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ABSTRACT

Currently, water quality assessment has become a necessity in order to maintain healthy living. Point and non-point sources of
water pollutants are either organic orinorganicin nature. Non-volatile organic compounds (nVOCs) mostly exist as solids atroom
temperature and are used on a large scale in most chemical industries. Since these nVOC:s are toxic to both animals and humans
and some of these non-volatile organic compounds are carcinogenic, it is important to analyze the water in order to ascertain its
quality by identifying which types of compounds are presentin these systems and quantifying them. This work reports on the use
of a new and alternative method for qualitative analysis of nVOCs in water systems. Analysis was done for 13 sampling
sites (seven from wastewater and six from surface water found in Gauteng and KwaZulu-Natal provinces, respectively). Vacuum
evaporation followed by methanol extraction of the residues was performed. Fourier Transform Infrared (FTIR) was conducted
using NaCl disc and KBr pellets and their results compared. High Performance Liquid Chromatography (HPLC) was chosen as a
technique for comparison and to prove that the simple infrared (IR) can be used instead. In addition, HPLC is an ideal analytical

technique for non-volatile substances.
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1. Introduction

In South Africa, water systems present in Gauteng and
KwaZulu-Natal provinces continue to be polluted daily due to
heavy industrial and mining activities. The pollutants in most
surface water are organic compounds and are either volatile or
non-volatile in nature. Non-volatile compounds (nVOC) are
substances which, despite having low vapour pressure, may
evaporate at room temperature.' They exist mostly as solids at
room temperature (20-25°C). The presence of non-volatile
organics in water systems originate from humans activities, such
as the petroleum industry, agrochemicals and many other chem-
ical industries.

Chlorinated organic compounds (COCs) represent an impor-
tant class of compounds and many of them have been produced
in large quantities. COCs may sometimes be released during
their production and use from several industries. Spills and acci-
dental release contaminate the environment unintentionally,

*To whom correspondence should be addressed.
E-mail: magujnr@gmail.com / pennyg@uj.ac.za

N 'I\{‘ \./ |/ ‘\ z~ 1\\

i

but also natural processes such as volcanoes and weathering of
rocks can also contribute to the environmental load of COCs.”
Chlorinated organic substances can be negative for both animals
and human health and can also potentially cause adverse effects
on the ecosystem. Therefore, it is always crucial to ensure and
maintain the good quality of water systems in South Africa
through frequent monitoring of organic pollutants such as
COCs.?

Polyglycols, surfactants, rubber additives, pesticides, dyes and
pharmaceuticals are chemical families containing a large num-
ber of non-volatile compounds.* Crathrome et al.’ provides a
description for the determination of four particular non-volatile
chlorinated compounds (Fig. 1) namely: 5-chlorouracil used in
pharmaceuticals, 4-chlororesorcinol used in the formulation of
hair dyes, colours and tints, 5-chlorouridine used as a biomarker
and finally 5-chlorosalicylic acid used as an intermediate of
pesticide.®

The physical and chemical properties of these 4 chlorinated
non-volatile organic compounds are given in Table 1.
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Figure 1 Chemical structures of 5-chlorouracil (A), 4-chlororesorcinol (B), 5-chlorouridine (C) and 5-chlorosalicylic acid (D).
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Table 1 Some physicochemical properties of chlorinated compounds.
Common name IUPAC name Chemical formula Exact mass Molecular weight Melting point
/amu /g mol™ /°C
5-Chlorouracil 5-chloropyrimidine-2,4(1H,3H)- C4H3CIN202 145.99 146.53 300
dione
5-Chlorouridine 5-chloro-1-((2R,3R 4S,5R)-3,4- C9H11CIN206 278.03 278.65 215-217
dihydroxy-5-(hydroxymethyl)
tetrahydrofuran-2-yl)pyrimidine-
2,4(1H,3H)-dione
4-Chlororesorcinol 4-chlorobenzene-1,3-diol C6H5CIO2 144.00 144.56 89
5-Chlorosalicylic acid 5-chloro-2-hydroxybenzoic acid C7H5CIO3 171.99 172.57 171-176

