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Preface 

The drive to reduce refractory sulfur compounds from liquid fuels as well as increased 

awareness of the environmental impacts of gas emissions, has led the chemicals industry to 

seek to find the alternatives for desulfurization apart from Hydrodesulphurization (HDS) and 

improve energy efficiency. The thesis work presents the desulfurization of refractory sulfur 

compounds in liquid fuels in general, and to investigate the desulfurization of 

Dibenzothiophene (DBT), 2- Methylthiophene, and Thiophene in diesel by batch adsorption, 

continuous adsorption, and extraction in particular. In addition, the strict implementations of 

the European emission standard due to the increasing effect of sulfur emission on our 

environment and human health has been presented. 

Hydrodesulphurization (HDS) is widely used for removal of carcinogenic compounds from the 

fuel oil. However, less reactive refractory compounds such as Dibenzothiophene (DBT) and 

some alkyl DBTs as 4, 6-Dimethyldibenzothiophene (4, 6-DMDBT) are not easily removable 

by hydrodesulphurization (HDS) process due to steric hindrance, which causes sulfur reduction 

up to a certain limit. The production of ultra-low sulfur diesel (ULSD) consumes large quantity 

of hydrogen and requires severe operating condition. Therefore, several other methodologies 

have been employed such as Adsorption, bio desulfurization and Extraction etc.  

The desulfurization process widely utilizes carbon material as an efficient adsorbent. For the 

same Microwave synthesized carbon nanotube (M-CNT), and carbon nanofiber (M-CNF) were 

tested for removal of Dibenzothiophene (DBT) from a model diesel fuel (MDF) by adsorption 

process. M-CNT showed relatively higher DBT removal capacity over M-CNF and followed 

Sips isotherm models in the adsorption equilibrium experimental of DBT on M-CNT and M-
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CNF. The adsorption process was found out to be spontaneous, exothermic nature, and showed 

non-random behavior of DBT molecule on M-CNT.  

The different carbon material shows different physical behavior and also, the textural 

properties. These properties of the carbon material highly dominate the behavior of the 

adsorption process. Thus carbon adsorbents like Mongolian anthracite-based porous activated 

carbons (PMACs) that possess much higher surface area and pore volume than M-CNT and 

M-CNF have been considered for further study. The maximum DBT adsorption by PMAC 1/3 

and PMAC 1/4 was 99.7% and 95.7 % by varying the adsorbent dosage. The experimental 

adsorption isotherm results were well represented by the Sips isotherm for PMAC 1/3 and the 

Dual Site Langmuir isotherm for PMAC 1/4, respectively. The kinetics for the adsorption of 

DBT on PMACs follows the pseudo-second-order behavior and both surface and pore 

diffusions control the adsorption .The studied process is spontaneous, exothermic, and possess 

less randomness at the interface and the designing of the batch-adsorber was done for the 

adsorption of DBT onto PMAC 1/3. 

In previous chapters, four carbon materials named as M-CNT, M-CNF, PMAC 1/3, and PMAC 

1/4 have been studied in the batch process. Therefore, due to the significant and comparable 

adsorption capacity of GNP and PMACs, GNP has been further used to see the adsorption 

behavior of the system in continuous experiments for multicomponent feed. The single 

component adsorption isothermal experimental results for batch process were well represented 

by the Freundlich isotherm (Thiophene (T), 2-Methylthiophene (2-MT)) and the Langmuir 

isotherm (Dibenzothiophene (DBT)) models. The adsorption process kinetics fits with the 

pseudo second order model for T, 2-MT and DBT on GNP. A process design of single-stage 

batch-adsorber for the adsorption of T, 2-MT & DBT onto GNP was also studied using the 
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calculated adsorption isotherm parameters. In addition, a fixed-bed adsorber was used for 

studying the continuous system at ambient conditions for multicomponent MDFs. The effect 

of flow rate, bed height, and initial sulfur concentration on the adsorptive capacity of the 

adsorbent for T, 2-MT, and DBT were evaluated. The Adam-Bohart model was used to check 

the performance of the adsorption breakthrough curves.  

Further to achieve the thio-selectivity in the process the extractive desulfurization (EDS) has 

been adopted for further studies. Although, Adsorptive desulfurization has shown prominent 

potential for significant desulfurization of liquid fuels. The Deep Eutectic Solvents (DESs) 

have been utilized for sulfur extraction of organo-sulfur compounds and for the same three 

different DESs were prepared using a common hydrogen bond donor (HBDs), Diglycol, and 

different hydrogen bond acceptors (HBAs). The sulfur removal varies by changing the 

experiment variables such as temperature, DESs/feed ratio, and the time on desulfurization 

efficiency. The DBT has higher extraction efficiency as compare to 2-MT and T. Further, a 

non-random two liquids (NRTL) thermodynamic model was employed to model liquid-liquid 

equilibrium.
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Chapter 1 
 

Introduction 
 

 

 Desulfurization of liquid fuels 

It has been recognized that petroleum products must meet lower limits of contaminants such 

as sulfur and nitrogen due to environmental concerns and human health effects [1,2]. Very 

stringent regulations are required essentially for the complete removal of sulfur from liquid 

hydrocarbons that are used in transportation fuels, such as gasoline and diesel. European 

emission standards have been made and followed to control the various pollutants in general 

[3,4]. 

All Emission Standards have been proposed and implemented to protect environmental and 

human living conditions. Due to increasing toxic components in the environment by burning 

of carcinogenic compounds like sulfur, nitrogen, metals and some aromatic and refractory  

components from automobile and industrial factories which cause the acid rain when coming 

in the contact and react with present air near ozone layer. Sulfur ‘S’ present in the petroleum 

liquid fuels reacts with oxygen, forming SOx after reacting with water, ultrafine droplets of 

H2SO4  form that can easily penetrate in the lungs of the human body[5]. Second-hand pollution 

is becoming a detrimental reason for human health, including mortality, exacerbation of 

asthma, cardiovascular effects, chronic bronchitis, respiratory tract infections, ischemic heart 

disease, and stroke are the severe results. Recently it has been found that the ultrafine particle 

(UFP) in second hand smoke (SHS) and traffic related air pollution may elicit the chronic 
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effects on human health and concluded the rate of being asthmatic was 24.4% and 14.2% 

respectively for overweight and normal-weight children. Urbanization is found the reason for 

increasing pollution as the rural area people migrate from rural to the urban area, therefore 

increasing transportation facilities and fuel consumption and more pollution production. 

Diesel is the most consumed fuel nowadays and it is the main reason for the highest particulate 

emission in the environment. The complete combustion of diesel produces water and carbon 

dioxide, but in the engine due to incomplete combustion, many gases are produced as oxides 

and aldehydes and submicron soot particles (black carbon) that adversely affect the respiratory 

system of the human body [6–9].  

Hydrodesulfurization process is a conventional process used for the desulfurization of heavy 

refractory sulfur compounds but requires severe conditions such as high pressure (3–7 MPa), 

high temperature (320–380°C), and hydrogen. Also, HDS is not very effective in removing 

heavy refractory compounds such as sulfur species (benzothiophene) and their derivatives due 

to steric hindrance[10]. In most cases, the conventional HDS process is not the only method to 

decrease the sulfur content in the liquid fuels to less than the Euro 6 regulatory limit, which is 

less than 10 ppm. Various alternative methods need to be explored[11] due to few limitations 

of HDS, such as oxidative desulfurization (ODS)[12–15], bio desulfurization (BDS)[16–18], 

extractive desulfurization (EDS)[19–22] and adsorption desulfurization (ADS)[23–25], etc. 

 Scope of the thesis 

This thesis work covers the desulfurization of refractory sulfur compounds in liquid fuels in 

general, and to investigate the desulfurization of Dibenzothiophene (DBT), 2- 

Methylthiophene, and Thiophene in diesel by batch adsorption, continuous adsorption, and 
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extraction in particular. The effect of sulfur emission on our environment and human health 

are discussed in chapter 1. It is followed by a brief description of European standards adopted 

to regulate environmental pollution. 

In chapter 2, the various desulfurization processes such as commercialized 

Hydrodesulphurization, Bio-desulfurization, adsorptive and extractive desulfurization is 

discussed. 

Carbon-based materials are considered to be efficient adsorbents for the application of 

desulfurization. In chapter 3, Microwave synthesized carbon nanotube (M-CNT), and carbon 

nanofiber (M-CNF) were tested for removal of Dibenzothiophene (DBT) from a model diesel 

fuel (MDF) by adsorption process. M-CNT showed relatively higher DBT removal capacity 

over M-CNF. The Sips and Freundlich adsorption isotherm models were used to correlate the 

adsorption equilibrium experimental results of DBT on M-CNT and M-CNF. The negative 

values of ΔG°, ΔH°, and ΔS° from the thermodynamic studies confirm the spontaneity and 

feasibility of the system, exothermic nature, and non-random behavior of DBT molecule on 

M-CNT respectively.  

The adsorption capacity is mainly dependent on the physical behavior of the adsorbents. Also, 

the textural properties of the carbon material highly dominate the behavior of the adsorption 

process. Thus carbon adsorbents like Mongolian anthracite-based porous activated carbons 

(PMACs) that possess much higher surface area and pore volume than M-CNT and M-CNF 

have been considered for further study. In chapter 4 the usage of PMACs namely PMAC 1/3 

and PMAC 1/4 for model diesel fuel desulfurization, having 500 ppmw of Dibenzothiophene 

(DBT) in n-heptane has been investigated. Further, the effects of adsorbent dosage, contact 

time, and temperature on the adsorption capacity were studied systematically. The 
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experimental adsorption isotherm results were well represented by the Sips isotherm for 

PMAC 1/3 and the Dual Site Langmuir isotherm for PMAC 1/4, respectively. The maximum 

DBT adsorption by PMAC 1/3 and PMAC 1/4 was 99.7% and 95.7 %, respectively. The 

kinetics for the adsorption of DBT on PMACs follows the pseudo-second-order behavior. The 

Weber- Morris plot shows the multi-linearity over the entire time range, suggesting that by 

both surface and pore diffusions control the adsorption. The change in Gibbs free energy 

(ΔG°), enthalpy (ΔH°), and entropy (ΔS°) are negative that confirm that the studied process is 

spontaneous, exothermic, and possess less randomness at the interface. Based on sips isotherm 

single-stage batch-adsorber design was done for the adsorption of DBT onto PMAC 1/3. 

In previous chapters, the adsorption behavior of carbon materials named M-CNT, M-CNF, 

PMAC 1/3, and PMAC 1/4 have been studied in the batch process. Further, Graphene 

Nanoplatelets (GNP) has also been employed in the adsorptive desulfurization study. 

Consequently, due to the significant and comparable adsorption capacity of GNP and PMACs, 

GNP has been further used to see the adsorption behavior of the system in continuous 

experiments for multicomponent feed. Therefore, in chapter 5, an experimental investigation 

on adsorptive desulfurization for model diesel fuels (MDFs) is described using GNP as an 

adsorbent. The batch experiments for the single component as well as a multi-component 

system were conducted. The single component adsorption isothermal experimental results for 

batch process were well represented by the Freundlich isotherm (Thiophene (T), 2-

Methylthiophene (2-MT)) and the Langmuir isotherm (Dibenzothiophene (DBT)) models. The 

adsorption process kinetics fits with the pseudo second order model for T, 2-MT and DBT on 

GNP. A process design of single-stage batch-adsorber for the adsorption of T, 2-MT & DBT 

onto GNP was also studied using the calculated adsorption isotherm parameters. In addition, a 



5 

   

fixed-bed adsorber was used for studying the continuous system at ambient conditions for 

multicomponent MDFs. The main objective of continuous studies was to investigate the 

process variables that affect desulfurization. The effect of flow rate, bed height, and initial 

sulfur concentration on the adsorptive capacity of the adsorbent for T, 2-MT, and DBT were 

evaluated. The Adam-Bohart model was used to check the performance of the adsorption 

breakthrough curves.  

Adsorptive desulfurization has shown prominent potential for significant desulfurization of 

liquid fuels. However, to achieve additional thio-selectivity, the extractive desulfurization 

(EDS) has been adopted for further studies. Also, EDS is an attractive process because it can 

also can be carried out at ambient conditions. Thus, in chapter 6, the effect of Deep Eutectic 

Solvents (DESs) on sulfur extraction of organo-sulfur compounds was investigated. Different 

DESs were prepared using a common hydrogen bond donor, Diglycol, and different hydrogen 

bond acceptors. The effects of experiment variables such as temperature, DESs/feed ratio, and 

the time on desulfurization efficiency of different organo-sulfur compounds were also studied. 

Also, all DESs have higher DBT extraction efficiency followed by 2-MT and T. Further, a 

non-random two liquids (NRTL) thermodynamic model was employed to model liquid-liquid 

equilibrium. 

Finally, the conclusions and recommendations for future research were highlighted. 
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Advancements in Extractive Desulfurization using Ionic Liquids & Deep Eutectic Solvents: A 

Short Review”, Fluid Phase Equilibria, 2020. (Under-revision). 

 

Divyam Jha, Md. Belal Haider, Rakesh Kumar, M. S. Balathanigaimani, J. N. Sahu, “A 

Review on Role of Nanocomposites for Desulfurization of Liquid Transportation Fuels”, (In 

Submission Process) 

 



8 

   

 Problem statement and motivation 

It has been made mandatory that the petroleum products must meet a specified low limit of 

contaminants such as sulfur and nitrogen in response to environmental concerns and to mitigate 

its effects on human health[1,2]. Sulfur present in liquid fuels reacts with oxygen to form SOx 

which in contact with water produce ultrafine droplets of H2SO4 that can easily penetrate the 

lungs and initiate medical complications[3]. The sulfur and nitrogen compounds that are 

typically found in transportation fuels are shown in Figure 2.1. Emitted sulfur also results in 

second-hand pollution, which leads to a health problem such as aggravated asthma, 

cardiovascular effects, chronic bronchitis, emphysema, lung damage, heart disease, stroke, and 

many  

more[4,5]. 

 

 

Figure 2.1.Refractory sulfur and nitrogen compounds present in fuel. 

Dibenzothiophe

ne 

Benzothiophe

ne 

  Pyridine 
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FUEL 

https://www.google.co.in/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj80cewr-jWAhXLMI8KHZibBGEQjRwIBw&url=https://commons.wikimedia.org/wiki/File:Benzothiophene-3D-balls-2.png&psig=AOvVaw0AqOgj2IJThoQXQtuLRXKj&ust=1507804433902155
https://www.google.co.in/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjG_d_cqZfVAhWLfbwKHaR8BPAQjRwIBw&url=https://ko.wikipedia.org/wiki/%EC%8B%B8%EC%9D%B4%EC%98%A4%ED%8E%9C&psig=AFQjCNFglAK93jAN4qYQJ0rmyJXq2q8HXw&ust=1500621702210509
https://www.google.co.in/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj1-4KqqpfVAhXKErwKHRHXDwcQjRwIBw&url=https://en.wikipedia.org/wiki/Dibenzothiophene&psig=AFQjCNHKBV5_A006MjnWG4oCt9blr4EnQQ&ust=1500621892402468
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https://www.google.co.in/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjtrLDsrJfVAhUCerwKHYiZC68QjRwIBw&url=https://gl.wikipedia.org/wiki/Ficheiro:Indole-3D-balls-2.png&psig=AFQjCNEjL1F8NjMFTYyQuXLBpgUxPtGE_g&ust=1500622458958296
https://www.google.co.in/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwibnbCMrpfVAhWEV7wKHeBbBIEQjRwIBw&url=https://en.wikipedia.org/wiki/N-Vinylcarbazole&psig=AFQjCNFKHzQcNCZ6sA5aOrpPpJmO4CahFw&ust=1500622667806324
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The European Union emission standards have been trying to lower permissible sulfur 

composition in transportation fuels, such as gasoline and diesel by implementing emission 

standards, respectively. The Euro emission standards related to sulfur emissions are listed in 

Table 2.1. 

Table 2.1 EURO emission standards for diesel. 

 

Several desulfurization techniques such as hydrodesulfurization, Bio desulfurization, 

adsorptive and extractive desulfurization are employed. However, each of these techniques 

suffers from one or more drawbacks which limit their use in industries.  

 Desulfurization processes 

Hydrodesulfurization (HDS) is a hydro-catalytic chemical process, widely applied to eliminate 

sulfur from premium fuel products such as ATF (Aviation Turbine Fuel), diesel fuel, and fuel 

oils[26]. The presence of refractory components such as dibenzothiophene and alkyl 

dibenzothiophene makes the process more difficult due to steric hindrance and difficult 

Properties Fuel EURO VI 

(2014) 

EURO V 

(2009) 

EURO IV 

(2005) 

EURO III 

(2000) 

EURO II 

(1998) 

EURO I 

(1994) 

Density,  

kg/m3(15°C) 

Diesel  Max 845 Max 825 - Max 845 Max 860 Max 860 

Gasoline  - - - - ˗˗˗ 

S,ppmw 

(mg/kg) 

Diesel 10< 10 50 350 500 1000 

Gasoline - 10 50 150 - ˗˗˗ 

 

Cetane No. 

Diesel 51 Min 58 Min 58 Min 51 Min 49 Min49 

Gasoline - - - - - - 

Polyaromatic 

(%Volume) 

Diesel - - 1       6 11 - 

Gasoline 8 - - - - - 

file:///C:/Users/JHA/Google%20Drive/Mtech+PhD/PhD%20documents/PhD%20Defence%20Countdown%20begin/PhD%20Thesis_Divyam%20Jha/Merged%20files/New%20folder/Thesis_Divyam%2025'9'2020.docx%23T1
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scission of C-S bond. In general, two routes are adopted for HDS of alkyl dibenzothiophene 

compounds. The first route involves direct hydrogenolysis which produces biphenyl 

compounds and the other one consists of  hydrogenation followed by hydrogenolysis produces 

cyclohexyl compounds as shown in Figure 2.2[11,27].  

 

Figure 2.2. HDS of dibenzothiophene (a) Hydrogenation, hydrogenation followed by 

hydrogenolysis, route (b) direct hydrogenolysis route 

 

Bio-desulfurization (BDS) was first identified for Rhodococcus rhodochrous strain IGTS8 

[28].  Rhodococcus erythropolis IGTS8 is repressed in the presence of sulfate and intermediate 

compounds are accumulated in the cells which reduce the yield of desulfurized oil. To 

overcome these problems, the use of genetically modified organisms (GMO) like 

Pseudomonas putida CECT5279 [17] is suggested. Previous studies on the P. putida 

CECT5279 shows that BDS capacity depends on the growth time of microorganism[29,30]. 

Recently studies show that the newly isolated strain R. erythropolis SHT87 can be also used 

for desulfurization purpose[31–34]. Higher associated energy and cost make this process 

HYD 
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difficult to execute in refineries[35,36]. Also, in the adsorption process, these refractory 

compounds get adsorbed on the surface of solid adsorbents. Here, Adsorbent interaction with 

the organometallic sulfur compound is the major factor that decides sulfur dismissal[37,38]. 

Concerning, selectivity and adsorption, polymer derived adsorbent have shown better results 

compared to commercial carbon. In addition to adsorption capacity, presence of acidic group 

enhances sulfur compounds removal and as well as facilitates selective adsorption of DBT and 

4, 6-DMDBT [39]. In desulfurization through reactive adsorption, wherein present sulfur 

compounds are first reacted to H2S and subsequently the same is adsorbed at the adsorbent site. 

Various adsorbent–catalyst combinations such as Ni–Al2O3, Cu–ZnO, Ni/Al–SiO2, Ni–ZnO, 

Ni–SBA-15, Ni–SiO2, NiP/SiO2 and among all Ni–ZnO system [40,41] shows better 

performance.  

  Adsorptive Desulfurization 

The adsorption process is adopted to desulphurize the most refractory compounds of sulfur 

which is difficult to remove by HDS from the fuel. In this process, these refractory compounds 

are adsorbed on the surface of solid adsorbents by physical or reactive adsorptive 

desulphurization. Adsorbent interaction with the organometallic sulfur compound is the major 

factor to decide the removal of sulfur by adsorption. The adsorptive desulphurization occurs if 

the organometallic sulfur compound physically interacts with the active site of sorbent and the 

reactive adsorption desulfurization occurs if chemical interaction between adsorbent and 

adsorbate usually takes part leaving some conversion with the medium of hydrogen gas[38]. 
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 Adsorbents 

An adsorbent with a large surface area, large pore volume, and small pore size is an effective 

adsorbent to adsorb compounds come in the range of its diameter range. Hence a large number 

of pores provides a huge surface area for better adsorption. The textural as well as surface 

properties are equally important for selective and effective adsorption of DBT [42]. 

