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Abstract

Adsorptive desulfurization and denitrogenation were studied using a model diesel fuel, which contains sulfur, nitrogen and aromatic

compounds, over three typical adsorbents (activated carbon, activated alumina and nickel-based adsorbent) in a fixed-bed adsorption system. The

adsorptive capacity and selectivity for the various compounds were examined and compared on the basis of the breakthrough curves. The electronic

properties of the adsorbates were calculated by a semi-empirical quantum chemical method and compared with their adsorption selectivity.

Different adsorptive selectivities in correlation with the electronic properties of the compounds provided new insight into the fundamental

understanding of the adsorption mechanism over different adsorbents. For the supported nickel adsorbent, the direct interaction between the

heteroatom in the adsorbates and the surface nickel plays an important role. The adsorption selectivity on the activated alumina depends

dominantly on the molecular electrostatic potential and the acidic–basic interaction. The activated carbon shows higher adsorptive capacity and

selectivity for both sulfur and nitrogen compounds, especially for the sulfur compounds with methyl substituents, such as 4,6-methyldiben-

zothiophene. Hydrogen bond interaction might play an important role in adsorptive desulfurization and denitrogenation over the activated carbon.

Different adsorbents may be suitable for separating different sulfur compounds from different hydrocarbon streams.

# 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Due to the increasingly stringent environmental regulations

on sulfur concentration in transportation fuels, ultra-deep

desulfurization of diesel fuel has become a more and more

important research subject [1–11]. This is because the sulfur

compounds in the fuel are converted to SOx during combustion,

which not only results in acid rain, but also poisons catalysts in

catalytic converters for reducing CO and NOx [7–11].

Consequently, the sulfur level in diesel fuel must be reduced

from current maximum 500 to 15 ppmw by 2006 in the US, and

to 10 ppmw by 2010 in the EU. Further lower sulfur limit is

expected for highway diesel fuels and also for nonroad diesel

fuels in the near future. On the other hand, diesel fuel is also

considered to be one of the promising liquid hydrocarbon fuels

for producing H2 for use in automotive and portable fuel cells

due to its high energy density [1,2,7,8]. However, the sulfur

compounds in the fuel and H2S produced from them within

hydrocarbon reforming process are poisons to reforming and

shift catalysts as well as the electrode catalysts. Thus, sulfur

concentration in the fuel needs to be reduced to less than

1 ppmw for proton exchange membrane fuel cell (PEMFC) and

less than 10 ppmw for solid oxide fuel cell (SOFC) [1,2,7,8].

Hydrodesulfurization (HDS) at high temperature (320–

380 8C) and high pressure (3–7 MPa) over CoMo or NiMo

catalysts is currently a major process in petroleum refineries to

reduce the sulfur in diesel fuel. Substantial advances have been

achieved in new catalyst developments and new reactor

technologies along with improved processes for producing

low-sulfur gasoline and diesel fuels [1–11]. The major sulfur

compounds existing in current commercial diesel are the alkyl

dibenzothiophenes (DBTs) with one or two alkyl groups at 4- or/

and 6-positions, which have been considered to be the refractory

sulfur compounds in the fuel due to the steric hindrance of the
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alkyl groups inHDS [7–12]. Consequently, it is difficult or very

costly to use the existingHDS technology to reduce the sulfur in

diesel fuel to less than 10 ppmw [3–8,12]. On the other hand, it

has been observed that the nitrogen compounds coexisting in

middle-distillate oil inhibit the ultra-deepHDSand the removal

of such nitrogen compounds from the middle-distillate oil can

improve significantly the ultra-deep HDS performance [13–

17]. In addition, nitrogen compounds in the fuel and NH3

produced from themduring hydrocarbon reforming process are

also poisons to the catalysts in hydrocarbon process and fuel

cells, although the nitrogen concentration in diesel fuel is

usually much lower than the sulfur concentration. In order to

meet the need of ultra-clean diesel fuel for environmental

protection and H2 production, it is necessary to develop new

approaches to ultra-deep desulfurization and denitrogenation.

Using adsorbents to selectively remove the sulfur and/or

nitrogen compounds in liquid hydrocarbon fuels is one of the

promising approaches for producing ultra clean fuels that not

only meets the most stringent fuel specifications for

transportation fuels, but also can be used for fuel cell

applications. For the refinery applications, one potential new

option is to use a sulfur-selective adsorption unit for ultra-deep

removal of organic sulfur following a conventional HDS unit,

and such a combination could remove all of the sulfur from the

liquid fuel products.

As the diesel fuel contains not only sulfur compounds and

nitrogen compounds but also a large number of aromatic

compounds that have aromatic skeleton structure similar to the

coexisting sulfur compounds, a great challenge in development

of an effective adsorptive desulfurization process is to develop an

adsorbent which can selectively adsorb the sulfur compounds.

Recently, many attempts have been made to develop adsorbents

for desulfurization of liquid hydrocarbon fuels [1,2,7,8]. The

reported adsorbents include the reduced metals [18–24], metal

oxides [25,26], metal sulfides [27], zeolite-based materials [28–

32] and carbon materials [33–36]. In our previous studies

[23,24], we found that the nickel-based adsorbents were good for

removal of sulfur from commercial gasoline and jet fuel, while

these types of adsorbents were not so successful for removing

sulfur from the commercial diesel fuel. This is probably because

the adsorption mechanism of the nickel-based adsorbents is

based on a direct interaction between sulfur in the sulfur

compounds and the active site on the adsorbent surface, and the

alkyl groups at the 4- or/and 6-positions of DBTs inhibit the

approach of the sulfur atom to the active sites.

