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Abstract

A simple, rapid and highly sensitive method for the determination of trace amounts of formaldehyde in air by using flow injection analysis
(FIA) system coupled with a three-hole chromatomembrane cell (CMC) was investigated by using a spectrophotometer and a fluorometer
The CMC was applied to on-line collection/concentration of trace amounts of formaldehyde in air into water as an absorbing solution;
formaldehyde in the air was found to be quantitatively transferred into the absorbing solution in CMC. The solution, containing absorbed
formaldehyde, was introduced into the carrier stream of the FIA system. The amount of formaldehyde in an absorbing solution was measure
spectrophotometrically and fluorometrically after the reaction with a mixed reagent of acetylacetone and ammonium acetate at pH 5.6-5.8. Th
amount of formaldehyde in the absorbing solution, measured by the proposed system, could be converted to the concentration of formaldehyc
in the air sample. A calibration graph prepared by a series of standard formaldehyde aqueous solutions was adopted. The formaldehyde
indoor air, determined as exampled by the proposed spectrophotometric FIA, was found to-h® B8 ppbv for 20 ml of the air sample
at the air flow rate of 6 mImint, and the relative standard deviation (R.S.D.) was 1.56%. The limit of detections (LODs) of HCHO in an
absorbing solution was 10-8 M (0.6 ppb) and 8 10-° M (0.2 pph), respectively, by the spectrophotometric and the fluorometric FIA, and
the LODs of HCHO in air sample of 40 ml were 0.05 and 0.03 ppbv, respectively. The interferences from foreign species were examined;
tolerable concentrations of other aldehydes were more than 50-fold of formaldehyd@(iM).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction eye, nose, and throat irritation. At high concentrations,
formaldehyde causes headache and itchiness of the skin.
Formaldehyde (HCHO) is considered to be a strong Formaldehyde concentration levels in domestic air vary
irritant and potential sensitizer. Inhalation of a large amount from ambient level (1-25ppbv) to as high as 4ppm in
of HCHO can cause severe irritation of the upper respiratory newly constructed housdd]. Since, the regulated value
tract and even death. Data from human exposures indicatefor formaldehyde is 10p.gm=2 (0.08 ppmv)[2]. Apart
that the exposure to high concentrations of HCHO gas from the fact that formaldehyde is a potential carcinogenic
may lead to pulmonary edema. Even HCHO gas presentchemical, it has recently become a matter of concern due to
in workrooms at concentrations of 1-11ppm can cause rising cases of sick-house syndrome, and is sometimes a very
serious problem in Japan. Therefore, a rapid and sensitive
* Corresponding author. Tel.: +81 862 51 7846; fax: +81 862 51 7846. Method, which is applicable to air samples at low levels
E-mail address: motomizu@cc.okayama-u.ac.jp (S. Motomizu). under a variety of environmental conditions, is required.
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A large number of methods for the determination of scrubbers have sometimes succeeded in the collection of
HCHO in aqueous solutions have been developed so far. Onegaseous analytes, followed by the detection with FI systems.
of the most frequently used method for the determination In such devices, however, the efficiency of the collection of
of HCHO is HPLC coupled with the derivatization reaction analytesin airinto absorbing solutions is about 5-40%; there-
using 2,4-dinitrophenylhydrazine (DNPH) followed by the fore, air standards of the analytes are always necessary.
measurement of the corresponding hydraz¢&eS]. HPLC A cryotrapping sampling technique using glass traps
procedures, however, require long analysis times and are lesfias already been developed for monitoring carbonyl
sensitive for the analysis of air sample. In addition, DNPH compounds followed by derivatization of DNPH and
can react with most of aldehydes and ketones. Other meth-subsequent analysis by HPL[@9]. Mathews and How-
ods, such as gas chromatogragfy8], potentiometry[9], ell [1] used 13X molecular sieve as a sorbent medium
biosensor$l0], voltammetry{11,12], piezoelectric methods for HCHO monitoring. In this method, HCHO-exposed
[13,14], solid phase microextraction (SPME) in conjugation sieve samples can be stored in a sealed container for
with isotope dilution mass spectrometry (ID-MB)], flu- approximately one month with less than 10% HCHO
orometry[16,17]and spectrophotometf8-27], have also  degradation. Another sampling method based on the deriva-
been reported for the determination of HCHO. Of these, a tization with o-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine
so-called Hantzsch reaction, which involves the cyclization hydrochloride (PFBHA), which was absorbed onto
of amine, aldehyde arfttdiketone to form a dihydropyridine  poly(dimethylsiloxane)/divinylbenzene solid phase mi-
derivative, has often been used for spectrophotometric deteccroextraction fibers, has been reported by Martos and
tion of HCHO in aqueous solutions. Na§8] introduced Pawliszyn[50].

