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Abstract
Adsorption of heterocyclic sulfur and nitrogen compounds like dibenzothiophene (DBT) and quinoline (Q), respectively, 
was carried out using mesostructured adsorbent MCM-41 and Ni/MCM-41 in calcined (C) and reduced (R) form. These 
materials were proved in a batch adsorption system using a model fuel diesel: a mixture of dodecane, DBT and Q with the 
same concentrations of ppmw of sulfur and nitrogen at 313 K and atmospheric pressure. When MCM-41 was impregnated 
with Ni, an important modification of the adsorption properties was observed, for example, the uptake of DBT was increased 
and this adsorption was twice in Ni/MCM-41 in reduce form than in the calcined form. On the other hand, for the nitrogen 
adsorption of Q diminished by 62 and 58%, considering Ni/MCM-41 in reduce form and in calcined form as adsorbent, 
respectively. This is a significant achievement regarding the desulfurization and denitrogenation, especially for commercial 
diesel without pretreatment. Moreover, the kinetic results were adjusted with second order considering Q as nitrogen and 
DBT as sulfur molecule. Data fitting for Q was achieved better by the Langmuir model for all materials than the Freundlich 
model, meanwhile the experimental adsorption data of DBT was fitted to the Freundlich model for Ni/MCM-41 calcinated 
and reduced form.
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1 Introduction

Recently worldwide legislation and requirement of ultra-
clean transportation fuels e.g. gasoline and diesel have 
resulted in paying more attention to environmental legis-
lation on the sulfur content in diesel fuel, moreover, has 
become more stringent because of air pollution by exhaust 
gas from a diesel engine [1]. The production of ultra-low 
sulfur diesel (ULSD) is motivated by the need for using new 
emission-control technologies that are sensitive to sulfur 
(EURO VI norm). In general, novel catalyst and process 
have been regarded as the solution for cheaper and cleaner 
fuel and new technologies like adsorption before the reactor 
to hydrotreatment (HDT). An alternative to hydrodesulfuri-
zation (HDS) is the adsorptive removal of refractory sulfur 
compounds from fuels like 4,6-dimethyldibenzothiophene, 
4-methyldibenzothiophene and dibenzothiophene (DBT) 
this process shows the advantage of being carried out at 
moderate conditions. The adsorption process presents the 
advantage that can be performed at lower conditions of tem-
perature and pressure, and the content of sulfur in fuels can 
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be reduced to a very low level; moreover, would be inte-
grated into a unitary operation using selective adsorbent 
materials in adsorption columns before HDT [2, 3]. This 
approach has the advantage of removing, at the same time, 
nitrogen basic compounds which are strongly adsorbed on 
the acidic sites of various catalysts used in petroleum refin-
ing processes, resulting in the poisoning of the active sites 
for the HDS reaction [4, 5]. Moreover, coal-derived liquid 
fuels contain very high quantities of basic nitrogen contain-
ing compounds, including aniline, pyridine, quinoline (Q) 
and their derivatives [6]. Recently, some studies [7] devel-
oped investigations regarding the elimination of DBT and Q 
with different mesoporous materials like a SBA-15, SBA-16 
and MCM-41, showing that the last material presented an 
advantage over the other two adsorbents.

Since adsorption is based on the concentration of the mol-
ecules of a solute (substance to be removed) on the surface 
of a solid (adsorbent) by the action among its intermolecular 
forces, so it is easily reversible, representing an advantage 
for a subsequent desorption [8]. Among various alternatives 
to achieve the “no sulfur” specification for transportation 
fuels, adsorptive desulfurization (ADS) is the most prom-
ising ultra-deep desulfurization method, because it can be 
performed at near ambient conditions in absence of hydro-
gen [9, 10]. The behavior of adsorption and its efficiency 
of the solid depends on the adsorbent used. To this end, 
in addition to making a selection based on the structural 
characteristics of the material, the experimentation is fun-
damental in order to recognize which material is more con-
venient for the sulfur-to-nitrogen (S/N) removal considering 
the adsorbent selective, so it could remove, as well, nitrogen 
molecules that produces inhibition in HDS reactions [11]. 
Up to now, some materials have been used for adsorptive 
desulfurization and denitrogenation, they include activated 
carbons [8, 11, 12], mesoporous silica, alumina and related 
materials [13, 14], SBA-15 supported nickel(II) [15] and 
recently our group proved mesoporous materials like; SBA-
15, SBA-16 and MCM-41 [7]. Additionally, to overcome the 
limitations imposed by micropores with zeolites as adsor-
bents [16], since large molecules could not interact with the 
active sites, mesoporous molecular sieves such as MCM-41 
and SBA-15 have been studied to adsorb sulfur compounds 
[7, 17, 18]. Adsorptive desulfurization on the nickel-based 
sorbents is promising among all new approaches for ultra-
deep desulfurization due to high sulfur-adsorption capacity 
and selectivity [1, 15, 19].

