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a b s t r a c t
The fundamental objective of this work is to examine the efficiency of the hybrid advanced 
treatment process for removal of residual organic pollutants in carpet washing wastewater at var-
ious reaction conditions. For this goal, Taguchi method was adopted to optimize the critical fac-
tors viz. catalyst type (TiO2 and ZnO), catalyst concentration (0.5–2.5 g/L), pH (2–10), H2O2 con-
centration (0–10 mM), and operation time (30–180 min). These experimental factors were handled 
in mixed levels (21 × 34), and operation parameters were optimized by the application of L18 tests. 
The analysis of variance results showed that catalyst type, H2O2 concentration, and pH had the 
highest effects on the elimination of chemical oxygen demand (COD) and color. COD and color 
removal efficiencies were determined as 53% and 99%, which are close to the predicted values of 
49% and 95%, respectively, according to the confirmation test carried out under optimal parame-
ters. Thus, considering the cost of energy consumed and acceptably high COD and color removal 
level, the sonophotocatalysis process combining ultrasound, ultraviolet, hydrogen peroxide, and 
catalyst (TiO2 and ZnO) could achieve great performance for the reduction of pollution load in 
wastewater by the fast and eco-friendly removal of organic pollutants from carpet washing  
effluents.
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1. Introduction

Carpets, comprising a portion of the textile industry, 
are used in small and large sizes, especially in homes, 
hotels, and other accommodation areas. Carpet washing 
(CW) is extensively practiced in homes and commercial 
premises to prolong the life of carpets and to ensure that 
living and working areas are hygienic. Especially in Asian 
countries such as Turkey, intensive carpet washing activ-
ity occurs in metropolitan and rural areas in the spring. 
The CW sector is known to consume substantial amounts 
of fresh water, along with other washing industries such 

as car washing and laundry. CW processes contain various 
hazardous pollutants, such as synthetic and organic chem-
icals; surfactants (including detergents and deodorizing 
products), dye residues, color, turbidity, suspended solids, 
chemical oxygen demand (COD), and other potentially haz-
ardous, non-biodegradable chemicals and extracted carpet 
residues [1,2]. Therefore, if this wastewater is not correctly 
handled and treated, some carpet washing chemicals may 
damage the ecosystem, be toxic to aquatic life, and promote 
excessive algal growth due to their higher nutrient contents 
[3,4]. In addition to disruption of ecological balance, 
this type of water contributes to the rapid decrease in 
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dissolved oxygen levels, as it has relatively low oxygen 
levels compared to real industrial wastewater. Hence, 
treatment and then reuse, or incorporating the wastewater 
into the infrastructure network system, may reduce the 
burden of the enterprise and urban treatment plants [5].

Advanced oxidation processes (AOPs) are extremely 
novel methods that have attracted more attention in the 
removal of the toxic recalcitrant and/or non-biodegradable 
organic and inorganic components present in wastewa-
ter that are resistant to conventional treatment methods 
[6,7]. In this context, some AOPs, including heterogeneous 
and homogeneous photocatalysis, sonolysis, Fenton, 
electro-Fenton, electrochemical, and ozonation reactions 
have shown considerable promise for wastewater treat-
ment applications [8–13]. Among those processes, het-
erogeneous photocatalytic processes (HPC) are defined 
as the degradation of recalcitrant compounds in water/
wastewater systems based on a semiconductor photocat-
alyst such as TiO2, ZnO, etc., and a photon source, such 
as ultraviolet (UV) or sunlight, which generates highly 
powerful reactive radicals, including hydroxyl radi-
cals (HO•) (E0 = 2.8 V), holes (h+), superoxide anion (O2

•−) 
and hydroperoxyl (HO2

•) [14,15]. TiO2 (~3.2 eV) and ZnO 
(~3.37 eV) are widely used functional semiconductors that 
are chosen for their low cost, chemical stability, non-tox-
icity, and higher photosensitive properties [16–18]. Under 
irradiation with a light source (hν ≥ Eg), free electrons and 
holes are generated in the conductive and valence bands 
of the semiconductor (e−CB/h+

VB) [19,20]. Hence, the degra-
dation and mineralization of organic pollutants in water 
systems into carbon dioxide, water, and mineral salts is 
improved [21,22]. In recent years, sonocatalysis (SC) (US/
TiO2) has become a popular AOP. SC is based on the gen-
eration of huge amounts of OH• radicals due to the col-
lapse of cavitation bubbles driven by ultrasound [23]. 
Ultrasonic splitting of water molecules and electron activ-
ity on the catalyst surface (TiO2 and ZnO) oxidize organic 
pollutants when catalysts are exposed to UV irradiation, 
according to the following equations [24,25]:

Catalyst catalyst e catalyst hhυ → +( ) ( )− +  (1)

h OH OHads
+ − •+ →  (2)

e– + O2 → O-
2 → •OH (3)

H O H OH2
)))) → +• •  (4)