When non-volatile compounds are mixed with volatile liquids
such as methanol, itis easy to separate them by evaporation. The
volatile liquid will evaporate leaving the non-volatile solid as
a residue. Most organic compounds identified in water are
volatile and account for approximately 20 % of the total organic
content, while the rest are known as non-volatiles.*

For water samples, several procedures exist for the isolation of
non-volatile organic compounds.” They include, but are not
limited to, liquid-liquid extraction, precipitation and adsorp-
tion.® Vacuum evaporation followed by methanol extraction
seems to be the most appropriate technique for small samples of
water (<1L)." The freeze-drying method followed by methanol
or dichloromethane (DCM) extraction can be used for sample
volumes ranging between 1 and 60 L. The experimental and
developmental (XAD)’" resins adsorption technique, known
for having high recoveries of organics from natural waters
(>80 %), is used for water samples up to 150 L."*'*'"' However,
most of these analytical techniques are time-consuming during
sample extraction and analysis. In addition, they require use of
complex equipment/instruments for the extraction of the
organic compounds. Therefore, a cheap, more convenient,
reliable and fast method is needed.

Carbon-Chloroform extraction'” and reverse osmosis™ are also
available techniques which are used for non-volatile organics®
extraction in water. In addition, both freeze-drying and vacuum
evaporation techniques have shown that they can both be ap-
plied for the isolation and the concentration of non-volatile
organics in water."

Gas chromatography coupled with mass spectrometer
(GC-MS)" has been used extensively for volatile organics analy-

sis'® in water. However, GC-MS cannot be used for non-volatile
organics identification® due to the insufficient volatility of these
compounds. The method used for non-volatile compounds
separation® must have a great resolution power and detection
sensitivity.”® High performance liquid chromatography
(HPLC) seems to be the closest ideal analytical technique for
non-volatile substances. In the 1990s, several chromatographic
methods such as HPLC using normal-phase or reversed-phase
chromatography were reviewed many times. Ion exchange
chromatography is also used and provides high resolution of
separation of non-volatile organics present in water."”

The characterization of separated non-volatiles is possible
with a mass spectrometer linked to HPLC in order to identify
molecules which have a molecular weight below 2000 g mol™. ®
Other useful characterization techniques include, ultravio-
let-visible (UV-Vis), infrared (IR) spectroscopy and nuclear
magnetic resonance (NMR)."

2. Experimental

2.1. Sample Collection

Thirteen sampling sites were chosen; seven from a wastewater
treatment plant located in Gauteng and six from surface water
(river) running from the Nagel dam (29.5836°S, 30.6169°E) to the
Indian Ocean in Durban, KwaZulu-Natal, South Africa (Fig. 2;
Table 2). In the wastewater treatment plant, samples at all the
treatment stages were collected including two samples from up-
stream and downstream of the river in which the final effluent
was discharged. The selection of these sites was guided by prob-
able pollution from high vehicle movement, industrial discharge
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Table 2 Coordinates of the sampling points.

Water type Sampling Latitude™ Longitude™
point
Wastewater 1 25°56'43.37"S  27°59'41.17"E
(Gauteng Province) 2 25°56'59.25"S  27°59'02.09"E
3 25°56'53.57”S  27°59'07.48"E
4 25°56'47.84"S  27°59'12.62"E
5 25°57'04.03"S  27°59'07.20"E
6 25°57'14.49"S  27°59'16.77"E
7 25°57'14.83"S  27°59'05.88”E
Surface water 8 29°35'57.51”S  30°37'37.28"E
(KwaZulu-Natal 9 29°36'46.79”S  30°38'33.91"E
Province) 10 29°39'40.54"S  30°38'08.92"E
11 29°49'28.33”"S  30°56'58.10"E
12 29°48'39.35"S  31°01'59.10"E
13 29°48'41.83"S  31°02'19.32"E

and/or domestic waste in that region."” Water samples were col-
lected for a period of one year between May 2014 and April 2015
in order to include different seasons of the year. The sample col-
lection technique was in agreement with the methods reported
by Korfali and Davies” for use in shallow rivers.” This involved
wading in water to collect samples at different points along the
river which had low levels of water.”

