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Recently, there has been a high demand for green procedures in analytical chemistry, particularly those
utilizing eco-friendly solvents. In this context, three feasible derivative UV spectrophotometric methods
namely, derivative ratio-zero crossing spectra (DRZCS), double divisor ratio spectra (DDRS), and
successive derivative subtraction coupled with constant multiplication (SDS-CM) were developed to
quantify a ternary mixture of phenol (P), 2-aminophenol (2-AP), and 4-aminophenol (4-AP) in real water
samples simultaneously, using ethanol as a solvent. The established methods demonstrated a good
linear range, covering 2-60 ug mL™* for P and 2-50 ug mL™* for 2-AP and 4-AP, in all approaches with
a high correlation coefficient (R*> = 0.9995). In compliance with ICH guidelines, the methods exhibited
acceptable precision and accuracy, as indicated by good spike recovery with low relative standard
deviations. The eco-friendliness of the UV spectrophotometric approach was assessed using analytical
eco-scale (AES), analytical greenness (AGREE), and analytical greenness metrics for sample preparation
(AGREEprep). These evaluations confirmed the eco-friendliness of the proposed methods in terms of
solvents, energy consumption, and waste generation. The proposed procedure proved to be efficient in
quantifying each component in laboratory-synthesized mixtures and real water samples, thanks to its
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1. Introduction

Phenolic compounds are recognized as environmental pollut-
ants, exerting a significant impact on water quality and marine
life.”* Phenol (P), the simplest aromatic alcohol, finds appli-
cations in pesticides, herbicides, explosives, dyes, polymers,
and drugs.>® The substitution reaction of phenol with amines
produces various derivatives, including amino derivatives like 2-
aminophenol (2-AP) and 4-aminophenol (4-AP), which are
utilized in rubber manufacturing, the photosensitive materials
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simplicity, accuracy, sensitivity, and cost-effectiveness.

sector, and other industries.*>*® The presence of these phenolic
compounds in ecosystems is associated with the production
and degradation of pesticides, as well as urban and industrial
sewage.”*® 4-AP, a critical chemical in various industries, serves
as a photographer's developer and a medicinal and dye inter-
mediate. Notably, it is employed in the synthesis of paracetamol
and the production of sulfur and azo dyes, crucial in textile,
leather, and alimentary industries.* Nearly 90% of the current
domestic 4-AP use contributes to synthetic paracetamol
production, making it the world's most popular antipyretic
analgesic drug, representing 45 percent of the total antipyretic
analgesic pharmaceutical market. Exposure to phenolic
compounds raises health concerns, including mutations, skin
allergies, asthma-like reactions, and an increased risk of
cancer.'>'® Additionally, even at lower toxicological concentra-
tions, phenols can impart an unpleasant taste and odor to
water, challenging conventional water treatment methods."”
Consequently, there is an urgent need to establish suitable
analytical procedures for the quantification of phenolic
compounds in environmental analysis and water sample quality
control.
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Several analytical techniques have been developed for the
determination and characterization of phenolic pollutants,
such as HPLC/GC, HPLC/MS, capillary electrophoresis,'®>* and
electrochemical approaches.>*?* UV-spectrophotometry stands
out as one of the easiest and most convenient methods of
analysis. However, a primary challenge in spectrophotometric
multicomponent analysis is identifying the presence of multiple
compounds in a mixture with overlapping spectra, without prior
separation. Among the spectrophotometric techniques used for
such scenarios, derivative spectrophotometry (DS) offers
a broader range of applicability in terms of usability and
sensitivity. Its applications extend across various fields,
including pharmaceutical, clinical, environmental, and both
inorganic and organic analysis.”*?

This work aims to develop a sensitive, straightforward, and
time-saving spectrophotometric method for simultaneously
quantifying three components: P, 2-AP, and 4-AP in a ternary
mixture without interference and pre-separation. The first
method, derivative ratio-zero crossing spectra (DRZCS), is based
on computing the first derivative of ratio spectra and measuring
peak amplitude, with one component used as a divisor while the
zero crossing of another component is considered. The second
method, double divisor ratio spectra (DDRS), involves the use of
the first derivative ratio spectrum computed by dividing the
absorption spectrum of the ternary mixture by the standard
absorption spectrum of the binary mixture of the ternary
combination. The third method, successive derivative subtrac-
tion coupled with constant multiplication (SDS-CM) for the first
derivative spectrum, allows the components of a ternary
mixture to be measured from their resolved first derivative
spectra.

All spectrophotometric approaches were validated following
ICH guidelines. The specificity of these methods was assessed
by examining laboratory-made mixtures with varying propor-
tions of P, 2-AP, and 4-AP, and the resulting data were satis-
factory within the calibration range. Additionally, these
approaches were applied to determine the quantities of these
compounds in tap and mineral water samples. The developed
methods utilize safe solvents, aligning with eco-friendly prac-
tices, as confirmed by the analytical greenness procedure.

