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Abstract Formaldehyde is known as a highly toxic com-
pound to humans and identified as a carcinogenic sub-
stance. In this study, Hantzsch reaction was utilized for the
derivatization of trace amounts of formaldehyde in aque-
ous samples with acetylacetone in the presence of ammo-
nia to form an extractable colored product named 3,5-dia-
cetyl 1,4-dihydrolutidine (DDL) and its further extraction
using two-phase hollow fiber liquid-phase microextrac-
tion. The main experimental variables affecting the extrac-
tion performance were investigated and optimized. Under
the optimum conditions (sample volume 12 mL; reaction
temperature 70 °C; ammonium acetate buffer solution
4 mL 0.1 mol L7 acetylacetone 5 mL 0.15 mol L~ sol-
vent octanol, salt concentration 20% (w/v) NaCl; pH of
donor phase 7.0; stirring speed 400 rpm and extraction
time 30 min), the linear dynamic range, limit of detection
(LOD as 3S,/m) and relative standard deviation (RSD %)
of the proposed method were obtained as 5-250 g L~!
(* = 0.9979), 3.6 wg L~! and 2.5%, respectively. Finally,
the applicability of the proposed method was examined,
and very good results were obtained. The results confirmed
the applicability of the proposed method as a versatile, low-
cost and sensitive preconcentration method for determi-
nation of low concentrations of formaldehyde in aqueous
solutions.
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Introduction

Sample preparation is undoubtedly considered as an essen-
tial stage in the analytical process. The isolation and pre-
concentration of target analytes as well as the performance
of a clean up step when dealing with complex matrices are
known as the important stage of sample preparation [1].
Liquid-phase microextraction (LPME) was developed as a
solvent-minimized sample pretreatment procedure, which
is quick, minimizes the consumption of organic solvent
and has a simple experimental setup [2]. Several static and
dynamic models of LPME have been developed, including
single-drop LPME (SD-LPME) [3], headspace LPME (HS-
LPME) [4], continuous-flow LPME (CF-LPME) [5] and
hollow fiber LPME (HF-LPME) [6].

In recent years, there was a growing interest in the use
of porous hollow fiber-based LPME [7]. In 1999, Ped-
ersen-Bjergaard and Rasmussen integrated the basic prin-
ciple of supported liquid membrane (SLM) into a simple
extraction unit for using commercial polypropylene HFs as
membranes [8]. Among the different modes of LPME, HF-
LPME gives higher sensitivity and better precision than the
others due to the protection of organic phase by a fiber that
eliminates the dissolution of the organic phase in compari-
son with SD-LPME. The general principle of membrane
techniques is that the target analyte in the sample (donor
phase) passes through the membrane. Membrane acts
as a barrier and separates the donor and acceptor phases
[9]. The membrane extraction techniques could be classi-
fied as porous and nonporous or one-, two- or three-phase
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extraction techniques [10]. In two-phase extraction sys-
tems, the solvent of membrane phase is the same as the
donor or the acceptor phase, so only one-phase boundary
exists. Three-phase HF-LPME involves extraction of ion-
izable or polar analytes from an aqueous sample (donor
phase) into an aqueous phase inserted into the lumen of
the hollow fiber (acceptor phase) through an intermedi-
ate organic phase which filled the pores of hollow fiber.
Finally, the analytes will be ionized in the acceptor phase
by acid-base reactions and thus become trapped in a non-
extractable form [11]. Transfer of analytes from donor to
acceptor phase can be promoted by adjustment of pH in
two phases or can be done by active transport of analytes
in which a carrier is added into the sample solution or
membrane phase [12]. After trapping of target analytes in
the acceptor phase, the extract is transferred to an analyti-
cal instrument, either manually or online [13]. In two-phase
LPME, the selected acceptor solution, which represents the
final extracting solvent, is usually an organic solvent such
as n-octanol or toluene [14]. During procedure, the lumen
of porous hollow fiber contains the organic extraction sol-
vent and a thin layer of organic solvent is formed within
its pores. The organic solvent acts as a selective barrier
to trap the target analyte, and it depends on type of com-
pounds. The analytes are extracted from the aqueous sam-
ple through the organic phase into the pores of the hollow
fiber before entering the acceptor solution inside the lumen
[15]. To perform two-phase HF-LPME, both micropores
and the lumen of the hollow fiber must be filled with the
organic phase [2, 3]. This technique is simple and inexpen-
sive, with the further advantage that the fiber is disposable
after use due to its low cost, thus overcoming carry over
problems [15]. LPME has been applied successfully for
the extraction and clean up of complicated samples such
as drug/pharmaceuticals, environmental samples and food-
stuff [14-21].

