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a b s t r a c t

A Diltiazem kinetic spectrophotometric method was optimized by factorial analysis. The

experimental method is based on a two-stage reaction of Diltiazem with hydroxylamine

and a ferric salt: in the first stage there is a hydroxamic acid formation; and, in the sec-

ond stage there is a red colour complex ferric hydroxamate formation. The variables under

investigation were: solvent; hydroxylamine, sodium hydroxide and ammonium ferric sul-

phate concentrations; volume of perchloric acid; and, temperature. The responses of the

reactional system were the maximum absorbance, the wavelength and the reaction time at

maximum absorbance. Experimental design methodologies were used in the optimization.

Fractional and full factorial designs followed by optimization Box-Behnken and central com-

posite experimental designs were used. The observed optimum conditions were: methanol
inetic method

ptimization

xperimental design methodologies

as reaction solvent; hydroxylamine concentration of 9.375%; sodium hydroxide concen-

tration of 18.750%; ferric reagent concentration of 2.000%; minimum volume of perchloric

acid to neutralize the sodium hydroxide; and, room temperature as reaction temperature.

With this set of experimental conditions a reaction time of 10.5 s with maximum colour

m w

at room temperature after 30 min and only at higher tempera-
development at 512 n

. Introduction

he chemical reaction of esters and anhydrides with hydrox-
lamine (NH2OH) and a ferric salt originates a coloured
ompound and this reaction is used for their identification
1]. This reaction was also used for the spectrophotometric
uantification of esters, anhydrides and organic acids after
erivatization [2]. In this reaction, schematically shown in
ig. 1, the esters and anhydrides of carboxylic acids initially
eact with hydroxylamine in a basic medium, forming an alco-

ol and a hydroxamic acid (RCONHOH). In a second step, a

erric hydroxamate chelate will be obtained after the neutral-
zation of the sodium hydroxide by the reaction of hydroxamic

∗ Corresponding author. Tel.: +351 220402569; fax: +351 220402659.
E-mail address: jcsilva@fc.up.pt (J.C.G. Esteves da Silva).

003-2670/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.aca.2007.12.020
avelength was achieved.

© 2007 Elsevier B.V. All rights reserved.

acid with ferric ions. The lactones that could be considered
cyclic esters also react in a similar way [2].

Attending to the analytical potential of this reaction the
influence of different experimental variables, the stability
of the coloured complex formed and the reaction mecha-
nism were studied by several authors [2–4]. The variables
investigated were the solvent, hydroxylamine concentration,
amount in excess of the added acid, reaction temperature and
reaction time. For many esters the reaction does not take place
tures the colour development and the stability of the complex
were considered satisfactory. The formation and stability of
the complex formed are also affected by the ferric ion concen-

mailto:jcsilva@fc.up.pt
dx.doi.org/10.1016/j.aca.2007.12.020
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Fig. 1 – Chemical reaction of an ester of the acetic acid with
hydroxylamine, intermediary formation of an hydroxamic
acid and posterior complex formation by reaction with Fe3+

solution. Except for the perchloric acid addition the differ-
ions.

tration and by the excess of acid needed for the neutralization
of the initially used sodium hydroxide. The ferric ion concen-
tration is considered important for the colour development
and the stability of the complex. In Ref. [2] a concentration of
4.8 mM and in Ref. [4] a concentration of 30 mM is indicated as
the minimum ideal ferric ion concentrations. Low concentra-
tions of the acid were found more favourable to the complex
formation even if it is referred that at lower concentrations of
acid a lowest stability of the complex is found.

Diltiazem, one of the major cardiovascular drugs, is a cal-
cium channel blocker widely used as an anti-anginal and
anti-hypertensive agent. This drug is officially in the United
States, European and British Pharmacopoeia [5–7]. Chemically,
Diltiazem hydrochloride belongs to the benzothiazepine class
of compounds. The absorption spectrum of Diltiazem in differ-
ent solvents is characterized by a maximum at approximately
209–240 nm [5–8].

Diltiazem has an ester group and the above-described
reaction can be used for its identification and quantifica-
tion. Two previous studies report the spectrophotometric
quantification of Diltiazem with the reaction of this com-
pound with hydroxylamine and ferric ions [9,10]. In both
studies the hydroxylamine reagent used is prepared by mix-
ing equal volumes of hydroxylamine and sodium hydroxide
12.5% (m V−1), the ferric salt used is dissolved in perchloric
acid diluted and the reaction temperature is approximately
70 ◦C. Besides these experimental conditions used for Dil-
tiazem quantification ethanol was used as solvent of the
standard solution and methanol as solvent of the hydrox-
ylamine reagent, the ferric salt is the ferric perchlorate
and the reaction time is 5 min [9]. Also, methanol was
used as solvent for the standard solution, water as sol-
vent of the hydroxylamine reagent, the ferric salt is the
ammonium ferric sulphate and the reaction time is 20 min
[10]. However these methods suffer interferences and a
previous chromatographic separation [9] or chloroform extrac-
tion [10] was proposed. The coloured derivative shows a
maximum absorbance at wavelength about 500 nm with lin-
ear work range from about 50 to several hundred mg/L.
Other colour development reactions were used for Diltiazem
quantification [11–18]. Due to interferences these spectropho-

tometric methods are usually based on derivative reactions
or coupled to extraction techniques to increase selectivity
[13–18].
a 6 0 9 ( 2 0 0 8 ) 1–12

