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Abstract 

This work presents two methods for the simultaneous determination of ibuprofen (IBU), paracetamol (PAR), 
and chlorzoxazone (CHZ) in the presence of three PAR impurities: p‑aminophenol (PAP), p‑nitrophenol (PNP), 
and p‑chloroacetanilide (PCA). Furthermore, both methods attempt to quantify these hazardous impurities. The 
first method is a thin layer chromatography densitometric method (TLC), where separation was achieved on silica 
gel 60  F254 plates using a mobile phase consisting of chloroform, toluene, ethanol, and ammonia (7.0: 1.0: 1.6: 0.2, 
by volume). Densitometric detection was performed at 220.0 nm. The second method is a high‑performance liquid 
chromatographic method (HPLC), in which the analytes were separated on an Xterra C8 column (150 × 4.6 mm, 5 µm) 
using an isocratic mobile phase of acetonitrile and phosphate buffer (pH 7.5) in a 30:70 (v/v) ratio. The UV detector 
was set at 220.0 nm, and the flow rate was maintained at 0.7 mL/min. Both methods were validated following ICH 
guidelines and successfully applied to the determination of IBU, PAR, and CHZ in their commercial tablet formulations. 
A statistical comparison with a previously reported method confirmed no discernible differences in the results, 
demonstrating the reliability and accuracy of the proposed techniques.
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Introduction
“Impurity profiling” refers to a set of analytical tech-
niques used to detect, characterize, identify, and quan-
tify both organic and inorganic impurities, as well 
as residual solvents, in pharmaceutical dosage forms 
and bulk drugs [1]. This process plays a crucial role in 

synthetic drug research and the gram-scale develop-
ment of novel compounds for pharmacological evalu-
ation, ultimately facilitating the production of bulk 
pharmaceuticals. Various analytical techniques, includ-
ing spectroscopy and electrochemical methods, have 
been employed for stability testing and impurity pro-
filing of pharmaceuticals [2–8]. However, chromato-
graphic techniques remain the most widely used in this 
domain due to their versatility and precision [9–12]. 
The ICH guidelines provide specifications to ensure 
drug and product purity within the pharmaceutical 
industry. These guidelines are periodically updated 
to reflect advancements in relevant fields. The ICH 
Q1A(R2) guideline focuses on long-term and accel-
erated stability studies that can be performed on new 
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pharmaceutical substances and products, focusing on 
factors that may affect safety, efficacy, and quality dur-
ing storage [13]. Additionally, it highlights the impor-
tance of stress testing to assess potential changes under 
various conditions. The Q1E guideline provides rec-
ommendations for utilizing stability data to support 
the development of new drug substances and prod-
ucts [14]. The Q3A(R2) guideline used to regulate the 
organic impurities in new pharmaceutical products 
[15]. Meanwhile, the S2(R1) guideline underscores the 
need for thorough evaluation of genotoxic impurities, 
given their potential to cause harm even at extremely 
low concentrations [16]. Together, these guidelines 
provide a comprehensive framework to ensure the 
safety, quality, and stability of pharmaceutical products 
throughout their lifecycle.

Ibuprofen (IBU) (Fig.  1), chemically known as 
2-(4-Isobutylphenyl) propanoic acid [17], is an over-the-
counter non-narcotic analgesic, anti-inflammatory and 
antipyretic drug [18]. Paracetamol (PAR) (Fig. 1), chemi-
cally known as 4-hydroxyacetanilide [17], is the most 
common analgesic antipyretic medicament used widely 
to alleviate several types of pain and to treat fever [19]. 
Chlorzoxazone (CHZ) (Fig.  1), is chemically named as 
5-Chloro-2-benzoxazolone [17]. CHZ is a muscle relax-
ant drug with mild sedative properties used in a variety of 

musculoskeletal conditions [20]. It acts by blocking nerve 
impulses or sensations of pain sent to subcortical areas of 
the brain [21].

