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ABSTRACT 
The MCM-41 mesoporous molecular sieves have attracted a great deal of interest due to their application 
in adsorption processes, like in the removal of naphthenic acids, which are directly responsible for acidity 
and corrosiveness of petroleum. The objective of this work is to explore the synthesis, characterization, 
and application of Sr-MCM-41 in removing naphthenic acids from a model mixture of aviation kerosene 
(jet fuel) by adsorption. The adsorbent was characterized and a factorial design was used to determine the 
best operating conditions. The characterization results indicated that the incorporation of strontium did 
not compromise the mesoporous structure, and that the material showed a good degree of organization. 
The factorial design indicated that the highest adsorption capacity was obtained for an acid concentration 
of 7wt.%, an adsorbent amount of 0.01g, and a stirring speed of 420rpm. This study demonstrates the 
potential of this adsorbent for the removal of the naphthenic acids that are present in jet fuel. 
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1. INTRODUCTION 

A new family of ordered mesoporous molecular 
sieves designated as M41S was first discovered by 
Mobil Company in 1992 (Beck et al., 1992). Since 
then, a great deal of interest has arisen in studying 
its properties and applications due to their large 
specific surface area and narrow and controllable 
pore-size distributions. These factors make M41S a 
promising candidate for use as adsorbents, 
catalysts, and supports(Jiang et al., 2007; Northcott 
et al., 2010; Zhao et al., 2011). 

The basic mesoporous molecular sieve is formed 
of amorphous silica, and it contains a considerable 
amount of silanol groups. To expand the field of 
applications, there is still a need to improve the 
synthesis of molecular sieves by replacing silicon (Si) 
with other ions. The incorporation of heteroatoms 
in the walls of MCM-41 allows one to control its 
features and, thus, obtain materials with 
predetermined properties (Oliveira et al., 2005). 
Molecular sieves with more basic or acidic sites can 
be generated as required by the desired application 
(Silva, 2009c; Li et al., 2010). 

The incorporation of transition (Nilsen et al., 
2007; Anunziata et al., 2008), rare earth (Zhan et 
al., 2008), and alkaline earth metals (Silva, 2007a; 
Wu et al., 2011) into MCM-41 produces new types 
of adsorbents that can be used in various 
applications, such as removing contaminants from 
petroleum. 

Among the different types of petroleum 
products, aviation kerosene is the fuel used in 
aircraft turbine engines. It is produced by the 
fractionation of petroleum by distillation at 
atmospheric pressure. 

Jet fuel is composed of paraffinic, naphthenic, 
aromatic, and olefinic hydrocarbons, in addition to 
polluting sulfur-, nitrogen-, and oxygen-containing 
compounds, and must undergo to specific 
treatments to eliminate the problems caused by 
these compounds, especially by the naphthenic 
acids (Silva, 2009b). 

Naphthenic acids are classified as carboxylic 
mono-acids with general formula R(CH2)nCOOH, 
where R is some cycloaliphatic structure (Petkova et 
al., 2009). The presence of these acids in various 
amounts in crude oil and its derivatives is one of the 
most challenging problems for the oil industry. 

These contaminants can lead to problems such as 
corrosion (Hau, 2009), equipment failure, high 
maintenance costs, reduced product quality, and 
can cause disposal problems due to environmental 
concerns (Petkova et al., 2009). 

The methods that are currently in use to remove 
these acids include caustic washing, hydrorefining, 
and refining with ammonia and solvents. However, 
there are many disadvantages to these methods, 
such as high operating costs and performance 
problems (Huang et al., 2006). 

In an attempt to solve these problems, various 
techniques have been researched for removing 
these compounds effectively and non-destructively. 
According to Ding et al. (2009), naphthenic acids can 
be removed by non-destructive processes such as 
adsorption, and can be purified and further 
commercialized for other purposes. 

