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A direct purge technique was developed for the determination of chloroform or

tnchloroethylene (TCE) in water samples. These volatile organic solvents are transferred

from the water sample to a reagent where they are trapped and react to form products

(Fujiwara chemistry) that are monitored fluorometrically. Chloroform in a water sample

is bubbled in a sparger into the headspace or permeated into a hollow membrane of a

membrane sampling device and carried directly into a reagent in a cuvette by nitrogen

gas. A simple air pump can also provide the carrier gas. With this technique, carbon

dioxide (CO2) in the air and sample solution affects the reactivity of the reagent. To

compensate for this effect, the base concentration of the reagent or the pH of a water

sample was adjusted.

Fujiwara reagents based on pyridine derivatives were tested in dimethyl sulfoxide

for their reactivity to chloroform and TCE. Base and water concentrations were varied to

obtained maximum response. A new reagent based on 1-(3-pyridylmethyl)urea was

found to be more selective to chloroform over TCE than previously developed reagents
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based on pyridine and provided a detection limit for chloroform of 6.5 ng/mL. A new

reagent based on isonicotinamide provided higher selectivity for TCE than chloroform

and a detection limit for TCE of 26 ng/mL. These new reagents eliminate the exposure

of the user to toxic organic vapor that is experienced with common pyridine reagents.

A filter fluorometer was constructed from a green diode laser and other

components and used for the determination of chloroform in water. The chloroform

detection limit obtained with the fluorometer is comparable to that obtained with a

commercial spectrofluorometer with the typical Fujiwara reagent. With the reagent based

on 1-(3-pyridylmethyl)urea, the chloroform detection limit with the fluorometer is a

factor of 4 better than that obtained with the commercial spectrofluormeter.
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EVALUATION OF SAMPLING/PRECONCENTRATION TECHNIQUES AND
PYRIDINE DER1VATWE REAGENTS FOR FLUOROMETRIC
DETERMINATION OF CHLOROFORM AND TCE IN WATER

CHAPTER 1 INTRODUCTION

Volatile organic compounds such as chloroform and trichioroethylene (TCE) are

among the major concerns for water quality. Chloroform and TCE are found in finished

drinking water, ground water, and waste sites. Significant concentrations of TCE in

drinking water are less likely to be found because TCE enters into water by chemical

spills and contamination; whereas, the presence of chloroform is a result of water

chlorination. It is important to monitor these chemical species because of their effects on

human health.

Chloroform is used primarily in the production of chlorofluorocarbons and in the

production of plastics, such as vinyl chloride (1). Other uses of chloroform are as a

solvent for dry cleaning and photography, as a solvent in extraction and purification of

pharmaceutical products, as an intermediate in the preparation of dyes and pesticides, and

as a heat transfer medium in fire extinguishers. There are a number of processes that

contribute to the formation and introduction of chloroform into the environment

including chlorination of drinking water and swimming pooi water, and paper bleaching

with chlorine.

Chlorine is widely used in water and wastewater treatment to disinfect waters and

oxidize some chemical species. As a disinfectant, it destroys bacteria, protozoans and

viruses (2). Chlorine is utilized as an oxidant to control taste and odor in water and



drinking water and to oxidize metal ions such as Mn(ll) and Fe(II), in domestic

groundwater supplies to form precipitates such as Mn02 and Fe(OH)3 which can be

removed (2).

A variety forms of chlorine species are used for water treatment including Cl2 gas,

chlorine dioxide (dO2), sodium hypochiorite (NaOC1), hypochiorous acid (HOd), and

chioroamine. Chlorine gas is the most often used for water treatment in the United

States. The major disadvantage of using chlorine is the production of chloroform and

other by-products, which are suspected to be carcinogenic in humans and cause health

problems.

Other water treatment methods, such as ozonization, can be applied, but the

generation of ozone, the safety and health problems, and many of unidentified

by-products (3) limit its uses. In addition, reinfection of water can result because no

residual concentration of ozone remains in treated water.

Human exposure to chloroform and health effects are major concern. Because of

the common sources of chloroform, it is difficult to avoid some exposure to chloroform.

Inhalation of chloroform at concentrations as low as 1,500 ppm can cause headache,

dizziness, nausea and confusion (1). Exposure to high concentrations may result in death.

Carcinogenic effects are not clearly identified in human, but are reported in rat and mice

(4).

Owing to health problems, the occurrence of chloroform and its level in treated

drinking water are regulated by laws: the Safe Drinking Water Act (SDWA), the

Resource Conservation and Recovery Act (RCRA), and the Comprehensive

Environmental Responses, Compensation and Liability Act (CERCLA). The maximum



contaminant level (MCL) of total trihalomethanes (THMs): chloroform,

bromodichioromethane, dibromomethane, and bromoform, in finished drinking water is

regulated not to exceed 100 ng/mL (5-6). Chloroform in treated drinking water is

typically to be in range of 2 to 44 ng/mL (1).

TCE, another chlorinated hydrocarbon, is also an environmental concern and is

used as a degreaser, a metal cleaner, and a general solvent (1). It is mixed with other

chemicals to make chemical products such as paints, paint strippers, and lubricants. It is

also found in some household products, for example, typewriter correction fluid and

rug-cleaner fluid.

Exposure to TCE at a concentration of about 100 ppm by inhalation can cause

dizziness, nausea, conthsion, facial numbness, headache, tremors, and visual disturbance

in humans (1). Exposure to high concentration about 10,000 ppm can result in death.

TCE is considered by the Environmental Protection Agency (EPA) to be in between a

probable and possible human carcinogen.

TCE is subject to the same laws as CHCI3: the SDWA, the RCRA, the CERCLA,

and the Emergency Planning and Community Right-to-Know Act. It is regulated not to

exceed 5 ng/mL in finished drinking water (7). In addition, TCE may or may not be

found in finished drinking water depending on a water source used for the water

production because TCE introduces into water by chemical spills and contamination.

Standard methods for determination of chloroform, TCE, and all other regulated

volatile organic compounds are based on gas chromatography as defined by EPA. The

methods require high skill operator, use of expensive instruments, and are impractical to

have on site at many smaller water facilities.
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Researchers have endeavored to develop new methodology and instrumentation

for determination of chloroform that would supplement or replace EPA methodologies in

some circumstances. Most other methods for determination of chloroform are based on

the Fujiwara reaction (13). In the Fujiwara reaction, chloroform reacts with a solution of

pyridine, base, and water producing a red-colored product (8). The red product has a

strong absorption band at about 540 nm which allow spectrometric determination of

chloroform. With excitation around 540 mn, the red product is fluorescent at about 600

nm. This enables fluorometric determination of chloroform. The Fujiwara reaction is

also used to determine other gem-polyhalogenated hydrocarbons (9-11). None of these

spectrometric methods are widely used.

1.1 Reagent Modification

In early work, the Fujiwara reagent was a mixture of pyridine and aqueous

inorganic base, a sodium hydroxide solution. Because pyridine is slightly soluble in

water, the reagent mixture separates into two phases. When chloroform is added into the

reagent mixture, the spectrometric measurement is accomplished with the organic phase

by transferring the organic phase into a spectrophotometric cell. To eliminate the phase

separation, the water to pyridine volume ratio can be adjusted low enough (about 1 or

less) to obtain a one-phase reagent (12-16). The one-phase reagent is reported to provide

better sensitivity than the two-phase reagent (9).

Organic bases and organic solvents can also be used to achieve a one-phase

reagent (12,14-16, 19). Organic bases such as tetramethylammonium hydroxide,

tetraethylammonium hydroxide, tetrapropylammonium hydroxide, and
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tetrabutylammonium hydroxide were used by Louch (12). Organic solvents, such as

acetronitrile (19), dimethyl sulfoxide (DMSO) (17, 18), acetone (18), methanol (18),

ethyl acetate (18), ethyl ether (18), and tetrahydrofliran (18) have been used as a

component of the Fujiwara reagent. The response of chloroform in the Fujiwara reaction

varies with different solvents. Using organic solvents helps reduce the volatility of

pyi-idine and lessens exposure of the user to pyridine vapor.

Because of the volatility of pyridine and its toxicity, a number of studies at

Oregon State University (OSU) have been conducted to find alternative Fujiwara

reagents. Different pyridine derivatives have been investigated for the reactivity with

chloroform (17-18) and chloroform and trichioroethylene (18). Table 1.1 summarizes the

studies of pyridine derivative reagents conducted by three different OSU researchers.

Most of the tested derivatives are reactive to chloroform with acetronitrile as a solvent.

The derivatives that responded when tested with chloroform and TCE are benzylpyridine

(2-, 3-, and 4-), cyanopyridine (2- and 3-), and picoline (2- and 3-). A reagent based on

2-cyanopyridine was further studied for a potential use of TCE detection; however, the

reagent was unstable and lost its reactivity within a day (18).

Johnson (19) was the first to test the reactivity of a number of Fujiwara reagents

based on pyridine derivatives, tetrabutlyammonium hydroxide, and water with

acetronitrile as a solvent. The amount of derivative was varied from 0.3 to 50% and

depended on the solubility of the derivative. Siemion (17) investigated some derivatives

using water and DMSO as solvents and sodium hydroxide as the base. Yang (18) tested

several derivatives (typically 50% (w/v)) with chloroform and TCE using DMSO as a

solvent with spectrophotometric monitoring. Sodium hydroxide and water concentrations



Table 1.1 Spectrometric test of pyridine derivative for Fujiwara reaction.

Pyridine derivatives
Wavelengtha (nm)

Johnsonb (19) Siemionc (17) Yang d(18)

3-aminopyridine NP. 368W, 470D NT

2-benzylpyridine 430 462D 418

3-benzylpyridine 390, 540 412D 368

4-benzylpyridine 390, 542 390D 394, 500

4-t-butylpyridine 330 NT NT

2,2-bipyridylpyridine 320 NT NT

4,4-bipyridylpyridine 350 NT NT

2-bromopyridine 300 NT NT

2-carboxyaldehydepyridine NP. NT NT

3-carboxyaldehydepyridine NP. NT NP.

4-carboxyaldehydepyridine 430 NT NT

collidine 320 NT NT

cyanopyridine NT NT NT

2-cyanopyridine 380, 648 NT 356, 478, 658

3-cyanopyridine 400 NT 380

4-cyanopyridine 400 NT NP.

4-dimethlyaminopyridine NT NT NT

di-2-pyridylketone 500 NT NT

2-ethylpyridine 350 NT NT

2-fluoropyridine 330 302W NT

2-hydroxypyridine NP. 370W NT

2-hydroxyinethylpyridine NP. 364W NT

3-hydroxymethylpyridine 370 NT NT

4-hydroxymethylpyridine 410 NT NT

3-hydroxy-2-nitropyridine NP. NT NT

isonicotinamide NT 324W, 370W NT



Table 1.1 continued

Prridine derivatives

Wavelengtha (nm)

Josonb (19) Siemionc (17) Yang" (18)

isoquinoline 488 NT NT

lophine NR NT NT

2,3-lutidine 370 NT NT

methylnicotinate NR NT NT

nicotinamide NT 354W NT

nicotinamic acid NT NT NT

1,10-phenanthroline 350 NT NT

2-picoline 380 294W 384

3-picoline 370, 390, 526 298W 366, 540

4-picoline 336, 390, 530 288W NT

pyrazine 420 NT NT

pyridazine 430 386D 380

3-pyridine sulfonic acid NT NT NT

2,6-pyridine dimethanol NT NT NR

3-pyridinecaboxaldehyde NT NT NR

2-pyridylcarbinol NR NT NR

pyridazinamide 350 NT NT

quinine sulfate NT NT NT

quinoline 350 NT NT

a Maximum wavelength of absorption band.
b Acetonitrile was used as a solvent for all the derivative reagents.

Derivative reagents were made using DMSO or water as a solvent as indicated by D or
W.

d For most cases a response was observed from both chloroform and TCE, except for
2-cyanopyridine for which chloroform and TCE gave no absorption band at 478 nm and
658 nm, respectively. DMSO was used as a solvent for all the derivative reagents.

NT indicates that the derivative was not tested.
NR indicates no reaction observed.



were fixed for initial tests. These derivatives were not investigated with the fluorometric

method.

Variation of water and base concentrations in Fujiwara mixtures changes the

response of chloroform as well as that of other halogenated species that reactive to

Fujiwara reagent (12). The response ratio of TCE to chloroform with pyridine increases

with increasing of water concentration (17). Optimization of water and base

concentration was studied with the primary concern of optimum chloroform response (13,

17-18); however, selectivity of the reagent to TCE was also considered. The

dependencies of the response of chloroform to water concentration or to base

concentration are somewhat independent from each other, but the water concentration is

more critical.

Mixing of pyridine, water and sodium hydroxide to make Fujiwara reagent can

result in the formation of a precipitate. The precipitate was identified to be Na2CO3 from

the reaction between sodium hydroxide and dissolved carbon dioxide in pyridine (9).

Scattering by precipitates in the reagent can increase the blank noise, degrade the

detection limit, and decrease precision. In addition, the blank signal of was unstable

especially immediately after preparation.

To remove the precipitate, Yang (18) filtered the reagent, a mixture of pyridine,

DMSO, sodium hydroxide and water through O.45-pm-polytetraf1uoroctMy1ene (PTFE)

syringe filter. Filtering the reagent was reported to improve the limit of detection by a

factor of 3 and improve the reproducibility of the mean blank signal from batch to batch

over a factor of 5. To allow the blank signal to stabilize, the reagent was kept overnight

before use (9, 12, 17-18).



1.2 Instrumentation

Determination of chloroform or TCE in water with EPA standard methods

requires preconcentration with purge-and-trap (P&T) or solvent extraction, gas

chromatographic separation, and detection with electrolytic conductivity or mass

spectrometry (20-21). This instrumentation is expensive, requires skilled operators, and

is not very portable. Although such instrumentation can be operated in vans brought to a

site, analysis of samples directly at field sampling points is unlikely.

Spectrofluorometiy provides an alternative method for determination of

chloroform or TCE in water based on the Fujiwara reaction. Detection limits in the range

of 1-100 ng/mL are not achieved with direct mixing of the water sample and Fujiwara

reagent. Therefore, separation of volatile species from the water and preconcentration

techniques are required. In batch mode, studies involving direct injection of a standard

chloroform into the Fujiwara reagent, Yang (18) obtained a detection limit (in-cell) for

chloroform of 4 ng/mL (the reagent was 1.8 mM NaOH, 0.83 M water, 6.2 M pyridine,

and 7.0 M DMSO). The preconcentration step has included headspace sampling with a

fiber optics chemical sensor (FOCS) and a fluorometric detection system (12,17, 22) and

P&T concentration coupled with spectrophotometer or spectrofluorometer (13, 18).

Several researchers have developed FOCSs for determination of chloroform

which can be submerged in the water sample. Chloroform in a sample reservoir diffused

through a membrane or a headspace into a reservoir containing the Fujiwara reagent.

One or more fiber optics were inserted in the reservoir to excite and monitor the

fluorescence. The response to chloroform depended on the transport rate of chloroform

from water into the headspace and into the reagent and the rate of increase of the
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fluorescence signal is proportional to the chloroform concentration. Both Louch (12) and

Siemion (17) used a two-fiber configuration in which one fiber directs the excitation

radiation from a light source into the sample and the other fiber passes emission radiation

to a detection system. One example is shown in Figure 1.1.

