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A B S T R A C T

In this study, two mesoporous materials such as MCM-41 and Ni/MCM-41 were modified with Al at different Si/
Al ratios. The mesoporous materials were proved as sorbents of heterocyclic nitrogen and sulfur compounds
employing quinoline (Q) and dibenzothiophene (DBT), respectively, as model molecules of that precursor pol-
lutants at the same concentrations of ppmw of nitrogen and sulfur (N:S=1 ratio). The sample with the highest
Si/Al ratio showed the highest specific surface, and at low Si/Al decreased the specific surface. With X-ray
diffraction (XRD) the Ni containing in MCM-41, there is a clear trend and the highly hexagonal ordered sample is
the one without Al and once the Al is added, the hexagonal ordering is highly modified. Employing NH3-TPD and
NMR revealed that the samples with Si/Al= 5 and 16 have higher Lewis acid sites than another ratio of Si/Al.
The modification successfully added small amounts of Ni that did not collapse the pore structure but increased
the density of surface (acidic) groups that in turn favored the uptake of the sulfur compound through π-com-
plexation adsorption mechanism. It is also possible to recognize that the samples with a Si/Al ratio of 5 and 16
revealed the presence of the highest surface density of weak acid sites for both sorbents. Adsorption experiments
were carried out in a batch adsorption system at 313 K and atmospheric pressure using a model mixture from
diesel containing: DBT, Q, and 40ml of dodecane. The sulfur adsorption was substantially improved when Ni
was incorporated to MCM-41; for example, at 250 ppmw of N uptake of DBT was almost twice than MCM-41
alone. This result would indicate that Ni/MCM-41 could remove both molecules but mainly the nitrogen mo-
lecule at high concentrations. The Langmuir and Freundlich adsorption isotherms were used for all materials
considering Q in the presence of DBT depending on the Si/Al ratio. This behavior did not happen for the DBT
whose behavior was modelled by an isotherm of the Freundlich type for Ni/MCM-41 and adsorbed in acid sites
and multilayer. Lastly, experimental results indicated that MCM-41 with Si/Al = ∞ has the highest (Q/DBT)
selectivity of 13,390 at 50 ppmw N compared to another Si/Al ratio, for example, at 250 ppmw N.

1. Introduction

Despite new energy sources (biodiesel, bioethanol, green diesel, and
others) less contaminants than fossil fuels [1,2], the world faces the
challenge to cover the demand for automotive fuels that could not be
reached only with fuels from biomass [2]. This has led to the refiners to
improve their processes to achieve high production of gasoline and

diesel, taking care of the rigorous environmental regulations regarding
the sulfur content (< 10 ppm) in diesel fuels. The typical process to
reach low sulfur levels is through the hydrodesulfurization (HDS) re-
action, employing a sulfured catalyst usually Co-MoS or Ni-MoS sup-
ported on alumina at severe conditions of temperatures (> 573 K) and
hydrogen pressures (> 5.5MPa) [3]. The severe-operating conditions,
high hydrogen consumption and considering that organo nitrogenated
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molecules contained in the diesel cuts deactivate the catalyst, making
the process unaffordable.

An alternative process to reach the stringent environmental legis-
lation regarding sulfur content, is using adsorption of organo-com-
pounds employing functionalized mesoporous materials before HDS
[4–7]. This kind of process has the advantage of being carried out at
temperatures below of 353 K, atmospheric pressure and does not re-
quire hydrogen consumption. The crucial part of the process is the kind
of adsorbent material employed because the adsorption of the sulfur
and nitrogenous molecules would depend on the physicochemical and
textural properties of the adsorbent [6–8]. Zeolites [5,9–13], activated
carbons [14–20], activated alumina, metal oxides, and mixed oxide
[8,21–25] are the most common adsorbents. Although the choice of
these materials should be made considering adsorption capacity, se-
lectivity, regenerability, lifetime, and price, some properties must be
considered. For instance, activated carbons have shown that not only
their high specific area and the highest polarity are the cause of the
removal of N-compounds that activated alumina, but also their high
oxygen groups density and acidic functional groups. Almarri et al. [15]
and Arcibar-Orozco et al. [18] found that carboxyl and carboxylic an-
hydride groups are acidic functional groups contributed to adsorption
of Q, whereas primary basic oxygen-containing groups, such as car-
bonyl and quinone groups, contributed to adsorption of indole and
followed the order in terms of more favorable adsorption: Indole >
Q > 4,6-dymethildibenzothiophene (4,6-DMDBT)>DBT. Moreover,
the activated carbons have larger surface areas (> 1000 m2/g) but a
microporous network that would limit the adsorption of large sulfur
molecules such as dibenzothiophenes or alkyl dibenzothiophenes, like
4,6-DMDBT commonly contained in diesel cuts. Besides, activated
carbons can form small particles or fines due to their low mechanical
resistance causing high-pressure drops in continuous adsorption pro-
cesses. These drawbacks restrict their use in industrial processes [4].

Zeolites are reported as adsorbents highly sulfur-selective employed
commonly to adsorb sulfur compounds and have pore diameters from
microporous order and surface areas lower than (800m2/g). There is an
extensive broad consensus in the literature, that this high capacity and
selectivity towards the sulfur compound is not only due to its acid
properties but rather to the incorporation of metals (Cu+1, Ag+1, Fe+2,
Zn+2, Cd+2, Mn+2 or Ni+2) in the cavities of the zeolite [7,13]. It has
been determined that Cu+1 is stronger than Ag+1 in the binding with
sulfur and that this binding is by π-complexation. In this type of non-
covalent interaction, there is a donation of electron charges from the
orbital π of the sulfur compound to the vacant s orbital of metals
(known as σ donation) and, simultaneously, a back-donation of electron
charges from the d orbitals of metals to the orbital π anti-bounding of
the sulfur compound [5]. Most of the literature highlight Cu or Ag on
zeolites [12]. Recently, Liao et al. [13] modify de acidic properties NaY
zeolite using different concentrations of NH4NO3 (0.05–1.0mol/L) so-
lutions and different calcination temperatures (673–1023 K), Lewis acid
sites bring on the adsorption of compounds containing conjugated π
bond as benzene and thiophene (Ti), whereas Brönsted acid site brings
on the Ti are significant to determine the properties to remove sulfur
compounds [15]. In the first synthesis, they found an equilibrium in the
quantity of Lewis and Brönsted acidic sites, whereas calcination treat-
ment generated Lewis acid sites, principally, due to the substitution of
Al trivalent for tetravalent Si in the first treatment, and dehydroxylation
in the second one [15]. An opposite effect was found in HY zeolites
under calcination, where a decrease in sulfur removal occurred with the
calcination temperature.