a colorimetric method into analytical chemistry for HCHO, The use of hanging drops coupled with optical fiber
which was based on the Hantzsch reaction of HCHO with chemical sensors for the determination of HCHO with the
acetylacetone in the presence of ammonia. Later, BelmanLOD of 2 ppbv have been developgsil-53]. Li et al. [45]

[29] found that without any other changes, a highly sensi- proposed a thermostated diffusion scrubber for sampling
tive measurement could be made by fluorometry, instead of atmospheric formaldehyde coupled with a GaN-based light-
spectrophotometry. emitting diode (LED) as the excitation source in a miniature

A number of flow injection (FI) methods have been devel- flowthrough fluorescence detector based on a transversely
oped for the determination of HCHO in aqueous solutions. illuminated liquid-core waveguide, which provided a fully
Gamiz-Gracia et al[30] proposed Fl spectrophotometric automated instrument. By using these collection methods,
method coupled with pervaporation unit, where HCHO the sensitivity is not enough for the determination of sub-
was taken up into an acidic stream of pararosaniline and ppbv in HCHO in air, and the air standards for the analytes
spectrophotometrically monitored at 578 nm. Aiming at are requisite to the preparation of a calibration graph.
developing sensitive methods, fluorometric FI methods  The chromatomembrane cell (CMC), which is proposed

have been studied with 4-amino-3-penten-2-(H, 1,3- for the transfer of analytes from one phase to another, has
cyclohexanediong32], 5,5-dimethylcyclohexane-1,3-dione been proved to be a very useful device for sample pretreat-
(dimedone)[33] and acridine yellow-bromat§34]. Li et ment, as evidenced by on-line collection/concentration using

al. [35] developed a FI chemiluminescence method with a liquid—liquid extraction[54,55], continuous gas—liquid ex-
bromate—rhodamine 6G system, which showed a detectiontraction[48,49], and the transfer of gaseous substances into
limit of 0.3wgl~1 (0.3ppb). A different FI system with  liquids[56—63]. Zhang et a[62] used a CMC for collecting
immobilized formaldehyde dehydrogenase after off-ine HCHO in air and determined by a batchwise adsorptive po-
solid phase extraction for the determination of HCHO at low larographic determination: the volume of the CMC used was
levels has also been repori@é]. Of these methods the most  too large (25 mnmx 25 mmx 50 mm) to be used for on-line
sensitive one is the fluorometry with 1,3-cyclohexanedione: collection. Recently, Motomizu and co-workers successfully
limit of detection (LOD) is about 0.2g1~1 (0.2 ppb) in an employed FI system coupled with a small-volume cylindri-
aqueous solution. cal CMC (¢=12mm, =14 mm) for the determination of
Several kinds of collection methods for gaseous ana- nitrogen dioxidg59—61]and sulfur dioxidg63] in the atmo-
lytes have been developed for the determination of HCHO. sphere. One of the advantages of the collection/concentration
Several diffusive sampling devices have been reported withthe small-volume CMC is the good efficiency of the mass
with absorbents, such as 2,4-dinitrophenylhydrazine-coatedtransfer from air to small-volume of absorbing solutions: the
silica gel [37], N-methyl-4-hydrazino-7-nitrobenzofurazan efficiencies were about 98% or moj®9,63]. Such results
(MNBDH) [38], 3-methyl-2-benzothiazolinone hydrazone indicate that calibration graphs prepared by using agueous

hydrochloride (MBTH) coated on glass fibre fil{88]. A coll standard solutions can be conveniently used for the analysis
type denuder was also developed for the collection of HCHO of air.
in air [40-42]. Dasgupta and co-workgr3—-47]and Toda In this work, a spectrophotometric and fluorometric Fl