Various adsorbents, such as ion exchange resins 
(Gaikar&Maiti, 1996; Silva, 2007b), commercial 
clays (Zou et al., 1997; Silva, 2007b; Silva et al., 
2013 ); zeolites, silica gel, calcite, and mica 
(RezaeiGomari et al., 2006); activated alumina 
(Silva, 2007b); cyclodextrin polymer (Mohamed et 
al., 2008); activated carbon (Mohamed et al., 2008); 
and modified perovskites (Silva, 2009b) have 
undergone laboratory tests for the removal of 
naphthenic acids from petroleum. These 
adsorbents, however, showed limited success. 

Given these considerations, this work 
synthesized and characterized a mesoporous 
molecular sieve featuring the incorporation of the 
alkaline earth metal strontium (Sr-MCM-41) to 
confer basic features. The material was evaluated 
for the removal of the naphthenic acids that were 
present in a model mixture of jet fuel (n-dodecanoic 
acid in n-dodecane solution) in a finite batch system 
using a 23 factorial design to determine the best 
working conditions. 

 

2. MATERIALS AND METHODS 

2.1 Synthesis of mesoporous molecular 
sieve Sr-MCM-41 

The molecular sieve Sr-MCM-41 was synthesized 
using the hydrothermal method according to Silva 
(2007a), who used an adaptation of the method 
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developed by Cai et al. (1999). The silica gel (95% 
purity, Merck) and the sodium silicate (Na2O - 28% 
purity, Vetec; SiO2- 28% purity, Vetec) were used as 
silicon sources. The cetyltrimethylammonium 
bromide (CTMABr) (99% purity, Merck) served as a 
structural template, and the strontium acetate (98% 
purity, Vetec) provided the strontium source. The 
synthesis was conducted at 100°C in a jacketed 
stainless steel Teflon® autoclave in a volume of 45 
mL for a period of 5 days. The molar composition of 
the resulting gel was 1 CTMABr: 4 SiO2: Na2O 1: 0.2 
SrO: 200 H2O. 

The synthesis procedure entailed the 
preparation of two solutions. In solution 1, silica was 
added to sodium silicate, strontium acetate, and 
half of the volume of distilled water required for 
synthesis. The system was subjected to stirring for 2 
hours at 60°C. While solution 1 was stirring, solution 
2 was prepared using the CTMABr and the other half 
of the distilled water. Solution 2 was placed under 
stirring at room temperature (25 ±2°C) for 30 
minutes until complete dissolution. Then, the 
solution 1 was added to the solution 2, and the 
mixture was further stirred for 1 hour at room 
temperature. 

The obtained gel was transferred to a Teflon® 
vessel, sealed in a stainless steel autoclave, and 
placed in an oven preheated to 100 ± 1°C during 5 
days with daily adjustments to the pH in the range 
of 9.5 to 10 using a solution of 30% acetic acid. 

After this period, the autoclave was removed 
from the oven and cooled to room temperature. The 
crystallized material was washed first with distilled 
water and, then, with a solution of 2% hydrochloric 
acid in ethanol to remove part of the surfactant. 
Finally, the resulting solid was subjected to drying in 
an oven at 100°C for 6 hours. 

The calcination of the adsorbent occurred in two 
stages where, initially, the sample was subjected to 
a heating ramp of 5°C min-1, starting from ambient 
temperature to 500°C in an inert atmosphere of 
argon at a flow rate of 100 mL min-1. After the 
temperature reached 500°C, the system remained 
in this condition for 1 hour. The argon flow was then 
replaced with oxygen at a flow rate of 100 mL min-1 

for an additional hour. This calcination process 
aimed to remove the structural template present in 
the pores of the adsorbent. After this procedure, the 
adsorbent Sr-MCM-41 was classified using a 100 
mesh Tyler sieve BERTEL. The fraction that passed 

through the 100 mesh sieve was used in subsequent 
experiments. 

2.2 Characterization of mesoporous 
molecular sieve Sr-MCM-41 

2.2.1 Thermal analysis (TG/DTG) 

The thermogravimetric curves were obtained in 
a thermobalance (SHIMADZU, model TGA-50), 
under an atmosphere of nitrogen with a flow rate of 
100 mL min-1. In this analysis, 5.0 ± 0.5 mg of sample 
was placed in an alumina crucible. It was used a 
heating rate of 10°C min-1 in the range of 25 to 
900°C. 

