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ABSTRACT

Faecal contamination in water is detected usingamte microbial models such as
total coliforms, faecal coliforms an&. coli. Betap-Galactosidase B(GAL) and
Betabp-glucuronidase{-GUD) are two marker enzymes that are used tofeeshe
presence of total coliforms artfl coli in water samples, respectively. Various assay
methods have been developed using chromogeniclamedenic substrates. In this
study, the chromogenic substrates chlorophenolpreejalactopyranoside (CPRG)

for B-GAL andp-nitrophenyl$-p-galactopyranoside (PNPG) fBfGUD were used.

Potential problems associated with this approadiude interference from other
organisms present in the environment (e.g. platgse and other bacteria), as well as
the presence of certain chemicals, such as pheooiitpounds in water. Phenolic
compounds are present in the aquatic environmeattaluheir extensive industrial
applications. The USA Enviromental Protection Agen(&PA) lists 11 Priority

Pollutant Phenols (PPP) due to their high levebsicity.

This study investigated the interfering effectshd eleven PPP found in water on the
enzyme activities of both th@GAL and B-GUD enzyme assays. The presence of
these PPP in thB-GAL and B-GUD enzyme assays showed that over and under-
estimation of activity may occur due to inhibiti@n activation of these enzymes.
Three types of inhibition to enzyme activities wetentified from double reciprocal
Lineweaver-Burk plots. The inhibition constants;)(Kvere determined for all
inhibitory phenolic compounds from appropriate se@ry plots.

Furthermore, this study presented a validated sevphase high performance liquid

chromatography (RP-HPLC) method, developed for $imaultaneous detection,



separation and determination of all eleven phenalienpounds found in the
environment. This method demonstrated good lingarproducibility, accuracy and

sensitivity.

Environmental water samples were collected frorargy streams, industrial sites and
wastewater treatment plant effluent. These sampére extracted and concentrated
using a solid phase extraction (SPE) procedure pmianalysis employing the newly

developed HPLC method in this study. Seasonal tanis on the presence of the PPP
in the environment were observed at certain cotladdites. The concentrations found
were between 0.033 pg/ml for 2,4-dinitrophenol iruaning stream to 0.890 mg/ml

for pentachlorophenol from an tannery industridgie.siThese concentrations of

phenolic compounds found in these environments \abte to interfere with thg-

GAL andp-GUD enzyme assays.
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CHAPTER 1

LITERATURE REVIEW

1.1PATHOGENIC MICROORGANISMS IN DRINKING WATER

Life on earth cannot exist without water; henceena the most vital natural resource
for our survival (Bates, 2000). A contaminated a&gu environment becomes
unsuitable for the supply of drinking water, fishin(agriculture) for human
consumption or recreational uses and causes seiggbances in the ecological
functioning of aquatic ecosystems (Geoegal., 2002; Gilpinet al., 2003).

In 1854 a cholera outbreak in London caused 10 @&&xhs and linked sewage
pollution with bacterial contamination which resdtin enteric diseases (Bates,
2000). The presence of coliforms sucheasherichia coli (E. coli) in water indicates
faecal pollution (Manafi, 1996), since coliformsgresent in large numbers in the
intestinal flora of both humans and warm- bloodeninals (Romprét al., 2002).

The most frequently encountered pathogens in wsgarces are enteric pathogens,
hence faecal pollution in drinking water must beicdy monitored. Very low
concentrations of entero-pathogens, sucl{Easoli) are present in water within a

diversified micro floral system (Rompegal., 2002).

1.2DISEASES ASSOCIATED WITH FAECAL POLLUTION IN DRINKI NG
WATER

Waterborne diseases such as cholera, typhoid, amael bacillary dysentery and
other diarrhoeal diseases are caused by the ingestiwater contaminated by human
or animal faeces or urine containing pathogeniddsec (Gleick, 2002). Worldwide
approximately 250 million people are infected witaterborne diseases, which
results in 10 to 20 million deaths annually. In 8oéfrica about 21 million
(approximately half the population) lack basic satmon (DWAF, 1996).

Hygiene standards thus play a significant role isease eradication (Bates, 2000).
The control of these waterborne diseases is pedornby monitoring the
microbiological quality of drinking water by rougrassesment (Sobsey al., 1993).

As a result, faecal pollution of drinking water, \&sll as water used for any human



activity must be strictly monitored, since thisagequirement for public health and

safety by government regulation in the majorityibfiot all countries.

1.3COLIFORMS (E. coli) IN WATER — THEIR USE AS INDICATORS OF
WATER QUALITY

The multiple-tube fermentation technique (MTF) de# coliforms as rod-shaped
Gram-negative bacteria which are non-spore forrthiagjferment lactose within 48
hours at 3% with acid and gas formation.

Alternatively, using the membrane filter technidiv#), coliforms are defined as
Gram-negative rod shaped bacteria when platedroah@ndo-type medium that
contains lactose, and when incubated 8€C36r 24 hours develop red colonies.

In the enzyme detection method (EDM) coliforms festitive for beta-galactosidase
and beta-glucuronidase enzyme activity using chgen@ and fluorogenic substrates
(Standard Methods, 1998).

1.4 METHODS FOR DETECTING COLIFORMS

There are various methods reported for the detedfi@oliforms in the literature.
These detection methods are divided into three igyaiaps:

i) Cultural/classical methods,

if) Molecular methods, and

iii) Enzymatic methods

(Venter, 2000; Romprét al., 2002)

1.4.1 Cultural/ Classical method
This technique is sub-divided into two methods.

1.4.1.1 Multiple tube fermentation method (MTF)

This method consists of an inoculation processt fidses containing laural tryptose
or lactose broths are prepared in serial dilutidrese tubes are incubated at@G%or

48 hours, after which acid formation, gas produtand abundant growth indicates a
positive presumptive test for coliforms (Sartorydawatkins, 1999; Romprét al.,
2002).



The number of microorganisms present in the abegbnique is expressed in terms
of the most probable number (MPN). This technigueniormously time-consuming,
i.e. 48 hours is required for a semi-quantitagveimeration of coliforms (Standard
Methods 1998; Rompréet al., 2002).

1.4.1.2 Membrane filter procedure
This method involves filtering a water sample tlglowa sterile 0.45um filter, on

which the bacteria is retained, followed by incifigtthe filter on selective media,
and then recording the typical colonies on theffilMedia such as MacConkey agar
or teepol medium are used. In cases where drinkiigr is chemically treated, the
antimicrobial effects of such treatment resultauminability to recover, and therefore
accurately account for any coliform bacteria whicaly have been present.

This method is not adequately specific, and a &r#d h incubation stage is required,
making it a less than suitable method for enumamatif coliforms (Grabow, 1996;
Van Poucke and Nelis, 2000; Farnleiteeal., 2001; Romprét al., 2002).

1.4.2 Enzymatic methods
For the detection of indicator bacteria, microbeslzyme profiles are a preferred

option compared to classical methods, becauseethetions are more sensitive and
more rapidly performed and coliforms can be detec@ed enumerated through
specific enzyme activities (Romprét al., 2002) The bacterial enzyme-D-
glucuronidase~-GUD) was first discovered i&. coli, but it is was not until Kilian
and Bulow (1976) studied the Enterobacteriiaceak r@ported that glucuronidase
activity was mostly limited tcE .coli and that the specificity of this enzyme to
coliforms could be applied to the detection of thesganisms.

The use of chromogenic and fluorogenic substratedyzes a colour upon cleavage
by the enzymeg$-p-galactosidaseB(GAL) and 3-GUD. It was observed that the use
of these substrates improved accuracy as wellasased the speed of the detection
method (Chret, 1991; Manafet al., 1991).

1.4.3 Presence / absence techniques and enumeratlmn multi-tube procedures
using enzymatic methods
A defined substrate method has been developed loasée enzyme properties of

coliforms to overcome some of the limitations ot tiultiple-tube fermentation
technique (MTF) and membrane filter technique (MM)e defined substrate



technology is based on the principle that only téwget microbes i.eE. coli are
supplied with substrate and no provision of sulbstfar other bacteria, compared to
the MTF and MF techniques, which eliminates theaghoof non-coliform bacteria
with inhibitory chemicals. To indicate the presenddarget organisms a chromogen
or a fluorochrome is released from the defined sates which occurs during the

process of substrate utilization ( Romptal., 2002).

1.4.4 Membrane filter technique conjugated to enzyuatic detection of

coliforms
Various agar media are available commercially foe detection ofE. coli and

coliform enumeration modified with specific chronemgc and/or fluorogenic
substrates for the detection GAL andp-GUD (Dahlen and Linde, 1973; Brenner
et al., 1993; Romprét al., 2002).

1.4.5 Enzymatic activity using fluorimetry

This protocol is based on the fluorogenic substri®Gal and MUGIu for direct
enzymatic detection; however, poor limits of deteciwhich are 20 CFU/100ml for
FC and 340 CFU/100ml for TC respectively, make thisthod unsuitable for the
screening of drinking water (Georgeal ., 2000).

1.4.6 Enzymatic methods using solid-phase cytometry
This method involves taking a sample of drinkingevand filtering it through a 0.4

um pore size filter under a vacuum. Thecoli retained on the filters are treated with
reagents to induce the enzyf@&UD and to label the induced cells. The fluoreseen
of a micro colony or a single cell is detected bg ScanRDI laser scanning device
(Van Poucke and Nelis, 1999, 2000).

1.4.7 Molecular detection methods
These methods have been developed to reduce tbedauired for analysis. Without

the need to cultivate and an additional confirmattep, the molecular methods are

able to achieve a higher degree of sensitivity spetificity (Romprét al., 2002).



1.4.8 Immunological techniques
These methods are based on the specific recogtiétween antibodies and antigens

and also permit the detection of antigens at fanggnus, species or serotype levels
(Rompreéet al., 2002).

1.4.9 Nucleic acid-based methods
Molecular hybridisation properties are used in thethod, which involve the

complementary sequence recognition between a ymebe and a nucleic target.
These methods include the polymerase chain rea(fiGR) andn situ hybridisation
(ISH) (Rompréet al., 2002).

1.5ENZYME DETECTION METHODS (EDM)

1.5.1 Enzymatic definition of coliforms

This method makes use of the presence of the enzypr@#&L and f-GUD in these
coliforms, B-GUD catalyzes the hydrolysis d§-p-glucopyranosiduronic derivatives
into b-glucuronic acid and aglycons indicating.coli. B-GAL catalyzes the
breakdown of lactose into galactose and glucoseatidg total coliform bacteria.
The detection of both these enzymes thus can bd fmethe enumeration of
coliforms (Manafiet al., 1991).

Chromogenic or fluorogenic enzyme substrates azd tesdetect the enzymes
B-GAL and B-GUD. The chromogenic enzyme substrates are phbaséd, for
example enzyme substrates faGUD p-nitrophenolB-p-glucuronide (PNPG) and 5-
bromo-4-chloro-3-indoB-D-glucuronide (XGLU), where PNPG produces-

nitrophenol, a yellow colour and XGLU produces ilytlowvhich is blue.

The fluorogenic substrate used to det@eGUD is 4-methylumbelliferyl3-o-
glucuronide (MUG) (Manafi, 1996; Manafi, 2000)-GAL is detected by using
chromogenic substrates such as chlorophenopedalactopyranoside (CPRG) and
o-nitrophenolB-D-galactopyranoside (ONPG) (Edbeey al., 1988; Chenget al.,
2002).



1.6 THE ENZYMES B-GAL AND B-GUD

1.6.1p-GAL

Beta-galactosidase is a large tetrameric enzymeaupex by E. coli, which is made
up of four identical subunits of 135, 000 Da, ewdth its own active site (Figure 1.1).
Each subunit of this enzyme consists of five ddtidomains formed by a single
1,023 residue polypeptide chain (Figure 1.2). Ttteve site is situated at the end of
the third domain. The enzyme carries out two reastion its disaccharide substrate,
lactose. This hydrolysis reaction produces two nsawnoharides, glucose, and
galactose which participate in various metabolityays.

The second reaction is the transglycosylation rmactwhich produces the
disaccharidallolactose. This induces the production of mprgalactosidase, hence
E. coli can utilize lactose and respond to lactose asoa fource (Juers and
Matthews, 2006).

The enzyme has a molecular weight of 540, 000 Davghet al., 1965; Cohen and
Mire, 1971). The systematic name i$-p-galactosidase galactohydrolase
(http://www.brenda.uni-eln.de/php/flat_result.phpdf0=3.2.1.23&organism_list=...
18/4/2007).
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Figure 1.1 Figure of a-GAL tetramer molecule, showing the active sites.
Monomers are indicated in blue, red, green andoyelespectively (Adapted from
Matthews, 2005)



Figure 1.2: A ribbon diagram showing one subunit of the tetrabeta-galactosidase
enzyme indicating the binding/active site and tkie ilomains ( Taken from Jeurs and
Matthews, 2006).



1.6.1.1 pH optimum

Changes in pH have a large influence on the agtioft enzymes, affecting both
solubility as well as the structural stability diet molecule. Charge and charge
distribution on both the enzymes and substrateaféeeted, which alter the bond and
bond patterns, which in turn determine the ratehef enzyme—catalyzed reaction
(Holme and Peck, 1998).

It was reported by Pletschilet al. (2006)that the enzyme activity fgi-GAL was
constant between pH 5.0 and pH 9.0, with an ineredsalkaline pH; however, the
activity was found to be less reproducible at pHTlere was a peak in activity at pH
7.8. Pletschkeet al. (2006) further reported that drinking water slibbbve a pH
close to 7.0 . The optimum pH fRrGAL was reported to be between pH 6.6 and 7.7
(http://www.brenda.uni-eln.de/php/flat_result.phpd0=3.2.1.23&organism_list=...
18/4/2007)

1.6.1.2 Temperatureoptimum

Temperature affects the bond vibrations within aetwe, as well as the rate of
molecular collisions between enzymes and substrates higher rate of collision of
higher temperatures increases the rate of an enzgaxtion. However increased
bond vibrations induced by higher temperaturesltr@ésibond disruptions, which in
turn cause the denaturing of enzymes and rapidrsitéreakdown.

Therefore, the optimum temperature to perform aryeme assay is a compromise
between maximum activity and enzyme denaturatiarirfté and Peck, 1998).
Studies done by Pletschkeal. ( 2006) investigated enzyme activity at temperatures
between 28C and 68C. The activity was fairly stable from 20 to 60C, but at 65C
decreased rapidly to almost zero and this decreasefound to be consistent at
higher temperatures. The optimum temperature wasorted to be 3%&
((http://www.brenda.uni-eln.de/php/flat_result.pRpdno=3.2.1.23&organism_list=...
18/4/2007)

1.6.2p-GUD

The systematic name f@GUD is B-p-glucuronodase glucuronosohydrolase and it
has a molecular weight of 290, 000 Da. The enzyna ietramer made up of four
subunits, each with a molecular weight of 72, 00Q. Qhttp://www.brenda.uni-
eln.de/php/flat_result.php4?ecno=3.2.1.31&organlst*...18/4/2007; Kimet al.,



1995). The multidomain structure includes an imngloloulin constant domain,
jellyroll barrel, and a TIM barrel (Figure 1.3). iEifamily of enzymes hydrolyses its
substrate with a net retention of anomeric configjan, presumably via a double
displacement mechanism involving the action of taaive site carboxylic acid
residues.

The first step is a nucleophillic attack on thgauanomeric center by one of the
carboxylates. The departure of the aglycone to fammalphas-glycosyl-enzyme
intermediate occurs via general acid catalysis ftioenother carboxyl group.

