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leu}rm}=U=QDD|Um = l}Dw}@|Dv; hPL l}Dv}U |UQQ@

uy; C=QP wv=v \UwD |@; \}Lt QO
�|QDmO |wHWv=O� xO=RuUL =U} QB

�O=DU=� �CUwO|Hvo u}UL
�Q=}Wv=O� |D}; =D}@

TQOt C}@ QD x=oWv=O 'CU} R\}Lt w u=Qta |UOvyt |xOmWv=O

\}Lt QO |OH CqmWt p}rOx@ 1�OTC� u}rm}=U=QDD|Um = |=wDLt ?q[=i |x}iYD
\UwD OTC 155(mg/L) pt=m hPL 'VywSB u}= QO "OQ=O |Y=N C}ty= CU} R

|x}L=v QO C=w 200 |W@=D u=wD =@ 3 Q@=Q@ pH QO uy; C=QP wv=v 1000(mg/L)

QO DO w pH 'ORP |=yQDt=Q=B C=Q}}eD |UQQ@ =@ w s=Hv= Ca=U 14 COt QO UV-A

3 R= TB uy; O}Um = O}UmwQO}y |DU}r=D=mwDi Vvm =w ẁQW u=tR 'Ca=U 6 5 COt
w u}}aD OTC pwmrwt CUmW R= |W=v |xOta CqwYLt "Ot; CUOx@ Ca=U

0 0074(min�1) w 0 0049 '0 0021 '0 0099 ?}DQD x@ =yv; |m}Dv}U |=yC@=F
=@ C=v@ Qm|@ w C=irwU 'C=QD}v 'Qrm 's} R}vt 's}Urm |=yuw} Qw[L QF= "OvOW x@U=Lt
C_re V}=Ri= =@ "OvOW |UQQ@ Ov}=Qi QO 200(ppm) w 100 '50 '10 |=yC_re
w OvDW=O hPL QO |ivt QF= NO�3 > Ca2+ � Mg2+ > Cl� ?}DQD x@ =yuw}
CaQU |=yC@=F w |m}Dv}U pOt u}vJty "OvOw@ QF=|@ C=v@ Qm|@ w C=irwU |=yuw}

"OvOW x@U=Lt ?}kQ |=yuw} Qw[L QO OTC hPL

p.hassanzadeh@modares.ac.ir
h-ganji@modares.ac.ir
ayati bi@modares.ac.ir "sU}v=mt 'l}Dv}U 'sL=Rt |=yuw} 'pH 'DO 'ORP %|O}rm u=oS=w

xtOkt "1
|rY= Q=DN=U xm OvO=O u=Wv R}r=v; G}=Dv "CU= xDW=O p=@vO x@ =Q pwmrwt OwN
hPL u; R= p}UmwQO}y xwQo l} w |v}t; xwQo l} \ki w xOWv ?} QND OTC

pw= |x@DQt pOt R= j}kO Qw] x@ OTC ?} QND l}Dv}U u}vJty "CU= xOW
CaQU C@=F '40(mg/L) x@ 10 R= OTC |x}rw= C_re V}=Ri= =@ w xOQm |wQ}B
u}= QO "CU= xDi=} Vy=m 0 0075 (min�1) x@ 0 0141(min�1) R= Vvm =w
p}UmwQO}y p=m}O=Q O=H}= p}rO x@ 50(ppm) C_re =@ C=QD}v |=yuw} Ov}=Qi
0 0099 R= =Q CaQU |=yC@=F w CU= xOW Vvm =w CaQU V}=Ri= ?@U
C_re =@ OTC �88 u}vJty [5]"Ov=xO=O <=kDQ= 0 0151 (min�1) x@
QO xm 'UV/TiO2 |DU}r=D=mwDi Ov}=Qi \UwD pH= 7 QO 1000 (mg/L)

CWPo R= TB 'Ov=xOW QB |vRw �15 C@Uv =@ C}rw�R R= TiO2 C=QP wv=v u;
10(mmol/L) C_re =D C=QD}v w C=irwU 'O} Qrm |=yuw} w hPL xk}kO 210
C_re =@ OTC �70 [6]"OvDW=Ov C}rw�R \UwD ?PH p}rO x@ |DtL=Rt I}y
uSwQO}y O}UmQB x@ uy; 10 x@ 1 C@Uv =@ uwDvi Ov}=Qi QO 100 (mg/L) |x}rw=
C@=F =@ Vvm =w l}Dv}U "CU= xOW x} RHD xk}kO 120 R= TB 'pH= 2 6 w
[7]"CU= xOw@ H2O2 w uy; C_re `@=D w swO |x@DQt 119 (M�1S�1) CaQU
1 (mM) Q=Okt w C=w 11 |W@=D u=wD R= xO=iDU= =@ UV/H2O2 Ov}=Qi QO
xk}kO 20 R= TB pH= 8 =@ OTC R= 5(�M) |w=L |xvwtv 'uSwQO}y O}UmQB
QO "CU= xOw@ �10 \ki TOC hPL Q=Okt =t= 'CU= xOW ?} QND pt=mQw]x@

u=tQO QO |}xOQDUo OQ@ Q=m =yu}rm}=U=QDD |xO=wv=N R= �OTC� u}rm}=U=QDD|Um =
w CU}v Q}PB?} QND CU} R wQ=O u}= "OQ=O Qw}] w s=O OWQ l} QLD R}v w u=Uv=
|=yu=wNDU= QO ?wUQ w s}Urm =@ Q=O}=B TmrBtm p}mWD '|m}DvS Ctw=kt ?Hwt
CqwYLt O}rwD w|m} Swrw}@ |x}iYD QO pqDN=?@U u}vJty "OwW|t u=Uv= uO@
Q=Okt [2w1]"OwW|t |vRQrm w |vRuR= |=yOv}=Qi Ovv=t |}=}t}W |x}iYD QO |tU
|=y?; QO w 20�800(mg/L) |xOwOLt QO C=Hv=NQ=m ?q[=i QO wQ=O u}=
C_re xm |r=L QO [3]'CU= xOW VQ=Ro 0 38�2(mg/L) |xOwOLt QO |L]U

