Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Enhanced removal of hexavalent chromium from
aqueous media using a highly stable and
magnetically separable rosin-biochar-coated
TiO,@C nanocompositet

i '.) Check for updates ‘

Cite this: RSC Adv., 2018, 8, 25983

Balal Yousaf, ©2° Guijian Liu,**® Qumber Abbas,® Ruwei Wang,? Habib Ullah,
Md Manik Mian,® Amina® and Audil Rashid®

Recently, nanosized metal-oxides have been extensively investigated for their ability to remove metal ions
from aqueous media. However, the activity and capacity of these nanosized metal-oxides for removing
metal ions decrease owing to their agglomeration in aqueous media. Herein, we synthesized a highly
stable and magnetically separable rosin-biochar-coated (RBC) TiO,@C nanocomposite through a facile
and environment-friendly wet chemical coating process, followed by a one-step heating route (pyrolysis)
for efficient removal of Cr(vi) from agqueous solution. An array of techniques, namely, TEM, HRTEM, TEM-
EDS, XRD, FTIR, VSM, BET and TGA, were used to characterize the prepared nanocomposite. The
pyrolysis of rosin into biochar and the fabrication of Fe onto the RBC-TiO,@C nanocomposite were
confirmed by FTIR and XRD examination, respectively. Moreover, TEM and HRTEM images and elemental
mapping using TEM-EDS showed good dispersion of iron and carbon on the surface of the RBC-TiO,@C
nanocomposite. Sorption of Cr(vi) ions on the surface of the RBC-TiO,@C nanocomposite was very fast
and efficient, having a removal efficiency of ~95% within the 1% minute of reaction. Furthermore,
thermodynamic analysis showed negative values of Gibb's free energy at all five temperatures, indicating
that the adsorption of Cr(vi) ions on the RBC-TiO,@C nanocomposite was favorable and spontaneous.
Conclusively, our results indicate that the RBC-TiO,@C nanocomposite can be used for efficient
removal of Cr(vi) from aqueous media due to its novel synthesis and extraordinary adsorption efficacy
during a short time period.
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1. Introduction

Heavy metal ions (HMISs) in surface and ground water, soil and
sediments are posing severe threats to environmental and
human health.® Among these heavy metal ions (HMIs), chro-
mium (Cr) is a highly toxic metal according to the United States
Environmental Protection Agency (USEPA).° The extensive use
of chromium (Cr) in different industries such as electroplating-
operations, tanning (leather), metal finishing, textiles,' steel
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and metal alloy production, brass industry, cement industry,
photographic components, and corrosive paint industry has
resulted in its release into the ecosystem at concentrations that
exceed environmental safety levels." The dominant forms of
chromium in the natural environment are Cr(vi) and Cr(im).
Cr(vi) is predominantly present in surface water due to good
aeration and oxidizing conditions, while Cr(m) is prevalent in
ground water due to reducing conditions."”*® Cr(vi) ions are
relatively more toxic and carcinogenic than Cr(m) ions due to
their higher solubility and mobility in the environment.'>**
Thus, the presence of these ions can be detrimental to ecosys-
tems as well as humans. Hence, there is a need to remove Cr(vi)
from wastewater using a sustainable approach.*® Therefore, the
development of efficient technologies for the removal of Cr(vi)
from water has attracted considerable attention of researchers.

In recent decades, numerous water treatment strategies,
such as coagulation, chemical precipitation, reverse osmosis,
bacterial treatment, ion exchange, electrochemical treatment,
nanofiltration and adsorption, have been developed to remove
heavy metals, particularly Cr(vi), from contaminated/industrial
effluents.>'*” Among these technologies, adsorption is
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regarded as one of the most promising approaches*® due to its
ease of operation, high efficiency, flexibility, convenience, and
ease of regeneration of the adsorbent.”>* Previous studies have
reported numerous adsorbents for the removal of Cr(vi) such as
nanosized metal oxides,” > clays,*® zeolites,”” magnetic nano-
carbon®* and activated carbon.*® However, most of the
adsorbents have low surface area, low adsorption capacities and
weak mechanical interactions. Recently, graphene oxide and
reduced graphene oxide decorated with various metallic
elements, with much higher adsorption capacity, have been
used extensively for the removal of organic and inorganic
pollutants.**** However, these composites are expensive as well
as toxic, which have restricted their usage in removal tech-
niques for contaminants. Hence, there is an urgent need to
develop highly efficient and environment-friendly new adsor-
bents with large surface area, maximum adsorption capacity
and high stability. Recently, an economical and sustainable
wastewater treatment strategy, viz., the use of modified biochar
and carbon nanomaterials, to remove metal ions from indus-
trial wastewater is receiving increasing attention due to their
high adsorption capacity and removal efficiency in a broad
range of pH and temperature. Moreover, recent investigations
have suggested that the modified-biochar/biochar-coated
nanocomposites have high surface area and great affinity for
adsorbing metal ions from aqueous solution.** Other applica-
tions of carbon-based materials include fuel cells, self-healing
of fiber composites, wireless power transfer, thermal conduc-
tion, silica microspheres and solar cells.****

