
�13
95

u=DU
tR�

'h}
QWu

=Qta
|U

Ovyt
44

�33
"X

'4/
2|

xQ=t
W'

32
�2

|xQ
wO

O
ri

gi
na

lA
rt

ic
le|}=Q=m |UQQ@ w Fe-Ni |Rri wO C=QPwv=v RDvU

|@; |=ypwrLt R= AR14 |=RnvQ hPL QO u;
�OWQ= T=vWQ� � CiYl}v x}[Qt

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

|}=}t}W |yO?wUQ VwQ x@ pm}v � uy; |Rri wO C=QPwv=v CN=U R= TB VywSB u}= QO
C}i}m '=QH= p@=k w xO=U |WwQ \UwD O} QO}yQw@ s}OU |wk |xOvvm =}L= \UwD uy; ltv
|xR=Ov= '=yu; j@=]t xm "CU= xOW u}}aD SEM w XRD |=yVwQ R= xO=iDU= =@ =yu;
hPL |=Q@ =yu; R= TBU "CU= xOw@ QDtwv=v 200-30 |xOwOLt QO xOWRDvU C=QPwv=v
=RnvQ u}= hPL QO QF-wt |=yQDt=Q=B w xO=iDU= |@=ewO sDU}U QO '1 AR14 |=RnvQ

QO Oy=W |=yV}=tR; 'xOvvmxrN=Ot pt=wa Q}=U |}=U=vW |=Q@ 'xt=O= QO "CU= xOW xv}y@
x@ |v=tR |xv}y@ \}=QW 'xOWs=Hv= |=yV}=tR; j@=]t "CU= xOW s=Hv= xv}y@ \}=QW
0 05 gr/L Q@=Q@ C=QPwv=v C_re =@ xOWxDN=U xR=D C=QPwv=v R= xm CU= xOt; CUO

7 5 |w=Ut pH w 200 mg/L '=RnvQ |x}rw= C_re xm |v=tR QO 'CU= xOW xO=iDU=
'2 R= TB xv}y@ \}=QW QO hPL u=tOv=Q "CU= xOw@ Tw}UrU xHQO 25� 2 OwOL =tO w

"CU= xO}UQ OYQO 94 42 w 90 52 '79 39 x@ ?}DQD x@ xk}kO 240 w 30

marzieh.niksefat@modares.ac.ir
ayati bi@modares.ac.ir

hPL QO Fe-Ni C=QPwv=v |�=Q=m 'Fe-Ni |Rri wO C=QPwv=v RDvU %|O}rm u=oS=w
"(AR14) 14 RtQkO}U= '=RnvQ hPL 'xOv}q;

xtOkt "1
pt=wa Fe�0� w Zn�0� 'Sn�0� 'Al�0� %Ovv=t QiY C}iQ_ =@ C=Rri [5�3]"OvQ=O
uO=O =@ w OvwW O}Um = Ovv=wD|t w OvDUy ?q[=i w ?; |x}iYD |=Q@ |QF-wt
=yu; hPL =} w QDQ]Nsm CqwYLt x@ =yu; p}O@D w =yxOv}q; |=}L= Ea=@ uwQDmr=
4�NZVI� QiY C}iQ_ =@ uy; C=QPwv=v R= xO=iDU= C=Rri u}= u}@ QO [7w6]"OvwW
R= |NQ@ xm 'OQ=O Q=Qk C} wrw= QO =yxOv}q; |x} RHD QO O=} R |=}=Rt uDW=O p}rO x@

[12�8]%R= Ov=CQ=@a =}=Rt u}=
"C=QPwv=v CL=Q |x}yD w u=RQ= Ct}k �

|q=@ CaQU xH}Dv QO w Vvm =w QO Q}oQO |=ysD= O=OaD w xS} w K]U V}=Ri= �
"|Q}PBVvm =w

"C=QP |Q}PB?=NDv= CQOk �
"C=QPwv=v w ?; \wrNt x@ xOv}=Ri= xvwoI}y x@ R=}v sOa �

"sDU}U |L=Q] |=Q@ sRq Q=R@= |xv}tm �
Ovv=t X=N \}=QW uOQmsy=Qi x@ R=}v sOa w |]}Lt \}=QW QO xO=iDU= C}r@=k �

"q=@ |=tO
"|R=wy|@ |=y|QDm =@ C}r=ai QO C}OwOLt O=H}= sOa �

"C=QrmQB Ovv=ty sw=kt Q=}U@ |=yxOv}q; R= |NQ@ |x} RHD �

'OwW|t O}rwD u=yH QU=QU QO |awvYt |=y=RnvQ uD uw}r}@ 70 R= V}@ xv=}r=U
C=ar=]t j@] "OvQ}o|t Q=Qk xO=iDU= OQwt hrDNt `}=vY QO xOQDUo Qw]x@ xm
?=UB OQ=w hQYt w O}rwD C=}rta |] =y=RnvQ u}= R= �15 OwOL 'xOWs=Hv=
'|@; u=y=}o 'u=} R@; CU} R\}Lt w C=}L |=Q@ |OOaDt CqmWt pt=a xm 'OwW|t
w OwW|t |krD CQwQ[ l} ?=UB R= QwmPt O=wt hPL TB "OvDUy =yu=Uv= w
|x}iYD |=Q@ =yu; R= |k}irD =} w '|m} Swrw}@ '|}=}t}W '|m} R}i Cw=iDt |=yVwQ
w |L]U ?PH %Q}_v |m} R}i |=yVwQ x@ u=wD|t 'p=Ft u=wvax@ "OQ=O OwHw =yu;
'Vy=m wV}=Um = '|t}WwQDmr= 'O=kav= %Q}_v|}=}t}W |=yVwQ '|�=We uw}U=QDr}i
=yIQ=k R= xO=iDU= Q}_v |m} Swrw}@ |=yVwQ w |DU}r=D=mwDi w '|}=}t}WwDi '|vRuR)=
|=yOv}=Qi j}irD "OQm xQ=W= [1]'3 MBBR w 2 SBR |=ysDU}U |Q}oQ=m x@ w
u=tRsy |xO=iDU= Q}_v |}=}t}W � |m} R}i |=yVwQ w [2]'|m} Swrw}@ w |}=}t}W
"OvDUy xOW|UQQ@ |=yxv} Ro R= |}xvwtv |DU}r=D=mwDi Ov}=Qi w |L]U ?PH R=
=Q |r; C=@}mQD R= |Q=}U@ |x}iYD QO sRq |}=Q=m 'hQ=aDt |=yVwQ xm =Hv; R=
u=wvax@ C=QPwv=v OQ@ Q=m xrtH R= |}=}t}W u} wv |=yVwQ Q}N= |=yp=U QO 'OvQ=Ov
=yxOv}q; R= |a}Uw |xQDUo |R=Ul =B QO QwR}r=D=m w 'xOvvm =}L= 'xOvvmO}Um = pt=a

"Ov=xOW xDiQo Q=mx@ ?U=vt u} Ro}=H u=wvax@
xv}tR u}= QO |}xO=ar=jwi |=y|}=v=wD 'C=QPwv=v xm OvyO|t u=Wv C=ar=]t

pw�Ut xOvU} wv �
"1394 3 10 VQ}PB '1394 2 29 x}LqY= '1393 8 2 Ci=} QO %M} Q=D
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=vRD
vUx}yD uy; C=QP |wQ Q@ 7?}Hv Rri l} |yO?wUQ R= xm CU= |RriwO C=QPwv=v

'xQkv 'sw}Oq=B 'pm}v %Ovv=t |D=Rri w x}=B Rri u=wvax@ uy; R= '`k=w QO [14]"OwW|t
C=QP |wQ Q@ xDUw}B=v |}x}q CQwYx@ QwR}r=D=m Rri u=wvax@ u}DqB w '|wQ 'Tt
V}=Ri= =Q ?} QND MQv '=yvD uy; C=QPwv=v =@ xU}=kt QO xm [25]'OwW|t xO=iDU=
=D =Q u; |xS} w K]U w [27w26'14]'Oy=m|t =Q Vvm =w 8|R=Up=ai |SQv= 'OyO|t
|vRw �3 2 R= xO=iDU= 'xDiQoCQwY C=ar=]t j@] [28]"OyO|t V}=Ri= Q@=Q@ 1 5

