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INTRODUCTION

Tartrazine is a recalcitrant anionic contami-
nant frequently detected in industrial process ef-
fluents and urban wastewater. Its chemical stabili-
ty, intense color, and high water solubility make it 
difficult to remove using conventional treatment 
systems, raising considerable concerns about its 

environmental toxicity and the risks of human ex-
posure [Arif, 2025]. Discharging these effluents 
into surface water bodies alters the pH, reduces 
oxygen levels, inhibits light penetration, and im-
pairs photosynthetic activity. Furthermore, the 
persistent color in the effluents distorts the visual 
quality of the water, hindering its reuse [Sriniva-
san and Sadasivam, 2021]. 
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ABSTRACT
Tartrazine removal from tap water was evaluated using hydrodynamic cavitation with an orifice plate (2 mm 
thick, 9 orifices of 1 mm diameter) with a treatment time of 30 min, using the Taguchi L9 method with a 
signal-to-noise (S/N) criterion of larger-the-better. The factors evaluated were the inlet pressure to the orifice 
plate (2.5, 3.0, and 4.0 bar), the pH of the solution (3, 4, and 5), and the initial tartrazine concentration (5, 
10, and 20 mg L⁻¹). pH was the only statistically significant factor (p = 0.012), contributing 96.12% to the 
total variation in the S/N ratio. The maximum color removal observed in the experimental design was 78.58% 
(3.0 bar, pH 3, and 10 mg L⁻¹). The optimal conditions determined by the Taguchi additive model (3.0 bar, pH 
3, 5 mg L⁻¹) were validated through confirmatory testing, achieving a removal of 72.47% with a deviation of 
1.34 % from the predicted S/N value (37.70 dB vs. 37.20 dB experimental), thus confirming its validity. The 
tartrazine degradation process followed pseudo-first-order kinetics with a rate constant k₁ = 0.05634 min⁻¹ (R² 
= 0.9081). These results position hydrodynamic cavitation with an orifice plate as an efficient technology for 
treating water contaminated with azo dyes, with potential applications in drinking water treatment systems and 
municipal wastewater treatment plants. 
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Effluents containing azo dyes are convention-
ally treated using biological processes, adsorp-
tion, and coagulation-flocculation. However, these 
methods generate toxic byproducts and secondary 
pollution, demonstrating their inefficiency for the 
effective removal of azo dyes [Gawande et  al., 
2022]. Additionally, electrochemical oxidation 
and advanced sonochemical processes have high 
operating costs and energy requirements that limit 
their economic viability [Donoso et  al., 2021]. 
Tartrazine removal from wastewater represents a 
significant environmental challenge, and the safe-
ty of water contaminated with tartrazine remains 
questionable. Therefore, the development of new, 
more efficient processes is needed to reduce envi-
ronmental risks [Askarniya et al., 2022].

The hydrodynamic cavitation process is an ad-
vanced oxidation process in which the implosive 
collapse of microbubbles, generated when a fluid 
passes through a geometric constriction such as an 
orifice plate, produces extreme temperature and 
pressure conditions that dissociate water into •OH 
radicals capable of degrading recalcitrant organic 
compounds [Gawande et  al., 2022]. During this 
process, the implosion of gas bubbles generates 
localized hot spots, leading to a sudden increase in 
both pressure and temperature within the treated 
medium. Additionally, the volatile organic con-
taminants present may infiltrate the formed cavi-
ties, and their subsequent high-energy implosion 
further enhances the efficiency of the oxidation 
process [Lebiocka, 2020]. Previous studies have 
demonstrated the effectiveness of hydrodynamic 
cavitation for tartrazine degradation [Askarniya 
et al., 2022; Gawande et al., 2022], most studies 
have addressed the isolated evaluation of variables 
or unifactorial designs, which restricts the under-
standing of the interactions among operational pa-
rameters and the assessment of process robustness 
to simultaneous disturbances in key factors such 
as the initial contaminant concentration, solution 
pH, and inlet pressure.

Despite the extensive literature on hydrody-
namic cavitation for the degradation of synthetic 
dyes, the application of the Taguchi L9 orthogonal 
array combined with signal-to-noise ratio analysis 
and ANOVA-based percentage contribution for 
identifying significant operational factors in tartra-
zine degradation by hydrodynamic cavitation with 
an orifice plate has not been previously reported in 
the literature. Most published investigations have 
employed deionized or ultrapure water as the pro-
cess matrix; however, tap water contains residual 

chlorine, dissolved carbonates, and bicarbonate 
species that function as hydroxyl radical scaven-
gers, and its use as the process matrix provides 
experimental conditions more representative of ac-
tual drinking water treatment scenarios. 

Therefore, this study evaluated the influence of 
inlet pressure (2.5, 3.0, and 4.0 bar), solution pH 
(3, 4, and 5), and initial tartrazine concentration 
(5, 10, and 20 mg L-1) on color removal efficiency 
by orifice plate hydrodynamic cavitation using tap 
water as the aqueous matrix, employing the Tagu-
chi L9 orthogonal array and signal-to-noise ratio 
analysis to identify the most influential operational 
factors and contribute to the development of ef-
ficient technologies for the reduction of synthetic 
azo dye contamination in drinking water systems.

MATERIALS AND METHODS

Materials

Tartrazine (purity ≥ 85%, Sigma-Aldrich, 
St. Louis, MO, USA) was used as the model azo 
dye contaminant in this study. Working solutions 
were prepared by dissolving the appropriate mass 
of tartrazine in tap water to achieve the initial 
concentrations established as control factors in 
the Taguchi L9 experimental design matrix (Table 
1). Tap water was selected as the aqueous matrix 
to approximate realistic contamination scenarios 
in drinking water supply systems. The initial pH 
of tap water was 8.18 ± 0.05, determined at am-
bient temperature (25 ± 3 °C). Prior to each ex-
perimental run, the solution pH was adjusted to 
the levels specified in Table 1 by addition of HCl 
(1 mol L-1) or NaOH (1 mol L-1) as required, and 
monitored using a Hanna Instruments HI5221 pH 
meter, calibrated with standard buffer solutions at 
pH 4 and 7. All reagents employed for pH adjust-
ment were of analytical grade purity.