Activated alumina has been used in chromatographic

analysis and separation, and adsorptive separation. Recently,

the use of activated alumina as an adsorbent in a desulfurization

process for low-sulfur gasoline has been reported by Black &

Veatch Irritchard Inc. and Alcoa Industrial Chemicals [37,38].

Activated carbon materials as porous materials with very high

surface areas and large pore volume have been widely used in

deodorization, decolorization, purification of drinking water,

treatment of waste water, adsorption and separation of various

organic and inorganic chemicals. Haji and Erkey reported using

carbon aerogels as adsorbents for desulfurization of a model

diesel (DBT in n-hexadecane) [33]. They found that the

saturation adsorptive capacity of a carbon areogel with pore

size of 22 nmwas 15 mg of sulfur per gram of adsorbent (mg-S/

g-A) and the carbon areogel selectively adsorbed DBT over

naphthalene. Mochida and co-workers reported an interesting

work on adsorptive desulfurization of real gas oil over activated

carbon materials with surface area from 683 to 2972 m2/g

[34,35]. They found that using the activated carbon materials

can remove sulfur and nitrogen species from gas oil. Recently,

Hernandez-Maldonado et al. reported that using the activated

carbon or activated alumina as adsorbent in a guard bed can

improve the adsorptive performance of Cu(I)–Y zeolites

[29,30]. However, many reported studies were based on the

adsorptive desulfurization of real fuels and the absence of

analytic data for the coexisting aromatics and nitrogen

compounds, which makes it difficult to quantitatively analyze

and compare the adsorptive selectivity of different adsorbents

for various aromatic, sulfur and nitrogen compounds existing in

the fuels, and to clarify the adsorption mechanism. The

adsorptive mechanism and selectivity over various adsorbents

are still unclear. In order to develop new adsorbents with high

selectivity and high capacity, to modify the commercially

available adsorbents, or to design a layered adsorbent bed for a

practical application in ultra-deep desulfurization, it is critical

to fundamentally understand the adsorptive mechanism and

selectivity for various species over different adsorbents.

In the present study, adsorptive desulfurization and

denitrogenation of a model diesel fuel, which contained the

same molar concentration of the species examined, including

sulfur compounds, nitrogen compounds and two-ring aromatic

compounds, over three typical adsorbents, supported nickel,

activated alumina and activated carbon, was conducted in a

fixed-bed adsorption system at ambient temperature and

atmospheric pressure. The adsorptive capacity and selectivity

of the three adsorbents for the various species were examined

and compared on the basis of the breakthrough curves. The

electronic properties of the various species were calculated by a

semi-empirical quantum chemical method and correlated with

their adsorptive performance. The adsorptive selectivity and

mechanism are discussed in combination of the experimental

results and the quantum chemical calculations.

2. Experimental

In order to compare the adsorptive selectivity for aromatic,

sulfur and nitrogen compounds in diesel, a model diesel fuel,

which contained the same molar concentration of naphthalene

(Nap), 1-methylnaphthalene (1-MNap), dibenzothiophene

(DBT), 4,6-dimethyl-dibenzothiophene (4,6-DMDBT), indole

and quinoline in a mixture solvent was prepared. The detailed

composition of the model fuel is listed in Table 1. The molar

concentration of each compound in the model fuel was

10.7 mmol/g. The corresponding total sulfur concentration and

nitrogen concentration in the fuel was 687 and 303 ppmw,

respectively. The model fuel also contained about 10 wt.% of

butybenzene to mimic the monoaromatics in real diesel. All

these compounds were purchased from Aldrich Chemical Co.

and used as such without further purification.
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The activated carbon was a commercial product, Nuchar SA

20, provided byWestvaco, which had surface area of 1843 m2/g

and average pore size of 28.6 Å. The acidic activated alumina

employed as an adsorbent in the present study was purchased

from Aldrich Chemical Co. It has a gamma crystalline phase

with a surface area of 155 m2/g and average pore size of 58 Å.

The supported nickel (Ni/SiO2-Al2O3) used in the present study

contained about 55 wt.% of Ni in metallic state with silica-

alumina as a support. It was prepared by the wet impregnation

method and had a BET surface area of 157 m2/g [39]. Before

using, Ni/SiO2-Al2O3 were pre-reduced in a flowing reactor

under a H2 flow at 500 8C for 5–6 h, and then, passivated using

sulfur-free n-hexane and stored in the same solvent in an

airtight sample bottle. Some properties of these three

adsorbents are listed in Table 2.

