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Abstract

The fast growth of technology along with the expansion of industries has exacerbated environmental

pollution. The diversity and broad application of various chemicals in the textile and agriculture
industries, and eventually, the release of wastewater of such activities into the environment is a severe
threat for aquatic ecosystems. Advanced oxidation methods based on the production of active species,
such as hydroxyl radicals, nonselectively destroy a wide range of contaminants. Among the advanced
oxidation methods, heterogeneous photocatalysts using semiconductors attracted a great deal of interest.
In this project, Pd doped WO; nanoribbons on a graphene substrate were prepared via the hydrothermal
method and were used as photocatalysts to degrade a textile dye (Acid Blue 92). The effect of Pd and
graphene incorporation on the surface properties, morphology, and photocatalytic activity of WO;
nanoribbons was investigated using XRD, BET, SEM, FTIR, DRS, and XPS techniques. The BET results
demonstrated that the synthesis of WO; nanoribbons on graphene oxide substrate and the reduction of
obtained photocatalyst in the H, atmosphere increased the surface area of the photocatalyst up to twice its
normal size. In the next step, the ability of the photocatalyst to degrade blue-acid 92 textile dye in the
presence of visible light was investigated and the degradation rate was calculated. The results confirmed
that the reduced nanocomposite in the presence of H, atmosphere in comparison with other samples has
the highest dye degradation rate of 9x10”min™' with an efficiency of 60%. This nanocomposite, with its
high surface area, facilitates the adsorption of dye-molecules on the active sites of the surface, thus
greatly increasing the rate of degradation of the contaminant adsorbed on the photocatalyst surface.
Eventually, different kinetic models were applied to investigate the reaction kinetics, and in each case, the
correlation coefficient was calculated. The results of correlating the experimental data with the kinetics
equations depicted that the dye degradation kinetics according to the Langmuir-Hinschlod model has a
quasi-first-order mechanism.

Keywords: Photocatalyst, Semiconductor, Textile Dyes, Tungsten Oxide, Graphene.

Journal of Water and Wastewater oML gT e

AL
Vol. 33, No. 1, 2022 VEN Jlod) ooled MF oy &



e-“i"!};' Yo

dx.doi.org/10.22093/wwj.2021.296925.3174

ARV F tazmino o) o,lods FY 0590 (ML g O alxo
Y MV—@T i Oy 9l Ol Bl g L
B ps 3 Y boud Lo ¥T (ks vsl

\ AR \ I
dﬁﬁpg};J“(ﬁ.bJ&‘M‘ WDJL'G'“

« 3l slass9lid 5 pole 0uStdgs; ccums jlasxs 09,5 ¢ Lokl -\
Oyl el 5 ey Zaiio olKitdls e jlasse g
sh.ghasemi@sharif.edu (Jstuo oiu s)
sl 9 ol as3 il Glocs glis 5 ple 0uaSimgsy ol 09,8 ¢y =¥
Ol el wdy pi taio olKiils
CudS (s sdSLails “5%..:: (w0 o,; s)liéb.u‘ -y
Olnl eeigs )b els olStils oy 2 9 515

(e /AN ol Ve VA il ys)

1w lo & PISI ) Oy 4 dlio cpl 4 £l (Sl p
AY sl (2T (ol B35 (5 9L Ol (FsdB1S 530 o 3357 A o ) T (59 3 €0 4213 0 o o onslB
Doi: 10.22093/wwj.2021.296925.3174 .Aa-1 - £ (V) ¥FY (oMo 5 0T alone " 05155 s 32 029¥G L 04 i AT (5SS dasST

0 S

- “

Slys 1o 3,2, (53 5 £ sl BRI Jlo > s (6 53T el 55550 3 S5935iS5 g
S Mg S sl ) @luo (ol (Sailonny 3959 Caled 53 9 (65y9LiS 9 (2 lud Wile il galio 43 (o bowsd
oSy L JLSG!) ale JLad (adisS Wgi arly 2 b iy gmliensST Glapig, ol (2l GapiunwsST sl
&y ygpmm ST SLB (W95 (e 13 IS 350 (LB gl jebay 1) L (F39dT 5 sty dicwd 0l o0
Ol Aiid 4n g7 3 ygme ylmn 23901 (SLoal Anucl 45 3gad o0 03Ww! o g0 51 LT 45 4F HRodU gV g8
Sy 59 Sl Candi5 58 ylgicds 3105 s 0 o 3Wh 01,3050 b o0l (Wiu¥T S aanST (610 ygm 593U ¢ piR 952
w3l 1,390 b g Wi i (81,5 s 39 2lo)S IV gy & WO (51d yam 593U tivnd 03Wiaw] AY suwl- ot (5l
U155 Sl 5 s 5505898 2 (9155 5 VL Gl B s i YT il 5lo s, 42 00 Lo
Ji ¢ g 5SI oming y oSy ySero BET soinss JES ! il il py g BCSiST 51 a3litiuw] Ly WO, (18 390 503l
LT ole 25 i o Sl 952 397515558 s <] gla = 5 30 (U3 e 30,5 393ls 459
13 Aol U538 Ll 5 sy lawST 31,8 it o i dpunST S0 y9me 93 5 45 315 3L BET soins 556
b 4 s Cand 538 oy Ulgd col3l )3 i ol p1 93 U dhaols Cannnd U5 58 gebns v lans g l331 Caly (350,00 asnod]
o e dmwilie e 59 (WS g Ca gt Sl g G oy 3 (20 599 s 5D AT ! — ] alid Ky 5T 40
G 350 S gt (2 it (51415 BAIg0d pilw b dg Bl 45 Hy 518 @jalomo 1 o0 Linl g j9r0l8'93l aS 315 Wi sutel Cawday
saad STy sl sNse o el aw Corluns (3iub1d b o 50polS 93 (3l cConsl wuoy3 S0 a2, LA x Vo " min” S,
G U Cunnd U538 e (595 0ud @ 0¥ T g y507 Cas g dod 43 5l o0 bl el Jlad sl (g9, 1, ST,
2 S y9—0 p2 53 9 b 03] STy Sl (o) 32 joliiods Ao (St e Culed )3 b0 LRI 53L5
Jimo Ly (3lbne 5 g 505 S 45 313 (3 j 95k c¥aln b 2,205 clo0dl5 3oLl 1 ol guss o dpawlono (e

3,15 Jgl da 10 i S0 cdghuivud — uoSSY

LT iS5 3puST oalins GlaS) (s3laans wundBlS 5398 (sl slao s

Journal of Water and Wastewater ) W s,JT E O

Vol. 33, No. 1, 2022 VEY Jlo o) osleds FY 000



U

dx.doi.org/10.22093/wwj.2021.296925.3174

‘}.QL..; ;ﬁj LF}L’ yL...g Slu,/b”ff}.ﬁ [y s

oe 52,8 Gl el (S e 58 Sl s 53 5 03] e
oslitl (5 e 5503 gm0 53 |, \—ej Olsz b e, 55 JU1S 28 )
.(Padervand and Jalilian, 2020b) 5 S

