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ABSTRACT

Adsorption of heterocyclic sulfur and nitrogen compounds by activated carbon was studied using model
diesel fuels, light cycle oils and shale oil. It is observed that the carbon favours adsorption of cyclic nitro-
gen compounds. This work also investigates the equilibrium, kinetics and thermodynamics of adsorption
of nitrogen and sulfur compounds from diesel fractions by activated carbon. Quinoline, indole, and car-
bazole are typical N compounds while dibenzothiophene and 4,6-dimethyldibenzothiophene are the
representatives of refractory S compounds in diesel fractions, were selected as the model compounds.
The total N adsorbed by the activated carbon is more than the S compound. Comparing the three nitrogen
compounds, quinoline shows a greater removal rate than indole and carbazole. Adsorptive removal kinet-
ics for N/S compounds was monitored by a GC-FID (gas chromatograph coupled with flame ionization
detector) technique and was found to follow pseudo second-order kinetics. The external diffusion is not a
controlling step in the adsorption process. The isotherm indicates that activated carbon presents a highly
heterogeneous surface in the adsorption of DBT, quinoline and indole, while a homogeneous surface is
observed in the adsorption of carbazole. Negative adsorption free energy suggests that the adsorption

process is favourable and spontaneous for all S/N compounds.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Refineries are facing stringent regulations on the heteroatom
contents in their major products such as diesel and gasoline. The
sulfur content of diesel fuel must be reduced to be less than 15 ppm
[1,2]. At present, deep hydrodesulfurization (HDS) is commercially
accomplished by hydrotreating under high temperatures and pres-
sures [3]. The low sulfur content regulated by the new legislation
cannot be readily achieved using conventional hydrogenation cata-
lysts and processes [4,5]. Most of the remaining sulfur species after
the conventional hydroprocessing treatment are dibenzothiophene
(DBT) and its alkyl derivatives. The steric hindrance of substitut-
ing groups in the 4,6-position of DBT molecules makes conversion
by hydrogenation or hydrogenolysis almost impossible [6,7]. An
alternative to hydrodesulfurization (HDS) is adsorptive removal of
refractory sulfur compounds from fuels. Adsorption can be per-
formed at ambient temperature and pressure and the content of
sulfur in fuels can be reduced to a very low level.

On the other hand, it is also beneficial to remove heterocyclic
nitrogen compounds from various refinery streams before (oil is)
further processed in subsequent processes, such as isomerization,
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reforming, catalytic cracking and hydrocracking, where the cata-
lysts are very sensitive to nitrogen compounds. The basic nitrogen
compounds can be adsorbed strongly on the acidic sites of various
catalysts used in petroleum refining processes, resulting in the poi-
soning of the active sites [8]. NH3 produced from denitrogenation
reactions is also a poison to the catalysts in the hydrocarbon process
[9]. Additionally, the hydrodenitrogenation (HDN) of all hetero-
cyclic nitrogen compounds in gas oil is complicated and has high
hydrogen consumptions as N-C cleavage can be accomplished only
after its heteroaromatic ring is fully saturated [10]. Again, using
adsorbents to pre-remove nitrogen compounds from liquid hydro-
carbon fuels is another way to promote hydrodesulfurization (HDS)
activity for producing ultra-clean fuels.

Liquid hydrocarbons contain not only the nitrogen and sulfur
compounds but also a large amount of structurally similar aromatic
compounds [11].Itis a great challenge to identify an adsorbent that
can selectively adsorb the nitrogen/sulfur compounds but not coex-
isting aromatic compounds. Several types of adsorbents have been
studied for adsorptive denitrogenation or desulfurization of liquid
hydrocarbon fuels, including zeolite [12], activated carbon [13-15],
activated alumina [15,16] and silica gel [17]. It was observed that
some activated carbons can have much higher adsorption capac-
ities for sulfur and nitrogen compounds than activated alumina
and silica gel [11,13,14]. The porous structure and surface chem-
istry of activated carbons (ACs) was identified as important in the
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Table 1.1
The composition of model fuel, MF#1.

Table 1.3
The composition of model fuel, MF#3.