Formaldehyde (HCHO) is the simplest aldehyde that is
an important precursor to many chemical compounds and
commonly known as a preservative in medical laborato-
ries that is called formalin. Formaldehyde is a colorless
and strong-smelling gas under normal conditions and is
soluble in water. It is also found in other products such
as chemicals, particle board, household products, glues,
permanent press fabrics, paper product coatings, fiber-
board and wood product [22]. Formaldehyde is one of
the exceptionally important air pollutants in residential
and industrial environment [23]. It has created intense
concern because it caused eye irritation and increasing
risks of allergy in children [24]. Thus, it is necessary to
develop a simple, specific and sensitive sample prepara-
tion method for the detection of trace quantities of this
compound in environmental water and wastewaters. Up to
now, some extraction methods were introduced to extract
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and separate trace amounts of formaldehyde from aque-
ous samples [25, 26].

In this work, detection and quantification of trace
amounts of formaldehyde in aqueous samples was studied
using two-phase HF-LPME as a preconcentration step prior
to UV-Vis spectrophotometry. The well-known Hantzsch
reaction which involves the cyclization between acety-
lacetone and formaldehyde in the presence of ammonium
acetate was used for the derivatization of trace amounts of
formaldehyde in water samples.

The derivatization procedure and extraction conditions
were optimized using univariate method, and the applica-
bility of the proposed method was studied in real aqueous
samples.

Experimental
Reagents and chemicals

All the materials used in this research were prepared from
Merck Company (Darmstadt, Germany). A stock standard
solution of formaldehyde (1000 mg L~') was prepared by
appropriate dilution of 124 L of 37% (v/v) formaldehyde
solution (GR for analysis, d = 1.09 g mL_l) in 50 mL of
double-distilled water. The working standard solutions
were prepared by diluting the stock solution with double-
distilled water. A 0.1 mol L™' ammonium acetate solu-
tion (My, = 77.0825 g mol~!, as a pH adjusting buffer)
was prepared by dissolving 0.386 g of salt in 50 mL dou-
ble-distilled water. A 0.15 mol L™! acetylacetone (as a
reducing reagent) was prepared in double-distilled water.
Sodium hydroxide (0.01 mol L") and hydrochloric acid
(0.01 mol L") were used to adjust the pH of solution in the
range of 5.0-7.0.

Apparatus

A double-beam UV-Vis spectrophotometer (MADAPA.
model 6300, China) was used for trace determination of
formaldehyde. Since the volume of extraction solvent was
so small, a quartz microcell (path length of 1 cm and inter-
nal volume of 350 pL (was employed for spectrophoto-
metric measurements. All absorption measurements were
taken in a maximum absorption wavelength of 375 nm. A
pH meter (model GP353, EDTA, England) equipped with
a combined glass electrode was used for adjusting the pH
of solutions. All the extractions were carried out using an
Accurel Q3/2 polypropylene hollow fiber membrane from
Membrana GmbH (Wuppertal, Germany) with a 600-pm
internal diameter, 200-pum wall thickness and 0.2-pm pore
size. A magnetic stirrer (Labnico, Netherlands) and a stirrer
bar (4 mm x 14 mm) were used to enhance mass transfer
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of analyte from donor to acceptor phase during the two-
phase HF-LPME. An ultrasonic bath system (DSA100-
SK2-40L China) was used to speed up formation reaction
of DDL product. All glasswares were washed with double-
distilled water and were put in the oven prior to use.

