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Abstract
There is global concern about acid rain and other pollution which is caused by the consumption of oil. By decreasing sulfur
content in the oil, we can reduce unwanted emissions and acid rain. Shale was used which is a solid waste generated in the
pyrolysis of shale, impregnated with Zn as an adsorbent which removes sulfur present in fuels from the hexane/toluene model
solution. An influence of the agitation time (60–180min), temperature (25–35 °C), adsorbent mass (0.1–0.25 g), and initial sulfur
concentration (100–250 ppm) factorial 24 with three central points totaling 19 experiments was applied to investigate the effect of
the variables on the efficiency of sulfur removal in fuels. The values of the parameters tested for maximum sulfur removal were
obtained as follows: contact time = 180 min, temperature = 35 °C, adsorbent mass = 0.25 g, and initial sulfur concentration =
100 ppm. The mathematical model proposed with R2 99.97% satisfied the experimental data. This may provide a theoretical basis
for new research and alternative uses for tailings of schist industrialization in order to evaluate its potential.
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Introduction

Environmental pollution caused by inorganic and organic con-
taminants has steadily increased in parallel with world popu-
lation, industrialization, and urbanization, especially in devel-
oping countries (Ahmad et al. 2011). There are several cate-
gories of air pollutants that are currently regulated by federal
and state governments or are of concern to the environment or

public health. These include sulfur oxides (SOx), nitrogen
oxides (NOx), lead (Pb), carbon monoxide (CO), ozone, and
particulate matter (PM) (Iberahim et al. 2017).

Due to these concerns, environmental regulations focus
attention on the reduction of emissions from the transport
sector with the aim of improving air quality. There has been
an increase in the environmental requirements related to emis-
sions of sulfur oxides (SOx), which are formed by the com-
bustion of sulfur components present in fuels (Song 2003; Li
et al. 2013; Nejad and Beigi 2015). Removal of sulfur from
fuels has gained importance since global governments are
determined to reduce sulfur in diesel and gasoline by 15 and
30 ppm from the levels at the end of the twentieth century at
around 430 and 130 ppm respectively (Oyama et al. 2009).

In the USA, the legal limit of sulfur content of most fuels
was reduced from 500 to 15 ppm in 2006. In Europe, the limits
of gasoline and diesel fuels were reduced to 10 ppm in 2010.
Following this trend, Japan reduced the limit from 500 to
50 ppm in 2004 and then to 10 ppm in 2007 (USEPA 2000;
Stanislaus et al. 2010; Baeza et al. 2012). In 2009, the legal
limit in Brazil was made to be 30 to 50 ppm (ANP 2016).
Therefore, the desulfurization of transport fuels has become an
important issue throughout the world.
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Many of the control and treatment technologies have been
developed to monitor and eliminate the emission of toxic gas-
es and to eliminate their risks to humans and the environment
(Ibrahim et al. 2016). The restrictive scenario is justified by
the fact that such gases (SOx) cause environmental impacts,
such as acid rain, characterized by the precipitation of sulfuric
acid together with rain (Zhang et al. 2017; Bhatia and Sharma
2012). This causes several problems for humans which range
from diseases such as bronchitis, asthma, rhinitis, and cardio-
vascular diseases among others. It also causes genetic muta-
tions and alterations in plants. In addition to causing genetic
mutations and changes in plants and deforestation of forests, it
causes acidification of soil and water causing mortality and
imbalance of plant and animal species (Topsøe 2003; Ma et al.
2007).

Other industrial factors also justify the need for the pro-
cesses of desulfurization of fuels. Among these are the reduc-
tion or even elimination of corrosion during the refining pro-
cess, the production of inputs with an acceptable level of
odor, the increase of performance and fuel stability, and poi-
soning of catalysts used both in exhaust gas treatment vehi-
cles and in oil refining processes in the production of the fuel
itself, as well as the lower emission of SOx gases (James
2000; He et al. 2016).

Sulfur is present in fuels in the form of elemental sulfur,
mercaptans, sulfides, thiophene, benzothiophene,
dibenzothiophene, and their alkyl derivatives. Thus, many
projects were carried out to concentrate on the desulfurization
of thiophene (Zhang et al. 2012; Yu et al. 2015a; Shimoyama
and Baba 2016).

Some of the desulfurization techniques reported include the
following: extractive desulfurization (EDS) (Dharaskar et al.
2014), oxidative desulfurization (ODS) (Lü et al. 2014),
hydrodesulfurization (HDS) (Brunet et al. 2005; Duarte et al.
2011) and adsorption (ADS) (Wu et al. 2014). Some of these
techniques have limitations. For example, the extractores used
in ODS and EDS processes are generally flammable and con-
tains volatile organic compounds which are also known for
having high toxicity, being expensive, being ineffective, and
having serious consequences to the environment (Gao et al.
2010; Gui et al. 2010).

During oxidative desulfurization procedure, the refractory
sulfur compounds can be transformed into water-soluble
products, i.e., thiophene and its lower polarity compounds
can be converted to the corresponding sulfoxides/sulfones
with higher polarity by strong oxidants, then the sulfones
can easily be absorbed or extracted by polar solvents to attain
high desulfurization efficiency. ODS is a complementary or
alternative technology to HDS (Wei et al. 2016; Wei et al.
2017).