2. Experimental

2.1 Instrumentation and software

All spectral measurements were performed using an Agilent
Cary 60 UV-vis spectrophotometer equipped with a quartz cell
(1 cm optical path length) and Cary Win software (version 2.0).
Spectra were collected in the wavelength range of 200-400 nm
with a 1 nm interval, utilizing a scan rate of 600 nm min~". For
the evaluation of greenness, AGREE software version 0.5 beta
and AGREEprep served as the metric tool for assessing the eco-

friendliness of the methods.
2.2 Materials

Analytical-grade chemicals from Merck and Scharlau were
exclusively employed throughout the experiments. Phenol (P,
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purity = 98%), 2-aminophenol (2-AP, purity 99%), 4-amino-
phenol (4-AP, purity 99.5%), and ethanol (purity 99.9%) were
supplied by these sources.

2.3 Standard solutions

Separate standard stock solutions of 100 pg mL ™" for each of P,
2-AP, and 4-AP were prepared in ethanol.

2.4 Procedures

2.4.1 Spectral characteristics. The zero-order absorption
spectrum of each standard solution, containing 20 ug mL™* of
P, 2-AP, and 4-AP, was recorded in the range of (200-400) nm
using ethanol:water (1:1) as a blank. These spectra were
overlaid to assess the extent of overlapping and determine
appropriate analysis methods for the simultaneous presence of
the three compounds. Fig. 1 illustrates the overlapping spectra.

2.4.2 Construction of calibration curves. Aliquots equiva-
lent to (2-60 pg mL " of P) and (2-50 pg mL " of 2-AP and 4-AP)
were separately prepared from the working standard solutions
in ethanol : water (1:1). The absorption spectra of these solu-
tions were scanned in the (200-400 nm) range and saved on the
computer.

2.4.3 Derivative ratio - zero crossing spectra (DRZCS). The
saved absorption spectra of the P aliquots were divided by the
standard spectrum of 10 ug mL ™" of 4-AP as a divisor to generate
the ratio spectra. Subsequently, the first derivative of each ratio
spectrum was calculated with wavelength intervals (AA = 8 nm).
The peak amplitude values of the derivative at 280 nm, repre-
senting the zero-crossing point for 2-AP, were quantitatively
measured.

Following the aforementioned procedure, the saved
absorption spectra of separate aliquots of 2-AP and 4-AP were
divided by the standard absorption spectrum of the respective
divisor. For 2-AP, the divisor was 4-AP, and vice versa, with
a divisor concentration of 3 ug mL ™. This process yielded the
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Fig.1 Zero-order absorption spectra of P, 2-AP and 4-AP, each of (20
ng mL™Y) using ethanol : water (1: 1) as a blank.
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ratio spectra, and subsequently, the first derivative of these ratio
spectra was obtained using AA = 8 nm. The peak amplitude
values of the derivative at 296 nm for 2-AP and at 320 nm for 4-
AP (both representing zero-crossing points for P) were quanti-
tatively measured. Based on these results, calibration graphs
were plotted for the concentrations of P, 2-AP, and 4-AP,
correlating with their respective analytical signals. Finally,
linear regression equations were computed.

2.4.4 Double divisor ratio spectra (DDRS). The stored
spectra of various aliquots of P in both pure and ternary mixture
solutions were divided by the standard spectrum of the double
divisor (5 ug mL ™" each of 2-AP and 4-AP). The resulting ratio
spectra were then converted into their first derivative with AA =
8 nm. The working wavelength was chosen at the coincident
point of the spectra of pure P and the ternary mixture, set at
280 nm. The same procedure was applied for quantifying 2-AP
and 4-AP, using equivalent concentrations of the double divisor
(4 ng mL™" each of P and 4-AP with AA = 8 nm) and (3 ug mL™"
each of P and 2-AP with AA = 8 nm), respectively. The coincident
wavelength points (296 and 320 nm) were selected as the
working wavelengths, where the absorption spectra of pure 2-
AP, 4-AP, and the ternary mixture overlapped. Calibration
curves were established by plotting peak amplitude values of the
derivative at these coincident wavelength points against the
corresponding concentrations of P, 2-AP, and 4-AP. Finally,
linear regression parameters were computed from the calibra-
tion curves.

2.4.5 Successive derivative subtraction coupled with
constant multiplication (SDS-CM). The zero-order absorption
spectra of pure solutions of P, 2-AP, and 4-AP were initially
recorded. Subsequently, these spectra were converted to the
first derivative using AA = 8 nm and saved in the computer.
Linear regression parameters were computed by correlating the
peak amplitude values of the derivative of P (peak to zero
baseline) at 280 nm and of 2-AP and 4-AP (peak to peak) at 296—
272 and 312-288 nm, respectively, with their corresponding
concentrations.

