
ORIGINAL PAPER

Rank analysis and simultaneous determination of acetylsalicylic
acid, paracetamol, and caffeine in pharmaceuticals using
second-order data and multivariate curve resolution-alternating
least squares (MCR-ALS)

Masoud Shariati-Rad • Masoumeh Hasani

Received: 16 July 2013 / Accepted: 17 July 2013 / Published online: 10 August 2013

� Iranian Chemical Society 2013

Abstract Mixtures of acetylsalicylic acid (ASA), para-

cetamol (PAR), and caffeine (CAF) have been successfully

analyzed by constrained multivariate curve resolution-

alternating least squares (MCR-ALS). The MCR-ALS

methodology adequately exploits the second-order advan-

tage which enables quantitation of analyte in the presence

of unknown and uncalibrated interferences. The procedure

simultaneously takes into account the spectroscopic and

pH-dependent properties of the compounds, which leads to

a higher selectivity. Specially, for CAF determination fully

protonated or deprotonated forms of CAF are not dominant

in the pH range of data acquisition but spectral changes

with pH were recorded and used for accurate determination

of CAF. Furthermore, quantitative determination of an

analyte in a complex mixture is performed using a syn-

thetic solution as standard containing only the analyte of

interest. Even in the presence of the rank deficiencies, in

most cases accurate quantitation with relative errors in

prediction lower than 5 % was obtained. The procedure

was successfully applied to the analysis of real samples

(pharmaceuticals) using synthetic external standards. Per-

cent relative errors of 4.03, 3.26, and 5.85 were obtained

for ASA, PAR, and CAF, respectively, in A.C.A tablets

and 4.49 and 2.75 for PAR and CAF, respectively in No-

vafen capsules.
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Introduction

The mixture of the active ingredients of acetylsalicylic acid

(ASA), caffeine (CAF), and paracetamol (PAR) is a widely

used pharmaceutical combination with analgesic effects.

The most common analytical methods used for the deter-

mination of these compounds include high-performance

liquid chromatography and extraction followed by UV

spectrophotometry [1]. These techniques, while perfectly

adequate in terms of their accuracy, are both expensive and

time-consuming when implemented in routine quality-

control laboratories. The greatest difficulties with UV–Vis

is multi-component determination methods arise when the

analytes to be determined give partly or fully overlapped

spectra as is the case with the ingredients of most phar-

maceutical preparations. Therefore, first-order multivariate

calibration methods such as partial least squares (PLS) [2–

4] has to be applied. A drawback of PLS and related

methods is that a large number of calibration samples are

necessary, as all possible analytes and interferences have to

be included in the calibration set at suitable concentration

levels to obtain a robust regression model [5].

Second-order calibration methods can be applied to

these types of data providing a number of advantages over

methods of first order. The most prominent advantage is the

possibility of calibration, under certain conditions, in the

presence of unknown interferences, not present in the

calibration set. Also, its use in calibration requires a rela-

tively small number of samples as opposed to first-order

multivariate calibration, where a large number of calibra-

tion samples are generally necessary [6, 7].

Second-order analysis based on MCR-ALS is a flexible

method that takes advantages of known chemical and

mathematical information about the data set through the

use of constraints and allows for the simultaneous analysis
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of several data matrices without strong requirements rela-

ted to the mathematical data structure like trilinearity.

Quantitation of mixtures of pH-dependent analytes in the

presence of unknown interfering agents is successful using

only one standard per analyte in the MCR-ALS calibration.

The experimental data are obtained from spectrophoto-

metric acid–base titrations (at each successive pH value the

absorption spectrum is obtained) and arranged in an

ordered data matrix. Furthermore, in contrast to first-order

multivariate calibration methods, quantitation in the pres-

ence of unknown and uncalibrated interferences is possible

(second-order advantage [8]).

For quantitative determination of the mixtures of sub-

stances with acid–base behavior by constrained MCR-

ALS, total resolution of the system is hindered [9, 10]

because of rank deficiency resulting from the closure [9,

11]. However, only partial resolution involving those spe-

cies to be quantified is sufficient. This partial resolution is

already achieved when the analysis is performed on an

augmented matrix that contains the data matrix of the

unknown mixture and that of the standard [9].

