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CHAPTER I 

INTRODUCTION 

Qccurrence/ mpQrtancft and Measurement 

Q£, RedUCed Sulfur Anions 

Sulfur dioxide, one of the major air pollutants, is 

emitted into the atmosphere in large quantities by chemical 

industries, automobile exhausts, petroleum refineries and 

power plants relying on the combustion of fossil fuels (1). 

It also comes into our environment by the microbial reduction 

of sulfate under anaerobic conditions. The oxidized forms of 

sulfur, sulfite and sulfate, are widely used for bleaching, 

food preservation and production of pulp. 

In concentrations of less than 1 ppm, sulfur dioxide 

can be corrosive to construction materials and may be toxic to 

vegetation at concentrations equal to or above two or three 

ppm (2). It is likely that the process of in-cloud 

transformation of sulfur dioxide to sulfuric acid involves 

dissolution of sulfur dioxide into cloudwater followed by 

oxidation by either hydrogen peroxide or ozone. For these 

reasons, trace determination of reduced sulfur anions in 

aqueous solution is important in atmospheric analysis, 

especially in the elucidation of various aspects of the 

occurrence, distribution and chemistry of atmospheric sulfur 

compounds as well as in understanding the phenomenology of 

acid precipitation (3, 4). 



Several reviews covering the macro determination of 

S(IV) compounds by gravimetric, titrimetric and spectroscopic 

methods are available (5-7)• In recent years, however, the 

major interest has been focused on trace measurements of 

micro- or submicromolar concentrations in aqueous samples and 

gaseous samples absorbed into suitable absorbers. The demands 

for high sensitivity, low detection limit and fast throughput 

have prompted the development of new methods, some of which 

are briefly described in the following. Further detailed 

descriptions may be found in the references provided. 

Electroanalytical Methods 

Potentiometric Methods Inclnding on-Selective 

Electrodes. Direct potentiometric titration of sulfite using 

sodium chlorite has been described (8)• It is critical to 

have a pH within the range of 4 - 4.6, when using this method. 

Below pH 4, loss of SO^ occurs; above pH 5, the reaction is 

slow and incomplete. Norkus and Shemkyavichute (9) conducted 

the potentiometric titration of sulfite in 2 - 10 M NaOH using 

iodine as titrant and platinum and calomel electrodes^ 

Some ion-selective electrodes have been applied to the 

determination of sulfur (10, 11). The lead ion "selectrode" 

has been applied to determine the SO^ in flue-gases (12). In 

this case, the gases are passed through a 3% H^O^ solution and 

the SO^^" formed is determined by potentiometric titration 

using 10"̂  |iM Pb̂ "*" as titrant. Sulfite ion-selective 



electrodes are now commercially available (E. Î  L̂  Electrode 

No^ 8010, E^ Î  L^, Hanworth Lane, Chertsey, Surrey, England^ 

Orion Electrode No• 95-64, MSE Scientific Instruments, Manor 

Royal, Crawley, West Sussex, England)• The detection range is 

1 - lO^ HM S(IV). For lO^ ̂ M S(IV), significant interferences 

are from hydrofluoric acid (3 x lO^ ̂ IM) , acetic acid (5 x lO^ 

ÎM) and HCl (> 1 M) • 

CouloTnfitrir; Methods. Coulometry is established as one 

of the most important methods for detection of sulfur 

compounds, particularly at low concentrations. An example of 

current practice is the micro-coulometric determination of 

trace amounts of sulfur in light petroleum products (13), in 

which a total sulfur concentration in the range of 6.0 x 10-̂  -

3.1 X lO^ |XM can be determined^ Interferences by halogens and 

nitrogen compounds can be eliminated by addition of NaN^ to 

the cell electrolyte^ 

Other coulometric procedures for determination of 

sulfur in petroleum products have been described by Dixon (14) 

and Carter (15)• The latter utilizes a simple and inexpensive 

constant current coulometer, by which 0̂ 01 - 1% sulfur in oils 

can be determined^ 

A coulometric method for SO^ developed by Bailey and 

Bishop (16) uses Differential Electrolytic Potentiometry for 

end-point location. By this method SO^ (̂  40 |J.M) in aqueous 

solution can be determined. The relative error was < 0.7% for 



determining 0.34 - 1.99 pjnole SO^ • The correction needed for 

interference by air oxidation of SO^ was < 0^3%^ 

Spectrophotometric Methods 

Pararosani inf̂  Method. In this description attention 

will be principally focused on sulfur dioxide. It is often 

determined after collection in an aqueous absorber (17), 

followed by the selective reaction of aqueous S(IV) with 

formaldehyde and a dye. The product is measured 

colorimetrically• Presently, the reference method of choice 

for the determination of SO^ in the atmosphere, as recommended 

by the United States Environmental Protection Agency (EPA), is 

the pararosaniline method (18), as first proposed by West and 

Gaeke in 1956 (19) and modified by Scarringelli QL âX- (20). 

By this method, West and Gaeke removed the atmospheric sulfur 

dioxide by scrubbing the air sample through a solution of 

sodium tetrachloromercurate (II) (Na-TCM), forming a stable, 

nonvolatile complex, disulfitomercurate (II). The subsequent 

determination of the collected S(IV) is based on the 

red-violet color produced when an acidic solution of 

pararosaniline hydrochloride and formaldehyde are added to the 

sample solution. The detection limit for this method is 25 |ig 

SÔ /m-̂  (10 ppbv) in an air sample of thirty standard liters 

(short-term sampling) and 13 \Lg SO^/m^ (5 ppbv) in an air 

sample of 288 standard liters (long-term sampling). 



p-Aminoazobenzene Method. In the pararosaniline 

method, the spectrally active products constitute an 

equilibrium mixture of mono-, di-, and trisubstituted 

pararosaniline (21). Kniseley and Throop (22) used a dye 

chemically similar to pararosaniline, but containing only one 

amino group. Thus, only one product may be formed with this 

reagent• In this investigation, the effect of acid 

concentration on color intensity of the SO^-dye-formaldehyde 

solution was studied^ Optimum results were obtained with an 

acid concentration of 0^61 N HCl in the final solution and 

this gave a stable color of high absorbance^ At 505 nm (at 10 

min) the method displays a sensitivity of 0̂ 64 A.U^ |J.g~ mL 

SO2 (final reaction mixture) but the blank value is 0.42 A.U. 

