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ABSTRACT

The ternary nanocomposites of TiO, nanotubes and magnetic activated carbon (TNTs/MAC) as a potent
nanoadsorbent were fabricated for the Cr(VI) removal from wastewater. The TNTs/MAC was prepared
by a hydrothermal method. The nanoadsorbents were characterized by field-emission scanning
electron microscope, X-ray diffraction, energy dispersive spectrometry, Fourier transform infrared
analysis and Brunauer-Emmet-Teller analysis, respectively. To investigate the adsorption kinetics and
isotherm parameters, batch adsorption experiments were carried out as a function of solution pH,
adsorbent dosage, initial Cr(VI) concentration, contact time, and adsorption temperature. The results
demonstrated that TNTs/MAC with the highest surface area (307.87 m? g') has adsorption capacity
of 20 mg g™ In acidic solution, the adsorption capacity of Cr(VI) onto TNTs/MAC was 1.5 times more
than onto pure TNTs. The kinetic results revealed that Cr(VI) removal followed pseudo-second-order
model with a correlation coefficient greater than 0.99, and adsorption isotherms were found to fit
well with Langmuir model equations (R* = 0.995). In addition, the intra-particle diffusion kinetics
implied that the adsorption rate was controlled by both boundary layer and intra-particle diffusion.
Furthermore, thermodynamic evaluation indicated the adsorption of Cr(VI) was spontaneous and
exothermic. Moreover, the thermodynamic variables showed that the adsorption nature of Cr(VI) onto
TNTs/MAC is classified as physisorption, which was further confirmed by the Dubinin—Radushkevich
model.
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Hexavalent chromium

1. Introduction

Nowadays heavy metals are among the most important
pollutants in wastewater, and are becoming a major envi-
ronmental issue at the global level [1]. Chromium, as an
influential heavy metal, has been the concern of the world
for many years for its high toxicity, carcinogenicity terato-
genicity and mutagenicity to both humans and animals [2].
In natural environments, chromium possesses two oxidation
states: trivalent Cr(Ill) and hexavalent Cr(VI) [3]. In fact,
Cr(III) is a vital element in humans and is a proportionately
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inert genotoxic agent [4]. The public health attention of
chromium is mainly related to Cr(VI) compounds, which
they are highly mobile anions, water soluble, and can attack
the human organs through the respiratory duct, digestive
system and mucous membrane [5]. Therefore, it is necessary
to removal Cr(VI) compounds from wastewater. According
to the World Health Organization and the United States
Environmental Protection Agency, the maximum permissible
limit of Cr(VI) in drinking water is 50 ppb [6]. During the last
decade, many different technologies have been developed
to remove Cr(VI) from wastewater, such as electrochemi-
cal precipitation, membrane separation, ion-exchange, and
so on [7-10]. However, most of these methods suffer from
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drawbacks that limit their application in industry, such as
high operating costs, production of secondary pollutants,
and increased waste sludge formation [11]. Adsorption of
Cr(VI) is considered to be one of the most promising tech-
nologies for its simplicity in operation, cost-efficiency,
and absence of secondary pollution [12,13]. The efficiency
of adsorption process strongly depends on the choice of
adsorbent. Hence, lots of adsorbents have been applied to
eliminate Cr(VI) from wastewater, including activated car-
bon, carbon nanotubes, biosorbent, biopolymer, alumina,
and zeolite [14-19]. Among these adsorbents, activated car-
bon is not only very cheap available material, but also has
a porous structure which contains the high specific surface
area and an excellent adsorption capacity [20,21]. However,
several problems such as non-selectivity, unknown stabil-
ity, very difficult regeneration and slow adsorption rate are
associated with their use [13,22].

Several papers published within the last years indicate
that by incorporation of magnetite nanoparticles into acti-
vated carbon to form magnetic activated carbon (MAC)
nanocomposite adsorption rate of Cr(VI) could be enhanced
[23,24]. This is due to the significant physicochemical prop-
erties of magnetite nanoparticles such as small particle sizes,
large surface area, high adsorption capacity and charge on its
surface [25]. Additional advantages of magnetite nanoparti-
cles as nanoadsorbents is that they have fast rate of pollutant
elimination, easily separated by high gradient magnetic field
and reuse of adsorbent along with significant reduction of
sludge volume [26]. Furthermore, unpaired electrons in the
3d shell of magnetite ions can act as reducing agents to chem-
ical reduction of Cr(VI) followed by precipitation in that
Cr(VI) is converted to Cr(IIl) [27]. However, the hydrophobic
surface of magnetite nanoparticles restricts its dispersion into
aqueous systems and affects their adsorption capacity and
selectivity as a consequence of limit chemical and physical
reactivity toward interaction with other species [3]. Hence,
it is necessary to find out newly favorable adsorbent for
removal of Cr(VI) from wastewater.

In order to overcome these problems, surface modifi-
cations of MAC nanocomposite by TiO, nanomaterials can
be a good solution. This is because TiO, nanomaterials have
many suitable advantages such as superhydrophilic surface,
unique chemical, and physical properties, exceptional
stability, low cost, nontoxicity, and abundance [28,29]. It
should be noted that an ideal adsorbent must have a high
surface area, uniformly accessible pores, and physical and/
or chemical stability [26]. In comparison with different TiO,
nanostructures, TiO, nanotubes (TNTs) synthesized via
hydrothermal method, possess many benefits such as simple
synthesis, providing the high specific surface area, good sed-
imentation property, and facilitate the transport of reagents
to reactive sites [30-32]. Thus, TNTs coated onto MAC can
be a promising nanoadsorbent to remove Cr(VI) ions from
wastewater.

