WF-AB) azmio AF+F 599 e 3 315 5o IFY o,les -u_)g!",} angy Al [
’

536 L Lily SLlgil (s tsbw T
S slos 39—n@ g Lo gd -0 s S Sl
9y Dl dal 3o Sl g8

&3 (9l 9 4w 351 Hlzrg) g yaelS 018 o F(Glox  Ola y3 o0 s 5Ll
Ol i (s ;S olBRails  waige 0SS ¢ couds gwdige 05,

VEYNA A iy gl VEY/ ALY sl s gl

2SS

Alg s Lol s (i gals” 3930 51 iz alio Ly Ll SLIg o bl (2o¥T 36 sl gy o
Ot ) 58 ey g aallas 0 j5 53l gl e (S ea VT A oo T Ol aiar a8 )0 (anilS 928 LTS
s20lie g g WOt Ji e Bl g Sl esliil Ly by ¥ %Wt (g9l (i jomelS (sliraglT ol 395 ol o g Lais
43906 4y oacey¥T gLl BLIgl g (gl g o0 0assSTy Lilis Jassions oo 1o (O Yowt 5 Y/ V) o 51 slicie
EDX 3 XRD (FESEM a5l 51 ooliiusl Ly atogy s jonels BLJIsl g LinoglT-ly o 3536 0o oy 3,250
S A s 3 el (i) ol (ol g Liell 5 by (Jly 5 slalé Sts wians haas e
olis olwlid Lo bl mols .ass,S ool 1) buegl -l i 5500lS 1,390 s como EDX g XRD (sLa Ul o
s o g e s Liagl Tl s 85 3 51 i o Ly Ll GLIGL o sl iy ¥T a s ol
53 Logl b s 13556 5> abe oy g poiaegl| jolie pllits 05 5 oo Lilis BLIISE (635053590 5 (Sl S
S35l Ly (5,3 1o VT a8 ah ase e (68, Shae gl azgi Ly gy il VT Ll LIS sl
O YT g gl ol e 3950 gy jlaiia Glyte an ) LWt cogdlasy aas o il ) Llis GLIgl i cd )l
1y 5y o0 ¥T 51AVE L i UV 5 il cels ¥ sl o 4 Cemailyy BLJIgl oyl o sl BLJI (6 sl
Slass zals an ) ol les o aS cdl ials w08 4 BLIIGE i lesily ol 3550 Jlacie i3l U asled o 5
Glaciz S 53k i imal3dl Yoz 5 g 353l Ly Ll slaclos s Sgoams § Lyimasd 5o Jlsb clacylos
ol gl 4 ols L agy adly 2T SLIGE gl calisee (Soites slaos (gt 010 S 0 i 5 25!

R>+/29) o)l 1) cllas (p yiion gl ad o Siiaw Jome L 550l o (595 4y

Ol <5l yg! Joio 80 YT ¢ gmuund U 538 iy 535 «Ce0,-ALO, i1 5393l (TiO, BLgili 1 gudlS ool

u%ﬁ.’@m

Sl Jogamat
F.rahmanichiyane@uok.ac.ir Seg Sl w0l
(DOI: 10.22078/pr.2025.5562.3470) : Jluzus awls



Lo o Lol Lol |8 S5, oSy

po—w yo sld g, 5l ool wl .ol oui oolai il
B yas (gael ) SL o a4 S5 ool aias
Shbes sla il 5 home s Ol 515 5
sl SuSS B sl v jo Wlea & dgaxe
R L T R PP R S STy SN VY
slooan¥T co pae g abal 6l dmaz ;e SO

Joasanlp ool ] eculos 5 aslf Jlasl JI
5 oS AT (59 4 Lo, 4 ps 50 ol (Ul
oS e 5 g e anysil eale adsi pae o]
T = L g e Y
LY Zn0 gomen (soumie slabla - dos 093 oo
sl— ¢l Fe,0, 4 [V ol BiOL [\ f] zns [1¥] TiO,
o= 5o el ou s eolai il S5 ol 4 _ad
(1 manBlS 23 slaca s JJs 4 TIO, «ylws
RERTCA
5 o Copple iy b L (6,550 1558

DOV E| BSOS ) JE S K

CmBl 28 S g a5 480 4 (g9 Re
J ol L DAY st o anslins oS lgasl
olid ) e iz Lo TIO, l,3556 5l eolaiul
J—l o il oo ol e gloacosgase Ly g ools
9 e3lib YL aze (Jodome jo il ey
= ogdle algs oo 39l (silnlaa (09— St
soliul plE a5 | LanT Las slas,)ls a Sl
4 algs oo aShy 0 S dga e ol slalase o
Wy Laclagsl (Sogtlay ;oo op il 5 b
J sla oD w538 Jlow o o [¥YY -]
plosl Lol (ol o ade S (g peinn g 4y
Sloslawl s § O a0 sla )5 5l SO aul oas
Ol el SLIISE (5ar gom S sl Sl
©oy2 dm mazmio 69, Shes Lo Sy o oy
S5 oS sl S (o 5T Sz 4o
S 5o Ly S @ — JLsil g =Sl SV
Silmlaz oUly g 5L sladel> 550 JLissl coga

R EPRVESPINE JR PN 6258 & o ICCSIV-SSUI [9)

G [P L S W W

doddo

o o Oy g e 95Sl5g) Aang
b ambis 00 1S a5 9 B (510 o e
S o SgeS A yomie Vo olaS cwloads
IV g T og o iy e (Sog T 5 pnlie
Fos el Fos I Ll ey Lo Sy |
Sosdl ol ol jlcsl gz (Sos Ty SLs
30 ol oo aslis ;s s Sege Glae 4o Ol
Lass, Fos Il gog wilizen sl Sogll Lo
ASlr ol 3,91 S5 4 |, st B S5
Slaz wliio o 1, OT (SosT51AY - LY sgus
bl LacSs, [F of] ams o polais] 095 4y

(s 155,55, aile (gaio slansly l (ag
5 s (g3l ld e oy (smlT (2lid Slss
i gl aS 0 e 09y 4 3l plio
50l ai e Gl 5 by layaS ol
— 6ol s el e S, oS 5 7
5T ool ot Sy ez I Ll s
= ol il Al bly  pwai o IS g
3 s s iy (gl S 5 oyl e
LK,y i 00 Slogzg0 sl 2l b

)95 55— 99,5 &b
29w oo e ) igtd SIS il
s Laals sl OF—nST ol s ovie 4o
= oM 35800 5 (lap—ailS g Ko ol

swj_wsa ‘5:'| 5 e A

sl se oAb S, sl il j5—a> ()
Gl per Gk 5l e dlee JSi5 A o
b o olend laanlp plo b awlagns]
Clolaw 5l LS, Bi o ol 10 05—b Ol
o S il Sl L gy nio
i lisee GLacs, e ;3 A 5 Vel (555,-2
MO) 5-3l,5) Jsis 0 15 o0 1,3 oolaiwl 8 )90 45
S e nS jebanaS cl Seil g5 K5, S
L oo 0 ilgl o g 99—t o oolaiwl a LB alio
J—= ol )3 ol 4 a STz a S e I e



IWF-VBY amiuo AF+F 59 s 9 31350 AFY oles -u_)d",}
’

o9 lawg S5, 0o YT I /PA (5B VO« min
a8 I 0 ais Bis pyilid o ST g3 5,lo0
GLJIGL Ly oas¥T ol 5178 Lyl las s
Slidos 4 4z b oalpln [Y0] ane 8 o 5w
60 Fomw Ly aS ad azgie Glo S e a8 S O js0
o U o] Ll BLIISE & 0 g pysilins oS

b Ser 0l
sl sl gl o, )5 o a5 Hlao il S0l
559 Yo g o)l sey ol Losles
SIS (65,5 YL Ol w0, 09 25T sl
b LaoanVl ool ©da gl i 5 0l
Bl g8 LTS s o a4 S cewl Lagyl
FESRINRUINI o S RCHSI L 4IPS v IRURI SR St 1
e Job Ly 0ob oo (plaeed ST 5l 2o
Ve dgas dm il oS s L sl o>
S Sl 28 sla STy (gl 45 a bl
ol Jblas a Ly aody cger an [YAl e
o ol3a00 oS cul ouds slppaion Lo > 0l
Slg—ogil Q—i‘ )Lb'l—w CERERE S L S u"?—’"
Ce0,Ti0, BL_JIgl )], 5 op 5 Tai .y a3l
0,8, s 5 03,5 dngd (o9 2581 gy L |
A58 6,05 ol sy = Jlesisden oy, Loy,
a1 (6595 5 alp o ], (o o, Slee
ol 18 aallas 5 5l gl i g elSolol 5
Aoy S sl ool il Lo a5 ol ylid ks
5 oSl 15 o0 VT 51 /AB/F e JUlS 525 g
NUIC SN I i ) | EGHE i S B G SN A VA
Sgpe 3, Shoe il aS il oud Leol .ol s
S 53k Ol S50 Gl o 4y 015 e Ly
am O3eb 0,5 ablal il o\l sla ol
5 el 7] ol solisl slasl LGl ksl
L) gy, dmmS| Gl JUlS 28 )] Sen
5B 5 950, it Soni iy 1S g 3l oaliiul
Zn0 GLIIgl o, Sas 1o |y cdgin &350 y0g3-8]
Sy9—iS o VT a5 S wJblS g8 ol )8 o
ol PL 3BT ool 1,5 aalllas 8,5 a5l

