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a b s t r a c t
Due to environmental concerns and operational challenges, it is necessary to remove nitrogen 
and oxygen-containing compounds from fuels. Adsorption is an alternative sustainable method 
with significant advantages. Iron oxy/hydroxides are widely used as adsorbent. This study inves-
tigates the adsorption of aniline and phenol from model liquid fuel on the α-FeOOH nano-adsor-
bent. Synthetic goethite nanoparticles were characterized using Fourier-transform infrared spectra, 
X-ray diffraction, field emission scanning electron microscopy, and Brunauer–Emmett–Teller analy-
ses. Goethite performance was studied by equilibrium and kinetic experiments in single and binary 
cases. Based on the kinetic experiments, the average sorption of phenol on goethite was 6%–7% 
slower than aniline, and the determined maximum measured adsorption capacities were 472 and 
446 mg·g–1 for aniline and phenol, respectively. The sorption of these components was affected by 
the nature of their substituents. For both impurities, the pseudo-first-order kinetic model rep-
resents a better fit for the experimental data. The adsorption equilibrium data were defined better 
with the Langmuir and Sips isotherm models. Experiments suggested the chemisorption mech-
anism for their adsorption. According to the results, Langmuir’s maximum adsorption capaci-
ties for aniline and phenol at 35°C were 369.624 and 808.21 mg·g–1, respectively. The competitive 
adsorption experiments using binary aniline–phenol showed that the average selectivity was 3.13.
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1. Introduction

While the worldwide energy demand is increasing 
continuously, petroleum provides more than 40% of this 
required energy. The strict environmental rules and the 
sensitive nature of the petroleum refining processes force 
the refineries and petrochemicals to eliminate undesirable 
impurities like sulfur, oxygen, and nitrogen-containing 
compounds from fossil fuels via sustainable approaches 
[1–3]. In addition, it is noticeable that the extracted crude 
oil is more contaminated over time. In other words, the 
amount of contaminants is increasing in recent years. 

Therefore, refineries and other industries need more effi-
cient removal methods to produce cleaner products [1,4]. 
Removal of nitrogen-containing compounds (NCCs) with 
the total concentration of 0.2%–0.3% w/w in crude oil 
(including basic NCCs such as pyridines, anilines and quin-
olines and non-basic NCCs such as indoles and carbazoles), 
and oxygen-containing compounds (OCCs) with the total 
concentration of 0.1–1% w/w, including acids, phenols, 
ethers, ketones, esters, furans, and lactones is necessary 
from different points of view [5–8]. In the abstract, NCCs 
must be removed due to environmental concerns [4], and 
OCCs should be eliminated to overcome the economic and 



S. Rahimi et al. / Desalination and Water Treatment 310 (2023) 133–141134

operational challenges of industries [1]. For more explana-
tions, the existence of NCCs in liquid fuels, on the one hand, 
results in NOX emission into the atmosphere during fuel 
combustion [9]. On the other hand, it limits the hydrode-
sulfurization process by catalyst poisoning. The tremendous 
amounts of OCCs in liquid fuels lead to diesel production 
throughout the refining process and cause severe problems 
like the corrosion of containers. Furthermore, it decreases 
the fuel quality by lowering the octane number of fuel [1].

Aniline and phenol are two aromatic compounds, 
including a phenyl group attached to a nitrogen-contain-
ing and an oxygen-containing group, respectively. It is 
reported in the literature that aromatic attached C–N and 
C–O bonds are much stronger than those in aliphatic rings, 
and their corresponding compounds are known as the most 
refractory ones in this category [10–12]. Therefore, remov-
ing these compounds through hydrotreating processes 
requires higher temperatures and more H2 consumption. 
Adsorptive denitrogenation (ADN) and adsorptive deox-
ygenation (ADO) are alternative sustainable methods with 
significant advantages like having easy operation condi-
tions, low cost, flexibility, and selectivity. Therefore, adsorp-
tion is a proper method to overcome deficiencies of other 
conventional methods [1,2,5,13–18]. Some researchers have 
studied the discrete adsorption of aniline or phenol from 
liquid fuels using Al2O3, iron powders, modified meso-
porous molecular sieves, activated carbon, metal–organic 
frameworks, hexamethylenetetramine, 1,2,4-triazole, and 
AlCl3 [5,7,19–22]. Nevertheless, there is no report of binary 
adsorption of aniline and phenol, in most cases, they exist 
in fuel simultaneously, and it is obligatory to assess their 
competitive behavior during the adsorption process. Besides 
the adsorption efficiency and selectivity, insolubility in fuel, 
physical and chemical stability, non-corrosion nature of 
adsorbent, and economic and environmental considerations 
are important factors for selecting appropriate adsorbent.

