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ABSTRACT
The ultimate goal of this thesis is to develop a fundamental understanding of the
role of surface oxygen functional groups on carbon-based adsorbents in the adsorption of
nitrogen compounds that are known to be present in liquid fuels. N2 adsorption was used to
characterize pore structures. The surface chemical properties of the adsorbents were
characterized by X-ray photoelectron spectroscopy (XPS) and temperature-programmed
desorption (TPD) techniques with a mass spectrometer to identify and quantify the type
and concentration of oxygen functional groups on the basis of CO2 and CO evolution
profiles. It was found that although surface area and pore size distribution are important
for the adsorption process, they are not primary factors in the adsorption of nitrogen
compounds. On the other hand, both the type and concentration of surface oxygencontaining functional groups play an important role in determining adsorptive
denitrogenation performance. Higher concentrations of the oxygen functional groups on
the adsorbents resulted in a higher adsorption capacity for the nitrogen compounds. A
fundamental insight was gained into the contributions of different oxygen functional
groups by analyzing the changes in the monolayer maximum adsorption capacity, qm, and
the adsorption constant, K, for nitrogen compounds on different activated carbons. Acidic
functional groups such as carboxylic acids and carboxylic anhydrides appear to
contribute more to the adsorption of quinoline, while the basic oxygen functional groups
such as carbonyls and quinones enhance the adsorption of indole.
Despite the high number of publications on the adsorptive desulfurization of
liquid hydrocarbon fuels, these studies did not consider the presence of coexisting
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nitrogen compounds. It is well-known that, to achieve ultraclean diesel fuel, sulfur must
be reduced to a very low level, where the concentrations of nitrogen and sulfur
compounds are comparable. The adsorptive denitrogenation and desulfurization of model
diesel fuel, which contains equimolar concentrations of nitrogen (i.e., quinoline and
indole), sulfur (i.e., dibenzothiophene and 4,6-dimethyldibenzothiophene), and aromatic
compounds (naphthalene, 1-methylnaphthalene, and fluorene), was examined. The results
revealed that when both nitrogen and sulfur compounds coexist in the fuel, the type and
density of oxygen functional groups on the surface of the activated carbon are crucial for
selective adsorption of nitrogen compounds but have negligible positive effects for sulfur
removal. The adsorption of quinoline and indole is largely governed by specific
interactions. There is enough evidence to support the importance of dipole–dipole and
acid-base-specific interactions for the adsorption of both quinoline and indole.
Modified carbon is a promising material for the efficient removal of the nitrogen
compounds from light cycle oil (LCO). Adsorptive denitrogenation of LCO significantly
improved the hydrodesulfurization (HDS) performance, especially for the removal of the
refractory

sulfur

compounds

such

as

4-methyldibenzothiophene

and

4,6-

dimethyldibenzothiophene.
An essential factor in applying activated carbon for adsorptive denitrogenation
and desulfurization of liquid hydrocarbon streams is regeneration after saturation. The
regeneration method of the saturated adsorbents consisted of toluene washing followed
by heating to remove the remaining toluene. The results show that the spent activated
carbon can be regenerated to completely recover the adsorption capacity. The high
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capacity and selectivity of activated carbon for nitrogen compounds, along with their
ability to be regenerated, indicate that activated carbon is a promising adsorbent for the
deep denitrogenation of liquid hydrocarbon streams.
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Chapter 1
Introduction

1.1 Backgrounds
Due to stringent worldwide environmental regulations, refiners are facing
continuous challenges in producing increasingly cleaner fuels. In 1998, the European
Union first mandated new specifications for drastically reduced sulfur levels that were to
be phased in from the year 2000.1 Similar regulations were legislated in the U.S. and
elsewhere. The new regulations implemented by US EPA in 2006 mandate a reduction in
sulfur levels for diesel to 15 part per million by weight (ppmw).
Although the use of clean fuels with ultra-low sulfur levels in transportation
vehicles is beneficial from the environmental point of view, it places a heavy burden on
refineries due the following factors. (1) The quality of crudes available to the refineries is
declining and getting heavier, with more sulfur and nitrogen and low *API gravity.2 (2)
Upon hydrotreating to lower sulfur levels (< 50 ppmw), the sulfur compounds that
remain in the diesel-range transportation fuels are mainly dibenzothiophenes and their
alkylated derivatives. The least reactive derivatives are the dibenzothiophene with methyl
groups at the 4- and 6-positions; i.e., positions adjacent to S. 4-methyldibenzothiophe (4MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) are the refractory sulfur
compounds that make deep desulfurization by conventional methods extremely difficult.
* API Gravity: The API gravity is a measure of the liquid petroleum density and is calculated using
the following equation: API gravity = (141.5/specific gravity)-131.5
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(3) The presence of coexisting nitrogen compounds in the fuel makes the removal of
sulfur, in particular refractory sulfur compounds, extremely difficult.
Future fuel cells, which can be considered one of the more promising
technologies for impacting transportation fuel demand, will also require a fuel, if at all
possible, with zero nitrogen and sulfur content. Gasoline, jet fuel, and diesel are all
potential fuels for fuel cells because of their high energy density, ready availability,
safety, and ease of storage. These liquid fuels can be either processed on-site or on-board
to produce hydrogen, which is the preferred fuel in a fuel cell. In either case, nitrogen and
sulfur must be reduced to ultra low levels (i.e., 0.1 ppmw) before reforming due to
current catalyst sensitivity to nitrogen and sulfur poisoning.3 To reduce the sulfur levels
in diesel fuel from 15 ppmw to 0.1 ppmw and meet fuel cell requirements, an estimate1
showed that the HDS reactor size has to be increased by a factor of 4. It is therefore
important that a modern refinery be designed to meet future challenges in terms of
efficiency and desulfurization processing capability.
The conventional approach to deep denitrogenation and desulfurization is based
on a catalytic process, called hydrotreating (HT). These processes are operated at
elevated temperatures (300-440 ˚C) and pressures (30-140 bar H2) using CoMo/Al2O3 or
NiMo/Al2O3 catalysts. The extensive use of hydrotreating processes in modern refineries
significantly increases the consumption of hydrogen, which accounts for nearly 50% of
the total operating cost of hydrotreating/hydrocracking processes.4
Because of the continuous decline in crude oil quality, the refining industry needs
to deal with heavier feedstocks that contain higher concentrations of nitrogen and sulfur
compounds.5 In addition, it has been reported that due to the increasing demand for diesel
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fuel, the United States and Europe will face increasing shortages in diesel fuel in the
future.1 Therefore, it is extremely important to blend other refinery hydrocarbon
streams—such as light cycle oil (LCO), a byproduct from fluidized catalytic cracking
(FCC) units, and coker gas oil (CGO), a byproduct from delayed coker—into the diesel
pool. LCO and CGO typically contain much more nitrogen, sulfur, and aromatic
compounds than do straight run gas oil (SRGO), as shown in Table 1-1.
In addition, other fossil energy resources such as oil sands and oil shale6, 7, as well
as coal liquid8, are attracting increasing attention in the energy industry.7,
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Together,

these fossil resources are expected to supply liquid transportation fuels, since the supply
of crude oil alone will not meet increasing global demand in the near future. Gas oil
fractions derived from oil sand (OSGO) and coal liquid (CLGO) have nitrogen
concentrations that may be two orders of magnitude higher than those of the
corresponding petroleum fractions.
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Table 1-1: Summary of Various Gas Oil Properties; Adapted from8-10
SRGO9
0.846

b

CGO10
0.876

c

13,100

17,600

22,400

800

Nitrogen (ppmw)

70

1,100

940

8,000

Aromatics (wt %)

27

40

78

62

Boiling range (ºC)

257 - 358

240 - 370

236 - 374

Bp < 300

Feed properties
Specific Gravity415

a

Sulfur (ppmw)

LCO9
0.941

d

CLGO8
NAe

a

SRGO: Straight run gas oil.
CGO: Coker gas oil.
c
LCO: Light cycle oil.
d
CLGO: Coal-liquid gas oil.
e
NA: Data is not available.
b

1.1.1 Nitrogen Compounds in Gas Oil Fractions
The composition of gas oil varies widely depending on the crude oil and fossil
fuel sources, process operating conditions, and refining processes. The approximate
compositions of SRGO,9 CGO,10 LCO,11 and CLGO8 are summarized in Table 1-1.
While gas oil fractions derived from petroleum contain much higher concentrations of
sulfur than nitrogen compounds, CLGO tends to have a higher nitrogen content than that
of sulfur compounds.
The nitrogen compounds found in gas oil are generally divided into two groups:
compounds containing a five-atom ring or nonbasic compounds such as indole and
carbazole and compounds containing a six-atom ring or basic compounds such as
pyridine, quinoline, acridine, and benzoquinoline. All of these compounds exist in forms

5
that are substituted by alkyl side chains and may be connected to other ring systems.
Laredo et al.12 determined the nitrogen compounds in SRGO and LCO derived from
Mexican crude oil using gas chromatography with mass spectrometry (GC-MS). They
found that the most abundant nitrogen compounds in the SRGO sample were quinolines,
indoles, carbazoles, and their alkyl-substituted derivatives, whereas anilines, indoles,
carbazoles, and their alkyl-substituted derivatives were the predominant nitrogen
compounds in the LCO sample.
The chemical structures of some basic and non-basic nitrogen compounds present
in middle distillates are shown in Figure 1-1. The lone pair of electrons in basic nitrogen
compounds is not part of the aromatic system, and it extends in the plane of the ring. This
lone pair on the ring system is responsible for the basicity of nitrogen compounds. In the
case of nonbasic nitrogen compounds, the lone pair of electrons of the nitrogen atom is
delocalized and contributes to the aromatic π electron system. In these compounds, the
nitrogen atom is connected to a hydrogen atom. Therefore, nonbasic nitrogen compounds
such as indole can behave as weak acids due to the H-N-bond and as weak bases due to
the basicity of the N atom.
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Figure 1-1: Example of basic and non-basic nitrogen compounds in middle distillates

1.1.2 The Need for Removal of Nitrogen Compounds
The removal of nitrogen compounds has been the focus of considerable attention
because (a) nitrogen compounds have to be removed from various refinery streams before
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such streams can be further processed in subsequent processes such as isomerization,
reforming, catalytic cracking, and hydrocracking where the catalysts are very sensitive to
nitrogen compounds.13 In particular, basic nitrogen compounds can be adsorbed strongly
on the acidic sites of various catalysts used in the petroleum-refining processes, resulting
in poisoning of the active sites. For example, in catalytic cracking, basic nitrogen
compounds are adsorbed on active acid sites and reduce the cracking activity of the
catalyst. Also, (b) the presence of nitrogen compounds affects the stability of fuels,14 and
(c) recently, predenitrogenation for ultradeep HDS has garnered much attention, as
nitrogen compounds inhibit the ultradeep HDS, especially the HDS of refractory sulfur
compounds

such

as

4-methyldibenzothiophene

(4-MDBT)

and

4,6-

dimethyldibenzothiophene (4,6-DMDBT).2 In addition, (d) the coal liquids from coal
liquefaction and pyrolysis contain much higher concentrations of nitrogen compounds.
The nitrogen content in the middle distillate of the coal liquid is up to 1 wt %, while the
sulfur content is less than 0.1 wt %.8 Consequently, conventional hydrotreating process
designed for petroleum refinery may not be suitable for upgrading of the coal liquids.
Recently, many new approaches have been proposed to the efficient production of
ultra-clean transportation fuels.2,

15-17

Numerous efforts in the last 10 years have

significantly advanced knowledge of the inhibiting effects of nitrogen compounds on
deep HDS.18-24 It is well-known that the removal of the refractory sulfur compounds in
diesel fuel by conventional HDS is difficult.1, 2, 15-17 The coexisting nitrogen compounds
make deep desulfurization even more difficult, as these nitrogen compounds strongly
inhibit the HDS reactions of the refractory sulfur compounds.18-24 In order to achieve
ultradeep HDS, the most refractory sulfur compounds need to be removed, and the total
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sulfur concentration in diesel fuel must be reduced to around 10 ppmw, a level that is
comparable to the nitrogen concentration in the fuel. In this case, the influence of the
nitrogen compounds on deep HDS becomes more significant. The influence of the
nitrogen compounds, including indole21, 22 and quinoline,23, 24 on the deep HDS of diesel
and model diesel fuels has been extensively investigated. It has been concluded that
removal of the nitrogen compounds prior to HDS can remarkably improve HDS
performance.19, 20, 22-24
However, the reactivity of the nitrogen compounds in hydrotreatment is
significantly lower than that of the corresponding sulfur compounds. For example, alkylsubstituted carbazoles appear to react at rates only about 1/10 as fast as those of alkyldibenzothiophenes, which have a skeleton18 similar to carbazole’s. Therefore, when the
nitrogen compounds are adsorbed onto the active site on the catalyst surface, they remain
there due to their strong adsorption affinity and low reactivity, blocking the active sites
for the adsorption of the sulfur compounds. Moreover, intermediate products and final
product ammonia from both basic and nonbasic nitrogen compounds during the
hydrotreatment process further inhibit deep HDS.18,

25, 26

As a result, removal of the

nitrogen compounds prior to HDS is critical in ultradeep HDS.

1.1.3 Hydrodenitrogenation versus Hydrodesulfurization
HDN and HDS are performed simultaneously in catalytic hydrotreating. Thus,
HDN is accomplished at a hydrogen pressure of 20–100 atm and 300–380 ºC using a
CoMo/Al2O3 or NiMo/Al2O3 catalyst. As discussed earlier, the low reactivity of nitrogen
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compounds, as compared with sulfur compounds, makes the removal of nitrogen
compounds during the hydrotreatment reaction considerably more difficult than the
removal of sulfur compounds. Furthermore, hydrodesulfurization of heterocyclic sulfur
compounds such as DBT can be achieved predominantly by direct C-S cleavage without
the need to saturate the benzene ring17, as shown in Figure 1-2
On the other hand, hydrodenitrogenation of all heterocyclic nitrogen compounds
in gas oil is complicated and cannot proceed through direct N-C cleavage, as shown in
Figure 1-3. The C-N bond is stronger than the C-S bond, and therefore, HDN must
proceed through the hydrogenation pathway, which involves at least the complete
hydrogenation of one benzene ring before C-N cleavage. HDN of nitrogen compounds
generally involves the following reactions13: (1) hydrogenation of the aromatic ring, (2)
hydrogenation of the heterocyclic N-ring, and (3) hydrogenolysis of C-N bonds. Thus,
HDN is not only more kinetically difficult than HDS, but also higher in hydrogen
consumption, which is a key factor in determining the capital and operational cost of the
hydrotreatment process. For example, while only 4 H atoms per S atom are required for
the HDS of DBT, 8-14 H atoms are needed for the removal of N from quinoline.27
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Figure 1-2: Predominant reaction pathway for HDS of DBT17

Figure 1-3: Suggested reaction network for the HDN of quinoline 27

1.1.4 Adsorptive Denitrogenation of Liquid Hydrocarbon Fuels
Among the approaches to achieve deep denitrogenation, the use of adsorbents to
selectively remove the nitrogen compounds has attracted great attention.28-31 The
selective removal of nitrogen compounds and refractory sulfur compounds from liquid
hydrocarbons by adsorption is a promising approach,28,

29

as the adsorption can be

conducted at ambient temperatures without using hydrogen. As is well-known, liquid
hydrocarbon streams usually contain not only nitrogen and sulfur compounds but also a
large amount of structurally similar aromatic compounds. Thus, a great challenge is to
identify an adsorbent that can selectively adsorb the nitrogen compounds but not the
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coexisting aromatic compounds. Recently, several types of adsorbents have been reported
for adsorptive denitrogenation of liquid hydrocarbon fuels, including zeolite,28,

32

activated carbon,20, 29, 31 activated alumina,20, 29, 33 and silica gel.30, 34, 35 For example, SK
Company has developed a pretreating adsorption process that removes over 90% of
nitrogen compounds from diesel fuel using silica gel as an adsorbent.30,

35

The total

amount of fuel adsorbed is approximately 2% of the total diesel feed, which comprises a
large quantity of polar compounds that contain functional groups, such as -COOH
(naphthenic acids), -OH (phenols), -N (pyridines), -NH (pyrroles), and aromatic
compounds. It has been shown that the degree of improvement in the subsequent HDS is
directly proportional to the degree of nitrogen removal.

1.1.5 Removal of Nitrogen Compounds over Activated Carbons
Several studies have shown that some activated carbons can have much higher
adsorption capacities for nitrogen compounds than activated alumina20, 29 and silica gel.20
Mochida and co-workers published several papers on adsorptive denitrogenation of a real
gas oil over activated carbon materials.20, 31, 36 They reported that activated carbon with
high surface polarity exhibited high adsorption capacity for nitrogen compounds. They
attributed this to the oxygen functional groups on the carbon surface, in particular those
that evolve CO in the temperature range of 600–800 °C. In addition, they suggested that
oxygen functional groups that release CO2, such as carboxylic and lactone functional
groups, inhibit the adsorption of nitrogen compounds. However, these papers did not
provide sufficient evidence for their claims.
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The adsorption behavior of carbon materials is definitely influenced by organic
oxygen37 presenting on the carbon surface in the form of functional groups such as –OH,
C=O, C–O–C, –COOH, or COOR.38 It is widely accepted that carboxyl, anhydrides,
lactone, hydroxyl, and ketone groups are the predominant functionalities present on
activated carbon surfaces, although the presence of more complex functional groups on
the activated carbon surface is possible.38, 39 Oxygen-containing functionalities typically
contribute to an acidic activated carbon surface.38, 39
Several studies have investigated the use of activated carbon materials for the
adsorptive denitrogenation of real20, 31 and model diesel fuels29. In spite of the widespread
use of activated carbon in liquid-phase adsorption, the adsorptive denitrogenation
mechanism of liquid hydrocarbon streams on the surface of activated carbons has not
been well described in the literature.20,

29, 31, 36, 40

In particular, the influence of the

chemical properties of activated carbons on the adsorption of nitrogen compounds has not
been well delineated. On the other hand, several recent publications have focused on the
influence of the textural and chemical properties of activated carbon on the adsorption of
sulfur compounds. Ania and Bandosz suggested that micropore volume governs the
amount of adsorbed DBT and that adsorption is enhanced by the specific interactions
between the oxygen functional groups (especially acidic groups) and DBT41.
Furthermore, Zhou et al. found that the oxygen functional groups play an important role
in enhancing the adsorption capacity of sulfur compounds over carbon materials.42
Although both studies provided valuable and interesting results, it is still unclear
what the relative importance of different oxygen functional groups is with regard to
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adsorption capacity and selectivity for heterocyclic compounds, especially sulfur and
nitrogen heterocyclic compounds in liquid hydrocarbon fuels.

1.1.6 Oxidation of Activated Carbon
The subject of the alteration of activated carbon surfaces has been widely
investigated.43-46 The nature of the surface functional groups can be modified through
physical and chemical treatment. For example, carbon modification can be done by
means of liquid phase treatments using oxidizing agents such as nitric acid, hydrogen
peroxide, sulfuric acid, and hypochlorite at different temperatures, concentrations, and
contact times. The primary focus of most studies was the investigation of the effects of
the different agents and oxidation conditions on the textural and surface chemical
properties, in particular the oxygen functional groups. These procedures change the
physicochemical structure of activated carbon, i.e., the specific surface area, porosity, and
more importantly, surface functional groups. The results yielded can range from a
variation in the concentrations of preexisting functional groups to the introduction of new
functional groups. While an examination of the modification results aids in the choice of
methods to produce a desired surface change for a particular activated carbon, the
heterogeneity of activated carbons makes the modification results difficult to predict.
Often, similar methods lead to different results on different activated carbons. However,
it is generally accepted that oxidation with HNO3, for example, generally reduces specific
surface area and porosity in contrast to H2SO4, which generally preserves the physical
properties. Jiang et al.47 have reported oxidative modification of activated carbon with
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concentrated H2SO4 at 150 °C. They found that upon oxidative modification, although
the porous structure was almost preserved, the concentration of acidic functional groups
in the modified sample at 150 °C increased by two orders of magnitude as compared to
the original sample.
Systematic characterization along with systematic modification of activated
carbon is an important approach in identifying the carbon properties that most strongly
influence adsorbate-adsorbent interactions and in modifying these properties to maximize
activated carbon performance.

1.2 Objectives and Hypothesis

1.2.1 Objectives
The above discussion shows the necessity to develop a fundamental
understanding on the selective adsorption of nitrogen compounds that are common in
diesel-range hydrocarbon streams over activated carbon. To acquire deep insight into the
adsorptive denitrogenation mechanism, it is essential to explore the role of oxygen
functional groups on the surface of activated carbon for adsorption of nitrogen
compounds from liquid hydrocarbons. This subject has not been well described in the
literature. Therefore, systematic studies for adsorption removal of nitrogen compounds
from liquid hydrocarbon streams over various activated carbons were investigated. The
specific aims of the investigation were to:

15
1. Explore the adsorption capacity and selectivity of carbon-based adsorbent for the
adsorption removal of nitrogen compounds in the presence of sulfur and aromatic
compounds and to evaluate the contribution of the physical and chemical properties
of activated carbons to the adsorption of nitrogen compounds.
2. Develop a fundamental understanding of the role of surface oxygen-containing
functional groups in the adsorption of nitrogen compounds, with an ultimate goal of
gaining deeper insight into the adsorptive denitrogenation mechanism.
3. Explore the efficient modification method for improving the adsorption performance
of the activated carbon for selective removal of nitrogen compounds from liquid
hydrocarbon streams.
4. Develop a regeneration method for the recycling of spent adsorbents.
5. Determine the influence of the adsorptive removal of nitrogen compounds from LCO
on their subsequent HDS

1.2.2 Research Hypothesis
The type and amount of oxygen functional groups on the surface of the activated
carbon are the primary factors in determining the adsorption capacity and selectivity for
nitrogen compounds in liquid hydrocarbons. The specific oxygen functional groups may
play an important role in adsorption capacities and selectivities.
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Chapter 2
Experimental Section

2.1 Activated Carbons
Different types of commercial activated carbon samples produced from a variety
of carbon source materials by different activation methods were examined in order to
study structure–performance relationships. Table 2-1 shows the sources and some
manufacturing parameters for all activated carbons used in this study.
Table 2-1: Source and Some Manufacturing Parameters of the Studied Activated Carbons
carbon

source

activation

commercial ID

maker

AC1

coconut

steam

PCB-G

calgon

particle
size, D50
45 µm

AC2

wood

chemical

nuchar AC20

WESTVACO

ultrafine

AC3

wood

chemical

nuchar AC1500

WESTVACO

ultrafine

AC4

pet. coke

KOH

maxsorb1

kansai

ultrafine

AC5

lignite coal

steam

darco-G60

norit

40 µm

AC6

coal

steam

norit SA 4 PAH

norit

38 µm

wood

-

-

WESTVACO

ultrafine

a

AC7

a

AC7 was obtained by heat treatment of AC3(nuchar AC1500) with N2 at 550 ºC for
one hour.
All carbon samples used in the current research were pretreated in the same

manner. Approximately 100 mg of the carbon sample was spread evenly over the bottom
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of a 20 ml glass vial, covered by foil, and placed in a vacuum oven. The activated carbon
samples were heated to 110 °C overnight at a pressure of 15 µm Hg prior to use. After the
end of the drying period, the oven vent was sealed, the heater was turned off, and the
pump was stopped. The sample was allowed to cool in the vacuum oven. After the
sample reached room temperature, the oven was vented, and the sample was placed in a
desiccator. The sample was then immediately used for the experiment.

2.2 Fuels
Several model fuel samples were used in the current research. In order to compare
the adsorption selectivity of various activated carbon samples for nitrogen, sulfur, and
aromatic compounds, a model diesel fuel (MDF) containing the same molar
concentration (10.0 µmol/g) of dibenzothiophene (DBT), 4,6-dimethyl-dibenzothiophene
(4,6-DMDBT), indole, quinoline, naphthalene (NA), 1-methylnaphthalene (1-MNA), and
fluorene was prepared using decane as a solvent. Hexadecane maybe a better solvent to
represents diesel fuel. Because decane was initially used at the beginning of this research,
I continue using decane as solvent for all adsorption experiments. It should be pointed out
that hexadecane was also evaluated and compared with the results of the MDF with
solvent decane and the adsorption performance of activated carbon was the same
regardless of the solvent type, decane or hexadecane. The detailed composition of the
MDF is listed in Table 2-2. The total nitrogen and sulfur concentrations of the MDF were
280 and 641ppmw, respectively. All chemicals for preparation of the MDF and MF were
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purchased from Sigma-Aldrich Chemical Co. and used without further purification. The
purity of each chemical is also listed in Table 2-2.
As discussed in Chapter 1, nitrogen compounds in gas oil consist of basic and
nonbasic nitrogen compounds. Quinoline, indole, carbazole, and their alkyl-substituted
derivatives are the predominant nitrogen compounds in gas oil. Therefore, for the
adsorptive denitrogenation study, indole, quinoline, and carbazole are good candidates
for use as model adsorbates. In order to fundamentally understand the adsorptive
denitrogenation of liquid hydrocarbons on activated carbons, various experiments need to
be conducted at different nitrogen concentrations. However, carbazole has poor solubility
in alkanes, especially at relatively high concentrations. Therefore, carbazole was
eliminated from this study. As a result, quinoline and indole, which are representative
basic and non-basic nitrogen compounds, respectively, were chosen as model compounds
for studying the adsorption process on various activated carbon surfaces.

