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Abstract This work presents a sensitive method for the
determination of formaldehyde. It is based on the use of
modified alumina nanoparticles for its preconcentration,
this followed by a new and simple catalytic kinetic
method for its determination. Alumina nanoparticles
were chemically modified by immobilization of 2,4-
dinitrophenylhydrazine via sodium dodecyl sulfate as a
surfactant. The formaldehyde retained on the modified
adsorbent was then desorbed and determined via its
catalytic effect on the oxidation of thionine by bromate
ion. Factors affecting the preconcentration and determi-
nation of formaldehyde have been investigated. Formal-
dehyde can be detected in the range from 0.05 to
38.75 pg L', and no serious interferences have been
observed. The method has been successfully applied to the
quantitation of formaldehyde in water, food, and certain
biological samples.

Keywords Preconcentration - Solid phase extraction -
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Introduction

Formaldehyde (FA) is considered as one of the most
significant industrial hazards and environment pollutants
and can be found in the air, natural food, some skin-care
products as well as preservatives in processed foods,
especially dried foods and frozen foods [1, 2]. This
compound has been classified as a probable human
carcinogen by the International Agency for Research on
Cancer; and by the U.S. Environmental Protection Agency.
Furthermore, the World Health Organization (WHO) has
established a maximum daily dose reference (RfD) of
0.2 mg kg ' per day for this compound [3-5]. The
evidences show that endogenous FA is present in urine,
blood and all cells including the brain. Because of the
adverse health effects, exposures to FA have been an issue
of serious concern. In recent years, there has been a
tendency in the industries to restrict and regulate the use
of FA in their products. Whereas, regarding the significant
role of FA in industrial processes due to its high reactivity
and relatively low cost, it is still widely found in some
products.

Therefore, researches on the determination of trace
amounts of FA have great importance [6]. Chromatographic
and spectrophotometric methods are among the most
common choices. In general, in an aqueous environment,
most chromatographic and spectrometric methods for the
determination of FA often require time-consuming chemical
reaction with various reagents to form derivatives. Of these,
2,4-dinitrophenylhydrazine (DNPH) is mostly used to react
with FA to form the hydrazone [7]. However, DNPH can
react with many aldehydes and ketones, and the DNPH
derivatization reaction takes 1 h for a complete reaction [8,
9]. The chromotropic acid method [8, 9], MBTH (3-methyl-
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2-benzothiazolone hydrazone) method [10, 11], AHMT (4-
amino-3-hydrazino-5-mercapto-1,2,4-triazole) [12, 13] and
pararosaniline method [14, 15] are popular colorimetric
methods for the detection of FA. In these methods serious
problems are present; for example, the chromotropic acid
method requires concentrated H,SO,4, which is potentially
hazardous and corrosive, and the requirement of heating the
resulting solution for about 1 h in a steam bath (100°C),
makes its utilization less attractive in routine analysis [9].
The MBTH method has been less commonly used because
it is very expensive, unstable and can react easily with other
aldehydes [16, 17]. The AHMT method needs a very strong
base as the reaction medium, which is not desirable
especially as carbonate formation will occur. In the method
using pararosaniline-based Schiff reaction, color develop-
ment is relatively slow and sensitivity is not so good [18].
Most of the methods for the determination of FA were
reviewed in 2001 [19].

The general trend of modern analytical chemistry is
towards the elaboration of simple, ecologically safe,
sensitive, and selective methods for the determination of
trace components combining previous concentration meth-
ods and further determination by physical or physico-
chemical methods. Among the separation/preconcentration
methods, solid-phase extraction (SPE) has become the most
frequently used technique for trace species analysis [20—
22]. In order to achieve more effective extractions, new
types of sorbents, e. g., human hair, bone powder, nano-
materials, various polymers and various microorganisms
(biosorbents) are currently being developed. In recent years,
new solid nano-sized materials have become more impor-
tant due to their special physical and chemical properties
[23-25].

Nano alumina is characterized by strong adsorption
capacity, attributed to its high surface area, porosity, degree
of surface reactivity, mechanical strength and low temper-
ature modification. However, non- modified alumina nano-
particles are hydrophilic and do not show ideal adsorption
capacity for organic compounds [24]. Retention of FA in
non-modified alumina nanoparticles is not quantitative
owing to the weak interaction between this organic
compound and the hydrophilic surface of alumina, thus
chemical or physical modification of the surface of y-Al,O;
nanoparticles with certain functional groups containing
some donor atoms is necessary [21, 26].

