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A multicommutated flow system was developed for the determination of aluminum in crystallized
fruit samples. Spectrophotometric determination is based on the reaction of aluminum with chrome
azurol S. The binary sampling technique was implemented to improve mixing conditions and to
minimize reagent consumption. Three different working zones were established (0.5-5.0, 5.0-25.0,
and 10.0-100 ppm) using the zone sampling approach, allowing us to adapt the extent of the in-line
dilution. The influence of the chemical and physical parameters on the performance of the system
was studied. Detection limits of 0.1, 0.6, and 0.8 ppm were obtained for the lowest, the medium, and
the highest dispersion system, respectively. The procedure was applied to the determination of
aluminum in crystallized fruit extracts. The results were in agreement with those obtained by the
reference flame atomic absorption procedure at a 95% confidence level. Repeatability (RSD) was
better than 2.4% in all of the three application zones.
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INTRODUCTION

Determination and speciation of aluminum have received an
increased attention in recent decades due to its recognized
toxicity and its increasing availability in the environment.
Aluminum is widespread in the environment and occurs
naturally as part of the food and water supply. It is also
introduced into foods and water through processing practices
including the use of aluminum-containing additives. There is
an increased concern of aluminum intake due to its possible
role in the development or in the acceleration of the onset of
Alzheimer’s disease (1). Aluminum intake from foods, particu-
larly those containing aluminum compounds used as food
additives, represents the major route to aluminum exposure for
the general public (2). Within the instrumental methods,
electrothermal atomic absorption spectrometry and ICP AES
are possible choices for the determination of the analyte in trace
levels. However, these methods have a limited response range,
which is a noteworthy weakness when dealing with samples of
assorted concentration values, and relatively high costs per
determination, leaving the molecular spectrophotometric meth-
ods still being popular.

A wide range of automated analytical systems was developed
to monitor this analyte in water samples based on spectropho-
tometric or fluorimetric detection (3-7). The application to food

samples is far more limited. Various organic reagents have been
used for the spectrophotometric determination (8) (pyrochatecol
violet, eriochrome cianide R, CAS, pyrogallol, Aluminon,
arsezano-III, etc.). For the development of automated methods,
the use of CAS represents some advantages over the other
options (6, 7, 9). These advantages include rapid color develop-
ment, use at room temperature, and simple experimental
procedure. However, Fe(III) also reacts with CAS forming a
complex that has an absorption maximum close to the one
formed with aluminum. The interference of Fe(III) could be
avoided by the use of an adequate reducing agent, like ascorbic
acid. The spectrophotometric linear response range in the case
of CAS can be limited by the intrinsic absorbance of the reagent
at the monitoring wavelength (545 nm); therefore, the use of
an in-line dilution system has to be considered to match the
sample concentrations to the linear response range of the system.

MC (10) is a fairly recent flow analysis technique, character-
ized by the use of individual commutation devices. The manifold
is usually constituted by a set of solenoid valves. These valves
define the analytical path and the volume of the moving
solutions and reaction zone formation just by a precise time-
based control of their switching position. This method features
both the strong points of SIA (11) such as minimization of
solutions consumption and the use as multivalent systems (12-
14) and those of FIA (15) like efficient sample/reagents mixing.
In MC, the overlapping of the reagent and sample plugs can be
maximized by implementing the binary sampling (tandem
streams) mode, where a number of aliquots of different miscible
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solutions are introduced by rapidly and sequentially alternating
between the distinct switching positions of the computer-
controlled valves. The established stream is then composed of
a set of neighboring solution slugs that undergo fast mixing
while being transported through the analytical system. Kronka
and Reis (16) developed a multicommutated system with binary
sampling for the simultaneous determination of aluminum and
iron based on spectrophotometric detection. The system was
capable for the determination of aluminum in plant digests up
to 15 ppm using a relatively high volume flow cell (180µL).

