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Abstract

A simple and efficient UV-Visible spectrophotometric method was developed and
optimized for the quantification of amoxicillin based on the formation of a colored
complex with ferric chloride in the presence of hydroxylamine under alkaline conditions.
The method relies on the transformation of amoxicillin’s B-lactam ring into hydroxamic
acid, which forms a stable, colored complex with Fe3+ ions. A face-centered central
composite design (FCCCD) was employed to optimize four critical factors: NaOH
concentration, Na,CO; concentration, reaction time, and FeCl; concentration. The
corrected absorbance was used as the analytical response.

Statistical analysis, including ANOVA, confirmed the significance of the model, with an
Rz of 0.9242 and an adequate precision ratio of 23.056, indicating strong model reliability
and signal-to-noise ratio. Numerical optimization was conducted with the objective of
maximizing absorbance while minimizing reaction time. The optimal conditions (NaOH 1
N, Na,CO5 0.6 N, reaction time 10 minutes, and FeCl; 15%) yielded a predicted response
of 41.799 and a desirability of 0.984. Experimental validation under these conditions
showed excellent agreement with the predicted values.

This optimized method offers a reliable, cost-effective, and rapid approach for the
quantification of amoxicillin, and may be extended to other B-lactam antibiotics forming
hydroxamic acids.
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1. Introduction:

Amoxicillin (AMX) is a B-lactam antibiotic belonging to the penicillin family,
structurally similar to ampicillin and known for its broad-spectrum antimicrobial
activity [1]. It is a derivative of 6-aminopenicillanic acid (6-APA), with its
distinctiveness from other penicillins stemming from the specific acyl side chain
attached to the amino group of the 6-APA core [2]. Amoxicillin trihydrate has the
molecular formula C1gH19N305S-3H,0 (Figure 1) and a molecular weight of 419.4
g/mol. 1t is a white or almost white, crystalline powder. slightly soluble in water,
very slightly soluble in ethanol (96 per cent), practically insoluble in fatty oils. It
dissolves in dilute acids and dilute solutions of alkali hydroxides [3]. It is widely
used to treat various bacterial infections, such as pneumonia and urinary tract
infections, due to its ability to inhibit bacterial cell wall synthesis [4]. Although it
has good oral bioavailability that is unaffected by food intake, AMT exhibits
lower stability in gastric acid due to cleavage of the B-lactam C-N bond, which
diminishes its potency and reduces its effective bioavailability [5]. AMX is
manufactured in a variety of pharmaceutical forms, such as tablets, capsules,
suspensions, and powders [6].
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Several analytical methods have been reported in the literature for the quantitative
determination of amoxicillin, including spectrofluorimetry [7], capillary
electrophoresis[8],  voltametric  techniques[9],  high-performance  liquid
chromatography (HPLC) [10], ultra-performance liquid chromatography
(UPLC)[11], and ligquid chromatography tandem mass spectrometry (LC-
MS/MS)[12]. The 11th edition of the European Pharmacopoeia specifies a liquid
chromatography method for the assay of amoxicillin [3].

However, the use of environmentally hazardous solvents, their high cost, and the
time required are among the limitations of the aforementioned methods [13]. Most
of these techniques also require instruments that are not available in all research
laboratories. Therefore, it was considered necessary to develop a rapid and
selective procedure suitable for routine analysis and quality control of the studied
drug.
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Figure 1. Chemical structures of Amoxicillin trihydrate

Ultraviolet-visible (UV-Vis) spectrophotometry offers several advantages over
chromatographic techniques: it is faster, consumes fewer solvents, is more cost-
effective, and does not require prior sample separation or pretreatment [14].

This study aims to develop novel, environmentally friendly, and cost-effective
methods for the estimation of AMX in conventional pharmaceutical formulations,
offering rapid, automated, and reliable results with high accuracy, while remaining
easy to implement and requiring minimal technical expertise. To optimize and
validate these methods efficiently, the Design of Experiments (DoE) methodology
is employed, allowing systematic investigation of multiple variables, reduction of
experimental runs, and improvement in method robustness and performance.

2. Materials and methods
2.1. Apparatus and software

The measurements were performed using a Thermo Scientific UV-Visible
spectrophotometer, model GENESYS 10S (Madison, Wisconsin, USA), equipped
with a 1 cm quartz cell and connected to an HP-compatible computer running
VISIONIite software version 5.1.

The Design Expert 13 software (Trial version, Stat-Ease Inc) was used to analyze
the response surface.

2.2. Reagents and chemicals

Standards of AMX used with analytical-grade from Merck (Darmstadt, Germany)
with purities of 100.8%.