One-litre glass bottles” were used to collect water samples af-
ter rinsing them twice with the river water and/or wastewater at
each sampling point. Immediately after, the bottles were filled
with flowing water in the direction of river current® or using a
steel bailer especially in wastewater treatment plant when fetch-
ing samples from the treatment ponds.* Labelling of sample
bottles was done with respective site location, date and time of
collection as recommended by Eaton, et al.” Conductivity and
pH of the samples collected was measured in the field immedi-
ately after collecting them. The samples were later preserved as
recommended by standard methods for examination of water
and wastewater.™* The samples were transported in cooler
boxes filled with ice cubes in order to maintain a temperature of
4°C and below. In the laboratory, samples were stored in a refrig-
erator maintained at below 4 °C. Sample analysis was carried out
within 14 days from collection date.

2.2. Theoretical Calculations of Selected Non-volatile
Organic Compounds (nVOCs)

Geometrical optimization was carried out using three different
program namely, Gaussian 09, Spartan and Chem3DBio. Raman
and IR spectra calculations were done using Density Functional
Theory (DFT), B3LYP functional and 3-21G basis set.

2.3. Sample Preparation

2.3.1. Extraction using Vacuum Rotary Evaporator

A volume of 250 mL of each sample was transferred into
500 mL round-bottom flask and fitted in the vacuum rotary
evaporator. The water bath was setat 55 °C and the sample evap-
orated to dryness. Methanol (25 mL) was later added to the solid
residue for the extraction, and the mixture was centrifuged in

Table 3 Properties of the column used in HPLC.

order to collect the liquid. This operation was repeated three
times, and the organic liquid extract*” was concentrated in the
rotary evaporator (water bath at the temperature of 45 °C) to
obtain around 0.5 mL. The final product was transferred into a
sample vial and later stored in the refrigerator.

2.3.2. Separation and Identification

High performance liquid chromatography (HPLC) with
UV-Vis detector at fixed wavelength (280 nm), was used for the
analysis of extracted non-volatile organic compounds.” nVOCs
were isolated and identified from the chromatograms. The sepa-
ration was performed on an XTerra Shield RP18 Column. Prop-
erties of the column are provided in Table 3.

The 5-chlorouracil standard was run, giving the characteristic
peak at 23 min as shown in Fig. 11. This peak was taken as our
reference peak since we wanted to qualitatively determine the
presence of non-volatile organic compounds in water systems.*

Chloride levels were determined using ion chromatography.

A reverse phase column with a solvent composed of 60 %
methanol and 0.1 % aqueous acetic acid was used.” Standards
were initially run through the column and samples were later
injected under the same experimental conditions.

In addition, FTIR was used for functional group identification.
Solid disks were prepared using KBr and NaCl. Since the
samples were liquid, the ‘drop and dry’ method was used for
sample preparation. Once the KBr pellets were prepared, a
drop of extract was placed on the disc/pellets and dried at room
temperature before analysis.

3. Results and Discussion

Measurements of conductivity, pH and chloride levels were
conducted on all of the collected samples. The data for conduc-
tivity and chlorides are presented in Fig. 3.

From Fig. 3, it was observed that there exists a relationship be-
tween chloride concentration and conductivity, where an in-
crease in chloride ultimately increases the level of conductivity.
This can be explained by the presence of free ions (both cations
and anions) responsible for electrical conductivity in any liquid.
The figure shows high levels of both conductivity and chlorides
especially at sampling point 5 (wastewater system). Points 4 and
5 are direct wastewater samples from a textile industry before
released to the municipal wastewater treatment plant and hence
the high levels could be attributed to the nature of the work in
this textile industry. Points 11 and 12 comprised samples from
the river before entry into the ocean and after the river mixed
with the ocean/sea. Highest levels of conductivity and chloride
are due to salts present in the seawater. In addition, sea water is
known to have high salinity and hence contributing to high
values of chlorides and conductivity. Sampling point 8 was in a
mountainous area where there is minimal human activity and
hence the water showed low values of chlorides. The maximum
allowable limit (MAL) for chlorides in drinking water is
250 mg L. MAL for electrical conductivity in water is between
1200 and 1500 uS cm™.*

Figure 4 shows the change in pH at all the sampling points.
Monitoring the pH describes how acidic or basic the water is and

WATERS XTerra Shield RP18

% Carbon load L x LD.