Saurina et al. [12] applied MCR-ALS to simultaneous

determination of nucleic acids in the presence of both

closure and rank overlap. Diewok et al. [13] resolved

mixtures of diprotic acids by MCR-ALS. They used FT-IR

data of acid–base titration in a flow system. Food additives

with acid–base character were also analyzed by MCR-

ALS. For example, Marsili et al. [14] analyzed mixtures of

sorbic and benzoic acid. Lachenmeier and Kessler [15]

analyzed mixtures of four food colorants, and mixtures of

sunset yellow, amaranth and tartrazine were analyzed by

Llamas et al. [16].

In the present paper, mixtures of ASA, PAR, and CAF

were analyzed by the second-order constrained MCR-ALS

method based on their acid–base behavior. Several binary

and ternary synthetic mixtures containing the three drugs

have been resolved. The procedure was subsequently

applied to the simultaneous determination of ASA, PAR,

and CAF in pharmaceutical formulations.

Experimental

Reagents and solutions

Hydrochloric acid and sodium hydroxide from Merck were

used for acid–base titrations. The active compounds, PAR

and ASA (from BDH) and CAF (from Fluka), were used as

received.

Stock standard solutions of PAR, ASA, and CAF at a

concentration of 50 mg/mL were prepared by direct dis-

solution of the weighted appropriate amounts of each

compound in 0.1 M HCl. Working standard solutions were

prepared by appropriate dilution of the stock solutions with

the same HCl to the required concentration. All the solu-

tions were prepared freshly and protected from light.

Doubly distilled water was used throughout. In Table 1, the

composition of the mixtures analyzed is described.

A commercial pharmaceutical preparation (Novafen

capsule Alhavi pharmaceutical company, Tehran, Iran) was

purchased from local resources and assayed for PAR and

CAF. Its declared content was as follows: PAR (325 mg),

ibuprofen (200 mg) and CAF anhydrous (40 mg), in each

capsule. Also, A.C.A tablets (Alborz Darou, Tehran, Iran),

each containing PAR (162.5 mg), ASA (325 mg), and CAF

(62.5 mg) were purchased and analyzed.

Apparatus

UV absorption spectra were recorded on a Perkin-Elmer

Lambda 45 spectrophotometer. Measurements of pH were

made with Metrohm 827 pH-meter using a combined glass

electrode. The calibration of the electrode was performed

with two buffer solutions of pH = 4.01 (solution of

KH2PO4/Na2HPO4) and pH = 6.86 (solution of potassium

hydrogen phthalate).

Titrations and spectra acquisition

Spectrophotometric acid–base titrations of the solutions

listed in Table 1 were performed by solutions of 3.0 and

6.0 M NaOH. After each titrant addition and magnetic

stirring, the pH of the solution was measured and the

corresponding UV spectrum recorded. NaOH was used as

concentrated as possible to keep the sample dilution

effects negligible. The spectral wavelength range was

200–320 nm, with an interval of 1 nm between consecutive

absorbance readings. This led to 50–60 spectra/samples at

defined pH values and a typical titration time of 40 min.

Figure 1 shows the absorption spectra for the protonated

and deprotonated forms of the three analytes. pH-absor-

bance data were analyzed with the MCR-ALS method.

This method is implemented in a small set of MATLAB

functions [17].

Simultaneous determination of ASA, PAR, and CAF

in pharmaceutical preparations

The contents of ten pharmaceutical tablets or capsules were

weighted to find the average mass of each tablet. Then the

contents were powdered in a mortar and mixed. A quantity

of the powder equal to the weight of a tablet or capsule was

transferred to a 500 ml volumetric flask and dissolved in

0.1 M HCl and shaken for 30 min. Then, it was made up to

the volume with 0.1 M HCl. The resulting solutions were

filtered through a Whatman No. 41 paper and 1.5 ml of the
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filtrate was diluted with 0.1 M HCl in 100 ml volumetric

flasks. These dilute solutions were analyzed as described in

the previous section.