This work is focused on studying new adsorbents to 
remove nitrogen and sulfur containing-compounds in 
crude oil hydrocarbons, although we are also proving 
adsorbents that adsorb DBT compounds from feedstock 
before HDS unit and try to explain this behavior according 
to their physicochemical and kinetics properties [7, 20]. In 
the present research, the adsorption of nitrogen and sulfur 

(Q and DBT, respectively) compounds at the same concen-
tration (50, 100, 150, 200 and 250 ppmw) using MCM-41 
and Ni/MCM-41 as adsorbents in calcined (C) and reduce 
(R) form, was carried out in batch mode, considering the 
nitrogen and sulfur content (190 and 240 ppmw, respec-
tively) agrees well with that found by Silva et al. [21]. 
In these experiments, kinetic parameters were obtained 
in presence of both compounds (Q and DBT). Moreover, 
the equilibrium results were fitted to the corresponding 
isotherm, Langmuir or Freundlich models.

2  Experimental

2.1  Materials

The MCM-41 material was prepared following the pro-
cedure reported by Alvarado Perea et al. [22]. A single 
procedure was performed as follows: Tetrabutylammonium 
silicate was prepared with a mixture of 5.4 g of a solu-
tion of tetrabutylammonium hydroxide 40 wt% (Sigma-
Aldrich) and 0.6  g of silica fumed (Sigma Aldrich). 
The latter component was mixed with another solution 
formed by 3.42 g of cetyltrimethylammonium bromide, 
CTABr (Merck, CTABr ≥ 97%) and 23.3 g of deionized 
water. The resultant mixture was stirred for 15 min; at the 
end, the mixture had a molar composition of 1  SiO2:0.35 
CTABr:0.31 TBAOH:55  H2O. That mixture was trans-
ferred to a Nalgene bottle and aged for 48 h at 373 K. 
The resultant solid was recovered by vacuum filtration and 
washed five times with 250 ml of deionized water each 
time. The final powder was dried at 353 K for 6 h. At the 
end, the solid obtained was heated up to 873 K in air at a 
heating rate of 5 K/min and it was kept at this temperature 
for 6 h.

Ni/MCM-41 was prepared as follows, using the tem-
plate ion exchange method reported by Yonemitsu et al. 
[23]. In a typical experiment 3.0 g of synthesized MCM-41 
was mixed with 30 ml of deionized water. To the previous 
mixture, 30 mL of a solution 0.03 M of  Ni2+ was added 
dropwise under vigorous stirring. The Ni precursor was 
Ni(NO3)2·6H2O ≥ 99.0% from Merck. The resulting mixture 
was transferred into a Nalgene bottle and treated at 353 K for 
20 h without stirring. The solid was recovered by vacuum 
filtration, washed with deionized water and dried at 353 K 
for 24 h. The final product was calcinated at 873 K for 6 h in 
air and the heating rate was 5 K/min, the Ni content is 4.0%, 
reported by Alvarado Perea et al. [22].

A sample of Ni/MCM-41 was reduced in hydrogen flow 
of 67 mL/min at 623 K during 1 h. The heating rate was 
2 K/min using a fixed bed reactor. After the reduction, the 
sample was left cool at room temperature using nitrogen.
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2.2  Adsorption Experiments

Adsorption experiments were performed in jacketed glass 
containers at atmospheric pressure and maintaining at 
313 K of temperature. All adsorbents were crushed and 
sifted through 100 mesh sieves. Adsorptive denitrogenation 
and desulfurization of model nitrogen and sulfur-contain-
ing compounds in dodecane were performed using three 
adsorbents: MCM-41 and Ni/MCM-41 (calcinated (C) and 
reduced (R) form) in batch mode. The nitrogen and sulfur 
concentration was fixed between 0 and 250 ppmw (50, 100, 
150, 200 and 250) in 40 mL of dodecane, with N/S weight 
ratio of 1. In each experiment, the mixture was stirred vigor-
ously (400 rpm) until complete homogenization, and at that 
instant  (t0), a sample was collected in a vial for further analy-
sis in a capillary gas chromatograph (methylphenylsilicone, 
EC-5 ECONOCAP) with a flame ionization detector (FID) 
detector. Simultaneously, 0.2 g of adsorbent was added. The 
samples were collected every 5 min during the first hour 
and every 15 min for the next two hours; the sample volume 
was 0.3 mL. The sampling process represents a reduction 
of the total volume by only around 10%, thus, this volume 
was considered constant. All samples were filtered to avoid 
introducing the adsorbent to the gas chromatograph. The 
adsorption capacities of nitrogen and sulfur compounds were 
determined using Eq. 1.