[29w25]"OwW|t xv}W}@ hPL MQv x@ QHvt uy; x@ C@Uv pm}v
pwrLt QO uy; |oOQwN 'OwW|t xOy=Wt 8 |r= 4 |=yxrO=at QO xm xvwou=ty
K]U |wQ uSwQO}y |=ypwmrwt 'xt=O= QO w |tD= uSwQO}y p}mWD ?Hwt |@;
O} QO}y p=kDv= j} Q] R= =RnvQ |wR; Ovw}B ?} QND |=Q@ xrLQt u}= "OwW|t pm}v
x@ pm}v K]U |wQ Q@ O} QO}y p=kDv= w |Q}opmW "CU= QF-wt Q=}U@ pm}v K]U R=
|wR; Ovw}B pm}v O} QO}y "OwW|t pQDvm ?; R= uSwQO}y |=yuw} ?PH R= QF-wt Qw]
p}mWD O} QO}y pm}v uwO@ K]U l} w Ovm|t ?} QND =Q u; w OvmW|t =Q =RnvQ
xH}Dv QO w pH Vy=m "Ovm ?PH =Q xOWO}rwD O}OH H+ Ov=wD|t xm 'OwW|t
=Q xOv}q; ?} QND u=tOv=Q w OwW|t O} QO}y pm}v QDW}@ O}rwD Ea=@ H+ V}=Ri=

[31w30]%OQ@|t q=@
Fe�Ni + H+ $ Fe+ �Ni + H� (4)

Fe+ �Ni + H+ $ Fe++ �Ni + H� (5)

Fe++ �Ni$ Fe�Ni++ (6)

H� + H� $ H2 (7)

2Fe�Ni + H2 $ 2Fe�Ni�H (8)

l} QONi-Fe |Rri wO C=QP |Q}oQ=Qk =@ u=tRsy '13 |r= 9 |=yxrO=at j@]
OyO|t uwQDmr= QwR}r=D=m Rri x@ Fe xm OwW|t p}mWD |v=wr=o p}B l} '|@; pwrLt
uy; Rri u}=Q@=v@ "OwW|t O}Um = uy; w OwW|t |OD=m C_i=Lt pm}v xH}Dv QO w
'OwW|t O}Um = uy; xm |v=tR "OyO Vy=m =Q =RnvQ =D 'OyO|t CUO R= uwQDmr=
Ni K]U |wQ |=yuwDwQB w OyO|t uy; O}Um = =} w O}UmwQO}y p}mWD ?; =@
xOt;OwHw x@ pm}v uw} [32]"OvwW|t p}O@D uSwQO}y pwmrwt w uSwQO}y |=ysD= x@
"OwW|t Ni0 x@ p}O@D w O@=}|t Vy=m 'OvwW|t O=R; uy; R= xm |}=yuwQDmr= \UwD
=O}B xt=O= R}v =RnvQ |=}L= 'OQ=O OwHw Rri wO u}@ |vwQDmr= pB xm |v=tR =D u}=Q@=v@
O} QO}y p}mWD w hkwDt Vvm =w 'uy; C=QP |wQ O}Um = |x}q p}mWD =@ w Ovm|t

%OwW|t hPL u=tOv=Q Vy=m Ea=@ w OwW|t Q=yt R}v
Fe0 ! Fe2+ + 2e� (9)

2H2O + 2e� ! 2H� + 2OH� (10)

Ni + H� ! Ni�H (11)

Ni�H + D! Ni + Dreduced + H2O (12)

Ni0 + D + H2O! Ni2+ + Dreduced + OH� (13)

w uy; uOW O}Um = w |oOQwN QO `} QUD Ea=@ \ki xv pm}v Qw[L '`k=w QO
uOWOwOUt Ea=@ xm 'O}Um = sr}i p}mWD R= xmr@ 'OwW|t uSwQO}y pt=mD V}=Ri=

[31]"Ovm|t |Q}owrH R}v 'OwW|t uy; K]U QO Q}PBVvm =w |=yC}=U
R= |ovQ |=yxOv}q; hPL |=Q@ |O=YDk= w QF-wt Ov}=Qi l} x@ R=}v x@ xHwD =@
wO C=QPwv=v CN=U |=Q@ VywSB u}= QO xO=iDU= OQwt VwQ |oO=U w ?q[=i

C}Y=N uDW=O p}rO x@ 'u=O}t l} uDiQoQ=m x@ =@ pwrLt R= CL=Q uOW=OH �
"|U}]=vet

uDW=O p}rO x@ '=HQO VwQ x@ xOwr; |=y?; =} w =yl =N |R=Um =B QO q=@ |}=Q=m �
"pNrNDt |=y\}Lt |=yM=QwU |xR=Ov= R= QDlJwm Q=}U@ |xR=Ov=

x@ p}=tD C=QP u}= 'OwHwt |Ur=wQOv=w |=ywQ}v w 5=yuWm =QDv}= x@ xHwD =@ xD@r=
uOQmOwOLt =@ |rw [14]"CU= sm u=WQta w [13w12'8]'OvQ=O uOWxNwrm w |v}WvxD
[10]"OQm QDO}it =Q NZVI C=QP x=Dwm Qta pw] u=wD|t ?; w uS}Um = Ovv=t |O=wt
[15]"CU= xOW xO=iDU= u=Dt hPL |=Q@ C=QPwv=v R= 1994 p=U QO Q=@ u}rw= |=Q@
O=OaD ẁ[wt Q}N= p=U OvJ QO QiY uy; C=QPwv=v R= xO=iDU= w O}rwD |ovwoJ
hPL w x}iYD QO =yVwQ u} QDO}OH R= |m} u=wvax@ w xOw@ =yVywSB R= |O=} R
pt=a u=wva x@ C=QPwv=v u}= [7w6]"CU= xOQm =O}BC}rw@kt ?q[=i w ?; R= =yxOv}q;
Ovv=t CU} R\}Lt |=yxOv}q; R= |O=} R O=OaD |}=ORC}tU QO QwR}r=D=m w xOvvm =}L=
'Q=OQrm uRv@ 'Q=OQrm u=Dt 'O} Qrm|rB |=yp}vi|@ 'Q=OQrm |r; |=yVmCi; '=ypqL
[10]'xQkv w xw}H Q}_v u}ovU C=Rri w C=QD}v 'l}vUQ; '=yPCB '=yu=Dtwr=y |QD
[19]'u}rm}=U=QDD |Um = w [18]'u}r}U |Umwt; w sw}tO=m [17w16]'=y=RnvQ `=wv=

"Ov=xOW xO=iDU= [13]'6 PCP

OyO|t u=Wv |@; |=ypwrLt QO uy; C=QPwv=v |=}L= |=yVvm =w |UQQ@
OvDUy \}Lt QO |rY= |=yxOvvm =}L= '|R=o uSwQO}y w wQi uw} '|Rri uy; xm
p}mWD =} w |vwQDmr= p=kDv= j} Q] R= Ov=wD|t uy; K]U QO =yxOv}q; |=}L= w
CUO R= pwrLt QO =Q OwN |=yuwQDmr= uy; xm |v=tR [20w9]"OwW s=Hv= uSwQO}y
?}mQD |}=}rk pwrLt QO p}UmwQO}y |=yuw} 'OwW|t p}O@D wQi uw} x@ w OyO|t
p=ai |=yC}=U w OyO|t uy; O}UmwQO}y ?wUQ p}mWD 'uy; K]U QO w OwW|t
Ov}=Qi u}= |=Q@ |O}U= \}=QW xm CU= |vat u=O@ u}= "Ovvm|t p=eW= =Q K]U QO
?}DQD u}= x@ |D}iQ_ QiY uy; \UwD =RnvQ |xO=t |=}L= pL=Qt [21]"CU= QDy@
K]U Q@ w QWDvt Rri K]U x@ pwrLt R= =RnvQ |xO=t =OD@= xm OwW|t xYqN
p=kDv= =RnvQ |xO=t x@ |D}iQ_ QiY uy; R= uwQDmr= TBU "OwW|t ?PH u;
R= pwYLt ?PH=w |xO}OB '=yDv= QO w OwW|t O}rwD |O}OH pwYLt w O@=}|t
xOy=Wt 3 =D 1 CqO=at QO xm xvwou=ty [9]"ODi=|t j=iD= pwrLt uwQO x@ Rri K]U
w |v=U; x@ Fe2+ '�9 =D 5 u}@ pH� CU} R\}Lt OQ=Ov=DU= \}=QW CLD 'OwW|t
QO pwrLt Q}e |O}UmwQO}y =} w |O}Um = uy; x@ TBU w O}Um = Fe3+ x@ |H} QOD
|R=Uy@ '|Q}PBlQLD V}=Ri= xm |r=L QO [22]"Ovm|t ?wUQ w OwW|t p}O@D ?;
xOwr; |=yu=mt R= C=QPwv=v CQH=yt p=tDL= 'Qo}O hQ]R= "OwW|t QHvt =Q |QDy@
OQ=w xm 'OQ=O OwHw |L]U |=y?; w ?; |=yx=J =} w |v}tRQ} R ?; |=yxQiU x@
O=H}= =Q |D=Q]N CU= umtt xOv}; QO w OvwW C=OwHwt w =yu=Uv= |oOvR |xNQJ

