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Abstract

The textile industry wastewater causes serious environmental problems due to its high toxicity

and color. Therefore, it is necessary to find an effective treatment technology for removing
organic dyes from wastewater. Cavitation is one such modern technique which has been
considered for the treatment of complex pollutants because of its ability to generate highly
reactive free radicals. Up to now, researchers have mostly focused on qualitative interpretations
and related scientific techniques, and there has been no quantitative cost analysis for pollutant
control in textile industries for decision making purposes. Future studies need to focus on the
cost analysis of more processes in textile wastewater treatment, such as advanced oxidation and
combined and biological processes. Thus, this research was conducted with the aim of
investigating and comparing various single and combined processes using the hydrodynamic
cavitation (in a single system and with a specific contaminant) to remove reactive black 5 dye.
Hydrodynamic cavitation (HC) was applied by using an orifice plate with a 7 mm hole diameter
at the inlet pressure of 4 bars. Single processes, photocatalysis, photolysis, adsorption and
combined processes, cavitation + photolysis, cavitation + photocatalyst and cavitation +
photocatalysis were investigated in dye elimination and each of them was optimized by
changing the various parameters (pH, TiO, nanophotocatalyst concentration, irradiation power
and dye concentration) and their best efficiency was obtained. In addition, considering the cost
of energy and the nanophotocatalyst consumed by the processes, along with the process
efficiency, processes were ranked by defining the index of efficiency to cost ratio. In the studied
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processes, efficiency increased as pH reduced, however, in the case of the photolysis process,
efficiency increase at the highest level of the basic pH was significantly higher than acidic pH.
Increasing the nanophotocatalyst concentration up to an optimum level resulted in efficiency
increase. The decolorization rate increased as the irradiation power increased. The processes
efficiency decreased with an increase in the initial concentration of the dye. In terms of
efficiency, cavitation + photocatalysis, photocatalysis, cavitation + photolysis, photolysis,
cavitation + photocatalyst, cavitation and adsorption processes, with the dye removal
efficiencies of 83, 60, 52, 49, 43, 38 and 13% were placed first to seventh. This is while,
considering both efficiency and cost consumption, photolysis process and then processes of
cavitation + photolysis, cavitation and photocatalysis were ranked first to fourth, respectively
with the best ratios. Hydrodynamic cavitation is a promising approach for dealing with
industrial pollutants and the combination of this process with other advanced oxidation
processes yields desirable results. Considering the parameters of energy and the cost of
consumed nanophotocatalyst in the comparison of processes is very important and the output
efficiency of the process should not be the only criterion. Paying attention to the substantial
costs of nanophotocatalysts such as nanotitanium dioxide, combined techniques (e.g., the
combination of cavitation with other advanced oxidation processes) lead to less consumption of
nanomaterial and lower operational costs and are therefore cost-effective.
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Table 1. Characteristics of RB5
Name Reactive Black 5 (diazo)
Synonym Remazol Black B
Molecular formula CysHy1N5sNas019S¢
Molecular weight (g/mol) 991.82
C.I. number C.I. 20505
C.B. number CB0419426
Application class Cotton
Chemical class Azo
CAS registry number 17095-24-8
Amax(NM) 598
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Table 2. Optimization of the photocatalytic process

Variable parameter and

other constant conditions LB e
70
Photocatalyst concentration (mg/L) 50,100,200 g :: . .
Dye concentration (mg/L) 30 g3
Power of irradiation (W) 60 g
pH 8 0 !
0 50 100 150 200 250
Ti02 (mg/L)
70
Power of irradiation (W) 15, 30, 60 5 60 &
= 50
T . t
Dye concentration (mg/L) 30 g 30
Photocatalyst concentration (mg/L) 100 z :3 ’
pH 8 0
o 15 30 45 (1] 75
Power (W)
70
pH 3,4,6,8,9,11 S:g Pt e )
T a0
Dye concentration (mg/L) 30 g
Photocatalyst concentration (mg/L) 100 z iz
Power of irradiation (W) 60 0
0 2 4 6 8 10 12 14
pH
70
Dye concentration (mg/L) 30, 50, 100 2% ;
= 50 &
ERU
Photocatalyst concentration (mg/L) 100 g3 .
Power of irradiation (W) 60 £
pH 3 0
0 20 40 60 80 100 120
Dye (mg/L)
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Table 3. Optimization of the photolysis process

