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mbustion preparation of TiO2

nanostructures as efficient adsorbents for the
removal of an anionic textile dye†

Mostafa Y. Nassar,*a Eman I. Alia and Essam S. Zakariab

We have developed a new route for the synthesis of pure TiO2 nanostructures via a facile auto-combustion

method followed by heat treatment. We have tuned the produced phases, morphologies, and crystallite

sizes of the nano-sized TiO2 products through an auto-combustion method employing different fuels

and various fuel-to-oxidant equivalence ratios, Fc. The as-synthesized products were analyzed by means

of FE-SEM, FT-IR, XRD, TEM, BET, and thermal analyses. Interestingly, urea fuel at Fc ¼ 1 generated

a pure anatase TiO2 phase (U1) having almost the smallest crystallite size (11.9 nm) and the highest

adsorption capacity (135 mg g�1) for the removal of Reactive Red 195 (RR195) dye from aqueous

solutions. Moreover, the adsorption data could be described well using the pseudo-second-order kinetic

and Langmuir isotherm models. Based on the calculated thermodynamic parameters: DH0 (1.343 kJ

mol�1), DG0 (from �4.630 to �5.031 kJ mol�1), and Ea (18.46 kJ mol�1), the adsorption of RR195 dye on

the as-prepared TiO2 nano-adsorbent is an endothermic, spontaneous, and physisorption process,

respectively. Moreover, the as-prepared TiO2 adsorbent is a promising candidate for the removal of

RR195 textile dye from aqueous media based on its reusability, high stability, and high adsorption capacity.
1. Introduction

Because of the environmental problems that water pollution
may cause, a great number of researchers have devoted their
efforts to the wastewater treatment research eld. One of the
serious sources of water pollution is the dying processing
included in various industries such as paper, leather, plastic,
rubber, and textile. These industries discharge large quantities
of organic dyes into the water environment without pre-treat-
ment.1–3 The discharged dyes, including reactive red dye, are
non-biodegradable and chemically stable. In addition, these
dyes are toxic and carcinogenic owing to the presence of azo
groups (–N]N–) in their molecular structures.4 Besides, these
dyes cause serious problems to human health such as irritation,
respiratory issues chemical burns, ulcers, etc.5,6 Hence, the
removal of the organic dyes (especially the textile dyes) from
wastewaters is one of the critical necessities for human and
environmental safety.

To date, physical, chemical, and biological methods have
been proposed for the removal of the dyes from wastewaters.
Therefore, several methods have been suggested for this
purpose such as membrane separation, coagulation, ultra-
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tion (ESI) available. See DOI:
sonication, photocatalysis, ozonation, biological treatment,
and adsorption.7–14 Among these methods, adsorption was
considered to be one of the most efficient techniques for the
removal of non-biodegradable contaminants from wastewater
owing to its simplicity in operation, high efficiency, economic
applicability, scalability, and the availability of numerous
adsorbents.15,16 In this vein, various adsorbent materials
including natural and synthesized polymers, zeolites, activated
carbons, hydrotalcites, and clays have been proposed for treat-
ment of wastewater from textile dyes.1,17–19

Recently, various research groups have devoted their effort to
searching for adsorbents with high surface areas, low-cost
production, and non-toxic characteristics to the environment.
The scientists found their way in nano-sized materials which
have been regarded as an important type of adsorbent materials
for the removal of heavy metals and organic pollutants from
wastewater.2,4,20–23 However, reports on the removal of Reactive
Red 195 (RR195) dye from wastewater are still limited.2,20

Besides, searching for the most suitable nano-adsorbent is still
a challenge.

Meanwhile, titanium oxide and its composite nano-
structures have been proved their efficiency as nano-adsorbents
and/or nano-catalysts for the removal of some dyes from
wastewater.24,25 So far, various methods have been developed for
preparing TiO2 nanostructures such as hydrothermal,26,27

anodic oxidation,28 electrodeposition,29,30 microwave,31 sol–
gel,27,32 chemical vapor deposition (CVD),33 and combustion
methods.34,35 Among these methods, combustion route has
This journal is © The Royal Society of Chemistry 2017
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been considered as one of the most efficient routes due to its
low-cost production and scalability. However, reports on
combustion synthesis of TiO2 nanoparticles are limited.34,35 In
addition, combustion synthesis of titanium oxide nano-
structures using TiCl4 precursor, tuning the produced TiO2

phase, and employing the produced TiO2 nanostructure as an
adsorbent for the removal of Reactive Red 195 (RR195) dye have
not been reported so far, to the best of our knowledge.

Therefore, in the present work, we report a facile auto-
combustion synthesis of TiO2 nanostructures using a rela-
tively inexpensive TiCl4 precursor, for the rst time. The effect
of the fuel type and fuel-to-oxidant equivalence ratio on the
particle size, morphology, and produced TiO2 phase nano-
structures were explored. The products were characterized
using various spectroscopic tools. Investigation of the adsorp-
tion properties of the products showed high adsorption capacity
of the as-synthesized TiO2 nanoparticles for the removal of
Reactive Red 195 (RR195) dye (Scheme S1, ESI†), as an anionic
textile dye. The kinetics and thermodynamics of the adsorption
process, as well as the recyclability of the nano-adsorbent, were
studied.
2. Experimental
2.1. Materials and reagents

Titanium tetrachloride (TiCl4), potassium chloride (KCl),
sodium chloride (NaCl), urea (NH2CONH2), glycine (NH2CH2-
COOH), L-alanine (CH3CH(NH2)COOH), and TiO2 nanopowder
(Degussa (P25)) were supplied by Sigma-Aldrich Company.
Nitric acid (HNO3) was provided from Carlo Erba Company,
France. Reactive Red 195 dye (RR195) (C31H19ClN7O19S6Na5;
Scheme S1, ESI†) was purchased from Rushabh chemicals
industries, India. All other reagents and chemicals were of
analytical grade and employed as received without further
purication.
Scheme 1 Schematic representation of the combustion process.
2.2. Synthesis of TiO2 nanostructures using different fuels

