Brazilian Journal of Poultry Science
Revista Brasileira de Ciéncia Avicola

e-ISSN: 1806-9061 2024 / v.26 / n.1/001-016
http://dx.doi.org/10.1590/1806-9061-2023-1869

Original Article

EAuthor(s)

Yuceturk GD' https://orcid.org/0000-0002-7717-7977

' Department of Environmental Engineering, Facul-
ty of Engineering, Bolu Abant Izzet Baysal Univer-

sity, 14030, Bolu, Turkiye.

EMail Address

Corresponding author e-mail address

Gamze Dogdu Yuceturk

Department of Environmental Engineering,
Faculty of Engineering, Bolu Abant Izzet
Baysal University, 14030, Bolu, Turkiye.
Phone: +903742534558
Email: gamzedogdu@ibu.edu.tr

mKeywords

Ammonia removal, Cost analysis, Hydrogen
peroxide-sono-photocatalysis, Phosphorus
elimination, Poultry slaughterhouse
wastewater.

Submitted: 27/December/2023
Approved: 26/February/2024

Integrated Hydrogen Peroxide, Sono, and
Heterogeneous Photocatalysis Technologies:
A Novel Technique for Ammonia and
Phosphorus Removal in Real Poultry
Slaughterhouse Wastewater

ABSTRACT

Poultry slaughterhouse wastewater (PSW) has substantial organic
load and nutrient contents, which must be removed before discharge
due to being sanitary and environmental hazards. The present study is
the first to analyze the individual and synergistic influences of combined
hydrogen peroxide (H,0,), different ultraviolet lights (UV-A/UV-C),
inorganic compound catalysts of titanium and zinc oxides (TiO,/Zn0O),
and ultrasound (US) processes on ammonia and phosphorus elimination
from PSW using a Taguchi L, orthogonal array. The results showed that,
compared to other processes in isolation, the integrated process of H,0,,
US, and heterogeneous photocatalysis (HPC) is significantly more effective
at treating PSW in terms of N;-N removal (52.0%) and PO,-P elimination
(59.5%). Furthermore, electrical energy consumption at 2.67 g N;-N
US$ and 2.14 g PO,-P US$ was determined to be the most significant
factor in the operating cost of the system, while the average chemical cost
under optimal conditions was 0.34 US$/g. In general, the results indicate
that the effectiveness of removing pollutants is directly influenced by the
pH, catalyst concentration, and duration of the operation. Additionally,
the presence of different types of pollutants in real wastewater might
lead to reduced nutrient removal efficiencies.

INTRODUCTION

Poultry meat is one of the primary animal protein sources for many
people in most countries due to its nutritional and sensory properties,
affordability, ease of preparation, and absence of religious restraints
(OECD, 2023). FAO (2023) declared that the poultry meat production
sector increased from 133.6 million tons in 2019 to 136.0 million tons
in 2020. However, the processing of poultry includes slaughtering, de-
feathering, evisceration, washing, and chilling steps that generate large
amounts of wastewater that is characterized by high loads of organic
components, with chemical oxygen demand (COD) measured between
1,250 and 15,900 mg/L (Bustillo-Lecompte et al., 2016; Abdelhay et
al., 2020); biological oxygen demand (BOD) concentration of 1,602
mg/L (Yaakob et al, 2018); ammonium-N (N} -N) concentration of
53-312 mg/L (Ngobeni et al, 2022); and orthophosphate (PO,-P)
concentration of 9.65 mg/L (Bayar et al., 2022). Additionally, based
on previous research (Rinquest et al., 2019; Williams et al., 2019), it is
expected that 80-90% of a processing plant’s total water use will be
discharged as poultry slaughterhouse wastewater (PSW), consuming
an average of 26.5 L per processed bird (Fatima et al.,, 2021). lonized
ammonia (N}) and free ammonia (NH,) are the two forms of reduced
inorganic nitrogen found in the agueous medium, which can exist in
water as ammonia gas or as water soluble ammonia ions (Purwono et
al., 2023). The majority of phosphorus in natural water and wastewater
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exists in the form of orthophosphate ions (PO,?*),
specifically H,PO,, HPO,*, and PO *that originates
from poultry manure, meat, and bone meal (Topcu et
al., 2022). The removal of nutrients such as ammonia
and phosphate from PSW has emerged as a prominent
area of investigation, as evidenced by the attention it
has received in recent studies (Hajaya and Pavlostathis,
2013; Tdrkdogan et al, 2018). Despite the many
different available techniques, such as dissolved air
flotation (DAF), electrocoagulation (EC), coagulation-
flocculation (CF), aerobic and anaerobic processes,
membrane techniques, reverse osmosis, etc., the
toxicity of this type wastewater continues to be
inadequate, with contaminant levels after treatment
above the legally permitted values (Meiramkulova et
al.,, 2020; Musa et al., 2021; TeranHilares et al., 2021;
Ngobeni et al., 2022; Toh et al., 2023). In addition,
high operational and maintenance costs, low efficiency
in solid-liquid separation, high chemical requirements,
high sludge generation, long hydraulic retention times,
high energy requirements, membrane clogging, and
associated additional chemical demands are different
weaknesses of these processes (Bustillo-Lecompte
& Mehrvar 2015; Moussa et al, 2017; Shahediet
al, 2020; Mousazadeh et al, 2021). In biological
processes, microorganisms are affected by toxic
substances in the wastewater. In this context, nitrogen
and phosphorus cannot be removed until satisfactory
levels, requiring further treatment for safe discharge
(Dadiet al., 2018; Musa et al, 2021). The need to
address water supply insecurity at both local and global
levels, as well as the implementation of more rigorous
laws, has increased the urgency of the advancement of
wastewater treatment systems capable of processing
and repurposing wastewater originating from poultry
production enterprises (Avulaet al., 2009).

Heterogeneous photocatalysis (HPC) is one of the
most promising AOPs. It is based on the generation
of electron-hole pairs (e/h*) that catalyze organic
pollutant degradation reactions (Silva et al., 2007).
TiO,, ZnO, CuO, Sn0O,, and CdS are widely utilized
semiconductors. Upon exposure to either natural
or artificial radiation, these materials create holes in
the valence band (h "), electrons in the conduction
band (e_,), *OH, and superoxide radicals (O,”) (Yeoh
et al., 2022). Ultrasound (US) or sonolysis is another
innovative AOP based on the successful disintegration
of microbubbles (encapsulated gas spheres of 0.1-
10 pm in diameter) through circular nucleation,
propagation, and cavitation (Abdelhay et al., 2020).
Four major theories can explain sonochemical
reactions: the hot-spot, plasma discharge, electrical,
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and supercritical theories. According to the hot-spot
theory, sonochemical reactions occur in three distinct
zones in a homogeneous liquid: cavitation bubbles,
the gas-liquid interface, and bulk solutions (Ozturk
& Bal, 2015). AOPs have the capability of effectively
treating a wide range of organic substances present
in industrial wastewater, exhibiting high effectiveness
rates (Davarnejad & Nasiri, 2017). US has the capability
to break down hazardous organic substances into
smaller molecules, also demonstrating a high level of
effectiveness in the inactivation of microorganisms.
(Abdelhay et al., 2020).