•OH + •OH → H2O2 (5)

where h+ is a hole, and e– is an electron [24]. The coupling 
of sonocatalysis (SC) and photocatalysis (PC), dubbed 
“sonophotocatalysis” (SPC; US/UV/TiO2) is mainly respon-
sible for the generation of active radicals and enhance-
ment of the degradation efficiencies of organic and non-
biodegradable recalcitrant pollutants [26]. The advantages 
of this “hybrid SPC process” could be summarized in 
the following: generation of more free radicals •OH with 
strong oxidizing capability, enhancement of the catalyst’s 

surface area, increasing the mass transfer to the liquid–solid 
interface, cleaning the catalyst surface, uniform distribu-
tion of a powdered form of catalyst in the liquid medium, 
regeneration of catalyst surface by turbulence, shear stress 
and micro-streaning, and enhancement of adsorption 
capacity of the catalyst [12,27–30]. Additionally, the hybrid 
SPC process is reported to increase the degradation effi-
ciency of target pollutants in water/wastewater systems 
compared to the individual processes, and their combi-
nation is expected to reduce the operation cost, amount 
of reagent, operating time, and energy requirements for 
mineralization of pollutants in the engineering aspect 
[24,30–32]. Although the treatment of carpet washing 
wastewater (CWW) has been studied with various indi-
vidual processes in the literature [1,2,4,5,33,34], no one has 
attempted to understand the hybrid degradation effects of 
ultrasound (US) and photocatalysis (PC) on the treatment 
of CWW. Besides, various independent factors such as pH, 
catalyst type and concentration, operation time, and H2O2 
concentration have a significant impact on hybrid AOP 
performances that were reported especially for the treat-
ment of several industrial wastewaters. Poblete et al. [35] 
discussed the synergistic effect of heterogeneous photo-
catalysis (HP) and ultrasound (US) to treat pisco vinasse, 
dark brown wastewater with high polyphenols contents 
and COD over 60 min treatment period. The efficiency of 
hybrid HP + US treatment was attained as the best removal 
ratios for polyphenols (68%), COD (70%), and color (48%) 
under 36 W UVC254 irradiation with 37 kHz and 500 W US 
system. Furthermore, [24] declared that 59% COD removal 
from real olive mill wastewater was achieved within 90 min 
in the US/UV/TiO2 system. Also, the effect of various oper-
ating parameters such as, ultrasound power, initial COD 
concentration, the concentration of TiO2, frequency of 
ultrasound, and temperature on the OMW oxidation effi-
ciency was discussed based on the conventional one vari-
able determination method independently at a specific time 
while keeping other factors constant. The maximum COD 
removal rate was achieved at 0.75 g/L of TiO2 at frequency 
of 20 kHz. However, the operational costs, required time, 
and number of experiments can be reduced by using a sta-
tistical design method that optimizes operational condi-
tions for the maximum removal efficiency [36,37]. In this 
work, as a first time, Taguchi multivariate optimization 
technique was used to analyze the most effective operation 
parameters from the key factors by hybrid SPC method to 
treat a real industrial wastewater. Furthermore, the contri-
bution percentage of each factor on SPC process could be 
determined by this method for the maximum COD and 
color removal from CWW. In addition, the energy cost of 
SPC and the synergistic effects among individual AOPs 
could be assessed to gain insight on the applicability 
of the hybrid treatment method to this type of wastewater.

This study presents great originality and novelty for 
certain reasons: (i) the sonophotodegradation of CWW was 
performed for the first time with anatase nanosized TiO2 
and ZnO catalysts; (ii) to the best our knowledge, it would 
be one of the limited hybrid SPC treatment studies on the 
treatment of real industrial wastewater as compared with 
literature; (iii) catalyst type, catalyst concentration, and 
varied operation conditions were optimized, and efficient 



G. Dogdu / Desalination and Water Treatment 262 (2022) 60–7362

AOP for mineralization and color removal of CWW were 
demonstrated in a short operation time; (iv) secondary pol-
lutants, such as a sludge or high concentrations of anions 
as in the Fenton process were not formed during the oper-
ation; (v) a fast, technically high-efficiency, and econom-
ical treatment was proposed to reduce pollution load in 
wastewater from such facilities that direct high amounts of 
water to the urban water treatment plant.

2. Materials and methods

2.1. Chemicals

The nanopowder TiO2 (AEROXIDE® P25  ≥  99.5%,  ana-
tase form, 21 nm, 35–65 m2/g BET surface area) was sup-
plied by Sigma-Aldrich (Germany). Zinc oxide (ZnO) is 
the other nanopowder photocatalyst (<5 µm particle size, 
99.9%; <10–25 m2/g) supplied by Sigma-Aldrich (Germany) 
that was selected in this study. Hydrogen peroxide solution 
(30%, H2O2) was used as an oxidant, provided by Sigma-
Aldrich (Germany). Sodium hydroxide (NaOH, 99%) and 
sulfuric acid (H2SO4, 97%) were procured from Merck 
(Germany). All chemicals were used without additional 
purification. During the experiments, deionized water was 
used to prepare the necessary solutions (Merck Milli-Q, 
Germany, spec. resistivity: 18.2 MΩ).

2.2. Carpet washing wastewater

The CWW used in this study was supplied by a local 
carpet washing company located in the city center of Bolu 
in Turkey. The CWW was sampled as composite for 2 h and 
collected from the effluent of the washing system. The CWW 
was kept in amber bottles at 4°C in the dark. The fundamen-
tal physico-chemical characterization of CWW samples is 
given in Table 1.

2.3. Reactor design

All ultrasound, photocatalytic, and sonophotocatalytic 
experiments were performed using the same cylindri-
cal Pyrex glass immersion well reactor filled with 200 mL 
solution with certain amount of catalyst. The batch-mode 
reactor equipped with a water jacket and a PL-L UVA 
lamp (Philips, Dutch) (36 W; 315–38 nm; 110 µW/cm2) 
was used to study the SPC method (Fig. 1). Air at 3.5 L/
min was supplied to the reactor system using a diffuser. 
For the US experiments, the whole photoreactor sys-
tem was immersed into an ultrasonic bath (Bandelin DT 
106, Germany) with a capacity of 5.6 L (operating vol-
ume, 200 mL), a tank size of D = 240 mm and L = 125 mm, 
and an operating frequency of 35 ± 3 kHz (120 W, 220 V). 
The reactor temperature was kept constant at 25°C ± 3°C 
with the help of suitable cooling equipment.

