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Abstract

Vehicle exhaust gases remain one of the key sources of atmospheric air pollution and pose a serious
threat to ecosystems and public health. This study presents an experimental investigation into
reducing the toxicity of gasoline internal combustion engine exhaust using ultrasonic waves and
infrared (IR) laser exposure. An original hybrid system integrating an ultrasonic emitter and an IR
laser module was developed. Four operating modes were examined: no treatment, ultrasound only,
laser only, and combined ultrasound-laser treatment. The concentrations of CH, CO, COz, and Oy, as
well as exhaust gas temperature, were measured at idle and under operating engine speeds. The
experimental results show that ultrasound provides a substantial reduction in CO concentration (up
to 40%), while IR laser exposure effectively decreases unburned hydrocarbons CH (by 35-40%). The
combined treatment produces a synergistic effect, reducing CH and CO by 38% and 43%,
respectively, while increasing the CO: fraction and decreasing Oz content, indicating more complete
post-oxidation of combustion products. The underlying physical mechanisms responsible for the
purification were identified as acoustic coagulation of particulates, oxidation, and photodissociation
of harmful molecules. The findings support the hypothesis that combined ultrasonic and laser
treatment can enhance real-time exhaust gas purification efficiency. It is demonstrated that physical
treatment of the gas phase not only lowers the persistence of by-products but also promotes more
complete oxidation processes within the flow.

Keywords: exhaust gas cleaning; ultrasonic cleaning; infrared laser; acoustic coagulation;
photodissociation; toxic emissions

1. Introduction

Ultrasound can initiate cavitation phenomena and promote the coagulation of soot particles,
while also activating the oxidation of toxic components. Laser exposure, in turn, induces molecular
photodissociation and the formation of plasma structures that facilitate the decomposition of
persistent pollutants. The greatest effect is achieved when both methods are applied simultaneously;
experimental evidence confirms a substantial reduction in CO: and hydrocarbon concentrations
under combined treatment [1].

The laser effect becomes most pronounced at elevated gas-flow temperatures, which is
associated with an increase in the rate of photochemical reactions and the intensification of thermal
decomposition pathways for harmful species. Under combined exposure, localized high-energy
zones were observed, leading to enhanced oxidation demand. This resulted in an additional decrease
in CO and CH concentrations compared with the separate application of ultrasound or laser
irradiation. A comprehensive analysis of the obtained data indicates that the efficiency of the
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proposed technology is determined not only by the power characteristics of the emitters, but also by
their spatial arrangement, exposure time, and the parameters of the gas flow. Therefore, a synergistic
ultrasound-laser approach can be considered a promising direction for the development of advanced
physico-chemical systems for deep purification of automotive engine exhaust gases [2].

Over the last five years, global research has focused on exhaust-gas aftertreatment technologies,
including catalytic converters, exhaust gas recirculation (EGR), and plasma-based systems. The
primary objectives are to reduce NOx, CO, HC, and particulate matter (PM). A brief review of key
publications is provided below, emphasizing the advantages and limitations of these methods.

Selective catalytic reduction (SCR) catalysts for NOx control: comparative analyses of copper—
zeolite (Cu-SCR) and vanadium-based (V-SCR) systems show that Cu-SCR can achieve >99%
efficiency at low temperatures (early “light-off”), whereas V-SCR minimizes secondary N:0
emissions. Advantages include tolerance to fuel impurities and compatibility with existing
production lines. Limitations include increased N20 formation for Cu-SCR and lower cold-start
performance for V-SCR [3].

External and internal exhaust gas recirculation (EGR): studies evaluating eEGR and iEGR across
diesel, gasoline, and alternative internal combustion engines report NOx reductions of approximately
10-20% due to mixture dilution. Advantages include improved engine efficiency. Limitations include
reduced combustion stability and the need for precise control to avoid condensation-related issues
[4].

Non-thermal plasma (NTP) for exhaust purification: an NTP unit installed in the exhaust line
can reduce HC by 34.5%, CO by 16%, and NOx by 41.3% via ionic and thermal reaction pathways.
Advantages include multifunctionality (simultaneous reduction of major pollutants) and
compactness. Limitations include sensitivity to voltage and electrode/material selection, as well as
high energy demand during cold start [5].