Experimental setup

The experimental module comprised a 19 L 
stainless steel storage tank (component 8) fitted 
with a helical copper coil (component 9) supplied 
with recirculating cooling water to maintain the 
solution temperature at 30.9 ± 1.42 °C. The solu-
tion was circulated by a Pedrollo self-priming jet 
pump (0.75 kW, component 7) through a 1-inch 
nominal diameter stainless steel pipeline. Inlet 
pressure was regulated via the bypass line valve 
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(component 1), which diverts a controlled frac-
tion of the total flow back to the storage tank; the 
resulting line pressure and volumetric flow rate 
were monitored by pressure gauges (component 
3) and a rotameter (component 6), respectively, 
both installed on the main line. Solution tempera-
ture at the inlet and outlet sections of the cavi-
tation device was recorded using thermometers 
(component 2). The cavitation device consisted 
of a stainless-steel orifice plate (component 4) 
of 2 mm thickness with 9 circular orifices of 1 
mm diameter arranged in a square configuration 
[Bocanegra et al., 2024], flanged within the main 
pipeline (component 5). The storage tank was 
further equipped with two stainless steel threaded 
nipples serving as a sampling port (component 
10) for periodic aliquot withdrawal and a drain 
outlet (component 11) for solution discharge and 
equipment cleaning between experimental runs. 
A volume of 10 L of tartrazine solution was con-
tinuously recirculated through the system for a 
treatment time of 30 min per experimental run. 
The experimental module with orifice plate is 
shown in Figure 1.

The flow velocity in the cavitation device, the 
flow area, and the cavitation number are calcu-
lated using Equations 1, 2, and 3:
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where:	 Q is flow rate through hydrodynamic cavi-
tation device (m3 s-1), A is flow area (m2), 
and v is velocity in the orifice plate (m s-1).
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where:	n is number of orifices in the plate, and d 
is orifice diameter (m).
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where:	 P2 is pressure at the outlet of the cavitation 
device (Pa), Pv is water vapor pressure (Pa), 
and ρ is density of fluid (1 000 kg m-3).

Analytical methods

A stock solution of 20 mg L-1 tartrazine in tap 
water was prepared and used to obtain calibration 
standards by serial dilution at concentrations of 
2, 5, 10, 15, and 20 mg L⁻¹. Absorbance of each 
standard was measured at the wavelength of max-
imum absorbance λmax = 426 nm [Vaiano et  al., 
2016] using a Thermo Scientific Genesys 30 vis-
ible spectrophotometer. Linear regression of the 
absorbance-concentration data yielded the cali-
bration equation, Equation 4, with a coefficient of 
determination R2 = 0.999.
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where:	A is absorbance and C is concentration in 
mg L-1.

Samples collected at the end of the 30 min 
treatment period were analyzed at the same wave-
length using the spectrophotometer previously 
programmed with the calibration equation. 

Color removal efficiency was calculated for 
each replicate according to Equation 5, and re-
sults for each experimental run are reported as 
mean ± standard deviation of the three replicates.
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where:	C₀ and Ct are the initial and residual con-
centrations at the sampling time (mg L-1), 
respectively. 

Taguchi L9 experimental design

The operating conditions of the hydrody-
namic cavitation process were optimized using 
the Taguchi method with an L9 (33) orthogonal 
array, enabling the evaluation of three factors at 
three levels. Inlet pressure levels of 2.5, 3.0, and 
4.0 bar were selected to ensure fully developed 
cavitating flow (CV < 1) across the entire evalu-
ated range; solution pH levels of 3, 4, and 5 were 

Table 1. Controllable factors and their levels for the L9 orthogonal array 

Factors Description of factors
Levels

1 2 3

A Inlet pressure (bar) 2.5 3.0 4.0

B Solution pH 3 4 5

C Initial concentration (mg L-1) 5 10 20
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chosen to cover the acidic pH range in which hy-
droxyl radical oxidative efficiency is maximized 
for anionic dye molecules; and initial tartrazine 
concentrations of 5, 10, and 20 mg L-1 were se-
lected to reflect realistic contamination levels in 
drinking water systems [Das et al., 2021; Gawan-
de et al., 2022]. The control factors evaluated and 
their corresponding levels are presented in Table 
1. The larger-is-better signal-to-noise (S/N) ratio 
criterion was applied as the performance metric 
and calculated according to Equation 6:
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where:	S refer to the signal (mean) and N to the 
refer noise (standard deviation) of the in-
put parameters, y is the output response, 
n is the number of replicates and i is the 
number of runs.

Each experimental combination was per-
formed in triplicate, resulting in a total of 27 
experimental runs. The order of the experiments 
was randomized to minimize the effect of uncon-
trolled sources of variation on the response. S/N 
ratio analysis, analysis of variance (ANOVA), 
and percentage contribution of each factor were 
performed using R version 4.4.0 within the RStu-
dio integrated development environment version 
2024.04.1. The percentage contribution of each 
factor was calculated according to Equation 7:
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where:	ρj is the percentage contribution of factor 
j (%), SSj is the sum of squares of factor j, 
and SST is the total sum of squares.

Optimal operating conditions were identified 
from the main effects plot of mean S/N ratios by 
selecting, for each factor independently, the lev-
el corresponding to the highest mean S/N ratio. 
Since this optimal combination was not included 
among the nine experimental runs of the L9 array, 
a confirmatory experiment was conducted under 
the identified optimal conditions.

Confirmation experiment

A confirmatory experiment was performed in 
triplicate under the optimal operating conditions 
identified from the main effects analysis of S/N 
ratios (3.0 bar, pH 3, 5 mg L-1) to validate the pre-
dictive capacity of the Taguchi L9 orthogonal ar-
ray design. The experimental S/N ratio was calcu-
lated from the triplicate color removal efficiency 
values obtained under optimal conditions accord-
ing to the larger-is-better criterion, Equation 6. 
The predicted S/N ratio was estimated using the 
Taguchi additive model according to Equation 8:
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Figure 1. Experimental module with orifice plate
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where:	η is the predicted S/N ratio (dB), ηm​ is the 
overall mean S/N ratio across all experi-
mental runs (dB), ηi,opt​ is the mean S/N ra-
tio at the optimal level of factor i (dB), and 
k is the number of control factors (k = 3). 

Validation was carried out by comparing the 
experimental S/N value obtained with the value 
predicted by the additive model according to 
Equation 9:

	

v = Q/A 

 

𝐴𝐴 = 
nπd 2

4
 

 

𝐶𝐶𝑉𝑉 = 𝑃𝑃2 −  𝑃𝑃𝑣𝑣
1
2 𝜌𝜌𝑣𝑣2

 

 

A = 0.0443 × C + 0.0012 

 

% color removal efficiency = 

=  𝐶𝐶0 −  𝐶𝐶𝑡𝑡
𝐶𝐶0

× 100 

 

S
N

= − 10log [1
n

∑  
1
yi

2

n

i=1
] 

 

𝜌𝜌𝑗𝑗 =  
𝑆𝑆𝑆𝑆𝑗𝑗
𝑆𝑆𝑆𝑆𝑇𝑇

× 100 

 

η = ηm+ ∑ (ηi,opt −  ηm) )
k

i=1
 

 

Δ𝜂𝜂 =  |
𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒  −  𝜂𝜂 

𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒
| × 100 

 

ln (C0

Ct
) = kt 

 

 

	 (9)

where:	Δη is the percentage deviation (%), ηexp​ 
is the experimentally obtained S/N ratio 
(dB) under optimal conditions, and η is 
the predicted S/N ratio (dB) from the Ta-
guchi additive model. 