Adsorptive desulfurization and denitrogenation of the model

fuel over the three adsorbents was performed at ambient

temperature, 25 8C. The pre-reducedNi/SiO2-Al2O3was packed

in a stainless steel column having a bed dimension of 4.6 mm i.d.

and 150 mm length. The packed column was placed in a

convection oven designed in our laboratory for the adsorption

experiments. Before introducing the fuel into the adsorbent bed,

the adsorbent bed was treated further with H2 gas at a flow rate of

100 ml/min, heated up to 200 8C and kept at this temperature for

about 1 h to remove hexane in the adsorbent. After the

pretreatment, the temperature of the adsorbent bed was reduced

to 25 8C for the subsequent adsorption experiments. For

adsorption on the activated alumina and the activated carbon,

the adsorbent was packed into the column, and pretreated under a

nitrogen flow at 200 8C for 1 h in order to remove the adsorbed

moisture and others, which might influence adsorptive perfor-

mance significantly. After pretreatment, the temperature was

reduced to 25 8C for the subsequent adsorption experiment. In

the adsorptive desulfurization and denitrogenation, the model

fuelwas sent into the adsorbent column by aHPLCpump, flowed

up through the adsorbent bed at a liquid hourly space velocity

(LHSV) of 4.8 h�1. The effluent from the top of the column was

collected periodically for analysis.

The treated-fuel samples were analyzed by a SRI gas

chromatograph equipped with a capillary column (XTI-5,

Restek) and a flame ionized detector (FID) for quantification,

using n-tetradecane as an internal standard. The total sulfur and

nitrogen concentrations in the samples were also analyzed

using Antek 9000 total sulfur/nitrogen analyzer. The detailed

analysis method was mentioned in our previous paper [23].

Calculations of electronic properties of the sulfur com-

pounds, nitrogen compounds and aromatics examined in the

present study were conducted by using a semi-empirical

quantum chemistry method, MOPAC-PM3, in CAChe (Version

6.1.1). The PM3 method determines both the optimum

geometry and electronic properties of molecules by solving

the Schrödinger equation using the PM3 semi-empirical

Hamiltonians developed by Stewart [40,41]. The electrostatic

potential on electron density for various adsorbates was

calculated on the PM3 geometries. The computational method

was described in detail in the previous papers [42,43].

3. Results

3.1. Adsorption on Ni/SiO2-Al2O3

The breakthrough curves of the six species, Nap, 1-MNap,

4,6-DMDBT, DBT, quinoline and indole, over Ni/SiO2-Al2O3

at 25 8C and 4.8 h�1 LHSV are shown in Fig. 1. The first two

breakthrough compounds were Nap and 1-MNap, with almost

the same breakthrough amount of the treated fuel, 1.6 g of the

treated fuel per gram of adsorbent (g-F/g-A). After break-

through, the C/Co value (a ratio of the outlet concentration to

the initial concentration in the model fuel) for the two aromatics

increased sharply to over 1.0. The third breakthrough

compound was 4,6-DMDBT with the breakthrough amount

of 3.2 g-F/g-A. Interestingly, DBT broke through at an amount

of the treated fuel of 4.9 g-F/g-A, the breakthrough amount of

the treated fuel was about 1.6 times higher than that for 4,6-

DMDBT. The amount of the treated fuel corresponding to the

saturation point was 4.9 and 8.7 g-F/g-A, respectively, for 4,6-

DMDBT and DBT. After saturation point, the C/Co value for

4,6-DMDBT rose sharply until C/Co = 1.4, while the C/Co
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Table 1

The concentration of each compound in model fuel

Chemicals Concentration Molar concentration

(mmol/g)
wt.% ppmw

S or N

Sulfur compounds

DBT (>99%) 0.20 343.3 10.7

4,6-DMDBT (>97%) 0.23 343.4 10.7

Total 686.7

Nitrogen compounds

Quinoline 0.14 152.0 10.8

Indole 0.13 151.0 10.8

Total 303.0

Aromatics

Naphthalene 0.14 10.7

1-Methylnaphthalene 0.16 10.7

tert-Butylbenzene 9.92

Total 10.21

Paraffins

n-Decane 44.01

n-Hexadecane

(>99%)

44.02

n-Tetradecane

(>99%)

0.06 (Internal

standard)

Total 100.00

Table 2

Physical properties of adsorbents

Surface area

(m2/g)

Pore size

(Å)

Particle size

(mm)

Activated alumina 155 58 106

Activated carbon 1843 28.6 �150

Ni/SiO2-Al2O3 157 – 150–250
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value for DBT increased gradually to 1.17. Quinoline and

indole broke through at a treated-fuel amount of 10.0 and

15.5 g-F/g-A, respectively. According to the breakthrough

order, the adsorptive selectivity for the six adsorbates increases

in the order of Nap � 1-MNap < 4,6-DMDBT < DBT <
quinoline < indole. The breakthrough, saturation and net

capacities for each species were calculated and listed in Table 3.

In order to facilitate the quantitative discussion of the

adsorptive selectivity, a relative selectivity factor was used in

the present study, which is defined as:

ai�n ¼ Capi
Capn

(1)

where Capi is the adsorptive capacity of compound ‘i’ corre-

sponding to the breakthrough point and Capn is the adsorptive

capacity of the reference compound, Nap, corresponding to its

breakthrough point. It should be mentioned that as using the

kinetics breakthrough capacities instead of the equilibrium

capacity in Eq. (1), the defined selectivity factor is not for

the equilibrium selectivity. The calculated relative selectivity

factor on the basis of the breakthrough curves are shown in

Table 4. The ai�n value is 1.0, 1.0, 2.0, 3.1, 6.6 and 10.1,

respectively, for Nap, 1-MNap, 4,6-DMDBT, DBT, quinoline

and indole.