HF-LPME procedure

For each extraction, 12 mL of the aqueous solution con-
taining formaldehyde (as donor phase) was poured into
a 25-mL sample vial having a 4 mm x 14 mm magnetic
stirring bar. Four milliliters of ammonium acetate buffer
solution (0.1 mol LY, for adjusting solution pH) and 5 mL
of acetylacetone (0.15 mol L~ as reductant agent) were
added to the sample solution, and the pH of solution was
adjusted in the range of 6.5-7.5. Before each extraction, the
sample solution was put in the ultrasonic bath (30 min at
70 °C) to promote reaction between formaldehyde and acet-
ylacetone to form extractable colored product of 3, 5-dia-
cetyl 1,4-dihydrolutidine. Before extraction, 4.2 g NaCl was
added to solution to make a 20% (w/v) NaCl solution and
18 mL of this mixture was used for two-phase HF-LPME.

For each two-phase HF-LPME, the polypropylene hol-
low fibers were cut into pieces with 8.8 cm length (25-puL
internal capacity for extraction solvent). For decreasing the
memory effect, each piece was used only once. Before use,
possible contaminants were removed by sonicating each
hollow fiber in ethanol (10 min) and next drying in the oven
(20 min at 80 °C). Twenty-five microliters of octanol as
extraction solvent (acceptor phase) was drawn into a 25-uL
Hamilton microsyringe (model 702 NR, Bonaduz, Switzer-
land). One end of hollow fiber was connected to the needle
of microsyringe containing extraction solvent. Before use,
hollow fiber was inserted in octanol as extraction solvent
(10 s) to fill the pores and then in double-distilled water
(10 s) to eliminate extra octanol. The extraction phase filled
the channel and pores of hollow fiber. Finally, the end of
hollow fiber was closed with a piece of aluminum foil. The
hollow fiber was then introduced into the aqueous sample
(18 mL) at U-shaped configuration, and the top of the vial
was covered via parafilm (Fig. 1). During the extraction
period (30 min), the colored product (DDL) was extracted
by octanol filled in the lumen of hollow fiber.

At the end of extraction period, the microsyringe was
removed from vial and octanol (23 puL) was drawn into the
microsyringe. After that, the extraction phase was poured
into a 1-mL vial, was diluted with 50 pL of pure octanol
and transferred into the quartz microcell for spectrophoto-
metric measurements.

The blank solution was prepared during the extrac-
tion from an aqueous phase without formaldehyde. The

Plunger

HPLC syringe

Acceptor phase

Immobilized membrane

Donor phase

Stirring bar

Magnetic stirrer

Fig. 1 Schematic of the U-shaped HF-LPME system

spectrum was recorded in the wavelength range of 300—
750 nm, and finally, 375 nm was used as maximum wave-
length for further measurements.

Results and discussion

In this study, the extraction and spectrophotometric
determination of low concentration of formaldehyde was
planned based on the Hantzsch reaction firstly explored
by Nash in 1953 [27]. The reaction is characterized by
a cyclization of acetylacetone and formaldehyde in the
presence of excess ammonium acetate salt in approxi-
metry neutral solutions at 70 °C to form a yellow prod-
uct called 3,5-diacetyl 1, 4-dihydrolutidine (DDL)
(2,4-dimethyl-1,4-dihydropyridine-3,5-dimethylcarboxy-
late) (Fig. 2).

Finally, DDL as the resulting colored product was
extracted into the extraction organic solvent filled in the
lumen of hollow fiber. UV-Vis spectrum was recorded
after completion of extraction, and absorbance was meas-
ured at 375 nm. Furthermore, effect of experimental param-
eters affecting the extraction efficiency was investigated
using univariate optimization method. In all optimization
experiments, samples containing 100 pug L™! of formalde-
hyde were used.
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Fig. 2 Cyclization of methyl acetoacetate and formaldehyde in the presence of ammonium acetate buffer
Selection of extraction solvent type 0.4
0.12
In two-phase HF-LPME, the selection of organic solvent is 01
of great importance in order to obtain an efficient extrac- _—
tion. For selection of organic solvent, several factors should g
be considered. The solvent should be immiscible with 0067
water and be easily immobilized in the pores of hollow fib- 0.64
ers. The organic solvent should have high solubility for the 0.02
analyte. Also, it should have low volatility to prevent sol- 0 | —
vent loss during extraction. Therefore, 1-octanol, 1-hexanol 0.05 0.1 0.15 0.2 0.3 05

and 1-hexyl-4-methyl imidazolium hexafluoro phosphate
([CgMIM]PFg, an ionic liquid solvent) were examined,
and octanol showed better extraction efficiency and was
selected as proper and optimal solvent to fill the pores and
internal lumen of the hollow fiber [28]. The examined ionic
liquid ([C(MIM] PF¢) was improper for extraction due to
its very high viscosity that creates problems in handling
with microsyringe.