Herron and Simon (16) used a one-fiber configuration FOCS to determine

chloroform in a water sample as shown in Figure 1.2. This design is based on the

original work of Milanovich et al. (15). The same fiber carries the excitation and

emission radiation. In this case, a capillary tube contained a Fujiwara reagent, which was

separated from the sample by an air bubble through which chloroform in the sample

diffused.

Yang (18) used P&T concentration technique to separate and preconcentrate

chloroform from a water sample. Nitrogen gas was used to purge a water sample in a

sparger and the volatized chloroform was trapped into a standard P&T trap (Tenax).

Next the sorbent was heated and the chloroform was directly transferred and bubbled into

a Fujiwara reagent in a sample cell. A commercial spectrofluorometer was used to

monitor the fluorescent product. Reagent composition and instrument parameters were

optimized to achieve low limit of detection for chloroform of 0.15 ng/mL with a 20-mL

sample. Table 1.2 summarizes the optimum reagents found by three researchers at

Oregon State University.
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Figure 1.1 FOCS based on two-fiber configuration used by Louch (12) for determination
of chloroform in water. Chloroform in the water sample transported through the trapped
air space in the sampling ports and diffused into a Fujiwara reagent contained in the
reagent reservoir. Two optical fibers were used for the measurement, one was used to
carry the excitation wavelength and the other was used to collect fluorescence signal
from the reaction product.
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Figure 1.2 A FOCS based on a one-fiber configuration from Herron and Simon (16). A,
the original design; B, the improved design. In the improved design glass capillary was
recessed into a metal tube to reduce the reagent volume and increase the durability of the
FOCS and the precision. (Taken without permission.)
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Table 1.2 Optimized reagent mixtures used by different researchers for determination of
chloroform.

Researcher Reagent Experimental technique
Detection limit

(nWmL)

50 mM TBAH
Louch,1991(12) 4.5MH20 FOCS 0.08

11 M pyridine

60 mM NaOH

Siemion, 1992 (17) 6 M H20
FOCS 15.9 M pyridine

5.9MDMSO

1.8 mMNaOH
P&T concentration coupled

Yang, 1997 (18)
0.83 MH2O
6.2 M pyridine

with a commercial 0.15

7.OMDMSO spectrofluorometer

1.3 Outline of the Thesis

In this thesis, several aspects about the fluorometric determination of chloroform

and TCE based on the Fujiwara reaction were studied. Instrumental configurations and

conditions and reagent concentrations were adjusted to maximize response to the analyte.

Studies were directed towards the goal of development of a portable instrument to be

used in the field for the determination of chloroform or TCE. Various aspects of the

research are presented in three chapters.

In Chapter 2, two methods to separate chloroform from water samples and

fluorometrically determine chloroform are discussed. These are based on purging the

chloroform in a sample with a sparger or a membrane separation device. In both cases,

the chloroform in a gas stream is bubbled and trapped in a Fujiwara reagent where the

fluorescent product formed is monitored. Conditions for removing and trapping
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chloroform were optimized for maximum recovery of chloroform. The effect of base and

water concentration in pyridine Fujiwara reagent was studied.

Reagents based on different pyridine derivatives were evaluated for the

determination of chloroform and TCE and the results are presented in Chapter 3. The

reactions were monitored both spectrophotometrically and spectrofluorometncally. The

effects of water and base concentrations in the reagents on response were studied.

Chapter 4 is concerned with the results of combining the gas-phase separation

techniques (Chapter 2) and Fujiwara reagents based on pyridine derivatives (Chapter 3).

The analytical characteristics for the determination of chloroform and TCE in water

samples with several systems are discussed.
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CHAPTER 2 INVESTIGATION OF DiRECT PURGE TECHNIQUES BASED ON
SPARGING AND MEMBRANE SEPARATORS FOR SPECTROMETRIC

DETERMINATION OF CHLOROFORM

2.1 Introduction

The purge-and-trap (P&T) concentration technique has been used for

determination of volatile compounds in various sample matrices including, water, soil

(1), and blood (2). This technique was initially developed for sample preparation (3).

The EPA has established standard methods involving the use of the P&T concentration

technique for determination of volatile organic compounds in water. A P&T concentrator

coupled with a gas chromatograph (GC) and mass spectrometer detector can perform

environmental determination of volatile organic compounds in water at part per billion

(pb) levels.

The operation of a P&T concentrator consists of three important states: purge,

trap, and bake. The conditions for the purge step vary according to the state of sample

and its physical properties. For an aqueous sample, inert gas is bubbled through the

sample in a sparger and the volatile compounds are swept out of the sample and carried to

a trap where they are adsorbed on the sorbent of the trap. For some types of samples,

such as solid samples, the purge gas is swept over the top of the sample instead of

bubbled through the sample. After a completion of purge state, the trap is heated and the

compounds are desorbed and transferred to the GC. When the desorb state is completed,

the trap is heated for a certain time in order to remove residual chemicals and clean up

the trap. This process is called the bake state.
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A variety of trapping materials are used as an adsorbent in the P&T concentrator.

The trap material is chosen based on the properties of chemicals to be analyzed and the

sample matrix. Tenax, for example, is often used to trap volatile organic compounds and

is required in many EPA standard methods. Tenax is a porous resin based on

diphenylene oxide and is classified in different grades, TA, GC, and GR, depending on

the impurities level and additives contained in the polymer. Tenax TA and Tenax GC

have the same structure; however, TA grade has lower impurities in the polymer.

Normally the impurities in the polymer originate from the solvents that are used for the

production of the resin (4). Tenax GR has 30% of graphite mixed with the Tenax TA.

Other adsorbents including silica gel, carbon molecular sieve, and charcoal have been

used for the trap of the P&T concentrator (4).

Yang (5) applied the P&T concentration technique with a fluorometric method to

determine chloroform in water based on Fujiwara reaction. Instead of directing the gas

during the desorb state into the column of the GC, chloroform was transferred into a

Fujiwara reagent. A one-phase Fujiwara reagent composed of pyridine, sodium

hydroxide, water, and dimethyl sulfoxide (DMSO) was used. A long-lived fluorescent

intermediate from the reaction between chloroform and Fujiwara reagent was monitored

allowing fluorometric determination of chloroform. The emission was monitored at 600

nm with a 540 nm excitation wavelength.

In this research, a direct purge technique was developed in which the reagent

becomes both the trap and indicator solution for chloroform. A water sample containing

chloroform in a sparger was bubbled with N2 from a tank or air from a pump, and the

purged chloroform was bubbled directly into a Fujiwara reagent to produce a fluorescent
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intermediate. Because the sample volume can be much greater than the reagent volume,

preconcentration occurs. Purge techniques based on stripping chloroform with a

membrane separator were also studied.
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2.2 Experimental

2.2.1 Reagents

Chloroform, 99.4%, was purchased from J.T. Baker. DMSO, 99.9%, and

pyridine, 99.0%, were obtained from Fisher Scientific and EM, respectively. Methanol

and sodium hydroxide (NaOH) pellets were manufactured by Mallinckdrodt with assay

99.97% and 98.7%, respectively. Deionized water used for solution preparation was

generated from a Millipore Milli-Q system connected to house deionized water. A series

of NaOH solutions were prepared by dilution of NaOH stock solutions that were typically

0.l2or2M.

2.2.2 Chloroform Standards and Sample Solutions

A stock solution of 2.5 mg/mL chloroform in DMSO was prepared by injecting

17 l.LL of chloroform with a 50-p.L syringe into about 9 mL DMSO contained in 10-mL

volumetric flask. After chloroform injection, DMSO was added immediately to bring up

the solution volume to 10 mL. The solution was transferred into a lock-type septum

capped (Mininert valve, Ailtech) vial (2 dram, 7.4 mL).

A series of lower concentration of chloroform standards were made by diluting

the 2.5 mg/mL chloroform standard and transferred to a lock-type septum capped vials.

All standard chloroform solutions were stored in a refrigerator after preparation to

minimize volatilization of chloroform and the stock solutions were prepared once every

four weeks. Chloroform standards in methanol were made in the similar fashion.
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Because the freezing point ofDMSO is high, 18.5 °C, standard solutions froze while

stored in the refrigerator. Therefore, the standard had to be thawed at room temperature

before use.

Sample solutions were prepared by spiking an appropriate volume of a

chloroform standard solution in methanol (typically 5 to 50 p.L) with a microsyringe into

Millipore water contained in 50-mL volumetric flask. For sample solutions that required

pH adjustment, NaOH solution (0.1 M) was added to the sample solutions to obtain a pH

of 10 or 11 before the injection of chloroform standard.

2.2.3 Fujiwara Reagent Mixture

Fujiwara reagent was made using the general procedure developed by Yang (5).

First in a hood, 12.5 mL of pyridine was transferred from 25-mL graduated cylinder into

a 25-mL volumetric flask containing about 10 mL of DMSO. An appropriate volume of

NaOH solution (typically 0.30 to 1.20 mL of 0.12 M NaOH) was added into the mixture

with an EppendorfEDP2 automatic pipet. More DMSO was added to bring up the

solution volume to 25 mL. After shaking, the solution was transferred into a 50-mL

beaker with a 1-cm magnetic bar, sealed with parafllm, and gently stirred for about 10

mm on a magnetic stirrer (VWR DYLA-DUAL).

Mixing of pyridine, NaOH solution, and DMSO resulted in white precipitate in

the Fujiwara reagent. To filter the solution, about 15 mL of solution containing white

precipitate was drawn into a 20-mL glass syringe. A 0.45-nm polytetrafluoroethylene

(PTFE) syringe filter (Fisher Scientific) was attached to the luer fitting of the syringe.

The filtered solution was collected and stored in a 40-mL 1-chem bottle. The filtration
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was repeated until all the solution was filtered. The 1-chem bottle was capped with a

Teflon-lined septum and sealed again with paraflim.

2.2.4 Instrumentation

Fluorometric measurements were made with an Aminco-Bowman luminescence

spectrometer series II. A 3.5-mL glass cuvette with a 1-cm cell pathlength (Spectrocell

Corp., RF-10 10-I) was used to contain the reagent for the measurement. The cuvette was

sealed with an open-top screw cap (Spectrocell) with a PTFE/silicone liner (Alltech). A

0.8-cm long magnetic bar was placed at the bottom of the cuvette for stirring the solution.

A P&T apparatus constructed by Yang (5) was used for the direct purge studies

and the evaluation of the trapping efficiency of a Fujiwara reagent. The apparatus

consists of a flow system: a sparger (Tekmar, #14-2337-024), four three-way valves

(Skinner-Honeywell, #B14-2337-024), two mass flow controllers (Porter, VD1000), and

a trap (01 Analytical, # 227338), a temperature control system, and a logic control

system. A three-way injection valve is attached to the top of the sparger to load and

unload the water sample. The common port is attached to a vertical stainless steel tube

(1/8" OD and about 26 cm long) that reaches near the bottom of the sparger above the

frit. The valve position is used to switch between two external ports with luer fittings to

load and unload the sample. The trap is the Tenax trap based on diphenylene oxide in a

0.25-mm id stainless steel tube. The temperature and logic systems control the cooling

and heating of the trap and the duration of each step, respectively.

For direct purge studies, parts of the P&T apparatus described above were used.

One of the mass flow controllers was used to control the gas flow rate between 0 and 100
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mLlmin. The flow controller was connected between a tank of compressed N2 (99.9%)

with the regulator set to 40 psi and the three-way air valve with the normally open port

connected directly to the sparger. The flow of N2 was turned on/off by a valve connected

to the gas tank. The sample solution was added to the 25-mL sparger with a 30-mL gas

tight syringe (Hamilton), and a 20-mL glass syringe (MULTIFIT) was used to unload the

sample. PEEK tubing with a 1/16" OD and 0.03" ID was used to connect to the outlet of

the sparger to the spectrometer cell. For the studies of the trapping efficiency of a

Fujiwara reagent, the P&T was used in its original configuration.

The concept of a direct purge technique is shown in Figure 2.1. Chloroform or

other volatile organic compounds are removed from a sample solution in a sparger by

bubbling an inert gas through the solution. The purge gas and volatile organics are

directed into a Fujiwara reagent. The chloroform is trapped in the reagent and reacts with

the reagent solution. After bubbling step, the reaction product was monitored with a

fluorometer.

For the studies with a membrane sampling device (MSD), a supported capillary

membrane sampler (Global FIA), Figure 2.2, was utilized to separate and transfer

chloroform from a sample solution into the reagent. The membrane allows certain

volatile species to transport from one medium into another medium (from one side of the

membrane to another side of the membrane). In this study, chloroform in the aqueous

phase (sample solution) diffused through the membrane into the inert gas (N2) that

flowed through the membrane tube and carried the analyte to a Fujiwara reagent.

The hollow membrane was made from a silicone rubber tubing with an ID less

than 0.5 mm. The membrane (about 130 cm long) was wound around the grooved metal
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nitrogen gas

20 mlimin

Fujiwara reagent

Figure 2.1 Diagram of the direct purge apparatus. Nitrogen gas bubbles through a
sample solution in a sparger with a flow rate controlled by flow controller. The gas and
sparged volatile organics are carried through a tube and bubble in the reagent.
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Figure 2.2 Supported capillary membrane sampler used to separate chloroform from a
sample solution. The hollow membrane wound around the supported metal, probe body,
increases contact surface between the membrane and the sample solution. The gas inlet
is connected to a flow controller, which controls an inert gas flow rate, and the gas outlet
is connected to a Fujiwara reagent. The diagram is obtained from www.globalfia.com.
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cylinder and provides a large contact surface area between the membrane and the sample

solution. The metal supports and protects the membrane from damage.

For sampling, the membrane device was dipped in a 503-mL sample solution

contained in a 500-znL Erlenmeyer flask, which has volume capacity greater than 500

mL. The flow controller and tubing connection were the same as those used for the direct

purge studies with the sparger. Figure 2.3 shows the diagram of the apparatus.

A miniature pump (Spectre; model 4612) was used in place of nitrogen gas for

some studies of both direct purge and MSD techniques. The pump was powered by a dc

voltage supply (Health, IP-27). The flow rate was varied by changing the voltage from 0

to 9 V. The flow rate range was 0 to 25 mL/min.

2.2.5 Direct Purge Technique

To implement the direct purge technique with a sparger, a 20-mL sample

(typically 12.5 ng/mL chloroform in water) was drawn into a 30-mL gas-tight syringe

(Hamilton) and transferred into the 25-mL sparger through the stainless steel tube. The

sample was sparged at 20 mL/min for a period of 12 mm as timed by a stopwatch. The

flow ofN2 was turned on/off by a valve connected to the gas tank. The gas exiting the

sparger was directed into 2 mL of Fujiwara reagent contained in the cuvette with a

stainless steel tube (0.08-cm od) inserted through the cell septum with its distal end near

the cell bottom. A syringe needle was also inserted through the septum into the

headspace as a vent. The Fujiwara reagent was a mixture of 50% (v/v) pyridine in

DMSO, 1.8 mM NaOH, and 0.83 M water. After the 12-mm purge, the reaction products

were monitored with the fluorometer.
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Figure 2.3 Diagram of membrane sampling device study. Nitrogen gas is flowed
through the membrane tubing, which is immersed in a sample solution. The outlet gas is
directly transferred into a Fujiwara reagent. The size of the stir bar is 2 inches.
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For all fluorometric measurements, the excitation and the emission wavelengths

were set at 540 nm and 600 nm, respectively, the excitation bandpass was 16 nm, and the

emission bandpass was 8 nm. The Fujiwara reagent was used as a reagent blank. Before

injection of a chloroform standard by syringe or purging a sample, the emission signal of

the blank was recorded 60 s with an interval of 10 s, the six signals were averaged and

used as a mean blank signal. To obtain the blank signal for the direct purge technique,

Millipore water was treated as the sample solution. The fluorescence signal was

monitored over the period of 400 s with the interval time of 10 s and the signal at 400 S

was subtracted from the Millipore blank signal to obtain the actual signal from the

response of the reagent to chloroform. Unless stated otherwise, the above monitoring

conditions were used for all fluorometric measurements.

