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In this research, thegenerationof nanobubbleswascarried out using a structure of vortex pumpbased
on the relative blockage of flow (without the use of venturi and orifices, which consume a lot of energy
to generate nanobubbles), which has made this process economical and commercial. In addition, the
use of advanced synthesized nanoreactors with the Yolk@Shell structure, which forms a photoanode
by coating the anode electrode and can operate in the visible light range, has highlighted this research
work. An in-depth studyof the synergistic effect of advancedphotoelectrofentonoxidationmethods in
addition to the hydrodynamic reactor has shown that the intelligent selection of these three types of
advanced oxidation methods together has improved the performance of each other and solved their
negative aspects, including the use of hydrogen peroxide, divalent iron ion, and the removal of sludge
generated by the electrofenton method. The use of hollow cylindrical electrodes allowed adequate
loading of the advanced synthesized nanoreactors with Yolk@Shell structure. The investigation of the
effects of micro (advanced synthesized nanoreactors with Yolk@Shell structure) and macro (vortex
structure based on relative blockage of the flow) processes on the degradation of pharmaceutical
pollutants, both separately and in combination, is a focus of this work. At the end, the energy
consumption for each of these processes and this system in general was studied, which showed that
the operating cost of this combined systemaccording to the energy consumption requirements for the
almost complete removal of the pollutant naproxen and the 90% reduction of its chemical oxygen
demand is 6530Rials/L.h (or 0.15525USD/L.h), which presents this system as an economical method
with industrialization capability. The degradability index (DI) of the introduced system under optimal
operating conditions was 3.38, which shows that the development of the system based on the
combination of advanced oxidationmethods is a suitablemethod used in this researchwork due to its
environmental friendliness, absence of side effluent production, efficiency and high degradation
performance, ability to recover the nanocatalyst and consequently economic efficiency.

In recent decades, various pharmaceutical compounds such as antibiotics,
hormones, and tranquilizers have been detected in wastewater from urban
wastewater treatment plants (WWTP), in ground and surface waters, and
even in drinking water, posing one of the most dangerous health threats to
living organisms1. Electrochemical advanced oxidation processes have been
used in recent years as environmentally friendly technologies and clean

processes for the treatment of all types of wastewater2,3. Isothermal boiling is
a composite phenomenon of formation, growth, and destruction of nano-
microbubbles that occurs in short time intervals and consequently releases a
lot of energy. Isothermal boiling also leads to the formation of reactive free
radicals (hydroxyl), an increase in the solid catalyst level, and an increase in
the mass transfer rate due to the turbulence generated in the liquid
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circulation4. Isothermal boiling basedon relativeflowblockage (RFB) can be
replacedby the ultrasonic process (used in the sonoelectrofentonprocess) as
this process ismore energy efficient and,more importantly, can be used on a
larger scale5. The use of advanced oxidationmethods in combined form is a
suitable solution to improve and increase efficiency compared to using each
method separately6–8. Numerous research reports have described the
degradation of naproxen (NAP) by various hybrid remediation methods
based on advanced oxidation techniques9. The degradation of naproxen has
been studied by various methods, including ultraviolet (UV) radiation
(wavelength = 254 nm), vacuum UV (VUV) (wavelength = 172 nm), and
the hybrid method of VUV/UV. The results of the experiments show that
naproxen is completely degraded after 20min of UV light, 10min of UV
light or 8min ofUV/VUV light exposure9,10. Using theVUVmethod, a very
effective strategy for the mineralization of naproxen was developed, so that
after 2 hof irradiation themineralizationofnaproxenhadalmost reached its
full potential. It was shown that removal of naproxen by UV/VUV andUV
methods resulted inmineralization of 85% and 80%of naproxen after 2 h of
irradiation, respectively, with the combined method not necessarily
achieving the best mineralization results10. the photocatalytic application of
UV/TiO2 to remove naproxen from various aqueous matrices was
investigated11. The results of the treatment process with the TiO2 catalyst
showed a 19% reduction of dissolvedorganic carbon (DOC) in the formof a
drinkingwatermatrix and a 30%reduction in the distilledwatermatrix after
3 h of the treatment process11. The use of UV/H2O2 and UV processes for
the removal of pharmaceuticals from WWTP effluent was investigated,
including about 10 types of tranquilizers and 12 types of antibiotics12. The
UV process was found to have a removal efficiency of 90% for the phar-
maceuticals present, including naproxen, at a concentration of 923 mJ

cm2. The
residual concentration of dissolved organic carbon in the treatedwastewater
was lower with the combination of UV/H2O2 processes than with UV
treatment alone, so thatmore hydroxyl is formed byUVphotolysis in terms
of direct hydroxyl participation when these processes are combined12. The
removal of carbamazepine drug was investigated by hybrid purification
methods based on hydrodynamic cavitation and H2O2 (different molar
ratios from 1 to 6) at an inlet pressure (Pin) of 4 bar and a pH of 413. In the
reported study, carbamazepine removal was enhanced from 31 to less than
58% with an increasing molar ratio from 1 to 5. It was also reported that
increasing the molar ratio of H2O2 up to 6 showed a reduction in solute
degradation rate, which is because of the scavenging of residual H2O2 at the
highest loading. Above the optimumH2O2 loading, theOH radicals formed
with H2O2 react

9,13. The photoelectrofenton (PEF) process, as one of the
effective combined methods comprising the electrofenton (EF) method
together with the use of catalytic materials with Yolk@Shell structure as a
nanoreactor, is a promising solution for the removal of pharmaceutical
impurities from water. By combining advanced oxidation methods, the
weaknesses of the individual methods can be overcome. To this end, in the
development of the hybrid photoelectrode clay process, identified as a
photochemical process, the intelligent choice of iron as an anode electrode
can avoid the addition of divalent iron ions that cause sludge formation in
the purification system. Also, the application of the physical method of
isothermal boiling based on the relative obstruction of the flow, which is
defined as a phenomenon for the disintegration of nano-microbubbles with
a high order of released energy, is a worthy choice to replace the chemical
substance hydrogen peroxide (H2O2) used in the Fenton process, which in
addition to the economic savings, introduces the system presents in this
research as a green and environmentally friendly process. Evaluation of the
recently developed nanocatalysts for energy applications reveals that cata-
lystswith sophisticated structures performbetter than the traditional simple
catalysts, and catalysts with yolk@shell structure perform the best for cat-
alytic reactions. Developed nanoparticles with Yolk-shell structure or
“nanorattels” have been prepared and used recently owing to their superior
properties and performance in various fields such as catalytic reactors,
energy conversion, water treatment, etc. The requirements of catalysts such
as high reactivity, long lifetime, selectivity, stability, and reusability are
satisfiedbyusingYolk-shell nanoparticles (YSNs). In this catalytic structure,

the core is the active site for chemical reactions, while the shells prevent the
decay process during the chemical reactions on the surface of the catalyst14.
The selection of the materials TiO2, Fe3O4, and ZrO2 in the structural
nanoreactor fulfills all the properties mentioned as illustrated in Fig. 1.