In this study, TiO, was selected as a porous solid substrate to
support the fabrication of Fe-C composite on its surface.
Moreover, magnetic iron oxide nanoparticles can be protected
by inorganic mesoporous TiO,. Titanium (Ti) materials are
porous and amphoteric, due to which they have become very
attractive for the adsorption of metal ions [ie., Cr(vi)] from
water."»** Additionally, TiO, can be used in nanocomposite
coatings for efficient fabrication of materials, oil/water separa-
tion, fabrication of solar cells and other applications.*****
Furthermore, rosin has become popular due to its unique
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molecular structure and its efficiency in removing contami-
nants. It is a resinous solid material obtained from pine and
coniferous trees and contains a mixture of different isomerized
acids (>90%).*** In this study, we report the novel formation of
the RBC-TiO,@C nanocomposite for efficient removal of Cr(vi).
The magnetic nanoparticles of iron were immobilized onto the
surface of the RBC-TiO,@C nanocomposite by mesoporous
TiO, during the coating of rosin biochar. The as-synthesized
material (RBC-TiO,@C) has many functional groups (C-H, C-
OH, COOH, C-0O-C, etc.) on the surface of the nanocomposite.
At low pH, the functional groups would become positively
charged. Therefore, Cr(vi) can be adsorbed by these functional
groups due to electrostatic attraction.** Moreover, they can act
as reducing agents and can cause reduction of Cr(vi) to Cr().*®
The RBC-TiO,@C nanocomposite was characterized using an
array of techniques to confirm the fabrication of Fe and C on the
surface of the as-synthesized nanocomposite and was used in
this study to eliminate Cr(vi) from aqueous medium. The
removal efficiency, adsorption capacity, adsorption kinetics and
adsorption isotherms of the RBC-TiO,@C nanocomposite were
investigated in a broad range of pH and temperature.

2. Experimental section

2.1. Chemicals and materials

Rosin was purchased from Jitian Chemical Co. Ltd. China.
Titanium dioxide (TiO,), ferric chloride hexahydrate (FeCls-
‘6H,0), sodium hydroxide (NaOH), potassium dichromate
(K,Cr,0;), ammonium hydroxide (NH,OH) and hydrochloric
acid (HCl) were purchased from Sigma-Aldrich China Inc.
Shanghai, China. All chemicals were of analytical grade (AR)
and used without further purification. Ultrapure Milli-Q water
(18.2 MQ cm) was used for all experimental solution
preparations.

2.2. Preparation of the RBC-TiO,@C nanocomposite

The RBC-TiO,@C nanocomposite was synthesized (Scheme 1)
by dissolving 9 g of ferric chloride hexahydrate (FeCl;-6H,0)

Rosin+Fe
/ TiO2

%

Pyrolysis
800 °C

15 min

Scheme 1 Schematic diagram illustrating the synthesis of BC-TiO,@C for efficient Cr(vi) removal.
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in 25 mL of deoxygenated water (deoxygenation using a Liqui-
Cel® Membrane) in a 50 mL Pyrex beaker (borosilicate glass
beaker), followed by addition of chitosan (2 g). The pH of the
Fe;Cl-6H,0 working solution was fixed to 8 using 5% NH,OH.
Next, 4 g of titanium dioxide (TiO,) was slowly dissolved in
30 mL of ethyl alcohol and stirred mechanically for homoge-
nous dispersion. Subsequently, 6 g of rosin was added into the
above suspension and mixed well. Subsequently, ferric chlo-
ride solution was slowly spread into the above suspension and
stirred for 1 hour. Then, the spongy emulsion was obtained by
evaporating the solvent through heating at 70 °C."** Finally,
the spongy emulsion was pyrolyzed in a tube furnace (BTF-
1200C, Anhui BEQ equipment, technology Co., Ltd, China) at
800 °C for 15 min (heating rate of 10 °C min ') in the presence
of argon gas (100 mL min'). After pyrolysis, a blackish
powdered sample (RBC-TiO,@C nanocomposite) was ob-
tained. At the time of heating, Ti provides a giant substrate to
support Fe*" and rosin to generate a Fe-biochar complex on its
surface. RBC was prepared by using a similar pyrolysis method
without the addition of ferric chloride hexahydrate (Fej-
Cl-6H,0) and titanium dioxide (TiO,).