Chemicals Molar concentration (mol/g)
S (or N) compound? 23.8
Dodecane Balanced

2 The S(or N) compound is one of carbazole, quinoline, indole, DBT and 4,6-
DMDBT.

adsorption of S and N compounds. Sano et al. [14] reported that the
large surface area and the surface oxygen functional group of acti-
vated carbon are the key factors in determining the performance of
the adsorptive desulfurization and denitrogenation of real gas oil.
Zhou et al. [18] evidenced that an increase in surface oxygen groups
can facilitate the adsorption capacity of sulfur compounds. Jiang et
al. [19] reported that mesopore volume plays an important role in
determining the adsorption capacity. However, few attempts have
been made in studying the engineering aspects of the process of
adsorptive removal of nitrogen/sulfur from liquid hydrocarbons,
such as kinetics, isotherm and thermodynamics of the adsorption
processes of heterocyclic sulfur and nitrogen. The main objective
of this study is to address these aspects with activated carbon used
as sorbent material.

2. Experimental

Activated carbon, wood based with H3PO,4 activation, was
purchased from Westvaco and was dried at 120°C for 24h
before use. A BELSORP-max (Belsorp Japan) was used to deter-
mine the physical property of the carbon. The result shows
that the activated carbon has a surface area of 2330m?2/g
and micropore volume (t-plot) of 1.36 mL/g and the pore sizes
ranging 0.6-1nm. The FTIR spectra of activated carbon were
obtained using a Nicolet 6700 FTIR spectrometer within the
range of 400-4000cm~'. Samples of particle size <45 pum were
first dried in an oven for 24h at a temperature of 383 K. The
dried samples were mixed with finely divided KBr at a ratio of
1:400.

Adsorption studies were conducted using model diesel fuels,
light cycle oils and shale oil. Model diesel fuels contain one or more
S/N compounds dissolved in dodecane. Model fuels are designed to
simulate diesel fuel. The model diesel fuel contains a single S (or
N) compound in dodecane and is denoted as MF#1. The composi-
tion of MF#1 is shown in Table 1.1. Dibenzothiophene (DBT) and
4,6-dimethydibenzothiophene (4,6-DMDBT) are used to represent
sulfur compounds. Quinoline, indole and carbazole are the model
nitrogen compounds. Quinoline is a basic nitrogen while indole
and carbazole are neutral nitrogen compounds. MF#2 is the model
diesel fuel consisting of both S and N compounds. The concentra-
tions of N and S are shown in Table 1.2. The composition of MF#3
is shown in Table 1.3. MF#3 is similar to MF#2 but contains aro-
matics. 10 wt.% of ethyl acetate was introduced to MF#3 in order to
increase the solubility of carbazole in MF#3. All compounds were
obtained from Sigma-Aldrich Co. and used as received. The prop-
erties of light cycled oils (LCO) and shale oil are shown in Table 2.
All nitrogen compounds in LCO1 and LCO2 are neutral. DBT and its
derivatives take approximately 74% and 41%, respectively, of the

Table 1.2
The composition of model fuel, MF#2.

Chemicals Molar concentration (pmol/g)
Carbazole 23.8
Quinoline 23.8
Indole 238
DBT 23.8

Dodecane Balanced

Chemicals Concentration Molar concentration
- (n.mol/g)
wt.% ppmw N/S

Sulfur compounds
DBT 0.44 761.6 23.8
Total 761.6

Nitrogen compounds
Carbazole 0.42 3333 23.8
Quinoline 0.31 3333 23.8
Indole 0.28 3333 23.8
Total 999.9

Aromatics
Naphtalene 0.31 23.8
1-Methylnaphalene 40.00
Total 40.31

Paraffin
Dodecane Balanced
Others
Ethyl acetate 10.00
Total 100.00

total sulfur in LCO1 and LCO2. Shale oil contains both basic and
neutral nitrogen compounds and the ratio of basic to neutral nitro-
gen is about 0.09. All sulfur compounds in shale oil are thiophenic
sulfur compounds.

In batch adsorption, the ratio of activated carbon to model fuel
is kept at 1:50 (mass) for all runs. The tests have been carried out
in capped vials with continuous stirring at ambient temperature
and atmospheric pressure. Adsorption tests were also examined in
a fixed-bed flowing system with a glass tubing column and using
MF#3 as the feed. 0.5 g of activated carbons, diluted by glass beads
of size 20-40 mesh, were packed in the glass tubing column. The
two ends of the glass column were filled with glass wool fibers. An
HPLC pump was used to provide a liquid flow rate of 0.1 mL/min.
The treated model fuel was periodically sampled every 15-20 min,
until the saturation point was reached.