Sodium hydroxide (NaOH) was obtained from Sigma-Aldrich, and sodium
carbonate (Na,COs) was purchased from Cheminova. Ferric chloride (FeCls) was
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supplied by Riedel-de Haén, while hydroxylamine hydrochloride (NH,OH-HCI)
was sourced from Fluka Analytical. Hydrochloric acid (HCI) was provided by
Biochem. AIll reagents were of analytical grade and used without further
purification.

2.3. Method development

The principle of the assay reaction is based on the fact that acyl compounds react
with hydroxylamine to form hydroxamic acids. These acids act as bidentate
chelators that form strong complexes with Fe (l11), resulting in a colored complex
that can be quantified using UV-Visible spectroscopy.

In the presence of hydroxylamine, the acyl group in the amoxicillin structure is
released through the opening of the B-lactam ring, leading to the formation of a
hydroxamic acid. This ability to form a colored complex with iron has been utilized
for the spectrophotometric determination of amoxicillin trihydrate in the visible
range [15].

A solution of amoxicillin was prepared by reacting 30 mg of amoxicillin with a
reagent mixture containing 1 ml of 0.4 N hydroxylamine hydrochloride (NH, OH),
sodium hydroxide (NaOH), sodium carbonate (Na,COs), and, subsequently,
hydrochloric acid (HCI) and ferric chloride (FeCI3) as chromogenic agents.
Specifically, 0.6 ml of NaOH (0.8 N), 0.4 ml of Na,COs, and 1 ml of NH,OH (0.4
N) were added to the amoxicillin. After a reaction time of 20 minutes, 2.5 ml of 2
N HCI and 2.5 ml of 10% FeCl3 were added successively. The final volume was
made up to 50 ml with distilled water. The absorbance of the resulting colored
solution was measured using a UV-Visible spectrophotometer.

2.4. Experimental design and optimization

To optimize the reaction conditions for the colorimetric determination of
amoxicillin, a face-centered central composite design (FCCCD) was employed.
This design enables the evaluation of linear, interaction, and quadratic effects of
multiple factors on a response variable, with a reduced number of experimental
runs. It is particularly well suited for sequential experimentation and allows the
integration of information from prior factorial designs through the addition of axial
and center points.

In this study, four independent variables were selected based on preliminary
experiments and chemical knowledge of the system, as they were expected to
significantly influence the formation and intensity of the colored complex resulting
from the reaction between amoxicillin, hydroxylamine, and ferric chloride. These
variables were: NaOH concentration, varied between 0.6 and 1.0 N; Na,COs;
concentration, between 0.2 and 0.6 N; reaction time, from 10 to 30 minutes; and
FeCl; concentration, from 5% to 15%. The different levels of the selected factors
are presented in Table 1.

Table 1. Variables and their experimental design levels

_ Coded Levels
Independent variables symbols
-1 0 1
NaOH concentration (N) A 0.6 0.8 1
Na,COzconcentration (N) B 0.2 0.4 0.6
Reaction time (min) C 10 20 30
FeClI3 concentration (%) D 5 10 15
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The response variable was the absorbance corrected (A.) based on the exact mass
of amoxicillin used in each trial. This correction ensures that variations in sample
weight do not bias the assessment of the factors' effects and allows for a more
accurate comparison across all experimental runs.

A total of 30 experiments were carried out, including 16 factorial points, 8 axial
points (with a = +1), and 6 replicates at the center point to assess the experimental
error and model adequacy. The experimental design was generated and analyzed
using Design Expert 13 software (Trial version, Stat-Ease Inc). The experiments
were randomized to minimize the effects of uncontrolled variables and results are
presented in Table 2.

Table 2. Central composite matrix design with four independent
variables and measured response.

Experimental A B C D Response
run

1 -1 -1 -1 -1 20.1701
2 1 -1 -1 -1 26.7208
3 -1 1 -1 -1 8.21549
4 1 1 -1 -1 12.1854
5 -1 -1 1 -1 20.3974
6 1 -1 1 -1 29.3688
7 -1 1 1 -1 22.7425
8 1 1 1 -1 30.903
9 -1 -1 -1 1 34.5098
10 1 1 1 1 39.2359
11 1 1 1 1 37.1096
12 1 1 1 1 42.8808
13 1 1 1 1 31.7822
14 1 1 1 1 36.0066
15 1 1 1 1 33.0693
16 1 1 1 1 41.4803
17 1 0 0 0 27.4667
18 1 0 0 0 36.3366
19 0 -1 0 0 29.3645
20 0 1 0 0 35.5082
21 0 0 -1 0 31.5947
22 0 0 1 0 30.3909
23 0 0 0 -1 23.5831
24 0 0 0 1 34.3894
25 0 0 0 0 31.2787
26 0 0 0 0 34.8355
27 0 0 0 0 34.7333
28 0 0 0 0 33.3444
29 0 0 0 0 34.4262
30 0 0 0 0 34.8208