One possibility to remove sulfur compounds of larger sizes, as de-
scribed above, is employing mesoporous silica materials with pores size
larger than 3 nm and surfaces areas nearby to 1000 m2/g [23–26].
Recently, our group proved several kinds of mesoporous materials such
as SBA-15, SBA-16, and MCM-41 as adsorbents of Q and DBT as model
molecules representatives from diesel mixtures at 318 K and atmo-
spheric pressure in a batch system and using different molecules

[27,28]. It was postulated that high surface area and SieOH groups
(Brönsted acid sites) at that adsorption temperature, allowed selective
adsorption of Q but weak adsorption of the sulfur molecule.

Therefore, in this paper is proposed to prove an MCM-41 modified
with Al at several Si/Al ratios (5, 16, 60, 150 and ∞) and incorporating
Ni on mesoporous silica in the adsorption of Q as the nitrogen molecule
and DBT as a sulfur molecule in a mixture molecule from diesel. The
influence of structural, textural, morphology and acidity of materials
used was investigated to give a scientific explanation, were used at the
same concentration of 50, 100, 150 200 and 250 ppmw and N:S=1
ratio. A metal effect was shown to improve the adsorption sites of the
sulfur molecule and selectivity.

2. Experimental

2.1. Synthesis of MCM-41 and Ni/MCM-41 as adsorbents

In this work, the synthesis of MCM-41 and Ni/MCM-41 with dif-
ferent amount of Al was carried out. These materials were prepared
using the procedure reported by Alvarado-Perea et al. [29]. A typical
procedure was performed as follows: tetrabutylammonium silicate was
prepared with a mixture of 5.4 g of a solution of tetrabutylammonium
hydroxide 40 wt.%, and 0.6 g of silica fumed (both from Sigma Al-
drich). The latter component was mixed with another solution formed
by 3.4 g of cetyltrimethylammonium bromide, CTABr (Merck, CTABr ≥
97 %) and 23.3 g of deionized water. The resultant mixture was stirred
for 15min; at the end, the mixture had a molar composition of 1 SiO2:
0.35 CTABr: 0.31 TBAOH: 55 H2O. That mixture was transferred to a
Nalgene bottle and aged for 48 h at 373 K. The resultant solid was re-
covered by vacuum filtration and washed five times with 250ml of
deionized water each time. The final powder was dried at 353 K for 6 h.
Finally, 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. The Ni/
MCM-41 was prepared using the template ion exchange method [30]. In
a typical essay, 3.0 g of synthesized MCM-41 was mixed with 30ml of
deionized water. To the previous mixture, 30ml of a solution 0.03M of
Ni+2 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
characterization of Ni/MCM-41 material was already published and
discussed by Alvarado-Perea et al. [29], a brief description is presented
below.

2.2. Characterization of MCM-41

2.2.1. Structural analysis
Powder X-ray diffraction (XRD) patterns were collected on an X’Pert

PRO diffractometer by PANalytik using Ni-filtered CuKa radiation. The
generator was operated with a voltage of 40 kV and a current of 40mA.
All samples were scanned in the small 2θ region (1–10º) with a step size
of 0.016° using a scanning time of 10 s per step.

2.2.2. Textural analysis
Nitrogen physisorption isotherms were measured at −196 °C using

a Quantachrome Nova 2200 e analyzer. Specific surface areas were
calculated from the linear region of BET plots while the total pore vo-
lume was evaluated using the amount adsorbed at a relative pressure of
0.995.

2.2.3. Transmission electron microscopy (TEM)
The morphological TEM analysis was performed by using a Philips/

FEI CM200 microscope. The apparatus was operated at an acceleration
voltage of 200 kV and equipped with a CCD camera for the imaging
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acquisition and analySISpro SIS/ Olympus processing system.

2.2.4. Temperature programmed desorption of Ammonia (NH3-TPD)
Surface acidity was investigated by Temperature Programmed

Desorption of Ammonia experiments (NH3-TPD). The samples were pre-
treated at 500 °C in helium for 2 h, followed by cooling to 100 °C.
Ammonia (1 vol.% NH3 in He) was then adsorbed at the same tem-
perature for 2 h. Physisorbed molecules were removed by switching
back to a pure helium flow (also at 100 °C) for 1 h. Finally, the tem-
perature was raised to 650 °C with a heating rate of 10 °C/ min.
Desorbed ammonia was detected with a TCD.

2.2.5. 29Si and 27Al nuclear magnetic resonance (NMR)
NMR spectra were recorded using a Bruker Avance 300 NMR

spectrometer at room temperature. The 29Si shifts were externally re-
ferenced to Q8M8. The 27Al shifts scales were externally referenced to
[Al (H2O)6]3+.

2.3. Adsorption experiments

Adsorption experiments were performed in jacketed glass containers
at atmospheric pressure and 313 K. All adsorbents were crushed and
sieved at 100 mesh, the amount of adsorbent was of 0.2 g, it is an op-
timal amount where there are no problems of mass transfer, external or
internal experimentally it was verified. Also, several experiments have
been performed and this quantity was determined as optimal, especially
to prevent the solid from agglomerating in the liquid [27,28,31]. Ad-
sorptive denitrogenation and desulfurization of model nitrogen and
sulfur-containing compounds in dodecane were performed using the
following adsorbents: MCM-41 and Ni/MCM-41 in batch mode. The
nitrogen and sulfur concentrations were fixed between 0 and 250 ppmw
of S and N in 40ml of dodecane, with N:S= 1 ratio. In each experi-
ment, the mixture was stirred at 400 rpm, until complete homo-
genization, and at that instant (t0), a sample was collected in a vial for
further analysis in a capillary gas chromatograph brand Perkin-Elmer
model Clarus 480, equipped with a capillary column (methylphenylsi-
licone, EC-5 ECONOCAP) and injector and flame ionization detector
(FID) 200 and 250 °C, respectively. To achieve the separation of the
organ compounds, two heating ramps were used in the oven. The first,
from 160 °C until 200 °C for 2min at a heat rate of 5 K/min and the last
one at 250 for 2min at a heat rate of 20 K/min. The samples were
collected every 5min during the first hour and every 15min for the
next two hours; the sample volume was 0.3mL. The sampling process
represents a reduction of the total volume by only around 10 %. All
samples were filtered to avoid introducing the adsorbent to the gas
chromatograph. The adsorption capacities of nitrogen and sulfur com-
pounds (ACS and ACN, respectively) were obtained, such as described in
a previous works [27,28,31].