One of the most common structural features of the yolk@shell is its
ratchet-like structure, the empty space in this structure gives features to this
nanoreactor15,16. Furthermore, in this design, the YSN shells usually have
porous structure which allow diffusion of species into and out of the YSN,
while protecting the metal core15,16. Also, due to the difference between the
chemical and physical characteristics of YSN, several chemical reactions can
takeplace simultaneously over the surfaceof thesematerials.Another feature
of this structure is that the YSN core surrounded by active sites can move
inside the shell, thereby allowing species to reach the catalysts’ active sites
easily. This property of YSNs is of great importance as it improves the
catalytic activity for chemical reactions15,16. The free space between the shell
and yolk in YSNs offer a homogeneous environment which is suitable for
chemical reactions to takeplace, thus reducing the environmental effects14–16.

Development and synthesis of porous-based nanomaterials with voids
inside a shell has gainedmomentum recently in various applications such as
catalytic reactors, energy storage, and environmental engineering owing to
the superior and sophisticated characteristics of these materials like high
surface area per unit volume, accessible void space, and adjustable shell-
porous configuration15,16. One of the disadvantages of the MOF structure is
the poor water stability of pure MOFs, as water molecules can attack the
coordination bonds between metal ions and organic ligands17. Another
limitation of the MOF structure is the insolubility, poor processability, and
brittleness of pure MOF particles, which limits their application in water
purification to remove impurities. In addition, the consumption, loss, and
clogging ofMOFs in reactor lines and the lengthy and complicated recycling
process hinder the widespread use of MOF structures18–20. The challenges
and limitations of using metal-organic frameworks for wastewater treat-
ment include insolubility, poor processability, brittleness, safety risks, and
difficult separation from aqueous solutions18–20. Although MOFs possess
some advantages, there are also several drawbacks associated with these
materials like high cost, poor chemical stability, toxic nature, materials
regeneration in the process, efficient isolation of powder, and lack of tar-
geted absorption21,22.

The use of magnetic iron oxide nanoparticles (Fe3O4) as one of the
species employed in the yolk@shell materials not only increases the func-
tionality of prepared nanophotocatalyst, but also helps in the recovery and
separation of catalyst from mixture in water treatment process15,16. Zirco-
nium dioxide (ZrO2) is recognized as a photocatalyst that has two char-
acteristics owing to its acidic and natural properties: oxidation and
reduction. Zirconia is often utilized as a heterogeneous photocatalyst
because of its superior characteristics. Due to its relatively large band gap,
zirconia (ZrO2) has been used as thefirst shell in the yolk@shellmaterials, in
addition to maximizing the use of the properties of this architectural
structure, from the rapid recombination of electron-hole pairs generated by

Fig. 1 | Schematic representation of the structure of yolk@shell nanoreactors applied
to the anode electrode.

https://doi.org/10.1038/s41545-024-00345-2 Perspective

npj Clean Water |            (2024) 7:48 2



the semiconductormaterial to prevent the second shell as well15,16. Titanium
dioxide (TiO2) is one of themost active semiconductormaterials utilized in
wastewater treatment by photocatalytic-based process. However, it was
found that the activity of TiO2 in photocatalytic reactions is adjustable by
tuning several parameters such as material porosity, structural design,
electron-hole pair recombination, size of particles, and co-catalysts. TiO2

was chosen as the second shell in the architectural structure of the yolk@-
shell as reported previously15,16.

This research is generally concernedwith the development of the green
systembased on advancedoxidation-hybridmethods for the degradation of
the pharmaceutical pollutant naproxen from the synthetic wastewater, the
advanced oxidation PEF hybrid process using the structural Y@DS FZT
nanocatalyst23,24 coating as a thin film coating on the electrode is evaluated,
and then the isothermal boiling process based on the RFB is added to this
system to generate nano-microbubbles, and the process of degradation and
removal of the pharmaceutical pollutant naproxen from the synthesized
wastewater solution is evaluated and studied. The main objective of this
research is to investigate the performance of intelligently designed nanor-
eactors with Yolk@Shell structure (Y@DS FZT) coated in the visible light
region and in the form of a thin film on the surface of the electrode. The
performance of these intelligently designed nanoreactors for the degrada-
tion of naproxen together with EF and hydrodynamic reactor processes
whose activity is based on isothermal boiling based on RFB, will be eval-
uated. In short, the main objective of this research is to develop an envir-
onmentally friendly system that utilizes the combination of advanced
oxidation methods to degrade and remove the pharmaceutical pollutant
naproxen from the synthesized wastewater solution.

Result and discussion
Characterization and analysis of electrode coating
Figure 2 first shows the X-ray diffraction spectrum of the structural
Fe3O4@ZrO2@TiO2nanoparticleswith yolk@shell architecture,whichwere
coated on the iron electrode before heat treatment (calcination process). It
shows the amorphous phase of the coating to some extent. The X-ray
diffraction spectrum shows the layer of Fe3O4@ZrO2@TiO2 nanoparticles
with yolk@shell architecture coated on the iron electrode base after calci-
nation at 550 °C. The obtained peaks demonstrate the coating of the iron
electrode with structured nanoparticles. The nanometer size of the particles
can be predicted from the appearance of the graph and the width of
the peaks.