23S0l i e 4 Sl sl b el
G35 Be Ly (Pelaez et al., 2012) il Jlad 5 o >l
R N B Y CH PN FRRCIE Y FRPE S PR
sl 55 o S e ot s s
1l s o0 G ST 5 Lol ol b bl yon 2l
58 Jsd ool 51 S bl a3 a5l 25 T,
Bl JialS S g4l o bl jaes s bl cools
4S'5,5 5,505 Wb Ll .(Padervand et al., 2012) ol (555!
Ol e wils wal g3 JLis 0 SISt (6551 B zalS
L SaSus) SUls el e e o550 Ols jials s
35—t 09 S 50 i Lo Lol Suusl]
o=l alé gl o Lasly .(Backhaus-Ricoult et al., 2014)
3 S5 2l 4 0l 5 e dlor 0T 514 5l 5 s SIS
S RS, Ll slada Jlsle s 0 S sl 54l
L galoias SO ol st S sl ol il 0 S a5
Sl S8 Sl a2l s s 55,1 IS
W eesgus) YU SO Jae ansle SGoS0l 5 65 55 4501~
(JELLEINY0) s ol o35l 5 Canslin (JKLLISLS
oSS UL, ((5000W/mK ) sy 5 o5l bl
daloa slada) 3L 5oy o o le (200000cm’/Vs) Y.
Sl Sz sz wly b s (p5 2 mmmY Y s
.(Kaplan et al., 2017, Rao et al., 2009, Geim, 2009)

o A ol Kl slo JUS 5
eI 55 b s a8 el pe 5 31t S
sy 55 Job slny L shass 555 51 s o ls iz
Lol sliss sl ol (215311 135135 e 3 e
L .(Di Paola et al., 2014) .ol o 2ol 53l ol 5o Jled
sl slaJals JUisl e 5 03l 2l S
i 3 058 S5 Jaml 5 il iyl el
ool i ol 1l a8 S o3l o sl e 2alS
SLo ol L5 0 03 oy s 5 gm0 a5
.(Nishanthi et al., 2014) 5 35 oSk

Journal of Water and Wastewater

dodie —\
ik sLasay VT alio 328 5 (555l iy Lol
bl s Lasay VT o 0380l bl Gl 580 (2 5
oad bas o 59l Lo 1SS 51 (S5 4 (e 5 (a5 05
(Tripathi et al., 2021) .l

3 S s gLaoMsls 5l Jols S5 sl g sl5T
s La S, s o LS5 | Sy 3o e L;gj_ﬁ@\_;»
J\ .x..’.‘_.....bo.L.‘Sg_i’) 3‘}”°JJ§U€.J:§JJ"J‘L;<‘..‘9JTL§L“C‘“§:€
el O 5 sbonn glaes S8l st |Sas 557 oS5 &S Ll
53l ol Canslie gt Llie s 031 5SS, ol ol
bJ‘jLﬁ:&_;JCfL\MJ)Y‘ L? \0 )j.\’)baé}ﬁ)-\&l‘ﬂd}k’.
“ g_s-lL“’J-'-l‘Jé ‘_,7_1:: >\j_» Cf—l\ NP Y L;?L..J 6\4&,})&.@\.’9
by bl glocbay 5o DS ol (a8l ehal sl o
<l e oot s T el Jlad o wile (S35 sla 3
.(Konstantinou and Albanis, »s5 s s} 5 5 sl
2004)

bl oM s Losasy VT ) SUas & fl g a5 55
Las.,\_:.lYT)‘\ s ol o 50 5 Bl 6l 605 sl s,
‘9‘*—;)\5@1’.\—*‘ d‘Jbl—“’uf'ﬁJ UJ»‘J;‘S‘L;ng.w‘ R 4:3;)[54;
.(Kumar et al., wws Cons e u.;.'Sa.UJT 545 Wl 5 s

2021)

P S SRR RV D FSTCH S 001 DYGNCIR AN

b Jlad sbows S ad 5 4l banl b ool ol S 1 5o s
(T 9 Lwd .LJ‘):UA &S Liws ('OH) J.:.‘S)).x.”.» 6Lbd\§;»bb
S oy 55 LSl b 5 | L S3 0T )
O 3eliS) sl 5 (Garrido-Cardenas et al., 2020)
s lblS s 5 Jrin el sle /H20) (gboptan Jold aib iy

.(Garrido-Cardenas et al., 2020) szes -Seals
sy 3 55 Ly Ul st o 35518 53
dsil_mT ;) .(Karthikeyan et al., 2020) wSlazd S 5|8 <> 55

Sob sl e glsle hg o Vo gsl Lo w95 59

! Advanced Oxidation Processes (AOPs)

Vol. 33, No. 1, 2022

Ve JL«H\ a)l.o.:.\"?’a)p



dx.doi.org/10.22093/wwj.2021.296925.3174

hlSn 3 (ol iges

sydee iz ol B, Kol aJB i s Sl s sk
90 33 3 i LSl C sy sl (Gidy, 2020)
3850 55 Lol s (NaBH, J e 3 sslizal ) o bans sl
ot ie &S ol ots Loy a3l gL s salizal (Ha i)
o LSt el s Bl o - 2 JBIS S5 E e
ol 53 aal S 93550 el 3 503 Ll oS5 (s
£33 5 Js) e poas SVslas jlaslizal | s VT G Sz
ol SVslaa b 5 slassls Gt 51 dols gl st oo
~ eSSV Jae L galae S5 55 St 4S5l ol s

S g0 Comd o) 34t S 51 slicn

28 A=Y

s o3latul o lean 3 g0 -V -Y

(o)) Ky Dl S 0 5 st 45) Acid Blue 92 431 K,
NPV N VR PRIRVIN DYy P PRWSTR iUR VWA {JTRS PER O
S g 5 s a0 53 YV S IS el oS sind
Sl d ST Lty 5 DLy lty (O g 5 ol
YOV JUNCK 0. 35 FOUNEI [ FRCH PN PR [ RCHEN S U

RN

Sl 56 3l g s ~Y-Y

ST 31,8 V=YY
Y sdite ol s s el i 3l esbizal b s lus) 318
St s el o LoV Y Jals (b glse 4 81 8 50 0 S
55 diols Lsls 5 sat GLOIK;S,05 5 P05 0 SY/0 5 ke
n;r_ac,_é_”ru.,)u;&uao.mquq);/v sles
e 00 a5 T L oo ¢l o o a3
ke Loyl 5 s g oacd 2l dlols Jslne e o8 sl
BRI ¢ SPURW OB NP RITIC SF
oS50 0T Sam ot Gl g plan s il Sy s
598 LS gl 3o 5 Lo S, 5 alT & KMO,
b gk 23 YO slos 3 el ¥ Boag dols bl
il Lol b g 4 ao 5 Ve HhOy 5l ond e 00 ciiion
i gl it aoys Ve HCL 2O b diols J sl