23
Table 2-2: Composition of the Model Diesel Fuel (MDF)
Chemicals

Purity
(wt%)

Concentration
(wt%)
S or N

Molar
(µmol/g)

Sulfur compounds
DBT
4,6-DMDBT
Total
Nitrogen

98
97

0.184
0.212

320
320
641

10.0
10.0

Indole
Quinoline
Total
Aromatics

99
98

0.117
0.129

140
140
280

10.0
10.0

NA
1-MNA
Fluorene
Paraffin

99
95
99

0.128
0.142
0.166

10.0
10.0
10.0

Decane
n-Tetradecane
Others

99
99

97.850
0.057
1.014

2.9

Total

100.000

In order to study the adsorption behavior of activated carbons for acidic and
neutral nitrogen compounds, two solutions (S-1 and S-2) were prepared for the
adsorption isotherm of a single solute. S-1 and S-2 contain 20.0 µmol/g of quinoline and
indole in decane, respectively, corresponding to nitrogen concentrations of 280 ppmw.
In addition to the model fuels, a light cycle oil (LCO) sample produced in a fluid
catalytic cracker was used in this study. The LCO was obtained from United Refining
Company through Intertek-PARC Technical Services. The key properties of the LCO
sample are listed in Table 2-3. The simulated distillation results were obtained at the
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Kuwait Institute for Scientific Research. A detailed characterization of this fuel is
presented in Chapter 6.
Table 2-3: Key Properties of LCO Sample
Analysis

Value

Sulfur wt %
N ppmw

1.81
598

Aromatic wt%

89

Distillation characteristics, °C
Initial boiling point

175

5 wt%

203

50 wt%

275

90 wt%

329

Final boiling point

376

2.3 Activated Carbon Characterization

2.3.1 Textural Properties
Textural characterization of the activated carbon samples was performed by
adsorption of N2 at 77 K using an Autosorb-1 MP system (Quantachrome Corp.). Before
N2 adsorption, the samples were degassed at 200 ºC under turbomolecular vacuum. In
most cases, two determinations were carried out for each sample. The differences in
surface area values were typically less than 2%. The Brunauer–Emmet–Teller (BET)
specific surface areas were obtained from the N2 adsorption data at relative pressures of
0.05 < P/P° < 0.2 using BET equation Eq. 2-1:
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1
1
C −1 P 
 
=
+
W (( Po / P) − 1) Wm C Wm C  Po 
where: P

2-1

= equilibrium pressure of nitrogen,

Po = saturated vapor pressure,
W = weight of nitrogen adsorbed at a relative pressure, P/Po,
Wm = weight of nitrogen equivalent to the monolayer capacity,
C

= the BET constant, is related to the energy of adsorption in the first layer.

A plot of 1/[W(Po/P)-1] versus P/Po yielded a straight line, usually in the P/Po
range of 0.05 to 0.35, from which Wm was calculated from the intercept (1/WmC) and the
slope (C-1)/WmC. The cross-sectional area ACS for nitrogen is 16.2 Å2.
The total pore volumes (Vtotal) were estimated from the volume of N2 (as liquid)
held at a relative pressure (P/Pº) of 0.98.
The pore-size distributions were evaluated using non-local density functional theory
(NLDFT)1 dedicated to nitrogen (77.4 K) adsorption on carbon materials with slit-like
pores. NLDFT describes the local fluid structure near curved solid walls. This method
has primarily been applied to characterization of micro- and mesoporous carbon
materials.1, 2
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2.3.2 Temperature Programmed Desorption
Oxygen-containing functional groups on the carbon surface were analyzed by
temperature-programmed desorption (TPD) using an AutoChem 2910 with a mass
spectrometer. Use of TPD to determine the CO2- and CO-evolution profiles for
identification and quantification of various oxygen-containing functional groups has been
both well developed and widely used.3-5 About 100 mg of the sample was placed in a
quartz tube. A thermocouple was inserted into the sample to measure the bed temperature
during the TPD process. The carbon samples were initially dried at 110ºC for 2 h under
helium flow. After drying, the temperature was increased from room temperature to
950ºC at a rate of 10ºC/min under a He flow of 50 mL/min (STP). The selected mass
signal—12, 14, 16, 17, 18, 28, 30, 32, and 44 amu—was monitored at 10 s intervals. The
evolved gases from the activated carbon, such as CO, CO2, and H2O, were continuously
measured by a quadrupole mass spectrometer (Dycor, Model 2000). The evolved gases
were identified by the mass detector and quantified by integrating the spectrum. The
spectrometric response of CO, CO2, and H2O were calibrated using a weighed amount of
calcium oxalate (CaC2O4.H2O) as a standard sample.6 The oxygen content (OTPD) was
determined from the amounts of CO and CO2 that evolved. The amount of each oxygen
functional group on the surface was estimated by deconvolution of TPD spectra using
multiple Gaussian functions. Deconvolution of the TPD spectra was conducted using
Casa version 2.3.12Dev9.
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2.3.3 X-Ray Photoelectron Spectroscopy (XPS)
The XPS analysis was done at the Material Research Institute, Penn State, using a
monochromatic aluminum source with an energy of 1486.6 eV under high vacuum (<10-9
Torr). Typical operating conditions were as follows: An X-ray gun with 14 kVp and 20
mA was used. The survey scans were collected from 0 to 1200 eV with a pass energy of
80 eV, the pass energy for high resolution scans was 20 eV, and the takeoff was 90° with
respect to the sample plane. The samples were pressed in a mortar and pestle onto 3 M
double-sided tape and mounted on conducting carbon tape. Optical viewing at 20× in a
stereomicroscope indicated a uniform and continuous coverage of the sample powders.
XPS quantification was performed by applying the appropriate relative sensitivity factors
(RSFs) for the Kratos instrument to the integrated peak areas. These RSFs take the X-ray
cross-section and the transmission function of the spectrometer into consideration. The
approximate sampling depth under these conditions is 50Å. After Shirley background
removal, curve-fitting was performed using a nonlinear least-squares algorithm that
assumed a combination of Lorentzian and Gaussian curves. Curve fitting of the C1s peak
was conducted with four peaks representing C-C/C-H, C─O, C=O, and C─O=O.7,

8

Component peaks were deconvoluted using CasaXPS version 2.3.12Dev9. The binding
energy was calibrated by assigning the C1s peak to 284.6 eV.

2.4 Adsorption Experiments
Before each adsorption experiment, the MDF was placed in an ultrasonic system
for at least 30 minutes to ensure homogeneity. Approximately 0.2 g of each sample of the
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activated carbon was placed in a glass screw-top bottle. About 20 g of the appropriate
fuel was added to the bottle. A stir bar was added, and the bottle was then closed and
placed in an Omni-Reacto Station batch system (Barnstead International, USA) at the
desired temperature with electromagnetic stirring at 300 rpm. The batch adsorption
system consists of a controller/stirrer unit with a plug-in heater mantle as shown in
Figure 2-1. After the desired time was reached, the bottle was centrifuged for 30 min to
separate the activated carbon from the liquid fuel. After the centrifuge stopped, the bottle
was carefully removed, the liquid fuel was withdrawn by small glass pipette, and the
liquid samples were analyzed. This procedure was repeated for each sample. To estimate
the adsorption capacity of the adsorbents for various compounds in the fuel, the amount
adsorbed, q (mmol/g) was calculated according to Eq. 2-2 .

q=

L(C − Ce )
i
M

2-2

where L is the liquid fuel weight (g), Ci and Ce are the initial and equilibrium
concentrations of the solute in the liquid fuel (mmol/g), respectively, and M is the amount of
the adsorbent used (g).
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Figure 2-1: Photograph of the Omni-Reacto Station batch system, glass screw-top bottles,
caps, and stirrer bars
In order to quantitatively estimate the adsorption selectivity of various adsorbents
for each compound in MDF, a selectivity factor was used.9 This selectivity factor is
expressed as shown in Eq. 2-3:

q / qr
α = i
i−r C / Ce,r
e,i

2-3
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where qi and qr are the adsorption capacities of compound i and the reference compound r
at equilibrium, respectively. Ce,i and Ce,r are the equilibrium concentrations of compound
i and the reference compound r. A two-ring aromatic compound (naphthalene, NA) was
selected as a reference compound in this study.
In order to construct an adsorption isotherm of activated carbon for quinoline or
indole, six samples of each activated carbon (approximately 0.2 g each) were individually
weighed and added to six bottles. Different amounts of the quinoline solution (S-1) or
indole solution (S-2), varying from 3.0 to 15.0, were added and mixed with the activated
carbon sample. The bottle was then screwed shut and placed in the Omni-Reacto Station.
The procedure for adsorption and fuel separation was described above. The adsorption of
quinoline and indole was carried out in a batch system with electric stirring at room
temperature for 4 h. The concentration of nitrogen in the treated solution was analyzed by
an Antek 9000 series nitrogen analyzer. The amount adsorbed was calculated from the
formula shown in Eq. 2-2.
The equilibrium data were fitted to a Langmuir single solute isotherm,9, 10 which
has the equation Eq. 2-4:

q=

K ⋅ qm ⋅ C e
1+ K ⋅ Ce

2-4

where q is the equilibrium adsorption capacity for quinoline or indole (milligram of
nitrogen per unit gram of adsorbent, mg-N/g-A), qm is the maximum adsorption capacity
(mg-N/g-A) corresponding to complete coverage of the surface by quinoline or indole, Ce
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is the equilibrium concentration of nitrogen in the liquid phase (ppmw), and K is the
adsorption equilibrium constant that relates to the affinity of the adsorption sites (g/µg).
A laboratory-scale fixed-bed flow system was used for evaluation of various
activated carbons for competitive adsorption of the MDF compounds. Figure 2-2
provides a schematic of the fixed-bed system used in this study. Before each experiment,
the pump inlet and outlet lines and the adsorber system lines were washed with hexane.
In addition, the lines were purged with N2. The adsorber column was washed, dried, and
weighed. For each activated carbon, about 1.0-1.6 g was packed in a stainless steel
column (diameter: 4.6 mm; length: 150 mm). To ensure uniform packing, the activated
carbon was added gradually, and the bottom side of the column was periodically tapped.
The packed column was pretreated by passing N2 gas at 200 ºC for 2 h for drying. After
pretreatment, the column temperature was decreased to room temperature, and the MDF
was then fed into the adsorbent column using an HPLC pump in a flow-up mode at a
liquid hourly space velocity (LHSV) of 4.8 h-1. The treated MDF was periodically
sampled every 15–20 min until the saturation point was reached.

32
Digital Temp. controller
& display
Multi-channel
convection oven

N2
H2

Fraction
collector

HPLC
Pumps

Sampling
Fuel Tank
Place Figure Here
Figure 2-2: Schematic of the fixed-bed flow system used in this study

2.5 Hydrotreating Experiments
Batch reactors with a volume of 25 ml were constructed and used for the
hydrotreatment of LCO and pretreated LCO. The reactor was first loaded with 0.1 g of
catalyst and 3 g of LCO, and the assembly was then purged five times using nitrogen and
hydrogen before being pressurized with hydrogen to 50 bar (Figure 2-3). Once loaded,
the reactor was placed in a fluidized sand bath for 2 h, preheated to 350 ˚C, and agitated
at 200 strokes/min. The temperature inside the reactor was monitored by a thermocouple.
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Following the reaction, the reactor was removed from the sand bath and immediately
quenched in a cold water bath. The product was withdrawn from the reactor using a glass
pipette, and the total sulfur was analyzed to estimate the HDS conversion. The HDS
conversion (HDS%) was obtained using equation Eq. 2-5:

(C − C )
i
f
HDS % =
× 100
C
i

2-5

where Ci is the sulfur concentration of in the feed stream and Cf is the sulfur
concentration of the product stream.
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Figure 2-3: Schematic of horizontal tubing bomb reactor (batch reactor).

2.6 Fuel Characterization
All treated MDF samples were analyzed by a Varian CP 3800 gas chromatograph
equipped with a flame ionization detector (FID) and a CP-8400 autosampler. The
compounds were separated by a VF-5 ms capillary column (30-m length, 0.25-mm
internal diameter, and 0.25-mm film thickness) (Varian). The oven temperature was
initially set to 100 ºC and ramped immediately at 5 ºC/min to 170 ºC, followed by a ramp
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at 20 ºC /min to 290 ºC and held at this temperature for 2 min. Ultra-high purity helium
gas was used as a carrier gas at a flow rate of 1.0 mL/min. The temperature of both the
injector and detector was 290 ºC. In this analysis, n-tetradecane was used as an internal
standard. The samples were analyzed quantitatively on the basis of response factors
obtained by analyzing known concentrations of compounds of interest, according to
Eq. 2-6:

RF =

Ai Cstd
×
Astd
Ci

2-6

where RF is the response factor, Ai is the peak area of the compound of interest, Astd is
peak area of the internal standard, Cstd is the concentration of the internal standard, and Ci
is the concentration of the compound of interest. For most compounds, the response
factors were calculated using multiple concentrations. Table 2-4 lists the response factors
for the model compounds present in the MDF. The concentrations of various compounds
in the product stream were determined using Eq. 2-7:
Table 2-4: Response Factors for the Various Compounds in the MDF
Compound
DBT
4,6-DMDBT
Quinoline
Indole
NA
1-NMA
Fluorene

Response Factor
0.80
1.01
0.59
0.54
0.72
0.80
0.92
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Ci =

Ai Cstd
×
Astd RF

2-7

where Ci is the concentration of the compound of interest, RF is the response factor for
the compound of interest, Cstd is the concentration of the internal standard, Ai is the peak
area of the compound of interest, and Astd is the peak area of the internal standard.
For quantitative analysis of total nitrogen and sulfur concentrations (ppmw) in the
treated MDF, an Antek 9000 series nitrogen and sulfur analyzer was used. The
instrument was calibrated in our laboratory at nitrogen and sulfur concentrations ranges
from 0—10, 10—50, and 50—500 for nitrogen using quinoline in n-decane as a solvent,
and 0—10, 10—50, 50—300, and 300—900 for sulfur using dibenzothiophene (DBT) in
n-decane. The accuracy of the Antek results to establish the calibration curves and to
obtain the fuel nitrogen and sulfur concentration was always kept within ± 2%.
In most cases, the treated LCO was diluted with toluene at the desired
toluene/LCO ratio. For total nitrogen and sulfur analysis, an Antek 9000 series nitrogen
and sulfur analyzer was used as described above. Qualitative analysis of the nitrogen
compounds in the treated LCO was performed using a Varian CP 3800 gas
chromatograph with a capillary column (30 m length, 0.25 mm internal diameter, and
0.25 mm film thickness) and a nitrogen-phosphorus detector (NPD). Column temperature
was held at 40 °C for 4 minutes, then programmed from 40 °C to 290 °C at a rate of 6
°C/min, and held for 5 min. The injector and detector temperatures were set to 290 °C.
The analytical method was the same as the GC-FID.
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Qualitative analysis of sulfur compounds in the LCO was conducted using an HP
5890 gas chromatograph with a capillary column (XTI-5, Restek, 30 m in length and 0.25
mm in internal diameter) and a pulsed-flame photometric detector (PFPD).
Gas chromatography-mass spectrometry (GC-MS) was used for identification of
the nitrogen compounds in the concentrated nitrogen-containing fuel. The GC-MS
consisted of a Shimadzu GC-17A gas chromatograph coupled to a Shimadzu QP-5000
mass spectrometer. The gas chromatograph was fitted with a fused silica capillary
column (Rxi-5ms, 30 m x 0.25 mm I.D. x 0.25 um film thickness) purchased from
Restek. The separation conditions were as follows: the flow of carrier gas (ultra high
purity helium) was 1 mL/min. Column temperature was held at 40 °C for 4 min, then
programmed from 40 °C to 290 °C at a rate of 6 °C/min, and then held for 5 min. The
injector and detector temperatures were set at 290 °C. The injection volume was 1 µL,
and the split ratio was 15:1. The mass spectrometer was operated in the electron impact
mode using ionization energy of 70 eV. Identification was performed by similarity search
of the spectra of the compound in the sample and the NIST 107 mass spectral library.
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Chapter 3
Selective Adsorption for Removal of Nitrogen Compounds from Liquid
Hydrocarbon Streams over Carbon- and Alumina-Based Adsorbents

Abstract
In order to explore the adsorptive denitrogenation of liquid hydrocarbon streams
for producing ultraclean fuels, the adsorption performance of seven representative
activated carbon samples and three activated alumina samples was evaluated in a batch
adsorption system and a fixed-bed flow adsorption system for removing quinoline and
indole from a model diesel fuel in the coexistence of sulfur compounds and aromatics.
Different adsorbents show quite different selectivity toward basic and nonbasic nitrogen
compounds (quinoline and indole) and sulfur compounds (dibenzothiophene and 4,6dimethyldibenzothiophene). The activated carbons generally show higher capacity than
activated alumina samples for removing the nitrogen compounds. The adsorption
capacity and selectivity of the activated carbons for nitrogen compounds were further
correlated with their textural properties and oxygen content. It was found that (1) the
microporous surface area and micropore volume are not a key factor for removal of the
nitrogen compounds in the tested activated carbons; (2) the oxygen functionality of the
activated carbons may play a more important role in determining the adsorption capacity
for the nitrogen compounds since the adsorption capacity for nitrogen compounds
increases with increase in the oxygen concentration of the activated carbons; and (3) the
type of the oxygen-functional groups may be crucial in determining their selectivity for
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various nitrogen or sulfur compounds. In addition, regeneration of the saturated
adsorbents was conducted by the toluene washing followed by the heating to remove the
remained toluene. The results show that the spent activated carbons can be regenerated to
completely recover the adsorption capacity. The high capacity and selectivity of carbonbased adsorbents for the nitrogen compounds, along with their good regenerability,
indicate that the activated carbons may be promising adsorbents for deep denitrogenation
of liquid hydrocarbon streams.
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3.1 Introduction
The new regulations implemented in 2006 mandate the reduction in the sulfur
level for diesel to 15 ppmw. Although the nitrogen content in diesel fuel is not yet
regulated, it is well-known that the presence of nitrogen compounds remarkably inhibits
the hydrodesulfurization of sulfur compounds through competitive adsorption on the
catalyst active sites, especially under the condition of deep HDS.1-10
Recently great interest has been shown in the application of adsorption for the
denitrogenation11-19 and desulfurization11, 19-28 of liquid hydrocarbon fuels. The selective
removal of nitrogen and refractory sulfur compounds from liquid hydrocarbons by
adsorption is a promising approach,18, 19 as the adsorption can be conducted at ambient
temperatures without using hydrogen. As well-known, liquid hydrocarbon streams
usually contain not only the nitrogen and sulfur compounds, but also a large amount of
structurally similar aromatic compounds. Thus, a great challenge is to identify an
adsorbent that can selectively adsorb the nitrogen compounds but not coexisting aromatic
compounds. Recently, several types of adsorbents have been reported for adsorptive
denitrogenation of liquid hydrocarbon fuels, including zeolite,18, 29 activated carbon,12, 13,
19

activated alumina,12,

19, 30

and silica gel.1,

17, 31

For example, Kim et al, recently

examined three adsorbents including activated carbon, activated alumina, and nickelbased adsorbent using model diesel fuel, which contains nitrogen, sulfur and aromatic
compounds. They found that, while activated alumina showed highest adsorption
selectivity for nitrogen compounds, activated carbon showed highest adsorption capacity
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for

nitrogen

compounds

and

the

refractory

sulfur

compounds

(i.e.

4,6-

dimethyldibenzothiophene).
Several studies have shown that some activated carbons can have much higher
adsorption capacities for the nitrogen compounds than activated alumina12, 19 and silica
gel.12 Mochida and co-workers published several papers on adsorptive denitrogenation of
a real gas oil over activated carbon materials.12,

13

They found that MAXSORB-II, an

activated carbon prepared from petroleum coke through KOH activation with an apparent
surface area of 3000 m2/g, was effective for adsorptive denitrogenation of gas oil at
ambient temperatures. They attributed this to the oxygen functional groups on the carbon
surface in particular those evolve CO in the temperature range of 600–800 °C. However,
the absence of detailed analytical data for the concentration of the coexisting sulfur and
aromatic compounds in the paper13 makes it difficult to compare the adsorptive
selectivity of different adsorbents for various nitrogen, sulfur, and aromatic compounds
in the fuel, which is important in order to clarify the adsorptive denitrogenation
mechanism on carbon surface.
Adsorption capacity, selectivity, and regenerability of the adsorbent are the three
critical factors for its practical application in industry, in which adsorption selectivity and
regenerability of the adsorbent are especially important in commercialization of a
successful adsorption process. However, there is relatively limited information of
adsorption selectivity and regenerability of activated carbons for the nitrogen compounds,
in the available literature in comparison with their adsorption capacity. The adsorption
mechanism of the nitrogen compounds on activated carbon is also unclear.
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In the present Chapter, adsorption denitrogenation of a model diesel fuel (MDF)
was conducted over seven commercial activated carbon samples, as well as three
activated alumina samples for comparison purpose, in both batch and flow adsorption
systems. The adsorption capacity and selectivity of different adsorbents for different
compounds were quantitatively measured. The regeneration method and regenerability of
the spent activated carbons were also explored.

The adsorption performance and

regenerability of various activated carbons were further correlated with their
physicochemical properties of the surface to understand the contribution of each property
to the adsorption performance.

3.2 Experimental Section

3.2.1 Materials
Different types of commercial activated carbon samples that were produced from
a variety of carbon source materials by different activation methods were examined in
order to study the structure–performance relationship. Table 3-1 shows the sources and
some manufacturing parameters for all activated carbons used in this study.
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Table 3-1: Source and Some Manufacturing Parameters of the Studied Activated Carbons
carbon

source

activation

commercial ID

maker

AC1

coconut

steam

PCB-G

calgon

particle
size, D50
45 µm

AC2

wood

chemical

nuchar AC20

WESTVACO

ultrafine

AC3

wood

chemical

nuchar AC1500

WESTVACO

ultrafine

AC4

pet. coke

KOH

maxsorb1

kansai

ultrafine

AC5

lignite coal

steam

darco-G60

norit

40 µm

AC6

coal

steam

norit SA 4 PAH

norit

38 µm

wood

-

-

WESTVACO

ultrafine

a

AC7

a

AC7 was obtained by heat treatment of AC3(nuchar AC1500) with N2 at 550 ºC for
one hour.
Three alumina samples, strong acid alumina, weak acid alumina, and basic

alumina, were purchased from Aldrich Chemical Co. These activated alumina samples
had the similar physical properties. The average surface area and pore diameter of these
samples were 160 m2/g and 5.8 nm, respectively.
Before use in experiments, all activated carbon samples were washed by
deionized water, and then heated at 110 ºC in a vacuum oven overnight for drying.

3.2.2 Characterization of Samples
Textural characterization of the activated carbon samples was performed by the
adsorption of N2 at 77 K using the Autosorb-1 MP system (Quantachrome Corp.). Before
the N2 adsorption, the samples were subjected to degassing at 200 ºC under
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turbomolecular vacuum. The Brunauer–Emmet–Teller (BET) specific surface areas were
obtained from the N2 adsorption data at relative pressures 0.05 < P/P° < 0.2 using the
BET equation. The total pore volumes (Vtotal) were estimated from the volume of N2 (as
liquid) held at a relative pressure (P/Pº) of 0.98. The pore-size distributions were
evaluated using nonlocal density functional theory (DFT)32 dedicated to nitrogen (77.4 K)
adsorption on carbon materials with slit-like pores. Detailed of the method has been
described in Chapter 2.
Elemental analysis of all samples was determined using a LECO CHN-600
instrument. The activated carbons were also analyzed by the temperature-programmed
desorption (TPD) at a temperature increase rate of 10 ºC/min from 40 to 950 ºC under a
He flow of 50 mL/min. The total organic oxygen content in various activated carbons
was estimated by the total evolved amount of CO and CO2. This method has been
reported to correlate well with the oxygen content obtained by elemental analysis.33

3.2.3 Model Diesel Fuel
In order to compare the adsorption selectivity of various activated carbon samples
for nitrogen, sulfur, and aromatic compounds, a model diesel fuel (MDF), containing the
same molar concentration (10.0 µmol/g) of dibenzothiophene (DBT), 4,6-dimethyldibenzothiophene

(4,6-DMDBT),

indole,

quinoline,

naphthalene

(NA),

1-

methylnaphthalene (1-MNA), and fluorene, was prepared using decane as a solvent. The
detailed composition of the MDF is listed in Table 3-2
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Table 3-2: Composition of the Model Diesel Fuel (MDF)
Chemicals

Purity
(wt%)

Concentration
(wt%)
S or N

Molar
(µmol/g)

Sulfur compounds
DBT
4,6-DMDBT
Total
Nitrogen

98
97

0.184
0.212

320
320
641

10.0
10.0

indole
quinoline
Total
Aromatics

99
98

0.117
0.129

140
140
280

10.0
10.0

NA
1-MNA
Fluorene
Paraffin

99
95
99

0.128
0.142
0.166

10.0
10.0
10.0

Decane
n-Tetradecane
Others

99
99

97.850
0.057
1.014

2.9

Total

100.000

The total nitrogen and sulfur concentrations of the MDF were 280 and 641ppmw,
respectively. In order to determine the time needed to reach the adsorption equilibrium, a
model fuel (MF) containing equimolar concentration (10.0 µmol/g) of quinoline and
indole, corresponding to a total nitrogen concentration of 280 ppmw, was used. All
chemicals for preparation of the MDF and MF were purchased from Aldrich Chemical
Co. and used without further purification. The purity of each chemical is also listed in
Table 3-2. For reference, the chemical structures of the model compounds present in the
model diesel fuel are shown in Figure 3-1.
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Figure 3-1: The chemical structures of the various model compounds in the model diesel fuel
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3.2.4 Adsorption Experiments
For adsorption in a stirred batch system, about 20 g of MDF (or MF) and 0.20 g
of the tested adsorbent were added into a glass tube. The tube was capped and placed in
an Omni-Reacto Station batch system (Barnstead International, USA) at room
temperature with electromagnetic stirring at 300 rpm. After the desired time was reached,
the mixture was filtered, and the treated MDF samples were analyzed to estimate the
adsorption capacity and selectivity of the adsorbents for various compounds in the fuel.
The amount adsorbed, q (mmol/g), was calculated according to Eq. 3-1.