Three main related substances for PAR are included in 
the present study: 4-aminophenol (PAP), 4-nitrophenol 
(PNP), 4-chloroacetanilide (PCA) (Fig.  1). PAP, which 
is defined as impurity K in BP, is the main co-existing 
impurity in PAR that can arise from either synthesis 
or degradation processes [22]. It has teratogenic, 
hepatotoxic, and nephrotoxic effects therefore, it needs 
to be monitored to ensure that it does not exceed 
50 ppm in PAR drug substance and 1000 ppm (0.1%) in 
pharmaceutical formulations [23]. PNP is categorized 
in BP as non-specified impurity F, meaning that its 
concentration cannot be more than 500  ppm in drug 
substance and 2500  ppm in formulations [22]. PNP 
concentrations need to be kept under control since it 
can cause methemoglobinemia [24, 25]. PCA is classified 
as PAR impurity J in BP and its concentration in drug 
substances and pharmaceutical formulations must be 
strictly regulated, not to exceed 10  ppm [22]. It has 
nephrotoxic and hepatotoxic effects that may cause 
hemolysis and possess irritating properties that may 
cause harm to the skin and eyes [26].

Although several analytical methods have been 
developed for the analysis of these drugs in different 

Fig. 1 Structural formulae for the compounds under study
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formulations [27–31], only a few methods have 
been reported for their simultaneous determination. 
These include spectrophotometric [32, 33] and liquid 
chromatographic techniques [34, 35] ones. To the best 
of our knowledge, no existing method has been reported 
for the simultaneous determination of the investigated 
drugs along with the three PAR impurities (PAP, PNP and 
PCA).

The aim of this work was directed to establish and 
validate simple, rapid, and sensitive HPLC and TLC 
densitometric methods for impurity profiling of PAR 
along with three of its toxic impurities (PAP, PNP and 
PCA) in combination with IBU and CHZ.

Experimental
Instruments
For TLC, the sample was spotted with a Camag 
microsyringe (100  μL) at autosampler (CAMAG, 
Muttenz, Switzerland). TLC Plate was scanned using a 
Camag TLC scanner 35/N/30319 fitted with winCATS 
software. A UV lamp (Desaga, Germany) with a 
short wavelength that emits at 254.0  nm is employed. 
Aluminum sheets (10 × 20  cm) precoated with silica gel 
 GF254 (0.25 mm thickness) for thin-layer chromatography 
were utilized (Merck, Darmstadt, Germany).

The HPLC system consisted of a Waters Alliance 2695 
instrument (Waters, USA) equipped with a quaternary 
pump and an autosampler injector for chromatographic 
separation. Separation was carried out using a Waters 
Xterra C8 column (150 × 4.6 mm, 5 µm), while a Waters 
2996 photodiode array detector was employed for 
compound detection. The pH of the mobile phase was 
adjusted via an AD1030 pH meter (ADWA, Romania).

Materials and reagents
Pure standard
The three investigated drugs were kindly provided by 
EVA Pharma-Egypt. Their purity was evaluated by their 
official methods [22] and was equal to 100.37% ± 1.04, 
100.06% ± 0.95 and 99.53% ± 0.89 for IBU, PAR and CHZ, 
respectively. PAP, PNP, and PCA were provided by Sigma 
Aldrich (Darmstadt, Germany).

Pharmaceutical dosage form
Flexon® MR tablet was manufactured by Aristo 
Pharmaceuticals Pvt Ltd, India. Each tablet was labeled 
to contain 400.0  mg ibuprofen, 325.0  mg paracetamol 
and 250.0 mg chlorzoxazone.

Chemicals and reagents
Methanol, ethanol, acetonitrile, and chloroform of HPLC 
grade were purchased from Merck (Germany). Analytical 
grade solvents included toluene and ammonia (Adwic, 

Egypt). Disodium hydrogen phosphate (Oxford, India) 
orthophosphoric acid, ethylene diamine and double 
distilled deionized water (Otsuka Cairo, Egypt) were of 
analytical grade. Phosphate buffer (pH 7.5; 0.03  M) was 
prepared by dissolving 4.26  g of disodium hydrogen 
phosphate in double distilled water, and the volume was 
adjusted to 1000.0 mL. Following that, orthophosphoric 
acid or ethylene diamine (Biotech, Egypt) were used to 
adjust the pH [17].

Solutions
Stock standard solutions for TLC and HPLC methods
Stock standard Solutions of 5.0  mg/mL and 1.0  mg/mL 
for TLC and HPLC methods, respectively, were prepared 
in methanol for the six compounds.

Working standard solutions for HPLC
Working standard solutions of the six cited components 
(100.0  µg/mL) were prepared in methanol from their 
respective stock solutions (1.0 mg/mL).