Iron oxy/hydroxides with formula FeOOH are widely 
used as adsorbents for gas or liquid purification [23–25]. 
Among these potential candidates, the “α” polymorph 
named goethite is well known due to its outstanding 
adsorption capacity over both the anionic and cationic com-
pounds [26].

Our previous study showed that iron oxy/hydrox-
ides could efficiently remove aniline from liquid fuel 
[22]. Accordingly, the present study aims to purify liquid 
fuel from aniline and phenol using goethite adsorbent. 
Iso-octane was used as the model liquid fuel during the 
experiments. Adsorption of aniline and phenol from liq-
uid fuel was investigated by equilibrium and kinetic stud-
ies. Goethite selectivity over both impurities was studied 
through binary adsorption experiments. The probable 
interaction mechanisms between aniline and phenol and 
goethite adsorbent were presented.

2. Experimental

2.1. Materials

Analytical grades of aniline, phenol, iso-octane (anhy-
drous, 99%), iron(III) nitrate, and potassium hydroxide 
were purchased from Merck (Madrid, Spain). The chemicals 
were utilized as received without further purification.

2.2. Preparation of adsorbent

A detailed procedure of goethite synthesis was reported 
in our previous work [22]. It was synthesized by titration of 
iron(III) nitrate (Fe(NO3)3·9H2O) solution using potassium 
hydroxide solution until the pH of 12. Then, the adsor-
bent was sonicated for 30 min, and subsequently heated at 
100°C for 70 min. The obtained mixture was centrifuged, 
several times washed with deionized water and acetone, 
and finally dried at 30°C in a vacuum oven. The produced 
solid was crushed, and sieved to form a fine powder.

2.3. Adsorbent characterization

The X-ray diffraction (XRD) patterns of adsorbent were 
recorded using an Ital Structures MPD3000 apparatus 
employing Cu Kα radiation, with the scanning rate of 0.04/s 
in the 2θ range from 2 to 100. A Nicolet Nexus 670 Fourier-
transform infrared (FTIR) spectrophotometer (Petaling 
Jaya, Selangor, Malaysia) was applied to record the FTIR 
patterns of adsorbent. For field emission scanning electron 
microscopy (FESEM) analysis, a Mira3 Tescan-XMU (Brno 
– Kohoutovice, Czech Republic) was used. A NOVA Series 
1000-Quantachrome equipment (Recently acquired by 
Anton Paar QuantaTec Inc., Boynton Beach, United States 
of America) was used to determine the surface properties 
of goethite based on the Brunauer–Emmett–Teller (BET) 
method. Before performing BET analysis, a degassing pro-
cess was performed at 10–4 mbar and 120°C for 6 h.

2.4. Adsorption experiments

Stock solutions of aniline and phenol at the concentra-
tions of 1,000 and 5,000 mg·L–1 were prepared, respectively, 
by separately dissolving them in the model liquid fuel (iso- 
octane). Different required concentrations of solutions were 
prepared by homogeneous dilution of the stock solutions 
with pure iso-octane. Details of aniline adsorption kinetic 
and equilibrium experiments have been explained in our 
previous work [22]. In brief, aniline kinetic experiments were 
performed at the concentration of 50 mg·L–1, and equilibrium 
experiments were carried out at the range of 5–100 mg·L–1.

Phenol adsorption from a solution containing 1,000 mg·L–1 
phenol at room temperature and various adsorption times 
of 1 to 300 min was assessed to study the adsorption kinet-
ics of phenol on goethite. To investigate the equilibrium 
adsorption behavior of synthesized goethite adsorbent, 
different phenol solutions in the concentration range of 
10–3,000 mg·L–1 were used at three temperatures (15°C, 25°C, 
and 35°C). The adsorption time for equilibrium experiments 
was determined based on kinetic studies.