L(C − Ce )
i
q=
M

3-1

where L is the liquid fuel weight (g), Co and Ce are the initial and equilibrium
concentrations of the solute in the liquid fuel (mmol/g), respectively, and M is the amount of
the adsorbent used (g).
In order to quantitatively estimate the adsorption selectivity of various adsorbents for
each compound in MDF, a selectivity factor was used,25 which is expressed as shown in

Eq. 3-2

q / qr
α = i
i−r C / Ce,r
e,i

3-2
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Where qi and qr are the adsorption capacities of the compound i and the reference
compound r at equilibrium, respectively. Ce,i and Ce,r are the equilibrium concentrations
of compound i and the reference compound r, respectively. A two-ring aromatic
compound, naphthalene (NA) was selected as a reference compound in this study.
On the basis of the screening adsorption experiments, three representative
activated carbon samples; AC3, AC4, and AC6, which had quite different adsorption
performance, were further evaluated in a laboratory-scale fixed-bed flowing system. A
schematic of the fixed-bed system used in this study was illustrated in Chapter 2. The 3
activated carbons were packed respectively in a stainless steel column (diameter: 4.6 mm;
length: 150 mm). The packed columns were pretreated by passing N2 gas at 200 ºC for 2
h for drying. After pretreatment, the column temperature was decreased to room
temperature, and the MDF was then fed into the adsorbent column using an HPLC pump
in a flow-up mode at a liquid hourly space velocity (LHSV) of 4.8 h-1. The treated MDF
was periodically sampled every 15–20 min, until the saturation point was reached.

3.2.5 Regeneration of Adsorbents
In order to explore the regenerability of the activated carbons, the activated
carbon after saturation in the fixed-bed adsorption experiment was subjected to a
regeneration test. Toluene was used as a solvent to wash out the adsorbates from the
spent activated carbons at 80 ºC and 4.8 h-1 LHSV. The washing continued until the
nitrogen and sulfur concentrations in the eluted toluene were close to zero. Based on the
material balances calculations, over 97% of the nitrogen and sulfur compounds were
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removed after regeneration. After washing with toluene, the system was purged with N2
at 200 ºC for 8 h to remove the remaining solvent, and the temperature of the adsorption
bed was reduced to room temperature for adsorption test of the regenerated adsorbent.

3.2.6 Analysis of Treated MDF Samples
All treated MDF samples were analyzed by a gas chromatography, Varian CP
3800, equipped with a flame ionization detector (FID) and a CP-8400 autosampler. The
compounds were separated by a VF-5 ms capillary column (30-m length, 0.25-mm
internal diameter, and 0.25-mm film thickness) (Varian). The oven temperature was
initially set to 100 ºC and ramped immediately at 5 ºC/min to 170 ºC, followed by a ramp
at 20 ºC /min to 290 ºC and held at this temperature for 2 min. Ultra-high purity helium
gas was used as a carrier gas at a flow rate of 1.0 mL/min. The temperature of both
injector and detector was 290 ºC. In this analysis, n-tetradecane was used as an internal
standard. For quantitative analysis of total nitrogen and sulfur concentrations (ppmw) in
the treated MDF, an Antek 9000 series nitrogen and sulfur analyzer was used. More
details of the analysis have been described in Chapter 2.

3.3 Results and Discussion

3.3.1 Effect of Adsorption Conditions on Adsorption Capacity
Adsorptive denitrogenation of model fuel containing equimolar concentration of
quinoline and indole was conducted at 25 °C and at a fuel/adsorbent weight ratio of 100
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in the batch system over two representative activated carbons, AC1 and AC3. AC1 had
the highest percentage of microporosity (81%), whereas AC3 had the highest percentage
of mesoporosity (52%) in porosity distribution among the tested activated carbon samples
as can be seen in Table 3-3
Table 3-3: Textural Properties of the Activated Carbons
carbon

SBET

Smicro

Smeso

Vtotal

Vmicro

Vmeso

mean pore

(m2/g)

(m2/g)

(m2/g)

(cm3/g)

(cm3/g)

(cm3/g)

size (nm)

AC1

993

807

186

0.560

0.455

0.105

2.26

AC2

1603

926

677

1.227

0.709

0.518

3.06

AC3

2320

1125

1195

1.638

0.794

0.844

2.82

AC4

2263

1655

608

1.206

0.882

0.324

2.13

AC5

650

435

215

0.321

0.215

0.106

1.98

AC6

1151

799

352

0.637

0.442

0.195

2.21

AC7

2190

1360

830

1.559

0.968

0.591

2.85

As shown in Figure 3-2, the adsorption capacity for nitrogen on both carbons
increased sharply within the first 5 min. In fact, over 95% of the saturation adsorption
capacity was achieved within 20 min for AC1, and only half of this time was needed for
AC3 to achieve 95% of the saturation adsorption capacity. It indicates that the activated
carbon with 52% of mesoporosity favors the diffusion of the nitrogen compounds into the
pores in comparison with one with 19% of mesoporosity in the liquid phase adsorption.
After the initial 10–20 min, the adsorption uptake for both carbons increased slowly and
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then remained nearly constant after 1 h. The results imply that the adsorption approached
the equilibrium after 1 h.

Figure 3-2: Effect of adsorption time on adsorption capacity of two activated carbons,
AC1 and AC3, for nitrogen removal at 25 ºC
The effect of adsorption temperature on the adsorption capacity of AC3 was also
examined at an adsorption time of 4 h and at a fuel/adsorbent weight ratio of 100 in the
batch system in a temperature range of 25–100 °C, as shown in Figure 3-3. The
adsorption capacity decreased slightly at a temperature range of 25–75 °C. Beyond 75 °C,
the adsorption capacity decreased significantly with increasing temperature, indicating
that the adsorption capacity was determined by the thermodynamics under this condition.

53

N ads cap (mg-N/g-A)

14
AC1

12
10
8
6
4
2
0
0

20

40

60

80

100

120

Adsorption temp. (ºC)
Figure 3-3: Effect of adsorption temperature on adsorption capacity of AC1 for nitrogen
removal, adsorption time 4 h
The observed effects of adsorption time and temperature on adsorption capacity
imply that at 25 °C and adsorption time longer than 1 h, effect of the diffusion on the
adsorption capacity for the nitrogen compounds is negligible. According to these results,
the adsorption at 25 °C, for 4 h with the fuel/adsorbent weight ratio of 100 was selected
as the standard test condition for all batch adsorption experiments.

3.3.2 Comparison of Adsorption Performance of Various Adsorbents
In order to compare the adsorption performance of the various adsorbents, all
activated carbon samples and activated alumina samples were tested in the batch system
at the standard condition by using MDF.

54
Figure 3-4 shows the adsorption capacity of the three activated alumina
adsorbents, including strong acidic, weak acidic, and basic activated aluminas. It is clear
that all three activated alumina adsorbents, regardless of their acidic nature, show higher
adsorption capacities for both quinoline and indole than other compounds in MDF.
The acidity/basicity of the activated aluminas also played an important role in
determining their adsorption capacity. The adsorption capacity for quinoline increased
with increase in adsorbent acidity, while the adsorption capacity for indole increased with
the increase in adsorbent basicity. The former is consistent with the basicity of quinoline
and the latter indicates that indole has a weakly acidic character. However, it should be
pointed out that the adsorption capacity does not simply depend on the acid–base
interaction, as the weakly acidic activated alumina even has higher adsorption capacity
for nonbasic indole than the basic quinoline.

55

Ads. cap. (mmol- comp /g-A))

0.30
AA Acidic
AA Weak Acidic

0.25

AA Basic
0.20
0.15
0.10
0.05
0.00
NA

Quinoline

Indole

1MNA

FLRN

DBT

4,6DMDBT

Various compounds in MDF
Figure 3-4: Adsorption capacity for various activated aluminas; at 25 ºC, 4 h adsorption
time, and fuel/adsorbent weight ratio of 100 g-MDF/g-A
Figure 3-5 presents the adsorption capacity of the activated carbons. In
comparison with the activated aluminas, most of the activated carbon samples, except
AC5 and AC6, have significantly higher adsorption capacity for the nitrogen compounds.
AC3 has even about 2.5 × higher capacity than those of the activated aluminas. The
higher adsorption capacity may be related to much higher surface area (2320 m2/g) and
more functional groups on the surface of AC3 than those (160 m2/g) of the activated
aluminas. The adsorption capacity of the various activated carbons for the nitrogen
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compounds are quite different, decreasing in the order of AC3 > AC4 > AC2 > AC1 >
AC5 ≈ AC6, regardless quinoline or indole.
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Figure 3-5: Adsorption capacity for various activated carbons, at 25 ºC; 4 h adsorption
time, and fuel/adsorbent weight ratio of 100 g-MDF/g-A
Figure 3-6 shows the adsorption selectivity of various activated carbon samples
for each compound in comparison with the weak acidic activated alumina. The results
show that the activated alumina has the moderate adsorption selectivity for the nitrogen
compounds (15–20), but very low adsorption selectivity for the sulfur and aromatic
compounds (<2). Alternatively, the adsorption selectivity of the various activated carbons
is quite different. While AC3 shows higher adsorption selectivity for the nitrogen
compounds, other activated carbon samples have lower adsorption selectivity than the
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activated alumina, although most of the activated carbon samples have higher adsorption
capacity for the nitrogen compounds than the activated alumina. In general, the activated
carbon samples give much higher adsorption selectivity for sulfur compounds, especially
for 4,6-DMDBT, in comparison with the activated alumina.

Figure 3-6: Adsorption selectivity of some activated carbons and activated alumina; at 25
ºC, 4 h adsorption time, and fuel/adsorbent weight ratio of 100 g-MDF/g-A
In comparison of the activated carbons, the different samples give quite different
adsorption selectivity. For example, the adsorption selectivity of AC3 increased in the
order of NA < 1MNA < fluorene < DBT < 4,6-DMDBT < quinoline < indole; while the
adsorption selectivity of AC4 followed the order of NA < 1MNA < fluorene < DBT <
quinoline < indole << 4,6-DMDBT. Interestingly, the adsorption selectivity of AC4 for
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4,6-DMDBT is greater than those for quinoline and indole by a factor of 2, while the
adsorption selectivity of AC3 for indole is higher than that for 4,6-DMDBT by a factor of
3. The results clearly indicate that AC3 was very effective in selective adsorption of the
nitrogen compounds, particular indole, while AC4 was found to be exceptional in
selective removal of 4,6-DMDBT. It implies that the functional groups on the surface of
the different activated carbons may be quite different, leading to the quite different
adsorption selectivity for nitrogen and sulfur compounds. The surface of the activated
carbons is likely to have multiple adsorption sites (surface heterogeneity), which
contribute to certain adsorbates.
Interestingly, all activated carbons showed higher adsorption selectivity for indole
than for quinoline, regardless of the carbons’ nature. This observation might be partially
attributed to the fact that indole can behave as a weak acid due to the H–N bonds, and
also as a weak base due to the electron lone pair on the N atom in indole. Consequently,
both basic and acidic active sites on the carbon surface may contribute to the adsorption
of indole molecule.
It was also observed that selectivity for the compounds with methyl groups such
as 1MNA and 4,6-DMDBT was higher than those without methyl groups such as NA and
DBT, respectively, being consistent with Zhou et al. study.25 The methyl group is an
electron donor to the aromatic rings, leading to a higher electron density on the aromatic
rings. Another possibility is that the hydrogen atoms in the methyl group may favor the
formation of a hydrogen bond between the adsorbate and the functional groups on the
surface. It is also important to point out that all activated carbons tested in the present
study showed higher adsorption selectivity for DBT than fluorene, although both DBT
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and fluorene have very similar skeleton structures, with the exception of the replacement
of the C atom at the 9-position of fluorene by an S atom. This suggests that the S atom
attached to the aromatic ring may also play an important part in the adsorption of DBT.

3.3.3 Effect of Surface Textural Properties on Adsorption Performance

In a selective adsorption process, there are three key factors that determine the
adsorption performance of adsorbent. These factors include (1) properties of the
adsorption sites, (2) density of the adsorption sites, and (3) accessible surface area of
adsorbent. While the first two factors involve the properties of surface chemistry, the last
factor is related to the physical properties (textural characteristics) of adsorbent. These
factors work together to determine the adsorption performance of the adsorbents.
Fundamental understanding of the roles played by these physical and chemical properties
of the activated carbons is essential in development of novel carbon-based adsorbents for
adsorptive denitrogenation.
In order to understand the effect of surface textural structure on adsorption
capacity, the textural properties of the activated carbon samples were characterized by the
N2 adsorption, and the results are listed in Table 3-3. AC2, AC3, and AC7 combine the
micropores and mesopores with an average pore sizes significantly larger than others.
The microporosity is dominant in AC1, AC4, AC5, and AC6, particularly in AC1, in
which the micropore volume accounted for over 81% of the total pore volume. The
surface areas of AC3 and AC4 were nearly twice that of AC1 and AC6. The micropore
surface areas and the micropore volumes for AC1 and AC6 were almost identical.
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The adsorption capacity of the AC samples as a function of total surface area,
mesoporous area, and microporous area, respectively, is shown in Figure 3-7(A), and as a
function of total porous volume, mesoporous volume, and microporous volume,
respectively, is shown in Figure 3-7(B). No good relationship between the adsorption
capacity and microporous surface area (or mesoporous surface) was observed, indicating
that the micropore in the studied samples may not play an important role in determination
of their adsorption capacity for the nitrogen compounds. There is an increasing trend of
the adsorption capacity with increase of total surface area. However, it was noted that
such correlation is not perfect, as the accessible surface is not the sole factor that
determines the adsorption capacity. In addition, the upward trend maybe not due to the
increase in the surface areas of various activated carbons but due to the corresponding
oxygen concentrations of those activated carbons. For example, the increase in the
adsorption capacity of AC3 and AC4 not due to the high surface areas (i.e. 2320 and
2263 m2/g) but due to the high oxygen concentration on the surface of activated carbons
being 4.6 and 5.3 mmol/g-A respectively. The adsorption capacity is also unlikely
determined by the pore volume or micropore volume, as the evaluated coverage of AC
surface at the saturate adsorption is less than 70%. For example, the surface area of AC1
is even 15% less than AC6 and both have almost the same micropore volume. However,
the adsorption capacity of AC1 is almost twice that of AC6. The results imply that the
factors of both, the site density and the property of the adsorption site, rather than surface
physical property, may play a more important role in determining the adsorption capacity
of the adsorbent for the nitrogen compounds.
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Figure 3-7: Adsorption capacities for total nitrogen versus surface areas and pore volumes
of the activated carbons

3.3.4 Effect of Surface Chemistry on Adsorption Performance

It is well-known that the activated carbon surface chemistry plays an important
role in many selective adsorption processes. In order to study the effect of surface
chemistry of activated carbon on the adsorption performance, the elemental analysis and
TPD characterization of the activated carbon samples were conducted and the results are
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listed in Table 3-4. The oxygen concentration of the activated carbon samples increased
from 2.4 to 8.4 wt % in the order of AC6 < AC5 < AC7 < AC2 < AC1 < AC3 < AC4.
The hydrogen concentration of the AC samples increased from 0.4 to 2.6 wt %, and
carbon concentration from 90.0 wt to 94.1 wt %. The order of both is almost opposite to
the order for the oxygen concentration.
Table 3-4: Elemental Analysis of the Activated Carbons
Carbon

elemental analysis (wt%)
H

C

N

OTPDa

AC1

1.2

91.5

0.7

5.4

AC2

1.0

91.7

0.4

4.2

AC3

0.9

90.9

0.4

7.3

AC4

0.4

90.0

0.8

8.4

AC5

2.6

93.9

0.6

2.7

AC6

2.4

94.1

0.9

2.4

AC7

1.1

92.2

0.6

3.8

a

OTPD: Oxygen concentration of various activated carbons was estimated by the evolved
CO and CO2 amount in TPD analysis
The adsorption capacity of the activated carbon samples as a function of the
oxygen concentration of the samples is shown in Figure 3-8. The adsorption capacity for
nitrogen compounds increases monotonically with increase in the oxygen concentration
of the samples. It is worth mentioning that AC7 was obtained by heat treatment of AC3
with N2 at 550 ºC for one hour, which has almost the same surface textural structure as
that of AC3, but only has about 52% of the oxygen content as AC3. However, the
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adsorption capacity of AC7 for the nitrogen compounds is about 36% less than that of
AC3. All these imply that oxygen functional groups and their density on the carbon
surface play an important role in determining the adsorption capacity. Close examination
of the data in Figure 3-8 shows that the activated carbon samples with higher percentage
(>67%) of microporous structure, such as AC1, AC4, AC5, and AC6, give excellent
correlation between the adsorption capacity and the oxygen concentration with R2 value
of 0.99, whereas the activated carbon samples with lower percentages (<62%) of
microporous structure (AC2, AC3, and AC7) give positive deviation. It indicates that the
contribution of the oxygen concentration to the adsorption capacity for the activated
carbon samples with lower percentage of microporous structure is greater than those for
the activated carbon samples with higher percentage of microporous structure. This
finding implies that some of the oxygen-containing functional groups on the surface in
the micropores may not be accessible for indole and quinoline due to the diffusion barrier
of the adsorbates in the micropores in the liquid phase adsorption, as both indole and
quinoline have a critical molecular diameter of 7.2 Å. Consequently, the activated carbon
with a higher percentage of mesoporous structure may be preferred (i.e. 20–40 Å). The
results also reveal that 1 mol of the adsorbed nitrogen compounds corresponds to more
than 4 mols of oxygen in the activated carbons, indicating that not all of the oxygen
functional groups are covered by the nitrogen compounds and/or each nitrogen
compound interacts with more than one oxygen functional group on the surface, if
assuming that all amount of the oxygen estimated by the TPD exists in the oxygencontained functional groups at the activated carbon surface.
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Figure 3-8: Correlation between adsorption capacities of the activated carbons for total
nitrogen and the oxygen concentrations of the activated carbons
On the basis of the excellent correlation between the adsorption capacity and the
oxygen concentration of the samples, it is clear that the total number of oxygen functional
groups on the surface of the activated carbon has a great contribution to their adsorption
capacity for the nitrogen compounds. As well-known, there are many different oxygencontaining functional groups on the surface of activated carbons, including carboxylic,
lactone, phenol, ketone, and quinone groups. However, what type of oxygen-containing
functional groups play a more important role in determining the adsorption capacity and
how these functional groups interact with nitrogen compounds are discussed in Chapter 4
through the characterization of the functional groups on the surface and correlating them
with their adsorption performance.

65
3.3.5 Adsorption Performance in a Fixed-Bed Flow System

The adsorption performance measured in the batch system has shown that AC3
had the highest adsorption capacity for the nitrogen compounds, AC4 had the highest
adsorption capacity for 4,6-DMDBT, and AC6 had the lowest adsorption performance for
both nitrogen and sulfur compounds. These three representative activated carbon samples
were selected for further evaluation in a fixed-bed adsorber using MDF at 25 °C and 4.8
h-1 of LHSV. The breakthrough curves for different compounds over AC3 are shown in
Figure 3-9. The breakthrough amount (grams of the treated fuel per gram of adsorbent)
for different compounds increased in the order of NA < 1-MNA < fluorene < DBT < 4,6DMDBT < quinoline << indole, which is in agreement with their adsorption capacity
obtained in the batch system, as shown in Figure 3-5. The breakthrough capacity (mmolcompounds/g-A) estimated on the basis of breakthrough curves is 0.11, 0.13, 0.21, 0.29,
0.38, 0.55, and 0.79, respectively for NA, 1-MNA, fluorene, DBT, 4,6-DMDBT,
quinoline, and indole. NA broke through at a treated fuel amount of 11.3 g-MDF/g-A.
Immediately after the breakthrough, the ratio of the concentration in the treated fuel to
the concentration in initial fuel (C/Co) for NA increased sharply to over 1.7, and then,
returned to 1.0 gradually at the treated fuel amount of 37 g-MDF/g-A. The breakthrough
for 1-MNA was at a treated fuel amount of 13.4 g-MDF/g-A and the C/Co value for 1MNA after the breakthrough increased sharply to over 1.6. Fluorene broke through at a
treated fuel amount of 20 g-MDF/g-A. After that the C/Co value increased to about 2 and
then gradually decreased to 1.0 at a treated fuel amount of 57 g-MDF/g-A. The
breakthrough for DBT occurred at a treated fuel amount of 27 g-MDF/g-A. After the
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breakthrough, the C/Co value for DBT increased sharply to over 1.5 and then decreased
to around 1.0 when the adsorbent bed was saturated by 4,6-DMDBT. The breakthrough
for 4,6-DMDBT occurred at a treated fuel amount of 37 g-MDF/g-A and then increased
sharply to a maximum C/Co value of 1.2 and stayed around this value until the quinoline
reached the saturation value (C/Co = 1.0). The breakthrough of quinoline and indole
occurred at a treated fuel amount of 54 and 78 g-MDF/g-A, respectively. Different from
other compounds, after the saturation, the C/Co value for both quinoline and indole
stayed at 1.0, without exceeding this value.
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Figure 3-9: Breakthrough curves of various compounds in MDF over activated carbon
AC3 at 25 °C and 4.8 h-1 LHSV
The interesting phenomenon observed in Figure 3-9 is that after passing the
saturation point (C/Co = 1.0), the outlet concentration of some compounds in MDF,
especially the aromatics and DBTs, increases to over their initial concentration by even
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more than 100% (C/Co = 2.0), a finding that is consistent with results reported by Kim et
al.19 After reaching this maximum value, the outlet concentration gradually decreases to
the initial concentration when the subsequent breakthrough compound reaches the
saturation point (C/Co = 1.0). This phenomenon was observed for most compounds in
MDF over AC3, except for quinoline and indole. This interesting phenomenon may be
explained as follows: NA, 1MNA, FLRN, DBT, 4,6-DMDBT, and quinoline were
adsorbed, at least partially, on the same adsorption sites. The later breakthrough
compound may have a stronger adsorption affinity on the sites than the prior
breakthrough compounds, thus the later breakthrough compound “kicks off” the prior
adsorbates from the adsorption site through the competitive adsorption, resulting in
higher concentration of the prior breakthrough compounds at outlet than the initial one.
As observed in Figure 3-9, 1-MNA displaces the adsorbed NA partially; fluorene
displaces 1-MNA partially; DBT displaces fluorene partially; 4,6-DMDBT displaces
DBT partially and quinoline partially displaces 4,6-DMDBT. It needs to point out that
such displacement extent is only about 10–60%, depending on the adsorption affinity of
the compounds. Interestingly, indole does not appear to displace the adsorbed quinoline,
although the breakthrough of indole was after the breakthrough of quinoline. This finding
suggests that the adsorption sites for indole maybe different from those for quinoline
and/or the interaction between quinoline and the adsorption site is too strong to be
displaced by indole. Further investigation is necessary to understand such phenomenon.
The breakthrough curves for different compounds over AC4 are shown in
Figure 3-10. The breakthrough amount for different compounds increased in the order of
NA < 1-MNA < fluorene < quinoline ≈ DBT ≈ indole << 4,6-DMDBT, which is quite
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different from that over AC3. The corresponding breakthrough capacity (mmolcompounds/g-A) is 0.23, 0.29, 0.44, 0.53, 0.57, 0.60, and 0.96, respectively, for NA, 1MNA, fluorene, quinoline, DBT, indole, and 4,6-DMDBT.
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Figure 3-10: Breakthrough curves of various compounds in MDF over activated carbon
AC4 at 25 °C and 4.8 h-1 LHSV
In comparison with the results for AC3, a significant difference is that AC4 has
much higher adsorption capacity and selectivity for 4,6-DMDBT than AC3, while AC3
has a much higher adsorption capacity and selectivity for indole. Considering the similar
oxygen content in AC3 (7.3 wt %) and in AC4 (8.4 wt%), the result clearly indicates that
the type of the oxygen functional groups on surface is critical in determining the
adsorption capacity and selectivity of the activated carbon for different compounds. As
well-known, 4,6-DMDBT is a major refractory sulfur compound existing in the
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commercial diesel fuel due to its low HDS reactivity. Thus, AC4 is a promising adsorbent
for removing this type of sulfur compounds for ultradeep desulfurization of diesel fuel.
The breakthrough curves for different compounds over AC6 are shown in
Figure 3-11. The breakthrough curve for different compounds increased in the order of
NA < 1-MNA < fluorene ≈ quinoline < indole < DBT << 4,6-DMDBT, which is different
from the breakthrough curves of both AC3 and AC4. The corresponding breakthrough
capacity (mmol-compounds/g-A) is 0.08, 0.09, 0.13, 0.13, 0.17, 0.22, and 0.39,
respectively, for NA, 1-MN, fluorene, quinoline, indole, DBT, and 4,6-DMDBT.
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Figure 3-11: Breakthrough curves of various compounds in from MDF over activated
carbon AC6 at 25 °C and 4.8 h-1 LHSV
In comparison with the results from AC3 and AC4, the significant difference is
that AC6 has much lower adsorption capacity for all tested compounds and has much
lower selectivity for quinoline. In addition, over 28% of the quinoline adsorbed over AC6
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was displaced by indole and others, while almost no adsorbed quinoline over AC3 and
AC4 was displaced by indole. It indicates that the interaction between quinoline and the
surface of AC6 is very weak. All of these can be attributed to the low concentration of
oxygen functional groups on the surface of AC6, as indicated in Table 4.