2.4. Experimental conditions

CWW samples were taken at the beginning and end 
of each experiment run, centrifuged at 5000 rpm for 
15 min, and filtered using 0.45 µm filters (Minisart RC25, 
Sartorious) to remove catalysts. COD and color values 

before and after treatment were determined by standard 
methods [38] using a Merck Pharo100 spectrophotome-
ter (Germany). The COD was measured using commercial 
test kits (COD Merck 1.14541, 25–1,500 mg/L Spectroquant 
test kit). A 3 mL sample was measured over 120 min at 
150°C under thermoreactor Spectroquant TR 320 (Merck, 
Germany) treatment. When the sample contained hydro-
gen peroxide (H2O2), interference in COD determination 
was reduced by increasing the pH to above 10 to decom-
pose the hydrogen peroxide to oxygen and water [39]. 
Each experiment was performed in duplicate, and the aver-
age results are given in this study. Removal efficiency of 
pollutants was calculated using Eq. (6) [40]:

Removal efficiency Y
C C
C

( ) =
−





×0

0

100  (6)

where Y defines the removal efficiencies of COD and 
color; C0 and C represent initial and final pollutant con-
centrations, respectively.

2.5. Experimental design

Taguchi method is a multivariable optimization tech-
nique that is used to define and optimize key design 
parameters in a shortened experimental period with a 
minimum number of trials [41]. After a number of pre-
liminary experiments, a two-level and three-level Taguchi 
method based on five independent parameters (catalyst 
type (x1), initial dosage (g/L) of catalyst concentration 
(x2), pH (x3), initial dosage (mmol/L) of H2O2 concentration 

Table 1
Physico-chemical characteristics of carpet washing wastewater 
(CWW)

Parameter Value

pH 7.49 ± 0.03
Temperature, °C 21.97 ± 0.06
Redox potential, mV 21.83 ± 0.25
Electrical conductivity, µS/cm 486.63 ± 0.15
Turbidity, NTU 175.33 ± 2.52
Color, mg/L 1,150.33 ± 1.53
Suspended solids, mg/L 74.00 ± 1.00
COD, mg/L 795.67 ± 0.58
NH4–N, mg/L 19.50 ± 0.50
NO2–N, mg/L 1.04 ± 0.02
NO3–N, mg/L 5.17 ± 0.15
PO4–P, mg/L 7.95 ± 0.05
Appearance Brown
Sulfate, mg/L 17.52 ± 0.46
BOD, mg/L 138.72 ± 0.36
Anionic active substance (%) 0.08 ± 0.01
Cationic active substance (%) <0.066

Data represent the mean ± standard error of three replicates.
COD – Chemical oxygen demand; BOD – Biochemical oxygen 
demand.
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(x4) and time (min) of operation (x5)) were designed to 
model the process. Table 2 gives the fundamental oper-
ation parameters and their levels. Recently, experiments 
have been frequently designed and optimized in Taguchi 
method by the systematic orthogonal array (OA). The 
OA is conducted with the largest number of variables 
and the least number of experiments [42]. The Taguchi L18 
(21 × 34) OA was selected as the best fitting to determine 
the optimum COD and color removal for investigating the 
effects of the SPC process parameters. The Minitab soft-
ware (version 17-trial edition) was used to calculate the  
experimental data.

Signal-to-noise (S/N) ratio is a widely used optimiza-
tion criterion that was selected as the performance indicator 
in the Taguchi design. The usually used S/N ratio functions 
are “The smaller is better,” “The nominal is better,” and 
“The larger is better.” “Larger is better” was selected to 
achieve higher removal efficiencies using SPC process. 
The related S/N ratio is calculated using Eq. (7) [43]:

S
N
dB

n Yi

n

i

  = −










=
∑10 1 1

1
2log  (7)

where n defines the number of the experimental replications 
and Yi is the performance value of the ith experiment.

The balanced characteristic of OA can be used to pre-
dict the performance values related to the optimum condi-
tions that are given in Eq. (8):

Yi = m + Xi + ei (8)

where m is defined as the overall mean of the perfor-
mance value, Xi is defined as the fixed effect of the param-
eter level combination used in the ith experiment, and ei is 
defined as the random error in the ith experiment [44].

Ω  transformation  of  percentage  values  is  used  when 
the experimental results are in percentage (%), using 
Eq. (9). Then, reverse transformation is carried out using the 
same equation to determine values of interest [45]:

Ω db
P

( ) = − −






10 1 1log  (9)

where Ω (db) is defined as the decibel value of percentage 
value subject to omega transformation, and P is defined 
as the percentage of product obtained experimentally 
(0 < p < 1) [46].

3. Results and discussion

3.1. Preliminary studies

Various individual (UV, US, TiO2, ZnO, and H2O2) and 
hybrid (UV + US, US + TiO2, UV + TiO2, US + ZnO, UV + ZnO, 
US + UV + TiO2, and US + UV + ZnO) advanced oxidation 
processes (AOPs) were studied to provide the oxidation 
potential as COD removal (%) and color of CWW under 
the same operation conditions as shown in Table 3.

CWW COD levels indicated that individually, UV, 
US, and H2O2 cause negligible reduction, and CWW color 
levels indicated that the individual US and UV meth-
ods cause negligible reduction. H2O2 enables reduction 
of the color of CWW due to producing extra •OH, which 
also advances the degradation of pollutants, especially 
dyes [47]. Table 3 indicates that the oxidation of CWW 
using UV combined with US was only 22% vs. 41% under 
UV + US + TiO2 process at the end of 180 min. Yet, only 34% 
oxidation of CWW was obtained after under UV + US + ZnO 
process after treatment for 180 min.

