¢| Desalination and Water Treatment 2A91 (12023) 4462
www.deswater.com pri

() doi: 10.5004/dwt.2023.29349

Degradation of dibutyl phthalate from synthetic and real wastewater using
ultrasound/hydrogen peroxide system

Majid Nozari**, Mohammad Malakootian®"*, Neamatalah Jaafarzadeh Haghighi Fard<?,
Hadi Mahmoudi-Moghaddam?®

“Environmental Health Engineering Research Center, Kerman University of Medical Sciences, Kerman, Iran, Postal Code: 7616913555,
Tel.: 98-9131401536; emails: m.malakootian@yahoo.com/m_malakootian@kmu.ac.ir (M. Malakootian), nozari.m@kmu.ac.ir (M. Nozari),
h.mahmoudi@kmu.ac.ir (H. Mahmoudi-Moghaddam)

"Department of Environmental Health Engineering, Faculty of Public Health, Kerman University of Medical Sciences, Kerman, Iran
‘Environmental Technologies Research Center, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran,

email: Jaafarzadeh-n@ajums.ac.ir/n.jaafarzade@gmail.com (N.]J.H. Fard)

Department of Environmental Health Engineering, School of Health, Ahvaz Jundishapur University of Medical Sciences, Ahvaz, Iran

Received 7 November 2022; Accepted 5 February 2023

ABSTRACT

Dibutyl phthalate (DBP) is the most prevalent phthalate ester found in different environmental
samples. DBP is considered a hazardous substance for the environment. The degradation of DBP
using an ultrasonic/hydrogen peroxide (US/H,0,) system has been studied in this study. Designing
the experiments and determining optimal conditions were accomplished using the response surface
methodology. The effects of the solution pH, H,O, and DBP concentrations, and reaction time on
the DBP degradation were studied. Kinetics and thermodynamics models, mineralization of DBP,
production of intermediates, and biotoxicity analysis were also investigated. Finally, the real indus-
trial wastewater treatment was tested using the US/H,O, system. The result of the kinetic model
showed that the removal kinetic of DBP can be described by the first-order model (R* = 0.99). The
positive value of AH® (0.3 kJ/mol) and negative values of AG® indicated that the removal process of
DBP by US/H,0, was endothermic and spontaneous. In addition, a positive value of the AS° (1.054 J/
molK) showed a high degree of disorder in the transition state compared to the ground state. A rel-
atively high degree of mineralization and improvement in biodegradability occurred. A biotoxicity
test was performed using the wheat grains, and an increase in the values of germination percent-
age GP (%), germination speed (GS), and germination index (GI) parameters of wheat grains was
observed with the increase in effluent dilution. The EC,  had an increasing trend at first (24 to 48 h)
and then decreased (48 to 96 h). The average removal efficiency of DBP from industrial wastewa-
ter by the US/H,O, system was 70.53%. This finding showed a relatively good potential US/H,O,
system to degrade an aqueous medium polluted with DBP.
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1. Introduction moulding properties [1,2]. The US Environmental Protection
Agency (USEPA) classified six types of PAEs as priori-
ty-controlled contamination compounds, namely di-n-butyl
phthalate (DBP), butyl benzyl phthalate (BBP), di-n-octyl

phthalate esters (PAEs) have been applied in various
industrial applications to improve plastics’ processing and
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phthalate (DnOP), diethyl phthalate (DEP), dimethyl phthal-
ate (DMP), and di(2-ethylhexyl)phthalate (DEHP) [1]. There
is a high probability of DBP being detected in water, soil, and
sediment when it comes to PAEs [3,4]. DBP concentrations
exceeding 0.003 mg/L are not permissible under Chinese
Surface Water Quality Standards [5,6]. The average con-
centration of the DBP in the effluent collected from the five
wastewater treatment plants (WTPs) in Saudi Arabia was
reported at 0.748 ug/L [7]. DBP is classified as a teratogen
under California’s Proposition 65 list [7]. The Consumer
Product Safety Improvement Act (CPSIA) forbids the use of
DBP in toys and childcare products in concentrations of more
than 1,000 mg/L [8]. DBP is a relatively stable compound
in the natural environment with a half-life of 5-20 y [8].

Plasticizers were not anticipated to become one of the
most prevalent hazards to human health and the environ-
ment during their application’s initial phase [1]. PAEs may
disrupt the endocrine glands and have adverse effects on
reproduction. In addition, PAEs can migrate over time as
the environment changes [9-13]. Consequently, PAEs can
be found in indoor food [14], dust [15], water [16], soil [17]
and air [18].

Water is recognized as a vital component of life on earth
[19]. Water contamination is a huge global environmen-
tal issue since it poses a substantial global threat to living
species and the overall ecosystem’s equilibrium [20-23].
Contaminants in the environment can be attributed to both
natural and artificial sources [24,25]. A wide range of harmful
contaminants from numerous chemical industries and daily
activities are discharged into waterbodies [26,27]. Heavy met-
als, salts, pesticides, dyes, radioactive materials, and organic
pollutants are examples of anthropogenic contaminants
that are often released during various industrial processes
[28-30]. Due to the increase in water demand worldwide
every year, wastewater treatment is necessary to restore
freshwater for human and agricultural use [31-33]. Based
on mentioned points, industrial wastewater must be treated
effectively before being released into the environment.

To remove PAEs from aqueous solutions, a variety of
methods have been used, such as microbial degradation
[34], photochemical degradation [35], and membranes [36].
Compared with other refractory organics, DBP is more eas-
ily biodegradable, and biodegradation is the most common
and inexpensive method among all treatment methods.
Nevertheless, the biodegradation method is time-consum-
ing. Also, other procedures usually are ineffective, expensive
and do not offer complete removal. Among the promising
physicochemical methods are advanced oxidation processes
(AOPs) as a combined method based on chemical solutions
that are mainly applied, including AOPs. In AOPs, a reac-
tion with a hydroxyl radical (*OH) generated in the reaction
medium is encouraged through the application of hydrogen
peroxide (H,0,), ozone (O,), an ultrasonic field, UV radia-
tion and catalysts such as Fe*" or TiO, [36]. Therefore, many
studies have examined the possibility of treating PAEs in
aqueous solutions using AOPs in previous decades [37-40].

AOPs technologies in wastewater treatment have advan-
tages and disadvantages. These technologies provide ben-
efits such as decreased sludge generation, the ability to
degrade a wide variety of various types of contaminants
in aquatic systems, the mineralization of most organic

compounds in these environments, and others. However,
the AOPs technologies also have disadvantages, such as rel-
atively high operating and maintenance costs, production of
intermediate compounds, complex chemistry according to
specific pollutants, etc [41,42].

Ultrasound (US) irradiation is an energetic source that
can be used to create positive holes and free radicals. Over
the past few years, the US has been successfully used for
many pollutants in wastewater treatment [43]. Several fac-
tors can affect the US degradation of contaminants, such as
temperature, the intensity of US waves, frequency, material
volatility, viscosity, surfactants, dissolved gases, etc. The US
procedure does not require chemicals, oxidizing agents, or
accelerators, and there are no product waste streams. Other
advantages of the ultrasonic method include the absence of
any mutagenic and carcinogenic by-products, lack of odour
and taste problems, no need to use and store dangerous
chemicals, and requiring little space to install the units. The
relatively slow rate of US degradation is a downside [44].
Wastewater treatment by ozonation is limited by the need
for relatively high values of O,. Consequently, the cost of
O, production for high-strength wastewater is high. Energy
and electricity consumption in the ozonation system is high,
and O, has high corrosive properties. O, can be dangerous
in terms of being flammable. The ozonation system needs
expert staff to set up and operate [45]. An ultraviolet (UV)
system in a long-term application can cause skin burns
and even cause cancer. Also, this system consumes a lot of
electricity and needs constant care and washing of lamps.
After some time, the UV lamps may burn out and must be
replaced. A UV system is generally considered an expensive
treatment method [45]. Therefore, combining H,O, with
US (US/H,0,) may be better than combining it with UV
(UV/H,0,) and ozone (O,/H,0,) systems.