To the best of our knowledge, the application of TNTs-
coated MAC for removal of Cr(VI) from the aqueous
environment has not been reported so far. Thereby, in this
study, a novel TNTs/MAC nanocomposite was fabricated
for removal of Cr(VI) from the wastewater. Also, the effects
of pH value, adsorbent dosage, initial Cr(VI) concentration,
and contact time were examined. Moreover, to investigate

the adsorption kinetics, isotherms and thermodynamics, the
experimental data were fitted with different models.

2. Experimental
2.1. Chemicals and materials

All chemicals in the analytical reagent grade were used
as received without further purification, and all solutions
throughout experiments were prepared with deionized
water. Sodium hydroxide pellets (NaOH), hydrochloric
acid (HClI), iron(IlI) chloride hexahydrate (FeCl,.6H,O), and
iron(ii) sulfate heptahydrate (FeSO,.7H,O) were all Merck
chemicals (Darmstadt, Germany). The commercial TiO, powder
(P25, Evonik, Germany) was used for making the TNTs.
High-purity potassium dichromate (K,Cr,O,, >99% purity)
was utilized as a probe molecule for adsorption tests.

2.2. Synthesis of the nanoadsorbents
2.2.1. Fabrication TNTs

In this research, TNTs were fabricated by the hydrother-
mal method. The precursor materials for TNTs preparation
included a commercial TiO, powder (P25, Evonik, Germany)
and sodium hydroxide pellets, and these chemicals
were used without further purification. Generally, 2 g of
commercial TiO, powder was dispersed into 100 mL of 10 M
NaOH solution and stirred for 30 min at room temperature
to form a suspension. Then, this suspension solution was
transferred into a Teflon vessel reactor and remained in an
autoclave to be heated at 423.15 K for 24 h. After cooling
down to room temperature, the resulting white precipitates
were separated from the reaction solution, followed by thor-
ough washing with diluted HCl solution (0.1 M) and distilled
water repeatedly until the pH of the solution reached near
neutral. Finally, the hydrothermal products separated from
the washing solution by filtration, dried at 80°C in an oven.
The as-synthesized TNTs were then calcined at 673.15 K in
air for 2 h.

2.2.2. Preparation of MAC

The MAC was prepared via a modified co-precipitation
method as reported by Ma et al. [33]. In brief, FeCl,.6H,0
(9.45 g, 35 mmol) and FeSO,.7H,0 (9.75 g, 35 mmol) at a mole
ratio of 1:1 were dissolved in deionized water and followed
by the addition of 8.25 g activated carbon (AC). The mixture
was then subject to vigorous stirring under the anoxic con-
dition at ambient temperature for 1 h. Afterward, the pH
was adjusted to 10 by adding 2.5 M NaOH into the iron salt
solution. The formed solution was stirred and maintained at
100°C with a thermostatic water bath for 2 h. Finally, the syn-
thesized MAC was separated by a magnet, and the particles
were washed with distilled deionized water many times to
obtain a neutral pH.

2.2.3. Synthesis of TNTs/MAC

In this research, the hydrothermal method has been
employed for the preparation of TNTs-MAC nanocomposite
(TNTs/MAC) using TNTs and MAC as raw materials. In
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a typical synthesis, MAC was first dispersed in H,O by
ultrasonic treatment for 1 h to yield a homogenized solution.
Subsequently, TNTs were added into the MAC and the
solution was homogenized. After stirring for another 1 h,
the obtained homogeneous suspension was transferred to a
Teflon-lined autoclave and was subjected to hydrothermal
treatment at 423.15 K for 6 h. The resultant composite was
collected by centrifugation, repeatedly washed with water,
and dried at 353.15 K, respectively. Moreover, the TNTs-AC)
nanocomposite was also prepared according to the above
procedure which AC was used as raw materials instead
of MAC.

2.3. Catalysts characterization

The as-synthesized nanoadsorbents were analyzed
through X-ray diffraction (XRD) experiments, which was
performed on an X-ray diffractometer (Philips X'Pert Pro
X-ray, Germany) using Cu Ka radiation (A = 1.5406 A) in
the 20 range of 10°-80° to identify the crystalline phase.
The surface morphologies and elements present in the
as-prepared nanoadsorbents were examined using a
field-emission scanning electron microscope (FESEM,
TESCAN MIRA3-XMU, Czech Republic) with an energy
dispersive spectrometry (EDS) detector for spectrome-
try. To determine the functional groups available in the
as-synthesized nanoadsorbents, the Fourier transform
infrared analysis (FTIR; Bruker alpha-2000, USA) was per-
formed over a wavenumber range of 500-4,000 cm™. The
Brunauer-Emmet-Teller (BET) analysis of the nanoad-
sorbents was investigated using a micrometer ASAP 2000
(USA). The BET method measures the specific surface area
and the pore volume. Besides, the average pore size and its
distribution were estimated from adsorption isotherms by
Barrett-Joyner-Halenda analysis. The rationale of this tech-
nique is based on multiple points of nitrogen gas isothermal
adsorption—-desorption. Furthermore, the magnetic proper-
ties (M-H curve) were collected at ambient temperature by
using a vibrating sample magnetometer (VSM).

