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In this study, the MnCeOx/TiO2 photocatalyst was synthesized, and its performance in
the visible-light photocatalytic decolorization of four organic dyes, including
methylene blue (MB), methyl red (MR), rhodamine B (RhB), and malachite green
(MG), was investigated. The highest decolorization efficiency was observed for MB
(=92.4 %), while the efficiencies for MG, RhB, and MR were =65.5, 24.8, and 19.3 %,
respectively. Using response surface methodology (RSM) with a second-order model,
the effects of pH, irradiation time, dye concentration, and catalyst dosage on
decolorization were evaluated, and the optimal conditions were determined as pH ~
3, irradiation time =~ 35 min, dye concentration = 7 ppm, and catalyst mass = 0.3 g.
Mechanistic analysis indicated that the generation of reactive oxygen species through
electron-hole separation and Mn/Ce electron traps is the main factor in chromophore
degradation. Kinetic studies showed that MB decolorization follows a pseudo-first-
order model with k = 0.0471 min' and a half-life of =14.7 min. The results
demonstrate high photocatalytic activity, stability, and reusability of this
photocatalyst.
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Table 1: Comparative review of previous studies on the photocatalytic removal of organic dyes using TiO,-based nanophotocatalysts and comparison

with the present work.
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photocatalysts light
7 NiO/Ag/TiO, MB, RhB Vis Complete degradation of MB and RhB: high reaction rate (15)
. . MethyI
8 TI0, HEAET SRl Orange uv Increasing of photocatalytic and adsorption activity with TiO,/AC (16)
carbon (AC) (MO)
Fe/h-CeO; hollow - RhB PDE~54 % at 180 min: demonstrated the importance of
9 c RhB Vis . 7)
microspheres compounds and hollow microspheres
10 Review of '_I'lOz-based MO UV-Vis Review of developments in covers and heterogeneous bonds for 18)
coatings degradation of MO
. Violate . Using of RSM (optimization of pH, time, catalytic charge)-
4l OO, (2 Crystal S desirability=1 for some cases (19)
12 RSM in photocatalysis — — Introducing of RSM for process optimization (20)
13 palze LS MO uv Proposing mechanism and improving performance for Mn-TiO, (21)
nanocomposite
14 Fe-modified Ce/TiO, — — Improving of catalytic performance and dissociating of charge (22)
. Comparison of four dyes degradation, investigation of photocatalytic
15 MnQer/T|Oz LR Vis study for optimal dye and optimization of time/pH with RSM (CCD), Bl
(optimized catalyst) MB, MG T=40 °C work)
O = 035581 T aly (,5 OIFA) oo Sl s 5 (S Moy ‘f,)mu‘w_f

2 L PH 5 43l o]y (o5 <91 enliy iSney sbno
500 °C sl ;o 052 Celu du 5l g 0 o2 V4 /D g0
30 g Ay Slo Jol> Jgame oot slod 10 (g3l el g
Gloo o oad SLis o ol o s S VY- °C sleo
Jol> olas 595l b 0ys )F ST el iy Dy -+ °C

O

G299 29305 o lull Y
S5 3568 (6555 5 (Somd (Sl Sla Sy (o) sskaiens
olwlis slayses! 5l slacgaze (MNCEOXTIOR) ooty

(XRD) Sl 55550 Gl 09031 ol psboas s el a2ty
Cu-Ka V/OF-# A) il 4 jee Philips PW1730 olSws alwgas
slaB Lol sl a0 Ae B Y- 51 V0 (glaggly oogass ;o (A=

‘))-*f’ adl; 3o,k 5l Laysl ojlail (1Sl 5 (S0 55k 450 <555k

1. Scherrer equation

Bd yxo g Slgo ==Y

G99 Slodg (S (ool mhaw b (Bpae (lend Slge (olod
el aaSTss o soliul 3Ll 5lu alls 4365 a sloxl
Mn(NO3)2.6H20) 3:Kio &l i (gu T LS so s A9/2 TiO2)
5 (40,0 33/ (NH2)2Ce(NO3)6) posigal o s &l s o(auoyd AA
S a4 adgl dlse lgieds (o ,0 43/4 KMNOs) sl liKie
(MB) sk oyhite (RNB) (o cmalos, dMR) o, o (slal 5, s,
g oad 5yl Hladl e eS8 5 (MG) 1,5 coiVle
W gl 030 ol L o Jglone