1
Merck
2
Hummer

Journal of Water and Wastewater

3558 Sl TiOS 51 eslizal o Keal slo e JUS 528 Lo o
GISLs 535,51 ,5 U ol U (Wu et al, 2010) Coul a5 5
Sl sl @35 G o wasls iy el sle 42U s TIO, (55
3a 53 ol Sdlad 4 (1455 Sl sslanod nl 038 Jnb
.(Padervand and Jalilian, 2020a) cus 533\l 550 555
3loaas ) S0 colae 51U oMals S5 e (935 5L 5
.(Jaiswal et al., 2016) ol

sl saad sl s 8 s cole G iag s opl 5l Gus
Sl gl GBS 538 Gl ety THO, 5 28 (5,51 SIS L
WO; (sslaaas biuly opl s g nbaw sleel 51 JT slasay VT
534S Sl (u I W03 (galmdas Co 5 R e A X
slse bas Eeelh 55 )ls ol s (SaSy 55 &,u8 ole Lyl
sl o yrens B e JBS 435 sl Mo 353 2 COs & JT
o3 oS Jdsar cmimen 3l (63L5 (board (6ol 5 oS S
sdsg3 55 5l ol e sslaaes al (VY eV) (550 Bl
(Adhikari et 5 sslizal o 3ladled sl 26 pte ol yia
337 g0 0 a5 Gy Sl e 55 5 s ol b al,, 2018)
JLSsly oYL oS L wls s WO; Colus [l 55
S eslinal ul ol S a5 aS) s b JenSs 00
b 535 = o5 A ) e 4 e sid a5 (sl S
Lo oS5 5L S 58l 4 55 s WOs (soladas
SelS ot Jale oan o3 5 (o0 0 d a5 i (05 S
38 o mned B 525 ) 5l aslizal U baeas YT oo 55 o 1Ll8

ol 3l s oml 5o (B1S s B panie gla Sis 4 b
LS Gl 85 5L oMl S sk Ui 285 gl asle
31,8 5l sslial Ll ol s i ssli WO xS 23
ot 53 o ad S e ol Sty 0158 4 e
SIWO; (oslnicass o SutsSuasl & us il ol oy JUs
o3lital e JUIS ol ey oS iy il s sV S5 50
O 618 e s 05V LSl s oS ol 51
sad dzie gla e g5y 50§ 5S35 ol R R
(Zhong et al., 2012) coulass S|, 54 >g 5,50 S
PSSl ar s L s p+ Y g e LSl gl

s8ee o Ll g, 8 a5 gan Lot sy i

Mol qu:u

Vol. 33, No. 1, 2022

\f‘\ de.\ oJL,..':x’\‘a)j:

qy



A\

dx.doi.org/10.22093/wwj.2021.296925.3174

wglad Sy g9l g wdllS5i5 5T

S 5 55t LS s L 0oV -WO, - 3l S
5] st gl a8 ls 3 PAO-WO,-GR
2 o GlSt S L sV -WO; - 0315 5508 51
Gy T BT slos Loy a alols o JBIS 455 4 6518 56
Saeay Ar-Hy 5L by lse &5l 3 5 oad Jite u gl
i 4 58 oV W05 - 31,8 g 5550 sl S
ools sl Pd (H)WO3-GR & 5 gt s sl canJUIS 523
3L ~WOs - 31,8 ooy 5 5l 0353) Gy (gl o
UG P STy PPVY DI RG PARCH SR VNS B PER TR €
1l o> IS VG Y se o /0N sl s WO5 =31 S
33 ﬁﬂg Slag s anlsl 3 ases) - Sl S O
Gy STy 0L 5 aa as LeINaBHy Jgloee & 5loma
etz OT b cpair ks 5l )b o g Aol
YE Sness gk 53 Ae slas 5o M5 (sl s 5 sl
SOy podna b el w ol bl s i cel

55550 o315 2L Pd (NaBH,)WO,-GR

I S N UL R IR
92 055 G5y 3ead sl glay 5585k mhaw Colas
Jace ' BET sl8s 53 g a2 53 VY slns 3 035,55
L Lot as | oSl antl 3l sl 5K s 6 .5 5101 Belsorp
L Cu Ko 5 5 D4 X-Ray Joas XRD o&us 3l eslaz
L LS 505 SEM 5l a4 el +/VOY £ 50 J b
a8 SXL30 Jase | (s S0 o sSs Son o
S0 55 9 Sl o8 Sl oalinal Uy L gl (65,51 SIS
S sl Cwsds Avaspec-2048 Jus ?u_..,lS&z\
et glac > ) 6l - Du“—ii‘ PEPTINYY- Pt
2 S a8 Gl o (e e85 S gl s L
ik ai g ,5s 3l BESTEC (EA 10) Jaw XPS ol&zs
08 093ls e o 5l slizal b (slodisai 50 8 53l

| Cewsas Perkin Elmer d.u?c“”.é Lo

Brunauer-Emmet- Teller (BET)

X-Ray Diffraction (XRD)

Scanning Electron Microscope (SEM)
Diffise Reflection Spectroscopy (DRS)
X-Ray Photoelectron Spectroscopy (XPS)

1
2
3
4
5
® Fourier Transform Infrared Spectroscopy (FTIR)

Journal of Water and Wastewater

bogodolb i O LY ¢ JsampH pusle 5 2l
g se SO s Bl gl Sulg 5o 5 Al et sad s O
.(Ghasemi et al., a3 ;JUs azin & Saats dol> J glxe

2012)

WO, 5bacygos s 56 4y ~Y-Y-Y

b oslizal ol S UM 3, SIWOs glag s, 85U 46 ) 2
J;\Hmr_p)mawoét SR sslate sl
PIV b om 003 o Dby Jolowe b s ad > o5 00
O J 5l am 5 as LSl sl ool 4wl SUISY L S
Jsdoe i sailn; s o YO 4 Jsle oo ) SIS
e Yol st es3 o 65510 Boagy abols Bl
Sandn iSly g o, gl Jee Vo oIS s T, Jslna )
dols Jgama it JolS gk 455 VA glos s sl VA
S 553> 2l Ll ity 5 s <5).9T¢°-’. St Sl b
s s A glos 53 s 05T 53 5 8 s § g 5l
LSS

WO, - (81 8 o 5l 56 angs -Y-Y-Y

Al SN Ul 1 (oo Jlade il 5 b
WO gadsl dsbovo 51 oz hea¥ e 4o by b iy Lus] (31 S
33 el VA Soie g IS 551 55 Ggd & il g 3 L5
ST 0Lk Sl ot sl 518 e gedi iz 53 VAL sles
58 T Lo iy 3s sl syl b b5 dlols g
b s A slas 53 Mt 5T s pactiasls e
Oy gods sand 4l CandB8 g8 0l Sis cell YT s
258 g 00l 2l WO;3-GR

239G -WO; - 31 5 5 50elS 50 g —F-Y-Y
b gh e 0 B B | IS sV Y sa o /0 ) Jslna
s BLSIWO; 5 L) 3,8 o> b Lo o s
5o yoat Szl ) oo IS5 ol 5ol o
31 amg kS oals 513 Sl VA ooty o gomds 53 VA® glos
RS LSJJT('—“-’. Soa mle L dols J o gud s
o35S 5l ol als o ol s dols Jpame s S5 Vs

Vol. 33, No. 1, 2022

Ve LJL“*\ a)Lg.:.\"Vn)p



dx.doi.org/10.22093/ww;j.2021.296925.3174

hlSn 3 (ol iges

ERRCI TR ERUN PO R A PO RUINEY
AL»LG PR HMLLAXRD ;.é.;.b)) &\ng &_i.ﬁ A:«w‘ ol
.(Zhao et Q_.»\W03g.§.ﬁ‘bjg.§ﬁw‘oﬁo%.ﬁﬁf‘w‘
VPN 6‘)’.‘ ESTART u‘”)"’ y&io.ﬁa 4w lisal,, 2019)
ey @L&}ir_k U_."\J"La‘ o.L.B:.suL:...: uﬁ‘;oj.bju.‘)‘;db\b
i bt gad 5s S Ous boad (VT 0o 4 by oSy
3\’\ Qw_cubj_;ﬁu);ﬂj\‘fp,_l)du&iu
.(Kashyap et al., 2020) .| r—i’m-; AR
Loy el 0l 56w s il s VL &3 S bl 5l
Ol 3o 00 salitl Sl JUWS luda ()52 uiired 5 A g