3.2. Adsorption on activated alumina

The breakthrough curves of the six species over the

activated alumina at 25 8C and 4.8 h�1 LHSV are shown in

Fig. 2. Both Nap and 1-MNap broke through at a treated-fuel

amount of 1.4 g-F/g-A. After the breakthrough point, the C/Co

value for the two aromatics rose sharply to about 1.4, and

then, returned to 1.0 when the adsorbent was saturated by

DBT and 4,6-DMDBT. 4,6-DMDBT and DBT broke through

with almost the same breakthrough amount of the treated fuel

(3.1 g-F/g-A). After the breakthrough, the C/Co value for both

increased synchronously to around 1.15, and then, stayed at

this value until indole broke through. The C/Co values for the

two sulfur compounds decreased gradually to 1.00 while the

C/Co value for indole increased from 0 to 1.00. Indole broke

through at an amount of the treated fuel of 18.9 g-F/g-A. After

the breakthrough, the C/Co value for indole increased to 1.17,

and then, returned to 1.00 when the adsorbent was saturated

by quinoline. The last breakthrough compounds was quino-

line with the breakthrough amount of 23.2 g-F/g-A, and the

treated-fuel amount corresponding to saturation point was

31.1 g-F/g-A.

The breakthrough and saturation capacities for each com-

pound were calculated and listed in Table 3. The selectivity for

each compound is listed in Table 4. The adsorptive selectivity
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Fig. 1. Breakthrough curves of aromatic, sulfur and nitrogen compounds over

Ni/SiO2-Al2O3.

Table 3

Adsorption capacities (mmol/g) of three adsorbents for each compound on the

basis of GC-FID analysis

Nap 1-MNap DBT DMDBT Indole Quinoline

Ni/SiO2-Al2O3

Breakthrough 0.017 0.017 0.052 0.039 0.167 0.125

Saturation 0.022 0.021 0.070 0.043 0.186

Neta 0.015 0.016 0.061 0.013 0.186 0.151

Activated alumina

Breakthrough 0.015 0.015 0.032 0.033 0.195 0.251

Saturation 0.019 0.020 0.040 0.038 0.227 0.289

Net 0.011 0.011 0.016 0.011 0.221 0.288

Activated carbon

Breakthrough 0.066 0.089 0.202 0.295 0.705 0.536

Saturation 0.091 0.105 0.252 0.336 0.732 0.579

Net 0.054 0.066 0.185 0.282 0.732 0.580

a Net adsorptive capacity when the adsorption test was ended.

Table 4

Selectivity factor (ai�n) relative to naphthalene for each compound

Selectivitya Nap 1-MNap DBT DMDBT Indole Quinoline

Ni/SiO2-Al2O3 1.0 1.0 3.1 2.0 10.1 6.6

Activated alumina 1.0 1.0 2.2 2.2 12.8 16.5

Activated carbon 1.0 1.3 3.0 4.5 10.6 8.1

a Using the relative selectivity factor as defined by Eq. (1).

Fig. 2. Breakthrough curves of aromatic, sulfur and nitrogen compounds over

the activated alumina.
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for the six compounds over the activated alumina increased in

the order of Nap � 1-MNap < 4,6-DMDBT � DBT� indole

< quinoline. The relative selectivity factor (ai�n) was 1.0, 1.0,

2.2, 2.2, 12.8 and 16.5, respectively, for Nap, 1-MNap,

4,6-DMDBT, DBT, indole and quinoline.

3.3. Adsorption on activated carbon

The breakthrough curves over the activated carbon at 25 8C
and 4.8 h�1 LHSVare shown in Fig. 3. Nap broke through at a

treated-fuel amount of 6.2 g-F/g-A. After the breakthrough, the

C/Co value rose sharply to over 1.4, and then, returned to 1.0

gradually at the treated-fuel amount of 30 g-F/g-A. 1-MNap

broke through at a treated-fuel amount of 8.4 g-F/g-A, and then,

the C/Co value increased sharply to over 1.3. The breakthrough

amount of the treated fuel for DBT was 12 g-F/g-A. After that

the C/Co values for DBT increased sharply to around 1.4, and

then, stayed at this value until 4,6-DMDBT broke through. 4,6-

DMDBT broke through at a treated-fuel amount of 27.6 g-F/g-

A, and then, increased sharply to over 1.2. The C/Co value for

the two sulfur compounds decreased to around 1.0 when the

column was saturated by quinoline. The breakthrough amount

of the treated fuel for quinoline and indole was 49.3 and 66.1 g-

F/g-A, respectively, and the saturation amount of the treated

fuel was 60.3 and 86.7 g-F/g-A, respectively. The correspond-

ing breakthrough and saturation capacities for each compound

are listed in Table 3. The adsorptive selectivity for the six

compounds over the activated carbon increased in the order of

Nap < 1-MNap < 4,6-DMDBT < DBT < quinoline < indole.

The relative selectivity factor (ai�n) was 1.0, 1.3, 3.0, 4.5, 8.1

and 10.6, respectively, for Nap, 1-MNap, DBT, 4,6-DMDBT,

quinoline and indole, as shown in Table 4.