where  qe (mmol/gadsorbent) is the concentration adsorbed of 
the element (nitrogen or sulfur, considering Q and DBT 
respectively) at equilibrium per gram of adsorbent,  C0 is 
the initial concentration of the element (nitrogen or sulfur) 
in solution (mmol/L),  Ce is the equilibrium concentration in 
solution of nitrogen or sulfur (mmol/L), V is the volume of 
the solution (L), and w is the weight of the adsorbent (g).

2.3  Adsorption Kinetics

Several models that can adjust the experimental adsorption 
rate data are found in the literature. Azizian and Fallah [24] 
have compiled these models. Kinetic models that are com-
monly used to understand the adsorption process, including a 
pseudo-first-order model and a pseudo-second-order model, 
were used to describe the nitrogen adsorption kinetics. The 
pseudo-second-order model assumes that the rate-limiting 
step of an adsorption may be chemisorption, which involves 
valence forces via sharing or electron exchange between the 
adsorbent and the adsorbate [9, 25]. Pseudo-second-order 
kinetics can be expressed by the equation below [26].

(1)qe =
(C0 − Ce)V

w

(2)r =
dq

dt
= kads(qe − q)2

where q is the amount of nitrogen of sulfur (mmol/gadsorbent) 
at each time (min), k ads [g/(mmol min)] is the rate constant 
for pseudo-second-order adsorption, and r is the adsorption 
rate.  qe has been defined in the previous section. The slopes 
and intercepts of the linear plots of t/q against t give the 
values of 1/qe and 1/(kadsq2

e), respectively. Moreover,  qe and 
 kads can be obtained from the slope and intercept. A correla-
tion factor  R2 close to unity indicates that the process follows 
the proposed.

2.4  Adsorption Isotherms

The Langmuir isotherm is the most common model used 
to quantify the amount of adsorbate on the surface of the 
adsorbent as a function of partial pressure or concentration 
at a given temperature. It quantitatively describes the forma-
tion of a monolayer adsorbate on the outer surface of the 
adsorbent and no further adsorption can take place, moreo-
ver, this isotherm is valid for monolayer adsorption onto a 
surface containing a finite number of identified sites. The 
model assumes uniform energies of adsorption on the sur-
face without transmigration of the adsorbate in the plane of 
the surface. The Langmuir equation governs the adsorption 
of nitrogen—or sulfur—containing Q or DBT [8], respec-
tively, and its linear form is given as:

where  qm (mmol/gadsorbent) is the Langmuir constant rep-
resenting the maximum monolayer capacity and  KL is the 
Langmuir constant equilibrium related to the constant of 
adsorption and desorption  (kads/kdes).  Ce and  qe were defined 
in Sect. 2.2. The slope and intercept of a linear plot of  Ce/qe 
against  Ce yield values of 1/qm and 1/(qmKL), respectively.

The Freundlich isotherm is an empirical equation 
employed to describe heterogeneous systems and multilayer 
adsorption. This isotherm can be expressed by the following 
equations:

where  KF and n are Freundlich constants.  KF  (L1/n 
 mmol(n−1)/n/gadsorbent) is the adsorption capacity of the sorb-
ent, where n indicates the favorability of the adsorption 

(3)
t

q
=

1

kads q
2
e

+
t

qe

(4)qe =
qm KL Ce

1 + KL Ce

(5)
Ce

qe
=

1

qm KL

+
Ce

qm

(6)qe = K
F
C

1

n

e

(7)ln qe = ln KF +
1

n
lnCe
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process. The magnitude of the exponent 1/n gives an indi-
cation of the variability of adsorption. Values of 1/n > 1 rep-
resent favorable adsorption conditions and value of 1/n < 1 
implies an unfavorable adsorption chemisorption process 
[27]. Furthermore,  Ce and  qe were defined in Sect. 2.3. To 
determine the constants  KF and 1/n, the linear form of the 
equation may be used to produce a graph of ln  qe versus ln 
 Ce, where the slope represents ln  KF and the intercept of the 
plot represent 1/n.