Variable parameter and other

Level Graph
constant conditions eves raphs
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260
Power of irradiation (W) 15, 30, 60 Zs0
£
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Dye concentration (mg/L) 30 T .
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Table 4. Optimization of the adsorption process

Variable parameter and other
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Table 5. Optimization of the cavitation + photolysis process
Variable parameter and other
constant conditions Luzeels Graphs
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Table 6. Optimization of the cavitation + photocatalyst process

Variable parameter and other

constant conditions LB CLis
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Table 7. Optimization of the cavitation + photocatalysis process
Variable parameter and other
constant conditions Levels Graphs
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Table 8. Ranking of investigated processes according to the ratio of output efficiency to cost consumption
Rank Process cost (Coeflicient of A) regﬁ'al efg;zi:c;fto
Pump Nanophotocatalyst Lamp  Total (%) cost
1 Photolysis 1.89 0 0.12 2.01 49 24.38
2 Cavitation + Photolysis 2.82 0 0.12 2.94 52 17.69
3 Cavitation 2.82 0 0 2.82 38 13.48
4 Cavitation + Photocatalysis ~ 2.82 49.5 0.12 52.44 83 1.58
5 Photocatalysis 1.89 49.5 0.12 51.51 60 1.16
6 Cavitation + Photocatalyst 2.82 49.5 0 52.32 43 0.82
7 Adsorption 1.89 99 0 100.89 13 0.13

ol o it 4555 SBle ol e 21381 ol ol el
glckle ¢ cos sYL lackle 15 1555, g5 ool
LaolSe i wan VT 5VL ekl 5o ol 28 Sl
) Lo oLSa 0 S T ezt 5 st Jlactl eS8 56
s 58 sn iy olaadly ol Gl 4 ot Sl (S Gl
.(Ghows and Entezari, 2011)

o a5 Sy Sl 8l Sl sl clle ol 01500
SIS S 5y sl 5 s 5 Sl 5o
Jdsan lid s o Lol (g S s, L RIFEX SR RMCIP
233b 3,03 6 3VL 4w 58 5 ' (A 655,55 55 03 b
.(Huang et al., 2013) ans oo Sz 4 5o b

oS 6 ol5e b YU el s el zalS s sdew,
Cble 53 an 5 oun VT G & a5 SIS0l S
G n o o led S o1 T & podinS] 31 Jools Laly s 5150

.(Rajoriya et al., 2017, Wu et al., sls Cous cas,ls JIG sl

2012)

Lol d padag,-Y-¥
Cazg bty opl s adlhe s, s glaan) 3 JSA Jsux s
Comns e G2 b Slanl 3 (B e 450 5 (6555 Olosl
dwle s g Sl S5 oble Lol gands ) 4w 4 ool
o=dls s puds g LCrul A Sl o 15 Oy s0n 4y 3o
L 0l Sl G 1 e i S o3 0l

bl bt 3 s o amlonn w3l gl b o 3l 30m 5 2ol

Journal of Water and Wastewater

(Raut-Jadhav et 535 o &) swls 9IS slus 5 Crnay Ecly S
al., 2013)

B35 Oly -T-Y-y

o s getr B ot 50 L W85, 55wl o]
59450 2355 5 ol il 31 L1 5 ((Bendjabeur et al., 2018)
ol s a5 4Bl ol Bl s (SuS S s
{(Liang et al., 5530 a5 s 2 oSy e L JIS),
Ol 555 YL Oud ys B unl 3 55 55Me 4 2017)
S5 5 SenBlS b 2 Sl g s 53 a0 5
SIS e S il o 2l WL s i S
35 ol el Lilenn 5 JLab LS, slaess f iy
.(Thejaswini et al., 2016) 5 5