MnCeOyTiO2 (5,85 595Gl angs —Y—Y
Aty (39 S Ly MNCeOLTIO2 (5,9 55 JLS
oo axlllas 15 45 s yed by, ebly MNCEOWTIO: = +/)
P Ti02 Jla, 5 A (g, (nl o 000,5 ad g 00y (g5luatage (A)
B0 Ko &l Jelore i oo V¥ 5 03,5 ouiST, o3ge o

YAV-YIY F(1E:E) 13 /55) 509U 9 pgle (Sole dy juis



e 195 )3 ST 6l L83a 3 MnCeOL/TiO;: (595 193G S yShac (b))l / S )5l sl o pians

O ygmody iR a9 0dd bzl wiloa s iie Lad
ol A.oﬁl; )S)-o) 60)3)[5 9 4)‘)3]9; U"‘"U 5 KSRV

% 595961 slagyge;l —F-Y
103555 sl eabizin CundblS s (555 sl bl cullad
O 53 8 CetVle g 5l Gl c o ealdg) ) e Lol
Voo OleS b osi LED oY (bl 95 aie ol (g 2t (S0 )99
VO aold o aS 05 8 MWIEM? sga> ials Gad g lg
5 et Jsloes s 5 e sl

3l b £ o cn JBIS 5l 0,5 /YO ol o o
3 e 5 i i ks T sl S L 155, sl
Jols B ol 003 (S0 0 aado Yo Soway Jolowe (il el
Laasgas 5 9 ST (S0 558 G s 955 180 (rlaw 3
b islesl soled ;o Los aiods culiloyy aaBo YO U+ Slej o3l yo
Al axdly a5 coli Fr °C ayge ade jo

Sooslaiwl L) ag0F pedas VY g VY jolie o by Jgloee pH
3o 0aieils y sledigas (HCI g NaOH Yoo +/V (slo Jolxo
2 by e anion slagae Jsb )0 )9 @3 ) sl il S
(MG: 617 nm 4 MB: 667 nm (RhB: 554 nm MR: 443 nm) 15,5,
oSS 0o F 18 o w5550 UV-ViS olKus b
8 dalone ¥ alaly bl (PDEY (5558 (sl 93015

PDE(%) = (1 — ) x 100 8

3wt 9 Gl >k —0-Y
Sl Fie Joelse Jolite 5 69,8 Ol Sl (o) jslareass
Lol e 5 (MB) i 1355, 5,59 (6,518 (lo3e5,
w5 o bl o (RSM) el mhans () 5l lilas it
LSl s 4y b ol ol sslital (FCCD)® g 0 02 (535 0
slasi 1als g (Hly (Slboe slaosguze )3 Lo jiie polaw iy po5
o=l 58000 ,5 Gl ;o gt silo o sl o ioles]
5 ¥ o3t )5 (A Jole) Joloma PH ol Jitos ite Jlg callins
adgl clale (a2 Bo YO U O oogaze 0 (B Jole) il yloy o))
G5 59501 ke 5 O MY/L L5 8 o 4o (€ Jole) 155,
S 00, 5 YO L /N0 oogaxe o (D Jsle)MNCeOX/TiO:
Shiles Luls b 5+ °C Los o talejl caled o it a2 5

3. Photocatalytic decolorization efficiency
4. Face-centered central composite design

008 sl
Nicolet oo Ly (FT-IR) 4,58 ool 7 g8 (il
oy bt jglated s Fe oo v v cml ol 10 iS10

o] Jleo (ol slo S er g Jale sloog 5 olierd
A plosl TIO2 a5 (5308

S5 a4 (UV-VIis/DRS)  bye — bl 3 oU5L b
ode L8, L ad)F 1,8 eolatul 90 Evolution 300 olSiws
MnCeOx a1 51 iU &l s ¢ (Eg) Hles BLS (65,3 «5 595
adul; elslp jlos BLS (65,5109 ,5 (o) TIO2 )3 (53 S 090
0 dploee () alail ) STl