3  Results and Discussion

3.1  Adsorption on MCM‑41

Figure 1 shows the variation of the nitrogen concentration 
versus time at different initial concentrations in the batch 
adsorption of Q at 313 K and atmospheric pressure using 
MCM-41 as adsorbent. These results reveal fast uptake of 
adsorbate species at the initial stages of the contact period 
(< 5 min) and much slower for a longer time. Approximately 
90% of the nitrogen was removed in the first 10 min, which 
means a very high rate of adsorption in a short time, and a 
steady state was approached. At low concentrations of nitro-
gen (50 and 100 ppmw N), the steady state was achieved in 
20 min.

On the other hand, during the kinetics study, the adsorb-
ate uptake rate was determined with MCM-41. The adsorp-
tion kinetics of Q in the presence of DBT in the model diesel 
fuel is shown in Fig. 2. The results presented a better fit to 
the second-order kinetic model (Eq. 2) than the first order. 
For further evaluation, these data were adjusted with the 

linearized equation of the model (Eq. 3), in all cases the 
correlation coefficients  (R2) were near to 1.0 for the pseudo-
second-order. According to this Figure, the slope and the 
intercept at 50 ppmw of N were the highest and decreased 
when the nitrogen content was increased.

Since the correlation coefficients were closed to the unity, 
the parameters calculated from kinetic models are summa-
rized in Table 1, indicate that the adsorption behavior of 
Q can be described appropriately by the pseudo-second-
order kinetic in the same way than Shahriar et al. [15]. 
One may also note that the theoretical adsorption capacity 
expressed by the kinetic constant of adsorption  (kads) at the 
initial concentration of 50 ppmw of N presented the value of 
3.40 gadsorbent/mmol min and decreased when nitrogen con-
tent was increased (42% at 100 ppmw) but when increasing 
the nitrogen content at 150 ppmw increased 24%, present-
ing the high value at 250 ppm of N increasing 187% than 
50 ppmw N. Moreover, the adsorption rate increased when 
the nitrogen content increased, showing the maximum value 
at 250 ppmw of N (r = 45.05 mmol/gadsorbent min), which 
presented a 98% increase relative to that at 50 ppmw. This 
may be attributed to the high gradient concentration of nitro-
gen and content. Finally, the major removal of nitrogen was 
observed at low concentrations, and the adsorption reduced 
as the nitrogen content increased.

Thus far, the discussion of the results has been focused 
on the adsorption of nitrogen because it seems that the 
mesoporous materials used are capable of adsorbing selec-
tively Q from a mixture of nitrogen and sulfur compounds. 
Thus, we can conclude that MCM-41 as adsorbent can 
adsorb Q as nitrogen molecule more than DBT. To support 
this conclusion, the variation in the sulfur concentration 

Fig. 1  Variation of nitrogen 
concentration at different initial 
concentrations with a ratio 
S/N = 1, using MCM-41 as 
adsorbent: (a) 50 ppmw, (b) 
100 ppmw, (c) 150 ppmw, (d) 
200 ppmw and (e) 250 ppmw 
of N. Solid lines correspond to 
second order model
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versus time at different initial concentrations, in the pres-
ence of nitrogen, was presented in Fig. 3. Almost no sulfur 
was adsorbed by MCM-41, and the initial concentration 
of sulfur did not change during the experiment (100 min) 
at any initial concentration of sulfur. This result can be 
relevant because it is known that nitrogen-containing 
compounds poison the active sites of the catalysts used 
in the HDS process. Therefore, the selective adsorption 
of nitrogen molecule in the presence of sulfur compound 
becomes relevant with this kind of adsorbent. The high 
surface area and wide pore diameter of MCM-41 is one of 
the main factors in the adsorption of this basic molecule. 
The hypothesis that we have is the possibility that the OH 

groups available on the surface of the mesoporous material 
at these temperatures will function as Brønsted acid sites.

3.2  Adsorption on Calcined Ni/MCM‑41(C) 
as Adsorbent

Considering Ni/MCM-41 (C) as adsorbent, in Fig. 4 shows 
the changes in the nitrogen concentration versus time at dif-
ferent initial concentrations for the batch adsorption of Q at 
313 K and atmospheric pressure. The uptake of adsorbate 
species was a little lower at the initial stages of the contact 
period than MCM-41 as adsorbent, and thereafter became 
much slower. Approximately 90% of the nitrogen was 
removed in the first 5 min, which signifies a very high rate 
of adsorption. After 10 min, the steady state was reached at 
all concentrations in the same way that another adsorbent.