The hydrodesulfurization process is currently used in the
petrochemical industry to reduce the content of undesirable
sulfur compounds in hydrocarbon fractions. However, the

HDS is inefficient for the removal of certain types of sulfur
compounds, such as thiophene and its derivatives (Oliveira
et al. 2009; Dharaskar et al. 2014).

Thus, adsorption technology appears as an alternative route
of desulfurization of fuel as a more ecological method. In
order to meet increasingly stringent environmental require-
ments, special attention has been given to the use of adsorp-
tion for the removal of sulfur compounds, which may com-
plement or, in some cases, replace the already existing
hydrotreatment processes (Ma et al. 2005; Xiao et al. 2013;
Aslam et al. 2017). ADS occurs when the sulfur molecules
join the adsorbent and remain there separated from the fuel
(Srivastav and Srivastava 2009).

Many studies have focused onADS because of its low cost,
high desulphurization efficiency, loss of low octane numbers,
and goodmarket outlook (Wang et al. 2009b; Komarneni et al.
2010). Adsorption is considered a promising technique be-
cause it is a simple process, proceeding to operation under
ambient temperature and pressure conditions without the need
for expensive reagents and catalysts. However, suitable adsor-
bents are essential for an efficient adsorption process (Tian
et al. 2014; Wang et al. 2017).

In addition to some basic characteristics, including high
specific area, large pore volume, and suitable pore diameter,
to ensure high sulfur adsorption capacity, it is believed that the
interaction between sulfur compounds and the adsorbent is the
essential factor for high selectivity of desulphurization (Tian
et al. 2015).

The specific adsorbents containing transition metals (Ni,
Zn, Ag, Ce, and Cu) are known to capture sulfur compounds
by complexing adsorbate molecules with free electrons in π
orbitals (Velu et al. 2005; Cavalcanti et al. 2015).

Different types of adsorbents, including zeolite (Bhandari
et al. 2006; Wang et al. 2009a; Shi et al. 2013), mesoporous
silica (Kwon et al. 2008; Li et al. 2012; Teymouri et al. 2013),
activated charcoal (Wang and Yang 2007; Yu et al. 2015b;
Chen et al. 2016), and metallic and organic structures
(Blanco-Brieva et al. 2011; Peralta et al. 2012; Tian et al.
2015) were used for the removal of sulfur compounds from
model solutions or fuels.

The Brazilian Shale Industrialization Business Unit (UN-
SIX) belongs to Petrobras Company and is located in São
Mateus do Sul (PR). This unit is under the largest Brazilian
shale reserves, Irati Formation, where 7800 t of shale are ex-
tracted daily, leading to the generation of solid waste called
XR, which accounts for 80–90% of the raw material in the
process of shale oil production (Pimentel et al. 2010). There is
work on the use of retorted shale as adsorbent of heavy metal
in wastewater. Due to its chemical composition constituted
mostly by acid, and basic and amphoteric oxides, it assures
on the surface of the grains the presence of active groups that
can act in the removal of inorganic and organic components
(Pimentel et al. 2008).

Environ Sci Pollut Res



In this context, the retorted shale was impregnated with Zn
and the possibility of using it as an adsorbent to explore its
sulfur removal efficiency in fuel was evaluated; a complete
factorial design was also performed 24 to examine the main
effects and the interactions between contact time, temperature,
adsorbent mass, and initial sulfur concentration.

Materials and methods

Impregnation and characterization of the adsorbent

In the experiments performed, the retorted shale (0.047–
0.077 mm) of SBET specific surface area (65 m

2 g−1), and pore
diameter in mesopore range (20 to 500 Å), (Pimentel et al.
2010) was obtained from the Shale Industrialization Business
Unit (UN-SIX), located in São Mateus do Sul (PR). For the
impregnation of the metal to the shale, zinc nitrate [Zn
(NO3)2] (Alfa Aesar, 99%) was used. Approximately 15 g of
retorted shale was added in Erlenmeyer flask (250 mL) con-
taining 100 mL of aqueous solutions containing 0.1 M Zn
(NO3)2, held under constant stirring at 100 rpm shaker for
about 12 h at room temperature. After this time, the sample
was filtered using qualitative filter paper and washed with
distilled water, then dried at 100 °C for 5 h to evaporate the
water and obtain the adsorbent material.

The parameters of the immediate analysis were performed
in triplicate: moisture content, ash content, volatile matter, and
fixed carbon were determined according to the norms ASTM
D-3173 (ASTM2017), ASTMD-3174 (ASTM2012), ASTM
D-3175 (ASTM 2017) e ASTM D-3172 (ASTM 2013), re-
spectively. The elemental chemical composition of Zn-
impregnated shale samples was determined by X-ray fluores-
cence on Philips PM 2400 equipment. Thermal stability was
performed on a Shimadzu, DTGA 60, thermocouple in the
range of temperature between 25 and 900 °C, heating rate of
5 °C min−1, and in air atmosphere to obtain the thermogravi-
metric curve. The morphology was observed through micro-
graphs obtained on a scanning electron microscope Shimadzu
SSX-550.