Since decades ago, synthetic organic pollutants have
been degraded using the ultrasonic/hydrogen peroxide (US/
H,O,) system [46-49]. Numerous types of research have
been conducted on related processes, some of which are
analogous to our work. The innovation of this study is that
it is more thorough than other studies; in other studies, the
procedures are not carried out entirely and concurrently. In
this work, US with H,O, were investigated, and the roles of
each were studied to assess their efficacy in DBP degrada-
tion. Furthermore, the toxicity of DBP solution was inves-
tigated in this study, which was not done in most previous
investigations. Also, the effects of the solution pH, H,0, and
DBP concentrations, and reaction time on the DBP degrada-
tion were studied. In addition, the mineralization of DBP,
intermediate compounds formed in the decomposition of
DBP, and kinetics and thermodynamics models were inves-
tigated. Finally, the real industrial wastewater treatment
containing DBP was tested using the US/H,O, system.

2. Materials and methods
2.1. Chemicals

The materials employed in this research were of ana-
lytical grade. The following materials were provided from
Sigma-Aldrich Company (Saint Louis, MO, USA): methanol
(CH,OH), hydrochloric acid (HCI), DBP (C.H,(CO,C H,),)
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with purity > 98%, sodium hydroxide (NaOH), H,0,, and
chloroform (CHCL,).

2.2. Equipment, devices and software

The material was vibrated using a shaker (Shanghai,
China THZ-98A). Sample pH was adjusted with HCI and
NaOH solutions using a pH meter (Jenway Model 3505).
A TOC analyzer (model Shimadzu VCHS/CSN, Japan) was
used to determine the levels of total organic carbon (TOC).
Analysis of chemical oxygen demand (COD) and five-day
biochemical oxygen demand (BOD,) was performed with
(5220 and C5210 methods, respectively, provided in the stan-
dard water and wastewater testing methodologies [50]. An
ultrasonic bath (P60H, Elma, Germany) was used to provide
the required ultrasonic waves. The power and frequency of
the ultrasonic device were 550 W and 60 Hz, respectively.

A gas chromatography (GC) system with a flame ioniza-
tion detector (FID) was used to analyze and measure resid-
ual DBP levels. The model of this system was YL Instrument
6500GC, Korea. The system had a TRB-5 capillary column
(30 m x 0.53 mm x 11.5 um). Hydrogen gas (H,) was used
as a carrier gas with a flow rate of 1.5 mL/min. The initial
temperature of the oven was 60°C, which was kept at this
temperature for 1 min. After that, the temperature was
increased from 60°C to 280°C at 20°C/min. In the end, it was
maintained at 280°C for 6 min. The sample with a volume
of 2 uL was injected with a 10 uL Hamilton syringe. The
temperature of the detector was 295°C. Also, the tempera-
ture of the injector was 290°C [51]. The limits of detection
(LOD) and quantitation (LOQ) determined for DBP by the
GC-FID instrument were 200 pg/L (0.2 mg/L) and 660 pg/L
(0.66 mg/L), respectively. Also, R? values of calibration
curves were in the range of 0.995-0.998.

A gas chromatography-mass spectrophotometer (GC-
MS) (with a DB-5 fused silica capillary column) attached to
a Mass TRACE (Manchester, UK) was employed to identify
intermediates in the removal of DBP using the US/H,0, sys-
tem. Helium gas with a flow rate of 1 mL/min was used as
carrier gas. The sample with a volume of 1 uL was injected
into the device. The initial temperature of the oven was 70°C,
which was kept at this temperature for 1 min. After that, it
reached 280°C at 10°C/min. In the end, it was maintained at
280°C for 7 min [52].

The H,O, concentrations were measured using the
iodometry method by adding aliquots from the reactor into
the quartz cuvette of the spectrophotometer containing
potassium iodide (KI, 0.1 M) and ammonium heptamolyb-
date ((NH,),Mo,O,,, 0.01 M) [53].

Design—Expert software (version 12) was used to design
experiments, analyze and determine optimal conditions.
Also, the chemical structure and molecular weight of the
identified intermediate compound were determined by
Chem Draw Ultra software (version 12). To calculate the
EC,, value of the effluent of each process, Probit statistical
test was used using SPSS software (version 25).

2.3. Extraction method of DBP

We utilized the liquid-liquid extraction (LLE) method
to extract DBP from samples [54]. In the first step, a 10 mL

test tube was filled with 5 mL of the sample. A 5 mL pipette
was then used to transfer 1.5 mL of organic solvent (chlo-
roform, CHCL) into the aquatic sample and vortexed for
2 min. The water and organic solvent sample were separated
into phases using a separatory funnel. As a final step, 2 pL
of the organic phase was drawn with a Hamilton syringe
and injected into the GC-FID device [55]. In this extraction
method, a 98% recovery was achieved. The extraction proce-
dure was carried out twice to ensure.

2.4. Methodology for testing

The schematic of the reactor used in the study is shown
in Fig. 1. Because the temperature in the ultrasonic water
bath increases over time. Furthermore, a constant tem-
perature (temperature setting) was needed in thermody-
namic studies. Therefore, we used a circulate flow system
to cool the water bath of the system (Fig. 1). All the deg-
radation studies were carried out in a beaker (250 mL).
Temperature and mixing speed factors were not part of the
design parameters. Therefore, these two parameters were
considered constant) the temperature of 25°C and stirring
speed of 700 rpm(. The matrix for the 30 runs provided by
the software, kinetics and thermodynamics studies, and the
intermediate compound identification tests was synthetic
wastewater (contaminated distilled water). Other tests were
performed with real industrial wastewater. Eq. (1) was used
to compute DBP degradation efficiency (%) [56]:

R(%)z(c"c_cf)xloo (1)

where R refers to the DBP degradation efficiency (%),
C, refers to the DBP initial concentration in an aqueous solu-
tion (mg/L), and Cf refers to the DBP final concentration
in an aqueous solution (mg/L).

S— (1)
NER—
(2)
< / (3)
(4)
> (10) L/ —
(9)— (5)
(11) — (6)
(12)
— (7
(8)—i=a
- —
1- AC Adaptor DC 9V 2- Armature
3- Mixer holder 4- Mixer
5- Main reactor (beaker 250 mL) 6- Ultrasonic bath
7- Distilled water 8- Water drain valve
9- Water drain pipe 10- Water return pipe
11- Water pump 12- Water storage tank

Fig. 1. Schematics of the reactor used in the study.



M. Nozari et al. /| Desalination and Water Treatment 291 (2023) 4462 47

The effects of four variables of pH (3, 5,7, 9 and 11), H,O,
concentration (0, 1, 1.5, 2 and 2.5 mmol/L), DBP concentra-
tion (6, 8, 10, 12 and 14 mg/L), and reaction time (15, 40, 65,
90 and 115 min) and their interaction on DBP removal effi-
ciency were investigated. We selected a range of variables
based on previous studies [56]. The design of the experi-
ments was done with the central composite design (CCD)
method by Design-Expert software. Based on the variables,
30 laboratory runs were provided by the software. Eq. (2)
(quadratic polynomial response equation) was used to pre-
dict the optimal point:

Y= ﬁo + ZB;‘X]' + ZB,,X? + Z_: Z Bi/'Xl'Xf )

i=1i=i+1

where Y is the DBP removal efficiency (%). B, B, B, Bi/. and
X, are constant, linear, quadratic and interaction coefficients,
respectively. X}. and K are coded independent variables
and the number of input variables, respectively [56].