Therefore, the detection limit is not improved compared to the 

pararosaniline method. Also, the actual nature of the color 

forming reaction involving p-aminoazobenzene is yet to be 

elucidated^ 

Modified West-Gaeke Methcd. Nauman QL ãl' (23) 

attempted to elucidate the mechanism of the reaction of sulfur 

dioxide, formaldehyde, and pararosaniline in acid solution, 

but it was not until 1980 that these mechanistic suggestions 

were confirmed by Dasgupta, DeCesare and Ullrey (24). In this 

presentation, Dasgupta si. aJ.- collected the air sample 

containing SO^ through 15 mL of 7 mM formaldehyde buffered at 

a pH of 4.2 with 1 mM potassium acid phthalate (KHP) instead 



of the toxic mercury containing compound originally used. 

Sulfite, liberated from hydroxymethanesulfonic acid by 4.5 M 

NaOH, is added to acidic pararosaniline for color development 

according to the Schiff-reaction. The method is comparable to 

the West-Gaeke method in absorption and recovery efficiencies, 

sensitivity, and precision^ The stability of sulfur dioxide 

in a formaldehyde absorber has been extensively examined (25) 

and compared to the stability of SO^ in mercury absorbers• 

Lately, Kok SLL aĴ - (2 6) adapted the modified West-Gaeke method 

for automated analysis using the Technicon Segmented Flow 

System to analyze cloud water and precipitation samples. More 

recent measurements (27 - 2 9) of the formaldehyde-bisulfite 

hydroxymethanesulfonate equilibrium system indicate that the 

formation constant of the addition compound is in fact two 

orders of magnitude higher than that previously reported (24). 

Fluorometric Methods 

5-Aminofluorescein Method. Combining the Schiff 

reaction with fluorimetry to produce a more reliable and 

sensitive SO^ test, Axelrod ÊÍ. al. (30) were able to make 

formaldehyde and bisulfite complex react with a fluorescent 

molecule (5-aminofluorescein) to form a nonfluorescent or 

weakly fluorescent species• Fluorescence measurements were 

made by a Perkin-Elmer 203 Spectrofluorometer equipped with a 

Xenon lamp source. The excitation wavelength (Xgĵ ) was set at 

405 or 460 nm, and the emission was observed at 515 nm. A 
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solution of TCM-SO^, HCHO and the working dye was prepared. 

After mixing, a minimum of 20 min reaction time was required 

before measuring the fluorescence. No interference was 

observed from nitrate, sulfate, hydrogen peroxide, iron (II), 

or ammonium ions in 10"^ M concentrations• At a S(IV) 

concentration of 10"^ M, an error of 5% is observed with 

potassium, calcium, magnesium, copper (II), acetate and 

nitrite^ The same error is produced by 10""̂  M iodide. Iron 

(III) gives a 45% error at 10"^ M. Modifications of the 

fluorescent molecule might potentially lead to an even higher 

sensitivity toward SO^. A potential error in such a method is 

due to the collection of fluorescent organic compounds during 

sampling; this was noted in an aanalogous fluorescence method 

for H^S (31) • The detection limit for the method is 0^31 |IM 

SO2 in tetrachloromercurate(II) . 

1-Naphthylammonium Chloride Method. This method is 

understood to work through an "indicator pK-shift reaction" 

(32). The use of this indicator can successfully, and with 

the benefit of greater sensitivity, extend the Schiff-type 

reaction to work with nonfluorescent fluorescent acid-base 

indicator systems. Analogous to the colorimetric method (24), 

Dasgupta (32) used 1-naphthylammonium chloride for 

pararosaniline hydrochloride in a fluorometric version of the 

Schiff reaction for the detection of sulfur dioxide. A 

Perkin-Elmer 650-lOS spectrofluorometer equipped with a 150-W 
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Xenon lamp was used with X^^ = 342 nm, X^^ = 442 nm. The 

sensitivity is 2 orders of magnitude better than the 

colorimetric method reported by West and Gaeke in (19)• This 

method is superior to the 5-aminofluorescein method described 

above, because it measures an increase, rather than a 

decrease, in fluorescence compared to the blank value^ 

Anthranilic Acid Method. Anthranilic acid is a 

relatively rare aromatic amine from the standpoint of 

carcinogenicity, compared to 1-aminonaphthalene (33). 

McDowell and Dasgupta (34) reported the use of anthranilic 

acid, a benign reagent, for the determination of 

formaldehyde-stabilized S(IV) in the 1-50 \ig/L (approximately 

30 nM - 1.5 |XM) range • A Perkin-Elmer MPF-3 

spectrofluorometer equipped with a 150-W Xenon lamp, was set 

at Xgx ^ ^^^ ^^ ^^^ ^em ^ ^^^ ^^' "̂ ®̂ reaction is analogous 

to that with 1-aminonaphthalene and utilizes anthranilic acid 

as the fluorescence indicator^ However, the reaction is 

sensitive to pH and very strict control of pH is necessary to 

obtain good reproducibility• Morever, the kinetics of the 

reactions involved are such that whenever S(IV), stabilized in 

a formaldehyde solution, reacts — after base-induced 

decomposition — with an acidic indicator solution, the 

analytical response decreases nonlinearly for low analyte 

concentrations (26, 33, 34, 35). The detection limit of this 

method is 0.05 |iM S(IV) . 



N-(Q-acridinyl)maleimide Method. Maleimide-based 

fluorogenic probes for thiols, sulfides and sulfites are well 

known (36)• One of the more recently introduced maleimides is 

nonfluorescent N-acridinylmaleimide (NAM) which reacts with 

sulfites, sulfides and thiols under alkaline conditions 

(37-44) to form fluorescent 3-sulfonato- or 3-mercapto-NAM. 

Although a highly sensitive and specific fluorometric method 

for sulfite using the reaction of NAM and sulfite in solution 

has been developed by Meguro s^ âi- (45), the necessary 
o 

reaction time of 1 hour (at 35 C) is inconveniently high. The 

excitation and emission maxima (360 nm, 435 nm) were reported 

for pH 8.8^ Selective determination of sulfite was reported 

to be possible, as NAM-thiol adducts were not formed in the 

presence of metal ions such as divalent Co, Hg, or Cu• The 

detection limit of this method was reportedly as low as 0̂ 1 |IM 

S(IV) • 

Chemiluminescence Methods 

A chemiluminescence method was developed to determine 

absorbed sulfur dioxide in the liquid phase by Stauff and 

Jaeschke in 1975 (46). This work is based on previous 

investigations conducted in 1965 (47). 

