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Abstract

The treatment of refractory nitrogenous organic matter poses challenges in the removal of organic
matter and nitrogen. In this study, a designed novel composite hydrodynamic cavitator, which can
generate cavitation twice perpass at the throat of the spiral pipe and the step drain of the cavitation
cavity superior to current other cavitators with only once perpass, was used to address these issues.
The composite hydrodynamic cavitator optimized using ANSYS simulation software exhibits
significant advantages in energy utilization and mass transfer efficiency. Moreover, it generates a
high concentration of hydroxyl free radicals, which is crucial for organic matter degradation. Batch
experiments proved the good treatment of 4-aminophenol solution. Within 120 min, 4-aminophenol
degradation efficiency reached 74.7%, total nitrogen concentration decreased from 1.28 mg/L to 1.06
mg/L, while ammonia nitrogen concentration initially increased before decreasing from its peak
value of 0.82 mg/L to 0.77 mg/L. During the cavitation treatment of 4-aminophenol solution,
intermediate products such as benzoquinone are generated. Under the strong oxidative action of
hydroxyl radicals, the nitrogen element undergoes deamination to form ammonium ions, which are
ultimately removed in the form of nitrogen gas.

Keywords: composite hydrodynamic cavitator; degradation of 4-aminophenol;
denitrification

1. Introduction

The treatment of refractory nitrogenous organic compounds poses a significant challenge in
industrial wastewater management [1]. These substances, commonly found in effluents from
petroleum refining, landfill leachate, pharmaceutical manufacturing, and chemical industries, are
characterized by high toxicity, poor biodegradability, and stable chemical structures. Moreover, since
organic compounds contain nitrogen, the nitrogen released during the degradation process enters
the wastewater, increasing the nitrogen concentration and exacerbating the difficulty of nitrogen
removal from the wastewater. Therefore, the treatment of wastewater containing refractory
nitrogenous organic substances remains a rather challenging issue at present.

This study employs 4-aminophenol as a representative nitrogenous organic compound to
investigate its degradation and nitrogen removal through hydrodynamic cavitation, aiming to
provide a novel approach for the treatment of refractory nitrogenous organic wastewater. The
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compound 4-aminophenol, commonly used as an intermediate, is extensively applied in the synthesis
of pharmaceuticals like clofibrate and paracetamol. Additionally, it is present in significant quantities
in wastewater generated from dye production processes, posing challenges for conventional
treatment methods due to its potent biological toxicity and chemical stability [2].

Advanced oxidation processes (AOPs) are often considered by researchers for the treatment of
4-aminophenol. The photocatalytic-oxidation method utilizes light to irradiate specific
semiconductor catalysts with band structures, inducing the production of *OH from H2O and
effectively degrading pollutants in wastewater. Mehdi A et al. [3] employed CuO —loaded wavy
zeolite for catalytic degradation of 4-aminophenol using sunlight. Photocatalytically —assisted
electrochemical oxidation utilizing Z-TiO2 achieved an 88% degradation efficiency of 4-aminophenol
[4]. In addition, a PbO2-TiOz2 electrode was utilized as an anode for photoelectrocatalytic degradation
treatment of simulated and real 4-aminophenol wastewaters [5], yielding favorable degradation
results in all aforementioned studies. However, photocatalysts possess limitations such as high band
gaps, agglomeration tendencies, small surface areas, instability issues, and difficulties in recovery
after treatment. Furthermore, the Fenton oxidation method is also commonly employed as an AOP
approach. Carlos Moreno-Castill et al. [6] investigated the synthesis of highly active Fenton
multiphase catalysts containing Cu?* ions within copper ferrites to synthesize copper ferrite nanoballs
(CENS), analyzing their effectiveness in degrading 4-aminophenol compounds. Nevertheless,
treating sludge-containing Fe ions can be costly and requires significant amounts of chemicals and
manpower resources. Biodegradation represents another viable option for removing 4-aminophenol
compounds; effective removal has been demonstrated through the use of organisms such as pea
(Pisum sativum) shells activated with sulfuric acid [7] or Pseudomonas sp. strain ST-4 [8]. However, this
method exhibits limitations when applied to wastewater treatment due to low degradation efficiency
resulting from complex compositions present in actual organic wastewaters, and long reaction times
caused by high cultivation requirements on pH, complicated reaction process and low removal
efficiency

