
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 17 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Journal of Environmental Analytical Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713640455

Mrasurement of Atmospheric Formaldehyde Using a Drop Collector and
In-Situ Colorimetry
E. A. Pereiraa; P. K. Dasguptab

a Dep. Quimica Analitica, Institute de Quimica-UNESP, Araraquara-Sao Paulo, Brazil b Department of
Chemistry and Biochemistry, Texas Tech University, Lubbock, TX, USA

To cite this Article Pereira, E. A. and Dasgupta, P. K.(1997) 'Mrasurement of Atmospheric Formaldehyde Using a Drop
Collector and In-Situ Colorimetry', International Journal of Environmental Analytical Chemistry, 66: 3, 201 — 213
To link to this Article: DOI: 10.1080/03067319708028363
URL: http://dx.doi.org/10.1080/03067319708028363

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713640455
http://dx.doi.org/10.1080/03067319708028363
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Intern. 1. Envimn. Anal. Chem.. Vol. 66, pp. 201-213 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1997 OPA (Overseas Publishers Association) 
Amsterdam B.V. Published in The Netherlands 

under license by Gordon and Breach Science Publishers 
Printed in Malaysia 

MEASUREMENT OF ATMOSPHERIC 
FORMALDEHYDE USING A DROP COLLECTOR 

AND IN-SITU COLORIMETRY 

E. A. PEREIRA" and P. K. DASGUPTAb** 

'lnstituto de Quimica- UNESP: Dep. Quimica Analitica Caixa Postal 355. CEP 
14800-900 Araraquara-Sao Paulo, Brazil; bDepartment of Chemistry and Biochemistry 

Texas Tech Universiy, Lubbock, Tx 79409-1061, USA 

(Received 6 September 1996; In  final form 5 November 1996) 

A sensitive and affordable approach is described for the in-siru measurement of ambient formalde- 
hyde. Air is sampled around a 100 microliter aqueous drop containing 3-methyl-2-benzothiaoline 
hydrazone. After a desired period of sampling (typ. 5 min) and a waiting period of 10 min for the 
reaction to be completed, a second reagent (FeCI,) is added to the drop by means of a conjoined 
conduit. A blue product is formed and is read after an additional 10 min of reaction by a fiber-optic/ 
light emitting diode based photodetector. A fresh drop is then formed and the process begins anew. 
As demonstrated here, the limit of detection is -6.25 pg m-3 HCHO but can be significantly 
improved by using longer sampling times and a sampling rate higher than 100 ml min-' used in 
most of this work. This is the first example of a chromogenic drop sensor that utilizes sequential 
reagent addition. 

Keywords: Formaldehyde; colorimetry; drop sensor; light emitting diode 

INTRODUCTION 

In recent years, we have been fascinated by the utility of small liquid drops and 
thin films for sampling in biphasic systems, such as collection of a gaseous 
analyte or solvent extraction, the analysis being carried out either in-siru or 
on-line."-81 Ammonia has been collected into a drop of dilute H,SO,, with- 
drawn into a capillary format sequential analysis system and colorimetrically 
determined.[21 Nitrogen dioxide at ambient levels has been collected into a hang- 
ing drop/film of Griess-Saltzman reagent and the resulting purple dye quanti- 
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202 E. A. PEREIRA and P. K. DASGUFTA 

tated by in-situ fiber opticilight emitting diode (FO LED) based colorimetry.[21 
Traces of chlorine have been similarly measured, except using continuously 
forming/falling drops containing the chromogen tetramethylben~idine.[~I Films 
supported on a loop have been used to collect a variety of inorganic and organic 
gases and vapors that are then separated by capillary electrophoresis and quan- 
titated by UV"] or suppressed conductometric detection."] Direct electrochemi- 
cal sensing of hydroperoxides after collection in a thin film has also been shown 
to be effective.r81 

In atmospheric analysis, it is frequently important to discriminate between 
gases and particles because the same analyte can occur in both phases. Diffusion 
based discrimination is widely practiced to separately collect gases and par- 
ticles.['] Drops or films allow:['01 (i) a novel, indefinitely renewable, collection 
mechanism for analytical purposes (indeed such a mechanism routinely operates 
in nature as evidenced by the atmospheric cleansing effect of rain), (ii) facile 
coupling to inexpensive detection systems and (iii) intrinsic discrimination 
against the collection of particles due to "diffusiophoresis"." 