Recently, carbons or layered materials containing amino
groups which can react with aldehydes are reported as the
adsorbents in FA removal [27-29]. We have recently
reported immobilization of amino groups onto the alumina
nanoparticles using DNPH [21, 24]. Therefore, it is
anticipated that modification of alumina nanoparticles with
amino-containing compounds can enhance their extraction
capacity for FA because of the cooperation of physical
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adsorption and the increased chemical interaction between
amino groups on the surface of alumina nanoparticles and
FA molecules.

One goal of our research is to prepare an effective,
selective and cost effective nano-adsorbent for the extrac-
tion and preconcentration of FA from various real samples.
Furthermore, in order to determine FA concentration during
suggested extraction process, we applied a simple, sensi-
tive, rapid and inexpensive catalytic kinetic spectrophoto-
metric method for monitoring of FA concentration in
samples via its catalytic effect on oxidation of thionine by
bromate ions in acidic media. The ease of the method is
noteworthy. The preconcentration and determination steps
are rapid and require no difficult laboratory procedures. The
kinetic methods are simple, sensitive, rapid and inexpensive
in comparison with HPLC and other reported methods [30—
34]. Also, the comparative data from some recent papers on
catalytic kinetic methods of FA determination for the
figures of the merit are summarized in Table S1 (Electronic
Supplementary Material, ESM).

Experimental
Apparatus and chemicals

An Agilent 8453 diode array UV-Vis spectrophotometer
(Agilent, USA, www.agilent.com) equipped with 1.0 cm
path length quartz cells was used to obtain absorbance
spectra and absorbance curves at fixed wavelength in a
given time period. Infrared spectra were recorded with a
Fourier transform infrared (FT-IR) spectrometer (FT-IR,
Perkin Elmer, spectrum 100, USA, www.perkinelmer.com).
Samples were gently powdered and diluted in nonabsorbent
KBr matrices to identify the functional groups and chemical
bonding of the coated materials.

Scanning electron microscopy (SEM) was performed to
measure the particle size and shape (SEM-EDX, XL30 and
Philips Netherland, www.philips.com). Surface area and
porosity were defined by N, adsorption—desorption porosim-
etry (77 K) using a porosimeter (Bel Japan, Inc.). A Metrohm
model 713 (Herisau, Switzerland, www.metrohm.com) pH-
meter with a combined glass electrode was used for pH
measurements. The investigations of column method were
performed using a peristaltic pump (Ismatec, MCP,
ISM404B, Switzerlands).

All the reagents used were of analytical grade. Double
distilled water (DDW) was used throughout. Laboratory
glassware was kept overnight in a 10% (v/v) HNOj;
solution and then rinsed with DDW. Alumina nanoparticles
(average size of 40 nm, y-type (X-ray analysis), spherical
shape, 99.9% purity) were purchased from Plasmachem
GmbH (Germany, www.plasmachem.com). 2,4-Dinitrophe-
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nylhydrazine (DNPH) and sodium dodecyl sulfate (SDS)
were purchased from Merck (Darmstadt, Germany, www.
merck.de). pH adjustments were performed with 0.01—
1.0 mol L™" HCI or NaOH solutions.

A 2,000 ug mL™" stock solution of FA was prepared by
diluting 5.0 mL (37%) FA solution (Merck) to 1,000 mL
with DDW and standardized by sulfite standard solution
using a titrimetric method [35]. This solution was stored at
4°C. FA working standard solutions were prepared daily
from the stock standard solution by appropriate dilution
with water. All experiments with FA must be performed in
a well-ventilated area such as a fume hood. Sulfuric acid
solutions were prepared by dissolving calculated amount of
concentrated acid (Merck). Thionine reagent (3.484x10*
mol L") was prepared by dissolving 0.010 g in DDW and
diluting to 100 mL. Bromate solution (0.125 mol L") was
prepared by dissolving 2.0876 g of KBrOj; (Merck) in
DDW in a 100 mL volumetric flask.

For each sample and blank, five replicate measurements
were made and the mean signals were used.

Preparation of the solid sorbent

2,4-Dinitrophenylhydrazine was selected as a modifying
agent to graft functional amine groups on the y-Al,O;
nanoparticles by mixing the suspension of the nanopar-
ticles, SDS and DNPH. In detail, the amine group grafted
samples were prepared as follows: a 2.0 g sample of
alumina nanoparticles was suspended in 50 mL of water
and mixed with 100 mg of SDS. Then, 20 mL of DNPH
solution (0.90 g DNPH in concentrated HCl+acetonitrile)
were added. The suspension was stirred at 60°C for 3 h.
The mixture was followed by evaporation of the solvent,
washing, air-drying, and storing in a closed bottle for
subsequent uses.