2.2.2 X-ray diffraction (XRD) 

The samples were characterized on an X-ray 
diffractometer (SHIMADZU, model XRD-6000 θ-2θ) 
using a CuKα radiation source with 30kV and 30mA. 
The data were collected in the 2θ range from 2° to 
10°, with steps of 0.01° and a step time of 2 seconds. 

2.2.3 Textural characterization (N2 
adsorption/desorption by BET and 
BJH methods) 

The textural characterization was performed by 
the adsorption/desorption of nitrogen using the BET 
and BJH methods to determine the specific surface 
area, volume, and average diameter pore of the 
adsorbent. For this, it was used the BELSORP-MINI 
apparatus (Bel Japan Inc.). Initially, 50 ± 0.5mg of the 
sample, calcined as indicated previously, was 
pretreated under vacuum to 333 K during 3 hours to 
remove moisture from the surface of the solid. 

2.2.4 Chemical analysis 

A sample of 1g of the adsorbent was subjected to 
an acid digestion process, which consisted of the 
addition of hydrofluoric acid (HF-p.a., Vetec), 
hydrochloric acid (HCl - p.a., Vetec), and nitric acid 
(HNO3-p.a.,Vetec). Then, the sample was analyzed 
by inductively coupled plasma optical emission 
spectroscopy (ICP-OES) using the SPECTRO 
apparatus (model SpectroCiros), which quantified 
the strontium concentration. The equipment 
operated at 1.4kW, with an argon flow rate of 12 L 
min-1, using an ultrasonic nebulizer with a concentric 
glass tube and a sample flow rate of 1.1 mL min-1. 
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2.2.5 Fourier transform infrared 
spectroscopy (FT-IR) 

The absorption spectra in the infrared region 
were obtained in an infrared absorption 
spectrophotometer (SHIMADZU, IR Prestige-21) 
using KBr as a dispersing agent. The tablets were 
prepared by mixing the sample with a sufficient 
mass KBr to achieve a concentration of 2wt.%. 
Following, the mixture was homogenized in a 
mortar, transferred to the pellet press die, and 
subjected to a pressure of 5 ton cm-2; forming a thin 
translucent pellet. The spectra were obtained in the 
4000-400 cm-1 region, using 4 cm-1 resolution and 20 
scans. 

2.2.6 Scanning electron microscopy with 
energy dispersive spectroscopy 
(SEM/EDS) 

The energy dispersive X-ray spectrum and 
scanning electron microscopy images of the sample 
were obtained using an energy dispersive 
spectrophotometer linked to the SHIMADZU 
Superscan SS-550 scanning electron microscope at 
15kV. The material for analysis was prepared by 
depositing a portion of the tape sample on carbon, 
followed by the deposition of a thin gold layer to 
improve the conduction of the sample. 

2.3 Model mixture of aviation kerosene (jet 
fuel) 

 N-dodecanoic carboxylic acid (C12H24O2) was 
selected as the model compound to represent 
naphthenic acids in petroleum based on studies by 
Silva (2007a) and Silva (2009b). This acid was used 
in adsorption tests due to its physical properties and 
similarity with acidic compounds that are frequently 
encountered in aviation fuel. Solutions of this acid 
were prepared by employing n-dodecane as solvent. 
The n-dodecane is a hydrocarbon that belongs to 
the family of alkanes and has the chemical formula 

C12H26, which is representative of jet fuel. 

2.4 Analysis of the concentration of 
naphthenic acids 

The concentration of naphthenic acid (n-
dodecanoic acid) was analyzed using a gas 
chromatograph (Ciolo & Gregory; GC MASTER), with 
a column FI-547 (25m x 0.25mm x 1μm) and an 
ionization detector (FID). The following conditions 
were used: isothermal oven temperature of 200°C; 
vaporizer temperature of 220°C; detector 
temperature of 240°C; hydrogen mobile phase at a 
flow rate of 1.7 mL min-1 and pressure of 3 psi; and 
an injected volume of 1µL. The Peak Simple II (SRI 
Instruments, USA) software was used for data 
acquisition. 