Nevertheless, HPC and US still have some
drawbacks, including a low mineralization of refractory
contaminants, and a lower quantum yield due to a
high charge recombination rate, respectively, while
also incurring in high energy consumption, and high
operating costs (Yeoh et al.,, 2022). The combination
of H,0,, US and HPC, called the sonophotocatalytic
process (SPCP), is a type of hybrid AOP that increases
pollutant removal efficiency, and is one of the most
distinctive methods developed in recent years (Al-Bsoul
et al, 2020; Yang et al.,, 2021; Dogdu & Sen, 2022).
Its primary objective is the expansion of the physical
effect of US by propagating it through the suspended
catalyst particles, thereby preventing aggregation
throughout the process (Panda & Manickam, 2017).
The surface of the photocatalyst is also decontaminated
by acoustic cavitation, thereby regenerating its active
sites; and the catalyst surface serves as a location for
cavitation bubble nucleation (Madhavan et al.,, 2019).
Consequently, this effect amplifies the increase in
the quantity of. *OH produced through an increased
surface area of the catalyst (Madhavan et al., 2019;
Al-Bsoul et al., 2020; Dogdu & Sen, 2022).

To the authors’ knowledge, no prior study has
been done on the potential of using H,0, and US in
conjunction with an HPC process for the treatment of
PSW. In light of the above, the aim of this research was to
design and implement a novelcombinedH,0,/US/HPC
system for the removal of ammonia and phosphorus
from PSW, and to determine the operational costs of
this hybrid system as a whole. Furthermore, the Taguchi
statistical design technique was used to improve,
simplify, and standardize the experimental design, as
well as to determine the optimal operating conditions
with fewer experiments and at a lower cost, in order to
obtain the highest nutrient removal from PSW based
on the most efficient operating parameters (Besharati
Fard et al., 2020). An analysis of the operational cost
of treating sectoral wastewater is another innovative
contribution of this study.
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MATERIALS AND METHODS

Chemicals

Zn0 (99.9%, <5 pm particle size, 10-25 m?/g BET
surface area, Sigma-Aldrich), TiO, (21 nm, AEROXIDE®
P,. > 99.5%, anatase form, 35-65 m?qg BET surface
area, Sigma-Aldrich), sodium hydroxide (NaOH, 99%,
Merck), H,0, (30%, Sigma-Aldrich), and sulfuric acid
(H,SO,, 97%), Merck) were used in this study. Deionized
water (specific resistivity: 18.2 MQ, Merck) was used to
avoid ion interference during the preparation of all the
solutions.

Sample collection and analytical method

PSW samples were collected from a local chicken
producer, located at Bolu, Turkey. Samples were
collected from the effluent of the slaughterhouse,
after offal screening, but prior to the facility’s
wastewater treatment plant. During the study period,
composite samples were collected over a 24-hour
period. These samples were collected in 5 L containers
that were equipped with covers designed to prevent
light exposure and leakage. The collection of these
samples occurred on the first day of each week. The
samples were subsequently transferred to the Bolu
Abant Izzet Baysal University Wastewater Laboratory
and stored at a constant temperature of 4°C in dark
conditions before use. The facility processed 180,000
chickens with average weight of 2500 g, producing
an average of 1,300-1,500 m? of wastewater per
operating day. The physicochemical characteristics of
raw and treated PSW were determined according to
the Standard Methods for the Examination of Water
and Wastewater methodology (APHA, 2017). The
values of the physicochemical parameters of raw PSW
are presented in Table 1. A pH meter (Orion Star A329
Thermo Scientific) was used for the assessment of pH.
A turbidimeter (Sinsche TB2000) was used to measure
PSW turbidity values (APHA 2530-B). The samples were
centrifuged at 5000 rpm for 15 min (NUVE NF-200).
Then, the supernatant was filtered through a 0.45um
filter (Minisart RC25, Sartorious).

COD was measured by using Merck Millipore®
kits (APHA 5220-D) with a UV spectrophotometer
(Spectroquant Pharo 100, Merck). A 3 mL sample
was measured after treatment for 120 min at 150°C
in the thermoreactor (Merck Spectroquant TR 320).
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Biochemical oxygen demand was measured using
a five-day BOD test (APHA, 2017-5210B). Total-N,
total-P, N;-N and PO,-P levels were determined
spectrophotometrically  (Spectroquant Pharo 100,
Merck) using Merck Millipore® kits. Averages for the
three replications of each experimental analysis were
calculated reported the study.

Reactor set-up

The whole study was conducted using a double-
walled reaction vessel and a pencil-type Pyrex glass
immersion well photo-reactor equipped with a UVC,,
ultraviolet lamp (Philips, 9 W; 254 nm) or a PL-L UVA

365

lamp (Philips, 360 W; 315 to 380 nm; 110 W/cm?), as
illustrated in Figure 1.

1. Water bath

2. Peristaltic pump

3. Air pump

4. Coolant water influent
5. Pyrex glass reactor

6. Diffuser

7.Ultrasonic generator
8.Ultrasonic transducer
9. Quartz tube

10.UV lamp

11. Photocatalyst and PSW
12. Sample effluent
13. Coolant water effluent
14. Peristaltic pump

14

~ @

Figure 1 — Scheme of experimental set-up for integrated SPCP.

A photo-reactor was installed in an ultrasonic
bath tank (Bandelin DT 106) with a capacity of 5.6
L (operating volume, 200 mL). The tank dimensions
were D =240 mm and L = 125 mm, with an operating
frequency of 35 kHz (120 W, 220 V), and an external
generator (Dogdu & Sen, 2022; Dikmen et al., 2022).
A diffuser from which compressed air was bubbled into
the solution maintained the air flow, and was adjusted
to 3.5 I/min. Using a thermos state bath (NUVE ST-30)
and a water circulation system (Filtec PH-15X3S-FPP-1),
the interior temperature of the reactor was maintained
at 25+5°C at all times.

Experimental design and statistical
analysis
The Taguchi method was applied to design

experiments in the present study. Based on prior

Table 1 - Main physicochemical characteristics of raw poultry slaughterhouse wastewater (No of samples=3).

Parameter pH Turbidity COD BOD5 TSS TN T-P NH4-N PO4-P
Unit - NTU ma/L mag/L ma/L ma/L mag/L ma/L mag/L
Value 7.37 +0.03 722 +2.52 3280 +39.1 2132+ 492 493 + 2.52 305+5.00 247.7+1.53  95+5.00 105 + 2.00
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studies, it has been established that several key factors
significantly influence the efficacy of system removal by
different AOPs. These factors include pH levels, catalyst
concentrations, catalyst types, UV lamp specifications,
operation durations, and H,0, concentrations (Dogdu
Okcu et al., 2019; Dogdu & Sen, 2022; Dogdu, 2022).

Due to the limitations of the SPC reactor, changes
in ultrasound frequency and power could not be
investigated. Thus, the effects on AOPs of parameters
such as UV lamp type (UVA,,,, UVC,,,), catalyst type
(TiO,, Zn0O), catalyst concentration (0.5, 1.5, 2.5 g/L),
pH (2, 6, 10), H,0, dose (0, 5, 10 mmol/L), and time
(30, 105, 180 min) were studied at the three levels
presented in Table 2.