Model fuel preparation

The adsorbate chosen to represent the class of sulfur com-
pounds was thiophene P.A. (Sigma-Aldrich, 99%), present
in most gasolines, even after the HDS processes. The solvents
used in the adsorption tests were n-hexane P.A. (VETEC,
99%), representative of the alkane hydrocarbons present in
the carrier fuel, and toluene P.A. (VETEC, 99%), which rep-
resents the aromatic hydrocarbons. The initial model fuel was
prepared by adding different volumes of thiophene (T)
(1000 mg L−1) (2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5; 25,
27.5, 30 mL) in volumetric flasks (100 mL). Then 85% of

hexane and 15% of toluene were added to the volumetric
flasks resulting in 100 mL of thiophene solution having dif-
ferent concentrations (25, 50, 75, 100, 150, 175, 200, 200,
225, 250, 275, 300, 300 L−1).

Adsorption study

Under similar and initial adsorption test conditions, the
retorted shale Zn/X showed a 20% increase in thiophene ad-
sorption efficiency in model fuel as compared to retorted shale
without Zn. Therefore, Zn/X was used in the development of
the adsorption study. Approximately 0.1 g of adsorbent was
added in Erlenmeyer with 10 mL of hexane/toluene (85/15)
and 250 ppm of S, kept in contact shaking for 300 min at
25 °C, to observe the effect of the adsorption at room temper-
ature avoiding additional operational costs. After this time, the
solvent was separated from the shale by filtration; a 2-mL
aliquot was reserved for analysis of the sulfur content. The
sulfur concentration of 250 ppm was chosen to be higher than
permitted.

The sulfur removal of the model fuel was determined from
Eq. (1), and the adsorbed amount of sulfur by the adsorbent
Zn/X is given by Eq. (2):

%remotion ¼ Co−C f
� �

Co
*100% ð1Þ

q ¼ Co−C f
� �

m
*V ð2Þ

in which q is the amount of sulfur adhering to the adsorbent
(mg L−1), C0 is the initial sulfur concentration which has been
brought into contact with the adsorbent (mg L−1), Cf is the
concentration of sulfur (mg L−1) in the solution after adsorp-
tion, m is the mass of adsorbent (g), and V is the volume of
model fuel placed in contact with the adsorbent (L). The con-
centrations of sulfur in the solutions before and after the ad-
sorption were analyzed using near-infrared spectrophotometer
(NIR), using the NIR model ARCspectro UV-VIS-NIR in
diffuse reflectance mode with Fourier transform.

Kinetic and equilibrium models

For better understanding of adsorption process, pseudo first
(Eq. (3)) and second-order (Eq. (4)) along with intraparticle
diffusion (Eq. (5)) models were applied to describe the thio-
phene adsorption kinetics over retorted shale (Subhan et al.
2012).

ln qe−qtð Þ ¼ lnqe−k1t ð3Þ
t
qt

¼ 1

k2 qeð Þ2 þ
t
qe

ð4Þ

qt ¼ ki
ffiffi
t

p þ C ð5Þ
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in which k1 is the kinetic constant for the pseudo first-order
model (min−1), qe is the quantity adsorbed at equilibrium
(mg g−1), t is the contact time (min), qt is the quantity
adsorbed at time t (mg g−1), k2 is the kinetic constant for
the pseudo second-model (g mg−1 min−1), ki is the
intraparticle diffusion coefficient (mg g−1 min-1/2), and C
(mg g−1) is related to the thickness of the fluid film sur-
rounding the solid surface.

To evaluate the equilibrium isotherm, the experimental data
were fitted by Langmuir (Eq. (6)) and Freundlich (Eq. (7))
models (Subhan et al. 2014).

Ce

qe
¼ 1

KLqmax
þ Ce

qmax
ð6Þ

logqe ¼ logKF þ 1

n
logCe ð7Þ

In which Ce (ppm) is the concentration of the adsorbent in
the solution, qe (mg g−1) is the amount of sulfur adsorbed per
gram of adsorbent; qmax (mg g−1) is the maximum adsorption
in monolayer and KL is the Langmuir constant (L mg−1),KF is
the equilibrium constant of the surface adsorption in (mg g−1),
and n refers to the interaction between the sites of exchange in
the adsorbent and sulfur. A high value for n > 1 indicates fa-
vorable adsorption.

Factorial design analysis

In this study, we used the full factorial method to evaluate
the main effects of experimental factors: contact time (60–
180 min), temperature (25–35 °C), adsorbent mass (0.1–
0.25 g), initial sulfur concentration (100–250 ppm), and
the effects of interactions between these factors. The full
factorial planning mechanism involves corrections in all
possible combinations with the lower and upper level of
each factor. In particular, we used four independent factors,
namely time (A), temperature (B), adsorbent mass, (C) and
sulfur concentration (D), while sulfur removal efficiency
(% removal) was taken as a response. The large factorial
design method included 24 and 3 replicates at the central
point totaling 19 experiments, in order to explore the effect
of the main factors and their interactions. The experiments
were performed randomly with different levels of all likely
combinations of factors. The high (+1) and low (−1) levels
of the factors are selected based on preliminary tests and
previous results presented in the relevant studies. These
values are listed in Table 1. The results of the experimental
design were analyzed using the STATISTICA 7.0 Software
to investigate the effects, as well as parameters and statis-
tical plans. The interactions between independent variables
were analyzed with analysis of variance (ANOVA) and the
main effects of the adsorption were identified based on the
P value with 95% confidence level.