3.4. Adsorptive capacity for total sulfur and total nitrogen

over different adsorbents

The breakthrough curves for total sulfur over the three

different adsorbents at 25 8C and 4.8 h�1 LHSV are shown in

Fig. 4, where the total sulfur concentration was measured by

using Antek 9000 series total sulfur/nitrogen analyzer. The

breakthrough amount of the treated fuel was 2.3, 3.2 and 10.4 g-

F/g-A, respectively, for the activated alumina, Ni/SiO2-Al2O3

and the activated carbon, corresponding to the breakthrough

capacity of 0.049, 0.068 and 0.223 mmol of sulfur per gram of

adsorbent (mmol-S/g-A) or 1.57, 2.18 and 7.15 mg of sulfur per

gram of adsorbent (mg-S/g-A), as shown in Table 5. The

adsorbent was saturated by the sulfur when the amount of the

treated fuel reached 4.9, 7.7 and 32.1 g-F/g-A, respectively, for

the activated alumina, Ni/SiO2-Al2O3 and the activated carbon,

with the saturation adsorptive capacity of 0.075, 0.106 and

0.508 mmol-S/g-A (or 2.41, 3.40 and 16.29 mg-S/g-A), respec-

tively. From a comparison of the three adsorbents, it is clear that

the activated carbon showed much higher adsorptive capacity

than Ni/SiO2-Al2O3 and the activated alumina at 25 8C.
The breakthrough curves for total nitrogen over the three

different adsorbents at 25 8C and 4.8 h�1 LHSV are shown in

Fig. 5. The breakthrough amount of the treated fuel was 11.1,

19.8 and 49.3 g-F/g-A, respectively, for Ni/SiO-Al2O3, the

activated alumina and the activated carbon, with the break-

through capacity of 0.240, 0.427 and 1.067 mmol-N/g-A or 3.36,

5.98 and 14.94 mg-N/g-A. The saturation adsorption capacity

was 0.335, 0.511 and 1.311 mmol-N/g-A (or 4.69, 7.16 and

18.37 mg-N/g-A), respectively. The adsorptive capacity for total

nitrogen increased significantly in the order of Ni/SiO2-

Al2O3 < the activated alumina < the activated carbon.

J.H. Kim et al. / Catalysis Today 111 (2006) 74–8378

Fig. 3. Breakthrough curves of aromatic, sulfur and nitrogen compounds over

the activated carbon.

Fig. 4. Breakthrough curves for total sulfur over the three different adsorbents.

Fig. 5. Breakthrough curves for total nitrogen over the three different adsorbents.
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The three adsorbents showed much higher adsorption capacity

for the nitrogen compounds than for the sulfur compounds.

3.5. Electronic properties of the compounds

Some electronic properties, including dipole, bond order,

atomic partial charge and ionization potential, of the

compounds examined in this work were calculated and the

results are shown in Table 6. Dipole of the molecules increases

in the order of Nap < 1-MNap < 4,6-DMDBT < DBT <
quinoline < indole. The highest bond order in the molecules

increases in the order of 4,6-DMDBT � DBT < 1-MNap �
Nap < indole < quinoline. The ionization potential increases

in the order of indole < 4,6-DMDBT � DBT < 1-MNap <
Nap < quinoline. The number of C(sp2) atoms plus S/N atom in

the molecules increases in the order of indole < quinoline =

1-MNap = Nap < DMDBT = DBT.

The electrostatic potential color-mapped on the electron

density with values at the color boundaries for the seven

molecules was calculated and the results are shown in Fig. 6. It

shows clearly that the negative electrostatic potential are

dominantly located on the two sides of the molecular plane

(except quinoline), and the value of the negative electrostatic

potential increases in the order of Nap < 1-MNap < DBT <
4,6-DMDBT < indole < dihydroindole. Evidently, the methyl

group at the aromatic ring enhances the negative electrostatic

potential on the two sides of the molecular plane because the

methyl group is an electron donor to the aromatic ring. Quinoline

has the highest value of the negative electrostatic potential in all

examined adsorbates, but such negative domain is located on the

nitrogen atom instead of the two sides of the molecular plane.

4. Discussion

4.1. Comparison of adsorptive capacity and selectivity of

the three adsorbents

Adsorption performance of adsorbents usually depends on

both surface chemical property, such as active sites and their

density, and physical property, including surface area, pore size

and distribution. The present study shows that the adsorptive

capacities (both breakthrough capacity and saturation capacity)

based on the adsorbent weight increase in the order of activated

alumina < Ni/SiO2-Al2O3 < activated carbon for total sulfur,

and in the order of Ni/SiO2-Al2O3 < activated alumina < acti-

activated carbon for total nitrogen, indicating that the activated

carbon is the best adsorbent in the three adsorbents for both

total sulfur removal and total nitrogen removal. For removing

total sulfur, the breakthrough capacity of the activated carbon is

about 3.3 times higher than that of Ni/SiO2-Al2O3 and about 4.6

times higher than that of the activated alumina. For removing

nitrogen, the breakthrough capacity of the activated carbon is

about 4.4 times higher than that of Ni/SiO2-Al2O3 and about 2.5

times higher than that of activated alumina. It should be pointed

out that nickel-based adsorbents usually have much higher

capacity for removing sulfur at high temperature, such as

200 8C, as reported in our previous study [15]. However, in

comparison of the adsorptive capacity based on the surface

area, as shown in Table 5, it is found that Ni/SiO2-Al2O3 and the

activated alumina have much higher adsorptive capacity per

square meter than the activated carbon for both total sulfur and

total nitrogen. It implies that in the view of the surface chemical

property, Ni/SiO2-Al2O3 and the activated alumina are the

better adsorbents than the activated carbon. The higher weight-

based adsorptive capacity of the activated carbon is because the

activated carbon has about 12 times higher surface area than Ni/

SiO2-Al2O3 and the activated alumina.

