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ABSTRACT

In this study, nano-boehmite modified by hydrophobic 4-methoxybenzoic acid (AIOOH-Mo) and
hydrophilic 4-hydroxybenzoic acid (AIOOH-Ho) was synthesized and used to adsorb Eriochrome
Black T (EbT) dye from water solution. The prepared nanoparticles were characterized by scanning
electronic microscopy (SEM), X-ray diffraction (XRD), Transmission electron microscopy (TEM) and
Fourier transform infrared spectroscopy (FTIR). The effect of experimental parameters including
pH, contact time, temperature and initial concentration was studied on the adsorption process. The
maximum adsorptions were 94.34 mg/g and 93.45 mg/g for AIOOH-Mo and AIOOH-Ho, respec-
tively. Results indicated that the optimum conditions were found as 0.01 g adsorbent dose, pH = 2
and 120 min reaction time. Moreover, results of adsorption behavior indicated that the equilibrium
data were perfectly represented by the Langmuir isotherm, and the adsorption behavior can be bet-
ter described by the pseudo-second-order model. Moreover, thermodynamic parameters have been
evaluated and it has been found that the sorption process was spontaneous and 24 endothermic in
nature.
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1. Introduction

Dyes, including acidic, basic, reactive, and disperse
dyes, are among the most hazardous industrial pollut-
ants [1]. These dyes usually have an aromatic structure
and belong to azo groups [2]. Because of their highly toxic
structures and degradation, dye products can cause severe
health problems in humans such as potential mutagenic
and carcinogenic risks [3,4]. About 70% of the worldwide
market used by dyeing industries is composed of azo dyes
which are synthetic dyes. A reactive azo dye contains one or
more azo bonds (-N=N-) that act as chromophores in the
molecular structure [5]. In addition, it is the largest group of
organic dyes which is difficult to degrade even at low con-
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centrations due to its high resistance to light, heat, water,
and chemical and microbial attack [6]. Therefore, it is highly
important to remove azo dyes from wastewater effluents
before discharge into water bodies.

In recent decades, numerous studies have paid increas-
ing attention to the degradation of acid dyes in the water
stream. Chemical oxidation, biological treatment, mem-
brane separation coagulation/flocculation, adsorption, and
ion exchange are several techniques developed to remove
dyes [1]. Among these techniques, adsorption methods for
removing various concentrations of contaminated dyes are
much deliberated because of their simple use and high effi-
ciency [7,8]. Extensive studies have incorporated adsorbents
such as zeolite, graphene oxide, and SiO, to adsorb dyes
from water solutions [9-31]. Activated carbon has some
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disadvantages since it only transfers dyes from the liquid
phase to the solid phase [32]. Thus, development of new
materials with good adsorption capacity, easily separated
from water and large surface area is still important. Nano-
material, as a novel material, the class of adsorbents with
large surface area and facilitating the separation without
any reaction with water has been offered as dye removal.

Aluminum is among the major components of the
Earth’s crust, and hydroxide minerals in its surface area are
known to be potent adsorbents of various dyes. Therefore,
these types of minerals are expected to play an important
role in the speciation, distribution, and mobility of differ-
ent chemical materials in natural water. In other words,
boehmite has extensively been utilized as a common repre-
sentative aluminum (AIOOH). These materials are widely
available across the world and have comprehensively been
studied because they have well-defined crystal structures
and are easily synthesized in the laboratory. Moreover,
many adsorption studies have been conducted on organic
pollutants [33,34] and radio elements [35].

The aim of this work was to study the AIOOH mod-
ification by hydrophobic and hydrophilic groups on
adsorption capacity. Thus, the modified nano-boehmite by
4-methoxybenzoic acid (AIOOH-Mo) and 4-hydroxyben-
zoic acid (AIOOH-Ho) was synthesized and its structure
was identified by using various techniques such as SEM,
TEM, FTIR and XRD. Then, the adsorbents were compared
for their adsorption behavior to reach a high removal effi-
ciency of dye from aqueous solutions. The effect of various
parameters such as contact time, solution pH and adsorbent
dosage on the adsorption of the model dyes onto the novel
sulfonic-boehmite was systematically studied. Adsorption
isotherm, kinetic and mechanism were also evaluated and
the obtained results were compared.