3.3.6 Regeneration of Spent Activated Carbons

The regenerability of adsorbent is crucial in a practical adsorption process.
Regeneration of the spent adsorbents was conducted by toluene solvent washing in a
fixed bed at 80 ºC and at 4.8 h-1 LHSV, followed by heating of the adsorbent bed to 200
ºC under a N2 flow to remove the remaining solvent. In order to estimate the required
amount of the solvent for the regeneration, the measured total nitrogen content and sulfur
content in the effluent as a function of the amount of the used effluent for AC3, AC4, and
AC6 is shown in Figure 3-12. In comparison of the three spent AC samples, the adsorbed
sulfur and nitrogen compounds are easier to be removed from the spent AC6 than AC3
and AC4, as AC6 contains less oxygen functional groups on the surface, and thus has less
adsorption affinity for the sulfur and nitrogen compounds. For the spent AC3 and AC4,
about 15 g of toluene solvent is needed to remove the majority of the adsorbed nitrogen
compounds from 1 g of the spent adsorbent. The most difficult is to remove the adsorbed
sulfur compounds from AC4. It is probably because of the higher adsorption affinity of
AC4 for 4,6-DMDBT and/or high diffusion barrier of 4,6-DMDBT in desorption due to
the dominant micropores in AC4.
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Figure 3-12: Nitrogen and sulfur concentrations in the effluent as a function of washingsolvent amount for AC3, AC4, and AC6; washing solvent: toluene; temperature: 80 ºC
and LHSV: 4.8 h-1
The evaluation of the first and second regenerated adsorbents was conducted in
the same fixed-bed adsorption system. Figure 3-13, Figure 3-14, and Figure 3-15 show
the breakthrough curves for total nitrogen and total sulfur over the first and second
regenerated activated carbons of AC3, AC4, and AC6, respectively, in the comparison
with the fresh ones. The adsorption performance of all the regenerated activated carbons
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coincided well with the fresh ones. It clearly indicates that all three activated carbons,
regardless of their physical and chemical nature, can be successfully regenerated by using
the toluene washing followed by heating to remove toluene.
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Figure 3-13: Total nitrogen and sulfur breakthrough curves for fresh, 1st regenerated, and
2nd regenerated AC3 at 25 °C and 4.8 h-1 LHSV
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Figure 3-14: Total nitrogen and sulfur breakthrough curves for fresh, 1st regenerated and
2nd regenerated AC4 at 25 °C and 4.8 h-1 LHSV
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Figure 3-15: Total nitrogen and sulfur breakthrough curves for fresh, 1st regenerated and
2nd regenerated AC6 at 25 °C and 4.8 h-1 LHSV

3.4 Conclusions

Adsorption performance of seven commercial activated carbon samples and three
activated alumina samples for removing nitrogen compounds, including quinoline and
indole, were evaluated using a model fuel in a batch adsorption system and a flowing
fixed-bed adsorption system. The activated carbon samples show higher capacity than the
activated alumina samples for removing the nitrogen compounds.
Some activated carbons were found to show much higher adsorption capacity and
selectivity for indole and quinoline, as reflected by the increasing adsorption selectivity
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of AC3 in the order of NA < 1-MNA < fluorene < DBT < 4,6-DMDBT < quinoline <<
indole. In distinct contrast, some other activated carbons were observed to show much
higher adsorption capacity and selectivity for 4,6-DMDBT in the presence of coexisting
nitrogen and aromatic compounds, as represented by the increasing adsorption selectivity
of AC4 in the order of NA < 1-MNA < fluorene < quinoline ≈ DBT ≈ indole << 4,6DMDBT.
The adsorption capacity and selectivity of the activated carbons for nitrogen
compounds were correlated with their textural properties and the oxygen content of the
activated carbons. It was found that (1) the microporous surface area and microporous
volume are not a key factor in deciding their adsorption performance for removal of the
nitrogen compounds in the tested activated carbons; (2) the oxygen content of the
activated carbons plays a more important role in determining the adsorption capacity for
the nitrogen compounds; and (3) the type of the oxygen-functional groups may be crucial
in determining their selectivity for nitrogen compounds.
In addition, a method for regeneration of the saturated adsorbents was proposed
and evaluated by the toluene washing followed by heating to remove the remaining
toluene in the fixed-bed flow system. The results show that the spent activated carbons
can be regenerated to recover the adsorption capacity completely. The high capacity and
selectivity of carbon-based adsorbents for the nitrogen compounds, along with their good
regenerability indicate that the activated carbons may be the promising adsorbents for
deep denitrogenation of liquid hydrocarbon streams.
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Chapter 4
Role of Surface Oxygen-containing Functional Groups in Liquid-Phase Adsorption
of Nitrogen Compounds on Carbon-Based Adsorbents

Abstract

Carbon-based adsorbents are promising for the adsorptive denitrogenation of liquid
hydrocarbon streams. The objective of the present Chapter is to develop a fundamental
understanding of the role of surface oxygen-containing functional groups on carbon-based
adsorbents in the adsorption of nitrogen compounds that are known to be present in liquid
fuels. The adsorption properties of four representative activated carbons were evaluated in a
batch adsorption system for removing quinoline and indole from decane. The adsorption
was found to obey the Langmuir adsorption isotherm. The adsorption isotherms were
obtained, and the adsorption parameters (the maximum capacity and adsorption constant)
were estimated. The surface chemical properties of the adsorbents were characterized
with a temperature-programmed desorption (TPD) technique with a mass spectrometer to
identify and quantify the type and concentration of the oxygen-containing functional
groups on the basis of the CO2- and CO evolution profiles. It was found that both the type
and concentration of surface oxygen-containing functional groups play an important role
in determining adsorptive denitrogenation performance. Higher concentrations of the
oxygen-containing functional groups on the adsorbents resulted in higher adsorption
capacity for the nitrogen compounds. A fundamental insight was gained into the
contributions of different oxygen functional groups by analyzing the changes in the
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monolayer maximum adsorption capacity, qm, and the adsorption constant, K, for
nitrogen compounds on different carbon adsorbents. Acidic functional groups such as
carboxylic acids and carboxylic anhydrides appear to contribute more to the adsorption of
quinoline, while the basic oxygen-containing groups such as carbonyl and quinone may
contribute more to the adsorption of indole.
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4.1 Introduction

Recently, the denitrogenation of liquid hydrocarbon streams has gained increasing
attention because (1) the nitrogen concentration in liquid hydrocarbon streams affects the
efficiency of the deep hydrodesulfurization and reforming processes, as well as the
quality of liquid hydrocarbon fuels, and (2) the liquid hydrocarbon streams derived from
coal liquefaction and coal pyrolysis contain much higher nitrogen concentrations than the
petroleum-derived liquid hydrocarbon streams, and the upgrading of coal liquid for
producing transportation fuels becomes a great challenge.1 As the catalytic removal of
nitrogen through hydrodenitrogenation reactions (HDN) is energy intensive and
consumes hydrogen, researchers worldwide are seeking alternative approaches, such as
adsorptive denitrogenation, to achieve deep denitrogenation of liquid hydrocarbon
streams.2-5
Some investigations of the adsorptive denitrogenation of liquid hydrocarbons on
activated carbons have been reported in the literature.6-10

It was found that some

activated carbons are promising adsorbents for the adsorptive removal of nitrogen
compounds from liquid hydrocarbon streams due to their high adsorption capacity and
good regenerability. In general, the adsorption behavior of carbon materials depends on
both the porous structure and its surface chemical nature. For gas-phase physisorption,
the microporous structure may play a more important role, while for liquid-phase
selective adsorption, the surface chemical nature may be more decisive in determining
the adsorption performance.
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In Chapter 3, I found that the oxygen content, rather than the micropore volume,
of the activated carbons may play a more important role in determining their adsorption
capacity for nitrogen compounds. It was observed that the adsorption capacity for
nitrogen compounds increased with an increase in the oxygen concentration of the
activated carbons, a finding that is consistent with results reported by Sano et al.8 I also
found that the type of oxygen-functional group may be crucial in determining its
adsorption selectivity for different compounds, since it was noted that some activated
carbons with similar oxygen content showed quite different selectivities for various
compounds.
There are many different functional groups present on the carbon surface.11, 12 It is
widely known that carboxyl, anhydride, lactone, phenol, carbonyl, and quinone groups
are the major types of oxygen functional groups present on the surface of activated
carbon, although the presence of more complex functional groups on the surface is also
possible.11,

13

Among them, carboxyl, anhydride, lactone, and phenol groups typically

contribute to the acidity of the surface of activated carbon, while the carbonyl and
quinone groups contribute to the basicity.11, 13
In spite of the widespread use of activated carbon in liquid-phase adsorption, the
adsorptive denitrogenation mechanism of liquid hydrocarbon streams on activated carbons
has not been well described in the literature.6-10 In particular, the influence of the
chemical properties of activated carbons on the adsorptive denitrogenation has not been
well delineated. In order to develop high-performance carbon-based adsorbents for the
adsorptive denitrogenation of liquid hydrocarbon streams, it is crucial to fundamentally
understand the role of various oxygen-containing functional groups and their
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concentrations on the carbon surface in determining adsorptive denitrogenation
performance.
The objective of this Chapter is to develop a fundamental understanding of the
role of surface oxygen-containing functional groups on the adsorption of nitrogen
compounds, with an ultimate goal of gaining a deeper insight into the adsorptive
denitrogenation mechanism. Since the effect of the porous structure of activated carbons
on adsorptive denitrogenation has been examined in Chapter 3, the focus of the present
Chapter is to examine the effects of the surface chemistry (in terms of the type and
amount of oxygen-containing functional groups) on the adsorption of nitrogen
compounds that are known to be present in liquid hydrocarbon fuels. The adsorption
performance of four representative carbon-based adsorbents for two typical nitrogen
compounds, quinoline and indole, was evaluated in a batch adsorption system using
solutions containing quinoline and indole, respectively, in decane. In order to develop a
structure-performance relationship for adsorptive denitrogenation on activated carbons, the
chemical properties of the adsorbents were characterized using the temperatureprogrammed desorption (TPD) technique, which has been well established as a method
for estimating the type and concentration of the various oxygen-containing functional
groups on surfaces.12, 14-16 The measured chemical properties of activated carbon samples
were correlated with their adsorptive denitrogenation performance to clarify the role of the
surface functional groups in the adsorptive denitrogenation of liquid hydrocarbon streams.
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4.2 Experimental Section

4.2.1 Materials

Different types of activated carbons from a variety of source materials were
selected. The source of materials, activation methods, and the manufacturers for these
samples are shown in Table 4-1. Before use in experiments, all activated carbon samples
were washed by deionized water, and then dried at 110 ºC in a vacuum oven overnight.
Quinoline with a purity of 98%, indole with a purity of 99% and decane with a purity of
99%, were purchased from Aldrich Chemical Co. and used without further purification.
Table 4-1: Source and Textural Properties of the Studied Activated Carbons
carbon
ID

source

activation

commercial
ID

maker

particle
size, D50

SBET
(m2/g)

Vtotal
(cm3/g)

AC1

coconut

steam

PCB-G

calgon

45 µm

993

0.560

AC3

wood

chemical

nuchar AC1500

westvaco

ultrafine

2320

1.638

AC4

pet. coke

KOH

maxsorb1

kansai

ultrafine

2263

1.206

AC6

coal

steam

norit SA 4 PAH

norit

38 µm

1151

0.637

4.2.2 Adsorption Experiments and Analysis of Treated Oil Samples

Two solutions, S-1 and S-2, with 20.0 µmol/g of quinoline and indole,
respectively, in decane, corresponding to nitrogen concentration of 280 ppmw, were
prepared for use in evaluation of the adsorption behavior of activated carbons for acidic
and neutral nitrogen compounds. The adsorption was conducted by mixing different
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amounts of the solution (varying from 3.0 to 15.0 g), with 0.20 g of the carbon samples in
a batch adsorption system (with a set of 50 ml glass tubes) with electric stirrers at room
temperature for 4 h. The 4 h of adsorption time has been proved in Chapter 3 to be long
enough to reach the adsorption equilibrium. The concentration of nitrogen in the treated
solution was analyzed by Antek 9000 series nitrogen analyzer. The analytical method has
been described in Chapter 2.

4.2.3 Characterization of Activated Carbon Samples

Oxygen-containing functional groups on the carbon surface were identified and
quantified by temperature-programmed desorption (TPD) using the AutoChem 2910 with
a mass spectrometer. About 100 mg of the sample was placed in a quartz tube. A
thermocouple was inserted into the tube to measure the bed temperature within the TPD
process. The carbon samples were initially dried at 110 ºC for 2 h under helium flow.
After drying, the temperature was increased from room temperature to 950 ºC at a rate of
10 ºC/min under a He flow of 50 mL/min (STP). The evolved gases from the activated
carbon, such as CO, CO2, and H2O, were continuously measured by quadrupole mass
spectrometer (Dycor, Model 2000). The evolved gases were quantified by integration of
the peak area and calibration with calcium oxalate (CaC2O4.H2O) standard.17 The amount
of each oxygen-containing functional group on the surface was quantified by
deconvolution of TPD spectra using multiple Gaussian functions. The TPD method used
in this work to get the CO2- and CO-evolution profiles for identification and
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quantification of various oxygen-containing functional groups has been developed and
widely used.12, 14
Surface element analysis was conducted by XPS in order to evaluate the
distribution of surface elements on the activated carbon samples. The X-ray
photoelectron spectroscopy (XPS) studies were performed using a Kratos Analytical Axis
Ultra with monochromatic aluminum (1486.6 eV) under high vacuum of <10-9 Torr.
Typical operating conditions were as follow: X-ray gun, 14 KV, 20 mA, the survey scans
were collected from 0 to 1200 eV with pass energy of 80 eV, the pass energy for high
resolution scans was 20 eV, and the takeoff was 90° with respect to sample plane. The
approximate sampling depth under these conditions is 50Å. Detailed description of the
XPS technique, including quantification of various oxygen functional groups has been
described in Chapter 2.
Textural structure of the studied activated carbon samples have been characterized
by the N2 adsorption at 77 K using the Autosorb-1 system (Quantachrome Corp.). Details
of the method have been described in Chapter 2.

4.3 Results and Discussions

4.3.1 Adsorption Isotherms and Langmuir Adsorption Parameters

Adsorption isotherms were obtained by mixing the adsorbent with the solution at
different weight ratio in the batch adsorption system at room temperature. The adsorption
isotherms of the four activated carbon samples are shown Figure 4-1 for quinoline using
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solution S-1 and Figure 4-2 for indole using solution S-2. All the adsorption isotherms,
regardless the different adsorbents and solutes, are the adsorption isotherm type I,
indicating that they are unimolecular adsorption.18
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Figure 4-1: Adsorption isotherms for quinoline at 25 ºC on various samples; Symbols
represent experimental data, and the dashed lines are based on the estimated Langmuir
isotherm equations
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Figure 4-2: Adsorption isotherms for indole at 25 ºC on various samples; Symbols
represent experimental data, and the dashed lines are based on the estimated Langmuir
isotherm equations
The adsorption capacity of various samples for quinoline increases in the order of
AC6 < AC1 < AC3 < AC4, while for indole in the order of AC6 < AC1 < AC4 < AC3.
Interestingly, AC4 gave higher capacity than AC3 for quinoline, but AC3 gave higher
capacity than AC4 for indole, indicating the chemical heterogeneity of the surfaces of
activated carbon. By the treatment of the experimental data, it was found that all
isotherms fit well the Langmuir adsorption isotherm. Such equation has been widely
applied in the liquid-phase adsorption of organic compounds19-22 and was capable of
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19

describing adsorption of mult-iring thiophenic sulfur compounds,

20

aniline,

and

nitrobenzene.20
The Langmuir adsorption isotherm is shown in Eq. 4-1.

q=

K ⋅ qm ⋅ C e
1+ K ⋅ Ce

4-1

where q is the equilibrium adsorption capacity for quinoline or indole (milligram
of nitrogen per unit gram of adsorbent, mg-N/g-A), qm is the maximum adsorption
capacity (mg-N/g-A) corresponding to the complete coverage of the surface by quinoline
or indole, Ce is the equilibrium concentration of nitrogen in the liquid phase (ppmw), and
K is the adsorption equilibrium constant that relates to the affinity of the adsorption sites
(g/µg). The equilibrium adsorption capacity (mg-N/g-A) increased with increasing
concentrations, as the driving force for adsorption increases with increasing
concentrations. In order to obtain the parameters of the Langmuir adsorption isotherm
over various carbon samples for quinoline and indole, respectively, the linear regression
for a plot of Ce/q versus Ce was conducted, as shown in Figure 4-3 for quinoline and
Figure 4-4 for indole. The excellent linear correlation indicates that the adsorption
follows the Langmuir adsorption isotherm. The obtained qm and K values for the different
adsorbents are listed in Table 4-2 and Table 4-3, respectively, for quinoline and indole.
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Figure 4-3: Plots of Ce/q versus Ce for quinoline adsorption on carbon samples
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Figure 4-4: Plots of Ce/q versus Ce for indole adsorption on carbon samples

Table 4-2: Adsorption Parameters for Quinoline over Various Carbon Samples on the
Basis of Langmuir Isotherms
S BET
2

(m /g)
Carbon
AC1
AC3
AC4
AC6

qm

Qm

(mg-N/g) (µmol/m2)

Quinoline
equilibrium capacity
K
(g/µg)

(mg-N/g-A)
at 25 ppm at 150 ppm

993
2320
2263
1151

14
15.1
17.6
6.9

1.005
0.464
0.556
0.428

0.019
0.029
0.033
0.01

4.48
6.36
7.9
1.36

10.32
12.26
14.62
4.07
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Table 4-3: Adsorption Parameters for Indole over Various Carbon Samples on the Basis
of Langmuir Isotherms
S BET
(m2/g)
Carbon
AC1
AC3
AC4
AC6

qm

Qm

(mg-N/g) (µmol/m2)

Indole
K
(g/µg)

equilibrium capacity
(mg-N/g-A)
at 25 ppm at 150 ppm

993
2320
2263
1151

15.9
23.2
19.3
9.4

1.145
0.714
0.609
0.584

0.016
0.02
0.028
0.008

4.57
7.72
7.88
1.52

11.26
17.39
15.55
5.11

The relative affinity (RA) of the adsorbents can be described by the multiplication
of parameters: K, Qm and S as shown in Eq. 4-2

RA = Kq m = KQm S

4-2

where K is the adsorption constant; qm is the monolayer maximum adsorption
capacity; Qm (Qm = qm/S) is the maximum density of the adsorption sites per unit area,
and S is the adsorbate-accessible surface. The three parameters work together to
determine the adsorption performance. In order to compare the various parameters easily,
qm, Qm and K values for adsorption of quinoline and indole on activated carbon samples
are shown in Figure 4-5. It is clear that AC4 has the highest qm value for quinoline (17.6
mg-N/g-A), while the AC3 has the highest qm value for indole (23.2 mg-N/g-A). The qm
value of AC3 for indole is two times greater than that reported by Bae et al.23 using a
silica-zirconia adsorbent, and is almost an order of magnitude greater than the
breakthrough capacity of Cu-exchanged Y-zeolite (3 mg-N/g-A).24
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Figure 4-5: Adsorption parameters for quinoline and indole on various carbon samples
From a comparison of Qm values, AC1 has much higher density of the adsorption
sites on the surface than others, and the density of the adsorption sites for indole is higher
than that for quinoline; the same trend was observed for the other samples, which is in
agreement with the results discussed in Chapter 3 in a fixed-bed adsorber using a model
fuel containing both indole and quinoline. It implies that indole may interact with more
types of the functional groups than quinoline. From a comparison of K values on different
activated carbons, K value increases in the order of AC6 < AC1 < A3 <AC4 for both
quinoline and indole. For all the four samples, the K value for quinoline is higher than
that for indole, indicating that the average affinity force of the adsorption sites for
quinoline is greater than the average affinity force of the adsorption sites for indole.
Consequently, the higher adsorption capacity of AC4 for quinoline can be attributed to its
higher surface area (S) and higher K value, while the better adsorption performance of
AC3 for indole is related to its higher surface area (S) and higher density of the
adsorption sites (Qm) on the surface. The results indicate that in addition to the accessible
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surface area, both the density of the adsorption sites on surface, which is related to the
concentration of the certain functional groups on surface, and the property of the
adsorption sites, which is determined by the type of functional groups, directly influence
the adsorption capacity.

4.3.2 Characterization of the Oxygen Functional Groups of Activated Carbons
In order to identify and quantify the oxygen-containing functional groups, TPD
experiments were carried out by monitoring the evolved CO2 and CO gases with a mass
spectrometer. It is based on the observation that essentially all of reactive organic oxygen
functionalities decompose to form CO and CO2 at different temperature regions during a
temperature-programmed heat treatment of activated carbons up to 1000 ºC in an inert
gas.12, 14, 25
CO2- and CO-evolution profiles on the four activated carbons are shown in
Figure 4-6. The estimated total amounts of CO and CO2 evolved during TPD of the
samples are listed in Table 4-4. It was found that the total amount of the evolved CO was
higher than CO2, regardless of the samples. In addition, apart from AC6, all samples
showed the starting temperature for CO2 evolution at less than 200 ºC, with the maximum
peak (first max. peak) at 220–300 ºC. AC4 showed much higher CO2 release than other
samples did. A secondary peak of CO2 desorption for all samples was present at around
600 ºC. In contrast, CO evolution occurred at relatively high temperatures, above 300 ºC.
Two well-resolved CO peaks were observed for AC3 at 700 ºC and 900 ºC; AC6 showed
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only one CO peak at 900 ºC. AC1 and AC4 had nearly identical CO maximum peaks at
770 ºC.

Figure 4-6: CO and CO2 evolution profiles of activated carbons; 10 ºC/min, 50 ml/min
He (STP)
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Table 4-4: CO and CO2 Evolution During TPD Experiments
Carbon

a

[CO]
[CO2]
Total Complexes
(mmol/g) (mmol/g)
(mmol/g)

[O]a
(mmol/g)

[O]
µmol/m2

CO/CO2

AC1

1.30

1.04

2.34

3.37

3.39

1.26

AC3

3.06

0.75

3.81

4.57

1.97

4.06

AC4

2.11

1.56

3.68

5.24

2.32

1.35

AC6

0.52

0.48

1.01

1.49

1.29

1.09

Total amount of oxygen atom evolved as CO and CO2

It should be noted that a surface analysis of oxygen contents by X-ray
photoelectron spectroscopy was also conducted on the four carbon samples. The results
showed an essentially linear correlation of the oxygen contents from XPS with those
from TPD shown in Table 4-4. However, the values determined from XPS for the
surface oxygen contents were generally higher than those determined by TPD (7.2 wt%
oxygen from XPS vs 5.4 wt% oxygen from TPD for AC1, 9.5 vs 7.3 wt% for AC3, 10.6
vs 8.4 wt% for AC4, and 4.5 vs 2.4 wt% for AC6). The XPS analysis confirmed that the
TPD analysis does not overestimate the surface oxygen content, but TPD results can
better reflect on the diversity of reactive oxygen functional groups.
Assignment of TPD peaks to specific functional groups has been established and
generally accepted in the literature,14, 15, 25-27 although there is still some controversy. CO2
desorption is dominantly attributed to the decomposition of (a) carboxylic acid groups,
(b) carboxylic anhydrides, and (c) lactones, corresponding to the peak temperature at
220–300 ºC, 350–450 ºC, and 500–700 ºC respectively. The CO2 desorption peak above
770 °C can be assigned to the Boudouard reaction: the disproportionation of carbon
monoxide (CO) into carbon dioxide and carbon, where CO may be from the
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28

decomposition of quinone groups. The evolution of CO results from the decomposition
of (d) anhydrides, (e) phenols, (f) carbonyl, and (g) quinones, corresponding to peak
temperatures of 350–450 ºC, 600–700 ºC, 700–770 ºC, and above 800 ºC, respectively.
The decomposition of one carboxylic anhydride group yields one molecule of CO and
one molecule of CO2.29 The decomposition of one quinone functional group releases
either one molecule of CO2 or two molecules of CO.
In order to quantify the different functional groups, the peaks of CO2 and CO
were deconvoluted using a multiple Gaussian function taking into consideration of both
the peaks observed and the peak assignments in the literature.14, 15, 25-27 Figueiredo and
co-workers14 have reported that TPD spectra can be used to estimate well the amount of
the various functional groups on microporous carbons. In this Chapter, the peak
assignments were similar to those suggested in literature,12, 14, 25, 30-32 and the TPD spectra
were deconvoluted following the method described by Figueiredo and co-workers.14, 33
The deconvolution procedure fits the data very well for both CO2 and CO profiles of all
the samples examined, as shown in Figure 4-7.
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Figure 4-7: Deconvolution of CO2 (left) and CO (right) profiles of activated carbons
using a multiple Gaussian function; for CO2 profiles: peak #1 (carboxylic), peak #2
(anhydrides), peak #3 and #4 (lactones located at low and high energetic sites
respectively), and peak #5 (quinone as a result of Boudouard reaction); for CO profiles:
peak #1 (anhydrides), peak #2 (phenol), peak #3 (carbonyl), and peak #4 (quinone)
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The results obtained from CO2 and CO deconvolution are compiled in Table 4-5 and
Table 4-6, respectively, which include the concentration of the functional groups and the
corresponding maximum temperature of the peak, TM. The deconvoluted peaks can be
assigned as follow: For CO2 –evolution profiles, the peaks around 250 (peak #1) and 380
°C (peak #2) are assigned to carboxylic and anhydrides, respectively. It is believed that
the lactones decompose at the highest temperature among all the functional groups that
yield CO2.15 The peaks around both 530 (peak #3) and 650 °C (peak #4) may be
originated from lactones located at energetically different sites. The peak above 770 °C
(peak #5) can be assigned to quinones as a result of Boudouard reaction.14, 32 For CO–
evolution profiles, the peak around 400 °C (peak #1) is assigned to carboxylic
anhydrides, as the carboxylic anhydrides decompose to yield both CO2 and CO.29 This
was further confirmed by similar molar number corresponding to Peak 2 in CO2
evolution profiles and Peak 1 in CO evolution profiles. The peaks around 620 (peak #2),
760 (peak #3), and 840 °C (peak 4) are assigned to phenol, carbonyl, and quinone,
respectively.