The second step involves the hydrolysis of therinégliate by a general base-
catalyzed attack of the water at the anomeric centieich results in cleavage of the
glycosidic bond with net retention of the anomeranfiguration (Henrissat, 1991;
Wonget al., 1998).
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Figure 1.3.A B-GUD tetramer revealing the active sites on twdha monomers.
The monomers are indicated in blue, red, greenyafidw respectively (Adapted
from Jainet al., 1996).
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1.6.2.1 pH Optimum

The optimum pH for beta-glucuronidase is between P and pH 6.8
(http://www.brenda.uni-eln.de/php/flat_result.phpd0=3.2.1.31&organism_list=...
18/4/2007). As witl3-GAL, Pletschkeet al. (2006) reported that the enzyme activity
was constant between the pH 5.0 and pH 9.0, wahdalen increase in activity at pH
10-11. The increase in activity at alkaline pH wassociated with poor
reproducibility. There was a large degree of valitgian the activity of B-GUD when
comparing data at the same pH in running and stdagmater (Pletschket al., 2006).
Kim et al. (1995) reported the optimum pH to be between pHa6d7.0.

1.6.2.2 Temperature optimum

As with pH, Pletschkeet al. (2006) reported that the activity varied at extreme
temperatures between running and stagnant watee\es, there was an insignificant
variation in activity between 2% and 56C in activity (Pletschket al., 2006). The
optimum temperature is reported to be at  %&.5http://www.brenda.uni-
eln.de/php/flat_result.php4?ecno=3.2.1.31&organlst*...18/4/2007).

1.7INFLUENCES OF ENVIRONMENTAL FACTORS

Fiksdal and Tryland (2008) reported that an inczeasletection sensitivity ¢f-GAL
and B-GUD enzyme activities in environmental samples nbay associated with
accompanying interference of non-target source$ siscother bacteria, algae and
plants. There are chemical compounds presentieitiironment that can potentially
interfere with the enzyme assays used to deterthi@anicrobial standard of water
(Pletschkeet al., 2006). Phenolic compounds are examples of suwmical

compounds present in aquatic systems.

1.8 PHENOLIC COMPOUNDS

1.8.1 Introduction
Phenols are organic compounds which belong to bkaatic hydrocarbon group, to
which an hydroxyl group (-OH) is attached (Figurd)1Phenols have a number of

substituents that include halogenated (eg. chlorafjrated (nitro-), alkylated
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(dimethylphenol-), bromo- and ether (methoxy -) mdlederivatives (Angelino and
Gennaro, 1997; Kim and Ki00Q Torres et al., 2003).

OH

Figure 1.4Phenol — an aromatic hydrocarbon to which a hygrgsoup (-OH) is

attached.

1.8.2 Toxic effects

Phenolic compounds are easily absorbed througmateral membranes of living
organisms including plants, causing mutagenic, tgedo and hepatotoxic effects and
also interfering with reactions in cell respiratiamd photosynthesis due to their
lipophilic nature (Washburn arihillips, 1995). They are therefore highly toxicaib
living organisms (Brodfuehreat al., 1990; Yageet al., 1990). Phenolic compounds
are known or suspected carcinogens (for examplerapihenols) and have been
linked with non-Hodgkin’s lymphomas and soft tisssrcomas (McConnedéit al.,
1991; Kim and Kim, 2000; Paiver et al., 2002). Oral exposure results in liver and
kidney failure as well as diseases of the blood tp{fhivww.eco-
usa.net/toxics/phenol.shtml 2/4/2007)

It is because of their toxicity that phenols arghhon the list of organic pollutants.
The United States of America (USA) and the Europtemon (EU) have listed
phenols as priority pollutants by their respectiuevironmental Protection Agencies
(EPA’s) (Angelino and Gennaro, 1997).

1.8.3 Industrial application

Phenolic compounds have extensive industrial agipdios and are found in several
commercial products such as pesticides, bactedceod preservatives and dyes.
They are used in pulp processing, petroleum rediniaather tannery, textiles and
plastics (Leeet al.,1996; Angelino and Gennaf®97; Llompartt al., 2002; Pealver
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et al., 2002; Asan and Isildak, 2003; Lupettial., 2004) Phenols are also found in
fertilizers and explosives (Aktast al., 2006).

1.8.4 Priority Pollutant Phenols (PPP)

The US Environmental Protection Agency (EPA) ligieven Priority Polluted
Phenols (PPP), according to their toxicity, whick eharacterised by the substituents
chloro, nitro and methyl groups (Angelino and GeorE997; Llompargt al., 2002).
These eleven PPP compounds are:

phenol,

4-nitrophenol,
2-chlorophenol,
2-nitrophenol,
2,4-dinitrophenol,
2,4-dimethylphenol,
4-chloro-3-methylphenol,
4,6-dinitro-2-methylphenol,
2,4—dichlorophenol,
2,4,6-triclorophenol, and
pentachlorophenol
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Below are the chemical structures of these comp®(iRigure 1.5):

OH
OH oH |
H C
H H H H
H H
H H H H
H NO, H
Phenol 4-Nitrophenol 2-Chlorophenol
OH
d § H CH
H NO, Hj?['\loz 3
H H
H H H H
4 NO, CH,
-Di 2,4-Dimethylphenol
2-Nitrophenol 2,4-Dintrophenol ylp
OH OH OH
H H H cl O,N CH,
H H
H CH, H H
cl cl NO,
2,4-Dichlorophenal 4,6-Dinitro-2-methylphenol

4-Chloro-3-methylphenol

OH OH
Cl Cl Cl Cl
H H cl cl
Cl Cl
2,4,6-Trichlorophenol Pentachlorophenol

Figure 1.5Chemical Structures of the Priority Pollutant PHEncompounds listed

by the USA Enviromental Protection Agency (EPA).
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The European Union (EU) lists the following sevaghly toxic phenols in their
legislation: 2-amino-4-chlorophenol, 4-chloro-&tmylphenol, 2-chlorophenol, 3-
chlorophenol, 4-chlorophenol, trichlorophenol andntachloophenol (Gonzalez-
Toledoet al., 2001). The EU limits are set at maximum of 0.5 ug/l foratgphenols
and 0.1 ug/l for each individual phenol (Réreret al., 2002). Many of the European
countries follow the US EPA list of PPP compourfési¢ and Bardeé, 1996).

The South African maximum operation limit for tof#ienols in drinking water is set
at an upper limit of 10 ug/l and between 10-70 tmyla limited duration (SANS,
2005).

1.8.5 Detection of phenolic compounds in water
Various methods for the detection of phenolic coomuts in drinking and wastewater
have been proposed in the literature of which seaphase high performance liquid
chromatography (RP-HPLC) is the most widely useih wiltraviolet (UV)
detection. Other methods are gas chromatography &€ capillary electrophoresis
(CE) with various modes of detection.

It is imperative that a sensitive, reliable, rearoible and effective HPLC method is
developed and optimised for the detection of th@senolic compounds in drinking
water due to their high toxicity to humans andehgironment.

The GC methods described in the literature emgoth capillary and packed
columns, with flame ionization (FID) or Electrora@ure Detection (ECD) methods.
These methods require the derivatization of thenple compounds before detection
in order to improve sensitivity (Angelino and Germ&al997).

HPLC is preferred over GC, since the derivatizatbthe phenolic compounds prior
to analysis by GC is time consuming (Sardioal., 1997; Leeet al., 1998; Pefialvest
al., 2002; Berhanet al., 2006). The other disadvantage of using GC isdhba to the
high polarity of these compounds they produce hroaited peaks, which increase
with the number of injections onto GC columns (Mwbmet al., 1994; Llompartet
al., 2002)

In HPLC, both electrochemical (EC) and ultraviokgiV) detection are used.
Although electrochemical detection provides incegbsensitivity for the detection of
some of the phenolic compounds, it is less sersitian UV detection when detecting
nitrophenols and dinitrophenols (Ruana and Urbe931%ocurull et al., 1996;

Pefalvert al., 2002). Electrochemical detection (EC), unlike d&tection, does not
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allow for the use of gradient elution, as well hs tise of all liquid chromatography
(LC) solvents (Ruana and Urbe, 1993; Angelino aedr@ro, 1997).

1.9 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)
METHODS FOR THE ANALYSIS OF PHENOLIC COMPOUNDS INW ATER

1.9.1 Introduction

An Italo-Russian botanist, Michael S. Tswett, cdintlee term “chromatography” for
the method he developed for separating plant piggnever a hundred years ago. As
an modern advancement High Performance Liquid Chtography (HPLC) is now a
well-established technique. This is a popular temlnn due its versatility, accuracy,
precision, speed and selectivity. HPLC instrumemssist mainly of an analytical
column, injector, mobile phase reservoir and aaete A sample mixture of various
components is injected onto the system and therdiit components are separated
due to the partitioning behaviour between the atatiy phase and the mobile phase.
This technique has improved rapidly due to the bgraent of various column

packing materials as well as the attachment obuarin-line detectors.

1.9.2 Reverse-Phase chromatography

Reverse-phase chromatography was developed to veaptbe separation of
compounds with similar chemical properties. Thengple of this technique is that
due to the mobile phase being more polar thantdt@sary phase, the polar solutes
are eluted first (Horvath, 1980).

The stationary phase consists of silica based pgadhkiaterials with n-alkyl chains
that are covalently bonded, with ligandg (@ctyl) and Gg (octadecyl) in the matrix.
Hydrophilic compounds elute more quickly than hyatrobic compounds due to the
tendency of the column to retain hydrophobic megiie. the more hydrophobic the
molecule, the longer the retention time.

The mobile phase would normally consist of a migtusf various mixtures
acetonitrile, methanol and water (Horvath, 1980mit@mn and Sewell, 1982).
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1.10 HPLC METHODS EMPLOYED TO DETECT PHENOLIC
COMPOUNDS IN WATER

As can be seen in Table 1.1, HPLC methods usecetiecd phenolic compounds
employ reverse phase chromatography with mainly Wd&tection at various
wavelengths. Sulimaet al. (2006) used diode array detection at 210-400 nmuedls
as fluorescent detection with excitation at 360amd emission at 460 nm. Although
Angelino and Gennaro (1997) and Pocuetil., (1996) separated all eleven phenolic
compounds (listed in Figure 1.5), the retentioneSnrequired to elute all eleven
phenolic compounds were 27.89 minutes by Angelmsb Gennaro (1997) and about
28 minutes by Pocuruét al. (1996). Pocurulét al. (1996) used a wavelength of 280
nm to detect 2,4-dinitrophenol, 2-nitrophenol anth&hyl-4.6-dinitrophenol and 316
nm for 4-nitrophenol, the remaining of the sevemrmpounds were detected by
electrochemical detection. Gonzalez-Tolegtoal. ( 2001) detected nine phenolic
compounds at four different wavelengths, namely 268 311 nm, 302 nm and 278
nm. Phenol was detected at 268 nm, 4-nitrophen8lLatnm, pentachlorophenol at
302 nm and 2-nitrophenol, 2-chlorophenol, 2,4 dhyighenol, 4-chloro-3-
methylphenol, 2,4-dichlorophenol and 2,4,6-tricbfgrenol at 278 nm. Angelino and
Gennaro (1997) used a detection wavelength of 285vhile Zhao and Lee (2001)
used 220 nm. Grynkiewiaz al. ( 2002) used diode array detection (DAD).

Table 1.1HPLC methods available to determine phenolic compeun water.

Reference Detection | Mobile phase Analytical | Phenolic
mode column compounds
Detected
Sulimanet | DAD 210- Buffer Supelco Ph
al., (2006) | 400 nm and | pH12/Acetonitrile| resin based| 2-CP
Fluorescence 50:50 ODP-50 4-CP
Exciting 360 2,3DCP
nm 3,5-DCP
Emission 2.3,5-TCP
460 nm
Angelino uv 285 nm | 6.0 mM Lichrospher| 2- CP
and Gennaro octylammonium | C18 5um | 2,4-DCP
(2997) orthophosphate in 2,4,6-TCP
water/acetonitrile PCP
65:35 2-NP
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4-NP

2,4-DNP
4-C-3MP
2,4-DN-6-MP
2,4-DMP
Pocurullet | UV 280 nm | Gradient Sperisorb | Ph
al. (1996) and Solvent A: 1% ODS2 5um| 4-NP
EC10V (v/v) acetic acid 2,4-DNP
and 2-CP
0.5 g/IKCI 2-NP
Solvent B: MeOH 2,4-DMP
2-M-4,6-DNP
4-C-3-MP
2,4-DCP
2,4,6-TCP
PCP
Gonzalezt | Ph-268 nm | Gradient Hypersil 5 | Ph
al. (2001) 4-NP- 311 | Solvent A; 1% pm 4-NP
nm (v/v) acetic 2-NP
PCP 302 nm| acid(aqueous) 2-CP-2,4-DMP
Remaining 5| Solvent B: 1% 4-C-3MP
compounds | (v/v) acetic acid 2,4-DCP
at 278 nm (acetonitrile) 2,4,6-TCP
PCP
Grynkiewicz| DAD Gradient Li Chrisper | Ph
et al. (2002) Solvent A: 0.1% | 100 RP-18 | O-cresol
(V/v) H3PQOy in 5um p-NP
MeOH DNP
Solvent B: 0.1% CP
(ViV) HsPOy in 2,4,6-TCP
water PCP
3,4-DMP
2,4-DMP
Zhao and UV 220 nm | Isocratic Novapak m-Cresol
Lee (2001) Acetonitrile / Cl18 4um | 2-CP
0.05% (v/v) 3-CP
trifluoroacetic 2,4-DMP
acid 20:80 2,3,5- TMP
2,4-DCP
2,3,5-TCP 2,3,5-trichlorophenol
2,3,5-TMP 2,3,5-trimethylphenol
2,3-DCP 2,3-dichlorophenol
2,4,6-TCP 2,4,6-trichlorophenol
2,4-DCP 2,4-dichlorophenol
2,4-DMP 2,4-dimethylphenol
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2.4-DNP 2,4-dinitrophenol

2-C-2,4-DMP 2-chloro-2,4-dimethylphenol
2-CP 2-chlorophenol
2-M-4,6-DNP 2-methyl-4,6-dinitrophenol
2-NP 2-nitrophenol

3,4-DMP 2,4-dimethylphenol
3,5-DCP 3,5-dichlorophenol

3-CP 3-chlorophenol

4-C-3MP 4-chloro-3-methylphenol
4-NP 4-nitrophenol

1.11 EXTRACTION OF PHENOLIC COMPOUNDS FROM
ENVIRONMENTAL WATER SAMPLES

In order to clean up sample matrices and improeeditection limits of the analytes
of interest, sample preparation is required. Thia fundamental step in the analysis
of environmental samples. Solid phase extractidtE(Is a popular technique for the
extraction and concentration of analytes from caxplmatrices such as
environmental samples. This replaces the liquiditigextraction (LLE) procedure.
Phenolic compounds are among the most challengiggna@ compounds to extract
from the environment due to their high polarity. e6b compounds have low
breakthrough volumes on most commercially availabtdid phase extraction
columns. Compounds such as phenol, nitro- and @aphenol present the greatest
practical limitations since they give the lowestddtthrough volumes of the phenolic
compounds found in water (Bagheri éaraji 2003; Fontanalet al., 2007).

1.11.1 Solid Phase Extraction (SPE) methods

SPE is a sorptive technique based on ionic and pukractions between the sorptive
material and the analyte. The retention of theydeain the packing material is due to
reversible hydrophobicity.