2. Materials and methods

Aluminum nitrate (AI(NO,),9H,0 with the purity of
99%), 4-methoxybenzoic acid, 4-hydroxybenzoic acid, and
potassium hydroxide (KOH with the purity of 99.99%) were
prepared from Scharlau Spanish Company for the synthesis
of boehmite. The rest of the materials, including Eriochrome
Black T (EbT), were purchased from Merck Company with
a high purity.

2.1. Instruments

UV-vis absorption spectra were acquired on a Cary 100
UV-vis spectrometer (Varian, USA) at room temperature
(23-25°C) and using a double beam. FT-IR spectra were
measured on a bruker spectrophotometer pressed into KBr
pellets and is reported in wave numbers (cm™). X-ray pow-
der diffraction (XRD) analysis on a BRUKER B8 ADVANCE
X-ray diffractometer with CuKa radiation. Typically, a scan-
ning velocity of 1.5°min™ was used to scan the peaks of
the adsorbent diffraction pattern in the 26 range between 5
and 80°. Transmission electron microscopy (TEM) was car-
ried out on a PHILIPS CM30- 200KV. A Metrohm 692 pH
meter (Herisau, Switzerland) and scanning electron micro-
scope (Model XL30) were used for pH measurements and
nanoparticles size, respectively.

2.2. Method of preparation of modified nano-boehmite

In order to synthesize nano-boehmite, the same method
of synthesis for nano-boehmite preparation was used [36,37].
First 6 g of aluminum nitrate was dissolved in 40 mL of dis-
tilled water to prepare a 0.4 M solution. Then KOH (2 M),
which causes deposit was added to the solution of AI(NO,),
drop by drop and titration was continued until the formation
of the milky aqueous solution and pH of the reaction mixture
reached 5, titration will be continued. The resulting mixture
was transferred to an autoclave (100 mL) and placed in an
oven at 200°C. After 24 h, the autoclave cooled to environ-
ment temperature and the formed deposit was isolated from
the solution by centrifugation. Deposits were washed by dis-
tilled water and centrifugation in two stages and dried for 24
h at 60°C to achieve boehmite powder.

2.3. Preparation of modified boehmite

Modified boehmite was prepared through the following
method: Initially, 2 g of boehmite and 0.04 g of 4-methoxy-
benzoic acid or 4-hydroxybenzoic acid were dissolved in 40
mL of distilled water and stirred for 5 h at room temperature
until a uniform solution was formed. Then, the SA-boehmite
was washed with distilled water several times, isolated using
a centrifuge and, ultimately, dried in an oven at 60°C for 2 h.

2.4. Method

In this research, several tests were performed to evalu-
ate the adsorption of EbT dye. All batch adsorption exper-
iments were performed by desired amounts of adsorbent
powder, i.e. 0.003-0.03 g, mixed with 10 mL of aqueous
solution of EbT dye to the desired concentration and appro-
priate pH after shaking in a constant-temperature oscilla-
tor at a speed of 200 rpm. The pH of the dye solution was
adjusted to different pH values between 2 and 11 using
HCI (0.1 mol/L) or NaOH (0.1 mol/L) solution. Finally, the
adsorption amount of the resulting solution was measured
by a spectrophotometer [38].

2.5. The adsorption isotherms

The surface absorption isotherm can take various
forms for different systems. However, two most common
isotherms, Langmuir and Freundlich, are widely used in
describing absorption processes. The Langmuir isotherm
absorption model is the first isotherm absorption which is
based on the following assumptions [39]:

1 Adsorbate materials, atoms, molecules, or ions, bond
to certain points at the surface of the adsorbent mate-
rial, and monolayer absorption occurs. In addition,
no interaction occurs between absorbed molecules.