1555, cdale -F-Y-¥v
iy VT bl 5 G258l s 5 cmlin 3585 51 (5 5k
(Mosleh and Rahimi, »ls ol 3 gleasly 59, 5 i ,:SL“
el 1555, YL Sl 8 551 Sl ol e 3 2017)
s 5t Lad 550 o 55 605 G55 Soml i
15 i S Sl el Gl 3 oY e L
= o yamld pleasly galS culg s S as8 0 155 Lo

(Zhou et al., 2017) cils sal 4>

0 ois sla LS sl ccoll e B 58 6L ol e s

1
Electron-cavity pair

Vol. 31, No. 2, 2020

Q

144 Jlu Y 55l FY 590



dx.doi.org/10.22093/wwj.2019.147624.2741

ohlen 5 )l Ly

Oty 98 5l b 5t 4 0 sy SIS (e JULS 8
555 solesily b e e Ol 5 ¢l 58 e JU S 2
S5 wain 5 51l 3w VY 5 YALFY FA QY 50 AY
5ol o obls s b enl Jb s ol §
S 9 5wl (an e 4 plessly s i a5 L) (B e
LYV I PPN P SE S R WM LI C g P JE Y
b S ) eoler U sl s 50 bl o 2 b oo lS 523
U s 55 slesnbl s Sad jasis ol
s el g sl bt |8 dslie s b CJUlS
2ls pltd s Dheas s gad ST as | 3 (25 5 plowsly 4 e
L adlin (gl touaal (65,5055 (Soalsgsus §gemln 58 S
A Lanl b ) oS5 5 s el taio slasa sy VT
sols sy 591 olae s sy slouy b

S adssgany b 0,5 b s L
=55 Lo S g5 oiles 1Sl (65 U Jod 5l e JbIS g2
O gl laa |3 S5 Ly g gl sS oS5 asile)
S Glles ity 5n 5 o3l gl ,neS O me o b (ab iy
A 40 4 (9 e

O3ls Sl a5 Lo win 53 Dlalllas s 5SS w2 5 L
Lol g a5 0 g9 0 OB il s dghe ol @
Sy o 3 ikt oyl Jlazol LS5 ales a5
Ll 5 o Mo 5 355 s 3 ok ) g ool dlasl g

5SSl A gy e

‘5;‘5).’5—0
4.4w)“&-_gja&&u‘bgﬁ&jﬁrfm@jl:»)‘%jw\o

References

osba olml5s (e G Zele Dl kS e s ST
LeSh (63 5L sy 05 e EaB sd (28 JLSA by
AFRY Jla 5o JLs ¥ Ll A) Sl $2A ol s il
B8 528 51 Zaad o Mazad 5 il 5 2S5 Vel 6 5 b
(oot O g0 255 5

DB SPEN P FEN P PR PR S B
Lo o 20 b gl S 5 5538 + 0 sl o8 slay] 2
G5 Sl it oyl ey 58 S 5 g b ) 5
s lio 55 (B0 S U 8 5Ly e 5 (550 gle 2l
Al b oz ool o L b s Cl e sl Loy 8
23 503 LS|

55 s S Sl o Sles e 4l Gl
st (53l Same ao s s S T slse 4525 s
A Pl G ol ol S slie 5 o350 sleslanul 2alS
035 4. > (Rodrigues et al., 2014, Vergili et al., 2012)
i () 3) loand o 501,51l lasl i o
Sl LGy Bilas ¢ bowdd of 5 oLl
518 55 5 san sl Sl gl oyt o Kol (s Koo
05959 aS1 o 5 guls e e g (e JUS g a ] 5 s
o ol a3 058 o e S i Oy 53592 40
Aol danly slge oo 5 (oS5 Goan ) 3) Jlxsl LS 5
50 45 (S5 e 058 Ao S0uS0 b b i Sl g
dial sty e o Cess 4 5 (65508 e 5 31 iy
(Holkar ss5 4 5 S0 >l OB 43555 50 sl 55
etal., 2016)

S Samis ¥
(st LS 58 4 ) gl 5LS glnus ] 8 sl s )

Arbab, P., Ayati, B. & Ansari, M. R. 2018. Application of hydrodynamic cavitation process for dye removal and

optimization based on energy consumption. Environmental Sciences, 16(3), 119-134. (In Persian)

Arbab, P., Seedi, M. & Fakhraie, H. 2012. Photocatalytic degradation of triethyl phosphate using nano TiO..
Journal of Water and Wastewater, 23(3), 103-111. (In Persian).

