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Abstract

In this work, natural and synthetic sorbents were investigated for the extraction
and removal of different organic compounds (nitroaromatic compounds and

polycyclic aromatic hydrocarbons) from aqueous samples.

Natural sorbents like the raw Moringa oleifera seed powder and the physically
modified biochared powder were investigated for their potential in the extraction
of nitrobenzene (NB) (paper I). For the raw and biochared Moringa oleifera seed
powder, the carbon content as determined by energy dispersive X-ray
spectroscopy (EDS) was 80% and 70%, respectively. Though the surface area of
the biochared was double that of the raw (12.6 m* g™ and 6.3 m? g, respectively),
the uptake of nitrobenzene by the later was higher in all optimizations and
applications investigated. This implied that the interaction type between the
Moringa oleifera seed powder and nitrobenzene was more chemisorption than
physiosorption. The presence and absence of the proteneous compounds (bearers
of the functional groups) infuenced the performance of the Moringa oleifera seed
powder as a sorbent. For the raw and biochared Moringa oleifera seed powder
sorbent, the kinetic data was best modelled by the pseudo-second-order and the
adsorption capacities were found to be 0.084 and 0.071 mg g™, respectively. As
determination by HPLC-UV method, the LOD and LOQ for NB were found to be
11.5 and 38.5 ug L™, respectively.

In paper Il, 24-dinitrotoluene was used as an imprint in the synthesis of
magnetic molecularly imprinted polymers (MMIPS). These synthetic sorbents
were used for the extraction of nitroaromatic compounds (2,4-dinitrotoluene, 2-
nitotoluene and nitrobenzene). In all the optimization parameters investigated, the
MMIP had a great extraction of 2,4-dinitrotoluene showing the effect of
imprinting. For 2,4-dinitrotoluene, nitrobenzene and 2-nitrotoluene HPLC-UV
analysis, detection limits of 13.6, 7.7 and 27.2 ug L™, respectively and good
correlations of determination (R? > 0.993) of all the analytes were obtained.

Recoveries of 82.7%, 88.1% and 82.0% were obtained for 2,4-dinitrotoluene,
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nitrobenzene and 2-nitrotoluene from spiked real water samples, respectively,
with %RSD values ranging from 1.4%-11.9%.

In paper 111, another synthetic sorbent, B-cyclodextrin covalently functionalized
to carbon nanofibers (B-CD@CNFs) was prepared and fully characterized. This
material was loaded in solid phase extraction catridges, which were then applied
for the extraction and pre-concentration of six nitroaromatic compounds. High
correlations of determination (R®> > 0.997) for 3-nitrotoluene (3-NT), 1,3-
dinitrobenzene (1,3-DNB), 2,6-dinitrotoluene (2,6-DNT), 4-nitrotoluene (4-NT),
nitrobenzene (NB) and 2-nitrotoluene (2-NT) were obtained. Low limits of
detection of 3.3, 7.1, 8.6, 9.7, 23.1 and 13.0 pg L™ were found for the respective
compounds. The applicability of the developed method using B-CD@CNF as a
sorbent was investigated using spiked real water samples collected within the
vicinity of an operational gold mine and recoveries of 36.6%-102.2% were

obtained.

Paper IV dealt with a novel combination of molecularly imprinted polymers
(MIPs) dispersed in an organic solvent in membrane assisted solvent extraction
(MASE) bags for the extraction of polycyclic aromatic hydrocarbons (PAHS)
from sewage wastewater samples from Goudkoppies wastewater treatment plant
in Johannesburg, South Africa. Before application to real wastewater,
optimization was carried out and toloune was found to be the best acceptor phase,
and 80 mg of the MIPs gave optimum extraction of PAHs. 25% N,N-
dimethylformamide in aqueous solution as an organic modifier was found to be
the best donor composition. An extraction time of 90 min at a stirring rate of 1000
rpm gave the optimum pre-concentration of the PAHs. The optimized parameters
where then applied to the sewage wastewater were the effluent was found to be
cleaner than the influent.

In paper V, nano-sized fibers were synthesized by electrospinning
polyacrylonitrile (PAN). Due to the combination of functional groups along the
fiber and the increased surface area due to nano-sizing, there was a great

extraction of four nitrotoluenes. The approach was loading a small amount of the
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electrospun polyacrylonitrile nano-fibres in pipette tips in a miniaturized pipette
tip solid phase extraction (SPE). The linear dynamic range was 150 - 1000 pg L™
with coefficients of determination of R? > 0.99 for all the nitroaromatic
compounds. Optimum recoveries were recorded at pH 6, 15 mg of the PAN
sorbent. Twenty aspirating/dispensing cycles (at the loadind stage) and 1 mL
acetonitrile gave maximum recoveries. Application of the PAN-PT-SPE to real
wastewater samples gave recoveries ranging from 70% to 115%. The low values
of the relative standard deviations (RSD < 12%) meant the method was suitable

for application to real wastewater samples.
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Chapter 1

1 Introduction and background

This chapter gives the background to the study. The problem statement which
gives motivation as to why the research was carried out is also given. It concludes

by giving the outline on how the work is presented in this thesis.




Chapter 1 Introduction and background

1.1 Background of the study

Continuous contamination of water bodies from both natural and anthropogenic
sources is of great concern to everybody. Since the industrial activities have
intensified, environmental pollution and deterioration of ecosystems is on the rise
due to the presence of contaminants in effluents (Lenarddo et al., 2003). Many of
these pollutants are known to adversely affect human health as well as the
environment. It is therefore of paramount importance to regularly monitor
contaminants in the aquatic environment to make sure that the maximum

allowable concentrations are not exceeded.

A number of organic compounds can be classified as priority pollutants, and their
periodic quantification in aqueous systems is important to make sure that the
water quality is not compromised. Organic pollution emanates mainly from urban
run-off, industrial effluents, sewage treatment plants and industry which include
food processing, pulp and paper making, agriculture and aquaculture wastewater
(Rashed, 2013).

There is a lot of literature detailing the extraction of organic compounds from
liquid samples. These include liquid-liquid extraction (LLE) (Cortada et al., 2011;
Darrach et al., 2011), dispersive liquid-liquid microextraction (DLLME) (Larki et
al., 2015; Tobiszewski et al., 2014), supercritical fluid extraction (SFE) (Librando
et al., 2004; Rai et al., 2016; Hsueh et al., 2013; Batlle et al., 2005; Jowkarderis
and Raofie 2012), solid-phase extraction (SPE) (Shi et al., 2016; Kouzayha et al.,
2011), solvent microextraction (SME) (Casari and Andrews, 2001; Khajeh et al.,
2006), liquid-phase microextraction (LPME) (Rezaee et al., 2006; Larki et al.,
2015; Tobiszewski et al., 2014) and single drop microextraction (SDME) (Xu et
al., 2007; Jeannot and Cantwell, 1996; Wang et al., 2013; Timofeeva et al., 2016;
Garcia-Vazquez et al., 2016). These methods are reviewed in more detail in
Chapter two. Since there is often involvement of high capital and operational
costs in some of these extraction techniques, efforts are being made to develop
improved and innovative methods of wastewater sample preparation techniques.

Adsorption has been identified as one of the most effective technique for the
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Chapter 1 Introduction and background

removal of pollutants because of the low costs involved and the capacity for the
sorbents to be regenerated for re-use. Adsorption relies on the high interfacial
surface area of the adsorbents. This method was used in this work for the
extraction of nitroaromatic compounds (NACs) and polycyclic aromatic
hydrocarbons (PAHs) from aqueous samples (paper |, paper Il, paper IlI,

paper 1V and paper V).
1.2 Problem statement

The presence of organic and inorganic compounds presents a health hazard in
drinking water. Various water regulating bodies in many countries have set
maximum allowable limits to safe guard the health of their citizens. Beyond these
limits, action has to be taken to reduce the amount of the pollutants. These
stringent measures are even applied to industries whose effluents are monitored

before discharge in different water bodies.

Some of the pollutants occur in trace amounts which make monitoring of these
analytes a challenge (Tobiszewski et al., 2014). At times, a large amount of water
is needed to be sampled for analysis where pollutants are normally present at very
small amounts. However, the use of sorbents has been proven to pre-concentrate
these pollutants where the approach can either be batch or column. The later
method can be through loading of the sorbent in solid phase extraction (SPE)
cartridges (e.g., paper I11). In the case of small sorbents (small mg levels) being

used, miniaturized SPE can be carried out (e.g. paper V).

In aquatic samples, there is nearly always a lot of interefing matrix which can be
pre-concentrated together with the analytes of interest (Cappiello et al., 2010;
Sarafraz-Yazdi and Amiri, 2010). In this case, application of selective sorbents is
necessary, and there is a lot of research going on in the molecularly imprinted
polymers (MIPs) development (Jing et al., 2014; Luo et al., 2011). These
polymeric sorbents are used as “artificial receptors”. These receptors (MIPs) show
high selectivity towards the targert molecules and were used in paper Il and
paper 1V.
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In rural areas, affordability of commercial sorbents has always been a big
challenge. An example of this is where 1 ton of commercial activated carbon from
coconut shell costs between $950 and $1400 (Ahmedna et al., 2000). There is
therefore need to come up with equally effective sorbents to sequestrate potential
hazardous pollutants from drinking water. Use can be made of a large volume of
agricultural and agroforestry waste which are readily available (Gholz, 1987).
More so, most of this biomass is already found in rural areas of developing
countries where most of the world's population resides (Hall and Moss, 1983).
Paper | tested the feasibility of using a waste biosorbent from Moringa oleifera

seeds for the extraction of nitroaromatic compounds.

Bulk materials are known to have inferior surface area and in adsorption studies,
they ultimately have poor adsorption capacities. Reduction of the size of materials
was the focus in paper V. Polyacrylonitrile was electrospun into nanofibers and

was used for the extraction of nitrotoluenes from aqueous solutions.

1.3 Outline of the thesis

The outline of the thesis (comprising of five chapters) is presented as follows:

Chapter 1: A general introduction and background to water pollution due to
organic pollutants is given. This chapter also spells out the problem
statement which brings out the motivation of carrying out the

research.

Chapter II: A consise review of the two model pollutants: nitroaromatic
compounds and polycyclic aromatic hydrocarbons is given.
Thereafter, the natural and synthetic sorbents used in paper 1-V for

the extraction of the model pollutants were reviewed.

Chapter I11: The research objectives are provided in this section.

Chapter IV: This chapter lists manuscripts (paper 1-V) presented for my PhD
examination. The work carried out, results and discussion are

presented in each paper.
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Chapter V: General conclusions and future work based on experimental

findings are discussed in this section.

References: The references arising from the introduction and literature review
(Chapter 1 and 2) are listed at the end of the thesis.

Appendix:  This section lists four other papers (paper VI-VII) that were
prepared and published during my PhD studies.
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2 Literature review

Two groups of organic compounds, nitroaromatic compounds (NACs) and
polycyclic aromatic hydrocarbons (PAHS) were investigated as model pollutants.
Each group is reviewed in detail in this chapter. Selected modern sample
preparation techniques are reviewed. Also discussed are low cost natural abundant
sorbents in the form of Moringa seed powder and carbon nanofibers from waste
fly ash. The basic principles of electrospinning are also reviewed. Also discussed
are molecularly imprinted polymers (MIPs) which were used as selective

sorbents.
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2.1 Explosive compounds

2.1.1 Background on explosive compounds

Explosive compounds are chemicals that decompose when exposed to external
stimuli. This decomposition is always very rapid with a concomitant production of
energy in the form of flame, heat and light (Juhasz and Naidu, 2007). In addition,
gaseous products like N,, CO, and H,O are produced resulting in the expansion of
volume and generation of high pressures. An explosion is therefore defined as a
rapid spontaneous expansion of matter into a much greater volume. This
expansion results in energy being transformed into mass motion, and this is
always accompanied by a loud noise and a generation of a great deal of heat.

Explosive devices may be mechanical, chemical or atomic (Oxley, 1993).

Sensitive materials that can be initiated by a relatively small amount of heat or
pressure are called primary explosives. Organic secondary explosives can be
classified into different groups; nitroaromatics, nitramines and nitrate esters.
Nitroaromatic ~ compounds,  which  include trinitrotoluene,  2,4,6-
trinitrophenylmethylnitramine,  1,3,5-trinitrobenzene, hexanitrostilbene  and
ammonium picrate, have NO, groups directly bonded to carbon atom(s) on the
aromatic ring. On the other hand, nitramines contain NO, groups bonded to
nitrogen(s) present within an alicyclic ring, examples include,
cyclotrimethylenetrinitramine and cyclotetramethylene-tetranitramine. Nitrate
esters contain NO, groups bonded to an oxygen atom attached to an aliphatic
carbon (Pichtel, 2012). This group includes nitroglycerin and pentaerythritol
tetranitrate. Figure 1 shows some common explosive compounds and it is
noticeable that all of them have a nitro group and hence are classified under nitro-

based explosives.
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Fig. 1. Chemical structures of some selected explosive compounds

2.1.2 Uses and sources of explosive contaminants

Explosives are widely used in construction, mining, agriculture and military
applications. In most cases, it has become a norm to use TNT for measuring
explosive force, even for nuclear weapons (American Chemical Society, 2012). In
many situations, when these compounds are prepared and transported, some
amounts end up in water bodies (Wynn et al., 2008) which is one of the greatest
reserviour of NACs because of their hydrophilic nature. Secondary explosives
may also enter the environment during manufacturing, assembly, or when packed.
During these activities, soil sediment and water may become contaminated with
these compounds with potential negative impact on the environment and human
health (Juhasz and Naidu, 2007).

Environmental contaminations by explosive compounds and their degradation
products have been detected at and around military sites (Pennington and
Brannon, 2002; Clark and Boopathy, 2007, Boparai et al., 2008). The disposal of

military waste has recently become a problem from a health and environmental
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point of view (Letzel et al., 2003). If management and disposal of explosive
compounds at these sites are not handled properly, they and their by-products end
up being discharged into the environment. At high accumulated concentrations,
humans, animals and aquatic creatures will be affected (Pichtel, 2012).

2.1.3 Effects of explosive compounds

Monitoring and detection of explosives in the environment is of importance
because of its acute and chronic toxicity to humans, and the possibility of
ecological damage (Thurman and Ferrer, 2012). For example, acute toxicity has
been shown for TNT in the adult bullfrog (Paden et al., 2008). Some explosive
compounds such as 2,4,6-trinitrotoluene (TNT) and cyclotrimethylenetrinitramine
(RDX) are also known to be toxic and carcinogenic chemicals. These compounds
are hazardous to human health and its well-being upon exposure (Richter-Torres,
1995; Smith-Simon and Goldhaber, 1995). Dinitrotoluenes can be absorbed
by the skin, the respiratory tract, and the gastrointestinal tract. Furthermore,
explosive residues leach from soils at military sites to underlying groundwater
(Spiegel et al., 2005) and can exceed tolerable quantities. In previous studies by
Angerer and Weismantel (1998) on the urine of occupationally exposed workers,
there was detectation of 2,4-dinitrobenzoic acid as the main metabolite of 2,4-
DNT.

2.1.4 Fate of explosive compounds

Because of the health and environmental threat of the explosive compounds as
outlined in the previous section, their fate in the environment is of great interest.
Removal of pollutants and risk management of contaminated sites require
understanding of the fate and transport of explosives and their transformation
products in the environment (Pennington and Brannon, 2002). After being
discharged into aquatic systems, both abiotic and biotic processes determine the
fate of explosive compounds (Juhasz and Naidu, 2007; Brannon and Pennington,
2002). The rate and extent of transport and transformation of energetic
compounds are influenced by their physicochemical properties (e.g., solubility,

vapour pressure and the Henry’s law constant), environmental factors (e.g.,
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weather conditions, soil properties, pH and redox status), and biological factors
(e.g., population of energetic degrading microorganisms). Some physicochemical

properties of NACs are listed in Table 1.

Table 1 Physical properties of some selected explosives compounds

Compound  Amax (NM) e pKa  LogKow Ko (K-mont)
(Mt em™) (LKg™

2,4-DNT 252 14000 _ 1.98 7400

2,6-DNT 241 10000 _ 2.02 125

2-NT 265 5800 _ 2.3 4.6

3-NT 273 7200 _ 2.42 21

NB 267 7600 _ 1.84 7.2

1,3-NB 242 >10000 _ 1.49 45000

TETRYL 227 23000 nd 1.65 5.8

Notes  Amax Wavelength of maximum absorption
£max Molar extinction coefficients
pK, Acidity constants
LogK,, Octanol/water partition coefficient
Kg (K*-mont.) Adsorption constant for K*-montmorillonite

Processes that affect the environmental fate of explosive compounds can be from
influences that affect movement which include dissolution, volatilization and
adsorption. Factors such as photolysis, hydrolysis, reduction and biological
degradation can influence transformation of explosive compounds (Kalderis et al.,
2011). Figure 2 illustrates the major fate and transport pathways for energetic

materials.

11
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Fig. 2 Scheme for the possible fate of energetic compounds in the environment
(Kalderis et al., 2011; Juhasz and Naidu, 2007; Townsend and Myers, 1996)

2.1.5 Regulation of dangerous explosive compounds

Water quality impacts due to the introduction of nitrates into the system can be a
significant problem for a mining operation. The major sources for the nitrates are
known to be explosives used in the mining processes. Nitrates can be introduced
into the water in the mine or at rock disposal site. They come from spillage during
explosive transportation or charging, leaching of the explosives in wet blastholes
or undetonated explosive in the brokec rock after the blast.

Regulatory agencies in Canada and the United States are placing a significant
emphasis on compliance with effluent nitrate concentration. Typical limitations
are established at 10 mg L™ as N, based on the maximum contaminant level for
portable use (USEPA, 1986). Due to the toxicity of the NACs to humans, some
water regulating bodies like USEPA have set some allowable limits. A few

examples are shown in Table 2. In South Africa, according to the NEMA act
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number 59 of 3008, the regulatory requirements for the discharge of 2,4-DNT is
65 pg L?, the lowest value of the standard for human health effects listed for

drinking water.

Table 2 Allowable limits of different NACs in USA

Maximun allowable

NAC o 1 Reference

limits (ug L™)
TNT 2 ATSDR, 1995
2,4-DNT 0.1700 Hajjar et al., 1991
2,6-DNT 0.0068 Hajjar et al., 1991

2.1.6 Pollution assessment and monitoring/removal

There has been a long-standing need for fast, simple, accurate ways to detect
nitroaromatic compounds in salt water, fresh water and other liquids (American
Chemical Society, 2012). Thus, reliable pollution assessment and monitoring of
soil and water contaminated with these explosives is of major importance, e.g., in
order to prepare and support efficient de-contamination and remediation activities
(Pennington and Brannon, 2002; Clarke and Boopathy, 2007; Boparai et al.,
2008). Many techniques have been used to detect explosives, including gas
chromatography, Raman spectroscopy and fluorescence spectroscopy (Mills,
2012). Chemical and other sensor types can provide an excellent solution to many
such on-site chemical detection needs both in gas and liquid phase (Yinon, 2003;
Singh, 2007). Fluorescence spectroscopy is considered the most useful because
of its simplicity, high sensitivity and low cost. With this technique, fluorescent
dyes are incorporated into a solid matrix on which they interact with the explosive
molecules, causing them to fluoresce. Plants tolerate explosives in soil and water
up to a certain extent. Beyond this concentration, plants may be affected.
However, they have been used in phytoremediation of explosives (Pennington and
Brannon, 2002).

13
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2.2 Polyaromatic hydrocarbon (PAHS)

2.2.1 Background on PAHs

Polycyclic or polynuclear aromatic hydrocarbons (PAHSs) are compounds which
include carbon and hydrogen, and always have at least two fused rings in their
structures which are normally benzene. It is however common to also have rings

that are not six-sided (Ravindra et al., 2008).

One way of synthesizing PAHSs is through pyrosynthesis and pyrolysis by using
saturated hydrocarbons as precursors under oxygen-free environments. When
exposed to temperatures exceeding 500°C, the C-C and C-C bonds are broken and
there is formation of free radicals. These radicals combine with acetylene which
then condenses to form aromatic ring structures, which are resistant to degradation
at elevated temperatures (Ravindra et al., 2008). The general synthetic scheme for
PAHSs is shown in Fig. 3.

N oy
C— .
o N N
H
e e o
H
H H H/f \MKH H/
-H | heat
Polyaromatic hydrocarbons
(PAHs) R

Fig. 3. Synthesis scheme of PAHs (Ravindra et al., 2008)
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The formation of PAHSs is mostly due to the incomplete combustion and pyrolysis
of fossil fuels or wood, and from the release of petroleum products (Manahan,
1994). The emission of PAHSs by various anthropogenic combustion sources have
been briefly discussed by Marchand et al. (2004). Forest fires are known to be the
single most emmiters of PAHs into the atmoshere. Other pyrogenic non-
anthropogenic sources of PAHSs include volcanic eruptions and degradation of

biological materials (Ravindra et al., 2008).

2.2.2 Physico-chemical properties of PAHs

With no functional groups in their structures, PAHs are lipophilic compounds
with very low water solubility which implies that their concentration in water is
very low (Nasr et al., 2010; Qiu et al., 2009; Nikolaou et al., 2009; Rengarajan et
al., 2015) in the range of ng L™ to pg L™, The water-soluble fraction is therefore
reduced greatly. This low concentration in the aqueous fraction makes the analysis
of PAHSs difficult. The actual concentration of PAHSs in the real water samples is
very wide, depending on the closness of the polluted area to where they are
produced, industrialization of the area and the type(s) of available PAHs transport
(Kanaly and Harayama, 2000). In the atmosphere, 80% of PAHs with greater than
5 rings can be found associated with suspended atmospheric particles with very
small aerodynamic diameters (> 2.5 um) (EU working group on PAHs, 2001). As
a consequence of their hydrophobic nature, PAHs in aquatic environments also
tend to be associated to the particulate matter and finely dispersed soil colloids
ending in sediments. Therefore, PAHs tend to accumulate and concentrate in
sediments which represent the most important reservoir in aquatic systems
(Kafilzadeh et al., 2011). Thus, concentrations of PAHSs in water are usually very
low as compared to the concentrations in the bottom sediments (Moore and
Ramamoorthy, 1984). The United States Agency for Toxic Substances and
Disease Registry has listed 17 priority PAHs based on their toxicological profile
(ATSDR, 1995). The physical and chemical properties of PAHs strongly
influence its transport pathways and how it is distributed in the environment.
PAHSs represents a wide spread group of environmental chemical pollutants and

are ubiquitous contaminants in marine environments (Kafilzadeh et al., 2011). As
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the molecular weight of PAHSs™ increase, their solubility in water decreases. At the
same time, the corresponding boiling and melting point increase (Nikolaou et al.,
2009). Table 3 shows some of the physical properties of PAHs which include
water solubility, vapour pressure, Henry's law constant and octanol-water

partition coefficient (Kow).
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Table 3 Priority listed PAHs with selected physical properties (Lee, 2010).

Chemical Molecular Meltin Boiling Vapour Lo
Name formula Chemical structure weight oint (og) point pressure K g Log Kqe
(@moy P (C)  (mmHg) "
Naphthalene CioHs 128.17 80.26 218 8.7x10% 329 297
Acenaphthene C1oH1o OO 154.21 95 96 45x10° 398 3.66
Acenaphthylene  CaoHa OO 15220 92-93  265-275 2.9x107 407  1.40
Fluorene Ci3H1o O.‘ 166.20 116-117 295 32x10° 4.18 3.86
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Anthracene C1aH10 178.20 218 340-342 1.8x10° 445 415

Phenanthrene Cu4H1p O‘ 178.2 100 340 6.8x 10* 4.45 4.15

90
e

Fluoranthene 202.26 110.8 375 50x10° 4.90 458
CisH1o
Pyrene CisH1o ‘O 202.3 156 393-404 25x10° 4.88 458
Benzo(a)anthracene CooH12 %O 22829 158 438 25x10° 516 5.30
=
Chrysene CisH12 228.28 254 448 6.4x10° 5.90 -
o
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CaoH12 252.3

Benzo(a)pyrene

Dibenzo(a,h)anthrac
ene

CaoH1a 278.35

Benzo(g,h,i)perylene  CyHi, O 276.34

Ideno(1,2,3- OO
c,d)pyrene CaoHaz O“O 276.3

179-179.3

262

273

163.6

495

550

530

56x10° 6.06 6.74

1.0x10%° 6.84 652

1.0x10% 650 6.20

101°-10% 658 6.20

Notes: LogK,y is the octanol/water partition coefficient
LogK,. is organic carbon-water partitioning coefficient
- No data was supplied
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2.2.3 Effects of PAHSs

Most PAHs are known to be toxic with the following properties; hydrophobic,
low water solubility, and lipophilic. They therefore tend to bio-accumulate in the
fatty tissue of living organisms and enter the food chain. Some PAHs are in the
attention of scientists because they represent one of the largest classes of
environmental carcinogens. However, even if some PAHs molecules are not
carcinogenic, it was proved that their metabolites are (Tudoran and Putz, 2012).
The toxicity of most PAHs has been traced back to the existence of K- and bay-
regions which are formed metabolically. The presence of these regions makes the
PAHs to be very reactive both chemically and biologically. Some examples of

PAHs with bay regions are shown in Fig. 4.

Bay region

Bay region
Bay region ‘

Fluoranthene Phenanthrene

Dibenzo(a,h)anthracene

Fig. 4. Selected PAH structures showing bay regions.

2.3 Extraction techniques of organic compounds from liquid samples

Identification and quantification of PAHs in real environmental samples is
associated with many challenges. For example, the specificity of the matrix type
(the presence of contaminants, low levels of analytes, and their diverse chemical
structure), may not allow for their direct analysis (Tobiszewski et al., 2014).
Many sample preparation techniquess have been used before instrumental
analysis. These include, as listed in chapter one, liquid-liquid extraction, solid
phase extraction, solid-phase micro extraction, gel permeation chromatography,
Quick, Easy, Cheap, Effective, Rugged, and Safe (QUEChERS), and matrix solid-
phase dispersion. Following this importance of selecting an appropriate extraction

technique, Oluseyi et al. (2011) devoted their time in the investigation of four
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extraction techniques in the determination of PAHSs in contaminated soil samples;
ultrasonication extraction, Soxhlet extraction, mechanical shaking and solid-phase

extraction.

2.3.1 Solid phase extraction

Solid-phase extraction (SPE) is by far the mostly used sample preparation method
for aqueous samples (Hennion, 1999). A wide variety of distinct SPE-sorbents
materials have been used, including polymers (Yang et al., 2009), modified silica
gel (Wang et al., 2004), chemically immobilized with dithizone(l) for the removal
of mercury (Mahmoud et al., 2000) and multiwalled carbon nanotubes (Liang et
al., 2004). A typical solid phase extraction involves four basic steps (Fig. 5).
However, another additional stage of concentrating the eluted analytes by
reducing the volume may be needed (Xu et al., 2007). First, the cartridge is
equilibrated with a buffer of the same composition as the sample. The sample is
then loaded to the cartridge, and it passes through the stationary SPE sorbent
where the desired analytes interact and retain. The washing will then remove the
impurities and finally, the analytes are eluted with appropriate buffer, before an

optional pre-concentration.

CONDITIONING  SAMPLE ADDITION WASHING ELUTION
gL 4

W 7 7l
o - - -
|

x a L
** ® on

! !

[Analyte » Interferents =# 0*]

-

Fig. 5. Stages in solid phase extraction.
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2.3.2 Liquid-liquid extraction

In liquid-liquid extraction (LLE), two or more immiscible liquids that are not in
equilibrium are brought in contact. The analytes will then move from one phase to
the other across the interfacial area due to the concentration gradient established
between the phases (Lopez-Montilla et al., 2005). One disadvantage of this
method is that large volumes of organic solvents are used. In most cases, these
solvents are toxic, and the set-up and operation is difficult to automate (Cortada et
al., 2011). Just like in SPE, the solvent with the analytes of interest is often
evaporated in order to pre-concentrate the samples. During this evaporation step,
there is always a possibility of the loss and/or degradation of the desired target
analyte (Darrach et al., 2011).

2.3.3 Solid phase microextraction

Solid phase microextraction (SPME) was introduced by Arthur and Pawliszyn
(1990). This method is a solvent-free extraction technique that combines sample
pretreatment, concentration and sample introduction all in one step (Saleh et al.,
2009). In SPME, a polymer-coated fiber, on which the investigated compound
adsorbs, is placed in the sample or its headspace. After some time, the polymer-
coated fiber will then be inserted into the heated injection port of the GC system
where the adsorbed analytes are thermally desorbed (Psillakis and Kalogerakis,
2001).

2.3.4 Liquid-phase microextraction

Liquid-phase microextraction (LPME) is also another technique that uses a small
amount of a receiver solvent for concentrating analytes from aqueous samples
(Rasmussen and Pederson-Bjergaard, 2004). This is fast becoming a method of
choice since it is a solvent-minimization technique. This implies that it is a green
technique as it uses minute volumes of toxic oganic solvents which are used in the
traditional LLE. Wu et al. (2016) used LPME for the determination of six
steroidal and phenolic endocrine disrupting chemicals in chicken, fish and water
samples. Recently, Dolatto et al. (2016) used LPME method to extract the highly
polar phenolic compounds.
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2.3.4.1 Liquid-liquid microextraction

Liquid-liquid microextraction (LLME) was first introduced by Belardi and
Pawliszyn (1989). In LLME, the analytes are pre-concentrated into a very small
volume implying that there are high enrichment factor achieved (Cortada et al.,
2011). This method is a single-step extraction with high sample-to-solvent ratios.
In order to achieve separation by centrifuge after the extraction, the organic phase
must be denser than water. It also has to be in water to achieve high enrichment
factor (zZheng et al., 2015). Wu and Yu (2012) used n-hexane and
dimethylformamide for the extraction of PAHSs in four different edible oils from
China.

2.3.4.2 Dispersive liquid-liquid microextraction

The basic principle of dispersive liquid-liquid microextraction (DLLME) is the
dispersion of extraction solvent assisted with a disperser solvent within an
aqueous solution that generates a very high contact area between the aqueous
phase and the extraction solvent (Larki et al., 2015). DLLME is considered a
convenient and efficient microextraction technique that was first developed by
Rezaee et al. (2006). This method was recently used by Larki et al. (2015) for the
determination of trinitrotoluene and used trioctylmethylammonium chloride as a
dispersing agent. In another study, Tobiszewski et al. (2014) used DLLME for the
extraction of 43 parents and methylated PAHs from water samples with
perchloroethylene extractant and methanol as a dispersant.

2.3.4.3 Single-drop microextraction

Single-drop microextraction (SDME) is a technique that is now widely because it
is not expensive, its operation is simple and it a green method as it is nearly
solvent-free (Xu et al., 2007). This technique was developed in quest for solvent-
reduction in sample preparation procedure. It uses minute volumes (single drop)
of the solvent, and therefore there is minimum usage of toxic organic solvents
(Bahmaei et al., 2015). SDME was introduced by Jeannot and Cantwell (1996).
The procedure for this technique involves suspending a small drop of of an

acceptor solvent at the tip of a micro-syringe which will then be exposed to the
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sample. This technique reduces the pre-concentration of interfering matrix as only
the investigated volatile or semivolatile analytes are saturated into headspace
thereby extracted to a hanging drop (Wang, 2013). Recently, Timofeeva et al.
(2016) used SDME in combination with solvent exchange for the quantification of
caffeine in saliva. Garcia-Véazquez et al. (2016) coupled SDME with capillary
electrophoresis for the determination of nonsteroidal anti-inflammatory drugs in
urine samples. A headspace single drop microextraction was used by Wu et al.
(2008) using aqueous solution of B-cyclodextrin as extraction solvent for the

determination of PAHSs in environmental samples.

