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epartment of Analytical Chemistry, Faculty of Chemistry, Jagiellonian University, Ingardena 3, 30-060 Kraków, Poland

r t i c l e i n f o

rticle history:
vailable online 9 March 2009

eywords:
itration
low injection analysis

a b s t r a c t

The proposed approach relies on titration of a sample that is gradually diluted in strictly controlled way
in the flow injection system developed. On each step of sample dilution equal volumes of the sample
and titrant solutions are simultaneously injected into two carrier streams and the zones are merged with
each other. Then, they are mixed completely in the mixing chamber, merged with a stream of indicator
and directed to a detector. It has been revealed that the method provides the results with accuracy better
than ±3.3% (RE) and with mean repeatability lower than 1.0% (RSD). When the analyte concentration in a
erging-zone technique sample is too low to be determined directly, the procedure of titration with standard addition is exploited.
The proposed approach has been successfully applied to the determination of total acidity in vinegars
and magnesium and calcium in pharmaceutical products. The results obtained were comparable with
those provided by the reference methods. The proposed procedure is characterized by low consumption
of sample (usually less than 2 mL), titrant (about 3 mL) and indicator (about 0.6 mL). Average time of a

o tim
single analysis is similar t

. Introduction

From many years, effort is made to rationalize titration with the
se flow or related techniques. In this area, many interesting con-
epts arouse and some of them have become more popular among
nalysts, what is manifested in the number of papers concerning
xamples of their applications or development.

Among them, the titration based on continuous flow method-
logy can be found. This relatively large group of methods exploits
he possibilities of programmable change of flow rates (in contin-
ous or discrete way) and, as a result, formation of titrant and/or
ample continuous concentration gradients during their flow to a
etector [1–8]. According to them, titration can be performed, e.g.
xploiting formation of a single [1,2] or double concentration gradi-
nt [3–6] or by the so-called feedback-based flow ratiometry [7,8].
n analyte can be determined without additional calibration pro-
ess [4–8], after prior calibration [1,3] or for instance on the basis
f instrumental parameters (appropriately measured sample and
itrant flow rates) [1,2].

Regarding the possibilities of exploiting of injection techniques
o improve titration, the most popular approach seems to be

o-called gradient titration [9] (known also as “pseudotitration”
10,11]) performed in flow injection [12–14] or sequential injection
15–17] systems. The approach exploits a concentration gradient
hat is formed when a segment of sample is located in a stream of

∗ Corresponding author. Tel.: +48 126632232; fax: +48 126632232.
E-mail address: janiszew@chemia.uj.edu.pl (J. Kozak).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.053
e of traditional batch analysis.
© 2009 Elsevier B.V. All rights reserved.

titrant (or between its two segments). In conditions that guaran-
tee high dispersion, relatively wide peaks are obtained, of which
appropriately measured width can be regarded as an analytical sig-
nal. An analyte concentration in a sample can be determined after
calibration, performed usually with a set of standard solutions.

Titration can be also performed when known, increasing vol-
umes of titrant are introduced in turn into a stream of sample, and
a height of signal received is regarded as an analytical signal [18].
Titration exploiting a monosegment generation [19] can be real-
ized in flow injection manner, when solutions prepared using the
same volume of sample and increased volumes of titrant are sub-
sequently injected in a form of monosegments to a detector [20]. In
the above examples titration curve of a shape similar to traditional
is obtained, but the methods need additional calibration with the
use of standard solutions to determine the relationship between
volume of the titrant and analyte concentration. Another approach
constitutes a flow-batch hybrid system with solenoid valves incor-
porated, in which titration is performed in a reaction chamber,
whereas sampling and signal processing are done as in usual flow
systems [21]. The system do not need calibration because known
volumes of titrant and sample added to the reaction chamber are
successively varied according to an appropriate algorithm applied
in order to find the end point of titration.

Finally, some methods should be mentioned, in which titra-

tion is performed in a single sample volume in accordance with
the IUPAC definition of titration. According to these procedures
monosegments are formed in sequential [22] or flow injection man-
ner [23–25] and small portions of titrant are added to [22,23] or
generated (coulometrically) in [24,25] a monosegment containing
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easured volume of sample. The procedures, generally, resemble
raditional batch titration, but provide considerable decrease in
ample consumption.