2.3. Physico-chemical characterization methods

The morphological characteristics of the as-prepared material
(RBC-TiO,@C nanocomposite) were studied using transmission
electron microscopy/high-resolution transmission electron
microscopy (TEM/HRTEM) to confirm the carbon-rich core shell,
lattice structure and flat faces of the samples. The distribution
pattern of various elements (C, Ti and Fe) on the surface of the
RBC-TiO,@C nanocomposite was observed by elemental mapping
using TEM-EDS (JEOL-2100F TEM/Scanning-TEM, JEOL Corpora-
tion), operating with an accelerating voltage of 200 kV. Thermog-
ravimetric measurements were performed using a simultaneous
thermal analyzer SDT Q600 (TA Instruments, USA) to confirm the
presence of carbon and to check the thermal stability of the coated
nanocomposite as a function of increasing temperature. Further-
more, the phase composition of the prepared samples was iden-
tified by X-ray powdered diffraction (Philips XPert-MPD
diffractometer) patterns using Cu Ko radiation (2 = 1.54056 A) at
40 kv and 40 mA with a scan size of 0.02° (26) and scan time of 4 s
in the range of 20-70° (26). Fourier transform infrared (FTIR)
analysis was performed by using the KBr pellet technique in the
mid infrared region. The surface chemistry of the as-prepared
sample was studied by the KBr pellet technique using a Nic-
olet™ 6700 FT-IR spectrometer (Thermo Fisher Scientific, USA) in
the mid infrared (IR) range (4000-900 cm ') with 4 cm ™" resolu-
tion. IR spectra were recorded using OMNIC™ Specta software
(version 8.0). The surface area was assessed with the Brunauer-
Emmett and Teller (BET) technique by using a Micromeritics
ASAP™2020 (Micromeritics Instrument Corporation, USA).
Adsorption/desorption isotherms of nitrogen (N,) were deter-
mined at 77 K with a mechanical pore size and surface area
analyzer (Autosorb-6iSA®, Quantachrome Instruments, FL 33426,
USA). The pore size distribution was determined by the method of
Barrett, Joyner, and Halenda (BJH).*”

This journal is © The Royal Society of Chemistry 2018
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2.4. Adsorption experiments

The adsorption experiments were performed in a homothermal
shaking incubator (JK-HIS-160AC, Shanghai Jingke Scientific
Instrument Co., Ltd.) at 150 rpm shaking speed to study the
adsorption behaviors of Cr(vi) on the RBC-TiO,@C nano-
composite. The stock solution of Cr(vi) (1000 mg L") was
prepared with K,Cr,0; using Milli-Q water (18.2 MQ cm). Cr(vi)
solutions with initial concentrations of 25, 50, 75, 100, 125 and
150 mg L~ " were prepared by diluting the concentrated stock.
High density polyethylene (HDPE) bottles (200 mL) were used
during the experiment. RBC-TiO,@C nanocomposite (0.08 g)
was added to 100 mL of working solutions [Cr(vi)] of various
concentrations under agitation. For all adsorption experiments,
the initial pH of the working solutions was fixed to 3 (with 0.1 N
HCI or 0.1 N NaOH solutions). The adsorption kinetics and
adsorption isotherm were calculated by using a batch method
from 288-308 K temperature and 25-150 mg L' initial
concentration at pH 3. After the adsorption process, the
samples were centrifuged at 4000 rpm for 15 min (Thermo
Scientific™ Sorvall™ ST 40). The adsorbent was magnetically
separated and the supernatant was collected by using a high
density polyethylene syringe and filtered by 0.22 um disposable
syringe filters and then analyzed by ICP-MS. A test experiment
was conducted by analyzing the supernatant before and after
filtration to confirm that there was no sorption loss during
filtration. The adsorption capacity and adsorption efficiency
were determined by the difference method"***® using the
following formulae:

(1)

N

Q:(CO_Ce)X

(Co — Go)

x 100 (2)
where, Q represents the adsorption capacity (mg g~ ), E denotes
the removal efficiency (%), C, and C. represent the initial & equi-
librium concentrations of Cr(vi) in the solution (mg L"), respec-
tively, V is the volume taken from the Cr(vi) solution (L), and m is
the mass of the RBC-TiO,@C nanocomposite that was used (g).

2.5. Kinetics and adsorption studies

The two most popular kinetics models and four adsorption
isotherm models, used in this study to investigate the kinetic
mechanism and adsorption behavior, are presented in Table
S1.1 Both these pseudo-first-order and pseudo-second-order
kinetics models were employed to determine the kinetics
mechanism and adsorption capacity (g.) of Cr(vi) on the
surface of the RBC-TiO,@C nanocomposites at equilib-
rium.*®**° In addition, the modeling of experimental adsorp-
tion isotherm data was performed using four adsorption
isotherm models [Langmuir, Freundlich, Temkin and Dubi-
nin-Radushkevich (D-R)] to provide in depth information
about the adsorption behavior of the RBC-TiO,@C nano-
composites. Detailed information of the kinetics and equi-
librium models (ESIf) and their equations (general or non-
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linear form and linear form), x and y values, and their slopes
and intercepts are presented in Table S1.}

2.6. Effect of pH

The influence of pH on the Cr(vi) removal efficiency of RBC-
TiO,@C was determined by using the standard method.™
Cr(v1) solution (100 mL) was transferred into a series of high
density polyethylene (HDPE) bottles. The initial pH (pH,) of
the Cr(vi) solution was set to 2, 4, 6, 8, 10 and 12 by adding
0.1 N HCI or 0.1 N NaOH solutions. The initial concentration
of the experimental solution was set to 100 mg Cr(vi) L™ ". All
the solutions were treated with 0.8 g L™' of RBC-TiO,@C
nanocomposites for 24 h in a homothermal shaking incubator
(JK-HIS-160AC, Shanghai Jingke Scientific Instrument Co.,
Ltd.) at 288 K. The solution was then centrifuged, filtered and
collected for analysis. The final pH (pH,) of the filtrate was
observed accurately using a portable multi-parameter meter
(Orion Star A329, Thermo Fisher Scientific, USA). The differ-
ence between the initial and final pH was determined by the
equation ApH = pH; — pHy The final Cr(vi) concentration in
the supernatant and removal efficiency by RBC-TiO,@C
nanocomposites was determined as described above.
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2.7. Thermodynamics study