Aseev, D. & Batoeva, A. 2014. Effect of hydrodynamic cavitation on the rate of OH-radical formation in the

presence of hydrogen peroxide. Russian Journal of Physical Chemistry A, 88(1), 28-31.

Journal of Water and Wastewater

Vol. 31, No. 2, 2020

VA4 Jlo Y o led ¥ 050

YA



dx.doi.org/10.22093/ww;j.2019.147624.2741 g Opiio slouiy), duylio g (oiludings

Asgari, R. & Ayati, B. 2015. Using the EDTA hole scavenger to accelerate decolorization in the immobilized
Photocatalytic process. Journal of Water and Wastewater, 26(3), 19-27. (In Persian).

Asgari, R. & Ayati, B. 2016. Scavenger effects on accelerating photocatalytic removal of Direct Blue 71 dye
with nano TiO, immobilized on a cementitious bed. Sharif Civil Engineering Journal, 31.2(4.2), 25-35. (In
Persian).

Bagal, M. V. & Gogate, P. R. 2014. Degradation of diclofenac sodium using combined processes based on
hydrodynamic cavitation and heterogeneous photocatalysis. Ultrasonics Sonochemistry, 21(3), 1035-1043.
Bamba, D., Coulibaly, M. & Robert, D. 2017. Nitrogen-containing organic compounds: origins, toxicity and
conditions of their photocatalytic mineralization over TiO,. Science of the Total Environment, 580, 1489-

1504.

Bendjabeur, S., Zouaghi, R., Zouchoune, B. & Sehili, T. 2018. DFT and TD-DFT insights, photolysis and
photocatalysis investigation of three dyes with similar structure under UV irradiation with and without TiO,
as a catalyst: effect of adsorption, pH and light intensity. Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy, 190, 494-505.

Bis, M., Montusiewicz, A., Ozonek, J. & Pasieczna-Patkowska, S. 2015. Application of hydrodynamic cavitation
to improve the biodegradability of mature landfill leachate. Ultrasonics Sonochemistry, 26, 378-387.

Caligkan, Y., Yatmaz, H. C. & Bektas, N. 2017. Photocatalytic oxidation of high concentrated dye solutions
enhanced by hydrodynamic cavitation in a pilot reactor. Process Safety and Environmental Protection, 111,
428-438.

Chong, M. N., Cho, Y. J., Poh, P. E. & Jin, B. 2015. Evaluation of titanium dioxide photocatalytic technology
for the treatment of reactive Black 5 dye in synthetic and real greywater effluents. Journal of Cleaner
Production, 89, 196-202.

Eren, Z. 2012. Ultrasound as a basic and auxiliary process for dye remediation: a review. Journal of
Environmental Management, 104, 127-141.

Ferreira, L. C., Lucas, M. S., Fernandes, J. R. & Tavares, P. B. 2016. Photocatalytic oxidation of reactive black 5
with UV-A LEDs. Journal of Environmental Chemical Engineering, 4(1), 109-114.

Franco, D. S., Tanabe, E. H., Bertuol, D. A., dos Reis, G. S., Lima, E. C. & Dotto, G. L. 2017. Alternative
treatments to improve the potential of rice husk as adsorbent for methylene blue. Water Science and
Technology, 75(2), 296-305.

Franke, M., Braeutigam, P., Wu, Z.-L., Ren, Y. & Ondruschka, B. 2011. Enhancement of chloroform
degradation by the combination of hydrodynamic and acoustic cavitation. Ultrasonics Sonochemistry, 18(4),
888-894.