Lol sl s gslades

——WO_-GR

——wo,

——Pd -WO_-GR
h [=3

» g

100
002
300

S =
£ =
10 20 30 40 50 60 70
20 (degree)

Fig. 2. XRD patterns of WO;, WO;-GR nanoparticles
and Pd-WO;-GR composites

Lot (2T s aeS) slacy 5 alSXRD sl S-S
LISV |

SEM 3JuT -Y-Y
~ RS et 550850 s WOs glagy g, 536 SEM sl
i asls GLE ¥ JSCs s VL 0l b Laas (2, YTWO,
15 oS Slois 55,6 415 ams LS SEM Ly sl .
S ¢ Ban 53 LS 1S5 525 .l WO3 o 55 sV 4Y
WO; lag 5,50 ¢l = Dslite glagid s, sbul el
o Jbedsae ol s s sacd slin) o sl
Orpes 5y slai oS n FIWO; glajlis b5l 5505850
S350 65 VL D356 RS 5 5 sataaplis
s el ead (658031051 uldie 53 &S 616 S 4 sl s as

Journal of Water and Wastewater

SB35 sl o Lo 3T —F-¥
ol s el slnip oLy 618 3 2l
o555k 5 WO - 081 8 2 5508 56 W03 glagy 55 5L
oLt (o 5+ Ll sae L) sV, ~WO, - 31, S
e S s e biinn s 1S 558 oLt L]
$lm Dl g 5 S o bt S 58, S5 (VO W)
() IK2) 0 ol 55815 s Jshows (slos (2315 2ol
iy 58Ny J3s 5o 5 4 s, chile | el Jslxe
Jslons 8 I 3 0t g (o BS 525 51 iome Slae 5 13
VIR PR L B RVREPEIE S FRVNE IS pepaen ||
Ve olas doolsd oo b)Y (KU s Jsle 00,55
Saeds Voo orpm e o b $5a le 51 s g sa 4i3s
Aanax 53 295 lowsls s VT e cbale 5 s asliS aids ) »
a) o33l o s e 53 Sl s8s SaSay s VT K
A et (65054 g3 L Sl e JBS g23

UV lamp

Circulating water jacket

Pyrex reactor—

Stirrer

Dye solution

Fig. 1. Scheme of reactor used to measure
photocatalytic parameters

éLhJ;‘A\JL LSJ‘«‘§°J“JJ‘J5 s oslazal J}I_gb CJ‘E_\JS‘:‘
S350 b

S 5 s -Y

XRD (5l S s - \-¥

5 (22 V- WOs- 315 Glacty 5508 5b oSl ant (gla S
oles .ol s sals las Y IS8 s Sb S UM> gy asad
P UOET DUV BRI VRN A DR IR J [ DA
et L JU 55155 55 L WO, 4 by o Sy gl ot sl
sl by e Sy 5 aiies (JCPDS:02-087) & LS
5 55 §LacSy 55> 5 -(Chen et al., 2018) s 55 o suslia

Mol qu:u

Vol. 33, No. 1, 2022

\f‘\ dl-w Al DJLw:r XY 092

¥



10

dx.doi.org/10.22093/wwj.2021.296925.3174

sl ) gl oy S35 g 5

Fig. 3. SEM images of the a)WO3 nanoribbons, b)WO;-GR composite, ¢) and d) Pd-WO;-GR composites
WO 318 slac 5585l (b WO3 (slagy s 55U (2 558U g s Sn o slas =V IS

S g Sobis oV glloas b Lot aes o plis
(ESIRTRRSIN s R PESCE-W R BUANE SIE PR [
5 o o3lizad PA” 4 PA 2" a5 Lol 6] oslia sy 5 51
Lol ool az s Yo v glos 5 035500 58 o Lol Ul s
eV o bl sl asae s e Sl s 0
e A3 g O3 55 8 08 et aslizd (g 56 sV
D3 gl o s sl sty 0550 Loy lolslons
O 15 4 e s s e GRal51 S el L LG
b Sl SralS Sl dis o S5 5 0 ) S Dl
2580 WO3 =318 2o 5 5alS 5L

XPS -f-¥

5281 91,8 55 1, C(18) g by o XPS slacib £ S5
S ool Lol sV 5B LWO; - 31 8 slacy 55008 50
ool 1 LST 3I SXPS aba-f IS5 ams e OIS 05508
b sanline Sy 6 6 dw L LS| 31S (Lol Sl LS

Journal of Water and Wastewater

s s i LB

BET v Joulss 5JUT Y-
2o sl (ol JBl 5wl Colis g ) shaiens
il itz Ll 5 53 BET v bl 50T il a1, 5
oLss LBET Ul il s i sl e ¥ IS0 0
e ol 55— GBS Y L s
ol il it sl 5L 0 St 55 WO gLy ym s 51U
SYLcwl (2l WOs 5 iy WO3-GR ¢y 558 66 c.la.ﬂ
s ol 4 b e Co 55l )l Colis (05
oS 8 6l o3l phe ol S ol LS 31
(Ismail et al., 2018) 1S o ool 5 WO3 slagy 505U

53 53 W03 Lo g5 5 C3 128 w555 505 g5 S
Lol 31 any Sk ol ey 3 il 5381 ,5 Slonico G,
Ce 555 ksl g VL 03,8550 Lo e 00
e 5IUT s S 8 s il so el s ol

Vol. 33, No. 1, 2022

u)LaU‘,uTUau @
AR dl.w Al B)Lw;": XY 893



dx.doi.org/10.22093/ww;j.2021.296925.3174

hlSn 3 (ol iges

45

IS
=)

wo, WO,-GR I
~201 —~ ;
"'m ‘:92 304 i
o o y
= = 1
(2] D 201 s
5104 g s
£ £ /

S = 10
S = 10
> o
0 .l“l"#‘l“‘"‘f*ﬂ-’.
0 y y y y 0 r . . r r
0.2 0.4 0.6 0.8 1.0
/) 0.2 0.4 0.6 0.8 1.0
30 i 50 Plp,
PdO-WO,-GR Pd(H,)-WO,-GR H
— 40+ +
5 2 *
n. = 304 y
@ 7
&= E 20 i
g 10 3 /J-/
= > /,(
> 104 . ,,:/'/.
e
g e
i} "
00 02 04 06 08 10 02 04 06 08 10
plp, .| PP
Pd(NaBH,)-WO,-GR ¢
151 |
o
=104 fl
© i
E
9
0 sa—.&.ﬁ-ﬁﬂﬂ.-.tffff"/
02 04p,06 08 10

Fig. 4. Adsorption and desorption isotherms of WO;, WO53-GR nanoparticles and Pd based WO;-GR composites
S e VL Lot 2 VT (285 ST oy pelS il 5 i (sl ) -F S8

g 4 by o oty S YAY/ Y m b s Sy ol
{Chen et al., 2018) &l 0O=C-OH 4C=0 lec slass S
L LSt 818 sl 5l an ol jasiab-F IS5 S5 b les
£ 0=C-OH 3 C=0 oy Sus WO;3 slagy s, 56U Loy
550 5L St samaplis Sl o ol (¢ Setr 5o
C=0 15,845 by o Sy 55 2alS olsn w2l WO 31 S
ipad Sl 351555 Soll gl Sl ol 2t
JeSeis 6lis S, W-C gy s a2y 09, YAY 5 S
S 1y cieb e=0 S a8 o ay b sl 2 5508 5L P (3d)
slai sl db oo el ol ams oo LS P L ond 93 4500
b S S YE eV s Y0 eV Jasl