This method of extraction is an effective techniguised in the field of separation
science for the clean up and pre-concentration ralyical samples in various

matrices. Pre-concentration is required in orderetch the required sensitivity for
detection. This technique is performed using a censially obtained small column

with the required packing material. The most comipamsed material for this

purpose is silica, usually chemically bonded with Cg or Cg organic group or
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polymeric material. However the use of these sibeaed materials is problematic,
due to pH instability, as well as poor reprodudipil This can be attributed to the
presence of free silanol groups in amounts thahatahe reproduced or controlled.
Hence there is a tendency to use more stable a@rgaaterials such as polymer
sorbents, examples of which are Lichrolut EN; Hysehl; Isolute ENV+; Porapak
RDX and PLRPS. Polymeric sorbents are more suitdd@la silica based materials
due to their chemical stability and the wide ran@eheir physico-chemical properties
(Bagheri and Saraji, 2003; Fontandlsl., 2004; Fontanalat al., 2007).

A new generation of polymers have been designeédxtoact a wide variety of
analytes, examples of which are Oasis from Wateas® Absolute from Varian®.
These types of polymers are able to extract arglyaich are acidic, basic or
neutral, or whether these compounds are polar arpotar (Hennion, 1999). The
ability of these sorbents to retain the high pghenolic compounds longer on the
SPE columns is due to the polymeric skeleton wkigbports thetTt interactions as
well as the reverse phase mechanism and the peesétize functional groups on the
packing material (Bagheri and Mohammadi, 2003; &oaliset al., 2007).
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CHAPTER 2

INTRODUCTION TO THE PRESENT STUDY

2.1 PROBLEM STATEMENT

The detection of faecal contamination in water has long been an essential
component in the monitoring and management of water systems. When
determining the microbial standard of water the degree of pollution is tested using
appropriate microbial models such as tota coliform counts. The direct
measurement of the activities of certain of the enzymes produced by indicator
organisms is a potentially viable approach to quantifying the level of faeca
contamination. Since indicator microorganisms like coliforms produce the
enzymes B-GAL and p-GUD, the measurement of the activity of these enzymes
can be used as a quantitative measurement of the potential presence of
pathological organismsin drinking water.

Various assay methods have been developed using chromogenic and fluorogenic
substrates, based on the assumption that B-GAL and B-GUD are metabolic
markers for coliforms and E. coli, respectively.

Potential problems associated with this approach include interference on enzyme
activity from other organisms present in the environment (plants, algae and other
bacteria) (Davies et al., 1994), as well as the presence of certain chemical
compounds in the water, such as phenols, which if they affect the activities of
marker enzymes, may result in the inaccurate estimation of the presence of
coliforms or E. coli (Pletschke et al., 2006). Previous studies in our group and
those of other researchers have investigated the potential of interference by other
chemicals. However, the interference of phenolic compounds on B-GAL and f-
GUD activity has not been studied. This study therefore investigated the effects of

these phenolic compounds.

22



22HYPOTHESIS

The presence of phenols in water can affect the activities of B-GAL and B-GUD
present in the water environment, thereby leading to an over- or underestimation

of indicator microorganisms.

2.3 APPROACH

The purpose of this study was to investigate the effects of phenolic compounds in
water on the enzyme activities of both B-GAL and B-GUD and to establish
whether these compounds have a stimulatory or inhibitory effect on the activity of
the enzymes. Another aim of this study was to develop and optimize a method of
extraction and detection for priority pollutant phenolic (PPP) compounds in
drinking water. This study involved HPLC fingerprinting of phenols present in
water samples and correlated this with changes in enzyme activities of B-GAL and
B-GUD in the presence of these phenolic compounds.

24 AIMS

The aims of this study were:

1) to examine the effects of the eleven PPP compounds listed by US EPA on the
B-GAL and f-GUD enzyme assays/ activities,

2) to perform enzyme inhibition / activation studies with both the B-GAL and -
GUD assays, and assess the effects of a range of phenolic compounds that are
known to be present in water samples,

3) to develop, optimise and vaidate an HPLC method for the simultaneous
detection and quantification of the eleven PPP compounds in water,

4) to develop and optimise a method to extract phenolic compounds from
environmental water samples using SPE, and

5) to analyse environmental samples and correlate the effects of the phenolic
compounds detected in these samples to the B-GAL and p-GUD enzyme

activities.
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CHAPTER 3

B-GAL AND B-GUD ENZYME ASSAY OPTIMIZATION

3.1 INTRODUCTION

3.1.1 Enzyme assay optimization

When designing an enzyme assay method to measersptrcific activity of an
enzyme, the optimal conditions for the enzyme havee determined in order for the
enzyme to perform at its optimum. These includeipeters such as pH, temperature,
assay time, assay volume, enzyme and substrateroatton as well as buffer ionic
strength. It is also important to determine th&mal wavelength for the detection of
the enzyme-substrate product. This is normallyldisteed by performing wavelength
scans.

Once the above parameters are established fornthgne assay, the method must
show stability and show a linear response to ameasing range of enzyme
concentrations, as well as consistent reprodutyhitider the same conditions. This is
monitored by drawing up a calibration curve, whisha graphical plot of product
formation versus time for the enzyme being assélysplires 3.1 and 3.2).

Starting guidelines for assay parameters can bair@at from the literature. An
enzyme assay for a novel enzyme can be determinbabking at enzymes of similar
characteristics for which stable assay methods laneady been established. The

parameters can then be adjusted accordingly.

3.1.2 pH Optimum

pH has an effect on the solubility as well as tinecsural stability of an enzyme, thus
influencing its activity. Changes in pH lead to obas in charge and charge
distribution on both the enzymes and substrateschwalters the bonds, and bond
patterns, which then determine the rate of the mezyatalyzed reaction (Holme and
Peck, 1998).
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3.1.3 TemperatureOptimum

Temperature affects the bond vibrations as wellhasrate of molecular collisions,
which increase as the temperature increases. fbtisases the number of collisions
between the enzymes and substrates, which in teneases the rate of the reaction.
However, the increase in bond vibrations resulbamd disruptions, which in turn
causes denaturation of enzymes and rapid substr&akdown. Therefore the
optimum temperature at which to perform an enzyssay would be a compromise

between maximum activity and enzyme denaturatiarirtt¢ and Peck, 1998).

3.2B8-GAL AND B-GUD ENZYME ASSAYS

Various assay methods have been developed to dettletp-GAL and B-GUD
enzymes using chromogenic and fluorogenic substrate this chapter the
chromogenic substrates chlorophenol peotgalactopyranoside (CPRG) f@rGAL
andp-nitrophenolp-b-galactopyranoside (PNPG) fp+GUD were optimized.

Stated below are optimized enzyme activity assajhous developed for bofliiGAL
and B-GUD adapted from Chengt al. (2002) and Fisher and Woods (2000),
respectively.

3.2.1p-GAL assays

3.2.1.1 pH

The selection of pH 7.0 for tieGAL enzyme assay is based upon results obtained
by Pletschkeet al. ( 2006) where the enzyme activity f@-GAL was reported to be
constant between pH 5.0 and pH 9.0. The main foéukis study was on drinking
water and Pletschket al. (2006) ascertained that the pH of water intentted
drinking purposes would normally be around neutaifirms this pH as the most
suitable for water environments. Furthermore, W({R206) performed pH optimum
studies and found 7.2 as the pH at which@AL showed the highest activity. The
pH range used by Wutor (2006) was from 5.0 to 1Wlfen samples collected from

running and stagnant river water samples were cogdpa
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3.2.1.2 Temperature Selection

A temperature of 3T was selected since this is the temperature athatoliforms
are present in the intestines of humans. Furthespstudies performed by Pletschke
et al. (2006) indicated that the activity $fGAL increased between 30 and®6Q
with inconsistent results obtained at the highemperatures. An optimum

temperature of 37T was reported by Wutor (2006) for commer@iabAL.

3.2.1.3 Substrate Selection

The choice of using CPRG (chlorophenol fedalactopyranoside) as the
chromogenic substrate in tReGAL assay was based on substrate comparison studie
between CPRG and ONP®@-ijitrophenylf-D-galactopyranoside) performed by
Watsonet al. (2000). This comparison considered sensitivitg &metic parameters
which revealed CPRG to be the best substratehisrenzyme assay. Furthermore,
Wutor (2006) compared the fluorogenic substrate Mu®vith CPRG and reported
interferences with the fluorogenic technique.

The B-GAL enzyme hydrolysed the substrate CPRG to predtlee product
chlorophenol red (CPR).

3.2.2B-GUD Enzyme assays

3.2.2.1 pH

The B-GUD assay was adapted from the method of Fishdr\aoods(2000), in
which pH 8.0 was used, and hence the option toplisé8.0 was selected for this
study. This pH range was supported by studies pedd by Pletschket al. (2006)
who reported thap-GUD activities were constant between pH 5.0 and 98l
Furthermore, pH 8.0 is not far from neutral pH &ick most drinking water is likely
to be found (Pletschket al., 2006).

3.2.2.2 Temperature selection

A temperature of 3T was chosen, as this was the temperature usedshgrfand
Woods (2000). Pletschket al. (2006) reported little difference iB-GUD activity
between temperatures of 25 to°80
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3.2.2.3 Substrate Selection

Fluorogenic substrates for the detectionfgEUD activity are more sensitive than
chromogenic substrates; however, fluorometric teghes are less desirable as they
are prone to interference by naturally occurringofbgenic components in the
environment. Furthermore, fluorogenic substrates associated instrumentation are
more expensive than those required for colorimetrethods (Marxsen and Witzel,
1991; John, 2002; Pletschlet al., 2006). The chromogenic substrate PNPG is
considered to be more feasible, as it is the leapensive of the chromogenic
substrates (Aictet al., 2001). Therefore, PNPG was the substrate ch@methe
detection forp-GUD activity in this study. The-GUD enzyme hydrolysed the
substrate PNPG to formglucuronic acid ang-nitrophenol (PNP).

3.3 MATERIAL AND METHODS

3.3.1p-GAL assays

The CPRG assay performed in this study was addpiedChenget al. ( 2002). The
assay buffer used was 0.1 M sodium phosphate buffei7.0. A substrate solution of
0.75 mM CPRG (Roche Molecular Biochemicals.) wasppred using the assay
buffer. A 100ul aliquot of commercial B-GAL enzyme (Sigma Aldri€h2519, EC
3.2.1.23) was prepared at appropriate concentigtiadded to wells in a microtitre
plate, followed by 10 of the CPRG solution to initiate the reactioneTlthange in
absorbance was detected at a wavelength of 55a BfiGfor 30 minutes, reading at
one minute intervals on a Powerwgaweicrotiterplate reader (Bio-Tek Instruments,
Inc., USA). The reaction was performed in tripleaBince this was a continuous

assay, the initial rates were monitored for eaelctien.

3.3.1.1 Calibration curve
Various concentrations of commercfalGAL (Sigma-Aldrich G-2519, EC 3.2.1.23)
were prepared in 0.1 M sodium phosphate buffer,7o0H 0.5; 1; 2; 2.5; 3 and 3.5

ug/ml.
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3.3.2p-GUD assays

The enzyme assay used to deternfif@UD activity was adapted from Fisher and
Woods (2000). The substrate PNPG was preparedcaheentration of 10 mM in
assay buffer consisting of 0.1 M Tris-HCI, pH 8@ntaining 0.6 mM CaG| The
commercial-GUD was obtained from Sigma-Alrich (G 7396, EC 1331) and
prepared in the above assay buffer at appropr@teentrations. A 10@l aliquot of
enzyme solution was placed in a microtiterplatel vaéter which 100ul of PNPG
(substrate) was added to initiate the reaction wknes detected at a wavelength of
405 nm for 10 min reading every 30 seconds 8€3¥ a Powerwayenicrotiterplate

reader (Bio-Tek Instruments, Inc., USA).

3.3.2.1 Calibration curve

Various concentrations of commercflGUD were prepared in a 20 mM Tris-HCl,
pH 8.0 containing 0.6 mM Caglas follows: 0; 6; 9; 12; 18; and Ag¢/ml.

3.4 RESULTS AND DISCUSSION

3.4.1p—GAL Calibration curve

Figure 1 below represents RGAL enzyme calibration curve with a correlation
coefficient (f) of 0.9849.
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Figure 3.1 Calibration curve showing a linear response of&AL enzyme assay.

3.4.2B-GUD Calibration curves
Figure 2 below representing th@GUD calibration curve with a correlation
coefficient () of 0.9995.
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Figure 3.2 Calibration curve showing a linear response of3i@&JD enzyme assay.
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3.5 CONCLUSION

The above enzyme assay parameters for Bg@BAL and B-GUD demonstrated the
method to be stable, reproducible and consistethippanduced a linear response to an
increasing range of enzyme concentrations. Theelation coefficients {r) for p-
GAL andp-GUD were 0.985 and 0.999, respectively. This alaarly represented in
both calibration curves (Figures 3.1 and 3.2) wtienproduct formation was plotted
against absorbance. Since the established profocoboth B-GAL and B-GUD
enzyme assays are in place, the adjustment of asdames, enzyme concentration
and substrate concentration could be performedyeé&sirthermore, the effects of the
addition of inhibitory or activating compounds teetstable enzyme assay could be
observed with ease, which was desirable, sincenthssthe main focus of the present
study.

In the next chapter (Chapter 4) the eleven PPP waeéded individually at various
concentrations to th@-GAL and B-GUD enzyme assays and the effects were

observed and discussed.
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CHAPTER 4

INTERFERENCE STUDIES: ENZYME INHIBITION AND ACTIVATION
EFFECTS OF PHENOLIC COMPOUNDS FOUND IN WATER ON
B-GAL AND B-GUD ENZYME ASSAY S

4.1 INTRODUCTION

Since the enzyme assay methods for BBBAL and B-GUD had been optimised
(Chapter 3), the addition of the eleven PPP comg®ua each of these assays could
now be investigated.

As mentioned previoush§-GAL and p-GUD are two enzymes that are used to test
for the presence of total coliforms aRdcoli, respectively, in water samples. Various
assay methods have been developed using chromogedifluorogenic substrates,
based on the assumption tiRaGAL andB-GUD are metabolic markers for coliforms
andE. coli.

Potential problems associated with this approadiudte interference from other
organisms present in the environment (plants, adgaeother bacteria), as well as the
presence of certain chemical compounds, such asopbecompounds in water.
Pletschkeet al. (2006) reported that ferulic acid, a phenolic poomd produced
during lignin degradation, inhibitep-GAL and B-GUD activities, and implied that
the use of direct enzyme assays may produce falgatines. There are also other
phenolic compounds present in the environment whidbe to their industrial
applications) may also have a similar effect, sashhe eleven PPP compounds listed
by US EPA (see Chapter 1, Figure 1.5).

This chapter investigated the interference of tHeB® compounds commonly found
in water, on the activities of-GAL and B-GUD, which are used as enzymatic
indicators of water quality.

The types of inhibition as well as inhibition coerst (K) values were also
determined.
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4.2ENZYME KINETICS

Enzyme kinetic studies enable researchers to obsamd report the rates at which
chemical reactions take place. Through these «utte binding affinities of an
enzyme to its substrates and inhibitors are detexdhand the maximum catalytic rate
of an enzyme reaction can also be established.