Results and discussion

Characterization of the adsorbent

The results obtained in the immediate analysis indicate that the
schist shale has high ash content and low moisture and carbon
content. The moisture content was 2.29%. The fixed carbon
content, which is the fuel residue left after release of the vol-
atile material from the oil shale ash sample, showed 1.33%. It
may be primarily composed of carbon, although it may con-
tain other elements not released during volatilization.

The ash content showed a high percentage of inorganic
material, about 75%, which encompasses all minerals and is
basically composed of oxides such as alumina, calcium oxide,
silicon dioxide, etc. The volatile material content, approxi-
mately 21.38, portion separates into gaseous form, is com-
posed of hydrocarbons optionally present in the solid structure
and other gases, such as carbon monoxide.

The chemical analysis of Zn/X samples by X-ray fluores-
cence showed that it comprises a greater amount of Fe, Si, and
Al, 33.9, 27.3, and 8.6% respectively, but also in the presence
of various inorganic compounds in minor amounts, such as
calcium, potassium, sulfur, titanium, magnesium, and stron-
tium, among others, 4.6, 4.1, 2.3, and 4.9% respectively. The
loss to fire was 14.3% of the composition of the Zn/X sample.
According to the data, there is presence of Zn in the shale
samples impregnated with the metal salt which was identified.

Figure 1 depicts the TG/DTG curves of Zn/X. They can be
divided into three mass loss events, from 25 to 240, 240 to
550, and 550 to 900 °C. The first region with temperature up
to 240 °C and mass loss of approximately 3% is relative to the
removal of water present on the outer and inner surfaces of the
clay minerals. The organic residues still present and the pyrite
were decomposed in the second region, where it presented the
largest mass loss of approximately 21% at the temperature of
550 °C. The loss of mass in the region above 550 °C is attrib-
uted to the decomposition of carbonate minerals.

The loss of total mass of Zn/X to 900 °C was 22.79%,
indicating that the metal-impregnated shale showed a large
amount of ash. This confirms the immediate analysis that re-
vealed the value of 75% of inorganic material. This conclusion

Table 1 The value of the high (+1) and low (−1) factors of the full
factorial planning 24

Factor Symbol Levels

−1 0 1

Contact time (min) A 60 120 180

Temperature (°C) B 25 30 35

Adsorbent mass (m) C 0.1 0.175 0.25

Sulfur concentration (ppm) D 100 175 250
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was due to the large amount of material for thiophene to act as
an n-type donor by donating the solitary electron pair of the
sulfur atom to the Zn/X (direct S-adsorbent or direct S-metal
(σ) bond) or as a donor type of π using the electrons displaced
from the aromatic ring to form a π complex with the adsorbent
(Tang and Shi 2011).

Figure 2 shows the micrograph of the Zn-impregnated
shale. The porous character of the material and particles with
lamellar plate characteristic of clay minerals can be observed.

Adsorption kinetics

Kinetic adsorption studies provide valuable information about
the mechanism of the adsorption process. The adsorption exper-
iments were carried out at the concentrations of 250 ppm of S in
contact with 0.1 g of adsorbent at the intervals of 5–300min. The
sulfur adsorption time variation was attributed in Fig. 3a in order
to probe the sulfur adsorption kinetics in Zn/X.

The quantitative validation requires that the correlation co-
efficients be compared and can be verified by the linear graphs
of each equation referring to the respective kinetic model.
Considering the adsorption mechanism, in the present study,
the kinetic models frequently used, namely pseudo first-order,
pseudo second-order, and intraparticle diffusion models, were
tested to investigate sulfur adsorption on Zn-impregnated
shale as can be seen in Fig. 3b, c, d, respectively.

The adsorption in the model fuel increases with the time of
contact and reaches saturation around 3 h in the three adsor-
bents; therefore, this was a fixed time limit for the adsorption
of sulfur (Fig. 3a).

Correspondingly, the calculated values of the kinetic model
are summarized in Table 2. The quantitative evaluation of the
pseudo first-order and pseudo second-order models were per-
formed by comparing the values of correlation coefficients
(R2). As shown in Fig. 3b, c and Table 2, both models gener-
ally provide a good fit quality; however, the pseudo second-
order model has the value of R2 = 0.9942 describing the ex-
perimental results better when compared to the pseudo first-
order kinetic model with R2 = 0.9468. Indicating that the sul-
fur-Zn/X system must be involved in an activated adsorption
mechanism or chemisorption (Ho and McKay 1998).