[4]"CU= xOW u}}aD 250(�g/L) ?; QO u; R=Ht
QO xm 'CU= xDiQo CQwY OTC hPL |xv}tR QO |OOaDt |=yVywSB
sL=Rt |=yuw} QF= w hPL Vvm =w CaQU '|r; Q=@ Vy=m 'hPL u=tOv=Q =yv;
R}rwDi Ovv=t |m} R}i C=}rta x@ u=wD|t =yv; |xrtH R= "Ov=xDiQo Q=Qk |UQQ@ OQwt
xDiQW}B uw}U=O}Um = '(UV/TiO2) |DU}r=D=mwDi xrtH R= |}=}t}W |=yOv}=Qi w
C_re =@ OTC 'R}rwDi C=}rta QO p=Ft |=Q@ "OQm xQ=W= uwDvi w (UV/H2O2)
(W) u=wD =@ UV-A V@=D CLD xk}kO 240 COt x@ 9 Q@=Q@ pH QO 40(mg/L)

hPL �90 w �TOC� |r; u@ Qm pm hPL �13 5 xm 'CU= xDiQo Q=Qk 500

pw�Ut xOvU} wv �
"1392 3 31 VQ}PB '1391 11 21 x}LqY= '1391 4 25 Ci=} QO %M} Q=D
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pwtQi 'u}U}=t=QD |Q=HD s=v =@ ?; QO pwrLt u}rm}=U=QDD|Um = |xO=t VywSB |]
pH= 6 5 '496 (gr/mol) |rwmrwt uRw 'C22H24N2O9; 2H2O |rwmrwt
'�1 pmW� CU= xDiQo Q=Qk xO=iDU= OQwt QDtwv=v 348 w 290 |@PH |=yGwt pw] w
|rt=a |=yxwQo u}vJty w |m}D=twQ; sDU}U l} x@ \w@ Qt 'QwmPt l}B wO xm

[20]"OvDUy (-C=O-) p}v@ Qm
uRNt QO OTC |@; pwrLt 500(mL) |x}rND w x}yD R= TB Qw_vt u}ty x@
w s}_vD pwrLt pH 'QDt|Dv=U 5 5 |rN=O Q]k w QDt|Dv=U 60 pw] x@ RDQ=wm
300(rpm) CaQU =@ |m}v=mt uRty x@ pYDt |}xW}W CiW l} |xr}Uwx@
C=w 20 |W@=D u=wD =@ UV-A |=yAtq 'QwDm =Q h=Q]= QO TBU "OW xOR sy
=yAtq u}= "OW ?Yv |Owta CQwYx@ QDt|Dv=U 7 |xrY=i =@ l}v wDQB CmQW
Vy=m Qwv hqD= =D 'OvOW pYDt |tw}v}twr; VWwB =@ |m}DUqB uRNt |xQ=w}O x@
'10 |=yC_re =@ OTC |=yxvwtv 'xDiQoCQwY |=yV}=tR; QO "�2 pmW� O@=}
w 9 '8 '7 '6 '5 '4 '3 |=y pH w QD}r Q@ sQo|r}t 300 w 250 '155 '94
|=yu=wD w QD}r Q@ sQo|r}t 1000 w 700 '500 '10 'QiY uy; wv=v Q=Okt =@ 11
Qw_vt x@ Ca=U 14 =D 1 |=yu=tR QO C=w 240 w 200 '140 '60 V@=D
pw] wO QO ?PH |=yQDt=Q=B w CiQo Q=Qk |UQQ@ OQwt xv}y@ \}=QW u}}aD
uy; C=QP wv=v |R=U=OH R= TB COD w TOC 'QDtwv=v 348 w 290 Gwt

"u}rm}=U=QDD|Um = l}Dw}@|Dv; |@PH h}] w Q=DN=U "1 pmW

C=QP wv=v uw}U=O}Um =wDi w uw}U=O}Um = |k}irD Ov}=Qi sDU}U |rm |=tW "2 pmW
"uy;

Q@=Q@ OTC hPL CaQU C@=F w xOw@ jO=Y swO |x@DQt pOt |m}Dv}U |xar=]t
"CU= xOw@ p}UmwQO}y p=m}O=Q w OTC C_re `@=D w 6 96�109 (M�1S�1)
?}DQD x@ |=yC_re =@ O} Qrm w C=v@ Qm|@ 'C=irwU 'C=QD}v |=yuw} Qw[L u}vJty
'p}UmwQO}y p=m}O=Q O}rwD u=tOv=Q Vy=m p}rO x@ 107(ppm) w 300 '60 '132
|=Q@ xOWQmP |=yOv}=Qi Q@ xwqa [8]"OvO=O Vy=m COW x@ =Q hPL Vvm =w CaQU
xO=iDU= R}v u; |=yO}Um = w uy; Q}_v |Qo}O hPL pt=wa R= u=wD|t OTC hPL
C}Y=N p}rO x@ �Fe3O4 w Fe2O3 'FeO� u; |=yO}Um = w uy; xRwQt= "OQm
'|v=w=Qi 'C}tU sOa u}vJty '?PH w |DU}r=D=mwDi 'uw}U=O}Um = '|U}]=vet
CNU |}=}t}W |=yxOv}q; hPL QO O=} R C}r@=k w u=RQ= Ct}k 'u=U; |UQDUO
'=yVmCi; 'C=QD}v Ovv=t =yuw}v; 'u}ovU C=Rri 'xvSwr=y C=@}mQD Ovv=t Q}PBx} RHD
Q=Qk xHwD OQwt ?q[=i w ?; |x}iYD |=yOv}=Qi QO =yl}Dw}@|Dv; w =y=RovQ

