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Abstract: It is risky for the environment and public health
to have antibiotic residues in wastewater from agricultural
sources, such as poultry slaughterhouses and rabbit farms.
The goal of the present investigation is to use ten sustainability
metrics to create an accurate and environmentally friendly
high-performance liquid chromatography approach for the
detection of oxytetracycline, tetracycline, and cephradine resi-
dues inwastewater from poultry slaughterhouses, rabbit farms,
and pharmaceutical factories. Amobile phase consisting of phos-
phate buffer solution pH 4.2 (45%) and 55% methanol was used
with a C18 column (4.6mm i.d., 250mm, 5 µm, Agilent Co.) to
accomplish the separation, with a 1.0mL·min−1 flow rate and
UV detection at 257 nm. The calibration curves exhibited line-
arity and covered concentration ranges of 2–50, 0.3–10, and
1–45 µg·mL−1. The correlation coefficient was 0.9999, while accu-
racy results varied between 85% and 115%. The current work’s
accuracy was assessed using the Six Sigma approach, which
revealed a process capability index exceeding 1.3%. The latest
investigation proposes the Blue Applicability Grade Index, a new
technique that improves environmental metrics in real-world
analytical chemistry. The procedures underwent effective vali-
dation per International Council for Harmonization standards.

Keywords: antibiotic residues, wastewater, Six Sigma approach,
HPLC, green and white chemistry

1 Introduction

Public health risks are associated with antibiotic residues
in wastewater, as well as environmental effects. Dispersal
of these residues can produce antibiotic-resistant bacteria
in water systems, causing antibiotic-resistant bacteria pro-
liferation in humans [1,2]. Investigation has indicated that
seasonal variations exist in the amount of antibiotic resi-
dues found in environmental samples. For example, ele-
vated concentrations of specific antibiotics, like enroflox-
acin, have been observed in meat samples throughout the
spring. Sewage from agricultural sources may contain resi-
dues of cephradine (CEP), oxytetracycline (OXY), and tetra-
cycline (TET) in varying quantities due to seasonal changes
[3]. For public health and environmental reasons, detecting
OXY, TET, and CEP residues in poultry slaughterhouse was-
tewater is crucial. Analyzing residues using advanced
detection methods is possible through chromatography,
capillary electrophoresis, immunological techniques, and bio-
sensors. In veterinary and human medicine, CEP’s broad
spectrum activity against bacteria makes it one of the most
widely prescribed first-generation cephalosporin antibiotics.
As a result of its frequent use, it is present in wastewater
systems. Due to its use to treat bacterial infections, it is often
detected in hospital effluents and municipal wastewater. TET
and OXY are two antibiotics in the TET class extensively used
in human and animal medicine. Since they are widely used in
agriculture and aquaculture, they are common environ-
mental contaminants [4]. Agricultural runoff and wastewater
from livestock farming contain these compounds and are
used to promote growth and treat animals. Antibiotics like
these are listed on the Watch List of the European Union’s
Water Framework Directive because they may pose a safety
risk. To effectively assess treatment effectiveness andmitigate
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environmental impact, it is essential to detect and quantify
them in wastewater [5–8]. To mitigate risks related to anti-
biotic resistance, it is necessary to monitor antibiotic contam-
ination continuously and implement effective waste manage-
ment practices. Livestock use antibiotics to prevent sickness
and encourage growth. Nevertheless, excessive use leaves
residues in animal feces, whose wastewater can then be
released into the environment. Public health may be at risk
due to this contamination’s potential to foster antibiotic-resis-
tant bacteria [9].

During the last two decades, sustainable chemistry has
gained significant attention. Chemical reactions can be
made more environmentally friendly and safer by using
renewable resources. As chemistry moves towards green
and sustainable practices, developing sustainable chemical
processes and managing them effectively is imperative [10].
An innovative approach to chemical research and engi-
neering emphasizes green and white chemistry principles.
The method’s integrated approach ensures unmatched pro-
tection against dangerous substances when it comes to che-
mical processes and products [11]. Using green and white
chemistry, scientists and engineers can design environmen-
tally friendly, long-lasting, and sustainable products and pro-
cesses [12]. It is essential to evaluate HPLC procedures ecolo-
gically in order to determine whether or not they are eco-
friendly [13]. Several tools were used to assist this investiga-
tion, including Blue Applicability Grade Index (BAGI) and
RGB. Several other environmental sustainability analyses
have also been created, including the complementary green
analytical procedure index (ComplexGAPI), analytical GREEn-
ness (AGREE), analytical method greenness score (AMGS),
green analytical procedure index (GAPI), high-performance
liquid chromatography environmental assessment tool (HPLC-
EAT), analytical greenness metric for sample preparation
(AGREEprep), analytical method volume intensity (AMVI), and
the analytical Eco-Scale (ESA) [14].

In the pharmaceutical industry, Lean Six Sigma has
become one of the most commonly discussed topics, so
manufacturers will implement it to reduce operational
costs, reduce waste, predict errors during every stage of
the process, eliminate defects, and ensure that production
processes will still be capable during the process [15,16].

OXY and TET are commonly used antibiotics in the
production of chickens and rabbits (Figure 1a and b). Com-
pared to TET, CEP, a cephalosporin antibiotic, is less fre-
quently examined in environmental samples (Figure 1c).
Nonetheless, only a few techniques were available for
identifying veterinary antimicrobial medicines in waste-
water using LC-MS/MS. One such method involved the ana-
lysis of 92 compounds belonging to eight different classes
[17]. A single appropriate HPLC-MS/MS technique for

identifying sulfachloropyridazine, enrofloxacin, and OXY
residues in lettuce plants [18]. An HPLC-DAD procedure has
been described for the quantification of OXY, TET, chlorote-
tracycline, doxycycline, enrofloxacin, ciprofloxacin, saraflox-
acin, and flumequine residues in animal drinking water [19].
Furthermore, a study reported the identification of OXY and
chloramphenicol in untreated wastewater effluents using RP-
HPLC technology [20]. Hassouna and Mohamed developed a
highly effective HPLC technique to detect cephalosporin resi-
dues on stainless-steel plates and human plasma that had
been intentionally contaminated [21].