The reaction of Diltiazem with hydroxylamine, leading to
the formation of a red coloured complex of ferric hydrox-
amate, allows the determination of Diltiazem at higher
wavelengths. In order to a rapid, sensible and robust quantifi-
cation of Diltiazem with minimum interferences, the reaction
should be optimized. In this paper, the optimal conditions of
this reaction, i.e. a minimum reaction time and a maximum
absorbance at a highest wavelength (maximum sensitivity
with minimum interferences), were obtained using experi-
mental design methodologies [19–23].

A kinetic spectrophtometric analytical methodology based
on a second-order multivariate calibration was developed with
this optimized reaction. Good results were found with this
method in the quantification of Diltiazem in bulk drug and in
different pharmaceutical formulations. The results obtained
by the UV–Vis direct and UV–Vis second-order multivariate
calibration methodologies were compared with the United
States Pharmacopoeia HPLC-UV method [24].

2. Experimental

2.1. Reagents

Diltiazem (99% purity) reference standard, ammonium fer-
ric sulphate and hydroxylamine hydrochloride were obtained
from Sigma–Aldrich Quı́mica S.A. (Spain). Sodium hydroxide,
methanol for liquid chromatography, isopropanol and ethanol
pro-analysis were purchased from Merck, Darmstadt (Ger-
many). Deionised water with resistivity higher than 4 M� cm−1

was used.

2.2. Solutions

Diltiazem was dried during 2 h in an oven at 105 ◦C. A standard
stock solution was prepared in methanol, ethanol, isopropanol
and water by rigorous weighting to a final concentration
of 8.870 × 10−3 M. The hydroxylamine hydrochloride, sodium
hydroxide and ammonium ferric sulphate solutions are also
prepared by rigorous weighting. Aqueous solutions of hydrox-
ylamine hydrochloride and sodium hydroxide and perchloric
acid 7% (w/w) solutions of ammonium ferric sulphate are
prepared. The hydroxylamine reagent used for the colour
development reaction was obtained by mixing equal volumes
of the aqueous hydroxylamine hydrochloride and sodium
hydroxide solutions in the required concentrations of each of
the compounds.

In the experimental design optimization the dilutions of
all the reagents and of the Diltiazem standard stock solution
to a concentration of 5.544 × 10−4 M was obtained with the
solvent used to a final volume of 2.5 mL in the 1 cm quartz
cells. For the initial evaluations the dilutions of all the reagents
and of the Diltiazem standard stock solution were performed
to a final volume of 25 mL. A standard solution of Diltiazem
1.064 × 10−3 M was obtained. The diluted standard solutions
were obtained by rigorous dilution of the initial standard stock
ent dilutions of the reagents in the different concentrations
used were obtained by adding a fixed volume of the initial
solutions.
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.3. Instrumentation

bsorbance measurements were made in a Hewlett–Packard
P8452A diode-array spectrophotometer in advanced mode.

n a way to evaluate the reaction time the spectra were
ollected with the shutter open in 1 cm quartz cells in a wave-
ength range from 240 to 800 nm with a 2-nm interval, run
ime 60 s, cycle time 1 s and an integration time 0.5 s. Heating
as achieved by the circulation of water from a thermostated
ater bath.

.4. Analytical methodology

he reaction of Diltiazem with hydroxylamine and ferric
ons were performed in a 1-cm quartz cells. The mixture
f the reagents is done by stirring with a micro-magnetic
ar. The order of reagents mixing is: (i) suitable volume of
iltiazem standard solution in order to obtain a final con-
entration of 5.544 × 10−4 M; (ii) suitable volume of solvent
o 0.500 mL (attending to the previous added volume); (iii)
.300 mL of hydroxylamine reagent; (iv) suitable volume of
he solvent used to 2.5 mL (attending to the all the volumes
dded); (v) variable volume of 7% perchloric acid (vi) 0.100 mL
f ammonium ferric sulphate. The addition of ammonium
erric sulphate is made after the initiate acquisition of the
pectra. The initial evaluation of the reaction of Diltiazem with
ydroxylamine and ferric ions was performed in 25.00-mL vol-
metric flasks.