(Yang etal., 2014) < Pd(3d30) 5 Pd(3ds))

DRS ;JUT-0-¥

YT [UPPEN IR R EPR JE S AT

Journal of Water and Wastewater

16

14- /
= 121 -
()]
£ 10-
: s
©
g
24

2_

[ ]
WO3 WO3/GR PdO  Pd-H2 Pd-NaBH4

Fig. 5. The effect of graphene and Pd reduction methods
on the surface area of WOj; nanoribbons

b Solas 595 2 23V Lo s 5 315 30 -0 S
WO; slogy 550
UJJ:SJ‘ YAZ/\ 439[; BE) x.i:i A:Aod‘czch'H ‘C-CLSLB:J..:):.’{
Mﬁ).&:&j&ﬁ:‘&b 6\&::3)§C-O .Mﬁ@bj—iﬁdj

Mol qu:u

Vol. 33, No. 1, 2022

\f‘\ de.\ o)l.o.ix’\‘a”;



2\4

dx.doi.org/10.22093/ww;j.2021.296925.3174

wglad Sy g9l g wdllS5i5 5T

Pd (3d 5/2)

281 283 285 287 289 291 283 284 285 286 287 288 289 290
Binding energy (eV) Binding energy(eV)
Pd (3d 3/2) (C)

334 336 338 340 342
Binding energy(eV)

Fig. 6. C(1s) XPS spectra for a) graphene oxide sheets, b) Pd(H,)-WO;—GR nanocomposite and
¢) XPS core levels of Pd(3d) peaks for Pd(H,)-WO3;—GR nanocomposite

) r.pYb - WO;3— 31 8 sl 550856 (b ey LS) 31 S(a C(1s) 4 by 0 XPS slacad —F S

Sl /0 s (55,51 OICE L bl e sl m
.(Mathankumar et <! ¥ e ok 855 B L bl 4
al., 2020)

S b olen el s onys] Vg 55 sl sy bk
P S e o e sl 6 315 15l s s e s
250 (535 S

el 3lnaa ol g Crles y 1S 5 o
$oatess sLoasgoi 2o s3 cnl 55 ad o LI NI S 5b les
PREESCI W R W P INCA S PN FRCH S P
w250 S35 Lot Jas PAO-WO3-GR s asu s
S8 s O3 6L gL PA(H)WO3-GR & god s i rl.‘{u"
L Jos PA(NaBHy)-WOs-GR & 50i 3 5 43 olnil 33500
iz s Sopbolesas Ll Dl s L.y
by e 30l S Slals i aas e LS

NGRS PRV | CRUPRE S U RUNE PILHE

Journal of Water and Wastewater

sk oles .ol sad el plasa-Y JSs s WOs sl e, 56
S Shls gladisad )3 558 Qi Dl ans o ol s
So WO ol alls WOs 5l iy a2 55 06 5 b
JSi s S b plea il (iame b TAE RS S PR NI
By sl b b 155 el s osls ol b-Y
550 sl o511 il 5 05512p sl
S50 51 Glesgamme ys dlols 5 51 BIs Lol sus LS5
Lol 55 e Jo525 51 sl (50 55 i S5l 13
oelS 4 st s LS gl ol (VL oS5 5k s e
(Xue etal., 2019) 555 0o WO; Ul 28 = led
Jisl 4 5 ol 027 = WO &Vl ¢ by o pi> b
3t o3l e WOl il 4 b sl 51 03,50
651 BISCs ah® = A(hO — Ep)™ doles 31 sslizal b ol 5o
Ol sl 55 .(Padervand et al., 2021);)3T Cewsan |, WO,

NS 5 Ol dlore

Vol. 33, No. 1, 2022

A
VEo) Jlo ) e Mo e =



dx.doi.org/10.22093/ww;j.2021.296925.3174

hlSn 3 (ol iges

—wo,
——WO,-GR
——PdO-WO_-GR
——Pd(H,)WO,-GR
—— Pd(NaBH,)WO,-GR

(a)

Absorbance(a.u.)

500 600

400
Wavelength(nm)

300 700

(b)

Fig. 7. Diffuse reflectance spectra of a)WO3 and WO;-GR and Pd-WO;-GR reduced with the
different procedures, b) the formation of Valance band and Conduction band of WO,

5 ciliie sls 35, 4 st L>I P&-WO5-GR 5 WOs-GR .WO; (a DRS -V S

WO; 5 e b g Colas slayl s LSis s 55 (b

WOs (b 55 56 (5351 B Sy sV S 3L 5 318 56 -V J s

Table 1. The effect of graphene and Pd nanoparticles on the bandgap of WOj3; nanoribbons

A

Catalyst WO;  WOs-GR PdO-WO;-GR Pd(H)WOs-GR  Pd(NaBH,)-WO;-GR
EgeV) 2.80 2.65 2.5 2.48 2.60

Pd(H,1WO,-GR s e s  5alS L FTIR 50T -5

——WO,-GR 3G Loas 2 YTWOs sy sl sUFTIR slacick

g —Wo, b Sy il s oshs oLiS A US55 o315 o
£ g;\_,_Jéudjsnjce.ﬂOHdwﬁwﬂw~cm-1
g V5o e e ol s i slacSy ol 3 il a7 et
2 o bg e aS w1 E St Sl SLala ] 4 by e
Gl s 8] S Olxis s s O-C 5 C=C ;o so

A~ Ot 2335750 g S5
4-:_.’\5).5 T“Sjg‘js'“‘sﬁ‘ 6\.(“‘9;44 Ly,»C-O 6‘.&5&3‘

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Fig. 8. FTIR spectrum of WO3; and WO;-GR and
Pd(H,)-WO;-GR

Lot (2 YTWO; slacy 35S SUFTIR glacidb -A JS

LISV |

2505 Gy 5ol sl (S FTIR 5T 3 b 511, s 58
WO;3 g by e b b Dla sl ) pdes b padond
{(Sharma et .il o356 ) Slulid pus 595 Jule wil 55 o0

al., 2017)

Journal of Water and Wastewater

a1 3,5 a0 LS 318 Gl VY vom™ 5 ) v e vom”
(Qinetal., 2019) 1S .
Slabs,l o bysse Ve rem! 54l s e sy
Sl s Sy ol de S W WAO-W o sy piiS
OSan sl 4l (slay 5 5alS 5l s Sy ol e 5ame
23l JU S 0 S 550 51 5518 oVl s ool
W 2525 BB FTIR sacil 5o @aVl 4 by e S
b3y sl oS 55008 6L e s 5 el e 52
Sl (Slald o5 5l 5L 555 8 Dld pad iy

Mol qu:u

Vol. 33, No. 1, 2022

\f‘\ dl-w Al DJLw:r XY 092



44

dx.doi.org/10.22093/wwj.2021.296925.3174

wglad Sy g9l g wdllS5i5 5T

o3t e 3 e By oo Lol bl e sk 25 Vv glas
e salanad (655 oV @ sV sbo s sl gl wae
500 Lol e JBlS g2 s o ol JS2 4SS 55 olen
53 easla by (Ul g e Jlad o 2 550 D5l
e s e D gl 53 aad Lol el B g (55 e
Sl 55l 5l ey 5 5l S (g S b
55l WO — 1 &