The objective of this work was to develop a multicommutated
flow system for the determination of Al(III) in crystallized fruits.
In these samples, the addition of aluminum sulfate is permitted
up to concentrations of 300 mg kg-1 (17) expressed as
aluminum. The manifold was designed to perform an in-line
dilution strategy based on the zone sampling approach that
allows the adaptation of the same manifold to a wide determi-
nation range of the analyte (0.5-100 ppm) without the necessity
of manually changing the manifold configuration.

In the zone sampling process, a selected part of a dispersed
sample is resampled and introduced into another carrier stream
for further processing. This approach was conceived (18) in FIA
to provide high degrees of sample dispersion in an efficient and
controlled way. The control of the dispersion is based on the
time and the period of the resampling.

MATERIALS AND METHODS

Solutions.All chemicals were analytical grade, and boiled (degassed)
MilliQ water was used throughout the work. The 0.5 M buffer carrier
solution was prepared daily by diluting 1:2 a 1.0 M hexamethylentet-
ramine (Fluka 52709) (hexamine) solution and adding 2.0% (w/v)
ascorbic acid (Merck, 1.00127), followed by the adjustment of the pH
of the solution to 5.0. Aqueous stock CAS (Sigma C-1018) solution of
0.1% (w/v) was prepared and diluted as necessary.

The working standard solutions of aluminum and iron were prepared
by rigorous dilution of the stock standard solutions of 1000 mg L-1

Spectrosol 14031 and Spectrosol 141404A, respectively. For the
dispersion studies, a bromothimol blue solution was prepared as
described by Ruzicka and Hansen (19).

Sample Treatment.The samples of crystallized fruits (cherries, figs,
turnips, and oranges) were purchased at local supermarkets. Five to
ten grams of fruit samples was dried and ashed at 550°C. The ashes
were recovered in 5 mL of cc HCl and in 2 mL of cc HNO3, followed
by diluting in hot water and filtering; the final volume of the filtrate
was 100 mL. These solutions were either introduced in the multicom-
mutated system or were analyzed by the reference atomic absorption
procedure (20).

Apparatus. The flow set up consisted of an UV/vis spectropho-
tometer (Unicam 8625 Cambridge, England), equipped with a flow cell
(Hellma 178.710 QS, Mullheim/Baden, Germany) with an internal
volume of 80µL. A Crison MicroBu 2031 (Crison Instruments, Alella,
Barcelona, Spain) automatic buret equipped with a 5 mLsyringe (Crison
9225) was used to propel the solutions by aspiration. The manifold
was built by using three way solenoid valves (NResearch 161T031,
Cardwell, NJ), PTFE tubing with 0.8 mm i.d., T-shaped confluences
made of Perspex, and homemade fittings. One of the channels of valves
V1, V2, and V3 (Figure 1A) was closed. A homemade power drive
based on a UNL 2003 integrated circuit was used to operate the solenoid
valves (10). The analytical system control was achieved by means of
an interface card (Advantech model PCL-818L, Taipei, Taiwan) and a
486 microcomputer. The software was developed in QuickBasic
(Microsoft) and enabled the control of the solenoid valve position and
the operation of the automatic buret.

Flow Manifold and Procedure. The flow system (Figure 1A) was
designed with five solenoid valves; V1, V2, and V3 were responsible
for the introduction of the carrier, sample, and reagent solutions,
respectively, while V4 and V5 were used for the zone sampling process.