.5. Experimental design optimization

ttending to the characteristics of this two-step reaction, each
f the reaction steps at different pH, it was found necessary
o perform this optimization using two reaction types in order
o evaluate the excess of perchloric acid solution added. In
he first, reaction type A, a fixed concentration of sodium
ydroxide 12.5% was used and the volume of perchloric acid
olution added was changed. In the second, reaction type B, a
inimum volume of the perchloric acid solution was used to

eutralize the sodium hydroxide previously added at different
oncentrations. The first set of experimental design variables
valuated were the solvent, hydroxylamine, sodium hydrox-
de and ammonium ferric sulphate concentrations, volume of
erchloric acid 7% added and temperature of reaction. The
eference values of the factors evaluated were established
ttending to a previous preliminary univariate analysis. The
esponse variables monitored from the experimental data
time (s) × wavelength (nm)] were the maximum absorbance,
avelength and reaction time at maximum absorbance. The

equence of experiences for all the experimental designs was
reformed randomly.

The general strategy was based on a preliminary evalua-
ion of all the factors and the possible interactions between
actors by screening using fractional and full factorials exper-
mental designs [25,26], followed by an optimization of the
ignificant factors using a Box-Behnken and Central Compos-

te Designs [26,27]. After a first optimization by a Box-Behnken
esign of all the significant factors a Central Composite Design
till allows the optimization of some significant factors with
dditional levels.
6 0 9 ( 2 0 0 8 ) 1–12 3

The significance of the main effects and the variable
interactions were evaluated using higher orders interactions
as comparison. When center samples are used a curvature
checking of the response is done. These two tests are pre-
sented respectively as HOIE and “center” tests [26]. Also, for
the initial confirmatory screening designs an evaluation of the
critical effects was done by two different statistical methods
at significance level of 0.05: (i) a test in which the calcula-
tion of the critical effects is based on an estimation of error
by the two-factor interactions effects [28]; and (ii) a test in
which the calculation of the critical effects based on the algo-
rithm of Dong [29]. The evaluation of the global linear model,
global quadratic model, quadratic effects and shape of the
response surface is done by analysis of variance (ANOVA)
through the F-ratio, respective p value and by the value of
multiple correlation coefficients of the response variables
[19,21–23,26]. Beside this evaluation the minimum, maximum
or saddle point estimated of the response surfaces are also
presented.

The experimental design procedures are implemented by
Unscrambler® program version 7.51 from Camo ASA, Norway.

3. Results and discussion

3.1. Preliminary analysis

The initial evaluations of the reaction of Diltiazem with
hydroxylamine and ferric ions were performed in 25-mL
volumetric flasks with a 1.064 × 10−3 M Diltiazem standard
solution in methanol. The results obtained confirmed the
expected wavelength of maximum absorbance (500 nm) and
the necessity of adding enough volume of acid to neutralize
the sodium hydroxide in order to avoid the ferric hydroxide
precipitation. Besides that, there is a rapid colour development
at room temperature without heating.

In this previous evaluation the different factors that could
affect the reaction were evaluated in a univariate way using
half and double of the concentrations (sodium hydroxide,
hydroxylamine and ferric reagent) usually indicated in the
literature, a reaction temperature from room temperature
to 70 ◦C and the solvents ethanol, methanol, isopropanol
and water. Under these conditions it was found that: (i)
the minimum sodium hydroxide concentration needed for
the reaction colour development is 8%; (ii) an increase of
hydroxylamine concentration demands an increase of sodium
hydroxide concentration for the reaction colour develop-
ment; (iii) sodium hydroxide concentration increase causes an
absorbance increase; (iv) ferric reagent concentration increase
causes an absorbance increase; (v) the same absorbance
is found with concentration of hydroxylamine 6.250% and
12.500%; (vi) higher absorbances are observed with the sol-
vents methanol and ethanol, but methanol is associated with
a lower reaction time; (vii) the increase of the reaction tem-
perature did not affect significantly the reaction time and the
absorbance.
Attending to this preliminary evaluation, where an
absorbance around 1 was observed with a 1.064 × 10−3 M Dil-
tiazem standard, a 5.544 × 10−4 M Diltiazem standard solution
with an absorbance around 0.5 was used in the subse-
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Table 1 – Levels of design variables used and range of results of the three responses variables obtained with the
exploratory screening experimental designs for both reaction types in a evaluation of Diltiazem standard 5.544 × 10−4 M
with a sodium hydroxide concentration of 12.500% for reaction type A and with a fixed volume of perchloric acid for
reaction type B

Design variables Reaction type

Reaction type A Reaction type B
Levels of design variables

Concentration of hydroxylamine 0.625% and 18.750% 0.625% and 12.500%
Volume of perchloric acid 0.250 and 1.000 mL –
Concentration of sodium hydroxide – 8.000% and 25.000%
Temperature of reaction 25 and 70 ◦C 25 and 70 ◦C
Concentration of ferric reagent 0.625% and 2.500% 0.625% and 2.500%
Solvent used in Diltiazem standard solution preparation Methanol and water Methanol and water

Response variables Reaction type

Reaction type A Reaction type B
Range of results obtained at maximum absorbance

Absorbance 0.039–0.291 a.u. 0.064–0.497 a.u.

Wavelength 486–510 nm
Reaction time 2.5–32 s

quent study. The values of the experimental design variables
were 12.500% for hydroxylamine and sodium hydroxide con-
centrations, 1.250% for ferric reagent concentration, room
temperature and methanol as solvent.