Data treatment

The different steps necessary for quantitative analysis by

second-order constrained MCR-ALS are summarized here,

emphasizing the main features for resolving the systems

analyzed in this paper.

Data arrangement

All the individual matrices, obtained using the experimental

procedure described in Experimental section, share their

wavelength space, since the absorbance data were obtained

at the same wavelength values for all the acid–base titra-

tions. However, since the experimental procedure of the

acid–base titrations hinders a synchronization in the pH

direction between the different data matrices, when dealing

with the original data matrices, matrix augmentation can

only be performed in the wavelength direction (wavelength-

wise augmented matrices) (see Fig. 2). These wavelength-

wise augmented matrices have a number of rows equal to

the total number of acquired spectra in the different acid–

base titrations and a number of columns equal to the number

of wavelengths present in each single matrix.

Here, wavelength-wise augmentation is preferred

because rank deficiencies produced by closure (as occurs in

the cases under study, see below) can be solved [10, 18].

Wavelength-wise augmented matrices were built from the

data matrix of a mixture (considered as an unknown sam-

ple) and one standard data matrix for each different com-

ponent to be quantified.

Data sets under study

Each data set was arranged in data matrices which con-

tained the absorbance data for the different solutions ana-

lyzed. They are referred to in the text with the same

nomenclature as those used to name the different samples

prepared and analyzed (see Table 1). For quantification,

the data matrix of an unknown sample mixture has to be

analyzed simultaneously with that of a standard sample. To

perform this simultaneous analysis with the method pro-

posed, the following augmented matrices were built:

Table 1 Composition of the analyzed mixtures (in mol L-1)

ASA PAR CAF pH range studied Number of spectra

A 5.55 9 10-5 1.000–6.390 28

P 6.62 9 10-5 1.491–12.018 59

C 2.57 9 10-5 0.990–12.319 50

AP 4.75 9 10-5 4.37 9 10-5 1.175–12.017 60

AC 5.30 9 10-5 2.33 9 10-5 1.003–12.200 52

PC 4.17 9 10-5 3.24 9 10-5 1.040–12.073 51

APC 4.44 9 10-5 2.65 9 10-5 2.06 9 10-5 1.060–12.116 57

ACA 1.163–12.155 65

NOVAFEN 1.180–12.220 59

Fig. 1 Absorption spectra for the protonated and deprotonated forms

of ASA (HA and A), PAR (HP and P), and CAF (HC and C)
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Fig. 2 Arrangement of the experimental data in the augmented

wavelength-wise matrices. M refers to the matrix of an unknown

mixture, and A refers to the matrix of the standard. nC is the number

of larger factors. Augmented matrices are indicated using Matlab

notation, [M;A]
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[AP;A], [AP;P], [AC;A], [AC;C], [PC;C], [PC;P],

[APC;A], [APC;P], [APC;C], [ACA;A], [ACA;P],

[ACA;C], [NOVAFEN;P], and [NOVAFEN;C]. All these

matrices were built using one matrix of the sample mixture

and one matrix of the standard of the analyte to be quan-

tified. In all cases, the data were arranged in column-wise

(wavelength-wise) augmented matrices, placing one matrix

on the top of the other and keeping common wavelengths

in the same columns.

Initial estimates of species profiles

MCR-ALS requires initial estimates of either spectral (S-

type) or concentration profile type (C-type) for all modeled

components. S-type estimates can, for example, be taken

from mixture spectra. C-type estimates can be obtained

from evolving factor analysis (EFA) [19] or can be cal-

culated for analyte profiles according to the suitable equi-

librium model. In this paper, initial concentration estimates

based on EFA were preferred.

Alternating least-squares optimization [20]

The linear model (generalized Beer’s law) equation in

matrix form is solved iteratively by ALS to obtain the

matrix of pure spectra ST and the matrix of concentration

profiles C which best fit the data. For the augmented data

matrices, Daug, the linear model can be written as.

Daug ¼ CaugST þ E

where E is the matrix of the residuals not explained by the

chemical species or conformations in Caug and ST and

should be close to the experimental error. The iterative

procedure starts with the evaluation of the unknown

species spectra using the initial estimation of the Caug

data matrix:

ST ¼ CþaugDaug

where Caug
? is the pseudoinverse of Caug.