Tetrachloromercurate(II) was used as the collecting liquid 

(19), and potassium permanganate was chosen as the oxidant for 

oxidation of sulfite, which yielded reproducible luminescence 

signal during the redox reaction. The chemiluminescence was 
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detected by a photomultiplier tube• The light yield is 

proportional to the amount of sulfite^ By measuring standard 

samples, the relationship between the light yield and the SO^ 

concentration can be determined^ This method enables the 

measurement of traces of SO^ in unpolluted background air, 

where the pararosaniline method of West and Gaeke cannot 

produce meaningful results^ Stauff and Jaeschke proved that 

interferences which arise in the photometric method of West 

and Gaeke at low SO^ are due to the inhibition of dye 

development and not due to the lack of fixation of sulfur 

dioxide as disulfitomercurate^ The detection limit of the 

method is 7̂ 8 nM SO^• 

Flow Injection Analysis 

The concept of steady-state signal and air 

segmentation, introduced by Skeggs, made continuous flow 

analysis practicable (48)• An automated continuous flow 

analysis set up was used by Kok oL aJ.- (26) for adapting the 

pararosaniline-based method of Dasgupta ÊIL aJ.. (24) to air 

segmented continuous flow analysis (SCFA). In recent years, 

flow injection analysis (FIA) (49) is rapidly replacing SCFA. 

This is mainly due to the simplicity of FIA and the higher 

attainable sample throughput rate because in FIA the monitored 

reaction does not have to reach equilibrium. 

Because the primary sources of detector noise in a FIA 

system are mixing inhomogeneity and pump pulsations, Dasgupta 
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and Gupta (35) reported a single flow channel FIA procedure 

for trace S(IV) determination by the modified pararosaniline 

method (24). In this method, they introduced the application 

of passive and active membrane reactors in FIA. Again, this 

measurement involves the collection of SO^ in a HCHO absorber, 

followed by the decomposition of the adduct with a base, and 

finally introduction of the acidic pararosaniline working 

reagent• The carrier is pumped at a rate of 0̂ 25 mL/min 

through a rotary loop-type injector^ The outlet of the valve 

is connected to a passive reactor consisting of a cation 

exchange membrane which is immersed in a 50% NaOH solution. 

The passive reactor bottle outlet is connected to the active 

reactor^ The active reactor consists of a quartz-fiber filled 

porous polypropylene membrane tube which is immersed in a 

solution of pararosaniline reagent and is pneumatically 

pressurized^ Finally, the active membrane reactor outlet is 

connected through a delay coil to the photometric detector set 

at 580 nm^ The sample size is 200 |XL and the sample 

throughput rate is 15/h^ The detection limit is 0.16 jiM 

S(IV) • 

ScQpe 

In this study, attention was focused on fast sensitive 

flow injection analysis procedures and direct application of 

such procedures to determine trace quantities of atmospheric 
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constituents such as sulfur dioxide in cloudwater or 

precipitation• 

Atmospheric sulfur gases such as SO^, H^S, and CH3SH 

are often determined after collection in an aqueous absorber 

(17). Consequently, improving detection limits in the 

determination of the corresponding anions in aqueous solution 

ultimately improves the gas phase detection limit as well. 

The advent of the diffusion scrubber (50-52) has accentuated 

the need for fast, sensitive aqueous phase continuous flow 

analytical procedures• These are ideally coupled to the 

scrubbers• 

Diluted buffered formaldehyde solution was introduced 

as an absorber for SO^ collection in 1980 (24) and it has been 

shown that the thermal and photochemical stability of the SO^ 

collected as hydroxymethanesulfonate in such a medium is 

substantially superior to that of the mercury complex formed 

in the West-Gaeke method^ The formaldehyde absorber procedure 

has been used successfully for routine monitoring applications 

(53, 54) and has been automated for atmospheric analysis by 

segmented continuous flow analysis (27) or nonsegmented 

membrane-based flow injection analysis methods (47). 

An alternative sulfur dioxide stabilizer, 

oxaldihydroxamic acid (ODHA), has been developed (55, 56). 

This absorber permits the determination of formaldehyde in the 

atmospheric water sample. The fixation mechanisms of SO^ in 

ODHA and HCHO are shown below: 
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(CO - NH0H)2 + 2 SO2 = (CO _ NHSO3H) 2 

I II 

HCHO + SO2 + H^O = HO - CH2 - SO3H 

III IV 

Where I, II, III, and IV are oxaldihydroxamic acid, 

Oxaldisulfamic acid, formaldehyde and hydroxymethanesulfonic 

acid, respectively. The stabilities of sulfite, as well as 

sulfide and methanethiol in dilute solutions in formaldehyde 

or oxaldihydroxamic acid absorbers are investigated and 

reported in this work. 

Also, a membrane-based FIA procedure and a conventional 

tee-mixed FIA procedure are developed and compared^ Both 

approaches integrate the use of the HCHO or ODHA stabilizers 

and a modified room temperature NAM reaction for the 

differential fluorometric determinations of sulfite, sulfide 

and methanethiol. By changing the solvent originally 

reported, N-acridinylmaleimide (NAM) is successfully used with 

a short reaction time to detect sulfites, sulfides, and thiols 

in a flow injection analysis system. 

Finally, initial results of experiments towards the 

measurement of gas phase sulfur dioxide using a diffusion 

scrubber and the NAM-reaction are described. The reaction 

scheme of S(IV) with NAM is shown below: 
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+ HSOg + HjO 

N-acridinylmaleimide 

(NAM) 

3-sulfonato-NAM 



CHAPTER II 

EXPERIMENT 

Stabilities Q£^ Sulfitg/ Sulfide and 
Mf^thanethiol ln Buffered Formaldehydfi 
and QxaldÍhydrQXamÍC Acid Absorbers 

Reagents 

ODHA was synthesized according to the method of Paul 

and Gupta (55). Diethlyoxalate (14.2 g, 97.2 mmol) was added 

dropwise to the ammoniacal solution of hydroxylamine 

hydrochloride (18 g, 259.0 mmol) and 10 mL ethanol under 
o 

vigorous shaking at 0 C. The white precipitate of ODHA was 
o 

filtered and dried in the oven at ~ 90 C^ The reagent is 

stable for a long period^ 

NAM was synthesized by the method of Nara and Suzimura 

(37) or obtained from Dojindo Laboratories (Tokyo, Japan), or 

from Sigma Chemical Company (St^ Louis, MO)• All other 

reagents used were of analytical reagent grade. 