Thermodynamics study provides a deep understanding of the
change in energies (AG®) during the adsorption process.*® The
thermodynamic parameters were evaluated using the following
equations:

AG’ = —RTIn K, (3)

(4)

where AG? is the standard Gibbs free energy (k] mol '), R is the
universal gas constant (8.314 J mol ™' K™ '), T is the absolute
temperature (K), K. is the thermodynamic equilibrium
constant, AS° is the standard entropy change and AH is the
standard enthalpy change in the adsorption process for Cr(vi)
on the RBC-TiO,@C nanocomposite.

In K, = (AS°/R) — (AH/RT)

3. Results and discussion

3.1. Synthesis and characterization of the RBC-TiO,@C
nanocomposite

Unlike the more expensive and energy consuming traditional
solid-state technologies, through which only low adsorption
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Fig.1 Characterization of RBC and the RBC-TiO,@C nanocomposite:

Relative pressure P/P,

(a) X-ray powder diffraction (XRD) pattern; (b) FTIR spectra; (c) TGA/DTG

of RBC and the RBC-TiO,@C nanocomposite calcined in air atmosphere up to 1000 °C; (d) N, adsorption—desorption isotherms at 77 K and the
pore-size distribution curve from the desorption branch using the BJH model.
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capacity materials could be obtained due to poor complexes
between carbon and metallic ions, our novel methodology that
illustrates the synthesis of the RBC-TiO,@C nanocomposite is
efficient in removing Cr(vi) from aqueous medium (Scheme 1).
The RBC-TiO,@C nanocomposite can be prepared via chemical
coating of TiO, nanoparticles with dissolved rosin, followed by
one-step heating route (pyrolysis) under oxygen free environ-
ment; detailed explanations are presented in the experimental
section. Furthermore, the as-synthesized sample (RBC-TiO,@C
nanocomposite) was characterized using an array of tech-
niques, namely, TEM, HRTEM, TEM-EDS, FTIR, XRD, VSM,
Brunauer-Emmett and Teller (BET) and TGA.

The structures of the as-prepared RBC and RBC-TiO,@C
nanocomposite were investigated by XRD analysis (Fig. 1). The
XRD pattern for RBC revealed a wide range strong diffraction
peak at 260 = 20°, which indicates the presence of carbon in the
form of graphite crystallite. This typical broad diffraction peak
of carbon is attributed to the abundance of various functional
groups on the surfaces of the RBC.*® Moreover, major sharp
characteristic peaks of Fe,O; at 35.49°, 43.38° and 62.47° (26)
are observed in the RBC-TiO,@C nanocomposite, which indi-
cate that the as-synthesized nanocomposite has desirable
magnetic characteristics.*® The RBC-TiO,@C nanocomposite
also exhibited reflection peaks at 26 = 25.21°, 27.29° and 74.3°,
which can be well fitted to the typical crystallographic planes of
anatase (I41/amd), a trace of rutile-phase (P42/mnm) and TiC
(Fd3m), respectively.®* The reflections of Fe,O; and the crystal
planes of TiO,, indexed to (101), (105), (111), (200), (220) and
(310), confirmed the successful preparation of the biochar-
coated magnetic RBC-TiO,@C nanocomposite.>?

The magnetic property of the RBC-TiO,@C nanocomposite
was measured by VSM at room temperature in an applied
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magnetic field sweeping from —5000 to 5000 G (Fig. 2) and the
hysteresis loop indicates that the RBC-TiO,@C nanocomposite
sample possesses superparamagnetic behavior with no rema-
nence or coercivity.* Furthermore, the minor reflection peak at
26 = 10.1° indicates a trace of carbon, which corresponds to the
typical diffraction peak of graphene oxide. Apart from these
findings, no carbons were identified in the XRD pattern prob-
ably due to the existence of amorphous carbon. In addition,
thermogravimetric analysis (TGA, Fig. 1c) confirms the exis-
tence of carbon-compounds (28.73% carbon) in the RBC-
TiO,@C nanocomposite and also shows the thermal stability of
the coated samples as a function of temperature.>

In order to identify the carbon-based compounds that have
functional groups on the surface of RBC and the RBC-TiO,@C
nanocomposite, FTIR spectroscopy analysis was performed
(Fig. 1). Both RBC and the RBC-TiO,@C nanocomposite showed
a broad (3150-3700 cm ') band centered at 3400 cm ™', which
mainly represents the -OH stretching vibrations of adsorbed
water and hydrous compounds. The peaks at 850-900 cm™ ",
1030-1080 cm %, 1350-1430 cm %, 1480-1530 cm ™ * and 1550~
1700 cm ! correspond to the C-H, C-O, O-H, C=C and C=0
stretching vibrations of the sp”® carbon skeletal network,
respectively. Moreover, peaks located at 2850 and 2910 cm ™"
correspond to C-H,, stretching vibrations of the alkyl/aliphatic
group. The spectrum of the RBC-TiO,@C nanocomposite
showed two distinct bands at 550 and 675 cm ™", which could be
the characteristic peaks of Fe,O; and TiO,, respectively.'**>>*