5 e 331 8 el i L6 0 ) 4 s
dis ool 8558 0 81 8 Dlmio kS5 4 omie wju
5 o0 WO3 = 031 8 o 5508 51 b Lol SelS el
Slab>da LB s b Bl ol o 55 518 550005
sam 3 s So) e A e b e el S
b= IS5 55 sV g 5 L 31L3-WOs sl 55015 5L
35S 55 8 el ol sszma s gl o wsls s
2 Hy L85l s sad Lol VL, (5l WOs - 31,5
Ll S0 55 St e o i Lo s e bl
5 i dy 23l b 5 58U ol Cenl Ax Y+ min!
G901 S sazms 1Sy sl se i Vb mho Cols
et A L Jale e 8 53 0 O o o slaz L
3L gar U1 Sl 58 mhas (695 508 Qi suy Y]
.(Padervand et al., 2019) aas o sl 35!

o GhalS oo VL glag o (o lend Lo
JUis) pea Vo IS5 sms e V /AN min! U ooy i
Ol (2Bl 528 o 35 0Lz sa 1) e a5 si> 5 09 S
Ble 0520 ess 3y Olsie 315l B nl 0Lz s aes e
L3 8U gan S bl s s e sk 09 SU oS )
Slonics s WO s 1 6y 5o 533,50 (6l yos WO
$lr sie Jd gl losbul el S S o sl 818
WO;3 el 555 o 5 1S s (55 53 o S5 o 35 )
2y

e 538 CJled WOs— 0315 (glay 55008 56 o)
Ol s o 0las 5 55 5l alls WOS L acs i s (5 2t
ol 8 el L oMl oS5 5l Sl b VL s sl
s VU] ) s Sl s 5 S gl
2 il g e b o WOs i 50 b (2 lrals

Journal of Water and Wastewater

sad o YT sl ) spelS5b 5,556 58 clad V-
laoasy ¥T o 25 )3 P18 s 2 e23YL L
SN g CRN /PSPPI | I ¢ PN U S U
ol ot sl pltsa-d ISt s WOs gLy ye s s
e 5550 5 55 50ud el (S s o b tslasl
el e Y b T 2l S5, gl

b o5 YA 55 oIS LWOS-GR 5 5alS ik
ale S ol ey 1S5l (o3 7) palls WO 5 (6528
S 3 3580 5 2l Ol SRl Eel )5 4 sanS el
Ot S PS03 ey 905 T e 5525 b S
D e uﬁ‘;d‘“ 25 se hale glaes 55 S5 slad SLo
3 ydon BS (hils slacn 3 alS b Cin o b 253l
e s ad a g la s 2SI Yl oo 315 imen
o= S e e 1 e A5 anl B s Lol S, 5 605
WO; 5 81,5 5 28U Sl L o b 5l ol s | 6 52 50
2l s

by cod b sl Cad e sl ol gla ey el
syl 513 Edsey g SI /Y 5 s ST/ s WOs s
553 51 g0 1S ol 51 Lses ((Mardare and Hassel, 2019)
52 5 WOs glag s, 50 Solas ail 5 2od b sl Sl s
X/55 55 3,8 S 5 Ko (s 31l 413 03 50ms e
WO;3 slo gy Culas Wil Comd g Jdsa .l 2y 5 S
it 93 il 3, S WO sl 51 5,801 JLis
S U LIUT- - WEVED PR BIFREI NS PIL P
el s y3 £+ Uy )y PA(H,)-WO3-GR e 5 520l 53 4y
35 2053 VY 590 53 PAO-WO3-GR g 55 518 puiman
el PA(H2)-WO3-GR & g5 51 25 &

by i (e 0 V) e A LS o S
51 zaS 2> 45 E W PA(NaBH)-WO3-GR o 5 5alS 5
b oI WO3-GR Cey 55,08 5

. “HSlfj:_e -

s
S0 me 35 5l 23Vl sl i SWOs (slac 5 5ualS 5l
NI PUSHORPRISIPPELS SR ST
3 45 5 s 5,15 (K 13Vl S5 50 slrlose | L
Pd™ a5 5 Lol (gl osliza ssed 5 5l Ll 55 oLl o

3[)3_9).&_:&5}&&;_‘&7 L:‘J‘Jj‘uijjj.\ e nbu.’:_w\PdO@

Vol. 33, No. 1, 2022

Ve JL«H\ a)l.o.i.\"?’a)p



dx.doi.org/10.22093/wwj.2021.296925.3174

lSa 5 il gt

14\ wo 0.009
° a
604{—*— WO,-GR ( ) 0.008 (b)
—— Pd(NaBH,)/WO,-GR 0,007
504 —v— Pd(PdO)WO,-GR '
= —e— Pd(H,)WO,-GR 0.006 -
S 40-
5 ‘-’; 0.005
& 30 E
k) = 0.004
£
W 20+ 0.003
10 0.002 -
0 0.001
0 20 40 60 80 100 120 0.000 L
wo3

Time(min)

WO3-GR  Pd(SBH)WO3-GR PdO-WO3-GO Pd(H2)-WO3-GR

Fig. 9. Effect of graphene and Pd nanoparticles on a) photocatalytic activity, b) constant rate of WOj3; nanoribbons
WO;3 gl 55536 Cot oo ol (b 5 (6555061 58 Sllad (@ sV D350 5 31,5 564 S

gl ol S Sl .ceal ool olast 5 (Lmmol ™)

Q\}:GA‘J\dbl&As&i[{)y)ﬁéfpjﬁjrjembﬁj
(VjYQY)LM) 3)3T)>J3\ 4> jadd 4.‘:\.«.46))_,.44_3

Ln (£2) = kKt = kgppt (Y)

C, = Coe Kappt ()

uf..‘_ﬂ} 6;&;& [N C,\.:Utwj’Ll’l(Co/C) r“'JL’ui‘fL-’
i VT 35 ol s bt s el sy o 3
Cond gl et Sz Sl 5 ol 2S5 1Sl s
BERR sl CM....:JUK};‘.‘) 6‘_).: t}.@y U‘i\ C.)L.?‘ 6‘_).: .LSL;Q
sdol et 5 o ead (St gladue s s o)
3l sl s 525 sesls 6, (Chiron et al., 2003) ¢
R L:_-"‘ r.;ﬂ!l.i 6‘9‘.’ WO3—U3\J§Q%)‘,:AK‘,JL Q‘.w:.‘uls‘,ﬁﬁ

KRR 6‘)‘? GF oVsles &fJG BE szgﬁljjtem BE

C = Co -Kkot (f)

1 1

E = C_O + kzt (f’)
Lg.;—‘/ )b 45

it STy £ 5 Olas st oles o Chale (3 54 Co 5 C
5 54 ko(ml/mmol.min) sk (min™) ko (mmol/ml.min)

Olsn et (6l a0 95 5 Ul o 4 ppacd s o LU

Journal of Water and Wastewater

;.-;;‘?A PR

2

- - |
Ny ~ DaEradatipn . _h*. + ee é
S e
eSS W S E L S ST

Fig. 10. Proposed mechanism of AB92 degradation by
Pd(H,)-WO;-GR nanocomposites
22 AT st @l (2l Ko o ool e -V e JSKS
oVl i) SWO; slaccy S 5

Sl sy el aaSin b sV ol sl 5 5alS5l
.(Zeng et al., 2017)