Table 4-5: Results of the Deconvolution of the CO2-Evolution Profiles of Various Samples
Sample

AC1
AC3
AC4
AC6

Peak 1
(Carboxyl)
Conc.
Tm
mmol/g
°C
0.28
233
0.15
268
0.47
245
0.05
239

Peak 2
(Anhydride)
Conc.
Tm
mmol/g
°C
0.18
370
0.23
385
0.5
371
0.04
399

Peak 3
(Lactone1)
Conc.
Tm
mmol/g
°C
0.37
522
0.26
540
0.31
524
0.1
530

Peak 4
(Lactone2 )
Conc.
Tm
mmol/g
°C
0.17
650
0.08
640
0.22
642
0.17
655

Peak 5
(Quinone)
Conc.
Tm
mmol/g
°C
0.04
750
0.03
794
0.06
750
0.12
785
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Table 4-6: Results of the Deconvolution of the CO-Evolution Profiles of Various Samples
Carbon

AC1
AC3
AC4
AC6

Peak 1
(Anhydride)
Conc.
TM
mmol/g
°C
0.09
400
0.24
400
0.38
398
0.04
399

Peak 2
(Phenol)
Conc.
TM
mmol/g
°C
0.26
618
1.47
620
0.63
620
0.1
622

Peak 3
(Carbonyl)
Conc.
TM
mmol/g
°C
0.85
762
0.83
750
0.97
758
0.21
766

Peak 4
(Quinone)
Conc.
TM
mmol/g
°C
0.1
839
0.52
840
0.13
842
0.17
851

The distribution of different oxygen functional groups on the various activated
carbons is shown in Figure 4-8 for easy comparison and discussion. The total
concentration of the oxygen-containing functional groups increased in the order of AC6 <
AC1 < AC4 < AC3. The total concentration of the acidic functional groups, including
carboxylic, anhydride and lactone and phenol groups, increased in the order of AC6 <
AC1 < AC3 ≈ AC4. The concentration of the total acidic functional groups on AC3 and
AC4 was the highest, being around 2.15 mmol/g. Although, both have similar
concentration of the total acidic functional groups, it should be pointed out that AC4
contained much more acidic functional groups that have stronger acidity, such as
carboxyl and anhydride, than AC3 (see Figure 4-8). The total concentration of the basic
functional groups, including carbonyl and quinone groups, increased in the order of AC6
< AC1 < AC4 < AC3. The total concentration of the basic functional groups on AC3 was
the highest, being 1.38 mmol/g.
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Quinones
Carbonyl
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Carboxylic
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Carbon sample
Figure 4-8: Distribution of various oxygen functional groups on activated carbons; OFG
stands for oxygen functional groups, lactones are the sum of lactone 1 and lactone 2, and
quinones are the sum of quinones evolved as CO2 and CO

4.3.3 Correlation between Oxygen Functional Groups and Adsorption Capacity
Quinoline and indole are two different nitrogen compounds. The former is a basic
nitrogen compound and the later is neutral nitrogen compound. They should show
different adsorption affinity on different functional groups. The chemical structure of
both compounds is shown in Figure 4-9.
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A

B

N

N
H

Figure 4-9: Chemical structure of (A) quinoline and (B) indole
Quinoline is a basic nitrogen compound, as there is an electron lone pair on its N atom,
which is responsible for its basicity. Thus, the oxygen-containing functional groups with
the electrophilic character should favor its adsorption. In order to examine the
responsibility of the functional groups to adsorption performance for quinoline, the
measured maximum adsorption capacity (qm) of the adsorbents for quinoline as a function
of the molar concentration of acidic groups, basic groups, and total oxygen functional
groups, which was estimated on the basis CO and CO2 evolution profiles, are shown in
Figure 4-10 with the correlation coefficients, where it was assumed that one anhydride
group acted as two sites and one quinone group acted also as two sites. As expected, the
qm value shows a good correlation with the concentration of the total acidic groups on
surface with a R2 value of 0.96, indicating that the acidic groups play an important role in
the adsorption of quinoline. On the other hand, a poor correlation with the concentration
of the total basic groups was observed with a R2 value of 0.55, indicating the basic groups
on the surface do not play an important role in adsorption of quinoline. Quinoline
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molecule may interact with the acidic groups, such as carboxyl groups, through the acidbase interaction, as shown in Figure 4-11(A). However, considering that a good
correlation between qm value and total oxygen functional groups was also observed, a
part of quinoline molecules may be also adsorbed on the sites of the non-acidic oxygencontaining groups.

Quinoline ads. cap. (mmol/g-A)a

2.0

1.5

2

R = 0.51

2

2

R = 0.88

R = 0.88

1.0

0.5

Acidic
Basic
Tota OFG

0.0
0

1

2

3

4

Conc. of various func. groups (mmol/g-A)
Figure 4-10: Correlation between the maximum adsorption capacity (qm) of the
adsorbents for quinoline and the concentration of functional groups. Acidic: total acidic
groups; Basic: total basic groups; Total OFG: total oxygen functional groups
Indole is more neutral compared to the basic quinoline. The nitrogen in indole is bound to
hydrogen and the electron lone pair on the nitrogen atom delocalizes and conjugates with
the aromatic π electron system in indole. Therefore, indole can act as a very weak acid
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due to the H atom bonded to the N atom, and also a very weak base due to the electron
density on the N atom. In order to examine the affinity of the functional groups for
adsorption of indole, the measured maximum adsorption capacity (qm) of the adsorbents
for indole was plotted in Figure 4-12 as a function of the molar concentration of acidic
groups, basic groups and total oxygen functional groups. Good linear correlations
between the qm value and acidic functional groups (R2=0.96), the qm value and basic
functional groups (R2=0.86), and especially the qm value and total oxygen functional
groups (R2=0.99), were observed. The results indicate that both acidic and basic oxygen
functional groups may contribute to the adsorption of indole. Indole molecule may
interact with the basic groups through a hydrogen bond, as shown in Figure 4-11(B). It
was also noted that the measured qm value for indole was higher than the estimated total
concentration of the basic groups, suggesting that indole was not only adsorbed on the
basic sites, but also on other sites.

Figure 4-11: Illustration of a possible coordination adsorption mode of (A) quinoline on
carboxyl group and (B) indole on quinone-like group
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On the basis of above discussion, the high adsorption capacity of AC4 for
quinoline can be attributed to the high concentration of the acidic groups, especially
highest concentration of the acidic groups with stronger acidity, in AC4. This is further
supported by the higher average K value measured for AC4 than that for AC3, as shown
in Figure 4-5. The highest adsorption capacity of AC3 for indole can be attributed to the
highest concentration of the basic groups and the total functional groups in AC3.

Indole ads. cap. (mmol/g-A)
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0.5
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Basic
Total OFG
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4

Figure 4-12: Correlation between the maximum adsorption capacity (qm) of the
adsorbents for indole and the concentration of functional groups. Acidic: total acidic
groups; Basic: total basic groups; Total OFG: total oxygen functional groups
These findings explain why AC4 showed highest adsorption capacity for
quinoline and AC3 showed highest adsorption capacity for indole. In addition, the
adsorption of quinoline on activated carbon is dominantly through an acid-base
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interaction, while the adsorption of indole on activated carbon is dominantly through an
H bond interaction. It also explains why the measured average K value for quinoline
adsorption was higher than the measured average K value for indole adsorption. The
structure-performance relationship on the basis of the present finding implies that the
oxygen-containing functional groups on the surface of activated carbon play a dominant
role in adsorptive denitrogenation. The acidic, especially the stronger acidic oxygencontaining groups contributes more for adsorption of the basic nitrogen compounds,
while the basic oxygen-containing groups may have more contribution to adsorption of
the neutral nitrogen compounds.

4.4 Conclusions
As a part of studies on adsorptive denitrogenation, this Chapter examined the
liquid-phase adsorption properties of four representative activated carbons using a batch
adsorption system for removing quinoline and indole from decane. The adsorption was
found to obey the Langmuir adsorption isotherm. The adsorption isotherms were obtained
and the adsorption parameters (the maximum capacity and adsorption constant) were
estimated. The surface chemical properties in terms of the type and concentration of the
oxygen-containing functional groups on the surface of the adsorbents were characterized
by using TPD on the basis of CO2 and CO evolution profiles, and correlated with the
adsorption performance. The results show that both the type and amount of oxygen
functional groups on the surface play an important role in determining the adsorption
performance of the adsorbents.
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The higher concentration of oxygen functional groups results in higher adsorption
capacity for the nitrogen compounds. The acidic functional groups, especially the
stronger acidic ones such as carboxyl and anhydride, appear to contribute more for
adsorption of the basic nitrogen compound quinoline, while the basic oxygen-containing
groups such as carbonyl and quinone may have more contribution to adsorption of the
neutral nitrogen compound indole.
The findings in the Chapter imply that the adsorptive denitrogenation
performance of the carbon-based adsorbents can be improved significantly by
enhancement of the desired oxygen functional groups on the surface.
In order to develop an effective adsorbent for nitrogen removal and to further
confirm the findings of this Chapter, in the next Chapter (Chapter 5), a specific activated
carbon will be modified by oxidation treatment using concentrated H2SO4 to produce
higher concentration of the oxygen functional groups on the surface of activated carbons.
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Chapter 5
Effect of Surface Chemistry Modification of Activated Carbon on Adsorptive
Removal of Nitrogen Compounds from Hydrocarbon Streams

Abstract
In order to examine the effect of surface chemistry modification of activated
carbon on the adsorptive removal of nitrogen compounds from liquid hydrocarbon
streams, a commercial activated carbon was modified by H2SO4 oxidation at different
temperatures and heat treatment. The physical and chemical properties of the modified
activated carbons were characterized by N2 adsorption, TPD and XPS methods. It was
found that the oxidative modification at 140 °C did not change the texture structure of the
activated carbon, but it did greatly improve the adsorption capacity and selectivity for
both quinoline and indole. The improvement of the adsorption capacity can be ascribed to
the significant increase in the oxygen-containing functional groups on the surface. The
acidic functional groups, carboxyl, anhydride, and lactone, on the surface contribute more
towards the adsorption of the basic nitrogen compound, quinoline, while the basic
functional groups play a more important role in the adsorption of the neutral nitrogen
compound, indole. The adsorption mechanism of the nitrogen compounds in liquid
hydrocarbon stream over activated carbon will also be discussed on the basis of the
correlation between the surface chemical properties and the adsorption performance of
the different activated carbons.
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5.1 Introduction
The removal of sulfur and nitrogen compounds from liquid hydrocarbon fuels has
received increased attention because of more stringent environmental legislation that
requires the sulfur content in diesel fuel to be less than 15 ppmw, a value that is likely to
be decreased further in the future.1 Currently, hydrodesulfurization technology (HDS) at
high temperature (i.e., 320-390 ºC) and high H2 pressure (i.e., 30-80 bar) is used to reach
these low sulfur levels. The coexistence of nitrogen compounds in diesel fuel strongly
inhibits the HDS of sulfur compounds through competitive adsorption on the active sites.
It has been reported that the removal of nitrogen compounds prior to HDS can
remarkably improve HDS performance.2-6 However, catalytic removal of nitrogen (HDN)
is not only more kinetically difficult than HDS but also less efficient in terms of
hydrogen consumption, which is a key factor in determining the capital and operating
costs of the hydrotreatment process. Therefore, adsorptive denitrogenation of liquid
hydrocarbon streams is becoming more important in ultradeep desulfurization and has
been attracting increased attention.6-8 On the other hand, the coal liquids from coal
liquefaction and pyrolysis contain much higher nitrogen compounds.

The nitrogen

content in the middle distillate of the coal liquid is up to 1 wt %, while the sulfur content
is less than 0.1 wt %.9 Consequently, the conventional hydrotreating process designed for
petroleum refinery may not be suitable for upgrading of the coal liquids. The adsorptive
denitrogenation may be a potential process for upgrading of the coal liquids.
There are two classes of heterocyclic nitrogen compounds in crude oil, including
six-membered heterocyclic nitrogen compounds (basic), such as pyridines, quinoline and
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acridines, and five-membered heterocyclic nitrogen compounds (neutral), such as
pyrroles, indole and carbazoles. Increasing the adsorption capacity and selectivity for the
nitrogen compounds is challenging, as these nitrogen compounds have skeleton structures
similar to the aromatic and sulfur compounds that coexist largely in the fuel. Recently,
several types of adsorbents, including zeolites,8,
aluminas,6,

7, 12

10

activated carbons,6,

7, 11

activated

and silica gels,13-15 have been reported for the adsorptive removal of

nitrogen compounds from liquid hydrocarbon fuels. Among them, the activated carbons
have been reported to have a highest adsorption capacity for nitrogen compounds than
others.
The mechanism for the adsorptive removal of various organic compounds,
including aromatics and nitrogen compounds, from aqueous solution has been studied
extensively.16-18 Depending on the chemical properties of the adsorbates and the surface
physiochemical properties of the activated carbon, the adsorbate may physically interact
with the basal carbon planes16,

19

or form-specific interactions with particular polar

functional groups on the surface.16-20 Although the use of activated carbon for nitrogen
removal is a promising approach,7,

11

relatively few studies in the mechanism of

adsorptive removal of nitrogen compounds are available in the literature.21 In Chapter 3
and Chapter 4, in the structure-performance correlation, oxygen functional groups on the
surface of activated carbons were reported to play a more important role than the texture
properties in determination of the adsorptive capacity and selectivity for the nitrogen
compounds. The oxidative modification can significantly increase the oxygen-containing
functional groups on the surface.22, 23 However, in many cases, the oxidative modification
not only increases the oxygen functional groups on the surface, but also changes the
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porous structure of the activated carbon, which makes it difficult to identify whether the
changes in adsorption uptake result from the surface chemistry or texture properties. For
example, Ania and Bandosz24 as well as Jiang et al.25 explored the modification of
commercial activated carbons using (NH4)2S2O4 and H2SO4, respectively. In both studies,
the adsorption capacity of the modified activated carbons for DBT increased to almost
twice that of the original activated carbons. However, the conclusions that they reached
regarding the factors responsible for the enhancement of the DBT adsorption over carbon
materials were not the same. For example, while Ania and Bandosz suggested that the
micropore volume governs the amount of adsorbed DBT and that the adsorption is
enhanced by the specific interactions between oxygen functional groups (especially
acidic groups) and DBT, Jiang et al. proposed that the significant increase in the DBT
adsorption capacity of the modified activated carbon is mainly due to the increase of
mesopore volume.
One of the objectives in the work described in this Chapter was to introduce
oxygen-containing functional groups to the surface of the activated carbon by mild
oxidation without changing the porous structure, thus allowing for examining and
distinguishing the functional group effect alone on the adsorption capacity and selectivity
for the nitrogen compounds and to gain deep insight into the adsorption mechanism of
nitrogen and sulfur compounds on the activated carbon. Another objective was to explore
the efficient modification method for improving the adsorption performance of the
activated carbon for removing nitrogen compounds from liquid hydrocarbon streams.
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5.2 Experimental Section

5.2.1 Activated Carbon and Oxidative Modification
A commercial activated carbon, Norit SA 4 PAH, denoted as AC-O, was used as
the original activated carbon. This carbon was produced from coal by steam activation. In
order to change the surface chemistry, AC-O was chemically modified by using H2SO4
(98%) as an oxidant. About 4 g of AC-O were transferred into a flask fitted with a water
reflux condenser. 50 ml of the H2SO4 was then slowly added into the flask. The oxidative
modification was carried out at 140 or 260 ºC, respectively, for 2 h with electromagnetic
stirring at 100 rpm. After oxidation treatments, the slurry was mixed with 2,000 ml of
distilled water, and then kept at room temperature under stirring for 1 h. The slurry was
then filtered and washed thoroughly with distilled water until the pH value of the filtrate
was approximately equal to 7. The modified samples were placed in a vacuum oven at
110 ºC overnight for drying, and then sealed in a bottle before use. The samples were
denoated by S140 for modification at 140 ºC and S260 for modification at 260 ºC. In
order to remove some of the surface oxygen functional groups from S140, about 4 g of
S140 was heated to 550 ºC in a horizontal tube furnace at 20 ºC/min under a flow of N2
(40 mL/min), and held at 550 ºC for 1 h. The heat treated sample was denoted by S140T550.
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5.2.2 Characterization of Textural Properties
The activated carbon samples were characterized by the N2 adsorption at 77 K
using the Autosorb-1 MP system (Quantachrome Corp.). The surface areas were obtained
from the N2 adsorption data at relative pressures 0.05 <P/P° < 0.2 using the BET
equation. The pore volumes were estimated from the volume of the held N2. The pore
size distributions were evaluated using nonlocal density functional theory (DFT)26
dedicated to nitrogen adsorption on carbon materials with slit-like pores.

5.2.3 Characterization of Oxygen-Containing Functional Groups
Oxygen-containing functional groups on the carbon surface were analyzed by
temperature-programmed desorption (TPD) using the AutoChem 2910 with a mass
spectrometer. Using the TPD method to get the CO2- and CO-evolution profiles for
identification and quantification of various oxygen-containing functional groups has been
well-developed and used widely.27-29 The detailed analysis methods were reported in
Chapter 2.
The surface chemistry of AC-O, S140 and S140-T550 was also characterized by
the X-ray photoelectron spectroscopy (XPS) using a Kratos Analytical Axis Ultra with
monochromatic aluminum (1486.6 eV) under high vacuum of <10-9 Torr. Typical
operating conditions were as follow: An X-ray gun with 14 KV and 20 mA was used.
The survey scans were collected from 0 to 1200 eV with pass energy of 80 eV, the pass
energy for high resolution scans was 20 eV, and the takeoff was 90° with respect to
sample plane. The samples were pressed in a mortar and pestle into 3 M double-sided
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tape and mounted on conducting carbon tape. Optical viewing at 20× in a
stereomicroscope indicated a uniform and continuous coverage of the sample powders.
XPS quantification was performed by applying the appropriate relative sensitivity factors
(RSFs) for the Kratos instrument to the integrated peak areas. These RSFs take into
consideration of the X-ray cross-section and the transmission function of the
spectrometer. The approximate sampling depth under these conditions is 50Å. After
Shirley background removal, the curve-fitting was performed using the nonlinear leastsquares algorithm assuming a Lorentzian and Gaussian curves. The curve fitting of the
C1s peak was conducted with the 4 peaks representing C-C/C-H, C─O, C=O, and
C─O=O.30, 31 Component peaks were deconvoluted using CasaXPS version 2.3.12Dev9.
The binding energy was calibrated by assigning the C1s peak to 284.6 eV.

5.2.4 Model Diesel Fuel
In order to compare the adsorption capacity and selectivity of the carbon samples
for nitrogen, sulfur, and aromatic compounds, a model diesel fuel (MDF-1) with the same
molar concentrations (10.0 µmol/g) of quinoline, indole, dibenzothiophene (DBT), 4,6dimethyl-dibenzothiophene (4,6-DMDBT), naphthalene (NA), 1-methylnaphthalene (1MNA), and fluorene in decane was prepared. The total nitrogen and sulfur concentrations
of the MDF-1 were 280 and 641ppmw, respectively. For comparison purpose, another
model diesel fuel (MDF-2) was also prepared, which contained the same molar
concentrations (10.0 µmol/g) of DBT, 4,6-DMDBT, NA, 1-MNA, and fluorene in
decane, but did not contain quinoline and indole. The detailed composition of MDF-1
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and MDF-2 is listed in Table 5-1. The chemical structures of the various model
compounds present in MDF-2 are shown in Figure 5-1.
Table 5-1: Composition of MDF-1 and MDF-2
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Figure 5-1: The chemical structures of the various model compounds in the MDF-2

5.2.5 Adsorption Experiments
A batch mode was used to estimate the adsorption capacity of various modified
activated carbons for nitrogen and sulfur compounds. About 20 g of MDF was added into
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a tube vial containing 0.20 g of the tested carbon sample. The adsorption was conducted
at room temperature with a magnetic stirrer. After the desired adsorption time was
reached, the mixture was filtered, and the treated MDF samples were analyzed to
estimate the adsorption capacity and selectivity. Adsorption performance of AC-O, S140,
and S140-T550 was further evaluated in a fixed-bed flowing system. The carbon sample
was packed in a stainless steel column with diameter of 4.6 mm and length: 150 mm. The
packed columns were pretreated by passing N2 gas at 200 ºC for 2 h for drying. After
pretreatment, the column temperature was reduced to room temperature, and the MDF
was then fed into the adsorbent column using an HPLC pump in a flow-up mode at a
liquid hourly space velocity (LHSV) of 4.8 h-1. The treated MDFs were periodically
sampled, until the saturation point was reached.

5.2.6 Analysis of Treated MDF Samples
The concentration of various compounds in the treated MDF were quantitatively
analyzed by Varian CP 3800 gas chromatography with capillary column (30-m length,
0.25-mm internal diameter, and 0.25-mm film thickness) equipped with a flame
ionization detector (FID) using n-tetradecane as an internal standard. For quantitative
analysis of total nitrogen and sulfur concentrations (ppmw) in the treated MDF, an Antek
9000 series nitrogen and sulfur analyzer was used. The detailed analysis methods were
reported in Chapter 2.
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5.3 Results and Discussion

5.3.1 Effect of Oxidative Modification on Activated Carbon Textural Properties
Detailed physical (textural) properties of the original carbon (AC-O) and
oxidatively modified carbon samples are summarized in Table 5-2. AC-O is micropore
activated carbon with micropore and mesopore surface areas of 1015 and 64 m2/g,
respectively.
Table 5-2: Textural Properties of Original and Modified Activated Carbons
carbon sample

SBET

Smic

Smeso

Vtotal

Vmic

Vmeso

(m2/g)

(m2/g)

(m2/g)

(cm3/g)

(cm3/g)

(cm3/g)

AC-O
S140

1079
1073

1015
1016

64
57

0.640
0.640

0.537
0.538

0.103
0.102

S140-T550

1069

1009

60

0.629

0.518

0.111

S260

347

406

31

0.252

0.210

0.042

The adsorption-desorption isotherms of the original activated carbon and the
modified samples at various conditions are shown in Figure 5-2. AC-O, S140, and S140T550 have coincident isotherms, while S260 shows a major reduction in the N2 uptake.
All examined samples exhibit Type I adsorption isotherms according to IUPAC
classification,32 suggesting a major contribution of microporosity in the samples.
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Figure 5-2: Nitrogen adsorption isotherm for the original and the modified carbons
The pore size distributions (PSDs) evaluated by the DFT method for the original
and the modified samples at various conditions are shown in Figure 5-3. The PSDs of the
samples clearly show that these samples are mainly microporous materials with major
pore sizes of ~ 13 Å for AC-O, S140, and S140-T550, and ~ 11.5 Å for S260. The
oxidative modification of AC-O at 140 ºC almost preserved the porous structure of the
original sample. However, the oxidative modification at 260 ºC decreased the micropore
and mesopore surface area to 406 and 31 m2/g, respectively, indicating the partial
destruction of the carbon pore structure with the oxidation at 260 ºC due to the severe
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oxidation conditions. The heat treatment of S140 at 550 ºC under an N2 atmosphere did
not cause a noticeable change in the textural properties. Almost no differences in the
textural properties of the three samples AC-O, S140, and S140-T550 were found,
providing a good sample base to allow for solely examining the effect of the surface
chemistry within these samples.

0.18
AC-O
S140
S140-T550
S260

DPV (cc/Å/g)

0.15
0.12
0.09
0.06
0.03
0
0

5

10

15
20
25
30
Pore diameter (Å)

35

40

Figure 5-3: Pore size distribution (PSD) of the modified carbons compared to the original
carbon
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5.3.2 Effect of Oxidative Modification Oxygen Functional Groups

5.3.2.1 Temperature Programmed Desorption (TPD) Results
The total oxygen content for the different carbon samples was estimated by a TPD
method, and the results are listed in Table 5-3. The molar concentration of total oxygen in
the sample increased in the order of AC-O < S140-T550 < S140 < S260. Interestingly, ACO, S140 and S140T550 have quite different oxygen contents, although they have almost
identical physical structures. The oxidative modification at 140 °C increased the oxygen
content by a factor of 3.6, and by a factor of 5.7 while at 260 °C. The heat treatment of
S140 at 550 °C reduced the oxygen content of the oxidized sample by about 32 %.
Table 5-3: CO and CO2 Evolution During TPD Experiments
a

carbon

[CO2]
(mmol/g)

[CO]
(mmol/g)

CO+CO2
(mmol/g)

CO/CO2

[O]TPD
(mmol/g)

AC-O
S140

0.48
1.43

0.52
2.59

1.00
4.02

1.1
1.8

1.48
5.45

S140-T550

0.51

2.70

3.21

5.3

3.72

S260

2.34

3.96

6.28

1.71

8.60

a

Total amount of oxygen evolved as CO and CO2

CO2- and CO-evolution profiles for AC-O, S140 and S140-T550 samples are
shown in Figure 5-4. In order to estimate the concentrations of the oxygen-containing
functional groups for the different carbon samples, the CO2- and CO-evolution profiles
were further deconvoluted following the method described by Figueiredo and co-
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workers.

