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Abstract
Environmental pollution of water bodies by industrial effluent and other related sources
containing toxic organic compounds has raised concern by different environmental protection
agencies, and the urgent need for effective remediation. Hydrophobic based Deep Eutectic
Solvent (DES) was synthesized and applied as extractant in the removal of aromatic
hydrocarbon namely benzene, toluene and xylene (BTX) from contaminated water samples.
Physicochemical properties such as density, viscosity, conductivity and pH of the synthesized
DES were determined and the values were in ranges of 944-915Kg/m®, 1636-179mPa.s, 141-
1007uS/cm and 3.14-2.73 respectively, within the temperature range (25-70°C). The
hydrophobic DES was applied in liquid-liquid extraction to remove BTX from simulated
contaminated water. Quantitative monitoring of BTX was carried out using UV spectrometer
and average values are presented. Major variables that affect the extraction efficiency of the
DES were optimized and efficiencies of 68.1%, 70.84% and 77.73% for BTX respectively
were determined to be the optimum values at 25°C 60 min 0.6 solvent mass fraction.
Response surface methodology was employed as a tool in modeling and optimizing the
extraction performance of the DES. The results obtained substantiate the suitability of the
model developed. Extraction efficiencies as high as 86.61%, 88.94% and 92.71 % for BTX
respectively was obtained from the model. These values show that the DES under study has
high potential in the removal of contaminants such as BTX from waste water. Finally,
effective regeneration and reuse of the DES after each extraction was carried out for 5
consecutive cycles and their results showed no significant decrease in their respective
extraction efficiencies. Hence, improving the overall performance of hydrophobic DES for

the extraction process.
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CHAPTER ONE

1.0 INTRODUCTION

Pollution of water by hazardous substances, some of which are categorized as having toxic,
carcinogenic and mutagenic properties, has attracted and raised environmental
concerns(Manoli and Samara, 1999). Most water bodies are usually the receptacle of refinery
effluents, petrochemical effluents, sewage effluents, crude oil spillage (which arise from pipe
lines leakage and accidental spills from tankers) and other related industrial effluent(Benson
et al.,, 2014). Consequently, these effluents contain some hazardous and toxic aromatic
compounds, among which are benzene, toluene and xylene (BTX). These compounds are
widely used as raw materials in chemical and petrochemical industries. BTX are important
organic water pollutants that require remediation(Khezeliet al., 2015). These aromatic
compounds have also been associated with detrimental health effects as a result of their toxic
and hazardous nature(Khezeliet al., 2015). BT X and other aromatic contaminants are listed as
priority pollutants collected by the United States Environmental Protection Agency (US EPA,
2006) (Manoli and Samara, 1999). Studies carried out in most urban centers in Nigeria has
shown that effluents from various industries are one of the main sources of water
pollution(Taiwoet al., 2012). Components of crude and refined petroleum, namely aromatic
contaminants, such as BTX, have independently been associated with adverse human health

effects by the International Agency for Research on Cancer(Kponeeet al., 2015)

lonic liquids (ILs) have widely been utilized for various application and extraction purposes.
Their unique properties are established and fine-tuned by selecting the appropriate

components that makes up the ILs. On the other hand, the “green” character of ILs has often

been questioned, due mainly to their poor biodegradability, biocompatibility, and

sustainability(Abbott et al., 2003). Analogues to ILs are Deep Eutectic Solvents (DES), with



properties similar to that of ILs, but are easy to synthesize. In addition they are more
economical and environmentally friendly than ILs(Makoset al., 2018). DESs are synthesized
from the complexation of two or more compounds as a result of hydrogen bonding between
the hydrogen bond donor (HBD) and the hydrogen bond acceptor (HBA). The resulting
eutectic mixture obtained suffers a freezing point depression and usually have a melting point

lower than that of the starting components(Makoset al., 2018).

Presently, availability of researches on hydrophobic DESs are limited, and are basically
obtained by complexing (contacting and mixing) organic salts with carboxylic acids
(Makos et al., 2018). Hydrophobic DES have been applied for extraction purposes which
include;Extraction of volatile fatty acids (VFAs) from water which gave better extraction
performance than the normal conventional solvent, Trioctylammine (TOA)(van Osch et al.,
2015). Extraction of pesticides from water with extraction efficiencies of up to 80%
obtained(Florindoet al., 2017).Extraction of polycyclicaromatic hydrocarbons in aqueous
samples with extraction efficiencies above 73%(Makoset al., 2018) and Micro-extraction of
two auxins in water and fruit juice samples with extraction performance of 90%(Faraji,

2019).

Response surface methodology RSMis a common technique used in design of experiment
(DOE) for modeling and optimizing of process operations(Garcia et al., 2013) RSM tool was
adopted using the Central Composite Design (CCD) because of its advantages of simplicity
and ease of use. Solvent regeneration and recycling of DES were carried out to further

improve the overall performance of the synthesized DES.



1.1 Problem Statement

Environmental regulations on the maximum contaminant limit of organic pollutants is
becoming more stringent as a result of increased global industrialization, hence requires the
need for effective, environmentally sound, energy efficient and economical remediation
technology. Biodegradation which is one of the regular techniques used, suffers some
setbacks because its reaction rates are kinetically influenced and controlled by several
parameters which include pH, temperature, initial substrate concentration, type of inoculum
added, nutrient concentration, substrate inhibition among others, thus making bioremediation

technique tedious, time consuming and relatively expensive(Jo et al., 2008).

1.2 Justification

Aromatic contaminants in natural waters derive mainly from municipal effluents, industrial
effluents and oil spillage or leakage. BTX have been listed as priority pollutants that need to

be monitored in both industrial and domestic effluents and freshwater systems.

Hydrophilic DESs which are often applied for the extraction of BTX are miscible with water
and requires large amount of DES as well as an emulsifier such as tetrahydrofuran (THF).
Therefore, application of DES in solvent extraction involving water-based samples requires
hydrophobic solvent. This in turn reduces the consumption of DES and eliminates the use of

an emulsifier. Hence meeting some of the objectives of green chemistry.

Extraction processes are effectivein the removal of persistent organic pollutants.Hazardous
nature and poor biodegradability, high price and toxicity of mostlLs used in extraction

processescalls for new generation of green solvents such as deep eutectic solvents (DESS)



1.3

Aim

The aim of this work is toremove BTX from contaminated waterusinghydrophobic deep

eutectic solvents, synthesized from tetrabutlyammonium bromide (TBAB) and decanoic acid.

1.4

Objectives

The objectives of this work are to:

1.5

Synthesize and characterize hydrophobic DES
Carry out liquid liquid extraction (LLE) of BTX compounds
Model and optimize the LLE of hydrophobic DES using design of experiment (DOE)

Regenerate the synthesized DES

Scope

There is no limit to the number or type of DESs that can be prepared from available

chemicals, because there are a large number of salts and hydrogen bond donors that can be

used to prepare these solvent mixtures. Therefore, in this work, the eutectic mixtures of

tetrabutyl ammonium bromide and decanoicwasprepared, and utilized for the extraction of

aromatic contaminant (Benzene, Toluene, Xylene) from simulated water.



CHAPTER TWO

2.0 LITERATURE REVIEW
2.1Hydrocarbons

A hydrocarbon is one of the simplest and primitive of organic compounds. They have varying
concentrations in storm water and effluent water. Hydrocarbons in water can be found as free
floating, emulsified, dissolved, or adsorbed to suspended solids(Khir Umaimah,2012).
Basically hydrocarbon compounds contain only carbon and hydrogen atoms. Hydrocarbons

are broken down into three main classes; aliphatic, alicyclic, and aromatics.

lewlrocarbons
| |
aliphatic wdrocarbons arcanatic vdrocarbons
| (contain the benzene ring)
unsaturated H
saturated ayelio |
(single bonds (closed chain) c
betsarsen T atoms) AN
| R
| | I
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H H H
III II_I H H H-C=C-H \C Benzene
H-C-C-H g H—¢ & —H
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HH H H H H
ethane ethene etlns eyelopropane

Figure2.1. Three Main Classes of Hydrocarbon(Khir Umaimah, 2012)

Aliphatic is an open chain compound, bonded in a linear chain. This hydrocarbon can be
either in the saturated or unsaturated phase. Saturated aliphatics consist of single bond

aliphatic while, unsaturated aliphatics consist of double and triple bond of



aliphatics.Typicallyaliphatics include ethane, actelyene, and 1,2 butadiene, methane (Khir

Umaimah, 2012).