3.2. Screening experimental designs

3.2.1. Exploratory screening experimental designs
Attending to the fact that two different reaction designs are
being studied, initial screening 25–2 fractional factorial designs
were performed with eight experiments each—five design

variables, four continuous and one category, each one with two
levels and three response variables. With this design the main
effects are confounded with the two variable interactions. The
levels of the variables for the hydroxylamine, sodium hydrox-

Table 2 – Levels of design variables used and range of results o
confirmatory screening experimental designs for both reaction
5.544 × 10−4 M, in methanol with a sodium hydroxide concentr
volume of perchloric acid for reaction type B

Design variables

Reaction type A

Concentration of hydroxylamine 6.250% and 18.750%, center sam
Volume of perchloric acid 0.250 mL and 1.000 mL, center s
Concentration of sodium hydroxide –
Temperature of reaction 25 and 70 ◦C, center sample, 47.
Concentration of ferric reagent 0.625% and 1.875%, center samp

Response variables

Reaction type A
Ra

Absorbance 0.105–0.533 a.u.
Wavelength 486–512 nm
Reaction time 2–22.5 s
484–532 nm
3–15.5 s

ide concentrations and ferric reagent concentrations were
established considering as average values the reference con-
centrations found in the preliminary analysis. For the reaction
temperature, and attending to the already lower reaction time
found at room temperature, the room temperature was cho-
sen as the minimum level. For the volume of perchloric acid
a great range in excess was choose for reaction type A. Also
for the solvent, and attending to the preferential use of water
as solvent, this solvent was still evaluated. Table 1 presents
the design variables studied, the levels of each one and the
range of results at the maximum absorbance obtained for the

response variables.

From the global analysis of the results obtained for the
two reaction types, shown in Table 1, it is important to refer
that higher absorbance values and lower reaction time are

f the three response variables obtained with the
types in an evaluation of Diltiazem standard
ation of 12.500% for reaction type A and with a fixed

Reaction type

Reaction type B
Levels of design variables

ple, 12.500% 0.625% and 12.500%, center sample, −6.563%
ample, 0.625 mL –

8.000% and 18.750%, center sample, −13.375%
5 ◦C 25 and 70 ◦C, center sample, 47.5 ◦C
le, −1.250% 0.625% and 1.875%, center sample, −1.250%

Reaction type

Reaction type B
nge of results obtained at maximum absorbance

0.074–0.455 a.u.
484–510 nm
2.5–7 s
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Table 3 – Results obtained with the confirmatory screening of experimental design for reaction type A by analysis of the main effects and interactions through the
response evaluation of a Diltiazem standard 5.544 × 10−4 M, in methanol and with a sodium hydroxide concentration of 12.500%a

Design variables Response variables

Absorbance Wavelength Reaction time

HOIE Center Coefficient b HOIE Center Coefficient b HOIE Center Coefficient b

Hydroxylamine (A) 176.132 (0.000) 995.338 (0.001) −0.058 2.253 (0.172) 31.688 (0.030) +1.625 0.465 (0.515) 0.484 (0.559) +0.750
Perchloric acid (B) 765.444 (0.000) 4326.000 (0.000) −0.122 3.853 (0.085) 54.188 (0.018) +2.125 0.545 (0.481) 0.568 (0.530) +0.813
Temperature (C) 34.140 (0.000) 192.927 (0.005) −0.026 3.000 (0.122) 42.188 (0.023) −1.875 6.532 (0.034) 6.811 (0.121) −2.813
Ferric reagent (D) 154.005 (0.000) 870.297 (0.001) +0.055 7.053 (0.029) 99.188 (0.010) −2.875 1.045 (0.337) 1.090 (0.406) −1.125
AB = CD 12.539 (0.008) 70.859 (0.014) +0.016 1.613 (0.240) 22.688 (0.041) −1.375 1.290 (0.289) 1.345 (0.366) +1.250
AC = BD 22.378 (0.002) 126.458 (0.008) +0.021 5.880 (0.042) 82.688 (0.012) +2.625 0.826 (0.390) 0.861 (0.451) −1.000
AD = BC 8.007 (0.022) 45.246 (0.041) +0.013 2.253 (0.172) 31.688 (0.030) +1.625 0.390 (0.550) 0.407 (0.589) −0.688

Global linear model (ANOVA)
F-ratio (p) 167.523 (0.000) 3.701 (0.043) 1.585 (0.266)
Multiple correlation 0.997 0.874 0.762

a In HOIE and “center” tests the F-ratio is presented for each main effect and interaction; coefficient b: b regression coefficient of each effect or interaction in the model; in brackets is presented the
probability value (p), for a 5% significance level, the number in brackets indicates in the main or interactions effect evaluation the probability of a main or interaction effects be significant by HOIE
or “center” tests or in the global linear model evaluation the probability of the model be significantly valid.

