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A.4

DEVELOPMENT OF METHODOLOGY AND INSTRUMENTATION
FOR DETERMINATION OF CHLOROFORM IN WATER

CHAPTER 1 INTRODUCTION

1.1 Overview and Purpose
Chloroform is one of the major volatile organic compounds (VOCs) found
prevalently in finished drinking water, municipal and industrial waste waters, waste sites

and ground water. Primarily used in the production of the refrigerant
chlorodifluoromethane, chloroform is also widely used as an intermediate or solvent in the

process of manufacturing of dyes, pesticides and pharmaceutical products. Emission from
anthropogenic production and use is a major route for chloroform to enter the
environment (1).

Another major route for chloroform entering the environment is through drinking

water chlorination. As a result of chlorination treatment, four trihalomethanes (THMs),
chloroform, tribromomethane (bromoform), bromodichloromethane and
dibromochloromethane, are generated from the reaction of chlorine with organic

precursors. Among these four THMs, chloroform normally is the predominant
contaminant (2-6). The monthly average chloroform concentration in the finished
drinking water varies seasonally and the daily variation is also dramatic (2). A survey
done in 1975 by Symons et. al. (7) showed that the concentrations of these compounds in
drinking water were related to the level of organic precursors in the raw water. The same

2

study also found that the chloroform concentration is affected by chlorine dose, contact

time, water temperature and pH.
Chloroform is a major public health concern owing to its toxicity and the fact that

human beings are inevitably exposed to it. Everyone needs to drink water and chloroform
is present in drinking water that is disinfected by chlorination. The National Cancer
Institute reported that chloroform caused an increased incidence of tumors in
experimental animals and chloroform is suspected to be human carcinogen (8). Also, in
extensive studies, a positive association between cancer risk and the level of chloroform in
drinking water consumed was found (9-10).
The chloroform level in drinking water is strictly regulated by laws, including the

Safe Drinking Water Act (SDWA), the Resource Conservation and Recovery Act
(RCRA), and the Comprehensive Environmental Responses, Compensation and Liability

Act (CERCLA). Table 1.1 lists common halogenated aliphatic contaminants in water and
the corresponding maximum contamination level (MCL) in US drinking water (11-12).

The total concentration of four trihalomethanes: chloroform, bromodichloromethane,
dibromochloromethane and bromoform in the finished drinking water is restricted not to
exceed 100 ng/ml (13-14).
When confronted with the determination of chloroform and other volatile organic
compounds in water to ensure compliance with laws, the U.S. EPA promulgated several
standard methods based on gas chromatography with various detection schemes, such as

ECD and MSD (15-16). For instance, U.S. EPA Method 524.2, MEASUREMENT OF
PURGEABLE ORGANIC COMPOUNDS IN WATER BY CAPILLARY COLUMN

3

Table 1.1. Common halogenated contaminants in water'.

Chemical

Formula

U.S. Drinking Water
MCLs (gg/L)

Trihalomethanes
chloroform

CHC13

bromodichloromethane

CHBrC12

dibromochioromenthane

CHBr2C1

bromoform

CHBr3

total THMs 100

Others
carbon tetrachloride

CC14

5

tetrachloroethylene

CC12 = CC12

5

trichloroethylene

CHC1=CC12

5

trichloroacetic acid

CCI3COOH

0.50

'Source: References 11-12.
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GAS CHROMATOGRAPHY/MASS SPECTROMETRY, is one of the most popular and
accepted standard methods for determination of volatile organic compounds in water. It
is worth noting that in all those methods, a pre-separation technique, which also functions
as a means for pre-concentration, is required to separate the volatile organic analytes from
water before the analytes could be introduced into the gas chromatography column.
Purge-and-trap concentration and solvent extraction by pentane are two techniques
employed to achieve this goal.
The relatively complex and expensive instrumentation designated in the EPA

standard methods limits the feasibility of having on-site instruments at many municipal

water treatment facilities. Lack of on-site instruments limits the frequency of analysis as

well. The current requirement is that the water treatment plants have samples analyzed at

least four times a year for THMs (13). In many cases, water samples are sent to external
labs equipped with appropriate instrumentation. The resulting undesirable delay between
analysis and sample collection hinders the prompt availability of the knowledge about the

on-going water treatment process.
The necessity for new methodology and instrumentation for routine analysis of
chloroform in water became the driving force of this project. This project is aimed at
developing simpler and less expensive methodology and instrumentation that is

complementary to the GC / MS / ECD instrumentation required by EPA standard

methods. With such new methodology and instrumentation, on-site determination of
chloroform at water treatment plants would be possible; therefore, chloroform in drinking
water could be determined on a more frequent basis. Another goal is to make the
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methodology and instrumentation simple and portable so that it is suitable for field tests at

waste sites and other test sites.
The new methodology is based on the strategy of using the Fujiwara reaction (17)

to determine chloroform. In the Fujiwara reaction, chloroform is mixed with Fujiwara
reagent (a mixture of pyridine, base and water) and a distinct red-colored product is
formed. The characteristic absorption and fluorescence of this red product provide the
basis for quantitative measurement of chloroform. However, chloroform is not the only
compound that shows reactivity in the Fujiwara reaction as a few other halogenated

compounds also give positive results. This group of compounds includes trichloroethene,
carbon tetrachloride, tetrachloroethane, trichloroacetic acid, dibromochloromethane and
chlorinated aldehydes (18-19). Thus, interference problem is one major issue to deal with
when determining chloroform with the Fujiwara reaction.
Traditionally, the Fujiwara reaction has been used in a batch mode where the

aqueous sample and Fujiwara reagent are mixed in a spectrometric sample cell.

Unfortunately, this method does not provide chloroform detection limits in the lower ppb
range which are necessary for determination of chloroform in finished drinking water

(typically in the range of 10 to 200 ng/mL, the median concentration of chloroform in
finished drinking water at several surveyed sites in the U.S. was 21 ng/mL (6). One factor

that limits the detection limit is the low yield of the red product with a high percentage of

water. Hence, the volume ratio of water to reagent must be relatively low, which
degrades the effective detection limit. Better chloroform detection limits have been
achieved when Fujiwara chemistry as a basis for fiber optic chemical sensor (FOCS) (20-

21). In such sensors, the Fujiwara reagent is contained in a reservoir or capillary tube in
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contact with the water sample through a headspace. The chloroform diffuses from the
sample to the Fujiwara reagent and reacts to generate the colored products which are
excited by radiation carried by a fiber optic. The fluorescence signal produced upon the
formation of products is transmitted by a fiber optic to the detector. Because the
chloroform from large volume of water sample transfers into a relatively small volume of

reagent, preconcentration occurs and the red product builds up over time. By this means,
the detection limit with an FOCS can be 1 ng/mL or better (19-20).
To achieve a satisfactory detection limit with Fujiwara reagent, a pre-separation

and concentration step is required. To separate organic species from water, headspace
sampling (19-26), purge-and-trap concentration (15-16), solvent extraction (27) and solid

phase extraction techniques (28) are frequently employed with GC analysis. In this
research, purge-and-trap concentration is chosen due to its high preconcentration
efficiency for volatile organic compounds such as chloroform. First, chloroform is purged

out of water with inert gas and then adsorbed on a trap. In the next step, the trap is
heated and inert gas carrying the chloroform bubbles into a spectrometer cell with

Fujiwara reagent where the products are monitored. For this purpose, a purge-and-trap
concentrator was built with a design somewhat different than commercial versions.

1.2 Outline of the Thesis
As stated previously, the purpose of this research is to develop rapid, simple and
inexpensive methodology and instrumentation for routine chloroform determination in

7

water. In the five major chapters of this thesis, the background and various aspects of
research are addressed.
Chapter 2 is a brief historical review of previous research related to this project.
The discussion is primarily focused on the Fujiwara reaction and the purge-and-trap

concentration technique. To understand the characteristics of Fujiwara reaction, various
studies of Fujiwara chemistry conducted over almost a century are outlined with respect

to the concentration of different components, solvent system, and substitutes of reagents.
The previous results from our research group contributes a major part in this discussion

due to the fact that some of the present research is built upon those results. In the second
part of this chapter, the discussion topic switches to purge-and-trap concentration

technique. As a technique typically incorporated with gas chromatography, purge-andtrap concentration is discussed in terms of its history of development, important
components, operational principles and general applications.

Presented in Chapter 3 of thesis are results of research aimed at optimization and

modification of Fujiwara reaction. The effect of solvent system, concentration of reagents
as well as the substitutes of pyridine are evaluated.
Chapter 4 deals with optimization of the transfer efficiency of chloroform with a

commercial purge-and-trap concentrator. An GC-MS is deployed as the detection

technique to determine the operating parameters of a purge-and-trap concentrator that
generate reasonable chloroform transfer efficiency.
Studies in Chapter 5 of this thesis build upon the results derived from the previous

two chapters. Based on the optimal Fujiwara reaction conditions chosen in Chapter 3
and the conditions for the purge-and-trap concentrator identified in Chapter 4, the focus
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of Chapter 5 is on spectrophotometric and spectrofluorometric

determination of

chloroform in water with purge-and-trap preconcentration.
The first major discussion topic in Chapter 6 is designing and building a simplified

version of a purge-and-trap concentrator to use with spectrophotometric

or

spectrofluorometric detection based on the Fujiwara reaction. Water samples were tested
with this instrumentation, and its performance is compared
to that obtained with the

commercial purge-and-trap concentrator.
Overall, this thesis presents research directed toward developing rapid, less
expensive methodology and instrumentation for determination of chloroform. The new
techniques facilitate more frequent chloroform analysis and would

be beneficial to

environmental researchers dealing with water quality control and waste water clean-up.

For example, the new methodology and instrumentation could

be used for rapid

assessment of the progress oftreatment during bioremediation processes at contamination
sites, and daily monitoring of drinking water at a water treatment plant.
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CHAPTER 2 HISTORICAL REVIEW

Chloroform is one of the major hazardous volatile organic compounds (VOCs) in
finished drinking water. It primarily originates from two routes:
1. being introduced directly from the raw water

2. being generated during the water chlorination treatment process.
Owing to its carcinogenicity, the occurrence of chloroform in finished drinking water is of
great concern and its level is strictly regulated by laws. Chloroform is also a frequently
found organic contaminant in ground water and waste sites.
To determine the level of chloroform in water, the purge-and-trap concentration
or solvent extraction technique coupled with GC/MS/ECD and other detection schemes is

used in the EPA standard methods (1-2). These methods, however, are time consuming,
complex and expensive. As a result of this complexity, highly skilled workers are

necessary to carry out the measurements. Moreover, the high cost of these methods
significantly limits the ability of most water treatment plants to purchase the necessary

equipment such that samples must be contracted out for analysis. This research project is
aimed at developing a simple, low-cost methodology to fulfill routine determination of
chloroform in drinking water and in groundwater in the field at waste sites.
The basis for this simple methodology is the Fujiwara reaction (3). To provide a

foundation for understanding this reaction, previous studies of the Fujiwara reaction are

summarized in this section. As a starting point, the mechanisms proposed by several
research groups are assessed. Then different variations of the Fujiwara reaction are
reviewed. These variations include changes in reagent concentrations, the delay time for
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measurements, and the wavelengths of analysis. Specific attention is directed to the

previous studies done in our research group as some of the current research is based on
those results.
Outlined in the second part of this chapter is the purge-and-trap concentration
technique. This technique is widely used in separating volatile organic compounds from
sample matrices, such as water, soil and sludge. Currently, the purge-and-trap

concentration technique coupled with GC-MS is the most accepted method to determine
chloroform and other volatile organic compounds (VOCs) in water. Here, its history of
development, operational principles, instrumental designs, and basic applications are
discussed.

2.1 Fujiwara Reaction

The Fujiwara reaction, firstly reported in 1916, is characterized by the distinctive

red product formed upon addition of chloroform to a mixture of pyridine and base (3).
The strong absorption of this red product at 540 I= enables spectrophotometric

determination of the chloroform. Additionally, the red product is found to fluorescence
at 600 nm with excitation around 540 nm (4). This feature leads to a more sensitive way

to determine chloroform: a spectrofluorometric method. The Fujiwara reaction has been
extensively investigated as the basis for determination of chloroform (4-13, 16-22).

The absorption spectrum of the reaction mixture during formation of the products
displays strong absorption bands with maxima at 540, 420 and 370 nm. Normally the
band at 370 nm exhibits maximum absorbance. As the reaction proceeds, the absorbances
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of the bands at 540 and 420 nm decrease while the band at 370 nm increases in

absorbance (5). The "red product" is in fact an intermediate.
Besides chloroform, many other halogenated compounds are found to generate a

red product once mixed with aqueous alkali and pyridine. These halogenated compounds
include some poly-halogenated hydrocarbons, halogenated alcohols, acids and aldehydes,
such as trichloroethanol, trichloroacetic acid and chloral hydrate (6-10).

2.1.1 Mechanisms

The early work on elucidating the mechanism for the Fujiwara reaction was based
upon using principles of traditional organic chemistry and some experimental spectral

information. TLC was used to separate reaction products, and UV-Visible
spectrophotometry was employed for structure identification (12-13). By 1974, it was
understood that a glutaconic dialdehyde anion ("OCH=N-CH=CH-CH=CH-CH=0) is a
final product responsible for the strong absorption at 370 nm and that two compounds

that absorb at 420 and 540 nm are intermediates.
In the 1980's, more sophisticated analytical instrumentation for the chemical

separation and identification became available. Products in the Fujiwara reaction were
separated by HPLC and their structures were identified by NMR and mass spectrometry
(16-17).

According to the structures of known products, two major different mechanisms

were proposed for Fujiwara reaction. Uno et al. (16) suggested the reaction route

illustrated in Figure 2.1. The carbon of a polyhalogenated compound (chloroform in this
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Figure 2.1 Mechanism I for the Fujiwara reaction. I: pyridine; II: N-alkylated pyridine; III: alkyldipyridium
intermediate; IV: salt of amidine; V: salt of amidine; VI: glutaconaldehyde.
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example), with an electron deficiency, is attacked by the nitrogen of pyridine (I) as a result
of electron abundance on the nitrogen of pyridine. This SN2 nucleophilic substitution

reaction generates an N-alkylated pyridine (II). After formation of the N-alkylated
pyridine (II), two pathways are possible that yield two intermediates (IV, V) absorbing at

420 and 540 nm, respectively. In one case, an a carbon on the pyridine ring experiences
nucleophilic attack by aqueous hydroxide and forms a hydroxylated intermediate. The

salt of amidine (IV) results after the hydroxylated intermediate undergoes fiirther
hydrolysis and pyridine ring cleavage. In the other pathway, the N-alkylated pyridine and
another pyridine molecule form a second pyridine adduct, an alkyldipyridium intermediate.
Similar to what occurs in the former pathway, the salt of the amidine (V) is produced
after base hydrolysis and the pyridine rings in compound (III) are opened. The

conjugated structure in both compounds (IV) and (V) gives rise to strongly absorbing
bands at longer wavelengths, 420 and 540 nm. At the final step of this mechanism,
glutaconaldehyde (VI), a compound which strongly absorbs at 370 nm, is generated from
base hydrolysis of imide group in either compound (IV) or (V).

Another mechanism for the Fujiwara reaction was proposed by Angel et al. (18) as

shown in Figure 2.2. The likelihood of a SN2 reaction between chloroform and pyridine
postulated in the previous mechanism was questioned in this study. An alpha elimination
is suggested to occur first between chloroform and hydroxide ion to generate a

dichlorocarbene (I) as an intermediate. Owing to the electronegativity of the two chlorine
atoms, this dichlorocarbene behaves as an electrophile. On the other hand, as the nitrogen
atom in pyridine owns one pair of lone electrons, pyridine acts as an nucleophile. The
nucleophilic pyridine thus attacks dichlorocarbene and forms a pyridinium ylide (HA).
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Figure 2.2. Mechanism II for the Fujiwara reaction. IA, carbene; IIA, pyridium ylide; IIB, divalent carbene
intermediate; II, N-alkylated pyridine; IIIA, dipyridyl anion; III, alkyldipyridium intermediate.
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Subsequently, in one path an N-alkylated pyridine (II) forms via protonation of ylide

(IIA). The ylide (IIA) can also lose one chlorine anion and form a pyridyl carbene (IIB).
This pathway involves nucleophilic addition between pyridine and the pyridyl carbene and

a subsequent protonation to generate the alkyldipyridium intermediates (III). Notably,
compounds II and III are also proposed in mechanism I. After this point, the two
mechanisms proceed via the similar routes to form the same three species (VI, IV, V) that

absorb at 370, 420 and 540 nm, respectively.
Note that those two mechanisms primarily differ in terms of the role of a carbene.
No experimental confirmation of either reaction mechanism has been reported yet. In the

author's point of view, the carbene formation is more likely to occur as shown in the
second mechanism because carbene formation from chloroform in basic solutions is well
established (14).
An alternative mechanism for the Fujiwara reaction is proposed and shown in

Figure 2.3. This mechanism adopts several initial steps suggested in mechanism II but
includes some different reaction steps after the formation of compound IIIA. In
mechanism III, the carbene is first formed in the basic solution and reacts with pyridine to
form an ylide (IIA) as in mechanism II. The ylide (IIA) loses one chlorine anion to

generate a divalent carbene intermediate (I1B). The electron deficient pyridyl carbene
reacts rapidly with another pyridine and a dipyridyl intermediate (ILIA) is generated.
Subsequently, another chlorine anion leaves to form the third carbene species involved in

this reaction: a dipyridium carbene (IIIB) Comparable to a diphenylcarbene (15), this
dipyridium carbene is stabilized by overlap of the empty p-orbital on the divalent carbon

with the conjugated pyridine ring. A hydroxide ion then attacks the 2-position of
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Figure 2.3. Proposed mechanism III for the Fujiwara reaction. IA, carbene; HA, ylide; IIB, divalent carbene;
IIIA, dipyridyl anion; IIIB, dipyridium carbene; IIIC, ylide; IIID, IIIE, IIIF, imine; IV and V, salts of amidine;
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pyridine ring in the compound (MB) and formation of ylide (IIIC) would be expected.
The subsequent formation of iminium ion (1111)) is likely upon protonatation of the ylide

(IIIC). Due to the electron deficiency of the pyridinium ring in the diimine (IIED), a
hydroxide ion attack may occur to the pyridine ring at the 2-position and iminium ion

(ME) is the product. The positive charge in this iminium ion (ME) acts as an electron
sink and induces the oxygen to transfer its electrons to the nitrogen on the pyridine ring.

Consequently, the positive charge is discharged and the imine (MF) is the resulting
intermediate. Subsequent to another similar ring cleavage, the salt of amidine (V) is

generated. This red intermediate (V) undergoes hydrolysis and both compounds (IV) and

(VI) are the possible products. Compound (VI) can also be generated through further
hydrolysis of compound (IV) as in mechanism I. In comparison to mechanisms I and II,
three carbene intermediates at singlet states are involved in mechanism III and formation
of compound (IV) through hydrolysis of compound (V) is proposed.

2.1.2 Modifications

Many modifications have been made to the Fujiwara reaction conditions used for
analytical purposes since it was first reported in 1916. The major goals of those
modifications are briefly summarized below:

1. to improve the sensitivity (lower detection limit).

2. to decrease the toxicity of the reagents.
3. to simplify the procedures.
4. to improve the selectivity (reduce interferences).
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These four goals are not mutually exclusive such that reaction conditions have been

adjusted to meet two or more of these goals.
At a minimum, analytical methodology must provide a detection limit sufficiently

low for a specific application. In this regard, extensive studies have been directed to
finding conditions for the Fujiwara reaction that result in the lowest possible detection

limit. The concentrations of pyridine, base and water have been varied to seek the
optimal yield of the red compound (4-5, 10, 19-21).

In addition, the reactivities of a series of pyridine derivatives with chloroform in
the Fujiwara reaction mixture have been investigated (20, 22). A good substitute for
pyridine would be less toxic but still provide comparable calibration sensitivity in its

reaction with chloroform. The basic reagent in the Fujiwara reaction, pyridine, is a
volatile chemical with an unpleasant odor. Moreover, inhaling of pyridine is a health risk

(23). Large doses of pyridine may cause damages to kidney and liver (23). For these
reasons, it is suggested that pyridine to be handled in fume hood or under the protection

of respirators. Use of less volatile pyridine derivative would lessen some of these effects,
mostly notable problems due to inhalation by people. The reactivities of pyridine
derivatives with lower volatility were tested in the hope of finding a pyridine substitute
(20).
Organic solvents, such as dimethyl sulfoxide (DMSO) and acetonitrile have been
used as an additional component in Fujiwara reagent to hinder the pyridine from
evaporating into the air or to dissolve solid pyridine derivatives such as 3-cyanopyridine

and 4-benzylpyridine (20). This dilution decreases the relative amount of pyridine and
also the amount of intermediate or final product formed. In some organic solvents, such
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as isopropanol, the red product is not detectable when chloroform is introduced to the
Fujiwara reagent (20).
For determination of halogenated hydrocarbons, the Fujiwara reaction has been

used in two-phase and one-phase modes (10). In the two-phase mode which was first
developed, the volume ratio of water to pyridine is high enough (typically about one) such

that the phases separate even though pyridine layer contains water up to its solubility
limit. The red intermediate is formed in the pyridine layer which is the layer transferred to
the absorption cell.

In the one-phase method, the ratio of water to pyridine is low enough (typically
0.2 or less ) that only one-phase forms (10, 19, 21, 24, 27-28). This method appears to

be the preferred method in more recent papers. It is simpler, more rapid and less labor
intensive because it eliminates the tedious phase separation and is not subject to

complications due to transfer of reagents or the analyte between the phases.
Other factors that have evaluated by researchers include the delay time after
mixing the sample and reagents before measuring the absorbance, the wavelength

monitored, and the type of base (organic or inorganic). Table 2.1 lists some major
modifications made to the conditions of Fujiwara reaction.

2.1.3 Sensitivity

The calibration sensitivity (absorbance or fluorescence signal of monitored species

per ggitnlCHC13) provided by the Fujiwara reaction is dependent upon experimental

conditions including: temperature, the concentrations of water, base pyridine, the type of

Table 2.1. Modifications made to the conditions of the Fujiwara reaction.

Authors

Modifications

Results

Comments

1

Leibman et al.,
1964 (7)

Addition of arylamines to increase
the absorption of product at 520

Benzidine works the best under acid- A condensation reaction
catalyzed conditions.
between aldehyde group of
Fujiwara product and the
amine is proposed.

tun.
:

-

Taha et al.,
1980 (22)

Substitution a group of pyridine
derivatives for pyridine, followed by
addition of benzidine.

Nicotinamide is particularly
effective. None of the derivatives
forms a colored product until the
benzidine is added. The sensitivity is
lower relative to pyridine.

Pyridines with an electronwithdrawing group at the 3
position appear to be good
substitutes for pyridine.

Lugg, 1966
(10)

Detailed studies of effect of water
and base concentrations on the
absorbance obtained with one- and
two-phase methods.

For chloroform, the one-phase
method provided slightly better
sensitivity than the two-phase
method.

Color intensity is reduced by
higher water concentrations
and intensified by higher
sodium hydroxide
concentrations.

Table 2.1. Continued.

Authors

Modifications

Results

Comments

Lugg, 1966
(10)

Addition of organic solvents to the
Fujiwara reaction mixture.

Non-polar solvents are usually
satisfactory, but not superior to
pyridine itself. Ketones and
aldehydes hinder the formation of
the color product.

Louch, 1991
(19)

Use of a series of tetraalkyl
ammonium hydroxides in place of
sodium hydroxide.

Tetrabutyl ammonium hydroxide
yields higher absorbances than
organic bases with shorter alkyl
chains.

Kb is larger for the organic base
with a longer carbon chain.

Siemion, 1992
(20)

Dissolution of pyridine derivatives
in organic solvents.

DMSO shows promising results as a
solvent. 4-benzylpyridine produces
the largest chloroform response
factor. Pyridazine and 2cyanopyridine also show satisfactory
results.

DMSO can be used to dissolve
pyridine and its derivatives.
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base and the sampling procedure. To further improve the sensitivity and detection limit,
common preconcentration techniques for organic analytes have been used with the

Fujiwara reaction, such as solid phase extraction (25), solvent extraction with pentane
(21, 26), headspace sampling (19, 20, 27, 28), and purging a sample with nitrogen (21).
Table 2.2 summarizes conditions found by different researchers that provide optimal
sensitivities.

2.1.4 Selectivity

The selectivity of the Fujiwara reaction is always of concern because besides
chloroform, many other gem-polyhalogenated hydrocarbons form colored intermediates

or products when they react with the Fujiwara reagent. By definition, gempolyhalogenated hydrocarbons (6) are organic compounds possessing more than one

halogen atom attached to the same carbon atom. The polyhalogenated compounds that
have been reported to generate significant response in the Fujiwara reaction include
dibromochloromethane (6), dichlorobromomethane (6), bromoform (6), trichloroethene

(6), trichloroethanol (7), trichloroacetic acid (9), carbon tetrachloride (10),
tetrachloroethane (10), and tribromoethene (10).
Leibman and Hindman (7) state that compounds bearing more than one halogen
atom linked to a carbon atom generally give strong positive reactions. Lugg (10) listed

the compounds that give a positive response in the Fujiwara reaction along with the
respective calibration sensitivities. Trichloroacetic acid, chloroform, chloral hydrate,

Table 2.2. Conditions that generated maximum sensitivity for the Fujiwara reaction in different studies.

Author(s)

Lugg, 1966
(10)

Reagent
one-phase reagent:

5.8 mM NaOH
11 M

H2O

10 M pyridine
Reckhow,
et al., 1992
(21)

one-phase reagent:

0.35 M TBAH
3.3 M

H2O

11 M pyridine

Experimental Conditions

Heat the mixture of reagent and sample
for 2 min at 100 °C. Measure the
absorbance at 535 nm.

Sensitivity

Molar absorptivity @ 530 nm:
12,500/ (Mcm) for chloroform in pyridine
No detection limit reported.

The reagent is contained in a vessel.
Use dry N2 to bubble the reagent then let
it stand overnight. The next day, the
volatile chlorinated compounds from the
150 tnI, water sample were directly
purged into the reagent with N2.
Measure the absorbance at 368 nm.

Molar absorptivity @ 368 nm:
41,800 /(Mcm) for chloroform in water.
Detection Limit :
8 ng/mL for chlorform in water.

Table 2.2. Continued.

Author(s)
Louch, 1991
(19)

Reagent
one-phase reagent:
50 mM TBAH

4.5 M H2O
11 M pyridine

Siemion,
1992 (20)

one-phase reagent:

60 mM NaOH

6.0 M H2O
5.9 M pyridine
5.9 M DMSO

Experimental Conditions

Sensitivity

With a fiber optic chemical sensor setup, a reservior with 1.3 mL of reagent
Detection Limit:
was attached to a fiber optic probe. The 0.08 ng/mL for chloroform in water.
probe is in contact with the headspace of
800-mL sample. Measure the initial
fluorescence rate at 600 nm with
excitation at 542 nm.
With a fiber optic chemical sensor setup, 2.0 ml of reagent is contained in a
well, which is in contact with an 800-mL
water sample. Measure the initial
fluorescence rate at 600 rim with
excitation at 542 nm.

Detection Limit:
1 ng/mL for chloroform in water.
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tribromoethylene yielded the most intense absorption signals, while trichloroethene and
carbon tetrachloride gave less intense signals.

Louch (19) and Siemion (20) studied the selectivity of the Fujiwara reaction with
a fiber optic chemical sensor, which involved the transfer of the polyhalogenated
compounds from a sample reservoir across a headspace to the reagent cell. Hence, the
vapor transfer rate of polyhalogenated compounds is one significant factor that controls

the response (the initial fluorescence rate). Based on Henry's law and mass-transfer
theory, Siemion (20) constructed a kinetic model. With the model, the effect of Henry's
law's constant, viscosity and solubility on the selectivity of the Fujiwara reaction were
discussed.

Siemion (20) also investigated the effect of water concentration in the Fujiwara

reagent on the reaction selectivity. As the water concentration increases, the response
ratio of TCE relative to chloroform significantly increases. Also, acetone and
cyclohexene were found to suppress significantly the response for chloroform and may

provide a means to determine TCE when chloroform is present as an interferant.
The Fujiwara reaction has been used to measure THMs in drinking water (18-21,

26). The concentrations of THMS in finished drinking water are highly variable in the
United States. A survey of finished drinking water done by Symons et al. (29) found the
following median concentrations: chloroform, 21 ppb; bromodichloromethane, 6 ppb;

dibromochloromethane, 1.2 ppb. Bromoform was not found in finished water in 69 % of
the supplies surveyed. As noted in Chapter 1, the EPA set an MCL of 100 ppb for the
total THMs in drinking water.
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Table 2.3 lists the frequency of occurrence of some volatile organic chemicals in

ground water, treated municipal wastewater, and CERCLA Sites (32). Note that
trichloroethene, an important chlorinated solvent, is a major contaminant at CERCLA
sites. Therefore, if the Fujiwara reaction is applied to determine chloroform at
contaminated sites, the interference from trichloroethene would become a primary
concern.