2.5. Statistical analysis

The experimental data obtained from the FCCCD were subjected to statistical
analysis using Design-Expert® software. A second-order polynomial model was
applied to describe the effects of the experimental factors and their interactions on
the response. The model included linear, quadratic, and interaction terms, and was
expressed in coded variables according to the following general form:
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K K k-1 k
y=PBo+ Zﬁixi‘l' Zﬁiixiz"‘ Z Z Bijxixj + €
i=1 i=1

i=1 j=i+1
where y is the predicted response, By is the intercept, B; are the linear coefficients,
Bii are the quadratic coefficients, B; are the interaction coefficients, and € is the
residual error. The variables x;and x; represent the coded levels of the independent
factors[16].

The significance and adequacy of the model were evaluated using analysis of
variance (ANOVA). Several statistical parameters were considered, including the
F-value to assess overall model significance, and p-values to determine the
significance of individual terms (linear, quadratic, and interaction effects). The
coefficient of determination (R?), adjusted R2, and predicted R2 were used to
evaluate the model's descriptive and predictive capabilities. The lack-of-fit test was
applied to verify whether the model appropriately fit the experimental data, and the
adequate precision value was calculated to assess the signal-to-noise ratio, with
values above 4 indicating adequate model discrimination. Only terms with a p-
value less than 0.05 were considered statistically significant, and non-significant
terms were excluded when necessary to improve the model’s performance.

3. Results and discussion

3.1. Effect of Individual Factors on the Response Variable

The influence of each individual factor on the corrected absorbance (Ac) was
assessed by plotting the response against the levels of the corresponding variable,
while keeping the other factors constant at their central values (Figure 2).
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Figure 2. Effect of individual factors on the corrected absorbance (Ac): (A) NaOH
concentration, (B) Na2CO3 concentration, (C) Reaction time, and (D) FeCI3
concentration.

The observed increase in absorbance with rising NaOH concentration suggests a
favorable effect of the alkaline medium on the progression of the reaction. NaOH
likely facilitates the opening of the B-lactam ring of amoxicillin under the action of
hydroxylamine (NH4OH), leading to the formation of hydroxamic acid derivatives.
These intermediates are known to form stable colored complexes with Fe3* ions,
explaining the enhanced signal at higher NaOH concentrations.

The Na2CO3 concentration had minimal influence on the absorbance across the
tested range. As a milder base compared to NaOH, Na2CO3 may primarily act as a
buffer in the reaction medium, but does not significantly affect the hydrolysis of
the B-lactam ring or the subsequent complexation process.

The reaction time showed a slight positive effect on absorbance, with higher values
observed at longer durations. This trend indicates that the formation of hydroxamic
acid and its complexation with ferric ions is time-dependent, although the process
appears to approach equilibrium within the studied time range.

A pronounced increase in absorbance was recorded with increasing FeCI3
concentration, especially between 5% and 10%, beyond which the response tended
to plateau. This confirms the critical role of Fe3" in the complexation process, as
ferric ions react with the hydroxamic acid moiety to form a stable colored complex.
The saturation beyond 10% suggests that excess Fe3" does not enhance the
response further, likely due to complete complexation of available ligands.

These results align with the established chemical behavior of penicillins, wherein
the B-lactam ring is prone to nucleophilic attack. Under alkaline conditions,
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hydroxylamine (NH4OH) facilitates the cleavage of the B-lactam ring, leading to
the formation of hydroxamic acid derivatives. These hydroxamic acids are known
to form stable, colored complexes with ferric ions (Fe3"), a reaction that can be
effectively monitored using UV-Visible spectrophotometry due to the characteristic
absorption bands of the resulting complexes [17] [18].

3.2. Optimization of the procedure
3.2.1. Model fitting and statistical analysis

The experimental results were analyzed using a reduced quadratic model to
investigate the influence of four critical factors: NaOH concentration (A), Na2CO3
concentration (B), reaction time (C), and FeCI3 concentration (D) on the corrected
absorbance (Ac) of the amoxicillin-hydroxylamine-FeCI3 complex. The model
fitting was evaluated through analysis of variance (ANOVA), and the statistical
parameters are summarized in Table 3.