The adsorbate uptake rate with Ni/MCM-41 (C) was 
determined from the adsorption kinetics. The adsorption 
kinetics parameters of Q in the presence of DBT in model 
diesel fuel can be estimated from linear form of the sec-
ond order kinetic given by Eq. (3). The values of slope and 
intercept are shown in Fig. 5, according with this results 
slope and intercept were higher than MCM-41 as adsorbent. 
The correlation coefficients  (R2) were close to the unity for 
the pseudo-second-order model, in the same way that is 
observed in Fig. 3 with MCM-41 as adsorbent.

Fig. 2  Kinetic analysis utiliz-
ing second order at different 
initial concentrations with 
S/N = 1, using MCM-41, (a) 
50 ppmw, (b) 100 ppmw, (c) 
150 ppmw, (d) 200 ppmw and 
(e) 250 ppmw of N in presence 
of DBT. Solid lines are theoreti-
cal results with second order 
analysis
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Table 1  Kinetics adsorption results with MCM-41 of Q in presence 
of DBT in the same amounts

ppmw N k ads  (gadsorbent/
mmol min)

r (mmol/gadsorbent 
min)

% removal

50 3.40 1.17 97.8
100 1.97 2.28 97.1
150 4.22 10.63 97.2
200 9.26 37.59 85.7
250 9.77 45.05 78.3
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The parameters calculated from the kinetic models 
(Table 2) indicate that the adsorption behavior of nitrogen 
can be described by the pseudo-second-order model, consid-
ering Ni/MCM-41 (C) as adsorbent. Theoretical adsorption 
values expressed by the kinetic constant of adsorption at 
the initial concentration of 50 ppmw of nitrogen presented 
an increase with 100 ppmw of nitrogen, but when decrease 
at 150 ppmw of N and then presented an increase, showing 
the maximum value, lastly with nitrogen concentration of 
250 ppmw nitrogen, presented the lowest value, the previous 
effect may be due to the fact that the presence of Ni has an 
adsorption and desorption of the Q, due to the fact that this 

molecule is being adsorbed. Moreover, the rate of adsorp-
tion considering the value of adsorption rate (r), shows the 
lowest value at 50 ppmw of nitrogen and increasing with 
nitrogen content, but with 250 ppmw of nitrogen diminished 
the value, this may be due to the adsorption of DBT on the 
surface of adsorbent. Finally, the major removal of nitrogen 
was achieved at low concentration, as can be observed with-
out Ni, i.e. MCM-41 alone as adsorbent (Fig. 1).

The main difference that was found was that when using 
the adsorbent Ni/MCM-41 (C) with MCM-41, it is that in 
the first one if the DBT and Q are adsorbed at high con-
centrations in a mixture, meanwhile at low sulfur contents 

Fig. 3  Variation of the sulfur 
concentration with time at 
different initial concentrations, 
(a) 50 ppmw, (b) 100 ppmw, 
(c) 150 ppmw, (d) 200 ppmw 
and (e) 250 ppmw of S, using 
MCM-41. Solid lines corre-
spond to the second order model
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Fig. 4  Variation of nitrogen 
concentration versus time at 
different initial concentrations 
with a ratio S/N = 1, using Ni/
MCM-41 (C) as adsorbent, (a) 
50 ppmw, (b) 100 ppmw, (c) 
150 ppmw, (d) 200 ppmw and 
(e) 250 ppmw of N. Solid lines 
correspond to second order 
model
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the DBT is not adsorbed (Fig. 6). Thus, we can conclude 
that MCM-41 adsorbed selectively nitrogen compound (Q), 
meanwhile, no sulfur was adsorbed, but when Ni was added 
at MCM-41 in calcined form (C) as adsorbent, DBT was 
adsorbed. Therefore, a previously conclusion is that Q is 
adsorbed preferentially in the support, while DBT gives a 
possibility that is adsorbed in the metal sites of the Ni at 
high sulfur content.

3.3  Adsorption on Reduced Ni/MCM‑41 (R) 
as Adsorbent

Figure 7 shows the changes in the nitrogen concentration 
versus time at different initial concentrations for the batch 
adsorption of Q in the same conditions that other adsor-
bents (MCM-41 and Ni/MCM-41(C)), considering Ni-
MCM-41 (R). The uptake of adsorbate species was slightly 

less pronounced than the other cases. The main difference 
that should be noted is that after 15 min the steady state 
was reached at almost all concentrations, unlike with the 
other two adsorbents. This phenomenon was attributed to 
the fact that many vacant surface sites are available for 
adsorption in the initial stage, and hence, the pore arrange 
of the adsorbent and surface of adsorbent must be consid-
ered an important factor.