Table 2.3. Frequency of occurrence of some volatile organic compounds (VOCs).

Order of Frequency
VOC

Groundwater'

Treated Municipalb
Waste Water

CERCLAc
Sites

Chloroform

1

3

Bromodichloromethane

2

6

Dibromochloromethane

3

7

Bromoform

4

9

Tetrachloroethene

5

2

4

5

1

1

6

Trichloroethene
1,1,1-Trichloroethane

7

7

Source: Methodologies for Evaluating In-Situ Bioremediation of Chlorinated Solvents,
U.S. EPA/600/R-92/042, March, 1992.
a Based upon survey of treated ground water used for drinking water supply (1984).
b Survey of four treatment plants in Arizona, California, and Colorado (1990).
U.S.EPA, 1990.
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Considering the major polyhalogenated hydrocarbons present in the finished

drinking water and waste water sites, this review of the selectivity of Fujiwara reaction is
particularly focused on the THMs. Table 2.4 summaries selectivities observed by some

research groups. The response ratio is defined as ratio of the calibration slope of the
interferent to the calibration slope of the chloroform.

Because each of the THMs in water gives a positive response with the Fujiwara
reaction, a practical approach suggested by some researchers is to report the total THMs
(19, 21) in drinking water rather than concentrations of individual compounds. Because
chloroform in finished drinking water often accounts for 75 to 95 percent of the total

THMs, Reckhow and coworkers (21) concluded that if the finished drinking water
samples are analyzed for chloroform by the Fujiwara reaction, the other THMs will only

cause a minor interference. Hence, the chloroform concentrations obtained from their
study were expressed as approximate total THMs.
Recently, a multicomponent method was developed to determine individual

polyhalogenated hydrocarbons (1,1,1-trichloroethane, trichloroethene and chloroform)
with a Fujiwara-reaction-based chemical sensor (33-34). The fundamental idea of these
studies is to determine mixtures of poly-halogenated hydrocarbons by acquiring timebased UV/Visible absorption spectra of the chemical species formed in the Fujiwara

reaction. This method improves the selectivity of the Fujiwara reaction with reagent-

based chemical sensors. Note that this study does not address the response from other
THMs or the application to drinking water.

Table 2.4. Response ratios relative to chloroform with different analytical procedures.

Author(s)

Lugg

I

Reckhow et al.

I

Louch

Siemion
1

one-phase reagent,
batch, absorbance'

one-phase reagent,
batch, absorbance'

one-phase reagent
with fiber optic
chemical sensor,
fluorescence'

one-phase reagent
with fiber optic
chemical sensor,
fluorescence'

trichloroethene
(TCE)

0.18

N/A

0.12

0.10

bromodichloromethane

N/A

0.68

0.56

0.63

dibromochloromethane

N/A

0.54

0.83

0.45

N/A

0.50

0.12

0.11

bromoform

'Refer to Table 2.2 for details.
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2.2 Purge-and-trap Concentration
The purge-and-trap concentration technique is used in the determination of
volatile compounds in water, soil and sludge. With such a concentrator, the volatile
compounds are purged from a large volume of sample with an inert gas and then adsorbed

on a solid sorbent trap. Subsequently, the trap is rapidly heated and the volatile
compounds are thermally desorbed from the trap and swept into the gas chromatograph

injection port by the carrier gas.
The operation of a purge and trap concentrator can be described in terms of three

major working states: purge, desorb and bake. In this chapter, each state is discussed
individually.

2.2.1 Purge State

On a purge and trap concentrator, the sample to be analyzed is injected into a

sealed sparger. Once the purge-and-trap concentrator starts its operation, an inert gas
(e.g., ultra pure helium) sweeps into the sparger through a flit (to create fine bubblers) for
a specified time. It vigorously bubbles the sample, purges out the volatile compounds,

and then continues to flow through a solid sorbent trap (e.g., Tenn GC or Carbon). This
sample extraction state is called the purge state.

Purge-and-trap concentration is often contrasted with headspace analysis. In
headspace analysis, the volatile compounds reach an equilibrium between the aqueous

phase and gas phase. The headspace gas is then analyzed (i.e., injected into a GC) to
determine the compounds in the solution. The concentration of the volatile compound in
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the gas phase is directly related to the solution concentration of the compound by Henry's
law (35):

(2-1)

Cg = kg Pg

where Cg is the gas solubility in the aqueous phase (g/L), kg is the proportionality constant

(Henry's law constant) (g/(Ltorr)), and Pg is the partial pressure of the compound in the

gaseous phase (torr).
In purge-and-trap concentration, the purge gas continually sweeps volatile
compounds away from the sparger and maintains near zero partial pressure for these

compounds in the headspace. This process maintains the highest concentration gradient
across the water/air interface and thus maximizes the rate of mass transfer. The total
amount (moles) of analyte removed from the sample solution and available for GC
analysis is much greater than with the headspace analysis.

Purge efficiency is defined as the fraction of the compound that is removed from

the sample by the purge step (36, 37). It is affected by the vapor pressure of the analyte,
the solubility of the analyte, the trap temperature at purge, the sparger temperature, the
purge time, the purge flow rate, the purge volume (product of purge flow and purge
time), and the volume of the sample (36,37). Pankow (37) derived that the maximum
purge efficiency (E) is theoretically predicted by:
E (%) = (1 - C/Co) x 100

(2-2)

where
-HVg

=e
Co

RTv,

(2-3)
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C and Co are the concentration of the analyte in the sample solution before and after the
purge, respectively, Vg is the purge volume of gas, T is the temperature of the water

sample, H is Henry's law constant and Vlis the volume of the water sample. Equation 2-3
indicates that the purge efficiency increases with the total gaseous purge volume.

However, an inappropriately high volume will result in breakthrough from the trap and

loss of sample. Some of the factors that affect the purge efficiency are discussed in more
details below.

Vapor pressure is the pressure exerted by a solid or liquid of a pure compound in
a closed system when the gaseous and liquid/solid phases reach equilibrium. It is a
characteristic of a specific compound that indicates the tendency of the molecules to

escape from the liquid or solid phase and enter the vapor phase. This tendency is
commonly referred as volatility of compound. At a given purging temperature, the purge
efficiency increases as the vapor pressure of the analyte increases up to the point that near
100% efficiency is reached.

Vapor pressure and solubility are both dependent on temperature. At higher
purge temperatures, a compound becomes more volatile, but its solubility in water is also

increased. Because the temperature affects vapor pressure more than solubility overall
(36), temperature elevation increases purge efficiency. This point is particularly important
for purging highly water soluble compounds (e.g., methanol).

Purge volume, the total volume of inert gas that used to purge a sample, equals

the purge flow rate multiplied by the purge time. Purge volume is adjusted based on the
sample size. For a 5- or 25-mL sparger, the purge volume for environmental applications
recommended by EPA is 440 mL at a flow rate of 40 mL/min (2). Larger sample volumes
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require larger purge volumes. For example, a 100 mL water sample is reported to be
purged at flow rate of 50 mL/min for 30 min for a purge volume of 1500 mL (38).
Trap efficiency is another issue of importance during the purge state. Trap
efficiency is defined as the fraction of the volatilized compound that is adsorbed on the

trap during the purge state. The trap efficiency is dependent on breakthrough volume,
sometimes denoted the retention volume (39-40). The trap is a tube packed with an
adsorbent resin. Hence, it can be visualized as a small GC column. The breakthrough
volume (Bv) is defined as the calculated volume of carrier gas per gram of adsorbent resin

which causes the analyte molecules to migrate from the front of the adsorbent bed to the

back of the adsorbent bed (38-40). For a specific kind of adsorbent resin, the
manufacturer normally lists the breakthrough volumes for selected analytes at a specified

temperature. To prevent analyte loss due to breakthrough during the purge state, the
value of purge volume should be no more than 0.5 times By (41).

Trap temperature during the purge state also affects the trap efficiency. The
strength of sorption forces between a given compound and the sorbent decreases with

increasing temperature. In a study by Kessels and coworkers (44), the trap temperature
during the purge state was maintained at -120 °C to efficiently adsorb the very volatile

organic compounds (VVOCs), such as chioromethane, vinylchloride, bromomethane, and

chloroethane. In the EPA standard methods (2), a trap temperature of 25 °C is
recommended during the purge state.
Trap efficiency and breakthrough volume are both dependent on the trap material.

The sorbent material should be carefully chosen to ensure it is appropriate for the analytes

of interest. Many kinds of solid sorbent are available, including: Tenax TA, Tenax GR,
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Tenax GC, Carbotrap and silica gel (36). Tenax is a diphenylene oxide polymer and
different kinds of Tenax contain different amount of additives. For instance, Tenax GC is

a mixture of Tenax and activated carbon. Typically, a purge trap temperature below
40 °C is recommended by the manufacturers (36).

2.2.2 Desorb State

After the purge state is completed, the trap is rapidly heated to desorb the
compounds previously adsorbed on the adsorbent resin. They are carried by the inert gas
to the GC injection port normally at a flow rate lower than the purge flow rate. This
state is called desorb state and the trap is back flushed during this state.
Similar to purge efficiency, the desorption efficiency is dependent on the desorb

time, the desorb flow rate, the trap temperature and the specific type of sorbent. The
desorption temperature suggested by the manufacturer is typically in the range of 180 to
220 °C (36).

2.2.3 Bake State and Other States

The bake state is used to clean the column after desorption. During this state, the
column is back flushed by the carrier gas at high temperature. The trap temperature

during the bake state is normally set to be the same or slightly higher (commonly 10 °C
higher) than the temperature during the desorb state.
In addition to the previously described major working states of a purge and trap
concentrator, commercial instruments may also provide some additional working states
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that are suitable for certain special situations. For example, a pre-purge is only needed for

air analysis to remove oxygen and excess moisture. The dry-purge state is an optional

state designed to be executed between the purge state and the desorb state and removes
moisture from the trap by directly purging the trap with dry purge gas. This state is not

necessary if an efficient water control system is in place. The potential loss of analytes
during the dry-purge must be considered.

2.2.4 Instrumental Components

Commercial purge and trap concentrators are built to implement the working

states described in the previous section. A flow diagram of a current commercial purgeand-trap concentrator is illustrated in Figure 2.4. The major instrumental components

include a sparger, pressure gauges, a 6-way-valve, 3-way-valves, a trap, heating systems,
cooling systems and a control system, normally a microprocessor or computer. The 6way valve is combined with several 3-way valves to change the gas flow direction inside

the concentrator. As illustrated in Figure 2.4, during the purge state, the inert gas passes

through the pressure gauge, into the sparger, then travels through 6-way-valve to the
trap, and subsequently vents out. During the desorb state, the 6-way-valve rotates to
connect the trap to the GC column and the carrier gas flow carries the desorbed
compounds to the GC-column.

To date, purge-and-trap concentrators have been mostly used in conjunction with
gas chromatography. Because water can damage the GC stationary phase, a water
control system is often installed on a concentrator to prevent water from transferring to

A - Dry purge valve
B Purge valve

C Bake valve
D - 6-port valve
E - Drain valve

F Sample valve
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t
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20
D-60

<
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Figure 2,4. Diagram of purge-and-trap concentrator (at purge state). Source: reference 32, taken without permission,
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the GC column. As can be seen in Figure 2.4, the water control system (H20 Mgmt) is
placed in-line with the trap so that it removes the water in the purge gas before it reaches

the trap. The water control system contains a strong water adsorbing material.
The temperature profiles of the water control system and trap are illustrated in

Figure 2.5. During the desorb state, the trap is heated to 180 °C while the water
management system is cooled to ambient temperature (normally set at 25 °C). By this
means, water desorbed from the heated trap is condensed and retained by the sorbent in

the water control system.
For commercial purge-and-trap concentrators, a few heaters are installed for
heating different components including: the trap, the 6-way valve, the 3-way valves, and

the transfer line to GC and water control system. Some manufacturers also provide the
option of heating the sample in the sparger. Among all the heaters, the trap heating
system is of the most importance in terms of its effect on the instrument performance and
two major designs of trap heating system are found in commercial instruments. On the
concentrators made by HP and Tekmar, the trap column is wrapped with heating coils.
This design can be classified as indirect heating because the trap is heated by heat transfer

from the heating coil. Alternatively, the design used in OI analytical concentrators can be
classified as direct heating because the trap is heated by directly passing current from a

power supply through the trap metal.
The design of the cooling system is also an important issue for the purge-and-trap

concentrators. As discussed previously, the temperatures of trap and water control
system are cycled between low and high values during an operation cycle. Efficient

trap

temperature ('C)

-

water control system

250

I
200

100
1

25
purge

desorb

bake

purge ready

Figure 2.5. Temperature profiles of the trap and water control system for a purge-and-trap concentrator made by 01 Analytical.

41

cooling reduces the duration of the cooling steps. Usually multiple blowers or fans are

employed to cool the trap and water control system.
A cryofocusing system located between the purge and trap concentrator and GC is

also available from some manufacturers (43). It is based on a pre-column near the GC

inlet that is cooled to sub- freezing temperatures to trap water during the desorb state.
The function of such system is to further reduce the amount of water delivered to the GC
(beyond that provided by the water management system), which is critical for some GC

detectors. In addition, it ensures the sample injected into the GC is a plug, which
maintains narrow peaks in the chromatogram.

2.2.5 Development History

The development of purge and trap concentrator was pioneered by Swinnerton
and Linenbom in 1967 (46). In 1974, Bellar and Lichtenberg (47) successfully
determined volatile organic compounds in water at microgram-per-liter level by purge and

trap gas chromatography. Since then, purge-and-trap gas chromatography has been used
to perform analysis in matrices other than water, including soil (48), sediment (49), body

tissue (50) and blood (51). Based on this technique, U.S. EPA has promulgated several
standard methods , including: Methods 502.1 (52) and 503.1 (53) in 1986, Method 502.2
(1) in 1989 and Method 524.2 (2) in 1992. The autosampler for purge and trap
concentrator has also been developed and become available from some manufacturers

(e.g., Tekmar).
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Overton and coworkers developed a portable purge-and-trap concentrator for fast
and convenient field analysis (54-57). The portable concentrator was interfaced to a fast
microchip gas chromatograph with a miniaturized thermal conductivity detector. The

system was controlled by a portable computer. Dual traps were used to operate
alternatively in conjunction with a dual-column microchip GC (M200 Microsensor Gas

Analyzer by Microsensor Technology). These two sorbent traps were packed with Tenax
GC and Spherocarb with a 1:1 volume ratio. A 10-port-valve was employed to switch
between the dual traps and dual columns. The purging chamber was made of an 8-mL
vial and a screw cap with a hole in the center. No water management system was

indicated. The authors state that the performance of this portable system is comparable to
the existing purge-and-trap gas chromatograph in terms of selectivity, although the

detection limits are not quite as good. For water samples, the detection limits for the
chloroform, benzene, toluene and tetrachloroethylene are in the range of 1-5 gg/L.
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CHAPTER 3 MODIFICATION AND OPTIMIZATION
OF FUJIWARA REACTION FOR THE DETERMINATION OF
CHLOROFORM AND TRICHLOROETHENE

3.1 Introduction
Chloroform is one of the major volatile organic compounds (VOCs) found in
finished drinking water, municipal and industrial waste waters, waste sites, and ground

water. It has been extensively used in the production of refrigerants (i.e., chlorodifiuoromethane), dyes, pesticides and pharmaceutical products (1). Emission from its

manufacture and extensive use inevitably introduces chloroform into the environment.
Chloroform in finished drinking water primarily originates from two routes: 1)

from the raw water, 2) being generated during the chlorination water treatment process

(1). As a result of chlorination treatment, four trihalomethanes (THMs) are generated
from the reaction of chlorine with organic precursors. Among these four THMs,
chloroform is the predominant contaminant (1-2). Owing to its carcinogenicity, the level
of chloroform in finished drinking water is of high concern and is regulated by EPA. The

total concentration of four THMs in the finished drinking water is regulated not to exceed
100 ng/mL (ppb) (3).

Trichloroethene (TCE) is another volatile organic compound prevalently found in
ground water, treated municipal wastewater, and the Comprehensive Environmental
Responses, Compensation and Liability Act (CERCLA) sites. It has also been extensively
used as a solvent for household, commercial, and industrial cleaning and degreasing. TCE
is a major contaminant at CERCLA sites, according to a recent study about the
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frequency of occurrence of some volatile organic compounds (4). Details about the
occurrence of organic contaminants are found in chapter 2 of this thesis (5).
The Fujiwara reaction is a classical reaction that has been used to determine

chloroform (6-9). The reaction, first reported in 1916, is characterized by the distinctive
red, long-lived intermediate formed upon addition of chloroform to a mixture of pyridine

and base. The absorption spectrum of the reaction mixture during formation of the
intermediates or products displays strong absorption bands with maxima at 370, 420 and

540 nm. With excitation around 540 nm, the red intermediate fluoresces around 600 nm.
Based on these features, the Fujiwara reaction has been extensively investigated for

spectrophotometric and spectrofluorometric determination of chloroform in air, water,
urine, and blood samples (6-10).
Besides chloroform, several other polyhalogenated compounds generate colored

intermediates or products when they react with the Fujiwara reagent. Most of these
compounds are gem-polyhalogenated hydrocarbons (9), organic compounds possessing

more than one halogen atom attached to the same carbon atom, and include
dibromochloromethane (8), bromodichloromethane (8), bromoform (8), trichloroethene
(8), trichloroethanol (7), trichloroacetic acid (9), carbon tetrachloride (10),

tetrachloroethane (10), and tribromoethene (10). Therefore, selectivity is also an issue of
importance when the Fujiwara reaction is applied to determine the chloroform in finished

drinking water, ground water, and water at contaminated sites. For example,
trichloroethene would be the major interference of concern if the Fujiwara reaction was

used to determine the chloroform at a contaminated site.
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Many modifications have been made to the Fujiwara reaction conditions used for

analytical methods (see Chapter 2 of this thesis for a detailed discussion). The

concentrations of pyridine, base and water have been varied to seek the optimal yield of

the red intermediate (7, 11). The reactivities of a series of pyridine derivatives with
chloroform in the Fujiwara reagent have been investigated (11). A good substitute for
pyridine would be less toxic but still provide comparable calibration sensitivity in its

reaction with chloroform. Organic solvents such as dimethyl sulfoxide (DMSO) have
been used as an additional component in the Fujiwara reagent to decrease the amount of
pyridine needed or to dissolve solid pyridine derivatives (11).

For analytical applications, the Fujiwara reaction has been implemented as a one-

or two-phase method depending on whether or not a phase separation occurs (7). Two-

phases occur at higher water to pyridine concentration ratios and the absorbance of the
red intermediate in the organic phase is measured. Most recent analytical work involving
Fujiwara chemistry (11-13) has involved reaction conditions resulting in one-phase.
In this thesis, the one-phase method was also selected because it is simpler, more

rapid, and less labor intensive. The study focused on two major topics: 1) optimizing the
reagent mixture to provide a high yield of the red intermediate for chloroform
determination; 2) finding a reagent that is capable of determining TCE and chloroform
separately.

To find a Fujiwara reagent (based on a mixture of DMSO and pyridine) that
provides a high yield of the red intermediate for the determination of chloroform, various
conditions or modifications were investigated, including variation of the concentrations of

base and water and filtering of the reagent to remove particles from precipitation. All the
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measurements were made with the batch mode (direct mixing of chloroform with the

reagent). The effect of storage of the reagent on its response to chloroform and
interference by other poly-halogenated compounds were also studied.

Because both TCE and chloroform are found at contaminated sites and respond to

the Fujiwara reagent, approaches to maximizing the response of one analyte relative to

that of the other were investigated. The reactivity of a series of pyridine derivatives with
both TCE and chloroform were studied. One derivative, 2-cyanopyridine, provided a
unique response to TCE and was investigated in more detail. The effect of the type of
organic solvent, of the concentrations of base and water, and of reagent storage time were
evaluated.

3.2 Experimental

3.2.1 Reagents

Chloroform, bromodichloromethane, trichloroethene, bromoform, and
dibromochloromethane were all of chemical reagent grade and purchased from Aldrich.

DMSO was also of chemical reagent grade and obtained from Fisher Scientific Company.
Pyridine purchased from Fluka company was of spectrophotometric grade. A series of

organic solvents of reagent grade and pyridine derivatives (generally assay > 98%) were

purchased from Aldrich. Deionized water generated from a Millipore Milli-Q system was
used to prepare all the solutions involving water. A series of stock sodium hydroxide
solutions were prepared from the NaOH pellets (Aldrich, reagent grade) and made with
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concentrations of 1.0, 3.0, and 6.0 M (e.g., 1.0 M NaOH was prepared as 4.0 g of NaOH

in 100 mL of water). Less concentrated sodium hydroxide solutions were made by
diluting the stock solutions.

3.2.2 Chloroform and Trichloroethene Standards

A stock solution of 6.0 x 10312g/mL chloroform (density of 1.483 g/mL) was
made by first adding about 24 mL of DMSO to a 25-mL volumetric flask and then
injecting 100 1AL of pure chloroform into the DMSO with a 100-pL syringe. The syringe

needle was lowered to 5 mm above the DMSO meniscus to make sure that all the
chloroform was dispensed into the solution. The solution level was promptly brought to

mark by adding DMSO. The flask was stoppered at all times, except when adding
reagents, to minimize any potential loss of analytes due to volatilization into air.

A series of standard solutions of lower concentration were made by further
diluting this solution with DMSO. All the standard solutions were then transferred into a
vial (2 dram, 7.4 mL), capped with Mininert valve (Alltech), and stored in a refrigerator.

These standard solutions were stable in the refrigerator at 4 °C for at least 4 weeks. Due
to the high freezing point of the DMSO (18.5 °C), the standard solutions froze when

stored. Before use, the standard solutions were allowed to thaw a couple of hours at
room temperature.
Separate stock solutions of 6.0 x 103 pg/mL TCE and the other THM's were
made in DMSO and stored in the similar fashion. The volume of the test species initially
added to the 25 -mL flask varied around 100 !IL depending on its density. TCE and THM
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standard solutions of lower concentration were made by further diluting these standard
stock solutions with DMSO.

3.2.3 Instrumentation

The spectrophotometric measurements were made with a Hewlett Packard (HP)
8452A diode array UV-Visible spectrophotometer. The spectrofluorometric
measurements were made with an Aminco-Bowman luminescence spectrometer (series

II). For both spectrometers, miniature stir motors (Maxxon Motor Co.), with a small
magnet glued to the shaft, were fitted under the sample cell holder to provide for stirring

of the cell's contents. A 3.5-mL glass cuvette with a 1.0-cm pathlength and a threaded
neck (Spectrocell Corp., RF-10104) was used to make the measurements. The cell was
sealed with a open-top screw cap with a P I FE, liner (Alltech). Inside the cuvette, a
Teflon spin bar (8 mm) was used for stirring.

3.2.4 Effect of NaOH and H2O Concentrations on the Response to Chloroform of an
Unfiltered Pyridine Reagent

The effect of NaOH and H2O concentrations on the spectrometric signal of

chloroform reacting with a Fujiwara reagent was first studied. The starting

concentrations were based on the work of Siemion (11) who used a 50% (v/v)

pyridine/DMSO reagent. To make a 50 % (v/v) pyridine/DMSO solution, 20 mL each of
pyridine and DMSO were measured with a 25-mL graduate cylinder and transferred into a

capped I-Chem bottle. The bottle was shaken to mix thoroughly the solution. A piece of
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parafilm was used to wrap around the cap to ensure good sealing. Due to the high
melting point of DMSO (mp 18.45 °C), this solution was simply stored at room

temperature to avoid freezing.
For spectrometric measurements, 2.0 mL of this pyridine/DMSO solution was
transferred by a 5-mL syringe into a cuvette. A known volume (20 to 60 !IL) of a
specific NaOH stock solution was dispensed with an Eppendorf EDP2 automatic pipet
(adjustable between 0-1000 ilL) into the solution of pyridine/DMSO. The volume and

concentration of the base solution were varied to adjust the in-cell concentrations of base

and water. The cuvette was capped and shaken to mix thoroughly the solution. Then,
this cuvette was inserted into the sample holder of the spectrometer.
To begin the measurement sequence, a blank measurement was taken with the

spectrophotometer or spectrofluorometer. Then, a known volume of a specific
chloroform standard solution was injected with a syringe into the reagent mixture. A time
scan was initiated in which the absorbance or fluorescence signal at specific wavelength(s)

was acquired and stored every 10 s for a period of 15 min. The final reagent selected
from this study is denoted reagent solution A.

3.2.5 Effect of NaOH and H2O Concentrations on the Response to Chloroform of a
Filtered Pyridine Reagent

With the unfiltered Fujiwara reagent with base, formation of precipitates was

observed after the NaOH aqueous solution was added. To minimize the precipitate
particles, reagent mixtures containing pyridine, DMSO, NaOH, and H2O were filtered

with a disposable syringe filter (polytetrafluoroethlylene (P11-,h) membrane, 0.45 pm,
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Alltech). The hydrophobic PFTE membrane and the polypropylene housing of the filter
was chosen to be compatible with pyridine, sodium hydroxide, and DMSO.
The reagent mixture was made by first transferring 2.0 mL each of pyridine and
DMSO into a 4-mL glass vial (Fisherbrand) and mixing the contents. Then an appropriate

volume of an NaOH solution was added with an Eppendorf EDP2 automatic pipet. The
volume and concentration of the base solution were varied to adjust the concentrations of

base and water in the final reagent mixture. About 2.0 mL of reagent solution were
drawn into a 5-mL syringe. The filter was installed on the luer tip, the plunger was
pushed, and the clear filtrate was collected in a cuvette for spectrophotometric or
spectrofluorometric measurements.

Different reagent mixtures were tested for their response to chloroform with a
procedure similar to that used for the unfiltered reagent. The final reagent mixture
solution selected from this study is denoted reagent solution B.

3.2.6 Interferent Study

On the same day, chloroform and the selected interferents were tested with

Fujiwara reagent B. In each test, 2.0 mL of the reagent mixture were was added to the
cell, 5.0 pL of a 50 µg/mL solution of chloroform or the selected interference was
injected with a 5-1.iL syringe, and the reaction was monitored for 6 min with the

spectrofluorometer or the spectrophotometer.
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3.2.7 Age Study of the Fujiwara Reagent Mixture

About 40 mL of the Fujiwara reagent B was made and stored in a sealed 1-Chem

bottle at room temperature (22-30 °C). To minimize contamination, an 1-Chem bottle
was then placed in a sealed jar. One syringe was specifically used to dispense this reagent.
The reactivity of the reagent was then tested with chloroform for 10 days by injecting 5

pi, of a 50 pg/mL solution of chloroform into 2 mL of reagent to study the effect of the
age of the reagent on the spectrophotometric signal.

3.2.8 Pyridine Derivative Tests for the Determination of TCE and Chloroform
To make a 50% (w/v) solution of pyridine derivative in DMSO, 12.5 g of the
pyridine derivative was weighed, dissolved in 12 mL of DMSO in a beaker, and

transferred into a 25-mL volumetric flask. Next 2.70 mL of water was added to the
solution with a graduated pipet and then 125 AL of 2.0 M NaOH was dispensed with an

Eppendorf pipet (adjustable from 0-1000 pi). Additional DMSO was then added to
bring the volume of the solution up to exactly 25 mL. This solution contained 50% (w/v)
of the pyridine derivative in DMSO, 6.3 M H2O, and 10 mM NaOH.

For the initial tests, 3.0 mL of this solution was dispensed with a 5 -mL syringe

into the cuvette. A blank scan was then initiated on the spectrophotometer. Next,
typically 10 MI, of a TCE or chloroform standard solution (3000 pg/mL) was injected into

the reagent mixture with a 10-AL glass microsyringe. The absorbance spectrum from 300
to 800 nm was then taken every 10 min up to 30 min.
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3.2.9 Evaluation of 2-Cyanopyridine Reagent Solution for TCE Determination

A series of solvents, including acetone, methanol, ethanol, ethyl acetate, ethyl

ethyl ether, tetrahydrofuran, and DMSO were used to prepare 50% (w/v) solutions of 2-

cyanopyridine. Next, 100 gL of 1.0 M NaOH and 20 gL of pure TCE were injected into
2 mL of a given reagent mixture in a cuvette which was then shaken to ensure thorough

mixing of the components. The color of the solution was observed for 30 min. This
simple visual test was used to search for an appropriate solvent for 2-cyanopyridine.

