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Abstract

Diesel is one of the most commonly used fuels, especially in the transport industry all over the
world. During direct combustion of diesel, organic sulfur compounds are converted into SOx, SOx
that form acid rain which cause damages to building, and loss of forests, resulting into destruction
of ecosystem when it reacts with vapour in the atmosphere. Furthermore, the release of sulfur
compounds into the atmosphere has resulted into health problems such as asthma, lung and heart
disease and triggering of heart attack. Therefore, many countries have implemented regulations to
refineries around the world to find a way of minimizing the emission of sulfur oxides into the
environment. Currently, there is a stringent regulation that refineries in South Africa are expected
to ensure a maximum specification of less than 5 ppm sulfur content in the petroleum distillates to
levels equivalent to the Euro 5 emission standard by 2020. Therefore, there is a need to look for a
better way of desulfurizing South African petroleum distillates to meet up with the stringent
policies regarding emission of sulfur oxides. Research focus has been channeled towards
hydrodesulfurization (HDS), adsorption (AD), biodesulfurization (BDS), oxidation and extraction.
In addition, studies that will explore the combination of BDS with existing method e.g Adsorptive
desulfurization (ADS) could be instrumental to achieving a higher reduction in sulfur-containing
compounds in the petroleum distillates. In order to contribute to this research line, this study has
focused on development and evaluation of adsorption coupling biodesulfurization (AD/BDS)

process for the removal of sulfur-containing compounds from South African petroleum distillates.

The adsorbents (pomegranate and neem leaf powder) employed in the adsorptive desulfurization
were successfully synthesized by activating with H2SO4 and then calcined at 500 °C. Carbon
nanotubes were purified using HCI and acetic acid then functionalized using KMnO4and H2SOa.
Activated carbon was used as-received for batch mode adsorption process, while it was
immobilized with sodium alginate for use in continuous packed-bed adsorption experiments, so as

to reduce clogging, pressure drop and increase adsorbent loading in the column.

The adsorbents were characterized using Fourier transform infrared (FTIR), Brunauer—Emmett—
Teller (BET), scanning electron microscopy (SEM) equipped with energy dispersive x-ray (EDX),
X-ray diffraction (XRD), and Raman spectroscopy for surface chemical functionalities, textural



property, morphological structure, chemical composition and structural and chemical information,

respectively.

The adsorptive desulfurization experiments were carried out using a model diesel first and real
diesel obtained from a typical refinery in South Africa. The model diesel was prepared by
dissolving dibenzothiophene (DBT) in hexane. The desulfurized model diesel was analyzed using
high performance liquid chromatography (HPLC) and gas chromatography/mass spectrometer
(GC/MS). The adsorption performance of each adsorbent was evaluated in a batch mode and a
continuous mode. Thereafter, the best adsorbent and operating parameters were used in AD/BDS

coupling process. The mechanisms and the kinetic studies of the adsorption process were studied.

Biodesulfurization experiment was performed in a batch mode using growing and resting cells of
Pseudomonas aeruginosa and Pseudomonas putida as biocatalysts. Model diesel used for
biodesulfurization experiment was prepared by dissolving dibenzothiophene (DBT) in
dimethylformamide (DMF). In addition, two different real South African diesel samples (diesel
obtained before HDS (5200 mg/L) and diesel obtained after HDS (120 mg/L) were also used in
this study. The best Pseudomonas strain, with highest desulfurization efficiency and best operating
parameters were then used for the AD/BDS coupling process. The kinetic studies of the bacteria

growth and diesel degradation were investigated as well.

In the AD/BDS experiment, real diesel was first transferred to a bed column packed with
immobilized activated carbon as adsorbent, and then the desulfurized diesel obtained from the
column was transferred into the bacteria basal medium consisting of resting cells of Pseudomonas
aeruginosa for complete degradation. The desulfurized and the degraded diesel were analyzed
using GC/MS. The adsorption performance of the packed-bed column and the degradation
efficiency of Pseudomonas aeruginosa were evaluated. The kinetics of the AD/BDS process were
studied

This dissertation has reported the adsorption performance evaluations of neem leaf powder (NLP)
and pomegranate leaf powder (PLP), carbon nanotubes (CNTSs), functionalized carbon nanotubes
(FCNT) and activated carbon (AC) as promising adsorbents for removal of DBT from model
diesel. The dissertation also reports for the first time in open literature the excellent percentage



DBT removal of PLP adsorbent and its adsorption mechanisms. The results show that PLP out-
performed NLP by 9.88 %. PLP displayed 70.55 % percentage DBT removal and NLP displayed
65.78 % DBT removal.

As far as it can be ascertained, no study has been conducted on the use of KMnO4/ H2SO4 treated-
CNTs for removal of DBT from petroleum distillate. It can be concluded that the acid treatment
of CNTs enhanced its surface affinity for DBT, thus contributed to the improved adsorption
capacity of the adsorbent. Furthermore, the results show that functionalized CNTs out-performed
the non-functionalized CNTs during the desulphurization by about 10 %, indicating that
functionalization of the CNTs did improve the desulfurization performance of the CNTSs.
Therefore, the percentage performances of the adsorbents were 70.48 % and 60.88 % for FCNTSs
and CNTs, respectively. Furthermore, the results on adsorption of DBT onto activated carbon (AC)
show that large surface area of AC contributed to its performance removal of the DBT in model

oil. The percentage performance of the adsorbents was 83.84 %.

The results presented in this current study using different adsorbents, have demonstrated that AC
out-performed all other adsorbents used in this study, owing to its exceptional higher surface area,
micro structure and porosity. Therefore, AC was chosen for desulfurization of South African diesel
samples. The results showed that large surface area of AC contributed to its performance removal
of the DBT in the diesel samples. The percentage performance of the adsorbents for desulfurization
of diesel obtained after HDS (99 %) was higher than that of the diesel obtained before HDS (60.41
%) at the same initial concentration of 120 mg/L.

The adsorption mechanisms of the adsorbents were extensively described using Langmuir and
Freundlich isotherms. The adsorption Kinetic studies were described using pseudo first-order, and
pseudo second-order kinetic models. The results of the adsorption mechanism show that both
Langmuir and Freundlich isotherm models could describe well the mechanism of the adsorption
process for all adsorbents used in this study. The pseudo second-order kinetics described the

adsorption kinetics of the adsorption process for all the adsorbents as well.

As it has been demonstrated in this current study, AC was successfully immobilized in sodium

alginate for adsorption of DBT in model diesel in a continuous packedbed column. This is a

Vi



promising method of entrapping adsorbent for maximum performance. AC has been widely
reported in literature for column adsorption of sulfur compound from petroleum distillates.
However, there are only few studies on the immobilization of activated carbon in sodium alginate
for use in bed column for desulfurization of petroleum distillate. Results show that adsorption of
DBT in a packed-bed column are dependent on superficial velocity of the sorbate solution through
the adsorption column. The best result was obtained at the lowest superficial velocity of 0.031
m/min (0.5 mL /min) at 15 cm bed height and lowest initial DBT concentration of 100 mg/L.
Furthermore, breakthrough time was found to increase with decreasing DBT initial concentration,
decreasing flow rate and increasing bed height. The initial region of breakthrough curve was well
described by the Adams—Bohart model at all experimental conditions studied while the transient
stage or working stage of the breakthrough curve was described well by the Thomas kinetics

model.

The results presented in this current study have shown that, Pseudomonas aeruginosa and
pseudomonas putida were successfully grown in basal salt medium. The growing and resting cells
of both bacteria were used to degrade the DBT molecule in the model diesel. Results show that
Pseudomonas aeruginosa showed better BDS performance than pseudomonas putida in all aspect.
The results in this study also showed that pseudomonas aeruginosa and pseudomonas putida are
capable of desulfurizing DBT in model diesels into less harmful compound, 2- HBP. The final
product 2-HBP detected shows the specific activity of DBT desulfurization is 4S-pathway. Results
showed BDS performance of 67.53 % and 50.02 %, by resting cells of Pseudomonas aeruginosa
and Pseudomonas putida, respectively for 500 ppm initial concentration. In order to study
desulphurization of diesel obtained from an oil refinery, resting cells studies by Pseudomonas
aeruginosa were carried out which showed a decrease of about 30 % and 70.54 % DBT removal
from 5200 ppm in diesel obtained before HDS and 120 ppm in diesel obtained after HDS,
respectively. P. aeruginosa and P. putida selectively converted sulfur atom in DBT compound to
2-HBP. The results obtained in this study showed that biodesulfurization would be a better process
to compliment HDS process rather than the main technique for desulfurization of organo-sulfur

compounds in diesel.
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As it has been demonstrated in this current study, adsorption coupling biodesulfurization process
(AD/BDS) was used to remove sulfur compound from two different South African diesel samples.
The bed column experiment showed that superficial velocity in the ascending order 0.031 < 0.063
< 0.094 m/min, with flow rate in ascending order; 0.5 < 1.0 < 1.5 mL /min. Results also show that
adsorption of DBT in a packed-bed column is dependent on superficial velocity of the sorbate
solution through the adsorption column. The best result was obtained at the lowest superficial
velocity of 0.031 m/min (0.5 mL /min) at 15 cm bed height and lowest initial DBT concentration
of 120 mg/L. This means that, a longer breakthrough time is needed for higher performance of the

bed column which will successively result in higher adsorption capacity.

The kinetic models studied in this present work show that, Thomas and Bohart-Adam’s model
describe well the kinetics of the adsorption process for model diesel as well as for the South
African diesel samples. The Bohart-Adam model described the initial region of the breakthrough
curve, while the Thomas model described the transient stage of the breakthrough curve. First order
kinetic model described well the microbial degradation of DBT in the model diesel and South
African diesel samples and Michaelis-Menten kinetic model described well the microbial growth.
Therefore, it was used to describe its kinetics. The results obtained in this study showed that
AD/BDS coupling process is efficient for desulfurization of South African petroleum distillate (e.g

diesel)
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Chapter One
1.0 Introduction

In this chapter, the motivation for this study and the research objectives are clearly defined. The
benefits of the research effort to the scientific and industrial community are also highlighted.

1.1. Motivation and Background

In Petroleum refining, all crude oils are mainly comprised of aromatic, paraffinic and naphthenic
groups with high molecular masses. The major products of the petroleum industry can be divided
into three main groups: fuels such as gasoline, diesel oil, kerosene and jet fuel, refined non-fuel
products for example asphalt, coke, grease, lubricating oils, solvent, petroleum wax and industrial
feed stocks; such as butane, benzene, propane, ethane, naphtha, xylene and toluene (Mohebali and
Ball, 2008). Diesel and fuel oil range are referred to as the middle-distillate fractions (Monticello,
2000). During direct combustion of diesel, significant quantities of sulphur-containing compounds
such as sulphur oxides (gaseous particulate) e.g SO. and SOs, sulphate particulate matter (PM)
and sulphur-containing compounds (dibenzothiophene (DBT)) are released into the atmosphere
which cause acid rain and environmental pollution that is detrimental to human health (Mei et al.,
2003). As a result of these, a good number of countries have enforced policies to minimize the
emission of these compounds. There are stringent restrictions to limit the amount of sulphur
emission from power plants and on the amounts of sulfur allowable in power plants and fuels used
in transportation such as diesel and jet fuel (Monticello, 2000). In South Africa, two different
grades of diesel fuel are available since the beginning of 2006. Standard grade diesel has maximum
sulphur levels of 500 ppm, while maximum for low sulphur grade diesel was 50 ppm. However,
Sasol has been selling 10 ppm diesel to commercial and private diesel vehicles. Lately, sulfur in
transportation fuel has been reported to poison the catalytic converters used for combustion of
hydrocarbon on automobile exhaust systems which contribute considerably to urban
environmental pollution. Therefore, the United States environmental protection agency (EPA) and
other regulatory agencies have taken steps to remove sulfur permanently from transportation fuel
so0 as to end the poisoning of these inorganic catalysts (Monticello, 2000). In order to meet up with

the emission requirement, oxidation catalysts have been used in South Africa on diesel cars and



commercial vehicles since 2006. They have been found to be efficient in lowering the
hydrocarbons residue after burning and carbon monoxide from the exhaust. However, soot
particles in the exhaust still remain a major setback (Sasol, 2012). There is currently a stringent
regulation that refineries in South Africa are expected to ensure a maximum specification of less
than 5 ppm sulphur content in the petroleum distillates to levels equivalent to the Euro 5 emission
standard by 2020 (Sasol, 2012). Therefore, there is a need to look for a better way of desulphurizing
South African petroleum distillates to meet up with the stringent policies regarding emission of
sulphur oxides. Equivalent of 70% sulphur in petroleum distillate exists as dibenzothiophene
(DBT). DBT, an organosulphur compound commonly present in South African common diesel is
difficult to desulphurize using the traditional method hydrodesulphurization (HDS) which is
presently in use to obtain 500 ppm, 50 ppm and just of recent 10 ppm diesel in South Africa.
Conversely, DBT has been considered the model compound for biodesulphurization (Monticello,
2000). Different methods of desulfurization have been employed for removal of sulfur-containing
compounds from petroleum distiallets. In view of these challenges, desulfurization of petroleum
distillates has been reviewed industrially in recent years with the aim of ensuring reduction in the
emission of sulfur-containing compounds into the atmosphere and thus preventing environmental
degradation (Gawande and Kaware, 2018). Sulfur-containing compounds, in the form of organic
sulfur compounds, are present in some petroleum distillates like diesel. In fact, sulfur is reported
to be the third most abundant element after hydrogen and carbon in diesel fuel (Daware et al.,
2015). The fuel quality will be improved, if sulfur-containing compounds are removed from crude
oil during refining by cheap and less energy intensive technique. This will contribute to the
economy of crude oil refining remarkably (Agamuthu, 2009). Different techniques such as
hydrodesulfurization (HDS), biodesulfurization (BDS), adsorption (ADS), extraction and
oxidation have been investigated by various researchers to remove sulfur-containing compounds

from petroleum distillates.

HDS is the most commonly used industrial technology for the removal of sulfur-containing
compounds from transportation fuels. It is efficient for the removal of most of the Sulphur-
containing compounds such thiols and sulphides, but very inefficient to remove refractory
thiophenic compounds such as dibenzothiophenes, benzothiophene, and their derivatives (Babich

and Moulijn, 2003). To meet the restrictive specifications and regulations set by Environmental



Protection Agency (EPA) on all transportation fuels, hydrodesulphurization process requires to be
operated at elevated temperature and pressure which make the technique energy intensive. In
addition, as huge amount of hydrogen is needed. This makes the process expensive (Fei et al.,
2017). The need for cheap, less energy intensive and efficient technique for removal of sulfur
compounds from petroleum distillate has necessitated research efforts all over the world for the
past few years at both environmental and industrial levels. Therefore, exploring an effective

technique for treatment of sulfur containing petroleum distillate is still highly desired.

Adsorption is the most economically attractive desulfurization technique (Al Zubaidi et al., 2015).
It has been explored by many researchers owing to its applicability and low cost on large scale
(Moosavi et al., 2012; Gawande and Kaware 2016). It is beneficial because the desulfurization
process can be carried out at ambient temperature and pressure without consumption of hydrogen
or oxygen consumption. Furthermore, there is possibility of adsorbent regeneration and reusability
(Ahmed and Ahmaruzzaman, 2015).

Biodesulfurization offers the potential technique for reducing the sulfur content of petroleum
products with benefits of low operating cost, lower capital and less greenhouse gasses (Linguist
and Pacheco, 1999). Getting rid of enough sulphur to meet the imminent specification requires
enzymes with wide-ranging specificities (Monticello, 2000). Therefore, biological
desulphurization with the help of microorganisms is considered as the potential method for

removal or reduction of sulphur in petroleum distillate.

There are only a few studies reported on the biodesulphurization of South African petroleum
distillates. The use of Pseudomona aeruginosa (P. aeruginosa) and Pseudomonas putida (P.
putida) bacteria strains for the biodesulphurisation of South African diesel has not been reported
in literature. In addition, desulphurization by adsorption technique has been reported to be a
promising approach in desulphurization of sulphur-containing compounds. Thus, this research
effort will pave the way for the development of a hybrid process involving the use of adsorption

and biological techniques for the desulphurization of South African petroleum distillates.



1.1.2 Problem Statement

Over a decade ago, significant efforts have been made in developing technological methods to
eradicate sulfur from diesels and their feedstock. A lot of conventional processing plants can be
used to eliminate sulfur and many new techniques have been developed to attend to the need for
further economical desulfurization capability. Hydrodesulphurization is one of them. Petroleum
distillates contain considerable quantity of heterocyclic sulfur compounds such as alkylated
benzothiophenes (Cx-BTS) and alkylated dibenzothiophenes (Cx-DBTS), which are difficult to
remove by traditional hydrodesulfurization (HDS) method due to high operating cost as a result of
high pressure (1-20 MPa) and temperature between 290 and 450°C which are required to reduce
sulphur to hydrogen sulphide (Monticello, 1998). Owing to very high pressure and temperature
required in HDS, there is reduction in some other chemical components which introduces some
adverse effects on the quality of fuel (Folsom, 1999). These high operating conditions are
obligatory to desulfurize the most recalcitrant molecules with HDS method (McFarland, 1999;
Rashtchi et al., 2006). In addition, HDS results in reduction of catalyst life, higher consumption of

hydrogen and higher cost of yield (Mei et al., 2003).

The HDS process conditions are not only useful in desulfurizing organosulfur compounds, they
are used in removing metals and nitrogen from carbon-based compounds as well. In addition, HDS
process is used in prompt saturation of carbon—carbon double bonds, removal of materials with
unpleasant colour or odor, product clarification through drying, and improvement of the cracking
qualities of the material (Swaty, 2005). Hence, with reverence to the advantages of HDS aside
desulphurization, this study will consider BDS as a complementary step to HDS instead of only as

a replacement to attain an ultra-low desulphurization.

Other types of desulphurization methods have been studied, such as desulphurization by oxidation.
Oxidation of the divalent sulfur of the sulfide group to the hexavalent of the sulfone group makes
oxidation desulphurization a promising approach, which upon thermal treatment can emit sulfur
dioxide (Block, 1978). Although the sulphur is successfully removed, but the temperature needed
for the decomposition of the sulfone is as high as 500°C. In addition, large amount of oxidizing
agents is needed and the activity and selectivity of the oxidant is low, hence the reaction takes a

longer time to complete. Desulphurization by extraction is another potential method for removing



or reducing the amount of sulphur in petroleum distillate. Owing to the ability of sulphur to make
the hydrocarbon molecules in which it occurs slightly more polar, the sulphur compounds can be
selectively removed by solvent extraction method. Some extraction solvents have been used such
as furfural and hydrogen fluoride. It was observed that high selectivity could be achieved in the
removal of sulphur and the raffinate contains less sulphur than the original feedstock (Zannikos,
1995). However due to some setbacks in these methods of desulphurization, development of hybrid
process of newly developed and efficient methods of desulphurization could be developed to
obtain an ultra-low sulphur in South African diesel. Biodesulphurization, a new efficient method
of desulphurization has been developed with cost effective operational conditions such as low
temperature and pressure. Adsorption method of desulphurization has also been discovered to be
cost effective and is carried out at ambient temperature using different types of adsorbents.
However, selective choice of adsorbents has been the major concern to researchers. Activated
carbon and carbon nanotubes have attracted much attention from researchers as promising
adsorbent materials for adsorptive desulphurization due to their exceptional properties, for
instance, large surface area, high pore structure, pore size distribution, high thermal stability as
well as excellent physical and chemical stabilities. Therefore, this study seeks to investigate the
development and evaluation of a hybrid process (adsorption coupling biodesulphurization,
(AD/BDS)) for desulphurization of dibenzothiophene sulphur-containing compound, which
constitute 70% of the components in South African petroleum distillates (e.g. diesel) obtained from
hydrodesulphurizer (HDS) to 5 ppm.

Adsorption is the ability of a solid sorbent to selectively adsorb organosulphur compounds from
refinery processing plant streams. Desulphurization by adsorption can be grouped into two:
Adsorptive desulfurization and reactive adsorption desulfurization (Babich and Moulijn, 2003).
These two depend upon the mechanism at which sulphur compounds relate with the sorbents.
Adsorptive method of desulfurization depends on physical adsorption of organosulfur compounds
on the surface of solid sorbent and this can be recovered by flushing the spent sorbent with a
desorbent. This brings about a high concentration flow of organosulfur compound. However,
desulphurization by reactive adsorption is all about chemical interaction between the sorbent and
the organosulfur compounds. The sulfur removed is adsorbed on the surface of the sorbent in most

cases as sulphide. This sorbent can be recovered by eliminating the SOx or H>S depending on the



method employed. In order to achieve effective desulphurization, the following properties of the
sorbent must be put into consideration; sorbent’s adsorption ability, durability, selectivity for the

organo-sulfur compounds and regenerability (Babich and Moulijn 2003).

In reactive adsorption desulfurization the process is in such a way that sulphur is removed from
the molecule and attached to the sorbent. The sulphur-free distillate is then returned back to the
final product without losing its original structure. (Meier et al., 2001; Babich and Moulijn 2003).
Muzic et al., 2010 employed activated carbon and 13X type Zeolite as adsorbents in the removal
of sulfur from diesel fuel. The result showed that activated carbon has a higher adsorbing ability
when compared to Zeolite. Activated carbon and carbon nanotubes have attracted much attention
from researchers as promising adsorbent materials for adsorptive desulphurization due to their
exceptional properties, for instance, large surface area, high pore structure, pore size distribution,
high thermal stability as well as excellent physical and chemical stabilities.

Adsorption is the most economically attractive desulfurization technique (Al Zubaidi et al., 2015).
It has been explored by many researchers owing to its applicability and low cost on large scale
(Moosavi et al., 2012; Gawande and Kaware 2016). It is beneficial because the desulfurization
process can be carried out at ambient temperature and pressure without consumption of hydrogen
or oxygen. Furthermore, there is possibility of adsorbent regeneration and reusability (Ahmed and
Ahmaruzzaman, 2015). Capability of different kinds of adsorbents such as commercial activated
carbon (CAC) (Zhou et al., 2009) metal-organic frameworks (Achmann et al., 2010; Khan and
Jhung, 2013), mesoporous materials, activated carbon cloth (Fallah and Azizian, 2014), carbon
nanoparticles (Fallah and Azizian 2012), zeolites (Xiao et al., 2008), and nano-porous activated
carbon have been explored by researchers for the desulfurization of model and real transportation
fuels. Commercial activated carbon, among others, has been widely used as an adsorbent because
of its effectiveness due to its improved micro structures (Eddebbagh et al., 2016). Nevertheless,
its procedure and application come with high expense (Ahmed and Ahmaruzzaman, 2015). Carbon
nanotubes also come with the. short comings such as high cost of production. This motivates the
alternative use of low-cost, readily available and environmentally friendly agro-waste adsorbent,
such as neem leaf powder (NLP) and pomegranate leaf powder (PLP) for the desulfurization of

petroleum distillate, especially diesel in this study.



It is estimated that about 998 million tonnes of agricultural waste is produced yearly (Agamuthu,
2009). Therefore, the use of agricultural waste materials for the treatment of sulfur-containing
petroleum distillates will serve as a proof of concept in the development and application of green
materials in sustainable, innovative and effective waste management for the abatement of
environmental pollution. Agricultural waste materials are presently gaining attention as potential
adsorbents for removal of various contaminants from wastewaters and fuels due to their
availability and low cost (Ahmaruzzaman and Gupta, 2011). Low cost agricultural waste by-
products such as palm kernel shell (Isam et al., 2013), neem leaf (Daware and Kulkami, 2015),
and almond shell (Deniz, 2013) have been investigated by many researchers as adsorbents for
removal of sulfur-containing compounds from petroleum distillates. Pomegranate peels have been
utilized as adsorbent for the treatment of heavy metals in water (Bhattacharjee and Patel, 2017).
However, PLP and NLP as adsorbents for the removal of DBT from model oil and petroleum
distillates have not been reported until now. The leaves of pomegranate and neem are abundantly
available locally. They are waste materials from which useful adsorbent materials can be
developed for industrial application. From this point of view, PLP and NLP, which are agro-based
wastes product, could be important materials for utilization in desulfurization of transportation
fuels because they are cheap, readily available and will reduce environmental waste. Another

technique that is currently being used recently is biodesulfurization.

Biodesulfurization offers the potential method for reducing the amount of the sulfur in petroleum
products with benefits of low operating cost, lower capital and less greenhouse gases (Linguist and
Pacheco, 1999). Dibenzothiophene (DBT) has been discovered to be a model polyaromatic sulfur
heterocycle for the isolation and classification of bacteria proficient of converting organosulfur
compounds found in a range of fossil fuels (Monticello, 2000). There are two major pathways for
desulfurization of DBT; the Kodama pathway, in this case the initial attack, is focused towards
one of the carbon atoms and 4S pathway (Figure 1.1), where the initial catalysis is directed towards
the center of the sulfur atom (Kilbane and Bielaga, 1990). The 4S pathway is better and perfect for
desulphurization because the carbon skeleton is not destroyed and the heating value of the fuel
stays unchanged. Biodesulphurization is a promising application for producing biochemical since
the reaction will be terminated before the last step to produce hydroxybiphenylbisulfinate (HPBS)

(Monticello, 2000). The process is operational irrespective of the position or site of alkyl



substitution (Pacheco, 1999). Even though there has been a considerable development in the
utilization of BDS process, there still remain so many challenges in the aspect of cost analysis of
catalyst, design of reactor as well as separation of oil-water mixture (Guobin et al., 2006). In order
to lower the operating cost of biocatalyst there is need for mass production of it in which the
desulphurization capability will still be intact. This can be achieved by high cell density
cultivation. At the moment, only few investigations have been carried out on cultivation of high
cell density in BDS of organosulphur compounds (Guobin et al., 2006). In a BDS process, a
bioreactor is used where fuel is mixed with an aqueous solution that contains bacteria and other
elements required for the bacteria growth. The bacteria transform sulphur to sulphonate which can
be used as feedstock for the surfactant production (Babich and Moulijn, 2003). Enzymes with
wide-ranging specificities are needed in order to remove enough sulphur to meet the impending
specification imposed on petroleum companies (Monticello, 2000). Therefore, biological
desulphurization with the help of microorganisms is considered the potential method for removal

or reduction of sulphur in petroleum distillates.

Microorganisms are microscopic living organisms which may be single celled or multicellular.
Microorganism such as Pseudomonas, Rhodococcus and Mycobacterium species, have been used
to degrade dibenzothiophene (DBT). DBTs are well known organosulfur compounds which
usually exist in crude oil and fractions used in the production of diesel. DBT and its derivatives
can account for a large fraction of the entire sulfur substance of a particular crude oils. The total
amount of sulphur content remaining in a middle distillate fraction treated with HDS method is
usually in form of Cx-DBT compounds. DBT and its derivatives are recalcitrant to desulfurization
by HDS, and its alkyl derivatives are considered amongst the hardest to desulfurize by traditional
methods. In addition, contrary to other substances, DBT is easy to control since it’s not mutagenic
or extremely hazardous to human health. Microorganisms have varying methods of removing
sulfur atom from DBT. They can be categorized into four: carbon—carbon (C-C bonds) cleavage,
sulphur oxidation and sulfur-specific cleavage (C-S bond). The last type, 4S- pathway is the most
commonly studied owing to the fact that it released a sulfur atom from DBT, without the carbon
chain broken, which is helpful in fuel biodesulfurization (Rashtchi et al., 2006).



Figure 1.1 4S-pathways for biodesulphurization of DBT (Adapted from Monticello, 2000)
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of the reducing equivalents which is required to arrive at the final stage. In this respect, the
utilization of a new genetically advanced bacterial has received great consideration in the recent
research drive. Therefore, Pseudomonas putida and Pseudomonas aeruginosa will be employed
in this study because they can as well disulphurized DBT through 4S pathway. Many investigations
have been successful reported on the desulfurization of organosulphur using Pseudomonas species,
such as Pseudomonas putida, pseudomonas aeruginosa and so on (Md Noh et al., 2011; Caro et
al., 2007). Biodesulfurisation of DBT with Pseudomonas putida CECT5279 by resting cells).
Pseudomonas aeruginosa was used for desulphurization of crude oil before distillation as a form
of pretreatment measure. The result showed that distillation time was greatly reduced and
biodesulphurization of the crude oil was improved (Md Noh et al., 2011). Desulfurization of DBT
has also been studied using Pseudomonas putida CECT5279. The growth rate of the
microorganism was also investigated (Martins et al., 2004). The bacteria strains that will be used
in this study namely Pseudomonas aeruginosa and Pseudomonas putida are known for their
abilities to grow at optimum temperature of 37°C and at a temperature as high as 47°C. They have
tolerance for a wide variety of conditions such as temperature and bacteriology. In addition, they
are relatively available and can be easily cultured compared to other bacteria strains (Todar, 2016).
Fig.1.2 represents the process flow diagram of the hybrid process (AD/BDS).
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Figure 1. 2 Process flow diagram of the (Adsorption/BDS) hybrid process

1.3. Research aims, questions and objectives

The aim of this study is to develop and evaluate a hybrid process (AD/BDS) for the
desulphurization of South African petroleum products (e.g. diesel) to obtain ultra-low sulphur

content (< 5 ppm).
The following questions were addressed during the course of this study;
1. Could a hybrid process, combining adsorptive desulfurization (ADS) and

biodesulphurization (BDS) be effective in reducing the level of sulfur-containing
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compounds in South African petroleum distillates (e.g. diesel) obtained from
hydrodesulphurizer (HDS) be reduced to 5 ppm?

2. What type of adsorbent will be required for the adsorption unit and what type of biocatalyst
(whole cell or enzyme) will be required for the BDS to make the proposed hydrid process
feasible?

3. What will be the effect of operating variables on the performance of the AD and BDS and
the hybrid system for the removal of sulphur-containing compounds to < 5 ppm in the
South African petroleum distillates?

4. Can the kinetic and isothermal studies of the performance of the adsorbents be described

using existing kinetic models and adsorption isotherms?

To profer solution to the above research questions, the following research objectives were

considered:

1. To develop and evaluate the performance of ADS using some selected adsorbents (e.g.
NLP, PLP, AC, CNTs and FCNTSs) for the removal of sulphur-containing compounds from
samples of South African petroleum distillates obtained from HDS unit and optimize the
ADS performance.

2. To develop and evaluate BDS technique, using Pseudomonas Putida and Pseudomonas
Aeruginosa as biocatalysts, for the removal of sulphur-containing compounds from
samples of South African petroleum distillates obtained from HDS unit and optimize the
process toward enhancing its performance.

3. To couple the two processes in (1) and (2) and evaluate the hybrid process for the removal
of sulphur-containing compounds from samples of South African petroleum distillates

4. To conduct parametric optimization on the developed hybrid process in in (1) and (2) and
apply itin (3).

5. To investigate whether the kinetics and isothermal adsoption exhibited by the adsorbents
used in (1), (2) & (3) could be described by existing kinetic models and adsorption

isotherms.
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1.4. Research benefits and novel contribution to knowledge

As far as could be ascertained, no report on the application of a hybrid process combining AD with
BDS has appeared in literature. This study was successfully conducted, with the following

outcomes;

For the firsrt time, the study has reported the synthesis and performance evaluation of pomegranate
for the removal of DBT in model oil and South African petroleum distillate. Further investigation
was also carried out on neem leaf powder The kinetics, isotherm model and thermodynamics of
the adsorption process of this adsorbents have also been reported. Furthermore, studies have shown
that the performance efficiencies of these agro-waste adsorbents compared well to other adsorbents
in literature. Therefore, the use of agricultural waste materials for the treatment of sulfur-
containing petroleum distillates in this study may serve as a proof of concept in the development
and application of green materials in sustainable, innovative and effective waste management for
the abatement of environmental pollution. Therefore, results documented in this dissertation

provide an avenue for further research development in the area.

Adsorption/biodesulfurization coupling technique is reported for the first time. This technique
could serve as alternative method in the petroleum refinery to meet up with the stringent regulation
to minimize the release of sulfur oxide into the atmosphere. Therefore, results documented in this
dissertation could pave the way for the actualization of the benchmark set by the WHO on the

minimum concentration of sulphur-contianing compounds in South African petroleum distillates.

There are only few reports on the development of hybrid process (AD/BDS) in desulfurizing South
Africa petroleum distillate. The use of Pseudomona aeruginosa (P. aeruginosa) and Pseudomonas
putida (P. putida) bacteria strains for biodesulphurisation of South African diesel oil has not been
widely reported in literature as well. In addition, development of hybrid process (AD/BDS) for
desulphurization of South Africa diesel diesel has not been well studied. Therefore, this study
focused on this, building up on the literature and investigations that have already been carried out
for BDS and adsorption separately on other diesel sources in other parts of the world. Existing
Kinetics was used to predict the concentration time history of petroleum feedstock (diesel) and
substrates (bacterial strains) using suitable growth kinetics. The results documented in this
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dissertation could pave the way for the actualization of the benchmark set by the WHO on the
minimum concentration of sulfur-contianing compounds in South African petroleum distillates.

This could also contribute to scientific knowledge.

In summary, the outcome of this study provides a concept that could help in scaling up an
adsorption-bioreactor plant for industrial application. The novel contributions have been
communicated to the researchers working in similar research area and other related areas through
publication of articles in international journal and conference proceedings. The published jurnals
from this study can be found in Appendix C

1.5 Thesis Outline

Chapter One: This chapter presents an overall introduction, motivation on why the study was
carried out. Its novel contribution to knowledge is highlighted. The aims and objectives are also
stated. The overview of the whole dissertation is presented.

Chapter Two: This chapter contains a critical literature review describing the already existing
techniques of desulfurization, their shortcomings and the new efficient techniques with their
benefits. It also highlighted previous studies that have carried out on the subject. A review paper
has been published on biodesulfurization and its state of art from this chapter. It has been included

in Appendix C.

Chapter Three: This chapter presents the general methodology of the study. The materials and
methods used in this study are described. This chapter also decribes the synthesis/preparation of
the adsorbents used in this study, preparation and growth of bacteria used, characterization
techniques used to analyze the samples are also decribed under this chapter. The performance
evaluation of the adsorbent and the degradation of the DBT by the bacteria were described in detail

under this chapter.

Chapter Four: In this chapter, agro-waste adsorbents (pomegranate leaf powder and neem leaf
powder) were synthesized. Desulfurization experiment using model oil (DBT dissolved in hexane)
was perfomed in batch operation mode. The best operating parameters (parametric optimization)

such as temperature, time, amount of adsorbent were determined. The reusability performance of
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the adsorbents so as to minimize wastage was studied. Furthermore, in order to understand the
mechanism of the adsorption of DBT into these agro-waste adsorbents, first order and second order
kinetics, isotherms model (Langmuir and Freundlich), and thermodynamics of adsorption process
of these adsorbents, were described here.

Chapter Five: In this chapter, carbon nanotubes were funcionalized. Desulfurization experiment
using model diesel (DBT dissolved in hexane) was perfomed in batch operation mode. The best
operating parameters (parametric optimization) such as temperature, time, amount of adsorbent
were determined. The regeneration and re-usability of the adsorbents were also studied.
Furthermore, in order to understand the mechanism of the adsorption of DBT into carbon
nanotubes (CNTSs) and functionalized carbon nanotubes (FCNTS), first-order and second-order
kinetics, isotherms model (Langmuir and Freundlich), and thermodynamics of adsorption process
of these adsorbents, were described here. A manuscript has been written and published in
conference proceeding from this chapter. The proceeding is attached in Apendix D at the end of
the thesis.

Chapter Six: In this chapter, as-received activated carbon was used as adsorbent. Desulfurization
experiment using model diesel (DBT dissolved in hexane) was perfomed in batch operation mode.
The best operating parameters (parametric optimization) such as temperature, time, amount of
adsorbent were determined. The reusability of the adsorbents in order to minimize wastage was
carried out in cycles. Furthermore, in order to undesratnd the mechanism of the adsorption of DBT
into activated carbon, first order and second order Kinetics, isotherms model (Langmuir and
Freundlich), and thermodynamics of adsorption process of these adsorbents, were described here.
The desulfurization of real diesel using activated carbon as adsorbent in a batch mode was studied
in this chapter. The best adsorbent with the highest % DBT removal and adsorption capacity from
previous studies was chosen in this chapter to desulfurize South African real diesel (diesel obtained
before HDS (5200 ppm) and diesel obtained after HDS (120 ppm), initially using the best operating
paremeters from previous studies then modified the parameters to evaluate their effects on the

adsorptive performance of the adsorbent on the real diesel samples.

Chapter Seven: The enhancement of desulfurization performance of AC in packed-bed column

using immobilization technology extensively investigated and discussed using modelling and
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experimental approaches such as; Bohart-Adams, Thomas and Yoon-Nelson models. The
respective breakthrough curves, kinetics of adsorption were presented and discussed extensively.

Validation of the models with experimental data was also carried out in this chapter.

Chapter Eight: This chapter discussed the biodesulfurization of DBT in model oil and South
African diesel samples (diesel obtained after HDS and diesel obtained before HDS). Pseudomonas
aeruginosa and Pseudomonas putida are used as biocatalysts in this Chapter. The growth of the
bacteria was measured as well as the bio-degradation of the DBT and the formation of the 4S end
product, 2-hydroxylbiphenyl (2-HBP). The kinetic of the bacteria growth and biodesulfurization
were studied and discussed extensively under this chapter. The biodesulfurization experiment of
resting cells of Pseudomonas aeruginosa and Pseudomonas putida for degradation of DBT in
South African diesel samples and its kinetics were also discussed here. A manuscript from this
chapter has been written and submitted for publication.

Chapter Nine: This chapter focused on the performance of adsorptive desulfurization coupling
biodesulfurization for desulfurization of petroleum distillates (e.g diesel). The best parametric
conditions obtained in Chapter 7 and 8 were used for this experiment. This experiment was carried
out on South African diesel samples. The mechanism of the adsorption process was discussed
extensively using kinetics models developd in chaper seven and eight. A manuscript has been

written and submitted for publication.

Chapter Ten: This chapter reported a general summary of the study conducted and overall
conclusions from preceding chapters as well as recommendations. References to all articles

accessed in this study are presented at the end of each chapter in this dissertation.
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Chapter Two
2.0. Literature review

In this chapter, related literature emphasizing the present trends in the evaluation and development
of adsorption and biodesulfurization techniques and their applications are critically discussed.

2.1. World’s perspective of diesel fuel and specifications

In the recent times, production of energy has remained a great challenge across the globe. Coal is
a fossil fuel that plays an important role in the energy structure. Sulfur oxides are released into the
atmosphere when coal containing high sulfur is combusted. This causes severe environmental
problems, for example, air pollution and acid rain (Kan et al., 2010). The main concern in the
refineries at the moment is the cleaning of the Sulphur-containing compounds from crude oil
(Babich and Moulijn, 2003; Caitlin, 2012). Though, Pyrite has been investigated to be the major
inorganic sulfur compound in high sulfur coal (Weerasekara et al., 2008). There has been a
decrease in the fraction of energy derived from fossil fuel, although, the share of world energy
from fossil fuels is about 82% (Duissenov, 2013). Crude oil is naturally present under the ground.
It is mainly used as transportation fuels, such as diesel, gasoline, and jet fuels. The qualities of
crude oil are significantly subjective to two properties viz.; American Petroleum Institute (API)
gravity and sulfur content (Srivastava, 2012). Petroleum is one of the products of crude oil. It has
prehistorically become part of human life. It contains hydrocarbons as the major components.
Furthermore, insignificant amounts of sulfur, nitrogen, oxygen, and trace metals are also present.
Diesel, among others, is one of the petroleum-derived fuels. Diesel comprises of a mixture of
around 75% saturated hydrocarbons and 25% aromatic hydrocarbons (Alavi and Hashemi, 2014).

Fig. 2.1 shows the percentage usage of of diesel at various sectors.
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M Residential (3 %)(9.5 billion
gallons)

B Industrial (25 %) (79.3 billion
gallons)

1 Transportation (70 %)(222
billion gallons)

B Commercial (2 %)(6.3 billion
gallons)

Figure 2.1 Percentage of diesel usage at various sectors (Adapted from EPA, 2017)

Diesel has been regarded as the larger and the most extensively used source of energy across the
globe. Diesel consists of sulfur compounds which when combusted by direct method release toxic
substances such as sulfur oxides (SOy) into the atmosphere which contributed to acid rain, health
diseases and environmental pollution (Kan et al., 2010). The world health organization estimated
about 7 million deaths in 2012 alone (Babich and Moulijn, 2003). This was reported to be as a
result of air pollution associated with particulate matter. This has become a major concern to law
enforcement agency and environmental protection agency. Currently, a stringent guideline, by the
environmental protection agency (EPA) has been passed to all refineries globally to reduce the
emission of these harmful sulfur compounds into the atmosphere. South African government has
recently passed a stringent law to all refineries to reduce the concentration of sulfur compounds in
diesel to a minimum of 10 ppm to meet up with Euro V standard emission (Caitlin, 2012). This

therefore has aroused the interest of researchers in this direction.
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Different petroleum products are sold in South Africa such as; bitumen, petrol, diesel, jet fuel,
illuminating paraffin, fuel oil and liquefied petroleum gas (LPG). However, petrol and diesel are
most commonly used liquid fuels in South Africa, as reported by South African Petroleum Industry
Association (SAPIA) bulletin (SAPIA, 2011). South African Independent online (IOL) business
report on economy stated that SA’s lagging behind on clean fuel specifications. For more than a
decade, the standards of fuels in Europe and the US were ahead the fuel specifications in South
Africa. Introduction of clean fuels which was supposed to be introduced in the country has now
been postponed until after 2020. Clean fuels are essential for efficient and environmentally friendly
products to the users (SAPIA, 2011).

Sulphur-containing compounds in diesel when released into the atmosphere causes lung disease
and associated sicknesses. Therefore, South African administration is accountable for creating an
environment that contributes to human health and safety (SA overview, 2018). Fig.2.2 shows the
variations of low sulfur and standard grade sulfur levels of diesel in South Africa from 2001 to
2017.
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Figure 2.2. Sulfur level in South Africa diesel (Adapted from SA Overview, 2018)
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Regulations concerning the introduction of Clean Fuels Il were gazetted in June 2012 which
specified its operation starting fully from 1st of July, 2017. This set date has been recently
adjourned to a date to be affirmed in the future, as soon as other fininacial implications of the
decision to introduce a cleaner fuel have been finalized. These regulations entail the reduction of
sulphur levels to 10 ppm in both petrol and diesel. These also require other specifications
conforming to those contained in the national standards for petrol and diesel that have been
recently finalized (SAPIA, 2018). SAPIA has demanded the Department of Energy (DOE) to
withdraw the regulations in connection to enactment of cleaner fuels by 1 July 2017. This is
because of the uncertainty of the policy that generated delay in implementing cost recovery. DOE
and SAPIA have agreed to launch a joint undertaking team to deliberate on several unresolved
concerns related to cost recovery for cleaner fuels upgrades at the refineries. This is to ensure that
the government in collaboration with the oil industries proffers solution to the issue regarding cost
recovery. In addition, collaboration with other government strategy objectives, possible ways of
implementating cost recovery mechanism, the effect on the existing refining fleet in case the
cleaner fuels operation be deferred and environmental effect of cleaner fuels will be attended to.
The work was near completion and the final report was expected to be available in 2016 (SAPIA,
2018). Table 2.1 shows the status of clean fuel in South Africa till date.

Sulfur compounds are present in various forms that can be classified into four groups namely:
sulfides, disulfides, mercaptans and thiophenes (THSs) (Srivastava, 2012). These compounds exist
in significant quantities in natural gas (Chambers and Duffy, 2012). The tendency of corrosion of
pipeleines and deactivation of catalyst during crude oil processing make sulfur compounds
undesirable in refining process (Dunleavy, 2006; Srivastava, 2012; Ma et al., 2015). In addition,
the existence of sulfur compounds in liquid fuels undesirably affects vehicles. This is responsible
for lower efficiency of catalytic converters (Gap Forumn Policy, 2016). Naturally occurring sulfur
compounds in fuels, when emitted reacts with water vapour in the air to form sulfates and acid rain
that destroys buildings. In addition, it acidifies soil and eventually results in destruction of forests
(Fang, 2004; Kan et al., 2010). Furthermore, the release of sulfur compounds has led to associated

health concerns, for example, heart diseases, asthma, and respiratory illnesses.
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Table 2.1 Status of clean fuel in South Africa till date

Years Clean fuel development

1920 Introduction of cleaner fuels into South Africa and addition of lead to fuels

1970s Banning addition of lead to fuel due to health effect

1986 Lead levels were reduced from 0.836 g Pb/L to 0.60 gPb/L in South Africa

1996 Unleaded petrol available throughout South Africa

2001 Initiation of fuel specification by Department of Minerals and Energy

2002 Sulfur in diesel reduced from 5500 to 3000 ppm

2005 Sulfur in ultra low petrol (ULP) reduced from 1000 to 500 ppm

2006 Leaded road fuel finally banned

2006 Sulfur in diesel was reduced from 500 ppm with a niche grade of 50 ppm

2010 New proposal for cleaner fuel was implemented

2011 DOE published amended regulation of petroleum products specification

2011 SAPIA commission KPMG to undertake a study on the impact of funding options
of refinery upgrades to Clean Fuels Il standards.

2013 Discussion between SAPIA and DOE in an attempt to finalize the cost recovery
mechanism for the production and distribution of clean fuels.

2013 Discussion between SAPIA and DOE in an attempt to finalize the cost recovery
mechanism for the production and distribution of clean fuels.

2014 Finalization of both the petrol and diesel CFI and CFII fuel specifications

2014 DOE confirmation of their proposal to delay the July 2017 CFII implementation
date.

2015 SAPIA requested DOE to rescind the regulations pertaining to the implementation
of cleaner fuels by 1 July 2017

2017 Reduction of low grade sulfur was implemented

A report by South African Petroleum Industry Association (SAPIA). (Available online at, http:

www.sapia.org.za/overview/south-african-fuel-industry. Accessed on 5th April, 2018
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There are various techniques of reducing sulfur content in transportation fuel. These techniques
have been investigated with different levels of achievement. The most commonly used method is
hydrodesulfurization (HDS) (Javadli and de Klerk, 2012). HDS has succeeded in removing
aromatic sulfur-containing compounds such as sulfones, thiolates, thiols and sulfoxides. Despite
the extreme conditions (high temperatures and pressures) that are involved in HDS, some of the
sulfur-containing compounds still remained, resulting in the reduction in quality of the fuel (Ma et
al., 1994). Therefore, the HDS method for deep desulfurization is expensive. In addition, some
heterocyclic sulfur containing compounds, such as dibenzothiophene (DBT) and its alkyl
substitutes, particularly 4, 6-dimethyldibenzothiophene (4, 6-DMDBT), are recalcitrant to HDS.
Dimethyldibenzothiophene (DMDBT), being the least reactive of sulfur compounds also restricts
HDS of petroleum distillates (Srivastava, 2012).

Other desulfurization techniques that are capable of producing ultra clean fuel are adsorptive
desulfurization (AD), oxidation—extraction desulfurization (OEDS), desulfurization by oxidation
(DO), and biodesulfurization (BDS).

Desulfurization by adsorption is the process whereby an active adsorbent with a large surface area
selectively removes the sulfur-containing compound. Oxidative desulphurization is a chemical
reaction that involves the use of oxidizing agents such as; H202, H2SOas, etc to oxidize sulfur-
containing compounds to sulfone. Due to the higher polarity of the sulfone compound, it can be
easily extracted from the fuel. BDS has attracted a lot of attention recently owing to its green
processing of fossil fuel. Conversely, the major hindrance to its use, is slowness of the removal
process. Recently, there are environmental regulations imposing a stringent limit for sulfur
contents in transportation fuel. This is currently the strongest drive for the removal of sulfur in
transportation fuels. In order to ensure the availability of energy at a lower cost by removing the
sulfur from lower quality feed stocks there is urgent need for new efficient methods of

desulphurization. This will also reduce its negative effects on the environment.

2.2. Environmental effects of sulfur oxides emission

Sulfur, when combust in air is toxic to humans, ecologically disastrous, and corrodes

infrastructure. The existence of high sulfur-containing compounds in the process streams could
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have a lot of damaging effects, which is dangerous to health. This section presents and discusses

the effects of sulfur with respect to mankind and its environment.

Petroleum-based fuels, such as diesel and gasoline are used by internal combustion engines to
power most automobiles. The emission of particulate matter (PM), nitrogen oxides (NOx), and
carbon monoxide (CO), non-methane hydrocarbons, airborne toxins, and sulfur oxides (SOx) are
usually caused by high temperature in cylinder of incomplete combustion of fuel. Some health
issues and chronic diseases that are associated with exposure to these pollutants can eventually
lead to early death (Sharaf, 2013).