To obtain further information about the surface morphology
of RBC and the RBC-TiO,@C nanocomposite, TEM/HRTEM
imaging was performed (Fig. 3)."** Fig. 3a and b represent
the TEM and HRTEM images of RBC, respectively. The TEM
images in Fig. 3c-e show the particle size (average size: 25-40

20 [F ® f ® T & f & ¢ F % ¢

— RBC-TiO,@C

10 +

-10 +

-15 4

PRI TR SN U SN H ST WA (TSNS ST SN ST AT U N ST SN ST U (SN S U MU A
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Fig. 2 VSM measurement of the synthesized biochar-coated RBC-TiO,@C nanocomposite sample.
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0.22 nm

Fig. 3 TEM images of (a and b) RBC and (c—f) the RBC-TiO,@C nanocomposite. (bl and f1) Magnified images, (f1) HRTEM image showing
a C-rich core—shell structure and (f2) SAED patterns of the RBC-TiO,@C nanocomposite.

nm) of the RBC-TiO,@C nanoparticles and the continuous
wrapping layer of carbon on the surface of the TiO, nano-
particles to form a RBC-TiO,@C nanocomposite. The HRTEM/
SAED analysis (Fig. 3f1 and f2) confirms the presence of the
uniform graphitized-carbon layer of nano thickness (ca. 4-5
nm) on the surface of RBC-TiO,@C. Furthermore, in order to
investigate the distribution pattern of different elements (Ti, Fe
and C; Fig. 4a and b) on the surface of the RBC-TiO,@C nano-
composite, transmission electron microscopy combined with
EDS mapping images (TEM-EDS) are presented in Fig. 4. The
TEM-EDS elemental analysis shows a well-dispersed and
uniform distribution of carbon (Fig. 4c) and iron (Fig. 4d) on the
surface of the Ti nanoparticle (Fig. 4e) to form a well-fabricated
RBC-TiO,@C nanocomposite with large surface area (consistent
with the BET analysis: Fig. 1).*°

3.2. Adsorption capacity and removal efficiency of the RBC-
TiO,@C nanocomposite

The Cr(vi) removal efficiency of RBC and the RBC-TiO,@C
nanocomposites was investigated by using 0.8 ¢ L' dose of

25988 | RSC Aadv., 2018, 8, 25983-25996

adsorbent at 288 K (Fig. S1 and S2+). Sorption of Cr(vi) ions was
faster and more efficient with the RBC-TiO,@C nano-
composites than with RBC under the same conditions. With an
initial concentration of Cr(vi) of 100 mg L' at 288 K and pH 4,
in the first minute of the reaction, the Cr(vi) removal efficiency
of the RBC-TiO,@C nanocomposites was 55.68%, which is very
high compared to RBC (5.24%). After 1 minute, adsorption
slowed down in the case of the RBC-TiO,@C nanocomposites
and the removal efficiency reached equilibrium after 10
minutes, while the equilibrium time for RBC was 30 minutes.
After 100 minutes of reaction time, the Cr(vi) removal efficien-
cies of the RBC-TiO,@C nanocomposites and RBC were 59.53%
and 27.32%, respectively. These results indicate that the inter-
action between RBC and Cr(vi) was weak. Moreover, the high
removal efficiency of the RBC-TiO,@C nanocomposites is due
to the o-Fe,O3 because they have very strong affinity towards
Cr(vi) ions.** The EDS and XPS analyses, which confirm the
adsorption of Cr(vi) on the surface of RBC-TiO,@C nano-
composites after treatment and reduction of Cr(vi) to Cr(ui), are
presented in Fig. S3 and S4,7 respectively. In the first minute of
the adsorption process, the active sites for the binding of Cr(vi)

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02860e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 19 July 2018. Downloaded on 11/21/2025 4:27:47 PM.

(cc)

View Article Online

Paper RSC Advances

250 nm 250 nm
| —

Fig. 4 Surface morphology and TEM-EDS elemental mapping of the RBC-TiO,@C nanocomposite (a—e). The EDS mapping shows the good
dispersion of (d) Fe and (e) C on the surface of the RBC-TiO,@C nanocomposite.
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Fig. 5 Effect of contact time associated with the initial concentration (mg kg™) of Cr(vi) and temperature (K) on (a and b) the Cr(vi) adsorption

capacity (mg g% and (c and d) the removal efficiency (%) of the RBC-TiO,@C nanocomposite (dosage@0.8 g L™; pH 4; 288 K temperature;
100 mg L™t initial concentration; 150 rpm shaking speed).
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Fig. 6 Adsorption and desorption efficiency of the biochar-coated RBC-TiO,@C nanocomposite (dosage@0.8 g L™%; pH 4; 288 K temperature;

25 mg L™t initial concentration; 150 rpm shaking speed).

were sufficient. Subsequently, all the binding sites were occu-
pied by Cr(vi) ions and there were no free sites for more
adsorption.'** On the basis of its high removal efficiency, RBC-
TiO,@C was chosen for further experiments. In addition, the
effects of coexisting ions on the removal of Cr(vi) were investi-
gated to determine the adsorption specificity (Fig. S57).