The aniline/phenol selectivity was calculated by deter-
mining aniline and phenol adsorption from mixtures of ani-
line and phenol with the aniline/phenol concentration ratios 
of 1, 2, and 0.5. All the kinetic and equilibrium experiments 
were performed with the adsorbent/fuel ratio of 0.1 g·L–1, 
with a constant agitation rate of 300 rpm and specified tem-
peratures in an orbital shaker. After adsorption experiments, 
solids were separated via centrifuging of samples, and the 
remaining impurity concentrations in the residual solution 
were determined using double-beam ultraviolet-visible 
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spectrophotometry (Camspec, Model M350, West Yorkshire, 
United Kingdom) at λmax 230 and 270 nm for aniline and 
phenol, respectively. The adsorption capacity of goethite 
for aniline, and phenol, qt, was calculated by Eq. (1).

q
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�� ��0  (1)

where qt is the amount of adsorbate (aniline or phenol) in 
time t (mg·g–1); C0 and Ct are initial and final concentrations 
of the adsorbate at time t (mg·L–1); V is the solution volume 
(L), and m is the adsorbent mass (g).

Non-linear pseudo-first-order and pseudo-second- 
order models were utilized to investigate the kinetic mea-
surements. The attributed equations are presented in 
Eqs. (2) and (3), respectively [27].
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where qe and qt (mg·g–1) are adsorption capacity at equi-
librium and time “t”, respectively, and k1 (min–1) and k2 
(g·mg–1·min–1) are the rate constant of the pseudo-first-order 
and pseudo-second-order adsorption models, respectively.

Two and three-parameter non-linear isotherm models, 
including Langmuir [Eqs. (4) and (5)], Freundlich [Eq. (6)], 
Temkin [Eqs. (7) and (8)], Redlich–Peterson [Eq. (9)], Khan 
[Eq. (10)], and Sips [Eq. (11)] isotherm models were 
applied to investigate the measured equilibrium data.
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where Ce (mg·L–1) is the equilibrium adsorption capac-
ity at equilibrium time, and qe (mg·g–1) is the equilibrium 
adsorption capacity of the adsorbent. In Eqs. (4) and (5), qmax 
(mg·g–1) is the maximum adsorbed amount of adsorbates in 

the Langmuir model, KL (L·mg–1) is the Langmuir constant 
associated with the adsorption energy, C0 is the highest ini-
tial concentration of impurities, and RL is the separation 
factor. In Eq. (6), KF (L1/n·mg1–1/n·g–1) and 1/n are Freundlich 
constants, attributed to the adsorption capacity and intensity 
of adsorption, respectively. In Eqs. (7) and (8), KTe (L·g–1) is 
the Temkin isotherm equilibrium binding constant, b is the 
Temkin isotherm constant, R (8.314 J·mol–1·K–1) is the univer-
sal gas constant, T (K) is temperature, and constant related 
to the heat of sorption (J·mol–1). In Eq. (9), A (L·g–1) and B 
(L·mg–1) are the Redlich–Peterson constant and ‘g’ is the 
Redlich–Peterson isotherm exponent.

In Eq. (10), qm (mg·g–1) and bK (L·mg–1) are constants of the 
Khan model, and aK is the Khan model exponent. In Eq. (11), 
qs (mg·g–1) and as (L·mg–1) are constants of the Sips model, 
and n is the Sips model exponent [2,22,28–33].

Each isotherm model has some assumptions, and 
studying them can determine the adsorption mechanism. 
Langmuir isotherm’s primary assumption is the occur-
rence of monolayer adsorption on a homogeneous surface. 
The maximum value for adsorption capacity, calculated 
by Langmuir isotherm (qmax), is one of the well-known 
milestones for analyzing the adsorbents performance. 
The separation factor (RL) assesses the favorability of the 
adsorption process when its value lies between 0 and 1. In 
contrast, Freundlich isotherm deliberates the heterogene-
ity of the adsorbent surface; thus, it returns to multilayer 
adsorption. Adsorption is favorable when the “n” value is 
between 1 and 10. Temkin isotherm deliberates the heat of 
adsorption and assumes that it decreases linearly. Based 
on this model, the adsorption is considered a uniform dis-
tribution of binding energies. Redlich–Peterson isotherm 
model incorporates Langmuir and Freundlich isotherms 
in a single three-parameter model. Khan isotherm is a gen-
eralized model that works better for pure solutions. The 
calculated maximum adsorption capacity (qm) will be reli-
able at relatively high R-squared values. Sips isotherm is 
also a hybrid model of Langmuir and Freundlich models 
that represents the heterogeneous adsorption systems and 
evades the Freundlich model limitations of increasing the 
adsorbate concentration. In other words, at higher adsor-
bate concentrations, it predicts a monolayer adsorption 
capacity as Langmuir isotherm, and at lower concentrations, 
it converts to Freundlich isotherm [34–36].