Gharbani, P. & Mehrizad, A. 2016. Evaluation of ultrasound/H,O, process efficiency in removal of
benzaldehyde from aqueous solutions. Modares Civil Engineering Journal, 16(5), 119-127. (In Persian)

Gharibzadeh, N. A., Fatehifar, E., Alizadeh, R., Haghlesan, A. & Chavoshbashi, M. 2016. Modeling and
optimization of removal of toluene from aqueous solutions using iron oxide nanoparticles by RSM method.
Modares Civil Engineering Journal, 16(2), 203-213. (In Persian).

Ghoneim, M. M., El-Desoky, H. S. & Zidan, N. M. 2011. Electro-fenton oxidation of Sunset Yellow FCF azo-
dye in aqueous solutions. Desalination, 274(1-3), 22-30.

Journal of Water and Wastewater ML 5 of dxe

Vol. 31, No. 2, 2020 194 Jlo oY oyl ¥ 550

Q



dx.doi.org/10.22093/wwj.2019.147624.2741 OhlSen 5 iyl sy ¢

Ghows, N. & Entezari, M. H. 2011. Exceptional catalytic efficiency in mineralization of the reactive textile azo
dye (RB5) by a combination of ultrasound and core—shell nanoparticles (CdS/TiO,). Journal of Hazardous
Materials, 195, 132-138.

Goel, M., Hongqiang, H., Mujumdar, A. S. & Ray, M. B. 2004. Sonochemical decomposition of volatile and
non-volatile organic compounds- a comparative study. Water Research, 38(19), 4247-4261.

Gogate, P. R. 2008. Treatment of wastewater streams containing phenolic compounds using hybrid techniques
based on cavitation: a review of the current status and the way forward. Ultrasonics Sonochemistry, 15(1),
1-15.

Gogate, P. R. 2011. Hydrodynamic cavitation for food and water processing. Food and Bioprocess Technology,
4(6), 996-1011.

Gore, M. M., Saharan, V. K., Pinjari, D. V., Chavan, P. V. & Pandit, A. B. 2014. Degradation of reactive orange
4 dye using hydrodynamic cavitation based hybrid techniques. Ultrasonics Sonochemistry, 21(3), 1075-1082.

Guayaquil-Sosa, J., Serrano-Rosales, B., Valadés-Pelayo, P. & de Lasa, H. 2017. Photocatalytic hydrogen
production using mesoporous TiO, doped with Pt. Applied Catalysis B: Environmental, 211, 337-348.

Gupta, V. K., Agarwal, S., Olgun, A., Demir, H. 1., Yola, M. L. & Atar, N. 2016. Adsorptive properties of
molasses modified boron enrichment waste based nanoclay for removal of basic dyes. Journal of Industrial
and Engineering Chemistry, 34, 244-249.

Holkar, C. R., Jadhav, A. J., Pinjari, D. V., Mahamuni, N. M. & Pandit, A. B. 2016. A critical review on textile
wastewater treatments: possible approaches. Journal of Environmental Management, 182, 351-366.

Huang, Y., Wu, Y., Huang, W. & Yang, F. 2013. Degradation of chitosan by hydrodynamic cavitation. Polymer
Degradation and Stability, 98(1), 37-43.

Kalumuck, K. M. & Chahine, G. L. 2000. The use of cavitating jets to oxidize organic compounds in water.
Journal of Fluids Engineering, 122(3), 465-470.

Kodom, T., Dougna, A., Tchakala, I., Gnazou, M.-E. D., Djaneye-Boundjou, G. & Bawa, M. L. 2013. TiO,
PC500 coated on non woven paper with SiO, as a binder-assisted photocatalytic degradation of reactive black
5 in aqueous solution. Journal of Water Resource and Protection, 5(12), 1227-1234.

Krishnakumar, B. & Swaminathan, M. 2010. Solar photocatalytic degradation of Acid Black 1 with ZnO.
Journal of Chemistry, 49, 1035-1040.