2 Each adsorption site adsorbs only one unit of adsor-
bate materials at the surface. Therefore, theoretically,
each site is saturated after adsorbing a unit, and
thus, additional adsorption does not occur.

3 The adsorption energy is constant and independent
of the surface coating. It means that the adsorbent
surface is completely smooth and homogeneous
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and that after absorbing, the interaction between the
adsorbate and adsorbent surface is negligible.

The Langmuir equation has been derived from Gibbs’
method which has been shown in the equation 1.

C_C 1 )
qe qmax KL ' qmax

where g (mg/g) is the mono layer adsorption capacity,
K, (L/g) is the Langmuir constant that is related to the free
energy of adsorption, while C, (mg/L) is the equilibrium
concentration of adsorbate in solution and q,(mg/g) is the
concentration of adsorbate on the surface of absorber.

The essential characteristics of Langmuir isotherm can be
explained using a dimensionless constant, R,, known as sepa-
ration factor, which is calculated using the following equation:

1
R (1+bC,) @
where C, (mg L™) is the initial liquid phase concentration of
analyte and b is the Langmuir adsorption constant (L mg™).
The R, value describes adsorption process to be unfavor-
able (R, > 1), linear (R, = 1), favorable (0 < R, < 1) or irrevers-
ible (R, = 0) [40].

Freundlich isotherm equation is based on the assump-
tion that adsorption occurs on heterogeneous surface and the
energy of adsorption process has a non-uniform distribution
on the surface of adsorbent. This heterogeneity causes the
presence of different functional groups on the surface and dif-
ferent mechanisms on interaction between the adsorbent and
adsorbed [41]. This model of isotherm is displayed as follow:

1

q. =K. C; 3)

where g, (mg g™) is the amount of dye adsorbed on the
adsorbents, K is an approximate indicator of adsorption
capacity. The value of 1/n between 0 and 1 indicates favor-
able adsorption process. If the value of 1/n > 2, this indi-
cates that the adsorption processed is difficult to carry out.

2.6. Kinetic studies

One of the most important factors in system design for
adsorption systems to determine the optimal contact time is
the speed prediction and adsorption process controlled by
kinetics. In this study, the kinetics of the adsorption of dyes
by adsorbents was investigated using pseudo-first- and
pseudo-second-order kinetic equations.

In the pseudo-first-order equation, the intensity of
adsorbent sites, filling is proportional to the number of
vacant sites, and driving forces are considered to be linear.
The pseudo-second-order equation is based on the level of
equilibrium capacity in which the intensity of adsorbent
sites’ filling is considered to be proportional to the squared
number of vacant sites of the adsorbent.

The linear form of pseudo-first and pseudo-second
order kinetics equations are respectively shown in Egs. (4)
and (5) [42,43].

Ln(q, —q,)=Ln(q,)—k, -t @)

o1t ®)
qt kZ(qe) qe

g, (mg/g) and g, (mg/g) are the amount adsorption capac-
ities at the equilibrium and time f (min), respectively. The
k, and k, are the first and second rate constant (L/min),
respectively.

The information presented in this table depicts how
the contact time affects the adsorption process at different
times. It must be noted that all of the tests and experiments
have been performed at ambient temperature.

2.8. Determination of the point of zero charge

The point of zero charge (PZC) for the adsorbents was
determined by the following procedure: 100 mL of deion-
ized water was added to an Erlenmeyer flask, which was
then capped with cotton. The deionized water was heated
until boiling for 20 min to eliminate the CO, dissolved in
the water. The CO,-free water was cooled down as soon
as possible and the flask was immediately capped. More-
over, 0.5 g of adsorbent was weighed and placed in a 25 mL
Erlenmeyer flask to which 10mL of the CO,-free water was
added. The flask was sealed with a rubber stopper and left
in continuous agitation for 48 h at 25°C. Afterwards, the
solution pH was measured and this value is the PZC. This
method has been used satisfactorily [44—46].