FESEM images of the surface coating of the anode electrode with
yolk@shell Fe3O4@ZrO2@TiO2 nanoparticles, as shown in
Figs. 3a–f and4a–d, show that the growthprocess of thenanoparticles on the
electrode occurs mainly in layers and partially in the form of an island. As
can be seen from the images, the entire surface of the electrode is uniformly
and similarly covered with structural nanoparticles with yolk@shell

architecture. The thickness of the nanoparticle coating on the surface of the
electrode was increased from 2 µm to 5 µm depending on the number of
times the electrode was immersed in the nanoparticle suspension solution.
The thickness of the nanoparticle coating on the final electrode sample after
the calcination process at 550 °C shows a reduction of the coating by 2 µm.
According to the results obtained, the number of nanoparticles coated on
the electrode surface at each dipping step is about 0.27 g, 1.43 g, and 2.83 g
(5.00 g of nanoparticles in each suspension solution), with coating effi-
ciencies of 5.40%, 22.60%, and 23.20%, respectively.

The photoluminescence properties of structural nanoparticles coated
on an iron electrode were measured with the PerkinElmer Lambda25 LS5
spectrometer using xenon lamp radiation as an excitation source with a
wavelength of 293 nm in the range of 400–700 nm. The photoluminescence
spectrum of the thin film coated with Fe3O4@ZrO2@TiO2 nanoparticles
with yolk@shell architecture is shown in Fig. 5. The general aspects of the
photoluminescence (PL) spectrum of structural Fe3O4@ZrO2@TiO2

nanoparticles with yolk@shell architecture can be divided into two cate-
gories, including the emission from band edges and the emission from deep
levelswithin the bandgap.Thewidthof the band in the visible light regionof
the spectrum can be justified by dividing it into narrower bands. In addition
to relatively weak peaks in the range from 560 to 700 nm, stronger peaks
were also detected in the range from415 to 542 nm. In this range, an intense
bandwith greater sharpness in the visible light region centered at 452 nm, is
more prominent than the rest.

Fig. 2 | X-ray diffraction spectrum of structural nanoparticles with yolk@shell
Fe3O4@ZrO2@TiO2 architecture coated on iron electrode: without heat treatment
and after heat treatment (at 550 °C).

Fig. 3 | SEM images of the coated samples from the surface and in cross-section at
each stage. a, b The first stage of coating. c, d The second stage of coating. e, f The
third stage of coating (before the calcination process).

https://doi.org/10.1038/s41545-024-00345-2 Perspective

npj Clean Water |            (2024) 7:48 3



Investigating the effect of advanced oxidation hybrid system
process characteristics on naproxen removal efficiency
In this section, the effect of the process parameters associated with the
hybrid system for advanced oxidation on the extent of naproxen degrada-
tion was investigated and evaluated. Initially, the hybrid system started its

activity with the isothermal boiling process based on RFB. For this purpose,
the optimal conditionsof this process including the effects ofPin,Cv, pH, and
concentration of the pollutant naproxen were determined. Subsequently,
the EF process started to operate as the next advanced oxidation process in
the system, which was studied and evaluated in conjunction with the RFB
process (according to the optimal conditions determined). To continue the
photocatalytic activity, structural nanoparticleswith yolk@shell architecture
were then added to the system and coated on the anode electrode, and the
performance of the hybrid system was investigated in degrading the pol-
lutant naproxen. Themost important point of the EF process is the removal
of hydrogen peroxide and divalent iron ions from the process and its
replacement by the RFB process and the iron anode electrode.

The Effect of Pin and Cv on the hybrid system for naproxen
removal
In the RFB process, the Pin and Cv play a very crucial role in determining the
intensity of nanobubble production and thus contaminant removal25. The
effect ofPin andCv on the efficiency of naproxen removal was investigated by
changing thePin at a natural solution pH (actual value 7) from1 to 6 bar. The
Cv value is based on the pressure drop between the relative blockage of the
channel (in the pump chamber) and the point furthest downstream from
the relative blockage of the channel, plus the velocity drop (Kinetic Head) at
the relative blockageof theflow,which is considered tobe the startingpoint of
the cavitation achieved, was calculated26. The calculations for the Cv are
shown in Table 1. Normally, cavities are generated at Cv less than 1 (Cv ≤ 1),

Fig. 4 | SEM images of the coated samples from the surface and in cross-section at each stage. a,bThe third stage of coating (after the calcination process). c,dEDS analysis
of anode electrode coating.

Fig. 5 | Photoluminescence spectrum of patterned nanoparticles with
Fe3O4@ZrO2@TiO2 yolk@shell architecture coated on iron electrode.
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and thehighest activityof cavity generation is achieved in the rangeofCv from
0.1 to 0.327. The changes in Cv for different inlet pressures in the range of
1–6 bar are shown in Table 1. The trends show that when the Pin is increased
from1 to6 bar, theCvdecreases from0.63 to 0.18,which is due to the increase
of the volume flow velocity in the whole main line and the increase of the
velocity in the relative blockage channel. The results for the degradation
amount of the synthetic naproxen effluent in a period of 120min as the time
of the treatment process and the kinetic rate constants (krc) corresponding to
different input pressures (Pin) are shown inFig. 6a, b (under conditions:Cinof
naproxen 10mg/L), respectively. The amount of degradation obtained with
an increase in thePin from1 to 4 bar increasedwith an increase in thePin, and
this amount increased with a further increase in Pin as well. The highest
degradation of 27.38% was obtained at an operating pressure of 4 bar with a
Cv of 0.23 (Cv = 0.23) and a constant rate of 2.31 × 10