Particulate matter (PM) is the most dangerous among the vehicle emissions. These categories of
solid and liquid particles, lesser than 2.5 microns in aerodynamic diameter, (PM25) can easily
infiltrate into the lungs, stirring up inflammation and oxidative stress. In addition, the continuing
exposure to PMas causes a series of chronic illnesses in adults. These include respiratory
infections, aggravation of existing asthma, lung cancer, ischemic heart disease, chronic bronchitis,
as well as cerebrovascular disease (Chambliss et al., 2013). Therefore, the reduction of sulfur-
containing compounds from transportation fuel is essential in the petroleum industry. International
Agency for Research on Cancer has confirmed that PM2s is a recognized carcinogen, which is
mainly caused by diesel exhaust in transportation fuel (McClellan et al., 2012). Exposure to high
concentrations of PMzs has been discovered to be connected to increase in hospital admissions
that are related to infections of the respiratory organs, stroke, nonfatal heart attacks, and other acute
outcomes (Lisabeth et al., 2008; Yu and Chien, 2016). Undesirable effects on reproduction,
including reduced birth weight and increased death of children are also as a result of the emission
of PM2s (Woodruff et al., 2008; Geer and Weedon, 2012). New investigation into the impacts of
black carbon on climate gives stronger proof that, if diesel particulate emissions can be controlled,
it will reduce global warming (Jacobson, 2002). Over the years, diesel black carbon has been
extensively reduced in carbon dioxide equivalent emission by diesel engine polices in the state of
California (Air resource board, 2013). Therefore, the implementation of vehicle emission
standards equivalent to Euro VI for the international fleet would reduce the rate of premature
mortality to between 120,000 and 280,000 in 2030 at a worldwide standard (McClellan, 2012).
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The quality of the air is seriously affected by the pollution emitted by vehicle engines. The vehicle
manufacturers request for the removal of sulfur-containing compounds from petroleum, so as to
reduce the global emissions of these compounds from vehicles (Parkinson, 2000). The emission-
control devices in vehicles are affected since sulfur is intensely adsorbed onto the metal catalysts,
which inhibit the reaction and the adsorption of carbon monoxide, Nitrogen oxide (NOx), and
hydrocarbons (US EPA, 2016). Furthermore, production of the oxy-acids of sulfur from
combustion products causes the internal combustion engines parts to corrode (Collins et al., 1997).
Likewise, compounds of sulfur deactivate the catalysts that are used in hydrocarbon upgrading. In
addition, they add to the formation of sticky deposits in petroleum products (Tam et al.,1990).
Therefore, sulfur compounds are unwanted in refining processes and their removal from petroleum

distillates is important to the refineries and to human welfare.

Some of the economic impacts of SOy that are emitted due to the incomplete combustion of high-
sulfur fuels have negative impacts on the economy of the nation. The acid rain as a result of this
emission dissolves the calcium carbonate in monuments and buildings that are made with
limestone and marble (Bravo et al., 2006). Sulfuric acid can cause huge economic loss owing to
the occurrence of metal corrosion in machineries and vehicles in oil plants. Crude oils are refined
and extracted by oil companies at varying levels. However, it is cheaper to refine crude that has
lower sulfur content first, before refining crude with higher concentrations of sulfur. Since this is
done the other way round, the oil reserves with lower sulfur contents would have been used up,
leaving only high-sulfur concentrated crude oil to be used (Jones, 2011). From estimation, the use
of low sulfur fuels would be economically useful since it will prevent hospital emergencies and
thousands of hospital admissions, loss of working days, reduction of agricultural crop, and damage
to commercial forest (UNEPA, 2017).

The reduction of sulphur content is anticipated to give room for the use of innovative emissions
control methods that will significantly reduce PM emissions from diesel engines. The
transformation started in the European Union and is now taking effect in North America. The need
for greener fuels has made new emission standards to be implemented for automobiles in the
United State of America since 2007 (Omidvarborna et al., 2014). Nevertheless, there remain

numerous reasons for reducing the sulfur content in transportation fuel. The substances emitted
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from by-products of combustion have also been connected to higher occurrences of bronchitis,
lung and heart diseases and trigger asthma symptoms (Cackette, 1999; Gauderman etal., 2000).
Therefore, in accordance with the international environmental law, sulfur compounds must be
efficiently removed from fuels prior to release into the atmosphere (Sayyadnejad et al., 2008;
Sekhavatjou et al., 2014).

It is also essential to remove sulfur content since it pollutes the advanced emission control systems
(UEPA, 2016). The advanced emissions control systems have been aimed at furthering the
reduction of PM and NOx. Conversely, as the quantity of sulfur used-up is reduced, they are
contaminated by the sulfur contents and become caked, resulting in poor performance until they
become ineffective and there will be a necessity for total replacement of the control system. This
makes the whole less economical causing several companies to choose less effective systems
owing to the foreseen effects of sulfur pollutants in exhaust gases (Sekhavatjou et al., 2014). The
allowable sulfur in diesel fuel was 50 ppm for highway vehicles since 2005, agreeing with the
Euro IV emission regulation (Shell global, 2016). Although, Sweden since 1990 has offered low
sulfur diesel, according to the Euro 1V regulation, of which low sulfur diesel had infiltrated almost
100% of the transportation fuel market in 2000. In addition, low aromatic diesel and zero sulfur
have been obtainable since 2003 for use in extremely contaminated and confined regions (Lloyd
and Cackette, 2001). In 2009, new Euro V standard was implemented for clean sulfur diesel (CSD)
with a limit of 10 ppm for both highway and non-highway vehicles. Euro VI was the next standard
implemented in 2013. This standard further restricts NOx and particulate matter missions, but is
not affecting sulfur content directly (Lloyd and Cackette, 2001).

The majority of the transportation fuel obtainable in the United States in 2006 attains <15 ppm
CSD limits. Non-highway automobiles such as marine, trains, and off-road vehicles have met the
requirement for <500 ppm clean transportation fuel limit before 2008 and they were mandatory to
attain the CSD requirement in 2012 (Barrett et al., 2012). Furthermore, in 2003, United States
Environmental Protection Agency (US EPA) proposed a reduction of sulfur content in non-road
diesel fuel from 3400 ppm to 500 ppm by the end of 2007, while the European Union enforced a
policy for reduction of sulfur content in transportation fuel from 50 ppm to 10 ppm by 2009 [Song,
2003; Marcelis, 2003; Bailey et al., 2004). Many countries such as, USA, Australia, New Zealand,
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Taiwan, Mexico, Singapore, Hong Kong, several Eastern and Central European countries, and
other Asian countries have adopted reduction in sulfur limits in transportation fuels according to
the enforced policies from individual country (Kilbane, 2006; Zietsman etal., 2007; Benerjee,
2011).

In May 2015, the International Council on Clean Transportation (ICCT) in a G20 briefing paper
reviews today’s world-class emission standards as shown in (Table 2.2). In addition, according to
EPA assessments, implementation of the new fuel standards for diesel, e.g. emission of soot or
particulate matter was reduced by 110,000 tons a year, while NOx emissions were decreased by
2.6 million tons per year (Kodjak, 2015).

Some countries in Africa are already offering 50 ppm at filling stations. In 2009, Morocco
launched 50 ppm diesel to fuel stations, likewise, several fuel stations stated offering 50 ppm by
2010 (AECC newsletter, 2016). Furthermore, in order to reduce environmental pollution in
Mauritius, 50 ppm diesel has been standardized across all of the filling stations since June 2012
(United Nation Environmenta Programme, 2012). Early in 2006, a report showed that the South
African Department of Minerals and Energy first legislated 50 ppm and since has been generally
available and an overview of 10 ppm diesel to all filling stations was expected in December 2015.
Sasol officially introduced 10 ppm diesel at few fuel stations in 2013. In 2017, South African
government launched South Africa’s Clean Fuels 2 standard, that will reduce the allowable sulphur

content to 10 ppm (Industry news, 2016).
2.3. Existing Technologies for Desulphurization and their Challenges

Desulphurization is the removal or reduction of SO level in distillates in order to meet the required
standard. Numerous methods have been employed toward achieving this aim.
Hydrodesulphurization (HDS) is one of the methods that are used to reduce the sulphur-containing
compounds in transportation fuels (Shafi and Hutchings, 2000). Currently, most industries make

use of HDS technique for sulphur removal from petroleum distillates.
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Table 2.2 Summary of today’s world-class emission standards (with permission from ICCT)

Policy Type World-Class Emission Standard

« Heavy-duty vehicles: Measures that promote real-world,
] market-based performance improvements tracked through
Green Freight ) o ) )
standardized and verifiable reporting mechanisms (e.g.,

SmartWay in the U.S. and Canada).

+ 10to 15 parts per million (ppm) sulphur for gasoline and
diesel fuel plus Euro 6/VI, US Tier 2/HD2010, or

equivalent fuel specifications

Clean, low-sulphur
fuel

»  Passenger vehicles: 95 g CO2/km, or measures to cut new

vehicle fuel consumption by half in 2030 from a 2005
Fuel economy and

baseline
COg. standards ) )
« Heavy-duty vehicles: Measures to cut new vehicle fuel
consumption by 35% by 2030 from a 2010 baseline.
« Passenger vehicles: Euro 6 or US Tier 2 *
Tailpipe emissions »  Heavy-duty vehicles: Euro VI or US HD2010 *
Standards * In-use compliance programs (inspection and maintenance,

OBD, warranty and recall, etc.)

* Other equivalent standards include Japan PNLTES. Note that we expect US Tier 3
standards and California LEV |1l standards are expected. This is to establish a new level
of world-class standards for passenger vehicles once they take effect in 2017 (Creative

Commons Attribution-ShareAlike 3.0 Unported License).

In the HDS technique, there is the generation of H>S gas, when a metal catalyst is used along with

hydrogen gas (H.) at elevated temperature and pressure in order to remove sulphur from organo-

sulfur compounds in transportation fuels (Bachmann et al., 2014). Although, this method reduces

the amount of sulphur in transportation fuels, however, there are numerous limitations that

discourage its application. These include extreme operation conditions, such as high temperature

and pressure (Bachmann et al., 2014)]. In addition, this method of desulphurization has difficulty
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in removing recalcitrant heterocyclic sulphur compounds, such as dibenzothiophene (DBT) and
its alkylated forms, such as 4-methyldibenzothiophene (4-DBT) and 4,6-
dimethyldibenzothyiophene (4,6-DBT) (Zhang et al., 2013; Abin-Fuentes et al., 2014; Zeelani and
Sundar, 2016; Startsev, 2017).

Currently, the strongest drive for the removal of sulphur in fuels is owing to the environmental
guidelines, which are stringently imposing restrictions for sulphur levels in petroleum distillates.
HDS technique is quite expensive because of the increase in the consumption of hydrogen gas,
costly cobalt molybdenum catalyst, and severe operating conditions. Furthermore, it is difficult to
lower the amount of sulphur in diesel to less than 15 ppm with HDS technique. Therefore, new
cost effective methods are sought throughout the world. Attention has been shifted to
biodesulfurization (BDS) as an alternative method or a complementary process of removing
Sulphur-containing compounds from fuels (Boniek et al., 2015; Zhang et al., 2012). However,
studies to improve the cost-effectiveness of the process are on-going. BDS technology is the future
focus of most researchers throughout the world today because it employs microbes as bio-catalysts
to remove sulphur-containing compounds that are recalcitrant to HDS. Although, BDS has shown
lower capital cost of desulphurization over the HDS process, however its low rate of conversion
coupled with difficulties encountered in monitoring the operating conditions of bacteria growth
and desulfurization efficiencies hinder its commercial utilization (Hosseini and Hamidi, 2014).
Better understanding of the fundamentals that are involved with the microbes and improvement in
biotechnological equipment are recently assisting in alleviating this challenge. This could pave a
way toward the realization of viable goals of BDS, hence its choice in this study. Chemical
structures of organic sulphur compounds existing in crude oil are also presented in Fig. 2.3.

Different existing desulfurization techniques and their shortcomings are discussed.
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Figure 2.3 Chemical structure of organic sulphur compounds present in crude oils (Adapted from
Hosseini et al., 2014).

2.3.1. Hydrodesulfurization (HDS)

Hydrodesulfurization (HDS) is a process that involves removal of sulfur compounds from the
refined petroleum products with the use of a catalytic chemical process. HDS is a conventional
way of reducing sulfur contents in fuel. This technology has been used since 1933, to reduce
organo-sulfur compounds to lower levels by the use of metal catalyst (Bose, 2015). Easy
availability of hydrogen from catalytic reformers initially stimulated the interest in HDS (Gary and
Handwerk, 1984). Usually, the HDS process involves the conversion of a number of organo-sulfur
compounds to H>S and sulfur-free organic compounds. This can be done through catalytic
treatment with hydrogen at elevated pressures, between 150 and 3000 psi, and elevated
temperatures, between 290 and 455 °C with the help of metal catalysts such as CoMo/Al>O3 or
NiMo/Al>Oz (Cattaneo et al., 2001; Hensen et al., 2003). This traditional HDS catalytic process
for reducing sulfur content involves severe operation conditions, which makes the process
expensive. In refineries, a modified version of the Claus process is used to convert the H.S

resulting from HDS process into elemental sulfur. (Shen et al., 2012). The shortcomings of HDS

36



process include: operation at elevated temperature and pressure, which eventually makes the
process expensive and energy intensive. Also, some of the gas may not be reused again, which
results into poor energy efficiency and the generation of environmental issues. The reactivity order
of sulfur compounds from most to least reactive in HDS is as follows: thiophene > alkylated
thiophene > BT > alkylated BT > DBT and MDBT > 4 or 6-MDBT > 4, 6-DMDBT (Gupta et al.,
2005). Conclusively, the shortcomings of the HDS process has disadvantaged its practice, hence
the reason for an alternative process. However, HDS still remains the artwork for desulfurization

in petroleum refining industries.

2.3.2. Oxidative desulfurization (ODS)

Oxidative desulphurization (ODS) involves the oxidation of the sulfur compounds to their
corresponding sulfoxides (1-oxide) and sulfones (1, 1-dioxide). This is contrary to the HDS
method where sulfur compounds are reduced to form H.S. ODS for the reduction of sulphur is
carried out at a reduced temperature (~50 °C) and pressure. This makes the process a promising
technology (Zhang et al., 2009). In ODS, appropriate oxidants are used to oxidize heavy sulfides
into thio sulfone forms by the addition of one or two oxygen atoms to the sulphur, without altering
the carbon—sulphur bonds, resulting in the sulfone and sulfoxide, respectively (Paniv et al. 2006).
There are differences in the polarities of sulfoxides and sulfones that are produced, and the
hydrocarbons of similar structure. Sulfoxides and sulfones are more polar than hydrocarbon. This
difference in polarity enables the removal of the sulfones by the selective solvent extraction of
solid adsorption. Many reagents have been employed as oxidizing agents. These include hydrogen
peroxide (Hirai et al., 1996), organic hydroperoxides (Kocal and Branvold, 2002), and molecular
oxygen. In order to accelerate the oxidation process, the use of catalyst has been introduced owing
to the slow process of oxidation of sulphur compounds that are encountered in the absence of a
catalyst. Various forms of catalysts have been investigated by different researchers (Cica et al.,
2006; Wan Abu Barka, 2012; Sundararaman, 2012). ODS provides many advantages when
compared to the traditional HDS method of desulphurization. It can be carried out using mild
operation conditions of temperature and pressure, and there is no need for expensive hydrogen.
Conversely, the technique involves huge amounts of oxidizing agent and involves the separation
procedure to recover the catalysts. In addition, the reaction suffers from low selectivity and

activity, and therefore an extended reaction time is required.
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2.3.3. Adsorptive desulfurization (ADS)

Adsorption is a process which involves separation where gas or liquid molecules are adsorbed on
the surface of an adsorbent. This process can be used for desulfurization of petroleum distillates
based on the selective ability of the adsorbent to adsorb the organo sulfur compounds. In adsorption
process, the solute penetrates into the porous structure of the adsorbent. Adsorptive
desulphurization can be divided into two, namely; Physical adsorptive desulfurization, which
involves the transfer of sulfur compound from the liquid phase to the surface of the adsorbent. In
reactive adsorption desulfurization, the organo sulfur compounds react with chemical species on
the surface of the adsorbent and the sulfur which usually is in form of sulphide is chemically bound
to the surface of the adsorbent, and the newly produced hydrocarbon compound is released into
the stream (Gawande et al., 2014). In adsorptive desulphurization technique, selectivity of
adsorbent is very important.

This technique uses adsorbing agents (S-Zorb as they are called) having an affinity to adsorb sulfur
containing compounds. S-Zorb sulfur reduction technique was created by ConocoPhillips to obtain
ultra-low sulphur fuel. ConocoPhillips started operation in 2001 to market S-Zorb department at
Borger refinery in Texas, USA due to a higher rate of production in thousands of barrels per day
(Cheng, 2016). The adsorption could be of destructive type or what also could be termed as reactive
adsorption, in which the adsorbed sulphur-containing compound is converted to a hydrocarbon
after the stripping of its sulphur, which is left adsorbed on the adsorbing agent. On the other hand,
adsorption could be of the non-destructive type (physical adsorption) i.e., one in which the
chemical quality of the adsorbed Sulphur-containing species is preserved. In both cases, the

adsorbing agent could be discarded or regenerated as convenient.

Reactive adsorption desulphurization involves the chemical reaction between the adsorbent and
the sulfur compounds. The effectiveness of the method is dependent on the adsorbent properties
which include: adsorption capacity, durability, selectivity for sulfur compounds, and adsorbent
regeneration. The adsorbent can be regenerated after the adsorption process by eliminating the
adsorbed sulfur compounds, subject to the method applied (Alavi and Hashemi, 2014). A study
was conducted by Velu et al., (2003) on adsorbents that can be regenerated to selectively remove

sulfur from fuel for fuel cell application. Authors stated that, desulfurization by adsorption could
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be a potential approach for many novel processes, such as IRVAD and Philips S-Zorb processes.
A novel S-Zorb process for obtaining ultralow sulphur in transportation fuel was developed by
Conoco Phillips Petroleum Co. in Houston, Texas, in the United State by reactive adsorption of
sulphur heterocyclic compounds using a solid adsorbent at high temperatures and low hydrogen
pressure (Gislason, 2002; Ma et al., 2005; Zhanga et al., 2012). Reactive adsorption desulfurization
utilizes the benefits of the adsorptive and HDS catalytic desulfurization, and therefore it is
considered as an effective technique for deep desulfurization (Ryzhikov et al., 2008; Srivastav and
Srivastava, 2009; Tawfik et al., 2015). Transition metals supported on basic oxides can form an
ideal adsorption system for this purpose (Zhang et al., 2009). Ni supported on ZnO is the most
suggested adsorbent for this process, because ZnO is identified as a sulfur-acceptor that is released
by sulfided Ni species for the period of regeneration, as well as hydrogenation co-catalyst of
organo-sulfur compounds on the surface of Ni particles (Kim et al., 2006; Bezverkhyy et al., 2008;
Gawande et al., 2014).

Physical adsorptive desulfurization is the process whereby a solid adsorbent is used to remove a
sulfur-containing compound from fuel through physical reaction (Alavi et al., 2014). In this
method, molecules are adsorbed intact; therefore, the chemical characteristics of the sulfur-
containing compounds in gasoline and diesel are preserved (Gawande and Jayant, 2014). Activated
carbon and Ni-Al>Oz have been investigated to be good adsorbents for removal of hiophene,
sulfide, and mercaptans, at moderate conditions of operation (Babich and Moulijn, 2003). In this
technique of desulphurization, the adsorption strength for various thiophene compounds is in
descending order: 4, 6-DMDBT > DBT > BT > 2-methyl thiophene> thiophene, which is the
opposite for the HDS method. This is mainly because of the low sulfur uptake ability of the
adsorbent material when the percentage of sulfur content in the oil fractions of interest is put into
consideration. Another major setback of this adsorption method is the presence of competitive
adsorption of aromatics and olefins, which results in a decrease in the sulfur uptake by the
adsorbent (Yang et al., 2003; Moosavi et al., 2012; Liu et al., 2016). Therefore, studies have
suggested the use of pre-adsorption treatment for removing larger organo-sulfur molecules. This
will enhance the uptake capacity of the adsorbent used. Two major challenges must be overcome
in adsorption desulfurization. Firstly, good adsorbents must be developed with a high adsorption

capacity for sulfur compounds. Secondly, adsorbents that selectively adsorb mainly aromatic
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sulfur compounds that are recalcitrant to HDS method must be developed over the other aromatic
and olefinic compounds that are present in fuels from HDS units. Different adsorbents have been
developed over the years for desulfurization of petroleum distillate. It is discussed in detail in the

next section.
2.3.4 Adsorbent for desulfurization

Adsorbent materials are porous solids which bind liquid or gaseous molecules to their surface.
They are mostly micro porous with high specific surface area (200-2000 m?/g). Examples of
adsorbent material include, Activated carbon, clay, silica gel, alumina, zeolite molecular sieves,
carbon molecular sieves, carbon nanotubes, impregnated carbons, polymers, clays, and resins,
(Alavi, 2004). The accessibility of adsorbate molecules to the internal adsorption surface is
dependent on the size of the microspores. Therefore, the pore size distribution of microspores is a
vital property for characterizing adsorptivity of adsorbents (Alavi et al., 2014).

The effectiveness of adsorption technique depends on the adsorbent properties, which includes:
selectivity for sulfur compounds, adsorption capacity, regeneration of spent adsorbent and
durability (Babich and Moulijn, 2003). In addition, adsorption of an adsorbate from a liquid
solution to the surface of the adsorbent is dependent on; the molecular weight of solute, size, shape
of the solute, shape of the adsorption site of the adsorbent, the electrostatic charge on the surface
of solute molecule and matrix and the polarity of the adsorbate molecule (Alavi and Hashemi,
2013). Different adsorbents such as activated carbon, carbon nanotubes, pomegranate leave
powder and neem leaf powder have been evaluated for desulfurization of sulfur-containing

compound (DBT) from petroleum distillates in this study. They are therefore discussed as follow;

Activated carbon (AC) is made from various materials such as; bituminous coal, wood, lignite coal
and coconut shell. Two major ways are common for the production of activated carbon. Firstly,
they can be produced by placing the materials in a tank in the absence of oxygen and subjecting it
to an extreme temperature between 600-900 °C (Colomba, 2015). This method produces a high
purity and quality activated carbon. The carbon can then be treated with different chemicals,
usually argon and nitrogen, and once more put in a tank and superheated to heating for 600-1200
°C. Afterwards, the carbon is placed in a tank and steam and oxygen is allowed to pass through it.
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This creates holes or pore structure and usable increased surface area. The highly porous surface
area of AC attracts and holds organic chemical on it (Shan, 2016). Organic chemicals are attracted
to carbon the best. The undesirable substance adheres to the surface area of the adsorbent particles,
while only few inorganic chemicals will be separated by adsorbent. The factors that affect the
efficiency of adsorbent are; solubility in water, polarity, molecular weight, polarity, concentration

of the adsorbate in the solution and temperature of the fluid stream.

Adsorption with AC appears to be the best prospect for removal of DBT molecules from petroleum
distillates due to its excellent surface area and improved micro structures (Eddebbagh et al., 2016).
However, regardless of its good efficiency, this adsorbent is costly with difficult regenerability
after use. In addition, its procedure and application come with high expense (Ahmed and
Ahmaruzzaman, 2015). Therefore, many researchers recently have focused on the application of
different adsorbents as alternatives to activated carbon. CNTs have been discovered by researcher

to be a good adsorbent, due to its large surface area and high porous structure.

CNTs can be termed as a hollow cylinder formed by rolling graphite sheets. Nanotubes bonding
are basically sp?>. CNTs are mechanically stronger, electrically and thermally more conductive and
chemically and biologically more reactive than graphite (Meyyappan, 2005). It was discovered in
1991 by ljinma (ljinma, 1991). Since then, CNTs have attracted attention of researchers mostly in
the areas of science and engineering owing to their exceptional physical and chemical properties.
The combnation of CNTs excellent properties such as, electrical, mechanical and thermal have
made them to be ideal for wide range of applications, e.g as adsorbent (Baughman et al., 2002;
Cao et al., 2004).

Currently, carbon nanofibres (CNFs) have been synthesized from vapour phase with diameters of
100 nm and lengths ranging from 20 and 100 um. They have large surface area due to their small
dimension in diameter and length, allowing excellent interaction between them and the adsrbate
molecules. They also tend to have impressive mechanical properties with Young‘s modulus in the
range 100-1000 GPa and strengths between 2.5 and 3.5 GPa (Tibbetts and Beets, 1987).
Nanotubes can have diameters ranging from 1 to 100 nm and lengths of up to millimetres (Hata et
al., 2004). The weakest types of CNTs have strengths of several GPa (Xie et al., 2000). CNTs have
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been regarded as materials and most naturally related to the other obstinate carbon allotropes
graphite and diamond (Ebbesen, 1998).

CNTs can be dvided into three types; single walled nanotubes (SWNT) (Bethune et al., 1993;
lijima and Ichihashi, 1993), consisting of a single sheet of graphene rolled flawlessly into a
cylinder having 1 nm diameter and length of 1 cm. Double walled CNTSs consist of two sheets of
graphene rolled into a cylinder. Another type of CNTs is multi-walled nanotubes (MWNT). These
consist of arrangement of cylinders concentrically formed and separated by 0.35 nm similar to the
basal plane separation in graphite (lijima, 1991). MWNTSs can have diameters from 2 to 100 nm
and lengths of tens of microns. Carbon nanotubes can either be a metal or a semi-conductor. They
vary symmetrically and can differ in function owing to the way they are rolled up. CNTs are said
to be stronger than stell per unit weight, even though, they are thinner 50,000 times than human
hair (Ganesh, 2013). CNTs have been discovered to be promising adsorbent of organic compounds
owing to their large surface area and porous structure. However, the adsorptive performance of
carbon naotubes can be improved, if functional group is attached to the surface of the adsorbent.

This can be achieved through chemical functionalization.

Functionalization of CNTs is a technique for surface modification of the available adsorption site
of the adsorbent. Different techniques of functionalization of CNTs and the reaction mechanism
between CNT and functional groups have been reported in literature (Hirsch and Vostrowsky,
2005; Tasis et al., 2006). Functionalization of CNTs can be classifed into physical and chemical
functionalization depending on interaction between the acytive molecule and the carbon atoms on
the CNTs. Functionalization of CNTSs using covalent and non-covalent techniques can offer useful
functional groups onto the CNT surface (Hirsch, 2002). However, these methods have two main
shortcomings which damage the structure by creating defect on the CNTs sidewalls (Ma et al.,
2010). Chemical functionalization has been employed by many researchers to modify the surface
of carbon nanotubes. There are quite a lot of broad review papers that describe the interaction
between the functionalized CNTs and the reaction path-way (Hirsch, 2002 and Hirsch, 2005).
These can be achieved at the ends of the tubes or the sidewalls of the CNTs (Ma et al., 2010).
Indirect covalent functionalization takes advantage of chemical alterations of carboxylic groups at
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the open ends and holes in the sidewalls. The carboxylic groups may be attached during

purification by oxidation and it might have existed on the as-grown CNTSs.

Carbon nanotubes also come with its short comings such as high cost of production. This motivates
the alternative use of low-cost, readily available and environmentally friendly agro-waste
adsorbent, such as neem leaf powder (NLP) and pomegranate leaf powder (PLP) for the
desulfurization of petroleum distillate, especially diesel in this study. Low cost adsorbents and

agro-waste adsorbents were considered in this study.
2.3.5 Agrowaste adsorbents for desulfurization

It is estimated that about 998 million tonnes of agricultural waste is produced yearly (Agamuthu,
2009). Therefore, the use of agricultural waste materials for the treatment of sulfur-containing
petroleum distillates serves as a proof of concept in the development and application of green
materials in sustainable, innovative and effective waste management for the abatement of
environmental pollution. Agricultural waste materials are presently gaining attention as potential
adsorbents for removal of various contaminants from wastewaters and fuels due to their
availability and low cost (Ahmaruzzaman and Gupta, 2011). Low-cost agricultural waste by-
products such as palm kernel shell (Isam et al., 2013), neem leaf (Daware and Kulkami, 2015),
and almond shell (Deniz, 2013) have been investigated by many researchers as adsorbents for
removal of sulfur-containing compounds from petroleum distillates. However, further
investigations are needed on the adsorption performance of neem leaf powder for desulfurization
of DBT compound in petroleum distillates. Pomegranate peels have been utilized as adsorbent for
the treatment of heavy metals in water (Bhattacharjee and Patel, 2017). However, PLP as
adsorbent for the removal of DBT from model diesel and petroleum distillates have not been
reported until now. The leaves of pomegranate and neem are abundantly available locally. They
are waste materials from which useful adsorbent materials can be developed for industrial
application. From this point of view, PLP and NLP, which are agro-based wastes product, could
be important materials for utilization in desulfurization of transportation fuels because they are
cheap, readily available and will reduce environmental waste. Hence, this study investigated the
adsorption performance of PLP and NLP as green-based adsorbents for removal of DBT from

petroleum distillates.
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Neem leaves are regarded as waste when the tree sheds the leaves. Neem leaves powder has been
explored to proffer solution to various challenges related to environmental pollution, health wisely
and in agriculture (Sharma et al., 2009). Reports have shown that neem leaves powder has a wider
range of useful product compared to other plants (Panhare and Dawande, 2013). Therefore, it can
be used as an alternative low-cost adsorbent. Neem leaves powder has been used as an adsorbent
in the removal of pollutants and colour from water and industrial effluents. Chromiun (V1) ion was
adsorbed on NLP in an experiment conducted by Sharma and Bhattacharyya (2004). In addition,
Sharma and Bhattacharyya, (2005) conducted an experiment using neem leaves powder as
adsorbent to remove Cadmium (Cd) ion from aqueous medium. Jinturkar and Sadgir (2017) used
neem leaf powder as adsorbent for removal of iron from aqueous solution. Activated neem powder
prepared using phosphoric acid was used for removal of phenol, 4-nitro phenol, and 4-
chlorophenol from aqueous solution by Ahmaruzzaman and Gayatri (Ahmaruzzaman and Gayatri,
2011). Padhare et al. (2013) synthesized an activated neem leave adsorbent using ortho-H3zPOj as
an activating agent and only BET analysis was done on it. In addition, neem leaves powder was
used for desulfurization of real diesel by Daware et al. (2015). However, there is a need for
additional investigation on the mechanism and kinetics of adsorption desulfurization of DBT
molecules which account for about 70 % of the sulfur organic compounds in diesel. Hence, this
study investigated the adsorption performance of NLP as green-based adsorbent for removal of

DBT from petroleum distillates.

The adsorption process generally depends on the following factors:

Contact time: The adsorption process can be fast or slow depending on the type of adsorption. In
physical adsorption the time taken for adsorption to take place is slower than chemical adsorption
because chemical adsorption requires high energy for operation. After the contact of sorbent with
adsorbate, which is organosulphur compound adsorption, the adsorption of the adsorbate takes a
very short time. Therefore, time is an important factor in adsorption in order for the adsorbate to
have contact with the active site of the adsorbent (Saad, 2008).

Adsorbent particle size: As the adsorbent particle size increases, the surface area decreases and so

adsorption capacity decreases. Likewise, adsorption capacity increases with decrease in particle

size which results in larger surface area (Gao et al., 2009). Therefore, it can be said that adsorbent
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particle size is inversely proportional to the adsorption capacity. Conversely, the adsorption
capacity is directly proportional to surface area (Gao et al., 2009). Therefore, the surface area of
adsorbents has immense importance for the adsorption process owing to the physicochemical
properties (Long et al., 2009).

pH: Adsorbates have their own chemical characteristics. Therefore, the pH varies due to effect on

each adsorbate in adsorption process.

Adsorbent dose: Adsorbed molecules increase as the adsorbent dose increase in the adsorption

process. This means adsorbent dose is directly proportional to the adsorbate ions in the process.
However, there is a reverse association among the value of adsorbed and the adsorbent dose (Veli
and Alyuz, 2007; Saad, 2008).

There are two adsorption operation modes used in adsorption process; Batch operation mode and
continuous operation mode (Seader and Heley, 1998). Batch mode operation involves an amount
of adsorbent being mixed constantly with a definite volume of adsorbate till the solute of interest
in the solution has been reduced to a chosen level. The adsorbent can then be removed by either
discarding or regenerating for re-use with another volume of solution. Batch methods of adsorption
are usually restricted to the treatment of small volume of effluents (Seader and Heley, 1998).
However, in column or continuous mode type, there is a continuous contact of adsorbent with a
fresh solution. At the end, the concentration in the solution in contact with a given layer of
adsorbent in a column is relatively constant. There are two types of continuous mode adsorption
systems, namely; packed-bed adsorption system and fluidized bed adsorption system (Seader and
Heley, 1998). Several studies have reported the study batch and continuous mode adsorption

processes of fuel desulphurization.
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Figure 2. 4 (a) Batch mode operation (b) Continuous mode operation

Neran and Samar (2008) investigated desulfurization and kinetic study of diesel by batch
adsorption on AC. The authors reported highest desulfurization efficiency of 57 % at best
conditions of 50 °C, 0.8 mm AC particle size and 100 rpm. On the other study, Daware et al (2016)
studied desulfurization of diesel using neen leaves on batch experiments. The authors concluded
that with increase in time and temperature, concentration of sulphur removal also increases and

maximum removal of sulphur is 65 % at 200 °C

Muzic el al (2009) used continuous fixed bed column for removal of organic sulfur compounds
from diesel fuel by activated carbon. Authors reported that sulfur content of less than 0.7 mg/kg

was attained for the lowest flow rate of 1 mL/min and highest bed height of 28.4 cm at 50 °C.

Artuo et al. (2012) studied desulphurization of a commercial diesel fuel by different adsorption in
a fixed bed absorber at ambient temp and pressure. Investigators reported that the best adsorbent
AC/Cu (1) -Y is capable of producing 30 cm? of diesel fuel per gram of adsorbent with a weighted

average content of 0.15 ppm. It was recorded however from the studies that column type, the
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continuous flow operation appears to have distinctive benefits over batch mode due to the fact that,

rate of adsorption depends on the concentration of the adsorbate in the solution

Shakirullah et al., (2012) performed adsorptive desulfurization on three different types of
petroleum distillates namely crude oil, kerosene and diesel oil using different clays obtained from
indigenous sources, including Vermiculite, Kaolinite, Palygorskite and Montmorollinte. A batch
experiment was performed at 40°C at different time intervals of 1, 3, and 6 h. The result showed
that Kaoinite displayed the highest desulfurization capability of 60 %, 76 % and 64 % in crude oil,
kerosene, and diesel respectively. The adsorbents were characterized using, scannind electron
microscope (SEM), electron dispersion x-ray (EDX) and Fourier transmission infra-red (FTIR).
The FTIR analysis of the desulfurized fractions showed that thioles and thiophenic compounds

with high molecular weight were completely removed during adsorption process

Ahmed and Ahmaruzzaman (2015) reported the usage of chemically impregnated coconut coir
waste (CICCW) as a cheap adsorbent for treatment of diesel oil. The investigation was carried out
at different temperatures and the adsorption of sulphur on the adsorbent was reported to be

optimum at 20 °C, highest amount of 1 g/20 mL, and equilibrium was reached within 3 h.

Daware et al. (2015) studied adsorption desulphurization of diesel using neem leaves powder. The
authors reported over 65% reduction in the amount of sulphur. This was achieved at optima
conditions of time, 3.5 h, 2 g neem leave in 10 ml of diesel at temperature of 20 °C. According to
kinetic studies experimental data were shown to be fitted to pseudo second-order isotherm. Kinetic
equilibrium of Langmuir and Freundlich isotherms can also be studied for this experimentation.

Nazal et al. (2015) investigated the adsorption capacities of three different carbonaceous
adsorbents namely CNT, AC and GO loaded with Al (5 % and 10.9 %) in the form of Al.O3 for
the removal of DBT from n-hexane as a model diesel fuel. Activated carbon with 5% Al loading
showed the highest adsorption capacity of 85 mg/g for DBT. The authors carried out selectivity
study of DBT relative to thiophene and DBT relative to naphthalene was using AC with 5 % Al
loading (ACALS5) and CNT with 5 % Al loading (CNTALD5). The result showed that selectivity
factor for DBT/Thiophene and DBT/Naphthalene by ACAL5 and CNTALS were 255, 25, 127 and
7, respectively. The authors reported that modification of the CNT, AC and GO with Al2Os
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enhanced the surface chemistry of adsorbents and consecutively improve their adsorption
capabilities and selectivity for DBT from model diesel. This could be as a result of additional
acidic sited introduced to the carbon surface rather than increase in pore volume or surface area.
In conclusion, it was reported that the adsorbents could be reused for at least 5 times without losing

its adsorption capacity.

Adsorptive desulfurization of diesel was studied by Al-Zubaidi et al. (2013) using seven different
adsorbents namely; saw dust powder, Bentonite, date palm kernel powder, acid activated
bentonite, acid activated date palm kernel powder, granules activated carbon and commercial
powder. The study was conducted in batches at room temperature and contact time of 2 h with
sorbents doses ranging from 0-5% by mass. Results showed that the commercial activated carbon
and acid activated bentonite possessed the highest sulfur removal capacity. The sulfur content was
reduced from 410.9 ug/g to 245.9 ug/g (40.10%) using 5% by mass commercial activated carbon
and 278 ug/g (32.3%) using acid activated bentonite. In addition, authors stated that data followed

Langmuir and Frendlich adsorption isotherms.

Blanc, et.al. (2010) studied the removal of refractory organic sulphur compounds in diesel using
metal organic framework (MOF) compounds as adsorbents. Authors recommended improvement
of adsorption capacity and regeneration of adsorbent by developing new porous substrate for

desulfurization of a wider series of sulfur

Al-Zubaidy et al. (2013) explored the removal of organo-sulfur compounds from diesel with initial
concentration of 410 ppm. A batch experiment was carried out using commercial activated carbon
and carbonized palm kernel powder at ambient temperature. The results showed that there was
over 54 % reduction in sulphur content with activated carbon, while carbonized palm kernel
powder showed a lower desulphurization capability. Increasing the amount of adsorbent from 5 %
to 10 % further reduced the sulphur contents in the diesel oil to 184.6 ppm. The authors concluded
that this improved reduction will absolutely increase the emission quality and eradicate the

detrimental outcome of the combustion process of diesel fuel to the environment.

In a batch reactor, activated carbon synthesized from black liquor was investigated by Patil et al.
(2011). Results showed that stirring enhanced adsorption equilibrium to be reached within 1 h and
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intra-particle diffusion resistance was overcome. AC showed high adsorption performance. In
order to understand the adsorption nature, thermodynamics parameters such as AG, AH and AS
were estimated and the author reported that experimental data obtained complied with Langmuir
adsorption isotherm model.

Muzic et al. (2010) studied the removal of sulfur from diesel by adsorption on a 13X type zeolite
and commercial activated carbon (CAC) in a batch reactor. Results showed that, CAC had higher
adsorption capacity compared to Zeolite. Kinetic study on the experimental data of the adsorption
technique was achieved by applying intraparticle diffusion models, Lagergren’s pseudo first-order
and pseudo second-order to determine the sulfur adsorption Kinetics. The experimental data was

perfectly described by Langmuir and Freundlich isotherms.

Alzubaidi et al. (2015) studied the adsorption desulfurization of diesel using granular activated
carbon (GAC) at room temperature. The result showed good sulphur removal efficiency of 20.94
% which caused enhancement in all physical properties of the diesel and in particular the ignition
quality. The diesel index, as well as the cetane number was improved in the process. The isotherm

study of the desulphurization process was described by Langmuir isotherm.

Rosas et al. (2010) investigated the adsorption capabilities of four different commercial activated
carbons (CAA, CAB, CAC, and CAD) using diesel oil as the feed stock containing the
organosulphur with low sulfur content (72 ppmw). The experiment was carried out in batches at
30 °C, atmospheric pressure and 5-200 g-A/L-D, with magnetic stirring over 18 h. The result
showered that the sulphur contents were reduced to 15 ppm. The author reported that, the
adsorption isotherms were described by the Freundlich, Langmuir, Sips and Brunauer-Emmett-
Teller (BET) models. The experimental and calculated adsorption isotherms data were of close

values. However, the Sips and BET models gave the best correlation for the experiment.

Patil (2012) investigated unsteady state adsorption column using fixed-bed adsorber for the
desulfurization of hydrocarbon liquid fuel. The authors used activated carbon as adsorbent in a
continuous flow adsorption packed column. Parameters like feed flow rate, feed solution
concentration, and adsorbent bed height on rate of adsorption were investigated. Result showed
that, at all studied concentration, the adsorption zone height increased, as the feed flow rate
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decrease. In addition, it was reported that increasing the flow rate of the feed solute increased the

amount of adsorbate adsorbed, demonstrating an unstready state adsorption process.

Fallah and Azizian (2012) investigated the removal capacity of sulfur of BT, DBT and DMDBT
in heptane using activated carbon cloths ACC-HNO3z adsorbent. About 150 ppmw for each
compound BT, DBT and DMDBT was dissolved in heptane for the preparion of the model oil.
The experiment was carried out in batches where amount of adsorbent was varied from 0.02-0.05
g, at 30 °C. The researchers reported the removal percentage of total sulfur as a function of time
that ACC-HNOs3 shows higher adsorption capacity than ACC for removal of total sulfur. Result
also showed that as the mass of adsorbent increases from 0.02 to 0.05 g, the removal efficiency
increased by 20 % for both ACC and ACC-HNO:s. In conclusion, it was reported that the maximum
time for both adsorbents to reach optimum was 40 mins

Muzik et al. (2012) examined the desulphurizing capacities of different types of commercial
adsorbents (activated carbon, 13X and Y zeolite, aluminum oxide) on model fuel comprising
cyclo-hexane, n-heptane, n-octane and dibenzothiophene with concentration ranging from 0.48 to
42.91 mg/g. The experiment was carried out in a batch mode at 24.5 + 0.7 °C. The authors reported
that, Y-Zeolite had the highest adsorptive performance. The kinetic and equilibrium data analysis

of the adsorption process showed that Ritchie and Sips models respectively were fitted in perfectly

In the packed-bed adsorption column, the solution can be fed in the packed-bed column by either
down flow and up flow. However, the down flow is commonly used, when there is need for
regeneration of the spent adsorbent in the column (Seader and Heley, 1998). For continuous feed
flow, the mass transfer zone moves to the end of the bed column. The concentration of the solute
in the bed increases while the efluent solute concentration eventually decreases (Seader and Heley,
1998). Based on the above point, the concept of breakthrough curve and breakthrough points come
in use in designing the packed bed adsorption column (Seader and Heley, 1998). In the case of a
downward flow fixed bed adsorber, the influent flows from the top of the adsorption column and
usually in contact with the fresh adsorbent. Adsorption zone is the region where most of the
adsorbate is removed (Senyangane, 2016). The upper layer of the fresh adsorbent becomes
saturatedwith solute, as the fluid enters the column, and the adsorption zones moves towards the

end of the column (Simate and Ndlovu, 2015). It will reach the point where the lower part of the
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adsorption zone gets to the bottom of the column and the effluent solute concentration starts to rise
rapidly. This point is called break point. It is said to be the point where the solute in the fluid cannot
be adsorbed by the bulk of the bed (Simate and Ndlovu, 2015). The breakthrough curve is a plot
of the adsorbate concentration at the column outlet (C:/ C,) verse time (t). Column exhaustion time
is the time at which the column exist concentration of adsorbate equals the influent adsorbate
concentration (Senyangane, 2016). Fig. 2.7 is an idealized breakthrough curve expressed in terms
of the mass concentration of the solute free in effluent, C and the total mass quantity of solute
which has passed a unit cross sectional area of the absorber.

In adsorption process, a breakthrough curve is estimated in order to design an efficient column.
Among many factors upon which the shape of a breakthrough curve is dependent on the individual
transport processes of the adsorbent (Ahmed et al., 2010). It is a challenge to develop a
mathematical model for breakthrough curve due to the complex flow and mass transfer all through
the breakthrough process. Experimental equations, such as Dose-response model (Yan and
Viraraghavan, 2001), and Yoon and Nelson model (Park et al., 2010) have been broadly used to
describe column adsorption process. These equations can neither be reasonably extrapolated nor
be deduced from batch studies. Alternatively, breakthrough models derived from basic mass
transfer equations combined with adsorption isotherms can be established (Hatzikioseyian et al.,
2001). This is based on the basic assumptions of fast local equilibrium and uniformly packed
absorbents. Characteristic examples of such models are; overall rate model and its several basic
types such as, lumped pore diffusion model, advection—dispersion—reaction equation, and
transport—dispersive model. In these types of models description of mass transfer process depends
on the intra-structure and morphology of the adsorbent. Adsorption isotherm can be easily obtained
from breakthrough curve by inverse method, once mass transfer equations conforming to the

control steps of mass transfer in the column are correctly given.
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Figure 2.5. Representation of ideal breakthrough curve (Adapted from Calero, 2000)

Where t (min) is the time, ts (min) is the saturation time, t; (min) is the breakthrough time, tso (min)
is the time required to obtain 50 % breakthrough, Ci (mg/L) is the feed concentration, C (mg/L) is
the effluent concentration, C; (mg/L) is the influent concentration at breakthrough point, Cs (mg/L)
is the solute concentration at saturation point, Cso (mg/L) is the solute concentration at 50 %

recovery
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2.4 Adsorption isotherm and kinetic models
2.4.1. Continuous mode

Langmuir model assumes monolayer coverage and constant binding energy between surface and
adsorbate. The model is based on the assumption that maximum adsorption corresponds to a
saturated monolayer (chemical adsorption) of solute molecules on the simulation of the adsorptive
desulphurization of diesel fuel adsorbent surface, with no lateral interaction between the adsorbed
molecules (Vijayaraghavan et al, 2006; Foo and Hameed, 2010). It refers to homogeneous
adsorption and assumes all sites possess equal affinity for the adsorbate and the adsorption heat
does not vary with the coverage. Adsorption is assumed to take place when a free adsorbate
molecule collides with an unoccupied adsorption site and each adsorbed molecule has the same

percentage to desorption (Langmuir, 1916).

The Langmuir isotherm has been found to fit well with most liquid/solid adsorption processes and
specifically diesel desulphurization processes (Muzic et al, 2010b). Due to its simplicity and ability
to well-fit most performances, the Langmuir isotherm has become one of the most popular models

in adsorption studies (Xu et al, 2013).

The Langmuir model expression is given as;

4= et (2.1)

T 14KC,

Where, Qa is the maximum adsorption capacity g/mg, Ce is the concentration at equilibrium in

mg/L, K is the Langmuir constant in L/mg

The kinetic performance of an adsorbent is of great value in the design of adsorption processes.
The kinetic analysis provides the rate of solute uptake that determines the resident time needed to
complete of adsorption process. Basically, adsorption Kinetics is the core in determining the

efficiency and performance of the fixed bed or any other flow-through system adsorption (Muzic
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et al. 2016). Adsorption kinetics may be governed by various independent phenomena, either in
parallel or series. These can be categorized into; chemical reaction, external mass transfer, bulk

diffusion, and intra-particle diffusion (Senyangane, 2016)

Adsorption reaction models assume the rate of surface reaction to be the rate-limiting step.
Specifically, for the adsorption of organic sulphur compounds, various articles have reported the
use and application of adsorption reaction models (Muzic et al. 2016). Common models usually

used by researcher are; Bohart-Adams, Thomas, Yoon-Nelson models and so on.

The Bohart-Adams model is based on the surface reaction theory and the model is based on the
assumption that equilibrium is not reached promptly and the rate of adsorption is relative to the
adsorption capacity of the adsorbent (Bohart and Adams, 1920). The Bohart-Adams model was fit
to assess breakthrough behaviour in this study because its underlying assumption fit into the
required assumptions considered in this study. It establishes the basic equation describing the
relationship between C/C, and time (t) in a continuous system. The model can then be used to
describe the breakthrough curve in which the model parameters for instance, the maximum

capacity of adsorption gs and the adsorption coefficient K can be obtained.

The expression in Equation 2.2 is mass balance equation for the Bohart-Adams model and it it

given as:
a_c vac (1-€)aq _
T 5, T =0 (2.2)

The Quasi-chemical law is used to describe the kinetics of adsorption and it is given in Equation
2.3;

%~ KC(qe - q) (2.3)

at
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Where C in g/L is the concentration of adsorbate in the adsorbate solution, t is time in min, v is the
superficial velocity of the sorbate solution, x is the distance from the column inlet, € is the bed
porosity whiuch is dimensioness, ge is the concentration at equilibrium and q is the adsorbate

concentration in the adsorbent in mg adsorbate/g adsorbent.
Some assumptions are made for Bohart-Adam’s model, which are:

(i) Rectangle or step isotherm is assumed for the model and adsorption bed is homogenous
(ii) Gradients occur only in the axial direction and they are negligible

(iii) At time t=0, the bed is free of adsorbate (DBT)

(iv) The model assumes that equilibrium is not instantaneous

(v) Irreversible adsorption isotherm

The differential mass balance as proposed by Cooney, 1999 yields the expression in Equation 2.4,

if a negligible axial dispersion as is assumed

c eT
c__°e 2.4
Co eT+ei+1 24)
zZ
However, T = Ky Co (t — ) (2.5)
_ KapNoZ (1-€
&= v ( € ) (2'6)

K and No in can be can be obtained by fitting Equation 2.4 to a breakthrough data, T is the

dimensionless time and ¢ is a dimensionless distance. Solving Equation 2.4 mathematically gives,
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Co_el et 1 (2.7)

— in Equation 2.4 can be neglected with time
v

n () = =8 () = KanCot @®)

Subsequently, the bed is assumed to be homogenous, then the equation then becomes

In(Z2) = Xl _ Ko, Gyt (2.9)

The linearized form of Equation 2.2 yields Equation 2.10 which is the Bohart-Adam’s model

derived from mass balance Equations.

C v

In (C—) = KalNoZ _ ¢ (2.10)

A plot of In (%) against time gives a linear graph from which the model parameters, maximum

adsorption capacity, No and the adsorption coefficient, K can be obtained from the intercept and

slope of the graph, respectively.
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Thomas model is reported in literature as the frequently used kinetic model to evaluate the
maximum adsorption capacity of the column in continuous mode in desulphurization of diesel
model fuel (Muzic et al. 2010). The Thomas model is among the most commonly used methods in
describing the performance of a fixed bed column. Thomas model was adapted in this study to
investigate the breakthrough behaviour of novel adsorbents during desulfurization of DBT from
South African petroleum distillate. The model described the breakthrough time and equilibrium

concentration of DBT for the adsorption process in this study.