2.3.4.4 Hollow fiber liquid-phase microextraction (HF-LPME)

Hollow fiber liquid-phase microextraction (HF-LPME) was introduced in 1999 by
Pedersen-Bjergaard et al. (1999). In this technique, a short hollow fiber is sealed
at one end and with the help of a syringe a few microliters are introduced as an
acceptor phase into the tube on the other end. The fiber will then be immersed into
a solution with the analytes of interest. Due to the concentration gradient, the
analytes are found to move into and saturates the acceptor phase across the
membrane. Since the HF-LPME uses small amounts of fiber cheap
environmentally friendly materials, it implies that they can easily be disposed of
without incurring appreciable costs (Payan et al., 2010). Another advantage of the
HF-LPME is that its pores are very small and cannot allow the traversing of large
molecules and this brings about its selectivity as the matrix remains in the bulky
donor solution after the pre-concentration process (Xiao et al., 2010). This
technique has successfully been applied for the pre-concentration of PAHSs
(Hyder, et al., 1999; Liu, 2015).
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2.4 Extraction techniques of organic compounds from solid samples

2.4.1 Soxhlet extraction

Soxhlet extraction is probably the most used method for the extactions of analytes
from solid matrices. It is a method with which other extaction methods and
techniques are normally benchmarked (Parera et al., 2004). In the soxhlet
extraction, the solid sample which can be a soil or sediment is placed in a thimble
above the extracting solvent in a round bottomed flask in a closed system. The
solvent is heated to boiling and the vapour produced passes through a by-pass arm
into the condenser where it is condensed back into a liquid above the thimble
containing the sample. The solvent penetrates and soaks the sample, thereby
extracting the analytes of interest. The solvent loaded with the analytes overflows
back into the round bottomed flask where the analytes remain (having a higher
boiling point than the solvent). This cycle is repeated as the extracting solvent is
heated again. Marvin et al. (1992) compared Soxhlet and ultrasonic extraction for
PAHSs extraction. The ultrasonic extraction was better than the soxhlet extraction
in terms of the yield of PAHs extracted from sediments and air particulates
(Marvin et al. 1992). Oluseyi et al. (2011) investigated ultrasonication extraction,
mechanical shaking and solid-phase extraction techniques in the determination of
PAHSs in contaminated soil samples. As is usually the norm, the Soxhlet extraction

was included for comparison purposes.

2.4.2 Supercritical fluid extraction

Supercritical fluid extraction (SFE) with supercritical carbon dioxide as a solvent
is widely used for the extaction organic compounds from solid samples. Its use
results in a great reduction in extraction times. Librando et al. (2004) extracted
PAHs from marine sediments and soil samples. Rai et al. (2016) did supercritical
extraction of oil from sunflower seeds. Hsueh et al. (2013) used supercritical
water at 673 K and 240 bars for the extraction of PAHs hindered in fly ashes.
Recently, there has been interest in combining SFE with other extraction
techniques, e.g., Jowkarderis and Raofie (2012) coupled SFE with LLME as an

efficient sample preparation method for the analysis of isomers of nitrotoluene in
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a complex matrix. The use of SFE has also been used by Batlle et al. (2005)
coupled to various analyte collection strategies for the extraction of nitroaromatic

compounds and their degradation products from soil samples.

2.4.3 Microwave assisted extraction

The principle of this technique is heating the solid sample mixed and
homogenized in the extracting solvent by microwaves. This increases the mass
tranfer of the analytes from the sample into the bulk solution of the extracting
solvent. This technique has an advantage of having short extraction times as
compared to other traditional methods. Microwave assisted extraction was also
used by many researchers to extract compounds like PAHs (Sibiya et al., 2013).

Kjellstrom et al. (2008) investigated the extraction of TNT from soil samples.

2.4.4 Pressurized liquid extraction

Pressurized liquid extraction is a relatively new technique for the extraction of
analytes from solid samples. This method uses common solvents at high pressures
and temperatures. Pressurized liquid extraction is a very fast technique and it uses
less solvent than conventional techniques (Santos et al., 2012; Richter et al.,
1996). According to the study by Itoh et al. (2008), when Soxhlet extraction,
microwave-assisted extraction and pressurized liquid extraction where compared
for their capabilities of extracting PAHSs, and it was found that the later was more

efficient.

2.5 Performance comparison of different extraction analytical methods

Comparison of selected analytical methods for the extraction and determination of
PAHs and NACs is presented in Table 4. From the table, it can be seen that the
most common separation-detection method for both PAHs and NACs is the GC-
MS.
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Table 4 Comparison of different methods for the extraction of PAHs and NACs

Pre-
] _ Separation-
PAH/NAC Matrix concentration _ Reference
detection method

method

16 priority soil Acetone-SPE HPLC-Flu Kootstra et al., 1995
o _ Ultrasonication-

16 priority soil HPLC-UV Sun et al., 1998

SPE
PAHSs water SPE HPLC Moja and Mtunzi, 2013

ultrasound
16 priority plant GC-MS Guatemala-Morales et al., 2016
16 priority water LLME GC-MS Zheng et al., 2016
16 priority edible oils LLME GC-MS Wu and Yu, 2012
parent and ) )

water DLLME GC-TOF-MS Tobiszewski et al., 2014

methylated PAHs
PAHSs wastewater SDME GC-FID Sunetal., 2014
TNT Water and soil DLLME UV-Vis Larki et al., 2015
Mono-NTs Water DLLME GC-FID Sobhi et al., 2010
Nitroaromatic Water SPME GC-MS Psillakis and Kalogerakis, 2001
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explosives
Nitroaromatic
explosives

16 PAHs
Nitroaromatic
compounds
Nitrobenzenes
PAHSs

MNTs

2,4-DNT

Water

Water

water

Water
Water

Water

Water

SDME

SPME

SPME

SDME
SDME

DLLE

DLLME

GC-MS

GC-MS

GC-MS

GC-MS
HPLC-UV

GC-FID

GC-FID

Psillakis and Kalogerakis, 2001
King et al., 2004

Jonsson et al., 2007

Zhao et al., 2004
Hou and Lee, 2002
Sobhi et al., 2010

Ebrahimzadeh et al., 2009
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2.6 New sorbent materials

2.6.1 Molecularly imprinted polymers

Research for selective identification and quantification of explosive compounds
has attracted the attention of public security specialists and environmental
scientists. Recent developments in the area of molecularly imprinted polymers
(MIPs) have seen the preparation of specific and selective materials that can
adsorb organic compounds from aqueous samples (Jenkins et al., 2012). MIPs are
synthetic sorbents that work as artificial receptors due to their good selectivity.
The synthesis approach involves the co-polymerization of functional and cross-
linking monomers in the presence of template molecules. Subsequent extraction
of template creates specific molecular recognition sites in solid polymers, which
are complementary to the shape, size, and functional group(s) of the template
(Yunhe et al., 2009). MIPs have been used in solid phase extraction as selective
sorbents to concentrate target analytes and at the same time clean-up samples
prior to analysis (Ebrahimzadeh and Behbahani, 2013). The biggest benefit of
using MIPs is in the selective sorption of the target analyte(s) which always occur
alongside complex matrix if real samples are analyzed. Due to a betterfit in shape
and surface chemistry, these cavities will later on preferentially adsorb the
template molecules over closely related analogues (Wackerlig and Schirhagl,
2016). The affinity and selectivity of MIPs basically depend on the parameters
which are determined by the strength and type of intermolecular interactions
(Riah et al., 2010). Figure 8 shows the general synthetic diagram for the
preparation of MIPs.
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Fig. 6. Schematic diagram for the synthesis of MIPs (Haupt et al., 2010)

In pharmaceutical field, there is increasing demand for optically pure drugs, and
this has resulted in an interest in developing sorbents and methods for efficient
chiral separation. Balamurugan et al. (2011) synthesized a MIP with either (+) or
(-)-Ephedrine ((R*,S%)-2-(methylamino)-1-phenylpropan-1-ol) as chiral drug
templates and used the material as stationary phases in chromatographic colums.
The MIPs were effective for the resolution of Ephedrine enantiomers. In their
quest to separate diastereoisomers of mandelic acid, R- and S- hydroxy-1-phenyl-
acetic acid, Hung et al. (2005) packed MIPs into the HPLC columns. In HPLC
sorbents, the size of the packing materials in columns is very crucial. The
mechanical processing (grinding of bulk polymers) normally leads to non-
homogeneous particles with respect to shape and size resulting in the production
of irreproducible quality data. This disadvantage of bulk polymerization is the
reason why other imprinting formats have been investigsated. For example,
monolithic MIPs columns have been recently prepared directly inside stainless
steel columns (Matsui et al., 1993; Yin et al., 2005).

2.6.2 Carbon nanomaterials

Carbon nanofibers (CNFs) are carbonaceous fibrous materials conformed by
stacked graphene layers (Serp et al., 2003). They are hydrophobic and almost
without functional groups. There are two main methods for the synthesis of CNFs
which are catalytic thermal chemical vapor deposition growth and electrospinning

followed by heat treatment. These two approaches were reviewed by Feng et al.
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(2014). In the former, CNFs are synthesized from the decomposition of a
hydrogen and carbon source (and/or carbon monoxide), and the catalys used are
normally the metals or metal oxides. The reaction is normally carried out at high
temperatures ranging between 400 and 700°C (Rodriguez, 1993). Since their first
synthesis, the carbonaceous fibrous materials (CNFs and carbon nanotubes
(CNTSs)) have been on the spotlight amongst researchers owing to their potential
applications in catalyst support and environmental analysis as sorbents. Raw
CNTs are mainly used for the removal and extraction of hydrophobic organic

compounds owing to their high adsorption capacity (Xia et al., 2013).

SWCNT MWCNT

Fig. 7. Structure of carbon nanotubes

It is necessary to convert the CNFs into hydrophilic material if the subsequent use
is to extract polar compounds. This is normally carried out by modifying or
adding functional groups normally carrying heteroatons like O, N and S. With
these groups, the surface of the carbonaceous materials is able to extract extract
polar organic compounds. There is a lot of literature which reported the
modification of CNFs with different surfactants specifically chosen for particular
organic analyte, e.g., Norzilah et al. (2011) used 4 M of HNO3 to modify CNTs
for the sorption of methylene blue and phenol. The effect of the chemical
activation, using HNO;, of commercial CNFs on its surface chemistry and

adsorption properties was investigated by Cuervo et al. (2008).
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2.6.3 Electrospun fibers

Electrospinning is a method that is used to produce fibers that are characterized by
small diameters. In the synthesis of these fibers, there is utilization of a potential
difference beteen the collector and the solution being electrospun (Sheikh et al.,
2013). Electrospinning is an old technique, and cellulose acetate is one of earliest
materials to be electrospun and there is a patent regarding this (Formhals, 1938).
Key properties for a polymer (natural and synthetic) to be electrospun are that it
should be sufficiently soluble, of high molecular weight, and that the dissolved
solution should be viscoelastic and conducting electricity (Rutledge and Fridrikh,
2007; Bhattacharjee and Rutledge, 2011). Cellulose and chitosan have been
electrospun a lot because these materials are cheap owing to their natural origin
and availability in large quantities (Ward, 1943). However, some materials have
been investigated, e.g., polyacrylonitrile (PAN) nanofiber membranes coated with
calix[8]arenes were electrospun from different composition mixtures of PAN
solutions and calixarenes (Chen et al., 2013). Deng et al. (2009) demonstrated that
1D  fluorescent nanofibers prepared from a conjugated polymer,
poly(triphenylamine-alt-biphenylene  vinylene),  with  excellent  sensory
performance which could be a good candidate sensor for detection of TNT. Close
to this work, Tao et al. (2007) demonstrated the use of porphyrin doped
electrospun nanofibers for the detection trace amounts of of TNT in vapours.
Electrospun fibers have demonstrated applications in filtration and biosensors

(Wang et al., 2004). Figure 8 shows the simple horizontal electrospinning set-up.
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Collector
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HV Sample
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Fig. 8. Schematic setup for electrospinning

2.6.4 Moringa oleifera

Moringa oleifera is one of the fourteen species of trees that fall under genus
Moringaceae. This plant naturally grows in countries/regions like India, Sri-
Lanka, Mexico, Middle East and south-western Africa. It has been a subject of
research due to its unique nutritional (Gowrishankar et al., 2010; Dillard and
German, 2000), therapeutical (Ayotunde et al., 2011; Anwar et al., 2007) and
water coagulation properties (Santos et al., 2012; Ali et al., 2009). The use of
Moringa oleifera as a water purifier is probably one of its major use. Natural
adsorbents are used mostly in water treatment as they are cheap and readily
available (Kumari et al., 2006). In contrast, traditional method of water
purification using aluminium sulphate and calcium hypochlorite are very
expensive, especially for rural communities in developing countries. This leaves
no option for rural communities but look for alternative cheap methods of
cleaning their drinking water. However, most readily available adsorbent sources

lack in sorption capacities, thereby exposing people to waterborne diseases.
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Fig. 9. Moringa oleifera tree and seed kernels

Huge volumes of waste and by-products are generated when agricultural products
are processed. Use of it can be made by developing the biosorbents to treat
polluted water (Reddy et al., 2010). Apart from low cost, the other advantages
that biosorbents have over other conventional methods include; high efficiency,
minimization of chemical and or/biological sludge, ability for regeneration of
biosorbent and no additional nutrient requirement. There are no significant
concentraion of Cl~ and SO4* after water treatment, unlike when traditional

coagulants like FeCl; and Al,(SOy); are used.

Apart from being used as raw, the Moringa seeds are known to contain some
proteins which have been extracted and used in water purification. In a study by
Ndabigengesere et al. (1995), they found the net charge of the protein to be
positive. This natural cationic protein acted as a flocculant, thereby decreasing the
turbidity of the water. It was found to be capable of removing negatively charged
particles including bacteria (Ndabigengesere et al., 1995). Ghebremichael et al.
(2005) had the same observations that the proteins had a net positive charge when

they were added to water.

Chemically modified Moringa seed powder, especially with amine-based
surfactants, has been used for the sequestration of metal ions from aqueous
solutions. This is owing to the strong binding properties of the amine functional

groups. Mnisi et al. (2012) wused unmodified and amine modified
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(ethylenediamine, diethylenetriamine, triethylenetetramine and
tetraethylenepentamine) Moringa oleifera bark as a potential alternative sorbent to
the current costly methods of vanadium removal from polluted water solutions.
Use of different coating agents was done to ascertain whether the different amines
could functionalize the adsorbent and what effect this would have on the

adsorption performance.

Activated carbon (AC) is a carbonaceous material which is characterized by high
surface area. This physical transformation is another popular modification. Since
Moringa oleifera seed husks are available in large amounts, they were used by
Warhurst et al. (1997) to make AC. The product showed high micro-porous with
some meso-porosity and showed fast adsorption of pollutants 4-nitrophenol and
methylene blue. High-quality AC made from readily available waste husks of
Moringa oleifera (Miquel and Wendy, 2010; Pollard et al., 1995) was used to
clean contaminated water. Sumathi and Alagumuthu (2014) activated Moringa
oleifera dried raw leaves by carbonizing them in a muffle furnace at 400°C for

removal of arsenic from aqueous solutions.

2.7 Performance comparison of different extraction analytical methods

Table 5 summarizes the application of different sorbents (discussed above as new
sorbent materials) for the removal of PAHs and NACs from aqueous solutions.
There is a lot of literature concerning the extraction of PAHs from different
matrices. For example Lau et al. (2010) gave a detailed review of the extraction of
PAHs from soil samples where techniques like Soxhlet extraction, supercritical

and subcritical fluid extraction and fluidized-bed extraction were details.

35


http://www.hindawi.com/31523567/
http://www.hindawi.com/92054239/

Chapter 2

Literature review

Table 5 Comparison of different methods for the removal of PAHs and NACs

] Separation Selectivity
PAH/NAC Material LOD Reference
method [Y/N]
Functionalized multiwalled )
Electrochemical 1.0 x 10° mol )
2,4-DNT carbon Yes L Nie et al., 2016
o sensors L

Nanotubes/polyethyleneimine

Porphyrin doped electrospun )
TNT _ Adsorption - - Tao et al., 2007

fibers

Raw and biocharred Moringa ) Tavengwa et al.,
NB ) Biosorption No XXX

oleifera seed powder 2016

o Multi-walled carbon

16 priority XX XX Ma et al., 2010

nanotubes
TNT MIP Adsorption Yes 40.7 uM Stringer et al., 2010
2,4-DNT MIP Adsorption Yes 30.1 uM Stringer et al., 2010
2,4-DNT Porous graphitic carbon 0.07 ng pL™ Tachon et al., 2007
TNT MIP Adsorption Yes - Bunte et al., 2007
SLight PAHs ~ MIP Adsorption Yes 1.5-270ng L Eglietal., 2015
*Probable MIP Adsorption Yes - Krupadam et al.,
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human 2010
carcinogens

) _ Graphine oxide, reduced

Nitroaromatic _ _ _ ] Chen and Chen,
graphine oxide and graphine  Adsorption -

compounds 2015
nanosheets

Nitroaromatic )
Carbon nanotubes Adsorption - Chen et al., 2007

compounds
Si02 aerogel/activated )

TNT Adsorption - Zhou et al., 2013
carbon

Nitroaromatic ) 1 Tavengwa et al.,
B-CD@CNF* Adsorption 3-24pg L

compounds

2016

%: These are: B[a]A, benzo[a]anthracene; B[a]P, Benzo[a]pyrene; B[b]F, Benzo[b]fluoranthene; Chr, Chrysene; D[a]P, dibenzo[a,h]pyrene; and

I[2]P and®These are: Nap, Flu, Phen and Pyr
-: not reported
*. B-cyclodextrin functionalized on carbon nanofibers

Where ‘Nitroaromatic compounds™ is mentioned, a mixture of >3 NAC was used
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3.1

General objectives

The general objective of the study was to develop natural and synthetic sorbents

for application in water treatment for the extraction and removal of organic

pollutants (explosive compounds and polycyclic hydrocarbons).

3.2

3.3

Specific objectives

To apply the characterized raw and biochared Moringa oleifera seeds to the

removal of nitrobenzene from aqueous solutions (paper 1).

To study the selective extraction of 2,4-DNT explosive from aqueous

solutions by application of magnetic molecularly imprinted polymers
(paper I1).

To investigate the extraction of explosive compounds from aqueous
solutions by solid phase extraction impregnated with [p-cyclodextrin

functionalized carbon nanofibers (paper I11).

To prepare the molecularly imprinted polymers-membrane assisted solvent
extraction combination for the extraction of polycyclic aromatic

hydrocarbons from sewage wastewater (paper 1V).

To electrospin polyacrylonitrile into nanofibers and characterize it before
extraction of nitrotoluenes from aqueous solutions (paper V).

Research questions

What are the factors that can be optimized in order to achieve better
quantification and identification of the low concentrations of nitroaromatic
compounds and polycyclic aromatic hydrocarbons in the environment?

Does biocharring of Moringa oleifera seed powder have an effect in the
extraction of nitrobenzene?

Can the molecularly imprinted polymers selective of specific selected analyte

be synthesized and perform as expected in batch adsorption studies?
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3.4 General approach

= Selection/development of the desired sorbent material as outlined in the
methodology sections of the respective papers.

= Modification (chemical or physical) of the starting material accordingly.

= Full characterization of the prepared material was carried out to gain the
physico-chemical behaviour of the prepared materials.

= Optimization of the proposed methods was carried out. Parameters such as
sample pH, contact time and weight of the sorbent were investigated.

= Where relevant, modelling of the kinetic data (e.g., pseudo-first-order and
pseudo-second-order) and adsorption data (e.g., Langmuir and Freundlich)
were carried out.

® The developed methods (optimized) were then applied to real environmental
samples to test their applicability from parameters such as recovery and
%RSD.

Figure 10 shows the general flow chart of the order of experiments. In paper 11,
111 and 1V, the work started with chemical synthesis of the material; MIPs for
paper | and IV and fibrous materials paper Il1. Physical transformation of the
moringa seed powder into activated carbon was also used to prepare the sorbent
paper | and in paper V, PAN was converted into nanofibers through
electrospinning. At times, the material needed further functionalization in order to
improve the sorption of the target analyte. An example is when the synthesized
CNF was further modified but addition of B-cyclodextrin (paper I11). In paper
1V, the synthesized MIPs were firstly added to a membrane bag and dispersed in
toluene acceptor phase. Necessary characterization of the prepared materials were
done and reported in the respective papers. Full optimization was done to find out
the maximum values of parameters likely to affect the uptake of the investigated
analytes. The optimized parameters were finally applied to real environmental

samples.
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Material Chemical or physical o
. _— L Characterization
selection/development modification
Application toreal Optimization of uptake
. <
environmental samples parameters

Fig. 10 A general scheme for the research approach.
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This chapter lists all the five manuscripts submitted for examination. Each
manuscript is formatted into the sytle requirement of the journal as per the
requirements of the particular journal. Note also that the reference styles are also
different. Papers | and 111 have already been published, papers Il and V have
been submitted and are currently under review, whilst paper IV is a manuscript
that will be submitted soon.




Paper |

This paper “Application of raw and biochared Moringa oleifera seeds to the
removal of nitrobenzene from aqueous solutions,” was published in Desalination
and Water Treatment. It explores the effect of biocharring of the natural sorbent

Moringa oleifera seeds in the uptake of nitrobenzene model pollutant.
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ABSTRACT

Low cost and locally available Moringn seed powder as a potential biosorbent was tested for
its effectiveness in the removal of nitrobenzene (NB) from aqueous solution. Biochared
Moringa oleifern seed powder was also used to compare its performance in the uptake of NB
from aqueous solution. Fourier transform infrared spectroscopy fingerprint region of the
biochared M. oleifera seed powder was clearer as compared to the raw. Pores observed by
the scanning electron microscopy analysis were found to be 0.84 and 1.23 em® g™ (by BET
analysis) for the raw and biochared M. oleifera seed powder, respectively. The carbon ele-
mental analysis by energy-dispersive X-ray spectroscopy was 80 and 70% for the raw and
biochared M. oleifern seed powder, respectively. The removal efficiencies of the two sorbents
were evaluated using factors such as solution pH, biosorbent dosage, contact time and ini-
tial NB concentration. A basic pH of 11 was found to be optimum for the uptake of NB for
both sorbents. The sorption equilibration time of NB at 25°C was about 50 min, and the
optimal NB removal efficiency was achieved with a dosage of 125 gL-l. The pseudo-
second-order was found to fit the kinetic data better with the calculated sorption capacity of
NB of 0.084 and 0.071 mg g-] onto the raw and biochared M. oleifera seed powder sorbent.
The limit of detection and limit of quantification values for NB determination by HPLC-UV
were found to be 11.54 and 38.46 ug L™, respectively.

Keywords: Biosorption; Moringa oleifera; Biochar; Nitrobenzene

1. Introduction

Nitrobenzene (NB) is widely used in the manufac-
turing of dyes, pesticides, explosives and paper and
textile [1,2]. However, the release of NB from these
industries into the environment has drawn consider-
able attention due to its toxicity, persistence and accu-
mulation in the food chain. Nitroaromatic compounds
(NACs) are commonly found in the subsurface soil

*Corresponding author.

and pose a potential threat to human health [3]. There-
fore, a variety of wastewater treatment technologies
such as adsorption [4], biodegradation [5] and oxida-
tion processes [6] have been employed for the purifi-
cation of NACs contaminated water. Due to high costs
and environmental side effects of the chemical coagu-
lant compounds such as aluminium and iron salts,
there has been an increase in interest in the use of
organic coagulants derived from plant material [7].

1944-3994/1944-3986 © 2016 Balaban Desalination Publications. All rights reserved.
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Biomass, which is abundant in nature and pro-
duced in large quantities as a by-product or waste
from agricultural activities could be used to make
biosorbents for environmental remediation [8]. The
use of biosorbents for the uptake of pollutants from
aqueous medium was previously reported e.g. metal
removal with biosorbents was reviewed by Veglio and
Beolchini [9], and Wang and Chen [10].

Amongst other plant materials, powder form of
Moringa oleifera seed has been proven to be one of the
most effective and viable replacement of various chem-
ical coagulants [11,12]. Moringa, the only genus belong-
ing to the Moringaceae family, consists of 14 species
[13]. Raw M. oleifera seed powder has been used exten-
sively for the removal of wvarious pollutants from
wastewaters e.g. orange 7 dye [14], chromium [15] and
copper [16]. However, most of the studies in literature
have focused on metal ion remediation. Use have been
made of the functional groups as a result of the pres-
ence of various amino acids, fatty acids, vitamins, glu-
cosinolates and phenolics (flavonoids, anthocyanins,
proanthocyanidins and cinnamates) [16]. In order to
improve the sorption capacity, the M. oleifera seed
powder has been chemically modified with different
chemicals like alginate [17] and acetic anhydride [18].

Physical transformation of raw M. oleifera seed
powder into biochar is receiving great research atten-
tion due to its potential in agronomic and environ-
mental applications [19]. In this process, the
generation of pores take place via selective elimination
of the more reactive carbon and further gasification
leading to the production of activated carbon with
high porosity [20]. The cost of the activated carbon
prepared from biomaterials is lower compared with
that of commercial activated carbon [21].

In this work, factors affecting the biosorption of NB
by the locally available, low cost and eco-friendly M.
oleifera seed powder were investigated. Uptake perfor-
mance of NB by biochar obtained by direct pyrolysis of
M. oleifera seed powder was also investigated and com-
pared with the raw material. Characterization of the
raw and biochared M. oleifera seed powder was done by
Brunauer—-Emmett-Teller (BET) surface area analysis,
Fourier transform infrared spectroscopy (FTIR), scan-
ning electron microscopy (SEM) and zeta potential and
energy dispersive X-ray spectroscopy (EDS).

2. Materials and methods
2.1. Chemicals and materials

NB (299%) was bought from Sigma-Aldrich (Johan-
nesburg, South Africa) and acetonitrile (99.9%) was
obtained from Sigma-Aldrich (Steinhein, Germany).
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Deionized water was obtained from Milli-Q ultra-
pure water (Millipore, Billerica, Massachusetts, USA).
pH measurements were done on a 766 Calimatic pH
meter equipped with a Shott N61 pH electrode from
Knick (Berlin, Germany). For mechanical agitation, a
Wisecube Fuzzy Control System from Wisd Labora-
tory Instruments was used at 100 rpm at a fixed tem-
perature of 25°C. A Rotofix 32A Centrifuge from
Hettich Lab Technology (Tuttlingen, Germany) was
used to separate the NB solution from the sorbents,
and was set at 2,500 rpm.

2.2, HPLC conditions and preparation of solutions

A Bischoff HPLC with a UV detector set at 254 nm
with an Ascentis@ RP-Amide column
(25 cm x 4.6 mm x 5 um) was used to quantify the NB.
The mobile phase composition was acenotnitrile /wa-
ter (65/35, v/v) with the flow rate maintained at
1 mL min™" in isocratic mode and the sample injection
volume of 50 ul was used.

A 100-mg L™" stock solution of NB was prepared
by dissolving the appropriate volume in 50/50, v/v
acetonitrile/water solution. A 10-mg L' NB working
solution was then prepared from the stock solution
and the same diluent, acetonitrile/water (50/50, v/v)
was used to top up to the mark.

2.3. Biosorbent preparation

M. oleifera seeds were collected from a farm in
Lebowakgomo in Limpopo Province, South Africa
(24.305075, 29.5650°E). M. oleifera seeds were dried in
sunlight for 3 d (average temperature was 26"C). The
dehusked M. oleifera seeds were then washed several
times with distilled water to remove all dirt. The
cleaned M. oleifern seeds were oven dried at 80°C for
3 h. The seeds were powdered in mortar and pestle and
sieved through a 2 mm mesh. Direct pyrolysis was used
for the preparation of biochar from M. oleifera seeds.
The heating process was carried out in the absence of
air after purging with nitrogen for 10 min. The M. olei-
fera seed powder was biochared in a muffle furnace at
200°C for 2 h, and the average pyrolysis yield of biochar
was 48.9% by mass. After biocharing, the material was
repeatedly washed with distilled water.

2.4. Characterization

Through a FEI Quanta 200 ESEM scanning electron
microscopy equipped with EDS, the surface morpho-
logical features of the raw and biochared M. oleifera
seed powder were explored and elemental composi-
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tions determined. The samples were mounted on a
black double-sided carbon tape attached to a sample
platform. To avoid charging, the samples were coated
with gold palladium using a sputter coater Baltec
Scutter SCD 050 to a thickness of approximately
30 nm. Fourier transform infrared spectra were
recorded in the frequency range of 400-4,000 cm™
using a Tensor 27 Bruker FTIR spectrophotometer
(Ettlingen, Germany). Zeta potentials were measured
with the Zeta-Meter 3.0 system (Malvern Z5-90).

2.5. Swelling studies

The swelling behaviour was investigated by
immersion of 1.5g of M. oleifera seed powder (raw
and biochared) in 25 mL of distilled water at 25°C for
3d until swelling equilibrium was achieved. Elon-
gated times were used (3 d) to make sure equilibrium
was reached. The equilibrium times are normally
shorter; in orders of few hours e.g. Jjarotimi et al. [22]
who equilibrated the M. oleifera seed flour for 30 min.
The sorbent weight increase allowed the calculation of
the swelling percentage using Eq. (1) where W, and
W, are the weights of the swollen and dry sorbent
samples (in g), respectively.

_ (W)

Swelling ratio (%) W
d

x 100 (1)

2.6. Batch adsorption studies

A typical batch adsorption was done by adding the
dried biosorbent (raw and biochared M. oleifera seed
powder) into a solution of NB under specific experi-
mental conditions. The effect of pH was investigated
using 0.2 M NaOH and/HCI to adjust the pH of the
samples to acidic, neutral and basic conditions. The
effect of biosorbent loading was studied using various
dosages of biosorbents (1.0, 2.50, 6.25, 12.50, 18.75, 50.0
and 1000 g L™"). Contact time was investigated at dif-
ferent time levels (1, 2, 5, 10, 15, 20, 30, 45 and 90 min).
The effect of concentration was also examined at differ-
ent levels (1.0,0.25, 0.5, 0.8, 1.0, 1.5, 2.0 and 3.0 mg LY.

After shaking the mixture, the sorbent was sepa-
rated by centrifugation at 2,500 rpm for 10 min and the
concentration of NB in the supernatant was measured
by HPLC-UV. Egs. (2) and (3) were used to calculate
the uptake efficiency of NB from aqueous solution.

(Co — Ce) % 100

C. (2)

Extraction efficiency (%) =
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(G —C)V

Adsorption capacity = -

3)

where C, is the initial concentration of NB (mg L™,
Ce is the amount of NB after adsorption (mg L_IJ, Vis
the volume of NB solution (L) and m is the weight of
the sorbent (raw or biochared M. oleifera seed powder)
used (g).

2.7. Point of zero charge determination

For the point of zero charge (pH,,.) determination,
a modified method from Rivera-Utrilla et al. [23] was
used: 25 mL of 0.01 M NaCl solution was placed in a
vessel. Nitrogen was bubbled through the solution to
stabilize the pH by preventing the dissolution of CO,.
The pH was adjusted to values between 1 and 13 by
addition of 0.1 M HCl or 01 M NaOH solutions.
100 mg of the raw or biochared Moringa seed powder
was added to the solution and left shaking for 24 h at
140 rpm at 25°C. The final pH was then measured and
plotted against the initial pH for the determination of
the pH,....