Between the run of each sample solution, 25 mL of Millipore water was injected

into the sparger and removed for cleaning purposes. A minimum of three rinses was

made before the new introduction of the sample solution into the sparger. The cuvette

was cleaned between run as follows: five or more rinses with water, one rinse with

acetone to &y the cell, and one rinse with DMSO.

2.2.6 Trapping Efficiency of the Fujiwara Reagent

To be able to employ the direct purge technique as a method for determination

chloroform or other volatile organic compounds, the volatile organic compounds must be

trapped in the Fujiwara reagent. The trapping efficiency of the Fujiwara reagent for

chloroform was evaluated with the apparatus shown in Figure 2.4. The first cuvette
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Figure 2.4 Diagram of the modified direct purge apparatus used to evaluate trapping
efficiency. Two cuvettes are used to contain the Fujiwara reagent or 50% (v/v) pyridine
in DMSO. A trap from a portable purge-and-trap concentrator is used to capture
chloroform that is not trapped in the solution in the first cuvette. The trap temperature is
22 °C during the purge step.
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contained 2 rnL of 50% (v/v) pyridine in DMSO and the second cuvette contained the

Fujiwara reagent. When the purge was completed, 50 j.tL of the solution in the first cell

was spiked into a third cell containing 2 mL of the Fujiwara reagent and the fluorescence

signal of the reaction product was monitored.

The sample solution was 500 ng/niL chloroform in Millipore water. The Fujiwara

reagent was a mixture of 50% (v/v) pyridine in DMSO, 0.83 mM NaOH, and 1.8 M

water.

The flow from the first cell was directed in the P&T apparatus in its original

configuration to trap the chloroform not captured by the first cell. The trap was heated to

180 °C after the purge step, and the gas was swept out into the Fujiwara reagent in the

second cuvette. The second cell was not connected to the trap of the P&T concentrator

while the sample solution was purged.

To define the fluorescence signal equivalent to 100% transfer, 4 pL of 2.5 mg/mL

chloroform in DMSO (equivalent to the 10 ji.g of chloroform in 20-mL sample solution)

was injected into 2 mL of Fujiwara reagent in the third cell.

Measurements of the same sample solution were also made with the outlet of the

original P&T concentrator coupled directly into a sample cell with the same Fujiwara

reagent and fluorometric conditions to obtain a comparison data. The original procedure

of Yang (5) was used.
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2.2.7 Effect of Dissolved Carbon Dioxide in the Sample andAcid on Fujiwara Reagent
Reactivity

To study the effect of dissolved carbon dioxide (CO2) in a sample solution with

the direct purge technique, Fujiwara reagents were prepared with different sodium

hydroxide (1.8 to 5.4 mM) and water (0.83 to 2.5 M) concentrations. Sample solutions

were 12.5 ng/mL chloroform in water and the pH for some sample solutions was adjusted

between lOto 11.

Batch tests were done to obtain the fluorescence signals for comparison to those

obtained from the direct purge study with the same Fujiwara reagents used for the above

direct purge tests. With a syringe, 5 j.tL of 50 pg/mL chloroform in DMSO was injected

into the Fujiwara reagent.

To study the effect of acid on the Fujiwara reagent reactivity, different volumes

of 0.05 M sulfuric acid or 0.1 M sodium bicarbonate were injected into the Fujiwara

reagent, the solution was stirred for 1 mm to obtain a homogeneous solution, and then 5

iL of 50 pg/mL chloroform in DMSO was spiked into the solution. The reagent for acid

study had a composition of 50% (v/v) pyridine in DMSO, 3.6 mM NaOH, and 1.67 M

water.

2.2.8 Effect of Flow Rate on the Performance ofMSD

The MSD was immersed in 503-mL of a standard solution of 12.5 ng/mL

chloroform in Millipore water with the pH adjusted to be about 11. The sample solution

was contained in a 500-mL Erlenmeyer flask, as shown in Figure 2.3. A spinning

magnetic bar provided a homogeneous solution over the period of sampling.
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Nitrogen gas flowed through the membrane tube and swept chloroform into the

Fujiwara reagent. A Fujiwara reagent composed of 50% (v/v) pyridine in DMSO, 5.4

mM NaOH, and 2.5 M water was used for the studies. Three gas flow rates, 5, 10, and 15

mL/min, were studied. For each N2 flow rate, the flow was stopped for 1 mm every 10

mm over the sampling time of 60 mm for the measurement of fluorescence signal, and

after that the flow was turned back on.

With the same reagent and monitoring conditions, the transfer efficiency of the

MSD was evaluated with a pH 11 solution of 12.5 ng/mL chloroform in water, a N2 gas

flow rate of 10 mL/min, and a sampling time of 60 mm. The fluorescence signal from

direct injection of 125 p.L of 50 .tg/mL chloroform (6250 ng CHCI3) in DMSO into the

same Fujiwara reagent was measured to provide the data for calculation of chloroform

transfer recovery.

2.2.9 Use ofa Miniature Pump

A miniature air pump was used to pump air through both the sparger and MSD as

a substitute for N2 flow from a cylinder. With some instrumental modifications (see

Figure 2.1), the air pump was placed in between the sparger and the cuvette. The pump

could not be used to pump air into the sparger because the pressure generated by the

pump was inadequate. For the membrane study, the gas inlet end of the membrane tube

was connected to the pump, and the pump pushed the air to flow through the membrane

tube.
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2.3 Results and Discussion

2.3.1 Initial Studies of Direct Purge

A sparger gas flow rate of 20 mLlmin and a purge time of 12 mm were chosen for

all studies. At higher flow rates, the reagent solution is bubbled so vigorously that it fills

up to the septum cap. Some reagent could escape from the vent or some vapor phase

chloroform might escape before it has sufficient time to be dissolved and trapped by the

reagent. A sparger time of 12 mm was chosen so that the total sparge volume was 240

mL as found suitable by Yang (5).

To investigate the ability of the Fujiwara reagent to trap chloroform stripped out

of a sample solution in a sparger by N2, the two-cuvette (Figure 2.4) setup was used in

most cases. Results from initial studies of the direct purge technique are summarized in

Table 2.1. The amount of chloroform in the sample solution or directly injected was 10

ig except for 0.25 .ig in case 1. The transfer recovery is the ratio of the fluorescence

signal obtained with direct purge to that obtained with direct injection (case 4). In the

first study (one cell), the response to chloroform was low. For the second study (two

cells in series), the recovery was even lower. This difference could be due to the greater

amount of chloroform (0.08 j.tmol) used in the second study. However, this amount of

chloroform is clearly insignificant compared to the CO2 (1.3 .tmol) added and hydroxide

ion (3.6 p.mol (nominal)) in the reagent.

In the third study for which the first cuvette contained 50% (v/v) pyridine in

DMSO and the second cell contained the Fujiwara reagent, good recovery of chloroform

was obtained with 50% (v/v) pyridine in DMSO (when an aliquot was spiked into a
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Table 2.1 Direct purge technique study of chloroform in water with the Fujiwara reagent.a

Fluorescence signal Recovery (%)5

1. Direct purge of sample solution" 0.012 7

2. Direct purgec

1 cuvette (Fujiwara reagent) 0.02 0.29
2nd cuvette (Fujiwara reagent)h 0.0 16 0.24

3. Direct purgec

cuvette (50% pyridinefDMSO)' 4.6 69

2 cuvette (Fujiwara reagent)" 0.0 13 0.19

4. Direct injection of chioroforme 6.7 -

a 50% (v/v) pyridine in DMSO, 1.8 mM NaOH, and 0.83 M water.
b The concentration of chloroform in the 20-mL water sample was 12.5 ng/nIL (250 ng

total).
The concentration of chloroform in the 20-mL water sample water was 500 ng/mL (10

g total).
d Spiked 50 iL of the solution from the first cuvette into the Fujiwara reagent and
obtained the fluorescence signal. The reported fluorescence signal was calculated
based on the original solution volume (2 mL).
Injection of chloroform to obtain an in-cell concentration of 5 .tg/mL (10 ig total).
The fluorescence signal is 0.17 for 250 ng chloroform injected into the cell (case 1).
The reported fluorescence signals are normalized to a PMT bias of 610 V and the mean
of duplicate runs.

g Recovery = (signal from purge of same total mass of CHC13)/(signal from direct
injection)

h
Trapped by Tenax trap in P&T apparatus and then desorbed into the reagent.

Fujiwara reagent). This result suggests two hypotheses. First, the Fujiwara reagent

should trap chloroform because the reagent is composed of mostly pyridine and DMSO

with a slight amount of water and NaOH. Second, direct purging of chloroform in a

solution into the Fujiwara reagent affects the ability of the reagent to react with

chloroform. This second hypothesis is discussed in the next section.
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2.3.2 Effect ofDissolved Carbon Dioxide and Reagent Base Concentration

Dissolved CO2 in water is a result of the exposure of water to the atmosphere for

which the partial pressure of the CO2 gas is i0 atm (7). If CO2 is in equilibrium

between air and water, the total CO2 (CO2 (aq) + H2CO3 + HCO3 + C032) is estimated to

be 0.2 .tmol in the sample solution which is equivalent to 0.10 mM in the 2 mL of

reagent (see Appendix A for details).

In table 2.2, the fluorescence signals from the reaction of chloroform with the

Fujiwara reagent obtained under different conditions are compared. The signal was small

if the water sample was not pH adjusted and directly purged into the reagent as noted

previously. The recovery was also poor if more chloroform was directly injected into the

same reagent solution after the purge. However, when the pH of the sample solution was

adjusted to about 10 before the purge step, the Fujiwara reagent was reactive to

chloroform and the transfer efficiency and signal recovery were effectively 100%.

Most of the CO2 is bubbled out of the sample solution into the Fujiwara reagent

during the short purge time because 99.8% of the dissolved CO2 in the sample is not

ionized (6) in the range of pH 5-6. It is hypothesized that the CO2 in a sample neutralizes

a significant fraction of the hydroxide ion in the Fujiwara reagent and suppresses the

reactivity of the Fujiwara reagent.

The air above and below the sample solution in the sparger is also a source of

CO2. The estimated amount of CO2 in the air in this dead volume is 1.1 p.tmol, which

coffesponds to 0.55 mM in the 2 mL of reagent (see Appendix A for detailed

calculations). The amount of CO2 in the dead space may depend on the time between

samples.
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Table 2.2 Effect of pH adjustment of sample solution on the fluorescence signal.a

dFluorescence signal Recovery
(%)

1. Direct purge of the sample solution" 0.02 8

2. Direct purge of the sample solution and
direct injection of chloroform after purgec 0 02 8

3. Direct purge of the pH-adjusted
solution 0.28 100

4. Direct injection of chloroformc 0.26 -

a
The reagent was 50% (v/v) pyridine in DMSO, 1.8 mM NaOH, and 0.83 M water.

b
The concentration of chloroform in the 20-mL water sample was 12.5 ng/mL (250 ng).
Injection of chloroform to obtain an in-cell concentration of 125 ng/mL (250 ng).

d
Fluorescence signals were obtained with a PMT bias voltage of 640 V. The reported
signals are blank corrected and the mean of duplicate runs.

This neutralization hypothesis was tested with Fujiwara reagents made with

different base and water concentrations. The results in Table 2.3 show that the

fluorescence signal increased with the increasing NaOH and water concentrations in the

reagent (up to 4.2 mM and 1.92 M) for the direct purge technique; whereas, the signal

decreased with increasing base and water concentration for the direct injection of

chloroform. The reagent with the base concentration of 4.2 mM yielded the maximum

fluorescence signal with the purge technique. The recovery is 77% based on the signal

obtained with a purge of the blank into the same reagent followed by a direct injection.

The recovery is 85% versus the result obtained with direct injection into the reagent with

1.8 mM NaOH and 0.83 M H20. The actual base concentration in the reagent is not

known as some may be consumed during preparation of the reagent. The overall
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Table 2.3 Direct purge study of a non-adjusted pH sample solution with different base
concentrations in the Fujiwara reagent.a

{NaOHJ
(mM)

[H20]
(M)

Signal with direct injectionc Signal with direct purgeb Recover?
(%)

1.8 0.83 0.27 0.02 7

3.6 1.67 0.24 0.05 21

4.2 1.92 0.17 (0.30)e 0.23 100 (77)e

5.4 2.5 0.11 0.12 100

a Reported fluorescence signals were obtained with a PMT bias voltage of 640 V and are
the mean of duplicate runs.

b The concentration of chloroform in the water sample was 12.5 ng/mL (250 ng total).
Injection of chloroform to obtain an in-cell concentration of 125 ng/mL (250 ng total).

d Recovery calculated as (signal from direct purge)/(signal from direct injection (before a
purge))
Signal or recovery obtained with a direct purge of 20-mL of Millipore water (not pH
adjusted) for 12 mm before direct injection of chloroform (125 ng/mL in-cell) into the
reagent.

situation is more complex because the base concentration in the reagent decreases

throughout the purge step and reagents with lower base concentration may be somewhat

reactive initially. Also the amount of CO2 in the dead space within the sparger depends

on the amount of air that replaces the N2 from the previous purge during the cleaning and

filling of the sparger with the next sample.

2.3.3 Effect of an Acid and Base on Fujiwara Reagent Reactivity

Small amounts of H2SO4 or NaHCO3 were injected into the Fujiwara reagent to

define the effect of CO2 that might have on the reagent reactivity. The results of the

study are presented in Table 2.4.
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The fluorescence signal increased as the amount of acid injection was increased

from 0.1 to 1.4 j.tmol, but was completely suppressed with a 1 .6-tmol acid injection. The

initial increase in the signal is attributed to neutralization of some Off by the acid

yielding a reagent with a lower base concentration, which is more reactive than the

original reagent. The injection of acid also added water to the reagent, which may

slightly affect the magnitude of the final fluorescence signal or the kinetics of the

reaction.

Table 2.4 Effect of acid on Fujiwara reagent reactivity.a

Amount of H injectedb Fluorescence signald

total
(j.tmol)

conc.c

(mM) H2SO4 NaHCO3

0.1 0.05 0.23 -

0.4 0.2 0.30 0.29

0.8 0.4 0.40 0.38

1.4 0.7 0.42 0.40

1.6 0.8 0 0

a The Fujiwara reagent was 50% (v/v) pyridine in DMSO, 3.6 mM NaOH, and 1.67 M
water. The in-cell concentration of chloroform was 125 ng/mL (250 ng total) from direct
injection of a chloroform standard.

b The injected solutions were ito 16 i.iL of 0.05 M H2SO4 and 0.1 M NaHCO3.
The calculated concentration if all transferred into 2 mL of neutral solution.

d Reported fluorescence signals were obtained with a PMT bias voltage of 640 V and are
the mean of duplicate runs.