30 laboratory runs (with three repetitions) were per-
formed to reach an optimal condition and obtain the actual
removal efficiency. After performing the laboratory runs
and obtaining the removal efficiency (%) for each run, the
analysis was performed by Design-Expert software. Based
on the analysis of variance (ANOVA) table, the compat-
ibility of the proposed model (quadratic model) by the
software with the experimental data was determined.

2.5. Degradation kinetics

A kinetic equation describes the transfer of molecules
per unit of time or examines variables that affect the rate of
a chemical reaction [57]. As part of this study, kinetic exper-
iments were performed to determine factors that affect the
reaction rate of DBP degradation by the US/H,O, system to
select an appropriate kinetic model. Also, by constructing a
mathematical model of the decomposition reaction of DBF,
its properties can be explained. A model of first-order kinetic
was used for these purposes. All parameters were optimal
in investigating the kinetics of DBP decomposition by the
US/H,0O, system, and only the reaction time was considered
variable (0-115 min). In this regard, a laboratory test was
conducted to investigate the kinetics of the reaction. The
first-order kinetics linear model and its half-life equation
are shown in the supplementary file [58,59].

2.6. Degradation thermodynamics

Thermodynamic experiments evaluate the effect of tem-
perature on DBP decomposition by the US/H,O, system. In
this regard, a laboratory test was conducted to investigate
the thermodynamic behaviour of DBP degradation. The
thermodynamic experiments also investigate the oxidation
reaction’s spontaneity, energy (exothermic or endothermic),
and disorder state. Several thermodynamic parameters
were investigated to determine how reaction temperature
affects DBP removal. All parameters were optimal in inves-
tigating the thermodynamic behaviour of DBP degradation
by the US/H,O, system, and only the temperature was con-
sidered variable (303-343 K). According to the Arrhenius

equation, temperature influences the rate constant of chem-
ical reactions [Eq. (3)]. A straight line with slope (-E /R) can
be obtained when plotting In(1/K) against (1/T). The acti-
vation energy can be determined by the slope of this line
[Eq. (4)]. According to Egs. (5)—(7), thermodynamic parame-
ters such as enthalpy changes (AH®), entropy changes (AS°),
and Gibbs free energy (AG°) were calculated [60-62].

-E,

K=Ae"T 3)
an:f5 1 +InA 4)
R\T

AG® = AH® — TAS° 6)

AH°=E -RT (6)
K

AS° = R[InKref —ln[h”J—lnTj 7)
P

where A refers to the number of clashes resulting in a reac-
tion or not (per second) with the appropriate orientation. K
refers to the number of collisions that cause a reaction per
second. T is the temperature (K). K ; refers to the reaction
rate constant at the reference temperature (T, = 323 K). R
refers to the universal gas constant (8.314 J/molK). h, refers
to Planck’s constant (6.626 x 10 ].s), and K, refers to the
Boltzmann constant (1.38 x 102]/K) [59,63].

2.7. Biotoxicity analyses

Residual phthalates may damage plants and other crea-
tures in wastewater treatment plant effluents. As a result,
biotoxicity analyses on effluents generated by the US/H,O,
system are required. In this regard, two laboratory tests (one
test for each sample) were performed in optimal conditions.
Wheat (Triticum) seeds were used to assess the biotoxicity of
effluent derived from the US/H,O, system [64,65]. The inhib-
itory effects of DBP at concentrations of 5-20 mg/L on wheat
seedlings were reported by Gao et al. [66]. According to this
research [66], since the toxicity evaluation of raw wastewater
containing DBP was investigated with wheat seeds, it was
not tested in this study. To investigate the biotoxicity of efflu-
ent, the wheat seeds were sieved, and the almost uniform
size and weight seeds were separated. After that, the seeds
were steeped in distilled water for 24 h. 100 mL of effluent
was collected from the operated reactor with real industrial
wastewater under optimal conditions (samples #1 and 2).
The collected effluent was divided into four dilutions (1, 1/2,
1/4, and 1/5). To be sure, each dilution was repeated once.
Afterwards, 15 wheat seeds were planted in each Petri dish
(d =10 cm), and 15 mL of treated wastewater with suitable
dilution was added to each. The Petri plates were stored at
27°C in the laboratory. Furthermore, a control sample was
provided using distilled water. The number of germinated
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and radicle seedlings was then counted after 24, 48, 72, and
96 h. The appearance of a root tip with a length of 1 mm
was used as germinating criteria. Eventually, the germina-
tion percentage, speed, and index (GP (%), GS, and GI) fac-
tors were used to analyze the data. Egs. (8)-(10) were used
to calculate these factors [55,65]:

GP(%)= 1]\\]] x100 ®)
i N[
GS= 21£T] )
TN,
[=) 1
Gl=}, N (10)
Table 1
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In Egs. (8)—(10) N, is the number of germinated grains
on the day i. N is the total number of grains. T, refers to the
number of days after implantation.

In addition, the average effective concentration (EC,, or
the concentration of effluent that inhibits 50% of grain ger-
mination) was computed. The EC,, value was calculated
with the Probit statistical test in SPSS software (version 25).

3. Results and discussion

3.1. Experimental design using CCD-based response surface
methodology

Table 1 presents an experimental design using CCD-
based response surface methodology (RSM) for DBP
removal by US/H,O, system. The maximum efficiency of
DBP removal (86.02%) was obtained in laboratory conditions

Experimental design using CCD-based response surface methodology for DBP removal by US/H,O, system (factor 1: pH (-), fac-
tor 2: DBP initial concentration (mg/L), factor 3: H,O, initial concentration (mmol/L), factor 4: reaction time (min), and response:

removal efficiency (%))

Run Factor1 Factor2 Factor 3 Factor 4 Response Standard deviation
A:pH (-) B: DBP initial C: H,0, initial D:Reaction  Removal efficiency (%)  ©f actualremoval
concentration (mg/L) concentration (mmol/L) time (min) Predicted value Actual value efficiency (%)
1 7 6 1.5 65 72.13 72.51 0.27
2 9 12 2 90 52.37 52.74 0.17
3 7 10 1.5 65 73.00 73.64 0.32
4 5 12 1 40 60.93 60.65 0.14
5 7 10 1.5 65 73.00 73.01 0.19
6 5 8 2 90 76.65 76.12 0.52
7 9 12 1 90 48.60 48.23 0.63
8 7 10 2.5 65 59.27 59.7 0.25
9 5 8 1 40 53.89 53.96 0.13
10 9 8 1 40 33.13 32.58 0.24
1 5 12 1 90 85.19 86.02 0.19
12 7 10 0.5 65 52.06 51.45 0.21
13 7 10 15 115 77.71 77.15 0.38
14 11 10 1.5 65 21.12 20.92 0.64
15 5 8 1 90 80.62 80.56 0.99
16 9 8 2 40 56.13 55.75 1.14
17 5 12 2 40 52.56 52.25 0.36
18 7 10 1.5 65 73.00 72.95 0.46
19 9 12 2 40 50.31 50.09 0.35
20 7 10 1.5 15 48.92 49.31 0.75
21 9 8 1 90 45.08 45.83 0.65
2 7 10 1.5 65 73.00 72.55 0.60
23 9 8 2 90 60.66 60.66 0.17
24 9 12 1 40 39.13 40.11 0.43
25 5 8 2 40 57.33 57.42 0.34
26 7 10 1.5 65 73.00 73 0.99
27 5 12 2 90 69.40 69.67 0.65
28 3 10 1.5 65 58.91 58.94 0.43
29 7 10 1.5 65 73.00 72.85 0.96
30 7 14 1.5 65 70.88 70.32 0.69
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corresponding to run no. 11. The actual removal efficiency
(%) had a standard deviation between 0.13% and 1.14%.
Additionally, the removal efficiency values obtained for all
runs in the laboratory were close to the removal efficiency
values predicted by Design—Expert software (Table 1).