Liang, L., Tursun, Y., Nulahong, A., Dilinuer, T., Tunishaguli, A., Gao, G., et al. 2017. Preparation and
sonophotocatalytic performance of hierarchical Bi,WOg structures and effects of various factors on the rate of
Rhodamine B degradation. Ultrasonics Sonochemistry, 39, 93-100.

Machado, F. M., Carmalin, S. A., Lima, E. C., Dias, S. L., Prola, L. D., Saucier, C., et al., 2016. Adsorption of
alizarin red S dye by carbon nanotubes: an experimental and theoretical investigation. The Journal of Physical
Chemistry C, 120(32), 18296-18306.

Madhavan, J., Grieser, F. & Ashokkumar, M. 2010. Degradation of Orange-G by advanced oxidation processes.
Ultrasonics Sonochemistry, 17(2), 338-343.

Mosleh, S. & Rahimi, M. R. 2017. Intensification of abamectin pesticide degradation using the combination of
ultrasonic cavitation and visible-light driven photocatalytic process: synergistic effect and optimization study.

Ultrasonics Sonochemistry, 35, 449-457.

Journal of Water and Wastewater NS 5 Ol dore

.

Vol. 31, No. 2, 2020 VA8 Jlo Y oles ¥ 00

Q



dx.doi.org/10.22093/ww;j.2019.147624.2741 g Opiio slouiy), duylio g (oiludings

Panbehkarbisheh, M. & Ayati, B. 2015. Compare the capability of NalO, and NaBrO; oxidants on improving the
photocatalytic process by UV/TiO, in removal of Direct Blue 71 dye. Sharif Civil Engineering Journal, 30-
2(4.1), 57-65. (In Persian).

Papié, S., Vujevi¢, D., Koprivanac, N. & Sinko, D. 2009. Decolourization and mineralization of commercial

reactive dyes by using homogeneous and heterogeneous Fenton and UV/Fenton processes. Journal of

Hazardous Materials, 164(2-3), 1137-1145.

Pavan, F. A., Camacho, E. S., Lima, E. C., Dotto, G. L., Branco, V. T. & Dias, S. L. 2014. Formosa papaya seed
powder (FPSP): preparation, characterization and application as an alternative adsorbent for the removal of
crystal violet from aqueous phase. Journal of Environmental Chemical Engineering, 2(1), 230-238.

Rajoriya, S., Bargole, S. & Saharan, V. K. 2017. Degradation of a cationic dye (Rhodamine 6G) using
hydrodynamic cavitation coupled with other oxidative agents: reaction mechanism and pathway. Ultrasonics
Sonochemistry, 34, 183-194.

Rajoriya, S., Carpenter, J., Saharan, V. K. & Pandit, A. B. 2016. Hydrodynamic cavitation: an advanced
oxidation process for the degradation of bio-refractory pollutants. Reviews in Chemical Engineering, 32(4),
379-411.

Raut-Jadhav, S., Saharan, V. K., Pinjari, D. V., Saini, D. R., Sonawane, S. H. & Pandit, A. B. 2013.
Intensification of degradation of imidacloprid in aqueous solutions by combination of hydrodynamic
cavitation with various advanced oxidation processes (AOPs). Journal of Environmental Chemical
Engineering, 1(4), 850-857.

Rodrigues, C. S., Madeira, L. M. & Boaventura, R. A. 2014. Synthetic textile dyeing wastewater treatment by
integration of advanced oxidation and biological processes—performance analysis with costs reduction.
Journal of Environmental Chemical Engineering, 2(2), 1027-1039.

Sadeghi, 1., Arbab, P., Fathizadeh, M., Fakhraee, H. & Amrollahi, M. 2012. Optimization of nano-TiO,
photocatalytic reactor for organophosphorus degradation. Advances in Materials Science and Engineering,
Article ID: 510123.

Saharan, V. K., Badve, M. P. & Pandit, A. B. 2011. Degradation of Reactive Red 120 dye using hydrodynamic
cavitation. Chemical Engineering Journal, 178, 100-107.