The Fujiwara reaction was completely quenched when acid in the form of H2SO4

or NaHCO3 (acidity relative to NaOH) was added equivalent to an in-cell concentration

of 0.8 mM. The nominal NaOH in the reagent was 3.6 mM. This result suggests that the
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hydroxide concentration in the reagent is less than 3.6 mM and closer to 0.8 mM. The

loss of hydroxide could be due to precipitates formed (removed during filtration of the

reagent) or reaction with pyridine in the reagent.

The estimated concentration of total CO2 in the reagent (before reaction with

base) from purging all the CO2 from a 20-mL sample solution with N2 and from the gas

dead volume in the sparger is 0.65 mM (0.1 + 0.55 mM, respectively). Note that this

value is reasonably close to the value of 0.8 mM estimated in the acid addition

experiment.

From Table 2.3, the reagent with 1.8 mM (nominal) base provides very low

response to chloroform (7% signal recováy) while the reagent with 3.6 mM (nominal)

base is more reactive to chloroform (21% signal recovery). These results are consistent

with the hypothesis that the actual base concentration in the reagent is 20 to 50% of the

nominal value.

It is difficult to calculate the recovery in some cases because the base

concentration in the reagent can be different between direct injection and direct purge

because of the CO2 added by the purge. To obtain a better estimate of the recovery, a

blank purge should be run before direct injection or the sample pH should be adjusted to

11 or greater.

2.3.4 Effect of Flow Rate on the Transfer Characteristics of Membrane Sampling Device

The MSD provides as an alternative method from the sparger to separate

chloroform from a sample solution. The manufacturer of the device suggestsa carrier

gas flow rate of 5-6 mL/min (8). The effect of gas flow rate on the fluorescence signal
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over a large range of sampling times was studied. For every gas flow rate studied, the

fluorescence signal increased with increasing sampling time as shown in Figure 2.5. For

a given sampling time, the fluorescence signal with a gas flow rate of 10 mL/min was

only slightly less than that obtained with a gas flow rate of 15 mL/min. For ftzrther

studies with the MSD, a gas flow rate of 10 mL/min was used.

Ideally, the following equilibrium model could be applied to the MSD. The total

amount of chloroform transferred depends on the chloroform concentration in the sample

solution, the chloroform concentration in the gas within the tubular membrane, the carrier

gas flow rate, and the sampling time. When the carrier gas flow rate is low enough to

allow chloroform to reach its vapor-liquid equilibrium value, the gas phase concentration

of chloroform will be at its maximum value and the total amount of chloroform

transferred will be proportional to the gas flow rate and the sampling time. Above a flow

rate of 10 mL/min, the assumption of liquid-vapor equilibrium for chloroform is no

longer valid and increasing the flow rate provides little increase in signal or benefit.

A non-linear dependence of signal on sampling time is observed in Figure 2.5

even for lower flow rates. This non-linearity is attributed to the slow kinetics of the

formation of the 'fluorescent intermediate. The signal was measured immediately after

the sampling step before the reaction between all the chloroform and the reagent had

reached the equilibrium, which is typically 6-10 mm for a batch injection. In particular,

the last chloroform that had entered had little time to react. Some of the delivered

chloroform still remains in the transfer line (0.3 cm3), but this volume is too small

compared to the 100 mL ofN2 delivered in 10 mm to cause the non-linearity.
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-°- 5 mL/min
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Figure 2.5 Dependence of fluorescence signal on sampling time with the MSD and
different carrier gas flow rates. The sample solution is 503 mL of 12.5 ng/mL CHC13.
The Fujiwara reagent was 50% (v/v) pyridine in DMSO, 5.4 mM NaOH, and 2.5 M
water. The specified flow rates are with those obtained with a N2 tank and mass
controller. The pump designation refers to air pumped at about 10 mL/min. A signal of
0.55 at 60 mm is equivalent to that obtained by direct injection of 1.14 p.g CHC13 into the
reagent. Fluorescence signals were obtained with a PMT bias of 640 V and the reported
values are the mean of duplicate runs.

The slope (least squares fit) of the curve between 40 and 60 mm in Figure 2.5 is

0.005 and 0.012 signal unit/mm for flow rates of 5 and 10 mL/min, respectively. These

results are closer to the factor of 2 increase expected from the equilibrium model. These

slopes should be directly related to the delivery rate of chloroform and effectively
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independent of the reaction kinetics because the amount of unreacted chloroform in a

given reagent should be the same at 40 and 60 mm.

It is proposed that the non-linearity due to slow kinetics would not be observed, if

chloroform were allowed to react with the Fujiwara reagent for 6 mm after every 10 mm

of sampling time before the gas transfer was continued. The experiment was conducted

with a 1-mm measurement time before the gas transfer was continued so that the reaction

had not reached equilibrium. The concept was modeled by adding a fixed signal to all

signals for a given curve (i.e., 0.082 for 10 mL/min). This fixed signal corresponds to the

extra signal that would have been obtained with 10 mm or more of reaction time. This

fixed signal should be the same for all data points because any chloroform that entered

the reagent over 10 mm before the measurement would have had enough time to react.

As shown in Figure 2.6, the proposed correction provides the curves that are qualitatively

linear. Note that the fixed signal corresponds to 68 to 70% of the signal change per 10

mm at longer sampling times.

Experimental and theoretical transfer rates are compared in Table 2.5. The

theoretical values are based on assumption of an equilibrium concentration of chloroform

in the gas phase based on Henry's law. For sample solution of 12.5 ng/mL chloroform,

the gas phase concentration of chloroform is 2.1 ng/mL at 25 °C (see Appendix B for

details). For the sparger, it is assumed that effectively all the chloroform in a 20-mL

sample is removed in the 12-mm sampling period. For the MSD, only a small fraction of

the total chloroform is removed from the 503-mL sample during the 60-mm sampling

period. For theoretical calculations, it is assumed that the solution and vapor phase

concentration of chloroform remain constant. The calculated or experimental valuesare
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Figure 2.6 Dependence of fluorescence signal on sampling time with a fixed signal
correction. The plotted fluorescence signals were calculated by addition of the constants,
0.035, 0.082, and 0.085 to the data in Figure 2.5 for the gas flow rates of 5, 10, and 15
mL/min, respectively. The first two constants correspond to 0.70 and 0.68 of the signal
change per 10 mm at longer sampling times (the measured signal is about 70% of the
estimated signal at equilibrium).

based on comparing signals to these obtained with direct injection (see Appendix B).

The experimental value for the chloroform transferred is obtained from the fluorescence

response after sampling with the MSD over one hour and that from a direct injection of

chloroform (refer to caption of Figure 2.5).

The average experimental values of the MSD and sparger transfer rate of

chloroform are similar and near the value predicted by an equilibrium model for the

MSD. The theoretical value for the transfer rate of the sparger is higher because the

transfer rate really decreases throughout the sparger as the chloroform becomes depleted
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Table 2.5 Transfer rate of chloroform based on direct purge with sparger or MSD.

Technique
Transfer rate (ng/min)

Theoreticaic experimental

Spargera 42 16d

MSDb 21 19e

aThe reagent was 50% (v/v) pyridine in DMSO, 4.2 mM NaOH, and 1.92 M water.
The concentration of chloroform in the 20-mL water sample was 12.5 ng/mL (250 ng).

b
The reagent was 50% (v/v) pyridine in DMSO, 5.4 mM NaOH, and 2.5 M water. The
concentration of chloroform in the 503-mL water sample was 12.5 ng/mL (6.3 pg).

C
For sparger, 2.1 ng/mL x 20 mL/min, for MSD, 2.1 ng/mL x 10 mL/min.

d
From Table 2.3 (refer to the reagent with 4.2 mM NaOH), (250 ngIl2 min)(77%)

e 1.14 .tg/60 mm (refer to Appendix B).

over 12 mm. For the MSD, only about 18% of the chloroform is removed because the

sample volume is much larger than that used with the sparger.

2.3.5 Use ofMiniature Pump in Place of Nitrogen Gas

Air from a miniature pump was substituted for N2 from a tank as the purge and

carrier gas for the sparger and MSD. The results of this study with the direct purge

technique are shown in Table 2.6. Without adjustment of the pH of the sample solutions,

the Fujiwara reagent with 5.4 mM NaOH provided the highest response to chloroform.

With sample pH-adjustment, response is good with base concentrations of 3.6 and 5.4

mM. Without pH adjustment, the response is low because of neutralization of the base in

the reagent by CO2 in the air. Calculated recoveries without pH adjustment are only

rough estimates because the base concentration after purging is less than that used for the

direct injection.
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Table 2.6 Effect of sample pH and reagent base concentration on signal response with a
direct purge technique based on a sparger and a miniature pump.a

[NaOH]
(mM)

[H201
(M)

Fluorescence signaib

Direct injectionc Pump
Without pH

adjusted
Rcovery

(%)
With pH

adjusted to 11
Recovery

(%)

2.7 1.25 0.30 0.03 10 0.03 10

3.6 1.67 0.24 0.03 13 0.15 63

4.2 1.92 0.18 0.03 17 0.16 89

5.4 2.5 0.10 0.06 60 0.07 70

a The concentration of chloroform in the 20-mL water sample was 12.5 ng/mL.
bReported fluorescence signals were obtained with a PMT bias voltage of 640 V and are
the mean of duplicate measurements.
An in-cell concentration of 125 ng/mL was obtained with direct injection of
chloroform into the Fujiwara reagent.

'The flow rate range was 16 to 22 mL/min, sampling time was 12 mm, and the dead
volume in the sparger was 0.076 L.

Using the miniature pump introduces more CO2 into the reagent solution than

with N2 purging because of the CO2 in the carrier gas (air). In a 12-mm sampling or

sparge period, 3.3 .tmol of CO2 are carried into the reagent in addition to the 0.2 pmol

in the sample solution (see Appendix A for details). This amount is equivalent to 1.65

mM in 2 mL of reagent. This extra CO2 accounts for the relatively low response for the

reagents with base concentrations from 2.7 to 4.2 mM and a sample solution with no pH

adjustment. Because of the inconsistency of the air flow rate (16 to 22 mL/min), there is

more uncertainty in the fluorescence signal response obtained from each Fujiwara

reagent. For example, the duplicate measurements for the reagent with 4.2 mM NaOH

and pH adjustment of the sample were 0.163 and 0.148.
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The first carrier gas that enters the reagent is from the air already in the sparger

and is assumed to have the same concentration of CO2 as normal air. Even when the

sample pH is adjusted to 11 to capture all CO2 that flows into the sparger, there may be

some CO2 in the gas above the sample in the sparger which was introduced when the

samples were changed.

The response when chloroform is stripped out of the sample solution with the

MSD and air flow from the pump is shown in Figure 2.5 (curve specified as pump). The

fluorescence signals obtained with the pump are within 15% of the signals obtained with

a N2 flow rate of 10 mL/min as expected.
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2.4 Conclusions

These studies demonstrate that chloroform in a sample solution can be stripped

with a sparger or MSD, directly transferred into a Fujiwara reagent, and efficiently

trapped by the reagent. Previously Yang (5) showed that the chloroform could be

determined in a two-step process (purge/trap and desorb) with a conventional P&T

(sparger and trap) as the sampling device and a Fujiwara reagent as a second trap.

The major difficulty with the direct purge technique is the dissolved CO2 in the

sample solution that is stripped out of the solution with the chloroform during the purge

step or the CO2 in the dead space within the sparger. This CO2 enters the Fujiwara

reagent and neutralizes some or all of the hydroxide ion making the Fujiwara reagent less

or not reactive to chloroform. Adjusting the pH of the sample solution to above 11 so

that the CO2 is not stripped or increasing the base concentration of the Fujiwara reagent

minimizes the CO2 problem. However, using a Fujiwara reagent with a higher base

concentration decreases the fluorescence calibration slope relative to that obtained from

the direct injection of chloroform into the low-base concentration reagent. It is difficult

to control all conditions so that the lower NaOH concentration after a purge is the

optimum concentration.

With a Fujiwara reagent consisting of 50% (v/v) pyridine in DMSO, 4.2 mM

NaOH, and 1.92 M water, the direct purge technique with a sparger for stripping

provided 77% recovery of chloroform. The total analysis time (purge (12 mm) and

measurement (6 mm)) is 18 mm. Using a portable P&T concentrator coupled with a

fluorometer and a Fujiwara reagent consisting of 50% (vlv) pyridine in DMSO, 1.8 mM

NaOH, and 0.83 M water, Yang (5) obtained 67% transfer recovery of chloroform. The
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analysis time (purge (6 mm), desorb (1 mm), and measurement (6 mm)) was 13 mm. The

difference in total analysis time is due primarily to the longer purge time used with the

direct purge technique in which the purge flow rate is half that used with the P&T

apparatus. Clearly the Fujiwara reagent can act as the trap, which reduces the

instrumental complexity required such as all components involved with the Tenax trap

and its heating and cooling.

A MSD provides an alternative technique for stripping chloroform out from the

sample solution. It is simpler to immerse the MSD in different types of sample solutions

than to fill and later rinse the sparger. Also the MSD can be used for remote on-line

monitoring of chloroform in a flow stream or in a well over a period of time. This

technique provided a high chloroform transfer rate (19 ng/min) with a gas flow rate of 10

mL/min that is 87% of theoretical value. The absolute transfer rates (ng/min) are

approximately the same with the sparger or the MSD and near that predicted by

equilibrium calculations.

The miniature pump is a viable option for replacing a tank of N2 and a mass flow

controller to provide the carrier gas for the sparger or the MSD. A small pump is more

portable than a gas tank, could be run off a battety, and lowers operation costs. A pump

with a more reproducible flow rate than that used here is suggested. One disadvantage of

using air as the carrier gas with a miniature pump is that more CO2 is introduced than

with the N2. This CO2 neutralizes the base in the Fujiwara reagent. A higher reagent

base concentration can be used to compensate for the CO2, but the calibration sensitivity

is about 2/3 of the optimum value (Table 2.3, comparing signal from direct injection of

chloroform in the reagents with 1.8 and 4.2 mM NaOH). The sample pH can be adjusted,
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but this approach is not feasible for online monitoring. It might also be possible to use an

adsorbent trap to remove the CO2 from the air before it enters the sample solution.

Overall these studies suggest that it is possible to build a relatively small and

portable apparatus for determination of chloroform at ng/mL levels for on-site water

analysis. It would be based on a direct purge technique with a sparger or a MSD with the

carrier gas supplied by a miniature pump. A suitable Fujiwara reagent or a trap would be

required to compensate for CO2.
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CHAPTER 3 EVALUATION OF PYRIDINE DERIVATIVE REAGENTS FOR
DETERMINATION OF CHLOROFORM AND TRICIILOROETHYLENE

3.1 Introduction

The Fujiwara reaction has been used for the determination of chloroform (1-6).