Therefore, the adsorption of sulfur in Zn/X presented a
higher correlation coefficient with the pseudo second-order
kinetic model. And this model suggests that two reactions are
occurring, in series or in parallel, being faster, causing the
equilibrium to be reached quickly, and a slower one, which
can continue for a long period of time (Behnamfard and
Salarirad 2009). Aslam et al. (2017) and Danmaliki and
Saleh (2017) reported that the pseudo second-order kinetics
was the reaction rate that best described the adsorption of thio-
phene in the studied adsorbents. Nuntang et al. (2008) reported
that the adsorption of thiophene on NaY or HUSY zeolites

Fig. 1 Thermogravimetric curve of Zn/X samples

Fig. 2 Micrography × 2000
magnified Zn/X
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strongly depends on the electron densities in sulfur atom and
thiophene aromatic ring due to the different interaction mech-
anisms between the sulfur-containing compositions and the
adsorbent (direct S-M and π complexation).

As the pseudo second-order model is not able to identify
the diffusion mechanism, the intraparticle diffusion model,
based on the theory proposed by Weber and Morris (1963),
was used. According to the authors, when intraparticle

diffusion is the dominant mechanism in the adsorption pro-
cess, the plot of adsorbed quantity (qt) versus t

1/2 should result
in a straight line (Behnamfard and Salarirad 2009). Figure 3d
represents qt versus t

1/2 for adsorption of sulfur in Zn/X. In this
figure, the graph is not linear throughout the process, implying
that more than one step is controlling the adsorption process
and suggesting that the intraparticle diffusion mechanism is
not dominant throughout the process.

Fig. 3 Kinetic adsorption model. a Experimental points, b pseudo first order, (c) pseudo second order and (d) intraparticle diffusion

Table 2 Kinetic and isotherms parameters for sulfur removal using Zn/X as adsorbent

Pseudo first order Pseudo second order Intraparticle diffusion

qe,calc (mg/g) k1 (min−1) R2 qe,calc (mg/g) k2 (g/mg min) R2 ki,3 (mg/g min1/2) C3 (mg/g) R2

17.191 − 0.0117 0.9468 0.4421 0.0767 0.9942 0.7302 4.5618 0.7063

Langmuir Freundlich

qmax (mg g−1) KL (dm
3 mg−1) R2 1/n KF (mg g−1) (L mg−1)1/n R2

19.652 0.014 0.9689 0.565 0.783 0.9818

Environ Sci Pollut Res



The experimental data concerning the study of sulfur ad-
sorption in Zn/X presented in Table 2 confirm that they did not
fit the intraparticle diffusion model with low correlation coef-
ficient (R2 = 0.7063). The value of C (4.5618) other than 0
indicated that the lines qt versus t

1/2 do not pass through the
origin. Therefore, the intraparticle diffusion mechanism is not
the speed-determining step and in the process of mass transfer
other mechanisms must simultaneously act in the control of
the adsorption process (Weber and Morris 1963).

Adsorption isotherms

An adsorption isotherm describes the relationship between the
amount of adsorbate adsorbed by the adsorbent and the con-
centration of adsorbate remaining in the solution. There are
several equations for analyzing experimental equilibrium ad-
sorption data. In this work, the models of Langmuir and
Freundlich were tested.

The Langmuir model assumes that the surface of the adsor-
bent has identical energetic sites and that each adsorbate mol-
ecule occupies a single site. This consequently provides for
the formation of a monolayer of adsorbate coverage on the
surface of the adsorbent. On the other hand, the Freundlich
model describes a heterogeneous reversible adsorption, since
it does not restrict to a monolayer of adsorbent cover (McKay
1996).

Figure 4 represents the sulfur adsorption isotherm at Zn/X,
where the values obtained experimentally and the curves
reached from the values estimated by the Langmuir and
Freundlich models are presented.

Figure 4 shows the amount of sulfur adsorbed on the Zn/X
surface and its concentration in the equilibrium model solu-
tion. This relationship showed that the adsorption capacity
increases with the sulfur concentration in the model solution,
progressively reaching saturation at high concentrations.

Analysis of the results based on the R2 value for the two
isotherms equations shows that the data is relatively close in
both models. However, the Freundlich model was the one that
best fits the studied adsorbent (Zn/X). This model presented a
higher value of correlation coefficient (R2), which means that
the adjustment to the isotherm model was closer to that mea-
sured experimentally.

This behavior was the inverse presented by Subhan et al.
(2014) who reported that adsorption isotherms showed a high
regression coefficient and indication to the Langmuir model is
somewhat more adequate to the Freundlich model to describe
the adsorption equilibrium of the data using the Cu-KIT-6
adsorbent.

From the Langmuir isotherm adjustment, the maximum
adsorption amount of Zn/X and the adsorption constant were
calculated as 19.652 mg g−1 and 0.014 dm3 mg−1, with a
correlation coefficient of 0.9689. This value indicates that this
is a satisfactory adsorbent for sulfur removal in a hexane/
toluene solution.

It can be seen that the Freundlich isotherm parameters of
KF and 1/n for sulfur adsorption of 0.773 and 0.565
(Table 2), respectively, determine a favorable adsorption
process for the adsorbent studied, since 1/n presented a
value less than 1.

Development of the regression model equation
for sulfur removal

The optimization of experimental variables in the sulfur ad-
sorption of the model fuel was performed using a complete
factorial design 24 of two levels and three repetitions in the
central point. The four variables considered as factors were the
agitation time (A, min), temperature (B, °C), adsorbent mass
(C, g), and sulfur concentration (D, ppm). The experimental
matrix of the four factors on the response variable percent
sulfur removal is presented in Table 3 for the Zn/X adsorbent.
The randomness of the tests allows the balancing of the mea-
surements and avoids possible confusion in the evaluation of
the results.