Cavitation is regarded as a highly efficient and promising technology that has garnered
significant attention from researchers. Due to its cavitation effects, such as increased temperature,
oxidation, and mechanical collision, cavitation technology has been found extensive applications in
various fields including disinfection [9,10], degradation of refractory organics like synthetic dyes [11-
13], pharmaceutical residues [14-16], pesticides [17,18], and sludge treatment [19]. Patil et al.
investigated the removal of ammoniacal nitrogen from synthetic wastewater using 4-aminophenol
as a model nitrogen-containing organic compound through hydrodynamic cavitation. Remarkable
improvement in ammoniacal nitrogen removal was achieved by introducing air or oxygen sparging
during hydrodynamic cavitation and employing solvent-assisted hydrodynamic cavitation with
substances such as 1-octanol and cyclohexanol [20,21]. In this study, our objective was to enhance
cavitation effect and treat 4-aminophenol efficiently without the need for additional substances by a
novel composite hydrodynamic cavitator. We examined the degradation of 4-aminophenol along
with ammonia nitrogen and total nitrogen removal from the solution using this cavitator. The
findings of our research will provide an innovative approach for treating refractory nitrogenous
organic wastewater through hydrodynamic cavitation while specifically addressing ammoniacal
nitrogen removal.

2. Structure Design and Its CFD Optimization of the Composite
Hydrodynamic Cavitator

2.1. The Structure of Composite Hydrodynamic Cavitator

The autonomously designed composite hydrodynamic cavitator primarily comprises a shell, a
spiral filter inlet, a cavitation generation chamber, a separator, a stepped drainage outlet, and an
effluent outlet, as illustrated in Figure 1. Notably, the cavitation generation chamber is equipped with
four vortex chambers. The fundamental structural dimensions of the cavitator are as follows: total
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length of 254 mm, inlet and outlet diameters of 24 mm, and the vortex chamber has a diameter of 14
mm and a height of 50 mm.

Figure 1. Schematic diagram of the composite hydrodynamic cavitator Outer hull, 2. Spiral channel, 3. Diverter
plate, 4. Seal ring, 5. Cavitation generation chamber, 6. Dividing plate, 7. O-ring seal, 8. Step-shaped drain outlet,
9. Outlet.

2.2. Flow Field Simulation Method

The cavitator was modeled by using the 3D design software UG. The preprocessing and volume
extraction of the solid model were conducted by the preprocessing module SpaceClaim of the ANSYS
simulation software. The computational domain of the cavitator was meshed by the mesh module of
the ANSYS simulation software, and the simulation calculation of the mesh file was then carried out
by the fluent module of the ANSYS simulation software.

2.2.1. Mesh Division

The structure of the composite hydrodynamic cavitator is relatively complex. Therefore, an
adaptive unstructured mesh was employed to divide the model. According to the stress degree of
the cavitator, the densities of the meshes at the throttling section, the cavitation generation section,
and the boundary layer were all increased. The mesh model is shown in Figure 2.
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Figure 2. Grid model diagram.

In order to ensure the reliability of the simulation calculation, a grid generation method is used
to generate four sets of grid numbers, namely 731 210, 1 191 536, 2 131 717, and 3 460 983. The inlet
pressure is set to 0.4 MPa, and the velocity at the exit of the cavitation body is monitored. The velocity
in the network model with 2 131 717 grid numbers tends to stabilize, indicating that the accuracy of
the calculation is no longer affected by the increase in the number of network nodes. Therefore,
considering the calculation accuracy and simulation efficiency, we select the network model with 2
131 717 grid numbers for the fluid field simulation calculation.

2.2.2. Simulation Conditions and Model Selection

The simulation is carried out using the pressure-based transient solver PISO algorithm, and the
other variable solutions are obtained using the first-order advection scheme to ensure absolute
stability. The mixture multiphase flow model and the realizable k-& two-equation turbulence model
are selected to better simulate the phenomena of the jet in the cavitation effect [22]. The wall treatment
is selected as the non-equilibrium wall function. The Schnerré&Sauer cavitation model [23] is used to
simulate the mass transport process of the two-phase flow in the cavitation. The velocity, pressure,
and mass component variables in the flow field are solved using the continuity equation, momentum
equation, turbulent kinetic energy-turbulent dissipation rate equation, and vapor phase mass
transport equation.