The red product is formed when chloroform is added into a mixture of pyridine, base, and

water. The reaction yields strong absorption maxima at 370, 420, and 540 nm, which

enables spectrophotometric determination of chloroform. Moreover, the red product

fluoresces at 600 nm with the excitation wavelength at 540 rim. This allows fluorometric

determination of chloroform.

The Fujiwara reagent was originally composed of pyridine, base, and water. For a

composition with a high water to pyridine volume ratio (about one), a two-phase reagent

is obtained (2). The organic phase, pyridine, in which the reaction occurred, is

transferred into a cuvette for a spectrometric measurement. The reagent was modified to

obtain a one-phase reagent by introduction of organic bases such as tetrabutyl ammonium

hydroxide (4), by including organic solvents (2, 4-6), or by adjusting the water to

pyridine volume ratio to be much less than 1 (2,4,7-8). A one-phase reagent is more

practical to use because it eliminates the need to deal with a phase separation.

Dimethyl sulfoxide, DMSO, was found to be a good solvent for a one-phase

Fujiwara reagent (4-6). Mixing DMSO with the reagent lessens the amount of pyridine

used and reduces the volatility of pyridine, which lowers the exposure of the operator to

pyridine vapor. Ketones (e.g., methyl ethyl ketone) and aldehydes (e.g., methyl

aldehyde) are not good solvents because they reduce or prevent the formation of the red
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product (2). Other solvents such as ethanol (4) and isopropanol (5) also suppress the

reaction of pyridine with chloroform.

To better understand the Fujiwara reaction, the reaction mechanism has been

studied. Some intermediates and products of the Fujiwara reaction with chloroform were

separated from the reaction mixture with chromatographic techniques, such as TLC and

HPLC (9-10). Structures of the intermediates and product were identified by UV-VIS

spectrophotometry, NMR and mass spectrometiy (11-12).

The intermediates and the product responsible for the absorption at 370, 420 and

540 nm were identified. The product and the intermediate that are responsible for the

absorption bands at 370 and 420 nm are glutaconaldehyde (OCH=CH-CH=CH-CHO)

and OCHN-CH=CH-CH=CH-CH=O, respectively. The intermediate

OCH=CH-CH=CH-CH=N-CH-N-CH=CH-CH=CH-CH=O absorbs at 540 nm and

fluoresces at 600 nm.

Some of the proposed mechanisms based on the known reaction intermediates and

product will be discussed. Uno et al. (11-12) proposed the mechanism shown in Figure

3.1. Pyridine as a nucleophile, attacks the carbon of chloroform and forms a positively-

charged intermediate (I) under the S2N mechanism. The intermediate (I) reacts according

to two proposed reaction pathways. In the first pathway, the intermediate (I) is attacked

by hydroxide ion at the a carbon on the pyridine ring, which results from the

delocalization of the electrons on the pyridine ring. The result of the hydroxide attack is

an intermediate (Ill), which absorbs at 420 nm. Further hydrolysis of intermediate (ifi)

results in glutaconaldehyde (V), which is responsible for the absorption at 370 nm. In the
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Figure 3.1 Fujiwara reaction mechanism proposed by Uno et al. (11-12). I, N-alkylated
pyridine; II, alkyldipyridium; ifi and IV, amidine; V. glutaconaldehyde.
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second pathway, the intermediate (I) reacts with another pyridine molecule forming

ailcypyridium (II). Next the intermediate (II) undergoes a similar hydrolysis as

intermediate (I) leading to the red intermediate (IV) which absorbs at 530 nm, finally

intermediate (IV) is hydrolyzed to intermediate (\').

Another reaction mechanism shown in Figure 3.2 was proposed by Louch (4) and

Angel et al. (13). In this mechanism, a carbene is generated by the reaction between

chloroform and hydroxide. As an electrophile, carbene is attacked by pyridine and forms

pyridium ylide (VI). This intermediate is hydrolyzed and results in the intermediate (I).

Pyridium ylide can also lose one chloride ion and then reacts with another pyridine

molecule yielding a dipyridyl anion (Vifi), which is hydrolyzed to be alkylpyridium

intermediate (II). The intermediates (I) and (II) obtained are proposed to further react to

form the colored products as discussed for the mechanism illustrated in Figure 3.1.

Yang (6) proposed a mechanism, as shown in Figure 3.3, which includes some of

the reaction steps specified in Figure 3.2 in which a carbene is formed from the reaction

of chloroform and hydroxide ion and then attacks pyridine until the dipyridyl anion (Vifi)

is formed. In Yang's mechanism, the dipyridyl anion loses a chloride ion to form

dipyridium carbene (IX), which is attacked by hydroxide ion resulting in an ylide (X).

The ylide (X) is hydrolyzed to an imine (Xl) and further reacts with hydroxide ion to be

iminium ion (XII). Next, the iminium ion (XII) undergoes ring cleavage yielding an

imine (XIII). Further ring cleavage of the imine (XIII) generates the red intermediate

(IV). The amidine salt (V) can be result from hydrolysis of the intermediate (IV) or the

intermediate (ifi), which is also a result of hydrolysis of the intermediate (IV).
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Figure 3.2 Fujiwara reaction mechanism proposed by Louch (4) and Angel et al. (13). I,
N-alkylated pyridine; VI, pyridium ylide; VII, divalent carbene intermediate; VIII,
dipyridyl anion; II, alkyldipyridium intermediate.
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The selectivity of the Fujiwara reagent is one of the major concerns for the

determination of chloroform in a water sample because the Fujiwara reagent also reacts

with several other polyhalogenated organic aliphatic compounds including

bromodichioromethane, dibromochioromethane, bromoform, and trichioroethene.

Therefore, researchers (5-6) have investigated other reagents that might exhibit different

relative reactivities with chloroform and other specific chlorinated species. Many of

these reagents are based on substituting derivatives of pyridine (e.g., substituents on the

pyridine ring) for pyridine. Information about pyridine derivatives that have been tested

with chloroform using spectrophotometric and fluorometric measurements is summarized

in Table 1.1 (14).

In this research, reagents based on 15 pyridine derivatives in DMSO were

prepared in the similar fashion to that used for the pyridine Fujiwara reagent and tested

for their reactivity with chloroform and trichloroethylene (TCE). The reactions were first

monitored by spectrophotometry and then with fluorometry method for those reagents

that reacted with either chloroform or TCE or both. The concentrations of water and

sodium hydroxide in the reagent were varied to maximize the response. The effect of the

reagent age on the fluorescence signal was investigated over a period of five days.
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3.2 Experimental

3.2.1 Reagents

The chemicals and reagents used are as follow: chloroform (Baker Analyzed,

99.4%), TCE (Baker Analyzed, 100%), DMSO (Fisher Scientific, 99.9%), pyridine (EM,

99.0%), sodium hydroxide pellets (Mallinckrodt AR grade, 98.7%), and various pyridine

derivatives (Aldrich, Sigma, and Fluka, 97 to >99%).

3.2.2 Chloroform and TCE Standards

A chloroform standard with a concentration of 2.5 mg/mL was prepared by

injecting 17 jtL of neat chloroform into a 10-mL volumetric flask containing about 9 mL

of DMSO. The solution was then brought up to the volume with DMSO. The solution

was transferred into a capped vial (2 dram, 7.4 mL) capped with a lock-type septum

(Mininert valve, Ailtech) and stored in a refrigerator. Standards of lower chloroform

concentration were prepared by dilution of the 2.5 mg/mL chloroform standard in

DMSO. TCE standards were prepared in a fashion similar to that for chloroform

standards. The initial stock solution was 1.0 mg/mL (7 iiL of neat TCE in a l0-mL

volumetric flask)

3.2.3 Reagent Mixtures

Pyridine derivative reagents were prepared in a fashion similar to that used for

Fujuiwara reagents based on pyridine (15). The pyridine derivative was first dissolved in
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DMSO according to its solubility (5 to 50% (w/v)) and then transferred into a 25-rnL

volumetric flask. An appropriate volume of 2 M sodium hydroxide (30 to 250 .tL) and of

Millipore water (130 to 2650 pL) was added to the mixture to obtain the required base

concentration in range of 2.5 to 20 mM and water concentration in range of ito 15 M.

DMSO was later added to bring up the mixture volume to 25 mL. After that, the mixture

was transferred into a 50-mL beaker, gently stirred for 10 mm, pulled into a 20-mL

syringe, and filtered with a 0.45-.tm PTFE syringe filter. The reagent was kept in a 40-

mL 1-chem bottle with a septum cap and sealed again with parafllm.

3.2.4 Instrumentation

A diode array UV-VIS spectrophotometer (Hewlett Packard (HP), model 8452A)

was used for the spectrophotometric measurements. A 3.5-mL cuvette with a i-cm

pathlength (Spectrocell Corp., RF-iO 10-I) was used to contain the reagent for all

measurements. The cuvette was sealed with an open-top screw cap (Spectrocell) with a

PTFE/silicone liner (Alitech). A 0.8-cm magnetic bar was placed at the bottom of the

cuvette for stirring the solution. The fluorometric measurements were made with an

Aminco-Bowman luminescence spectrometer series II with the 1 50-W Xe lamp as the

source. In all cases, the excitation bandpass was 16 nm and the emission bandpass was 8

nm.
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3.2.5 Measurement Scheme for Pyridine Derivative Reagents

For spectrophotometric tests of a given pyridine derivative reagent, 2 mL of

pyridine derivative reagent was transferred into the cuvette with a 5-mL syringe. Initially

the reagent base concentration was adjusted to 10 mM and the reagent water

concentration was chosen to be 1 and 4 M because one or more of these conditions works

with pyridine or has shown to work with some pyridine derivatives in previous studies (5-

6). The blank spectrum was obtained in range of 350 to 700 nm. Next 20 ML of a 2.5

mg/mL chloroform or TCE standard in DMSO was injected into the reagent to obtain an

in-cell concentration of 25 .tg/mL. An absorption spectrum was taken 10 mm after

chloroform or TCE injection.

For fluorometric tests, a blank emission spectrum was acquired with an excitation

wavelength(s) chosen based on the absorption spectrum previously obtained. After

injection of chloroform (25 .tg/mL in-cell concentration) and a 10-mm delay, an emission

spectrum was obtained with the same excitation wavelength(s) used to obtain the blank

spectrum. The emission wavelength yielding the maximum emission signal was used to

obtain the excitation spectra for the reaction mixture. The excitation and emission

wavelengths yielding maximum response were used for further studies.

The reaction kinetics between a given pyridine derivative reagent and chloroform

or TCE were studied by injection of 20 jiL of 2.5 mg/mL a chloroform or TCE standard

into the reagent (25 .tg/mL in-cell). The fluorescence signal was monitored for 400 s and

1800 s for chloroform and TCE, respectively.

For the derivative reagents that reacted with chloroform or TCE or both, the effect

of base and water concentrations in the reagent was studied with fluorometric monitoring.
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The base concentration was varied in the range of 2.5 to 20 mM and the water

concentration was adjusted over a range of 1 to 15 M. Also the response of each

optimized reagent to both TCE and chloroform at a 25 jtg/mL (in-cell) concentration was

tested.

Reagents based on isonicotinamide and 1-(3-pyridylmethyl)urea were chosen to

study in more details with TCE and chloroform, respectively. The blank and analyte

fluorescence signals were measured once a day over a period of five days to evaluate the

reagent stability. Either 20 j.tL of 2.5 mg/niL TCE or chloroform standard was injected

into the reagent (25 pg/mL in-cell) and the fluorescence signal was monitored for 400 s

(chloroform) or 1800 s (TCE). For comparison purpose, a reagent based on pyridine was

injected with the equivalent amount of chloroform or TCE.
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3.3 Results and Discussion

3.3.1 Study of Pyridine Derivative Fujiwara Reagents

A series of pyridine derivative reagents were examined for their reactivity with

chloroform and TCE with spectrophotometric monitoring and the resultsare shown in

Table 3.1. Six pyridine derivatives, isonicotinamide, nicotinamide, 2-benzylpyridine,

4-benzylpyridine, 4-t-butylpyridine, and 1-(3-pyridylmethyl)urea reacted with chloroform

or TCE and their absorption spectra are shown in appendix C. Among the six

derivatives, 4-benzylpyridine provided the largest absorption response in the visible

wavelength region to both chloroform and TCE. Moreover, the absorption spectrum of

the reaction products of 1-(3-pyridylmethyl)urea with chloroform is similar to the

absorption spectrum of the reaction products of pyridine reagent with chloroform.

Three of the six derivative reagents, isonicotinamide, nicotinamide, and 1-(3-

pyridylmethyl)urea, were chosen for further study with fluorometric monitoring. The

other three derivatives were not further studied for different reasons. No fluorescence

signal was observed from the reaction between 2-benzylpyridine with chloroform or

TCE. The reaction of 4-benzylpyridine with chloroform resulted in an unstable yellow

solution. The color of the solution changed from yellow to green within 2 to 3 mm. With

a vigorously shaking, the green solution turned into yellow solution again. This change

of solution color occurred within the period of fluorescence monitoring and thus affected

the fluorescence signal. The blank fluorescence signal with a low PMT bias voltage (450

V) was relatively high for a reagent based on 4-t-butylpyridine and it was off scale with a

high PMT bias voltage (above 640 V) which was typically used for the study.



63

Table 3.1 Spectrophotometric evaluation of pyridine derivative reagents with chloroform
and TCE.a

Pyridine derivative Conc. [H20] Wavelengthb ()
CHCI3 TCE

(% wlv) (M)

1 368 (0.012)
358 (0.78), 450

isonicotinamide 20 _____ (0.14)

4 380 (0.0050) 368 (0.19), 450
(0.043)

1 408 (0.087) 360 (1.33),480

nicotinamide 20 (0.69)

4 408 (0.035) 360 (0.90), 480
(0.19)

3-aminopyridine 30
1 NP. NP.

4 NP. NP.

3-(aminomethyl)pyridine 50
1 NR NP.

4 NR NP.

4-(aminomethyl)pyridine 50
1 NP. NP.

4 NP. NR

3-(3-pyridylmethylamino)- 1 NR NP.
propionitrile 50

4 NP. NP.

2benzylpyridined 1 NP. 428 (0.10)

4 460 (0.22) 420 (0.43)

3ben.zy1pyridined 50
1 NP. NP.

4 NR NP.

1
388 (0.55), 486

4benzy1pyridined 50 (0.0 10)

4 498 (0.074) 434 (1.03), 486
_________________________ ________ (0.64), 570 (0.35)______

1 NP.
4-t-butylpyridine 50 420, 472 406 (0.24), 500

(0.045) (0.032)

3-pyridine propanol 20
1 NP. NP.

4 NP. NP.

4-pyridine propanol 20
1 NP. NP.

4 NP. NP.

2-pyridyl acetonitrile 20
1 NP. NP.

4 NP. NP.
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Table 3.1 Continued

Pyridine derivative Conc. [1120]
bWavelength (nm)

CHCI3 TCE(% w/v) (M)

1 374 (0.25) 410 (0.20), 480
1 -(3-pyridylmethyl)urea 5 368 (0.12), 400

422 (0.30)(0.10), 450(0.040)

pyridine-4-aldoxime 40
1 NR NR
4 NR NR

aNaOH concentration in the reagent was 10 mM and the in-cell concentration of
chloroform or TCE was 25 j.tg/mL.

b wavelength of absorption maximum; absorbance at maximum given in parenthesis; for a
pyridine reagent the absorbance values are 1.32 (368 nm), 0.76 (400 nm), and 0.44 (536
nm) for CHC13 and 1.93 (384 nm), 2.24 (430 nm), and 0.62 (530 nm) for TCE.
no reaction observed

d The in-cell concentration of chloroform or TCE was 31.3 p.g/mL.