In recent years, the use of nanocomposites for desulfurization has marked presence through its 

remarkable output. Generally, nanocomposites can be classified as Polymer-based 

Nanocomposites and Non-polymer Nanocomposites. The structure of Polymer- silica Nano 

composites is shown in Figure 2.3. Carbon nanotubes and silicate layered polymer 

nanocomposites are among the areas where new materials with favorable chemical and 

structural properties are seen to be synthesized.  

Carbon nanofibers were invented more than a century ago in 1889 [43]. Carbon nanofiber 

(CNF) possesses superior electrical, electromagnetic interference (EMI) shielding 

effectiveness (SE) and thermal properties compared to conventional conductive polymer 

composites. Generally, CNF has a diameter under 200 nm dimensions and are conically and 

plate-shaped graphene structure. When graphene structure is found in cylindrical form thus 

convert into CNT (Carbon nanotubes) and can efficiently involve in the process for 

desulfurization [44–46].  
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Figure 2.3. Structure Detail of Nanocomposites (a) Phase Separated Microcomposite 

(b)Intercalated Nanocomposite(c) Exfoliated Nanocomposite. 

Carbon nanotubes (CNTs) are tube-shaped carbon material and diameter in the range of 

nanoscale. Most commonly CNTs have dimensions <1nm -50nm diameter. CNTs have 

continuous hexagonal links. These materials are first invented by Radushkevich and 

Lukyanovich in 1952. The mechanical and physical properties of CNTs makes these are 

valuable material for research purpose. CNTs show multiple effective properties as stiffness, 

strength, tenacious. Thermal and electrical conductivity are also very high as compared to other 

materials. CNTs have been effectively used for the purpose of desulfurization [47,48]. The 

Layered Silicate 

Polymer Chain 

        Intercalated Nanocomposite 

(b) 

    Phase Separated Microcomposite           Exfoliated Nanocomposite 

(a) (c) 
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single walled carbon nanotube (SWNT) has unique electronic and mechanical properties that 

can be used in numerous applications, such as field-emission displays, nanocomposite 

materials, nanosensors, and logic elements. These materials are on the leading-edge of 

electronic fabrication, and are expected to play a major role in the next generation of 

miniaturized electronics[49]. 

Multi-walled nanotubes (MWNTs) are arranged in the coaxial assembly of SWNTs .The 

diameters of MWNT are typically in the range of 5 nm to 50 nm. The interlayer distance in 

MWNT is close to the distance between graphene layers in graphite. MWNT are easier to 

produce in high volume quantities than SWNT. However, the structure of MWNT is less not 

well understood because of its greater complexity and variety. Regions of structural 

imperfection may diminish its desirable material properties. MWNT, however, have a 

performance of up to ten times better and is outstanding for very specific applications and one 

of the most promising applications of MWCNT is desulfurization [50]. 

In addition, Mongolian Anthracite based activated carbon and Graphene Nanoplateletes also 

have been incorporated for the adsorptive desulfurization of model diesel fuel. 

  Extractive Desulfurization 

Extractive desulfurization and the combination of extractive/oxidative desulfurization are 

found to be the most economical approach among the different processes tested. This method 

can be operated at mild operational conditions and the extracted sulfur compound can be 

utilized as another raw material due to the unaltered structure of S-compound. Several solvents 

have been used for the extraction process. However, the high vapor pressure and impossible 

regeneration of the solvents prevent its utilization in the industries[51–53].  

http://www.nanocyl.com/jp/CNT-Expertise-Centre/Carbon-Nanotubes/Single-wall-Nanotubes-SWNT
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The EDS process is based on the difference in the partitioning coefficient of organosulfur 

compounds between the extractant and the oil phase.  Therefore, the selection of extractant 

very is important for the EDS process. Solvents, such as imidazolidinone, polyalkylene glycol, 

dimethyl sulfoxide, and pyrimidinone have been previously reported for their capabilities in 

sulfur removal however because of their volatile nature they are not considered as an effective 

choice for EDS. The choice of the solvent depends on its extraction efficiency, reusability, and 

recyclability. Therefore, researchers are more focused on the techniques to substitute volatile 

solvents with new green solvents. The neoteric solvents such as DESs and ILs have gained 

attention due to their potential application in separation and purification processes. Owing to 

this, ILs and DESs have also been investigated for the EDS process given in Table 2.2 and 

2.3 [52,54–57]. 

Ionic liquids (ILs) widely regarded as green solvents have been used for extractive 

desulfurization. The remarkable advantages of ILs over volatile solvents lead to involve them 

as efficient extractants with a melting point below 100 °C. ILs comprises anions and cations 

that have negligible vapor pressure, high thermal stability, and are non-flammable[58–65]. 

Extractive desulfurization with ILs and DESs shares many of the advantages. However, this 

technique also has a shortcoming when coming to large feedstock of heavy oil, the high cost 

and water sensitivity of some DESs and ionic liquids detract from its large-scale industrial 

application. Also, the need of large quantities of organic solvents as extractant is itself imposes 

important health and environmental concerns 
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Table 2.2 Ionic Liquids for extractive desulfurization.     

S.No. 

Ionic Liquid 

Sulfur 

Compounds 

Solvent for 

model fuel 

Reaction 

temp 

(°C) 

 Time 

(min) 

Reference 

1. 1

. 

C5H9NO.0.3FeCl3 DBT n-Octane 30 10 [66] 

2. 3

. 

[C1pi][Lac] TS,DBT,BT,

4-MDBT 

n-heptane, 

n-nonane, 

n-dodacane 

30 30 [67] 

3. 9

. 

C48H102O2P2 T,DBT,BT,4-

MDBT,4,6-

DMDBT 

n-dodecane 30 5-30 [68] 

4. 1

0

. 

[C4mpyr][OTf] 2-MT,BT n-octane 10-30 50 [69] 

5. 1

1

. 

[C4mpip]FeCl4 DBT, BT and 

4,6-DMDBT 

124  

n-octane 45 10 [70] 

6. 1

2

. 

[BMTH]SCN BT, 4-

MDBT, 4,6-

DMDBT, T, 

and 3- 

MT 

n-octane 30 5-30  [71] 

7. 1

3

. 

[C4Py][SCN] BT, 

DBT,4,6-

DMDBT,  

 

n-octane 25 15 [72] 

8. 1

6

. 

[Bmim]Cl/ZnCl2 TS, DBT n-hexane& n-

octane 

25 30 [73] 

9. 1

7

. 

[C6mim]Cl/FeCl3 BT, DBT,  

4,6-DMDBT  

n-octane 25 5 [74] 

10. 2
1

. 

[TBCMP][Br] BT, DBT or 

DMDBT 

n-heptane RT 10 [75] 

The ILs are known as designer solvents because their properties, such as miscibility and 

polarity, can be altered by changing the choice of cation and/or anion.  
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Table 2.3 Deep Eutectic Solvents for Extractive Desulfurization        

                                      

DES combinations 

(HBA:HBD) 

Molar ratio(HBA:HBD) 

(mol:mol) 

References 

TBAC:MA 1:1 &1:2 [76] 

TBAC:PEG 1:1 &1:2 [76,77] 

ChCl:MA 1:1 &1:2 [70,76] 

ZnCl2:HOCH2CH2OH  1:3,1:4,1:5 &1:6 [78] 

(Alcl3:Paraffins-52):o-xylene -- [79] 

Chloride-Glycerol -- [80,81] 

FeCl3:[CH3(CH2)3]4PBr 1:2 &1:1.5 [82] 

ChCl:OXA 1:2 [83] 

ChCl:PAS 1:2 [84] 

 

However, due to the complex preparation method of ILs and the expensive solvent 

regeneration step, the use of ionic liquids for industrial EDS is unfeasible[85–89].  

Recently, Deep Eutectic Solvents (DESs) analogous to ILs have been developed[90–98]. DES 

possesses properties similar to ionic liquids like low volatility high and thermal stability due 

to which they also fall into the category of green solvents. The DES is a combination of two 

compounds and possesses a lower melting point than the constituting compounds[99]. The 

DESs require no complex purification step for synthesis[78]. In addition, DESs are 

biodegradable, non-toxic, and cheaper than ILs making DESs more favourable than 

ILs[76,100].Deep Eutectic Solvents are composed of hydrogen bond donor(HBD) and 
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hydrogen bond Acceptor(HBA) in a fixed molar ratio. The formed DESs have melting point 

lower than the either of HBA or HBD due to hydrogen bonding. It should be noted that the 

term eutectic is not new in the literature. However due to hydrogen bond formation the melting 

point of formed DES is “Deep” compared to other mixtures. 

  EDS using ILs and DESs 

Ionic liquids are molten salts having melting points below room temperature and are composed 

of ions only. The cations and anions in the ILs are bounded by weak interactions due to the 

presence of large cations and delocalized charged anions. This weak interaction, which arises 

due to the flexibility (anion) and dissymmetry (cation), makes it difficult for ILs to form a 

crystal. ILs have attracted researchers’ attention due to its non-volatility, non-inflammability, 

high thermal stability, and non-corrosive properties [101–103]. 

ILs can be tailored depending upon various combinations of anions and cations and therefore 

can be specifically designed for particular applications[103–111]. Rashid et al. have described 

all possible aspects and factors affecting EDS using ILs [103]. Further, various developments 

and alternate ways have been explored for desulfurization using DES. 

The EDS process which formerly used molecular solvents like polyalkylene glycol, 

imidazolidone, pyrimidinone, and dimethyl sulfoxide, has recently shifted to use ILs/DESs 

instead. There are several factors affecting the entire process of EDS as shown in Figure 2.4.  
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The operating temperature, the time involved, the ratio of IL-DES / oil, and the initial sulfur 

content significantly change the yield as well as the S-removal efficiency of the process There 

have been studies related to the miscibility of oil and ILs because dissolution leads to loss of 

the solvent and contamination of oil [112]. Furthermore, solvent regeneration and the ability 

to get recycled can also reduce the process cost. 

 

 

 

 

 

 

 

 

Figure 2.4. Factors affecting EDS using ILs and DESs. 
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3 Chapter 3 

Adsorptive Removal of Dibenzothiophene from 

Diesel Fuel Using Microwave Synthesized Carbon 

Nanomaterials 

 
 

 

 

 

 

 

 

 

 

 

The content of this chapter is published in  

Divyam Jha, N.M. Mubarak, Mohd Belal Haider, M. S. Balathanigaimani, J.N.Sahu. 

“Adsorptive Removal of Dibenzothiophene from Model Diesel Fuel using Microwave 

synthesized Carbon Nanotube (M-CNT) and Carbon Nanofiber(M-

CNF)”,Fuel,2019,244,132-139. https://doi.org/10.1016/j.fuel.2019.01.006. 
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 Introduction 

The sulfur compounds separation from liquid fuel is getting more and more attention of 

petroleum refineries and researchers as the combustion of these compounds affects the 

environment as well as human health by emitting SOx [11,27]. Various stringent norms have 

been proposed and implemented by the European Union (EU) to control sulfur emission.EU 

has implemented the production of diesel with less than 10 mg/l, as referred to by EURO VI 

[5,113]. Hence, the development of an economically more viable new process is currently 

needed to tighten the sulfur level in diesel to produce ultra-low sulfur diesel (ULSD).    

Reducing sulfur from a raw diesel, especially from a high level to a low level is highly 

complicated. The well-known and commercialized process is Hydrodesulphurization (HDS). 

However, the process has some limitations as many factors such as the surface chemistry of 

catalyst, process parameters, feed quality, and inhibition effect of H2S significantly influence 

this process [11]. Especially, the sulfur compounds attached with alkyl groups like  4,6-

dibenzothiophene (4,6-DMDBT) or dibenzothiophene (DBT) are difficult to be desulfurized 

by HDS process as these compounds are least reactive to adsorb on the surface of HDS catalyst 

and shows no significant removal of Sulfur using HDS process. The HDS process can be 

effectively used up to a certain level for sulfur removal and beyond that level, the process 

requires a high partial pressure of hydrogen and severe operating conditions, which also makes 

HDS as an expensive process to produce ULSD [114]. Several processes such as Bio-

desulfurization(BDS) [115], Extractive Desulfurization(EDS) using solvents and ionic liquids, 

Oxidative Desulfurization(ODS) and the combination of oxidative-extractive desulfurization 

have also been proposed and tested to remove the derivatives of DBT from diesel fuel more 

feasibly. Among all alternative methods, adsorptive desulfurization (ADS) has potential to 
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meet this limit of sulfur content. The adsorptive desulfurization process is considered as a quite 

reasonable alternative method for HDS, particularly for the separation of sulfur-containing 

aromatic compounds from diesel, as the desulfurization by adsorption happens at the ambient 

condition with the hydrogen free environment and also does not reduce the product yield much. 

Several adsorbents have been prepared and employed for desulfurization studies including 

metal oxides, activated carbon, silica, alumina, zeolite, metal organic frame works [6,37,116]. 

Adsorptive desulfurization is an effective method to remove sulfur from fuel oil, due to its low 

temperature and pressure conditions. However, the success of ADS process depends on the 

preparation of highly selective adsorbents and its further regeneration for subsequent runs. In 

comparison to the ADS, EDS and ODS have advantage to be more selective processes. 

Although ADS has its own limitations but compare to other existing desulfurization techniques 

it is more efficient and economic due to its lower energy consumption, broad availability of 

adsorbents and does not have scaling or corrosion problems.  

In this study we present the preliminary results of adsorption of DBT on Microwave 

synthesized carbon nanotube (M-CNT) and Carbon nanofiber (M-CNF) from a model diesel 

fuel (MDF). The adsorption equilibrium, kinetic and heat of adsorption were studied to 

understand the interaction between the adsorbents and DBT.  

 Materials and method 

  Materials  

M-CNT and M-CNF were provided by Institut Teknologi Brunei, Darussalam for this study 

and the horizontal tubular microwave model Synotherm-T1500, China reactor for production 

of M-CNT and M-CNF. It comprised a quartz tube of 55 mm OD, 50 mm ID and 615 mm 
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length. Ferrocene catalyst was placed at the entrance of the chamber and quartz boat size was 

placed in middle of the reaction chamber. The system was initially flushed with air in order to 

ensure an oxygen free environment. The gas flow rate of C2H2 and H2 was free mixed before 

entering into the tubular microwave chamber using gas mixer Model KM-20-2, (Germany). 

The reaction was carried on for the desired time period and on completion, the total amount of 

M-CNTs and M-CNFs produced in the quartz boats was collected and weighed [117,118]. N-

heptane (Purity >99 %), DBT (Purity >98 %) and were purchased from spectrochem Pvt. Ltd, 

India. Adsorbents were dried in an oven for 12 h before using them for the adsorption studies.  

 Methods 

 Adsorbents for desulfurization studies  

The detailed experimental setup and procedure for M-CNT and M-CNF production have been 

given in elsewhere [117,118]. M-CNF and M-CNT were produced through Microwave assisted 

Chemical vapor decomposition (MA-CVD) and Tubular microwave Chemical vapor 

decomposition (TM-CVD), respectively. Initially, Argon was used to flush the system to 

ensure oxygen free environment. C2H2 and H2 gases were premixed using gas mixture Model 

KM-20-2 before sending into the tubular microwave chamber. After the completion of the 

reaction, the total amount of M-CNT and M-CNF produced was collected and weighed. The 

physical textural characteristics of two adsorbents were determined using nitrogen 

adsorption/desorption (Micromeritics ASAP 2010) isotherm data measured at 77 K. The BET, 

BJH equations were considered for the calculation of specific surface area and meso pore 

volume of the adsorbents, respectively. Furthermore, the average pore size of adsorbents was 

obtained based on the BJH method.  
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  Model Diesel Fuel (MDF) 

n-Heptane containing 250 ppm of DBT was prepared and used as a MDF for the liquid 

adsorption studies.  

  Adsorption studies  

The adsorption studies were done at 30°C and 250 rpm. The dosage amount of adsorbents were 

varied from 2.5 g/l to 25 g/l of MDF.  The effect of adsorption equilibrium time was 

investigated for the lowest mass content (2.5 g) as well for the highest mass content (25 g) at 

30°C and 250 rpm. The adsorption rate of DBT on M-CNT was measured in terms of time at 

constant temperature. The thermodynamic studies of DBT on M-CNT were also carried out at 

different temperatures for a constant adsorbent mass and initial concentration of 250 ppm of 

DBT in MDF. All adsorption experiments were done in an Erlenmeyer flask placed inside the 

isothermal chamber. In each test, the MDF and adsorbent was first mixed. The mixture was 

then agitated mechanically for 60 min. After each adsorption studies, the adsorbent was filtered 

using a what-man paper. A gas chromatograph (Perkin Elmer Claurs 580 GC-FID detector) 

was used for the compositional analysis of desulfurized samples. 

The equation used to calculate the quantity adsorbed is given by, 

        qe = (C0 − Ce) ×
V

W
                         (3.1) 

where qe (mg-S/g-A) is sulfur adsorbed by adsorbent, C0 and Ce (mg-S/l-MDF) are the initial 

and equilibrium concentration of sulfur, and W(mg) is mass of adsorbent and V(l) is volume 

of MDF (l) used. The percentage of sulfur removal can be calculated using the equation given 

below, 
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                         % Sulfur Removal= 
(C0−Ce)

C0
×100               (3.2) 

  Gas Chromatograph analysis 

 

GC-FID was employed for compositional analysis of desulfurized fuel. GC equipped with 

capillary column Elite-1 (length50m and inner diameter 200 µm) flame ionization detector was 

engaged in this work. Helium, as a carrier gas, with a flow rate of 1cm3/min and split ratio of 

1:85 was used for GC-FID operation. The other operational conditions of GC-FID for 

compositional analysis were: (i) temperature of injector: 340°C, (ii) injection volume: 1 µL 

and (iii) total analysis time: 45 min. The oven temperature was increased from 50°to 350°C 

with a heating ramp of 13 oC/ min.  

 Adsorption isotherm 

 

The relation between equilibrium concentration Ce and equilibrium sulfur adsorbed qe plotted 

to observe the heterogeneity or homogeneity of the solid surface, to calculate adsorption energy 

and the type of coverage and the interaction between compound from fluid bulk and the solid 

phase adsorbent.  

 Freundlich isotherm  

The Freundlich adsorption isotherm describes heteroginity of the process and suggests every 

pore has the different energy of adsorption and also describes multilayer Adsorption [119,120] 

.1/nf factor shows the affinity between adsorbate and adsorbent to get adsorbed and strength of 

adsorption. 

 
qe = KfCe

1
nf

⁄
 

                                     (3.3) 
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where qe is sulfur adsorbed by an adsorbent at equilibrium (mg-S/g-A), nf is the Freundlich 

constant and Kf is the Freundlich adsorption coefficient (mg/g) (l/mg)1/n
f. .A large value of nf 

shows more heterogeneity of the adsorbent.                                      

 Sips Isotherm  

The Sips isotherm can be mathematically expressed as [121], 

where qm, b and ns are the Sips characteristics parameters, qm is the maximum adsorption 

capacity in (mg-S/g-A), b is in (l/mg)1/ns, and ns is Sips constant. The constant ns is the 

heterogeneity factor (heterogeneous >1 and homogenous < 1). 

 Kinetic Studies 

The examination of the controlling mechanism of DBT adsorption on M-CNF and M-CNT 

was studied, the adsorption rates of DBT were estimated in terms of time (0, 15, 30,45,60,90 

min) at 30 oC. The amount of adsorbent taken for this study was 0.020 g.  

 Pseudo First order kinetics 

The mathematical equation of pseudo first-order kinetic is stated as follows [122,123], 

                                                       𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)           (3.5)                                                    

  

where 𝑞𝑡 is the experimental adsorption amount at time t and k1 (min-1) is the pseudo-first 

order rate constant. 

 Pseudo Second order Kinetics  

The mathematical equation of pseudo second order kinetic is defined as given [124], 

 

qe =
qm b Ce

1
ns⁄

1 + b Ce

1
ns⁄

 

                     

                                    (3.4) 
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q𝑡 =
(𝑘2𝑞𝑒

2. 𝑡)

1 + (𝑘2𝑞𝑒 . 𝑡)
 

                  (3.6) 

 

where k2 (g/mg-min) is the pseudo-first order rate constant. 