In this chapter, the effects of adding each ofaleeen PPP (listed by the US EPA as
being found in water) to either of each of fR&AL andp-GUD enzyme assays were
examined. These interfering effects were charae@r using suitable enzyme
kinetics. The K values for the inhibitors were calculated and wussed. Kinetic

parameters are briefly defined below.

421Km
This is referred to as the Michaelis constant, Wwhig the concentration of the

substrate that gives an initial velocity equal &f the maximum velocity1oV max)-

4.2.2V max
The maximum initial velocity that occurs at a sulis concentration that saturates

the enzyme.

4.2.3 Keat
The number of substrate molecules converted toyatoder enzyme molecule per

unit time at \hax It is the kinetic efficiency of the enzyme.

4.2.4 Keatl K

The catalytic constant is a measure of catalyficiency. This value can be used to
compare substrates to determine which substrateheafighest specificity for its
enzyme (Garrett and Grisham, 1999; Voet and Vd#i4p

4.2.5 K, (Inhibition constant)

This value refers to the strength of the bindingaofinhibitor to the enzyme. The
lower the K value the greater the affinity of the inhibitorr fthe enzyme. Kis
expressed in the same unit as inhibitor concentralihe extent to which an inhibitor

affects the rate of an enzyme depends on bothtteegsh of its complex with the
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enzyme and the concentration of the inhibitor adtiedhe enzyme assay when

performing kinetic analysis (Wilson and Walker, 2D0

4.3 ENZYME INHIBITION

Enzyme inhibition occurs when substances (inhibjtanfluence the binding of a
substrate to its enzyme, decreasing the velociignoénzymatic reaction. This effect
may be reversible, where inhibitors interact witle tenzyme through noncovalent
association, or irreversible where inhibitors fowuvalent associations with the
enzyme. There are various ways that these inhshigddfect the enzyme substrate
complex, resulting in either competitive, non-comiipe or mixed inhibition, and

uncompetitive inhibition.

4.3.1 Competitive inhibition
This occurs when the substrate and the inhibitonpste for the same active site on

the enzyme.

4.3.2 Un-competitive inhibition
This occurs when the inhibitor combines to the emzysubstrate complex and not to

the enzyme. This is a theoretical situation, natlydound in real practical terms.

4.3.3 Mixed inhibition

This occurs when the inhibitor combines with bdta enzyme and enzyme- substrate
complex. Non-competitiveinhibition is a special form of mixed inhibition é&ett
and Grisham, 1999; Voet and Voet, 2004).

4.4 INTERFERENCE STUDIES

Nistor et al. (2002) measured the amount of phenolic compoundsmuironmental
water samples at different stages of wastewatetnrent. The three sources of
effluent were at raw, primary and final stages. Tdmncentrations of phenolic

compounds were as high as 0.114 mg/ml for nitrophanthe primary effluent stage
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and 0.083 mg/ml for 2,3-dichlorophenol at the rdfluent stage. These results were
obtained by solid phase extraction-liquid chromedpyy-mass spectrometry (SPE-
LC-MS) analysis. Based on these findings, the coinagons of phenolic compounds
used in this study to examine the effect of intemee of these phenolic compounds
on the B-GAL and B-GUD assays were set at 0.1 mgfrdl0.2 mg/ml respectively.

A concentration of 0.1 mg/ml of each of the elepd®nolic compounds was added
individually to thep-GAL and-GUD enzyme assays. The results are represented in
Figure 4.1 fo3-GAL and Figure 4.2 fop-GUD, respectively.

All assays performed were blanked with the relevarifers and the positive control

consisted of enzyme and buffer without any phermimpounds present.

45 MATERIALSAND METHODS

45.1 p-GAL assays

The CPRG assay performed in this study was addpied Chenget al. (2002). The
assay buffer used was a 0.1 M sodium phosphaterbyifl 7.0. A substrate solution
of 0.75 mM CPRG (Roche Molecular Biochemicals)utitl in the sodium phosphate
buffer, was prepared. A 100 aliquot stock solution in buffer of commercf®GAL
enzyme (Sigma Aldrich G-2519, EC 3.2.1.23) was theded to a well in a microtiter
plate to give a final concentration of 6.88 x°1tM, followed by 10Qul of the CPRG
solution to initiate the reaction. The change is@bance was detected at 550 nm at
37°C for 30 minutes, reading at one minute intervalsad®owerwayemicrotiterplate
reader (Bio-Tek Instruments, Inc., USA). All assayee performed in triplicate.

4.5.2 B-GUD assays

The enzyme assay used to deternfif@UD activity was adapted from Fisher and
Woods (2000). The substrate PNPG was prepareday dmiffer at a concentration of
10 mM. The assay buffer consisted of 0.1 M Tris-H@H 8.0 containing 0.6 mM
CaCb. Commercialp-GUD was obtained from Sigma-Alrich (G 7396, EC1331)
and prepared in the assay buffer above. A di0gliquot stock solution in buffer of
enzyme was placed in a microtiterplate well to givienal concentration of 6.88 x

10° nM, after which 100ul of PNPG substrate was added to initiate the i@act
which was monitored at 405 nm for 10 min takingdiegs every 30 seconds at’G7

on a Powerwavamicrotiterplate reader (Bio-Tek Instruments, IngSA).
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4.5.3 B-GAL and p-GUD assaysin the presence of phenolic compounds

In order to observe the effects of the eleven R&Bdl above of-GAL and f-GUD
enzyme activity, the same assay parameters wedeassagescribed above but with the
addition of each individual phenolic compound. indual stock solutions (0.2
mg/ml) of each phenolic compound were prepared ibgotiing the compounds in
either acetonitrile or dimethylsulfoxide, and thdiluting using an appropriate amount
of HPLC grade water to the required volume. A migtaf the respective enzyme and
individual phenolic compound was prepared to gimalfconcentrations of 0.1

mg/ml and 0.2 mg/ml of each phenolic compound, dddeghe wells in the microtitre
plate, and placed in the Powerwawaicrotiterplate reader until a temperature ofG37
was reached. The respective substrates were théedaand the reactions were
monitored. Controls for the respective buffer amdyee, and a second control of
substrate and buffer were performed at each phemutentration used. All assays
were performed in triplicate.

In this field of water research, concentrations rage commonly expressed in mg/l
than molarity and therefore all phenolic concerdret in this thesis have been
expressed as mg/l. For the various concentratieeldeused in initial studies to test
the effects of the eleven PPP compounds ort8AL and B-GUD assays, a stock
solution of 2.5 mg/ml was made and diluted to alficoncentration of 1 mg/ml, 2.5
pg/ml and 0.2 ug/ml, respectively.

4.6 RESULTSAND DISCUSSION

4.6.1 Selection of organic solventsto dissolve the phenolic compounds.

Since phenolic compounds are not totally solublevater, an organic solvent was
used to dissolve these compounds prior to addingCH&§ade water to the desired

volume for stock solutions. It was therefore crudiat the organic solvent used to
dissolve the phenolic compounds would not interfeith the enzyme assays, so that
only the effects of the eleven PPP being monitevedld be observed.

Acetonitrile was selected as the organic solventhies purpose. Initial studies were

performed to establish whether or not acetonitcibmtributed to any background

interference. These experiments were performed both enzyme assays using only
the enzyme[{-GAL or -GUD) and acetonitrile without any of phenolic camapds

present. The organic solvent was tested at the sameentrations as those present
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during the investigation of the effects of the eleWwPP on th@-GAL and -GUD

assays.

4.6.1.1 Effects of Acetonitrile
4.6.1.2 Solvent selection for the B-GUD enzyme assay
When tested in th@-GUD assay acetonitrile was shown to be a commasblvent,

resulting in little background interference, as barseen in Figure 4.1 below.
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Figure 4.1 Effect of acetonitrile of;-GUD enzyme assay. Data points represent the
means = SD (n=3).

4.6.1.3 Solvent selection for the B-GAL enzyme assay

When tested in the}-GAL assay; however, acetonitrile contributed tomso

background interference, at a concentration of \154) (see Figure 4.2).
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Figure 4.2 Effects of acetonitrile of-GAL assay. Data points represent the means +
SD (n=3).

For this reason, alternative organic solvents whlezefore also investigated. The
following additional organic solvents were testeddetermine which would be the
most compatible: dimethyl sulfoxide (DMSO), ethaantl acetone.

Once again, organic solvents at the same concemsads those used to dissolve the
phenolic compounds were tested with fRE€AL assay. The results are represented in
the graphs below. The organic solvent DMSO (FiguB} was found to give the least
background interference in tifieGAL assay when compared to acetonitrile (Figure
4.2), and ethanol and acetone (Figures 4.4 and % most compatible solvent
which was selected to dissolve the phenolic comgsuor thep-GAL assay was
therefore DMSO.
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Figure 4.3 Effect of DMSO on thg-GAL assay. Data points represent the means +
SD (n=3).
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Figure 4.4 Effect of Ethanol orf-GAL enzyme assay. Data points represent the

means = SD (n=3)
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4.6.2 Effects of eleven PPP on the B-GAL and p-GUD enzyme assays

A concentration of 0.1 mg/ml of each of the phemaompounds was added

individually to the B-GAL and B-GUD assays. These were done in triplicate in
microtiter 96 well plates and read in the Powerwawaler the above conditions for

the respective assays. The blank consisted of uffferband substrate. The positive

control consisted of buffer, enzyme and substratethis represented 100% enzyme

activity.

4.6.2.1 Effects of 0.1 mg/ml of each PPP on the B-GUD assay

As can be seen in Figure 4.6, two compounds (nametytrophenol and 2,4-
dinitrophenol) activate@-GUD enzyme activity. For both of these compourus t
mean value exceeded the maximum absorbance of 4.r&@bt of the compounds
produced an inhibitory effect, with the eleventimpmund (2-nitrophenol) exhibiting
a large negative absorbance and interfering wit4&UD assay.
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Figure 4.6 Inhibition and activation off-GUD activity in the presence of various
phenolic compounds at a concentration of 0.1 mgData points represent the means
+ SD (n = 3).

4.6.2.2 Effects of 0.1 mg/ml of each PPP on the B-GAL assay

The results observed with the eleven phenolic camgs ang-GAL showed that all
the compounds (with the exception of 2-chlorophghal an inhibitory effect on the
enzyme assay (see Figure 4.7). The compound 2egtienol resulted in a similar
absorbance to the positiy@ GAL control (i.e. no phenolic compound present -
“Enzyme”). The compound 2,4-dichlorophenol exhiBitéhe greatest degree of
inhibition, followed closely by 4-chloro-3-methylphol; 4,6-dinitro-2-methylphenol

and pentachlorophenol.
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Figure 4.7 Inhibition of B-GAL activity in the presence of the eleven PPRtisby

the USA EPA at a concentration of 0.1 mg/ml. Dadants represent the means + SD

(n=3).

4.6.3 The effects of each of the PPP at concentrations higher and lower than 0.1
mg/ml on the B-GAL and p-GUD enzyme assays

Studies were performed at higher and lower conagatrs than 0.1 mg/ml for the
phenolic compounds in order to observe the effettgarious concentration levels.
For thep-GAL assays four different concentrations were usednely 0.2ug/ml, 2.5
ug/ml, 1 mg/ml and 2.5 mg/ml. The three differenbcentrations used for the
B-GUD assays were 0i@y/ml, 1 mg/ml and 2.5 mg/ml.

4.6.3.1 The effects of the eleven PPP on the B-GAL enzyme assay at
concentration levels of 0.2 pg/ml, 2.5 pg/ml, 1 mg/ml and 2.5 mg/ml

The graphs illustrating the results of the effeatsthe eleven PPP in th&GAL
assays at concentrations of u@ml (Figure 4.8) showed little or no effect on the

enzyme activity. There was, however, a slight attbn with the addition of the
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compounds 2,4-dichlorophenol, 4,6-dinitro-3-metlmdpol, 2,4,6-trichlorophenol and
pentachlorophenol at the level of ug@/ml (Figure 4.8). The addition of 24g/ml
(Figure 4.9) of each the PPP to &AL assay demonstrated inhibitory effects on
the B-GAL enzyme activity by all eleven compounds.
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Figure 4.8 Effect of 0.2ug/ml of each of the eleven PPP on the B-GAL enzyme
assay. Data points represent the means + SD (h = 3)
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Change in A550 nm (mOD/min)

Enzyme
Phenol

4-Nitrophenol
2-Chlorophenol
2-Nitrophenol
2,4-Dinitrophenol
2,4-
Dimethylphenol
4-Chloro-3-
methylphenol
2,4-
Dichlorophenol
4,6-Dinitro-2-
methylphenol
2,4,6
Trichlorophenol
Pentachlorophenol

Phenolic compounds (2.5 pg/ml)

Figure 4.9 The effect of 2.5ug/ml of each the eleven PPP pGAL enzyme assay.

Data points represent the means + SD (n = 3).

At higher concentrations of the PPP i.e. at 1 mgfRgure 4.10) and 2.5 mg/mi
(Figure 4.11) the interference observed was eveatgr, implying that the higher
concentrations of the eleven PPP resulted in eveater inhibition of the3-GAL

enzyme assays.
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Figure 4.10 The effect of 1 mg/ml of each of the eleven PPPBGBAL enzyme

assay. Data points represent the means + SD (n = 3)
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Figure 4.11 The effect of 2.5 mg/ml of each of the eleven PRRhep-GAL enzyme
assay. Data points represent the means + SD (n=3).

4.6.3.2 The effects of the eleven PPP on the B-GUD enzyme assay at
concentration levelsof 0.2 pg/ml, 1 mg/ml and 2.5 mg/ml

As with B-GAL, the B-GUD assays were performed at various concentstton
determine the affects of various concentration lkewd the eleven PPP as well as
reproducibility. As seen in Figure 4.12 below, &epolic compound concentrations
of 0.2 ug/ml, the effect of the PPP compounds onfiHeUD enzyme assay varied.
The effects were either activating or inhibitorythe 3-GUD enzyme assay.
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Figure 4.12 The effect of 0.2ug/ml of each of the eleven PPP p#GUD enzyme

assay. Data points represent the means + (n=3).

At the higher concentrations, i.e. 1 and 2.5 mgtm, effects on th@-GUD assay
were much more pronounced.

At a concentration of 1 mg/ml (Figure 4.13) thesetf of the phenolic compounds on
the B-GUD enzyme assay varied greatly with four compaunamely 4-nitrophenol,
2-nitrophenol, 2,4-dinitrophenol and 4,6-dinitra¥ethylphenol giving readings
above the maximum of 4 mOD, and 2-chlorophendaaling at 3.269 mOD. These
readings indicate a large activating effect by ¢hesmpounds.

The effect of 2,4,6-trichlorophenol was differengntributing to a negative mOD
reading, as did pentachlorophenol and 2,4-dichloeapl, indicating an inhibitory
effect.

At 2.5 mg/ml (Figure 4.14) the phenolic compountevged a similar pattern of
activation. The reading for five of the compoundsjitrophenol, 2-nitrophenol, 2,4-
dinitrophenol, 4,6-dinitro-2-methylphenol and 24@hlophenol exceeded the
maximum of 4mOD while 2-chlorophenol was slightlgwer at 3.754 mOD.