Thomas model assumptions are as follow;

(i) The radial and axial dispersion in the fixed bed column are negligible.

(i) The column void fraction is constant.

(iii) The adsorption is described by a pseudo second-order reaction rate principle. This
reduces to a Langmuir isotherm at equilibrium

(iv)Constant physical properties of the solid-phase and the fluid-phase;

(v) Isobaric and isothermal process conditions

(vi)During the mass transfer processes, the intra particle diffusion and external

resistance are negligible.

Thomas model equation is given as;

Co _ 1
€ 1+eV(@oX-CoD

The linearized form of Thomas model can be expressed as follow:

In(—1) = 2% Ky Gyt (2.12)

4
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Where Krh is the Thomas rate constant in mL/min.mg, o is the adsorption capacity, w is the

amount of the adsorbent in g, Q is the feed flow rate in mL/min, C, is the initial sorbate
concentration in mg/L and C is the outlet solution concentration, in mg/L. A plot of ln(% -1)
against time gives a linear graph. The go and Krh can be obtained from the intercept and slope of

the graph using a linear regression analysis. This model is commonly employed to describe the

performance of a bed column.

The value maximum column capacity, qwotar (Mg) for a given solute concentration and flow rate is
equal to the area under the plot of the adsorbed sorbate concentration, Cr (Cr=Co-Ct) (Mmg/l) vs t

(min). This can be obtained by the expression in Equation (2.13):

Q t=ttota
Qrotal = Tyoo Jreo - Cr dt (2.13)

Where t total is the total time in min, Q is the flow rate in mL/min, Cr is the solute concentration
in mg/L. The total amount of DBT (in mg) sent into the column, Mwta Can be calculated by the
expression in Equation (2.14):

C;Qt
Mrotar = =0 (2.14)

The percentage solute removal (% R) can be be calculated by the ratio of mass adsorbent (Qtotar) t0

the total amountof solute sent into the column (Mtal) @s shown in Equation (2.15):
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% R = Lotal 5 100 (2.15)

total

The mass of solute adsorbed at equilibrium (ge) in mg/g or adsorption capacity and equilibrium
DBT concentration, Ce can be obtained using the following expressions in Equation (2.16) and

(2.17), respectively.

o = dot (2.16)
C. = Mtotal —Qtotal x 100 (2 17)
L, = .
Verf

Where m is the mass of the adsorbent in g.

2.4.2. Batch mode

The adsorption process is commonly investigated through a graph called adsorption isotherm.
Adsorption isotherm is the graph of equilibrium relation between the amount of absorbed material
on the surface of the adsorbent and the concentration or pressure in the bulk fluid phase at constant
temperature. (Alavi and Hashemi, 2013). Various isotherms of adsorption have been studied, such

as; Langmuir, Freundlich isotherms and BET theory.

Adsorption Isotherm which explained the variation of adsorption with pressure was proposed by
Irving Langmuir in 1916. Following the concept of his theory, Langmuir Equation was derived
which described the correlation between the number of binding sites of the adsorption surface and
pressure. The Langmuir isotherm assumption is based a monolayer adsorption on to an adsorbent
surface containing limited number of uniform adsorption sites, and it assumes no adsorbate
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movement on the surface. Conversely, the Freundlich isotherm assumption is based on
heterogeneous surface energies, whereby the Langmuir equation energy varies as a function of the
surface coverage (Zhao et al., 2008). Comparing the coefficient of determination (R?) can confirm
the suitability of the existing adsorption isotherms to describe observations during any isothermal
studies.

The linear form of the Langmuir’s isotherm can be given by the following equation:

C_ 1 4G (2.18)

de Ki1qm dm

Where Ce is the equilibrium concentration of solute in (mg/L), e and gm are the equilibrium and
maximum amounts adsorbed per unit mass of solute in (mg/mg), respectively, and K is the

Langmuir constant related to the adsorption rate. From the plot of %against Ce, if a straight line

with slope qi is obtained, indicating that, the adsorption of solute on the adsorbent follows the

Langmuir isotherm (Al-Zubaiby et al 2015).

The Freundlich model is given by Equation (2.19):

Log q.= Kf (C)™" (2.19)

And the linear form is given by:

Logq. = Log Ky + %Ce (2.20)
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Kr and Kj and are the Freundlich constants showing the adsorption capacity of the adsorbents and
the affinity between the adsorbent and solute, respectively. The plot of log ge versus log Ce gives

a straight line with slope ‘1/n’

Kinetics studies help in determining the time required for equilibrium to be attained during
adsorption process (Mittal et al., 2006). Kinetics studies also determine the rates of adsorption at
different experimental conditions. Resident time of the solute, dimensions of reactor and
adsorption rate prediction are important factors in the design of an adsorption system (Ho et al.,
2006). This allows to determine the effect of variables like sulphur concentration on the rates of
reaction. The rate of adsorption of solute which controls the resident time of sorbate uptake at the
solid-solution interface can be described by Kinetics studies. (Ho et al., 1999). In addition, the
mechanism and effectiveness of the adsorption process can be concluded from their Kinetic studies.
Hence, the kinetic data is used, so as to know the dynamics of adsorption process in terms of order

of rate constant.

The linear form of Lagergren pseudo-first-order kinetic model can be expressed

K
log(qe — q;) = logqe ——=t (2.21)

2.303

Where ge is the amount of solute adsorbed (mg/g) at equilibrium while gt denotes the mass of
solute adsorbed at any time, t (min). Ky is the pseudo-first-order equilibrium rate constant of
adsorption in min. A linear graph of log (ge-gr) versus t can be plotted where K; and ge will be
obtained.

Kinetic data can also be further obtained by typical pseudo second-order kinetic model and it can

be expressed by a linear equation (Lam et al., 2008):
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Z = _kzqez + gt (2.22)

Where K is the equilibrium rate constant of pseudo-second-order model (g mg?*min™). Steps in
the adsorption process must be identified through mathematical methods, in order to enhance the
interpretation of the kinetics. Sequential steps involved in the adsorption of an organic or inorganic
by an adsorbent include (Mittal et al., 2006):

)} Transport of the adsorbate to the external surface of the adsorbent i.e. film diffusion.

i) Transport of the adsorbate within the pores of the adsorbent except for a small amount
of adsorption which occurs on the external surface i.e. particle diffusion.

iii)  Adsorption of the adsorbate on the interior surface of the adsorbent. A quantitative
treatment of the sorption dynamics was determined by the expression (Reichenberg et
al., 1953):

_ (TL'ZF) nF 0.5
m_Zn——;_Qn(r—?) (2.23)

Where F is the fractional attainment of equilibrium at time t which can be obtained using Equation
(2.24):

F=2% (2.24)

Where Q is the amounts of solute adsorbed after time t and Q- is the amount adsorbed after an
infinite time. Reichenberg’s (1953) table and equation 2h can be used to determine F and

corresponding Bt values. The linear plot of Bt versus t plots can be used to differentiate between
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particle diffusion controlled rates and the film (Shady et al., 2012). Several studies have been
investigated on the isotherms and Kkinetic studies during adsorptive desulfurization of petroleum

distillates. The studies are therefore critically reviewed.

Muzic et al., (2015) investigated on two designs of experiments (DOE) by using activated carbon
(Chemviron carbon) in a batch system to desulphurize a diesel fuel. Authors reported the process
development of the statistical model, the effects of different factors and their interactions on
concentration of sulfur and adsorption capacity. The behavior of the system was predicted by first-
order models. Afterward, when a significant curvature was noticed authors developed second-

order models which reasonably described well the system.

Patil, (2013) examined ultrasound-assisted desulfurization of commercial kerosene by adsorption
using activated carbon and carbon nanotubes as adsorbents. The result of the ultrasonic irradiation
for the sorption of hexyl mercaptan sulfur in kerosene showed that Carbon nanotubes show higher
adsorptive capacity than activated carbon and the experimental data fitted to the Freundlich and

Langmuir adsorption isotherm model.

Khodadia (2012) studied desulfurization capability of CuO nano particles adsorbent on diesel fuel.
The result showed the best fit was observed with pseuso-second order model from the kinetic study

of the adsorbent. The experimental data were fitted in Freundlich isotherm model.

The highest adsorption capacity for DBT using 5% Al-loaded activated carbon was reported by
Nazal et al. (2015). The efficiency, adsorption capacities and removal selectivity of the adsorbents
on DBT removal from model fuel are stated. The authors reported that the rate of adsorption of
DBT followed pseudo-second order kinetics with correlation coefficients of nearly 1.0. The
adsorbents were reported to be stable and can be reused for 5 times. In conclusion, the adsorption

isotherms fitted into both the Langmuir and Freundlich models.

Bhattacharyulu (2015) employed a batch reactor to study desulphurization of hydrocarbon liquid
fuels by adsorption. Activated carbon prepared from black liquor and phosphoric acid was
employed as the adsorbent material. The result showed that experimental data were fitted in to
Langmuir adsorption isotherm model. The author also reported that the intraparticle diffusion

resistance was overcome by stirring.
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Adsorption desuphurization capabilities of untreated, acid activated and magnetite nanoparticle
loaded bentonite adsorbents were studied by Ishaq et al. (2017). The authors examined the
experimental data using pseudo first and second order kinetics. The result showed that adsorption
of the DBT into all the adsorbents was well described by pseudo second order kinetic. The
adsorption isotherm data were examined using Langmuir and Freundlich isotherm models and the

data fitted well into the Langmuir isotherm model.

Anbia and Karami (2015) studied the adsoptive desulphurization of DBT from gasoline fuel. The
authors prepared ordered mesoporous carbon (OMC) adsorbents using spherical SBA-16
mesoporous silica, as a template. The authors reported that OMC showed higher sulfur adsorption
due to high specific surface area and large mesopore volume. The equilibrium experimental data
were examined by Langmuir and Freundlich isotherm models for OMC and result showed that the

equilibrium results were best fitted into Langmuir isotherm.

Comparative investigation on desulphurizing ability of two metal oxides- activated zinc oxide and
activated manganese dioxide, by Adeyi and Adekanmi (2012). The authors also stated that

experimental data fitted into both Langmuir and Freundlich adsorption isotherm.

Rosas et al., (2010) investigated on adsorptive desulfurization of diesel fuel using different
commercial activated carbons (CAA, CAB, CAC, and CAD). The adsorption isotherms were
correlated by the Langmuir, Freundlich, Brunauer-Emmett-Teller (BET) and Sips models. Result
showed that, there was correlation between the experimental and calculated adsorption isotherms.
The experimental data was found to follow Sips and BET.

Fallah and Azizian (2012) investigated the adsorption capability of activated carbon cloth on DBT.
The equilibrium adsorption of organosulfur compounds on the ACCs obeyed the Langmuir—
Freundlich adsorption isotherm and their adsorption Kinetic data were described by modified
pseudo-n-order (MPnQO) and mixed-order rate equation (MOE) models and both indicated the

surface heterogeneity of the ACC surfaces.
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2.5 Regeneration of spent adsorbents

Regeneration of the adsorbent is important in completing the adsorption process loop. Kim (2010)
conducted experiments to study the efficiency of regenerated spent adsorbents. The saturated
adsorbent was washed using toluene as solvent to remove the adsorbed sulphur compounds on the
adsorbents. The existence of benzene ring methyl functional group on the toluene form a =-
complexation with the metal halide in the used adsorbent (Kim et al., 2010). This aids in the
removal of the sulphur compounds adsorbed from the spent adsorbents. The toluene treated
adsorbent can be dried under vacuum and reactivated under high temperatures. Several studies on
different regeneration and re-usability procedures have been investigated. Few of these different

procedures and results are reviewed in this study.

Nejad et al., (2013) synthesized a magnetic mesoporous carbon (Ni-CMK-3) as an adsorbent for
sulfur removal from model oil. Ni-CMK-3 was recovered by heating and extraction by solvent.
The adsorbent regeneration was performed after adsorption of the DBT. In heating the adsorbent
method, after separation of the adsorbent with the magnet, the adsorbent was put under temperature
of 350 °C for 2 h under Ar atmosphere. The author reported that 67 % was recovered after the first
cycle and 47 % after the second cycle. In solvent extraction method, 4 different solvents were used;
namely, toluene, methanol, acetonitrile, or ethanol. 10 mL of each solvent was added and the
mixture was agitated at room temperature for 1 h. The reports showed that desulphurization
capability follows in the order toluene (97 %) > acetonitrile = methanol (36 %) > ethanol (23 %).
Therefore, toluene was selected as the appropriate solvent for spent adsorbent regeneration.
Percentage sulfur removal of 97 %, 94 % and 80 % were achieved for 1st, 2nd and 3rd cycles,

respectively.

Safieh et al., (2015) studied adsorptive desulphurization of DBT by AC modified by MnO;
adsorbent. The exhausted adsorbent (80.0 g) was regenerated using different organic solvents (n-
hexane, toluene, o-xylene, phenol, n-octanol or n-pentanol) and the mixture was agitated at 250
rpm for 300 min at two temperatures. 20 °C and 65 °C. The authors reported that n-hexane achieved
the best regeneration of the adsorbent of 66.4 % and 85.2 % of DBT at 20 °C and 65 °C

respectively.
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Regeneration of ACC-HNO3 adsorbent was investigated by Fallah, and Azizian (2012) after it has
been used to desulphurize DBT. The saturated adsorbent samples were washed with heptane in an
ultrasonic or shaker bath at 30 °C and 65 °C. UV/Vis spectrometer was used to analyze the
desorped amount of DBT as a function of time. The author reported that, the ultrasonic assisted
method of regeneration is more efficient than the shaking method. In addition, high temperature

enhanced regeneration of the adsorbent.

Adsorptive desulfurization process has been critically reviewed and discussed in detail in this
chapter. Another desulfurization process that is employed in this study is biodesulfurization. It is

therefore discussed in detail in the next section of this chapter.

2.6. Biodesulfurization

Biotechnology is the process whereby microorganisms are used to transform compounds for
particular use. It is a vital instrument that is employed to develop new methods and to provide
breakthroughs in numerous sectors, such as pharmaceutical, food, and agricultural industries.
Biodesulfurization makes use of a biological catalyst to remove organo-sulfur from petroleum
distillates. BDS technique results in a low energy cost, minimal generation of unwanted products,
and low emissions of sulfur containing compounds. This is owing to the ability of the biological
catalysts to operate at an ambient temperature and pressure with great capacity to remove sulfur
compounds (Signh and Singh, 2005; Huang et al., 2010).

Petroleum refining is a process that employs physicochemical processes. Nevertheless, owing to
the characteristics of the biotechnological method, it has been used as an alternative, or rather to
complement the advancement of petroleum development in refining processes. Studies have been
carried out on different types of microorganisms at both batch and industrial scales for refining
process application, such as biological demulsification, denitrogenation, demetallation, and
enhancement of oil recovery by microorganism, conversion of heavy crude to light crude, and
biological control of reservoir souring (Gavrlescu and Chisti, 2005; Singh, 2010). There are still
many opportunities to be exploited in this field, even though various biotransformation processes
have been described (Ward et al., 2009; Voordouw, 2011).
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In BDS, bacteria remove organo-sulfur from petroleum distillates, leaving the carbon chain of the
organo-sulfur compounds undamaged. Therefore, BDS has often been used as an alternative
method of desulfurization in place of HDS technique in refineries. The enzyme catalysed reaction
method of removing sulphur from diesel fuel is now widely studied. There has been successful
breakthrough in the use of biodesulfurization in the past 20 years. The first investigations were
reported in the between 1950’s and 1960’s (Alves et al., 2005; Alves eta 1., 2013). BDS removes
the recalcitrant sulphur compounds that HDS cannot remove at low operating conditions of
temperature and pressure. Therefore, the choice of enzymes that can use DBT and other PAHSs as
sulfur sources in their growth metabolism and transform them into a harmless compound is
essential (Alves et al., 20130. In addition, studies have shown that the BDS technique is much
cheaper than the HDS technique (Pacheco et al., 1999; Linguist, 1999). It has also been predicted
that greenhouse gas emissions may be significantly reduced if the BDS process is used (Linguist,
1999).

Thiophenic compounds are used as carbon and sulphur sources by some of the isolated
microorganisms, while some others used metabolized DBTs as a carbon source and they are
converted after different steps of oxidation into a number of compounds that are soluble in water.
However, the microbial growth and DBT oxidation rate could be significantly inhibited when the
water-soluble end products accumulate (Abin-Fuentes, 2013). Pseudomonas species are used in

this study as biocatalysts because of their ability to grow in biphasic medium.

Pseudomonas species are class of gram-negative bacteria. They are motile, polar-flagellate, non-
spore-forming bacteria. They are generally found in nature such as; soil, fresh-water and marine
environment and they are responsible for considerable decomposition of organic matter.
Pseudomonas aeruginosa and Pseudomonas putida are the most common of the genus of
pseudomonas species.

Pseudomonas aeruginosa is a motile, gram-negative, rod-shaped, asporogenous, and
monoflagellated bacterium. P. Aeruginosa is a microorganism can be found everywhere and can
live under a variety of environmental conditions. P. aeruginosa has the ability to grow well
between temperatures of 25 °C to 37 °C. Optimum temperature being 37 °C, although, it can as

well grow at 42 °C. This makes them to be exceptional compared to other Pseudomonas species.
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The metabolism of P. aeruginosa is oxygen-based respiratory nevertheless, it grows in the absence
of oxygen and in the presence of NOs (Wu et al., 2015)]. It is a rod shape micro-organism of 0.5—
0.8 um by 1.5-3.0 pm.

The typical Pseudomonas in nature exists in biofilm formats, attached to a substrate, or in a
planktonic form, as a unicellular organism, swims actively with its flagellum. Actually, it can be
found in samples from the wild or from patients (Colmer-Hamood et al., 2016). In order to grow
well, P. aeruginosa requires a simple nutritional supply, even in ordinary deionized water. P.
aeruginosa grows well in a medium containing acetate and ammonium sulphateas as carbon and
nitrogen sourecs, respectively (nitrogen source). P. aeruginosa is resistant to most frequently used
antibiotics, high salt concentrations, dyes and weak antiseptics, (Wu and Li, 2015). Pseudomonas
putida is a genus of gram-negative bacterium which is usually found in water and soil, particularly
around the roots of plants. It is motile with the aid of multiple 2 to 3 wavelengths long polar
flagella. It grows well in the presence of oxygen between the temperature ranges of 25-30 °C with
optimum temperature of 30 °C. It can be easily isolated. It can protect plants from disease from
other microorganisms. It has a very complex aerobic metabolism with the ability to degrade a great
variety of organic pollutants. This makes P. putida of commercial interest for degrading organic
pollutants. Therefore, owing to the biological and chemical and biological applications of these P.
putida, the DNA sequences of a number of strains have been sequenced. Pseudomonas putida has
attracted the interest of researchers resently because of its strong appetite for organic pollutants
(Kowalski, 2002). This bacterium is exceptional because it has the most genes needed for in
breaking down harmful aromatic or aliphatic hydrocarbons released as a result of burning fuel,

coal, tobacco, and other organic matter. (Marcus, 2003).

P. aeruginosa and P. putida are very closely related and share related sequenced genomes
(approximately 85 % are shared), although, the gene for virulence determination of is lacking in
Pseudomonas putida. Pseudomonas putida is very useful in research due to its nonpathogenic

nature, ease of handling and high versatility (Kowalski 2002 and Marcus, 2003).

Several studies have been carried out on the use of microorganisms for the removal of sulfur from
transportation fuel over the years. Refining processes by conventional methods have been carried

out at an elevated temperature. Therefore, thermophilic BDS is required and could be easily
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incorporated into the refining process without cooling the stock to 30 °C (Konishi et al., 1997).
Thermophilic BDS makes the development of crude oil BDS more practicable since it also lowers
the viscosity of crude oil (Borgne and Quitero, 2003). Currently a review paper was published by
Soleimani et al. (2007) on BDS of refractory organo-sulphur compounds in transportation fuels.
This paper focuses on the outcomes of the latest investigation on BDS. A study on the enzymatic
oxidation of DBT by horseradish peroxidase (HRP) step was evaluated by Madeira et al. (2008).
The result showed that about 60 % of DBT was transformed into dibenzothiophene sulfoxide (12
%) and 46 % dibenzothiophene sulfone at an optimum temperature, DBT concentration, molar
ratio (DBT:H20>), and reaction time of 45 °C, 0.267 mM, 1:20, and 60 min, respectively. Mohebali
et al. conducted a BDS study on the removal of DBT from model oil, using both growth and resting
stages of Gordonia lkanivorans (RIPI90A) bacterium, newly isolated (Mohebali, 2007). The result
showed that cells that were harvested at the late exponential stage had higher DBT desulfurizing
capacities. Alves et al. (2008) investigated on the enzymatic hydrolyzates of recycled paper sludge
as suitable feedstock for BDS by Gordonia alkanivorans strain 1B. The result showed that, despite
the increase in bacterial growth at non-dialyzed hydrolyzate, dialyzed-hydrolyzate obtained after
enzymatic reaction displayed higher DBT desulfurization capacity. The maximum specific
productivity of 2-hydroxybiphenyl (mol g/h) was achieved when 250 M DBT was used up after
four days for dialyzed hydrolyzate. DBT was noticed to be completely consumed when phosphate
and ammonia were added. A further increase in the production of 2-hydroxybiphenyl by 14 % was
noticed. Caro et al. (2007) studied the BDS capability of aerobic Rhodococcus erythropolis IGTS8
strain on DBT in oil-water emulsions. The result from the investigation showed that there was an
increase in DBT diffusion into the aqueous phase when b-cyclodextrins was added, preventing
HBP accumulation therefore improving the BDS vyield. Furthermore, an increase in cell
concentrations of biocatalyst decreased the rate of HBP production. This could be as a result of
the limitation to mass transfer and inhibition effects. Chen et al. (2008) investigated the
desulfurization ability of bacterium Mycobacterium sp. ZD-19. The result showed that TH and
BTH were completely removed in 10 and 42 h, respectively. Also, about 100 % of DBT and 4, 6-
DMDBT was removed in 50 and 56 h respectively. There was reduction in desulfurization
efficiency when DBT and 4, 6-DMDBT were mixed together when compared to when they are
desulfurized separately. This may be attributed to the existence of substrate competitive inhibition

when DBT and 4, 6-DMDBT are mixed. The desulfurization activities of five substrates were
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found to be in order of 4, 6-DMDBT < DBT < DPS < BTH < TH. Li et al. (2007) studied the
removal of DBT in tetradecane using a facultative thermophilic bacterium Mycobacterium goodii
X7B. There was almost a 99 % decrease in total sulfur level of DBT at 40 °C in 24 h. About 59 %
of total sulfur was removed from Liaoning crude oil after 72 h treatment. Various studies of
percentage sulfur removal from petroleum distillates by BDS techniques are summarized in Fig.
2.9, at optimum temperatures and DBT concentrations using different microorganisms. The
microorganisms are abbreviated as follow; Gordonia alkanivorans RIPI90A (GAR 190A),
Gordonia alkanivorans strain 1B (GAS 1B), Rhodococcus erythropolis IGTS8 (RE IGTS8),
Mycobacterium sp. ZD-19 (M sp ZD-19), Mycobacterium goodii X7B (MG X7B), Caldariomyces
fumago (CF), Bacillus subtilis WU-S2B (BS WU-F1), Mycobacterium phlei WU-F1 (MP WU-F1),
Rhodococcus sp. strain P32C1 (RS P32C1), Rhodococcus erythropolis ATCC 53968 (RE ATCC
53968), Mycobacterium sp. X7B (M sp. X7B), Microbacterium strain ZD-M2 (MS ZD-M2),
Pseudomonas stutzeri UP-1 (PS UP-1), Sphingomonas subarctica T7b (SS T7b), Bacterium, strain
RIPI-22 (SS RIPI-22), Pseudomonas delafieldii R-8 (PD R-8).
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Figure 2.6 The percentage (%) desulfurizing ability of various microorganisms (Adapted from
Kinoshi et al., 1999)
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Recently, many bacteria species, such as Arthrobacter, Brevibacterium, Pseudomonas, Gordona,
and Rhodococcus strains, and other related bacteria species have been discovered to be able to
transform DBT or to use it as their only sulfur source for their growth metabolism (Grossman et
al., 1999; Konishi et al., 1999). Rhodococcus strains are suitable for hydrocarbon metabolism.
Many bacteria strains, such as Rhodococcus, Mycobacterium, and Pseudomonas species have
transform organo-sulfur compounds in either of these three ways: one of three ways: C-S bond
cleavage (reductive), C—C bond cleavage (oxidative), and C—S bond cleavage (oxidative). The
latter attacks only the sulfur atom that is leaving the carbon chain intact, therefore preserving the
quality of the fuel. There are a lot of reports on the desulfurizing capability of Pseudomonas strains
through DBT C-C bond cleavage pathway. These results have shown about 90 % sulfur removal
in 24 h by sulfur metabolising bacteria (Kim et al., 1990; Borole et al., 2002; Nehlsen, 2005).
Dibenzothiophene has been investigated to be a model compound used in biodesulfurization of

fuels.

Dibenzothiophene (DBT) is the most widely used typical organo-sulphur compound in
biodegradation and biodesulfurization studies (Mohebali and Ball, 2008; Gun et al., 2015). Thus
far, quite a few investigations have been carried out with DBT and alkyl-substituted DBTS using
ring destructive DBT-degrading bacteria. DBT and its derivatives account for up to 70 % of the
sulphur content and they are the main organo-sulphur compounds in diesel fuel (Kertesz and
Wirtek, 2001). They are one of the compounds that are persistent and are mostly found in an oil
contaminated environment (Yu et al., 2006). DBT and its derivatives are refractory to the HDS
method (Bhatia and Sharma, 2012), surviving even to deep HDS treatment (Chen et al., 2009).
Moreover, DBT can be easily manipulated unlike other substances, because it is not mutagenic,

neither is it dangerous to human health (Pokethitiyooka et al., 2008)

In anaerobic BDS, there is conversion of organic sulfur into hydrogen sulfide, which is later
transformed into a sulfur atom. This process follows for the reductive desulfurization order and
may be of use at the refinery since unwanted end products, such as coloured and gum-forming
products, due to oxidation of hydrocarbons to undesired compounds, such as colored and gum-
forming products, is residual. Several anaerobic strains, such as Desulfovibrio desulfuricans, have

demonstrated the ability to metabolize DBT during such a reductive desulfurization reaction. They
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also remove organic sulfur from petroleum feedstocks by reductive C-S bond cleavage (anaerobic
BDS) (Yamada et al., 2001). However, it is difficult to maintain an anaerobic process. (Amstrong
etal., 1995).

Unlike anaerobic biodesulfurization, desulfurization by aerobic conditions occurs through
oxidative pathways. These produce a water-soluble sulfate that is discarded alongside the
unwanted aqueous phase. Desulfurization can occur in a different way depending on the substances
present because the specificities of different strains differ for different sulfur compounds, and the
pathway metabolism is not restricted to sulfur. This kind of desulfurization, however, comes with
an associated carbon lost (Kirkwood et al., 2005; Kirkwood et al., 2007). The sustainability of
BDS depends on the selectivity of sulfur over carbon. It is important to harvest the microorganisms
if the carbon metabolism is high, in order to retrieve some of the carbon lost during desulfurization.
Table 2.3 and Table 2.4 show the efficiency of aerobic cultures in real fuel desulfurization and

desulfurization of alkylated dibenzothiophene with their end products, respectively.

2.7. Potential of biodesulfurization technique for industrial application

Over the years, there have been issues on the industrial application of BDS, although it serves as
a complementary process to hydrodesulfurization. This is due to several challenges that are faced
at both upstream and downsteam processes. One of the major problems hindering the useful
application of BDS in the industries is the high cost of growing bacteria in a culture medium. In
view of this, use of carbon sources that are obtained from industrial agricultural products can serve
as alternatives so as to reduce capital expenses (Paixao et al., 2016; Rosenberg et al., 1980). Alves
et al. (2014) investigated a fructose-rich carbon source using G. alkanivorans strain 1B to
desulfurize sulfur heterocyclic compound in transportation fuel. The authors reported a higher
desulfurizing capability of this strain on BT and DBT when compared with Rhodococcus
erythropolis. The cost of microorganism can be another challenge for application of BDS in the
industry. In other to overcome this challenge, the immobilization of cell has been suggested to be
a feasible solution (Setti et al., 1996).
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Table 2.3 Comparative characteristics of the efficiency of selected aerobic cultures in real fuel

desulfurization.

Type of petroleum Conc. of (%) DBT
Culture Ref.
distillate DBT (ppm) removal
Gordonia sp. P32C1  Light diesel fuel after 303 185 Maghsoudi
(resting cells) hydrodesulfurization ' etal. (2001)
Mycobacterium sp. Diesel fuel after Lietal.
_ o 535 86.0
X7B (resting cells) hydrodesulfurization (2003)
Pseudomonas ) )
o Diesel fuel after Goubin et al.
delafieldii R_8 o 591 47.0
] hydrodesulfurization (2006)
(growing cells)
Middle distillate unit
Gordonia sp. CYKS1 feed 1500 70.0 Rhee et al.
(resting cells) (1998)
Light gasoil 3000 50.0
Light gasoil not
subjected to 3000 35.0
Gordonia sp. SYKS1 hydrodesulphurization Chang et al.
(resting cells) (2001)
Middle distillate unit
1500 60.0
feed
Gordonia sp. SYKS1 ) Chang et al.
) Diesel fuel 250 76.0
(resting cells) (2001)
Rhodococcus sp. Medium fraction of
) ) ) Grossman et
ECRD_1 (growing light gasoil after 669 92.0

cells)

catalytic cracking

al. (2001)
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Table 2.4 Alkylated DBTs (Cx-DBT) desulfurization by some strains of bacteria and their end
products.

Bacterium Sulphur Substrate(s) End Product(s) Ref.
Rhodococcus Alkylated DBTs (C>-  Corresponding hydroxylated  Kobashi et
erythropolis KA2-5-1 DBTs and C3-DBTS) Biphenyls al. (2000)

2,8-DMDBT, 4,6- Corresponding hydroxylated
DMDBT biphenyl

Rhodococcus Oshiro et
erythropolis H-2 a-Hydroxy-b- al. (1996)
3,4-Benzo-DBT
phenylnaphthalene
2-Hydroxy-3-
) methylbiphenyl,
Bacterial strain RIPI- 4-MDBT Rashidi et
S81 2-hydroxy-3-methylbiphenyl  al. (2006)
4,6-DMDBT 2-Hydroxydimethylbiphenyl
4,6-Dibutyl DBT, 4,6-
_ ) Okada et al.
Mycobacterium sp. G3 dipentyl DBT; 4,6- C-S bond cleavage products (2002)
DMDBT, 4,6-DEDBT
Methyl, ethyl, dimethyl, ] Konish et
_ Corresponding hydroxylated
Paenibacillus sp. A11- trimethyl and al. (1997)
2 | DBT Biohenvl Konishi et
ro S iphenyls
Propy Preny al. (1999)
Rhodococcus sp. Lee et al.

4 6-DEDBT Hydroxydimethylbiphenyl
ECRD-1 y y yibipheny (1995)
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The reported technique by Rosenberg et al. (1980) was adopted to study the affinity of
Pseudomonas species towards some hydrocarbons. The results obtained indicated that an increase
in adsorption of bacteria onto the hydrocarbon increases the percentage organic phase (Setti et al.,
1996). Cell immobilization helps in the recovery of biocatalysts after treatment of microorganisms.
The partial challenge that is encountered by BDS through the rate of transfer of sulphur
heterocyclic compounds from oil phase into the microbial cell is also hindered during BDS, which
affects the full application of BDS at industrial scale. Goubin et al. (2005) assembled y-Al.O3
nano-sorbents on Pseudomonas delafieldii R-8 strain. It was shown from the result that adsorption
rate was higher when compared to the rate of BDS. The assembly of the nano-adsorbent enhanced

the transfer of the organo-sulfur (DBT) from the oil phase to the surface of the bacteria.

The biodesulfurization capacity (Xeps), Conversion yield for DBT (Ygps), degree of
desulfurization (Deps) and specific conversion rate (E) can be evaluated using the following

equations:

Biodesulfurization capacity (%) evaluates the the efficiency of bacteria in biodesulfurization

process

Xpps = 22HEPD % 100 % (2.24)

CDBT,(i)

Where Xgps is biodesulfurization capacity in (%), Cz-ner() in mg/L is the final concentration of 2-
HBP formed during biodesulfurization of DBT, Cpgr() in mg/L is the initial DBT concentration in
the model oil before degradation.

Conversion yield of DBT (%) can be evaluated by using Equation (2.25);
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c n —C
Yops = DBT.() “CDBT.H o 100 % (2.25)
CpBT,()

Where Yegps is the conversion yield for DBT degraded (%), Cpgr,(r) is the final concentration of

DBT after degradation in mg/L. Xgps and Ygps indicate the efficiency of bacteria in the

biodesulfurization process.

Degree of desulfurization (g DCW/L.h) is the degree to which desulfurization occurred during
growth and resting process. This can be used to show relationship the biodesulfurization capacity
of the bacteria and the biomass obtained within a specified period of growth time. Evaluation of
Dgps during bacteria growth provides information on optimum biocatalyst production process.

Dgps can be calculated using Equation (2.26):

X .C
Dpps = =4, — (2.26)

Where Dgps in (g DCWI/L) is the degree of desulfurization, Xgps is the biodesulfurization capacity,
Cx is the biomass concentration (g DCWI/L), te (h) is the time required to attain the biomass

concentration.

Specific conversion rate, E (L/g DCW.h) is the effectiveness of each bacterium. It can be

determined by the expression in Equation (2.27):

E = XBDs (max) (2.27)

tG(max)-Cx

Where tc (max) (h) is the time required for maximum desulfurization.
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2.8. Kinetics of bacteria growth and diesel desulfurization

Batch culture occurs in a closed system that contains an initial limited amount of substrate. The
inoculated microorganism will pass through a number of growth phases. During the log phase, cell

numbers increase exponentially at a constant maximum rate. In mathematical terms, we can write:

ax

& _x (2.28)

dt

Where X is the concentration of microbial biomass, t is the time in hours and p is the specific
growth rate in hours™. If we integrate between time t, and time tywhen the concentrations of the

cells are Xg and Xiwe obtain:

X,= XoeHt (2.29)

Where X, is the original biomass concentration, xt is the biomass concentration after a time interval
t in hours and e is the base of the natural logarithm. On taking natural logarithms, the equation

becomes:

InX; = InXy + pt (2.30)

Using this equation, a plot of the natural log of biomass concentration versus time should yield a

straight line, the slope of which will equal the specific growth rate (p).

The growth of a bacteria culture can be studied using the Minod expression as shown in Equation
(2.31):
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[s]
Vmax Km+ [S]

V= (2.31)

Where Vmax Is the first order rate constant (mg/gDCW.h) particular to the exponential growth
phase of culture described by the rate equation, V is the rate of bacteria growth (gDCW/L.h), [S]

is the substrate concentration (mg/L), and K is a first-order constant (mg/L).

For a single substrate catalyzed reaction, Michaelis Menten equation is applied. Michaelis-Menten
assumed that, a fast pre-equilibrium forming an enzyme-substrate complex precedes a slow, rate
determining reaction of that complex. Michaelis-Menten can be considered satisfactory description
of substrate utilization, only if the initial equilibrium can be considered in the context of the system

as a whole and that the subsequent steps can be considered as occurring only within the cells.

%ES] = KlEo] I("Ei][s] (2:32)
Where;
EllS
m = [[gg]] and [E,] = [E] + [ES] (2.33)

If [Eo], the maximum concentration of available substrate-binding enzyme for a given cell
concentration can be considered proportional to the bacteria density itself, and if also the rate of

growth can be considered proportional to the rate of substrate utilization, then;

alg] _ _ dls]

[E,] = X[B] and - = (2.34)
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Where % is the rate of growth of bacteria, X is a constant, and Y is a yield factor also considered

to be constant throughout the period of substrate conversion. It follows that,

Km+(S]

Comparing Equation (2.31) with (2.35) shows that:

v=pk L (2.36)

Km+[S]

This is the form of Minod equation.

Equation (2.35) shows that when S >> K the reaction is pseudo first order, but when S << K the

reaction is second-order character predominate

— = Blls] (2:37)

The similarity of this second-order rate expression to that for an autocatalytic model where

S - Band % = K[B][S] (2.38)
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This is consistent with previous observation on the form of growth curves. K is said to be
equivalent to the Michaelis-Menten constant, Kn. Linearized form of Michaelis mentel equation

can be written as;

L_ K 1 + ! (2.39)
V Vmax ' S Vmax .
Plot of VK’” Versus %yields a straight line where the values of Vmax and K can be calculated from

max

the slope and intercept of the graph, respectively using a linear regression analyss. The differential
method analysis can be used when when numerical values of the reaction rate have been obtained

at different concentrations and at a constant temperature (Roberts, 2009).

2.9 Summary

This chapter has highlighted that sulphur has severe impacts on human life and its environment. A
short overview of the state of the art of the application of different techniques for the removal of
sulfur-containing compounds from petroleum distillates, especially adsorption and
biodesulfurization processes have been presented. Several limitiations have also been highlighted.
Most expecially, it has been shown that the use adsorbents such as; AC, FCNTs, PLP, NLP for
diesel desulfurization could be promising. However, availability of high selective adsorbents for
the removal of recalcitrant DBT compound from petroleum distillates is still a major problem.
Furthermore, in-depth understanding of the fundamental behaviour of adsorbents during batch
mode and continuous mode adsorption processes, during the adsorptive removal of DBT is

essential.
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In addition, only few studies have been carried out on local and waste adsorbents. Use of low-cost
adsorbents could reduce cost of operation and enhance removal of waste products from our
environment. In addition, cheap and easily available adsorbent will reduce the cost of adsorption
process in the industry and may lead to maximum reduction of pollution to the environment.
Furthermore, one of the properties of adsorbent upon which the efficiency of adsorption technique
depends is the regeneration of spent adsorbent. This aspect of regenerability of adsorbents was not
discussed in most of the reviewed papers. Therefore, reusability of the adsorbents for better
efficiency is investigated in this study.

Regarding BDS, an in-depth understanding of how bacteria metabolize sulphur heterocycles
requires extensive studies. Based on this review, the following suggestions need to be considered

in the development of a new BDS process;

Indepth investigation into the understanding of the various microbial pathways that are involved
in BDS is required towards the optimization and scale-up studies of the process. In addition, studies
that will explore the combination of BDS with existing methods could be instrumental to achieving

a higher reduction in sulphur-containing compounds in the petroleum distillates.

Based on the aforementioned problems, the remaining chapters of this dissertation will
demonstrate the promising potentials of adsorption coupling biodesulfurization system for

desulfurization of South African diesel through;

1. Development and evaluation of the performance of adsorption using a specific adsorbent
(e.g. activated carbon, functionalized carbon nanotubes neem leaf powder and pomegranate
leaf powder) for the removal of DBT compounds from model diesel and samples of South
African diesel (diesel obtained before HDS and diesel obtained after HDS unit and
investigating the operating variables on the process toward enhancing its performance. The
results obtained from the studies might provide relevant information on the behavior of the
adsorbents. More knowledge on the role played by the variables on the adsorption
performance of the adsorbents could be instrumental in optimizing the operating
conditions.

2. Development and evaluation of BDS system, using Pseudomonas Putida and

Pseudomonas Aeruginosa as biocatalysts, for the removal of sulphur-containing
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compounds from model diesel and samples of South African diesel obtained before and
after HDS and investigating the operating conditions. This could assist in optimizing the
parameters of the process toward enhancing its performance.

3. Coupling of the two processes in (1) and (2) and evaluation of the hybrid process for the
removal of DBT from samples of South African diesel. The results obtained from this
investigation could pave the way for the actualization of the benchmark set by the WHO
on the minimum concentration of sulphur-contianing compounds in South African
petroleum distillates.

4. Investigating whether the kinetics and isothermal adsoption exhibited by the adsorbents
used in (1), (2) & (3) could be described by existing kinetic models and adsorption
isotherms. The result from this exploration will affirm the observation from the

experimental studies.

In order to disseminate this fundings as contained in this chapter to the research community, a

review paper was published in a reputable research journal (see Appendix D for a copy of this

paper).
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Chapter Three
3.0 Experimental procedures and analysis

The literature has been surveyed and reviwed in the previous study. Therefore, based on the
identification of knowledge gap in this field, this study has been divided into several segements
(see Fig. 3.1). The detailed description of adsorbents preparation, characterization technigues,
bacteria growth, general experimental procedures and methods of analysis of results are presented

and discussed in this chapter. Fig. 3.1 depicts an overview of the procedure employed in this study.
3.1 Investigation of adsorptive desulfurization (ADS)

The investigation of adsorptive desulfurizationreported in this dissertation involved preparations

of some of the adsorbents while some of them were used as received in this study.
3.1.1 Preparations and characterization of adsorbents

As-received neem leaf powder was used for the acid-activation. Leaves of pomegranate were
plucked from a nearby tree located at the East Campus of the University of the Witwatersrand,
Johannesburg, South Africa. All other chemicals used were of analytical grade, commercially
available and used without further purification. The leaves were washed thoroughly with distilled
water, dried under sun for 24 hours and then ground. The adsorbent powder was then dried in the
oven at 80 °C to remove moisture. About 20 g of PLP and NLP adsorbents were added to 10 mL
of 0.5 M H2S0.. H2SO4 was used as the activating agent. The mixture was stirred at 70 °C for 2 h
and dried at 110 °C in an oven. The samples were then carbonized in a furnace at 500 °C for 3 h.
The adsorbents were washed severally with deionized water until a pH of 7 was reached so as to
remove acid, and then dried at 70 °C for 24 h. The powdered adsorbents were sieved with a 150
pm sieve, kept in a dry air-tight container until for use in the adsorptive desulfurization experiment
(Pandhare and Dawande, 2013; Nazal et al., 2016).
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Activated carbon was purchased from Sigma Aldrich (Pty) Ltd., South Africa. Activated carbon
was used as-received for batch experiments. In order to reduce disintegration of adsorbents in the
continuous packed-bed column caused by high hydrostatic pressure, activated carbon was
immobilized into pellets. Immobilization of adsorbent also offers better reusability, high adsorbent
loading, and minimal clogging in continuous mode. Sodium algilate was purchased from Sigma
Aldrich, (Pty) Ltd., South Africa. All other chemicals were of analytical grade, commercially
available and used without further purification. About 5 g activated carbon was mixed with 250
mL of deionized water and allowed to hydrate for 10 min. 3 % (w/v) sodium algilate was added to
the solution. 0.2 M Calcium chloride was prepared and the sodium algilate-adsorbent mixture was
added dropwisely into the calcium chloride solution via a tube connected to a peristaltic pump so
as to get even sized pellets. The droplets of sodium algilate-adsorbent forms pellets immediately
they were in contact with calcium chloride solution, entrapping the adsorbent in it. The pellets
were allowed to to solidify for about 30 min and washed with 0.9 % sodium chloride in order to
remove excess calcium ion. The generated activated pellets had a diameter ranging from 3 mm to
4 mm (Simate and Ndlovu, 2016).

Multi-walled Carbon nanotubes (MWCNTS, purity: >98 % carbon basis). The dimension of the
MWCNTSs is (O.D x I.D x L): 10 nm (£ 1 nm) x4.5 nm (x 0.5 nm) x 3-6 um were purchased from
Sigma Aldrich Pty (Ltd), South Africa. All other chemicals used were of analytical grade,
commercially available and used without further purification. As-received carbon nanotubes were
functionalized in the laboration by using chemical method of functionalization. CNTs were first
purified using solution of concentrated acetic acid and concentrated hydrochloric acid at ratio 3:1.
The ratio of solid (CNTSs) to liquid was 1:100. The solution was stirred on a magnetic stirrer at 400
rpm for 24 h at 80 °C. The CNTs was filtered and washed severally with deionized water until a
neutral pH was achieved. The CNTs was dried at room temperature for 24 h, then in oven at 50 °C
for 24 h. About 10 g of KMnO4 was dissolved in 500 mL of 0.5 M H>SOa4. The same operating
measures were used as in purification of CNTs. The solution of CNTs was mixed on a magnetic
stirrer using a reflux medium for 24 h. It was filtered and washed thoroughly with deionized water
until pH of 7 was reached. The CNTs were dried for 24 h at room temperature and later oven dried
at 50 °C to constant weight for 24 h (Olugbenga et al., 2018). It was then sieved through a 150 um

sieve.
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The adsorbents used in this study were characterized using the following characterization

techniques:

Fourier transform Infra-red analyzer, Bruker Tensor 27 at a spectra range of 500 cm™* to 5000 cm”
Lwas used to determine the surface functionalities and the type of functional groups on the surfaces

of the adsorbent samples.

N2 physi-sorption experiments at 77 K were performed on the adsorbents for textural properties of
the adsorbents. Micrometrics tristar 3000 static volumetric analysis unit was used to measure the
surface area, cumulative pore volume and pore diameters of the adsorbents. This information was

obtained from liquid nitrogen (@ -196 °C) equilibrium isotherms.

Scanning Electron Microscopy (SEM) equipped with energy dispersive x-ray (EDX) was used to
check the morphology of the adsorbents. The samples were coated with 60 % palladium and 40 %
gold (Pd/Au) prior to SEM analysis to prevent charge up. CARL ZEISS sigma field electronic
scanning electron microscope (FESEM) was used to observe the surface morphology of the

adsorbents CNTs, FCNTs, at different magnifications.

X-ray diffraction spectroscopy (XRD) was used to check the crystallinity of the adsorbents. The
characterization was carried out on a Bruker D2 X-ray diffractometer was used to identify the
phases of the adsorbent. The measurement range was 20 ° to 100 ° (20). The phases were confirmed
using EVA software with PLU2018-pdf-4-2018RDB database.

The purity of the CNTs after functionalization was observed by Raman spectroscopy (J-Y T64000
micro-Raman spectrometer, Horiba Jobin-Yvon, Ltd., Stanmore, UK) equipped with a liquid
nitrogen cooled charge coupled device detector. All samples were measured after excitation with

a laser wavelength of 514.5 nm (Mhlanga et al., 2009).
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3.1.2 Evaluation of Performance of adsorbent during desulfurization

The performance of the adsorbents was evaluated by conducting the adsorption experiments in

batch mode and continuous mode. The batch mode experiment is further discussed in detail.

Acetonitrile, n-hexane 98 %, and Dibenzothiophene (DBT) were purchased from Sigma Aldrich
(Pty) Ltd, South Africa. All other chemicals were of analytical grade, commercially available and

used without further purification.

Adsorption performances of the (AC, CNTs, FCNTSs, PLP and NLP) were evaluated by using a
model diesel prepared in the laboratory by dissolving dibenzothiophene (DBT) in hexane because
diesel consists of about 70 % of DBT in petroleum distillates obtained from hydrodesulphurizer
(Kertesz and Wirtek, 2001). Model diesel was prepared by dissolving DBT (0.1 g) in 100 mL
Hexane (100 mL). South African diesel samples (diesel obtained before HDS (5200 ppm) and
diesel obtained after HDS (120 ppm)) were desulfurized using the best experimental parameters
for model diesel desulfurization. Further dilutions were made from this solution to vary the
concentration of DBT for use in this experiment. About 0.2 g adsorbent was weighed into an
Erlenmeyer flask consisting of 20 mL of model oil/ South African diesel samples. The mixture
was allowed to stir for 180 minutes on a rotary shaker at 298 K and 130 rpm.

There are more organo-sulfur compounds in typical real diesel. In order to increase the selectivity
of DBT in the real diesel, the temperature, for real diesel in the adsorption desulfurization
experiment was increased. In addition, for more availability and accessibility of the active vacant
site of the adsorbent, contact time was increased. The temperature was varied (25-45 °C) and the
time (0-120 minutes). The South African real diesel before HDS (5200 mg/L) was serially diluted
using methanol to 120 mg/L. The results for desulfurization of real diesel samples are compared

to results obtained for adsorptive desulfurization of model diesel

Aliquot samples were taken at interval and analyzed for DBT removal. All experiments were
performed in triplicates so as to ensure accuracy and minimize errors. The mean values of these
experiments were used in this study. The adsorption capacity and percentage DBT removal were

calculated using Equation 3.1 and 3.2, respectively. Table 3.1 shows the physical and chemical
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properties of a typical diesel fuel obtained from Refinery X, South Africa. The schematic of batch

adsorption process is shown in Fig. 3.2.

«++—— Rotary
shaker
Erlenmever " Adsorbent
flask _Cb’ with model
- = oil / diesel
' — Temperature
Speed —
controller regulator

Figure 3.2. Schematic of batch adsoption desulfurization experiments in a temperature regulated
rotary shaker.

In batch mode experiments, the spent adsorbents, loaded with sulfur were washed severally with
hexane until they were back to their original state. Re-usability studies were carried out again on
the regenerated adsorbents following adsorption—desorption for four cycles. The experimental runs
were carried out with 1.0 g of the washed adsorbent and 20 mL of hexane, in a 250 mL Erlenmeyer
flask and agitated vigorously at 130 rpm for 1 h. The initial concentration and concentration of the

filtrate were analyzed for sulfur containing compound as mentioned earlier with HPLC.

The continoous mode experiments for adsorptive desulfurization of model oil and typical real

diesel are discussed in detail;
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Immobilized activated carbon was used for continuous packed-bed adsorption column to reduce
adsorbent disintegration and pressure drop. Acetonitrile, n-hexane (98%) purity, and
Dibenzothiophene (DBT) were purchased from Sigma Aldrich (Pty) Ltd, South Africa. All other
chemicals were of analytical grade, commercially available and used without further purification.
Desulfurization of diesel fuel was carried out in a lab-scale designed adsorption bed column as
shown in Fig. 3.3. The column was made with a glass, with an internal diameter of 2.4 cm and a
bed depth of 20 cm. The performance study of the colum was conducted at different DBT
concentrations (100-500 mg/L), bed height (50-150 mm) and flow rate (0.5-1.5 mL). Adsorption
reaction time was 3 hours. The immodilized activated carbon (pellets) was packed in the column
with a layer of glass filter at the bottom. The DBT solutions was pumped in a downward direction
using HLPC pump (HPLC Consta Metric 3500 MS. RIA VIS). Samples were taken at time
intervals and analyzed.