Alicyclics or cyclic hydrocarbons as indicated by their name, contain rings of carbon atoms
in their structures. Examples of alicyclics include cyclopropane and cyclopentane(Khir

Umaimah, 2012)

Aromatic hydrocarbons typically contain at least one 6-membered benzene ring. This
aromatic compound can be bonded with other aliphatic, alicyclic or with aromatic itself. As
the name implies, these compounds are typically related to odour and fragrance. Benzene,

toluene and xylene (BTX) are part of common aromatic compounds(Khir Umaimah, 2012).

2.2 Monoaromatic Properties and Analytical Methods

Monoaromatic compounds such as Benzene, Toluene, Ethylbenzene and Xylenes (BTEX) are
classified into the groups of hazardous compounds to the environment because of their large
migration abilities and toxicity (Coates et al., 2002). Generally, percent volumes of benzene,
toluene, ethyl benzene and mixed xylenes in gasoline are 1, 1.5, 1-1.5 and 8-10, respectively
(Azevet al., 2004). The presence of light aromatic hydrocarbons in water is an indicator of
the presence of oil products. The physical and chemical properties of monoaromatic
compounds are important characteristics which help in predicting the fate of these chemicals

in the environment. They are summarized in Table 2.1 below.

The relatively high water solubility of monoaromatic hydrocarbons demonstrates their great
tendency to spread in contaminated water (Lipson and Siegel, 2000). The maximum levels
BTX allowed in the United States for drinking water are 0.005, 1 and 10 parts per million
(ppm) for benzene, toluene and mixed xylenes, respectively (USEPA, 2006). Generally, high
vapor pressure and low molecular weight mean that the compound is more likely to volatilize

out of water solution (Lee et al., 2004).



There are several methods that can be used to determine the content of monoaromatic
hydrocarbons in a water sample. Techniques such as gas chromatography (GC) and liquid
chromatography (LC) can provide quantitative, constituent-specific analysis of volatile
hydrocarbons. Several reports have shown that preferred methods for determination of
monoaromatic compounds in water are GC/flame ionization detector (FID) (de Nardiet al.,

2006), GC/mass spectrometry (MS) (Wang et al., 2002).

The determination of monoaromatic compounds in water samples at the mg per liter level
requires the preconcentration of aromatics before analysis (Demeestereet al., 2007). These
preconcentration techniques can be classified into three families: solute concentration in a gas
phase, a liquid one or on a solid. The first approach makes use of techniques such as
headspace analysis or the purge and trap process. The second approach allows analyte
adsorption onto a porous support, followed by desorption prior to GC injection. These
techniques are recommended methods for VOC analysis in contaminated water as they are

rapid, cost efficient and can be automated (Gusmaet al., 2006, 2007)

The second way to preconcentrate volatile compounds from water samples is solvent
extraction such as liquid liquid extraction. Numerous studies on detection and determination
of benzene, toluene, xylenes (BTX) compounds in water by GC/MS and HPLC have been
established (Farhadian et al., 2008). As already stated, aromatic compounds can also be
detected by high-performance liquid chromatography (HPLC) fitted with an ultraviolet (UV)
detector. These methods can measure constituent concentrations in the parts per billion (ppb)

ranges, the lower detection limit being between 1 and 500 mg/L (Vogt et al. 2000)



Table 2.1.BTX Characteristics and Properties (Farhadian et al., 2008).

Properties Benzene Toluene m- Xylene 0- Xylene p- Xylene
Chemical CH3 CHs CHs CH3
Structure @ @\ CH3
CHg
CH3

Chemical formula | CsHs C/Hg CgHio CgHa1o CsHao
Molecular weight | 78.11 92.14 106.17 106.17 106.17
(g/mol)
Some trade names | Benzol 90 | Phenylbenzene | m- 0- p-
and Pyrobenzol | Methylbenzene | Xylolmetaxylene | Xylolorthoxylene | Xylolparaxylene
Synonyms
Water  solubility | 178.5 532.6 161.5 171.5 181.6
(mg/L) at 25 °C

80.0 110.6 139.1 144.5 138.3
Boiling point
temp.(°C)
Vapor pressure | 95.19 28.4 8.3 6.6 3.15
(mmHg) at 20 °C
Melting point | 5.50 -94.9 -47.8 -25.2 13.2
temp. (°C)
Octanol-water 2.13 2.73 3.20 3.12 3.15

partition
coefficient. 25 °C
(log P)

2.3Aromatic Water Contaminants

2.3.1Aromatic compounds

Aromatics are termed as mono and polycyclic aromatic compounds containing only hydrogen

and carbon atoms. Dibenzothiophene, a sulphur-containing compound, is the only exception

in this group(Scurtu, 2009). Due to their wide range of concentrations in hydrocarbon




contaminated water, as well as their potentials for causing environmental effects, stringent
conditions and maximum allowable limit have been set for these compounds. Aromatic
compounds are divided into the following groups: BTEX: monocyclic aromatic compounds -
benzene, toluene, ethylbenzene, and xylenes (ortho, meta and para isomers); NPD:
naphthalene, phenanthrene and dibenzothiophene, including their C1-C3 alkyl homologues.
These are 2-3 ring aromatic compounds; PAH: polycyclic aromatic hydrocarbons. These are
represented by the 16 EPA PAHSs (except naphthalene and phenanthrene that are included in

the NPD group).

» BTEX
Benzene, toluene, ethylbenzene and xylenes (BTEX) are found in high concentrations
among aromatic compounds in produced water(Ghimire& Wang, 2018). They are
moderately soluble in seawater, highly volatile and are biodegraded rapidly in the
water environment. BTEX compounds have a low affinity for partitioning into lipid
tissues of aquatic organisms. They are not persistent in sea water and are not
accumulated to any degree by marine organisms(Scurtu, 2009).

» NPDs
The most abundant compounds in NPD group are naphthalene and its alkyl
homologues. Compared with the high molecular weight PAHSs, naphthalenes have
lower bioaccumulation potential and are rapidly biodegraded in the aquatic
environment. Therefore, naphthalenes pose a relatively low environmental risk. The
other compounds in this group such as dibenzothiophenes are moderately toxic, but
not mutagenic or carcinogenic(Scurtu, 2009).

» PAHs
PAHs (polycyclic aromatic hydrocarbons) have a wide range of structures and
properties. The higher the molecular weight of a compound in this group the lower its

9



solubility and the higher its potential for bioaccumulation in marine
organisms(Scurtu, 2009). PAHs partition mostly in the oil droplets or particulate
matter. Their toxicity is variable and depends on the particular compound, exposure
(acute or chronic) and the nature of the organism exposed to PAHs. Technologies for
the removal of dissolved compounds Dissolved compounds are the only hydrocarbons
remaining in contaminated water after the removal of oil droplets. The most important
groups of dissolved aromatic compounds that need to be removed are BTEX and light
phenols (CO — C3)(Ghimire& Wang, 2018). Heavy phenols, NPDs and PAHs with
many fused aromatic rings are mostly removed with dispersed oil. Treatment methods
able to remove heavy phenols, NPDs, PAHSs, and as well have potential for removing

of heavy metals, are given priority over the others(Scurtu, 2009).

Table 2.2. Amount of Aromatic Compound (tons) Discharge in Norwegian Sector (compiled

from NOIA, 2007).

Group of Compounds

Discharge (tons)

BTEX 1826
PAH 11
NPD 124

Benzene, toluene and xylene (BTX) are typical volatile organic compounds (VOCs) that are

constituents of petroleum and industrial solvents widely employed in producing rubbers,

lubricants, dyes, detergents, and drugs(Penget al., 2015). Contamination of drinking water,

groundwater, and seawater with these volatile organic compounds (VOCSs) poses a significant

health risk to humans(Karlowatz. et al., 2004). Therefore, awareness of the public toward the

problem of groundwater, surface water, drinking water, and seawater contamination with

VOCs is of paramount importance.