2.4. Study on the point of zero charge

In the PZC (pH) determination, 0.01 M NaCl was
prepared, and its pH was adjusted in the range of 2-12 by
adding 0.01 M NaOH or HCI. Then, 50 mL of 0.01 M NaCl
each was put in a conical flask, and then 0.1 g of prepared
samples was added to these solutions. These flasks were
kept for 72 h, and the final pH of the solution was measured
by using a pH meter. Graphs were then plotted for pH
vs. pH,

initial®

final

2.5. Adsorption experiments

The adsorption characteristics of the as-prepared nano-
adsorbents were evaluated by the elimination of hexavalent
chromium from wastewater in the batch experiments. In
this research, the adsorption behavior of Cr(VI) onto TNTs,
TNTs/AC, and TNTs/MAC nanocomposites was investigated
as a function of important parameters including solution
pH, adsorbent dosage, initial Cr(VI) concentration, contact
time, and adsorption temperature, respectively. A stock

solution of 1,000 ppm Cr(VI) was prepared by dissolving a
certain amount of analytical grade potassium dichromate
(K,Cr,0, >99% purity) in deionized water, and the other
solutions were prepared by dilution. To investigate the effect
of pH, adsorption tests were carried out at different pH lev-
els in the range of 2-12 with 0.01 g of TNTs, TNTs/AC, and
TNTs/MAC nanocomposites by setting the initial Cr(VI) con-
centrations at 10 ppm. In these experiments, NaOH (0.1 M)
and HCI (0.1 M) were employed to regulate the pH level.
For determination of optimal nanoadsorbent dosage, tests
were done at the different nanoadsorbent amount in the
range from 0.01 to 0.5 g at optimal pH in Cr(VI) solution with
10 ppm initial concentrations. Adsorption isotherm studies
were conducted with initial Cr(VI) concentrations ranging
in 10-50 ppm at constant temperature and optimal solution
pH. Adsorption kinetic experiments were performed to
investigate the effect of contact time and evaluate the kinetic
properties. At a definite time interval, the solutions were col-
lected and analyzed for residual Cr(VI) ion concentration.
The adsorption capacities at specific times (7, mg g™) and
equilibrium (g, mg g) were calculated using the following
equations [9,18]:

R 1)
m

C,-C, <V @)
m

q(:':

where C, C, and C, are the concentration of Cr(VI) (ppm)
at the initial, at equilibrium and at ¢ time, respectively. V is
the volume of the Cr(VI) solution (L), and m is the mass of
nanoadsorbents (g). The Cr concentration before and after
adsorption was measured three times using a UV-vis/NIR
spectrophotometer. Also, the chromium removal percent
(%R) was estimated as follows [6]:

%R _[1—ijx1oo 3)
C

0

Furthermore, to estimate the feasibility of the process of
Cr(VI) ions adsorption onto nanoadsorbents and calculate
the thermodynamic parameters, the adsorption studies
were carried out at different temperatures in the range of
298.15-328.15 K.

3. Results and discussion
3.1. FESEM and EDS

Figs. 1(a)-(c) show the FESEM images of TNTs, TNTs/
AC, and TNTs/MAC nanocomposites, respectively.
According to Fig. 1(a), the TiO, samples that prepared by
hydrothermal procedure exhibit smooth surface and nano-
tubular morphology with the length of several hundred
nanometers. After modification of TNTs with AC and MAC
nanoparticles, changes were observed on the surface of
TNTs. As shown in Figs. 1(b) and (c), the porous activated
carbon and the very fine spherical shape Fe,O, nanoparticles
were effectively attached on the surface of TNTs, which indi-
cates the relatively high interfacial adhesion between the
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Fig. 1. FESEM images of (a) TNTs, (b) TNTs/AC, and (c) TNTs/MAC, and EDS spectra of (d) TNTs, (e) TNTs/AC, and (f) TNTs/MAC.

TNTs, AC, and Fe,O, nanoparticles. The relative elemental =~ nanocomposites mainly consisted of Ti, O, Na, Cl, C, and
compositions of nanoadsorbents obtained from EDS analy-  Fe atoms.

sis are presented in Figs. 1(d)—(f). Based on these images, the
presence of carbon in TNTs/AC and TNTs/MAC was further
confirmed by EDS analysis. It is clear from Fig. 1(f) that the
peaks of iron have appeared in the spectrum. In sum up, The XRD patterns of the TNTs, TNTs/AC, and TNTs/
the EDS analysis revealed that the TNTs/MAC as ternary MAC nanocomposites are shown in Fig. 2. The patterns

3.2. XRD
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Fig. 2. XRD pattern of the as-synthesized TNTs, TNTs/AC, and
TNTs/MAC.

show the presence of TiO, anatase (101) as the main phase
at 20 of 25.3°. The diffraction peaks which were observed at
37.9°, 48.1°, 53.8°, 55.2°, 62.2°, 68.8°, 70.02°, and 75.09° repre-
sent other nanocrystalline of the anatase phase that can be
indexed to the (004), (200), (105), (211), (213), (116), (220), and
(215), respectively [34,35]. When XRD patterns of the TNTs/
AC were compared with TNTs, the dope of AC does not lead
to the change in the numbers and the positions of diffrac-
tion peaks and it keeps the anatase crystalline phase also. As
illustrated in Fig. 2, the iron atoms significantly affected on
intensity and numbers of XRD patterns of TNTs. It could be
seen that dominant diffraction peaks (showed with an aster-
isk) at 20 = 30.2°, 35.6°, 43.5°, 54.7°, 56.9°, and 62.5° can be,
respectively, indexed to (220), (311), (400), (422), (511), and
(440) planes of magnetite nanoparticles. The results are in a
good agreement with the cubic spinel structured of the Fe, O,
that reported by JCPDS card number 19-0629 [2].

