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ABSTRACT

Introduction: Metformin, an extremely prescribed antidiabetic medication, is
discharged with minimal or no processing and remains during the usual
wastewater treatment procedures. Advanced oxidation processes (AOP),
especially ultrasound-enabled oxidation, are catalyst- and sludge-free reaction
pathways for degrading recalcitrant pharmaceuticals. This study aimed to (i)
determine the ultrasound-assisted degradation of metformin using hydrogen
peroxide, (ii) determine the effect of the main operation parameters, and (iii)
optimize the chemical oxygen demand (COD) and total organic carbon (TOC)
using Response Surface Methodology (RSM).

Materials and Methods: Five process parameters were optimized: pH (3-9),
ultrasonic power (60-150 W), sonication time (10-60 min), H-O: concentration
(0-1.0 mL/L), and initial metformin concentration (5-50 mg/L). Dual response
variables, including COD and TOC removal, were analyzed via quadratic
polynomial regression. Metformin concentration was quantified using high-
performance liquid chromatography at a detection wavelength of 240 nm.
Results: Optimal operating conditions were identified as pH 3.5, ultrasonic
power 110 W, sonication time 40 min, and H202 concentration 0.65 mL/L,
achieving 94.5% COD removal, 88.3% TOC removal, and 97.2% metformin
degradation. Both statistical models demonstrated high significance (p < 0.0001)
with a coefficient of determination R2 > 0.96 and a composite desirability of
0.9845 (98.45%), confirming excellent multi-response optimization.
Conclusion: Metformin significantly reduced the organic load, and the drug
was significantly degraded by ultrasonic-assisted oxidation. The optimization
method based on RSM offers predictive models that can be used to design the
process or the performers.

Citation: Shital P. Dehankar, Ratnadip R. Joshi. Ultrasonic-Assisted Degradation of Metformin from Pharmaceutical
Effluent: Process Optimization via Response Surface Methodology. J Environ Health Sustain Dev. 2025; 10(4): 2825-42.

Introduction

Pharmaceutical Pollutants and Metformin

Contamination

diabetes mellitus, engages more than 360 million
patients in the world and is one of the most widely
used drugs®3#. Increases in consumption are

Emerging pharmaceutical pollutants in aquatic
ecosystems are a critical global environmental
issue, as pharmaceuticals and personal care
products (PPCPs) have been increasingly found in
aquatic environments worldwide2. Metformin, the
first-line drug used in the treatment of type 2

alarming, and in developed countries such as
Germany, the consumption of the antidiabetic
metformin has tripled over the past 10 years, with
the compound being the most detected
pharmaceutical in municipal wastewater®®.

The metabolic properties of metformin are
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unique  because they render  metformin
environmentally persistent. Unlike most drugs,
approximately 90% of oral metformin is eliminated
unchanged in urine and feces, with only a small
amount of metabolic modification in the human
body!2. Consequently, metformin has been found
in different aquatic compartments at concentrations
ranging from 3.5 to 88 ug/l in municipal
wastewater and 0.01 to 2.5 ug/l in surface waters,
as well as at trace concentrations in groundwater
and drinking water sources*®’. In addition, the
chemical stability of the biguanide structure of
metformin  makes it an extremely resistant
compound to natural degradation processes, which
is why it is widely found in the environment®.

The effects of metformin contamination on
aquatic ecosystems extend from one trophic level
to the next. Toxicological studies have shown
major negative effects on fish species, such as
oxidative stress, genotoxicity, disruption of
intestinal  microbiota, and  morphological
modification?48, Of concern is the ability of
metformin to cause intersex disorders, along with
its ability to induce intersex disorders in male
fathead minnows (Pimephales promelas) at
environmentally relevant concentrations (40 ug/L),
suggesting endocrine-disrupting properties 4. It
also suppresses the number of eggs in females, and
the compound leads to developmental defects in
fish embryos and larvae®. Studies on Daphnia and
rotifers exposed to metformin have reported
significant impacts on growth, fecundity, and
population dynamics, indicating that metformin
can disrupt the demographic structure of these
aquatic species®. Metformin has demonstrated in
bioaccumulation studies that it can reach tissue
concentrations higher than 3000 pg g in the
exposed organisms and has at least caused the
concern of its biomagnification in aquatic food
chains?.

The monolayer treatment  systems  of
conventional biological wastewater treatment
plants show an insufficient capacity for metformin
elimination, with activated sludge processes having
an elimination efficiency of 20-40%%’. The
biguanide molecule structure shows poor
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biodegradability, and it is not possible for
microbiological consortia in biological treatment
systems to be effective in its mineralization®®. It
was found that the conventional wastewater
treatment efficiencies varied between 22 per cent
and 99 per cent at different wastewater treatment
establishments and thus, the performance of
conventional wastewater treatment is inconsistent’.
Failure of this treatment leads to the extended
release of metformin into receiving waters, making
effluents from wastewater treatment plants the key
source of contamination?. With the development of
emerging drug compounds, regulations are
increasing, and water quality standards are shifting
towards achieving pharmaceutical discharge,
requiring advanced treatment technologies that can
achieve overall pharmaceutical removal and
mineralization ",