The synergy index is the ratio of the hybrid SPC 
removal percentage value to the sum of the individual pro-
cesses’ removal percentage values with regards to COD 
removal. The index was calculated to present the strength 
contributions from US, UV-TiO2 and UV-ZnO processes. 
For the oxidation of CWW, the observed synergy index val-
ues for the combined UV + US + TiO2 and UV + US + ZnO 
were obtained as 1.46 and 1.50, respectively. Poblete et al. 
[35] reported lower synergy level (0.99) for the treatment 
of vinasse with US-UV/TiO2 for COD removal. However, 
Sunasee et al. [48] declared that in terms of synergy index, 

Fig. 1. Experimental set-up for the hybrid sonophotocatalysis (SPC) system.
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the synergistic effect of the combination of US/UV/P25 to 
remove Bisphenol A (BPA) was found to be 2.2 indicates 
a positive effect. Kakavandi and Ahmadi [49] reported 
that if integrated effect was equal to sum of the individ-
ual effects, an additive effect occurred and the value of R 
is equal to 1 and R > 1.0 indicates a synergistic effect. This 
means that the combination of photocatalysis and ultra-
sound processes achieved higher oxidation performance 
of CWW when compared with individual processes. The 
reason for the efficient treatment performance of hybrid 
SPC was thought to be the prevention of suspended cat-
alyst nanosized agglomerations due to the propagation 
capability of ultrasound throughout the method. Hence, 
the surface area of catalysts was increased, which resulted 
in increased generation of additional free •OH radicals due 
to this effect in the reaction mixture [24]. Besides, the cat-
alyst surface could be cleaned continuously by the ultra-
sonic waves, preventing pollutant accumulation and that 
of their intermediates produced during degradation [30].

3.2. Taguchi analysis to determine optimum parameters

Taguchi analysis was performed to define the optimal 
parameters and to determine the parameters having the 
most significant effect on the COD and color removal from 
CWW [50]. Table 4 presents the experimental and predictive 
S/N and mean values of COD and color removal efficiencies 

via Taguchi L18 (21 × 34) OA that was used for the examina-
tion of the effects of five factors with three levels. Each run 
of the matrix indicates one test run.

Table 4 indicates the maximum removal efficiencies 
were obtained in experiment 4 for COD removal, whereas 
experiment 3 indicated the highest color removal efficiency. 
A Taguchi-based response table was used to determine the 
most effective process parameters among catalyst type, 
catalyst concentration, operation pH, H2O2 concentration, 
and operation time for the optimal levels of COD and color 
removal efficiencies. According to the S/N table shown in 
Table 5, catalyst concentration was the highest effective 
parameter the COD removal and pH and operation time as 
the most effective on the color removal.

The optimum conditions were A1, B2, C1, D1, and 
E3 for COD removal and A2, B1, C3, D3, and E3 for color 
removal. Fig. 2 illustrates the main effects plot for S/N 
ratios in the evaluation of COD and color reduction in SPC 
process. As shown in Fig. 2a, S/N ratios showed that opti-
mal parameters (highest values) for COD removal were 
the 1st level (A1-TiO2) of catalyst type, the 2nd level (B2-
1.5 g/L) of catalyst concentration, the 1st level (C1-2) of 
pH, the 1st level (D1-0 mmol/L) of H2O2 concentration, and 
the 3rd level (E3-180 min) of time. Further, as shown in 
Fig. 2b, the optimal parameters (highest values) for color 
removal were the 2nd level (A2-ZnO) of catalyst type, the 
1st level (B1-0.5 g/L) of catalyst concentration, the 3rd level 

Table 2
L18 orthogonal array for Taguchi experimental design

Parameters Symbol Level 1 Level 2 Level 3

Catalyst type A TiO2 ZnO –
Catalyst concentration (g/L) B 0.5 1.5 2.5
pH C 2 6 10
H2O2 concentration (mmol/L) D 0 5 10
Time (min) E 30 105 180

Table 3
COD and color removal efficiencies resulting from using a variety of individual and combined processes (35 kHz US frequency; 
120 W US power; pH 10.0; 1.5 g/L catalyst concentration; 36 W UV power; 25°C ± 3°C temperature)

Advanced oxidation treatment methods (AOPs) COD removal (%) Color removal (%)

Ultraviolet (UV) 7.5 ± 0.39 5.77 ± 0.38
Ultrasound (US) 3.22 ± 0.55 14.6 ± 0.46
TiO2 20.8 ± 0.54 83.6 ± 0.71
ZnO 16.6 ± 0.34 84.5 ± 0.67
H2O2 9.6 ± 0.34 85.5 ± 0.55
UV + US 21.9 ± 0.24 84.7 ± 0.08
US + TiO2 24.5 ± 0.51 81.1 ± 0.96
UV + TiO2 27.5 ± 0.59 83.5 ± 0.37
US + ZnO 18.4 ± 0.47 81.7 ± 0.12
UV + ZnO 19.3 ± 0.70 82.2 ± 0.01
UV + US + TiO2 40.5 ± 0.66 95.2 ± 0.24
UV + US + ZnO 33.8 ± 0.09 89.5 ± 0.37

Data are shown as mean ± standard error of three replicates.
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Table 4
Experimental structure and average results Taguchi L18 (21 × 34)

Exp. 
No.