3.3. FTIR

The surface functional groups of the as-prepared
nanoadsorbent were characterized by FTIR spectrum and
are presented in Fig. 3. In FTIR spectra, the vibration near
583 cm™ is indexed to the characterized vibrations of Ti-O
and Fe-O. Moreover, the vibration at 1,389 cm™ is ascribed

TNTs/MAC

W

TNTs/MAC

Trarwmittance (a.u)

TNTs

4000 3500 3000 2500 2000 1500 1000 500 0

Wavenaumber (cm)

Fig. 3. FTIR spectra of the as-synthesized TNTs, TNTs/AC, and
TNTs/MAC.

to the O-H bond vibration of Ti-OH on the surface of parti-
cles. The peaks observed at around 3,420 and 2,962 cm™ are
attributed to the Ti-OH bond [36]. The OH bending vibra-
tion of chemisorbed and/or physisorbed water molecule on
the surface of the catalysts is observed near 1,630 cm™ for
all the samples [35]. The broad absorption peaks from 800
to 700 cm™ and 490 to 433 cm™ are ascribed to the asym-
metric stretching, symmetric stretching, and the bending
modes of Ti-O-Ti bond, respectively [37]. The peaks at
1,529, 1,593, and 1,396 cm™ were corresponding to the vibra-
tion of -C-C and —-C=O stretching vibrations, respectively,
which came from the used precursor and solution [38]. For
all photocatalysts, a small peak at around 3,780 cm™ which
is assigned as O-H stretching of the hydroxyl group to Ti
atoms was observed [39]. The low-intensity broadband at
around the 840 cm™ is characteristic of the Na-O bending
of the Na-O-Ti bond of sodium titanates [40]. These results
confirmed that C and Fe species had been incorporated into
the TNTs lattice which is well in agreement with EDS results.

3.4. BET

The structural characteristics and pore size distribu-
tion of the as-synthesized catalysts were evaluated via N,
adsorption—desorption analyses, as shown in Fig. 4, and
the corresponding pore properties are summarized in Table
1. All adsorption isotherms demonstrate similar typical
type IV isotherm with an evident type-H3 hysteresis loop
in the relative pressure (P/P,) range of 0.4-1, according to
the TUPAC classification [41]. This phenomenon suggests
a slit-like pore geometry formed by TNTs because of their
aggregation, which is typical for mesoporous materials [42].
Based on Fig. 4, it can be observed that by modification of
TNTs with AC and MAC nanoparticles, the hysteresis loop
of catalysts became smaller and shifted to the high rela-
tive pressure region of 0.8-1. According to Table 1, both
TNTs/AC and TNTs/MAC nanoadsorbents had the highest
surface area and pore volume as compared with the pure
TNTs. Furthermore, the BET surface area (307.87 m? g™) and
the corresponding pore volume (0.46 cm?® g™) of TNTs/MAC
are considerably largest as compared with the surface area
(114.46 m? g') and pore volume (0.29 cm?® g) of TNTs/AC.
These results revealed that the AC and MAC augment the
attractive forces of the surface in forming larger mesoporous
pores. It should be noted that in adsorption process, the
specific surface area of the adsorbent is important to pro-
vide enough active sites for the molecules to adsorb. Since
the TNTs/MAC had the highest surface area than the two
other nanoadsorbents, we expect the TNTs/MAC catalysts to
exhibit a higher adsorption efficiency for removal of Cr(VI)
from the wastewater.

3.5. VSM

The saturation magnetization (Ms) of the TNTs/MAC
was measured to study the magnetic reaction of the magnetic
nanocomposite to an external field. According to Fig. 5, the
nanoadsorbent is superparamagnetic at room temperature. It
is worth noting that the Ms value of the Fe,O, nanoparticles
is significantly higher than that of TNTs/MAC sample, which
is because the Fe,O, nanoparticles are covered with an ana-
tase TNTs layer in the TNTs/MAC sample. Furthermore, no
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Fig. 4. N, adsorption-desorption isotherms for (a) TNTs, (b)
TNTs/AC, and (c) TNTs/MAC.

Table 1

Surface area and total pore volume of the prepared

nanoadsorbents
Adsorbent BET surface area Pore volume

(m> g™) (cm® g™)

TNTs 89.54 0.25
TNTs/AC 114.46 0.29
TNTs/MAC 307.87 0.46

Fe3 04
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Fig. 5. Field dependence of the magnetization of TNTs/MAC
measured at room temperature.

significant variation was seen in the coercivity. Such excellent
magnetic properties imply a strong magnetic responsivity on
the sample, enabling them to be recycled easily from solution
through an external magnetic force.

3.6. Adsorption study
3.6.1. Effect of pH on the adsorption of Cr(VI)

The pH value of the pollutant solution plays a critical role
in the adsorption process. This is because the solution pH
affects the surface charges and the binding sites of nanoad-
sorbents and the interactions between them and pollutant.
Fig. 6(a) depicts the removal of Cr(VI) as a function of pH by
different nanoadsorbents. All nanoadsorbents showed simi-
lar adsorption trend toward Cr(VI). The adsorption of Cr(VI)
was more favored in acid solution. As shown in Fig. 6(a), the
maximum removal of Cr(VI) is observed at pH 2—4, and then
the removal efficiency starts to decrease dramatically as the
pH increases. The effect of solution pH can be explained by
considering the surface charges of the nanoadsorbents and
the degree of ionization of the adsorbate. In fact in aqueous
solutions, Cr(VI) exists in different ionic forms at different
pH conditions. H,CrO, exists mainly at a solution pH below
2.0, HCrO; and Cr,O7 are usually found in the pH range of
2-6, and CrOf is the primary form when the solution pH
increases to above 7.0 [1,14]. Therefore, when the solution pH
has changed, the form of the Cr(VI) ions will influence the
Cr(VI) uptake capacity. The other important effective param-
eter for Cr(VI) adsorption is the point of zero charge (pH,,)
of nanoadsorbents [15]. The graph of pH, , vs. pH_,.  is
plotted as shown in Fig. 6(b). The intersections of the curves
with the straight line are known as the endpoints of the
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Fig. 6. (a) Effect of solution pH on Cr(VI) removal by various
nanoadsorbents and (b) plot for determination of pHPZC of
various nanoadsorbent.

pH, . Based on Fig. 6(b), the pH values of the PZC were 5.3,
6.3, and 6 for TNTs, TNTs/AC, and TNTs/MAC, respectively.
When the solution pH value is lower thanpH  (pH<pH, ),
the surface of nanoadsorbents are protonatecf and positively
charged, and as a result a strong electrostatic attraction takes
place between the very high positive surface charge on the
nanoadsorbents and negatively charged Cr(VI) anions.
However, with the increase in pH (pH > pH ), the surface
of nanoadsorbents becomes negatively charged, so there is
a competition between OH ions and negatively charged
ionic forms of Cr(VI) results in more eventually electrostatic
repulsion.

