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Spectrophotometric Method with Silica-Gel
Beads for Determination of Trace
Formaldehyde in Air

Hong-yan Yuan, Sheng-e Wang', and Dan Xiao
College of Chemical Engineering, Sichuan University, Chengdu,
People’s Republic of China

Abstract: A novel method is described for the determination of formaldehyde, with
sensitivity enhancement based on the Hantzsch reaction, which involves the cyclization
of ammonium, formaldehyde, and 2,4-pentanedione (PD) in Nash’s reagent to form
the yellow compound 3,5-diacetyl-1,4-dihydrolutidine (DDL) at pH 6. Silica-gel
beads are added into solution, and the reaction completes within 55 min at room
temperature without heating. The silica-gel beads not only catalyze the reaction
process but also increase the sensitivity of the analysis. The proposed method is
simple and convenient. The absorbance at 412 nm is proportional to the concentration
of formaldehyde over the range of 0.1-2.0g-mL™'. The detection limit is
0.1g-mL~". This method has been applied to the determination of formaldehyde in
air with satisfactory results.
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INTRODUCTION

Formaldehyde is a colorless gas and is common in everyday life and industry.
On one hand, it is used as a preservative in many foods to protect protein from
deterioration. On the other hand, formaldehyde is now recognized as one of the
most important and well characterized indoor air pollutants because of the
extensive use of formaldehyde-containing construction and furnishing
materials in modern structures and furniture. Owing to its toxicity and
possible carcinogenic properties, formaldehyde is a concern of the occupational
safety and health organization (OSHO) of many countries. Furthermore, formal-
dehyde is one of the widely used chemicals in the plastics industry, thus it is
necessary to monitor its content in industrial applications. Therefore, a
simple, highly sensitive, and extremely cost-effective analytical method for for-
maldehyde is desired and would be of tremendous benefit to many fields.
Indeed, a variety of methods have been developed for determination of
formaldehyde. A wide range of chromatographic methods have been
developed for the determination of formaldehyde after its transformation
into stable derivatives.'! =% In addition, formaldehyde in aqueous solutions
can be determined by voltammetry.”” =) These methods are sophisticated,
and the sensitivities need to be improved. For example, the method of
liquid chromatographic requires a fairly elaborate analytical procedure and
a long measuring time per sample. The most widely used methods for the
determination of formaldehyde are spectrophotometric methods.!'%~'*
Fluorimetry is particularly attractive for trace measurements because of its
intrinsic sensitivity. Kiba et al.'*! immobilized the enzyme formaldehyde
dehydrogenase (FDH) on poly (vinyl alcohol) beads, and such a bead-
packed column was incorporated into a flow-injection system for the determi-
nation of low levels of formaldehyde in drinking water. Although the method
is quite selective, the enzyme is expensive. Recently, Dasgupta et al.l'*
developed a diffusion scrubber and light-emitting diode liquid-core
waveguide—based fluorimetry for the measurement of atmospheric formal-
dehyde. The main problem of the method is interference from H,O,.
2,4-Pentanedione (PD) colorimetry has successfully been used for for-
maldehyde determination.!'! With pH 6 and ammonium, formaldehyde and
2,4-pentanedione are rapidly cyclized to form the yellow derivative 3,5-
diacetyl-1,4-dihydrolutidine (DDL), which can easily be detected by spectro-
photometry at 412 nm. As a comparison, PD colorimetric method is mentioned

Table 1. The experimental procedure

1 2 3 4 5 6 7

PD solution (mL) 490 480 4.60 420 3.80 340 3.00
5.0 pg-mL ™! formaldehyde (mL) 0.10 020 0.40 0.80 120 1.60 2.00
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as “standard method” in the experiment. In order to simplify further this
method, a simpler spectrophotometric method, which applied silica-gel
beads as a catalyst in the reaction at room temperature, was developed in
this paper. This procedure is much simpler and more convenient, and the sen-
sitivity is much improved. The method has been applied to the determination
of formaldehyde in air with satisfactory results.