Formaldehyde is the most abundant gas phase carbonyl compound in the 
ambient atmosphere, ranging in concentration from 10-100 pg m-3 in polluted 
urban air. It originates both from combustion sources and atmospheric oxidation 
of hydrocarbons."21 The measurement of atmospheric formaldehyde has been of 
considerable interest to us for some time."3-211 The most sensitive method that 
we have developed involves the cyclization reaction of formaldehyde collected 
by a Nafion membrane diffusion scrubber with cyclohexanedione and ammo- 
nia;[*ll in a recent intercomparison study, this method has compared very well 
with tunable diode laser spectroscopy.[221 

The present manuscript describes the results of a cooperative effort between 
Brazilian and U.S. scientists towards the introduction of atmospheric monitoring 
techniques appropriate to the needs of a developing country. Brazil has a set of 
unique atmospheric problems because of the ,widespread use of ethanol as a fuel 
for internal combustion engines. Partial oxidation of ethanol in vehicular ex- 
haust leads to high levels of acetaldehyde; 60 pg m-3 CH3CH0 and 32 pg mP3 
HCHO have been reported in urban air.[231 To our knowledge, there is no other 
place in the world where CH3CH0 concentrations are so high and exceed that of 
HCHO. Ethanol for use as fuel is produced by the fermentation of sugar cane 
juice. Large amounts of sugar cane waste (bagasse) is produced as a byproduct 
and are typically disposed off by burning. A significant rural and semirural 
source of HCHO and NO, is thus created due to biomass combustion. In this 
context, it is desirable to develop inexpensive means of monitoring NO, and 
HCHO andor other aliphatic aldehydes. These compounds are transported over 
significant distances and ultimately lead to the photochemically mediated pro- 
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ATMOSPHERIC FORMALDEHYDE 203 

duction of peroxyacylnitrates and ozone.[241 With sensitive, affordable and field 
deployable measurement techniques, these substances can be widely measured 
in rural areas and the source strengths estimated from multipoint measurements 
and meteorological vectors. To this end, we have previously designed inexpen- 
sive drop-based NO, sensors.[21 The fluorometric HCHO is tech- 
nically suitable but too complex and expensive for the task. Ideally, one should 
be able to operate such instruments from batteries, this largely rules out fluoro- 
metric sensing. Numerous other methods have been described for the determi- 
nation of atmospheric aliphatic aldehydes in genera1,[23.25*261 and formaldehyde 
in particular, by colorimetry.r261 The latter procedures include reactions with 
chromotropic acid, the Schiff reagent, phenylhydrazine and derivatives and 
2-hydrazinobenzothiazoles. The sensitivities for a number of these procedures 
have been compared[271 and the reaction with 3-methyl-2-benzothiaoline hydra- 
zone (MBTH) was determined to be the most sensitive.[281 In this work, we 
report a FOLED-based system that relies on the MBTH chemistry for a portable 
inexpensive drop sensor that measures HCHO. .It is the first sensor to use se- 
quential reagent addition in a drop. 

EXPERIMENTAL SECTION 

Reagents 

All reagents were prepared and stored according to established methods.r291 For 
the MBTH reagent, a 0.05% solution (2.3 mM) of the hydrochloride salt (Ald- 
rich) was used. One hundred pl was used for each determination. The ferric 
chloride-sulfamic acid reagent contained 1.6 g sulfamic acid and 1.0 g FeCl, in 
100 mL solution; 40 pl of this reagent was used per determination. 

Test Gas Generation 

Formaldehyde test gas at pg m-3 concentrations was generated according to 
Dong and Dasgupta.[”] The experimental arrangement is shown in Figure 1. 
House compressed air is purified by passage through three sequential columns 
(A, B, C), respectively containing silica gel washed with concentrated H2S04/ 
K,Cr,O,, activated carbon, and 50:50 silica geYsoda lime. One portion of the 
pure air flow, controlled by needle valve C1 and read by mass fiow meter/ 
controller FCl (model FC-280 or FM-260, Tylan General, Torrance, CA), at 100 
ml min-I was directed through a hydrophobic microporous membrane tube E 
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204 E. A. PEREIRA and P. K. DASGUPTA 