3.6.2. Effect of nanoadsorbent dosage on Cr(VI) adsorption

Nanoadsorbent dose is an important parameter that
strongly influences the adsorption process by affecting the
adsorption capacity of the adsorbent. The removal per-
centage of Cr(VI) and adsorption capacity as a function of
nanoadsorbent dosage are illustrated in Fig. 7. When the
dosage of all three nanoadsorbent, namely TNTs, TNTs/
AC, and TNTs/MAC, increased from 0.01 to 0.3 g, Cr(VI)
removal efficiency increased remarkably. The reason is that
the increase of dosage leads to an increase in the adsorbent
surface area and augmenting the number of adsorption
active sites available for adsorbate [43]. However, there was
no remarkable increase in adsorption efficiency after adding
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Fig. 7. Effect of nanoadsorbent dose on the Cr(VI) removal and
equilibrium adsorption capacity.

further nanoadsorbents, that is, over 0.3 g. By comparing the
nanoadsorbents performance at 0.3 g, it can be seen that the
removal efficiency of Cr(VI) over TNTs/AC and TNTs/MAC
are 1.09 and 1.25 times higher than the removal efficiency
of Cr(VI) over TNTs. Moreover, for all samples, adsorption
capacity decreased as dosage increased. This can be attributed
to the fact that the increase of dosage leads to aggregation
of nanoparticles, and then reduces adsorption sites [16].
Therefore, in the following experiments, the adsorbent dose
was fixed at 0.3 g as the best nanoadsorbent dosage.

3.6.3. Effect of initial concentration and contact time on
Cr(VI) adsorption

The effect of initial concentration of Cr(VI) and contact
time on the adsorption capacity over TNTs, TNTs/AC, and
TNTs/MAC nanoadsorbents are presented in Figs. 8(a)—(c),
respectively. The initial concentration of Cr(VI) is an effec-
tive factor in the adsorption process. Experimental results
revealed that the removal efficiency decreased as a function of
the increase in initial concentrations of Cr(VI), for all samples.
That is because the removal percentage of Cr(VI) strongly
depends on the immediate relationship between the Cr(VI)
molecules and the available binding sites on the adsorbent
surface [18]. At low concentrations, active sites on the adsor-
bent surface are unoccupied, but when the initial Cr(VI) con-
centration increases, the active sites needed for adsorption of
the Cr(VI) molecules will not be available [44]. So it is evident
that the removal percentage decreases with an increase in the
initial concentration of Cr(VI), as a consequence of the satu-
ration of adsorption sites on the adsorbent surface [45]. As
shown in Fig. 8, it is observed that all three nanoadsorbents
followed the same changing trend, and adsorption capacity
increased with the increase of Cr(VI) concentration. This may
be attributed to the high driving force for mass at a high ini-
tial concentration of Cr(VI). In other words, the concentration
gradient between the bulk solution and the particle surface
enhances the adsorption rate [46]. Furthermore, it was found
that the rate of adsorption was rapid for the first 20 min and
after that it proceeded at a slower rate (20-120 min) and
finally reached saturation. The maximum adsorption capac-
ity over TNTs, TNTs/AC, and TNTs/MAC nanoadsorbents
were, respectively, increased from 0.69 to 1.71 mg g™, 0.74
to 2.02 mg g and 0.86 to 2.47 mg g™, as a function of the
increase in initial concentrations of Cr(VI).
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Fig. 8. Effect of contact time and initial concentration on the
adsorption of Cr(VI) onto (a) TNTs, (b) TNTs/AC, and (c) TNTs/
MAC.

3.6.4. Adsorption kinetics

To evaluate the adsorption kinetics, four different
kinetic models, namely pseudo-first-order (Lagergren),
pseudo-second-order, Elovich, and intra-particle diffusion
model (Weber-Morris model), were employed to the data.

The pseudo-first-order and pseudo-second-order that are
often applied as adsorption kinetic models are expressed as
follows [26,27]:

Pseudo-first-order:

ln(qe —q,):ln(qe)—klt 4)

Pseudo-second-order:

t_ 1 .t 5
9 ka a, ©)

where g, (mg g) and g, (mg g™) are the adsorption capac-
ities at equilibrium and at time ¢ (min), respectively, and
k, (min™) is the rate constant of the pseudo-first-order
model and k, (g (mg min)™) is the rate constant of the
pseudo-second-order model. The values of g, k,, and k, can
be calculated from the intercept and slope of the plot of
In(g,- g,) vs. t and the plot of (t/q) vs. t, respectively. To con-
firm the diffusion mechanism, the Weber-Morris model can
be appropriate. The Weber—Morris equations can be defined
with the below equation [3]:

Intra-particle diffusion:

q, =k \/; +C 6)

where k. (mg (g min)™) is the intra-particle diffusion rate
constant and C (mg g) is related to the thickness of the
boundary layer. Elovich kinetic model is represented by
another rate equation based on adsorption capacity and is
expressed by the following equation [47]:

Elovich:
5 - 1“(;[3) L Int @)

where a (mg (g min?)™) is the initial adsorption rate of the
Elovich equation, and 3 (mg (g min)™) is the desorption con-
stant related to the extent of surface coverage and activation
energy for chemical adsorption.