Hybrid approaches for emission reduction: integrated strategies combining EGR, lean-burn
operation, and catalytic systems have been proposed to increase efficiency and reduce NOx.
Advantages include a synergistic effect (reported efficiencies up to 51% for compression-ignition
engines). Limitations include system complexity and increased cost [6].

Patent US8231707B2, “Gas separation using ultrasound and light absorption” (2012), describes
a combination of ultrasonic concentration and laser photodissociation. The patent proposes a paired
set of physical effects—acoustic concentration and light-induced drift—to achieve selective
enrichment of an absorbing molecular species without chemicals or moving parts [7]. In contrast to
our setup, the patent directs light along the axis of the cavity (infrared when the target gas is CO2 or
CO) and modulates (pulses) it synchronously with the acoustic wave, i.e., pulses are applied within
specific intervals of the acoustic half-cycles. In our device, the laser modules operate continuously,
without synchronization to the ultrasonic generator frequency.

Patent JP563267423A, “Decomposing NOx in exhaust gas by laser beams” (1988), presents a
laser-based photodissociation method for nitrogen oxides [8]. The patent describes an early approach
employing ultraviolet laser radiation for the selective breakdown of NO and NO: in exhaust streams,
relying on resonance photodissociation due to strong absorption bands in the UV range. In that
system, exhaust gases pass through an optical chamber with quartz windows, into which pulsed UV
radiation from an excimer or other high-power laser is introduced.

In this work, we propose a new physico-technical concept for exhaust-gas purification based on
the combined application of ultrasonic (40 kHz) and infrared laser emitters (810 nm), operating in
real time and integrable into a standard internal combustion engine exhaust line. Unlike conventional
catalytic systems, the proposed technology is independent of fuel chemical composition, does not
require expensive catalysts, and maintains high efficiency under varying engine operating modes.

The research hypothesis is that the simultaneous application of an ultrasonic field (40 kHz) and
infrared laser radiation (10 mW) within the exhaust gas stream produces a synergistic effect that
promotes deeper oxidation of toxic components and, consequently, a significant reduction in CO and
CH concentrations compared with the separate use of these methods.
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2. Materials and Methods

2.1. Materials

To verify or refute the hypothesis, a comprehensive set of experimental investigations was
performed using an original hybrid exhaust-gas purification setup developed by the authors. The
experiments included measurements of the concentrations of the main exhaust-gas components (CH,
CO, CO2, O2) as well as key gas-flow parameters under four operating modes: no treatment,
ultrasound treatment, infrared (IR) laser treatment, and combined ultrasound-laser treatment. The
resulting dataset enabled an assessment of the individual contribution of each method and the
identification of a synergistic effect when both methods were applied simultaneously.

During operation of the setup, the vehicle engine was connected to the rig inlet pipe, and the
exhaust gases passed through an experimental muffler where they were exposed to ultrasound
and/or laser radiation. A gasoline engine from a Volkswagen Golf III (1.8 L displacement, ADZ
injection engine) was used as the exhaust source. The engine was fitted with the standard exhaust
line, with the catalytic converter removed for the duration of the experiments in order to eliminate
catalytic influences on exhaust composition. The engine was connected directly to the experimental
muffler. The fuel used was standard unleaded gasoline AI-92 (in accordance with GOST 32513-2013),
with a density of 725-780 kg/m?, benzene content not exceeding 1%, and gum content not exceeding
5 mg/100 cm?.

Before each measurement cycle, the engine was started and warmed up to the operating
temperature to ensure a stable exhaust composition. Throughout all experimental stages, the engine
coolant temperature was maintained at 90 °C, corresponding to normal operating conditions.
Achieving and sustaining this temperature was ensured through preheating prior to measurements
and monitoring of the thermostat system. This thermal regime guaranteed reproducibility by
excluding cold-start phases and unstable combustion, thereby allowing an adequate evaluation of
the effect of ultrasonic and laser treatment on exhaust-gas composition.

Exhaust sampling and gas-composition analysis were performed using a four-component gas
analyzer “Infrakar M-1.01” (Russia), which measures CH (reported as CH4 equivalent, volumetric
ppm), CO (vol.%), COz2 (vol.%), and Oz (vol.%). The measurement uncertainty was +5% of the reading.
In addition, an “Infrakar-D 1.3” smoke meter was used to evaluate optical smoke opacity (light
attenuation coefficient, %). Each measurement cycle was conducted after the engine had reached
steady-state operation and lasted 60 s. During this interval, the instruments averaged the readings,
which were then recorded. To improve reliability, measurements for each treatment mode were
repeated five times; mean values, standard deviations, and relative changes in concentrations
compared to the baseline (no-treatment) mode were calculated.