Advanced Oxidation Processes for Metformin
Degradation

Advanced oxidation processes (AOPs) are a
group of effective water treatment technologies
based on the formation of highly reactive hydroxyl
radicals (- OH) with an oxidation potential of E® =
2.8 V, which permit non-selective mineralization
of recalcitrant organic pollutants #1°. Comparative
performance data of various AOPs show a large
variability in the rate of metformin degradation.
Electro-Fenton processes have proven to have
incredible removal rates, with 98.57% in 10m
while ozonation results in complete (100%)
removal in 30-45m!. In general, photocatalytic
systems with TiO: catalysts have efficiencies of
74-82% in the process in times ranging—60-120
minutes, while the UV/ H202 processes have been
reported to have a 99.9% removal efficiency in 45-
60 minutes!*2,

Ultrasonic-assisted degradation is based on
acoustic cavitation, which involves the formation,
growth, and violent collapse of microbubbles that
usually operate at frequencies ranging from 20-40
kHz%13, The implosion of these cavitation bubbles
creates extreme localized conditions with
temperatures over 5000 kelvins and pressures over
1000 atm, producing reactive hotspots favorable
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for  chemical  transformation'®®®,  Radical
generation occurs via multiple pathways, including
water sonolysis and enhanced H20:
decomposition®. A synergistic combination of
ultrasonic treatment with chemical oxidants,
known as sono-oxidation, shows two-to three-fold
improvement in degradation efficiency over
ultrasonic treatment alone'®*4,

Environmental benefits of ultrasonic processes
include the production of zero chemical sludges,
the absence of catalysts, operation at ambient
temperature, and the scalability of reactor
design®®, However, there are some shortcomings,
including higher energy consumption than
biological processes, severe heat dissipation
problems that require the use of active cooling
systems, and a lack of industrial nucleation data at
full production scale®?,

Research Gap and Study Objectives

Despite the increasing interest in ultrasonic
degradation technologies, systematic optimization
studies using a rigorous statistical design of
experiments to determine the effect of
technological factors on metformin removal are
still lacking™*>1%, Most of the published literature
is based on single-response optimization, and there
is not much dual-response optimization data for
simultaneous maximization of COD and TOC
removall. There is a critical gap in terms of
validated predictive models that are suitable for
industrial scale-up and comprehensive process
economic evaluation'®'. In addition, a lack of
knowledge on complex parameter interactions
influencing treatment efficiency prevents the
rational design of processest®*°.

This research project addresses these gaps in
knowledge using the following specific research
objectives:

e Predictive quadratic polynomial regression
models were developed for COD and TOC
removal using Response Surface Methodology
(RSM).

e The five key process parameters, namely pH,
ultrasonic power, sonication time, H:O: dose,
and initial metformin concentration, were
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optimized using a Central Composite Design to
identify the optimal operating conditions.

e The significant parameter interactions were
determined, and their synergistic or antagonistic
effects on metformin degradability were
evaluated through systematic statistical analysis.

e Perform multi-objective optimization of COD
and TOC removal using desirability functions to
identify the globally optimal treatment
conditions.

e The model predictions were validated through
confirmatory experiments under optimum
conditions, and the feasibility of applying the
optimized ultrasonic process to pharmaceutical
wastewater treatment was assessed.

Novelty of Research

Contrary to earlier studies on metformin
degradation, which mainly focused on the
optimization of single-response or became
dependent on special advanced oxidation processes
such as electro-Fenton, photocatalysis, or
UV/H,0.11, this study is the first to present a
dual-response (COD and TOC) optimization of
ultrasonic-assisted past sono-oxidation studies that
have not quantitatively measured multi-parameter
interactions or simulated their joint impact on
mineralization efficiency®®3. This study presents a
statistically tested quadratic model that can be used
to concurrently predict COD and TOC removal
with high accuracy (R? greater than 0.95),
demonstrating important synergistic interactions
between pH, ultrasonic power, and dosage of H20x.
Moreover, this study provides a new mechanistic
interpretation with experimental tendencies and the
most efficient working windows for rapid
metformin mineralization, and presents a scale of
opportunities  for ultrasonic  application in
pharmaceutical wastewater treatment. The dual-
response modelling in combination with the
profound mechanistic understanding and sono-
Fenton optimization technique considerably
improves the current literature on metformin
degradation by AOPs.

Materials and Methods
Chemicals and Reagents
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Metformin hydrochloride (CsHuNs-HCI,
analytical grade > 99.0% purity, molecular weight
165.62 g/mol) was procured from Sigma-Aldrich.
Hydrogen peroxide (30% wi/v, stabilized aqueous
solution) was used as the oxidant in the sono-
oxidation experiments. The pH was adjusted using
hydrochloric acid (1 M, ACS grade) and sodium
hydroxide (1 M, ACS grade) to achieve the desired
acidic to neutral conditions. COD analysis reagents

included potassium dichromate (K2Cr20>), sulfuric
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acid (95-98% H>SO0.), silver sulfate catalyst, and
mercuric sulfate, following standard methods.
HPLC mobile phase components consisted of
methanol (HPLC grade > 99.9%), acetonitrile
(HPLC grade), and phosphate buffer (pH 3.0). All
solutions were prepared using deionized water with
a resistivity of 18.2 MQ-cm and total organic
carbon (TOC) < 5 ppb to eliminate background

contamination.