For the isotherm study, only one nitrogen or sulfur compound
was dissolved in dodecane. The molar concentrations for nitro-
gen compound were varied at 4.8 umol/g, 9.5 pmol/g, 14.3 pmol/g,
19.0 wmol/g, 23.8 wmol/g and sulfur compound at 7.9 wmol/g,
15.9 wmol/g, 23.8 wmol/g, 31.7 pumol/g and 39.7 wmol/g. The
isotherm tests were conducted at three different temperatures
(298K, 313K and 328K) and a water bath was used to maintain
the temperature during the adsorption. All the samples gener-
ated from model diesel fuels were analyzed by a Varian GC450
gas chromatograph equipped with a capillary column (RTX-5, L:

Table 2
Compositions of light cycle oils and shale oil.
LCO1 LCO2 Shale oil
Nitrogen ppmw 520 166 4606
Sulfur ppmw 5268 14449 375.7
1-Ring aromatics wt.% 13.8 13.7 -
2-Ring aromatics wt.% 49.1 56.7 =
Poly-aromatics wt.% 9.2 5.9 -
SimDist
% off Initial boiling point (K)
5 280/408 265/389 -
10 408/442 389/436 -
30 442490 436/483 -
50 490/530 483/517 -
70 530/577 517/554 -
90 577/641 554/609 -
95 641/667 609/634 -
EP 732 688 -
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Table 3
Adsorption results of real diesel fuels and shale oil.
Feedstock Concentration ratio of fuels before adsorption Adsorptive capacity N selectivity?
S/N S (mmol/mg) N (mmol/mg)
LCO1 10.2 0.30 0.56 0.65
LCO2 86.8 0.31 0.58 0.65
Shale oil 0.08 0.03 2.40 0.986

2 N selectivity = the amount of N adsorbed by 1 g carbon/the amount of S and N adsorbed by 1 g carbon.
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Fig. 1. Adsorptive capacities of activated carbon for different model fuels.

15m, ID: 0.25mm, DF: 0.25 pum; Restek Corp.) and a flame ion-
ized detector (FID) and a PFPD detector for quantification. The total
concentrations of sulfur and nitrogen were analyzed using ANTEK
NS-9000.

3. Results and discussion
3.1. Adsorption study

Batch adsorption tests were conducted using two different
model fuels, MF#1 and MF#2. The tests were performed overnight.
MF#1 contains a single containment component, either one nitro-
gen compound or one sulfur compound, while MF#2 consists of
DBT and three nitrogen compounds. The results are shown in
Fig. 1. It is seen that the adsorptive capacities of nitrogen contain-
ing compounds are slightly higher than those of sulfur containing
compounds. As MF#1 is replaced by MF#2, the total adsorp-
tive capacity for S and N is doubled as a fourfold increase is
introduced to the total S and N concentrations of the feed. This
observation indicates that the adsorption of N and S compounds
is a concentration-driven adsorption, but there is a maximum
adsorption capacity for the carbon adsorbent. Concerning each
individual S/N compound, it is noted that there is a significant
drop in the adsorptive capacity. With model fuel MF#2 as an
adsorbate, adsorbed S takes about 19% of the total adsorbed S
and N, which is in contrast to 25% of S in the initial molar
concentration of total S and N. This seems to suggest that nitro-
gen compounds compete with sulfur for active sites of activated
carbon, and this activated carbon favours adsorbing nitrogen com-
pounds.

Fig. 2 shows the effect of initial concentration, Cy, on the adsorp-
tion of S/N onto activated carbon. Model diesel fuel MF#1 with
different initial concentrations was examined. The equilibrium
adsorption capacity of five different S/N compounds appears to
increase linearly with initial concentrations. The three nitrogen

12
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Fig. 2. Effect of initial concentration on equilibrium at 298 K.

compounds have a similar increase rate which is higher than the
increase rates of the two sulfur compounds.

MF#3 is used to study the breakthrough curves. Fig. 3 shows
the breakthrough curves of various compounds. Naphthalene is
a model compound for aromatics. Little naphthalene is absorbed,
indicating that this activated carbon has a good selectivity for sulfur
and nitrogen compounds. It is also shown that there is no break-
through point for DBT. This may be because the adsorption rate
of DBT is much slower than the adsorption rates of N compounds,
which further suggests that this activated carbon favours adsorbing
nitrogen compounds.