Sahoo, M., Sinha, B., Marbaniang, M., Naik, D. & Sharan, R. 2012. Mineralization of Calcon by UV/oxidant
systems and assessment of biotoxicity of the treated solutions by E. coli colony forming unit assay. Chemical
Engineering Journal, 181, 206-214.

Sayyaadi, H. 2015. Enhanced cavitation—oxidation process of non-VOC aqueous solution using hydrodynamic
cavitation reactor. Chemical Engineering Journal, 272, 79-91.

Seid-Mohammadi, A., Asgari, G., Mehr Ali Pour, J., Shabanlo, A., Almasi, H. & Zaheri, F. 2016. Sonochemical
oxidation of acid blue 113 by Fe (II)-activated hydrogen peroxide and persulfate in aqueous environments.
Journal of Water and Wastewater, 27(2), 2-13. (In Persian).

Thejaswini, T., Prabhakaran, D. & Maheswari, M. A. 2016. Soft synthesis of potassium co-doped Al-ZnO
nanocomposites: a comprehensive study on their visible-light driven photocatalytic activity on dye
degradation. Journal of Materials Science, 51(17), 8187-8208.

Journal of Water and Wastewater ML 5 of dxe

Vol. 31, No. 2, 2020 194 Jlo oY oyl ¥ 550

Q



dx.doi.org/10.22093/wwj.2019.147624.2741 ohlon 5 il by

Thejaswini, T., Prabhakaran, D. & Maheswari, M. A. 2017. Ultrasound assisted synthesis of nano-rod embedded
petal designed a-Bi,O3-ZnO nanoparticles and their ultra-responsive visible light induced photocatalytic
properties. Journal of Photochemistry and Photobiology A: Chemistry, 335, 217-229.

Velmurugan, R., Krishnakumar, B. & Swaminathan, M. 2014. Synthesis of Pd Co-doped nano-TiO,~SO,* and
its synergetic effect on the solar photodegradation of Reactive Red 120 dye. Materials Science in
Semiconductor Processing, 25, 163-172.

Vergili, 1., Kaya, Y., Sen, U., Gonder, Z. B. & Aydiner, C. 2012. Techno-economic analysis of textile dye bath
wastewater treatment by integrated membrane processes under the zero liquid discharge approach. Resources,
Conservation and Recycling, 58, 25-35.

Wang, M. & Yuan, W. 2016. Modeling bubble dynamics and radical kinetics in ultrasound induced microalgal
cell disruption. Ultrasonics Sonochemistry, 28, 7-14.

Wang, X., Jia, J. & Wang, Y. 2011. Degradation of CI reactive red 2 through photocatalysis coupled with water
jet cavitation. Journal of Hazardous Materials, 185(1), 315-321.

Wang, X., Jia, J. & Wang, Y. 2017. Combination of photocatalysis with hydrodynamic cavitation for
degradation of tetracycline. Chemical Engineering Journal, 315, 274-282.

Wong, C. P. P, Lai, C. W,, Lee, K. M. & Hamid, S. B. A. 2015. Advanced chemical reduction of reduced
graphene oxide and its photocatalytic activity in degrading reactive black 5. Materials, 8(10), 7118-7128.

Wu, J., Zhang, H. & Qiu, J. 2012. Degradation of acid orange 7 in aqueous solution by a novel
electro/Fe”/peroxydisulfate process. Journal of Hazardous Materials, 215, 138-145.

Yola, M. L., Eren, T., Atar, N. & Wang, S. 2014. Adsorptive and photocatalytic removal of reactive dyes by
silver nanoparticle-colemanite ore waste. Chemical Engineering Journal, 242, 333-340.

Zhou, Z., Yang, Y., Zheng, Z. & Wang, M. 2017. Photodegradation of the benzothiostrobin in solution and on
soil and glass surface. Water Science and Technology, 76(2), 364-372.

fY

Journal of Water and Wastewater NS 5 Ol dore

Vol. 31, No. 2, 2020 VA8 Jlo Y oles ¥ 00

Q