  Adsorption mechanism 

The adsorbate follows either one or more than one mechanism to travel from bulk solution 

phase to pores of the adsorbents, e.g. surface diffusion, film diffusion, intraparticle diffusion 

or a combination of two mechanisms. In adsorption, the external diffusion controls if the 

mixing of adsorbate in the solution is poor, the low adsorbate concertation or adsorbate affinity 

to adsorbent is very high. In contrast, the surface diffusion controls if the mixing between 

adsorbate in the system is good, the adsorbent is large in size, adsorbate concentration is high 

in solution and the adsorbent affinity is poor for adsorbent [125,126]. 

Weber’s intraparticle diffusion model and Boyd’s surface diffusion model were employed to 

investigate the diffusion mechanisms and the rate controlling steps in the adsorption of DBT 

on adsorbent [127]. The mechanism controlled by intraparticle diffusion is given by 

where C and Kid represent boundary resistance and intraparticle diffusion coefficient (mg/g 

(min) 0.5) respectively. The diffusion mechanism controlled by surface diffusion is given by 

Boyd’s kinetic expression [128] 

                                     𝑞𝑡 = 𝑘𝑖𝑑𝑡
1

2⁄ + 𝐶                                                                   (3.7) 

                                       𝐵𝑡 = −0.4977 − ln (1 − 𝐹)                             (3.8) 
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where 𝐹 =
𝑞𝑡

𝑞𝑒
 is the equilibrium fractional factor, Bt =fn(F). 

  Thermodynamic Studies 

The thermodynamic properties of DBT on carbon nanomaterial were determined by 

investigating the different adsorption isotherms at 30,35,40,45 and for 55 °C. In each case, 

0.02 g of adsorbent was taken for every 10 ml of MDF and the batch adsorption was done at 

250 rpm. The change in Gibbs free energy (∆G0) was evaluated by given equation, 

 ∆G0 = −RT ln Kd                        (3.10) 

where R is Gas constant, Kd is distribution coefficient (Concentration of DBT adsorbed 

amount/concentration of DBT remained at the solution), and T is temperature in K. The (∆H0) 

and (∆S0) were calculated according to Van’t Hoff equation: 

 

lnKd = (
∆S0

R
) − (

∆H0

RT
) 

                      (3.11) 

 Data analysis  

The data obtained from isotherm fitting was evaluated by error function with optimization. R2, 

the residual root mean square error (RMSE),χ2 were employed to check the fitness of models.  

                                        𝐹 = 1 −
6

𝜋2 exp(−𝐵𝑡)                                       (3.9) 

 

  R2 =
1 − ∑ (qe,n − qm,n)

2n
n=1

∑ (qe,n − qe,n̅̅ ̅̅ ̅)
2n

n=1

 

                  (3.12) 

 

RMSE = √
1

n − 1
∑ (qe,n−qm,n)

2
n

n=1

 

                  (3.13) 
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where qe is sulfur adsorbed by an adsorbent at equilibrium calculated by experiments and ‘qm’ 

is the predicted values from the isotherm models, n denotes the number of observations. The 

conclusion is based on the values of linear and nonlinear coefficients. Higher values of R2 and 

lower values of RMSE and χ2 usually indicate the best fitting with experimental data. The 

average relative error (ARE) and normalized standard deviation (NSD) were considered to 

probe the best fit to kinetic models. In general, the better model fitting exhibit lower values of 

NSD and ARE.  

where qt, e, and qt, m are experimental and model predicted the amount of DBT adsorbed on M-

CNT and M-CNF. ‘N’ = the number of observations and ‘t’ = time at which experiments are 

performed. 

  Results and Discussion    

  Physical properties of adsorbents 

The isotherms for adsorption/desorption of nitrogen on M-CNT and M-CNF at 77 K are Figure 

3.1. The BJH results of M-CNF and M-CNT are shown in Figure 3.2 (a) M-CNF (b) M-CNT 

and one can expect from these figures that M-CNT and M-CNF have relatively more 

 

    χ2 = ∑
(qe,n − qm,n)

2

qe,n

n

n=1

 
             (3.14) 

 

   NSD = 100 × √
1

N − 1
∑ [

qt,e − qt,m

qt,e
]

N

i=1
i

2

 

                 (3.15) 

 

ARE =  
100

N
∑ [

qt,e − qt,m

qt,e
]

N

i=1 i

 

 

                  (3.16) 
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mesopores. The surface area, average pore size and mesopore volume values of M-CNT are 

171.450 m2/g, 20.380 nm and 1.892 cm3/g respectively and for M-CNF the values are 55.620 

m2/g, 6.610 nm and 0.059 cm3/g  respectively as given in Table 3.1. It can be observed that 

the sample M-CNT has the relatively larger surface area, possess large pore size and large pore 

volume as compared to that of M-CNF. The surface and morphology of the MWCNTs & 

MWCNFs was examined by the field emission Transmission electron microscopy (FETEM) 

and the same results have been given in elsewhere [12, 13]. 

Table 3.1 Physical properties of adsorbents. 

 

              

 Adsorption of DBT on M-CNT and M-CNF 

The DBT removal was increased with increasing time from 10 to 60 min. There were no 

significant changes observed after 60 min as shown in Figure 3.3. Therefore one can observe 

that equilibrium was attained between adsorbate and adsorbent at around 60 min (the optimized 

time). As usual, the adsorption capacity increases with increasing amount of  

Adsorbents Surface Area 

(m2/g) 

Pore Size 

(nm) 

Total pore volume 

(cm3/g) 

M-CNT 171 20.3 1.89 

M-CNF 55   6.6 0.05 
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adsorbent from 0.025 to 0.25 g [129]. The maximum DBT adsorption by M-CNT and M-CNF 

were 43% and 35 % and adsorptive capacity were approximately 25 mg/g and 20 mg/g  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Nitrogen adsorption-desorption isotherm for (a) M-CNF and (b) M-CNT at 77 
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Figure 3.2 BJH Adsorption dv/dD pore volume curve 

 

respectively, for an adsorption condition of 0.25 g of adsorbent, 250 mg/l of DBT in MDF, 30 

oC, 60 min and 250 rpm. The sample M-CNT showed relatively higher adsorptive capacity due 

to its high surface area as compared to that of M-CNF. The DBT removal capacity of M-

CNT/M-CNF was also compared with recently published results. Fallah et al. examined 

Activated Charcoal Cloths (ACCs) for desulfurization of sulfur compounds and observed 

adsorptive capacities for ACC and ACC-HNO3 were approximately 20 mg/g and 50 mg/g for 

DBT removal [130].Similarly, Ag/AC-(Ultrasonic-assisted Impregnation) UI, Cu/AC-UI, and 

Fe/ACUI were involved for DBT removal and the adsorptive capacity were found 

approximately 25 mg/g, 23 mg/g and 10 mg/g respectively [131]. Activated Carbons Derived 
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nanocomposite, Activated carbon fiber thermally treated, Activated carbon fiber thermally 

treated and modified with copper cation, NaY /CNT and activated carbon fiber were 

incorporated for DBT removal and the adsorptive capacity was found 41.5,11.4, 14.0, 19.0, 

6.7,100 mg/g respectively [132–135]. 

The adsorption equilibrium experimental data of DBT on M-CNT and DBT on M-CNF at 30 

oC are shown in Figure 3.4. The experimental results of DBT adsorption on M-CNT at 30 oC 

were correlated well by the Sips isotherm model as shown in Figure 3.4. The values of R2, χ2 

and RMSE were calculated and analyzed to check the best fit of experimental data to the 

isotherm[136]given in Table 3.2. In case of adsorption equilibrium data of DBT on M-CNF, 

the Sips equation correlates the results. 

 

Figure 3.3 Effect of time on sulfur removal 
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                      (b) 

Figure 3.4 Adsorption isotherms of DBT on (a) M-CNT and (b) M-CNF at 30 oC. 
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Table 3.2 The adsorption isotherm parameters. 

 

 

 

 

 

 

 

 Kinetics and thermodynamic Studies  

The kinetics involved in DBT removal by M-CNF and M-CNT was calculated and presented, 

as shown in Figure 3.5.The calculated kinetic parameters are listed in Table 3.3(a) and (b). 

The higher regression coefficient (R2), smaller the values of nonlinear error functions: average 

relative error (ARE) and normalized standard deviation(NSD) and lesser deviation in qe values 

are the deciding factors to conclude the controlling kinetic behavior of the system. It was 

observed that the kinetic study of DBT removal by M-CNF follows pseudo first-order kinetics 

whereas DBT removal by M-CNT follows pseudo-second order kinetic model. Hence, DBT 

removal by M-CNT was relatively faster as compared to that of M-CNF. 

The intraparticle diffusion coefficient Kid was calculated from the slope and the value of 

boundary resistance C was calculated from the intercept of the linear plot qt versus t0.5, Figure 

3.6 (a). If the intercept is large then the benefaction of the surface adsorption will be the rate 

limiting step. Also, the intraparticle diffusion contribute more as a rate controlling step if the  

Isotherms Parameters 

M-CNF M-CNT 

Freundlich  Kf=  5.650E-20(mg/g) 

nf= 0.112 

R2= 0.918 

χ2=2.287 

RMSE=0.667 

Kf=1.520E-11(mg/g) 

nf= 0.187 

R2=0.980 

χ2=0.123 

RMSE=0.144 

Sips  qm= 70.380 (mg/g) 

bs=4.230E-25(L/mg) 

ns=0.096 

R2=0.942 

χ2=3.004 

RMSE=0.903 

qm= 80.390 (mg/g) 

bs= 6.570E-16(L/mg) 

ns= 0.154 

R2=0.996 

χ2=0.072 

RMSE=0.055 
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Figure 3.5 Kinetics for M-CNF and M-CNT (a) pseudo first order (b) pseudo second 

order kinetics 
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liner plot exhibit no intercept in general. Besides if the data exhibit multilinear plots and show 

more than one stages, then two or more steps controls the overall adsorption process. 

Table 3.3 (a) Parameters for the kinetics of pseudo 1st order models for the adsorption of 

DBT on M-CNT and M-CNF  

Adsorbent k1 (1/min) Qe (mg/g) R2 NSD ARE 

Calculated Experimental 

M-CNF 0.025 23.125 28.337 0.994 0.175 

 

1.678 

 

M-CNT 0.053 0.267 26.711 0.974 0.080 

 

1.022 

 

 

Table 3.3 (b) Parameters for the kinetics of pseudo 2nd order models for the adsorption of  

DBT on M-CNT and M-CNF. 

 

 

It is evident from the Figure 3.6 (a) that M-CNT and M-CNF plots are non-linear for the entire 

range deducing that multiple steps influences the adsorption process. Furthermore, the linear 

plots possess an intercept and therefore intraparticle diffusion is not the sole limiting 

mechanism. The roles of both intraparticle diffusion and surface diffusion were clearly 

identified from the first and second stages of plot, respectively. Therefore the adsorption 

follows complex dual mechanism that is surface diffusion and intraparticle transport 

simultaneously within the pores of M-CNT and M-CNF [137].  

Adsorbent  k2 

(g/mg min) 

Qe (mg/g) R2 NSD ARE 

Calculated Experimental 

M-CNF 0.001 39.370 28.337 0.960 45.788 60.939 

M-CNT 0.093 31.250 26.711 0.996 0.072 

 

0.416 
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Figure 3.6 Intraparticle diffusion of DBT by (a) Weber and Morris Model (b) Boyd kinetic 

model for DBT adsorption. 

0

5

10

15

20

25

30

35

0 5 10

q
t 
(m

g
 g

-1
)

t0.5  (min0.5)

M-CNT

M-CNF

y = 0.0722x - 0.6111

R² = 0.9473

y = 0.0644x - 0.6385

R² = 0.9631

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 20 40 60 80

B
t

t

M-CNT

M-CNF



40 

   

To predict the slowest step between the surface and intraparticle diffusion, the kinetic data was 

further examined by employing Boyd kinetic expression as given by equation 3.8. The R2 

values of Bt versus time (t) given in Figure 3.6 (b), for both M-CNT and M-CNF confirms the 

linearity of the plot. Thus DBT adsorption for both M-CNT and M-CNF surface diffusion is 

the rate limiting step [138]. The values of intercept are given in Table 3.4 depicts that the 

boundary layer thickness of M-CNT is greater than M-CNF, thus M-CNT possesses more 

surface diffusion controlling as compared to that of M-CNF.  

Table 3.4 Intraparticle diffusion parameters for adsorption of DBT on M-CNT and M-CNF 

by Weber and Morris model 

 

The thermodynamic behavior studies were done only for DBT and M-CNT, as the adsorption 

capacity and kinetic of M-CNT is much better than M-CNF. It was noticed that the sulfur 

removal decreases with increasing temperature as shown Figure 3.7(a). The reduction in 

adsorption with increasing temperature shows the physisorption phenomena of DBT of M-

CNT. Using equation 3.10, the value of ∆G° was calculated for which the temperature was 

varied from 30 to 50°C. ∆H° and ∆S° were obtained from the intercept and slope of linear Van’t 

Hoff plot as shown in Figure 3.7(b).The calculated values for the thermodynamic behavior of 

the system are listed in Table 3.5.  ∆G° confirmed the extemporaneous nature of system [139]. 

The value of (∆H°) specifies that the adsorption is exothermic in nature. A negative value of 

∆S° signifies that the adsorbed DBT molecule possess less degree of  

Adsorbent kid 

(mg/g min0.5) 

C 

(mg/g) 

R2 

M-CNF 2.561 8.181 0.999 

M-CNT 3.208 1.643 0.999 
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freedom on M-CNT. Hence the system of DBT on M-CNT shows non-random adsorption 

behavior [140]. 

 

 

Figure 3.7 (a) Effect of temperature on DBT adsorption on M-CNT (b) Modelling for 

thermodynamic behavior of DBT on M-CNT using Van’t Hoff equation 
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Table 3.5 Thermodynamic parameters for the adsorption of DBT on M-CNT  

  

  Design of batch sorption from isotherm data  

The design of single stage batch adsorption system can be predicted by using adsorption 

isotherm [141–143]. A schematic diagram is shown in Figure 3.8. The design objective is to 

reduce the dye solution of volume V (L) from an initial concentration of C0 to C1 (mg/L). The 

amount of adsorbent is M and the solute loading changes from q0 (mg/g) to q1 (mg/g). At time 

t = 0, q0 = 0 and as time proceeds the mass balance equates the DBT removed from the MDF 

to that picked up by the solid. The mass balance equation for the sorption system in Figure 3.8 

(a) can be 

                                             V (C0-C1) = M (q0-q1) = Mq1                                                (3.17) 

Under equilibrium Conditions C1       Ce    q1       qe 

Since the sorption isotherm studies confirm that the equilibrium data for DBT onto M-CNT 

well in a Sips isotherm, a Sips isotherm equation can be used for q1 in equation batch adsorber 

design. 

𝑀

𝑉
=

(𝐶0 − 𝐶𝑒)

𝑞1
=

(𝐶0 − 𝐶𝑒)

𝑞𝑒
=

𝐶0 − 𝐶𝑒

𝑞𝑚 𝑏 𝐶𝑒
1/𝑛𝑠

1 + 𝑏 𝐶𝑒
1/𝑛𝑠

 
                                                              

(3.18) 

 Figure 3.8(b) shows the plot between the predicted amount of M-CNT required to remove 

from MDF of initial concentrations 250 mg/L for 90, 80, 70, and 60% DBT removal at  

T(˚C) Kd ∆G⁰(Kcal/mol) ∆H⁰(Kcal/mol) ∆S⁰ (Kcal/(mol.K)) 

35 1.144 -82.289  

 

-0.681 

 

 

-1.935 
40 1.126 -73.745 

45 1.116 -69.267 

50 1.092 -56.331 

55 1.067 -42.319 
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Figure 3.8(a) Single-stage batch-adsorber design (b) Adsorbent mass (M) against 

volume of solution treated (L). 
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different solution volumes (1, 2, 3, 4, 5, 6, 7 L). For a single-stage batch sorption system, the 

design procedure is outlined. For example, the amount of M-CNT required for the 90% 

removal of DBT from MDF of concentration 250 mg/L was 120.96, 241.93, 362.90, and 

483.87 mg for MDF volumes of 1, 2, 3, and 4 L, respectively. 

 Conclusion 

The study of DBT removal by M-CNT and M-CNF showed that M-CNT exhibits better 

performance as compared to M-CNF mainly because of the promising physical properties of 

M-CNT. The experimental results of DBT adsorption on M-CNT as well as on M-CNF were 

fitted well by the Sips isotherm. DBT on M-CNF as well as M-CNT followed the pseudo-first 

order of kinetic and pseudo second-order kinetics, respectively. In addition, the adsorption 

system proposed here fits well with the multi-stage diffusion model. The intra-particle 

diffusion and surface diffusion both control the DBT adsorption on M-CNT and M-CNF.The 

thermodynamic studies of DBT on M-CNT showed that the adsorption process possess 

exothermic behaviour and having less randomness at the interface. 
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4 Chapter 4 

Adsorptive Desulfurization Using Mongolian 

Anthracite Based Activated Carbon 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The content of this chapter has been published in 

Divyam Jha, Mohd Belal Haider, Rakesh Kumar, Narandalai Byamba-Ochir, Wang Geun 

Shim, Balathanigaimani Marriyappan Sivagnanam, and Hee Moon, “Enhanced Adsorptive 

Desulfurization Using Mongolian Anthracite-Based Activated Carbon”, ACS Omega, 2019, 4, 

20844−20853. https://doi.org/10.1021/acsomega.9b03432. 
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 Introduction 

 

Adsorptive desulfurization (ADS) has gained more attention, because adsorption process is 

simple to operate and can be done at ambient conditions. ADS has been  utilized by various 

researchers for the removal of sulfur from liquid fuels using different types of 

adsorbents[1,110,144–148].The challenge for ADS process is to develop adsorbent with high 

adsorptive capacity. In addition, adsorbents employed must possess thio-selectivity for the 

adsorption of refractory sulfur compounds that are difficult to remove from the HDS process. 

In the past, several activated carbons produced from coal and biomass were 

used[39,110,121,149]. 

Activated carbons (ACs) are the most celebrated adsorbent for their application in separation 

and purification technologies and due to their large surface area and porous structure[150,151].  

ACs have also become very popular for ADS due to their microstructure[39,152,153]. The 

adsorption performance of ACs depends upon the adsorbents surface properties. In general, 

surface area, pore volume and pore width plays important role in the 

desulfurization[23,150,154]. However, the surface properties do not always have linear 

relation with the desulfurization capabilities [155][156] and therefore to further enhance the 

adsorptive capabilities of adsorbents researchers have impregnated ACs with metal 

halide[150,152,157]. In addition, it has been stated that the ADS performance of AC greatly 

depends on the precursor materials used and preparation methods[158]. 

The Mongolian raw anthracite (MRA), which is highly rich in carbon content, has also been 

used to make adsorbents for gas and energy storage applications. The few qualities of MRA 

are: less ash content, exclusion of carbonization step, high bulk density, and strong physical 

strength[159,160]. In the present study, novel Mongolian anthracite based porous activated 
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carbons (PMACs) have been used to remove sulfur from model diesel fuel (DBT dissolved in 

n-heptane). It may be noted here that the ADS using PMACs has not been reported yet 

according to the best of our knowledge. The adsorption results of DBT on PMAC 1/3 as well 

as PMAC 1/4 are presented in this report. The Langmuir, Sips and Dual Site Langmuir 

isotherm models have been used to study the equilibrium sorption behavior of the adsorbents. 

The kinetic models, such as pseudo-first-order, pseudo-second-order, and diffusion models 

have been employed to study the adsorption kinetics of DBT on PMACs Further the 

thermodynamics of adsorption system has been investigated to determine the values of  ΔG°, 

ΔH° and ΔS°. At last, a batch adsorption process design has also been proposed based on the 

results obtained from this study.  