3. Experimental Methods

3.1. The Degradation Experimental Platform

The experimental platform for the composite hydrodynamic cavitor is shown in Figure 3. The
main components of the platform include the frame, water tank, composite hydrodynamic cavitator,
pressure gauge, overflow valve, flow control valve, vertical booster pump, pressure tank, intelligent
turbine flow transmitter, and various water pipes.

It is a closed loop system designed to pump 10 L of 4-aminophenol solution from water tank,
then take it into the composite hydrodynamic cavitator and discharge the treated solution back to the
water tank through the pump.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Three-dimensional diagram of composite hydrodynamic cavitator test platform 1. Water tank 2. Frame
3. Manometer 4. Composite hydrodynamic cavitator 5. Flowmeter 6. Flow control valve 7. Overflow valve 8.

Booster pump 9. Pressure tank.

3.2. The Hydroxyl Radical Generation

The methylene blue (MB) degradation was used to indirectly determine the amount of hydroxyl
radicals (*OH) generated by the composite hydrodynamic cavitator during operation [24,25].
With an inlet pressure of 0.25 MPa, initial temperature of 25 °C, and pH of 7, 10 L solutions of
MB with initial concentrations of 10 mg/L, 15 mg/L, 20 mg/L, 25 mg/L, and 30 mg/L were subjected
to cavitation experiments for 120 min. The amount of ®OH generated was calculated as follows:
Con =4Cyg = 0 5152;_( o
. x3739 (1)

Where, Con represents the concentration of hydroxyl radicals, mg/L; AA is the difference in the
absorbance of MB before and after degradation by cavitation. The equation was obtained by the
standard curve equation of MB concentration(C, mg/L) and its absorbance(A): A=0.0541C-
0.001(R2=0.9997), and the reaction equation between MB and *OH : MB +¢OH —» MB-OH.

Simplified equation (1) is:

Con = 49.4304 (2)

3.3. Degradation Experiment

Batch experiments were conducted for the degradation of 4-aminophenol and ammonia
nitrogen by the composite hydrodynamic cavitator. Under the basic conditions of an inlet pressure
of 0.25 MPa, initial temperature 25 °C, pH of 7, 10 L of initial concentration of 10 mg/L of 4-
aminophenol solution was subjected to cavitation experiment for 120 min.

The 4-aminophenol solution samples before and after degradation for 120 min at optimum
conditions were detected by HPLC. For this experiment, the HPLC detection instrument used was
the SHIMADZU-LC-2050C of Shimadzu, and the column used was C18. The detection conditions
were as follows: the mobile phase was a mixture of methanol and water at a ratio of 50:50 (V/V), the
flow rate was 1.0 L/min, the injection volume was 20 uL, the detection wavelength was 268 nm, and
the column temperature was 30 °C.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4. Results and Discussions

4.1. Cavitation Characteristics Analysis of the Cavitator with Optimal Structural Parameters

Through CFD simulations of various structure parameters of the composite hydrodynamic
cavitator, the optimal structure of it was obtained as follows. The helical pipe is designed as a
Laryngeal-type pipe with the laryngeal diameter of 1.3 mm, an entrance diameter of 3 mm, an exit
diameter of 3 mm, and a pipe length of 38 mm. The stepped-type drainage outlet has a 9-stage
structure, with a channel width of 0.5 mm. Then we evaluated the cavitation performance of the
above optimum cavitator comprehensively, by analyzing the pressure, gas content, and mass transfer
cavitation characteristics of fluid inside the cavitator under the entrance pressure of 0.6 MPa.

Figure 4 shown XY sectional diagram of the compound hydrodynamic cavitator is the coordinate
diagram used for the subsequent analysis. The diagram takes the entrance to the cavitator to the exit
as the X-axis, represented by Y(m). The Y-axis represents the variable values of the micro-elemental
bodies in the cross-section, such as absolute pressure values, gas content, and mass transfer cavitation
characteristics of fluid inside the cavitator.