Kinetic analysis

The degradation kinetics of tartrazine were 
evaluated under the confirmed optimal operating 
conditions (3.0 bar, pH 3, and 5 mg L-1) deter-
mined by the Taguchi method. Samples were col-
lected at time intervals of 0, 4, 10, 15, 20, 25, and 
30 min. The residual tartrazine concentration at 
each sampling time was determined directly from 
absorbance measurements at λmax = 426 nm using 
the Thermo Scientific Genesys 30 visible spectro-
photometer, previously programmed with the cal-
ibration equation, Equation 4. The pseudo-first-
order kinetic model was fitted to the experimental 
concentration data by linearizing Equation 10:
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where:	C₀ is initial concentration of tartrazine 
(mg L-1), Ct is remaining concentration of 
tartrazine (mg L-1), k is first-order degra-
dation rate constant (min-1), and t is treat-
ment time (min).

The goodness of fit was assessed using the co-
efficient of determination (R2), the adjusted coef-
ficient of determination (R2

adj), and the root mean 
square error (RMSE). The statistical significance 
of the model was evaluated by the F-test p-value 
at a significance level of α = 0.05. Normality of 
residuals was verified using the Shapiro-Wilk test, 
and homoscedasticity of residuals was assessed us-
ing the Breusch-Pagan test (α = 0.05). All statisti-
cal analyses were performed using R version 4.4.0.

RESULTS AND DISCUSSION	

Distribution of S/N ratios 			 
by Taguchi experiment

The distribution of S/N ratios across the ex-
perimental runs is shown in Figure 2, where the 
overall mean S/N ratio of 28.09 dB is indicated 
by the reference line. The experimental run con-
ducted at 3.0 bar, pH 3, and 10 mg L-1 exhibited 
the highest S/N ratio de 37.09 dB, representing 
the best-performing condition within the L9 ar-
ray, while the run at 2.5 bar, pH 4, and 10 mg L-1 
yielded the lowest S/N ratio of 21.89 dB.

Effect of inlet pressure on hydrodynamic 
parameters and cavitation number

Table 2 presents the geometric and hydrody-
namic parameters of the orifice plate at the three 
inlet pressures evaluated. 

The cavitation number (CV) decreased progres-
sively from 0.75 to 0.47 as inlet pressure increased 
from 2.5 to 4.0 bar, accompanied by a correspond-
ing increase in orifice velocity from 16.03 to 20.28 
m s⁻¹ and volumetric flow rate from 6.8 to 8.6 L 
min-1, while downstream pressure remained con-
stant at 101 325 Pa. Since the cavitation number is 
governed exclusively by inlet pressure and orifice 
geometry, the CV values reported are independent 
of solution pH and initial tartrazine concentration, 
remaining constant across all experimental runs 
conducted at each pressure level. 

Effective cavitation performance in orifice 
plate systems is generally observed within a cavi-
tation number range of 0.1 to 1.0, wherein lower 
cavitation numbers increase cavitation intensity 
[Yeneneh et al., 2024]. All three evaluated condi-
tions yielded CV < 1, confirming the establishment 
of cavitating flow regimes across the entire ex-
perimental pressure range. In hydrodynamic cavi-
tation systems, an increase in inlet pressure be-
yond an optimum value, the resulting formation 
of cavity clouds reduces the cavitational intensity, 
which negatively affects process performance 
[Thanekar et al., 2021]. Furthermore, the cavita-
tion number, which characterizes the liquid’s ten-
dency to cavitate under specific conditions, does 
not always correlate with the final efficiency of 
the process; its performance is also influenced by 
other factors, such as the physicochemical prop-
erties of fluid and geometric parameters of the 
cavitation device [Rajoriya et al., 2017]. 
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In this regard, at CV = 0.75 (2.5 bar), fully 
developed cavitating flow was established; how-
ever, the relatively elevated cavitation number 
indicates moderate cavitation intensity, yield-
ing a color removal efficiency of 58.41%. The 
cavitation number alone is insufficient to capture 
the full complexity of the cavitation process and 
inadequate to precisely determine the specific 
conditions for cavitation inception, given its con-
siderable dependence on multiple physical char-
acteristics of the system [Yeneneh et al., 2024]. 
This observation further supports the integrated 
analysis of cavitation number and experimental 
color removal efficiency adopted in the present 
study to characterize the hydrodynamic perfor-
mance of the orifice plate configuration. At CV 
= 0.47 (4.0 bar), despite the further reduction in 
cavitation number, color removal efficiency de-
creased to 65.89%, confirming that process per-
formance is not a monotonically increasing func-
tion of cavitation intensity.

The optimal cavitation number of approxi-
mately CV = 0.55 identified in the present study 
at 3.0 bar is consistent with the range of effec-
tive cavitation performance reported for multi-
orifice plate configurations, wherein optimized 
multi-orifice plate designs with nine orifices of 4 
mm plate thickness have demonstrated minimum 

cavitation numbers of approximately 0.44, with 
maximum turbulence intensity, and vapor frac-
tion corresponding to peak cavitation perfor-
mance [Roy et  al., 2025]. Among low-pressure 
non-rotary cavitation devices, the intensification 
of hydrodynamic cavitation has been shown to 
be strongly dependent on treatment parameters, 
and a critical analysis of reactor designs indicates 
that operating conditions must be carefully opti-
mized for each specific device geometry to maxi-
mize cavitational yield and process efficiency 
[Das et al., 2021].

Taguchi L9 design matrix and experimental 
responses

Table 3 presents the nine experimental com-
binations, the color removal efficiency values ​​
obtained, and the S/N ratio calculated with the 
larger-is-better criterion. 