An auto-combustion method was developed to synthesize TiO2

nanoparticles utilizing three different fuels: L-alanine, glycine,
and urea. The produced TiO2 samples are referred to as A, G,
and U, respectively. Notably, for the combustion process, the
stoichiometric compositions of the redox blends are calculated
according to that the total reducing (F) and oxidizing (O)
valencies of the fuel and TiO(NO3)2, respectively, verify thatFc¼
(F/O) ¼ 0.5, 1, 1.5, 2, and 2.5 (where, Fc is the equivalence
ratio).8,36 Titanium chloride aqueous solution of a concentration
of 2.2 M was prepared by diluting the purchased titanium
tetrachloride (TiCl4) in cold HCl aqueous solution (4 M) under
nitrogen gas atmosphere. The prepared 2.2 M titanium chloride
solution was employed in the subsequent experiments. In
a typical experiment: 10 mL of 2.2 M titanium chloride solution
(22 mmol, 10 eq.) was diluted in cold bi-distilled water (100mL).
An aqueous ammonium hydroxide solution was then added
slowly to a vigorously stirring and cold titanium chloride solu-
tion until pH reached 8.5. During this step, white precipitate of
TiO(OH)2 was formed. The precipitate (TiO(OH)2) was collected
This journal is © The Royal Society of Chemistry 2017
by centrifugation, washed with water, and converted into in situ
titanyl nitrate solution (TiO(NO3)2) by adding the least amount
of concentrated nitric acid to the white suspension and letting
the reaction blend stir at room temperature for 1 h. Solid urea
(2.2 g, 36.67 mmol, 6 eq.), as fuel, was added to the titanyl
nitrate solution and stirred for 10 min for complete dissolution.
In this example, this quantity of the fuel was added so that the
calculated Fc was maintained at 1 (i.e. (F/O) ¼ 1). The auto-
combustion process was then performed on a hot plate at
about 300 �C for 10 min. The produced yellowish precursor was
grounded and calcined in a muffle at 500 �C for 1 h to give TiO2

product referred to as U1. Similar experiments were repeated
while different quantities of urea were used to have different Fc

¼ (F/O) ratios of 0.5, 1.5, 2, and 2.5, and the produced products
were named U0.5, U1.5, U2, and U2.5, respectively. The afore-
mentioned combustion experiment was similarly repeated by
employing different quantities of L-alanine and glycine fuels in
such a way that Fc ¼ (F/O) ¼ 0.5, 1, 1.5, 2, and 2.5. The products
were calcined at 500 �C for 1 h, and they were referred to as A0.5,
A1, A1.5, A2, and A2.5 (for L-alanine fuel) and G0.5, G1, G1.5, G2,
and G2.5 (for glycine fuel), respectively. Scheme 1 outlines the
applied combustion processes.
2.3. Materials characterization

The phase purity and structure of the as-synthesized products
were characterized using powder X-ray diffraction (XRD)
RSC Adv., 2017, 7, 8034–8050 | 8035
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patterns collected by 18 kW diffractometer (Bruker; model D8
Advance) with monochromated Cu-Ka radiation (l ¼ 1.54178
Å). Morphology of the as-prepared materials was identied
employing a eld emission scanning electron microscope (FE-
SEM) connected with a microscope (FE-SEM) (JEOL JSM-
6500F) and a high-resolution transmission electron micro-
scope (HR-TEM) (JEM-2100) at 200 kV accelerating voltage. FT-
IR spectra of the products in the range of 4000–400 cm�1 were
measured on FT-IR spectrometer (Thermo Scientic; model
Nicolet iS10) using KBr pellets. Thermal properties of the as-
prepared materials were studied using simultaneous thermog-
ravimetric (TGA)/differential thermal analyzer (DTA) (Shi-
madzu; model TA-60WS, Japan). The samples were thermally
studied under an atmosphere of nitrogen gas with 20 �C min
heating rate. Platinum crucible and alumina powder reference
were used for the measurements of the phase changes and
weight losses of the sample, respectively. The UV-vis spectra
were recorded on a UV-visible spectrophotometer (Jasco, model
v670).
2.4. Adsorption studies

The adsorption properties of the as-synthesized TiO2 products
were investigated by performing batch experiments in dark – to
avoid the photocatalytic effect – using Reactive Red 195 dye
(RR195) as a textile dye pollutant. The adsorption investigation
was carried out using nano-sized TiO2 products generated from
the combustion reaction using urea fuel at an equivalence ratio,
Fc, of 1. In a typical batch adsorption experiment: 0.05 g of TiO2

nano-adsorbent was suspended in 25 mL of RR195 dye solution
using a specic initial concentration (C0 ¼ 100 mg L�1) at 25 �C
temperature, pH 2, and 400 rpm stirring speed. Notably, pH of
the dye solution was rst adjusted using HCl and/or NaOH
aqueous solutions (0.2 M) then TiO2 nanoparticles were added.
The suspension was allowed to magnetically stir; then, at xed
contact time intervals, aliquots of the adsorption media were
withdrawn and centrifuged to separate the TiO2 nano-
adsorbent. We determined the residual dye concentration in
the separated supernatant employing a pre-constructed cali-
bration curve on a UV-vis spectrophotometer for RR195 dye at
lmax ¼ 542 nm. We determined the adsorption capacity (qt, mg
g�1) of TiO2 adsorbent utilizing eqn (1). We also estimated the
dye percent removal efficiency (% R) using eqn (2).

qt ¼ VðC0 � CtÞ
m

(1)

% R ¼ ðC0 � CtÞ
C0

� 100 (2)

where, C0 (mg L�1) and Ct (mg L�1) are the initial dye concen-
tration and concentration of the dye solution at time t of the
adsorption process, respectively. Besides, V (L) andm (g) are the
dye solution volume and mass of the TiO2 nano-adsorbent,
respectively. Moreover, we have studied the different parame-
ters inuencing the adsorption process such as pH (1–10),
contact time (5–240 min), initial dye concentration (50–500 mg
L�1), temperature (298–318 K), and KCl dose (0.05–0.45 g). We
8036 | RSC Adv., 2017, 7, 8034–8050
estimated the equilibrium adsorption capacity (qe, mg g�1) of
the TiO2 nano-adsorbent using eqn (3).

qe ¼ VðC0 � CeÞ
m

(3)

where, Ce (mg L�1) is the equilibrium dye concentration (i.e. the
remaining dye concentration in the supernatant at equilibrium).
The other terms of eqn (3) have the previouslymentionedmeaning.
3. Results and discussion
3.1. Auto-combustion synthesis and characterization of TiO2

nanoparticles

In our earlier investigation, we have prepared MgAl2O4 and MgO
nanostructures via a combustion method using metal nitrate
salts and various fuels.8 We found that the fuel type has a signif-
icant inuence on the crystallite size of MgAl2O4 and MgO
products, but we used only one equivalence ratio (Fc) value.
Therefore, in this vein, we have extensively investigated the effect
of fuel type and equivalence ratio (Fc) on the combustion of
titanyl nitrate (oxidant). The study revealed that the type and
quantity of the fuel have a remarkable impact on the product
composition, crystal size, and morphology, as it will be shortly
discussed. Hence, TiCl4 as a relatively inexpensive material was
converted into TiO(NO3)2.37,38 The combustion reactions were
performed using the in situ generated TiO(NO3)2 as an oxidizer
and L-alanine, glycine, and urea as fuels, separately. Moreover,
different fuel-to-oxidant equivalence ratios (Fc): 0.5, 1, 1.5, 2, and
2.5, have been examined to produce the most appropriate TiO2

nanoparticles for the removal of RR195 textile dye from aqueous
media. The combustion reactions of TiO(NO3)2 and different
fuels: L-alanine, glycine, and urea, separately, at Fc ¼ 1, as
a representative example, can be proposed as given in Scheme 2.
The ignited and calcined products were identied by means of
XRD, SEM, TEM, FR-IR, TGA/DTA, and BET analyses.