Factor 
A

Factor 
B

Factor 
C

Factor 
D

Fac-
tor E

COD removal percentage (%) Color removal percentage (%)

S/N 
(dB)

Mean 
value

Predictive 
S/N (dB)

Predictive 
mean value

S/N 
(dB)

Mean 
value

Predictive 
S/N (dB)

Predictive 
mean value

1 1 1 1 1 1 32.96 44.46 32.38 43.08 39.28 92.05 39.15 90.81
2 1 1 2 2 2 31.16 36.12 30.68 35.90 38.81 87.23 38.71 86.16
3 1 1 3 3 3 28.05 25.28 28.45 25.98 39.91 99.00 39.88 98.56
4 1 2 1 1 2 34.55 53.38 34.86 53.06 38.74 86.52 38.84 87.42
5 1 2 2 2 3 33.87 49.36 33.34 46.13 38.82 87.27 38.79 86.96
6 1 2 3 3 1 30.45 33.29 30.23 33.54 39.29 92.13 39.31 92.47
7 1 3 1 2 1 33.24 45.92 33.21 45.44 38.96 88.76 39.02 89.32
8 1 3 2 3 2 28.44 26.43 28.95 28.59 38.53 84.44 38.69 86.05
9 1 3 3 1 3 31.58 37.93 32.19 40.43 39.29 92.16 39.25 91.82
10 2 1 1 3 3 28.53 26.70 27.71 23.63 39.74 97.06 39.86 98.27
11 2 1 2 1 1 27.09 22.63 28.22 26.11 38.54 84.52 38.66 85.69
12 2 1 3 2 2 28.00 25.13 28.36 25.62 39.29 92.13 39.32 92.51
13 2 2 1 2 3 31.61 38.05 32.68 43.36 39.32 92.47 39.34 92.71
14 2 2 2 3 1 27.62 24.05 27.73 24.08 38.87 87.78 38.76 86.75
15 2 2 3 1 2 31.53 37.73 30.79 35.68 38.94 88.46 38.92 88.33
16 2 3 1 3 2 28.26 25.89 28.30 25.82 39.41 93.48 39.25 91.80
17 2 3 2 1 3 30.42 33.20 29.69 30.98 38.74 86.46 38.70 86.10
18 2 3 3 2 1 29.53 29.96 29.13 28.06 39.08 90.00 39.11 90.22

 

 

(a) 

(b) 

Fig. 2. Factor levels effect on S/N ratio for (a) COD removal efficiency and (b) color removal efficiency.
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(C3-10) of pH, the 3rd level (D3-10 mmol/L) of H2O2 con-
centration, and the 3rd level (E3-180 min) of time. As pre-
sented in Table 5, the highest COD and color removal were 
53% and 99%, respectively, based on the obtained results. 
According to Table 5, the average COD removal efficiency 
from CWW is 53%, while the color removal efficiency is 99% 
because the color removal is probably due only to the break-
down of the chromophore groups of the dyes that give color 
to the wastewater, while extensive oxidation of the entire 
molecule is required for COD removal [51]. It is thought that 
the reason for the high color removal in CWW is the forma-
tion of intermediate products by the attack of •OH on CWW, 
and their reaction with •OH until complete mineralization 
is achieved [35]. Further, the reason for high color removal 
in CWW is thought to be the formation of intermediate prod-
ucts by the attack of •OH on CWW, along with their reaction 
with •OH until complete mineralization is achieved [35].

3.3. Effects of operating parameters on COD and color removal

3.3.1. Catalyst type and concentration effect

The effect of three catalyst dosages of 0.5, 1.5, and 2.5 g/L 
on the COD and color degradation was investigated for 
TiO2 and ZnO catalysts. As shown in Figs. 2a and b and 
3a and b, although catalyst type had a significant impact 
on COD removal, it was an insignificant factor in the color 
removal of CWW (Table 5). The nanosized TiO2 particles 
have smaller particle size (21 nm) with a larger total sur-
face area (35–65 m2/g) than the ZnO catalyst (<5 µm par-
ticle size, 99.9%; <10–25 m2/g). Thus, they provide more 
chances for the organic matter to adsorb on the catalyst 
surface [24]. The transient implosion of cavitation bubbles 
in the surroundings of the photocatalyst particles enables 
formation of more radicals that degrade pollutants [30]. 
Besides, it can be stated that TiO2 shows better individual 
and combined oxidation for sonoluminescence induced by 
ultrasonic irradiation and excitation using UV irradiation. 
Greater generation of hydroxyl radicals in the hybrid pro-
cess leads to higher oxidation rate and continuous cleaning 
on the catalyst surface for a longer period [52].

Catalyst concentration is a significant factor in both 
COD and color removal efficiency, as shown in Fig. 3a and 
b. Increasing TiO2 catalyst concentration causes an increase 
in the number of cavitation bubbles due to providing 

additional nuclei, and consequently, more OH– radicals are 
generated in the bulk solution (Fig. 2a). Also, the availabil-
ity of active sites on the catalyst surface increases up to the 
optimum value (1.5 g/L of TiO2) with an increase in cata-
lyst loading [36,53]. However, at higher dosage (higher than 
1.5 g/L for TiO2 and 0.5 g/L for ZnO), more catalyst aggre-
gation will occur that results with inhibition of light pen-
etration, and the loss of active sites depends on shielding 
effects, generating OH– in the solution. Further, excessive 
amounts of sonocatalyst lower the amount of ultrasonic 
waves passing into the solution [54,55]. The results are in 
good agreement with those obtained by [56], where COD 
reduction of real phosphonate-containing industrial waste-
water increased from 48% to 64.9% with an increase in TiO2 
loading from 0.1 to 0.5 g/L, and consequently, a greater 
decrease was observed with an increase in catalyst loading.