Pollutants such as chlorinated hydrocarbons, aromatic hydrocarbons especially benzene,
toluene, and xylenes (BTX) are among the most commonly detected organic contaminants in

water(Karlowatz. et al., 2004).

Although conventional Drinking Water Treatment Plant (DWTP) multistep treatment
processes use advanced technologies as adsorption, membrane filtration, ozonation and
chlorination, none was specifically designed to remove aromatic contaminants and thus are

not effective(Rodriguez et al., 2009).

Assessment of water is not only for suitability for human consumption but also in relation
toits agricultural, industrial, recreational, commercial uses and its ability to sustain
aquaticlife. Water quality monitoring is therefore a fundamental tool in the management of
freshwater resources. To underpin its importance, World Health Organization (WHO), United
Nations Environment Programme (UNEP), United Nations Educational, Scientific and
Cultural Organization (UNESCO) and World Meteorological Organization (WMO) launched
in 1977,a water monitoring programme to collect detailed information on the quality of

global ground and surface water.

Table 2.3.Maximum Permissible Effluent Discharge Limits.

Compounds (ppm) EGASPIN (2002) EPA (2015)
Benzene 10 5

Toluene 30 10

Xylene 1000 1000

2.4 Petrochemical Wastewater

Petrochemical wastewater is a general term of wastewater associated with oil-related

industries. The sources of petrochemical wastewater are diverse and can originate from
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oilfield production, crude oil refinery plants, olefin process plants other sporadic

wastewaters(Gutiérrez et al., 2007; Llop et al., 2009).

petrochemical wastewater has been categorized to oilfield-produced wastewater,
petrochemical refinery, and oily wastewater based on the originates(Ghimire& Wang, 2018).
Oilfield-produced wastewater is generated in crude oil extraction from oil wells that contain
high concentrations of artificial surfactants and emulsified crude oil characterized of high
COD(Zou, 2015). Petroleum refinery wastewater is generated in oil refinery processes that
produce more than 2500 refined products(Ghimire& Wang, 2018). The wastewater can be
from cooling systems, distillation, hydrotreating, and desalting. The compositions of the
refinery wastewater can vary depending upon the operational units for different products at
specific time and locations. Different concentrations of ammonia, sulfide, phenols, Benzo,

and other hydrocarbons are normally present in such wastewater(Santo et al., 2013).

2.4.1 Partitioning of organic constituents in petrochemical wastewater

Hydrocarbons present in petrochemical waste waters exist either as dispersed droplets or in
the dissolved phase(Scurtu, 2009). Some compounds such as the aliphatic hydrocarbons are
found predominantly in the dispersed phase due to their solubility properties, while others,
such as carboxylic acids are normally found in the water phase(Scurtu, 2009). Depending on
their molecular weight and structural complexity. Aromatic compounds are found in both
phases. Low molecular weight aromatics, such as benzene, toluene, ethylbenzene and xylene
(BTEX) and naphthalene are fairly soluble in the water phase while higher molecular weight
polycyclic aromatic hydrocarbons (PAHS) are significantly less soluble and mostly remain in
the dispersed oil phase. Major dissolved organic compounds present in hydrocarbon

contaminated water include;
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e Carboxylic acids
e BTEX
e Phenols

e PAHs

Alkylphenols

Table 2.4. Dissolved Organic Compounds Present in Waste Water (compiled from NOIA,

2007).

Organic Compounds % in Waste Waters
Carboxylic acid 93.6

BTEX 4.8

Phenols 0.5

PAHSs 0.13

Alkylphenols (C1-C3) 0.89

Alkylphenols (C4-C9) 0.03

Table 2.5.Petroleum Refinery Waste Water Characteristics (Ishak, 2013).

Parameters Range (ppm)
Total Organic Compounds (TOC) 184-187
Phenol 1.16-1.44
Benzene 43.31-44.36
Toluene 38.58-41.08
Xylene 30.03-33.04
Sulphide 14-17

2.5 Remediation Techniques of BTX

2.5.1Stripping

Stripping remediation technology is effective for volatile compounds such as BTEX and light
phenols. Its efficiency for heavier compounds such as PAHs can be enhanced by increasing

the temperature (Lawrence et al., 1995). Stripping is an attractive technique efficient for
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BTEX treatment, it is also employed for the removal of NPDs and PAHSs in the oil/gas
industry(OGP, 2002). The main disadvantage of stripping is that it creates new waste streams
that need further treatment such as separation of hydrocarbons from condensed vapours in
steam stripping and off-gas treatment in air stripping(OGP, 2002). Costs of implementing
stripping for the treatment of dissolved compounds can be very high, especially for steam
stripping, which is more energy intensive(Scurtu, 2009). A large stripping column would
probably be required in order to comply with the stringent effluent standards set in top water

project.

2.5.2 Oxidation

Oxidation remediation technique for the treatment of dissolved organic compounds makes
use of ozone and/or hydrogen peroxide for chemical oxidation. The main advantage of this
technique is the relatively simple operation, while the high-energy consumption for ozone
generation and the toxic waste generated by the process are the main drawbacks(Lawrence et
al., 1995). Chemical oxidation requires long contact times for an efficient degradation of the
target soluble compounds(Klassonet al., 2002). Advanced oxidation employs UV light and
titanium dioxide as catalyst for degradation of target compounds. This method has a potential
advantage over chemical oxidation, since it does not generate waste streams. However,
fouling of the UV Ilamps and/or catalyst may be a major disadvantage of this

technique(Klassonet al., 2002).

2.5.3 Membranes

Dissolved organic compounds as well as some heavy metals can be removed from
hydrocarbon contaminated water by reverse osmosis (RO) membranes(Scurtu, 2009). This
technology is more energy intensive than nanofiltration (NF) membranes, since it requires
higher pressure for operation. NF-process utilizes membranes with larger pores and therefore,

would be less effective than a RO-process for removal of compounds with low molecular
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weight(Lawrence et al., 1995). However, this technique is sufficient for the removal of
BTEX and light phenols. A major drawback reported for both processes (NF and RO) is
membrane fouling(Lawrence et al., 1995; OGP, 2002). Other disadvantages of membrane
treatment are the short lifetime of membrane material and the relatively low flux rates(OGP,
2002). The concentrate generated in the process must undergo further treatment to separate
hydrocarbons from water. The resulting water is recycled upstream of the pre-treatment step.
A significant challenge of NF or RO operation is low recovery(Hayes & Arthur, 2004). An
alternative to NF and RO is electro dialysis (ED) that utilizes an electric field as driving force

for separation. Compared with NF and RO, ED has three major advantages:

e High water recovery;
e Low pressure requirement;

e Resistance to fouling.

The major drawbacks of ED are the inefficiency to remove BTEX and naphthalenes as well
as the high-energy costs(Hayes & Arthur, 2004). Membrane distillation (MD) can separate
two liquid phases using an evaporation/condensation process. Proper operation of this
technique requires that the temperature on the feed/concentrate side of the membrane is

higher than on the effluent/permeate side(Scurtu, 2009).

2.5.4 Adsorption

Adsorption technique can be carried out with adsorbents that can or cannot be regenerated. It
is more cost-efficient to use adsorption media with regenerative properties, especially if a
low-cost on-site regeneration method is available. Activated carbon is an established
adsorbent usually employed in municipal and industrial wastewater treatment(Scurtu, 2009).
Although the spent carbon was reported to be regenerated on-site by wet air oxidation, it is

mainly regenerated off-site(Hayes & Arthur, 2004). Rancket al. (2002) investigated the
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utilization of a surface modified zeolite (SMZ) to remove BTEX compounds from
contaminated water. The spent surface modified zeolite was successfully regenerated by air
sparging. However, this regeneration method is problematic, since it transfers the pollutant
from the water phase to the gaseous phase (off-gas from air sparging). The off-gas stream

requires further treatment before being released into the atmosphere.

2.5.5 Biological Treatment

Removal of dissolved aromatic compounds can also be achieved in aerobic or anaerobic
bioreactors. Depending on the nature of biomass growth, biological treatment can be divided
in suspended growth (activated sludge) and attached growth (biofilm) processes(Santo et al.,
2013).