2.5 Assessment of working conditions 

To achieve greater efficiency in the adsorptive 
process, the experiments were conducted using a 23 
factorial design to observe the influence of the 
variables on the process and to determine the best 
working conditions. The assays were performed in 
random order, and the center point was determined 
in triplicate to ensure the reproducibility of the 
experimental data. In this work, it was evaluated the 
following variables: adsorbent mass (g), acid 
concentration (wt.%), and stirring speed (rpm). 

The efficiency of the adsorption process was 
quantified by the amount of solute adsorbed per 
unit mass of the adsorbent or the adsorptive 
capacity q (gacid g-1

adsorbent) obtained by Equation 1. 

ads

fo

e
M

VCC
q

)( 
  (1) 

Where Co = initial acid concentration in solution 
(mg/L), Cf = concentration of acid in solution at 
equilibrium (mg L-1), V = volume of solution (L) and 
Mads = adsorbent mass used (g). Table 1 shows the 
levels of the factors for the 23 factorial design. 

 

Table 1. Factor levels for the 23 factorial design with central point for tests with adsorbent Sr-MCM-41. 

Variables 
Levels 

-1 0 +1 

Adsorbent mass (g) 0.05 0.10 0.15 

Acid concentration (wt.%) 3 5 7 

Stirring speed (rpm) 220 320 420 
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The tests were performed in a finite batch system 
using a 50mL Erlenmeyer flask containing 5mL of the 
solution of naphthenic acid in the concentrations 
shown in Table 1, for a period of 480 minutes. The 
tests were conducted at laboratory ambient 
temperature (25°C ± 2°C) with the aid of a shaker 
(IKA, KS 130C). The analysis of the concentration of 
naphthenic acids was performed before the start of 
experiments and at the end of each test, after 
filtration of samples. Blank tests were performed by 
following the same procedure. 

The effects of the factors and the interactions 
among them, with their respective standard errors, 
were calculated according to Barros Neto et al. 
(2007), using the Statistica 6.0 software. 

 

3. RESULTS AND DISCUSSION 

3.1 Characterization of mesoporous 
molecular sieve Sr-MCM-41 

3.1.1 Thermal analysis (TG/DTG) 

The thermogravimetric analysis (TG) and 
differential thermogravimetry (DTG) curves are 
shown in Figure 1. 

The TG curve (Figure 1A) confirms that three 
mass-loss events occur for the adsorbent Sr-MCM-
41, with two being very well defined and one being 
less obvious. The first mass loss of 11.17% is 
attributed to the desorption of physically-adsorbed 
water. The second mass loss is on the order of 

2.39%, and it is ascribed to the decomposition of the 
surfactant occluding the pores of the adsorbent. 
After the decomposition of the surfactant, the third 
mass loss of 3.76% occurs, which results from the 
condensation on the silanol groups' inner pore 
surfaces interacting with the template's molecules. 
The DTG curve shows the temperatures at which the 
mass losses occur. These results are in agreement 
with those found by Araujo and Jaroniec (2000), 
Silva (2007a), Park et al. (2007), Zhang et al. (2011), 
and Ghorbani et al. (2013), who also found three 
mass losses. 

3.1.2 X-ray diffraction (XRD) 

Diffractograms of the prepared materials were 
obtained before and after calcination and are shown 
in Figure 2. 

The synthesized material shows an X-ray pattern 
similar to the one presented in the literature (Beck 
et al., 1992; Chien et al., 2005; Silva, 2007a; 
Saladino et al., 2011; Fu et al., 2011; Du & Yang, 
2012; Ghorbani et al., 2013) for mesoporous 
materials. The pattern shows the presence of plane 
(100), which is compatible with the standard MCM-
41; and of planes (110), (200), and (210), which are 
characteristic of a well-organized mesoporous 
material. The presence of these characteristic peaks 
indicates that the incorporation of strontium did not 
compromise the structural order. After calcination, 
there was an increase in peak intensities, suggesting 
a greater degree of organization in the sample and 
showing that the removal of the template did not 
affect the Sr-MCM-41 structure. 