3.1.1. XRD investigation. The crystallinity and phase
compositions of the combustion synthesized products were
identied employing the X-ray diffraction technique. Fig. S1
(ESI†), S2 (ESI†) and (1) exhibit the XRD patterns of the calcined
products: (A0.5–A2.5), (G0.5–G2.5), and (U0.5–U2.5), prepared via
a combustion process using L-alanine, glycine, and urea fuels,
respectively. Inspection of these XRD gures revealed that the
fuel and its quantity have a signicant inuence on the phase
composition and crystallinity of the products. Using L-alanine
fuel in the combustion process produced pure tetragonal anatase
TiO2 product (JCPDS le no. 01-084-1286) at Fc ¼ 0.5 (Fig. S1(a),
ESI†), while other Fc values produced tetragonal anatase (JCPDS
le no. 01-084-1286) and orthorhombic brookite TiO2 (JCPDS le
no. 01-076-1937) phases. It is also observed that the brookite
phase became more predominant as the Fc value increased (i.e.
Fc > 0.5), as shown in Fig. S1(b–e), ESI.† The average crystallite
sizes of the calcined products were determined using the Debye–
Scherrer equation (eqn (4)) and tabulated in Table (1).39

D ¼ 0.9l/b cos qB (4)
This journal is © The Royal Society of Chemistry 2017
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Scheme 2 The proposed combustion reactions of titanyl nitrate with L-alanine, glycine, and urea fuels.
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where, l, b, and qB symbols are wavelength of the X-ray radiation
(nm), the diffraction peak full width at half maximum (FWHM),
and angle of the Bragg diffraction, respectively.

However, combustion reactions of TiO(NO3)2 and glycine
fuel gave pure tetragonal anatase TiO2 phase at all used fuel-to-
oxidant relative equivalence ratio (Fc) values: 0.5, 1.0, 1.5, 2.0,
and 2.5. And all the XRD patterns of the products (G0.5–G2.5,
Fig. S2, ESI†) could be indexed well to diffraction peaks of pure
tetragonal anatase TiO2 with cell constants: a ¼ 3.782 Å, b ¼
3.782 Å, and c ¼ 9.502 Å (space group I41/amd, JCPDS card 01-
084-1286). No other diffraction peaks for other TiO2 phases
could be observed. These data are consistent with the reported
ones.34 Moreover, the average crystallite size of the calcined
products was calculated using eqn (4) and listed in Table 1. The
results showed that increasing the Fc values from 0.5 to 2.5 (i.e.
increasing the quantity of the glycine fuel) resulted in
increasing the crystallite size of the calcined products from 13.0
to 24.9 nm, respectively. This can probably be returned to that
increasing the amount of the used glycine fuel in the combus-
tion process may increase the quantity of heat generating from
Table 1 The produced phases, crystallite sizes, and correspondingmaxim
in the combustion processes

Fuel
Equivalence
ratio, Fc Product phasesa Sam

L-Alanine 0.5 A A0.5
1.0 A + B A1
1.5 A + B A1.5
2.0 A + B A2
2.5 A + B A2.5

Glycine 0.5 A G0.5
1.0 A G1
1.5 A G1.5
2.0 A G2
2.5 A G2.5

Urea 0.5 A U0.5
1.0 A U1
1.5 A + R U1.5
2.0 A + R U2
2.5 A + R U2.5

a Where, A, B, and R stand for anatase, rutile, and Brookite phases of the
L�1 initial dye concentration, pH 2, temperature 25 �C, and 0.05 g adsorb

This journal is © The Royal Society of Chemistry 2017
this process. Consequently, this may result in increasing the
temperature during the TiO2 particles crystal growth.

On the other hand, employing urea as fuel in the combustion
of TiO(NO3)2, produced single tetragonal anatase TiO2 phase
(space group I41/amd, JCPDS card 01-084-1286) at Fc values of
0.5 and 1.0 (Fig. 1). The average crystallite sizes of the corre-
sponding calcined products were 11.6 and 11.9 nm, respec-
tively, as presented in Table 1. No other reections for other
TiO2 phases have been detected. Additionally, at higher Fc

values (Fc > 1.0), the combustion reaction gave a mixture of
anatase (JCPDS card 01-084-1286) and rutile (JCPDS card 01-
087-0920) TiO2 phases, as depicted in Fig. 1. Besides, the value
of the rutile to anatase phase ratio increased from 46.7 : 53.3
to 89.4 : 10.6 with increasing the Fc values from 1.5 to 2.5,
respectively, as shown in Table 1. The average crystallite size
was enhanced also with increasing the Fc values (i.e. the
quantity of urea fuel). These results can be attributed to that
higher values of Fc may result in a higher quantity of heat
which can raise the temperature of the system, and this high
temperature can consequently convert the anatase phase into
the rutile phase.40 These higher temperatures can also
um adsorption capacities of the TiO2 products as well as the used fuels

ple label
Crystallite
size, nm

Maximum adsorption capacity,
qm (mg g�1)

13.0 77.00
15.8 42.00
16.0 40.00
22.0 36.90
23.3 35.00
13.0 52.00
18.0 87.00
20.0 65.00
23.0 62.40
24.9 62.00
11.6 132.0
11.9 126.0
21.0 65.00
30.7 51.50
68.0 39.50

TiO2 products, respectively, and the adsorption conditions were 300 mg
ent dose for this adsorption study.

RSC Adv., 2017, 7, 8034–8050 | 8037
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Fig. 1 XRD patterns of the as-synthesized TiO2 products calcined at
500 �C using urea fuel.

Fig. 2 FT-IR spectra of the as-synthesized TiO2 products before
calcination: (a), (b), and (c), for L-alanine, glycine, and urea fuels,
respectively, after calcination at 500 �C for the corresponding prod-
ucts (d–f), respectively, and RR195 dye loaded TiO2 nano-adsorbent
(g).
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enhance the crystallinity of the TiO2 products.40 In addition,
the XRD patterns (Fig. 1) have not revealed any peaks for
brookite phase in the products: U0.5–U2.5. Thus, the fuel type
and fuel-to-oxidant relative equivalence ratio value (Fc) can
signicantly control both the crystallite size and/or phase of
the nanosized TiO2 products, through the combustion route.
Moreover, urea fuel can be chosen as the optimum fuel in our
study since it generates pure anatase phase with the smallest
crystallite size which is appropriate for the present adsorption
studies.