Interestingly, 2,4,6-trichlorophenol and pentacbfidrenol went from inhibitory at
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1 mg/ml to activating at 2.5 mg/ml. The two compds 4-chloro-3-methylphenol
and 2,4-dichlorophenol also showed greater inhipiteffects at 1 mg/ml and 2.5

mg/ml compared to the concentration of 0.2 pg/mil.
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Figure 4.13 The effect of 1 mg/ml of each of the eleven PPPB&BUD enzyme

assay. Data points represent the means + (n=3).
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Figure 4.14 The effect of 2.5 mg/ml of each of the eleven PRB-&UD enzyme

assay. Data points represent the means + SD (n=3).
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4.7 INHIBITION AND ACTIVATION STUDIES OF THE FIVE SELECTED
PHENOLIC COMPOUNDSON THE p-GAL AND B-GUD ENZYME ASSAYS

Further inhibition and activation studies were parfed, selecting five of the original
PPP compounds used.

For the B-GAL enzyme assay, four of the compoundsnealy 4-chloro-3-
methylphenol, 2,4-dichlorophenol, 4,6-dinitro-2-imgphenol and pentachlorophenol
were selected on the basis of exhibiting the mualsibition on the activity of th@-
GAL enzyme assay when the eleven PPP were addedl.fifth compound (2-
chlorophenol) was also selected based on theHatthie chemical structure is similar
to chlorophenol red, which is the product formedha -GAL enzyme assay when
the substrate CPRG is hydrolysed. This selectiocgss was based on the results in
Figure 4.7 representing the effects of the eleveR Bdded at a concentration of 0.1
mg/ml to thep-GAL enzyme assayStatistical analysis revealed that the effects of
these phenols were indeed significant (P < 0.05hgudMicrosoft Excel 2003
statistical tool at 5% level of significance. Altigh the effect of 2-chlorophenol was
not significant (P>0.05), this compound was aldected for further study since this
product is formed in the CPRG assay.

The selection for th@-GUD enzyme assay was based on two of the compotnds
nitrophenol and 2,4-dinitrophenol showing a dramadctivation on the3-GUD
enzyme assay. Furthermore, 4-nitrophenol is thelymoformed during th@-GUD
enzyme assay when the substrate PNPG is addedreitaning three compounds
2,4-dimethylphenol, 4-chloro-3-methylphenol and-@ighlorophenol, were selected
because these compounds showed a high degreeilmtiorthto thep-GUD enzyme
assay. As with thg-GAL enzyme assay, these findings were observedwhe
eleven PPP were added individually at a concentradi 0.1 mg/ml to thg-GUD
enzyme assay (Figure 4.6). Statistical analysiealed all five of these phenolic
compounds that were selected for further study webards to the potential for
interference of phenolic compounds to have a st effect on the activity df-
GUD (P<0.05).

In order to confirm reproducibility, the above figelected PPP compounds for both
the B-GAL andB-GUD enzyme assays were added individually at aeetmation of
0.1 mg/ml to each of the enzyme assay. The reaudtgepresented in Figures 4.15
and 4.16 below.
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As can be seen from these graphs (when compatéeé tearlier studies performed at
this concentration), the trends were very simitarthe selected phenolic compounds
in both assays.

For the B-GAL assay (Figure 4.15) all five selected PPP gstbwnhibition.
Interestingly, 2-chlorophenol exhibited an inhiljto effect compared to an
insignificant effect in Figure 4.7 at the same canrtcation.

For the p-GUD assay (Figure 4.16), the two compounds 4-pitemol and 2,4-
dinitrophenol revealed an activating effect whidrresponded to the earlier studies
performed in Figure 4.6 at the same concentratibme two compounds 2,4-
dimethylphenol and 4-chloro-3-methylphenol agaiovedd an inhibitory effect as in
Figure 4.6. The fifth compound (2,4-dichlorophenshiowed no significant effect;
however, this compound showed an inhibitory effecthe same concentration in
Figure 4.6.
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Figure 4.15 Effect of five selected phenolic compounds at 0.1 mg/m| @BtGAL

enzyme assay. Data points represent the means(t=&J).
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Figure 4.16 The effect offive selected phenolic compounds at 0.1 mg/ml anpth

GUD enzyme assay. Data points represent the me8bs(8=3).

4.8 THE EFFECTS OF THE SELECTED PPP COMPOUNDS ON B-GAL AND
B-GUD ENZYME ASSAYS

Detailed investigations were performed on the Sedéected compounds f@rGAL
and B-GUD. These were inhibition studies performed or thterference of the
selected phenolic compounds on fR6GAL and B-GUD assays by investigating the
effects of 0.1 mg/ml and 0.2 mg/ml of each phenalbmpound on the enzyme
assays at various levels of substrate varying 0aim 2.5 mg/ml (for PNPG) and O to
1 mg/ml (for CPRG).

Double-reciprocal Lineweaver-Burk plots for eachepblic compound were then
constructed using the data obtained. From thegehgrahe type of inhibition was
elucidated. Three types of inhibition were idaatif competitive, non-competitive
and mixed inhibition. Secondary plots were thenstautted in order for the inhibitor

constant Kto be calculated.
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4.8.1 B-GAL assays effected by the five selected PPP

In the B-GAL enzyme assays, the types of inhibition exleitbiby four of the phenolic

compounds tested were as follows: 4-chloro-3-metigthol (competitive); 4,6-

dinitro-2-methylphenol (competitive); 2,4-dichlofmgnol (non-competitive) and

pentachlorophenol (competitive). The fifth phenoltompound, 2-chlorophenal,

exhibited no significant effect on the normal réattobserved in the absence of

inhibitor. These results are listed in Table 4.1.

The inhibition described above was attributed teh#ro-3-methylphenol, 4,6-
dinitro-2-methylphenol and pentachlorophenol conmgetor the same binding site as
the substrate CPRG, since this study revealed ciwvepi@hibition. The compound
2,4-dichlorophenol also bound to an alternativedinig site on the B-GAL enzyme
molecule, as in case of the non-competitive intghit This resulted in a decrease in

velocity of the enzyme reaction.

The fifth compound, 2-chlorophenol, did not show aignificant effects on the

B-GAL enzyme assay.

4.8.2 B-GUD assays effected by the five selected PPP

Three of the phenolic compounds were tested in3t#JD enzyme assay. Both 4-
chloro-3-methylphenol and 2,4-dichlorophenol dentiated mixed inhibition; while
2,4-dimethylphenol showed competitive inhibitiorable 4.2).

The inhibitory effects on thel-GUD enzyme assay was attributed to 2,4-
dimethylphenol competing for the same binding agehe substrate PNPG on fhe
GUD molecule. The compounds 4-chloro-3-methylpheantl 2,4-dichlorophenol
combined to the same active site as the substhNf&Ras well as an alternate binding

site on theg-GUD enzyme molecule.

4.8.3 Activation of the B-GUD enzyme assay

Figure 4.17 below shows activation of tfegGUD enzyme assay with increasing
concentrations of 4-nitrophenol and 2,4-dinitroptierAt 100 pg/ml addition 4-

nitrophenol exceeded the maximum absorbance.
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This activation occurred due to the fact that thedpct formed in th@-GUD enzyme

assay was also 4-nitrophenol, hence the activattben 4-nitrophenol and 2,4-
dinitrophenol were added to the assay. These pitecompounds are identical (4-
nitrophenol) and similar (2,4-dinitrophenol) to tpeoduct (4-nitrophenol) formed
during thep-GUD enzyme assay. The colour formed in lA&UD enzyme assay
with PNPG as the substrate was yellow in colouiis Bolution absorbed at 405 nm;
the yellow colour of these phenolic compounds absorbed at this wavelength

resulting in false positive results.

[ 4-nitrophenol
M 2,4-dinitrophenol

3.5

2.5

1.5

Change in A405 nm/min (mOD)

0.5 -

0 1 25 5 10 25 50 100
4-nitrophenol and 2,4-dinitrophenol (ug/ml)

Figure 4.17 Activation of theB-GUD enzyme assay by the addition of 4-nitrophenol
and 2,4-dinitrophenol. Data points represent thamae: SD (n=3).

49 LINEWEAVER-BURK PLOTSFOR THE INHIBITORY COMPOUNDS
Although the Hanes-Woolf, Woolf-Augustinsson-Hoéstand Eadie-Scatchard plots
are more accurate these highly specialized pla&suafamiliar to researchers in the

water field. We therefore decided to use the trawti Lineweaver-Burk plots to

identify the type of inhibition and to determindibition constant values.
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Figures 4.18 to 4.24 represent Lineweaver-Burkspilidstrating types of inhibition
occuring due the addition of phenolic compoundthe-GAL and B-GUD enzyme
assays. Secondary plots of the Lineweaver-Burksplagre constructed in order to

determine the respective ¥alues.
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¢ B-GAL W B-GAL+ 0.1 mg/ml 4-Chloro-3-methylphenol B-GAL + 0.2 mg/ml 4-Chloro-3-methylphenol
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Figure 4.18 (A) Primary Lineweaver-Burk plot showing competitivéiiition of the
B-GAL enzyme at 6.88 x 1T0nM and 4-chloro-3-methylphenol at 0.1 mg/ml and 0.2
mg/ml. Data points represent the means + SD (n83)The corresponding secondary

plot indicating a Kvalue of 0.540 mg/ml.
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Figure 4.19 (A) Primary Lineweaver-Burk plot showing competitivéiioition of the
B-GAL enzyme at 6.88 x 10nM and 4,6-dinitro-2-methylphenol at 0.1 mg/ml and
0.2 mg/ml. Data points represent the means = SIB){B) The corresponding

secondary plot indicating a Kalue of 0.585 mg/ml.
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Figure 420 (A) Primary Lineweaver-Burk plot showing non-compegtimhibition

of the B-GAL enzyme at 6.88 x ITtnM and 2,4-dichlorophenol at 0.1 mg/ml and 0.2

mg/ml. Data points represent the means + SD (né8)The corresponding secondary

plot indicating a Kvalue of 0.571 mg/ml.
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Figure 4.21 (A) Primary Lineweaver-Burk plot showing competitivéiiition of the
B-GAL enzyme at 6.88 x InM and pentachlorophenol at 0.1 mg/ml and 0.2 mg/ml
Data points represent the means + SD (n€B).The corresponding secondary plot

indicating a Kvalue of 0.970 mg/ml.
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Figure 4.22 (A) Primary Lineweaver-Burk plot showing mixed inhibiti of thep-
GUD enzyme at 6.88 x TnM and 4-chloro-3-methylphenol at 0.1 mg/ml and 0.2
mg/ml. Data points represent the means + SD (n83)The corresponding secondary

plot indicating a Kvalue of 0.857 mg/ml.
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Figure 4.23 (A) Primary Lineweaver-Burk plot showing competitivéiioition of

the B-GUD enzyme at 6.88 x TinM and 2,4-dimethylphenol at 0.1 mg/ml and

0.2 mg/ml. Data points represent the means + SI3)(i{B) The corresponding

secondary plot indicating g Kalue of 0.274 mg/ml.
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Figure 4.24 (A) Primary Lineweaver-Burk plot showing mixed inhibiti of thep-
GUD enzyme at 6.88 x ThM and 2,4-dichlorophenol at 0.1 mg/ml and 0.2 mg/m
Data points represent the means + SD (r{B3)The corresponding secondary plot

indicating a Kof value of 0.500 mg/ml.
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Table 4.1 Type of inhibition exhibited and ;KWalues by five PPP compounds when
added to th@-GAL assay.

B-GAL ENZYME ACTIVITY
Ki
PHENOLIC COMPOUND TYPE OF INHIBITION (mg/ml)
0.54
4-chloro-3-methylphenol competitive
0.585
4,6-dinitro-2-methylphenol competitive
0.571
2,4-dichlorophenol non-competitive
0.970
pentachlorophenol competitive
2-chlorophenol no-inhibition

Table 4.2 Type of inhibition exhibited and jKalues by three PPP compounds when
added to th@-GUD assay.

B-GUD ENZYME ACTIVITY

PHENOLIC COMPOUND TYPE OF INHIBITION (mg/iml)
4-chloro-3-methylphenol mixed 0.857
2,4-dimethylphenol competitive 0.274
2,4-dichlorophenol mixed 0.500
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4.10 CONCLUSION

The eleven phenolic compounds listed by the US PpRsent in the environment
were indeed able to affeftGAL and 3-GUD enzyme activity. There is therefore a
possibility that an over or under estimationBeGAL and-GUD enzyme activities

can be obtained when these phenolic compoundsesert in the environment.

The different concentrations clearly had variede&l on the activities of both
enzymes. These effects were also concentration ndepé These phenolic
compounds competed for the same active sites asuthsrates used in these assays
as well as combined to alternate sites on the eaaywlecules. In mixed inhibition
the inhibitors could also be binding to the enzyubstrate complex, thereby

reducing the velocity of the reaction.

As revealed in this chapter the interference of éleven PPP compounds on the
B-GAL and B-GUD assays were concentration dependent. It wargfitre important
to detect and quantify each of the eleven PPP pré@se¢he water environment where
the enzyme$-GAL and B-GUD (i.e. from coliform ancE. coli source) are expected
to be found. The following chapter (Chapter 5) éhere involved HPLC method
development and validation for the simultaneougd&in and quantification of the

eleven PPP compounds found in the contaminateer\eatironment.
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CHAPTER 5

HPLC ANALYSIS: METHOD DEVELOPMENT, VALIDATION AND
SIMULTANEOUS QUANTIFICATION OF ELEVEN PPP COMPOUNDS IN
WATER

5.1 INTRODUCTION

An HPLC method has to be validated in order shopragucibility as well as
reliability in the data and results produced. Aidaled method demonstrates
effectiveness and therefore allows confidence m itiethod (Buicket al., 1990;
Edwardsoret al., 1990).

The phenolic compounds analyzed in this study ammd in the environment, and
HPLC was the most suitable method of analysisHerdetection of these compounds
(Pocurull et al., 1996). It was therefore critical that the methedspecific for the
analytes of interest and had the ability to def@atnolic compounds at the levels
required by legislation. In the process of validatithe method was required to meet
a series of criteria.

The method validation process requires a serigesté to be performed. These are
reproducibility, accuracy, precision, linearity,bustness, ruggedness, specificity,
limit of detection (LOD), limit of quantificationLOQ) as well as recoverability.
(Inman and Rickard, 1988uick et al.,1990; Edwardsost al., 1990).

In this chapter the above parameters were discuasddapplied to the analytical
method used to simultaneously detect eleven phermimpounds in water and
furthermore, to demonstrate that the proposed ndethes suitable for its intended
purpose.

This chapter demonstrated that the developmentvaindhtion of an HPLC method to
successfully and simultaneously separate the elB¥& compounds found in water.

The collected data and related calculations wezegmted and discussed.
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5.2 VALIDATION PARAMETERS

5.2.1 Analytical standards

Before proceeding with the method validation preceaithentic reference standards
with known purity, of HPLC grade, were obtainedar®tards of known concentration
were prepared and the decomposition over time wbdeunder specific storage
conditions was observed. In this study, pure campe were purchased from Sigma-
Aldrich and Merck chemical companies.

5.2.2 Reproducibility

The reproducibility of a method is tested by muéiigample injections of the pure
standard under the same operational parameterlagetving the fluctuations in
retention time, peak height or peak area. Accortintpe International Convention on
Harmonization (ICH) the number of injections shollé a minimum of nine

injections over a specific range (Buiekal., 1990).

5.2.3 Accuracy

Accuracy is the closeness of agreement betweenrdlbeor reference value that is
found by the test method. This is an absolute mreasent and is dependent upon
precision and specificity. To report accuracy, datsst be collected from a minimum
of nine determinations over at least three conaéntr levels over a specified range
(Buick et al., 1990; Swartz and Krull, 1997).