No documented techniques for detecting OXY, TET,
and CEP residues in wastewater from chicken slaughter-
houses, rabbit farms, and pharmaceutical factories are
available. A primary objective of this study is to resolve
this inconsistency by developing a cutting-edge, effective,
and environmentally friendly HPLC method that utilizes

Figure 1: Chemical structure of (a) OXY, (b) TET, and (c) CEP.
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principles of white and green chemistry to rapidly and
accurately identify traces of OXY, TET, and CEP in waste-
water originating from poultry slaughterhouses, rabbit
farms, and pharmaceutical factories. We have employed
eight dependable evaluation tools to assess the ecological
sustainability of our processes: GAPI, ESA, AMGS, AGREE,
HPLC-EAT, AGREEprep, ComplexGAPI, and AMVI. In addi-
tion to widely recognized environmentally friendly initia-
tives, the White analytical chemistry metric BAGI serves as
a valuable complement. The results confirm our method’s
ecological sustainability. The method’s accuracy was
assessed utilizing an exclusive Six Sigma approach. This
demonstrated that the proposed HPLC method provides a
fast, sensitive, and dependable approach.

2 Materials and methods

2.1 Chemicals and reagents

HP Pharmaceuticals (located in Beni Suef, Egypt) supplied
OXY, TET, and CEP. Scharlau, a company based in Barcelona,
Spain, supplied HPLC-grade methanol and acetonitrile, as
well as analytical-grade potassium dihydrogen phosphate,
magnesium sulfate, and sodium chloride.

2.2 Apparatuses

The Waters Alliance e2695 Separations Module is a liquid
chromatographic system with an inline vacuum degasser
and quaternary mixing pump. The detector is a photodiode
array (model 2996) that can detect wavelengths ranging from
190 to 800nm. It has sensitivity settings thatmaymeasure absor-
bance units from 0.0001 to 2.0000. The PDA detector was set to
monitor the analytes at their respective maximum absorption
wavelengths. Additionally, it has Empower 3 software.

2.3 Sample preparation

Environmental Protection Agency (EPA) guidelines [22]
were followed in collecting wastewater samples from Cairo
Poultry slaughterhouse, which were filtered and stored at
4°C after filtration in amber glass bottles with Teflon caps.
Additional wastewater samples were obtained from a pri-
vately owned rabbit farm located in Giza, Egypt. The
source of the third wastewater sample was High-Perfor-
mance Pharma, which is based in Beni Suef, Egypt. The
process of extracting the wastewater samples involved
adding 10 mL of acetonitrile in a 1:1 ratio with the samples,

vortex-mixing for 30min, adding 1,000mg of magnesium
sulfate and 250mg of sodium chloride, vortex-mixing for
1 min, then centrifuging for 5 min at 5,000 rpm. After trans-
ferring 1 mL of the supernatant to a 10-mL centrifuge tube
with 50 milligrams of crystalline silica gel and 150 mg of
magnesium sulfate, vortex-mix for a minute and centrifuge
at 6,000 rpm for an additional minute. Before being
injected into the HPLC system, The supernatant is dec-
anted, the residue is dissolved in 1 mL of mobile phase,
then filtered through a 0.45 µm nylon membrane filter.

2.4 HPLC condition

The reversed-phase high-performance liquid chromato-
graphy (RP-HPLC) procedures under research utilized the
isocratic mode to establish the optimal system. The RP-
HPLC techniques utilized an Agilent Zorbax C18 column
with dimensions of 250 × 0.46 cm and a particle size of
5 μm. The sample temperature was maintained at 4°C, while
the column oven temperature was set to 25°C. A mobile
phase consisting of phosphate buffer solution pH 4.2 and
methanol (45:55, v/v) was used in an RP-HPLC procedure.
The approach featured a runtime of 2 min, an injection
volume of 10 μL, a flow rate of 1.0 mL·min−1, and UV detec-
tion at 257 nm.

2.5 Construction of calibration curves

The investigators performed serial dilutions by transfer-
ring aliquots from a stock solution of known concentration
into a 10 mL volumetric flask. The HPLC approach yielded
concentration ranges of 2–50, 0.3–10, and 1–45 µg·mL−1 for
OXY, TET, and CEP, respectively. The process entails sev-
eral injections to set up the system, assess its suitability,
verify calibration, evaluate potential carryover, and per-
form the necessary tests. This includes one injection for
system setup, five injections to assess suitability, a recovery
injection to verify calibration, two injections for two-point
calibration, two injections for each test, and two injections
of the standard check to close the system. The relationship
between the concentration and the integrated peak areas
was established using regression equations.