3.1.2. FT-IR investigation. The chemical structures of the
combustion products were investigated using the FT-IR spectra.
Fig. 2 exhibits the FT-IR spectra of the combustion products
prepared using L-alanine, glycine, and urea fuels at fuel-to-
oxidant relative equivalence ratio value of 1.0 (i.e. Fc ¼ 1.0).
We focused on the combustion products, before and aer
calcination, at Fc ¼ 1.0 because this value generated TiO2

products with almost the smallest crystallite size and the most
appropriate adsorption properties. The FT-IR spectra of the
samples before calcination, Fig. 2(a–c), showed vibrational
absorptions at 2900 and 1360 cm�1 which might be attributed
to the organic content residues.41 Besides, more peaks appeared
in the range of 1490–1016 cm�1 for the combustion product of
the glycine fuel (Fig. 2(b)), and this might be due to Ti–O–C and
organic content residue.41,42 All the FT-IR spectra of the
combustion products before calcination (Fig. 2(a–c)) showed
vibrational absorptions in the range of 410–600 cm�1 corre-
sponding to Ti–O–Ti bond.42,43 Additionally, two absorption
peaks appeared at ca. 1590 and 3370 cm�1 may be attributed to
the bending and stretching vibrations of the adsorbed water
molecules.44–47 However, on calcination of the combustion
products, Fig. 2(d–f), the vibrational peaks due to the organic
residues disappeared. The FT-IR spectra of the calcined
8038 | RSC Adv., 2017, 7, 8034–8050
products showed one peak at ca. 410–600 cm�1 attributing to
Ti–O–Ti bond.42,43 The spectra showed also two vibrational
peaks at ca. 1590 and 3370 cm�1 due to bending and stretching
vibrations, respectively, of the adsorbed water molecules.

3.1.3. Morphological investigation. Morphology of the as-
synthesized TiO2 nanoparticles calcined at 500 �C (A1, G1,
and U1) was studied employing eld-emission scanning elec-
tron microscope (FE-SEM) and transmission electron micro-
scope (TEM), as displayed in Fig. (3) and (4), respectively. The
low and high magnication FE-SEM images of the TiO2 product
(A1) generated from L-alanine fuel and presented in Fig. 3(a) and
(b), respectively, indicate that the TiO2 product is composed of
spherical particles with 1.5 mm diameter. Besides, glycine fuel
generated TiO2 product (G1) with irregular ake shapes as
shown from its low and high magnication FE-SEM images
(Fig. 3(c) and (d)). On the other hand, urea fuel produced TiO2

product (U1) with aggregates of hexagonal, pyramidal, and
irregular shapes as shown in low magnication FE-SEM image
(Fig. 3(e)). However, high magnication FE-SEM image (Fig.
3(f)) of the product reveals that the aggregates are composed of
nanosphere-like particles with an average diameter of ca.
90 nm. Consequently, utilizing different fuels at varying fuel-to-
oxidant relative equivalence ratios in the combustion process
might produce different quantities of heat and gasses during
the combustion process which resulted in TiO2 products with
different morphological structures. And this also gave TiO2

products with different crystallite sizes. These results are
consistent with the reported data.34 Besides, microstructural
investigation of the TiO2 products using transmission electron
microscope (TEM), Fig. 4(a–c), indicated that the three fuels
produced similar morphologies for the TiO2 particles which
were hexagon, sphere, and cube-like structures. The TEM
images also revealed the porous structures of the products. The
average particle size of the generated TiO2 products: A1, G1, and
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 FE-SEM images of the as-synthesized TiO2 products calcined at 500 �C, using L-alanine (a and b), glycine (c and d), and urea (e and f) fuels.
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U1, was 17, 20, and 12 nm, respectively, which was consistent
with the results calculated from the XRD data.

3.1.4. Thermal investigation. Thermal analyses (TG/DTA)
of the combustion products generated from the fuels under
study at Fc ¼ 1.0, before calcination, are presented in Fig. 5(a–
c). Fig. 5(a(i)) displays the TG curve of the combustion product
before calcination while L-alanine is used as fuel. This gure
reveals two mass loss steps. The rst degradation step (mass
loss of 7.562%) may be attributed to the removal of physically
adsorbed water molecules, and it is detected in the temperature
range of 48–300 �C. The second decomposition step (mass loss
of 3.074%) observed in the range of 300–650 �C might corre-
spond to decomposition of the remaining L-alanine fuel and
carbon residues le from the combustion process. The TG curve
(Fig. 5(b(i))) of the combustion product, in the case of glycine
fuel, revealed two mass losses. The rst one (mass loss of
5.185%) was broad, and it might be due to the elimination of
This journal is © The Royal Society of Chemistry 2017
the adsorbed water molecules appeared in the temperature
range of 48–225 �C. The second step (mass loss of 7.557%) was
also broad, and it might be two overlapped decomposition
steps. It was observed in the temperature range of 225–650 �C,
and it might be due to the decomposition of the remaining
glycine and carbon residues. Thermal decomposition of the
combustion product in case of urea fuel revealed two decom-
position steps (Fig. 5(c(i))). The rst one (mass loss of 5.055%)
was detected in the temperature range of 48–175 �C due to the
removal of the adsorbed water molecules. The second one
(mass loss of 7.013%) was observed in the temperature range of
175–500 �C. This second stage was broad, and it might be two
overlapped steps merged together due to the decomposition of
the remaining urea fuel and carbon residues generated from the
combustion process. The DTA analyses conrmed the results
collected from the TG curves. DTA curve, Fig. 5(a(ii)), of the
combustion product from the L-alanine fuel showed one
RSC Adv., 2017, 7, 8034–8050 | 8039
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Fig. 4 TEM images of the as-synthesized TiO2 products calcined at
500 �C, using L-alanine (a), glycine (b), and urea (c) fuels.

8040 | RSC Adv., 2017, 7, 8034–8050
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endothermic peak at ca. 76.72 �C corresponding the elimination
of the adsorbed water. This gure also exhibited one exothermic
peak at ca. 451.9 �C attributing to the decomposition of the L-
alanine and carbon residues. Fig. 5(b(ii)) shows the DTA curve
of the combustion product in case of glycine fuel. This gure
showed complex DTA curve with very broad peaks: endothermic
one at ca. 77.00 �C, exothermic one at ca. 420.0 �C, and
exothermic one at ca. 450.0 �C. These peaks can be attributed to
the removal of adsorbed water molecules, decomposition of the
remaining glycine residue, and decomposition of the carbon
residue, respectively. Finally, Fig. 5(c(ii)) displays the DTA analysis
of the combustion product when urea is used as a fuel. Thisgure
reveals three peaks: endothermic peak at ca. 83.52 �C, exothermic
peak at ca. 276.6 �C, and exothermic broad peak at ca. 350.0 �C.
The rst one can be due to the removal of the adsorbed water
molecules, the second onemay be assigned to the decomposition
of some of the remaining urea residue, and the last peak can be
attributed to the decomposition of the carbon residue le from
the combustion process, respectively. It is noteworthy that
decomposition of the residue fuel aer the combustion process
during the thermal analyses was also reported by others.48