Table 4 – Results obtained with the confirmatory screening experimental design for reaction type B by analysis of the main effects and interactions through the
response evaluation of a Diltiazem standard 5.544 × 10−4 M, in methanol and with a fixed volume of perchloric acida

Design variables Response variables

Absorbance Wavelength Reaction time

HOIE Center Coefficient b HOIE Center Coefficient b HOIE Center Coefficient b

Hydroxylamine (A) 321.353 (0.000) 96.429 (0.010) +0.102 256.889 (0.000) 96.333 (0.010) +8.500 0.010 (0.922) 0.188 (0.707) +0.031
Sodium hydroxide (B) 85.586 (0.000) 25.682 (0.037) +0.053 18.000 (0.003) 6.750 (0.122) −2.250 0.258 (0.625) 4.688 (0.163) +0.156
Temperature (C) 13.315 (0.007) 3.995 (0.184) −0.021 8.000 (0.022) 3.000 (0.225) −1.500 0.505 (0.497) 9.188 (0.094) −0.219
Ferric reagent (D) 21.812 (0.002) 6.545 (0.125) +0.027 80.222 (0.000) 30.083 (0.032) −4.750 0.093 (0.768) 1.688 (0.324) −0.094
AB = CD 71.398 (0.000) 21.425 (0.044) +0.048 43.556 (0.000) 16.333 (0.056) +3.500 0.258 (0.625) 4.688 (0.163) +0.156
AC = BD 0.001 (0.978) 0.000 (0.989) −0.0002 80.222 (0.000) 30.083 (0.032) +4.750 1.247 (0.297) 22.688 (0.041) −0.344
AD = BC 0.158 (0.701) 0.048 (0.848) −0.002 8.000 (0.022) 3.000 (0.225) +1.500 2.320 (0.166) 42.188 (0.023) −0.469

Global linear model (ANOVA)
F-ratio (p) 73.375 (0.000) 70.698 (0.000) 0.670 (0.695)
Multiple correlation 0.992 0.992 0.608

a See footnote of Table 3.
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Table 5 – Levels of design variables used and range of results of the three response variables obtained with the
optimization Box-Behnken experimental designs for both reactions types in an evaluation of Diltiazem standard
5.544 × 10−4 M, in methanol, at room temperature with a sodium hydroxide concentration of 12.500% for reaction type A
and with a fixed volume of perchloric acid for reaction type B

Design variables Reaction type

Reaction type A Reaction type B
Levels of design variables

Concentration of hydroxylamine 6.250% and 18.750%, center sample, 12.500% 6.250% and 12.500%, center sample, 9.375%
Volume of perchloric acid 0.250 and 0.500 mL, center sample, 0.375 mL –
Concentration of sodium hydroxide – 12.500% and 25.000%, center sample, 18.750%
Concentration of ferric reagent 1.000% and 2.000%, center sample, 1.500% 1.000% and 2.000%, center sample, 1.500%

Response variables Reaction type

Reaction type A Reaction type B
Range of results obtained at maximum absorbance

.
Absorbance 0.271–0.531 a.u
Wavelength 508–510 nm
Reaction time 3–31 s

observed for reaction type B. This result is due to the higher
concentration of sodium hydroxide used in this reaction type.

Although, in this design the main effects cannot be dis-
tinguished from the two variable interactions, it is possible
to observe that hydroxylamine, sodium hydroxide and fer-
ric reagent concentrations provoke variation in the responses.
When water is used as solvent of the standard Diltiazem solu-
tion a decrease in the response variables is observed and
consequently methanol is the best solvent for standard and
samples preparation. Because the reaction time is relatively
small when the reaction is performed at room temperature
and, taking into consideration that at room temperature the
method becomes much more easy to be performed, this tem-
perature was used subsequently. For the other variables the
minimum volume of perchloric acid to neutralize the sodium
hydroxide, the greater sodium hydroxide and ferric reagent
concentrations should be used.

3.2.2. Confirmatory screening experimental designs
Taking into consideration the previous information, and in
order to test the observations of the low resolution exploratory
screening experimental designs, a 24–1 confirmatory screening
experimental designs were performed with nineteen exper-
iments each—four continuous designs variables, two levels,
two repetitions, three center samples and three response
variables. With this design the two variable interactions are
confounded and only the main effects can be rigorously esti-
mated. For both reaction types the levels of the reaction
temperature are maintained and only the variable solvent
was fixed. Also, for both reaction types, due to the respec-
tive decrease of reaction time and wavelength associated
with an absorbance increase, the higher levels of the vari-
ables sodium hydroxide and ferric reagent concentrations
were lowest. For reaction type A both levels of the volume
of perchloric acid are maintained and the low level of the
hydroxylamine concentration was increased. For reaction type

B the levels of the hydroxylamine concentration were main-
tained. Table 2 shows the design variables studied, the levels
of each one and the range of results obtained for the response
variables.
0.451–0.555 a.u.
506–514 nm
3–29.5 s

Tables 3 and 4 show the analysis of the effects of the four
factors on the three responses for the two reaction types.
The analysis of these two tables show that the linear mod-
els used in the evaluation of the main and interaction effects
are significant in the experimental domain for the responses
absorbance and wavelength but not for the reaction time. Also,
for the absorbance, all the main effects are statistically signif-
icant according to the HOIE test.