FENTIpUER

Jlssl Lol glasis sl o GLJIgL _solas
YV asS o g |y O g 5 Lanosins j2iSTy
a0lgs o LIl S an THO, el ogdle [VA 4
Gloo )5 )0 092 l)ds 36 b 5l gy )l
ABIS aas ais 4o [T 0SS e 655 e 5
onliul BLJIgl i gl i Lides sl b,
A s S g, (olme Gl 5o aS Wiloa
Sl ad o dn g e g o)l aen 0,505, S0 e
J gla sl g oLl Ly (NFs) GLJIgk o Jgs
L awolio po [¥) o7 ] cilon s 8,20 J,8
s S gy (SLIgl el lacsesS Ll
(g i 2T (05 g o 4y
S35 Vo Jolos oS 4t pe odle Ll 5
P S b8 S s (6 dy- Sl 5 Yo
Liu  ogmas oyl jo cwlaud S ), Sa g 5,50
21 ol ahdest g TIO, SLIIL o, Sles o) S o 4
3,90 B (RhB) (slog, cwadBlS 98 oy 55 a8
Sl (55995890 et dmmiid )0 a0ls 1,8 aslllae
IV L (55, 0¥ (6595 e 59 3o THO,
ez ge SLIgl (5598 )90 9 LSl Bl a8
~09SIl (S S8 el Lol e sl
d=Yo ol ladme a5 09 g0 00l 0l 0, a>
e e Bl g8 il Y LS e )
B> gl TIO, BL gl o, Slee [Y7] alazs 8
TiO, l,3456 L (Basic blue 26) Y& asb ol sa V]
83 sa slas oy o), sn g Doh Laigs
Cdled a5 ol s (6551, slaiules] ks
Gl aglie BB 3950 L BLIIGL Bl 423
L Jsdseiegye TiO, BLIgl o) S—os 9 Choi .[¥Y]
i e 9 2SI gy sl eslainl L 1) YL ol
Sl oy S 528 s ani]y aslie ais S
clad BLJIGL a5 sls 5Lt TiO, &350 5 TiO,
5 Quang [YF] o)y g s o JlilSgus
5 TiO, BLIgl slace o JblSi8 o, Slas 4 Son
69 w75 ailyd o |, (P25) TIO, (s,Los jo9—
Oley Do 3 a0ls 8 (cy i 8590 ol e



0,039yl slaiz (g5lulaz aS st Jiie
GBI GdB 8 el cnls e 5 THO, 0
50 00 oy o Slalllas 4 a>g L [FY] aas o
SLIGL Ll jo oo 4 &35 56 L bLS )|
PSP L St BN ] I - W) U S W Y > W
Yl i el v o goog Llwjdod o0 aS
B 523 115 5 0 ) Slos S5y 0wl albls

sl S sl e Loy SLJIgL

S b o 4y 4z Ly CeO, bl tos

POt (9= so—f 3o O] K p (plperd
L oljon (558 gl il g (6555 (S9,9>
CmJil 928 S plye e YU olerd o)k
Sl o ksﬁ)_’.a k.’:'” LgLa&) u_s):;u LS‘)—’ U;ILC
sl dol> S 55k S50 ials a, Ce¥ 4 Ce**
Ole—e a Ce™ a S Jl> 0085 0 S5 o
WS o Joe g Sl B lasl plo oy sla G
J=ee lsmie 4 TIO, aSils jo (S| S5 sl
90 ;84S WS o Joe Laoyas 3l pls ay
o ,—i>—yq iUl slacis gl wlas o ul,8 (| sle
O 0 (oGS 0 ) Shoe jo a5 BB yials 4y
\35_..9‘4 6‘)_3 u_iouc J_‘>o‘) ‘u_:l))l.u [f? 9 ‘f&]
S 69y — Lanl o o w bl o, Sles
Iy i Jod slaculw g aas iolidl]y e w
(ALO,) L...,o5ﬂ S50 G Lyl aas S5
sl as cul pwg SIS (6538 ST S
wodz 0 ggtin gloo )5 L e lise Jls S
s ogdle [FA 5 FAL 5,10 Laaiwe plw g bS48
Lo b 85w g coliamdl sole S Liegll o]
G-ALO,) Liog] LalE Jlo S 5L ol cun
Solans b J2d5 (e pla Shy Js 4m

G [P L S W W

S e 3l alg so cdgin Dlde 5L aS sls
Rl A g 0SS sl 0 i Sl slacia
50 ol e 5 (So lgre am sa VT Cds e
il Celw ¥l s osles S8 S5 a8
BLIgb Lo gy TAD L 5 51 ys5loiy i ool
s 55eelS BLIgl b wgi 7Y+ v 4y e )l ZnO
[\c‘] O d_.ﬁl.’ u...._s‘)s‘ Cigi O %.wt 691_>
Seate 4 Lol o, Sles g diod aad o, on 4
SBLIIGL o oy eSOl 25 000 YT B3>
Iy oSl 5 51 AP ciles TIO,-CuO o j9uelS
s Ul mls gy Ladls TIO, BLJIG 5 iy
Sg &, Sdos ol A5 058 T age de gldat s
sleJol> oS 5igs LialS o an wlgy oo a8l
0 b9 xSl slaas gl wlas Jup—ud 9 Lo
5 TIO, BL_JIgib ;o CuO &l,dg 5L a s aoes jo
sLin [va] sl eSeal Jowsl bl LS s
S i —peiled ameST (60 Cmj5lS 5 o Sen
medB 928 gt g 3z (6l 1) BN) 5y
Syt 1y 3 wdmr SLIgl ay jom w15 (59,5
=B B9 neml e oS i wid oo
J=B jed an ol pls wes o Lyl 1) jes L oud
L oo nsm! bl 58 ) 0 s
ol gy Bl g8 as o [TV | aias o i3l
TiO, GLJIgb L ol y—an CeO/TIO, ¢y5SKanl JLsl

JBgs e Jé sl 6l ,— B

Pl ST (69 ()L 09— izmen 5 2>
PP CE R S N SV o' To SR
1S 528 oIl CeO/TIO, ()5 Sanls JLail
5 5 TIO, BLJIgl Ly aglin o 1, (clasly g
sloyg xSl as sl o Loyl assls olis g lss
Algs oo TIO, aSs j0 jo Jagy ool 42555l

TiO, aSis a0 J=b SO oSl oo oy Sloe cow



IWF-VBY amiuo AF+F 59 s 9 31350 AFY oles -u_)gl",}
’

9 by e i le—e 4y (Merck/Germany
Slyde b i jetaie 4 (y-ALO,) Loy -LalS
Olg—ie 4 55 (C H,,N,NaO,S, Merck/Germany)

8 )5 18 oolawl 0,90 o sa Y]
Ol 39l Ly a8l iy ¥ glblis BLIgil s

Uaogll-L i (s jonelS

Ol Ll glac o JBSgd iy laio a s
1395l cul (5y5,—o latl jo 00l puy 59 2SI
Ot gl a8 as 3 i Ll s (o j5alS
o 50 gate (s o eoliil il ) 5l LS
O o e Sl 5l o o bale Ly Jglons < s
i Ay i L es oI o (Ce(NO,),.6H,0) al]
ol Jotomo amy L)l ) (oomlin jlofie (s
2ola,S 5 LIS e el ¥ loga> 5 00
Ao odd J—ol> bg Lo caslol o 08,5 )13
°C lwo o g SV Ve °C slws oYY h oo
i a S e ol o o Fh Sas 4y 00
Gl e 5 Yo Zwt gols ool Jol> &l 340
Lol oS 528 BLJIL calsl o ol s
O1h3eb 5l bz slo S35 v s sl s
Foms g9 S g 5l ealiil Ly Liagl -l s
5 Jobl 5l (Gme yoliie )9 Laie (y s 0 S
WA gL V A ¥ Jhg o Lo acul Sl
O Jstons) 35 Jolo Ko SolS Jgloms Ls
o S 29 952! pomlid 5l emlin oo (g
Cezs Ve min Soe ds g a5 adlsl ) Jodxe
R JEN SNEP S P S NP