To make a 50 % (w/v) 2-cyanopyridine/DMS0 solution, 12.5 g of 2cyanopyridine were weighed and dissolved in 15 mL of DMSO. The solution was

transferred to a 25-mL volumetric flask and DMSO was added to bring the solution up to

volume. Due to the high melting point of DMSO (mp 18.5 °C), this solution was simply
stored at room temperature to avoid freezing.
To study the effect of base and water concentrations, 2.2 to 3.0 mL of this 2cyanopyridine/DMSO solution was transferred with a 5-mL syringe into a cuvette. Then

6 to 60 gL of 1 or 10 M NaOH stock solution and 0 to 0.75 mL of H2O were dispensed
with an Eppendorf EDP2 automatic pipet into the solution of pyridine/DMSO. The
cuvette was shaken to thoroughly mix the solution and placed in the sample holder of the

spectrophotometer. After a blank measurement, 10 gL of 3000 gghnL TCE in DMSO
was injected into the reagent mixture with a microsyringe. A time scan for 20 min was
initiated with data points spaced 10 s apart and a monitoring wavelength of 478 nm.

For this study, the concept was to develop a batch procedure in which the
aqueous sample or standard contributed the majority of the water to the final reaction

57

mixture. To achieve a good detection limit, it was necessary to maximize both the
volume of water (and ultimately the volume of a sample with TCE) and the response

signal. The total volume of solution in the sample cell after all four additions was
maintained at 3.0 mL. The added volumes of the 2-cyanopyridine, aqueous NaOH, and
H2O varied between solutions. The in-cell concentration of 2-cyanopyridine varies
somewhat, but it was always in great excess. For the actual studies, first the volume of

water was varied and the in-cell base concentration was kept constant. Then the in-cell

concentration of water was kept constant while the base concentration was varied.
Once final conditions were chosen, calibration data were obtained by adding 2.84
mL of 2- cyanopyridine/DMSO and 6 III, of 10 M NaOH to the cell. The high base

concentration was used to minimize the amount of the water introduced by base. The
reaction was initiated by injecting 0.075 to 0.15 mL of aqueous TCE standards (600 to
1000 1.1g/L) and enough additional water to keep the total volume of water in the cell at

0.16 mL. The aqueous TCE standard solutions were made by diluting a 3000 µg/mL
TCE/DMSO stock solution with water. Care was taken that the maximum concentration
of TCE did not exceed the solubility limit (1100 to 1470 µg/mL in water from 20 to 25 °C
(18)).

To study the effect of the age of a 2-cyanopyridine reagent, a reagent mixture was

made and stored. Periodically, 3.0 mL of the reagent mixture was transferred into a
cuvette and 10 121, of 3000 µg/mL TCE or chloroform (with a new 3 mL of reagent) was

injected. The signal due to TCE or chloroform was monitored spectrophotometrically at
478 or 658 nm, respectively.
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3.3 Results and Discussion

3.3.1 Effect of NaOH and H2O Concentrations on the Response to Chloroform of an
Unfiltered Pyridine Reagent

The concentrations of the NaOH and H2O in Fujiwara reagent mixtures were

varied to search for a reagent that provided a high yield of the red intermediate and
stability for this monitored species. As shown in time scans in Figure 3.1, the yield of the
red intermediate progressively increased as the concentration of NaOH was increased

from 12.5 to 30 mM. For these base concentrations, the time profiles are similar, and the
signal increased during the first 5 -10 min and then reached a plateau. For higher

concentrations of NaOH (above 30 mM), the maximum signal was less. When the

concentration of NaOH reached 100 mM, the signal reached a maximum around 4 min

and then decreased. Based on this study, a NaOH concentration of 30 mM was selected
for further studies with this unfiltered reagent.
As shown in Figure 3.2, the maximum fluorescence signal due to the red

intermediate increased as the water concentration was increased from 0.83 to 2.78 M.
With a water concentration of 2.78 M, the signal reached a maximum in about 8 min and

then decayed slowly. For a water concentration of 5.67 M, the maximum was reached
much more quickly (about 2 min) and the signal decayed at a much higher rate. Based on

this study, water concentration of 1.67 M was chosen for further studies with this
unfiltered reagent because it yield the largest stable signal which did not decay over the
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Figure 3.1. Effect of NaOH concentration on the response with the an unfiltered pyridine
reagent. The excitation wavelength was 540 nm and the emission wavelength was 600
nm. The PMT bias voltage was 700 V. Both the excitation and emission spectral
bandpasses were set at 4 nm. The concentration of water in the Fujiwara reagent mixture
was maintained at 1.67 M. The in-cell concentration of chloroform was 30 gg/mL.
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Figure 3.2. Effect of H2O concentation on the response of an unfiltered Fujiwara reagent
mixture. The concentration of NaOH in the reagent mixture was maintained at 30 mM.
The excitation wavelength was 540 nm and the emission wavelength was 600 nm. The
PMT bias voltage was 650 V. Both the excitation and emission spectral bandpasses were
set at 4 nm. The in-cell concentration of chloroform was 30 gg/mL.
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observation time. The composition of the "optimized" reagent was 1.67 M H2O, 30 mM
NaOH, 6.2 M pyridine, and 7.0 M DMSO.
The more rapid increase and then decrease in the fluorescence signal at higher

water or base concentration is attributed to the more rapid formation and decomposition
(hydrolysis) of the red intermediate. Louch (12) and Siemion (11) observed similar
behavior. Apparently, higher free base concentrations affect the rate of two or more steps
involved in the mechanism.

3.3.2 Effect of NaOH and H2O Concentrations on the Response to Chloroform of a
Filtered Pyridine Reagent

Precipitates form in the Fujiwara reagent when base is added to the 50% (v/v)
pyridine/DMSO mixture, especially at higher base concentrations (e.g., > 7 mM). Lugg

(7), who used neat pyridine (no DMSO), reasoned that the precipitates were Na2CO3 and
originated from the reaction of NaOH and CO2 dissolved in the reagents.
The formation of precipitates in the Fujiwara reagent mixture can cause several
problems including 1) severe scattering and a resulting higher background (baseline)
signal before the analyte is injected, 2) a higher blank noise, and hence, worse detection
limit, and 3) a variable calibration sensitivity (i.e., the response to chloroform changes
significantly between runs for a given reagent or between batches of new reagent).
To minimize the variability of the blank absorbance, Reckhow and coworkers (13)

made the reagent mixture of pyridine and base (TBAH) the night before it was used for

chloroform measurements. The overnight equilibrium assured that the blank signal was
relatively stable.

61

In this study with NaOH, the precipitates were minimized by filtering the reagent
solution with an HPLC filter to generate a clear and homogenous reagent mixture for
spectrometric detection. The blank signals and noise before and after filtering with
fluorometric monitoring are shown in Table 3.1. Filtering reduced the blank signal about
20% and the blank (baseline) noise for a given batch by about a factor of 3 (average
standard deviation decreased from of 0.02 to 0.006). The reproducibility in the mean
blank from batch to batch was improved over a factor of 5 by filtering.

Table 3.1. Effect of filtering the reagent on the background signal and noise with a
spectrofluorometric monitoring.'
After Filtering
Blank Signal

Before Filtering
RSD

Blank Signal

RSD
(%)

( %)

Batch Test lb

0.89 (0.005)

0.66

1.05 (0.02)

1.6

Batch Test 2

0.88 (0.007)

0.77

1.11 (0.01)

0.62

Batch Test 3

0.93 (0.003)

0.34

1.23 (0.03)

2.8

Batch Test 4

0.92 (0.007)

0.71

0.92 (0.02)

2.1

Batch to Batch'

0.90 (0.02)

2.6

1.09 (0.16)

15

' The reagent was composed of 30 mM NaOH, 1.67 M H2O, 6.2 M pyridine, and 7.0 M
DMSO. The excitation and emission wavelengths were 540 nm and 600 nm, respectively.
The excitation and emission bandpasses were 16 and 8 nm, respectively. The PMT bias
voltage was 700 V. The integration time was 10 s. The mean dark signal and noise were
0.008589 and 2.4 x 104, respectively.
b Standard deviation from 4 measurements in a given run.
Mean and standard deviation () of mean signal between different batches of the reagent.

These data show that filtering does improve the detection limit by about a factor
of 3 probably by reducing noise due to scattering from particles in the sample cell. In a
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separate experiment with spectrophotometric monitoring, a chloroform concentration (incell) of 400 ng/mL was easily detected (the absorbance was 0.0082) with the filtered

reagent but not resolved with an unfiltered reagent of the same composition.
The most dramatic effect of filtering was improving the precision of chloroform

measurements between batches of reagent. With fluorometric or spectrometric
monitoring, the average RSD in the signal for chloroform standards in the 370 to 4000

ng/mL range was 3% or better with a given filtered reagent. With unfiltered reagent
prepared in the cell for each run, the RSD in the spectrophotometric signal for similar

standards was over 60% in some cases. This lack of reproducibility made it difficult to
obtain a reasonable calibration curve.
The starting point for the optimization of the filtered reagent was the optimized

unfiltered reagent with a composition of 1.67 M H2O, 30 mM NaOH, 6.2 M pyridine, and

7.0 M DMSO (this is denoted reagent X and was the reagent was used for the
spectrophotometric and spectrofluorometric measurements discussed in chapter 5). The
results shown in Figure 3.3 demonstrate the complex nature of the response surface and
the interdependence of the base and water concentrations which was also noted by Louch

(12) and Siemion (11). A reagent (denoted reagent B) with a composition of 1.8 mM
NaOH, 0.83 M H2O, 6.2 M pyridine, and 7.0 M DMSO provided the largest signal (about

3 times that obtained with reagent X. Siemion (11) used an unfiltered reagent with a
quite different composition (60 mM NaOH, 6.0 M H2O, 5.9 M pyridine, and 5.9 M

DMSO) for chloroform measurements with a sensor (fluorometric monitoring, kinetic
response).
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Figure 3.3. Effect of H2O and NaOH concentrations on the response of a filtered
Fujiwara reagent mixture. The excitation wavelength was 540 nm and the emission
wavelength was 600 mn. The PMT bias voltage was 650 V. The excitation and emission
spectral bandpasses were set at 16 and 8 nm, respectively. The in-cell concentration of
chloroform was 125 ng/mL.

3.3.3 Interferent Study

The response of selected interferents relative to chloroform was evaluated with

reagent B. The red intermediate was monitored with both the spectrophotometer and the

spectrofluorometer. The results are listed in Table 3.2 and show that chloroform
produces the largest relative response of the species tested (THMs and TCE) with the
"optimized" Fujiwara reagent but clearly any of the other species would be an interferent
in real samples if comparable to chloroform in concentration. The response factors versus

TCE are the greatest, and overall the response factors are higher with fluorometric
monitoring. Results from a similar interferent study by Siemion (11) with a
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pyridine/DMSO reagent of a different composition are also shown in Table 3.2, and

generally agree within a factor of 2 to 3.

Table 3.2. Response factors of chloroform relative to interferents with Fujiwara reagent
Ba.

Spectrofluorometric
Determinationb

Spectrophotometric
Determination'

TCE

4.3 (9.8)d

2.7 (1.0)

Bromodichloromethane

3.0 (2.7)

1.3 (2.0)

Dibromochloromethane

3.2 (2.0)

1.4 (1.3)

Bromoform

4.1 (1.4)

1.0 (1.9)

a The response factor is the ratio of the spectrometric signal after 6 min of reaction time
for 125 ng/mL chloroform to that of the same concentration of interferent.
b The excitation wavelength was 540 nm and the emission wavelength was 600 nm. The
excitation and emission spectral bandpasses were 16 and 8 nm, respectively.
The absorbance was measured at 540 nm.
d Response factors for batch tests from Siemion (11).

3.3.4 Age Study of the Fujiwara Reagent Mixture

Reagent B was prepared, stored, and tested over a period of 190 hr. During this
period, the background fluorescence signal from the reagent decreased from 0.33 to 0.10
(PMT voltage of 650 V, emission spectral bandpass 8 nm, excitation spectral bandpass 16

nm). The fluorescence signal due to the red intermediate after 6 min of reaction from a
concentration (in-cell) of chloroform of 125 ng/mL did not change significantly (constant

within 4 %). The filtering procedure produces a reagent stable for at least 10 days.
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3.3.5 Pyridine Derivative Spectrophotometric Tests for the Determination of TCE and
Chloroform

The reactivity of a series of pyridine derivative reagents with TCE and chloroform

were evaluated by measuring the absorption spectrum over time. As shown in Table 3.3,
all pyridine derivatives, except 2,6-pyridine dimethanol, 2-pyridyl carbinol, and 3-

pyridine-carboxaldehyde, reacted with TCE or chloroform and generated intermediates or

products that absorbed in the UV-Vis region. Note that a reagent mixture with 2cyanopyridine is unique in that it provides great selectivity for chloroform relative to TCE

if the absorbance at 658 nm is monitored. On the other hand, if the absorbance of the

intermediate or product is monitored at 478 nm, TCE can be determined with high
selectivity relative to chloroform.

3.3.6 Evaluation of 2- Cyanopyridine Reagent Solutions for TCE Determination
It was decided to pursue the use of a reagent mixture based on 2-cyanopyridine

for the selective determination of TCE. A significant advantage of this reagent is that it is
a solid at room temperature (b.p. 222-227 °C) and effectively has no odor. In contrast,
pyridine is a volatile organic compound with an unpleasant odor and inhaling of pyridine
is a health risk (14).
A series of reagent mixtures of 2-cyanopyridine in seven different solvents were

evaluated with TCE. Only with DMSO was a color change observed (clear to yellow).

Therefore, DMSO was used as the solvent for further studies.
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Table 3.3. The reactivity of pyridine derivatives with TCE and chloroform'.

Pyridine Derivative

Wavelength
(nm)

Absorbance

.,

TCE

Chloroform

424

0.022

0.0084

544

0.053

0.021

2,6-pyridine
dimethanol

NR

NR

NR

2-pyridyl carbinol

NR

NR

NR

3-pyridinecarboxaldehyde

NR

NR

NR

pyridazine

380

0.011

0.0078

2-picoline

384

0.046

0.0043

3-picoline

366

0.041

0.020

540

0.049

0.034

2-benzylpyridine

418

0.0029

0.0018

3-benzylpyridine

368

0.0076

0.020

4-benzylpyridine

394

0.0077

0.015

500

0.047

0.030

356

0.036

0.047

478

0.011

0

658

0

0.013

380

0.0065

0.040

pyridine

2-cyanopyridine

3-cyanopyridine

' The test solutions contained 50 % (w/v) of the pyridine derivative in DMSO, 6.3 M H2O
and 10 mM NaOH. The absorbance was measured 10 min after the spike of TCE or
chloroform standard solution. The in-cell concentration of TCE or chloroform in the
cuvette was 10 pg/mL. NR indicates no reaction observed.
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Other researchers have suggested that DMSO would not be a good solvent for the

Fujiwara reaction (7, 13). Lugg (7) states that "polar solvents" are not suitable for
developing color and "non-polar solvents" are usually satisfactory based on the fact that
ketones and aldehydes inhibited the color development in the Fujiwara reaction with

pyridine. Reckhow and Pierce (13) also state that DMSO would not be a good solvent
for the Fujiwara reaction due to carbene scavenging by the DMSO (15). Siemion (11) in
this laboratory has previously confirmed that DMSO is a good solvent for the Fujiwara
reaction, and DMSO was used for essentially all pyridine solutions throughout this thesis
research.
A reagent based on 2-cyanopyridine was prepared, stored, and tested with TCE

and chloroform over a period of one day. The results shown in Figure 3.4 demonstrate
that the reagent is unstable. The reagent reactivity to both TCE and chloroform decayed
significantly over one day. The absorbance for either species decreased in about 5 hr to

about 80 % of its value immediately after preparation. After 25 hr, the response was less
than 1% of the initial value. This instability is attributed to hydrolysis of cyano group in

the basic solution (16). For further studies, 2-cyanopyridine reagent mixtures were made
directly in the cell and base and water were added to 50 % (w/v) 2-cyanopyridine
immediately before TCE or chloroform was introduced into the reagent.

It was decided to conduct a preliminary investigation of the potential use of 2cyanopyridine as the reagent for detection of TCE in environmental samples by
investigating the effect of water and base concentrations. First the effect of water

concentration on the response to TCE was studied with a constant base concentration.
As shown in Figure 3.5A, the absorbance of the species after 15 min of reaction
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Figure 3.4. The effect of storage time of a 2-cyanopyridine reagent on the response. The
reagent composition was 50 % (w/v) 2-cyanopyridine in DMSO, 6.3 M H2O, and 10 mM
NaOH. The in-cell concentration of TCE or chloroform was 10 pg/mL.
decreased dramatically as the total volume of water was increased from 0.06 to 0.82 mL

in a 3.0-mL reagent. In figure 3.5B, the same data are plotted with the y-axis being the
product of the absorbance and total volume ofwater in the reagent, and the maximum is
at 0.16 mL. This volume should be used for the actual analysis of aqueous samples
containing TCE where the sample provides essentially all the water in the reaction

mixture. In this case, a sample volume of 0.16 mL provides a greater signal than 0.06
mL, even though the calibration sensitivity in terms of in-cell TCE concentration is less

with the higher volume because about 2.7 times as many moles of TCE are introduced
into the sample cell.

The dependence of the response to TCE on NaOH concentration is shown in

Figure 3.6. The response is at a maximum at NaOH concentration of 60 mM. Note that
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Figure 3.5. The effect of the volume of water on the absorbance of monitored species at
478 nm with a 2-cyanopyridine/DMS0 reaction mixture. A, the absorbance at 478 nm
after 15 min; B, the product of the absorbance at 478 nm and the volume of water in the
reaction mixture. The TCE concentration (in-cell) was 30 µg/mL. The total volume of
the reagent was 3.0 mL. The in-cell concentration of NaOH was 20 mM.
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Figure 3.6. Effect of base concentration on the UV-Visible spectrum of the intermediates
or products formed during the reaction of TCE with a 2-cyanopyridine/DMS0 reagent
mixture. The solution contained 0.16 mL of H2O and 2.8 mL of 2-cyanopyridine (50 %
w/v). The TCE concentration in the cuvette was 10 pg/mL. The reaction time was 15
min.

an in-cell concentration of TCE of 10 pg/mL would correspond to a concentration of

188 gg/mL in a 0.16-mi, sample. To keep within the linear range (e.g., A less than 2), the
maximum sample TCE concentration without the need for dilution (or injection of a

smaller sample volume) would be 430 gg/mL. The composition of the final reaction
mixture for best response is 4.8 M 2-cyanopyridine, 12 M DMSO, 60 mM NaOH, and 3.0
M H2O.

A calibration curve for TCE shown in Figure 3.7. To allow larger TCE
concentrations to be measured and to keep the absorbance on scale, the in-cell NaOH
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Figure 3.7. Calibration curve for TCE in water with a 2-cyanopyridine reagent. The
reagent contained 0.16 mL water, 20 mM NaOH, and 50 % (w/v) 2-cyanopyridine/
DMSO. The absorbance was taken 10 min after the reaction was initiated. The TCE
concentration is that in the added water and the in-cell concentration would be a factor of
18 less. The linear fit equation is A (472 nm) = 0.0031c - 0.266 and the standard error of
the slope is 6.2 x 10-5.

concentration was adjusted to 20 mM. The curve exhibits good linearity, but the

intercept is not zero. The spectrophotometer was zeroed on the 50 % (w/v) 2cyanopyridine/DMSO reagent before water or base was added. It is expected that the

water dilutes the mixture and causes a decrease in the baseline absorbance. This could be
confirmed by injecting 0.16 mL of water without TCE. The blank noise and hence

detection limit were not evaluated. If 0.01 AU can be detected, then the detection limit
for TCE in original water sample would be 3 µg/mL. The calibration data show that TCE
in water at ug/mL levels can be quantitatively determined with the Fujiwara reagent.
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3.4 Conclusions

The concentrations of sodium hydroxide and water are two primary factors that
affect the yield of the red Fujiwara reaction intermediate in agreement with other

researchers (12,13). For unfiltered reagent solutions, the reagent composition that
provided the highest yield of the red intermediate was 1.67 M H20, 30 mM NaOH, 6.2 M
pyridine, and 7.0 M DMSO.
Filtering the reagent mixture was found to be advantageous although no previous

reference was found that suggested this procedure. Filtering eliminates most of the
precipitates formed in the reaction mixture, reduces the blank noise in the fluorescence
signal due to scattering by a factor of 3, and significantly improves precision of repetitive

chloroform measurements for cases where the base is added immediately before analysis.

Moreover, the filtered reagent solution can be stored for at least 10 days with any
significant loss in reactivity. For a filtered reagent mixture, the highest yield of the red
intermediate was achieved with a reagent composition of 1.8 mM NaOH, 0.83 M H20,

6.2 M pyridine and 7.0 M DMSO. This reagent mixture was used for later studies
involving purge-and-trap preconcentration. The water and base concentrations are
considerably lower than reported for other "optimized" reagents (11-13)
Among the pyridine derivatives tested, 2-cyanopyridine was the most unique

because the reaction products or intermediates of TCE and chloroform had absorption
bands with maxima of significantly different wavelength (478 nm for TCE and 658 nm for

chloroform). Unfortunately, the reagent (i.e., 2-cyanopyridine, DMSO, base and water)
cannot be stored because its reactivity decreases almost totally in one day and significantly

73

over even one hour due to the hydrolysis of the cyano group under the basic conditions

(16). However, the reagent system can still be used if the 2-cyanopyridine and DMSO are
mixed first and added to the spectrometer cell. Then base solution and a water sample or

standard are added together at the time of analysis. Here the water sample provides
essentially all the water necessary for the reaction.

Reagent concentrations were investigated and the highest yield was obtained with
0.16 mL of H2O (3.0 M), 60 inM NaOH, 4.8 M 2-cyanopyridine, and 12 M DMSO. A
linear calibration curve for TCE sample concentrations from 300 to 940 pg/mL was
obtained and it was estimated that 3 1.1g/inL of TCE could be detected. More

investigation is warranted to develop this system into a batch field test for TCE

contamination in water. The effect of potential interferents such as chloroform and of
filtering the reaction mixture should be explored.
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CHAPTER 4 STUDIES OF CHLOROFORM TRANSFER EFFICIENCY OF A
PURGE-AND-TRAP CONCENTRATOR

4.1 Introduction
The history of the purge-and-trap (P&T) technique dates back to 1967, when it
was first reported by Swinnerton and Linnenbom (1) as a technique for sample

preparation. In 1974, the P&T concentration technique was coupled with gas
chromatography by Bellar and Lichtenberg (2) to determine volatile organics at

microgram-per-liter levels in water. Since then, it has been extensively applied to
environmental analysis. It is primarily used in the determination of volatile organic
chemicals (VOCs) in water (3-5) and soil (6-7) samples. Based on this technique, the
U.S. Environmental Protection Agency has established several standard methods,

including 524.2 and 502.1 (8-9). A review of purge-and-trap concentration is given in
Chapter 2 of this thesis (10).
With a purge-and-trap concentrator, the volatile compounds are purged from 5-25
mL of a sample with an inert gas and then adsorbed on a solid sorbent trap.
Subsequently, the trap is rapidly heated and the volatile compounds are thermally

desorbed from the trap and swept into the gas chromatograph injection port by the carrier
gas.

The purge-and-trap concentration technique is applicable to the compounds that
have sufficient volatility and low water solubility. In EPA method 524.2 (8), a list of

purgeable compounds is given and the operational parameters are defined. The highest
boiling point of these purgeable compounds is 210 °C (1,2,4-trichlorobenzene).
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Transfer efficiency is an issue of importance with P&T concentrators. It is defined
as the fraction of a compound that is recovered from the sample matrix by the P&T

concentrator (11). Chloroform, the major analyte of interest in this research, is a highly
volatile compound with a relatively low solubility in water and its transfer efficiency is of

primary concern. The goal was to find the operational parameters that generate high
recovery of chloroform in a reasonably short operational time. For example, the purge
time can be less for chloroform than for some other compounds because of its high
volatility. Choosing operational conditions usually involves compromise between the
analysis time and the transfer efficiency.

In this research, the dependence of the recovery of chloroform and trichloroethene
from water samples on several purge-and-trap parameters was studied. These parameters

include the trap temperature during the purge state, purge time, desorb time, purge flow
rate, septum flow rate on the GC, initial GC column temperature (during the desorb state)

and injection port temperature. Compounds were detected with a GC/MS coupled to the

P&T concentrator. Fluorobenzene was used as the internal standard. The absolute
recoveries were determined by comparing peak areas of purged standards to those of
standards directly injected into the GC.
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4.2 Experimental

4.2.1 Reagents

Methanol (ACS/HPLC /GC grade) was purchased from Mallinckrodt and was used

as a solvent for standard solutions. Fluorobenzene (chemical reagent grade, > 99.5%)
from Fluka was used as the internal standard. Standards were made from trichloroethene
(Baker Analyzed, 93.5%) and chloroform (Baker Resi-analyzed, > 99.4%). Millipore

water was generated from a Millipore Milli-Q system with house deionized water as the

source water.
Chloroform, trichloroethene (TCE) and fluorobenzene (FB) are highly volatile,

toxic and hazardous. Chloroform and trichloroethene are both carcinogens or cancersuspected reagents (12). Thus, extensive precautions should be taken when dealing with

these compounds. The solution preparation work was done in the hood. These chemicals
were refrigerated before use to minimize the volatility.

4.2.2 Standard and Sample Solutions

The chloroform and TCE stock standard solutions were made by first filling a 10mL stoppered volumetric flask with about 9.8 mL of methanol. A 50-gL syringe was

used to draw in 34 gL of chloroform or 6.9 gL of TCE, and promptly dispense it into the
methanol. Care was taken when dispensing the chemical to make sure that it entered
directly into the methanol without contacting the neck of the glass. Then additional
methanol was added to bring to the volume up to 10 mL. This was designated solution
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A. Next solution B was made by dispensing 50111, of solution A with a 100-4 syringe
into another 9.8 mL of pure methanol inside a 10-mL volumetric flask and diluting it to
volume with methanol to yield 25 gg/mL chloroform or 5 µg/mL TCE in methanol. This
solution was transferred into a sample vial (Fisher Scientific, 2 dram, 7.4 mL), capped
with a Mininert valve (Alltech Associates, Inc.), and stored in the refrigerator at 4 °C.

These stock standard solutions were stable for a relatively long period (at least 4 weeks)
and were diluted to make standards of lower concentration on the day they were needed.
The fortification solution containing fluorobenzene, the internal standard, was

spiked into each water sample. The procedure for preparing this fortification solution was
similar to the foregoing procedures for making the stock standard solution: first, the

fluorobenzene was transferred to a sample vial and 4.9 1.t1., of pure fluorobenzene was
added into methanol held in a first 10-mL volumetric flask to make fortification solution

C; 50 µL of solution C was drawn and added to methanol contained in another 10 -mL
flask. This fortification solution D (2.5 pg/mL fluorobenzene) was stored in the
refrigerator at 4 °C.

To make calibration standards, appropriate volumes of stock standard solution B

were added by a microsyringe to 50 mL of Millipore water. The internal standard was
spiked into the standard and sample solutions while in the syringe used to transfer these

solutions to the sparger. A 30-mL gas-tight syringe (without needle) was used to draw
20 mL of a calibration standard to the mark. Subsequently, a 100-4 syringe (with
needle) was used to spike a calculated volume of fortification solution D through the luer

tip of the syringe into the water sample in the 30-mL syringe. The solution in the syringe
was immediately transferred into the sparger of purging device for analysis. Every
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calibration standard contained the same concentration of internal standard (a 40 1.a.,

aliquot of 2.5 pg/mL fluorobenzene was added to 20 triL of standard solution to yield 5
pg/L of fluorobenzene). Due to the instability of the calibration solutions, the solutions
were made everyday.

The tap water was collected from 3rd floor of Gilbert Addition, Oregon State
University, Corvallis, Oregon, U.S.A., 10 min after the faucet was opened. Next 20 mL

of the tap water was drawn into a 30 -mL gas-tight syringe, spiked with internal standard
D (40 AL), and transferred to the sparger as described for the standards.