(ahv)*=A(hv-E,) m

S 3V SO, b D esin s o byl ol o &S
el Hles BT (65 51 Eg g ecnmlis Coll A ¢ ygig8

Slen, DS me g (eelidicdn ) Gla Shy esalis sy
=52 (SEM, VEGAS) (g (59 7SIl 058y Sn L (ooeas
s5batedsy (XRF) (S0l (55550 ilan, 85l (9051 o1 LS 50 5 0
2 ;3 Ti 5 Ce M jolie jpa ol g (5 pate oS 5 (s
3,5 18 eoliiul 9550 (5558 595

olSiws Ly (BET) (g, wwizrly —od (gl ecnl 2 ogdle
oz w0ig g Crlans (655030l ¢l BELSORP Mini II
S S S o alal, b o) 54 J8le ojlal @95 9 e
45 Sl ;55 (Ll 305 (o 6398 559508 (2L g o
Slpsesl Jol5 gl (e i (Ysb g )85 5l g xSslr jslateny
a5 Lo 5l el o @, LeaS5 s o 635 955 ol
395 SLeyg Il (l (Soid Lo Sy 9 s g S 5
00d a0l 5 GHIT (M) sty (i i 5 palr D900
L MNCeOx/TiO2) aigy aigos 3l oolaiwl ay Lpas allie (ol jo el
2 0l 835 G395 0, Shoe (o)l 5 (1) (o559 S
e S 0 Gl el oas sl Gl SIS, ol S,
5 XRD (55 waiilss Lawgs MNCEOXTIO? (6,5 53515 Lo
Ul o BET gl 5 UV-Vis 5 FT-IR Gl SEM y5li
Lo jullT oyl (S1-85 (gl JS_) sl oty il LaS5 (slmosls
8 elio Cy, MNCEOUTIOZ CyjpmalS il oge S5
ol S e w1 ool (sloyamgie Jiile 5 Lo g MN c3lgiSy
S5, Sgibw c2hlS Jlod p pol dllis S 505 Sao b e
i Sl 008 SLSSTRSM (b)) 4y 9l 3 leainge 5 215

O ygmds 5 Gty 4S5 (el g (5 L glmodls 1SSl s 5

1. Tauc plot
2. Supplementary information

YAV-YIY F(1E:E) 13/ 55) 509U 9 pgle (Sole dy puis



e 295 )3 ST 6K ) B3a )3 MnCeO/TiO: ()95 )9 3L 3 pShoc (L)l / S pdlus by ) pians

sloosls Lisw ;081 gz ;0 g oo dawloe 00lo dcgoze 2

el s ) LoSs

2193555 aialyh p 2STg lo il Y

Sl (sloo i 5 250 St B e 5 Lo Sl
(*0275 *OH) o s Jlsd sloassS colale olidl a0 s
plod ;0 4 (S1 Jousz 5 (@C) NV JSi) ols ylis zulis 04 g0
13K a3l e iBs YO B D Sl STy ey Gl L el
ool pH=Y o Jle gl o )ls glaaxMe B ol
A28 10 2o, YOI 4 0 adds )0 as» YFIV SIMB 1K,
Yo 5l MG gos,0 Y0 au A/7 5IMR ol i o 50 .00, YO
telie 959y 53 PHEY o esl alpSlao o MYl e &
Dgm y S Sel sl s ol Gk s e i edalive
Sl a5 adl als 085l (al 3l Sy @l B8 Ve 3902 5l
sk ol e cpl o sl Jolss cdle 4 STy Gt Suop
Lsgi 5Bl b Jlab sl Ko 55T 45 555 o ol
Sy by (10355 S p g Wilond JRSISS) slasSIga
3 i slagley sl oud plonil la o) 2 058 o0 J 505 i
= 9 Sl oo Bl bl Ly 185 51055, 003l a5 ols )las 4z 8o YO
YO Hloj eonlply 0gd o onnlice spzsi BB ialiél Lolul oyl
A ol g ol lgrea ando

1. Lack of fit
= MR €))
80 | = MB
RB
u MG
S
a
a 40
0

25 30 35

5 10 15 20
t (min)