2.4.6 Analysis of laboratory synthetic mixtures. Laboratory-
made mixtures with different ratios of P, 2-AP, and 4-AP were
prepared. The zero-order spectra of these solutions were
measured separately within the range of 200-400 nm. Subse-
quent manipulation steps for each method were implemented,
and the quantity of each constituent in the solutions was then
determined from the corresponding linear regression
equations.

3. Results and discussion

In today's analytical landscape, the demand for straightforward,
rapid, cost-effective, accurate, precise, and eco-friendly
methods related to quality control, routine analysis, and envi-
ronmental monitoring has led to the development of various
spectrophotometric techniques, including derivative or ratio
derivative spectrophotometry.*** Unlike hyphenated analytical
instruments such as HPLC, GC, or capillary electrophoresis,
spectrophotometric procedures eliminate the need for pre-
analysis steps like derivatization, extraction, or other complex

© 2024 The Author(s). Published by the Royal Society of Chemistry
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processes, thereby saving time and costs. However, a notable
drawback of spectrophotometric methods is their lower selec-
tivity compared to hyphenated techniques. This limitation has
been addressed in modern spectrophotometric devices, which
are supported by software enabling the storage of absorption
spectra and performing mathematical processes, such as
addition, subtraction, multiplication, and derivatization, as
a means to enhance selectivity.*®

All the aforementioned considerations should be taken into
account during the development of a spectrophotometric
approach for multicomponent analysis with overlapped
absorption spectra. The absorption spectra of P, 2-AP, and 4-AP
were found to be closely overlapped in the entire region of 200-
340 nm, as illustrated in Fig. 1. Direct quantification using
ordinary zero-order spectrophotometry was thus impossible.
The primary objective of this research was to establish
a straightforward, sensitive, accurate, and resolving spectro-
photometric approach for the simultaneous estimation of P, 2-
AP, and 4-AP in their ternary mixtures and real water samples.
While numerous methods for analyzing P, 2-AP, and 4-AP
individually have been documented,””* no established spec-
trophotometric methods for their mixture analysis exist.

3.1 Derivative ratio - zero crossing spectra (DRZCS)

Derivative spectrophotometry is a well-established method for
increasing the specificity and selectivity of UV-absorption
spectra of analytes in a multicomponent chemical mixture.
This is accomplished by improving the resolution of over-
lapping spectra. Despite this, it provides a reasonable solution
for many defined analytical situations, including the elimina-
tion of sample turbidity interference, matrix interferences,
baseline shift, and improvement of spectral details.*>** Addi-
tionally, it can be implemented to quantify one analyte in the
presence of another by a wavelength at which one of the
compounds has nearly zero contribution, while the other
compound has a measurable contribution.
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Fig.2 First derivative ratio spectra of P (2, 10, 20, 30, 40, 50, and 60 ug
mL™) and 40 pg mL™! of 2-AP. 10 ug mL™* of 4-AP was used as
a divisor.
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Fig. 2 depicts the first-order derivative ratio spectra of
various concentrations of pure P and 40 pg mL™" of 2-AP when
10 pg mL~" of 4-AP is utilized as a divisor, with A1 set at 8 nm.
As seen, the spectra of P demonstrate a single maximum at
264 nm and two minima at 225 and 280 nm, while the 2-AP
spectrum has zero-crossings at 256 and 280 nm, where P
exhibits significant absorption. The peak amplitude spectra of P
are low at 256 nm but higher at 280 nm. For the determination
of P, 280 nm was selected as the working wavelength since it
provides optimal results regarding linearity and sensitivity.

Fig. 3 shows the first-order derivative ratio spectra of different
concentrations of pure 2-AP and 40 pg mL ™" of Pwhen 3 ug mL ™"
of 4-AP is used as a divisor, with AZ set at 8 nm. The spectra of 2-
AP in this figure exhibit one maximum at 272 nm and one
minimum at 296 nm. At both wavelengths, the P spectrum has
zero-crossings, and 2-AP has some absorption. At 272 nm, the
peak amplitude spectra of 2-AP are low with inaccurate recovery,
while at 296 nm, the peak amplitude spectra show a wide range of
linearity and good recovery. Thus, 296 nm was chosen as the
working wavelength for the estimation of 2-AP.

In Fig. 4, the first-order derivative ratio spectra of varied
concentrations of pure 4-AP and 40 ug mL™ ' of P, with 3 pg
mL ™" of 2-AP employed as a divisor and AX set at 8 nm, are
represented. From the 4-AP spectra, a significant maximum at
304 and a minimum at 320 nm can be observed. Here, the 2-AP
spectrum has zero-crossings where the 4-AP has some absorp-
tion. Since the peak amplitude spectra of 4-AP at 320 nm display
better sensitivity, it was chosen as the working wavelength to
determine 4-AP.