[23]%�3 |r= 1 \@=wQ� Ovvm
2Fe0(s) + 4H+(aq) + O2(aq)! 2Fe2+(aq) + 2H2O(l) (1)

4Fe2+(aq) + 4H+(aq) + O2(aq)! 4Fe2+(aq) + 2H2O(l) (2)

Fe0(s) + 2H2O(l)! 2Fe2+(aq) + H2(g) + 2OH (3)

uOWxNwrm u}vJty w `} QU V}=Um = 'uy; C=QPwv=v R= xO=iDU= QO |U=U= pmWt
R= C=QPwv=v K]U Ow@y@ w KqY= 'xOWQmP pmWt `iQ |=Q@ uwvm =D xm 'CU=yu;
|rB 'RrwrU p}Dt |Umw@ Qm s}OU 'dtY 'xDU=Wv '?}Hv C=Rri %Q}_v |O=wt j} Q]
=yVwQ u} QDpw=ODt R= |m} [24]"CU= xDiQo CQwY xQ}e w 'u=RwD}m 'O}U= l}r} Qm =
OQ@ Q=m '?q[=i w ?; R= xOv}q; hPL |=Q@ uy; C=QPwv=v |Qw=:vi xaUwD |=DU=Q QO

34
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VywSB s=Hv= VwQ "2"2
Fe-Ni |Rri wO C=QPwv=v CN=U "1"2"2

u=wD|t 'OwQ|t Q=m x@ QiY uy; C=QPwv=v CN=U |=Q@ xRwQt= xm |}=yVwQ R=
Vvm =w 'Tw}UrU xHQO 250-200 |=tO QO uy; p}vw@ Qm =DvB uO=OCQ=QL x@
QiY uy; |=}L= w |R=o R=i QO FeOOH Vy=m 'uSwQO}y =@ uy; |=yO}Um =
p}rO x@ QN; VwQ ,=QFm = xm [33w9]"OQm xQ=W= O} QO}yQw@ s}OU |wk Qo =}L= \UwD
=@ C=QPwv=v R}v VywSB u}= QO [34w30]"OwQ|t Q=mx@ =yx=oW}=tR; QO '=QH= QO |oO=U

%CU= xOW xDN=U pL=Qt u}= |] QwmPt VwQ
(NaBH4) O}=QO}ywQ@ s}OU Qqwt 1 5 pwrLt 'NZVI |R=UxO=t; |=Q@
uy;O} Qrm Qqwt 1 pwrLt x@ xk}kO QO QD}r|r}t 1-2 CaQU =@ |oDUy; x@
"CU= xOW xOwRi= �400 rpm� `} QU \qDN= w C@=F |=tO QO (FeCl3:6H2O)

QiY uy;nvQ x=}U C=QP x@ O}=QO}ywQ@ s}OU Q}F-=DCLDl} Qi uw}Vvm =w u}= |]
p}mWD CyH pm}v uOwRi= |=Q@ [35]"CU= xOW =}L= 14 Vvm =w j@=]t |D}iQ_
u}= "CU= xOW xO=iDU= (NiCl2:6H2O) pm}vO} Qrm pwrLt R= uy; C=QPwv=v |wQ
K]U |wQ pm}v Rri u; QO w OQ}o|t CQwY `} QU Q=}U@ \qDN= \}=QW QO Ov}=Qi
QO RDvU '2006 p=U QO |}xar=]t QO [36]"OQ}o|t Q=Qk 15 Vvm =w j@=]t NZVI

\}=QW QO xm |D=QPwv=v xm CU= xOW xO=O u=Wv w |UQQ@ |R=wy|@ w |R=wy \}=QW
|Q}owrH |=Q@ 'CyH u}ty x@ "OvQ=O |QDy@ |Q}PBVvm =w 'OvwW|t O}rwD |R=wy|@
CLD x=oW}=tR; pLt QO pm}v � uy; C=QPwv=v '`} QU w OL R= V}@ V}=Um = R=

[37]"CU= xOW xDN=U uSwQD}v R=o
4Fe3+

(aq)+3BH4 + 9H2O! 4Fe0(s) # +3H2BO3 + 12H+
(aq)

+6H2(g) " (14)

Ni2+
(aq) + Fe0 ! Ni(s) # +Fe2+

(aq) (15)

x=oDUO l} 'C=QPwv=v u}= CN=U |=Q@ 'OwW|t xOy=Wt 2 pmW QO xm xvwou=ty
xi=[= sm |r}N CaQU =@ Qo =}L= sy w s}_vD uRsy QwO sy =D CU= xOW xDN=U
xOW p}mWD pm}v VmwQ uy; CQwYx@ xm C=QPwv=v '=yVvm =w p}tmD R= TB "OwW
w OvDiQo Q=Qk G=wt= CLD Qv}rm l}vwU=QDrw= x=oDUO QO xk}kO 15 COt x@ 'OvOw@
pwv=D= w xR}vw}|O ?; =@ x@DQt 3 w |R=U=OH Swi} QDv=U w qN QDr}i ltm x@ TBU

"C=QPwv=v CN=U Cwr}=B "2 pmW

hOy '|vy; |xDUy =@ |Rri wO C=QPwv=v |q=@ Q=}U@ CaQU w |Q}PBVvm =w w |Rri
C=ar=]t QO QDtm xm �� 14 RtQk O}U= |} wR;lD |=RnvQ |=}L= VywSB u}= R=
|WwQ u=wvax@ 'pm}v =@ xOWKqY= uy; C=QPwv=v \UwD �� CU= xOW |UQQ@
=QH= p@=k w xO=U |WwQ =@ =OD@= Qw_vt u}O@ "CU= xOw@ ?U=vt C}r@=k =@ u} wv
R= =yu; C=}YwYN u}}aD Qw_vt x@ w O}rwD |Rri wO C=QPwv=v u}= 'x=oW}=tR; QO
|=yV}=tR; s=Hv= =@ TBU "CU= xOW xO=iDU= 10 SEM w 9 XRD |=yVwQ
Oy=W |=yV}=tR; "CU= xOt; CUO x@ =RnvQ hPL CyH xv}y@ \}=QW 'hrDNt
CqwYLt 'C}=yvQO w s=Hv= =RnvQ hPL QO xOvvmxrN=Ot pt=wa Q}F-=D hOy =@ R}v
QO xm CU= sRq QmPD u}= "CU= xOW u}}aD LC-Mass V}=tR; =@ Vvm =w |}=yv
|=yQDt=Q=B |UQQ@ Q@ xwqa '=RnvQ hPL |xv}y@ \}=QW u}}aD |=Q@ VywSB u}=
OQwt QDtm u=QoWywSB Qo}O C=ar=]t QO xm 'uRsy QwO w =tO |=yQDt=Q=B 'pwtat

"Ov=xOW |R=Uxv}y@ R}v 'CU= xDiQo Q=Qk xHwD

xO=iDU= OQwt C=R}yHD w O=wt w VywSB VwQ "2
xO=iDU= OQwt C=R}yHD w O=wt "1"2

xwQo R= 14 RtQk O}U= |vw}v; |=RnvQ pt=W |rY= O=wt R= =yV}=tR; s=Hv= |=Q@
j@=]t |}=}t}W Q=DN=U w C20H12N2Na2S2O7 |rwmrwt pwtQi =@� |�wR; 1
NaBH4 '|rY= |xOv}q; u=wva x@ '�515 nm |xv}W}@ Gwt pw] =@ 1 pmW
� uy; C=QPwv=vCN=U |=Q@ lQt NiCl2:6H2O w 'lQt FeCl3:6H2O '11lQt
l} QwirwUO}U= w |O}rwD C=QPwv=v |wWwCUW |=Q@ xR}vw} |O ?; w pwv=D= 'pm}v