Table 2 - Operating parameters and design levels of the
Taguchi orthogonal array.

Levels

Parameters Labels
L1 LZ LS

Catalyst type CcT TiO, Zn0
UV lamp type T UVA,,, UVC,,
Catalyst dosage (g/L) CccC 0.5 1.5 2.5
pH pH 2 6 10
H,O, concentration (mmol/L) Cinon 0 5 10
Operation time (min) t 30 105 180

The Taguchi L, (2% x 3%) orthogonal array (three
repetitions at each experiment) was conducted with
Minitab 17.0 Statistical Software to optimize the
operating parameters and statistical analysis based
on ANOVA and S/N ratio, as shown in Table 3. N} -N
and PO,-P removal yields are the evaluated response
variables. SigmaPlot 12 was used to produce graphs
for the paper. The output signal-to-noise ratio (S/N),
which depends on the optimization criterion for
the response variable, is a statistical measure of the
Taguchi method’s process efficacy (Sousa et al., 2020).
“Larger-the-better” criteria were chosen for the S/N
ratio according to the type of optimization (Besharati
Fard et al, 2020). In the current investigation, the
system underwent optimization with the objective of
maximizing N;-N and PO,-Premoval yields.

RESULTS AND DISCUSSION

Preliminary studies

The effluent characteristics of raw PSW are given
in Table 1. Figure 2 shows the percentages of N;-N
and PO,-P removal from PSW after a 180-min working
period of different single AOPs, namely catalysis (TiO,,
Zn0), sonolysis (US), photolysis (P) (UVA,., UVC,,),
and H,0,, as determined by preliminary studies. All

procedures were undertaken under the same operating

Integrated Hydrogen Peroxide, Sono, and
Heterogeneous Photocatalysis Technologies:

A Novel Technique for Ammonia and Phosphorus
Removal in Real Poultry Slaughterhouse Wastewater

conditions. N7-N removal efficiencies with single AOPs
were 17+0.95%, 9+0.52%, 18+0.52%, 9+0.52%,
10+£0.6%, and 19+0.50% for US, UVA,, UVC,,
TiO,, ZnO, and H,0,, respectively; while PO,-P removal
efficiencies were respectively17+0.64%, 2.2+0.2%,
6+0.64%, 7+0.36%, and 3+0.50%.As shown in
Figure 2 and Table 4, integrated energy-based AOPs
yielded N; -N removal efficiencies between 20 and
52%, while PO,-P removal efficiencies ranged from 22
to 60%. Based on the results, the removal efficiency of
nutrients from PSW is greater for hybrid processes that
implement multiple AOPs than for single processes.

()
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Figure 2 — Individual and integrated AOP removal yields for (a) NH;-N and (b) PO,-P in
PSW (operating conditions: US frequency: 35 kHz; US power: 120W; pH: 6; CC: 1.5 g/L;
C..,: 10 mmol/L; UV power: 36W; t: 180 minutes; T: 25+2 °C).

Furthermore, the earlier study conducted by Dogdu
& Sen (2022) reported that the hybrid H,0,/US/HPC
process achieved a COD removal of 54% and oil &
grease (O&G) removal of 99% after a process duration
of 180 min. As shown in Table 1, the data revealed
that, after offal screening, the slaughterhouse unit
effluent was characterized by a high organic matter
load. The COD/BOD; ratio was also calculated to assess
the potential biodegradability of the organic contents
in the PSW. An increased COD/BOD, ratio indicates
a higher proportion of slow biodegradable and non-
biodegradable compounds in the sample. In the case
of biodegradable organics, COD is normally within the
range of 1.3 to 1.5 times the BOD. When the result
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Table 3 - Signal-to-noise ratio (S/N) data on responses for overall response variables (CT: catalyst type, LT: lamp type, CC:
catalyst dosage, CH202: Hydrogen peroxide concentration, t: time).

NH;-N removal (%)

PO,-P removal (%)

Level cT LT CC(g/L) pH Cop,mmol/L t(min)  Level cT LT CC(g) pH C,po,mmol/L t(min)
1 19.35 2245 23.46 21.09 23.84 20.62 1 22.84  23.1 17.17 29.61 20.53 19.15
2 26.14  23.56 19.95 16.88 21.31 28.15 2 213 2275 27.27 16.7 23.53 26.16
3 25.74 31.19 24.01 20.38 3 24.28 224 24.66 234
Delta 6.8 1.1 5.78 14.3 2.7 7.77 Delta 3.54 0.35 10.1 12.91 4.13 7.01

Rank 3 6 4 1 5 2 Rank 5 6 2 1 4 3

of a COD test is more than twice that of the BOD
test, there is good reason to suspect that a significant
portion of the organic material in the sample is not
biodegradable by ordinary microorganisms (Woodard,
2001). The COD/BOD, ratio in the wastewater from
the slaughterhouse unit is approximately 1.54. In other
words, the BOD,./COD ratio was about 0.65, indicating
that 65% of the COD of this wastewater could easily
be degraded by biological treatment (Bazrafshan et
al., 2012). However, the remaining COD was high,
indicating the need for an effective physicochemical
treatment. The maximum COD removal of 54% by
the hybrid H,O/US/HPC process showed that this
method can be an effective pretreatment method for
wastewater such as PSW.

Based on the data, it is hypothesized that the
enhanced efficacy in nutrient removal observed in
the hybrid H,0,/US/HPC system, as opposed to single
AOPs, can be attributed to the combined degradation
of nonbiodegradable and refractory chemicals present
in the PSW by combining US, H,0,, photocatalyst and
UV irradiation. Furthermore, the results of an earlier
study showed that US enabled the breakdown of
O&G in addition to the oxidation and destruction of
aromatic compounds in PSW caused by the presence
of a photocatalyst, H,0,, and UV irradiation (Dogdu &
Sen, 2022). Thus, 99% O&G and color removal could
be achieved in 180 min. Nevertheless, despite 180-
min being sufficient to achieve maximum degradation
of COD, NH; -N, and PO,-P, the average removal
efficiency of these parameters, ranging from 50%
to 60%, might be attributed to the accumulation
of high concentrations of intermediate products.
These intermediates are unable to undergo further
oxidation by OH- due to the hybrid AOP process and
thus accumulate in the system (Al-Bsoul et al., 2020).
Moreover, real wastewater typically contains a variety
of contaminants instead of just one type, which is
often the main focus of research. Hence, it can be
inferred that the presence of various contaminants
will complicate the process of sonophotocatalytic
degradation in intricate ways (Mapukata et al., 2023).

Taguchi design and statistical analysis

Table 4 presents the results of 36 experiments on
NH; -N and PO,-P removals from PSW. In order to
optimize the nutrient removal process, the output S/N
ratio from the Taguchi method was used to identify the
distinguishing characteristics between signal factors
and the control, considered that “larger is better”
for each test run. Table 4 shows that NH}-N removal
efficiencies range between 2% and 52%, whereas
PO,~P removal efficiencies vary between 2% and 60%.
The S/N ratios are displayed in Table 3 and Figure3,
demonstrating the independent process components
(CC, CT, LT, pH, C,,,,, and t) that yield the highest
levels of NH;-N and PO,-P removal efficiency.