The results of four kinetic models over three nanoadsor-
bents at 50 ppm initial concentrations of Cr(VI) are presented
in Figs. 9(a) and (b). Also, all kinetic parameters for different
initial concentrations are listed in Table 2. The correlation
coefficients (R? were compared to find the best and appro-
priate kinetic model. According to Fig. 9 and Table 2 it can be
observed that for all nanoadsorbents, pseudo-second-order
model is more appropriate for fitting experimental data due
to the higher correlation coefficient value, compared with
other kinetic models. So the pseudo-second-order model is
the ideal model to describe the adsorption kinetics of Cr(VI)
by three nanoadsorbents, namely TNTs, TNTs/AC, and
TNTs/MAC. In fact, the pseudo-second-order model may be
used to imply that the overall rate of the adsorption process
is controlled by chemical adsorption (chemisorption) pro-
cesses [27]. Chemisorption behavior apparently attributed
to the valence forces that include the exchange or shar-
ing of electrons between cation groups of nanoadsorbent
and anion groups of adsorbate [48]. Based on Table 2, the
calculated values of adsorption capacity (q,,,) from the
pseudo-second-order model well agree with the experimen-
tal values of equilibrium capacity (g,). However, the small
difference between the theoretical and experimental values
of adsorption capacity may relate to the uncertainty inher-
ent in achieving the experimental g, values. Furthermore, the
data indicated that g, and k, for the pseudo-second-order
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Fig. 9. Kinetic plots for Cr(VI) adsorption (a) pseudo-first-order, (b) pseudo-second-order, (c) intra-particle model, and (d) Elovich model.

model, respectively, increased and decreased as a function of
the increase in initial concentrations of Cr(VI) for all nanoad-
sorbents. The increase in g, may be ascribed to decrease
in mass transfer resistance of adsorbate from bulk solutions
to the adsorbent surface [1]. In addition, the decrease in
k, with increasing initial Cr(VI) concentration indicate that
the time needed to reach adsorption equilibrium raised with
increase in initial Cr(VI) concentration [11]. To understand
the adsorption mechanism in elimination of Cr(VI) ions, it
is important to determine the rate-limiting step especially
when the process is fulfilled as a batch procedure [1]. It is
now well established that, in the solid-liquid adsorption
during the adsorption of adsorbate over a porous adsorbent,
three consecutive steps were taken place as follows [2]:

e Transport of the adsorbate ions from the bulk solution to
the external surface of the porous adsorbent (boundary
layer diffusion).

* Permeation of the adsorbate ions into the interior of the
pores of adsorbent (intra-particle diffusion).

¢ Adsorption of the adsorbate ions onto the cationic active
sites of the adsorbent.

Generally, the third step is considered to be very fast and
is not the rate-limiting step in the uptake of ionic pollutant.

Thus, the adsorption kinetics can be controlled by bound-
ary layer diffusion or intra-particle diffusion, or both of
them. The intra-particle diffusion can be discussed by
Weber—-Morris model and is expressed as Eq. (6). If the plot
of g, vs. t°° presents a linear relationship and the intercept
is zero (C = 0), the adsorption rate is exclusively controlled
by intra-particle diffusion. While if the plot gives more than
one straight line, adsorption rate may be controlled by two or
more steps, such as boundary layer and intra-particle diffu-
sion [49]. According to Fig. 9(c) and Table 2, the intercepts (C)
were not zero and the plots of g, vs. 1 involved two linear
sections. So these results confirm that the adsorption mech-
anism of Cr(VI) onto all three nanoadsorbents is controlled
by both boundary layer diffusion and intra-particle diffusion.

3.6.5. Adsorption isotherms

Adsorption isotherms are essential for the explanation of,
how the adsorbate molecules distribute between the liquid
and the solid phases when the adsorption process reaches an
equilibrium state. Here to evaluate the equilibrium nature
of adsorption, the experimental data were fitted to three
models, namely Langmuir adsorption isotherm, Freundlich
adsorption isotherm, and Dubinin—-Radushkevich (D-R)
isotherms, respectively.
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Table 2
Constant parameters and correlation coefficients calculated for various adsorption kinetic models
Adsorbents  C; Top Pseudo-first-order Pseudo-second-order Elovich Intra-particle diffusion
¢ kR ¢ kR o p Rk O R
TNTs 10 0.689 1417 0.046 094 0751 008 098 0065 5721 096 0.041 0209 0.88

20 1217 2333 0.048 094 1306 0.0610 099 0170 3.623 094 0.064 0473 0.85
30 1432 3417 0.055 095 1550  0.046 099 0178 298 095 0.079 0516 0.88
40 1580 3525 0.054 096 1.708  0.044 099 0206 2734 094 008 0586  0.87
50 1714 3518 0.054 096 1864  0.043 099 0237 2549 094 0.091 0664 0.85

TNTs/AC 10 0741 1599 0.047 093 0815 0.081 099 0082 5519 097 0.043 0249 0.89
20 1315 2324 0.049 084 1406 0.063 099 0226 3538 093 0.066 0557 0.84
30 1.607 3496 0.049 090 1701 0.051 099 0393 3261 096 0073 0730 0.92
40 1846 2602 0.045 096 1960  0.047 099 0452 2796 094 0085 0.856 0.88
50 2021 3918 0.052 095 2087 0.047 099 045 2563 095 0.091 0917 0.86

TNTs/MAC 10 0.865 1.636 0.047 094 0919 0.094 099 0164 5599 096 0.042 0373 0.89
20 1554 2922 0051 096 1.636  0.066 099 0522 3556 095 0.066 0787 0.87
30 1927 3378 0.052 095 2008 0.065 099 1179 3242 095 0.072 1.090 0.86
40 2273 3.604 0.048 091 2355 0.061 099 2286 3.021 096 0077 1362 0.88
50 2467 2053 0.035 090 2543 0.056 099 2054 2704 094 0.086 1450 0.84

“Unit of C,is mg L.

"Unit of g is mg g™

“Units of k,, k,, and k, are min™, g (mg min)™, and mg (g min)™, respectively.
“Units of &, B, and C are mg (g min?)~, mg (g min)™ and mg g™, respectively.