Y s o old K ) 50 (St anllae —A-Y
e 51 Lty VT 58 2 JU1S 528 gl ST g 35 S
ol ot ool 0L ) Wlen s S sl WSV S
(Nosaka and Nosaka, 2018) .S s Cors

__dc _ KKc
Tt 1+Kc (\)

Q—‘/)bg
&:A.CJ_-J C,._!Uk ‘(mol_l.s_l);_.i;ﬂj Q‘,.:_..:\..\.:“S\ &:A.CJ_M:I‘
SaSly G o K o (mmol ™) Kausly cbale e o 28Ty

NS 5 Ol dlore

Vol. 33, No. 1, 2022

AR JLAH\ UL«Z.‘”\"Uﬁ

‘oo



Ve

dx.doi.org/10.22093/ww;j.2021.296925.3174 sl Sy ol g uan lpid oy 2T

3.0 o (b) 20
5 184
"—; 281 _ 16
ot 2.6 g 144
£ 2 :
|3 = 2.4 £12]
o G 10
- 2.24 D 8]
2.0+ 61+ v v v v v +
0.04-1+ r r T T T . . . . . . > 0 20 40 60 80 100 120
0 20 40 60 80 100 120 0 20 40 60 80 100 120 Time(min)
Time(min) Time(min)

Fig. 11. Investigation of degradation kinetics of acid blue 92 textile dye on Pd (H,;)-WOs-GR photocatalyst using
a) second order, b) first order and c) zero order reaction

Ao axy3(c 5dsla,s (b (09 4,3 (a

oA 5l o 5 sl s 42 sad G RSl et 58 5 S e BT i
Pd(H,)-WO3-GR oS 323 65, 5 AY a1 2l K,

Table 2. Rate constant and correlation coefficient of second, first and zero order reactions
for degradation of blue-acid 92 textile dye on Pd (H,) -WOs-GR photocatalyst

Zero order reaction

First order reaction

Second order reaction

Y
0.875

k; (1/min)
0.0081

ko (mmol/ml'min)
0.096

Y
0.951

R2
0.991

k, (ml/mmol.min)
6.69x10™

Lo SSS 5l 55U (65558550 5 o i lins (55 S
0L s a8 sslizl SEM s BET DRS . oS3l el 3l
S S el aligo s Sl s oWl 21331 s
Lol 5 555U mh S lis gad S5 o Dl5 51l
Loz s Jsb S & 1Sl 28 i 50 Jsb 0
2 oVl S350 5 315 Gl 3 man 53 il
gy SN eSS B 58 s
a3l Sy ey 3,8 il L oS as i S
Al Gged s lia 55 31 Sl » slacy 585kl
e aiztls 5 5V 1S Il 5 iy o Sl
S sls Cd 3185 g i 5y S Sl 4 ol ]
SLodls phis e 503 S Joe g9 x80hesi nds Ol e
G e Yo b ol 28l U 805 g5 5l s ssd e
e IS (g5 ot i ey VT e
Ol 4 e (2Bl Cools il ddsa s VG s st
S R L e RUESIE T SERRCID [P
ot 5B 093 5 Jol o az poad (S gladue

Journal of Water and Wastewater

s 55l 5L (g sl Cnay 2 (sLmasls Gkl
2 LHy 5 sl s sas Lol sV (551> WO5 - 31 S
))jﬁﬁ))ﬁd—ih)&d‘&)’dwﬁ)}‘?bf Q‘y.\l}.&)\&_{i
S 5 5b olan oCsl sual ¥ Jaar 53 gl V) S5 5 Lkl
vﬁ_ﬁd&m‘ﬁsd‘nm.ﬁul&ujJ)\é‘))‘diaw%()j‘
S smrse cmnJBS 5 5, A aul - T 2 ls S,

S (o0 Cons Ul paacd S

S - ¥
L0550 (Bl (LS s Gua b 25,
~03S S5k ralS s 551 GG talS 5 b SIWO;,
D L P N T R e
PRSP DU SN[ N RS
slial Jlo s sue (55 51 815 ey p WO5 glag 55 5L
Sl VG S350 5 31,8 U s lateny a2

Vol. 33, No. 1, 2022

Ve LJL“*\ a)Lg.:.\"Y'a)p



dx.doi.org/10.22093/wwj.2021.296925.3174 Ohles 5 pould jlgs

@‘JJ.’B—O %‘\"‘M‘Yﬁﬂbjﬁﬁjﬁjﬁmm‘%‘)%

i ol OYslae L = sosls 3l 5l ol @Lﬁ N

.A;;S@L;\U.&jajjﬁ:rbgbbdwjdzb o SSY Jae U plae K55 o 50 S 45 sl olis
s Jol asyaacs r-vm:)lS& o shicn

References

Adhikari, S., Chandra, K. S., Kim, D. H., Madras, G. & Sarkar, D. 2018. Understanding the morphological
effects of WOj; photocatalysts for the degradation of organic pollutants. Advanced Powder Technology, 29,
1591-1600.

Backhaus-Ricoult, M., Rustad, J., Moore, L., Smith, C. & Brown, J. 2014. Semiconducting large bandgap oxides

as potential thermoelectric materials for high-temperature power generation? Applied Physics A, 116, 433-

470.
Chen, M., Zou, L., Zhang, Z., Shen, J., Li, D., Zong, Q., et al. 2018 .Tandem gasochromic-Pd-WOs/graphene/Si

device for room-temperature high-performance optoelectronic hydrogen sensors. Carbon, 130, 281-287.

Chiron, N., Guilet, R. & Deydier, E. 2003. Adsorption of Cu (II) and Pb (II) onto a grafted silica: isotherms and
kinetic models. Water Research, 37, 3079-3086.

Di Paola, A., Bellardita, M., Palmisano, L., Barbierikova, Z. & Brezova, V. 2014. Influence of crystallinity and
OH surface density on the photocatalytic activity of TiO, powders. Journal of Photochemistry and
Photobiology A: Chemistry, 273, 59-67.

Garrido-Cardenas, J. A., Esteban-Garcia, B., Agiiera, A., Sanchez-Pérez, J. A. & Manzano-Agugliaro, F. 2020.
Wastewater treatment by advanced oxidation process and their worldwide research trends. International

Journal of Environmental Research and Public Health, 17(1), 170.

Geim, A. K. 2009. Graphene: status and prospects. Science, 324, 1530-1534.

Ghasemi, S., Setayesh, S. R., Habibi-Yangjeh, A., Hormozi-Nezhad, M. & Gholami, M. 2012. Assembly of
CeO,-TiO, nanoparticles prepared in room temperature ionic liquid on graphene nanosheets for
photocatalytic degradation of pollutants. Journal of Hazardous Materials, 199, 170-178.

Giiy, N. 2020. Directional transfer of photocarriers on CdS/g-C;N,4 heterojunction modified with Pd as a
cocatalyst for synergistically enhanced photocatalytic hydrogen production. Applied Surface Science, 522,
146442.

Ismail, A. A., Faisal, M. & Al-Haddad, A. 2018. Mesoporous WO;-graphene photocatalyst for photocatalytic
degradation of Methylene Blue dye under visible light illumination. Journal of Environmental Sciences, 66,
328-337.

Jaiswal, R., Patel, N., Dashora, A., Fernandes, R., Yadav, M., Edla, R., et al. 2016. Efficient Co-B-codoped TiO,
photocatalyst for degradation of organic water pollutant under visible light. Applied Catalysis B:
Environmental, 183, 242-253.