Analysis of the experimental matrix and the 
S/N ratio shows that the optimal conditions cor-
respond to the experiment with 3.0 bar, pH 3, and 
10 mg L-1. Under these conditions, the highest re-
moval efficiency (78.58 ± 1.05%) and the highest 
S/N value (37.90) are achieved simultaneously. 
This result indicates not only superior perfor-
mance but also greater robustness and stability 

Table 2. Geometric and hydrodynamic parameters of orifice plate 
Factor A, 

Pa
Solution temperature 

after 30 min, °C
Water vapor 
pressure, Pa

Flow rate, 
L min-1 Flow area, m2 Velocity, 

m s-1
Downstream 
pressure, Pa CV

250 000 29.6 ± 0.82 4 150.42 6.8

7.0686e-6

16.03 101 325 0.75

300 000 30.6 ± 0.45 4 395.38 7.9 18.63 101 325 0.55

400 000 32.4 ± 0.13 4 868.08 8.6 20.28 101 325 0.47

Note: CV is Cavitation Number, and Factor A is inlet pressure (Pa).

Figure 2. Distribution of S/N ratio by Taguchi experiment
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of the process against experimental disturbanc-
es. Within the framework of the Taguchi design, 
a high S/N value means maximizing the desired 
target variable with minimal variability. This sug-
gests more reproducible operating conditions that 
are less sensitive to uncontrolled factors.

Effect of factors on the signal-to-noise ratio

The S/N ratio determined that solution pH 
is the dominant factor governing decolorization 
performance (Delta = 13.05; Rank 1), followed 
by the inlet pressure (Delta = 2.18; Rank 2) and 
the initial concentration of the dye (Delta = 0.68; 
Rank 3), as shown in Table 4. Furthermore, appli-
cation of the larger-is-better Taguchi criterion to 
the three analyzed factors establishes as optimal 
operating conditions an inlet pressure of 3.0 bar, 
a solution pH of 3.0 and an initial tartrazine con-
centration of 5 mg L⁻¹, with the highest S/N ratio 
values ​​of 28.90, 36.53 and 28.45 dB, respectively, 
as shown in Figure 3.

Effect of inlet pressure

As depicted in Figure 3a, the mean S/N ratio 
increased from 26.72 dB at 2.5 bar to 28.90 dB 
at 3.0 bar, then decreased to 28.64 dB at 4.0 bar, 
establishing 3.0 bar as the optimal inlet pressure 
level within the evaluated range. This behavior is 
consistent with the hydrodynamic mechanisms 
governing orifice plate cavitation systems. As in-
let pressure increases from 2.5 to 3.0 bar, the fluid 
velocity through the orifice increases from 16.03 
to 18.63 m s-1. High-velocity flow through the 
orifice plate induces a low-pressure environment 

downstream of the restriction; when the local 
pressure drops below the vapor pressure of the 
fluid, cavitation is initiated, and flow separation 
occurs immediately after the orifice plate, a hy-
drodynamic behavior governed by the Bernoulli 
obstruction flow principle. A higher upstream 
pressure produces a lower cavitation number, 
forming a greater number of cavitation bubbles 
and leading to more intense cavitation [Chanpha-
vong et al., 2025]. 

The collapse pressure and collapse tempera-
ture of the cavitation bubble increase with rising 
upstream inlet pressure; the associated intensifi-
cation of the pressure gradient and turbulence en-
hances bubble collapse intensity, accelerating the 
dissociation of water molecules confined within 
the cavitation cavities and augmenting •OH radi-
cal production [Zhang et  al., 2021; Roy et  al., 
2025]. Among the reactive oxygen species gen-
erated during bubble collapse, hydroxyl radicals 
(•OH) constitute the predominant fraction due 
to their high redox potential and non-selective 
reactivity toward organic pollutants; additional 
species produced include hydrogen peroxide, 
hydroperoxyl radicals (OH2•), and atomic oxy-
gen. Furthermore, excessive •OH generation may 
promote their accumulation within the boundary 
layer adjacent to the gas-liquid interface, limit-
ing their availability for bulk-phase contaminant 
degradation [Sikora et al., 2026]. Moreover, the 
relationship between upstream pressure and •OH 
radical production follows a linear trend, where-
by increasing inlet pressure directly enhances 
the generation of reactive species driving oxida-
tive degradation; however, the relationship be-
tween hydraulic power and process efficiency is 

Table 3. Experimental design matrix and responses 

Run
Factors Absorbance Concentration, Ct, 

mg L-1
Color removal 
efficiency (%)

Mean color 
removal 

efficiency (%)
S/N ratio

A B C R1 R2 R3 R1 R2 R3 R1 R2 R3

1 2.5 3 5 0.093 0.094 0.093 2.07 2.09 2.07 58.56 58.10 58.56 58.41 ± 0.27 35.33

2 2.5 4 10 0.388 0.389 0.39 8.73 8.75 8.78 12.69 12.46 12.16 12.44 ± 0.27 21.89

3 2.5 5 20 0.766 0.765 0.758 17.26 17.24 17.08 13.72 13.79 14.61 14.04 ± 0.49 22.94

4 3.0 3 10 0.101 0.096 0.092 2.25 2.13 2.04 77.47 78.68 79.58 78.58 ± 1.05 37.90

5 3.0 4 20 0.731 0.74 0.727 16.47 16.68 16.38 17.63 16.61 18.08 17.44 ± 0.75 24.81

6 3.0 5 5 0.187 0.188 0.188 4.20 4.22 4.21 15.97 15.67 15.87 15.84 ± 0.15 23.99

7 4.0 3 20 0.330 0.303 0.277 7.43 6.81 6.23 62.85 65.94 68.87 65.89 ± 3.01 36.36

8 4.0 4 5 0.177 0.177 0.181 3.96 3.98 4.05 20.78 20.48 18.98 20.08 ± 0.96 26.03

9 4.0 5 10 0.375 0.379 0.379 8.45 8.53 8.52 15.55 14.72 14.79 15.02 ± 0.46 23.53

Note: R means Replicate, Ct is Concentration at treatment time measured at 426 nm.
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non-linear, as the energy dissipated through tur-
bulence and associated losses increases dispro-
portionately at higher pressures, reducing overall 
energy efficiency and underscoring the impor-
tance of identifying an optimal operating pressure 
that balances cavitation intensity with energy sus-
tainability [Xiao et al., 2025].

The increase in inlet pressure promotes the 
formation of a greater number of cavities, inten-
sifying the frequency of cavitation collapse and, 
consequently, the generation of •OH radicals 
available for dye degradation [Innocenzi et  al., 
2018]. The extreme local conditions generated 
during cavitation bubble collapse, including ele-
vated temperatures, high pressures, shock waves, 
and high-velocity microjets, act in combination 
to intensify the degradation and transformation 
of organic compounds in water treatment applica-
tions [Ranade, 2022], collectively contributing to 
the oxidative degradation of the tartrazine chro-
mophore under the cavitation conditions estab-
lished in the present system. However, beyond an 
optimal threshold, the process efficiency decreas-
es due to supercavitation [Mancuso et al., 2020]. 
Although elevated inlet pressure intensifies cavi-
tation activity, pressures exceeding the optimal 
threshold promote the onset of supercavitation or 
choked cavitation conditions characterized by the 
formation of a saturated cavitation zone and the 
development of cavity cloud structures that im-
pede the effective individual collapse of bubbles, 

thereby attenuating the net generation of hydrox-
yl radicals available for contaminant degradation 
[Ahmed et al., 2025].