To optimize the resulting first derivative ratio-spectra, the
impact of AA and divisor concentration were examined. A
satisfactory signal-to-noise ratio was achieved with AA set at
8 nm, and the spectra exhibited good resolution. Standard
solutions of 10 ug mL™" of 4-AP, 3 ug mL ™" of 4-AP, and 3 pg
mL™' of 2-AP were chosen as the most suitable divisor
concentrations in terms of sensitivity and percent recovery for
the estimation of P, 2-AP, and 4-AP, respectively.

Peak Amplitude

260 280 300 320

Wavelength (nm)

220 240 340

Fig. 3 First derivative ratio spectra of 2-AP (2, 5, 10, 20, 30, 40, and 50
ug mL™Y and 40 ug mL™t of P. 3 pg mL~* of 4-AP was used as a divisor.
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Fig. 4 First derivative ratio spectra of 4-AP (2, 5, 10, 20, 30, 40, and 50
pg mL™Y) and 30 pg mL~* of P. 3 ug mL~* of 2-AP was used as a divisor.

3.2 Double divisor ratio spectra (DDRS)

This technique, proposed by Din¢ and colleagues, is utilized for
estimating analytes in ternary mixtures.*> The process involves
computing the derivative of the ratio absorption spectrum,
achieved by dividing the ternary mixture spectrum by the
spectrum of a standard solution containing a binary mixture of
two out of the three constituents of the analyzing mixture. The
main advantage of this approach is that no zero-crossing point
is required for analyte quantification, in contrast to zero-
crossing spectrophotometric methods. However, it should be
noted that the concurrent spectra were applied for the estima-
tion of analytes at either the minimum or maximum peaks.

In this method, various factors influence both the first
derivative ratio spectra and the determination of individual
constituents in the ternary mixture. Selecting the appropriate
working wavelength is a crucial step. The first-order ratio
derivative of P (refer to Fig. 5) revealed several minima and
maxima peaks. However, 280 nm was chosen as the working
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Fig.5 The coincident first-order derivative ratio spectra of pure P and
ternary mixtures, using 5 ug mL~* of 2-AP and 4-AP as a double divisor.
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Fig. 6 The coincident first-order derivative ratio spectra of pure 2-AP
and ternary mixtures, using 4 ng mL™! of P and 4-AP as a double
divisor.

wavelength because the spectra of pure P and its ternary mixture
must coincide in the wavelength spectral region while also
exhibiting good linearity, selectivity, and recovery. Conse-
quently, 296 nm (as illustrated in Fig. 6) and 320 nm (as illus-
trated in Fig. 7) were chosen as suitable wavelengths for
quantifying 2-AP and 4-AP, respectively.

The divisor concentration is another factor that enhances the
sensitivity of this approach by reducing experimental errors and
background noise. Therefore, various concentrations of standard
solutions of binary mixtures, termed ‘double divisors,” were
examined. Equal concentrations of divisors, specifically 5 pg
mL ™" of each (2-AP and 4-AP), 4 pg mL™" of each (P and 4-AP),
and 3 pg mL ™" of each (P and 2-AP), were chosen for the quan-
tification of P, 2-AP, and 4-AP, respectively. Finally, the effects of
A2 on the first derivative of the ratio spectra were investigated in

terms of signalto-noise ratio and sensitivity. Various
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Fig. 7 The coincident first-order derivative ratio spectra of pure 4-AP
and ternary mixtures, using 3 pg mL™* of P and 2-AP as a double
divisor.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

wavelengths (1-10 nm) were explored, with § nm demonstrating
the highest analytical signal and sensitivity. Consequently,
a derivatization wavelength of 8 nm was chosen for all analytes.

3.3 Successive derivative subtraction coupled with constant
multiplication (SDS-CM)

SDS-CM is a technique that leverages the first derivative spectra
of a ternary mixture to separate and quantify its components.
The underlying principle is based on the observation that the
derivative spectra of the components exhibit different wave-
length ranges. The component with the longest range can be
subtracted from the mixture spectrum by multiplying it with
a constant factor. This process is repeated for the other
components until the entire mixture spectrum is resolved. The
constant factors can be calculated using either the balance
point or the graphical method.*** In the case of the ternary
mixture of P, 2-AP, and 4-AP, the UV-spectrum of 4-AP had
alonger extension than 2-AP, which, in turn, was more extended
than P. Therefore, the SDS-CM approach was developed to
progressively resolve the components of the ternary
combination.

In the current research, the obtained ratio spectra of the first
derivative for ternary combinations (P, 2-AP, and 4-AP) in Fig. 8A
were computed using the first derivative standard spectrum of 30
ug mL~" of 4-AP as a divisor. As depicted in the figure, a constant
for each synthetic combination formed a straight line parallel to
the wavelength axis within the expanded region from 312 to
340 nm. After accurately measuring this constant and multiplying
it by the first derivative divisor spectrum of 4-AP, the original first
derivative of 4-AP was obtained, as illustrated in Fig. 8B. The value
of the peak amplitude at Pzi, 533 was then measured and
substituted into its corresponding regression equation to deter-
mine the quantity of 4-AP in the ternary mixture.