Chromatographic conditions
For TLC, separation was accomplished on TLC aluminum 
sheet coated with silica gel 60 F254 plates (10 × 20  cm). 
The developing system consisted of chloroform: toluene: 
ethanol: ammonia (7.0: 1.0: 1.6: 0.2, by volume). Samples 
were spotted as separate compact bands 15.0  mm 
from the bottom edge of the plates, with 6.0  mm band 
width. Plates were developed in an ascending manner 
over a distance of 80.0  mm approximately in a glass 
chromatographic tank, that was already saturated with 
the developing system for 60.0 min at room temperature. 
The developed plates were air dried and then scanned at 
220.0 nm with a scanning rate of 20.0 mm/s.

For HPLC, acetonitrile: phosphate buffer (pH = 7.5) 
(30.0: 70.0, v/v) was used as a mobile phase. Mobile phase 
was filtered through a 0.45  µm membrane filter and 
degassed ultrasonically for 30.0  min. Chromatographic 
separation was accomplished on Xterra C8 column 
(150 × 4.6 mm, 5 µm) that was conditioned for 30.0 min 
before sample was injected. Flow rate 0.7  mL/min was 
kept constant throughout the analysis and UV–vis 
detector was set at 220.0 nm. The injection volume was 
50.0 μL, and all measurements were conducted at room 
temperature.

Procedures
Construction of the calibration curves
For TLC, aliquots equivalent to 1.0–25.0  mg of IBU, 
0.5–20.0  mg of PAP, 1.0–25.0  mg of PAR, 0.5–15.0  mg 
of PNP, 1.0–20.0  mg of CHZ and 0.5–15.0  mg of PCA 
were precisely transferred from their stock solutions 
(5.0 mg/mL) into six different sets of 10-mL volumetric 
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flasks then the volumes were completed to the mark 
with methanol. Ten microliters from each solution were 
applied onto the TLC plates using CAMAG Linomat 
auto-sampler with 100  µL micro-syringe, then analyzed 
according to the chromatographic conditions previously 
described. Calibration curves were constructed by 
relating the integrated peak area to the corresponding 
concentration of each component and the regression 
equations were computed.

For HPLC, aliquots equivalent to 10.0–500.0  μg IBU, 
2.0–100.0  μg PAP, 10.0–500.0  μg PAR, 2.0–100.0  μg 
PNP, 10.0–500.0  μg CHZ and 2.0–100.0  μg PCA were 
accurately transferred from their respective working 
solutions (100.0  µg/mL) into six series of 10-mL 
volumetric flasks and the volumes were completed to the 
mark with the mobile phase. Separation was performed 
as previously mentioned under chromatographic 
conditions. Calibration curves representing 
the relationship between the peak area and the 
corresponding concentration of each drug were plotted 
and linear regression equations were computed.

Assay of laboratory prepared mixtures.
Different aliquots of the six components were transferred 
from their stock or working standard solutions into a 
set of 10-mL volumetric flasks to prepare laboratory 
prepared mixtures in different ratios. The volume of 
each solution was adjusted to the mark with methanol 
or mobile phase for TLC or HPLC, respectively. 
Concentrations of each component were ascertained 
using the corresponding regression equation.

Application to pharmaceutical dosage form
Ten Flexon® MR tablets were accurately weighed and 
finely powdered. A portion of the powdered sample, 
equivalent to 400.0  mg of IBU, 325.0  mg of PAR, and 
250.0  mg of CHZ, was transferred to a 100-mL beaker. 
The sample was sonicated in 30.0  mL methanol for 
20.0  min and then filtered into a 100-mL volumetric 
flask. The residue was washed three times with 10.0 mL 
of methanol per wash, and the final volume was adjusted 
to 100  mL using the same solvent. For TLC analysis, 
appropriate dilutions were prepared in methanol to 
achieve final concentrations of 800  μg/mL IBU, 650  μg/
mL PAR, and 500  μg/mL CHZ. A 10  µL aliquot was 
spotted onto TLC plates, resulting in the following 
concentrations: 8  μg/band IBU, 6.5  μg/band PAR, 
and 5  μg/band CHZ. For HPLC analysis, appropriate 
dilutions were prepared in the mobile phase to obtain 
final concentrations of 8  μg/mL IBU, 6.5  μg/mL PAR, 
and 5 μg/mL CHZ. The analysis of the prepared dosage 
form solution was conducted using the previously 
described calibration curve construction method for 

each technique. The concentrations of IBU, PAR, and 
CHZ in the dosage form solution were determined using 
the corresponding regression equations.