[48] developed several kinds of gas diffusion scrubbers with a system coupled with the three-hole CMC for the determina-
membrane tube and porous tubes for the collection of gaseougion of HCHO in air samples were investigated and applied
analytes. Diffusive sampling devices including denuders and to the determination of trace amounts of HCHO in air. As a
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detection reaction, the acetylacetone reaction, which has(Soma, S-3250, Japan) with a micro flow-through cell (vol-
scarcely applied to flow injection method, was selected be- ume 8ul; path length 10 mm) and by a fluorescence detector
cause of possible detection by both spectrophotometric and(Shimadzu, RF-10A XL, Japan) with a micro flow-through
fluorometric methods, relatively high sensitivity, relatively cell (8l). The peak area and peak height were recorded with
moderate reaction under the conditions of low reaction an integrator (Hitachi, D-2500, Japan) or with a notebook
temperature, short reaction time, less expensive and versatileeomputer system (FIA monitors; FIA Instruments, Japan).
reagents. The CMC was assembled with a biporous PTFE block (BPB)
and a piece of hydrophobic PTFE membrane filter (Toyo
Roshi, Advantec TO20A090C, pore size Qu&, Japan), as
previously describefb9—-61,63]. All experiments were per-
formed in a controlled-temperature room (25.0.1°C)

2. Experimental
2.1. Apparatus

A schematic diagram of a flow injection analysis (FIA) 2.2. Reagents
system coupled with the three-hole CMC is showirig. 1.
A doub|e_p|unger pump (Sanuki Kogyo, SRX3400T, Japan), All chemicals used in this work were of analytical reagent
P1, was used for propelling a reagent (RS) and a carrier (CS)drade, and the water purified with a Milli-Q Labo (Millipore)
solution, and carrying the HCHO absorbed solutions in the Was used for the preparation of all solutions. The reagent
CMC into a carrier stream. A peristaltic pump (Nippon Rik- solution (RS) was prepared by mixing 1M acetylacetone
agaku Kikai, PF-7, Japan), P2, was used for propelling the Stock solution and 3.0 M ammonium acetate stock solution,
absorbing solution into the CMC. A syringe-type pump (KD followed by the addition of acetic acid for the purpose of
Scientific, 210P, USA), P3, was used for introducing ade- adjusting concentrations and pH. An acetylacetone stock
quate volumes of air samples into the CMC at a given flow solution was prepared by diluting 5.0 ml of acetylacetone
rate. Two six-way valves (Sanuki Kogyo), V1 and V2, were (Wako Pure Chemicals, Osaka, assay minimum 99.0%) with
used for introducing standard HCHO aqueous solutions andthe purified water to give a 50 ml solution. An ammonium
for introducing the absorbing solution into the CMC or the acetate stock solution was prepared by dissolving 57.8 g of
carrier solution through the CMC into the carrier stream of ammonium acetate (Wako Pure Chemicals) in the purified
FIA system. The 0.5mm i.d. PTFE tubing was used for flow Water and diluting it to 250 ml with the purified water.
lines except for the back-pressure coil (0.25mmi.d. tubing). A 0.1 M standard stock solution of formaldehyde was

The absorbance was measured at 412 nm by a visible detectoprepared by diluting 0.8 ml of 36.0-38.0% HCHO solution
(Wako Pure Chemicals) to 100 ml with the purified water;

the accurate concentration of this solution was determined

Flow injection system

by an iodometric method. The working standards were daily
RS prepared by accurate dilution of the standard stock solution.
BC Ke D _BPC oo
& o E 0> waste 2.3. Procedures for the determination of formaldehyde
CS (H:0 be R 2.3.1. Flow injection procedure for the determination of

i G | formaldehyde in aqueous solutions
| B : A diagram of the flow injection system used in this work is
| AS (H:0) LI A shown inFig. 1. Pump P1 was used for propelling carrier and
| P2 : reagent solutions. In the proposed method, the flow rate of the
E R Arig ) carrier and of the reagent solution was set at 0.4 mfrhiA
: PMF CcMC  Rirout UEI P3! six-way valve with a sample loop (3@0) was used to intro-
I I

duce the working standards of HCHO into the carrier stream
for the preparation of a calibration graph. Absorbance or flu-
Fig. 1. Schematic flow injection system coupled with a collec- orescence changes of the reaction product were measured by
tion/concentration system for formaldehyde determination. RS, reagent so-the visible detector (412 nm) and the fluorescence detector:
lution (0.03 M acetylacetone in 2M ammonium acetate at pH 5.6-5.8); excitation and emission Wavelength were 420 and 505 nm,
CS and AS, carrier and absorbing solutions (ultrapure water); P1, double- . . . .