The fluorescence derivatization reagent was prepared 

by dissolving 1 mg NAM in 20 mL of N,N-dimethylformamide (DMF) 

and adding 20 mL deionized water. The solution is not stable 
o 

for extended periods, storage at -5 C in the dark is 

recommended. The formaldehyde absorber composition was 7 mM 

HCHO, 1 mM potassium acid phthalate; adjusted to pH 4.0 with 

0.1 M NaOH and 2 M HCl as necessary. The ODHA absorber 

composition was 5 mM ODHA, 1 mM potassium acid phthalate, and 

adjusted to pH 4.0 with 2 M HCl. When preparing 5 mM ODHA, 

15 
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stirring and heating are required; ODHA is not readily soluble 

in water. Each absorber may be modified for sulfite 

selectivity by the addition of 0^5 mM CdCl^. The 

carbonate-bicarbonate buffer was made by dissolving about 2^3 

g K2CO3 in 250 mL 0^5 M KHCO3 to obtain a pH of 9^2^ A mixed 

NAM reagent-buffer solution is too unstable to be conveniently 

used^ 

Standard analyte solutions in absorber media were 

prepared from solid NaHSO^, Na^S, liquid CH3SH, (CH^^^S and 

(0^3)2^2- For sulfite standard solutions, 1^62 milligrams of 

NaHSO^ was weighed exactly and dissolved in 100 mL HCHO or 

ODHA stabilizer to prepare a 156 \íM SO^ stock solution. Stock 

Na^S solutions were prepared by dissolving dry Na^S in 1 mM 

ethylenediaminetetraacetic acid (EDTA). Aliquots of these 

stock solutions were then diluted to 2 |iM concentrations with 

the stabilizer solution for further use. For liquid analytes, 

one microliter of CH3SH, (CH^^^S and (CH^^^S respectively were 

pipeted into 50 mL of the stabilizer solution, followed by 

dilution to the desired concentration. 

Stability Studies 

The stabilities of the reduced sulfur anions in the 

aqueous absorbers were measured at the 2 |J.M level under three 

storage conditions: at ambient temperature and exposed to 

light, at ambient temperature in the dark, and under 

refrigeration in the dark. The decay measurements were made 
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by manual experiments in which 0.5 mL of the alkaline buffer 

solution and 0.5 mL NAM reagent were added to 5 mL sample in 

the stated order^ After a reaction time of 5 minutes, the 

fluorescence of the sample solutions were measured on a Perkin 

Elmer LS-5 instrument under optimal conditions {X^^ 360 nm, 15 

nm slit; X^^ 435 nm, 20 nm slit)• Measurements were performed 

over a total period of 20 days. 

FlUQreSCence Pevelopmfint ln 
Different Soivents 

The original papers reporting the use of NAM (41-45) 

utilized acetone as the solvent. In this work, temporal 

profiles of fluorescence development with NAM dissolved in 

solvents such as acetone, dimethylsulfoxide (DMSO), and DMF 

were measured. Thus, 5 mL of 2 |iM S(IV) in the ODHA 

stabilizer was treated with 0•5 mL carbonate buffer and 0.5 mL 

of NAM reagent. The mixture was then put into a standard 1 cm 

fluorescence cell and introduced into the Perkin Elmer LS-5 

instrument immediately. Same optimal excitation and emission 

conditions were set as in the stability experiments^ 

Fluorescence developments were observed and recorded every 

minute for 30 minutes. 

Selective Determinations: 
Effect Q£ Different Metal QnS 

To develop a method selective to S(IV), a solution o 

known concentration of Na^S was prepared and an aliquot was 
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diluted to make a 1.56 \iM. sulfide solution in ODHA absorber. 

The cation reagents chosen were 1 mM and 10 mM solutions of 

HgCl^/ CUSO4 and CdCl^• Again, the same operations as 

mentioned before were excecuted, except that 0.5 mL of each of 

the cation solutions was added to 5 mL of the 1.56 jiM ODHA-S^" 

samples before adding the alkaline buffer solution in the 

fluorescence assay^ Additionally, samples for 1̂ 56 |IM S(IV) 

and samples for 1^56 |XM S^" plus 1̂ 56 |XM S(IV) were run 

through the same assay in order to determine which reagent is 

the most efficient in removing sulfide, without affecting the 

sulfite assay^ 

Flow njection Analysis Systems 

ODHA-Stabilized S(IV) Solutions 

The experimental arrangements involved either 

conventional tee-mixing (Figure 1) or membrane-based reagent 

introduction (Figure 2)• In figure 1, the carrier:carbonate 

buffer: NAM flow rate ratio is 10:1:1 with a carrier flow rate 

of 440 }XL/min and a reaction time (after NAM introduction) of 

50 sec. With the sample volume of 225 |XL (0.8 x 450 mm loop) , 

the D-value (49) at the detector was 1.6. The injection valve 

used was either an electrically actuated (type HVLX 6-6, 

Hamilton Co., Reno, NV) or a manual (type 50, Pheodyne Inc., 

Cotati, CA) six-port valve. A peristaltic pump (Minipuls 2, 

Gilson Medical Electronics, Middleton, WI) was used for 

pumping. The detector used was a fluoromonitor III 
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Figure 1. The Basic FIA System in the 
Conventional T-mixing Mode. The lengths 
represented by "a", "b" and "c" are 24 cm, 28 
cm and 125 cm respectively/ 0.8 mm î d̂  
tubing. D-value for a 225 yîL sample is 1.6. 
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PumpmLmin -1 

KCN 

Stabilizer 
Carrier 
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Figure 2. The Membrane-Based FIA System^ 
In the prescence of HCHO, an additional 
flowstream of KCN is used. See text for 
details. "a", "b", "c" and "d" respectively 
are 24 cm, 15 cm (including reactor), 39 cm 
(including reactor) and 148 cm;connecting 
tubing is 0.8 mm in i^d. 
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(LDC/Milton Roy, Riviera Beach, FL) equipped with a Cd-line 

source (326 nm), and a high pass filter (50% cutoff point 370 

nm) on the emission side. Unless otherwise indicated, all 

tubing were 0̂ 8 mm î d̂  poly(tetrafluoroethylene) tubing (20 

SW, Zeus Industrial Products, Raritan, NJ). 