At pressures above the optimum value, 
blocked cavitation conditions occur, compro-
mising process efficiency; specifically, the ex-
cessive density of cavities generated leads to 
their coalescence into vapor bubbles that do not 
collapse and, therefore, do not interact with the 
dye molecules [Innocenzi et  al., 2020]. More-
over, operating beyond the optimal pressure 
threshold yields no proportional improvement 
in color removal efficiency and results in in-
creased energy consumption, limiting the eco-
nomic feasibility and operational sustainability 
of the process at larger scales [Padoley et  al., 
2012]. In pilot hydrodynamic cavitation reactors 
with orifice plates, 4.0 bar has been identified 
as the pressure that maximizes color removal in 
industrial dyes [Zampeta et al., 2021], while in 
systems with a Venturi reactor, the maximum 
decolorization of tartrazine reached 16.36% op-
erating in the 4.0 to 6.0 bar range [Askarniya 
et al., 2022]. The color removal efficiencies of 
58.41%, 78.58%, and 65.89% observed at 2.5, 
3.0, and 4.0 bar, respectively, as shown in Table 
3, are consistent with this mechanistic interpre-
tation, wherein the optimal balance between 
cavitation bubble density and individual col-
lapse intensity is achieved at 3.0 bar under the 
evaluated experimental conditions.

Table 4. Response table of the S/N ratios for tartrazine color removal (larger-is-better)

Factors
Response (average) value

Delta Rank
1 2 3

Inlet pressure (bar) 26.72 28.90 28.64 2.18 2

Solution pH 36.53 24.25 23.48 13.05 1

Initial concentration (mg L-1) 28.45 27.77 28.04 0.68 3

Figure 3. Main effects of: (a) inlet pressure, (b) solution pH, and (c) initial concentration
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The intensification of hydrodynamic cavitation 
is strongly dependent on treatment parameters, and 
operating conditions must be carefully selected to 
avoid supercavitation regimes that reduce cavita-
tional yield [Das et al., 2021]. For tartrazine degra-
dation by hydrodynamic cavitation, color removal 
efficiency increased progressively with inlet pres-
sure up to an optimal value, beyond which a de-
crease in efficiency was observed due to the onset 
of choked cavitation, wherein the formation of a 
vapor cloud reduced the collapse pressure and the 
intensity of individual cavitational collapse events 
[Gawande et al., 2022]. In hydrodynamic cavita-
tion systems for azo dye degradation, increasing 
pressure drop augments the number density of cav-
ities; however, the coexistence of a greater number 
of cavities increases the effective compressibility 
of the medium, leading to a reduction in individual 
cavity collapse intensity, a lower generation of hy-
droxyl radicals, and consequently a reduced pollut-
ant degradation rate [Merdoud et al., 2024]. These 
findings indicate that a cavitation number of 0.55 
represents the optimal hydrodynamic condition for 
tartrazine decolorization in the current orifice plate 
configuration, beyond which further reductions in 
CV are counterproductive to process efficiency. 

The non-monotonic relationship between cav-
itation number and color removal efficiency iden-
tified in the present study is consistent with results 
reported for orifice plate hydrodynamic cavitation 
systems applied to the degradation of sulfonated 
azo dyes under acidic conditions, wherein an op-
timal inlet pressure was identified beyond which 
further increases yielded diminishing degradation 
returns [Rajoriya et  al., 2017; Innocenzi et  al., 
2020]. In orifice plate hydrodynamic cavitation 
systems, inlet pressure determines the throat ve-
locity and, consequently, the cavitation number; 
lower cavitation numbers result in a greater quan-
tum of cavitation, whereas high cavitation inten-
sity intensifies the dissociation of water molecules 
within the cavities and augments •OH radical 
production, underscoring the existence of an op-
timal operating pressure beyond which cavitation 
efficiency declines [Roy et al., 2025]. In the con-
text of orifice plate hydrodynamic cavitation sys-
tems, inlet pressure values exceeding the optimal 
threshold promote the onset of supercavitation or 
choked cavitation conditions, characterized by the 
formation of a saturated cavitation zone and cavity 
cloud structures that impede effective individual 
bubble collapse and reduce overall process perfor-
mance [Ahmed et al., 2025].

Effect of solution pH

As depicted in Figure 3b, the mean S/N ratio ​​
decreased from 36.53 to 23.48 dB at pH 3 to 23.48 
at pH 5, establishing pH 3 as the optimal level 
within the evaluate range. This trend is consistent 
with findings reported for hydrodynamic cavita-
tion (HC) systems applied to azo dyes removal, 
where decreasing pH progressively increases deg-
radation performance, reaching decolorization ef-
ficiencies exceeding 70% under very acidic con-
ditions, since the acidic medium suppresses •OH 
radical recombination and induces the transition 
of the dye molecules from their ionic to molecu-
lar form, reducing their hydrophilicity and their 
availability to interact with the undegraded spe-
cies [Innocenzi et al., 2018]. The ionic form of the 
contaminant preferentially partitions into the bulk 
aqueous phase, reducing its exposure to the hy-
droxyl radicals generated at the cavitation bubble 
interface during collapse, whereas the molecular 
form exhibits a thermodynamic affinity for the 
gas-liquid interfacial region, where it undergoes 
preferential oxidative degradation by the locally 
concentrated •OH radicals [De-Nasri et al., 2022].

The generation of •OH radicals is further op-
timized under acidic pH by suppressing their re-
combination and intensifying the system’s oxidiz-
ing potential [Rajoriya et al., 2017]. For anionic 
sulfonated azo dyes such as tartrazine, acidic con-
ditions simultaneously enhance •OH availability 
and promote interfacial localization of the dye 
molecule, producing a dual mechanistic effect 
that substantially amplifies color removal effi-
ciency. For anionic dyes, degradation efficiencies 
exceeding 75% have been reported after 180 min-
utes of treatment at pH 3, confirming that acidic 
conditions favor the performance of HC systems 
[Dhanke and Wagh, 2020]. The comparative 
analysis of pH effects across multiple HC studies 
consistently identifies the acidic pH range as the 
dominant operational parameter governing dye 
degradation efficiency, regardless of dye struc-
ture or cavitation device geometry. For tartrazine 
specifically, maximum degradation by HC alone 
was achieved at pH 2, with degradation efficiency 
decreasing progressively as pH increased toward 
neutral and alkaline conditions, attributable to the 
transition of the dye molecule from its molecular 
to its fully ionized form [Gawande et al., 2022]. 