The carrier solution, containing a hexamine buffer and ascorbic acid,
was inserted through V1 valve and was used to establish the baseline.
The sample or standard solutions were not introduced as a whole volume
but in a binary sampling mode: small volumes of sample and small
volumes of the carrier solution were sequentially introduced by
alternating the switching on and off of the respective valves. The flow
rate and the time programming (Figure 1B) of V1 and V2 valves
determined the volume of each slug to be introduced and also the total
sample volume. The formed sample string was aspirated through the
R1 reactor where dispersion of the sample zone and the reduction of
Fe(III) to Fe(II) by the ascorbic acid occurred for the elimination of
the Fe(III) interference. V4 and V5 were operated in a synchronized
fashion, and the timing of the operation determined the portion of the
sample zone to be directed to the reagent addition point and later to
the detector’s flow cell. When these valves were on, the flow was
directed through the bypass directly to the syringe pump. When these
valves were switched off again, the remainder of the sample zone still
kept in R1 (Figure 1A) was aspirated to the second confluence point
where the reagent (CAS) was added, also in a binary sampling mode,
using the V3 valve. The operation of the V3 valve was adjusted to the
timing of the V4 valve to be able to start the addition of the reagent
slugs to the sample zone when it is passing through the confluence
point. Following the reagent addition, the valves were all switched off
and the flow passed through the detector where the change in
absorbance was monitored at 545 nm. The timing course of the valves
is demonstrated onFigure 1B.

Reference Method.The accuracy of the developed procedure was
evaluated by comparison of the results obtained in the analysis of the
samples by an atomic absorption spectrophotometric method using a
N2O/C2H2 flame atomization process (20).

RESULTS AND DISCUSSION

Optimization of the Manifold. As a first approach, the MC
system (Figure 1A) was set up to study the chemical and
physical conditions of the reaction and the MC process. Working
conditions are represented onFigure 1. This approach, without
zone sampling, was used during the optimization process.

Figure 1. (A) Manifold of the multicommutated system for the determi-
nation of aluminum (III); C, carrier hexamine buffer, 0.5 M, 2.0% (m/v)
ascorbic acid, pH 5.0; S, samples or working standard solutions; CAS,
0.03% (m/v) CAS solution; V1−V5, three way solenoid valves; R, reactor;
R1, 100 cm; R2, 50 cm; λ, spectrophotometer, 545 nm; 2 indicates the
position of the syringe pump used to aspirate the solutions. (B) Timing
course of the solenoid valves; ∆t delay time.
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The total volume of the injected sample was set at 100µL to
provide a primary sample zone with an enhanced dispersion,
so that it was possible to select zones of higher dispersion with
sufficient repeatability (18). To improve the mixing of the
injected sample with the carrier buffer stream, a binary sampling
approach was used. Reproducibility of the binary sampling
process depends on the flow rate and on the timing course of
the solenoid valves (10). Flow rates applied in multicommutated
systems based on the aspiration of the solutions are relatively
low (typically under 2 mL min-1) to avoid the formation of air
bubbles inside the manifold. The limiting time interval for
solenoid valves for reproducible sampling is generally consid-
ered to be 0.1 s (10). Using a low flow rate also means that the
low volumes can be sampled with high accuracy. The combina-
tion of a flow rate of 0.6 mL min-1 and an on-off time of 1 s
resulted in the introduction of sample slugs with 10µL volume.
Under these conditions, the repeatability of the sampling process
was assessed by injecting the CAS [0.03% (m/v)] solution into
the buffer carrier stream. The relative standard deviation of 10
consecutive injection of the reagent solution was 0.2%. During
the stand-by phase, the flow rate was increased to 0.8 mL min-1

to improve the sampling frequency of the system.
The reaction rate was dependent on the working pH showing

an increasing tendency until pH 5.0; over that pH, the sensitivity
stabilized (Figure 2). Additionally, it was necessary to choose
a working pH that ensures the sufficient stability of ascorbic
acid; therefore, the pH of 5.0 was maintained for further
experiments. Acetate and hexamine buffers at same concentra-
tions were tested, and the hexamine buffer showed higher
sensitivity, in agreement with the literature findings (16, 21);
therefore, this buffer was applied in further experiments.

The sensitivity also increased with the concentration of the
reagent. This effect was studied in the range of 0.005-0.05%
(m/v) CAS (Figure 3). However, increasing the concentration
of the reagent also increased the blank reading; although
sensitivity did not remarkably increase (13%) over 0.01% CAS,
a 0.03% (m/v) reagent concentration was chosen to ensure
sufficient sensitivity.