Samples preparation

Food samples were purchased from retail stores in
Hamedan, Iran. Each food sample (2-5 g) was mixed with
20-30 mL of DDW in a conical tube and shaking for
15 min to release the FA from the food sample. The
supernatant was filtered through a filter syringe [1]. The
filtrate was measured as will be described in the next
section.

Tap water sample was taken after flowing for 10 min
from water tap in our faculty. Reservoir water sample was
collected from local household reservoir; which is known to
store water for several weeks. Stream water sample was
collected from Alvand stream, Hamedan. Rain water
sample was collected in rainy days of Aug 2011 in
Ganjnameh, Hamedan. After collecting the samples, the
bottles were capped carefully to avoid spillage, and were

agitated by hand for 1 min. Before use, all the environ-
mental water samples were filtered through 0.45 pm
micropore membranes and stored in polypropylene bottles
at 4°C away from light. Samples must be analyzed within
7 days of sampling. However, since aldehydes are subjected
to decay in stored samples, all samples should be analyzed
as soon as possible [36].

As the urinary sample is one of the main ways for the
detection of endogenous FA, in this work, we sought to
determine whether FA levels in the urine were possible with
suggested method. Five healthy controls and five patients
with common aging-related diseases (hypertension or
diabetes) were also evaluated. Informed consent was
obtained for all participants, and for illiterate patients,
informed consent was obtained from relatives. This clinical
investigation was approved by the Ethics Committee of
Nader Clinic of Tehran, Iran. Patients with renal disease
and urine abnormalities were excluded from the study.
Morning urine samples of patients were taken before
breakfast. Urine samples from healthy controls with neither
any neurological disorders nor known alcohol and drug
abuse, were also taken. Urine was collected from each
participant and immediately placed on ice and stored in
freezer. To avoid the samples being thawed too many times,
the urine was freshly analyzed or divided into equal parts to
be stored for only one time use. After centrifugation
(3,000 rpm, 10 min), supernatant fractions of urine samples
were analyzed by suggested method [37].

Procedures
Batch procedure

For the batch adsorption experiments, a 100 mL sample
solution containing 0.05-38.75 pg L' of FA and 70 mg
modified nanoparticles were put into a 250 mL beaker and
the pH of the mixture was adjusted to the desired value with
0.1 mol L' HCI and/or 0.1 mol L' NaOH. Then the
mixture was shaken vigorously for 15 min to facilitate
adsorption of the FA onto the adsorbents. After that,
modified adsorbent suspension was centrifuged. The adsor-
bent was then washed with a 2.5 mL solution of 0.5 mol L™
sulfuric acid followed by 1 mL of DDW. The eluate was
transferred into a 5 mL volumetric flask. Then 0.4 mL of
3.484x10* mol L™ thionine and 0.7 mL of 0.125 mol L™
bromate solution were added in sequence. The solution was
diluted to the mark with DDW. The zero time was taken as
the moment at which the last drop of bromate solution was
added and the solution was mixed well for 20 s. After that, a
portion of the solution was transferred into a 1.0 cm quartz
cell and the decrease in the absorbance was measured at
598 nm (AAg) for first 300 s after initiation of the reaction,
with time intervals of 20 s at 25°C. The blank reaction was
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performed according to the same procedure without addition
of FA and the decrease in the absorbance was labeled as
AA,.

Column SPE procedure

To assess the sorption efficiency, 70 mg of adsorbent was
packed in a glass column plugged with a small portion of
glass wool at both ends with diameter of 7 mm. Under
optimum conditions, a 100 mL of aqueous solution with FA
concentration of 0.05-38.75 pg L', was passed through
the sorbent bed at a flow rate of 6 mL min~'. The column
was then washed with a 2.5 mL solution of 0.5 mol L™
sulfuric acid followed by 1 mL of double distilled water.

H H

~ |

The FA concentration in the collected eluate was
determined spectrophotometrically according to the
suggested method. In both the experiments (batch and
column), the color of adsorbent changed from orange to
olive green.