FIGURE 1 Test arrangement. A, B, C: Air purifying columns; C1,2,3/FC1,2,3: needle valve and 
flow readout, D: Formaldehyde generation source, E: Hydrophobic porous membrane tuM immersed 
in aqueous formaldehyde solution, R tee connection; P Vent port; V. three way PTFE selector valve; 
S: Sensor housing, AP: Air sampling pump, PD: photodetector: PC: personal computer based data 
acquisition system. 

immersed in a solution of 2 X M HCHO in container D. A second flow 
stream, governed by C2 and FC2, is used for the dilution of the generator output 
at a tee junction R. Any flow used for sampling is drawn through the three way 
PTFE solenoid valve V, the remaining is vented through port P. Valve V allows 
the sampling of either the test gas or pure air through sensor S, the flow through 
the sensor being governed by flow controller/needle valve C3/FC3 and aspira- 
tion pump AP. The sensor has liquid inlet tubes (G, H) and optical fiber connec- 
tors that lead to photodetector PD, with the data being acquired and processed 
by a personal computer PC (vide infru). 

Sensor Arrangement 

The drop sensor S is shown in more detail in Figure 2. It was fabricated from a 
common chromatography fitting, a 1/4-28 female threaded union U intended for 
the coupling of two male nuts. Approximately 2-3 mm from the bottom of this 
union, two adjacent holes are drilled such that two 30 ga. PTFE tubes (Zeus 
Industrial Products, Raritan, NJ), G and H, can be push fitted into them. At the 
very bottom edge of the coupling, two 1.5 mm diameter holes are drilled oppo- 
site to each other and acrylic optical fibers M and N are push fitted into these. 
One optical fiber connects to a high brightness (1 cd) 660 nm LED (Stanley 
Electric, H-1000, Tokyo, Japan) powered at a constant current of 20 mA. The 
receiver fiber is connected to a photodiode equipped with a 660 nm interference 
filter (Intor Inc., Soccoro, Nh4). The light source is referenced by a photodiode 
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ATMOSPHERIC FORMALDEHYDE 205 

B 

100.0 

FIGURE 2 Sensor details. dimension5 are indicated in millimeters. U: 1/4-28 threaded male-male 
union, S. S’: Screws holding U to sensor outer housing 0; G. H: PTFE tubes (connected with 
dispensing syringes. not shown) connected to U for forming the drop: M. N: Acrylic optical fibers: 
B: waste botrle. 
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placed on the backplane of the LED. The reference and signal photodetector 
outputs are processed by a switched integrator based detector that directly pro- 
duces the absorbance 

The drop sensor housing U is affixed concentrically within an opaque outer 
tube 0, ca. 2.5 cm i.d. and 10 cm long, by means of screws S, S'. The optical 
fibers and the liquid input tubes exit through the wall of this housing. The outer 
tube 0 is provided with caps at each end that have tapered barbs and thus permit 
facile connection of 1/4-1/2 in. diameter air in/out tubing. Sample gas enters the 
sensor housing 0 through the top and is aspirated through the tee junction at the 
bottom. The sampling rate was 100 ml min-', except as stated. Liquid waste is 
collected in the bottle B. 

During use, each liquid inlet tube is connected to an 1 ml capacity syringe, 
each containing one reagent. To obtain a reproducible dispensing of a reagent 
volume inexpensively, a semi-automated syringe adapter may be used (e.g., 
Hamilton PB 600); much of the data presented in this paper were, however, 
generated by careful manual dispensing. 

that is acquired by the PC. 

The following experimental protocol was used: 
(a) Form an 100 pl droplet of the MBTH reagent (when the amount is dis- 

pensed from the syringe, the liquid flows down the threads of the fitting U and 
forms a hemispheroid drop at the bottom). 

(b) Sample the test gas for a fixed time, e.g., 5 min. 
(c) Sample pure air for 2 min to flush the sampling zone. 
(d) Allow an additional 10 min reaction time for MBTH to react with the 

(e) Add 40 pl of the FeCl, reagent. 
(0 Record the absorbance value after 10 min of adding the FeC1, reagent as 

the analytical signal (the color development is not necessarily finished by this 
time). 

' (g) Flush out existing liquid with more MBTH reagent, form a new drop and 
recommence a new sampling cycle (total cycle period is ca. 30 min.) 

collected HCHO. 