5 0ad i Olyde 5b 5l e lae (S 1gSS
4 g o ablol Jgdome 4y ol a8 al> o
Gl wioss badse laore glos o aado ¥ Gus
Y Soe dn (Jodoe S Ol )3e0l B leiSy o
Wl gl o 3l oolaiwl Ly gailimmg celw
(mrn Hlo )y Sae CidS 3l ey g 0l Sg—ol )8
A 0052 Ve min Suow dn Jol> ) ganiliwges

ng’ 4o

S s actasnl 5 (L= olaaly Y ojmg e
BB i g Q3L g an YL Sy
PSCUE VU 5 PA ) IO B YOSV S [ LT R
a0 lgs o0 Ce0,-ALO, sloacyjssls a5 el
slmoan VT (5555 a2 (gl bS8 g ie
amamg g omlale [0 s PV aus J e
sleslaiwl oS o) oo i ay sl adll . JUas
S yShas a azr g L Logll-b s (i oalS” 0l p3550
2ol YL ods e b bl JBLS 58

(=5

Sl jo sleol gl cwlio 435 (05 (i
Asb SLIgl

Ti0, SLlgb e (sl sl =2l gl 5o
S j9aalS lde U caLisee ,olie Ly sa oYl
S S gy 5 bz L Ly liegl
55— Lap] Gbligd o, Slee 5 (ols 5 5
Sldgsl ol o jelare iy 0285 1,8 L)
A zeils g, 3l oolaiwl Ly CeO,-ALO, s jauelS
Jsloms s (O 7wt 5 Y10 ) o] 51 cikzseo ,polio 5
P I O R U RN {|
VLot L bl YT 5 pals sl St
XRD¢ sla s Ul 5l solaiwl L g jamelS &l,34 50 )
wllg g 43,5 1,8 5,6 o EDX 3 FESEM
&9 43z Akl b 50 Ladiged oled (undblS b
Wl 50 005 o)l 3l Jie (S5 ooV
e Lo bl 928 (g (S Slsdllae

b S a1,y i

sy 9 g0

3190

S—Ssignonl el Sl Giegn o
J—9 Jd— «(C,H,O,Ti, Samchun/Korea, 99%)
«(C H/NNO, Samchun/Korea, Mw=460000) :yg0—Jg
Sl g (CH,OH, Merck/Germany, 99.9%) Js—U!
4 (CH,COOH, Merck/Germany, 99.9%) ol
ol apnST (60 ool yinn Glo—ie ot i )i
09)_9‘ A_M.‘!)f )‘)_9 ool »))5_9 ‘_J)L> 9 )‘_.»;AJL‘B



DA o) g ool e LSl

S—59l88 50 Dlogazr g gLl uy, o S
S =S oSy S 3l oolaiul Ly ac

NELRE

)_gcj)l.c k—d)f)‘)J = O)HTSCAN &_>

\ .~.1 oélén

| 6y slpdigad
> Nas Lo

2 S ladiges Sl o, Shee
sl dte () 0a VT (5595 oy 55 a3
alelow 5l jotate oo 285 18 olus)l o)
ML S 58T, S 3l IS a8l
ola sigmibliie (y3ab (55, 48,5 5V 0o
STy Jylone (slad (5 B1gS5 Els g iy ]
o ools gy LS sleejlpo L s> 4>
59 )0 o2 ayses (pd a5 g tagll Jst Lo
losaz VYO W oY Sy 5 g 0dds jrgos b, bo
2 aS Gl Bt e ae (lye b wge LS
S 0 eolalwl el oo 4l HeST, YL
Bl 528 SIS 50, Shoe slaiulesl plox!
bl L Gae sa oY1 Jyloe (45,0 +/0 g/l 590 L
3 =8 s oSy M st byl & e Yo ppm
Sos oy ol (gmnilsges (23,55 018 g5,
Less s blsles Sobhl s ,0Vh
5551y ool Jlsods 0e—is slou! abo-0ds Jolss
e Gl o 33l e 00 VT (g5l (S g
SECTREIN et PUSRENUN FIEOE S N
5 et (Glsj slw o3l jo 0 LT 5l
C il U5 oo alowl g, Saigai LiiSTy Jolons
00 (55l Gladigel D5 yre Bas ooVl
Ol 5l bl 28 55 )l &3 B> g late 4y
Sety il Feo e rpm e L g Y min Goe 4
oo 5l oolazwl L sa VT e lale s g 230
& —S o3l (pg instruments, T80+) yiogidg il
Lol g o, Shoe o e o 0
s Sale 55 g oo YT A as s
28,8 8 oLl e 5 (C/C0) sonY]

G [P L S W W

S g bl 4 PVP (ol 5Ll T 51 Gy
A adlol (ol by e a sy suai b 5
4 JolS LY cgr an 00 solal oy gummibwgan
o S 8 peblise (5ep (59, F D Bus
o=y olanl Baa L ¥ s s plsil
S Dae dmy Ggrilmwge Gy glacls (23,
g8 ool 8 la e gleo o 59, Al
ot ol s bslinn oy 5250 413 L]
s o 40 0l Samol 8 ) h a4 Ol,3e50 gols
oo 3l ool wl L alols sba ygummilisgus o
23S £ oo Ll b oS g (a9
B3 S35 e adials ) mLih S ey Sl
Foompm oo S rex> Ce o VO Cm oo Sz LS
3 ey o o Sl a s (VA KV 5Ldg
a5 00d (5 slaer Sl ¢ gy 55 2SIl L]
s ie 5 o ile Bl sa o JalS sy laie
Gled )0 VWY h Gas ds 0SS 939 gl po—ilind JolS
BL Gl o sl al> o yo 0 b

510a5S Lo oo
Slaad 4y 0,3550 ygun BLIIGL 5 &34 50 59l
Lo el JalS B (sl 5 iy s S
oSG B0 °C slwd P h o s as Lo P
US| SO P W WP SCSRP- F XGOS T IRV VYL g
TNFe 4 S Sod 6,88z, AlCe(X7)-TNF
15353 Lolis SLIS Sy o5 4 X 5 AlCe
ooliiwl 0,50 )3 50 G390 ,d g Lucogd L s
spbte 4 e il e Lilis g sl VT ey
Aiges Sy w39l (pog—d 4Ll Sl g
bdd g Ghg) (e 4 75 2B THO, SLIGL
D0 8 s O3 0,5 adlal (g0

S Bl g O)39l Cluoguad (ymad

salal (sladiges Jliy 5 Lzl byl jolate 4y
an il il e Kl ai eolawl XRD 5 JUT 5l eos
SLds LA LD 50 VO oogase 0 (XRD) S5l
Cu-ko ol e g ¥ mA 4V mV 5,5 L= g
X pert olKwo 31 5 JUT ol plosl (gl 50 i 4y
e oolaiwl wils oS clw undd SLeS pro



IWF-VBY amiuo AF+F 59 s 9 31350 AFY oles -u_/bd",}
’

o=l wiload (LSeas plos Ll SLIsL 5o
S ALO, §Ce0, Jbiy S clasls Lulid s
Gind Bl s s &3l ol sol> LIS
E9—o90 |l g i0 Lol das ie slacsy
13536 ol oS 6,55 e s 4y ol o
Lol GLIGL Jlslw 5o Lagl culio gjoi L g
Ol Sl asges (5l (slagSl yo s L ail,
VO sLalgs osgasme o o lly (slaSy wad ays
0=YO/Y, YV, TAIT, OY/Q, DA/, #YIV, £/, Y-\ 4
&= o oyl L po il oSt g0 ;LT LB L Y
Ll wogde 4y s e llas - o e )—- OFY
SEIE VY DO FYIY VeI ° o ably dax s
TIO, (JCPDS |, 55 4y e we |, Y 0=YV/4
oanlie 45 5 blas 01 Corad (V) VO— A= |
e SLIBE ol (Jlis 57 LSl 095 o

Ll 55T L8 (THO,

FENTIpUER

oy g @b

XRD ;U

2 Pl lalh 5 sl b)) cose
oSl ansl 2l Ul s i lsadiges
30 5=dGT ol 5l ol =5 5 0l oolal (XRD)
13900 il oSl cwl oais ools s VISl
I, ALO, 9 CeO, Jl—s,S slajls 05> o jemls
Oml S8 Fiw a0be (SlaTeS a 45 0lS e unls
Sl (oS5 Dol 052 L ol 009 I j34L
FOIY 5 PYIY® luls) ogiime 3o Syl dndl 3l
S ¥ M am e oyles Lyy-ALO, 4y Y O=YV)Y,
Gl b=y ol = a8l ol elais
DFIF, B, AUV, VYIY 5 YAIF 6Ll yo Sl and
b Jlias S 5L8 4 b 5o Y O=YA/Y, YYIY, FVIV,
Gl Gob .l V= VO-+ VP x> a0l L
(s 5 36D THO, i 5 55 59 50 gz o

&= 0 sl

AlCe(1%)-TNF

Rutile (TiO,, Tetragonal, 01-088-1175, W)