2.6 Utilization of the Lean Six Sigma
technique

The Cpk is a measure of the precision and accuracy of
analytical procedures used in analytical chemistry. CpK
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was calculated for evaluating the precision and capability
of the analytical method. In statistics, CpK measures how
well a process meets specified tolerance limits. Both the
variability of the method and its alignment with the target
value can be assessed by this method. This formula is used
to calculate CpK:
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where USL is the upper specification limit, LSL is the lower
specification limit, μ is the mean of the process, and σ is the
standard deviation of the process

CpK values above 1.33 generally indicate better preci-
sion and capability, with values over 1.33 generally consid-
ered acceptable. By using CpK, we demonstrated the
method’s reliability and suitability for routine analyses,
demonstrating that it consistently produced results within
the predefined acceptance limits. By exhibiting a method’s
dependability and uniformity within predetermined
bounds, it assesses the method’s efficiency. When the Cpk
value is high, the process works around its specified center
limit even when severe oscillations are present. On the
other hand, a low CpK shows that the process needs to
be enhanced. Cpk values of 1.33 (equivalent to 4 sigma)
are recommended to satisfy most customers’ expectations.
In this study, we examine whether a particular metho-
dology is statistically significant in achieving predeter-
mined norms or specifications. Our analysis of the accu-
racy results for the investigated drugs, expressed as
recovery percentages, is compared to those provided.
Statistical analyses and Cpk values were computed using
Minitab® 18 software (Minitab, LLC, USA) [23–26].

2.7 Sustainability technique evaluation

2.7.1 ESA

To get the eco-scale score, all of the penalty points were
taken from the analytical test and subtract 100 from the total.
If one follows the worldwide system for naming and classi-
fying chemicals, penalty points can be given depending on the
chemical utilized in the analytical process. The quantity of
pictograms and signal words may vary across solvents or
compounds. The signal word multiplied by the number of
solvent or reagent pictograms determines the penalty points.
It is then possible to place this final computed score on a
scale. There is a distinct meaning for each score value. If
the analytical procedure gets a score of 75 or more, it means
that the test was very environmentally friendly. If the analy-
tical technique scores 50–75, the assay is considered to be

sufficiently green. A score below 50 suggests there is not
enough greenness [27].

2.7.2 GAPI

GAPI can be utilized to evaluate the environmental sustain-
ability of several aspects of a certain analytical technique.
The five pentagrams of the GAPI pictogram can provide
both qualitative and quantitative data regarding the level
of greenness in the associated assay. GAPI is a simple and
direct Green analytical chemistry (GAC) meter. The GAPI
pictogram employs a color gradient with three distinct
levels to visually represent the degree of greenness asso-
ciated with successive stages of the comprehensive analy-
tical process. According to the color scheme, green, yellow,
and red indicate a low, medium, or high environmental or
health impact of the analytical method. Each pentagram
within the GAPI symbol corresponds to distinct compo-
nents of the associated analytical experiment [28,29]. If
the necessary conditions are satisfied, the pertinent section
should be emphasized in green. Suppose the presence of a
yellow or red signal is not observed. In that case, it indi-
cates that the linked analytical test has a moderate to
severe impact on environmental or human health in the
relevant segment of the pentagram [30].

2.7.3 AGREE

AGREE is a user-friendly and comprehensive program that
assesses the environmental consequences of analytical
tests and provides concise and easily comprehensible
information. The AGREE metric is calculated by applying
the 12 GAC principles and converting them into a scale
ranging from 0 to 1. Furthermore, the ultimate score of
the GAC metric is determined by assessing these 12 GAC
criteria. The central region of the pictogram is comprised
of 12 segments that represent the 12 principles of the GAC
[31]. The segment widths of the AGREE pictogram indicate
the relative importance assigned to each topic. Addition-
ally, the segments of the AGREE symbol can transition from
a dark green color to red. By applying the 12 GAC princi-
ples, the AGREE pictogram provides a clear assessment of
the environmental sustainability of the analytical test [32].

2.7.4 AGREEprep

Constructed to close the gap, AGREEprep is a comprehensive
metric for GAC based on the 10 principles of Green sample
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preparation (GSP). It carefully assesses, in compliance with
GSP requirements, how environmentally friendly sample pre-
paration techniques are. A sample preparation location, a
solvent and material sustainability and safety assessment,
reducing waste, integrating and automating processes, redu-
cing sample volume, increasing sample processing capacity,
reducing energy consumption, and choosing environmentally
friendly post-preparation options are just a few of the criteria
considered. Based on the ten GSP criteria listed above, a
scoring range of 0–1 is applied. Additionally, a thorough eva-
luation of the degree to which each of the ten GSP principles
is followed influences the GAC score [33].

2.7.5 BAGI

A newly developed GAC metric known as BAGI assesses the
viability and environmental friendliness of analytical tech-
niques. Analytical chemistry principles form the basis of BAGI’s
greenness assessment analytical technique. BAGI utilizes a
symbol, a color gradient, and a numerical score to depict the
level of environmental friendliness of the examined assays.We
score the GAC metric on a scale from 25 to 100. A greater score
on the BAGImeter signifies superior assay greenness. To assess
the feasibility and eco-friendliness of different tests, the BAGI
metric incorporates ten elements [34].

2.7.6 ComplexGAPI

The ComplexGAPI approach employs a semi-quantitative
procedure. The subsequent instances show how to use
ComplexGAPI to assess the greenness level in various tests.
In addition to refining GAPI, Wojnowski and Płotka-
Wasylka created and enhanced ComplexGAPI. To improve
the original output chart, an additional hexagonal picto-
gram showing the degree of greenness of the several ana-
lytical processes before sample preparation and final
detection was added. The pictogram’s hexagon shape is
filled with important details [35].

2.7.7 AMGS

One way to quantify GAC is with an AMGS metric, suggest
Hicks et al. The AMGS scores determine the green status of
analytical assays. A lower number indicates better green-
ness in the studied assay. Waste production, energy con-
sumption of instruments, safety, health, and the environ-
mental impact of analytical reagents are some of the
elements that go into this metric’s greenness score [36].