It has been proposed that a quadratic model describes
the DBP degradation process by US/H,0, system. Based on
the R? value and p-value provided for the model, the differ-
ence between the predicted and adjusted R? value and the
lack of fit p-value were concluded whether the quadratic
model is suitable or not. The R? value of the model was 0.999,
which was very close to 1. Moreover, the predicted R? value
(R? = 0.995) was reasonably close to the adjusted R? value
(R* = 0.998) because their difference was less than 0.2 (R*
results are not presented in Table 2). Based on the ANOVA
results presented in Table 2, a p-value of less than 0.05 for
the model indicates that the model is statistically significant.
A, B, C, D, AC, AD, BC, BD, CD, A? B? (C? and D? factors
were significant in the model. Also, in this model, the lack of
it p-value was 0.07. Lack of it p-value was greater than 0.05
and was not significant. A statistically insignificant lack of
fit indicates the appropriateness of the model. Therefore,
it can be concluded that the model provided by the soft-
ware was suitable.

Furthermore, the extended investigation was performed
using normality plots to check whether the proposed
empirical model represents real responses best. Fig. Sla
indicates the normal probability plot of the residuals since
scattered points are near the predicted line, indicating
that residual error follows the normal distribution trend
[67,68]. Fig. S1b demonstrates the actual vs. predicted val-
ues graph of removal efficiency. The predicted points are
close to the actual points. Therefore the proposed model is

Table 2

adequate and has no violation of constant or independent
variance [67,68].

For the quadratic model proposed by Design-Expert
software for DBP removal by the US/H,O, system, the fol-
lowing coded equation was presented [Eq. (11)]:

Removal efficiency = +73-9.45(A)-0.3125( A)
+1.8(C)+7.2(D)-0.2612( AB)
+4.89(AC)-3.7(AD)-2.95(BC)
~0.6187(BD)-1.85(CD)-8.25( A%)

~0.3750(B*) - 4.33(C?) - 2.42(D?) (11)

To predict the response for a given level of each factor,
we can use Eq. (11) in terms of coded factors. Here, it is
essential to specify the levels in the original units for each
factor [69].

3.2. Investigating parameters affecting DBP degradation

The efficiency of DBP removal using the US/H,O, system
from an aqueous solution was increased by enhancing reac-
tion time, as shown in Table 1 and Fig. 2a—f. Nevertheless,
the degradation efficiency of DBP decreased as pH,
DBP concentration, and H,0O, concentration increased.

3.2.1. Effect of pH on the DBP decomposition

The efficiency of the process is generally influenced by
the pH of a solution [70]. Table 1 and Fig. 2a—c illustrates the
effect of pH on the degradation efficiency of DBP by the US/

Results of ANOVA provided by Design—Expert software for the removal of DBP by the US/H,O, system

Source Sum of squares df Mean square F-value p-value

Model 6,480.24 14 462.87 1,220.26 <0.0001 Significant
A-pH 2,141.37 1 2,141.37 5,645.22 <0.0001

B-Initial concentration of DBP 2.34 1 2.34 6.18 0.0252

C-Initial concentration of H,O, 77.98 1 77.98 205.57 <0.0001

D-Reaction time 1,242.72 1 1,242.72 3,276.14 <0.0001

AB 1.09 1 1.09 2.88 0.1104

AC 382.40 1 382.40 1,008.10 <0.0001

AD 218.74 1 218.74 576.67 <0.0001

BC 139.71 1 139.71 368.32 <0.0001

BD 6.13 1 6.13 16.15 0.0011

CD 54.98 1 54.98 144.95 <0.0001

A? 1,865.16 1 1,865.16 4,917.06 <0.0001

B? 3.86 1 3.86 10.17 0.0061

c 515.44 1 515.44 1,358.85 <0.0001

D? 160.80 1 160.80 42391 <0.0001

Residual 5.69 15 0.3793

Lack of fit 5.05 10 0.5053 3.96 0.0708 Not significant
Pure error 0.6372 5 0.1274

Cor. total 6,485.93 29
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Fig. 2. The contour graphs and interactive effects of the considered factors on the DBP removal efficiency by US/H,O, system;
(a) pH vs. DBP initial concentration, (b) H,O, initial concentration, and (c) reaction time, (d) DBP initial concentration vs. H,O,
initial concentration and (e) reaction time, (f) H,O, initial concentration vs. reaction time.

H,O, system in the pH range of 3-11. Based on the results,
DBP removal efficiencies at pH 3, 5, 7, 9 and 11 were 58.94%,
52.25%-86.02%, 49.31%—77.15%, 32.58%—60.66% and 20.29%,
respectively. The maximum efficiency of DBP removal was
observed at pH = 5. The efficiency of DBP removal decreased
as the pH of the solution increased, showing that the deg-
radation of DBP was highly dependent on pH. DBP hydro-
phobic properties can be altered by a change in pH, which
affects the ultrasonic degradation process [49]. The produc-
tion of short-lived radicals created during intense cavitation
events is commonly used for the sonochemical degrada-
tion of organic contaminants [36]. Although pH alone has

minimal influence on cavitation, the reaction of transient
species escaping from bubbles can be affected by pH fluc-
tuations [71]. The effect of pH during DBP degradation is
probably due to the chemical structure and properties of
DBP. Pollutant hydrophobicity is one of the most import-
ant factors for predicting the path of sonochemical reac-
tions. Degradation of DBP will increase if hydrophobicity is
favourable. DBP molecule is polar and has relatively high
solubility (15 mg/L), low Henry’s constant (0.27 Pa-m?/mol)
and K, = 5.4. Therefore, DBP cannot penetrate the bubble
and is mainly removed by *OH radicals in the solution vol-
ume or bubble surface. The degradation rate as a function
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of pH is related to pK . The pK_  of DBP is about 2.9 [72].
Based on this, DBP is found mainly in molecular form in an
acidic solution. Under these conditions, its hydrophobicity
is favourable. It accumulates at the interface of the cavita-
tion bubble, where there is a relatively high concentration
of *OH radicals. As the pH increases, ionization occurs, and
the hydrophobicity of DBP decreases. The decomposition of
DBP occurs more in the solution bulk, where the concentra-
tion of *OH radicals is lower [72]. As a result, the decomposi-
tion rate of DBP decreases. Similarly, other researchers have
reported that pH plays a significant role in the sonochemical
degradation of organic compounds. For example, it has been
shown that the removal efficiency of 4-nitrophenol decreases
with increasing pH. This conclusion is explained by the fact
that 4-nitrophenol may exist in the deprotonated form under
acidic conditions (pK, 4-nitrophenol = 7.08) and protonated
(uncharged) form under basic conditions [71]. In addition,
the degradation rate of DMP decreased with increasing
pH in the 5-9 range [73]. According to Villaroel et al. [74]
study, acetaminophen is more degraded in acidic solutions
than in basic solutions. Therefore, pH was more likely
influenced by the chemical structure and properties of the
substance involved. A significant factor has certainly been
revealed to be the hydrophobicity of the pollutant [74,75].