Based on the ANOVA results, insignificant terms were removed to improve the
model. The final reduced quadratic equation for corrected absorbance (Ac),
expressed in coded variables, is:

A.=32.84 + 3.31A-0.1923B +1.31C + 7.57D +1.93 BC + 2.23 BD - 2.97CD -
3.69D?

Positive coefficients (A, C, D, BC, BD) indicate that increasing these factors or
interactions tends to increase the response, whereas negative coefficients (B, CD,
D?) suggest an inverse effect on absorbance. The model F-value of 30.55 and the
very low p-value (< 0.0001) confirm the model's high significance. Significant
terms (p < 0.05) include A, C, D, BC, BD, CD, and D2,

No significant lack of fit was observed (p = 0.0619), confirming that the model fits
the experimental data appropriately. The coefficient of determination (R = 0.9209)
indicates that 92.09% of the variability in the response is explained by the model.

The adjusted R2 (0.8907) and predicted R2 (0.8051) are in good agreement, with a
difference below 0.2, supporting the model’s predictive capacity. Moreover, the
Adequate Precision value of 23.06 confirms a strong signal-to-noise ratio, far
above the minimum desirable threshold of 4.

These statistical indicators confirm the reliability and robustness of the model for
exploring and optimizing the experimental space. The correlation between actual
and predicted absorbance values is also illustrated in Figure 3, where the close
alignment of data points along the diagonal indicates strong predictive accuracy.
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Figure 3. Plot of predicted vs. actual values for the corrected absorbance (Ac)

3.2.2. Response Surface Interpretation

The effects of the investigated variables on the response (Ac) were further analyzed
using three-dimensional response surface plots and their corresponding contour
plots, as shown in Figure 4 (a—f). Such graphical representations illustrate the
influence of two factors on the response while other two factors are held constant at
their center levels, allowing for the visualization of both main and interaction
effects within the experimental domain.

In Figure 4a, the interaction between NaOH and Na,CO; concentrations reveals
that variations in Na,COj3do not substantially affect the response, while an increase
in NaOH leads to a notable enhancement in A.. The corresponding contour lines
are nearly vertical, indicating a dominant effect of NaOH and minimal influence
from Na,COsFigure 4b depicts the combined effect of NaOH concentration and
reaction time. Both variables contribute positively to A, with NaOH again playing
the more prominent role. The slightly inclined contour lines suggest a mild
interaction between these factors, with a gradual increase in response at higher
values.

The 3D and contour plots in Figure 4c illustrate a strong synergistic effect between
NaOH (A) and FeCI3 (D) on the response A.. As both factors increase, a
pronounced rise in A, is observed. The response surface shows a curved upward
trend, especially at high levels of FeCl3 and NaOH, indicating their combined
positive influence. The contour plot reveals elliptical contours, further emphasizing
this strong interaction, with FeCl3 exhibiting a particularly dominant effect on
enhancing Ac.

The 3D and contour plots in Figure 4d show the combined influence of Na,CO;
concentration (B) and reaction time (C) on the response Ac. While Na,COs alone
appears to have a minimal effect, the interaction with time reveals a modest
increase in Ac, particularly at longer durations and higher Na,COj; concentrations.
The curvature of the response surface and the slight gradient in the contour plot
suggest a subtle synergistic effect between the two factors, though less pronounced
compared to other interactions.
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Table3. ANOVA analysis for the quadratic model of the corrected absorbance
of the amoxicillin-hydroxylamine-FeCl; complex

Source Sum of Squares df Mean Square F-value p-value
Model 1637.34 8 204.67 30.55 <0.0001
A-NaOH 197.71 1 197.71 29,51 <0.0001
B-Na,CO3 0.6656 1 0.6656 0.0994 0.7557
C-Time 30.73 1 30.73 4.59 0.0441
D-FeCl; 1030.24 1 1030.24 153.79 <0.0001
BC 59.62 1 59.62  8.90 0.0071
BD 79.28 1 79.28 11.83 0.0025
CD 141.12 1 141.12 21.07 0.0002
D? 97.98 1 97.98 14.63 0.0010
Residual 140.68 21 6.70

Lack of Fit 130.81 16 8.18 4.14 0.0619
Pure Error 987 5 1.97

Total 1778.02 29

*R? 0.9209

*R?. adj 0.8907

*R? pred 0.8051

Adeq. Precision 23.05

CV.% 8.45

df: Degree of freedom. X1: solvent-to-solid ratio (mL/g);
*R?, *R? pred and *R?. adj are calculated for the reduced model.
C.V. % coefficient of variation.