3.3.2. pH effect

The pH plays an essential role in the generation of 
hydroxyl radicals and the chemical form of various organic 
pollutants in wastewater [25]. The change of pH value 
was investigated at pH levels 2, 6, and 10. In Fig. 4a and 
b, the effect of pH on the COD and color removal from 
CWW could be observed. Based on the results in Figs. 2a 
and 4a, as pH increased from 2 to 6, a marginal decrease 
was achieved in COD removal, and finally, the pH showed 
a tendency to increase slightly to 10. This trend should be 
explained by the following steps: the initial organic com-
pounds in the CWW firstly decomposed into intermedi-
ates, forming organic acids which consequently are decom-
posed to carbon dioxide [57]. Secondly, the reason for the 
increase of COD removal in acidic conditions could prob-
ably be related to the point of zero charge (pHZPC) of TiO2 
catalyst (6.25) [58]. Under acidic conditions (pH < pHZPC), 
the surface of the catalyst (TiO2) is positively charged 
from absorbing H+ ions, and the pollutant molecules are 
negatively charged due to significantly high electrostatic 
attraction [59]. Similar to these findings, Dinesh et al. [60] 
confirmed that the enhanced formation of hydroxyl rad-
icals influenced the efficiency of SPC at lower pH. When 
the initial pH of the solution changed from 6.04 to 2, deg-
radation of basic brown 1 dye increased from 11% to 43% 
at 37 kHz ultrasound frequency. At lower pH, •OH radicals 

Table 5
S/N response tables for COD and color removal efficiencies (%)

COD removal (%) Color removal (%)

Catalyst 
type

Catalyst 
concentration 
(g/L)

pH H2O2 
concentration 
(mM)

Time 
(min)

Catalyst 
type

Catalyst 
concentration 
(g/L)

pH H2O2 
concentration 
(mM)

Time 
(min)

Level A B C D E Level A B C D E
1 31.59 29.3 31.52 31.36 30.15 1 39.07 39.26 39.24 38.92 39
2 29.18 31.6 29.77 31.23 30.32 2 39.1 39 38.72 39.05 38.95
3 30.25 29.86 28.56 30.68 3 39.00 39.3 39.29 39.3
Delta 2.41 2.3 1.76 2.8 0.53 Delta 0.03 0.27 0.58 0.37 0.35
Rank 2 3 4 1 5 Rank 5 4 1 2 3



67G. Dogdu / Desalination and Water Treatment 262 (2022) 60–73

are easily generated by oxidizing more hydroxide ions. 
Additionally, according to the Nernst equation [Eq. (10)], 
when the solution pH was declined, the redox potential of 
HO• radicals was increased. Thus, with increasing the pH 
amount from 2 to 6, the HO• redox potential theoretically 
decreased from 2.69 to 2.21. Ghanbari et al. [61] reported 
that the degradation of acetaminophen (ACM) was com-
paratively studied by UV/chlorine and UV/H2O2 systems 
and with increasing the pH amount from 7 to 11 the HO• 
redox potential theoretically decreased from 2.39 to 2.15. 
Hence, over 85% of the contaminant was removed at pH of 
7.0 during 25 min of reaction time.

E0 = E0
•OH/H2O

 – 0.059 pH (10)

Moreover, color removal reached maximum at pH 10, 
as indicated in Figs. 3b and 4b. The point of zero charge 
(pHZPC) of ZnO is 9.0; hence, a positive charge on the 
sonocatalyst surface is formed by decreasing pH values 
(<9.0) [36].

3.3.3. H2O2 concentration effect

H2O2 is a powerful oxidizing agent that is added 
to the catalyst to increase the rate of photooxidation. 
Determination of the optimum dose of H2O2 according to 

the type and concentration of pollutants is vital to keep the 
efficiency of added H2O2. H2O2 concentrations of 0, 5, and 
10 mmol/L of were investigated in this study to observe its 
effect on COD and color removal efficiency. A photogene-
rated electron is accepted by H2O2 from the conduction 
band of the catalyst, as follows in Eq. (11). Hence, charge 
separation is promoted. Besides, H2O2 forms •OH radicals, 
as given in Eq. (12) [62]:

e– + H2O2 → •OH + OH– (11)

H2O2 + ●O2 → •OH + OH– + O2 (12)

The addition of hydrogen peroxide enhances the 
color removal of CWW in the presence of ultrasound 
due to additional free radical generation from zero to 
10 mmol/L of H2O2 (Fig. 5b). As illustrated in Fig. 5b, at 
higher and lower pH values, 10 mmol/L of H2O2 caused 
the highest color removal from CWW. However, with an 
increased H2O2 dosage from 5 to10 mmol/L, COD removal 
was decreased, as shown in Fig. 5a. This situation can be 
explained by excess H2O2 reacting with the hole and •OH 
to form HO2

•. This leads to hole scavenging that reduces 
oxidation efficiency, as indicated by Steven et al. [63] in 
Eqs. (13)–(15). Steven et al. [63] presented that peroxyl rad-
icals were produced by the reaction of hydroxyl radicals 

Fig. 3. Surface plots for catalyst concentration effect.

Fig. 4. Surface plots for pH effect.
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with excess H2O2 [Eq. (13)]. The high amount of produced 
peroxyl radicals consume the •OH radicals [Eq. (14)] and 
dimerize back to H2O2 [Eq. (15)].

H2O2 + •OH → HO2
• + H2O (13)

HO2
• + •OH → H2O + O2 (14)

•OH + •OH → H2O2 (15)

3.3.4. Operation time effect

As illustrated in Fig. 6a and b, when the operation time 
of SPC process increased from 30 to 180 min, a non-sig-
nificant increased trend in COD removal was achieved, 
while the color removal performance reached a maximum 

at 180 min. According to the main findings of this research, 
it is thought that high operating time is required to 
remove both the recalcitrant target compounds and the 
intermediates to be obtained by the breakdown of these 
products. Similar to the results of this study, Soltani et al. 
[36] used 2 g/L bentonite-supported ZnO catalyst in the 
treatment of real textile wastewater, achieving 44% COD 
removal efficiency at the end of 150 min operation time. 
They emphasized that a long reaction time is necessary 
in real wastewater treatment. Bullo et al. [64] reported 
that the photodegradation of methylene blue from syn-
thetic wastewater took longer time (180 min) to reach full 
degradation by calcinated eggshell (CES) doped with TiO2.