4.2.3 Instrumentation

The P&T concentrator was an OI Analytical 4560 sample concentrator. It was
used with a 25-mL fiit sparger from OI Analytical (#209031). Purge gas passed through

the flit in the sparger to generate fine gas bubbles in the sample solution. The trap
(#227348), purchased from OI Analytical, contained poly (p-2,6-diphenylene-oxide)

adsorbent (Tenax).
The GC/MS consisted of a HP-5890 gas chromatograph connected to a HP-5971

mass selective detector. A narrow-bore capillary column (Restek, Rtx-20, 30-m-long,
0.25-mm-id) was directly interfaced to the MS detector. The stationary phase of the
column was cross-linked 80% dimethyl -20% diphenyl polysilicone with a 1-pm film

thickness. Additionally, an uncoated fused silica guard column (5-m-long, 0.25-mm-id)
was installed at the beginning of the capillary column for protecting the column from
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contamination. The GC was equipped with a standard split/splitless injector. Ultra-pure
helium gas (99.999%) was used as the carrier gas (40 psi at tank regulator).
Traditionally, the transfer line of a P&T is connected directly to a megabore

column with a jet separator interface to the MS because the flow rate into the MS is

limited to about 1 mL/min (8). It is also possible to couple a P&T to a narrow-bore
column through a split/splitless injector. This configuration is not plagued by the problem
of cleaning the jet separator (13).
In this study, the purge-and-trap was interfaced to the GC/MS in a non-standard

manner as shown in Figure 4.1. A needle was installed at the end of the transfer line of
the purge-and-trap concentrator and inserted directly through the septum into the

injection port. The carrier gas flow at the GC was turned off; therefore, the total flow
from the transfer line was introduced into the split/splitless injector and it was the only

flow that entered GC.
Usually compressed CO2 was employed as the cryogen to cool the GC oven and

column to subambient temperatures during the P&T desorb state. Cooling is necessary so

that the volatile organic compounds desorbed from the P&T are concentrated at the head

of the column. After the desorb state, the column temperature was raised in the manner
defined by the temperature program and the analytes were eluted and entered the MS

detector.
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A.

To GC injection port,
GC carrier gas (P&T mode)

6-way valve

3-way valve

GC carrier gas
(direct injection)

flow controller

B.

To GC injection port,
GC carrier gas (P&T mode)

6-way valve
trap

3-way valve

flow controller

GC carrier gas
(direct injection)

He
tank regulator

Figure 4.1. Schematic of interface between the P&T and GC-MS. A 3-way valve
(Swagelok) was connected to the He line. A: gas flow diagram during the purge state,
B: gas flow diagram during the desorb state. In the valve position shown in A and B, He
is directed to the P&T, the 6-way valve in the P&T (as shown) directs the gas flow to
the GC. The 3-way valve can be switched to the other position to bypass the P&T and
allow the GC-MS to be operated in the conventional mode.
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4.2.4 General Analysis Procedures and GC-MS Conditions

After 20 mL of standard or sample solution was introduced to the sparger on the
P&T with a 30-mL gas tight syringe, the operator initiated the P&T cycle. During the

purge and desorb states, the cryogen was on and the GC oven was normally cooled to the
subambient temperature of 5 °C. At the beginning of the desorb cycle, the GC

temperature program was activated by a signal from the P&T. Immediately following the
desorb state, the column was heated to 80 °C at 5 °C/min and the P&T went through bake

state, a self-cleaning step. The GC injection port temperature was kept at 150 °C through

the run. Once the bake state was finished, an aliquot of 20 mL of Millipore water was
injected into the sparger and drained to eliminate the potential contaminants from the

previous run. After the drain step was completed, the trap was cooled to 25 °C to be
ready for the next sample.

The GC flow rates were adjusted as follows. The column flow rate was set at 0.9
mL/min (calculated from the column volume of 1.7 mL and dead time measured for
injection of air) at 40 °C by adjusting the column pressure to about 8 psi. The septum

purge flow rate was normally turned off to minimize the sample loss. The split flow rate
was measured at the split vent with a flow meter (J&W Scientific, Intelligent Flowmeter,
ADM1000) and adjusted to typically 10-11 mL /min when the column temperature was at
40 °C.

The recoveries with and without septum flow was evaluated. An injector
temperature of 150 °C was normally used, but injector temperatures of 100 and 200 °C
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were also tested to observe their effect on peak width and recovery. The initial column
temperature was also studied at the following settings: 5, 15 and 40 °C.
The SIM (selective ion mode) mode was chosen on the MS detector. The most

abundant ion of each analyte was the ion MS monitored. The ion groups included 83 amu

(from 82.7 to 83.7), 86 amu (85.7-86.7) amu, 130 amu (129.7-130.7) for chloroform,
fluorobenzene and trichloroethene, respectively. The integration parameters were set as:
initial threshold, 11.00; initial peak width, 0.06; initial area reject, 0.00.

To evaluate the absolute recovery of chloroform with the P&T concentrator, the
same known volume (1-2 RL) of a chloroform standard solution was introduced into the
GC with two configurations: direct injection and injection from the P&T concentrator.

The chloroform standard solution was first directly injected to the GC with a 5-11L syringe

to obtain a chromatogram; then the same volume of chloroform standard solution was
dispensed by the same syringe into 20 mL of Millipore water contained in a 30-mL gas-

tight syringe. Next, this water sample was introduced into the sparger of the P&T
concentrator for analysis. The conditions of GC/MS were identical for both
configurations except for a 3 -min solvent delay time in the direct injection mode. No

detectable solvent peak was observed in the purge-and-trap/GC/MS configuration so that
the solvent delay time was simply set to 0 min. The absolute transfer efficiency of

chloroform was evaluated by ratioing the peak areas for chloroform obtained from two
modes.
A 5-AL plunger-in-needle syringe (SGE # 001450) was used to deliver small

volumes of solution for both direct injection and to make the water sample for analysis on

a purge-and-trap concentrator. It is suppose to provide good injection precision. The
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relative standard deviation (RSD) in the peak area was 6 % from six identical injections

with this syringe. Here, the precision depends upon the reproducibility of the injection
volume and the split ratio.

4.2.5 Optimization of Parameters on the Purge-and-trap Concentrator

Before loading a new sample into the sparger, the 25 -mL sparger was rinsed three

times with 10 mL of Millipore water. The waste was drained each time after rinsing.
Before daily use, the trap was baked at 180 °C for 10 min. The temperature of the

sparger and the water sample varied with the ambient temperature (23-26 °C). During
the purge ready state, a state prior to the purge state, the purge pressure was 20 psi.
The effect on recovery of several parameters of the purge state were investigated:
purge flow rates from 15 to 40 mL/min (the purge pressure changed accordingly between
3-5 psi), trap temperature at 25 and 31 °C, and purge time from 3 to 11 min. The
desorption flow rate (carrier gas flow rate) was held at 10 ±1 mL/min by the mass-flow

controller on the purge-and-trap concentrator. The trap temperature during the desorb
state was set to 180 °C. The desorption time was varied from 0.5 to 4 min to test its

effect on the recovery. The instrument was set to start draining the sample simultaneously
when the desorb state began.
The bake time was set at 10 min at a temperature of 180 ± 1°C. During the bake
state, a backflush cleans the sparger and the tubing between the sparger and the 6-way-

valve. The other temperature settings on the instrument were as follows: transfer line,
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100 °C; the 6-way valve, 80°C; water management system, 100 °C (purge state), 25 °C

(desorb state), 250 °C (bake state); the sample inlet, ambient temperature.

4.3 Results and Discussion

4.3.1 Septum Flow Rate

The effect of septum flow rate on recovery was studied by direct injection of a
standard solution containing chloroform (CHC13) and fluorobenzene (FB) in methanol into

the GC at three different settings with all other conditions held constant. At each setting,
four repetitive runs were made and the average of the peak areas for each analyte was

calculated. The results are presented in Table 4.1 as relative peak areas that are
normalized relative to the areas obtained with setting 1.

Table 4.1. Effect of septum flow rate on the peak areas of analytes (direct injection
mode)'.
Split Setting (mL/min)

Relative Peak Area (%)

Septum Flow Rate

Split Flow Rate

CHC13

FB

3.0

12.4

100 (7)b

100 (7)

0

15.4

81 (3)

80 (3)

0

12.5

102 (3)

102 (3)

'The GC column stayed at 40 °C for 3 min, then was increased to 80 °C at 5 °C/min. The
injection volume was 2 gL. The solvent delay on the MS detector was 3 min. The
concentrations of chloroform and fluorobenzene in the methanol solution were 59 and 50
pg/mL, respectively. Typical peak-half-widths were 0.11-0.13 min for chloroform and
0.08-0.09 min for fluorobenzene.
bThe standard deviation is listed in the parentheses.
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The only difference between settings 1 and 3 was that the septum flow is off in

setting 3. There is no significant difference between the relative areas at the 90 %
confidence level based on a t-test. Hence, as expected the septum flow did not carry

significant analyte. The tip of the needle is inserted to about 2/3 depth of the inlet sleeve

when dispensing samples. The septum purge flow occurs sideways at the top of the inlet
sleeve, right below the septum (as shown in the splitless flow diagram in the "Operating

Manual, HP5890 Series II Gas Chromatograph", HP) and should not carry any analyte.
In comparison to setting 1, the peak areas for setting 2 are about 20% less. The
peak area should be inversely proportional to the split ratio as defined below:
split

-

split flow rate + column flow rate
column flow rate

(4-1)

The ratio of split ratios for two settings is (13.3/0.9)/(16.3/0.9) = 82 % and consistent
with the results.
When the P&T concentrator is connected to the GC/MS, the carrier flow rate is
completely supplied by the flow from the concentrator. In this case, the analyte in the
carrier gas during the desorb state is split between the split flow, column flow and septum

flow so that the split ratio is given by :

split ratio

split flow rate + septum flow rate + column flow rate
column flow rate

(4 -2)

To evaluate the effect of purge flow, a standard of chloroform and fluorobenzene
was analyzed with the septum flow on and off with all other conditions held constant.
The mean relative peak areas (normalized to value with the septum flow off) for four
injections are listed in Table 4.2.
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Table 4.2 Effect of septum flow on the peak areas of analytes (in purge-and-trap/GC-MS
Mode) a.

Septum Flow

Relative Peak Areas (%)
chloroform

fluorobenzene

off

100 (4)b

100 (4)

on (2.7 mL/min)

82 (4)

82 (4)

a The GC column was held at 40 °C for 3 min, then programmed to increase to 80 °C at
5 °C/min. The column flow rate was 0.9 mL/min and the split flow rate was 8.3 mL /min.
The concentrations of analytes in water were chloroform, 5.9 ng/mL; fluorobenzene, 5.0
ng/mL. When the septum flow was off, the peak half-widths for chloroform were 0.137
min and peak half-widths for the fluorobenzene were 0.099 min. When the septum flow
was on, the peak half-widths were 0.121 min for the chloroform and 0.085 min for the
fluorobenzene.
b The standard deviation is given in parentheses.

The 18% reduction in peak area with the septum flow on is consistent with the
higher split ratio (septum flow on, split ratio of 13.2; septum flow off, split ratio 10.2; the

ratio of split ratios is 10.2/13.2 = 0.77). Therefore, some of the analytes were truly
carried out through the septum purge port. Because the area of an analyte peak is
inversely proportional to the split ratio, the sum of the split and septum flow rates for a
column flow rate should be as low as possible, consistent with an adequate desorb flow

rate to minimize the analyte loss. For the remainder of this study, the septum flow rate
was adjusted to 0 mL /min and split flow rate was set to 10.2 mL/min yielding a split ratio

of 12 :

1.
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4.3.2 Initial Column Temperature

In this research, the column was cooled to sub-ambient temperatures during the
relatively long desorb state to minimize band broadening due to spreading of the analyte

bands before the temperature program started. In the column cold trapping method, the
initial oven temperature usually is held at least 100-150°C below the boiling point of the

analytes of interest (14-16). In this study, the analytes of interest have relatively low
boiling points: chloroform (bp 62 °C), fluorobenzene (bp 85 °C), and trichloroethene (bp

90 °C). It is difficult and time consuming to cool the column below -40 °C and significant
amount of cryogen is consumed.
To evaluate the effect of the initial oven temperature on the band broadening, runs

were made with the initial oven temperature at 5, 20 or 40 °C with other conditions kept

constant. The results shown in Table 4.3 are the mean values from three repetitive runs.
A typical chromatogram is shown in Figure 4.2. Among these three compounds,

chloroform, the most volatile, had the largest peak half-width, and worst tailing, and the
peak half-width increased to a larger extent with increasing initial column temperature.

At least two factors can contribute to this broadening and tailing. One factor is

associated with trapping (17). Upon being purged from the water, the volatile organic
compounds enter the trap at different times. The more volatile organic compounds are

more easily purged, therefore, enter the trap first. As the rest of the compounds continue

reaching the trap, the zones of more volatile compounds continue to move further to the

far end of the trap and spread. During the desorb state, the trap is backflushed, and it

11,48
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Figure 4.2. A typical gas chromatogram for determination of three volatile organic compounds. The numbers near the peaks and on
the time axis correspond to minutes. The initial oven temperature was 5 °C. The concentrations of analytes in 20-mL of water were
chloroform, 5.8 ng/mL; fluorobenzene, 5.0 ng/mL; trichloroethene, 5.9 ng/mL.
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Table 4.3. Effect of initial GC oven temperature on the peak half-width and peak area
(purge-and-trap/GC/MS conflguration)a.

Initial
Column
Temperatu

Relative Peak Area" (%)
FB

CHC13

Relative Peak Half-Width" (%)

TCE

re( °C)

CHC13

FB

TCE

5

100 (2)C

100 (1)

100 (1)

100 (0)

100 (0)

100 (0)

10

94 (2)

93 (1)

92 (1)

114 (0)

103 (0)

103 (0)

40

71 (3)

73 (3)

70 (3)

158 (1)

130 (1)

132 (1)

Initial
Column

Peak Half-Width (min)

Normalized Peak Area d

CHC13

FB

TCE

( %)
CHC13 /FB

5

0.087(0)

0.076(0)

0.073(0)

58 (0.3)

36 (0.3)

10

0.099(0)

0.078(0)

0.075(0)

58 (0.3)

36 (0.3)

40

0.137(0)

0.099(0)

0.096(0)

57 (0.3)

35 (0.3)

Temperatu
re (°C)

TCE/FB

a The GC column was held at the initial temperature for 3 min, then programmed to
increase to 80°C at 5 °C/min. The split flow rate was set to be 10.2 mL/min; the septum
flow was off. The volume of water analyzed was 20 mL. The concentrations of analytes
in water were chloroform, 5.9 ng/mL; trichloroethene, 5.8 ng/mL; fluorobenzene, 5.0
ng/mL. "The relative peak area (peak half-width) was obtained by comparing to the peak
area (width) of the same analyte from the run with an initial oven temperature at 5 °C.
The standard deviation is given in parentheses; for the peak width (min), 0 denotes <
0.001.
d Peak areas were obtained by comparing to the peak area of internal standard in the same
run.

takes longer to desorb the bands of the more volatile compounds. This can result in wider

peaks and worse tailing. Another factor that can contribute to the broadening is related to
the cold-trapping at the beginning of the column. A more volatile compound has less
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tendency to recondense at the GC column head and its band can move during the

desorption period and generate broader peaks later.
The peak area of all analytes decreased with increasing initial column temperature

by the same degree. This behavior is attributed to a decrease in column flow rate with the
increasing column temperature due to increased gas viscosity. Based on Equation 4-1,
the split ratio is inversely proportional to the column flow rate when the column flow rate

is much less than the split flow rate. For a fixed amount of analyte, the peak area is
inversely proportional to the split ratio. Hence, the peak area should be proportional to

the column flow rate. As the column temperature was increased from 5 to 40 °C, the
measured flow decreased from 1.7 to 0.9 mL/min or by 47% and the split ratio increased

from 7 to 12 (based on a constant split flow rate of 10.2 mL/min). About a 40 %
decrease in the peak areas is predicted. The data in Table 4.3 show about a 30 %
decrease in peak area.

The ratio of peak area of the analyte to that of the internal standard was
independent of initial column temperature in spite of the fact the peaks exhibited different

degrees of tailing. For further studies, the GC column temperature was programmed as: 5
°C for 1 min (during desorb), and then increased to 80 °C at the rate of 5 °C/min.

4.3.3 Injection Port Temperature

With direct syringe injection, the injection port temperature is normally set to be

25-40 °C higher than the highest boiling point of analyte to ensure complete vaporization.

With P&T sample introduction, the injection port need only be hot enough to prevent
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condensation of the vaporized analytes in the injector, and too high an injection port

temperature could increase the temperature at the head of the GC column.
The effect of injection port temperature between 100 and 200 °C on the peak area

and peak half-width was studied and the results are listed in Table 4.4. As expected, the

Table 4.4. Effect of injection port temperature on the peak width and area of
analytes (in purge-and-trap/GC/MS mode)'.

Injection

Port
Temperatur

Peak Half-Width (min)
CHC13

FB

TCE

100

0.071 (0)'

0.067 (0)

0.064 (0)

150

0.071 (0)

0.068 (0)

200

0.075 (0)

0.071 (0)

Relative Peak Areab ( %)

FB

TCE

100 (3)

100 (1)

100 (1)

0.064 (0)

101 (2)

102 (3)

103 (2)

0.066 (0)

92 (8)

96 (6)

96 (3)

CHC13

e ( °C)

aThe concentrations of analytes in water were chloroform, 5.9 ng/mL; trichloroethene, 5.8
ng/mL; fluorobenzene, 4.5 ng/mL. The GC column was held at 5 °C for 1 min, then
programmed to increase to 80°C at 5 °C/min.
`Ratio of peak area of a given analyte to that from the run of injection port temperature at
100 °C.

'The standard deviation is given in the parentheses, 0 denotes < 0.001.
injection port temperature had little effect on the peak area or peak half-width. At 200
°C, there is a slight decrease in peak area and increase in peak broadening. The decrease

in peak area may be due to a small increase in the split ratio because total column rate at
the head of the column decreases due to higher gas viscosity. Increased peak half-width
is expected if the temperature at the head of column is slightly increased such that the
analyte bands move more during the desorb state. An injection port temperature of 150
°C was selected for all future studies.
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4.3.4 Purge Time and Flow Rate

The purge efficiency is dependent on the total purge volume (the product of purge

time and purge gas flow rate) for a given sample volume and analyte(s). It increases with

the total purge volume up to the point that sample breakthrough from the trap occurs

(11). Therefore, the purge volume has a practical optimum value. The purge time is
designated to be 11 min in the EPA methods (8) for a sample volume of 5 or 25 mL.
The effect of purge time from 3 to 11 min on the recovery of chloroform was

evaluated and the results are illustrated in Figure 4.3. The relative transfer efficiency in
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Figure 4.3. Effect of the purge time on the recovery of chloroform from the purge-andtrap concentrator. The purge flow rate was 40 mL/min and the concentration of
chloroform in the 20-mL water sample was 5.9 ng/mL. An quadratic equation was used
to fit the data.
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percent is based on the ratio of the peak area at a given purge time to that at 11 min. The
recovery of chloroform increased about 14% for an increase in purge time from 4 to 11

min. Considering the trade-off between the analysis time and recovery, a 6-min purge
time was chosen for further studies excepted where noted because it provided 94% of the
recovery of the more standard 11-min purge time.

Two factors need to be considered in choosing an appropriate purge flow rate: the
purge efficiency and trapping efficiency (10-11, 15). For a given purge time, the purge

flow rate needs to be high enough to achieve maximum purge efficiency without
breakthrough occurring from the trap. In EPA methods (8), a 40 mL/min flow rate is
recommended to purge the water sample in a 5- or 25-mL sparger. Due to the high
volatility and low solubility of chloroform, it should be purged relatively easily.

Lower flow rates were tested and the results are shown in Figure 4.4, where the
relative recovery is expressed as a value relative to the peak area at a purge flow rate of

40 mL/min. As the purge flow rate was elevated from 15 to 40 mL/min, the recovery or
purge efficiency increased about 14%. A flow rate of 40 mL/min was selected to for

further studies. Although flow rates higher than 40 mL/min can be supplied by the P&T,
the high pressures necessary caused problems such as popping of seals.

4.3.5 Trap Temperature during the Purge State
The trap temperature during the purge state for a given analyte is a critical
variable and ideally should be low enough that the capacity factor on the sorbent is large
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Figure 4.4. Effect of purge flow rate on the relative recovery of chloroform. The purge
time was 11 min, the chloroform concentration in the 20 -mL water sample was 5.9
ng/mL. A quadratic equation was used to fit the data.

enough to trap all the analyte (17). Specific data for chloroform was not found. Trap
temperatures of 25 and 31 °C were tested and the results are shown in Figure 4.5.
Among the three analytes tested, chloroform is most affected by the trap

temperature change during the purge state. The recovery of chloroform at 31 °C is about

40% of that at 25 °C. The recoveries of fluorobenzene and trichloroethene show little
dependence on trap temperature. The behavior is consistent with the low boiling point of
the chloroform (bp 61 °C). Clearly, the trap temperature is one of the most critical factors
that affects the recovery of chloroform. This can be a problem on hot days in an

instrument room that is not air conditioned. It can also be a problem in the field studies

where the temperature cannot be controlled and can be high in the summer.
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Figure 4.5. Effect of the trap temperature during the purge state on the recovery of
analytes. The recovery is expressed as the ratio the peak area of a given analyte at a trap
temperature of 31 °C over that at a 25 °C trap temperature. Four repetitions were made
on each setting. The concentrations of chloroform, fluorobenzene and trichloroethene
were 5.9, 5.0 and 5.8 ng/mL, respectively. The purge flow was at 40 mL/min for 11 min,
the desorb flow rate was 11.0 mL/min for 1 min, and a 20-mL water sample was
analyzed.

4.3.6 Desorb Time

The effect of the desorb time from 0.5 to 4 min on the recovery is shown in Figure

4.6. The recovery of chloroform increased about 9 % over range of desorption time

tested. As a compromise, a desorption time of 1 min was chosen for further studies
because the recovery of chloroform was within 96 ± 2 % of that at 4 min. No change of

the peak widths was observed as the desorb time changed.
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Figure 4.6. Effect of desorption time on the recovery of chloroform. The recovery is
expressed as a value relative to the peak area obtained with a desorb time of 4 min, the
time recommended by the EPA (8). The purge flow rate was at 40 mL/min for 11 min
and the desorb flow rate was set to be 11.0 mL/min. The concentration of chloroform in
20 mL of water was 5.9 ng/mL. Three repetitive runs were made at each setting. An
exponential equation (y = 1- exp (-x)) was used to fit the data.

4.3.7 Absolute Recovery

The absolute recovery was determined by comparing the analyte peak area
obtained with P&T to that with direct injection. The parameter values for the P&T were

those chosen in the previous studies: purge time, 6 min; purge flow rate, 40 mL/min; trap
temperature during the purge state, 25 °C; desorb time, 1 min. The same GC parameters
were used with both configurations: initial GC column temperature, 5 °C for 1 min,

temperature programmed to 80 °C at a rate of 5 °C/min after the desorb state; injection
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port temperature, 150 °C; septum flow rate, off; split flow rate, 10.2 mL/min. The results
are listed in Table 4.5.

Table 4.5. Results of recoveries under the chosen conditions'.

CHCI3

TCE

FB

5.47 (0.2)b

10.2 (0.4)

4.32 (0.2)

7.22 (0.3)

12.7 (0.5)

5.34 (0.3)

Absolute Recovery (%)

76 (5)

80 (5)

81(5)

Relative Recovery (%)

95 (1)

101 (1)

Peak Area with P&T (x 10)
Peak Area with Direct Injection (x 10)

'The volume of water analyzed was 20 mL. The concentrations of analytes in water were
chloroform, 5.9 ng/mL; trichloroethene, 5.8 ng/mL; fluorobenzene, 5.0 ng/mL,
respectively. As for direct injection, 2 1.11, of solution containing 5.9 pg/mL of
chloroform, 5.8 pg/mL of TCE, and 5.0 pg/mL of fluorobenzene was injected.
bThe standard deviation is given in the parentheses. All means and standard deviations of
area or recovery are based on three repetitions.

The mean absolute recovery of the chloroform was determined to be 76% and

about 5% less than the absolute recovery of TCE or fluorobenzene. The lower recovery
of chloroform may be due to its higher volatility. Some breakthrough may have occurred

at a trap temperature of 25 °C. The data in figure 4.5 suggest that breakthrough at 31 °C
was significant.

The standard deviation in the absolute recovery (X) was about 5% for all three
analytes and was calculated using Equation 4-3 based on the propagation of measurement
uncertainties,
(0)))2= (0A/A)2 + (GB/B)2

(4-3)

100

where X = A/B, A and B are peak areas from the P&T and direct injection, respectively,
and ox, 0A and 013 are standard deviation of X, A and B, respectively.

The relative recoveries were calculated using the internal standard of

fluorobenzene. Note that the standard deviation of the relative recovery of the
chloroform or trichloroethene is 1 %. Clearly, the internal standard can provide a
significant improvement in precision.

4.4 Conclusions

The following parameters were selected on the purge-and-trap concentrator:

purge time, 6 min; desorb time, 1 min; trap temperature during the purge state, 25 °C;
purge flow rate, 40 mL/min; desorb flow rate, 11.0 mL/min; column flow rate: 0.9

mL/min. The purge and desorb times are shorter than normal to reduce the analysis time.
On the GC/MS, the parameters were set to be: split flow rate, 10.2 mL/min; septum flow
rate, 0 tnL/min, the column temperature was held at 5 °C for 1 min, then increased to 100
°C at 5 °C /min; the injection port temperature, 150 °C. The trap temperature during the

purge state was the most critical factor that affected the recovery of chloroform. The
recovery is also dependent on the purge time, purge flow rate and desorb time. With
these final conditions, the absolute recovery of chloroform from a 20-mL water sample

with the purge-and-trap concentrator was 76 ± 5%.
According to the parameters suggested by EPA method, a typical run for all the
VOCs on a capillary column (30-m-long, 0.32 -mm -ID, fused silica coated with Durabond

DB-5 with 1-pm film thickness) takes 20 min to elute all the compounds. The column is
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programmed to hold at 10 °C for 5 min, then ramped at 6 °C /min for 10 min, then

program to 145 °C at 15 °C/min. The purge time is 11 min, and the desorb time is 4 min.
Therefore, a complete run takes about 35 min. Comparatively, a typical run in this study
takes about 20 min (purge time, 6 min; desorb, 1 min; elution time on the GC, 13 min for

the compounds of interest). The precision of the analysis for chloroform was relatively
good and the relative standard deviation was less than 5 % without an internal standard
and 1 % with an internal standard.
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CHAPTER 5 SPECTROPHOTOMETRIC AND SPECTROFLUOROMETRIC
DETERMINATION OF CHLOROFORM IN WATER
WITH PURGE-AND-TRAP CONCENTRATION

5.1 Introduction

Spectrophotometric and spectrofluorometric determination of chloroform in water
is feasible based on the Fujiwara reaction (1-5). In this reaction, upon introducing the
chloroform into a mixture of pyridine, base and water, intermediates, and products are

generated that primarily absorb around 368, 420 and 540 nm. With excitation around 540

nm, the fluorescence around 600 nm is also observed. As a method for quantitative
determination of chloroform in water, the Fujiwara reaction has been extensively studied
(1-5).
Chloroform is a major contaminant in ground water, municipal, and industrial

waste waters due to its wide use in manufacturing as a solvent (6). Chloroform is also an
important contaminant in finished drinking water because it is a major by-product of

water chlorination treatment (6,7). In animal tests, chloroform was found to be a
carcinogen and it is suspected as a human carcinogen (8). Hence, the level of chloroform
in the drinking water has been of high concern. The U.S. EPA recommended that the
maximum contamination level of the total THMs (i.e., chloroform, bromodichloro-

methane, dibromochloromethane and bromoform) should not exceed 100 ng/mI., (9).

Among these four THMs, chloroform is the major contaminant and often accounts for 75

to 95% of the total THMs. A survey of the finished drinking water by Symons and
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coworkers (10) found that the median concentration of the chloroform was 21 ng/mL
(ppb).