−3min−1 (Table 1).
At a Pin of up to 4 bar, the strong decay of the cavities leads to a higher

pressure pulse, which finally breaks the structure of water molecules, causing
the formation of hydroxyl9,28. The degradation of naproxen is increasedwhen
the Pin is increased to its optimum value. On the other hand, the lower
degradation of naproxen after exceeding the optimal point of Pin is due to the
lower production of cavity due to the formation of the observed cavitymass29.
Based on the interpretation of these results, a pressure of 4 bar was chosen as
theoptimalPin for thenext experiments.Acomparisonof the results obtained
in this research work regarding the optimum Pin and Cv with the results
obtained in other works can be very valuable. The effect of Pin and Cv on the
degradationof thedyeOrange-Gwas investigated30.Their results showed that
at a Pin of 3 bar, a decolorization of about 92% was achieved using a slotted
venturi. In comparison, a lower decolorization rate of 76% and 45% was
obtainedusinga roundventuri andanorificeplateunder the sameconditions
as cavity production. The obtained results were very close to reality, as in the
slotted venturi there was a relatively higher volume flow at constant pressure
drop, a lowerCv, and a higher intensity of cavity production activity showed.
The obtained results show that the intensity of cavitation generation ulti-
mately depends on the geometry of the cavitationdevice. In thepresent study,
isothermal boiling based on relative blockage of the fluid channel in the two-
phase pump structure was used as the equipment for cavity production, and
this choice was confirmed by the reported results. The effect ofPin (3–10 bar)
on the treatment process of textile dyeingwastewater via a slotted venturiwas
investigated and reported previously31. A decrease in total organic carbon
(TOC) and CODwas observed when the Pinwas increased by a factor of 3 to
5. At an optimal value of Pin which is 5 bar (optimum Cv = 0.07) and a
duration of 120min, the largest reduction inTOCandCODand color is 12%
and 17%, and 25%, respectively, while the reduction in COD and lower TOC
at a Pin of 10 bar is as high as 3.5% and 9.3%. A maximum contaminant
removal of 4-nitrophenol of 12% was reported at an optimum Pin of 5 bar
using a venturi as a cavity production unit32, while Raut Jadhav et al. reported
a maximum contaminant removal of 6-chloro-3-pyridylmethyl of 26.5% at
an optimum Pin of 15 bar

10. In the present study, the maximum amount of
naproxendegradationwasobtainedby relatively blocking thefluid channel in
the two-phase pump structure as a cavity production device at an optimalPin
of 4 bar. The difference in the presented research proves that the optimal
value of the Pin depends on the type of wastewater or target pollutants, thus
confirming the ongoing research to prove the existence of an optimal Pin

9.

TheEffectofpHon thehybrid system for the removalofnaproxen
The pH of the operating environment can vary the chemical characteristics
of solution and the pollutant environment and finally has a significant effect
on the improvement of the degradation process33. In this research, a series of

Table 1 | Effect of Pin and Cv on naproxen degradation
efficiency (NDE) and kinetic rate constants (krc)

Pin (bar) Flowrate (L/h) Velocity (m/s) Cv (-) NDE (%) krc (min−1)

1 496.96 17.44 0.63 13.88 0.0011

2 646.60 22.69 0.37 18.84 0.0014

3 755.72 26.52 0.27 25.40 0.0021

4 821.65 28.84 0.23 27.38 0.0023

5 858.59 30.13 0.21 26.88 0.0022

6 931.09 32.68 0.18 25.86 0.0022

Fig. 6 | Effect of process parameters on the NPX removal and removal
kinetics data. Effect of a Pin onNDE, b fitting kinetic data at different inlet pressures
(Pin), effect of c pH onNDE, d fit of kinetic data at different pH values, effect of e Cin

onNDE (using the RFBmethod), f fit of kinetic data at different inlet concentrations
(Cin), effect of g voltage on NDE (along with the EF process), h fitting kinetic data at
different voltages, i effect of combined RFB and PEF process on NDE, j fitting of
kinetic data (NPX: P as 1000)*.
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experiments were conducted in the pH range from1 to 10 to investigate and
verify the effect of pH on the optimized Pin four times. The results obtained
from the investigation of the effects of pH on the degradability of naproxen
are shown in Fig. 6c, d (under conditions of a Pin of 4 bar and a naproxen
concentration of 10mg/L), while the ultimate degradability and kinetic
degradation krc are given in Table 2.

ThehighestNDEwas39.43%and thedecrease inCODwas11.30%with
a krc of 3.52 × 10

−3min−1 at pH=2. Under alkaline conditions (pH= 10), an
NDE of 14.67% was determined with a lowest krc of 1.16 × 10

−3min−1. The
NDE and krc were higher under acidic conditions than under alkaline con-
ditions, which is due to the fact that the oxidationpotential of hydroxyl under
acidic conditions is high and the rate of hydroxyl recombination is low26,34.
The effect of the pH value of the solution on the decolorization process was
investigated by changing the pH value (range 2–10) five times at constant
pressure35. According to the results, the decolorization rate is more at the
acidic environment compared to the basic one. Indeed, the highest deco-
lorization rate of 32.32% was reported with a krc of 3.41 × 10

−3min−1 at
pH = 2, while the degradation rate of decolorization at pH= 10 was 3.89%. It
has been recognized that acidic environment is suitable for the degradation of
pollutant atrazine36. The determined krc for atrazine degradationwas reduced
from 1.50 × 10−3min−1 to 5 × 10−3min−1 by enhancing pH value from 3 to
7.3. The degradation ofRed-120dye byhydrodynamic cavitationwas studied
and reported that the decolorization was about 60% and the TOC reduction
was 28% during the three-hour treatment process at pH = 233. It is of great
importance to point out that several works have reported that pH has little
influence on the pollutant degradation rate in the treatment process. For
complying with the principles of final discharge, the pH of the wastewater
must be readjusted after the treatment process, so pH adjustment cannot
always be suggested and depends on each scenario9. Under the optimal
process conditions used, a pH of 2 resulted in a significant increase in the
NDE, so a pH of 2 was chosen as optimal for the next experiments.

The effect of the Cin of naproxen on the hybrid system of
naproxen removal
The degradation of naproxen in differentCin of this pollutant, ranging from
10 to 100mg/L, was studied using the RFBmethod at an optimalPin of 4 bar
and an optimal pH of 2. The obtained results, including the efficiency of
naproxen degradation and the krc, were presented in Table 3, while the
information related to the change of the degradation value and the krc of the
degradationprocesswere shown inFig. 6e, f (under conditions:Pin4 bar, pH
of naproxen feed solution equal to 2).