27, 33

The deconvolution procedure fit the data quite well for the CO2 and CO

profiles of all three samples.

Figure 5-4: CO2 (left) and CO (right) profiles of the original and modified activated carbons and their
deconvolution using a multiple Gaussian function. (■Symbols represent TPD experimental data;
dashed lines represent individual peaks; and solid lines represent the sum of individual peaks). For
CO2 profiles: peak #1 (carboxylic), peak #2 (anhydrides), peak #3 and #4 (lactones located at low and
high energetic sites respectively), and peak #5 (quinone as a result of Boudouard reaction); for CO
profiles: peak #1 (anhydrides), peak #2 (phenol), peak #3 (carbonyl), and peak #4 (quinone).
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The obtained results are compiled in Table 5-4 for CO2 evolution and Table 5-5
for CO evolution, respectively, which include the temperature of the peak maximum, TM,
and the concentration of the functional groups (mmol/g). The oxidative modification at
140 °C significantly increased the concentration of the carboxyl, anhydride, phenol and
carbonyl groups, but almost did not change the concentration of the lactone and quinone
groups. The heat treatment of S140 at 550 °C under an N2 flow removed almost all of the
carboxyl and anhydride groups and part of the phenol groups, but almost did not cause
any noticeable change in the concentration of lactones, carbonyls, and quinones. The
results also indicate that it is possible to selectively tailor the oxygen-containing
functional groups on the activated carbon surface by a combination of the oxidative
modification and heat treatment without changing the texture of the activated carbon.
Table 5-4: Results of the Deconvolution of the CO2-Evolution Profiles of Various Samples

Peak # 1
carboxylic
carbons

TM

A

Peak # 2
anhydrides

TM

A

Peak # 3
lactones 1

TM

A

Peak # 4
lactones 2

TM

A

Peak # 5
quinone

TM

A

(C°) (mmol/g) (C°) (mmol/g) (C°) (mmol/g) (C°) (mmol/g) (C°) (mmol/g)
AC-O

235

0.05

394

0.04

530

0.10

655

0.17

787

0.12

S140

253

0.11

395

0.17

533

0.08

660

0.12

775

0.03

S140-T550

─

─

─

─

540

0.08

669

0.15

793

0.03
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Table 5-5: Results of the Deconvolution of the CO-Evolution Profiles of Various Samples

AC-O

Peak # 1
anhydrides
TM
A
(C°) (mmol/g)
402
0.04

Peak # 2
phenols
TM
A
(C°) (mmol/g)
622
0.09

Peak # 3
carbonyls
TM
A
(C°) (mmol/g)
766
0.19

Peak # 4
quinones
TM
A
(C°) (mmol/g)
851
0.20

S140

399

0.12

618

0.48

770

0.87

884

0.26

S140-T550

─

─

620

0.23

738

0.85

871

0.25

5.3.2.2 X-ray Photoelectron Spectroscopy (XPS) Results
XPS was employed to better understand the changes occurring during the
modification process and to further confirm the TPD results. XPS survey spectra of the
original and modified carbons indicate the presence of mainly carbon and oxygen in
addition to a trace amount (<0.13%) of silica (Si 2p). XPS is a surface science technique,
and only the most external surface of the activated carbon particles, 30 – 50 Å, is
analyzed.
The high-resolution C1s spectra of the survey scans were analyzed to determine
the functional states present on the surface of activated carbons. Figure 5-5 shows, as an
example, the fits of C1s of AC-O. The obtained peaks represent graphitic carbon (peak 1,
BE = 284.6 – 285.1 eV), carbon present in alcohol or ether groups (peak 2, BE = 286.3 –
287.0 eV), carbonyl or quinone groups (peak 3, BE = 287.5 – 288.1 eV), and carboxyl or
lactone groups (peak 4, BE = 289.3 – 290.0 eV).29-31, 34
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Figure 5-5: Typical C1s high resolution XPS spectra of sample AC-P. (1) Hydrocarbons
(C–H, C–C ~ 284.6 eV); (2) hydroxyls or ether (C–O ~ 286.1 eV); (3) carbonyls or
quinones (C=O ~ 287.3 eV); and (4) carboxylic acids and lactones (O–C=O ~ 289.4 eV).
The results of the C1s spectra are summarized in Table 5-6. After oxidative
modification of AC-O, the relative percentage of (C─O) and (C=O) increased by 37%
and 14% respectively, in good agreement with the TPD results. The relative content of

O─C=O groups slightly decreased after oxidation treatment from 10.0% down to 9.6%,
in disagreement with the TPD results. This was previously observed by Moreno-Castilla
et al30 with samples chemically oxidized with HNO3 and was attributed to the fixation of
the oxygen surface groups on the internal surface of the carbon particles. For sample
S140-T550, all oxygen functional groups decreased after heat-treatment, as expected.
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Table 5-6: Average Relative Percentages of Functional Groups in the C1s Spectra

C─H, C─C

C─O

6.5

C=O
Carbonyl,
Quinone
11.3

O─C=O
Carboxylic,
Lactone
10.0

Hydrocarbon

Hydroxyl

AC-O

72.2

S140
S140-T550

68.6
71.4

8.9
7.5

12.9
12.0

9.6
9.1

5.3.3 Adsorption Performance of the Activated Carbons

5.3.3.1 Adsorption Capacity
The adsorption performance of AC-O, S140, S140-T550 and S260 was firstly
evaluated in the batch adsorption system at 25 °C using MDF-1 with MDF-1/adsorbent
weight ratio of 100. The adsorption capacities of the adsorbents for total nitrogen and
total sulfur are listed in Table 5-7. In comparison to the original activated carbon, AC-O,
the oxidative modification at 140 °C increased the adsorption capacity for total nitrogen
compounds from 0.36 mmol/g-A to 1.68 mmol/g-A, while the continuous increase of the
oxidative temperature to 260 °C did not further enhance the adsorption capacity. On the
other hand, the oxidative modification at 140 °C almost did not change the adsorption
capacity for the total sulfur compounds, and at 260 °C even decreased the adsorption
capacity to 0.08 mmol/g-A. In addition, the heat treatment of S140 at 550 °C reduced the
adsorption capacity for the total nitrogen compounds from 1.68 mmol/g to 0.80 mmol/g,
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but slightly increased the adsorption capacity for the total sulfur compounds. The results
clearly show that the oxidative modification significantly improved the adsorption
performance for the nitrogen compounds, regardless the oxidation treatment temperature,
but effect of the oxidative modification was dependent on the oxidation treatment
temperature.
In order to examine whether the oxidative modification improves the adsorption
performance for the sulfur compounds in the absence of the nitrogen compounds, the
adsorption performance of AC-O and S140 was also evaluated in the batch adsorption
system at 25 °C using MDF-2 with MDF-2/adsorbent weight ratio of 100. The adsorption
capacities of the adsorbents for the total sulfur compounds are also listed in Table 5-7.
The oxidative modification at 140 °C increased the adsorption capacity for the total sulfur
compounds from 0.30 mmol/g-A to 0.35 mmol/g-A. The adsorption of sulfur compounds
was higher in the absence of the nitrogen compounds.
Table 5-7: Effect of Oxidation Treatment on Adsorption Performance

Carbon

MDF

Adsorption capacity

BET

[O]TPD

(mmol-N/g-A)

(mmol-S/g-A)

(m2/g)

mmol/g

AC-O
S140
S140-T550

MDF-1
MDF-1
MDF-1

0.36
1.68
0.80

0.28
0.29
0.31

1079
1073
1069

1.49
5.46
3.72

S260
AC-O

MDF-1
MDF-2

1.64

0.08
0.30

347
1079

8.60
1.49

S140

MDF-2

0.35

1073

5.46
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The adsorption performance of AC-O, S140 and S140-T550, was further
evaluated in the fixed-bed adsorption system using MDF-1 at 25 °C and 4.8 h-1 of LHSV.
The breakthrough curves for different compounds over AC-O, S140, and S140-T550 are
shown in Figure 5-6A, 4-5B and 4-5C, respectively. The breakthrough capacity,
saturation capacity, and net capacity (subtracting the amount of the desorbed adsorbate
after the saturation point from the saturation capacity) for each compounds were
calculated on the basis of the breakthrough curves. Here, the breakthrough capacity is the
adsorption capacity corresponding to the breakthrough point at the outlet compounds
concentration of 0.5 µmol/g; the saturation capacity is the adsorption capacity
corresponding to the saturation point where the outlet compounds concentration increases
to the initial concentration; and the net capacity is the adsorption capacity when the
adsorption reaches the adsorption equilibrium with the initial fuel at the end of the
adsorption. The results are compiled in Table 5-8. For AC-O, the breakthrough capacity
and net capacity for different compounds increased in the order of NA ≈ 1-MNA <
fluorene ≈ quinoline < indole < DBT << 4,6-DMDBT. Among 7 examined compounds,
AC-O had the highest net capacity for 4,6-DMDBT, being 0.47 mmol/g-A, which was
about 4 times higher than that of quinoline and about 7 times higher than that of fluorene.
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Figure 5-6: Breakthrough curves of various nitrogen, sulfur, and aromatic compounds in MDF-1 over
the original and the modified carbons at 25 °C and 4.8 h-1 LHSV. NA: naphthalene; 1MNA: 1methylnaphthalene;
FLRN:
fluorene;
DBT:
dibenzothiophene;
4,6-DMDBT:
4,6dimethyldibenzothiophene
The breakthrough capacity and net capacity of S140 for different compounds
increased in the order of NA ≈ 1-MNA < fluorene <DBT < 4,6-DMDBT < quinoline <
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indole, which is significantly different from that observed for AC-O. Interestingly, after
the oxidative modification, the net capacity for quinoline and indole increased from 0.11
to 0.66 mmol/g-A and from 0.25 to 0.95 mmol/g-A, respectively. The enhancement was
about 5.0 and 2.8 times for quinoline and indole, respectively, which is consistent with
the results from the batch test. However, the oxidative modification did not make
significant increase in adsorption capacity for NA, 1MNA, fluorine and DBT, even
slightly reduced the adsorption capacity for 4,6-DMDBT.
Table 5-8: Adsorption Capacities (mmol/g-A) of AC-O, S140, and S140-T550 using
Fixed-Bed Flow System

AC-O
Breakthrough
Saturation
a
Net
S140
Breakthrough
Saturation
Net
S140-T550
Breakthrough
Saturation
Net

NA

1MNA

FLRN

DBT 4,6-DMDBT

Quinoline

Indole

0.09
0.11
0.08

0.10
0.12
0.09

0.13
0.16
0.07

0.22
0.26
0.19

0.39
0.47
0.47

0.13
0.16
0.11

0.16
0.26
0.25

0.10
0.14
0.08

0.11
0.16
0.10

0.12
0.21
0.14

0.25
0.35
0.32

0.33
0.47
0.43

0.49
0.66
0.66

0.78
0.95
0.95

0.09
0.12
0.05

0.11
0.15
0.08

0.17
0.25
0.14

0.26
0.32
0.27

0.42
0.54
0.53

0.30
0.37
0.36

0.57
0.69
0.69

a

Net adsorptive capacity is the difference between the saturated capacity and the
desorbed molecules.
NA: naphthalene; 1MNA: 1-methylnaphthalene; FLRN: fluorene; DBT:
dibenzothiophene; 4,6-DMDBT: 4,6-dimethyldibenzothiophene.
The breakthrough capacity and net capacity of S140-T550 for different
compounds increased in the order of NA < 1-MNA < fluorene < DBT < quinoline < 4,6-
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DMDBT < indole, which is different from the order of both AC-O and S140. The heat
treatment of S140 decreased the net capacity for quinoline and indole by 45 % and 27 %,
respectively. On the contrary, the heat treatment increased the net capacity for 4,6DMDBT by 25 %, although no significant effect of the heat treatment on the adsorption
capacity for aromatics was observed.
The results from the fixed bed test further confirm that the oxidative modification
at 140 °C significantly improved the adsorption performance for the nitrogen compounds,
but had only a slight effect on the adsorption performance for the sulfur compounds. By
contrast, the heat treatment of the oxidatively modified carbon (S140) reduced the
adsorption performance for the nitrogen compounds significantly, but enhanced the
capacity for 4,6-DMDBT.

5.3.3.2 Adsorption Selectivity

In order to facilitate a quantitative discussion of the adsorptive selectivity, a
relative selectivity factor was used as shown in Eq. 5-1:

αi−n =

capi
capr

5-1

where Capi is the breakthrough adsorptive capacity of compound i, and Capr is
the breakthrough adsorptive capacity of the reference compound NA. The relative
selectivity factors calculated on the basis of the breakthrough curves are illustrated in
Figure 5-7. It is clear that the selectivity factors for quinoline and indole increased
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significantly after oxidative modification, while a noticeable decrease was observed after
the heat treatment of the oxidized sample. On the other hand, in comparison with the
effect for the nitrogen compounds, no significant effect of the oxidative modification on
the adsorptive selectivity for 1MNA, fluorene, or DBT, and even a slight reduction of the
adsorptive selectivity for 4,6-DMDBT were observed. Interestingly, the heat treatment of
the S140 sample significantly increased the selectivity factor for all of the sulfur and
aromatic compounds, but substantially reduced the selectivity factor for quinoline and
indole. The results indicate clearly that the surface modification not only changes the
adsorption capacity, but also significantly changes the adsorption selectivity.

Adsorption selectivity

8

6

AC-O
S140
S140-T550

4

2

0
NA

1MNA

FLRN

DBT

4,6DMDBT

quinoline

indole

Various compounds in MDF
Figure 5-7: Adsorption selectivity of the original and modified carbons for different
compounds. NA: naphthalene; 1MNA: 1-methylnaphthalene; FLRN: fluorene; DBT:
dibenzothiophene; 4,6-DMDBT: 4,6-dimethyldibenzothiophene
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5.3.4 Correlation of Adsorption Performance with Surface Chemistry

There are four major factors that may influence the adsorption performance of
activated carbon for removing nitrogen and sulfur compounds from liquid hydrocarbon
stream. These factors include (1) physical properties of activated carbon, such as surface
area, pore size and pore distribution; (2) chemical properties on the surface of activated
carbon, such as surface density of the functional groups, chemical properties of the
functional groups, polarity and hydrophobicity/hydrophilicity; (3) physical and chemical
properties of the adsorbate, including molecular weight, molecular critical diameter, pKa
value, and polarity, electrostatics and electron distribution of adsorbate; and (4)
properties of the coexisting compounds, including solvent and coexisting solutes.
The adsorption capacities, per unit area (µmol/m2), for total nitrogen and total
sulfur compounds as a function of the total oxygen concentration on the surface
(µmol/m2) are shown in Figure 5-8. It should be pointed out that AC-O, S140 and S140T550 have almost identical porous structures, as shown in Table 5-2 and Figure 5-2.
Thus, the changes in the adsorption performance of these samples are linked to the
properties of the functional groups and their density on the surface. The adsorption
capacity for the nitrogen compounds increased significantly with increasing oxygen
concentration on the surface. However, such a trend was not simply linear. At an average
oxygen concentration less than 5 µmol/m2, the increase in the adsorption capacity for the
nitrogen compounds with increasing oxygen concentration on the surface was
approximately linear. However, when the average oxygen concentration reached 20
µmol/m2, the continuous increase in the surface oxygen concentration had less of an
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effect on the increase in the adsorption capacity for the nitrogen compounds. This may be
because the total adsorption capacity (3.76 µmol/m2) corresponding to the oxygen
concentration of 20 µmol/m2 is close to the maximum monolayer adsorption of quinoline
or indole, assuming they are adsorbed on the surface in a side-on manner, as the area of
the quinoline molecule plane is about 0.250 m2/µmol on the basis of a calculation by
MOPAC-PM3, corresponding to about 4.0 µmol/m2 for the monolayer coverage.

Adsorption cap. (µmol/m2)
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S260

Total N
Total S

3

2

S140

1

S140-T550
AC-O

0
0
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10
15
2
O conc. (µmol/m )

20

25

Figure 5-8: Adsorption capacity for total nitrogen and sulfur as a function of the oxygen
concentration of activated carbons
In contrast to the effect of the oxygen concentration on the adsorption capacity for
the nitrogen compounds, the increase in the surface oxygen concentration does not have a
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positive effect on the adsorption capacity for the sulfur compounds. These interesting
findings are different from other studies24,

35, 36

that showed an increase of the sulfur

adsorption capacity with increasing surface oxygen concentration in the absence of the
nitrogen compounds. The results discussed in this Chapter also confirmed that the
oxidative modification improved the adsorption capacity for the sulfur compounds when
using MDF-2, which did not contain quinoline and indole. There may be two reasons to
explain these findings. First, the oxygen-containing functional groups introduced to the
surface by the oxidative modification have higher adsorption affinities for the nitrogen
compounds than for the sulfur compounds. Consequently, the coexisting nitrogen
compounds firstly occupy the added adsorption sites, resulting in no increase of the
adsorption capacity for sulfur compounds. Second, the adsorption of a large amount of
the nitrogen compounds on the surface significantly increases the polarity (or
hydrophilicity) of the surface, resulting in less adsorption of sulfur compounds, as the
sulfur compounds are nonpolar compounds.

5.3.5 Adsorption Mechanism

In order to further understand the adsorption mechanism of the nitrogen, sulfur
and aromatic compounds in liquid hydrocarbon stream on activated carbons, some
physical and chemical properties of the adsorbates, including molecular weight, critical
diameter, number of C(sp2)+ S/N, the highest bond order, dipole moment were compared
and are listed in Table 5-9. No clear correlation between the adsorption selectivity order
and physical properties (molecular weight and critical diameter) of the adsorbates was
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observed for the three samples, indicating that the adsorption mechanism is unlikely
governed by the molecular size and shape, in agreement with the results reported by Zhou
et al.35 for sulfur compounds on activated carbon. Also, no clear correlation between the
adsorption selectivity order and the number of C(sp2)+ S/N, or the highest bond order of
the adsorbates was observed for S140 and S140-T550, indicating that the adsorption
through the π-π interaction mechanism17,

19, 37-40

is also unlikely for the oxygen-rich

activated carbon samples (S140, S140-T550). However, a good correlation between the
adsorption selectivity order and number of C(sp2)+ S/N of the adsorbates was observed
for AC-O, implying that the π-π interaction mechanism may play an important role for
the oxygen-poor activated carbon sample. In addition, a good correlation between the
adsorption selectivity order and the dipole moment of the adsorbates was observed,
except for 4,6-DMDBT, for the oxygen-rich activated carbons, suggesting that the polar
interaction may play important role for the adsorption of polar nitrogen compounds.
The correlation between the adsorption performance and the functional groups
and their concentrations on the surface shows enough evidence to support the importance
of acid–base interaction: (1) upon oxidative modification, the increase of the carboxyl
and anhydride groups significantly enhanced the adsorption capacity for quinoline; (2)
when 30% of the oxygen functional groups (mainly carboxylic and anhydrides) were
eliminated through heat treatment of the oxidized sample, only a 25% decrease in the
adsorptive capacity for indole was observed, but a greater than 44% reduction in the
adsorptive capacity for quinoline was seen. This significant decrease in the adsorptive
capacity for quinoline suggests an acid–base interaction between the stronger acidic
oxygen functional groups and the basic character of quinoline. The results discussed in
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this Chapter show a large contribution of the basic carbonyl and quinone groups to the
adsorption capacity for the neutral nitrogen compound, indole. This can be ascribed to the
hydrogen bonding interaction between the O atom in the carbonyl and quinone groups
and the H atom bonded to the N atom in indole or may be due to the high dipole moment
of indole, which may enhance the dipole–dipole interactions between the positively
charged H atom and the negatively charged O atom.
Table 5-9: Summary of the Characteristics of the Adsorbates
adsorbate

M.W

critical

charge

number of
highest
dipole
2
diameter on S or N C(sp )+S/N bond order moment
(Å)
(a.u)
(D)
quinoline
129.2
7.1
-0.060
10
1.652
1.84
indole
117.2
7.2
+0.288
9
1.628
2.00
DBT
184.3
8.0
+0.243
13
1.449
1.36
4,6-DMDBT 212.3
9.0
+0.240
13
1.442
0.75
NA
128.2
7.2
10
1.608
0.00
1MNA
142.2
7.9
10
1.607
0.27
fluorene
166.2
7.5
12
1.450
0.37
a
critical diameter is defined as “the smallest diameter of a cylinder through which the
molecule can pass through without distortion”41

In summary, with the chemical heterogeneity of the surface of activated carbon,
multiple mechanisms work together to determine the adsorption performance of the
activated carbons for various nitrogen and sulfur compounds in liquid hydrocarbon
streams, depending on the surface chemistry of the activated carbon samples. The H
bonding and the acid-base interactions may play more important roles in the adsorption
mechanism over the surface oxygen-rich activated carbon, while the π-π interaction may
be dominant in the adsorption over the surface oxygen-poor activated carbon.
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5.4 Conclusions
Oxidative modification of a commercial activated carbon using concentrated
sulfuric acid (98%) significantly improved the adsorption capacity and selectivity of the
activated carbon for both the basic nitrogen compound, quinoline, and the neutral
nitrogen compound, indole, which exist in a model hydrocarbon fuel that also contains
polyaromatics and dibenzothiophenic compounds.
The characterization of the modified activated carbon by TPD and N2 adsorption
at 77 K revealed that oxidative modification of the activated carbon at 140 °C greatly
enhanced the concentration of various oxygen functional groups, including the carboxyl,
anhydride, phenol and carbonyl groups on the surface, but did not change the texture of
the activated carbon, while oxidative modification at 260 °C significantly enhanced the
concentration of carbonyl groups and simultaneously reduced the surface area of the
activated carbon. The heat treatment of the oxidized activated carbon at 550 °C removed
the majority of the carboxyl and anhydride groups, but no observable changes were seen
for the carbonyl and quinone groups. It is possible to selectively tailor the oxygencontaining functional groups on the activated carbon surface by a combination of
oxidative modification and heat treatment.
Increasing the oxygen concentration on the surface greatly contributes to the
adsorption capacity for both neutral and basic nitrogen compounds, but only has a minor
effect on the adsorption capacity for dibenzothiophenic compounds. The acidic functional
groups on the surface, including the carboxyl and anhydride groups, contribute more
towards the adsorption of basic nitrogen compounds, while the basic functional groups on

142
the surface play a more important role in the adsorption of neutral nitrogen compounds.
Due to the chemical heterogeneity of the surface of activated carbon, multiple adsorption
mechanisms work together to determine the adsorption performance of the activated
carbons for various nitrogen and sulfur compounds in liquid hydrocarbon streams,
depending on their surface chemistry.
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Chapter 6
Adsorptive Pretreatment of Light Cycle Oil and Its Effect on the HDS Process
Abstract
In Chapters 3-5, the role of the surface chemistry of activated carbon for the
adsorption of nitrogen compounds, including quinoline and indole, was systematically
investigated. Carboxylic and anhydride groups were the primary oxygen functional
groups involved in the binding of quinoline, whereas basic oxygen functional groups,
including carbonyl and quinone, contributed more for the adsorption of indole. It is well
known that the presence of nitrogen compounds in the liquid hydrocarbon streams has a
strong effect on deep hydrodesulfurization (HDS) and other subsequent processes. The
pre-denitrogenation by the adsorption is a promising method to solve this problem. In the
present Chapter, adsorptive denitrogenation of light cycle oil (LCO) over the carbonbased adsorbents was conducted in both batch and flow adsorption systems. The effects
of the physical and chemical properties of the carbon materials as well as the adsorption
conditions on the adsorption performance were examined. It was found that some
activated carbons could efficiently remove the nitrogen compounds from LCO. Oxidative
modification of carbon materials greatly enhanced the adsorption capacity and selectivity
for nitrogen compounds, but not for the coexisting sulfur compounds. The regeneration of
the spent activated carbon by solvent washing was also studied. The results indicate that
the majority of the capacity of the adsorbents can be recovered by washing with toluene.
In addition, the effect of the pre-denitrogenation on the performance of the subsequent
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HDS was examined. It was confirmed that the pretreatment of LCO by adsorption over
the activated carbon improved the HDS performance, especially for removing the
refractory sulfur compounds, which have one or two alkyl groups at the 4- and/or 6positions of dibenzothiophenes due to the substantial pre-removal of the coexisting
carbazole compounds from LCO.
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6.1 Introduction
Deep denitrogenation1-3 and desulfurization4-6 of fuels have gained great attention
worldwide in recent years. Heightened concerns regarding global climate change and air
pollution are driving the movement towards ultraclean transportation fuels (gasoline and
diesel fuel). Over the last two decades, a continuous move towards ultra cleanfuels has
taken place. While legislation moves at different paces in various parts of the world, most
likely, ultra clean fuel will be the standard in a few years.
Conventional hydrotreating technologies with the current advanced catalysts have
been effective for the removal of sulfur compounds in gasoline. However, current
catalysts are less effective for the removal of heterocyclic sulfur and nitrogen
compounds.