3. Results and discussion
3.1. Characterization

The swelling results are presented in Table 1
where the raw M. oleifera seed powder had a swelling
ration of 27.2% whilst that of the biochared M. oleifera
seed powder was 14.2%. The raw material had almost
double the swelling capability as compared to the bio-
chared because of the various functional groups which
were absent in the biochared, as the FTIR result later
showed. The initial rapid increase in the swelling of
the polymeric sorbent synthesized by Anirudhan et al.
[24] was attributed to the presence of the hydrophilic
—COOH. The surface characterization of the biosor-
bents shown in Table 1 indicated the high porosity of
the biochared sorbent as compared to the raw one.

The morphologies of raw and biochared M. oleifera
seed powder were investigated by SEM analysis
(Fig. 1(a) and (b)). The SEM micrographs showed an
amorphous and heterogeneous nature of M. oleifera
seed powder with clear, porous characteristic on the
surfaces and the development of voids. The presence
of a porous surface meant an increased surface area
and this translated to an increased NB sorption capac-
ity as this increased the mass transfer.

FTIR was used to investigate the functional groups
present on the M. oleifera seed powder sorbents. The
two spectra of M. oleifera seed powder (raw and
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Table 1
Physical characteristics of the biosorbents

Moringa powder biosorbent Surface area (m*g™")

Specific volume (cm® g™") Swelling ratio (%)

Raw 6.3
Biochared 12.6

0.54
1.23

27.2
14.2

biochared) are shown in Fig. 1(c). The broad peak seen
on the raw sorbent at around 3,430 cm™" indicated the
presence of hydroxyl group (-OH) stretching. There
was a great reduction of the hydroxyl group (-OH)
stretching frequency for the biochared sorbent proba-
bly due to the elimination of moisture and -OH
groups of the proteins from the biochared M. oleifera
seed powder during biocharing. The absorption peaks
at 2,920 and 2,851 cm™! were due to the C—H stretch-
ing off -C=0 and/or —CHj; of functional groups. The
bands corresponding to the carbonyl group (-COO) of
the proteins and other organic compounds in Moringa
seed powder were detected at around 1,750 cm™". The
band centred at 1,600 cm™ was assigned to the molec-
ular vibration of ring stretching in C=C probably due
to the presence of organic compounds in the Moringa
seed powder. This band was intense for the raw mate-
rials and was subdued in the biochared sorbent. Bio-
char is a solid residue of biomass incomplete
combustion or pyrolysis, which is produced alongside
two other by-products, bio-oil and syngas [25]. As
such, the spectrum of the biochared M. oleifera seed
powder was observed to be cleaner in the fingerprint
region. The FTIR band shifts at 3,450, 1,750 and 1,600
cm™! discussed above might also be due to denatura-
tion of proteins at high temperatures.

EDS was used to study the elemental composition
of the Moringa seed powder (Fig. 2). Raw and bio-
chared Moringa seed powder were dominated by car-
bon and moderate content of O, PP, S and K were also
present. Biochar is a carbonaceous material containing

(@

BO -

40
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—— i ————
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Fig. 1. SEM micrographs of (a) raw, (b) biochared Moringa
seed and (c) FTIR of Moringa seed powder.

65-90% carbon [26]. In the present study, the bio-
chared sorbent had 80% carbon content, an increase
from 70% for the raw sorbent. This increase has been
reported by other researchers. For instance, Jouiad
et al. [27] biochared date palm and Rhodes grass and

8
| &

0 2 46 810 1214 16 18

Fig. 2. Elemental composition of (a) raw and (b) biochared (inserts are the respective EDS spectra).
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obtained a carbon content increase of 45.4-60.9% and
425-56.7%, respectively. Zhang et al. [28] also
observed an increase in the fixed carbon content from
1575 to 21.25% as the pyrolysis temperature was
increased. In a research done by Bfendovi et al. [29],
the elemental analysis done on the biochars of maize
and meadow grass biomass, the content of carbon was
also observed to increase.

The zeta potential of the M. oleifera seed powder
was also determined. This surface property depends
on the type and surface density of ionizable or polar
functional groups on the M. oleifera seed powder. The
zeta potential for the raw and biochared M. oleifera
seed powder was 1.69 and 10.5 mV, respectively. The
zeta potential of the biochared M. oleifera seed powder
was quite high which indicated the absence of nega-
tively charged functional groups on the surface which
were present on the surface of the raw M. oleifera seed
powder. This was in agreement with the findings of
Gai et al. [19] who observed a decrease in the polar
functional groups with an increase in pyrolysis tem-
perature. Narrow peaks of the zeta potential (graphs
not presented) indicated the high chemical homogene-
ity of the tested samples.

3.2. Point of zero charge determination and effect of pH

In order to understand the adsorption mechanism
of the sorption of NB onto M. oleifera seed powder, it
was necessary to determine the pHp,. (Fig. 3(a)). Due
to the removal of some functional groups during
biocharing, the pH,,. of the biochared M. oleifera was
lower than that of the raw one, 6.9 and 4.1, respec-
tively. The result was close to the one obtained by
Junior et al. [30] who obtained a pHp.. of 4.4 for the
raw Moringa powder. Therefore, at pH > pH,,,. of the
sorbents, the total surface charge was negative leading
to the increased removal degree of NB due to the elec-
trostatic force of attraction. Thus, the adsorption of NB

(a) 12 |
12 4 ~ Raw #
£ 10 «— Biochar £
& g
B y
E 6 f /
w
4 4 - it
4 »
21 -
o+ T T
o 5 10
Initial pH

F]

-
w

—

was favoured at pH values above the pHp,.. Electron
accepting nitro group created a partial positive charge
on the benzene ring of the NB. The deactivated ring
was assumed to be the part which participated in the
binding to both raw and biochared M. oleifera sorbents
as the maximum sorption was determined to be in
basic pH. Fig. 3(b) is a result of the experiment which
was carried out to determine the pH value which gave
the maximum removal efficiency of NB. It was
observed that pH 11 gave the optimum performance
which was in agreement with the pH,. determina-
tion. Pan and Guan [31] also found the maximum
adsorption of NB in the basic region (12.6-14.0) when
they used meodified activated sludge sorbent where
the removal efficiency of NB was about 75%. In
another research by Wang et al. [32], both biosorbents
(maize stem and rice stem) performed similarly and
NB was completely removed when treated at pH > 7.
However, in this work, as the benzene ring was deac-
tivated, the nitro group became a reservoir of the neg-
ative charge which probably was used to interact with
the positive surface of the sorbent at low pH.

3.3. Effect of dosage

The dependence of dosage on the adsorption of
NB on M. oleifera seed powder (raw and biochared) is
shown in Fig. 4. From 1.0 to 100.0 g L™, an increase in
the dosage of adsorbent vielded a corresponding
increase in the amount of NB adsorbed onto the sur-
face of the adsorbents since there were more sites for
adsorption. Non-significant increase was observed
when the adsorbent doses were increased beyond
125 g L™, This suggested that the maximum adsorp-
tion was attained with 12.5 g L™ for both raw and bio-
chared M. oleifera seed powder. The small increase in
percentage removal after biosorbent dosage of
125¢g L™ might have been due to particle aggregation
arising from an increased use of biosorbent quantity.

Il) &0 7 HRaw
Ed H Biochared
E_ =1
g a0
5
E 20
(=]
E
& 0-
Sample PH

3. (a) Point of zero charge determination of M. oleifera seed powder (raw and b]Dchal‘ed] and (b) effects of pH on

adsorption of NB from aqueous suluhuns (temperature = 25°C, adsorbent dose = 12.5 g L™, contact time = 30 min and

imitial AR cmmcamirabine = 1w T7H
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100 - experiments. In general, longer extraction times of
B Raw NACs have been reported in literature, e.g. Fu et al.
80 | mBiochared [33] used bamboo charcoal@ZnCl, and Yang et al. [34]

Removal efficiency (%)
g

1 25 6.25 125 1875 25 50 100
Dosage (gLt

Fig. 4. Effect of sorbent dosage for the biosorption of NB
from aqueous solutions (temperature = 25°C, sample pH
11, contact time =30min and iniial NB concentra-
tion =2 mg L™).

The formation of the aggregates was observed to
reduce the total number of sorption sites available for
biosorption and increased the diffusional path lengths.

3.4. Effect of the contact time and kinetic modelling

The uptake of NB by the M. oleifera seed powder
(raw and biochared) was examined at different time
intervals and the results are shown in Fig. 5. It was
observed that, during the first 50 min of the experi-
ment, the concentration of NB adsorbed on both the
raw and biochared M. oleifern seed powder increased
with Hme. After 50min, no further appreciable
biosorption was observed. Thus, 50 min was taken as
the optimum contact time and was used in subsequent

120
g 100 s o —
T e -
5 80 e
[ L
S| S
T Ax
E 40 'EE e ——Raw
3 & —+— Biochared

20 -f

0 T T T

0 20 40 &0 30 100

Contact time (min)

Fig. 5. Effect of contact time for the biosorption of NB from
aguenus solutions (temperature = 25°C, sample pH 11,
adsorbent dose =125gL™" and initial NB concentra-
tion =1 mg L™).
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used vermicompost-biochar and obtained optimal
sorption times of 3 and 24 h, respectively.

For kinetic modelling, the data from the effect of
contact time was used. Two most commonly used
models; pseudo-first-order and pseudo-second-order
were used in their linearized forms, Eqgs. (4) and (5),
respectively:

k
log(ge — q¢) = log q. — ﬁf 4)
t 1 1
= — 5
o k. ©

where g, (mg g_') represents the equilibrium sorption
capacity and g, (mg g_') the instantaneous sorption
capacity at time ¢ (min). The first- and second-order
rate constants are k;, (min™") and k, (gmgmin™),
respectively. Table 2 summarizes the most important
constants for pseudo-first-order and pseudo-second-
order models. Based on the correlation coefficients
(R > 0.98), the pseudo-second-order model fitted the
data better than the pseudo-first-order. Again, the
pseudo-second-order model was seen to model the
kinetic data better as g, (0.084 and 0.071 mg g_1 for
raw and biochared M. oleifern seed powder, respec-
tively) was closer to feexp (0.08 and 0.05 mg g™ for
raw and biochared M. oleifera seed powder, respec-
tively). The adsorption kinetics study was also used to
understand the mechanism of adsorption reactions.
The pseudo-second-order kinetic model is based on
the assumption that the rate-limiting step may be
chemisorption involving hydrogen bonding between
NB and the M. oleifern seed powder sorbent.

3.5. Effect of initial concentration and adsorption modelling

The influence of the initial concentration of NB
sorption onto M. oleifera seed powder is shown in
Fig. 6. At the initial stages of biosorption process, the
biosorption capacity increased rapidly. High sorption
capacities were observed with higher initial NB con-
centrations. It was explained by the equilibrium shift
in either monolayer (Langmuir) or multilayer (Fre-
undlich) adsorption [35]. The higher concentration of
NB caused the increasing aqueous NB gradient at the
surface of adsorbent, hence resulting in the higher
binding affinity possibility on the active sorption sites
and adsorption capacity [36]. At low NB concentra-
tion, the active sorption sites of the biosorbent were
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Table 2
Kinetic model parameters for NB adsorption on M. oleifera seed powder
Pseudo-first-order Pseudo-second-order
Moringa sorbent ky (min™") ij (mg 5'1) R? k2 (g mg'] min™ " ge (mg g_l:l R?
Raw 0.018 270 0.542 1.88 0.084 0.991
Biochared 0.006 13.0 0.705 1.73 0.071 0.988
0.12 Ry, which can be calculated by Eq. (7). Since R} values
’ - 1 for both the raw (0.986) and biochared (0.999) M. olei-
AT era owder, respectively, fell in the range o R
i seed powd pectively, fell in the range of 0-1
_ 0.09 ,,/’ the sorption of NB onto these sorbents was concluded
T /1 -1 to be favourable.
£ o006 - ¥ T
& /,E/ B e —s—Raw RL=‘[++§C (7)
0.03 s {,.-JI —+— Biochared °
;j""{ To ascertain whether the sorption was physisorption,
@ v ' v ' T the adsorption data was modelled by the Freundlich
1} 500 1000 1500 2000 2500 3000

Initial concentration (mg L)

Fig. 6. Effect of initial concentration on ad! ion of NB
onto M. oleifera seed powder (hemperah:re 25°C, sample pH
11, adsorbent dose = 125 g L™ and contact time = 50 min).

not saturated and the NB removal efficiency was
therefore increased with more occupation of the sites.

The Langmuir isotherm (Eq. (6)) was used to
model the adsorption data and to determine whether
the mechanism of adsorption was chemisorption.
From the Langmuir isotherm equation, the value of b
of the raw sorbent was higher than that of the bio-
chared material (Table 3) indicating the affinity of
binding sites for NB (0.0145 vs. 0.0015). However, in
both cases b lied between zero and one, suggesting
that the adsorption of NB onto M. oleifera seed powder
sorbent was favourable.

1 1 1
1 1 ®
e qubCe  qm

The favourability of the sorption process was also to
be measured by a dimensionless separation parameter

Table 3

data, Eq. (8). The constant n is the empirical parameter
related to the intensity of adsorption, which wvaries
with the heterogeneity of the material. When 1/n val-
ues are in the range 0.1 < 1/n < 1, the adsorption pro-
cess is favourable, which was the case in this work.

The statistical parameter chi-squared (¢*) (Eg. (9))
was used to quantify the degree of variation of the
calculated from the experimental sorption capacity,
Jumcal AN Ju exp, Tespectively. Since the deviation was
smaller for the Langmuir isotherm model (1.5 x 107
and 1.2 x107%) as compared to the Freundlich iso-
therm (0.51 and 6.15) (Table 3), the former was con-
cluded to be the best.

log g. = log K¢ + lag C, (8)

£ = Z('?ﬂ:xp ‘iccsl] (9)

‘i't cal

3.6. Method validation and application

A series of calibration standard sclutions were
made (a linear range of 50-500 pg L™ was used). All
standard solutions were stored in a refrigerator at 4°C

Constant parameters for the adsorption models for the adsorption of NB onto M. oleifera seed powder

Langmuir constants Freundlich constants
Sorbent Gm (mg g™ Ry bimg™ R Fa Ke(tmgg™ = R? ba
Raw Moringa oleifera 0.0811 0986  0.0145 0944 15x107  0.0097 312 0950 051
Biochared Moringa oleifera 0.0816 0999  0.0015 0948 1.2x107° 0.0004 145 0978 6.15
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Table 4
Recoveries of NB from spiked real wastewater samples
mV using M. oleifera seed powder (n = 3)
@ Concentration
(mg L)
- © Spiked Found Recovery (%) RSD (%)
Raw - - - -
_j o) 05 0.41 81.0 82
1 074 74.0 67
J @ Biochared - - - -
0.5 0.35 69.7 21
o 1 2 3o 506 'I?':In:le (:;,1]) s 10 10 0.58 58.8 54

Fig. 7. Chromatogram of (a) unspiked, (b) 0.5 mg L™
spiked, () 1.0 mg L™ spiked wastewater sample subjected
to biochared M. oleifera seed powder and (d) 1.0 mg L™
MNB standard solution.

when not in use. The calibration curve found was
y = 0.1838x + 73464 (where x is the NB concentration
and y the instrument response) and a good correlation
was obtained (R? = 0.9923).

In order to test the accuracy of the proposed
method, real wastewater samples were spiked with NB
at different concentration levels of 0.5 and 1.0 mg L™
These samples were analysed using the extraction and
chromatographic procedure optimized in this work.
Fig. 7 shows an example of chromatograms obtained
after sorption of spiked and unspiked-NB wastewater
samples by biochared M. oleifera seed powder together
with a 1-mg L™ NB standard solution. Recoveries

obtained from spiked wastewater samples at different
concentration levels are shown in Table 4. It was
observed that, good recoveries ranging between 59 and
81% were obtained for wastewater. High precision of
the instrumental analysis was obtained, as shown by
RSD (n =3) of 21-8.2%.

3.7. Camparison of M. oleifera seed powder with other
sorbents

In order to assess the performance of M. oleifera
seed powder (raw and biochared) as an adsorbent for
NB, a comparison with other adsorbents is given in
Table 5. As can be seen, there is a wide range of
adsorption capacities for the uptake of NB. This was
expected as various sorption conditions were applied
by different researchers. More so, different sorbents

Table 5
Uptake performance comparison of closely related sorbents
Target q
Sorbent pollutant  Adsorption conditions® (mgg™") Refs.
Modified NB Sample pH = 11, dosage 2 g L™, time 24 h, [NB] 24.8 [31]
cetyltrimethylammonium 150 mg L™, Temp. 25°C
bromide
Bamboo charcoal@ZnCl, Sample pH 2.0, dosage 12 g L™, time 180 min - [33]
Vermicompost biochar NB Sample pH 5.47, dosage 2 g L™, time 24 h, [NB] 8.20 [34]
20 mg L™, Temp. 25°C°
Phenyltrimethoxysilane@magnetite NB Sample pH 5.47, dosage 2 g L™, time 24 h, [NB] 0.45° [37]
1,000 mg L™, Temp. 25°C
Raw Moringa oleifera seed powder NB Sample FH 11, dosage 125 g L™, time 50 min, [NB] 0.09 This
2mg L™, Temp. 25°C work
Biochared Moringa oleifern seed NB Sample FH 11, dosage 125 g L™}, time 50 min, [NB] 0.078 This
powder 2mg L™, Temp. 25°C work

“Sample pH, dosage, time, concentration and temperature values are given, if not, the researchers concerned did not provide.

hSamp]e pH not optimized but was only fixed at the stated value.
“Caleulated from mmol g
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with different surface morphologies were used. The
most important finding in this work was the raw M.
oleifera seed powder sorbent which had a superior
uptake of NB as compared to the biochared material.

3.8. Toxicity of Moringa seed powder

Application of high quantity of Moringa seed pow-
der in aquaculture ponds leads to mortality of fish
due to the presence of toxic substances or antinutri-
tional factors [38]. Data on toxicity of M. oleifera seed
extract on freshwater fish are still scarce. However,
studies from Al-Anizi et al. [39] indicated that the
main toxicity is from the insoluble fatty acid compo-
nents of M. oleifera. The toxicological assessments by
Berger et al. [40] and Grabow et al. [41] have already
indicated that there is no threat to human health in
using M. oleifera as a primary coagulant.

4. Conclusions

Raw and biochared M. oleifera seed powder were
successfully used as biosorbents for the removal of NB
from aqueous solutions. However, the former was seen
to have a better uptake capability due to the organic
functional groups which were not present in the bio-
chared material. The optimum conditions for the NB
uptake were pH 7, dosage of 125 g L™! and a contact
time of 50 min. The pseudo-second-order and the Lang-
muir isotherm modelled the kinetic and the adsorption
data better, respectively, pointing to a chemisorption
type of interaction between the M. oleifera seed powder
(raw and biochared) and NB. Owing to its low cost,
high availability and biodegradable nature, this biosor-
bent can be considered a viable alternative for the treat-
ment of contaminated aqueous solutions.
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This paper “Application of polymer-composites for the solid phase extraction of
selected nitroaromatic compounds from contaminated aqueous environments,”
was submitted to Separation Science and Technology. It describes the effect of

imprinting polymers and application of these in the uptake of nitrobenzene, 2,4-
DNT and 2-NT model pollutants.
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Highlights

e The synthesized magnetic molecular imprinted polymers were used to extract
nitroaromatic compounds and were loaded in solid extraction cartridges for
elution.

e Low detection limits of 2,4—dinitrotoulene, nitrobenzene and 2—nitrotoulene were
found to be 13.6, 7.7 and 27.2 ug L™, respectively.

e The magnetic molecular imprinted polymers showed good recoveries of 82%-90%
when applied to real wastewater samples.
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ABSTRACT

Magnetic molecularly imprinted polymers (MIPs) were successfully synthesized by
bulk polymerization for the extraction of nitroaromatic compounds (NACs). Based on
the HPLC method, the linear calibration range of 0.5-5 mg L™ for 2,4—dinitrotoluene,
nitrobenzene and 2-nitrotoluene gave detection limits of 13.6, 7.7 and 27.2 pg L™,
respectively and good correlation values of R* > 0.993 of all the analytes were
obtained. The optimum sorption was at sorbent dosage of 5 g L™, contact time of 15
min and at pH 8. Recoveries for 2,4—dinitrotoluene, nitrobenzene and 2—nitrotoluene

from spiked real water samples were all > 82%.

Keywords Nitroaromatic compounds; Magnetic; Molecularly imprinted polymers,

Solid phase extraction
Introduction

Nitroaromatic compounds (NACs) accumulate in the environment due to their wide
use in industries that manufacture compounds like dyes, pesticides and explosives.
They are mostly used as explosives in mining, projectiles and demolition of buildings
(1, 2). A wide range of NACs are available e.g., 1,3,5-trinitroperhydro-1,3,5-
triazine, octahydro 1,3,5,7—tetranitro-1,3,5,7—-tetrazocine, 2,4,6,8,10,12—
hexanitrohexaazaisowurtzitane, nitrotoluenes (e.g. 2—-nitrotoluene, 2,4—dinitrotoluene,
3-nitrotoluene, 2,6-dinitrotoluene) and nitrobenzenes (e.g. 1,3-dinitrobenzene).

These compounds are classified as explosives because they release large amounts of
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energy in the form of heat, light and flame when they are exposed to chemical or
physical stimuli (3).

Acute exposure to NACs can cause headaches, convulsions, circulatory collapse,
nausea, liver failures and death in humans, while chronic exposure may cause
hallucinations and skin rashes (4-6). The —-NO, functional group in NACs can interact
with DNA and result in the alterations of it or its expression (1, 7) and can cause
infertility in animals (1). The -NO, group is reduced to more reactive carcinogenic
compounds such as nitroso and hydroxyl amino groups (8). NACs such as
nitrobenzene, dinitrotoluenes, and mono- and di— nitrophenols are toxic and powerful
carcinogens, and are classified as priority pollutants by the United States
Environmental Protection Agency (9). NACs are normally present at low
concentration in complex environmental matrices such as river or industrial
wastewater (10). Concentration levels of 50 pg L™ have been reported in surface
water (11). According to Howard (12), nitrobenzene concentrations in various
industrial effluents were: auto and other laundries 40.4 pg L™, pesticides manufacture
16.3 pg L?, explosives 51.7 pg L™ and organic chemicals 43.7 pg L™ The
recommended maximum allowable concentrations for NACs were set at 0.0068 pg L
! for 2,6-DNT and 0.17 pg L™ for 2,4-DNT (13).

NACs are environmental hazards because industries that manufacture and use
them do not dispose them adequately, so they end up in soil and ground water. Before
these compounds can be degraded, there is need to develop efficient methods that can

extract them from the environment. When exposed to light, nitrobenzenes in the
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atmosphere are degraded to hydroxyl radicals. They are also degraded in the
lithosphere by micro—organisms in the soil (1).

It is therefore important to come up with new ways to extract NACs from the
environment. There has been an increase in developing methods to extract them from
the environment. Some of these methods include solvent microextraction (14)
supercritical fluid extraction (15), solid phase extraction (16), and ultrasound-assisted
dispersive liquid-liquid microextraction (17). Polymers, especially molecularly
imprinted polymers (MIPs), have the potential to selectively extract such compounds
if properly synthesized and optimized (18). MIPs are materials that have specific
recognition cavities within a polymer network (19,20). MIPs form sites which are
chemically and physically complementary to the template molecule (21). They are
used for binding specific molecules and are applied in many different fields ranging
from environmental chemistry, electrochemistry, biochemistry and drug design,
catalysis and sensors (22, 23). Magnetic MIPs are a modified version of MIPs where
inorganic magnetic particles are coated by a polymer to make the whole sorbent
magnetic (21). The addition of a magnetic particle overcomes some of the problems
that are found in MIPs, and can provide controllable binding and rebinding of the
templates (24). Other advantages provided by magnetic MIPs are that they have
greater selectivity, shorter contact time with the analyte solution and can be reused
many times (21, 25). Although imprinted polymers have been explored for the
extraction of other organic compounds (26), not much has been reported on the use of

these materials for the extraction of nitroaromatic compounds.
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This research therefore attempted to prepare magnetic MIPs and then pack them
in solid phase extraction cartridges for the extraction of selected NACs. This is
important in the South African context as mining is an important pillar for its
economy where the NACs normally end up polluting water bodies. The targeted
NACs were 2,4—dinitrotoluene (2,4-DNT), nitrobenzene (NB) and 2-nitrotoluene (2—

NT).
Experimental
Materials and equipment

FeSO,4-5H,0 was purchased from Riedel-de Haen (Seelze, Germany). Methanol
(99%), acetonitrile (99%) and Fe,(SO4); were purchased from The British Drug
Houses (Poole, England). Ethlylene glycol dimethacrylate (EGDMA), N,N-
dimethylformamide, oleic acid (OA), methacrylic acid (MAA) and 4,4'-azobis (4—
cyanovaleric acid) were purchased from Sigma—Aldrich (Steinheim, Germany). The
explosives NB, 2,4-DNT and 2-NT were also purchased from Sigma—Aldrich
(Steinheim, Germany).

A Bischoff high—performance liquid chromatography (HPLC) equipped with a
lambda 1010 detector set at Amax 254 nm with an Ascentis RP—amide column (25 cm x
4.6 mm x 5 um) was used. An acetonitrile/water (50:50, v/v) mobile phase solution
was used at a flow rate of 1 mL min™. Elution of the template from the synthesized
magnetic polymers was done using a pressurized hot water extraction (PHWE) in a

modified Hewlett Packard 5890 gas chromatography oven fitted with a GenTech
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Scientific Waters 515 HPLC pump (Milford, USA). For grinding, a pulverrisette from
Fritsch (Darmstadt, Germany) was used. A Retsch AS 200 mechanical sieve from
Monitoring and Control Laboratories (Pty) Ltd (Johannesburg, South Africa) was
used to sieve the ground polymers for 4 min at an amplitude of 1000 at 600 rpm.
Deionized water from Millipore system (Molsheim, France) was used. A Rotofix 32
A Centrifuge from Hettich Lab Technology (Tuttlingen, Germany) was used for
centrifuging. The pH meter from Knick (Germany) was used to measure the pH.
Thermogravimetric analysis (TGA) for the prepared materials was performed with
Perkin Elmer Pyris 1 TGA Thermogravimetric Analyser (Massachusetts, USA).
Fourier transform infrared (FTIR) spectra were recorded in the frequency range of
400-4000 cm™ using a Tensor 27 Bruker FTIR spectrometer (Ettlingen, Germany).
Scanning electron microscopy (SEM) images were obtained from a FEI Quanta 200
SEM (FEI, Hillsboro, OR, USA). All samples were first coated with Cr with A

Q150T ES from Quorum Technologies Ltd (East Sussex, UK) to avoid charging.
Preparation of solutions and sampling

Explosive compounds were prepared by dissolving them in 50/50 acetonitrile/water
(v/v) solution to make 100 mg L™ stock solutions and 0.5-5 mg L™ calibration
standards were prepared. Stock solutions were stored at 4°C when not used and
working solutions prepared whenever needed from the stock solutions. Table 1
summarizes the validation data of the three explosive compounds.

Real samples were collected from a local river which passed through an

explosives manufacturing company in East Rand, South Africa. Prior to extraction of
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NACs, the river water was filtered through the 0.45 um filter paper. The application
was only tested with the magnetic MIPs for the extraction of NACs spiked at three

different levels of 50 pg L™, 100 ug L™ and 200 pg L™

Table 1. Validation parameters for HPLC determination of a mixture of three

explosive compounds.

tz (Min)  Equation R® LOD (ug L™ LOQ (ug L™
NB 9.7 y =0.1726x + 0.1225 0.9998 13.6 45.5
24-DNT 11.6 y =0.2112x + 0.2319 0.9997 7.7 25.6
2-NT 12.7 y =0.1164x + 0.2429 0.9998 27.2 89.8

Note: LOD Limits of detection, LOQ Limits of quantification.

Synthesis of nano—magnetic particles

FeSQO,4-5H,0 (6 g) and Fex(SO4); (4.2 g) were placed in a one neck 250 mL round
bottomed flask in the presence of a magnetic stirrer and were dissolved in 100 mL of
distilled water. The solution was heated to 80°C and purged for 5 min with nitrogen
gas. After purging, 10 mL of ammonium solution was added and the mixture was
stirred for 20 min. The synthesized iron oxide particles were removed magnetically
from the solution. They were then washed with 50 mL portions of water and then 50

mL portions of ethanol.

Coating of nano—magnetic particles

Coating was done by dispersing the synthesized iron oxide nano—particles in 100 mL
distilled water where the solution was heated to 80°C with stirring. The mixture was

then purged for 3 min with nitrogen gas before 20 mL of oleic acid (OA) was added
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and the temperature was maintained at 80°C for 30 min. The resulting coated iron
oxide particles were washed with water/ethanol (35/15 v/v), then with (15/35 v/v) and

finally with 50 mL of ethanol.

Synthesis of magnetic molecularly imprinted polymers

A mass of 0.75 g of the OA coated iron oxide (FezO,) particles was dispersed in 12
mL of N,N-dimethylformamide in a 250 mL round bottomed flask and heated to
40°C. 50 mg 2,4-DNT, 35 uL of methacrylic acid and 3.15 mL of ethylene glycol
methacrylate were then added to the flask and purged with nitrogen gas for 3 min.
After purging, 50 mg of 4,4'-azobis (4—cyanovaleric acid) was added to the solution
and was heated at 80°C for 35 min. Once polymerization finished, the magnetic
polymer was removed and dried at 55°C, ground and sieved to limit the particle
diameter between 25 and 50 um. The template was then eluted from the polymer
using pressurized hot water extraction unit where the eluent composition was initially
1% acetic acid and then increased to 10% acetic acid. Magnetic NIPs were prepared

in the same as way as magnetic MIPs with the exclusion of 2,4-DNT.

Point of zero charge (pHpzc) determination

14 mL of 0.01 M NaCl solution was aliquoted into a series of vials. The initial pH
(pH;i) was adjusted from 2 to 12 by addition of 0.1 M NaOH or HCI. A 10 mg sample
of magnetic MIP was added to each vial followed by 170 rpm agitation for 24 h at
25°C. After filtration, the final pH (pHs) of the supernatant was then measured. The

pHpzc was defined as the point at which the curve of pH; vs pHs plateaued.
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Optimization of the NACs uptake by the magnetic polymers

The pH optimization studies were done by adjusting the solutions of all the three
NACs (2,4-DNT, 2-NT and NB) with HCI and NaOH (Fixed parameters: mass of
the magnetic polymer = 30 mg; concentration = 1 mg L™; sample volume 20 mL;
contact time = 30 min). The amount of magnetic MIPs and NIPs was varied between
10 and 100 mg, (Fixed parameters: concentration = 1 mg L™; sample volume 20 mL;
contact time = 30 min; sample pH = 8). The contact time was investigated between 5
and 30 min (Fixed parameters: mass of the magnetic polymer = 100 mg;
concentration = 1 mg L™; sample volume 20 mL; sample pH = 8). The initial
concentration of 2,4-DNT was varied between 0.1 and 2 mg L™ (Fixed parameters:
Mass of the magnetic polymer = 100 mg; sample volume 20 mL; contact time = 15
min; sample pH = 8). All experiments were done in batch mode in triplicate in a fixed
volume of 20 mL and shaken on an elliptical benchtop shaker at 300 rpm. After the
sorption of the NACs, the polymers were loaded in SPE cartridges where the solution
was drained and the loaded MIPs were then eluted with 3 mL of a 9/1 methanol/water
(v/v) solution. The filtrate was then analyzed by an HPLC-UV. Extraction efficiency
and adsorption capacity q (mg g*) were calculated using Egs. (1) and (2),

respectively.