Similarly, Soltani and Safari [65] stated in their study 
that a continuous increase in OH– radicals in the aqueous 
phase, depending on the increase in sonication time, with 

Table 6
ANOVA for COD and color removal

Variance  
source

Degree of  
freedom (DoF)

Sum of  
squares (SS)

Mean square  
(MS)

F-ratio p-value % Contribution 
(Cr)

COD removal

A 1 438.305 438.305 40.3 0.000 29.43%
B 2 265.531 132.766 12.21 0.004 17.83%
C 2 214.080 107.040 9.84 0.007 14.37%
D 2 475.715 237.857 21.87 0.001 31.94%
E 2 8.74 4.37 0.4 0.682 0.59%
Error 8 87.008 10.876 5.84%
Total 17 100.00%

Color removal

A 1 0.435 0.435 0.25 0.631 0.16%
B 2 32.252 16.126 9.22 0.008 11.68%
C 2 132.545 66.272 37.91 0.000 47.98%
D 2 48.845 24.422 13.97 0.002 17.68%
E 2 48.173 24.087 13.78 0.003 17.44%
Error 8 13.985 1.748 5.06%
Total 17 100.00%

Fig. 5. Surface plots for H2O2 concentration effect.
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the occurrence of cavitation, is effective in the sonocatalytic 
degradation of organic dye molecules.

3.4. Analysis of variance and regression analysis

The factors that significantly affect the response 
parameters and evaluation of their individual interac-
tions on the COD and color removal efficiencies were 
determined by performing analysis of variance (ANOVA). 
The ANOVA results stated the effects on COD and color 
removal efficiencies of the controllable catalyst type and 
concentration, pH, H2O2 concentration, and operation 
time in the SPC process at a confidence level of 95% and 
a significance level of α = 0.05, as presented in Table 6. 
The significance of the parameters is represented by the 
p-values that are lower than 0.05 (p < 0.05). F-ratio states 
the parameters that have a significant effect on COD and 
color removal by SPC process. As given in Table 6, the 
errors were 5.84% and 5.06% (<50%), respectively, for 
COD and color removal, which were well below the limit 
value. This implied that the errors of the experiments were 
insignificant. According to the results, the highest F-ratio 
(40.3) was catalyst type, and the operation time was sta-
tistically insignificant (F = 0.4, p = 0.682, p > α) for COD 
removal. Besides, the variance in pH had the most sig-
nificant effect on color removal, while catalyst type had 
an insignificant effect on color removal. The qualitative 
assessment of factorial effects is provided by using F-ratios 
in ANOVA for the Taguchi method. However, quantitative 
assessment can be obtained using percentage contribution 
rate (Cr%) [66]. The contribution ratio can be computed 
by dividing the source’s net variation by SST as given  
in Eq. 16.

Cr
SS DOF MSS

SS
error

total
A

A=
− ×

× 100  (16)

In Table 6, ANOVA results report Factor D (H2O2 
concentration) is the most effective parameter for COD 
removal, with a contribution ratio of 31.94%. Factor A (cat-
alyst type) was the most significant parameter after H2O2 

concentration at 29.43%. Factor E (operation time) was 
the least significant factor for COD removal. For color 
removal, the most significant parameter was pH (Factor 
C) at 47.98% contribution rate, but other factors (Factor 
A, 0.16%; Factor B, 11.68%; Factor D, 17.68% and Factor 
E, 17.44%) had less significant effects on color removal. 
Moreover, the R2 and adjusted R2 values were 0.9416 and 
0.8759 for COD removal and 0.9494 and 0.8924 for color 
removal, respectively. In all cases, these confirm a good 
correlation between predicted and experimental results.

Regression analysis denotes modeling or analysis of a 
mathematical relationship between one or multiple pro-
cess variables (continuous predictors) and the response 
(COD and color removal). Regression analysis was used 
in this this study to compute the equations for prediction 
of COD and color removal efficiencies [67]. Linear mod-
els were formulated by equation predictions as shown in 
Table 7, and the R2 values obtained via linear regression 
model equations were 69.05% and 37.03% for COD and 
color removal, respectively.

As illustrated in Fig. 7, the predicted COD and color 
removal efficiency values correlated well with the exper-
imental results, with 94.2% and 95.3% R2 values for COD 
and color removal, respectively. The quadratic regression 
model produced more comprehensive predicted values 
and exhibited better performance than the linear regression 
model [68].

3.5. Confirmation test

The obtained optimum parameters were used in confir-
mation experiments, and the results were compared with 
the predicted results from the linear regression model, 
which are given in Table 8 [69]. The difference between the 
observed Yi and the predicted Yi gives the prediction error. 
The confidence interval calculation is defined in the fol-
lowing equation [70]:

S
n ne e

T
e= ±
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2 1 1

0

2 2σ σ  (17)

Fig. 6. Surface plots for operation time effect.
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σe
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sum of squares due to error
degrees of freedom for errorr  (18)
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where Se is defined as the confidence limit of the two- 
standard deviation; n is defined as the number of rows in 
the matrix experiment; nr is defined as the number of rep-
etitions in the confirmation experiment; and nAi, nBi, nCi, 
… are the replication numbers for the parameter levels Ai, 
Bi, Ci, … The additive model is adequate if the prediction 
error is inside these limits [71,72]. The optimum param-
eters for the confirmation experiment results are exhib-
ited in Table 8. The confirmation experiment results in 
Table 8 demonstrate that experimentally observed results 
were within the confidence intervals (within ±5% in error).