Main Effects Plot for SN ratios
Data Means

Ccr LT CC(g/L) pH

AN N
AV Nl

17,5 \/

uA  uve o5 15 25 2 6 10 0 5 10

CH202 (mmol/L) t (min)

Mean of SN ratios

30 105 180

Main Effects Plot for SN ratios
Data Means

cT LT CC(e/D) pH

A

et N ar

CH202 (mmol/L) (min)

Mean of SN ratios
s
=

T2 Zno uvA  u¥c o5 15 25 2 6 10 o 5 1o 30 105 180

Signal-to-noise: Larger is better

Figure 3 - Principal influences of S/N parameters on (a) NH;-N and (b) PO,-P removal
efficiencies (CT: catalyst type, LT: lamp type, CC: catalyst dosage, C,,,.,: Hydrogen peroxi-
de concentration, t: time).

The results of the analysis of variance (ANOVA)
demonstrating the influence of control factors on the
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Table 4 - Experimental results of the Taguchi method’s NH;-N and PO,-P removal efficiencies (CT: catalyst type, LT: lamp type,

CC: catalyst dosage, C

H202"

Hydrogen peroxide concentration, t: time).

Parameters NH,—N removal PO,-P removal
No. cT LT pH CC(g)  C,,p, (mmol/L)  t(min) (Z/BN) Percentage (%) S/N (dB) Percentage (%)
1 TiO, UVA 2 0.5 0 30 15.11 7.14 21.71 11.28
2 TiO, UVA 6 1.5 5 105 7.13 2.33 27.82 26.65
3 TiO, UVA 10 2.5 10 180 31.84 37.50 31.43 38.68
4 TiO, UVA 2 0.5 0 30 15.11 4.88 21.71 13.33
5 TiO, UVA 6 1.5 5 105 7.13 2.22 27.82 22.96
6 TiO, UVA 10 2.5 10 180 31.84 40.91 31.43 36.03
7 TiO, UVA 2 0.5 5 180 5.51 1.89 17.86 7.81
8 TiO, UVA 6 1.5 10 30 5.68 1.92 26.47 21.05
9 TiO, UVA 10 2.5 0 105 32.51 42.20 29.15 28.68
10 TiO, uvc 2 0.5 10 105 30.31 32.77 22.50 13.33
11 TiO, uvC 6 1.5 0 180 5.51 1.89 8.63 2.70
12 TiO, uvC 10 2.5 5 30 28.06 25.29 28.20 25.71
13 TiO, uvc 6 0.5 10 30 6.02 2.00 11.12 3.60
14 TiO, uvc 10 1.5 0 105 32.20 40.74 29.15 28.68
15 TiO, uvc 2 2.5 5 180 18.24 8.16 30.39 33.07
16 TiO, uvc 6 0.5 10 105 26.00 19.96 25.95 19.85
17 TiO, uvC 10 1.5 0 180 27.31 23.20 30.27 32.62
18 TiO, uvc 2 2.5 5 30 18.74 8.65 31.90 39.33
19 Zn0O UVA 6 0.5 0 180 20.92 1.1 26.37 20.83
20 Zn0O UVA 10 1.5 5 30 26.50 21.13 22.67 13.61
21 Zn0O UVA 2 2.5 10 105 29.95 31.45 33.62 48.00
22 Zn0O UVA 6 0.5 5 180 20.60 10.71 8.87 2.78
23 Zn0O UVA 10 1.5 10 30 31.00 35.48 21.09 11.33
24 Zn0O UVA 2 2.5 0 105 29.95 31.44 33.87 49.40
25 Zn0O UVA 10 0.5 5 30 31.65 38.24 5.96 1.99
26 Zn0O UVA 2 1.5 10 105 26.74 21.74 31.75 38.70
27 Zn0O UVA 6 2.5 0 180 21.58 12.00 7.82 2.46
28 ZnO uvC 10 0.5 5 105 33.62 48.00 18.70 8.61
29 Zn0O uvC 2 1.5 10 180 21.24 11.54 34.84 55.19
30 Zn0O uvc 6 2.5 0 30 24.08 16.00 2.73 1.37
31 Zn0O uvC 10 0.5 10 180 34.03 50.30 25.51 18.87
32 Zn0O uvc 2 1.5 0 30 18.79 8.70 31.83 39.02
33 Zn0O uvC 6 2.5 5 105 26.94 22.22 30.96 35.33
34 Zn0O uvc 10 0.5 0 105 34.32 52.00 4.29 1.64
35 Zn0 uvC 2 1.5 5 180 17.39 7.41 35.46 59.50
36 Zn0O uvC 6 2.5 10 30 21.24 11.54 7.00 2.24

removal of nutrients from PSW are also presented in
Table 5, at a significance level of a = 0.05 and a level
of confidence of 95%. As shown in Table 5, the errors
for NH; -N and PO,-P removal were 4% and 32%,
respectively, well below the limit value (50%); thus, the
experimental errors are insignificant.

The contribution percentage (C. %) is used for
guantitative evaluation and is presented in Table 5.
According to the obtained percentage contribution
values, the most influential parameters on the NH;-N
removal efficiency were pH (F: 217.71, C: 63.31%),
operation time (F: 50.41, C: 14.46%), catalyst
concentration (F: 24.29, C: 7.06%), catalyst type (F:
41.46, C: 6.03%), and H,0, concentration (F: 16.82,

C,: 4.89%). Furthermore, the most influential factors
affecting the efficiency of PO,-P removal were catalyst
concentration (F: 10.92, C: 28.24%), pH (F: 10.34, C:
26.65%), and operation time (F: 3.88, C: 10.04%).
The steepest inclination of the pH line is depicted
in Figure 3(a), which demonstrates an excessively
significant influence of this variable on NH,*N
removal (p<a, @=0.05). The following parameters
were significant (p<a, 0=0.05): CC, CT, C_,
and t. Furthermore, Figure 3(b) demonstrates that
catalyst concentration and pH exhibited the steepest
inclinations, indicating their utmost significance for
PO,-P removal (p<a, a=0.05). Operation time is also
a significant factor in the removal of PO,-P (p<a,
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Table 5 - Obtaining ANOVA results for the removal efficiency of (a) NH;-N and (b) PO,-P (C: catalyst type, L;: lamp type, C_:
catalyst dosage, C,__.: Hydrogen peroxide concentration, t: time).