Effect of acetylacetone concentration on the HF-LPME
efficiency

Acetylacetone is a yellow reagent with good solubility in
water. In the presence of ammonia, it reacts with formalde-
hyde to make a colored product called diacetyl dihydroluti-
dine [26]. To investigate the effect of acetylacetone concen-
tration, its values were changed from 0.05 to 0.5 mol L!
while keeping other variables constant. Due to the presence
of different concentrations of acetylacetone, various blanks
were made for each concentration of acetylacetone and the
absorbance difference (AA) were measured at 375 nm.
According to the results (Fig. 3), with increase in acetylac-
etone concentration up to 0.15 mol L~! more extraction was
occurred that shows the formation of more product. At higher
concentrations of reagent, AA decreases probably due to
existence of higher concentration of free acetylacetone and
its influence on absorbance. Therefore, all subsequent exper-
iments were performed at 0.15 mol L™! of acetylacetone.

Effect of salt effect on the HF-LPME efficiency
To study the salt effect on the HF-LPME efficiency, a series

of aqueous formaldehyde samples containing various con-
centrations of NaCl in the range of 0-25% (w/v) were

@ Springer

Concentration of Acetylaceton / mol L

Fig. 3 Effect of acetylacetone concentrations on the HF-LPME
of formaldehyde. Conditions: sample, 12 mL with pH = 6.5; 4 mL
0.1 mol L™! ammonium acetate buffer, 5 mL acetylacetone reacted
in ultrasound water bath (30 min at 70 °C); extraction solvent: 25 puL.
octanol, NaCl concentration: 20% (w/v); stirring speed: 300 rpm and
extraction time: 30 min
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Fig. 4 Effect of NaCl concentration on the HF-LPME of formalde-
hyde. Conditions: sample, 12 mL with pH = 6.5; 4 mL 0.1 mol L~!
ammonium acetate buffer, 5 mL 0.15 mol L™! acetylacetone reacted
in ultrasound water bath (30 min at 70 °C); extraction solvent: 25 uL.
octanol; stirring speed: 300 rpm and extraction time: 30 min

prepared and extracted by the proposed HF-LPME proce-
dure. The results (Fig. 4) showed the increase in extraction
efficiency using NaCl up to 20% (w/v) due to “salting-out”
and after that the extraction efficiency was decreased. This
can be explained by the engagement of more water mol-
ecules in the hydration spheres around the ionic salt that
reduces the amount of water molecules available to dis-
solve the analyte. This will derive additional extractable
product into the octanol on the pores of hollow fibers. As
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shown in Fig. 4, the extraction efficiency decreased with
increasing NaCl concentration higher than 20% that can
be related to the enhancement of viscosity and density of
the donor phase that reduces mass transfer into the organic
phase. Based on these observations, an overall salt concen-
tration of 20% (w/v) was used for further studies.

Effect of pH of donor phase on the HF-LPME efficiency

To study the effect of pH on the extraction efficiency, pH of
solution was studied in the range of 4.0-7.5 while keeping
other variables constant. This range of pH values has a sig-
nificant influence on reaction of formaldehyde with acety-
lacetone to form DDL. According to the results (Fig. 5), in
the pH range of 6.5-7.5, absorption was high and constant,
showing the best extraction efficiency. So, pH = 7.0 was
selected as optimum value for further studies.

Effect of stirring rate on the HF-LPME efficiency

Like other microextraction techniques, the extraction in
HF-LPME can be enhanced by agitation of the sample
solution. In two-phase HF-LPME, the organic solvent is
sealed and protected by the hydrophobic hollow fiber mem-
brane [29]. Agitation of the donor solution increases mass
transfer and reduces the required extraction time by raising
the diffusion rate of analyte from donor to acceptor phase
[30]. In order to investigate the influence of agitation speed,
different stirring rates ranging from 200 to 500 rpm were
investigated. Figure 6 shows that extraction increase by
changing stirring rates up to 400 rpm. Therefore, 400 rpm
was chosen as optimum value for further works.