Operation of most of the systems presented above was veri-
ed on the example of acid–base titrations [1,4,5,7–10,14–18,21,22].
he systems were subsequently applied to analysis of real samples.
he acidity of vinegars [1,14], fruit juices [1,17], wine [1,21], beer
1], citric acid [1] and olive oil [12] was determined. Some of the
pproaches were implemented to the determination of ascorbic
cid and Fe(II) in feed supplements [24] and to the determina-
ion of Fe(II) [20], phenothiazine derivatives [13] or amines and
heir hydrohalide salts [10] in pharmaceutical products. Examples
f determination of hydrazine and ammonium in their mixtures [6],
onic surfactants [11], Fe(II) in commercial hydrogen peroxide [23],
alcium and total hardness in water samples [22], chromium in high
arbon ferrochromium [2] or bromine index and bromine number
n petrochemicals [25] can be also found. Each of the presented
pproaches provides results with acceptable accuracy and preci-
ion. The precision of the reported results for all systems was lower
han 6% (RSD). It can be noticed, that some of the systems can pro-
ide results with a very good precision (lower than 0.5%) [4,8,15,16]
omparable with precision of conventional batch titrations. Regard-
ng the time necessary for a sample analysis, it varies and hesitates
etween less than a half of minute [7] and about 12 min [2]. Sample
onsumption depends of the system used and, in the articles cited
bove, the least one was reported to be 100 �L [15,22].

In the approach proposed in this paper, titration is performed in
flow injection manner and exploits the merging-zone technique

26]. The concept of instrumental manifold is based on a versa-
ile flow injection system designed to analytical calibration [27]. In
he developed system, a procedure of controlled sample dilution
as been introduced. According to it, a sample can be gradually
iluted in the system and titrated at each dilution degree. Titration

s performed when the same volumes of standardized titrant and
ample are injected simultaneously into two streams of water and
uperimposed with each other during their flow a detector.

. Experimental

.1. Reagents and solutions

Analytical-reagent grade chemicals and doubly distilled water
ere used throughout.

Carbonate-free sodium hydroxide solution used as a titrant,

f declared concentration 0.1 mol L−1 (Lach-Ner, Czech Republic),
as standardized against potassium hydrogen phthalate (Lach-Ner,
zech Republic). EDTA solution used as a titrant was prepared by
issolving of the appropriately weighed amount of EDTA (Odczyn-
iki Chemiczne, Polska) in buffer of pH 10.

Fig. 1. Flow injection system. T1, T2, P1, P2 – injection loops, �, �, �
79 (2009) 1006–1010 1007

The hydrochloric and acetic acid solutions used as syn-
thetic samples were prepared from hydrochloric (35.6%, Chempur,
Poland) and acetic (97.5%, Merck, Germany) concentrated acid solu-
tions. Magnesium and calcium solutions used as standards and
synthetic samples were prepared by appropriate dilution of Mg and
Ca Titrisol solutions (Merck, Germany) with 1% (v/v) HCl.

Standards of water hardness WC-HARD-10X-1 (AccuStandard,
USA) and IPE-MIN-001-AV (AccuStandard, USA), as well as certified
reference material of natural river water ION-96.3 (Environment,
Canada) were used for verification of the standard addition proce-
dure.

Samples of vinegars commercially available in the Polish mar-
ket were used. In pharmaceutical products: Magnum Forte (Zdrovit,
Poland), Ozone Magnez (Sunlife, Poland) and Calcium Pliva (Pliva,
Poland), Mg and Ca were determined. Tablets were dissolved in
water and solutions were neutralized with 2 mol L−1 NaOH (POCh,
Poland) before analysis.

The indicator solutions were prepared by dissolving of: (a) 0.4 g
of bromothymol blue (POCh, Poland) in 25 mL of 96 % (m/m) ethanol
(Polmos, Poland); (b) 0.2 g of phenolphthalein (POCh, Poland)
in 70 mL of ethanol and (c) 0.5 g of eriochrome black T (POCh,
Poland) in 75 mL of triethylamine (Chempur, Poland) and 25 mL
of ethanol. Solutions (a) and (b) were filled up to 100 mL with
water. Before measurements solutions (a) and (c) were diluted 100
times with ethanol:water mixture prepared in ratios 1:4 and 1:3
(v/v), respectively, whereas solution (b) was diluted 67 times with
ethanol:water (1:3, v/v) mixture.