Figure 4e illustrates the 3D surface response and contour plots representing the
combined effect of FeCl3 concentration (D) and Na,COj; concentration (B) on the
response Ac, while the remaining factors are held constant at their central levels.
From the 3D surface plot, it is evident that the response A increases significantly
with increasing FeCl3 concentration. The surface exhibits a steep gradient along
the FeCl3 axis, indicating a strong positive influence of this factor. In contrast, the
effect of Na,CO3remains relatively minor, as the surface remains nearly flat in the
B direction. The contour plot confirms this observation, showing nearly horizontal
contour lines. This orientation suggests that variations in FeCl3 drive the changes
in the response, whereas Na,CO; has a limited impact in the explored range. The
highest values of Ac are observed at the upper levels of FeClI3, regardless of the
Na,CO; concentration. This aligns with the statistical analysis that identified
FeCl; as the most influential factor in the model.

In Figure 4f the 3D surface plot shows that an increase in FeCl3 concentration
leads to a significant enhancement in Ac, whereas reaction time exhibits a
comparatively moderate effect. The surface tilts more steeply along the FeCl3 axis,
confirming its dominant influence on the response. In the contour plot, the nearly
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Figure 4 (a-f). 3D response surface plots and corresponding contour plots
illustrating the combined effects of the studied variables on the corrected
absorbance (Ac) of the amoxicillin-hydroxylamine-ferric chloride complex: (a)
NaOH and Na,COj3; concentrations, (b) NaOH concentration and reaction time, (c)
NaOH and FeClI3 concentrations, (d) Na,COs concentration and reaction time, (e)
Na,COzand FeC3 concentrations, and (f) reaction time and FeCl3 concentration.

3.3. Numerical Optimization and Model Validation

Numerical optimization was carried out using the desirability function approach to
identify the best combination of experimental factors that would maximize the
corrected absorbance (A.) of the amoxicillin-hydroxylamine-FeCI3 complex while
minimizing the reaction time. Based on this dual-objective optimization, the
optimal conditions were determined as follows: NaOH concentration of 1 N,
Na,CO; concentration of 0.6 N, reaction time of 10 minutes, and FeCl3
concentration of 15%. Under these conditions, the model predicted a corrected
absorbance of 41.80, with an overall desirability of 0.984, indicating a highly
satisfactory compromise between the two objectives.

To validate the predictive accuracy of the model, the experiment was conducted in
triplicate under the optimized conditions. The mean observed absorbance was
42.99, which falls within the 95% prediction interval (36.99 to 46.61) provided by
the model. This close agreement between predicted and experimental values
confirms the validity and robustness of the optimization model. The detailed results
of the model validation, including the predicted and observed responses, standard
deviation, and prediction intervals, are summarized in Table 4.

Table 4. Predicted and experimental values of responses at the optimum values of
NaOH concentration (1 N), Na,COj3 concentration (0.6 N), reaction time (10
min), and FeCI3 concentration (15%).

Predicted 95% Cl 959% CI Experimental

Response .
P value low* high** mean value

Corrected absorbance (A.) 41.80 36 .99 46.61 42.99+0.99

* 95 % CI low is the lower limit of the 95 % confidence interval.

** 95 % CI high is the upper limit of the 95 % confidence interval.
The results demonstrate that the chosen experimental conditions offer a reliable
and efficient method for maximizing color intensity within a reduced reaction time,
making the procedure suitable for practical analytical applications.

Conclusion

In this study, a simple, sensitive, and optimized UV-Visible spectrophotometric
method was developed for the quantification of amoxicillin based on its
complexation reaction with ferric chloride in the presence of hydroxylamine. A
face-centered central composite design (FCCCD) was successfully employed to
investigate and optimize the influence of four key experimental factors: NaOH
concentration, Na,CO; concentration, reaction time, and FeCI3 concentration. The
corrected absorbance was used as the response to evaluate the formation of the
colored complex.
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Statistical analysis confirmed the significance and reliability of the quadratic
model, with a high coefficient of determination (R? = 0.9242) and a non-significant
lack of fit, indicating good agreement between the predicted and experimental
values. The optimized conditions (NaOH 1 N, Na,C0O;0.6 N, reaction time 10 min,
and FeCl3 15%) led to a high corrected absorbance, with a desirability value of
0.984, confirming the model’s robustness and predictive capability. Validation
experiments demonstrated excellent reproducibility and consistency with model
predictions.

This optimized method can be considered a valuable analytical tool for the
quantification of amoxicillin or related p-lactam antibiotics based on hydroxamic
acid complexation, offering rapid analysis, low reagent consumption, and good
sensitivity.
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