2.7.8 AMVI

The majority of observers agree that AMVI is the most
accurate and thorough method available for assessing
chromatographic processes. It measures the amount of
waste produced during the process by using solvents and
waste products. The evaluation of a procedure’s solvent
consumption takes into account both sample preparation
and HPLC solvents. Add the amounts utilized for sample
preparation and HPLC processes to get the total amount of
solvent used. We use the standard preparation volume to
calculate the solvent needed for the preparation, taking into
account the quantity of each preparation and the total
volume in the system suite. AMVI uses HPLC analysis to pro-
vide accurate results. To determine the overall solvent con-
sumption in a given peak region, multiply the solvent con-
sumption in each location. A reduction in the AMVI value
increases the chances of achieving sustainability. The calcula-
tion of volume intensity involves multiplying the concentra-
tion of an analyte by its consumption. We used a small
amount of the solvent to prepare the samples for HPLC [37].

2.7.9 HPLC-EAT

Provided is a quick and easy way to assess how HPLC pro-
cesses affect the environment. To compare how environmen-
tally friendly various chromatographic processes are, this EAT
takes into account the effects that each solvent has on safety,
health, and the environment. The result is a total score. HPLC-
EAT has effectively used several HPLCmethods from published
work, including preparative and analytical chromatography.
Following functional verification, the tool was integrated with
another eco-solvent product, a free application for life cycle
assessments of waste disposal alternatives such as burning
and distillation. Often used to develop methods for assessing
sustainability, HPLC-EAT can also meet the traditional require-
ments of accuracy, robustness, and repeatability [38].

3 Results

The study selected HPLC as the method for tracking three
antibiotics (OXY, TET, and CEP) in pharmaceutical waste-
water, chicken slaughter, and rabbit farms.

3.1 Methods development and optimization

A novel RP-HPLC method was developed to assess the tar-
geted analytes in wastewater from poultry slaughter,

Environmental impact of RP-HPLC strategy for detection of selected antibiotics residues in wastewater  5



rabbit farms, and pharmaceutical factories by utilizing dis-
tinct mobile phase compositions. Preliminary experiments
were carried out to ascertain the optimal parameters for
establishing an efficient methodology for pharmaceutical
analysis. Modifications were implemented in the detector
wavelength, column temperature, and mobile phase com-
position to optimize separation and precision. Multiple stu-
dies were conducted to change the composition of the
mobile phase experimentally. The experiment commenced
with a volumetric ratio of water to methanol of 50:50. The
concentration of the organic modifier (methanol) was sys-
tematically changed between 45 and 65% using neutral and
acidic water. The mobile phase was observed to have a
significant impact on the separation process. Higher
methanol levels led to longer retention durations, while
increasing the amount of water eventually caused the
three components to combine. The longer duration of
drug retention while using larger concentrations of
organic modifiers may be attributed to the methanolysis
of medicines at elevated methanol levels.

Additionally, because of the ionization of chemicals,
basic pH was not effective at resolving components. A
high degree of dependability exists between analytes and
their ionization states in the presence of a low pH mobile
phase. The ionization of many analytes is increased in alka-
line (basic) conditions, particularly for those with acidic
functional groups. As a result of this ionization, they are
less likely to interact with the hydrophobic stationary phase
(e.g., C18), leading to poor retention and resolution. In con-
trast, analytes that have basic functional groups remain pro-
tonated under acidic conditions, enhancing their retention on
stationary phases. Based on these results, basic pH was inef-
fective for resolving components because ionization dis-
rupted the interaction of the analytes with the stationary
phase and contributed to co-elution.

Analytes are more likely to be retained and separated
when they are protonated, which can be achieved by using
phosphate buffer solution (modified with formic acid) in a
mobile phase. By increasing the concentration of formic
acid, stronger interactions with the stationary phase and
enhanced protonation increased the retention of analytes.
While maintaining a pH within a stable range to ensure
stable ionization states, separation efficiency remained
unaffected.

A 55%methanol and 45% phosphate buffer solution pH
4.2 produced a good separation in a reasonable amount of
time. The retention increased as formic acid’s potency
increased, although separation was unaffected. The mobile
phase combining 55%methanol with 45% phosphate buffer
solution pH 4.2 (modified with formic acid) allowed a good
separation to be achieved in a reasonable timeframe.

Analytes interacted more efficiently with the stationary
phase when formic acid was added, as it promoted proto-
nation of the analytes. The experiment also made use of
packaging materials and columns of varying lengths. The
columns ranged in length from 50 to 250 mm and con-
tained C8, phenyl, and cyano. It was found that the C18
stationary phase had the best hydrophobic interaction
with the analytes, which resulted in better retention and
resolution as compared to the other columns investigated.
Despite being similar, the C8 column demonstrated weaker
retention, while the phenyl and cyano columns showed
different selectivity patterns that were less effective. The
Agilent Zorbax C18 column (25 × 0.46 cm, 5 μm) was the
best choice. The column was heated to a temperature of
20–40°C. An important factor in drug separation is elevated
temperatures. Our method optimization included testing
buffer solutions at different pH values (e.g., pH 4, 6, and
8) to assess their impact on extraction efficiency. Based on
the results, pH 4.2 provided the highest recovery rates and
reproducibility. Maintaining the samples at 4°C during
analysis ensured the stability of the analytes. Obtaining
reproducible retention times and peak shapes requires a
consistent column temperature. As a result of our optimi-
zation studies, 25°C provided the highest separation effi-
ciency for the target analytes. Chromatographic perfor-
mance can be improved by higher temperatures for
some compounds, but sensitive analytes may be degraded
by high temperatures. By keeping the column at 25°C, the
antibiotics remained stable during analysis.