5.2.4 Precision

Precision is an indication of reproducibility. Umdihe same analytical conditions
precision is a measure of closeness of agreemetiteotlata values from multiple
sampling or sample injections onto an HPLC systéhs must be from the same
homogenous sample and at a minimum of three diffezencentrations. Precision is
calculated as the relative standard deviation (R8@)e peak areas or peak heights

(Buick et al., 1990; Edwardsost al., 1990; Swartz and Krull, 1997).
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5.2.5 Range

The range of a method is the concentration interba&tween the upper and lower
levels of the analyte that have been demonstraiebdet analysed with accuracy,
precision and linearity (Buickt al., 1990; Edwardsod al., 1990).

5.2.6 Linearity

The linearity of a method is demonstrated whenrésponse is directly proportional
to the analyte concentration over a given workigmge (Buicket al., 1990;
Edwardsoret al., 1990). The range at which the experiments areopned should
be 25-200% of the nominal concentration of anaBigck et al., 1990, Edwardsost
al., 1990). According to Edwardsoet al. (1990) the proportional relationship
between the concentration of the analyte and thporese ensures confidence in the
method and confirms that a single reference standan be used to perform
calculations, rather than using the equation of dhkbration line. Linearity is the
variance of the slope of the regression line, thasttsquare linear regression
mathematically defines the calibration line. ThédlGuidelines state that a minimum

of five concentration levels should be used.

5.2.7 Specificity

Specificity is the ability of the chromatographigugoment to detect and resolve the
peaks of interest; it is a measure of a methodisiseity to potential sample-related

hindrance. It is the ability of the methods abilitydetect the analyte of interest in the
presence of other compounds in the same samptaisirspecific study, the method

developed to detect the eleven phenolic compoumdsgater should demonstrate its
specificity for each compound. It is critical thhe peak of interest is due to a single

component response and not due to co-elution obtwoore compounds.

5.2.8 Robustness and ruggedness

Robustness is the ability of the method to remaiaffected by small variations in the
method. These include assaying of the same sesafts by two analysts (Edwardson
et al., 1990), changing brands or batches of compounds vanging makes of

equipment.
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5.2.9 Limit of Detection (LOD)

The limit of detection (LOD) is defined as the I@&eoncentration of an analyte in a
sample that can be detected above the baseline. fidiss measurement is dependent
on background signal that could be due to eleatranise or an endogenous sample.
This parameter cannot be quantified, but shouldtdeast at a 3:1 ratio of signal to

noise (Buicket al.,1990; Edwardsost al., 1990; Swartz and Krull, 1997).

5.2.10 Limit of Quantification (LOQ)

The LOQ is defined as the lowest concentrationnofmalyte in a sample that can be
determined above the baseline noise with acceptapeducibility, precision and
accuracy by the method used (Buétlal., 1990; Edwardsost al., 1990; Swartz and
Krull, 1997).

53 HPLC METHOD DEVELOPMENT PROCEDURES FOR THE
SIMULTANEOUS DETECTION OF ELEVEN PPP COMPOUNDS.

Introduction

Literature revealed reverse phase high-performdiped chromatography (RP-
HPLC) to be the most commonly used method for tihalysis of phenolic
compounds in the environment. Ultraviolet detecttwith a mobile phase at acidic
pH is most widely used (Pocurdi al., 1996; Angelino an&Gennaro, 1997; Zhao and
Lee, 2001; Grynkiewcet al., 2002; Asan and Isildak 2003).

Sulimanet al. (2006) used fluorescent detection in conjunctigtih DAD. Angelino
and Gennaro (1997) and Pocurlial. (1996) used wavelengths of 285 and 280 nm,
respectively. While Gonzalez - Toledbal., (2001) used four different wavelengths
(278 nm, 268 nm, 311 nm and 302 nm) to detect ofrtee eleven priority pollutant
phenols. Zhao and Lee (2001), however, used a emagtl of 220 nm to detect six
of the phenolic compounds.

The mobile phases used were most frequently cordpo§eeither acetonitrile or
methanol as the organic phase with the aqueou® @tas acidic pH using a gradient
mode of elution. Zhao and Lee (2001), however, aseidocratic elution method.
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The analytical columns used were mainly reverses@llumns with C18 packing
material and 5 um partical size (Pocumilll., 1996; Angelino and Gennaro, 1997;
Gonzalez - Toledet al., 2001; Grynkiewiczt al., 2002; Sulimaret al., 2006).

Some of these methods did not detect all elevearifyipollutant phenols (see
Chapter 1, Table 1.1), while methods that deteatieeleven phenolic compounds had
total retention times of about 27 minutes.

The official US EPA analytical method to analyzeepblic compounds is a GC
method with various detection techniques. This ethequires derivatization of
these compounds which is labour intensive. The t&srmgre extracted using liquid-
liquid extraction (LLE), which requires the use lairge volumes of expensive
solvents. These procedures require more samplanatem time, increased workload
for the analyst as well an increased risk of efkarutssonet al., 1996; Berhanet al.,
2006).

The US EPA method 528 (Munch, 2000) made use #& Bethod with analysis by
GC-MS, but reported interference by contaminardmfsolid phase sorbent.

The LOQ reported by Gonzalez-Toledal. (2001) for phenolic compounds found
in water was between 1 pg/l and A@/l. Both Pealver et al. (2002) andZhao and
Lee (2001) reported LOQ'’s from 0.5 to 2u§/I, while Pocurullet al. (1996) reported
LOQ’s from 0.02 to 0.0.g/l. Angelino and Gennaro (1997) indicated a LOQnT 5
to 15ug/l, while Sulimanet al. (2006) reported LOQ’s of 0.3 to 3@/l and LOD’s
between 0.1 and 3,@/I for these phenolic compounds.

In this chapter the development of a reproducitdgable method with a reasonable

retention time for the simultaneous detection ¢fetdven PPP was developed and

described.
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5.4 METHOD DEVELOPMENT PROCEDURES

5.4.1 Analytical column selection

Literature revealed that the type of analyticaluomhs used for the separation of
phenolic compounds consisted of eitheg 0oCC;g columnpacking material with 5 or
10 um particle size. Zhao and Lee (2001) used japarticle size Novapak C18
column (Pocurulkt al., 1996; Angelino and Gennaro, 1997; Grynkiewatal., 2001,
Zhao and Lee, 2001; Asan and Isildak, 2003).

The column selected for this specific study was aafs Symmetry® column with
C8 packing material and 5.0 um particle size. Tineedsions of the column were 3.9
mm internal diameter (ID) and 150 mm in length. Tdodumn was obtained from
Waters Corporation, Massachusetts, USA Part no. W&970.

The guard column used was a Sentry Symmetry® C8nbSguard column, with

dimensions of 3.9 mm ID and 20 mm in length whicswalso obtained from Waters.

5.4.2 Mobile phase selection
The optimum mobile phase selected for the simutias@letection of the eleven
phenolic compounds in water, in the present stadgsisted of an initial isocratic

application, followed by an additional gradientpste

The initial mobile phase that was selected congistean acetonitrile- water (40:60)
mixture. Seven of the eleven phenolic compoundseia phenol , 4-nitrophenol, 2-
chlorophenol, 2-nitrophenol, 2.4-dichlorophenotiero-3-methylphenol and 2,4-
dichlorophenol compounds, were detected and redphowever, baseline resolution
was not achieved between phenol and 4-nitrophé&mather four compounds (2,4-
dinitrophenol, 4,6- dinitro-2-methylphenol, trichbgphenol and pentachlorophenol)
were analysed but the resolution was very poor.

Adjustment of the pH of the mobile phase to aniagii was attempted, in order to
protonate the analytes resulting in the compourdsining more polar. The addition
of 1% (v/v) acetic acid to the water componenthef mobile phase (now referred to
as mobile phase A) achieved the desired resolbtween all eleven compounds.
The acidic pH was necessary as this enhancedpihyehlilic properties of the phenolic

compounds analysed (Angelino a@eénnaro, 1997).
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However, the retention time for pentachlorophenas w7 minutes, which was not
optimal. This long retention time was due to peh@®phenol being far less polar
than the other PPP compounds tested, and thereimaning on the analytical
column for a longer period. A gradient step waslengented at 18 minutes once the
other ten compounds had been eluted off the collmmmploy the gradient step, a
solvent of 100% acetonitrile (mobile phase B) wasoduced over a duration of 2
minutes, until a ratio of 10% mobile phase A: 90%bife phase B was reached, and
this composition was maintained until the end efrin. This reduced the run time to
22.9 minutes for pentachlorophenol, and this waaceptable run time for the

elution of all eleven compounds.

5.4.3 Wavelength selection
A wavelength of 280 nm was selected for the desactf all eleven compounds,
although 300 nm could be used to increase the tsatysiof pentachlorophenol

detection.

5.4.4 Flow rate

A standard flow rate of 1 ml/min was employed.

5.4.5 Temperature selection
The column was maintained at ambient temperatur@ @ontrolled air-conditioned
room at 22C.

5.5 OPTIMUM CHROMATOGRAPHIC PARAMETERS DEVELOPED FO R
THE SIMULTANEOUS SEPARATION OF THE ELEVEN PPP COMPO UNDS

Mobile phase:

Mobile phase A: Acetonitrile and 1% (v/v) acet@din a ratio of 40:60

Mobile phase B: Acetonitrile 100%

Gradient: 100% mobile phase A for 18 minutes.

At 18 minutes changed to 90% mobile phase B owkration of 2 minutes and
remained at 10% mobile phase A and 90% mobile pBasdil the end of the run.

Analytical column: Waters Symmetry® C8 5um (3.9 x 150 mm)
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Guard column: Waters Sentry guard column C8 5um (3.9 x 20 mm)

Column back-pressure:1680 psi

Wavelength Detection:280 nm

Column temperature: Ambient

Injection volume: 20 ul (fixed loop)

5.6 STANDARD PREPARATIONS

Standards

phenol (Sigma-Aldrich, P 5566)

4-nitrophenol (Sigma-Aldrich, 1048)
2-chlorophenol (Sigma-Aldrich, 18 577-9)
2-nitrophenol (Sigma-Aldrich, V1970-2)
2,4-dinitrophenol (Riedel de-Haen, 34334)
2,4-dimethylphenol (Sigma-Aldrich, D174203)
4-chloro-3-methylphenol (Sigma-Aldrich, C5 540-2)
2,4-dichlorophenol (Sigma-Aldrich, 10 595-3)
4,6-dinitro-2-methylphenol (Fluka, 42120)
2,4,6-trichlorophenol (Sigma-Aldrich, T5, 530-1)
pentachlorophenol (Sigma-Aldrich, P260-4)

Individual stock solutions of 0.1 mg/ml of the alkogleven PPP compounds were

prepared by weighing approximately 10 mg in “A” dgal00 ml volumetric flasks

and dissolved in 100 ml acetonitrile. The final centrations were calculated for each

individual phenolic compound. Working solutionslofig/ml were prepared in HPLC

grade water by performing serial dilutions of theowe stock solutions. Sample

volumes of 20ul were injected onto the column to determine thernton time of

each phenolic compound.
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After the retention time of each phenolic compowaas determined all eleven
compounds were mixed and glof the mixture was injected onto the column.

In order to check the robustness of the methodpmmercially available phenol mix
of the eleven compounds was obtained from BDH (ERA@roduct no. 12474R) and

injected onto the column using optimal chromatobraponditions.
5.6.1 Calibration Curves
The following eighteen concentrations for each It eleven phenolic compounds

listed above were prepared in HPLC grade water:

Table 5.1:List of PPP compounds concentrations in the cdldmacurves

Calibration Concentration
Mixture (ng/ml)
1 1.465 x 10
2 2.93 x 10
3 5.86 x 10
4 0.012
5 0.023
6 0.047
7 0.094
8 0.188
9 0.375
10 0.750
11 1.500
12 3
13 6.2
14 12
15 25
16 50
17 100
18 500
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5.7 INSTRUMENTATION, MATERIALS AND REAGENTS

5.7.1 Instrumentation
HPLC
The HPLC system consisted of the following:
1) Beckman System Gold 126 Solvent module (Beckmart@ounc., Fullerton,
California, USA).
2) Beckman System Gold 166 detector (Beckman Coulies,, Fullerton,
California, USA) .
3) Beckman 32 Kardl' Software Version 7.0 (Beckman Coulter, Inc., Eutn,
California, USA) .
4) Rheodyne 7725i injector with a 20 pl fixed loop.
5) Hamilton 100ul syringe (Hamilton Company, Reno, JSA
6) Symmetry® C8 5um 3.9 x 150mm analytical column,t Par. WATO04970
(Waters, Milford, Massachusetts, USA)
7) Symmetry® C8 5um 3.9 x 20mm Guard column, Part WAT054250
(Waters, Milford, Massachusetts, USA)

5.7.2 Additional equipment
1) Milli-Q Academic water purification system (Millipe, Bradford, USA).
2) Shimadzu Analytical Balance AUW120D (Shimanzu Coation, Kyoto,
Japan).
3) lonLab pH meter Level 1 (WTW, Meilheim, Germany).

5.8 MATERIALS AND REAGENTS

5.8.1 Mixture of phenols

Phenol mix, EPA 604, 0.5 mg/ml in methanol (BDH,rki€hemicals)

Phenol mix, Supelco SS EPA Phenols Mixture 500-25§tl in methanol (Sigma-
Aldrich)

5.8.2 Mobile phase
Acetonitrile (BDH 152516Q)
Acetic Acid (Sigma-Aldrich A 6283)
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Purified Milli-Q HPLC grade water was purified thugh a Milli-Q system which
used a process of reverse osmosis (Millipore Catpmr, Bedford, USA).

5.9 RESULTS

The chromatogram below (Figure 5.1) shows the gamebus detection and
separation of the eleven PPP found in water, usiagpptimum parameters developed
and validated in this study. The compounds elutethe following retention times:

phenol (3.283 min), 4-nitrophenol (3.917 min), 2ecbphenol (5.083 min), 2,4-

dinitrophenol (5.983 min), 2-nitrophenol (6.400 Mmir2,4-dimethylphenol (6.983

min), 4-chloro-3-methylphenol (8.250 min), 2,4-daophenol (9.850 min), 4,6-

dinitro-2-methylphenol (10.767 min), 2,4,6-trichd@henol (16.383 min) and

pentachlorophenol (22.933 min).

.............................................................................................
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Figure 5.1 Chromatogram showing the simultaneous detectioreleven priority

pollutant phenolic compounds listed by EPA USA sepsl using the optimum

parameters described
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5.9.1 Linearity

For this study the linearity of the eleven phenaoliere demonstrated by injecting

standards in the concentration range of 0.003/8nl-500 000ug/l. The calibration

plots were drawn by plotting the peak area versandard concentration between
0.0030-500 000 pg/l. Straight lines were alwaysamigid as demonstrated by the

regression parameters (Table 5.2).

As can be seen in Table 5.2 below, all eleven efghenolic compounds showed

good linearity with squared regression coefficie(§ ranging from 0.997 for

pentachlorophenol to 0.999 for 2,4-dichlorophenol.