0.04
0.02

0

X(m)

-0.02

025 02 015 01 _ -005 0
Y(m)

Figure 4. XY cross-section of the composite hydrodynamic cavitator.

4.1.1. The Absolute Pressure of the Fluid Inside the Cavitator

Figure 5 shows the cross-sectional cloud image of absolute pressure of fluid at two key places
where cavitation occurs: spiral pipe in cavitation cavity(a) and the stepped drain(b).

From Figure 5a, it can be seen that as the fluid flows through the helical flow passage in the front
section with decreasing gradually cross-sectional area, the pressure drops significantly. When the
fluid flows to the throat position, the absolute pressure gradually drops below the saturated vapor
pressure of set simulated liquid (3,540 Pa), and then vaporization occurs to produce a vapor nucleus.
After the fluid flows through the throat, the cross-sectional area of pipe increases gradually, and the
pressure increases gradually, causing the internal and external pressure imbalance of the cavitation
bubble to cause its collapse, thus causing cavitation. From Figure 5b, it can be seen that when the
liquid flows from the cavitation generation chamber to the entrance of the stepped condensate outlet,
the pressure is restored to 0.32 MPa and then gradually decreases. When the liquid flows near the
stepped condensate outlet, the pressure is lower than the saturated vapor pressure of the simulated
liquid again, and bubbles are generated at this time. When the liquid flows to the outlet, the pressure
suddenly rises and cavitation occurs. Moreover, the stepped outlet can make the cavitation bubbles,
which have not collapsed in the cavitation generation chamber, collapse repeatedly in the process of
flowing through multiple changed areas, thereby improving the efficiency of cavitation per pass.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Cross-sectional nephogram of absolute-pressure gradient distribution at where cavitation occurs. a.

Absolute-pressure distribution of spiral pipe b. Absolute-pressure distribution of drain outlet.

4.1.2. Mass Transfer Analysis

Figure 6 displays mass transfer rate XY diagram of cavitation simulation from inlet to outlet. The
mass transfer rate includes both forward and negative mass transfer. In the process of hydraulic
cavitation, forward mass transfer refers to the process of gas molecules dissolved in the liquid phase
to the gas phase, which may increase the concentration of gas in the liquid phase and promote the
formation and release of bubbles, corresponding to the formation and development stage of bubbles
in the process of cavitation. Negative mass transfer refers to the dissolution process of the bubble in
the liquid phase, that is, the gas molecules in the bubble are re-dissolved into the liquid phase,
corresponding to the collapse stage of the bubble in the cavitation process. As shown in Figure 6,
peaks 1 and 2 represent the formation, development and collapse of bubbles in the cavitation process

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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at the spiral pipe and the stepped drain respectively. Among them, the forward mass transfer rate of
peak No. 1 exceeds 20 000 kg-m=-s7!, while the negative mass transfer rate exceeds 10 000 kg-m=3-s.
These high forward mass transfer rate and negative mass transfer rate can promote the transfer and
removal of solute. The negative mass transfer rate of peak No. 2 does not peak and is near the zero
axis, indicating that during the cavitation process, the bubbles collapse at the exit rapidly and have
no chance to transfer the solute to the liquid phase.

25000

U |
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15000

10000

5000

Mass Transfer Rate(kg-m™s™)

-5000 [~

AOO0OE: 3 4oy w0 IR G i
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Figure 6. Mass transfer efficiency diagram.

4.1.3. Gas Holdup Analysis

Gas holdup, that is, vapor phase volume fraction, is one of the important indicators to measure
the occurrence and intensity of cavitation. Figure 7 shows the distribution of gas holdup where
cavitation occurs. It was found that the distribution corresponded to the pressure distribution where
cavitation occurs in Figure 5. As shown in Figure 7a, due to the abrupt change in the pipeline through
which the fluid flows, the flow velocity increases sharply, the pressure decreases significantly, and
the kinetic energy increases accordingly. The pressure at the throat of the spiral channel reaches the
saturated vapor pressure, causing the gas to escape from the liquid phase to form bubbles. At this
spot, the gas holdup at the cavitation of the spiral channel reached 63%. As shown in Figure 7b, the
outlet pressure of the stepped drain is the lowest, which is lower than the saturated vapor pressure
of the liquid, resulting in the gas in the liquid escaping to form bubbles. Therefore, the gas core
generation area at the outlet has the highest gas holdup, up to 95%.
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Figure 7. Cloud diagram of gas holdup distribution at the place where cavitation occurs (a. at the spiral pipe; b.
at the drain port).