Additionally impacted are the crucial processes of
drug separation and degradation. Consequently, the sug-
gested procedures determined that the ideal separation
temperatures for the sample and column oven were 4°C
and 25°C, respectively. We investigated wavelengths in the
200–400 nm range using spectrophotometry. The highest
sensitivity and exceptional intensity at 257 nm, along
with the biggest absorbances at 254 and 280 nm, led to
the selection of OXY, TET, and CEP. For the RP-HPLC pro-
cess, acidic water and methanol were mixed in a 45:55 (v/v)
ratio. A pH of 4.2 was set for the mixture. Seven minutes
were spent performing the operation with an injection
volume of 10 μL, a flow rate of 1.0 mL·min−1, and UV detec-
tion at 257 nm. Figure 2 demonstrates the enhanced effi-
ciency and speed in resolving these problems by adopting
the chromatographic condition with the shortest duration
of less than six minutes.

There are essential factors for choosing acetonitrile, mag-
nesium stearate, and sodium chloride in the drug extraction
technique; its excellent solvent properties make acetonitrile
useful for drug extraction, especially because it dissolves a
wide variety of compounds, including both polar and
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nonpolar compounds. Furthermore, it can be analyzed using
many analytical techniques, including HPLC and MS [39]. An
extraction solvent such as magnesium stearate protects the
extraction apparatus from sticking to the surface by acting as
a lubricant. By doing so, the extraction process becomesmore

efficient, resulting in higher yields for target compounds [40].
A process known as “salting out” utilizes sodium chloride to
enhance extraction efficiency. By increasing ionic strength in
the aqueous phase, this technique reduces the drug’s solubi-
lity in water and promotes its transfer into organic matter.

Figure 2: HPLC chromatograms of antibiotic residues of (a) ternary mixture, (b) OXY and TET in poultry slaughter wastewater, (c) rabbit farms
wastewater, and (d) pharmaceutical factory wastewater.
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Several extraction cycles were performed to ensure complete
drug extraction, and the drug concentration in the extract
was measured by HPLC to ensure high extraction efficiency
[41]. Several extractions were conducted without noticeable
increases in concentration. Additionally, a known standard
was used to check the recovery rate of our extractionmethod.

3.2 Evaluation of the quality tools

The accuracy findings are expressed as the percentage
recovery of the suggested technique using the Cpk method.
As shown in Tables 1–3, X-bar and R charts, measured by
quality tools, demonstrate that all data points fall within
the control limits, as indicated by the Cpk report.
According to the latest plot of the last 20 subgroups, the
data are distributed randomly and uniformly around the
processing center. Histograms, average probabilities, and
capability plots indicate that the procedure is roughly cen-
tered around the goal. The Cpk values for OXY, TET, and
CEP in the proposed approach exceed 1.33. Nevertheless,
the suggested approach demonstrates higher accuracy, as
indicated by the Cpk values of 1.36 and 1.64 for OXY and
TET (Figure 3a and b), in contrast to the Cpk values of 1.76
for CEP (Figure 3c), respectively. In summary, these results

indicate that the suggested approach can greatly improve
the exactness and correctness of future studies.

3.3 Evaluation of the whiteness, blueness,
and greenness of the recommended
methods

3.3.1 AGREE tool

The 12 components of the Green Appraisal Guidelines form
the basis of AGREE, a modern method for evaluating green
profiles (Figure 4a). Figure S1a shows the results of
applying this method to generate a pictogram representing
a good environmental method. In the center, the HPLC
method displays an AGREE score of 0.62 and several inten-
sifying green color combinations.

3.3.2 AGREEprep tool

AGREEprep is a novel indicator of environmental impact.
Efficient and eco-friendly sample preparation procedures
simplify the evaluation procedure. To arrive at a score
between zero and one, the AGREEprep method employs ten

Figure 2: (Continued)

Table 1: Descriptive statistics of accuracy outcomes of the demonstrated HPLC process for OXY

Variable N N* Mean SE mean StDev Variance CoefVar Sum Sum of squares

OXY 100 0 99.580 0.112 1.118 1.249 1.12 9,958.000 991,741.280

Variable Minimum Q1 Median Q3 Maximum Range IQR Mode N for mode Skewness

OXY 96.800 98.800 99.600 100.500 101.800 5.000 1.700 100 12 −0.19

Variable Kurtosis

OXY −0.62
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separate procedures. A score of one indicates an ideal perfor-
mance. Figure 4b shows a pictogram for every sector. The
existing methodologies’ ecological sustainability score is 0.55
for the HPLC approach, as shown in Figure S1b.

3.3.3 GAPI tool

A reliable method such as GAPI is required for analyzing
the degree of greenness in analytical operations. Figure 4c
details this method in fifteen sections, each explaining a
different aspect of the approach. Because it takes into
account all important parts of the analytical process,
GAPI is a helpful tool for comparing different analytical
procedures. Figure S2a shows the results, which prove
that the procedure is effective while being environmen-
tally benign.

3.3.4 ComplexGAPI tool

The ComplexGAPI measure is one way to evaluate analy-
tical methods that make use of GAC characteristics. To
account for pre-analysis activities, the GAPI diagram and
the standard GAPI measure are both hexagonally enlarged
(Figure 4d). These treatments cover a broad variety of
individuals, as shown in Figure S2b.

3.3.5 BAGI tool

The ten standards, as well as the usefulness and efficacy of a
technique, can be better understood with the help of BAGI’s illus-
trations and scores. When using HPLC, dark blue, light blue, and
dark blue represent the ultimate HPLC scores. A solution’s color
indicates how well it meets the requirements. A satisfactory ana-
lytical technique is defined as one with a score of 80, as shown in
Figure S2c. In Figure 4e, we can see the BAGI index pictograms.