This factorial project resulted in 19 tests with the possible
combinations of A, B, C, and D. The coded mathematical
model can be given as in Eq. (8):

Y i ¼ a0 þ a1X 1i þ a2X 2i þ a3X 3i þ a4X 4i þ a12X 1iX 2i

þ a13X 1iX 3i þ a14X 1iX 4i þ a23X 2iX 3i þ a24X 2iX 4i

þ a34X 3iX 4i þ a123X 1iX 2iX 3i þ a124X 1iX 2iX 4i

þ a134X 1iX 3iX 4i þ a234X 2iX 3iX 4i ð8Þ

The main and interaction coefficients were calculated
by the following relation (Eqs. (9), (10), (11)) (SAHOO
et al. 2001):

Fig. 4 Sulfur adsorption isotherms and non-linear Freundlich and
Langmuir Zn/X adjustments
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a0 ¼ ∑
Y i

N
ð9Þ

aj ¼ ∑
X jiY i

N
ð10Þ

bnj ¼ ∑
X niX ji
� �

Y i

N
ð11Þ

Yi is the response (% sulfur removal) and values of Xji (j =
1, 2, 3; i = 1, 2, 3 ... 19) represent the corresponding parame-
ters in their codified forms (Table 4); a0 is the value of the
average of the results obtained for the percent of sulfur remov-
al; a1, a2, a3, and a4 are the linear coefficients (independent
parameters); a12, a13, a23, a24, a34, a123, a124, a134, and a234 are
the interaction coefficients andN is the number of total assays.
The coefficients a12, a13, a23, a24, and a34 show the interaction
effects of two variables at a time and a123, a124, a134, and a234
show the interaction effects of three variables taken at a time.

In order to identify effective factors and interactions, a
complete factorial planning 24 (Regti et al. 2017) is used.
All experiments were performed in random order to evaluate
the pure error method with three interactions and a signifi-
cance level of 5% (α) to minimize the effect of possible un-
controlled variable (s). The regression coefficients of the in-
dependent variables having a response to percent sulfur re-
moval using Zn/X are shown in Table 4.

Analyzing Table 4, three main factors were considered sta-
tistically significant: the adsorbent × adsorption contact time,

the adsorbent mass, and the initial sulfur concentration. And
three interactions, time × mass, temperature × mass and time ×
temperature × concentration, were considered statistically sig-
nificant. Only the acquisition of this information justifies the
use of statistical planning of experiments on the conventional
univariate optimization procedure. This information would
never have been obtained in a univariate optimization of the
adsorption process.

The values of these coefficients were incorporated in Eq.
(12), which assumes the following form:

Y predicted ¼ 54:146þ 1:933Aþ 0:036B

þ 5:759C−3:551Dþ 0:464AB−1:450AC

þ 0:838ADþ 3:435BC þ 0:409BD

þ 0:491CD

þ 0:638ABC−1:398ABD−0:128ACD−0:209BCD
ð12Þ

The effects of the individual variables and the effects of the
interactions were estimated in Eq. (12), in which time, tem-
perature, and adsorbent mass have a positive effect on adsorp-
tion of sulfur in the range of each selected variable for the
present study. On the other hand, the greatest effect on sulfur
removal was provided by the adsorbent mass. The interactions
between time × mass, time × temperature × concentration,

Table 3 The design matrix and
the analysis of the complete
factorial planning 24 with three
central points

Standard
execution

Factors Experimental
values

A B C D
Time (min) Temperature (°C) Mass (g) Concentration S (ppm) % remotion Zn/X

4

1 − 1 − 1 − 1 − 1 57.54

16 1 1 1 1 44.67

7 − 1 1 1 − 1 52.11

5 − 1 − 1 1 − 1 62.32

10 1 − 1 − 1 1 57.02

2 1 − 1 − 1 − 1 64.02

8 1 1 1 − 1 68.41

13 − 1 − 1 1 1 41.10

19 (C) 0 0 0 0 53.10

11 − 1 1 − 1 1 38.84

12 1 1 − 1 1 44.24

17 (C) 0 0 0 0 51.74

14 1 − 1 1 1 54.56

18 (C) 0 0 0 0 59.52

3 − 1 1 − 1 − 1 61.47

15 − 1 1 1 1 54.45

9 − 1 − 1 − 1 1 53.15

6 1 − 1 1 − 1 55.22
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time × mass × concentration, and temperature × mass × con-
centration have a negative effect on the removal of sulfur.