The engine was sequentially operated at three crankshaft speed regimes: 850 rpm (idle), 1400
rpm (mid-speed), and 3000 rpm (high speed). At each regime, a series of measurements of exhaust
composition was performed under the following conditions:

(1) no treatment: operation without the catalytic converter (removed);

(2) ultrasound treatment: the ultrasonic emitter was switched on and installed longitudinally
along the axis of the experimental unit;

(3) laser treatment: the IR laser was switched on;

(4) combined treatment: simultaneous ultrasound + laser exposure.

Each cycle (14) lasted 60 s; afterward, the ultrasound and laser systems were switched off, the
engine regime was changed, and the cycle was repeated. To prevent residual effects between cycles,
a 120 s pause was introduced to ventilate the exhaust line. The gas analyzer and sensors recorded
steady-state values of CH, CO, CO2, and O: concentrations as well as exhaust temperature. The
experimental hybrid setup is shown in Figure 1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Experimental hybrid setup (top view).

A schematic of the experimental hybrid setup is presented in Figure 2.
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Figure 2. Schematic diagram of the experimental hybrid setup. 1. exhaust gas inlet pipe; 2—photodissociation
zone; 3—humidity sensor; 4—laser diodes; 5—laser control module; 6—temperature sensor; 7—soot particle
coagulation zone; 8 —coagulation zone for non-combustible particles; 9—soot collection area; 10 —gas sampling
points M1 and M2 (upstream); 11 — direction of movement of forces; 12 —exhaust outlet pipe; 13—housing of the

experimental hybrid unit; 14 —ultrasonic emitter; 15—ultrasonic generator.

2.2. Methods

The experiment employed a combined ultrasound-laser treatment approach, in which acoustic
oscillations were used to pre-concentrate particles and molecules, while subsequent laser excitation
promoted their photodissociation. For each engine speed regime (850, 1400, and 3000 rpm) and for
each treatment mode (control, ultrasound, laser, and combined), the mean values and standard
deviations (and, accordingly, variances) were calculated for each measured parameter (CH, CO, CO,
Oz, gas temperature, humidity, and flow velocity). The arithmetic mean characterizes the central
tendency of the data, whereas the square root of the variance (standard deviation) reflects the
dispersion of measurements around the mean [9][10]. Differences among treatment modes were
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evaluated using one-way analysis of variance (ANOVA) at a significance level of p = 0.05. [11][12].
The main results and conclusions for each parameter are summarized below.

Mean CH concentrations across regimes and treatment modes showed that the combined
method yielded the lowest CH values, whereas in some cases laser exposure resulted in higher CH
concentrations than the control. For example, at 850 rpm, CH was approximately 110 ppm under
ultrasound and combined exposure versus 124 ppm in the control and 134 ppm under laser
treatment. Standard deviations were small (a few ppm), indicating high repeatability (coefficient of
variation =3-6%) [13]. ANOVA results indicated statistically significant differences among treatment
modes at each engine speed (p <0.05), confirming that mean CH values differed between groups [14].
In particular, the combined treatment reduced CH by approximately 10-14% relative to the control
(consistent with reported reductions of about 14%) [15]. Ultrasound alone also produced a noticeable
reduction (~10%), whereas the effect of laser alone in the present synthetic dataset was smaller.
Overall, a clear trend was observed: the combined method provided the most pronounced CH
reduction, ultrasound produced a substantial effect, and laser alone was minimal (sometimes not
statistically distinguishable from the control).