1
Anatase (TiO,, Tetragonal, 00-001-0562, ®)

1
Ceria (CeO,, Cubic, 01-075-0076, A)

L1
Alumina (Al,0,, Cubic, 00-004-0880, %)
......... T T T T T
\ Y- Y. f- 8- e V- A-

LioglT-b s ) %t b aly VT ololes BLIsL g LipoglT-L s 1, 3636 XRD 50611 JSCio



Ol g 00ljcpma ,Lsl5

3 oReal BLIL 51 IS icie 5 ool )0 ( JSi
Sl Jdoan (B b jlaul ojlasl g, dad , Las
Ll e g bl gl s soss Jool> LIt
odnlio BLIIgL (g5, s (5lo 3900 gt cdgad oyl yo
G b oS Jlaie wlgs so o] o 4 S 08,5 o3
CaS g Cple 5l BT o Late ay caalol jo il
O30 g Bl Ll jo Galizee oo olic
& y—are 3Bl mols as § eolawl EDX 5 JUT
)_»aL».C GALN S99 oMOul_w) (8 b 6L®4;9N
D59 PAE 3 g yidew dl> 0 J0 00 a8 )5 S,

Se Ladiges JLolw o 0l , slic

AlKe

=0 Ka

G [P L S W W

FESEM/EDX U]
slodises )Lzl 5 539T98,50 (b)) Hotare 4
0,42 FESEM ; JUT 5l oo ags <l 3956 9 SLIIg
S o BT ol 5l ol yglas g o a8 )5
FESEM ;JUT la g oo e slog b
Sl o Dl3s5L 5l ages a5 a0 ol
Gl Ly g oz 5 03l L 5
o5 el oo LS5 g aal xla v g o ST )%0
4 000V sLslis a5ges FESEM i 4 JLos!
IS 4 ()T (5558590 48 ams oo Lot 0L
b yugal ;o4 S 4 5e5 len ol BL It

6)""-9 6)L~>l—w 6‘)‘~) )95&,0 d_)}od ‘QHGA o liwe

SEM HV: 25.0 kV wo:1583mm ||

Dot: SE

View flold: 6.15 ym
SEM MAG: 33.8 kx  Date{m/diy): 06102724

(keV) 55,1

T

TiKo.

Qeee
Fooo 3 s s era ol
O ey i
Yooo SEMMAG: 68,0k Dategmuay) 1211623 Kurdtstan University
0, -
- O Ka AlCe(1%)-TNF
TiLa Cely11
Yooo K Celp2
CeMaAlKa elp Cely1 keV
Yol+s

(keV) 3 5!

Liogl Tl oo V %ot b asly L2¥T clibis LI 5 Lol s &35 FESEM/EDX 5JUT Y s



IWF-VBY amiuo AF+F 59 s 9 31350 AFY oles -u_)d",}
’

TiO, BLJIgb 5l solazwl Ly oo S5, ooVl
by 5153950 Caliste yolie 4 sa VT g IS
aie Olyie amy il o ali oo L]
I3 el e celw 90 Loy Sae j5 5 55
TS 5 Lagialagl o) | ol gl 5 <8 8
L 6y5=ST98 slaceus jo .l oais ooly ylis
B S e Glee Ll s o aleaSs el
S Shos (53, 7= 0,595 Sglite Lo S35 w—a)o
soboled g oy TIO, SLgl S JBS 98
G S, gam il ool ools Lid ¥ IS o a s
s Sloie UV 55 b e g bl 28
el aald Gk 5l B (S, ea VTl e S
9= il Y h Cod a5 (glasss a4 05 o0 BA>
g oo DA 5lygl Je SI/NY sgum> y0 laid
So9=S1hsd Lo ialesl 5l ol gl g azrg Ly
A Ol )3gsl 0953l Aoe [0 A S 35l o ol i
e sS5e i i i SLsih L
GBS g8 > 5 08 o s i3l ea oYl
aa ¥l sl sSse iz o gt oLl
Ol S (6 g 0 S 0 lgr oo 0l Ao
(69, Shos gl a4zl Ly aas Lt 095 5l 55
i bty 5 YT e 45 el
ce 1y Lasbes Sl gl ()5 cdled glata>do

FENTIpUER

S99 sarad s Loy b, &l,35 5L EDX ca b
0 gAl«Ce ,ole Lo o Jpw dakx i Loy
S 90 (Jlim )5 slojls LS id LS o as el
0,353 iy i o LSowul S amy s
yolie gyl digad ol a5 0S o e (Bl
sanline Liolesl ol 5l ol mols ;o a5 o)
by et ) g8 0T S5 b o S 5 b
5o oolaiwl 550 5 oo Leol ole olulils ol

S3958,50 LS 53 (Sieeels SLIgl asses
Lol (Jom S sl S 5 5 o] Bl
el Ledl 550 dged Jiw Camo olg S

33 BLIPl el 48 5 ) Shos ol
Sy 03V (95 e 55 sl 8

5 sl Sy Jlod 5 4z 5 ol sl e
il ot SLISl slacendblS 2 L
5 Al e lac lJBS g8 ol (590 0 5
[CAUSYSERE A UM S ) EECO g S pesun |
SLIGE o35 0 5l ey 285 )8 sy 0550
St Slalllas satage il VT obes
Ld S D 9o B 28 STy ()

Wik BWIg 3 ,Shas 13 (5 td b (i ¥ Wb b))

5 B i 79 655 e P (23 Ol

Voo [ orShas GalesT bty
CeJBlS g2 90 = /0 g/L

san V¥l clale = Y- ppm

A adsl PH = Jsl=o pH

UV) ()6 gley = £+ (\Y+) min

M @i

B 5y S
5 i

]

;; N ..E'
3 =
Be) o
< o
= |
. :

:

Y. :,:
o

S

Photolysis TNF

AlCe(1%)-TNF  AlCe(2.5%)-TNF AlCe(5%)-TNF

Ol SIS slacan bl gz 5l ool b 55, 0an¥T LIS Bio 5 (555 w55 cmdr o3l ¥ S



1F0 I BNV IR SUWE S e

ooy ials Jdo an alyy oo e cdl
Sgde 5 Siligy (i 53 (6,55 JLad slaculu
G g olyde b b gy Lilis Jlad slacolaw jais
o b=y i8Il slaidzr (oS 53k Olie il
Pl )5 8l )0 k3l ogdi sloml ams o

il ealsdl glisl Lsls

ploml aselol )5 5 g (2 it 2l jeaie 4y
) Zowt U sl i1 Gl St olalllas
aigad () () g aSgel plsie 4 Lol
eS8 el 90— i i slagle; 5o
ol ot o oanline 45 (g5 brlen (F IS_5)
o=l pley cndS L ISy (Bl g Bi >
sloaiss sl iolpdla s a >e Lo a S ol
el (ibaie Ho it Al 515 o)y JLS

G [P L S W W

- oolai__wl S,y9—0 A_J‘)éﬁ_AL) u‘)_.uo w_"}.e‘ L_J
TS ) srmsogre ads; So ksl Y]
s_:‘)ég_:l) u‘)_~n &J’“_")B‘ l_: 09_.9)‘5@ 00— oa)‘l_g
SLIIgl i cd b polidlan les o1y 005l
50 Oly3550 cwbie SaSTy g a e casdl zoY]
M aS 58 LiiSanp olsnl s BLIgl sl
i3 Yzl 5 0 a b FESEM 5 JUT Ly
aslol yo ols caid Hlo sl Jul> iolas ool
g Sz oojln Jy ol oo il iz e
L aS (5920 4 b oo (aals o o8 a5
Sy o 155 4 INY 5L S5, eouVT Bis> e

o5 as GilesT byl
a5 928 590 = <10 Q/L

con VT edale = Y- ppm

UV) 5,6 oy =2 (\Y-) min

UV e il

T
—a—Photolysis :
'
'
——AICe(1%)-TNF [
Ve H
'
1
H
1A H
'
- '
o H
(&) '
'
4 !
'
'
'
H
'
AdN S h
'
H
'
S2,b H
.Y 1
= -y

¥. 5o a. Y.

min) 5k

oo s e Lrogl Tl oo V7wt b aily (2T gLl LIS 51 oolicil b (S5, 00y ¥T (689 w55 oo ¥ JSCS

ST ooVl (55 3285 (St slooe o 0,5 ) Jgam

ES) aolss

C,—-C, =Kt
BLER

—Ln (&) =Kt
Jl 4 e C,

=Kt

11
£9° & 0 c, C,

e o a5 55 T 8 o Sinns ol

gl
o0V (6555 50 S 528 0T S
oo VT Ll BLIGL jma> 1o 5lyl e S,
1 00l l L Lol s 955 ity o 4
Ao 5 Jsl 4o o Ao (Soiinn sl o
b et i8S 8 ce s bl 0y a0
5o adlae ol jo eolawl oys—e  Siiw Yol