plunger pump (each flow rate, 0.4mimi); P2, peristaltic pump (flow respectively. The flow signals were recorde_d with an integra-
rate, 0.5 mimir?); P3, syringe-type pump (flow rate, 5 mlmit); V1 and tor and a notebook-type computer: peak height and peak area
V2, six-way valves; V3, three-way valve; S, sample; M, mixing joint; DG, were used for the preparation of the calibration graph.
degassing unit; RC, reaction coil (0.5 mm xd500 cm); CC, cooling coil

(0.5mm |.p|.x 200 cm);.D, detector (spectrophotometerand/orflugrometer); 2.3.2. Batchwise collection/concentration method for
R, recording system (integrator or PC); BPC, back-pressure coil (0.25mm he d . HCHO in ai I
i.d. x 30 cm); CMC, chromatomembrane cell; BPB, biporous PTFE block the determination Of_ . nair sa_mp € .

(¢=12mm,h=14mm); PMF, porous membrane filter. (A) Absorbing so- Formaldehyde in air samples is desired to be absorbed

lution is introduced to the FIA system; (B) air is sampled. quantitatively into absorbing solutions, and the HCHO

———————————— Collection / concentration system == —c—cceaa--2
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concentrations in the absorbing solutions had better be de-block controlled at 60C. At the downstream of the reaction

termined as accurately as possible by a reproducible methodcoil, the solution was cooled down to a room temperature

in order to obtain reliable data for HCHO concentrations with a water bath prior to the detection of absorbance or the

in air samples. Accurate concentrations of the HCHO in detection of fluorescence. After the measurement, the valve

the absorbing solutions were measured by the FIA systemV2 was turned to the load position, and P3 was restarted in

(Fig. 1). the reverse position to introduce the HCHO-free air, which
The batchwise collection of HCHO from air samples into was kept in the syringe of the pump, into the CMC at the flow

an absorbing solution was investigated as follows. Accurate rate of 15 mImimt. The CMC was refreshed by this proce-

volumes of 50 ml plastic syringes as an air sampling vessel dure and could be used repeatedly without deterioration. The

were measured by weighting the maximum volume of water measurementtime necessary for one sample was about 7 min,

filled in the syringes. The volumes of the syringes were found when 20 ml of air sample was used at the sampling flow rate of

to be 71.92+ 0.43 ml when the piston stopped at the top of 6 mImin—1.

the syringes, which means that the volumes of the syringes

are very reproducible and the syringes can be used as an air

sampling vessel for sampling air. Three millilitres of the ab- 3. Results and discussion

sorbing solution (the purified water) was transferred into the

plastic syringes using a piston-type pipette (Eppendrof, Ger- 3.1. Optimisation of experimental variables for flow

many), and the syringes were immediately capped in order injection method

to avoid the contamination of HCHO from the surrounding

environment. The air sampling vessels (syringes) were then The acetylacetone method has scarcely applied to flow in-

carried to sampling sites, where air samples were introducedjection methods though it has several possible advantages. In

into the vessels and then the vessels were capped again. Ththis work, the optimal conditions were examined with respect

vessels filled with air were brought back to an experimental of improving the sensitivity of HCHO determination under

laboratory for the measurement of HCHO concentrations the moderate conditions.

in the absorbing solutions in the sampling vessels by FIA.  The optimisation experiments were performed by the FIA

The air sampling vessels were shaken vigorously by hand manifold with spectrophotometric detectionkig. 1. In the

for a certain periods of times (4 min). After shaking, the reaction of HCHO with the reagents, reaction temperature

absorbing solutions in the vessels were introduced into and reaction time are very important for the reaction

the FIA system using a six-way injection valve (300 efficiency of HCHO. The effect of temperature on the

for HCHO measurement. The concentrations of HCHO in absorbance was examined by varying temperature from 25

air samples can be calculated from the concentration of to 70°C using the heating system. The absorbance increased

HCHO in the absorbing solution, the collection efficiency with an increase in temperature until 85, beyond which

and the concentration factor of HCHO. In this experiment absorbance remained constant. Thus, a temperature’6f 60

with the 50-ml syringe, the actual concentration factor was was chosen for further studies.