Three different real feedstocks were studied using the acti-
vated carbon. The results are shown in Table 3. For the two light
cycle oils, the sulfur content is much higher than the nitrogen con-
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Fig. 3. Breakthrough curves at 298 K.
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Fig. 4. FTIR spectra of fresh and spent activated carbon.

tent. When the S/N ratio of light cycle oils increases from 10.2 to
86.7, the adsorptive capacities of total sulfur and nitrogen com-
pounds are unchanged, which are 0.3-0.31 mmol-S/mg for sulfur
and 0.56-0.58 mmol-N/mg for nitrogen. The nitrogen selectivity is
the same for the two light cycle oils, 0.65. This may indicate that
with the presence of a significant amount of sulfur compounds
in both light cycle oils, all active sites for the adsorption of sul-
fur have been taken. A further increase in sulfur content in light
cycle oil leads to no increase in adsorption capacity for this acti-
vated carbon. When shale oil is applied, the adsorptive capacity
for total nitrogen compounds is sharply increased up to 2.4 mmol-
N/mg, while the adsorptive capacity for total sulfur compounds
is reduced to 0.03 mmol-S/mg. The nitrogen selectivity reaches
0.986. This is apparently due to the very low S/N ratio. In con-
sideration of the results presented in Fig. 1 in line with Table 3,
one may note that sulfur and nitrogen compounds are adsorbed
prominently onto different active sites of the activated carbon.
Nitrogen compounds may also take the active sites for the adsorp-
tion of sulfur compounds when the concentration of nitrogen is
dominant in the feedstock. However, sulfur compounds seem not
to have the privilege to take nitrogen sites. A detailed study on
the adsorption of types of sulfur and nitrogen compounds may be
necessary.

3.2. FTIR analysis

Fig. 4 shows the IR spectra of the fresh activated carbon
and the carbons spent in MF#1 with the initial concentration

of 23.8 wmol/g for S/N compounds. The absorption bands in the
range of 3000-3600cm~! can be ascribed to the stretching vibra-
tion of the hydroxyl groups (O-H) involved in hydrogen bonding
and/or water adsorption on the carbons. The new vibrations at
1368 cm~! and between 2950 and 2800 cm~! occurring for spent
carbons are due to the asymmetrical stretching of CH, and CHj;
from dodecane solvent. The bands in the range of 1850-1350cm™!
are mainly the absorption bands of C=0, C-N- and aromatic
rings. The little peak centered at 1720cm~! shown on both
spent and fresh carbons can be a contribution from the stretch-
ing vibrations of carboxyl groups (C=0) from activated carbon
[18]. The peak at 1550cm~! may be assigned to asymmetric
COO~ vibrations from activated carbon, while 1457 cm~! may be
due to C=C of aromatic rings, which is shown only for spent
carbons.

It is also noted, from Fig. 4, that a sharp peak at 746cm™! is
formed for the carbon spent with DBT model fuel. This peak may
be attributed to the C-S bond in the thiophene ring [20]. In the
range of 750-720cm™", the characteristic peaks of the carbons
spent in carbazole and indole model fuels are different from that of
DBT adsorbed carbon. Two sharp peaks at 746 cm~! and 724cm™!,
respectively, can be seen from the spectrum of the carbon spent
in carbazole model fuel. These two peaks are attributable to C-H
deformation out of the carbazole ring [21,22]. On the other hand,
one broad peak at 742 cm~! can be seen for the spectrum of carbon
spent in indole model fuel. It is ascribed to the out-of-plane defor-
mation of the C-H bond in the benzene ring, as reported by other
researchers [23,24].