Sulfur and nitrogen removal were calculated through Eq. (1).

=
−AC or AC (%) (C C )

C
x 100S N

0 e

0 (1)

Where C0 and Ce represents the concentration in mmol L−1 of sulfur of
nitrogen compound at the initial time at the equilibrium, respectively.

Moreover, the selectivity was defined in terms of the ratio of ad-
sorption and equilibrium concentration of N/S ratio, according to
Songolzadeh et al. [33], defined like:

=S
q

q

C
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2.4. Adsorption kinetics

Regarding the adsorption rate, the literature mentions several
models that can be fitted to the experimental data. Azizian and Fallah

[32] made a review of these models. To understand the adsorption
process, the commonly used kinetic models, the pseudo-second-order
model was examined to describe the nitrogen adsorption kinetics of
newly developed adsorbents. The pseudo-second-order model assumes
that the rate-limiting step of a reaction may be chemisorption, which
involves valence forces by electron sharing or electron exchange be-
tween the adsorbent and the adsorbate. This equation can be expressed
as:

= = −
dq
dt

q qr k ( )t
ads e t

2
(3)

= +
t
q

1
k q

t
qt ads e

2
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where qt (mmol/g) is the amount adsorbed at each time (min), k ads (g/
(mmol min)) is the adsorption rate constant of pseudo-second-order
adsorption, and r is the adsorption rate. The slope and intercept of the
linear plots of t/qt against t yield the values of 1

q e
and 1

k qads e
2 . The values

of qe and kads can be obtained from the slope and intercept.

2.5. 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 and occurs on
the homogeneous surface with monolayer formation without any in-
teraction. On the other hand, the Freundlich isotherm is an empirical
equation employed to describe heterogeneous systems and multilayer
adsorption and has been used for heterogeneous surface energy systems
with the random distribution of sorption heat, the magnitude of the
exponent 1/n indicates the variability of adsorption. For example, if 1/
n=1, the adsorption is linear; this is the Henry’s law behavior occurs,
meanwhile 1/n> 1 represent favorable adsorption conditions and 1/
n<1 an unfavorable adsorption also chemisorption process related to
the adsorption capacity of the adsorbents and surface heterogeneity.
The parameters of these isotherms were used in the same way by our
group [27,28,31]. The results obtained with two adsorbents are pre-
sented in the next section.

3. Results and discussion

3.1. Characterization of MCM-41 and Ni/MCM-41

In this section it is presented the results of characterization of the
materials used for the adsorption process.

3.1.1. Structural analysis and textural analysis
In this work, the characterization results of the MCM-41 and Ni/

MCM-41 materials varying the Si/Al ratio were shown. In this way, the
XRD patterns of the MCM-41 and Ni/MCM-41 with different Si/Al ratio
are shown in Figs. 1 a and 2 a, respectively. As it is well known, MCM-
41 materials are characterized by typical diffractions (100), (110),
(200) and (210) [34,35]. From the Fig.1a, it is possible to observe that
there is not a clear trend of the patterns of the MCM-41 samples at
different Al contents. For example, the case of MCM-41-Si/Al = ∞
(without Al) did not show any characteristic peak at any value of 2θ.
However, the sample with at Si/Al= 150 revealed the typical diffrac-
tion pattern of the MCM-41 materials. For the samples with higher Al
content, the typical diffraction patterns of the MCM-41 materials de-
creased because of the hard incorporation of the Al into the network of
the materials. Based on the last results, it is concluded that these ma-
terials are poor hexagonal ordered. On the other hand, for the case of
the Ni containing MCM-41, (Fig. 2a) we can see that there are a clear
trend and the highly hexagonal ordered sample is the one without Al
and once the Al is added the hexagonal ordering is highly modified.
Besides, it seems that the method of the Ni incorporation improves the
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ordering of MCM-41 materials [29]. These results it has already been
shown by Yonemitsu et al. [30] whose found that the Ni impregnation
method rearranges the pore structure of MCM-41. Based only on the
XRD results, it is not possible to ensure that the structure of the ma-
terials does not correspond to the typical MCM-41 materials. For this
reason, all materials were also characterized using N2-physisorption.
Moreover, MCM-41 and Ni/MCM-41 materials are also characterized by
a Type IV nitrogen isotherm, pore diameter in the range of mesoporous
and by a high specific surface [34,35]. Fig. 1b and Fig. 2b shows the
adsorption isotherms and the adsorption data of the MCM-41 and Ni/
MCM-4a with different Si/Al ratios, respectively. These results revealed
the presence of a type IV isotherm according to IUPAC classification for
both adsorbents [36]. It is possible to observe that the N2 adsorption
data do not depend strongly on the Si/Al ratio of the MCM-41. Table 1
shows the results of the MCM-41of BET specific surface, pore-volume
and pore diameter, almost all samples presented a specific surface
(around 1000m2 g−1), and only the sample with the highest Al content
(Si/Al= 5) had an important reduction of the specific surface (554

m2 g−1). An important modification of the pore volume was observed
and the sample with a Si/Al ratio of 16 showed the highest value
(2.31 cm3 g−1). This modification might be caused by the high Al
content in the materials. Additionally, in the same way than Table 1,
the results of Ni/MCM-41 varying the Si/Al are presented in Table 2 we
can see that the highest value of specific surface was at Si/Al= 150
(1385 m2 g−1) followed by Si/Al = ∞ (1087m2 g−1) [29], moreover
the Ni incorporation into the MCM-41 network revealed just important
modifications in the pore volume of the samples. In this case, the
sample with a Si/Al ratio of 150 showed the highest value
(2.0 cm3 g−1).

3.1.2. Transmission Electron Microscopy (TEM)
To visualize the arrange and Ni effect on the morphology, TEM

micrographs are shown in Fig. 3 for the samples; (a) MCM-41, (b) Ni/
MCM-41, (c) Ni/MCM-41 (Si/Al= 150) and (d) Ni/MCM-41 (Si/
Al= 16). In general, almost all adsorbents showed hexagonal pores
arrange, which is characteristic of the MCM-41 materials. For the case

Fig. 1. (a) XRD patterns and (b) N2-physisorption isotherms of MCM-41 at different Si/Al ratios.
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Fig. 2. (a) XRD patterns and (b) N2-physisorption isotherms of Ni/MCM-41 at different Si/Al ratios.