In the membrane based system, carrier is pumped at a 

rate of 440 îL/min through the same valve and sample loop as 

above into a passive membrane reactor (0.8 mm dia^ 

polytetrafluoroethylene filament filled 20 mm long Nafion 811x 

tube, the latter manufactured by Perma-Pure Products, Toms 

River, NJ)• The details of connections have been described by 

Hwang and Dasgupta (57)• The membrane reactor is immersed in 

a concentrated solution of NH^OH whereby ammonia is introduced 

into the carrier stream. This raises the pH of the carrier 

stream to ~ 10. The outlet is connected to the pressurized 

porous membrane reactor (0.8 mm dia TFE filament filled porous 

polysulfone membrane tube, 20 mm long, 0.1 |xm mean pore size, 

1 mm i.d., A/G Technology, Needham, MA; connection details are 

given in ref. 57); the reactor is immersed in a solution of 

NAM reagent, which is then introduced into the carrier stream. 

A superincumbent air pressure of 11.5 psi was found adequate 

to obtain the optimal NAM introduction rate, equivalent to -

44 |XL/min of conventional addition. The same reaction time, 

50 sec, was used. The D-value for a 225 p.L sample was 1.8. 
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Formaldehyde-Stabilized S(IV) Solutions 

This solution can be assayed by the NAM reaction only 

if the formaldehyde is sequestered, e.g^, with cyanide (vide 

infra)• Both FIA systems above were modified by the addition 

of a 22 |XL/min pumped channel of 0̂ 3 M KCN which was 

tee-mixed, after the sample introduction valves, with the 

carrier, prior to the introduction of buffer or NAM^ This is 

shown as the dotted pumping channel in figure 2• The closed 

nature of the FIA system permits safe handling of cyanide^ 

The waste is collected into a container containing alkaline 

hypochlorite (Clorox)• The introduction of cyanide through a 

membrane reactor is possible but was not investigated^ 

Anaiysis Q£^ EnvirQnmental 
Samples ^ûr SriV) 

A double strength ODHA absorber was prepared and sent 

to Pasadena, CA, in March 1985. The absorber was then mixed 

with fogwater collected in Riverside, CA, before being stored 

and sent back to the laboratory in Lubbock, TX for analysis. 

The mixture was kept in "Blue Ice" during storage and 

delivery. Assays were performed by the described FIA 

procedures. 



23 

Automated Continuous Analysis Q£_ Gas 
Phase Sulfur DJQXÍde Using a 
niffusion Scrubber 

The experimental set-up is shown in Figure 3. House 

air that has been passed through silica gel and soda 

lime/activated carbon for purification was used as carrier. 

The carrier gas was introduced into a glass permeation tube 

chamber immersed in a water bath kept at a temperature of 25 ± 
o 

0.5 C^ The chamber contained a sulfur dioxide permeation tube 

(Dynacal Permeation Device, Wafer Device type 50 F3, Vici 

Metronics, Santa Clara, CA)• The permeation tube was 

calibrated gravimetrically and the best-fit regression 

equation through the calibration data (Figure 4) indicated a 

permeation rate of 62.9 ng/min• Almost the same value (15.7 % 

higher) was obtained by sampling the permeation tube source 

with a bubbler containing an ODHA aqueous absorber followed by 

the NAM-based fluorescence assay described in this thesis. 

The pure air carrier carried the analyte gas to a 250 

mL mixing chamber in which the sample stream was diluted by 

another pure air stream. The outlet of the mixing chamber, 

was divided in two• Through one outlet, excess gas was 

vented; through the other, the analyte gas was led to a 

electrically activated 3-way Teflon Solenoid valve (Galtek 

Corporation, Chaska, MN) before entering the diffusion 

scrubber. The valve was controlled by a microprocessor-based 

Timer (ChronTrol, Model CD-S4, Lindburg Enterprises, Inc., San 

Diego, CA). When the valve is open, it allows direct passage 
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of the sample to the diffusion scrubber. When it is closed 

the sample travels through a denuder enroute to the diffusion 

scrubber, this removes the analyte gas to give the base line. 

The denuder was a glass tube filled with sodium carbonate 

powder. As the gas was sampled through the diffusion scrubber 

(Figure 5), SO^ diffused through the membrane (20 cm long, 

Celgard X-20 hollow fiber, 40% surface porosity, 400 |im i.d., 

25 |im wall, 0.02 Hjn pore size, Celanese Corp •, Charlotte, NC) 

to the scrubber solution (the absorber carrier) flowing 

through the interannular space• The bicarbonate buffer, which 

also served to decompose the stabilizer-S(IV), was introduced 

by tee-mixing after the scrubber. Finally, after the NAM 

reagent was introduced through a second tee, and sufficient 

delay was allowed for the reaction, the solution passed 

through a fluorometric detector. In the 3-channel pumping 

system, the carrier : carbonate buffer : NAM flow rate ratio 

is approximately 10 : 1 : 1 with a carrier flow rate of 44 

M,L/min and a reaction time (after NAM introduction) of 150 

sec. All tubing were made of PTFE and were of the same size 

(0.46 mm in i.d.)• 
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Ô  M 
G -H 
O 5 

G 
(U 
<U 

43 

<U 
> 
(d 

43 

co 
G 
O 

-H 
4J 
U 
<U 
G 
G 
O 
U 

(U 43 
a u 
> i (d 
4J <u 

e <u 
u <u 

4J 

i n co 

G co 
•H CO 

<u 
TJ rH 
<U G 
4J -H 
(0 (d 
(U 4J 
G OT 

(U > i 
H 4J 
(d -H 
U M 
co ( d 

H 
O U 
4J 

M 
4J O 
O *4̂  
G 

V 
co (U 

-H 4J 
(d 

t7> M 
G (U 

-H CP 
5 C7> 
(d (d 
M X 

TJ <U 



CHAPTER III 

RESULTS AND DISCUSSION 

.qtabilities Q^ Sulfitgr Sulfide 
and Methanethiol in Buffered 
rormaldehyde âHá QDHA Absorbers 

Sulfite 

The stability of sulfite in buffered formaldehyde has 

been studied extensively in the past (25), and found to be 

very high with a first order decay constant of 6.51 x 10"'̂  d"-'-

at 22°C and 1.97 x 10"^ d"^ at 50°C. Sulfite in ODHA solution 

is acceptably stable over week-long periods, only if stored 

refrigerated at pH 4 (Figure 6a) . The unbuffered absorber 

described by Paul and Gupta (55) leads to unacceptably high 

decay rates, especially when exposed to ambient light. 