  Experimental 

  Materials  

Activated carbons (ACs) were prepared from Mongolian anthracite by keeping the mass ratio 

of activation agent to carbon precursor at 3:1 to 4:1. The activation agent, potassium hydroxide 

(KOH), was introduced by simple physical mixing and impregnation, prior to activation. This 

method involved mixing fine raw anthracite particles physically with powdered KOH that is 

denoted as PMAC. The mixture of anthracite and KOH was preheated up to 400°C at a heating 

rate of 5 °C min-1 and kept at this temperature for 2 h to remove volatile compounds. Then, the 

temperature was increased directly to 750 °C at a heating rate of 5 °C min-1 and kept at 750 °C 

for 2 h to activate the anthracite powder. After activation, the prepared activated carbons were 

rinsed with distilled and deionized water until the runoff pH became close to 7. They were then 

dried at 110 °C under vacuum for 24 h. The samples are named as PMAC 1/3, and PMAC 1/4 

according to the mass ratio of the agent to anthracite used for activation [160]. The textural 
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properties of the prepared PMACs are as follows: Specific surface area (PMAC 1/3: 2038 m2/g 

and PMAC 1/4: 2784 m2/g), average pore volume (PMAC 1/3: 1.31 cm3/g and PMAC 1/4: 

2.27 cm3/g) and average pore diameter (PMAC 1/3: 2.00 nm and PMAC 1/4: 2.20 nm) [160].   

The adsorbents were dried in a hot air oven at 110°C for 12 h before every adsorption studies. 

Beside these activated carbons, the chemicals used in this study namely DBT of Purity >98 %, 

n-heptane of Purity >99 % and were purchased from Sigma Aldrich Pvt ltd., India.  

 Preparation of Model Diesel Fuel (MDF) 

A model diesel fuel (MDF) was prepared by adding 0.1982 gram of DBT as purchased without 

any further purification into 500 mL of n-heptane. The concentration of DBT is selected such 

that the total sulfur concentration should be 500 ppm by weight. Since n-heptane has volatile 

nature therefore to avoid change in sulfur concentration the prepared MDF was stored in amber 

vials. 

 Adsorption Equilibrium 

The studies for adsorption of DBT on PMACs were done at 30 °C and 250 rpm. The 20 mL of 

the solution was taken in an Erlenmeyer flask with 0.025-0.40 g of adsorbents for each 

adsorption run. The adsorption experiments were conducted in an incubator Shaker. The 

mixture of MDF and the adsorbent was agitated for 1hr. The adsorbent was later filtered out 

using a Whatman paper. The concentration of DBT in the desulfurized samples was analyzed 

by Gas Chromatograph equipped with flame ionization detector (Perkin Elmer Claurs 580, 

GC-FID). GC is equipped with Elite-1 (length 50 m and inner diameter 200 µm) as well.   

The quantity adsorbed qe (mg-S/g-A) was calculated by the following equation (4.1), 

                           qe = (C0 − Ce) ×
V

W
                        (4.1) 
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where qe is sulfur adsorbed by adsorbent (mg-S/g-A), C0 is initial concentration of sulfur (mg-

S/L-MDF), Ce is the equilibrium concentration of sulfur after the removal of sulfur by 

adsorption in (mg-S/ L -MDF), and V is volume of MDF (L) and W is mass (g) of adsorbent. 

The percentage of sulfur removal can be calculated using the equation given below, 

                      % Sulfur Removal= 
(C0−Ce)

C0
×100               (4.2) 

Where C0 is initial concentration of sulfur (mg-S/L-MDF), Ce is the equilibrium concentration 

of sulfur after the removal of sulfur by adsorption in (mg-S/ L -MDF). 

 Data analysis  

The data analysis, which requires an error function to evaluate the fit of the coefficient of 

determination (R2), nonlinear error functions, the residual root mean square error (RMSE) and 

chi-square test (χ2) was demonstrated to check fitness of models. The empirical equations used 

for this study are as follows: 

 

 

  R2 =
1 − ∑ (qe,n − qm,n)

2n
n=1

∑ (qe,n − qe,n̅̅ ̅̅ ̅)
2n

n=1

 

                           (4.3) 

 

RMSE = √
1

n − 1
∑ (qe,n−qm,n)

2
n

n=1

 

                             (4.4) 

 

    χ2 = ∑
(qe,n − qm,n)

2

qe,n

n

n=1

 
                        (4.5) 
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Where qe is quantity of sulfur adsorbed by adsorbent at equilibrium obtained by experiments 

and qm is the predicted values obtained from the isotherm models, n is the number of 

observations. The values of linear and nonlinear coefficients decides the results for the data 

analysis. Lower values of RMSE and χ2 and higher the values of R2 generally show the good 

fitting with experimental data. The normalized standard deviation (NSD) and average relative 

error (ARE) were considered to probe the fitness of for kinetic models. In general, the lower 

the values of NSD and ARE indicate better model fitting. The equations for the calculation of 

NSD and ARE are given as follows: 

Where qt, e and qt, m are experimental and model predicted amount of adsorbed DBT on 

PMACs. ‘N’ = the number of observations and‘t’ = time at which experiments are performed. 

 Results & discussion 

 Effect of Adsorbent Dosage 

The removal capacity of sulfur was studied for different doses of adsorbents using MDF 

containing 500 ppm of total sulfur content. The dosage was taken in the range of 0.025-0.4 g 

of adsorbent for 20 ml of MDF as shown in the Figure 4.1. The removal of DBT was rigorously 

increased with an increase in the adsorbent dose from 0.025-0.25 g. Thereafter the removal 

efficiency has become constant for adsorbent dose greater than 0.25 g for PMAC 1/3 & PMAC 

1/4. The relative successive S-removal is small compared to removal with initial adsorbent 

dosage. This may be attributed to equilibrium attainment between adsorbate and adsorbent at 

 

  NSD = 100 × √
1

N − 1
∑ [

qt,e − qt,m

qt,e
]

N

i=1
i

2

 

                     (4.6) 

 

ARE =  
100

N
∑ [

qt,e − qt,m

qt,e
]

N

i=1 i

 
                    (4.7) 
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operating conditions[161]. This effect is termed as solid concentration effect or overcrowding 

of particles[162]. The increase in the adsorption dosage can be attributed to the availability of 

greater surface area and more adsorption sites.  

 Equilibrium Isothermal Adsorption  

In this study the adsorption isothermal analysis was conducted using MDF with initial sulfur 

concentration 500 ppm and adsorbent dosage (2.5-40 g/l) with a contact time 1 h at 30 °C. 

Figure 4.2 shows the relationship of equilibrium amount of DBT adsorb on the surface of  

 

Figure 4.1 Effect of Adsorbent weight on sulfur removal at 303.15 K. 

PMAC 1/3 & PMAC 1/4   against the equilibrium concentration of DBT. As shown in the 

Figure 4.2, qe increases with Ce and reach to saturation which is the maximum adsorption 

capacity for PMAC 1/3 (~2.489 kmol/kg) & PMAC 1/4 to (~ 2.183 kmol/kg). 

0

20

40

60

80

100

120

0 0.1 0.2 0.3 0.4 0.5

%
 S

u
lf

u
r 

R
em

o
v
a
l

Weight of adsorbent(g)

PMAC 1/3

PMAC 1/4



52 

   

The observation of heterogeneity and homogeneity of the solid surface, calculation of 

adsorption energy, interaction between fluid compound and solid phase adsorbent and the type 

of coverage   were observed by the plot between equilibrium concentration Ce (kmol/m3) and 

equilibrium sulfur adsorbed qe (kmol /kg). The available greater surface area and more 

adsorption sites can be the reason for increasing adsorption with increasing amount of 

adsorbent from 0.025-0.4 g[129] .The maximum DBT adsorption by PMAC 1/3 and PMAC 

1/4 were 99.7% and 95.7 %, respectively, as shown in Figure 4.1, for 0.4 g of adsorbent, 500 

mg/L of DBT in MDF at 30 °C , 1 hr and 250 rpm. The sample PMAC 1/3 showed relatively  
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  (a) 

 

                 (b) 

 

 

 

 

Figure 4.2. Adsorption isotherms of DBT on (a)   PMAC 1/3 and (b)   PMAC 1/4 at 303.15 K. 
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higher adsorptive capacity though PMAC 1/3 having lesser surface area as compare to PMAC 

1/4.The probable reason of higher removal using PMAC 1/3 could be its higher micropore 

volume fraction (66.4 %) available as compare to PMAC 1/4 (42.2 %). The DBT molecule 

size (0.8 nm)[163] is more closer to the pore diameter of the PMAC 1/3 (2.0 nm)[160] than 

PMAC 1/4 (2.2 nm) which allows PMAC 1/3 to preferentially adsorb more DBT 

molecule.[162,164,165] Table 4.1 shows the adsorptive desulfurization capabilities of 

different adsorbents synthesized. It can be observed that the adsorptive capacity of PMACs 

synthesized in this work have potential to adsorb DBT molecule significantly.  

 Aspen Adsorption Isotherm Modelling 

The critical properties of n-heptane and DBT were evaluated by the Peng-Rob equation of state 

thermodynamic model. Peng-Robinson equation[166] of state (PR-EOS) is given by  

𝑃 =
𝑅𝑇

𝑣 − 𝑏
−

𝑎

𝑣(𝑣 + 𝑏) + 𝑏(𝑣 − 𝑏)
 

             (4.8) 

Where a and b are the binary interaction parameters and are the functions of critical properties 

𝑎 =
0.45724(𝑅𝑇𝐶)2

𝑃𝐶

[1 + 𝑚(1 − 𝑇𝑟
0.5)]2 

             (4.9) 

𝑏 = 0.0778
𝑅𝑇𝐶

𝑃𝐶
 

            (4.10) 

𝑚 = 0.37464 + 1.5422𝜔 − 0.2699𝜔2          (4.11) 

 

 Langmuir 

 In its formulation, Langmuir presumes monolayer adsorption that can only takes place at a 

finite number of definite localized, identical and equivalent sites, with no steric hindrance  
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Table 4.1. DBT adsorption capacities of different adsorbents at room temperature. 

Adsorbent Surface 

area(m2/g)  

Adsorption 

Time(min) 

Adsorption 

capacity(mg/g) 

Initial sulfur 

content(ppm) 

Ref. 

Microwave 

synthesized carbon 

nanotubes 

171.0 60 21.50 250  [167] 

ACTD 493.0 90 8.60 150 [168] 

ACWS 1570.0 30 47.10 220 [169] 

ACFH-Cu+2
 1090.0 480 19.00 330 [134] 

Mesoporous carbon-

silica nano-composite 

via copper 

modification 

276.0 2880 13.95 960 [170] 

Carbon aerogels 741.0 96 15.10 250 [171] 

Activated carbon/γ-

Fe2O3 nanocomposite 

363.0 40 38.00 -- [172] 

Magnetic mesoporous 

carbon 

705.0 60 62.00 1000 [173] 

PMAC 1/3 2038.0 60 84.67 500 This 

Chapter 

PMAC 1/4 2784.0 60 74.97 500 This 

Chapter 
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between the adsorbed molecules and lateral interaction  even on adjacent sites [119,174]. The 

Langmuir isotherm is represented by the following equation, 

 
qe =

qmKaCe

1 + KaCe
 

                                           (4.12) 

Where qe is sulfur adsorbed by adsorbent at equilibrium (mol-S/kg-A), qm signifies the 

maximum sulfur adsorbed (mol/kg) at saturation, Ce is the equilibrium concentration of sulfur 

after the removal of sulfur by adsorption in (mol-S/L-M) and Ka is energy of adsorption. 

 Dual Site Langmuir 

 Adsorption of component on a heterogeneous adsorbent composed of two homogeneous but 

energetically different patches can be describe by single-gas Dual Site Langmuir model. If free 

energy of adsorbate-adsorbent on each patch is constant, the amount adsorbed n for component 

is given [175] 

Where n1
S

 and n2
S

 are the saturation capacities on site 1 and 2 respectively, b1 and b2 are the 

affinity parameter on site 1 and 2 respectively .C is the solute concentration. The assumptions 

for the Langmuir model can be applied to each patch, and the saturation capacity for each 

component on each site is allowed to be different but the two patches do not interact with each 

other.[176]  

The free energy or affinity parameter for two different sites is given as 

𝑏𝑗 = 𝑏𝑖0 𝑒𝑥𝑝
𝐸𝑖

𝑅𝑇
 

       (4.14) 

Where the subscript i represents the free-energy level of site 1 or 2, bi0 is the pre-exponential 

factor of component on site i and Ei is the adsorption energy of component on site i. The higher 

𝑛 = (
𝑛1

𝑠𝑏1𝐶

1 + 𝑏1𝐶
)

𝑠𝑖𝑡𝑒 1

+ (
𝑛2

𝑠𝑏2𝐶

1 + 𝑏2𝐶
)

𝑠𝑖𝑡𝑒 2

 
          (4.13)                                            
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and lower adsorbate-adsorbent free energy is donated by, i = 1 and i = 2 respectively, the free 

energy of site 1 is always higher than that of site 2 for single-gas adsorption. 

 Sips 

The limiting behavior of the Langmuir and Freundlich isotherms is best described by sips 

isotherm[153]. The Sips nonlinear equation model is expressed as 

where qm, b and ns are the Sips characteristics parameters, b is in (l/kmol)1/ns, and ns is Sips 

constant. The constant ns is the heterogeneity factor (heterogeneous >1 and homogenous < 

1)[120]. 

The Langmuir, Sips and Dual Site Langmuir isotherms were used to analyse the adsorption 

equilibrium behavior of the adsorbate and adsorbent using Aspen Adsorption 8.4.  

The adsorption equilibrium experimental data of DBT on PMAC 1/3 and PMAC 1/4   at 30 oC 

are shown in Figure 4.2. The fitness of isotherm models with the experimental data was 

analyzed using calculated values of χ2 and RMSE[152], which are given in Table 4.2. The data 

obtained from error analysis confirm the best fit of Sips for PMAC1/3 and Dual site Langmuir 

for PMAC1/4   respectively. 

 Effect of Contact Time  

The size of the adsorbent, the diffusion coefficient of the adsorbate and the degree of mixing 

decides the quantity and rate at which adsorbate adsorbs on the surface of adsorbent 

[177].MDF with DBT concentration 500 ppm were kept in contact with PMAC 1/3 and  

 

 

qe =
qm b Ce

1
ns⁄

1 + b Ce

1
ns

⁄
 

                     

                          (4.15) 



58 

   

Table 4.2. The adsorption isotherm parameters. 

Isotherms Aspen Adsorption Parameters 

PMAC 1/3    PMAC 1/4    

Langmuir  qm=2.701 

Ka=1890.620 

R2=0.976 

𝜒2=2.124 

RMSE=0.027 

qm=2.936 

Ka=306.981 

R2=0.960 

𝜒2=0.052 

RMSE=0.003 

Dual Site Langmuir n1 =0.683 

b1 =2.520E-04 

n2 =2.215 

b2 =1.470E-03 

R2=0.968 

𝜒2=1.360 

RMSE=0.024 

n1 =3.109 

b1 =2.730E-03 

n2 =4.410E-01 

b2  =8.950E-02 

R2=0.990 

𝜒2=0.014 

RMSE=0.001 

Sips qm=4.629 

b=8.138 

ns=0.390 

R2=0.986 

𝜒2=0.101 

RMSE=0.007 

qm=6.300 

b=7.602 

ns=0.570 

R2=0.975 

𝜒2=0.028 

RMSE=0.002 

 

PMAC 1/4   for 2 g/l adsorbent amount at room temperature for 10-90 min. After 60 min a 

steady state approximation was achieved and a quasi-equilibrium situation was obtained for 

both the adsorbents as shown in the Figure 4.3.The adsorption rate was rapidly increased in 

the initial stage of experiments due to free sites available for adsorbates to adsorb on the 

surface. The initial fast adsorption depicts the large number of available active adsorption sites 

and it slows down at equilibrium due the few available sites and the mutual repulsive forces 

between the adsorbate present in the solution and at the surface of the adsorbent [178]. 

 Adsorption Kinetic Studies                            

The study of adsorption kinetics is vital for designing an adsorption process. In the initial stage 

of adsorption meso and macro pores gets saturated with DBT molecules. Thereafter the  
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                  Figure 4.3 Effect of Time of Sulfur Removal at 303.15 K. 

adsorption rate gets slow down when the DBT molecules traverse further deep into the 

microspores experiences larger resistance in the later stage [179]. Thus to get a better 

understanding of adsorption process, the experimental adsorption kinetic data were correlated 

with the pseudo-first order and the pseudo-second order models. 

 Pseudo First order kinetics 

The assumptions are non-dissociating behavior of DBT molecules on the surface of adsorbents 

and no DBT molecule present initially on the surface of adsorbents PMAC 1/3 and PMAC 1/4. 

The pseudo first order kinetic is given by[122,123], 

                                                       𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)      (4.16)                                                    
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where qe is sulfur adsorbed by adsorbent at equilibrium (mg-S/g-A),𝑞𝑡 is the experimental 

adsorption amount at time t and k1 (1/min) is the rate constant of pseudo-first order adsorption. 

 Pseudo Second order Kinetics  

.The pseudo second order kinetic is given by [124], 

 

q𝑡 =
(𝑘2𝑞𝑒

2. 𝑡)

1 + (𝑘2𝑞𝑒 . 𝑡)
 

             (4.17) 

 

The kinetics involved to remove DBT by PMAC 1/3 and PMAC 1/4 was investigated using 

linear plots of log (qe -qt) versus t and t/qt versus t for the pseudo first order kinetic model and 

for pseudo second order kinetic model, respectively as shown in Figure 4.4. The calculated 

values of kinetic parameters are given in Table 4.3. Lower values of ARE and NSD , higher  

values of R2 and less difference between calculated and experimental qe values generally show 

the good fitting with experimental data . These were the deciding factors to conclude the 

controlling kinetic behavior of the system. It was investigated that the kinetic study of DBT 

removal by PMAC 1/3   and PMAC 1/4 follows pseudo second order kinetics.  

 

Table 4.3. Kinetics parameters of pseudo 1st and 2nd order models for the adsorption of DBT on  

PMAC 1/3 and PMAC 1/4 at 303.15 K.  

 

Adsorbent k
1 

(1/min) 

k2 Qe (mg/g)  

R
2

 

 

NSD 

 

ARE 

 

R
2

 

 

NSD 

 

ARE 
(g/mg 

min) 

Calculated Exp Calculated Exp 

   1st order 2nd order 1st order 2nd order 

PMAC1/4 0.026 0.156 2.76 23.55 27.70 23.55 0.89 28.15 31.11 0.99 0.42 0.07 

PMAC1/3 0.017 0.103 3.07 25.69 26.45 25.69 0.84 19.77 18.03 0.99 0.08 1.12 
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 Diffusion mechanism 

The transportation of adsorbate from bulk solution to adsorbent surface may be controlled by 

one or more mechanism[126] i.e. film or external diffusion, pore diffusion, surface diffusion 

or a combination of two. The system controlled by film diffusion may have poor mixing, lower 

concentration of adsorbate, higher affinity of adsorbate for adsorbent and small adsorbent 

particle size similarly the intraparticle diffusion controls the system where the mixing is proper, 

high adsorbate concentration and lower affinity of adsorbate for adsorbent[125]. 

where𝐹 =
𝑞𝑡

𝑞𝑒
 is the fractional attainment of equilibrium, Bt is the mathematical function of F, 

qe is quantity of sulfur adsorbed by adsorbent at equilibrium (mg-S/g-A) and 𝑞𝑡 is the 

experimental adsorption amount at time t.  

Weber’s intraparticle diffusion model and the Boyd’s surface diffusion model were used to 

predict the diffusion mechanisms affecting the kinetics of adsorption [127].The mechanism 

controlled by intraparticle diffusion is given by 

Where Kid   is the intraparticle diffusion coefficient (mg/g (min) 0.5) and C depicts the thickness 

of the boundary layer (boundary resistance). The diffusion mechanism controlled by surface 

diffusion is given by Boyd’s kinetic expression [128]. 

 

𝐵𝑡 = −0.4977 − ln (1 − 𝐹)                         (4.18) 

𝐹 = 1 −
6

𝜋2
exp(−𝐵𝑡) 

                        (4.19) 

                                     𝑞𝑡 = 𝑘𝑖𝑑𝑡
1

2⁄ + 𝐶                                                                    (4.20) 
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(a) 

(b) 

Figure 4.4. Kinetics for PMAC1/4 and PMAC1/3 (a) pseudo first order (b) pseudo second order  

kinetics at 303.15 K 
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The slope and intercept of the linear plot qt versus t0.5 given in Figure 4.5(a) were calculated 

to obtain the intraparticle diffusion coefficient Kid and boundary resistance C respectively. Two 

or more steps control the overall adsorption if the data exhibit multilinear plots and show more 

than one stages. It is shown in the Figure 4.5 (a) that PMAC 1/3 and PMAC 1/4 plots are not 

linear for the overall range concludes that one or more processes are influencing the adsorption. 