Table 3.2 Characteristics of fluorescent products observed with pyridine derivative and
chloroform or TCE.

Pyridine derivative
Wavelength (nm)

excitation emission

isonicotinamide (with TCE) 420 520

nicotinamide (with TCE) 510 580

1-(3-pyridylmethyl)urea (with CHC13) 530 590

The excitation and emission wavelengths are summarized in Table 3.2 and the

excitation and emission spectra are shown in Appendix C. For the 1-(3-

pyridylmethyl)urea reagent, the excitation and emission wavelengths are about the same

as pyridine reagent with chloroform, 540 and 600 nm, respectively. To provide a
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comparison, the absorption and fluorescence spectra of the reaction of products of a

pyridine reagent with chloroform are also shown in Appendix C.

3.3.2 Effect of Sodium Hydroxide and Water Concentrations on the Response of the
Pyridine Derivative Reagents to Chloroform or TCE

Sodium hydroxide and water concentrations were varied to maximize the

fluorescence response of the reaction and the reaction kinetics for three derivatives. As

shown in Figure 3.4, the fluorescence signal for isonicotinamide reagent varied about a

factor of 4 for the conditions studied and the maximum value was obtained with a reagent

with 1 M water and 10 mM NaOH. With these conditions, it took more than 60 mm to

reach a plateau and the signal at 30 mm is about 62% of its maximum value.

For nicotinamide (Figure 3.5), the maximum response was obtained at a higher

water concentration than for isonicotinamide (6 M H20 and 10 mM NaOH). Compared

to the reaction of isonicotinamide and TCE, the reaction of nicotinamide reagent with

TCE has slower kinetics; however, a response is observed more quickly (about I mm)

after the injection of TCE. The reaction is no where near equilibrium after 30 mm; in

fact, it takes more than 60 mm to reach a plateau and the absolute magnitude of the signal

is less than that with the isonicotinamide reagent.

As shown in Figure 3.6, the maximum response to chloroform for the 1-(3-

pyridylmethyl)urea reagent occurred with 8 M water and 10 mM NaOH. With these

concentrations, the fluorescence signal approaches a plateau in 10 mm; the signal at 6

mm is about 80% of its maximum value compared to 92% for the pyridine reagent.
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Figure 3.4 Effect of water and sodium hydroxide concentrations on the response of
isonicotinamide reagent to TCE. The excitation and emission wavelengths were 420 nm
and 520 nm, respectively. The in-cell concentration of TCE was 25 .tg/mL. A, reaction
kinetics, PMT bias voltage 500 V. B, fluorescence signal measured after 1800 s of the
reaction time, PMT bias voltage 530 V.
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Figure 3.5 Effect of water and sodium hydroxide concentrations on the response of
nicotinamide reagent to TCE. The excitation and emission wavelengths were 510 and
580 nm, respectively. The PMT bias voltage was 530 V. The in-cell concentration of
TCE was 25 j.ig/mL. A, reaction kinetics. B, fluorescence signal measured after 1200 s
of the reaction time.
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Figure 3.6 Effect of water and sodium hydroxide concentrations on the response of 1-(3-
pyridylmethyl)urea reagent to chloroform. The excitation and emission wavelengths
were 530 nm and 590 nm, respectively. The PMT bias voltage was 530 V. The in-cell
concentration of chloroform was 25 ig/mL. A, reaction kinetics as a function of [H20],
[NaOH] 10 mM. B, reaction kinetics as a function of[NaOH], [H20] 8 M. C,
fluorescence signal measured after 400 s of the reaction time.
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3.3.3 Interference Study

The developed reagents based on nicotinamide, isonicotinamide, and 1-(3-

pyridylmehtyl)urea were tested for their reactivity to chloroform and TCE and results are

summarized in Table 3.3. The reagent based on pyridine provides the greatest signal for

chloroform, but the reagent based on 1-(3-pyridlmethyl)urea is more selective relative to

TCE. The reagent based on isonicotinamide is more selective to TCE and it is more

reactive to TCE compared to the nicotinamide reagent.

Table 3.3 Reactivity of reagents based on pyridine derivative and a reagent based on
pyridine to chloroform and TCE.a

Reagent
Fluorescence signal"

CHCI3 TCE

nicotinamideb 0.12 0.42

isonicotinamidec <0.01 6.1

1(3pyridylmethyl)uread 1.2 <0.06

pyridinee 4.1 1.1

a The in-cell concentration of chloroform or TCE was 25 tg/mL.
b Reagent was 20% (w/v) nicotinamide in DMSO, 6 M H20, and 10 mM NaOH.
Reagent was 20% (w/v) isonicotinamide in DMSO, 1 M H20, and 10 mM NaOH.

d Reagent was 5% (w/v) 1-(3-pyridylmethyl)urea in DMSO, 8 M H20, and 10 mM
NaOH.
Reagent was 50% (v/v) pyridine in DMSO, 2.5 M H20, and 5.4 mM NaOH.

"The reported fluorescence signals were normalized to a PMT bias voltage of 530 V.
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3.3.4 Age Study of Derivative Reagents

The optimized reagents based on isonicotinamide and 1-(3-pyridylmethyl)urea

were prepared and tested over a period of five days after reagent preparation. The blank

signals of the two reagents were relatively stable as shown in Figure 3.7A. The

background signal varies over a range of 3% and 4% for the isonicotinamide reagent and

the 1-(3-pyridylmethyl)urea reagent, respectively. As shown in Figure 3.7B, the

fluorescence signal for the reaction between isonicotinamide reagent and TCE was stable

over the period of study (within a range of 2%). The signal for the reaction of 1-(3-

pyridylmethyl)urea reagent with chloroform varied within a range of 5% over 5 days.
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Figure 3.7 Stability of fluorescence signal for two optimized reagents over a period of
five days. For 1-(3-pyridylmethyl)urea reagent, the excitation and emission wavelengths
were set at 540 and 600 nm, respectively. The PMT bias voltage was 530 V. For
isonicotinamide reagent, the excitation wavelength was set at 420 nm and the emission
wavelength was 520 nm. The PMT bias voltage was 500 V. A, blank signal of the two
reagents. B, analyte fluorescence signal for the two reagents, the in-cell concentration of
chloroform or TCE was 20 j.tg/mL for the reagent based on 1-(3-pyridylmethyl)urea and
isonicotinamide, respectively.



72

3.4 Conclusions

A number of pyridine derivatives were investigated for their reactivity with

chloroform and TCE. To our knowledge, eight of these derivatives,

(aminomethyl)pyridine (3- and 4-), pyridine propanol (3-and 4-), 3-(3-

pyridylmethylamino)propionitrile, pyridine-4-aldoxime, 1 -(3-pyridylmethyl)urea, and 2-

pyridylacetronitrile had not been previously tested for their reactivity to chloroform or

TCE. To our knowledge, reagents based on 4-t-butylpyridine, nicotinamide, and

isonicotinamide had been tested for their reactivity to chloroform but not to TCE.

Six of the derivatives evaluated, isonicotinamide, nicotinamide, 2-benzylpyridine,

4-benzylpyridine, 4-t-butylpyridine, and l-(3-pyridylmethyl)urea, reacted with

chloroform orTCE and provided products with absorption bands in the visible region.

Previously Johnson (16) had observed only UV absorption products with a reagent based

on 4-t-butylpyridine (acetronitrile solvent) and its reaction with chloroform. Both 2-

benzylpyridine and 4-benzylpyridine were known to react with chloroform or TCE to

yield products with absorption bands in the visible region (6, 16). Reagents based on

isonicotinamide and nicotinamide with water as a solvent reacted with chloroform

providing products with absorption bands only in the UV region when first tested by

Siemion (5).

Most notably, the reaction products observed with reagents based on

isonicotinamide, nicotinamide, and 1-(3-pyridylmethly)urea provided significant

fluorescent response which has not previously been reported. The water and base

concentrations in the reagents were varied to maximize the yield of fluorescence and the

rate of the reaction. The compositions of the reagents developed are as follows: 20%
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(w/v) nicotinamide in DMSO, 6 M water, and 10 mM NaOH, 20% (w/v) isonicotinamide

in DMSO, 1 M water, and 10 mM NaOH, and 5% (w/v) 1-(3-pyridylmethyl)urea in

DMSO, 8 M water, and 10 mM NaOH. The fluorescence response of the reagent based

on 1-(3-pyridylmethly)urea to chloroform under equivalent conditions is about 1/3 that

for pyridine reagent. However, the 1-(3.-pyridylmethyl)urea reagent is more selective to

chloroform than TCE (over a factor of 20). The response to TCE with the nicotinamide

and isonicotinamide reagents is a factor of 3 lower and a factor of 5.6 greater,

respectively, compared to that of the pyridine reagent. The isonicotinamide reagent is

preferred to the nicotinamide reagent for further studies with TCE because its response to

TCE is about 15 times greater and its selectivity relative to chloroform is over a factor of

600 (only a factor of 3.5 with the nicotinamide reagent).

The reagents based on isonicotinamide and 1-(3-pyridylmethyl)urea provide a

stable fluorescence signal and calibration slope (response to TCE or chloroform) over a

period of five days after reagent preparation. Isonicotinamide and 1-(3-

pyridylmethyl)urea reagents are recommended as possible alternative reagents to the

typical Fujiwara reagent based on pyridine for determination of TCE and chloroform in

water samples. These derivative reagents eliminate the exposure of an operator to

pyridine vapor and have better selectivity. One disadvantage relative to the pyridine

reagent is that the blank signal and noise are much larger such that the detection limits for

the analytes are not as good as with the pyridine reagent. Preliminary results indicate that

the detection limit for TCE with the isonicotinamide reagent would be about 0.03 .tg/mL

and for chloroform with the 1-(3-pyridylmethyl)urea would be about 0.03 pg/mL. These

detection limits may be adequate for screening studies of field samples.
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CHAPTER 4 FLUOROMETRIC DETERMINATION OF CHLOROFORM AND
TCE IN WATER WITH A DIIECT PURGE TECHNIQUE

4.1 Introduction

Chloroform, trichioroethylene (TCE), and other volatile organic compounds

(VOCs) are a major concern for water quality because of their impact on public health.

The US Safe Drinking Water Act (SDWA) requires the Environmental Protection

Agency (EPA) to regulate the drinking water contaminants including VOCs to protect

human health. EPA promulgated several standard methods based on gas chromatography

for the determination of VOCs in water. Specific methods such as EPA 501.2 (1) and

EPA 502.2 (2) require a preconcentration step including solvent extraction or purge-and-

trap (P&T) and a detector such as a mass spectrometer or electron capture detector.

EPA methods require high-skilled operators and expensive instrumentation,

which is less likely to be employed in the field. Commercial portable gas

chromatographs (GC) are available for the studies of VOCs in the field along with a

choice of detection systems such as flame ionization, electron capture, and mass

spectrometry. The cost of the instruments; however, remains relatively high, $50 K or

more (3), and skilled operators are still required. Therefore, simple and less expensive

methods and instrumentation that could be used for screening samples at field sites would

be useful.

Determination of chloroform in water can be based on the Fujiwara reaction with

spectrometric monitoring (3-9). When chloroform reacts with a suitable mixture of

pyridine, water, and base solution, the reaction products or intermediates formed can be
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monitored with a spectrophotometer or a spectrofluorometer for detennination of

chloroform.

Direct mixing of a Fujiwara reagent with a water sample does not provide a

chloroform detection limit sufficiently low (i.e., part per billion (ppb) levels) for some

environmental applications (3). Hence, a preconcentration technique is often used, and

the response of the Fujiwara reagent has been maximized by variation of water and base

concentrations (3-4, 7-8, 9-10) or modified by using different pyridine derivatives (3, 7,

9-10). Yang (3) used a portable purge-and-trap (P&T) concentrator to preconcentrate

chloroform in a water sample. The inert gas, N2, was bubbled through the sample

solution and chloroform was transferred to a trap where it was adsorbed. After that, the

trap was heated and chloroform was desorbed and directly carried into the Fujiwara

reagent.

In this thesis, a direct purge technique with a sparger was implemented for

determination of chloroform and ICE in water samples. Instead of using a trap, the

chloroform or TCE swept out from the sample solution during the purge state is

transferred directly into and trapped in the Fujiwara reagent. Reagents previously

developed and optimized were employed (10). These reagents are based on pyridine or

1-(3-pyridylmethyl)urea for determination of chloroform and isonicotinamide reagent for

determination of TCE in water (10). Tap water was analyzed for chloroform with the

new technique and two of the developed reagents. A commercial spectrofluorometer and

an in-house fluorometer were used as detection systems. Packaging this modified

chemistry and instrumentation (direct purge apparatus, and a spectrophotometer or
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fluorometer) could serve as the basis for a portable field instrument and a method for

determination of VOCs in water.
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4.2 Experimental

4.2.1 Reagents

Pyridine (99.0%) and sodium hydroxide (NaOH) pellets (98.7%) were obtained

from EM. Dimethyl sulfoxide (DMSO, 99.9%) was purchased from Fisher. Chloroform

(99.4%) and TCE (100%) were made by J. T. Baker. Methanol (MeOH, 99.97%) as a

solvent for chloroform standards was obtained from Mallinckrodt. Isonicotinamide (>99

%) was obtained from.Fluka and 1-(3-pyridylmethyl)urea (98%) was from Aldrich.

Millipore water used for solution preparation was generated from a Millipore MiIli-Q

system with house deionized water as the source water.

4.2.2 Standard and Sample Solutions

Chloroform and TCE standards were prepared in DMSO or methanol as

previously described (11). Concentrations of standards in water ranged from 0.25 to 225

ng/mL for chloroform and 35 to 225 ng/mL for TCE and were prepared by injecting an

appropriate volume of chloroform or TCE into Millipore water in a 50-mL volumetric

flask. Tap water was collected about 10 mm after a faucet was turned on from Gilbert

254, Oregon State University, Corvallis, Oregon, USA on December 14, 1999.

4.2.3 Fujiwara Reagent Mixtures

Reagents based on pyridine, isonicotinamide, and 1-(3-pyridylmethyl)urea were

prepared in a fashion similar to those previously described (10). The pyridine reagent
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was composed of 50% (v/v) pyridine in DMSO, 3.6 mM NaOH, and 1.67 M water. The

isonicotinamide reagent and 1-(3-pyridylmethyl)urea reagent were made in DMSO with a

concentration of 20% and 5% (w/v), respectively. The base concentration was 10 mM

for both reagents. The water concentration was 1 M in the isonicotinamide reagent and 8

M in the 1-(3-pyridylmethyl)urea reagent.

4.2.4 Instrumentation

All fluorescence measurements were made with a commercial instrument,

Aminco-Bowman luminescence spectrometer (Series II) or an in-house filter fluorometer.

For the spectrofluorometer, the excitation source was the 150-W Xe lamp. For all

measurements, the excitation bandpass was 16 nm and the emission bandpass was 8 rim.