Attached growth processes utilize carriers, on which microorganisms establish a
biofilm, feeding on the organic compounds and nutrients available in water(Scurtu, 2009).
Biofilm systems are usually more compact processes and therefore, the footprint and volume
requirements would be lower than in the case of activated sludge processes. This is a
significant advantage, since stringent footprint and weight requirements are in place on
offshore platforms. Different reactor configurations have been used for the treatment of
aromatic compounds. The most common technologies are fluidized bed reactors (FBR),
moving bed biological reactors (MBBR), submerged fixed film reactors (SFFR) and fixed
film activated sludge (FAS)(Prudenet al., 2003). All these types of systems are based on
fixed film approach, which can retain larger concentrations of biomass, therefore increasing

microbial degradation when operated as continuous processes(Prudenet al., 2003).

2.5.6 Extraction
Extraction technique has recorded outstanding performance in the removal of aromatic
compounds from contaminated water. Conventional extraction methods include solvent

extraction, soxhlet extraction, ultrasonic agitation/sonication etc. Modern extraction methods
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include solid phase extraction-SPE, liquid liquid extraction LLE, supercritical fluid extraction
(SCF), microwave assisted extraction (MAE) and Membrane Extraction (ME)(Scurtu, 2009).
Liquid liquid extraction (LLE) which involves the partitioning of an analyte between an
organic solvent and aqueous solution has been widely used for the extraction aromatic
compound from aqueous samples. Improved versions of LLE include microscale solvent
extraction-MSE, single drop micro extraction-SDE, and Continuous liquid-liquid extraction-

CLLE(Scurtu, 2009).

2.6 Principle of Liquid Liquid Extraction.

Liquid liquid extraction stands out amongst other separation techniques because of its ease,
simplicity, speedand wide scope. Further advantages of the extraction method overother
separation methods lies in the clean separation, simple apparatus, short period of operation

and application ofthe method both to trace and macro levels of metals.

Liquid liquid extraction, also known as partitioning, is essentially a technique in which two
immiscible liquids are used to isolate compounds from one another base on their difference in
solubility. Liquid liquid extraction comprises a step of mixing (contacting) followed by a step
of phase separation. Both steps are important criteria in the selection of extraction solvent and
modes of operation. Thus, while vigorous mixing is favorable to the transfer of the solute
from one solvent to the other, it may also impair the ease of phase separation after
equilibrium. The distribution of a solute intwo immiscible phases involves a continuous

interchange of solutemolecules across the interface in terms of interfacial film diffusion.

The interfacial tension is one of the fundamental physical properties of liquid/liquid interface.
It is defined as the force per unit length that is required to increase the contact surface of two
immiscible liquids. The units of the interfacial tension are dyne cm-1. It determines the

droplet form and the force retaining the droplet and reflects the interfacial concentration of
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substances directly. Equilibrium is reached when the chemical potential of the extractable
solute is the same in the two phases. Practically, this rule leads to the definition of a

“distribution coefficient”, K, as follows

K= C1/C2 (2.1)
where C1 and C2 are the equilibrium concentrations of the solute in the organic and aqueous
phases respectively. The distribution coefficient is an expression of the relative preference of

the solute over the solvents.

Complex formation is one of the essential factors,determining the magnitude of the
distribution ratio value (Coates, 2006). Thus it can be said that the © complexation between
the quaternary salts and the BTX compound leads to the removal of the BTX compounds

from the aqueous phase into the DES phase.

2.7Deep Eutectic Solvents (DES)

In 2002, Abbott and co-workers have reported a new generation of ionic solvents. Formation
of these solvents occurs through complexation of quaternary ammonium salts with hydrogen
bond donors(Abbott et al., 2003). Hydrogen bonding between the halide anion and the
hydrogen donating moiety results in a charge delocalization. This in turn results in a deep
depression of the freezing point (as compared to the individual components). This effect is
most prominent at the eutectic composition of the QAS:HBD mixture. Hence these novel
solvents were named Deep Eutectic Solvents. In contrast to traditional IL’s (for example
Ethyl imidazolium chloride — AICI3), DES are generally not considered to be ionic liquids.
Although they do offer a fully ionic environment, DES unlike IL’s can be obtained from non—
ionic species (Christopher, 2015). In terms of industrial applications, eutectic solvents have
significant advantages over traditional IL’s. Many of DES’s display physico-chemical

properties similar to those of imidazolium based IL’s. Their other notable advantages are low
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price (result of usually cheap components and 100% atom economic synthesis process),

inertness towards air and water (thus eliminating the application barrier of AICl3 based

liquids), low toxicity and biodegradability reported for many of these solvents (Christopher,
2015). Abbott and co-workers had so far identified four types of DES. Three of them are

based on the general formula ofRIR2R3R4N*X - Y~

Type | DES

Y = MX — solvent example = ChCl: ZnCl;

Type Il DES

Y = MX - n H,O — solvent example = ChCl: CrClsx 6 H,O

Type 111 DES

Y = R5Z — solvent example = ChCl: CONH, (where Z = CO(NH2),, COOH, ROH)

Type IV DES is composed during the complexation of metal chlorides with different

hydrogen bond donors.
MX + HBD — solvent example = CO(NH3),: CrClz x 6 H,O

Types I — III formulations patterns share the similar complexation pathway, which can be

generally described by the following equilibrium:
cation + anion + complexing agent — cation + complex anion
or

cation + anion + complexing agent — anion + complex cation
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2.7.1 Preparation of deep eutectic solvents

Since the first paper on DESs was published in 2003(Abbott. et al., 2003), many papers have
reported the preparation of DESs as a new type of green solvent. An increasing number of
DESs have been prepared by many researchers. DESs can be prepared by mixing a HBA and
HBD at a suitable temperature. In 2003, Abbot obtained the first DES by an interaction of
choline chloride (melting point 302°C) with urea (melting point 133°C). This combination of
solid starting materials produced a eutectic mixture that was liquid at ambient temperature
(melting point 12°C for a molar ratio of 2:1) and exhibited unusual solvent properties(Abbott.
et al., 2003). Hydrogen bonds or even van der Waals forces interfere with the ability of the
initial compounds to crystallize. HBAs can shield the charge when in the vicinity of certain

HBDs, and a DES will then be obtained(Harris, 2009).

A large number of different compounds have been used in the synthetic process of DESs as
HBA and HBD(Tang, 2014). The most common DESs were based on choline chloride
(ChCl), carboxylic acids, and other HBD, such as urea, citric acid, succinic acid, and
glycerol. ChCl is the most common HBA used extensively in many studies. Recently, an
increasing number of different compounds have been used in the preparation of DES as a
HBA, such as an inorganic salt (ZnCl, and FeCl3) and organics (betaine, glucose, citric acid
etc.). From 2003, the first DES was obtained at 80°C and stirred until a homogeneous liquid
formed, and this synthetic method was then applied in the preparation of DESs(Abbott. et al.,
2003). In 2009, Gutiérrez prepared a DES by a freeze-drying method. In this method, urea
and ChCl at a 2:1 molar ratio with a 5 wt% solute contents were prepared by mixing separate
aqueous solutions of urea and ChCI. Subsequently, the mixed solutions were frozen (at 77
and 253 K) and freeze-dried to produce a clear viscous DES. In 2015, Ganoet al. reported the
formation of FeCls-based DES and FeCls-based DES and their use in the extractive
desulfurization of liquid fuel. More DESs are expected to be discovered in follow-up studies.
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2.7.2 Properties of deep eutectic solvents

The properties of DES, as ILs analogues in green chemistry, are a very important factor. The
physicochemical properties of DESs are similar to conventional ILs, such as low vapor
pressure, but they are cheaper to produce, due to the lower cost of the required raw materials
and the simplicity of synthesis. The physical properties of DESs govern their potential

applications, and intermolecular interactions between the components affect these properties.

DESs exhibit different physicochemical properties such as freezing point, viscosity,
conductivity, and pH, among others, can be prepared. Owing to their promising applications,

many efforts have been devoted to the physicochemical characterization of DESs.