The efficiency of naproxen degradation increased from 12.67 to
37.16%when theCinwas decreased from100 to 20mg/L.At aCinof 20mg/
L naproxen with a krc of 3.67 × 10−3min−1, the highest degradation of
41.84% was achieved, while at a Cin of 100mg/L naproxen with a krc of
1.08 × 10−3min−1, only 12.67%degradationwas achieved (Fig. 6e, f). Based
on the results obtained, it can be argued that as the Cin increases, the
amount of pollutant molecules increases, while the hydroxyl radicals

produced remain constant37. A similar trend of decreasing the degree of
destruction with increasing Cin was found already for the pollutant
potassium ferrocyanide between 20 and 200mg/L38. At a Cin of 20mg/L of
potassium ferrocyanide, the highest degradation was achieved at 20.76%,
while at a Cin of 200mg/L and a constant energy input (power) in 0.1 L,
only 8.02% degradation was achieved9,26. In view of the fact that in the
researchwork the highest value ofNDEwas achieved at aCin of 20mg/L of
the pollutant, the remaining experiments were carried out with a Cin of
20mg/L as the Cin of naproxen.

In this phase of the experiments related to the development of the
hybrid system, the conditions of the RFB process were optimized, and in the
continuation of the EF process, two electrodes, anode (iron) and cathode
(graphite), were added to the system in the form of a hollow cylinder and
coaxial (see Supplementary Information). The distance between the elec-
trodes was considered constant.

The effect of the voltage of the EF process on the hybrid system
for the removal of naproxen
The naproxen degradation process by a hybrid system comprising the EF
process under different voltages from 1 to 10 volts and the RFB process was
investigated andevaluatedunderoptimalPin conditions of 4 andpH = 2and
aCin of 20mg/L. The results obtained, including the percentage of naproxen
degradation and the krc, are shown in Table 4, while the corresponding
graph of the amount and kinetic constant of degradation is shown in
Fig. 6g, h (under conditions: Pin 4 bar, feed solution pH 2, naproxen con-
centration 20mg/L).

Looking at the effect of the RFB process, as the voltage of the EF process
increased from 1 to 7V, the NDE increased from 25.44% to 89.91%, then
during a downward trend, the NDE decreased to 40.03% due to the increase
in voltage from 8 to 10V. At an operating voltage of 7 V, the highest
degradation of naproxen was 89.91%, and the krc was calculated to be

Table 2 | Effect of pH on NDE and krc

pH NDE (%) krc (min−1)

1 37.15 0.00311

2 39.43 0.00352

3 37.80 0.00331

4 34.94 0.00312

5 29.57 0.00263

6 29.88 0.00254

7 28.18 0.00236

8 21.68 0.00175

9 16.71 0.00129

10 14.67 0.00116

Table 3 | The effect of Cin on NDE and krc

Cin (mg/L) NDE (%) krc (min−1)

10 37.16 0.00318

20 41.84 0.00367

30 34.80 0.00309

40 30.92 0.00263

50 27.52 0.00242

60 26.16 0.00209

70 22.51 0.00171

80 19.17 0.00156

90 15.91 0.00126

10 12.67 0.00108

Table 4 | effect of Cin on NDE and krc in the combined process
of RFB and EF

Voltage (V) NDE (%) krc (min−1)

1 25.44 0.00065

2 31.76 0.00195

3 43.42 0.00385

4 54.95 0.00563

5 64.90 0.00842

6 80.47 0.01221

7 89.91 0.01972

8 56.67 0.00612

9 52.92 0.00415

10 40.03 0.00265
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1.972 × 10−2min−1 under these conditions, while at a voltage of 1 V, theNDE
was 25.44% and the krc was 6.5 × 10

−4min−1 (Fig. 6h).
Based on the results obtained, it can be argued that increasing the

voltageup to theoptimal voltage valueof 7 V leads to an increase inhydroxyl
production and increases the overall efficiency, resulting in an increase in
the efficiency of naproxen degradation37. As the voltage increased further, a
bubble film formed on the electrodes, as shown in Supplementary Infor-
mation. The occurrence of this phenomenon had a detrimental effect on
hydroxyl production, decreasing the overall process efficiency.According to
the results obtained, the positive effect of adding theEFprocess to the hybrid
systemwas observed. As known, the degradation of naproxenwas increased
by 48.07% in the best case of the process. In otherwords, the efficiency of the
hybrid system increased by 114.89%. In view of the fact that in the present
study the maximum degradation performance was achieved at an applied
voltage of 7 V, the other experiments were carried out with an applied
voltage of 7 V as the optimum voltage.

Effect of the photocatalyst with Fe3O4@ZrO2@TiO2 Yolk@Shell
structure on the hybrid system for the removal of naproxen
The developed combined RFB and PEF system was used to degrade
naproxen at different loadings of photocatalyst (P) using different mass
ratios of naproxen to photocatalyst (P) in the PEF process (see Table 5). The
results obtained are shown in Table 5 and Fig. 6i, j (under conditions: Pin
4 bar, pH of feed solution 2, naproxen concentration 20mg/L, voltage 7 V).

It is noteworthy that the results obtained show an increase inNDE from
37.78% to 98.97%when the ratio of catalyst (P) to naproxen is increased from
10 to 100, while the next increase to 500 leads to a decrease in destruction
efficiency by 51.68%. The pseudo-first- order kineticmodel is suitable for the
removal of naproxen using combined RFB and PEF treatmentmethods. The
maximumNDE was 98.97% and the krc was 27.91 × 10

−3min−1 at a catalyst
(P) to naproxenmass ratio of 100. At the same catalyst (P) to naproxenmass
ratio of 100, a maximum reduction in COD of 90%was achieved, which was
found tobe theoptimumvalue.Byusing themass loadingof catalyst (P)more
than theoptimal value, the amountofnaproxendegradationwas lowerdue to
the scavenging activity (or electron-hole pair formation) of the loaded catalyst
(P) residue. NDE and krc using catalyst (P) (with a molar ratio of 100 to 1)
along with the EF process were 51.68% and 5.95 × 10−3min−1, respectively,
proving the role of the EF process in the amount of degradation9. In the
current research work, it was observed that the pH value has no significant
effect on the combined purification method of RFB and PEF in the optimal
mass ratio of catalyst (P) loaded to naproxen equal to 100.Naproxen removal
efficiency without any adjustment of solution pH for combined P treatment
method with RFB process is 86.40%.

