the surface and 
interlayer of MMT. It causes wider interlayer in 
CTS/MMT. The d001 reflection for basal spacing 
determined by XRD was found to shift from 1.27 
nm (original clay) to 1.40 nm in CTSIMMT. 

3.2 Adsorption isotherms of azo dyes 

The percent removal of RB5 and MO 
adsorbed onto CTS/MMT was 73.33% and 
67.33%, respectively, whereas that of MMT was 
1.85% for RB5 and 2.15% for MO so that 
adsorption equilibrium and kinetic adsorption 
test were carried with only CTS/MMT. 

Fig. 1 shows adsorption isotherms of RB5 and 
MO dyes adsorbed onto CTS/MMT constructed 
by plotting equilibrium quantity of azo dye 
adsorbed on CTS/MMT: qe (mg adsorbed azo 
dye/ g adsorbent) versus equilibrium dye 
concentration: c. (mg/L). The equilibrium 
experimental data was fitted to Langmuir's and 
Freundlich's equation to determine model 
paramet~rs for both dyes as shown in Table 1. 

70 
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60 • • • Oil 
§ • • • • 
>. 50 • ::: • <.) 

40 • " -c. 
" <.) 

30 c 
0 • .::: 20 • + Reactive Black 5 c. ... 
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~ 

0 

0 100 200 300 

Equilibrium concentration (mg!L) 

Fig. I. Adsorption isothenns of RB5 and MO adsorbed onto 
CTS/MMT (Co 50-200 mg!L, 0.1g adsorbent, 25°C) 

The Langmuir [5] isotherm is valid for 
monolayer adsorption onto a surface with a finite 
number of identical sites. The Langmuir model is 
based on the assumption of adsorption 
homogeneity, such as equally available 
adsorption sites, monolayer surface coverage, 
and no interaction between adsorbed species. If 
azo dyes adsorption follows the Langmuir 
model, the adsorption process can be expressed 
as: 

ce 1 ce -=--+-
qe bqm qm 
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(1) 

where qm (mglg) the maximum adsorption 
capacity and b is the Langmuir constant related 
to the rate of adsorption. The Lungmuir equation 
obeys Henry's law at low concentration. 

The Freundlich [ 6] equation is the empirical 
relationship whereby it is assumed that the 
adsorption energy of dye binding to a site on an 
adsorbent depends on whether or not the adjacent 
sites are already occupied. The Freundlich 
isotherm model is usually adopted for 
heterogeneous adsorption. One limitation of the 
Freundlich model is that the amount of adsorbed 
solute increases indefinitely with the 
concentration of solute in the solution. This 
isotherm can be described as follows: 

1 
lnqe = logkf +-logCe 

n 
(2) 

where kr (mg/g)(Lig)11
" and n are the physical 

constants of the Freundlich adsorption isotherm. 
The kt and n are indicators of the adsorption 
capacity and adsorption intensity, respectively. N 
is a constant representing the mutual interaction 
of sorbed species. Experimental values of n are 
usually greater than unity and this means that the 
forces between the sorbed molecules are 
repulsive. In addition, the closer the n value of 
the Freundlich sorption equations is the zero, the 
more heterogeneous is the system. 

The equilibrium data was fitted to Langmuir 
and Freundlich isotherms. The results shows best 
fit to Langmuir isotherm for both RB5 and MO 
indicating the monolayer of dye molecules 
covers along CTS/MMT surface. The maximum 
monolayer capacity was 64.51 mg/g for RB5 and 
54.64 mg/g for MO . 

Table I. Adsorption parameters of Langmuir and Freundlich 
isotherms 

RBS 
Equilibrium model oarameter Value 
Langmuir isothenn q .... , (mg/g) 64.51 

b(Umg) 0.010 
Rz 0.9685 

Freundlich isothenn kr (mg/g)(Ug) 11
" 4.53 

n 2.07 
Rz 0.8565 

MO 
Equilibrium model oarameter Value 
Langmuir isothenn q,..., (mg/g) 54.64 

b (Umg) 0.009 
R" 0.9880 

Freundlich isothenn kr (mg/g)(Ug) 11
" 4.37 

n 2.13 
Rz 0.8917 



3. 3 Adsorption kinetics of azo dyes 

Adsorption rate of both dyes onto CTS/MMT 
was illustrated in Fig. 2. It was found that the 
adsorption capacity rapidly increased and 
reached equilibrium within 60 min. 

The relationship between quantities of azo 
dye adsorbed on CTS/MMT: q, (mg adsorbed 
dye/g CTS/MMT) versus time t (min) was 
constructed to analyze the effect of contact time 
to the adsorption efficiency. Moreover, the 
kinetic data were analyzed by applying pseudo­
first-order and pseudo-second-order models in 
order to gain a better understanding of the 
adsorption process. 

Pseudo-first order kinetic model [7] is the 
earliest known one describing the adsorption rate 
based on the adsorption capacity. The pseudo­
first-order rate expression is generally expressed 
as follows: 

where k1 is the rate constant of first-order 
adsorption. The pseudo-first-order equation does 
not fit well for whole range of contact time and is 
in generally applicable over the initial 20-30 min 
of the sorption process. 

Pseudo-second order kinetic model [8] was 
developed by Ho in 1995. The fitting of 
experimental data and second-order kinetic 
expression for the sorption systems of dye using 
CTS/MMT was obtained in which chemical 
sorption is the rate-limiting step. It is expressed 
as: 

t I t 
-=--+-
qt k2q; qe 

(4) 

where k2 is the rate constant of second-order 
adsorption. 

80 

j 
; ..... . . . . . . . . . 
]~···· ........ . 
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• Methyl Orange 
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Fig. 2. Effect of contact time on the adsorption of RB5 and 
MO onto CTSIMMT (Co 200 mg/L, O.lg adsorbent, 
200 rpm and 25°C) 
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The experimental data conform to Pseudo­
second-order kinetic with good correlation. The 
kinetic rate constants were 3 .I7x I o-2 glmg.min 
for RB5 and 4.27x I o-3 g/mg.min for MO. This 
indicates that the adsorption rate was controlled 
by chemical adsorption (9]. 

Table 2. Adsorption parameters of pseudo-first and pseudo­
second order model 

RBS 
Kinetic model parameter Value 

Pseudo-first -order kt (g/mg.min) 3.65xto·• 
q.,cal 54.64 

Rz 0.9279 
Pseudo-second-order k2 (g[mg.minl 3.17xl0-2 

Qe,cal (mg/g) 52.89 
R" 0.9997 

MO 
Kinetic model parameter Value 

Pseudo-first-order kt (g/mg.min) 4.23xlo-" 
_(le,cal 44.59 

R2 0.9276 
Pseudo-second-order k2 (g/mg.min) 4.27xl0·3 

Qe.cal (mg/g) 53.76 
Rz 0.9998 

4. CONCLUSIONS 

The intercalation of CTS in MMT structure 
producing CTS/MMT causes higher RB5 and 
MO dyes removal efficiency. The equilibrium 
data conforms to Langmuir isotherm and the 
adsorption rate rapidly increased and reached to 
equilibrium within 60 min and the result was 
better fitted to pseudo-second order kinetic 
model. The CTS/MMT is effective adsorbent for 
remove azo dyes. 
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