In the second stage, a new estimate of the species con-

centrations is obtained by least squares using the equation.

Caug ¼ DaugSTþ

where ST? is the pseudoinverse of the ST matrix. The steps

are repeated until the data matrix Daug is well reconstructed

by the calculated Caug and ST within experimental error.

Depending on the nature and structure of the data, dif-

ferent constraints can be applied during the ALS optimi-

zation. In this paper, the following constraints can be

applied to the ALS optimization: (1) unimodal concentra-

tion profiles; (2) zero concentration windows, i.e., the

concentration in those regions where the species is known

not to be present is kept at zero; (3) correspondence

between common species in the different data matrices; (4)

pure spectra of common species present in different titra-

tions are forced to be equal; (5) concentration profiles of

common species present in different titrations have equal

shapes; (6) closure constraint, i.e., the sum of the concen-

trations of the protonated and deprotonated forms for a

certain compound at each point of the titration is constant.

The closure constraint can only be applied to the

matrices of the standards for which the total concentration

is known. Constraint (5) is fulfilled a priori in the case of

acid–base equilibria, where the shape of the species dis-

tribution profiles does not depend on concentration. How-

ever, it cannot be applied to the experimental data under

study, due to the lack of synchronization between pH

values. The fulfillment of constraints (4) and (5) implies

second-order data with a trilinear structure [21], whenever

there is both pH and wavelength synchronization.

Depending on the sample mixture, the optimal combi-

nation of constraints to be applied in the ALS optimization

may differ. Consequently, and since the composition of the

standards was known perfectly, the accuracy of the results

obtained for the standards was taken to indicate whether

the best quantitation conditions had been achieved. It was

assumed that, given the correspondence between species in

the different individual matrices, an improved resolution

for the matrices of the standards directly implied a better

resolution for that of the sample.

The possible unmodeled data variance in the residuals

was evaluated by the lack of fit (lof) using the following

equation:

% lof ¼ 100�
P

i;j ðd�ij � dijÞ2
P

i;j d2
ij

 !

where d�ij and dij refer to the calculated and the real

absorbance data, respectively.

The quantification was performed by comparing the

areas below the concentration profiles for the analyte in the

standard and unknown sample:

Cunk ¼
Aunk

Astd

� Cstd

Here, Cunk and Cstd are the concentrations of the analyte

in the unknown and standard samples, respectively; Aunk

and Astd are the areas below the concentration profiles in

the unknown and standard samples, respectively.

Results and discussion

Rank analysis of the augmented matrices

The inspection of the magnitude of singular values (SVs)

and residual standard deviations (RSDs) [22] provides an
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estimation of the number of chemical species. However,

our experience and chemical knowledge about the system

are also important. As a result, the number of species

finally chosen is the one which provides a more reliable

resolution of the system from a chemical point of view.

Table 2 includes the SVs and RSD values obtained for

the augmented matrices analyzed in this paper. When rank

deficiency in a matrix is caused by closure, augmentation

of a new individual matrix can increase the rank of the

rank-deficient matrix by one [9, 10, 18].

The rank deficiency present in the mixtures analyzed

here is due to the chemical nature of these systems: they

are closed reacting systems, in which the different con-

centration profiles are linearly dependent due to the gov-

erning equilibrium reactions (rank deficiency caused by

closure). For matrix D obtained from these systems, rank

(D) B min (R ? 1, S), where R is the number of inde-

pendent reactions and S is the number of absorbing species

[9, 10]. In the binary cases under study, R is 2 and S is 4,

and thus the rank of the data matrix is 3. In the ternary

mixtures, R is 3 and S is 6. In these cases, the rank of the

data matrices should be equal to 4, because of the presence

of the rank deficiency due to closure.