The effect of contact time on ¢. (mg g~ ') and the removal
efficiency (%) of the RBC-TiO,@C nanocomposites associated

with the initial concentration of Cr(vi) and temperature is
shown in Fig. 5. The adsorption properties of an adsorbent can
be evaluated by the contact time between the adsorbate and
adsorbent.>® The RBC-TiO,@C nanocomposites exhibited high
removal efficiency during the first minute and then, the
adsorption capacity remained almost constant with time, sug-
gesting that the RBC-TiO,@C nanocomposites can quickly
reach its equilibrium state.** It was found that the adsorption
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Fig.7 Effect of initial pH (pH;) on the removal efficiency of Cr(vi) by the RBC-TiO,@C nanocomposite, pHsand ApH. Here, pHrand ApH represent
the final pH and change in pH after the adsorption experiment, respectively (dosage@0.8 g L™ 100 mg kg~ initial concentration; 288 K

temperature; 150 rpm shaking speed).
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process was very quick and efficient. Fig. 5 indicates that the
adsorption capacity after one minute of reaction time increased
from 29.86 mg g~ ' to 71.43 mg g~ with an increase in the initial
Cr(vi) concentration from 25 to 150 mg L™". At the end of the
adsorption process, the adsorption capacity increased from
31.21 mg g ' to 77.2 mg g~ ' with an increase in concentration
from 25 to 150 mg L™ '. The removal efficiency decreased with
the increase in initial concentration of Cr(vi).

Removal efficiency decreased from 95.56% to 38.1% in the
first minute of the reaction with the increase in initial concen-
tration from 25 mg L' to 150 mg L~ '. After 100 minutes of
reaction time, removal efficiency decreased from 99.88% to
41.17% as the concentration increased from 25 mg L' to
150 mg L~'. It can be concluded from the results that the
removal efficiency decreased with an increase in the Cr(vi)
concentration in the working solution. In addition, the
adsorption capacity and removal efficiency associated with
different temperatures is shown in Fig. 5. The results indicate
that the adsorption capacity and removal efficiency decreased
with the increase in temperature. Adsorption capacity
decreased from 77.2 mg g~ to 67.06 mg g~ ' and the removal
efficiency decreased from 61.76% to 53.65% as the temperature
increased from 288 K to 308 K. Furthermore, the adsorption and
desorption efficiency of the biochar-coated RBC-TiO,@C
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nanocomposite during 5 cycles is presented in Fig. 6, which
shows 84.39% adsorption after the fifth cycle.

3.3. Effect of initial pH on removal efficiency

One of the key components influencing the adsorption of Cr(vi)
is the pH of the solution because it affects the charge on the
adsorbent surface and the ionic state of the functional groups
on the adsorbent surface. The impact of solution pH on the
removal efficiency of Cr(vi) by using RBC-TiO,@C nano-
composites was investigated in the pH range from 2 to 12 at 288
K with 100 mg g~ * of Cr(vi) in the working solution and a 0.8 g
L ! dose of adsorbent. Fig. 7 clearly shows that the removal
efficiency of Cr(vi) ions on the RBC-TiO,@C nanocomposites is
maximal (68.39%) at the strongly acidic pH of 2. The removal
efficiency of the RBC-TiO,@C nanocomposites significantly
decreases to about 50.76% when the pH increases from 2 to 4.
When the pH of the solution increased from 4 to 10, the removal
percentage remains almost constant, but decreased to 44.29%
as the pH further increased to 12.

The dominant species of Cr(vi) at pH 2 to 6 are HCrO,'~ and
Cr,0,°7, while at pH higher than 6, the dominant species is
Cr0,>~ .5 The removal efficiency of Cr(vi) increased with the
decrease in pH of the solution because the electrostatic

log (q, - 4)

-25 t t u u t t t t t t

0 10 20 30 40 5 60 70 80 90 100 110
Time (min)

(@ and b) Pseudo first-order and (c and d) pseudo second-order kinetic model fits for Cr(vi) adsorption onto the RBC-TiO,@C nano-

composite at various initial concentrations (mg kg™) of Cr(vi) and different temperatures (K) (dosages0.8 g L™*; pH 4; 288 K; 150 rpm shaking

speed).
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Table 1 Comparison of the pseudo first-order and pseudo second-order rate constants for Cr(vi) adsorption onto the RBC-TiO,@C nano-

composite at different initial concentrations and temperatures

Pseudo first-order

Pseudo second-order

k (gmg 'minY) r,

ki (min™") g (cal) (mg g™")