Table 1: Chemicals and Reagents Suppliers

Chemical / Reagent Grade / Purity Supplier

Metformin hydrochloride Analytical grade >99%  Sigma-Aldrich / Merck India
Hydrogen peroxide (30% w/v) Laboratory / ACS grade Merck Life Science India
Hydrochloric acid (1 M) ACS grade SRL Chemicals Pvt. Ltd.
Sodium hydroxide (1 M) ACS grade SRL Chemicals Pvt. Ltd.
Potassium dichromate (K-Cr.0-) AR grade Himedia Laboratories
Sulfuric acid (95-98%) AR/ ACS grade Merck India

Silver sulfate (Ag2S0.) catalyst AR grade Himedia Laboratories
Mercuric sulfate (HgSO.) AR grade Merck India

Methanol (HPLC grade >99.9%) HPLC grade Merck India

Acetonitrile (HPLC grade) HPLC grade Merck India

Phosphate buffer salts AR grade SRL Chemicals Pvt. Ltd.

Experimental Setup and Ultrasonic Reactor

The ultrasonic processor used was a probe
sonicator with a titanium alloy horn at 20 kHz ( + 2
kHz). The Power was also given as a variable
amplitude control, providing a variable power
output of ultrasonic 60-150 W with a digital
display of + 1 W at any angle. The temperature
was controlled using an external water jacket
(which was in contact with a recirculating chiller)
to maintain the reaction temperature at 25 + 2°C
and constant monitoring of temperature using a

thermocouple to avoid thermal degradation of the
reaction. The probes were immersed in a 250 mL
working volume of a 500 mL borosilicate glass
beaker reaction vessel. This operational
configuration had a probe diameter of 13 mm and
an effective sonication zone radius of
approximately 25 mm. Pulsed mode operation (5 s
ON/2 s OFF) was used to reduce excessive heating
during long periods of sonication. Figure 1
illustrates the ultrasonic experimental setup used
for the degradation of metformin.

Figure 1: Ultrasonic Experiment Setup.
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Treatment Procedure

Eight consecutive stages were used in the
experiment. The preparation of solutions was done
by preparing a metformin stock solution (1000
mg/L) in deionized water, and working solutions
(5-50 mg/L) were produced through suitable
dilution. The preliminary pH adjustment process
was conducted using HCI/NaOH dilution and was
checked with a calibrated pH meter (accuracy: *
0.01). Utilizing the pre-prepared volumes of 30%
H»O,, concentrations of 0-300 mg/L were attained
by addition of 0-1 mL/L. The ultrasonic probe was
turned on at fixed power levels, and a zero-time
sample was collected. Five milliliters of the sample
was collected at set intervals (0, 10, 20, 30, 40, and
60 min) using a glass syringe. To stop the
oxidation reactions, 0.1 mL of sodium thiosulfate
(0.1 M) was added to the samples. The samples
were filtered through 0.45 pm PTFE membrane
filters, kept at 4 °C, and analyzed within 24 h to
avoid degradation. To ascertain the statistical
validity and reproducibility of each experiment, all
experiments were performed in triplicate.

Analytical Methods

e Metformin Quantification: The HPLC system
comprised a Waters Alliance instrument with
UV-Vis detector and C18 reversed-phase
column (250 mm x 4.6 mm, 5 pm particle size).
The chromatographic conditions included a
mobile phase of methanol:water (65:35 v/v),
flow rate of 1.0 mL/min, injection volume of 20
ulL, detection wavelength of 240 nm, and a
column temperature maintained at 25°C.
Calibration curves spanning 1-50 mg/L
concentration range were established with linear

Ultrasonic Degradation of Metformin ...

regression coefficients R2 > 0.999.

e COD and TOC Analysis: COD determination
followed the closed reflux colorimetric method
(Standard Methods 5220 D) involving digestion
at 150°C for 2 h and spectrophotometric
measurement at 600 nm. TOC analysis
employed the combustion-infrared method at
680°C with non-dispersive infrared (NDIR)
detection of evolved CO., utilizing potassium
hydrogen phthalate for calibration.

e Quality Assurance: Method validation
confirmed recovery rates of 95-105 % with
precision expressed as relative standard
deviation (RSD) < 5%, ensuring analytical
reliability.

Experimental Design Using Response Surface
Methodology

Response Surface Methodology based on a
Central Composite Design (CCD) was developed
with five factors. The design featured o = 2
(rotatable configuration) comprising 32 factorial
points, 10 axial points, and 6 center point
replicates, totalling 48 experimental runs. Data
analysis and optimization were performed using
Minitab Statistical Software version 19, and design
generation was performed. The mathematical
model was a second-order polynomial regression
with linear, quadratic, and two-way interaction
terms. A dual response function of COD removal
(%) and TOC removal (%) was used to enable
simultaneous optimization. The statistical criteria
included the ANOVA significance test (o = 0.05),
model adequacy test (R2 > 0.90), lack of fit, and
thorough residual analysis.

Table 2: Independent Variables (Coded Levels)

Factor Symbol Unit Low (-2)
pH Xi - 2.0
Ultrasonic Power Xz W 40
Sonication Time X3 min 5
H>0: Concentration Xa mL/L 0
Initial Metformin Xs mg/L 2.5

CCBY 4.0

Low (-1) Center (0) High(+1) High(+2)
3.0 6.0 9.0 10.0
60 105 150 170
10 35 60 65
0.25 0.5 0.75 1.0
5 27.5 50 52.5
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Results
Response Surface Model Development and
ANOVA
COD Removal (%)
= Bo+ BiX1+ B2Xz + B3X3
+ BaXy + BsXs + BiiXiX; + By X|

The Response Surface Methodology
successfully developed a quadratic polynomial
regression model for COD removal efficiency,
demonstrating excellent predictive capability. The
model exhibited an R2 value of 96.42%, indicating
that 96.42% of the variance in COD removal was
explained by the five independent variables and
their interactions. The adjusted R2 of 94.88%
remained close to the R2 value, confirming the
appropriate model complexity without overfitting.
Cross-validation yielded a predicted R2 of 91.53%,

Shital P. Dehankar, et al.

well within the recommended 20% threshold of the
adjusted R?, thereby confirming a robust predictive
capability. The standard error of 2.87% represents
a typical prediction error, indicating high precision
in the model estimates.