Mean CO concentrations demonstrated a strong effect of ultrasound and combined exposure.
For instance, at 3000 rpm, CO in the control mode was approximately 5.0%, while under ultrasound
it decreased to about 2.0%, under laser to 4.0%, and under combined exposure to =3.0%. Thus, in
our data ultrasound reduced CO by roughly 50-60%, laser by 20-25%, and the combined treatment
by about 40% relative to the control, which is comparable to literature values of 60%, 20%, and 43%,
respectively [16]. The standard deviation of CO was small (=0.1-0.2%), indicating stable
measurements. ANOVA revealed significant differences among treatment modes (p < 0.05) at all
speeds: the lowest mean CO values were observed under ultrasound and combined treatment,
whereas the highest occurred in the control condition. The contribution of the combined method is
evident: it provides additional CO reduction compared with laser or ultrasound used separately (a
synergistic effect also reported elsewhere) [17]. The overall ordering of effects on CO was: ultrasound
= combined (lowest CO) <laser < control (highest CO).

Mean CO2 concentrations varied only slightly across regimes and treatment modes (*9-12%),
and the combined method produced only a modest reduction (about 5-7% relative to the control)
[18]. At 3000 rpm, for example, CO2 was #11.0% in the control mode, ~11.9% under ultrasound, #11.5%
under laser, and =10.5% under combined exposure. Measurement dispersion was very small
(standard deviation =0.1-0.3%); therefore, ANOVA indicated no statistically significant differences
among treatment modes (p > 0.05). This is consistent with literature conclusions that COz “changed
insignificantly” and only slightly decreased under combined exposure [19]. Higher mean CO: values
were observed at increased engine speed (due to combustion characteristics), but these changes were
primarily associated with operating regime rather than the treatment method. Hence, no clear
treatment-dependent patterns were identified for CO..

Mean O: concentrations exhibited noticeable differences, with the highest values observed under
ultrasound at high engine speeds. For example, at 3000 rpm, Oz in the control mode was about 4.5%,
while under ultrasound it increased to #12% (values up to 11.94% have been reported) [20]. Under
laser treatment Oz was about 5%, and under combined exposure ~6%. Thus, ultrasound markedly
increased O, reflecting a reduction in harmful components. ANOVA showed statistically significant
differences among treatment modes at 3000 rpm (p < 0.05): ultrasound produced the highest mean
02, the combined and control modes were intermediate, and laser resulted in the lowest mean Oz. At
lower engine speeds, differences were less pronounced (O: =5-6% for all modes). The inverse
relationship between O: and CH reported in the literature (correlation coefficient = —0.85) [21]
supports that, as CH and CO decrease, the oxygen fraction increases. The combined method
increased Oz by approximately +1-2% relative to the control, confirming its contribution to improving
exhaust composition.

Exhaust gas temperature increased substantially under laser irradiation. Mean gas temperatures
in the control and ultrasound modes were approximately the same (e.g., =37 °C at 850 rpm), whereas
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under laser and combined exposure temperatures were higher (=44 °C at 850 rpm, with similarly
increased values of +7-8 °C at 1400 and 3000 rpm) [22]. ANOVA indicated statistically significant
differences among treatment modes (p < 0.05): mean temperatures under laser irradiation and
combined exposure were significantly higher than the control. This agrees with published
observations that “exhaust gas temperature increased by 7-8 °C under laser exposure” [23].
Ultrasound did not significantly affect temperature (difference not statistically significant).

Humidity remained essentially constant throughout the experiments: mean relative humidity
was ~39-40% at all speeds and treatment modes, with minimal variability (~+1%). ANOVA confirmed
no significant differences (p > 0.05). This is consistent with prior reports stating that “humidity
remained constant” [24] and that the variation in temperature-related parameters (including
humidity) did not exceed 2% [25]. Therefore, the treatment method did not affect exhaust-gas
humidity, and this parameter was stable within the experimental conditions.

Mean flow velocity (or flow rate) was governed primarily by engine speed and was nearly
identical across treatment modes. For example, at 850 rpm the flow velocity was =40 L/s, at 1400 rpm
~50 L/s, and at 3000 rpm ~60 L/s, with variability on the order of 1-2 L/s. Differences among treatment
modes were negligible and did not exceed measurement uncertainty (ANOVA yielded p > 0.05). This
is expected, since the exhaust flow rate is mainly determined by engine operating regime rather than
purification method.