, . CaVa
Extraction ef ficiency (%) = x 100 (D
CpVp
. . (Co - Ce)V
Adsorption capacity (q) = —w (2)
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where Ca (mg L™) and Va (L) are the NACs concentration and volume after solid
phase extraction. Cp (mg L™) and Vp (L) denote the NACs concentration and volume
in the donor solution before solid phase extraction. Ce (mg g*) is the final

concentration, V (L) is the sample volume and W (g) is the magnetic polymer mass.
Results and discussion

Synthesis and characterization of MIPs

Preparation of magnetic polymers

The magnetic MIPs and NIPs were successfully synthesized using the scheme shown
in Fig. 1. Fes0O,4 was synthesized by co—precipitation of the ferric and ferrous sulphate
salts before coating with oleic acid surfactant. The OA@Fe3;0,4 were then included as
pre—polymerization reagent for the synthesis of the magnetic polymers.

Pressurized hot water extraction was chosen as a method for 2,4-DNT elution
from the magnetic MIPs because it is environmentally friendly (27). Fresh solvent
was used for each washing, collected in 15 mL vials and analyzed with HPLC-UV.
The 2,4-DNT in the first washing was lower than in the second (graph not presented)
as the solvent was still wetting and penetrating the pores of the polymer powder. To
increase the elution amount per cycle, the amount of the organic modifier (acetic
acid) was increased from 1% to 10%. 16 cycles were enough to get a complete

template removal and a general exponential decay curve was observed.
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Figure 1. Proposed schematic diagram for the synthesis of magnetic MIPs with 2,4—

DNT as a template.

Fourier transform infrared spectroscopy

It can be seen that the Fourier transform infrared (FTIR) spectra of the three polymers
are highly similar as a result of the presence of the high ratio of the cross—linking
monomer. No drastic differences were observed between the eluted MIPs and washed
NIPs, which show that there was no template in the former which could be detected.
The elution of the MIP using hot water extraction system with 1%, and later 10%
acetic acid at 25°C was therefore effective. However, according to the FTIR spectra,

one distinct difference is glaring between the uneluted and eluted MIP and the
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highlighted areas show these peaks of interest (Fig. 2). The bands around 1600 cm™

was observed in the unleached MIP, while it was absent in the spectrum of the
leached MIP. This band was assigned to —NO; functional group on the aromatic ring
of 2,4-DNT. Almost similar results were obtained by Ebrahimzadeh et al. (28) who
obtained the -NO, band at 1531 cm™. The absence of the -NO; band in the leached
MIPs confirmed successful elution of 2,4-DNT from the polymer matrix. The intense
singlet at about 1725 cm™ indicated the stretching vibrations of the carboxyl groups
C=0 presented in functional monomer (MAA) and cross—linker (EGDMA) for the

three polymers.

L e T P i b A B R
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Figure 2. FTIR spectra of (a) uneluted magnetic MIP (b) eluted magnetic MIP and

(c) washed magnetic NIP.

Scanning electron microscopy and size distribution
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The morphology of the synthesized polymers was characterized using scanning
electron microscopy (SEM) imaging analysis and the micrographs of the particles are
shown in Fig. S1. There was a dramatical change of surface morphology as a result of
elution of the template. The uneluted magnetic MIPs were generally smoother than
the eluted magnetic MIPs. The cavities in the magnetic MIPs were caused by of the
template molecule which was eluted from the polymeric matrix. This proved that
elution of the imprinted polymer particle was successful. In order to facilitate the
transfer of NACs such as 2,4-DNT, the magnetic MIPs should have a porous
structure. The size distribution of the synthesized MIPs was determined by use of a
zeta meter and a narrow size distribution was found (Fig. S1c) with an average
diameter of about 48 um. This was within the size range of the sieves used to select

the magnetic MIP particles (25 to 50 pum).

Thermogravimetric analysis

Thermogravimetric analysis (TGA) plots with identical characteristics were obtained
for the magnetic polymers (Fig. 3) as they all had a great percentage of EGDMA
cross—linker for structural rigidity and were all synthesized in N,N-
dimethylformamide porogen. The stability of the polymer followed the order:
Uneluted magnetic MIP > washed magnetic NIP > eluted magnetic MIP. The eluted
magnetic MIP was least stable because it had a porous surface, and hence their
structures were easily decomposed. The residual weight difference between the eluted
magnetic MIP and NIP was confirmed to be due to the presence of 2,4-DNT template

and the embedded nano—magnetic Fe;O,4 particles by comparing the two TGA
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profiles. A TGA conducted on the corresponding magnetic NIP showed a lower

residual weight, a feature consistent with the successful removal of 2,4-DNT

template.

—— Unleached magnetic MIP
—— Leached magnetic MIP
—— Washed magnetic NIP
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Figure 3. TGA spectra of magnetic polymers.
Adsorption properties of NACs by MIPs

Influence of pH on the binding of NACs

Surface charge of the adsorbent and its degree of ionization was significantly
influenced by pH which in turn affected the sorption of NACs unto the magnetic
polymers from aqueous solutions (Fig. 4a). Since magnetic MIPs have specific sites
for 2,4-DNT compounds, they bind more explosives than magnetic NIPs which have
no specific binding sites. However, it should be noted that, because of the presence of

water in the aqueous samples, selectivity of magnetic MIPs was reduced during
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binding. In both NIPs and MIPs, 2,4-DNT has the highest extraction efficiency as
compared to other explosives (NB and 2-NT). At high pH values, the carboxyl
groups of MAA are deprotonated and are able to uptake the NACs which by
inductive effect, the -NO, group withdraws electrons from the benzene ring thereby
making it partially positive. The positive ring then interacted with the negatively
charged MIP sorbent at pH values > pHpzc (7.3). The higher the number of the nitro
groups the higher the partial positive charge on the benzene ring (29). pH 8 was
found to be the optimum and was used in subsequent experiments. The order of
sorption of the NACs was: 2,4-DNT > 2-NT > NB which coincidentally followed the
n—acceptor strength order. This order was consistent with the findings of Chen and
Chen (30) and Zhu and Pignatello (31) who exhaustively investigated the m—acceptor
strengths of nitro based sorbates. On the other hand, at pH < pHpzc (7.3), the
carboxylic acid functional groups existing in the selective cavities of the imprinted
polymeric were protonated. They were therefore capable of repelling the NACs and

this resulted in low extraction efficiencies.

Influence of polymer amount

The results on the influence of polymer amount on the binding for both magnetic
polymers are shown in Fig. 4b. Magnetic MIPs which have specific binding sites for
the template molecule bound more explosives than the magnetic NIPs. 2,4-DNT
which was the template molecule had the highest extraction efficiency in the
magnetic MIPs. Based on the results (Fig. 4b), an increase in the adsorption with the

increase of adsorbent dosage from 0.015-0.1 g was attributed to greater surface area
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and the availability of more adsorption sites generated during elution. 100 mg was

chosen as the optimal mass and was used for further experiments.
Influence of contact time and kinetic modelling

The results of the influence of contact time on binding of the NACs are shown in Fig.
4c. 2,4-DNT which was used as a template molecule showed the highest extraction
efficiency in the MIPs as compared to NB and 2-NT. The optimal contact time the
MIPs was found to be 15 min. The results again showed that the MIPs which have
specific binding sites for the template molecule binds more explosives than the NIPs
which has non—specific binding sites. However, the superiority of MIPs over NIPs
with respect to the uptake of NACs was small because the solvent used in the binding
experiments had water. Since water is a polar solvent, it makes binding of molecules
on the MIPs surface non—selective, implying the selectivity of the MIPs was slightly
reduced.

Based on the R? values, it can be seen from Table S1 that the pseudo—second—
order fitted the kinetic data better than the pseudo—first—order. The R? for the pseudo—
second—order were all high (> 0.993). Further, the pseudo—first—order was dismissed
on the basis of g, cal Values for NB, 2,4-DNT and 2—NT being lower than ge, exp Which
were 0.142 mg g, 0.11 mg g™ and 0.222 mg g™, respectively. There was no much
deviation of g, ca from Qe exp fOr all the three NACs in the pseudo—second—order case.
The implication of the pseudo-second-order fitting the data better was that a
chemisorption type of mechanism was followed. This was most likely to be through

the H-bonding of the -NO, group with the H atoms of the functional monomers in
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the cavities of the imprinted polymer or alternatively, ionic bonding of the de-

activated benzene ring with the heteroatoms of the functional monomers.

Influence of initial concentration and adsorption modelling

From Fig. 4d, it can be observed that the sorption of NACs was dependent on its
initial concentration. The initial concentration of NACs provided a driving force that
overcame mass transfer resistance between the bulk solution and the magnetic
imprinted polymer. In the range of the investigated initial concentration (0.1-2 mg L
1, ge increased sharply from 0.008 mg g* to 0.23 mg g™, 0.02 mg g™ to 0.39 and
0.01 mg g™ to 0.29 mg g for the MIPs for NB, 2,4-DNT and 2-NT, respectively. In
all the three NACs, an increase in the initial concentration resulted in an increase in
the driving force which led to an increased uptake rate.

Linear plots of the Langmuir and Freundlich adsorption models were used to test
their applicability to fit the adsorption data. A summary of the theoretical parameters
of adsorption isotherms along with regression coefficients are listed in Table S2.
Langmuir isotherm parameter fits for NACs adsorption on magnetic imprinted
polymers yielded isotherms that were in good agreement with observed behaviour
with all R?> > 0.99. Since all R_ values fell in the range of 0-1, the sorption of
nitroaromatics compounds onto magnetic polymers was concluded to be favourable.
Nearly all the Freundlich constants (n) were < 1 indicating the unsuitability of this
model. More so, the correlation coefficients for this model were lower than those of

the Langmuir implying its unsuitability.
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The performance of the magnetic MIP for the uptake of NACs was compared
with a variety of other materials reported recently in the literature for pre-
concentration and determination of NACs. The optimum pH and adsorption

capacities of these materials are summarized in Table 2.

- 80 (a)
= A
- .
2 60 1 S
@ ‘ N
= f‘:ﬁ“\\‘l
£ 40 0 e o lmu
o —o—X_ .
E Py
%
25 0 | | ; T T 1
0
100 -
X
Z 80 -
3
2 60 -
k5
c 40 -
2
2 20 -
=
I.I>5 0 T T ! I I

0 20 40 60 80 100
Sorbent mass (mg)

72



Chapter 4 Paper II

3 140 - . (c)
- 120 4 o
2 e e e al
£ 100 1] il
o
2 80 g9 . e .
5 o |3
= 60 . S 7 A —-a
2 40 | N
2 ' o
S 20 49
a5
0 I I I I 1
0 6 12 18 24 30
Contact time (min)
0.4 - (d)
oo 0.3 -
=Tv}
E 02
o
0.1 -
D L T I I ]
0 0.5 1 1.5 2
Initial concentration (mg L)
—4—- NIP-NB — - NIP-24-DNT —-6—-NIP-2-NT
—4— MIP-NB —=— MIP-2,4-DNT —e— MIP-2-NT
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concentration on the extraction of NACs by magnetic polymers.
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Table 2. Comparison of the uptake of NACs from aqueous solutions using different

materials.
Sorbent Target explosive  Optimum Adsorption Reference
compound pH capacity (mg g™)
PEI/SIO, 2,4,6— 6 14.5 (32)
trinitrotoluene
PAM/SIO, 2,4,6— 12 0.87 (33)
trinitrotoluene
Mesoporous nitrobenzene 1 0.46" (34)
molecular sieves
(MCM-41)
Maize stem nitrobenzene pH >7 10.4 (34)
Rice stem nitrobenzene pH >7 1.31 (35)
Anthracite nitrobenzene pH 0.58 (36)
independent
Anthracite 1,3- pH 0.67 (36)
dinitrobenzene independent
MIP 2—nitrotoulene 8-10 0.16 Present study
MIP nitrobenzene 8-10 0.14 Present study
MIP 2,4— 8-10 0.22 Present study

dinitrotoulene

¥Converted from pmol g™* to mg g™

74



Chapter 4 Paper II

Real sample analysis

In literature, the concentration of some NACs has been reported to be in the ppt
orders Liang et al. (2011). In this work, limits of detection and quantification of 7—28
ng L™*and 25-90 pg L™, respectively, were obtained for the three investigated NACs.
The results showed that only 2,4-DNT was detected in real water (364 pg L™)
whereas the other NACs were below the limits of detection. The results presented in
Fig. 5 and Table 3 shows that the method can be used in real wastewater samples as
high recoveries (82%-90%) were obtained with low relative standard deviation (RSD
< 12%). Since the recommended maximum allowable concentrations were set at
0.0068 pg L™ and 0.17 pg L™ for 2,6-DNT and 2,4-DNT, respectively (13), the
method was able to detect some of the NACs.

The selectivity of the MIPs towards NACs was demonstrated by the cleanliness of
the chromatograms in Fig. 5. Real wastewater samples are known to have interfering
matrix. Application of MIPs is generally known to be selective of target analytes, in

this case NACs.
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Response (my)

Eetention time (min)

Figure 5. Chromatograms of (a) unspiked wastewater sample (b) 50 pg L™ spiked
wastewater sample (b) 100 pg L™ spiked wastewater sample and (b) 200 pg L™

spiked wastewater sample, all passed through SPE. Peak 1: NB, Peak 2: 2,4-DNT,

Peak 3: 2-NT.
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Table 3. Recovery of explosive compounds from real wastewater sample.

Compound  Spiked concentration  Recovery RSD (%)

(Mg L™) (%)

NB - - -
50 84.9 3.7
100 80.5 2.4
200 82.6 11.9

2,4-DNT — — —
50 89.9 3.1
100 87.2 1.4
200 87.2 9.9

2-NT - - -
50 82.3 4.8
100 81.3 5.4
200 82.4 9.5

Conclusions

2,4—dinitrotoluene MIPs embedded with oleic acid (OA) functionalized magnetic
Fe30,4 nano—particles were successfully synthesized through a bulk polymerization
approach. Acetic acid solution was used as a leachant for the removal of 2,4-DNT
template molecule using a pressurized hot water extraction unit. The synthesized
polymers were characterized for physico—chemical characteristics using Fourier

transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), scanning

77



Chapter 4 Paper II

electron microscopy (SEM) and the zeta potential. Batch adsorption investigations,
for the binding of NACs, were done at different levels of sample pH, amount of the
polymer, contact time and concentration in order to find the optimum sorption
conditions. Generally, the sorption order was: 2,4-DNT > 2-NT > NB. Fast NACs
transfer was determined to be 15 min. Pseudo-second-order provided a good
description from kinetic modelling while the Langmuir model was found to describe
satisfactorily the adsorption isotherm of NACs. Recoveries for 2,4-DNT, NB and 2—
NT from spiked real water samples were 82.7%, 88.1% and 82.0%, respectively with
%RSD values ranging from 1.4%-11.9%. This implied that they can be potential

sorbents in the extraction of NACs.
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Figure S1. SEM micrograph of (a) uneluted magnetic MIPs (b) eluted magnetic

MIPs and (c) size distribution of eluted magnetic MIPs.
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Table S1. List of kinetic parameters and correlation coefficients for the adsorption

of NACs onto magnetic imprinted polymers.

NB 2,4-DNT 2-NT
Model Parameter
MIP NIP MIP NIP MIP NIP
e, car (Mg 07 0.005 0.027 0.011  0.080 0.023  0.103
Pseudo—first-order ky (min™) 0.087 0.106 0.085 0.022 0.117 0.047
R’ 0.9197 0.9078 0.9955 0.6549 0.9469 0.7583
Ge. cat (Mg g7) 0.142 0.117 0222 0212 0.16 0.142
Pseudo-second—order  k, (g mg™* min?)  36.9 21.9 27.2 400 22.4 14.9
R? 0.9998 0.9988 0.9998 0.9973 0.994 0.9933

Table S2. The Langmuir and Freundlich constants for adsorption of NACs on

magnetic polymers.

NB 2,4-DNT 2-NT
Model Parameter
MIP NIP MIP NIP MIP NIP
Qe.cat (Mg g™)  0.39 0.12 329 033 041 544
b (L mg™) 0.21 0.62 0.06 033 024 0.2
Langmuir
RL 0.82 0.62 0.94 0.75 0.80 0.98
R’ 0.998 0.993 0999 0992 0994 0.997
ke (L mg™) 0.09 0.07 0.20 0.16 0.13 0.11
Freundlich n 0.89 0.88 1.02 0.87 0.89 0.88
R? 0.964 0.929 0.996 0.989 0989 0.985
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This paper “Extraction of explosive compounds from aqueous solutions by solid
phase extraction impregnated with [-cyclodextrin functionalized carbon
nanofibers,” was submitted to Journal of Environmental Chemical Engineering. It
investigates the synthesis, characterization of carbon nanofibers functionalized
with B-cyclodextrin packed in solid pase extraction cartridges for the extraction of
six nitroaromatic compounds and subsequent application to real wastewater

samples.
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This work describes the synthesis of carbon nanofibers (CNFs) which was functionalized with
B-cyclodextrin (B-CD). The resultant composite, B-CD@CNFs, was then used for the extraction of
selected nitro-based explosive compound pollutants from aqueous solutions. The extraction was through
an off-line solid-phase extraction (SPE) procedure followed by high-performance liquid chromatography
with ultraviolet detection. Scanning electron microscopy (SEM) and thermogravimetric analysis (TGA)
Keywords: were used to characterize the synthesized materials. Three independent variables: SPE elution solvent,
Explosive compounds sample pH and sample volume were investigated to determine their influence on the adsorption of the
g‘:m::::[g‘j;;mon plosive compounds from ag samples. The breakthrough volume of 40mL was considered as
B-Cyclodextrin optimum. Under the optimized conditions, good calibration linearities were obtained in the range 30-
Nanofibers 150 pg L=! with coefficients of determination (R?) >0.997 for 3-nitrotoluene (3-NT), 1,3-dinitrobenzene
(1.3-DNB), 2 6-dinitrotoluene (2,6-DNT), 4-nitrotoluene (4-NT), nitrobenzene (NB) and 2-nitrotoluene
(2-NT). Low limits of detection of 3.3, 7.1, 86, 9.7, 23.1 and 13.0 |.|.gL_' were found for the respective
compounds. The applicability of the developed method using B-CD@CNF as a sorbent was investigated
using spiked real water samples collected within the vicinity of an operational gold mine and recoveries
of 36.6=102.2% were obtained.

@ 2016 Published by Elsevier Ltd.

1. Introduction

Nitroaromatic compounds (NACs) have been found to be
ubiquitous pollutants in the aquatic environment [1]. NAC
explosives are found as contaminants in sludges, soil surfaces
and ground water [2]. These compounds are extremely weakly
basic and have been used to measure Hammett acidity functions
[3]. They are widely used as pesticides, explosives, chemical
intermediates and dyes. NACs and their transformation products
are widespread environmental pollutants of significant toxicologi-
cal concern, especially in soil and ground water. In addition, NACs
are among the 127 priority pollutants included on the United
States Environmental Protection Agency (USEPA) priority list [4].

* Corresponding author.
E-mail address: luke chimuka@wits.ac za (L Chimuka).

hitp:f/dx.doi.org/10.1016/] jece 2016.04.024
2213-3437[@ 2016 Published by Elsevier Lrd.

87

There has been interest in developing sensitive detection
techniques for explosive compounds like 2.4,6-trinitrotoluene
(TNT), picric acid and other nitroaromatic compounds [5,6].
Chemical sensors for the rapid detection of explosives are
important because they have potential applications, such as in
remediation of explosives manufacturing sites [7]. Recently,
carbon nanotubes have been explored as new materials in sensors
for explosives [8,9].

In the last decade, a variety of extraction methods have been
developed for preparing environmental samples. However,
adsorbents with superior properties play a key role in solid phase
extraction (SPE) for enhancing the enrichment efficiency and
analytical performance. SPE is a well-established method for
sample clean-up and pre-concentration in the analysis of
biological as well as trace environmental samples [10,11]. The
SPE method is convenient, requires less volume of organic solvents,
and is time-saving and simple to use [12].
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Fly ash is typically a by-product of several energy and power
generation industries [ 13]. It can be used as an adsorbent due to its
structure and charge behaviour. However, it has also been observed
that fly ash can be effective at producing carbon nanofibers (CNFs)
[14-17]. This is due to the transition metals that are found in fly ash
which act as catalysts during synthesis. Typically, fly ash consists
of: Si0,, Al;0s, Fe;0s and TiO,, but may also include trace amounts
of: Ca0, BaD and Mn [18]. In general, some of the catalysts used for
carbon nanotubes (CNTs) and CNF synthesis include metals such
as: Fe[Ni, Ni, Co, Mn, Cu, Mo and Pd; hence, the potential of fly ash
to be used as a catalyst in such reactions. CNFs usually have larger
diameters, are longer in length and are lower in cost to make than
the multi-walled CNTs, thus making them practical for more
applications [19]. CNFs and CNTs have potential application in
catalysis [20], transparent conducting films as supports [21], and in
bio-sensing [22]. CNF has also been used in environmental analysis
as SPE sorbents [23,24]. Recently, a comprehensive study on the
synthesis and full characterization of CNFs was conducted in our
school [17].

Because CNFs exist in bundles or aggregations after the growth
process [25], there is need to disentangle them for further use,
otherwise this limits their potential application, e.g. as reinforce-
ments in polymers [26]. One way of overcoming this is through the
chemical modification of the surfaces and edges of CNFs [27]. For
instance, the introduction of oxygen-containing groups on these
surfaces through oxidation, has afforded further modification with
other organic compounds such as: aspartic acid [28], B-cyclodex-
trin (B-CD) [29] and 4,4'-methylenedianiline [30] which have
altered the surface chemistry as well as properties of different
carbon materials. Insoluble 3-CD polymers have also been used for
selective sorption and release of a broad range of organic guests
[31].

In this work, B-CD was selected as a coating agent over other
saccharides and polymers because of its encapsulation abilities
[32]. B form of CD was chosen ahead of the vy and « forms because
ofits lower solubility in water. The first objective of the work was to
synthesis CNFs from natural abundant waste fly ash from Duvha
electricity generating power station in South Africa. The raw CNFs
were then functionalized with B-CD to make composite
B-CD@CNF sorbents which was used for the extraction of selected
explosive compounds from aqueous solutions by SPE. On its own
CNFs are hydrophobic, it was therefore necessary to transform it
into a hydroplilic form in order to extract NACs. To our best
knowledge, this is the first systematic research on B-CD
functionalized CNFs as SPE sorbents for the extraction of NACs.

2. Experimental
2.1. Materials and equipment

Six explosive compounds: 3-nitrotoluene (3-NT), 1,3-dinitro-
benzene (1,3-DNB), 2,6-dinitrotoluene (2,6-DNT), 4-nitrotoluene
(4-NT), nitrobenzene (NB) and 2-nitrotoluene (2-NT) were bought
from Sigma Aldrich (Johannesburg, South Africa). Methanol (99%)
was purchased from Fischer Scientific (Loughborough, UK) and
acetonitrile (99.9%) was obtained from Sigma-Aldrich (Steinheim,
Germany). Dimethylsulfoxide (99.9%) and N,N-dimethylforma-
mide (99.9%) were purchased from Fluka (Steinheim, Germany).

The SPE cartridges used were bought from Supelco (Bellefonte,
PA, USA). Deionized water was obtained from Milli-Q ultrapure
water (Millipore, Billerica, Massachusetts, USA). The pH measure-
ments were performed on a 766 Calimatic pH meter equipped with
aShott N61 pH electrode from Knick (Berlin, Germany). A modified
method from Gaurav et al. [33] was used by using a Bischoff HPLC,
with a UV detector set at 254 nm and an Ascentis RP-amide column
(25cm x 4.6 mm x 5 um) was used to separate and quantify the
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explosive compounds. The mobile phase composition was
acetonitrilefwater (50/50, v/v) where the flow rate was maintained
at 1 mLmin~" in isocratic mode and the sample injection volume
was 50 pL.

2.2. Instruments for characterization

Surface morphological information of the sorbent material was
investigated using a FEI Quanta 200 SEM (FEL Hillsboro, OR, USA).
A FEI TECMNAI SPIRIT (TEM-EDS) electron microscope (Eindhoven,
Netherlands) was used for morphological determination of raw
CNFs and B-CD@CNFs. Fourier-transform infrared spectra were
recorded in the frequency range of 400-4000 cm™" using a Bruker
FTIR spectrometer, Model Tensor 27 (Ettlingen, Germany) at a
resolution of 2 cm™". Zeta potentials were measured with the Zeta-
Meter 3.0 system (Malvern Z5-90). The thermal stabilities of the
raw and functionalized CNF materials were determined by using a
Perkin Elmer Pyris 1 Thermogravimetric Analyzer (Massachusetts,
USA). In this analysis, a 10 mg sample was heated to 900°C at a rate
of 10°C min~" under air (20 mLmin™").

2.3. Preparation of standards and real environmental solutions

A stock solution of each explosive compound was prepared by
dissolving the appropriate mass or volume in 50 mL of 50/50 (vjv)
acetonitrile/water solution. A 10mgL™" mixture of working stock
solution was then prepared from the individual stock solutions and
the same diluent was used to top up to the mark. A series of
calibration standard solutions were made (30-150 pglL-"). All
standard solutions were stored in a refrigerator at 4°C when not in
use. Environmental water samples were first filtered through a
0.45pm filter paper and 5% acetonitrile (vjv) was added for
complete dissolution of the explosive compounds.

2.4. Synthesis of CNFs from fly ash

Waste coal fly ash was obtained from the Electricity Supply
Commission of South Africa (ESCOM) Duvha power station and
was used as-received (i.e. without modification). Carbon deposi-
tion was achieved by the chemical vapour decomposition of
acetylene over the waste coal fly ash. In this reaction, coal fly ash
was the catalyst, acetylene the carbon source and hydrogen was
the carrier gas. In the synthesis run, 500 mg of as-received fly ash
was uniformly spread in a small quartz boat and placed at the
centre of a horizontal furnace. The fly ash was then heated at
10°Cmin~" in H; at 100 mLmin~" to 650 °C, where upon acetylene
gas was introduced into the reaction zone at 100 mLmin~" for
45 min. After 45 min of reaction time, the flow of acetylene was
terminated and the reactor was cooled under H. to ambient
temperature. The resultant carbonaceous material was then
harvested for characterization and further modification.

2.5. Functionalization and the addition of S-cyclodextrin (5-CD) unto
carbon nanofibers

In a modified method by Atieh et al. [34], 300mL of
concentrated nitric acid (55%) was added to 2 g of the synthesized
CNFs. Since the CNFs were hydrophobic, some were observed to
float on top of the acid. However, with a steady stirring at 54°C,
they began to mix with the acid over time. The reaction was only
stopped when all the CNFs were mixed together with the acid after
3 h. Further heating was detrimental as there was a likelihood for
the functionalized CNFs to be dissolved [35,36]. After oxidation,
centrifugation was used to separate the CNFs. This was then
followed by subsequent washing with distilled water until the pH
was almost neutral [37], followed by drying in a vacuum oven at
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90+=C. For further functionalization, a modified method by Wang
etal.[38] was used where 0.2 g of CNFs were dispersed in 100 mL of
an aqueous B-CD solution (2%) with the aid of ultrasonic agitation.

2.6. Point of zero charge (pHpzc)

For the point of zero charge (pHpzc) determination, a
0.01 mol L= KNO; solution was prepared and its initial pH (pH;)
was adjusted to between 2 and 12 by the addition of 0.1 mol L™" HCI
and 0.1 mol L=! NaOH in different test tubes. A volume of 12 mL of
the pH adjusted of KNOs and 20mg of B-CD@CNFs were then
mixed together. The samples were kept at 25°C for 24h, after
which the solution was separated from the B-CD@CNFs by
centrifugation. After decanting, the final pH (pH;) of solution
was then measured.

2.7. SPE preparation

A 20 wm polyethylene frit was placed at the bottom of a 3mL
empty polyethylene SPE cartridge. A mass of 100mg of dry
B-CD@CNFs was then loaded into the cartridge, and another frit
was placed on the top of the cartridge to cover the sorbent bed.
Prior to the extraction procedure, the sorbent was sequentially pre-
washed with 6 mL of methanol and 10 mL Milli-Q water at a flow
rate of 1 mLmin~". The B-CD@CNFs were then conditioned with
two 10 mL aliquots of the 50/50 (v/v) acetonitrile/water mixture.
During the conditioning step and the following extraction step, the
SPE material was prevented from running dry.

A portion of the aqueous sample solution containing explosive
compounds was prepared, and its pH was adjusted to the desired
value. An aliquot of the solution containing different amounts of
explosive compounds was then passed through the column at a
flow rate of 1 mLmin™". The explosive compounds which were
retained were then eluted with 3 = 1000 pL of different organic
solvents. The analytes in the effluent were then determined by
HPLC-UV.

2.8. Optimization of the SPE procedure

In order to achieve accurate and sensitive chromatographic
quantification of the trace explosive compounds in aqueous
solutions, the optimum conditions for SPE using B-CD@CNF as a
sorbent were determined. The investigated conditions affecting
extraction efficiency included elution solvent, sample pH, and
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sample volume. One parameter was varied while the others were
held constant and all experiments were performed in triplicate
(n=3).

3. Results and discussion
3.1. Characterization of sorbent materials

As observed in the FTIR spectrum of the raw CNF (Fig. 1), there
was almost no signal except for C—H stretch and anti-stretching
frequencies at 2949 cm™" and 2886 cm™', respectively, and a few
bands (1033-1202 cm™") in the fingerprint region. However, as the
raw CNF was oxidized by acid treatment and subsequently
functionalized by B-CD, a number of new peaks started appearing.
According to Gomes et al. [39], the oxidation of CNTs results in
functional groups such as carboxylic (—COOH), carbonyl (—CO),
and hydroxylic (—OH) are formed on their surface and is likely to
be the case with CNFs. The peaks at 1006 and 1034 cm™' can be
assigned to C—OH stretch modes in CNF-COO~ and 3-CD@CNF,
respectively. The hydroxyl groups which appeared at 3469cm™"
for the CNF-COO~ was absent in the raw CNF. For B-CD@CNF, an
anti-symmetric stretch C—0 was also clearly distinguishable at
1587 cm™. According to Liu et al. [40], they found that the two
main interaction mechanisms between B-CD and the carbona-
ceous material, multi-walled CNTs, involved the van der Waals
forces and hydrogen bonding.

According to Memisoglu et al. [41], the zeta potential of B-CD
was -31.6mV and da Silveira et al. [42] determined it to be
—(24.7 £ 8.2)mV. The zeta potentials for the raw CNFs and CNF-
CO0~ were 0 and —17.3mV, respectively. The negative zeta
potential was caused by the deprotonation of the —COOH. This
was an indication of successful activation of the raw CNFs. The
sorption performance of carbon nano-materials has been shown to
be mainly determined by the nature and concentration of the
surface functional groups [43]. The introduction of the carboxyl-
ate/hydroxy groups made it possible for further functionalization
when B-CD was added. The final products of functionalization
were B-CD@CNF fragments whose terminals were loaded with
various oxygen containing carboxyl groups. The percentage of
carboxylic functions on the oxidized CNTs surface does not exceed
4% in the best cases [44] and we assume it is the same with CNFs.
Oxidation of CNTs with nitric acid is an effective method to remove
the amorphous carbon, carbon black and carbon particles
introduced by their preparation process [45].
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Fig. 1. FTIR spectra of (a) raw CNFs (b) oxidized CNFs and (c) B-CD modified CNFs.
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Fig. 2. SEM micrographs of (a) raw CNFs and (b) B-CD modified CNFs.