"CU= xOW xO=iDU= pH s}_vD CyH s}OU O}UmwQO}y w
|r=D}@ Qw= urQ= Qm}*W %Ov=xOw@ Q=Qk u}= x@ R}v xO=iDU= OQwt |rY= C=R}yHD
s=Hv= w |ovQ pwrLt uOWuoty |=Q@ TM52A pOt QDUo =tR;ui CmQW CN=U
|Q}oxR=Ov= CyH DR4000 pOt Hach QDtwDiwQDmBU= '=yV}=tR; |rY= VN@
CyH UE-6SFD pOt Fungilab Qv}rm l}vwU=QDrw= s=tL '=RnvQ C_re
s=Hv=|=Q@DAIHAN-WIS-20R QwD=@ wmv= Qm}*W 'xOWxQtwro =C=QPwv=v|R=U=OH
Xpert- pOt LC-MS 'u; |xv}y@ u=R}t u}}aD w =tO Q}F-=D x@ \w@ Qt |=yV}=tR;
AwmUwQm}t 'Vvm =w R= TB xOt;OwHw x@ |r=tDL= C=@}mQD u}}aD |=Q@ MPD

pOt XRD x=oDUO 'SEM |=yTma |=Q@ MIRA3TESCAN pOt|vwQDmr=
'xOWxDN=UC=QPwv=v R= XRDh}]uOQw;CUO x@CyH Agilent QQQ 6410
&xOWxO=O uSwQD}v ?; uS}Um = u=R}t |Q}oxR=Ov= CyH HQC pOt Hach QDt DO

Metrohm |r=D}H}O QDt pH 'CE145 pOt ui |t}W |xN=W 12 Swi} QDv=U
"sQo 0 001 CkO =@ pls360-3 pOt Kern |r=D}H}O |wR=QD w 691 pOt

"14 RtQk O}U= |=RnvQ |}=}t}W Q=DN=U "1 pmW
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=vRD
vU'=yu; u}@ QO |U}]=vet |wQ}v OwHw p}rO x@ w CU= pmW|wQm ,=@} QkD C=QPwv=v xm

VQ=Ro R}v u=QoWywSB Q}=U \UwD |y@=Wt G}=Dv w 'OvDUy pYDt sy x@ Q=wQ}HvR
[40w39'16]"CU= xOW

QDW}@ xm OwW|t XNWt 1 Q=Owtv QO xOWR}r=v; |xvwtv |=yl}B x@ xHwD =@
OwW|t xOy=Wt u}vJty "CU= Fe-Ni |Rri wO C=QPwv=v 'xOWp}mWD C=QPwv=v
pm}v |tm Q=Okt u}=Q@=v@ w xOW =OH uy; C=QPwv=v |wQ R= 'pm}v R= |tm Q=Okt xm
'=yl}B |xR=Ov= x@ xHwD =@ xm CU= QmP x@ sRq 'CU= OwHwt =yvD QiY uy; w =yvD

"CU= sm Q=Okt u}=
"OyO|t u=Wv Vvm =w Ca=U 4 R= Oa@ =Q C=QPwv=v XRD h}] '2 Q=Owtv
p}O@D uy; O}UmwQO}y =} O}Um = x@ C=QP s=tD 'COt u}= R= TB xm OwW|t x_Lqt

"CU= OwHwt uy; O}UmwQO}y \ki w Ov=xOW

C=QPwv=v |xv}y@ C_re "2"3
OL R= V}@ |xO=iDU= R= |Q}owrH w xSwQB Qy QO |O=YDk= |x@vH C}ty= p}rO x@
u}= QO "CU= |QwQ[ q=@ u=tOv=Q uDW=O |=Q@ =yu; |xv}y@ C_re u}}aD 'C=QPwv=v
hPL |=Q@ QD}r Q@ sQo 0 2 '0 1 '0 05 pt=W Fe-Ni C=QPwv=v R=C_re 3 |UQQ@
hPL u=tOv=Q w xOW xO=iDU= QD}r Q@ sQo|r}t 200 |xv}y@ |x}rw= C_re =@ =RnvQ

"xOW RDvU C=QPwv=v XRD h}] "1 Q=Owtv

ẁQW R= Ca=U 4 CWPo R= TB xOWO}Um = C=QPwv=v XRD h}] "2 Q=Owtv
"Vvm =w

"OvDiQo Q=Qk l}vwU=QDrw= G=wt= CLD xk}kO 20 COt x@ xQ=@ wO w OvOW xO=O wWDUW
xO=iDU= XRD w 12 SEM |=yVwQ R= |O}rwD C=QPwv=v C=}YwYN u}}aD |=Q@
uwDU= QO xOWRDvU C=QPwv=v '|Oa@ |=yxO=iDU= Qw_vt x@ 'RDvU R= TB "CU= xOW
|xO=t hPL |=Q@ xOWO}rwD C=QPwv=v R= C}=yvQO "CU= xOW |Q=Oxov pwv=D= =}

"CU= xOW xO=iDU= |@; pwrLt R= Acid Red 14 |=RnvQ
=yV}=tR; s=Hv= "2"2"2

=@ urQ= l} R= pmWDt |@=ewO sDU}U R= =RnvQ Q_vOQwt C_re |x}yD R= TB
?q[=i uDN} Q R= Oa@ xm CQwY u}O@ "CU= xOW xO=iDU= QD}r|r}t 250 sHL
QO |}x_Lqt p@=k Q}N@D R= |Q}owrH |=Q@ 'Cwr}=B uwQO C=QPwv=v w =RnvQ |w=L
uOWuoty CyH Qm}*W R= w xOW xO}WwB sr}i=Q=B =@ hQ_ |wQ '=yV}=tR; pw]
w Q=QmD Q=@ 3 smCUO =yV}=tR; xm CU= sRq QmPD u}= "CU= xOW xO=iDU= pwrLt
hPL u=R}t |xU}=kt w xar=]t |=Q@ w xOW xO=iDU= G}=Dv QO =yu; u}ov=}t Q=Okt R=
'1 pwOH QO "CU= xDiQo Q=Qk xO=iDU= OQwt |QDtwDiwQDmBU= VwQ '=RnvQ |xO=t

"CU= xOW x�=Q= =yu; Kw]U w |UQQ@ OQwt pt=wa

G}=Dv w EL@ "3
xOWRDvU C=QPwv=v C}i}m |UQQ@ "1"3

u=wD|t Fe-Ni |Rri wO C=QPwv=v R= SEM \UwD xOWx}yD Q} w=YD R= xO=iDU= =@
|UQQ@ j@] "O=O Q=Qk xar=]t OQwt =Q xOWRDvU C=QPwv=v xUOvy w K]U |SwrwiQwt
QO |O}rwD C=QP QDW}@ |xR=Ov= 'CU= xOW x�=Q= 3 pmW QO u; G}=Dv xm xOWs=Hv=
QO xm 'u=QoWywSB Q}=U |=yV}=tR; x@ xHwD =@ =Pr "Ov=xOw@ QDtwv=v 200-30 |xOwOLt
[39w38]'CU= xOW QmP QDtwv=v 250-50 |xOwOLt QO C=QPwv=v Q]k =yu; R= |Q=}U@
OwW|t xOy=Wt "OQ=O Q=Qk ?U=vt |xOwOLt QO VywSB u}= QO C=QPwv=v |xR=Ov=

"=yV}=tR; QO |UQQ@ OQwt |=yQDt=Q=B "1 pwOH
Q}O=kt QDt=Q=B

11; 9; 7; 5; 3; 2 pH

500; 300; 200; 100; 50; 20 (mg/L) xOv}q; |x}rw= C_re
0 2; 0 1; 0 05 (gr/L) C=QPwv=v C]re
8; 6; 4; 2; 0 (day) CN=U R= TB C=QPwv=v |Q=Oxov u=tR COt

200; 160; 120; 80; 40 (rpm) uORsy CaQU

"�Q@=Q@ 300000 |}=tvnQR@� Fe-Ni |Rri wO C=QPwv=v SEM Tma "3 pmW
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hPL u=tOv=Q QO =yu; R= xO=iDU= =D C=QPwv=v CN=U R= u=tR CWPo QF= "4 Q=Owtv
w [Fe�Ni]=0 05gr=L '[Dye]=200mg=L 'pH=7 5� u=tR x@ C@Uv

"�uRty QwO = 200rpm

xv}y@ \}=QW QO =RnvQ hPLQ@ pwrLt uORsy QwO QF= |UQQ@ "5 Q=Owtv
"([Fe�Ni] = 0 05gr=L w [Dye] = 200mg=L 'pH = 7 5)