Parameter ge (exp) (mgg™")  ge (cal) (mgg™)
Concentration (mg L™") 25 31.21 30.46
50  58.56 54.38
75 66.69 61.72
100  74.41 72.84
125  74.24 71.15
150 77.20 71.68
Temperature (K) 288  77.20 75.56
293 74.41 72.84
298  72.56 68.29
303 70.76 70.05
308  67.06 66.71

attraction is strong between the adsorbent and adsorbate at low
PpH, while electrostatic repulsion is dominant at high pH.** At
low pH, the surface charge of the adsorbent becomes positive
due to the high concentration of H' in the aqueous solution,
which increases the adsorption. At high pH, the adsorbent
becomes negatively charged and more OH™ compete with Cr(vi)
ions, which subsequently decreases the removal efficiency of
Cr(vi) ions. 5738

The final pH of the treated solution was also estimated and it
was observed that the RBC-TiO,@C nanocomposites could
slightly increase the final pH of the solution that was initially set
to pH 2. However, the final pH decreased for solutions that were
initially set to pH > 2 (Fig. 7). The decrease in final pH may be
due to the low molecular weight compounds from the pyrolysis
of the rosin. It is assumed that the LMWCs maintained the

0.0299 0.9782  31.15 0.1073 0.9999
0.0355 0.9581  58.48 0.0311 0.9999
0.0449 0.9327  66.67 0.0300 0.9998
0.0292 0.9787  74.07 0.0380 0.9998
0.0645 0.9449  74.08 0.1139 0.9999
0.0311 0.8980  76.92 0.0445 0.9999
0.0525 0.9226  77.51 0.0925 0.9999
0.0292 0.9787  74.07 0.0380 0.9999
0.0472 0.9538  72.46 0.0373 0.9999
0.0603 0.9677  70.92 0.0258 0.9999
0.0592 0.9568  67.57 0.0181 0.9999

solution pH at a value lower than the initial pH.** Zeta potential
measurements were used to estimate the point of zero charge
(PH,pc) of the RBC-TiO,@C nanocomposites, which was found
to be around 3.5 (Fig. 7). pHzpc is the point where the surface of
an adsorbent has neutral charge.” When the pH of the solution
is greater than pHzpc, the surface charge of the RBC-TiO,@C
nanocomposites is negative and when the pH is less than
pHzpc, the surface of the RBC-TiO,@C nanocomposites is
positively charged. On the basis of pHzpc and removal effi-
ciency, in this study, pH = 3 was considered as the optimum pH
for maximum adsorption of Cr(vi) ions.

3.4. Adsorption kinetics

The adsorption kinetics of Cr(vi) ions at different concentra-
tions of Cr(vi) and different temperatures (Fig. 8) were explained
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Fig.9 Linear fit for adsorption isotherm models (Langmuir, Freundlich, Temkin and Dubinin—Radushkevich (D-R)) for Cr(vi) adsorption onto the

RBC-TiO,@C nanocomposite at various initial concentrations (mg kg™?)
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Table 2 Constant parameters and correlation coefficients of Cr(vi) adsorption onto the RBC-TiO,@C nanocomposite calculated for various
adsorption models (Langmuir, Freundlich, Temkin and Dubinin—Radushkevich (D—R)) at different initial concentrations (mg kg~?!) and temper-

atures (K)
Parameter Parameter
Isotherm Concentration (mg kg™) Temperature (K)
Langmuir r Qm (mgg™) K (Lmg™") r Qm (mgg™) Ki, (Lmg ™)
0.9985 77.52 0.6862 0.9978 41.32 0.1614
Freundlich I n Ky r2 n Ky
0.9850 8.87 47.77 0.9969 —1.37 111.54
Temkin r b Ky r b Ky
0.9932 427.38 8.99 0.9990 46.20 5.83
Dubinin-Radush
kevich (D-R) r I qa I 6 qd
0.9169 —2.00 x 10°° 69.96 0.9662 —4.60 x 10 80.81

by two popular kinetic models: pseudo-first order model and
pseudo-second order model.*>* The particulars of these model
equations are summarized in Table S1.f It can be evaluated
from the results in Table 1 and Fig. 8, that although the values
of r,> are considerably high, the experimental adsorption
capacity g. (exp) differed from the calculated adsorption
capacity ¢. (cal). This suggests that adsorption mechanism is
not well fit by a pseudo-first order kinetic model.

As shown in Table 1 and Fig. 8, the values of r,” at all Cr(vi)
concentrations and temperatures exceed 0.99 (almost near
unity), suggesting that the adsorption mechanism is chemi-
sorption.*?***%* The values of calculated adsorption capacity g,

050 +—V———"7T1T——"—— 71—

(cal) were also very close to the experimental adsorption
capacity g. (exp), suggesting that the adsorption kinetic data for
the Cr(vi) ions are well fit by the pseudo-second order model.
From the kinetics results, it was concluded that the adsorption
process is chemical in nature. Similar results for Cr(vi) have
been shown for Bt/Bc/a-Fe,03,** the PPy-TiP nanocomposite™
and Fe;0,@mTiO,@GO.?