The surface morphology of the raw CNFs and the B-CD
functionalized CNFs were characterized by scanning electron
microscopy (SEM) (Fig. 2). The diameters of the raw CNFs were
observed to be in the range of 180-800 nm. After acid treatment, a
few of the CNFs were cut into short segments, otherwise their
morphologies and diameters remained essentially the same. This
suggested that the acid treatment process was mild and
predominantly non-destructive to the CNF structure. The same
applied after B-CD modification.

TEM analysis confirmed the success of the grafting of B-CD to
CNFs. The B-CD molecules were randomly incorporated along the
stretch of the CNFs (Fig. 3) and not as a film. The dark contrast on
the surface of the CNFs was due to linkage with 3-CD moieties
(Fig. 3(b)).

The thermal stabilities of the variously prepared materials were
measured by thermogravimetric analysis. Based upon the thermo-
grams (Fig. 4(a)), it was observed that the raw CNFs were the most
thermally stable, with decomposition having begun at 630 °C. CNFs
are known to decompose above 500°C, which was the same
finding by Van et al. [46]. Oxidation of these CNFs (Fig. 4(b)), as
well as the addition of B-CD (Fig. 4(c)) led to a decrease in their
thermal stability. For example, the decomposition of functional-
ized CNFs started as low as 270°C (Fig. 4). This was most likely due
to the disorder introduced by the functional groups. In each case,
the residual weight% that remained after full combustion was due
to coal fly ash and a small amount of metal and metal oxides. All the
carbonaceous materials have been removed. The residual weight

after 900 °C for the raw CNFs (11%) was the highest, followed by the
carboxyl functionalized CNFs (9%) and the least was 3-CD modified
CNF (6%). From the TGA thermograms, an estimation of the amount
of the organic coating on the CNF was 1.97% leaving the bulky of the
material (98.03%) of B-CD@CNF to be CNF.

3.2. Effect of pH on sorption

Oxidation of the CNFs led to surface modifications with more
oxygen-containing groups which were further modified with
B-CD. The surface charge of the sorbent depended on the pH of the
surrounding solution (Fig. 5). Likewise, the different molecular
forms and charges of the explosive compounds were also affected
by the pH environment. The graph of initial pH (pH;) versus final
pH (pHs) was plotted, and the point of zero charge (pHpzc) was
determined to be a value where pH; was almost constant; this was
found to be 4.01. Van et al. [46] found the pHpzc for all the CNF
samples they investigated to vary between pH 3 and 4. At
pH <4.01, the surface of the B-CD@CNF was positively charged due
to protonation, while at pH > 4.01 the surface of the B-CD@CNF was
negatively charged. When the pH of the solution was higher than
pHpzc (i.e. pH>4.01), the negative charge on the surface of the
B-CD@CNF provided electrostatic interactions which were favour-
able for adsorbing cationic species. The probable sorption
mechanism included: van der Waals forces, inclusion complex
formation (like 2,4-DCP, an analyte closely related to NACs, which
has been proven to have formed an inclusion complex with B-CD

Fig. 3. TEM images of (a) raw CNFs and (b) B-CD@CNFs.
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Fig. 4. TGA of (a) raw CNFs (b} oxidized CNFs and (c) B-CD modified CNFs.

[47]), and hydrogen bonding [48]. However, when the various
explosive compounds were added onto the B-CD@CNF packed in
the SPE cartridge, it was observed that its adsorption capacity was
lower in both acidic and basic solutions, but was greatest at pH of 7
(Fig. 6) where the NACs are in their neutral forms. However,
because of the inductive effect, the nitro-groups tend to withdraw
electrons from the benzene ring thereby de-activating it. In the
process, the benzene ring becomes partially positively charged.
This is the part which was proposed to electrostatically interact
with the negative surface of the B-CD@CNF (pH > pHpzc). In this
experiment, the general order of elution was determined to be:
2,6-DNT >2-NT > 3-NT>NB >4-NT> 1,3-DNT. In other work, Shen
et al. [49] found that the elution order for NACs from multi-walled
nanotubes (MWCNT) sorbents was: DNB > 2-NT > 3-NP > NB. They
concluded that the molecular size of the NACs and the number of
nitro groups on the NACs influenced the sorption affinity of NACs to
MWCNT.

3.3. Elution solvent

Selecting the most appropriate solvent is quite essential for the
optimization of the desorption process in SPE. In this study, 60 mL
of six selected explosive compounds mixed at 100pgl~'
concentration level in 5050 (v/v) acetonitrile/water solution were
added directly into the SPE cartridge. Because of the different
polarities and water solubilities, methanol (MeOH), dimethylsulf-
oxide (DMSO), NN-dimethylformamide (DMF) and acetonitrile
(ACN) were selected as possible eluents in this SPE experiment in

Final pH

o T T T T 1
0 2 4 6 8 10 12
Initial pH

Fig. 5. pH, versus pH; for the determination of point of zero charge of the
B-CD@CNF sorbent (n=3).
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Fig. 6. Effect of sample pH on SPE performance in extraction of explosive
compounds. Extraction conditions: sample volume, 60 mL: NACs concentration,
50pgl™"; extraction rate, 1 mLmin~"; elution solvent, ACN; eluent volume, 3 mL
Error bars indicate standard deviation (n=3).

order to find the most appropriate solvent for extraction. When
eluting with another solvent other than acetonitrile (MeOH, DMS0O
and DMF), the extracts were evaporated to dryness under nitrogen
at 45°C and were finally reconstituted to a volume of 3 mL with
ACN. It was observed that ACN exhibited a superior extracting
ability (Fig. 7); hence, it was chosen as the best eluent and was used
in subsequent optimization experiments. The full elution order
was: ACN > DMF > MeOH > DMSO. The NACs are hydrophilic com-
pounds, and are strongly adsorbed on the B-CD@CNFs. This
interaction makes their elution difficult. ACN was the best solvent
to break the interactions between the NACs and the CD@CNFs
sorbent.

3.4. Effect of loading volume

In order to explore the possibility of enriching low concentra-
tion of analytes from large volumes, the maximum applicable
sample volume was determined as the enrichment efficiency relies
on the volume of the loading solvent. For this purpose, 20-100 mL
of sample volumes were used to test the effect of sample volume
(Fig. 8). Sample solutions containing 50 pgL™! of the standard
solutions at pH 7 were passed through SPE loaded with 100 mg
B-CD@CNF sorbent. A loading volume of 40 mL was found to have
given maximum recoveries (>75%) for all explosive compounds
(Fig. 8). Lower recovery percentages were recorded with volumes

1400 BDMS
1200 ; @ MeOH
1000 ~ @DMF
800 2 ACN

600 -
400

Concentration {ug L?)

Fig. 7. Effect of different eluting solvents on SPE performance. Extraction
conditions: sample pH, 7; sample volume, 60mL; NACs concentration, 50 pgL—";
elution rate, TmLmin™"; eluent volume, 3mL Error bars indicate standard
deviation (n=3).
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Fig. 8. The effect of sample volume on the recovery of explosive compounds
extracted with ACN at a flow rate of 1 mLmin~". Extraction conditions: sample pH,
7: NACs concentration, 50 pg L~"; extraction rate, 1 mLmin~"; elution solvent, ACN;
eluent volume, 3mL. Error bars indicate standard deviation (n=3).

<40mL and »40 mL. Generally, smaller sample volumes allowed
greater amounts of analytes to interact with a larger number of
binding sites than when higher sample volumes were used.

3.5. Method validation and application

The calibration curves were constructed by measuring different
concentrations of standard solutions (30-150pgL™"), and the
resulting coefficients of determination (R*) were >0.997 for all the
explosive compounds (Table 1). The limit of detection (LOD) and
the limit of quantification (LOQ), which was defined as a signal to
noise ratio of 3:1 and 10:1, were obtained, respectively. This
validation data is shown in Table 1.

In order to study the effectiveness of the developed method, the
synthesized B-CD@CNFs were added to mine tailings impacted
water samples under the optimized conditions. In situ measure-
ments were taken of stream water in recently planted artificial
reedbeds constructed to treat acid mine drainage from a gold and
uranium mine tailings facility at the West Wits Mining Operations
near Carletonville in Gauteng Province. The pH of the surface water
was 6.6 and the redox potential was 487V. The electrical
conductivity of the real water sample of 4.63 mS cm™" suggested
the presence of more ionic compounds. HPLC-UV chromatograms
of the unspiked and spiked real water samples at 10 and 100 pgL™"
levels after extraction of the explosive compounds on CD@CNFs
packed in SPE cartridges are shown in Fig. 9. The recoveries of the
nitrobenze and the dinitritoluene isomers were higher than the
mono-substituted toluenes (Table 1). The presence of the matrix in
sorption of NACs by B-CD@CNF could explain the low recoveries of
the mono substituted toluenes whose one nitro group did not
deactivate the aromatic ring sufficiently. The developed method
was suitable for the determination of explosive compounds in
complex samples since the LOD (3.1-23.1 pgL~") were lower than
the recommended maximum allowable concentrations for NACs
(e.g.0.0068 mg L~" for 2,6-DNT and 0.17 mg L' for 2,4-DNT, USEPA

ing 4 (2016) 2450-2457
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Fig. 9. Chrom. of (A) real water (B) 10 p.g].“ spiked real water
(€) 100 pg L' spiked real water and (D) 800 pgL~" standard solution. Peak 1: 1,3-
dinitrobenzene (1,3-DNB), peak 2: dinitrobenzene (NB), peak 3: 2,6-dinitrotoulene
(2.6-DNT), peak 4: 2-nitrotoulene (2-NT), peak 5: 4-nitrotoulene (4-NT) and peak 6:
3-nitrotoulene (3-NT).

[50]). The repeatability of the proposed method was satisfactory
and the relative standard deviation (RSD) of three runs was >20%.

3.6. Interactions of nitroaromatic based explosive compounds and
B-CD@CNF

There are at least three different types of possible interactions
that could have taken place between the B-CD@CNF sorbent and
the explosive compounds as shown in Fig. 10. Due to the
hydrophilic nature of the explosive compounds and the hydro-
philic exterior of 3-CD, the explosive compounds could have been
sorbed through H-bonding. Here, the formation of hydrogen bonds
could have taken place between the nitrogen atom of the NAC and
the hydrogen atom on the hydroxyl group of the B-CD@CNF
(Fig. 10(a)). Apart from the neutral explosive compound, the
ionized resonance form could also possibly have interacted with
B-CD though ionic interactions (Fig. 10(b)). Another possible
interaction mechanism was that of inclusion of the hydrophobic
part of the explosive compound into the hydrophobic interior of
the cyclodextrin. The inclusion complex formation would then

Table 1
Validarion parameters for HPLC determination of six explosive compounds and their recoveries from real water sample spiked ar 10pgl™".
ty (min) Equation R LOD (pgl™") LOQ (pel™") Recovery (%) RSD (%)

13-DNB 50 y=0247x- 11279 09984 38 128 877 03
MNB 57 y=0.148x% + 4594 0.9992 71 238 326 7
2,6-DNT 81 y=0.090x — 3.076 09994 86 286 1022 29
2-NT 9.8 y=0.072x+2335 0.9972 a7 476 G4.4 18.2
4-NT 10.5 y=0.097x - 1.478 0.9990 231 769 43.0 179
3-NT 1.4 y=0118x - 0.319 0.9987 130 435 61.8 6.3

Note: LOD—limit of detection, LOQ—limit of quantification.
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Fig. 10. Possible interaction mechanisms between the explosive compounds and B-CD&CNFs.

have been between the B-CD cavity of B-CD@CNMNF and the
explosive compound molecules (Fig. 10(c)). Hydrophobic effects
(not shown) may also have played an important role in the process
of adsorption, through -7 interactions between the aromatic ring
of B-CD functionalized on the CNF and the benzene ring of the
explosive compounds.

4. Conclusions

In this work, it was demonstrated that the waste abundant coal
fly ash from South African power stations can be made good use of
by synthesizing CNFs as sorbents for the extraction of NACs from
aqueous solutions. Explosive compounds were found to be
extracted simultaneously by solid phase extraction with
B-CD@CNFs as an SPE sorbent. Extraction of the NACs unto
B-CD@CNFs was pH dependent and was greatest at around pH
7 when the sorbent charge was positive. At this neutral pH, the
number of nitro-groups attached to the benzene ring was a big
factor; di-nitroaromatic compounds were adsorbed more than the
mono-nitroaromatic compounds. Acetonitrile was found to be the
best SPE eluting solvent. This method was successfully applied to
extraction and pre-concentration of explosive compounds from
real water samples with recoveries of >80% for 1,3-DNB and 2,6-
DNT. However, the matrix affected the mono-substituted toluenes
more, hence lower recoveries were obtained.
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Paper IV

This paper “Application of molecularly imprinted polymers - membrane assisted
solvent extraction combination for the extraction of polycyclic aromatic
hydrocarbons from domestic wastewater,” is still in preparation. It investigates the
extraction of PAHs extraction across a membrane into an acceptor organic phase

where further preconcentration is achieved by molecularly imprinted polymers.
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ABSTRACT

A novel and selective extraction for polycyclic aromatic hydrocarbons (PAHS)
based on combination of membrane assisted solvent extraction (MASE) and
molecularly imprinted polymer (MIP) was optimized. MIPs were prepared using
benzo[k]fluoranthene as template. The extraction procedure involved diffusion of
the analytes from the aqueous donor solution through a hydrophobic
polypropylene membrane into the organic acceptor solution dispersed with MIP
particles. The movement of PAHs across the membrane was driven by a
concentration gradient. In the acceptor solution, the diffused PAHs were
selectively bound on MIP particles. Thus, the technique combined extraction and
clean-up in a single format. Important parameters such as type of organic solvent
in the acceptor phase, type and amount of organic modifier in the agueous sample,

amount of MIP particles, extraction time, stirring rate and SPE elution solvent
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type were investigated. The optimum parameters were found to be toluene as
acceptor solution with 80 mg of MIP particles dispersed into it. 25% N,N-
dimethylformamide in aqueous sample as organic modifier was found optimum.
An extraction time of 90 min at a stirring rate of 1000 rpm gave the optimum pre-
concentration of the PAHs. Low detection limits were obtained (0.16-90.2 mg L’

1) and good linearities (R* > 0.992) were obtained for all the seventeen PAHS.

Keywords: Polycyclic aromatic hydrocarbons, molecularly imprinted polymers,

membrane assisted solvent extraction, selectivity
1. Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are a group of xenobiotic chemicals
representing a group of contaminants with high melting and boiling points, low
vapour pressure, and very low water solubility. In most urban area setups, the
main source of indoor PAHSs has been attributed to emissions from traffic [1].

Analytes of interest nearly always occur in the presence of other species. In
analytical analysis, it is therefore important to do sample preparation and clean-up
of the sample prior to analysis in order to remove these interferences [2]. A
number of such techniques have been reported in literature for different target
analytes such as solid phase extraction with selective or non-selective sorbents
[3], solid phase micro-extraction [4] and membrane based extraction [5].
However, as more applications are being done in sample preparation using
selective sorbents, in some cases, results have revealed that these selective
sorbents may not always offer the desired selectivity, a common problem in the

extraction of chemicals from plant materials, sludge and wastewater [3,5]. Plant
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material, sludge and wastewater samples are composed of many interferring
compounds present as both micro- and macro-molecules and selective sorbents
are ineffective in some cases [3,5].

Molecularly imprinted polymers (MIPs) are synthetic polymers with
judiciously fabricated sites that can be used as selective sorbents. However, since
the backbone polymer is non-specific, inteferring matrix compounds which are
usually present in higher amounts compared to the target analytes, are adsorbed
on the backbone. The MIP is usually washed with an appropriate solvent after
sample extraction to remove some of the inteferring compounds. However, in
some cases, it has been shown that it is difficult to wash out all of these interfering
compounds without also losing the target compounds [3,5].

The new approach proposed in this study is becoming more common in dealing
with complex samples and prevents both the matrix and the target analyte from
being extracted simultaneously in the first place [5-10]. This approach makes
more sense where matrix components are prevented from adsorbing on the
sorbent altogether. Surely it does not make sense to pre-concentrate the matrix
components, already in high concentration and then try to make a
cleanup afterwards.

Our proposed novel extraction technique has been optimized for the extraction
of PAHSs in wastewater samples is based on this new approach. Our research
group has been one of the pioneers in membrane combination with molecularly

imprinted materials [5-7] but here is taken to a new level.
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2. Materials and methods
2.1. Chemicals and materials

A 2000 mg L™ PAHs mixture was obtained from Supelco (Bellefonte, PA,
USA): Acenaphthene (99.9%), Acenaphthylene (99.9%), Anthracene (99.9%), 2-
bromonaphthalene  (99.9%). Benzo(a)anthracene (99.9%), Benzo(a)pyrene
(99.9%), Benzo(b)fluoranthene (99.9%), Benzo(g,h,i)perylene (99.9%),
Benzo(k)fluoranthene (99.9%), chrysene (99.9%), Dibenzo(a,h)anthracene
(99.9%), Fluoranthrene (99.9%), Fluorene (99.9%), Indeno(1,2,3-cd)pyrene
(99.9%), Phenanthrene (99.9%), Pyrene (99.9%), Naphthalene (99.9%).
Acetonitrile, N,N-dimethylformamide, methanol, dichloromethane, heptane,
hexane, toluene and cyclohexane were purchased from Sigma-Aldrich
(Darmstadt, Germany). Empty 3 mL cartridges with 10 um frits were from
Sorbent AB (Frélunda, Sweden). Membrane bags and their accessories were
supplied by Gerstel (Milheim, Germany). Stirring of the solutions was done on a

WiseStir MS MPS8 stirrer.
2.2. Stock solution and standard solutions

A working stock solution of 20 mg L™ of 17 PAH mixture was prepared in
methanol from a 2000 pg mL™ stock solution in methylene chloride. From this, an

external calibration was made with standard solutions of 0.5-4 mg L™.
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2.3. Synthesis of molecularly imprinted polymers

50 mg (0.198 mmol) benzo[k]fluoranthene was added to 15 mL of N,N—
dimethylformamide (DMF) in a 50 mL round bottomed flask and heated to 40°C.
35 pL (0.411 mmol) of methacrylic acid, 3.15 mL (16.7 mmol) of ethylene glycol
methacrylate were then added to the flask and purged with nitrogen gas for 5 min.
After purging, 50 mg of 4,4-azobis (4—cyanovaleric acid) was added to the
solution and was heated at 80°C for 35 min. Once polymerization finished, the
product was removed and dried overnight at 25°C. The resultant bulk polymer was
then ground and sieved through a 150 mm mesh and collected on a 100 mm mesh.
The template was then removed from the polymer using a Wisecube shaker in
hexane and the eluent was analyzed for benzo[k]fluoranthene. The elution was
repeated and only stopped when the template detection was zero. NIPs were
prepared using the same procedure used for MIPs, except that the template

molecule, benzo[k]fluoranthene, was excluded.

2.4. MASE-MIP extraction procedure

The membrane assisted solvent extraction—-molecularly imprinted polymer
(MASE-MIP) system was set up as follows: The membrane extraction cell
consisted of a 20 mL headspace vial filled with 15 mL of spiked donor phase
solution. The membrane bag was attached to a metal funnel and fixed with a
PTFE ring. A dense polypropylene membrane bag with MIP particles and 1 mL
organic solvent was placed inside the extraction cell containing the donor solution
and stirred for preset times. After extraction, the acceptor content (MIP and the

acceptor solvent) was transferred into a 3 mL empty solid phase extraction (SPE)
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cartridge with a 10 pum frit at the bottom and mounted onto solid phase extraction
unit. The acceptor solvent was separated from MIP particles by opening the SPE
valve slowly and allowing it to flow out by gravity at about 1 mL min™. A full
vacuum was then applied for 5 min to dry off the MIP particles completely. The
trapped PAHs were then eluted with 3 x 1000 pL fractions of methanol before

analyzed directly by HPLC-UV.
2.5. HPLC analysis of PAHs

The HPLC system was used for the separation and quantification of PAHs. An
injection volume of 20 pL and a VUV variable wavelength UV-VIS detector set
to 254 nm for detection of PAHSs. Clarity software was used for acquiring of the
data. A supelcosil™ LC-PAH column (25 cm x 46 mm, 5 pm) from Supelco
(Darmstadt, Germany) was used. The mobile phase was composed of acetonitrile
and water pumped with a flow rate of 1 mL min™ at different composition with the
aid of a Dionex P580 pump. The gradient elution program started at 50/50, V/V
acetonitrile/water held for 1.5 min then ramped up to 70% acetonitrile for 0.5 min.
this was further increased to 90% acetonitrile in 10 min and held at this
composition for 8 min. the composition was then adjusted to 50/50, V/V

acetonitrile/water held for 1.5 min.

2.6. Sample collection and preparation

The influent and effluent wastewater samples were collected from
Goudkoppies treatment plant (GPS). This plant is the biggest in South Africa and

it receives untreated domestic and industrial sewage from the city of
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Johannesburg. The treated effluent is discharged into the river where some
nutrients cause eutrophication. The collected samples were fully homogenized,
stored in amber glass bottles, and cooled at 4°C until the laboratory analysis was
performed.

Immediately prior to extraction, some wastewater samples were spiked with
the mixture of standard solution of 17 PAHs at a concentration of 100 pg L™. The
samples were extracted and subjected to a MIP-MASE extraction and cleanup
process described above. Spiked and non-spiked samples were systematically

compared.
2.7. Extraction efficiency and enrichment factors

Quantification of the PAHs was in other instances expressed from peak areas to
either extraction efficiency or enrichment factors. The enrichment factor (EF) is
defined as the ratio between the concentrations in the acceptor phase after
extraction to the initial concentration of the analyte in the donor phase. EF is
related to the extraction efficiency (E) defined as the ratio of analyte extracted to

the total analyte.

n C,V %
ey )
Np CpVp Vb

where Ca, Va and na are the analyte concentration, volume and analyte amount in
the acceptor solution after extraction. Cp, Vp and np denote the analyte
concentration, volume and amount of analyte in the donor solution before

extraction.
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2.8. Method validation

The concentrations of the calibration standard solutions were 0.5 mg L™, 1.0 mg
LY 2mg L 3mg L* and 4 mg L. An example of a 4 mg L™ chromatogram
used for the plotting of the calibration curve is shown in Fig. 1. The peaks were
identified by the retention times. All seventeen PAHs exhibited good linearity
(Table 1) with correlation coefficients (R?) > 0.992. For recovery calculation, a
1.0 mg L™ standard solution was also passed through the SPE. The limits of
detection (LODs) and limits of quantification (LOQs) were calculated using the
background noise level estimated from the peak-to-peak baseline near the analyte

peaks.

Voltage (mV]

Fig. 1. Chromatogram of a 4 mg L™ standard PAH solution. 1. Nap, 2. Acy, 3. 2-
Bnap, 4. Ace, 5. FIn, 6. Phe, 7. Ant, 8. Flu, 9. Pyr, 10. B[a]A, 11. Chr, 12. B[b]F,

13. B[K]F, 14. B[a]P, 15. D[ah]A, 16. B[ghi]P, 17. I[123-cd]P.
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Table 1

Validation parameters for HPLC determination of eighteen PAH compounds

PAH tz(Min)  Equation R’ LOD (mg L™ LOQ (mg L™
Nap 7.9 y = 44.657x + 4.3698 R?=0.9988 3.14 7.08

Acy 8.6 y = 28.912x + 0.4312 R? = 0.9969 90.2 415.1

2-Bnap 9.6 y = 20.701x + 6.2514 R?=0.9957 - -

Ace 9.8 y = 154.28x + 15373 R?=0.9921 2.14 4.07

Fln 10.1 y = 30.008 + 3.0523 R?=0.9964 4.65 15.9

Phe 10.7 263.05x + 17.215 R® = 0.9996 1.10 3.41

Ant 11.7 y = 320.78x + 94.318 R?=0.995 0.23 2.29

Flu 12.7 y = 99.751x + 8.3336 R?=0.9976 2.26 8.44
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Pyr

B[a]A

Chr

B[b]F

BIK]F

B[a]P

D[ah]A

B[ghi]P

13.7

16.5

17.4

20.3

22.9

23.9

26.2

29.0

I[123-cd]P  30.9

y = 137.85x + 15.446

y =230.82x + 11.478

y = 426.27x + 25.398

y = 200.64x + 33.186

y =104.49x + 41.518

y =217.93x + 35.567

y = 89.917x + 0.4459

y =110.31x + 16.048

y =178.53x + 77.446

R? =0.9997

R%=0.9981

R?=0.9993

R%=0.9986

R%=0.9992

R%=0.9977

R%=1.0000

R%=0.9994

R*=0.9958

1.81

0.62

0.84

0.43

0.58

1.57

0.84

0.16

6.30

3.75

2.03

3.54

3.40

5.80

3.43

3.23

Note: LOD Limits of detection, LOQ Limits of quantification
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3. Results and discussion

3.1. Elution of benzo[K]fluoranthene

Benzo[k]fluoranthene elution from the polymers was monitored as outlined in
the method section. An exponential decay curve was obtained (Fig. 1). It can be
seen that there was a tremendous decrease of benzo[k]fluoranthene after 19 h,
were the template content was almost zero. Template elution is critical in
imprinted polymer preparation as incomplete removal will always lead to bleeding
of the template during the use of the prepared material. Similar trends as that seen

in Fig. 2 were observed by other researchers using various templates [11,12].

1ouuu o

12000 -

Peak area

2000 -

4000

o 5 10 15 20
Washingtime (h)

Fig. 2. Elution of benzo[k]fluoranthene from the imprinted polymer over time.

3.2. Characterization of the molecularly imprinted polymers

BET surface area is normally solved graphically by plotting 1/[Q(p/p,) — 1]
versus p/p,. The BET specific surface areas of the polymeric adsorbents were
calculated from the isothermal adsorption of nitrogen within the partial pressure
range of 5% to 35% (p/p,). The monomolecular volume (vn,) and the BET

constant (c) were calculated from the BET equations and the results are
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summarized in Table 2. The BET surface area characterization study was carried
out to know the effect of imprinting on the polymer surface area, pore volume and
pore width. The leached MIP exhibited more surface area (386.6 m? g*) when
compared to NIP (360.6 m? g™*) and the unleached MIP (332.5.6 m? g%) (Table 1).
BET surface area result indicated an enhancement in surface area for MIP due to

imprinting.

Table 2 The BET surface area for the synthesized polymers.

Polymer Surface area (m”g™")  Pore volume (cm3g™) vp c
MIP 332.5 0.74 75.6 661
unleached

MIP leached 386.6 0.61 86.0 388
NIP leached 360.6 0.55 812 616

MIPs and NIPs were prepared via bulk polymerization using a non-covalent
approach. Scanning electron microscopy (SEM) was used to determine the surface
morphology and the size of the synthesized particles. The micrography of the
control polymer (NIP) in Fig. 3 shows a smooth surface with large particles
compared to the molecular imprinted polymer which had a rough surface. The
roughness was due to the fact that the MIP was washed in order to remove the
template and NIP had no template to be removed [13]. The shapes of the particles
obtained after preparation of polymers by bulk polymerization (after grinding) are

all irregular [14]. Sikiti et al. [15] observed that MIP had a rough surface
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compared to NIP and this was due to the presence of cavities during the synthesis
process. The average size of the MIP particles was found to be 110 mm (The

particles were sieved between 100-150 mm mesh).

200 nm Mag= 5330KX Signal A = InLens. Date :3 Mar 2015 3pm Mag= 13.26KX Signal A = SE2 Date :3 Mar 2015 =
WD = 80mm EHT = 5.00kV Time :16:06:28 WD = 7.5mm EHT = 500kV. Time :15:59:58

2pm Mag= 1456 KX Signal A = SE2 Date -3 Mar 2015 100 pm Mag= 338X Signal A = SE2 Date -3 Mar 2015
ZEISS)| ZEISS|

WD = 73mm EHT = 500kV Time :16:08:14 WD = 75mm EHT = 500kV Time :16:00:22

Fig. 3. SEM micrographs of (a) eluted MIP (b) uneluted MIP (c) eluted NIP and

(d) uneluted NIP.

For the FTIR analysis, it was shown that the bands at 1724 cm™ featured
prominently for the unleached MIP as well as the washed NIP. However, for the
leached MIP, this band shifted to 1730 cm™. This band was probably due the
carboxylate group (-COQ’). Another band which occurred in all tree spectra is
that at 1665 cm™ which is as a result of the double bonds. As a result of the
leaching action, this band was diminished greatly in the washed polymer as

compared to the unleached MIP. The CH- stretching frequency band is shown at
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2935 cm™ while the —OH is shown around 3430 cm™. The spectrum of the
leached NIP was cleaner both in the fingerprint and the functional group regions
as compared to the unleached NIP. This was attributed to the elution of the

imprint from the polymer.

120

Transmittance [%)]
100

o Unleached MIP
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Fig.3. FTIR spectra of the four polymer material.

The swelling behaviour of the imprinted polymers was investigated in six
solvents. This was achieved by immersion of 1.2 g of the in 12 mL of distilled
water at 25°C for 12 h. The sorbent weight increase allowed the calculation of the
swelling percentage using Eq. (2) where Ws and Wy are the weights of the swollen

and dry sorbent samples (in g), respectively. The results are presented in Fig. 4.