Solution of pH 10 were made by 10-fold dilution of the solu-
tions prepared by dissolving of 67.5 g of NH4Cl (POCh, Poland) in
570 mL of 25% NH3 (POCh, Poland). 35.85 g of ethylenediaminete-
traacetic acid magnesium disodium salt hydrate (Sigma–Aldrich,
USA) was added if necessary. Solution was filled up to 1 L with
water. Lanthanum chloride used as a spectral buffer was prepared
by dissolving of 53.6 g of LaCl3 (Merck, USA) in 1 L of water.

Chromium(III) nitrate (POCh, Poland) solution was used to
establish experimentally (on the basis of spectrophotometric mea-
surements) the capacities of some loops and tubes of the flow
system.

2.2. Instrumentation

The automated flow injection system designed for the pro-
posed approach is presented in Fig. 1. It consists of two LZ
2010 (Zhaofa, China) and two Minipuls 3 (Gilson, France) multi-

channel peristaltic pumps, two-positional valve (Zhaofa, China),
two flowmeters (Alborg, USA), glass mixing chamber of capacity
1.5 mL, and the sample reservoir (SR). Magnetic stirrers MM 2A
(Laboratorni Přistroje, Czech Republic) and MR 1000 (Heidolph
Instruments, Germany) were also used. Tygon tubes and PTFE tub-

, � – tubes, PP – peristaltic pump, TPV – two-positional valve.
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ng (0.8 mm i.d.) were installed to the flow system. The system was
perated under control of an electronic adapter made in our labora-
ory. Lambda 25 UV/VIS (PerkinElmer, USA) spectrometer equipped
ith a flow cell of width 10 mm (Hellma GMbH & Co., Germany)
as used for detecting analytical signals at 620, 553 and 650 nm
hen bromothymol blue, phenolphthalein and eriochrome black T,

espectively, were used as indicators. The selected wavelength cor-
esponds to the maximum absorption wavelength for the base and
ree states of the acid–base indicators and metal indicator, respec-
ively. Software UV WinLab (Perkin Elmer, USA) was applied for data
ollecting and handling.

.3. Reference methods

Potentiometric titration and flame atomic absorption spec-
rometry were applied as reference methods. Mettler DL 25
Metler-Toledo, Spain) automatic titrator equipped with glass
lectrode was used for the determination of total acidity with
tandardized sodium hydroxide solution (0.100 mol L−1) as a
itrant. Perkin Elmer 3100 (Perkin Elmer, USA) spectrometer with
cetylene-air flame was used for the determination of Ca and Mg
28]. Magnesium and calcium hollow cathode lamps were operated
t 8 and 10 mA, respectively. The wavelengths were set to 285.2 and
22.7 nm, respectively, with a spectral slit width of 0.7 nm.

.4. Proposed procedure of titration

A sample solution of appropriate volume VS (usually about 2 mL)
as dosed to a SR. In initial valve position (shown in Fig. 1) the

ample and titrant solutions filled loops P1 and T1, respectively,
nd diluent (water) was propelled through loops P2 and T2, merged
ith a stream of indicator and directed to a detector. When the

alve position was changed clockwise, diluent was injected from
oop P2 to the sample reservoir causing dilution of the sample. At
he same time, titrant and sample were simultaneously injected
rom loops T1 and P1 respectively, to the diluent streams. As loops
1, P2, T1, and T2 were of equal volumes, tubes � and � were of the
ame length (see Fig. 1) and two streams of diluent flowed with the
ame flow rates, the titrant and sample zones had a chance to be
otally overlapped and then mixed and react with each other. The
eaction product zone was then merged with indicator and directed
o the detector. When the valve position was changed anticlockwise,
itrant and diluted sample were injected again from loops T2 and
2, respectively, and the sample was titrated in the way described
bove. At the same time the sample was diluted again by diluent
njected from loop P1.