Vairl VI =68.92/3.00 =22.97, whené,;; and V) represent the The acetylacetone concentration was examined in the
volume of the air sample (68.92=71.92—-3.00 ml) and the range of 0.001-0.08 M, while ammonium acetate concentra-
absorbing solution (3.00 ml), respectively. tion and pH were kept constant at 2 M and 5.8, respectively.
The absorbance increased with an increase in acetylacetone
2.3.3. On-line collection/concentration method for the concentration till 0.02M, beyond which absorbance kept
determination of HCHO in air sample identical. Thus, acetylacetone concentration of 0.03 M was

As shown inFig. 1, the FIA system coupling the col- chosen.
lection/concentration system with the three-hole CMC was  The effect of ammonium acetate concentration was ex-
assembled for HCHO determination. To start the analysis, amined in the range of 0.25-3.0 M, while the acetylacetone
the pump P2 was started and the absorbing solution wasconcentration and pH were kept constant at 0.03 M and 5.8,
propelled into the CMC at the flow rate of 0.5mlmih respectively. The absorbance increased with an increase in
After filling up the CMC, the pump P2 was stopped, and the ammonium acetate concentration. However, at higher con-
pump P3 was started to introduce air sample into the CMC centrations, the increase in absorbance was accompanied by
at the flow rate of 6 miminl. While the air sample was  an increase in noise levels. In order to compromise between
introduced, the analyte was being continuously transferredtwo effects, the concentration of 2 M was chosen.
from air to the absorbing solution in the CMC, where HCHO The effect of pH of the reagent solution was varied in
was being collected and concentrated (Sig 1(B)). Then, the range of 4.5—7.8 using acetic acid and ammonia solution.
the absorbing solution in the CMC was introduced into the The results obtained are shownHig. 2(a). In the pH range
carrier stream by turning the six-way valve, V2, to an in- of 5.2-6.8, the peak intensities were almost constant, while
jection position (se€ig. 1(A)). The absorbing solution was below pH 5.2 and above pH 6.8, the peakintensities decreased
mixed with the reagent solutions, and flowed into the reaction drastically. Based on these results, the pH range of 5.6-5.8
coil (RC), which was wound round an aluminium cylinder was chosen for further studies.
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Fig. 2. Optimisation of experimental conditions on the absorbance. Sampl#01 M formaldehyde, 30Q.l. (a) pH; (b) flow rate of FI system; (c) reaction
coil length; (d) sample volume.

The effect of flow rate of the carrier and the reagent so- problems of selectivity. The results obtained are summarized
lutions in the range of 0.35-0.50 mI mihwas investigated  in Table 1, where the tolerable concentration was defined as
under the optimum reagent composition. The results obtainedthe concentration of foreign species causing less tha¥
(Fig. 2(b)) indicate that the peak intensity decreases with in- relative error. The results revealed no serious interference
creasing flow rate. In order to compromise sensitivity and from most aldehyde, cations and anions, except'Fe
analysis time, each flow rate of 0.4 mimihwas adopted  and Fé*, both of which could be masked by EDTA. In
for further studies. most of the spectrophotometric and fluorometric methods,

The effect of reaction coil length was also examined. The acetaldehyde can cause interference with the determination
reaction coil length studied was of 3-8 m. As depicted by of formaldehyde. In the proposed system, however, the
Fig. 2(c), it was found that the absorbance increased with aninterference of acetaldehyde is much less compared with
increase in reaction coil length until 5m, after which signal other methods. This is because acetaldehyde, as well as
increases were gradual. Therefore, a 5 m coil was chosen forother aldehydes except for formaldehyde, can react with
further studies. acetylacetone and ammonia under the conditions of higher

The sample injection volumes of 100, 200, 300 and temperature and longer time. By selecting the moderate
500l were tested under the optimum conditions described conditions for the reaction of HCHO, the selectivity was
above. The results obtained (Fig. 2(d)) suggested that larger
volumes were preferable to obtain the higher peak intensity Table 1.