Hence, the adsorption process follows complex mechanism, consisting of both surface and 

intraparticle diffusion within the pores of PMAC 1/3  and PMAC 1/4 [137].  

The initial and final linear portion indicates the boundary layer diffusion effect (surface 

adsorption)[136]intraparticle diffusion effect[177] respectively. The nearly parallel final 

portion of the plots suggests the comparability of rates of adsorption for DBT into the pores of 

PMACs at all temperatures. Further, to find the slowest step between surface and intraparticle 

diffusion, the Boyd kinetic expression as given by equation 4.20 was employed to further 

examine the kinetic data. The R2 values of Boyd’s plots given in Figure 4.5 (b), for both 

PMAC 1/3   and PMAC 1/4   confirms the linearity of the plot. Thus surface diffusion seems 

to be the rate controlling step in the adsorption for both PMAC 1/3 and PMAC 1/4. The values 

of intercept are given in Table 4.4 depicts that the boundary layer thickness of PMAC 1/4  is 

greater than PMAC 1/3, thus PMAC 1/4 possess more surface diffusion controlling as 

compared to that of PMAC 1/3. This conclusion is also well supported by the SEM images of 

PMAC 1/3 and PMAC 1/4, as shown in Figure 4.6, that PMAC 1/3 is more porous in nature 

and therefore it has lower surface diffusion resistance for DBT molecule to adsorb on the 

surface than PMAC 1/4. This result also explains the less pore diffusion controlling mechanism 

for PMAC 1/3. 
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Figure 4.5 Intraparticle diffusion of DBT by (a) Weber and Morris Model (b) Boyd kinetic 

model for DBT adsorption. 
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Figure 4.6 (a) DFT pore size distributions of PMACs, SEM images of (b) PMAC 1/3 and 

(c) PMAC 1/4 

  

Table 4.4. Intraparticle diffusion parameters for adsorption of DBT on PMAC 1/3 and 

PMAC 1/4 by Weber and Morris model at 303.15 K. 

 

 Thermodynamic Studies 

The effect of temperature was studied and the results are shown in Figure 4.7. It was found 

that with increasing temperature sulfur removal decreases as shown Figure 4.7 (a). The 

reduction in adsorption of DBT on PMACs with increasing temperature shows the 

physisorption phenomena. The ΔG° was calculated by using equation 4.21 whereas ΔH° and 

ΔS° were determined from the intercept and slope of linear Van’t Hoff plot between ln Kd and 

1/T shown in Figure 4.7(b), which depicts the thermodynamic behavior of adsorption process. 

The ∆G0 was evaluated by given equation, 

 

Adsorbent 
             k

id
(mg/g min

0.5

)            C(mg/g) 
R

2

 

PMAC1/4 2.948 3.183 0.949 

PMAC1/3 2.586 1.643 0.999 

5µm 5µm 

(a) (b) 
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Figure 4.7. (a)Effect of temperature on DBT adsorption on PMAC1/3 and PMAC1/4 (b) 

Modelling for thermodynamic behavior of DBT on PMAC1/3 and PMAC1/4 using Van’t 

Hoff equation. 
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 ∆G0 = −RT ln Kd                    (4.21) 

 

𝐾𝑑 =
Concentration of DBT adsorbed 

concentration of DBT remained in the solution
 

 

Where ∆G0is Change is Gibb’s free energy, Kd is distribution coefficient, R is Gas constant 

and T is temperature in K. The ∆H0and change in entropy∆S0 was calculated according to 

Van’t Hoff equation: 

 

lnKd = (
∆S0

R
) − (

∆H0

RT
) 

                 (4.22) 

Thermodynamic parameters of the system are shown in Table 4.5.  The negative value of ∆G° 

confirms spontaneity and feasibility of the system[175] .The calculated negative values of ∆H⁰ 

confirm the exothermic nature of the overall-adsorption process. Negative value of ∆S° 

indicates that decrease in degree of freedom of the adsorbed DBT molecule on 

PMACs[122,178,179]. 

Table 4.5. Thermodynamic parameters for the adsorption of DBT on PMAC1/3 and 

PMAC1/4. 

 

T 

(K) 

Kd    ∆G°(Kcal/mol) ∆H°(Kcal/mol) ∆S° (Kcal/(mol. K)) 
PMAC1/3 PMAC1/4 PMAC1/3 PMAC1/4 PMAC 1/3 PMAC1/4 PMAC1/3 PMAC1/4 

40 5.099 3.572 -4.244 -3.317  

   -14.890

 

  

 

-0.037 

 

  

 

   -24.760

 

  

 

-0.065   50 3.372 2.948 -3.267 -2.907 

60 2.825 2.354 -2.877 -2.372 

70 2.153 2.214 -2.189 -2.269 
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 Design of batch sorption from isotherm data 

 The design of single stage batch adsorption system can be predicted by using adsorption 

isotherm.[125], [141,174,180] A schematic diagram is shown in Figure 4.8 considering 

volume of MDF, V (L), the DBT concentration reduces from C0 to C1 (mg/L), the DBT  

loading changes from q0 to q1 (mg/g) and the amount of adsorbent is M (mg) was taken . At 

time t = 0, q0 = 0 and as time passes the mass balance equates the DBT removed from the MDF 

to that picked up by the solid. The mass balance equation for the system shown in Figure 

4.8(a) is 

                                             V (C0-C1) = M (q0-q1) = Mq1                                                (4.23) 

Under equilibrium Conditions C1       Ce    q1       qe 

Since the isotherm studies confirms that the equilibrium data for DBT onto PMAC 1/3   fits 

well to the Sips isotherm, the Sips isotherm equation can be used to modify the batch adsorber 

design equation as presented below, 

𝑀

𝑉
=

(𝐶0 − 𝐶𝑒)

𝑞1
=

(𝐶0 − 𝐶𝑒)

𝑞𝑒
=

𝐶0 − 𝐶𝑒

𝑞𝑚 𝑏 𝐶𝑒
1/𝑛𝑠

1 + 𝑏 𝐶𝑒
1/𝑛𝑠

 
                                                                              

(4.24) 

 

Figure 4.8(b) shows the plot between the predicted amount of PMAC 1/3  required to remove 

90, 80, 70, and 60% DBT from MDF of initial concentrations 500 mg/L at different solution 

volumes (1, 2, 3, 4, 5, 6, and 7 L). The design procedure is defined for a single-stage batch 

sorption system .For example, the amount of PMAC 1/3 required for the 90% removal of DBT 

from MDF of concentration 500 mg/L was 97.21, 194.43, 291.64, and 388.84 mg for MDF 

volumes of 1, 2, 3, and 4 L, respectively.  
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(a) 

 

Figure 4.8(a) Single-stage batch-adsorber design for PMAC 1/3 (b) Adsorbent mass (M) 

against volume of solution treated (L) at 303.15 K. 
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 Conclusion 

In this chapter, DBT adsorption capacity of Mongolian anthracite based porous activated 

carbons (PMACs) have been studied. The study shows that the desulfurization ability of 

PMAC 1/3 (84.56 mg/g) exhibits better performance compared to PMAC 1/4 (74.25 mg/g). 

The higher desulfurization capabilities of PMAC 1/3 has direct correspondence with the better 

micro-porosity. PMAC 1/3 follow Sips and PMAC 1/4 follow Dual Site Langmuir adsorption 

isotherms model.  The diffusion of DBT in PMACs follow complex diffusion model which 

means both intra-particle and surface diffusions. In addition, DBT adsorption on PMACs 

follow pseudo second order kinetics. The thermodynamic studies showed that DBT adsorption 

on PMACs was spontaneous and exothermic process having less randomness at the interface. 

These results suggests that the Mongolian based activated carbon have potential to use 

industrially for the adsorptive desulfurization process due to its high adsorptive capacities. 
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5 Chapter 5 

Batch and Continuous Adsorptive Desulfurization 

Using Graphene Nanoplatelets 

 

 

 

 

 

The content of this chapter has been published in 

Divyam Jha, Mohd Belal Haider, Rakesh Kumar, Wang Geun Shim, Balathanigaimani 

Marriyappan Sivagnanam, “Batch and Continuous Adsorptive Desulfurization of Model 

Diesel Fuels Using Graphene Nanoplatelets”. Journal of Chemical & Engineering Data, 

2020, 65, 4, 2120–2132 .https://dx.doi.org/10.1021/acs.jced.9b01204. 
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 Introduction 

The main challenge in adsorptive desulfurization is the choice of the adsorbents which should 

have high desulfurization capacities and should be thio-selective over olefinic and aromatic 

compounds at the same time. Several studies on adsorption desulfurization for liquid fuels have 

been performed with different materials such as zeolites [146,181–183],they have high 

mechanical and thermal stabilities, and are size-selective for the adsorptive desulfurization, 

activated carbon, activated aluminas, meso-silicas, silica–zirconia cogel, zeolites, ion 

exchange resins, Ti-HMSs, Ni-based adsorbents and NiMos, Mesoporous materials( MSU-S ) 

and cobalt,Iron & chromium(Fe2O3-MSU-S and CrO2-MSU-S), cerium, phosphotungstic acid 

(HPW) and nickel oxide-HPW (NiO-HPW)modified (MSU-S),Acid treated activated carbon. 

These aluminate silicate mesostructured adsorbent showed significant sulfur removal [184–

191]. 

Graphene is a new captivating adsorbent that has gained the researchers attention in the recent 

years. The carbon in graphene is sp2-bonded and a one atom- thick and have two-dimensional 

layer. Graphene also has remarkable properties, such as excellent electrical, thermal, 

mechanical, optical properties and have very high specific surface area. In addition, due to 

delocalized p-electron system which can form strong interaction with S-compounds graphene 

have shown potential to use as adsorbent for the desulfurization[192–195]. Graphene 

nanopleteles (GNP) has been used for water pollutant removal and hydrodesulfurization 

processes [196,197]. Adsorptive desulfurization over GNP has not been investigated as of now. 

In this chapter, we have investigated the adsorptive desulfurization using GNP as the adsorbent 

for the removal of Thiophene (T), 2-Methylthiophene (2-MT) and Dibenzothiophene (DBT) 

from model diesel fuels (MDFs). To understand the fundamental adsorption process adsorptive 
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desulfurization was conducted in batch as well as continuous mode. The adsorption capacity 

of GNP for single component MDFs and multicomponent MDF were studied in detail. The 

isotherm modelling was done for equilibrium studies. The kinetic and thermodynamic studies 

were conducted for single component MDFs and later it was compared with the 

multicomponent system. The process design for the single batch adsorber process has also been 

studied. Further, the study of adsorption of DBT, 2-MT & T was continued in a fixed bed 

column for continuous process to obtain breakthrough capacity of the adsorbent bed for 

different variables .In addition, The Adam –Bohart’s model was used for continuous studies. 

 Experimental 

Materials 

N-heptane (Purity>99 %), Thiophene (T), 2-Methylthiophene (2-MT) and Dibenzothiophene 

(DBT) were purchased as given in Table 5.1. Graphene nanoplatelets (GNP) were purchased 

from Sigma Aldrich. Adsorbents were kept in an oven and dried overnight before using them 

for the adsorption studies. The physical textural characteristics GNP was obtained using 

nitrogen adsorption/desorption (Micromeritics ASAP 2010) isotherm data measured at 77 K. 

The BET equation was considered for the calculation of specific surface area of the adsorbent. 

Furthermore, the pore size distribution of the adsorbent was obtained based on the DFT 

method.  
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  Table 5.1 List of Chemicals. 

 

Methods 

 Preparation of Model Diesel Fuels (MDF) 

Three single component (T, 2-MT and DBT) and a multicomponent model diesel fuels named 

as MDFs and MDFm were prepared. MDFsD, MDFsT, MDFsM contains n-heptane and DBT, T 

and 2-MT as a sulfur component respectively whereas MDFm consists n-heptane and T, 2- 

MT and DBT as sulfur compounds. The single component model diesel fuels (MDFs) with an 

initial concentration of 500 ppmw were prepared by separately mixing 0.1982 g of DBT, 

0.1370 g of 2 –MT and 0.1046 g of T with 100 mL of n-heptane in three different containers. 

The multicomponent model diesel fuels (MDFm) was prepared with a total concentration of 

1500 ppm by mixing each 500 ppmw of T, 2- MT & DBT in 100 ml of n-heptane to study the 

effects of flowrate and bed height on continuous adsorption. MDFm were also prepared by 

varying the initial concentrations of T, 2- MT & DBT from 200 to 600 ppmw to investigate 

the effect of initial concentrations of S compounds on continuous adsorption. Further due to 

volatile nature of n-heptane, MDFs and MDFm were stored in amber vials to avoid change in 

sulfur concentration as prepared. 

Chemical name Source Purity (%) CAS-number 

N-heptane Spectrochem >99 142-82-5 

Dibenzothiophene Spectrochem ≥98 132-65-0 

2-Methylthiophene Alfa Aesar ≥98 554-14-3 

Thiophene Alfa Aesar >98 110-02-1 
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 Batch adsorption experiments 

The adsorption studies of DBT, 2-MT and T on GNPs were conducted at 30 °C and 400 rpm 

to investigate the effect of dosage by varying the adsorbent amounts from 0.025-0.4 g.  A fixed 

volume of 20 mL MDFs was used for all these batch adsorption studies. All adsorption 

experiments were performed in an Incubator Shaker (BR Biochem) for 60 min, except for the 

kinetic studies. In case of kinetic studies, the experiments were carried out to the specified time 

and then the specific sample container itself was taken out for samples collection. This 

phenomena was chosen for not to disturb the fuel to adsorbent ratio in the middle of 

experiments.After each adsorption studies, the adsorbent was filtered out using a Whatman 

paper. 

The concentrations of T, 2-MT & DBT in the desulfurized samples were analyzed by Gas 

Chromatograph equipped with flame ionization detector (Perkin Elmer Claurs 580 GC-FID 

detector). GC is equipped with Elite-1 column having length of 50m and inner diameter of 200 

µm. Helium gas was used as carrier with constant 1 cm3/min of flow rate. Injector temperature 

was kept at 340 °C with sample injection volume of 1 µL. The oven temperature was varied 

from 50 °C to 350 °C increasing the heating rate of 3 °C / min. 

The amount of sulfur adsorbed qe (mg-S/g-A), is given by the equation (5.1), 

                           qe =
V

W
× (C0 − Ce)             (5.1) 

where Ce and C0  are the equilibrium and initial concentration of sulfur for W gram of adsorbent 

and V(l) volume of the MDF. The % sulfur removal is given by the equation, 

                      % Sulfur Removal= 
(C0−Ce)

C0
×100     (5.2) 
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 Continuous adsorption experiments 

In order to discover the adsorption capacity of GNP, dynamic adsorption experiments were 

carried out by flowing MDFm through a fixed bed adsorber of 1 cm diameter at 30 °C. To 

conduct the dynamic adsorption experiments a vertical custom made glass adsorber was used. 

A glass adsorption column loaded with 3 -10 g of GNP was used for this continuous study. 

The adsorbent sample was loaded with the support of glass wool. The bottom section of the 

column was connected with peristaltic pump and a feed tank. MDFm was fed from of the 

column in upward direction continuously at different flow rates (0.5-3.0 ml/min) as given in 

Figure 5.1. The MDFm passed through the adsorbent bed and the samples were collected at 

regular interval of 5 min till the bed was saturated. The sulfur present in MDF was analyzed 

using GC-FID after desulfurization. Further, the adsorption breakthrough curves were obtained 

by normalizing the plot of amount of sulfur adsorbed vs. cumulative time. Table 5.2 

summarizes the experimental conditions used for these experiments.  

Feed 

Storage 

Peristaltic 

Pump 

Glass Wool 

Graphene Nanoplatelets Bed 

Sample 

Figure 5.1 Schematic Experimental setup for the fixed-bed adsorption process 
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Table 5.2 Experimental conditions for fixed bed column experiments. 

 

 

 

 

 

 

 

 

 

 Results and discussions 

 Physical Properties of adsorbent  

The isotherms for adsorption/desorption of nitrogen on GNP at 77 K are given in Figure 

5.2(a).The DFT result of GNP is shown in Figure 5.2(b). The surface area, average pore size 

and total pore volume values of GNP are 635 m2/g, 3.34 nm and 0.24 cm3/g respectively. 

 Equilibrium studies and adsorption isotherm 

The adsorption of T, 2-MT and DBT on GNP was studied in batch mode. Adsorbent dosage 

effect on the desulfurization capacity was studied by mixing 500 mg/l sulfur solution at 30°C. 

The adsorbent dosage was varied from 0.025-0.4 g for 20 ml of MDF shown in Figure 5.3 and 

Table 5.3 to obtain the optimum condition equilibrium studies were conducted for removal of 

T, 2- MT and DBT over GNP. It can be observed that at equilibrium adsorption capacity 

reaches maximum after which there was no further change in the sulfur  

Adsorbent GNP 

Temperature Ambient 25 °C 

Pressure 1 atm 

Adsorbent dose   3–10 g 

MDFm flow rate 0.5–3.0 mL/min 

Inlet sulfur content 1500 ppmw 

Diameter of column 1 cm 

Height of bed 3–10 cm 
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                  (a) 

                    (b) 

Figure 5.2(a) Nitrogen adsorption-desorption isotherm for GNP at 77 K (b) DFT Pore size 

distribution curve. 
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Figure 5.3 Effect of adsorbent weight on sulfur removal 

(Temperature = 30°C, Initial Sulfur Concentration = 500 ppm, Time= 60 min) 

 

concentration. Langmuir equation was used to correlate the data obtained by experimental 

adsorption. The Langmuir isotherm equation is given below[119]  

 
qe =

qm𝐛Ce

1 + qm𝐛Ce
 

                                (5.3) 

Where qm and b signifies the maximum sulfur adsorbed (mg/g) at saturation and affinity of 

adsorption, respectively.  

Freundlich isotherm is applied for multilayer adsorption and for adsorbents with heterogeneous 

surfaces. It is given by the equation [120] 
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qe = KFCe

1
nf

⁄
 

                   (5.4) 

 

Table 5.3 Sulfur removal efficiency for different Adsorbent/MDF ratio 

 

nf and KF are the Freundlich constant and adsorption coefficient (mg/g) (L/mg) respectively. 

The higher the adsorbent heterogeneity larger will be the value of nf. 

With increasing time DBT, 2-MT & T removal was also increased till 60 minutes and then 

becomes constant. Therefore, the optimum time for desulfurization is 60 minutes.  In addition, 

with increasing adsorbent dosage from 0.025-0.4 g the adsorption capacity also increases[181]. 

The adsorption by GNP was observed to be 95.7%, 90.1 and 75 % for DBT, 2-MT& T and 

adsorptive capacity was 98 mg/g, 80 mg/g, and 58 mg/g, respectively. These results are 

comparable with the desulfurization efficiency previously reported [198–200]. Figure 5.4 

shows that the adsorption equilibrium data for DBT, 2-MT & T on GNP. As shown in the 

figure, the experimental results of DBT were correlated well with Langmuir isotherm. The 

Adsorbent/ 20 ml of 

MDF (wt-g) 

% Sulfur Removal 

 DBT 2-MT T 

0.025 55.64 45.65 35.01 

0.050 66.37 51.47 37.22 

0.075 72.41 55.29 40.21 

0.100 76.74 67.28 42.02 

0.125 85.00 71.18 49.20 

0.200 90.00 79.49 50.45 

0.250 94.50 81.46 64.89 

0.300 95.00 88.13 70.45 

0.400 95.72 90.28 71.93 
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goodness of fit of predicted and experimental data was analyzed using R2, χ2, and RMSE. The 

value so obtained is given in Table 5.4[136]. 

      Table 5.4 The adsorption isotherm parameters. 

Isotherms Adsorption Parameters 

DBT    2-MT    T 

Langmuir  qm=181.650 (mg/g) 

b=0.004(g/mg) 

R2=0.986 

𝜒2= 6.770  

RMSE= 5.790 

qm=268.500(mg/g) 

b =0.002(g/mg) 

R2=0.943 

𝜒2= 4.680  

RMSE= 5.278 

qm=360.10E-02(mg/g) 

b =4.79E-07 

R2=0.955 

𝜒2=3.760 

RMSE=2.690 

Freundlich KF=3.010 

nF = 1.61 

R2=0.948 

𝜒2= 8.270  

RMSE=7.520 

KF =0.151 

nF =0.835 

R2=0.989 

𝜒2=1.090 

RMSE=2.760 

KF =0.088 

nF =0.893 

R2=0.995 

𝜒2=1.670 

RMSE=0.965 

 

 Kinetic Studies 

The effect of contact time on the removal of T, 2-MT, and DBT adsorbed was investigated at 

a constant temperature of 30°C. It can be observed that adsorption increases with increasing 

contact time and also the maximum adsorption was obtained at 60 min as shown in Figure 5.5. 