To determine chloroform in drinking water, a detection limit of about 1 ppb level

or better is desired to allow typical levels to be monitored with acceptable precision.
Therefore, the detection limit is an issue of importance when the Fujiwara reaction is
applied to determination of chloroform in drinking water. However, the direct mixing of

a Fujiwara reagent with a water sample (batch test) does not provide a satisfactory

detection limit. To improve the detection limit, preconcentration techniques for organic
analytes have been used with the Fujiwara reaction, including solid phase extraction (11),

solvent extraction with pentane (2, 15), headspace sampling (3-5), and purging (2).
Reasonably low detection limits have been achieved in the recent studies. Louch

(3) and Siemion (4) developed fiber optic chemical sensors, which involved the transfer of
the chloroform and other volatile organic compounds from a sample reservoir (815 mL)

to a reagent cell (2.0 mL). The initial fluorescence rate was measured to quantitatively

determine the chloroform in water. Detection limits of 1 ng/mL or better for chloroform
were reported. Angel and coworkers (19) developed a fiber optic chemical sensor that
utilized a glass capillary tube that holds about 10 III, of a Fujiwara reagent mixture. The

chloroform vapor from 100-mL of an aqueous sample diffuses through a Teflon
membrane, which seals the capillary tube and reacts with the reagent. A concentration of

10 ng/mL chloroform was easily detected. Reckhow and coworkers (2) purged 125 mL

of a water sample with nitrogen to transfer chloroform and other volatile organic
compounds from the water sample to a trapping vessel (5.0 mL) containing a Fujiwara
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reagent. The absorbance was measured at 368 tun and the detection limit achieved by this
method was 8 ng/mL.
In this research, the purge-and-trap (P&T) concentration technique was chosen to
preconcentrate and separate chloroform from its water sample matrix because it is a
solvent-free technique that provides high recovery of chloroform. Commonly, the P&T
concentration technique is combined with GC-MS or GC/ECD/FID to determine the
volatile organic compounds in water and soil samples (12-14). In this study, a

commercial P&T concentrator was novelly used to transfer chloroform and other volatile
compounds to a spectrocell containing a Fujiwara reagent. The production of the
characteristic red intermediate is measured by placing the cell in either a UV-Vis

spectrophotometer or a spectrofluorometer.
To achieve a low detection limit, the effect of measurement and instrumental

parameters were studied. For measurements with either the UV-Vis spectrophotometer
or the spectrofluorometer, the reaction time before measuring the signal was studied. For
the spectrofluorometer, instrumental parameters such as PMT bias voltage, slit width, and

integration time were investigated. A Fujiwara reagent mixture, discussed in chapter 3 of
this thesis (16), which provided a high yield of the red intermediate was used. Applying

the optimum parameters found, chloroform was determined in tap water with both a
spectrophotometer and a spectrofluorometer. Calibration curves were obtained and the

detection limits were estimated. Tap water analysis was also conducted with these
techniques. The analysis results are compared to those obtained with the standard
technique specified in EPA method (i.e., GC-MS with P&T preconcentration).
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5.2 Experimental

5.2.1 Reagents

Pyridine was of spectrograde from Fluka. Dimethylsulfoxide (DMSO) was of
chemical reagent grade and purchased from Fisher company (assay 99.9%). Chloroform,

bromodichloromethane, and fluorobenzene were of reagent grade from Aldrich. TCE

(Baker Analyzed) was purchased from J.T. Baker Co. NaOH solutions were prepared
from NaOH pellets (Aldrich) and Millipore water. Millipore water was generated from a
Millipore Milli-Q system with house deionized water as the source water.

5.2.2 Standard and Sample Solutions

Chloroform and bromodichloromethane are highly volatile, toxic and hazardous.

Both are carcinogens. Thus extensive precautions should be taken when dealing with

these compounds. All solution preparation work was done in the hood. The chemicals
were refrigerated before use to minimize their volatility.

The chloroform stock standard solutions were made by first filling a 10-mL
volumetric flask with about 9.8 mI, of DMSO. A 50-1.11., syringe was used to draw in 34

of chloroform and promptly dispense it into the methanol inside the flask.

Subsequently, a 10-4 syringe was used to add 5.1 g.iL of bromodichloromethane, and a
5-AL syringe was used to add 2.8 g.iL of trichloroethene into the solution. Care was taken

when dispensing the chemicals to make sure that they entered directly into the DMSO
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without contacting the neck of the glass. Then additional DMSO was added to bring to

the volume up to 10.0 mL. This was designated solution A and was 2500 gg/mL of
chloroform, 500 µg/mL of bromodichloromethane and 200 µg/mL of trichloroethene in

DMSO. Next solution B was made by dispensing 50 1AL of solution A with a 100-111,
syringe into another 9.8 mL of pure DMSO inside a 10-mL volumetric flask and diluting it
to volume with DMSO to yield 25 µg/mL chloroform, 5 µg/mL bromodichloromethane
and 2 µg/mL of trichloroethene in DMSO. This solution was transferred into a sample
vial (Fisher Scientific, 2 dram 7.4 mL) capped with a Mininert valve (Alltech Associates,

Inc.). These stock standard solutions were stable for a relatively long period (i.e., 4
weeks when stored in the refrigerator at 4 °C) and were diluted to make standards of
lower concentration on the day they were needed.
To make calibration standards for spectrometric analysis, appropriate volumes of

stock standard solution B were added by a microsyringe to 50 mL of Millipore water in

the volumetric flask. These standard solutions were made everyday before the
measurements were taken. Exactly 5.0 mL of a given calibration standard was drawn into
a 30 -mL gas-tight syringe (without needle) and immediately transferred into the sparger

of the P&T for analysis. The calibration standards for GC-MS analysis were made in a
similar fashion except that typically 10 III, of a 25 pg/mL stock solution of fluorobenzene

was spiked into the 5-mL water sample as an internal standard to yield 5 !AWL fluorobenzene in water sample to be purged.

The tap water was collected from 3rd floor of Gilbert Addition, Oregon State
University, Corvallis, Oregon, USA, 10 min after the faucet was turned on. Next 5.0 mL
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of the tap water was drawn into a 30-mL gas-tight syringe, followed by addition of
internal standard, and transferred to the sparger for analysis.

5.2.3 Fujiwara Reagent Mixture

A reagent mixture (denoted X) developed in chapter 3 of this thesis for a high
yield of the red intermediate was used (16). The reagent mixture was made by first
mixing 20 mL of pyridine with 20 rd., of DMSO in a 40-mL I-Chem bottle. Then 1.2 mL

of 1.0 M NaOH solution (4.0 g of NaOH in 100 mL) was spiked into this mixture with an

Eppendorf EDP2 automatic pipet. The solution was then stirred for 10 min. The solution
composition was 30 mM NaOH, 1.7 M H20, 6.2 M pyridine, and 7.0 M DMSO.
To filter the solution, a 20-mL glass syringe was then used to draw about 15 mL
of this solution which contained suspended particles. A prefilter (Alltech, P 1TE 0.45 um)

was installed at the luer tip of the syringe. The plunger was pushed, and the clear filtrate
solution was collected in another clean-and-dry 40-mL I-Chem bottle. This procedure
was repeated several times until all 40 mL of the solution mixture was filtered. The

I-chem bottle was sealed with a cap with a Teflon-lined septum. This solution was made
everyday before the analysis and was stable for at least one day. No further precipitates

were observed inside this solution.

5.2.4 Instrumentation

All the UV-Vis absorption spectra were acquired with an Hewlett-Packard (HP)

diode array UV-Visible spectrophotometer (8542A). All fluorescence measurements

110

were taken with an Aminco-Bowman luminescence spectrometer (Series II). The 3.5-mL

glass cuvette with a 1.0-cm pathlength (Spectrocell Corporation, RF-10104)

was used to

contain the reagent for measurements. The reagent in the cuvette was sealed with an
open-top screw cap (Spectrocell) coupled with a PTFE/silicone liner (Alltech). A Teflon
spin bar (length 0.8 cm) was placed at the bottom of the cuvette for stirring. All
spectrometric measurements were made when the reagent was under consistent stirring.
The adjustable range of the PMT bias voltage for the luminescence spectrometer

extends from 250 to 1275 V. In this study, the dependence of the background signal of
the prefiltered Fujiwara reagent on the PMT bias voltage from 500 to 1250 V was studied

with an interval of 50 V. At each PMT setting, the total signal and the dark current signal
(excitation shutter closed) were acquired. The dark current signal was subtracted from

the total signal to yield the background signal. The emission bandpass was decreased
from 16 to 4 nm at 900 V because the signal went off scale. A normalization factor was
determined by measuring the background signal at both spectral bandpasses at a bias

voltage of 850 V. This factor was used to adjust the signals determined for bias voltages
of 900 V and above to what they would have been with a spectral bandpass of 16 nm.
The P&T concentrator was an OI Analytical 4560 sample concentrator. It was
used with a 5-mL flit sparger from 01 Analytical (#209015). Ultra-pure helium
(99.999%) was used as purge gas. The trap (#227348), containing poly
(p-2,6-diphenylene-oxide) adsorbent (Tenax), was purchased from 01 Analytical. Based

on the results from chapter 4 of this thesis (16), the settings on the P&T concentrator

were as follows. During the purge state, the water sample was purged at a flow rate of
40 mL/min for 6 min, and the trap temperature was held at 25 °C. After the purge state
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was completed, the concentrator proceeded to the desorb state for which the trap
temperature was quickly raised to 180 °C, and the trap was backflushed at a gas flow rate

of 11.0 mL/min for 1 minute. During the next working state, the bake state, the trap was
maintained at 180 °C for 8 min to bake out possible compounds that still retained on the
trap. The transfer line was maintained at 100 °C throughout the analysis.
The GC-MS analysis was done on a HP-5890 gas chromatograph with
split/splitless injector in connection to a HP-5971 mass selective detector. The separation

was accomplished with a narrowbore capillary column (Restek, Rtx-20, 30-m long,

0.25-mm ID). The column was directly interfaced to the MS detector. The stationary
phase of the column was cross-linked 80% dimethyl -20% diphenyl polysilicone with a 1-

µm film thickness. Additionally, an uncoated fused silica guard column (Restek, 5-m
long, 0.25-mm II)) was installed at the beginning of the capillary column to protect the
column from contamination.

The P&T was configured such that the start of the desorb state triggered the GC

temperature program. The temperature of the GC column was maintained at 5 °C for 1
min, then ramped at 6 °C/min to 110 °C. The injection port and the detector temperatures
were held at 150 °C and 280 °C, respectively. The SIM (selective ion mode) was chosen

on the MS detector due to its high sensitivity. The ions monitored were: 83 amu

(82.7-83.7), 86 amu (85.7-86.7), 96 amu (95.7-96.7), 130 (130.7-131.7) for chloroform,
fluorobenzene, bromodichloromethane and trichloroethene, respectively. When the tap

water was analyzed, a total ion chromatogram (TIC) was first obtained on the GC-MS
first to identify the existing contaminants. Then the SIM was used for quantitative
analysis.
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To interface the P&T concentrator to the GC-MS, a needle installed at the end of
the transfer line was inserted directly through the septum into the injection port. For this
configuration, the flow through this transfer line is the carrier gas flow that supported the

operation of GC. The septum flow rate was turned off and the split flow rate was set at
10.2 mL/min. The column flow rate was at 0.8 mL/min at 40 °C, yielding a split ratio of
14:1.

5.2.5 Analysis Procedures

Some batch tests were conducted to evaluate the detection limit and calibration
sensitivity for chloroform with the selected Fujiwara reagent and to determine how long

to let the reaction proceed after the P&T desorb step before making analytical
measurements. Appropriate volumes of chloroform stock solutions were directly injected
into 2 mL of the filtered reagent mixture with a 10- or 50-AL syringe to yield in-cell

concentrations of 368, 735, 2.20 x 103, 3.68 x 103 ng/mL chloroform. The reaction was
allowed to proceed under magnetic stirring for 810 s while the absorbances of the

intermediates or products were monitored with the spectrophotometer or the
spectrofluorometer. The standard deviation of the blank signal was obtained from 6
measurements of the reagent blank signal (before injection of chloroform) with the same
instrumental conditions as used for monitoring the reaction.

For GC-MS or spectrometric detection, the 5-mL sparger was cleaned by
injecting 5 mL of Millipore water through the injection port of the sparger. At least two

rinses were made between introduction of each sample or standard. A 30-mL gas tight
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syringe was used to deliver 5 mL of water standard to the sparger then the operation of
the P&T concentrator was initiated immediately.

When the spectrophotometer was employed for detection with the P&T, a 5 -mL

syringe was used to transfer 2.0 mL of Fujiwara reagent mixture to the glass cuvette. The
cuvette was placed in the sample holder and a blank scan was initiated when the purge

state proceeded to 5 min (out of a total of 6 min). Then the cuvette was carried to the
P&T concentrator. The needle at the end of transfer line of the P&T concentrator was
inserted into the cuvette (to about 0.5 cm from the bottom of the cuvette), right before

the start of the desorb state. This allowed the desorb gas, which carried the chloroform
and other volatile organic compounds, to bubble through the Fujiwara reagent mixture.

Once the desorb state was completed, the cuvette was placed back in the spectrometer
and care was taken to ensure the cell was placed in the same orientation as was used to
take the blank signal. A kinetic (time-based) scan (inside the kinetic mode) was started to

monitor the absorbances at 368, 420, 540, and 800 nm for 400 s with an interval (between
data points) of 10 s and an integration time of 1 s. In some runs, the absorbance at 800

nm (non-absorbed wavelength) was subtracted from the absorbances at the other

wavelengths to correct for lamp drift. After the kinetic scan was finished, the scan mode
was switched to general scan mode and a spectrum of the reagent mixture was acquired

over the range of 300 to 800 nm. Later, the absorbance at a specific time after the end of
the desorb state was used for calibration and analysis. Between runs of samples or
standards, the glass cuvette was cleaned with copious amounts of water, and then rinsed
with acetone and DMSO in series.
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When the fluorometer was used in the detection scheme with the P&T, the

excitation and the emission wavelengths were set at 540 and 600 nm, respectively. The
cuvette containing 2.0 mL of the Fujiwara reagent mixture was placed on the sample
holder and 6 blank emission measurements were taken over 60 s with an interval of 10 s.

For the spectrofluorometer used, the time interval between data points is effectively the
integration time (individual readings by the ADC are averaged over the specified interval).

The 6 blank signals were averaged and used as the mean blank signal. As for absorbance

monitoring, the cuvette was connected to the P&T concentrator to allow the desorb gas
to bubble through the reagent mixture for 1 min. Upon completion of the desorb state,
the cuvette was placed back to the sample holder followed by a kinetic scan (in the time
trace mode). The emission signal was monitored for 400 s with an interval of 10 s.
Subsequently, an excitation spectrum was acquired from 300 to 580 nm at a scan

rate of 5 nm/s. An emission spectrum was also acquired at the same scan rate over the
emission wavelength range of 560 to 760 nm. From the kinetic scan file, the signal output

was obtained with respect to a certain monitored time. This fluorescence signal was
corrected by manually subtracting the mean blank fluorescence signal acquired before the

reagent was purged by the desorb gas. Later, the corrected fluorescence signal at a
specific time after the end of the desorb state was used for calibration and analysis.
To obtain a Millipore blank signal for measurements with the P&T, Millipore

water was treated as a sample or standard. To measure the Millipore blank signal, a
reagent blank signal was first acquired with the spectrophotometer or the fluorometer

with the cuvette containing the prefiltered reagent mixture. The sparger was filled with 5
mL of Millipore water and a working cycle on the P&T concentrator was initiated. Near
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the end of the purge state, the cuvette was connected to the transfer line, which allowed
the gas flow from the trap during the desorb state to bubble through the reagent mixture.
The spectrometer signal at a specified time was then acquired with this reagent mixture
and corrected by subtracting the reagent blank signal. This Millipore blank signal was

measured 6 times. This mean signal was used to correct (by subtraction) the absorbance
or fluorescence signal for standards if necessary. The standard deviation in this signal was
used to calculate the detection limit.

The recovery of chloroform from the P&T concentrator was determined as the as
the ratio of the fluorescence signal with P&T sample introduction to that with direct
injection. The same amount of chloroform (5 !IL of 50 pg/mL) was injected into a 20 -mL
water sample in the P&T sparger as was injected directly into the reagent mixture in the
sample cell. All other conditions such as the volume (2 mL) and composition of the

Fujiwara reagent (reagent X), P&T parameters, and fluorometric parameters were
identical.

5.3 Results and Discussion

5.3.1 Effect of PMT Bias Voltage on the Fluorometric Signal

For spectrofluorometric measurements, instrumental parameters (excitation or
emission bandpass, PMT bias voltage) must be set properly so that reasonable responses

are obtained with all the standards. In other words, the signal with the lowest
concentration standard should be great enough so it is not readout limited, while the

116

signal with the highest concentration standard should still be on scale. The readout scale
of signal for the Aminco-Bowman luminescence spectrometer ranges from 0 to 10 with a

readout resolution of about 0.0003 with a 10-s integration time. If a minimum relative
resolution of 10 is acceptable, the dynamic range is from 0.003 to 10. For a series of

standards covering a wide range of concentrations, it is often necessary to adjust the PMT
bias voltage, and hence PMT gain, and to know how the relative PMT gain varies with

the PMT bias voltage. It would also be possible to adjust the excitation or emission
bandpass, but this method was not used because the bandpass can only be adjusted in
steps and its adjustment can affect the S/B and S/N.
The log-log calibration curve in Figure 5.1 is linear for PMT bias voltages in the

range of 500 to 1000 V. Theoretically, the log (signal magnitude or PMT gain) is linearly

related to the log (PMT bias voltage) (17). Above a PMT bias voltage of 1000 V, the
curve levels off and does not obey the linear relationship. Around 1150 V, the signal
magnitude reached a maximum then slightly decreased with increasing PMT bias voltage.

This behavior is attributed to some type of saturation effect. Bias voltages above 1000 V
were not used for any analytical measurements.

The data in Figure 5.1 served as a guide to tune the PMT bias voltage and adjust
the signal to the desired magnitude in a relatively convenient fashion. For a given
experiment where two PMT gains were required, the normalization factor was determined
experimentally by measuring the signal from the same standard at the two PMT bias

voltage settings. To obtain an accurate normalization factor, the dark current signal at
each setting must be measured and subtracted the corresponding total signal. Both
signals must be on scale and significantly larger than the dark current signal.
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Figure 5.1. The relationship between signal and PMT bias voltage with the
Aminco-Bowman luminescence spectrometer (series II). The symbols are the original
data points and the line is the linear fit (Quattro) for data up to a bias voltage of 1000 V
(Log (Signal) = 9.78 x log (PMT bias voltage) - 27.75). The sample was 2.0 mL of
filtered Fujiwara reagent (50% (v/v) pyridine/DMSO, 30 mM NaOH, and 1.67 M H20).
The excitation wavelength was 540 nm and the emission wavelength was 600 nm. The
excitation bandpass was set at 16 nm. The emission bandpass was 16 nm as the PMT bias
voltage was changed from 500 to 800 V; it was adjusted to 4 nm as the PMT bias voltage
was in the range of 800 to 1250 V. The final results were normalized to that with a
bandpass of 16 nm.

5.3.2 Selection of Spectral Bandpass and Integration Time for the Spectrofluorometer
The effect of emission spectral bandpass on the signal to noise ratio (S/N) with the

spectrofluorometer (variable from 0.5 to 16 nm) was briefly studied with the excitation

bandpass set at 16 nm. Here the signal was taken as the background signal from the
Fujiwara reaction reagent X (blank signal minus the dark signal). With a PMT bias

voltage of 800 V, the S/N was about 71 with an emission spectral bandpass of 4 nm and
increased to about 250 for emission bandpasses of 8 or 16 nm. The dark current noise
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was about 12 % of the total blank noise with a 4 -nm spectral bandpass. An emission

bandpass of 8 nm was selected for most further studies, but a 4-nm bandpass was
sometimes necessary to keep the signal on scale with a PMT bias voltage of 1000 V. In

general where higher resolution or spectral overlap is not of concern, larger spectral
bandpasses are preferred to increase the light throughput so that measurements are not
limited by dark current noise or background signal shot noise (17).

An integration time of 10 s was selected for the fluorometer because in general
longer integration times yield a better S/N. If the integration time were set too long

s), the data points would be spaced to far apart to obtain an accurate representation
of the real time profiles of the reaction. Unnecessarily, short integration times generate

excess data points and makes the data analysis tedious. From 20 measurements of the
blank signal with a PMT bias voltage of 700 V, the S/N was 150 and 73 for integration

times of 10 and 0.1 s, respectively. Clearly, the integration time is not very critical and it
appears that measurements are limited by background flicker noise.

5.3.3 Calibration Data for Chloroform in the Batch Mode
A recently developed filtered Fujiwara reagent (16) was evaluated in the batch

mode to determine the calibration characteristics and detection limit for chloroform.

Three absorption bands were observed and a typical spectrum is shown in Appendix C.
The calibration curves with spectrophotometric monitoring are shown in Figure

5.2. At 420 and 540 nm, the calibration curves are linear up to at least 3670 ng/mL and
the relative standard error of the slope is less than 3%. The calibration slope at 420 nm is
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Figure 5.2. Calibration curves (batch mode) for three monitoring wavelengths with
spectrophotometeric monitoring. The filtered Fujiwara reagent X was 50% (v/v)
pyridine/DMSO, 30 mM NaOH and 1.67 M H2O. Each point represents the average of
two measurements. The average RSD of the absorbances from these two measurements
was less than 4%. A linear fit was use for the data at 420 and 540 nm. For 420 nm, the
linear fit equation is A = 2.8 x 10'5c + 0.0021 and the standard error of the slope is 5.7 x
104. For 540 nm, the linear fit equation is A = 1.7 x 104c + 0.0014 and the standard
error of the slope is 4.4 x 104. Correlation coefficients are 0.998 for both calibration
curves. A quadratic equation (A = -1.0 x 10'9c2 + 9.1 x 104c + 0.0127 ) was used to fit
the calibration data at 368 nm. The standard errors of the 2nd and 1st order coefficients
are 5.8 x 1040 and 2.4 x 10'6, respectively.

about twice that at 540 nm. Absorbance values are higher at 365 nm but the calibration
curve is clearly non-linear and a quadratic fit was used. The data suggest that the yield

for species responsible for the absorbance is not independent of analyte concentration as

would be expected for a pseudo-first order reaction. Other researchers (12) have
obtained linear calibration curves at this wavelength, but the reaction conditions were

likely different. The non-zero intercept may be due to a faster rate of formation of the
species responsible for the band at 365 nm such that a significant portion of the reaction
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was missed by the time the reactants were mixed and the first point was taken or an
insufficient number of points were taken to obtain a good fit at low concentrations.

With fluorometric monitoring, the calibration curve is also linear as shown in

Figure 5.3. This linearity is expected as the monitored species is the one that absorbs at
540 nm.
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Figure 5.3. Calibration curve for chloroform (batch mode) with the fluorometric
monitoring. The prefiltered Fujiwara reagent was 50% (v/v) pyridine/DMSO, 30 mM
NaOH and 1.67 M H2O. Each point represents the average of two measurements. The
average RSD of the two fluorescence signals from these two measurements was less than
4%. The excitation bandpass was 16 nm and the emission bandpass was 4 nm. The PMT
bias voltage was 800 V for the three lower points and adjusted to 700 V for the two
upper points. Data are normalized to the gain at 800 V. The excitation wavelength was
set at 540 nm and the emission wavelength was at 600 nm. The linear fit equation is S =
0.00632c - 0.102 and the standard error of the slope is 8.6 x
The detection limit (DL) was estimated with the equation
DL = 3sbk/k

(5-1)
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where sbk is the standard deviation of the blank and k is the slope of the calibration curve

(18). With spectrophotometric monitoring at 540 nm, the blank noise is 0.0004 AU and
the detection limit for chloroform is 70 ng/mL. For the spectrofluorometer, the blank
noise was 0.008, the dark current noise was 0.0005, and the detection limit is 4 ng/mL.
Hence, the detection limit with fluorometric monitoring is over 15 times better. Note that
these detection limits are reported in terms of the in-cell concentration. Water

corresponds to only about 3 % (v/v) of the mixture. If the water in the mixture was
added by a sample, the detection limits for chloroform in the original sample would be a

factor of about 30 worse than those reported above.

5.3.4 Delay Time for Spectrometric Measurements

The delay time between the introduction of chloroform to the reagent (batch
injection or bubbling from a P&T concentrator) and the acquisition of the analytical signal

for calibration purposes is an issue of importance because it affects the total analysis time.
Some typical time profiles at 420 nm of the reaction with syringe injection of

chloroform standards are shown in Figure 5.4 (similar profiles are obtained at 540 nm).
The curves are steep in the beginning and then slowly approach a plateau. To maximize
sample throughput, a short monitoring time is important. However, the delay time should

be long enough that the absorbance is near the maximum value so that small differences in
monitoring time (e.g., because of different times for mixing the sample) will not cause the

measured absorbances for repetitive runs to differ significantly.
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Figure 5.4. Reaction profiles of the Fujiwara reaction intermediate (at 420 nm) for the
batch mode. The labeled concentrations are in-cell values. The Fujiwara reagent X was
50% (v/v) pyridine/DMSO, 30 mM NaOH, and 1.67 M 1120.

More detailed information about the time profile at 540 nm is listed in Table 5.1

(the data at 420 nm are effectively identical). After 3 min, the absorbance reached over
80% of it value at 12 mM. Within 6 mM (half of 12 min), the absorbance was about 94 %

of that at 12 min. A delay time of 6 to 8 min was deemed appropriate.
For sample introduction with a P&T concentrator, the needle of the transfer line
from the P&T was inserted into the cuvette during the desorb state to allow the carrier
gas containing chloroform to bubble vigorously though the reagent mixture for 1 mM.
Then the cuvette was immediately disconnected, inserted into the sample compartment of

a spectrometer, and a time-based scan was initiated. A typical time profile with

fluorometric monitoring is shown in Figure 5.5. The curves obtained are similar in shape

to those obtained with the UV-Vis spectrophotometer (Figure 5.4). The time is measured
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Table 5.1. Time profile data for the Fujiwara reaction intermediate in the batch mode.'

[Chloroform]
in-cell

3 min

5 min

6 min

8 min

10 min

0.735

85.6

92.4

94.9

98.8

99.1

2.21

82.8

91.8

94.8

97.7

98.6

3.67

85.4

90.0

93.0

96.0

98.1

Mean

84.6

91.4

94.2

97.5

98.6

(µg/m-)

a Results are reported as the ratio (in %) of the absorbance at 540 nm for a specific
monitoring time to that at 12 min and are the average from two runs. Other conditions as
specified in the caption of Figure 5.4.

from the end of the desorb state. With P&T sample introduction, the reaction kinetics are
more complicated than with direct injection of chloroform. The overall kinetics depend
not on the basic chemical reaction kinetics but also on the kinetics of desorption from the

trap and the desorb flow rate. The reaction time is variable because the chloroform enters
the solution over a period of 1 min.
The data in Table 5.2 indicate that after 6 min, the fluorescence signal reached

over 98% of it value at 8 min. Precision would be poor with delay times 3 min or shorter
because the percent change of signal over 10 s is significant. Based on these results, 6
min was chosen as the delay time for further spectrometric measurements with P&T
sample introduction.
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Figure 5.5. Reaction profiles of the Fujiwara reaction intermediate monitored
fluorometrically at 600 nm after P&T sample introduction. The labeled concentrations
are values in the 5-mL sample that was purged. The excitation wavelength was 540 nm.
The excitation and emission wavelengths were 16 and 4 nm, respectively. The PMT bias
voltage was 600 or 700 V, and the signal was normalized to the gain at 700 V.

Table 5.2. Time profile data for the red Fujiwara reaction intermediate with P&T sample
introduction.'

[Chloroform]
in sample

2 min

3 min

4 min

5 min

6 min

0.25

79.8

88.5

95.4

97.6

98.8

0.74

79.3

88.2

93.7

96.4

98.7

1.23

78.5

87.3

93.5

96.8

98.3

Mean

79.2

88.0

94.2

96.9

98.6

(lig/111P

a Results are reported as the ratio (in %) of the fluorescence signal at 600 nm for a
specific monitoring time to that at 8 min and are the average from two runs. Other
conditions as specified in the caption of Figure 5.5.
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5.3.5 Spectrometric Calibration Data for Chloroform with P&T Sample Introduction

Spectrophotometric and fluorometric calibration data for P&T sample
introduction into a Fujiwara reagent are shown in Figures 5.6 and 5.7, respectively. The
analytical signal is the absorbance or fluorescence signal (blank corrected) acquired 6 min

after the end of the desorb period. The calibration curves are linear up to 1300 ng/mL
chloroform in water. Detection limits were based on equation 5-1. With spectrophotometric monitoring at 540 nm, the blank noise was 0.0002 AU and the detection limit for

chloroform is 16 ng/mL. For the spectrofluorometer, the blank standard deviation was
0.21 at a PMT bias voltage of 1000 V, the dark current noise was 0.005, and the
0.12
0.1

ti 0.08

420 nm

g

I 0.06
0.04

540 nm

0.02
0
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Figure 5.6. Calibration curves with spectrophotometric monitoring and P&T sample
introduction. A 5-mL water sample was analyzed. For 420 nm, the linear fit equation is
A = 8.3 x 10-5c - 0.00068, the standard error of the slope is 1.6 x 10-4, and all the
correlation coefficient is 0.998. For 540 nm, the linear fit equation is A = 4.8 x 10-5c +
0.00067, the standard error of the slope is 4.4 x 104, and the correlation coefficient is
0.999. The filtered Fujiwara reagent X was 50% (v/v) pyridine/DMSO, 30 mM NaOH,
and 1.67 M H2O. The standards were 50, 120, 250, 740, and 1300 ng/mL.
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detection limit is 1 ng/mL. Hence, the detection limit with fluorometric monitoring is
over 15 times better.

800

0 600

SP

e 400

0
72 200

0

200

400 600 800 1000 1200
[Chloroform] (ng/mL)

1400

Figure 5.7. Calibration curve with fluorometric monitoring and P&T sample introduction.
A 5-mL water sample was analyzed. The linear fit equation is S = 0.598c + 0.0, the
standard error of the slope is 0.0047, and the correlation coefficient is 0.999. The
excitation wavelength was 540 nm, the emission wavelength was 600 nm, and all signals
were normalized to the gain at PMT bias voltage of 1000 V. The excitation spectral
bandpass was 16 nm, and the emission bandpass was 8 nm. The reagent and standards
were the same as specified in the caption for figure 5.6.