3. Results and discusson
3.1. Characterization of the adsorbents

In this study, the precursor and product were charac-
terized by scanning electronic microscopy (SEM), X-ray
diffraction (XRD), Transmission electron microscopy (TEM)
and Fourier transform infrared spectroscopy (FTIR).

The FTIR image of a rod-shaped nano-boehmite is shown
in Fig. S1. In addition, the peak in the area of 3080.1 cm™ is
related to stretching vibrations in -OH ions that are placed
in the end groups, and the peak in the area of 3272.52 cm™ is
related to Al-O. The broad absorption in the 1200-950 cm™!
range indicates the formation of Al-O-Si and Si-O-Si bonds.
The positions of the peaks associated to the -OH groups of
alumina at 3092, 2090 and 1920 cm™ can be used as finger-
prints of the boehmite structure [47,48]. The FTIR reults to
the AIOOH modified with Mo and Ho are very similar to
AIOOH. The movement of the peaks indicates an increase
in the number of functional groups in the AIOOH-Mo and
AlOOH-Ho structure. Recall that ring modes result from the
stretching of carbon-carbon bonds in the benzene ring that
vary in number and intensity and fall between 1620 and 1400
cm™. However, one can be more specific with this peak’s
range. The wagging peak positions of benzene ring C-H are
sensitive to the substitution pattern. For mono substituted
benzene rings such as toluene, the C-H wagging peak falls
between 770 and 710 cm™ [49]. The carbonyl stretch C=0 of a
carboxylic appears as an intense band from 1760 to 1690 cm™!
and the C-O stretch appears in the region of 1320-1210 cm™.

The SEM and TEM images related to the rod-shaped
nano-boehmite is shown in Fig. S2. As can be seen in the
figure, AIOOH-Ho and AIOOH-Mo are possessed of simi-
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lar microtopography and rod-shaped, and the size of these
particles is the nanoscale. As the figures show, the width of
the particles are about 50 nm.

Findings of the XRD test for two samples of AIOOH-Ho
and AIOOH-Mo are depicted in Figs. S3 and S4. Results of
the XRD test were compared with standard cards, suggesting
that the main peaks related to the considered samples match
the nano-boehmite peaks, thereby confirming the synthesis
of this material. The initial peak that has increased highly
indicates the anisotropic crystallographic nature of the parti-
cles in this sample and the juxtaposition of particles.

Findings of the XRD test for the modified samples and
its comparison with the standard sample suggested that
the structure of the nano-boehmite with modifying its sur-
face was remained fixed, and no change was made in it. In
addition, as the XRD graph had long peaks, it indicated the
formation of a structure with regular crystals. Finally, using
the Schwarz equation, the mean particle size was obtained
14.03 nm for the adorbents, indicating that modification
with acid had no impact on the particle size.

3.2. Studying the effect of pH on removal efficiency

The effect of pH is a key factor of the general adsorption
process, which affects the chemistry properties for both dye
molecules and adsorbents solution. To assess the impact of
pH on the adsorption percentage of dye, the pH of solution
was adjusted to vary between 2-11.

By changing the pH value, the maximum absorption
wavelength and intensity of the dye varied. Fig. 1 clearly
displays the pH dependency on the EbT adsorption effi-
ciency onto the adsorbents. For the AIOOH-Mo and
AIOOH-Mo adsorbents, the removal rate of EbT decreased
with the increase of pH.On the other hand, the pH of 3 was
chosen as the best pH for the AIOOH adsorbent. For the
AIOOH-Mo and AIOOH-Ho adsorbents, however, with the
increase in pH, the removal rate of EbT decreases and, thus,
the pH of 2 was chosen as the best pH.