Table 1
N2 physisorption results of MCM-41 at different Si/Al ratio.

Si/Al BET specific surface
(m2 g−1)

Pore Volume 1

(cm3 g−1)
Pore diameter BJH 2,
(nm)

5 554 1.77 3.0
16 951 2.31 3.0
60 1095 1.65 3.0
150 1158 1.72 3.0
∞ 930 0.55 3.0

1Pore volume at p/p0= 0.99.
2Pore diameter determined by Barret–Joyner–Halenda method (BJH) from the
desorption branch.

Table 2
N2 physisorption results of Ni/MCM-41 at different Si/Al ratio.

Si/Al BET specific surface
(m2 g−1)

Pore Volume 1

(cm3 g−1)
Pore diameter BJH 2,
(nm)

5 533 0.6 3.0
16 928 1.3 3.0
60 919 1.4 3.0
150 1385 2.0 3.0
∞ 1087 1.2 3.0

1Pore volume at p/p0=0.99.
2Pore diameter determined by Barret–Joyner–Halenda method (BJH) from the
desorption branch.

L. Alvarado-Perea, et al. Catalysis Today xxx (xxxx) xxx–xxx

5



of the Ni containing samples, it was observed the presence of a mixture
of MCM-41 structure and Ni films. For the case of the sample with a Si/
Al ratio of 150 it was also observed Ni particles. These particles were
not observed for the case of the sample with a Si/Al ratio of 16. The Ni
films are covering the structure of the MCM-41. Also, Al particles could
not be observed on the surface of the adsorbents [29]. Based on the last
characterization results, it is possible to conclude that the whole set of
materials revealed similar structural properties to the MCM-41 mate-
rials. Therefore, the differences observed in the adsorption experiments
should not be only related to the structure of the MCM-41 and Ni/MCM-
41, but also, the surface acidity plays an important role.

3.1.3. Temperature programmed desorption of Ammonia (NH3-TPD)
analysis

Considering the nitrogen physisorption, Fig. 4 illustrates the NH3-
TPD profiles normalized with the BET surface of the MCM-41 samples
with different Si/Al ratio. As it has been reported in the open literature,
MCM-41 is slightly acidic, but the Al incorporation increases strength
and the number of acid sites [37–40]. The intensity of TPD profiles
shows the total acidity of the adsorbents (Brönsted and Lewis acid
sites). In Fig. 4, it can be observed that the surface density of the total
acidity depends strongly on the Si/Al ratio. As can be observed, the
sample without Al (SiAl = ∞) revealed a very low NH3 adsorption and
just a very broad desorption of low-intensity spectrum could be ob-
served. That means this sample presented the lowest acidity of all
samples. The acidity of the rest of the samples increased considerably
with the incorporation of Al and two broad desorption spectra could be
recognized. The region of the spectra at low desorption temperature is
associated with NH3 desorption from weak Brönsted and Lewis acid
sites and the NH3 desorption at high temperature is associated with the
presence of Brönsted and Lewis acid sites of medium strength [39,40].
It is also possible to recognize that the samples with a Si/Al ratio of 5

and 16 revealed the presence of the highest surface density of weak acid
sites. The presence of this acidity might be due because of the higher
amount of Al in these samples and because the difficulty of in-
corporating Al into the walls of the MCM-41, as it has been previously
reported for the MCM-41 containing Ni at different Si/Al ratio [29].
These materials revealed a high surface acidity for two reasons: i) the Al
incorporation and ii) the Ni incorporation [41]. On these last materials,
the highest amount of Brönsted and Lewis acid sites was observed on
Ni/MCM-41 increasing in the following order Si/Al ratio like:
∞<150 < 60 < 16 < 5.

3.1.4. 29Si and 27Al Nuclear Magnetic Resonance (NMR) analysis
To investigate the Al incorporation into the walls of the MCM-41

materials, 29Si CP-MAS NMR (Fig. 5a) and 27Al MAS NMR (Fig. 5b)
were carried out. In the first instance, the 29 Si CP-MAS NMR of the
samples without Ni will be interpreted (Fig. 5a). For the case of the
sample MCM-41, a very broad peak of very high intensity can be ob-
served. This peak is centered at chemical shift of -100 ppm, which as-
signed to Q3 units corresponding to a layer condensation of SiO4 tet-
rahedral units. Around -93 ppm a shoulder of lower intensity could be
recognized; this peak can be assigned to Q2 units. Finally, there is an
important contribution of Q4 units observed at a chemical shift of
around -118 ppm [42]. For the case of the Al MCM-41 containing
samples, the intensity of all peaks was too much smaller than the cor-
responding samples with Ni [29]. All peaks are centered at -100 ppm,
this peak is associated to the presence of structural unit’s Si(OSi)3(OAl)
in three-dimensionally connected aluminosilicate-like thermal-treated
structures where Al is tetrahedral coordinated [43]. This broad peak
might also be composed by Si(OSi)3OH units with also a very small
contribution of Si(OSi)2(OAl)OH units [43]. The low intensity of the
peaks for these samples might be due to the lack of ordering of the
MCM-41 walls [43]. The intensity of these peaks is quite different from

Fig. 3. TEM micrographs of (a) MCM-41, (b) Ni/MCM-41, (c) Ni/AlMCM-41 (Si/Al= 150) and (d) Ni/AlMCM-41 (Si/Al= 16).
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the samples containing Ni [29]. This strongly suggests that the Tem-
plate Ion Exchange (TIE) improves considerably the degree of ordering
the species present in the wall of the MCM-41. However, the species
should be the same type in both samples. The Al incorporation into the
MCM-41 walls was also investigated by 27Al MAS NMR. From the
Fig. 5b can be clearly seen that the incorporation of Al into the wall of
the MCM-41 was quite successful for the case of the samples with a Si/
Al ratio of 16, 60 and 150 (tetrahedral Al) because the adsorbents
presented the higher acidity. This is concluded because the peak is
mainly centered at 50 ppm [43]. For the sample with the highest Al
content (Si/Al= 5) a very broad peak of high intensity can be re-
cognized. This peak contains significant contributions of Al octahedral
and Al pentahedral, according to the results reported [39,40]. The high
intensity of the peak centered at 50 ppm might also be due to Al tet-
rahedral as extra-framework forming a condensate phase that has been
reported in the literature for samples with low Si/Al ratio [44]. This
condensate phase might trigger an essential modification of the ni-
trogen physisorption data because blocking of the pores (see Table 1).
For the case of the Ni containing samples, very similar results have been
obtained and published previously [29]. The most important difference
is related to the intensity of the peaks. This might be due because of the
TIE treatment for the incorporation of Ni, where it seems that promotes

the improvement of the MCM-41 structure, this part will be considered
as a further study.