[15�9]"Ov=xDiQo
|=yxOv}q; hPL QOuy; C=QP wv=v uw}U=O}Um =C}r@=k |xv}tR QO|}=yVywSB
\}=QW QO uy; C=QP wv=v xm 'CU= xO=O u=Wv ?q[=i w ?; QO OwHwt
uy; O}UmwQO}y O}Um = w =yO}Um = [18�16]"OvQ=O |awvDt |=yVvm =w 'hrDNt
|=yxOv}q; ?} QND Qw_vt x@ |DU}r=D=mwDi |=yOv}=Qi QO R}v (FeOOH) (III)

pt=wa w Vvm =w l}Dv}U 'hPL sU}v=mt w xDiQo Q=Qk xO=iDU= OQwt hrDNt
pvi T}@ 20 (mg/L) Q=Okt p=Ft |=Q@ "CU= xOW |UQQ@ R}v =yv; sL=Rt
'pH= 7 QO C=w 8 |W@=D u=wD =@ UV w �� Fe2O3 200(mg/L) \UwD
|x@DQt 'Vvm =w l}Dv}U w xOW x} RHD �24 u=R}t x@ xk}kO 60 u=tR COt QO
R= 400 (mg/L) Q=Okt [14]"CU= xOw@ 0 0018 (min�1) CaQU C@=F =@ pw=
=Roy 30 (mg/L) Q=Okt pH= 6 QO �C=w 300� UV u=tR sy V@=D=@ Fe3O4
Vvm =wl}Dv}U w xOQm x} RHD �60 u=R}t x@ xk}kO 720 COt QO =Q u=Roywrm}UwQrm
QO u}vJty [15]"CU= xOw@ pw= |x@DQt x@W 0 0014(min�1) CaQU C@=F =@
K]U Q@ xm 'CU= xOW x�=Q= |}x} Q_v uy; C=QP wv=v |wQ Q@ u}W}B |=yVywSB
QO �III� uy; O}Um = Q=Okt w p}mWD �III� w �II� uy; O}Um = 'uy; C=QP wv=v
X=wN QO |tyt |=yOt=}B Q=OxDUwB |xDUy Q=DN=U u}= "CU= ?r=e |@; \}Lt
|QDW}@ |Q}PBVvm =w p}Uv=DB xwkr=@ |Q=DN=U u}vJ "OQ=O uy; C=QP wv=v |}=}t}W
QO Q=OxDUwB uy; C=QP wv=v "OQ=O Xr=N uy; C=QP wv=v w uy; O}Um = x@ C@Uv
|xDUy |@}mQD p=kDv= QO "OvDUy QDQF-wt |@}mQD p=kDv= X=wN p}rOx@ =yxOv}q; hPL
?PH O}Um = |x}q 'CU= xOvvm<=}L= Vkv QO xOvyOuwQDmr= `@vt l} uy; |Rri
Qw]x@ w V}=Ri= |L]U TmrBtm p}mWD w l}D=DUwQDmr= |wQ}v j} Q] R= =Q |oOwr;
CU= sRq QmPD u}= "OyO|t xOv}q; x@ xDUy R= =Q uwQDmr= Qw@a |xR=H= u=tRsy
u}= QO uwvm =D xm |}=yVywSB "OQ=O |oDU@ xOv}q; ẁv w pH x@ |@}mQD p=kDv= xm
'�VI� swQm w |wQ 'xw}H Q}_v u}ovU C=Rri hPL |=Q@ 'CU= xOW s=Hv= xv}tR

[19]"CU= xOw@ O}irwU uSwQO}y w |r; Q=OQrm C=@}mQD
C}Y=N |Q}oQ=m x@ Q@xwqa '|k}irD Ov}=Qi l} s=Hv= |] 'VywSB u}= QO
|DU}r=D=mwDi Ov}=Qi R= 'OTC pwmrwt?} QND |=Q@ QiY uy; C=QP wv=v uw}U=O}Um =
Qw_vt x@ OTC |R=U|vOat |=Q@ R}v uy; C=QP K]U Q@ xOWp}mWD O}Um = |x}q
=@ "CU= xOW u}}aD xv}y@ \}=QW w xO=iDU= |tU CqwYLt O}rwD R= |Q}oW}B
ẁQW u=tR 'Ov}=Qi s=Hv= |] pH w DO 'ORP |=yQDt=Q=B C=Q}}eD |Q}oxR=Ov=

|=yC@=F u; R= TB w u}}aD |v=}t |xOta CqwYLt w |DU}r=D=mwDi Vvm =w
'C=QD}v 'Qrm 's} R}vt 's}Urm |=yuw} QF= u}vJty "OvOW x@U=Lt =yv; |m}Dv}U
R}v =yv; |m}Dv}U |=yC@=F w |UQQ@ OTC hPL Ov}=Qi QO C=v@ Qm|@ w C=irwU

"CU= xOW u}}aD

14



"""w
CU

wO|
Hvo

u}U
L'

xO=R
uU

L=U
}QB "OTC hPL Vvm =w QO pt=m ?} QND w xv}y@ \}=QW u}}aD "1 pwOH

?NDvt Q}O=kt
V}=tR; OQwt Q}O=kt =yQDt=Q=B?} QND \}=QW

pt=m xv}y@
3 3 11 w 9 '8 '7 '6 '5 '4 '3 pH

155 155 300 w 250 '155 '94 '10 (mg/L) OTC C_re
1000 1000 1000 w 700 '500 '10 (mg/L) NZVI C_re
200 200 240 w 200 '140 '60 (W) V@=D u=wD
14 6 5 1�14 (hr) u=tR

290 Gwt pw] wO QO ?PH u=R}t 'xv}y@ \}=QW QO pY=L G}=Dv j@] "CU= xOW
89 w 85 '95 '87 ?}DQD x@ 'COD w TOC hPL u=R}t R}v w QDtwv=v 348 w