2.8Application of Deep Eutectic Solvents in Aromatic Separation and Extraction

Aromatic hydrocarbons are the basic materials in the chemical industry and are applied
widely in the production of fibers, plastics, pesticides, medicines, preservatives, explosives,
etc. On the other hand, most aromatic hydrocarbons are harmful to human health. From a
human health point of view, it is beneficial to remove all aromatic hydrocarbons from
chemical products or decrease their amount. BTX are included in the European Union (EU)
and the US Environmental Protection Agency (US EPA) priority pollutant list because of
their mutagenic and carcinogenic properties(Khezeliet al., 2015). Because of the low
solubility of BTX, their amount in environmental water samples is traceable. Therefore, a
pre-concentration/separation step is needed before the determination of these compounds by
chromatographic methods. LLE is a simple, convenient, and widely applicable method for the

pre-concentration of analytes from aqueous matrices(Khezeliet al., 2015).

Ghanemiet al., 2015 applied ChCl/oxalic acid (ChCI/Ox) to the extraction of eight polycyclic
aromatic hydrocarbons (PAHSs) using a minimum volume of cyclohexane. The extracted

PAHs were purified and measured by HPLC with fluorescence detection (FL). The optimized
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conditions wereChCl/Ox (1:2) at 55°C for 30 min, which is a considerably lower temperature
than that used in classical and current methods. The simplicity of the procedure, high
extraction efficiency, short analysis time, and use of safe and inexpensive components
suggest that the proposed method has high potential for routine trace of PAH. Khezeliet al.,
2015 used an emulsification liquid—liquid microextraction based on the DES (ELLME-DES)
in the extraction of benzene, toluene, xylene (BTX), and seven polycyclic aromatic

hydrocarbons (PAHSs) from water samples.
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Table 2.6. Related Works

S/IN | Author Title Findings Remarks
1 Duchezaet Monoaromatics Microbial degradation of BTEX Possible  pollutant  loss
al., 2008 removal from was established by aerobic biofilm | through gas stripping.
polluted water processes. Some VOC were resistant
through bioreactors to biodegradation
2 KhirUmaima | BTX treatment from | The optimum condition for Only xylene satisfied the
h,2012 petrochemical Pseudomonas Putida to achieve the | required standard.
wastewater using highest percentage of BTX BTX removal was
Pseudomonas Putida | removal was established dependent  on many
parameters
3 Khezeliet al., | Emulsification liquid- | A homogeneous solution was | Synthesized DES  was
2015 liquid micro formed during extraction. THF was | hydrophilic ~ and  thus
extraction of BTX introduced into the homogeneous | requires an emulsifying
and seven PAHSs from | solution to provide a turbid state | agent.
water sample and to create phase separation.
4 Florindoet Development of Hydrophobic DESs were prepared | Optimum condition for the
al., 2017 hydrophobic DES for | for the extraction of pesticides from | extraction was not
extraction of water. Extraction efficiencies of up | reported.
pesticides from to 80% were obtained. Solvent regeneration was
aqueous not studied.
environments Target compound was not
BTX
5 Limaet al., | Fixed Bed Removal capacity obtained in|Low BTX  extraction
2017 Adsorption of BTX monocomponentsystems were31.25 | efficiencies

Contaminants from
Monocomponent and
Multicomponent
Solutions using a
Commercial
Organoclay

% for benzene, 15.27% for toluene
and 38.30% for p-xylene. while for
Multicomponent ~ system,  the
highest percentage removal value
of 36.657% was obtained for p-
xylene.
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CHAPTER THREE

3.0 EXPERIMENTAL METHODOLOGY
3.1 Chemicals

Tetrabutylammonium bromide and decanoic acid were supplied by Indiamart (India) with a
purity > 97 % and 98% respectively, while benzene, toluene and xylene were supplied by

Sigma-Aldrich (USA).

3.2 Materials for the Preparation of Contaminated Water

Benzene, Toluene and Xylenes were acquired from the Department of Chemical Engineering,
Ahmadu Bello University (ABU), Zaria. Deionized water was gotten from National Research
Institute for Chemical Technology (NARICT), Zaria. Deionized water was used for the
preparation of simulated aromatic contaminated water with the target compound (BTX) at a

concentration of 9mg/L, 20mg/L and 50mg/L for Benzene, Toluene and Xylene respectively.

3.3 Preparation of DES

The DES was prepared following one of the standard experimental methods of mixing
appropriate mass of the compounds (50g/w of TBAB and 53.44g/w of decanoic acid, making
a ratio of 1:2), followed by heating and stirring at a particular temperature until a clear
homogeneous liquid was formed, as described by Abbott et al., 2003. The hydrogen bond
donor (HBD), decanoic acid, was first weighed on a weighing balance as well as the
hydrogen bond acceptors (HBAS), and the quaternary ammonium salts. The required amount
of HBA and HBD were mixed in a beaker in the ratio 1:2. The mixture was then heated and
stirred with a magnetic stirrer on an electric hot plate at a temperature of 80°C and 300rpm
respectively until a clear homogeneous liquid was formed. The wall of the beaker was rinsed

with the
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DES inside the beaker to ensure that the entire solid was converted to the liquid phase for
maximum Yyield. After the rinsing, the beaker was further heated to 80 °C until a clear
homogeneous liquid was obtained. Afterwards, the DES was maintained and stored at room

temperature.

3.4 Liquid-Liquid Extraction Method

Liquid-liquid extractions were conducted using the prepared hydrophobic DESasextractants
at 30 °C. Aromatic contaminated water containing BTX was prepared as stated above. A
relatively high concentration of BTX (0.08 g/L) in the starting deionized water solution was
used in this work. An equal mass of contaminated water and the prepared hydrophobic DES
was put in contact and vigorously stirred, at room temperature, and then left to settle for
2hours, to ensure complete separation of the phases. Subsequently, the both top (DES-rich
phase) and bottom (water-rich phase) were carefully separated by means of a separating
funnel. The concentration of the BTX in the water-rich phase was determined using UV

spectrophotometer.

3.5 Determination of BT X Concentration using UV Spectrophotometer

The spectrophotometer was switched on and the lamps were allowed to warm up for an
appropriate period of time (3 min) in order to stabilize.Deionized water was used as blank by
filling a clean cuvette with the deionized water, and then the outside surface was wiped with

a clean cotton wool to remove any fingerprints.

The cuvette was covered to prevent ambient air from entering and then inserted into the
spectrophotometer. The absorbance of the blank was measured and recorded, after which it
was zeroed to form the basis for the subsequent samples. The wavelength range set for the

BTX, as gotten from NIST was within 190-280nm. The blank was discarded and the cuvette
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was rinsed twice with BT X water sample to avoid dilution. The cuvette was 75% full with the
BTX water sample and then inserted in the spectrophotometer in the correct orientation and

the absorbance was measured.

The same procedure was repeated three times for each sample to minimize error. The average
was taken and the amount of BTX was quantified using the absorbance of different
concentration samples to create a calibration curve by plotting a graph of analyte

concentration vs absorbance following the Beer's Law

3.6Characterization of Deep Eutectic Solvent

Fourier transform infrared spectroscopy (FTIR) spectra of the synthesized deep eutectic
solvent was obtained using attenuated total reflectance (ATR) with spectral range 4000-550
cm™ and resolution: 2.0 (Shimadzu (Europe) FTIR-8400s model). Density, viscosity, pH and
conductivity, which are the fundamental properties of the synthesized DES were determined
as a function of temperature at atmospheric pressure. The viscosity of the DES was carried
out using digital viscometer (model RVDV-1), while density was obtained gravimetrically.
pH was obtained using (PHS-25CW Benchtop pH meter) while conductivity test was carried

out using Rohde &Schwarzhameg (HM8118) resistivity meter.

3.6.1 Density

The empty density bottle was dried and weighed in a weighing balance, after which it was
80% filled with the DES and covered with a stopper. The weight of the density bottle, DES
and the stopper was also recorded. The thermometer of the bottle and the stopper were
properly aligned and the temperature of the bottle was adjusted in a thermostatic bath. The

density of the DES was then calculated from the relationship

Density = Mass of DES / Volume of DES(3.1)
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3.6.2 Viscosity

The viscosity of the DES was measured digitally with a model (RVDV-1) viscometer. The
tube of the viscometer was filled with the DES until the rotating spindle was completely
immersed in the DES. The tube was placed on a hot plate and the viscosity of the DES at

respective temperatures (30 to 70 °C) were recorded from the display on the viscometer.