Results and discussion
Mechanism of the extraction and desorption
Carbonyl group in the FA molecule can react with primary

amine to produce imine, according to the following reaction
mechanism [20, 27]:

H
C—0+R—NH,—>=H—C —NH—R—> C=N—R + H,0
/ H

H H

FA was regenerated by washing the adsorbent with acid;

R—N =CH, + H30*™~——— R-NH;* + HCOH (2)

According to Eq. (1), reaction of FA with the amino
groups on the surface of the alumina, can cause a
significant increase in the amount of FA adsorbed onto
the modified nano-alumina. These reasons might be
effective in efficient extraction of FA: (1) the active
hydrogen atom of adsorbent might react with FA to form
alcohol [38]; (2) the nitrogen atoms in the DNPH-y-Al,0;
structure possess partially negative charge (8”) for its strong
electronegativity, while carbon atom of FA shows slightly
positive charge (&) for its weaker electronegativity than
oxygen atom. So the nitrogen atoms in the DNPH-y-Al,04
structure and carbon atom in the carbonyl group of FA will
attract each other for the electrostatic gravitation, which
will lead to better FA adsorption capacity over non-
modified alumina nanoparticles. These interactions led to
change color of adsorbent from orange to olive green.

Surface characterizations of adsorbent

Detailed surface characterizations of modified y-alumina
are presented in our previous papers [21, 24]. Successful
surface modification with DNPH moieties was verified with
infrared spectroscopic analysis of the material. Comparison
of the KBr FT-IR spectra of DNPH, modified y-alumina
and y-alumina nanoparticles indicated that the DNPH
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molecules modified the y-alumina nanoparticles [21, 24]. A
comparison between the characteristic spectral bands
indicated that the surface DNPH-y-Al,Oz contained —-NH—
functional group as a result of the immobilization proce-
dure. On the other hand, comparing the IR-spectra of the
modified alumina phase after FA sorption with the FA free
one clearly demonstrate that the nitrogen containing groups
are the main active donating sites to FA. This is based on:
(a) the shift of N-H stretching vibrations around 25—
40 cm™ ! characteristic to FA binding to this functional sites
and (b) the appearance of stretching frequency band at
1,618 cm™' characteristic to FA binding to nitrogen
functional sites and formation of imine (Fig. 1).

The SEM images show that the non-modified alumina
nanoparticles had a mean diameter of 53 nm and the DNPH
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Fig. 1 FT-IR spectrum for the DNPH-y-Al,O; after adsorption of
formaldehyde
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modified nanoparticles had a mean diameter of 75 nm. This
shows that the alumina nanoparticles have been completely
coated by DNPH. The specific surface area of alumina
nanoparticles and the modified one, obtained by BET
analysis, was found to be 42.62 m* g ', and 30.38 m? g ',
respectively. Obviously, more functional groups were
grafted on the small nanoparticles due to their large specific
surface areas. The decrease in BET surface area of modified
v-Al,O3 with DNPH is due to the bulk size of the organic
ligand, which blocks the surface of the alumina nano-
particles. This decrease in surface area can also be due to
aggregation after surface modification. According to BET
theory, this decrease indicates the decrease in interaction
between adsorbent-N, molecules and the particle surface
after modification with DNPH.

Variables affecting the preconcentration process

Effect of pH

The effect of pH on the preconcentration of 2.5 pg L™ of FA
was studied over the range from 2.0 to 10.0 using either
0.01-0.1 M NaOH or HCI. The experimental results showed
that the adsorption performance was the best at the pH range
4.5-8.5 (Fig. S1, ESM). The extraction efficiency decreased
at pH values lower than 4.5. At pHs <4.5, the hydrogen ions
(H") protonate the nitrogen-containing functional groups and
therefore, FA adsorption decreases in strong acidic solutions.
Also, low FA extraction at acidic pHs is due to the fact that
the reactivity of an unsaturated compound such as FA with
adsorbent is very low. By considering the results and in order
to apply industrial usages, pH 7.0 was selected as the
optimized pH for all subsequent experiments.

Effect of the amount of sorbent

The effect of the amount of sorbent on preconcentration of
FA was studied in the range 10-100 mg. In the present
work, by increasing the amounts of the DNPH modified -
alumina nanoparticles the extraction efficiency increased
due to increase in the surface area and accessible sites to the
sorption of the analytes. Thus, quantitative extraction of the
FA was achieved using only 70 mg of this adsorbent within
30 min under the optimum pH. When higher amounts of
sorbent were used, the recovery dropped slightly because
more eluent volume is required for complete elution of the
analyte. Therefore, in the subsequent experiments, 70 mg of
the adsorbent was added to 50 mL of the sample solution.