Table 5.2Linear range , regression and correlation coefiict# eleven PPP

Phenolic compounds

Linearity range pg/l

Linear regression

Coefficient of
correlation (rz)

phenol 0.0030 - 500 000 Y =1.267x— 1.664 0.999
4-nitrophenol 0.006 - 500 000 Y = 4.361x — 7.656 0.999
2-chlorophenol 0.012 - 500 000 Y =2.141x -17.223 0.998
2,4-dinitrophenol 0.012 - 500 000 Y = 6.270x — 5.208 0.997
2-nitrophenol 0.006 - 500 000 Y = 6.967x —16.623 0.998
2,4-dimethylphenol 0.003 - 500 000 Y = 2.285x — 5.373 0.998
4-chloro-3-methylphenol 2.35 - 500 000 Y =1.634x — 3.985 0.998
2,4-dichlorophenol 2.35 - 500 000 Y =1.706x — 2.436 0.999
4,6-dinitro-2-methylphenol 2.35 - 500 000 Y =8.258x —17.895 0.998
2,4,6-trichlorophenol 2.35 - 500 000 Y =1.242x — 4.384 0.996
pentachlorophenol 0.002 - 500 000 Y = 0.404x — 3.466 0.967
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5.9.2 Limits of Detection (LOD) and Limits of Quantfication (LOQ)

Good limits of detection (LOD) and Limits of Qudidation (LOQ) were obtained
during the method validation compared to the ltime as can be seen in Table 5.3
below. The LOD was from 0.0015 ug/l for phenol dnditrophenolto 0.012ug/l for
2,4-dimethylphenol, 4-chloro-3-methylphenol, 2,4kdorophenol and 2,4,6-
trichlorophenol. The LOQ was found to be betwe®®8ug/l for phenol and
2,4-dimethylphenol and 2.3/l for 4-chloro-3-methylphenol, 2,4-dichlorpohenol,
4,6-dinitrol-2-methylphenol and 2,4,6-trichlophenol

Table 5.3LOD and LOQ of the eleven PPP using the validatBd € method.

Limit of detection (LOD) Limit of Quantification (LOQ)
Phenolic compounds Mg/l Mg/l
phenol 0.0015 0.003
4-nitrophenol 0.0015 0.006
2-chlorophenol 0.0059 0.012
2,4-dinitrophenol 0.0029 0.012
2-nitrophenol 0.0029 0.006
2,4-dimethylphenol 0.0117 0.003
4-chloro-3-methylphenol 0.0117 2.350
2,4-dichlorophenol 0.0117 2.350
4,6-dinitro-2-methylphenol 0.0029 2.350
2,4,6-trichlorophenol 0.0117 2.350
pentachlorophenol 0.0059 0.012
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5.9.3 Reproducibility, Accuracy and Precision

The reproducibility of the method was demonstratesing a multiple of nine
injections of three different concentration ranges,three injections at each standard
concentration. The results represented as %RSTalnte 5.4 below demonstrated
good reproducibility, accuracy and precision. Aingpounds at all levels showed
%RSD below 4%, with the exception of 2,4,5-triclojginenol at the concentration of
0.001 mg/ml which was at 7%.

Table 5.4 Summary of % RSD accuracy and precision studiesa Pepresent the

means (n=3).
0.005 | 0.01mg/ml
PHENOLIC 0.001lmg/ml | mg/ml (n=3)
COMPOUNDS (n=3) (n=3)

phenol 1.294 1.463 0.747
4-nitrophenol 0.632 1.928 0.730
2-chlorophenol 1.769 2.669 2.967
2,4-dinitrophenol 1.091 1.960 1.998
2-nitrophenol 1.000 3.716 1.970
2,4-dimethylphenol 1.639 2.394 0.472
4-chloro-3-methylphenol 1.267 1.324 1.218
2,4-dichlorophenol 1.862 2.763 2.477
4,6-dinitro-2-
methylphenol 0.264 3.264 1.545
2,4,6-trichlorophenol 7.001 3.113 2.824
pentachlorophenol 0.516 0.557 0.463
% RSD, n=3

5.9.4 Specificity

This method demonstrated the ability to detect qunantify the analytes of interest.

This was shown by mixing all eleven phenolic compsi and determining the

linearity. Each individual phenolic compound showaedinear relationship between

peak area and concentration. Furthermore, no artedf peaks were observed when
HPLC grade water, which was used for preparatiosanfiples was injected onto the
HPLC system. No interfering peaks were also olesemwhen a blank solid phase

extraction (SPE) was performed.
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5.9.5 Robustness of the HPLC method

The robustness and ruggedness of the method wstezl tby obtaining commercial
mixtures of the eleven PPP from Merck (BDH EPA&U¥nol mix 0.5 mg/ml in
methanol, product no. 124742R) and Sigma-Aldricupgdco SS EPA Phenols
Mixture 500-2500ug/ml in methanol). Both the commercial mixtures everepared
in methanol and not HPLC grade water and acettnitis in this study. The
chromatograms of the commercial mixtures compasaurably to the mixtures
made in this study. The resolution and retentiores of the peaks of the commercial
mixtures were exactly identical to those dissolwedhe mixture of acetonitrile /
HPLC grade water used to dissolve the phenolic amgs in this study as the
calibration and external standards. This methaoshatestrated good robustness to
variations in the sample mixture. The method was tble to detect the analytes of

interest in the presence of different matrices.

5.10 CONCLUSION

A reproducible, accurate, precise and sensitivehatkivas developed and validated
for the detection and quantification of the elev®dP listed by the US EPA. The
method was successfully applied to the simultanet®isction and quantification of
the eleven PPP compounds found in water. This ndetfould thus be used with

confidence for its intended purpose.

In the next chapter (Chapter 6), this newly devetbplPLC method was employed to
detect and quantify the eleven PPP in various wat@ironments, including rivers,
streams, and industrial site and effluent wastematatment plants in Grahamstown,

Eastern Cape, South Africa.
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CHAPTER 6

ANALYSIS OF ENVIRONMENTAL WATER SAMPLES USING SOLID
PHASE EXTRACTION (SPE) AND HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY (HPLC)

6.1 INTRODUCTION

Phenolic compounds are prevalent as pollutantsatemas they have huge industrial
applications. These toxic compounds are widely usgesticides, bactericides, wood
preservatives, synthetic intermediates, textilesp processing and leather tanneries
and are listed as priority pollutants because @firthoxicity to the environment
(Angelino and Gennaro 1997; Ohlenbusthl., 2000; Pealveret al., 2002).

In order to detect these compounds at the sengitraquired using analytical
techniques such as HPLC, the environmental wataplamust first be concentrated.
This will enable the HPLC method to detect the miiercompounds at trace levels,
which is how they mostly occur in the environment.

These compounds are polar in nature and are diffitouremove from aqueous
solutions and this represents an analytical chgde®ne of the earlier methods used
to concentrate the environmental samples is liGjgigid extraction. This method
requires the use of large quantities of organivesus (EPA, 1974; Angelino and
Gennaro, 1997).

More recently, solid phase extraction (SPE) hashbesed more frequently as a
preconcentration technique as an alternative taiditjquid extraction. Among the
type of SPE materials used are silica C18 micronak; Sep Pak cartridges,
polyurethane foams, porous graphic carbons, ligmplipidex gel and macroreticular
polymetric resins (Norén and Sjovall, 1987; Coquartl Hennion, 1992; Angelino
and Gennaro, 1997).

As mentioned in Chapter 1, there is a new generaifopolymers available for the
extraction and concentration of a wide spectrunaradlytes. These are Oasis® and
Absolute®, which are obtainable from Waters® andiaf@® respectively. These SPE
columns can be used to extract both polar and wter-gompounds, irrespective of
whether they are acidic, basic or neutral. Thigdus to the interaction between the
polymeric skeleton of the column and the functiogralups (Hennion, 1999; Bagheri
and Mohammadi, 2003).
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For this present study, the Oasis SPE columns f\aiters were selected to extract
the eleven PPP (listed below) from environmentdkewsamples.

Water samples were collected from rivers, streasns, industrial and wastewater

treatment plant effluents. For sake of comparisamples were obtained from both

running and stagnant streams at various timeseoyéar in order to observe seasonal

variations in the amounts of phenolic compoundsidbin these sources.

6.2METHODOGY

Materials
6.2.1 Phenolic compound standards
These were as listed in Chapter 1:

phenol (Sigma-Aldrich, P 5566)

4-nitrophenol (Sigma-Aldrich, 1048)
2-chlorophenol (Sigma-Aldrich, 18 577-9)
2-nitrophenol (Sigma-Aldrich , V1970-2)
2,4-dinitrophenol (Riedel de-Haen, 34334)
2,4-dimethylphenol (Sigma-Aldrich, D174203)
4-chloro-3-methylphenol (Sigma-Aldrich, C5 540-2)
2,4-dichlorophenol (Sigma-Aldrich, 10 595-3)
4,6-dinitro-2-methylphenol (Fluka, 42120)
2,4,6-trichlorophenol (Sigma-Aldrich, T5, 530-1)
pentachlorophenol (Sigma-Aldrich, P260-4)

6.2.2 Diethyl ether
Obtained from Burdick and Jackson Cat. 106-4, f&®1LB, GC, pesticide residue
analysis and spectrophotometry.

6.2.3 Extraction columns

Extraction columns used were Waters Oasis HLB 3uod part no. WAT094226,
Waters Corporation, Massachusetts, USA.
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6.2.4 Methanol
The methanol grade was LiCrosolv. for liquid chetagraphy, cat no.
1.06007.2500., purchased from Merk, Darmstadt, @agm

6.2.5 Nitrogen (Instrument grade)
The instrument grade nitrogen was used for evajporadand was obtained from

Afrox.

6.2.6 Equipment

6.2.6.1 Waters 20 position Extraction manifold

The manifold used for the SPE columns was obtaifinech Waters Corporation,
Massachusetts, USA, Part no. WAT 200606

6.2.6.2 Six-port Mini-Vap
The mini-vap was obtained from Chromatography Reseaupplies, KY, USA,
Catologue no. 201006.

6.2.7 Methods

6.2.7.1 Standard solution preparation

A stock solution of 10Qug/ml of each of the eleven phenolic compounds was
prepared and appropriate amounts of each phenoligpound were added to a
mixture to give a final concentration of @g/ml. This standard was used as an
external standard for HPLC analysis, as well ap@rcentage recovery studies.

The environmental samples were extracted using M@&t®asis extraction columns
(Waters Oasis HLB 3cc 60 mg, part no. WAT094228)orpto injection onto the
HPLC system.

All environmental samples were collected in glasshd®t bottles, followed by
filtration using a 0.45um Milliipore filter to remove any particulate matdr The
samples were acidified to pH 2.0 with phosphoricdaa order to increase the
lipophilic nature of the analytes.

The extraction procedure was adapted from the WaBtE Applications manual
(2003) (Figure 6.1). Prior to loading the enviramtal samples onto the extraction
columns, the columns were equilibrated with 3 mithraaol: diethyl ether (10:90)

rinsed with 2 ml methanol and followed with a washp of 2 ml of HPLC grade
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water. A volume of 50 ml of environmental sampleswaaded onto the extraction
column. This was followed by a second wash step of of water. The analytes were
eluted with 2 ml 10:90 methanol:diethyl ether, emaped under a stream of nitrogen
to 0.2 ml and reconstituted with 0.3 ml HPLC gradster. A volume of 20 ul was

injected onto the HPLC column using the optimisd?’lLB parameters as discussed in
Chapter 5.
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Conditioning
3 ml 10:90 methanol:diethyl
ether

|

Rinse
2 ml methanol
2 ml HPLC grade water

|

L oad sample
50 ml

'

Wash
1mi
HPLC grade water

|

Elute

2 mi

10:90
methanol: diethyl ether

|

Evaporate
with nitrogen to 0.2 ml

|

Reconstitute
with 0.3 ml HPLC grade water

Figure 6.1 Flow diagram representing the extraction procedéowe phenol
compounds from environmental water samples usMters Oasis SPE columns.
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6.3 RESULTSAND DISUSSION

6.3.1 Recovery studies and SPE validation

Aqueous standard samples were prepared contaitielgeen PPP at a concentration
of 1 ug/ml. These were then extracted using the OasiE ®Rimns (method adapted
from Waters, 2003) applying the method describe@ (Sigure 6.2). The percentage
recovery of all eleven phenolic compounds was datexd (see Table 6.1). The
recovery percentages ranged from 63% for 2,4-diopleenol to 88.4% for 4,6-
dinitro-2-methylphenol. The lower recoveries at 68&tild be due to evaporation of
the phenolic compound under the stream of nitrogen.

Blank extractions were performed (Figure 6.3) imlesrto ensure that only the
analytes of interest were eluted from samples. $=smgf HPLC grade water used in
the extraction process were also injected ontoHR&C system to ensure that no
other phenolic compounds except those from therenwiental samples were present
(Figure 6.4). As can be seen in Figure 6.4 belowpeaks appeared at any of the
expected retention times of the eleven PPP.
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Figure 6.2 Extraction of a standard mixture to determine paiage recovery.

81



Table 6.1 Recovery percentages from a standard mixture

PERCENTAGE
PHENOLIC RECOVERY
COMPOUNDS (%)
phenol 80.0
4-nitrophenol 88.0
2-chlorophenol 70.4
2,4-dinitrophenol 87.0
2-nitrophenol 84.0
2,4-dimethylphenol 75.0
4-chloro-3-methylphenol 87.0
2,4-dichlorophenol 63.0
4,6-dinitro-2-methylphenol 88.4
2,4,6-trichlorophenol 64.0
pentachlorophenol 74.0

6.3.2 Environmental sample analyses

Environmental samples were collected in and aro@rahamstown, Eastern Cape,
South Africa. These were from rivers, streams (sag and running) as well as from
industrial sites and waste water treatment plathtexit. The environmental samples
were collected and analysed according to the msttedcribed earlier.

Phenolic compounds were found to be present infdthe samples analysed. As can
be seen in Table 6.2, the concentrations of moshglic compounds were above the
maximum admissible concentration (MAC) (AngelinodaGennaro, 1997) for

drinking purposes, which is O/l for individual phenolic compounds.

Environmental water samples from the Belmont Va#idg were collected from both
running and stagnant streams. Samples were callentelune 2007 (winter) and
November 2007 (late spring/early summer). Three nphe@ compounds (4-

nitrophenol, 2,4-dinitrophenol and 2,4-dimethylpbgnwere detected in both
stagnant and running streams in June 2007, compafddvember 2007, where only
4-nitrophenol was detected in both running and retag streams (Table 6.2). This
variation can be attributed to the spring/ sumnmanfall experienced this area,
leading to more rapid flow and possible dilutionpaflutants in these streams during
November. During the dry winter months, there wobhtl less water to dilute the

pollutants, hence the greater number and concemtraif phenolic compounds
detected in samples collected in June.
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Samples were collected from the exit of an leatteemery in the area. High

concentrations of phenolic compounds were found.cAs be seen in Table 6.2,

concentrations of pentachlorophenol as high as00n8§m| were observed.

Samples from the final effluent of the Grahamstavastewater treatment plant were

collected and analyzed. The following compounds eweletected: phenol, 4-

nitrophenol, 2,4-dimethylphenol, 2,4-dichlorophen®6-dinitro-2-methylphenol and

pentachlorophenol

mg/ml).

(See Table
pentachlorophenol was the highest, at concentmtioin 225.22ug/ml

6.2).

Once

again,

ttencentration

of
(0.225

Table 6.2 Mean concentrations of phenolic compounds found in sixiremmental

samples collected in Grahamstown, Eastern Cape.