H202"

Source Sum of squares Degree of freedom Mean F p Contribution (%)
square value value
NH,*-N removal (%)
C 524.09 1 524.09 41.46 0.000 6.03
L 36.14 1 36.14 2.86 0.103 0.42
C. 614.11 2 307.05 24.29 0.000 7.06
pH 5503.71 2 2751.9 217.71 0.000 63.31
Croor 425.09 2 212.54 16.82 0.000 4.89
t 1274.41 2 637.21 50.41 0.000 14.66
Error 316 25 12.64 3.63
Lack of-Fit 307.62 22 13.98 5.01 0.105 3.54
Pure Error 8.38 3 2.79 0.1
Total 8693.54 35 100
R2=0.9637 R e =0-9491 R ,,,=0.9246
Source Sum of squares Degree of freedom Mean F p Contribution (%)
square value value
PO,-P removal (%)
C, 0.77 1 0.77 0.01 0.938 0.01
L 17.21 1 17.21 0.14 0.715 0.18
C. 274711 2 1373.55 10.92 0.000 28.24
pH 2602.09 2 1301.05 10.34 0.001 26.75
Cios 236.82 2 118.41 0.94 0.404 2.43
t 976.55 2 488.28 3.88 0.034 10.04
Error 3145.46 25 125.82 32.34
Lack of-Fit 3133.04 22 142.41 34.4 0.007 32.21
Pure Error 12.42 3 414 0.13
Total 9726.01 35 100
R?=0.6766 R, .=0.5472 R?,,;=0.3294

a=0.05). Lamp type is not statistically significant for the
removal of either pollutant(p>a, =0.05).The optimal
combination of operating parameters to maximize
the S/N ratio and, consequently, the NH; -N removal
efficiency of the H,0,/US/HPC hybrid was as follows:
catalyst type level 2 (ZnO), catalyst concentration level 3
(2.5 g/L), lamp type level 2 (UVC,,,), pH level 3 (pH 10),
H,O,dose level 3 (10 mmol/L), and reaction time level 2
(105 min). Moreover, the optimal operating parameter
combination for PO,-P removal efficiency was found to
be catalyst type level 1 (TiO,), catalyst concentration
level 2 (1.5 g/L), lamp type level 1 (UVA,,,), pH level 1
(pH 2), H,0,dosage level 3 (10 mmol/L), and reaction
time level 2 (105 min).In addition, lamp type was
found to be statistically insignificant for the removal
of either nutrient from PSW (p>a, a=0.05). Even
though the wastewater and reactor configuration
used in the study were identical, the results showed
that optimal operating conditions varied depending on
each pollutant parameter. Since the reaction time to
attain maximum nutrient removal is the same for both
parameters (105 min), the system can be optimized
based on either parameter.

Ammonia removal

Figure 2(a) illustrates that US alone exhibited an
efficacy of only 18% in the removal of ammonium-N.
The ammonium-N removal efficacy was found to
be 9-17% when a catalyst (either TiO, or ZnO) was
present. Conversely, when solely UV irradiation (either
UV-A or UV-C) was used, the average ammonium-N
removal efficiency was 10%. Throughout the HPC
studies, a diffuser with a 3.5 L/min air flow was used
to aerate the whole reactor system. Ammonium-N
removal efficiency in the presence of UV irradiation
and a photocatalyst is shown in Figure 2(a) to be
25%, on average. In the presence of only HO,,
ammonium-N removal efficiency is 19%. In this case,
while an ammonium-N removal efficiency averaging
around 20% can be achieved with individual AOPs,
as seen in Table 4, the use of a hybrid H,0,/US/HPC
treatment increased synergistic effects and led to an
efficiencyabove 50%. In addition to enhancing the
rate of mass transfer, US could influence chemical
reactions by generating enormous heat (pyrolysis) or
reactive free radicals (Suslick, 1989).
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There is a significant association between the
deterioration of ammonia and the state of ammonia
in a solution containing water (Wu et al.,, 2019).
Ammonia has the ability to exist in two forms: NH, gas,
often known as volatile free ammonia, or ammonium
ion (NH,*) dissolved in an aqueous solution. The form
it takes is determined by the pH of the surrounding
environment (Gay and Knowlton, 2005). According to
the data shown in Table 5(a), it can be observed that the
pH parameter exhibits the highest contribution of 63%
towards the elimination of ammonia. The concentration
of ammonia in the molecular state exhibits an upward
trend as the pH level increases. During the process of
bubbling, it is observed that ammonium ions display a
lack of vaporization, whereas ammonia, on the other
hand, can be vaporized. According to previous studies
(Wang et al., 2008; Sivasankar and Moholkar, 2009),
it is expected that the prevailing ammonia species will
volatilize and then undergo pyrolysis under elevated pH
values. Nevertheless, it is worth noting that decreased
pH levels can lead to a prevalence of ammonium ions
within the solutions. Therefore, it is not expected that
ammonium ions will distribute within the bubble,
and the only anticipated breakdown mechanism is
hydroxylation.

(a) o]

Figure 4 — Effects of (a) pH and (b) photocatalyst concentration on ammonium-N remo-
val; effects of (c) pH and (d) photocatalyst concentration on phosphorus removal (CC:
catalyst dosage, and t: time).

Asdepictedin Figure 3(a) and Figure 4(a), concerning
the pH change phenomenon investigated in the
aforementioned prior research, it is thought that up to
pH 6, ammonia is dominated by ammonium ions and
radical oxidation is the primary pathway for ammonia
degradation. Purwonoet al. (2017) investigated total
ammonia removal from domestic wastewater and
reported that the total ammonia removal procedure
reduced NH;-N and produced NH.-N, but the NH_-N
level could increase due to a pH increase. When the
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pH is increased to 10, the concentration of ammonium
ions and the decomposition of ammonia by radical
oxidation both decrease. US improve the removal
efficiency of free volatile ammonia as the pH increases
(Yuetal, 2021). Wang et al. (2008) and Xu et al. (2005)
declared that the optimal pH range for ammonia-N
removal was between 8 and 11. Consequently, as
depicted in Figure 4(a), it is believed that the quantity
of ammonia that can be removed increases as the pH
increases from 6 to 10. This is likely due to the fact that
US eliminates more free volatile ammonia and radical
oxidation eliminates more ammonium ions.

Furthermore, it is widely recognized that the
utilization of ultrasonic and cavitation techniques lead
to the generation of highly vigorous micro-mixing
phenomena. This enhanced micro-mixing facilitates a
heightened level of interaction between contaminants
and the radicals that are formed as a result of cavitation
bubble formation (Ozturk & Bal, 2015). In this study, the
use of H,0, in addition to US and HPC also contributed
to radical formation. Therefore, it can be inferred that
removal performances are influenced by the interacting
effects of physical and chemical factors. Hence, based
on the pH trend observed in Table 2 of this research,
it is hypothesized that the elimination of volatile
ammonia is enhanced due to the interaction between
the radicals generated by the cavitation bubbles and
the ammonia present in the PSW, facilitated by the
assistive mechanisms described earlier, namely US. Xu
et al. (2005) discussed the impact of initial pH levels
on the elimination of ammonia-nitrogen from coke
plant effluent through the application of ultrasonic
irradiation. The experiment involved subjecting
samples with an initial concentration of 121 mg/l
ammonia to sonication for duration of 240 min within
a pH range of 3-7. Maximum ammonia removal
efficiency was reached between pH 8.2 and 11, with
removal efficiency exceeding 55%. Garcia-Prieto et
al. (2022) investigated the degradation of NH,*/NH,
in aqueous media using a pilot-scale photoreactor
with heterogeneous photocatalysis (TiO,/SIO,) and
photolysis under UVC irradiation, yielding results
comparable to those of this investigation. The greatest
level of degradation was observed at the highest pH
investigated (pH 11) and with the use of a higher
lamp irradiation power (25 W), resulting in 44.1%
(photolysis) and 59.1% (photocatalysis) degradation
efficiencies.