 

Figure 1. TG (A) and DTG (B) curves to the adsorbent Sr-MCM-41. 
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 The crystallographic parameters derived via X-
ray diffraction for the adsorbent Sr-MCM-41 before 
and after calcination can be verified in Table 2.  

After calcinations, the adsorbent Sr-MCM-41 
increased the parameter a0 from 4.51nm to 4.64nm, 
which means that the removal of the CTMABr 
template promoted the expansion of the network 
and improving the spatial network structure. 

3.1.3 Textural characterization (N2 
adsorption/desorption using the 
BET and BJH methods) 

The isotherms for the adsorption/desorption of 
N2 from the Sr-MCM-41 adsorbent before and after 
calcination are shown in Figure 3.  

Figure 3 shows that the isotherms are of type IV, 
as classified by the International Union of Pure and 
Applied Chemistry (IUPAC), and are characteristic of 
mesoporous materials (IUPAC, 1982). Analyzing the 
two isotherms, it appears that the material adsorbs 
a greater volume of N2 after calcination, suggesting 
that this material has a larger surface area, average 
pore diameter, and pore volume, as shown in Table 
3. 

According to the data presented in Table 3, the 
adsorbent showed pore diameter values between 
20-500 Å, which correspond to mesoporous 

 

Figure 2. X-ray diffraction pattern obtained for the adsorbent Sr-MCM-41 before (A) and after calcination (B). 

 

 

Figure 3. Isotherm for N2 adsorption/desorption from the adsorbent Sr-MCM-41 before (A) and after calcination 
(B). Adsorption (•) and Desorption (◦). 

 

Table 2. Results of the X-ray diffraction for the 
adsorbent Sr-MCM-41. 

Properties 

Sr-MCM-41 

before  

calcinations 

Sr-MCM-41        

after 

calcinations 

2θ 2.26 2.20 

d (nm)* 3.91 4.02 

a0 (nm)** 4.51 4.64 

*d = average pore diameter of the material; **a0 = the 

sum of the average pore diameter (d) of the material. 
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materials, according to IUPAC (IUPAC, 1982), 
thereby confirming the observations in Figure 3.The 
increases in the surface area, diameter, volume, and 
area of the pores following calcination indicate that 
the calcination process was effective. These results 
are in agreement with the literature for MCM-41 
(Beck et al., 1992; Chien et al., 2005; Silva, 2007a; 
Cai et al., 2011; Fu et al., 2011; Li et al., 2011; 
Saladino et al., 2011; Bing et al., 2012; Du & Yang, 
2012; Jiang et al., 2012a-b; Ghorbani et al., 2013).  

3.1.4 Chemical analysis 

 An ICP-OES analysis of the solution obtained 
after acid digestion of the adsorbent found that the 
strontium content was 1.71%, corresponding to 77% 
of the theoretical value calculated for the 
preparation of the adsorbent Sr-MCM-41. This 
result indicates the presence of the alkaline earth 
metal strontium into the adsorbent material. 

3.1.5 Fourier transform infrared 
spectroscopy (FT-IR) 

The Fourier-transformed infrared spectra of the 
adsorbent, before and after calcination, are shown 
in Figure 4.  

The infrared absorption spectra of Sr-MCM-41 
samples, before and after calcination, have bands in 
the 400-4000cm-1 region, with peaks corresponding 
to fundamental vibration characteristics of the 
network of MCM-41. These results are in agreement 
with the literature (Silva, 2009a). 

In the 1000-1250cm-1 region, there is a band 
related to the asymmetrical stretching of the Si-O-Si 
bonds. This band is composed of two bands, one at 
1030cm-1 and the other at 1233cm-1, and becomes 
less resolved when the material is calcined. The 
band at about 800cm-1 refers to the symmetrical 

Table 3. Textural characterization of the adsorbent using the BET and BJH methods. 