3.1.5. Textural structure and point of zero charge investi-
gation. We investigated the texture properties of only the calcined
TiO2 product (U1) prepared using urea fuel at Fc ¼ 1.0 since this
fuel gave TiO2 product with almost the smallest crystallite size and
the best adsorption properties. Besides, the combustion reactions
presented in Scheme 1 reveal that urea fuel generates the largest
quantity of gasses; consequently, because of these evolved gasses,
TEM study, and the reported data, this fuel can produce the most
porous TiO2 product.34 We carried out nitrogen gas adsorption–
desorption isotherm measurement for the calcined TiO2 product
(U1) as depicted in Fig. S3(a), ESI.† Fig. S3(a)† reveals an adsorp-
tion–desorption isotherm with a hysteresis phenomenon. The
isotherm is consistent with the type-IV isotherm for the meso-
porous materials (i.e. 2–50 nm in size) based on the International
Union of Pure and Applied Chemistry IUPAC classication.49 The
obtained Barret–Joyner–Halenda (BJH) pore volume and BET
surface area for TiO2 product (U1) were found to be 0.180 cm3 g�1

and 115.379 m2 g�1, respectively. Besides, the study exhibited that
most of the sample pore volume was occupied with 31.2 nm
diameter pores. Moreover, the point of zero charge (pHPZC) of the
as-prepared TiO2 product (U1) was estimated because the surface
charge of the nanoparticles suspended in a medium is dependent
on the pH values of that medium as reported previously.38 The
point of zero charge value (pHpzc) of TiO2 nanoparticles was
determined using the reported pH drimethod2,4,50where we used
TiO2 suspensions in sodium chloride solutions (0.01 M) of various
initial pH values in the range of 1.3–11. Then the pHpzc value is the
intersection point between the pHinitial � pHnal and pHinitial ¼
pHnal curves, as displayed in Fig. S3(b), ESI.† The pHpzc value of
the as-prepared TiO2 nanoparticles (U1) was estimated to be
around 7.6 which is in good agreement with reported value.51

However, it is worthy to mention that the pHpzc values of the nano-
sized metal oxides can vary widely depending on several parame-
ters including chemical and surface modication, crystallite size,
and particle transformation.52
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 TG (i), and DTA (ii) analyses of the TiO2 combustion products;
using L-alanine (a), glycine (b), and urea (c) fuels, under nitrogen gas.
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3.2. Adsorption properties of the as-prepared TiO2 nano-
adsorbent

We investigated the adsorption properties of the TiO2 product
(U1) using Reactive Red 195 (RR195) dye as a pollutant and
textile dye model. As explained by Nassar et al. the FT-IR spectra
can be utilized as an evidence for the adsorption of dyes on
adsorbents.2,3,20 Fig. 2(f and g) depicts the FT-IR spectra of the
TiO2 adsorbent (U1) before and aer RR195 dye adsorption,
respectively. It is observed that the FT-IR spectrum of the RR195
dye-loaded TiO2 differs from that of the bare TiO2 before
adsorption. The vibrational absorptions appeared at ca. 424,
3364 cm�1 of the pure TiO2 nano-adsorbent (Fig. 2(f)) have been
shied to ca. 406 and 3374 cm�1, respectively, aer the
This journal is © The Royal Society of Chemistry 2017
adsorption process. Besides, some new absorption peaks
appeared upon RR195 dye adsorption at ca. 1004, 1174, 1364,
and 1418 cm�1 as shown in the FT-IR spectrum of the RR195-
loaded TiO2 (Fig. 2(f)). These new peaks are probably due to
the adsorbed RR195 dye molecules onto TiO2 nano-adsorbent.
Moreover, several parameters inuencing the adsorption
properties of the as-prepared nano-adsorbent (TiO2) such as pH,
contact time, initial dye concentration, ionic strength, and
temperature have been investigated. Moreover, the effect of the
used fuel – during the combustion process – on the adsorption
capacities of the TiO2 products (A0.5–U2.5) has also been
studied as it will be shortly discussed.

3.2.1. Inuence of pH. Adsorption media pH is one of the
crucial parameters controlling the adsorption efficiency of dye
molecules onto adsorbent nanoparticles. This parameter was
studied under adsorption conditions: initial pH (1–10), initial
dye concentration (C0 ¼ 100 mg L�1), a TiO2 adsorbent dose of
0.05 g, stirring rate of 400 rpm, a temperature of 25 �C, and
contact time of 24 h. The results are displayed in Fig. 6(a). The
data revealed that the adsorption of RR195 dye was pH depen-
dent, and the maximum adsorption was observed in the pH
range of 1–3. Aerward, the dye removal percent decreased
slowly by increasing pH up to ca. 6 then it decreased signi-
cantly at higher pH values. Therefore, the optimum pH value of
the adsorption process of interest was chosen as pH 2; conse-
quently, the other adsorption experiments were performed at
pH 2. Moreover, the effect of solution pH on the adsorption of
RR195 dye on TiO2 nano-adsorbent could be explained by
taking into our account the surface charges of both the TiO2

particles and RR195 dye molecules. Because pHpzc of the as-
prepared TiO2 product was estimated to be 7.6, the surface of
TiO2 nanoparticles, (MOH), would be positively charged due to
their covering with H+ ions (MOH2

+). Besides, the anionic dye
molecules behave as anionic species (i.e. negatively charged
species) causing high electrostatic attraction which results in
higher adsorption. While at higher pH values, OH� anions will
interact with the TiO2 (MOH) forming deprotonated oxide
particles (MO�); consequently, there will be repulsion forces
between the similar negatively species (i.e. dye molecules and
TiO2 particles). Besides, at higher pH values there will be
a competition between the negatively charged dye molecules
and OH� anions during the adsorption process. These result in
a decrease in the adsorption of the dye molecules at higher pH
values. Therefore, the acidic medium is more favorable for the
adsorption of RR195 dye on TiO2 nano-adsorbent, and the
electrostatic interaction may be the most predominant
adsorption mechanism.53 Similar results have been reported in
the literature for the adsorption of some dyes.53,54

3.2.2. Contact time and adsorption kinetic investigation.
The effect of contact time of the adsorption of RR195 dye on the
as-prepared TiO2 nano-adsorbent was investigated under the
adsorption conditions: initial dye concentrations (50–250 mg
L�1), pH 2, temperature of 25 �C, and 0.05 g adsorbent dose. The
adsorption capacities (qt, mg g�1) of TiO2 nano-adsorbent for
the adsorption of RR195 dye versus the contact time (t, min)
were displayed in Fig. 7(a) for various initial dye concentrations.
It could be observed that the adsorption was fast in the initial
RSC Adv., 2017, 7, 8034–8050 | 8041
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Fig. 6 Effect of pH (a), KCl concentration (b), and initial RR195 dye
concentration (c) on adsorption of RR195 dye on TiO2 nano-
adsorbent (b).