Effect of shaking time

The shaking time is an important factor in determining the
equilibration rate. In this work, different shaking times

(from 5 to 60 min) were studied. The results showed that
the 99% uptakes of FA were achieved within 15 min in
solution of 2.5 ug L™' FA (Fig. S2, ESM). It also indicated
that DNPH modified y-alumina nanoparticles had rapid
adsorption kinetics for FA.

Effect of flow rate

An important parameter in extraction by column is the flow
rate of the sample solution, which influence the sorption of
analyte to the sorbent surface and the analysis time.
Therefore, the effect of the flow rate of sample solution
was examined for column system under the optimum
conditions (pH, eluent, etc.) by passing 50 mL of sample
solution through the column with a peristaltic pump. The
flow rates were adjusted in the range 1.0-9.0 mL min . It
was found that the sorption of the analyte decreased when
the flow rate was higher than 6.0 mL min '. Thus, a flow
rate of 6.0 mL min~' was employed in this work.

Effect of the nature of the eluent and eluent volume

The nature of the eluent is of prime importance and should
optimally meet three criteria: efficiency, selectivity and
compatibility. With attention to Eq. (2), one can expect that
elution will be favored in acidic solutions. So various
concentrations of acid and other eluants were used for
desorption of the retained FA (Table 1). The obtained
results (Table 1) showed that 2.5 mL of 0.5 mol L' H,SO4
solution was sufficient for complete elution of retained FA.
The flow rate for desorption of FA was varied from 0.5 to

Table 1 Effect of different eluants on desorption recovery (%) for
formaldehyde adsorbed on DNPH- y-Al,O; (N=5)

Eluent Recovery (%)
Acetonitrile 67+3
Methanol 15+2
2 mol L ™! Acetic acid 82+1
4 mol L™! HCI 87+2
1 mol L' HCI 85+2
2 mol L' HCI 86+1
3 mol L' HCI 85+2
0.5 mol L™ H,S0, 99+1
1 mol L™! H,S0, 98+2
2 mol L™! H,S0, 97+1
1 mol L™! H5PO, 82+3
2 mol L™ ! H3PO, 83+2
1 mol L™! HNO, 86+2
2 mol L' HNO; 87+2

?Total volume of eluent is 2.5 mL
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4.0 mL min". The results showed that target analyte can be

quantitatively eluted at flow rates below 2.0 mL min .

Effect of sample volume

Due to the low concentration of FA in real samples, the FA
contents samples with large volumes should be taken into
smaller volumes to obtain maximum preconcentration
factor. Hence, the maximum sample volume was optimized
by the investigation of the recoveries of FA in various
sample volumes in the range 25-150 mL containing the
same amount of FA. The recoveries were found to be stable
up to 100 mL and then they started to decrease.

Optimization of catalytic kinetic procedure variables

In acidic media bromate can oxidize thionine at a very slow
rate. Trace amounts of FA catalyze the reaction and cause a
significant increase in reaction rate (Fig. 2).

The reaction variables were optimized in order to
maximize the sensitivity and precision of the suggested
catalytic kinetic method. In order to find the optimal
conditions for the catalytic determination of FA, the effects
of type and concentration of acid, concentration of the
reagents, temperature, time and ionic strength were exam-
ined, in both the catalyzed and uncatalyzed reactions.

As the reaction took place in acidic media, the effect of
various acids such as sulfuric, hydrochloric and phosphoric
acid with the same concentration on the determination of
FA was studied. The results showed that greater sensitivity
was obtained with sulfuric acid. The effect of sulfuric acid
concentration on the determination of FA was studied
within the range 0.10-0.50 mol L™'. The sensitivity
increased by increasing acid concentration up to 0.25 mol
L', whereas higher amounts of acid do not affect it (Fig.
S3, ESM). Therefore 0.25 mol L™ sulfuric acid was used

1924
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0.64 1

Absorbance

0.32 1

o
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Wavelenght(nm)

as0 750 800

Fig. 2 Absorption spectra for the thionine and bromate mixture in
acidic media in the absence of formaldehyde (a) and in the
presence of formaldehyde (b). Conditions: sulfuric acid, 0.25
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for the future studies. The results showed that maximum
sensitivity can be achieved in a wide range of acid
concentration.