Matrix

Matrix active group Particle size

15 250 mm X 4.6 mm

Octadecyl

C18 (octadecyl) phase 5um
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Figure 3 Graph of relationship between chlorides and conductivity of water samples. Sampling points 1-7 represent samples collected from the
wastewater treatment plant while sampling points 8-13 were obtained from surface water.

whether it is safe for use. The World Health Organization
(WHO) recommends that drinking water should have pH
values ranging between 6.5 and 8.5.* All sampling points except
points 4 and 5 were within these limits. Industrial water
is reported as acidic and hence requires treatment before dis-
charge into the environment.

3.1. Identification of Functional Groups

Fourier Transform infrared (FTIR) was done in order to deter-
mine the functional groups of the nVOCs extracts from water
samples. FTIR results for both KBr pellets and NaCl disc are
presented in Fig. 5.

These spectra show the presence of the C-Cl bond at approxi-
mately 600-650 cm™ in most of the analyzed samples. Fig. 5
gives the difference between the use of KBr pellet and NaCl disc.
Comparing the two methods shows that the KBr pellet prepara-
tion ('drop and dry” method) gave better spectra and peaks as
opposed to NaCl discs for both surface water and wastewater
extracts. In addition, characteristic peaks for -OH bond were
observed between 3500 and 3100 cm™.

9.0 |

85 |

Table 4 presents possible assignments of FTIR peaks for
extracts from surface and wastewater samples. It provides an
idea of the probable compounds which could be present in these
two samples. Distinctive peaks detected by vC=0O bond near
1760 cm™, vC=C bond near 1640 cm™, 6 = C-H at 825 cm™ and
vC-C at 1045 cm™ usually confirms the presence of organic com-
pounds.

Figure 6 Shows FTIR spectra for non-volatile organic com-
pounds extracted from water samples collected from surface
water in KwaZulu-Natal province. All samples appear to have a
-OH group between 3500-3200 cm™. Nagel Dam and Blue
Lagoon have very few peaks compared to all the other sampling
points. Nagel Dam sampling points show few FTIR peaks proba-
bly due to its geographical location which has no or limited
human activities, hence could be least polluted. The fewer peak
for Blue Lagoon extract could be attributed to low flow rate of the
river hence leading to deposition/settling of pollutants in the
river bed/bottom. Additionally, the mixing of the surface water
and the ocean might have triggered deposition of pollutants due
to changing pH of the resulting mixed water.
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Figure 4 Graph of pH of water samples.
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Figure 5 FTIR spectra for extracted nVOCs from selected water samples using KBr pellets and NaCl discs.
Table 4 Possible assignment of FTIR peaks for surface and wastewater samples
Surface water Wastewater
Range Intensity Possible Range Intensity Possible
Jem™ assignment Jem™! assignment
3500-3100 St* vO-H 3500-3100 Med vO-H
2980-2900 St vC-H(sp3) 2980-2900 St vC-H(sp3)
1719 St rC=0 1762 Med rC=0
1654 Med* vC=C 1639 St vC=C
1350-1400 St O0C-H(sp3) 1385 St 0C-H(sp3)
1045 Med vC-C 1129 Med C-C-C (aldehyde or ketone)
826 Med 0=C-H 1046 Med vC-C
634 Med C-Cl 825 Med 0=C-H
612 Med C-Cl

*St=strong, Med=medium.

—— Estuary 110315

— Westville 110315

—— Umgeni river westville 6H 11071
—— Umgeni river 2 110315

—— Umgeni estuary blue lagoon 5 H
= —— Nagel dam 110315

—— Mgeni river 2 H 100714

% Transmittance

1 T T T T 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 6 FTIR spectra for extracted nVOCs of water samples using KBr pellets.
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Figure 7 Comparison of FTIR spectra for extracted nVOCs of water samples of different dates.