Fig. 7 Effect of contact time at various initial dye concentrations (a),
pseudo-second-order (b) and intra-particle diffusion model (c) for the
RR195 dye adsorption on TiO2 nano-adsorbent.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 1

2:
18

:1
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
stages; aerward, it increased slowly with increasing the contact
time until it reached the equilibrium state (i.e. the plateau
behavior). The change in the rate of RR195 dye adsorption at the
initial and later stages is probably due to the presence of larger
number of active adsorption sites available for adsorption in the
beginning of the adsorption process. Then, this number
decreased with increasing the contact time by an occupation of
the adsorption active sites during the adsorption process.
Besides, the slower adsorption rates at longer contact times can
be assigned to the slower pore diffusion rate of the RR195 dye
molecules into the TiO2 nanoparticles. This behavior is similar to
that reported for the adsorption of RB5 dye on ZnO nano-
particles.4 In order to understand the adsorptionmechanism, the
experimental kinetic data of RR195 dye adsorption on TiO2
8042 | RSC Adv., 2017, 7, 8034–8050
adsorbent were examined using pseudo-rst-order55 and pseudo-
second-order56 models expressed by eqn (5) and (6), respectively.

logðqe � qtÞ ¼ log qe � k1

2:303
t (5)

t

qt
¼ 1

k2 qe2
þ t

qe
(6)

where, qt (mg g�1) and qe (mg g�1) are the adsorption capacity
and equilibrium adsorption capacity of TiO2 adsorbent at time t
(min) and equilibrium time, respectively. k1 (min�1) and k2 (g
mg�1 min�1) are the rate constant of pseudo-rst-order
This journal is © The Royal Society of Chemistry 2017
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adsorption process and pseudo-second-order adsorption
process, respectively. Linear plot of log(qe � qt) against t (eqn
(5)) was performed for various initial dye concentrations to
calculate the qe(cal) and k1 constants for pseudo-rst-order model
(not shown here). Besides, qe(cal) and k2 constants of the pseudo-
second-order model were estimated via plotting of t/qt against t
(eqn (6)) for various initial dye concentrations, as presented in
Fig. 7(b). The calculated kinetic constants for different initial dye
concentrations are tabulated in Table 2. Comparison between
regression coefficient (r2) values indicates that the pseudo-
second-order model is more valid than the pseudo-rst-order
model for two reasons. The rst one is that the r2 values of the
pseudo-second-order model is closer to unity than those of the
pseudo-rst-order model. The second reason is that the adsorp-
tion capacity (qe(cal)) values calculated from the pseudo-second-
order model is closer to the experimentally obtained ones
compared to those estimated from the pseudo-rst-order model.
Moreover, using the calculated pseudo-second-order rate
constants and adsorption capacities (qe(cal)), the initial sorption
rate (h) can be determined using eqn (7) and listed in Table 2.57

The tabulated initial sorption rate values indicated that they
increased with enhancing the initial dye concentrations.

h ¼ k2qe
2 (7)

To investigate the inuence of the intra-particle diffusion
resistance on the adsorption, the intra-particle diffusion model
(eqn (8)) was applied.58

qt ¼ kit
0.5 + C (8)

where, qt (mg g�1), t (min), C (mg g�1), and ki (mg (g min1/2)�1)
are the quantity of the adsorbed RR195 dye at time t (min), the
intercept indicating the boundary layer thickness, and intra-
particle diffusion rate constant. Fig. 7(c) shows the plot of qt
against t0.5 values, and the corresponding constants are listed in
Table 2. Fig. 7(c) revealed that the obtained curves were multi-
linear plots, and they did not pass the origin. Consequently,
the rate-determining step of this adsorption process is not only
controlled by the intra-particle diffusion mechanism but also
controlled by other mechanisms including lm diffusion and
bulk diffusion.59

3.2.3. Inuence of ionic strength. Industrial effluents oen
contain various inorganic salts including KCl, and others, as
Table 2 Parameters of the pseudo-second order model for the adsorptio
(C0)

Pseudo-second-order model

C0 (mg g�1) K2 [g (mg min)�1] qe(cal) (mg g�1)

50 4.90 � 10�3 26.23
100 2.37 � 10�3 52.02
150 1.05 � 10�3 79.92
200 0.590 � 10�3 105.3
250 0.654 � 10�3 122.6

This journal is © The Royal Society of Chemistry 2017
well as the organic pollutants. These inorganic salts can
compete with organic dye molecules for the active adsorption
sites of adsorbents during the adsorption process; conse-
quently, this may decrease the adsorption efficiency of the
adsorbents. The inuence of these competing inorganic ions
raises an essential issue since they can control both the elec-
trostatic and non-electrostatic interactions which may be held
between the adsorbate and the adsorbent surface.38 We inves-
tigated the effect of KCl concentrations on the adsorption of
RR195 dye using the as-prepared TiO2 product as an adsorbent
under the adsorption conditions: 100 mg L�1 initial dye
concentrations, pH 2, temperature of 25 �C, and 0.05 g adsor-
bent dose. The experimental results depicted in Fig. 6(b) indi-
cate that the dye removal efficiency decreases with increasing
the potassium chloride concentration. This is consistent with
the conclusion that the adsorption mechanism is mainly based
on the electrostatic interactions between the dye molecules and
charged surface TiO2 particles.17,38

3.2.4. Initial concentration and adsorption isotherm
investigation. The effect of initial dye concentration on the
adsorption process was examined using batch techniques
under adsorption conditions: 0.05 g TiO2, pH 2, initial dye
concentrations (50.0–500 mg L�1), ca. 70 min equilibration
time, and at 25 �C temperature. The results are presented in
Fig. 6(c). The results indicated that the adsorption capacity of
TiO2 adsorbent increased with increasing the initial dye
concentration untill it reached the plateau with a maximum
value (qm(exp)) of 126.0 mg g�1. It is noteworthy that increasing
the adsorbed quantity of the RR195 dye with increasing its
initial concentration is probably attributed to overcoming the
resistance of the dye molecule mass transfer between the solid
and liquid phases at higher dye concentrations during the
adsorption process.38,60 Besides, the plateau behavior might be
due to the saturation of the limited number of the adsorption
sites at high initial concentrations.61

Additionally, the experimentally obtained adsorption results
were examined using the Langmuir and Freundlich adsorption
isotherm models presented in eqn (9) and (10), respectively.