Characteristics 
Sr-MCM-41 

before calcination 
Sr-MCM-41  

after calcinations 

BET surface area [m2.g-1] 462.3 760.9 

Total pore volume at P/P0 0.98 [cm3g-1] 0.38 0.73 

Average pore volume [cm3(STP*)g-1] 106.2 174.8 

BJH pore volume [cm3g-1] 0.35 0.64 

BET average pore diameter (Å) 32.7 38.4 

BJH average pore diameter (Å) 33.2 37.6 

* STP – Standard Temperature and Pressure 

 

4000 3500 3000 2500 2000 1500 1000 500
0

10

20

30

40

50

60

70

80

90

100

A - Before calcination

B - After calcination

Wavenumber (cm
-1
)

T
ra

n
s
m

it
ta

n
c
e

0

20

40

60

80

100

Y
2

 A
x
is

 T
itle

 

Figure 4. FT-IR spectra of the adsorbent Sr-MCM-41 before (A) and after calcination (B). 
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stretching of the Si-O-Si network. The deformation 
mode of vibration of the O-Si-O bonds is observed 
at 450cm-1. The spectrum also shows a band of low 
intensity at 987cm-1 that is ascribed to the stretching 
of Si-OH and Si-OM (M = metal) bonds.  

The presence of the template can be confirmed 
by the bands in the 2820-2950cm-1 region and is 
related to C-H stretching. These bands, which are 
related to the directing agent, disappeared after 
calcination, indicating that the calcination process 

was effective in removing this compound. These 
results corroborate those found through the 
thermogravimetric analysis, whereby there was 
mass loss due to the removal of the structure 
directing agent. 

The FT-IR spectrum also shows a broad 
absorption band at 3400cm-1 corresponding to the 
stretching of the OH bond of water. These results 
are in agreement with those reported by 
Silva(2007a), Cai et al. (2011), Akondi et al. (2012), 
Du & Yang (2012), Subhan et al. (2012), and 
Ghorbani et al. (2013). 

3.1.6 Scanning electron microscopy with 
energy dispersive spectroscopy 
(SEM/EDS) 

The scanning electron micrograph of 
mesoporous molecular sieve Sr-MCM-41 calcined at 
500°C is shown in Figure 5. 

Figure 5 shows the formation of tubular grains at 
the surface of the calcined adsorbent. This result is 
in agreement with the literature (Chien et al., 2005; 
Jiang et al., 2012a-b). 

The energy dispersive X-ray spectrum of 
adsorbent Sr-MCM-41 is indicated in Figure 6. 

 

Figure 5. 8000x micrograph of the Sr-MCM-
41calcined adsorbent. 

 

 

Figure 6. EDS spectra of the adsorbent Sr-MCM-41. 
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The presence of strontium in the adsorbent Sr-
MCM-41 was observed because the EDS spectrum 
showed peaks that are characteristic of this metal. 
Peaks, due to silicon, presented the greatest 
intensity, followed by those of oxygen, which are 
constituents of the mesoporous material. Peaks 
related to the presence of gold and carbon were 
observed due to the metallization process by which 
the sample passed.  

3.2 Assessment of working conditions 

The results obtained in the study of working 
conditions using 23 factorial design shown that the 
adsorbent Sr-MCM-41 is capable to remove 
naphthenic acids present in jet fuel, as it can be 
verified in Table 4.  

Table 4 shows that the largest amount of 

naphthenic acid adsorbed per mass of adsorbent 
was 0.94 g g-1 (Test 7) and it was obtained when the 
mass of the adsorbent used was 0.05g, the solution 
of naphthenic acid had a concentration of 7wt.%, 
and the stirring speed was 420rpm. Because the 
interaction effects were not significant, it was not 
possible to construct the response surfaces at the 
confidence levels studied. 

The effects of the factors, the interactions among 
them and their respective standard errors, 
expressed as %, were calculated according to Barros 
Neto et al. (2007) and are shown in Table 5. 

Only the mass and stirring speed main effects 
were statistically significant at the confidence levels 
studied. These results can be better visualized 
through the Pareto chart obtained with the aid of 
the Statistica 6.0 software (Figure 7). 

Table 4. Matrix of 23 factorial design. 