It is well-known that 4-methyldibenzothiophene (4-MDBT) and 4,6-

dimethyldibenzothiophene (4,6-DMDBT) are among the most unreactive sulfur
compounds in gas oil4, 5, 7-9 and are difficult to remove by hydrodesulfurization (HDS).
The coexisting presence of nitrogen compounds, such as quinoline, indole, carbazole, and
their derivatives, in the gas oil significantly inhibits the hydrodesulfurization (HDS),10-16
although the concentration of nitrogen is much lower than the sulfur concentration. Due
to the stronger N-C bond in comparison to the S-C bond in the heterocyclic N- Scompounds, nitrogen compounds in gas oil are less reactive than sulfur compounds, and
they are converted under more severe conditions.17 As a result, for the effective catalytic
removal of refractory sulfur compounds, it is important to remove coexisting nitrogen
compounds.
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On the other hand, it has been reported that due to the increasing demand for
diesel fuel, the United States and Europe will face increasing shortages in diesel fuel in
the future.5 Therefore, it is extremely important to blend more of other refinery
hydrocarbon streams, such as light cycle oil (LCO) and coker gas oil (CGO), into the
diesel pool. LCO and CGO typically contain much more nitrogen, sulfur, and aromatic
compounds in comparison with the straight run gas oil (SRGO). Shin et al.18 determined
the nitrogen compounds in LCO derived from Venezuelan heavy crude oil using gas
chromatography with an atomic emission detector (AED) and mass spectrometer (GCMS). They found that most abundant nitrogen compounds in the LCO sample were
aniline derivatives, indole, quinoline, and their alkyl substituent derivatives. In addition,
carbazole and its derivatives were found in low concentrations in the LCO sample. The
reactivity order of nitrogen compounds in LCO during the hydrotreating was found as:
indole > methylated aniline > methylated indole > quinoline > benzoquinoline >
methylated benzoquinoline > carbazole > methylated carbazoles19. On the other hand,
Depauw and Froment20 reported the detailed characterization of sulfur compounds
present in LCO sample. They showed that over 40% of the sulfur, represented by the
highly refractory sulfur compounds, alkylated DBT. The coexisting presence of nitrogen
seems to make the catalytic removal of refractory sulfur compounds from LCO more
difficult.
In order to achieve deep denitrogenation, the use of adsorbents to selectively
remove the nitrogen compounds has attracted a great attention.3, 21-23 Recently, several
types of adsorbents have been reported for the adsorptive denitrogenation of liquid
hydrocarbon fuels, including zeolite,21, 24, 25 activated carbon,3, 26, 27 activated alumina,3, 26,
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28

and silica gel.

22, 29, 30

For example, SK Company has developed a new process based on

the adsorptive removal of nitrogen compounds from diesel fuel using silica gel as an
adsorbent. The process was capable of removing over 90% of nitrogen compounds from
the diesel fuel.31 They claim that the SK pretreatment process is a cost-effective method
for refineries to achieve 10 ppmw ultra low sulfur diesel fuels. However, regeneration of
silica gel has been known to be difficult.26 On the other hand, we have shown in Chapter
3 that spent activated carbon used for adsorptive denitrogenation and desulfurization of
model diesel fuel can easily be regenerated at 80 °C by toluene, which is readily available
in the refinery.
The objective of the research in this Chapter was to evaluate modified activated
carbon for selective adsorptive denitrogenation of LCO and to determine the influence of
the adsorptive removal of nitrogen compounds on their HDS.

6.2 Experimental Section

6.2.1 Materials
Various commercial and modified activated carbons with different physical and
chemical properties were used in the current study. In order to broaden the spectrum of
surface features, the surfaces of the commercial samples were modified by concentrated
H2SO4 (98%) and HNO3 (70%). Detailed descriptions of the commercial samples and the
procedures used for modification were discussed in Chapter 2 and Chapter 5,
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respectively. Before use in experiments, all activated carbon samples were washed by
deionized water and then heated at 110ºC in a vacuum oven overnight for drying.
A commercial catalyst CoMo/Al2O3 (Cr447), obtained from the Criterion Catalyst
Company, was used for the HDS of LCO and pretreated-LCO. The catalyst was crushed
to a particle size of <1 mm and presulfided at 350 °C for 4 h in a flow of 5 vol. % H2S-H2
at a flow rate of 200 ml/min. It was subsequently stored in hexane to minimize oxidation.
The light cycle oil (LCO) sample The LCO was obtained from United Refining
Company through Intertek-PARC Technical Services. The key properties of the LCO
sample are listed in Table 6-1. The simulated distillation results were obtained at the
Kuwait Institute for Scientific Research.
Table 6-1: Key Properties of LCO Sample

Analysis

Value

Sulfur wt %
N ppmw

1.81
598

Aromatic wt%

89

Distillation characteristics, °C
Initial boiling point

175

5 wt%

203

50 wt%

275

90 wt%

329

Final boiling point

376
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6.2.2 Characterization of Samples
Textural characterization of selected activated carbons was performed by the
adsorption of N2 at 77 K using the Autosorb-1 MP system (Quantachrome Corp.). The
surface areas were obtained from the N2 adsorption data at relative pressures 0.05 <P/Po
< 0.2 using the BET equation. The total pore volumes (VTotal) were estimated from the
volume of N2 (as liquid) held at a relative pressure (P/Pº) of 0.98. The average pore
diameter was estimated from the pore volume assuming cylindrical pore geometry.
The surface chemistry was analyzed by temperature-programmed desorption
(TPD). A TPD procedure up to 950 °C was used to evaluate the amount and nature of the
surface functionalities. About 100 mg of the samples were placed in a quartz tube reactor.
After drying the samples for 2 h at 110 °C under a He flow, the temperature was then
increased to 950 °C at a rate of 10 °C/min under a He flow of 50 ml/min. The evolved
amounts of CO2, CO, and H2O were monitored by a mass spectrometer as a function of
the temperature. The details were discussed in Chapter 2.

6.2.3 Extraction of Nitrogen Compounds
A diagram of the extraction procedure is shown in Figure 6-1. The non-polar
compounds in the LCO were first removed by adsorption chromatography using a
column packed with 100 g activated neutral alumina to eliminate their interference in the
following separation and identification procedures. Approximately 5 g of the LCO
sample were dissolved in a few milliliters of n-hexane and mixed with 20 g of activated
neutral alumina. The mixture was placed in the top of the column. The sample was eluted
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first with 600 ml of benzene for the non-polar fraction and then with 300 ml of benzenemethanol (1:1) for the polar fraction. The two fractions were then concentrated by
evaporation to remove the solvent.
The solvents used in this work were HPLC grade. Neutral aluminum oxide
powder was obtained from Aldrich Chemical Co. The activated neutral alumina was
dried at 110 °C overnight before use.
LCO sample 5 g

Neutral aluminum oxide

Benzene

Non-polars + aromatics

Benzene : methanol (1:1)

Polars: basic and nonbasic
nitrogen compounds

Figure 6-1: Separation scheme of the extraction of nitrogen compounds from LCO

6.2.4 Adsorption and Regeneration Experiments
The screening adsorption experiments were conducted in a batch system. About
6.0 g of LCO and 0.40 g of the tested adsorbent were added into a glass tube with a
magnetic stirrer at desired temperatures. After the desired time was reached, the mixture
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was filtered, using centrifugal system, and the products were analyzed to estimate the
adsorption capacity of various carbons for total nitrogen and sulfur.
Based on the screening adsorption experiments, a modified sample with
concentrated H2SO4, which had the best performance for nitrogen removal, was further
examined and compared with the original sample for adsorptive denitrogenation and
desulfurization of LCO using a fixed-bed flow system.
In order to explore the regenerability of the activated carbons for LCO, the
activated carbon after saturation in the fixed-bed adsorption experiment was subjected to
a regeneration test. Toluene was used as a solvent to wash out the adsorbates from the
spent activated carbons at 80ºC and 4.8 h-1 LHSV. The washing continued until the
nitrogen and sulfur concentrations in the eluted toluene were close to zero. Following the
toluene washing, a mixture of toluene and methanol (1:1 v/v) was introduced. After
washing, the system was purged with N2 at 200 ºC for 8 h to remove the remaining
solvent, and the temperature of the adsorption bed was reduced to room temperature for
the adsorption test of the regenerated adsorbent.

6.2.5 Hydrotreating Experiments
The eluted LCO was hydrodesulfurized using a batch reactor with a volume of 25
ml. The reactor was first loaded with 0.1 g of catalyst and 3 g of LCO, and the assembly
was then purged five times using nitrogen and hydrogen before being pressurized with
hydrogen to 50 bars. The reactor was placed in a fluidized sand bath for 2 h, which was
preheated to 350 ˚C, and then was agitated at 200 strokes/min. The temperature inside the
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reactor was monitored by a thermocouple. Following the reaction, the reactor was
removed from the sand bath and immediately quenched in a cold-water bath. The product
was then sucked from the reactor using a glass pipette, and the total sulfur was analyzed
to estimate the HDS conversion. The HDS conversion (HDS%) was calculated according
to Eq. 6-1

(C − C )
i
f
HDS % =
× 100
C
i

6-1

where Ci and Cf are the sulfur concentration in the feed and product, respectively.

6.2.6 Analysis of Treated Samples
All of the treated LCO was initially diluted with toluene at the desired
toluene/LCO ratio. For total nitrogen and sulfur analysis, an Antek 9000 series nitrogen
and sulfur analyzer was used. The qualitative and quantitative analysis for the nitrogen
and sulfur compounds in the treated LCO was conducted by GC-NPD, GC-PFPD, and
GC-MS. Detailed procedure of the methods were described in Chapter 2
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6.3 Results and Discussion

6.3.1 Identification of Nitrogen and Sulfur Compounds in LCO
For reference, the chemical structures and nomenclature of carbazole and its
sulfur analogue dibenzothiophene are as follow:

Figure 6-2 shows the nitrogen chromatogram measured by the nitrogen-selective
detector (GC-NPD). The nitrogen concentration in the LCO sample was 598 ppmw. The
first compound eluted at a retention time of 32 min. Analysis of the extracted sample by
GC-MS showed that the LCO sample contained almost only carbazole and methylsubstituted carbazoles. Carbazole, dimethylcarbazoles, and trimethylcarbazoles were
positively identified by the GC-MS. Four peaks were found for the monomethylated
carbazole derivatives.

It was not possible to distinguish between those derivatives,

including 1-, 2-, 3-, and 4-methylcarbazole using the GC-MS. The identification of these
derivatives was based on the results by 19, 32 for the identification of the monomethylated
carbazole derivatives using the retention time of the corresponding model compounds.
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Figure 6-2: Nitrogen-selective chromatogram for LCO feed
Figure 6-3 shows the sulfur chromatogram measured by the sulfur-selective
detector (GC-PFPD). The sulfur concentration in the LCO sample was about 1.81 wt%.
The sulfur chromatogram profile in the current research was found similar to the
chromatograms reported in the literature.4,

5

It was convenient to identify the sulfur

compounds in the LCO sample by comparison with the reported chromatograms. In order
to confirm the accuracy of the identification, the retention times of several sulfur model
compounds,

including

1,5-dimethylbenzothiophene,

dibenzothiophene,

and

4,6-

dimethyledibenzothiophene, were identified and compared with the assigned peaks.
The predominant sulfur compounds in LCO are alkylated benzothiophene,
dibenzothiophene, and alkylated dibenzothiophene. 4-methylbenzothiophene was the
predominant refractory sulfur compound in the LCO sample, which is typically difficult
to remove by the conventional HDS process.
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Figure 6-3: Sulfur-selective chromatogram for LCO feed

6.3.2 Effect of Adsorption Conditions on the Adsorption Capacity
The effects of the adsorption time and adsorption temperature on adsorption
capacities of AC1 and AC3 were examined in batch mode using an LCO/AC3 ratio of 15.
It should be pointed out that these activated carbons were selected because they represent
a microporous and micro-mesoporous carbon. The results of the adsorption capacities as
a function of adsorption time are shown in Figure 6-4. The adsorption capacities for
nitrogen compounds over both carbons reached an adsorption equilibrium at an
adsorption time of 2 h.

160

Ads. cap. (mg-N/g-A)

4
3
2

AC1
AC3

1
0
0

2

4

6

8

10

Time (h)
Figure 6-4: Effect of adsorption time on adsorption capacity on nitrogen compounds;
adsorption temperature is 25 °C; AC1: microporous carbon and AC3: micro-meso-porous
carbon
The adsorption pretreatment of LCO over AC1 and AC3 for 4 h and different
adsorption temperatures was performed to evaluate the effect of temperature on the
adsorption capacity of nitrogen compounds. Figure 6-5 shows that the temperature
negatively affects the adsorption of nitrogen compounds over a mesoporous carbon
(AC3). When the temperature increased from 25 to 100 °C, the adsorption capacity
decreased from 2.74 to 2.5 mg-N/g-A. On the other hand, the increase in the adsorption
temperature significantly increased the adsorption uptake of nitrogen compounds over the
microporous carbon (AC1). When the adsorption temperature increased from 25 to 100
°C, over a 69% increase in the adsorption of nitrogen compounds was achieved. The
increase in the adsorption capacity as a function of adsorption temperature over AC1 may
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be attributed to the fact that the diffusion of nitrogen compounds into the pore of the
activated carbon might be a rate-controlled step in the adsorption process, and that an
increase in temperature facilitates the diffusion of nitrogen compounds and helps to drive
nitrogen compounds through the narrow pore network of activated carbon. Subsequently,
the adsorption capacity is enhanced. However, in the case of the adsorption of nitrogen
compounds over mesoporous carbon (AC3), the adsorption capacity might depend on the
thermodynamic equilibrium, so an increase in the adsorption temperature facilitates the
desorption rate and thereby reduces the adsorption capacity for nitrogen compounds.

4
Ads. cap. (mg-N/g-A)

AC1
AC3

3

2

1

0
0

25

50

75

100

125

Temp (°C)
Figure 6-5: Effect of adsorption temperature on adsorption capacity of nitrogen
compounds; adsorption time is 4h; AC1: microporous carbon and AC3: micro-mesoporous carbon
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The results obtained above reveal that diffusion has a negligible effect on the
adsorption capacity over mesoporous activated carbon even at room temperature when
the adsorption time is longer than 2 h. Based on these results, optimum conditions of 25
ºC, a 4-h contact time, and a LCO/AC3 ratio of 15 were selected for evaluating the
adsorption pretreatment process of LCO using mesoporous activated carbon.

6.3.3 Evaluation of Adsorbents
Adsorptive denitrogenation and desulfurization of LCO over a series of the
activated carbons at 25 ºC for 4 h were conducted in batch mode for screening
adsorbents. The adsorption capacities for nitrogen and sulfur compounds with the textural
properties and oxygen concentration of the various adsorbents are listed in Table 6-2. The
oxidized activated carbon with H2SO4 at 140 °C, AC3-S140, showed the highest
adsorption capacity for nitrogen compounds at 257 µmol/g-A, while AC6 was the worst
among other carbons with a capacity around 29 µmol/g-A. For sulfur removal, all
activated carbons showed low adsorptive desulfurization capacities.
Oxidative modification of the activated carbon greatly enhanced the adsorptive
denitrogenation capacity. The oxidized adsorbents including AC3-S140, AC6-N80, and
AC6-S140 showed significant improvement in the adsorptive denitrogenation of LCO
compared with their parent adsorbents. This was not the case for sulfur removal, where
the performance of the oxidized adsorbents noticeably decreased. A similar finding was
observed and discussed in Chapter 4.
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Table 6-2: Key Characteristics of the Studied Activated Carbons
carbons

SBET
(m2/g)

pore volumes
mean pore
OTPD
ads cap. N ads cap. S
3
diameter (mmol/g) µmol/g-A µmol/g-A
(cm /g)
(nm)
VTot VMic VMes

AC1
AC2

993
1603

0.56
1.23

0.46
0.52

0.11
0.71

2.26
3.06

3.37
2.61

52
161

38
32

AC3

2320

1.64

0.79

0.84

2.82

4.57

185

52

AC5

650

0.32

0.22

0.11

1.98

1.71

34

6

AC6

1079

0.64

0.44

0.20

2.21

1.49

29

8

AC3-S140

1852

1.28

0.59

0.69

2.76

6.02

257

44

AC6-N80

746

0.41

0.33

0.08

2.20

4.03

121

3

AC6-S140
1073
0.64 0.44 0.20
2.39
2.75
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Adsorption temperature is 75 C; LCO/AC ratio is 15
VTot, VMic, and VMes are the total, micro, and mesopore volumes respectively

4

6.3.4 Effect of Surface Properties on Adsorptive Denitrogenation of LCO
It is well-known that the activated carbon surface physical and chemical
properties play an important role in many selective adsorption processes. According to a
study by Sano et al.,23 for adsorptive denitrogenation and desulfurization of a real gas oil,
they found that oxygen functional groups, in particular, phenol groups are crucial for
selective adsorption of nitrogen compounds. However, in Chapter 2 and 3, for the
adsorptive denitrogenation of model diesel fuel, it was concluded that carboxylic and
anhydride were the primary oxygen functional groups involved in the binding of basic
nitrogen compounds such as quinoline, whereas basic oxygen functional groups,
including carbonyl and quinone contributed more for the adsorption of nonbasic nitorgn
compounds such as indole.
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However, in the previous Chapters, a model fuel with a density about 0.73 g/ml
containing 9 molecules was used. In the current Chapter, LCO with a density of about
1.00 g/ml, relatively high viscosity, and contains thousands of molecules is used. This
makes establishing a relation between physio-chemical properties of carbon to the
adsorptive denitrogenation is a challenging task. Figure 6-6 shows the adsorption
capacity of nitrogen compounds as a function of oxygen concentration. Although, the
relationship between capacity and oxygen concentration is not perfectly linear, certainly
oxygen concentrations on the surface of activated carbon significantly contribute to the
adsorption performance for nitrogen removal.

The adsorption capacity for nitrogen

compounds increases with increase in the oxygen concentration of the activated carbons.
Interestingly, close examination of the data in Figure 6-6 shows that the adsorption
capacity for nitrogen compounds of the activated carbons with major microporosity such
as AC1, AC5, AC6, AC6-S140, and AC6-N80 deviate negatively from the straight line,
whereas the activated carbons with major mesoporosity such as AC2, AC3, and AC3S140 showed positive deviation for the adsorption of nitrogen compounds. The trend
suggests that the contribution of oxygen functional groups in mesoporous activated
carbons for nitrogen removal is greater than those for the activated carbons with major
microporosity. This finding implies that some oxygen functional groups in the
microporous activated carbons may not be accessible for nitrogen compounds, especially
when viscous fuel such as LCO is used, as the diffusion rate of a molecule is proportional
to the fuel viscosity. Consequently, moving from micro pores to meso pores seems to
facilitate large nitrogen molecules to penetrate into surface functionalities. Song et al.
have investigated the effect of catalyst pore size on the adsorption of large molecules of
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heavy fractions. It was evident that the adsorption of large molecules is proportional to
catalyst pore size distribution.33
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Figure 6-6: Relationship between oxygen concentrations and adsorption capacity of
nitrogen compounds
Several studies34-36 have suggested that oxygen functional groups, and acidic
groups in particular, play a decisive important role in enhancing the adsorption selectivity
of

sulfur

compounds,

such

as

dibenzothiophene

(DBT)

and

4,6-

dimethyldibenzothiophene (4,6-DMDBT), from liquid hydrocarbon fuels. However,
these studies did not consider the presence of co-existing nitrogen compounds. Clearly,
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this is not the case for the adsorptive desulfurization of LCO, and the increase in surface
oxygen concentrations showed no positive effect for the removal of sulfur compounds.

6.3.5 Pretreatment of LCO in a Fixed-Bed Flow System
The original and modified AC3 were evaluated in a fixed-bed adsorber using
LCO at 25 °C and 2.4 h-1 of LHSV. The breakthrough profiles for nitrogen compounds
over AC3 occurred at a treated amount of 6 g of LCO/g-A, as shown in Figure 6-7. The
nitrogen outlet concentration approached 200 ppmw at a treated LCO amount of 11.2 g of
LCO/g-A. The adsorption performance of modified carbon remarkably improved. The
treated amount of LCO was 18.1 g-LCO/g-A when the nitrogen outlet concentration was
around 200 ppmw. This performance of the modified carbon is superior to activated
alumina and silica gel for the removal of nitrogen compounds.23, 26
The results of Figure 6-7 suggest that carbon materials are promising adsorbents
for deep denitrogenation and can easily be tailored for the selective adsorption of
nitrogen compounds from light and heavy gas oils.
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Figure 6-7: Breakthrough curves of nitrogen compounds in LCO over activated carbon
AC3 and modified AC3 at 25 °C and 2.4 h-1 LHSV
Figure 6-8 shows the breakthrough profiles for sulfur compounds during the
adsorptive desulfurization of LCO over the original and modified AC3. Unlike the
adsorptive denitrogenation, the performance of both activated carbons showed poor
adsorption uptake for sulfur compounds. Moreover, upon oxidative modification of
carbon, a significant decrease in the adsorptive desulfurization of LCO was observed.
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Figure 6-8: Breakthrough curves of sulfur compounds in LCO over activated carbon AC3
and modified AC3 at 25 °C and 2.4 h-1 LHSV
Hydrocarbon, sulfur, and nitrogen chromatograms of the original and adsorptive
pretreated LCO are shown in Figure 6-9. There were no differences between the
hydrocarbon and sulfur chromatograms of the original and pretreated LCO, indicating
that modified activated carbon was not selective for hydrocarbon and sulfur compounds,
in agreement with the results of breakthrough curves of sulfur compounds, as shown in
Figure 6-7. On the other hand, a comparison between the nitrogen chromatograms of the
original and pretreated LCO shows the excellent adsorption selectivity of modified
carbon for nitrogen compounds from LCO.
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Figure 6-9: Hydrocarbon, sulfur, and nitrogen chromatograms of (A) LCO and (B) adsorptive
treated LCO
Figure 6-10 shows the NPD chromatograms for adsorptive pretreated LCO
sampled at various elution times. The predominant nitrogen compounds in the LCO feed
are carbazole, methylcarbazole (C1-carbazole), dimethylcarbazole (C2-carbazole), and
trimethylecarbazole (C3-carbazole). After the pretreatment of 6.7 g ofLCO/g-A, almost
no peaks were observed in the eluted LCO. The first peak to appear in the chromatogram
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at the treated amount of 13.6 gof LCO/g-A was for 1-methylcarbazole (1-MCz). The high
peak of 1-MCz in the pretreated fuel was due to the fact that it had the highest
concentration in the feed. A comparison between the chromatograms of the original LCO
and the eluted LCO at 22.0 g-LCO/g-A revealed that they have very similar profiles,
although most of the peaks in the treated sample were smaller. This indicates that the
modified carbon had almost a similar adsorption selectivity towards all carbazole and
alkylated carbazoles.
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Figure 6-10: Nitrogen chromatograms of the LCO-feed and the treated LCO at different
treated amount
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6.3.6 Regeneration
In Chapter 2, using model diesel fuel containing an equimolar concentration of
nitrogen, sulfur, and aromatic compounds, it was confirmed that spent activated carbons
can be completely regenerated by toluene at 80 °C. In the current Chapter, spent activated
carbon exposed to LCO was also examined for regeneration using toluene followed by a
mixture of toluene and methanol at 80 °C and 4.8 h-1 LHSV. Figure 6-11 shows the
comparison of the breakthrough profiles of fresh and regenerated activated carbon. It is
seen that the regenerated carbon shows a slightly lower adsorption compared with the
fresh one. For the fresh carbon, the outlet-treated LCO reached 200 ppmw when the
amount of treated LCO was 18.1 g-LCO/g-A, while for the regenerated carbon, 15.7 gLCO/g-A was processed when the outlet concentration reached 200 ppmw,
corresponding to a decrease by 12%.