On the further increasing time, there was no significant increase in the adsorption. This can be 

explained due to a large number of active sites are available for the adsorption of sulfur 

compounds initially, which decreases with time due to the adsorption of adsorbate on the active 

sites which leads to a reduction in the sulfur removal rate. Further, the initial stage of the 

adsorption of the molecules happens at the macropores and mesopores and followed by the  
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deeper penetration of molecules into the micro-pores of the adsorbent. Therefore, it is observed 

in this study that the sulfur removal rate was reduced mainly due to the increase in the  

           (a) (b) 

                                      (c) 

  Figure 5.4 Adsorption isotherms on GNP of (a)  DBT (b)  2-MT and (c) T 
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                                    Figure 5.5 Effect of Time on Sulfur Removal. 

(Temperature = 30°C, Initial Sulfur Concentration = 500 ppm, Adsorbent weight= 0.01 g) 

 

resistance to the molecule diffusion[201–203]. Therefore 60 minutes has been chosen as 

equilibrium contact time. 

The adsorption rate slows down after the S-compounds saturates the meso and micro-pores, 

which may be due to the microspores experience larger resistance in the later stage when the 

S molecules move further[179]. 

For interpreting the experimental data, the first-order equation, the pseudo second-order 

equation, and an intraparticle diffusion equation was studied. The pseudo first-order kinetics 

is given by[122,123], 

                                                       𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)  (5.5)                                                    

Similarly, pseudo second order kinetic is given by,[124] 
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q𝑡 =

(𝑘2𝑞𝑒
2. 𝑡)

1 + (𝑘2𝑞𝑒 . 𝑡)
 

               (5.6) 

 

Where k1, k2 is t pseudo-first order and second order rate constant and 𝑞𝑡 is the adsorption at 

time t. 

Boyd’s surface diffusion model and  Weber’s intraparticle diffusion were used to predicting 

the diffusion mechanism [126]. The intraparticle controlled diffusion mechanism is given by 

Where C and Kid  and is the boundary layer thickness and intraparticle diffusion coefficient 

(mg/g (min) 0.5), respectively. Boyd’s kinetic expression is given by  

𝐹 =
𝑞𝑡

𝑞𝑒
  

Where F is the equilibrium attained in the fraction.  

MDF containing DBT, 2-MT & T concentration 500 ppm were kept in contact GNP for a range 

of time 10-90 min. The adsorption rates attain equilibrium at 60 min. The adsorption rate 

increases rapidly initially due to available free sites for adsorbates to adsorb on the surface. 

Adsorption slows down at equilibrium due to the few available sites and the mutual repulsive 

forces between the adsorbate present in the solution and adsorbent surface[204]. The kinetics 

involved to remove DBT,2-MT & T by GNP  was investigated using linear plots of log (qe-qt) 

versus t for the pseudo first-order and t/qt versus t for the pseudo second-order kinetic model 

                                     𝑞𝑡 = 𝑘𝑖𝑑𝑡
1

2⁄ + 𝐶                                                                    (5.7) 

𝐵𝑡 = −0.4977 − ln (1 − 𝐹)                        (5.8) 

𝐹 = 1 −
6

𝜋2
exp(−𝐵𝑡) 

                        (5.9) 
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as shown in Figure 5.6. The kinetic parameters obtained are given in Table 5.5(a) and (b). 

The kinetic controlling behavior of the system was analyzed using regression coefficient (R2), 

average relative error (ARE) and normalized standard deviation (NSD). This error analysis 

shows DBT, 2-MT & T removal by GNP follows pseudo second order kinetics. 

The Kid and C values are the slope and intercept respectively of the plot between qt and t0.5 as 

shown in Figure 5.7(a). The figure shows that the plot is multilinear which means that the 

overall adsorption process is controlled by two or more steps. It can be observed from Figure 

5.7(a) that DBT, 2-MT & T plots are multilinear concluding that both intraparticle transport 

and surface diffusion control the adsorption process [137]. 

The slowest step between the surface and intraparticle diffusion was predicted by Boyd’s 

kinectic expression. The linearity of the plot in Figure 5.7(b) is confirmed by high R2. This 

means that for DBT, 2-MT & T adsorption surface diffusion is the controlling factor. Further, 

Table 5.5(c) shows that the boundary layer thickness of DBT is greater than 2-MT & T, thus 

adsorption of DBT on GNP possess more surface controlling compared to 2-MT & T. 
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(a) 

(b) 

Figure 5.6 Kinetics for DBT, 2-MT & T (a) pseudo first order (b) pseudo second order 

model. 
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(a) 

(b) 

Figure 5.7 (a) Intraparticle diffusion of DBT, 2-MT, & T by the (a) Weber and Morris model 

and the (b) Boyd kinetic model. 
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Table 5.5 (a) Parameters for kinetics of pseudo 1st order model for the adsorption of DBT, 2-

MT & T on GNP.  
 

k
1 

(1/min) 

Qe (mg/g) 
R

2

 
NSD ARE 

Calculated Experimental 

DBT 0.044 6.504 153.970 0.860 68.540 1.654 

2-MT 0.039 5.220 107.250 0.986 45.430 8.384 

T 0.042 6.615 119.250 0.946 11.650 2.712 

 

 

Table 5.5 (b) Parameters for kinetics of pseudo 2nd order model for the adsorption of DBT, 2-

MT & T on GNP.  
 

 k
2
 

(g/mg min) 

Qe (mg/g) 
R

2

 
NSD ARE 

Calculated Experimental 

DBT 9.920E-04 163.930 153.970 0.997  21.720  0.005 

2-MT 8.792E-04 125.010 107.250 0.998 29.690 1.923 

T 5.495E-04 114.940 119.250 0.993 5.920 0.884 

 

Table 5.5(c) Intraparticle diffusion parameters for adsorption of DBT, 2-MT & T on GNP by 

Weber and Morris model. 
 

             k
id

(mg/g min
0.5

)            C(mg/g) 
R

2

 

DBT 9.085 79.480 0.976 

2-MT 6.249 70.910 0.992 

T 8.116 37.285 0.967 
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 Error Data Analysis 

The error functions were evaluated using residual root mean square error (RMSE), coefficient 

of regression (R2), and chi-square test (χ2) were employed to check fitness of models. The 

empirical equations are as follows: 

 

 

 

 

 

 

 

Where qt,m and qt,e are model predicted and experimental amount of sulfur adsorbed on GNP.  

 

 
  R2 =

1 − ∑ (qe,n − qm,n)
2n

n=1

∑ (qe,n − qe,n̅̅ ̅̅ ̅)
2n

n=1

 
                 (5.10) 

 

RMSE = √
1

n − 1
∑ (qe,n−qm,n)

2
n

n=1

 

                        (5.11) 

 
    χ2 = ∑

(qe,n − qm,n)
2

qe,n

n

n=1

 
                        (5.12) 

   NSD = 100 × √
1

N − 1
∑ [

qt,e − qt,m

qt,e
]

N

i=1
i

2

 

               (5.13) 

ARE =  
100

N
∑ [

qt,e − qt,m

qt,e
]

N

i=1 i

 

                (5.14) 
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 Thermodynamic Parameters 

To spontaneity of the process was determined by taking into consideration of energy and 

entropy. These parameters give the practical viability of the process. To determine the 

thermodynamic parameters, adsorption at different temperatures (20, 30, 35, and 40 ◦C) were 

conducted for the adsorption system, DBT, 2-MT & T. 

The effect of temperature on the adsorption is shown in Figure 5.8 (a). It can be observed that 

with increasing temperature the sulfur removal decreases. This shows the physisorption 

behavior of DBT, 2-MT & T adsorption on GNP. Using equation 5.15. The change in Gibb’s 

free energy was calculated.  Van’t Hoff plot was generated to determine the change in enthalpy 

and entropy were as shown in Figure 5.8 (b). The Gibbs free energy (∆G0) change  was 

calculated by  

 ∆G0 = −RT ln Kd         (5.15) 

 
𝐾𝑑 =

Concentration of S − compound adsorbed 

concentration of S − compound remained in solution
 

 

Where ∆G0 is in (KJ/mol), R is in KJ/Kmol.K. Kd is distribution coefficient and T is the 

temperature in K. The Van’t Hoff equation is given by: 

 
lnKd = (

∆S0

R
) − (

∆H0

RT
) 

                      (5.16) 

The thermodynamic parameters of the system are shown in Table 5.6.  The value of ∆G0 lies 

in between −20 and 0 kJ mol−1 for physisorption and −80 to −400 kJ mol−1 for 

chemisorption[205]. The feasibility of the system is checked by the negative value of ∆G°. The 

exothermic behavior of the adsorption process is confirmed by the negative values of ∆H⁰.  
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(a) 

(b) 

Figure 5.8 (a) Effect of temperature on DBT, 2-MT and T adsorption on GNP (b) 

Modelling for thermodynamic behavior of DBT, 2-MT and T on GNP using Van’t Hoff 

equation. 

(Temperature = 30°C,  Initial Sulfur Concentration = 500 ppm, Adsorbent weight = 0.01g) 
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Table 5.6 Thermodynamic parameters for the adsorption of DBT, 2-MT & T on GNP. 

 

 

The negative value of ∆S° indicates a decrease in the degree of freedom of the adsorbed DBT, 

2-MT & T molecule on GNP. Hence the systems show non-random adsorption behavior. The 

change in enthalpy for DBT (-8.751 kJ/mol), 2-MT (-4.169 kJ /mol) & T (-3.15 kJ /mol) 

indicate that the adsorption is following physisorption behavior.  The lower ∆H0 value implies 

that the adsorbate molecules and the adsorbent surface is weak.[140,206,207]  

 Design of batch sorption from isotherm data  

For designing a single batch system adsorption isotherm was used[141,142,180]. The single 

stage batch adsorption system schematic is shown in Figure 5.9(a). Consider MDF of volume 

V (L) and the DBT concentration reduces from C0 to C1 (mg/L). The adsorbent dosage is M 

(mg) and the s-loading changes from q0 to q1. Initially, q0 = 0 and as time pass mass balance 

equates the s-compound removed from MDF by adsorption. The mass balance for Figure 

5.9(a) is given by 

                                             V (C0-C1) = M (q0-q1) = Mq1                                      (5.17) 

At equillibrium C1 approaches Ce and q1 approaches qe. 

 

T 

(°C) 

Kd    ∆G°(kJ/mol) ∆H°( kJ/mol ) ∆S° (kJ/(mol. K)) 

DBT 2-MT T DBT 2-MT T DBT 2-MT T DBT 2-MT T 

40 1.648 1.395 1.238 -1.302 -0.868 -0.558  

 

-8.751 

 

 

-4.169 

 

 

-3.150 

 

 

-0.024 

 

 

-0.011 

 

 

-0.008 50 1.586 1.358 1.203 -1.241 -0.824 -0.497 

60 1.358 1.324 1.133 -0.849 -0.779 -0.346 

70 1.252 1.203 1.124 -0.641 -0.527 -0.334 
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(a)   

(b)  
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                    (c)  

 

                   (d) 

Figure 5.9(a) Single-stage batch-adsorber design (b),(c) and (d) Adsorbent mass (M) 

against volume of solution treated (L) for DBT,2-MT  and T. 

 (Temperature = 30°C,  Initial Sulfur Concentration = 500 ppm) 
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Since adsorption of DBT onto GNP follow Langmuir isotherm, and 2-MT &T follow 

Freundlich isotherm therefore adsorber design equation can be written as 

𝑀

𝑉
=

(𝐶0 − 𝐶𝑒)

𝑞1
=

(𝐶0 − 𝐶𝑒)

𝑞𝑒
=

𝐶0 − 𝐶𝑒

𝑞𝑚 𝑏 𝐶𝑒

1 + 𝑏𝐶𝑒

 
                                                             

(5.19) 

𝑀

𝑉
=

(𝐶0 − 𝐶𝑒)

𝑞1
=

(𝐶0 − 𝐶𝑒)

𝑞𝑒
=

𝐶0 − 𝐶𝑒

𝑞𝑚𝐾
𝑓

1
𝑛𝑓⁄

 

 

                                                             

(5.20) 

Figure 5.9(b), (c) and(d) shows the predicted GNP dosage required to remove DBT, 2-MT & 

T from MDF having initial concentrations of 500 mg/L for 90, 80, 70, and 60% with different 

solution volumes of 1, 2, 3, 4, 5, 6, and 7 L. The amount of GNP required to of DBT from 

MDF of concentration 500 mg/L was 0.013, 0.027, 0.041, and 0.055 g, for 2-MT was 0.027, 

0.055, 0.085, and 0.011 g and for T was 0.011, 0.022, 0.033, and 0.445 g respectively for MDF 

volumes of 1, 2, 3, and 4 L, respectively.  

 Comparison with the multicomponent system 

The multicomponent system was investigated to observe its adsorptive capacity on GNP. 

MDFm with a total sulfur concentration of 1500 ppmw was mixed with GNP in different 

dosages and observed that the % sulfur removal for each sulfur component was decreased as 

compared to single component system. It was seen that the removal of DBT, 2-MT and T was 

decreased from 95.72, 90.21 & 75.42% to 93.24, 82.32 and 64.88 % respectively shown in 

Figure 5.10. The reason for the reduction in sulfur removal is the competitive behavior of each 

sulfur compound when all present together in a single model diesel fuel. Further, there were 

no significant changes in the equilibrium time observed in both cases shown in Figure 5.11(a). 

In addition, the multicomponent system was also following pseudo second order  
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Figure 5.10 Effect of adsorbent weight on sulfur removal for multicomponent system. 

(Temperature = 30°C, Initial Sulfur Concentration = 500 ppm, Time = 60 min) 

 

kinetics as shown in Figure 5.11(b) as similar as for single component MDFs. Although the 

values for second order rate constants given in Table 5.7 deduced that the adsorption process 

kinetic gets slower for multicomponent system as compare to single component MDFs. 

Presence of other S- compounds are the primary reason for slowing down the reaction kinetics 

slightly. Also, there was a similar trend was observed for all DBT, 2-MT & T for temperature 

variation. The process possesses exothermic behavior as similar to single component system 

as shown in Figure 5.12. 
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(c)  

Figure 5.11 (a) Effect of time (b) pseudo first order and (c) pseudo second order kinetics 

for DBT, 2-MT & T adsorption on GNP in multicomponent system. 

(Temperature = 30°C,  Initial Sulfur Concentration = 500 ppm, Adsorbent weight = 0.01 g) 

 

 

Table 5.7 Parameters for kinetics of pseudo 1st & 2nd order models for the adsorption of DBT, 2-

MT and T on GNP for multicomponent system. 

 

 

 

 
k

1  

(1/min) 

k2 Qe (mg/g)  

R
2

 

 

NSD 

 

ARE 

 

R
2

 

 

NSD 

 

ARE (g/mg min) Calculated Experimental Calculated Experimental 

   1st order 2nd order 1st order 2nd order 

DBT 0.052 6.651E-04 7.287 125.270 140.840 125.270 0.887 5.670 5.876 0.987 1.960 0.856 

2-MT 0.049 5.761E-04 7.128 97.550 113.630 97.550 0.838 18.560 8.654 0.981 6.450 3.765 

T 0.042 4.128E-04 5.446 64.730 76.330 64.730 0.986 9.760 4.923 0.995 2.980 1.456 

y = 0.0071x + 0.0758

R² = 0.988

y = 0.0088x + 0.1344

R² = 0.982

y = 0.0131x + 0.188

R² = 0.995

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 20 40 60 80 100

t/
q

t

Time(min)

DBT

2-MT

T



100 

   

 

Figure 5.12. Effect of temperature on DBT, 2-MT & T adsorption on GNP in 

multicomponent system.  

(Temperature = 30°C, Initial Sulfur Concentration = 500 ppm, Adsorbent weight = 0.01 g) 

 

 Continuous adsorptive experiments 

The continuous adsorptive desulfurization experiments were conducted in a fixed bed with the 

adsorbent. The effect of bed height, flow rate and initial sulfur concentration were analyzed. 

All the experiments were repeated for 3 runs and the in each time error was found less than 5 

%. 
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were used to investigate EBCT effect on the breakthrough curves performance. The flow rate 

of MDF was varied from 0.2 mL/min to 2.0 mL/min in the column. As observed from Figure 

5.13 that with increasing flow rate, sulfur removal decreases. This is due to decreased contact 

time between adsorbent and MDFm. The product yield also decreases in higher flow rates with 

the residence times in the time range from 0.1 to 2.4 s.[133,208] Also, It can be observed from 

Figure 5.13 that with increasing flow rate, bed saturation also increases. For example, in the 

case of DBT with increasing feed flow rate from 0.5 ml/min to 3ml/min the value of Ct/C0 

increases from 0.29 to 0.89. This behavior is also observed in MT and T. This can be explained 

based on the number of active sites present got saturated since the low amount of feed is present. 

In addition, with increasing flow rate saturation time also increases. Further, Figure 5.14 shows 

the bed height effect on sulfur removal. As the bed height increases the sulfur removal also 

increases and finally gets saturated. This is due to increasing adsorbent height, adsorbent mass 

also increased and therefore the corresponding adsorption sites also increases. It can also be 

observed from Figure 5.14 that with increasing adsorbent dosage the breakthrough curve 

shifted towards higher saturation. For instance, in the case of DBT on increasing adsorbent 

dosage from 1g to 5 g the value of Ct/C0 increases from 0.254 to 0.68. This can be ascribed to 

more adsorbent dosage will have a more active site to accommodate the thio-compounds.   

 Effect of initial sulfur concentration 

The initial concentration effect of sulfur dosage on column performance was studied using 

different amounts of DBT, 2-MT and T. The concentration was varied from 200-600 ppmw of 

DBT,2-MT and T each keeping the concentration of other two S- compounds constantly at 500 

ppmw each and observed for all the S-compounds that when the highest sulfur  



102 

   

(a)  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 50 100 150 200 250 300 350 400 450 500

C
t/
C

0

Time(min)

3.0 ml/min 2 ml/min 1.5 ml/min 1 ml/min 0.5 ml/min

Time (min) 
C

t/
C

0
 



103 

   

(b)  

(c)  

 

Figure 5.13 Effect of flow rate for multicomponent MDF  (a) DBT (b)2-MT and (c) T. 

  (Adsorbent weight= 3 g, Temperature = 30°C, Initial Sulfur Concentration = 1500 ppm) 
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(c)  

Figure 5.14 Effect of bed Height for multicomponent MDF (a) DBT (b) 2-MT and (c) T. 

(Flow rate of MDF = 1 ml/min, Temperature = 30°C,  Initial Sulfur Concentration = 1500 

ppm) 

 

concentration was found to be the maximum. This is due to concentration gradient developed 
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steeper and breakthrough time will also reduce. Therefore initial concentration has significant 

effect  on the saturation rate and breakthrough time[209], With increasing feed concentration, 

the driving force for mass transfer also increases. The overall effect will increase the adsorption 

capacity as shown in the Figure 5.15[210]. It can be observed from Figure 5.15 that with 

increasing concentration of sulfur compounds the saturation curve gets diminished. For 

example, the value of Ct/C0 decreases from 0.76 to 0.32 on increasing the concentration from 

200 ppmw to 600 ppmw.  
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(c)  

Figure 5.15 Effect of initial concentration of S-compounds for multicomponent MDF (a) 

DBT (b) 2-MT and (c) T. 

(Temperature = 30°C,  Flow rate of MDF = 1ml/min, Adsorbent weight = 3 g) 

 

 Modeling of column study results: Bohart–Adams model 
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directly proportional to adsorbent residual capacity and the initial concentration of feed. The 

present analysis is based on the estimation of maximum adsorption capacity and kinetic 

constants from Adam–Bohart model.  