Similarly, acidic conditions at pH 2 were iden-
tified as optimal for the degradation of methyl 
orange by orifice plate hydrodynamic cavitation, 
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with color removal efficiency at pH 2 exceeding 
that at pH 4 and 6 by more than 80% [Bagal et al., 
2024]. For Direct Red 89, the highest removal ef-
ficiency of 75.4% was achieved at pH 3, whereas 
at pH 8 the removal efficiency decreased to 18.4%, 
demonstrating that decreasing pH from alkaline to 
acidic conditions substantially enhances the extent 
of dye degradation [Khajeh et al., 2022]. For Al-
lura Red, maximum degradation of 76.48% by HC 
alone was obtained at 5 bar and pH 3 over 90 min, 
further corroborating the critical role of acidic pH 
in maximizing •OH-mediated color removal ef-
ficiency [Gawande et  al., 2025]. These findings 
collectively confirm the dominance of solution pH 
observed in the present study, with a percentage 
contribution of 96.12% to the S/N ratio variance. 
The beneficial effect of acidic conditions is par-
ticularly pronounced at elevated inlet pressures, a 
behavior attributable to the synergistic interaction 
between cavitation intensity and radical chemistry: 
increased inlet pressure augments cavitation activ-
ity and the associated generation of •OH radicals, 
while the elevated concentration of H+ ions under 
acidic conditions suppresses radical recombina-
tion, collectively enhancing the net oxidative ca-
pacity of the system [Innocenzi et al., 2022].

Effect of initial concentration

As depicted in Figure 3c, the mean S/N ratio 
reached its maximum value at an initial tartrazine 
concentration of 5 mg L⁻¹ (28.45 dB), decreased 
at 10 mg L⁻¹ (27.77 dB), and partially recovered at 
20 mg L⁻¹ (28.04 dB). The variation in S/N ratio 
across the three concentration levels, with a delta 
of 0.68 dB (Table 4) and a percentage contribution 
of 0.21% to the total variances (Table 5), indicates 
that initial tartrazine concentration exerted the 
least pronounced influence on color removal ef-
ficiency among the three factors evaluated, consis-
tent with the low oxidative demand imposed by the 
dilute concentration range investigated relative to 
the •OH generation capacity of the system under 
the evaluated operating conditions. An increase in 
initial dye concentration imposes a proportionally 
greater demand on hydroxyl radical consumption; 
under constant operating conditions, the •OH radi-
cals generated during cavitation bubble collapse, 
despite their finite availability, constitute the limit-
ing reagent of the degradation reaction, and their 
insufficient supply relative to the increasing con-
taminant loading results in a reduction of the over-
all degradation yield [Innocenzi et al., 2020]. 

For tartrazine in hydrodynamic cavitation sys-
tems, increasing initial concentration determines 
a progressive decrease in degradation yield, as the 
molecular density of the dye in the aqueous phase 
does not correspond to a proportional enhancement 
in cavitational intensity under constant operating 
conditions [Gawande et al., 2022]. Furthermore, el-
evated contaminant loading attenuates the effective 
intensity of cavitational collapse and compromises 
mass transfer at the bubble–liquid interface, restrict-
ing contact between oxidative species and the target 
contaminant [Kentheswaran et al., 2022, 2023]. The 
partial recovery of the S/N ratio at 20 mg L-1 relative 
to 10 mg L-1 may be attributable to the increased 
probability of •OH contaminant encounters at high-
er molecular densities in the bulk aqueous phase, 
partially compensating for the reduced degradation 
yield per molecule; the differences between con-
centration levels remain within the experimental 
variability range and are not statistically significant, 
as evidenced by the low percentage contribution of 
this factor in the Taguchi ANOVA (0.21%), and the 
absence of statistical significance in the analysis of 
variance (p = 0.842), as shown Table 5. 

The inverse relationship between initial con-
centration and degradation efficiency in hydrody-
namic cavitation systems has been consistently 
reported for azo dyes across a range of concen-
trations and device configurations. For Allura 
Red, a structurally analogous anionic azo dye, 
degradation efficiency decreased progressively 
with increasing initial concentration under con-
stant inlet pressure and pH conditions, confirming 
that the •OH generation capacity of the cavitation 
system constitutes the primary limiting factor at 
higher solute loadings [Gawande et  al., 2025]. 
For methyl orange degradation by Venturi-based 
hydrodynamic cavitation, color removal efficien-
cy decreased substantially with increasing initial 
concentration, with the highest degradation of 
31.57% achieved at 5 mg L-1 after 60 min of treat-
ment, whereas at concentrations of 10, 15, 20, and 
25 mg L-1 the degradation efficiency declined pro-
gressively to 8.98%, 5.62%, 5.55%, and 4.50%, 
respectively, demonstrating that the •OH genera-
tion capacity of the cavitation device constitutes 
an effective upper limit beyond which increas-
ing solute loading cannot be compensated by the 
available oxidative yield [Innocenzi et al., 2020].

As initial dye concentration increases, the 
total number of contaminant molecules in the 
aqueous phase augments while the •OH radi-
cal generation rate remains constant under fixed 
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hydrodynamic conditions, progressively reducing 
the degradation efficiency per unit mass of con-
taminant. The effective treatment of solutions at 
elevated dye concentrations would therefore re-
quire the incorporation of supplementary oxidant 
sources capable of augmenting •OH radical avail-
ability through synergistic advanced oxidation 
mechanisms [Innocenzi et al., 2022].

Effect of the aqueous matrix 			 
on factor responses

The trends observed across the three factors 
analyzed are further contextualized by the physi-
cochemical characteristics of the aqueous matrix 
employed. Tap water contains minimal concen-
trations of organic pollutants and dissolved scav-
enger species, providing stable initial conditions 
for the experimental runs conducted [Sikora 
et  al., 2026]. In real aqueous matrices contain-
ing elevated concentrations of radical scavengers 
such as carbonate or bicarbonate ions, pH adjust-
ment as a pretreatment strategy has been recom-
mended to mitigate their inhibitory effect on •OH 
availability; conversely, the presence of dissolved 
salts in such matrices may enhance the efficacy of 
hydrodynamic cavitation through salting effects 
that promote the localization of contaminant mol-
ecules at favorable positions within the collapsing 
cavitation bubbles [Das et al., 2021]. 