"OvOw@ �100 pO=at pt=m ?} QND QO xm Ot; CUOx@ OYQO

DO w pH 'ORP C=Q}}eD |UQQ@ "2"3
\}=QW QO OTC hPL Ov}=Qi QO |}x_Lr CQwYx@ DO w pH 'ORP QDt=Q=B xU
R= xk}kO 180 u=tR =D =OD@= R= pH Q=Okt '3 pmW j@=]t "OvOW |Q}oxR=Ov= xv}y@
xOt;OwHwx@ C}@FD w C=v=Uwv "Ov=t C@=F u; R= TB w Ci=} V}=Ri= 6 5 x@ 3 Q=Okt

[18�16]"OvDUy x}HwD p@=k 7 =D 1 |=yx]@=Q =@
2Fe0 + 4H+ + O2 ! 2Fe2+ + 2H2O (1)

2Fe2+ + 2H2O! 2Fe3+ + H2 + 2OH� (2)

Fe3+ + 3OH� ! Fe(OH)3 (3)

Fe3+ + 2H2O! FeOOH + 3H+ (4)

Fe(OH)3 + 3H+ ! FeOOH + H2O (5)

FeOOH + 3H+ + e! Fe2+ + 2H2O (6)

O2 + 2H2O + 4e! 4OH� (7)

pw] QO 5 =D 1 \@=wQ =@ j@=]t ORP w 1 |x]@=Q =@ j@=]t DO QDt=Q=B wO
Ca=U 3 =D Vvm =w |=OD@= R= QDt=Q=B wO Qy w OvDW=O u=Um} C=Q}}eD Vvm =w
w 1 08 (mg/L) x@ 465 64 (mV) w 6 48(mg/L) Q}O=kt R= ?}DQD x@
j@] u; R= TB "CU= <=}L= Vvm =w Qov=}@ xm 'OvDi=} Vy=m �378 88(mV)

w 2 92 (mg/L) Q}O=kt x@ ?}DQD x@ ORP w DO QDt=Q=B wO 7 w 6 |=yx]@=Q

"xv}y@\}=QW QO OTC hPL QO pH w DO 'ORP |=yQDt=Q=B C=Q}}eD "3 pmW

|Q}oxR=Ov= |v}WvxD \UwD =yxvwtv R= 3 8 gr/cm3 |r=oJ =@ xOWO}Um =
QO 155(ppm) C_re =@ OTC |=yxvwtv 'xv}y@ \}=QW u}}aD R= TB "OvOW
V@=D |=yu=wD =@ QiY uy; C=QP wv=v 1000 (ppm) Q=Okt =@ pH= 3
Vvm =w ẁQW u=tR u}}aD |=Q@ Ca=U 14 w 6 5 |=yu=tR QO C=w 200
|xDmv "OvDiQo Q=Qk Vvm =w CLD �DO w pH 'ORP |=yQDt=Q=B� |DU}r=D=mwDi
1000(ppm) w OTC 300 (ppm) R= V}@ |=yC_re xmv}= QmP p@=k
=Q |DU}r=D=mwDi Ov}=Qi u=tOv=Q w OvOQm O=H}= pwrLt QO |O=} R CQwOm uy; C=QP wv=v
|m}Dv}U |=yC@=F w Vvm =w |xOta CqwYLt 'xt=O= QO "OvO=O Vy=m COW x@
QO OTC |x}rw= C_re QF= u}vJty "OW u}}aD HPLC/ESI-MS \UwD =yv;
|=yC@=F w |UQQ@ 155(ppm) w 94 '10 |=yC_re =@ u; hPL Vvm =w CaQU
QO?}kQ |=yuw}CtL=Rt QF= u}}aD Qw_vt x@ 'u; Q@ xwqa "OW x@U=Lt =yv;|m}Dv}U
C=v@ Qm|@ w C=irwU 'C=QD}v 'O} Qrm 's} R}vt 's}Urm |=yuw} 'OTC hPL Vvm =w
pw] wO QO ?PH C=Q}}eD w xO=iDU= 200(ppm) w 100 '50 '10 |=yC_re =@
OTC hPL |m}Dv}U pOt w OW |UQQ@ TOC QDt=Q=B w QDtwv=v 348 w 290 Gwt

"CiQo Q=Qk xar=]t OQwt R}v ?}kQ |=yuw} Qw[L QO u; CaQU |=yC@=F w
|=yVwQT=U=Q@ x@DQt 3 =DTw}UrU |xHQO 24-22|=tO QO =yV}=tR; s=tD
[21]"OvOW Q=QmD ?q[=i w ?; |=yV}=tR; OQ=Ov=DU= |=yVwQ ?=Dm |Q}oxR=Ov=
Qov=}@ �2 33 R= QDtm =yxO=O 2�RSD� |@Uv h=QLv= Q=Okt xm CU= sRq QmPD u}=

"Ow@ =yxO=O |q=@ |Q}PB Q=QmD u=R}t
QDtwDwiwQDmBU=pt=WV}=tR;hrDNtpL=Qt QO xO=iDU=OQwt|xOta|=yx=oDUO
'CODw TOC |=yQDt=Q=B w ?PH C=Q}}eD |UQQ@ CyH �DR4000 'HACH�
pH 'uy; C=QP wv=v |L]U O}Um = |x}q |UQQ@ Qw_vt x@ (Philips) XRD

�HQ30d 'HACH� QDt ORP w DO 'pH u}}aD |=Q@ (Metrohm) QDt
'EXTECH� CO2 R=o QoR}r=v; '|DU}r=D=mwDi Vvm =w ẁQW u=tR u}}aD CyH
R}r=v; \}=QW�(Agilent 6410-QQQ) pOt HPLC/ESI-MS w �CO250
'C18 � 100� 4 6� 3 5 (mm) uwDU pt=W HPLC/ESI-MS \UwD
C@Uv |=Q=O lQLDt R=i '20(�L) j} QRD Q=Okt '0 2(mL/min) u=} QH |wri
umU= |xOwOLt 'pwv=Dt/p} QD}vwDU=/Qqwt 0 01 l}tQi O}U= R= 20:35:45
Qw_vt x@ '�CU= xOw@ 180 Ot=U@ =@ R=Uxa]k w pwt Q@ sQo 100-700 |tQH
Kern |r=D}H}O |wR=QD w |v=}t |xOta CqwYLt u}}aD w |m}Dv}U |xar=]t