Effect of Hantzsch reaction time on the HF-LPME
efficiency

The reaction time of Hantzsch reaction was investigated
using ultrasound bath using 15, 30, 45 and 60 min at 70 °C
to form DDL product.

The experimental results showed that optical absorbance
was constant in a time interval of 30 min. So, this time was
chosen to complete Hantzsch reaction.

Effect of extraction time on the HF-LPME efficiency

During the two-phase HF-LPME, extractable product
(DDL) should transfer from donor to acceptor phase and
the mass transfer of analyte through interfaces requires
time. To investigate the effect of time, different extraction
times in the range of 2—60 min were examined. According
to the results, the extraction was increased rapidly up to
30 min, and after that, it was nearly constant up to 60 min.

4 4.5 5 6 6.5 7 7.5
pH

Fig. 5 Effect of pH of donor phase on the HF-LPME of formalde-
hyde. Conditions: sample, 12 mL; 4 mL 0.1 mol L~! ammonium ace-
tate buffer, 5 mL 0.15 mol L™! acetylacetone reacted in ultrasound
water bath (30 min at 70 °C); extraction solvent: 25 pL. octanol; NaCl
concentration: 20% (w/v); stirring speed: 300 rpm and extraction
time: 30 min

0.41

Absorbance
o o o
N w w
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~
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Fig. 6 Effect of stirring rate on the HF-LPME of formaldehyde.
Conditions: sample, 12 mL with pH = 7.0; 4 mL 0.1 mol L~! ammo-
nium acetate buffer, 5 mL 0.15 mol L' acetylacetone reacted in
ultrasound water bath (30 min at 70 °C); extraction solvent: 25 pL
octanol; NaCl concentration: 20% (w/v) and extraction time: 30

Based on these observations, 30 min was selected for the
next experiments.

Method validation
Analytical figures of merit

To evaluate the quantitative parameters of the proposed
two-phase HF-LPME method for formaldehyde determina-
tion, the figures of merit of this method was investigated
under the optimized experimental conditions (aqueous
sample containing formaldehyde 12 mL; ammonium ace-
tate buffer solution 4 mL 0.1 mol L™!; acetylacetone 5 mL
0.15 mol L™! reacted in ultrasound water bath (30 min at
70 °C); extraction condition includes: extraction solvent
octanol, salt concentration 20% (w/v); pH of donor phase
(ammonium acetate buffer) 7.0; stirring speed 400 rpm and
extraction time 30 min). Using figures of merit of each ana-
lytical method, it is possible to compare the efficiency of
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Table 1 Results of real samples (conditions: sample, 12 mL; 4 mL
0.1 mol L~! ammonium acetate buffer, 5 mL 0.15 mol L~! acetylac-
etone reacted in ultrasound water bath (30 min at 70 °C); extraction
condition includes: extraction solvent 25 pL octanol, salt concentra-
tion 20% (w/v); pH of donor phase (ammonium acetate buffer) 7.0;
stirring speed 400 rpm and extraction time 30 min)

Real Initial Added Found RSD (%) Relative
sample concen- (ugL™h) (ugL™h recovery
tration (%)
(ngL™h)
Tap water® nd® 50.0 53.0 54 106.0
Well nd 50.0 49.0 5.0 98.0
water”

# Tap water was collected from Rasht-Lakan
b Well water was collected from Rasht
¢ Not detected

various analytical methods with each other and also evalu-
ate the ability of an analytical method for particular appli-
cations. For evaluation of linear dynamic range (LDR), 13
spiked standard samples of formaldehyde in the range of
0.1-500 pg L~! were prepared. Each standard sample was
extracted by the proposed method under the optimized
conditions, and the extractant was measured spectrophoto-
metrically. The LDR was found to be linear in the range of
5-250 pg L~! with 2 = 0.9979.