For the absorbance response, the analysis of the critical
effects confirms the conclusions by the HOIE test. The hydrox-
ylamine concentration, the volume of perchloric acid and
sodium hydroxide concentration effects are statistical signif-
icant or possible statistical significant by the two tests used.
Also, for this response variable and for the reaction type A,
the ferric reagent concentration effect is statistical significant
by the test based on an estimation of error by the interaction
effects and possible statistical significant by the test based on
the algorithm of Dong.

The results obtained with this fractional experimental
design and presented in Tables 3 and 4 clarify the results
present in Section 3.2.1. Consequently, these results support
the use of a minimum volume of perchloric acid to neutralize
the sodium hydroxide, room temperature, greater concentra-
tions of sodium hydroxide and ferric reagent, as the more
adequate conditions to obtain a greater sensibility in the
response with a fast reaction time.

In order to obtain an optimum set of reagent concentra-
tions, besides methanol as solvent also the room temperature
was fixed, the response surfaces of the chemical reaction
under investigation will be obtained using Box-Behnken and
central composite designs.

3.3. Optimization experimental designs

3.3.1. Box-Behnken design
The Box-Behnken design has three variables, two levels, with-

out repetitions, three center samples and three response
variables (fifteen experiments each). Taking into consideration
the information obtained in the previous screening designs
the levels of the variables in this design were adjusted accord-
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Table 6 – Results obtained with the Box-Behnken experimental design for reaction type A, by analysis of (a) main effects and (b) response surfaces, through the
response evaluation of a Diltiazem standard 5.544 × 10−4 M, in methanol, with a sodium hydroxide concentration of 12.500% and at room temperaturea

(a) Main effects

Design variables Response variables

Absorbance Wavelength Reaction time

HOIE Center Coefficient b HOIE Center Coefficient b HOIE Center Coefficient b

Hydroxylamine 28.286 (0.001) 128.704 (0.008) −0.071 0.000 (1.000) np (1.000) 0.000 0.374 (0.558) 10.010 (0.087) −1.938
Perchloric acid 14.435 (0.005) 65.681 (0.015) −0.051 1.500 (0.256) np (0.000) +0.250 1.547 (0.249) 41.344 (0.023) +3.938
Ferric reagent 11.330 (0.010) 51.552 (0.019) +0.045 1.500 (0.256) np (0.000) −0.250 0.025 (0.878) 0.667 (0.500) −0.500

Global linear model (ANOVA)
F-ratio (p) 18.017 (0.0006) 1.000 (0.441) 0.649 (0.606)
Multiple correlation 0.933 0.522 0.442

(b) Response surfaces

Design variables Response variables

Absorbance Wavelength Reaction time

Estimate point Maximum, 0.582 a.u. Saddle, 510.125 nm Saddle, 5.812 s
Hydroxylamine (%) 9.433 12.500 13.809
Perchloric acid (mL) 0.061 0.437 0.311
Ferric reagent (%) 2.067 1.250 1.471

Global quadratic model (ANOVA)
F-ratio (p) 42.374 (0.000) 1.156 (0.413) 1.085 (0.445)
Multiple correlation 0.985 0.681 0.670
Quadratic effects [F-ratio (p)] 17.550 (0.0007) 0.978 (0.450) 1.252 (0.354)
Lack of fit [F-ratio (p)] 1.293 (0.497) np (0.000) 24.878 (0.039)

a In HOIE and “center” tests the F-ratio is presented for each main effect and interaction; Coefficient b: b regression coefficient of each effect or interaction in the model; np: not possible the calculus;
in brackets is presented the probability value (p), for a 5% significance level, the number in brackets indicates in the main or interactions effects evaluation the probability of a main or interactions
effects be significant by HOIE or “center” tests or in the global linear and quadratic model evaluation the probability of the model be significantly valid.
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Table 7 – Results obtained with the Box-Behnken experimental design for reaction type B, by analysis of (a) main effects and (b) response surfaces, through the
response evaluation of a Diltiazem standard 5.544 × 10−4 M, in methanol, with a fixed volume of perchloric acid and at room temperaturea

(a) Main effects

Design variables Response variables

Absorbance Wavelength Reaction time

HOIE Center Coefficient b HOIE Center Coefficient b HOIE Center Coefficient b

Hydroxylamine 0.005 (0.945) 0.024 (0.892) −0.0008 1.500 (0.256) 0.375 (0.603) −0.500 0.831 (0.389) 0.604 (0.519) −2.937
Sodium hydroxide 0.000 (0.988) 0.001 (0.976) −0.0002 1.500 (0.256) 0.375 (0.603) +0.500 0.046 (0.836) 0.033 (0.873) +0.688
Ferric reagent 4.547 (0.066) 21.152 (0.044) +0.024 1.500 (1.000) 0.000 (1.000) 0.000 0.002 (0.970) 0.001 (0.977) −0.125