(Ws— Wd)

Swelling ratio (%) = x 100 (2)
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Fig. 4. Swelling behaviour of the imprinted polymer in different solvents.
3.3. Selection of extraction solvent

The solubility of the analytes in organic solvent is a major variable since the
relation of solubilities of the analytes between the acceptor and the donor phases
determines the efficiency of the extraction at the equilibrium [16]. Selection of the
proper acceptor phase is an important exercise, so six solvents were investigated
in this work; n-hexane, methanol, heptane, cyclohexane, dichloromethane and
toluene. This was carried out as follows: 0.5 mg L™ of a mixture of 18 PAHs was
made by diluting the 20 mg L™ using 15% methanol in water as a diluent to top up
to the mark. This solution (15 mL) was used as a donor phase. A wide range of
solvents were used as acceptor phases (1 mL) in plastic bags loaded with 50 mg of
the MIP sorbent. Pre-concentration of the PAHs was done at a preset time of 60
min using the WiseStir MS MP8 at 420 rpm. PAHs are non-polar with mostly
hydrophobic interactions through pi bonds being involved. This may explain why
best performing solvents, with pi bonds and linear in geometry, gave slightly

better extractions (Fig. 5). A water miscible solvent, such as methanol, was not
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suitable, because it diffused through the membrane into the aqueous phase.
Further, polar solvents were avoided since the target analytes PAHSs are non-polar.
Toulene was the best acceptor phase for the pre-concentration of PAHSs. Large
PAHs were not detected in this analysis as they have a dissolution problem in
aqueous phase. This was despite addition of an organic modifier (15% methanol).
March et al. [16] had an observation that for higher viscosities, the transference of
the organic solvent to the acceptor phase can be avoided, but the diffusion of the
analytes is slower, and consequently so is the kinetics of the extraction. They
found higher extraction efficiencies for decane than for 1-octanol. However, all
their extraction efficiencies were very low (5.8-16.1%). For similar target analytes
Rodil et al. [17] found toluene and n-hexane to perform poorly in terms of the
enrichment factors for the target analytes, particularly for the compounds with
high log K, values. Hollender et al. [18] obtained a combination of 1:1 toulene:

acetone as the best for the extraction of PAHSs from soil samples.
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Fig. 5. Effect of different acceptor solvents in the uptake of PAHs (Experimental
conditions: concentration of PAHs = 0.5 mg L™, donor phase = 15 mL of 15%
methanol, acceptor phases = 1 mL with 50 mg of the MIP sorbent, pre-

concentration time = 60 min and stirring rate = 420 rpm).
3.4. Addition of the organic modifier

The addition of miscible organic solvents to aqueous samples has been
reported to minimize adsorption of organic analytes on the walls of glass flasks
[19]. Fig. 6 shows the results obtained when various organic modifiers were used.
It is evident that DMF gave the maximum PAHs extraction. March et al. [14]
investigated the presence of ethanol increased the extraction efficiency and found
5% to give the optimum uptake. They related the amount of ethanol for maximum
extraction seems to be related to the analyte polarity. Addition of an organic
modifier is very important especially for heavier PAHSs that have poor solubility in
water. With an organic modifier, they are forced to be in solution and thus get

extracted into the membrane bag.
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Fig. 6. Effect of change of the organic modifier in the donor phase aqueous
solution (Experimental conditions: concentration of PAHs = 0.5 mg L™, donor
phase = 15 mL of 15% organic modifier, acceptor phases = 1 mL toluene with 50

mg of the MIP sorbent, pre-concentration time = 60 min and stirring rate = 420

rpm).
3.5. Organic modifier content

In this study, the influence on the extraction efficiency was studied in the range of
5-50% (v/v) of DMF (Fig. 7(a) and (b)). The extraction behavior of the eighteen
PAHs followed two trends. Effect of the amount of the organic modifier had a
maximum uptake with 15% DMF for light and medium weight PAHs. However,
the heavier PAHs were extracted more with a 25% DMF organic modifier. This
was because of their increased dissolution at high organic modifier content. As the
amount of DMF was increased in the donor solution, so was the dissolution of the
PAHSs. This was illustrated in Fig. 7(b) where 5% DMF solution was opaque but

became clearer at 50% content. PAHs have remained one of the most difficult
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compounds to analyze. According to Li et al. [20], one well-known reason is that
they tend to adsorb on the walls of containers. At low DMF content, there was no
imprinting phenomenon as the target template; benzo[k]fluoranthene was

unavailable in solution due to its low dissolution. Thus a 25% DMF was taken as

the optimum.
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Fig. 7. (a) Effect of variation of the DMF organic phase content in the extraction
of PAHs (Experimental conditions: concentration of PAHs = 0.5 mg L™, donor
phase = 15 mL of DMF, acceptor phases = 1 mL toluene with 50 mg of the MIP
sorbent, pre-concentration time = 60 min and stirring rate = 420 rpm) (b) Clarity

of the multi-PAH mixture as the percentage of DMF is varied).
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3.6. Effect of the weight of MIP

From Fig. 8, it was observed that an increase in the amount of the MIP sorbent
increased the extraction efficiency of the PAHSs. This was the case for all eighteen
analytes investigated. The sorbent mass was only investigated up to 80 mg as the
capacity of the MASE membrane bag would have been exceeded especially when
factoring the swell capacity which was observed to be 200% for toluene which

was used as the receiver phase. 80 mg was taken as the optimum.
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Fig. 8. Effect of the amount of MIP in the acceptor phase (Experimental
conditions: concentration of PAHs = 0.5 mg L™, donor phase = 15 mL of 25%
DMF, acceptor phases = 1 mL toluene with a MIP sorbent, pre-concentration time

= 60 min and stirring rate = 420 rpm).

3.7. Effect on the extraction time

The effect of sorption time is illustrated in Fig. 9. For the time investigated,

there was an almost linear dependency of the extraction of PAHs with time. This
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can be explained by the fact that longer exposure time of the receiver system
(MASE-MIP) to the donor sequestrated the PAHs. Inversely, shorter exposure
time yielded low recoveries. Thus 90 min seemed optimum as longer extraction
time than this was seen as not practical unless under many simultaneous

extractions.
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Fig. 9. Effect of the sorption time of PAHs (Experimental conditions:
concentration of PAHs = 0.5 mg L™, donor phase = 15 mL of 25% DMF, acceptor

phases = 1 mL toluene with 80 mg of the MIP sorbent, stirring rate = 420 rpm).

3.8. Effect of the stirring rate

Fig. 10 shows the results obtained when the stirring rate was varied while
keeping other parameters constant. There was a great variation in recovery as the
stirring speed was increased from 420 to 1000 rpm. Stirring aids the movement of
the PAH analytes from the donor to the MIPs in the toluene receiver phase across

the membrane. The increase was more pronounced with medium non-polar to
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more non—polar PAHs. This was expected since these have high dissolution into
the membrane bag and transport is limited by diffusion to the membrane surface.

Thus a stirring speed of 1000 rpm was taken as optimum.
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Fig. 10. Effect of stirring rate on the uptake of PAHs (Experimental conditions:
concentration of PAHs = 0.5 mg L™, donor phase = 15 mL of 25% DMF, acceptor
phases = 1 mL toluene with 80 mg of the MIP sorbent and pre-concentration time

= 60 min).

3.9. Influence of SPE elution solvent

The type of SPE elution solvent is very important to make sure that minimal
solvent is used to avoid dilution, but at the same time able to elute the target
analytes in one goal. Elution with methanol was found to be much superior
compared to other solvents (Fig. 11). Toluene, which was found to be superior
during binding onto MIP particles, was less effective during the elution step. This

also shows the imprinting effect on the prepared polymers. More polar solvents
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are recommended during elution as they help to break the analyte-monomer
interactions. The order of preference of SPE solvent extraction was: methanol >
heptane > chloroform = toulene. In a similar study, Oluseyi et al. [21] also found
methanol to be the best SPE extraction solvent. The same authors explained the
low recoveries of low molecular weight PAHs as due to their loss as they are
more volatile. In this work a stream of N, gas was blown to the PAHSs solution to
near dryness for solvent exchange. It was a good thing that methanol was found to
be the optimum as there was no need for reconstitution of the solvent as the

solvent is compatible with the instrument, HPLC.
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Fig. 11. Influence of elution solvent (Experimental conditions: concentration of
PAHs = 0.5 mg L™, donor phase = 15 mL water with 25% DMF, acceptor phases
= 1 mL toluene with 80 mg of the MIP sorbent, extraction time = 90 min and

stirring rate = 1000 rpm).
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3.10. Reproducibility of the MASE-MIPs combination

The extraction of eighteen PAHs spiked at 50 pg L™ level was done in
triplicate. Figure 12 shows the reproducibility of the method. The results generally
indicated good reproducibility except two compounds. In most cases it is one
such experiment that can result either higher or lower than other two experiments.
This indicated random error and is common with any analytical technique. Thus
the MASE-MIP combination has demonstrated good consistency in giving the

amount extracted each time despite double extraction occurring in a single step.
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Fig. 12. Reproducibility of the MASE-MIP combination after extraction of water
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sample spiked with 50 mg L™ of PAHs mixture at optimized conditions.
4. Conclusions

The MASE-MIP combination for selective extraction of PAHs in aqueous
samples solution was succesfully been optimized. Heavy molecular weight PAHs

were most of the times not recovered due to their poor solubilities in aqueous
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samples. As such, 25% (v/v) N,N-dimethylformamide in aqueous was found
optimum as it improved the solubilities of heavy molecular weight PAHs. The
extraction efficiency of PAHs was optimum with 80 mg of MIP particles
dispersed in 1 mL toluene solution. Maximum recovery was found after 90 min of
extraction time at a stirring rate of 1000 rpm. The method can be applied for the
determination of trace analysis of PAHs as low detection limits were obtained

(0.16-90.2 mg L™).
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Paper V

This paper “Miniaturized pipette tip—based electrospun polycrylonitrile nanofibers for
micro—solid—phase extraction of nitro based explosive compounds,” investigates the
extraction of four nitroaromatic compounds from acqueous solutions using a small
amount of electrospun polycrylonitrile nanofiber loaded in the pipette tips. The

manuscript has been submitted to Journal of Separation Science.
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Abstract In this study, a self—assembly of miniaturized pipette tip—based solid
phase extraction for the simultaneous extraction of nitroaromatic compounds was
developed, with electrospun polyacrylonitrile nanofibers used as sorbents. The
electrospun polyacrylonitrile nanofibers were characterized by scanning electron
microscopy, Fourier transform infrared analysis and surface area analysis. Good
linearities for the four nitroaromatic compounds (2,6-dinitrotoluene, 2-
nitrotoluene, 3—nitrotoluene, and 4—nitrotoluene) were obtained in a range of 250
1000 pg L™ with coefficients of determination R® > 0.99. The limits of detection
of these analytes were between 21 pg L™ and 38 pg L™. The results showed that
pipette tip—based solid phase extraction was effective in extracting nitrotoluenes
in the pH regime of environmental interest (= 6). The investigation also revealed
that the optimum mass of electrospun polyacrylonitrile nanofibers sorbent was 15
mg and 20 aspirating/dispensing cycles gave the maximum recovery of
nitrotoluenes with 200 L acetonitrile as the best eluting solvent. Moreover, the
performance of the present method was studied for the extraction and
determination of nitroaromatic compounds in real environmental water samples
and good recoveries ranging from 70% to 115% were found. The respective

relative standard deviations of < 12% were obtained.
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1 Introduction

Nitrocompounds, especially nitroaromatic compounds encountered in drugs, dyes
and explosives, represent a group of hazardous contaminants which can be
discharged into the environment during production, processing, destruction and
recycling [1] thereby polluting water bodies. Decontamination of polluted water is
considered as one of the most challenging problems facing the world. Owing to
the severe toxicity and doubtful carcinogenicity of 2,4,6-trinitrotoluene (TNT),
2,4—dinitrotoluene (2,4-DNT) and 2,4—dinitrotoluene (2,6-DNT), nitroaromatic
compounds should be removed from wastewater to acceptable levels before their
disposal into the environment which has proven to be a challenge. As a result, the
US Environmental Protection Agency (US EPA) has set a limit of 2 pug L™ for
TNT, and 0.05 pg L™ for 2,4-DNT and 2,6-DNT in drinking water [2,3].

The sensitivity and selectivity of most of the current analytical and separation
methods are usually insufficient for direct determination of the target compounds
at low concentration levels in complex matrix samples, implying that a sample
pre—treatment step prior to analysis is usually necessary [4]. Several methods have
been used for the extraction of nitrotoluenes from aqueous solutions and these
include dispersive liquid—liquid micro—extraction (DLLME) [5], solid—phase
micro—extraction (SPME) [6], solvent extraction (SE) [7], combination of
molecular—imprinted polymer extraction with dispersive liquid—liquid micro—
extraction (MIP-DLLME) [8] and single drop micro—extraction (SDME) [9].

In the area of water treatment, nanotechnology offers the possibility of an
efficient extraction of pollutants that may cause health problems. Recently,

various engineering fields have been paying a great deal of attention to these
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nano—scale materials due to their small physical sizes which offer much improved
and even new functions that cannot be achieved by bulk materials. Electrospun
nanofibers are one of the many nano-sized materials that have attracted a lot of
attention and application. The electrospinning technique involves application of a
high voltage between a nozzle of a pasteur pipette, where the sample exits the
capillary, and a collector where electrospun nanofibers are accumulated and
collected. An electrically charged jet of polymer or composite solution is formed
between the two charged sites and migrates towards the collector. The solvent is
lost through evaporation before reaching the grounded collector which is the
reason why the humidity should be contolled during the electrospinning process.
An electrospinning technique conveniently allows the preparation of non—-woven
fibrous materials with interesting characteristics such as small diameters ranging
from submicron to several nanometers, having an advantage of offering large
surface area per unit mass, high porosity, high gas permeability and small
interfibrous pore size. The use of electrospun nanofibers with high specific
surface area allows for a reduction in sorbent mass in sorption studies [10]. Many
materials have been used as candidates for electrospinning e.g., naturally
abundant chitosan [11], amidoxime—modified polyacrylonitrile [12], a solution of
polyamide containing polyethylene glycol [13] and molecularly imprinted sol—gel
nanomembrane with nylon 6 backbone [14].

Sorbents are normally loaded in cartridges such as in solid phase extraction.
However, in cases where small amounts of sorbents are available, pipette tip solid
phase extraction (PT-SPE) can be used. This method is a miniaturized form of

SPE and has become an essential tool for purification and concentration of
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proteins and peptides in the study of genomics, proteomics and metabolomics. In
this method, the pipette tip with a small outlet diameter requires tiny amount of
sorbent to be used and the PT-SPE setup has low solution consumption. By using
this approach, a large number of reusable SPE tips can be prepared
simultaneously [15]. However, no previous applications of PT-SPE for
nitrotoluenes analysis have been reported thus far. In this work, electrospun PAN
nanofibers were used as sorbents because of the easiness to electrospin, and were
loaded in pipette tips. The PAN PT-SPE was then evaluated for its pre—
concentration efficiency in the extraction of four nitrotoluenes; 2,6—dinitrotoluene
(2,6-DNT), 2—nitrotoluene (2-NT), 3—nitrotoluene (3—-NT) and 4-nitrotoluene (4—
NT) from solutions. The PAN PT-SPE method was then applied to real

wastewater samples to determine the recovery of nitroaromatic compounds.

2 Materials and methods

2.1 Reagents

Four explosive compounds: 2,6—dnitrotoluene (2,6-DNT), 2—nitrotoluene (2-NT),
3-nitrotoluene (3—NT) and 4-nitrotoluene (4-NT) were bought from Sigma—
Aldrich (Johannesburg, South Africa). Polyacrylonitrile (PAN), HCI and NaOH
were also purchased from Sigma—Aldrich (Johannesburg, South Africa). N,N—
dimethylformamide (DMF), acetonitrile (ACN), tetrahydrofuran (THF) and
methanol (MeOH) were bought from Fluka (Steinheim, Germany). All chemicals
were used as received without further purification. Ultrapure water (Milli-Q, MA,

USA) was used in all experiments. All pH measurements were performed on a
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766 Calimatic pH meter equipped with a Shott N61 pH electrode from Knick

(Berlin, Germany).

2.2 Preparation of stock and real solutions

Four stock solutions (100 mg L™) of 2,6-DNT, 2-NT, 3-NT and 4-NT were
prepared by dissolving an appropriate amount of the explosive compound and
made up to the mark with a 50% (v/v) acetonitrile/water solution. A 10 mg L™
working solution mixture was then prepared from the stock solutions and the same
diluent was used to top up to the mark. A series of calibration standard solutions
(250-1000 pg L™) were then prepared by appropriate dilutions of the working
stock solution. The working stock solution was stored in a refrigerator at 4°C
when not in use and standard solutions were prepared whenever required.
Environmental water samples were first filtered through a 0.45 um filter paper
and 5% acetonitrile (v/v) was added for complete dissolution of the explosive

compounds.

2.3 Instruments

A Bischoff HPLC with a UV detector set at 254 nm with an Ascentis@RP—amide
column (25 cm x 4.6 mm x 5 um) was used to separate and quantify the four
explosive compounds. The mobile phase composition was methanol/water (50/50,
v/v) with the flow rate maintained at 1 mL min™ in an isocratic mode, and the
sample injection volume of 50 pL was used.

For morphological studies of the electrospun nanofibers, a FEI Nova Nanolab
600 FIB/SEM scanning electron microscopy (SEM) was used at 5 kV. Fourier

transform infrared spectroscopy (FTIR) studies, for functional group analysis,
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were performed by using a Tensor 27 Bruker FTIR spectrometer (Ettlingen,

Germany).

2.4 Surface area analysis

For surface area analysis, a modified method by Alzaydien [16] was used, where
50 mg of electrospun PAN nanofibers were treated with 15 mL of methylene blue
of concentration 10 mg L™ for 60 min after standard solutions were prepared and
measured at knax = 664 nm. The surface area of the electrospun PAN nanofibers

was calculated using Eq. (1).

G x Ny, x@ x 1023
AS=

ey

mMy,

where A; is the surface area of electrospun PAN nanofibers in m? g, G the mass
of adsorbed methylene blue (g), Nav the Avogadro’s number (6.02 x 10%* moles),
@ the methylene blue molecular cross section (197.2 A?%), My the molecular
weight of methylene blue (373.9 g mol™) and m is the mass of the electrospun

PAN nanofibers (g).
2.5 Preparation of polyacrylonitrile nanofibers

A 10% (w/v) PAN-DMF solution was prepared by dissolving 2 g of PAN powder
in 18.98 mL of N,N-dimethylformamide. To ensure that all PAN was dissolved
so as to get an electrospinnable homogenous solution, stirring was carried out
overnight. The setup of the electrospinning process consisted of a syringe needle,
a high voltage power supply that was capable of generating voltages of up to 50

kV and an aluminum foil for collecting the nanofibers. The PAN solution was
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placed in a glass pasteur pipette whose diameter was 0.5 mm inclined at 45° to
minimize dripping of the PAN solution. The distance from the tip of the pasteur
pipette and the aluminum foil collector was fixed at 25 cm. A copper wire
electrode was inserted into the pasteur pipette until it was 5 cm from the tip of the
pipette. The voltage was then set at 20 kV to start the electrospinning process. To
ensure that all the solvent evaporated thereby preventing the nanofibers from
being re—dissolved, a heater was used to maintain the temperature between 30°C

and 35°C.

2.6 Miniaturized pipette tip preparation

A modified method by Lee et al. [17] was used. Polypropylene pipette tips were
washed with 1 mL of water and 1 mL of acetonitrile, and then dried in an oven at
30°C for 24 hours. A total mass of = 3 mg of the electrospun PAN nanofibers was
loaded into a 1000 pL pipette tip which was pre—loaded with a fixed mass of 3 mg
of glass wool. The pipette tips loaded with electrospun PAN nanofibers were then
washed with 200 pL of distilled water twice and pre—conditioning of the sorbent
was carried out by aspirating and dispensing 200 upL of 50% (v/v)
water/acetonitrile solution three times. A 200 pL aliquot of the solution with four
explosive compounds was aspirated onto the conditioned electrospun PAN
nanofibers and dispensed back into the same sample tube. This
aspiration/dispensing cycle was repeated five times to allow the nitro explosive
compounds to be adsorbed onto the electrospun PAN nanofibers. For the real
environmental sample analysis, two aspirating/dispensing using 200 pL

methanol/water (1/9, v/v) were carried out to remove the co—adsorbed matrix
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materials. The trapped explosive compounds were then eluted with acetonitrile in

one aspirating/dispensing cycle before analyzing the eluate with HPLC-UV.
2.7 Optimization of the extraction conditions

The effects of different parameters capable of influencing the recovery of the four
nitroaromatic compounds from spiked standard solutions were investigated using
electrospun PAN PT-SPE. The effect of sample pH (adjusted using 0.5 M HCI
and 0.5 M NaOH), mass of electrospun PAN nanofibers, choice of eluent, and the
number of aspirating/dispensing cycles, loading volume and elution volume were
investigated and optimized. All experiments were done in triplicate and the

recovery (%) was calculated according to Eq. (2).

ng x 100
Recovery (%) = —— (2)
0

where np (moles) is the number of moles in the original solution and ng (moles) is

the number of moles pre—concentrated onto electrospun PAN nanofibers.

3 Results and discussion

3.1 Characterization of electrospun polyacrylonitrile fibers

Fourier transform infrared (FTIR) (Fig. 1) was used to determine the important
functional groups in neat electrospun PAN nanofibers and that loaded with four
explosive compounds. The peaks at 2243 cm™ and 1452 cm™ were due to the
stretching vibration of nitrile groups (—CN-) and the bending vibration of
methylene (—CH,-), respectively. This was in consistency with the findings of

other researchers [18]. In other work, the characteristic band of nitrile was
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exhibited at 2260 cm ™ [12]. The broad band at 3370 cm™ was due to the hydroxyl
groups from water in which the explosive compounds were spiked. Its presence
indicated that the electrospun PAN nanofibers were not completely dry before the
FTIR analysis. For the loaded electrospun PAN nanofibers, the small peak at 1539
cm™ was due to the asymmetric stretching frequency of the -NO, groups of the
nitroaromatic compounds. Walsh and Hamilton [19] had almost similar findings
for the —NO; stretching frequency. The presence of the characteristic —NO,

asymmetric stretch at 1542 cm™ was also observed by Turner et al. [20].

140
1

(a)

120
I

100
1

| (b)

Transmittance (%]
&0 80
|

40
Il

20
1

0
1

7_
i

b A

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wyavenumber cm-1

337026 ——
2925 69
2592481
2853.75
2B53.28
224310
224242
221675

Figure 1. FTIR spectra of (a) neat electrospun PAN nanofibers and (b)

electrospun PAN nanofibers loaded with four explosive compounds.

The scanning electron microscopy (SEM) micrographs of the electrospun
PAN nanofibers with beads are shown in Fig. 2. When the beads effect was not
taken into account, the size of the electrospun PAN nanofibers had a narrow

diameter range. The uniformity of the electrospun PAN nanofiber was probably

133


http://www.sciencedirect.com/science/article/pii/S1385894713000612#f0015

Chapter 4 Paper V

due to the fact that the polymer was forced through the same fixed diameter of an
orifice during electrospinning. The average diameter of the electrospun PAN
nanofibers was found to be 670 nm. The phenomenon of beading has been
reported by other researchers [21]. As exhibited in the SEM image, a large
surface area provided by the specific agglomerate structure suggested an
enormous adsorption capacity. According to the methylene blue sorption studies,
the surface area of the electrospun PAN nanofibers was 8.95 m? g*. According to
earlier research by Possi—Pezzali et al. [22], the extraction efficiency was found to
decrease as the diameter of the fibers increased, probably due to the reduction in
surface area. Their optimum value was 1.3 um. The average diameter of the
electrospun PAN nanofibers in this research was well below this and it was
assumed that the extraction efficiency was even better. However, as the value
becomes smaller, the extraction time becomes longer because the sorbent tends to

agglomerate and lump together.
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Figure 2. SEM micrographs of the electrospun PAN nanofibers at (a) low

magnification (x 2500) and (b) high magnification (x 50000).
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3.2 Effect of pH

The recovery of nitroaromatic compounds as a function of pH from the spiked
solutions is demonstrated in Fig. 3(a). The experiment was performed by
changing the pH (2-12) of the 1000 pL spiked (1000 p L% 50% (v/v)
water/acetonitrile, mass of electrospun PAN = 3 mg, conditioning solution = 400
ML 50% (v/v) water/acetonitrile, elution solution = 200 pL acetonitrile. Different
trends that were difficult to generalize were observed for 2,6-DNT, 2-NT, 3-NT
and 4-NT. However, a pH of 6 was considered to be the optimum and was used in
subsequent experiments. Specifically for 2-NT, there was no much difference in
the recovered amount as the pH was varied. This finding was in agreement with
the results of Chen and Chen [23] who investigated the binding of nitroaromatic
compounds onto graphene oxide or reduced graphene oxide and found that the
adsorbed amount was unchanged at all pH values. Similarly, Chen et al. [24] ruled
out H-bonding mechanisms in the adsorption of 2,4-DNT onto carbon nanofibers
because the value of the logKy remained constant when the pH changed. As for
2,6-DNT, 3-NT and 4-NT, there was a slight variation of the amount adsorbed as
the pH was varied, and still a pH of 6 was considered as a compromise. The order
of the loading capacity of the nitroaromatic compounds was 2,6-DNT ~ 3-NT >
2-NT > 4-NT. Electrostatic attraction was proposed to be the interaction
mechanism since 2,6-DNT with two electron witdrawing —NO; groups was the
highest adsorbed analyte. The positively charged benzene rings of the
nitroaromatic compounds interact with the negatively charged surface (due to lone
electrons on the nitrogens) of the electrospun PAN nanofibers. The extent of

adsorption was higher in the vicinity of neutral pH as also observed by Boddu et
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al. [25] who investigated the sorption of 2,4-dinitroanisole on surface modified
granular activated carbon. A similar finding was obtained by Zhou et al. [26] who

used a SiO, aerogel/activated carbon composite to adsorb TNT explosive.
3.3 Effect of mass of electrospun polyacrylonitrile nanofibers

In order to investigate the effect of sorbent mass on the recovery of nitroaromatic
compounds, 5 mg, 10 mg and 15 mg of electrospun PAN nanofibers were packed
in pipette tips, and the results are presented in Fig. 3(b). The experimental
conditions were as follows: Initial concentration of nitroaromatic compounds =
1000 pg L™, sample pH = 6, conditioning solution = 400 pL 50% (v/v)
water/acetonitrile, loading volume = 1000 pL, elution solution = 200 pL
acetonitrile. It was found that the extraction efficiency increased with increasing
fiber mass of the packing quantity. Thus, a mass of 15 mg of the nanofibers was
selected for extraction of nitroaromatic compounds. On 15 mg electrospun PAN
nanofibers, 0.060, 0.050, 0.072 and 0.066 pg were loaded for 2,6-DNT, 2-NT, 3—
NT and 4-NT, respectively. It is readily understood that the number of available
adsorption sites increases with the increase of the adsorbent dosage, consequently
leading to an increase in the amount of adsorbed nitroaromatic compounds. In
addition, the number of the nitro substituent groups on the benzene ring has a
bearing on the recovery of the nitroaromatic compounds [27]. Among the four
nitroaromatic compounds studied, 2,6-DNT had more —-NO, groups than the
others, so its acceptor strength would be stronger and consequentially, it was
retained on the electrospun PAN nanofibers more than the other three

nitroaromatic compounds.
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3.4 Aspirating/dispensing cycles

The number of aspirating/dispensing cycles is a critical parameter for loading and
subsequently recovery of the nitroaromatic compounds in PT-SPE. Figure 3(c)
shows the recovery of nitroaromatic compounds when 1 to 30
aspirating/dispensing cycles (at the loading stage) were investigated. This
experiment was perfomed under the following experimental conditions: Initial
concentration of nitroaromatic compounds = 1000 pg L™, mass of electrospun
PAN = 15 mg, sample pH = 6, conditioning solution = 400 pL 50% (v/v)
water/acetonitrile, loading volume = 1000 pL, elution solution = 200 pL
acetonitrile. The extraction of all nitroaromatic compounds were maximally
recovered after twenty aspirating/dispensing cycles of the sample, and this value
was taken as the optimum for use in subsequent experiments. Coincidentally, the
same optimum number of cycles was obtained by Hasegawa et al. [28] though
they were enriching dextromethorphan onto C18-bonded monolithic silica gel. In
this work, there was seen a reduction of the extraction of nitroaromatic
compounds as > 20 aspirating/dispensing cycles were perfomed. This was
probably due to the elution of the analytes during the dispensing actions which

was undesirable on the loading stage.

3.5 Effect of elution solvent

The elution solvent also has an important effect on the extraction efficiency, and
must ensure that all the nitroaromatic compounds are eluted from the pipette tip
and available for the subsequent analysis. Four polar elution solvents which were

compatible with the HPLC mobile phase were investigated; MeOH, ACN, THF
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and DMF, and the results are presented in Fig. 3(d). The investigation was carried
out under the following experimental conditions: Initial concentration of
nitroaromatic compounds = 1000 pg L™, sample pH = 6, mass of electrospun
PAN = 15 mg, conditioning solution = 400 pL 50% (v/v) water/acetonitrile,
loading volume = 1000 pL, elution solution = 200 pL acetonitrile. It was clear
that ACN gave the highest recovery of the nitroaromatic compounds, and was
used as the elution solvent in subsequent experiments. This was in agreement with
the findings from our previous study Tavengwa et al. [29] where ACN was found
to be the best elution solvent ahead of DMF, MeOH and dimethylsulphoxide

(DMSO0).
3.6 Effect of loading volume

Figure 3(e) shows the dependency of on the recovery of nitrotoluenes on the
loading volume (Experimental conditions: Initial concentration of nitroaromatic
compounds = 1000 pg L™, sample pH = 6, mass of electrospun PAN = 15 mg,
conditioning solution = 400 pL 50% (v/v) water/acetonitrile). The sample volume
should be sufficient for target analytes to be determined at low levels saving time.
The chromatographic peak areas of the analytes increased remarkably with the
increase of sample volume from 200 pL to 1000 pL. Accordingly, 1000 pL of
water samples was selected for the following experiments because it showed

better recovery which was also the case with Andrade et al. [30].
3.7 Effect of elution volume

The dependency of the elution volume on the extraction efficiency of

nitroaromatic compound was investigated (Fig. 3(f)). The experimental conditions
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were: Initial concentration of nitroaromatic compounds = 1000 pg L™, sample pH
= 6, mass of electrospun PAN = 15 mg, conditioning solution = 400 pL 50% (v/v)
water/acetonitrile, elution solution = acetonitrile. The amount of the nitroaromatic
compounds enriched of the PAN PT—SPE was found to increase from 100 pL to
200 pL then decrease as the eluent volume was increased from 200 pL to 500 uL.
This trend and observation was also found by Smith et al. [31] who used a semi—
automated microcolumn SPE system for the extraction of six nitroaromatic
compounds. Large volumes of the eluate solvent generally leads to low
concentration of nitroaromatic compounds, and this resulted in high limits of
detection. Hence, 200 pL of acetonitrile was used to obtain low limits of
detection. The adsorption capacities of 2,6-DNT, 2-NT, 3-NT and 4-NT on
electrospun PAN nanofibers were 0.017 pg mg™, 0.012 pg mg™?, 0.015 pg mg™

and 0.013 pg mg™, respectively.
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Figure 3. (a) Effect of pH (b) mass of electrospun PAN (c) number of
aspirating/dispensing cycles (d) elution solvent (e) loading volume and (f) elution

volume (n = 3, RSD).
3.8 Method validation

The analytical characteristics of the PT-SPE method were evaluated with respect
to linearity, repeatability, and detection limits under the optimum conditions.
Table 1 summarizes some calibration and chromatographic constants. Regression
equations for 2,6-DNT, 4-NT, 3-NT and 2-NT exhibited good linearity (R? =
0.99) which indicated good relationship between the peak area (y) and the
nitroaromatic compounds concentration (x, pg L™). The linear dynamic range
(LDR) of the investigated nitroaromatic compounds was 250-1000 pg L™. Low

limits of detection (LOD) of 21 pg L™ to 38 pg L™ were determined based on S/N
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= 3, and limits of quantification (LOQ) were found to be between 250 pg L™ and
210 pg L™, based on S/N = 10.

To ascertain the perfomance of the developed PAN PT-SPE method for the
extraction of nitrotoluenes from water samples, it was compared to other selected
conventional analytical techniques common in literature (Table 2). As
demonstrated in Table 2, the proposed method demonstrated to be simple and had
a wide linearity dynamic range (LDR), low sensitivity, and an acceptable
reproducibility with an important emphasis on the extraction time which seems to
be quite short. Other advantages of the developed method are that it has low
solvent consumption, low cost, no evaporation step, the tools are very accessible,
and short extraction times are required. A large number of reusable SPE tips can

also be used at one goal in PT-SPE format [15].

Table 1 Validation parameters for HPLC determination of four nitroaromatic

compounds
tz (min)  Equation R® LOD (ug L") LOQ (ug L™
2,6-DNT 19.98 y =0.0813x + 3.8571 0.9989 214 70.6
2-NT 20.67 y =0.0818x + 0.06968 0.9965 63.7 210
4-NT 22.21 y = 0.0645x + 5.5536 0.9926 25.2 83.5
3-NT 24.08 y =0.1029x — 0.7162 0.9909 37.6 124

LOD: Limits of detection, LOQ: Limits of quantification, direct injection
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Table 2. Comparison of different analytical methods applied for the determination of nitroaromatic compounds in water samples.