Malonyl and succinyl analogs of ODHA were synthesized by a 

procedure similar to that described for ODHA (55), but were 

found to be inferior to ODHA in stabilizing S(IV). The 

addition of 0.5 mM CdCl^ to either the formaldehyde or the 

ODHA absorber does not significantly influence the decay rate. 

The first order constants for the decay of sulfite in units of 

d~^ in the ODHA-KHP-CdCl^ absorber shown in figure 6a are 3.5 

X 10"^ at 5°C and 1.1 x 10"^ at 22°C both under dark storage, 

and 1.8 X 10"^ when exposed to ambient light and temperature 

(- 22°C) . 

28 
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TimeCdays) 
Figure 6. Efficacy of Different 

Stabilitizers in Protecting Reduced 
Sulfur Anions from Oxidation. From top: 
(a) Sulfite in 5 mM ODHA - ©•S mM CdClo, 
(b) CH^SH in 7 mM HCHO - 1 mM KHP, (c) 
CH^SH in 2.5 mM ODHA - 1 mM KHP, and (d) 
Sulfide in 7 mM HCHO - 1 mM KHP• 
Percent of anion remaining, on a 
logarithmic scale, is plotted against 
the time of storage. The storage 
regimes are refrigeration (closed 
symbols), ambient temperature and dark 
(half-closed symbols), and ambient light 
and temperature (open symbols). 
Starting concentration of sulfur 
analytes in each case is 1^9 - 2^0 îM̂  
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Methanethiol 

Methanethiol is substantially more stable in the 

formaldehyde absorber (Figure 6b) than in the ODHA absorber 

(Figure 6c)• The respective first order decay constants under 

the three storage conditions specified previously are: 2.3 x 

10"^, 5.7 X 10"^, 2.4 X 10"2, and 2^2 x 10"^, 6̂ 2 x 10"^, 6.8 

X 10 "̂ , all in d -̂, for the two respective absorbers. 

Refrigerated storage in the HCHO absorber is acceptable over 

week-long periods. 

Sulfide 

Sulfide is not adequately presereved by either 

absorber (Figure 6d) • The first order constants for the decay 

of sulfide in the formaldehyde absorber, the better of the 

two, under the three storage conditions (dark refrigerated, 

dark and ambient temperature, ambient light and temperature) 

in units of d~^ are 6̂ 9 x 10"^, 8.8 x 10"^, and 1.4 x 10"^, 

respectively• 

Fluorfifir.f̂ nr.fi Df^velopement in 
Different Solvents 

The sulfite assay procedure with the NAM-reagent as 

given by Meguro and Takahashi (45) recommends an 1 hour 

reaction time at 35°C; this is not easily adapted to FI.̂  

systems. The effect of the reaction pH (apparent pH, this is 

a mixed aqueous system) is also significant; in mar.ual assays 
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for sulfite following the published procedure (45), optimal 

results are obtained only within pH 8^6 - 9^2; the response is 

very poor at pH < 8^0 or > 9^8• 

NAM is virtually insoluble in pure water^ Due to its 

high volatility, a substitute was sought to replace acetone, 

which was used as solvent in previous NAM procedures (37, 45). 

(Note that the introduction of pure organic solvents presents 

no special problem with the porous polysulfone membrane-based 

pressurized reactor; this is not the case for common 

peristaltic pump tubes)• During these studies, it was 

discovered that the use of dimethylsulfoxide (DMSO) or DMF as 

solvent not only markedly increases the fluorescence signal 

but increases the reaction rate as well (Figure 7). However, 

NAM is rather unstable ih pure DMF or DMSO even when stored 

refrigerated in darkness. The stability of NAM solutions in 

50:50 DMF:water was found to be acceptable (> 3 days if stored 

refrigerated). It was also discovered that the DMF 

concentration necessary for the optimal rate of fluorescence 

enhancement is small; large amounts actually result in lower 

enhancement factors. Figure 8 shows the temporal development 

of the fluorescence signal as a function of NAM concentration 

and DMF concentration in the NAM solution. For optimal 

results, the procedures described in this paper use a 0.0025 

w/v % NAM solution in 1:1 (v/v) DMF:water. 

An examination of the utility of micellar 

(hexadecyltrimethylammonium chloride and Triton-X-100) 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
TIME(min) 

Figure 8• Temporal Fluorescence 
Development for a 2 |iM S(IV) Sample as a 
Function of NAM Concentration and DMF Content 
of the Reagent. Symbols: D 0^02 w/v % in 
33 vol% DMF, V 0.002 w/v % NAM in 50 vol% 
DMF, A 0.0025 w/v % NAM in 50 vol% DMF, o 
0.004 w/v % NAM in neat DMF, «0.005 w/v % 
NAM in neat DMF. 
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addition was made for the solubilization of NAM and potential 

catalysis of the reaction and fluorescence enhancement; 

results were not attractive. 

FlQW njection Analysi.q: 
SyStem PerformanrP 

Sulfite 

With the ODHA absorber with or without Cd"*"̂ , excellent 

results were obtained with either the T-based or 

membrane-based system^ Data are indicated in table 1 for the 

T-based system^ Comparable results were obtained with the 

membrane-based system with 3.0 M NH4OH exterior to the passive 

membrane reactor, yielding an effluent pH of 9.5. This method 

displays a relatively low blank value. With the low-pulsation 

pumping system used, no significant difference between T-based 

and membrane-based reagent introduction systems is expected; 

none was formed^ A typical calibration plot for the T-based 

system for sulfite in ODHA is shown in figure 9a• 

Because of the exceptional stability of sulfite in 

formaldehyde solutions, the application of the NAM reaction to 

formaldehyde stabilized S(IV) samples was desirable. A 

special effort was necessary since it was discovered that 

essentially no signals were obtained for sulfite samples 

preserved in the formaldehyde stabilizer. Based on the 

present values for the equilibrium constants of the 

formaldehyde-bisulfite hydroxymethanesulfonate equilibrium (27 
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Summary of Analytical Results 