The effect of thionine concentration on the sensitivity
was investigated within the range 6.97x107° to 2.79x 107
mol L™'. The results show that the difference between
absorbance changes for sample and blank solutions
(A(AA)=AA~AA,), increases with increasing thionine
concentration (Fig. 3). From the analytical point of view,
thionine concentration should be used that provides an
absorbance in the range of minimum photometric error.
Therefore, 2.79x 107> mol L' of thionine was chosen as
the most suitable concentration.

The influence of bromate concentration on the reaction
rate was studied in the range of 2.5x10°~2.5x 1072 mol
L with 0.25 mol L ™" sulfuric acid and 2.79% 10> mol L™’
thionine at room temperature. The results showed that by
increasing the bromate concentration up to 1.5x10 2 mol
L', the sensitivity (A(AA)) increased, whereas concen-
trations of bromate higher than 2.0x 1072 mol L™" caused a
decrease in sensitivity (Fig. S4, ESM). This effect was due
to the fact that at higher concentrations of bromate the
blank reaction was so fast and therefore, the sensitivity
decreased. Thus, the concentration of 1.75x 102 mol L™ ! as
the optimum concentration was selected for bromate.

The effect of the temperature on the rate of catalyzed and
blank reactions was studied within the range 20-45°C at the
optimum reagent concentrations. The reaction rate and the
sensitivity increased negligibly with temperature; however,
a temperature of 25°C was adopted in the recommended
procedure because of its convenience for operation and its
relatively low blank value.

The ionic strength effect on the analytical signal used in
construction calibration curve (A(AA)) was studied in the
concentrations of 0.0-2.0 mol L™} using Na,SO, solution
and optimal concentrations of other reagents. The results

Wavelenght (nm)

mol L7 thionine, 2.79%x10™° mol L™'; bromate, 1.75%x102 mol
L™ and temperature 25°C with scan time intervals of 20 s to 300 s
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Thionine concentration (x 10~ mol L)

Fig. 3 Effect of thionine concentration on reaction. Conditions:
sulphuric acid, 0.25 mol L™'; formaldehyde, 100 pug L™'; bromate,
1.25x107° mol L' and temperature, 25°C

show that the catalytic effect was independent on the ionic
strength up to 2.0 mol L' (maximum value tested) of
sodium sulfate. This observation can be probably attributed
to the non-ionic nature of reaction transition state.

The time for measuring the change in absorbance was
also optimized and it was found that sensitivity increased
up to 6 min, but at 5 min the reaction had good sensitivity,
so 5 min was selected.

The catalytic system

Thionine is a cationic dye that has been used in
spectrophotometric methods. For example, it has been
used in the kinetic determination of silver(I), copper(Il)
and etc. [39, 40]. In this investigation, it was observed
that the reaction of thionine and bromate at room
temperature and in an acidic media was slow (reaction 3
and Fig. 2a). In the presence of trace amounts of FA, the
reaction rate increased significantly due to the catalytic
effect of FA. Bromate ion produces Br, in the presence of
FA in acidic media (reactions 4 and 5) [41]. The produced
Br, reacts with thionine and changes it to a colorless
substance and a catalytic cycle is formed (reaction 6).
Further studies indicated that catalytic effect increases
linearly by increase in FA concentration. As a result,
thionine (Th) absorbance at A, (598 nm) decreases with
time (Fig. 2b).

H* + Thionine + BrOfM Br~ + Thionine(Ox)  (3)
H* + H,CO + BrO; —> Br + H,0 + CO, (4)
H* + Br" + BrO;—— Br, + H,0 (5)

Br, + H" + Thionine —— Br” + Thionine(Ox)

(6)

The reaction rate was monitored spectrophotometrically
by measuring the decrease in the absorbance at 598 nm. In
reactions (4)—(6), the bromide ion liberated again after the
catalytic reduction reaction reacts with bromate ion. The
rate equation for the uncatalyzed-reaction can be written as
following:

v = K[H*]*[Th]°[BrO; | (7)

Due to the overall reaction, the catalyzed and uncata-
lyzed reactions occur simultaneously, the rate equation for
the reaction can be written:

vi = K'[H]*[Th]*[BrO; |°
+ K'[H) [Th) [BrOs~ | [H,CO)* (8)

In which, k' and k” are the rate constants for the
uncatalyzed and catalyzed reactions, respectively, a, b, ¢, d,
a', b’, ¢’ are the order of the reaction with respect to the each
reactant. Because the concentrations of thionine and BrOs”
are greater than FA, it is assumed that the reaction is pseudo
first-order.