Based on the characterization results, it was observed a significant
difference in structure and acidic properties considering the varying of
Si/Al ratio. Both aspects must be considered to explain the differences
observed in the adsorption experiments with both sorbents.

3.2. Adsorption on MCM-41 and Ni/MCM-41 considering N and S
compounds

Adsorptive denitrogenation and desulfurization of model fuel con-
taining concentration of sulfur considering the DBT and nitrogen con-
sidering the Q, with N:S= 1 ratio, in dodecane as solvent at different
initial concentrations (50−250 ppmw) over two adsorbents: MCM-41
(Fig. 6) and Ni/MCM-41 (Fig. 7) with Q in presence of DBT and varying
the Si/Al ratio, are shown. The adsorption capacity of N when MCM-41
was used as an adsorbent in the presence of S at a low concentration of
N like a 50−150 ppm and Si/Al = ∞ ratio was highest, moreover,
when using Si/Al= 5 ratio has the lowest nitrogen adsorption are
presented in Fig. 6a. The maximum adsorption of nitrogen was obtained
by using the Si/Al = ∞ ratio because it presented a large surface area
compared to the Si/Al ratio= 5 (see Table 1), although its ratio pre-
sented the lowest acidity. When increasing the initial nitrogen con-
centration content, the adsorption capacities decreased, this may due to
the saturation of adsorbent. Additionally, sulfur removal is shown in
Fig. 6b. Using MCM-41 with Si/Al = ∞ ratio was much lower than
nitrogen removal approximately 10 times smaller (between 1–10 % of
removal). The main difference was that at Si/Al= 5 ratio present the
highest value at 50 ppmw of S and when increase the sulfur content, at
high value ratio presented almost the same value although we have a
smaller specific surface, by the results of NH3-TPD and NMR analysis
showed in characterization results (Section 3.1.3), we have more Lewis
acid sites with this material and the DBT should be adsorbed in this
sites, according to with Liao et al. [13] and Subhan and Liu [21]. Be-
sides, when using Si/Al= 150 and∞ ratio for all content of S presented
the lowest values of removal between 1 and 3 %, this should be by
diminishing of sites acid presumably Lewis.

On the other hand, the adsorption measurements of nitrogen re-
moval as Q in the presence of sulfur as DBT in the model diesel fuel
considering the Ni/MCM-41 as adsorbent and varying the Si/Al ratio
are shown in Fig. 7. When using MCM-41 as adsorbent the behavior was
very similar than Ni/MCM-41 for removal of N using Si/Al=∞ ratio,
however, for the other ratios it decreased between 10 and 25 %, it is
because present almost the same specific surface, SBET= 930 m2 g−1

with MCM-41 (Table 1) and with Ni/MCM-41 using Si/Al = ∞ ratio
the SBET= 1087 m2 g−1 (Table 2), just as the pore size presented same
values, therefore the adsorption process is not influenced by this
parameter. [29]. Besides, when considering sulfur, as illustrated in
Fig. 7b, we can see that at low sulfur content the removal decreased.
However, at high sulfur contents presented highest removal at Si/
Al= 5, it may be due to higher acidity in this material and that DBT is
being adsorbed on Ni particles, this is important, because the petroleum
had higher content of sulfur, also reported by García-Martínez et al.
[31]. It should be noted that at high concentrations of nitrogen, the
adsorption was lower and that of sulfur was higher; this may be a
problem because there is a higher specific surface, pore diameter and
pore volume available to adsorb the DBT (Table 1 and Table 2).

Thus far, the discussion of the results has been focused on the ad-
sorption of nitrogen because it seems that the mesoporous materials
used are capable of adsorbing selectively Q from a mixture of nitrogen
and sulfur compounds on MCM-41 and Si/Al = ∞, and the adsorption
capacity is much higher than that of DBT. Therefore, the selective ad-
sorption of nitrogen in the presence of sulfur compounds becomes re-
levant to this kind of adsorbent. The high specific surface and wide pore
diameter of MCM-41 is one of the main factors in the adsorption of this
basic molecule. On the other hand, with Ni/MCM-41 at a low Si/Al

Fig. 4. NH3-TPD profiles of MCM-41 and AlMCM-41 as a function of the Si/Al
ratio.
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ratio, the hypothesis that we have is the possibility that acid Lewis sites
are available on the surface of the mesoporous material at these tem-
peratures will function to adsorb the sulfur compound.

3.3. Adsorption kinetics

In this section shows the kinetic results, since the correlation coef-
ficients were closed to the unity in the same way that other works
[27,28,31], the parameters calculated from kinetic models are sum-
marized in Table 3, the adsorption behavior of Q can be described
appropriately by the pseudo-second-order kinetic in the same way that
a lot of works [7,16,17,22,27,28,31,45]. Adsorption kinetics determine

the adsorbate uptake rate of nitrogen and sulfur compounds. The ad-
sorption kinetics of Q at different concentrations, expressed in parts per
million weight of N in the presence of sulfur with DBT in model diesel
fuel, are shown. The adsorption constant was adjusted with the line-
arized equation of the model (Eq. 4), considering the experimental data
of the concentration of nitrogen in the form of Q. In Table 3, one may
also note that the theoretical adsorption capacity expressed by the ki-
netic constant of adsorption (kads) and MCM-41 as adsorbent at the
initial concentration of 50 ppmw of N presented the highest value of
25.7 g mmol−1 min−1 with Si/Al= 60 ratios followed by Si/Al= 16
and decreased when nitrogen content was increased (22–67 % at
100 ppmw) but when increasing the nitrogen content at 150 ppmw

Fig. 5. (a) 29 Si CP-MAS NMR spectra and (b) 27 Al MAS NMR spectra indirect detection with MCM-41 at different Si/Al ratio.
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almost all remained constant, presenting an increase in the Si/Al= 60
and ∞, this may be due to the increase in surface area (Table 1).
Moreover, when using the Ni/MCM-41, these values decreased than
MCM-41 as adsorbent, but when using the Si/Al= 16 at 250 ppmw of N
this value (92.5 g mmol-1 min−1) was higher than other values.