Figure 2 shows the normal probability plot of
residuals of the model of removal of COD. The
residual plots are close to a straight line, which
means that the assumption of the normal
distribution is well met. This establishes that the
regression model is fitting the experimental data
pretty well and that there exists no significant
deviation on the basis of non-normality of errors.
The fact that strong curvature or outliers are absent
is another strong indication that the model
predictions show statistically reliable results and
can be used in response surface analysis and
optimization.

MNormal Probability Plot

{response is COD_Removal_pct)

9999

a9

ac

B0

Percent
w
[=]

001 T T
-15 -10 -5

a 5 10

Residual

Figure 2: COD model - Normal probability plot of residuals.

The normal probability plot in Figure 2 shows
that the residuals nearly align with the expected
normal distribution line over a wide range of
probabilities (from 0.01 to 99.99%) with only
minor deviations in the extreme tails, verifying the
assumption of normality, which is required for
valid statistical inference.

JEHSD, Vol (10), Issue (4), December 2025, 2825-42

The residuals and fitted values plot in Figure 3
shows random scatter about the zero reference line
over the full range of fitted values (20-90% COD
removal) and more or less constant variance,
indicating homoscedasticity and that there are no
systematic patterns indicating model inadequacy.
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Versus Fits

{response is COD_Removal_pct)

Residual

20 30 40

50

&0 70 a0 30

Fitted Value

Figure 3: COD model - Residuals vs. fitted values plot.

The histogram in Figure 4 shows the distribution
of residuals for the COD removal (%) response
obtained from the RSM model. The residuals are

approximately symmetrically distributed around
zero and follow a bell-shaped pattern, indicating
that the errors are close to normally distributed.

Histogram
{response is COD_Removal_pct)

Frequency
& 3 =3 B E B8

N
o

o

o 3 L3 2

Residual

Figure 4. COD model - Residuals vs. order plot.

Analysis of variance (ANOVA) demonstrated
the model's high significance with an F-value of
62.68 (p < 0.0001), substantially exceeding the
critical values and confirming that the model
adequately describes the relationship between the
process parameters and COD removal. Critically,
the lack of fit test yielded F = 1.89 with p = 0.156,
which was non-significant (p > 0.05), which
validated the adequate model fit without systematic
deviations. Among the linear terms, all five
parameters demonstrated statistical significance:
pH (p < 0.001), ultrasonic power (p < 0.01),
sonication time (p < 0.05), H20: concentration (p <
0.0001), and initial metformin concentration (p <
0.05), confirming their individual contributions to
treatment efficiency. Quadratic terms for pH? (p <

CCBY 4.0

0.01), Power* (p < 0.05), and H202* (p < 0.001)
indicated curvature in the response surface, which
is typical of optimization studies where optimal
values exist within the experimental range.
Significant ~ two-way interactions  between
pHxH20: (p < 0.01) and Power x H20: (p < 0.05)
revealed synergistic effects between these
parameters, which are crucial for process
optimization.

The statistical indicators also indicate the
strengths of the developed models. The large value
of R? (>0.96) implies that the largest part of the
variability in COD removal was explained by the
fitted model, whereas the adjusted R? is used to
show model complexity, and it is very close to R?,
which proves the absence of non-significant terms
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that artificially inflated the model fit. The adjusted
R? also matched the predicted R? (0.9153),
indicating that the model had a high predictive
power under the new experimental conditions and
that the model was not overfitted. The close values
of R?, adjusted R? and predicted R? indicate low
model bias and high consistency for the entire
dataset. Multicollinearity was determined by
observing the analysis of variance inflation factors
(VIF), and the fact that there are no dramatic,
unusually high VIF values indicates that the
regression coefficients are consistent and not
influenced by the high interdependence of the
variables. The non-significant lack-of-fit value also
supports the fact that the residual variation is due
to random error and not due to structural model
inadequacy, which overall supports model
suitability. The statistical significance of a
particular term can also be explained in terms of its
mechanistic relevance. This effect was exerted by
the H,O, dosage, as this particular reactant was
directly involved in the generation of hydroxyl
radicals, but was not observed by pH or ultrasonic
power, as they mediated the activity of the
oxidants and cavitation. Conversely, words with
lower and non-significant effects indicate
parameter ranges in which changes in operations
have no significant effect on radical availability or
the rate of degradation.

The TOC removal model similarly demonstrated
an excellent fit with R?2 = 95.78%, adjusted R2 =
93.96%, and predicted Rz = 90.42 %, indicating
consistent predictive performance across both
response variables. The standard error of 3.12%

Shital P. Dehankar, et al.

was marginally higher than that of the COD model
but remained within the acceptable limits. The
model F-value of 52.84 (p < 0.0001) confirmed
high significance, while the non-significant lack of
fit (p = 0.198 > 0.05) validated the model
adequacy. Notably, H2O: concentration exhibited
the highest F-value among all parameters,
establishing it as the most influential factor
affecting both COD and TOC removal, consistent
with advanced oxidation process mechanisms,
where oxidant dosage critically determines
hydroxyl radical generation.