O=OaD 'xH}Dv QO w O}Um = NZVI C=QP 'u=tR CWPo =@ xm CU= xOt; CUO x@ xH}Dv
|oOwr; hPL QO C=QPwv=v |}=v=wD Vy=m x@ xHwD =@ `k=w QO "OvwW|t sm Fe0 C=QP
x@ |@=}CUO |=Q@ =yu; |i=[= R=}vOQwt u=R}t O}=@ '=yu; CN=U R= u=tR CWPo =@
QwR}r=D=m u=wvax@ xm '?}Hv Rri R= xO=iDU= xD@r= "OwW xDiQo Q_v QO ?U=vt u=tOv=Q
C=QPwv=v C}r=ai 'u=tR CWPo =@ xm OwW|t Ea=@ 'CU= QF-wt aging Ov}=Qi QO R}v

[45]"O@=} |QDtm Vy=m

xv}y@ uRty QwO "4"3
CaQU x@ =yu; 'NZVI C=QP u}@ QO |wk Q=}U@ |}xQP u}@ |=ywQ}v OwHw p}rO x@
|=Q@ "OwW|t =yu; uOWu}WvxD Ea=@ 'C=QP |r=oJ uDiQq=@ w Ov@UJ|t sy x@
CMC Ovv=t hrDNt |=yxOvvmC}@FD R= u=wD|t 'pta u}= R= |Q}owrH
uRty |xr}Uw x@ Vvm =w pw] QO =Q pwrLt =} w xO=iDU= [46]'15 PSS w 14
u}= QO swO Cr=L 'OwHwt \}=QW x@ xHwD =@ =Pr [14]"OQm \wrNt sw=Ot CQwYx@
QO |SQv= hQYt C}ty= x@ xHwD =@ =t= "CU= xDiQo Q=Qk xO=iDU= OQwt VywSB
xDiQo Q=Qk |UQQ@ OQwt w xOW |krD |QwQ[ 'xv}y@ uRty QwO u}}aD 'xSwQB Qy
TB 'OwW|t x_Lqt xm xvwou=ty "CU= xOW x�=Q= 5 Q=Owtv QO u; G}=Dv xm 'CU=
'40 '0 uRty QwO xm |v=tR |=Q@ hPL u=tOv=Q 'Vvm =w ẁQW R= Ca=U 4 R=
'84 04 '63 64 ?}DQD x@ 'CU= xOw@ xk}kO QO QwO 200 w 160 '120 '80
|Qo}O |xar=]t QO "CU= xOt; CUOx@ 94 42 w 91 93 '87 78 '85 25
|rw 'CU= xOW |UQQ@ xk}kO QO QwO 500-40 |xOwOLt QO uRty QwO R}v

u=tR x@ C@Uv hPL u=tOv=Q QO Fe-Ni |Rri wO C=QPwv=v C_re QF= "3 Q=Owtv
"�uRty QwO = 200rpm w pH = 7 5 '[Dye] = 200mg=L�

CUO x@ OYQO 94 42 '94 89 '95 65 pO=at ?}DQD x@ Ca=U 4 R= Oa@ =RnvQ
QO |DL w CU= p=ai Q=}U@ pm}v � uy; C=QPwv=v '3 Q=Owtv j@=]t "CU= xOt;
xOW ?=NDv= C=QPwv=v |xv}y@ C_re u=wvax@ xm '0 05 gr/L u}}=B Q=}U@ C_re
|Rri wO C=QPwv=v |q=@ C}r=ai p}qO R= |m} "OvQ=O |}q=@ hPL |}=v=wD R}v 'CU=
,qwtat "CUv=O xO=iDU= OQwt CN=U VwQ R= xO=iDU= p}rO x@ u=wD|t =Q Fe-Ni

x@ w 34-15 m2/gr OwOL 'xOvvmC}@FD uwO@ NZVI C=QP T=tD |xS} w K]U
|D=QPwv=v 'xOWs=Hv= C=ar=]t j@] [41]"CU= 40 m2/gr OwOL 'xOvvmC}@FD x=Qty
|QDW}@ |xS} w T=tD K]U 'OvwW|t O}rwD O} QO}ywQ@ s}OU |wk Qo =}L= \UwD xm
|=yRri |iQ] R= [43w42]"OvQ=O 'OvwW|t xDN=U Qo}O |=yVwQ =@ xm |D=QP x@ C@Uv
'OvwW|t xi=[= NZVI C=QP x@ Vvm =w MQv V}=Ri= |=Q@ xm 'pm}v Ovv=ty QwR}r=D=m
|xR=Ov= |R=Uxv}tm |=Q@ TB [44w32]"OvwW|t C=QP u}= T=tD K]U V}=Ri= Ea=@
C=QPltm x@ hPL xm |v=tR QO =yu; OL R=V}@ uOWnQR@ R= |Q}owrH w C=QPwv=v
|yO?wUQ VwQ R= 'C=QPwv=v CN=U |=Q@ CU= QDy@ 'OQ}o|t CQwY |Rri wO
"OwW xO=iDU= �O} QO}yQw@ s}OU� |wk |xOvvm =}L= pt=a \UwD uy; ltv |}=}t}W

C=QPwv=v R= xO=iDU= =D CN=U |xv}y@ u=tR COt "3"3
OvyO|tVvm =w OwHwt uS}Um = w ?; =@CaQU x@ |@; |=ypwrLt QO NZVI C=QP
|rY= O}Um = |xDUwB 'OvQ}o|t Q=Qk ?; ZQat QO xm|t=ovy w 'OvwW|t O}Um = w
|O}Um = |xDUwB |=}L=� |OwN x@ OwN |=}L= =} w ?; =@ Vvm =w p}rO x@ Ov=wD|t
=D OyO xR=H= xOWp}mWD xR=D Fe0 C=QP x@ w OvmW@ �xDUy QO OwHwt Fe0 \UwD
QO Ovv=wD|t C=QP 'u}= Q@ xwqa "OwW =}L= ?; QO uwQDmr= |xOvQ}PB w OvwW O}Um =
hrDNt |=yC}iQ_ =@ C=QP� 13|D}iQ_OvJ O}Um = |x}q l} w Ovvm `tHD sy Q=vm
xOy=Wt 4 Q=Owtv QO xm xvwou=ty [45]"OvyO p}mWD =Q O}OH �Fe2+ w Fe3+ %Ovv=t
QO 'CU= �94 42 xOWxDN=U xR=D C=QPwv=v |=Q@ =RnvQ hPL u=tOv=Q 'OwW|t
QwmPt u=tOv=Q 'C=QPwv=v CN=U R= TB RwQ 8 w 6 '4 '2 CWPo R= Oa@ xm |r=L
TB "CU= xOt; CUO x@ OYQO 23 61 w 29 94 '32 56 '42 21 ?}DQD x@
?; Q} R QO w xDN=U uSwQD}v \}Lt QO C=QPwv=v xmv}= =@ 'xOt;CUO x@ G}=Dv j@]
Qw]x@ =RnvQ hPL u=tOv=Q 'C=QPwv=vCN=U R= u=tRCWPo =@ =t= 'Ov=xOW |Q=Oxov
R= QDtm x@ hPL u=tOv=Q R}v RwQ 2 R= Oa@ xm |Qw] x@ "CU= xDi=} Vy=m |Q}osWJ
'q=@ u=tOv=Q =@ =RnvQ hPL |=Q@ xm CiQo xH}Dv u=wD|t TB "CU= xO}UQ hYv
u}= R}v u=QoWywSB Q}=U C=ar=]t QO "OQm xO=iDU= xOWxDN=U xR=D C=QPwv=v R= O}=@
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vUR= uwQDmr= p=kDv= R= `v=t w OvyO|t CUO R= =Q OwN |q=@ C}r=ai C=QP u}= w

hPL u=tOv=Q w OvQ=Ov =Q xOv}q; hPL |}=v=wD Qo}O TB 'OvwW|t Fe0 |xDUy
x}rw= C_re =D u=tOv=Q Vy=m xm OwW|t xOy=Wt u}vJty "Ov=t|t C@=F ,=@} QkD
=@ "OwW|t Q}osWJ u; R= Oa@ |rw 'CU= R}J=v Q=}U@ QD}r Q@ sQo|r}t 300 =@ Q@=Q@
C_re '|O=YDk= p�=Ut w =y?q[=i QO =RnvQ pwtat C_re w 6 Q=Owtv |UQQ@
\UwD |y@=Wt G}=Dv "CU= xOW ?=NDv= xv}y@ C_re u=wvax@ QD}r Q@ sQo|r}t 200