Results and discussion
Pharmaceutical products are susceptible to the presence 
of impurities or degradates that may be generated during 
synthesis steps or improper storage conditions where 
PAP, PNP and PCA are examples of impurities that 
may be present in PAR [31, 36, 37]. These impurities 
ought to be quantified along with IBU, PAR and CHZ 
considering that they are toxic and have a harmful effect 
on human health. The primary objective of the current 
work was to develop two chromatographic methods for 
the simultaneous determination of the target compounds 
and the quantification of potential impurities in 
pharmaceutical formulations.

Method development and optimization
TLC method
Numerous trials were conducted to establish the opti-
mal chromatographic conditions for achieving adequate 
separation of the cited components. Several develop-
ing systems with different solvent ratios, including ethyl 
acetate–methanol, toluene–ethyl acetate–acetic acid, and 
ethanol–chloroform–ammonia, were initially tested, but 
they failed to provide satisfactory separation. Additional 
solvent mixtures, such as butanol, ethyl acetate, and for-
mic acid, were also evaluated, but they did not improve 
the separation. Significant enhancement in separation 
was achieved by testing different ratios of chloroform, 
toluene, and ethanol. To further reduce peak tailing and 
improve peak symmetry, acetic acid, formic acid, and 
ammonia were incorporated in varying ratios. The best 
resolution was obtained using a developing system com-
posed of chloroform, toluene, ethanol, and ammonia 
(7.0:1.0:1.6:0.2, by volume). To optimize sensitivity while 
minimizing noise, various wavelengths (220.0, 240.0, 
254.0, and 260.0  nm) were examined. The best results 
were obtained at 220.0 nm, where the investigated com-
ponents exhibited sharp, well-resolved, and symmetrical 
peaks. As illustrated in Fig. 2, the Rf values in sequence 
of IBU, PAP, PAR PNP, CHZ, and PCA were 0.12, 0.38, 
0.48, 0.55, 0.62 and 0.68, respectively. System Suitability 
parameters including resolution (Rs), tailing factor (T), 
capacity factor (k’), selectivity factor (α), column effi-
ciency (N), and height equivalent to theoretical plates 
(HETP) for the proposed TLC method, were calculated 
and summarized in Table 1.
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HPLC method
In order to achieve the most optimal separation between 
the cited drugs and paracetamol impurities, all experi-
mental conditions and variables that could affect the 
chromatographic separation were investigated. The col-
umn, mobile phase composition, pH, flow rate, and wave-
length were all adjusted. Three different columns were 
tried namely, BDS C18, Kromasil Phenyl and Xterra C8. 
BDS C18 and Kromasil Phenyl columns were unsuit-
able for the separation owing to delayed peaks. On the 
other hand, Xterra C8 was the chosen column due to its 
short run time and good system suitability parameters. 

Different organic modifiers (methanol and acetonitrile) 
were tried to give fast separation and enhance the chro-
matographic separation. Acetonitrile produced sharp 
peaks with shorter run time, while methanol produced 
tailed peaks as well as longer run time. Hence, the best 
organic modifier for achieving optimal chromatographic 
results was acetonitrile. Similarly, the aqueous phase was 
optimized, where water and different buffers were tested, 
and phosphate buffer showed the best chromatographic 
separation. The ratio of acetonitrile mixture with phos-
phate buffer was adjusted, where increasing acetonitrile 
resulted in overlapped peaks, while increasing buffer 

Fig. 2 TLC chromatogram of ibuprofen (10.0 μg/band, Rf = 0.12), p‑aminophenol (2.0 μg/band,  Rf = 0.38), paracetamol (10.0 μg/band,  Rf = 0.48), 
p‑nitrophenol (2.0 μg/band,  Rf = 0.55), chlorzoxazone (10.0 μg/band,  Rf = 0.62) and p‑chloroacetanilide (2.0 μg/band,  Rf = 0.68) using a mobile phase 
of chloroform: toluene: ethanol: ammonia (7.0: 1.0. 1.6: 0.2, by volume) and detection at 220.0 nm