The Bed-depth Service Time (BDST) model was based on the fact that the service time (t) and 

bed height (Z) are correlated with the process parameters by the equation. Bed depth depends 

directly on the time service as given by below equation 

                                                    𝑡 =  
𝑁0𝑍

𝐶0𝑉
−

ln (
𝐶0−𝐶𝑡

𝐶𝑡
)

𝐾𝑎𝐶0
                                                          (5.21) 

Where C and C0 is effluent and initial concentration (mg/l), v is velocity (cm/min), N0 is 

adsorption capacity (mg adsorbed /liter of solution), ka is the adsorption rate constant (l/ (mg 

h)), t is the time (min) and Z is the bed height (cm). The above equation can be written in the 

form of a straight line. 

                                                  𝑡 = 𝑚′𝑍 − 𝐵                                                                        (5.22) 

Where m’ is the slope and represents the time required by the adsorption zone to travel a unit 

length through the adsorbent. Figure 5.16 shows the plot between the bed depth and service 

time. The adsorption capacity was found to be 496 mg S/kg of adsorbent and the rate constant 

is 0.006 (mg/kg)-1 h-1, respectively as shown in Table 5.8. 
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Figure 5.16 Plot of bed depth service time versus bed height (Adam-Bohart Model). 

 

 

                  Table 5.8 Constants of the BDST equation 

 

  Flow rate 

(ml/min) 
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(mg/l) 

Breakthrough 

(%) 

N0 

(mg/g) 

Ka (mg/g)-1min-1 R2 

DBT 1.0 500 30 144.9 0.00042 0.981 

2-MT 1.0 500 30 124.9 0.00021 0.957 

T 1.0 500 30 117.4 0.00013 0.992 
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 Conclusion 

In this work, adsorptions of model diesel fuels containing sulfur compounds over GNP were 

conducted in both batch and continuous adsorption modes. The individual study of DBT, 2-

MT & T removal by GNP from the batch studies showed that the removal capacity of GNP 

follows the order DBT>2-MT> T. The Langmuir adsorption isotherms model was fitted best 

to represent the adsorption equilibrium experimental data of DBT on GNP whereas Freundlich 

isotherm fit well with the experimental adsorption data of both 2-MT and T on GNP. The batch 

adsorption of DBT, 2-MT and T on GNP followed pseudo second order of kinetic. Each batch 

adsorption processes were well interpreted by a multi-stage diffusion model. The diffusion of 

DBT, 2-MT and T on GNP follows the complex diffusion model which means both intra-

particle and surface diffusions was involved in the batch adsorption mechanism. The negative 

values of ΔG, ΔH and ΔS from the thermodynamic studies of DBT, 2-MT and T removal by 

GNP that indicated that the adsorption was spontaneous in nature with an exothermic behavior 

and with less randomness on the GNP’s surface. Investigation of continuous desulfurization 

study shows that the adsorption breakthrough curve strongly depends on the bed height, flow 

rate & initial S-compounds concentration. The determined adsorption capacities and the rate 

constants from the continuous adsorption studies showed that the adsorptive removal of DBT 

by GNP is relatively predominant compare to both 2-MT and T removal. These results suggests 

that the GNPs have potential to use industrially for the adsorptive desulfurization process due 

to its high adsorptive capacities. 
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6 Chapter 6 

 Extractive Desulfurization Of Fuels Using 

Diglycol Based Deep Eutectic Solvents 
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 Introduction 

Extractive Desulfurization (EDS) emerged as one of the plausible methods to remove heavy 

sulfur refractory compounds because of its low cost and high extraction efficiency[58]. 

However, the traditional organic solvents such as polyalkylene glycol, imidazolidinone used 

for desulfurization are volatile and toxic[71,103]. Therefore, there is a need to develop green 

solvents that can extract the heavy sulfur refractory compounds without causing much harm to 

the environment.  

Ionic liquids (ILs) are widely regarded as green solvents and have shown the potential to 

remove heavy refractory sulfur compounds by extraction [22,58,211]. The ILs have low 

volatility, high thermal, and oxidative stability and were found to be thio-selective[212,213]. 

Extensive research has been done on the imidazolium, pyridinium, and phosphonium based 

ILs for EDS[52,107,214–216]. Nevertheless, ILs are difficult to prepare and require complex 

purification process, which drastically increase their price. In addition, ILs have biodegradable 

and bio-compatibility issues. 

Recently, DESs have been developed using hydrogen bond donor (HBD) and hydrogen bond 

acceptor(HBA) resulting in compound with lower melting point compared to either of 

precursors [98,99]. The physicochemical properties of DESs are comparable to ILs these 

include low volatility, high thermal stability, non-corrosive behavior. DESs can be tailored 

made depending on the application and therefore commonly referred to as designer solvents. 

In recent years, DESs have found its applicability in various fields such as catalysis, 

electrochemistry, synthesis, gas separation application, denitrogenation of  liquid fuel, 

etc[217–219] 
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The glycol, one of the prominent HBDs, based DESs have been generally used for EDS 

[76,220,221]. A series of ammonium-based DESs having glycol as HBD were synthesized to 

test thier extractive desulfurization capabilities [76]. It was reported that HBA has a greater 

influence on the extractive capability of DESs and the highest extraction capacity was achieved 

by tetra butyl ammonium chloride /polyethylene glycol based DESs. Similarly, six glycol-

based DESs  were used to study their removal capacities for T [222]. Further, it was reported 

that tetraethylene glycol-based DESs increases the DBT extraction efficiency with increasing 

number of extraction cycles [223]. Like glycol, the carboxylic acid-based DESs have been 

used as HBD for EDS and especially,  tetra butyl ammonium bromide (TBAB)/formic acid-

based DESs shows up to ~82% benzothiophene removal efficiency using in single-stage 

extraction [220].  Recently, researchers have shown that polyethylene glycol-based deep 

eutectic solvents are very effective in removing organosulfur compounds[221,224].  

The researchers have studied the effect of metal halide (FeCl3 and ZnCl2) in DESs for EDS and 

found that up to ~70% extraction efficiency can be achieved for the case of DBT removal 

[225].  The π- π interaction present in the aromatic ring in arenium ion-based DESs containing 

toluene also gives a significant positive contribution for the deep removal of the refractory 

sulfur compounds, as reported elsewhere [226]. On the other hand, the HBA specific DESs 

such as choline chloride [78] as well as tetrabutylammonium chloride [226] based DESs have 

been prepared for EDS of various thio-compounds.  

In this article, diglycol (DG) based DESs are synthesized and used for extractive 

desulfurization of refractory sulfur compounds. The single component extractive 

desulfurization studies were carried out for the separate removal of thiophene (T), 2-

methylthiophene (2-MT) and dibenzothiophene (DBT) using three synthesized DESs namely 
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Choline chloride/DG, TBAB/DG & methyltriphenyl phosphonium bromide /DG. The 

influence of Time, DES/MF, and extraction temperature on sulfur extraction abilities of DESs 

were studied to find the best performing DES. Further, the critical property estimation and 

binary interaction were calculated for the extraction system using Aspen-Plus. 

 Experimental Methodology 

 Chemicals Used  

Tetrabutyl ammonium bromide (TBAB) (≥ 99%), Choline Chloride (ChCl) (≥ 98%), diglycol 

(DG) (≥ 99%) and dibenzothiophene (DBT) (≥ 98%), were purchased from S D Fine-Chem 

Limited. Methyltriphenyl Phosphonium Bromide (MTPPhBr) (≥98 %) was purchased from 

Avras synthesis Pvt. Ltd. n-Heptane (≥ 99%), Thiophene (T) (≥ 99%) and 2-(Methyl)-

thiophene (2-MT) (≥ 98%) were purchased from Alfa Aesar.  

 DESs Synthesis & Preparation of Model Fuels  

The procedure for synthesis of DESs was similar as described by Abbott et.al.[98]. In general, 

DESs were synthesized by combining the fixed molar ratios of hydrogen bond donor (HBD) 

and hydrogen bond acceptor (HBA). The mixture was heated at 333.15 K for a period of 1 

hours under constant agitation of 500 rpm until a homogenous colorless liquid was formed. 

The moisture present in DESs was removed by drying DES overnight at 323.15 K under 

vacuum. Table 6.1 represents the DESs synthesized in this work with their molar 

compositions. DESs synthesized using ChCl, TBAB and MTPPhBr were named as DES 1, 

DES 2 and DES 3. 

The model fuels (MFs) were prepared by adding 0.1982, 0.1370 and 0.1046 g of DBT, 2 –MT 

and T as purchased without any further purification into three different containers of 100 mL 

of n-heptane, the initial concentration of all MFs was maintained at 500 ppmw. 
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Table 6.1 Molar composition and Molecular weight of Deep Eutectic Solvents (DESs)  

 

Hydrogen 

Bond Donor 
Hydrogen Bond Acceptor 

Molar 

Composition Name 

Molecular 

weight (g/mol) 

     

 

 

 

Diglycol 

(DG) 

Choline Chloride (ChCl) ChCl /2DG DES1         121.11 

Tetra butyl Ammonium 

Bromide 

(TBAB) TBAB/ 4DG DES2 

 

178.202 

Methyltriphenylphosphonium 

Bromide 

 (MTPPhBr) MTPPhBr/4DG DES3 

 

        158.80 

 

 

 Liquid–liquid extractive desulfurization 

The EDS was carried out to check the sulfur removal capacity of DESs. In a typical experiment, 

DESs were added to MFs in a 50 mL Erlenmeyer flask. The Erlenmeyer flask containing bi-

phasic mixture was then transferred to Orbital Incubator Shaker (BR Biochem make) for 

carrying out single component batch extraction experiments. All the experiments were 

conducted at ambient conditions and for 60 minutes. The samples were then removed and 

allowed to settle for 10 minutes. The extraction efficiency of the DESs is given by the equation 

                           𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦(𝑤𝑡 %) =  
𝑇𝑆1−𝑇𝑆2

𝑇𝑆1
х 100   (6.1) 

Where TS1 is the amount of sulfur present in the original feed and TS2 is the amount of sulfur 

content present in the treated sample. 
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A possible desulfurization mechanism of extractive desulfurization is proposed in Figure 6.1. 

When DESs gets contacted by thiophenic sulfur compounds, some of them formed liquid 

clathrate, but others preferably form a complex.      

 

 

Figure 6.1 Process of extractive desulfurization 

 Analysis Methods  

PerkinElmer Spectrum two spectrometer was used for the FTIR analysis of the synthesized 

DESs. Claurs 580 GC-FID (Perkin Elmer make) was used for desulfurization analysis using 

isopropanol as an internal indicator. Total chrome workstation was used for the graphical 

analysis of the GC-FID. The GC-FID operating conditions are presented in the Table 6.2.  

1HNMR spectra were recorded at 400 MHz on the Jeol spectrometer at 25 °C with eight scans. 

For HNMR analysis of hydrophobic DESs, 20 mg of DESs were weighed and added to 0.6 mL 
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of deuterated chloroform (CDCl3). Before each analysis homogeneity of the mixture was 

assured.  

Table 6.2 Operating Conditions of GC-FID. 

 

Element Characteristic 

Column Elite-1(PerkinElmer) 

Oven Helium as Carrier Gas; Temperature: 50 °C hold for 3 minutes 

then ramp @12 °C up to 300 °C 

Injector Injection:1µl;split ratio:1:85;temperature:320 °C 

Detector Type: FID; Temperature:350 °C 

 

 Results and Discussions 

 DESs Characterization  

FTIR analysis for DESs:  

The possible changes in DESs structures are studied using FTIR.  As shown in Figure 6.2 all 

synthesized DESs do not deviate significantly because of the same HBD used for their 

synthesis. The presence of –OH bond of diglycol is indicated between 3200-3600 cm-1 

[228,229].It can be observed that –OH stretching of diglycol has been shifted from 3343 cm-1 

to 3356, 3372 and 3401 cm-1 owing to the hydrogen bond formation. The presence of spectra 

around 3000-3400 cm-1 suggests O-H group convergence with N-H stretching. Similarly, P-H 

stretching is overlapped with C-H vibration in the range of 3000-2800 cm-1 [29].  This also 

matches well with previously reported data[230].  
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Figure 6.2 FTIR spectra of Diethylene Glycol and Deep Eutectic Solvents 

 

Viscosity of synthesized DESs: 

The viscosities of synthesized DESs were measured at different temperatures (293.15–333.15 

K). As shown in Figure 6.3 the viscosities of the DESs followed the order of DES 2 >DES 

3>DES 1 for the same temperature. The higher viscosity of DESs is due to hydrogen bonding 

between HBD and HBA, and therefore lower free species mobility. The temperature 

dependence of the viscosity of synthesized DESs is shown in Figure 6.3(a). The viscosities of 

DESs decreases exponentially with increasing temperature. This could be attributed to the 

weakening of the hydrogen bond between HBD and HBA with increasing temperature, which 

promotes molecular movement and kinetic energy DES 2 has the highest viscosity of 202.19 

cP at 293.15K, whereas DES 1 has the lowest viscosity of 48.78 cP at 293. 15K.The higher  
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(a)  

(b)  

Figure 6.3 plot of viscosity vs temperature by (a) VFT equation (b) Arrhenius equation 
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viscosities dictate the presence of extensive hydrogen bonding between the starting materials. 

The viscosity is further modeled using Vogel-Fulcher-Tamman (VFT) equation[231]. 

ln (
𝜂

𝜂0
) =

𝐵

𝑇 − 𝑇0
 

(6.2) 

where 𝜂viscosity in m.Pa S and T is the temperature in K, 𝜂0 , B, and T0 are constants. The 

corresponding values of empirical constant for their best fits are given in Table 6.3. 

Table 6.3 Arrhenius and Vogel-Fulcher-Tamman parameters of DESs  

 

 VFT Equation Arrhenius Equation 

DES η0  

(m.PaS) 

B 

(k) 

T0 

(k) 

10-5η∞ 

(m.PaS) 

         Eη 

(kj/mol) 

DES 1 0.574 4745.8 124.43 973.43 20841.54 

DES 2 1.09E-06 15287.6 295.53 7.98 36120.17 

DES 3 1.93E-08 19282.5 357.38 2.45 38135.98 

 

The Arrhenius equation, which was used for correlating viscosity dependence on temperature, 

is given below,  

ln (
𝜂

𝜂∞
) =

𝐸𝜂

𝑅𝑇
 

(6.3) 

where Eη is the activation energy for viscous flow, R is gas constant and η∞ is empirical 

constant. Fitting of lnη with 1/T is shown in Figure 6.3(b) and the empirical constant values 

are also listed in Table 6.3. As shown in Figure 2, both methods fitted well with the 

experimental data. The order of activation energy of DESs is DES 3 > DES 2> DES>1, which 
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means that the variation of DES 1’s viscosity with the temperature is relatively less compared 

to the DES 2 and DES 3[232].  

 Factors Affecting Desulfurization using DESs 

Factors such as DES/ Feed mass ratios, extraction time, initial sulfur concentration and 

temperature are discussed in detail. The effect of extraction time for DES 1, DES 2 and DES 

3 at constant temperature (30°C) and fixed DES/Feed ratio (0.1) is shown in Figure 6.4. It 

could be observed that the rate of sulfur removal was initially fast and after 60 minutes no 

further removal in impurities was observed for all three DESs, as the extraction system reaches 

the equilibrium state. In addition, this initial study also suggests that the extraction of heavier 

molecules e.g. Dibenzothiophene is more favored compared to lighter molecules e.g. 

thiophene. This is particularly favorable over the HDS process where more severity is required 

for a heavier molecule. 

The effect of DES/Feed mass ratio is shown in Figure 6.5 for DES1, DES2, and DES3, 

respectively. The experiments have been conducted at 30⸰C and for 60 minutes. As expected, 

the sulfur removal efficiency increases with an increasing DES/Feed ratio. Furthermore, the 

sulfur capacities of all three for all DESs were found as follows, DBT> 2-MT>T. This depicts 

the nature of the organo-sulfur compound has a considerable effect on the removal efficiency. 

'The higher DBT extraction efficiency is attributed to higher electron density compared to 2-

MT and thiophene [225,233]. 

The initial sulfur concentration in model oil is an important parameter to evaluate the extractive 

capacity of DESs. The sulfur removals with varied sulfur concentrations from 500 to 1000 ppm 

are listed in Figure 6.6. It can be seen that sulfur removal was not decreased  
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significantly. Therefore, it can be deduced that the extractive ability of the DESs was not be 

affected by the initial concentration. Therefore, the synthesized DESs can be applied to the 

desulfurization of more fuels. 

(a) 

 

 

(b) 

 

                               (c)  

Figure 6.4 Effect of time on sulfur extraction using (a) DES1 (b) DES 2 & (c) DES 3 

 (Temperature = 30°C, DES/Feed Ratio 0.1,  initial sulfur concentration = 500 ppm) 
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(a) 

 

(b) 

 

                            (c)  

 

Figure 6.5 Effect of DESs/Feed ratio on % Sulfur removal using (a) DES1 (b) DES2 & 

(c)DES 3 (Temperature = 30°C, Time =60 min,  initial sulfur concentration = 500 ppm) 

To see the effect of temperature on extraction efficiency, the temperature was varied from 30 

to 60 °C under similar experimental conditions i.e. DES/Feed ratio of 0.1, for 60 min and initial 

sulfur concentration of 500 ppm. As shown in Figure 6.7. It can be observed that the extraction 

efficiency of DESs marginally increases with increasing temperature. In general,  
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(a) 

 

(b) 

 

                              (c) S 

Figure 6.6 Effect of the initial sulfur concentration on % Sulfur removal using (a) DES1 ( 

(b) DES 2 & (c) DES 3 (Temperature = 30°C, DES/Feed Ratio=0.1, Time= 60 min) 

 

 

solubility increases with the temperature and therefore better interaction between MFs and 

DES, which subsequently results into higher extraction efficiency. 
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(a) 

 

(b) 

 

                          (c)  

 

Figure 6.7 Experiment and NRTL predicted % Sulfur removal at different temperatures 

using (a) DES1 (b) DES2 & (c) DES 3 (initial sulfur concentration = 500 ppm, DES/Feed 

Ratio 0.1, Time= 60 min) 
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The effect of different HBAs on the sulfur removal capacity for DES/Feed ratio 0.1 from MFs 

is shown in Figure 6.8 DBT removal efficiency of different DESs was found as follows, DES 

2 > DES 3 > DES 1.  

 

Figure 6.8. Comparison of different DESs (1, 2 &3) for sulfur removal efficiencies 

(Initial sulfur concentration = 500 ppm, DES/Feed Ratio= 0.1, Time= 60 min & 

Temperature=30⸰C) 

 

The desulfurization yields of DES 1, 2 and 3 are 78.64%, 91.77% & 89.26% for DBT, 72.0, 

86.24 & 83.30% for 2-MT, and 68.0, 70.25 & 68.42% for T, respectively. The highest removal 

of DBT by all DESs can be suitably explained by the electron density of the sulfur compounds, 

more the electron density on the S present in the organosulfur compound more extraction 

occurs. The increased efficiencies in DES 2 as well as DES 3 compared to DES 1 shows that 

increased free volume in both DES 2 and DES 3 due to their increased chain length, which 
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plays a critical role in this separation[234–236].  Similar behavior is also observed for 2-

methylthiophene removal. However, in the case of thiophene removal, all three DESs have 

approximately same removal efficiency (~68%). This suggests that the thiophene interacts 

more with HBD of DES (i:e diglycol) rather than the HBAs of different DESs. However, the 

presence of HBAs also differs the S-removal capacity due to the formed H-bond between HBA 

and HBD. The sulfur present in the thiophene strongly interacts with the oxygen present in the 

HBD (DG), which is common for all three DESs, due to its electron-withdrawing property and 

hence all three DG based DESs show approximately same thiophene extraction efficiency 

[237].  