4.2. The Concentration of Hydroxyl Radical Produced During Cavitation

As can be seen from Figure 8, the evaluation of hydroxyl radical concentration in the composite
hydrodynamic cavitator system shows that when the methylene blue concentration is low, the
hydroxyl radical capture rate is also low. With the increase of methylene blue solution concentration,
the capture rate increased gradually. When the concentration reached 25 mg/L, the capture rate of
hydroxyl radical remained basically unchanged, indicating that the hydroxyl radical generated in the
composite hydrodynamic cavitator system had been fully captured by methylene blue, and its
concentration was about 35 umol/L. The numerical value is much higher than 0.3 umol/L of the
concentration of hydroxyl radicals detected by Zhang et al. [25].
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Figure 8. The concentration of hydroxyl radical produced during cavitation.
4.3. Degradation of 4-aminophenol by the Cavitator and Nitrogen Removal Performance of the Solution

4.3.1. Influence of Cavitation Time

The degradation of 4-aminophenol and the removal of total nitrogen and ammonia nitrogen in
4-aminophenol solution with an initial concentration of 10 L of 10 mg/L under the operation time of
the cavitation from 10 min to 150 min are shown in Figure 10.

As can be seen from Figure 10a, the degradation efficiency of 4-aminophenol solution gradually
increased with the increase of cavitation time, and the degradation efficiency of 4-aminophenol
tended to be stable at 120 min, reaching 74.7%. As can be seen from Figure 10b, the ammonia nitrogen
concentration showed a trend of first rising and then slightly falling. The concentration decreased
from the highest 0.82mg/L to 0.77mg/L. With the continuous degradation of 4-aminophenol,
ammonia nitrogen was continuously generated and the concentration increased. At the same time,
the generated ammonia nitrogen was continuously oxidized under the action of hydroxyl radical
generated by cavitation effect until the rate of ammonia nitrogen generation was equal to that of
ammonia nitrogen removal, the concentration of ammonia nitrogen began decreasing. The gradual
decrease in total nitrogen concentration, from 1.28 mg/L to 1.06 mg/L, can be attributed to the nitrogen
release as a gas, such as nitrogen, ammonia, nitrogen oxide, etc. in the degradation process, resulting
in a gradual decrease in total nitrogen concentration.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 10. The degradation of 4-aminophenol (a) and the removal of total nitrogen and ammonia nitrogen (b)
with cavitation time.

4.3.2. Influence of Inlet Pressure

The degradation efficiency of 4-aminophenol and the removal of total nitrogen and ammonia
nitrogen at different inlet pressures of 0.15 MPa ~ 0.35 MPa for 120 min are shown in Figure 11.

As can be seen from Figure 11, when the inlet pressure was in the range of 0.15-0.25 MPa, the
degradation efficiency of 4-aminophenol increased significantly with the increase of the inlet
pressure. The maximum degradation efficiency of 4-aminophenol was 74.7% when the inlet pressure
is 0.25 MPa. The concentration of ammonia nitrogen also showed an inflection point at the inlet
pressure of 0.25 MPa. However, when the inlet pressure was in the range of 0.25-0.35 MPa, the
degradation efficiency of 4-aminophenol showed a slow decline with the increase of the inlet
pressure, while the ammonia nitrogen concentration was basically unchanged.
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The inlet pressure has a double influence on the cavitation effect. First, at low inlet pressure
levels, increasing the inlet pressure can increase the fluid flow rate and reduce the pressure of the
fluid as it passes through the mechanically confined structure, thus reducing the difference between
the fluid pressure and the saturated vapor pressure. This is conducive to the easy formation of the
pressure drop required to meet the occurrence of cavitation, thus improving the cavitation effect.
However, when the inlet pressure is too high, the flow rate of the fluid is too fast. This will
significantly shorten the development time of the cavitation bubbles, resulting in a decrease in the
number of effective cavitation bubbles. Moreover, too fast flow rate will cause the strong oxidizing
free radicals generated by the cavitation effect to pass through the cavitation region quickly. It results
low concentration of strong oxidizing free radicals on the outside of the cavitation region. Then it will
reduce the reaction rate of 4-aminophenol, and then significantly affected the degradation efficiency
of 4-aminophenol. However, the total nitrogen concentration gradually decreases with the increase
of inlet pressure, because the solubility of gas molecules in the solution will decrease under higher
pressure conditions, resulting in the release of gases from the liquid, including nitrogen-containing
gases. Therefore, the inlet pressure has a certain impact on the cavitation effect of the composite
hydrodynamic cavitator. Taking into account the energy consumption of cavitation operation, the
higher the inlet pressure, the greater the energy consumption, the best inlet pressure is 0.25 MPa.
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Figure 11. The degradation of 4-aminophenol (a) and the removal of total nitrogen and ammonia nitrogen (b) at