The adsorption kinetics of Q in the presence of DBT in 
model diesel fuel utilizing Ni/MCM-41(R) as adsorbent 
is shown in Fig. 8. The correlation coefficients  (R2) were 
close to the unity for the pseudo-second-order model in 
the same way than other experiments with MCM-41 and 
Ni-MCM-41 (C) and showing the same behavior.

The kinetics parameters with Q in presence of DBT 
with Ni/MCM-41 (R) are showed in Table 3, according to 
these results the theoretical adsorption constant at low ini-
tial concentration of 50–150 ppmw of nitrogen presented 
almost the same values, but when increasing the nitro-
gen content showing the minimum value at 200 ppmw, 
there is a lower value in the adsorption constant, lastly, 
at high concentration of 250 ppmw N is more less the 
same value than Ni/MCM-41(C) this is because the DBT 
it was adsorbed compared to the MCM-41 as adsorbent. 
On the other hand, the adsorption rate using Ni/MCM-41 
(R) showed orders of magnitude lower with MCM-41 as 
adsorbent, but with Ni/MCM-41(C) are the same mag-
nitude and the removal was lower than other adsorbents.

Fig. 5  Kinetic analysis utilizing 
second order at different initial 
concentrations with S/N = 1, 
using Ni/MCM-41 (C), (a) 50 
ppmw, (b) 100 ppmw, (c) 150 
ppmw, (d) 200 ppmw and (e) 
250 ppmw of N in presence of 
DBT. Solid lines are theoreti-
cal results with second order 
analysis
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Table 2  Kinetics adsorption results with Ni/MCM-41(C), of DBT in 
presence of Q

ppmw N kads  (gadsorbent/
mmol min)

r (mmol/gadsorbent 
min)

% removal

50 3.09 0.89 97.9
100 10.62 10.78 95.8
150 5.32 10.86 89.5
200 36.13 88.50 72.7
250 0.87 2.81 64.9
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So that, the discussion of the results has focused on 
the adsorption of Q because it seems that the mesoporous 
materials used are capable of adsorbing only Q from a 
mixture of Q and DBT with MCM-41. But when adding 
Ni, the variation in the sulfur amount versus time at differ-
ent initial concentrations, in the presence of nitrogen using 
the adsorbent Ni/MCM-41(R), was monitored (Fig. 9) and 
showing increase of the capacity of adsorption of the DBT 
at almost concentration of nitrogen was presented than 
using Ni/MCM-41(C) as adsorbent (Fig. 6). According 
to the above this would suggest a selective adsorption 

between DBT and Q in nickel of sulfur. However, as 
was shown with MCM-41 (Fig. 1) and Ni/MCM-41 (C) 
(Fig. 4), the adsorbed amount of Q is practically the same 
even in presence of DBT. Therefore, the adsorption sites of 
Q would be on the surface of the MCM-41, whereas those 
of the DBT would be the metallic sites of the Ni/MCM-
41(R), so other effects would cause of the decrease in the 
capacity of adsorption of Q. This result can be relevant 
because it is known that nitrogen and sulfur -containing 
compounds used previous the HDS process with MCM-41 
adsorb mainly nitrogen compound like Q [7].

Fig. 6  Variation of the sulfur 
concentration with time at 
different initial concentrations, 
(a) 50 ppmw, (b) 100 ppmw, 
(c) 150 ppmw, (d) 200 ppmw 
and (e) 250 ppmw of S, using 
Ni/MCM-41 (C). Solid lines 
correspond to the second order 
model
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Fig. 7  Variation of nitrogen 
concentration versus time at dif-
ferent initial concentrations with 
a ratio S/N = 1, using Ni/MCM-
41 (R) reduced as adsorbent, (a) 
100 ppmw, (b) 150 ppmw, (c) 
200 ppmw and (d) 250 ppmw 
of N. Solid lines correspond to 
second order model
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The adsorbate uptake rate with Ni/MCM-41(R) was 
determined from the adsorption kinetics, but now the DBT 
was considered for its analysis. The adsorption kinetics of 
DBT in the presence of Q in model diesel fuel is shown in 
Fig. 10. The parameters calculated from kinetic models indi-
cate that the adsorption behavior of DBT in presence of Q 
can be described appropriately by the pseudo-second-order 
kinetic model due to correlation coefficients were close to 
the unity (Fig. 10). In Table 4 shows theoretical adsorp-
tion capacity expressed by the kinetic constant of adsorp-
tion  (kads), at the initial concentration of 50 ppmw of sulfur 
presented the highest value and decreased with increasing 
sulfur content this constant. Moreover, the adsorption rate of 
sulfur was lower than when Q was used this means that there 

is less surface area for the DBT to adsorb in particles of 
nickel. Lastly, the maximum removal of sulfur was obtained 
with low value of sulfur content.