The recovery of chloroform from the P&T concentrator was determined by
comparing the fluorescence signals obtained with P&T sample introduction and direct
injection of the same absolute amount of chloroform into the reagent mixture. The

recovery of chloroform obtained was 74% for three runs with an RSD of 4 %.
The recovery depends on numerous factors including the purge efficiency, the trap
efficiency, and the transfer efficiency of chloroform from the trap to the Fujiwara reagent

mixture. The recovery of 74% obtained in this study is consistent with the 76% recovery
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obtained with P&T/GC-MS measurements under identical P&T conditions including a

trap temperature of 25 C (chapter 4 of this thesis (16)). This result suggests that the
reagent efficiently traps and reacts with most of the chloroform that exits the transfer
tube. The overall efficiency may be less than 100% because all the chloroform is not
purged out of the sample or all the purged chloroform is not retained by the trap.

5.3.6 Tap Water Analysis

A tap water sample was analyzed by P&T coupled with three different detection
schemes: GC-MS, spectrophotometry, and fluorometry. The same two calibration

standards (20 and 40 ng/mL) were used to construct a calibration curve for analysis. The
calibration equations were A = 3.9 x 104c + 0.00070 for spectrophotometric monitoring

at 540 nm and S = 0.69c - 1.80 with fluorometric monitoring at 600 nm.
The results are shown in Table 5.3. Chloroform and bromodichloromethane were
found to be the two major contaminants in the tap water sample. The EPA (14) requires

an error of no more than 20% for the concentrations of volatile organic compounds in

water. The spectrometric methods can only evaluate the total THMs, and the total
concentration obtained with the spectrophotometric or fluorometric methods are within
19 and 10 %, respectively, of the value obtained to the results obtained from the standard

technique, GC-MS. The value determined with spectrophotometry is close to the
detection limit for chloroform.
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Table 5.3. The results of tap water analysis with three methods.'

GC-MS

Spectrophotometer

Fluorometer

CHC13

13 (0.4)

NA

NA

CHC12Br

8 (0.3)

NA

NA

CHC1Br2

ND

NA

NA

CHBr3

ND

NA

NA

0.2 (0.008)

NA

NA

21

17 (5)

19 (0.2)

CHC1= CC12

Total

a All concentrations are in ng/mL. The value in parenthesis is the standard deviation from
analysis of two 5-mL samples of tap water. When spectrophotometric detection was
used, the volume of the Fujiwara reagent mixture was 0.8 mL to obtain bigger
preconcentration factor, and the reported is normalized to 2 mL. Other conditions are the
same as specified in the captions of Figures 5.6 and 5.7. ND denotes not detected and
NA denotes non-applicable (the spectrometric methods do not provide for detection of
specific species).

The response factors for chloroform relative to bromodichloromethane were
evaluated by running duplicate analyses with 5-mL standard solutions of 50 ng/mL of

chloroform or bromodichloromethane under the same conditions used for calibration with

the spectrophotometer and fluorometer. The response factors determined are 1.6 (at 368
nm), 1.4 (at 420 nm), 1.0 (540 rim) with spectrophotometric monitoring and 2.0 (at 600
nm) with fluorometric monitoring. The response factors are less than determined with

direct injection (data from chapter 3). Some of the difference may be due to the overall

higher P&T recovery of bromodichloromethane relative to chloroform based on
P&T/GC/MS results (chapter 4 of thesis (16)).
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5.4 Conclusions

Spectrophotometric and spectrofluorometric methods with P&T sample

introduction were developed for determination of chloroform in water. For these
methods, a filtered, one-phase Fujiwara reagent was employed with a composition of 30
mM NaOH, 1.67 M H2O, 9.5 M pyridine and 7.0 M DMSO.
In batch tests of chloroform with this reagent, linearity was obtained with
spectrophotometric monitoring at both 420 and 540 mu and with fluorometric detection
at 600 nm up to an in-cell chloroform concentration of 3600 ng/mL. The estimated
detection limit (in-cell) for chloroform is 70 ng/mL in the spectrofluorometric

determination and 4 ng/mL with the spectrofluorometric method. The precision of the
measurements was typically 4 %.

Much better detection limits were obtained when a P&T concentrator was
employed as the preconcentration technique to introduce the chloroform and other
volatile organic compounds into the spectrocell containing the reagent mixture. The time
needed for a complete analysis is approximately 14 min, including 6 min ofpurge time, 1

min of desorb time, and 6 min of monitoring time on the spectrometer. When a 5-mL
sparger was installed on the P&T concentrator, the spectrophotometric determination at
420 nm and 540 nm offered good linearity up to 1300 ng/mL of chloroform in water. The
estimated detection limit is 16 ng/mL. The calibration slope (AU/(ng/mL)) is about 2.8

times that obtained for batch measurements with the same reagent in chapter 3 of this

thesis (16). A factor of 5.0/2.0 x 0.74 = 1.9 is predicted based on the volume of sample
and reagent and the transfer efficiency. The fluorometric determination at 600 nm also
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offered good linearity up to at least 1300 ng/mL of chloroform in a water sample with a
detection limit of 1 ng/mL, which is comparable to that obtained with sensors and

fluorometric monitoring (3,4). The precision of the analysis was typically 4 % and the
transfer efficiency from the sample to spectrometric cell was 74%.

Application of this new methods to the tap water analysis gave results that agree

within 19 % of better of those obtained with a standard GC-MS method, which is in
compliance with the requirements by EPA. Overall, these newly developed methods offer
less expensive and technically demanding methods for determination of chloroform and

other THMs and should be useful as complementary techniques to the standard GC/MS
methods specified by the U. S. EPA. The instrumentation for the new methods could also
be packaged in a relatively portable form for on-site, field analysis. Use of P&T as a

sample introduction device for spectrometric determinations has many possibilities. It

provides a means to transfer a large fraction of analyte from an aqueous sample to a
primarily organic sample, leaving behind many interferents and yielding a

preconcentration. The method could be extended to other volatile organics with suitable
spectrometric detection schemes.
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CHAPTER 6 A PORTABLE PURGE-AND-TRAP CONCENTRATOR
FOR THE SPECTROPHOTOMETRIC AND SPECTROFLUOROMETRIC
DETERMINATION OF CHLOROFORM

6.1 Introduction

Development of portable instruments is a fast growing field (1-6). Compared to
lab-based instruments, field-based instruments allow on-site analysis and provide

immediate information. The value of portable instruments lies in their ability to reduce the
need of sample storage, pre-screen a large number of samples in a timely fashion, and
identify the necessary contaminated samples for further lab analysis. The results from
field analysis can also supply immediate assessment information and guide effective

sampling in the field trip. This practically reduces the time and cost by avoiding
unnecessary multiple trips. Owing to these advantages, portable instruments are widely
applicable in environmental analysis, forensics, industrial hygiene and process monitoring
(5).

Two common examples of instruments that has been packaged to be portable are
the GC and GC/MS (3,5). Many commercially available portable
gas chromatographs are

in operation. Besides MS, a wide variety of detectors are available for portable

GCs,

including PID, TCD, ECD and FID. The weight of these GCs range from 4.4 kg (i.e.,

Snapshot, PE Photovac) to 60 kg (i.e., EM 640 and EM 640S, Bruker

Instruments).

However, lower weight is not the only important characteristic of portable instruments.
In addition, the ability of employing independent power and carrier gas supplies qualifies
these instruments as portable (5).
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The history of the purge-and-trap (P&T) technique dates back to 1967, when it
was firstly reported by Swinnerton and Linnenbom (7) as a technique of sample

preparation. In 1974, the P&T concentration technique was coupled with gas
chromatography by Bellar and Lichtenberg (8) to determine microgram-per-liter levels of

volatile organics in water. Since then, it has been extensively applied to environmental
analysis. It is primarily used in the determination of volatile organic chemicals (VOCs) in

water and soil samples. Based on this technique, U.S. Environmental Protection Agency
has established several standard methods, including 524.2 and 502.1 (9-10). A more
detailed review on the technique is given in Chapter 2 of this thesis. Traditionally, P&T

concentrators have been designed to connect with gas chromatographs (7-10).

With a P&T concentrator, the volatile organic compounds are purged from a large
volume of sample with an inert gas, and then adsorbed on a solid sorbent trap.
Subsequently, the trap is rapidly heated and the volatile organic compounds are thermally

desorbed from the trap and swept into the gas chromatograph injection port by the carrier
gas for further analysis.

A portable P&T concentrator was built and interfaced with a microchip GC and a
lap-top computer by Overton and coworkers (4). It was designed for determination of
volatile organics in air and water samples. Two identical traps were installed to work

with a GC that was equipped with dual columns and dual
the major characteristics to be considered in developing

ovens. Overton (6) summarized

a portable instrument. In addition

to the general features for any analytical instrument (i.e., sensitivity, selectivity

and

reproducibility), speed, size, power and utilities consumption, ease of use, and cost need

to be specially addressed when developing portable instruments.
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In this study, a portable P&T concentrator was designed and built to be interfaced

to molecular spectrometers. The general concept is to direct the concentrated volatile
organics released from the P&T trap into a reagent solution in a sample to react and form

an absorbing or fluorescing species that can be monitored. Because of this detection
scheme, the instrument possesses some unique features compared to traditional P&Ts
interfaced to GCs.

The temperature of the trap is an issue of importance with P&T concentrators in
general and especially with portable units. A previous study with a bench top P&T/GC-

MS system showed that the recovery of chloroform was quite dependent on the trap
temperature during the purge state and decreased by 40 % when the trap temperature was
elevated from 25 to 31 °C (11). For operation outdoors where ambient temperatures can
be higher (e.g. above 25 °C), a portable P&T would benefit from an efficient cooling

system to bring down and hold the trap temperature at an appropriate temperature, such
as 25 °C during the purge state. Without this trap temperature control, an inappropriately
high temperature would lower the chloroform recovery. Also, variation of the ambient
temperature would affect the precision of the recovery, and ultimately, affect the
analytical accuracy and result in the need for more frequent calibration. The use and
performance of a cooling system based on a thermoelectric cooler (TEC) in the new P&T
are discussed.

The design of the new portable P&T concentrator is described in detail. The
speed, size, weight, and ease of operation were also considered in the development of this
portable instrument. Where possible, smaller and lighter parts were chosen. For an
example, a programmable logic controller (PLC), based on microprocessor, was
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substituted for a computer to control timing. Components that are normally necessary for
minimizing water introduced to a GC column were eliminated. To reduce the analysis
time, optimized instrumental parameters for purging chloroform were applied.

The use of the new P&T concentrator is demonstrated for the spectrophotometric
/spectrofluorometric determination of chloroform based on the Fujiwara reaction (12). A

Fujiwara reagent (a mixture ofpyridine, base, and water) that was optimized previously
(13) has been used for spectrometric determination of chloroform, but the detection limit
is not suitable for drinking water analysis (at lower ppb levels) if a batch method is used

(i.e., direct mixing of the water sample with a Fujiwara reagent). The application of some
form of preconcentration becomes essential to further improve the detection limit.
Previously this has been accomplished with passive headspace transfer in sensors (14-16)

or a direct purge of chloroform from water into a Fujiwara reagent (17). In this

laboratory, preconcentration with a commercial P&T was demonstrated previously (18).
In this chapter, chloroform and other volatile organic compounds are transferred

from the portable P&T to a spectrocell containing a Fujiwara reagent. Chloroform and
other trihalomethanes (THMs) react to form a characteristic red intermediate which is

also fluorescent. The performance of the new instrument for determination of chloroform
in tap water was compared to that of a commercial P&T/GC-MS. Calibration data,
interferences, and detection limits are discussed.
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6.2 Experimental

6.2.1 Overview of the Portable P&T Concentrator

The portable P&T consists of the several basic types of components, as shown in

Figure 6.1, that are housed in a box, and listed below:

1. A flow system, consisting of a sparger, four three-way valves, two mass flow
controllers, and a trap, to implement the basic functions of a P&T concentrator.

2. A temperature control system that maintains the temperature of the trap, during the
purge, desorb and bake states consists of two thermocouples, two temperature
controllers (TC), a TEC cooling module, and a heating current control. The

TECmodule consists of a TEC and two fans. The fan attached to the cool side of the
TEC is turned on to blow cool air over the trap during the cooling process (e.g., upon
completion of the bake state) and as needed during the other states.

3. A logic control system consisting of a programmable logic controller (PLC) and an
external relay switch controlling the timing functions. It controls the 3-way valves in
the flow system and operates in connection with the TCs to perform the heating and

cooling functions during a given state. The PLC controls the external relays which in
turn determines which TC operates the cooling/heating system. During the desorb
and bake states, the trap, which is electrically isolated from the rest of the flow
system, is electrically heated by connecting it to 12 V AC through a solid state relay.

4. A power supply that generates 5 and 12 V DC. A transformer that supplies current at
12 V AC for the purpose of the heating the trap.
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Figure 6.1. Schematic of the portable purge-and-trap. A, Flow and temperature control
components, valve positions for the standby state are shown; B, Electronic components.
The relay actually consists of multiple relays controlled by one coil.
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The components used in this portable purge-and-trap concentrator are listed in
Table 6.1. Their characteristics are described in more detail in the following section.

Table 6.1. The components of the portable purge-and-trap concentrator.

Component
programmable logic
controller (PLC)

Manufacturer and Model
Matsushita Electric
Works, Ltd, FP1-C16

Specifications

120 V AC, 8 input and

8 relay output
terminals, maximum
0.5 A/terminal, 24 V

temperature controller
(TC)

Red Lion Control, T481/16 DIN

120 V AC, relay
control output

transformer

Signal Transformer, 01031-14A

120 V AC, output: 12

VAC, 10 A

thermoelectric cooler
module (TEC)

Melcor Materials
Electronic Products
Corp., CP 1.0-127-06L

30 mm x 30 mm x 3.6
mm

fan (hot side)

ebm/Papst, 3400 series
DC f a n , # 90F8916

12 V DC, 3.62" x
3.62" x 1", 0.15 A

fan (cool side)

Melcor Materials
Electronic Products
Corp., Fan 101

12 V DC, 2.0" x 2.0"
x 1", 0.15 A

DC power supply

Power-One, CP498-A

5 V , 6.0 A; 12 V, 5.0
A

mass gas flow controller A

Porter, VCD 1000

0-100 mL/min

mass gas flow controller B

Porter, VCD 1000

0-10 mL/min

three-way solenoid valves

Skinner-Honeywell Inc.,
#B14DK1075

actuation voltage: 12
V DC, pipe size, 1/8"
NPT, inlet port, 1/16"

sparger

Tekmar, #14-2337-024

25 mL, U-shape with
flit

tubing

Upchurch

PEEK, od: 1/16"

fittings

Swagelok

stainless steel

V.:15.4 V, 30 mm x
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Table 6.1. Continued.

relay

Porter and Brumfield,
# ICHU-17D11-12

actuation voltage: 12 V
DC, 4 pairs of "NO" and
"NC" terminals

solid state relay (SSR)

Grayhill, # 7072-04-B-03

Load: 140 V AC, 3 A;
Control: 3-35 V

thermocouple

Omega Engineering, Inc.

K type

trap

OI Analytical, # 227338

packed with Tenax

box

Precision Fabrication
Technologies, Inc.
# 101714BW

size: 10" x 17" x 14"

the actuation status. During the purge state, it connects the trap with the sparger and the
gas from the sparger flows through the valve then vents out. Once the desorb state starts,
the 6-way valve rotates 60° so that the trap is connected to the transfer line. The gas
sweeps through the trap, enters the transfer line, and carries the analytes to the GC
column for analysis. Several additional 3-way valves are also employed to operate in
conjunction with the 6-way valve in switching the gas flow.
A typical 6-way valve is considerably bulky (e.g., a Rheodyne 6-way electrically

driven valve has dimensions of 9.3" x 2.4" x 5.7") due in part to a complex actuation
system (including motor and electric circuits). In consideration of the size and portability

of the portable instrument, 3-way solenoid valves ( height 3", OD 1") with a much simpler
actuation system (solenoid coil) were used. A 3-way valve has two positions and contains

three gas ports: one common, one normally closed (NC), and one normally open (NO).
When the valve is not actuated, the gas flows between the common and NO ports; once
being electrically actuated, the normally open port is closed and the gas is switched to
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flow through the normally close port. Four 3-way valves were used to cooperate with
each other and fulfill the task of directing gas flows. The flow diagrams are illustrated in

Figures 6.2, 6.3 and 6.4 for the purge, desorb, and bake states, respectively. For all
states, the gas from the tank splits into the two mass flow controllers.
As shown in Figure 6.2, under the regulation of one mass flow controller, a gas
flow of 40 mL/min sweeps through 3-way valve A, purges the solution in the sparger,

bubbles out the volatile organic compounds, carries these compounds to the trap through
valves B and C, and finally vents to the atmosphere through 3-way valve D.
The flow diagram for the predesorb and desorb states is depicted in Figure 6.3.

During these states, 3-way valves B, C, D are actuated and flow through valve A and the

sparger is prevented. The gas flows through valve D, the trap to valve C, and finally into
a spectrocell where the reagent is held. The desorb flow rate is regulated to be 10
mL/min. The next step is bake state (Figure 6.4), in which valve C is activated and a gas
flow of 10 mL/min backflushes the trap through valves D and C and vents to the

atmosphere through valve B to clean the tubing. A prepurge state follows in which the
valve positions are identical to the bake state but the trap is allowed to cool to 25 °C.
Finally a standby state is implemented in which flow through the system is blocked (see

Figure 6.1A).

6.2.2 Programmable Logic Controller (Hardware and Software)

The programmable logic controller (PLC) is the central control unit of this P&T

concentrator. It controls the activation of four three-way valves and the routing of the
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Figure 6.2. Flow diagram of the portable P&T during the purge state.
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Figure 6.3. Flow diagram of the portable P&T during the predesorb and
desorb states. During the predesorb state, the trap is being heated up to 180 °C,
while the trap temperature is maintained at 180 °C throughout the desorb state.
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Figure 6.4. Flow diagram of the portable P&T during the bake state and pre-purge
states. The trap temperature is maintained at 180 °C during the bake state. The
trap temperature cools to 25 °C during the pre-purge state.
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output signals of the temperature controllers. The PLC is capable of executing the
program stored in its memory. The program was first created on a personal computer
with the software provided by the manufacturer (NPST-GR). A RS232C cable connects

the COM1 port of the computer to the PLC to download the program to the memory of
PLC. A PLC contains four fundamental sections: 1, CPU; 2, memory; 3, input interface;

4, output interface. The number of the input and output terminals is dependent on the
complexity of a specific module. In this study, a C16 module was selected and it was
equipped with eight input and eight output terminals. The input type was sink and the

output type was relay.
When the PLC is in operation, it reads signals from the appropriate input terminals

(the start switch in this case) and executes the program, which causes the output terminals

to be turned ON or OFF at the appropriate time. Each of the eight output terminals are
the normally open (NO) terminal of a relay and the common terminal is the same for all

output relays and was connected to the 12 V supply. The +12 V terminal on the PLC
does not provide adequate current. As previously shown in Figure 6.1B and specified in
Table 6.2, the output terminals are used to control the 3-way valves and the external
relays determining which TC operates the heating/cooling system. The terminals of the

external relays are connected to the output terminals of the temperature controllers (TCs),
the fan, and the heating current control. The PLC switches control from TC (180 C) to
TC (25 C) by actuation of the relay.
The program is listed in Appendix B. In the program, all of the operational

procedures are defined as timed-events. A timing diagram that illustrates the sequence of
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Table 6.2. Terminals connections for the PLC.

Input/Output

Control Component

Comments

X0

start switch

switch closure grounds the X0
input and this "ON" signal starts
the working cycle

Y2

+12 V end of relay

once Y2 turns on, it actuates the
relay by shorting one end of the
external relay to ground, which
switches the operation from TC
(180 C) to TC (25 C).

COM

grounded with power
supply

Y4

3-way valve A

the "ON" of Y4 actuates valve A

Y5

3-way valve B

the "ON" of Y5 actuates valve B

Y6

3-way valve C

the "ON" of Y6 actuates valve C

Y7

3-way valve D

the "ON" of Y7 actuates valve D

the operation of all the components is shown in Figure 6.5. Based on this time chart, the
sequence of operations is defined in the program by external input relay (X), internal relay

(R), timer contact (T), counter contact (C), and external output relay (Y). These settings
used are listed in Table 6.3. The timer contact is the output of the timer instruction (TM),
where M is the timer number. The timers are all ON delay. In another words, the contact
associated with the timer is on when the timer counts off. The internal relay does not

provide an external output and can be used only within the programmable controller. The
up and down edges of the internal relay can be used to trigger other events. The "in"
position of the push button switch provides the start signal for the program to initiate a
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Figure 6.5. Logic timing diagram for the PLC program on the portable purge-and-trap
concentrator. The predesorb time is the time it takes to heat the trap from 25 to 180 °C.
The required time was determined experimentally. The
prepurge time is the time it takes
to cool the trap from 180 to 25 °C. The necessary time is also
determined
experimentally. The standby is the mode where the instrument is ready for another cycle
and indicated by the light (Y2) on the PLC.

.
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Table 6.3. Settings for the ladder logic program of the PLC.

Timer Ti = 360 s

Ti defines 6 min of purge time

Timer T2 = 400 s

T2 defines the total of trap heating time, including 40 s to heat
the trap from 25 to 180 °C, 1 min desorb, and 5 min bake

internal relay RI

Ill is the flag of the trap at 180 °C (TC 180 °C in operation)

internal relay R9010

The specific relay defines an "always on" flag

Timer T3 = 100 s

T3 defines the total of desorb time and the time for the trap to
be heated from 25 to 180 °C

Timer T4 = 490 s

T4 defines the time that valve D is activated and nitrogen
flows through the trap at 10 mL/min

working cycle. The "ON" state of a given input/output is indicated by its corresponding
LED on the front panel being lit.

6.2.3 The Temperature Control System

Two temperature controllers (TC) were used to control the trap temperature at
two different settings: 25 and 180 °C. These two controllers operate in the proportionalintegral-derivative (PID) control mode for both heating and cooling. A detailed review
of principles of PID control and tuning of a PID controller is given in Appendix A of this

thesis (11). Each controller is connected to an K-type thermocouple to sense the trap
temperature. The trap as purchased has only one thermocouple attached. A second
identical thermocouple was attached to the trap and fixed by a mini-clap.

Under the control of the PLC, the temperature controllers are connected
alternatively to the heating/cooling system. Each compares the input temperature to its
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set value. Based on the pre-set PlD control parameters, the controller generates an
output signal: turning on the heating current or turning on the fan on the cold side of the

thermoelectric cooler (TEC). The heating current (12 V AC) is switched on and off by a

solid state relay. The connections on the two temperature controllers are listed in Table
6.4. The signal at terminal 2 controls the fan and the signal at terminal 5 controls the
heating current.

Table 6.4. The wiring connections for the two temperature controllers.

Terminal

TC (180 °C)

TC (25 °C)

2 (COMM of Alarm Output)

to "NO" of relay A

to "COM" of relay A

3 (NO of Alarm Output)

to +12 V DC

to +5 V DC

4 (NO of Control Output,+)

to +12 V DC

to +12 V DC

5 (COMM of Control Output, -)

to "NC" of relay B

to "NO" of relay B

8 (COMM)

aluminol (thermocouple)

aluminol (thermocouple)

9 (TC+)

chromel (thermocouple)

chromel (thermocouple)

13 & 14 (AC POWER)

110 V AC power

110 V AC power

The heating profile (from 25 to 180 °C) is determined by the resistance of the trap

tubing, the voltage, and the parameters programmed in the temperature controller such as

the target temperature of 180 °C. The cooling profile depends on the temperature of the
cold size of the TEC; the fan speed, and the parameters set in the controller including 25

°C as the target temperature. Stability at the set temperature is also critical and depends
greatly on the values of parameters selected for the controllers. Experiments were
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completed to seek conditions that provided rapid cooling and heating as well as small
oscillations in temperature around the set point.

6.2.4 The Cooling System

A thermoelectric cooler (TEC) module is a solid state device that can function as a
heat pump using the Peltier effect. When current passes through the junction of two
different types of conducting materials, it generates a temperature difference between the

two conductors. In another words, DC current flow causes the heat to be transferred
from one side to another. This is called Peltier effect. TECs can cool or heat a device of
interest. Commonly, TECs are used to prevent the CPUs of computers from overheating
and the cold side of TEC is simply in contact with the CPU for cooling. A mini-fan is

attached at the hot side of the TEC to remove the heat. TECs can also be small and
extraordinarily reliable.

TECs can maintain a sub-ambient temperature with good precision with proper

temperature control circuitry and hence are useful for systems cooling systems for

portable instruments. A schematic diagram of TEC module constructed in this research is
illustrated in Figure 6.6. The dimensions of the heat exchangers on the cold and hot sides
are 2.0" x 2.0" x 1.25" and 4.0" x 4.0" x 1.25", respectively. The size of each fan was
chosen to approximately match that of heat exchanger to which it was attached. An
assembly, consisting of the TEC, heat exchanger, fan bracket, and fan for the cool side,

and heat exchanger for the hot side, was purchased from the manufacture. A fan and
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Figure 6.6. Diagram of the TEC cooling module. A, fan on the hot side; B, heat
exchanger on the hot side; C, TEC; D, spacer block; E, heat exchanger on the cold side; F,
fan on the cold side; G, trap; H, metal box; I, tape; J, fan bracket; K, insulating gaskets.
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bracket for the hot side were added by Ted Hinke in the OSU machine shop. The fan
mount brackets are mounted on the fins of the heat exchanger.
In this study, the trap coil is a 30-cm-long piece of stainless steel tubing in the

shape of a "U" and direct contact between the TEC and the entire trap is difficult.

Instead, the trap was housed in a metal box. At the top of the box, a hole was drilled to
accommodate a fan, which was attached to the cold side of heat exchanger. The fan

draws air at room temperature through the open spaces in the heat exchanger between the

fins. Masking tape was used to block some spaces so that the air was drawn in only
between the fins. This heat exchanger, which is in direct contact with the cold side of
TEC (press fit), is cooled when the TEC is in operation and facilitates efficient heat

transfer by providing a large contact area with fins. Once drawn in the heat sink, the air at
room temperature is cooled by passing over the cold heat exchanger and is blown through

the metal box to cool the trap inside. During operation, the TEC is always on as it takes
about 15 min to cool down to steady-state temperature. Hence, cooling of the trap is
regulated by turning the cooling fan off and on. The current that passed through the TEC

at 12 V DC was about 2 A.
To ensure efficient heat pumping, the heat on the hot side of the TEC is constantly
removed with another heat exchanger directly attached to the hot side of TEC. A fan was

installed on the top of heat exchanger to draw room temperature air in between the fins

and blow it out the top of the module. The room air is much colder than the heat sink so
it acts as a coolant to carry the heat away from the module.
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6.2.5 The Direct Heating System

Two types of trap heating methods are adopted in the commercial P&T

concentrators: indirect heating (i.e., HP) and direct heating (i.e., (II Analytical). In the
indirect heating mode, a piece of heating tape is wrapped around the trap. Once the

current passes through the heating tape, the trap temperature elevated by heat exchange.
In the direct heating mode, the trap itself is connected to a power source and heated by
resistive heating.

In this study, the direct heating mode is used. The housing material of the trap is
stainless steel, a good electrical conductor. The trap resistance was measured with a
multimeter to be about 0.2 0 and is connected to a 12-V AC transformer through a solidstate-relay which is activated in the desorb and bake states. Due to the low resistance of

the stainless steel, the trap is rapidly heated. The interface between the trap, power line,
and gas line is shown in Appendix B.