By this means, when the valve is turned off clockwise and anti-
lockwise, the sample solution is gradually diluted and successively
itrated. Single dilution step took about 1 min. Degree of the sample
ilution, kn, at each of subsequent n step of dilution was calculated
rom the following equation:

n = VD

VD − VL
kn−1; k0 = 1 (1)

here VL is the volume of injection loop and VD is a total volume of
ilution system (i.e. including volumes of sample: in sample reser-
oir, in tubes � and � and loop L). In the experiments described
elow volumes VD and VL were equal to 2046.7 and 74.8 �L (as
ean volume of these established experimentally for the loops),

espectively.
The signals were measured in the form of peaks. Depending
n chemical and instrumental conditions peaks could increase
r decrease during titration course. The titration curve was
onstructed as the relationship between peak area (integrated
bsorbance) and logarithm of the sample dilution degree (see
ig. 2). It has been experimentally revealed that dilution degree,
Fig. 2. Titration curve obtained in case of titration of HCl (0.220 mol L−1) with the
use of NaOH (0.100 mol L−1); x – log k, y – integrated absorbance.

ks, corresponding to the end point of titration can be found with
good accuracy as shown in Fig. 2, i.e. by fitting the line to titration
points and extrapolating this line to zero signal. In case of colour
samples (e.g. samples of balsamic vinegar), the end point of titra-
tion was determined as an intersection point of two linear parts
of titration curve. The analyte concentration, Ca, was calculated on
the basis of ks value, titrant concentration, CT, and stoichiometry
of reaction between the sample and titrant. For reaction of type
aA + bB → cC + dD (where A is sample and B is titrant) the following
equation is valid:

Ca = a

b
CTks (2)

3. Results and discussion

3.1. Preliminary studies

In order to be sure that the sample and titrant zones are
mixed totally and reaction is completed, the appropriate mixing
device has been experimentally selected. Namely, hydrochloric
acid (0.110 mol L−1) was titrated with sodium hydroxide solution
(0.100 mol L−1) using bromothymol blue as indicator with: (a) no
mixing device, (b) glass mixing device in a shape of tube (40 mm
i.d., 70 mm length), and (c) mixing chamber of capacity 2 mL.
The flow rates of the carrier and indicator streams were 1.8 and
3.0 mL min−1, respectively. When no mixing device was used the
results of determination were much different from the expected
(|RE| ∼= 36%). Mixing device in a shape of tube did not improved the
results satisfactorily (|RE| ∼= 19%), whereas the mixing chamber of
capacity 2 mL allowed the results to be accurate (|RE| ∼= 0.3%). It was
also checked that the chamber capacity can be reduced to 1.5 mL
with no significant loss in accuracy of the determination.

In order to study the repeatability of peak area measurements,
NaOH solution (0.100 mol L−1) was used for titration of three solu-
tions: water and hydrochloric acid of concentrations 0.090 and
0.135 mol L−1. Each titration was repeated 12 times.

Since titrant and sample were injected alternately from loops
T1, P1 and T2, P2, volumes of which differed slightly (randomly)
from each other, fluctuations of peak area values were observed.
When very low signals were measured (integrated absorbance
<0.15, as for 0.135 mol L−1 HCl titrated) they fluctuated much more
(RSD = 105%) than signals of integrated absorbance equal to about

1.00 (for 0.090 mol L−1 HCl titrated; RSD = 4%) and 2.00 (for water
titrated; RSD = 0.7%). It shows that titration conditions (both chemi-
cal and instrumental) have to be preliminarily established to ensure
the measurements of appropriately great signals.
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Table 1
Results of titration of synthetic samples according to the proposed procedure.

Analyte Concentration, mol L−1

Expected Found RSD, % RE, %

HCl 0.1100 0.1096 0.23 −0.35
0.1100 0.1099a 0.14 −0.07
0.2200 0.2187 0.26 −0.63
0.4401 0.4544 0.31 3.26
0.8801 0.9019 0.52 2.47

CH3COOH 1.028 1.061 0.71 3.21
1.714 1.763 0.39 2.86

Mg 0.01276 0.01284 0.43 0.63

Ca 0.01871 0.01888 0.73 0.91
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Table 3
Results of the determination of total acidity in samples of vinegars.