3.4. Isotherm adsorption using MCM-41 and Ni/MCM-41 with nitrogen
using Q

These materials were used to remove Q and DBT molecules from
model diesel fuel. In these experiments, it was shown that removal of
nitrogen and sulfur atom were fitted to the corresponding isotherm,
Langmuir or Freundlich models, and removal in the presence of both
compounds at N:S= 1 ratio.

In Fig. 8 we can see the equilibrium adsorption against concentra-
tion at equilibrium results of nitrogen using Q with all ratio of Si/Al
used in this work and both adsorbents: MCM-41: Fig. 8a and Ni/MCM-
41: Fig. 8b, in both materials were higher values than reported by Silva
et al. [46] that presented qe= 1.0mmol g ads

−1 with Silica-Alumina as
adsorbent. The dotted lines show the adjustment of the isotherm to the
experimental data; this adjustment was using the Langmuir isotherm for
Si/Al= 150 and ∞ ratio and Freundlich isotherm for Si/Al= 5, 15 and
60 ratios with MCM-41 as adsorbent (Fig. 8a), presenting values higher
(129–259mg/g) than Ahmed et al. [47] between 110−170mg/g. We
can observe that the best fitting considering at Si/Al= 150 and ∞ ratio
was when considering the Langmuir model, in the same way that Ar-
cibar-Orozco et al. [48]. Thus, assume that Q adsorbs formation of a few
adsorption layers, and it can be seen that the highest nitrogen

Fig. 6. a) Removal of N compound as a Q in the presence of S as DBT and b) removal of S compound in the presence of N on MCM-41 varying the Si/Al ratio, at
different initial concentrations with a N:S=1 ratio at 313 K.

Fig. 7. a) Removal of N compound as a Q in the presence of S as DBT and b) S compound like DBT in the presence of N on Ni/MCM-41 varying the Si/Al ratio, at
different initial concentrations with a N:S=1 ratio at 313 K.

Table 3
Adsorption constants with MCM-41 and Ni/MCM-41 varying the Si/Al ratio at different concentrations of N and N/S=1 ratio.

MCM-41 ppm N Ni/MCM-41 ppm N

k ads [g mmol−1 min−1] k ads [g mmol−1 min−1]

Ratio Si/Al 50 100 150 200 250 50 100 150 200 250
5 2.8 2.2 2.6 2.3 3.5 1.5 3.7 1.8 1.8 5.9
16 9.8 2.9 2.8 2.3 1.9 1.9 2.7 11.5 13.4 92.5
60 25.7 11.8 4.7 7.2 17.7 3.4 4.5 2.4 3.3 2.4
150 8.0 4.4 3.1 5.2 2.6 3.6 11.8 2.0 2.2 3.2
∞ 3.4 1.9 4.2 9.3 9.8 3.1 10.6 5.3 36.1 0.9
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adsorption was found at Si/Al = ∞ followed by 150 ratio. Besides,
these should be by higher specific surface values with high Si/Al ratio
(Table 1), moreover, with Si/Al= 5, 15 and 60 ratio the Freundlich
model was adjusted at experimental data, this means that we have
heterogeneous surface non-ideal and reversible adsorption, not re-
stricted to the formation of monolayer. This empirical model can be
applied to multilayer adsorption, with non-uniform distribution of ad-
sorption heat and affinities over the heterogeneous surface [49]. For
example, Chang Hyun et al. [50] used different materials in the ad-
sorption of sulfur, these authors employed a beta zeolite (BEA), MCM-
41 and SBA-15 with Ag as active phase, meanwhile the MCM-41 pre-
sented the higher surface area, no presented the better results in ad-
sorption [50], but in the present work interesting results were found for
the adsorption of both molecules. Furthermore, when using the Ni/
MCM-41 as adsorbent (Fig. 8b) the maximum adsorption in Langmuir
isotherm was lower than MCM-41 for almost all Si/Al ratio (30 % ap-
proximately), because this empirical model assumes monolayer ad-
sorption (the adsorbed layer is one molecule in thickness), with ad-
sorption can only occur at a finite (fixed) number of definite localized
sites, that are identical and equivalent, with no lateral interaction and
steric hindrance between the adsorbed molecules, even on adjacent
sites [51], except at Si/Al= 5 ratio, moreover the equilibrium con-
centration was higher with Ni/MCM-41 as adsorbent than MCM-41,

shown in Fig. 8b.
Besides, in Table 4 are presented the values obtained from the

constants for the theoretical model parameters using Langmuir and
Freundlich isotherm and correlation factor that was adjusted con-
sidering the nitrogen adsorption with material MCM-41 and Ni/MCM-
41 at N:S= 1 ratio. Considering MCM-41 as adsorbent (Table 4a) it is
observed that the best model that fit high values of the correlation
factor was that considering Langmuir (Si/Al= 150 and ∞), while the
Freundlich model adjusted to small values of the Si/Al= 5, 16 and 60
ratios (Table 4b), this confirms what was found that there was a lower
adsorption of the Q. We can see that at a low Si/Al ratio, the value of qm
showed the lowest values (between 1.65–1.75mmol/g) and KL pre-
sented values smaller than unity (0.63–1.57 L/mmol) between Si/
Al= 5 - 60. However, when increasing the Si/Al ratio, the value of qm
and the constant of Langmuir KL showed the values of 2.16mmol/g and
19.09 L/mmol, respectively, at Si/Al = ∞ and the values of the other
ratios were lower, these values are higher than reported by Arcibar-
Orozco et al. [48] using carbon as adsorbent and Fe -Mn (qm=0.546 -
0.756mmol/g and KL= 0.99–1.44mmol/g). This helps us to confirm
that Q is being adsorbed preferentially at high Si/Al ratio, it is worth
mentioning that the correlation factor for low values of the Si/Al (5, 16
and 60) ratios were lesser than 0.98, moreover, with Si/Al (5, 16 and
60) ratios using the Freundlich isotherm the 1/n values were smaller

Fig. 8. Adsorption isotherms with a) MCM-41 and b) Ni/MCM-41 varying the Si/Al ratio with Q in the presence of DBT, with a N:S= 1 ratio. Dashed lines represent
Langmuir or Freundlich model.