an_d the volume beyond 3@0 gave almost identical pe_ak Tolerable concentration of foreign species in the determination of
height. A sample volume of 3Q0 was used for rapid 1x 10" M HCHO

analzte meas_ure_mentf' h . | diti for f Species Concentration limit (M)
The (_)ptémlsat!on of t elexperlg?e(rj]ta con ]Ictlonz Cr)]r ur-] Na', K*, Mg?*, Li*, C&*, V(V), Mo(Vl), 1% 102
orometric detection was also studied. It was found that the CI-, Br-, methanol, ethanol, EDTA

optimum conditions were the same as in the spectrophoto-p2+, A3+, H,0,, propionaldehyde, 1x 104
metric detection. benzaldehyde
NO2~, NOz~, SOy, CO32~, acetone, 5x 107
3.2. Interferences of coexisting substances NHq*, CP*, Ni?*, Zr?*, Mn?*, CuP*,
Co**, acetaldehyde
. . . . . 2— 5
The investigation of possible interferences was conducted S 1x10~
Fe*, Fett 2x 1076

with regard to possible chemical interferences and the
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Fig. 3. Effect of shaking time on absorbance of formaldehyde in the absorb-
ing solution. Air sample, sampled at our laboratory on December 11, 2003;
absorbing solution, Milli-Q water.

highly improved in the present study with FIA system
[28-29].

3.3. Optimisation of experimental variables of
batchwise collection/concentration method

The batchwise collection method was necessary for ex-
amining the collection efficiency of HCHO in air by on-line
system, as well as for determining HCHO in air by FIA mea-
surement coupled with the batchwise method. The effect of
shaking time on the absorption efficiency of HCHO from air
sample into purified water was examined from 1 to 6 min, us-
ing 3.00 ml of the purified water as an absorbing solution in
a 50 ml plastic syringe volume: 71.920.43 ml. The result

1019
T T T T 5
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<— L4
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< 584 =
K =
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© L2 [
& 3
o
56 -1
55 T T T T T T T T 0

4 6 8
Flow rate of air sample/ml min”

10

Fig. 4. Effect of sampling flow rate of air sample on absorbance. Air sample,
20ml.

collected in our laboratory (indoor air). The results obtained
are shown irFig. 4. When the flow rate of the air sample ex-
ceeded 7 mlmint, the peak area and peak height decreased
abruptly. At the flow rate of air sample 3—-7 mimih the
absorbances obtained were almost constant; 6 nttniras
therefore chosen for further studies.

The effect of air sample volume on the peak area and peak
height was examined in the range of 5-30 ml, keeping the
flow rate of air sample at 6 ml mirt. Fig. 5shows the results
obtained. The peak area increased linearly with an increase in
the sample volume up to 40 ml, whereas the peak height in-
creased linearly with an increase in the sample volume until
20 ml, after which it increased gradually. Such phenomena
support the principle of collection with CMC described in

obtained (Fig. 3) shows that the peak height became almostthe previous work§59-61]; i.e., the analyte absorbed into

constant when the shaking time was longer than 3 min, which
suggests that HCHO from the air sample was completely

the absorbing solution is related to the analyte concentration
of the gaseous sample, and the absorbed zone changes ac-

transferred to the absorbing solution after shaking more thancording to the volume of the gaseous sample, which leads

3 min. In further experiments, 4 min was selected.

The quantitative absorption efficiency of HCHO into pu-
rified water was examined by three consecutive collections,
each using 3 ml of purified water in the 50 ml plastic syringe
for the same air sample. In the first collection, the collection
efficiency was more than 99%, while in the second and the
third collection, the efficiency was less than 0.5%. The sig-

to a constant peak height. In this work, 20 ml of the sample
volume was chosen because of the sufficient sensitivity for
the determination of HCHO in air.

3.5. Preparation of calibration graph

In the present FIA method, the peak height was not

nals obtained in the second and third procedures were near_lysuitame for making calibration graphs, because there was
at the background level. These results suggest that HCHO inng |inear relationship between the HCHO concentration

the 50 ml air sample could be quantitatively absorbed in 3 mi
of water in a single collection.

3.4. Optimisation of on-line collection/concentration of
formaldehyde in air

The effect of sampling flow rate on on-line collec-
tion/concentration efficiency by using the chromatomem-
brane cell was studied. The effect of sampling flow rate of air

in air sample and the peak height. Wei and co-workers
[59-61] showed a good relationship between the peak area
and the mass of an analyte in the air sample passed through
the CMC according to the law of conservation of mass,
when the absorption efficiency was 100%. The collection of
HCHO in the air sample into water was examined by both
the batchwise collection/FIA method and the on-line collec-
tion/FIA method, where the standard aqueous solutions of
HCHO were used for preparing the calibration graph at the

sample on the peak area and peak height was examined in theoncentration range of 1.5-%510~" M. The HCHO con-

range of 3—10 ml min?, using 20 ml of air sample, which was

centrations were changed into mole unit and plotted against
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peak area to yield a linear calibration graph. The equation of
the calibration graph was expresseas1.620+ 0.44 and
A=1.950+0.22 for the spectrophotometric and the fluoro-
metric detection, respectively, whetavas peak area angd

was total quantity of HCHO in 10X mol. The correlation
coefficients of both systems were 0.9989. By using the cal-
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Table 2
Analytical results for HCHO determination in air samples by spectrophoto-
metric FI