A 3.5-mL glass cuvette with a 1-cm cell pathlength (Spectrocell Corp., RF-10 10-I) sealed

with an open-top screw cap (Spectrocell) with a PTFE/silicone liner (Alltech) was used to

contain the Fujiwara reagent. A Teflon magnetic bar, 0.8-cm long, was placed at the

bottom of the cuvette for stirring with a small motor-controlled stirrer.

A schematic of filter fluorometër is shown in Figure 4.1. The cuvette is placed in

a four-way sample holder (Ocean Optics, CUV-ALL), which has 4 SMA terminations for

coupling to fiber optics and is equipped with 2 UV and 2 VIS collimating lenses. All

lenses have a 5-mm diameter and an f-number of 2. The sample holder sits on top of a

small stirring plate (Cole-Palmer, T-4656-00 stirrer and T-1578-04 controller). A diode

pumped green crystal laser with a wavelength of 532 nm was used as an excitation source

(CrystaLaser, GCL-025-L). The excitation laser power was typically 5 to 20 mW. The

laser beam was focused on the tip of a fiber optic by a lens with 1-in diameter and 2.50-in
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Figure 4.1 Diagram of filter fluorometer. Excitation radiation from a laser was focused
by the lens onto a fiber optic (FO) and directed to the Fujiwara reagent in a cuvette
placed in a sample cell holder attached to a magnetic stirrer. The transmitted excitation
radiation was monitored by a power meter and used as a reference signal. The emission
radiation was filtered and detected by a PMT and sent to an I-V converter in the signal
processor. The ratio signal output from the signal processor was then passed to a filter-
amplifier unit and was monitored on a recorder. The inset shows the sparger and
connections to the sample cell.
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focal length. This 600-.tm optical fiber (Ocean Optics, P600-2-VIS/NIR) carried the

excitation radiation to the sample compartment.

The emission radiation was collected at a right angle by a 400-j.tm optical fiber

(Ocean Optics, P400-2-VISINTR) and directed to a photomultiplier tube (PMT) housing

(Heath, EU-701-93) that contained a Hamamatsu PMT (R3892). The housing was

modified with a SMA input and contains a bandpass interference filter with a 40-nm half-

width and central wavelength of 600 nm (Andover, 600FS40-12.5 AM-41 186-1) to filter

the emission radiation. The PMT was powered by Keithley power supply (model 244).

The transmitted excitation radiation was monitored by a digital power meter (Newport,

model 815 series) with a photodiode detector module (model 883-SL). A neutral density

filter (A= 3) was screwed into the detector head and reduced the source radiation power

by a factor of 1000 so it was within range. This radiation was carried by a 400-tm

optical fiber connected between a SMA connector mounted on the sample holder and a

SMA connector on the detector head. The signal output from the power meter was used

as a reference signal.

The signal from the PMT (photoanodic current) and the signal from the power

meter (voltage) were sent to a signal processor built by Louch (6), which included a

current-to-voltage (I-V) converter with the feedback resistor and capacitor set at 10 M

and 0.1 F, respectively, and a ratio circuit. The output signal was the ratio of the PMT

signal and the reference signal. The ratio signal was transferred tp a filter-amplifier unit

(Spectrum 1021A Filter & Amplifier) set to a cutoff frequency of 0.5 Hz and recorded on

a Linear recorder.
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4.2.5 Analysis Procedures

The sparging apparatus and procedures have been discussed in details (11) and are

briefly outlined here. A 20-mL of water sample or standard, with its pH adjusted to 11

by spiking about 50 pL of 2 M NaOH into the sample, was drawn into a 30-mL gas-tight

syringe (Hamilton) and transferred into a 25-mL sparger (Tekmar). Next, N2 with a flow

rate of 20 mLlmin was bubbled through the sample solution in the sparger and directed

into a Fujiwara reagent through a 0.03-in id PEEK tube for 12 mm. When the bubbling

process was completed, the reaction was monitored by a spectrometer. The sparger was

rinsed at least three times with Millipore water before introduction of the next water

sample into the sparger.

Three reagents based on pyridine, isonicotinamide, and 1-(3-pyridylmethyl)urea

were studied with the commercial spectrofluorometer. Calibration data for chloroform

were obtained with the pyridine and 1-(3-pyridylmethyl)urea reagents and TCE was

determined with the isonicotinamide reagent. The excitation and emission wavelengths

were set as follows: 540 and 600 nm for the pyridine reagent, 530 and 590 nm for the 1-

(3-pyridylmethyl)urea reagent, and 420 and 520 nm for the isonicotinamide reagent.

Monitoring times (following the purge step) were 400 s for the pyridine and 1-(3-

pyridylmethyl)urea reagents and 1800 s for the isonicotinamide reagent. The signal at the

end of the monitoring period was taken as the calibration signal. Data points were spaced

10 s with a 1-s integration time. For the filter fluorometer, only the pyridine and 1-(3-

pyridylmethyl)urea reagents were studied with chloroform because the excitation laser

source output at 532 nm matched the excitation band of the monitored products. All



83

fluorescence signals for calibration curves or tap water analysis are the mean of duplicate

measurements.

To obtain the blank signal and blank standard deviation (si*), one sample of

Millipore water was treated as a standard water sample. For the commercial instrument,

s was calculated from 40 repetitive blank measurements over the normal 400-s

measurement period for each reagent. For the filter fluorometer, one-fifth of peak-to-

peak noise over 6 mm was used to estimate s for each reagent. The appropriate blank

signal was subtracted from the standard or sample signals. The detection limit (DL) was

calculated from DL = 3si,i/ k where k is a slope of a calibration curve.
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4.3 Results and Discussion

4.3.1 Calibration Data for Chloroform and TCE

Calibration curves for chloroform with two different reagents and TCE with one

reagent are shown in Figures 4.2-4.4 and detection limits are summarized in Table 4.1.

Calibration slopes and background signals with the commercial spectrofluorometer are

summarized in Table 4.2

Table 4.1 Comparison of blank standard deviations and detection limits for three
reagents with the direct purge technique with sparger.

Reagent Analyte
Spectrofluorometer" Fluorometerd

Sbk
DL

(ng/mL)
s

(mV)
DL

(ng/niL)
pyridinea CHCI3 0.01 0.13 0.38 0.1

1-(3-pyridylmethyl)urea" CHCI3 0.042 23 1.5 6.5

isonicotinamidec TCE 0.10 26 - -

a
Reagent was 50% (v/v) pyridine in DMSO, 3.6 mM NaOH, and 1.67 M 1120.

b
Reagent was 5% (w/v) 1-(3-pyridylmethyl)urea in DMSO, 10 mM NaOH, and 8 M
H20.
Reagent was 20% (w/v) isonicotinamide in DMSO, 10 mM NaOH, and I M 1120.

d
The excitation power of the fluorometer is about 5-10 times greater than that of the
spectrofluorometer.

The pyridine reagent provides the best detection limits for chloroform with either

spectrometer. Detection limits are equivalent for chloroform with the pyridine reagent

and either spectrometer. The detection limit for chloroform with the reagent based on

1-(3-pyridylmethyl)urea is considerably worse than with the pyridine reagent but better

with the filter fluorometer.



Table 4.2 Calibration slopes and background signals for three reagents with the commercial spectrofluorometer and filter
fluorometer.a

Spectrofluorometer FluorometerPMT__________________

Initial Normalizedd Initial NormalizedReagent" Analyte
bias

voltage_______
(V)C

CS BS
Sbk CS BS s CS BS Sbk

cs BS Sbk

(mV) (mV)

pyridine CHCI3
840

0.23 0.65 0.01 0.017 0.046 0.00074 17.9 62.5 0.38 17.9 62.5 0.38(500)

l-(3-pyridyl-
CHCI3

760
0.0054 5.0 0.042 0.0010 0.95 0.0080 0.69 438 1.5 1.24 789 2.7methyl)urea (460)

isonicotinamide TCE 640 0.012 4.6 0.10 0.012 4.6 0.10 - - - - - -

a The dark current signal was 0.0 13 and the dark noise was 0.00028 at a PMT bias voltage of 640 V with the spectrofluorometer
and the dark current signal was 2.3 mY and the dark noise was 0.058 mY at a PMT bias voltage of 500 V with the fluorometer.

b
The composition of all reagents were the same as specified in footnote of Table 4.1.
PMT bias voltage in parenthesis are for the filter fluorometer.

d
Normalized to a PMT bias voltage of 640 V.

Normalized to a PMT bias voltage of 500 V.
f

CS = Calibration slope, (signal units)/(ng/mL) and the signal units are millivolts for the fluorometer.
g BS = Background signal, the signal units are millivolts for the fluorometer.

00
U,
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Figure 4.2 Calibration curves for chloroform with the direct purge technique and
fluorometric monitoring with a reagent based on pyridine. The reagent was 50% (vfv)
pyridine in DMSO, 3.6 mM NaOH, and 1.67 M H20. A, with Aminco-Bowman
spectrofluorometer, the linear fit equation is y = O.234x - 0.037, r2 = 0.999, the standard
error of slope and intercept are 0.002 and 0.03, respectively. The excitation and emission
wavelengths were set at 540 and 600 nm, respectively. All signals were normalized to a
PMT bias voltage of 840 V. B, with filter fluorometer, the linear fit equation is y = 17.9x
+ 1.49, r2 = 0.999, the standard error of slope and intercept are 0.15 and 2.4, respectively.
All signals were normalized to a PMT bias voltage of 500 V.
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Figure 4.3 Calibration curves for chloroform with the direct purge technique and
fluorometric detection with a reagent based on 1 -(3-pyridylmethyl)urea. The reagent
was 5% (w/v) 1-(3-pyridylmethyl)urea in DMSO, 10 mM NaOH, and 8 M H20. A, with
Aminco-Bowman spectrofluorometer, the linear fit equation is y = 0.0054x 0.04, r2 =

0.999, the standard error of slope and intercept are 0.0002 and 0.02, respectively. The
excitation and emission wavelengths were set at 530 and 590 nm, respectively. The
signals reported were normalized to a PMT bias voltage of 760 V. B, with filter
fluorometer, the linear fit equation is y = 0.695x 0.57, r2 = 0.996, the standard error of
slope and intercept are 0.03 and 1.2, respectively. All signals are normalized to a PMT
bias voltage of 460 V.
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Figure 4.4 Calibration curve for TCE with the direct purge technique and fluorometric
detection. The reagent was 20% (w/v) isonicotinamide in DMSO, 10 mM NaOH, and 1
M H20. The linear fit equation is y = 0.012x - 0.069, r2 = 0.996, the standard error of
slope and intercept are 0.0007 and 0.093, respectively. The excitation wavelength was
420 nm and the emission wavelength was 520 nm. All signals are normalized to a PMT
bias of 640 V.

The calibration slopes and background signals are normalized to a common bias

voltage for each instrument in Table 4.2 which allows the absolute signal with different

reagents to be compared. With the spectrofluorometer, the detection limit with the

reagent based on 1-(3-pyridylmethyl)urea is about 170 times worse because the

calibration slope (fluorescence signal/ng/inL CHCI3) is 17 times less, but the noise is

about 10.5 times greater due to the higher background fluorescence signal. With the

fluorometer and the same reagent, the detection limit is about 4 times better than that with

the spectrofluorometer. The signal-to-background ratio (S/B) is slightly better with the

filter fluorometer and may be due to the differences in the excitation conditions (narrower

band and higher power with the fluorometer) or in the emission wavelength selection

(monochromator vs. filter).
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The reagent based on isonicotinamide has the highest background signal. The

normalized slope is about 2/3 that obtained with the pyridine reagent for chloroform, but

the normalized blank noise is about 140 times larger yielding a detection limit for TCE

that is 200 times worse than that for chloroform with the pyridine reagent.

4.3.2 Tap Water Analysis

Tap water was analyzed for chloroform with the direct purge technique and the

commercial spectrofluorometer or the filter fluorometer. In tap water, the other

trihalomethanes (THMs), bromoform, bromodichioromethane, and

dibromochioromethane give a response. The fluorometric calibration slope

(signal/ng/mL) for brominated THMs under equivalent conditions was determined to be

63% (CHCl2Br), 45% (CHC1Br2), and 10% (CHBr3) of that for chloroform with a

pyridine/DMSO reagent in a vapor sensor configuration (7). For the 1-(3-

pyridylmethyl)urea reagent, the response factors for other THMs have not been

characterized, but would be expected to be similar to those determined with a pyridine

reagent.

The "nominal total concentration" of THMs is reported for the tap water analysis.

It is an estimate because of the different response factors for the 1'HMs. Because

chloroform is the major contaminant accounting for 75 to 95% of total THMs (12), the

error caused by under estimating the concentration of the brominated T.HMs can be small.

Yang (3) evaluated a pyridine/DMSO reagent with P&T introduction and found that the

value reported for total concentration of THMs was within 5% of the actual value

because the response factors of the brominated species are less. In fact, only
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bromodichioromethane was detected in tap water with GC-MS analysis and the response

for CHC12Br relative to CHCI3 was 45% (3). The concentration of chloroform in

drinking water is expected to be in a range of 2 to 44 ng/mL (13).

For the pyridine reagent, the concentration of total THMs was determined to be

14 ng/mL with the commercial spectrofluorometer and 15 ngfmL with the filter

fluorometer. With the filter fluorometer, the concentration of total TEIMs was found to

be 15 ng/mL with the 1-(3-pyridylmethyl)urea reagent, but it was not detected with the

commercial spectrofluorometer because the detection limit for chloroform is 23 ng/mL.
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4.4 Conclusions

A direct purge technique with a sparger and fluorometric detection was

implemented to detennine chloroform and TCE in water samples. Previously developed

Fujiwara reagents based on pyridine, 1-(3-pyridylmethyl)urea, and isonicotinamide for

chloroform and TCE were used for the studies. The performance characteristics of a

commercial spectrofluorometer and a filter fluorometer, constructed for this project in our

laboratory, were compared to evaluate the feasibility of making an actual portable

instrument.

With the direct purge technique and a commercial spectrofluorometer, detection

limits for chloroform were 0.13 ng/mL with the pyridine I'agent and 23 ng/mL with the

1-(3-pyridylmethyl)urea reagent. With the filter fluorometer, detection limits for

chloroform were 0.1 ng/mL with the pyridine reagent and 6.5 ng/mL with the 1-(3-

pyridylmethyl)urea reagent. The detection limit for TCE was 26 ng/mL with the

isonicotinamide reagent. Yang (3) obtained a detection limit for chloroform (0.15

ng/mL) equivalent to that obtained in this study with a portable P&T concentrator

coupled with the same commercial spectrofluorometer and a Fujiwara reagent based on

pyridine similar to that used for this study.

Determination of chloroform with the direct purge technique coupled with a

fluorometer took -48 mm per sample (12 mm for sparging and directing the gas into a

Fujiwara reagent and 6 mm for monitoring the reaction). In contrast, it took about 13 mm

per sample (6 mm for purging, 1 mm for desorbing, and 6 mm for monitoring the

reaction) with the portable P&T built by Yang and coupled with a spectrofluorometer (3).

The difference in analysis time is due to the difference in the length of the purge step.