Interferences study

The investigation of possible interferences including various
ions, several organic and inorganic compounds was conducted
with regard to possible chemical interferences and the
problem of selectivity. The effect of various interferences on
the preconcentration and determination of 25 pg L™ of FA
was studied. Tolerance ratio was defined as the ratio of the
concentration of the ion causing less than +5% relative error
in the FA determination to the concentration of FA for each
interfered species. It was found that their interferences with
the determination of FA in studied samples were negligible
even when interfering substances were added at higher
concentrations than commonly existing ones (Table 2).
Therefore, the suggested method had a good selectivity,
and was not subject to the interferences in the determination
of FA in real samples.

Analytical characteristics

The calibration graph was obtained by plotting the difference
between absorbance changes for catalyzed and blank reactions,
A(AA), versus FA concentration using the developed method
under the optimal conditions. From the results of experiments,
5 min was chosen as the optimal time, because it provided the
best correlation coefficient and sensitivity. The calibration
graph was linear in the range 0.05-38.75 ug L' of FA for
100 mL sample. The equation of the line was A(AA)=1.11x%
107 Cpa+0.049 (7=0.998), where Cp, is the FA concentra-
tion in ug L™". The correlation coefficient indicated a good
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Table 2 Effect of interferences
on the preconcentration and
determination of 25 ug L' of

Species

Tolerance limit *
(Wspecies/w formaldehyde)

formaldehyde under

optimum conditions Ethanol, acetone, benzene, toluene, phenol, 5000
glucose, fructose, sucrose, Ca®", Mg2+, Na*, K",
Mn?", AP, NH,", CI', I, NO; , SO,2, CO5*
Methanol, Ba>", CH;COO™ 1000
Acetaldehyde, benzaldehyde, S,05%, Zn** 500
The tolerance ratio was defined Cd*, Pb**, Ni**, Se*", Hg*" 400
as that ratio causing a relative Cu**, NO,~ 100

error less than = 5%

linear correlation between A(AA) and concentration of FA.
Each point in the calibration graph was the average of five
replicates. The experimental limit of detection (3 S/m, three
times the blank standard deviation divided by the slope of the
calibration graph) was 0.013 pg L™'. The relative standard
deviation for 10 replicate measurements of 0.25, 4.0 and
27.5 ug L' of FA solution was 2.8%, 2.2 and 1.4%,
respectively.

Kinetic determination of FA after preconcentration in real
samples

To evaluate the analytical applicability of the method, the
recommended procedure was applied to the determination
of FA in tap water, reservoir water, stream water and rain
water, urine samples and food samples. The FA in the
samples was determined by standard methods of analysis
for hygienic chemists, that is, the acetylacetone method [28,
41]. For comparing the results of this new kinetic method
with those of standard procedure, we applied the #-test to
compare the mean of results. It can be concluded from
Table 3 that there is no significant difference between the
results obtained by the two methods for P=0.05. The
results show that the method is suitable for the analysis of
real samples.

In order to evaluate the validity of the suggested method
for the determination of FA, a recovery test was performed.
The samples were spiked with known amounts of FA
solutions. Significantly good recoveries from 97.0% to
103% were obtained from the determination of FA in real
samples (Tables 3, 4 and 5). The results show that the
method is suitable for the analysis of real samples.

Conclusion

A sensitive technique for the determination of formalde-
hyde in various real samples has been developed. The
DNPH modified alumina nanoparticles can be used as a
good extractor of FA under simple conditions. Preconcen-
tration by this method significantly improves the limit of
quantification over other methods. Also, preconcentration
using DNPH-y-Al,0; is one of the most sensitive
approaches for formaldehyde detection without requiring
to the derivatization methods, while being considerably
more rapid. After desorption of retained FA, its determina-
tion was performed by a simple, rapid and cost-effective
catalytic kinetic method. An important feature of this study
is that we grafted functional group on the surface of
inorganic substrate, y-Al,O3 nanoparticles. These function-

Table 3 Results for formaldehyde determination in various water samples obtained using the optimum conditions. (N=5)

Sample Added (ng L") Found (pg L") Recovery(%) Standard method texp’
Tap water 0.0 1.240.3 - <LOD" -
10.0 10.8+0.2 96.0 11.1+0.1 1.36
20.0 21.1+£0.2 99.5 21.3+0.1 0.37
Reservoir water 0.0 20.2+0.1 - 20.1+0.1 0.85
10.0 30.3+0.2 101 30.3+0.1 1.29
Stream water 0.0 4.9+0.2 - 4.7£0.2 1.42
10.0 15.1+0.2 102 14.8+0.1 2.16
Rain water 0.0 14.5+0.3 - 14.7+0.1 1.77
10.0 24.7+0.1 102 24.3+0.3 1.82