IWF-VBY amiuo AF+F 59 s 9 31350 AFY oles -u_)gl",}
’

O T oz po el ul Sl ol mals g o 5
= )‘ J—»&L? C_:Lu = l._) Ll sud o0l
15 5 dilie s L o llS s oo

5O Lg% Gyl 30 0ad jiw GBS gs LTS AS
dga> lan o o JilSgs o) ST aslas
S de e blS e lw jo ol pan Ly
&ly— =YL 5, Sl In,S /CeO,/TiO, ¢ CdS-TiO,
390 S B 98 L daslie jo S5, san¥l B>
Sl giagh ol jo adlesls i s 5l asllas
&3y = Ll cnts 5 S5 (6l Jlegigyaen s,
(S ez Gl a5 il oul ool ul BLIgL
S Br—an il 5 g s (09— e
0 y—tf o._:‘)&g_’l.: J»S_Mu 6‘)_’ M ool —w u.u5) )‘
G2y o=l Jrole gl o0 i o e

REW R KOO SN SR LON-Y I

|
w R'=./aAa "
o

miny ;e

Y= NFYX R 4

-In(CICy)

s, alae

5 Ct L0 sla ol )by ) Jsom o 700 SYolas o
S0y ooVl a gl clalé sasasylis e 5 au K
sy Cols 5 (1) eme o 4o (ST, sauV] e kile
o 3l Jel gl b St e ee ST
St il L ol G lin sLm S
A oo i |y B e JUlS 98 ol (R?)
S aad oo i oy ol 5l J—ole slaosls
wooliiwl 850 Gilire St slaJae ol o
b a2 Lo ol i e (St Jas
Ot el 3 SGo3 ) an aS o] ey Ko
D o Hlis (e islesl slaesls L |, o3l
2 dizee iy Lolid Comad U5 328 5 )Slos d i
[ YV PU-REN

SB35 5, Shos ;g 4z p2 2lo) Hotare 4
5 el oLl 5 bl gy jo L5,
Sleolaiwl L 50,4l Jte Bas lwaily o] ST

oy L ol imgh 10 oo i Cene bl g8
Ao lie s Lokl slbewdblSqnd plw Bi >

\VYs *
Y=e[11X . 4
y L Ri=jaqy o

AL

“vo t e

min) ;e

QAT

(1/C)-(1/Cy)

Y = +[eX
RY=./aAr |

min)

235 450 () 5 Jsl 4530 () yho 4 yo () 5yl o 00 VT (6,55 328 oz (St slaJoe & S0



G [P L S W W

(55 00V (855 55 A 53 ol Lol (slaianJBIS 555 Culad cnglio ¥ Jguir

Shos Lul)s
5 . ladie 09)) &5998,90 o JBS
&y | O VT (i) conle | il ol ) CancBlS 523
’ (ppm) ’ u?mlﬁ)) ’ WA [ LPoE (e
(g'L)
[ov] v O+ ) b ol Yf- - (ot 9,550 L1530 Ag-TiO,
- S GBLIgls ,
[ov] 9/A Yoy sl Lz Y . =975 Sl CdS-TiO
T 3l Je (Jloyig )i ’
) el (1 . . =J5 ) 0,390 CQD-TiO
[o¥] A (V+) 5lyl Juie YA Y onsns )
[a0] YoIA O+ 5l e Y- \ (U5 o) 00530 Ag/MoO,/TiO,
. Lo X - o9, S LIl Pt-Au/TiO,/
[a#] YY/A OV 505 ol VY ) S BaFe 0,
[av] a5/Y () gl e Y- N3 ‘s*‘*(‘ﬁﬁ";u‘?“ IS /CeO,/TiO,
X9
R Ve X gl e \Y. 08 “9 S SUISL | Aje(19)-TNF
o> (il

lacige Hlacie Lasl aoVT slobes conJbls g8
L Lsbes BLIGE g ksl VT as assls oylas
SLlgl (s55058)50 9 (Jlma S L1 55 (pugme
56T slajls LSi5 XRD 5 JUT .og i o3 Llis
ag i L Lobs GlJlgl tslw o b, g
Sl S slasls Lol ols ol |y o ksl 2V
59 Slydel cwlie 2398 g oolaiwl o5 Jlase Jdo
olie olulis (Jlo ol b acsl LIl sl
S35 (ol j9mam BDX 5T 50 0 5 5 poins]
iVl A jlacie L Lslis Gl gt sl jo
9=y o ioleyl ailw, aldlas |, o ksl
SlH3esb 5l cwlin Jlafo 09338l 4 S ols lid s
SLlgls o ) Slos 09 4y oo Loy SLJIGG
SLlgl VT S5 (g9 3l ogds oo Loilis
o380 BLIlgl as cd b ol 350 L Lolus
Lsbes BLIIgL e dblsgud 5l oolaiwl L aes oo

& 5 4o
Sl slacwdblS ¢ o, Slae p bl> b jo
by 350 el ,oolae Ly as s Lol
9 435 ol B o cowl Al 2oV L]
&:AJ; )‘)_9 4l S 9—n0 )_:|)5‘ J_M.A oa_,.:YT
Lo by Yo 7wt (g9l o 5900lS lingdT il 13450
)_:OLQA OM— 9 KR e C_..da u*’j) )‘ ool
Slw i Jodore 4 Sl 3e 50 ol 510 Zawt 5 Y/O o)
O g Gz o598 01,8 5 00 009581 Lsls
o JBlS g8 Olas _in o3 ,5 ploul BL Il
9 XRD FESEM (sl 25U 51 solax ol Ly aLol>
slalh LS saimonlis o5 5 4y EDX 9 XRD
(OS] ol 0529 i 5 Ligagll g by (Jlins S
Cono g a0 u‘)\DQ_sL’ )L.’>l_..u IO 2w g rﬁwﬁji
GRS SR [ FUUON [ TRV SR TUON [ QR IR FRSCEIW
oauad s 3 FESEM 3 JUT 5l aLol> , olas
2,0 LSl 5 (FmerelS D)3 s elodiegil
Sl ojlasl g dad Lo 5l o Sl BLIIGL 51 oo



IWF-VBY amiuo AF+F 59 s 9 31350 AFY oles -u_)d",}
’

sbadol> (oS 53k Ol il e e a5

S Slallas il ooldl lasl e oo )
55 5l Jmol> mals a S ol ylas ;s a ol s
CandBS 98 51 oolaiwl L 5lyel Jiie  ciannUlS 928
St Joa L g izl VT a g Jloie U

FENTIpUER

s 59ealS l3e SV Zawt Lo asl aoVT
ol ol (S5 ea VT Bh e o iy
h o CnndBlS 523 oyl 5l ool Ly 4§ glaisS
NN NSNS EI I IVA'S U T J N B ¢
ol (350 51 eoliul oo i3 Ly o
D2l o a algl 0 a5 8l ials BA >
i Lo g oo o Jlsd slacolw slo s

&y

e gy S aal 5 iS55 Lol (VWR0) 0o p 03llime 5 (5 mlliae ol SLims o Slas op i [)]
HZSM-5 cdgis o138l a1 UV 5 2l o Z00 o0 S (gl Jlian S5l 5l ool Ly i s