Packed
adsorbent

Packed-bed

column

Model /real diesel
Desulfunzed model / real

diesel

Figure 3.3. Continous adsorption in a packed bed column: Experimental set-up
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In the continuous mode experiments, the saturated adsorbent with DBT molecules was regenerated
by washing with methanol. The methanol was introduced into the column in a downward direction.
The saturated beads were immersed in the methanol for 4 h, after which the adsorbents were
washed thoroughly with deionized water and then allowed to drain off. The adsorption experiments

were then conducted in three cycles. The performance efficiency of the adsorbent was evaluated.

The desulfurized model diesel samples were analyzed using Agilent high performance liquid
chromatography (HPLC) equipped with an Eclipse C-18 column. Acetonitrile (55 %) was used as
the mobile phase and the HPLC was operated at a wavelength of 234 nm, 1.0 pl/ min flow rate,
and injection volume of 10 pl for 10 mins (Caro et al., 2008; Nazal 2015). The desulfurized South
African diesel samples were analyzed using a Shimadzu (Japan) gas chromatography GC-MS unit
equipped with fused silica column RXi-5MX. The dimension of the column was 0.25 pum
thickness, 0.25 mm diameter and 30.0 mm length. The column temperature was set to hold at 90
°C for 2 minutes, and then increase to 300 °C at the rate of 10 °C/min and kept at 300 °C for 30
min. Helium was used as the carrier gas. MS ion source temperature was 200 °C. The pressure was
set at 100 kpa with column flow of 1.39 mL/min, Linear velocity of 43.7 cm/sec, purge flow 3
mL/min and stop time of 10 min.

Table 3.1 Physical and chemical properties of a typical diesel fuel obtained from Refinery X, South
Africa

Properties Values

DBT (ppm) 5200 before HDS, 120 ppm after HDS
Density at 15 °C, kg/m?® 820.0

Ignition point >55

Cetane index 46.0
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3.13. Study of effects of operating conditions, optimization, isotherms and Kkinetic studies
Study of operating conditions is important in evaluating the performance of the adsorbents. The
effect of operating variables such as temperature (°C), time (min), DBT concentration (mg/L), and
amount of adsorbents (g) on the performance of the adsorbents were studies in batch mode
experiments. The operating variables were varied such as; time (0-180 minutes), temperature (298-
308 K), amount of adsorbents (0.2-1.0 g) and initial DBT concentration (250-1000 mg/L). In the
continuous mode adsorption experiments in a packed-bed column, effect of operating variables
such as, flow rate (0.5-1.5 mL/min), bed depth (5-10 cm), and initial DBT concentration (100-500
mg/L) were studied at room temperature. The optimum operating conditions were obtained from
these experiments and were used for adsorption coulpling bodesulfurization (AD/BDS)

experiments.

The adsorption capacity for each run of the experiments was determined using Equation 3.1:

e = Ve (3.1)

Where V is the volume of the model oil (L), m is the amount of adsorbent in g, Co and Ce are the
initial and final concentration of DBT in the model oil in mg/L, respectively (Kiran and Kaushik,
2008).

The percentage sulfur removal (SR %) of adsorbent was calculated using Equation 3.2:

SR (%) = =% x 100 (3.2)

Co

Where SR (%) is the percentage DBT removal, C, and Ce are as decribed earlier in Equation 3.1
(Kiran and Kaushik, 2008).
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Isotherm studies give detailed information on the nature of interactions between adsorbents and
adsorbates (Wang and Wei, 2017). This is the most vital piece of information in understanding an

adsorption process.

In the batch mode adsorption experiment in this study, equilibrium data were analyzed using
Freundlich and Langmuir isotherm models. The linearized form of Langmuir isotherm model is
given in Equation (3.3). Langmuir constants b, reflecting affinity of binding sites and the maximum

monolayer coverage capacities, g, (mg/g) can be calculated from the intercept and slope of the

1 1
plot of — versus —.
de Ce

t_1 + 1 (3.3)
de  qo bq,Ce '

Where C, (mg/L) is the adsorbate equilibrium concentration, q. is the amount of adsorbate in the
adsorbent at equilibrium (mg/g). In order to determine the favourability of the Langmuir
adsorption process, the separation factor (Rp) can be calculated using the expression given in
Equation (3.4) (Langmuir, 1916; Wang and Wei et al., 2017)

1+ bC, 34D

Where b (L/mg) refers to the Langmuir coefficient and Co is the adsorbate initial concentration

(mg/L) (Lam, 2008). For an adsorption system under study,
The values of R between 0 and 1 indicates favorable adsorption

R > 1 represents unfavorable adsorption
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RL =1 represents linear adsorption
RL = 0 indicates irreversible adsorption

The linearized form of Freundlich isotherm model is given in Equation (3.5). Freundlich constants

Ks and n can be obtained from the intercept and slope of the plot of Log ge versus log Ce.

Log q. = Log K +% Log C, (3.5)

Ks (mg/g) and n represent Freundlich constants which relate to adsorption capacity and adsorption
intensity respectively. Magnitude of exponent % gives an indication of the favorability of

adsorption.

Kinetic study on adsorption is important because it provides relevant information on the
mechanism and the reaction pathways of adsorption interactions. Lagergren pseudo first-order
kinetic model is the most useful and widely accepted amongst the models (Lagergren, 1998).

Lagergren Kinetic equation is given in Equation (3.6):

Lt - K1(qe- q¢) (3.6)

After applying the boundary conditions of gt = 0 at t = 0, the integrated rate law becomes;

K
Log (qe-qe) = Log qe — 55> t 3.7)
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Where g is the amount of DBT adsorbed at time t and ge is the amount of DBT adsorbed at time
at equilibrium, ki (L/min) is the rate constant of the pseudo first order adsorption process. A
straight line graph is obtained from the plot of log (ge-t) versus t, from which the adsorption rate
constant K, can be calculated.

Ho and McKay pseudo second order kinetics demonstrates how the rate depends on the sorption
capacity, not on the concentration of the sorbate (Ho and McKay, 1999). The linearized form of

second order kinetics is given in Equation (3.8):

t 1 1

= ——t
@ K q.2 q.

(3.8)

Where K is the pseudo second order constant and ge is the amount of DBT adsorbed at
equilibrium. The ge and the K> can be calculated from the slope and intercept of the plot of t/q:

Versus t.

Intra-particle diffusion model describes the mechanism of adsorption process. It describes the
multi-step process in adsorption when the solute molecules are transported from the aqueous phase
to the surface of the solid adsorbent and then, the diffusion of the solute molecules into the interior

of the pores. It can be expressed using Equation (3.9):

q: = C + K% (3.9)

Where K in mg/g/min®?is the intra-particle diffusion rate constant which can be obtained from the

slope of plot of gt versus t°.
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The expression in Equation (3.10) was used to obtain the values for equilibrium adsorption

constant (Kg) at different temperatures.

DBT amount in the adsorbent at equilibrium (qe)(%)
K; = mg (3.10)
DBT concentration in the model oil at equilibrium (Ce)(m)

In order to determine the adsorption thermodynamics, the equilibrium constant values Kq, obtained
at different temperatures from Equation (3.10) are used to calculate the thermodynamic parameter,
AG®, which is given in Equation (3.11) (Nejad et al., 2013).

AG° = —RTInkK, (3.11)

Where AG? is the standard free energy (kJ/mol); AH? is the standard enthalpy (J/mol). AH® can
be determined from the slope of the linear plot of In Kq versus 1/T, using the expression in Equation

(3.12) AS? is the standard entropy which can be calculated using Equation (3.13):

AS®  AHC
Ky = —=——= (3.12)
Ase = AAC (3.13)
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For column modelling and determination of kinetic parameters, the loading behavior of DBT
molecule onto the surface of immobilized activated carbon in a continuous fixed bed coulumn was
expressed in terms of Ci/C,, where C is the effluent concentration of DBT in mg/L and C, is the
influent DBT concentration in mg/L. The breakthrough curve can be obtained by plotting C+/C,
against time (Khan et al., 2011). The maximum column capacity, gteai (mg) for a given feed
concentration and flow rate is equal to the area under the plot of the adsorbed DBT concentration.

This can be obtained by the expression in Equation (3.14):

L [hotal o gy (3.14)

total = 1000 Y£t=0

Where t total is the total time in min, Q is the flow rate in mL/min, Cr is the concentration of DBT

removal in mg/L

The total amount of DBT (in mg) sent into the column, Mtal Can be calculated by the expression

in equation (3.15):

CiQttotal
Miotar = llo—;oota (3-15)

The percentage DBT removal (% R) can be be calculated by the ratio of DBT mass adsorbet (Qtotal)

to the total amount sent into the column (Motal) as shown in Equation (3.16):

% R = dtotal » 100 (3.16)

total
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The amount of DBT adsorbed at equilibrium (qge) in mg/g or adsorption capacity and equilibrium
DBT concentration, Ce can be obtained using the following expressions in Equation (3.17) and
(3.18):

e = Lot (3.17)
Ce — Mtotal —Qtotal x 100 % (318)
Vers

Where m is the mass of the adsorbent in g.

The development of a model that describes the concentration time profile is difficult in most cases,
since the DBT concentration in the solution which moves across the bed continuously changes and
therefore the process does not operate at steady state. Therefore, in order to successfully design
design of a column adsorption bed, it is essential to predict the breakthrough curve for effluent
parameters. Various kinetic models have been developed to predict the dynamic behavior of the
fixed bed adsorption column. In this study, three major models such as Bohart-Adams, Thomas,

and Yoon-Nelson models for the kinetic studies.

The Bohart-Adam model is used to descrie the initial part of the break through curve. The

expression in Equation (3.19) is used to calculate the parameters of Bohart-Adaams model.

Ct KNoZ

In (6) = KgpCot — (3.19)
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Where Kap is the kinetic constant in L/mg.min, V is the linear flow rate (mL/min), Z is the bed
height of the column (cm), No is the saturation concentration (mg/L) and t is time in min. The plot
of In(Cy/C,) versus time yield a linear graph with slope and intercept, from with the Boahrt-Adam
constants Kap and No can be calculated, respectively (Bohart and Adama, 1920, Cooney 1999).

The Thomas adsorption model’s expression is given as:

Co K
In (22— 1) = 5m00% _ g, Cot (3.20)

Where (o is the equilibrium DBT uptake per g of the immobilized adsorbent (mg/g), K is the
Thomas constant (L./min.mg). A plot of In (% — 1) against time yields a linear grapgh. The values
t

of Krhand go can be calculated from intercept and slope of the graph, using a linear regression
analysis (Thomas,1942; Chu, 2010).

A model was developed by Yoon and Nelson (1984) based on the assumption that the rate of
decrease in the probability of adsorption of adsorbate molecule is proportional to the probability
of the adsorbate adsorption and the adsorbate breakthrough on the adsorbent. Therefore, the

linearized form of Yoon-Nelson model equation can be expressed as in Equation (3.21);

In(=2) = Krat =t Kra (3.21)

Co —Ct

Where Kyn and  are the rate velocity constant in min.; and the time required for 50 % adsorbate

breakthrough (min). Kyn and ¢ can be calculated from the intercept and slope of a linear graph of

ln( 2 )versustime.

o —Ct
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3.2. Investigation of Biodesulfurization (BDS)

3.2.1. Inoculum preparation and investigation of bacteria growth

Pseudomonas Putida, Pseudomonas Aeruginosa Kwik Stik, ATCC 27853 Microbiologics and 2-
hydroxylbiphenyl (2-HBP) were purchased from Sigma Aldrich (Pty) Ltd., South Africa.
Dibenzothiophene, acetonitrile (gradient grade for liquid chromatography) and N, N, dimethyl
formamide (purity, GC) (99 %) were purchased from Merck (Pty) Ltd., South Africa. All other
chemicals were of analytical grade without further purifications. Basal salt medium consisting of
NaH2PO4. H20 (4 g/L), KoHPO4. 3H20 (3 g/L), MgCl». 6H20 (0.0245 g/L), CaCl. 2H,0 (0.001
g/L), FeCls. 6H20 (0.001 g/L) was prepared in the laboratory as described elsewhere (Rashtchi et
al., 2006). All glass wares were sterilized in an autoclave at 121 °C, for 20 minutes. The chemicals
were dissolved with deionized water in 1000 mL volumetric flask capacity and stirred till all
chemicals were dissolved. The pH of the medium was maintained at 7.0 by adding drop wisely 0.5
M NaOH. The solution was sterilized in autoclave at the same conditions as for the glass wares
mentioned earlier. The prepared BSM medium was stored at room temperature away from

sunlight.

Luria-Bertani (LB) liquid medium was prepared by adding peptone (10 g), NaCl (5 g), yeast extract
(5 g) to 950 mL deionized water and make up to 1000 mL. The medium was sterilized by
autoclaving at 121 °C for 20 min. Frozen pellets of Pseudomonas aeruginosa and Pseudomonas
putida each was taken with sterile forceps into a 250 mL Erlenmeyer flask consisting of 50 mL
LB medium. 10 g/L of tetracycline was prepared and 150 uL was added to the inoculum to serve
as antibiotics for the bacteria (Rashtchi et al., 20066). The mixture was incubated for 3 days at 30
°C, and 37 °C for Pseudomonas putida and Pseudomonas aeruginosa, respectively at 130 rpm.

The prepared inoculum was kept at -80 °C.

0.1 M of (401 mL) potassium phosphate dibasic KoHPO4 (8.75 g/L) and 0.1 M (99 mL) of
potassium phosphate mono basic KH2PO4 (13.6 g/L) was prepared. The initial pH of the buffer
solution was 7.53 and was adjusted to 7.0 by adding 32 % 0.1 N (HCI) drop-wise. Potassium
phosphate buffer was used in this study to wash the resting bacteria cells before storing in

respective carbon source.
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3.2.2 Evaluation of biodesulfurization efficiency of Pseudomonas species

Biodesulphurization (BDS) experiments with growing cell of Pseudomonas aeruginosa and
Pseudomonas putida were conducted in batch mode. The bacteria of Pseudomonas putida and
Pseudomonas aeruginosa previously inoculated in LB medium was used. 0.1 g of DBT was
dissolved in dimethyl formamide (DMF) and serially diluted to vary the concentration as required.
Glycerol 20 g/L was used as the only carbon source. 0.25 mL LB-frozen stock of bacteria was put
into 50 mL of BSM in a 250 mL Erlenmeyer flask. The bacteria medium was supplemented with
1 mL of 0.25 mM (46 ppm) DBT as the only sulfur source with 150 pL tetracycline (Davoodi-
Dehaghani et al., 2010). The flask was incubated at 30 °C and 37 °C for Pseudomonas putida and
Pseudomonas aeruginosa, respectively, and agitated at 130 rpm for 10 days. The growth of

bacteria was measured and desulfurization of DBT in model oil was monitored as well.

Biodesulphurization experiments with resting cells of Pseudomonas aeruginosa (PA) and
Pseudomonas putida (PP) were performed in batch mode. The bacteria in growing cell experiment
were harvested at late exponential phase. The bacteria medium was centrifuged at 7000 rpm for 5
min. The cells were washed thrice with potassium phosphate buffer solution. The washed PA and
PP cells were then re-suspended into glycerol/ NaCl in ratio 1:1. The different cell concentrations
(0.3-1.2 g DCWI/L) of frozen resting cells of PA and PP in glycerol/NaCl solution was measured
into 50 mL of BSM with 150 uL of tetracycline, 500 pL of glycerol and 1 mL of 500 ppm model
oil. The initial concentrations of DBT were varied from 250 to 1000 ppm. The mixture was
incubated for 8 h at 30 °C and 37 °C for Pseudomonas putida and Pseudomonas aeruginosa,
respectively and the mixture was agitated at 130 rpm (Caro et al., 2008). Aliquots of samples were
taken at intervals and the growth of bacteria was measured and the samples were analyzed for

biodesulfurization efficiency as well.

Growth of bacteria and biodesulfurization of model oil in aqueous and biphasic media experiments
were performed in batch mode. Hexadecane was chosen as organic phase in biphasic process
owing to its presence in the diesel oil fraction. BSM was the aqueous medium. In this experiment
the percentage of oil-to- water was varied 0 %, 20 % and 50 %. The organic phase was centrifuged
and extracted with ethyl acetate from the aqueous phase oil. The final sulfur concentration and
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produced 2-HBP end product of 4S pathway in the organic phase were determined (Caro et al
2007).

Resting cells of Pseudomonas aeruginosa and Pseudomonas putida were used for degradation of
real diesel in this study. Diesel sample obtained before HDS with initial DBT concentration of
5200 ppm and diesel sample obtained after HDS with initial DBT concentration of 120 ppm were
supplied by a refinery in South Africa. About 5 mL of diesel was measures into a 250 mL
Erlenmeyer flask with 5 mL of resting cell in glycerol/NaCl (1:1) and 20 mL of BSM. The mixture
was incubated for 8 h, at 30 °C and 37 °C and agitated at 130 rpm for Pseudomonas putida for
Pseudomonas aeruginosa, respectively. Aliquots of samples were taken at intervals for analysis
(Guobin et al., 2006).

The following analytical techniques were used for measurements of bacteria growth and

desulfurization of model oil and typical real diesel during biodesulfurization experiments;

The pH was measured using a pH meter and a Spectroquant Pharo 300 Merck, (W210324), made
in EU was used to measure the turbidity of the culture. The cell mass was determined by measuring
the optical density (OD) at a wavelength of 660 nm. In order to measure the net dry cell weight (g
DCW) of the biomass, 3 mL of the culture was centrifuged at 7000 rpm for 10 minutes and the
concentrate was washed thoroughly with distilled water on a pre-weighed filter paper. The filter
paper containing the bacteria was dried over-night at 100 °C and the weight of the bacteria was
determined by subtracting the net weight from the initial weight of the filter paper. The relationship
between the optical density (ODesonm), dry mass and the absorbance was determined. A calibration
curve was obtained and used in the determination of the unknown cell concentration (Rashtchi et
al., 2006).

To obtain the final sulfur concentration in the desulfurized model oil, aliquots of samples were
taken at intervals and concentration of DBT analyzed using a high performance liquid
chromatography (HPLC). Acetonitrile (55 wt. %) was used as the mobile phase (Caro et al., 2008),
with the UV detector at 254 nm. The incubated mixture was centrifuged at 7000 rpm for 10 min,
and filtered. The aqueous phase was acidified with HCI in order to quench the desulfurization
reaction before analyzing it with HPLC. The degraded DBT and the formed 2- HBP were extracted
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with equal volume of ethyl acetate. In biphasic system, the DBT and the 2-HBP were extracted
from the organic phase after centrifugation and analyzed using HPLC. The peak area of DBT and
that of the 2-HBP of known concentrations at different elution time were used to calibrate the
HPLC. The pre-calibration curve obtained during the calibration was used to determine the

unknown concentration of DBT and 2-HBP in the desulfurized samples.

3.2.3 Investigation of operating variables, optimization and kinetic studies

Study of operating variables is important in evaluating the efficiency of the bacteria for
degradation of DBT in model oil and typical real diesel. The effect of operating variables such as
time (0-8 h), DBT concentration (250-1000 mg/L), and mass concentration of bacteria (0.3-1.2
gDCWI/L), and oil-water ratio (0-50 %) on the biodegradation efficiency of the bacteria. The
optimum operating conditions were obtained from these experiments and were used for ADS/BDS
experiments.

The biodesulfurization capacity (Xsps), conversion yield for DBT (Ysps), degree of
desulfurization (Dsps) and specific conversion rate (E) were evaluated using the following

equations;

Biodesulfurization capacity (%) evaluates the the efficiency of bacteria in biodesulfurization

process.

Xpps = 221820 5 100 (3.22)

CpBT,(i)

Where Xgps is biodesulfurization capacity in (%), C2-xer in mg/L is the final concentration of 2-
HBP formed during biodesulfurization of DBT, Cpast in mg/L is the initial DBT concentration in

the model oil before degradation.

Conversion yield of DBT (%) can be evaluated by using Equation (3.23) (Martins et al., 2004):

YBDS = CDBT’(D _CDBT'(f) X 100 (323)

CpBT,()
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Where Yegps is the conversion yield for DBT degraded (%), Cpgr,(r) is the final concentration of

DBT after degradation in mg/L. Xgps and Ygps indicate the efficiency of bacteria in the

biodesulfurization process.

Degree of desulfurization (g DCW/L.h) is the degree to which desulfurization occurred during
growth and resting process. This was used to show relationship the biodesulfurization capacity of
the bacteria and the biomass obtained within a specified period of growth time. Evaluation of Dgps
during bacteria growth provides information on optimum biocatalyst production process. Deps was
calculated using Equation (3.24) (Martins et al., 2004):

X .C

Where Dgps in (g DCWI/L) is the degree of desulfurization, Xgps is the biodesulfurization capacity,
Cx is the biomass concentration (g DCWI/L), te (h) is the time required to attain the biomass

concentration.

Specific conversation rate (L/g DCW.h) is the effectiveness of each bacterium. It was determined

by the expression in Equation (3.25) (Martins et al., 2004):

E = XBDs (max) (3.25)

B tG(max)-Cx
Where te max) (h) is the time required for maximum desulfurization

Pseudo first order model was used to describe the degradation of DBT by pseudomonas aeruginosa

and pseudomonas putida (Abin-Fuentes et al., 2014). The expression is described as follows:

C =Coe (3.26)
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Where C is the concentration of DBT at time (mg/L), t (h), Co is the initial concentration of DBT
in mg/L, K is the pseudo first order rate constant (h'), and t is the reaction time in hour. Linearizing

this Equation (3.26) becomes;

InC = InCy — Kt (3.27)

Plot of InC versus time, t will give a straight line with In C, as the slope and K as the intercept.
The value of Co and K can then be determined from the slope and intercept of the graph,

respectively using a linear regression analysis.

The growth of a bacteria culture can be studied using the Minod expression as shown in Equation
(3.28):

[S]
V= Vmax m (328)

Where Vmaxis the first order rate constant (mg/gDCW.h) particular to the exponential growth phase
of culture described by the rate equation, V is the rate of bacteria growth (gDCW/L.h), [S] is the
substrate concentration (mg/L), and K is a first order constant (mg/L).

For a single substrate catalyzed reaction, Michaelis Menten equation is applied. Michaelis-Menten
assumed that, a fast pre-equilibrium forming an enzyme-substrate complex proceed a slow, rate
determining reaction of that complex. Michaelis-Menten can be considered satisfactory description
of substrate utilization, only if the initial equilibrium can be considered in the context of the system
as a whole and that the subsequent steps can be considered as occurring only within the cells
(Talaiekhozani et al., 2015).
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~] — KB, =2 (3.29)

Where

= % and [E,y] = [E] + [ES] (3.20)

If [Eo], the maximum concentration of available substrate-binding enzyme for a given cell
concentration can be considered proportional to the bacteria density itself, and if also the rate of

growth can be considered proportional to the rate of substrate utilization, then;

_ als) _ _, dis)
[Eo] = X[B] and = Y — (3.31)

Where % is the rate of growth of bacteria, X is a constant, and Y is a yield factor also considered
to be constant throughout the period of substrate conversion. It follows that;

4B _ kgL (3.32)

Km+[S]

Comparing Equation (3.28) with (3.32) shows that;
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v=pg L (3.33)

Km+(S]
This is the form of Minod equation.

Equation (3.32) shows that when S >> K the reaction is pseudo first order, but when S << K the

reaction is second order character predominate and

—— = — [B][S] (3.34)

The similarity of this second order rate expression to that for an autocatalytic model where

S - Band % = K[B][S] (3.35)

Linearized form of Michaelis mentel equation can be written as;

1_fm 2 + ! (3.36)
V Vmax . S Vmax .
Plot of VK’" Versus % yields a straight line where the values of Vmax and Km can be calculated from

the slope and intercept of the graph, respectively using a linear regression analyss. The differential
method analysis can be used when when numerical values of the reaction rate have been obtained

at different concentrations and at a constant temperature (Roberts, 2009).
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The experimental data was compared with the model data obtained. The percentage error between

the experimanta data and the model parameters obtained was calculated using Equation (3.37)

In order to ensure accuracy, an error function was applied to each model employed in this study,
based on the normalized standard deviation, as shown in Equation 3.37 (Yoro, 2016).

N-1

Qexp_Qmod
% Error = |Xn=3 (Q—P> x 100 (3.37)

3.3. Development of AD/BDS process and evaluation

In order to couple adsorption and biodesulfurization techniques, resulting in efficient and enhanced
desulfurization of typical South African diesel samples to meet up with Euro V standard less than
10 ppm proposed by South African government to South African refineries, this study after
determining the best operating conditions for both packed-bed column adsorption process and best
operating condition for biodesulfurization process. The diesel obtained after HDS with initial
concentration of 120 ppm sulfur compound and diesel obtained before HDS (5200 mg/L) obtained
from a Refinery in South Africa were used in this section of the thesis. The diesel before HDS was
serially diluted to reduce the concentration lower than South African standard diesel grade (500
mg/L) and higher than the current SA low diesel sulfur grade (50 mg/L). The effect of initial sulfur
concentrations was studied. Kinetic model such as Bohart-Adam model, Thomas model and
Yoon-Nelson model was used to describe the mechanism of adsorption of sulfur compound onto
the surface of the immobilized adsorbent in a continuous fixed bed column. The initial
concentrations of the DBT in the South African diesel samples were varied (40, 80 and 100 mg/L).
Other operating parameters such as bed depth (15 cm), flow rate (0.5 mL/min) were kept contant
at room temperature. The South African diesel samples were pumped into the packed-bed column
by HPLC pump in a downward direction. Samples of desulfurized diesel were taken at intervals

and analyzed using GC/MS equipment.
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The samples were taken from packed-bed column experiment at 140 min, when the concentration
of the SA diesel obtained after HDS was about 10 mg/L and 15 mg/L for SA diesel obtained before
HDS. The samples were transferred into a 250 mL Erlenmeyer flask containing 20 mL of basal
salt medium, with 75 pL of tetracycline as antibiotic for the bacteria, 5 mL of resting cells of
Pseudomonas aeruginosa suspended in glycerol/NaCl (1:1). The mixture was incubated for 8 h,
and agitated at 130 rpm at 37 °C and aliquots of samples were taken at intervals for analysis. The
physical and chemical properties of the diesel oil are presented in Table 31. The samples were
analysed in GC/MS. The degradation of DBT and formation of end product of 4S pathway were

quantified. The schematic of the process is shown in Fig 3.4

Detection of sulfur containing compounds in diesel sample before HDS, diesel sample after HDS
and the evolution of the 4S end product (2-HBP) was done by gas chromatography/mas
spectroscopy (GC/MS) Shimadzu equipment with column Rx-SMX. Injection and detection
temperature were set at 220 °C and 230 °C, respectively. Oven temperature at 80 °C, to 190 °C at
10 °C /min and 15 °C /min to 230 °C for 18 min in split-less mode. Helium was used as the carrier
gas. In order to determine the calibration curve for HDS feed, and HDS outlet diesel. The diesel
samples with known concentrations were diluted serially to vary their concentrations. The GC/MS
was initially calibrated by plotting the peak areas detected form GC/MS against the known
concentrations of the diesel. This was used to plot a calibration curve that was used to calculate
the unknown concentrations of diesel in the samples. Physical and chemical properties of typical
South African diesel oil are given in Table 3.1.
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Figure 3.4. Schematic for ADS/BDS coupling technique process

3.4. Conclusion and recommendation

A sort overview of the methods used in the preparation and characterization of adsorbents for
adsorptive desulfurization is presented in this chapter. In addition, series of experiments conducted

in this study are described in detail. Also the techniques for growth of bacteria for
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biodesulfurization experiment have been successfully highlighted. Results obtained from the

experimental procedures described in this chapter are reported and discussed in later chapters.
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Chapter Four
4.0 Adsorption performance of pomegranate and neem leaf powder during desulfurization

In this chapter, effects of operating variables on the performance evaluation of pomegranate leaf
and neem leaf powder adsorbents for removal of dibenzothiophene from a model diesel are
reported and discussed. The results of mechanism, behavior and thermodynamics of the adsorbents

are also reported
4.1 Introduction

Different types of adsorbents such as activated carbon, carbon nanotubes (CNTs) (Nazal et al.,
2016), montmorillonite clay (Ahmad et al., 2017), bentonite (Ishaq et al., 2017), neem leaf powder
(Daware and Kulkani, 2015), rice husk (Ahmaruzzaman, and Gupta, 2011) have been used for
adsorptive desulfurization of DBT in petroleum distillate. Among these adsorbents, commercial
activated carbon has been widely used due to its porous surface structure and high surface area,
however, it is expensive to process (Fayazi et al., 2015; Nazal et al 2016). Agricultural wastes
materials are presently gaining attention due to their ready availability and low cost as potential
adsorbents for removal of various contaminants from wastewaters and fuels (Ahmarussaman and
Gupta, 2011). Therefore, a new, green and agro-waste product can be employed in order to replace
the expensive commercial activated carbon. Pomegranate leaf annually sheds its leaves and no
useful materials have been developed from it for industrial application yet. Pomegranate leaf
powder has been used by Battacharje and patel (2017) in the treatment of wastewater. However,
its use in adsorptive removal of DBT from petroleum distillate has not been reported till date.
Neem leaf has been used for the treatment of wastewater and as adsorbent for removal of sulfur
compound in diesel (Daware et al., 2015). However, there is need for more exploration of the
adsorbents in this field. In this chapter, synthesis and investigation of the adsorption performance
of the pomegranate and neem leaf powder are presented. The potential re-usability performance of
PLP nad NLP was studied due to growing concern for waste minimization, recovery, and reuse as
well as for industrial applications. In order to understand the mechanisms and the kinetics of the

adsorption process, the results of adsorption behavior of these adsorbents are presented as well.
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4.2 Experimental

The materials for the preparation of adsorbents, characterization and the detailed description of
experimental procedures employed in this chapter are provided in Chapter 3 (section 3.1.1) of this
thesis. The performance evaluation of the adsorbents is also described in Chapter 3 (section 3.1.2)
of this thesis. However, the operating conditions used are summarized in Table 4.1. In addition,
the regeneration of adsorbent was discussed extensively in Chaper 3 section 3.1.2 of this thesis as

well.

Equation 3.1 and Equation 3.2 were used to evaluate the adsorption capacity of the adsorbents and
their DBT removal percentage, respectively. The adsorption behavior of the adsorbents was

investigated as well, using isotherms and kinetic models described in Chapter 3.

Table 4.1. Operating conditions for adsorption desulfurization of DBT by PLP and NLP.

Quantity Values
Amount of adsorbents (g) 0.2-1.0
Initial DBT concentrations (ppm) 250-1000
Adsorption temperature (°C) 25-35
Time (min) 180
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4.3 Results and Discussion

4.3.1 Physico-chemical characterization of PLP and NLP adsorbents

The SEM image of the as-prepared NLP, and that of the as-prepared PLP adsorbents are depicted
Fig. 4.1 (a) and Fig. 4.1 (b), respectively.The SEM images show that the PLP and NLP possess
irregular structural surfaces with well developed porous stuctures that could be instrumental to the
good adsorption of DBT on the surface of the adsorbents. These obervations are in agreement with
literature (Ghaneian et al., 2015). It could also be observed that the surface of NLP adsorbent is
smoother than that of PLP adsorbent.

The difraction patterns of these adsorbents were obtained as described in Chapter 3 of this thesis
and are shown in Fig. 4.2. The XRD patterns for PLP and NLP adsorbents are similar. It can be
observed from the graph, that there are no diffraction peaks on the two XRD patterns except the
bands observed at 2 6 values in the range of 20 °- 30 ° for both PLP and NLP adsorbents. It can
therefore be concluded that both adsorbents are amorphous in nature without any crystalline peaks.

Results are in agreement with Prabhu et al. (2014) for NLP adsorbent.

Table 4.2 shows the elemental composition of PLP and NLP before and after adsorption
experiments. The results in Table 4.2 show that PLP consists of 60.48 % carbon and 39.52 %
oxygen before adsorption. However, there was 3.82 % sulfur on the surface of the used adsorbent,
indicating the sulfur-containing compound was adsorbed on PLP adsorbent. It could be observed
that NLP consists of C, O, Mg, Cl, Ca and K (Nazal et al., 2016). However, the elemental
composition obtained from EDX on adsorbent after desulfurization showed the presence of sulfur

on the surface of the adsorbent.
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Figure 4.1. Surface morphologies of (a) NLP (b) PLP adsorbents
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Figure 4.2. XRD pattern of PLP and NLP
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Table 4.2: Elemental compositions of PLP ans NLP adsorbents before and after adsorption
experiments

Element Weight % Atomic %

Fresh | Used Fresh Used Fresh Used | Fresh Used
PLP PLP NLP NLP PLP PLP NLP NLP
C 60.48 58.75  52.40 51.40 67.09 66.29  66.29 61.90
@) 39.52 3743  42.36 42.06 32.91 30.54  36.96 35.46

Mg - - 1.12 1.01 - - 0.64 0.48
Cl - - 1.02 0.92 - - 0.40 0.32
K - - 1.25 0.85 - - 0.45 0.40
Ca - - 1.85 1.25 - - 0.65 0.55
S 0.00 3.82 0.00 2.51 0.00 3.17 0.00 0.89

Total | 100.00 100.00 100.00 100.00 | 100.00 100.00 100.00 100.00

Textural properties of NLP and PLP adsorbents were checked to understand their influence on the
adsorption capacity of the adsorbent. N> Physio-sorption experiments were carried out and

measured before and after adsorption experiments.

Results in Table 4.3 show that the surface area of PLP decreased from 94.16 m?/g to 54.67 m?/g,
pore volume decreased from 0.185 cm®/g to 0.088 cm®/g and pore size decreased from 8.5 nm to
5.54 nm after the adsorption experiment. In the same vein, the surface area of NLP decreased from
73.21 m?/g to 53.60 m?/g, its pore volume decreased from 0.13 cm®/g to 0.07 cm®/g and its pore
size reduced from 34 nm to 13.16 nm after the adsorption experiment. The observation indicates
that some of the vacant adsorption sites of the adsorbents present before adsorption had been

occupied with DBT molecules after the adsorption experiment.
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Table 4.3: Textural properties of NLP and PLP before and after adsorption experiments

PLP NLP
Before After Before After
adsorption adsorption adsorption Adsorption
Surface area (m?/g) 194.16 54.67 73.21 53.60
Pore volume 0.19 0.09 0.13 0.07
(cm?/g)
Pore size (nm) 8.50 5.54 34.00 13.16

Chemical functionalities of the adsorbents were checked as described in Chapter 3, in section 3.1.2
of this thesis. Fig. 4.3 shows the spectra of the raw PLP and the used PLP with different functional
groups. The band located at 866 and 833 cm™ is caused by C-H out-of-plane bending vibrations
(Lua and Yang, 2004). The relatively pronounced band at 1231 cm™ and a band at about 1020 cm
! could be assigned to C—O stretching vibrations in alcohols, phenols, or ether or ester groups. The
presence of a band at 1340 cm™* can be ascribed to C—O stretching vibrations in carboxylate groups.
The bands at around 1458 cm™ and 1386 cm™ correspond to the C—H in-plane bending vibrations
in methyl and methylene group, while the band around 1617 cm™ could be attributed to the
stretching vibration of the aromatic ring or C=C (Eddebbagh et al., 2016). The peak at 1576 cm™
is characterized by the C—C stretching of aromatic rings. The band around 1700 cm™ is usually
caused by the stretching vibration of C=0 carboxyl groups. The spectra result show that a
stretching has occurred after adsorption of DBT on the adsorbent, thereby causing the peak at 1729
cmt in the fresh PLP to be more pronounced and shifted to 1731 cm™ after the adsorption (depicted
with a red circle in Figure 4.3). The band at 2368 cm™ is typically attributed to the C=C stretching
vibration of alkyne groups (Shaarani and Hameed, 2011; Ceyhan et al., 2013). The vibration of
methyl and methylene could be observed at the bands located at 2936 cm™ and 2858 cm™,
respectively (Kaouah et al., 2013). Finally, the wide peak observed around 3332 cm™! is usually

attributed to hydroxyl groups or/and adsorbed water.
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Figure 4.3 FTIR spectra showing chemical functionalities of PLP before use and PLP after
use.

The FTIR spectra showing the functional groups in neem leaves powder before use and after use
are shown in Fig. 4.4. The spectra indicated a peak at 1053 cm™, which corresponds to the
stretching of C-O functional groups (Bharalia and Bhattacharyya, 2014). The existence of carbonyl
(C-0) stretching vibration of amide groups from plant protein is indicated by the band at 1622 cm"
! The peaks observed at 1737 cm™ correspond to the stretching vibration of carbonyl functional
groups such as ketones, aldehydes and carboxylic acids. The band observed at 2927 cm™ shows

the existence of C-H stretching vibration of an aromatic aldehyde in neem powder as reported by
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Noorjahan et al. (2015). The result also shows that, there was no chemical interaction between the

adsorbent and the sulfur-containing compound in the model oil.
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Figure 4.4 FTIR spectra showing the chemical functionalities of neem leaves powder
before use and neem leaves powder after use.

4.3.2. Performance evaluation of PLP and NLP adsorbents during desulfurization

To understand the performance PLP and NLP adsorbents during desulfurization of DBT, effect of
operating parameters on adsorption performance of the adsorbents for removal of DBT from the

model oil was investigated. The detailed prodecure of this experiment is provided in Chapter 3 of
this thesis.

Parametric effect of the operating variables such as contact time, amount of adsorbent, initial
concentration of DBT and temperature on the removal efficiency of PLP and NLP was
investigated. Fig 4.5 depicts the effect of contact time on the removal of DBT from the model

diesel by PLP and NLP. The contact time was varied from 0-180 min, while all other parameters
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such as the concentration (1000 mg/L), adsorbent amount (0.2 g) and temperature (30 °C) were
kept constant. The results show that the intake of the DBT on the adsorbents surface was initially
fast for the first 10 min during which about 30 % and 37 % of the DBT were adsorptively removed
by NLP and PLP, respectively. This could be attributed to the large number of vacant sites on the
adsorbent surface at the early stage of the adsorption process. Between 10 minutes and 60 minute
the pace slowed down drastically due to the decrease in the number of adsorption sites on the
surface of the adsorbent. The adsorptive removal reached equilibrium at 60 minutes during which
the available adsorption sites on the surface of the adsorbent have been fully occupied with the
DBT molecules, leaving no room for further adsorption. This observation is consistent with
literature (Vadivelan and Kumar, 2005). At equilibrium, the adsorption capacity for PLP and NLP
reached 39.8 mg/g and 53.46 mg/g, respectively. The nature of the adsorption behaviour of DBT
onto the surface of the PLP and NLP (see Fig. 4.5) could indicate monolayer DBT coverage on
the adsorbent surface as proposed by Namasiyayam (1993). The result showed that PLP adsorbent
exhibited a higher adsorption performance compared to neem leaf adsorbent. This could be

attributed to more adsorption sites available on the surface of PLP
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Figure 4.5. Effect of contact time on desulfurization by pomegranate leaf powder and neem

leaves powder. Experimental conditions: Temperatures: 30 °C; Amount of adsorbents: 0.2

0/0.20 L model diesel; Initial DBT concentration: 1000 ppm.
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Understanding effect of temperature during adsorptive desulfurization is essential to understanding
the adsorption performance and mechanism of the adsorbent during the removal of DBT
compounds from petroleum distillates. Effect of temperature on the performances of PLP and NLP
as a function of contact time during the removal of DBT is depicted in Fig. 4.6 (a) for PLP and
Fig. 4.6 (b) for NLP. Increase in temperature from 303 K to 308 K enhanced the adsorption
efficiency of the adsorbent from 39.5 mg/g to 53.12 mg/g for PLP and 37.5mg/g to 39.8 mg/g for
NLP. The increased adsorption capacity when the temperature was increase could be attributed to
the broadening of adsorbent pores and formation of additional active sites on the adsorbent surface
owing to cleavage of bond at higher temperature. These observations are in agreement with
Betterman and Staudt (2009). Furthermore, the diffusion rate in the pore of adsorbent also
increased with an increase in temperature (Ishaq et al., 2017). However, a decrease in adsorption
efficiency from 53.12 mg/g to 31.01 mg/g with PLP adsorbent and from 39.8 mg/g to 33.8 mg/g
with NLP was observed as the temperature further increased from 303 K to 308 K. This decrease
could be attributed to weakening of the bonds between the DBT molecules and the active sites of

pomegranate adsorbent (Ishaq et al., 2017).

Fig. 4.7 shows the effect of amount of adsorbent on the desulfurizing efficiency of PLP and NLP
during removal of DBT from the model diesel when the amount of adsorbent was varied from 0.2-
1.4 g. It could be seen that as the amount of adsorbent increase, the percentage removal of DBT
also increased. This result could be attributed to an increase in available active adsorption sites
accessible for the DBT. This is in agreement with literature (Srivastav and Srivastava, 2009;
Daware et al., 2015; Ahmad et al., 2017). However, as the amount of PLP adsorbent increased
from 1.0 to 1.4 g, there was no significant increase in the percentage removal. Also as the amount
of NLP increased from 0.2 g to 0.8 g, the percentage DBT removal also increased. However, when
the amount of adsorbent increased from 0.8 to 1.4 g, there was no further increase in DBT removal.
This could be attributed to the inhibition of DBT onto the surface of PLP (Gonga et al., 2009;
Mari'n-Rosas, 2010; Yasemin and Ayse, 2011). It could be observed that equilibrium was reached
when amount of adsorbent was 1.0 g for PLP and 0.8 g for NLP adsorbent. These results show that
the as-prepared PLP and NLP adsorbents could be employed as green adsorbents in the industry
for removal of DBT from petroleum distillate, since the use of a small amount of the adsorbents

could achieve about 70 % removal of DBT.
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Figure 4.6. Effect of temperature on desulfurization of model petroleum distillate by (a)
PLP adsorbent (b) NLP adsorbent. Experimental conditions: Amount of adsorbent: g/0.02
mL model diesel; Initial DBT concentration: 1000 mg/L.
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Figure 4.7. Effect of adsorbent amount on desulfurization of model oil by PLP and NLP at
equilibrium temperature of 30 °C and varying adsorbent amount. Experimental conditions:
Initial DBT concentration: 1000 mg/L; Temperature: 303 K.

Fig. 4.8 shows the effect of initial concentration of the model diesel on the adsorption efficiency
of NLP and PLP. Effect of initial concentration on the adsorption efficiency was studied, because
DBT concentration has an apparent effect on its removal from aqueous phase. The initial
concentration of DBT was varied in the range 250-1000 mg/L while other variables such as
temperature, adsorbent amount, and contact time were kept constant. Results show that the
adsorption capacity of PLP (at equilibrium) increased from 2.73 mg/g to 14.11 mg/g with increase
in the initial DBT concentration from 250 to 1000 mgL . Also the adsorption capacity of NLP (at

equilibrium) increased from 2.71 mg/g to 13.76 mg/g as the initial DBT concentration increased
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from 250 mg/L to 1000 mg/L. This observation may be attributed to the high driving force for
mass transfer at a high initial DBT concentration. Furthermore, if there is higher concentration of
DBT in the solution, more DBT molecules will surround the active sites of adsorbents resulting in
efficient adsorption. Therefore, results from this study confirm the explanation that adsorption

increases with an increase in initial DBT concentration (Ishaq et al., 2017).
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Figure 4.8. Effect of initial concentration on adsorption of DBT. Experimental conditions:
contact time 60 min, stirring speed 130 rpm, amount of NLP and PLP adsorbent 1.0 g, and
temperature 30 °C

4.4 Adsorption isotherms, kinetics and thermodynamics of PLP and NLP

After investigating the operating variables of the adsorption process, it is essential to understand
the behavior of the adsorbents. Isotherm studies give information on the nature of the interaction
between the adsorbents and the adsorbates. Thus, equilibrium data were analyzed using Langmuir

and Freundlich isotherms. The results obtained are discussed:

Langmuir and Freundlich isotherm parameters for adsorption of DBT molecules onto PLP
adsorbent are given in Table 4.4. Fig. 4.9 (a) and (b) depict the Freundlich isotherm for PLP and
NLP respectively. Fig. 4.9 (c) and (d) depict the Langmuir isotherm for PLP and NLP, respectively.
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It can be observed that adsorption of DBT onto PLP and NLP adsorbents were described well by
both Langmuir and Freundlich isotherm models. They both have high coefficients of
determination, R?. (R?) values for Langmuir isotherm and Freundlich isotherm model of PLP are
0.9952 and 0.9979, respectively. (R?) values for Langmuir isotherm and Freundlich isotherm
model of NLP are 0.9846 and 0.9881, respectively. The values of Langmuir separation factor, R.
which determines the favorability of the adsorption process for both PLP and NLP in Table 4.4
are 0.5 and 0.4, respectively. The values are below 1, indicating that adsorption process is
favourable. The results show that the adsorption occured at specific homogeneous sites within the
adsorbent creating monolayer DBT coverage at the surface of the PLP absorbent. This is in
agreement with Wang and Wei (2017). The value of b in NLP, which reflects the activity of
binding site is higher than the value of PLP. The values of adsorption intensity, n <1 for both NLP

and PLP also indicate favorability of the adsorption process.

Table 4.4: Langmuir and Fruendlich Isotherm parameters

Adsorbents Langmuir Isotherm Freundlich Isotherm
Temp (K) R. b (L/mg) R? Kt (mg/g) n R?

PLP 303 0.5 0.0010  0.993 0.0165 0.777 0.984

NLP 303 0.4 0.0015  0.985 0.0044 0.732 0.988

Where b is the Langmuir’s constant, reflecting the activity of the binding site, K¢ is the Freundlich’s
constant, n is the adsorption intensity and R is the coefficient of determination, Ry is the Langmuir

separation factor.

150



a L]
1 * 1 1
08 0.2 4
o )
el 0.6 en 0.6
o 0
— : —
0.4 04
0.2 02 4
D T T T T T T T T T T T T T T G T T T T T T T T T T T T T T
15 2 25 3 2 22 24 26
Log C, Log Ce
0.4 04
0351 C 03 { d ;
03 - 03
i%ﬂ 0.25 1 i;;‘,ﬂ_zﬁ 1
Sho02 B 02 -
=015 - ;-_‘f_?n_lﬁ ] *
0.1 4 * 01
[ ]
0.05 A 0.05 A
I:I T T T T T T T T T T T T T T D T T T T T T T T T
0 0.005 0.01 0.015 0 0.005 0.01
1/C, (L/mg) /e, (L/mg)

Figure 4.9. Freundlich isotherm model for (a) PLP (b) NLP and Langmuir isotherm model
for (c) PLP (d) NLP. Experimental conditions: Initial DBT concentrations: 250-1000 mg/L;
Temperature: 303 K, Amount of adsorbent: 1.0 g.

Kinetic studies provide information on the mechanism and the pathways of the adsorption
interactions. Therefore, pseudo first and pseudo second-order kinetic models were used in this

study and the results obtained are discussed.
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Table 4.5 shows the parameters for pseudo first-order and pseudo second-order kinetics of DBT
adsorption onto PLP and NLP. Comparing the coefficient of determination (R?) of the kinetic
models of PLP, the pseudo second-order model described the adsorption process well compared
to pseudo first-order kinetic model. In addition the experimental ge (33.65 mg/g) values obtained
for pseudo-second order Kinetics are very close to the calculated ge (33.57 mg/g) compared to what
were obtained for the experimental ge (33.65 mg/g) and calculated ge (23.44 mg/g) for the first-
order kinetics (Table 4.5). Also, for NLP adsorbent, the correlation coefficients were higher in
pseudo-second order Kinetics (0.9992, 0.9991 and 0.9989 ) compared to pseudo first-order (0.8349,
0.8857, and 0.857) at 298, 303 and 308 K, respectively. The kinetic model value for ge calculated
(37.46 mg/g) was very close to experimental value obtained for ge (38.46 mg/g) for psedo second-
order kinetics. However, the model value calculated for ge (38.46 mg/g) is lower than the value
obtained in the experiment (10.69 mg/g) for pseudo first-order kinetics. It could be assumed that
there were involvements of chemical interactions in the adsorption process. In addition, the
adsorption rate may be controlled by the movement of DBT molecules in the pores of the PLP
adsorbent. The result obtained in this study is similar to what was reported by Wang and Wei
(2017). Lower correlation coefficient factor for pseudo first-order could be an indication that the
rate of adsorption process is not dependent on concentration factor, but on both concentration and

time. This is in agreement with Kumar and Tamilarasan (2017)
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Table 4. 5: Kinetic model parameters for pseudo first and pseudo second-order adsorption model

Temp (K) Pseudo 1st-order (PLP) Pseudo 2nd-order (PLP)
Ce(expt)  Qe(calc.) K1 R?2 Qe (expt) e (calc.) K2 R2
(mg/g) (mg/g) (L/min) (mg/g) (mg/g) (9/mg.min)

298 38.18 2536 0.047 0.8349 38.18 40.49 0.0028 0.9999

303 53.66 33.07 0.0474 0.8857 53.66 55.55 0.0025 0.9959

308 33.65 2344 0.0481 0.857 33.65 3357 0.0035 0.9922

Temp (K) Pseudo 1st-order (NLP) Pseudo 2nd-order (NLP)
Ce(expt)  Qe(calc.) K1 R?2 Qe (expt) e (calc.) K2 R2
(mg/g) (mg/g) (L/min) (mg/g) (mg/g) (g/mg.min)

298 3846 10.69 0.0026 0.8349 38.46 37.46 0.0082 0.9992

303 39.80 1478 0.0380 0.8857 39.80 39.80 0.0071 0.9991

308 3380 6.76 0.0280 0.857 33.80 33.80 0.0078 0.9989

0 is the amount of DBT adsorbed at equilibrium, R? is the coefficient of determination, Kj is the

pseudo first-order constant and K is the pseudo second-order constant.