Based on the krc, the efficiency of the RFB and PEF hybrid systemwas
calculated separately for each of the processes using the synergistic index,
which is shown below. According to Eq. 1, the synergetic index (f) is cal-
culated on the basis of krc:

f ¼ kFRBþPEF

� �
= kFRB
� �þ kPEF

� �

¼ 27=91 × 10�3
� �

= 2=3× 10�3
� �þ 5=95 × 10�3

� � ¼ 3=38
ð1Þ

The synergetic index expresses the greater effect of using the developed
combined purification method based on RFB and PEF treatment methods

than any of the individual treatment methods under the same conditions.
The generation of nanobubbles based on isothermal boiling based on RFB
leads to local turbulence, which by removing the mass transfer resistance,
the PEF process worksmore effectively and also increases the production of
hydroxyl, which ultimately results in theNDE increases the pollutant. From
the comparisonwith the studies and research, it was found that although the
process for the loading effect of the catalyst (P) is similar, but the actual
optimumvalue obtained for each pollutant is different, which clearly proves
the importance of the presentwork. The difference in increasing the catalyst
doseby adding anexternal oxidant (catalyst (P)) usually dependson the type
of pollutant structure and its reactivity with hydroxyl. Therefore, it is sug-
gested to determine the optimal dose of the catalyst (P) based on the
experiment.

The combined system including RFB and PEF process can increase
the NDE because of greater production of hydroxyl based on higher mass
transfer and triple oxidation mechanisms of direct attack of hydroxyl
formedbyRFB, catalyst (P) and to improve the driving force resulting from
the direct attack of EF and the disturbance and turbulence of the flow
resulting from RFB, which results in the reduction of mass transfer
resistance26. The combination approach of RFB andPEFwas studied under
the optimal flow rate of 821.65 L/h inside the reaction reactor containing
Naproxen aqueous solution, which was previously optimized at pH = 2.
Approximate full NDE and 90.00% reduction of COD load with a krc of
27.91 × 10−3min−1 using the combined system resulting from the RFB
process and PEF according to the information shown in Fig. 7 and Table 6
was obtained.

The system developed using the combination of advanced oxidation
processes presents the degradation value of 98.97%of feed as a confirmation

Table 5 | Effect of catalyst loading on NDE and krc in the
combined RFB and PEF treatment process

NAP/Catalyst NDE (%) krc (min−1)

1:10 37.78 0.00375

1:50 79.58 0.01322

1:100 98.97 0.02791

1:500 52.85 0.00618

Catalyst alone (1:100 ratio of NAP:Catalyst) 51.68 0.00595

Fig. 7 | Comparison of the results of the synergistic effect obtained by different
advanced oxidation methods used in this study to remove naproxen from synthetic
wastewater [RFB (Pin, pH, concentration)].

Table 6 | Comparison of the results of the synergistic effect
obtained by using different advanced oxidation methods

Process NDE (%) krc (min−1)

RFB (P = 4 bar) 27.38 0.0023

RFB (P = 4 bar and pH = 2) 39.43 0.00352

RFB (P = 4 bar, pH = 2 and Cinitial = 20mg/L) 41.84 0.00367

RFB (P = 4 bar, pH = 2 and Cinitial = 20mg/L)
+EF (Vol = 7 V)

89.91 0.01972

RFB+Catalyst alone (1:100 ratio of NAP to Catalyst) 86.40 0.01593

EF (Vol = 7 V) +Catalyst alone (1:100 ratio of NAP to
Catalyst)

51.68 0.00595

RFB (P = 4 bar, pH = 2 and Cinitial = 20mg/L) +EF
(Vol = 7 V) +P

98.97 0.02791
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of a suitable process and presents the synergistic effect of these processes in
the best way. This hybrid system reduces mass transfer resistance for all
modes and improves the amount of hydroxyl. It should be pointed out that
the mass ratios of catalyst to contaminant have been used differently in
various research. Therefore, the precise effect of PEF in reducing the con-
centration of naproxen or COD had not been tested and investigated.

Although the reports of theprevious research and theobserved trendof
the present researchwork clearly indicate the high and impressive efficiency
of the combined method of RFB and PEF compared to each of these
treatment methods under investigation in this research alone.

Operation cost of the developed hybrid system treatment
process
In order to calculate the operation cost of each of the processes of the
hybrid system, the power consumption of that process should be calculated
first, and then based on the power consumption rate of the Isfahan elec-
tricity dispatching network, this value should be calculated. This opera-
tion’s cost is calculated only based on the energy consumption rate and its
fixed costs are not taken into account. In the reactive reactor including the
nanobubble production process based on RFB, the two-phase pump is the
main source of energy consumption for nanobubble production. The
power consumed by the pump was 450 watts based on the flow rate. Also,
in the case of theEFprocess, the electricity consumption is about 200watts.
Operating cost for various remediation methods was estimated according
to power requirements to reduce 90.00% of COD load of wastewater. The
obtained information is given in Table 7. The energy consumption costs of
the hybrid system presented in this research work have an error budget
of 0.1%.

In order to investigate the intensity of the process from a technical
point of view, the parameters volumetric energy input (kJ/L), specific energy
input(SEI) (kJ/mmolnaproxen), and spacevelocity (flowrate L/mindivided
by the reactor volume L) were calculated for all processes of the combined
system, the results of which are shown in Table 8.

The obtained costs are only shown as an index and cannot be com-
pared for different processes because the amount of naproxen removal and
the efficiency of the process are different in each process. The best RFB+
PEF treatment requires a treatment cost of only 6530 Rials/L.h (or 0.15525
USD/L.h) while RFB plus EF treatment requires 6500 Rs/L.h (or 0.15454
USD/L.h) based on power requirements. According to Table 9, the results
obtained from the degree of degradation of the structure of pharmaceutical
pollutants in similar works show the effectiveness of the presented hybrid
system13,39–41.