At lower pH values (pH < pH,,.), the adsorbent had
a positive charge. In addition, EbT may be present in the
anionic form. In such conditions, EbT molecules have a high
tendency with it. By increasing the pH value (pH > pH,, ),
it tends to change in inverse [50]. The PZC of the AIOOH,
AIOOH-Mo and AIOOH-Ho is approximately 5.6, 4.03 and
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Fig. 1. Effect of pH on adsorption of Ebtby the adsorbents (con-
ditions: 10 mg adsorbent, 10 ml of 100 mg/L of EbT, duration of
oscillation time of 10 min).

4.24, respectively. The negative charge is formed easily on
the adsorbent surface,and then the adsorbent combines
with the dye containing negative charge; this is conductive
to adsorption [51].

3.3. The effect of reaction time and adsorbent dosage on removal
efficiency

Results of Fig. 2 revealed that with the increase of con-
tact time the removal efficiency also increased and reached
its optimal time at 90 min for modified adsorbents, and the
removal percentage also reached 80%. Results also indi-
cated that the removal rate was 84% when the contact time
was over 90 min for AIOOH.

At this stage, the effect of the adsorbents’ amount
on dye removal was studied. For this purpose, at the
optimal pH of 3 for AIOOH and 2 for AIOOH-Mo and
AlOOH-Ho, different dosages of the adsorbent for the
EbT solution with the concentration of 100 ppm were uti-
lized. Results are illustrated in Fig. 3. As evident from
the results, an increase in the adsorbent dosage from
0.002 to 0.01 g is accompanied with an increase in the
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Fig. 2. Effect of reaction time on adsorption of EbT on the adsor-
bents (conditions: 0.01 g adsorbents, 10 ml of 100 mg/L of EbT).
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Fig. 3. Effect of adsorbent dosage on adsorption of EbT on the
adsorbents (conditions: 10 ml of 100 mg/L of EbT, duration of
oscillation time of 90 min).
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EbT removal rate, whereas an increase from 0.01 to 0.03
g, dye removal is slightly. The obtained optimal mass for
the studied adsorbent was equal to 0.01 g. Similar results
were obtained for AIOOH where the optimal mass for the
adsorbent was measured as 0.01 g. In general, the dye-ab-
sorbing capacity of adsorbents increased with increasing
their dosage. This is because the increased dosage of
adsorbents is associated with an increased special surface
and adsorption sites.

3.4. Results of the adsorption isotherms

Fig. 4 presents the adsorption isotherm of adsorption for
the dyes which was fitted based on the data of the adsorp-
tion process. The correlation coefficients and parameters of
the adsorbent are presented in Table S1. As shown in Table

0.035
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51, the Langmuir model well fitted the adsorption isotherm
of the dyes, and the maximum adsorption capacity was the-
oretically calculated.

The adsorption of the EbT dye on the adsorbents was
easy to be carried out, as was inferred from the value of 1/n
obtained from the Freundlich model. On the other hand, the
R, values obtained from the Langmuir isotherm indicated
that the adsorption was favorable for the adsorbents. It is by
reviewing the results of this section that it can be concluded
that there is mono layer adsorption for the EbT dye on the
adsorbents.

3.5. Adsorption kinetics

Utilization of appropriate kinetic models can offer
information about understanding the underlying absorp-
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Fig. 4. Adsorption isotherms of dyes adsorbed onto adsorbents in aqueous solution; Langmuir model (left) and Freundlich model
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tion mechanisms. The kinetics of the adsorption of EbT by
AlOOH and AIOOH-Mo and AIOOH-Ho are examined by
the pseudo first and second order model.

As shown in Fig. 5, the pseudo-first-order model
gave poor fitting with low correlation coefficient values
which illustrates that the rate-limiting step can be chemi-
cal adsorption or chemisorption involving valence forces
through sharing or exchange of electrons between adsor-
bent and adsorbate. The k, and k, are presented in Table S2.