In comparison of adsorptive selectivity of the three

adsorbents for the nitrogen compounds, as shown in Table 4,

it is noted that Ni/SiO2-Al2O3 (ai�n = 10.1 and 6.6, respec-

tively, for indole and quinoline) and the activated carbon

(ai�n = 10.6 and 8.1, respectively, for indole and quinoline)

show the similar adsorptive selectivity, while the activated

alumina has significantly higher adsorptive selectivity

(ai�n = 12.8 and 16.5, respectively, for indole and quinoline)

than both Ni/SiO2-Al2O3 and the activated carbon. For the

sulfur compounds, Ni/SiO2-Al2O3 and the activated carbon

show the similar adsorptive selectivity for DBT (ai�n = 3.0–

3.1), while the activated alumina has lower adsorptive

selectivity for DBT (ai�n = 2.2). Interestingly, the activated
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Fig. 6. Electrostatic potential on electron density for the examined compounds.
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carbon shows about two times higher adsorptive selectivity for

4,6-DMDBT (ai�n = 4.5) than both Ni/SiO2-Al2O3 and the

activated alumina. Consequently, in terms of both adsorptive

capacity and selectivity for 4,6-DMDBT, the activated carbon

should be the best adsorbent among the three adsorbents for

adsorptive desulfurization of the commercial diesel fuel and

low-sulfur diesel fuel, as the major sulfur compounds existing

in these fuels are the alkyl DBTs with two alkyl groups at the 4-

and 6-positions of DBTs.

4.2. Adsorption mechanism over different adsorbents

The results in the present study show that the adsorptive

selectivity of the three different adsorbents for various

compounds is quite different. It implies that adsorption of

the sulfur and nitrogen compounds on different adsorbents

might obey different adsorption mechanisms. Combination of

the observed adsorptive selectivity and electronic properties of

the different compounds might provide a close insight into the

fundamental understanding of the adsorption mechanisms.

4.2.1. Adsorption on Ni/SiO2-Al2O3

For adsorption on Ni/SiO2-Al2O3, the adsorptive selectivity

increases in the order of Nap (ai�n = 1.0) � 1-MNap

(ai�n = 1.0) < 4,6-DMDBT (ai�n = 2.0) < DBT (ai�n = 3.1)

< quinoline (ai�n = 6.6) < indole (ai�n = 10.1), as shown in

Fig. 1 and Table 4. No direct relationship between this order and

the calculated molecular properties, including ionization, net

atomic charge on S or N, the highest bond order, or dipole

magnitude, was observed, indicating the adsorption mechanism

cannot be simply explained by these molecular properties.

However, this selectivity order indicates clearly that methyl

groups on the 4- and 6-position of DBT strongly inhibit the

adsorption of 4,6-DMDBTon Ni/SiO2-Al2O3, while the methyl

group on naphthalene shows almost no effect on adsorption of

naphthalenes on Ni/SiO2-Al2O3. Since the two methyl groups

in 4,6-DMDBT are adjacent to the sulfur atom, as shown in

Fig. 6, it is reasonable to infer that a direct interaction between

the sulfur atom and the surface nickel on Ni/SiO2-Al2O3 might

play an important role in the selective adsorption of sulfur

compounds and the two methyl groups at the 4- and 6-positions

block the approach of the sulfur atom to the surface nickel

atom. The observed results support further the adsorption

mechanism involving a direct coordination between the sulfur

atom and the surface nickel, which was proposed in our

previous study [24].

On the other hand, as well known, quinoline is a basic

nitrogen compound and indole is a neutral nitrogen compound.

Ni/SiO2-Al2O3 selectively adsorbs indole over quinoline,

indicating that the acid–base interaction does not play an

important role in the adsorption over Ni/SiO2-Al2O3. Hydro-

genation of indole probably occurs on the nickel surface, as

there are probably some active hydrogen atoms on the nickel

surface, like the hydrogenation of benzothiophene and 1-octene

on the nickel surface observed in the previous study [24]. This

hydrogenation results in formation of dihydroindole, which has

much higher negative electrostatic potential (see Fig. 6) and

lower net atomic charge (see Table 6) on the nitrogen atom than

that in indole. This is probably why Ni/SiO2-Al2O3 shows

higher selectivity for indole.