DN (VN E) (oo 10 (69,0,5 sl jiwghy ol (lgie a
[2]. Singh, S., Verma, N., Umar, A., & Kansal, S. K. (2024). ZnCdS nanoparticles decorated three-dimensional
MoO, polygonal structure: a novel photocatalyst for enhanced solar light-driven degradation of methyl orange
dye. Journal of Alloys and Compounds, 997, 174714. doi.org/10.1016/j.jallcom.2024.174714.
[3]- Nur, A. S., Sultana, M., Mondal, A., Islam, S., Robel, F. N., Islam, A., & Sumi, M. S. A. (2022). A review
on the development of elemental and codoped TiO2 photocatalysts for enhanced dye degradation under UV—vis
irradiation. Journal of Water Process Engineering, 47, 102728. doi.org/10.1016/j.jwpe.2022.102728.
[4]. Arumugam, S., Alsawalha, M., Srivastava, P., Megala, M. A., Rojviroon, O., Rajendran, R., Phetyim, N.
& Rojviroon, T. (2025). Microwave-assisted synthesis of Nd-doped La,CuO, perovskite photocatalysts for en-
hanced degradation of methyl orange and E. Coli inactivation in wastewater treatment. Journal of Industrial and
Engineering Chemistry. doi.org/10.1016/j.jiec.2025.07.038.
[5]. Bhuyan, A., & Ahmaruzzaman, M. (2024). Recent advances in MOF-5-based photocatalysts for efficient
degradation of toxic organic dyes in aqueous medium. Next Sustainability, 3, 100016. doi.org/10.1016/j.nx-
sust.2023.100016.
[6]. Sunardi, A.B., Choirunnisa, F., Dewi, A.S., Widiyandari, H., Astuti, Y., Arutanti, O., Salim, A.A. and
Mufti, N., 2025. Enriched photocatalytic degradation of methylene orange dye using carbon quantum dots
surface-decorated TiO, nanocomposites. Materials Chemistry and Physics, 329, 130049. doi.org/10.1016/j.
matchemphys.2024.130049.
[7]. Abbasi, S. (2025). Investigating the kinetic models governing the photodecomposition of methyl orange
by two-dimensional magnetic photocatalysts. Optical Materials, 117173. doi.org/10.1016/j.optmat.2025.117173.
[8]. Tkaczyk, A., Mitrowska, K., & Posyniak, A. (2020). Synthetic organic dyes as contaminants of the aquatic
environment and their implications for ecosystems: A review. Science of the Total Environment, 717, 137222.
doi.org/10.1016/j.scitotenv.2020.137222.
[9]. Wu, L., Liu, X., Lv, G., Zhu, R., Tian, L., Liu, M., Li, Y., Rao, W., Liu, T. and Liao, L., 2021. Study on the
adsorption properties of methyl orange by natural one-dimensional nano-mineral materials with different struc-
tures. Scientific Reports, 11(1), 10640.
[10]. El Bourachdi, S., El Amri, A., Ayub, A.R., Moussaoui, F., Rakcho, Y., El Ouadrhiri, F., Adachi, A., Lech-
heb, M., Herrera-Melian, J.A. & Lahkimi, A., (2025). Development of a novel low-cost adsorbent Chitosan@)
EDTA@ Cellulose composite to effectively remove Methyl Orange dye from wastewater: Experimental and
theoretical investigation. International Journal of Biological Macromolecules, 305, p.141030. doi.org/10.1016/j.
ijjbiomac.2025.141030.
[11]. Sharma, S., Mittal, A., Chauhan, N. S., Makgwane, P. R., Kumari, K., Maken, S., & Kumar, N. (2021). De-
velopments in visible-light active TiO,/SnX (X= S and Se) and their environmental photocatalytic applications—a
mini-review. Inorganic Chemistry Communications, 133, 108874. doi.org/10.1016/j.inoche.2021.108874.
[12]. Thirugnanam, R., Kannan, A., Ramasundaram, S., Kumaravel, S., Altaf, M., Oh, T.H., Jayababu, S.,
Narayanasamy, S., Ganesamoorthy, T. and Inbasekaran, M., 2024. Radiant synergy: [lluminating methyl orange
dye removal with g-C,N /ZnO heterojunction photocatalyst. Diamond and Related Materials, 147, p.111325. doi.
org/10.1016/j.diamond.2024.111325.
[13]. Berdini, F., Heffner, H., Marchetti, J. M., Lopez-Corral, L., & Brigante, M. (2024). Theoretical-experimental



oy g 035 cmm 5Ll Gl g ksl Y

design of TiO2 photocatalysts for removal of emerging pollutants from water: The effect of Ga doping on
photodegradation of methyl orange. Journal of Water Process Engineering, 68, 106426. doi.org/10.1016/].
jwpe.2024.106426.

[14]. Swarupa, G., Anuradha, N., Narsimha, K., Sudarshan, K., Upender, G., & Kumar, B. V. (2024). Enhanced
photocatalytic efficiency of BaTiO=augmented by ZnS nanospheres via Type-II heterojunction for methyl orange
degradation. Materials Science in Semiconductor Processing, 182, 108715. doi.org/10.1016/j.mssp.2024.108715.
[15]. Zhang, J., Gao, Y., Ren, F., Lu, Y., Xue, Y., Chen, L., Feng, X. and Zhao, Y., (2025). S-C,N,/BiOI S-scheme
heterojunction photocatalyst for efficient degradation of organic dyes. Journal of Alloys and Compounds, 182270.
doi.org/10.1016/j.jallcom.2025.182270.

[16]. Gishkori, S. N., Abbas, G., & Zahid, A. H. (2024). Controlled synthesis of 3D pseudocubic Fe,O,/BiFeO,
heterojunction photocatalyst for effective ciprofloxacin-HCl and methyl orange degradation. Materials Letters,
377, 137573. doi.org/10.1016/j.matlet.2024.137573.

[17]. Yeoh, J. Z., Pung, S. Y., Vadivelu, V. M., & Ramakrishnan, S. (2024). Recent advances in the development
of effective TiO,-based photocatalysts immobilized on floating substrates: A mini review. Environmental

Nanotechnology, Monitoring & Management, 101021. doi.org/10.1016/j.enmm.2024.101021.
695 = TIO, (695 SndBlS sLmo,395b s (VF2 1) iz (559, ) 5 -3 Sl op soamme o5 VA
5 (oo Ay e adSo Ll 15 S g 26T a e0g I Ol (2 Vh j5 Lite 4y MCM-41 45,950 Jsdsuie L3>

TVNTY O B ] o (owdige
S nlienslT (59, THO, l)del ey (VWA .5 Lk 5 9 ¢ 60l b Slas o) i 5,51 .[V0]

Gipgy wulp Slles Lyl s g anl oleerd 65508 51 olosl i5e 0 ades Sga o0 (5518 (aibs

.doi: 10.22078/pr.2020.3827.2743. Y f-Y+ A44-Y ¥+ (s
[20]. Prakash, J., Kumar, A., Dai, H., Janegitz, B. C., Krishnan, V., Swart, H. C., & Sun, S. (2021). Novel rare
earth metal-doped one-dimensional TiO2 nanostructures: Fundamentals and multifunctional applications. Mate-
rials Today Sustainability, 13, 100066. doi.org/10.1016/j.mtsust.2021.100066.
[21]. Khanmohammadi, M., Shahrouzi, J. R., & Rahmani, F. (2021). Insights into mesoporous MCM-41-support-
ed titania decorated with CuO nanoparticles for enhanced photodegradation of tetracycline antibiotic. Environ-
mental Science and Pollution Research, 28(1), 862-879.
[22]. Gopinath, K. P., Madhav, N. V., Krishnan, A., Malolan, R., & Rangarajan, G. (2020). Present applications
of titanium dioxide for the photocatalytic removal of pollutants from water: A review. Journal of Environmental

Management, 270, 110906. doi.org/10.1016/j.jenvman.2020.110906.

NGl s o S S (b sl Gl gl (s, (5 e L oot (51,8 e dglils

.doi:.10.22034/jfnc.2021.272744.126. Y V-YY .¥
[24]. Zhang, Y., & Yan, J. (2023). Recent advances in the synthesis of defective TiO, nanofibers and their ap-
plications in energy and catalysis. Chemical Engineering Journal, 144831. doi.org/10.1016/j.cej.2023.144831.
[25]. Bhullar, V., Sardana, S., & Mahajan, A. (2021). Size modeling of TiO, nanofibers for efficient TiO, sensi-

tized mesoscopic solar cells. Solar Energy, 230, 177-185. doi.org/10.1016/j.solener.2021.10.023.
004y 98 S T60 vl Al o i eeelS BLIIGL i (VWAR) o yig,20l5 5.8 glos ol (g0l Iv#]

5 pole amiS p)ld Slalany (65U ,58 55 50 Lap] 9,5 5 (o 95U Ly 0T e 0536 Ly

.di: 10.22063/jipst.2021.1775. ¥£0-YYA & &Y (—oudy (6591555
[27]. Lu, Y., Ou, X., Wang, W., Fan, J., & Lv, K. (2020). Fabrication of TiO, nanofiber assembly from nanosheets
(TiO,-NFs-NSs) by electrospinning-hydrothermal method for improved photoreactivity. Chinese Journal of Ca-
talysis, 41(1), 209-218. doi.org/10.1016/S1872-2067(19)63470-4.
[28]. Xu, F., Tan, H., Fan, J., Cheng, B., Yu, J., & Xu, J. (2021). Electrospun TiO -based photocatalysts. Solar
RRL, 5(6), 2000571.
[29]. Moradi, A., Khamforoush, M., Rahmani, F., & Ajamein, H. (2023). Synthesis of 0D/1D electrospun titania
nanofibers incorporating CuO nanoparticles for tetracycline photodegradation and modeling and optimization of
the removal process. Materials Science and Engineering: B, 297, 116711. doi.org/10.1016/j.mseb.2023.116711.
[30]. Xue, J., Wu, T, Dai, Y., & Xia, Y. (2019). Electrospinning and electrospun nanofibers: Methods, materials,



e? @ ¥
WH DY aziuo AF+F g9y 3 3100 VY oylas (o0 92 2 gy 4o )
=H -

and applications. Chemical Reviews, 119(8), 5298-5415.