"OvOw@ O=wt u} RwD CyH PLS360-3 pOt
u=wvax@ �99 XwrN =@ Sigma Aldrich CmQW CN=U u}rm}=U=QDD|Um =
w hQwt; Q=DN=U =@ QDtwv=v 20-80 C=QP |xR=Ov= QO uy; C=QP wv=v '|rY= |xO=t
O} Qrm 's}Urm O} Qrm 'hPL pt=a u=wvax@ Civ CavY x=oWywSB R= �95 XwrN
�99 XwrN =@ s}OU C=v@ Qm w s}OU O} Qrm 's}OU C=irwU 's}OU C=QD}v 's} R}vt
u=} Q=w CmQW R= �99 99 XwrN =@ CR= R=o 'sL=Rt uw} QF= |UQQ@ |=Q@ (Merck)

�Merck�l} QO} Qrm O}U= 'uy;C=QP wv=vu} RwD s=ovy|FvN QiUtD= O=H}=CyH R=o
"OvOw@ xO=iDU= OQwt O=wt xrtH R= pH s}_vD |=Q@ �Merck� s}OU O}UmwQO}y w

G}=Dv w EL@ "3
hPL Vvm =w |xv}y@ \}=QW u}}aD "1"3

pt=W OTC hPL Vvm =w QO QF-wt |=yQDt=Q=B |xOW|UQQ@ Q}O=kt '1 pwOH QO
x�=Q= Ov}=Qi s=Hv= u=tR w V@=D u=wD 'uy; C=QP wv=v C_re 'OTC C_re 'pH
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"""u
}rm}

=U=Q
DD|U

m=l
}Dw}@

|Dv;
hP

Ll
}Dv}U

|U
QQ@

"XRD h}] "4 pmW

"pt=m ?} QND \}=QW QO sL=Rt |=yuw} Qw[L QO TOC hPL C=Q}}eD "5 pmW

QO sL=Rt |=yuw} Qw[L QO 290(nm) Gwt pw] QO hPL C=Q}}eD "6 pmW
"pt=m ?} QND \}=QW

QDt=Q=B u}vJty [22]"CU= O}Um = Vvm =w Qov=}@ xm OvDi=} V}=Ri= 456 00(mV)

pwmrwt R= p}UmwQO}y |=yxwQo uOW=OH p}rO x@ R}v w 1 |x]@=Q j@=]t pH

C@=F Vvm =w |=yDv= =D 2 |x]@=Q x@ xHwD =@ w O@=}|t V}=Ri= u=tR CWPo =@ 'OTC

pY=L CqwYLt ẁv 'DO w pH 'ORPQ}O=kt C=Q}}eD Q@ xwqa "Ov=t|t |k=@
3 R= =Q |DU}r=D=mwDi Vvm =w R=e; u=wD|t 7 =D 1 |=yx]@=Q w OTC CUmW R=

"OR u}tND Vvm =w ẁQW R= TB Ca=U

uy; O}Um = |x}q |UQQ@ "3"3
K]U Q@ O}Um = |x}q =OD@= u=ty R= 'OTC =@ uy; C=QP wv=v uw}U=O}Um =Vvm =w QO
V@=D u=tRsy |Q}oQ=m x@ =@ w QDW}@ x}q u}= Q=Okt u=tR CWPo =@ w p}mWD uy;
O}UmwQO}y O}Um = w O}Um = "Ci=} V}=Ri= R}v O}Um = |x}q |DU}r=D=mwDi Ov}=Qi UV

p=m}O=Q O}rwD w CU= |DU}r=D=mwDi Vvm =w |=Q=O 11 =D 8 |=yx]@=Q j@=]t uy;
[23w14]"Ovm|t p}UmwQO}y

FeOOH + h� ! e� + h+ (8)

H2O + h+ ! OH� + H+ (9)

O2 + e� ! O��2 (10)

O��2 + 2H+ ! 2OH� (11)

R= TB uy; C=QP wv=v |x}rw= x=}U nvQ �xv}y@ \}=QW� u=Um} |W}=tR; \}=QW QO
w |FvN |=ypH QO w �uy; O}Um =� |}xwyk nvQ x@ 3 |O}U= pH QO Vvm =w

"OQm Q}}eD xDNwU |}xwyk nvQ x@ |}=}rk
xm OW xDiQo XRD h}] 'Vvm =w R= Oa@ w p@k uy; C=QP wv=v R= u}vJty
=Q hQwt; Q=DN=U =@ QiY uy; C=QP wv=v Qw[L 'hr=4 pmW QO pY=L |xH}Dv
O}UmwQO}y O}Um = w O}Um = p}mWD R}v ?4 pmW QO "Ovm|t O}}-=D Vvm =w R= p@k

"CU= xOW xO=O u=Wv 3 pO=at pH QO �FeOOH w FeO� uy;

OTC hPL Vvm =w QO ?}kQ |=yuw} QF= |UQQ@ "4"3
'TOC hPL x@ \w@ Qt ?}DQD x@ xm 7 =D 5 |=ypmW QO xOt;CUOx@ G}=Dv j@=]t
|=yuw} CQw=Ht QO OTC pwmrwt 348(nm) w 290(nm) Gwt pw] QO ?PH
Q@ sQo|r}t 200 =D 10 |=yC_re QO C=v@ Qm|@ w C=irwU |=yuw} 'CU= ?}kQ
348 w 290 Gwt pw] 2 QO ?PH w TOC hPL QO |}x_Lqt p@=k QF= 'QD}r