Sample 

Carrier 

A. ODHA-KHP^ 

B. A + 0^5 mM^ 
Cd̂ "̂  

C^ HCHO-KHP 

D̂  C + 0^5 mM 
Cd2 + 

E^ HCHO-KHP, 
CN" Added^ 

SO32-

134.03 
(0.0806) 

As in A 

0^0934^ 
(26) 

As in C 

80^13 
(0.0374) 

S2-

10 
(0.60) 

-0 

~0 

-0 

15.03 
(0.70) 

CH3S 

4.48 
(2.0) 

-0 

6.07^ 
(0.8) 

-0 

3.9 
(1.54) 

(CH3)2S 

0.0114 
(5.30) 

As in A 

nd 

nd 

nd 

F. ODHA-KHP, 
CN- Added^ 

Sensitivity essentially as in A, 
LOD's are somewhat worse due to 
increased blank values. 

nd 

Sensitivity, mV/̂ lM (and LOD, ̂ lM in parentheses) • 
a: System with 3 pumped channels^ 
b: Single pumped channel, membrane reactor system 
c: Two pumped channels, membrnae reactor system^ 
nd: Not determined^ 
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Tlme 

Figure 9. Calibration Plots. (a) 
Sulfite in 3 pumped channel system, ODHA 
stabilizer; concentrations in \1M: X: 
3.12, 2: 2.81, 1: 2.50, ±: 2.18, ^: 1.87, 
£: 1.56, 2: 1.25, £.: 0.94, 1: 0.62, lû: 
0.32; (b) CH3SH in single pumped channel, 
membrane reactor system, HCHO stabilizer; 
concentrations in |XM: 1: 20, Z' 10, 1: 
5.0, A: 1.0; (c) Sulfide in two pumped 
channel system, HCHO stabilizer, 
CN*"-modified during analysis; 
concentrations in \1M: X' 50, Z: 40, Z-
30, A: 20, i: 10. 
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- 29), some, but not quantitative, interferences may be 

expected for HM levels of sulfite in the presence of 7 mM HCHO 

(absorber composition) at a reaction pH of 9-10• 

Experimentally, it was found that sulfide behaves in a manner 

similar to sulfite in the presence of HCHO; however, no 

significant inhibition of fluorescence development was 

observed in the case of methanethiol• 

Unsuccessful efforts were made to sequester 

formaldehyde with ammonia, hydroxylamine, hydrazine or aniline 

to allow NAM-sulfonate to be formed^ Cyanide, when used in 

excess, was found to be the only agent which sequestered 

formaldehyde in the desired manner. Although the blank values 

with either absorber are much higher (approximately 5 times) 

in the presence of cyanide (presumably due to the formation of 

the nitrile derivative of NAM), and the calibration slope 

(sensitivity) is also somewhat lower (possibly indicating that 

the formaldehyde effect is not totally eliminated), the 

membrane-based FIA system permits sufficiently good precision 

to attain a limit of detection of 37 nM (8 pmol in the sample 

volume), the best yet attained to this author's knowledge, for 

the determination of sulfite (Table 1). It is noteworthy that 

this limit of detection is attained with an excitation 

wavelength far from optimal, dictated by available equipment. 
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Methanethiol 

The sensitivity of the NAM reaction for methanethiol 

is 25-30 times lower than that of sulfite on a molar basis; 

the limit of detection deteriorates proportionately. 

Formaldehyde, the preferred stabilizer, actually permits a 

slightly more sensitive procedure compared to the ODHA 

preservative• For the membrane-based systems, the optimal 

ammonia concentration and effluent pH were determined 

respectively to be 17 M and 10^6 for the formaldehyde 

stabilizer^ Submicromolar detection limits can be attained 

(Table 1) and a typical calibration plot is shown in figure 

9b^ 

Sulfide 

The sensitivity for determining sulfide in manual 

assays by the NAM reaction under optimal optical conditions 

and a 5 minute reaction time is one half that for sulfite, on 

a molar basis, under analogous conditions^ For inexplicable 

reasons, the sensitivities obtained in the FIA system were 

significantly worse. However, submicromolar limits of 

detection are attainable for the ODHA stabilizer (A, Table 1) 

and both cyanide-added procedures (E and F, Table 1) in 

membrane-based FIA systems. A typical calibration plot for 

sulfide in system E is shown in figure 9c. 
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Dimethylsulfide and Dimethyldisulfide 

Dimethyldisulfide does not react with NAM under any 

conditions tested in this work. Nevertheless, not all 

disulfides may behave in the same fashion (38)• Dimethyl 

sulfide is detectable only at very high concentrations 

(detection limit 0̂ 5 mM) with a sensitivity of less than 0.01% 

of that for sulfite^ Normally, this small signal could be 

attributed to impurities present in the commercial product; 

however, the signal persisted upon cadmium addition and is not 

due to sulfide^ 

The sample throughput rate for any of the FIA 

configurations described above was 24/h^ 

Selective Determinations: 

Câdmium Effect 

Preliminary studies showed that Cd̂ "*" was the most 

effective among Cd̂ "*", Cû "*", and Hĝ "*" for eliminating the 

signal due to sulfide and methanethiol and a concentration of 

0 • 5 mM Cd*̂  was found adequate for likely sulfide and 

methanethiol concentrations in atmospheric samples. Much 

higher concentrations of Cd̂ "̂  lead to precipitation of CdS 

when the solution is made alkaline; turbidity is also 

predictably observed at significant concentrations of sulfide, 

although no problems due to light scattering etc. were 

encountered. The ODHA absorber therefore permits selective 

determination of sulfite when cadmium is added. Because the 
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use of the formaldehyde absorber requires that cyanide be 

added during analysis, and cadmium is expected to be complexed 

by cyanide, cadmium or any other metal is not expected to 

completely eliminate the divalent sulfur anion signals and 

this approach was therefore not explored. In the absence of 

cadmium, signals from the three sulfur anions in ODHA absorber 

were found to be additive^ On the other hand, direct 

selective determination of methanethiol is possible when the 

formaldehyde absorber is used^ If cyanide is added during the 

analysis procedure, the analytical signal represents the sum 

of all three sulfur species. 