RESULTS AND DISCUSSION 

Initial Considerations 

The MBTH reaction was selected for the present work because it permits sen- 
sitive colorimetric measurement with relatively simple chemistry. Not only the 
optimum monitoring wavelength is addressable by an LED, rather bright sources 
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ATMOSPHERIC FORMALDEHYDE 207 

are available, in this wavelength region that permits low photometric noise. 
Although established methods recommend a measurement wavelength of 628 
nm,[293 the dye formed absorbs in a very broad spectral region, the half width 
spanning 490-700 nm (Figure 3). Since very bright 660 nm LEDs are avail- 
able commonly and very inexpensively, these were used. 

A minor disadvantage of the MBTH chemistry is that it is not selective for 
HCHO but responds to CH,CHO as well. However, in emissions from biomass 
combustion, HCHO emission far exceeds that of CH,CHO. Additionally, the 
sensitivity of the MBTH method decreases with decreasing chain length of the 
aldehyde-at a concentration of 50 pg 1-' in the liquid phase, ethanal and 
propanal respectively produce an absorbance that is 80% and 58% that of 
HCH0.[291 Moreover, a liquid drop is a diffusion based collector where collec- 
tion efficiencies increase with increasing diffusion coefficient and increasing 
Henry's law solubility (in the solvent constituting the drop)."] The Graham's 
law diffusion coefficient of HCHO is 1.2 1 times that of CH,CHO and the Hen- 
ry's law solubility of HCH0[13] is several thousand times greater than that of 
CH3CH0.[311 

A more important practical drawback to the MBTH method is that the reac- 
tion steps must be sequentially conducted. In the first step, HCHO reacts with 
MBTH to form an azine. In the second step, the azine is oxidatively coupled to 

FIGURE 3 Visible spectrum of the analytical reaction product. 
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a second molecule of protonated MBTH to form an intensely blue cationic 
dye.[291 The product of analytical interest is not formed if Fe3+ is present ini- 
tially in the MBTH reagent, presumably HCHO is oxidized to HCOOH. The net 
outcome is that the total sampling and analysis cycle is 30 min long, of this only 
a relatively small time is actually spent for sample collection. While measure- 
ment with this temporal resolution was judged adequate for the present purpose, 
if a greater temporal resolution is required it is obviously possible to multiplex 
more than one drop sampler (including the fiber optic) to the sampling pump and 
detector electronics. 

Effects of pH on the First Reaction Step 

We studied the effect of the reaction pH in the first reaction step with a view to 
select best conditions for the determination in terms of both speed and sensitiv- 
ity. One ml of 25 pM HCHO was added to 10 ml of 2.3 mM MBTH hydrochlo- 
ride solution, the latter containing additional HC1 when it was desired to adjust 
the reaction pH to less than 5 (the pH obtained without adding additional acid to 
the reagent). The first reaction step was allowed to occur for periods of 2, 4, 6, 
8 and 10 min at three different pH levels (1, 3.5 and 5 )  following which the 
FeC1, reagent (2 ml) was added. Color development was then allowed to con- 
tinue until the absorbance no longer changed (115  min). The results are shown 
in Figure 4. It is obvious that the reagent without additional acid performs the 
best and this composition was therefore used. pH values higher than 5 were not 
investigated: It is difficult to maintain such pH levels because of the absorption 
of atmospheric CO,, the concentration of which can be particularly high and 
variable during biomass combustion events. At an alkaline pH, the reagent is 
unstable as well. 

Brief experiments were conducted with cationic, anionic and nonionic surfac- 
tants to determine if they favorably influenced the reaction rate. No particularly 
attractive results were found. 

Signal Profile and Calibration Behavior 

Figure 5 shows the temporal development of color after the addition of the FeC1, 
reagent. The raw data was acquired with a 1 s time resolution and then smoothed 
with a 10 point averaging routine using MS Excel. As may be obvious from the 
data, the initial absorbance is not uniformly zero for the various runs. This minor 
difference in the starting absorbance is an indication of the scatter and drift 
inherent with the instrument and the drop measurement technique. In Figure 6, 
the absorbance after 10 min of reaction is plotted against the HCHO concentra- 
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FIGURE 4 Absorbance as a function of the first step reaction time at three different pH levels. 
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FIGURE 5 The temporal development of color in the second reaction step after various 
trations of gaseous formaldehyde are sampled. 
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FIGURE 6 Calibration plot for gaseous formaldehyde. 

tion sampled. The response is reasonably linear, (r = 0.9916) with a slope of 
1.49 mAU/pg m-3 HCHO. The detection limit, based on the criteria of three 
times the standard deviation of the blank is better than 6 pg mV3, adequate for 
the intended application. However, experiments show that the amount collected 
increases linearly with time for sampling periods at least up to 30 min and thus 
the detection limit can obviously be improved by increasing sampling time (as 
well as by a greater sampling rate, vide infru). 