The limit of detection (LOD) of the proposed method was
calculated from C; o, = 3S,/m, where m is the slope of the
calibration curve for two-phase HF-LPME of formaldehyde

from standard solutions at optimum conditions and S, is the
standard deviation of five replicate extraction of blank. The
blank solutions were prepared as the same as the samples
without formaldehyde and were extracted at optimum con-
ditions by the proposed method and finally measured by
spectrophotometer at 375 nm. The calculated LOD of the
method was obtained as 3.6 g L™ Preconcentration factor
(PF) of the method was obtained as 188.0 (at the formalde-
hyde concentration of 25 pug L~' and optimum experimen-
tal conditions). Enhancement factor (EF) was calculated as
200 by dividing the slope of calibration curve after precon-
centration (in acceptor phase) to that obtained without pre-
concentration (in the donor phase at concentration range of
0.5-50 g L) and the relative standard deviation (RSD %)
was obtained as lower than 5.5% using five replicate extrac-
tions from 50 g L~! formaldehyde solutions.

In order to investigate the applicability of the method
for real samples, extraction from two real tap and well
water samples was considered. At first, each sample was
extracted by the proposed method in optimal conditions.
To evaluate the accuracy of the method, 50 g L~" of for-
maldehyde was added to each sample and then the spiked
samples were extracted (five replicate extractions) with the
proposed two-phase HF-LPME. The summarized results
are presented in Table 1. The good agreement between the
found and added values (relative recoveries (%) between 98
and 106%) shows the applicability of the proposed extrac-
tion method for the preconcentration and determination of
formaldehyde in aqueous solutions.

Table 2 Comparison of the proposed method with the other techniques for determination of formaldehyde

Analytical method Detection limit (ug L™") Linear rang (ug L™") RSD % References
FIA®-spectrophotometry 0.09 1.5-120 1.7 [31]
LPME spectrofluorometry? 26 - 4.6 [32]
Mini—-CE-ED* 9.1 0.05-50 (mg L™ 5.9 [33]
FIA-spectrophotometry 23 - 0.29 [34]
IL-DLLME-spectrophotometry? 0.02 0.1-20 2.5 [26]
LC-MS (ESI and APCI) 300 - - [35]

Fast fluorometric FIA 3.0 Up to 100 - [36]
Colorimetric solid-phase extraction 80 Up to 1000 [37]
Spectrophotometric based on the telomerization reaction of tryptamine 290 0.8-23 mg L™! 0.98-2  [38]

Flow injection chemiluminescence 1.2 1.2-300 3.3-4.3 [39]
MSPE? (with polypyrrole-coated Fe,O,) 4.0 10-500 <55 [40]
Two-phase HF-LPME 3.6 5-250 <5.5 This work

* Flow injection analysis

b Liquid—phase microextraction

¢ Miniaturized capillary electrophoresis with electrochemical detection

4 Tonic liquid-based dispersive liquid—liquid microextraction

¢ Magnetic solid-phase extraction
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Comparison of the proposed method with other methods

A comparison between the figures of merit of the proposed
HF-LPME method with a variety of techniques reported
in the literature for quantitative determination of formal-
dehyde in aqueous samples is summarized in Table 2. It
clearly shows that our proposed method has good sensitiv-
ity and precision, wide linear dynamic range and low LOD
in comparison with some of the other techniques.

Low consumption of organic solvent and sample solu-
tion, simplicity and low cost of the extraction device, mini-
mum carry over and cross-contamination and production
of a clean extracting phase are the benefits of the proposed
method. It is clear that by utilizing special quartz cell hav-
ing lower internal volume or using nanodrop spectrom-
eters, the need for dilution of extractant phase removed and
higher preconcentration factors can be achieved. Also, this
can be obtained during extraction from more volumes of
samples.

Conclusion

The present study developed two-phase HF-LPME method
coupled with Hantzsch reaction using acetylacetone reagent
for preconcentration and determination of trace amounts
of formaldehyde prior to UV-Vis spectrophotometry. The
method has a high preconcentration factor, simplicity and
convenience in operation. A little amount of organic solvent
is applied which is environmentally friendly. Due to the
simplicity and low cost of the extraction device, the hollow
fibers can be discarded after each extraction to avoid carry
over and cross-contamination. This serves to maintain high
reproducibility and repeatability of the method. Excellent
clean up property of the hollow fibers facilitate their appli-
cation for the extraction from polluted samples. Also, the
content of formaldehyde after the derivatization reaction
and HF-LPME is measured by a spectrophotometer that is
known as a common instrument in chemical and environ-
mental laboratories.
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