[48w38'31'21]"CU= xOW x�=Q= R}v u=QoWywSB Q}=U

pH "6"3
x@ xHwD =@ w [49]'CU= Q}eDt =RnvQ |w=L |=y?q[=i QO pH Q=Okt CavY QO
COW x@ 'ODi=|t j=iD= C=QPwv=v K]U |wQ xm Vy=m w V}=Um = |=yVvm =w xmv}=
Q=PoQ}F-=D w syt QDt=Q=B l} u=wvax@ pH Vkv |UQQ@ [14]'OvDUy pH Q}F-=D CLD
u=tOv=Q 'pH V}=Ri= =@ 'OwW|t xOy=Wt R}v 7 Q=Owtv QO xm xvwou=ty "CU= |QwQ[
\}=QW QO Vvm =w R= xk}kO 60 CWPo R= TB xm|Qw] x@ &O@=}|t Vy=m hPL
x@ 11 w 9 '7 5 '5 '3 '2 =@ Q@=Q@ pH |=Q@ hPL u=tOv=Q 'xOt;CUO x@ |xv}y@
xOt; CUOx@ 20 10 w 53 41 '92 11 '92 36 '96 63 '97 93 Q@=Q@ ?}DQD
C=QP �|}=}rk Q=}U@ \}Lt� pH = 11 QO xm CiQo xH}Dv u=wD|t TB "CU=
uy; C=QPwv=v uOWO}Um = '|O}U= |=y\}Lt QO u}vJty "OvwW|t p=aiQ}e ,=@} QkD
CU= umtt Qt= u}= [37]"O@=}|t `} QUD =yu; uOWp=aiQ}e '|R=@ |=y\}Lt QO w
R= |QDW}@ |=yuwQDmr= 'sm pH QO O}Um = |x}q pqLv= =@ xm OW=@ p}rO u}= x@
|=y pH QO C=QPwv=v K]U uOw@p=aiQ}e w OQ}o|t Q=Qk TQDUO QO Fe0 |xDUy
MQv QO \ki xv pH '|DQ=@a x@ "OwW|t Fe0 |xDUy R= uwQDmr= p=kDv= R= `v=t q=@

[14]"CU= QF-wt R}v Vvm =w Q}Ut QO xmr@ 'OQ=Po|t Q}F-=D Vvm =w
OQ=Ov=DU=�?=UB |x}rND |=Q@ OwHwt |=yOQ=Ov=DU= x@ xHwD =@ 'VywSBu}= QO =t=
O=wt hQYt |xv} Ry p}rO x@ R}v w ��1373� u=Q}= CU} R\}Lt C_=iL u=tR=U
?=NDv= xv}y@ Q=Okt u=wvax@ �92 pw@k p@=k hPL u=tOv=Q =@ pH = 7 5 '|}=}t}W

"CU= xOW

=tO "7"3
pwrLt QO |D}iQ_ QiY uy; C=QPwv=v uOWO}Um = QF= QO =RnvQ hPL xm =Hv; R=
x@ |}=}t}W Vvm =w l} CaQU w CU= |}=}t}W Vvm =w l} xm 'ODi=|t j=iD=

'[Dye] = 200mg=L) u=tR x@ C@Uv hPL u=tOv=Q QO pH QF= "7 Q=Owtv
"�uRty QwO = 200rpm w [Fe�Ni] = 0 05gr=L

xOWv xOy=Wt 100 mg/L C_re =@ C=QD}v hPL u=tOv=Q QO |UwULt Cw=iD
[47]"CU=

|Rri wO C=QPwv=v |q=@ Q=}U@ C}r=ai p}rO x@ 'OwW|t x_Lqt xm xvwou=ty
j=iD= Vvm =w |}=OD@= |xk}kO OvJ QO =RnvQ hPL u=tOv=Q �50 R= V}@ 'Fe-Ni

pwrLt uORsy Q}F-=D '|SQv= hQYt w |O=YDk= p�=Ut C}ty= x@ xHwD =@ =Pr 'ODi=|t
\}=QW QO xm CQwY u}O@ "CU= xOW |UQQ@ R}v Vvm =w |=OD@= |xk}kO 2 QO
'Ca=U 4 u=}=B =DVvm =w |=OD@= R= s�=O Qw] x@ pw=V}=tR; QO 'xOt;CUO x@ |xv}y@
'Oa@ V}=tR; QO xm |r=L QO &CU= xOW xORsy xk}kO QO QwO 200 CaQU =@ pwrLt
uwO@ 'V}=tR; |x}k@ w xO=iDU= CaQU u=ty =@ uRty R= pw= |xk}kO 2 QO \ki
u=tOv=Q 'OwW|t xOy=Wt 5 Q=Owtv QO xm xvwou=ty "CU= xOW s=Hv= uRty OQ@ Q=m
?}DQD x@ xOWs=Hv= V}=tR; wO |=Q@ Vvm =w ẁQW R= Ca=U 4 CWPo R= Oa@ hPL
C}ty= xOt;CUOx@ G}=Dv x@ xHwD =@ "CU= xOt; CUOx@ 81 45 w 94 42 =@ Q@=Q@
C@Uv w xOw@ TwULt ,qt=m 'Vvm =w ẁQW |}=OD@= |xk}kO 2 QO pwrLt uORsy
V}=Ri= �20 OwOL 'CU= xOW s=Hv= uRty R= xO=iDU= uwO@ V}=tR; xm |v=tR x@
=@ Vvm =w xm |v=tR =@ u=tOv=Q Cw=iD xm |r=L QO "CU= xOW xOy=Wt u=tOv=Q QO
"CU= xOt; CUO x@ �10 'Ow@ xOW s=Hv= 200 rpm QwO =@ pwrLt s�=O uORsy
l} x@ uO}UQ w |SQv= hQYt QO |} wHxiQY |=Q@ xm CiQo xH}Dv u=wD|t TB
Vvm =w |=OD@= xk}kO 2 QO \ki uRty OQ@ Q=m '=RnvQ hPL QO pw@k p@=k u=tOv=Q

"Ovm|t C}=im

=RnvQ |xv}y@ C_re "5"3
0 1 C_re x@ xOWxDN=U pm}v � uy; C=QPwv=v '=RnvQ |xv}y@ C_re u}}aD |=Q@
7 5 =@ Q@=Q@ pH =@ hrDNt |=yC_re =@ =RnvQ R= |}=ypwrLt x@ QD}r Q@ sQo
QO hPL CaQU 'OwW|t x_Lqt 6 Q=Owtv QO xm xvwou=ty "CU= xOW xi=[=
5 QO xm |Qw] x@ "OwW|t QDtm u=tR CWPo =@ w CU= O=} R Q=}U@ pw= |xk}kO OvJ
500 w 300 '200 '100 '50 '20 |x}rw= |=yC_re =@ =RnvQ |=Q@ 'pw= |xk}kO
'90 65 '88 24 '86 18 =@ Q@=Q@ =RnvQ hPL u=tOv=Q ?}DQD x@ QD}r Q@ sQo|r}t
xm CU= u; Qou=}@ xm 'CU= xOt; CUO x@ OYQO 27 63 w 88 82 '83 56
R= |}q=@ OYQO 'Vvm =w |=OD@= |xk}kO 5 QO w xOw@ p=ai Q=}U@ QwmPt C=QPwv=v
hPL u=tOv=Q '=RnvQ C_re V}=Ri= =@ "Ov=xOQm hPL =Q ��50 R= V}@� xOv}q;
Ov=WwB|t =Q C=QPwv=v ?re= |wQ O}Um = R= |}x}q '|DOt R= Oa@ uwJ &O@=}|t Vy=m

u=tR x@ C@Uv hPL u=tOv=Q QO =RnvQ |x}rw= C_re QF= "6 Q=Owtv
"�uRty QwO = 200rpm w [Fe�Ni] = 0 1gr=L 'pH = 7 5�

38



4/
2|

xQ=t
W'

32
�2

|xQ
wO'

�13
95

u=DU
tR�

h}
QW

u=Qt
a|

UOv
yt

\}=QW QO u=tR x@ C@Uv hPL u=tOv=Q QO Oy=W |=yV}=tR; QF= "9 Q=Owtv
w [Fe�Ni] = 0 05gr=L '[Dye] = 200mg=L 'pH = 7 5� xv}y@