92

With the direct purge technique, the filter fluorometer and the commercial

spectrofluorometer provided comparable detection limits for chloroform with a pyridine-

based reagent. The detection limit for chloroform was about 4 times better with the filter

fluorometer than obtained with the commercial spectrofluorometer for the 1-(3-

pyridylmethyl)urea reagent but considerably worse than obtained with the pyridine

reagent. The detection limits obtained with the newer reagents may still be adequate for

screening purposes in the field studies. These reagents do not expose the operator to

pyridine vapors. It also maybe possible to optimize chemical and instrumental conditions

to improve the detection limit.

A filter fluorometer could be integrated with a direct purge apparatus (e.g. a

sparger and a mass flow controller) to make an actual portable instrument for the field

studies. The portable instrument and the developed Fujiwara reagents could be useful as

an alternative or complementary method to EPA methods for an analysis of VOCs in

water.
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CHAPTER 5 FINAL CONCLUSIONS

5.1 Summary

Research was directed toward techniques for introduction of chloroform or TCE

into Fujiwara reagents and variations of Fujiwara reagent chemistry. A direct purge

technique was developed in which the water sample is bubbled in a sparger by the carrier

gas, N2. The volatile chlorinated solvents are directly swept into a Fujiwara reagent

where they are trapped and react to form a fluorescent intermediate that is monitored.

Typically a 20-mL sample was sparged into 2 mL of reagent in a 3.5-mL cuvette. A gas

flow rate of 20 mL/min and a bubbling time of 12 mm provided a high recovery for

chloroform or TCE. The direct purge technique was primarily studied with a typical

Fujiwara reagent composed of pyridine, dimethyl sulfoxide (DMSO), water, and sodium

hydroxide (NaOH).

A direct purge technique with a membrane sampling device (MSD) was also

studied. This commercial product, based on a hollow membrane (silicon tubing) wound

around a stainless steel, was immersed into a water sample. N2 gas flowed through the

membrane tubing and swept out the chloroform directly into the Fujiwara reagent. A gas

flow rate of 10 mL/min provided a good transfer rate of chloroform and the corrected

signal was proportional to sampling time.

The response obtained with the direct purge technique with a sparger or MSD is

significantly affected by CO2 carried into the reagent with the chloroform. CO2

neutralizes all or part of the 0H in the reagent. For reagents with a lower base

concentration, the fluorescence response is lowered or even effectively eliminated. The
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sources of the CO2 are the CO2 dissolved in the water sample, the CO2 in the space in the

sparger that is unoccupied by the water sample, and in the carrier gas if it is air and not

N2. To minimize the CO2 problem, either Fujiwara reagents were modified by increasing

the base concentration (to provide more capacity) or the pH of a water sample was

adjusted to be about 10 or 11 (to prevent CO2 from being purged).

For the direct purge technique with a sparger, the chloroform transfer rate and

recovery were 16 ng/min and 77%, respectively, with a N2 flow rate of 20 niL/mm and a

bubbling time of 12 mm. For the direct purge technique with the MSD, the transfer rate

of chloroform was 19 ng/min and 87% of that expected (based on Henry's law), with a

N2 flow rate of 10 mLlmin.

A miniature air pump was evaluated as a method to replace a N2 gas tank and a

mass flow controller as the source of the purge and carrier gas with the sparger or MSD.

The transfer efficiency and recovery were close to that obtained with N2, but the quantity

of CO2 carried into the reagent per unit time is greater.

The studies of Fujiwara reagent chemistry were focused on pyridine derivatives

that could replace pyridine to minimize the exposure of the operator to pyridine vapors

and potential health problem. Selectivity of the derivative was also of concern because

brominated methanes interfere the determination of chloroform in drinking water with the

pyridine reagent (1). The pyridine reagent also reacts with TCE which is of concern in

ground water studies where both solvents can be present. The derivative reagents were

spectrophotometrically and spectrofluorometrically tested.

A reagent based on 1-(3-pyridylmethyl)urea was found to be the best alternative

reagent for determination of chloroform. The reaction of chloroform with the pyridine
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reagent and the 1-(3-pyridylmethyl)urea reagent resulted in products with similar

excitation and emission spectra and similar kinetics (the reaction takes about 6 mm to

reach a plateau). Compared to the pyridine reagent, the 1-(3-pyridylmethyl)urea reagent

provides better selectivity relative to TCE but with a lower response to chloroform. The

lower response could be attributed in part to the low solubility of the derivative in DMSO

(5% w/v).

Isonicotinamide and nicotinamide were found to be reactive to TCE although the

kinetics are slow. The reactions take more than 60 mm to reach the plateau. The

fluorescence spectra of the products are quite different. The isonicotinamide reagent

provides a higher response to TCE than the nicotinamide reagent.

Isonicotinamide and 1-(3-pyridylmethyl)urea reagents are stable for at least a

period of 5 days after preparation. Overall, the 3 derivative reagents provide some

advantages over the pyridine reagent; all the derivatives are solid which considerably

lowers their volatility and lessens the chance of the operators to exposure to pyridine

vapors. The derivative reagents are selective to either chloroform or TCE while pyridine

reagent is reactive to both chloroform and TCE.

The direct purge technique with a sparger and the developed Fujiwara reagents

were used to obtain calibration data for chloroform and TCE. A commercial

spectrofluorometer and a filter fluorometer were implemented as detection systems. With

the commercial spectrofluorometer, the detection limits for chloroform are 0.13 and 23

ng/mL with the pyridine and 1-(3-pyridylmethyl)urea reagents, respectively. The

detection limit for TCE is 26 ng/mL with the isonicotinamide reagent. With the filter

fluorometer, detection limits for chloroform are 0.1 ng/mL with the pyridine reagent and
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and 6.5 ng/mL with the 1-(3-pyridylmethyl)urea reagent. The detection limit for

chloroform with the filter fluorometer is better than that obtained with the commercial

spectrofluorometer.

The combination of the direct purge technique, the developed Fujiwara reagents,

and spectrofluorometric detection showed the potential to be a supplementary or an

alternative method for determination of chloroform and TCE in water. For chloroform

with the pyridine and 1-(3-pyridylmethyl)urea reagents, it takes about 18 mm to complete

one water sample analysis, and it takes about 40 mm for determination of TCE in one

sample with the isonicotinanilde reagent. The direct purge components (i.e., sparger or

MSD) and the filter fluorometer could be integrated to construct a portable instrument

possible for on-site analysis.

5.2 Future Work

Further studies of derivative reagents for determination of chloroform or TCE

should be concerned with a more detailed evaluation of the interference from other

halogenated aliphatic organic compounds. Means to increase the solubility of 1-(3-

pyridylmethyl)urea in the reagent should be studied to maximize the response of the

reagent to chloroform. Solvents other than DMSO should be tested with the pyridine

derivatives.

A carbon dioxide trap should be included in the direct purge apparatus between

the sparger or the MSD and the reagent cell to removed the purged CO2 that neutralizes

hydroxide ion in a Fujiwara reagent. This modification will eliminate the need for pH



99

adjustment of the sample solution or allow pyridine reagents with a lower base

concentration, which provides better response to chloroform, to be used.

A smaller sample container for MSD should be used to reduce the sample volume

and make possible exhaustive removal of all the chloroform as with the sparger. A

cylindrical container is suggested because the radial spread of the sample solution around

the membrane would be even. A method for stirring is still required and an ultrasonic

bath is a possibility.

A miniature air pump that provides a constant and controllable flow rate should

be used as a source of the carrier gas. A small pump is more suitable for a portable

instrument although a power source is required. It eliminates the need for a gas tank and

a mass flow controller.

Various aspects need to be studied to construct a portable instrument for field

studies. The direct purge technique requires a few components, a sparger or a MSD, a

miniature pump (or a carrier gas tank with a mass flow controller), a reagent sample cell,

and a small fluorometer. A fluorometer could be based on an intense green LED as a

light source, an emission filter, and a small photomultiplier tube. Fluorescence data

could be output to a laptop computer.
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APPENDIX A ESTIMATION OF DISSOLVED CARBON DIOXIDE IN A
SAMPLE SOLUTION ANI) AIR

Carbon Dioxide in a Sample Solution

From Henry's law, [CO (aq)}i = KHPCO2

where,

KH: Henry's law constant = 10'5M atm' (1)

Pc02: partial pressure of CO2 in the atmosphere = i0' atm

[CO2 (aq)}i = (10' M atm')(1035 atm) = i0 M

In a 20-mL sample solution,

the amount of CO2 = (1.0 x i0 M)(0.02 L) = 2 x i0 mol = 0.2 j.tmol

If all the CO2 from the sample solution is transferred into 2 mL of Fujiwara reagent,

the concentration of [CO2] in the cell is given by

[CO2] = (0.2 j.tmol/0.002 L) = 0.1 mM

Carbon Dioxide in the Air (Dead Volume)

The air volume for the space unfilled with a sample solution in the sparger and the

connection tubes is estimated to be 0.076 L. Most of the volume is within the sparger.

From the gas law,

n = PV/RT where Pc02 = i0 atm and n = mol of CO2

If I = 298 K,

n = (10 atm)(0.076 L)/(0.08206 L atm mol' K')(298 K) = 1.1 p.mol
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If all the CO2 from the air is transferred into 2 mL ofFujiwara reagent,

the concentration of [CO2] in the reagent in the cell is given by

[CO2] = (1.1 .tmol/O.002 L) = 0.55 mM

Carbon Dioxide in Air Developed by Pump

For the miniature pump, the average air flow rate is 19 mL/min.

With a 12-mm sampling time,

the total air volume = (19 mlJmin)(12 mm) = 0.23 L

With similar calculation to that for the sparger, the amount of CO2 in the air is estimated

to be 3.3 mol and the resultant concentration of CO2 in the reagent in the cell is 1.65

mM.
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APPENDIX B TRANSFER EFFICIENCY OF THJ MEMBRANE SAMPLING
DEVICE

Theoretical Mass Transfer

A sample solution of 12.5 ng/mL of CHCI3 or [CHCI3] = 1.05 x 107M = C

gas flow rate = 10 mL/min

sample volume = 503 mL (6.3 jig of CHC13 in the sample solution)

sampling time = 60 mm

The gas phase concentration is calculated from Cg =K'H C where,

K'H = KH/RT and KH = 4.3 M'atm

If T = 298 K and C is constant during the sampling step,

Cg 1.8x 104M=2.1 ng/mL

total gas volume in 60 mm = 10 mL/min x 60 mm = 0.6 L

amount of CHC13 bubbled into 2-mL reagent = 1.8 xlO4M x 0.6 L = 1.1 x iO4 mol

= 1.3 jtg

Calculated Mass Transfer

In 2-mL of reagent,

the theoretical concentration of CHC13 in cell = 1.3 j.ig/2 mL = 650 ng/mL after 60 mm

From the experimental section 2.3.4 (refer to Figure 2.5),

the concentration of CHC13 in cell = 570 ng/mL is based on a direct injection (refer to

caption of Figure 2.5)
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therefore, the amount transferred in 60 mm is (570 ng/mL)/(650 ng/mL) or 87% of

theoretical value.

In one hour, the amount of chloroform stripped from the sample solution is

(1.14 jtg)/(6.3 j.tg) = 18%.



APPENDIX C ABSORPTION AND FLUORESCENCE SPECTRA OF
REACTION PRODUCTS OF VARIOUS PYRIDINE DERIVATIVES
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Figure C. 1 Absorption spectra of reaction products of the isonicotinamide reagent with
25 jtg/mL (in-cell) TCE or chloroform. The reagent mixture was 20% (w/v)
isonicotinamide in DMSO, 4 M water, and 10 mM NaOH. The corrected spectrum is
obtained by subtracting blank spectrum from the analyte spectrum.
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Figure C.2 Absorption spectra of reaction products of the nicotinamide reagent with 25
.Lg/mL (in-cell) TCE or chloroform. The reagent mixture was 20% (w/v) nicotinamide in
DMSO, 4 M water, and 10 mM NaOH
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Figure C.3 Absorption spectra of reaction products of the 2-benzylpyridine reagent with
31.3 p.g/mL (in-cell) TCE or chloroform. The reagent mixture was 50% (w/v) 2-
benzylpyridine in DMSO, 1 M water, and 10 mM NaOH. The corrected spectnim is
obtained by subtracting blank spectrum from the analyte spectrum.
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Figure C.4 Absorption spectra of reaction products of the 4-benzylpyndine reagent with
31.3 pg/mL (in-cell) TCE or chloroform. The reagent mixture was 50% (w/v) 4-
benzylpyridine in DMSO, 4 M water, and 10 mM NaOH. The corrected spectrum is
obtained by subtracting blank spectrum from the analyte spectrum.
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Figure C.5 Absorption spectra of reaction products of the 4-t-butylpyridine reagent with
25 p.g/mL (in-cell) TCE or chloroform. The reagent mixture was 50% (wlv) 44-
butylpyridine in DMSO, 4 M water, and 10 mM NaOH. The corrected spectrum is
obtained by subtracting blank spectrum from the analyte spectrum.
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Figure C.6 Absorption spectra of reaction products of the 1-(3-pyridylmethyl)urea
reagent with 25 .tg/mL (in-cell) TCE or chloroform. The reagent mixture was 5% (w/v)
1-(3-pyridylmethyl)urea in DMSO, 4M water, and 10 mM NaOH. The corrected
spectrum is obtained by subtracting blank spectrum from the analyte spectrum.
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Figure C.7 Absorption spectra of reaction products of the pyridine reagent with 31.3
tg/mL (in-cell) TCE or chloroform. The reagent mixture was 50% (v/v) pyridine in

DMSO, 2.5 M water, and 5.4 mM NaOH.
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Figure C.8 Fluorescence excitation and emission spectra of the isonicotinamide reagent
and the reaction products of the isonicotinamide reagent and TCE. The in-cell
concentration of TCE was 25 ji.g/mL. The reagent mixture was 20% (w/v)
isonicotinamide in DMSO, 1 Mwater, and 10 mM NaOH. The excitation and emission
bandpasses were 16 and 8 nm, respectively. The PMT bias voltage was 500 V.
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Figure C.9 Fluorescence excitation and emission spectra of the nicotinamide reagent and
the reaction products of the nicotinamide reagent and TCE. The in-cell concentration of
TCE was 25 p.g/mL. The reagent mixture was 20% (w/v) nicotinamide in DMSO, 6 M
water, and 10 mM NaOH. The excitation and emission bandpasses were 16 and S nm,
respectively. The PMT bias voltage was 530 V.
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Figure C.10 Fluorescence excitation and emission spectra of the 1-(3-pyridylmethly)urea
reagent and the reaction products of 1-(3-pyridylmethly)urea reagent and chloroform.
The in-cell concentration of chloroform was 25 2g/mL. The reagent mixture was 5%
(w/v) 1-(3-pyridylmethly)urea in DMSO, I M water, and 10 mM NaOH. The excitation
and emission bandpasses were 16 and 8 nm, respectively. The PMT bias voltage was 530
V.
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Figure C. 11 Fluorescence excitation and emission spectra of the pyridine reagent and the
reaction intermediate of pyridine reagent and chloroform. The in-cell concentration of
chloroform was 0.63 p.g/mL. The reagent mixture was 50% (v/v) pyridine in DMSO, 2.5

M water, and 5.4 mM NaOH. The excitation and emission bandpasses were 16 and 8 nm,
respectively. The PMT bias voltage was 680 V.