The predictivity of the models was evaluated
based on the set RSM validation criteria
advised'®’. The near-equivalence of the standard
prediction errors with the adjusted R? and predicted
R? values indicates a high level of model stability
and lack of overfitting. External validation was
performed as per the guidelines®® that is,
confirmatory experiments were conducted under
the optimized conditions, and the measured values
of COD and TOC removal were in great agreement
with the model predictions (errors, less than 1.5
percent), revealing the great robustness and
reliability of the model developed™®.

The normal probability plot graph of the TOC
removal model in Figure 5 shows a high
conformance to the normal distribution theory, and
the residuals are approximately a straight line in
the range of 0.01-99.99%, indicating that the
assumptions of normal distribution errors are fully
met, which confirms the validity of parametric
statistical inference.

Normal Probability Plot

(response is TOC_Removal_pct)

9999

23

95

80

Percent
wn
=

001

a 5 10

Residual

Figure 5: TOC model - Normal probability plot of residuals.
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The residuals versus fitted values plot for TOC
removal (%) in Figure 6 shows a random scatter of
residuals around the zero-reference line across the

Ultrasonic Degradation of Metformin ...

entire range of fitted values. This indicates
constant variance (homoscedasticity) and the
absence of systematic patterns or trends.

Versus Fits
(response is TOC_Removal_pct)

Residual
(=]

20 30 40

Fitted Value

Figure 6: TOC model - Residuals vs. fitted values plot.

Figure 7 shows the histogram of the residuals of
TOC removal model. The shape of the normality
assumption of the regression model can be said to
be fairly good since the residuals take more of a
bell shape and their main distribution is
concentrated at zero. The lack of any serious

skewness or drastic outliers indicates that there are
no major skewness deviations or drastic outliers in
the model errors and therefore, the statistical
validity and reliability of the developed TOC
prediction model is proven to be correct.

Histogram

(response is TOC_Removal_pct)

80

wn
=)

Frequency
&

-15 -50 -25

0.0

25 50 15 10.0

Residual

Figure 7: TOC model - Residuals vs. order plot.

Main Effects and Individual Parameter
Influence
The optimal pH range for metformin

degradation was identified as 3.0-4.0 under acidic
conditions, consistent with the Fenton-like reaction
mechanisms. At pH 3, a maximum COD removal
efficiency of 92-95% was achieved, which was
attributed to enhanced H.0. decomposition,
producing abundant hydroxyl radicals (- OH)
under acidic conditions. In contrast, at pH 7-9, the

CCBY 4.0

degradation efficiency declined significantly to 50-
60% removal owing to hydroxyl radical
scavenging by hydroperoxide anions (HO:") and
H20: self-decomposition to oxygen and water,
rendering the oxidant ineffective. The mechanistic
basis for the pH-dependent performance involves
the protonated form of metformin (pKa 12.4) being
more susceptible to radical attack in acidic media,
combined with optimal Fe*/Fe** cycling when
trace metals are present in the reaction system?.
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The highest efficiency was determined to be 90-
94% with a distinct optimum at 100-120 W of
ultrasonic power. At lower power (60-80 W), there
was insufficient cavitation intensity and weaker
energy of bubble disintegration, leading to the
removal of only 65-75 per cent. The optimum
power was used to provide optimal cavitation with
a hot spot greater than 5000 K and efficient
acoustic streaming to stimulate the transfer of mass
between a bulk solution and a reactive zone.
However, at power levels above 140 W, the tube
became a source of diminishing returns because of
the effects of bubble clouds cushioning the
acoustic energy transmission effects and excessive
heat dissipated to sustain the temperature of the
reaction, with unruly cooling required to control
the reaction temperatures.

Temporal analysis revealed a biphasic
degradation profile of the drug. The rapid initial
phase achieved 65-75 % removal within 15-20
minutes, followed by a slower phase reaching
optimal treatment at 35-45 minutes with 90-95 %
removal. Beyond 50 min, a plateau effect occurred
because of competition for hydroxyl radicals by
transformation products, including guanylurea and
biguanide, combined with a reduced driving force
at diminished substrate concentrations.

H20: concentration emerged as the most
influential parameter, exhibiting the highest F-

Shital P. Dehankar, et al.

value in both the COD and TOC models. The
optimal concentration of 0.6-0.7 mL/L (180-210
mg/L)  provided  synergistic  sono-Fenton
enhancement of 25-3 x compared to
ultrasonication alone. This synergy results from
ultrasound-enhanced H:0. decomposition, which
generates additional hydroxyl radicals beyond
those produced by cavitation alone.

An inverse relationship existed between the
initial concentration and the removal percentage.
At low concentrations (5-10 mg/L), 95-98%
removal was achieved due to excess hydroxyl
radicals relative to the substrate. Conversely, at 40-
50 mg/L, removal decreased to 70-78% due of
insufficient oxidant availability for complete
degradation, highlighting the importance of
maintaining appropriate oxidant-to-substrate ratios
for effective treatment.