Samplé HCHO (ppbv)
Batchwise collection On-line collection

Outdoor £ 3.85+0.08 3.53+0.23
Outdoor 2 5.934+0.08 6.05:0.10
Outdoor 3 5.74+0.12 5.60+0.14
Indoor P 7.21+£0.07 7.55+0.16
Indoor Z ND 5.144-0.08
Indoor & ND 3.58+0.10
Indoor # ND 4.88+0.15

ND: not done the measurements.

a8 Samples: 20 ml, sampled atthe campus of Okayama University on Febru-
ary 11, 2004.

b Sample: 20 ml, sampled at Anal. Chem. Lab of Okayama University on
February 11, 2004.

¢ Sample: 20 ml, sampled at Anal. Chem. Lab of Okayama University on
February 13, 2004.

d sample: 20 ml, sampled at Anal. Chem. Lab of Okayama University on
February 14, 2004.

€ Sample: 20 ml, sampled at Anal. Chem. Lab of Okayama University on
February 15, 2004.

was 6 mImirm L. The average concentration of HCHO in the
air sample was 5.14 0.08 ppbv (meat: o) with the relative
standard deviation (R.S.D.) of 1.56%. The LODs for the de-
termination of HCHO in the air sample, which was defined
as the concentration corresponding to three times of standard
deviation (S.D.) of the air sample (HCHO 1.2 ppbv) by using
40 ml of the diluted air sample, were 0.05 and 0.03 ppbv, by
the spectrophotometric and fluorometric/FIA, respectively.
In Fig. 6, the flow signals obtained by the fluorometric FIA
were shown. This result indicates that the reproducible peaks
can be obtained even for HCHO at low concentrations.

3.7. Application of the proposed method to real samples

The proposed method was applied to the determination of

ibration graph for the spectrophotometry, the concentrations HCHO in real air samples, using 20 ml of air with the flow

of HCHO in air were determined by using the batchwise
collection and the on-line collection methods. The results

show that the both concentrations were in good agreement

with each other as is shown ifable 2, which means that
HCHO in air can be almost completely collected in water
with CMC and therefore the aqueous standard solution of
HCHO can be used for the preparation of a calibration graph.
The possibility of using the aqueous standard solution of
HCHO for the preparation of a calibration graph is very im-

portant and useful advantage of the proposed on-line system

with CMC over other collection systems, such as diffusion

scrubbers and denuders, which need standard gas samples.

3.6. Reproducibility test and limit of detection (LOD)

The reproducibility of the proposed method was exam-

A

5 min

—f\ /\ /\ J\“ 3-fold

A N A N A U A N

Fluorescence intensity

4-fold

>

Time

Fig. 6. Reproducibility of peak shape obtained using diluted air samples by
fluorometric/FIA. Sample: a real air was diluted to two, three and four-fold
with N gas, 40 ml of which was analyzed. Samples: air was collected in our
laboratory of Okayama University on May 1, 2004; HCHO concentration,

ined for real air samples, where the samples used for they go ppbv. The regression equatian: 2.160 +0.06, wheret = peak area,

HCHO determination were 20 ml and the sampling flow rate

Q =total quantity of HCHO in diluted air.
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Table 3 [7] T. Shiraishi, Y. Soma, O. Ishitani, K. Sakamoto, J. Environ. Monit.
The comparison of the performance between on-line CMC and batchwise 3 (2001) 654.
collection methods [8] J.R. Hopkins, T. Still, S. Al-Haider, I.R. Fisher, A.C. Lewis, P.W.
Features Collection method Seakins, Atmos. Environ. 37 (2003) 2557.
[9] Y.I. Korpan, M.V. Gonchar, A.A. Sibirny, C. Martelet, A.V. El'skaya,

On-line CMC Batchwise T.D. Gibson, A.P. Soldatkin, Biosens. Bioelectron. 15 (2000) 77.
Sensitivities Very good Good [10] R. Kataky, M.R. Bryce, L. Goldenberg, S. Hayes, A. Nowak, Talanta
Automation Allowed Not allowed 56 (2002) 451.
Total analysis time Short Long [11] W.H. Chan, T.Y. Xie, Anal. Chim. Acta 349 (1997) 349.
Precision Very good Good [12] M. Yang, X.G. Zhang, H.L. Li, Analyst 126 (2001) 676.
Sample volume Small Large [13] O. Fatibello-Filho, A.A. Suleiman, G.G. Guibault, Talanta 38 (1991)

541.