Analytical technique Target analyte LOD LDR (ug L) RSD (%) Reference
SPME-GC-MS 2,6-DNT 45ngL* 75ngL*-75ug Lt 3.7 [6]
*Microcolumn-SPE-HPLC ~ p-NT 1100 ng L - 0.63 [31]
MIP—Fluorescent 2,4-DNT ~05-1.0mgL? - - [32]
DLLE-GC-FID MNT 05ugL* 1-400 (ug L™ 8.0-9.4 [33]
DLLME- GC-FID 2,4-DNT 05ugL? 1-400 (ug L™ 3.9" [34]
Electrospun PAN-PT-SPE- 4-NT 252 gLt 2501000 pg L™ 6.6 Present
HPLC-UV work

—: not reported

LDR: linear dynamic range

*seawater analysis

:MNT: mononitrotoluene (o—: ortho, m—: meta and p—: para)
well
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3.9 Real sample analysis

In order to investigate the applicability and reliability of the proposed method in
the presence of the matrix effect, wastewater spiked with 100 pg L?, 150 pg L™
and 200 pg L™ of the four explosive compounds was enriched on the electrospun
PAN nanofibers at optimized conditions. Figure 4 shows the chromatograms of
(a) unspiked real water, (b) 200 pg L™ spiked real water and (c) 250 pg L*
standard solution with the corresponding retention times shown. Recoveries of
2,6-DNT, 4-NT, 3-NT and 2-NT from a real wastewater samples using the
present method are presented in Table 3. These recoveries were between 70% and
115% and were considered satisfactory as they demonstrated little effect of the
matrix. The respective relative standard deviations (RSD) were < 6.3%,
indicated that the method was reliable and could be used for the
determination of nitroaromatic compounds in real environmental wastewater

samples.
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Figure 4. Chromatograms of (a) unspiked real water (b) 200 pg L™ spiked real
water and (c) 250 pg L™ standard solution. Peak 1: 2,6-DNT, peak 2: 2-NT, peak
3: 4-NT and peak 4: 3-NT. Experimental conditions: Sample pH = 6, mass of
electrospun PAN = 15 mg, conditioning solution = 400 pL 50% (v/v)
water/acetonitrile, loading volume = 4000 pL, elution solution = 200 pL

acetonitrile.
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Table 3. Recovery of explosive compounds from real wastewater sample.

Compound  Spiked concentration  Recovery RSD (%)

(ug L) (%)

NB - _ _
50 84.9 3.7
100 80.5 2.4
200 82.6 11.9

24DNT - - _
50 89.9 3.1
100 87.2 14
200 87.2 9.9

2_NT - _ _
50 82.3 4.8
100 81.3 5.4
200 82.4 9.5

4 Conclusions

The study demonstrated that the electrospun PAN nanofibers impregnated in the
pipette tip were effective for simultaneous extraction of nitroaromatic compounds
from aqueous solutions. In this PAN PT-SPE method, a small mass of the sorbent
and solvents (washing, conditioning, loading and elution) were used. The pH had
different effects on the adsorption of nitroaromatic compounds. The investigation
revealed that the optimum mass of electrospun PAN sorbent was 15 mg and 20
aspirating/dispensing cycles gave the maximum recovery of nitrotoluenes with

acetonitrile as the best eluting solvent. Low LODs of nitroaromatic compounds
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were achieved, and it was confirmed that the method could be used for the
determination of trace level nitroaromatic compounds in real wastewater samples
as satisfactory relative recoveries of different nitroaromatic compounds from real

wastewater samples were obtained.
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Chapter 5

5 General conclusions and future work

In this section, conclusions based on experimental findings are discussed. The
work carried out in this research and a discussion of the achieved objectives is
also presented. The recommended future work is also presented in this section.




Chapter 5 General conclusions and future work

5.1 Conclusions

In this work, natural abundant agricultural waste Moringa oleifera seed powder
was used as a possible sorbent for the reomoval of nitrobenzene (paper I).
Biocharing of this sorbent into activated carbon had an effect of reduction in the
nitrobenzene uptake performance. This indicated that chemisorption was the pre-
dominant form of interaction. Since this material is cheap and abundant, it can be

an alternative to commercial activated carbons.

The selectivity of the molecular imprinted polymer was demonstrated in paper Il
and paper 1V. 24-dinitrotoluene was used as an imprint in paper | and this
analyte was selectively extracted when the sorbent was applied to an aqueous
solution having two other closely related analogues (2-nitrotoluene and
nitrobenzene). In all investigated optimization parameters, the imprinting effect
was evident as the control polmers extracted the nitroaromatic compounds less as
compared to the imprinted one. In paper 1V, a novel combination of the
molecular imprinted polymer dispersed in toluene held in a membrane extraction
assisted solvent extraction bags was applied succesfully for the extraction of of
polycyclic aromatic hydrocarbons from domestic wastewater.

Another material with vast potential in use as a sorbent is carbon nanofiber
(paper I11). This material is a waste in power stations but can find good use in
water purification with the aim of reducing costs. Furthermore, it can be
functionalized with srfactants like B-cyclodextrin which increased the sorption
capacity of nitroaromatic compounds. The extraction efficiency of the f-
cyclodextrin functionalized carbon nanofiber was superior as compared to the raw
sorbent. This was possible since the B-cyclodextrin has a reserviuor of hydroxyl
groups on it. Furthermore, the cyclic nature of B-cyclodextrin can make it possible

for the formation of inclusion complexes.

Application of electrospun polyacrylonitrile was successfully applied for the
extraction of four explosive compounds. The PAN fibers were loads in pipette tips

in miniaturized pipette tip solid phase extraction (paper V).
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5.2 Future work

To try other combinations of techniques/sorbents other than the MIP-MASE
combination investigated in paper IV and see the effect in sample matrix
concentration minimization. Comparison of the chromatograms of the MASE
alone, MIP alone and that of the MIP MASE combination to be given to
investigate selectivity. Quantification of PAHSs in real environmental samples is to

be done

Apart from Moringa oleifera seed powder investigated in paper I, use can be
made of other cheap (at times free) and readily available agricultural and agro-
waste materials as sorbents for remediation of different organic pollutants. These
materials can be used as raw in a ground form or they can either be chemically or

physically modified.

Fly ash, which is another ubandant waste material from power generating stations
should be full utilized as a raw sorbent or converted into nano-fibers like in paper
11 for the extraction of contaminants in aquatic environments. Further, some

functionalization agents can be added to make the sortion more specific.
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This paper “Equilibrium and kinetic studies on the adsorption of humic acid unto
cellulose and activated carbon sorbents,” was published in Desalination and
Water Treatment. It investigated the sorption of humic acid unto a natural and
synthetic sorbents: cellulose and activated carbon, respectively. Full concentration
and time dependent models were studied.
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ABSTRACT

The removal of humic acid (HA) from aqueous solution onto cellulose (CE) and powdered
activated carbon (PAC) was investigated in a batch adsorption system as a function of pH,
sorbent mass and contact time. The optimum conditions for HA uptake by CE were 2-3,
50 mg and 30 min, respectively. For PAC, they were 2, 50 mg and 30 min, respectively. PAC
and CE sorbents were characterized by Fourier transform infrared spectroscopy and
scanning electron microscopy. The kinetic adsorption data was analysed on the basis of
Lagergren pseudo-first-order, pseudo-second-order, Bangham and the interparticle diffusion
models. The Lagergren pseudo-first-order fitted the kinetic data best. Experimental sorption
data were fitted on different adsorption isotherm models, and it was established that the
fitting followed the order: Langmuir > Freundlich > Temkin > Dubinin-Radushkevich
(D-R). According to the Langmuir isotherm models, the maximum adsorption capacities of

CE and PAC for HA were 89.3 and 304 mg g_1, respectively.

Keywords: Humic acid; Cellulose; Activated carbon; Kinetics; Adsorption; Modelling

1. Introduction

Humic acids (HAs) are complex products of decay-
ing vegetation, and are usually aromatic and acidic in
nature [1]. The presence of HA in water resources has
been of concern in water supply and there is consider-
able practical interest to minimize the presence of
these compounds in drinking water [2]. Humic sub-
stances adversely affect water quality in several ways,
causing undesirable colour and taste [3]. The presence
of HAs in water does not directly cause toxicity but
can (after disinfection process) result in the production

*Corresponding author.

of undesirable and dangerous post reactive molecules
called disinfectant by-products [4]. HA can react
with chlorine during water treatment producing
trihalomethanes (THMs) which are carcinogenic
substances [5]. The United States Environmental
Protection Agency (USEPA) commends a maximum
contamination level of below 80 ug L™' for THMs in
drinking water [6]. THMs can be reduced by remov-
ing humic materials prior to chlorination [7]. HAs
have many organic functional groups that provide
abundant potential binding sites for various pollu-
tants, which also influences contaminants’ dispersion
and mobility in the environment. HA elimination from
aqueous solution is of great significance. Furthermore,

1944-3994/1944-3986 @ 2015 Balaban Desalination Publications. All rights reserved.
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HA is thought to be one of the major reasons for the
transport of metal ions in the environment [8]. There
are several methods used to remove HA in natural
water, including electrocoagulation [9], membrane
technologies [10], photocatalytic degradation on
Ti-modified silica [11] and adsorption [12,13]. Among
these methods, adsorption is generally regarded as a
promising method, and has been extensively studied
for the removal of humic substances.

Activated carbon (AC) is a widely used adsorbent
for industrial water treatment as well as municipal
water purification [1,14]. It is a highly porous
amorphous solid consisting of microcrystallites with a
graphite lattice structure. The preparation involves
carbonization where a carbonaceous material is
exposed to elevated temperatures of between 400 and
600°C in an oxygen-deficient atmosphere. This is
followed by activation, where carbonized particles are
subjected to a stream of CO; at high temperatures. AC
can be in powdered (PAC) or granulated (GAC) form
which is a form of AC with a high surface area and
adsorbs many toxic compounds. Since it is from a
non-renewable source, there is need for an alternative.
AC is also expensive [1516] which is becoming
unaffordable to poor municipalities in developing
countries in Asia and Africa. The fouling rate of AC
adsorbent is high so the replacement rate or the
regeneration efficiency is also high. Since AC is in the
powdered form, it makes handling a big problem.

Cellulose (CE) was selected as a sorbent in this
work because it is a natural organic compound with
the formula (C¢HqgOs),;, and is the most abundant
organic polymer on earth [17,18]. This insoluble
polysaccharide consists of a linear chain of several
hundreds to over ten thousands (1 — 4) glycosidicly
linked p-glucose units. CE is mainly obtained from
wood pulp and cotton because structural component
of plants are formed primarily from cellulose. It
forms crystals (cellulose [,) where intramolecular
(O3-H — 05 and O —H-02") and intrastrand
(O6-H — 037) hydrogen bonds hold the network flat,
allowing the more hydrophobic ribbon faces to stack
[19]. Each residue is oriented 180° to the next with
the chain synthesized two residues at a time [20].
Although individual strands of cellulose are intrinsi-
cally no less hydrophilic, or no more hydrophobic,
than some other soluble polysaccharides (such as
amylase), this tendency to form crystals utilizing
extensive intra- and intermolecular hydrogen bonding
makes it completely insoluble in normal aqueous
solutions.

In the light of the above-mentioned negative effects
of the HA's presence in water, this research aims to
study the effects of parameters such as initial pH,
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sorbent mass (PAC and CE), contact time and initial
concentration on adsorption efficiency of HA by
cellulose and powdered activated carbon (PAC).
Kinetic and adsorption modelling studies were done
to determine the rate limiting steps and gain some
mechanistic information.

2. Materials and methods
2.1. Chemicals and reagents

HA was bought from Sigma Aldrich (Steinheim,
Germany). The pH of the KNO; solution was adjusted
with NaOH and HCL Cellulose was bought from
Merck (Darmastadt, Germany), while AC was
obtained from Sigma Aldrich (Steinheim, Germany).
All other chemicals used were of analytical reagent
grade from Merck (Darmastadt, Germany), and were
used without further purification.

Perkin Elmer UV-vis Lamda 25 spectrophotometer
(MA, USA) was used for the analysis of humic acid
concentration. For mechanical agitation, a Wisecube
Fuzzy Control System from Wisd Laboratory Instru-
ments was used at 155 rpm at a fixed temperature of
37°C. A Rotofix 32 A Centrifuge from Hettich Lab
Technology (Tuttlingen, Germany) was used to sepa-
rate the HA solution from the sorbent, and was set at
3,000 rpm. Fourier transform infrared spectroscopy
(FTIR) analysis was done as KBr disc on a Perkin
Elmer Paragon 2000 FTIR spectra?hatometer (Shelton,
USA) in the range 400-4,000 cm . For morphological
feature studies of the sorbents, scanning electron
microscopy (SEM), FEI Quanta 200 at 5 kV was used.
Ultrapure water (Milli-Q, MA, USA) was used in all
experiments. A 766 Calimatic pH meter, equipped
with a Shott N61 pH electrode from Knick (Berlin,
Germany) was used to measure pH.

2.2. Preparation of HA stock and standard solutions

HA (0.25 g) was transferred to a 250-mL volumet-
ric flask where 3.3 mL of 1M NaOH was added to
necessitate its complete dissolution. The flask was
shaken then topped up to the mark with distilled
water. The stock solution was stored at 25°C in a dark
cupboard when not in use. Standard solutions
(5-250 mg L") were then prepared in 100-mL
volumetric flasks from the HA stock solution. The cali-
bration curve for the absorption of HA gave a good
linear curve with a correlation coefficient (R?) value of
0.999, and was confidently used for quantification. The
molar absorption coefficient of HA is equal to the
gradient of the calibration curve, and was determined
to be 0.0053 L mol ™' em™.
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2.3. Determination of physicochemical properties of the
sorbents

2.3.1. Determination of moisture content

Mopisture content of PAC and CE was determined
by weighing 3 g of the sorbent into a crucible. This
was placed in the oven and heated for 3h at a
constant temperature of 120°C. The sample was then
removed and put into a desiccator in order to prevent
moisture uptake from the atmosphere before the
sample was reweighed. This procedure was repeated
until a constant weight was obtained. The difference
in the mass constituted the amount of moisture
content of the adsorbent.

2.3.2. Determination of loss of mass on ignition

The determination of loss of mass on ignition was
done by weighing 5 g of the PAC adsorbent and put
inside a furnace at constant temperature of 600°C for
1.5 h. After heating, the sample was removed and put
in a desiccator to cool. The residual product was then
weighed, and the difference in mass represented the
mass of organic material.

2.3.3. Determination of point of zero charge (pH,...)

For the point of zero charge (pHp..) determination,
0.1mol L' KNO; solution was prepared, and its
initial pH (pH;) was adjusted to between 1 and 12
using NaOH and HCl in different test tubes. A 12 mL
aliquot of pH-adjusted KNO3 and 100 mg of adsorbent
were then mixed in a test tube and placed in a Wise-
cube shaker at 37°C set at 155 rpm. After 24 h, the
mixture was centrifuged for 5 min at 3,000 rpm, and
the final pH (pHg) of the solution was measured. This
was done for each pH.

2.4. Batch adsorption

HA solution was transferred to a 100-mL conical
flask were 50 mg of the sorbent (PAC or CE) was
placed. The mechanical agitation of the mixture in a
Wisecube Fuzzy Control System for maximum sorp-
tion of HAs was ensured through a steady shaking of
155 rpm. At too high stirring speed, the shaking
became violent and the HA sorption was affected by
the generation of air bubbles. The HA-adsorbent
mixture was then allowed to equilibrate for preset HA
initial pH (2-11). Mass of sorbent (10-500 mg), agita-
tion time (5120 min) and initial HA concentration
(20-250 mg L™ were also optimized. After sorption,
the mixture was centrifuged for 5 min before the
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supernatant was analysed for HA using a Perkin
Elmer UV-vis spectrophotometer set at a wavelength
of 465 nm which was a wavelength used by other
researchers [21,22]. All experiments were done in
triplicate at 37°C by varying one parameter and fixing
the rest. The influence of adsorption parameters was
evaluated by calculating the adsorption capacity,
q (mg g_'} defined as mass of substrate bound on a
gram of adsorbent (Eq. (1)).

_(G-Cyv
7= m

(1)

where C, (mg L™") is the initial concentration, and C,
(mg L™ represents the final equilibrium concentration
after adsorption. V (L) is the volume of the sample
solution and m (g) the mass of the adsorbent.

2.5. Kinetic model estimation

The kinetics of adsorption is important as it
controls process efficiency. Kinetic studies were car-
ried out to determine the rate and mechanism of reac-
tions. In the present investigation, pseudo-first-order,
pseudo-second-order, intraparticle diffusion and the
Bangham's models were studied to determine the
rate-limiting step of HA sorption onto surfaces of CE
and PAC sorbents across the liquid phase.

A simple kinetic analysis of adsorption can be
expressed by a pseudo-first-order equation (Lagergren
equation) [23], as shown in Eq. (2):

ky
2.303

log(ge — q:) = log g — t (2)

where g, and g, are the loading capacities (in mg g™!)
at equilibrium and at time ¢ (min), respectively. The
rate constant k; (min™") was determined from the
slope of a plot of log(g. = q:) vs. L.

For the pseudo-second-order chemisorption kinetic,
the rate equation can be expressed as [24]:

t 1 + 1
qr kg g
where k; is the rate constant of pseudo-second-order
(g mg min~") obtained from the intercept of the plot of
t/q: vs. . The other terms are as previously defined.
To examine the diffusion mechanism of the
adsorption process, the Weber and Morris intraparticle

diffusion model [25] was applied to analyse the kinetic
results:

t (3)
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G = kt'? + C @)

where kg (mg g_' min ") is the diffusion rate constant,
and C reflects the boundary layer effect. If intraparticle
diffusion is involved, then the plot g, vs. t'/? gives a
straight line with the slope k; and the intercept, C.

The slowest step in the adsorption process can be
determined by plotting the kinetic data with Bangham
equation [26] which is expressed as:

G

log log = log °
Co — qum 2303V

4+ log ¢ (5)

where C, is the initial concentration of the solution
(mg L_i}, V (L) is the volume of the solution, m is the
mass of the adsorbent used per litre of the solution
(gL™), g, (mgg™) is the amount of the adsorbent
retained at time # (min), and « and k, are constants.

2.6. Adsorption modelling

Sorption equilibrium is usually described by iso-
therm equations whose parameters express the surface
properties and affinity of the sorbent at a fixed tem-
perature and pH [27]. Distribution of HA between the
liquid phase and the solid phase (PAC and CE) can be
described by several isotherm models, four of which
were considered in this study; Langmuir, Freundlich,
Dubinin-Radushkevich and Temkin isotherms.

The Langmuir isotherm assumes that the highest
adsorption happens when a saturated monolayer of
solute molecules exists on the adsorbent surface
(homogenous system) [28].

1.1 1 ®
e quJ‘Cc Jm

where g, is the adsorbed amount (mg g™") of HA and
C. is the equilibrium concentration in solution
(mg LY. m is the monolayer adsorption capacity
(mg g_ll and b is the constant related to the free
energy of adsorption (L mg_j) obtained from the plot
of Eq. (6). The essential features of Langmuir adsorp-
tion isotherm parameter can be used to predict the
affinity between the sorbate and sorbent using a
dimensionless constant called separation factor or
equilibrium parameter (R ), which is expressed by the
following relationship:

1

Ry =——
L1 +1C)
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where b (L mg_1) is the Langmuir constant and C,
(mg L") is the initial concentration. The value of Ry
provides information as to whether the adsorption is
irreversible (R; =0), favourable (0 <R; <1), linearly
favourable (R = 1) or unfavourable (R > 1).

The Freundlich isotherm model is an empirical
relationship describing the adsorption of solutes from
a liquid to a solid surface, and assumes that different
sites with several adsorption energies are involved,
and is represented by Eq. (8) [29].

1
log q. = log kr + - log C. (8)

where g, is the amount of HA adsorbed per unit mass
of adsorbent (mg g™') and C, is the concentration of
HA at equilibrium (mgL™"). kg (Lmg™") roughly
shows the adsorption capacity and 1/n represents the
adsorption intensity.

Dubinin-Radushkevich isotherm does not assume
a homogeneous surface or constant sorption potential.
It is commonly applied in the following form [30]:

In g = In g — fipé® (9)

where q,, (mgg™') is maximum adsorption capacity
and fp (mol*T™) is the activity coefficient associated
with adsorption energy. The Polanyi potential (£) is
given in Eq. (10), R (] mol ' K™ is the universal gas
constant and T (K) is temperature. fip, and g, are
calculated from the slope and intercept of the plot
In g. vs. &%, respectively. The mean adsorption energy,
E (k] mal_'}, is obtained from Eq. (11} and its value
determines the type of adsorption process as physical
(E < 8 kK] mol™) or chemical (E > 16 k] mol™).

1
e=RT In (1 + C—,c) (10)
1
E= 11
/(2Bo) n

By ignoring the extremely low and large values of
concentration, the Temkin isotherm model assumes
that the heat of adsorption of all molecules in a layer
would decrease linearly rather than logarithmically
with coverage. Its derivation is characterized by a uni-
form distribution of binding energies up to some
maximum binding energy, which was determined by
plotting the quantity sorbed g, against In C,.. The con-
stants were determined from the slope and intercept
of Eq. (12) [31].
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RT RT
Je=-In Ar +=—In C,
br by

(12}
where Ap (L g_'} and b are the Temkin isotherm
equilibrium binding constants.

3. Results and discussion
3.1. Characterization studies

HA can be characterized as a loose assembly of
aromatic polymer of varying acidity and reactivity
with a hypothetical structure as shown in Fig. 1.
Table 1 summarizes some important physicochemical
characteristics of the sorbents (PAC and CE).

Moisture content is an essential component of any
sorbent material which determines the ability of the
sorbent to hold the moisture. Moisture content
depends on many factors such as the composition of
the sorbent, thus the different values for CE and PAC
which were 6.7 and 7.0%, respectively. A material
with high moisture content has a high porosity and
the active groups are spaced further apart from each
other [33].

FTIR spectra of CE, HA, and CE-HA complex
were investigated to determine the functional groups
which participated in the formation of the complex
(Fig. 2). The shaded bands are included to highlight
the several differences in the three spectra. For HA,
the prominent peak at 3,439.03 cm™" confirmed that it
had hydroxyl groups. This band, due to —-OH, was
one of the functional groups used in the adsorption of
HA to the CE adsorbent. The peak at 1,611.57 em™!
signified the presence of double bonds. The bond at
1,622.18 em ™ suggested the presence of double bonds
in CE. HA itself have been found to be a good sorbent
for different analytes such as metal ion contaminants
[34] because of its functional groups. Previous FTIR
studies have shown absorbance wavelengths at 3,416,

Q

0 NH
R—CH
c o

R~ MH

Fig. 1. A model structure of HA [32].
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Table 1
Physicochemical properties of the sorbents

Sorbent

Sorbent property CE PAC
Colour White Black
Specific gravity (g cm™) 1.62 0.8-2.1
Moisture content (%) 6.7 7.0
Loss of mass on ignition (%) - 8.9
Point of zero charge (pHp..) 78 92
BET surface area (m* g™") 102 834

Transmittance

T1200 800 400

1600
Wavenumbers (cm™)

B/ ENES i

Fig. 2. FTIR specira of {a) HA, (b) CE and (c) CE-HA
complex (shaded regions highlight the differences).

2,916, 1,638, 1,417, 1,323, 1,161, 1,046 and 895 cm™ to
be associated with native cellulose [35,36]. The FTIR
spectrum of CE-HA was basically an overlap of the
CE's and HA’s. There were bonds in HA which were
not present in its spectrum but appeared in that of the
CE-HA complex (1,430 and 1,300 em™). However,
bands at 900, 825, 700, 450 and 440 em™! were strongly
present in the pure HA spectrum but their intensity

HC=0
{H or-i;l.
COOH
(!l-l--.“.l-r,a
COOH
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(a)

(b)

Transmittance

4000 3500 3000 2500 2000 1500 1000 500

Fig. 3. FTIR spectra of (a) PAC and (B) PAC-HA complex
(shaded regions highlight the differences).

were greatly diminished in the spectrum of the
complex. The absorption band of the carboxyl group
at 1,700 em™ for CE remained considerably strong
after reaction with HA indicating that only part of the
carboxyl group participated in the bonding process.

Fig. 3 shows an FTIR spectrum of PAC with no
detail in the functional group region. However, after
adsorption of HA from a solution, several adsorption
bands appeared both in the functional group and the
fingerprint regions. The presence of the band around
3,350 cm™' was indicative of the hydroxyl ions from
water where the HA was spiked. The C=C bond of
the HA was observed in the PAC-HA complex and
was an indication of bonding between PAC and HA.

The surface physical morphology of the sorbents
was evaluated by SEM. Both the SEM images showed
surfaces that were not smooth (Fig. 4). This is an
important surface feature, as the roughness of the
sorbent meant high available surface area for HA
adsorption. The pores on the surface enhanced the
mass transfer of the HA from the bulk solution to the
pores of the sorbent.

Fig. 4. SEM micrography of (a) CE and (b) PAC.
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3.2. Effect of pH and point of zero charge (pHp,)

The surfaces of the sorbents (CE and PAC) and HA
were affected differently by basic and acidic conditions,
as such, different adsorption values were observed at
different pH values. Solution pH strongly influences
the surface charge of the adsorbing material, degree of
ionization process of HA molecules, and this parameter
was investigated in the pH range of 2-11 (Fig. 5). For
the determination of point of zero charge (pHp..), a plot
of ApH vs. pH; was used (Fig. 6). The pH value where
ApH = 0 was the point of zero charge (pH,,.), which is
the pH at which the total number of positive and nega-
tive charges on its surface becomes zero was found to
be 9.2 for CE. It has been found that the pH,.. of chi-
tosan, which is structurally related to cellulose, was 6.6
[2]. At pH < 9.2, the surface of the cellulose was taken
as positive, and the HA, which is negatively charged
due to its pH,. = 2 [37] was adsorbed strongly by elec-
trostatic attraction. It can be seen from the hypothetical
structure of HA that the -COOH, -OH and -NH
groups are negative centre carriers. The increase in the
number of negatively charged sites on cellulose beyond
pH,,. resulted in electrostatic repulsion with the HA
molecules and lower adsorption capacities were thus
recorded. The same pH trend was found by Song et al.
[38] who modified graphene oxide nanosheets with
cyclodextrin in an investigation of HA removal.

Effect of pH on HA sorption onto PAC followed a
similar trend to that of CE (Fig. 5). HA molecules gener-
ally gain excess negative surface charge as the pH is
increased due to deprotonation, firstly by the carboxylic
groups at pH values of 4-6, followed by the dissociation
of phenolic groups at higher pH [39,40]. From Fig. 6, the
pI—Ipm of PAC was found to be 7.8. In another research,
it was observed that pH.. of AC cloth in KNO; aque-
ous solutions was at pH 7.0 [41]. pHp.e of 7.98 of
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Fig. 5. Effect of initial pH on the adsorption of HA on
PAC and cellulose (n=3). (Sample volume =25 mL, HA
concentration = 200 mg L™, contact time = 50 min, sorbent
{CE and PAC) weight = 50 mg, temperature = 37°C.)
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Fig. 6. Determination of point of zero charge (pHp.J) of
HA adsorbed on PAC and cellulose by varying the inital
PH (n = 3).

pyrolytically prepared AC from Fagopyrum esculentum
Moench was obtained by Kibami et al. [42]. Just like in
this study, Diaz-Flores et al. [43] used an anionic
molecule, 2,4-dichlorophenoxyacetic acid, for sorption
unto AC cloth and reported a pszc of 9.41 and the
maximum sorption they recorded was at pH 2-3.

3.3. Effect of sobent mass

The effect of the sobent mass on the removal of HA
from aqueous solution was investigated by varying the
mass of the adsorbent (CE and PAC) from 10 to 500 mg
(Fig. 7). Tt is expected that an increase in the mass of
adsorbent should yield a corresponding increase in the
amount of HA adsorbed onto the surface of the
adsorbent since there will be more adsorption sites
available. Therefore, competition for binding sites
between molecules of the adsorbate decreased with
increase in mass of the adsorbent. With increasing
adsorbent dose, the removal efficiency increased and
corresponding adsorbed quantity per unit mass
decreased. The best mass was found to be 50 mg for
both sorbents and was used in subsequent experiments.

182

Sorbent mass (mg)

Fig. 7. Effect of sorbent mass on the adsorption of HA
on PAC and cellulose (n=3). (Sample volume =25mL,
HA  concentration = 200 mg L-I, contact tme = 50 min,
temperature = 37°C.)

3.4. Effect of contact time

The contact time between HA adsorbate and the
sorbent (CE and PAC) is of great importance in the
design of a sorption systems and large-scale applica-
tions. Therefore, time-dependent experiments were
conducted in the range of 5-120 min at 37°C (Fig. 8).
As can be seen, the maximum sorption was achieved
after 30 min for both sorbents. This was an indication
that the sorption of HA on both sorbents was a fast
mass transfer. The fast sorption rate could have been
due to a great availability of surface area/binding sites
on the sorbents during the initial stages. Generally,
HA molecules will bind to all the active sites until
they are fully occupied. Hence, with time, fewer active
sites are available leading to a reduction in the
amount of HA adsorbed.

3.5. Effect of initial concentration

Initial concentration is an important parameter
which may provide an important driving force to
overcome all mass transfer resistance of adsorbate

120
116
o 112
=]
E 108 —— Callulose
& ~a— Activated carbon
104
100
] 50 100 150
Contact time (min)

Fig. 8. Effect of contact ime of HA adsobed on PAC and
cellulose (i =3). (Sample pH 4, sample volume = 25 mL,
HA concentration = 200 mg L™, sorbent (CE and PAC)
weight = 50 mg, temperature = 37°C.)
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between the aqueous and solid phases. It influences
the rate at which adsorbate molecules move from the
bulk solution to the adsorbent surface [27]. Increasing
initial concentration enhanced the adsorption capacity
of HA (Fig. 9). This trend was also observed by Mous-
savi et al. [4]. The almost linear dependency might
have been due to the unsaturation of binding sites of
CE and PAC which resulted in an increase in the HA
removal. As shown in Fig. 9, when the initial concen-
tration of aqueous HA solution was changed from 20
to 250 mg L™, the absolute amount of HA adsorbed
per unit mass of cellulose and PAC also increased.