The corresponding P value less than 0.05 indicates that the
model is statistically significant (Farooq et al. 2017). The effects
and estimated coefficients for this model are listed in Table 4.
The results showed that the factors of contact time (A), adsor-
bent mass (C), and initial sulfur concentration (D) have a very
small P value (ACD), temperature × mass (BC), and three
time × temperature × concentration (ABD) interactions. An
appropriate model can be expressed as can be seen in Eq. (13):

Y predicted ¼ 54:146þ 1:933A

þ 5:759C−3:551D−1:450AC

þ 3:435BC−1:398ABD ð13Þ

Analysis of variance

After estimating the main effects, interaction factors affecting
sulfur removal, and proof of significance, the adequacy of the
regression was determined by performing the variance
(ANOVA) analysis. In this analysis, a significance level of
5% (α) was used to statistically verify the variation of the
experimental results produced by some factor (s). The tests
were performed with the F statistic. The synthesis of results
is presented in Table 5.

The most used method to evaluate the fit quality of a model
is the analysis of variance obtained from the quadratic mean
values. To consider the significant model, the value of Fcalc
(MSregression/MSresiduals) must be greater than the value of Ftab.
The larger this value, the more evidence you have that you can
consider the regression to be useful for forecasting purposes,

while the value of the Fcalc (MSlack of fit/MSpure error) must be
less than the value of Ftab.

From the data shown in Table 5, we see that the ratio
MSregression/MSresidual (131.028) is much higher than the table
value of F0.95;14;4 (5.873), at 95% confidence, and ratio MSlack
of fit/MSpure error (0.071) is much smaller than the value of
F0.95;2;2 (19). With this, we can affirm the good quality of the
model obtained for the prediction of the yield of the reaction.

The analysis of the ANOVA (Table 5) shows that the pro-
posed model has statistical significance, at the 95% confi-
dence level, since the calculated value of F (regression/resi-
dues) is approximately 20 times greater than F0.95;14;4 tabulat-
ed (5.873). It is clear that the Fcal values for the regression are
larger than the Ftab, which implies that most of the variation in
the response can be explained by regression modeling
(ROOSTA et al. 2014).

TheR2 obtained suggests good adjustments to themodel for
the experimental results, since these indicate that 99.97% of
the variability that the response could be explained. R2 (ad-
justed R2) (Eq. (14)) is also a good measure of an adjustment,
but it is more appropriate to compare the model with different
numbers of independent variables. It corrects the R2 value for
the sample size and the number of terms in the model using the
degrees of freedom in its computation. So, if there are many
terms in a model and not too large of a sample size, adjusted
R2 may be less visible than R2 (Meski et al. 2011). Here, the
adjusted R2 value (99.02%) is closer to the corresponding R2

value. All of these tests verify the fact that the model does not
violate the premise regression.

AdjR2 ¼ R2− 1−R2
� � l−1ð Þ

N−1ð Þ ð14Þ

Table 4 Coefficients of regression of the complete factorial planning 24

Terms Regression coefficients Square effects t (2) p Lim coef −95% Lim coef +95%

Average 54.14684 0.240026

A 1.93313 0.261562 7.3907 0.017820 0.80772 3.05853

B 0.03687 0.261562 0.1410 0.900804 − 1.08853 1.16228

C 5.75938 0.261562 22.0192 0.002056 4.63397 6.88478

D − 3.55188 0.261562 − 13.5795 0.005379 − 4.67728 − 2.42647

AB 0.46437 0.261562 1.7754 0.217822 − 0.66103 1.58978

AC − 1.45063 0.261562 − 5.5460 0.031007 − 2.57603 − 0.32522

AD 0.83813 0.261562 3.2043 0.085140 − 0.28728 1.96353

BC 3.43563 0.261562 13.1350 0.005746 2.31022 4.56103

BD 0.40938 0.261562 1.5651 0.258029 − 0.71603 1.53478

CD 0.49188 0.261562 1.8805 0.200779 − 0.63353 1.61728

ABC 0.63813 0.261562 2.4397 0.134846 − 0.48728 1.76353

ABD − 1.39813 0.261562 − 5.3453 0.033263 − 2.52353 − 0.27272

ACD − 0.12813 0.261562 − 0.4898 0.672704 − 1.25353 0.99728

BCD − 0.20938 0.261562 − 0.8005 0.507410 − 1.33478 0.91603

Statistically significant factors were italicized
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Table 6 presents the experimental values of the percentage
of sulfur removal and the values predicted by the coded model
that was validated by ANOVA as well as the relative error of
each test, quantifying the percentage of the experimental value
less predicted by the model in relation to the experimental one.

Observing Table 6, it is noted that the predicted percentage
of sulfur removal values are close to the percentage of sulfur
removal obtained experimentally, where the deviations rela-
tive to most of the experiments were less than about 0.1%, and
only two experiments showed deviations of approximately
1% indicating that the statistical analysis performed at 95%
and ANOVA is valid and has a good fit of the model.

Residuals analysis

The residual also has to be examined for normal distribution.
The Anderson-Darling test is a powerful statistical medium
that generates normal probability plot and performs a

hypothesis test to examine whether observations follow a nor-
mal distribution.

Figure 5 shows a distribution of residual values, defined as
values between predicted values (model) and observed values
(experimental). As can be seen, the residues follow a normal
distribution, with two negative residues (below 50%) and
three positive residues (above 50%). For this, the maximum
deviation and minimum values of zero is only ± 1.073, which
indicates the model presents a minimum adjusted value of the
observed value. Figure 5 indicates that a straight line can be
adjusted indicating the model follows a normal distribution
(Myers et al. 2009).