The operating time is identified as an additional
significant factor influencing the efficiency of
ammonium-N removal, being responsible for a 15%
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contribution, according to the ANOVA results provided
in Table 5. As presented in Figure 3(a), ammonium-N
removal increases rapidly from the 30" to 105" min,
after which it undergoes a pronounced decline until
the 180 minutes mark. The observed phenomenon
is believed to be a result of the gradual reduction
in ammonia concentration over time, as well as the
diminishing opportunity for interaction with *OH and
superoxide radicals (*O,) inside the aqueous solution.
In sonication studies, it has been observed that the
quantity of cavitation bubbles and the levels of sonic
energy imparted to the solution exhibit an upward trend
with increasing sonication time. However, it is worth
noting that the most effective removal of ammonia
is attained over a relatively short period of sonication
(Ozturk & Bal, 2015). Gong et al. (2015) declared that
photocatalytic degradation of ammonia results in the
formation of a significant number of intermediates that
cannot be removed efficiently in the reactor. Similarly,
in the present study, intermediate products formed
due to the photocatalytic degradation of pollutants
in PSW may have accumulated and deposited on the
photocatalyst film surfaces around the reaction time
of 105 min, gradually deactivating the active sites
and reducing the formation of hydroxyl radicals and
active oxygen species, which play an important role
in oxidation on the thin film surface. The decrease in
ammonium-N removal yield in the hybrid H,0,/US/HPC
process depends on the formation of intermediates
when the reaction period is extended to 180 min, as
depicted in Figure 3(a).

As shown in Table 4, catalyst concentration at a
level of 7%is the third most influential factor in the
ammonium-N removal process. Figure 3(a) and Figure
4(b) illustrate that an increase in catalyst concentration
from 0.5 to 1.5 g/L decreased ammonium-N removal.
The ammonium-N concentration in the raw PSW
introduced in the reactor system is notably high, varying
between 90 and 100 mg/L. Therefore, it is likely that the
surface of the photocatalyst underwent a significant
ammonium coating, especially in the early stages of
the process when ammonium ions were abundant and
radical oxidation was expected to occur. This coating
may hinder the excitation of photogenerated electron-
hole pairs and the subsequent generation of *OH and
*0,, thereby diminishing the efficiency of ammonium
nitrogen removal (Wang et al., 2008; Yu et al., 2021).

TiO, and ZnO photocatalysts were used to study the
effect of photocatalyst type on ammonium-N removal.
During the preliminary adsorption investigations,
ZnO and TiO, exhibited comparable (10% and 9%,
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respectively) ammonium-N removal capacities, as
shown in Figure 2(a). Nevertheless, according to Table
5, the effect of the catalyst type on ammonium-N
removal in the integrated H,0 /US/HPC was statistically
significant, accounting for approximately 6% of the
total effect. Despite having similar band gaps of 3.2
eV and 3.3 eV (for TiO, and ZnO, respectively), as
well as favorable chemical and optical stability, and
impressive environmental and biological compatibility,
their notable drawback lies in their limited sensitivity
to visible light. Additionally, the rapid recombination
rate of electron-hole pairs generated by irradiation
was identified as a drawback for TiO,, whereas
ZnO exhibited enhanced solubility in water under
the influence of UV light (Chakhtouna et al., 2021;
Hernadndez et al., 2015). Table 3 demonstrates that
ZnO was superior to ammonium-N removal via
sonophotocatalysis in the current study. Similarly,
Jandaghian et al. (2023) reported that, under UV
irradiation, the removal of levofloxacin by adsorption
by TiO, and ZnO sharply increased to approximately
67% and 86%, respectively, and that the higher
photocatalytic degradation with ZnO is attributed to
the higher electron mobility of ZnO (200-300 cm?/
Vs) in comparison to TiO, (0.1-0.4 cm?/Vs). Also, the
valance band of ZnO (VB, ) exhibits a comparatively
lower position compared to the valance band of TiO,
(VB,.,), resulting in a greater oxidation potential of the
hydroxyl radical generated by ZnO in comparison to the
hydroxyl radical produced by TiO,. Consequently, this
disparity contributes to an enhanced photocatalytic
performance (Turkten & Bekbolet, 2020).

H,O, is a potent oxidizing agent that enhances
the photocatalyst’s production of *OH and *O,’, and
enhances its photocatalytic activity (Yu et al., 2021).
The introduction of H,0, has the capability to produce
oxygen through its inherent breakdown reaction,
particularly in alkaline conditions (Wenjun et al., 2012).
If the solution reaches a state of saturation with oxygen,
it is conceivable that the dissolved oxygen could act as
nucleation sites for the occurrence of sonic cavitation.
Additionally, the gas phase can generate peroxyl and
hydroxyl radicals through the breakdown of molecular
oxygen (Wenjun et al.,, 2012). The recombination of
these radicals at cooler locations, such as the interface
or solution bulk, leads to the production of extra
H,O, (Li et al, 2012). Based on the data presented in
Table 5, it can be concluded that the effect of H,O,
concentration on ammonium-N removal is statistically
significant. However, it is important to note that H,0,
concentration contributes only 5% to ammonium-N
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removal. Upon analysis of the signal-to-noise (S/N)
data pertaining to the concentration of H,O, presented
in Table 3, it can be seen that a change of only 0.71%
occurred when the H,0, concentration increased from
0 to 10 mmol/L. In contrast, a difference of 11% was
observed when the concentration was increased from
5to 10 mmol/L. The prevalence of the ammonium ion
at pH levels below 6 indicates that radical oxidation can
be an effective technique for the efficient degradation
of ammonia. Consequently, an increase in H,0,
concentration from 0 to 5 mmol/L reduces ammonia
removal, possibly due to a scavenging effect caused
by the reaction of excess H,0O, with HO (Patidar and
Srivastava, 2021). When the pH rises above 6, the
primary mechanism for the elimination of free volatile
ammonia via ultrasound is revealed.

Phosphorus removal

As depicted in Figure 3(b), PO,-P removal with only
US processing was of 17%, while the HPC process
efficiency was about 10-27% and US efficiency was
around 22-27%. In Table 4, PO,-P removal with the
H,O/US/HPC hybrid increased to a maximum of
60%. The primary factor contributing to the observed
increase in yield in the H,0,, US, and HPC process was
the enhanced production of active species and the
facilitation of mass transfer between the liquid phase
and the surface of the photocatalyst. This is attributed
to the generation of a larger quantity of cavitation
bubbles through ultrasound, and a greater number
of radicals resulting from the separation of electron-
hole pairs in semiconductor photocatalysts (Wang &
Cheng, 2023).