In order to understand the spontaneity and nature of the adsorption process, thermodynamics of

the adsorption process were studies. The results obtained are discussed as follow;

The values of adsorption thermodynamics parameters, standard free energy AG°, standard entropy,
AS° and and standard enthalpy, AH° for PLP and NLP adsorbents are presented in Table 4.6. The

negative values of AG®and the positive values of AH® indicate that DBT adsorption onto PLP and
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NLP are spontaneous and endothermic in nature. Positive AS°® values of DBT adsorption process
indicate an increase of the randomness at the PLPand NLP-solution interface during adsorption.
This is in agreement with Fei et al. (2017) and Saini et al. (2017).

Table 4.6: Themothynamic parameters for adsorption of DBT on PLP and NLP

Adsorbent  Temp.(K) AH AaG AS
(J/mol) (kJ/mol) (J/k/mol)

PLP 298 +872.97 -10.21 +37.21
303 -11.97 +42.39
308 -10.05 +35.38
NLP 298 +2036.9 -10.14 +40.87
303 -13.077 +49.88
308 -10.069 +39.30

4.5 Regeneration and re-usability of PLP and NLP

To make NLP and PLP commercially suitable, there is need to carry out the re-usability process.
About 0.25 g of NLP and PLP were mixed with 10 mL of solvent (hexane) and were stirred at
40°C at 130 rpm for 5hrs. Hexane was used in this study as solvent, due to the favourable
hydrophobic interactions with adsorbed DBT. Hexane has boiling point of 70°C, therefore
desorption was done at 40°C to avoid boiling (Safieh et al., 2015). The same process was done
three consecutive times until the adsorbent was back to its original state. Adsorption experiments

were conducted at 30 °C, for 1 h with 1.0 g of adsorbents. The experiment was carried out in four

154



cycles. Initial and final concentration of the used adsorbent was analysed by HPLC. The results
showed that the both NLP and PLP still retained their desulfurization capacities until the 4th cycle
(Fig. 4.10). The percentage desulfurization of neem leaves powder decreased by 8.13 % at the
fourth cycle and PLP decreased by 0.04 % which is negligible. This could be as a result of blocked
adsorption sites by DBT after repeated use of the adsorbent. It could also be possible that the
structure has been damaged with time, which prevented it from adsorbing DBT further. This
however, indicated that NLP and PLP can be re-used four times before it slightly loses its
adsorption efficiency for removing DBT compound from the model diesel. Therefore, NLP and
PLP can be of great value for commercial application since they can be re-used up to four times

without losing their efficiency of removing DBT from petroleum distillate.

100

90 A @PLP ONLP

80 4
~ 70.55 70.55 70.54 70.52 70.01
S 70 4 65.78 65.78 65.72 65.66
c_g —— —— —— — 60.43
g 60 - —
<5}
P —
K 50 -
()]
>
S 40 1
—
c
D
O 30 -
<5}
[a

20 -

10 A

O T T T T
Ref expt 1st cycle 2nd cycle 3rd cycle 4th cycle

Operation cycle

Figure 4.10. Re-usability potential of PLP and NLP. Experimental conditions: Amount of
adsorbent: g/0.02 L model diesel; Temperature: 303 K; Initial DBT concentration: 1000
mg/L.
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Table 4.7 shows the comparison of results of this study with literature. According to Table 4.7,
Zinc impregnated on MMT clay was reported for the removal of DBT from model oil by Ahmad
et al. (2017) and 81% of the DBT was removed at 25 °C when the initial concentration was 1000
mg/L. In addition, about 92 % DBT removal was reported by Anisuzzaman et al. (2017) when
activated palm shell (APC) was used as the adsorbent. Percentage removal of DBT as reported by
Ahmad et al. (2017) and Anisuzzaman et al. (2017) are about 81 % and 91 %, respectively. These
results are higher than the percentage DBT removal obtained in this study for PLP (70.55 %) and
NLP (65.68 %). The observable increase in the result of Ahmad et al. (2017) could be attributed
to the surface modification of MMT clay with Zn and in the case of Anisuzzaman et al. (2017),
the higher percentage DBT removal could be due to the high surface area of the APC. However,
it is noteworthy to mention that the amount of adsorbent used by Ahmad et al. (2017) was 50 %
more than what was used in this study for both adsorbents. It is expected that if the surface of the
PLP and NLP are modified and the amount of the modified PLP and modified NLP is increased
by 50 % (from 1.0 g used in this study to 1.5 g in the case of PLP and 0.8 g to 1.2 g in the case of
NLP), adsorbents used in this study might out-perform the modified MMT clay.

Furthermore, it could be seen from Table 4.7 that DBT removal efficiency of the PLP and NLP
are better than others reported in literature. For instance, about 44 % DBT removal was reported
by Nazal et al. (2016) when CNTs impregnated with 15 % Ni was used as an adsorbent and the
initial DBT concentration in their study was 4 times lower than what was used in this study (250
mg/L compared to 1000 mg/L). Nazal et al. (2016) also impregnated about 15 % Ni on AC to
remove DBT from model oil. The result showed that desulfurization capacity of 76.4 % was
achieved. Comparing their results with results obtained in this study, the activated carbon (76.4
%) out-performs the NLP and PLP by 10 % and 6 %, respectively. The better performance of the
activated carbon used by Nazal et al. (2016) could be attributed to the higher surface area of the
activated carbon. Moreover, a lower initial concentration of 250 ppm was used by the authors and
this is 75 % lower than the concentration used in this study. Therefore, it cannot be concluded that
the adsorbent used by Nazal et al. (2016) is capable of removing DBT at a higher initial

concentration.
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Daware et al. (2015) investigated on the performance of NLP for desulfurization of real diesel.
About 65 % percentage DBT removal was achieved at initial DBT concentration of 20 mg/L.
Comparing the result (65 % DBT removal) with what was obtained for NLP in this study, it can
be observed that result of this study out-performed the result obtained in Daware et al. (2015).
Considering the initial DBT concentration (20 mg/L) used by Daware et al. (2015) and the initial
DBT concentration used in this study (1000 mg/L). The lower result obtained in Daware et al.
(2015) despite lower initial DBT concentration could be as a result of many compounds of sulphur
present in real diesel. Therefore, there might be a problem with selectivity of DBT removal.
However, model diesel was used in this study which could be attributed to better performance of

NLP in this study for removal of DBT compound.

Conclusively, it could be said that the performances of the PLP and NLP investigated in this study
for the removal of DBT are comparable with results reported in literature. As far as could be
ascertained, this is the first report on the use of PLP as an adsorbent for the desulfurization of
petroleum distillate and the first report on the application of NLP for DBT model oil. Results

documented in this study could provide a platform for further research efforts in this field.
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Table 4.6: Results of this study compared with literature

Model oil  Amount Time Temp Co Cr
Adsorbent of ads.(g) (min) (°C) (mg/L)  (mg/L) % SR Ref.
Zn-MMT DBT 1.50 60.0 25.0 1000 1.50 81.00 Ahmad et al. (2017)
Bentonite DBT 0.05 160.0 25.0 100 2.00 98.00 Ishaq et al. (2017)
APC BT 0.10 35.0 25.0 10 0.85 91.50 Anisuzzaman et al. (2017)
MSi DBT 0.02 60.0 25.0 1000 825.00 17.5 Anbia and Karami (2015)
NLP Diesel 0.25 0.1 65.0 20 3.50 2.00 Daware et al. (2015)
AC/15Ni DBT 250 59.0 76.4 25 2.00 0.15 Nazal et al. (2016)
CNTs/15Ni DBT 0.75 120.0 25.0 250 141.50 43.40 Nazal et al. (2016)
AC/y-Fe203 DBT 0.08 60.0 25.0 600 320.00 46.67 Fayazi et al. (2015)
PLP DBT 1.00 60.0 30.0 1000 294.50 70.55 This study
NLP DBT 0.80 60.0 30.0 1000 342.2 65.78 This study

% SR: Percentage sulfur (DBT) removal; PLP: pomegranate leaf powder; APC: Activated palm shell; Msi: Mesoporous silica; Zn-
MMT: Zinc impregnated on montmorollonite (MMT) clay; AC: activated carbon; CNTs/15Ni, AC/15Ni: 15 % Nickel on Carbon

nanotubes and Activated carbon, respectively
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4.6. Concluding remarks

As it has been established in this chapter, that NLP and PLP are promising candidates for removal
of sulfur containing compound (DBT) from petroleum distillate (e.g diesel). As far as it can be
ascertained, no study has been conducted on the use of PLP for removal of DBT from petroleum
distillate. This chapter successfully investigated the adsorption performance of PLP and NLP for
removal of DBT compound from model oil under different operating conditions. The best
operating conditions for the adsorption process for each adsorbent were determined. Equilibrium
was attained at 60 minutes for both adsorbents at 30 °C and 1.0 g PLP and 0.8 g NLP. The results
also show that PLP out-performed NLP by 9.88 %. The adsorption mechanism of the adsorbent
was extensively described by Langmuir and Freundlich isotherm models. The kinetics of the
adsorption process was described by pseudo first-order and pseudo second-order. The adsorption
kinetics for PLP and NLP were well described by pseudo second order. The negative values of
AG® and the positive values of AH° indicate that DBT adsorption onto PLP and NLP are
spontaneous and endothermic in nature. Positive AS° values of DBT adsorption process indicate

an increase of the randomness at the PLPand NLP-solution interface during adsorption.

Based on the outcome of the study documented in this chapter, it can be concluded that NLP and
PLP are promising adsorbents for the removal of DBT from petroleum distillate (diesel), to meet
up with the stringent policies regarding emission of sulfur oxides. The information in this chapter
therefore provides a platform for further studies in this field. For quick dissemination of the novel
contributions described in this chapter to the scientific community, two manuscripts are under
review in a reputable journal and one has been published in Chemical Enginering

Communications.
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Chapter Five
5.0 Performance of functionalized carbon nanotubes during desulfurization

In this chapter, the results of effect of operating variables on the performance of functionalized
carbon nanotubes, during adsorptive desulfurization of model diesel are presented. The results of

studies of isotherms, kinetics and thermodynamics of the adsorption process are also reported

5.1 Introduction

Adsorption has been considered as a promising option for desulfurization of sulfur compounds
(DBT) in petroleum distillates. It has been employed by many researchers because it is relatively
cheap and can be carried out at ambient temperature and pressure. (Moosavi et al., 2012; Gawande
and Kaware, 2018). Furthermore, there is possibility of adsorbents regeneration and reusability
(Ahmed and Ahmaruzzaman, 2015). Various adsorbents have been used by different researchers
to remove sulfur containing compounds from transportation oil such as activated carbon (Zhou et
al., 2009), carbon nanotubes (Saleh et al., 2014), zeolite (Xiao et al., 2008), bentonites and
montmorillonite clay (Ahmad et al., 2017), and palm kernel shell (Al Zubaidy et al., 2013).
Commercial activated carbon among others has been widely used as adsorbent because of its
efficiency which is as a result of its improved micro structures (Eddebbagh et al., 2016).

Nevertheless, its processing and application are expensive (Ahmed and Ahmaruzzaman, 2015).

CNTs have received a huge attention due to their chemically inert surfaces for physical adsorption,
and their high specific surface areas with a strong Van der Waals binding energy for molecular
adsorbates on well-defined adsorption. CNTs have more well-defined and uniform surfaces
compared to activated carbon (AC) at the atomic scale. CNTs adsorption capacity can be quantified
directly with the available adsorption sites, however efficiency of AC depends on the pore diameter
distribution in order to quantify its adsorption properties. CNTs have been widely investigated
owing to their extremely porous and hollow structures, high specific surface area, and their strong
interaction with organic molecules. Khaled (1986) studied the adsorption performance of

MWCNTSs and graphene oxide (GO) for removal of thiophene and dibenzothiophene in model
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diesel. Saleh et al., (2014) also investigated on the removal of DBT from model oil using a novel
nanomaterial of multiwalled carbon nanotubes doped with Titania (CNT/TiO.). Furthermore, DBT
adsorption on CNTSs supported by CoMoS/HDS catalyst was investigated by Chen et al. (2004). In
order to improve the adsorption capacity of CNTSs, the surface area needs to be modified. This can
be achieved via acid treatment which purifies and causes attachment of functional group that
enhances the adsorption of the organic molecule onto the surface of the adsorbent (Saleh et al.,
2014). Only few studies have been conducted on the application of modification of CNTs surface
by acid treatment for the removal of sulfur-containing compound from diesel. Therefore, for the
first time, this study investigates the adsorptive desulfurization of model diesel, using acid treated
carbon nanotubes as the adsorbent. The effect of surface modification on the desulfurization
performance of CNTs was equally investigated. Furthermore, potential re-usability performance
of CNTs and FCNTSs was studied due to growing concern for waste minimization, recovery, and
reuse as well as for industrial applications. To understand the mechanisms and nature of interaction
between adsorbent and adsorbates, Kinetics, isotherms and thermodynamics studies of the

adsorbents are presented as well.

5.2. Experimental

The materials, the adsorbents preparation, adsorbent characterization and the detailed description
of the experimental procedures are provided in Chapter three (i.e Section 3.1.1. to 3.1.3) of this
thesis. Evaluation of performance of the adsorbents during desulfurization has been described in
Chapter three (Section 3.1.2) of this thesis as well. However, the operating conditions used for
experimentas described in this chapter are the same as those provided in Table 4.1 of this thesis.
In addition, the procedures for the regeneration of adsorbent were described in Chaper three of this
thesis.
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5.3. Results and discussion

5.3.1 Physico-chemical characterization of CNTs and FCNTs

The surface morphology and elemental composition of the adsorbents were checked following the
steps described in chapter 3 of this thesis. The Fig. 5.1 (a) and (b) show the surface morphology
of CNTs and FCNTSs, respectively. It can be observed that, there were agglomerates and bundles
of CNTs clusterring together before functionalization. However, after acid-treatment the surface
morphology of the FCNTs were well dispersed and spread out with much gaps between them
compared to untreated CNTSs. This could enhanced the adsorption surface of the purified CNTs

therefore improving the adsorption capacity (Ishaq et al., 2017)

Table 5.1 depicts the elemental composition of carbon nanotubes (CNTs) and functionalized
carbon nanotubes (FCNTSs) before and after adsorption. The result in Table 5.1 show that CNTs
consists of 97.28 % and 93.75 % of carbon before adsorption and after adsorption, respectively. It
could be seen from Table 5.1 that the carbon content has been reduced from 97.28 to 90.88 %
FCNTSs contained 90.88 % after functionalization. This could be attributed to oxidation of the
carbon nanotubes by acid treatment. The results agree with the observation of Deborah et al.
(2014). In addition, it was observed that presence of sulfur was noticed after adsorption process

for both adsorbents, indicating that DBT was adsorbed onto the surface of adsorbent.
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Figure 5.1 Surface morphology of (a) CNTs (b) FCNTSs
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Table 5.1: Elemental composition of CNTs and FCNTs

Element Weight % Atomic % Weight % Atomic %

Fresh Used Fresh Used Fresh Used Fresh Used
CNTs CNTs CNTs CNTs FCNTs FCNTs FCNTs FCNTs

C 97.28 93.75 95.44 90.29 90.88 89.95 88.10 87.29
O 2.72 3.43 4.56 4.54 9.12 5.23 11.90 6.54
S 0.00 2.82 0.00 5.17 0.00 4.82 0.00 6.17

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00  100.00

Fig. 5.2 depicts the adsorption-desorption isotherms of the adsorbent. It can be observed that the
distance between adsorption and desorption plots was wide indicating pore condensation hysteresis

with relatively weak attractive adsorbate-adsorbent interaction.
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Figure 5.2. Adsorption-desorption isotherm plot of CNTs adsorbent
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Table 5.2 shows the textural properties of the CNTSs. It could be seen in the table that after surface
modification, the surface area of CNTs decreased from 245.49 m?/g to 224 m?/g. This could be
attributed to the blocking of some of the pores by functional groups introduced during the chemical
modification. This is in agreement with results reported by Falah et al. (2005). The pore volume
of CNTs also reduced after the chemical modification (See Table 5.2). Large pore diameter above
0.7 nm enhances the adsorption of DBTSs in the adsorbents by reducing mass transfer resistance
and hence increasing the rate of the adsorption process. As indicated in Table 5.2, pore diameter
of CNTs has been reduced after surface modification; however, pore diameters of both adsorbents
are >0.7 nm, which is necessary forenhancing access of DBT into the inner pores of the adsorbents.

This observation is in agreement with literature (Jiang et al., 2003; Seredych et al., 2012).

Table 5.2: Surface area, pore volume and pore sizes of the adsorbents

Surface area Pore volumes Pore diameter
Adsorbents (m2/g) (cm¥lg) (nm)
CNTs 245.49 2.365 47.87
FCNTs 225.05 1.090 16.72

Chemical functionalities of the CNTs and FCNTs adsorbents are checked following the steps
described in chapter 3 of this thesis. Fig. 5.3 shows the chemical functionalities of the CNTs and
FCNTSs adsorbents. FTIR spectra from the CNTs show a broad peak at 3495 cm™' which is a
characteristic of the O-H stretch of hydroxyl group (Fig.5.3) which can be ascribed to the
oscillation of carboxyl groups. Carboxyl group on the surface of CNTs could be due to the partial
oxidation of the surface of CNTs during purification by the manufacturer. This feature moves to
1736 cm™!, associated with the stretch mode of carboxylic groups as observed in the IR spectrum
of the functionalized CNTSs indicating that carboxylic groups are formed due to the oxidation of
some carbon atoms on the surface of the CNTs by sulfuric acid. The FTIR spectra of functionalized
CNTs show four major peaks, located at 3425, 1736, and 1560 cm™!. The peak at 3495 cm™! is
attributed to free hydroxyl groups. The peak at 3425 cm™! can be assigned to the O—H stretch from
carboxyl groups (O=C—OH and C—OH) while the peak at 2361 cm ! can be associated with the
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O—H stretch from strongly hydrogen bonded —COOH. The peak at 1560 cm™! is related to the
carboxylate anion stretch mode (Deborah et al., 2014). It can be deducted that functionalization of
the CNTs adsorbent with a hydroxyl group enhanced the adsorption capacity of the adsorbent
(Sahebian et al., 2015). The role of aromatic structure and —OH substitution in the polar aromatic
CNT system on the adsorption affinity of these compounds by CNTs increased with increasing
number of aromatic rings and was greatly enhanced by —OH substitution. The spectrum of the
FCNTSs show that OH group was successfully attached to the surface of the CNTs adsorbent after
treatment with acid (Le et al., 2013).
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Figure 5.3. FTIR spectra of CNTs and FCNTSs

The purity of the adsorbents was obtained as described in Chapter 3 of this thesis. Fig. 5.4 shows

the Ramman spectroscopy of CNTs, FCNTSs. The existence of disorder in sp?-hybridized carbon
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systems results in resonance Raman spectra. This D-mode is as a result of disordered structure of
graphene. The D-band peaks are at 1354 cm™ and 1381 cm™ for FCNTs and CNTs, respectively
and this corresponds to distortion of Sp? Crystal structure while the G-band which arises as a result
of the stretching of the C-C bond in graphitic materials, and common to all sp? carbon materials
are detected at 1636 cm™ and 1635 cm™ for FCNTs and CNTSs, respectively. These bands are
associated to the lattice vibration mode of all carbon (graphite) materials with sp? bonds (Misra et
al., 2007; Liuiwen, et al., 2005). The value of Ic/Ip ratio of CNTs (1.35) is lower than the Ic/lp
ratio of FCNT (1.423). This is an indication that purification of carbon nanotubes resulted into
fewer defect and higher structural quality of the FCNTSs, enhancing the adsorption performance of

the adsorbent.
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Figure 5.4. Ramman spectra for CNTs and FCNTSs
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5.3.2 Performance evaluation of CNTs and FCNTs during desulfurization

To understand adequately the performance of CNTs and FCNTs during adsorptive removal of
DBT from model diesel, effect of operating parameters on adsorption performance of the
adsorbents was investigated. The results obtained are hereby discussed.

Parametric effect of the operating variables such as contact time, amount of adsorbents, initial
concentration of DBT and temperature was investigated. Determining the maximum operating
time is important in adsorption process. The contact time was varied from 0-180 min, while other
operating parameters such as initial DBT concentration 1000 mg/L, volume of model oil 20 mL,
temperature 298 K, were kept constant. Fig 5.5 depicts the effect of contact time on the removal
of DBT molecule from the model oil. It could be observed that the uptake of the DBT into the
adsorbents (CNTs and FCNTSs) was initially rapid for the first 10 minutes. Within this time about
13.3 % and 30.3 % of DBT had been removed by CNTs and FCNTSs, respectively. This could be
attributed to the large number of vacant sites on the surface of the adsorbents at the initial stage of
the adsorption. The higher percentage of DBT removed by FCNTSs at this stage compared to CNTs
could be attributed to the functional group attached to the surface of the FCNTs after acid
treatment, enhancing the removal of DBT from the model diesel. Between 10 minutes and 50
minute the pace slowed down drastically due to the decrease in the number of adsorption sites on
the surface of the adsorbent. The adsorptive removal reached equilibrium at 50 minutes during
which the available adsorption sites on the surface of the adsorbent have been fully occupied with
the DBT molecules, leaving no room for further adsorption. This observation is consistent with
literature (Vadivelan and Kumar, 2005). The nature of the adsorption behaviour of DBT onto the
surface of the CNTs and FCNTSs could indicate a monolayer DBT coverage on the adsorbent
surface as proposed by Namasiyayam (1993). The results show that functionalization of CNTs
enhanced the efficiency of the adsorbent for removal of DBT from model diesel.
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Figure 5.5. Effect of time on the adsorption of DBT onto the surface of CNTs and FCNTSs.
Experimental conditions: Temperature: 298 K; Initial DBT concentration: 1000 mg/L;

Fig. 5.6 shows the effect of amount of adsorbents on their adsorption capability. In order to
determine the effect of amount of adsorbent for desulfurization of model diesel, the amount of
adsorbents (CNTs and FCNTSs) was varied from 0.2 -1.0 g. Other operating conditions, such as,
initial DBT concentration (1000 mg/L), time 60 minutes, temperature 298 K were kept constant.
The results show that, as the amount of adsorbent increases, the amount of DBT adsorbed on the
surface of the adsorbents also increased. This observation could be attributed to the availability
and accessibility of more adsorption sites and more surface area for DBT compound attachment
on which adsorption process is dependent (Daware et al., 2015). It was observed for both FCNTs
and CNTs that, as the adsorbent dosage increased the percentage yield increased until it reached
0.8 g (Khaled, 2015). About 70.84 % and 60.88 % DBT were adsorbed onto the surface of FCNTs
and CNTs respectively. An additional increase in the adsorbent dosage from 0.8 g to 1.0 g for both
adsorbents, showed no further obvious adsorption of DBT onto the surfaces of the adsorbents. This
could result from inhibition of DBT molecules diffusion to the surface of the adsorbents (Gong et

al., 2009). The result showed that percentage desulfurization performance for FCNTs was higher
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that of the CNTs. The adsorption capacity of FCNTs (14.17 mg/g) was higher than that of CNTs
with adsorption capacity of 12.18 mg/g. Equilibrium time was also reached at 50 minutes, when
there was no further increase in adsorption of DBT as time increased. This is favorable in the
commercial application of nanotubes powder since a higher adsorption capacity can be obtained
at a minimum amount (0.8 g) for CNTs. In addition, decrease in percentage adsorption of CNTs
compared to FCNTs powder may result from aggregation of adsorbent which prevented some
active adsorbent sites from being exposed for the adsorption of DBT (Jiang et al., 2003). This is
an indication that purification of CNTs enhanced the adsorption capacity of the adsorbent.
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Figure 5.6. Effect of amount of adsorbent on the adsorption of DBT onto FCNTSs and
CNTs. Experimental conditions: Initial DBT concentrations: 1000 mg/L; Temperature:
298 K.

Fig. 5.7 shows the effect of initial concentration of DBT on the adsorption performance of the

adsorbent. The concentration of DBT in the feed was varied in the model diesel. The initial
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concentration was varied from 250 -1000 mg/L, while other operating conditions were kept
constant; adsorbent amount (0.8 g), temperature (298 K), volume of model oil (20 mL), and contact
time (60 min). From the results obtained at equilibrium in Fig. 5.7, it could be deduced that DBT
adsorption per unit mass of adsorbent increased as the initial concentration increased. For CNTSs,
when the initial DBT concentration increased from 250-1000 mg/L, the adsorption capacity of
CNTs also increased from 3.46-15.11 mg/g. The same trend was observed for FCNT where
adsorption capacity increased from 3.75- 17.71 mg/g. This could be attributed to the concentration
gradient developed on the surface of the adsorbent and the DBT solution which is as a result of
increase in the driving force, resulting from increase in concentration The results obtained in this

study are in agreement with literature (Fayazi et al., 2015; Ishaq et al., 2017).
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Figure 5.7. Effect of initial concentration of DBT on its adsorption onto FCNTs and CNTSs.
Experimental conditions: Amount of adsorbent 1.0 g, contact time 60 minutes, temperature
25 °C.

Fig. 5.8 (a) and 5.8 (b) show the effect of temperature on the adsorption process of CNTs and
FCNTSs, respectively. The temperature of the adsorption experiment was varied from 298 K-308
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K. It can be deduced that, adsorption performance of the adsorbent decreased with increase in
temperature from 298 K to 308 K for both CNTs and FCNTSs adsorbents as the time increases.
This behavior is expected since adsorption process is known to be an exothermic reaction where
adsorption is favoured at lower temperature. Hence the highest adsorption capacity was obtained
at 298 K. Maximum adsorption performances of 60.88 %, 47.01 % and 35.41 % by CNTs
adsorbent at 298 k, 303 K and 308 K, respectively. In addition, about 70.84 %, 51.52 % and 43.86

% percentage DBT removal was achieved by FCNTSs at 298 K, 303 K and 308 K (Nazal et al.,
2015).
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Figure 5.8. Effect of temperatures on the adsorption of DBT onto (a) CNTs and (b) FCNTSs.
Experimental conditions: Initial DBT concentration: 1000 mg/L; Amount of adsorbent: 1.0
g; Temperature: 298 K-308 K.

5.4 Isotherm, kinetics, and thermodynamics of CNTs and FCNTSs for adsorption

Langmuir and Freundlich isotherms were used to the describe the behavior of the AC adsorbent.
Table 5.3. represents the Langmuir and Freundlich isotherm parameters for adsorption of DBT
molecules onto CNTs and FCNTSs adsorbent. Fig. 5.9 (a) and (b) depict the Langmuir isotherms
of FCNTs and CNTSs, respectively. Fig. 5.9 (c) and (d) depict the Freundlich isotherms of FCNTs
and CNTSs, respectively. It can be observed that both langmuir and Freundlich isotherm models
described well the adsorption of DBT onto CNTs and FCNTSs. They both have high correlation
coefficients (R?) values. CNTs have R2 values of 0.9764 and 0.9802 for Langmuir isotherm and
Freundlich isotherm model, respectively (Al-Ghouti et al., 2017). FCNTs adsorbent also has high
coefficient of determination for both Langmuir and Freundlich isotherms, 0.9995 and 0.9910,
respectively. The values of Langmuir separation factor, R. which determines the favorability of
the adsorption process for both CNTs and FCNTSs in Table 5.3 are 0.52 and 0.37, respectively. The
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values are <1, indicating that the adsorption process is favourable. The results indicate that the

adsorption took place at specific homogeneous sites within the adsorbent forming monolayer

coverage of DBT at the surface of the CNTs and FCNTSs absorbent. This is in agreement with

Wang and Wei, (2017). The value of b in FCNTSs, which reflects the activity of binding site is

higher than the value of CNTSs. The values of adsorption intensity, n <1 for both FCNTs and CNTs

also indicate favorability of the adsorption process.

Table 5.3: Langmuir and Fruendlich Isotherm’s model parameters for CNTs and FCNTs

Adsorbent Langmuir Isotherm Freundlich Isotherm
Temp (K) RL b (L/mg) R? Kt (mg/g) N R?
CNTs 298 0.52 0.00019 0.9764 0.0125 0.864 0.9802
FCNTs 298 0.37 0.00230  0.9995 0.0038 0.690 0.9910

b is the Langmuir’s contact, Ks is the Freundlich’s constant, n is the adsorption intensity, Ry is the

Langmuir separation factor and R is the correlation coefficient
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The kinetics of FCNTs anf CNTSs are presented. Table 5.4 presents the parameters of pseudo first-
order and pseudo second-order of DBT adsorption onto FCNTs and CNTs at 298, 303, and 308 K.
Comparing the coefficient of determination (R?) of the kinetic models of CNTs with pseudo first-
order, it was observed that, the pseudo second-order model was better fitted into the experimental
data with higher coefficient of determination (0.9985, 0.9989, 0.9885) than the coefficient of
determination (R?) (0.3192, 0.7156, 0.8293) for pseudo first-order model at 298 K, 303 K and 308
K, respectively. In addition the experimental ge (12.18 mg/g) values obtained for pseudo secon-
order Kinetics are very close to the calculated ge (12.44 mg/g) compared to what were obtained for
the experimental ge (12.18 mg/g) and calculated ge (3.14) for the 1st orde Kinetics (Table 5.4).
Also, for FCNTs adsorbent, the coefficient of determination (R?) was higher in pseudo second-
order kinetics (0.9996, 0.9987, 0.9984) compared to lower coefficient of determination (R?)
obtained for pseudo fist order (0.5880, 0.5176, 0.7133) at 298, 303 and 308 K, respectively. The
model value for ge calculated (14.29 mg/g)was very close in experimental value obtained for ge
(14.17mg/g) for psedo second order kinetics for adsorption of DBT onto FCNTs. However, the
model value calculated for ge (23.06 mg/g) is higher than the value obtained in the experiment
(14.17 mg/g) for pseudo first-order kinetics of DBT adsorption onto FCNTSs. It could be assumed
that there were involvements of chemical interactions in the adsorption process. In addition, the
rate of adsorption may be controlled by the movement of DBT molecules within the pore of the
CNTs and FCNTs adsorbents. The result obtained in this study is in agreement with what was
reported by Wang and Wei, (2017). Lower coefficient of determination factor for pseudo first-
order could be an indication that the rate of adsorption process does not depend on concentration
factor, but depends on both concentration and time. This is in agreement with Kumar and
Tamilarasan (2017)
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Table 5.4: Kinetics model parameters for pseudo first and pseudo second-order kinetics

Temp (K) Pseudo 1st-order (CNTYs) Pseudo 2nd-order (CNTS)
Ce(expt)  Qe(calc.) K1 R?2 Qe (expt) Qe (calc.) K2 R?
(mg/g) (mg/g) (L/min) (mg/g) (mg/g) (9/mg.min)
298 12.18 3.14 0.020 0.3192 | 1218 12.44 0.024 0.9985
303 9.40 2.24 0.032  0.7156 | 9.40 9.58 0.035 0.9989
308 6.99 4.54 0.039 0.8293 | 7.53 6.99 0.013 0.9885
Temp (K) Pseudo 1st-order (FCNTYS) Pseudo 2nd-order (FCNTYS)
Ce(expt)  Qe(calc.) K1 R?2 Ce (expt) Qe (calc.) K2 R?
(mg/g) (mglg) (L/min) (mg/g) (mg/g) (g/mg.min)
298 1417 23.06 0.032 0.5880 | 14.17 14.29 0.042 0.9996
303 10.30  3.13 0.027 05176 | 10.30 10.48 0.076 0.9987
308 8.77 3.84 0.034 0.7133 | 8.77 8.94 0.030 0.9984

e is the amount of DBT adsorbed at equilibrium, R is the correlation coefficient, K1 is the pseudo-

first order constant and K is the pseudo-second order constant.

The values of adsorption thermodynamics parameters, standard free energy AG°, standard entropy
AS° and standard enthalpy, 4H° for CNTs and FCNTSs adsorbents are presented in Table 5.5. The
negative values of AG® and the negative values of AH° indicate that DBT adsorption onto

pomegranate leaf and neem leaf are spontaneous and exothermic in nature. Negative AS° values
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of DBT adsorption process indicate a decrease of the randomness at the CNTs and FCNTs-solution
interface during adsorption. In addition, the result show that the values of AS® decreased with
increase in temperature, while the values of AG° increased with increase in temperature. The
activation values obtained for both CNTs and FCNTs are 25.34 kJ/mol and 14.13 kJ/mol,
respectively. These values are less than 65 kJ/mol. This si an indication that adsorption of DBT
onto CNTs and FCNTs occurred more readily. In addition, the adsorption processes for both
adsorbents could be said to be physical adsorption. This is in agreement with literature (Fei et al.,
2017; Saini et al.,2017; Al- Ghouti et al., 2017).

Table 5.5: Adsorption themothynamics parameters for FCNTs and CNTs

Temp.(K) AH AG AS Ea
(kJ/mol) (kJ/mol) (J/k/mol) (kJ/mol)
CNTs 298 -44.06 -8.52 -119.27 25.34
303 -7.26 -121.49
308 -6.09 -123.28
FCNTs 298 -46.97 -9.61 -125.37 14.13
303 -1.71 -129.59
308 -7.04 -129.65

AH: Standard enthalpy; AG: Standard free energy; AS: Standard entropy; Ea: Activation energy
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5.5 Regeneration and re-usability of FCNTs and CNTs

Reusability performance of carbon nanoparticle adsorbents was studied due to growing concern
for waste minimization, recovery, and reuse as well as for industrial applications. The used
adsorbents loaded with sulfur were washed severally with hexane until they were back to their
original states. In other to study the reusability capacities of these adsorbents, the regenerated
adsorbents went through adsorption—desorption process for four cycles. The experimental runs
were carried out with 1.0 g of the washed adsorbent and 20 mL of hexane, in a 250 mL Erlenmeyer
flask and agitated vigorously at 130 rpm for 1 h. The initial concentration and concentration of the
filtrate were analyzed for sulfur containing compound as mentioned earlier with GC/MS.
Percentage sulfur removal capacities for each run were determined using eq. 3.2. In Fig. 5.10, the
re-used adsorbent shows percentage sulfur removal of 70.77 % and 58 %, for FCNTs and CNTs
at 4th cycle. The fourth cycle showing 99.9 % reusability efficiency of FCNTs compared to 95 %
of CNTSs after third cycle. The results show that acid treatment improved the reusability cycle of
the FCNTs compared to non-functionalized CNTs after third cycle. The reusability cycle of CNTs
decreased by 5 % while that of FCNTs only decreased by 0.1 %. The initial adsorption capacity of
the adsorbent was retained till the third cycle. Therefore, commercial application of functionalized

CNTs is possible due to its reusability strength for removal of DBT from petroleum distillate.
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Figure 5.10 Re-usability cycles of CNTs and FCNTs. Experimental conditions: Amount of

adsorbent: g/0.02 L model diesel; Temperature: 298 K; Initial DBT concentration: 1000
mg/L.

Table 5.6 shows the comparison of results of this study with literature. Nazal et al., (2015) modified
the surface of CNTs with 5 % aluminium metal. 80 % adsorption performance was achieved at
initial DBT concentration of 250 mg/L. Comparing this result with the result obtained in this study,
their modified CNTs out-performed what was obtained for CNTs (60.88 %) and FCNTSs (70.84 %)
in this study. This could only be as a result of lower initial DBT concentration used which is 4

times lower than what was used in this study. In addition, 1.5 g of their adsorbent was used which

186



is almost two times what was used in this study. The result obtained will most likely be better than
what was obtained by Nazal et al., (2015), if the same operating conditions are used. Saleh et al.,
(2014) also conducted an adsorptive desulfurization experiment to remove DBT from a model oil
using CNTs modified with titanium oxide. Results showed 65 % desulfurization performance
using 0.75 g adsorbent. The result obtained in this study for acetic and sulfuric acid-treated CNTs
which was 70.88 %. However, out-performed the non-functionalized carbon naotubes used in this
study by 5 %. This better performance of CNT/TiO2 compared to non-functionalized CNTs could
be as a result of the modifies surface of their adsorbent. About 87 % adsorptive removal of DBT
was achieved in an experiment conducted by Khaled et al. (2015) using sulfuric acid treated 1.5 ¢
of CNTs, at initial DBT concentration of 250 mg/L. The time for equilibrium to be reached in their
study (160 min) was higher than the time equilibrium was reached in this study (60 min). In
addition, a lower initial concentration was used which is 4 times lower than what was used in this
study. In addition, about two times amount of adsorbent used in this study was used in Khaled et
al. (2015). Therefore, it can not be concluded that their result is better than what was obtained in
this study for both CNTs and FCNTSs.

It can therefore be concluded that, the result obtained from this study is comparable with studies
reported in literature. As far as could be ascertained, this is the first report on the use of acetic-
sulfuric acid treated CNTs as an adsorbent for the desulfurization of petroleum distillate and the

results documented in this study could provide a platform for further research efforts in this field.
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Table 5.6: Comparison of results with literature

Adsorbent Organo- Temp. Time Co Cr Ads % Ref.
sulfur (°C) (h)  (mg/L) (mg/L) Amount SR
(9)
CNT/5 % DBT 25 2.0 250 50 1.50 80.0  Nazal et
Al al. (2015)
CNTs/TiO2  DBT 23 1.0 - - 0.75 65.0 Salehetal.
(2014)

FCNTs DBT 2.5 250 32.75 1.50 86.9 Khaled et
al. (2015)
CNTs DBT 25 1.0 1000  60.88 0.80 65.0 This study

FCNTs DBT 25 1.0 1000  70.48 0.80 70.0  This study

C, is the initial concentration of DBT, Cs is the final concentration of DBT, Ads is adsorbent and

% SR is the percentage of sulfur (DBT) removal.

5.6. Concluding remarks

As it has been established in this chapter, CNTs and FCNTSs are promising candidates for removal
of sulfur containing compound (DBT) from petroleum distillate (e.g diesel). As far as it can be
ascertained, no study has been conducted on the use of KMnOa/ H2SOj4 treated-CNTs for removal
of DBT from petroleum distillate. It can be concluded that the acid treatment of CNTs enhanced
its surface affinity for DBT, thus contributing to the improved adsorption capacity of the adsorbent.
CNTs tend to aggregate together as bundles because of Van der Waals interactions. Addition of -
COOH group on the surface of the adsorbent improved the performance of the adsorbent, even
though the surface area was decreased after functionalization. The results showed that
functionalized CNTs outperformed the non-functionalized CNTs during the desulphurization by
about 10 %, indicating that functionalization of the CNTs did improve the desulfurization
performance of the CNTs. Therefore, the percentage performances of the adsorbents were 70.48

% and 60.88 %, for FCNTs and CNTSs, respectively, at 0.8 g adsorbent dosage, temperature of 25
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°C and maximum contact time of 50 mins. FCNTs and CNTSs can be of great value in commercial
application since it can be re-used up to four times without losing its potential strength for removal
of DBT from petroleum distillate. A higher adsorption capacity is obtained at reduced amount of
FCNTs and CNTs. The results obtained in this study could promote the adsorbents for commercial

application.

In understanding the mechanism of the adsorption process, the isotherm result showed that the
adsorption isotherm fitted well into both Langmuir and Freundlich isotherm models and could well
describe the mechanism of the adsorption process for both CNTs and FCNTSs. The pseudo second-
order kinetics described the adsorption mechanism of the adsorption process for carbon nanotubes
and FCNTs with closer values of experimental data with the model parameters. The negative
values of AG®and the negative values of AH® indicate that DBT adsorption onto CNTs and FCNTs
are spontaneous and exothermic processes. Negative AS° values of DBT adsorption process

indicate a decrease of the randomness at the CNTs and FCNTs-solution interface during adsorption

Therefore, the results show that functionalized CNTSs is an efficient and promising adsorbent for
removal of DBT in petroleum distillate such as diesel, so as to meet up with the stringent policies
regarding emission of sulfur oxides. However, there is need for further studies on how to improve
the surface area of the FCNTSs after the acid treatment. Therefore, the results documented in this

studies could provide a platform for further studies in this field

In a nutshell, the use of functionalized carbon nanotubes adsorbent for the treatment of sulfur-
containing petroleum distillates serves as a proof of concept in abatement of environmental

pollution.

For quick dissemination of the novel contributions described in this chapter to the scientific
community, a paper has been published in a conference proceeding of the 3rd International
Conference on Integrated Environmental Management for Sustainable Development (ICIEM,
2018).
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Chapter Six
6.0 Desulfurization of model and real diesel using using activated carbon

This chapter reports the results of effects of operating variables on the adsorptive performance of
activated carbon during desulfurization of model diesel and real diesel. The mechanisms and

behavior of adsorbents during desulfurization are also studied.
6.1 Introduction

Hydrodesulfurization (HDS) is the current method used in the refineries. It can effectively remove
sulfur compounds such as sulfides, thiophides. However, dibenzothiophene and its derivatives 4,6-
dimethyldibenzothiophene has been found to be difficult to remove using HDS technique. In
addition, HDS can only be operated at high temperatures and pressures, which make the technique
high enery intensive. A lot of hydrogen is also expended during operation which makes the process
expensive. Therefore, an efficient, less expensive and low energy intensive method is urgently
needed. Adsorption technique has been found to fit this specification. It can be operated at
moderate operating conditions, which makes the process to be less energy intensive. They are less
costly and DBT selective adsorbent are readily available. Different adsorbents have been used to
remove sulfur containing compounds from petroleum distillates. Among these adsorbents,
activated carbon (AC) is the most commonly used, owing to its microstructure, high surface area
and high porosity. Since there are many organo-sulfur components in the diesel which may affect
selectivity of DBT compound, there is need to investigate the adsorption performance of AC on
the removal of DBT from typical South African real diesel (diesel obtained before HDS, and diesel
obtained after HDS, 120 ppm). AC is therefore adopted in this study to remove DBT from model
diesel and typical South African real diesel. In this chapter performance of AC is evaluated and
reported. Furthermore, due to growing concern for waste minimization, recovery, and reuse of AC
for industrial applications, its potential re-usability performance was studied. It is essential to
undesratand the mechanisms and nature of interaction between the adsorbent (AC) and the
adsorbate (DBT). Therefore, Kinetics, isotherms and thermodynamics studies of the adsorbents are

presented as well.
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6.2. Experimental

The materials, the adsorbents preparation, adsorbent characterization and the detailed description
of this experimental procedures are provided in Chapter three (section 3.1.1. and 3.1.2) of this
thesis. The performance evaluation and re-usability of the adsorbents is also described in Chapter

three of this thesis.

6.3 Results and discussion

6.3.1 Physico-chemical characterization of adsorbents

Fig. 6.1 depicts the nitrogen adsorption-desorption isotherm of fresh activated carbon. It can be
observed that the shape of the isotherm is of mixed type isotherm | and IV according to the IUPAC
classification (Sing et al., 1985). A type | isotherm could be said to be associated with a
microporous structure while type IV isotherm indicates a material having combination of
microporous and mesoporous structures. The initial part of the isotherms could be seen to have a
type | isotherm with a significant uptake at low relative pressures. This could be related to
adsorption in micropores. However, at intermediate and relatively high pressures, the isotherms
could be seen to be of type IV with a hysteresis loop associated with monolayer—multilayer
adsorption, then followed by capillary condensation in narrow slit-like pores. The same trends

were observed in studies reported by Sych et al. (2012) and Kumar and Jena. (2016).
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Figure 6.1 Adsorption-desorption isotherm of fresh activated carbon

The SEM images of the as-received (fresh) activated carbon before adsorption and SEM image of
activated carbon after adsorption experiments are depicted in Fig. 6.2 (a) , Fig. 6.2 (b), respectively.
The SEM images indicate that the AC posseses an irregular and heterogenous surface morphology
with well developed porous stucture that is instrumental to the good adsorption of DBT on the
surface of the adsorbent and this obervation is in agreement with literature (Ghaneian et al., 2015).
In Fig. 6.2 (b), the SEM image after adsorption showed that some of the pores could have been
occupied by DBT molecules after desulfurization. This observation is in agreement with literature
(Shi et al., 2010; Eddebbagh et al., 2016).
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Figure 6.2 Surface morphology of commercial activated carbon (a) before adsorption and
(b) after adsorption experiment .

Fig. 6.3 (a) and (b) show the EDX spectrum of fresh AC and used AC, respectively. Table 6.3
depicts the elemental compositions of AC as obtained from EDX. The result showed that fresh
activated carbon before adsorption contains 81.80 % Carbon, 14.10 % Oxygen, 4.10 % Phosphorus

and 0.0 % sulfur. The high percentage of sulfur could be as a result of the carbon tabe for mounting
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the adsorbent sample before characterization. However, EDX result of used AC after adsorption
showed 0.71 % of sulfur. This is an indication that sulfur-containing compound has been adsorbed

on the surface of the AC adsorbents.
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Figure 6.3.EDX spectrum for AC (a) Before desulfurization (b) After desulfurization
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Table 6.1: Elemental composition of fresh activated AC and used AC

Element Weight % Atomic %
Fresh AC Used AC Fresh AC Used AC
C 81.80 85.47 87.17 88.49
@) 14.10 15.00 11.13 10.89
P 4.10 0.82 1.70 0.31
S 0.00 0.71 0.00 0.30
Total 100.00 100.00 100.00 100.00

Nitrogen adsorption-desorption experiment of the adsorbent at 77 K was conducted as described
in chaper three of this thesis. Table 6.2 shows the textural properties of the adsorbents; Surface
area, pore volume and pore size of the adsorbent were measured to be 1154.87 m?/g, 1.02 cm®/g
and 3.45 nm for AC. AC has high surface area and pore colume and pore size. However, after
adsorption, the surface area, pore volume and pose size were found to have decreased to 987.89
m2/g, 0.761 cm3/g, 1.83 nm, respectively. Adsorption perfomances of the adsorbents are dependent
on their textural properties. Therefore, the high surface area of the adsorbent would enhanced its

adsorption capacities.

Table 6.2: Surface area, pore volume and pore sizes of the adsorbents

Adsorbents Surface area (m?/g)  Pore volumes (cm®/(g)  Pore sizes (nm)
AC before adsorption 1154.87 1.020 3.45
AC after adsorption 987.89 0.761 1.83
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Fig. 6.4 depicts the FTIR spectra of activated carbon before and after adsorption. The spectra
showed the C—H out-of-plane bending vibrations in benzene derivative cause the bands at 848 cm’
! (Lua and Yang, 2004). The appearance of a band at 1365 cm™ can be attributed to C—O stretching
vibrations in carboxylate groups (Liu et al., 2010). The peak at 1570 cm™ represented the C—C
stretching of aromatic rings. While the band around 1600 cm™ is ascribed to the aromatic ring or
C=C stretching vibration (Shi et al., 2010). The band around 1753 cm™ is usually caused by the
stretching vibration of C=0 carboxyl groups. The band at 3000 cm™ can be attributed to the C-H
stretching vibration (Yang and Qui, 2010). The broad peak at 3245 cm is attributed to the O-H
group or/ and absorbed water. It can be clearly seen that some of the peaks showed in the fresh
activated carbon adsorbent shifted after adsorption had been carried out on the adsorbent.
However, a peak is noticed on the used adsorbent at 2308 cm™. This band can be attributed to S-
CEN stretching vibration in thiocyanate. Thiocyanate is an analogue of Cyanate ion where oxygen
is replaced by sulfur. This is an indication that sulfur has been attached to the surface of the

activated carbon after adsorption.
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Figure 6.4 FTIR spectra of used and unused activated carbon
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6.3.2 Performance evaluation of activated carbon during desulfurization

To understand adequately the performance of AC during adsorptive removal of DBT from model
and real diesel, effect of operating parameters on adsorption performance of the adsorbents was
investigated. The results obtained are hereby discussed.

It is essential to understand the effect of temperature on the adsorption of DBT molecules onto the
surface of an adsorbent as it controls the adsorption mechanism and the adsorption performance
of the adsorbent during adsorption process. Fig. 6.5 (a) depicted the effect of temperatures on the
adsorption of DBT molecule onto the surface of activated carbon. From the results in Fig. 6.5, it
can be observed that there was a decrease in the percentage removal of DBT by AC as the
temperature increased from 298 K to 308 K. This situation explains the fact that adsorption is an
exothermic process where adsorption is favoured with a decrease in temperature, therefore,
enhancing the adsorption performance of the adsorbent. Another known fact is that increase in
temperature favours desorption, which means desorption process occurred as the temperature

increased from 298 K to 308 K. This result is similar to what was obtained in Nazal et al. (2015)
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Figure 6.5 Effect of temperatures on adsorption of DBT onto Activated carbon.
Experimental conditions: Initial DBT Concentration: 1000 mg/L; Amount of adsorbent: 1

g.