For the binary augmented mixtures (the first six matrices

in Table 2), with four expecting different absorbing species

[9, 10], five larger SVs were obtained except for

[AP;A] with three large SVs. These ranks have been

increased by one compared with the matrix of the mixtures

only. Also, RSD values support the ranks identified by

SVs. This rank inconsistency may be due to the possible

hydrolysis of ASA in basic pH and deprotonation of the

nitrogen atoms in PAR and CAF. However, the main

species in pH modulation of the ASA and PAR are the

protonated and deprotonated carboxylic and hydroxyl

groups containing species, respectively. In the case of

CAF, a clear acidic or basic species was not observed, but

the spectra change upon pH modulation. Also, matrix

A was obtained in the pH range of 1.0–6.5. Therefore, the

rank of three obtained for [AP;A] is reasonable.

The rank estimated for the three ternary augmented

matrices in Table 3 based on SVs and RSDs is five. These

ranks are the expected ones. For the pharmaceutical for-

mulations, the experimental rank obtained for the aug-

mented matrices are five. This is in consistent with the

theoretical rank considering the six absorbing species (the

acid and basic forms of the drug ingredients) linked by the

three independent reactions (the three pH-dependent equi-

libria); i.e., a rank deficiency due to closure is also present

in this case. But, in the case of the [ACA;A] matrix, the

estimated rank is four. The data included in this augmented

matrix have been collected in the pH range of 1.0–6.5. In

this pH range, PAR and CAF exist in one major form.

Based on this fact and taking into account the closure in

these closed systems, the estimated chemical rank seems to

be true.

In the rank-deficient mixtures of Table 2, the inclusion

of new information from the standard increases by one the

number of independent concentration profiles (i.e., the

number of independent reactions). This results in the

increase of the rank of the corresponding matrices by one.

Quantitation in binary mixtures

In the analysis of the binary mixtures, the following

strategy was applied: one of the compounds is the analyte

to be quantified, while the other is considered as an

unknown interference. The matrix of the binary mixture is

simultaneously analyzed with the matrix of one of the

analytes (standard). Therefore, no information from the

interference is introduced into the analysis. For example, in

the augmented matrices of [AP;A] and [AP;P], ASA and

PAR are the analytes, respectively. All these augmented

matrices are full rank. So, the full resolution of the binary

mixture systems is possible, a priori, i.e., the recovery of

the concentration and spectral profiles for all the species

present, even for those not included as standards. Figure 3

shows, as an example, the concentration profiles obtained

using second-order constrained MCR-ALS procedure in

the analysis of the full-rank augmented matrix [AP;P]. The

recovery of the concentration profiles of both the analyte

(PAR) and the interference (ASA) has been achieved

correctly.

The quantitation results obtained for different analytes

in binary mixtures using the acidic concentration profiles

are given in Table 3. This Table also includes the per-

centage of ALS fitting error, which gives information

related to the fit between the experimental absorbance data

and the absorbance data recovered from the concentration

and spectral profiles calculated mathematically by ALS.

Quantitation was usually better from the acidic concen-

tration profiles than from the basic ones as previously

reported [12]. This is attributed to the fact that in the acidic

region there is selectivity in all matrices of the standards

(all the analytes are completely protonated at low pH

values). On the other hand, at basic pH values, deproto-

nation reaction of other acidic groups, such as deprotona-

tion of nitrogen atoms in PAR and CAF, may occur.

Moreover, at high pH values, the possibility of the

hydrolysis of ASA cannot be ignored. Consequently, in the

case of determination of ASA in the mixtures, titrations

were stopped at pH values low enough to avoid its

hydrolysis. Also, the upper pH limit was around 12.0 for

data matrices taken for analyzing PAR and CAF. Under

these experimental conditions, the formation of the basic

species was not complete and an important proportion of

the acidic form of these compounds (PAR with pKa of
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Table 2 Results of the rank analysis for the augmented data matrices used for prediction in binary and ternary mixtures

Augmented matrix No. of factor

1 2 3 4 5 6 7 8

[AP;A]

SV 23.781 4.004 1.003 0.120 0.068 0.015 0.007 0.003

RSD 0.05511 0.01352 0.00186 0.00095 0.00027 0.00018 0.00014 0.00014

[AP;P]