different inlet pressure.

4.3.3. Influence of Initial pH

The degradation efficiency of 4-aminophenol and the removal of total nitrogen and ammonia
nitrogen at pH range of 5~9 was obtained, as shown in Figure 12.

The degradation efficiency of 4-aminophenol slightly decreased with an increase in pH within
the range of 5-7, as depicted in Figure 12. Simultaneously, there was a slight increase in the
concentrations of total nitrogen and ammonia nitrogen. However, when pH raised within the range
of 7-9, an increased pH led to a significant decrease in the degradation efficiency of 4-aminophenol
while causing a gradual reduction in the concentrations of total nitrogen and ammonia nitrogen. This
phenomenon can be attributed to several possible reasons [26,27]. The first, under acidic conditions,
more hydroxyl radicals are generated which facilitate the degradation process for 4-aminophenol.
Additionally, these hydroxyl radicals oxidize nitrogen-containing substances resulting in the release
of gaseous nitrogen compounds leading to decreased levels of both total nitrogen and ammonia
nitrogen. The second, under alkaline conditions, the generation of hydroxyl radicals may be
inhibited, resulting in a decrease in the degradation efficiency of 4-aminophenol, while the
concentration of ammonia nitrogen also decreases. Under alkaline conditions, more ammonium ions
are converted into ammonia gas and overflow during the cavitation process, resulting in a decrease
in the concentration of total nitrogen. The third, the occurrence of cavitation is more favorable for
solute molecules with higher hydrophobicity; however, 4-aminophenol exhibits strong
hydrophilicity under acidic and alkaline conditions. Under neutral conditions, the hydrophilicity of
amino group and hydrophobicity of benzene ring balance each other, which is conducive to the
degradation of 4-aminophenol. Therefore, considering all the above factors comprehensively, pH 7
is determined as the optimal value.
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Figure 12. The degradation of 4-aminophenol (a) and the removal of total nitrogen and ammonia nitrogen (b) at
different initial pH.

4.3.4. Influence on the Initial Concentration of 4-aminophenol

In order to better compare the concentration changes of total nitrogen and ammonia nitrogen
with the degradation of 4-aminophenol at different initial concentrations, the concentration is
expressed in unit concentration. The unit concentration of total nitrogen and ammonia nitrogen at

different initial concentrations is defined as follows:

(o
=5 ()

where Cu is the unit concentration, C is the concentration of total nitrogen or ammonia nitrogen after
cavitation (mg/L), Co is the initial concentration of 4-aminophenol (mg/L).
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The degradation efficiency of 4-aminophenol and the concentrations of total nitrogen and
ammonia nitrogen at different initial concentrations ranging from 5 mg/L to 25 mg/L were obtained,
is shown in Figure 13.

As shown in Figure 13, the degradation efficiency of 4-aminophenol decreased continuously
with an increase in its initial concentration, while the degradation amount gradually increased. This
is because at relatively low initial concentrations of 4-aminophenol in the hydraulic cavitation system,
the molecules are dispersed and difficult for hydroxyl radicals generated by cavitation to capture.
Conversely, higher concentrations of 4-aminophenol are easily captured by hydroxyl radicals
resulting from cavitation effects, leading to a faster reaction.