3.3.6 AMVI

AMVI can accurately determine solvent consumption using
liquid chromatography. Supplementing the methods above
with liquid chromatography techniques is possible. State-of-
the-art laboratory equipment allows for the execution of ana-
lytical procedures. According to the HPLC result, AMVI has an
environmentally friendly score of 51.7, as shown in Table 4.

3.3.7 ESA

The ecological pattern is the benchmark of excellence for eval-
uating sustainable development programs. The ESA metric
uses penalty points to appraise the synchronous technique.
The method’s strong eco-scores (87 in HPLC) demonstrate its
environmental sustainability. The reader can find all the
details concerning the calculated penalty points in Table 5.

Table 3: Descriptive statistics of accuracy outcomes of the demonstrated HPLC process for CEP

Variable N N* Mean SE mean StDev Variance CoefVar Sum Sum of squares

CEP 100 0 99.269% 0.0885 0.885 0.782 0.89 9,926.900 985,510.890

Variable Minimum Q1 Median Q3 Maximum Range IQR Mode N for mode Skewness

CEP 97.200 98.700% 99.300% 99.975% 101.200% 4.000 1.275 99% 14 0.03

Variable Kurtosis

CEP −0.14

Table 2: Descriptive statistics of accuracy outcomes of the demonstrated HPLC process for TET

Variable N N* Mean SE mean StDev Variance CoefVar Sum Sum of squares

TET 100 0 99.291% 0.0915 0.915 0.837 0.92 9,929.100 985,953.130

Variable Minimum Q1 Median Q3 Maximum Range IQR Mode N for mode Skewness

TET 97.100% 98.625% 99.250% 100.000% 101.300% 4.200 1.375 99% 15 −0.02

Variable Kurtosis

TET −0.50
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Figure 3: Process capability six-pack report of accuracy results for (a) OXY, (b) TET, and (c) CEP.
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3.3.8 AMGS

With AMGS, it is simple to compare and evaluate solutions
based on their potential environmental impact. Figure 4f
shows the steps involved in component analysis, instru-
mental energy use, solvent waste formation, and waste
disposal. Figure S3a demonstrates that AMGS inspections
employ a perspective-based approach.

3.3.9 HPLC-EAT

With HPLC-EAT, a reliable and efficient evaluation tool for
liquid chromatography processes, we may look at the char-
acteristics in Figure S3b. To ensure that chromatographic
solvents are safe and pure, this method provides a useful
means of assessing their effects. Using Figure 4g, we
demonstrate that it is feasible to assess how each process
solvent impacts public health, the environment, and safety.

3.4 Method validation

We have validated our methods through a comprehensive
review that followed International Council for Harmonization

requirements. The results show that they are incredibly effec-
tive and reliable [42].

3.4.1 Linearity and range

Since a wide range of drug concentrations is under inves-
tigation, the analysts spent much time thinking about the
best way to prepare the linearity solution. Still, the results
from the HPLC processes were excellent. The concentra-
tion ranges for each pharmaceutical drug of OXY, TET, and
CEP were 2–50, 0.3–10, and 1–45 µg·mL−1 in the HPLC
approach. Using linear regression analysis on the standard
calibration curves, we discovered that the approach was
remarkably linear across all drug concentration ranges,
with regression coefficients greater than 0.999. See the
reported findings in Table 6.

3.4.2 Limit of detection (LOD) and Limit of
quantification (LOQ)

By using the functions 3.3σ/S and (10σ/S), the LOQ and LOD
of the verified Excel were estimated utilizing the functions

Figure 3: (Continued)
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3.3σ/S and (10σ/S). Determining LOD and LOQ requires pre-
cise computations, as they involve the slope of the calibra-
tion curve (S) and the intercept standard deviation (σ).
Calibrating curves were constructed at lower concentra-
tions to ensure that LODs and LOQs were accurate, and
that linearity of the response was observed over the entire
measured range. The suggested methods work best with
lower LOQ and LOD values, as seen in Table 6.

3.4.3 Accuracy and recovery

Table 7 demonstrates that the percentage of medicine
recovery for each level was well within the authorized
range of 98–102%, confirming the assessment’s accuracy
level and procedures.

3.4.4 Ruggedness and robustness

Investigations demonstrate that the suggested method
remains stable when subjected to small changes in flow
rate, pH, wavelength, column, and analysts. Table S1 pro-
vides additional evidence of the method’s dependability
and robustness.

Figure 4: An assessment was conducted to evaluate the sustainability of
an HPLC technique using the following graphs: (a) AGREE, (b) AGREEprep,
(c) GAPI, (d) ComplexGAPI, (e) BAGI, (f) AMGS, and (g) HPLC-EAT.

Table 4: The AMVI examination of the suggested strategy

Criteria Suggested HPLC
strategy

Solvent consumption HPLC (mL)= 105
Flow rate 1.0
Run time 7
Number of injections for one complete
analysis

15

Number of analytes 3
Solvent consumption sample prep
(mL)=

50

Volume (mL) for standard preparation 10
Standard preparations numbers 1
Volume (mL) for test preparation 10
Test preparations numbers 3
Volume (mL) for system suitability 10
System suitability numbers 1
Total method solvent consumption= 155
Analytical method volume intensity 51.7
% Consumption HPLC 67.74%
% Consumption preparations 32.26%

The bold values appear to highlight key summary metrics or final results
that are particularly important for interpreting the data.
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3.4.5 Standard solution stability

As the study’s findings showed, the conventional wisdom
was spot on. After 72 h of storage at room temperature or
in the fridge, it worked perfectly. The newly constructed
solution shares remarkable similarities with an older one.
Furthermore, there was excellent complementarity
because the range of the retained and prepared standards
was 100% ± 2.0%, and the relative standard deviation was
less than 2.0. These outcomes prove the stability and relia-
bility of the conventional solution. It appears to be a great
candidate for any analytical task, according to Table S1.