3.4  Adsorption Isotherms

3.4.1  Quinoline Adsorption Isotherm

Figure 11 shows the results of equilibrium adsorption against 
concentration using Q. The dotted lines show the adjustment 
of the isotherm to the experimental data. This adjustment 
was using the Langmuir and Freundlich isotherms for the 
adsorbents used in this research. It can be observed that 
MCM-41 presented a higher adsorption in comparison to the 
Ni/MCM-41(C) and Ni/MCM-41(R) as adsorbents. Besides 
we can observe the best fit was when considering the Lang-
muir model for all materials, this mean that Q adsorb in a 
monolayer on the adsorbent.

Besides, Table 5 presents the values obtained from the 
constants for the isotherm that was adjusted considering 
the Q adsorption. It is observed that the material MCM-41 
presented a bigger value of  qm than the other adsorbents 
(Ni/MCM-41(C), Ni/MCM-41(R)), the above gives us 
serves to try to explain that Q is being adsorbed without 
nickel. Moreover, the Langmuir constant presented the 
highest value with the MCM-41 material, this helps us 

Fig. 8  Kinetic analysis utiliz-
ing second order at different 
initial concentrations with 
S/N = 1, using Ni/MCM-41 (R) 
reduced, (a) 100 ppmw, (b) 150 
ppmw, (c) 200 ppmw and (d) 
250 ppmw of N in presence of 
DBT. Solid lines are theoreti-
cal results with second order 
analysis
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Table 3  Kinetics adsorption results with Ni/MCM-41(R), of Q in 
presence of DBT

ppmw N kads  (gadsorbent/
mmol min)

r (mmol/gadsorbent 
min)

% removal

50 2.24 0.66 97.5
100 3.59 3.39 90.6
150 2.64 4.86 82.9
200 0.58 1.23 66.6
250 1.56 4.00 59.0
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to think that Q is being adsorbed preferentially and more 
quickly without Ni, in this table present the equation of 
Langmuir and correlation factor that was approximated 
to the unity.

3.4.2  Dibenzothiophene Adsorption Results

Results to describe the adsorption processes of adsorption 
considering DBT indicate that the Langmuir model did not 

Fig. 9  Variation of the sulfur 
concentration with time at dif-
ferent initial concentrations in 
presence of N, (a) 50 ppmw, (b) 
100 ppmw, (c) 150 ppmw, (d) 
200 ppmw and (e) 250 ppmw of 
S, using Ni/MCM-41 (R). Solid 
lines correspond to the second 
order model
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Fig. 10  Kinetic analysis utiliz-
ing second order at different 
initial concentrations with 
S/N = 1, using Ni/MCM-41 (R), 
(a) 50 ppmw (b) 100 ppmw, (c) 
150 ppmw, (d) 200 ppmw and 
(e) 250 ppmw of S in presence 
of N. Solid lines are theoreti-
cal results with second order 
analysis

t/q = 26.609 t + 40.903
R² = 0.9982

t/q = 16.006 t + 22.786
R² = 0.9981

t/q = 9.9144 t + 17.808
R² = 0.9933

t/q = 7.0279 t + 18.078
R² = 0.9964

t/q = 5.9195 t + 12.162
R² = 0.9961

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 10 20 30 40 50 60 70 80 90

t/q
 (m

in
*g

ad
so

rb
en

t/m
m

ol
)

t  (min)

d)

c)

b)

a) 

e)



1731Topics in Catalysis (2018) 61:1721–1733 

1 3

adjust to experimental data, but the Freundlich model is 
appropriate, which suggests that multilayer adsorption take 
place for the adsorption of sulfur compound with Ni/MCM-
41(C) and Ni/MCM-41 (C) (Fig. 12). Moreover, as can be 
seen in Table 6 the DBT adsorption process is heterogene-
ous and infinite surface coverage of the adsorbate occurred 
without maximum adsorption, which may be considered as 
multilayer adsorption as follows: if (1/n = 1), the adsorption 
is linear; if (1/n > 1), then adsorption is a chemical process 
and favourable, if (1/n < 1), then adsorption is a physical pro-
cess [27]. The value in Freundlich equation with Ni/MCM-
41(C) of 1/n was found to be 0.63 indicating the nonlinearity 
degree of adsorption, but when Ni/MCM-41(R) this value 
was found to be 1.14, indicating the possible chemical pro-
cess and favourable adsorption. With these results, we affirm 
that adsorption of DBT with the adsorbent Ni/MCM-41(R) 
is higher than with the other two materials.