Table 4
Langmuir and Freundlich constant values of activated carbon (T=298 K).
Langmuir Freundlich
gm (mmol/g) K; (L/mg) R? 1/n Kr (mmol!=(/m L1/ gy R?
Carbazole 1.1924 0.0239 0.9983 0.5795 0.0637 0.9813
DBT 1.1236 0.0049 0.9868 0.4628 0.0646 0.9983
Quinoline 1.1774 0.0098 0.9677 0.4507 0.0477 0.9965
Indole 1.3284 0.0092 0.8902 0.4509 0.0755 0.9661
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Table 5
Langmuir and Freundlich constant values of activated carbon (T=313K).
Langmuir Freundlich
gm (mmol/g) Ki (L/mg) R? 1/n K¢ (mmol!-(/m L1/ [g) R?
Carbazole 1.1605 0.0229 0.9987 0.5745 0.0615 0.9813
DBT 1.1529 0.0034 0.8935 0.413 0.0545 0.9046
Quinoline 1.1264 0.0093 0.9765 0.4666 0.0594 0.9974
Indole 1.0064 0.0092 0.9143 0.4455 0.0590 0.9151
Table 6
Langmuir and Freundlich constant values of activated carbon (T=328 K).
Langmuir Freundlich
qm (mmol/g) K (L/mg) R? 1/n K (mmol!-0/M L1/n/g) R?
Carbazole 1.1583 0.021 0.988 0.5773 0.0581 0.9806
DBT 1.5753 0.0015 0.8714 0.6035 0.0155 0.9623
Quinoline 1.1264 0.0074 0.9765 0.5013 0.0457 0.9926
Indole 1.0204 0.0018 0.9067 0.2914 0.1632 0.8124
Table 7
Gibbs free energy for adsorption of S/N onto activated carbon at different temperatures.
T (K) AGP (kJ/mol) K
Carbazole DBT Quinoline Indole Carbazole DBT Quinoline Indole
298 -14.70 -12.59 -11.55 -11.36 377.06 160.85 105.66 98.22
313 —-0.007 —-0.030 —0.028 —-0.037 350.65 86.96 93.05 69.89
328 —-0.008 —-0.040 —0.034 —-0.025 324.49 67.77 79.18 107.3

3.3. Adsorption isotherm

Model fuel MF#1 with different initial concentrations of the S
or N species was used to study the adsorption isotherm. The Lang-
muir and Freundlich isotherm equations have been widely used to
analyze equilibrium adsorption data. These mathematical forms of
the isotherms are shown as follows:

.. . _ gqmKice
Langmuir isotherm : ¢, = 11KG (1)
Freundlich isotherm : g = KpC}/" (2)

where C. (mg/L) is the concentration of S/N at equilibrium; K;
(L/mg) and g, (mmol/g) are the Langmuir constants related to
the energy of adsorption and the maximum capacity, respec-
tively; Kr (mmol!~(1/M L1/n/g) and 1/n are the Freundlich constants
related to the adsorption capacity and intensity, respectively; and
ge (mmol/g)is the molar amount of S/N adsorbed per mass of adsor-
bent. The linear forms of the Langmuir and Freundlich equations are
given by Egs. (3) and (4).

Ce 1 Ce

Ce _ 4 Ce 3
qe  qmKr = qm (3)
In ge=InKg+1IncC (4)

The model parameters and the statistical fits of the adsorption
data obtained at 298 K to these equations are given in Table 4. The
results show that the Langmuir model describes the adsorption of
carbazole better than the Freundlich model does, with a correlation
factor R? value being 0.998. This suggests that the applicability of
homogeneous adsorption and the monolayer coverage of carbazole
on the surface of activated carbons and the maximum adsorption
capacity is 1.2 mmol/g. On the other hand, Freundlich model fits the
equilibrium data obtained for DBT, quinoline and indole better than
Langmuir model with R? values >0.96. The value of 1/n < 1 generally
indicates that adsorption capacity is slightly suppressed at lower
equilibrium concentrations. This isotherm indicates activated car-
bon presents a highly heterogeneous surface in the adsorption of
DBT, quinoline and indole. Furthermore, the Freundlich model does

not predict saturation adsorption; thus infinite surface coverage is
expected to occur, which may lead to a conclusion of multilayer
adsorption of DBT, quinoline and indole on the surface of activated
carbon [25].

Isotherm parameters for Langmuir and Freundlich isotherms at
313 Kand 328 KaregiveninTables 5 and 6, respectively. Comparing
Table 4 to Tables 5 and 6 will show that the effect of temperature
on the adsorption capacity of heterocyclic nitrogen compounds is
insignificant. On the contrary, temperature has a pronounced effect
on the adsorption of DBT. An increase in temperature from 298 K to
328K leads to arise in ge from ~1.12 mmol-S/g to ~1.58 mmol-S/g.
The increase in the adsorption capacity of DBT with an increase in
temperature may be attributed to chemisorptions.