3.6. Adsorption mechanism research

The theory of classical physical chemistry holds that
adsorption is the surface effect and can be divided into
physical and chemical adsorption pursuant to different
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nature of the interaction between the adsorbent and adsor-
bate [52]. The main interaction for physical adsorption is
the VDW (Van der Waals) forces between the adsorbent and
adsorbate. The physical adsorption process is affected by
many factors such as the steric hindrance intensity of the
adsorbate, electric intensity of the hydrogen bond donor
and acceptor, and electrostatic effect. Based on results,
adsorbents such as AIOOH and 4-methoxybenzoic acid
have a large number of hydroxyl groups on the surface
which combine with the adsorbate and form a hydrogen
bond between them. Furthermore, the sulfonyl group of
EbT with an electron donor and receptor is easily combined
with the adsorbent, forming a hydrogen bond on the sur-
face of AIOOH and AIOOH modified by 4-hydroxybenzoic
acid. [12]. In addition, the comparison of the adsorption of
EbT by AIOOH and AIOOH modified by 4-hydroxybenzoic
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Fig. 5. Kinetic models for the adsorption of dyes; pseudo-first-order (left) and pseudo-second-order (right) kinetics.
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acid adsorbents indicated that the addition of a carboxyl
group adsorbent affects the adsorption.

3.7. Thermodynamic studies

The Gibb’s free energy (AG), entropy (AS") and enthalpy
(AH®) changes for the adsorption were determined by

AS"  AHC
InK, =22 _
NN TR TR ©)
AG® = AH’ — TAS" @)

where T is the solution temperature (K), R is the univer-
sal gas constant (8.314, ]-K"-mol™) and K is the equilibrium
constant [55]. The calculated thermodynamic parameters
are demonstrated in Table S3. The values of Gibbs free
energy AG’ had been calculated by knowing the AH and
the AS® and AH® was obtained from a plot of In K, vs. 1/T,
from Eq. (6). Once these two parameters were obtained, AG’
is determined from Eq. (7). The positive values of AS” sug-
gest an increased randomness at the solid /solution interface
during the adsorption [53,54]. The negative values of AG® in
Table 3 reveal that EbT dye adsorption by adsorbents is a
spontaneous process. Also, it is suggested that AG° values
decrease with temperature increase from 20 to 50°C, indi-
cating that the process was more efficient at the higher tem-
perature. Furthermore, AG® values larger than —15 kJ-mol™
imply that the interactions between adsorbent sites and
metal ions are chemical. Moreover, according to Table 3,
for dye adsorption by adsorbents, the negative value of
AH® and positive value of AS° represent that the process is
exothermic with increased randomness at the interface of
solid-solution during adsorption [55]. The higher heat of
adsorption obtained in this work indicated that chemisorp-
tion rather than physical adsorption was prevailing [56].

4. Conclusion

The aim of this study was to compare three structures
including AIOOH, AIOOH modification by hydrophobic
and hydrophilic groups on the adsorption capacity or abil-
ity to remove EbT from aqueous solutions. Identification of
the structure of the fabricated adsorbent was done using
SEM, TEM, XRD and FTIR. The optimum conditions were
obtained as adsorbent dosage of 0.01 g, pH of 2 and reaction
time of 120 min. Results of the adsorption behavior indi-
cated that the equilibrium data were perfectly represented
by the Langmuir isotherm and the adsorption behavior
can be better described by pseudo-second-order model. In
addition, thermodynamic parameters including, AG°, AH®,
and AS° were determined and revealed that the processes
were spontaneous and exothermic. In summary, we investi-
gated the effect of hydrophobic and hydrophilic groups on
dye adsorption and found that they did not influence the
adsorption capacity.
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Fig. S1. FTIR image of modified AIOOH.
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Fig. S2. SEM (up) and TEM (down) images of AIOOH-Mo (Left) and AIOOH-Ho (Right) adsorbent.
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ALt ‘\ Comparison of dyes adsorption capacity of different adsorbents
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The pseudo-first-order model and pseudo-second-order model
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Fig. S3. XRD image of AIOOH-Mo adsorbent. model
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Fig. S4. XRD image of AIOOH-Ho adsorbent.