3.2.2. Effect of DBP concentration on the DBP decomposition

Table 1 and Fig. 2b, d and f demonstrate the effect of
various concentrations (6-14 mg/L) on the degradation effi-
ciency of DBP by US/H,O,. Based on the results, DBP removal
efficiency was obtained to be 72.51%, 32.58%-80.56%,
20.92%—-77.15%, 40.11%-86.02% and 70.32% in 6, 8, 10, 12 and
14 mg/L, respectively. We found that the maximum removal
efficiency of DBP was obtained at an initial concentration of
12 mg/L. There was a gradual drop in the removal efficiency
of DBP from 6 to 14 mg/L. The cause of this phenomenon
can be explained as follows: since in this study, the frequency
was constant (60 Hz), with increasing concentrations of DBP,
sound waves did not reach the surface of all particles, and
the production of *OH was decreased. Consequently, the
degradation efficiency of DBP was decreased. Xu et al. [73]
used high-frequency US process in their study to decom-
pose DMP and observed a decrease in removal efficiency
with increasing DMP concentration.

3.2.3. Effect of H,O, concentration on the DBP decomposition

Table 1 and Fig. 2a, d, and e show the effects of differ-
ent concentrations of H,O, (0.5-2.5 mmol/L) on the removal
efficiency of DBP using the US/H,O, system. Results showed
that removal efficiency for DBP in 0.5, 1.0, 1.5, 2.0 and
2.5 mmol/L was 51.45%, 32.58%-86.02%, 20.92%-77.15%,
50.09%-76.12% and 59.7%, respectively. At an H,0O, concen-
tration of 1 mmol/L, the maximum efficiency of DBP removal
was achieved. The removal efficiency of H,O, enhanced as
the concentration increased from 0.5 to 1.5 mmol/L but then
decreased again. According to several reports, when H,0,
molecules can scavenge decomposing organic pollutants,
*OH that exists in the solution forms much fewer oxidative
hydroperoxyl radicals (HO,"), which can be expressed as
[76-78]:

"OH+H,0, - HO; +H,0 (R1)

HO; +'OH —H,0+0; (R2)

In a study similar to the present one, researchers used
a US process in the presence of H,0, (concentrations of
0-1,000 mg/L) to decompose monochlorophenol (C,H,CIO);
they found that excess H,0, could react competitively with
the *OH to form HO,*, especially in alkaline solution. They
also found that HO," had much fewer oxidative effects
and did not contribute to the degradation of C.H,CIO [64].
Iordache et al. [79] used a US/H,O, system to decompose
cyanide with different initial ratios CN-/H,O, (1/1, 1/3, 1/15
and 1/30 (g/g)); their results showed that with a decrease in
the initial H,O, amount, the time needed to complete cya-
nide degradation enhanced from 40 min at CN/H,0,:1/30
ratio to 115 min at CN-/H,O,: 1/1 ratio. Therefore, it can be
said that adding H,O, to the US process can improve the
removal of pollutants.

3.2.4. Effect of reaction time on the DBP decomposition

As shown in Table 1 and Fig. 2¢, e, and f, a set of exper-
iments was conducted to determine the effect of reaction
time (15-115 min) on DBP removal by the US/H,O, system.
Based on the results, DBP removal efficiency was obtained
to be 49.31%, 32.58%—60.65%, 20.92%-73.64%, 45.83%-86.02%
and 77.15% at 15, 40, 65, 90 and 115 min, respectively. The
maximum removal efficiency was achieved after 90 min of
reaction time. The removal efficiency of DBP increased as
the reaction time increased. As the reaction time rose, the
cavitation bubbles and their implosive energy increased,
increasing the amount of *“OH generated [80]. Xu et al. [80]
used a US/H,0, system to decompose DMP. They found that
the decomposition efficiency increased when the reaction
time was increased from 0 to 300 min. Researchers used the
ultrasonic method for removing cyanide [79], carbofuran
[81], and pentachlorophenol [82]. Their results were sim-
ilar to those in our studies.

3.3. Degradation of kinetic

We used the first-order kinetic model to investigate the
kinetic of DBP removal by the US/H,O, system (Fig. 3). The
result of the kinetic model showed that the removal kinetic
of DBP can be described by the first-order model (K, (min-
1) =0.009, R* = 0.99); this implies that the DBP concentration
controls the DBP degradation rate by the US/H,O, system.
Igwegbe et al. [83] studied the removal of ciprofloxacin from
an aqueous solution using sonochemical, sono-nano-chemical
and sono-nano-chemical/persulfate processes and reported
that the kinetic data fitted well with the pseudo-first-order
kinetic model. Also, Yegane Badi et al. [84] reported that
the rate of reaction for catechol degradation in the US/TiO,/
H,O, process followed first-order kinetics. Similarly, half-
live was also calculated using the half-life equation related
to first-order kinetic. It was ascertained that the half-life
value calculated through the first-order kinetic equation
was closely related to the experimental values (45.21 min).
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3.4. Degradation thermodynamics

From the slope of the Arrhenius plot in Fig. 4a, we cal-
culated the E_ of the US/H,O, system to be 27.24 k]/mol. The
low value suggests that the oxidative reaction proceeds with
a low energy barrier. Also, the sensitivity of reactions with
less E, is lower to temperature. In Fig. 4b, we found some
other thermodynamic parameters like AH® and AS° from the
Erying-Polanyi plot. A positive value of the AH® (0.3 k]/mol)
indicated that the oxidative reaction was endothermic. Also,
a positive value of the AS° (1.054 J/molK), implying that the
transition state was highly disordered relative to the ground
state (Table 3) [85]. As a result, the oxidative degradation
reaction progressed quickly, which was desirable. Based on
the values of the AH® and AS° at different temperatures, the
AG® was calculated as a driving force of the oxidation reac-
tion. The values were found to be -0.61, -0.94, -2.31, —2.89
and —4.39 kJ/mol at temperatures of 303, 313, 323, 333 and
343 K (Table 3). The negative values of AG® imply that the
chemical reaction using the US/H,O, system to degrade
DBP is spontaneous and that this spontaneity increases
with temperature [85].
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R?=0.99

O 2

=

=)

E .

~_ -1 0] TRe...,
UH 1.5

=

0.5 T T T T T T T ]
0 15 30 45 60 75 90 105 120

Reaction time (min)

Fig. 3. Investigating first-order kinetic model for DBP removal
by US/H,O, system (pH = 7, the concentration of H,O,:
1.5 mmol/L, concentration of DBP: 10 mg/L, and reaction time:
0-115 min).
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3.5. A proposed mechanism for removal of DBP by US/H,0,
system

Decomposition of DBP in the US/H,O, system is done
by *OH radicals that exist at the interface between the cav-
itation bubble and the aqueous phase. The probability of its
decomposition by thermal pyrolysis in the bubble is very
low. This possibility is supported by the hydrophobic nature
and low volatility of DBP. Also, Xu et al. [73] used the US/
H,O, system to remove dimethyl phthalate. Researchers
added methanol as a hydroxyl radical scavenger to the sys-
tem. They concluded that no elimination was observed after
115 min. As a result, DBP is degraded by *OH radicals as
described by the following equation [73]:

d[ DBP ] _

. ~Kp[ "OH |

(12)

In the kinetic findings, K, is achieved as first-order with
a value of 0.009 min™. The present study used an ultrasonic
bath with a fixed frequency (60 Hz). Therefore, it can be
assumed that the production rate of *OH radicals and their
concentration are constant during the ultrasound. In other
words, the production of *OH radicals equals their consump-
tion. The reactions that occur due to ultrasonic radiation in
water are summarized below (R3-R13). During ultrasound

Table 3

Calculated thermodynamic parameters of the removal of DBP
using the US/H,O, process (pH = 7, the concentration of H,0,:
1.5 mmol/L, concentration of DBP: 10 mg/L, reaction time:
65 min, and different temperatures: 303-343 K)