Sample Vinegar Total acidity, mol L−1

Reference method Proposed method RSD, %

1 Vegetable 1.050 1.062 0.29
2 Wine 1.005 1.023 0.52
3 Wine 1.179 1.205 0.45
4 Wine 0.996 1.011 1.02

ing a sample of wine vinegar titration is shown in Fig. 3. The results
are presented in Table 3 in comparison with those obtained by the

T
R

S

1
2
3
W
I
I

a Mean value of results obtained for the sample analyzed in three different days.

.2. Titration of test samples

The method was verified on the examples of acid–base and com-
lexometric titrations including the determination of hydrochloric
nd acetic acids as well as magnesium and calcium in synthetic
amples.

For acid–base titrations NaOH solution (0.100 mol L−1) was used
s a titrant, and bromothymol blue, and phenolphthalein were used
s indicators in case of titration of hydrochloric and acetic acids,
espectively. For complexometric titrations the EDTA solution of
oncentration 0.010 mol L−1 was used as titrant solution and eri-
chrome black T solution as an indicator [29]. In order to ensure
he appropriate pH value for the reaction, titrant was prepared in
uffer of pH 10. Moreover, in order to make the determination of Ca
ossible in such conditions, ethylenediaminetetraacetic acid mag-
esium disodium salt was added to the buffer. Water was used as a
arrier during both acid–base and complexometric titrations.

In all cases titration was repeated thrice and mean value was
egarded as an analytical result. The results are presented in Table 1.

All results were obtained with very good precision. The accu-
acy of the results is satisfactory and for all results lower than 3.3%.
ime of a single analysis was comparable with time required for
lassical titration. The procedure proposed was characterized by
ow consumption of sample (about 2 mL or less), titrant (usually
elow 3 mL) and indicator (about 0.6 mL).

If the sample is too concentrated in relation to the titrant concen-
ration, titration can take too much time. However, it is easy to solve
his problem by diluting sample appropriately before titration.

ore serious difficulty appears when the analyte concentration
n a sample is too low to be determined with the titrant used.
he common approach is to use the titrant of less concentration
diluted). However, by doing so the signals measured can be so low
hat the end point of titration would be established with great error
r it would be even not possible to be established at all. Therefore,

nother approach has been suggested in such cases: to add analyte
n well-known amount to the sample and to determine the total
nalyte concentration in the sample by means of titration.

able 2
esults of titration performed according to the proposed procedure with standard additio

ample Analyte IF C

E

HCl 1.21 0
3.87 0

11.64 0
C-HARD-10X-1 Water hardness 1.06 0

ON-96.3 7.70 0
PE-MIN-001-AV 12.23 0
5 Balsamic 1.001 1.050 0.46
6 Balsamic 1.011 1.069 0.43
7 Balsamic 1.022 1.077 0.90
8 Spirit 1.670 1.708 0.42

In order to verify the proposed approach, three samples of HCl
in concentration range from 0.022 to 0.088 mol L−1 were analyzed
and water hardness was determined in three samples of water refer-
ence materials. In the former case, NaOH solution of concentration
about 0.100 mol L−1 was a titrant and bromothymol blue an indi-
cator. A solution of HCl of concentration 0.330 mol L−1 was used as
the standard addition. In the latter case, EDTA titrant solution of
concentration 0.010 mol L−1 and indicator eriochrome black T were
applied. Solution containing Mg in concentration 0.0329 mol L−1

was exploited as the standard addition. Standards were added to
samples in various amounts to reach increment factors IF (i.e. the
ratio of the analyte concentration added, �Ca, to initially present
in a sample) in the range from 1 to about 12. As during such a treat-
ment the sample and standard solutions were diluted with each
other with degrees ka and k�, respectively, analyte concentration
in the sample was calculated according the following formula:

Ca =
(

a

b
CTks − �Ca

k�

)
ka (3)

The results obtained are collected in Table 2.
It is seen that analytical results obtained by titration with using

of standard addition can be obtained with satisfactory accuracy
and precision in conditions typified by IF lower than 3. It is inter-
esting that similar assumption is valid in the case of conventional
calibration by the standard addition method [30].