"�uRty QwO = 200rpm

Fe-Ni C=QPwv=v =@ |}=yvD x@ QiY uy; C=QPwv=v QF= |xU}=kt "10 Q=Owtv
'pH = 7 5) xv}y@ \}=QW QO u=tR x@ C@Uv =RnvQ hPL u=tOv=Q QO

"([NZVI] = [Fe�Ni] = 0 05gr=L w [Dye] = 200mg=L

QO |Q}F-=D R}v pwrLt x@ xOWOQ=w pm}v CU= umtt TB "OwW|t pwrLt OQ=w w
u=tOv=Q QO |Q}F-=D '=yvD pm}v '9 Q=Owtv x@ xHwD =@ |rw "OW=@ xDW=O hPL u=tOv=Q
u; Q}F-=D |UQQ@ '|�Qt Qwv Qw[L QO =yV}=tR; s=tD s=Hv= x@ xHwD =@ "OQ=Ov hPL
Q}F-=D R}v |�Qt Qwv xm CU= xOW XNWt w xDiQo Q=Qk |UQQ@ OQwt hPL u=tOv=Q QO

"OQ=Ov =RnvQ hPL u=tOv=Q QO |yHwD p@=k

=yvD uy; =@ |Rri wO C=QPwv=v |xU}=kt "9"3
|=Q@ uy; C=QPwv=v |Qw=:vi |xaUwD |=DU=Q QO 'CU= xOW xQ=W= xm xvwou=ty
l} |yO?wUQ R= xm |Rri wO C=QPwv=v R= '?q[=i w ?; R= xOv}q; hPL
xvwou=ty [14]"OwW|t xO=iDU= 'CU= xOW x}yD uy; C=QP |wQ Q@ ?}Hv Rri
pm}v Qw[L sOa QO =RnvQ hPL u=tOv=Q 'OwW|t xOy=Wt 10 Q=Owtv QO xm
sOa QO hPL u=tOv=Q 'Ca=U 4 CWPo R= TB xm |Qw] x@ &CU= QDu}�=B
xOt; CUOx@ OYQO 94 42 w 79 77 ?}DQD x@ u; Qw[L =@ w pm}v Qw[L

"CU=
Vy=m R}vVvm =wCaQU 'QwR}r=D=m Ow@v p}rO x@ xm OyO|t u=Wv G}=Dv u}vJty
hPL u=tOv=Q 'Vvm =w ẁQW R= xk}kO 15 w 5 '2 CWPo =@ xm |Qw] x@ "CU= xDi=}
u}ty QO xm |r=L QO "CU= xOw@ OYQO 75 35 w 63 04 '32 42 ?}DQD x@
85 47 w 80 77 '79 39 x@ hPL u=tOv=Q �pm}v� QwR}r=D=m Rri Qw[L QO =yu=tR

'pH = 7 5� xv}y@ \}=QW QO u=tR x@ C@Uv hPL u=tOv=Q QO =tO QF= "8 Q=Owtv
QwO = 200rpm w [Fe�Ni] = 0 05gr=L '[Dye] = 200mg=L

"�uRty

Q=Qk |UQQ@ OQwt R}v =tO QDt=Q=B Vkv 'OQ=O |oDU@ =tO xrtH R= |irDNt pt=wa
"�8 Q=Owtv� CU= xDiQo

OQ=O s}kDUt C@Uv =tO =@ =RnvQ hPL u=tOv=Q 'OwW|t xOy=Wt xm xvwou=ty
CWPo R= TB xm |Qw] x@ "CU= QDW}@ u}}=B |=y=tO QO hPL u=tOv=Q QO =tO QF= w
xHQO 45 w 25 � 2 '4 |=y=tO QO hPL u=tOv=Q 'V}=tR; ẁQW R= xk}kO 30
uOw@vxHwD p@=k x@ xHwD =@ w CU= OYQO 95 w 90 '23 ?}DQD x@ 'Tw}UrU
xHQO 25�2 |=tO 'Tw}UrU xHQO 42 w 25 |=y=tO u}@ hPL u=tOv=Q hqDN=
QO |}xOWs=Hv= C=ar=]t j@] "CU= xOW ?=NDv= xv}y@ |=tO u=wvax@ 'Tw}UrU
l} =tO 'CU= xOW |UQQ@ Tw}UrU xHQO 75 =D =tO Q}F-=D u; QO xm 2006 p=U
C=QP u}@ OQwNQ@ COW xJ Qy '`k=w QO "CU= xOw@ hPL u=tOv=Q QO QF-wt pt=a
|=tO QO "CU= QDW}@ R}v Vvm =w CaQU 'OW=@ QDW}@ u=tR OL=w QO xOvyOVvm =w
|}xv}tm |W@vH |SQv= Q=Okt x@ R=}v 'xOvyOVvm =w |=ypwmrwt R= |QDtm O=OaD 'QDtm
u} QDtm =ypwmrwt R= |Q=}U@ 'QDq=@ |=y=tO QO "OvQ=O |R=Up=ai |SQv= u}t-=D |=Q@
xt=O= w QDW}@ |=yOQwNQ@ O=OaD |=vat x@ xm 'OvQw;|t CUOx@ =Q |W@vH |SQv=

[29]"CU= Vvm =w uDi=}

Oy=W |=yV}=tR; "8"3
x@ C@Uv |@}mQD w |mD |=ysDU}U u=tOv=Q |xU}=kt hOy =@ Oy=W |=yV}=tR;
QO u; G}=Dv xm 'CU= xDiQo CQwY xOt;CUO x@ |xv}y@ \}=QW QO |rm sDU}U

"CU= xOW x�=Q= 9 Q=Owtv
C=}rta QO xm 'O} QO}yQw@ s}OU |wk Qo =}L= 'OwW|t x_Lqt xm xvwou=ty
TB "Ovm =}L= ,qt=m R}v =Q =RnvQ Ov=wD|t 'OQ}o|t Q=Qk xO=iDU= OQwt C=QPwv=v RDvU
R= Oa@ C=QPwv=v '=RnvQ hPL u=tOv=Q QO u; pN=OD R= |Q}owrH |=Q@ xm CU= sRq
QO pwv=D= pN=OD |UQQ@ |W}=tR; |] =Pr "OvwW xO=O wW wCUW pwv=D= =@ ,=tDL RDvU
pt=a pwv=D= xm CU= xOW XNWt w xDiQo Q=Qk |UQQ@ OQwt =RnvQ hPL Vvm =w
=@ xm CyH u}= R= u=v}t]= |=Q@ "CU}v |krD hPL Ov}=Qi QO xOvvmC} wkD =} sL=Rt
=RnvQ hPL QO |Wkv w OwW|t hPL ,qt=m Qo =}L= 'C=QPwv=v |wWwCUW Q=@ 3
C=aiO O=OaD xm CU= xOW XNWt w xDiQo CQwY =yvD Qo =}L= =@ |W}=tR; 'OQ=Ov
=@ V}=tR; u}vJty "Ovm|t C}=im Qo =}L= Qw[L sOa R= u=v}t]= |=Q@ wWwCUW
=Q} R &CU= xDiQo CQwY =RnvQ hPL Vvm =w QO pN=OD |UQQ@ CyH =yvD pm}v
=OH C=QPwv=v |wQ R= |DOt R= TB QwR}r=D=m Rri [51w50]'xOWs=Hv= C=ar=]t j@]
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\}=QW QO =RnvQ hPL Vvm =w swO |x@DQt x@W |m}Dv}U pOt "13 Q=Owtv
w [Fe�Ni] = 0 05gr=L '[Dye] = 200mg=L 'pH = 7 5� xv}y@

"�T = 25� 20C

\}=QW QO |r}Uv=Qi}O VwQ R= =RnvQ hPL Vvm =w j}kO |x@DQt "14 Q=Owtv
w [Fe�Ni] = 0 05gr=L '[Dye] = 200mg=L 'pH = 7 5� xv}y@

"�T = 25� 20C

"OwW|t QDOv)m u; MQv 'Vvm =w uDiQV}B
Fe0 + O2 + 2H2O! 2Fe+2 + 4OH� (16)

wO C=QPwv=v =@ =RnvQ hPL Vvm =w 'xOt;CUO x@ |=y|oDU@ty ?} Q[ x@ xHwD =@
|oDU@ty ?} Q[ =@ ?}DQD x@ 90 |r= 15 w 15 |r= 2 j}=kO QO pm}v w uy; |Rri
?} Q[ =@ 150 |r= 90 j}=kO QO w pw= |x@DQt x@W pOt R= 0 9634 w 0 9871
QO xm CU= sRq QmPD u}= "Ovm|t |wQ}B QiY |x@DQt pOt R= 0 6432 |oDU@ty
Vvm =w Fe-Ni |Rri wO C=QPwv=v s=tD uOWO}Um = p}rO x@ '240 |r= 150 j}=kO