The first derivative spectra of binary combinations (P and 2-
AP) were obtained by subtracting the constant and multiplying
the result by the first derivative of the divisor spectrum. The
resulting ratio spectra of the first derivative for the binary
mixtures, as shown in Fig. 9A, were processed using the first
derivative standard spectrum of 20 ug mL ™" of 2-AP as a divisor.
As illustrated in the figure, the ratio spectra revealed a constant
plateau extension from 304 to 312 nm aligned to the A-axis.
Multiplying this constant by the first derivative spectrum of the
divisor 2-AP yielded the first derivative spectrum of 2-AP, as
portrayed in Fig. 9B. The peak-to-peak amplitude value of the
achieved spectrum was measured at P, 57, and substituted
into its linear regression relation to estimate the quantity of 2-
AP in the binary mixture.

The constant obtained from Fig. 9A was subtracted and
multiplied by the first derivative spectrum of the divisor 2-AP.
This step aimed to eliminate 2-AP in the binary mixture and
regain the initial first derivative spectrum of P, as illustrated in
Fig. 10. The peak amplitude of the first derivative (peak to zero
baseline) was measured at 280 nm and substituted into its
regression relation to determine the quantity of P.

The selection of the divisor and its concentration are crucial
steps for obtaining the ratio spectrum in successive derivative
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01094a

View Article Online

RSC Advances Paper
0.04
6.0+
A B
4.0+
0.00 4
[ Q
E 2.04 E
s =
E 0.04 £ -0.04 1
< <
4 -
$ 201 o
-0.08
4.04
%01 . . . . . -0.12 v v v . v
220 240 260 280 300 320 340 220 240 260 280 300 320 340
Wavelength (nm) Wavelength (nm)

Fig. 8 (A) First derivative ratio spectra of synthetic mixtures of P, 2-AP, and 4-AP, using 30 pg mL™* of 4-AP as a divisor and showing constant at
the plateau region from (312 to 340 nm). (B) The achieved spectra of 4-AP from the mixtures after constant multiplication by a divisor of 4-AP (30
pg mL™Y).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

10
A 0.104 B
5 r
® 0 © 0.051
© =}
2 2
a -51 =y |
3 £ 0.00-
< <
X 10 x
g 1 5
o 2 _0.054
154
-20 - -0.10 4
220 240 260 280 300 320 340 220 240 260 280 300 320 340 360
Wavelength (nm) Wavelength (nm)

Fig. 9 (A) The resulted from the first derivative ratio spectra of the synthetic mixtures of P, 2-AP, and 4-AP (after exclusion of 4-AP) using 20 ng
mL~ of 2-AP as a divisor showing constant at the plateau region from (304 to 312 nm). (B) The achieved spectra of 2-AP from these mixtures after
Ly constant multiplication by a divisor of 2-AP (20 ug mL™).

Open Access Article. Published on 17 May 2024. Downloaded on 11/14/2025 7:26:17 AM.

[

subtraction. Therefore, various concentrations of 4-AP (5, 10,
0.04 20, 30, and 40 pg mL ') and 2-AP (5, 10, 20, and 30 pg mL ™)
were studied as divisors. The concentrations of 30 pg mL ™" of 4-
AP and 20 ug mL ™" of 2-AP yielded the best results, exhibiting
0.00 1 constant alignment to the wavelength x-axis, minimal noise,
maximum sensitivity, and percent recovery when used for the

0.02 4

(]

é oo estimation of P, 2-AP, and 4-AP in their ternary combinations.

g 0041 The impact of AA on the derivative spectrum was explored,
%»0.06- with A2 = 8 nm demonstrating a satisfactory signal-to-noise
S ratio and good spectral resolution. The principal advantage of

-0.08 4 SDS-CM lies in recovering the first derivative spectrum of an
individual constituent in the mixture as a pure spectrum, free

o0 from other spectral contributions. Consequently, the derivative
012 spectra of each component enable a peak-to-peak assessment,
220 240 260 280 300 320 340 resulting in an enhanced peak amplitude value and sensitivity
Wavelength (nm) compared to the peak-to-baseline derivative approach. Accord-

ingly, the peak-to-peak method was employed for quantifying 2-

Fig. 10 The obtained first derivative spectra of the P from the labo-

ratory synthetic mixtures. AP and 4-AP.
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3.4 Method validation

The validation of the spectrophotometric procedures aimed
to ensure that the selected methods yield analytical data
suitable for their intended use, following the guidelines out-
lined by the International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human Use
(ICH).*® The validity of the methods was assessed in terms of
range and linearity, as well as the determination of the limit
of detection (LOD) and quantification (LOQ). Additionally, the
evaluation included examinations of accuracy, precision,
selectivity, and the stability of analytes during the application
of analytical procedures and wunder different storage
conditions.