The concentrations of total nitrogen and ammonia nitrogen exhibited a decreasing trend with
increasing initial concentration of 4-aminophenol; however, the overall change was not statistically
significant. In the case of high initial concentration of para-aminophenol, enhanced degradation led
to increased generation of ammonia nitrogen, which subsequently converted into more nitrogen-
containing gas for release. Consequently, the total reduction was amplified without substantial
alteration in unit concentrations of total nitrogen and ammonia nitrogen.
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Figure 13. The degradation of 4-aminophenol (a) and the removal of total nitrogen and ammonia nitrogen (b) at

different initial 4-aminophenol concentrations.
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4.4. Degradation and Denitrification Chemical Reaction During Degradation

Infrared spectroscopy scan spectrum and the HPLC chromatogram before and after cavitation
for 120 min was determined, as shown in the Figure 14 and Figure 15.

As shown in Figure 14, compared with the two curves, the absorption peak of before cavitation
with retention time of 1.347 min significantly declined, and the absorption peak with retention time
of 4.775 min basically disappeared, and some small miscellaneous peaks appeared after cavitation.
This indicates that with the progress of the experiment, the 4-aminophenol in the solution is greatly
reduced, and some intermediate products are produced.

As shown in Figure 15, original 4-aminophenol exhibits two distinct absorption peaks within
the scanning range of 200-800 nm, located at 231 nm and 295 nm, respectively. The molecule contains
unsaturated bonds and lone electron pairs, enabling —mn* and n—t* transitions . Furthermore, the
presence of a conjugated system along with both -NH, and -OH substituents contributes to a
bathochromic shift of its absorption peaks. After 120 min of cavitation degradation, the absorption
peaks at 295 nm and 355 nm nearly disappear, while a new characteristic peak emerges at 246 nm.
This indicates a gradual reduction in 4-aminophenol content during the degradation process ,
accompanied by the formation of new substances.[28] The absorption at 246 nm is characteristic of
benzoquinone, suggesting that benzoquinone and other intermediate products are progressively
generated as degradation proceeds.
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Figure 14. HPLC chromatogram of 4-aminophenol solution before and after degradation.
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Figure 15. Infrared spectroscopy scan spectrum of 4-aminophenol solution before and after degradation.

Therefore, Degradation and denitrification chemical reaction can be deduced according to
results above. The following reactions equation represents the possible reaction process. The
production of H* deduced by the pH of solution decreases slightly during cavitation. The R in
equation 3 represents the benzoquinone or other intermediate products. The equations show that
during the cavitation treatment, intermediate products such as benzoquinone are generated, some
products are decomposed into carbon dioxide and water ultimately. Under the strong oxidative
action of hydroxyl radicals, the nitrogen element undergoes deamination to form ammonium ions,
which are ultimately removed in the form of nitrogen gas.

H,O + OH = H' + H,0, (4)

H,0, +- OH = HO, - +H,0 (5)
C¢H,;NO +- OH - R + NHJ (6)

R +: OH - CO, + H,0 (7)

2NH} +- OH - N, + 2H,0 + 3H* (8)

5. Conclusion

The composite hydrodynamic cavitator has excellent cavitation effect performance. Cavitation
effect occurs at two distinct locations: the throat of the spiral pipe and the stepped drain of the
cavitation cavity, with maximum gas holdup rate reaching 63% and 95% respectively, and both high
mass transfer rate.

The composite hydrodynamic cavitator exhibits effective degradation performance for 4-
aminophenol and demonstrates a notable removal on total nitrogen and ammonia nitrogen. The
experiment was conducted over a duration of 120 min. At an inlet pressure of 0.25 MPa, with an
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initial concentration of 10 mg/L, pH maintained at 7, and an initial temperature of 25 °C, the
degradation efficiency of 4-aminophenol reached 74.7%. Concurrently, the total nitrogen
concentration decreased from 1.28 mg/L to 1.06 mg/L. Nevertheless, the ammonia nitrogen
concentration initially increased before subsequently decreasing, with its maximum concentration
reducing from 0.82 mg/L to 0.77 mg/L. During the cavitation treatment, intermediate products such
as benzoquinone are generated, and some products are decomposed into carbon dioxide and water
ultimately. Under the strong oxidative action of hydroxyl radicals, the nitrogen element undergoes
deamination to form ammonium ions, which are ultimately removed in the form of nitrogen gas.
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