"CU= xDW=Ov QDtwv=v
w CU= C@=F TOC Q}O=kt 's} R}vt w s}Urm R= 10 (ppm) |=yC_re QO
57 x@ s} R}vt w s}Urm |=Q@ ?}DQD x@ 100 R= 290(nm) Gwt pw] wO QO ?PH
=Q} R "Ov=xDi=} Vy=m OYQO 96 w 90 x@ 348(nm) Gwt pw] QO w OYQO 67 w
C_re V}=Ri= =@ [2]"OvyO|t TmrBtm p}mWD 'OTC =@ s} R}vt w s}Urm |=yuw}
'O@=}|tVy=m Q=O}=BTmrBtm p}mWD p}rO x@ OTC hPL Q}O=kt 's} R}vt w s}Urm
R= TOC hPL Q=Okt s} R}vt w s}Urm R= 200(ppm) C_re QO xm |Qw] x@
w 10 x@ 100 R= 290 (nm� Gwt pw] QO ?PH OYQO 45 w 50 x@ 100
xDi=} Vy=m OYQO 62 w 55 x@ 100 R= 348(nm) Gwt pw] QO w OYQO 15
x@ 100 R= =Q TOC hPL Q=Okt C=QD}v |=yuw} R= 10 (ppm) C_re "CU=
w 40 x@ 100 R= =Q 348(nm) w 290 Gwt pw] wO QO ?PH w OYQO 90
hPL Q}O=kt C=QD}v |=yuw} R= 200(ppm) C_re QO "OvO=O Vy=m OYQO 70
|=yuw} "OvOW OYQO QiY '348(nm) w 290 Gwt pw] wO w TOC |=Q@
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"""w
CU

wO|
Hvo

u}U
L'

xO=R
uU

L=U
}QB xm 'CU= Ov}=Qi s=Hv= pw] QO 0 0010 (min�1) Q=Okt u} QDtm =@ �14 |x]@=Q�

K4 CaQUC@=F =@ P4 x@ P3 p}O@D [8]"CU=|v@ Qm |=yxkrL uOWxDUmW u; p}rO
xDW=O p@k |xrLQt x@ C@Uv |QDW}@ CaQU 0 0049(min�1) �15 |x]@=Q�
16 |=yx]@=Q� K5 CaQU C@=F w CU= P3 Q=DN=U uOWQDxO=U p}rO x@ xm 'CU=

"CU= 0 0074 (min�1) Q@=Q@ CO2 R=o O}rwD x@ \w@ Qt �17 w
R=o =@ x=Qty |v=}t CqwYLt w x}rw= |xO=t C_re C=Q}}eD '9 pmW QO
xk}kO 15 'P2 w P1 CqwYLt "CU= xOW x�=Q= u=tR x@ C@Uv u@ QmO}Um =|O
C_re x@ xk}kO 580 w 460 R= TB ?}DQD x@ w OW xOy=Wt Vvm =w ẁQW R= TB
ẁQW R= xk}kO 150 R= TB P4 w P3 CqwYLt xm |r=L QO "OvO}UQ 5(ppm)

?} QND \}=QW QO hPL Ov}=Qi QO OTC pwmrwt CUmW |O=yvW}B pOt "8 pmW
"pt=m

"xOWp}mWD CqwYLt |xOta C=YNWt "2 pwOH
(gr/mol) |rwmrwt sQH |rwmrwt pwtQi CqwYLt

395 C22H23N2O5 P1
254 C19H26 P2
164 C9H8O3 P3
120 C3H4O5 P4
44 CO2 P5

\}=QW QO Ov}=Qi QO |v=}t |xOta CqwYLt w OTC C_re C=Q}}eD "9 pmW
"pt=m ?} QND

QO sL=Rt |=yuw} Qw[L QO 348(nm) Gwt pw] QO hPL C=Q}}eD "7 pmW
"pt=m ?} QND \}=QW

QO ?PH w OvDW=Ov TOC hPL QO |Q}}eD 10 (ppm) C_re QO R}v O} Qrm
w OvO=O Vy=m OYQO 98 w 79 x@ 100 R= =Q 348(nm) w 290 Gwt pw] wO
w hPL OYQO 60 x@ 100 R= =Q TOC ?PH Q=Okt 200(ppm) C_re QO
"OvO=O Vy=m OYQO 70 w 20 x@ 100 R= 348(nm) w 290 Gwt pw] wO QO
w C=QD}v |=yuw} |ivt QF= XwYN QO |y@=Wt G}=Dv R}v u}W}B |=yVywSB QO
C}r@=k |rm Qw]x@ [11w10]"CU= xOW VQ=Ro uy; C=QP wv=v =@ Vvm =w p}rO x@ O} Qrm
CQwY x@ u=wD|t =Q uy; C=QP wv=v \UwD OTC hPL QO =yuw} |oOvvmCav=tt

"OQm u=}@ NO�3 > Ca2+ � Mg2+ > Cl�

CaQU |=yC@=F |x@U=Lt w Vvm =w l}Dv}U |UQQ@ "5"3
pw= |x@DQt |QU |=yVvm =w R= OTC hPL l}Dv}U 'VywSB u}= QO
|=yC@=F xm 'Ovm|t |wQ}B (OTC! P1 ! P2 ! P3 ! P4 ! P5)
x@U=Lt |RmQt |OOa u}tND VwQ x@ 17 =D 12 \@=wQ CqO=at pL R= |m}Dv}U

[24]"OvOW
d[OTC]=dt = �K1[OTC] (12)

d[P1]=dt = K1[OTC]�K2[P1] (13)

d[P2]=dt = K2[P1]�K3[P2] (14)

d[P3]=dt = K3[P2]�K4[P3] (15)

d[P4]=dt = K4[P3]�K5[P4] (16)

d[P5]=dt = K5[P4] (17)

w uw}U=O}Um = u=tRsy Ov}=Qi \UwD OTC pwmrwt CUmW pOt '8 pmW QO
2 pwOH QO xOWp}mWD CqwYLt |xOtaC=YNWt wuy;C=QP wv=v|DU}r=D=mwDi