(i) Langmuir adsorption isotherm: The R, value signifies whether the adsorption is unfavorable
(R, > 1), linear (R, = 1), favorable (0 < R, < 1), or irreversible

This model assumes the monolayer adsorption of adsorbate (R, = 0) [43].

on nanoadsorbent without interaction between adsorbed
molecules onto surface with a finite number of homoge-

. . . - ii) Freundlich isotherm:
neous sites. The non-linear and linear forms of the Langmuir (i)

isotherm model can be described as follows [26]: This model is an empirical relationship that describes the

multilayer adsorption of an adsorbate onto a heteroge-

_ JoakiC, 3 neous surface of a nanoadsorbent. This non-linear and linear
1= 1+kC, @) isotherm models are presented by following equations [13]:

¢__1 .G © 9=kC" (1)

Qe qumax qmax
where C, (mg L"), q,(mg g™"), and g (mg g™) are the equilib-  Ing, =In k,+ lln C, (12)
n

rium concentration, the equilibrium adsorption capacity and
the maximum adsorption capacity of the adsorbents, respec-
tively. k, is a constant related to the binding energy of the
adsorption system (L mg™). In the linear form, the values of
q,... and k, for preferential adsorption of Cr(VI) were calculated
from the slope and intercept of the linear plot of C /g, vs. C,.
Also, most of the essential factor of Langmuir isotherm is the
calculation of the dimensionless constant separation factor or
equilibrium parameter (R,) which can be represented as [43]:

where k and n are Freundlich constants related to the adsorp-
tion capacity and intensity, respectively. In the linear form,
the slope and intercept of the linear plot of In(g,) vs. In(C)
give the value of n and k. Actually, n denotes the favorability
of adsorption process. For n < 1, the adsorption is considered
poor, 1 between a value of 1 and 2 the adsorption is defined
as moderately difficult with n values between 2 and 10 is
considered good adsorption [2].

Ro_ 1
1+k,C.

L™ int

(10)  (iii) Dubinin-Radushkevich (D-R) isotherms:

To investigate the equilibrium nature of adsorption, D-R
where R, is separation factor (dimensionless), k, is Langmuir  isotherms are very appropriate. The non-linear and linear
constant and C, , is the initial concentration of the adsorbate. ~ forms of this model are given as follows [3]:
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q4o=4qn exp(—BDRsz) (13)

Ing, =Ing,, — B¢’ (14)

where B is the activity coefficient related to mean adsorption
energy (mol? kJ?), and ¢ is the Polanyi potential, that can be
calculated from the below equation [3]:

e= RTln(l-rl]
Ct’

where R and T are the ideal gas constant (8.3145 J (mol K)™)
and absolute temperature (K), respectively. In the linear form,
the parameters g, and B, obtained from the intercept and
slope of In(q,) vs. €. E_ is the free energy change of adsorption
(kJ mol™), which is defined as the change in the free energy
during transfer of one mole of ion from infinity in solution
to the adsorbent surface, that it can be calculated from the
below equation [1]:

(15)

(16)

The magnitude of E_ is used to determine the type of
adsorption reaction (physical or chemical). In this regard,
if E, < 8 k] mol™, the mechanism of adsorption is physical
adsorption, if 8 < E, <20 k] mol™ adsorption is dominated by
chemical ion exchange and if E, > 20 k] mol~!, mechanism of
adsorption is chemical adsorption [16].

The linear and non-linear fits of adsorption isotherms
for different nanoadsorbents are plotted in Figs. 10 and 11,
respectively. The isotherm parameters and correlation coeffi-
cients (R?) based on Langmuir model, Freundlich model, and
D-R model are presented in Table 3. According to Table 3, it
can be observed that by utilizing non-linear isotherms there
are no problems with transformations of non-linear various
isotherms equations to linear forms, and also they are in the
same error structures. Based on comparison of the correlation
coefficients, it can be concluded that the correlation coefficient
of the Langmuir isotherm is superior to the Freundlich and
D-Risotherms, indicating that the experimental data matched
with the Langmuir isotherm model. Thereby, the adsorp-
tion behavior of Cr(VI) onto three nanoadsorbent, namely
TNTs, TNTs/AC, and TNTs/MAGC, is considered as monolayer
homogeneous adsorption process. As shown in Table 3, the R,
values for TNTs, TNTs/AC, and TNTs/MAC nanoadsorbents
are in the ranges of 0.094-0.341, 0.090-0.331, and 0.061-0.245,
respectively. These results indicate that the adsorption of
Cr(VI) ions onto TNTs, TNTs/AC, and TNTs/MAC nanoadsor-
bents refers to the favorable process. Meanwhile, the values of
n for TNTs, TNTs/AC, and TNTs/MAC nanoadsorbents are
3.103, 2.955, and 3.093, respectively. Thus the greater values
of n than one confirms that adsorption of Cr(VI) ions onto
TNTs, TNTs/AC, and TNTs/MAC nanoadsorbents can be fit-
ted to Langmuir isotherm model. The maximum adsorption
capacity (g, ) values of Cr(VI) ions onto TNTs, TNTs/AC,
and TNTs/MAC nanoadsorbents from Langmuir model were

(a) 25
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Fig. 10. Linear isotherm models of Cr(VI) onto various
nanoadsorbents (a) Langmuir, (b) Freundlich, and (c) Dubinin—
Radushkevich models.

1.952, 2.263, and 2.686 mg g, respectively. These results
reveal that by modification of TNTs with MAC nanoparti-
cles, the adsorption rate of Cr(VI) can be enhanced notably.
Moreover, the values of free energy (E ) were 0.511, 0.590, and
0.941 for TNTs, TNTs/AC, and TNTs/MAC nanoadsorbents,
respectively. This result suggests that the Cr(VI) adsorption
onto these adsorbents is mainly physical adsorption because
of the weak van der Waals forces [1].