"OQ=Ov |DaQU
u}O@ "CU= xOW xO=iDU= |r}Uv=Qi}O VwQ R= Vvm =w |x@DQt j}kO u}}aD |=Q@
w CU= xOW sUQ Log(c) ?UL Q@ Log(-dc/dt) '14 Q=Owtv QO xm CQwY
|Rri wO C=QPwv=v =@ =RnvQ hPL Vvm =w |x@DQt 'OwW|t x_Lqt xm xvwou=ty
'1 39 ?}DQD x@ 150 |r= 90 w '90 |r= 15 '15 |r= 2 j}=kO QO pm}v w uy;

"CU= xOw@ 0 326 w 1 23

\}=QW QO =RnvQ hPL Vvm =w QiY |x@DQt |m}Dv}U pOt "11 Q=Owtv
w [Fe�Ni] = 0 05gr=L '[Dye] = 200mg=L 'pH = 7 5) xv}y@

"�T = 25� 20C

\}=QW QO =RnvQ hPL Vvm =w pw= |x@DQt x@W |m}Dv}U pOt "12 Q=Owtv
w [Fe�Ni] = 0 05gr=L '[Dye] = 200mg=L 'pH = 7 5) xv}y@

"�T = 25� 20C

xU}=kt QO QwR}r=D=m Rri u=wvax@ pm}v C=QPwv=v Qw[L '`k=w QO "CU= xO}UQ OYQO
=Q ?} QND MQv [25]'C=QPwv=v |wQ Q@ xDUw}B=v |}x}q CQwYx@ '=yvD uy; C=QPwv=v =@

[14]"CU= xO=O Vy=m =Q Vvm =w |R=Up=ai |SQv= w V}=Ri=

Vvm =w l}Dv}U u}}aD "10"3
=@ 14 RtQk O}U= |=RnvQ hPL Vvm =w |m}Dv}U pOt uOQmXNWt |=Q@
(K) Vvm =w |Qy=_ CaQU C@=F u}}aD u}vJty w Fe-Ni |Rri wO C=QPwv=v
x@ |xv}y@ \}=QW QO swO |x@DQt x@W w 'pw= |x@DQt x@W 'QiY xHQO |=ypOt
"Ov=xOW sUQ u=tR ?UL Q@ 1=Ct 'Ln(Ct) 'Ct |=yQ=Owtv ?}DQD x@ 'xOt;CUO
Cw=iDt OvwQ p}rO x@ 'OwW|t xOy=Wt 13 |r= 11 |=yQ=Owtv QO xm xvwou=ty
C@=F Vvm =w s=Hv= u=tR COt pw] QO K Vvm =w C@=F 'C=QPwv=v hQYt MQv
s}UkD VN@ 4 x@ =Q Vvm =w u=wD|t C_re C=Q}}eD OvwQ x@ xHwD =@ w CU= xOw@v

"OQm
pwrLt QO Fe0 uOWO}Um = xm Cio u=wD|t 16 |xrO=at x@ xHwD =@ u}vJty
=@ TB "OwQ|t q=@ Ov}=Qi pw] QO pH xH}Dv QO w OwW|t uw} uOWO=R; Ea=@ '|@;
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Ov}=Qi |}=yv CqwYLt "11"3
xvwtv 3 |=Q@ LC-MS V}=tR; 'Vvm =w u}= QO |O}rwD CqwYLt u}}aD Qw_vtx@
C18 uwDU R= "CU= xOW s=Hv= �Vvm =w ẁQW R= TB Ca=U 4 w xk}kO 2 'x}rw=�
|@; pwrLt w acetonitrile R= pmWDt lQLDt R=i '�250� 4 6 mm '5 m��
0 9 mL/min u=} QH MQv =@ 70 x@ 30 |tHL C@Uv =@ C=DU= sw}vwt; 0 05 M

pw] QO UV R=UQ=mW; "CU= xOw@ 10 L� =yxvwtv j} QRD u=R}t w xOW xO=iDU=
|xOwOLt QO |tQH h}] w |ivtOt QO Mass R=UQ=mW; w s}_vD 254 nm Gwt
[53w52]"�17 |r= 15 |=yQ=Owtv� CU= xDiQo Q=Qk xO=iDU= OQwt 600-100 m/z

Q=}U@ C}r=ai p}rOx@ Vvm =w ẁQW pw= |xk}kO 2 QO 'OwW|t xOy=Wt xm Qw]u=ty
QO |m}B Qo}O w OvwQ|t u}@ R= u}ovU C=@}mQD 'Fe-Ni |Rri wO C=QPwv=v |q=@
ẁQW R= Ca=U 4 CWPo R= TB '17 Q=Owtv j@=]t "OwW|tv xOy=Wt |L=wv u}=

|xOvyOu=Wv?}DQD x@ xm OwW|t xOy=Wt m/z 222 w 378l}B wO\ki 'Vvm =w
u}= x@ u=wD|t TB "CU= wR; Ovw}B CUmW w |vRv@ |=yxkrL =@ S Ovw}B CUmW
QO QF-wt |WwQ 'VywSB u}= QO xO=iDU= OQwt uw}U=O}Um = VwQ xm O}UQ xH}Dv

"CU= |} wR; |=RnvQ `=wv= hPL

|Q}oxH}Dv "4
Fe-Ni |Rri wO C=QPwv=v xm CU= xOW XNWt xDiQos=Hv= |=yV}=tR; x@ xHwD =@
|=yC_re QO w CU= p=ai Q=}U@ \}Lt |=tO w �7 5� |FvN x@ l}ORv pH QO
QO xm |Qw] x@ "OvQ=O =RnvQ hPL QO |@ wN C}r@=k 0 05 gr/L sm Q=}U@
|=Q@ xD@r= "OwW|t hPL xOv}q; R= |}q=@ OYQO 'Vvm =w |=OD@= |xk}kO OvJ
|=Q@ w OQm xO=iDU= xOWxDN=U xR=D C=QPwv=v R= O}=@ 'q=@ u=tOv=Q =@ =RnvQ hPL
C}=im Vvm =w |=OD@= |xk}kO 2 QO pwrLt uORsy '|SQv= hQYt QO |} wHxiQY
xO=iDU= xm CU= xO=O u=Wv 'Fe-Ni C=QPwv=v w =yvD uy; C=QPwv=v |xU}=kt "Ovm|t
V}=Ri= �14 65 =Q =RnvQ hPL u=tOv=Q 'uy; x@ C@Uv |vRw �3 u=R}t =@ 'pm}v R=
xm CU= xOW XNWt LC-Mass V}=tR; h}] x@ xHwD =@ 'C}=yvQO w OyO|t

"OvwW|t xDUmW =RnvQ |} wR; Ovw}B 'Vvm =w ẁQW R= Ca=U 4 R= TB

QmWD w Q}OkD
C}=tL |=Q@ x=oWv=O u}= sQDLt |WywSB Cvw=at w wv=v |Qw=:vi O=DU R= xr}Uw u}O@

"OwW|t |Q=RoU=BU KQ] u}= R= |r=t

"Vvm =w ẁQW R= p@k =RnvQ LC-Mass V}=tR; h}] "15 Q=Owtv

\}=QW QO 'Vvm =w ẁQW R= TB xk}kO 2 LC-Mass V}=tR; h}] "16 Q=Owtv
w [Fe�Ni] = 0 05gr=L '[Dye] = 200mg=L 'pH = 7 5) xv}y@

"�T = 25� 20C

\}=QW QO 'Vvm =w ẁQW R= TB Ca=U 4 LC-Mass V}=tR; h}] "17 Q=Owtv
w [Fe�Ni] = 0 05gr=L '[Dye] = 200mg=L 'pH = 7 5� xv}y@

"�T = 25� 20C

=yCWwv=B
1. acid red 14
2. sequencing batch reactor
3. moving bed bio�lm reactor
4. Nano zero valent iron

5. interaction
6. penta chloro phenol
7. noble metal
8. activation energy
9. X-ray di�raction
10. scanning electron microscope
11. Merck
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12. scanning electron microscope
13. mix-valence
14. carboxyl methyl cellulose
15. poly-styrene-sulfonate
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