Table 1 System suitability parameters of TLC‑densitometric and HPLC methods

a  Chromatographic resolution and selectivity factor are determined between each peak and the one preceding it

Parameters TLC -Densitometric method HPLC Reference value [39] 

IBU PAP PAR PNP CHZ PCA PAP PAR PNP IBU CHZ PCA

Rf/tR 0.12 0.38 0.48 0.55 0.62 0.68 3.7 5.5 6.9 8.3 9.6 11.0 –

Resolution (Rs)a – 6.56 2.94 2.87 2.05 2.47 – 4.5 4.7 8.2 7.2 5.2 Rs > 2

Selectivity factor (α)a – 4.49 1.50 1.32 1.33 1.30 – 1.14 1.31 1.34 1.19 1.16 α > 1

Tailing factor (T) 0.94 1.06 0.95 1.07 1.06 1.08 0.8 1.0 1.2 1.1 1.0 1.1 T = 0.8–1.2

Capacity factor (K’) 7.33 1.63 1.08 0.82 0.61 0.47 2.1 3.6 4.7 5.9 7.0 8.1 1 < K’ < 10

Column efficiency (N) – – – – – – 2156. 4 3348.9 25,114.2 37,683.8 26,916.5 22,501.5 ˃ 2000

Height equivalent 
to theoretical plate 
(mm)

– – – – – – 0.070 0.045 0.006 0.004 0.006 0.007 The smaller 
the value, the higher 
the efficiency
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resulted in longer run time. This can be attributed to the 
lipophilicity of the compounds under investigation. The 
pH of the buffer was tested in the range of 3.0 to 9.0 to 
determine how it affects the peak resolution and reten-
tion times of the investigated compounds. It was found 
that the studied compounds show an overlapped peaks at 
acidic pH values, whereas basic pH values exhibit unde-
sirable long retention time. Phosphate buffer pH 7.5 was 
the ideal one for producing well-resolved sharp peaks 
in a suitable run time. Therefore, isocratic elution was 
employed using acetonitrile: phosphate buffer (pH = 7.5) 
at a ratio of 30.0: 70.0 (v/v) to achieve the highest reso-
lution of the adopted components with sharp symmetric 
peaks. Different flow rates ranging from 0.5 to 1.2  mL/
min were tried to study the effect of flow rate on the 
retention times of the cited compounds. The most suit-
able flow rate to achieve good separation in an appro-
priate run time was 0.7  mL/min. Different wavelengths 
(210.0, 220.0, 230.0, and 240.0  nm) were tried, and it 
was observed that 220.0 nm showed the best sensitivity 
for investigation and quantification of the adopted com-
pounds. Optimum separation under the aforementioned 
chromatographic conditions of the six studied com-
pounds with retention times  (tR) for PAP, PAR, PNP, IBU, 
CHZ and PCA were found to be 3.7, 5.5, 6.9, 8.3, 9.6 and 
11.0  min, respectively as shown in Fig.  3. To guarantee 
the performance of the operating system for the adopted 
chromatographic method, an overall system suitability 
test was carried out and the results are shown in Table 1.

Method validation
The two investigated methods were validated in 
accordance to the ICH guidelines [38].

Linearity and range
For TLC method, polynomial correlation was constructed 
between the integrated peak area and the corresponding 
concentrations of the six cited components in the ranges 
of 1.0–25.0 μg/band for IBU and PAR, 1.0–20.0 μg/band 
for CHZ, 0.5–20.0  μg/band for PAP and 0.5–15.0  μg/
band for PNP and PCA. A summary of the regression 
parameters and their corresponding standard errors are 
presented in Table 2.

On the other hand, liner relationship was obtained 
for the HPLC method by plotting peak area versus 
corresponding concentrations of 1.0–50.0  μg/mL for 
IBU, PAR, and CHZ and 0.2–10.0  μg/mL for PAP, PNP, 
and PCA. The regression parameters, with their relative 
standard errors, are summarized in Table 2.