T (K) AH® (kJ/mol) AS® (J/mol K) AG® (KJ/mol)
303 ~0.61
313 ~0.94
323 03 1.054 231
333 —2.89
343 439
(b] ©0.0300
Yy =-36.134x + 0,1268

0.0250 R?=0.91
= 0.0200 o
i
= 0.0150 «

0.0100 o
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0.0000 ¥ y ]

0.0027 0.0029 0.0031 0.0033
T

Fig. 4. Plots of (a) InK vs. 1/T and (b) In(K/T) vs. 1/T for the removal of DBP (pH =7, the concentration of H,0,: 1.5 mmol/L, con-
centration of DBP: 10 mg/L, reaction time: 65 min, and different temperatures: 303-343 K).
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irradiation, H,0O, as a superior product of sonication forms
in solution (R6, R8, and R12), which is also a *OH radical
scavenger (R13) [86]:

H,0 > H" +OH (R3)
H' +'OH — H,0 (R4)
H +H - H, (R5)
"OH + OH — H,0, (R6)
H' +0, - HO; (R7)
HO; +HO; — H,0, +0, (R8)
"OH +'OH — O +H,0 (R9)
0'+0" -0, (R10)
O +2H" - H,0 (R11)
0" +H,0->H,0, (R12)
"OH +H,0, —» H,0 + HO; (R13)

Protonation of superoxide (O,") leads to the formation
of uncharged HO," radicals in aqueous environments. These
radicals have a pK_ equal to 4.8. Therefore, it can be con-
cluded that anion radicals are dominant in the physiologi-
cal pH range. During the US process, hydrogen (H*) radicals
combine with molecular oxygen (O,) and lead to the pro-
duction of HO,® radicals (R7). As mentioned above, the pK_
value of HO,® radicals equals 4.8. Therefore, when the pH
exceeds 4.8, HO," radicals are not formed stably [53,87].

3.6. Synergistic effect

The synergistic effect was investigated to specify that
the H,O, oxidation process and the US method can intensify
one another. In this regard, sex laboratory tests (with two
repetitions for each process) were performed. The studies’
findings indicated that the H,O, oxidation process and the
US method can reinforce one another. A comparison of DBP
removal (concentration of 10 mg/L) using different tech-
niques, including US irradiation, H,0, oxidation, and US/
H,0,, is shown in Fig. 5. Degradation of DBP using only US
leads to the kinetic constant of 0.0054 (K = 0.0054).

In contrast, using only H,O, oxidation results in a kinetic
constant of 0.105 (K = 0.105). Also, the US/H,0, process
had a kinetic constant of 0.166 (K = 0.166) under the same
experimental conditions. A synergistic effect was observed

in the US/H,O, process. So that the degradation rate of DBP
in the US/H,O, process was higher than the sum degrada-
tion rate in each of the US and H,O, processes. To show this
synergistic effect, the following equation was used [53,87]:

S= Kys /H,0, _
Kys + KHZOZ

0166
0.0054+0.105

(13)

3.7. The H,0, concentration variation

The changes in hydrogen peroxide production were eval-
uated to understand the reactions during the process. In this
regard, one laboratory test was performed. Fig. S2 shows
the changes in H,0, production during 120 min. Based on
the results, the concentration of H,O, increased over time
(1.5 to 7 mmol/L after 120 min). *OH and H* radicals are
created by cavitation when an aqueous solution is exposed
to US radiation. Because of its high oxidation potential, the
*OH radical may directly oxidize organic substrates, leading
to their mineralization or deterioration. Nevertheless, *OH
radicals have a short half-life and quickly combine to pro-
duce H,O,. There is a linear relationship between the H,O,
concentration produced and the US irradiation time [53,87].
A main by-product of US irradiation is H,O,, which acts
as an "OH scavenger and accumulates linearly in solution.
Previous studies have proven that, during US irradiation at
a constant intensity, the rate of production of *“OH radicals
can be assumed constant [53,87]. Therefore, the reaction of
*OH radicals with each other and their conversion to H,O,
can be the reason for the increase in the concentration of H,O,
during the US irradiation time.

3.8. Real industrial wastewater treatment

To determine the removal efficiency of DBP by the US/
H,O, system from real industrial wastewater, the waste-
water samples (samples #1 and 2) were gathered from the
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Fig. 5. Comparing the effectiveness of different treatment
techniques for reducing DBP levels (type of wastewater: real,
pH =7, the concentration of H,0,: 1.5 mmol/L, concentration of
DBP: 10 mg/L, reaction time: 0-120 min, and frequency: 60 Hz).
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input of two industrial wastewater treatment plants IWTP).
Following this, two laboratory tests (one test for each sam-
ple) were performed in optimal conditions. The physico-
chemical properties of samples #1 and 2 are listed in Table S1.
The collection of two samples from two different industrial
treatment plants was because each treatment plant receives
wastewater from various industries, such as the production
of plastic containers, glue, polyethylene container, paint,
cable, waterproofing, rubber, polymer, and cosmetic prod-
ucts. DBP was used as a raw material in these industries.

The Design-Expert software analysis (Fig. 6a) showed
that the pH of 7, H,O, concentration of 1.5 mmol/L, DBP con-
centration of 10 mg/L, and reaction time of 65 min were the
optimal conditions (with 73% removal efficiency of DBP).
The US/H,0O, system treats the real and synthetic wastewater
with efficiency close to that predicted by the Design—-Expert.
The DBP removal efficiency was approximately 70% in real
wastewater (sample #1 = 66.85% and sample #2 = 74.22%)
and 75.55% in synthetic wastewater (Fig. 6a). Ahmadi et
al. [88] used H,0,/MgO nanoparticles as AOPs to remove
Reactive Blue 19 (RB19) dye from an aqueous solution. They
applied RSM based on CCD for optimization of the AOPs.
Researchers reported a removal efficiency of 93.77% under
optimal conditions. In addition, the RB19 removal efficiency
(%) achieved in the experiments was found to be quite sim-
ilar to the anticipated response values. In Kyzas et al. [41]
study, different AOPs such as ultrasonic/persulfate (US/PS),
US/H,0,, US/H,O,/Fe*, US/PS/Fe*, and US/PS/H,O,/Fe*
were evaluated and their potential in removing ciproflox-
acin (CIP) was reported. The results showed, after 60 min,
only 61.2% and 54.4% of the CIP was removed by US/PS and
US/H,0,, respectively, but for US/PS/Fe** and US/H,O,/Fe*
processes, the removal percentage has reached a significant
amount of 86.6% and 72.2%, respectively. It can be related
to the production of SO, and *OH and further activation
of PS and H,0O, by divalent iron.
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3.9. Mineralization of DBP

Mineralization tests were performed to determine
whether mineralization (TOC removal) occurred during
industrial wastewater treatment containing DBP with the
US/H,0O, system. In this regard, two laboratory tests (one test
for each sample) were performed in optimal conditions. A
TOC analyzer determined the TOC content of the samples
at 800°C. Eq. (14) was used to calculate the TOC removal
efficiency (%) [43,69]:

TOC, - TOC,

TOC removal efﬁciency(%) TOC

x100 (14)