"CU= xOW x�=Q=
p}v@ Qm w u}t; 'p}UmwQO}y |rt=a |=yxwQo '<=}L= Vvm =w QO pmW j@=]t
|=yx]@=Q j@=]t "OvwW|t p}mWD P2 w P1 CqwYLt |xOta w =OH OTC R=
Q@=Q@ ?}DQD x@ (K2) P1 w (K1) OTC hPL QO CaQU |=yC@=F '13 w 12
P1 x@ P2 p}O@D CaQU Vy=m "OvDUy 0 0021(min�1) w 0 009(min�1)
u}t; x@ C@Uv p}v@ Qm |rt=a |=yxwQo QD|wk Ovw}B p}rO x@ P1 x@ OTC x@ C@Uv
O}Um = Vvm =w CqwYLt |xOta P4 w P3 C=@}mQD w [25]"'CU= p}UmwQO}y w
K3 CaQU C@=F �P3� O}Um = x@ �P2� <=}L= pwYLt p}O@D |xrLQt QO "OvDUy
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}rm}

=U=Q
DD|U

m=l
}Dw}@

|Dv;
hP

Ll
}Dv}U

|U
QQ@"?}kQ |=yuw} R= hrDNt |=yC_re QO OTC Qw[L hPL CaQU |=yC@=F "3 pwOH

(ppm) ?}kQ |=yuw} |=yC_re |m}Dv}U C=aq]= ?}kQ |=yuw}200 100 50 10 0
pw= pw= pw= pw= pw= Vvm =w |x@DQt

Cl�0 0056 0 0073 0 0090 0 0097 0 0099 (min�1) CaQU C@=F
pw= pw= pw= pw= |x@DQt x@W pw= Vvm =w |x@DQt

Ca2+

0 0041 0 0057 0 0079 0 0093 0 0099 (min�1) CaQU C@=F
pw= pw= pw= pw= |x@DQt x@W pw= Vvm =w |x@DQt

Mg2+

0 0035 0 0051 0 0083 0 0090 0 0099 (min�1) CaQU C@=F
pw= pw= pw= pw= |x@DQt x@W pw= Vvm =w |x@DQt

NO�30 0001 0 0005 0 0018 0 0049 0 0099 (min�1) CaQU C@=F
pw= pw= pw= pw= pw= Vvm =w |x@DQt

SO2�
40 0098 0 0098 0 0099 0 0099 0 0099 (min�1) CaQU C@=F

pw= pw= pw= pw= pw= Vvm =w |x@DQt
HCO�30 0097 0 0097 0 0099 0 0099 0 0099 (min�1) CaQU C@=F

x@W s} R}vt w s}Urm |=yuw} R= 10(ppm) C_re QO |m}Dv}U pOt "CU= xO=O
w xDi=} Vy=m OTC C_re QF= '=yv; C_re V}=Ri= =@ |rw 'CU= pw= |x@DQt
O=} R C_re 's} R}vt w s}Urm sm C_re QO =Q} R "CU= xOW pw= |x@DQt l}Dv}U
C_re QF= QwmPt uw} wO C_re V}=Ri= =@ xm 'OQ=O Vkv CaQU |xrO=at QO OTC

QD?U=vt pw= |x@DQt |m}Dv}U pOt w O@=}|t Vy=m CaQU |xrO=at QO OTC

"OwW|t
?}DQD x@ CaQU |=yC@=F 200(ppm) x@ QwmPt uw} wO C_re V}=Ri= =@
Vy=m 0 0035 (min�1) w 0 0041 (min�1) x@ 0 0099 (min�1) R=
Cr=NO p}rO x@ C=QD}v uw} 10 (ppm) Qw[L QO OTC hPL l}Dv}U "Ov@=}|t
OTC C_re uOw@ QDW}@ w CaQU |xrO=at QO C=QD}v w OTC uw} wO Qy C_re
C_reV}=Ri= =@ "CU= 0 0049(min�1) Q@=Q@ w pw= |x@DQt x@W C=QD}v x@C@Uv
CaQU |xrO=at w O@=}|t Vy=m Vvm =w CaQU QO OTC C_re QF= 'C=QD}v
C_re 'uy; C=QP wv=v =@ C=QD}v Vvm =w p}rO x@ u}vJty "OwW|t pw= |x@DQt
"OyO|t Vy=m 0 0001(min�1) x@ =Q hPL CaQU C@=F u; 200(ppm)

CQwY OTC hPL |=Q@ xm |y@=Wt |=yVywSB QO xm CU= u}= QmP p@=k |xDmv
"Ov=xOWv |UQQ@ xOvvmCav=tt |=yuw} l}Dv}U 'CU= xDiQo

|Q}oxH}Dv "4
u; Qw[L xm 'CU= Q}PBx} RHD CNU |=yl}Dw}@|Dv; xrtH R= u}rm}=U=QDD|Um =
"OQw;|t OwHwx@ |OOaDt |]}LtCU} R CqmWt l =N w |L]U |=y?; QO
uOw@ u=RQ= w TQDUO QO '|v=w=Qi 'C}tU sOa p}rO x@ R}v u; |=yO}Um = w uy;
uw}U=O}Um =wDi w uw}U=O}Um = '|U}]=vet '?PH C}Y=N R= xO=iDU= u}vJty w
Ovv=t |Q}PBx} RHD CNU |=yxOv}q; |x}iYD CyH |@U=vt ?=NDv= Ovv=wD|t =yv;
'pH= 3� xOt;CUOx@ |xv}y@ \}=QW x@ xHwD =@ 'VywSB u}= QO "OvW=@ OTC

pwmrwt 155(ppm) w uy; 1000(ppm) |=yC_re w C=w 200 UV V@=D
290 |=yGwtpw] |=Q@ hPL u=tOv=Q Ca=U 6 5 u=tR QO �OTC Q=O}=B w CNU
TB w CU= OYQO 85 w 89 '95 '87 ?}DQD x@ TOC w COD 'QDtwv=v 348 w