It is interesting that in the standard method,[2g1 the second reaction step is 
complete within 12 min, at which time the measurement is made. In the present 
case, the results in Figure 5 make it obvious that the reaction is not complete by 
this time. This is because the manner of reagent addition as practiced here does 
not result in rapid mixing. It is possible that a more concentrated FeC1, reagent 
solution could be beneficially used to provide an adequate amount of oxidant 
throughout the drop in a shorter period; note that this reagent does not contribute 
any significant absorbance background at the measurement wavelength. This 
was not investigated. 

In general, the temporal profile of the color development process fits well to 
a first order rate process as shown in Figure 7 for the 156 pg m-3 formaldehyde 
sample. This fit predicts an absorbance of 0.28 when the reaction is completed. 
If it is possible in the field to use a PC to acquire data, it would be possible to 
compute the best fit ultimate absorbance value and use that as the analytical 
signal. Such an approach should enhance the signdnoise ratio because it uses 
the entire temporal profile, rather than the absorbance value at any specific time 
coordinate. 
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FIGURE 7 The second step color development reaction shows an excellent fit to first order kinetics 
(circles: experimental data; fit: solid line). 

Effect of Sample Flow rate 

Figure 8 shows that the response increases significantly with increasing sam- 
pling rate. The effect of flow rate has previously been studied for drop samplers, 
typically the response initially increases almost linearly with increasing flow rate 
and then tends to reach a p l a t e a ~ ; [ ~ . ~ * ~ ]  this is characteristic of a diffusion based 
sampler.[’] However, this is only true when the collection surface is a perfect 
sink for the analyte gas. The fact that no indication of a plateau is reached in the 
present case suggests that surface uptake may be a limiting factor here. At higher 
flow rates, liquid phase mixing in the drop is enhanced by the frictional drag 
caused by the air sample moving past the liquid surface, helping to bring fresh 
MBTH reagent to the surface. Similar effects have been previously observed in 
other drop collector systems.[’] An altogether different factor may also be op- 
erative at higher flow rates. A high sampling rate enhances the evaporation of the 
drop, resulting in further concentration of the collected analyte. In any case, it is 
obvious that a considerable further increase in sensitivity may be possible by 
operating at a flow rate higher than that used in most of this work. 

Applications 

The instrument was used for sampling both indoor and outdoor air in July and 
August, 1995. Indoor concentrations in the laboratory were as high as 40 pg 
mP3, comparable values for our laboratory air have previously been measured 
by the fluorometric technique.[”] Daytime outdoor concentrations averaged 25 
pg mP3 similar to values previously measured at this location, with the levels 
showing a significant decrease after overnight rain. 
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0.120 , 0 
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0.020 ' I 

Sample Flow Rate, ml rnin 
6 160 260 360 400 500 !do-, 700 

FIGURE 8 Absorbance as a function of air sampling rate (46 pg mW3 HCHO, 5 min sample). 

CONCLUSIONS 

It is felt that we have introduced here a viable and affordable technology for the 
sensitive measurement of formaldehyde. Indeed, in view of the large number of 
selective and sensitive chromogenic chemistries that are available in the litera- 
ture, the basic principle could be applicable in many other cases. Obviously, the 
actual instrument deployed in the field does not need calibration sources or inlet 
valves and other test arrangements used in this work. Such calibrations can be 
conducted in the laboratory. We carried out experiments at a relatively low 
sampling rate to reduce pumping requirements. However, even modest low 
power pumps appear to be capable of drawing samples at a rate of 500 ml min-' 
through the present sensor and should be implemented in the final design along 
with a hypodermic needle serving as a critical orifice to provide a constant flow 
rate. For data acquisition, computer requirements are quite limited, even-a 80286 
class PC is quite acceptable. Such laptop PCs are available rather inexpensively. 
The use of such a laptop PC suitably equipped with a data acquisition card will 
greatly enhance the power of the proposed approach. 
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