Table 4
Theoretical model parameters for the adsorption of Q compounds varying the Si/Al ratio using both adsorbents: MCM-41 and Ni/MCM-41, a) Langmuir and b)
Freundlich.

a) MCM-41 Langmuir Ni/MCM-41 Langmuir

Ratio Si/Al qm (mmol/g) KL (L/mmol) Equation R2 qm (mmol/g) KL (L/mmol) Equation R2

5 1.65 0.63
=

+
qe

Ce
Ce

1.04
1 0.63

0.913 1.86 0.26
=

+
qe

Ce
Ce

0.48
1 0.26

0.991

16 1.73 0.95
=

+
qe

Ce
Ce

1.64
1 0.95

0.938 2.01 0.31
=

+
qe

Ce
Ce

0.62
1 0.31

0.956

60 1.75 1.57
=

+
qe

Ce
Ce

2.75
1 1.57

0.972 1.83 0.78
=

+
qe

Ce
Ce

1.43
1 0.78

0.983

150 2.05 3.02
=

+
qe

Ce
Ce

6.19
1 3.02

0.993 1.78 1.70
=

+
qe

Ce
Ce

3.03
1 1.70

0.986

∞ 2.16 19.09
=

+
qe

Ce
Ce

41.23
1 19.09

0.998 1.80 5.37
=

+
qe

Ce
Ce

9.66
1 5.37

0.993

b) MCM-41 Freundlich Ni/MCM-41 Freundlich
Ratio Si/Al 1/n KF (L1/n mmol(n−1)/n/g) Equation R2 1/n KF (L1/n mmol(n−1)/n/g) Equation R2

5 0.37 0.668 =q C0.668e e
0.37 0.964 0.49 0.470 =q C0.470e e

0.487 0.998

16 0.36 0.808 =q C0.808e e
0.36 0.980 0.59 0.481 =q C0.481e e

0.59 0.919

60 0.33 0.959 =q C0.959e e
0.33 0.987 0.43 0.753 =q C0.753e e

0.43 0.932

150 0.35 1.340 =q C1.340e e
0.35 0.914 0.35 0.999 =q C0.999e e

0.35 0.741

∞ 0.011 1.418 =q C1.418e e
0.011 0.101 0.23 1.319 =q C1.319e e

0.23 0.952
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than unity, this implies chemisorption’s process and KF increased the
values in the same way that ratio (0.668-0.959 L1/n mmol(n−1)/n/g).
Besides, the values obtained from the constants for the isotherm that
was adjusted considering the Q adsorption, but now with material Ni/
MCM-41 was presented in Table 4, we can see in almost all values of the
Si/Al ratio, the Langmuir model was adjusted. The Freundlich model
was adjusted only with the Si/Al= 5 value, showing lower adsorption
of the Q at this ratio, this means that we have heterogeneous surface,
and possibly multilayer adsorption. At almost ratio of Si/Al the constant
of Langmuir of qm presented almost the same behavior that MCM-41
adsorbent (between 1.78 and 2.01mmol/g), the above gives us serves
to try to explain that Q is being adsorbed without Ni. Moreover, the
constant KL presented values smaller than MCM-41 as adsorbent (be-
tween 0.26–5.37 L/mmol); this helps us to think that Q is being ad-
sorbed preferentially and more quickly without Ni. Finally, in Table 4b
shows the Freundlich parameters with MCM-41 and we can see that 1/n
value is found between 0.011- 0.37, the Freundlich constant between
0.668–1.418 and correlation factor nearly to the unity between 0.964
and 0.987, considering low Si/Al ratio (5, 16 and 60). On the other
hand, with Ni/MCM-41 only the low Si/Al= 5 was adjusted the cor-
relation factor showing the following values of 1/n= 0.49 and
KF=0.470 L1/n mmol(n−1)/n/g, in the same way that MCM-41 with 1/n
values implies chemisorption’s process.

3.5. Isotherm adsorption with MCM-41 and Ni/MCM-41 with sulfur using
as DBT

The adsorption removal with both sorbents was presented in Fig. 9,
considering the sulfur as DBT with both adsorbents and N:S=1 ratio
with MCM-41: Fig. 9a and Ni/MCM-41: Fig. 9a. The behavior present
different forms that are shown with the Q and MCM-41 adsorbent
(Fig. 8). Since using Si/Al= 5 and 16 show the highest removal for
sulfur in the presence of nitrogen decreased when increasing the ratio
for two adsorbents, meanwhile, with Si/Al> 60, shows lower sulfur
adsorption, in the same way that Subhan et al. [45]. With the total
sulfur capacity increase with the decline of Si/Al ratio and reaches to
highest capacity of 12.5 mg S/g ads with Si/Al= 15 and DBT as pre-
cursor of S (518 ppmw S) with Ni, this revealed that the high sulfur
capacity of sorbent correlated closely with high Lewis acid sites ac-
cording with Subhan et al. [45] in pure case was between 1.8-11.1 mg/
g. Moreover, these values are lower than reported by Arcibar-Orozco
et al. [48], because the values are qm=0.136 - 0.155mmol/g.

Results to describe the adsorption processes considering DBT in-
dicate that the Langmuir model did not adjust to experimental data
showing the values of factor correlation less than unity using two ad-
sorbents (Table 5a and b). This is attributed to the fact that the amount

of sulfur adsorbed in the adsorbent is tiny and that is why the model
was not adequately adjusted to the experimental data. According to
density functional theory (DFT) used by Parr and Pearson [52] and
Pearson’s classification, DBT is considered a soft base and the ion Ni2+

are borderlines acids. When the ion of Ni2+ is loaded on the surface of
MCM-41, the local hard acid of the surface is weakened, which en-
hances the adsorption of DBT. Furthermore, the π-complexation on the
surface of Ni/MCM-41 also plays an essential role in DBT adsorption
[53]. However, Freundlich model for two adsorbents is appropriate,
which suggests that multilayer adsorption takes place for the adsorption
of sulfur compound with MCM-41 (Table 5b), according with García-
Martínez et al. [31], because they show that sulfur compound adsorb on
Ni in Ni/MCM-41 adsorbent and involve π complexation on acid site
possibly in acid Lewis sites.

Moreover, as can be seen with two adsorbents in Fig. 9 the DBT
adsorption process is heterogeneous and infinite surface coverage of the
adsorbate occurred without maximum adsorption. The value in
Freundlich equation with MCM-41 of 1/n was found to be between 0.49
and 0.66 indicating various aspects like; nonlinearity degree of ad-
sorption, possible chemical process. Moreover, when using Ni/MCM-41
as adsorbent the value in Freundlich equation of 1/n was found to be
nearly and higher than the unity, indicating that the adsorption is a
favorable process and multilayer adsorption, this indicates that sa-
turation was not attained. Because the DBT is relatively poorly ad-
sorbed, that is why there is no good fit of the model to the experimental
data and therefore the decrease the adjust of experimental and theo-
retical data. Something important to consider is that Subhan et al. [45]
revealing that Ni incorporation in AlKIT-6(15) can generate a large
amount of acid sites in the sorbents necessary to carry out the ad-
sorption of sulfur as DBT. Therefore, it can propose that the adsorption
on DBT preferentially occurs on Ni in flat positions in the same way that
García-Martínez et al. [31] and Colín-Luna et al. [54] and as discussed
previously.