3.6.3 pH

The pH meter was checked and put on the pH measurement mode. The meter was calibrated
with a neutral pH buffer solution. Distilled water was used as the buffer solution. The pH
electrode was dipped into the DES and stirred with a magnetic bar for 1minute to ensure even

distribution. The pH was recorded from the display when the pH reading was stable.

3.6.4 lonic Conductivity
The conductivity of the DES was calculated from the resulting resistance using the resistance
meter (ROHDE & SCHWARZ HAMEG/HM8118 Programmable LCR bridge) at frequency

120Hz.

The resistance was computed using equation 3.2.

Rs A
p=—". (3.2)

d
Where;
p = resistance
Rs = resistivity
A = area

D = diameter

The diameter of the tube containing the DES was evaluated using a Vernier caliper and was

used to calculate the area.

Hence, conductivity (o) :1/p(3.3)
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3.7Calculation of Extraction Efficiency

After each extraction experiment, the BTX concentration in the raffinate phase was evaluated

in terms of the extraction efficiency of the DES.

Thus, the extraction efficiency of the DES is expressed as

Extraction efficiency Y; (%) = Co—C; * 100 (3.4)
Co
Where

Cois the initial BTX concentration in the contaminated water in g/L
C, is the final BTX concentration in the raffinate phase in g/L after extraction with DES

3.8Experimental Design

Due to the fact that incorporating all the experimental factors that affect extraction efficiency
would lead to a challenging design, this study was limited to only three factors which were

time, temperature and DES mass fraction.

In Central composite design (CCD) a core factorial that forms a cube having two codes unit
length (-1, to +1) was created to form the design space. The total number of experimental
runs, N, was obtained from the summation of 2n axial runs with 2" factorial runs and n

center point as shown in equation 3.5
N =2n+ 2" +n,(3.5)

Where n is the number of independent variable. Thus, for the tree variables, a total number of
20 experimental runs consisted of eight factorial points, six axial points and six replicate at

the center point.
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Table 3.1. Range of Independent Variables for Experimental Design

Variables Range

Temperature (°C) 30to 70

Time (min) 20 to 120

Solvent mass fraction | 0.25to0 0.9
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CHAPTER FOUR

4.0 RESULT AND DISCUSSION
4.1 Physical Properties of the Hydrophobic DES

Basic physical properties such as density, viscosity, conductivity and pH of the hydrophobic
DES were determined in the temperature range 25-70°C. The aforementioned properties
determine the key parameters with respect to liquid-liquid extraction which include phase

separation, mass transfer, etc.

4.1.1 Density

The density of DES during extraction plays a vital role in determining solvent diffusion
and miscibility with other liquids(Jibrilet al., 2014). Most hydrophobic DESs exhibit lower
density values than water(Florindoet al., 2017). The density is dependent on the packing and
molecular organization of the DES(Florindoet al., 2017). Figure 4.1 shows the density of the
hydrophobic DES as a function of temperature. A linear decrease in density was observed
with increase in temperature from 25°C-70°C. The linear decreasing effect on the density of
the DES was due to probably volume increase produced by increased mobility due to thermal
expansion and gains in both vibrational and translational energy of the DES
molecules(Jibrilet al., 2014). Similar findings were established in literature (Abbott et al.,

2003; Florindo et al., 2017; Gano et al., 2015; Jibril et al., 2014).
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Figure 4.1. Density of The DES as a function of temperature
4.1.2 Viscosity
The viscosity of a solvent is defined with respect to the molecular interaction and electrostatic
attraction between the liquid components(Ganoet al., 2015). Therefore, DES with low
viscosities is very essential for extraction applications. At a temperature of 25°C, the DES
showed a relatively high viscosity of 1,636mPa.s. This can be attributed to the extensive
hydrogen bond network of the hydrogen bond donor HBD, which results in a lower mobility
of free species within the mixture(Ghaediet al., 2017). Moreover, other forces such as
electrostatic or van der Waals interactions contributes to high viscosities of DES at room
temperature(Ghaediet al., 2017). The viscosity of DESs follows an Arrhenius-like behavior

as it decreases with increasing temperature(Jibrilet al., 2014). With an increase in

temperature from 25 - 50°C, the viscosity of the DES decreased exponentially from 1,636 to
179mPa.sas shown in Figure 4.2. This probably results from the weakening interaction
effects in the hydrogen bonding, electrostatic attractions and friction within the DES
components with increase in temperature(Jibrilet al., 2014), and thermal expansion among

the DES components is more pronounced within the temperature range of 25 - 50°C(Dannie

31



et al., 2015). Similar findings were observed in related works(Ganoet al., 2015; Jibril et al.,

2014).
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Figure 4.2. Viscosity of the DES as a function of temperature

413 pH
pH of a solvent is a function of the chemical potential of hydrogen and temperature(Jibrilet
al., 2014). The chemical potential is influenced by the interaction of the ions with other
species in the solvent(Jibrilet al., 2014). The hydrogen chemical potential for DESs is
determined by hydrogen bond association with other component, and the stronger the
association of DES with another component, the higher would be the extractability of the
component by DES(Ganoet al., 2015). As shown in Figure 4.3, the pH of the DES showed a
marginal decreasing effect with increase in temperature from 3.14 at 25°C to 2.73 at 70°C.
This may be attributed to fact that as temperature increases, the degree of association
increases, causing an increase in molecular vibrations which result in more hydrogen bond
association of the hydrogen bond donor HBD with other components. Thus, the chemical

potential of hydrogen decreases(Jibrilet al., 2014) and therefore, pH also decreases.
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Figure 4.3.pH of the DES as a function of temperature

4.1.4 lonic conductivity

Conductivity is a property of the material medium that determines the speed of a transport
phenomenon. The transport can be of electric charge, heat or of mass. The conductivity of
DES is more related to electrochemical application than extraction applications(Ganoet al.,
2015). From Figure 4.4, the conductivity of the DES was observed to increase from
141pS/cm at 25°C to 1,007uS/cm at 70°C. This is due to the fact that increase in temperature
will cause a decrease in viscosity and an increase in molecular vibrations as well as mobility
of charge carrying species in the DES, thereby increasing its conductivity. Similar
observations on temperature effect on conductivity of DES were reported in the literature(Li

and Row, 2016).

33



1200

1000
Co
nd g0
uct
ivit 600
pS/
cm 400
200
0
0 10 20 30 40 50 60 70 80

Temp °C

Figure 4.4. Conductivity of the DES as a function of temperature

4.2 Modelling and Optimization using Experimental Design

Response surface methodology (RSM)is a common technique used in design of experiment
(DOE) for modeling and optimizing of process operation. The tool was employed to model
and optimize the variables affecting the extraction efficiency of the DES using central
composite design (CCD). Experimental design and subsequent analysis were carried out with
a statistical design software (Design Expert 7.0). Experimental runs were split into blocks of
three and carried out consecutively for 3 days in a randomized order. Table 4.1 shows the

experimental design matrices and responses for the DES.
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Table 4.1. Experimental Design Matrix and Response Results for DES Performance

Run | Blocks | Factor 1 | Factor 2 Factor 3 Response 1 | Response 2 | Response 3
A:time | B: temperature | solvent Benzene Toluene Xylene
Min °c mass extraction extraction extraction
fraction Efficiency | Efficiency | Efficiency
% % %
1 dayl |20 25 0.2 28.65 29.44 34.27
2 dayl |60 70 0.2 39.71 38.79 40.50
3 day1l |40 47.5 0.5 65.15 63.71 70.09
4 day1l |40 47.5 0.5 60.73 62.15 73.21
5 dayl |20 70 0.8 81.75 83.96 88.79
6 dayl |60 25 0.8 79.54 85.51 87.23
7 day2 |60 25 0.2 30.11 32.86 39.22
8 day2 |40 47.5 0.5 63.07 61.43 71.90
9 day2 |20 25 0.8 75.57 80.48 86.60
10 |day2 |20 70 0.2 33.52 34.44 37.58
11 |day2 |60 70 0.8 86.61 88.94 92.71
12 |day2 |40 47.5 0.5 61.10 63.18 66.67
13 |day3 |40 70 0.5 66.20 67.73 71.88
14 |day3 |40 25 0.5 57.27 58.64 63.19
15 |day3 |40 47.5 0.8 81.51 82.88 87.50
16 |day3 |60 47.5 0.5 62.14 65.20 69.52
17 |day3 |40 47.5 0.5 60.94 63.56 71.11
18 |day3 |40 47.5 0.5 63.34 61.93 74.29
19 |day3 |40 47.5 0.2 33.29 32.52 36.19
20 |day3 |20 47.5 0.5 57.33 60.29 63.17

4.2.1 Model development and statistical analysis

Experimental responses obtained in Table 4.1 was subjected to statistical analysis in the

design software. From the analysis, the best fit model describing the DES performance in

extracting the BTX was quadratic. Equation 4.1represent the quadratic models describing the

DES performance in extracting the BTX compound.

n n
Y:ﬁO-l'ZBiXi +ZﬁiiX2i +
i=1 i

Y represent the predicted response
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X;, X; are the coded variables

Bo.Bi.Bii.B;; are the constant, linear, square and interaction effects of the variables,

respectively.