In order to determine the equilibrium contact time for the adsorption of DBT molecules from
model oil onto AC adsorbents, the adsorption study was carried out in batch mode at different time
intervals ranging from 0 to 180 min, while other experimental conditions such as: initial DBT
concentration (1000 mg/L), model oil volume (20 mL), adsorbent dose (1.0 g) and temperature
(298 K) were kept constant. Effect of contact time on the adsorption of DBT from model diesel
onto activated carbon is shown in Fig. 6.6. The result showed rapid intake of the DBT molecules
onto the surfaces of AC for the first 10 min. About 54 % DBT removal has been attained. This is
attributed to the large number of vacant sites on the surfaces of the adsorbents at the earlier stage
of the adsorption process. However, the adsorption performance slowed down from 10 min to 60
min due to decrease in the number of adsorption sites on the surface of the adsorbents since most
of the sites have been occupied by DBT molecules. It can be concluded that 60 min is the
equilibrium time for the removal of DBT by AC adsorbents where about 83 % DBT was removed
from the model oil. After the equilibrium time, the results showed that there was no further
decrease in the amount of DBT molecules adsorbed with increasing time; this is because of
decreasing DBT concentration and a decrease in the number of active sites on the surface of the
adsorbent (Vadivelan and Kumar, 2005; Namasivayam 1993). High DBT removal performance
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by AC is expected considering the higher surface area and pore volume obtained from the N
adsorption-desorption experiment at 77 K (see Table 6.1).
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Figure 6.6 Effect of time on the adsorption of DBT onto AC. Experimental conditions:
DBT concentration: 1000 mg/L; Amount of adsorbent: 1 g; Temperature: 298 K

Fig. 6.7 depicts the effect of amount of adsorbent on the adsorption of DBT onto AC adsorbent. It
can be observed that percentage of sulfur removal increased with increase in amount of adsorbent
(AC). This result could be as a result of increase in the number of adsorption site as the amount of
adsorbent increases. The results show that, as the adsorbent dosage increases, the percentage of
DBT adsorbed on the surface of the adsorbents also increased. This trend could also be attributed
to the availability and accessibility of more adsorption sites and more surface area for DBT
molecule attachment on which adsorption process is dependent. This result is comparable with

literature (Dizge et al., 2008; Srivastav and Srivastav, 2009; Daware et al., 2015; Ahmad et al.,
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2017). AC adsorbent attained equilibrium at 1.0 g with percentage sulfur removal of 83.34 %.
There was no obvious increase in percentage sulfur removal when the amount of adsorbent
increased from 1.0 g to 1.4 g (Graph not shown). Therefore, equilibrium is said to be reached for
both adsorbents at 1.0 g of adsorbent amount.
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Figure 6.7 Effect of amount of adsorbents on the adsorption of DBT onto AC. Experimental

conditions: Temp.: 298 K, Initial DBT concentration: 1000 mg/L; Amount of adsorbent:1

g.
Fig. 6.8 depicts the effect of initial concentration of DBT on its adsorption onto AC. Since diesel
contains DBT in different concentrations, it is essential to carry out the adsorption study of DBT
at different initial concentrations. Thus, the adsorption of DBT from model oil onto AC was carried
out at different initial DBT concentrations, ranging from 250 mg/L to 1000 mg/L while other
experimental conditions such as contact time (60 min), adsorbent dose (1.0 g), model oil volume
(20 mL) and temperature (298 K) were kept constant. The results obtained for the desulfurization
of model diesel at different DBT concentrations are depicted by Fig. 6.8. From the figure, it can

be deduced that the adsorption of DBT per unit mass of the adsorbent increases with increasing
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initial DBT concentration for AC. The increase of DBT adsorption with respect to its initial
concentration is as a result of the increase in mass transfer driving force due to concentration
gradient developed between the bulk solution and surface of the adsorbent (Anbia and Parvin,
2011). The DBT per unit mass of the adsorbent increased from 4.50 -16.67 mg/g as the initial
concentration increased from 250 mg/L -1000 mg/L. The percentage adsorption of DBT on to AC
decreased with increasing initial DBT concentration from 250 mg/L to 1000 mg/L. This decrease
in percentage adsorption of DBT onto AC with increasing initial DBT concentration may be
contributed to the saturation of available active sites of the adsorbent at higher DBT concentration.
The result observed in this study is in agreement with literature (Nejad et al., 2013; Ishaq et al.,
2015; Daware et al., 2015).
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Figure 6.8 Effect of initial concentration on the adsorption of DBT onto activated carbon.
Experimental conditions: Amount of adsorbent: 1.0 g; Temperature: 298 K; Time: 60
minutes.
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The evaluation of the adsorbent was performed on South African real type diesel (diesel obtained
before HDS and diesel obtained after HDS). The best operating conditions for model diesel
experiment was used. Therefore, adsorption performance of the adsorbent was evaluated using
model diesel and real diesel at the same conditions. Fig. 6.9 depicts the performance evaluation of
AC for removal of DBT from real diesel and model diesel. Results show that, adsorption of DBT
onto the surface of the adsorbent was initially rapid for both model diesel and real diesel samples.
This could be as a result of more available active adsorption sites on the surface of the adsorbent.
It could also be observed that AC adsorbed about 100 % of the DBT in the model diesel at
equilibrium contact time of 40 minutes, after which no observable further decrese in DBT
occurred. About 76.43 % removal of BDT was observed in the diesel after HDS. The lower
adsorption performance of AC on diesel after HDS compared to model diesel could be attributed
to other impurities present in it, which might affect the selectivity of the DBT for adsorption. A
further decrease in adsorption performance was observed with diesel before HDS. About 30.28 %
DBT was removed which is lower that the percentage DBT removed by model diesel and diesel
after HDS. The higher performance of AC for removing DBT from diesel after HDS could be as
a result of the hydrodesulfurization process that the diesel oil has undergone. This has been able
to remove most of the heteroxyclic compounds in it. Results showed that the highest DBT removal
by AC was achieved with model oil. This could be because there are no other compounds in the
solution except DBT, therefore enhancing the adsorption of the DBT onto the active adsorption
sites of the AC. For better performance of the AC for removal of DBT form typical South African

diesel samples, the operating condition, such as temperature may be increased.
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Figure 6.9 Performance of AC for removal of DBT from model diesel, diesel obtained after
HDS and dieselobtained before HDS. Experimental conditions: Amount of adsorbent: 1.0
g; Initial DBT concentration: 120 mg/L, Temperature 303 K.

Evaluation of the performance of AC by increasing the contact time and temperature in the
adsorption experiment for removal of DBT from typical South African real diesel samples are

reported. The detailed procedure of the experimental is in the chapter 3 of this thesis
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Fig 6.10 depicts the effect of temperatures on the desulfurization of diesel after HDS. In order to
understand the effect of temperature on the desulfurization of diesel after HDS, temperature was
varied from 298-318 K, while other experimental conditions such as, initial DBT concentration
(120 mg/L), time (120 min), amount of adsorbent (1.0 g) remained constant. The results show that
there was increase in adsorption capacity as the temperature increased. This could be as a result of
pore widening as the temperature increased therefore enhancing the uptake of the sulfur compound
onto the surface of the adsorbent. In addition, this could be due to the fact that the mobility of DBT
molecules increased, in the porous structure of adsorbent, as the temperature increased, therefore,

overcoming the activation energy barrier. The same observation was reported by Fayazi et al.
(2015) and Ishaqg et al. (2017)
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Figure 6.10 Effect of temperature on adsorption of DBT onto activated carbon.

Experimental conditions: Amount of adsorbent: 1.0 g; Initial DBT concentration: 120
mg/L.

Fig. 6.11 shows the desulfurization and percentage DBT removal of from two diesel samples. SA
diesel before HDS was diluted to 120 mg/L which is the initial concentration of diesel after HDS.

This was considered necessary to understand the selectivity of DBT for adsorptive removal, since
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diesel before HDS consists of many organic components. The chromatographs of SA diesel after
HDS and SA diesel before HDS are shown in Fig 6.12 (a) and (b). It was observed that percentage
desulfurization of diesel after HDS sample (98.24 %) was higher than than of diesel before HDS
(60.93 %). Diesel after HDS showed 98.24 % desulfurization at 60 minutes, after which no further
sulfur removal was observed. This could be because there was little or no DBT again in the diesel
sample. However, at 50 min, only about 60 % sulfur removal was achieved for diesel before HDS
and no further decrease in DBT removal was observed. This could be as a result of lower selectivity
for DBT removal owing to present of other organo-sulfur components in the diesel. This results
showed and improvement in the percentage removal of DBT when the temperature was increased
from 303 K (see Fig. 6.9) to 318 K (see Fig. 6.11). This could be as a result of activation energy

that is overcome due to increase in temperature which increase the movement of the DBT onto the
surface of the AC
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Figure 6.11 Desulfurization of diesel obtained after HDS and diesel obtained before HDS.
Experimental conditions: Initial concentrations of DBT: 120 mg/g; Amount of adsorbent:
1.0 g; Temperature: 318 K.

Fig. 6.12 (a), (b) and (c) show the chromatograms for detection of retention time and peak of DBT

compound, presence of DBT in hydrodesulfurized diesel sample and presence of DBT in the
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hydrodesulfurizer feed sample, respectively. Fig. 6.12 (a) showed the elution time and peak of
DBT at around 9 minutes as indicated by the mass spectrum showed MS spectrum of DBT with
m/z 184 (Li et al., 2003). This is an indication that the compound at retention time of 9 minutes
was DBT. The same peaks were observed in Fig. 6.12 (b) and 6.12 (c) at the same elution time. In
Fig 6.12 (b), it could be observed that there are lesser organic components compared to the
chromatographs of South African diesel before HDS with many organic components in Fig 6.12
(c). The fewer components in the diesel after HDS could be as a result of HDS process that this
sample has undergone. The peak area of DBT at 9 minutes detection time as shown in Fig. 6.12
(b) was also observed to be lower than that of the diesel before diesulfurization in Fig 6.12 c). This

showed that HDS of diesel reduced the amount of DBT in it, although not completely.
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Figure 6.12 Chromatogram (a) Detection of peak and retention time of DBT using GC/MS
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6.4 Isotherms, Kinetics, and thermodynamics of AC for adsorption

For better understanding of the mechanism and behaviour of adsorption process of DBT in model

oil by AC, the results of isotherms and kinetics studies of this study are reported.

Langmuir and Freundlich isotherm parameters for adsorption of DBT in model diesel onto AC are
given in Table 6.3. Fig. 6.13 (a) represents the Langmuir isotherm of DBT adsorption onto AC,
Fig. 6.13 (b) depicts the Freundlich isotherm for DBT adsorption onto AC. It can be observed that
both langmuir and Freundlich isotherm models described perfectly the behaviour adsorption of
DBT onto AC perfectly. They both have high correlation coefficients (R?) values. Langmuir
isotherm model with R%value of 0.9952 and Freundlich isotherm model with R? value of 0.9693..
The values of R. value was calculated to be 0.24 which is <1, indicating that the adsorption process
is favourable. The result indicated that the adsorption took place at specific homogeneous sites
within the adsorbent forming monolayer coverage of DBT at the surface of the activated carbon.
This is in agreement with Wang and Wei, (2017). The value of b that reflects the activity of binding
site is < 1 and the inverse of adsorption intensity, 1/ n is <1 which indicate favorability of the

adsorption process.

Table 6.3: Langmuir and Fruendlich Isotherm model parameters for AC

Adosrbent Langmuir Isotherm Freundlich Isotherm
Temp (K) RL b (L/mg) R? Kr (mg/g) N R?
AC 298 0.24 0.0031  0.9952 0.279 1.271  0.9693

b is the Langmuir’s contact, Ks is the Freundlich’s constant, n is the adsorption intensity, Ry is the

Langmuir separation factor and R is the correlation coefficient

211



02 4

005 -

14

12 4

02 4

d
*
0.005 001 0015 00z 005 003 0035
1'C,(g/mg)
b
L]
L]
s 1 as oz
Log Ce

Figure 6.13 (a) Langmuir isotherm model for adsorption of DBT onto AC (b) Freudlich
isotherm model for adsorption of DBT onto AC. Experimental conditions: Amount of
adsorbents: 0.2 g; Temperatures: 298 K; Initial concentrations: 250-1000 mg/L

Adsorption kinetics for adsorption of DBT in model oil onto AC were described by pseudo first-

order and pseudo second-order kinetic models. Table 6.4 presents the parameters of pseudo first-
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order and pseudo-second order of DBT adsorption onto AC at 298, 303, and 308 K. Comparing
the correlation coefficient (R?) of the pseudo first-order kinetics with second-order kinetics, it it
could be observed that, the pseudo second-order model described well the kinetics of the
adsorption process. The correlation coefficients, R? of pseudo second-order were 1.0000, 0.9994,
0.9982 which are higher than the correlation coefficient (R?) (0.7240, 0.8547, 0.5417) for pseudo
first-order Kinetic at 298 K, 303 K and 308 K, respectively. In addition the experimental adsorption
capacity at equilibrium (ge) (16.67 mg/g) values obtained for pseudo second-order Kinetics are
very close to the calculated ge (16.72 mg/g) compared to what was obtained for the experimental
adsorption capacity at equilibrium (ge) (16.67 mg/g) and calculated ge (2.07) for the pseudo first-
order Kinetics (Table 6.4) at 298 Kat 298 K. It could be assumed that there were involvements of
chemical interactions in the adsorption process. In addition, the rate of adsorption may be
controlled by the movement of DBT molecules within the pore of the activated carbon. The result
obtained in this study is in agreement with tresults obtained by Wang and Wei (2017). Lower
correlation coefficient factor for pseudo-first order could be an indication that the rate of adsorption
process does not depend on concentration factor, but depends on both concentration and time. This
is in agreement with Kumar and Tamilarasan, (2017)

Table 6.4: Parameters for pseudo first and pseudo second-order kinetics for AC

Temp (K) Pseudo-firstst order Pseudo-second order
Qe (expt) Qe (calc.) Kl R2 Qe (expt) Qe (calc.) K2 R2
(mg/g)  (mg/g) (L/min) (mg/g) (mg/g) (g/mg.min)

298 16.67 2.07 0.033 0.7240 | 16.67 16.72 0.096 1.0000

303 12.42 4.06 0.035 0.8547 | 1242 1261 0.079 0.9994

308 11.10 2.58 0.031 05417 | 11.20 11.34 0.024 0.9982

e is the amount of DBT adsorbed at equilibrium, R is the correlation coefficient, K is the pseudo-

first order constant and K is the pseudo-second order constant.
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The values of adsorption thermodynamics parameters, standard free energy, AG°, standard
entropy, AS° and standard enthalpy AH° for AC adsorbent are presented in Table 6.5 The negative
values of AG®and the negative values of AH® indicate that DBT adsorption onto AC is spontaneous
and exothermic process. Negative AS° values of DBT adsorption process indicate a decrease of
the randomness at the AC-solution interface during adsorption. In addition, the result show that
the values of standard entropy S decreased with increase in temperature, while the values of
standard free energy G increased with increase in temperature. The activation values obtained for
activated carbon is 57.78 2 kJ/mol. These values is less than 65 kJ/mol, which is an indication that
adsorption of DBT onto AC occurred more readily. In addition, the adsorption processes for AC
could be said to be physical adsorption. This is in agreement with Fei et al. (2017) and Saini et al.
(2017).

Table 6.5: Themothynamic parameters for adsorption of DBT on AC

Adsorbent Temp.(K) AH° AGP° AS° Ea
(kJ/mol) (kd/mol)  (J/k/mol)  (kJI/mol)
AC 298 -57.78 -11.41 -155.61 57.78
303 - 8.79 -161.68
308 - 8.25 -160.83

AHP° : Standard enthalpy; AG?®: Standard free energy; ~ AS°: Standard entropy; EA:
Activation energy.
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6.5 Regeneration and re-usability of activated carbon

Fig. 6.14 depicts the re-usability efficiency of AC for adsorption of BDT in model diesel, diesel
obtained after HDS and diesel obtained before HDS in reference to initial experiment (Ref expt).
Adsorption-desorption cycle is essential in adsorptive desulfurization owing to the growing
concern for waste minimization, recovery, and reuse of adsorbents that could promote their
application in the refining industry. Results show that reusability efficiency of AC for removal of
DBT in model diesel decreased gradually from 99.2% in the first cycle to 97.8 % in the 2nd cycle
t0 97.2 % in the 3rd cycle and to 95.2 % in the 4th cycle. This could be as a result obtained from
the FTIR spectra of AC adsorbent where there was attachment of sulphur onto the surface of the
adsorbent, making it difficult for the DBT molecule to be completely washed during desorption.
Therefore, more spaces are occupied by the DBT molecules after each adsorption-desorption
cycle. Even with the difficulty encounteded during adsorbent washing, only 4.6 % decrease in
usability was obtained after the 4th cycle, with reference to the initial experiment. This result

showed that AC can be reused which will promote its commercial application.

Re-usability of AC in diesel obtained after HDS show that the efficiency decreases for 98.23 %,
95.23 %, 90.01 %, 88.09 % and 85.11 % for 1st, 2nd, 3rd and 4th cycles, respectively. About 13.12
% decrease in efficiency was obtained in reference to the reference experiment. The decrease in
the re-usability efficiency could be as a result of impurities remaining in it after HDS, hindering
the adsorption of DBT. About 20.7 % decrease in re-usability efficiency of AC was noticed for
removal of DBT from diesel before HDS. This decrease could be attributed to poor selectivity of

DBT, owing to the numerous organo-sulfur compounds present in it.
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Figure 6.14 Re-usability efficiency of AC adsorbents. Experimental conditions: Amount
of adsorbent: 1.0 g; Temperature: 318 K; Initial DBT concentration: 120 mg/L.

The results documented in this chapter are compared with literature. Table 6.6 summarizes
comparison of the result in this study with literature. Xiao et al. (2010) also performed a batch
experiment using AC-Ag/Cu/Fe for desulfurization of DBT in model oil at 30 °C, with an initial
DBT concentration of 1843 mg/L, at contact time of 2880 min with 1.0 g amount of adsorbent and
the percentage sulfur removal was 91.2 %. Anisuzzaman et al. (2017) investigated the adsorptive
performance of activated palm kernel shell adsorbent for the removal of DBT from model oil. The
percentage sulfur removal achieved was 91.5 % which was higher than the result obtained from
this study. Although Anisuzzaman et al. (2017) started with a DBT concentration which is 100 %

lower than the initial concentration used in this study. However, the initial DBT used by Xiao et
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al., 2010 was higher than the initial concentration used in this study, yet the time for their
equilibrium to be reached was 2880 min, against 60 min that was used in this study to reach
equilibrium. The result in this study for activated carbon can be improved if the surface can be
modified or treated before desulfurization. Although, Lin et al. (2012) started with a lower initial
concentration compared with what was used in this study, yet the result in this study was better
than their own with better adsorption performance. Lin et al. (2012) adsorbed DBT onto AC
modified by Cerium starting with initial DBT concentration of 500 mg/L at 30 °C, contact time of
1080 min with 0.75 g amount of adsorbent. The adsorptive desulfurization achieved was 52.6 %.
The percentage DBT removal from this study for AC is higher than the result obtained by Lin et
al. (2012), although O.75 g adsorbent mass was used against 1.0 g that was used in this study.
Considering the lower initial concentration (500 mg/L), and the equilibrium time (1080 min), the
result from this study is better.

Comparing the results obtained for desulfurization of South African diesel in this study with
Literature, it can be seen from Table 6.6 that the results are higher than most of the results obtained
in literature. About 55 % sulfur removal was achieved by Al-Zubaidy et al., 2013, even when 41
g of adsorbent was used. The lower performance of desulfurization compared to this study could
be as a result of higher initial DBT concentration (410 mg/L) used by the authors. Marin-Rosas
studied the adsorption of DBT onto AC at initial DBT concentration of 72 mg/L. About 82 %
desulfurization was achieved, which is higher than the result obtained for desulfurization of diesel
obtained before HDS (60.91 %). This could be as a result of amount of adsorbent used by the
author (200 g) which is higher than what was used in this study. However, the performance AC
for desulfurization of diesel obtained after HDS (98.23 %) is higher than what was obtained by
Marin-Rosas et al. (2013).

In conclusion, the performance of the AC documented in this study for the removal of DBT in
model diesel and real diesel is comparable with results reported in literature. This results show that
the use of AC as adsorbent for desulfurization of sulphur-containing compound in petroleum

distillate could provide a platform for further research efforts in this field.
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Table 6.6: Comparison of results with literature

Adsorbent | Type Co Cs %SR | Temp | Time | Amount Ref.
of PD | (mg/L) | (mg/L) (K) (hr) | of ads (g)
AC/Ce DBT 500 236.8 | 52.60 | 303 18 0.75 Linetal.
(2012)
AC- DBT 1843 162.6 | 91.20 | 303 48 1.00 Xiao et al.
Ag/Cu/Fe (2010)
APC BT 10 0.85 91.50 | 298 35 0.10 Anisuzzaman
et al. (2017)

AC Diesel 410 194.6 | 55.00 | 30 2.0 41.00 | Al-Zubaidi et

al. (2013)
AC Diesel 72 15 82.00 | 25 0.5 200.00 | Marin-Rosas,
(2010)
AC DBT 1000 166.6 | 83.34 | 25 1.0 1.00 This study
AC DBH 120 46.91 | 60.91 45 1.0 1.00 This study
AC DAH 120 212 98.23 45 1.0 1.00 This study
AC DBT 120 0.14 |99.88 | 30 0.6 1.0 This study

Co is initial DBT concentration, Cs -final DBT concentration, SR-sulfur (DBT) removal, PD-
petroleum distillate, ads-adsorbent, DAH-diesel after HDS, DBH-diesel before HDS
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6.6. Concluding remarks

As it has been established in this chapter, AC is a promising adsorbent for removal of sulfur
containing compound (DBT) from model diesel and typical South African diesel. The result
showed that large surface area of AC contributed to its performance removal of the DBT in model
oil. The percentage performance of the adsorbents was 83.84 % at 1.0 g adsorbent dosage,
temperature of 25 °C and maximum contact time of 1 h. Comparing AC with other adsorbents
studied in this study, it has the highest performance for DBT removal from model diesel. The
performance of AC on model diesel desulfurization was also compared to its performance on real
diesel (Diesel obtained after HDS and diesel obtained befor HDS) desulfurization. The results
show that AC effectively removed DBT from model oil than it did in diesel obtained after HDS
and diesel obtained before HDS. Re-usability efficiency from AC for removal of DBT follows the
descending order; model diesel > diesel after HDS > diesel before HDS. AC can be of great value
in commercial application since it can be re-used up to four times without losing its potential
strength for removal of DBT from petroleum distillate. A higher adsorption capacity is obtained

at minimum amount of adsorbent and this could promote its commercial application.

In understanding the mechanism and behavior sof the adsorption process, both Langmuir and
Freundlich isotherm models and could describe well the mechanism of the adsorption process for
AC. The pseudo second-order kinetics described the adsorption mechanism of the adsorption
process with closer values of experimental with the model parameters. Negative AS° values of
DBT adsorption process indicate a decrease of the randomness at the AC-solution interface during
adsorption. In addition, the result show that the values of standard entropy AS° decreased with
increase in temperature, while the values of AGP° increased with increase in temperature. The AH

value obtained for activated carbon is 57.78 2 kJ/mol.

The results show that AC is an efficient and promising adsorbent for removal of DBT in petroleum
distillate such as diesel, so as to meet up with the stringent policies regarding emission of sulfur
oxides. In a nutshell, the use of AC as adsorbent for the treatment of sulfur-containing petroleum
distillates serves as a proof of concept in abatement of environmental pollution. The results

documented in this study could pave the way for further R&D in this field
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For speedy circulation of the novel contributions described in this chapter to the scientific
community, a comparative study has been done on AC and PLP and the manuscript has been
prepared to be submitted to the Journal of Chemical Engineering Transaction for possible
publication.

6.7. References

Ahmaruzzaman, M., and Gupta, V. K. (2011) Rice Husk and Its Ash as Low-Cost Adsorbents in
Water and Wastewater Treatment Ind. Eng. Chem. Res. 50, 13589-13613.

Anbia, M. and Parvin, Z. (2011) Desulfurization of fuel by means of nanoporous carbon adsorbent,
Chem. Eng. Res. Des. 89, 641-647.
Al-Zubaidy, I. A. H. Tarsh, F. B., Darwish, N. N., Abdul Majeed, B. S.S., Al Sharafi, A., and

Chacra. L. A. (2013) Adsorption Process of Sulfur Removal from Diesel Oil Using Sorbent
Materials. Journal of Clean Energy Technologies, Vol. 1, No. 1, pp. 66-68.

Anisuzzaman, S. M., Abang, S., Krishnaiah, D. and Razlan, M.A.R. (2017) Adsorptive
desulfurization of model fuel by activated oil palm shell. Indian Journal of Chemical Technology.
24, 206-212.

Bamufleh, H. S. (2011) Adsorption of Dibenzothiophene (DBT) on Activated Carbon from Dates’
Stones Using Phosphoric Acid (H3PO4). JKAU: Eng. Sci., 22 (2), 89-105.

Bettermann, 1. and Staudt, C. (2009) Desulfurization of kerosene pervaporation of
benzothiophene/n-dodecane mixture, J. Membr. Sci. 343, 119-127.

Bhattacharjee, R. and Patel, R. (2017) Adsorption of chromium (V1) using neem leaves and
pomegranate peels. Journal of Emerging Technologies and Innovative Research (JETIR), 4 (5)

Ceyhan, A.A., Sahin, O., Baytar, O. and Saka, C. (2013) Surface and porous characterization of
activated carbon prepared from pyrolysis of biomass by two-stage procedure at low activation
temperature and it's the adsorption of iodine. Journal of Analytical and Applied Pyrolysis
104, 378-383. J. Anal. Appl. Pyrol. 104, 378-383.

220



Daware, G.B., Kulkarni, A. B. and. Rajput, A. A. (2015) Desulphurization of diesel by using low
cost adsorbent, International Journal of Innovative and Emerging Research in Engineering. 2 (6),
69-73.

Deniz, F. (2013) Adsorption Properties of Low-Cost Biomaterial Derived from Prunus amygdalus
L. for Dye Removal from Water. The Scientific World Journal Volume 2013, Article ID 961671.
1-8

Eddebbagh, M., Abourriche, A., Berrada, M., Zina, M.B. and Bennamara, A. (2016) Adsorbent
material from pomegranate (Punica granatum) leaves: Optimization on removal of methylene blue

using response surface methodology. J. Mater. Environ. Sci. 7 (6), 2021-2033.

Fayazi, M., Taher, M.A., Afzali D. and Mostafavi, A. (2015) Removal of Dibenzothiophene Using
Activated Carbon/y-Fe203 Nano-Composite: Kinetic and Thermodynamic Investigation of the
Removal Process Anal. Bioanal. Chem. Res., 2 (2), 73-84.

Folsom, B.R., Schieche, D.R., DiGrazia, P.M., Werner, J. and Palmer, S. (1999) Microbial
desulfurization of alkylated dibenzothiophenes from a hydrodesulfurized middle distillate by
Rhodococcus erythropolis 1-19. Appl Environ Microbiol 65, 4967-4972.

Ishag, M., Sultan, S., Ahmad, 1., Ullah, H., Yaseen, M. and Amir, A. (2017) Adsorptive
desulfurization of model oil using untreated, acid activated and magnetite nanoparticle loaded
bentonite as adsorbent Journal of Saudi Chemical Society. 21 (2), 143-151.

Ishag, M., Sultan, S., Ahmad, 1., Ullah, H., Yaseen, M., Amir, A. (2015) Adsorptive
desulfurization of model oil using untreated, acid activated and magnetite nanoparticle loaded

bentonite as adsorbent Journal of Saudi Chemical Society, Pp.1-10

Javadli, R. de Klerk, A. (2012) Desulfurization of heavy oil. Applied Petrochemical Research, 1
(1) 3-19.

Kumar, A.and Jena, H. M. (2016) Preparation and characterization of high surface area activated
carbon from Fox nut (Euryale ferox) shell by chemical activation with HsPOa, Results in Physics,
6, 651-658

221


https://www.sciencedirect.com/science/journal/13196103/21/2
https://www.sciencedirect.com/science/article/pii/S2211379716302364#!
https://www.sciencedirect.com/science/article/pii/S2211379716302364#!
https://www.sciencedirect.com/science/journal/22113797
https://www.sciencedirect.com/science/journal/22113797/6/supp/C
https://www.sciencedirect.com/science/journal/22113797/6/supp/C

Kaouah, F., Boumaza, S., Berrama, T., Trari, M. and Bendjama, Z. J. (2013) Preparation and
characterization of activated carbon from wild olive cores (oleaster) by HsPO4 for the removal of
Basic Red 46. Clean. Prod. 54 296-306.

Kertesz, M.A. and Wirtek, C. (2001) Desulfurization and desulfonation: Application of sulphur-
controlled gene expression in bacteria. Appl. Microbiol. Biotechnol. 57, 460-466

Lua, A. C. and Yang, T. J. (2004) Characteristics of activated carbons prepared from pistachio-
nut shells by physical activation. Colloid. Interf. Sci. 276, 364-372.

McFarland, B.L. (1999) Biodesulfurization, Curr. Opin. Microbiol. 2, 257-264.

Mar1'n-Rosas, C., Ramirez-Verduzco, L. F., Murrieta-Guevara, F. R., Herna'ndez-Tapia, G., and
Rodri’guez-Otal, L. M. (2010) Desulfurization of Low Sulfur Diesel by Adsorption Using
Activated Carbon: Adsorption Isotherms. Ind. Eng. Chem. Res. 49, 4372-4384.

Monticello, D.J. (2000) Biodesulfurization and the upgrading of petroleum distillates. Current
Opinion in Biotechnology. 11, 540-546.

Nazal, M.K., Oweimreen, G.A., Khaled, M., Atieh, M.A., Aljundi, I.H. and Abulkibash, A.M.
(2016) Adsorption isotherms and kinetics for dibenzothiophene on activated carbon and carbon
nanotube doped with nickel oxide nanoparticles. Bull. Mater. Sci., 39 (2), 437—450.

Nejad, F.N. Amini, M.K. and Bennett, J.C. (2013) Synthesis of magnetic mesoporous carbon and
its application for adsorption of dibenzothiophene, Fuel Process. Technol. 106, 376-384

Rashtchi, M., Mohebali, G.H., Akbarnejad, M.M., Towfighi, J., Rasekh, B., and Keytash, A.
(2006) Analysis of biodesulfurization of model oil system by the bacterium, strain RIPI-22.
Biochemical Engineering Journal 29, 169-173.

Seredych M, Xiong, L., Chen, F., Yan, X. and Mei, P. (2012) The adsorption of dibenzothiophene

using activated carbon loaded with cerium J Porous Mater, 19, 713-719

Shaarani, F.W. and Hameed, B.H. (2011) Ammonia modified activated carbon for the adsorption
of 2,4-dichlorophenol. Chem. Eng. J. 169, 180-185.

222



Shi Q. Zhang J. Zhang C. Li C. Zhang B. Hu W. Xu J and Zhao R. (2010) Preparation of activated

carbon from cattail and its application for dyes removal. J. Environ. Sci. 22, 91-97.

Sing, K.S.W. Everett, D.H. Haul, R AW. Moscou, L. Pierotti, R.A. Rouquerol, J. et al. (1985)
Reporting physisorption data for gas/solid systems with special reference to the determination of

surface area and porosity. Pure Appl Chem, 57, 603-6109.

Sych, N.V., Trofymenko, S.I. Poddubnaya, O.l., Tsyba, M.M., Sapsay, V.l. Klymchuk, D.O. P
uziy, A.M. (2012) Porous structure and surface chemistry of phosphoric acid activated carbon from
corncob, Appl Surf Sci, 261, 75-82.

Srivastav, A. and Srivastava, V. C. (2009) “Adsorptive desulfurization by activated alumina,”
Journal of Hazardous Materials, vol. 170, no. 2-3, pp. 1133-1140.

Wu, C.T, Brender, P., Ania, C.O., Vix-Guterl, C., and Bandosz, T.J. (2012) Role of phosphorus in
carbon matrix in desulphurization of diesel fuel using adsorption process. Fuel, 92, 318-326.

Xiao, J., Bian, G., Zhang, W., and Zhong Li. J. (2010) Adsorption of Dibenzothiophene on
Ag/Cu/Fe-Supported Activated Carbons Prepared by Ultrasonic-Assisted Impregnation Chem.
Eng. Data 55, 5818-5823.

Yang, J. and Qiu, K. (2010) Development of high surface area mesoporous activated carbons from
herb residues.Chem. Eng. J. 165, 209-217.

223



Chapter Seven

7.0 Enhancement of desulfurization performance of AC in packed-bed column using

immobilized activated carbon

In this chapter, results of study of effect of operating variables on the enhancement of
desulfurization performace of immobilized AC in a packed-bed column are reported. The Kinetic

models of the column adsorption study are presented as well.
7.1 Introduction

Activated carbon is the most commonly used adsorbent, owing to its large surface area and porous
structure. Different researchers have investigated adsorption of activated carbon in batch
adsorption mode. Although batch adsorption mode is needed for collecting basic data, but
continuous adsorption modeis preferable in commercial application (Maftah et al., 2017).
Furthermore, continuous adsorption process is feasible, cheap and requires less amount of
adsorbent and can be easily controlled. High hydrostatic pressure causes disintegration of the
adsorbent in the bed coulumn. This challenge can therefore be overcome by immobilizing the
adsorbent. Furthermore, immobilization of adsorbent could overcome these challenges of column
clogging and regeneration in a fixed bed column. The demands for sustainable techniques of
entrapping adsorbent have increased in the recent times. Contribution of immobilization
technology have attracted the attention of researchers in this direction. Immobolization technology
also offers better reusability, high adsorbent loading, and minimal clogging in continuous mode
(Jawad et al., 2018). Only few studies have been conducted on the removal of DBT from diesel
using immobilized adsorbent in a fixed bed adsorption column. Therefore, activated carbon was

immobilized into pellets for use in a continuous fixed bed adsorption column.

Breakthrough data obtained from continuous operation is instrumental to designing an industrial-
scale desulfurization adsorption column. Furthermore, understanding the adsorption behavior and
kinetics of the activated carbon in a packed bed column could pave way for its design and
optimization. Therefore, Adams—-Bohart model and Thomas model, being among the most
commonly used models are used to represent breakthrough curve in adsorption studies. Hence, this

chapter of the thesis reported the enhancement of AC in packed-bed column using immaobilization
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technology. In addition, the kinetics for modelling adsorption behavior of the adsorbent in a
packed bed column using, Bohart-Adams, Thomas and Yoon-Nelson models were described as

well.

7.2. Experimental

The material used, the preparation of the immobilization of adsorbent, adsorbent characterization
and detailed experimental procedure were discussed in Chapter 3, ( section 3.1.1 and 3.1.2 ) of this
thesis. The evaluation of performance of the immobilized adsorbent during desulfurization has
been described in Chapter 3 of this thesis. The analytical techniques used in this chapter have also
been explained in Chaper 3 (section 3.1.2) Figure 7.1 (a) and Fig 7.1 (b) show the pictures of
sodium alginate pellets and immobilized AC entrapped in sodium alginate, respectively. Model
diesel and a typical real diesel obtained from a refinery in South Africa were desulfurized in this
chapter in a contionous packed-bed adsorption column. The physical and chemical properties of
the fuel were given in Table 3.1. The continuous fixed bed adsorption column set-up was described

in chapter 3 in Fig. 3.3.

Figure 7.1 (a) Sodium algilate pellets (b) immobilized actvated carbon entrapped in sodium algilate
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7.3 Results and discussion
7.3.1 Physico-chemical characterization of adsorbent

For detailed information about the results for physico-chemical characterization of adsorbent
(AC), reference could be made to Chapter six of this thesis.

Fig. 7.2 depicts the surface morphology of (a) Fresh NaAlg-AC and (b) NaAlg-AC after use. It
can be observed that the surface of the fresh NaAlg-AC was rough with well developed porous
structure. However, after adsorption experiment, it could be observed that the pores on the surface
of the adsorbent has been covered up. This could be due to the adsorption of DBT onto the surface

of the adsorbent.

Fig. 7.3 shows the FTIR spectra of sodium alginate (NAalg) and AC trapped in sodium alginate
(NaAlg-AC). The results show that, there was a stretching vibration of O-H bands appeared at
band 3264 cm™. The stretching vibration of aliphatic C-H were also observed at 2992 cm™ for both
raw alginate and alginate-AC. The Observed band in 1596 cm™ and 1416 cm™ could be attributed
to C=0 symmetric stretching vibration and C-H in-plane deformation. The peaks at 1033 cm™
could be attributed to the C-O stretching vibration and C-O stretching with contribution from C-
C-H and C-OH deformation (Daemi et al., 2012). The FTIR spectrum showed a shift in the band
around 1176 cm™ and 1249 cm™ in Alginate-AC which is absent in FTIR spectrum of raw alginate.
This could be attributed to the C-C and C-O stretch as a result of the AC entrapped in it. It could
also be obserbed that there was weakening of the band —OH group on the FTIR spectrum of
alginate-AC. This could be due to utilization of some of —OH group on the NaAlg during the
formation with the AC (Kummara et al., 2013)
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Figure 7.2 SEM images of (a) Fresh alginate-AC (B) Alginate-AC after use
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Figure 7.3 FTIR spectra of alginate and alginate-AC

7.3.2. Performance evaluation of adsorbent in the packed-bed column

To understand the performance immobilized AC adsorbents during desulfurization of DBT in a
packed-bed column, effect of operating parameters such as; bed depth, flow rate, and initial DBT
concentration on column performance for removal of DBT from the model diesel and typical real
diesel was investigated. The detailed prodecure of this experiment is provided in chapter three of
this thesis. The result obtained is hereby discussed,;
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DBT adsorption in a packed-bed column depends on the amount of adsorbent in the column.
Column breakthrough experiments were conducted at a constant flow rate of 0.5 mL/min, constant
DBT concentration of 100 mg/L and varying bed height of 5 cm, 10 cm and 15 cm. The
breakthrough curve was obtained by plotting the ratio of DBT outlet concentration C to initial
DBT concentration. Fig. 7.4 depicts the effect of bed height on the adsorption of DBT onto
immobilized AC in a continuous packed-bed column. It could be observed from the results that
breakthrough time increased with increasing bed height. This may be due to increase in number of
active binding sites on the surface of the adsorbent in the column which broadens the adsorption
transfer zone. The DBT adsorption capacity increased from 0.066 to 1.53 mg/g as the bed height
increased from 5 cm to 15 cm. The adsorption capacity for DBT adsorption in this coulumn study
was found to be maximum at 15 cm bed height. Therefore, this height was used in subsequent

column experiments.
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Figure 7.4 Effect of bed height on the adsorption of DBT in model oil in a packed-bed
column. Experimental conditions: Initial DBT concentration: 100 mg/L; Flow rate: 0.5
mL/min
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In ordet to evaluate the efficiency of adsorbent for a continuous packed-bed column studies on
pilot or industrial scale, flow rate is an essential parameter to consider. Column experiments were
conducted in this study at contant bed height of 15 cm, and constant initial DBT concentrations of
100 mg/L by varying the the flow rate from 0.5 mL/min-1.5 mL//min. Effect of flow rate is
depicted in Fig. 7.5. The superficial velocity increased as the flow rate increased. The superficial
velocities were calculated to be 0.031, 0.063 and 0.094 m/min at 0.5, 1.0 and 1.5 mL/min,
respectively. Breakthrough curve is depicted in Fig. 7.5. It was observed that breakthrough time
decreased from 60 min to 30 min with increasing flow rate from 0.5 mL/min to 1.5 mL/min. This
could be due to the increase in occupancy of the adsorption zone as the influent velocity increased,
which invariably resulted in decrease in time required to attain the specific breakthrough
concentration. Flow rate also influenced the the adsorption of DBT onto immobilized activated
carbon. The adsorption capacities of of activated carbon at different flow rate were found to be
0.066, 0.050 and 0.033 which is an indication that adsorption capacity decreased as flow rate
increased from 0.5, 1.0 and 1.5 mL/min, respectively. This could be as a result of insufficient time
for adsorption and diffusion limitation of DBT molecules on the surface of the adsorbent in the
column at higher flow rate. Therefore, breakthrough time was reached faster at higher superficial
velocity. The s obtained are in agree mentt with (Muzic 2011). Result also showed that there was
higher removal of DBT at lower superficial velocity, because there was enough contact time for
DBT with the immobilized activated carbon. This result is similar to what was obtained by other
researchers with different sorbent-sorbate studies (Kiran and Kaushik 2008 and Auta 2012).
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Figure 7.5 Effect of flow rate on adsorption of DBT in a packed-bed column. Experimental
conditions: Bed height: 15 cm; Initial DBT concentration: 100 mg/L.

Fig 7.6 depicts the effect of initial concentration of DBT on its adsorption onto an immobilized
AC in a continuous packed-bed column. Since the concentration of DBT vary in real diesel, it is
important to understand its effect on its adsorption in a column study. The initial concentration of
eefluent DBT solution was varied from 100-500 mg/L. Other operating conditions such as bed
heigh (15 cm) and flow rate (0.5 mL/min) remained constant. The results show that breakthrough
time decreased from 70 min to 40 min with increasing initial DBT concentration from 100 to 500
mg/L. This could be attributed to increase in DBT uptake rate, which result into decreas in
adsorption zone length. In addition, these results explained that change of concentration gradient
affects the saturation rate and breakthrough time. The resident time experienced at higher initial
concentration affected its solid-phase concentration, resulting into reduction in adsorption capacity
even as the concentration increased. The same trend was observed in studies reported by Han et
al., (2009) and Muzic, (2011).
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Figure 7.6 Effect of initial concentration on adsorption of DBT from a model oil in a
packed-bed coulumn. Experimental conditions: Bed height: 15 cm; Flow rate: 0.5 mL/min.

7.4. Kinetics for modelling adsorption behavior in a packed-bed column

In this study, three major kinetic models such as Bohart-Adams, Thomas, and Yoon-Nelson
models for the Kinetic studies. The equations used for these kinetics were discussed in detail in
Chapter 3 of this thesis.

The Bohart-Adam model was used to descrie the initial part of the break through curve. The
expression in Equation (3.19) is used to calculate the parameters of Bohart-Adaams model. The
plot of In(C¢/C,) versus time yielded a linear graph with slope and intercept, from with the Boahrt-
Adam constants Ka, and No were calculated, respectively. Table 7.1 shows the Bohart-Adam

parameters. The model produces the initial part of the breakthrough curve for all the concentrations

232



studied. Result showed that the maximum volumetric adsorption capacity, No were found to be
5.54, 14.31 and 22.71 x 10 *for 100, 300 and 500 mg/L, respectively. This is showing increase in
volumetric adsorption capacity as the inlet concentration of DBT increased. This result is in
agreementwith results obtained by other researchers studying different solute-adsorbate adsorption
process. Result also showed that K, decreased from 0.88 to 0.28 x 10> mL/mg.min as the initial
DBT concentration increased from 100-500 mg/L. It can also be observed that N, increased from
5.54 t0 15.13 x 10° g/L as the flow rate increased from 0.5 to 1.5 mL/min, while the Ka, decreased
from 8.8 to 2.8 x 10> mL/mg.min with increasing flow rate from 0.5-1.5 mL.min. However, the
values of N, were found to be The same trend was observed for increase in bed height. The No
values were found to be 16.92, 8.62, 6.49 x 10 * g/L and for bed height 5 cm, 10 cm and 15 cm,
respectively while Ky values were found to be 2.4, 4.8 and 6.3 x 10°° L/min.mg for bed depth of
5 cm, 10 cm and 15 cm, respectively. These results show that volumetric adsorption capacity, No
decreased with increasing bed depth and the kinetic constant, Ka, increased with increasing bed

depth. These results are comparable with Muzic (2009)

Table 7.1: Bohart-Adam’s kinetic parameters for adsorption of DBT onto immobilized activated
carbon in a continuous packed-bed column.

Flow rate Bed depth Initial conc. Kab X 10° No x 103 (g/L) R?
(mL/min) (cm) (mg/L) (mL/mg/min)
0.5 15 100 8.80 5.54 0.9166
1 15 100 5.30 11.57 0.9767
15 15 100 2.80 15.13 0.8060
0.5 5 100 2.40 16.92 0.9053
0.5 10 100 4.80 8.62 0.9653
0.5 15 100 6.30 6.49 0.9801
0.5 15 100 8.80 5.54 0.9166
0.5 15 300 0.90 14.31 0.8176
0.5 15 500 0.28 22.71 0.6746

Kab is Bohart-Adam’s constant, No is adsorption capacity and R is the correlation coefficient.
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Thomas adsorption model equation was given in Chapter 3 of this thesis in Equation (3.20). A plot

of In (% - 1) against time yields a linear grapgh. The values of Kty and go can be calculated from

t

intercept and slope of the graph, using a linear regression analysis (Apendix C). Table 8.2 shows
the parameters of Thomas model. The result showed that Thomas model has high correlation
efficiency at higher flow rates of 1.5 mL/min than at 0.5 mL/min and 1.0 mL/min flow rates.
Therefore, it can be concluded that Thomas model could best decribed the adsorption process at
higher flow rate. in most cases. It could also be observed that, Thomas constant decreased from
1.54 to 1.45 x 10 mL/mg.min with increasing flow rate from 0.5 to 1.5 mL/min. The g, was also
observed to initially increase from 0.192 to 0.275 mg/g as the flow rate increased from 0.5 to 1.0
mL/min. The o later decreased as the flow rate was further increased to 1.5 mL/min. This could
be as a result of the adsorption zone being rapidly saturated at higher flow rate of DBT solution
into the bed column which resulted in shorter break through time. As the intial DBT (inlet)
concentration inceased from 100 to 500 mg/L, the Kt decreased from 1.54 to 0.59 mL/mg.min
and the go decreased from 0.192 mg/g to 0.016 mg/g as the concentration increased from 100 to
500 mg/L. This could be as a result of the shorter resident time experienced by the column at higher
initial DBT concentration which affected the solid-phase concentration resulting into lower
adsorption capacity at higher concenytrations. The same result was obtained in Han et al., (2007)
and Muzic (2009) The Thomas constant, Ky initially increased from 1.08 to 1.25 x 10
mL/mg.min as the bed depth increased from 5 cm to 10 cm and then decreased to 1.01 x 10

mL/mg.min as the column bed was further increased to 15 cm.
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Table 7.2: Thomas® kinetic parameters for adsorption of DBT onto immobilized AC in a
continuous packed-bed column.

Flow rate Bed depth Initial conc. Kth x 10 Jo (Mg/g) R?
(mL/min) (cm) (mg/L) (mL/mg/min)
0.5 15 100 1.54 0.192 0.8844
1 15 100 1.46 0.275 0.8843
1.5 15 100 1.45 0.079 0.9409
0.5 5 100 1.08 0.724 0.9719
0.5 10 100 1.25 0.197 0.9293
0.5 15 100 1.01 0.223 0.8495
0.5 15 100 1.54 0.192 0.8844
0.5 15 300 0.97 0.162 0.9356
0.5 15 500 0.59 0.016 0.9368

Kth: Thomas’ model constant; go: amount of DBT adsorbed; R is the correlation coefficient

The linearized form of Yoon-Nelson model equation can be expressed as in Equation (3.21), as
described in Chapter three of this thesis. The rate velocity constant in min?, Kyny and the time

required for 50 % adsorbate breakthrough (min), ¢ were calculated from the intercept and slope of

Ct
Co _Ct

a linear graph of ln( ) versus time (see Apendix C). Table 7.3 shows the Yoon-Nelson

parameters for adsorption of DBT in model oil onto immobilized activated carbon in a continuous
fied bed column. The result showed that the  mod Values according to Yoon-Nelson model 112.31
and 157.83 at different flow rates of 1.0 and 1.5 mL/min, respectively are very close to the fexpt
values as obtained from the experiment 121 and 160 min for flow rates of 1.0 and 1.5 mL/min,
respectively. The r expt being the time required for 50 % adsorbate breakthrough time for the column
experiment as shown in Table. The mod Values (183.24 min) for 15 cm bed depth is very close to
what was obtained in the r expt (189 min). Kyn values are found to increase in order of 0.213, 0.322
and 1.851with increasing bed depth of 5, 10 and 15 cm, respectively. The same same trend goes
for different flow rate. The result showed that Kyn values increased as the flow rate increased from
1.0 mL/min to 1.5 mL/min,
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Table 7.3: Yoon-Nelson’s kinetic parameters for adsorption of DBT onto immobilized activated
carbon in a continuous fied bed column.

Flow rate Bed depth Initial concentration  Kyn (min?)  1mea (Min) R?
(mL/min) (cm) (mg/L)
0.5 15 100 0.0144 21.13 0.9408
1 15 100 0.0144 112.31 0.8825
1.5 15 100 0.0154 157.83 0.8844
0.5 5 100 0.2130 19.86 0.9719
0.5 10 100 0.3220 10.59 0.9293
0.5 15 100 1.8501 183.24 0.8495
0.5 15 100 0.0154 157.83 0.8844
0.5 15 300 0.2910 4.440 0.9356
0.5 15 500 0.0296 2.640 0.9368

Kyn: Yoon-Nelson’s constant; tmod: Model breakthrough time

Table 7.4 shows the adsorption column capacity and breakthrough capacity parameters. The
equations used for calculating these parameters were presented in Equation (3.16-3.18), in Chapter
3 of this thesis. The results show that breakthrough time decreased from 70 to 40 min with
increasing initial influent concentration from 100 to 500 min. This could be attributed the
saturation rate of the adsorbent at higher initial DBT concentration. In addition, the vacant
adsorption sites of the adsorbent were rapidly filled up by the DBT molecule resulting in faster
saturation of the adsorption zone of the adsorbent. Furthermore, it could also be observed that as
the flow rate increases from 0.5, 1.0 and 1.5 mL/min, the breakthrough time decreased. This could
be as a result of the rate of flow of the influent onto the adsorbent which did not give room for
enough contact time of the the DBT molecule with the active vacant adsorption sites of the
adsorbent. The breakthrough time increases with increasing bed height. This could be as a result
of the more available adsorption site as the bed height increased resulting in increase in
breakthrough time as the column bed height increased. This obtained in this study are in agreement

to what was obtained in literature by Auta, (2012).
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The amount, gt Of DBT molecule sent into the bed column increased from 1.0 to 1.48 g as the
flow rate increased from 0.5 to 1.5 mL/min. This is because as the flow rate increased the amount
of DBT sent into the bed coulumn also increased. The adsorption capacity of the of the
immobilized activated carbon decreased with increasing flow rate. This could be as a result of
longer breakthrough time involved with lowest flow rate of 0.5 mL/min, there was enough time
for the DBT molecule to be in contact with the immobilized activated carbon in the bed column.
This resulted into highest adsorption capacity at 0.5 mL/min. It can be seen from the table that the
equilibrium adsorption capacity increased from 0.067 to 0.153 mg/g as the column bed height
increased from 5 cm to 15 cm. This could be as a result of more available active adsorption site on
the sirface of the adsorbent, giving room to longer breakthrpough time. Therfore, resulting in

increased adsorption capacity. The same trend was obtained from literature (Auta, 2012).