The thermodynamic parameters for the adsorption process
were calculated using the following expression:

AG®=—RTIn K (5)

The effect of temperature on the equilibrium constant is deter-
mined by:
AS?  AHO

In K=——

R~ RT (6)

The process of adsorption of heterocyclic sulfur or nitrogen com-
pounds represents a reversible process [26].

Adsorbate in solution <« adsorbate in adsorbent (7)
The apparent equilibrium constant is the ratio of the concentra-

tion of adsorbate in adsorbent to the concentration of adsorbate in

Table 8
Enthalpy and entropy for adsorption of S/N onto activated carbon.

AHO (k]/mol) AS? (k]/mol)

Carbazole —4.06 35.71
DBT -23.53 -37.22
Quinoline -7.80 12.65
Indole 2.06 44.03
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The thermodynamic equilibrium constant, K, was computed by
determining K, at different initial concentrations of adsorbate and
extrapolating to zero. The Gibbs free energy, AGY, for the adsorp-
tion process was determined using Eq. (5). The values of K and
AGP for S/N compounds at different temperatures are given in
Table 7. The equilibrium constant, K, decreased with increasing
temperature for S/N compounds except indole. The overall Gibbs
free energy, AGY, is negative for all S/N compounds at the three
tested temperatures. AGP of all tested S/N compounds has a sharp
increase as the adsorption temperature increases from 298K to
313K and then slightly drops with a further rise in temperature
from 313 K to 328 K. Negative adsorption free energy suggests that
the adsorption process is favourable and spontaneous for all S/N
compounds.

Fig. 5 shows the linear relationship between InK and 1/T. The
relation of InK vs. 1/T for indole is not linear. AHY and AS? can
be estimated from the slope and intercept of this linear relation-
ship. The estimated results are shown in Table 8. The enthalpies
for carbazole, quinoline and DBT are negative, indicating that the
adsorption is favourable at a relatively low temperature, 298 K.
The positive enthalpy for indole shows an endothermic process.
Indole is not stable and is easy to be oxidized, in particular at a
relatively high temperature, 328 K. A light redness was observed
at an elevated temperature during the adsorption, which may be
responsible for the positive value of enthalpy. Positive entropies
for nitrogen components suggest an increased randomness at the
solid/solution interface in the adsorption of nitrogen components.
On the contrary, the negative adsorption entropy for DBT suggests
that the more ordered arrangement of DBT molecules are adsorbed
on the surface of activated carbon.

3.4. Adsorption dynamics

Fig. 6 shows the effect of contact time on the batch adsorption
of S/N compounds at room temperature and atmospheric pressure.
The model oils (MF#1) were kept in contact with the adsorbents
for 24 h. The results reveal that the uptake of adsorbate species
is fast at the initial stages of the contact period, and thereafter it
becomes much slower. Approximately 90% of S/N was removed in
the first 3-h contact time. After 3 h of contact time, a steady-state
approximation was approaching.
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Fig. 6. Effect of contact time on removal of S/N compounds.

The study of adsorption dynamics describes the adsorbate
uptake rate, and evidently this rate controls the residence time
of adsorbate uptake at the solid/solution interface. The kinetics
of S/N adsorbed onto the activated carbon was analyzed using
pseudo first-order and pseudo second-order kinetic models [27].
The pseudo first-order expressed by the Lagergren equation is as
follows:

d
T = krad(ge — ar) (©)

where ¢ and q; are the adsorption capacity at equilib-
rium and at time t, respectively (mmol/g), and kq4 is the
rate constant of pseudo first-order adsorption (min—!). After
integrating Eq. (9) and applying boundary conditions t=0
to t=t and ¢;=0 to q:=q: to the integrated form, Eq. (9)
becomes:

kqgat
2.303

The values of log(qe —q:) were linearly correlated with t. The
plot of log(qe—q;) vs. t should give a linear relationship
from which kiqq can be determined from the slope of the
plot.