Assays 
Mass  

(g) 

Concentration 

(wt.%) 

Stirring speed (rpm) q  

(g g-1) 

1 -1 (0.05) -1 (3) -1 (220) 0.30 

2 +1 (0.15) -1 (3) -1 (220) 0.22 

3 -1 (0.05) +1 (7) -1 (220) 0.07 

4 +1 (0.15) +1 (7) -1 (220) 0.05 

5 -1 (0.05) -1 (3) +1 (420) 0.60 

6 +1 (0.15) -1 (3) +1 (420) 0.27 

7 -1 (0.05) +1 (7) +1 (420) 0.94 

8 +1 (0.15) +1 (7) +1 (420) 0.38 

9 0 (0.10) 0 (5) 0 (320) 0.46 

10 0 (0.10) 0 (5) 0 (320) 0.42 

11 0 (0.10) 0 (5) 0 (320) 0.59 

 

Table 5. Main effects and interactions calculated for the 23 factorial design, with their respective standard errors, 
expressed as %. The effects that were considered statistically significant at 95% confidence level are shown in 

bold. 

Effects Results 

Average 0.37 ± 0.03 

Main effects:  

M - Mass -0.28 ± 0.06 

C - Concentration -0.02 ± 0.06 

SS - Stirring speed 0.35 ± 0.06 

Two-factor interaction:  

M*C -0.006 ± 0.06 

M*SS -0.16 ± 0.06 

C*SS 0.25 ± 0.06 

Three-factor interaction:  

M*C*SS -0.11 ± 0.06 
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 As observed from Figure 7, the main effect of 
stirring speed was the most significant. Increasing 
the speed from 220 rpm to 420 rpm resulted in an 
average increase in the adsorption capacity of 
70.9%, where an increase in adsorbent mass from 
0.05 g to 0.15 g resulted in an average decrease in 
the adsorption capacity of 51.8%. 

For comparative purposes, Table 6 presents the 
result for removal of naphthenic acids obtained in 
this study and other results found in literature. It is 
important to note that the adsorption capacity of 
this work is not the maximum adsorption capacity. 

4. CONCLUSIONS 

The method of synthesis used to obtain 
adsorbent Sr-MCM-41 was efficient because, 
according to the results of the BET analysis, it shows 
a type IV equilibrium adsorption isotherm, which is 
favorable for naphthenic acid removal. 

The adsorbent Sr-MCM-41 showed good 
morphological and structural organization 
according to XRD and BET analyses. The calcination 
process employed in the synthesis of adsorbent led 
to the complete removal of CTMABr template, as 
indicated by the FT-IR and TG analyses. 

 

Figure 7. Pareto chart of effects calculated for the 23 factorial design. Pure error = 0.008. 

Table 6. Comparison of adsorption capacity obtained in the factorial design study for the adsorbent with the highest 
capacity adsorbent available in the literature. 

Adsorbent q (gacid g-1
adsorbent) Reference 

Sr-MCM-41 0.94 THIS WORK 

Commercial clay 0.019 to 0.025 Silva et al. (2013) 

Modified perovskite 0.68 Silva (2009b) 

Activated carbon 0.10 to 0.16 Mohmed et al. (2008) 

Polymeric materials 0.02 to 0.03 Mohmed et al. (2008) 

MCM-41 0.62 Silva (2007a) 

Mg-MCM-41 1.48 Silva (2007a) 

Clay 0.006 Silva (2007b) 

Activated alumina 0.007 Silva (2007b) 

Ion exchange resins 0.069 Silva (2007b) 
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The technique of factorial design allowed us to 
observe the influences of variables on the 
adsorptive process. The largest amount of 
naphthenic acid adsorbed per mass of adsorbent 
was 0.94 g g-1, which was obtained when adsorbent 
amount was 0.05 g, the acid concentration was 
7wt.%, and the stirring speed was 420 rpm. 

From the experimental results, one can conclude 
that the Sr-MCM-41 molecular sieve adsorbent 
presents technical potential for removing 
naphthenic acid from a model mixture of aviation 
fuel. 
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