Figure 7 shows comparison of nVOCs extracted from four
water samples collected in two different seasons of the year;
namely winter and summer. There is a notable difference
between the FTIR peaks of the same sampling site but different
seasons. Comparing all sampling sites, only Umgeni River 2H
showed a great spectrum difference. This can be attributed to the
different activities taking place in this particular sampling site.
The site has numerous human activities for example, in 2014,

during sample collection, many activities such cattle grazing,
agriculture, swimming, washing of clothes and cars beside the
river and collection of water from this sampling were observed
as opposed to sampling done in 2015.

The results given in Fig. 8 shows the vibrational frequencies of
5-chlorouracil. The energy from the minimization calculation is
as follows:

5-Chlorouracil.pdb

IR Spectrum

100
g
8
c
£ 50
g |
g
£
o
3500 3000 2500 2000 1500 1000 500
Energy (cm-1)
Raman Spectrum
100
2 4
§
£ %7
o
—— T ]
3500 3000 2500 2000 1500 1000 500 0

Energy (cm-1)

Figure 8 Predicted IR and Raman spectra of 5-chlorouracil.



ResearcH ARTICLE

R. Brutti, M.M. Magu, E.S. Agorku and P.P. Govender,

250

S. Afr. J. Chem., 2016, 69, 244-253,
<http://journals.sabinet.co.za/sajchem/>.

Minimize (Energy/Geometry) B3LYP/3-21G

Potential Energy = —1088651.7331 Kcal/Mol

Total Energy = —545702.3138 Kcal/Mol

Finish @ energy = —545702.313775 Kcal/Mol (-869.632711 Hartrees)

Simulated FTIR spectrum of the standard, 5-chlorouracil, is
also presented (Fig. 8). In addition, the Raman spectrum of the
sample compound was calculated using Spartan 14 software
version 1.1.4 running on Windows operating system.

FTIR results were further supported by HPLC chromatogra-
phy results presented in Fig. 9 and Fig. 10. 5-chlorouracil is used
widely in the pharmaceutical industry and its detection in
wastewater was expected. Both Fig. 9 and Fig. 10 exhibited the
characteristic peak at 23 min with a difference in peak area and
height.

Compounds such as 5-chlorouracil, 4-chlororesorcinol,
5-chlorouridine and 5-chlorosalicylic acid® have been found in
several treated waters in the United Kingdom in the past.” All
these compounds are chlorinated and could be attributed to the
water treatment methods used. These pollutants have been
known to be harmful to human health. As a result, it is always
better to keep monitoring their levels in drinking waters. Fur-

thermore, surface waters known to be used for drinking by
both humans and animals should be regularly monitored in
order to prevent the consequences caused by intake of such
pollutants.

4. Conclusion

The largest percentage of organic content detected in both
surface and treated waters is composed of non-volatile organic
compounds (nVOCs). Majority of non-volatile compounds
present in many agricultural, industrial and pharmaceutical
wastes, finally end up in the aquatic environment. Research on
the chlorination and ozonation organic by-products have
shown that most of them are non-volatile. Unavailability of
proper techniques for the extraction and characterization of
nVOCs from water has led to minimal data on the amounts and
types of nVOCs found in water. The determination of nVOCs in
water would benefit considerably from a more extensive use of
new techniques such as the one highlighted here.

Most of samples from surface water had chloride concentra-
tions below MAL except samples from sapling sites 11 and 12
that showed high concentrations. FTIR spectra qualitatively
indicated the presence of chlorinated organic compounds in the
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Figure 9 HPLC chromatograms nVOCs of different sampling points of wastewater treatment plant.
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Figure 10 HPLC chromatograms nVOCs of different sampling points of surface water.

samples. Comparison between KBr pellets and NaCl disks
proved that KBr pellets gave more precise spectra for all the
extracts.

HPLC chromatograms were in agreement with FTIR spectra
concerning the presence of organics in the samples. Therefore,
5-chlorouracil was qualitatively detected in all the water samples
but in different intensities.
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