3.6.6. Adsorption thermodynamics

In environmental engineering practice, both energy and
entropy factors must be considered in order to determine
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Table 3

Isotherm parameters for the Cr(VI) removal by different nanoadsorbents

Models Parameters Adsorbent
TNTs TNTs/AC TNTs/MAC
Linear Non-linear Linear Non-linear Linear Non-linear

Langmuir g, (mgg™) 1.974 1.952 2.291 2.263 2.766 2.686

k (Lmg™) 0.183 0.193 0.193 0.203 0.279 0.310

R, 0.098-0.353 0.094-0.341 0.094-0.341 0.090-0.331 0.067-0.264 0.061-0.245

R? 0.997 0.984 0.998 0.992 0.995 0.983
Freundlich kf (mgg™ 0.505 0.571 0.574 0.643 0.828 0.890

n 2.729 3.103 2.627 2.955 2.834 3.093

R? 0.925 0.937 0.957 0.959 0.976 0.980
D-R q, (mgg™) 1.576 1.596 1.776 1.812 2.120 2.172

Bx (mol? kJ?) 2E-6 1.916 E-6 1E-6 1.437 E-6 5E-7 5.65 E-7

E, (kJ mol™) 0.5 0.511 0.71 0.590 1 0.941

R? 0.992 0.940 0.992 0.906 0.90 0.835

whether adsorption process is spontaneous or not and
whether adsorption process is exothermic or endothermic.
The thermodynamic parameters of standard Gibb’s fre e
energy change (AG°®), standard enthalpy change (AH®), and

standard entropy change (AS°), for the adsorption processes
are calculated using the following equations [26]:

AG® =—RTlnk,

17)
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K, =de (18)

_AST AH°

Ink,
¢ R RT

(19)

where k,_is the thermodynamic equilibrium constant, R is
the universal gas constant (8.314 J (mol K)™), and T is the
absolute temperature (K). The values of AH® and AS°® are cal-
culated from the slope and intercept of the line relationship
of the plot of In (k, ) vs. 1/T as displayed in Fig. 12. The ther-
modynamic variables are estimated from experimental data
under different temperatures and the results are presented
in Table 4. The negative values of AG® confirm the feasibility
of the process and the spontaneous nature of sorption with
a high preference for Cr(VI) to adsorb onto TNTs, TNTs/
AC, and TNTs/MAC nanoadsorbents, respectively. The neg-
ative values of AH® indicate an exothermic nature of the
adsorption process. So these results imply that the adsorp-
tion process is energetically stable and an improvement in
adsorption performance can be obtained at lower tempera-
tures. Also, the positive values of AS° suggest the increase
in randomness at the solid/solution interface. Furthermore,
the values of AG® and AH® demonstrate the nature of Cr(VI)
ions sorption onto nanoadsorbents, that is, whether it was
chemisorption or physisorption. Since the AG® values are
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Fig. 12. Thermodynamic plot for the adsorption of Cr(VI) onto
various nanoadsorbents.

Table 4

in the range of -20 to 0 kJ mol™ and the AH° values are
in between -2 and -30 k] mol?, it can be concluded that
the physisorption is the predominant mechanism in the
elimination of Cr(VI) ions [2,50].

4. Conclusion

In this study, the adsorption performance of ternary
TNTs/MAC nanocomposite was investigated in the removal
of Cr(VI) from wastewater. For this purpose, after character-
ization of nanoadsorbents, the batch adsorption experiments
were carried out as a function of solution pH, adsorbent dos-
age, initial Cr(VI) concentration, contact time, and adsorp-
tion temperature. The EDS and FTIR analysis revealed that
the TNTs/MAC nanocomposites mainly consisted of Ti, O,
Na, C, and Fe atoms. Also the BET analysis indicated that
MAC augments the surface attractive forces of TNTs to form-
ing larger mesoporous pores (0.46 cm® g pore volume).
Experiments results showed the efficiency of adsorption
removal of Cr(VI) has a close relationship with the solution
pH, adsorbent dosage, and temperature. The maximum
adsorption capacity of Cr(VI) onto TNTs/MAC nanocompos-
ites was achieved at pH = 2, TNTs/MAC adsorbent dose of
0.3 g, contact time of 120 min, temperature of 298.15 K, and
initial concentration of 50 mg L. The kinetics data well fol-
lowed the pseudo-second-order model, and the intra-particle
diffusion model implied that overall process of adsorption
was simultaneously controlled by boundary layer diffusion
and intra-particle diffusion. In the meantime, the equilibrium
data fitted well to the Langmuir model with a correlation
coefficient greater than 0.99. The D-R model implied that the
Cr(VI) adsorption onto TNTs/MAC nanocomposites is mainly
physical adsorption. Furthermore, the thermodynamic vari-
ables and isotherm parameters indicated that adsorption of
Cr(VI) is spontaneous, exothermal, favorable, and practical.
The developed TNTs/MAC nanocomposites not only has
demonstrated higher adsorption efficiency and fast kinetics
but also have shown additional benefits such as ease of syn-
thesis, easy recovery, cost-effectiveness, the absence of sec-
ondary pollutants and environmental friendliness. Hence it
can be concluded to be a promising advanced nanoadsorbent
in environmental pollution cleanup.
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Thermodynamic parameters for the adsorption of Cr(VI) onto different nanoadsorbents

Adsorbent AG® (k] mol™) AH® (k] mol™) AS° (k] mol™ K1)
Temperature (K)
298.15 308.15 318.15 328.15
TNTs -9.80 -10.10 -10.31 -10.55 -2.46 0.025
TNTs/AC -10.34 -10.49 -10.50 -10.73 —6.85 0.012
TNTs/MAC -11.34 -11.55 -11.44 -11.70 -8.40 0.010
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