3.4.6 System suitability

After extensive testing and analysis of the procedure, we
determined that the system was suitable. Table S2 shows
that all parameters were within the specified range. The
reliability and precision of our technology are something
we are exceptionally reliable and precise.

3.4.7 Selectivity

To test how selective the procedure was, we looked at how
coating agents, degradation products, and preservatives
could affect the analyte. The data displayed in Figure S4
reveal that the three active components do not differ sig-
nificantly when diluted with diluents, placebos, or other
medicines. It is possible to get a high level of selectivity
using these strategies.

4 Discussion

A variety of factors can influence whether specific antibio-
tics are detected in wastewater samples, including source

Table 5: Using an approved method for calculating the analytical eco-
scale score incurs penalty points

Analytical eco-scale Penalty points
HPLC method

Reagents Methanol 6
Ultra purified water 0
Potassium dihydrogen phosphate 0
Acetonitrile 4
Magnesium sulfate 0
Sodium chloride 0
Silica gel 0

Instruments Energy for HPLC ≤ 1.5 kW h/sample 1
Occupational hazard 0
Ultrasonic 1
Waste 1
Total penalty points 13
Eco-scale total score 87

The bold values appear to highlight key summary metrics or final results
that are particularly important for interpreting the data.

Table 6: The estimating methodologies employ regression modeling
and validation analysis for the medications under examination

HPLC Parameters

OXY TET CEP

Linear
Range (µg·mL−1) 2–50 µg·mL−1 0.3–10 µg·mL−1 1–45 µg·mL−1

Wavelength (nm) 257 nm 257 nm 257 nm
Slope 6.34 59.52 5.14
Intercept −0.5066 −0.3180 0.5160
Correlation
coefficient

0.99998 0.99993 0.9999

System precision %
RSD (tR)

0.1% 0.03% 0.08%

% RSD (Peak area) 0.5% 0.3% 0.7%
LODa (µg·mL−1) 0.25 µg·mL−1 0.05 µg·mL−1 0.29 µg·mL−1

LOQa (µg·mL−1) 0.74 µg·mL−1 0.17 µg·mL−1 0.89 µg·mL−1

aLimit of detection (3.3 × σ/Slope) and alimit of quantitation (10 × σ/Slope).

Table 7: The recovery and accuracy of the approach for CEP, TET, and
OXY estimation are valuable and beneficial

Parameters HPLC

Relative
concentrations %

OXY TET CEP

Recovery (%) Recovery (%) Recovery (%)

50 98.25 99.26 98.08
99.11 99.45 99.42
98.78 98.48 98.75
99.36 98.79 99.42
99.56 98.39 98.33
98.45 98.95 99.88

Mean ± RSD 98.91 ± 0.52 98.89 ± 0.42 98.98 ± 0.71
100 98.44 98.26 98.14

99.15 99.46 99.58
98.76 99.16 98.09
98.23 98.38 99.98
98.67 98.79 98.37
98.08 98.96 98.46

Mean ± RSD 98.56 ± 0.39 98.84 ± 0.46 98.77 ± 0.81
150 98.58 98.00 99.35

98.19 99.09 98.82
99.06 98.76 99.29
98.47 99.89 99.43
98.88 99.98 99.57
99.25 98.46 98.52

Mean ± RSD 98.74 ± 0.40 99.03 ± 0.80 99.16 ± 0.41

Environmental impact of RP-HPLC strategy for detection of selected antibiotics residues in wastewater  13



of contamination, since antibiotics enter wastewater from
a variety of sources, including hospitals, pharmaceutical
industries, and residential areas. Certain antibiotics could
be detected in these sources according to their usage pat-
terns. Hospital effluents, for instance, may contain higher
concentrations of antibiotics commonly used in hospitals
[43]. As antibiotics are unstable and degrade at different
rates in the environment, they have varying degrees of
degradation and persistence. Depending on the pH, tem-
perature, and microbial activity of the environment, some
antibiotics can degrade more rapidly, causing their
absence from samples [44]. There is a wide range of effec-
tiveness in the removal of antibiotics from wastewater due
to the different wastewater treatment processes. Treat-
ment of wastewater with conventional methods may lead
to antibiotic resistance [45]. Water treatment is affected by
the chemical properties of antibiotics, such as their solubi-
lity and adsorption potential. In contrast, antibiotics with a
high adsorption potential can bind to sludge during treat-
ment and remain in the aqueous phase.

Based on our study, the detected antibiotic may have
been more prevalent because of its increased use in the
source area or its greater resistance to degradation and
treatment. However, it is also possible that the absence
of antibiotics may have resulted in a faster degrading pro-
cess or a more efficient removal during treatment.

It has been well explored in the past few decades that
antibiotic residues can be detected in environmental sam-
ples using various methods, such as LC-MS/MS [17,18] and
HPLC-DAD [20,21]. As analytical chemistry methods are
evaluated, green metrics such as GAPI and AGREE are
increasingly incorporated. There has been no previous
study combining ecological impact assessments with RP-
HPLC methods to analyze wastewater from poultry slaugh-
ters, rabbit farms, and pharmaceutical factories for the
detection of OXY, TET, and CEP. However, whereas other
methods have detected similar antibiotics in environ-
mental samples, the incorporation of several green metrics
and the focus on wastewater from three distinct sources
are novel aspects of the manuscript, which adds value to
the field by introducing methodological and sustainability
innovations.