Lr'él’) LSLQJB\*" dzwgs g osls LS)LJ J.».L'z.u su.,.aLo)T L;>-|).|a
i gl .8 )5 ol Design-Expert 11 15816 5 51 oolasul b
S8, oyl (gl g 0l a1 E S s Dy g—ody
00,8 oolaiwl pgs a0 Slalezaiz Jow 5l 5,85 (595068
wolyme (ANOVA) il ls Jdos 5,k 5l Jow colas™ b))
Voo . - N - . “
&5 st 9 G0l Ol (el (ol Jyusi R? 9 R?) (e
S L sldes age baylyi ol jo ol bl laoasle 8L
O yg—ody bl jliel g el (5598 (5595068 o) g 5lwaiin
a8 ..\..,L, &bl

e g b =Y
MnCeOLTIO2 Zu 550 93 (5555 (5,956 & Shoe (250 nal 5o
s plee dMR) ) e ol JT 61355 oz (210555, 50
cli gl ;5 (MB) 51,5 iVl 5 (RNB) s (yeelos, (MB)
Lol s 50 sl sl ol 48 18 (o 3,90 F1 °C
O 5l STy Gley o3l g (VY 5 Y oY) alizea pH jlado ans ( laioro
Buae a5 Ll lal aid )3 a0 Sy ye Gl 0 a3 YO U
odaliandts 6,5 950U i LIS (omy 2 SRR cnl el
59 S Sl (led e Ll 8 o iy adlllas
Y oS sl 1) bl b talesT 4an ,o MNCeOX/TIO,
Lol e sl 210555, glagilel ads as ool S5 4,
ol oa s oLl JE e, S5 o Jola > U lee
spbedy s 1SS aw ol gl (aSlee e S 53 ad 5155
Sl g Gllas o) 5 Jlene Sliail daosls (5,30,1,55 o)

® MR (b)
80 rmMB

RB
= MG

PDE (%)
5

5 10 15 20 25 30 35
t (min)

PH=Y (©) 5 PH=V (0) PH= ¥ @) ;0 oo i Cnc Bl 5l ooliinl b calizes glaliSS, 210335, 005l 5 oyley 31 &

Figure 1: Effect of reaction time on the removal efficiency of different dyes using the synthesized catalyst at (a) pH = 3, (b) pH =7, and (c) pH = 11.
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Figure 2: Effect of pH on the photo decolorization efficiency of different dyes — (a) Methyl Red, (b) Methylene Blue, (c) Rhodamine B, and (d)
Malachite Green — using the synthesized catalyst.
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Table 2: Experimental design matrix and observed responses (PDE) based on central composite design (CCD).

Independent variables Coded low Coded high

A: pH

B: Process time (= t) min
C: MB concentration (=C) ppm

D: Catalyst weight (=m) g

RUN A B C
1 11.00 35.00 5.00
2 11.00 5.00 15.00
3 3.00 5.00 5.00
4 11.00 35.00 15.00
5) 11.00 5.00 5.00
6 11.00 5.00 15.00
7 7.00 20.00 10.00
8 7.00 20.00 10.00
9 3.00 35.00 15.00
10 7.00 20.00 10.00
11 7.00 20.00 5.00
12 3.00 5.00 5.00
13 7.00 20.00 10.00
14 3.00 35.00 15.00

-1 < 3.00 +1 < 11.00
-1 < 0.00 17.50 +1 < 35.00
-1 < 5.00 7.50 +1 < 15.00
-1 0.15 0.25 +1 < 0.35
MB PDE (%)
D
actual predicted
0.15 74.8 76.54
0.15 1.95 2.17
0.15 18.40 23.31
0.15 71.20 71.30
0.35 1.20 1.75
0.35 1.05 4.63
0.25 32.28 33.74
0.25 32.28 33.74
0.15 75.10 74.11
0.25 32.28 33.74
0.25 36.34 33.96
0.35 17.90 18.97
0.25 32.28 33.74
0.35 73.80 77.52
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Table 2: Continue.