The pH parameter significantly contributes 26%
to the removal of phosphorus during the H,0,, US,
and HPC process, as presented in Table 5. Figure 3(b)
and Figure 4(c), demonstrate that the most significant
phosphorus removal occurred at a pH level of 2.
However, as the pH level increased to 6, phosphorus
removal gradually decreased. The relationship between
pH and phosphorus adsorption can be elucidated
using the pH function (Kang et al., 2011). Choi et al.
(2016) stated that pH levels influence the removal of
phosphorus. In particular, it was observed that H,PO,’
is the predominant species in pH ranges between 4
and 7, while HPO,> becomes the dominant species
in pH ranges between 7 and 10. Consequently, the
presence of different phosphorus species will influence
the adsorption behavior of the photocatalyst onto
the surface of the particle. It is widely recognized that
certain particular phenomena occur when pH reaches
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values above the point of zero charge (PZC) of titania,
which has been experimentally determined to be
6.25 in the case of P, (Conte et al,, 2021). The pH at
which the discharge of TiO, reaches the point of zero
charge (pH,,) is characterized by a positive electrical
charge. Conversely, a negative charge is observed on
the surface of TiO, above the pH, . Neutral groups
predominate on the surface of TiO, particles close to
the pH, , while charged species such as O and OH,* are
negligible. It is expected that in an environment with
low pH, there will be a tendency for adsorption to occur
as a result of the attractive forces between the surface
of TiO, and negatively charged chemicals, including
anions such as chloride (CI), phosphate (PO,*"), and
other similar substances. The possible hindrance of
OH- ion formation and the obstruction of substrate
access to active surface sites may lead to a decrease in
photocatalytic activity, which can be attributed to the
existence of specific anions. Furthermore, the surface
of TiO, exhibits a negative charge, leading to repulsive
interactions that can result in reduced adsorption at
higher pH values (Cho et al, 2002).

In any degradation process, catalyst concentration
is regarded as one of the most crucial parameters
from an economic standpoint. Table 5 demonstrates
that catalyst concentration contributes the most to
phosphorus removal at 28%. As shown in Figure
2(b), phosphorus removal based on the adsorption
process with photocatalysts alone was 7-10%,
whereas UV irradiation increased phosphorus removal
efficiency up to 25%. The utilization of nanoparticles
such as TiO, and ZnO in this research is due to their
capacity for phosphorus adsorption. Consequently,
these nanoparticles serve a dual purpose as catalysts
and sorbents, facilitating the efficient removal of
phosphorus from wastewater through physical
adsorption at elevated concentrations (Mayer et
al, 2016). Additionally, the study suggests that
the removal of 7-10% of RP and nRP was probably
accomplished solely through adsorption by catalysts
in a dark environment without the use of ultrasonic
treatment.

The adsorption of phosphorus is enhanced by the
positively charged surface of titanium oxides, such as
TiOH,*. The phenomenon of electrostatic attraction
between TiOH,*and phosphate ions must be considered
in relation to the process of adsorption (Moharami &
Jalali, 2014). UV oxidation facilitates the release of
RP from the catalyst surface while also promoting
the conversion of a portion of the nRP present in the
effluent to RP. Subsequently, through the involvement

eRBCA-2023-1869



Yuceturk GD

of US, a greater quantity of orthophosphate and
intermediate compounds are believed to be extracted
from the solution, leading to the belief that the
phosphorus removal efficiency of H,0,, US, and HPC
can potentially reach a level of 60%.

Gray et al. (2020) stated that only 35 g phosphorus
per liter (P/L) of a synthetic industrial wastewater
sample with a concentration of 1900 g P/L contained
reactive phosphorus (RP), while the majority of the
phosphorus present was non-reactive phosphorus
(NRP). Accordingly, it is believed that adsorption is
predominantly responsible for a significant amount
of the phosphorus that is eliminated following the
introduction of a TiO, catalyst. The conversion of nRP
into RP was discovered to occur through the process
of oxidation of nRP, facilitated by photocatalysis. While
the quantification of RP and nRP was not performed
in the present study, the increase in phosphorus
removal from 10% to 60% when using the H,0,/US/
HPC hybrid supports the hypothesis that the majority
of nRP present in PSW was oxidized into RP under the
combined influence of UV irradiation and US, with
minimal phosphorus adsorption occurring on the
nanocatalyst.

As depicted in Figure 3(b) and Figure 4(d), the rise
of catalyst concentration from 0.5 to 1.5 g/L resulted in
a notable escalation in phosphorus removal efficiency.
The observed phenomenon can be attributed to the
rise in photocatalyst nanoparticle concentration,
leading to an enhancement in photon absorption
and pollutant molecule adsorption. Additionally, the
increased surface area of nanoparticles facilitates the
generation of radicals by providing more active sites
(Ertugay and Acar, 2015). Despite the fact that only
17% of PO,-P was removed with US processing,
60% of PO,-P was removed during the study. The
use of photocatalyst particles in the US treatment has
been well acknowledged to enhance the cavitation
phenomena. This is attributed to the tendency of micro
bubbles to fragment into smaller ones, thus leading to
an enhanced total amount of regions characterized by
high temperature and pressure (Cheng et al., 2012).
Additionally, there exists empirical evidence indicating
that ultrasound shock waves have the potential to
induce catalyst deposition and cleaning processes
(Disselkamp et al., 2004). Moradi et al. (2023) have
observed that the occurrence of cavitation bubble
collapse in the vicinity of nanoparticles during the
process of photocatalysis leads to the production of
asymmetric shock waves. Consequently, this process
leads to the disintegration of particles and enables
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the ongoing purification of the surface. As a result,
there is a noticeable increase in the exposure of active
sites on the surface of the material. According to the
data presented in Figure 3(b) and Figure 4(b), there
is a decline in phosphorus removal efficiency as the
concentration of the catalyst is increased from 1.5
to 2.5 g/L. Consistent with prior research conducted
by Dogdu (2022), our findings indicate that the
effectiveness of degradation is significantly influenced
by the extent of the available catalytic surface area
and is constrained by the turbidity of the suspension,
as noted by Paustian et al. (2022). Dogdu (2022) and
Khan et al. (2023) both stated that an increase in the
concentration of the catalyst results in a decrease in the
propagation of ultrasonic waves inside the solution.
Additionally, this increase in concentration promotes
catalyst aggregation, which hinders the penetration
of light due to light scattering, resulting in the loss of
active sites. This loss is attributed to the formation of
OH- in the solution, which acts as a shield and inhibits
the accessibility of the active sites. Although there was
no statistically significant difference between TiO, and
ZnO photocatalyst species in terms of phosphorus
removal, this may be due to the greater specific surface
area of TiO, in comparison to ZnO.

Moreover, the data presented in Figure 3(b)
indicates a positive correlation between the duration
of the H,0,/US/HPC process and the effectiveness
of phosphorus removal. Specifically, there was an
increase in  phosphorus removal efficiency from
30 to 105 min. The observed enhancement in the
photocatalytic degradation of phosphorus, as a
function of both sonication and illumination time,
can be attributed to several factors. Firstly, sonication
facilitates the thorough mixing of the substrate with the
photocatalysts, ensuring a more uniform distribution
of phosphorus throughout the reaction mixture.
This increased contact between phosphorus and
the catalysts promotes a more efficient degradation.
Additionally, the prolonged illumination time allows
for a greater number of photon-catalyst interactions,
leading to an overall increase in degradation
efficiency. However, phosphorus removal efficiency
decreased significantly after 105 min. This is because
the photoactivity of the photocatalyst is generally
determined by the electron/hole pair generation,
recombination, interfacial transfer processes, and
surface reactions of these charge carriers with species
adsorbed on the photocatalyst surface (Minero et
al., 2013). One additional factor contributing to the
decline in phosphorus removal effectiveness after
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105 min is the inability of nanocatalysts to adsorb RP
and oxidized NRP, which are produced as a result of
UV irradiation and US activities. Echavia et al. (2009)
declared that the adsorption process, followed by a
60 min exposure to UV radiation, resulted in the total
elimination of 0.1 mM glyphosate. No RP release was
observed after the oxidation of glyphosate, indicating
that orthophosphate and other intermediate chemicals
that were liberated were effectively eliminated through
adsorption.