Model fitness parameters are presented in Table 4.2. From the table, the experimental values
showed a reasonable good agreement with the predicted values. The suitability of the model
was further substantiated by the results of the analysis of variance (ANOVA). The central
idea of ANOVA is to compare the variation due to the treatment (change in the combination
of the variable levels) with the variation due to random errors inherent to the generated
response(Montgomery and Runger, 2010). The F-value (computed as the ratio of the mean
square of response to mean square of error) and “Prob> F” values, shows that the models are
significant. The ‘Lack of Fit F-value,” which is calculated as the “weighted sum of squared
deviations between the mean response at each factor level and the corresponding fitted
value(Montgomery and Runger, 2010)” also signifies the suitability if the model. From Table
4.2, a lack of fit value of 0.32, 1.12, 0.95 for benzene, toluene and xylene respectively

indicate a good fit of the model.

Table 4.2.Model Fitness Parameter.

Model parameters Benzene Toluene Xylene
R® 0.9950 0.9971 0.9858
Adjusted R? 0.9934 0.9962 0.9814
Predicted R? 0.9892 0.9932 0.9738
Associated probability (p-value) <0.001 <0.001 <0.001
F-value 643.74 1114.02 225.46
Lack of fit F-value 0.32 1.12 0.95
Mean 59.38 60.88 66.28
Standard deviation 1.53 1.22 2.74
Adequate precision 64.74 83.56 36.36
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4.2.2 Effect of extraction variables on DES extraction
Equations (4.2) — (4.4) below shows variations in the extraction efficiencies of BTX
compounds with respect to the studied variables (time, temperature and solvent mass

fraction).

Y; = 61.89 + 2.134 + 3.67B + 23.97C + 0.7AB + 0.15AC — 0.15BC — 1.79A% + 0.21B*

—4.94C?(4.2)

Y, = 62.91 + 2.27A + 2.69B + 25.37C + 0.114B + 0.28AC — 0.5BC + 0.41A% + 0.84B%

—3.99(*? (4.3)

Y; = 69.92 + 1.884 + 2.09B + 25.51C + 0.16AB — 0.41AC + 0.38BC — 1.564%

—0.38B2% — 7.07C? (4.4)

Y1, Yz and Yj3 respectively represent the empirical models describing the DES extraction
efficiency for benzene, toluene and xylene all as functions of time (A), temperature (B) and

solvent mass fraction (C).

A slight increasing effect is observed with increasing time of extraction while a marginal
increasing effect is observed with increasing temperature on the extraction efficiencies due to
increased mass transfer, because the amount of BTX extracted at a given time depends upon
the mass transfer of analyte from the aqueous phase into the DES phase(Ganoet al., 2015).
Solvent mass fraction was observed to have a more pronounced increasing effect. Hence,
extraction performance of the DES is more affected by changes in solvent mass fraction than

temperature and time of extraction.

4.2.3 Optimization of extraction variables
Having analyzed some major variables potentially affecting the extraction performance of the

DES, optimization was necessary to improve the overall efficiency of the DES.
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optimizationwas aimed at minimizing extraction time which signifies the rate at which the
extraction is carried out, minimizing extraction temperature which relate to energy
consumption and ultimately solvent mass fraction which is the DES requirement for the
extraction. The design software was used for optimization of the extraction variables using
the desirability function tool(Zhao and Lee, 2001). Experimental verification was conducted
at optimum extraction condition and the results showed an insignificant difference in
comparison with the optimized results. Based on the reliability of the experimental
verification, the optimum conditions obtained was exploited and used for further

experiments.

Table 4.3.0ptimum Extraction Conditions, Results and Experimental Verification.

Desirability 0.649
Extraction temperature (OC) 25
Extraction time (mins) 60
Solvent mass fraction 0.6
Benzene extraction (predicted, %) 68.1
Benzene verification (measured, %) 67.05
Relative difference (%) 1.05
Toluene extraction (predicted, %) 70.84
Toluene verification (measured, %) 70.23
Relative difference (%) 0.61
Xylene extraction (predicted, %) 77.73
Xylene verification (measured, %) 75.56
Relative difference (%) 2.17

4.3 Extraction Capacity of DES

Reutilization of DES to further optimize the extraction process is a key factor for economic
and environmental viability of any extraction process(Ganoet al.,, 2015). Therefore,
reutilization of the DES in extracting BTX compounds under the optimum condition for four
consecutive cycles was conducted. Figure 4.5 presents the extraction efficiency of the DES

for four consecutive cycles without regeneration. From Figure 4.5, It can be seen that
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extraction capacity of the DES decreases with an increase in the number of extraction cycles.
This is explained by the fact that, with increasing cycles of extraction, the DES carries along
with it dissolved BTX which limits the mass transfer of the target compounds into the DES,

thereby decreasing the extraction efficiencies.
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Figure 4.5. DES Extraction Capacity Without Regeneration
4.4 Effect of Starting Concentration

The effect of initial starting concentration of the BTX was examined to ascertain the extent of
the DES solvent. After experimenting different initial concentration from 100 to 500ppm at
optimum conditions, the results obtained showed only a relative increase in their respective

extraction efficiency from 69.82-79.15% for benzene, 72.23-83.2% for toluene and 76.01-
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89.24% for xylene as shown in Figure 4.6. These obtained results indicate that the initial
starting concentration slightly affects the DES extraction efficiencies. Hence, the liquid-liquid
equilibrium established between the DES phase and the BTX phase determines the degree of
extraction (Florindo et al., 2017). Similar findings were reported on some related

works(Ganoet al., 2015; van Osch et al., 2015).
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Figure 4.6. DES Performance on Starting Concentration of BTX

4.5 DES Regeneration and Recycling

Regeneration and recycling of DES was carried out at optimum conditions in order to
improve the overall efficiency of the whole extraction process. Dannie et al, (2015) in their

studies of the thermal decomposition of some hydrophobic DESs between five quaternary
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salts and decanoic acid, established that most hydrophobic DESs are thermally stable at high
temperatures up to 400 °C. The solvent was regenerated by heating the spent solvent in a
beaker at a temperature of 180 °C which was within the solvent stability range(van Osch et
al., 2015). Heating of the solvent at the above-mentioned temperature (180 °C) causes the
BTX compounds to vapourize, as the temperature exceeds the boiling point temperature of
benzene (80.1 °C), toluene (110.8 °C) and xylene (144.4 °C)(Dannie et al., 2015). Thereafter
the regenerated solvent was allowed to cool and reused for the next cycle of extraction.
Figure 4.7 shows the extraction performances of the regenerated DES for five repeated stages
with inter stage regeneration of the solvent respectively. From Figure 4.7, negligible decrease
was observed in the extraction efficiencies after successive regeneration cycles. Fourier
transform infrared spectroscopy FTIR was conducted on each of the regenerated DES to

confirm that the regeneration process did not alter the structure of the DES.
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Figure 4.8. FT-IR Spectra of Regenerated DES