The aniline/phenol selectivity of goethite adsorbent 
was calculated by Eq. (12):

S
q q
C Ce e

= Aniline Phenol

Aniline Phenol

/
/, ,

 (12)

where S is the aniline/phenol selectivity, qAniline and qPhenol 
are adsorption capacities of the adsorbent (mg·g–1) for ani-
line and phenol, respectively, and Ce,Aniline and Ce,Phenol are 
equilibrium concentrations (mg·L–1) of aniline and phenol, 
respectively.

3. Result and discussion

3.1. Adsorbent characterization

The FTIR spectra of goethite shown in Fig. 1 include 
two vast bonds at 3,406 and 3,128 cm–1 relating to bulk 
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hydroxyl stretching and two O–H bending bands at 895 
and 800 cm–1 due to the in-plane and out-plane vibration of 
Fe–OH bond, respectively. The band appeared at 610 cm–1, 
attributes to the Fe–O stretching [33,37].

Fig. 2 shows the XRD pattern of goethite adsorbent. 
X’pert HighScore Plus Software (Version 3.0) and the ICDD-
JCPDS database were used to analyze the results. The anal-
ysis showed that goethite has successfully been synthesized. 
It has an orthorhombic crystal structure with the Pbnm 
type space group and space group number of 62, similar 
to the reference pattern reported by Harrison et al. [38]. 
Lattice parameters determined as a = 4.6080 Å, b = 9.9560 Å, 
c = 3.0215 Å, and α, β, γ = 90°. The most intense peaks, which 
are at the 2θ angles of 21.18°, 33.17°, and 36.70° probably 
are assigned to (110), (130), and (111) reflections, respectively.

Nitrogen adsorption–desorption isotherm of goethite 
shown in Fig. 3 indicates the type II isotherm, according 
to the International Union of Pure and Applied Chemistry 
classification with a hysteresis loop implying the combi-
nation of the microporous and mesoporous structure of 
adsorbent [39,40]. The porous structure results in easier 
access of adsorbates to active sites of adsorbent. Therefore, 
it could enhance the adsorption performance. According to 
BET results, specific surface area, total pore volume, and 
average pore diameter were 128.95 m2·g–1, 169.20 mL·g–1, 
and 5.25 nm, respectively.

Fig. 4 shows the FESEM images of goethite particles. 
These images show that the above-explained synthesis pro-
cedure has formed needle-like powders with a diameter 
of about 20–60 nm and a wide range of lengths (from tens 
to hundreds). These morphologies eventuate from hydro-
gen bonding and metal-oxide linkage among the octahe-
dral chains of Fe3+O [22,41,42]. As shown in Fig. 4, goethite 
particles tend to stick together and produce agglomerated 
species with different sizes in the micron-scale range. This 
phenomenon’s main reason relates to the high coverage of 
hydroxyl groups on top of goethite particles’ surface that 
causes hydrogen bonding between particles [33].

3.2. Adsorption kinetics

Kinetic measurements are illustrated in Fig. 5 using the 
time-capacity curves for aniline and phenol. The results 
revealed that at the first 20 min of the adsorption process, 
the adsorption capacity of aniline is 15% higher than that of 
phenol. It shows that aniline molecules have more tend to 
be adsorbed on the surface of goethite particles. It could be 
attributed to the more adsorption affinity of its amino sub-
stituents toward oxygen-containing functional groups of 
goethite. After the first 20 min, the surface saturation phe-
nomena started, and the active adsorption sites were occu-
pied with aniline and phenol one after another. Then, pore 
diffusion had been the dominant sorption route for ani-
line and phenol and played an important role in expedit-
ing the adsorption process. Whereas the molecular sizes of 
both compounds are in the same range (about 0.5–0.6 nm) 
[43,44], their diffusion into the adsorbent’s pores does not 

 

Fig. 1. Fourier-transform infrared spectra of the goethite 
adsorbent.

 

Fig. 3. Adsorption–desorption isotherms of N2 for goethite.

 

Fig. 2. X-ray diffraction pattern of goethite (a), along with its 
peak diagram (b) and peak diagram of the accepted reference 
pattern (c).
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make a significant difference in their pore diffusion kinetic. 
However, the superior interaction between aniline and 
adsorption sites of goethite results in slightly higher adsorp-
tion capacity values, while the initial concentration of phenol 
was 20 times higher than aniline. It shows that the preferable 
affinity of aniline onto adsorption sites of goethite makes it 
easier to overcome the space inhibitions caused by adsorbed 
similar molecules during the pore penetration process.