Table 7.4: Desulfurization of DBT in model diesel Adorption column and breakthrough capacity
for adsorption of DBT in a continuous packed-bed column using immobilized AC

Initial conc (mg/L) Bed depth (cm) flow rate Qs (MY/9) Qrotar (9) Qe to
(mL/min) (mg/g)  (min)
100 15 0.5 85.36 0.8570 0.0570 70
300 15 0.5 209.51 0.0045 0.0001 60
500 15 0.5 243.00 0.0204 0.0003 40
100 15 0.5 73.00 1.0000 0.6600 60
100 15 1.0 98.00 1.2000 0.5000 40
100 15 1.5 11.00 1.4800 0.0330 20
100 5 0.5 110.00 0.0010 0.0670 30
100 10 0.5 93.00 0.0010 0.0690 50
100 15 0.5 97.00 0.0023 0.1530 80

Qs is the breakthrough capacity, gtotal is the total amount of adsorbate sent into the packed-bed
column, ge is the amount of DBT adsorbed at equilibrium and ty is the breakthrough time.
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7.4.1 Modelling of experimental data

Adsorption behavior for packed-bed column experiment performed in this study was described by

Thomas, Bohart-Adam andYoon-Nelson models.

Fig. 7.7 shows the comparison of experimental data with Bohart Adam and Thomas model. Result
shows that Thomas model fitted well with the experimental data, until around 240 min, when there
was a little deviation in the fitting as the time increased further. It could be observed that the model
described the intial part of the curve. The result agreed with other reaserches although with
different solute-solvent system (Tarty-Costodes et al., 2005; Calero et al., 2009) Bohart Adam
model also fitted well into the experimental data The model has been reported in literature to
describe the initial part of the breakthrough curve and the same was confirmed in this study (Calero
et al., 2009). There was a large deviation between experimental data and Yoon-Nelson model
(Result not shown). Thereore, it could not be used to describe the breakthrou curve in this study

for all the concentrations used.
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Figure 7.7 Experimental and predicted breakthrough curve, using Bohart-Adam and
Thomas model for adsorption of DBT onto immobilized AC in a continuous packed-bed
column. Experimental conditions: Bed height: 15 cm; Flow rate: 0.5 mL/min; Initial DBT
concentration: 100 mg/L.
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The results documented in this chapter are comparable with literatue. Muzic et al. (2010) studied
adsorption of DBT in diesel in a continuous fixed bed column with initial DBT concentration of
27 mg/L, in a bed column of height 28.4 cm and internal diameter 2.2 cm. The breakthrough time
was reported to be 11.8 h when the feed flow rate was 1.0 mL/min at reaction temperature of 50
°C. The final concentration achieved at the various operating conditions was 0.7 mg/L. Comparing
this result with what was obtained in this study (bed height 15 cm, at room temperature, initial
DBT concentration 100 mg/L, flow rate 0.5 mL/min), the results show that the breakthrough time
was about 2 h. It could be observed that the breakthrough time obtained int hius study is lower
than what was obtained in Muzic et al. (2010). This could be attributed to lower initial sulfur
concentration in the diesel used in their study. In addition, the bed height used by Muzic et al.
(2010) was almost twice what was used in this study which could also favour the adsorption
breakthrough time in their study. Meanwhile a reasonable effluent concentration was achieved in

this study accounting for about 90 % adsorption performance of the bed column.

7.5. Concluding remarks

As it has been demostrated in this chapter, activated carbon was successfully immobilized in
sodium algilate for adsorption of DBT in model diesel in a continuous packed-bed colomn. This
isa promising method of entrapping adsorbent for maximum performance. Activated carbon has
been widely reported in literature for column adsorption of sulfur compound from petroleum
distillates. However, there are only few studies on the immobilization of AC in sodium algilate for
use in bed column for desulfurization of petroleum distillate. Results show that adsorption of DBT
in a packed-bed column is dependent on superficial velocity of the sorbate solution through the
adsorption column. The best result was obtained at the lowest superficial velocity of 0.031 m/min
(0.5 mL /min) at 15 cm bed height and lowest initial DBT concentration of 100 mg/L. Furthermore,
breakthrough time was found to increase with decreasing DBT initial concentration, decreasing

flow rate and increasing bed height.

Increasing the superficial velocity of the DBT solution decreased the breakthrough time needed
for the contact of adsorbate solution with the adsorbent in the bed column resulting in decreased
amount of DBT adsorbed by the immobilized adsorbent. This means that, a longer breakthrough
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time is needed for higher performance of the bed column which will successively result in higher

adsorption capacity.

The amount, gwotal Of DBT molecule sent into the bed column increased from 1 to 1.48 g as the flow
rate increased from 0.5 to 1.5 mL/min. In addition, it was observed that the equilibrium adsorption
capacity increased from 0.067 to 0.153 mg/g as the column bed height increased from 5 cm to 15
cm. The adsorption capacities of the adsorbents were founs to be very low, this may be attributed
to the minimum amount of AC that the sodium algilate could entrap. Only a small amount of
adsorbent was immobilized by the algilate. Therefore, more studies are need to increase the ration
of activated carbon to sodium algilate and study the influence of algilate ration of the performance

of an immobilized activated carbon in a packed-bed column experiment

At all experimental conditions, Adams—Bohart model described well the initial region of
breakthrough curve, while Thomas modelsdescribed the transient stage or working stage of the
breakthrough curve. In order to share the novel contribution of this work with the scientific
community, a manuscript has been submitted for publication in a conference Proceedings of the

World Congress on Engineering and Computer Science, 2018 Francisco USA.
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Chapter Eight
8.0 Biodesulfurization using Pseudomonas species

This chapter discusses the results of biodesulfurization efficiencies of Pseudomonas Aeruginosa
and Pseudomonas Putida during degradation of DBT from model diesel and real diesel. The results
of effects of operating variables on the growth of bacteria and biodesulfurization performance of
the bacteria are presented. Furthermore, the Kkinetics of bacteria growth and degradation of model

diesel and real diesel are reported.
8.1 Introduction

Different techniques such as hydrodesulfurization, adsorption, oxidation, extraction, and
biodesulfurization have been studied by researchers to reduce the amount of sulfur-containing
compound in petroleum distillates. Conventional hydrodesulfurization (HDS) is the most
commonly used technique in the refineries to reduce the sulfur content with huge success recorded.
Though, HDS is capable of reducing sulfur content in diesel such as heterocyclic sulfur compounds
like benzothiophene and sulfones from diesel, but the technique is inefficient to desulfurize
refractory sulfur compounds such as dibenzothiophene and its derivatives, especially 4, 6-
dimethyldibenzothiophene (4, 6-DMDBT). In addition, this technology suffers from high capital
and operating costs due to the fact that it is operated at high temperature and pressure, thereby
making it energy intensive (Babich and Moulijn, 2003). Furthermore, a lot of hydrogen is used,
making the process highly risky in terms of safety. This situation has provoked the thoughts of
many researchers worldwide to urgently explore alternative methods for desulfurization of

petroleum distillates.

Biodesulfurization (BDS) is a promising method that could be efficient, cheap and less energy
intensive technique for desulfurization. BDS involves the use of biocatalyst for the degradation of
the sulfur compound in petroleum distillates to a less harmful compound without altering the
quality of the fuel. In addition, it can be operated at low temperature under mild conditions.
Different bacteria strains such as Rhodococcus erythropolis Sp. SHT87(Fatemeh et al., 2010),
Pseudomonas Sp., and Gordona alkanivorous RIPI90A (Li et al., 2008), Microbacterium sp.
NISOC-06 (Papizadeh et al., 2010), Pseudomonas putida CECT 527 (Caro et al., 2008a) have been
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employed for degrading sulfur compounds. For instance, Pseudomonas strains are very prolific
and could survive in biphasic media and metabolic diversity (Tao et al., 2006). They are known to
thrive in conditions with or without oxygen, although they are classified as aerobic. They are
readily available since they are present naturally in soil and water. Among the Pseudomonas

strains, Pseudomonas aeruginosa is the most common.

In BDS, only C-S oxidative bond cleavage occurs to release the sulfur atom as sulfate and the
carbon skeleton of the thiophenic compound is not affected as a phenolic end product.
Consequently, in the BDS process the thiophenic sulfur compound serves only as the sole sulfur
source for bacteria growth and the calorific value of the fuel is preserved by the final end product
2-HBP (Monticello, 2000; Kilbane, 2003; Aggarwal et al., 2013). A variety of sulfur containing
compounds have been reported, but the HDS recalcitrant sulfur compound accounts for 70 % of
the sulfur compounds in diesel and it is considered as a model compound for biodesulfurization
(Rhee et al., 1998; Oshiro and lzumi, 1999). The recalcitrant DBT is considered as the only sulfur-

containing compound in the model diesel used in this study.

Vast investigations have been reported on the use of pseudomonas strains, at different conditions
to degrade DBT. Al-Faraas et al. (2015) isolated Pseudomonas Aeruginosa from Iragi Soil for
desulfurization of Dibenzothiophene. Effect of different sulfur sources on the degradation
efficiency of Pseudomonas Sp. has been reported (Al-Faraas et al., 2015). However, detailed
desulfurization activity of the bacteria is very limited in literature. Davoodi-Dehaghani et al.
(2010) investigated the desulfurization ability of Rhodococcus Erythropolis for degradation of
DBT. Mingfang et al. (2003) desulfurized DBT and 4,6-dimethyldibenzo thiophene in dodecane
and straight run diesel using lyophilized cell of R-8. As far as it can be ascertained, limited studies
have been conducted on the biodegradation of DBT in South African diesel using Pseudomonas
strains. It is essential to monitor the pH of the bacteria medium, so as to ensure that the condition
is not toxic for the growth of the bacteria. Different carbon sources have been employed in
biodesulfurization. Carbon source is a requirement because it enhances the growth of bacteria
Farhama et al. (2011). Therefore, effect of carbon sources on the growth of bacteria was
investigated in this study. The bacteria are growth before utilization for desulfurization experiment
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in this study. This helps to know the exponential phase of the bacteria, at which the resting cells

are harvested.

Since diesel and bacteria basal medium form 2-phase (Biphasic) medium during BDS experiment,
it is important to study effect of biphasic media on the growth and degradation of sulfur-containing
compunds in diesel. In addition, to overcome the challenge of low bacteria growth that is usually
encountered during desulfurization of petroleum distillate (Tao et al., 2011), effect of biophasic
media is investigated in this chapter. To investigate the efficiency of bacteria for degradation of
DBT in model diesel, effect of operating varaiables are investigated and the results obtained are
reported in this chapter. The bacteria with higher degradation efficiency, and the best operating

variables are chosen for degradation of DBT in real diesel samples.

Against this background, this chapter reports the results of investigation of biodegradation of DBT
and compares the biodegradation effeciency of growing and resting cells of Pseudomonas
Aeruginosa (PA) and Pseudomonas Putida (PP). It is important to understand the kinetics of the
biodesulfurization process. Kinetic studies of bacteria growth give information on behavior of the
bacteria during growth and BDS process. Therefore, the kinetics that governs the growth of the
bacteria and the DBT degradation are also provided.

8.2. Experimental

The materials, detailed description of experimental procedure, analytical techniques for this
chapter have been extensively described in Chapter 3 of this thesis (section 3.2.1 and 3.2.2). The
physical and chemical properties of the real diesel obtained from a typical refinery located in South

Africa is provided in Table 3.1.
8.3 Results and discussion

To evaluate the efficiency of the bacteria for degradation of DBT model diesel and real diesel,
there is need to study effect of operating variables. The results obtained are discussed in this section

of the chapter.
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8.3.1 Effect of pH and carbon sources on the growth of bacteria

Table 9.1 shows the effect of pH on the growth of bacteria. It could be observed that there was no
obvious change in the pH value of the control medium without bacteria and the bacteria medium
within the given priod of growth. This is an indication that the pH of the medium did not change

during the growth of bacteria. The change in the pH of the bacteria medium is insignificantly

noticeable.

Table 8.1: pH measurement of PA and PP medium and control (without bacteria) during

growth
Time (Hour) pH

Control PA PP

0 7.05 7.04 7.03

24 7.02 7.19 7.05

28 7.11 7.13 7.07

72 7.13 7.14 7.1

96 7.16 7.16 7.1

120 7.12 7.14 7.09

144 7.16 7.15 7.11

168 7.14 7.19 7.07

192 7.11 7.13 7.08

216 7.15 7.17 7.12
240 7.11 7.16 7.10

Fig. 8.1 (a) and Fig. 8.1 (b) show the effect of carbon sources on the growth of PA and PP,
respectively. Carbon source is a requirement for enhancement of bacteria growth, therefore, its
effect is studied in this chapter. Glucose and glycerol were used as the sources of carbon for the
growth of the bacteria. In Fig 9.1 (a), it could be observed that PA grew faster when glycerol was
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used as the carbon source compared to when glucose was used. It can be seen that the rate of
growth of PA increased with glycerol as the carbon source to 1.0 gDCW/L, in 120 h. Then, there
was a decrease in the growth of the bacterial from 1.0 to about 0.9 g DCW/L at 144 h and remained
almost constant till 240 h. The first stage of the growth from 0 h to 120 h represents the initial lag
phase (accelerating growth phase). The point at which the growth showed the highest dry cell
weight of bacteria could be regarded as the exponential growth phase of the bacteria. The later
stage represents the decelerating growth phase of the bacteria growth. The growth of the bacteria
using glucose was found to be below the control medium without carbon source. The results
obtained show indicate that PA grows better in glycerol than in glucose. Therefore, glycerol was
used for the rest of the experiment performed in this study to grow PA. In Fig. 9.1 (b), it could be
observed that the PP grew better in glucose as the source of carbon compared to when glycerol
was used. The results show that the PP consistently grew from 0 h to 120 h, where it reached its
maximum dry cell weight of 1.01 gDCW/L. Its progression then decreased as the time increased
from 120 h to 210 h, then became constant from 210 h to 240 h. However, the growth of control
experiment without glucose showed a decrease in growth compared to when carbon source was
added. This result showed that carbon sources enhanced the growth of the bacteria compared to
when no carbon souce was added to the bacteria medium. The results obtained in this study is in

agreement with results were reported by Fontes et al. (2013) and Nikel et al. (2015).
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Figure 8.1 Effect of carbon source on the growth of (a) Psuedomonas Aeruginosa, (b)
Pseudomonas Putida at. Experimental conditions: Initial DBT concentration: 25 mM,
Temperatuure: 37 °C (PA), 30 °C (PP).
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Fig. 8.2 (a) and Fig. 8.2 (b) depict the growth of PA and PP with degradation of DBT and formation
of 2-HBP as a function of time. The results show that growth of the bacteria increased with time.
Growth of PP began to decrease slightly after 120 h while the growth of PP began to decrease after
168 h. At 120 h, optical density of PA reached 1.00 g DCW/L and that of PP was 0.998 g DCW/L.
It can be observed that as the growth of bacteria increased there was simultaneous increase in the
degradation of DBT from 46 ppm to 0.21 ppm for PA and from 46 ppm to 0.51 ppm for PP.
Likewise, amount of 2-HBP increased from O ppm to 32.5 ppm for PA, and amount of 2-HBP
increased from O ppm to 24.5 ppm for PP. It was observed in all experiments that the growth of
bacteria stopped before the DBT was completely degraded to 2-HBP. In addition, the production
of 2-HBP, as a final metabolite of 4S pathway, was less than the consumption of DBT in both
cases. This could be as a result of intra and extra cellular accumulation of 4S compounds. These
results are in agreement with the results reported by Caro et al. (2008) and Davodii-Dehaghani et
al. (2010). The desulfurization of DBT to 2-HBP through 4S pathway could be the reason why
there was no further growth of the bacteria at 120 h for PA and 168 h for PP.

The major 4S pathway metabolite identified during the batch cultivation was 2-HBP. This was
also confirmed by Rhee et al. (1998). Approximately 99.5 % of DBT and 98 9 % of DBT was
degraded by PA and PP, respectively. However, 2-HBP could accumulate up to concentration of
33.06 ppm for PA and 22.99 ppm for PP which account for 71.9 % and 50 % formation of 2-HBP
for PA and PP, respectively. The results show that the amount of 2-HBP formed was not equivalent
to the amount of DBT degraded. In addition, no sulfate or sulfite accumulation was detected during
growth of bacteria. Therefore, it could be assumed that the sulfur content has been assimilated by

the cells.
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Figure 8.2 Biomass growth as a function of time during degradation of DBT and 2-HBP
formation (a) with Pseudomonas Aeruginosa (b) with Pseudomonas Putida. Experimental
conditions: Initial DBT concentration: 46 ppm; Temperature: 30 °C (PP) and 37 °C (PA).
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8.3.2 Effect of operating variables on the growth of bacteria and biodesulfurization

The results in Fig 8.3 show the degradation of DBT and the production of 2-HBP. The results show
that as the concentration of the bacteria in the medium increased, desulfurization of DBT and
production of 2-HBP are enhanced. This could be as a result of more available bacteria to feed on
the DBT which in return increase the production of 2-HBP. The lowest desulfurizing capacity of
55 % for PA and 32 % for PP was recorded when the cell concentration was 0.3 g DCW/L. In
addition, the concentration of 2-HBP produced for PA and PP at 0.3 g DCW/L was 117.34 ppm
and 81.04 ppm, respectively. Enhancement in degradation of DBT and formation of 2-HBP at
increased concentration of bacteria could be attributed to the availability of more bacterial to feed
on the DBT. It could be observed that formation of 2-HBP was lower than the degradation of DBT
in all the cases. This could be attributed to inhibition caused as a result of 2-HBP accumulation in
the medium, that is, production of 2-HBP inhibits the growth of the bacteria. Enzymes of 4S
pathway also undergo feedback inhibition exerted by 2-HBP, thus limiting the cell growth, and
hence, in low degradation efficiency These results are in agreement with results reported by
Mohebali and Ball (2008).
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Figure 8.3 Effect of cell concentration of resting cells of PP and PA on DBT degradation
and production of 2-HBP (a) 0.3 g DCW/L (b) 0.6 DCWI/L (c) 0.9 g DCWI/L (d)1.2 g
DCWI/L. Experimental conditions: Initial DBT concentrations: 500 ppm; Temperature 37
°C (PA) and 30 °C (PP).

Fig. 8.4 (a) and Fig. 8.4 (b) depict the effect of initial DBT concentration on the growth of PP and
PA. The initial concentrations of DBT were varied from 250-1000 ppm. The result showed that
increase in initial concentration of DBT resulted in an increase in the growth of bacteria (PA and

PP). This could be as a result of presence of more DBT for the metabolism of the cell in the
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medium resulting thereby in enhanced growth. It was discovered that growth stopped before the
final or complete desulfurization of the DBT. This could be attributed to the accumulation of 4S
compounds in the medium that inhibited further growth of the cells at 7 h. This is in agreement
with the result of Maxwell et al. (2000). Other products of 4S pathway were detected in negligible
amount, except 2-HBP (no data is provided for other negligible products in this study). Other
authors also confirmed that, other metabolites of 4S pathway could not be detected in the
experiment. However, they are indicated as assumed metabolites (Maxwell et al., 2000; Gunam et
al., 2013).
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Figure 8.4 Effect of initial DBT concentrations on the growth of (a) PA (b) PP.
Experimental conditions: Oil: water ratio (1:4); Cell concentration: 1.2 gDCWI/L;
Temperature: 37 °C (PA), 30 °C (PP).

Fig. 8.5 (a - d) depict the effect of DBT initial concentrations on the biodesulfurization of DBT by
PA and PP. The initial concentration of DBT was varied from 250-1000 ppm, in order to evaluate
their effect on the growth, DBT desulfurization and 2-HBP formation. The results show that

increase in initial concentration of DBT increased the growth of bacteria, thereby increasing the
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biodesulfurization of DBT which also resulted in increase in 2-HBP production. About 47.57 %,
48.17 %, 59.89 % and 68.82 % BDS efficiencies were achieved at 250, 500, 750, and 1000 ppm,
respectively, when PA was used as the biocatalyst. About 39.85 %, 45.97 %, 58.93 %, and 56.31
% degradation efficiency were achieved biocatalyst at 250 ppm, 500 ppm, 750 ppm and 1000 ppm,
respectively, when PP was used as biocatalyst. A slight decrease in desulfurization efficiency was

noticed as the initial DBT was further increased to 1000 mg/L.
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Figure 8.5 Effect of initial DBT concentration on DBT degradation by Pseudomonas
aeruginosa and Pseudomonas putida (a) 250 ppm (B) 500 ppm (c) 750 ppm (d) 1000 ppm.
Experimental conditions: Cell concentration: 1.2 gDCW/L; Temperature: 37 °C for PA and
30 °C for PP
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8.3.3. Biphasic effect on growth of bacteria and biodesulfurization

Fig. 8.6 (a), (b), (c) and (d) described the effect of biphasic and aqueous medium on the growth of
bacteria PA and PP. It could be observed from the result in Fig. 8.6 that the optical densities of
both PA and PP in g DCW/L decreased with increase in percentage of oil to water at 50 %. Results
show best growth rate when 20 % oil phase was used compared to aqueous medium without the
oil phase and 50 % oil phase. The lower growth rate at 50 % could be as a result of hydrophilicity
of DBT, owing to the reduced concentration of DBT when oil phase increased because the same
initial concentration of DBT was used in all. It is assumed that transfer of DBT from the oil phase
to the agueous phase is an important parameter especially when biocatalyst that has lower
capability to adhere at the interface is used (Montecello, 2000; Caro et al., 2008). Another reason
this could be so is that, there might be mass transfer limitation of DBT from the oil phase to the
aqueous phase where the cells are present. And it has been discovered that the cells use DBT as its
sulfur source for it metabolic growth, since bacteria use the DBT in the model diesel for its growth.
It could also mean that there was lower supply of oxygen as the oil phase increased. This result is

in agreement with Caro et al. (2007 b).
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Figure 8.6 Effect of biphasic (oil-water ratio) media on biomas growth (a) PA (b) PP
Experimental conditions: Temperature: 37 °C (PA); 30 °C (PP); Initial DBT concentration:

500 ppm.
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Fig. 8.7 (a) and Fig. (b) depict the effect of biphasic media on the biodesulfurization of DBT using
PA and PP. The oil-water ratio is an essential factor in defining the production of the reactor as
well as the volume of the reactor. The ratio of volume of oil to water (O/W) affects the
bioavailability of DBT when BDS takes place at the interface between the aqueous and the organic
phases. Result showed better DBT degradation of 2-HBP production in the biphasic medium than
in the aqueous medium. This could be as a result of better growth achieved in the result discussed
in Fig. 8.6. Enhanced desulfurization was achieved with resting cells of PA and PP in biphasic
media compared to aqueous media. Hence, the amount of 2-HBP production was more than in
aqueous phase for both bacteria. This could be attributed to substrate availability and reduced end
product inhibition, since 2-HBP which causes feed-back inhibition is in the organic phase. The
inhibition effect of 2-HBP was therefore avoided by directing the DBT molecule to the organic
phase permitting the desulfurization process to continue unobstructed in the aqueous phase. These

results is in agreement with literature (Caro et al., 2007 a; Gunam et al., 2013; Nuhu, 2013).
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Figure 8.7 Effect of biphasic media on biodesulfurization of DBT and formation of 2-HBP
by (a) PA (b) PP. Experimental conditions: Oil-to-water ratio: 1:4; Temperature: 37 °C
(PA), 30 °C (PP); Initial DBT concentration: 500 ppm.
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The evaluation of biodesulfurization capacity (Xsps), Conversion yield for DBT (Ysps), degree of
desulfurization (Deps) and specific conversion rate (E) were obtained using Equation (3.22-3.24)
in chapter three of this thesis. Table 8.2 shows Xaps, Ysps, Deps and E values for the degradation
of DBT in model diesel using resting cells of PA and PP at different initial DBT concentrations of
250, 500, 750 and 1000 ppm. The results show increase in the order, 48.06 %, 53.53 %, 62.07 %
and 62.97 % biodesulfurization efficiency as the initial DBT concentration increased from 250
ppm to 1000 ppm. This could be attributed to availability of the sulfur source needed for the growth
and metabolism of the bacteria. Furthermore, the desulfurization yield (Ygsps) were found to be
47.57 %, 48.17 %, 59.89 % and 68.82 % which showed that the yield increased with increasing
initial DBT concentrations. Since increase in initial concentration increased the groth rate,
therefore the yield of biodesulfurization of DBT also increased. The degree of desulfurization to
were found to increase (4.78, 7.84, 10.72 and 11.69 g DCW/L.h) as the intial concentration
increased from 250 to 1000 ppm. However, the specific conversion rate decreased as the initial

DBT concentrations.

The same trend was observed for biodesulfurization using pseudomonas putida. The results show
increase in the order, 40.06 %, 46.02 %, 61.60 % and 62.21 % biodesulfurization efficiency of PP
as the initial DBT concentration increased in the order 250, 500, 750 and 1000 ppm. This could be
attributed to availability of the sulfur source needed for the growth and metabolism of the bacteria.
Furthermore, the desulfurization yields (Ysps) values of PP were recorded to be 39.85 %, 45.97
%, 58.93 % and 56.31 % which showed that the yield increased with increasing initial DBT
concentrations from 250 to 750 ppm. Since increase in initial concentration increased the growth
rate, the yield of biodesulfurization of DBT also increased. However, the biodesulfurization yield
was observed to decrease to 56.31 when the initial DBT concentration increased to 1000 ppm. The
degrees of desulfurizations of PP were found to increase (3.40, 5.13, 9.40 and 10.09 g DCW/L.h)
as the intial concentration increased from 250 to 1000 ppm. However, the specific conversion rate
decreased as the initial DBT concentrations. In all respect, the Xgps, Yeps, Deps and E values for
PA were found to be higher than that of PP.
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Table 8.2: Xgps, Yeps, Deps and E parameters for biodesulfurization of DBT in model oil by
resting cells of Pseudomonas aeruginosa and Pseudomonas putida

Pseudomonas Aeruginosa Pseudomonas Putida
Cosr  Xaps Yeos  Dabs (@ Esos(L/h. | Xaps Yeps Deos(g Esps(L/h.g
®Pm) (/) (%) DCWILh) gDCW) | (%) (%) DCW/L.h) DCW)
250 48.06 4757 4.78 7.55 40.06  39.85 3.40 7.37
500 53.53 48.17 7.84 5.71 46.02  45.97 5.13 6.45
750 62.07 59.89 10.72 5.61 61.60 58.93 9.40 6.31
1000 62.97 68.82 11.69 5.31 62.21 56.31 10.09 6.00

Table 8.3 illustrates the results obtained in this study compared with literature. Resting cells of
Lyophilized R-8 was utilized to degrade DBT in model oil by Mingfang et al. (2003) with an initial
concentration of 1807 ppm. The result showed 55.23 % BDS performance at BDS rate of 8.75 Mm
(g DCW/L)ht. Comparing this with the result obtained in this study, when the initial DBT
concentration in this study was 500 ppm in a model oil, a BDS performance and BDS rate of 67.53
% at 21.25 mM (g DCW/L)*h, respectively by resting cells of pseudomonas aeruginosa and 50.
02 ppm and 13.90 mM (g DCW/L)*h™! by resting cells of pseudomonas putida were obtained. The
BDS performance results obtained in this study are better than what was obtained by Mingfang et
al. (2003). This could be due to a higher initial concentration used in their study. Alcon et al. (2005)

desulfurized DBT in a model diesel using Pseudomonas putida CECT 5259 for 10 h with an initial
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DBT concentration of 1.84 ppm. About 86 % desulfurization efficiency was achieved by the
bacteria. The result obtained in their study was higher than the result obtained in this study. This

could be attributed to higher initial DBT concentration of 500 ppm used in this study.

Table 8.3: Results of degradation of DBT in model diesel compared with literature.

Bacteria Sulfur Reaction | Co Cr % DZ rate (MM | Ref.
compound | time (h) | (ppm) | (ppm) | BDS | g (DCWIL)
1h-1
Lyophilized DBT 24 1807.00 | 808.90 | 55.23 | 8.75 Mingfang
cell of R-8 et al.
(2003)
PP CECT | DBT 10 1.84 0.26 | 86.00 | 0.12 Alcon et
5279 al. (2005)
Pseudomonas | DBT 8 500.00 | 250.10 | 50.02 | 13.90 This
Putida study
Pseudomonas | DBT 8 500.00 | 162.35 | 67.53 | 21.25 This
aeruginosa study

Co is the initial DBT concentration, Cs is the final DBT concentration, DZ is desulfurization.

8.4 Kinetics of bacteria growth and degradation model diesel

8.4.1. Kinetic model for growth of bacteria

The growth of bacteria in a culture was studied using the Michaelis-Menten expression in Equation
3.36 in chapter three of this thesis. The experimental data was compared with the model data
obtained. The percentage error between the experimanta data and the model parameters obtained
was calculated using Equation (3.37). Fig. 8.8 depicts the fitting of the model data with the
experimental. Michaelis-Menten equation (see Eq. 3.36) was used to describe the growth of

bacteria strains used in this study using Lineweaver-Burk plot. The maximum velocity, Vmax and
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Michaelis-Menten’s constant, Km parameters were calculated from the intercept and the slope of
the straight line graph. The The percentage errors were calculated using the expression in Equation
3.37. Table 8.4 shows the parameters obtained, and the percentage error calculated. It can be seen
that the reaction rate increased with increasing initial DBT concentration for both bacteria. The
observation was consistent with data obtained initially in the experiment. This obviously showed
a change in DBT distribution with the degree of desulfurization. The rate of DBT desulfurization
by growing cells of PP are 0.102, 0.116, 0.156 and 0.163 gDCW/L.h at 250, 500, 750 and 1000
ppm initial DBT concentration. This indicates that the rate of growth of PP increased with
increasing initial DBT concentrations. This could be due to enough availability of DBT for the
metabolism of the cell in the medium which resulted in increase in their growth. This is in
agreement with the result of Maxwell et al. (2000). The maximum specific growth rate obtained
for PP was 0.192 mgDBT/g DCW.h. and the Michaelis-Menten constant, Ky, obtained was 234.28
ppm. The percentage error calculated were 0.92 %, 3.76 %, 1.99 % and 1.5 % at 250, 500 750, and
1000 mg/L, respectively.

The rate of DBT desulfurization by growing cells of PA are 0.111, 0.138, 0.148 and 0.165
gDCW/L.h at 250, 500, 750 and 1000 ppm initial DBT concentration. This indicates that the rate
of growth of PA increased with increasing initial DBT concentrations. This could be due to enough
availability of DBT for the metabolism of the cell in the medium which resulted in increase in their
growth. This is in agreement with the result of Maxwell et al. (2000). The maximum specific
growth rate obtained for Pseudomonas putida was 0.187 mg DBT/g DCW.h. and the Michaelis
Menten constant, Kn obtained was 174.12 mg/L. The percentage error calculated were 0.23 %,
0.17 %, 0.15 % amnd 0.16 % at 250, 500 750, and 1000 ppm, respectively. Comparing the
percentage error in first order model of PA with that of PP, it can be seen that the % error in
pseudomonas aeruginosa were smaller compared to PP. Thereore, Michaelis-Menten model
described well the kinetics that govern the growth of PA than it did for PP. The observations in
this model were consistent with data obtained initially in the experiment. This obviously
demonstrated a shift in DBT distribution with the extent of desulfurization. The results obtained
in this study are comparable with literature. A Gordonia CYKS1 desulfurizing bacterium was
reported by Rhee et al., (1998). The bacterium was reported to transform DBT into 2-HBP at the
rate of 27.6 mg/gDCW.min. The rate of transformation of DBT into 2-HBP in this study is lower
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that what was obtained in Rhee et al study. Folsom et al., 1999 also investigated the desulfurization
of DBT by R. erythropolis 1-19. The rate of desulfurization by this bacterium was 920
mg/gDCW.min. Although 36.8 mg/gDCW/L was previously reported by Holda et al., (1999) using
wild type R. erythropolis IGTS8 for conversion of DBT to HBP. PP used in this study has the same
gene as the R. erythropolis used in their studies. The Michaelis constant (Km) estimated by Abin-
Funtes et al. (2014) for degradation of DBT by R. erythropolis KA2-5-1 was 1840 mg/L and 4784
mg/L was obtained by Kobayashi et al. 2001. In this study, the Michaelis Menten constant, (Km)
parameters obtained were 4536.5 mg/L and 2639.40 mg/L for PA and PP, respectively for DBT
degradation in diesel. These are very close to what was reported by Albin-Funtes et al (2014) and

Kobanashi et al. (2001), respectively. Therefore, these results are comparable with literature.
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Table 8.4: Michaelis-Menten Kinetic model parameters for growth of PA and PP

PA PP

CDBT Vexp (9 Vmod (g % CDBT Vexp (9 Vmod (g %
(mg/L) DCWI/L.h) DCW/L.h  Error | (mg/L) DCW/L.h DCWI/L.h) Error

250 0.111 0.110 0.232 250 0.102 0.099 0.942
500 0.138 0.139 0.168 500 0.116 0.131 3.758
750 0.148 0.152 0.827 750 0.156 0.146 1.992
1000 0.165 0.159 1.158 1000 0.163 0.156 1.522

CogT: Initial DBT concentration; Vexp: Experimental value for maximum reaction velocity; Vmod;

Model value for maximum reaction velocity.

8.4.2. kinetic model of DBT degradation in model diesel

Pseudo-first order model was used to describe the degradation of DBT by PA and PP. The
expression is described in Equation (3.27) in chapter three of this thesis. The kinetic of DBT
degradation by resting cell of PA and PP under aqueous condition in this study was described by
Pseudo-first order model. Fig. 8.9 and 8.10 (a-d) depict the first order model and experimental data
of DBT degradation in model oil by PA and PP at initial DBT concentrations of 250, 500, 750,
and 1000 mg/L. Desulfurization of DBT in this study followed first order kinetics model and fitted
well into experimental data. The apparent first order kinetic constants obtained for different DBT
concentrations of 250, 500, 750 and 1000 mg/L, were 0.071, 0.081, 0.105 and 0.15 3 h¥,
respectively for PP (see Table 8.5). It could be observed that kinetic constant increased with
increasing initial DBT concentration. The apparent first order kinetic constant for PA at different
DBT initial concentrations of 250, 500, 750 and 1000 mg/L were 0.092, 0.079, 0.108 and 0.104 h"
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! respectively (see Table 8.5). The first order model described well the degradation of DBT at all
initial DBT concentrations, for both PA and PP. All the results obtained here show that PP and
PA could utilize DBT as sole carbon sources for growth and desulfurization of DBT compound in
model diesel. Nevertheless, the rate of degradation was still slow and the time taken was long.
Therefore, increasing the rate of degradation is important for biodegradation of DBT. About 62.21
% and 62.97 % were degraded by PP and PA respectively. The DBTcould not be degraded further
by the microorganisms owing to large size, great hydrophobicity, and high molecular weight of
DBT which invariably resulted to its low bioavailability and limited mass transfer rate. The results

obtained in this study were comparable to literature (Talaiekhozanil et al., 2015).
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Figure 8.9 First order kinetic model for DBT degradation by resting cells of PP at (a) 250
mg/L (b) 500 mg/L (c) 750 mg/L (d) 1000 mg/L. Experimental conditions: Cell mass: 1.2
gDCWI/L, Temperature: 30 °C.
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Table 8.5: First order kinetic constants for degradation of DBT by PA and PP at different initial
DBT concentrations.

Coer (Mg/L) Kea (h™) Kee (")
250 0.0922 0.0809
500 0.0795 0.1054
750 0.1078 0.1527
1000 0.104 0.1705

Kra and Kpp are the first order constant for PA and PP, respectively; Cpet is the initial

concentration of DBT

8.5. Evaluation of biodesulfurization efficiency of real diesel samples using resting cells of

Pseudomonas Sp.

Results of Biodesulfurization of real diesel samples obtained from a typical South African refinery
are shown in Fig. 8.11 and Fig 8.12. Fig. 8.11 depicts the desulfurization of diesel sample after
HDS with initial DBT concentration of 120 ppm. The results show that there was an appreciable
increase in degradation of diesel sample after HDS from initial DBT concentration of 120 ppm to
35.35 ppm for PA and from 120 ppm DBT to 38.99 ppm for PP. This accounted for about 70.54
% and 67.50 % degradation capacity for PA and PP, respectively. It could be observed as well that
36 % 2-HBP was produces when PA was used as biocatalyst and 33 % of 2-HBP was formed for
biodesulfurization of diesel by PP. This result is lower compared to what was obtained in
biodesulfurization of model diesel. This could be because a lot of compounds are present in the
real diesel which might affect selectivity of DBT for biodegradation (Samokhvalov 2012)
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Figure 8.11 Biodesulfurization of diesel obtained after HDS by PP and PA. Experimental

conditions: Initial DBT concentrations: 120 ppm; Cell mass: 1.2 g DCW/L; Temperatures:

30 °C (PP) and 37 °C (PA).
Fig 8.12 depicts the biodesulfurization of DBT in diesel sample obtained before HDS with initial
DBT concentration 5200 ppm by PA and PP. The results show that about 36 % and 33 %
desulfurization of the diesel was achieved by PA and PP, respectively. After 8 h of biocatalyst
activity at resting stage, the DBT content of the diesel reduced from its initial value of 5200 ppm
to 3328 ppm for PA, and from 5200 ppm to 3440 ppm for PP. This low desulfurizing efficiency
could be attributed to the presence of other organosulfur present in the feed stock diesel (diesel
sample obtained before HDS). In addition, high concentration of sulfur content could hinder the
growth of bacteria i.e the concentration might be too toxic for the enhanced growth of the bacteria.

This will invariably affect the degradation efficiency of the DBT compound in the diesel. The
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formation of 2-HBP was also observed during the experiment as shown in Figure 8.10 b, and the
production was significantly low (e.g about 21.53 % and 20.17 % for PA and PP, respectively)

(Samokhvalov, 2012).
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Figure 8.12 Biodesulfurization of diesel obtained before HDS. Experimental conditions:
Initial DBT concentrations: 5200 ppm. Cell mass: 1.2 g DCW/L, Temperatures: 30 °C (PP)
and 37 °C (PA).

Fig. 8.13 (a) shows the GC/MS chromatogram of DBT and 2-HBP standard in ethyl acetate, Fig.
8.13 (b) GC/MS chromatogram of diesel obtained after HDS and (c) GC/MS chromatogram of
biodesulfurized diesel. Fig 8.13 (a) indicates that DBT was obtained at m/z 184 and 2-HBP at m/z
170 (Li et al., 2003). The chromatogram in Fig. 8.13 (c) show decrease in the peak area of DBT

compared to the control sample before biodesulfurization (see Fig. 8.13 b). Also there was an
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appearance of a peak at 7.5 minutes (Fig. 8.13 c) retention time which indicates the formation of
2-HBP in the desulfurized diesel.
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2-HBP

Time {minl

Figure 8.13 Chromatograms of (a) standard DBT and 2-HBP in ethyl acetate (b) Real diesel
obtained before biodesulfurization (c) Biodesulfurized diesel

268



8.6 Degradation Kinetics of real diesel

Only DBT degradation kinetic model was described here for desulfurization of real diesel. First
order kinetic model for used for degradation DBT in South African real diesel. Fig. 8.14 (a) and
(b), depict the first-order model and experimental data of DBT degradation of South African diesel
after HDS by Pseudomonas aeruginosa and Pseudomonas putida, respectively at initial DBT
concentrations of 120 mg/L. Desulfurization of DBT in this study followed first order Kkinetics
model and fitted well into experimental data. The apparent first order kinetic constants obtained
were 0.1705 h't and 0.711 h*%, for SA diesel after HDS at 120 mg/L initial sulfur concentration by
PA and PP, respectively. The values are both close because their desulfurizing activities are also
close. The model shows perfect fits at all initial DBT concentrations with experimental data. The

results are comparable with Talaiekhozanil et al. (2015).

Table 8.6 illustrates the comparison of results of biodesulfurization of DBT in model diesel and
real diesel documented in this chapter with literature. It could be observed that Chang et al. (2000)
desulfurized middle distillate diesel using cells Gordona CYKS1 for 10 h with an initial DBT
concentration of 1500 ppm. Results show that the bacteria were able to degrade 53 % of the DBT,
which is higher that the result obtained in this study. The bacteria (PA) used in this study could
only degrade 30 % of the DBT with an initial concentration of 5200 ppm. This could be due to the
toxic effect of the DBT at higher concentration on the growth of the bacteria, which invariably
affected the degradation and production of 2-HBP at the same time. However, when diesel sample
obtained after HDS was used, with an initial concentration of 120 ppm, a higher biodesulfurization
efficiency of 70.54 % was obtained which was higher than the result obtained by Chang and his
co-authors. In addition, the DBT in the middle distillate was degraded after 10 h, which is higher
than 8 h recorded in this study to degrade the DBT in the diesel sample obtained before HDS and
diesel sample obtained after HDS. These results were also compared the report of Verma et al.
(2016).
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Figure 8.14 Kineic model of DBT degradation in real diesel after HDS by resting cells of (a)
Pseudomonas putida (b) Pseudomonas aeruginosa. Experimental conditions: Initial DBT
concentration: 120 mg/L: Cell mass: 1.2 gDCW/L.
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Verma et al. (2016) reported that about 88 % DBT was degraded by an isolate E1 bacteria with an
initial concentration of 368 ppm at 72 h. It can be seen that the result obtained in this study was
lower than what was reported by Verma et al. (2016). This could be as a result of short reaction
time (8 h) used in this study. In addition, the exact concentration of bacteria (2 %) used by Verma
et al. (2016) was not disclosed. Increasing the reaction time of this study from 8 h to 72 h could

increase the degradation efficiency of the bacteria.

Resting cells of Lyophilized R-8 was utilized to degrade DBT in model diesel by Mingfang et al.
(2003) with an initial concentration of 1807 ppm. The results showed 55.23 % BDS efficiency at
BDS rate of 8.75 Mm (g DCW/L)*ht. Comparing this with the results documented in this study,
when the initial DBT concentration in this study was 500 ppm in a model diesel, a BDS efficiency
and BDS rate of 67.53 % at 21.25 mM (g DCW/L)*h, respectively by resting cells of PA. The
BDS performance and DBS rate results reported in this study are better than what was obtained by
Mingfang et al. (2003). This could be due to a higher initial concentration used in their study. The
results obtained in this study are comparable to the results obtained in the literature. However,

further investigations are required to detect all the metabolites in the 4S pathway.
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Table 8. 6: Comparison of results of BDS of model diesel and real diesel literature

Bacteria Sulfur Time Co Ct % BDS DZ rate (MM g Ref.
compound (n) (ppm) (ppm) (DCW/L)1h?

Lyophilized DBT 24 1807 808.90 55.23 8.75 Mingfang

cell of R-8 etal.
(2003)

Gordona Diesel 10 1500 610.00 59.30 94.00 Chang et al.

CYKS1 (2003)

PA DBT 10 1.84 0.26 86.00 0.12 Alcon et al.
(2005)

Isolate E1 Crude oil 72 368 18.40 88.00 - Verma et
al. (2016)

PA DBH 8 5200  3444.00 30.00 12.96 This study

PP DBT 8 500 250.10 50.02 13.90 This study

PA DBT 8 500 162.35 67.53 21.25 This study

PA: Pseudomonas Aeruginosa; PP: Pseudomonas Putida; Co: Initial DBT concentration; Cs: final
DBT concentration; DAH: diesel obtained after HDS; DBH: diesel obtained before HDS.

8.7. Concluding remarks

As it has been demonstrated in this chapter, PA and PP were successfully grown. The growing and
resting cells of both bacteria were used to degrade the DBT molecule in the model oil. Results
showed that PA showed better BDS performance than PP in all aspect. The results in this study
show that PA and PP are able to desulfurize DBT into less harmful compound, 2- HBP. However,
further studies are required to determine their desulfurization potential for other sulfur organic

compounds in real diesel.

The final product 2-HBP detected shows the specific activity of DBT desulfurization is 4S —
pathway. However, more investigations are still required in this field to detect all the various

metabolites in the 4S pathway. In addition, introduction of sufficient oxygen could improve the
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biodesulfurization efficiency of these bacteria. Results show BDS performance of 67.53 % and
50.02 %, by resting cells of PA and PP, respectively for 500 ppm initial concentration. In order
to study desulphurization of diesel oils obtained from an oil refinery, resting cells studies by PA
were carried out which showed a decrease of about 30 % and 70.54 % DBT removal from 5200
ppm in diesel before HDS and 120 ppm in diesel after HDS, respectively. PA and PP selectively
converted sulfur atom in DBT compound to 2-HBP. First order kinetic model was used for growth
of bacteria and it fitted well into the experimental data. Likewise, Micaelis-Menten fitted described
well the behavior of the bacteria for degradation of DBT in model diesel and real diesel samples.

The result obtained in this study showed that biodesulfurization would be a better technique to
compliment HDS technique rather than the main technique for desulfurization of organo-sulfur
compounds in diesel oil. Furthermore, PA and PP could be better biocatalysts for degrading
harmful sulfur compound in South African diesel. This will assist the refineries to meet up with
the stringent regulation to minimize the emission of sulfur compounds which cause environmental

pollution and health problems in South Africa and all over the world.

In order to communicate the novel contribution of this work to the scientific community, one
manuscript has been submitted to an international reputable journal for publication (Biochemical
Engineering Journal). One or more manuscripts are in preparation for submission in reputable

international journals for possible publication.
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Chapter Nine

9.0 Performance of adsorptive desulfurization coupling biodesulfurization (AD/BDS)

process for desulfurization of petroleum distillate

In this chapter, the results of evaluation of performance of adsorption coupling biodesulfurization

(AD/BDS) system is presented. The Kinetics governing adsorption this system is also reported.

9.1 Introduction

Adsorptive desulphurization (ADS) technique has been reported to be a promising approach in the
removal of sulphur-containing compounds from petroleum distillates. It has a faster rate of reaction
compared to biodesulfurization. However, biodesulfurization (BDS) converts the sulfur-
containing compound in the petroleum distillate into a less harmful compound without altering the
quality of the fuel. Therefore, BDS technique serves as a complimentary technique to other
methods of desufurization. In other to achieve a less harmful compound in the prtroleum distillate
rather than having the sulfur oxides in the fuel reduced, this chapter explores the hybrid system,

namely ADS/BDS in the desulfurization of diesel.

Adsorption coulpling biodesulfurization (AD coupling BDS) has advantages of enhancing BDS
selectivity and achieving high rate of adsorptive performance (Song et al., 2003; Zhang et al.,
2008). Zhang et al. (2008) studied in-situ coupling desulfurization process by assembling nano y-
Al>O3, Na-Y molecular sieves, and active carbon onto the surface of Pseudomonas delafieldii R-
8. Wang et al. (2015) also studied reactive ADS coupling aromatization on Ni/ZnO-ZnsAl20, in
order to achieve a higher adsorption performance. Furthermore, a novel study on reactive ADS of
Ni/MnO adsorbent coulpling hydrodesulfurization was carried out by Tang et al, (2015). The
results showed that, breakthrough time of the coupled process was 5 times longer than when real
diesel desulfurizared using only ADS techcnique. Yitzhaki' and Aharoni (1987) also studied

adsorption coupled with hydrogenation. Results showed that, Ni-Mo catalyst did not promote the
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adsorption of the sulfur compounds, but inhibit cracking and other hydrocarbon reactions. The
experiment was carried out at temperature of 650 K and pressure of 20 MPa. As far as it could be

ascertained, no studies have been reported on AD coupling BDS process.

To study the performance of the AD coupling BDS system, the optimum operating parameters
obtained from previous experiments as reported in previous chapters (chapter 7 and chapter 8) are
used. Thus, in this chapter, the South African diesel samples (diesel obtained before HDS and
diesel obtained after HDS) were desulfurized by AD coupling BDS system in a packed-bed column
using immobilized activated carbon (AC) as adsorbent and BDS process using resting cells of
Pseudomonas Aeruginosa (PA). DBT in South African diesel are present in different
concentration, therefore for better understanding of the behavior of the process, effect of initial
DBT concentrations was studied and reported in this chapter. It is essential to understand the
behaviour of the ADS process and the Kinetics that governs the biodegradation of the DBT in the
real diesel samples. Thereofore, kinetics studies of the AD coupling BDS process were
investigated as well. This new concept could pave the way for the development of a hybrid process
involving the use of adsorption and biological techniques for the desulphurization of petroleum
distillates worldwide, most especilally in South Africa.