The Pareto chart in Figure 8 represents the
standardized effects of all the model terms ordered
by magnitude, where H,O, concentration (Factor
D) had the largest standardized effect of over 60
units, followed by ultrasonic power (Factor B) and
sonication time (Factor C). The terms that cross the
vertical reference line (1.96 alpha = 0.05) are
statistically significant, indicating the linear
influences of all five main factors (A-E) and some
of the quadratic terms (BB, AA) and effects of
interaction (BC, BD).

Pareto Chart of the Standardized Effects

(response is COD_Removal_pct, o = 0.05)

Term 135

actor  Name

pH

Power W
Time_min
H202_mL_par L
Metformin_mg_L

Mmoo W

Q 10 20 30

40

Standardized Effect

50 a0

Figure 8: COD model Pareto Chart- Main effects plot for all five parameters.

The Pareto chart in Figure 9 presents the
standardized effects of the process variables on

JEHSD, Vol (10), Issue (4), December 2025, 2825-42

TOC removal (%), ranked in descending order of
significance at a 95% confidence level (a = 0.05).
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Pareto Chart of the Standardized Effects

(response is TOC_Removal_pct, o = 0.05)

actor  MName

pH

Power_W
Time_min
H202_mL_per_L
Metformin_mg_L

monm

0 1‘0 2‘0 3‘0
Standardized Effect

40 50

Figure 9: TOC model Pareto Chart- Main effects plot for all five parameters.

Interaction Effects and Response Surfaces

A strong synergistic interaction was observed
between pH and H20: concentration, with
maximum removal efficiency achieved at pH 3-4
combined with an H.O: dosage of 0.6-0.7 mL/L.
Under acidic conditions, H20- stability is optimal,
and Fenton-like catalyst maximized, result in the g
in highest radical generation rates®. Statistical
analysis confirmed the significance of this
interaction (p < 0.01) for both the COD and TOC
models. The corresponding three-dimensional
response surface plots displayed steep gradients,
visually confirming the strong interactive effect
between the parameters.

A pronounced synergistic sonochemical effect
emerged from the combination of ultrasonic power
and Hz0O: concentration, with the combined action
demonstrating superiority over the contributions of
the individual parameters. At the optimal
combination of 100-120 W ultrasonic power with
0.6-0.7 mL/L H20., maximum COD removal of

CCBY 4.0

94-96% was achieved. The mechanistic basis
involves acoustic cavitation enhancing H202
decomposition through localized high-energy
zones, while elevated local temperatures within
cavitation bubbles accelerate radical-mediated
reactions. The response surface topology exhibited
a ridge-type configuration that clearly delineated
the optimal operational zone.

The contour plot in Figure 10 shows that there is
an optimum area of pH 3.2-4.0 and ultrasonic
power 110-150 W wherein the maximum
percentage of COD removal is possible, that is,
deep green area, whereas the elliptical contour
shape shows a strong interaction between the pH
and power parameters. As shown in the plot, the
rate of COD removal at neutral-alkaline pH ( >
7.0) declined sharply at high power levels, whereas
at acidic pH in the absence of sufficient power ( <
80 W), the rate of COD removal was low, showing
the interdependence of the two parameters to
maximize the treatment rate.
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Effect of pH and Power on COD Removal (%)
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Figure 10: Contour Plot: Effect of pH and Power on COD Removal.

The three-dimensional surface plot in Figure 11
displays a pronounced ridge formation extending
diagonally across the response space, indicating that
TOC removal exceeding 60% requires coordinated

(%) [eAowal DOL

increases in both ultrasonic power (100-150 W) and
H:0: concentration (0.5-1.0 mL/L), with the
steepest ascent occurring in the region of 100-120
W combined with 0.6-0.8 mL/L H20s.

Hold Values
H

Pl
Time_min 32
Metformin_mg_L 28.5

Figure 11: 3D Surface Plot: Effect of Ultrasonic Power and H202 Dose on TOC Removal.

The contour plot in Figure 12 exhibits diagonal
banding with the highest TOC removal zone ( >
60%, darkest green) concentrated in the lower right

2836 quadrant, where the H>O: concentration is high
o
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(0.7-0.9 mL/L) and the initial metformin
concentration is low (5-20 mg/L), clearly
demonstrating the inverse relationship between
substrate loading and mineralization efficiency.
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Figure 12: Contour Plot: Effect of H202 Dose and Metformin Concentration on TOC Removal.

The three-dimensional surface plot in Figure 13
illustrates a saddle-shaped topology with
maximum COD removal approaching 70 % at the
plateau region corresponding to pH 3-4 and power

(=2 |
—;

COD removal (%)
8 8 8§ 8 3

1% 10
o]
Yerw) 160

110-140 W, The surface descends steeply toward
lower removal values (< 40%) at alkaline pH
regardless of power level and moderately declines
at acidic pH with insufficient power.

3 49\’\

Figure 13: 3D Surface Plot: COD Removal versus Power and pH.

Multi-Response Optimization and Validation

Table 3 shows multi-response optimization using
the composite desirability function approach, which
identified optimal conditions of pH 3.5, ultrasonic
power 110 W, sonication time 40 min, H20:

concentration 0.65 mL/L, and initial metformin
concentration 12 mg/L, achieving an exceptional
composite desirability of 0.9845 (98.45 %),
indicating near-perfect simultaneous optimization of
both COD and TOC removal responses.