Cost analysis

The assessment of the economic implications of the
technology employed in industrial companies plays a
crucial role in assessing the feasibility and practicality of
implementing such technology in real-world settings.
There is little knowledge on the economic aspect of real
wastewater treatment by H,0,/US/HPC. The addition
of an ultrasonic device that consumes additional
electricity in relation to the conventional PC system
may raise performance and cost-effectiveness concerns
(Rodrigues et al.,, 2013). pH, catalyst concentration,
and operation time are critical factors that significantly
influence the efficiency of nutrient removal in the
H,O,/US/HPC process, directly impacting the specific
removal costs associated with it. In this study, only the
expenses associated with the chemicals, specifically
the costs of reagents and energy were taken into
account for the purpose of calculating the overall cost
of the process. The operating cost was calculated by
adding up the costs of hydrogen peroxide, TiO, or ZnO
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catalysts, and energy consumption, as shown in the
following equation:

Operating cost = cost,,,, + cost,,, o+ cost_ (1)

The cost of total consumed hydrogen peroxide,
total consumed power (kWh), and total electricity
consumption were calculated for each kg of NH;-N
and PO4-P removal, which represents the maximum
mineralization of PSW ($/g), according to following
equations (Rodrigues et al., 2013; Asha et al., 2015):

. - L k
priceH,0, (%) [H,0,]x107% (%) xpH,0, (Tg)

costH,0, = 0, g (2)
100 L
Total consumed power = consumed power (W) X reaction time (min) (3)

(100x60)

. $
total consumed power (kWh)X unit cost of power (n)
costenergy ($/g) = -
(Cinfluent polutant

x 103 (%) (4)

g -
_Cemuent,pullutant)(T)  operating volume (L)

Chemicals (i.e., reagents and catalysts) obtained
from Sigma-Aldrich®, electricity costs, and the
electrical power of the devices used were as follows:
H,0, (30% wi/v, density at 30 °C = 1.11 kg/L), 76.43
US$/100 mL; 0.17US$/1 g of ZnO; the price of
electricity is determined as 0.10US$/kWh for industries
by the Turkish Energy Market Regulatory Authority in
October 2023; 0.06 kW for 2 peristaltic pumps, 0.003
kW air pump, 0.120 kW ultrasonic bath, and 0.036 kW
UV lamp. Table 6 presents a comprehensive analysis
of chemical and electrical energy utilization derived
from experimental data, in which the H,0,/US/HPC
process was employed to accomplish optimal removal
of ammonia and phosphorus.

Table 6 - Total chemical and electricity consumption costs for 1 g of NH4+ -N and PO4-P removal for the SPC process.

Zn0O H202 Zn0O H202
Exp No

Chemical cost

Cost of electrical consumption Cost of electrical consumption

(9) (uL) (US$) (US$) (US$) (US$/g NH4+-N) (US$/g PO4-P)
1 2.5 0.002 0.42 0.00043 0.42 2.67 -
2 1.5 0.001 0.26 0.00011 0.26 = 2.14

The chemical costs are equal to the sum of the
catalyst and H202 used in the experiments. Moreover,
the total electrical power consumed is equal to the
sum of the electrical powers of the ultrasonic bath, UV
lamp, air pump, and peristaltic pumps. According to
Table 6, in Experiment 1, where optimum ammonium-N
was removed from raw PSW by an ultrasound-assisted
heterogeneous photocatalysis process, approximately
90% of the total cost was due to electrical energy
consumption compared to chemical consumption.
Since it was determined that the catalyst type was
not statistically significant for optimal phosphorus
removal, the less expensive ZnO was chosen instead of
TiO,. Similarly, according to the results of experiment

2, in which optimal phosphorus removal (60%) was
attained, 92% of the total cost was attributed to
electricity consumption, while the remainder was
attributed to nanocatalyst costs.

CONCLUSIONS

In the present study, an environmentally friendly,
low-cost, combined H,0,/US/HPC system was designed
and implemented for the removal of ammonia and
phosphorus from PSW. The key outcomes were as
follows:

1.pH, catalyst concentration, and operating

time were the primary operational variables
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that significantly influenced the removal of
ammonium-N and phosphorus in an integrated
H,O,/US/HPC system. Even though the same type
of effluent and reactor system was utilized, the
optimal operating parameters varied based on
the pollutant parameters. The optimal pH for
ammonium-N removal was 10, while the optimal
pH for phosphorus removal was 2.

2. Multiple chemical and physical events, such
as radical-producing reactions, hydroxylation,
cavitation, ultrasound, increased mass transport,
surface cleaning, and physical surface adsorption
capacity, are likely to occur simultaneously and play
a significant role in the enhancement of ammonia
and phosphorus removal efficiency. Therefore, by
combining H,0, and US with the HPC method, it
was possible to eliminate the primary limitations
encountered in the photocatalysis process for the
removal of pollutants, such as catalyst fouling
or mass transfer resistance, without affecting
the morphology, structure, or crystallinity of the
nanocatalyst.

3. Ammonia and phosphorus removal efficiencies of
processes such as single catalysis, sonolysis, and
photolysis were between 9 and 19% on average,
while the H,0,/US/HPC process increased
this to an average of 50-60%. Nevertheless,
despite the sufficient 180-min duration for
achieving maximum degradation of NH,*-N, and
PO,-P, the average removal efficiency of these
parameters (50% to 60%) might be attributed to
interactions between different kinds of pollutants
in real wastewater system, which might
complicate the sonophotocatalytic degradation
process. Pollutant removal efficiencies could
also be affected by the accumulation of high
concentrations of intermediate products after
degradation of recalcitrant compounds in PSW.

4. Scaled-up processes demand a more thorough
economic analysis before employing this
technique. The estimated cost analysis came from
bench scale experiments which weren’t good
indicators of real-world cost-effectiveness. H,0,/
US/HPC effluent degradation is heavily dependent
on electrical energy consumption. Other costs
(such as the cost of reactors, chemicals, etc.) must
be considered and minimized without sacrificing
performance.

5.The H,O/US/HPC hybrid method proposed
in this study achieved an average ammonia
and phosphorus removal rate of 50-60%, and
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although this removal efficiency was below the
permissible values, this integrated advanced
treatment technique is proposed as a pre-
treatment and/or post-treatment step for the
treatment of PSWs with high organic pollutants
and nutrient content.

6. The results are consistent with previous literature
and may open up a new and feasible direction
towards an environmentally friendly treatment
of poultry processing wastewater for poultry
researchers and the poultry industry.
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