3.5. Adsorption isotherm

Analysis of adsorption isotherms provides information about
the performance of the adsorbent. Four isotherm models,
Freundlich, Langmuir, Temkin and Dubinin-Radushkevich (D-
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Fig. 10 Plot of In K. versus 1/T for the RBC-TiO,@C nanocomposite.
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R) were used to analyze the data. Adsorption isotherms of Cr(vi)
on the RBC-TiO,@C nanocomposites at various concentrations
and temperatures are displayed in Fig. 9. The Langmuir
adsorption isotherm model assumes that all the adsorption
sites are homogeneous and it describes monolayer coverage of
Cr(v1) ions onto the surface of the adsorbent.®* In the Langmuir
model, ki, (L mg™") is the constant related to the affinity of the
active sites for adsorption and ¢, (mg g~ ') is the theoretical
maximum adsorption capacity. The maximum adsorption
capacities for Cr(vi) at different concentrations and tempera-
tures are 77.52 and 41.32 mg g~ ', respectively. These values are
exceptionally higher than those for the previously reported
adsorbent, PPy-TiP,"* which indicates the efficacy of the RBC-
TiO,@C nanocomposites towards Cr(vi) removal. The Freund-
lich isotherm model describes multi-layer sorption with the
heterogeneous surfaces of an adsorbent.®” In this model, K and
n are the constants related to adsorption intensity and surface
heterogeneity, respectively. A value of n greater than 1 repre-
sents good adsorption and a more heterogeneous adsorbent
surface and a value near to or equal to 1 represents more
homogeneous surfaces. The Temkin adsorption isotherm
model indicates the chemisorption process and suggests that
the energy decreases as the interaction between adsorbent and
adsorbate increases.®® In this model, K and b are the Temkin
isotherm constants related to the maximum binding energy and
heat of adsorption. The Dubinin-Radushkevich (D-R) isotherm
model indicates the physical or chemical adsorption mecha-
nism. In this model, ¢4 (mg g~ ') is the D-R constant, § is related
to mean free energy and ¢ is the energy related to the Polanyi
potential. The correlation coefficient (r*) is lowest for this model
at different Cr(vi) concentrations and temperatures (Table 2),
indicating that adsorption of Cr(vi) on the RBC-TiO,@C nano-
composites is not physical."***

3.6. Thermodynamic behavior

Thermodynamic parameters were used to gain an in-depth
understanding of the phenomenon of adsorption and its mech-
anism.”* The effects of temperature on Cr(vi) ion adsorption on
the surface of the RBC-TiO,@C nanocomposites were studied at
288, 293, 298, 303 and 308 K. The thermodynamic parameters
such as standard enthalpy change (AH°) and standard entropy
change (AS°) were obtained from the slope and intercept of the
In K, vs. 1/T plot (Fig. 10). Gibb's free energy (AG’) can be
calculated by using eqn (3) and the relevant results are displayed
in Table 3. The value of Gibb's free energy was negative at all five
temperatures, which indicated that the adsorption of Cr(vi) ions

Table 3 Thermodynamic parameters for Cr(vi) adsorption onto the
RBC-TiO,@C nanocomposite

Temperature AH AS°

(K) AG° Ink, (kJmol™") (Jmol™*K™) 7

288 —1147.83  0.4794 167.55 0.524 0.9807
293 —940.1 0.3859

298 —804.78  0.3248

303 —669.983 0.2660

308 —374.53  0.1463
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on the RBC-TiO,@C nanocomposites was favorable and sponta-
neous.”® Moreover, the AG® values increased with an increase in
temperature, which indicated that the adsorption process is
more spontaneous at lower temperature. The enthalpy change
(AH®) for the adsorption of Cr(vi) ions is 167.55. The positive
value suggests that the adsorption process is endothermic. The
entropy change (AS°) for the adsorption of Cr(vi) ions is 0.524; the
positive value suggests that the randomness increased during the
adsorption process.'***

4. Conclusion

In summary, we have developed a wet chemical coating process,
followed by a one-step heating route for the novel synthesis of
the RBC-TiO,@C nanocomposite and estimated its potential to
remove Cr(vi) from aqueous medium. Initially, the as-prepared
RBC-TiO,@C nanocomposite was characterized to confirm the
fabrication of carbon and iron on the surface of nanocomposite
by an array of techniques, namely, TEM, HRTEM, TEM-EDS,
XRD, FTIR, BET and TGA. Furthermore, the sorption mecha-
nism and removal efficiency of the RBC-TiO,@C nano-
composites for Cr(vi) ions were investigated. The results
revealed that adsorption of Cr(vi) was very fast and efficient with
the RBC-TiO,@C nanocomposites and the correlation coeffi-
cient (%) for all four models was near unity. However, the best fit
model for different Cr(vi) concentrations is the Langmuir
model. Moreover, the data for various temperatures was well fit
to the Temkin isotherm model. The Gibb's free energy values at
all five temperatures were negative indicating the favorable and
spontaneous adsorption of Cr ions on the RBC-TiO,@C nano-
composites. Conclusively, our results provide insights
regarding the synthesis and Cr(vi) removal efficiency of RBC-
TiO,@C nanocomposites in a broad pH range.
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