Some desulfurization results of previously reported ILs from the literature were compared with 

the results of this work and presented in Table 6.4. This comparison studies clearly showed 

that the sulfur (DBT, 2-MT, and T) removal abilities of DES 2 is satisfactorily higher than 

some of the ILs. It can be concluded that the DES 2 is much more efficient for the extractive 

desulfurization. Further, the Table 6.5 shows the sulfur removal capacities of various 

molecular solvent ILs and DESs.  
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Table 6.4 Comparison of Sulfur Extraction Efficiency between DES-2 and ILs 

S 

compounds 

Extractants Initial Content 

(ppm) 

S-Extractants 

: Feed ratio 

Time 

(min) 

Extraction 

yield (%) 

References 

DBT DES-2 500 1:1 60 95.04 This work 

DBT [C4mim][BF4] 500 1:1 60 47 [15] 

 [Bmim]BF42 747 0.2:1 30 12 [22] 

2-MT DES-2 500 1:1 60 93.10 This work 

T DES-2 500 1:1 60 74.21 This work 

T [C2mim][N(CN)2] 500 1:1 5 41.2 [238] 

T [Bmim]Cl-Cu2Cl3 680 0.2:1 30 99.6 [239] 

 

 Modelling 

 Critical Properties Estimation  

For estimating pure component property two modeling approaches have been established. In 

the first approach, DESs precursor is individually modeled whereas in the second approach 

DESs ae considered as a pseudo pure component[240]. In this work first approach was 

followed i:e DESs are composed of diglycol (HBD) and quaternary ammonium and/or 

phosphonium salt (HBA) therefore their single component properties were first investigated 

using “modified Lydersen−Joback−Reid” (LJR) method[241]. The detail about the modified 
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Table 6.5 Comparison of Sulfur Extraction Efficiencies of molecular solvents, ILs and DESs. 

LJR method is reported in our previous work[229]. In general, the following equations were 

used to calculate individual properties; 

𝑇𝑏 = 198.2 +  ∑ 𝑛𝑖  ∆𝑇𝑏𝑀𝑖 
(6.4) 

𝑇𝑐 =
𝑇𝑏

0.5703 + 1.0121 ∑ 𝑛𝑖 ∆𝑇𝑀𝑖 − (∑ 𝑛𝑖 ∆𝑇𝑀𝑖)2
 

(6.5) 

S.No. Extractant % Sulfur removal Reference 

 1. Polyethylene glycol 76 [20] 

2. Dimethyl Sulfoxide 78 [242] 

3.                   ChCl/Pr 64.9 [243] 

4.                    DES-T 89.64 [79] 

5. [Bmim]Cl-AlCl3
1 45.0 [226] 

6. [Bmim]BF4
2 12.0 [226] 

7. MTPPBr/TetEG 47.0 [223] 

8. MTPPhBr/DG 89.26 This work 

9.                TBAB/HCOOH 80.4 [220] 

10. N-butyl-N-methylimidazolium 

hydrogen sulfate ([BMIm]HSO4) 

100.0 [244] 

11. N-methyl-pyrrolidonium 

phosphate ([Hnmp]H2PO4) 

99.8 [245] 

12. Protic ionic liquid (PIL), 

[Hnmp]HCOO 

99 [246] 
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𝑃𝑐 =
𝑀

0.2573 + (∑ 𝑛𝑖  ∆𝑃𝑀𝑖)2
 

(6.6) 

𝑉𝑐 = 6.75 +  ∑ 𝑛𝑖  ∆𝑉𝑀𝑖 
(6.7) 

where ni represents the number of the appearance of ith group, M represents molecular weight 

(g/mol) of the molecule. ΔTbM, ΔTM, ΔPC, and ΔVM represents group contribution of individual 

atoms present in the molecule to their boiling point (K), and respective critical properties. To 

predict the properties of the mixture, Lee-Kesler[247] mixing rule was used using equations 

below; 

𝑇𝐶𝑀 =
1

 𝑉𝐶𝑀
1/4

∑ ∑ 𝑥𝑖𝑥𝑗𝑉𝐶𝑖𝑗

1/4
𝑇𝐶𝑖𝑗

𝑗𝑖

 
   (6.8) 

Where 

𝑇𝐶𝑖𝑗
= 𝑘𝑖𝑗 ∗ (𝑇𝐶𝑖

∗ 𝑇𝐶𝑗
)

1/2

 
  (6.9) 

𝑉𝐶𝑖𝑗
=

1

8
(𝑉𝐶𝑖

1/3
+ 𝑉𝐶𝑗

1/3
)

3

 
 (6.10) 

𝑉𝐶𝑀 = ∑ ∑ 𝑥𝑖𝑥𝑗𝑉𝐶𝑖𝑗

𝑗𝑖

  (6.11) 

And  

𝑃𝐶𝑀 =
(0.2905 − .085 𝜔𝐶𝑀)𝑅𝑇𝐶𝑀

𝑉𝐶𝑀
 

(6.12) 

where 

𝜔𝑀 = ∑ 𝑥𝑖𝜔𝑖

𝐼

 
(6.13) 



132 

   

TCM(K), PCM(bar), VCM (cm3/mol) represent respective critical properties of DESs. 𝑥𝑖, 𝜔𝑀,and 

𝑘𝑖𝑗 represent mole fraction, acentric factor, and binary interaction parameter of DESs. The 

value 𝑘𝑖𝑗 depends upon the polarity of compounds[247]. Here,  𝑘𝑖𝑗 value is assumed to be 1 

because of absence of any experimental data. 

 Non-Random Two Liquids 

For modelling, the liquid-liquid equilibria PC-SAFT and NRTL model has been widely 

used[248–250]. In this work, the NRTL method was used for the modeling of liquid-liquid 

equilibria of MDF and DESs system The NRTL equation is: 

𝑙𝑛𝛾𝑖 =  
∑ 𝑥𝑗𝜏𝑗𝑖𝐺𝑗𝑖𝑗

∑ 𝑥𝑘𝐺𝑘𝑖𝑘
+  ∑

𝑥𝑗𝐺𝑗𝑖

∑ 𝑥𝑘𝐺𝑘𝑖𝑘
𝑗

(𝜏𝑖𝑗 −  
∑ 𝑥𝑚𝜏𝑚𝑗𝐺𝑚𝑗𝑚

∑ 𝑥𝑘𝐺𝑘𝑗𝑘
) 

(6.14) 

where 

𝐺𝑖𝑗 = exp (−𝛼𝑖𝑗𝜏𝑗𝑖) (6.15) 

𝜏𝑗𝑖 = 𝑎𝑖𝑗 +
𝑏𝑖𝑗

𝑇
+ 𝑒𝑖𝑗 ln(𝑇) + 𝑓𝑖𝑗𝑇 

(6.16) 

𝛼𝑖𝑗 = 𝑐𝑖𝑗 + 𝑑𝑖𝑗(𝑇 − 273.15) (6.17) 

𝜏𝑖𝑖 = 0 (6.18) 

𝐺𝑖𝑖 = 1 (6.19) 

Where aij,bij,eij and fijare interaction parameter.  

The DESs critical properties are evaluated as discussed in section 3.1 and are listed in Table 

6.6.  
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Table 6.6 Estimated critical properties and density of DESs at 298.15 K and at 0.1 MPa. 

 

DESs TC 

(K) 

VC 

(cc/mol) 

PC 

(bar) 

ω Density 

calculated 

(kg/m3) 

Density 

experimental 

(kg/m3) 

Absolute 

percentage 

error 

DES1 654.26 352.94 32.84 0.945 1199.6 1232.6 2.68 

DES2 750.24 420.62 31.45 0.956 1242.0 1208.7 2.75 

DES3 712.32 528.73 23.52 0.981 1172.2 1075.4 8.59 

 

The result shows that estimated density deviates from experimental density. This is because 

critical properties were estimated considering DESs precursor molecule only. Further, the 

NRTL method was used for the modeling of liquid-liquid equilibria of the MF and DESs 

systems. DESs were assumed to be non-volatile and are non-dissociating compounds. The 

experimental data modeled well with the NRTL thermodynamic model and the obtained binary 

interaction parameters are shown in Tables 6.7, 6.8, and 6.9.  

Table 6.7 Binary interaction parameters for DES1 system 

 

Component  i T Heptane T DES1 Heptane DES1 Heptane 

Component  j DES1 DES1 Heptane 2-MT 2-MT DBT DBT 

aij 22.917 3.597 5.098 -1.030 1.823 -23.380 9.314 

aji -0.355 9.354 7.951 0.471 5.274 -1.020 5.717 

bij 3694.823 525.612 1751.994 0 0 9382.143 0 

bji 2675.884 -445.015 485.860 0 0 3899.071 0 

cij 0.300 0.300 0.300 0.300 0.300 0.300 0.300 
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Table 6.8 Binary interaction parameters for DES2 system 

Component  i T T Heptane Heptane DBT Heptane DES2 

Component  j DES2 Heptane DES2 DBT DES2 2-MT 2-MT 

aij 14.806 7.622 4.399 11.027 -4.411 -2.355 8.373 

aji -1.868 7.488 3.538 10.801 -1.795 1.328 -15.301 

bij 5893.016 1202.404 1318.911 -2554.85 1919.626 3482.049 -1794.050 

bji 2810.245 440.544 1660.327 119.081 0 -760.077 4667.625 

cij 0.300 0.300 0.300 0.300 0.300 0.300 0.300 

 

 

Table 6.9 Binary interaction parameters for DES3 system 

Component  i 2-MT 2-MT DES 3 DES 3 Thiophene DES 3 Heptane 

Component  j DES 3 Heptane Heptane Thiophene Heptane DBT DBT 

aij -0.110 2.891 3.780 -12.401 7.627 -1.559 10.624 

aji 4.427 10.072 8.369 15.858 0.269 -1.338 1.472 

bij 396.158 -361.143 1735.981 6057.143 1192.882 2841.551 137.614 

bji 1983.066 1231.160 39.796 6281.479 2652.012 1845.399 -190.464 

cij 0.300 0.300 0.300 0.300 0.300 0.300 0.300 

 

This also suggests that the intra-molecule interaction in DES is different from the inter-

molecule interaction between DES and the sulfur compounds due to the presence of strong 

electronegative atoms in organo-sulfur compounds[220,237,251]. 
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 Conclusion 

The extractive desulfurization of MFs having DBT, 2-MT, and T as sulfur compounds were 

successfully investigated using diglycol based DESs. All synthesized DESs are effective in 

extractive desulfurization. Among different synthesized DESs, TBAB/4DG showed the 

highest removal capacity of sulfur compounds. The effect of different parameters such as 

extraction time, DES ratio, and the temperature was also investigated. The result indicated that 

DES/ MF ratio has a significant effect compared to the other variables such as extraction time 

and temperature. The DESs used in this study showed higher extraction efficiency for DBT 

(>90%) and lower extraction efficiency for thiophene (~68%). The thermodynamic modeling 

showed that non-random two liquid (NRTL) model best fit the extraction of sulfur compounds.  
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 Overall Conclusions And Recommendations 

This research is focused on the desulfurization of sulfur refractory compounds from model 

diesel oil by adsorptive and extractive approaches. Mainly, carbon-based materials M-CNT, 

M-CNF, PMACs as well as GNP, were used for adsorptive desulfurization. Further, the 

possibilities of utilizing DESs for sulfur removal have also been explored. The results showed 

that adsorptive desulfurization using carbon materials as well as extractive desulfurization 

using DESs have the potential to replace the conventional hydrodesulfurization method for 

sulfur removal. 

The preliminary study indicates that the M-CNT and M-CNF possess a significant adsorptive 

capacity for the removal of DBT from MDF. M-CNT showed a greater capacity to adsorb the 

DBT compare to that of M-CNF mainly due to its high surface area and pore size. The 

adsorption of DBT on M-CNT generally is spontaneous, exothermic process and has less 

randomness at the interface. 

The textural characteristics of adsorbents significantly affect the adsorption behavior. Thus, 

the DBT adsorption capacity of PMACs have been studied. The study shows that the 

desulfurization ability of PMAC 1/3 exhibits better performance compared to PMAC 1/4. The 

higher desulfurization capabilities of PMAC 1/3 have a direct correspondence with the better 

micro-porosity. The results suggest that the Mongolian based activated carbon have the 

potential to be used in the industry for the adsorptive desulfurization process due to its high 

adsorptive capacities. 
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The observation of breakthrough behavior for the continuous adsorption process is vital. In 

consequence, the adsorption of model diesel fuels containing sulfur compounds over GNP was 

conducted in both batch and continuous adsorption modes for single and multicomponent feed. 

The individual study of DBT, 2-MT & T removal by GNP from the batch studies showed that 

the removal capacity of GNP follows the order DBT>2-MT> T. Investigation of continuous 

desulfurization study shows that the adsorption breakthrough curve strongly depends on the 

bed height, flow rate & initial S-compounds concentration.  

The extractive desulfurization of MFs having DBT, 2-MT, and T as sulfur compounds were 

successfully investigated using Diglycol based DESs. All synthesized DESs are effective in 

extractive desulfurization. Among different synthesized DESs, TBAB/4DG showed the 

highest removal capacity of sulfur compounds. The DESs used in this study showed higher 

extraction efficiency for DBT and lower extraction efficiency for Thiophene. The 

thermodynamic modelling showed that the NRTL model best fit the extraction of sulfur 

compounds.  

Future recommendation 

The sulfur removal using carbon-based adsorbents and deep eutectic solvents is limited to 

laboratory scale only and the commercialization of this process have not still explored by 

various researchers, Although adsorbents and extractant have shown significant sulfur removal 

capacity. Based on the results obtained in this work for model diesel oil, it is recommended to 

explore the adsorption behavior of the carbon-based adsorbents and DESs for the removal of 

sulfur compounds from commercial diesel oil. This will provide essential data for modelling 

the physical adsorption and extraction processes. 
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The development of an acceptable regeneration/solvent recovery methodology for the 

sorbent/extractant is value learning. Considering the cyclic adsorption/extraction requirement, 

the detailed analysis of multiple regeneration/recovery cycles need to be thoroughly explored.  
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Appendix-A: Sample calculation for Model diesel fuel preparation:  

A.1. Calculation for model fuel preparation: 

• Concentration of sulfur present in Dibenzothiophene(CS) is given by     

  𝐶𝑆 =  
molecular weight of sulfur

molecular weight of thiophene
∗ 100                      

Atomic weight of sulfur = 32 

Molecular weight of Dibenzothiophene (C12H8S) = 184.26g/mol 

Mass % of ‘S’in Dibenzothiophene (DBT) molecule= [32.065/ (184.26)] ×100 

=17.330% 

Material balance: 

Dibenzothiophene                                                                             Solution (DBT+n-heptane) 

 

    n-Heptane 

 

                                                   Solution=DBT+ n-Heptane 

 

A.1.1 Model Diesel fuel (MDF) Preparation: 

n-heptane + Dibenzothiophene (DBT) (250 ppm sulfur concentration 

Amount of sulfur present in Dibenzothiophene is = 17.33% 

Amount of sulfur in DBT= (17.33/100) ×106 = 17.33 ×104 ppmw (Parts per million weight) 

By material balance: 

Amount of DBT× (17.331×04) = Amount of solution× (250) 

 

 

         Concentration of Sulfur× DBT   =      Concentration Of sulfur× Solution 
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(Amount of DBT/Amount of solution) = [250/ (17.33×104 )] 

 

    Mass Fraction Amount in ppmw 

Procedure:  

Amount of n-heptane taken = 100 ml 

Density of n-heptane = 0.683 g/ml 

Amount of n-heptane (g) = (100×0.683) = 68.3 g 

Mass % of DBT= [250/ (17.33×104)]*100 

                           =0.1442 mass% 

0.1442= [x/ (68.3+x)] ×100 

= (0.1442×68.3) + (0.1442x) =100x 

9.84886 = (100-0.1442) x 

9.84886 = 99.8558x 

 x = 0.098630 g 

Amount of DBT should be added to make solution 250 ppm sulfur concentration in 100 ml n-

heptane = 0.098630g 

n-heptane = 100 ml 

Dibenzothiophene =  0.098630g 

A. 1.2. Calibration Curve for DBT (Dibenzothiophene) and n-heptane:  Four Samples were 

prepared for four different concentration of DBT in constant amount of n-heptane taking 

amount of DBT 10, 25, 50 and 75 mg in constant volume of 20 ml n-heptane for each sample 

are given in Table.A.1.1.Calculation sulfur concentration of given samples were done as same 

as Section A. 1.1.For each amount of Sulfur concentration, different ratio of area were 
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generated in GC-FID. The graph has been plotted between Areas (DBT/n-heptane) ratio and 

sulfur concentration (ppmw). 

The X-axis is sulfur concentration in ppmw and Y-axis is the ratio of areas.Trendline was 

generated for the plot of sulfur concentration vs. of ratio of areas (Area of Sulfur 

compound/Area of n-heptane). Hence, further sulfur concentration were obtaining by 

calculation of x value from the trend-line equation. 

Equation of Trend-line, y=7E-06x+0.0003 

Sulfur concentration (ppmw) =            [(Area of Sulfur compound/Area of n-heptane)-(0.0003)] 

                                                                                                       7E-06 

A typical chromatograph of GC-FID is showing the retention time of n-heptane and DBT as 

shown in the Fig A. 1.1.  The calibration curve of DBT for different concentrations is shown 

in Fig A. 1.2.  
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Table A. 1.1 Sulfur concentrations for GC calibration  

 

 

 

 

 

 

 

 

 

 

 

S.No. Mass of DBT Calculated Sulfur in ppmw 

1. 

2. 

3. 

4. 

0.01 

0.025 

0.050 

0.075 

126 

316 

632 

946 
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                         Fig. A. 1.1 Chromatogram of FID for (n-heptane+DBT)  

 

                 

 

 

 

 

 

 

 

 



164 

   

 

 

 

 

Fig. A. 1.2 Calibration curve for GC Analysis for Dibenzothiophene 
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Appendix-B: Supplementary information for Chapter 6 

Table B.6.1 Comparison of melting point and viscosity of DESs and diethylene glycol. 

 

 Viscosity(cP) Melting Point (K) 

DEG 21.756 261.80 

DES1 38.8958 258.51 

DES2 147.327 243.23 

DES3 102.094 245.17 

 

 

Table B.6.2 Standard Deviation Error Analysis of Experimental and Modelled. 

 T 2MT DBT 

DES1 0.4134 0.2686 0.6555 

DES2 0.9393 0.5584 0.8262 

DES3 0.9740 1.1229 0.7734 
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Table B.6.3 Summary of extractive desulfurization. 

 

DES DES/Feed S-compound Sulfur in oil containing aromatics (wt%)× 10-3 

    

 

 

 

 

 

  Chcl/DG 

0.1 DBT 0.62 

2-MT 0.56 

T 0.49 

0.2 DBT 0.41 

2-MT 0.46 

T 0.47 

0.3 DBT 0.34 

2-MT 0.40 

T 0.45 

0.4 DBT 0.26 

2-MT 0.30 

T 0.44 

0.5 DBT 0.18 

2-MT 0.22 

T 0.42 

 

 

 

 

 

 

 

TBAB/DG 

0.1 DBT 0.24 

2-MT 0.28 

T 0.45 

0.2 DBT 0.20 

2-MT 0.22 

T 0.44 

0.3 DBT 0.18 

2-MT 0.18 

T 0.42 

0.4 DBT 0.14 

2-MT 0.15 

T 0.41 

0.5 DBT 0.14 

2-MT 0.14 

T 0.39 

 

 

 

 

 

 

 

 

MTPPBr/DG 

 

0.1 

           DBT 0.31 

2-MT 0.33 

T 0.48 

0.2 DBT 0.25 

2-MT 0.27 

T 0.44 

0.3 DBT 0.22 

2-MT 0.23 

T 0.43 

0.4 DBT 0.18 

2-MT 0.24 

T 0.41 

0.5 DBT 0.17 

2-MT 0.23 

T 0.40 
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Table B.6.4 Sulfur removal efficiencies of various extractants. 

 

Extractants Vextrac/Vfeed Sulfur Removal (%) Reference 

Diethylene Glycol(DEG) 1:3 19.3 [5] 

[BMMOR][Br]/ DEG 1:3 21.00 [5] 

ChCl/DG 1:3 88.24 This chapter 

TBAB/DG 1:3 93.91 This chapter 

MTPPhBr/DG 1:3 92.34 This chapter 

TBAB/EG  1:4 16.08 [6] 

MTPPBr/EG  1:4 21.42 [6] 

TBAB/TrEG  1:4 20.67 [6] 
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Figure B.6.1 HNMR Spectra of diethylene glycol 

 

 

 

 

 

 

 

 

ab
u

n
d

an
ce

0
1

.0
2

.0
3

.0
4

.0

X : parts per Million : Proton

12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 -1.0 -2.0



169 

   

 

 

 

 

Figure B.6.2 HNMR Spectra of DES3 
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Figure B.6.3 HNMR Spectra of DES2 
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Figure B.6.4 Effect of aromatic addition on the thiophene removal using different DESs 
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Figure B.6.5 Effect of aromatic addition on the 2-methylthiophene removal using different 

DESs 
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Figure B.6.6 Effect of aromatic addition on the Dibenzothiophene removal using different 

DESs 
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