3.5 Range and linearity

The assessment of linearity involved triplicate quantification
of varied concentrations of P, 2-AP, and 4-AP within the
respective limits of 2-60, 2-50, and 2-50 pg mL~'. The ob-
tained calibration curves demonstrated high correlation
coefficients (R*), indicating the robust linearity of the
methods. The standard deviations for the slopes and inter-
cepts were calculated, with their low values affirming the
precision and reliability of the calibration curves. All analyt-
ical procedures were executed under optimum conditions,
and the resulting regression parameters are summarized in
Table 1.

3.6 Limit of detection and quantification

The LOD of analytical approaches signifies the minimum
amount of analyte in a test sample that can be detected, and it
is not necessarily required to be estimated as an exact value.
On the other hand, the LOQ represents the minimum quantity
of an analyte that can be quantitatively analyzed under opti-
mized experimental conditions.*” Consequently, both the LOD
and LOQ serve as indicators of the selectivity of analytical
methods, and they were calculated using the following
formula:

LOD = 3.30/6 and LOQ = 100/5 (1)

Hence, ¢ represents the standard deviation of intercepts of
calibration lines and ¢ signifies the slope of the standard graph.
The high sensitivity of the procedures was established by a low
value of the LOD and LOQ as tabulated in Table 1.

Table 2 illustrates a comparison between the recommended
approaches for measuring P, 2-AP, and 4-AP and existing
methods. The proposed techniques demonstrate a distinctive
method for concurrently detecting all three compounds with
acceptable limits of detection and dynamic range. Currently,
there are no documented instances of simultaneous detection
of these compounds.

3.7 Accuracy and precision

Intra-day and inter-day accuracy and precision were assessed by
analyzing three various quantities in triplicate, spanning from

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 1 Calibration parameters of the methods for simultaneous estimating P, 2-AP, and 4-AP

4-AP

2-AP

SDS-CM

DDRS

DDRS SDS-CM DRZCS DDRS SDS-CM DRZCS

DRZCS

Parameters

280 296 296 Pios-272 320 320 Pirsosss
2-50 2-50

280

280

Wavelength (nm)

2-50

2-50

2-60 2-60 2-50 2-50

2-60

Range of linearity (ug mL ")
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Table 2 Comparison of the proposed approaches with other documented techniques for analyzing P, 2-AP, and 4-AP
Method Analyte Dynamic range (ug mL ") LOD (ug mL ™) Ref.
HPLC P 0.0015-10.0000 0.0004-0.0133 48
Gas chromatography P 0.1 x 10%t0 1.0 x 10?2 0.25 x 10? 49
Electrochemical 2-AP 9.41 x 10 *t0 9.41 x 102 8.65 x 107* 50
Voltammetry 2-AP 4.70 x 107 to 1.88 1.50 x 10 51
Electrochemical 2-AP 0.0109-7.6391 1.9643 x 1073 52
4-AP 0.0109-6.002 1.2004 x 1073
Spectrophotometric P 2-60 0.57,0.55,” 0.51° This work
2-AP 2-50 0.34,%0.28,7 0.49°
4-AP 2-50 0.38,% 0.34,7 0.58°

% DRZCS. ” DDRS. ¢ SDS-CM.

the low to medium and high regions of the calibration range.
Concentrations of P (5, 35, and 55 ug mL ™ '), 2-AP (5, 25, and 50
ng mL™Y), and 4-AP (5, 25, and 50 pg mL ™) were analyzed within
the same day for intra-day evaluations, and the same solutions
were analyzed for three consecutive days for inter-day assess-
ments. The concentrations were determined using all three
approaches from corresponding regression formulations.
Accuracy, expressed as percent recovery, ranged from 98.45% to
100.79%. Precision, evaluated as percent relative standard
deviation (RSD), was approximately 2%.

3.8 Selectivity

The term ‘selectivity’ refers to the capability of an analytical
method to accurately quantify specific analytes in multicom-
ponent chemical constituents or matrices, without interference
from other constituents with similar properties. The selectivity
of the proposed approaches was validated through the analysis
of various laboratory-made mixtures containing different ratios
of P, 2-AP, and 4-AP. In Table 3, the high percent recovery and
low standard deviation confirm the acceptability of the results.
Furthermore, the obtained data indicate that the developed
methods are robust for estimating and resolving ternary
combinations in different proportions.

3.9 Stability studies of solution

The stability of the stock standard solutions was investigated
over different time periods. The prepared stock solutions in

ethanol were found to be stable for one week when stored in the
refrigerator at 4 °C. During this period, no significant dissimi-
larity was detected in the assay results obtained using the sug-
gested methods. To prevent errors arising from ethanol
evaporation and the instability of 2-AP and 4-AP solutions in the
presence of light, it is recommended to store the solutions for
one week in a refrigerator at 4 °C.