Another interesting phenomenon found in the present study

is that after passing through the saturation point (C/Co = 1), the

outlet concentration of some compounds, especially the

aromatics and DBTs, increases continuously over its initial

concentration in the model fuel by even more than 40% (C/

Co > 1.4). After passing the maximum value, the outlet

concentration decreases gradually to the initial one, while

the concentration of the following breakthrough compound

increases to C/Co = 1. It can be inferred from this phenomenon

that: (1) the adsorption of such compounds is at least partially

reversible; (2) the compounds have relatively lower adsorptive

affinity than the subsequently breakthrough compounds,

resulting in at least partly replacement of the compounds with

lower adsorptive affinity by the compounds with higher

adsorptive affinity. As shown in Fig. 1, the area between the

breakthrough curve of the compound and line Ct/Co = 1 before

the saturation point represents the amount of the adsorbed

molecules, while the area between the breakthrough curve and

lineCt/Co = 1 after the saturation point represents the amount of

the replaced molecules. Comparison of these two areas
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Table 5

Adsorption capacities for total sulfur and total nitrogen on the basis of the total sulfur/nitrogen analysis

Based on weight Based on surface area

Total S Total N Total S (mmol/m2) Total N (mmol/m2)

mmol/g mg-S/g mmol/g mg-N/g

Ni/SiO2-Al2O3

Breakthrough 0.068 2.18 0.240 3.36 0.433 1.529

Saturation 0.106 3.40 0.335 4.69 0.675 2.134

Activated alumina

Breakthrough 0.049 1.57 0.427 5.98 0.316 2.755

Saturation 0.075 2.41 0.511 7.16 0.484 3.297

Activated carbon

Breakthrough 0.223 7.15 1.067 14.94 0.121 0.579

Saturation 0.508 16.29 1.311 18.37 0.276 0.711



provides further information about the competitive adsorption

of different species on the adsorbents. The net adsorptive

capacities for each compound over the three adsorbents were

calculated by subtracting the amount of the replaced molecules

from the saturation capacity, and the results are listed in Table 3.

For the adsorption on Ni/SiO2-Al2O3 as shown in Fig. 1 and

Table 3, it is clear that a part of the adsorbed naphthalenes can

be replaced by the sulfur compounds. About 70% of the

adsorbed 4,6-DMDBT molecules can be replaced by DBT,

indicating that this part of adsorption of 4,6-DMDBT

molecules is reversible and the adsorptive affinity of DBT

over Ni/SiO2-Al2O3 is higher than that of 4,6-DMDBT

probably due to the steric hindrance of the methyl groups in

4,6-DMDBT. It is also found in Fig. 1 that the majority of the

adsorbed DBT molecules (>87%) cannot be replaced by the

nitrogen compounds, indicating that DBT adsorption on Ni/

SiO2-Al2O3 is too strong to be replaced by the nitrogen

compounds or at least a part of DBT adsorption is even

irreversible. This is consonant with our foregoing discussion

that considerable part of thiophenic molecules are adsorbed on

the nickel-based adsorbent through the direct coordination

between the sulfur atom and the nickel instead of the p-
electrons on the aromatic ring. This interaction probably can

result in the formation of surface nickel sulfides [24].

In summary, there are probably two adsorption configura-

tions of the thiophenic sulfur compounds over the nickel-based

adsorbent, the end-on adsorption and the side-on adsorption.

In the end-on adsorption configuration, the sulfur atom in the

thiophenic compounds interacts directly with the surface

nickel atom, probably through h1S and/or S-m3 coordination

geometries [3]. In this case, evidently, alkyl substituents

adjacent to the sulfur atom inhibit the adsorption of the sulfur

compounds on the adsorption sites, as observed for 4,6-

DMDBT adsorption. In the side-on adsorption configuration,

the sulfur compounds are adsorbed flat on the adsorption site,

in which p-electrons on the aromatic rings might play an

important role.

4.2.2. Adsorption on the activated alumina

For adsorption on the activated alumina, the adsorptive

selectivity for the various species increases in the order of

Nap � 1-MNap < 4,6-DMDBT � DBT < indole < quinoline.

This selectivity pattern does not match with the calculated

molecular properties listed in Table 6, but is similar to their

negative electrostatic potential, as shown in Fig. 6. It suggests

that the electrostatic effect might play an important role in the

adsorption of such compounds on the activated alumina. The

results also suggest that the adsorption occurs likely through a

side-on adsorption configuration. On the other hand, the

activated alumina used in this study is an acidic activated

alumina, while quinoline is a basic compound and indole is a

non-basic compound. The higher adsorptive selectivity of the

activated alumina for quinoline than that for indole can be

attributed to the acid–base interaction. Consequently, the acid–

base interaction might also play an important role in

determining the adsorptive selectivity of the activated alumina.

This acid–base interaction occurs probably through an end-on

adsorption configuration. It should be pointed out that the

methyl groups on the aromatic ring in naphthalene and DBT

appear to have almost no effect on their adsorptive selectivity

over the activated alumina, although the methyl groups increase

the negative electrostatic potential on the aromatic rings.

As shown in Fig. 2 and Table 3, nearly a half of the adsorbed

aromatics can be replaced (displaced) by the sulfur compounds,

and the majority of the adsorbed sulfur compounds can be

replaced by indole, indicating that these compounds compete

probably for the same adsorption sites, and indole has higher

adsorptive affinity than the naphthalenes and DBTs. Interest-

ingly, only very few of the adsorbed indole can be replaced by

quinoline, implying that the quinoline might also be adsorbed

on the sites different from the sites for indole. This is in

agreement with the foregoing discussion that the adsorption of

quinoline on the activated alumina might also be through an

acid–base interaction. For quinoline, no above-the-feed-

concentration phenomenon at outlet was observed because

no compound in the present model fuel can replace the

adsorbed quinoline.