EXPERIMENTAL
Apparatus

Spectrophotometric measurements were carried out with a TU-1901 UV-Vis
spectrophotometer (Beijing Purkinje General Instrument Co. Ltd., Beijing,
China), and the absorption spectra were recorded with a personal computer.
A mass spectrometer (LCQ™ DECA Finnigan, California, USA) was used
for characterizing the products.

Reagents

Stock solution of formaldehyde was prepared from purchased aqueous formal-
dehyde solution (37.0—40.0%) and standardized by the iodometric method. 2,4-
Pentanedione was further purified by distillation before use and kept in the dark.
PD solution was prepared by dissolving 25 g of ammonium acetate, 3.0 mL of
70% acetic acid solution, and 0.2 mL of freshly distilled PD in water in a 100-
mL volumetric flask. Diluted solutions of formaldehyde and PD were freshly
prepared prior to use as described in Table 1. All reagents were of analytical
reagent grade. Deionized distilled water was used throughout the experiment.

Procedure

An appropriate amount of the PD, silica-gel beads, and 5.0 pg - mL ™' formal-
dehyde solution was transferred into a 5-mL colorimetric tube, mixed, and the
stood at room temperature for 55 min to form the derivative. Yellow reaction
solution (pH = 6.2) was obtained, and absorbance was measured at the wave-
length of 412 nm.

RESULTS AND DISCUSSION
Absorption Spectrum

The absorption spectra of the reaction solutions presented a maximum at
412nm (Fig. 1), which conformed to the standard method.!'?! As the
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Figure 1. Ultraviolet-visible spectra of the reaction solutions at different formal-
dehyde concentrations. (1) 0.1wg-mL™"; (2) 02pg-mL™"; (3) 04pg-mL™';
@ 08ug-mL™"; (5) 1.2ug-mL™"; (6) 1.6 pg-mL™'; and (7) 2.0 pg - mL ™.

concentration of formaldehyde increased, the corresponding peak absorbance
increased proportionally, as shown in Fig. 1.

Working Curve and Sensitivity

Standard solutions of formaldehyde (0.1, 0.2, 0.4, 0.8, 1.2, 1.6, and
2.0 ng-mL™") were measured, and a calibration curve is shown in Fig. 2.
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Figure 2. Calibration curves of the two methods. (a) The standard method; (b) the
proposed method.
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The calibration curve is based on the average of three determinations of each
standard solution obtained in a measuring cycle every 10 min. In the standard
procedure, the amount of HCHO in the range 0.1-2.0 g - mL ™' obeys Beer’s
law. The fitted equation is

A =0.019 + 0.393CxcHo (1)

where A is absorbance, Cycpyo denotes the concentration of HCHO g - mL™ !
and the correlation coefficient is 0.9964 (n = 7). In the case of the standard
method," the linear regression equation for the 0.1—-2.0 wg - mL ™' range is

A = —0.0003 + 0.300CkcHo )

The correlation coefficient is 0.9972 (n = 7). Because the slope of Eq. (1) is
larger than that of Eq. (2), it can be concluded that the sensitivity of the
proposed method is much improved. It was estimated that the detection limit
of the proposed method for HCHO was 0.1 pg - mL ™.

Stability

The reaction time dramatically affects the observed analytical signal. Figure 3
shows the dependence of absorbance on the reaction time upon addition of
0.4pg-mL~" HCHO under otherwise identical conditions. Absorbance
increases with elongated reaction time. But when the reaction time is more
than 55 min, the absorbance displays a plateau. Based on these results, the
reaction time of 55 min was chosen.

Mechanism of Reaction Process

It was reported that the reaction could be described as follows:!!

pH=6
2CH;-CO-CH,-CO-CH;+HCHO+NH, "

Y

+3H,0+H"
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Figure 3. Dependence of the analytical signal upon reaction time.