Non-linear pseudo-first-order and pseudo-second-or-
der kinetic models were used to describe the experimental 
data, and the results are presented in Fig. 6 and Table 1. As 
shown in Fig. 6, the observed points have more compati-
bility with the pseudo-second-order model. Also, compar-
ing the R-squared values reported in Table 1 indicates that 
kinetic data follow the pseudo-second-order model in both 
cases and suggest the chemisorption adsorption mecha-
nism. This finding confirms that chemical substituents play 
an important role in progressing the adsorption process.

Generally, the adsorption process contains four steps, 
including bulk diffusion, film diffusion, pore diffusion, 
and chemical interaction. The hydrophilic nature of amino 
and hydroxyl groups facilitates the migration of aniline 
and phenol from solvent bulk media and film layer towards 

 

Fig. 4. Field emission scanning electron microscopy image 
of goethite particles with magnification of (a) 35,000x and 
(b) 150,000x.

 

Fig. 5. Kinetic experiments of goethite adsorbents.

Fig. 6. Regression of pseudo-first-order and pseudo-second- 
order kinetic models towards the experimental kinetic data for 
(a) aniline and (b) phenol adsorption onto goethite.
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the oxygen-containing groups of adsorption [45]. The dif-
ferences in aniline and phenol adsorption onto goethite 
could be due to their different substituents.

More affinity of amino groups in aniline than hydroxyl 
ones in phenol onto oxygen groups of adsorbent has been 
reported previously [46]. The amino and hydroxyl groups of 
adsorbates can interact with adsorbent via hydrogen bond-
ing with surface oxide or hydroxide groups. This interac-
tion occurs through H atoms of adsorbates with O atoms 
of adsorbent, and amino groups behave more reactive 
than hydroxyls due to their higher hydrogen content [20,47].

3.3. Adsorption equilibrium

Based on kinetic studies, the adsorption time for 
equilibrium experiments is considered to be 240 min. 
Fig. 7 indicates the adsorption equilibrium curves at 

different temperatures of 15°C, 25°C, and 35°C for aniline 
and phenol onto goethite. Increasing operational tempera-
ture has a direct impact on qe. It could be explained by the 
growth of mass transfer phenomena at higher tempera-
tures that reduce the film and pore diffusion resistance 
between adsorbates and adsorbent.

On the other hand, it suggests a chemical mechanism 
for the adsorption of both purities on goethite adsorbent, 
as was concluded from kinetic studies. Besides, the adsorp-
tion capacities of aniline and phenol onto goethite particles 
were intensely enlarged by increasing their initial concen-
tration until an optimum concentration. It happened due 
to more competing adsorbates occupying the adsorption 
sites. However, after the optimum concentration, the adsor-
bent would be saturated with adsorbed compounds, and 
increasing the initial concentration cannot improve the 
adsorption capacity.

Table 1
Calculated parameters of non-linear pseudo-first-order and 
pseudo-second-order kinetic models

Equation 
parameters

Impurity

Aniline Phenol Aniline Phenol

Pseudo-first-order 
kinetic model

Pseudo-second-order 
kinetic model

k (min–1) 0.15400 0.14639 0.00054 0.00050
qe,cal (mg·g–1) 446.640 420.835 469.396 446.413
R-squared 0.968 0.952 0.989 0.987

 

Fig. 7. Adsorption equilibrium curves at different tempera-
tures (15°C, 25°C, and 35°C) for (a) aniline and (b) phenol onto 
goethite.

 

 

Fig. 8. Isotherm models for aniline adsorption onto goethite at 
(a) 15°C, (b) 25°C, and (c) 35°C.



139S. Rahimi et al. / Desalination and Water Treatment 310 (2023) 133–141

Data are investigated by fitting them using six dif-
ferent isotherm models: Langmuir, Freundlich Temkin, 
Redlich–Peterson, Khan, and Sips isotherm models. Eqs. 
(4)–(11) are used to illustrate the isotherm model curva-
tures (Figs. 8 and 9, respectively). The values of all isotherm 
parameters and the model correlation coefficient are listed 
in Table 2. The best model can be chosen by comparing the 
model R2 values. Two-parameter isotherms’ convenience 
is in the following manner:

Langmuir > Temkin > Freundlich.