\}=QW QO OTC hrDNt |=yC_re QO hPL Vvm =w CaQU C=Q}}eD "10 pmW
"pt=m ?} QND

"OvO}UQ 5(ppm) C_re x@ xk}kO 790 w 740 R= TB ?}DQD x@ w O}rwD Vvm =w
"OW O}rwD Vvm =w ẁQW R= xk}kO 160 R=TB CO2 R=o u}vJty

QO OTC R= 155 w 94 '10(ppm) |=yC_re '10 pmW j@=]t u}vJty
w 0 0155 '0 0234 ?}DQD x@ =yv; CaQU |=yC@=F w OvOW hPL xv}y@ \}=QW
OTC C_re Vy=m =@ xm OyO|t u=Wv G}=Dv "Ot; CUOx@ 0 0098(min�1)

"CU= xDW=O |Q}osWJ Vy=m uy; C=QP wv=v \UwD u; hPL CaQU

Qw[L QO OTC hPL |m}Dv}U |=yC@=F |x@U=Lt "6"3
?}kQ |=yuw}

x�=Q= OTC hPL |m}Dv}U |=yC@=F |x@U=Lt x@ \w@ Qt G}=Dv '3 pwOH QO
C=irwU 'O} Qrm |=yuw} Qw[L OwHw =@ 'OwW|t x_Lqt xm Qw]u=ty "CU= xOW
C@=F w CU= pw= |x@DQt OTC hPL Vvm =w l}Dv}U 'Ov}=Qi QO C=v@ Qm|@ w
p@=k Cw=iD C=v@ Qm|@ w C=irwU |=yuw} Qw[L QO OTC hPL Vvm =w CaQU
O} Qrm |=yuw} "CU= xDW=Ov (0 0099min�1) =yv; Qw[L sOa u=tR =@ |yHwD
x@ =Q OTC hPL CaQU C@=F QD}r Q@ sQo|r}t 200 w 100 |=yC_re QO \ki
Vy=m 0 0056(min�1) w 0 0073 ?}DQD x@ Q}O=kt x@ uy; =@ Qrm Vvm =w p}rO
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"""w
CU

wO|
Hvo

u}U
L '

xO=R
uU

L=U
}QB C=QD}v |=yuw} Qw[L xm |r=L QO 'CU= xOW hPL 0 0075(min�1) CaQU

CqwYLt O}rwD x@ xHwD =@ UV/TiO2 Ov}=Qi QO [5]"CU= xDW=O hPL QOC@Ft QF=
|=yuw} OTC R= 1000 (ppm) |=Q@ w xOWv |UQQ@ hPLl}Dv}U '|tU |}=yv
QD}r Q@ sQo|r}t 355 w 960 '620 |=yC_re =@ ?}DQD x@ O} Qrm w C=irwU 'C=QD}v
hPL l}Dv}UUV/H2O2 w uwDvi |=yOv}=Qi QO [6]"CU= xO=Ov u=Wv |DtL=Rt
C=v@ Qm|@ '�60 ppm� C=irwU '�132 ppm� C=QD}v |=yuw} wCU= swO |x@DQt
�34 ppm� O}UmQB uSwQO}y hQYt ?@U �107 ppm� O} Qrm w �300 ppm�
[8w7]"Ov=xO=O Vy=m COW x@ =Q 3(ppm) C_re =@ OTC hPL u=tOv=Q w xOW
l}Dv}U 0 0018(min�1) CaQU C@=F =@ pvi T}@ hPL QO R}v uy; C=QP wv=v
0 0014(min�1) CaQU C@=F =@ u=Roywrm}UwQrm =Roy hPL QO w pw= |x@DQt
pt=m hPL VywSB u}= QO xm |r=L QO [15w14]"Ov=xDW=O pw= |x@DQt x@W l}Dv}U
xOW s=Hv= uy; C=QP wv=v \UwD �0 0099 min�1� |QDW}@ CaQU =@ OTC

"CU=

348 w 290 Gwt pw] wO QO ?PH |=Q@ �100 hPL u=tOv=Q Ca=U 14 R=
ORP w pH 'DO |=yQDt=Q=B |Q}oxR=Ov= =@ "Ot; CUOx@ COD w TOC 'QDtwv=v
xOR u}tND Vvm =w ẁQW R= Ca=U 3 R= TB |DU}r=D=mwDi Vvm =w ẁQW u=tR
O}UmwQO}y O}Um = 'uy; C=QP wv=v K]U Q@ xOWp}mWD O}Um = |x}q u}vJty "OW
R}v |v=}t |xOta CqwYLt "OQ=O R}v |DU}r=D=mwDi C}Y=N xm 'OW u}}aD uy;
x@ =yVvm =w uOw@pw= |x@DQt x@ xHwD =@ =yv; |m}Dv}U |=yC@=F w OvOW O=yvW}B

"OvOW x@U=Lt 0 0074 (min�1) w 0 0049 '0 0021 '0 009 ?}DQD
s}Urm 'C=irwU 'C=v@ Qm|@ 'O} Qrm 'C=QD}v |=yuw} CtL=Rt QF= u}vJty
?}DQD x@ hPL Vvm =w QO =yv; |ivt Q}F-=D w |UQQ@ s} R}vt w
?}kQ |=yuw} |m}Dv}U pOt w XNWt NO�3 > Ca2+ � Mg2+ > Cl�

hPL |=Q@ uwvm =D xm |}=yOv}=Qi Q}=U QO "OvOW |UQQ@ CaQU |=yC@=F x=Qty x@
l}Dv}U =@ xm OTC R= 40(ppm) Q=Okt R}rwDi Ovv=t 'Ov=xOW xO=iDU= OTC

C@=F =@u}t; wp}UmwQO}y|=y|rt=a xwQo R=|m}\ki 'CU= xOWhPLpw= |x@DQt

=yCWwv=B
1. Oxy Tetra Cycline
2. relative standard deviation
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