Global linear model (ANOVA)
F-ratio (p) 1.518 (0.282) 1.000 (0.441) 0.293 (0.830)
Multiple correlation 0.602 0.522 0.315

b) Response surfaces

Design variables Response variables

Absorbance Wavelength Reaction time

Estimate point Saddle, 0.493 a.u. Maximum, 511.440 nm Saddle, 17.448 s
Hydroxylamine (%) 9.244 8.705 8.733
Sodium hydroxide (%) 18.714 20.089 18.109
Ferric reagent (%) −0.026 1.500 1.385

Global quadratic model (ANOVA)
F-ratio (p) 1.009 (0.481) 0.652 (0.510) 0.637 (0.700)
Multiple correlation 0.656 0.645 0.569
Quadratic effects [F-ratio (p)] 0.432 (0.736) 1.333 (0.330) 0.982 (0.448)
Lack of fit [F-ratio (p)] 5.601 (0.159) 0.250 (0.921) 0.637 (0.717)

a In HOIE and “center” tests the F-ratio is presented for each main effect and interaction; Coefficient b: b regression coefficient of each effect or interaction in the model; in brackets is presented the
probability value (p), for a 5% significance level, the number in brackets indicates in the main or interactions effects evaluation the probability of a main or interactions effects be significant by HOIE
or “center” tests or in the global linear and quadratic model evaluation the probability of the model be significantly valid.
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Table 8 – Levels of design variables used and range of results of the three response variables obtained with the
optimization central composite design in an evaluation of Diltiazem standard 5.544 × 10−4 M, in methanol, with sodium
hydroxide concentration of 18.750%, with a fixed volume of perchloric acid and at room temperature

Design variables Levels of design variables

Concentration of hydroxylamine Cube samples: 6.250% and 12.500%, star samples: 4.956% and 13.794%, center samples: 9.375%
Concentration of ferric reagent Cube samples: 1.500% and 2.500%, star samples: 1.293% and 2.707%, center samples: 2.000%

Response variables Range of results obtained at maximum absorbance

Absorbance 0.522–0.613 a.u.
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ng to the following: the high level of the volume of perchloric
cid was decreased; both levels of the concentration of sodium
ydroxide and ferric reagent were increased; the low level of
he concentration of hydroxylamine was increased. Table 5
resents the design variables, the corresponding levels stud-

ed and the range of results obtained at maximum absorbance
or the response variables under a Box-Behnken design for the
wo reaction types.

The results obtained with these optimization designs
re presented in Tables 6 and 7. The main effects of the
esign variables in the response variables confirm the previ-
us results. For the reaction type A, the linear model used
or the evaluation of the main and interactions effects for
he response absorbance is significant in the experimental
omain and all the main effects for this response variable are
tatistically significant according to the HOIE test.

With the two reaction types from the analysis of
he three absorbance response surfaces a maximum of
he response absorbance could be defined. For the reac-
ion type A, is obtained in all the response surfaces, a

aximum at a hydroxylamine concentration of 9.375%, a
erchloric acid volume of 0.250 mL and a ferric reagent
oncentration of 2.000%. For the reaction type B a max-
mum point at a hydroxylamine concentration of 9.115%,

sodium hydroxide concentration of 18.750% and a ferric
eagent concentration of 2.000%. These results indicate that
.375% is the optimum hydroxylamine concentration for a
odium hydroxide concentration of 18.750% with a mini-
um volume of perchloric acid to neutralize the sodium

ydroxide and eventually a greater concentration of ferric
eagent.

.3.2. Central composite design
last optimization design was done to obtain response

urfaces for the concentration of hydroxylamine and fer-
ic reagent. A central composite design with two variables,
our levels, without repetitions, five center samples and three
esponse variables was used (thirteen experiments). Rela-
ively to the levels evaluated in the Box-Behnken design
he levels of hydroxylamine concentration are the same
nd the low and high levels of ferric reagent concentration
ere increased. The other experimental variables were fixed

t the optimum values previously defined: solution of Dil-
iazem prepared in methanol; room temperature; 18.750%
odium hydroxide concentration; minimum volume of per-
hloric acid to neutralize the sodium hydroxide. Table 8
508–512 nm
5–25 s

presents the design variables and corresponding levels under
study.

The results obtained with this optimization design are
presented in Table 9. The analysis of Table 9 shows
that the linear model for the absorbance response, is
statistically significant. Also, the variable that affects
markedly the absorbance is the ferric reagent concentra-
tion.

Fig. 2 shows the response surfaces for the three response
variables obtained with the central composite design. The
analysis of this figure shows that, with the exception of the
reaction time, an optimum is clearly defined in the response
surface. Response surface from Fig. 2a confirms an optimum
of hydroxylamine concentration of 9.375%. From the analy-
sis of the three response surfaces the following concentration
ranges of ferric reagent are detected: 2.000–2.500% for maxi-
mum absorbance at a higher wavelength; and, 1.500–2.000%
for a minimum reaction time. A value for the ferric reagent
concentration of 2.000% seems to be the more adequate for
a Diltiazem determination with greater sensibility and mini-
mum reaction time.