0

where TOC, is the concentration of TOC after adding DBP
(10 mg/L) to wastewater (mg/L), and TOC, is the concen-
tration of TOC after the treatment of wastewater for 65 min
(mg/L) (Table S1). Fig. 6b shows TOC removal efficiency in
real industrial wastewater samples containing DBP by US/
H,O, system. In sample #1, the DBP removal efficiency of
66.85% was achieved during 65 min, but the removal effi-
ciency of TOC reached 56.5% after 65 min. In sample #2, DBP
removal efficiency of 74.22% was achieved during 65 min,
but TOC efficiency removal reached 58.92% after 65 min.
These results showed that when DBP-containing indus-
trial wastewater samples were treated with the US/H,O,
system, significant mineralization occurred after 65 min.
Al-Musawi et al. [42] investigated the removal of acid blue 80
dye by various AOPs (UV/H,O,, UV/PS, and UV/PS/H,0O,).
The researchers reported that the amount of mineralization
increases with increasing degradation time, and approxi-
mately 92.1% of the TOC is removed by using the combined
system (UV/PS/H,0,)) in 120 min, whereas only 50.9% is
removed by utilizing the UV/H,O, system and approxi-
mately 59.1% is removed by using the UV/PS system.
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Fig. 6. (a) DBP removal efficiency proposed by Design-Expert software and DBP removal efficiency achieved by US/H,O, system
in wastewater samples (real (samples #1 and 2) and synthetic) and (b) total organic carbon removal efficiency in real industrial
wastewater samples containing DBP by US/H,O, system (type of wastewater: real, pH = 7, the concentration of H,O,: 1.5 mmol/L,

concentration of DBP: 10 mg/L, and reaction time: 65 min).
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3.10. Formation of intermediate products during the
degradation of DBP

Identification of intermediate products is essential in US/
H,O, system. Because we find out whether toxic compounds
are released from DBP decomposition into the aqueous solu-
tion. The GC-MS was used to investigate the intermediates
produced during the removal of DBP by the US/H,O, system.
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Following this purpose, one laboratory test was performed.
The reactor containing synthetic wastewater was operated
in the DBP concentration of 10 mg/L, pH =7, H,0, concen-
tration of 1.5 mmol/L, reaction times of 15, 30, 60, 90 and
120 min, mixing speed of 700 rpm, and temperature of 25°C.
Then, at the end of different reaction times, samples were
taken from the effluent and analyzed by GC-MS. Based on
the peaks obtained in the output chromatogram, a search was
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Fig. 7. (a) The GC-MS spectrum of intermediate products; (b) DBP to C;H,O, degradation pathway in the US/H,O, system (type of
wastewater: synthetic, pH =7, the concentration of H,0,: 1.5 mmol/L, concentration of DBP: 10 mg/L, reaction time of 15, 30, 60, 90

and 120 min).
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done in Wiley 2001 and the NIST library of GC-MS (identi-
fying a probable compound with 90% specific confidence).
Finally, the chemical structure and molecular weight of the
possible compound were checked by Chem Draw Ultra
software (version 12). Phthalic acid (C;(HO,) as an inter-
mediate product was identified. The GC-MS spectrum of
intermediate products is shown in Fig. 7a.

Also, the degradation pathway of DBP to C;H O, is illus-
trated in Fig. 7b. C;H.O, was derived from DBP hydrolysis
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in the aliphatic chain. The aromatic ring of DBP remained
intact. Hence, the aliphatic chain mainly initiated DBP deg-
radation by the US/H,O, system compared to the aromatic
rings. Hydrolysis of DBP released ether groups into the
aqueous medium. Ether groups can only act as hydrogen
bond acceptors, making them have low solubility in water
and evaporate quickly. Also, no significant toxicity to aquatic
organisms is expected from the ether. The solubility of
C,H,O, in water is high (5.74 g/L). There is evidence of the
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Fig. 8. AOS and COS values of samples # (a) 1 and (b) 2 in raw and treated wastewater (type of wastewater: real, pH =7, the con-
centration of H,O,: 1.5 mmol/L, concentration of DBP: 10 mg/L, and reaction time: 65 min).

Table 4

Values of parameters GP (%), GS, GI, and EC,, of wheat grains in treated wastewater sample (effluent) #1 in a period of 96 h
(type of wastewater: real, pH =7, concentration of H,O,: 1.5 mmol/L, concentration of DBP: 10 mg/L, and reaction time: 65 min)

Process type Time (h) Effluent different dilutions and Parameters
control sample GP (%) GS Gl EC,
1 0 0 0
1/2 10 1.5 0.1
24 1/4 13.33 2 0.13 9.51
1/5 23.33 35 0.23
Distilled water 0 0 0
1 13.33 1 0.26
1/2 56.66 4.25 1.13
48 1/4 63.33 4.75 1.26 10.75
1/5 66.66 5 1.33
Removal process of DBP from Distilled water 40 3 0.8
wastewater sample #1 by the US/ 1 20 1 0.6
H,0, system 12 4333 2.16 13
72 1/4 56.66 2.83 1.7 10.75
1/5 70 35 2.1
Distilled water 40 3 1.2
1 23.33 0.87 0.93
1/2 46.66 1.75 1.86
96 1/4 60 2.25 24 10.75
1/5 73.33 2.75 2.93
Distilled water 40 1.5 1.6
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toxicity of C;H,O, in vitro and in vivo (developmental toxic-
ity, reproductive toxicity, mutagenicity, etc.) [89]. Therefore,
it can be concluded that in the decomposition of DBP by
the US/H,O, system, producing C.;H,O, as an intermediate
is a severe problem.

3.11. Biodegradability studies

Biodegradability tests were performed to determine
whether biodegradability improved when treating indus-
trial wastewater containing DBP with the US/H,O, system.
In this regard, two laboratory tests (one test for each sam-
ple) were performed in optimal conditions. We calculated
the average oxidation state (AOS) and carbon oxidation
state (COS) of wastewater for evaluating biodegradability
enhancement. Egs. (15) and (16) were used to calculate AOS
and COS values [90]:

A0S =4-15 2 (15)
TOC

cos=4-15/ 2 (16)
TOC,

where TOC is the TOC of the wastewater sample after
treatment by the US/H,O, system, COD is the COD of the
wastewater sample after treatment by the US/H,O, system,
and TOC, is the concentration of TOC after adding DBP

Table 5

(10 mg/L) to wastewater (mg/L) (Table S1). The values of
AOS and COS range from —4 to +4.

In Fig. 8, values of AOS and COS for (a) sample #1 and
(b) sample #2 are presented before and after treatment. For
sample #1, the AOS value increased from -0.96 to 1.93, and
the COS value increased from -0.96 to 3.1. Similarly, the
AOS value for sample #2 increased from -0.93 to 1.81, and
the COS value increased from -0.93 to 3.1. These results
confirmed the relatively high degree of mineralization.
Furthermore, these findings indirectly prove that the mole-
cule of DBP was degraded into biodegradable by-products.
Therefore, improving the biodegradability of real industrial
wastewater was achieved using the US/H,O, system.

3.12. Biotoxicity analyses

An increase in the values of GP (%), GS, and GI parame-
ters of wheat grains was observed with the increase in efflu-
ent dilution (Tables 4 and 5). Furthermore, this rise was more
apparent for sample #2 than for sample #1. These findings
imply that the US/H,O, system effectively reduced the tox-
icity of the industrial wastewater, and the toxicity of sample
#2 was better eradicated. It was also discovered that when
effluent dilution was enhanced, the toxicity of the efflu-
ent was reduced, and wheat seed germination increased
(Tables 4 and 5).

EC,, in the output effluent sample #1 from US/H,O,
system after 24, 48, 72, and 96 h was 9.51, 10.75, 10.75, and
10.75 mg/L, while in the effluent of sample #2 was 22.84,
62.95, 62.95, and 62.95 mg/L, respectively (Tables 4 and 5).