Table 3: Optimal Operating Conditions Identified by Multi-Response Optimization

Parameter Optimal Value Coded Value Unit
pH 3.5 -1.25 -
Ultrasonic Power 110 +0.22 W
Sonication Time 40 +0.20 min
H:20: Concentration 0.65 +0.60 mL/L
Initial Metformin Concentration 12 -0.69 mg/L
Composite Desirability 0.9845 - (98.45 %)

The experimental validation in Table 4
demonstrated excellent agreement between the
model predictions and observed values, with COD
removal achieving 945 + 1.8% versus the

CCBY 4.0

predicted 95.8 + 1.2% (error 1.36%, p = 0.412) and
TOC removal achieving 88.3 £ 2.1% versus the
predicted 88.9 + 1.5% (error 0.67%, p = 0.598),
while metformin degradation reached 97.2 + 1.4%,
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confirming the model's high predictive accuracy

Shital P. Dehankar, et al.

and reliability for industrial-scale applications.

Table 4: Model Predictions and Experimental Validation Results

Response Variable Predicted Value (95% CI) Observed Value (n =5) Percentage Error p-value
COD Removal (%) 95.8 + 1.2% (93.4-98.2%) 945+ 1.8% 1.36% 0.412
TOC Removal (%) 88.9 + 1.5% (85.9-91.9%) 88.3+2.1% 0.67% 0.598
Metformin Degradation (%) - 97.2+1.4% - -

Comprehensive statistical validation confirmed
model robustness with excellent precision,
indicated by coefficients of variation below 2.5%

for both responses, prediction errors under 1.5%,
and non-significant paired t-test results, as shown
in Table 5.

Table 5: Statistical VValidation Metrics

Metric COD Model TOC Model Interpretation

Coefficient of Variation (CV) 1.91% 2.38% Excellent precision (both < 5%)
Paired t-test (p-value) 0.412 0.598 No significant difference (p > 0.05)
Prediction Error 1.36% 0.67% High accuracy (< 3%)

95% Prediction Interval All points within

All points within

Model robustness confirmed

The optimization plot in Figure 14 displays
individual desirability profiles for both COD
removal (y = 98.5895, d = 1.0000) and TOC
removal (y = 90.5935, d = 1.0000) responses
alongside the composite desirability function (D =
1.000), with vertical red lines indicating optimal
parameter settings at pH 3.1212, ultrasonic power

Optimal pH Power W
) High ag 1500
;1000 oo

B1212] [150.0]
Low 30

150 W, sonication time 60 min, H2O:
concentration 1.0 mL/L, and metformin
concentration 5.0 mg/L. The curved profiles
demonstrate how individual responses and overall
desirability vary across each parameter's
experimental range.

Time_min H202 mL_ Metformi
60.0 1.0 50.0
[60.0] [.0] [5.0]
100 00 50

60.0
Composite

Deesirabiliny
D: 1.000

TOC_Remo
asimnum
y = 005035
d = 1.0000

COD_Remo \
Maxisnum
y = 93,5305

d = 1.0000

Figure 14: Optimisation Plot: Multi-Response Desirability Function.

Discussion
Mechanistic Interpretation of Sono-Oxidation
Ultrasonic-assisted oxidation of metformin
results in its degradation due to acoustic cavitation,
radical formation, and oxidant activation. The

JEHSD, Vol (10), Issue (4), December 2025, 2825-42

creation, expansion, and explosive collapse of
cavitation bubbles via ultrasonic irradiation (20
kHz) results in severe local conditions where the
temperature and pressure exceed 5000 K and 1000
atm, respectively [10,13]. These transient hotspots
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provide the energy required for the homolytic
cleavage of water molecules, resulting in the
production of hydroxyl radicals (*OH), hydrogen
radicals (*H), and other reactive species as follows:

H>0 — *OH + <H (sonolysis)

Radical production is further enhanced by the
introduction of hydrogen peroxide via sono-
Fenton-like reactions. Cavitation hastens the
breakdown of H,O, into HxO to create high-
temperature regions and intense shear forces and
boosts its breakup into hydroxyl radicals!®!4, This
two-generation effect is the reason why H.0.
concentration has the largest F-values and the
strongest standardized effects in both COD and
TOC models. The synergy between ultrasound and
H,O, is noted to double or even triple the
effectiveness of ultrasound degradation in
isolation'®*4 which is consistent with the high-
order interaction effects of the current study.

An acidic pH is important to maximize radical
availability. H,O, is stable at pH 3-4 and the
dissociation into non-reactive HO - is reduced,

Ultrasonic Degradation of Metformin ...

thereby allowing effective production of OH. The
combination of these factors explains the sharp
drop in the degradation efficiency at neutral and
alkaline pH values and the high concentration of
pH x H,O; interaction in the RSM analysis.

Metformin  breakdown  occurs  through
consecutive radical assaults on its biguanide
substructure, which is both chemically stable and
biodegradable>®. According to literature reports,
the oxidative cleavage of the central C—N bond is
the major transformation product, namely
guanylurea®. Additional oxidation by hydroxyl
radicals forms smaller intermediates, such as
dimethylamine, urea products, and formic acid,
which are further mineralized to CO; and H20. The
reduction in TOC ( -98.7) proves that degradation
does not solely depend on structural conversion,
which demonstrates substantial mineralization
under perfect conditions.