The pseudo second-order adsorption kinetic rate equation is
expressed by Eq. (11):

log(qe — q¢) = log qe — (10)

d
T = aaalGe — 4 ) (1)

where k,,4 is the rate constant of pseudo second-order adsorp-
tion (mmol/mg/min). With the boundary conditions t=0to t=t and
q:=0to qr=qy, integrate Eq. (11) and rearrange the integrated form
to obtain Eq. (12).

t 1 t

- = +— 12
G pua@? | e (12)
and

h = kyqaq? (13)

h is the initial adsorption rate at time approaching t=0
(mmol/g/min). The plot of (t/q;) and t of Eq. (12) should give
a linear relationship from which kp,; can be determined from
the intercept of the plot. The results of fitting experimental data
with the pseudo first-order and pseudo second-order models for
the adsorption of S/N compounds onto activated carbon are pre-
sented in Table 9. As can be seen, the correlation coefficients (R?)
are 0.98-0.99 for the pseudo second-order model and 0.91-0.94



J. Wen et al. / Chemical Engineering Journal 164 (2010) 29-36 35
Table 9
Adsorption kinetic models rate constants for different S and N compounds.
Adsorbates Pseudo first-order Pseudo second-order
Rate constants kjqq (min—1) R? Rate constants kyqq (mmol/g/min) R? h qe?
Carbazole 0.0721 0.9485 0.2641 0.9824 0.1908 0.8500
Indole 0.0700 0.9217 0.2672 0.9963 0.2733 1.0113
Quinoline 0.1253 0.9163 0.4168 0.9965 0.5005 1.0958
DBT 0.0492 0.9400 0.1753 0.992 0.1217 0.8333
4,6-DMDBT 0.0751 0.9434 0.3021 0.9918 0.1578 0.7228

2 Calculated by pseudo second-order model.

for the pseudo first-order model. This indicates that the adsorp-
tion of S and N compounds onto activated carbon follows pseudo
second-order kinetics. Quinoline has a larger constant k,,4 and
a higher initial adsorption rate h than the other two nitrogen
components. This may be attributable to the fact that quino-
line is a basic nitrogen and contains lone pair electrons, which
introduces a significant dipole moment resulting in attractive
forces.

The S/N compounds transport from the liquid phase of model
oil to the surface of activated carbon takes several steps. The
overall adsorption process may be controlled by either one or
more steps: external diffusion, pore diffusion, and adsorption on
the sorbent surface [28,29]. The possibility of intra-particle dif-
fusion on adsorption was explored by Weber and Morris model
[30].

qe = kigt'/2 + C (14)

Fig. 7 shows the Weber-Morris plot of g vs. t9° for S and N com-
pounds. Apparently, there are two linear zones (zone 1 and zone
2) exhibiting for the adsorption process, which indicates that more
than one step of adsorption resistances dominate in the uptake of
S/N by activated carbon. For the three N compounds, the initial lin-
ear zone ends at t%> =4 min!/2, earlier than that in sulfur adsorption
process, whose initial linear zone ends at about 8 min'/2. The initial
linear zone describes external surface adsorption where the adsor-
bate diffuses from the liquid phase to the external surface of the
adsorbent. The second linear zone refers to the gradual adsorption
stage and the final equilibrium stage in which the intra-particle
diffusion dominates.
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Fig. 7. Weber and Morris intra-particle diffusion plot for the adsorption of S/N by
activated carbon.

4. Conclusion

In this study, for the first time, the engineering aspects of the
process of the adsorptive removal of nitrogen/sulfur compounds
were studied. The following results were obtained:

(1). Model diesel fuels, light cycle oils and shale oil have been
used to study the adsorption by activated carbon. This acti-
vated carbon favours adsorbing nitrogen compounds. Sulfur
and nitrogen seem to be adsorbed on different active sites.

(2). The isotherm results indicate that the activated carbon
presents a highly heterogeneous surface in the adsorption of
DBT, quinoline and indole, while it presents a homogeneous
surface in the adsorption of carbazole. Negative adsorption
free energies are obtained for all tested S/N compounds, which
suggests that the adsorption process is favourable and spon-
taneous. The increase in the adsorption capacity of DBT with
an increase in temperature may be attributed to chemisorp-
tions. Positive entropies for nitrogen components suggest an
increased randomness at the solid/solution interface in the
adsorption of nitrogen components.

(3). The adsorption of S and N compounds onto activated carbon
follows pseudo second-order kinetics. For all the S/N com-
pounds studied, the external diffusion is not a controlling step
in the adsorption process, while the intra-particle diffusion
dominates the adsorption process. Quinoline shows a faster
adsorption rate than the other two nitrogen components do.
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