3.4. Final evaluation

A final univariate evaluation was done with the increase
of the ferric reagent concentration from 0.500% to 5.000%.
The results found are presented in Fig. 3. An increase
in the absorbance until a ferric reagent concentration of
2.000% followed by absorbance stabilization up to a ferric
reagent concentration of 3.000% and posterior decrease was
observed.

The optimized reaction conditions (small reaction time
with higher absorbance and wavelength) for the Dil-
tiazem determination are: methanol as solvent; room
temperature; hydroxylamine concentration = 9.375%; sodium
hydroxide concentration = 18.750%; ferric reagent concen-
tration = 2.000%; volume of perchloric acid minimum to
neutralize the sodium hydroxide.

With these optimized conditions, with five determina-
tions of a Diltiazem standard 5.544 × 10−4 M (R.S.D. = 0.847%)
an average of absorbance 0.700 a.u., wavelength 512 nm and a
reaction time of 10.5 s were found.
Using a series of Diltiazem standards (5.677 × 10−5,
1.100 × 10−4, 2.235 × 10−4, 4.435 × 10−4, 6.670 × 10−4,
8.870 × 10−4 and 1.110 × 10−3 M) the following figures of merit
of the calibration curve were obtained: linear calibration func-
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Table 9 – Results obtained with the central composite experimental design, by analysis of (a) main effects and (b) response surfaces, through the response evaluation of
a Diltiazem standard 5.544 × 10−4 M, in methanol, with sodium hydroxide concentration of 18.750%, with a fixed volume of perchloric acid and at room temperaturea

(a) Mains effects

Design variables Response variables

Absorbance Wavelength Reaction time

HOIE Center Coefficient b HOIE Center Coefficient b HOIE Center Coefficient b

Hydroxylamine 0.167 (0.753) 0.001 (0.974) −0.001 1.000 (0.500) 1.250 (0.326) +0.500 0.524 (0.601) 1.018 (0.370) −2.625
Ferric reagent 499.354 (0.029) 3.497 (0.135) +0.027 9.000 (0.205) 11.250 (0.029) +1.500 0.344 (0.663) 0.667 (0.460) −2.125

Global linear model (ANOVA)
F-ratio (p) 249.760 (0.045) 5.000 (0.302) 0.434 (0.732)
Multiple correlation 0.999 0.953 0.682

(b) Response surfaces

Design variables Response variables

Absorbance Wavelength Reaction time

Estimate point Maximum, 0.586 a.u. Maximum, 512.715 nm Saddle, 12.686 s
Hydroxylamine (%) 9.060 11.398 8.252
Ferric reagent (%) 2.550 2.111 2.854

Global quadratic model (ANOVA)
F-ratio (p) 0.959 (0.500) 0.888 (0.536) 1.552 (0.288)
Multiple correlation 0.638 0.623 0.725
Quadratic effects [F-ratio (p)] 0.948 (0.432) 1.112 (0.381) 0.396 (0.687)
Lack of fit [F-ratio (p)] 1.500 (0.343) 9.649 (0.027) 1.732 (0.298)

a See footnote of Table 7.
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Fig. 2 – Response surfaces of (a) absorbance, (b) wavelength
and (c) reaction time obtained with the central composite
experimental design, through the response evaluation of a
Diltiazem standard 5.544 × 10−4 M, in methanol, with
sodium hydroxide concentration of 18.750%, with a fixed
v

t
5
d
d

r

olume of perchloric acid and at room temperature.

ion, y (a.u.) = 956.472x (M) + 0.022 (m = 7); linear work range,

.677 × 10−5 M to 1.110 × 10−3 M (25–500 mg/L); residual stan-
ard deviation = 0.023; linear correlation coefficient = 0.9986;
etection limit (3sa/b) = 4.463 × 10−5 M.
Fig. 3 – Univariate variation of absorbance in function of
ferric reagent concentration.

4. Conclusions

The main effects that affect the response variables are the
concentration of hydroxylamine, sodium hydroxide and of
ammonium ferric sulphate. In all the experimental designs
evaluated they affect essentially the absorbance. The tem-
perature of the reaction also affects the response variables
but, because the method becomes much easier to perform at
room temperature, this temperature was used subsequently.
For a level of 5%, the interactions between the design vari-
ables at the levels evaluated are significant for screening the
experimental designs but not significant for optimization the
experimental design evaluated.

The optimal conditions observed for this reaction were:
(i) standard solution in methanol, (ii) hydroxylamine 9.375%,
(iii) sodium hydroxide 18.750%, (iv) ammonium ferric sulphate
2.000%, (v) minimum volume of perchloric acid 7% (w/w) to
neutralize the sodium hydroxide and (vi) room temperature.
These optimal reaction conditions allow a low reaction time at
maximum sensitivity with a linear response of the absorbance
as function of the concentration.
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