6.2.6 Circuit Diagram

The circuit diagram for the P&T is shown in Figure 6.7. Two junction blocks are

employed on the instrument to supply power of 12 V DC and 120 V AC. Seven terminals

are used on the 12 V DC junction block. These terminals are connected to four 3-way
valves, the multiple relay coil, and terminal 4 on both TC (180 °C) and TC (25 °C). For

the valves or the relay coil, the outputs on the PLC are connected to ground when
activated which allows the current from the 12 V supply to pass through and activate the
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Figure 6.7. Circuit diagram of the portable purge-and-trap concentrator,
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devices. Five terminals are used on the 120 V AC junction block. These terminals are
connected to the PLC, two TCs, the transformer, and the DC power supply.
The multiple relay consists of four relays, of which 3 are used and all are activated

by one coil. Relay A is used to control the cooling fan, when the multiple relay is
activated (i.e., standby, purge and prepurge states), pin 2 of TC 25 is connected to the fan

and directs 5 V to the fan when the temperature is above 25 °C. Note that pin 2 of TC
180 is also connected to the fan. This output is floating when TC 25 is in control because
the temperature is below 180 °C. This pin 2 could have been connected to the NC
terminal of relay A. During the predesorb, desorb or bake states, the multiple relay is not
activated and the common of relay A is connected to the NC terminal which disconnects

TC 25 from the fan. Now only pin 2 of TC 180 controls the fan and turns on the fan
when the temperature is greater than 180 °C. Relay B controls of operation of the heating
current. In the actual circuit, 2 relays are used to make connection easier (NC connected

to TC 180 on one, NO connected to TC 25 on the other, both commons connected to the

SSR). When the trap temperature is set at 25 °C, pin 5 of TC 25 is connected to the NO
terminal to the SSR and current from the 12 V supply flows through the trap when the
temperature falls below 25 °C. When the trap is at 180 °C, the relay is not activated so

pins of TC 180 is connected through the NC terminal to the SSR and current flows if the
temperature is below 180 °C.
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6.2.7 Packaging of All the Components into a Box

After the performance of the instrument was tested on bench-top, a metal box was

used to accommodate all the components. A photograph of the portable purge-and-trap
concentrator is shown in Figure 6.8. During this packaging, the factors that were
considered include:
1.

the temperature sensitive electronic parts (i.e., temperature controller, programmable
controller) were placed away from the heating elements (i.e., trap and hot side of
TEC).

2. the thermocouples were placed some distance from the power supply and transformer

to minimize interference from the high electromagnetic fields.
3. the keep the air temperature in the system box reasonably low, the fans on the TEC

blow the air out of the instrument box.
4. all the components were fit into a reasonably small box so that the unit is portable.
5.

a major fuse (120 V AC, 2 A) was installed to protect the entire system.

6. several junction blocks were added to connect the power to the different components.

PEEK tubing was selected for all connectors between valves due to its flexibility
and compatibility with both brass and stainless steel fittings. The small box housing the

trap and four 3-way valves were mounted to the bottom panel. Additionally, a hole was
cut through the bottom panel directly below the trap box to allow the air from the trap

box to blow outside of the box (four rubber feet were installed at the bottom of the box to
provide a space between the box and desktop). On the side panel, one gas inlet port and

three gas outlet ports are mounted. These ports direct the gas out of the system during
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the purge, desorb and bake states, respectively. The gas outlet port during the desorb
state was connected to a 1/16" PEEK tubing through a 1/16" stainless steel bulkhead

fitting. At the end of this piece ofPEEK tubing, a stainless needle was installed to direct
the analytes desorbed from the trap to the spectrocell.

6.2.8 Commercial Instrumentation

The commercial P&T concentrator was an OI Analytical 4560 sample

concentrator. It was used with a 25-mL flit sparger from OI Analytical (#209031). The
trap (#227348), purchased from OI Analytical, contained poly (p-2,6-diphenylene-oxide)

adsorbent (Tenax). The purge time was set to be 6 min, desorb time 1 min, and bake time
5 min. The trap temperature was 25 °C during the purge state and 180°C during the
desorb state.

The GC/MS consisted of a HP-5890 gas chromatograph connected to a HP-5971
mass selective detector. A narrow-bore capillary column (Restek, Rtx-20, 30-m long,
0.25-mm id) was directly interfaced to the MS detector. The stationary phase of the

column was cross-linked 80% dimethyl -20% diphenyl polysilicone with a 1-1.1m film

thickness. Additionally, an uncoated fined silica guard column (5-m long, 0.25-mm id)
was installed at the beginning of the capillary column to protect the column from

contamination. The GC was equipped with a standard split/splitless injector. Ultra-pure
helium gas (99.999%) was used as the carrier gas (40 psi at tank regulator). Compressed
CO2 was employed as the cryogen to cool the GC oven and column
to subambient

temperatures during the P&T desorb state.
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During the purge and desorb states, the cryogen was on and the GC oven was
cooled to the subambient temperature of 5 °C. At the beginning of the desorb cycle, the

GC temperature program was activated by a signal from the P&T, the column was heated
to 80 °C at 5 °C/min and the P&T went through bake state, a self-cleaning step. The GC

injection port temperature was kept at 150 °C through the run. Once the bake state was
finished, an aliquot of 20 mL of Millipore water was injected into the sparger and drained
to eliminate the potential contaminants from the previous run. After the drain step was

completed, the trap was cooled to 25 °C to be ready for the next sample. The sparger and
water sample were at ambient temperature.
The GC flow rates were adjusted as follows. The column flow rate was set at 0.9

mL/min. The septum purge flow rate was turned off and the split flow rate was about 1011 mL /min when the column temperature was at 40 °C.

6.2.9 Reagents

Pyridine (assay 99.9%) and dimethylsulfoxide (DMSO, assay 99.9%) were of
chemical reagent grade and purchased from Fisher company. Fluorobenzene was of GC

grade (assay > 99.5%) from Fluka. NaOH solutions were prepared from NaOH pellets
(Aldrich) and Millipore water. Standards were made from chloroform (Baker Resi-

analyzed, > 99.4%) and trichloroethene (Baker Analyzed, >93.5%),
bromodichloromethane (reagent grade, Aldrich), dibromochloromethane (Baker
Analyzed), and bromoform (Aldrich, >99.0%). Methanol (ACS/HPLC/GC grade) was

purchased from Mallinckrodt and was used as a solvent for standard solutions.
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Fluorobenzene (chemical reagent grade, > 99.5%) from Fluka was used as the internal
standard for GC-MS analysis. Chloroform (CHC13), bromodichloromethane (CHC12Br),
dibromochloromethane (CHC1Br2), trichloroethene (TCE) and fluorobenzene (1.13) were

refrigerated before use to minimize the volatility. Millipore water was generated from a
Millipore Milli-Q system with house deionized water as the source water.

6.2.10 Standard and Sample Solutions

Chloroform stock standard solutions were prepared in DMSO or methanol. Once
mixed with the Fujiwara reagent, methanol was found to decrease the spectrometric
signals of the red intermediate formed from chloroform (12). On the other hand,
methanol is the suggested solvent for making standards in the official P&T methods

established by the EPA (9,10). Therefore, the chloroform standards that were directly
injected into the Fujiwara reagent were made in DMSO, while in the rest of the
experiment involving the P&T, the chloroform standards used were made in methanol.
The chloroform standards were made by first filling a 10 -mL stoppered volumetric

flask with about 9.8 mL of solvent (methanol or DMSO). A 50-0, syringe was used to
draw in 34 !IL of chloroform and promptly dispense it into the solvent. Care was taken
when dispensing the chemical to make sure that it entered directly into the solvent without

contacting the neck of the glass. Then additional solvent was added to bring to the

volume up to 10 mL. This was designated solution A. Next solution B was made by
dispensing 50-4. of solution A with a 100-4, syringe into another 9.8 mL of pure
solvent inside a 10-mL volumetric flask and diluting it to volume with solvent to yield 25
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gg/mL chloroform. This solution was transferred into a sample vial (Fisher Scientific, 2

dram, 7.4 mL), capped with a Mininert valve (Alltech Associates, Inc.). The solutions
made in methanol were stored in the refrigerator at 4 °C. These stock standard solutions
were stable for a relatively long period (at least 4 weeks) and were diluted to make
standards of lower concentration on the day they were needed. The stock standard
solutions made in DMSO were simply stored at room temperature. In some cases, the

standard stock solutions (A and B) contained other species including TCE (34),
bromodichloromethane (26), dibromochloromethane (21), bromoform (18) where the
number in parenthesis is the number of microliters injected into 10 mL of DMSO to make

standard stock solution A.
When GC-MS was employed in the detection scheme, a fortification solution
containing fluorobenzene, the internal standard, was spiked into each water sample. The
procedure for preparing this fortification solution was similar to the foregoing procedures

for making the stock standard solution: first, the fluorobenzene was transferred to a
sample vial and 4.91AL of pure fluorobenzene was added into methanol held in a first 10-

mL volumetric flask to make fortification solution C; 50 III, of solution C was drawn and
added to methanol contained in another 10 -mL flask. This fortification solution D (2.5

pg/mL fluorobenzene) was stored in the refrigerator at 4 °C. To make calibration
standards, appropriate volumes of stock standard solution B were added by a
microsyringe to 50 mL of Millipore water. Only when the GC-MS was coupled with the

P&T concentrator, the internal standard was spiked into the standard and sample
solutions while in the syringe used to transfer these solutions to the sparger. A 30-mL

gas-tight syringe (without needle) was used to draw 20 mL of a calibration standard to
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the mark. Subsequently, a 100-RL syringe (with needle) was used to spike a calculated
volume of fortification solution D through the luer tip of the syringe into the water sample
in the 30 -mL syringe. The solution in the syringe was immediately transferred into the

sparger of purging device for analysis. For GC-MS analysis, every calibration standard

contained the same concentration of internal standard (a 40 !IL aliquot of 2.5 pg/mL
fluorobenzene was added to 20 mL of standard solution to yield 5 pg/L of
fluorobenzene). Due to the instability of the calibration solutions, the solutions were
made everyday.

The tap water was collected from 3rd floor of Gilbert Addition, Oregon State
University, Corvallis, Oregon, U.S.A., 10 min after the faucet was opened. Exactly 20

mL of the tap water was drawn into a 30 -mL gas-tight syringe and directly introduced
into the sparger for spectrometric analysis. For GC-MS analysis, the tap water sample
was spiked with internal standard D (40 pL).

6.2.11 Fujiwara Reagent Mixture

The Fujiwara reaction mixture (optimized reagent, as discussed in chapter 3 of this
thesis (11)) was made by mixing 20 mL of pyridine with 20 mL of DMSO. A 0.12 M

NaOH solution was made from a 1.0 M NaOH stock solution (4.0 g in 100 mL). Then
0.60 mL of 0.12 M NaOH solution was dispensed into this mixture with an Eppendorf

EDP2 automatic pipet. This solution was composed of 0.83 M H20, 1.8 mM NaOH, 6.2
M pyridine and 7.0 M DMSO. The solution was then stirred for 10 mM and mixed
thoroughly. A 20-mL glass syringe was then used to draw this solution which contained
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suspended precipitates. A P 1TE syringe filter (Alltech, 0.45-gm pore size) was installed

on the luer tip of the syringe. With the plunger pushed, the solution was filtered and the
clear filtrate was collected in a 40-mL I-Chem bottle and sealed with a cap with a Teflon-

lined septum. This solution was made everyday before the analysis and was stable for an

entire day analysis. No further precipitates were observed inside this solution.

6.2.12 Analysis Procedures

For GC-MS or spectrometric detection, the 25-mL sparger was cleaned by
injecting 20 mL of Millipore water through the injection port of the sparger. At least two
rinses were made between introduction of each sample or standard. A 30-mL gas tight

syringe was used to deliver 20 mL of water standard to the sparger then the operation of
the P&T concentrator was initiated immediately.

When the spectrophotometer was employed for detection with the P&T, a 5-mL
syringe was used to transfer 2.0 mL of Fujiwara reagent mixture to the glass cuvette. The
cuvette was placed in the sample holder and a blank scan was initiated when the purge

state proceeded to 5 min (out of a total of 6 min). Then the cuvette was carried to the
P&T concentrator. The needle at the end of transfer line of the P&T concentrator was
inserted into the cuvette (to about 0.5 cm above the bottom of the cuvette), right before

the start of the desorb state. This allowed the desorb gas, which carried the chloroform
and other volatile organic compounds, to bubble through the Fujiwara reagent mixture.

Once the desorb state was completed, the cuvette was placed back to the spectrometer
and care was taken to ensure the cell was placed in the same orientation as was used to
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take the blank signal. A kinetic (time-based) scan (inside the kinetic mode) was started to
monitor the absorbances at 368, 420, 540, and 800 nm for 400 s with an interval (between

data points) of 10 s (integration time of 1 s). In some runs, the absorbance at 800 nm
(non-absorbed wavelength) was subtracted from the absorbances at the other wavelengths

to correct for lamp drift. After the kinetic scan was finished, the scan mode was switched
to general scan mode and a spectrum of the reagent mixture was acquired over the range

of 300 to 800 nm. Later, the absorbance at a specific time after the end of the desorb
state was used for calibration and analysis. Between runs, the glass cuvette was cleaned
with copious amounts of water, and then rinsed with acetone and DMSO in series.
When the fluorometer was used in the detection scheme with the P&T, the
excitation and the emission wavelengths were set at 540 and 600 nm, respectively. The

cuvette containing 2.0 mL of the Fujiwara reagent mixture was placed on the sample
holder and 6 blank emission measurements were taken over 60 s with an interval of 10 s.

For the spectrofluorometer used, the time interval between data points is effectively the
integration time (individual readings by the ADC are averaged over the specified interval).

The 6 blank signals were averaged and used as the mean blank signal. As for absorbance

monitoring, the cuvette was connected to the P&T concentrator to allow the desorb flow
to bubble through the reagent mixture for 1 min. Upon completion of the desorb state,
the cuvette was placed back to the sample holder followed by a kinetic scan (in the time

trace mode). The emission signal was monitored for 400 s with an interval of 10 s.
Subsequently, an excitation spectrum was acquired from 300 to 580 nm at a scan rate of 5

nm/s. An emission spectrum was also acquired at the same scan rate over the emission
wavelength range of 560 to 760 nm. From the kinetic scan file, the total signal was
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obtained with respect to a certain monitored time. This fluorescence signal was corrected
by manually subtracting the mean blank fluorescence signal acquired before the reagent

was purged by the desorb gas. Later, the corrected fluorescence signal at a specific time
after the end of the desorb state was used for calibration and analysis.
To obtain a Millipore blank signal for measurements with the P&T, Millipore

water was treated as a sample or standard. To measure the Millipore blank signal, a
reagent blank signal was first acquired with the spectrophotometer or the fluorometer
with the cuvette containing the prefiltered reagent mixture. The sparger was filled with
20 mL of Millipore water and a working cycle on the P&T concentrator was initiated.

Near the end of the purge state, the cuvette was connected to the transfer line, which
allowed the gas flow from the trap during the desorb state to bubble through the reagent

mixture. The spectrometer signal at a specified time was then acquired with this reagent
mixture and corrected by subtracting the reagent blank signal. This Millipore blank signal

was measured 6 times. This mean signal was used to correct (by subtraction) the
absorbance or fluorescence signal for standards if necessary. The standard deviation in
this signal was used to calculate the detection limit.
The recovery of chloroform from the portable P&T concentrator and of a
commericial P&T concentration (01 Analyitcal, model 4560) was determined as the as the
ratio of the fluorescence signal with P&T sample introduction to that with direct injection.

The same amount of chloroform (5 !IL of 50 µg/mL) was injected into a 20-mL water
sample in the P&T sparger as was injected directly into the reagent mixture in the sample
cell. All other conditions such as the volume (2 mL) and composition of the Fujiwara

reagent (reagent X), P&T parameters, and fluorometric parameters were identical.
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6.3 Results and Discussion

6.3.1 Trap Temperature Profile of the Portable P&T

As described in the experimental section, the trap on the portable P&T is heated

by passing a heating current from a transformer through it and is cooled by blowing cold

air over it from a TEC module. Two PID temperature controllers were employed to
control the trap temperature at two settings: 180 °C for the desorb and bake states and
normally 25 °C for the purge state. Typical temperature profiles during the heating

process (between the purge and desorb states) and the cooling process (between the bake
and pre-purge states) are shown in Figure 6.9.
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Figure 6.9. The trap temperature profiles during the heating process and the cooling
process. The ambient temperature was 23.5 ± 0.5 °C. The purge trap temperature was
set to 20 °C.
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It takes approximately 45 s for the trap to be heated to 180 °C from the ambient
temperature of 23 °C, about 110 s to cool the trap from 180 °C to 25 °C, and an

additional 30 s to cool the trap to 20 °C. The trap temporal profile during the heating
process is highly dependent on the parameters set on the temperature controller as
detailed in the Appendix A of this thesis (11). Comparatively, the trap temporal profile
during the cooling process is a relatively complicated issue. In addition to the parameters
set on the temperature controller, the difference between the ambient temperature and

target purge trap temperature and the flow rate of the fan on the cold side of the TEC

also affect the trap cooling rate. The lowest temperature the trap can ultimately reach
during the cooling process is about 6-7 °C below the ambient temperature.

With the commercial P&T used in this research (0I Analytical), the heating time is
about 25 s and the cooling time to 25 °C is about 60 s with an ambient temperature of 23

°C. It is not possible to cool below room temperature with the commercial unit.

6.3.2 Spectrometric Calibration Data for Chloroform in Water with P&T Sample
Introduction

Calibration data were obtained with the portable P&T concentrator as the

preconcentrator for spectrometric measurement of chloroform. Chloroform and other
volatile organic compounds trapped during the purge state were bubbled into the Fujiwara

reagent mixture for 1 min during the desorb state. The absorbance or the fluorescence
signal was taken 6 min after the end of the desorb state and corrected for the reagent
blank signal, was taken as the analytical signal. Calibration curves obtained with both

spectrophotometric and fluorometric monitoring are shown in Figures 6.10 and 6.11.
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Figure 6.10. Calibration curve obtained with spectrophotometric monitoring and sample
introduction with a portable P&T concentrator. A, at low concentrations. B, at high
concentrations. A 20-mL water sample was analyzed. The linear fit equation was A (540
nm) = 0.000232c - 0.0017 and the standard error of the slope was 6.9 x 104. The filtered
Fujiwara reagent A was 0.83 M H2O, 1.8 mM NaOH, 6.2 M pyridine and 7.0 M DMSO.
The standards were 0, 12.5, 37.5, 125, 475 and 1420 ng/mL.
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Figure 6.11. Calibration curve obtained with a fluorometric monitoring and sample
introduction with a portable P&T concentrator. A, at low concentrations. B, at high
concentrations. A 20-mL water sample was analyzed. The linear fit equation was S =
1.750c + 0.214 and the standard error of the slope was 0.040. The excitation wavelength
was 540 nm, the emission wavelength was 600 nm, and the signals were normalized to the
gain of the PMT at a bias voltage of 1000 V. The reagent and standards were the same as
specified in the caption for figure 6.10 except 0.25 and 2.5 ng/mL standards were added.
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With both monitoring techniques, the calibration curves obtained exhibit good

linearity up to 450 ng/mL chloroform in water, but there is a serious negative deviation

from linearity at 1400 ng/mL. Because about the same degree of deviation was observed
with both monitoring techniques, the cause is not likely spectrometric in nature. Rather
there must be some limiting effect associated with the P&T or the reagent. The
"effective" in cell-concentration of chloroform (before reaction) is much greater than 1.4

pg/mL because of the preconcentration effect (a 20-mL sample to a 2-mL reagent). The
calibration slope with absorbance monitoring is a factor of 4.8 higher than what was

previously obtained in chapter 5 of this thesis (11) with a similar measurement scheme, a
commercial P&T, somewhat different reagent, and a 5-mL sample volume. An increase in

slope of at least a factor of 4 is expected because of the increase in sample volume to 20mL which increases the amount of chloroform that enters the reagent mixture.
The detection limit (DL) was estimated from the equation

DL = 3s /k

(6-1)

where sbk is the standard deviation of the blank signal and k is the slope of the calibration

curve. With spectrophotometric monitoring at 540 nm, the blank standard deviation was
0.0002 AU and the detection limit for chloroform is 3 ng/mL. For the

spectrofluorometer, the blank standard deviation was 0.090, the dark current noise was
0.005, and the detection limit is 0.15 ng/mL. Hence, the detection limit with fluorometric
monitoring is over 20 times better.
The recovery of chloroform from the P&T concentrator was determined by
comparing the fluorescence signals obtained with P&T sample introduction and direct
injection with the same absolute amount of chloroform into the reagent mixture. The
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recovery of the chloroform was determined for both the portable and the commercial

P&T concentrators, and the results are listed in the Table 6.5. The recovery of
chloroform with the portable P&T is comparable to that with the commercial P&T.

When the trap temperature was reduced to 6 °C below the ambient temperature (not
possible with the commercial instrument), the recovery for chloroform increased about 17

%. Clearly, the trap temperature is a significant factor that affects the recovery of
chloroform.

Table 6.5. Recovery of chloroform from water with both the portable and commercial
P&T concentrators'.
Portable P&T
Trap Temperature (°C)

Commercial P&T

28 (1)

22 (1)

28 (1)

Recovery (%), Run 1

56

69

56

Recovery (%), Run 2

57

66

51

Recovery (%), Run 3

59

67

53

57 (2)b

67 (2)

53 (3)

Recovery (%), average

a A 20-mL aqueous standard solution of 12.5 ng/mL chloroform was analyzed at the
ambient temperature of 28 °C with the P&T/fluorometric scheme. Analysis conditions
were the same as given in the caption for Figure 6.11.
b Standard deviations are listed in the parentheses.

The recovery depends on numerous factors including the purge efficiency, the trap
efficiency, and the transfer efficiency of chloroform from the trap to the Fujiwara reagent

mixture. The recovery at 28°C of 53-57% obtained in this study is in between the
recoveries of 74-76 and 42-45 % with trap temperatures of 25 and 31 °C reported with
P&T/GC-MS measurements in chapter 4 of this thesis (11). This result suggests that the
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reagent efficiently traps and reacts with most of the chloroform that exits the transfer

tube. The efficiency may be less than 100% because all the chloroform is not purged out
of the sample or all the purged chloroform is not retained by the trap.

6.3.3 Tap Water Analysis

A tap water sample was analyzed by P&T coupled with three different detection

schemes: GC-MS, spectrophotometry, and fluorometry. The same two calibration
standards (12.5 and 37.5 ng /mL) were used to construct a calibration curve for analysis.
The calibration equations were A = 0.000224c + 0.00063 for spectrophotometric
monitoring at 540 nm and S = 1.54c - 0.46 with fluorometric monitoring at 600 nm.

The results are shown in Table 6.6. Chloroform and bromodichloromethane were
found to be the two major contaminants in the tap water sample. The EPA (14) requires

an error of no more than 20% for the concentrations of volatile organic compounds in

water. The spectrometric methods can only evaluate the total THMs, and the total
concentration obtained with the spectrophotometric or fluorometric methods are within
14 and 5%, respectively, of the value obtained with the standard technique, GC-MS. The

value determined with spectrophotometry is only about seven times the detection limit for
chloroform.

The response factors for chloroform relative to bromodichloromethane and TCE
were evaluated by running duplicate analyses with 20-mL standard solutions of 50 pg/mL
of chloroform, bromodichloromethane, or TCE under the same conditions used for

calibration with the spectrophotometer and fluorometer. The response factors relative to
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Table 6.6. The results of tap water analysis with the portable P&T and spectrometric or
fluorometric monitoring and the commercial P&T with GC-MS.'

GC-MS

Spectrophotometer

Fluorometer

CHC13

20 (0.4)

NA

NA

CHC12Br

2 (0.06)

NA

NA

CHCIBr2

ND

NA

NA

CHBr3

ND

NA

NA

CHC1= CC12

<0.1

NA

NA

22

19 (3)

23 (0.6)

Total

a All concentrations are in ng/mL. The value in parenthesis is the standard deviation from
analysis of 5-mL samples of tap water. Other conditions are the same as specified in the
captions of Figures 6.10 and 6.11. ND denotes not detected and NA denotes nonapplicable (the spectrometric methods do not provide for detection of specific species).

bromodichloromethane were determined to be 1.2 (540 nm) with spectrophotometric
monitoring and 2.2 (at 600 nm) with fluorometric monitoring. The response factors
relative to TCE were determined to be 2.3 (540 nm) with spectrophotometric monitoring
and 2.9 (600 nm) with fluorometric monitoring. The response factors are less than
determined with direct injection (data from chapter 3). Some of the difference may be
due to differences in the overall recovery which was higher for bromodichloromethane

than for chloroform based on P&T/GC/MS (chapter 4 of thesis). The reagent
composition is also somewhat different.
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6.4 Conclusions

A portable P&T was built. Compared to the commercial module, the portable
P&T is simpler, less expensive, lighter and contains only those features needed to

interface with a spectrometric cell (instead of a GC). The TEC cooling module adds a
unique feature to this P&T, the ability to operate at a higher ambient temperature (e.g. 30
°C) and rapidly cool and still maintain a trap temperature of 25 °C. With an ambient

temperature of 23.5 °C, it took 110 s to cool the trap temperature from 180 °C to ambient

temperature and 140 s to drop the trap temperature to 20 °C. The recovery for
chloroform is improved at lower trap temperatures.
This newly developed portable P&T concentrator was coupled with a
spectrophotometer or fluorometer for determination of chloroform in water. The
recovery of chloroform with the portable P&T and fluorometric detection was equivalent

to that obtained with the commercial P&T. The time needed to analyze one sample is
approximately 14 min, including 6 min of purge time, 1 min of desorb time and 6 min of

monitoring time on the spectrometer. When a 20-mL sparger is installed on the P&T
concentrator, the spectrophotometric determination at 540 nm offers linearity to 450
ng/mL chloroform in water. The estimated detection limit is 3 ng/mL. The calibration
curve for the fluorometric determination at 600 nm was linear to 450 ng/mL chloroform

in a water sample. The estimated detection limit is 0.15 ng/mL and the RSD of the
analysis is typically 5 %. The detection limit of the spectrophotometric method is
marginally accepted for tap water analysis.
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Application of this P&T with the spectrophotometer and fluorometer to the tap
water analysis gave results that agree within 5-14% of the concentrations obtained with

the GC-MS, which is in compliance with the requirements by EPA. Compared to the
standard method specified by EPA, the new method is more rapid, easy-to-use, and less

inexpensive. The cost of the instrumentation is considerably lower than that of GC-

MS/P&T specified by EPA (typically $50-100K). The cost of the parts of a portable P&T
was approximately $2000. The cost of the spectrophotometer or fluorometer used added
another $10-20K.
The new method and instrumentation also facilitate on-site water analysis

provided a portable spectrophotometer or fluorometer is available. This newly developed
method and instrumentation could serve as a method complementary to the standard

technique specified by the U. S. EPA. In particular is should be possible to develop or
modify a relatively inexpensive spectrophotometer or fluorometer to use with the portable

P&T.
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CHAPTER 7 FINAL CONCLUSIONS

7.1 Summary

Throughout this research, the focus was on development of spectrophotometric
and spectrofluorometric methods for determining chloroform in water that could be

adapted for on-site use at water treatment plants or contaminated field sites. The most
critical and unique aspect is the use of a P&T concentrator to transfer chloroform from a

water sample into a Fujiwara reagent (a mixture of pyridine, DMSO, water and base) held

in a cuvette where it reacts to form a long-lived red intermediate which is the monitored
species. The chemistry and instrumentation were adjusted to obtain a high concentration
of the monitored species and achieve a low detection limit and good precision for

determination of chloroform at ng/mL levels. Another important concept is the use of a

conventional spectrophotometer or spectrofluorometer in the measurement scheme
because such moderately-priced instruments would be readily available in many
laboratories.
In most studies involving determination of chloroform based on the Fujiwara
reaction, adjustment of the reagent composition, primarily the concentrations of sodium
hydroxide and water, to maximize the yield of the monitored species has been important

(1-3). Such "optimum" compositions vary greatly and depend in part on how the mode of
measurement (e.g., batch versus continuous analyte introduction as in a sensor,
absorbance versus fluorescence monitoring). For this application, reagent composition
was also optimized (1.8 mM NaOH, 0.83 M H2O, 6.2 M pyridine and 7.0 M DMSO) and
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two primary differences are noted. First, problems of reproducibility led to concept of
filtering the reagent mixture with a syringe filter (0.45-pm). Filtering removed
precipitates that form when an aqueous NaOH solution is added to pyridine/DMSO (50%

(v/v)). Compared to an unfiltered reagent, the advantages of the filtered reagent include
(1) a factor of 3 less background noise with fluorescence monitoring; (2) a factor of 5
better batch-to-batch reproducibility for the response of chloroform; (3) constant

response to chloroform if stored up to 10 days. Second, the concentration of water was
less than in most other studies.
Replacement of pyridine with a less volatile pyridine derivative would clearly be

desired. Among the pyridine derivatives tested, 2-cyanopyridine is unique because the
intermediates or products formed with TCE and chloroform could be spectrally resolved
(TCE and chloroform yield band maxima at 478 nm and 658 nm, respectively).