Independent variables Coded low Coded high
15 7.00 0.35

20.00 10.00 31.88 31.38
16 11.00 35.00 15.00 0.35 87.40 82.06
17 7.00 20.00 10.00 0.25 32.28 33.74
18 11.00 20.00 10.00 0.25 34.62 36.58
19 11.00 35.00 5.00 0.35 88.10 87.85
20 11.00 5.00 5.00 0.15 1.30 1.26
21 7.00 20.00 10.00 0.15 30.58 28.17
22 3.00 35.00 5.00 0.35 92.40 91.74
23 3.00 35.00 5.00 0.15 90.20 87.78
24 7.00 20.00 15.00 0.25 29.11 28.57
25 3.00 5.00 15.00 0.35 15.60 13.43
26 7.00 20.00 10.00 0.25 32.28 33.74
27 3.00 5.00 15.00 0.15 16.90 18.32
28 7.00 5.00 10.00 0.25 15.77 8.75
29 3.00 20.00 10.00 0.25 51.48 46.6
30 7.00 35.00 10.00 0.25 75.59 79.7
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Table 3: ANOVA results for the quadratic model.

Source Sum of Squares - Mean Square F-value p-value

Model (significant) 24849.57
A-pH 451.60 1
B-t 22650.43 1
c-C 130.84 1
D-m 46.40 1
AB 177.56 1
AC 70.98 1
AD 54.02 1
BC 75.26 1
BD 68.89 1
CD 0.3025 1
A2 159.82 1
B? 284.77 1
C2 15.82 1
D2 40.76 1
Residual 223.08 15
Lack of Fit 223.08 10
Pure Error 0.00 5
Cor Total 25072.66 29

1555, adgl cdale () 2aSTs ol
Jos o)l 055 28ly slaaxly v (M) e JUBS jlaie 4(C)

5 PH e s oY d..la.gl) 59

AU eamaplts (Sl laj an byye Sote cupd ailons
(PDE) (210335, 003l o sl ooy (ialidl caali8l o euiinns
o] 3 LaSs 5 b (sladisS alys oo b il 4 a5
O S5l PH ite co o Jilie ;0 050 o 00ls s toluS]
Sl ol czge GiaSTy dame S SLIS ol sl as ol
P [l et 5 (B0 Tl o 45 358 o0 (5558 )95
9 395000 g G (Slbiwg SN iS00 a5 5 950U
Ol (C) 1355, adgl cdale cuto o po .0l 1355, slaJ9SUge
i3l 4 e Sl nal3El codd a1 0390 )0 4 A3 o
s YLy i a5 o 0 g o o555, (o mlls o3l
2 e ol e G S5Le (M) 9500 Jlade 4y bgaye (Jas
659 S350 sl iiSly slp i Jbd slaplSe s5lapal 2
P> 4,5 ko (sl Sy (hie i pd 2925 (I (nl Lo

1774.97 119.35 < 0.0001
451.60 30.37 < 0.0001

22650.43 1523.01 < 0.0001
130.84 8.80 0.0096
46.40 3.12 0.0977
177.56 11.94 0.0035
70.98 4.77 0.0452
54.02 3.63 0.0760
75.26 5.06 0.0399
68.89 4.63 0.0481
0.3025 0.0203 0.8885
159.82 10.75 0.0051
284.77 19.15 0.0005
15.82 1.06 0.3187
40.76 2.74 0.1186
14.87 Fit Statistics
22.31 R?=0.99 Adeq Prec=34.10

0.00 Adj R?=0.98 Std. Dev.=3.86
- Pred R?=0.95 C.V.%=9.43

5lyean; a5 Adeq Precision (Y§/1+) WYL jlade ¢l 5 ogdle
slosliil Solls 5 Jus JUSw olsS ol ¥ ogllas v I iy
S o a1y gy Ll (s 5 (2 6L leny sl o
oa bl pgs az 1o Jos S e co LS bl Cpl (Egaze (o
ooty Wlgi a5 0392 conslin SalST g3y (ol (slaosls Julos sl
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g se o T ab,
PDE=28.23-11.44(pH)+0.06(t)+1.35C+157.29m+0.06 (pHxt)+

0.10(pH*C)+4.59(pH>xm)-0.03 (txC)+1.38(txm)-0.28 (Cxm)+
0.49(pH?)+0.05(t?)-0.10C*-396.6 1m? )
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Figure 3: Three-dimensional surface plots illustrating the effects of binary interactions of the operating factors on PDE.
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Figure 4: Contour plot showing the effects of binary interactions of the various factors on PDE.
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Figure 6: Box-Cox plot for power transforms.
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of MB under MnCeO,/TiO, catalyst.
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Figure 11: Plot of In(C,/C) versus time for photocatalytic decolorization
of methylene blue fitted to the pseudo-first-order kinetic model.
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