3.10 Application of the proposed methods

To demonstrate the potential analytical applicability, the
developed methods were applied to the analysis of real
samples, specifically tap water and mineral water samples. The
tap and natural mineral water underwent practical analysis
with some modifications to the general procedure. In the
preliminary test, no peaks appeared on the absorption spec-
trum of unspiked real samples in the working wavelength
region. Furthermore, the effect of the sample matrix was
minimized by diluting the water samples within the linear
range of the calibration curve. For this purpose, 2 mL of real
samples were taken, spiked with various ratios of P, 2-AP, and
4-AP, and then diluted in a 25 mL volumetric flask using
ethanol : water (1: 1). The results, as listed in Table 4, indicate
that the average spiked recovery and the RSD fell within the
range of 98.22% to 101.49% and 1.12% to 2.10%, respectively.
Based on these data, the proposed methods under the opti-
mized conditions were found to be superior for the quantifi-
cation of P, 2-AP, and 4-AP in real water samples.

Table 3 Experimental results for analyzing P, 2-AP, and 4-AP in synthetic mixtures

P 2-AP

4-AP

Ratio of P:2- (%recovery & SD)*

(%recovery + SD)*

(%recovery + SD)*

AP: 4-AP

(ng mLfl) DRZCS DDRS SDS-CM RDZCS DDRS SDS-CM DRZCS DDRS SDS-CM
2:2:2 101.34 £ 0.43 100.70 & 0.13 99.15 £ 0.16 98.59 £ 0.14 100.52 + 0.11 98.59 £ 0.14 100.41 £ 0.05 99.23 & 0.06 99.08 £ 0.17
10:10:3 98.99 £ 0.47 100.06 £ 0.15 99.41 + 0.25 99.77 £+ 0.18 99.84 £ 0.12 98.70 & 0.14 98.87 £ 0.22 99.76 + 0.22 100.48 £ 0.32
3:10:10 100.08 £ 0.38 101.42 + 0.66 98.79 £ 0.27 99.17 £ 0.22 100.09 & 0.08 100.01 £ 0.14 98.38 £ 0.24 99.90 % 0.26 100.79 £ 0.28
3:3:30 98.51 + 0.31 98.46 + 0.56 100.14 £ 0.21 100.56 £+ 0.07 101.76 + 0.04 99.88 £ 0.14 98.56 £+ 0.43 98.52 + 0.18 98.09 £ 0.22
30:3:3 98.32 £ 0.35 99.13 £ 0.35 99.54 £ 0.41 100.58 £ 0.24 100.35 + 0.28 97.87 £ 0.14 99.33 £ 0.26 100.88 &+ 0.32 98.04 £ 0.37
3:30:3 99.27 £+ 0.49 101.18 £ 0.25 101.10 + 0.12 100.15 £+ 0.30 99.32 £ 0.15 99.24 £+ 0.14 99.26 £ 0.25 99.43 + 0.21 99.22 £ 0.22
Mean + SD 99.42 £ 0.40 100.31 + 0.35 99.69 £ 0.24 99.80 £ 0.19 100.31 + 0.13 99.05 £ 0.17 99.13 £ 0.24 99.62 + 0.21 99.28 £ 0.26

“ Mean of three determinations.
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Table 4 Application of the approaches for analyzing real water samples

View Article Online

RSC Advances

P 4-AP 4-AP
Spike recovery® (%)
Spiked added (pg
Sample qu) P:2-AP: 4-AP DRZCS DDRS SDS-CM DRZCS DDRS SDS-CM DRZCS DDRS SDS-CM
Tap water 3:3:3 103.32 100.94 97.78 98.51 99.56 99.78 97.86 97.13 100.61
20:2:2 101.22 101.48 99.52 98.56 101.48 102.22 98.43 97.15 98.32
2:20:2 101.67 95.54 101.01 99.93 103.32 102.74 97.04 99.91 102.06
2:2:20 98.34 97.63 100.38 97.34 101.23 99.73 100.55 101.55 101.13
35:10:5 100.64 99.45 99.95 102.04 98.44 101.67 100.22 101.4 102.11
20:5:30 99.78 97.56 100.71 101.49 102.7 100.93 101.6 101.25 102.56
3:30:20 103.32 100.94 97.78 98.51 99.56 99.78 97.86 97.13 100.61
Mean 101.07 98.83 99.56 99.75 100.70 100.94 99.03 99.89 100.67
Mean (%RSD) 1.66 2.10 1.39 1.71 2.01 1.29 1.77 1.96 1.87
Natural mineral 3:3:3 101.77 98.26 97.67 100.7 98.51 99.17 98.67 99.39 99.43
water 20:2:2 96.75 97.85 98.11 102.87 97.83 99.61 98.34 101.14 100.56
2:20:2 98.77 102.41 100.17 100.03 99.42 97.85 98.87 100.12 102.66
2:2:20 101.68 101.68 99.12 102.34 101.12 102.36 99.11 99.76 101.44
35:10:5 98.44 97.68 98.83 98.53 101.63 101.85 101.03 102.29 102.71
20:5:30 97.87 99.32 97.5 101.06 99.47 100.61 100.41 102.13 100.98
3:30:20 99.22 100.42 96.16 98.82 100.31 100.24 102.96 101.11 102.64
Mean 99.21 99.66 98.22 100.62 99.76 100.24 99.91 100.85 101.49
Mean (%RSD) 1.90 1.90 1.32 1.63 1.37 1.55 1.66 1.12 1.24

“ Mean of three determinations.