Moreover, the selectivity was calculated considering the Eq. (2), and
the results were shown in Table 6 with both adsorbents: MCM-41 and
Ni/MCM-41. We can see that using the MCM-41 as adsorbent; we can
see that low content of N and Si/Al = ∞ shows the highest of se-
lectivity value than the other concentrations of N and Si/Al ratio.
Likewise, with Ni/MCM-41 as adsorbent the selectivity was lower than
MCM-41, this means that MCM-41 presents more selectivity for elim-
inating the Q than Ni/MCM-41, but this lastly adsorbent is more se-
lective for DBT adsorption.

4. Conclusions

Considering the characterization results, we observed that a higher

Fig. 9. Adsorption isotherms with a) MCM-41 and b) Ni/MCM-41varying the Si/Al ratio with DBT in the presence of Q with a ratio N:S=1. Dashed lines represent
the Freundlich model.
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Si/Al ratio showed the higher surface and at low Si/Al diminished the
specific surface, and NH3-TPD and NMR show that at Si/Al= 5 and
16 have higher acid sites than another Si/Al ratio. The modification
successfully added small amounts of Ni that did not collapse the pore
structure but increased the density of surface (acidic).

From the adsorption results with MCM-41 as adsorbent, the highest
removal of N was at low concentration and high Si/Al ratio with both
adsorbents, meanwhile, considering the S the highest removal was
obtained at low Si/Al ratio (5 and 16), this means that the S removal
capacity depended strongly on the acid sites. Regarding the Q adsorp-
tion the isotherm of Langmuir for Si/Al= 150 and ∞ ratios assume the
formation of a few adsorption layers and slightly acidic lowest acidity,
at low Si/Al= 5, 16 and 60 ratio the Freundlich model was adjusted,
thus we have heterogeneous surface non-ideal and reversible adsorp-
tion. Moreover, with the Freundlich isotherm was adjusted for the DBT,
indicating that the adsorption is a favorable process and multilayer
adsorption, with 1/n< 1 indicating nonlinearity degree of adsorption,
possible chemical process.

On the other hand, when using the adsorbent Ni/MCM-41, almost
all ratio the Langmuir model was adjusted, and the Freundlich model
was adjusted only with the Si/Al= 5 value, showing lower adsorption
of the Q. Moreover, the value 1/n ≈ 1 indicate that the adsorption is a
favorable process and multilayer adsorption. The adsorption of Q over
MCM-41 adsorbents at high Si/Al ratio is selective in comparison with
Ni/MCM-41, but when considering DBT, the specific interactions be-
tween this molecule and metal ions involving acid-base interactions and
π-complexation adsorption mechanism between S and metal ion, is the
main factor enhancing the adsorption over Ni/MCM-41 at low Si/Al
ratio. Besides, the adsorption kinetic can be illustrated by the pseudo-
second-order model for both sorbents. Also, these materials were found
to be found to be promising adsorbents for Q and DBT capture. Lastly,
the selectivity MCM-41 with Si/Al = ∞ shows the highest (N/S) se-
lectivity of 13,390 at 50 ppmw N compared to another Si/Al ratio, for

example at 250 ppmw N. For future tests, the effect of sorbent re-
generation on the performance of the system over multiple cycles
should be investigated.
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Theoretical model parameters for the adsorption of DBT compounds varying the Si/Al ratio using both adsorbents: MCM-41 and Ni/MCM-41, a) Langmuir and b)
Freundlich.

a) MCM-41 Langmuir Ni/MCM-41 Langmuir

Ratio Si/Al qm (mmol/g) KL (L/mmol) Equation R2 qm (mmol/g) KL (L/mmol) Equation R2

5 0.088 0.27
=

+
qe

Ce
Ce

0.024
1 0.273

0.739 −0.090 −0.075
=

−
qe

Ce
Ce

0.0068
1 0.075

0.245

16 0.081 0.15
=

+
qe

Ce
Ce

0.012
1 0.15

0.747 −0.494 −0.017
=

−
qe

Ce
Ce

0.0085
1 0.017

0.014

60 0.042 0.21
=

+
qe

Ce
Ce

0.009
1 0.21

0.672 −0.042 −0.092
=

−
qe

Ce
Ce

0.0038
1 0.092

0.320

150 0.036 0.14
=

+
qe

Ce
Ce

0.005
1 0.14

0.220 −0.030 −0.108
=

−
qe

Ce
Ce

0.0032
1 0.108

0.496

∞ 0.036 0.135
=

+
qe

Ce
Ce

0.005
1 19.09

0.302 −0.124 −0.026
=

−
qe

Ce
Ce

0.0033
1 0.026

0.016

b) MCM-41 Freundlich Ni/MCM-41 Freundlich
Ratio Si/Al 1/n KF (L1/n mmol(n−1)/n/g) Equation R2 1/n KF (L1/n mmol(n−1)/n/g) Equation R2

5 0.49 0.022 =q C0.022e e
0.49 0.898 1.33 0.0062 =q C0.0062e e

1.33 0.772

16 0.66 0.0121 =q C0.0121e e
0.66 0.969 0.98 0.0095 =q C0.0095e e

0.98 0.837

60 0.56 0.0084 =q C0.0084e e
0.56 0.932 1.32 0.0042 =q C0.0042e e

1.32 0.824

150 0.63 0.0052 =q C0.0052e e
0.63 0.652 1.52 0.0031 =q C0.0031e e

1.52 0.913

∞ 0.63 0.0052 =q C0.0052e e
0.63 0.773 1.03 0.0037 =q C0.0037e e

1.031 0.658

Table 6
Selectivity with MCM-41 and Ni/MCM-41 varying the Si/Al ratio at different concentrations of N.

MCM-41 ppm N Ni/MCM-41 ppm N

Ratio Si/Al 50 100 150 200 250 50 100 150 200 250
5 60 31 28 25 22 – 32 33 23 11
16 173 81 59 43 42 38 61 47 32 15
60 391 234 128 96 77 176 256 115 41 27
150 912 972 634 320 137 474 420 146 96 33
∞ 13,390 3,623 3,028 488 203 3,500 1,627 695 175 51
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