3.6. Kinetic modelling

The rate constants of pseudo-first-order (ki) were
found to be 0.029 and 0.030 min~" for HA adsorption
onto CE and AC, respectively (Table 2). The comparison
of ge values from experimental work (ge exp = 109.4 and
111.8 mg g_') of this study and the calculated ones
(eca =506 and 532mgg ") of pseudo-firstorder
kinetic model showed a large difference. This did not
show the suitability of this model. Furthermore, the
degree of linearity for these kinetic model plots was
judged from the value of the correlation coefficients. The
correlation coefficients (R?) were 0.895 and 0.868 for CE
and AC, respectively. Therefore, the fitting of the experi-
mental data to the pseudo-first-order was not good. The
Jeexp (109.4 and 111.8 mg g ') and the g, (113.6 and
1163 mgg ") values from the pseudo-second-order
kinetic model were close to each other. In addition, the
calculated correlation coefficients (R?) were both unity
(for CE and AC) for this model (Fig. 10(a) and Table 2).
These findings suggested that the pseudo-second-order
adsorption mechanism was predominant and that the
overall rate of the HA adsorption process was most
likely to be controlled by the chemisorption process for

150
< 100
=]
& 50 —o Cellubose
—s— Activated earbon
1}
0 50 100 150 200 250

Initial concentration (mg L)

Fig. 9. Effect of initial concentration of HA adsorbed on
cellulose and PAC (n=3). (Sample pH 4, sample vol-
ume =25 ml, contact time = 50 min, sorbent (CE and
PAC) weight = 50 mg, temperature = 37°C.)
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Table 2

Psendo-first-order,  pseudo-second-order,  intraparticle
model, and the Bangham's model constants for the
adsorption of HA onto CE and PAC

Adsorption model Modelling parameter CE PAC
Pseudo-first-order f (mg g-ll 506 532
ky (min™") 0.029 0.030
R* 0.895 0.868
EMSE 46 48
Pseudo-second-order g, (mg g-'] 1136 1163
k2 (g mg™" min™") 0.022 0.023
2 1 1
Intraparticle model kig (mg g-l min~") 0.76 059
1057 1101
rR? 0.604 0.702
RMSE 1.88 2.Mm
Bangham's model a 0.094 0.093
k, 0.056  0.066
rR? 0.820 0.899
both sorbents. The intraparticle diffusion is only

rate-limiting step if the plot passes through the origin.
Alternatively, both the external diffusion and the
intraparticle diffusion contribute to the whole adsorption
process when the straight line deviates from the origin.
The larger C values (105.7 and 110.1) indicated the
greater effect of the boundary layer on diffusion. Since
the plots are not totally linear and do not pass through
their respective origins, intraparticle diffusion could not
be the phenomena at play. As a rule of thumb, if equilib-
rium is achieved within 3 h, the process is usually kinetic
controlled and above 24 h, it is diffusion controlled [44].
Bangham's equation was used to evaluate whether the
adsorption was pore-diffusion controlled. Tlots of
log log[C,/(C, = qm)] vs. logt for the sorption of HA
onto CE and AC gave correlation values of 0.820 and
0.899, respectively (Fig. 10(d) and Table 2) which con-
firmed that the adsorption was pore-diffusion controlled.
The constants a and k, are obtained from Fig. 10(d) and
are given in Table 2 as 0.094 and 0.056 for CE, and 0.093
and 0.066 for AC.

For the pseudo-first and pseudo-second-orders, the
residual root mean square errors (RMSE) of the
adsorption capacities were determined (Eq. (13)).
RMSE represents the match between the experimental
data and the calculated data obtained from plotting
the isotherm and is defined as [45]:

1

N
2
RMSE = | — 2:2:-1:(‘7*”" = Gecat)

(13)



Appendix Paper VI
N.T. Tavenguwn et al. | Desalination and Water Treatment 57 (2016) 16843-16854 16851
(@ . (b) 2
o y = 0.0088x + 0.0035
+ Cellulose < RE=1
115 y=-0.0126x+07042 2 o8
RE=0.895 = Activated carbon E -
T 05 o c 06
" 0 i t(min) E 4 Callulose
L £ T = 04 .
E 50 100 150 g + Activated carbon
0.5 0z y = 0.0086x + 0.0032
R2=1
A y = -0.0131x + 0.7261 0
R?=0.868 ‘ 0 50 100 150
1.5 t (min)
(€) 10 0.7645x+ 105.7 @
y=0. + .. -
- - ¥ = 0.094x -0.0917
. 116 . ﬁ' 0. 1 _E‘: 015 R =0 "n/‘
T 112 LA : T oo -~
2 ‘s + Cellulose g ‘-
E s S 005 ¥ =0.0925x -0.0223
& y=05858x + 110.08  » Activated carbon i R = 0.8004
104 *  RP=0.7023 5 0
05 1 15 2 25
100 E -0.05 . ngf
0 5 0 15 0.1 + Cellulose
#£5 * Activated carbon
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Fig. 11. Adsorption models (a) Langmuir, (b) Freundlich, (c) Dubinin-Radushkevich and (d) Temkin isotherms.

where #n is the number of data points. If the
estimated data are very similar to the experimental
data, then the RMSE wvalue is small. The smaller
RMSE wvalues obtained from the pseudo-second-order
(1.88 and 2.01 for the CE and PAC, respectively)
further emphasizing the better fitting of this model
to the kinetic data.
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3.7. Adsorption modelling

Linear plots of the investigated models are shown
in Fig. 11 and a summary of the theoretical parameters
of adsorption isotherms along with regression coeffi-
cients are listed in Table 3. Langmuir isotherm
parameter fits for HA adsorption on CE and AC
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Table 3

Equilibrium isotherm parameters

Adsorption model Modelling parameter CE PAC

Langumuir im (mg g™") 89.3 304
b(Lmg™") 0.0076 0.0049
R, 0.397 0.504
R? 0.8337 0.9479

Freundlich ks (Lmg™ 413 109
n 0.791 0.69
R? 0.9891 0.9589

Dubinin-Radushkevich Bp (mol* kJ™) 0.0002 0.0003
fm (mg g™") 128 131
E (k] mol™) 50 41
rR? 0.826 0.8895

Temkin by (] mol™) 276 275
Ar(Lg™ 246 255
r? 09129 0.9256

yielded isotherms that were in good agreement with
observed behaviour with R*>0.83 and R®>>0.94 as
correlation coefficients, respectively. Since R; wvalues
for CE and AC, 0.397 and 0.504, respectively, fell in
the range of (-1, the sorption of HA onto these sor-
bents was concluded to be favourable. The adsorption
capacities of HA onto CE and AC were found to be
89.3 and 30.4 mg g™'. These values were close to the
experimental values obtained in this study (109.4 and
111.8 mg g™"). The HA adsorption capacity on CE and
AC were compared to other similar sorbents (Table 4).
Though the correlation coefficients for the Freundlich
models were high for CE and AC (R*>098 and

were <1 (0.79 and 0.69 for CE and AC, respectively)
indicating the unsuitability of this model. Moreso, the
Freundlich kg wvalues for CE and AC (41 and
109Lg™", respectively) which approximates the
adsorption capacities were lower than the experimen-
tal values. For Dubinin—Radushkevich model, values
of E between 1 and SkJmol™' indicate physical
adsorption; those higher than 8 k] mol™" indicate that
the process is chemical in nature [46]. The values
obtained in this experiment were 50 k] mol™" for the
cellulose and 41 k] mol™ for the AC: therefore, the
type of HA adsorption on the adsorbent materials was
likely to be chemisorption. Linear plots for Temkin

R?>0.95, respectively), the Freundlich constants (1) adsorption isotherm (Fig. 11(c)), which refer to
Table 4

Comparison with other similar sorbents used for HA removal

Sorbent Jmax (Mg g-l} pH Refs.
Carbon based sorbent

Single-walled carbon nanotubes 332 4 (4]

Fly ash 10.7 3 [47]
Activated carbon 974 =2 [48]
Activated carbon 304 2 This work
Glucose based sorbent

Chitosan-coated granules 0.41 <h [2]
Cyclodextrin modified graphene oxide nanosheets 326 5 [38]
Chitosan 3,300 27.3° [49]
Chitin 189 =7.3" [49]
Crosslinked chitosan-epichlorohydrin beads 44.8 6 [50]
Cellulose 893 2 This work

*Not optimized but chosen to simulate the environment of the upper intestinal tract.
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chemisorption of an adsorbate onto the adsorbent,
fitted quite well with correlation coefficients >0.91 and
=0.92, for CE and AC, respectively.

4. Conclusions

In this study, cellulose and PAC were found to
have good adsorption capacity for HA from an
aqueous solution. These sorbents can be used for HA
removal before chlorination to avoid the formation of
cancerous trihalomethanes. The high sorption of HA
at low pH wvalues can also be attributed to its precip-
itation from solution. From the initial concentration
data, the Langmuir adsorption isotherms provided the
best fitting model which indicated that a chemisorp-
tion mechanism was mainly involved in the adsorp-
tion of HA onto the two sorbents. From the effect
of contact time, kinetics of sorption followed the
pseudo-second-order model, further emphasizing the
chemisorption mechanism.
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This paper “QUEChERS method development for bio-monitoring of low
molecular weight polycyclic aromatic hydrocarbons in South African carp fish
using HPLC-fluorescence: An initial assessment,” was published in South African
Journal of Chemistry. It investigated the optimum parameters that were applied
for the QUEChERS method in the extraction of low molecular weight PAHs from

carp fish.
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ABSTRACT

Matrix components in the analysis of polycyclic aromatic hydrocarbons (PAHs) in fish require analytical methods with high
selectivity and sensitivity. A quick, easy, cheap, effective, rugged and safe (QuEChERS) sample treatment method was optimized
and applied, using HPLC-fluorescence for quantification of five low molecular weight PAHs: naphthalene (Nap), acenaphthene
(Ace), phenathrene (Phe), fluoranthene (Flu) and pyrene (Pyr) in muscle of carp fish. Important in this study was the testing of
different sorbents for clean-up in QUEChERS and comparison with Soxhlet extraction. Polymers and magnetite modified with
y-methacryloxypropyltrimethoxysilane (y-MPS) were equally as selective towards PAHs as primary secondary amine (PSA) and
multiwalled carbon nanotubes were the least selective. The concentration of PAHs in carp fish from Hartebeespoort Dam using
QuEChERS extraction method was comparable to Soxhlet extraction and ranged from 0.8-739 ug kg™ In this study, the minimum
concentration of PAHs in carp fish was 0.8 ug kg™ for fluoranthene and the maximum was 739 ug kg™ for Ace using QuEChERS
method. The study revealed that polymers and magnetite modified with y-MPS could be used as alternative clean-up sorbent in

QuEChERSs and that the concentration of PAHs in carp fish in the dam are a source of concern.

KEYWORDS

QuEChERS, PAHS, carp fish, HPLC-fluorescence, sorbents, selectivity.

1. Introduction

PAHs are a large group of semi-volatile organic compounds
consisting of fused aromatic rings in linear, angular or clustered
arrangements.! They are lipophilic and have a high affinity for
organic matter.’ They can also penetrate biological membranes,
making them bio-available, and bio-accumulate in fish and
other marine organisms through the food chain.**

Excluding smokers and occupationally exposed populations,
most individuals are exposed to PAHs predominantly from di-
etary sources such as fish.’ In 1995, PAHs were included tothe list
of hazardous substance by the Agency for Toxic Substances and
Disease Registry (ATSDR) and the United States Environmental
Protection Agency (USEPA). USEPA has identified 16 unsub-
stituted PAHSs as priority pollutants. Itis against this background
that their distribution in the environment as potential risks to
human health has been the focus of much attention.” PAHs are
an important concern due to their mutagenic and carcinogenic
properties to humans and animals.” In light of these concerns,
evaluation of PAHs levels in fish muscle is an important objective
for environmental and health sciences.

Isolation of PAHSs from biological matrices most often involves
complicated extraction and clean-up procedures to provide
extracts ready for the accurate analytical determination.”
Sample preparation processes, therefore, have a direct impact
on the accuracy, precision and quantification limits, and they are
often a limiting step for many analytical methods."” Considering
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low concentration levels of PAH residues in food matrices, the
determination of these residues often requires extensive sample
extraction from environmental samples and purification prior to
analysis. For complex matrices, an extraction and clean-up steps
is generally required." Techniques for PAH sample preparation
include Soxhlet extraction, microwave assisted extraction,™
ultrasonic extraction,” pressurized fluid extraction,” pressur-
ized hot water extraction,™ supercritical fluid extraction,” and
QuEChERS (Quick, Easy, Cheap, Effective, Rugged and
Safe). ™=

The QuEChERS extraction technique is known to utilize a min-
imal amount of solvent and it also uses less time. The QuEChERS
extraction method originally developed was introduced by
Anastassiades ef al.” for extraction of a wide range of pesticides
in fruit and vegetables. This technique has been used for the
determination of a wide spectrum of analytes from different
matrices such as pesticides and metabolites from meat-based
baby food,* PAHSs from tea,” simultaneously determination of
pesticide and PAHs in fresh herbs.”

Few studies have been done on the risk assessment of PAHs in
South African aqueous environmental compartments.** Most
of the analyses of PAHSs in the South African environment have
focused on sediment and soil samples.®* In this study, a
QuEChERS extraction method was developed and optimized
for the extraction of five PAHs: Nap (naphthalene), Ace
(acenaphthene), Phe (phenathrene), Flu (fluoranthene) and Pyr
(pyrene). These pollutants were extracted from carp fish from
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Hartebeespoort Dam (HPB) in Johannesburg West. The opti-
mized parameters were the extraction speed, extraction time,
volume of solvent, type of solvent, mass of salt (MgSO,), the
mass of fish used for extraction, mass of sorbent primary second-
ary amine (PSA). Other sorbents were also investigated for selec-
tivity of PAHSs from carp fish. The optimized QuEChERS extrac-
tion method was then applied for the analysis of PAHs in carp
fish samples.

2. Materials and Methods

2.1. Chemicals and Instrumentation

All PAHs used, namely naphthalene (99.9 %), acenapthene
(99.9 %), phenanthrene (99.9 %), fluoranthene (99.9 %) and
pyrene (99.9 %) were purchased from Sigma-Aldrich (Steinhein,
Germany). Acetone (99 % ) was purchased from Fischer Scientific
(Loughborough, UK), while acetonitrile (99.9 %) was obtained
from Sigma-Aldrich (Steinheim, Germany). Hexane (99.5 %),
ethyl acetate (99 %) and dichloromethane (99.5 %) were pur-
chased from Fluka (Steinheim, Germany). Magnesium sulphate
was obtained from Sigma-Aldrich (Steinheim, Germany) and
sodium chloride analytical grade was obtained from Merck
KGaA (Darmstadt, Germany). For clean-up, 100 g of primary
secondary amine (PSA) bonded with silica was purchased from
Sulpeco (Bellefonte, USA). Methacryloxypropyltrimethoxy-
silane (y-MPS)-coated magnetite, molecularly imprinted poly-
mers (MIPs) and non-molecularly imprinted polymers (NIPs)
were synthesized in our laboratory**" Carbon nanotubes
(CNTs) were obtained readily synthesized from Mhlanga ef al
All reagents were used without any further purification.
QuEChERS materials, Agilent SampliQ QuEChERS Kits were
purchased from Agilent Technologies (Santa Clara, CA, USA).

An HPLC-fluorescence was used for the quantification of
PAHs. HPLC system consisted of a Waters HPLC pump (Milford,
Massachusetts) connected to a fluorescence detector. The
pump’s flow rate was set at 1 mL min™. The mobile phase used
was acetonitrilefwater (80/20, v/v). This was connected to
RF-10AXL Shimadzu fluorescence detector (Kyoto, Japan) and
clarity software purchased from Prodohradska (Prague, Czech).
Excitation and emission wavelengths for HPLC-fluorescence
were set as follows: Nap (280 nm and 490 nm), Phe (225 nm and
460 nm), Pyr (333 nm and 390 nm), Ace (280 nm and 490 nm) and
Flu (290 nm and 320 nm). 100 1L syringes obtained from Supelco
Analytical (Pennsylvania, USA) were used for HPLC manual
injections in a 20 uL loop. The centrifuge used was an 5-8 centri-
fuge obtained from Boeco (Hamburg, Germany). A 460 Elma
ultrasonic bath (Elma, Germany) was used for removal of
bubbles from mobile phase and for dissolving PAH standards.

2.2. Sampling Sites

Carp fish samples were obtained from local fishermen at
Hartbeespoort Dam (25.7475°5, 27.8669°E) in Gauteng Province.
Fish samples were kept in a cool box and transported to the labo-
ratory where they were frozen until analysis. Hartbeespoort
Dam was chosen because it receives water from Jukskei River
that passes through major industrial and residential areas to the
south of Johannesburg city. The biggest wastewater treatment
plant in the city also pumps its treated water in this river
upstream. Thus the river and in turn the dam are regarded as
one of the most polluted in the country.”

2.3. Preparation of Stock and Calibration Solutions

1000 mg L™ stock solution of PAHs was prepared by dissolving
50 mg of PAHs in acetonitrile. The volume was diluted to the
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50 mL mark with acetonitrile for HPLC-fluorescence analysis. A
10 mg L' mixture stock solution was prepared from the 1000 mg
L by withdrawing 100 gL from the 1000 mg L into a 10 mL
volumetric flask, thereafter, the flask was filled to mark with
acetonitrile. The calibration standards were then prepared from
the mixture of PAHs in acetonitrile in the range of 0.01-0.1 mg L
for HPLC-fluorescence analysis. The calibration curve gave a
good level of linearity with a correlation coefficient (R*) between
0.9585 and 1.000 (Table 1). The limit of detection of the PAHs in
fish samples ranged from 0.2-1.1 pg kg™

Table 1 HPLC-fluorescence calibration curve.

PAH R? Slope Intercept LODyug kg™
Nap 0.9585 35208 3972 02
Ace 0.9998 21062 3548.6 11
Phen 1.0000 7902 18433 11
Flu 1.0000 207219 1319 02
Pyr 0.9954 3402 5137 07

2.4. Sample Preparation and Optimization for the QUEChERS
Technique

The carp fish samples were eviscerated and filleted. Fish
muscles were homogenized using a mortar and stored in a foil
wrap and kept frozen until analysis. The QuEChERS extraction
method was done using the procedure reported by Ramalhosa
et al® In brief, a 2.5 g of fish sample was weighed in a 25 mL
Teflon tube and spiked with 0.13 mg L~ of 10 mg L' standard of
the five PAHs. The spiked sample was mixed and allowed to
stand for 30 min and then 10 mL of acetonitrile was added and
shaken vigorously for 1 min. This was followed by the addition
of 2 g of MgSO, and 0.5 g of NaCl salt into the tube, and the
mixture was shaken vigorously for 1 min and then centrifuged.
After centrifugation, 5.5 mL of sample was collected and 150 mg
PSA and 2 g of MgS0, was added for clean-up. The sample was
centrifuged for 5 min before filtering using a 0.45 um PTFE and
injected in the GC-FID for analysis. For optimization, parame-
ters that affected extraction, such as centrifugation time (10-30
min), centrifugation speed (3400-6000 rpm), type of solvent
(ethylacetate, acetone and acetonitrile), fish mass (0.5-2.5 g),
amount of salt (1.0-2.5 g) and volume of solvent (6-10 mL) were
investigated in that order and the experiments were done in
triplicate. As a clean-up sorbent, the same procedure as above
was followed but instead of PSA other sorbents were investi-
gated: molecular imprinted polymers (MIP), non-imprinted
polymers (NIP), -MPS magnetite (MAG) and carbon nanotubes
(CNTs).

2.5. Soxhlet Extraction Procedure

Homogenized fish samples as described above were Soxhlet
extracted using method previously reported (US EPA, 1996C).
Fish samples (15 g) were weighed in triplicate and spiked
with different concentrations of PAHs ranging from 0.5, 1.0 and
1.5 pg g™, Spiked fish sample were placed in a Soxhlet thimble
and mixed with 15 g of MgSO, Fish samples were extracted
using 200 mL of dichloromethane/acetone (1/1, v/v) ratio for 20 h
atatemperature of 35°C. After extraction, the solvent was evapo-
rated to 5 mL by a rotary evaporator and was made up to 10 mL
with hexane and then further evaporated under nitrogen to
2 mL. Extract was passed through a homogenized column
consisting of 3 g of silicaand 2 g of Na,50, which had been previ-
ously dried. Dichloromethane/hexane (2/8, v/v) was used to
elute the compounds from the column and solvent was evapo-
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rated to dryness under a gentle steam of nitrogen. A volume of
3 mL of acetonitrile was then added and 20 pL of extract was
injected into HPLC-fluorescence.

3. Results and Discussion

3.1. Optimization of the QUEChERS Method

The results obtained (Fig. 1a) when centrifugation time was
varied while keeping all other parameters constant. Since the
recoveries were almost independent of time (in the investigated
time range), the least time was selected as the optimum. This was
based on the economical motivation and 10 min was chosen as
the optimal time for centrifuge. The extraction process is gov-
erned by a mass transfer which is time-dependent.* Extraction
process in QUEChERS is generally regarded as fast. Ramalhosa
et al® studied recovery of PAHs from fish sample using ultra-
sonic bath by increasing extraction time from 3 to 20 min, and
found 20 min to be optimum. Centrifuge time was also investi-

gated by Keegan et al.® and 10 min was found to give optimum
recovery. The optimum time of 10 min found in this study was
therefore consistent with other previous studies.

From the investigation of centrifuge speeds (Fig. 1b), there
was not much variation in recovery as the centrifuge speed was
increased from 3400 to 5000 rpm. Centrifuging allows the sol-
vent to be in contact with the sample, therefore making it to be
more effective in dissolution of analyte.* The centrifuge speed
can reduce the time needed for extraction.” Rodrigues ef al.*
applied centrifuge speed of 5000 rpm for the QUEChERS extrac-
tion of pesticides. Herrero ef al.* and Lopes et al.* also used cen-
trifuge speeds of 5000 rpm. This shows that 5000 rpm is the most
commonly used. In this instance, as the speed was increased,
most of the PAHs were recovered at 5000 rpm. Initially, the
amount extracted increased with stirring speed as this enhanced
the movement of the PAHs from the sample to the solvent. How-
ever, at too high stirring speed, the extraction of PAHs decreased
because of generation of air bubbles. King et al.* varied the
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Figure 1 Effect of (a) centrifuge time, (b) centrifuge speed, (c) solvent type, (d) mass of fish, (e) mass of salt, and (f) solvent volume. [Experimental con-
ditions: (a) 5000 rpm, 8 mL acetonitrile, 2.5 g of fish, 2g MgSO,, 0.5NaCl (b) 10 min, 8 mL acetonitrile, 2.5 g of fish, 2g MgSO,, 0.5 NaCl (c) 10 min, 8 mL
of the solvent, 2.5 g of fish, 2 gMgSO,, 0.5 NaCl (d) 10 min, 8 mL acetonitrile, 2 g MgSO,, 0.5 NaCl (e) 10 min, 8 mL acetonitrile, 2.5 g of fish, 0.5 NaCland
(£) 10 min, 2.5 g of fish, 2 g MgSO,, 0.5 NaCl].
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stirring speed (0 to 1225 rpm) in their analysis of PAHs and also
observed creation of air bubbles at over 800 rpm.

Acetonitrile and ethyl acetate have been widely used to extract
polar to non-polar analytes® and were tested together with
acetone (Fig. 1c). Solvent type is very important when the
QuEChERS method is developed. Pyr, Flu and Phe were better
extracted using acetonitrile. Those slight differences reflect the
type of intermolecular interaction that takes place between the
PAHs and extraction solvent. PAHs are non-polar with mostly
hydrophobic interactions through pibonds being involved. This
may explain why acetonitrile, also with pi bonds and linear in
geometry, gave slightly better extractions. The structure of the
solvent should allow maximum interactions with the analytes,
besides its polarity. Acetonitrile separates more easily from water
than other polar solvents used (acetone and ethyl acetate) in the
QuEChERS method in the presence of salts. This gives a good
phase separation which prevents interaction of polar matrix.®
Therefore, acetonitrile was chosen as the optimal solvent for
extraction.

The results on the optimization of fish mass revealed that there
was slight variation in the peak areas obtained (Fig. 1d). Overall,
1.0and 2.5 g gave slightly higher peak areas than 0.5 g. Homem et
al.* investigated the mass to solvent volume ratio and observed
that a ratio lower than 0.17 g mL~ gave very low recoveries. In
this study, solvent volume was kept at 10 mL and fish mass of 0.5,
1.0and 2.5 g were tested. This gave mass to solvent ratios of 0.05,
0.1 and 0.25, respectively. In this study, 2.5 g was used as opti-
mum fish mass as this mass gave a slightly higher peak area.

The results obtained when the mass of Mg50, was varied
during the extraction showed that there was an increase in
recovery of Nap, Ace and Phe with the use of 2 g of MgSO,
(Fig. 1e). Increase in salt allows greater phase separation but
high salt level can also affect the effectiveness of the extraction
system.® The right combination of quantity of salt used in phase
separation is important asit regulates the polarity of the mixture.
MgS0, removes a lot of water and the reaction is exothermic
which can improve the process of extraction.® Addition of salt
increases the temperature of the system, lowers activation
energy and also decreases the viscosity of the solvent thereby
increasing solvent matrix interaction.” The result shows that the
optimal mass of salt is 2 g as there is not much variation between
the 2 g mass and the 2.5 g mass of salt.

A decrease in the amount extracted was observed with
increase in volume of solvent (Fig. 1f). Decrease was more

pronounced with 10 mL. However, it can be noted that from
recovery, 6 and 8 mL gave high recoveries. Homem et al.®
studied the effect of sample mass to solvent ratio on recovery.
Optimum ratio obtained was 0.17. In this study, the volumes
used gave sample mass to volume of 0.41, 0.31 and 0.25, respec-
tively. Closest mass to solvent volume obtained by Homem et
al.* was (.25 which was equivalent to 10 mL. Satisfactory recov-
ery was obtained for 10 mL volume which ranged from 95 to
104 % recovery as noted above, while for the 6and 8 mL volume;
recovery of Flu was 130 % while in the 6 mL volume recovery of
Phe exceeded 120 %. Larger recoveries may be due to matrix
effect.*** Thus 10 mL solvent volume was taken as optimum.

3.2. Comparison of Different Sorbents

The structures of the different sorbents are shown in Fig. 2and
their recoveries in QUEChERS method are compared in Fig. 3.
After synthesis, the MIP and NIP were washed with distilled
water to remove the unreacted pre-polymerization reagents
before use. y-MPS-coated magnetite was washed with water
followed by methanol. Washing solutions were analyzed to
check for any impurities. The recovery of PAHs from different
sorbents showed that there was not much differences (Fig. 3).
The selectivities of the different sorbents was tested by extract-
ing unspiked samples (blank) of carp fish samples. Chromato-
grams (not presented) of extracts from various sorbents showed
that CNTs gave the least selectivity. y-MPS and polymer sorbents
(MIP and NIP) gave slightly cleaner chromatograms followed by
PSA. It should be noted that the MIP used were not specific for
PAHs, and therefore acted as ordinary sorbent like the NIP. In
this case, PSA was still taken as the best sorbent since recovery
and selectivity was not that different from other sorbents.
Generally, PSA is recommended for clean-up of sugars, organic
acids and polar pigments.

3.3. Comparison of Recoveries between QuEChERS and
Soxhlet Extraction Methods

Figure 4 shows the recoveries obtained for the QuEChERS and
Soxhlet extraction methods at optimized conditions. As spiking
concentrations were increased, the peak areas increased in both
methods and recoveries obtained were independent of the
spiking concentration. However, at lower concentration, the
recoveries were higher than 100 % for some analytes (Nap,
Phe, Flu and Pyr) due to matrix effects. QUEChERS gave higher
recovery for all the five PAHs than Soxhlet extraction. This was
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Figure 2 Different sorbents used for the QuEChERS method.

192

Molecular imprinted
palymer (MIP)

(Ethylenediamine-N-propyl)
silane



Appendix

Paper VII

ResearcH ARTICLE

A.O. Oduntan, N.T. Tavengwa, E. Cukrowska, S.D. Mhlanga and L. Chimuka,

102

5. Afr. J. Chem., 20186, 69, 98—104,
<http:/fjournals.sabinet.co.zalsajchem/>.

160
120
z @ Na
g p
o 80 E Ace
; mPhe
40 E Flu
Pyr
o0 ; ;
PSA Mip MAG CNT
Sorbent type

Figure 3 Comparision of recoveries obtained for different sorbent in QuEChERS extraction method (n = 3). [Experimental conditions: 2.5 g of fish,

10 mL acetonitrile, 2 g MgSO,, 0.5 g of NaCl and 5000 rpm].

expected as the latter has slow mass transfer and thus extraction
takes hours compared to few minutes with QUEChERS, besides
large amounts of solvents are consumed.

3.4. Application of QuEChERS Method and Comparison with
Soxhlet Exaction Method

A typical chromatogram of an spiked fish sample obtained
using HPLC-fluorescence is shown in Fig. 5. Table 2 shows the
concentration levels of PAHs obtained in carp fish samples taken
from Hartbeespoort Dam (HPB). Nap was not detected in all the
samples by both methods. This might be due to variation in the
possible sources of these compounds in the dam. Phe was
detected in highest concentration in both methods followed by

a
@) 160 y @Ace =Phe @Flu @Pyr (a)
120
>
g
g 80
o
=
40
0

0.52

0.13

0.26
Concentration (mg kg'?)

Ace, then Flu and Pyr. The results showed that there was no
statistical difference between the Soxhlet extraction as com-
pared to the QUEChERS method for the Ace and Flu (t, < t,,
(2.447)). However, significant difference was found between the
two methods for Phe and Pyr (Phe and Pyrt_ values of 7.132 and
5.808, respectively were both > t,,,. of 2.447 at 95 % confidence
interval). The explanation for this difference in the methods for
Phe and Pyr can be attributed to matrix effects in the samples
especially for Sohxlet extraction which is less selective compared
to QuEChERS method. A plot (not shown) of concentration of
PAHs against fish length for Pyr and Ace from Hartbeespoort
Dam gave positive correlations R*= 0.919 and R*= 0.773, respec-
tively. For other PAHSs in fish samples, there was no positive
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Figure4 Recoveries of PAHs by (a) QuEChERS and (b) Soxhlet extraction (n = 3). [Experimental conditions: 2.5 g of fish, 10mL acetonitrile, 2 g Mg50O,,

05 g of NaCl and 5000 rpm].

Table 2 Concentration obtained from fish samples from Hartbeespoort dam in Gauteng using the QuEChERS and Soxhlet extraction methods (n = 3).

Sample site Fish length Fish width PAHSs concentration/ug kg™

fem fem Nap Ace Phe Flu Pyr
QuEChERS extraction method
HFB1 21 70 nd 37.714.0) 683.6 (0.9) 09(13.2) 17 (3.9)
HPB 2 224 76 nd 40.3(3.5) 739.0(0.5) 47(11.3) 1.5 (8.0)
HPB 3 245 8.6 nd 381(18) 717.2(4.9) 37 (8.6) 1.7 (5.3)
HFPB 4 355 125 nd 50.3(0.5) 641.4(1.2) 6.1 (10.5) 20(22)
Soxhlet extraction method
HFB1 21 70 nd 37.8(0.8) 838.5 (L.0)) 19(2.2) 52(0.1)
HPB 2 224 76 nd 432(23) B90.0 (7.2) 9.4 (0.2) 45(04)
HFB 3 245 86 nd 46.3 (0.4) 908.5 (0.7) 6.1 (0.1) 6.2 (1.0)
HFB 4 355 125 nd 552(24) 9026 (3.8) 6.1 (1.1) T8 (41)

Note: nd = not detected, standard deviations are in brackets.
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Figure 5 A Chromatogram of an unspiked fish sample obtained from QuEChERS extraction method using HPLC-fluorescence.

correlation. These diffferences could be due to factors such as
fish metabolism of the compounds, bicavailabilty of the com-
pounds from the water which affects the their bioconcentration.

4. Conclusions

The results indicated that polymeric sorbents and y-MP5-
coated magnetite can serve as good alternative to PSA as they
gave comparable recovery and selectivity for PAHs in fish.
QuEChERs method was found to be very efficient in extraction
PAHs in fish compared to Soxhlet extraction as it was faster
and gave better recoveries. The concentration of PAHs in fish
samples from Hartesbeesport Dam found using QuEChERS
method was comparable to Soxhlet extraction method though
for some PAHS, the latter gave slightly higher results. Results of
PAH concentration in fish samples from the dam indicate that
the dam is acting as a sink for pollution occurring upstream and
is a cause of concern. Further monitoring of substituted PAHs
and all 16 US EPA listed PAHs is recommended.
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