3.11 Greenness profile of the proposed methods

The environmental suitability of an analytical procedure is
becoming increasingly important in its development. In this
regard, three different analytical metrics were employed to
assess the eco-friendly behavior of the sample preparation
procedure and the entire analytical methodology. These metrics
include the AES (shown in Fig. 11A), the AGREEprep (shown in
Fig. 11B), and the AGREE (illustrated in Fig. 11C). The AES
serves as a simple and semi-quantitative tool for estimating the
environmental impact of analytical procedures by assigning
penalty points (PP) to different experimental steps. PPs are
allocated for each step based on analytical parameters such as
the quantity of reagent, hazards, energy, and waste generated.
These PP are then subtracted from a score of 100 to calculate the
eco-scale of the methods.*"***6>35%57-59 I this work, the use of
10 mL of reagent per analysis resulted in 1 PP, but the total PP
for the amount was computed as the product of amount PP
multiplied by hazard PP. The potential hazard posed by the
reagent was assessed using the internationally recognized

A

Score of EAS
100-6 =94

-

>€‘ D Acceptable green analysis
;-
( 50 Inadequate green analysis

)@ Excellent green analysis
L ]

system for categorizing and labeling chemicals, known as the
Globally Harmonized System (GHS). Ethanol was assigned 2
pictograms and labeled as ‘danger’ (indicating severe hazard),
resulting in 4 PP. The energy consumption for UV = 0.1 kW h
per analysis resulted in 0 PP, and no identified occupational
hazards led to 0 PP. Additionally, the waste generated by the
method is minimal, resulting in 0 PP. Thus, the total PP lost for
this method is 4, giving an analytical eco-score of 96 as illus-
trated in Fig. 114, indicating the environmental friendliness of
the approaches.

The AGREE metrics is an innovative software based on 12
criteria, each corresponding to one of the 12 principles of green
analytical chemistry. These principles are arranged around the
edge of a classical clock shape and are scored from 0 to 1. The
average score, located in the middle, provides an estimation of
the greenness of the method. The color scale transitions from
red to yellow to green based on the obtained score.**™*

In 2022, AGREEprep, an updated version of AGREE, was
developed as a software tool to assess the environmental impact

Fig. 11 Evaluation of proposed method by (A) AES, (B) AGREE, and (C) AGREEprep scale.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of various sample preparation techniques in analytical chem-
istry. It operates based on 10 principles of green sample prep-
aration, which include minimizing waste, energy, and solvent
use, as well as emphasizing miniaturization and automation.
The software computes a final score and 10 sub-scores for each
sample preparation method, utilizing user-defined weights for
each criterion. These scores are presented in a circular diagram,
where colors indicate the greenness level of each criterion: red
for low, orange for medium-low, yellow for medium, and green
for high.>

As illustrated in Fig. 11B and C, the proposed methods for
quantifying P, 2-AP, and 4-AP enable at-line analysis, elimi-
nating the need for sample preservation, storage, and extrac-
tion. The use of only 10 mL of solvent results in minimal waste
production. Moreover, the spectrophotometer's low energy
consumption (<0.1 kW h per analysis) aligns with green
chemistry principles, making it an eco-friendly choice for
analytical measurements. The AGREE software (Fig. 11B) with
a score of 0.81 and AGREEprep (Fig. 11C) with a score of 0.74
further emphasize the greenness of the methods. Consequently,
the AES, AGREE, and AGREEprep tools affirm the eco-friendly
nature of the methods and their suitability for analyzing P, 2-
AP, and 4-AP in their ternary combinations.

4. Conclusion

Three proposed derivative UV spectrophotometric methods
were developed, characterized by their simplicity, sensitivity,
environmental friendliness, cost-effectiveness, and accuracy for
the simultaneous quantification of P, 2-AP, and 4-AP without
the need for prior separation or complicated mathematical
operations. The overall determinations by these methods
involved the recovery of either derivative or ratio derivative
spectra of each component from their ternary mixtures. These
suggested methods offer several advantages over hyphenated
analytical techniques in terms of speed and specificity. More-
over, the use of ethanol as a solvent aligns with environmental
sustainability, as verified by AES, AGREE, and AGREEprep
metrics. The potential applicability of the methods was
demonstrated by analyzing the three analytes in synthetic
mixture solutions with different ratios and real water samples,
including tap and mineral water, with good accuracy and
precision. Hence, these approaches can be successfully applied
for the quantification of P, 2-AP, and 4-AP in water quality
control and environmental analysis.
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