The plot of standard residuals versus predicted values indi-
cates the possible existence of atypical values (Fig. 6). If a
point is far from most points, it can be an excessive value. It
is important to identify atypical values because they can influ-
ence the model, potentially providing misleading or incorrect
results.

Table 6 Percentage values of
experimental sulfur removal
predicted by the model and
relative deviations for the 19 full
factorial design trials 24

Run Experimental values Predicted values Relative deviation (%)

1 55.31 55.256 0.054

2 57.54 57.642 − 0.102
3 44.67 44.772 − 0.102
4 52.11 52.056 0.054

5 62.32 62.422 − 0.102
6 57.02 56.966 0.054

7 64.02 63.966 0.054

8 68.41 68.512 − 0.102
9 41.10 41.202 − 0.102
10 53.10 53.046 0.054

11 38.84 38.786 0.054

12 44.24 44.342 − 0.102
13 51.74 51.686 0.054

14 54.56 54.662 − 0.102
15 59.52 59.622 − 0.102
16 61.47 61.416 0.054

17 (C) 54.45 54.147 0.303

18 (C) 53.15 54.147 − 0.997
19 (C) 55.22 54.147 1.073

Table 5 ANOVA results for
complete factorial planning 24 Source of variation Sum of squares (SS) Degrees of freedom Mean square (MS) Fcal Ftab

Regression 1074.915 14 76.780 131.028 5.873

Residuals 2.344 4 0.586

Lack of fit 0.155 2 0.077 0.071 19

Pure error 2.189 2 1.094

Total 1077.259 18

R2 0.9997

Adjusted R2 0.9902
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As can be seen, the graph of the residues (Fig. 6) revealed
that they do not have an obvious pattern and unusual structure.
Almost all standardized residues were randomly scattered
across the graph. This implies that the proposed model is
adequate and that there is no reason to suspect any breach of
independence or constant variance hypothesis, since all points
were found in the range of +1.5 to −1.5.

Pareto diagram and main effects

Fig.7 represents the Pareto diagram of this experimental de-
sign that shows the influence of important factors in the re-
moval effectively. The significance of the factors and their

interactions were obtained using a Student t test with a confi-
dence interval of 95%. Values that exceed a baseline are con-
sidered as significant factors.

It can be seen from Fig. 7 that the main factors C, D, and
A, and the interaction effect BC, AC, and ABD that extend
beyond the reference line, are significant at the 0.05 level.
The adsorbent mass (C) represented the most significant
effect on sulfur adsorption efficiency. The initial sulfur con-
centration (D), time (A), and temperature × mass (BC) in-
teraction have great effects on adsorption efficiency.
Although, the interaction effects between AC and ABD have
a significant effect and are statistically significant at the 95%
confidence level.
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According to the Pareto diagram, it can be inferred that the
adsorbent mass was the most important variable for the gen-
eral optimization of the overall sulfur adsorption process,
since it influenced more significantly reaching an estimated
effect of approximately 22.0191. The sequence of major im-
portance of the main factors and their interactions can be
expressed as C > D > BC > A > AC > ABD > AD > ABC
> CD > AB > BD > BCD > ACD > B, following a decreasing
influence on the adsorbed amount of sulfur. The last eight in
the sequence are considered insignificant.

All adsorption experiments were performed on the speci-
fied combinations of the working variables using statistically
designed patterns of experience to evaluate the interactions of
these variable factors. Figure 8 shows the main effects of
control factors after adsorption of sulfur.

It is evident from Fig. 8 that the variables considered for the
design of a model play a relevant role in the investigation of
sulfur adsorption since each variable has a considerable con-
tribution in the removal of sulfur. Specifically, the main effects
show mean variations between the high and low values of
each factor. The magnitude of the slope represents the inten-
sity of the effects that each factor exerts. When the slope is
positive, an increase in removal efficiency occurs for the high
level of this factor and vice versa.

It can be seen in Fig. 8 that the effect of the initial sulfur
concentration was characterized by a high degree of starting
and also had a negative effect on the response, whereas the
time and mass of the adsorbent had a positive effect on the
response with a greater match. Then the percent of sulfur
removal appears to be significantly affected by the increase
in the time period from 60 to 180 min and the adsorbent mass
from 0.1 to 0.25 g. The addition of contact time and adsorbent
mass implies an increase in adsorption efficiency. Also, the
adsorption is favored with the concentration of lower level
(100 ppm).

Conclusion

Experimental results indicated that Zn-impregnated shale can
be a low-cost material alternative for sulfur removal in model
fuel. The Freundlich equation describes well the equilibrium
isotherm. The adsorption kinetics can be described by a pseu-
do second-order model. The study identified the significant
variables, the interaction between them, and in particular, the
optimal conditions of the variables for the maximum sulfur
removal through ANOVA, t test, and F test. The optimum set
of conditions for the maximum adsorption of sulfur in Zn/X
was as follows: contact time = 180 min, temperature = 35 °C,
adsorbent mass = 0.25 g, and initial sulfur concentration =
100 ppm. The R2 value 99.97% indicates a good fit of the
model. The experimental values were in good agreement with
the predicted values of the model.
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