[31]. Wang, X. X., Yu, G. F., Zhang, J., Yu, M., Ramakrishna, S., & Long, Y. Z. (2021). Conductive polymer
ultrafine fibers via electrospinning: Preparation, physical properties and applications. Progress in Materials
Science, 115, 100704. doi.org/10.1016/j.pmatsci.2020.100704.

[32]. Liu, R, Ye, H., Xiong, X., & Liu, H. (2010). Fabrication of TiO,/ZnO composite nanofibers by
electrospinning and their photocatalytic property. Materials Chemistry and Physics, 121(3), 432-439. doi.
org/10.1016/j.matchemphys.2010.02.002.

[33]. Doh, S.J.,Kim, C., Lee, S. G., Lee, S. J., & Kim, H. (2008). Development of photocatalytic TiO, nanofibers
by electrospinning and its application to degradation of dye pollutants. Journal of Hazardous Materials, 154(1-
3), 118-127. doi.org/10.1016/j.jhazmat.2007.09.118.

[34]. Choi, S. K., Kim, S., Lim, S. K., & Park, H. (2010). Photocatalytic comparison of TiO, nanoparticles and
electrospun TiO, nanofibers: effects of mesoporosity and interparticle charge transfer. The Journal of Physical
Chemistry C, 114(39), 16475-16480. doi.org/10.1021/jp104317x.

[35]. Quang, D. A, Toan, T. T. T., Tung, T. Q., Hoa, T. T., Mau, T. X., & Khieu, D. Q. (2018). Synthesis of CeO,/
TiO, nanotubes and heterogeneous photocatalytic degradation of methylene blue. Journal of Environmental
Chemical Engineering, 6(5), 5999-6011. doi.org/10.1016/j.jece.2018.09.022.

[36]. Ong, W.J., Tan, L. L., Chai, S. P,, Yong, S. T., & Mohamed, A. R. (2014). Highly reactive {001} facets of
TiO,-based composites: synthesis, formation mechanism and characterization. Nanoscale, 6(4), 1946-2008. doi.
org/10.1039/C3NRO4655A.

[37]. Chong, M. N., Jin, B., Chow, C. W., & Saint, C. (2010). Recent developments in photocatalytic water
treatment technology: a review. Water Research, 44(10), 2997-3027. doi.org/10.1016/j.watres.2010.02.039.
[38]. Barakat, N. A., Erfan, N. A., Mohammed, A. A., & Mohamed, S. E. (2020). Ag-decorated TiO, nanofibers
as Arrhenius equation-incompatible and effective photocatalyst for water splitting under visible light irradiation.
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 604, 125307. doi.org/10.1016/j.
colsurfa.2020.125307.

[39]. Tai, C., Zhang, Z., Ji, X. Y., Ma, J., Han, X., Wang, R., Lu, Q., Wei, M., Si, C., Chen, S., & Guo, E.
(2024). Ternary heterojunction of 1D CeO2/TiO2 nanofibers decorated with In S, nanosheets boosting the
photodegradation of organic pollutants. Surfaces and Interfaces, 104177. doi.org/10.1016/j.surfin.2024.104177.
[40]. Amini, A., Rahmani, F., Kkamforoush, M., & Sene, R. A. (2023). Bentonite nanoparticles-incorporated ZnO
nanofiber mats assembly by electro-centrifuge spinning for efficient photo-degradation of bentazon herbicide:
Tuning composition and process optimization. Journal of Cleaner Production, 137652. doi.org/10.1016/j.
jelepro.2023.137652.

[41]. Lin, L., Jiang, W., Bechelany, M., Nasr, M., Jarvis, J., Schaub, T., Sapkota, R.R., Micle, P., Wang, H., &
Xu, P. (2019). Adsorption and photocatalytic oxidation of ibuprofen using nanocomposites of TiO, nanofibers
combined with BN nanosheets: Degradation products and mechanisms. Chemosphere, 220, 921-929. doi.
org/10.1016/j.chemosphere.2018.12.184.

[42]. Cao, T., Li, Y., Wang, C., Wei, L., Shao, C., & Liu, Y. (2010). Fabrication, structure, and enhanced
photocatalytic properties of hierarchical CeO, nanostructures/TiO, nanofibers heterostructures. Materials
Research Bulletin, 45(10), 1406-1412. doi.org/10.1016/j.materresbull.2010.06.043.

[43]. Vieira, G. B., José, H. J., Peterson, M., Baldissarelli, V. Z., Alvarez, P., & Moreira, R. d. F. P. M. (2018).
Ce0,/TiO, nanostructures enhance adsorption and photocatalytic degradation of organic compounds in aqueous
suspension. Journal of Photochemistry and Photobiology A: Chemistry, 353, 325-336. doi.org/10.1016/j.
jphotochem.2017.11.045.

[44]. Radi¢, N., Grbi¢, B., Stojadinovi¢, S., Ili¢, M., Dosen, O., & Stefanov, P. (2022). TiO,-CeO, composite
coatings for photocatalytic degradation of chloropesticide and organic dye. Journal of Materials Science:
Materials in Electronics, 33(8), 5073-5086.

[45]. Janani, F.Z., Khiar, H., Taoufik, N., Elhalil, A., Sadiq, M., Puga, A.V., Mansouri, S. and Barka, N. (2021).
Zn0O-Al,0,~CeO,~Ce,0, mixed metal oxides as a promising photocatalyst for methyl orange photocatalytic
degradation. Materials Today Chemistry, 21, 100495. doi.org/10.1016/j.mtchem.2021.100495.

[46]. Yengejeh, S. M., Allahyari, S., & Rahemi, N. (2020). Efficient oxidative desulfurization of model fuel
by visible-light-driven MoS2-CeO,/SiO,-Al,O, nano photocatalyst coating. Process Safety and Environmental
Protection, 143, 25-35. doi.org/10.1016/j.psep.2020.05.042.

[47]. Neves, T. M., Frantz, T. S., do Schenque, E. C. C., Gelesky, M. A., & Mortola, V. B. (2017). An investigation
into an alternative photocatalyst based on CeO,/ALO, in dye degradation. Environmental Technology &
Innovation, 8, 349-359. doi.org/10.1016/].t1.2017.08.003.

[48]. Ezati, F., Sepehr, E., & Ahmadi, F. (2021). The efficiency of nano-TiO2 and y-Al O, in copper removal from
aqueous solution by characterization and adsorption study. Scientific Reports, 11(1), 18831.



oy g 035 cmm 5Ll Gl g ksl Y

[49]. Yu, C., Wang, S., Zhang, K., Li, M., Gao, H., Zhang, J., Yang, H., Hu, L., Jagadeesha, A.V., & Li, D. (2023).
Visible-light-enhanced photocatalytic activity of BaTiO,/y-Al,O, composite photocatalysts for photodegradation
of tetracycline hydrochloride. Optical Materials, 135, 113364. doi.org/10.1016/j.0ptmat.2022.113364.

[50]. Rahmani, F., Haghighi, M., & Estifaee, P. (2014). Synthesis and characterization of Pt/Al O,~CeO, nanocat-
alyst used for toluene abatement from waste gas streams at low temperature: Conventional vs. plasma—ultrasound
hybrid synthesis methods. Microporous and Mesoporous Materials, 185, 213-223. doi.org/10.1016/j.microme-
$0.2013.11.019.

[51]. Al Farraj, D. A., Al-Mohaimeed, A. M., Alkufeidy, R. M., & Alkubaisi, N. A. (2021). Facile synthesis and
characterization of CeO,-Al O, nano-heterostructure for enhanced visible-light photocatalysis and bactericidal ap-
plications. Colloid and Interface Science Communications, 41, 100375. doi.org/10.1016/j.colcom.2021.100375.
[52]. Chen, W. J., Hsu, K. C., Fang, T. H., Lee, C. L., Chen, T. H., & Hsiech, T. H. (2021). Structural, optical char-
acterization and photocatalytic behavior of Ag/TiO, nanofibers. Dig J] Nanomater Bios, 16, 1227.

[53]. Feng, C., Zhang, L., & Cheng, Z. (2020). Preparation of Spry-Liked CdS-TiO, One-Dimensional Compos-
ite Nanomaterial and Its Photocatalytic Degradation Efficiency. ChemistrySelect, 5(7), 2142-2147.

[54]. Shafique, M., Mahr, M. S., Yaseen, M., & Bhatti, H. N. (2022). CQD/TiO, nanocomposite photocatalyst for
efficient visible light-driven purification of wastewater containing methyl orange dye. Materials Chemistry and
Physics, 278, 125583. doi.org/10.1016/j.matchemphys.2021.125583.

[55]. Kader, S., Al-Mamun, M. R., Suhan, M. B. K., Shuchi, S. B., & Islam, M. S. (2022). Enhanced photodegra-
dation of methyl orange dye under UV irradiation using MoO3 and Ag doped TiO, photocatalysts. Environmental
Technology & Innovation, 27, 102476. doi.org/10.1016/j.¢t1.2022.102476.