The observation that reduced Ni/MCM-41(R) exhib-
its a better sulfur adsorption performance compared to 
the unreduced material, Ni/MCM-41(C), suggest that 

metallic Ni particles dispersed in the structure are more 
effective that unreduced Ni cation in removing organo-
sulfur compound, as it has been mentioned by Velu et al. 
[28], this behavior could be described according to the 
proposed diagram shown in Fig. 13. One possible expla-
nation for the above is that the adsorption of DBT to Ni/
MCM-41(R) can be explained via sulfur-to metal interac-
tion, π-complexation, and non-specific interactions such as 
Van der Waals interactions. DBT is a soft base explaining 
why loading a borderline acid such as nickel to the sur-
face of the Ni/MCM-41(R) could weaken the established 
acidic sites on the adsorbent’s surface, thus, enhancing the 
adsorption of DBT to a certain extent. Additionally, the 
two aromatic rings of DBT provide high dispersive inter-
actions between the delocalized π-electrons of DBT and 
Ni/MCM-41(R). Moreover, the fact that the stability of  d10 
electron configuration in reduced  Ni0 promoted efficiently 
electron transformation from the d orbital of  Ni0 to the 
antibonding π* (antibonding p orbital) of DBT during the 
formation of  Ni0–S or  Ni0–π bonding in comparation with 
Q, in the same way that Subhan and Liu [17].

Table 4  Kinetics adsorption results with Ni/MCM-41(R) of DBT in 
presence of Q

ppmw S kads  (gadsorbent/
mmol min)

r (mmol/gadsorbent 
min)

% removal

50 17.31 0.024 15.8
100 11.24 0.044 12.9
150 5.52 0.056 14.0
200 2.73 0.055 14.8
250 2.88 0.082 13.9

Fig. 11  Adsorption isotherms 
with MCM-41, Ni/MCM-41 (C) 
and Ni/MCM-41 (R) with Q in 
presence of DBT. Dashed lines 
represent Langmuir model and 
solid lines Freundlich model
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Table 5  Langmuir model parameters for the adsorption isotherms 
considering Q in presence of DBT with three adsorbents

Adsorbent qm (mmol/g) KL (L/mmol) Equation R2

MCM-41 2.16 19.09 q
e
=

41.23 C
e

1+19.09 C
e

0.9981

Ni/MCM-
41(C)

1.80 5.37 q
e
=

9.66C
e

1+5.37 C
e

0.9930

Ni/MCM 41(R) 1.65 3.61 q
e
=

5.96 C
e

1+3.61 C
e

0.9970
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4  Conclusions

In summary, in this work the adsorption of nitrogen and 
sulfur compounds using mesoporous Ni based materials 

to produce clean fuels was studied, it was found that the 
adsorption experimental data of Q adjusted to the isotherm 
of Langmuir with MCM-41 as adsorbent. However, it was 
determined that MCM-41 adsorbed nitrogen compound, but 
when adding Ni sulfur compound (DBT) was adsorbed. On 
the other hand, when using Ni/MCM-41 (R) the capacity of 
the adsorption process of Q decrease, a possible explana-
tion is that this may be because the Ni sites would block of 
pore in this material with MCM-41. The most adsorption 
capacity of Q in MCM-41 it can be explained by the absence 
of nickel. The sulfur compound (DBT) is expected to be 
adsorbed by direct sulfur–metal (S–M) interaction over the 
reduced sample, while their adsorption on the reduced sam-
ples may involve π complexation, wherein sulfur adsorption 

Fig. 12  Adsorption isotherms 
with Ni-MCM-41 reduced 
considering S in presence 
of N. Dashed lines represent 
Langmuir model and solid lines 
Freundlich model

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

q e
(m

m
ol

/g
 ad

so
rb

en
t) 

Ce (mmol/L)

Ni/MCM-41 (C)

Ni/MCM-41 (R)

Table 6  Freundlich model parameters for the adsorption of DBT in 
presence of Q

Adsorbent 1/n KF (L 1/n 
mmol 
(n−1)/n/g)

Equation R2

Ni/MCM-41(C) 0.63 0.0052 q
e
= 0.0052C 0.63

e
0.9713

Ni/MCM 41(R) 1.14 0.028 q
e
= 0.028C 1.14

e
0.9889

Fig. 13  Schematic representa-
tion of the adsorption sites of 
Q and DBT on mesoporous 
material Ni/MCM-41, box blue 
represents Ni
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could be suppressed by the competitive adsorption of nitro-
gen compounds such a Q present in diesel.
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