Accuracy
Accuracy of TLC method was validated by analysis of 
three concentrations levels (5.0, 9.0, 13.0  μg/band for 
IBU, PAR and CHZ and 5.0, 9.0, 11.0  μg/band for PAP, 
PNP and PCA) in triplicate. On the other hand, accuracy 
of HPLC method was ascertained in triplicate at three 
concentration levels (5.0, 10.0, 20.0 μg/mL for IBU, PAR 
and CHZ, and 2.0, 4.0, 8.0  μg/mL for PAP, PNP and 
PCA). All six studied components had satisfactory means 
of recovery for the investigated methods, which have 
been assembled into Table 2.

Fig. 3 HPLC chromatogram of p‑aminophenol (2.0 μg/mL,  tR = 3.7), paracetamol (20.0 μg/mL,  tR = 5.5), p‑nitrophenol (2.0 μg/mL,  tR = 6.9), ibuprofen 
(20.0 μg/mL,  tR = 8.3), chlorzoxazone (20.0 μg/mL,  tR = 9.6), and p‑chloroacetanilide (2.0 μg/mL,  tR = 11.0) using an Xterra C8 column (150 × 4.6 mm, 5 
µm), mobile phase composed of acetonitrile and buffer (pH = 7.5) at a ratio of 30.0: 70.0 (v/v) with a flow rate of 0.7 mL/min and detection at 220.0 
nm
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Precision
For investigating precision, three chosen concentrations 
were analyzed in triplicates for assessment of TLC and 

HPLC methods. Repeatability for both methods were 
evaluated by analyzing the three concentration levels of 
the cited components within the same day to investigate 

Table 4 Robustness assessment of the investigated methods for determination of IBU, PAP, PAR, PNP, CHZ and PCA

a  RSD% for each system suitability parameter at the three specified conditions
b  Resolution is determined between each peak and the one preceding it

TLC-Densitometric method HPLC method

IBU PAP PAR PNP CHZ PCA PAP PAR PNP IBU CHZ PCA

RSD%a RSD%a

Saturation time
60 ± 5 min

Acetonitrile (%)
30 ± 2%

  Rsb – 1.6 1.4 1.1 1.5 1.4      Rsb – 1.5 1.5 1.0 1.2 0.9

  RF 1.6 1.5 1.2 1.8 1.6 1.5     tR 1.6 1.2 1.6 1.9 1.2 1.4

 K’ 1.2 1.9 1.9 1.8 1.4 1.6     K’ 1.4 1.6 1.2 1.7 1.4 1.9

 T 1.2 0.9 1.2 0.9 1.4 1.1     T 1.9 1.6 1.4 1.6 1.5 1.5

 R% 1.9 1.7 1.8 1.5 1.8 1.7     R% 1.2 1.3 1.2 1.5 1.2 1.5

Ammonia content
0.2 ± 0.05 mL

Phosphate buffer pH
7.5 ± 0.5

  Rsb – 1.7 1.6 1.3 1.5 1.8      Rsb – 1.8 1.0 1.2 1.2 0.9

  RF 1.7 1.5 1.2 1.8 0.9 1.7     tR 1.6 1.5 1.7 1.2 1.7 1.5

 K’ 1.6 1.6 1.9 1.7 1.5 1.9     K’ 1.5 1.6 1.2 1.7 1.7 1.9

 T 1.2 1.4 1.0 1.1 1.1 0.9     T 1.7 1.5 1.9 1.8 1.5 1.9

 R% 1.6 1.6 1.4 1.9 1.5 1.7     R% 1.5 1.8 1.6 1.4 1.5 1.4

Detector wavelength
220.0 ± 5.0 nm

Flow rate
0.7 ± 0.2 mL/min

  Rsb – 1.8 1.8 1.7 1.8 1.7      Rsb – 1.7 1.4 1.4 1.2 1.3

  RF 1.7 1.5 1.2 1.9 1.6 1.5     tR 1.3 1.5 1.7 1.3 1.3 1.5

 K’ 1.4 1.4 1.4 1.7 1.7 1.5     K’ 1.2 1.6 1.2 1.0 1.4 1.2

 T 1.1 1.4 1.2 1.5 1.1 0.9     T 1.9 1.6 1.4 1.6 1.5 1.7

 R% 1.6 1.7 1.6 1.6 1.5 1.8     R% 1.4 1.4 1.8 1.7 1.3 1.8

Table 5 Statistical comparison for the results obtained by the proposed methods and the reported HPLC method [35] for the analysis 
of IBU, PAR and CHZ in their pharmaceutical preparation

a  Values between parenthesis are corresponding to the theoretical values of t and F (P = 0.05)
b  Reported HPLC method using C8 column, acetonitrile: 0.2% triethylamine (50.0: 50.0, v/v), pH adjusted to 3.2 with orthophosphoric acid at flow rate of 1.5 mL/min, 
detection at 215.0 nm