The number of reagent slugs (10µL each) added was
increased up to 30, and the effect of the reagent volume on the
blank reading and on the 5 ppm signal was studied (Figure 4).
The difference between the signals increased up to 14 reagent
slugs (140µL) and then approached stabilization. Considering
that higher values did not cause a significant increase in the

sensitivity, the volume of 140µL was selected for the
subsequent experiments.

Implementation of the Zone Sampling Process.Samples
containing aluminum at concentrations values higher than 5 ppm
were expected to be found (17), which will then demand an
in-line dilution prior to detection. For this purpose, the zone
sampling approach was adapted. A part of the tail of the
dispersed sample zone was selected by the timing course of V4

and V5. The time period that these valves were on (∆t)
determined the section of the initially inserted sample zone that
was sent to waste and the portion that was redirected for further
processing within the manifold.

The D of the developed system was determined as recom-
mended by Ruzicka and Hansen (19). On the basis of the
dispersion studies, two additional working zones were defined.
One intermediate for concentrations between 5 and 25 ppm,
using a∆t of 50 s, and another zone for higher concentrations
(10-100 ppm) applying a∆t of 70 s.

Characterization of the Developed System.After system
optimization, three separate zones of application were estab-
lished. The figures of merit of each application zones are
summarized inTable 1. Repeatability of the system was
assessed by calculating the relative standard deviations for the
10 consecutive injection of sample extract and showed values
under 2.4% in all of the three application zones.

Figure 2. Effect of working pH on the analytical signal for the blank (b)
and for the 5.0 ppm (O) Al(III) solution. Other conditions are presented
in Figure 1A.

Figure 3. Effect of CAS concentration on the absorbance signal for the
blank (b) and for the 5.0 ppm (O) Al(III) solution. Other conditions are
the same as presented in Figure 1A except 0.5 M hexamine buffer at
pH 5.0.

Figure 4. Effect of the volume of the reagent added on the blank (b)
and for the 5.0 ppm (O) Al(III) solution. Other conditions are the same as
presented in Figure 1A except 0.5 M hexamine buffer at pH 5.0.
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Iron(III) reacts with CAS in similar conditions as aluminum.
To avoid the interfering effect, ascorbic acid was used to reduce
iron(III) to iron(II). In the presence of 2% (m/v) ascorbic acid,
50 ppm iron(III) did not interfere in the determination of
aluminum(III) with a concentration of 5 ppm. At a concentration
of 100 ppm, iron(III) interfered at 5% in the results for
aluminum.

Depending on the application range, the consumption of
reagents is very low: 0.042,<31, and<108 mg per assay for
CAS, ascorbic acid, and hexamine, respectively. The total waste
generated was lower than 48 mL h-1, which corresponds to less
than 2 mL per assay.

Analysis of Sample Extracts. To validate the proposed
methodology, the developed procedure was applied to the
determination of aluminum in crystallized fruit sample digests
and in spiked samples. Spiking the samples was necessary as
no real samples were found with concentrations of aluminum
close to the legal limit. The procedure was carried out without
any previous adjustment of the sample pH. The results obtained
in the analysis of the samples are presented inTable 2.

A linear relationship (CMC ) C0 + S× CAAS) was established,
and the values for intercept (C0), slope (S), and the correlation
coefficient were-0.018 ((0.661), 0.990 ((0.019), and 0.9994,
respectively, where the values in parentheses are the limits of
the 95% confidence intervals (22). These figures demonstrate
a good agreement between the developed and the reference
procedures.

Recovery studies were also carried out to assess the accuracy
of the developed method. Three samples with low aluminum
concentration were spiked with known amounts of aluminum.
The obtained results are summarized inTable 3. These results
also demonstrate the accuracy of the method, as recovery
percentages were not different from 100% at a 95% confidence,
the calculatedt ) 1.78 was lower than the criticalt value (p )
0.05,n ) 6) of 2.57.

ABBREVIATIONS USED

CAS, chrome azurol S; MC, multicommutation; SIA, se-
quential injection analysis; FIA, flow injection analysis; D,
dispersion number.
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