#Mean of five determinations :I:% (t4.0,05 = 2.78)
®Below the limit of detection

CteXp shows the experimental student—t values, (tg,0.05=2.31)
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Table 4 Results for formaldehyde determination in various food samples obtained under the optimum conditions. (N=5)

Sample Added (ng g") Found (ng g ') Recovery(%) Standard method
Winter mushroom 0.0 12.6+0.5 - 12.9+0.2
10.0 22.7+0.2 101 22.9+0.1
Beef 0.0 3.8+0.9 - 3.6+0.6
10.0 13.7+0.5 99.0 13.7+0.2
Shrimp 0.0 17.5+0.4 - 17.7+0.2
10.0 27.7+0.2 102 27.6+0.2
Vermicelli 0.0 0.43+0.06 - <LOD®
10.0 10.6+0.5 102 10.5+0.4
Tuna fish 0.0 25.9+0.1 - 25.7+0.2
10.0 35.7+£0.2 98.0 35.8+0.1
Fruit pastille 0.0 1.4+0.4 - <LOD
10.0 11.7+0.2 103 11.6+0.2
Flour 0.0 6.1+0.2 - 6.1+0.2
10.0 16.3+0.1 99.0 16.0+0.1
Quince 0.0 8.5+0.5 - 8.3+£0.2
10.0 18.8+0.1 103 18.4+0.2
Dry tasting extract of chicken 0.0 0.32+0.05 - <LOD
10.0 10.4+0.1 101 10.3+0.1
White sugar 0.0 0.83+0.02 - <LOD
10.0 10.89+0.04 100.6 10.90+0.02
*Mean of five determinations j:% (t4,0,05 = 2.78)
Below the limit of detection
Table 5 Results for formaldehyde determination in urine samples by the suggested method. (N=5)
Sample® Added (ug L™ Found (ug L™)° Recovery(%) Standard method
Urine (1) 0.00 0.27+0.04 - <LOD*
5.00 5.25+0.02 99.6 5.2440.04
Urine (2) 0.00 0.73+0.01 - <LOD
5.00 5.75+0.02 100.4 5.76+0.02
Urine (3) 0.00 0.57+0.06 - <LOD
5.00 5.51+0.04 98.8 5.5240.02
Urine (4) 0.00 1.04+0.02 - <LOD
5.00 6.09+0.01 101 6.08+0.04
Urine (5) 0.00 2.10+0.04 . <LOD
5.00 7.22+0.02 102.4 7.25+0.05
Urine (6) 0.00 28.20+0.04 - 28.28+0.04
5.00 33.36+0.37 103.2 33.31+0.02
Urine (7) 0.00 22.48+0.04 - 22.4240.01
5.00 27.39+0.02 98.2 27.40+0.01
Urine (8) 0.00 18.65+0.02 - 18.63+0.02
5.00 23.79+0.04 102.8 23.83+0.04
Urine (9) 0.00 13.12+0.05 - 13.07+0.02
5.00 17.98+0.02 97.2 18.15+0.04
Urine (10) 0.00 24.63+0.02 - 24.88+0.05
5.00 29.85+0.06 104.4 30.23 +0.06

#Samples of healthy participants (1-5) and patients participants (6-10)

®Mean of five determinations i% (t4‘0,05 = 2.78)

“Below the limit of detection
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alized nanoparticles exhibited high sorption ability for
FA from real samples. This novel design strategy
provided the superior advantages for the nano-sorbent
in practical application. Considering that amine group
can adsorb FA from samples, the amine grafted y-Al,O;
nanoparticles were employed to extract FA. For both of
column and batch experiments, the results indicate that the
modified adsorbent provides better sorption ability in
comparison to naked-alumina.

It can be found that the presence of large amounts of
Na', Ca** and acetaldehyde species did not substantially
reduce the sorption capacities of amine grafted nano-
particles for FA. It means that the co-existed competitive
cations only have slight influence on the sorption ability of
the nano-sorbent. These results suggest that the sorbent is a
good sorbent for practical application where competitive
ions exist. Also, comparing with other reported spectro-
photometric methods, the suggested method was character-
ized by low cost, high sensitivity and simple system
configuration. These made the system promising to be
used in routine analytical applications [2, 16, 31-34, 42].
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