Drug Parameters

Method Mean SD n Variance F-test (6.388)a t-test (2.306)a

CHZ TLC 100.45 1.123 5 1.262 1.318 1.799

HPLC 100.48 1.351 5 1.826 1.097 1.693

Reported  methodb 99.07 1.290 5 1.664 – –

IBU TLC 101.41 1.191 5 1.418 1.846 1.111

HPLC 100.07 1.321 5 1.744 1.501 0.356

Reported  methodb 100.41 1.618 5 2.618 – –

PAR TLC 100.30 1.421 5 2.018 1.203 1.631

HPLC 100.15 1.081 5 1.168 2.080 2.00

Reported  methodb 101.85 1.558 5 2.428 – –
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intra-day variation. Intermediate precision was per-
formed by analyzing the same concentrations on three 
consecutive days to assess the inter-day variation. Satis-
factory values of relative standard deviation (RSD%) for 
TLC and HPLC methods were obtained, revealing low 
deviations and good precision (Table 2).

Specificity
The specificity of the proposed methods was 
evaluated by analyzing several laboratory-prepared 
mixtures containing varying ratios of the six studied 
components. The results demonstrated high specificity, 
as the developed chromatographic methods successfully 
determined IBU, PAR, and CHZ in the presence of 
different concentrations of PAR impurities (Table  3). 
Additionally, satisfactory resolution values exceeding 2 
were achieved, confirming the effective separation of the 
investigated compounds using both the TLC and HPLC 
methods (Table 1).

Robustness
To assess robustness, several experimental factors were 
deliberately altered whereas the other parameters were 
maintained at their optimal values. For both TLC and 
HPLC, retardation factor/retention time, capacity factor 
and tailing factor were recorded after each change in 
the factors. Small changes were allowed in the ratio of 
ammonia used in mobile phase by a value of 0.2 ± 0.05, 
time required for saturation with the mobile phase by 
60.0 ± 5.0 min and detection wavelength (220.0 ± 5.0 nm). 
On the other hand, the acetonitrile percentage 
(30.0 ± 2%), phosphate buffer pH (7.5 ± 0.5) and flow rate 
(0.7 ± 0.2 mL/min) were intentionally modified for HPLC. 
The examined parameters for the two adopted methods 
showed no considerable difference as summarized in 
(Table 4).

Analysis of dosage form and comparison with reported 
methods
The proposed chromatographic methods were employed 
to selectively determine IBU, PAR and CHZ in their 
pharmaceutical dose form. The results showed that both 
methods were capable of accurately estimating PAR, IBU, 
and CHZ without any influence from excipients (Table 5).

The student’s t-test and the F-test were used to 
statistically compare the results obtained by the proposed 
methods for determination of IBU, PAR and CHZ to 
those obtained by the reported one [35]. There was no 
discernible difference between the adopted methods 

and the reported one regarding accuracy and precision 
(Table 5).

In terms of validation parameters, the proposed 
HPLC and TLC methods were compared with a 
previously reported spectrophotometric approach [33]. 
As shown in Table  S1 (Supplementary Materials), the 
proposed methods demonstrated results comparable to 
those of the reported method.

Conclusion
In the present work, two precise, accurate, and selective 
chromatographic methods were developed for the 
determination of IBU, PAR, and CHZ in pharmaceutical 
formulations, as well as for the impurity profiling of PAR. 
The proposed methods surpass previously published 
approaches by not only identifying but also quantifying 
the toxic PAR impurities (PAP, PNP, and PCA). 
Consequently, these techniques effectively enable both 
the determination of the target drugs and the assessment 
of PAR impurity levels. Furthermore, the proposed 
methods are well-suited for routine analysis of the 
investigated drugs in bulk powder and pharmaceutical 
dosage forms, offering a more practical and less complex 
alternative to existing techniques. Both methods were 
validated in accordance with ICH guidelines, with the 
TLC method providing a cost-effective option and the 
HPLC method offering a more time-efficient approach.
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