Unfortunately, the reactivity of the reagent mixture (i.e., 2-cyanopyridine, DMSO, base
and water) to TCE or chloroform decreased to less than 1% of its initial value in about

one day due to base hydrolysis of the cyano group. To implement a batch determination
of TCE, 2-cyanopyridine and DMSO were mixed and added to the sample cell. Then base
and the aqueous sample or standard containing TCE were added immediately before
monitoring of the reaction started. A preliminary study of the effect of concentrations of

base and water revealed that a reagent consisting of 0.16 mL of H2O (3.0 M), 60 mM
NaOH, and 2.8 mL of 2-cyanopyridine (50 % (w/v)) provided a high yield of the
monitored species for determination of TCE. A linear calibration curve was obtained and

a detection limit of 10 µg/mL of TCE was estimated. Further work is justified to
determine if this reagent can be used for a rapid selective determination of TCE.
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The effect of various parameters on a commercial P&T concentrator were studied
to search for conditions that provided reasonably good chloroform recovery in a relatively

short operating time. The following operating conditions were finally selected: purge
time, 6 min; desorb time, 1 min; trap temperature during the purge state, 25 °C; purge
flow rate, 40 mL/min; desorb flow rate, 11.0 mL /min. The purge and desorb times are

shorter than normal to reduce the analysis time. On the GC/MS, final parameters were set
as follows: column flow rate, 0.9 mL/min; split flow rate, 10.2 mL /min; septum flow rate,

0 mL/min; column temperature, held at 5 °C for 1 min and then increased to 100 °C at 5

°C /min; injection port temperature, 150 °C. With these final conditions, the absolute
recovery of chloroform from a 20-mL water sample with the P&T concentrator was 76 ±

5%. The recovery of chloroform was very dependent on the trap temperature during the
purge state and a 5 °C increase decreased the recovery by 60%. The recovery is also
dependent on the purge time, purge flow rate and desorb time.
According to the parameters suggested by EPA method, a typical complete run

for all the VOCs takes about 35 min. Comparatively, a typical run with the parameters
used in this study takes about 20 min (purge time, 6 min; desorb, 1 min; elution time on

the GC, 13 min for the compounds of interest). The precision of the analysis for
chloroform was relatively good and the relative standard deviation was less than 5 %

without an internal standard and 1 % with an internal standard.
The commercial P&T was first coupled with the spectrophotometer and the
spectrofluorometer to demonstrate the feasibility of this approach for determination of

chloroform in water. For this study, the filtered reagent mixture (30 mM NaOH, 1.67 M
H2O, 6.2 M pyridine and 7.0 M DMSO) was not the final "optimized" reagent and yielded
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about one third the batch calibration sensitivity of the final mixture. When a 5 -mL sparger
was installed on the P&T concentrator, the calibration curve was linear up to 1300 ng/mL
chloroform in water with spectrophotometric (540 nm) or fluorometric monitoring (600

nm). In terms of detection limit, spectrofluorometric monitoring is better than
spectrophotometric monitoring (1 versus 16 ng/mL). Introduction of chloroform and
other volatile organic compounds into the reagent mixture provides preconcentration (the

ratio of the volume of sample to the volume of reagent). Relative to batch measurements,

calibration slopes were larger. The RSD was 4 % or better.
Tap water was analyzed and the sum of the concentrations of chloroform and
bromodichloromethane determined with the new methods was within 10 to 20% of that

obtained with a standard P&T/GC-MS method. The analysis time per sample for the new
methods is approximately 14 min.

A portable P&T concentrator was designed and built specifically for use with

spectrometric detection. It is based on commercial PID temperature controllers, a
programmable logic controller, and simple 3-way valves. Eliminating many of the

features required for use with a GC made the new unit simpler and lighter than
commercial P&T's. A special thermoelectric cooling module allowed the trap to be
cooled below ambient temperature to maintain or improve recovery. With an ambient

temperature of 23.5 °C, it took 110 s to cool the trap temperature from its value during
the desorb and bake states (180 °C) to ambient temperature and 30 s more to 20 °C.
Approximately 40 s are required to heat the trap from ambient (23.5 °C) to 180 °C. The
recoveries of chloroform with the commercial and portable P&T concentrators were
comparable.
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The new P&T concentrator with a 20-mL sparger was coupled to the

spectrometers with the "optimized" reagent mixture. With spectrophotometric detection
at 540 nm, the calibration curve was linear to 450 ng/mL of chloroform in water and the
detection limit is 3 ng/mL. For fluorometric monitoring at 600 nm, the calibration curve
is also linear to 450 ng/mL of chloroform in water sample and the estimated detection
limit is 0.15 ng/mL. The RSD of the analysis was 5 %. These detection limits are as

good or better than obtained by other researchers (Siemion (2), Reckhow (4)).
Tap water was analyzed and the sum of the concentrations of chloroform and
bromodichloromethane determined with the new methods was within 10 to 20% of that

obtained with a standard P&T/GC-MS method. The time needed to analyze one sample
is approximately 14 min, including 6 min ofpurge time, 1 min of desorb time and 6 min of

monitoring time on the spectrometer.
Overall, the results clearly demonstrate that the new method developed in this

thesis, which couples a spectrophotometer or fluorometer to a portable P&T
concentrator, offers a viable means to determine chloroform in water. It has the potential
to serve as a complementary technique to accepted GC methods. The new method is well
suited for screening samples because it is more rapid, easy-to-use, and less expensive than

the standard GC instrumentation. The cost of the parts in the portable P&T was
approximately $2000. The required spectrophotometer or fluorometer would often be
available in many laboratories and requires no modification.

With a portable spectrophotometer or fluorometer and a generator, the instrument
could be used in the field for on-site water analysis. Such an instrument would provide

near real-time analysis data and eliminate the need for sample storage. A large number of
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samples could be pre-screened in a timely fashion to identify the contaminated samples for
further lab analysis. Immediate assessment information would guide effective sampling in
the field and reduce the time and cost by avoiding unnecessary multiple trips. Owing to
these advantages, the new methods and instrumentation could be widely applicable in
environmental analysis at contaminated sites, bioremediation processes, and water

treatment plants.

7.2 Future Work
Further work is justified and some recommendations for future study are given
below:
1.

A sample cell with a smaller internal volume should be found or designed because

it would provide several advantages. First, it would reduce the amount of the
reagent used (pyridine, DMSO and base). Second, the calibration sensitivity
would be higher (and the detection limit better). This can be understood by
comparing two sample cells with different volumes. If the same mass of
chloroform is purged from a sample with the P&T concentrator and enters a
reagent, the in-cell concentration of chloroform in the cuvette with smaller reagent
volume will be higher than that in the cuvette with bigger volume. For
spectrophotometry, a cell pathlength of 1 cm should be maintained to avoid loss of

calibration sensitivity. For fluorometric detection, the cell internal dimensions
need to larger than excitation or emission beams which are typically 2-4 mm.
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2.

Use of the 2-cyanopyridine reagent should be further explored because of its

unique response to TCE. A more complete reagent optimization, interferent study
(e.g. chloroform), and detection limit study are required. For determining lower
concentrations, P&T sample introduction should be tested.
3.

Further work is needed to make the entire instrument truly portable. The size and
weight of the portable P&T could be reduced by reducing the size of the TEC
module and power supplies, possibly at the expense of slightly longer trap heating

and cooling times. The performance of the portable P&T when interfaced to small

portable spectrophotometers or spectrofluorometers should be tested. Ultimately,
it may be best to build an integrated instrument with the P&T and spectrometer all

in one portable box. Fluorometric detection is recommended because it provides a
better detection limit. A relatively small fluorometer could be built based on an
intense green LED, small photomultiplier tube, and an emission filter.
4.

The efficiency of purge-and-trap and direct purging of a water sample into a
reagent mixture should be compared.
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APPENDIX A TUNING A PID TEMPERATURE CONTROLLER

In the design of the new portable purge-and-trap concentrator, two PID
temperature controllers (Model T48, Red Lion Controls) are used to control the trap
temperature at 25 °C and 180 °C, respectively. A microprocessor (FP1-C16,

Programmable Logic Controller, Aromat Corporation) activates the two temperature
controllers alternatively following the instructions set in the programmable memory. Each

PID controller obtains the input of the trap temperature from a thermal couple connected

to the trap. Once the PID controller is activated, it compares the input temperature with
the set temperature then sends out an on/off signal to a relay. Upon receiving this signal
from the PID controller, the relay turns on/off the control components: when the
temperature is higher than set-point, the fan for the thermoelectric cooler is triggered on;
if the temperature is lower than the set-point, the heating current (through the trap) is

turned on. Through this control, the trap temperature undergoes a cycle in a set manner.
In addition to controlling the final trap temperature, the controllers also control the

temperature change rate via internal parameters. To obtain the best control, proper
tuning of the controllers in terms of setting appropriate parameters is essential. Prior to
the discussion of the tuning process, the characteristics of PID control are briefly
introduced to facilitate understanding of the tuning process.
Presently, PID controllers are the most commonly used controllers in industry (1).
MD controllers effectively integrate three types of fundamental control modes:

proportional, integral and derivative. Usually a PID controller provides many important
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features. Satisfactory control can be acquired from this type of complex controller
provided the module is properly tuned.

A.1 Proportional Control Mode
Among the three control modes, proportional control, sometimes also referred as

a proportional band control, is a continuous control mode. To control the temperature, a
PID temperature controller requires a temperature sensing system, which, in this
application is based on a K-type thermocouple. In the proportional control mode, the
controller generates an output signal "M" in the form that it is algebraically proportional

to the control error "e":

M = K (T, - T) = Ke

(A-1)

where the input control error "e" is the difference between the set point temperature T,
and the real value T sensed by the thermocouple and K is termed as the proportional

sensitivity or controller gain. The output M can be magnitude of a voltage or current, or
the fraction of time a given voltage or current is applied per unit time. In the T48 PID

controller, the output is the percentage of time in a defined cycle that the output signal (or

relay) is on. The value of M has a maximum practical value (e.g., 100% on) and for large
values of e, a PID acts like a simple on-off controller.
Despite the fact that controller gain K is a simple and clear concept, it is not

always used to describe the operation of the controller. Instead, a value called
proportional band (Pb), is commonly used to characterize the proportional controller. The

proportional band is the range of the input control signal expressed as an absolute range
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or a percentage of some input signal range that causes the output power to vary from 0 to
100% of its full range. For example, with a K-type thermocouple, the full temperature

range is 1450°C, so a Pb of 1% would correspond to a temperature band of 14.5 °C. If
Pb and M are expressed as percentages, then

Pb = 100%/K

(A-2)

Figure A-1 illustrates how the proportional band is related to the input controller error
and the real temperature sensed by thermocouple.

output power (%)
P-band

P-band

- temperature
1<

cooling

heating

setpoint
Figure A.1. The proportional band is defined in terms of the "band" of temperature that
causes the percent output power to change from 0 to 100 % (Source: reference 3). The
absolute value of Pb for curve b is twice that of curve a because it takes twice the
temperature difference for the controller to provide full response.

From the proceeding discussion, it is clear that a low proportional band setting
results in high controller gain K and quick system response (i.e., a small error signal

causes a large change in M, or the range of input temperature that causes the output to
reach its maximum value is small). If Pb = 0, the controller acts like an on-off controller.
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However, the chance of overshoot is increased correspondingly, which in turn affects the
stability of the controlling system. Similarly, a high proportional band is associated with a

low controller gain K and sluggish response. This disadvantage of the proportional
controller is the common occurrence of an offset, a difference between the set point and

real control value at steady state (1-3).

A.2 Integral Control Mode

The offset at steady state can be eliminated with integral control, another mode

used in a PID controller. The integration control works in such a way that the controller
output power M is changed to a new value at a rate that is proportional the input error

"e". Therefore, once the error "e" is doubled, the rate at which output power M reaches a
new value is doubled accordingly. When the set point is reached and the input control
error is zero, the system achieves a steady state and the output power M remains a

constant. This can be expressed as:

M=

K
ti

°

e(t) d(t)

(A-3)

where ti is referred to as the integral time. In the integral control mode, M is adjusted (if
necessary) every integral time. The integral time here has units of seconds per repeat.
Proportional and integral control are compared in Figure A.2.
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input

control m
proportional

integral time

derivative time

Figure A.2. Responses of different control modes.

The integration action seldom controls the system by itself. Normally, it is

coupled with proportional control to form a PI (proportional - integral ) controller. The
output power generated from a PI controller is given by

M= K e(t)

+

K
ti

t

e(t) d(c)

o

(A-4)

The integral time is used to characterize the integral action. On a MD
temperature controller (TC), the process will not have sufficient time to respond to the

new output value if the integral time is set too small. This results in an unstable process

with overshooting. On the other hand, too large an integral time results in a sluggish
response toward zero steady state error. If the integral time is set to be zero, the previous
integral output value is maintained. On the T48-PID TC, output power offset (OPOF) is
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used to manually adjust the output power in the case the integral time is zero, which
means that integral control is off.

A.3 Derivative Control Mode

As previously discussed, proportional control generates an output that is

proportional to the input error, while integration control produces output which is

proportional to the integral of the input error. For the third kind of control mode,
derivative control, the output power generated is proportional to the derivative of the
input error ( I. e., it is based on the rate of the change of input error "e") as shown in
figure A-2. Derivative control is not employed alone because there will be no output in

the case the error is huge and unchanging. So it is often combined with proportional
control to form a PD (proportional - derivative) controller. The function of such a
controller is expressed by Equation A-5:

M = K [ e(t) + td de(t)/dt ]

(A-5)

where td is derivative time with units of seconds or in some cases seconds per repeat. By

application of a Taylor series expansion of e (t + td), the error at timing point of ( t + td )

is predicted to be

e ( t + td ) z e ( t ) + td de (t) /dt

(A-6)

Derivative control thus generates a signal that is proportional to an estimate of the input
error at the oncoming time t + td. By responding to the anticipated error td ahead of time,
derivative control guides the controller to shorten a potentially existing response delay
and improves the stability of the loop when the derivative time is appropriately chosen
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with other proper parameters, including proportional band (PD control) and integral time

(PID control).
On a PID TC, setting a long derivative time is beneficial to the stability of the

control system, but it also contributes to fluctuation of the output. An inappropriately
long derivative time results in poor control. On the other end, a too short derivative time

contributes to excessive overshoot. Upon setting the derivative time to zero, the
derivative control is turned off.

A.4 PM Control

Proportional-plus-integral-plus-derivative control is the most complex continuous

control module. The overall control function is expressed as

M = K [e (t) + 1 Jo e (v) (IT
ti

+ td d e(t)1
d
dt

(A-7)

A good PID control provides no offset and rapid response if it is properly tuned.
Since the PID control is of little value if it is not tuned properly, tuning is crucial.

However, owing to the nature of three interactive modes, tuning can be complicated and
difficult.

To properly tune a PM controller, the optimum values of the proportional band,
the integration time ti and the derivative time td must be specified. Note that the expected

optimum values of the proceeding parameters do differ from one control process to
another due to dissimilar control purposes or requirements. In some cases, overshoot

might be a serious concern, such that parameters should be adjusted for a slow and
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smooth response. In some other cases, a fast response might be critical while oscillation
around the set point is not a significant concern. For this purpose, the optimum PID
control should feature a fast response.

A.5 Autotuning The T48-111) Temperature Controller

Autotuning is a process by which the controller is tuned automatically in response

to the process characteristics demanded by an operator. As a common feature in modern
PID controllers, autotuning is provided on the T48-PID TC, from now on referred to as
the T48. This autotune process dramatically facilitates the complex PID tuning process.
Prior to initiation of an autotune process, all the parameters in the four relevant
configuration modules (a particular menu in the T48) should be provided to generate a
satisfactory result. The prior values should be calculated based on the instructions given

in Appendix "E" on page 44 of the T48 instruction manual. In case the calculated prior
values do not yield good control, empirical values advised by the company engineer

should be applied to the system to achieve better control. The procedure of setting
configuration modules is as follows:

(1) Turn on the power to the T48. The default is the normal display mode.
(2) Access configure module 3 and enable the autotune process. From the normal
display mode, press the P button on the T48 until the readout screen displays a flashing

CNFP (configuration). Use the arrow down or arrow up key to locate 3-LC----configure
module 3 mode. Keep pressing P to display all the parameters in this module in order.
For a given parameter, use arrow keys to change the setting to the desired value. In order
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to initiate the autotune mode, enable automatic mode (respond "ENBL" to "trnF"). The
rest of the parameters are set as shown in Table A.1.

Table A.1. Parameter settings for the selected lockout in configure module 3.

Display

Parameter

Settings

Description

SP

Set point Access

Ent (enter)

Allows entering and displaying
the set point temperature value.

OP

Output Power
Access

Ent (enter)

Directs access to displayable
output power.

dEv

Deviation

rEd (read)

Displays deviation from the
temperature set point.

UdSP

Units Display

rEd (read)

Temperature scale in F or C.

Code'

Access Code

0

Provides full access to all modes
and parameter modules.

PId

PID values
enable

Ent (enable)

Permits entering PID parameters.

AL

Alarm values
enable

Ent (enable)

Permits specification of alarm
values.

ALrS

Reset alarms
enable

ENBL
(enable)

Allows alarm to be turned on/off

trnF

Automatic or
Manual mode

ENBL
(enable)

Enables the automatic mode.

tUNE

Automatic

ENBL
(enable)

Enables the auto-tuning process.

a Code number ranges from 0 to 250. In case the program is locked out with an unknown
code number previously specified, enter the universal code "222" to enable full access to
all the parameter modules.
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(3) Access configure module 1 to specify input parameters. The parameters contained in
this module are the fundamental parameters that must be assigned before activating any

control process. The parameters in configure module 1 define the features of the input
temperature.
First, input the appropriate thermocouple type used in sensing system. In this

research, enter "tc-K" under the "tYPE" prompt, which designates a K-type

thermocouple. Choose "°C" as temperature scale and "0.1 °C" as temperature resolution.
Subsequently, adjust the input signal filter and the display update rate under the prompt of

"FLtr". This filter code is specified by an integral number from 0 to 4, which determines
the impact of measurement noise on the T48 response. A larger filter value results in less
susceptibility to measurement noise and a slower response. In contrast, a small filter

value results in a faster response and the potential of oscillation. The auto-tune procedure
can adjust the filter value appropriate to the process characteristics. Therefore, at this
point, simply leave the filter code as default value: "1".

The input sensor correction constant (SHFt) is used to correct any existing offset
between the temperature sensed by the thermocouple and a known calibration sensing

system. It is simply set to a default "0" in this research. The input lower limit (SPLO) is
the minimum input temperature set point, whereas the upper limit set point (SPHI) defines

the maximum value. To protect the system from overheating, the SPHI is set to 200 °C
and SPLO remains at default value of "0".
The Set point Ramp Rate (SPrP) is chosen based on the nature and requirements
of the specific control process. In this research, a relative fast ramp rate is desired for the
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temperature to rise from 25 to 180 °C that starts the desorption period. A 30-s ramping

period was estimated. Therefore, the ramp rate was initially chosen to be 360 °C / min.
The last parameter to be set in configuration module 1 is the User Input (InPt).
Six different input choices are provided for an operator. Once a choice is made, the

operator can conveniently turn on/off the selected control parameter. For example, if
SPrP is indicated as the input, the operator can easily change the status of set point ramp

rate from on to off, or vice versa. The settings of input parameters in configure module 1
are listed in Table A.2.

Table A.2. Input parameters set in configure module 1.
Display

Parameter

Setting

Display

Parameter

Setting

tYPE

Input thermocouple type

K

SHFt

Input signal offset

0

SCAL

Temperature
scale

°C

SPLO

Lower limit set
point range

0

dCPt

Temperature
resolution

0.0

SPHI

Higher limit set
point

200

FLtr

Input signal
filtering

1

SPrP

Set point ramp
rate

360 °C/
min

In Pt

User input

ALrS

(4) After input parameters for configure module 3 and 1 are successfully chosen,
configure 2 and 4 are the next two modules to be set up. The order is arbitrary.
For configure module 2, the proportioning cycle time is the first parameter

encountered. The manual recommends a cycle time equal to 1/10 of the process time
constant or less. In this application, the common value of 2 s recommended by the
manufacturer was entered.
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The specific T48 TC model used in this research is coded as T4811000 and

features two relay outputs: main control output 01 and alarm output ALL The
temperature controllers are wired up in such a way that 01, connected to the trap, is
employed to turn on and off the current which heats the trap; whereas, the ALI output is

connected to the fan to cool the system. When the temperature reaches a value that is
high enough to activate the AL1, the fan is turned on to start cooling the trap. This type
of operating action is defined as "reverse acting" on T48. Therefore, respond reverse

acting (rEV) for the mode of the status of output control action (OPAC).
For the output power limits, enter " 0 " as the low limit (OPLI). In order to limit

the overshoot at the set point temperature, apply 50% as the upper level for output power
(OPHI).
The sensor fail preset power (OPFL) protects the system from being overheated in

case the temperature sensing system fails. The preset value is "0 ", which indicates that
the T48 would automatically shut off the output if the thermocouple is improperly
working.

The T48 PM controller has a function named "output power dampening (0PdP) "
to reduce the controller output power. The dampening code extends from 0 to 250 s.
The manufacture suggests an effective dampening in the range of 1/20 to 1/50 of the

controller's integral time. Autotuning is able to set a proper value for the control process,
so it is simply set to " 0 " before the autotune.
The ON/OFF control hysteresis band (CHYS) is set to 2 °C , an appropriate level

before invoking Auto-Tune. To minimize output chatter around the set point, the autotune dampening code (tcod) can be set to either 0, 1 or 2. A setting of "0" invokes a fast
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response with a problem of overshooting. On the other end, if "2" is selected, the
resulting slow and smooth response minimizes the overshoot. Considering the fact that in
this application, the transformer outputs current of 12 A to heat the trap, a piece of

stainless tubing with resistance of 0.2 0, overshoot most likely would invoke a problem.
Hereafter, the dampening code 2 was used in this research.
From the discussion above, it is clear to see that configure module 2 defines the
output power features and helps minimize overshoot when it is a big concern. The
parameters in this module are summarized in the Table A.3.

Table A.3. Settings of parameters in configure module 2 before activating an
autotune process.
Display

Parameter

Setting

Display

Parameter

Setting

CYCt

cycle time

2

OPFL

sensor fail power
preset

0%

OPAC

control action

rEv

OPdP

output power
dampening code

0

OPLO

lower limit for
output power

0%

CHYs

ON/OFF control
hysteresis

2

OPHI

upper limit for
output power

50%

tcod

auto-tune
dampening code

2

(5) Access configure module 4 to set the alarm conditions. Because the alarm output is
connected to the cooling system in this research, the alarm signal functions as an on/off

cooling control. One significant operational parameter is the "alarm operation mode
(Act 1) " and is meant to determine the precise temperature where the cooling system is

turned on and off. "Absolute high" is chosen for this cooling purpose from the six

options provided in this category. This setting coupled with "2 " as the "alarm 1 value
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(AL-1)" means that a signal will be generated from the alarm output to turn on the
cooling system provided that the temperature is 2 °C above the set point. Also, 1 °C is
defined as the alarm hysteresis value (AHYS), which prevents alarm chatter near the

alarm trigger temperature. This means that the cooling system will be turned off only if
the temperature is decreasing and reaches 1 °C above the set point.

Additionally, automatic control is the mode chosen to reset alarm 1 (rStl) to
eliminate the need for a manual interrupt by the operator. The other parameter Alarm
Standby Delay (Stbl) is meant to disable the alarm output during the initial temperature

rise to the alarm region. When the trap is heated, the temperature rises fast and it takes
less than 1 min to reach 180 °C. An input of "no" for Stb 1 keep the fan off during the
heating process. Therefore, this parameter is simply not an important issue to this specific
situation.

As previously mentioned, the model of the T48 employed in this system does not

have the second alarm, alarm 2, so that all the parameters regarding alarm 2 are ignored.
All the parameters defined in the alarm category are summarized in Table A.4.
Table A.4. Settings for alarm control parameters in configure module 4 before
autotuning.
Display

Parameter

Settings

Actl

Alarm 1 operation mode

A-HI, absolute high

rSt1

Alarm 1 reset mode

Auto-automatic

Stbl

Alarm 1 standby function (delay)

no-no power-up standby delay

AHYS

Alarm Hysteresis Value

1- the hysteresis band for alarm
activating temperature
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After all the relevant parameters are successfully set in all of the four configure
modules, the initial values of proportional band, integral time and derivative time can be

entered. At this point, empirical values or values calculated based on the desired
conditions (refer to page 44, T48 manual) are used. The proportional band is set to 50%
and the integral time, suggested by a company engineer, is set to 30 s. At this point,
derivative control is turned off by setting the derivative time to "0".

(6) Activate the autotune mode. First, make sure that Auto-Tuning is enabled in the
parameter lockouts module. Then place the controller into the normal display mode.

Press P for 3 s from the normal display mode. Scroll to "tUNE" with P, if necessary.
Select "YES" and press P to initiate Auto-tune. Through autotuning, the T48 generates
appropriate settings for a group of parameters: proportional band, integral time, derivative

time, input filter and output power dampening. A stop watch might be used to monitor
the temperature ramp time to check if the operator's expectation of performance is met by
the current settings.

A.5 Manual Tuning of ND Controller after Autotuning
Autotuning is a highly desirable and effective process to simplify the determination

of proper PlD conditions for proper control. However, in some cases, the resulting
control output provided does not exactly meet the operator's requirements. Therefore, a
further manual adjustment based on the autotune values is needed to improve the control

process.
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As indicated early, proportional band is one of the most important parameters. If
severe oscillation around the set point is a primary concern, increase the proportional

band by no more than 2% a time. In practice, the final desired proportional band is the

value which causes the oscillation at the set point to just start to disappear. To
supplement the proportional band, setting the derivative time and output dampening code

can also be adjusted to suppress the oscillation. Each time only one parameter should be
adjusted to approach the desired control status.

Two T48 PID temperature controllers are used in this research. One is set at 25
°C and the other at 180 °C. The trap temperature cycle is achieved by activating the
controllers alternatively. In addition to controlling the final trap temperature, the
controllers also control the rate of temperature change via internal parameters. The
controllers were first automatically tuned and then tuned manually.

On the T48 controller that is set at 180 °C, the final settings are:
Proportional band: 20%
Integral time: 60 s per repeat
Derivative time: 4 s per repeat
Input filter: 1

Output dampening code: 0
cycle time: 2 s

Under these conditions, it takes 17 s for the control element, the trap to ramp from
25 to 180 °C. The temperature oscillates between 178 and 182 °C with a cycle time of 3
s. This oscillation is a result of the combination of a very-low-inertia (low-resistance) trap

and a powerful heating/cooling system. A more complex model of T48 controller,
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(the T4811100, which is equipped with a special cooling output) could be used in future
studies to minimize the oscillation of the temperature at set points.

The controller at 25 °C determines the time it takes for the trap temperature to

drop from 180 to 25 °C. A fast response is the major concern besides a small oscillation

at 25 °C. Its parameters are set as:
Proportional band: 10%
Integral time: 10 s per repeat
Derivative time: 4 s per repeat
Input filter: 1

Output dampening code: 0
Cycle time: 4 s

When the thermoelectric cooler is used as the cooling system, it takes 100 s for the trap

temperature to drop from 180 to 25 °C, and the temperature oscillates between 24.6 and
25.5 °C with a cycle time of 4 s. When the ambient temperature is 25 °C, it takes 150 s
for the trap to drop from 180 to 20 °C. Here, the value of integral time is critical. For
instance, if the integral time is changed to 20 s when the rest of conditions are the same, it

takes over 4 min for the trap temperature to drop from 180 to 25 °C.
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APPENDIX B.
ADDITIONAL INFORMATION ON THE PORTABLE PURGE-AND-TRAP

stainless steel coupler

p owerlug

1/16" PEEK tubing

1/8" stainless steel
tubing (trap)

stainless steel bulkhead
reduing union 118" to 111

insulating washers
(phenolic, linen filled)

Figure B.1. The interface between the trap, heating power line and the gas line. The
stainless steel coupler, and the insulating washers were made by Mr. Ted Hinke at the
machine shop, Oregon State University.
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Figure B.2. The ladder logic program on the PLC. When XO is pressed, the DF will
generate one scan pulse. The up-side of the pulse triggers Y4 on for 360 s. In line 0, T1
is the timer and Y in TYK specifies the unit of timer in s. Hence, TYK 360 sets the timer
to: 1 s x 360 = 360 s. Once Y4 is on, Y5 is also turned on. When Y4 switches off, the
down-side turns on RI and Y3 for 400 s. R9010 is the special relay that specifies always
on. The numbers on the left side of the lines are the numbers of the steps.
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APPENDIX C
THE SPECTRA OF THE FUJIWARA REACTION PRODUCTS
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Figure C.1. The UV-Vis spectrophotometric spectrum of the Fujiwara reaction products.
The chloroform concentration in the spectrocell was 1300 ng/mL. The Fujiwara reagent
mixture was 0.83 M H20, 1.8 mM NaOH, 6.2 M pyridine and 7.0 M DMSO. The
spectrum was taken 6 min after chloroform was introduced into the spectrocell.
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Figure C.2. The excitation and emission spectra of the Fujiwara reaction products. The
excitation bandpass was 16 nm and the emission bandpass was 8 nm. The PMT bias
voltage was set at 700 V. The other experimental conditions were the same as described
in Figure C.1.