Ce

qe
¼ 1

KLqm
þ Ce

qm
(9)

ln qe ¼ ln KF þ 1

n
ln Ce (10)
n of RR195 dye on TiO2 adsorbent at various initial dye concentrations

r1
2 H [g (mg min)�1] qe(exp) (mg g�1)

0.996 3.369 24.90
0.997 6.402 49.40
0.992 6.717 74.30
0.991 6.720 95.80
0.994 9.832 114.0

RSC Adv., 2017, 7, 8034–8050 | 8043
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where, Ce, qe, qm, and KL are the dye equilibrium concentration
(mg L�1), equilibrium adsorption capacity (mg g�1), maximum
adsorption capacity (mg g�1), and Langmuir constant (L mg�1),
respectively. Besides, KF and n are the Freundlich constant
which indicates the adsorption capacity and a constant indi-
cating the adsorption intensity, respectively. The two isotherm
models were checked by plotting Ce/qe against Ce (eqn (9),
Fig. 8(a)), and ln qe versus ln Ce (eqn (10), Fig. 8(b)). The corre-
sponding constants for each model were estimated from the
slope and intercept of the relevant straight line, and they were
tabulated in Table 3. The maximum adsorption capacity (qm(cal))
of TiO2 adsorbent calculated from the Langmuir model was
found to be 127.0 mg g�1 which is compatible with the experi-
mentally obtained one. On the other hand, qm(cal) was also
determined based on the Freundlich isothermmodel according
to eqn (11) as reported by Halsey.62

KF ¼ qm

C0
1=n

(11)

The maximum adsorption capacity (qm(cal)) utilizing the
Freundlich isotherm was estimated to be 167.34 mg g�1.
Comparison between the tabulated constants in Table (3) for
both applied isotherm models exhibited that adsorption of
RR195 dye on TiO2 adsorbent followed the Langmuir adsorp-
tion isotherm. This is based on the following: (i) the regression
coefficient value (r2 ¼ 0.9999) for the Langmuir isotherm model
(Fig. 8(a)) higher than that of the Freundlich isothermmodel (r2
Fig. 8 Langmuir (a) and Freundlich (b) isotherm models for the
adsorption of RR195 dye on TiO2 nano-adsorbent.

8044 | RSC Adv., 2017, 7, 8034–8050
¼ 0.8348), and (ii) the maximum adsorption capacity (qm(cal))
calculated from the Langmuir isotherm model is closer to the
experimentally determined value than that obtained from the
Freundlich isotherm model. Therefore, the obtained results
indicate the TiO2 homogenous nature and the RR195 dye
monolayer coverage on the surface of the TiO2 nano-adsorbent.
In addition, the favorability of the adsorption of RR195 dye on
the TiO2 nano-adsorbent was examined using the separation
factor constant (RL) derived from the Langmuir isothermmodel,
as presented in eqn (12).

RL ¼ 1

1þ KLC0

(12)

where, C0 and KL are the initial dye concentration (mg L�1) and
Langmuir constant (L mg�1), respectively. According to the
literature, if RL ¼ 0, 0 < RL < 1, RL ¼ 1, or RL > 1, the adsorption
process will be irreversible, favorable, linear, or unfavorable,
respectively.63 The calculated RL values for different initial dye
concentrations were found to be less than one and greater than
zero (0.0099–0.091) over the RR195 dye concentration range
(50.0–500 mg L�1), as listed in Table 3; consequently, the
adsorption of RR195 dye on the as-prepared TiO2 nano-
adsorbent is favorable.

3.2.5. Adsorption thermodynamics. The effect of adsorp-
tion media temperatures on the adsorption of RR195 dye on the
as-prepared TiO2 product was explored in the range of 298–318
K under the adsorption conditions: 0.05 g TiO2, 300 mg L�1

initial dye concentration, 400 rpm stirring rate, and ca. 2 h
contact time. The results exhibited that the adsorption capacity
of the as-prepared TiO2 adsorbent enhances with increasing the
temperature of the adsorption media meaning the endothermic
nature of the adsorption process, as shown in Fig. 9(a).
Furthermore, the thermodynamic constants can provide infor-
mation on the energy changes associated with the adsorption
process. Therefore, some thermodynamic parameters have
been estimated including the enthalpy change (DH0), entropy
change (DS0), and Gibbs free energy change (DG0) through
using eqn (13) and (14).20

ln Kc ¼ DS0

R
� DH0

RT
(13)

DG0 ¼ DH0 � TDS0 (14)

where, R and T are the universal gas constant (8.314 � 10�3 kJ
mol�1 K�1) and adsorption medium absolute temperature (K),
respectively. Moreover, Kc is the thermodynamic equilibrium
constant and the value of this constant must be dimensionless.
This is because the fact that the units of DG0, R, and T in eqn
(15) are kJ mol�1, kJ mol�1 K�1, and K, respectively. Therefore,
some approaches have been proposed for the determination of
a dimensionless thermodynamic equilibrium constant64–69

DG0 ¼ RT ln Kc (15)

In our current study, we have calculated the dimensionless
thermodynamic equilibrium constant (Kc) using two
This journal is © The Royal Society of Chemistry 2017
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Table 3 Langmuir and Freundlich isotherm constants for the
adsorption of RR195 dye on TiO2 adsorbent

Adsorption isotherm
model Parameters Value

Langmuir KL (L mg�1) 0.641
qm(cal) (mg g�1) 127.0
r1

2 0.9990
RL 0.009941–0.09124
qe(exp) (mg g�1) at
C0 ¼ 300 mg L�1

126.0

Freundlich KF [(mg g�1) (L mg�1)1/n] 50.13
qm(cal) (mg g�1) 167.3
r2

2 0.8349
n 4.732
qe,(exp) (mg g�1) at
C0 ¼ 300 mg L�1

126.0

Fig. 9 Plot of qe versus T (a), plot of ln(1 � q) versus 1/T (b), and
regeneration efficiency of TiO2 nano-adsorbent for the removal of
RR195 dye (c).
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approaches; the partition constant (Kp) and distribution coef-
cient constant (Kd).65,70

As reported by Niwas et al. and others,65 the thermodynamic
equilibrium constant (Kc) can be represented by eqn (16).

Kc ¼ as

ae
¼ gs

ge

Cs

Ce

(16)

where, as and ae are the activities of the adsorbed dye and the
equilibrium dye in solution, respectively. Cs and Ce are the
adsorbed concentration of the adsorbate on the adsorbent and
the equilibrium concentration of the adsorbate in solutions,
respectively. Besides, gs and ge are the activity coefficients of the
adsorbed dye and dye in solution at equilibrium, respectively.
When the solute concentration approaches zero in the solution,
the activity coefficient approaches unity, and eqn (16) reduces
into eqn (17). Therefore the partition coefficient, Kp, equals in
its value to the thermodynamic equilibrium constant (Kc), and it
is in unison with the thermodynamic constant.