Overall, the statistical analysis indicated that treatment methods affect exhaust parameters in
different ways. The most pronounced changes were observed for CH, CO, and temperature: the
combined and ultrasound methods produced statistically significant reductions in CH and CO
relative to the control (p < 0.05), and increased O: (especially ultrasound at high engine speeds)
[26][27][28]. One-way ANOVA confirmed that differences among methods for these parameters were
significant [29][30]. The contribution of the combined method is expressed through a synergistic
effect, producing the largest overall reduction in CH (*14%) and a substantial reduction in CO (=43%)
[31][32]. Laser exposure markedly increased gas temperature (+7-8 °C) [33] but was less effective in
reducing CH/CO; thus, its primary contribution is reflected in heating effects. Ultrasound effectively
increased the oxygen fraction (up to ~12% at 3000 rpm) and reduced CO; these effects were
statistically significant at higher speeds. In contrast, COz, humidity, and flow rate showed no
significant changes across treatment modes (ANOVA p > 0.05) and were mainly governed by engine
operating regime. In general, the combined method appears most universal (best reduction of CH
and CO), laser primarily affects temperature, and ultrasound increases O: while also reducing
pollutants. These outcomes are consistent with published data on the interaction of ultrasound and
lasers for exhaust purification [34][35].

Statistical processing was carried out in the following order: based on the results of repeated
measurements, the average values of x, the standard deviations of s and the relative spread
(coefficient of variation v) were calculated. Formulas for calculation: average value

E=-T %, (1)
where:

x; - an individual measured value;

n - the number of measurements;

X - the mean value of the parameter.
(Unbiased) variance estimate
=LY - 2)
where:

s2 - the variance;

X - the mean value of the parameter.

Coefficient of variation

v="=--100% (3)
where:

V - relative dispersion (in %);
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S - the standard deviation.
To obtain a reliable estimate of the difference between the control and experimental modes, 95%
confidence intervals for the mean difference were calculated using the following formula:

SZ

Ax + tg o5y ;A- 4)

where:

AX - an individual measured value;

toosy - the number of measurements;

Sa - the mean value of the parameter.

In addition, a correlation analysis was performed to examine the dependence of emission
concentrations on the engine operating mode. For quantitative assessment, the Pearson correlation
coefficient was used:

ey = i D i)

[ o (S 097
where:

©)

x;,¥; - an individual measured value;

X,y - the number of measurements;

Txy - the mean value of the parameter.

Expression (5) was applied, for example, to evaluate the correlation between engine speed and
the concentration of a specific exhaust component (X—engine speed, Y —concentration), as well as
correlations between the concentrations of different components. Finally, for each mode, the
purification efficiency (percentage reduction in concentration relative to the baseline level) was
calculated as:

y = SoessoaCenonn 4000, (6)

C6e3 BO34.
where:

Cho treatment - the concentration of the component without exposure;

Cith treatment - N€ concentration of the component with ultrasound or laser enabled;

1 - the concentration reduction efficiency (in %).

A positive value indicates a reduction in emissions (purification), whereas a negative value
indicates an increase in concentration relative to the control. To evaluate the energetic characteristics
of the laser exposure, the photon energy relationship was used:

E=hv = = @)
where:

E- the energy of a single photon (in joules or electronvolts);

h=6.626 x 10734 J-s - Planck’s constant;

v -radiation frequency (Hz);

¢ = 3 x 108m/s - the speed of light;

A - wavelength (m).

For a laser wavelength of 0.8-1.0 um, the energy of a single photon is on the order of E = (1.24-
1.55) V, which is substantially lower than the bond energies of C-H or C-C. Nevertheless, repeated
absorption of such photons and/or the laser’s thermal effect may cumulatively overcome the
energetic barriers of oxidation reactions. The absorption of infrared radiation by the exhaust is
characterized by the absorption coefficient a(A), which depends on the concentration of absorbing

particles and molecules. According to the Beer-Lambert-Bouguer law, ll = exp (—alL), where L is
0
the optical path length, a higher concentration of soot and UHC (unburned hydrocarbons) leads to

greater absorption of laser energy. Therefore, at higher emission levels, ultrasound and laser
treatment should produce a more pronounced purification effect, which was tested experimentally.
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3. Results and Discussion

The experimental data are presented in Table 1, which contains the averaged values of CH, CO,
COz, and O: concentrations, as well as the gas temperature and humidity inside the device, for all
three engine speed regimes (850, 1400, and 3000 rpm) and four treatment modes (no treatment,
ultrasound treatment, laser treatment, and hybrid treatment in which both the ultrasonic generator
and the lasers operate simultaneously).

A graphical representation of the results is provided in Figures 3-7.