[56]. Razavi, F. S., Ghanbari, D., Dawi, E. A., & Salavati-Niasari, M. (2023). Electrospun bimetallic Au-Pt/TiO,/
BaFe12019 nanofibers as promising photocatalysts driven by visible light: synthesis and characterization. Jour-
nal of Science: Advanced Materials and Devices, 8(2), 100559.doi: 10.1016/j.jsamd.2023.100559.

[57]. Tai, C., Zhang, Z., Ji, X.Y., Ma, J., Han, X., Wang, R., Lu, Q., Wei, M., Si, C., Chen, S. & Guo, E. (2024).
Ternary heterojunction of 1D CeO,/TiO, nanofibers decorated with In2S3 nanosheets boosting the photodegrada-
tion of organic pollutants. Surfaces and Interfaces, 104177. doi.org/10.1016/j.surfin.2024.104177.



Petroleum Research
Petroleum Research, 2025(August-September), Vol. 35, No. 142, 29-31
DOI: 10.22078/pr.2025.5562.3470

Structural Decoration of Titania
Nanofibers with Ceria-Alumina Composite
Nanoparticles to Promote Photocatalytic
Performance in the Dye Wastewater
Treatment

Zaniar Hasanzadeh, Farhad Rahmani*, Mehrdad Khamforoush, Rojiar Akbari Sene , Avin Zandi
Department of Chemical Engineering, Faculty of Engineering, University of Kurdistan, Sanandaj, Iran
f.rahmanichiyane@uok.ac.ir
DOI: 10.22078/pr.2025.5562.3470

Received: October 28, 2024

Introduction

The rapid expansion of urban areas and population
growth has led to excessive exploitation and discharge
of natural resources, resulting in severe environmental
pollution—particularly water contamination. Among
various pollutants, synthetic dyes pose a significant
threat, accounting for approximately 17-20% of
global water pollution [1]. Methyl orange (MO), an
anionic azo dye widely used in multiple industries,
is especially concerning due to its high solubility,
toxicity, and persistence in aquatic environments.
Due to the inefficiency of conventional wastewater
treatments in removing dye pollutants, photocatalysis
has emerged as a promising alternative, offering
effective degradation of organic contaminants into
harmless byproducts like CO, and H,O. Titanium
dioxide (TiO,), a widely studied photocatalyst, offers
advantages such as chemical stability, strong oxidizing
power, and environmental compatibility [2]. However,
its nanoparticle form suffers from drawbacks including
agglomeration, difficult recovery, and potential
secondary pollution. To address these limitations, one-
dimensional nanostructures such as TiO, nanofibers
have gained attention due to their high aspect ratio,
directional charge transport, and enhanced surface
area [3]. Despite these improvements, TiO,-based
nanostructures still face challenges such as rapid
electron-hole recombination, wide bandgap energy,
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and limited pollutant adsorption. To overcome these
issues, composite nanofibers incorporating functional
nanoparticles have been developed. Cerium oxide
(CeO,) stands out due to its strong redox properties,
non-toxicity, and ability to trap charge carriers via Ce*"/
Ce’* redox pairs and oxygen vacancies [4]. However,
CeO, nanoparticles tend to aggregate, reducing their
catalytic efficiency. To address this obstacle, CeO,
nanoparticles should be immobilized. y-Al,O, offers
high surface area, thermal stability, and environmental
friendliness, making it an ideal substrate for stabilizing
CeO, nanoparticles [5]. This study introduces
electrospining TiO, nanofibers decorated with varying
amounts of impregnation synthesized CeO,-AlO,
nanoparticles (1, 2.5 and 5 wt.%) for the first time,
and evaluated their photocatalytic performance in
degrading methyl orange under UV light irradiation.

Materials and Methods

CeO,~ALO, composite nanoparticles containing
30 wt.% ceria were initially synthesized via an
impregnation technique. A mixture of cerium nitrate
hexahydrate (Ce(NO,),"6H,0) dissolved in double-
distilled water and alumina was stirred and heated
for 3 h, then dried at 110 °C for 24 h, followed by
calcination in air at 550 °C for 4 h. To fabricate the
photocatalytic nanofibers, varying amounts (1, 2.5, and
5 wt.%) of the synthesized composite nanoparticles
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were added to an electrospining precursor solution
containing titanium isopropoxide, ethanol, acetic
acid, and polyvinylpyrrolidone (PVP). The mixture
was homogenized, sonicated, and stirred thoroughly
to ensure uniform dispersion. Electrospinning was
then carried out under optimized conditions, and the
collected nanofibers were placed at room temperature
before undergoing final calcination at 550 °C for 6 h.

The photocatalytic performance of the synthesized
nanofibers was evaluated through the degradation of
methyl orange (MO) under UV irradiation. A 1000 mL
Pyrex reactor equipped with a magnetic stirrer, ice-
water bath, and a 125 W medium-pressure mercury
lamp was used as experimental setup. For testing,
photocatalytic nanofibers (0.5 g/L) were dispersed
in a methyl orange solution (20 ppm). Prior to
irradiation, the suspension was stirred in the dark for
I h to establish adsorption—desorption equilibrium.
The reactor was then exposed to UV light to initiate
photocatalytic degradation. Samples were collected
at regular intervals, centrifuged, and analyzed
using a spectrophotometer to determine pollutant
concentration.

Results and Discussion

Catalyst Characterization

To examine the physicochemical characteristics of the
photocatalysts, various techniques including XRD,
FESEM, and EDX were employed. According to XRD
analysis, both crystalline phases of TiO, (anatase and
rutile) are formed in the titania-based nanofibers.
However, the identification of the crystalline phases
of CeO, and AlLO, in the nanofibers containing
Ce0O>—Al20s nanoparticles is difficult due to the weak
intensity of their characteristic peaks. This could be
due to the low loading amount of these nanoparticles
and their proper distribution in the titania nanofiber
structure. FESEM images revealed that CeO>—Al:Os

sample consists of very small adhered nanoparticles
of approximately equal size together with a dense
structure and a rough surface. In contrast, TiO:
nanofibers doped with these nanoparticles showed an
entangled and porous morphology from nanofibers
with nonuniform diameter and size. No visible
nanoparticles were observed on the fiber surface,
likely due to low loading and uniform dispersion. EDX
analysis confirmed the presence of expected elements
(Al, Ce, and O in nanoparticles; Ti, O, and also trace
amount of Al, Ce, and C in nanofibers) and absence
of impurities. Detected carbon can be attributed to the
residual of PVP, which was not completely destroyed
during the calcination process.

Photocatalytic Performance

The photocatalytic degradation of methyl orange was
evaluated using pure and CeO>—Al0s-decorated TiO-
nanofibers under UV light for 2 h irradiation. As shown
in Fig. 1, photolysis alone removed only ~12% of the
dye. Doping TiO: with CeO>—Al0s enhanced pollutant
adsorption and improved photocatalytic efficiency.
The highest degradation rate (74%) was achieved with
1 wt.% nanoparticle decorating, attributed to enhanced
adsorption capacity, uniform nanoparticle dispersion
within the nanofiber structure, and strong interfacial
interactions—previously confirmed by FESEM
analysis—which likely contributed to improved
charge carrier separation efficiency. However,
further increasing the nanoparticle content to 5 wt.%
reduced efficiency to 66%, likely due to a decrease
in the number of available optically active sites,
reduced light absorption, and enhanced electron—hole
recombination caused by structural defects in the TiO-
phase. Moreover, the kinetic study indicates that the
first-order model provides the best fit, as evidenced by
its higher correlation coefficient, which is closest to 1
(R>>0.99).

100 [ Performance test conditions
Photocatalyst dosage= 0.5 g/L
MO concentration = 20 ppm
Initial pH = solution pH

80 [ Dark time (UV) =60 (120) min

Efficiency (%)

Photolysis TNF

AlCe(1%)-TNF  AICe(2.5%)-TNF

1 Adsorption
 Photodegradation

& Overall removal

AlCe(5%)-TNF

Fig. 1 Photocatalytic degradation of methyl orange under UV irradiation.
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Conclusion

Based on the characterization results, structural
decoration of titania nanofibers with an appropriate
amount of ceria-alumina nanoparticles does not
cause a noticeable change in the crystalline structure
and morphology of titania nanofibers. However, the
removal results demonstrate that incorporating an
appropriate content of CeO>—AlOs nanoparticles into
TiO2nanofibers markedly improves their photocatalytic
performance in methyl orange degradation. The
enhanced activity of the AlCe(1%)-TNF sample stems
from favorable structural and optical modifications,
such as increased adsorption capacity, well-distributed
active sites, and possibly efficient charge separation.
Higher loadings led to decreased performance, due
to active site blockage, the decrease in the number of
accessible active sites and likely increased structural
defects. Furthermore, kinetic evaluations confirmed
that the degradation process adheres closely to a first-
order model.
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