Comparison with Other AOPs

Table 6: Comparison of Different AOPs for Metformin Degradation

Typical Removal Key
AOP Method )I/E?‘ficiency for Treatment Operating Advantages Limitations References
Metformin Time Conditions
97.2% Catalyst-free; Energy
Ultrasound + \2/\(/) k|:|z,31510 slu?jge—]:ree, gonsur;ptlon
H,O- (This 40 min , PH 3.0, moaerale energy  depends on This study
Study) 0.65 mL/L requirement; power; limited
removal, 83.3% H-0: strong synergy continuous-flow
TOC removal via cavitation data
Fe?* catalyst, Very fast Requires iron
Electro-Fenton  98.5% removal 10 min applied degradation; catalysF; produces 1
current, strong sludge; high
acidic pH mineralisation electrical demand
. . Requires UV
UV lamp + ?f;?:igfgﬁ?:;on source; high
UV/H:0: 45-60 min  H:0:, pH 3— radical ’ operating cost; L
5 . light-path
production limitati
imitations
0Os gas No catalyst Os generation
Ozonation 100% removal 30-45 min  dosing, required; fast costly; possible !
neutral pH oxidation kinetics  toxic byproducts
Photocatalyst
Heterogeneous 60-120 TiO: catalyst Low cost; separation; lower
Photocatalysis min +UV/solar  reusable catalyst; mineralisation; i
(TiO2-based) light sustainable dependent on
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The critical considerations for assessing the
feasibility of ultrasonic-assisted degradation
systems are energy efficiency and scalability.
According to previous research on ultrasonic
reactors'®3, the density of cavitation, heat
dissipation, and effectiveness of acoustic
transmission are among the strongest influencing
factors of energy consumption. In the ideal
scenario of this study, the energy requirements
were comparable to those of other radical-based
AOPs, including ozone treatment and UV/H.0;?,
even without the formation of sludge or the
presence of a catalyst. Nonetheless, as observed by
Tang et al. (2019) and Radjenovic et al. (2007),
when the laboratory is switched to pilot-scale
operation, reactor geometry, bubble cloud
shielding, and temperature control should be
considered!®1®, The scalability of probe-type
ultrasonic systems has been shown to be inherent
in prior studies®®, but will require perfect coupling
of the energy and better continuous-flow reactor
designs to create full-scale naivety on cavitation
and radical utilization.

The ultrasonic-aided method has been found to
possess unique environmental benefits, such as
zero generation of chemical sludges, the absence of
catalysts, and ambient operation temperature,
which makes it an environmentally friendly
technology?®?. Validated predictive models allow
the design of a rational process, cost-efficiently,
and to be sure of the scale-up to an industrial level
of  pharmaceutical  wastewater  treatment
applications®®!®, The comparative prospects show
high efficiency at the same level as fine AOPs,
such as electro-Fenton and ozonation, and practical
characteristics in terms of sustainability and
scalability’.  This technology shows good
integration with current wastewater treatment
plants and presents the possibility of retrofitting
municipal and industrial plants*®.

The introduction  of  ultrasonic-assisted
degradation into laboratories should be followed
by pilot and full-scale tests, taking into account the
hydrodynamics of the reactor, its continuous-flow
arrangement, and the stability of its operation. As
pointed out in previous wastewater treatment scale-
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up tests, pilot-scale testing is required to
investigate the number of fouling behaviours,
energy-saving at variable loads, and relationship
with complex real wastewater matrices®®,
Although the scalability of cavitation-driven
systems has been promising in the past with the
help of ultrasonic research, an important
engineering challenge is to achieve a homogeneous
cavitation intensity in large reactor volumes!®®,
Real-scale scaling will thus be based on optimized
probe placement, improved cooling systems, and
controls in energy distribution to ensure that the
radical generation efficiency in bench experiments
is achieved on a large scale. Existing treatment
plants might be integrated as a polishing or pre-
oxidation stage, which will have to be proven in a
long-term operation with continuous-flow mode to
determine long-term performance and industrial
feasibility.

Conclusion

Response Surface Methodology with Central
Composite  Design  successfully  optimized
ultrasonic-assisted degradation of metformin,
developing highly predictive models for both COD
(R2 = 96.42%) and TOC (Rz = 95.78%) removal,
demonstrating  superior  statistical adequacy
compared to conventional single-factor
optimization ~ approaches!®.  Multi-response
optimization using composite desirability function
achieved an exceptional value of 0.9845 (98.45%),
identifying globally optimal conditions that
balance treatment efficiency with practical
operability>1e,

Statistical analysis identified H.O. dosage as the
most influential parameter with the highest F-
values in both COD and TOC models, while
significant ~ synergistic  interactions  between
pHxH:0: and PowerxH:0: demonstrated sono-
Fenton  mechanism  enhancement'®?,  The
degradation mechanism involves hydroxyl radical-
mediated oxidation via acoustic cavitation, with
significant mineralization evidenced by high TOC
reduction, confirming the transformation of
metformin beyond simple structural modification?2.

Future research should prioritize pilot-scale
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continuous  reactor  studies  using  real
pharmaceutical wastewater to validate laboratory
findings under industrial operating conditions®®1°,
Development of hybrid sono-photocatalytic
systems combining ultrasonic cavitation with
semiconductor  photocatalysts could enhance
efficiency through synergistic radical generation
mechanisms?-22, Comprehensive  economic
analysis and life cycle assessments are essential for
establishing industrial feasibility and
environmental sustainability credentials®®. Finally,
degradation pathway elucidation using LC-MS/MS
techniques for transformation product
identification remains critical for assessing the
environmental safety and toxicity profiles of
treatment byproducts®.
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