Methods
Equipment and characterization experimental
X-ray diffraction (XRD) patterns were collected with a Rigaku Ultima IV
XRD via a Co-Kα X-ray tube with an input voltage of 40 kV at a 2θ value of
20° to 80° and a scan speedof 1° permin and a 2θ spacing of 0.05°. The crystal
details of samples were evaluated using the JCPDS resource. FE-SEM TES-
CAN MIRA3 was utilized to obtain SEM analyses of samples, to study the
morphology of the synthesized nanocatalyst samples, and for EDS analysis to
determine the weight and atomic content of the sample elements. With this
instrument, surfaces can be photographed with a magnification of 100 to
200,000 timesanda resolutionof less than1–20 nm.Thedeterminationof the
photoluminescenceproperties of the samples in termsof emission intensity at
various wavelengths after their excitation with photons of a specific wave-
length was performed by PL analysis or photoluminescence spectroscopy
(VARIAN/ECLIPSE CARY)15,16. The characteristics of two iron anodes and
graphite cathodes manufactured by Azar Electrode Company and used for
thenaproxen removal process are shown inSupplementary Information.The
visible light source (wavelength 400–700 nm) and hydrodynamic reactor
used in the systemof this research are shown in Supplementary Information.

Hybrid laboratory system method with PEF and isothermal boil-
ing based on RFB
The hybrid process of the developed system was tested in individual steps.
As the first process of the combined system, the performance of the RFB-
based isothermal boiling process was evaluated based on the optimal
parameters, then the effect of the modified EF process was evaluated as the
second process of the combined system, and finally, the performance of
structural nanoparticles to remove the synthesiswastewater naproxen in the
form of a thin layer film coated on an iron electrode was comprehensively
evaluated and studied together with the EF process and nanobubble injec-
tion based on the RFB-based isothermal boiling.

In most studies on hydrodynamic cavitation, the Pin is considered the
main parameter. The reason for this is the ease ofmeasurement and control
of this parameter rather than its physical significance to the process. A
parameter that describes the different states of cavitation (including the start
and end points of cavitation and supercavitation) is called the cavitation
number, which is defined as follows (based on Eq. (2))42:

Cv ¼
P2 � Pv

ρ
V2

0
2

ð2Þ

whereCv is the cavitation number,P2 is the recovered downstreampressure,
Pv is the water vapor pressure, ρ is the water density, and V0 is the fluid
velocity. Cavitation occurs when the value of Cv is close to or less than the
value of Cv (generally Cv < 3). Cavitation increases when the Cv value is
reduced by decreasing the static pressure or increasing the flow rate.

Treatment process with nanobubble production based on RFB
Although ultrasonic reactors are specifically recommended for high inten-
sity destruction, their operating conditions on a commercial scale are dif-
ficult due to the high energy requirements and associated higher costs of the
treatment process. Therefore, the RFB-based process for nanobubble pro-
duction is proposed as an alternative with favorable energy efficiency and

Table 7 | Electricity consumption costs for the different cleaning processes studied in this research

Process Type NDE (%) Energy Consumption (kWh) Total Cost Related to Power Consumption
(Rials/L.h)

Total Cost Related to Power Consumption
(USD/L.h)a

RFB 41.84 0.450 4500 0.10698795

RFB+ P 86.40 0.453 4530 0.107701203

RFB+ EF 89.91 0.650 6500 0.15453815

RFB+ PEF 98.97 0.653 6530 0.155251403
a1 IRR = 0.0000237751 USD- (Based on data: Central Bank of the Islamic Republic of Iran- Conversion from US Dollar to Iranian Rial—Last updated on May 4, 2024, 07:53 UTC)

Table 8 | Intensity parameters of combined system processes
from an engineering perspective

Process Type VEI (kJ/L) SEI (kJ/mmol of
Naproxen)

SV (Flow L/min Divided
by Volume of Reactor L)

RFB 810 3.24 6.84

RFB+ P 815.4 3.2616

RFB+ EF 1170 4.68

RFB+ PEF 1175.4 4.7016

https://doi.org/10.1038/s41545-024-00345-2 Perspective

npj Clean Water |            (2024) 7:48 8



good potential for capacity expansion. In order to reduce the cost of the
purification process, all experiments were carried out with a hydrodynamic
reactor based on the RFB method.

Since the two-phase vortex pump used in this research work generates
nanobubbles in the process by partially blocking the flow, the term RFB
process is used in the following. In this part of the research work, the effects
of operating parameters such as Pin (in the limit range of 1–6 bar), pH value
(in the range of 1–10) and the initial concentration (Cin) of naproxen
(10–100mg/L) were first investigated and studied.

For each test, 2 liters of an aqueous solution with a concentration of
10mg/L of naproxen and a purification time of 120min were used. For the
combinedRFB and catalyst (P)method, differentmass ratios of naproxen to
catalyst (P) were used, including 1–10, 1–50, 1–100, and 1–500, to investi-
gate the effect of catalyst loading as an oxidizing agent. To analyze the
progress of the purification process, samples are taken for analysis at certain
time intervals or at the desired end time of the purification process. All
treatment experiments were carried out in triplicate to demonstrate
reproducibility. According to the report, the average error values of the
experiments were given as ±2%. In this hybrid method, an anode electrode
with three layers of structural Fe3O4@ZrO2@TiO2 nanoparticles was used.

Preparation and coating of nanoparticles on anode electrode
A hollow cylindrical iron electrode was prepared to coat the surface with
nanoparticles. This sample has an effective area of 243 cm2. First, the surface
of the iron electrode was polished with hard sandpaper and then soft
sandpaper for 30min and prepared for coating (see Fig. 8a). Then, the
surface of the cylindrical iron electrode was washed with acetone, ethanol
and deionized water to remove dust, grease and oil before coating (Fig. 8b).
The anode electrode as a support was prepared in a 10% oxalic acid solution
for 60min and dried at 100 °C for 15min. The suspension solution of
architectural nanoparticles with yolk@shell structure Fe3O4@ZrO2@TiO2

(a dark brown solution) was prepared in 150mL ethanol and dispersed for
30min using an ultrasonic device. The uniformity of the solution is one of
the most important parameters to achieve a uniform coating. The suspen-
sion solution of nanoparticles was applied to the iron substrate using the
deep immersion method. This material was dried at 100 °C for 30min and
annealed in an oven at 550 °C for 2 h during a specific temperature cycle to
cover the first layer. The coating process was repeated three times.

After applying the next layer, thematerials were annealed at 550 °C for
2 h as shown in Fig. 8c. To determine the coating, the control sample was
subjected to XRD, photoluminescence and SEM analysis.

Fig. 8 | Coating steps of the iron electrode sample.
a Before surface modification, b sandblasted,
c coated and annealed.