SV 38.633 9.591 4.255 1.151 0.427 0.167 0.075 0.031

RSD 0.11940 0.05009 0.01403 0.00527 0.00211 0.00096 0.00044 0.00027

[AC;A]

SV 19.214 3.945 1.315 0.733 0.099 0.018 0.017 0.007

RSD 0.07347 0.02625 0.01289 0.00181 0.00050 0.00038 0.00024 0.00021

[AC;C]

SV 21.259 3.867 1.562 0.742 0.185 0.043 0.022 0.010

RSD 0.05404 0.02219 0.00983 0.00267 0.00124 0.00036 0.00023 0.00018

[PC;P]

SV 34.564 6.719 4.559 1.967 0.243 0.091 0.051 0.038

RSD 0.12028 0.07155 0.02857 0.00386 0.00164 0.00098 0.00064 0.00034

[PC;C]

SV 26.897 4.341 2.123 1.897 0.258 0.104 0.078 0.014

RSD 0.05745 0.03162 0.02121 0.00321 0.00146 0.00090 0.00023 0.00018

[APC;A]

SV 30.993 5.924 3.188 1.141 0.387 0.083 0.023 0.018

RSD 0.07723 0.03852 0.01366 0.00450 0.00102 0.000379 0.000268 0.00016

[APC;P]

SV 40.828 7.498 5.965 1.342 0.623 0.090 0.056 0.045

RSD 0.10374 0.06577 0.01588 0.00679 0.00128 0.00085 0.00059 0.00034

[APC;C]

SV 34.618 6.322 2.125 1.883 0.644 0.135 0.079 0.047

RSD 0.06663 0.02791 0.01912 0.00637 0.00160 0.00094 0.00055 0.00031

[ACA;A]a

SV 21.542 3.093 1.177 0.133 0.031 0.012 0.006 0.005

RSD 0.05300 0.01897 0.00221 0.00057 0.00028 0.00020 0.00017 0.00015

[ACA;P]

SV 36.820 8.832 5.152 1.225 0.664 0.135 0.068 0.037

RSD 0.11038 0.057112 0.015006 0.007308 0.00169 0.000869 0.000461 0.00022

[ACA;C]

SV 29.683 7.574 2.563 1.560 0.839 0.145 0.074 0.048

RSD 0.07527 0.02868 0.01636 0.00787 0.00159 0.00086 0.00053 0.00030

[NOVAFEN;P]

SV 40.897 8.205 3.018 0.645 0.189 0.072 0.048 0.021

RSD 0.10022 0.03536 0.00776 0.00241 0.00105 0.00066 0.00035 0.00026

[NOVAFEN;C]

SV 33.863 8.489 3.627 1.873 0.209 0.080 0.074 0.012

RSD 0.08893 0.03860 0.01782 0.00224 0.00105 0.00073 0.00019 0.00015

Bold values correspond to values associated to chemical species

RSD was calculated as: RSD lð Þ ¼
Pq

i¼lþ1 gi=½nðq� 1Þ�
� �1=2

for l = 1, 2,…, q. In this equation, gi is the eigenvalue, and q is the least of the

number of rows (n) and number of columns of the matrix analyzed
a The matrix ACA used in this case is composed of the spectra obtained in the pH range of 1.163–6.452
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10.25 obtained by fitting and CAF with pKa of 14 [23]) was

still present (lack of selectivity). If titrations were carried

on up to higher pH values, new species evolved, making

the species resolution more difficult. All these difficulties

are present in the quantitative determination of all of the

analytes when using their basic concentration profiles.

Quantitation from the acidic concentration profiles was

chosen to apply to all the mixtures being analyzed (binary

and ternary mixtures). In these conditions, relative errors in

prediction were in most of the cases lower than %5

(Table 3). An extra complexity which might occur is for

analyzing mixtures for CAF. This complexity is due to the

fact that in the titrations we did not exceed pH = 12.0.

This pH is lower than pKa of CAF. However, the results for

this analyte using the method were satisfactory. In fact, by

recording the spectral changes of CAF with pH, the

requirement for the second-order data acquisition is

satisfied.