The FTIR spectra of regenerated DES for the five successive regenerations are shown in
Figure 4.8. Absorption bands at 2895and 1789 cm™ can be ascribed to O-H stretching
vibrations and C=0 stretching in the COOH of the carboxylic acid respectively(Duchezaet
al., 2008). sp> C-H bendingin butyl ligands of the quaternary salt could be associated with the
peaks appearing at 1507 cm™(Zhang et al., 2012), while absorption bands at 1466 cm™ and
between the ranges of 1100-1200 cm™ can be attributed to the N-H bending and C-N
stretching vibrations of the quaternary amine present in TBAB respectively(Coates, 2006;
Gano et al., 2015). This in turn implies that the functional groups present in both the decanoic
acid and the TBAB were not destabilized and did not fall outside the required ranges of their

absorbance bands.
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CHAPTER FIVE

5.0 CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions

The work presents a simple inexpensive procedure for the determination of BTX in aqueous
matrices using liquid-liquid extraction (LLE) together with UV spectrometer (LLE-UV spec).
Synthesized hydrophobic DES between TBAB and decanoic acid was used as extractants in
contrast with ionic liquids. DES proffers the advantages of biodegradability, availability, low
price, ease of synthesis and low toxicity. LLE was proven to be effective in removal of
organic pollutants from water and its suitability in detecting low level of aromatic
compounds. RSM technique was successfully used to model and optimize the key variables
which the extraction process depends upon. ANOVA and model fitness parameters obtained
substantiates the suitability of the developed models. Effect of extraction variables on the
DES performance shows that solvent mass fraction has more significant effect than extraction
time and temperature. Successive reuse of DES without regeneration for 5 cycles decreased
the DES extraction efficiencies of BTX from 69-26% for benzene, 72 -28% for toluene and
76-33% for xylene while starting concentration of BTX was found to have a slightly
increasing effect on the extraction efficiencies of the DES from 69.82-79.15% for benzene,
72.23-83.2% for toluene and 76.01-89.24% for xylene.Effective regeneration and reuse of the
DES after each extraction was carried out for 5 consecutive cycles at optimum conditions and
their respective extraction efficiencies where in the range 67-69% for benzene, 70-72% for
toluene and 76-79% for xylene. The hydrophobic DES was therefore effective in eliminating

the target BTX compound, as its regeneration and optimization yielded positive results.

5.2 Recommendations

The following recommendations should be considered based on this research work.
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Polycyclic aromatic hydrocarbons with many rings (4 or more) should be explored

to ascertain the effectiveness of this technique on them

. The use of threecomponents DES should also be explored to enable an extensive

application of DES in remediation purposes

. Application of this technique to real environmental samples should be conducted

to test its effectiveness.

More researches in the application of hydrophobic DES for environmental

remediation should be carried out in Nigeria.

Research fund should be made available for environmental remediation researches

in Nigeria
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APPENDIX A
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APPENDIX B

Table B1.Extraction Efficiencies Computation for the Optimum Values

Optimization
Component Initial Abs  Concppm Final Abs Conc ppm Extraction Eff %

Benzene 0.328 108.125 0.27 35.625 67.05202312
Toluene 0.088 97.166667 0.047 28.833333 70.32590051
Xylene 0.074 103.66667 0.027 25.333333 75.56270096

Table B2.Extraction Efficiencies Computation for the DES Capacity

DES Capacity
First Cycle
Component Initial Abs Concppm Final Abs Concppm Extraction Eff %

Benzene 0.326 105.625 0.267 31.875 69.82248521
Toluene 0.092 103.83333 0.047 28.833333 72.23113965
Xylene 0.071 98.666667 0.026 23.666667 76.01351351

Secound Cycle
Component Initial Abs Concppm Final Abs Concppm Extraction Eff %

Benzene 0.326 105.625 0.279 46.875 55.62130178
Toluene 0.092 103.83333 0.055 42.166667 59.39004815
Xylene 0.071 98.666667 0.034 37 62.5
Third Cycle

Component Initial Abs Concppm Final Abs Concppm Extraction Eff %

Benzene 0.326 105.625 0.294 65.625 37.86982249
Toluene 0.092 103.83333 0.065 58.833333 43.33868379
Xylene 0.071 98.666667 0.047 58.666667 40.54054054

Fourth Cycle
Component Initial Abs  Concppm Final Abs Concppm Extraction Eff %

Benzene 0.326 105.625 0.304 78.125 26.03550296
Toluene 0.092 103.83333 0.075 75.5 27.28731942
Xylene 0.071 98.666667 0.051 65.333333 33.78378378
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Table B3.Extraction Efficiencies Computation for Different Concentration Levels

Effect of starting Concentration
Starting Conc (100 ppm)
Componenet Initial Abs Conc ppm Final Abs Conc ppm Extraction Eff %

Benzene 0.326 105.625 0.267 31.875 69.82248521
Toluene 0.092 103.8333 0.047 28.83333 72.23113965
Xylene 0.071 98.66667 0.026 23.66667 76.01351351

Starting conc (200 ppm)
Componenet Initial Abs Concppm Final Abs Conc ppm Extraction Eff %

Benzene 0.412 203.5 0.296 58.5 71.25307125
Toluene 0.148 194.8333 0.061 49.83333 74.4225834
Xylene 0.123 207 0.041 43 79.22705314

Starting conc (300 ppm)
Componenet Initial Abs Conc ppm Final Abs Conc ppm Extraction Eff %

Benzene 0.493 304.75 0.307 72.25 76.29204266
Toluene 0.209 296.5 0.07 64.83333 78.13378302
Xylene 0.171 303 0.043 47 84.48844884

Starting conc (400 ppm)
Componenet Initial Abs Concppm Final Abs Conc ppm Extraction Eff %

Benzene 0.575 407.25 0.333 104.75 74.27869859
Toluene 0.273 403.1667 0.081 83.16667 79.37164117
Xylene 0.224 409 0.048 57 86.06356968

Starting Conc (500 ppm)
Componenet Initial Abs Conc ppm Final Abs Conc ppm Extraction Eff %

Benzene 0.656 508.5 0.334 106 79.15437561
Toluene 0.334 504.8333 0.082 84.83333 83.19577418
Xylene 0.275 511 0.047 55 89.23679061
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Table B4.Extraction Efficiencies Computation for Different Regeneration Cycles

Regeneration of DES
First regeneration Cycle

Componenet Initial Abs Concppm Final Abs Conc ppm Extraction Eff %

Benzene 0.328 108.125 0.269 34.375
Toluene 0.094 107.1667 0.048 30.5
Xylene 0.074 103.6667 0.025 22

Secound regeneration Cycle

68.20809249
71.53965785
78.77813505

Componenet Initial Abs Concppm Final Abs Conc ppm Extraction Eff %

Benzene 0.325 104.375 0.267 31.875
Toluene 0.09 100.5 0.046 27.16667
Xylene 0.07 97 0.024 20.33333

Third regeneration Cycle

69.46107784
72.96849088
79.03780069

Componenet Initial Abs Concppm Final Abs Conc ppm Extraction Eff %

Benzene 0.322 100.625 0.268 33.125
Toluene 0.091 102.1667 0.047 28.83333
Xylene 0.071 98.66667 0.025 22

Fourth regeneration Cycle

67.08074534
71.77814029
77.7027027

Componenet Initial Abs Concppm Final Abs Conc ppm Extraction Eff %

Benzene 0.327 106.875 0.269 34.375
Toluene 0.09 100.5 0.047 28.83333
Xylene 0.076 107 0.027 25.33333

Fifth regeneration Cycle

67.83625731
71.31011609
76.32398754

Componenet Initial Abs Concppm Final Abs Conc ppm Extraction Eff %

Benzene 0.327 106.875 0.27 35.625
Toluene 0.091 102.1667 0.048 30.5
Xylene 0.071 98.66667 0.026 23.66667
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APPENDIX C
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Figure C1, C2 and C3 (I, Il and I11) represents theresponse surfaces for benzene, toluene and
xylene respectively using the central composite design obtained by plotting of: (I) the solvent

mass fraction vs the extraction time, (I1) the extraction time vs the extraction temperature and

(111) the extraction temperature vs the solvent mass fraction.
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StdErr of xylene
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Fig C6 (I11)

Figure C4, C5 and C6 (I, Il and 111) represents thestandard error plot for benzene, toluene and
xylene respectively using the central composite design obtained by plotting of: (I) the solvent
mass fraction vs the extraction time, (I1) the extraction time vs the extraction temperature and

(11) the extraction temperature vs the solvent mass fraction.
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