It shows that the adsorption mechanism follows the mono-
layer coverage process. The Langmuir separation factor for 
all cases relies on the range of 0 to 1, confirming the adsorp-
tion process’s favorability. The Sips model gives the best fit 
among three-parameter models. The n value in most cases 
is a little higher than 1, which shows the model is closer to 
the Langmuir model and predicts the adsorption isotherm 
in a nearly monolayer mechanism. These observations con-
firm the kinetic results of the chemisorption mechanism 
and agree with previously reported mechanisms [21,22,47].

3.4. Comparative adsorption study

Competitive experiments were performed after individ-
ual assessment of the adsorption performance of goethite 

against aniline and phenol. Three different conditions were 
considered during competitive experiments, as shown in 
Table 3. Aniline/phenol selectivity of goethite was calcu-
lated using Eq. (7), and the obtained values are reported 
in Table 3. The results show that goethite tends to adsorb 
aniline more favorably than phenol, even at lower aniline 
concentrations. The aniline/phenol average selectivity was 
3.13, which shows aniline adsorbs three times more than 
phenol at the same condition. This observation could be 
explained by more affinity of amino groups against goethite  
adsorbent.

4. Conclusion

This work studied the adsorptive performance of 
goethite (α-FeOOH) for aniline and phenol uptake from 
model liquid fuel. FESEM images showed needle-like pow-
ders with an average diameter of less than 50 nm for goethite. 
The length of goethite particles was mainly in the range of 
50–350 nm. The specific surface area of goethite was about 
129 m2·g–1. Experimental results showed that goethite adsor-
bents could effectively remove aniline and phenol from liquid 
fuels. The adsorption kinetic and equilibrium experiments 
were performed to identify the aniline adsorption mecha-
nism and routes over synthesized goethite. It has been found 
that kinetic data follow the pseudo-second-order kinetic 
model well. Therefore, the adsorption of aniline and phenol 

Table 2
Isotherm parameters

Isotherm Parameter Aniline Phenol

15°C 25°C 35°C 15°C 25°C 35°C

Two-parameter 
isotherms

Langmuir qmax (mg·g–1) 328.840 396.604 369.624 468.363 630.641 808.21
KL (L·mg–1) 0.103 0.144 0.634 0.006 0.004 0.003
RL 0.088 0.065 0.027 0.053 0.072 0.090
R2 0.974 0.993 0.973 0.956 0.974 0.974

Freundlich KF (mg·g–1)(L·g–1)1/n 67.151 91.842 14.793 46.934 42.873 40.189
1/n 0.355 0.345 0.237 0.295 0.343 0.382
R2 0.870 0.903 0.922 0.865 0.888 0.889

Temkin KTe (L·g–1) 1.185 1.600 7.299 0.061 0.040 0.031
b (mol–1) 35.574 30.629 41.178 25.742 18.508 13.613
B (J·mol–1) 67.309 80.891 62.186 93.018 133.487 188.104
R2 0.948 0.977 0.958 0.927 0.958 0.950

Three-parameter 
isotherms

Redlich–Peterson A (L·g–1) 24.596 47.390 142.165 2.052 2.006 1.853
B (L·mg–1) 0.019 0.074 0.409 0.001 0.0004 0.0001
g 1.334 1.119 0.983 1.230 1.259 1.410
R2 0.997 0.997 0.973 0.274 0.341 0.378

Khan qm (mg·g–1) 23.162 596.200 356.281 748.405 1202.97 2377
bK (L·mg–1) 0.660 1.200 0.988 1.215 1.352 1.798
aK 27.139 0.083 0.387 0.003 0.002 0.001
R2 0.873 0.997 0.973 0.965 0.984 0.990

Sips qs (mg·g–1) 279.920 367.0.65 387.203 414.824 549.098 693.170
as (L·mg–1) 0.47 0.119 0.382 0.0002 0.0001 0.0001
1/n 0.631 0.822 1.161 0.446 0.560 0.602
R2 0.994 0.997 0.975 0.990 0.997 0.995
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onto goethite was chemisorption. The maximum adsorption 
capacities estimated by kinetic experiments were 472 and 
446 mg·g–1 for aniline and phenol, respectively. The equilib-
rium data were in good agreement with the Langmuir and 
Sips isotherm model. The Langmuir’s maximum adsorp-
tion capacities for aniline and phenol at 35°C were 369.624 
and 808.21 mg·g–1, respectively. The aniline/phenol average 

selectivity was 3.13, which shows aniline adsorbs three times 
more than phenol in the same condition. The results indi-
cated that although goethite is a strong adsorbent for phe-
nol removal, its higher selectivity against aniline makes it a 
promising adsorbent for the sustainable removal of NCCs  
from fossil fuels.
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