Table 9 | Research on pharmaceutical wastewater treatment using the combined process of cavitation and advanced oxidation

Cavitation Method Combined with

Type of Pharmaceutical Pollution AOP Method Poptimal (bar) pH Time (min) Degradation (%) Ref.

Carbamazepine - 4 4 120 38.7 13

H2O2+O3 100

O3 94.4

H2O2 58.3

UV 52.9

Tetracycline - 3.4 5.2 90 12.2 39

TiO2 78.2

Pefloxacin - - 3.3 120 84.9 40

5.3 35.5

H2O2 3 5.3 69.7

O3 - 20 91.5

Tetracycline - - - 90 33.9 42

(TiO2/Er
þ
3 :YAlO3)/NiFe2O4) 84.45

TiO2 59.16

NiFe2O4 52.21

Naproxen - 4 2 120 41.84 Present Work

EF 89.10

Fe3O4@ZrO2@TiO2+ EF 98.97

https://doi.org/10.1038/s41545-024-00345-2 Perspective

npj Clean Water |            (2024) 7:48 9



Technical specifications of the hybrid system
To achieve the objectives of this research, a device that has been used in
studies related to hydrodynamic reactors for the production of nanobubbles
based on a Venturi tube on a laboratory scale was used. The general spe-
cifications of the nanobubble production system and the reactive reactor are
shown in Table 10.

The configuration of the reactor for the RFB process is shown in Fig. 9.
The prepared laboratory system includes a reactor with wastewater, a two-
phase vortex pumpwith anominal power of 0.55 kW, various control valves
and flanges to maintain the device for generating cavities (bubbles). The
circulation circuit includes the main pipes, and there is no need for recir-
culation to effectively control the flow of solution through the bubble pro-
duction device. The geometric components of the two-phase vortex pump
used in the bubble generation device are shown in Table 10 and Fig. 9. The

two-phase vortex pump (model CR71_2B) in the reactor configuration for
the RFB process was purchased from a specialized water process supplier.

The current system consists of a closed fluid circuit that includes a
reaction reactor, a two-phase vortex pump, control valves, piping and
connections, service bases, and serviceflanges. The suctionpart of the pump
is connected to the side of the reactor. In view of the low flow rate (certain
parameters in the design) and the need to generate high velocities (gen-
eration of a high head by the pump), pump is required that can fulfil these
two characteristics - very low flow rate and high head - together.

Development of PEF system with isothermal boiling
based on RFB
In this part of the work, the coating of structural nanoparticles with
yolk@shell architecture on the electrode is first described and analyzed.

Fig. 9 | Schematic (top) and piping and instrument
diagram (bottom) of the PEF systemwith isothermal
boiling based on RFB.

Table 10 | Technical data of the nanobubble fabrication system

Technical Specifications Type/Amount Technical Specifications Type/Amount

Bubble production process Two-phase vortex pump Seal type Wyton

Pump Model MOTOGEN-CR71_2B Reactor Dimensions 15 × 15 × 15 cm

Feeding System Single phase/50 Hz Type of Reactor Plexiglass

Power Consumption 0.55 kW (Nominal) Reactor Shape Cube

Maximum Flow Rate 1m3/h Input Connection 3/4“

Vortex Pump Rate 3000 rpm Output Connection 1/2“

Vortex pump Material Steele 304–316 Pump Outlet Connection 3/8“
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Then, other advancedoxidationprocesses such as isothermal boiling andEF
are added to the system. First, the parameters of the isothermal boiling
processwere optimized step by step, andfinally, the EFprocesswas added to
include the hybrid system and the effects of the process parameters of the
aforementioned system were investigated.

Analysis of synthesized naproxen effluent with HPLC instrument
The degradation of naproxen was measured with the U-HPLC device from
Thermofisher (model 3000 -Ultimate). Themobile phase of acetonitrile and
deionized water at a ratio of 60:40 was used as a carrier for the separation
under reversed phase conditions (at a rate of 0.8 mL/min). Naproxen
concentrationsweremeasuredat awavelengthof 210 nm,whichwasused to
detect naproxen concentrations. The slope and standard deviation of the
calibration curve were used to determine the limit of quantification (LOQ)
and limit of detection (LOD). In the calibration curve for naproxen, the
LODandLOQwere estimated tobe 0.21 and 0.07mg/L, respectively, which
is acceptable. All purification samples were analyzed using the same HPLC
method to determine the characteristics, and the concentrations were
determined using calibration curves. The analysis of the chemical oxygen
demand (COD) was carried out with a COD digester provided by the Hana
Equipment Company. COD reductionwas performed according to the ISO
6060:1989 standard (Water Quality-Determination of COD). Sample vials
or glass samples containing wastewater were treated in the COD digester
with the reagent’s sulfuric acid and potassium dichromate at a temperature
of 150 °C and for 2 h. The calibration curve for COD analysis was estab-
lished using a standard solution (see SIF for more details).

An in-depth study of the synergistic effect of advanced photoelec-
trofenton oxidation methods together with the injection of economic
nanobubbles using a vortex pump structure based on relative blockage of
the flow shows the intelligent choice of these three types of advanced
oxidationmethods together, which improves the degradability index equal
to 3.38, and the problems of each of these methods, such as the use of
venturi and orifice,which consume a lot of energy toproducenanobubbles,
the use of hydrogen peroxide, the presence of divalent iron ions, and the
production of sludge by the electrofenton method, have been solved. This
combined systemwith the presence of advanced synthesized nanoreactors
with the Yolk@Shell structure, which by covering the anode electrode
allows the formation of a photoanode that can operate in the visible light
range, provides a strategic perspective in the field of non-biodegradable
wastewater treatment. The economic feasibility of this combined system
presented also shows the low operating cost of 6530 Rial/L.h (or 0.15525
USD/L.h) for the treatment of each liter of non-biodegradable wastewater
and the reduction of the chemical oxygen demand of this waste-
water by 90%.

Supplementary material
Specifications and detailed information about the combined system, the
electrodes, the electrofenton process, the hydrodynamic reactor, the two-
phase pump, the exact measurement method of the COD samples, the
calculations of the process parameters, and the calculation of the energy
consumption of the green system are included in the supplementary
information file.

Data availability
The data supporting this study are available when reasonably requested
from the corresponding author.
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