Belmont | Belmont | Belmont | Belmont | Waste Leather
Valley Valley Valley Valley Water | Tannery
PHENOLIC COMPOUND | Stagnant Running | Stagnant | running |treatment
June 07 | June 07 |November|November| Plant
07 07
pug/mi pg/ml pug/mi pug/mi pg/ml mg/ml
phenol 2.900 0.095
4-nitrophenol 0.209 0.278 0.791 0.593 0.220 0.005
2-chlorophenol 0.012
2,4-dinitrophenol 0.043 0.033 0.003
2-nitrophenol 0.008
2,4-dimethylphenol 0.084 0.124 0.129 0.005
4-chloro-3-methylphenol 0.018
2,4-dichlorophenol 0.047 0.298
4,6-dinitro-2-methylphenol 0.049 0.007
2,4,6-trichlorophenol 0.087
pentachlorophenol 225.22 0.890

Interestingly, the phenolic compound 4-nitrophemas found in all six of the

environmental samples collected for analysis. Ffagure 6.5 it was observed that
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the Leather Tannery sample had the highest coratemtrof PPPs; however this
sample was collected at the immediate outlet otd@neery, which explains this high
concentration. This sample would be further dilutedhe environment. The lowest
concentration was found in the final effluent s iWaste Water Treatment Plant and
this was expected since this site is the furthesinfthe source of origin of 4-
nitrophenol. The Belmont Valley samples concentregiwere slightly higher than the
Waste Water Treatment plant since these samples aodiected further upstream and
had not yet been subjected to treatment. In themBed Valley samples, the
concentration of 4-nitrophenol was also higher the rainy summer season
(November) than in the dry winter season (June).

»

a1
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|

w
|

N
|

-
1

o

Belmont Belmont Belmont Belmont Waste Leather
Valley valley Valley Valley Water Tannery
Stagnant Running Stagnant Running treatment
June 07 June 07 November November plant
07 07

Sampling site

concentration of 4-nitrophenol (ug/ml)

Figure 6.3 A comparison the concentrations of 4-nitrophenmlind in all six
environmental samples analysed.
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Figures 6.4, 6.5 and 6.6 illustrate the samplibgsgor the extraction and detection
of phenolic compounds in this study. These sites a follows: Belmont Valley

running stream (Figure 6.6), Belmont Valley stagnstream (Figure 6.7) and final
effluent of a Waste Water treatment plant (FiguB).6

Figure 6.5 Belmont Valley stagnant stream, Grahamstown Easlepe.
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Figure 6.8 Waste Water Treatment plant final effluent befakease into a river in
the background.

6.4 CONCLUSION

Some the eleven PPP compounds listed by the US wéw#®& present in rivers,
streams and effluents in the Grahamstown area.c®heentrations were above the
MAC values listed in EU Countries, which is seDdi ng/l for total phenols and 0.1
ug/ml for individual phenols. Seasonal changes amdfall patterns may have
affected the detection of phenolic compounds inewahs observed in the Belmont
Valley streams, not all the phenolic compoundsemes the dry season sample were
detected during the rainy season. This was the $anboth the stagnant and running

streams.
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CHAPTER 7

7.1 GENERAL DISCUSSION

The aim of this research project was to investight interference of phenolic
compounds in the water environment on the enzyretees of p-GAL andp-GUD,
and to develop and validate a sensitive HPLC mefbothe simultaneous detection
and quantification of priority pollutant phenolsRlP) compounds in water. This study
also involved obtaining water samples from the emment and extracting phenolic
compounds present in these matrices, using an S#foth The phenolic compounds
were then identified and quantified using the newdyidated HPLC method for the

detection of these compounds.

A problem with using an enzymatic approach fordagection of coliforms in water is
the potential presence of interfering compoundgnBhc compounds are potentially
one group of interfering compounds. Eleven PPPdadarwater are listed by the US-
EPA (some of these compounds are also listed byE® These phenols are
potentially able to affect the activities of bgihGAL and B-GUD, resulting in the
inhibition and activation of these enzyme assays.

The enzyme activities fo3-GAL and B-GUD were inhibited when phenolic
compounds were added to the enzyme assays.

In the case of thg3-GAL enzyme assay, the phenolic compounds 4-ci8ero-
methylphenol, 4,6-dinitro-2-methylphenol and pehtamphenol competed for the
same active site as the substrate CPRG of-tBAL enzyme molecule. This resulted
in a decrease in the velocity of the enzyme reactious inhibiting enzyme activity.
The phenolic compound 2,4-dichlorophenol boundrtcaetive site on the enzyme-
substrate complex and thus also caused a decreggg&AL enzyme activity.

The K values for the inhibiting compounds ranged fro®40. mg/ml for 4-chloro-3-
methylphenol to 0.970 mg/ml for pentachlorophemualjcating that there was little or
no variation in the affinity of the phenolic compuals for theB-GAL enzyme. Of the
four phenolic compounds that inhibited teGAL enzyme activity, 4-chloro-3-
methylphenol had the greatest affinity for }#&AL enzyme molecule, followed by
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4,6-dinitro-3-methylphenol and 2,4-dichlorophenBlentachlorophenol showed the
lowest affinity for the enzyme.

In the case of the-GUD assay, the activity was inhibited by 4-chl@o-
methylphenol and 2,4-dichlorophenol, both of whagmonstrated mixed inhibition,
where these compounds competed for the same bisdengs the substrate PNPG, as
well as binding to the substrate-enzyme complexcdntrast, the compound 2,4-
dimethylphenol displayed competitive inhibitionngpeting for the same binding site
on theB-GUD molecule as the PNPG substrate.

There was a larger variation in the ¥alues for the three inhibiting phenolic
compounds in th@-GUD assay as opposed to &AL enzyme assay. These values
ranged from 0.274 mg/ml for 2,4-dimethylphenol t83¥ mg/ml for
4-chloro-3-methylphenol. The phenolic compound dethylphenol exhibited the
highest affinity for the enzyme, almost double tb&®,4-dichlorophenol and more
than three times the affinity than 4-chloro-3-mdphenol.

The phenolic compounds in the environment couldefioee effectively compete with
the substrates CPRG and PNPG for the active sieshe p-GAL and B-GUD
enzyme molecules, because these substrates arel ffaesed, thus being similar in

chemical composition to the phenolic compounds.

Activation of enzyme activity was mainly observedthef-GUD assay. Five of the
eleven phenolic compounds tested, namely 4-nitnophe2-chlorophenol; 2-
nitrophenol; 2,4-dinitrophenol and 2,4-dinitro-34m@phenol activated th@-GUD
enzyme activity. This activation resulted in a ¢égppositive test for the enumeration of
coliforms in water. The chemical structures of thestivating phenolic compounds
(with the exception of 2-chlorophenol) have the stilbent nitro- attached to the
aromatic hydrocarbon.

The product formed in th-GUD enzyme assay is 4-nitrophenol. Therefore the
pollutant phenolic compounds which cause activatbrihe B-GUD enzyme assay
have a very similar structure to the product oféhegyme reaction. This will result in
an over-estimation of the product formed when réicgy absorption at the
wavelength of 405 nm, leading to false positivaultisswhen testing for the presence

of E. coli in a polluted environment.
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The second phase of this study involved HPLC fingenting of the eleven PPP
found in the environment. The newly developed HPhtethod was able to
simultaneously detect all eleven phenolic compouisised by US-EPA. Once the
optimum parameters were established, the analytiethod was validated. The
method demonstrated good linearity, specificityguracy and precision. The method
showed good reproducibility and was thus reliabl®@Q values ranged from 0.003
ug/lto 2.35ug/l. LOD values ranged from 0.001%/Ito 0.012ug/l. These limits are
an improvement over most of the LOD and LOQ limi#ported in literature. This
reverse-phase HPLC detection method is therefork sueted for its intended

purpose.

For the environmental analysis component of thish\stsamples were collected from
streams (stagnant and flowing), industrial sitesl avastewater treatment plant
effluent. Phenolic compounds were present in alhese samples.

Wautor (2006) observed interference by the naturaftgurring phenolic compound,
ferulic acid, between 0.05 mg/ml and 0.2 mg/mltfee B-GAL enzyme assay. Togo
(2006) investigated the effects of concentratiohgenulic acid from 0.2 mg/ml to 1
mg/ml on the-GUD enzyme assay. These studies confirmed theenémce by this
compound on thg-GAL andB-GUD enzyme assays.

The decision to investigate the interference oustdal pollutant phenols on the
GAL andp-GUD enzyme assays, rather than focusing on ntuweturring phenols
such as lignins and tannins in this study, was dase the levels of industrial
pollutant phenols far outweighing the levels ofumally occurring phenols in the
environment (Marcheterret al., 1988; Nistoret al., 2002).

In the Belmont Valley stream three phenolic commsuwere detected in both the
stagnant and running streams, respectively. Theerdrations of the individual
compounds found were found to be similar. Theseptasnwere collected in June
which corresponded to the dry winter season.

The samples collected from the same area in lateetdber, which is in the
spring/summer rainy season, revealed differentltesiwo of the compounds found
in June earlier the same year (2,4-dinitrophemal 2,4-dimethylphenol) were not
detected. 4-Nitrophenol was the only compound detkeat higher concentrations, i.e.

0.791nug/ml for the stagnant stream and 0.5@8ml for the running stream, than in
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June the same year. The absence of 2,4-dinitroplaenio2,4-dimethylphenol in the
November sample was probably due to the higherfaiginwhich diluted the
concentration of the compounds. The higher conagatr of 4-nitrophenol in
November could have been due to greater runoffndutihe rainy season from its

point of source.

The concentration range of the three phenolic camgs in the Belmont Valley
stream were found to be well within those coneditn ranges observed to have a
significant effect when the eleven PPP were indiglty added to th@-GAL assays,
i.e. between 0.2g/ml (Fig. 4.8) and 2.hg/ml (Fig. 4.9). From this we may conclude
that the three phenolic compounds found in the BelnValley stream and other
similar rivers in the Eastern Cape, will signifitigninhibit the B-GAL enzyme

activity assays.

The effluent collected at the final stage of thaliazimstown Municipal Wastewater
Treatment plant contained six of the eleven phencdmpounds, i.e. phenol at 2.9
ug/ml, 4-nitrophenol at 0.220 ug/ml, 2,4-dimethylphenol at 0.129g/ml; 2,4-
dichlorophenol at 0.047ug/ml, 4,6-dinitro-2-methylphenol at 0.049 pg/ml and
pentachlorophenol at an extremely high concentmatio225.22 pg/ml. From Figures
4.6 and 4.7 (Chapter 4) representing the effecthefaddition of the eleven PPP at
0.1 mg/ml for both the3-GUD and -GAL enzyme assays, it was obvious that
pentachlorophenol had a significant inhibitory effen both the enzyme assays.
Pentachlorophenol revealed competitive inhibition the B-GAL enzyme assay
competing for the same binding site as the sub@®&G on the-GAL enzyme
molecule. The resulting reduction in velocity oeth-GAL activity assay would
therefore contribute to an underestimation of trespmptive test for coliforms.

The environmental sample collected from the finfilluent of a tanning industry
revealed very high concentrations of PPP releagedhe environment. These ranged
from 5.00 ug/ml for 4-nitrophenol to 89@g/ml for pentachlorophenol (Table 6.2,
Chapter 6).

The concentrations of phenolic compounds found iwvers and streams in
Grahamstown, Eastern Cape, South Africa were insttiee concentration range as
elsewhere in the world. In Barcelona, Spain, Nistbral. (2002) measured the

concentrations of phenolic compounds in two wasséewtreatment plants in local
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municipalities and obtained the following concetinas for phenols: phenol-17
pg/ml, 2-chlorophenol-20 pg/ml, 3-chlorophenol-16/ml, 2,4-dichlorophenol-83
pa/ml, 2,4,6-trichlorophenol-17 pg/ml and nitropbehl4 pg/ml (see Table 7.1).
The concentrations marked in bold (in table 7.&)iarthe same range than those used
in this study for the enzyme inhibition assays lioth B-GAL and 3-GUD (Chapter

4).

Table 7.1 Compounds that were detected by Nisbal. (2002) using SPE-LC-MS
and SSPE-LC-MS at two Waste Water treatment Plants.

WWTP
Compound Igualada WWTP La liagosta

Raw influent Primary effluent/Final effluentRaw influent|Primary effluent|Final effluent

mg/ml mg/ml mg/ml mg/ml mg/ml mg/ml
phenol 0.006 0.017 n.f n.f n.f n.f
2-chlorophenol n.f n.f 0.02 0.006 0.02 n.f
3-chlorophenol n.f n.f n.f 0.015 16 n.f
4-chlorophenol n.f n.f n.f n/f n.f n.f
2,4-dichlorophenol 0.083 0.023 16 n.f n.f n.f
2,4,6-trichlorophenol n.f n.f n.f 0.017 n.f n.f
pentachlorophenol n.f n.f n.f n.f n.f n.f
nitrophenol 0.011 0.021 n.f 0.034 0.114 n.f
2,4-dinitrophenol n.f n.f n.f n.f n.f n.f

n.f: not found
WWTP: Waste Water Treatment Plant

These concentrations are above the concentratiopeemolic compounds found in
rivers and streams in this study. In Poland, Grgwicz et al. (2002) measured the
concentration of phenols collected from five site§daisk city during a rainy period
and found the following concentrations of phenglsenol-3.651 pg/l, 4-nitrophenol-
0.660 pg/l, dinitrophenol-0.554 ug/l and chloropble®.026 pg/l. In China, Jigt al.

(2006) studied river water which may have beenupetl by the local chemical
industry and found 4-chlorophenol at a level of80 /I and 2,4-dichlorophenol at
1.53 ug/l, respectively. The concentrations of g&found in the latter two countries

were below that found in this present study.
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The data obtained from the quantitative analysithefenvironmental samples in the
Eastern Cape can be used to correct for the defraeder-estimation di-GAL- and
B-GUD enzyme activities. In chapter 6, Table 6.2,0beerved that the concentrations
of 4-nitrophenol were between 0.209 to 0.791 pgBalsed on the findings on the
effects of 4-nitrophenol at 0.2 pg/ml on theSAL and B-GUD assays (Figures 4.8
and 4.12), we can predict that the observed enzagtieity is about 95.98 % of the
actual activity for3-GAL and 93.89 % of the actual activity MfGUD. The observed
activities of the enzymes in the presence of a keghl of pentachlorophenol (0.225
mg/ml) present in the wastewater treatment plaadged on studies done at 0.1 mg/ml
on both enzyme assays (Figures 4.6 and 4.7), iscéxg to represent 79.51% of the
actual activity fo3-GAL and 39.93 % of the actual activity f#GUD.

Finally, this study demonstrated that phenolic coumuls present in the water
environment are able to interfere with eSAL and B-GUD enzyme assays. This
may result in an over- and/or under- estimatiofaetal contamination in water.

The eleven phenolic compounds listed by the US H#tésent in the water
environment affected3-GAL and B-GUD enzyme activities in a concentration
dependent manner. Rivers and streams can potgntailhtain these phenolic
compounds, therefore when using rapid and direzyreatic measurement of faecal
contamination, results should be stated with cautiWe demonstrated that phenolic
compounds are in fact present in environmental ssnm the Eastern Cape.
Verification by the more traditional microbiologicaater quality methods, like the
cultural based methods described on page 2 in ehdptmay then be requirethe
rapid direct enzyme assay methods, however, still serve as an early warning and
detection method for the potential presence of faecal contamination in water used for

human consumption or recreation.

Future studies in this area should include a stifdyaturally occurring phenols such
as lignins and tannins, as well as the effectsi@ddgradation of humic acids on the
B-GAL andp-GUD enzyme assays. Furthermore, X-ray crystallglgyanay provide
further insight into the binding of the inhibitophenolic compounds on teGAL
andp-GUD enzyme assays.
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