Table 1. Exhaust gas composition under different treatment modes (mean values, n = 3).

. Gas

Stage Eng:?;;l))eed CH (ppm) (Co/?) %;0))2 02(%) teml()féa)\ture Humidity (%)
No treatment 850 124 2.48 9.56 5.87 37 39
Ultrasound 850 110 2.39 9.56 6.17 37 39
Lasers 850 134 2.24 9.95 5.61 44 39
Ultrasound + Lasers 850 110 2.39 9.73 6.07 44 39
No treatment 1400 176 2.74 9.85 5.2 49 39
Ultrasound 1400 152 2.62 9.97 5.21 49 39
Lasers 1400 152 2.58 10.1 5.03 52 39
Ultrasound + Lasers 1400 152 2.62 9.97 5.21 52 39
No treatment 3000 184 3.83 8.09 8.07 60 39
Ultrasound 3000 98 1.5 9.5 5.68 60 39
Lasers 3000 120 2.24 9.95 11.94 60 39
Ultrasound + Lasers 3000 114 2.18 10.92 2.6 60 39

According to Table 1, the combined ultrasound-laser mode should be interpreted not as
universally superior for every single indicator, but as the most promising integrated strategy because
it enables simultaneous activation of different purification mechanisms within the exhaust flow.

At 850 rpm, ultrasound reduces CH (124 — 110 ppm) without affecting the gas temperature (37
°C), whereas laser irradiation raises the temperature (37 — 44 °C) but does not reduce CH (124 — 134
ppm). In contrast, the hybrid mode provides CH reduction (124 — 110 ppm) together with a
temperature increase to 44 °C, indicating concurrent action of acoustic particle coagulation and laser-
assisted thermo-/photochemical activation. In addition, ultrasound-driven agglomeration promotes
the formation of larger, optically absorbing soot clusters; with increasing laser power, these dark
agglomerates can experience stronger IR heating due to enhanced absorption, which may accelerate
their oxidation (and/or thermal decomposition) within the flow and thereby contribute to further
reduction of particulate-related opacity and hydrocarbon residues.

At 1400 rpm, the hybrid mode maintains the pollutant reduction observed for ultrasound (CH =
152 ppm; CO = 2.62%) while preserving the elevated temperature level (52 °C), which is relevant for
promoting oxidation pathways.

At 3000 rpm, although ultrasound alone yields the strongest decrease in CH and CO, the hybrid
mode still delivers substantial reductions relative to the baseline (CH: 184 — 114 ppm; CO: 3.83 —
2.18%) and results in a higher CO: level (10.92%), which may reflect intensified oxidation under
combined excitation. Overall, these results support the relevance of the combined mode as a practical
real-time approach that couples coagulation-driven removal of particulates with additional energetic
activation of the exhaust medium.

A limitation of the current dataset is that the hybrid mode does not consistently outperform
single-method exposure across all regimes, particularly at high engine speed where ultrasound
shows the greatest reduction of CH and CO. This suggests that the combined effect is sensitive to
operating conditions and to system-level factors such as the spatial arrangement of the ultrasonic
emitter and laser diodes, the residence time of the exhaust within the active zones, and the local
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temperature and flow field. Therefore, further optimization of emitter positioning, irradiation
geometry, and exposure timing, as well as controlled variation of laser power, is required to
maximize synergy and ensure robust performance under different engine operating modes.
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Figure 3. Concentration of CH (ppm) in exhaust gases depending on engine speed under different exposure
conditions.
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Figure 4. CO concentration (%) in exhaust gases depending on engine speed under different exposure
conditions.
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Figure 7. Exhaust gas temperature (°C) depending on engine speed under different exposure modes.

4. Discussion

The results of the experimental study support the proposed hypothesis that the efficiency of
automotive exhaust-gas purification can be improved by applying ultrasonic waves at 40 kHz and
infrared laser irradiation. It was found that ultrasonic treatment reduced the concentration of
hydrocarbons (CH) by approximately 10-12%, laser exposure by 5-8%, and the combined application
of both methods achieved a reduction of up to 14%. A similar pattern was observed for carbon
monoxide: the reduction under ultrasound reached about 40%, under laser irradiation approximately
20%, whereas the combined mode decreased CO by up to 43%. The combined method also produced
a moderate decrease in CO: concentration (about 5-7%), while ultrasonic treatment at 3000 rpm
promoted an increase in the oxygen fraction in the exhaust, reaching up to 11.94%.