In the present study, these effects manifested 
in an attenuated manner, attributable to the use 
of tap water as the reaction matrix, a condition 
that constrains the presence of competing species 
for •OH radicals and accounts for the moderate 
color removal efficiencies observed across the 
evaluated factor levels without reaching statisti-
cal significance under the Taguchi L9 design em-
ployed for inlet pressure and initial concentration. 
In experimental studies on advanced oxidation 
processes applied to reactive azo dyes, complete 
color removal was achievable within 15 min in 

the absence of radical scavenger species; how-
ever, the rate of color removal was substantially 
attenuated with increasing concentrations of bi-
carbonate and carbonate ions, particularly under 
alkalinity conditions where carbonate ions pre-
dominated [Gultekin and Ince, 2004]. This find-
ing underscores the relevance of matrix composi-
tion as a determinant of process performance in 
hydrodynamic cavitation systems and supports 
the use of tap water as a representative matrix for 
drinking water treatment applications.

Analysis of variance and percentage contribution

The analysis of variance (ANOVA) of the sig-
nal-to-noise ratio for tartrazine color removal by 
hydrodynamic cavitation is presented in Table 5.

The pH of the solution was the only statisti-
cally significant factor (F = 85.62; p = 0.012) and 
explained 96.12% of the variability in decoloriza-
tion efficiency, indicating its dominant influence 
on process dynamics. In hydrodynamic cavitation 
systems for dye decomposition, an acidic pH has 
been identified as the factor with the greatest in-
fluence on process efficiency [Das et al., 2021]. 
Accordingly, at pH 2.5, removal efficiencies of 
over 60% have been documented after 120 min-
utes of treatment with a single-slot Venturi de-
vice. This behavior is associated with increased 
pollutant transport into the cavitation collapse 
zones and the intensification of oxidative process-
es [Momin and Gogate, 2024]. 

Specifically for tartrazine, it has been docu-
mented that the initial pH significantly influenc-
es the decolorization efficiency in hydrodynamic 
cavitation reactors. The maximum degradation 
rate occurs under acidic conditions and decreas-
es with increasing pH towards alkaline values ​​
[Gawande et al., 2022]. The inlet pressure (p = 
0.306) and outlet concentration (p = 0.842) were 
not statistically significant, with proportions of 
2.55% and 0.21%, respectively. This suggests 
that these factors do not have a statistically 

Table 5. S/N ratio analysis of variance (ANOVA) for tartrazine color removal 

Source Df Sum of squares Mean square F-value p-value % Contribution

Inlet pressure (bar) 2 8.533 4.266 2.27 0.306 2.55

Solution pH 2 321.662 160.831 85.62 0.012 96.12

Initial concentration (mg L-1) 2 0.703 0.351 0.19 0.842 0.21

Error 2 3.757 1.878 1.12

Total 8 334.654 100

Note: % contribution calculated using Equation 7.
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significant influence on the signal-to-noise ra-
tio (S/N) of the process within the investigated 
range. However, the physical effect of the inlet 
pressure on the decolorization efficiency is clear-
ly evident in the main effect analysis (Delta = 
2.18), which is consistent with the mechanisms 
of cavitation formation and cavitation collapse 
[Momin and Gogate, 2024]. 

The initial concentration, with the lowest delta 
value (0.68) among the investigated factors, shows 
only a minor influence on the variability of the sys-
tem response. This result is consistent with radical 
scavenging mechanisms. This behavior is attributed 
to the attenuated influence of this factor within the 
analyzed concentration range in a drinking water 
matrix, where the low levels of dissolved organic 
matter and inorganic ions reduce radical scaveng-
ing processes and limit the generation of additional 
competing species that could otherwise enhance its 
effect on the process [Hübner et al., 2024; Lado Ri-
beiro et al., 2019]. The experimental error of 1.12% 
indicates that the three selected factors explain 
98.88% of the total variability of the system, with 
a minimal contribution from uncontrolled sources. 
This confirms the robustness of the Taguchi L9 de-
sign, which was used to optimize tartrazine decol-
orization via hydrodynamic cavitation.

Optimal conditions and experimental 
validation

The confirmatory experiment was performed 
three times under the optimal conditions predict-
ed by the Taguchi additive model (3.0 bar, pH 3, 
5 mg L⁻¹). A tartrazine dye removal efficiency 
of 72.47% was obtained, with an experimental 
signal-to-noise ratio (S/N) of 37.20 dB, as shown 
Table 6. The predicted S/N was 37.70 dB, with 
a difference of 1.34% between the two values. 
This confirms the predictive power of the Tagu-
chi L9 design and the validity of the additivity 
assumption between the factors within the inves-
tigated range. This agreement is consistent with 
the results of optimization studies that applied the 

Taguchi L9 design for dye removal in advanced 
oxidation processes. There, deviations between 
the predicted and experimental S/N values ​​of less 
than 5% confirm the validity of the additivity as-
sumption between the factors and the predictive 
reliability of the additive model [S & R, 2023]. 

The removal efficiency determined under the 
confirmed optimal conditions (72.47%) was com-
parable to that obtained in the highest-performing 
run of the L9 system, specifically run 4 (3.0 bar, 
pH 3, 10 mg L⁻¹), which achieved 78.58 ± 1.05% 
and a signal-to-noise ratio of 37.90 dB. The differ-
ence is due to the reduction of the initial concen-
tration from 10 to 5 mg L⁻¹. This reduces the total 
amount of dye that can be degraded by the •OH 
radicals generated during cavitation collapse with-
out significantly affecting the relative efficiency 
of the process. From an operational perspective, 
this result is significant because it demonstrates 
that the hydrodynamic cavitation system with an 
orifice plate maintains a removal efficiency of 
over 70% even in low-concentration solutions, a 
typical condition for drinking water contaminated 
with tartrazine. In hydrodynamic cavitation sys-
tems specifically designed for tartrazine, decol-
orization efficiencies exceeding 75% have been 
documented under acidic conditions and at inlet 
pressures of 3.0 to 6.0 bar ​​[Gawande et al., 2022]. 
The value determined in this study falls within 
this performance range. Experimental validation 
confirms that the Taguchi L9 design represents a 
reliable methodological strategy for determining 
optimal conditions for azo dye removal in hydro-
dynamic cavitation systems with an orifice plate.