3.6. Energy cost comparison

Treatment cost is the most crucial engineering issue 
that directly influences the selection of a suitable treat-
ment technique for the purification of industrial waste-
water. In this work, cost of energy consumed (based on 
each mg COD removed from water) was considered for 
the individual and hybrid methods. The electricity price 

was assumed to be 0.0502 $/kWh in Turkey, which is  
used in Eq. (20) [73]:

Cost of energy
kWh

kW price of each

 power u
$





=

( ) ×
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t h
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× ( )

∑

R C V L0

 (20)

where Pi is the power (kW) required by the equipment 
needed (ultrasonic power: 0.12 kW, light source power: 
0.036 kW, air pump power: 0.003 kW) for each process 
(US, PC, UV, etc.) during the operation time t (h). C0 can be 
defined as the initial COD concentration in CWW (mg/L); 
R is the removal efficiency (%); and V is the volume of 
treated water (L). As summarized in Table 9, the cost of 
energy consumed for the individual and hybrid processes 
was calculated taking COD removal into consideration. 
The optimum operation time and working volume were 
180 min and 0.2 L, respectively.

Based on Table 9, US treatment had the highest energy 
requirement when tested individually. But when com-
bined with catalysts and UV, the energy cost decreased. 
Photocatalysts that could trigger photochemical reactions 
would be the main reason for this increased efficiency. It 
could provide better removal of organic contaminants, 
resulting from the increased energy efficiency of the treat-
ment process [44]. When the lower energy costs and high 

Table 7
Linear regression models by equation prediction of COD and color removal efficiency

COD removal (%)

TiO2 (linear) = 46.84 + 1.58 Catalyst concentration (g/L) – 0.939 pH – 1.128 H2O2 concentration (mmol/L) + 0.0113 min
ZnO (linear) = 36.97 + 1.58 Catalyst concentration (g/L) – 0.939 pH – 1.128 H2O2 concentration (mmol/L) + 0.0113 min

Color removal (%)

TiO2 (linear) = 87.38 – 1.39 Catalyst concentration (g/L) + 0.074 pH + 0.396 H2O2 concentration (mmol/L) + 0.0213 Time (min)
ZnO (linear) = 87.38 – 1.39 Catalyst concentration (g/L) + 0.074 pH + 0.396 H2O2 concentration (mmol/L) + 0.0213 Time (min)

 
Fig. 7. Quadratic regression model compared with experimental results for COD and color removal (%).



71G. Dogdu / Desalination and Water Treatment 262 (2022) 60–73

pollutant removal efficiencies of combined ultrasound (US) 
and photocatalysis (UV/catalyst) treatments are considered, 
it could be concluded that hybrid AOPs are a feasible option 
for treating CWW.

4. Conclusion

In the current study, for the first time, an energy effi-
cient, environmentally friendly, and hybrid ultrasonic and 
photocatalytic process was designed and operated to treat 
organic pollutants and color from carpet cleaning wastewa-
ter. The other key outcomes could be drawn as follows:

•  The hybrid sonophotocatalytic technology was more 
efficient in the removal of COD and color than using 
the individual AOPs such as US, UV, and H2O2 in the 
presence of catalyst (TiO2 and ZnO nanoparticles) 
due to the higher amount of •OH radicals generated. 
Decolorization is much more efficiently achieved than 
COD removal.

•  The optimum conditions obtained from Taguchi exper-
iments for SPC process are as follows: 1.5 g/L TiO2 at 
pH 2, 180 min for COD removal; for color removal, they 
are 0.5 g/L ZnO at pH 10, with 10 mmol/L of H2O2, and 
180 min. With these optimum conditions, the actual 
removal efficiency for COD and color were 53% and 99%, 
respectively. The predicted removal percentages for COD 
and color obtained using regression model were 49.37% 
and 95.22%, respectively. The contribution rate (Cr) of 
catalyst type and H2O2 concentration have the highest 
effects on COD removal. Further, pH is the strongest 
parameter in color removal.

•  The lowest energy cost calculated for hybrid US-UV/
TiO2, UV-TiO2, and UV-ZnO were 0.00032, 0.00018, 
and 0.00023 ¢/kWh, respectively, to remove COD from 
CWW.

•  Consequently, this hybrid treatment technology is very 
advantageous in that CWW can maintain a low level of 
pollutant concentration, which is limited in treatments 
with AOP, due to its low COD value and inclusion of a 
small amount of organic pollutants. Furthermore, there 
is no need for dilution water to dilute the waste con-
centration. Consequently, less experiments, short time 
and low energy cost are the fundamental advantages 
in this approach to attain targeted CWW treatment.

•  As the majority of the earlier investigations in this area 
are based on a laboratory scale operation due to limited 
processing capacities, unsatisfactory performance in 
real conditions, mass transfer limitations, higher resi-
dence time necessities and inherent kinetics of advanced 
oxidation processes. Secondly, the economic sustain-
ability of SPC wastewater treatment on a large scale is 
another critical challenge that should be discussed in 
terms of cost of the sonophotocatalyst and electrical 
energy consumptions especially for higher ultrasound 
frequencies. However, works in more realistic condi-
tions (i.e., sunlight, etc.) at pilot-scale systems will add 
useful information in terms of successful implementa-
tion of hybrid sonophotocatalytic oxidation process for 
the real industrial wastewater treatment. Thus, further 
studies need to apply this new hybrid system for pilot-
scale wastewater treatment and large-scale marketing.
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