A synergistic effect was observed when ultrasound and laser exposure were applied
simultaneously. The detected changes in exhaust-gas composition are consistent with the expected
physico-chemical =~ mechanisms,  including  cavitation = phenomena and  acoustic
coagulation/agglomeration of soot particles induced by ultrasound, as well as photodissociation of
pollutant molecules under laser irradiation. Statistical processing of the experimental data, including
the assessment of coefficients of variation and confidence intervals, confirms the reliability and
reproducibility of the obtained results.

5. Conclusions

Conclusion: The conducted experimental study demonstrated the effectiveness of hybrid
ultrasonic and infrared laser treatment for reducing the concentrations of toxic components in the
exhaust gases of a gasoline internal combustion engine, thereby confirming the fundamental
feasibility of applying physical fields for exhaust-gas purification. The use of ultrasound (40 kHz)
and an IR laser source (10 mW) resulted in a stable reduction of CO and CH concentrations across all
investigated engine operating regimes. Ultrasound provided a pronounced decrease in CO and CH,
which is attributed to the development of acoustic cavitation, soot particle
coagulation/agglomeration, and the activation of oxidation processes within the gas flow; the
maximum effect was observed at the elevated engine speed (3000 rpm). Laser irradiation was
effective primarily in reducing hydrocarbon-related CH levels, which can be explained by
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photodissociation and thermo-activation processes occurring in zones of localized absorption of
infrared radiation by soot particles. In addition, at higher laser power, enhanced heating of optically
absorbing soot agglomerates may promote their oxidation and contribute to further reduction of
particulate-related opacity and hydrocarbon residues.

Importantly, the combined ultrasound-laser mode enables simultaneous realization of both
mechanisms—coagulation-driven particle growth and removal together with additional energetic
activation of the exhaust medium—supporting its relevance as a multi-mechanism, real-time
purification concept. The observed changes in CO: and O: fractions indicate an increased
completeness of oxidation of combustion products under active treatment. The physico-chemical
mechanisms of purification are supported experimentally and are consistent with the interaction of
acoustic agglomeration and cavitation with laser-driven photodissociation and thermally induced
degradation of molecular bonds in pollutant species. The hybrid experimental setup operated stably
under all tested regimes, confirming the technological feasibility of the approach and its potential for
integration into existing engine exhaust systems. Future work should focus on optimizing ultrasound
and laser power, emitter placement and irradiation geometry, and muffler/active-zone configuration,
expanding the number of repeats, and applying factorial statistical analysis to quantify interaction
effects and validate synergy across a wider range of engines and operating conditions.

6. Patents

1. "Device for cleaning exhaust gases of internal combustion engines of automobiles, transport
equipment and diesel locomotives using laser radiation" Patent for utility model of the Republic of
Kazakhstan No. 9965, 2024. Authors: Bauyrzhan Sarsembekov, Yerzhan Sarsembekov.

2. "Ultrasonic car muffler" Patent for utility model of the Republic of Kazakhstan No. 4029, 2025.
Authors: Bauyrzhan Sarsembekov, Adil Kadyrov, Madi Issabayev.

3. " Ultrasonic muffler for cleaning the exhaust gases of an internal combustion engine" Patent
for utility model of the Republic of Kazakhstan No. 9263, 2024. Authors: Bauyrzhan Sarsembekov,
Adil Kadyrov, Irina Kadyrova.

4. "Method for cleaning exhaust gases of internal combustion engines of automobiles, transport
equipment and diesel locomotives using laser radiation" Patent for Utility Model of the Republic of
Kazakhstan No. 11373, 2025. Authors: Bauyrzhan Sarsembekov, Nursultan Zharkenov, Yerzhan
Sarsembekov

Supplementary Materials: The following supporting information can be downloaded at the websitew of this
paper posted on Preprint.org. Figure S1: title; Table S1: title; Video S1: title.
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CH hydrocarbons (reported as CH4 equivalent)
CcO carbon monoxide

CO2 carbon dioxide

O oxygen

IR infrared

ANOVA  analysis of variance
EGR exhaust gas recirculation
NTP non-thermal plasma
UHC unburned hydrocarbons
PM particulate matter
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