Kaplan, A., Yuan, Z., Benck, J. D., Rajan, A. G., Chu, X. S., Wang, Q. H., et al. 2017. Current and future

directions in electron transfer chemistry of graphene. Chemical Society Reviews, 46, 4530-4571.

Journal of Water and Wastewater Ml s,aT E

Vol. 33, No. 1, 2022 VP Jlo ) oled PV 00

yoy



dx.doi.org/10.22093/wwj.2021.296925.3174 sl Ky gl oy s 518 g 55
oY

Karthikeyan, C., Arunachalam, P., Ramachandran, K., Al-Mayouf, A. M. & Karuppuchamy, S. 2020. Recent
advances in semiconductor metal oxides with enhanced methods for solar photocatalytic applications.
Journal of Alloys and Compounds, 828, 154281.

Kashyap, A., Sinha, S., Barman, P. B. & Hazra, S. K. 2020. Nano layers of 2D graphene versus graphene oxides

for sensing hydrogen gas. Multilayer Thin Films: Versatile Applications for Materials Engineering, 173.
Konstantinou, 1. K. & Albanis ,T. A. 2004. TiO,-assisted photocatalytic degradation of azo dyes in aqueous

solution: kinetic and mechanistic investigations: a review. Applied Catalysis B: Environmental, 49, 1-14.
Kumar, A., Srivastava, N. K. & Gera, P. 2021. Removal of color from pulp and paper mill wastewater-methods
and techniques-a review. Journal of Environmental Management, 298, 113527.
Mardare, C. C. & Hassel, A. W. 2019. Review on the versatility of tungsten oxide coatings. Physica Status Solidi
(a), 216, 1900047.

Mathankumar ,G., Bharathi, P., Mohan, M. K., Harish, S., Navaneethan, M., Archana, J., et al. 2020. Synthesis
and functional properties of nanostructured Gd-doped WO;/TiO, composites for sensing applications.
Materials Science in Semiconductor Processing, 105, 104732.

Nishanthi, S. T., Iyyapushpam, S., Sundarakannan, B., Subramanian, E. & Pathinettam Padiyan, D. 2014. Inter-
relationship between extent of anatase crystalline phase and photocatalytic activity of TiO, nanotubes
prepared by anodization and annealing method. Separation and Purification Technology, 131, 102-107.

Nosaka, Y. & Nosaka, A. Y. 2018. Langmuir-hinshelwood and light-Intensity dependence analyses of
photocatalytic oxidation rates by two-dimensional-ladder kinetic simulation. The Journal of Physical
Chemistry C, 122, 28748-28756.

Padervand, M., Ghasemi, S., Hajiahmadi, S. & Wang, C. 2021. K4Nb6017/Fe;N/a-Fe,03/C3N, as an enhanced
visible light-driven quaternary photocatalyst for acetamiprid photodegradation, CO, reduction, and cancer
cells treatment. Applied Surface Science, 544, 148939.

Padervand, M., Gholami, K., Salari, H. & Vosoughi, M. 2019. Rapid H,0O,-promoted oxidation of anazolene
sodium over the [BMIM]PF=/Pt/y-Al,O; nanocatalyst. Journal of Nanostructures, 9, 489-497.

Padervand, M. & Jalilian, E. 2020a. Accelerated photochemical degradation of acetamipirid insecticide over the
Ag/AgBr nanospheres under visible light. Journal of Water and Wastewater, 31(2), 16-23. (In Persian)

Padervand, M. & Jalilian, E. 2020b. Sheet-like binary AgBr-Bi24Br10031 with enhanced photocatalytic activity
under visible light. Nashrieh Shimi va Mohandesi Shimi Iran, 38(4), 77-83. (In Persian)

Padervand, M., Reza Elahifard, M., Vatan Meidanshahi, R., Ghasemi, S., Haghighi, S. & Reza Gholami, M.
2012. Investigation of the antibacterial and photocatalytic properties of the zeolitic nanosized AgBr/TiO,
composites. Materials Science in Semiconductor Processing, 15(1), 73-79.

Pelaez, M., Nolan, N. T., Pillai, S. C., Seery, M. K., Falaras, P., Kontos, A. G., et al. 2012. A review on the
visible light active titanium dioxide photocatalysts for environmental applications. Applied Catalysis B:
Environmental, 125, 331-349.

Qin, H., Liu, T., Liu, J., Liu, Q., Jing, X., Zhang, H., et al. 2019. Correction: controllable synthesis and enhanced
gas sensing properties of a single-crystalline WO3;—rGO porous nanocomposite. RSC Advances, 9,

32174-32174.

Journal of Water and Wastewater NS 5 Ol dore

A
Vol. 33, No. 1, 2022 VE) Jlo ) osled ¥ o,ps =



dx.doi.org/10.22093/ww;j.2021.296925.3174 Ihlan 5 ol g

Rao, C., Biswas, K., Subrahmanyam, K. & Govindaraj, A. 2009. Graphene, the new nanocarbon. Journal of

Materials Chemistry, 19, 2457-24609.

Sharma, N., Sharma, V., Jain, Y., Kumari, M., Gupta, R., Sharma, S., et al. 2017. Synthesis and characterization
of graphene oxide (GO) and reduced graphene oxide (rGO) for gas sensing application. Macromolecular
Symposia, Wiley Online Library, 376(1), 1700006.

Tripathi, G., Husain, A., Ahmad, S., Hasan, Z. & Farooqui, A. 2021. Contamination of water resources in
industrial zones. Contamination of Water. Health Risk Assessment and Treatment Strategies, 85-98.

Wu, Y., Xing, M., Zhang, J. & Chen, F. 2010. Effective visible light-active boron and carbon modified TiO,
photocatalyst for degradation of organic pollutant. Applied Catalysis B: Environmental, 97, 182-189.

Xue, D., Wang, J., Wang, Y., Sun, G., Cao, J., Bala, H., et al. 2019. Enhanced methane sensing properties of
WOj; nanosheets with dominant exposed (200) facet via loading of SnO, nanoparticles. Nanomaterials, 9,
351.

Yang, S., Dong, J., Yao, Z., Shen, C., Shi, X., Tian, Y., et al. 2014. One-pot synthesis of graphene-supported
monodisperse Pd nanoparticles as catalyst for formic acid electro-oxidation. Scientific Reports, 4, 1-6.

Zeng, X., Wang, Z., Wang, G., Gengenbach, T. R., Mccarthy, D. T., Deletic, A., et al. 2017. Highly dispersed
TiO, nanocrystals and WO; nanorods on reduced graphene oxide: Z-scheme photocatalysis system for
accelerated photocatalytic water disinfection. Applied Catalysis B: Environmental, 218, 163-173.

Zhao, T., Ren, Y., Jia, G., Zhao, Y., Fan, Y., Yang, J., et al. 2019. Facile synthesis of mesoporous
WOs@graphene acrogel nanocomposites for low-temperature acetone sensing. Chinese Chemical Letters, 30,
2032-2038.

Zhong, J. B., Li, J. Z., He, X. Y., Zeng, J., Lu, Y., Hu, W, et al. 2012. Improved photocatalytic performance of
Pd-doped ZnO. Current Applied Physics, 12, 998-1001.

This work is licensed under a Creative Commons Attribution 4.0 International License.

\.¥

Journal of Water and Wastewater ML 5 of dxe

Vol. 33, No. 1, 2022 Vo) Jlo o) oyled MY 550