Tartrazine degradation kinetics

The visual evidence of the progressive de-
colorization of the tartrazine solution under the 
confirmed optimal operating conditions (3.0 bar, 
pH 3, 5 mg L-1) is shown in Figure 4. The chro-
matic transition from the intense yellow char-
acteristic of the dye in aqueous solution toward 
progressively more attenuated hues qualitatively 

Table 6. Experimental validation of optimal conditions predicted by Taguchi additive model 

Run Absorbance Concentration 
at 30 min

Color removal 
efficiency (%)

Mean color removal 
efficiency (%)

Experimental
S/N ratio

Predicted 
S/N ratio % Deviation

R1 0.058 1.32 73.6

72.47 ± 1.20 37.20 37.70 1.34R2 0.060 1.37 72.6

R3 0.063 1.44 71.2

Note: Experimental and predicted S/N ratio, and % deviation was calculated using Equation 6, 8, and 9, respectively.
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corroborates the pseudo-first-order (PFO) kinetic 
behavior instrumentally determined.

The graphical diagnostic analysis depicted in 
Figure 5: residuals vs fitted values (Figure 5a) and 
normal Q-Q plot (Figure 5b), corroborated the 
statistical assumption tests (Shapiro-Wilk W = 
0.9564, p = 0.7875; Breusch-Pagan χ² = 0.2163, p 
= 0.6418), confirming that the pseudo-first-order 
kinetic model residuals satisfy the assumptions of 
normality and homoscedasticity.

The temporal variation of tartrazine concen-
tration under the determined optimum conditions 
(3.0 bar, pH 3, 5 mg L⁻¹) was fitted to the pseudo-
first-order kinetic model using the linearized repre-
sentation ln(C₀/Cₜ) = k1*t without intercept, whose 
linear behavior is shown in Figure 6a, demonstrat-
ing that the degradation rate is proportional to the 
instantaneous concentration of the contaminant in 
the bulk solution. The determined pseudo-first-or-
der rate constant was k1 = 0.05634 min⁻¹ (95% CI: 
0.0384 – 0.0742 min⁻¹), with a coefficient of deter-
mination R2 = 0.9081, R2adj = 0.8928 and RMSE = 
0.3224, statistically significant (p = 0.000251), in-
dicating a satisfactory fit of the experimental data 

to the proposed model. The calculated half-life 
was t½ = 12.30 min, as shown in Figure 6b, which 
establishes that half of the initial concentration of 
tartrazine was degraded in the first 12.30 min of 
treatment under the action of the •OH radicals gen-
erated during cavitation collapse.

Scientific literature reports that the degrada-
tion of organic compounds by hydrodynamic 
cavitation is frequently described using a pseudo-
first-order kinetic model, particularly in systems 
where the rate-limiting step is associated with 
the reaction with in situ generated free radicals 
[Rajoriya et al., 2017]. The kinetic constant k1 = 
0.05634 min-1 determined in this study is at the 
upper end of the range of values ​​reported in the 
literature for the degradation of organic dyes by 
hydrodynamic cavitation with an orifice plate un-
der acidic conditions, as shown in Table 7. These 
differences are attributable to variations in the ge-
ometry of the cavitation device, the inlet pressure, 
the aqueous matrix used, the specific molecular 
structure of the dye being treated, and the initial 
concentration of the dye [Askarniya et al., 2022; 
Gawande et al., 2022]. 

Figure 4. Progressive tartrazine decolorization under optimal conditions (3.0 bar, pH 3, 5 mg L-1): (a) 0 min
(b) 10 min, (c) 20 min, and (d) 30 min

Figure 5. Diagnostic plots of the pseudo-first-order kinetics model: (a) residuals vs fitted values, and
(b) normal Q-Q plot standardized residuals
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The adequate predictive capacity of the pseudo-
first order kinetic model, together with the deter-
mined k1 and t½ parameters, corroborates that the 
optimal conditions established by the Taguchi L9 
design not only maximize the overall color removal 
efficiency, but also intensify the chromophore deg-
radation rate, providing mechanistic coherence and 
experimental consistency to the optimization pro-
cess developed for tartrazine decolorization by hy-
drodynamic cavitation with orifice plate [Askarniya 
et al., 2022; Shokoohi et al., 2023].

CONCLUSIONS

The present study demonstrated that hydro-
dynamic cavitation employing an orifice plate 
constitutes an effective alternative for the re-
moval of tartrazine from tap water. Using a Ta-
guchi L9 design, solution pH was identified as 
the dominant operational factor (contribution = 
96.12%, p = 0.012), whereas inlet pressure and 
initial concentration did not exhibit a statistical-
ly significant effect on process efficiency. The 
maximum color removal achieved was 78.58% 
at 3.0 bar, pH 3, and 10 mg L⁻¹. The optimal con-
ditions predicted by the additive model (3.0 bar, 

pH 3, 5 mg L⁻¹) were experimentally validated, 
yielding a removal efficiency of 72.47% with 
a deviation of 1.34% from the predicted value, 
thereby confirming the robustness of the model. 
Kinetic analysis revealed pseudo-first-order be-
havior, with a rate constant k₁ = 0.05634 min⁻¹ 
and a half-life of approximately 12.3 min. These 
findings position hydrodynamic cavitation with 
an orifice plate as an efficient advanced oxidation 
technology for the treatment of water contami-
nated with azo dyes, with potential applicability 
in drinking water systems and municipal treat-
ment facilities. Furthermore, future investiga-
tions should consider the integration of compu-
tational fluid dynamics modelling to characterize 
the cavitation flow field within the orifice plate 
geometry, providing a deeper understanding of 
the hydrodynamic mechanisms governing bub-
ble formation, collapse dynamics, and hydroxyl 
radical spatial distribution under the optimal op-
erating conditions identified in the present study.
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Figure 6. Analysis of tartrazine degradation: (a) kinetic model, and (b) degradation profile

Table 7. PFO order constants for the degradation of dyes by hydrodynamic cavitation 

Dye Device Conditions k1 (min-1) R2 Study

Tartrazine Orifice plate 3.0 bar, pH 3, 5 mg L-1, 30 min 0.05634 0.9081 Present study

Reactive blue 13 Slit Venturi 4.0 bar, pH 2, 30 mg L-1, 120 min 0.0052 ____ [Rajoriya et al., 2017]

Methyl orange Venturi reactor 2.0 bar, pH 2, 5 mg L-1, 60 min 0.0089 > 0.99 [Innocenzi et al., 2018]

Tartrazine Circular Venturi 5.0 bar, pH 2, 50 mg L-1, 60 min 0.002 ____ [Gawande et al., 2022]

Orange II sodium Venturi and Orifice 
plate 3.0 bar, pH 2, 20 mg L-1, 10 min 0.0808 0.9228 [Kakama et al., 2024]
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