There are several benefits to the HPLC method,
including its cost-effectiveness, accessibility, and high
separation efficiency [46]. The LC-MS/MS has the advantage
of being easier to operate and maintain as well. As a result,
RP-HPLC is less suitable for detecting low antibiotic con-
centrations than LC-MS/MS due to its lack of sensitivity and
specificity. In addition to offering high sensitivity and spe-
cificity, LC-MS/MS is capable of simultaneously identifying
and quantifying multiple compounds [17,18]. Analytes in

low concentrations as well as complex matrices are parti-
cularly well suited for this method. The LC-MS/MS method,
on the other hand, requires more equipment, requires
more expertise, and is more expensive. Using BAGI is an
excellent way to select analytical methods that balance
performance and environmental responsibility. It is espe-
cially valuable for laboratories looking to adhere to white
chemistry practices. However, BAGI may have limited
application due to data availability on biological activity
and environmental impact for certain reagents/processes.
As a result of antibiotic residues detected in wastewater
from poultry slaughterhouses, rabbit farms, and pharma-
ceutical factories, improved wastewater treatment technol-
ogies are necessary to mitigate contamination of the envir-
onment. We developed an RP-HPLC method that provides
an environmentally friendly method for detecting anti-
biotic residues in wastewater. Such a method is more
robust than more sophisticated methods, including LC-
MS/MS. As opposed to two stages of mass spectrometry in
LC-MS/MS, our approach achieves comparable accuracy
and sensitivity, so it is accessible without specialized equip-
ment for a wider range of applications. Our findings may
assist in developing stricter regulations related to anti-
biotic discharge limits and encourage the adoption of mon-
itoring programs for antibiotic residues in wastewater. As
a result of the presence of antibiotics in agricultural waste-
water, livestock farming must be managed better to reduce
antibiotic use and keep antibiotic resistance at bay.

The literature review indicates that out of eight environ-
mental metrics, none of the HPLC methods are appropriate
for detecting OXY, TET, and CEP residues in wastewater from
rabbit farms, pharmaceutical enterprises, and poultry slaugh-
terhouses. To evaluate the ecological sustainability of the pro-
posed approach, the study employed a variety of green cri-
teria such as AGREE, HPLC-EAT, ESA, ComplexGAPI, AMVI,
AMGS, and AGREEprep, in addition to the BAGI metric of
white chemistry. Our state-of-the-art quality tools and Lean
Six-Sigma procedures are the most effective and efficient
ways to adhere to sustainable and environmentally friendly
chemistry principles. This infographic Figure 5 and Table 8
illustrates traces of OXY, TET, and CEP in wastewater from a
pharmaceutical company, a rabbit farm, and a chicken abat-
toir. The data shown in Table 5 provide details on the number
of samples analyzed (n = 20) and the time period during
which sampling was performed (February to May 2024).
The bar graph displays the residual amounts of three anti-
biotics in wastewater from three distinct sources. Compared
to the rabbit farm, the wastewater from the poultry slaughter
industry had greater TET and OXY residue levels; these resi-
dues are not present in the pharmaceutical factory. On the
other hand, pharmaceutical plants identified small
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concentrations of CEP, which was absent from rabbit farms
and poultry slaughterhouses.

5 Conclusion

This study established a connection between two signifi-
cant and potential fields by creating a chromatographic
technique for measuring targeted analytes in actual sam-
ples of wastewater. Assessing the presence of antibiotic
residues (OXY, TET, and CEP) in wastewater from chicken
slaughter, rabbit farms, and medicines using eight ecologically
friendly metrics and the specific BAGI associated with sustain-
able chemistry is not feasiblewith HPLC techniques. Due to this
rationale, analysts have effectively devised and validated an
innovative approach. The researchers employed several soft-
ware and technologies, such as AGREE, AGREEprep, GAPI,
ComplexGAPI, ESA, AMVI, AMGS, and HPLC-EAT, to evaluate
the environmental sustainability of the proposed strategy
based on eight green criteria. The integration of the lean Six
Sigma strategy confirmed the suggested method’s quality

further, as evidenced by the attainment of Cpk values greater
than 1.3. Poultry slaughterhouses, rabbit farms, and pharma-
ceutical manufacturers can all use the created technology to
analyze wastewater for antimicrobial medicines. It is useful for
gathering data on the prevalence and environmental behavior
of antimicrobial medications.

6 Future plan and study limitations

The method used in this study provides a robust method
for detecting antibiotic residues in wastewater. Despite
this, several limitations must be acknowledged. There are
numerous factors that may affect the accuracy and preci-
sion of the results due to the complexity of the wastewater
matrix, despite the cleanup steps taken. Furthermore, the
method focuses only on a limited number of antibiotics,
potentially ignoring other compounds or metabolites. A
greener alternative is also needed because organic solvents
like methanol are used in the mobile phase, which raises
environmental and safety concerns. It is also possible that
the method’s performance will vary based on the type of
wastewater used, which limits its generalizability. To
address these limitations, future work will focus on broad-
ening the scope of analytes to include a broader range of
antibiotics and emerging contaminants. Besides exploring
greener solvents, we will also explore alternative techni-
ques that reduce the method’s environmental impact. We
will investigate automation and high-throughput analysis
to facilitate large-scale monitoring and improve reprodu-
cibility. In addition, we plan to conduct long-term moni-
toring studies of antibiotic residues in wastewater to eval-
uate trends and risks.
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