9.2 Experimental

The materials used in this chapter for ADS, characterization, analytical techniques have been
decribed in chapter three. Likewise, the growth of Pseudomonas Aeruginosa Sp used in this
chapter are mentioned in chapter three. The preparation, regeneration of the immobilized adsorbent
and the detailed experimental procedures of each technique were extensively discussed as well in
chapter three (section 3.1.1 and 3.1.2). In addition, the experimental procedure for AD coupling
BDS system was extensiveny discussed in chapter three (section 3.3). The schematic of the

experimental procedure for desulfurization of South African real diesel is shown in Fig. 3.4.

279



9.3 Results and discussion
9.3.1 Performance evaluation of immobilized AC during desulfurization of real diesel

To understand adequately the performance immobilized AC for removal of DBT from real diesel
in packed-bed column, effect of initial DBT concentration was investigated. Optimum operating

conditions reported in chaper seven were used. The results obtained are hereby discussed.

Fig 9.1 depicts the effect of initial DBT concentrations on its removal from diesel after HDS onto
an immobilized AC in a continuous packed-bed column. Since the concentration of DBT vary in
real diesel, it is important to understand its effect on its adsorption in a column study. The initial
concentration of diesel obtained after HDS and diesel obtained before HDS were varied from 40-
120 mg/L. Other operating conditions such as bed height (15 cm) and flow rate (0.5 mL/min)
remained constant at room temperature. The results show that breakthrough time decreased from
40 min to 10 min with increasing initial DBT concentration from 40 to 80 mg/L. This could be
attributed to increase in DBT uptake rate, resulting into decrease in adsorption zone length. In
addition, these results show that, the saturation rate and breakthrough time are affected by change
in concentration gradient. The resident time experienced at higher initial concentration affected its
solid-phase concentration which resulted into reduction in adsorption capacity even as the

concentration increased. The same trend was observed in literature, by Han et al. (2007)
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Figure 9.1 Breakthrough curve for desulfurization of diesel after HDS on AC in a packed-
bed column, showing effect of initial concentration. Experimental conditions: Flow rate:
0.5 mL/min; Bed height: 15 cm.

Fig 9.2 depicts the effect of initial DBT concentration in diesel before HDS, on its adsorption onto
an immobilized activated carbon in a continuous fixed bed column. Since the concentration of
DBT vary in real diesel, it is important to understand its effect on its adsorption in a column study.
The initial concentration of effluent diesel solution was varied from 80-120 mg/L. Other operating
conditions such as bed heigh (15 cm) and flow rate (0.5 mL/min) remained constant. The result
showed that breakthrough time decreased from 40 min to 5 min with increasing initial DBT
concentration from 40 to 120 mg/L. This could be attributed to increase in DBT uptake rate, which
result into decreased in adsorption zone length. Furthermore, these results show that the saturation
rate of saturation and breakthrough time are affected by change in concentration gradient. The
resident time experienced at higher initial concentration affected its solid-phase concentration
which resulted into reduction in adsorption capacity even as the concentration increased. The same
trend was observed in literature by Han et al. (2007) and Cao (2017)
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Figure 9.2 Breakthrough curve for desulfurization of diesel before HDS by immobilized
activated carbon in a fixed bed column, showing effect of initial concentration.
Experimental conditions: Flow rate: 0.5 mL/min; Bed height: 15 cm.

9.4 Adsorption kinetics study

Column modelling and determination of kinetic parameters were studied using Equations (3.16-
3.18) in chapter three. In this study, three major models such as Bohart-Adams, Thomas, and
Yoon-Nelson models were studied to describe the mechanism of the adsorption bed column. The
Bohart-Adam model is used to descrie the initial part of the break through curve. The expression
in Equation (3.19) is used to calculate the parameters of Bohart-Adaams model. The plot of
In(Ci/C,) versus time yielded a linear graph with slope and intercept, from with the Boahrt-Adam
constants Kap and N, can be calculated, respectively.

Table 9.1 shows the Bohart-Adam parameters for adsorption of DBT diesel after HDS in a fixed

bed column by immobilized activated carbon. The operating conditions of the column experiment
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for this section was limited to effect of initial sulfur concentration in the diesel. The Bohart-Adam
model produces the initial part of the breakthrough curve for all the concentrations studied
(Appendix C). Result showed that the maximum volumetric adsorption capacity, No were found
to be 1.56, 3.42, 5.12 X 10 3 mL/mg.min for 40, 80 and 120 mg/L, respectively. This is showing
increase in volumetric adsorption capacity as the inlet concentration of DBT increased. This result
is similar to results obtained by other researchers studying different solute-adsorbate adsorption
process. Result also showed that Kap decreased from 1.7 to 1.16 x 10* mL/mg.min as the initial
DBT concentration increased from 40-120 mg/L (Calero et al., 2009).

Table 9.1: Bohart Adam’s kinetic parameters for desulfurization of diesel obtained after HDS in a
packed-bed column.

Flow rate Bed depth Initial Kab X 104 No X 1073 R?
(ML/min) (cm) conc.(mg/L)  (mL/mg/min) (g/L)
0.5 15 40 1.70 1.56 0.5140
0.5 15 80 1.04 3.42 0.6266
0.5 15 120 1.16 5.12 0.6287

Kab is Bohart-Adam’s model constant, N, is capacity of adsorption, R? is the coefficient of

determination.

Table 9.2 shows the Bohart-Adam kinetic parameters for adsorption of DBT in diesel before HDS
in a fixed bed column by immobilized activated carbon. The Bohart-Adam model produces the
initial part of the breakthrough curve for all the concentrations studied (Appendix C). Results show
that the maximum volumetric adsorption capacity, No was recorded to be 1.68, 3.21, 453 X 103
mL/mg.min for 40, 80 and 120 mg/L, respectively. This is showing an increase in volumetric
adsorption capacity as the inlet concentration of the sulfur compound in the diesel increased. This
result is similar to results obtained by other researchers studying different solute-adsorbate

adsorption process. The result also showed Ka, values of 2.68, 0.75, 0.29 x 10 mL/mg.min at 40,
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80 and 120 mg/L, respectively showing a decreased in Kap as the initial DBT concentration
increased from 40-120 mg/L. (Muzic et al., 2008; Han et al., 2009).

Table 9.2: Bohart-Adam Kinetic parameters for desulfurization of diesel obtained before HDS in
a packed-bed column.

Flow rate Bed depth Initial conc. Kab X 10% No X 102 R2
(mL/min) (cm) (mg/L) (mL/mg/min) (o/L)
0.5 15 40 2.68 1.68 0.6626
0.5 15 80 0.75 3.21 0.5511
0.5 15 120 0.29 4,53 0.3728

Kap is Bohart-Adam’s model constant, N, is capacity of adsorption, R? is the coefficient of

determination.

The expression for Thomas model is given in Equation 3.20, where a plot of In (% — 1) against
t

time yields a linear graph. The values of Kty and g, were calculated from intercept and slope of

the graph (Apendix C), using a linear regression analysis.

Table 9.3 shows the parameters of Thomas model for adsorption of DBT in diesel after HDS in a
continuous fixed bed column. It could be observed that, Thomas constant values were calculated
to be 5.53, 2.25, 2.23 x 10* mL/mg.min at 40, 80 amd 120 mg/L. This shows that the values of
Kth constants decreased with with increasing initial sulfur concentration. The go was also observed
to initially increased from 0.063, 0.085 as the DBT concentration in the influent concentration
increased from 40 to 80 mg/L. However, further increase in the initial sulfur concentration in the
inlet diesel sample decreased the adsorption capacity to 0.051 mg/L. This could be as a result of
the adsorption zone being rapidly saturated at higher initial of DBT solution into the bed column
which resulted in shorter breakthrough time. In addition, shorter resident time was experienced by

the column at higher initial DBT concentration which affected the solid-phase concentration
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resulting into lower adsorption capacity at higher concentrations. The result is in agreement to reslt
reported by Han et al. (2007) and Patil et al. (2012).

Table 9.3: Thomas’ kinetic parameter for desulfurization of diesel obtained after HDS in packed-
bed column.

Flow rate Bed depth Initial conc. Krh X 10° go (My/q) R?
(mL/min) (cm) (mg/L) “(mL/mg/min)
0.5 15 40 5.53 0.063 0.7640
05 15 80 2.25 0.085 0.8118
05 15 120 2.23 0.051 0.8166

Kw is Thomas’ model constant, qo is the adsorption capacity and R? is the coefficient of

determination.

Table 9.4 shows the parameters of Thomas model for desulfurization of diesel obtained before
HDS in a fpacked-bed column. It could be observed that, Thomas constant values were calculated
to be 6.18, 2.76, 1.91 x 10" mL/mg.min at 40, 80 amd 120 mg/L, respectively. This shows that the
values of Ky constants decreased with with increasing initial sulfur concentration. The go was
also observed to initially increased from 0.046, 0.072 as the DBT concentration in the influent
concentration increased from 40 to 80 mg/L. However, further increase in the initial sulfur
concentration (120 mg/L) in the inlet diesel sample decreased the adsorption capacity to 0.047
mg/L. This could be as a result of the adsorption zone being rapidly saturated at higher initial of
DBT solution into the bed column which resulted in shorter break through time. In addition, shorter
resident time was experienced by the column at higher initial DBT concentration which affected
the solid-phase concentration resulting into lower adsorption capacity at higher concentrations.
The same trend was obtained in Han et al. (2007) and Muzic et al. (2008). Results show that
adsorption capacity for diesel obtained after HDS at different initial concentrations were higher

than that of the diesel obtained before HDS. This could be attributed to early saturation of the
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vacant adsorption sites on the immobilized AC adsorbent due to the presence of other organic
compounds in disel before HDS. Previous hydrodesulfurization of diesel obtained after HDS could
be the reason why its adsorption capacities at all initial DBT concentrations were higher than that
of diesel obtained before HDS.

Table 9.4. Thomas’ kinetic parameter for desulfurization of diesel before HDS in packed-bed
column,

Flow rate Bed depth Initial conc. K X 10 0o (Mg/g) R?
(mL/min) (cm) (mg/L) (mL/mg/min)
0.5 15 40 6.18 0.046 0.8870
0.5 15 80 2.76 0.072 0.7607
05 15 120 191 0.047 0.6928

K is Thomas’ model constant, qo is the adsorption capacity and R? is the coefficient of

determination.

The linearized form of Yoon-Nelson model equation was expressed in Equation (3.21) in chapter
3 of this thesis. Table 9.5 shows the Yoon-Nelson’s kinetic parameters for adsorption of DBT in
diesel obtained after HDS onto immobilized AC in a continuous packed-bed column. The results
show that the  mod Values recorded according to Yoon-Nelson’s kinetic model are; 129.46, 85.07
and 34.10 min at different initial sulfur concentrations of 40, 80 and 120 mL/min, respectively are
not close to the rexpt Values as obtained from the experiment 87, 65 and 41 min for initial DBT
concentration of 40, 80 and 120 mg/L, respectively. Kyn values are found to decrease from 0.0221

to 0.0189 mint as the concentration increased from 40 mg/L to 80 mg/L, respectively.
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Table 9.5: Yoon-Nelson’s kinetic parameter for desulfurization of diesel obtained after HDS in
packed-bed column.

Flow rate Bed depth Initial concentration  Kyn (min) 1 (min) R?
(mL/min) (cm) (mg/L)
05 15 40 0.0221 129.46 0.7640
0.5 15 80 0.0180 85.07 0.8118
05 15 120 0.0268 34.10 0.8166

Kyn is Yoon-Nelson’s model constant, 1 predicted breakthrough time and R? is the coefficient of

determination.

Table 9.6 shows the Yoon-Nelson’s kinetic parameters for adsorption of DBT in diesel obtained
before HDS onto immobilized AC in a continuous packed-bed column. The results show that the
[ mod Values recorded according to Yoon-Nelson’s kinetic model were calculated to be 93.43, 27.95,
32.17 min at different initial sulfur concentrations of 40, 80 and 120 mL/min, respectively. This
showed a wide variation with rexpt Values as obtained from the experiment 78, 39 and 11 min for
initial DBT concentration of 40, 80 and 120 mg/L, respectively. Kyn values are found to decrease
from 0.02219 to 0.0227 min?! as the concentration increased from 40 mg/L to 80 mgl/L,

respectively.

Table 9.6: Yoon-Nelson kinetic parameter for desulfurization of diesel obtained before HDS in
packed-bed column.

Flow rate Bed depth Initial conc. Kyn (min-1) ¢ (min) R?
(mL/min) (cm) (mg/L)

0.5 15 40 0.0229 93.43 0.8870
0.5 15 80 0.0247 27.95 0.7607
0.5 15 120 0.0229 32.17 0.6928
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Adsorption column capacity and breakthrough capacity for desulfurization of DBT in diesel
obtained after HDS in a continuous packed-bed column were evaluated. Table 9.7 and 9.8 show
the values of adsorption column capacities and breakthrough capacities for diesel obtained after
HDS and diesel obtained before HDS, respectively. In Fig 9.7, results show that breakthrough time
decreased from 40 to 10 min with increasing initial feed concentration from 40 to 120 mg/L This
could be attributed the saturation rate of the adsorbent at higher initial DBT concentration. In
addition, the vacant adsorption sites of the adsorbent were rapidly filled up by the DBT molecule
resulting in faster saturation of the adsorption zone of the adsorbent. These results are comparable
to literature (Xia et al., 2009; Patil et al., 2012).

The amount, gt Of DBT molecule sent into the bed column decreased from 0.91 to 1.04 g as the
initial sulphur concentration in the diesel obtained after HDS increased from 40 to 80 mg/L, as can
be seen in Table 9.7. Further increase from 80 to 120 mg/L decreased the adsorption capacity to
0.119 mg/g. This is because as the initial sulphur concentration increased the adsorption zone is
rapidly saturated. The breakthrough time is also observed to be shortened. This has a negative
effect on the adsorption capacity of the adsorbent. The same trend was observed for diesel obtained
before HDS in Table 9.8. This is in agreement with the results reported by Xia et al., 2009, Patil
et al. 2012 and Cao, 2017.

Table 9.7: Adorption column and breakthrough capacity parameters for desulfurization of DBT in
SA diesel after HDS in a continuous fixed bed column

Initial conc  Bed depth (cm) flow rate Qs(My/g)  Qtotar (9) Qe th
(mg/L) (mL/min) (mg/g)  (min)

40 15 0.5 19.51 0.91 0.152 40

80 15 0.5 19.51 1.04 0.087 20

120 15 05 14.63 0.119 0.006 10

Qs is the breakthrough capacity, gtotal is the total amount of adsorbate sent into the packed-bed
column, ge is the amount of DBT adsorbed at equilibrium and ty is the breakthrough time.
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Table 9.8: Adorption column and breakthrough capacity parameters for desulfurization of DBT in
diesel obtained before HDS in a continuous packed-bed column

Initial conc Bed depth (cm) flow rate Qs Qtotal Je )
(mg/L) (mL/min)

40 15 0.5 19.51 0.155  0.077 40

80 15 0.5 19.51 0.233 0.019 20

120 15 0.5 27.27 0.089 0.0049 5

9.5 Regeneration of spent Adsorbent in a packed-bed column

Fig. 9.3 depicts the breakthrough curve of reference experiment and regenerated-spent adsorbents
at three different adsorption-desorption cycles at the same experimental conditions. Table 9.9
shows the breakthrough uptake, breakthrough time, exhaustion time and the % DBT removal from
the immobilized AC with reference to the first experiment (Ref. expt). The results show that
adsorption capacity of the adsorbent decreased as the adsorbents are been re-used, which resulted
into early breakthrough for the re-used adsorbents. In addition, it could be observed that the
percentage DBT removal also decreased as the adsorbent is been re-used from 1st cycle (64.08 %)
to the 3rd cycle (20.96 %). The exhaustion time and breakthrough capacity at 50 % breakthrough
time also decreased after each cycle (See Table 9.9). This could be as a result of unavailable
adsorption sites on the surface of the adsorbents after each cycle. The results obtained in this study

is in agreement with results reported by Li et al. (2001) and Chowdhury et al. (2015)
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Figure 9.3. Regeneration of spent adsorbent using diesel obtained after HDS. Experimental
conditions: Flow rate: 0.5 mL/min; Bed height: 15 cm; Initial Concentration: 40mg/L.

Table 9.9: Regeneration of spent immobilized AC

Cycle No. Breakthrough Breakthrough Exhaustion time % SR
uptake (mg/g) time (min) (min)

Ref Expt 0.155 87 180 Original

1st cycle 0.099 68 150 64.08

2nd cycle 0.055 60 130 35.48

3rd cycle 0.033 57 120 20.96

SR: Sulfur (DBT) removal
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9.6 Biodesulfurization of adsorptive-desulfurized real diesel samples

The detailed experimental procedure was decribed in chapter three. The operating conditions are,
initial DBT concentration 10 mg/L, temperature 37 °C, time 8h at 130 rpm and 5 mL of resting
cell of Pseudomonas putida suspended in glycerol/Nacl. Fig. 10.4 (a) depicts the growth of bacteria
and biodesulfurization of South African diesel obtained after HDS and Fig. 10.4 (b) depicts the
chromatogram of SA diesel obtained after HDS after complete desulfurization by AD/BDS hybrid
process. Results show that desulfurization of DBT occurred gradually and at the same time there
was formation of 2-HBP. It could also be observed that as the bacteria grows, there was
degradation of DBT. This is an indication that DBT was used up by the bacteria as its only source
of carbon. Furthermore, it was discovered that growth stopped before the final or complete
desulfurization of the DBT. This could be attributed to accumulation of 4S compounds in the
medium which inhibited the further growth of the cells at 5 h as a result of inhibition effect. This
is in agreement with the result of Maxwell et al. (2000). Other products of 4S pathway were not
detected (no data is provided due to negligible amount of other 4s-pathways products detected),
except 2-HBP that was quantifiable. Other authors also confirmed that, other metabolites of 4S
pathway could not be detected in the experiment. However, they are indicated as postulated
metabolites (Maxwell et al., 2000). About 99.9 % degradation was achieved on 10 mg/L South
African diesel obtained after HDS, with 81.3 % yield for 2-HBP (see Figure 10.4 b). The degree
of desulfurization was found to be 20.08 gDCWY/L.h while the conversion rate was 13.17 L/g
DCW.h. This result showed that adsorption coupled with biodesulfurization (AD/BDS) is a perfect
system for reducing the amount of DBT in South African petroleum distillate. Biodeslfurization
could serve as suplimentary process for desulfurization in the refineries. This will enable the
refineries to meet up with the stringent regulation on emission of sulfur compounds during

combustion of diesel into the atmosphere.
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Figure 9.4 (a) Degradation of adsorptive-desulfurized diesel obtained after HDS
from adsorption bed coulumn (AD coupling BDS system) by resting cell of PA (b)
Chromatogram of diesel obtained after HDS, after complete desulfurization by
AD/BDS hybrid process. Experimental conditions: Initial DBT concentration: 10
mg/L; Temperature: 37 °C.

292



Fig. 9.5 (a) depicts the growth of bacteria and BDS of diesel obtained before HDS and Fig. 9.5 (b)
depicts the chromatogram of diesel obtained before HDS, after complete desulfurization by
AD/BDS hybrid process. Results show that desulfurization of DBT occurred gradually and at the
same time there was formation of 2-HBP. It could also be observed that as the bacteria grows,
there was degradation of DBT. This is an indication that DBT was used up by the bacteria as its
source of sulfur. Furthermore, it was discovered that growth stopped before the final or complete
desulfurization of the DBT. This could be as a result of accumulation of 4S compounds in the
medium which inhibited the further growth of the cells at 6 h as a result of inhibition effect. This
is in agreement with the result of Maxwell et al. (2000). Other products of 4S pathway were not
detected (no data provided due to negligible amount of other 4S-pathway products detected),
except 2-HBP that was quantifiable (see Fig. 9.5 b). Other authors also confirmed that, other
metabolites of 4S pathway could not be detected in the experiment. However, they are indicated
as postulated metabolites (Maxwell et al., 2000). About 65.73 % degradation was achieved on 15
mg/L diesel obtained before HDS, with 34.27 % yield for 2-HBP. The degree of desulfurization
was found to be 4.34 gDCW/L.h while the conversion rate was 7.47 L/g DCW.h. This results show
that adsorption coupling biodesulfurization (AD/BDS) system is perfect process for reducing the
amount of DBT in South African petroleum distillate. BDS could serve as suplimentary technique
for desulfurization in the refineries. This could enable the refineries to meet up with the stringent

regulation on emission of sulfur compounds during combustion of diesel.

Comparing the AD coupling BDS process results of diesel obtained after HDS and diesel obtained
before HDS, it could be observed degradation rate was lower for diesel obtained before HDS at
7.47 L/g DCW.h compared to diesel obtained after HDS with degradation rate of 20.08 gDCW/L.h.
The ADS/BDS efficiency of diesel obtained after HDS was higher than diesel obtained before
HDS. The lower percentage of degradation of DBT in diesel before HDS by AD/BDS coupling
process could be as a result of many organic components that were present in the sample. This

hindered the selectivity of DBT for biodegradation.
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Figure 9.5 (a) Degradation of AD-desulfurized diesel obtained before HDS (AD/BDS
coupling process) using resting cell of PA. (b) Chromatogram of diesel obtained before
HDS, after complete desulfurization by AD/BDS hybrid process Experimental conditions:
Initial DBT concentration: 10 mg/L; Temperature: 37 °C.
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Fig. 9.6 shows the detection of elution time of DBT compound by a pre-calibrated GC/MS. This
was found to be at around 9 minutes. Fig. 9.7 depicts the chromatogram of diesel obtained before
HDS. Fig. 9.8 shows the chromatogram of diesel obtained after HDS. It could be observed that
there are lesser organic components compared to the chromatogram of diesel obtained before HDS
with many organic components (Fig 9.7). The lower components in the diesel obtained after HDS
could be as a result of HDS process that this sample has undergone. The peak area of DBT at 9
minutes elution time (Fig. 9.8) was also observed to be lower than that of the non-desulfurized
diesel sample in Fig (9.7). This showed that pre-HDS of diesel reduced the amount of DBT in it,

although not completely.

Fig 9.7 show that there was no 2-HBP compound in the diesel before biodesulfurization. Fig 9.9
is the microgram of diesel sample after biodesulfurization with detection of 2-HBP. This is a

confirmation that biodesulfurization followed 4S- pathway.
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Figure 9.6. Detection of peak of DBT in a pre-calibrated GC/MS
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Figure 9.7. Chromatogram of diesel sample obtained before HDS

N-; \ l,'-.-'.lj

Figure 9.8. Chromatogram of diesel sample obtained after HDS
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Figure 9.9. Chromatogram of biodesulfurized of diesel before HDS with the d
etection of 4S-pathway (2-HBP)

Biodesulfurization capacity (Xgsps), Conversion yield for DBT (Ygps), degree of desulfurization
(Deps) during growing cell and specific conversion rate (E) were evaluated using Equation (3.22
- 3.34) in chapter three of this thesis. Table 9.10 shows the parameters obtainded for
biodesulfurization capacity (Xgps), Conversion yield for DBT (Ygps), degree of desulfurization
(Deps) during growing cell and specific conversion rate (E) during ADS/BDS coupling process
for desulfurization of diesel obtained after HDS and diesel obtained before HDS at the same initial
DBT concentration. The results show that biodesulfurization capacity (81.3 %), conversion yield
(99.9 %), degree of desulfurization (20.08 gDCW/L.h) and specific converaion rate (13.17 L/g
DCWI/L.h) of diesel obtained after HDS are higher than diesel obtained before HDS (74.27 %, 93
%, 11.94 gDCW/L and 12.83 L/gDCW.h, respectively). The lower values of dieselobtained before

HDS compared to diesel obtained after HDS could be as a result of other organic sulfur compounds
present in it.
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Table 9. 10: Xagps, Ysps, Deps and E parameters for BDS of diesel obtained after HDS and diesel
obtained before HDS by resting cell of PA at the same initial concentrations of 10 mg/L.

Diesel obtained after HDS  Diesel obtained before HDS

Xes (%) 81.30 74.27
Yeos (%) 99.90 93.00
Deos (g DCW/L.h) 20.08 11.94
E (L/g DCW.h) 13.17 12.83

Xgps: Biodesulfurization capacity; Yeps: Conversion yield for DBT; Dgps: Degree of

desulfurization; E: Specific conversion rate

It is important to consider the percentage of DBT removed from South African diesel obtained
after HDS by individual process, results show that adsorption desulfurization process contributed
to about 91.67 % DBT removal, while BDS contributed to about 8.33 % DBT removal in the
overall desulfurization. It can therefore be concluded that BDS could serve as a complimentary
process rather than the main process for desulfurization of sulfur compounds in petroleum
distillate.

9.7 Kinetics of degradation of diesel during biodesulfurization

First order kinetic model was employed to describe the bacterial degradation of DBT in South
African diesel samples, using the expression in Equation (3.27). Fig. 9.10 depicts the First order
kinetic model for degradation of DBT from (a) South African diesel obtained before HDS and (b)
diesel obtained after HDS. The results show that the first order constants are 0.1175 h™* and 0.3003
h! for diesel obtained after HDS and diesel obtained before HDS samples, respectively. The model
described well the degradation of diesel samples by the bacteria. The model parameters perfectly
fitted into the experimental data. The first order model fitted perfectly well into experimental data
of diesel obtained after HDS than it did for diesel obtained before HDS (Talaiekhozanil et al.,
2015).

298



— Model

In C
-

| -
i

Time (Hour)

—Model

In C
[0

[ o]
i
[l

Time (Hour)

Figure 9.10. First order kinetic model for degradation of sulfur compound in (a) diesel
obtained before HDS and (b) diesel obtained after HDS using PA. Experimental conditions:
Initial DBT concentration: 10 mg/L; Temperature: 37 °C.
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Results of AD/BDS coupling process are comparable with literature. Zhang et al. (2008) studied
in-situ coupling desulfurization technique by assembling nano y-Al2O3, Na-Y molecular sieves,
and active carbon onto the surface of Pseudomonas delafieldii R-8. Wang et al. (2015) also studied
reactive adsorption desulfurization coupling aromatization on Ni/ZnO-ZnsAl20s, in order to
achieve a higher adsorption performance. Furthermore, a novel study on reactive adsorption
desulfurization Ni/MnO adsorbent coulpling hydrodesulfurization was carried out by Tang et al.,
(2015). The results showed that, breakthrough time of the coupled technique was 5 times longer
than when real diesel without hydrodesulfurization technique was not coupled with adsorption
technique. Yitzhaki' and Aharoni (1987) also studied adsorption coupled with hydrogenation.
Results showed that, Ni-Mo catalyst did not promote the adsorption of the sulfur compounds, but
inhibit cracking and other hydrocarbon reactions. The experiment was carried out at temperature
of 650 K and pressure of 20 MPa. However, in this study the experiments were performed under
moderate temperature and atmospheric pressure. The results show complete (99.9 %)

desulfurization of the sulfur-containing compound in the real diesel.

9.8. Concluding remarks

As it has been demostrated in this chapter, adsorption coupling biodesulfurization technique
(AD/BDS) was used to remove sulfur compound from two different South African diesel samples.
The diesel was first transferred to a bed column filled with immobilized adsorbent, and then the
desulfurized diesel was transferred into the bacteria basal medium consisting of resting cells of
Pseudomonas aeruginosa for complete degradation. The bed column experiment showed that
superficial velocity increased in the order 0.031, 0.063, 0.094 m/min, with increasing flow rate at
0.5, 1.0 and 1.5 mL /min. Result showed that adsorption of DBT in a fixed bed column is dependet
on superficial velocity of the sorbate solution through the adsorption column. The best result was
obtained at the lowest superficial velocity of 0.031 m/min (0.5 mL /min) at 15 cm bed height and
lowest initial DBT concentration of 120 mg/L. Furthermore, breakthrough time was found to
increase with decreasing DBT initial concentration, decreasing flow rate and increasing bed height.
Increasing the superficial velocity of the DBT solution decreased the breakthrough time needed
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for the contact of adsoebate solution with the adsorbent in the bed column resulting in decreased
amount of DBT adsorbed by the immobilized adsorbent. This means that, a longer breakthrough
time is needed for higher performance of the bed column which will successively result in higher
adsorption capacity. The adsorption capacities of the adsorbent were found to bw 0.152, 0.087,
0.006 mg/g, decreasing with increasing initial sulphur concentration in SA diesel before HDS
sample from 40, 80, 120 mg/L. Adsorpton capacities for diesel obtained after HDS were found to
be 0.077, 0.019, 0.0049 mg/g as the initial concentration increased at 40, 80 and 120 mg/L. The
adsorption capacities of the adsorbents were founs to be very low, this may be attributed to the
minimum amount of activated carbon that the sodium algilate could entrap. Only a small amount
of adsorbent was immobilized by the algilate. Therefore, more studies are needed to increase the
ratio of activated carbon to sodium algilate and study the influence of algilate ratio on the
performance of an immobilized activated carbon in a packed-bed column experiment. At all
experimental conditions investigated, Adam-Bohart model described well the initial region of the
breakthrough curve, while Thomas models described the the transient stage or working stage of

the breakthrough curve.

In the biodesulfurization experiment, the result showed that the resting cells of the bacteria were
able to degrade completely the DBT compound in the South African hydrodesulfurizer outlet
diesel (diesel obtained after HDS) at initial sulfur (DBT) concentration of 10 mg/L after 8 h of
reaction. The results in this study show that Pseudomonas Aeruginosa was able to desulfurize
sulfur compound in real diesel (DBT) into less harmful compound, 2- HBP. However, further
studies are needed to determine their desulfurization capability for other sulfur organic compounds

in real diesel.

The final product 2-HBP detected shows the specific activity of DBT desulfurization is 4S —
pathway. However, more investigations are still required in this field to detect all the various
metabolites in the 4S pathway. In addition, introduction of sufficient oxygen could improve the

biodesulfurization performance of these bacteria cells.

First-order kinetic model was employed for DBT desulfurization in SA diesel samples. The model
fitted with the experimental data. This is an indication that first order kinetic can be used to

describe the microbial degradation of DBT in SA diesel samples.
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The result obtained in this study showed that biodesulfurization could be a better technique to
compliment HDS technique rather than the main technique for desulfurization of organo-sulfur

compounds in diesel oil.

In conclusion, Pseudomonas aeruginosa and Pseudomonas putida could be better catalysts for
desulfurizing harmful sulfur compound in South African diesel. This will assist the refineries to
meet up with the stringent regulation to minimize the emission of sulfur compounds which cause

environmental pollution and health problems in South Africa and all over the world.

In order to share the novel contribution of this work with the scientific community one paper has
been submitted to an international reputable journal for possible publication (Biochemical

Engineering Journals).
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Chapter Ten

10.0. Conclusion and recommendation

10.1. Conclusion

Based on the objectives highlighted chapter 1 of this dissertation, the following studies have been

carried out and reported:

1.

Development and evaluating the performance of adsorption using a specific adsorbent (e.g.
activated carbon, functionalized carbon nanotubes neem leaf powder and pomegranate leaf
powder) for the removal of DBT compounds from model diesel and samples of South
African diesel (diesel obtained before HDS and diesel obtained after HDS unit and
parametric optimization on the process toward enhancing its performance.

Development and evaluation of BDS system, using Pseudomonas Putida and
Pseudomonas Aeruginosa as biocatalysts, for the removal of sulphur-containing
compounds from model diesel and samples of South African diesel obtained before and
after HDS and parametric optimization on the process toward enhancing its performance
Coupling of the two processes in (1) and (2) and evaluation of the hybrid process for the
removal of DBT from samples of South African diesel

Parametric optimization on the developed hybrid process in (3)

Investigating whether the kinetics and isothermal adsoption exhibited by the adsorbents

used in (1), and Kinetics of biodesulfurization used in (2) & (3) could be described by

existing adsorption isotherms and adsorption and degradation kinetic models.

The results obtained from the above-mentioned studies have produced the following novel

contributions toward further research efforts on the development and evaluation of AD/BDS

coupling process for desulfurization of South African petroleum distillate (e.g diesel):

The adsorbents (AC, FCNTSs, PLP and NLP) used in this study were successfully developed
and evaluated for their adsorptive desulfurization performances. The dissertation also
reports for the first time in open literature the excellent desulfurization performance of
PLP. The results show that PLP out-performed NLP by 9.88 %. PLP displayed 70.55 %
DBT removal and NLP showed 65.78 % DBT removal. As it has been established in this
study, CNTs and FCNTs are promising candidates for removal of sulfur containing

compound (DBT) from petroleum distillate (e.g diesel). As far as it can be ascertained, no
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study has been conducted on the use of CNTs functionalized with KMnQO4/ H2SO4 for
removal of DBT from petroleum distillate. It can be concluded that the acid treatment of
CNTs enhanced its surface affinity for DBT, thus contributed to the improved adsorption
capacity of the adsorbent. The results show that functionalized CNTs out-performed the
non-functionalized CNTs during the desulphurization by about 10 %, indicating that
functionalization of the CNTs did improve the desulfurization performance of the CNTs.
It is noteworthy to mention that, the removal of DBT the adsorbents were 70. 48 % and
60.88 for FCNTs and CNTs, respectively, at 0.8 g adsorbent dosage, temperature of 25 °C
and maximum contact time of 50 mins.

The results show that large surface area of AC contributed to its performance removal of
the DBT in model diesel. The percentage performance of the adsorbents was 83.84 % at
the following optimum operating variables; 1.0 g adsorbent dosage, temperature of 25 °C
and contact time of 1 h. The optimized parameters and the best adsorbent were used in the
performance evaluation of the adsorbent for removal of DBT from typical real diesel.
Results show that AC out-performed all other adsorbents used in this study, owing to its
exceptional higher surface area and micro structure and porosity. Therefore, AC was
chosen for desulfurization of typical sreal diesel samples. The results show that large
surface area of AC contributed to its performance removal of the DBT in the diesel
samples. The percentage performance of the adsorbents for desulfurization of diesel
obtained after HDS (99 %) was higher than that of the diesel obtained before HDS (60.41
%) at the same initial concentration of 120 mg/L.

As it has been demostrated in this study, AC was successfully immobilized in sodium
algilate for adsorption of DBT in model oil in a continuous packed-bed column. This is a
promising method of entrapping adsorbent for maximum performance. AC has been widely
reported in literature for column adsorption studies of sulfur compound from petroleum
distillates. However, there are only few studies on the immobilization of AC in sodium
algilate for use in packed-bed column for desulfurization of petroleum distillate. Results
show that adsorption of DBT in a packed-bed column is dependet on superficial velocity
of the sorbate solution through the adsorption column. The best result was obtained at the
lowest superficial velocity of 0.031 m/min (0.5 mL /min) at 15 cm bed height and lowest

initial DBT concentration of 100 mg/L. Furthermore, breakthrough time was found to
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increase with decreasing DBT initial concentration, decreasing flow rate and increasing
bed height.

In order to develop a BDS process and evaluate the degradation efficiencies of the bacteria,
Pseudomonas aeruginosa (PA) and pseudomonas putida (PP) were successfully grown in
this thesis. The growing and resting cells of both bacteria were used to degrade the DBT
molecule in the model oil. Results show that PA showed better BDS performance than PP
in all aspect. The results in this study show that PA and PP are able to desulfurize DBT
into less harmful compound, 2- HBP. The final product 2-HBP detected shows the specific
activity of DBT desulfurization is 4S—pathway. Furthermore, BDS performance of 67.53
% and 50. 02 %, by resting cells of PA and PP, respectively for 500 ppm initial
concentration. In order to study desulphurization of diesel oils obtained from an oil
refinery, BDS studies using resting cells by PA were carried out, which shows a decrease
of about 30 % and 70.54 % DBT removal from 5200 ppm in diesel obtained before HDS
and 120 ppm in diesel obtained after HDS, respectively. PA and PP selectively converted
sulfur atom in DBT compound to 2-HBP. The results obtained in this study show that BDS
would be a better technique to compliment HDS rather than the BDS being the main
technique for desulfurization of organo-sulfur compounds in diesel.

Studies on development and evaluation of AD/BDS coupling system for desulfurization of
petroleum distillate has not been widely reported. Therefore, for the first time in open
literature, the development and evaluation of AD/BDS coupling system will be reported.
As it has been demostrated in this study, adsorption coupling biodesulfurization system
(AD/BDS) was used to remove sulfur compound from two different South African diesel
samples. The results obtained from the ADS experiment in a packed-bed showed that
superficial velocity increased in the order 0.031, 0.063, 0.094 m/min, with increasing flow
rate at 0.5, 1.0 and 1.5 mL /min. Results show that adsorption of DBT in a packed-bed
column is dependent on superficial velocity of the sorbate solution through the adsorption
column. The best result was obtained at the lowest superficial velocity of 0.031 m/min (0.5
mL /min) at 15 cm bed height and lowest initial DBT concentration of 120 mg/L. This
means that, a longer breakthrough time is needed for higher performance of the packed-

bed column which will successively result in higher adsorption capacity.

308



It is important to consider the percentage of DBT removed from South African diesel
obtained after HDS by individual process, results show that adsorption desulfurization
process contributed to about 91.67 % DBT removal, while BDS contributed to about 8.33
% DBT removal in the overall desulfurization. It can therefore be concluded that BDS
could serve as a complimentary process rather than the main process for desulfurization of
sulfur compounds in petroleum distillate.

In understanding the mechanisms and behavior of the adsorbents used in this study in batch
mode ADS process, isotherm model and kinetics model, respectively were studied. Results
show that Langmuir and Freundlich isotherm isotherm models described the adsorption
mechanism perfectly for all the adsorbents used in this study. Kinetic studies were
performed to understand the adsorption behaviuor of the adsorption process. Results show
that, pseudo-first order described well the adsorption behavior of all adsorbents used in this
study. Thermodynamics of the adsorption process was also studied. The negative values of
AG® and the positive values of AH® indicate that DBT adsorption onto PLP and NLP are
spontaneous and endothermic processes. Positive AS° values of DBT adsorption process
indicate an increase of the randomness at the PLP and NLP-solution interface during
adsorption.

The negative values of AG®and the negative values of AH® indicate that DBT adsorption
onto CNTs and FCNTSs are spontaneous and exothermic process. Negative AS° value of
DBT adsorption process indicate a decrease of the randomness at the CNTs and FCNTs-
solution interface during adsorption

Negative AS° values of DBT adsorption processon AC indicates a decrease of the
randomness at the AC-solution interface during adsorption. In addition, the results show
that the values of standard entropy AS° decreased with increase in temperature, while the
values of standard free energy G increased with increase in temperature.

In understanding the behaviour of adsorbents used in desulfurization of DBT in model
diesel and real diesel during continous mode adsorption process, kinectics using Bohart-
Adam, Thomas and Yoon-Nelson’s kinetic models was studied. The results showed that,
Bohart-Adam and Thomas kinetic models described well the behaviour of the adsorbent.

The initial region of breakthrough curve was well described by the Bohart—Adams kinetic
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model at all experimental conditions studied while the transient stage or working stage of

the breakthrough curve was described well by the Thomas kinetic model.

The kinetics governing the removal of DBT compound from South African diesel by hybrid
process was investigated. Results show that, Thomas and Bohart-Adam’s kinetic models
decribed well the behavious of adsorbent in the ADS while first-order kinetic model and
Michaelis-Menten kinetic models were used to describe the mechanism of DBT
degradation and bacteria growth, respectively in the AD/BDS coupling process. The results

showed that the models fitted well into experimental data.

In summary, the encouraging results, as documented in this dissertation and also communicated to
researchers in the area of adsorption and biodesulfurization (in the form of four peer-reviewed
international scientific publications and two conference proceedings), could provide a platform for
developing a scaled-up, energy efficient and less-expensive AD/BDS coupling system for
industrial process, for the complete removal of sulfur-containing compounds from petroleum

distillates.

10.2 Recommendations

Based on the observations from this study, the following suggestions need to be considered in

the development of a new adsorption and BDS process.

Q) Adsorption process in batch process: It may be required that effect of pH and particle
sizes be carried out on the adsorption performances of the adsorbents

(i)  Adsorption process in continuous mode: It is essential to investigate the effect of
temperature on the performance of the packed-bed column. The set-up used in this
study did not give room for checking or investigating the effect of temperature in the
column, making it impossible to study the thermodynamics of the packed-bed column.
In addition, more studies on the effect of pressure on the adsorption column should be

carried out.
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(iii)

(iv)

(V)

(vi)

(vii)

Supply of oxygen into the bacteria medium could enhance the growth of the bacteria,
and thereby enhance the biodesulfurization efficiency. This should be looked into in
future studies.

Thorough exploration into the understanding of the different microbial pathways that
are involved in BDS is required towards the optimization and scale-up studies of the
process. More studies should be conducted in order to determine the other 4S-pathway
products of biodesulfurization.

During the AD/BDS system, the aspect of allowing a continous coupling process
should be considered in future studies.

At the same time, the development of new strains or the modification of sulphur
degrading strains via recombinant DNA technology or genetic engineering could be
essential to enhancing the degrading performance of the existing bacteria.

Finally, almost all research efforts involving the use of hybrid process for removal of
sulfur-containing compounds from petroleum distillates are still limited to laboratory
scale studies. In view of this, scale-up studies are essential for future investigation of
AD/BDS coupling system.
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Appendix

Appendix A: Experimental equipment

Monitor

Gas chromatography Mass spectrometer

Figure A 1 Photograph of GC/MS connected with the monitor
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HPLC Mobile |

Monitor

Temperature

control

Figure A 2 Photograph of high performance liquid chromatography (Agilent technologies)
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Packed-bed

column

Immobilized

Activated carbon

Desulfurized o1l

Figure A 3 Photograph of continuous packed bed column experimental set-up
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Figure A 4 Photograph of Incubator
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Figure A 5 Photograph of autoclave
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SECOMAM

Figure A 6 Photograph of spectroquant
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Appendix B: Calculations of various adsorption parameters
(1) Langmuir isotherm
For FCNTSs,

t 1 1 1

9 qo bg, C.

Y=40.238X - 0.0681

1
— = 0.0681

4o

q, = 14.68mg/g

L 40.238
b - "

4o

b= (14.68 X 40.238)

(2) Freundlich isotherm
1
Logq. = Log Ky — - Log C,

For CNTs
Y=1.1572 X-1.9048
Log Ky =-1.9048
K = 10 19048

Kf=0.0125

1
—=1.1572
n
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n =0.864
(3) Pseudo 2nd order kinetics
At 25 °C,
Y=10.0316x +0.0075

t 1 1

= ——t
9 Kiqe.2  qe

Y = C + MX
1
— =0.0316
Qe

1
9% = 50316

q. = 34.64mg/g

= 0.0075

KZQeZ
K, = 0.0075 X34.64 X 34.64
K2 =0.133 L/mg.min

(4) Pseudo 1st order kinetics

K,
Log(q. —q¢) = Log q, — 5303 ¢
For PLP at 25 °C,
Y=-0.0204X + 1.4042

Log q, = 1.4042
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qe = 101.4042

q. = 25.36 mg/g

— 5 —.0.0204

2.303

K, = 2.303 X 0.0204
K1=0.04698 L/min
(5) Bohart-Adam model

KN,Z

Ct
lTlC— =K Cot —

o

At 0.5 mL/min
Y=10.0088 X -2.384
K C, = 0.0088
Co=100 mg/L

K= 100 X 0.0088

K=8.8X10°
KNoZ _ 2.3584
V —_— .

Bed height 15 cm = Z =0.15 m?

V= Flow rate_ 0.0005
Area 0.016

V = 0.031L/m%min

No= 2.3584 X 0.031/ (8.8 X10° X 0.15)
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No =5.54 X 103

(6) Thomas model

C K nqoW
lTl (C—(:_ 1) ES TVO _KThCOt

At 40 mg/L,
Y=-0.0221 X + 2.8611

Krnqow

= 2.8611
\'

mL
At 0.5 —,
min

Mass of adsorbent at 15 cm bed height = 41 g, flow rate =0.5 mL/min= 0.0005L/min

41
0.0005

w_
o=
o= 2.8611/ (5.53 X 10 X 82000)

Qo = 0. 063 mg/L.

(7) Yoon-Nelson model

Ce
lTL (CO — Ct) = KYNt - KYN[:

At 40 mg/L
Y=0.0221 X — 2.8611
Kyy = 0.0221
—KynT = —2.8611

1=2.8611/0.0221= = 129.46 min.
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Appendix C Adsorption experimental graphs
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Figure C 1 Optical desnsity of cell growth converted to g dry cell weight /L of cell
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Figure C 2 Calibration curve for (a) DBT/acetate and (b) HBP/ethyl acetate at retention
time of 7.497 and 2.649, respectively in HPLC
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Figure C 3 (a) Langmuir and (b) Freundlich isotherm models of DBT adsorption
onto PLP adsorbent
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Figure C 4 (a) Langmuir and (b) Freundlich isotherms for NLP adsorbent
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Figures of Asorption Isotherms, Kinetics and themodynamics
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Fig. C 5 Pseudo first order for (a) NLP (b)PLP adsorbent for adsorption of DBT in model

diesel
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Fig. C 6 Pseudo second order kinetics of DBT adsorption onto (a) NLP adsorbent (b) PLP
adsorbent at 298, 303, and 308 K. Circle (298 K) Square (303 K) and triangle (308 K).
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Fig. C 7 (a) Fig. Langmuir isotherm of adsorption of DBT over (a) FCNTSs. (b) CNTs.

Operating conditions: Temp: 298 K, amount 1.0 g, and equilibrium time of 50 min.
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Fig. C 8 (a) Freudlich isotherm of adsorption of DBT over FCNTs (b) CNTs. Experimental
conditions: Temp: 298 K; Amount of adsorbent: 1.0 g
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Fig. C 9 Pseudo first-order of DBT adsorption on (a) FCNTs (b) CNTs. Experimental

conditions: Temp. 25 °C, amount of adsorbent; 1.0 g.
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Fig. C 10 Pseudo second order of DBT adsorption on (a) FCNTs (b) CNTs. Experimental
conditions: Temp: 298 K; Amount of adsorbent: 1.0 g.
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Fig.C 11 (a) Pseudo first-order of DBT adsorption on CNTs (b) Pseudo second-order of
DBT adsorption on CNTs. Experiment conditions: Temp: 303 K; Amount of adsorbent:
10g.
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Fig C 12 Pseudo second order of DBT adsorption on (a) FCNTs (b) CNTs. Experimental
conditions: Temp. 318 K; Amount of adsorbent: 1.0 g.
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Adsorption thermodynamics
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Fig. C 13 Plot of In Kd versus 1/T for adsorption of DBT onto (a) CNTs (b)
FCNTsadsorbent for determination of enthalpy
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Adsorptive desulfurization of DBT onto Activated carbon

Adosrption isotherms, kinetics and thermodynamics of activated carbon
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Fig. C 15 (a) Langmuir isotherm of adsorption of DBT onto AC (b) Freudlich isotherm of

adsorption of DBT onto AC. Experimental conditions: Amount of adsorbents: 0.2 g;

Temperatures: 298 K; Initial concentrations: 250-1000 mg/L.
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Fig.C 16 (a) Pseudo first-order for adsorption of DBT onto activated carbon (b) Pseudo
second-order for adsorption of DBT onto activated carbon. Experimental conditions:

Temperature 298 K; Amount of adsorbent: 1.0 g; Initial feed concentration: 1000mg/L.
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Fig. C 17 (a) Pseudo first order for adsorption of DBT onto activated carbon (b) Pseudo
second order for adsorption of DBT onto activated carbon. Operating conditions:

Temperature: 308 K; Amount of adsorbent :1.0 g; Initial feed concentration: 1000mg/L.
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Adsorption isotherms and Kinetics of desulfurization of South African diesel
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Fig. C 18 (a) Langmuir isotherm for adsorption of sulfur content in diesel obtained after
HDS (b) Freundlich isotherm for adsorption of sulfur content in diesel obtained after HDS.
Experimental conditions: Initial conc.: (40, 80, 120, mg/L); Amount of adsorbent: 1.0 g;

Temperatures 298 K.
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Fig. C 19 Pseudo first-order of adsorption of DBT in diesel before HDS (b) Pseudo second-

order of adsorption of DBT in diesel obtained before HDS. Experimental conditions:

Temperature 298 K, amount of adsorbent: 1.0 g; Initial DBT concentration: 120 mg/L.
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Temperature: 308 K; Amount of adsorbent: 1.0 g; Initial sulfur concentration: 120 mg/L.
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Fig. C 21 (a) Pseudo first-order of adsorption of DBT in diesel obtained before HDS (b)
Pseudo second-order of adsorption of DBT in diesel obtained before HDS. Experimental
conditions: Temperature 318 K, amount of adsorbent, 1.0 g, Vol of HDFD 20 mL, Initial
sulfur concentration 120 mg/L
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Continous packed bed model column
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Fig. C 22 Thomas model for effect of bed height. Experimental conditions: Initial

concentration: 100 mg/L; Flow rate 0.5 mL
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Fig. C 23 Thomas model for effect of initial concentrations. Experimental conditions: Bed

height: 15 cm; Flow rate: 0.5 mL/min.

342



3 | y=-0017x+2.7714 y =-0.0157x + 1.8739
R? = 0.9861 (0.5 mL/min) R?=0.9357 (1.0 mL/min)

In (C,/C-1)

y =-0.0147x +0.3576
R2=0.939 (1.5 mL/min)

Time (min)

Fig. C 24 Thomas model for effect of flow rate. Experimental conditions: Bed height: 15

cm; Initial DTB concentration; 100 mg/L.
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Fig C 25 Yoon-Nelson model for effect of initial concentration. Experimental conditions:

flow rate 0.5 mL/min
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Fig. C 26 Yoon —Nelson model for effect of flow rate
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Fig. C 27 Yoon-Nelson model for effect of bed height
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Fig. C 28 Bohart Adams model for effect of flow rate
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Fig. C 29 Bohart Adams model for effect of initial concentration
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Fig. C 30 Bohart Adams model for effect of bed height
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Appendix D: Published, in press articles and conference processdings
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