Quantitation in ternary mixtures

In the analysis of the ternary mixtures, the same strategy as

in the analysis of the binary mixtures was considered: one

of the compounds to be quantified is the analyte, while the

others are considered as unknown interferences. In these

cases, the analysis was performed on rank-deficient aug-

mented matrices (i.e., matrices [APC;A], [APC;P], or

[APC;C], for the quantitation of ASA, PAR, or CAF,

respectively). Full resolution of the rank-deficient systems

was not possible, but quantitation of the analyte could be

performed since the recovery of its concentration and

Table 3 Results of the analyzed matrices in binary mixtures

Augmented matrix Relative error in prediction (%)

ASA CAF % lof

[AP;A] 3.84 3.41

[AP;P] 1.46 2.87

Augmented matrix ASA CAF % lof

[AC;A] 1.57 3.39

[AC;C] 1.29 4.74

Augmented matrix PAR CAF % lof

[PC;P] 4.02 3.00

[PC;C] 4.27 5.97

The composition of the analyzed matrices is as those in Table 1

Fig. 3 Concentration profiles obtained from the analysis of the

augmented matrix [AP;P]. a Concentration profiles for mixture

matrix and b concentration profiles for standard matrix. HP, P, HA,

and A refer to the protonated and deprotonated forms of PAR and

ASA, respectively

Fig. 4 Concentration profiles obtained from the analysis of the

augmented matrix [APC;A]. a Concentration profiles for mixture

matrix and b concentration profiles for standard matrix. HA and A

refer to the protonated and deprotonated forms of ASA, respectively

Table 4 Results of the analyzed matrices in ternary mixtures

Augmented matrix Relative error in prediction (%) % lof

ASA PAR CAF

[APC;A] 4.54 3.89

[APC;P] 2.79 4.23

[APC;C] 4.23 4.81
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spectral profiles (present in both matrices, that of the

mixture and that of the standard) was still possible. Fig-

ure 4 shows, as an example, the concentration profiles

obtained by second-order constrained MCR-ALS for the

rank-deficient augmented matrix [APC;A]. Table 4

includes the percentage of relative error in prediction

obtained for the different analytes in the ternary mixtures.

In all cases, the obtained relative error in prediction is less

than %5. So, the results show that accurate quantitation can

be performed in rank-deficient systems. These results

confirm the use of the method in determining the analyte in

complex systems and in the presence of unknown

interferences.

Application

To investigate the applicability of the method, two differ-

ent pharmaceutical preparations, A.C.A tablets and Nova-

fen capsules, were analyzed for the simultaneous

determination of the ASA, PAR, and CAF using second-

order constrained MCR-ALS method. The results given in

Table 5 confirm the precision and validity of the proposed

method. The good agreement between the obtained results

and the label claims indicates the successful applicability

of the proposed procedure for the simultaneous determi-

nation of ASA, PAR, and CAF in the pharmaceutical

preparations. These findings indicate that excipients placed

in commercial preparation did not interfere in the mea-

surement of ASA, PAR, and CAF in the pharmaceutical

formulation.

Conclusions

Second-order constrained MCR-ALS was successfully

applied to the quantitative analysis of mixtures of ASA,

PAR, and CAF using spectrophotometric acid–base

titrations.

Quantitative determination of analytes in the presence of

unknown and uncalibrated interferences was correctly

achieved in most cases, with relative error in prediction

lower than 5 %. Application of this procedure has many

advantages over first-order multivariate calibration proce-

dures. A single synthetic standard is enough to perform

quantitation when spectroscopic and acid–base properties

are both simultaneously taken into account (second-order

data with higher chemical selectivity). Furthermore, due to

the simplicity of the experimental methodology and the

instrumentation, the procedure proposed constitutes a fea-

sible inexpensive alternative to HPLC for quantitative

analysis of the analyzed component mixtures, such as those

present in pharmaceuticals.

Second-order analysis based on the constrained MCR-

ALS is especially suitable for chemical data structures that

do not fulfill the excessively high requirements of trilin-

earity of other three-way and second-order methods.

Overall, they make a viable alternative to existing analyt-

ical methods for routine analyses.
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