Consequently, determinations in systems A (or E), B, 

and C (Table 1) provide complete analytical results for the 

mixture of the three sulfur anions. While B and C provide 

direct measures of sulfite and methanethiol respectively, the 

sum of all three are represented by A (or E) and sulfide may 

be obtained by difference. Due to the significant differences 

in sensitivities of the methods to the various analytes, the 

relative accuracy for sulfide is poor if comparable amounts of 

all anions are present^ It should be noted however that no 

specific optimization of analytical systems A and E were 

performed with respect to the sulfide signal, rather the 

conditions were optimized for sulfite analysis. It is 

possible that sulfide sensitivity may be enhanced under 

different experimental conditions, particularly at a higher 

reaction pH. 
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Analysis Qf, Environmental 
Samples I Û H S( V) 

The NAM reaction, like reactions of other fluorogenic 

maleimides (36), is highly specific for the sulfur anions. 

However, negative interference from agents such as 

formaldehyde, as noted previously, may be present for the 

analysis systems where cyanide is not added. The effect of 

various concentrations of formaldehyde on sulfite analysis in 

systems A and F were studied. No effects were found for 

formaldehyde concentrations up to 3 mM for the cyanide 

modified system (F)• The results for system A are shown in 

figure 10 • The formaldehyde effect is particularly important 

because it can be a significant constituent of atmospheric 

water, especially in photochemically active urban atmospheres 

(58-60)• Other reactive carbonyl compounds are also usually 

present (61) . While explicit studies with other aldehydes 

potentially present in the atmosphere were not carried out, it 

is reasonable to expect that cyanide addition will effectively 

sequester them as well. It is not possible however to predict 

the degree of interference such other compounds may pose 

without cyanide addition. Fogwater samples collected by J. w. 

Munger ( California Institute of Technology, Pasadena, CA) 

with a modified version of the collector described by Jacob Q:L 

al. (62) were preserved in ODHA (so as to permit measurement 

of HCHO) and analyzed by system F. In agreement with very 

high levels of sulfite previously reported for such samples 
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200 400 600 
[HCHO]/ [S( IV)] 

800 1000 

Figure 10. The Effect of Formaldehyde 
Addition to ODHA-Preserved S(IV) Samples upon 
Signal Height in a System without Cyanide 
Addition^ (A) 3.1 ÎM S(IV), (B) 1 • 6 ̂IM 
S(IV) • 



43 

(60, 61), the samples required large dilution with blank for 
convenient analysis^ The results are shown in Table 2. 

Automated Continnon.*̂  Analysis ûf Gas 
Fhase Sulfur Dioxid^ Using â 
DÍffUSÍQn Scri hhPr 

The diffusion scrubber device originally developed by 

Dasgupta ot. a±. (50, 51), has already been applied to 

determine gas phase atmospheric constituents such as hydrogen 

peroxide (52). This type of device, described earlier, was 

used to collect SO^ from the permeation tube source described 

in the experimental section. From this experiment, a 

reproducible signal from a ~ 20 ppbv SO^ sample is shown in 

figure 11. A calibration curve for SO^ gas was produced 

(Figure 12). A detection limit of 500 pptv is attainable. 

The experiments indicate that this method for measurement of 

gas phase sulfur dioxide by automated analysis should be 

further explored. 
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Table 2 

S(IV) Content in Fogwater: Riverside, CA, March 1985 

Sample ID S(IV) , ̂ IM̂  

2A 148 ± 1.1 

3A 78.8 ± 1.0 

4A 134 ±0.4 

5A 107 ± 0.5 

6A 107 ± 0.5 

Triplicate determination after dilution. 
Concentrations are corrected for dilution 
due to subsquent preservative addition. 
Equal amounts of double strength ODHA 
absorber and fogwater/sample were mixed 
before storage• 
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Tîme 
Figure 11. Fluorescence Signals 

from a - 20 ppbv SO^ Gas Sample. The 
instrument samples the analyte gas for 
5 min and zero air for 5 min and thus 
alternates between sample and blank^ 
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Figure 12• Calibration Curve of SO^ Gas 
Sample Using a Diffusion Scrubber. The data are 
shown with ± 1 standard deviation error bars. The 
response appears to be linear below concentration 
of 18 ppbv SO2., The detection limit, based on the 
three times blank noise criterion, is 500 pptv SOo 



CHAPTER IV 

CONCLUSION 

In this work, a flow injection analysis method to 

determine sulfur compounds in aqueous solution has been 

developed. This method is very sensitive and reasonably fast. 

Sulfite is stabilized in ODHA (oxaldihydroxamic acid) or 

formaldehyde and subsequently determined by forming 

NAM-sulfonate, followed by fluorescence measurement. The 

detection limit is as low as 37 nM. Single flow channel 

analysis with reagent introduction through both passive 

(Nafion) and active (porous polysulfone) membranes yield 

almost the same results as obtained in a tee-mixed FIA system. 

This method for determination of S(IV) in aqueous solution 

should be applicable to the measurements of atmospheric SO^ as 

well. Preliminary results show that it is possible to detect 

SO2 (Q) at very low levels using the diffusion scrubber. 

Formaldehyde, when used as an absorber, interferes 

severely with the formation of the fluorescent product and if 

no modification are made, increases the detection limit to ~ 

25 |IM S(IV) . By cyanide addition, it was possible to 

sequester formaldehyde and promote the formation of 

NAM-sulfonate, the fluorescent product monitored. 

Selective determinations of sulfite, sulfide and 

methanethiol were carried out using cadmium to mask sulfide 

and methanethiol. When cadmium is added, the ODHA absorber 
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permits selective determination of sulfite; and without 

modification, the HCHO absorber permits selective 

determination of methanethiol. In the absence of cadmium, 

signals from the three sulfur anions in ODHA absorber are 

additive; this is also true when HCHO is used as absorber with 

cyanide added^ It has not been possible to determine, within 

the time limits of this project, why FIA adaptation leads to a 

great loss of sensitivity for sulfide, but not for sulfite, 

compared to the manual method^ The FIA detection limit for 

sulfide is 0̂ 6 |iM̂  It may be possible to improve this result 

by changing the experimental conditions^ The detection limit 

for CH3SH is 0̂ 8 ̂ IM. 
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2. Holmes, Ĵ  A^ ; Franklin, E^ C^; Gould, R. A. H- £. Mina^ 

Bull. 1915, M , 528-530. 

3^ Adams, D̂  F^; Farwell, S. O.; Robinson, E.; Pack, M. R.; 

Bamesberger, W. L^ Environ. Sili. Technol. 1981, l^, 

1493-1498. 

4. Sze, N. D^; Ko, M^ K. W. Atmos. Environ. 1980, H , 

1223-1239. 
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