3.3. Titration of real samples

The developed procedure has been exploited for the determi-
nation of total acidity in commercially available vinegars and of
magnesium and calcium in pharmaceutical samples. Titration of
each sample was repeated three times and mean result was con-
sidered as the final analytical result.

In case of the determination of total acidity, NaOH solution
of concentration 0.100 mol L−1 was a titrant. Phenolphthalein was
used as an indicator for titration of vinegars. Vinegar samples were
diluted before determination. An example of signals registered dur-
potentiometric titration.
For the determination of Mg and Ca in pharmaceutical products,

EDTA solution of concentration 0.010 mol L−1 and eriochrome black

n.

oncentration, mol L−1

xpected Determined RSD, % RE, %

.0880 0.0890 0.54 1.11

.0275 0.0299 0.41 8.88

.0220 0.0255 2.38 15.87

.00999 0.00998 1.07 −0.13

.00336 0.00374 3.67 11.3

.00209 0.00251 2.46 20.4
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Table 4
Results of the determination of Mg and Ca in pharmaceutical products.

Sample Analyte Concentration, mol L−1 Concentration, mg/tablet

Reference method Proposed method Declared Determined RSD, %

Magnum Forte Mg 0.01224 0.01203 300 292.5 0.23
Mg 0.01284 0.01254 300 304.8 0.13

Ozone Magnez Mg 0.01618 0.015
Calcium Pliva Ca 0.01792 0.018

Ca 0.01893 0.019
Ca 0.01850 0.018
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Fig. 3. Signals registered during titration of a wine vinegar.

solution were used as titrant and indicator, respectively. Sam-
les were diluted, if necessary. The results obtained by the method
roposed and by FAAS as the reference method are shown in Table 4.

As seen, the results were obtained with good precision, mostly
ot exceeding 0.6% (RSD), comparable with the precision commonly
rovided by the reference methods used (it can be assumed to be
0.5% for potentiometric titration and <1.0% for FAAS). In all cases
hey were also in good agreement with the results obtained by
he reference methods as well as with the results declared by the
roducers of pharmaceutics.

. Conclusions

The concept of titration basing on the merging zones approach
as been presented and verified. It is example how the flow injec-
ion titration procedure can imitate the conventional titration
rocedure, i.e. when well-known volumes of titrant are introduced

nto the sample and the analyte concentration is calculated on
he basis of the titration curve constructed. However, in contrast
o other similar flow injection approaches, the analytical result is
alculated directly from measurement data obtained and no addi-
ional calibration with the use of standard solutions is needed to
etermine the relationship between the titrant volume and the ana-

yte concentration. In addition, due to the merging-zone technique
pplied, a small volume of a sample (about 2 mL) is titrated by a sim-
lar volume of a titrant and the total consumption of both solutions is
ery low. The flow injection system used allows the sample dilution
rocess to be strictly controlled and the titration procedure to be
erformed automatically. In general, it is simple, cheap and easily
perated.
From the analytical point of view, the advantage of the devel-
ped procedure is that it provides results with good accuracy
nd precision comparable with precision of conventional titration
rocedures. The method can be recommended to analysis of real
amples, especially to the determination of acidity in samples of

[

[
[
[

58 200 189.3 0.31
45 177 177.7 0.50
20 177 184.9 0.15
68 177 179.9 0.51

vinegars or calcium and magnesium in pharmaceutical products. It
can be especially useful for analysis of relatively concentrated sam-
ples, which should be, if necessary, appropriately diluted before
titration. However, as revealed, if a sample is originally too diluted,
the standard addition procedure can be applied provided that the
ratio of the analyte concentration added to this initially present in
the sample is lower than 3.

Although the approach has many advantages, the instrumental
system developed seems still to be not flexible enough. The result of
it is relatively long time of a sample analysis (comparing with time
of other reported methods), similar to time of conventional titra-
tion performed manually. The modification of the system might
concern incorporation in the system of solenoids valves in order
to obtain possibility of optional sample and titrant volumes chang-
ing during the titration process. This would enable one to accelerate
titration process by selecting of sample dilution degree during titra-
tion. The research work in this direction is going to be conducted in
our laboratory.
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