[14] R.L. Bunde, E.J. Jarvi, J.J. Rosentreter, Talanta 51 (2000) 159.

L1 . ) [15] R.T. Rivero, V. Topiwala, J. Chromatogr. A 1029 (2004) 217.
rate of 6 mI mir~. The results were compared with those ob [16] S.T. Girousi, E.E. Golia, A.N. Voulgarapoulos, A.J. Maroulis, Fre-

tained by the batchwise colIection/_FIA method as shown in senius J. Anal. Chem. 358 (1997) 667.

Table 2. The analytical results obtained by the on-line collec- [17] X.-Q. Zhan, D.-H. Li, Q.-Z. Zhu, H. Zheng, J.-G. Xu, Analyst 125
tion/FIA system were in good agreement with those obtained (2000) 2330.

by the batchwise collection/FIA method. Moreover, it can be [18] A-C. Rayner, C.M. Jephcott, Anal. Chem. 33 (1961) 627.

seen that the HCHO concentration in our indoor air samples [19] ie%awm T:R. Hauser, S. McPherson, Anal. Chem. 34 (1962)

lower than the regulated value (0.08 ppri&) [20] B.W. Bailey, J.M. Rankin, Anal. Chem. 43 (1971) 782.

[21] R.R. Miksch, D.W. Anthon, L.Z. Fanning, C.D. Hollowell, K.
Revzan, J. Glanville, Anal. Chem. 53 (1981) 2118.

[22] P. Verma, V.K. Gupta, Talanta 30 (1983) 443.

[23] A. Afkhami, M. Rezaei, Microchem. J. 63 (1999) 243.

. . . [24] A.A. Ensafi, S. Abassi, Fresenius J. Anal. Chem. 363 (1999) 376.
Inthe presentwork, a simple, rapid and sensitive Fl system[25] s k. Goyal, J. Environ. Monit. 3 (2001) 666.

for the determination of HCHO in air was developed, where [26] J.M. Bosque-Sendra, S. Pescarolo, L. Cuadrosigadz, A.M.

the FI system was coupled with a three-hole chromatomem- ~ Garda-Campaa, E.M. Almansa-bpez, Fresenius J. Anal. Chem.

; 369 (2001) 715.
Erane (;je” ((t:hMCZ'Tze fgrmiil?.ehy?e aqueou.s Sct)llqutlonlstOij.ld 27] P. Tontik, L. Mrafkova, D. Bustin, Microchim. Acta 141 (2003) 69.
€ used as the standard solutions Tor preparing the calibratio 28] T. Nash, Biochem. J. 55 (1953) 416.

graph, which was very useful and convenient for the practi- [29] s. Belman, Anal. Chim. Acta 29 (1963) 120.

cal analysis because standard HCHO gas was not required[30] L. Gamiz-Gracia, M.D. Lugue de Castro, Analyst 124 (1999) 1119.
By using the moderate reaction conditions, the selectivity of [31] H. Tsuchiya, S. Ohtani, K. Yamada, M. Akagiri, N. Takagi, Analyst
HCHO detection was improved, and the interference from ac- 119 (1994) 1413.

2] Q. Fan, P.K. Dasgupta, Anal. Chem. 66 (1994) 551.
etaldehyde, as well as other aldehydes, was much decrease 3] T. Sakai, S. Tanaka, N. Teshima, S. Yasuda, N. Ura, Talanta 58

The LODs estimated by using 40 ml of diluted air sample (2002) 1271.
were 0.05 and 0.03 ppbv, by the spectrophotometric and flu-[34] T. Pérez-Riz, C. Marinez-Lozana, V. Toias, J. Fenoll, Anal.
orometric/FIA, respectively. The advantages of the on-line Bioanal. Chem. 375 (2003) 661.

CMC and batchwise collection are showrTable 3. [35] B. Li, M. Liu, Z. Zhang, C. Xu, Anal. Sci. 19 (2003) 1643.
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