Values of parameters GP (%), GS, GI, and EC,, of wheat grains in treated wastewater sample (effluent) #2 in a period of 96 h
(type of wastewater: real, pH =7, concentration of H,O,: 1.5 mmol/L, concentration of DBP: 10 mg/L, and reaction time: 65 min)

Process type Time (h) Effluent different dilutions and Parameters
control sample GP (%) GS GI EC,,
1 10 15 0.1
1/2 16.66 2.5 0.16
24 1/4 26.66 4 0.26 22.84
1/5 30 45 0.3
Distilled water 0 0 0
1 33.33 2.5 0.66
1/2 60 4.5 1.2
48 1/4 63.33 4.75 1.26 62.95
Removal process of DBP from 1/,5 . 8333 625 1.6
wastewater sample #2 by the US/ Distilled water 40 3 08
1 36.66 1.83 1.1
H,O, system
1/2 60 3 1.8
72 1/4 63.33 3.16 1.9 62.95
1/5 90 4.5 2.7
Distilled water 40 3 1.2
1 40 15 1.6
1/2 63.33 2.37 2.53
96 1/4 66.66 2.5 2.66 62.95
1/5 90 3.37 3.6
Distilled water 40 3 1.6
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The EC,, value in effluents has increased from 24 h to 48 h.
However, after that, the EC, value was fixed. The lower EC,
in the first 24 h and sample #1 may be due to the higher num-
ber of wheat grains that have not rooted and germinated.

4. Conclusion

In this study, the performance of the US/H,O, system
for the removal of DBP was evaluated, and this system
was investigated in terms of mineralization, biotoxicity,
reaction kinetics and thermodynamics, and biodegrad-
ability. The results showed that the pH of the solution, the
concentration of H,0, and DBP, and the reaction time had
a significant influence on the performance of the US/H,O,
system in the removal of DBP. In this regard, the efficiency
of DBP removal was increased by enhancing reaction time.
Nevertheless, the removal efficiency decreased as pH, DBP
concentration, and H,0, concentration increased. The US/
H,O, system showed the capacity to degrade 70.53% of
the DBP solution and minimized the toxicity of the efflu-
ent to wheat grains. The Design—-Expert software analysis
showed that the pH of 7, H,O, concentration of 1.5 mmol/L,
DBP concentration of 10 mg/L, and reaction time of 65 min
were the optimal conditions (with 73% removal efficiency
of DBP). Results of the kinetic models showed that the
removal kinetics of DBP can be described by the first-order
model (R? = 0.99). The negative values of AG® indicated that
the chemical reaction using the US/H,O, system to degrade
DBP spontaneously increased with temperature. A positive
value of the AH® (0.3 kJ/mol) indicated that the oxidative
reaction was endothermic. Also, a positive value of the AS°
(1.054 J/mol-K), showed that the transition state was highly
disordered relative to the ground state. The study findings
showed a relatively high degree of mineralization. As US/
H,O, system converted nonbiodegradable wastewater into
biodegradable effluent, it was proposed that this system be
used as a pretreatment process before the biological treat-
ment of industrial wastewater prior to discharge into the
ecological system. C;H,O, was produced as a toxic interme-
diate compound in the decomposition process of DBP by
the US/H,O, system, which should be given serious atten-
tion. Toxicity tests showed that the effluent generated by the
US/H,0, system had low toxicity, so wheat seeds sprouted
satisfactorily after 96 h. A concentration of DBP at which
50% of wheat grains do not germinate, so-called LC,, was
determined as 10.75 and 62.95 mg/L after 96 h for effluent
samples #1 and 2, respectively.

We concluded that US/H,O, is a relatively effective pro-
cess with non-toxic production effluent. However, to decide
whether this process is economical compared to other pro-
cesses, the removal of DBP by other processes should be
tested, and an economic evaluation should be done. Finally,
it is possible to decide which process is more economi-
cal based on quantitative results. Furthermore, it is sug-
gested to perform more toxicity evaluation tests based on
the environmental standards for discharging the process
effluent into the environment.
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Supporting information
S1. Degradation kinetics
The first-order kinetics linear model and its half-life

equation were as follows:

Table S1

In(C,)=Kt+In(C,) (S1)
Half —life(min) = =2 (52)

1

where K| is the first-order degradation rate constant (min™)
and can be calculated from In(C,) slope vs. t. C, is the ini-
tial concentration of dibutyl phthalate (DBP) in the solu-
tion (mg/L) as well as C, is the DBP concentration in the
solution (mg/L) at any time.

S2. Real industrial wastewater treatment

The physicochemical properties of samples #1 and 2
are listed in Table S1. The concentrations (mg/L) of the total
organic carbon (TOC) and the chemical oxygen demand
(COD), the five-day biochemical oxygen demand (BOD,),

Physico-chemical characteristics (TOC, BOD,, COD, TDS, TSS, nitrate, phosphate, sulfate, pH, and DBP concentration) of indus-
trial wastewater samples (raw, after adding DBP with a concentration of 10 mg/L, and treated)

Parameters Amounts related BOD,, COD, and TOC TOC and COD Amounts BOD,, COD, and TOC TOC and COD
to sample #1 related to sample #1 related to related to related to sample #2  related to
after adding DBP sample #1 after sample #2 after adding DBP sample #2 after
(10 mg/L) treatment (10 mg/L) treatment
TOC 16.1 (mg/L) 200 (mg/L) 87 (mg/L) 99 (mg/L) 224 (mg/L) 92 (mg/L)
BOD, 8 (mg/L) 246 (mg/L) - 40 (mg/L) 275 (mg/L) -
COD 20 (mg/L) 350 (mg/L) 120 (mg/L) 101.7 (mg/L) 400 (mg/L) 134 (mg/L)
TDS 969 (mg/L) - - 7,322 (mg/L) - -
TSS 2.5 (mg/L) - - 256 (mg/L) - -
Nitrate 13.5 (mg/L) - - N.D* (mg/L) - -
Phosphate 135 (mg/L) - - 476 (mg/L) - -
Sulfate 15.5 (mg/L) - - 13 (mg/L) - -
pH 7.68 - - 6.89 - -
DBP 10 (mg/L) - - 10 (mg/L) - -
*N.D: No detectable
MNormal Plot of Residuals Predicted vs. Actual
(a) (b) . |
" / ; a B0 _
95 ’ ‘.
30 3 ; (5] 70 _
E| = g f
= ao .
% L U'gn 60
?3 50 f. :-:': i
f B z; 50
-~ 2} ¥ 40
3 g X
= a
1| = |
I I I I I I I | 1 T | ]
2.00 1.00 o 100 200 300 400 0 i 40 50 60 LY &0 ]

Externally Studentized Residuals

Actual

Fig. S1. (a) Normal probability plot of the residuals and (b) predicted vs. actual values plot for removal efficiency.
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the total suspended solids (TSS), the total dissolved solids
(TDS), nitrate, phosphate, sulfate, and DBP in the sample
#1 were 16.1, 20, 8, 2.5, 969, 13.5, 135, 15.5 and 10, respec-
tively. The concentrations (mg/L) of TOC, COD, BOD,, TSS,
TDS, phosphate, sulfate, and DBP in the sample #2 were 99,
101.7, 40, 256, 7,322, 4.76, 13 and 10, respectively. The pH of
samples #1 and 2 were 7.68 and 6.89, respectively (Table S1).

52.1. Suitable model, equations, and analysis of variance analysis

Fig. Sla indicates the normal probability plot of the
residuals. Fig. S1b shows the actual vs. predicted values
graph for removal efficiency.

§3. The H,0, concentration variation

Fig. 52 shows the changes in H,O, production during
120 min. Based on the results, the concentration of
H,O, increased over time (1.5 to 7 mmol/L after 120 min).
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Fig. S2. The H,O, concentration variation during the US irra-
diation time (H,O, concentration of 1.5 mmol/L, pH = 7, DBP

concentration of 10 mg/L, the reaction time of 120 min, mixing
speed of 700 rpm and temperature of 25°C).