4.2.3. Adsorption on the activated carbon

For adsorption on the activated carbon, the adsorptive

selectivity for the various species increases in the order of Nap

(ai�n = 1.0) < 1-MNap (ai�n = 1.3) < DBT (ai�n = 3.0) < 4,
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Table 6

The calculated properties of adsorbates

Adsorbate Ionization

(eV)

Charge on S or Na

(a.u.)

Number of

C(sp2) + S/N

The highest

bond order

Dipole magnitude

(D)

S compounds

DBT 8.598 +0.243 13 1.449 1.362

4,6-DMDBT 8.511 +0.240 13 1.442 0.748

N compounds

Quinoline 9.241 �0.060 10 1.652 1.844

Indole 8.355 +0.288 9 1.628 2.004

Dihydroindole 8.521 +0.032 7 1.446 1.320

Aromatics

Nap 8.835 10 1.608 0.000

1-MNap 8.712 10 1.607 0.270

a Net atomic charge.



6-DMDBT (ai�n = 4.5) < quinoline (ai�n = 8.1) < indole

(ai�n = 10.6). There appears to be no direct relationship

between this order and the calculated molecular properties

listed in Table 6, indicating the adsorption mechanism cannot

be simply explained by these molecular properties. Unlike on

Ni/SiO2-Al2O3 and the activated alumina, the methyl groups on

the aromatic rings show a significant and positive effect on the

adsorptive selectivity. As is well known, the methyl substituent

is an electron donor to the aromatic rings, leading to increase of

p-electron density on the aromatic rings. The increase in the

negative electrostatic potential on the two side of the molecular

plane by the methyl substituent was confirmed by the cal-

culation, as shown in Fig. 6.

From comparison of the adsorptive selectivity order with the

negative electrostatic potential order, it is found that the order

for quinoline and indole do not match with each other,

indicating that the adsorptive selectivity over the activated

carbon cannot be ascribed simply to the electrostatic

interaction. There are many oxygen functional groups on the

surface of activated carbons, which can be separated as the

acidic groups, such as carboxyl and phenol groups, and basic

groups, such as ketone and chromene groups. Quinoline can

have a strong interaction with the acidic groups, while indole

might interact with both the acidic and basic groups due to the

weak acidity of the H bonded to the N atom and the weak

basicity of the N atom in indole. This probably is why the

activated carbon shows higher adsorptive selectivity for indole

than for quinoline. Hydrogen bonding interaction might play an

important role in adsorptive desulfurization and denitrogena-

tion over the activated carbon.

Fig. 3 also indicates that 1-MNap can take over (displace) a

part of the adsorbed Nap, and 4,6-DMDBT can take over

(displace) a part of the adsorbed DBT, which is in agreement

with their selectivity order. It indicates that the methyl groups

enhance the adsorption affinity or interaction probably through

increasing the electron density of the aromatic system. Indole

cannot take over even a part of the adsorbed quinoline although

it breaks through later than quinoline, which implies that indole

probably is also adsorbed on other adsorption sides.

The presence of methyl substituents on DBT enhances the

adsorptive selectivity of the activated carbon for them,

suggesting that the activated carbon materials may be promising

adsorbents for the adsorptive desulfurization of diesel fuel, as the

major refractory sulfur compounds in the current commercial

diesel fuel are methyl DBTs with methyl groups at the 4- and/or

6-positions, which are difficult to be removed by the

conventional HDS process and the nickel-based adsorbents.

5. Summary

Liquid-phase adsorption of a model diesel fuel containing

aromatics, sulfur and nitrogen compounds over three typical

adsorbents was conducted in a fixed-bed adsorption system.

Different breakthrough curves and selectivities for different

compounds provided a new insight into the fundamental

understanding of the adsorption mechanism over various

adsorbents.

For the supported nickel adsorbent, the direct interaction

between the heteroatom in the adsorbate and the surface nickel

plays an important role, indicating that the supported nickel

adsorbent is good for selective removal of the sulfur compounds,

which have no alkyl steric hindrance, from hydrocarbon streams,

such as gasoline, kerosene and jet fuel.

The adsorption selectivity of the activated alumina depends

dominantly on the electrostatic interaction and the acid–base

interaction. The activated alumina is very effective for selective

separation of nitrogen compounds, especially for basic nitrogen

compounds, but not very successful for separating the sulfur

compounds from hydrocarbon streams.

The activated carbon shows higher adsorptive capacity and

selectivity for both sulfur and nitrogen compounds, especially

for the sulfur compounds with methyl groups, such as 4,6-

DMDBT. The adsorption affinity on activated carbon cannot be

simply ascribed to the negative electrostatic potential.

Hydrogen bonding interaction involving surface functional

groups might play an important role in adsorptive desulfuriza-

tion and denitrogenation over the activated carbon. Different

adsorbents may be suitable for separating different sulfur

compounds from different hydrocarbon streams. Combination

of two or more adsorbents in an adsorptive desulfurization

process might be promising for a practical ultra-deep

desulfurization process of diesel fuel.
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