The Hantzsch cyclization requires the elimination of three water molecules,
and the reaction temperature and time has a pronounced effect on the
reaction rate. It was reported that aldehydes reacted completely in 1hr at
6O°C,”6] 3min at 100°C,"'”" and 12min at 51°C!" with water bath.
However, the results obtained with the proposed method showed that formal-
dehyde reacted completely in 55 min at room temperature in the presence of
silica-gel beads, indicating that the reaction rate is greatly improved by
silica-gel beads. In order to achieve stable color of the reaction solution
in the same conditions, a larger amount of silica-gel beads are needed for
higher concentration of formaldehyde. It shows that the surface area of
the silica-gel beads affects the reaction rate significantly, which appears to
be associated with the catalysis effect on the reaction rate. In addition, the
peak absorbance of the proposed method is also stronger than that of

absorbance
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Figure 4. Ultraviolet-visible spectra of the reaction solution with the two methods.
(a) The standard method; (b) the proposed method.
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the standard method,m] as shown in Fig. 4, and this can be attributed to the
producing of new component. The products that are synthesized with the
standard method and the proposed method were identified by Mass Spec-
trometry (MS), and the MS spectra of the derivatives of formaldehyde are
shown in Fig. 5. The [M +H]" ion with m/z 192 is base peak, and the
[M + H]J" ion is the dominant peak in any of the individual mass spectra.
The peaks near m/z 206 are detected only with the products of the proposed
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Figure 5. MS spectra of the formaldehyde derivatives obtained with the standard
method (A) and the proposed method (B).
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method as shown in Fig. 5B and not of the standard method as shown in
Fig. 5A. The peaks may be interpreted as the other species, which may con-
tribute to the absorption of the region 480-550nm, produced in the
reaction process with the proposed method. A possible explanation for the
results is that silica-gel beads accelerated the reaction process as a catalyst,
and that silica-gel beads reacted with one of the reaction reagents to form a
new component, which reacted easily with the other reaction reagents to
form the derivative (DDL) by cyclization at room temperature. However,
further research is needed to understand fully the new constitution.

Specificity of the Derivatization Reaction and Interferences

According to the report,”sl 2,4-pentanedione does not react with ketones, and
the only aldehydes it reacts with are formaldehyde and acetaldehyde.
Therefore, the current method is a fairly selective method, and the effect of acet-
aldehyde on the method ought to be explored. An interference study was carried
out by quantifying the effect of acetaldehyde on detection of formaldehyde. Five
milliliters of the standard solution containing 0.4 wg - mL ™" formaldehyde was
analyzed. The result was compared with that of containing 0.4 p.g-mL ™" for-
maldehyde and 6 mg-mL ™" acetaldehyde in 5mL, and the relative error was
4.4%. This low relative error revealed that 6mg-mL ™" acetaldehyde did not
present strong impact on the determination of formaldehyde. A similar study
was carried out for the standard method,''?! however, the relative error was
41%, which is much greater than that of the proposed method. Although the sen-
sitivity was enhanced, the increased blank was significant.

Sample Analysis

The proposed method was applied to the determination of trace amount of for-
maldehyde in air. Formaldehyde was collected in newly decorated rooms by an
active sampler using a pump and bubbler and then analyzed by the procedure
already described under “Experimental”. The results from the proposed
method agreed well with those obtained by the standard method"?!
(Table 2). The relative errors for samples detection were better than 5%.

Table 2. Determination of formaldehyde in air samples

Proposed method Reference method
Sample (n=6) (mg- m73) (mg - m73)
A (A newly decorated room) 0.515 4+ 0.0029 0.496 + 0.0048

B (Another newly decorated room) 0.456 + 0.0024 0.436 + 0.0047
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CONCLUSIONS

Trace formaldehyde can be determined by the proposed spectrophotometric
method. The sensitivity is enhanced, and the method can be operated
simply and easily without heating. Furthermore, without heating and
cooling to room temperature, the reaction and measurement can be carried
out at the same time, thus the proposed method may potentially be used to
make a monitoring sensor for formaldehyde. Research work on the sensor is
in progress in this research laboratory.
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