173

700
Initial N conc. 598 ppmw

N Conc. (ppmw)

600
500
400
300
200

AC3-S-T140

100

RegAC3-S-T140

0
0

10
20
30
Amt. of treated LCO (g-LCO/g-A)

40

Figure 6-11: Total nitrogen breakthrough curve for fresh and regenerated AC3-S140 at
25 °C and 2.4 h-1 LHSV
In order to estimate the required amount of the solvent for the regeneration, the
total nitrogen and sulfur content in the outlet as a function of the amount of the used
solvent was measured, as shown in Figure 6-12. Washing with toluene continued until the
nitrogen and sulfur concentrations in the outlet approached zero. A mixture of toluene
and methanol was then introduced to remove the molecules that strongly interacted with
the active sites. Upon the introduction of the mixture, both the N and S profiles showed
small peaks, indicating that the mixture was more effective than toluene and that some
nitrogen and sulfur compounds were still adsorbed. It is important to point out that
although the concentration of sulfur in the LCO is 40 times greater than nitrogen, the rate
at which nitrogen washed out was much slower than sulfur, as shown in the slope
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(Figure 6-12). This suggests that due to the higher adsorption affinity for nitrogen
compounds, they are strongly interacting with the active sites as compared with sulfur
compounds.
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Figure 6-12: Nitrogen and sulfur concentrations in the effluent as a function of washingsolvent amount for AC3-S140; washing solvent: toluene-followed by a mixture of toluene
and methanol; temperature: 80 °C and LHSV: 2.4 h-1
From a practical point of view, it is desired to shorten the regeneration cycle. The
regeneration cycle may seem quite long, as almost 250 g-Sol/g-A was used. However, the
washout profile clearly showed that at a solvent washout amount of 70 g-Sol/g-A, most
of the sulfur and nitrogen were already washed out.
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6.3.7 Effect of Adsorptive Pretreatment on HDS
Both types, basic and nonbasic nitrogen compounds, have been reported to inhibit
deep hydrodesulfurization.10,

37-41

Three-ring nitrogen compounds such as carbazole,

acridine and their alkylated derivatives have been suggested to have higher inhibition
effects on the deep HDS than quinoline and indole.37 It is well known that 4-MDBT and
4,6-DMDBT are among the most refractory sulfur compounds in gas oil, even though the
alkyl carbazole with a similar structure of 4,6-DMDBT has been shown to react at rates
about 1/10 of those of 4,6-DMDBT.37, 39 Therefore, removing carbazole and alkylated
carbazoles from the LCO in the adsorption step should enhance the removal of refractory
sulfur compounds in the subsequent HDS.
The HDS of the adsorptive pretreated LCO, which contains different nitrogen
concentrations, is illustrated in Figure 6-13. The HDS conversion was found to be
proportional to the degree of nitrogen removal in the adsorptive pretreatment process. For
example, the HDS conversion of pretreated LCO containing 7 ppmw nitrogen
concentrations was over 84%. On the other hand, HDS of the LCO without adsorptive
pretreatment (N=598 ppmw) showed only 52% HDS conversion. Interestingly, when the
nitrogen concentration increased from 7 to 88 ppmw, only slight decrease in the HDS
conversion was observed. However, significant reduction in the HDS conversion was
noticed, by a decrease from 83% down to 67%, when the nitrogen increased from 88 to
209 ppmw. This can be explained as follows: when the nitrogen content in the fuel
increased to 88 ppmw, the predominant nitrogen compounds were carbazole and methyl
carbazole, which might have a relatively less inhibition effect on the HDS reaction, as
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compared with di- and trimethylcarbazoles. However, when the fuel contained 209 ppmw
nitrogen content, methyl-, dimethyl-, and trimethylcarbazoles were observed in the fuel,
which has been reported37 to strongly inhibit the HDS reaction.

Figure 6-13: Relationship between nitrogen content in the adsorptive pretreated LCO and
the corresponding HDS conversion %
Figure 6-14 shows the sulfur-selective GC-PFPD chromatograms of the original
LCO, the HDS of the LCO, and HDS of the adsorptive pretreated LCO. The HDS of
LCO was found effective for the removal of reactive sulfur compounds such as
methylbenzothiophene

(MBT),

dimethylbenzothiophene

(DMBT),

and

trimethylbenzothiophene (TMBT) but has poor performance for the removal of refractory
sulfur compounds such as 2-MDBT, 4-MDBT, and 4,6-DMDBT. On the other hand,
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adsorptive pretreated of LCO was found very effective to enhance the HDS, not only for
reactive sulfur, but also refractory sulfur compounds. While HDS of LCO decreased the
sulfur content from 1.81 to 0.67 wt%, the HDS of adsorptive pretreated LCO was able to
reduce the sulfur content down to 0.28 wt%. It is worth mentioning that adsorptive
pretreated of LCO was very selective for nitrogen removal and did not reduce the sulfur
content in the treated fuel.

Figure 6-14: Sulfur chromatograms of (A) original LCO, (B) HDS of LCO, and (C)
adsorptive denitrogenation (ADN) LCO + HDS
Both, direct HDS of LCO and adsorptive pretreatment followed by HDS were
able to remove most of the reactive sulfur compounds. However, the adsorption process
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greatly enhanced the removal of refractory sulfur compounds. As shown in Figure 6-10,
carbazoles and their alkylated derivatives are the predominant nitrogen compounds in
LCO. The current results confirm that the removal of such nitrogen compounds from
LCO enhances the HDS of refractory sulfur compounds.

6.4 Conclusions
Carbon-based adsorbent is a promising material for the efficient removal of the
nitrogen compounds from LCO. Oxidative modification of carbon materials greatly
improves the adsorption performance for nitrogen removal but not sulfur removal, from
LCO. The adsorption capacity of carbon materials for nitrogen compounds highly depend
on their concentration of the oxygen functional groups on the surface. Adsorptive
pretreatment of LCO significantly improves the HDS performance, especially for the
removal of the refractory sulfur compounds. The majority of the capacity of the spent
adsorbent can be recovered by washing with toluene.
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Chapter 7
Conclusions and Future Work
Systematic studies for adsorption removal of nitrogen compounds from liquid
hydrocarbon streams were presented. Fundamental understanding of the role of oxygen
functional groups on the selective adsorption of nitrogen compounds has been proven
insightful. The method developed in this research for complete regeneration of spent
adsorbent has been introduced. Adsorptive pretreatment of LCO over modified carbonbased adsorbent has been confirmed to greatly enhance the HDS of the refractory sulfur
compounds in the subsequent HDS process. Here, the contributions will be restated
relative to the objectives introduced at the beginning of this dissertation.

7.1 Contributions of this Research
The objectives of this research were to:
1. Explore the adsorption capacity and selectivity of carbon-based adsorbent for the
adsorption removal of nitrogen compounds in the presence of sulfur and aromatic
compounds and to evaluate the contribution of the physical and chemical properties
of activated carbons to the adsorption of nitrogen compounds.
2.

Develop a fundamental understanding of the role of surface oxygen-containing
functional groups in the adsorption of nitrogen compounds, with an ultimate goal of
gaining deeper insight into the adsorptive denitrogenation mechanism.
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3. Explore the efficient modification method for improving the adsorption performance
of the activated carbon for selective removal of nitrogen compounds from liquid
hydrocarbon streams.
4. Develop a regeneration method for the recycling of spent adsorbents.
5. Determine the influence of the adsorptive removal of nitrogen compounds from LCO
on their subsequent HDS.

The adsorption capacity and selectivity of the activated carbons for nitrogen,
sulfur, and aromatic compounds were evaluated, compared, and studied in relation to the
physical and chemical properties of the activated carbons. The surface, physical and
chemical properties were characterized by N2 adsorption, TPD and XPS methods, and
correlated with the adsorption performance. The results show that (1) the surface areas
and pore volumes of activated carbon, although important for the adsorption process, they
are not a key factor in deciding their adsorption performance for removal of the nitrogen
compounds; and (2) both the type and amount of oxygen functional groups on the surface
play an important role in determining the adsorption performance of the adsorbents. The
higher concentration of oxygen functional groups results in higher adsorption capacity for
the nitrogen compounds.
Mild oxidative modification of a commercial activated carbon using concentrated
sulfuric acid (98%) greatly enhanced the concentration of various oxygen functional
groups, including carboxyl, anhydride, phenol and carbonyl groups on the surface, but
did not change the porous structure of the activated carbon. The enhanced adsorptive
removal of nitrogen compounds over the modified activated carbon further confirms the
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predominant role of oxygen functionalities on the selective removal of nitrogen
compounds. The acidic functional groups on the surface, including carboxyl and
anhydride groups, contribute more towards the adsorption of basic nitrogen compounds,
while the basic functional groups, such as carbonyl and quinone groups, play a more
important role in the adsorption of neutral nitrogen compounds.
Due to the chemical heterogeneity of the surface of the activated carbon, multiple
adsorption mechanisms work together to determine the adsorption performance of the
activated carbons for various nitrogen and sulfur compounds in liquid hydrocarbon
streams, depending on their surface chemistry. It appears that both quinoline and indole
adsorbed almost completely through specific interactions. The experimental data support
dipole–dipole and acid–base interactions in the adsorption of quinoline and indole.
Additionally, in the presence of both nitrogen and sulfur compounds, the oxygen
functional groups on the surface of the activated carbon have negligible positive
contribution for the adsorption of sulfur compounds.
Carbon-based adsorbent is a promising material for the efficient removal of the
nitrogen compounds from LCO. Adsorptive denitrogenation of LCO significantly
improved the HDS performance, especially for the removal of the refractory sulfur
compounds.
An essential factor in applying adsorption technology is regeneration after
saturation. A method for the regeneration of the saturated adsorbents was developed,
using toluene washing followed by heating to remove the remained toluene. The results
show that the spent activated carbons can be regenerated to completely recover the
adsorption capacity.
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The above conclusions can be summarized as follow:
1.

Type and amount of oxygen functional groups play an important role in
determining the adsorption performance of activated carbons.

2.

The acidic functional groups, including carboxyl and anhydrides groups,
contribute more towards the adsorption of basic nitrogen compounds such as
quinoline.

3.

The basic oxygen functional groups, such as carbonyl and quinone groups play a
more important role in the adsorption of neutral nitrogen compounds such as
indole.

4.

The experimental data support acid-base interactions in the adsorption

of

quinoline and indole.
5.

In the presence of both nitrogen and sulfur compounds, the oxygen functional
groups have negligible positive contribution for the adsorption of sulfur
compounds.

6.

Modified carbon materials can effectively remove nitrogen compounds from
LCO.

7.

Adsorptive denitrogenation of LCO significantly improved the HDS performance,
especially for the removal of the refractory sulfur compounds.

8.

The regeneration method developed in this research is capable to completely
recover the adsorption capacity.

9.

The high capacity and selectivity of carbon-based adsorbents for the nitrogen
compounds, along with their good regenerability, indicate that the activated
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carbons are promising adsorbents for the deep denitrogenation of liquid
hydrocarbon streams.

7.2 Recommendations for Future Work
In the current research, it was possible to qualitatively correlate the oxygen
functional groups with the adsorption of quinoline and indole. For example, carboxylic
and anhydride groups were found to contribute to the adsorption of quinoline, while the
high adsorption capacity for indole was attributed to the high density of basic oxygen
functional groups, such as carbonyls and quinones. However, it is still essential to
quantitatively estimate the contribution of each oxygen functional group into the
adsorption of various nitrogen compounds. Statistical analysis can be implemented to
estimate the contribution of each functional group to the adsorption of various nitrogen
compounds. A linear regression equation may allow us to correlate the experimental data
according to the following equation

Y = β1 X i1 + β 2 X i 2 + .....β n X in
where Y represents the activated carbon capacity for a specific nitrogen compound, Xi1
represents the concentration of an oxygen functional group (ith), and

β1 represents the

regression coefficient, which is related to the impact of the oxygen functional group for
the adsorption of nitrogen compounds. In order for the linear regression to be a reliable
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tool, it is important to experimentally estimate the capacities and oxygen functional group
concentrations of a large number of activated carbons (i.e., >10 activated carbons).
The physical and chemical properties of an adsorbate are important factors that
may influence the adsorption performance. Among the properties that were not
quantitatively evaluated in the current research is the pKa of adsorbate. Therefore, it
would be worthwhile to investigate the adsorbate’s acidity on the adsorption capacity
over activated carbon. A model fuel containing various nitrogen compounds with varying
pKa values is suggested. Dutta and Holland1 estimated the pKa values for various
compounds from the petroleum fraction by non-aqueous solution titrations. Some of the
candidate nitrogen compounds with their pKa values are shown in Table 7-1.
Table 7-1: pKa values for some nitrogen compounds1
Compounds Pyridine tetrahyropyrrole imidazole quinoline acridine Phenazine
PKa
5.3
11.3
7.0
4.9
5.6
1.2
Ultradeep removal of sulfur and nitrogen from transportation fuels has become
greatly important, not only to comply with environmental regulations, but also due to the
great need for nitrogen- and sulfur-free fuel for fuel cell applications. In the last two
decades, adsorptive desulfurization of model diesel fuel for fuel cells has been
extensively studied.2-5 However, these studies did not consider the coexisting nitrogen
compounds. In commercial diesel fuel, both sulfur and nitrogen exist in comparable
concentrations (<15 ppmw). Fuel cell-powered cars are expected to be more efficient
than internal combustion engine-powered cars. Diesel is among the potential fuels for
fuel cells. Diesel can be either processed on-site or on-board to produce hydrogen for fuel
cells. In either case, both sulfur and nitrogen have to be reduced to ultra low levels (S/N <
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1ppm) before reforming, due to the current sensitivity of the catalysts to sulfur and
nitrogen. One- or two-bed adsorbents systems for the ultradeep removal of both nitrogen
and sulfur from commercial diesel fuel are important. Based on the results presented in
Chapters 4 and 5, it is expected that modified activated carbon would be very effective
for nitrogen removal. In the case that sulfur cannot be removed by the modified carbon, a
second adsorbent bed may be used for the removal of the sulfur compounds.
Another potential topic to explore further is an efficient method for the
regeneration of a real fuel, such as LCO. In Chapter 2, it was confirmed that activated
carbon can be regenerated to recover the entire adsorption capacity, regardless of the
physical and chemical properties of the carbon materials, when using model diesel fuel.
However, in Chapter 5, when the activated carbon was saturated by LCO, the method
used for regenerating the activated carbon was not able to completely reproduce the
saturated activated carbon. It is important to point out that there were no attempts to
obtain the optimum solvent and regeneration conditions in that particular study.
Consequently, it is necessary to find more efficient regeneration methods, when real fuel
such as LCO is used.
Finally, additional insight into the effect of the physical properties (i.e. pore
volume and surface area) of activated carbon on the adsorption of sulfur compounds from
liquid hydrocarbon streams needs to be provided. It has been shown in the current
dissertation that the role of physical properties of activated carbon for sulfur removal is
not well documented in the literature. Ania and Bandosz3 as well as Jiang et al.6 explored
the modification of commercial activated carbons using (NH4)2S2O4 and H2SO4,
respectively. In both studies, the adsorption capacity of the modified activated carbons
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for DBT was increased to almost twice that of the original activated carbons. However,
the conclusions of both studies regarding the factors responsible for the enhancement of
DBT adsorption over carbon materials were not the same. For example, while Ania and
Bandosz suggested that the micropore volume governs the amount of adsorbed DBT,
Jiang et al. proposed that the significant increase in the DBT adsorption capacity of the
modified activated carbon is mainly due to the increase of the mesopore volume.
Moreover, Zhou et al.2 indicated that the textural properties have minor effects and that
oxygen functional groups played the predominant role in the adsorption of various sulfur
compounds. In order to explore the effect of the physical properties of activated carbon
on the adsorption of sulfur compounds, it is important to establish a correlation between
the physical properties and the performance of activated carbons, independent from the
surface chemical properties. It is well known that upon heat treatment of activated carbon
up to 1000 °C, all oxygen functional groups decompose to CO and CO2.7 Therefore, heat
treatment of various activated carbons, with varying textural properties, up to 1000 °C
can result in the production of various activated carbons with significant differences in
the textural properties, but almost similar surface chemistry. Evaluation of such activated
carbons for the adsorption of sulfur compounds should provide a fundamental
understanding on the role of physical properties on the adsorption of sulfur compounds.
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Appendix A

Adsorption Pretreatment of Crude Oil and Its Effect on Subsequent Hydrotreating
Process
Abstract
A new conceptual design for upgrading of crude oil was proposed and examined.
The process combines a direct pretreatment process of crude oil by adsorption and a
hydrotreating process of the pretreated crude oil. The pretreatment process was designed
to remove mainly metals, asphaltene, and nitrogen compounds to enhance the HDS
reactivity of the pretreated crude oil. The adsorption performance of some potential
adsorbents, including activated alumina and activated carbons, was tested. The activated
carbons have shown high adsorption capacity for removal of sulfur and nitrogen
compounds in the crude oil. Among carbon adsorbent, ACSA15 achieved the highest
adsorption capacity, especially for nitrogen compounds and hence it was selected for the
pretreatment adsorption process. The catalytic hydrotreatment of the original and
pretreated crude was conducted over a commercial CoMo catalyst to examine the effect
of the adsorption pretreatment on the hydrotreatment. The adsorption pretreatment
process significantly improved the hydrotreatment reactivity of crude oil. The
preliminary results in this study confirm and support the proposed new conceptual design
for refining of crude oil.
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A.1 Introduction
The continuous increase in the demand for transportation fuels and petroleum
products and the limitation of petroleum source in the world have been making the
average quality of the produced crude oil, including sulfur content and API gravity,
poorer and poorer.1-3 On the other hand, for environmental protection requirement the
regulations for transportation fuels have been becoming more and more serious. In order
to meet these challenges, in the last fifty years, the petroleum refining process has been
evolving to be more and more complex. For example, only for hydrotreating in a typical
modern petroleum refinery, there are naphtha hydrotreator, kerosene hydrotreator, gas oil
hydrotreator, vacuum gas oil hydrotreator, residue hydrotreator, and others, which might
be inefficient in addition to the high operation cost. Individual hydrotreatment of each
fraction from crude oil also results in a difficulty to hydrotreat the heavy fraction, such as
vacuum gas oil and residues, due to mass transfer and macromolecular aggregation
problems in the processes, although it leads to easier hydrotreatment of the light
distillates. It is therefore necessary to consider alternative approach to produce cleaner
fuels in a more efficient, environmentally, friendly and affordable fashion.
In this study, a new conceptual design for upgrading of crude oil is proposed, as
shown in Figure A-1. This process combines a direct pretreatment process of crude oil by
adsorption and a hydrotreating process of whole pretreated crude oil. The hydrotreated
crude then is fractionated into different fractions
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Figure A-1: Conceptual design for direct upgrading of crude oil with the combination of
adsorbent and catalyst system
As well-known in the deactivation studies of HDS catalysts, some coexisting
nitrogen compounds,4-9 metal-complex compounds,10-12 and aromatic macromolecules13,
14

(asphaltenes) in petroleum deactivate the HDS catalysts significantly. The potential

advantages of the proposed process are (1) reduction of the effects of the coexisting
nitrogen compounds, metal-complex compounds and asphaltenes on HDS; (2)
simplifying the configuration of current complex petroleum refining process and hence,
reduction of the capital and operation cost; (3) hydrotreatment of whole pretreated crude
oil might increase the yield of distillates. Some previous studies have shown that the
adsorption pretreatment of gas oil can improve the HDS performances.15-17 In the present
study, a Kuwait Export Crude (KEC) was pretreated by adsorption to remove mainly
metals, asphaltene, and nitrogen compounds. The adsorption performance of some
potential adsorbents, including activated alumina and activated carbons, was tested. The
catalytic hydrotreatment of the original and pretreated KEC was also conducted over a
commercial CoMo catalyst in a batch reactor to examine the effect of the adsorption
pretreatment on the hydrotreatment. The objective of the present study was to select a
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suitable adsorbent for the pretreatment of KEC oil and to examine the effect of the
adsorption pretreatment process on the hydrotreatment of KEC.

A.2 Experimental Section
In the present study, a series of commercial activated aluminas with surface area
of 50-240 m2/g and average pore diameter of 50-300 Å and activated carbons with
surface area of 650-2300 m2/g and average pore diameter of <50 Å were tested to
evaluate their performance for adsorptive desulfurization and denitrogenation of KEC.
The adsorbent materials were dried under a vacuum condition at 110 ºC for 2 h before
use.
Kuwait Export Crude (KEC), provided by Kuwait Institute for Scientific
Research, was used in this study. The major properties of KEC are shown in Table A-1
Table A-1: Major Properties of Kuwait Export Crude (KEC)
API gravity
Sulfur, wt%
Nitrogen, wppm
Vanadium, wppm
Nickel, wppm
Asphaltene, wt%
Distillation characteristics, ºC
IBP
5 wt%
10 wt%
30 wt%
50 wt%
60 wt%

30
2.57
1200
35
12
2.5
0
68
118
255
385
452
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The screening adsorption experiments were conducted in a batch system with a
magnetic stirrer at desired temperatures, contacting time, and an oil/adsorbent weight
ratio of 10. After adsorption, the treated KEC was separated from the spent adsorbent by
filtration, and the sulfur and nitrogen concentration in the treated KEC were
quantitatively analyzed by using 9000 ANTEK S/N analyzer. The selected adsorbent was
used for preparing the pretreated KEC for the subsequent hydrotreatment.
The original KEC and pretreated-KEC were hydrotreated in a 25 ml batch reactor
with 0.1 g catalyst and 3 g of oil at 355˚C for 1 h under stoking agitation (200
strokes/min). A commercial catalyst CoMo/Al2O3, obtained from Criterion Catalyst
Company, was used in the hydrotreatment. The catalyst was crushed to a particle size of
<1 mm and presulfided at 350 ºC for 4 h in a flow of 5 vol% H2S in H2 at a flow rate of
200 ml/min.

A.3 Results and Discussion
Adsorptive pretreatment of KEC over a series of the activated aluminas and
activated carbons at 60 ºC and 100 ºC for 2 h was conducted in a batch mode for
screening adsorbents. A part of results are listed in Table A-2. In comparison of the
activated alumina adsorbents, the best adsorbent for removing nitrogen compounds was
HIQ with a capacity of 1.89 mg-N/g-A, while the best one for removing sulfur
compounds was Basic Alumina with a capacity of 12.0 mg-S/g-A. In comparison of the
carbon and alumina adsorbents, the carbon adsorbents showed much higher adsorption
capacity than the alumina adsorbents for sulfur removal. Among carbon adsorbents
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Maxsorb gave the highest adsorption capacity for sulfur removal, being 58.0 mg-S/g-A,
while the ACSA15 showed the highest capacity for nitrogen removal, being 4.8 mg-N/gA.
Table A-2: Adsorption Capacities of Various Materials in Batch Mode at 100 ºC for 2 h
Sample ID

Material type
Carbon

Surface
area
m2/g
900

Adsorption
capacity
mg-N/g-A
4.19

Adsorption
capacity
mg-S/g-A
47.5

AC-R-2
AC-R-0

Carbon

1050

4.53

31.1

Maxsorb

Carbon

2200

1.64

58.0

ACSA02

Carbon

1350

4.14

44.0

ACSA15

Carbon

1500

4.79

50.1

Ba-1298

Carbon

1150

0.62

30.0

Ba-1305

Carbon

655

0.75

42.3

Ba-9400

Carbon

650

0.20

39.9

94006-4

Carbon

1150

0.74

48.6

Acid

Alumina

200

0.58

10.3

Neutral

Alumina

200

0.70

7.8

Basic

Alumina

200

0.93

12.0

SB200

Alumina

150

1.03

9.3

HT101

Alumina

90

1.28

6.8

HIQ

Alumina

240

1.89

9.3

Effects of temperature and time on the adsorption capacity were also examined. It
was found that the adsorption temperature has negligible effect on the performance of all
activated alumina in a temperature range of 60–120 ˚C. However, a significant
improvement of the performance of the activated carbons for both nitrogen and sulfur
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removal was observed in the same temperature range, as shown in Figure A-2 and
Figure A-3 for adsorption pretreatment of KEC over ACSA15 for 2 h. Continuous
increase in temperature from 120 to 180 ˚C resulted in reduction of adsorption capacity
for sulfur compounds. Temperature effect observed can be ascribed to the effect on both
diffusion and adsorption equilibrium. At a temperature lower than 120 ˚C, diffusion of
sulfur and nitrogen compounds into the pore of the activated carbon might be a ratecontrol step in adsorption process, and increase in temperature results in improvement of
the diffusion, which leading to enhancement of the adsorption capacity. In the range of
120 to 180 ˚C, adsorption capacity might depend on the thermodynamic equilibrium,
thus, increase in the temperature results in reduction of the adsorption capacity.

Figure A-2: Effect of temperature on nitrogen adsorption capacity, adsorption time: 2 h;
adsorbent: ACSA15
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Figure A-3: Effect of temperature on sulfur adsorption capacity, adsorption time: 2 h;
adsorbent: ACSA15
Effect of the adsorption time on adsorption capacities of ACSA15 at 100 ˚C is
shown in Figure A-4 and Figure A-5. The adsorption capacities for nitrogen and sulfur
increased sharply within the first couple minutes, and then, stayed around a value after 2
h. The results indicate that after 2 h, adsorption is close to the adsorption equilibrium.
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Figure A-4: Effect of adsorption time on nitrogen adsorption capacity, adsorption
temperature: 100; adsorbent type: ACSA15

Figure A-5: Effect of adsorption time on sulfur adsorption capacity, adsorption
temperature: 100; adsorbent type: ACSA15
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On the basis of the adsorbent screening results, ACSA15 activated carbon was
selected for adsorption pretreatment of KEC due to its higher adsorption capacity,
especially for nitrogen compounds. The hydrotreating results for KEC and the pretreated
KEC at 355 ˚C for 1h are shown in Figure A-6. After the pretreatment, the nitrogen and
sulfur concentrations in KEC were reduced from 2.57 wt % and 1245 ppmw to 1.97 wt%
and 669 ppmw, respectively. For the hydrotreatment of KEC, the nitrogen and sulfur
conversions were 30.8 and 40.9 %, respectively, while for the hydrotreatment of the
pretreated KEC, the conversions were improved to 36.8 and 56.0 % respectively. The
nitrogen and sulfur concentrations in the product after the adsorption pretreatment and
hydrotreatment were reduced to 0.85 wt% and 423 ppmw, respectively, which are only
about a half of the concentrations for the product by only hydrotreatment. A significant
improvement of the hydrotreatment performance could be attributed to reduction of
nitrogen compounds, metal and asphaltenes in the crude oil by the adsorption
pretreatment.
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Figure A-6: (A) one stage HT of KEC at 355 ˚C for 1 h. (B) Two-stage processes,
pretreatment of KEC over ACSA15 at optimum conditions and HT process of the
pretreated KEC at 355 ˚C for 1 h.

A.4 Conclusions
The activated carbons have shown high adsorption capacity for removal of sulfur
and nitrogen compounds in KEC. The optimum temperature for adsorption pretreatment
of KEC is around 120 ˚C. The adsorption pretreatment significantly improved the
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hydrotreatment reactivity of KEC. The preliminary results in this study confirm and
support the proposed new conceptual design for refining of crude oil.
Other important factors that will be considered in future work are the effect of the
pretreatment process on the removal of metals and asphaltenes from crude oil.
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