Kp ¼ Cs

Ce

¼ as

ae
¼ Kc (17)

The Kp values (i.e. Kc ¼ Kp in this case) can be obtained by
plotting ln(Cs/Ce) versus Cs and extrapolating Cs to zero.70 The
DH0 andDS0 values were estimated from the slope and intercept
of the plot of ln Kc against 1/T. We also calculated DG0 value by
feeding DH0 and DS0 values into eqn (14). The calculated ther-
modynamic parameters are presented in Table (4).

On the other hand, the thermodynamic equilibrium
constant was also derived from distribution coefficient constant
(Kd ¼ qe/Ce). The distribution coefficient constant (Kd) can be
obtained by plotting ln(qs/Ce) against qs and extrapolating Cs to
zero.66 Moreover, the thermodynamic equilibrium constant is
dimensionless, hence; there is a unit problem with the Kd

constant. Therefore, Milonjić proposed that distribution coef-
cient constant (Kd) can be converted into the dimensionless
thermodynamic equilibrium constant (Kc) by multiplying Kd by
1000.66 The values of DH0 and DS0 were determined from the
slope and intercept of the plot of ln Kc against 1/T. Where, Kc ¼
Kd � 1000. We also estimated DG0 value using eqn (14) by
This journal is © The Royal Society of Chemistry 2017
knowing DH0 and DS0 values. The calculated thermodynamic
parameters are tabulated in Table (4). The tabulated thermo-
dynamic values in Table (4) show that the partition coefficient
constant is more appropriate than the distribution coefficient
for calculating the thermodynamic constants owing to the
higher correlation coefficient (r2 ¼ 0.9204) of van't Hoff equa-
tion in the case of Kc ¼ Kp on comparing to Kc derived from Kd

(r2 ¼ 0.786). It is worthy to mention that both equilibrium
constants gave DH0, DS0, and DG0 with same signs.

Based on the thermodynamic parameters calculated from Kc

derived from the partition constant, it is indicated that the
adsorption process is endothermic and spontaneous due to the
positive DH0 and negative DG0 values, respectively, of the
process. Besides, increasing the values of DG0 in the negative
direction with increasing the temperature indicates the ther-
modynamic favorability of the adsorption process at higher
RSC Adv., 2017, 7, 8034–8050 | 8045
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Table 4 Thermodynamic constants for the adsorption of RR195 dye on TiO2 adsorbent from partition and distribution coefficient constants

Method T (K) Kc

DG0

(kJ mol�1)
DS0

(J mol�1 K�1)
DH0

(kJ mol�1) r2
Ea
(kJ mol�1) S*

Partition constant, Kp (Kp ¼ Kc) 298 6.498 �4.630 0.02004 1.343 0.9204 18.46 9.464 � 10�5

308 6.557 �4.830
318 6.725 �5.031

Distribution coefficient constant,
Kd (Kc ¼ Kd � 1000)

298 5805.4 �21.42 0.09113 5.737 0.7860
308 5864.2 �22.33
318 6725.1 �23.24

Table 5 Comparison between the maximum adsorption capacities of
various adsorbents toward RR195 dye removal

Adsorbent product
Maximum adsorption
capacities, qm (mg g�1) Reference

Cone biomass 7.38 74
a-Fe2O3 20.5 20
Modied palygorskite with
3-aminopropyl triethoxysilane

34.24 75

Commercial TiO2

(Degussa (P25))
55.0 Present

study
Dehydrated beet pulp
carbon

58.0 76

TiO2 87 53
CoFe2O4 91.7 2
Wheat bran 119.1 77
TiO2 (U1) 135 Present

study

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 1

2:
18

:1
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
temperatures. Moreover, it could be concluded that the
adsorption process of interest was a physisorption process
because the DG0 (from �4.630 to �5.031 kJ mol�1) and DH0

(1.343 kJ mol�1) values were in the range of (�20)–(0) kJ mol�1

and <40 kJ mol�1, respectively.
In addition, we calculated the activation energy (Ea) of the

RR195 dye adsorption on the as-synthesized nano-adsorbent
utilizing a modied Arrhenius equation (eqn (18)) related to
surface coverage (q).71,72

S* ¼ ð1� qÞe�
Ea

RT (18)

where, S* (0 < S* < 1) is an adsorbate/adsorbent function
(sticking probability), and it is temperature dependent, q ¼ [1 �
Ce/C0]. C0 and Ce have the previously mentioned meaning.
Substituting of q with [1 � Ce/C0] in eqn (18) results in eqn (19)

ln(1 � q) ¼ ln S* + Ea/RT (19)

We calculated the activation energy (Ea) of the adsorption
process from the slope and intercept of the plot ln(1 � q) versus
1/T (Fig. 9(b)). It is worth mentioning that Ea value can indicate
whether the adsorption process is physisorption or chemi-
sorption depending on whether the value lies in the range of 5–
40 or 40–800 kJ mol�1, respectively.4,73 The activation energy (Ea)
value of the adsorption of RR195 dye on the as-prepared TiO2

nano-adsorbent was determined to be 18.46 kJ mol�1. This
value indicates the physisorption nature of the adsorption
process supporting the previous result concluded from the DG0

and DH0 values.
3.2.6. Effect of the fuels on the adsorption properties of

TiO2 products. We have investigated the inuences of
combustion fuel and its ratios on the adsorption of the RR195
dye on the calcinated TiO2 products (A1–U2.5) generated from
different fuels. We have applied the following adsorption
conditions: 0.05 g TiO2, 300 mg L�1 initial dye concentration,
400 rpm stirring rate, 25 �C temperature, and 120 min contact
time. The maximum adsorption capacities of the various TiO2

products were estimated and tabulated in Table 1. The results
listed in Table 1 indicate that urea fuel generated TiO2 products
with the highest adsorption capacities. Moreover, urea fuel with
equivalence ratio (Fc) values of 0.5 and 1 generated TiO2 prod-
ucts; U0.5 and U1, with the highest adsorption capacities; 132.0
and 126.0 mg g�1, respectively. However, the TiO2 product U1
was more separable and handful during the adsorption process
on comparing to the U0.5 product; consequently, U1 product
8046 | RSC Adv., 2017, 7, 8034–8050
was chosen as the optimum TiO2 product from the practical
point of view.

3.2.7. Reusability of TiO2 nano-adsorbent and comparison
with other adsorbents. The efficiency of the as-prepared TiO2

nano-adsorbent was investigated by studying its regeneration
and reusability for RR195 dye adsorption. Therefore, the
adsorption of the dye of interest on the as-prepared TiO2 nano-
adsorbent was achieved under the optimized adsorption
conditions; then, we generated the TiO2 nano-adsorbent by
either one of the following two approaches: (i) we extracted the
adsorbed RR195 dye employing methanol then the adsorbent
was washed with methanol and water. The adsorbent was then
dried at about 70 �C for 5 h. (ii) The RR195 dye-loaded TiO2

adsorbent was ignited at about 450 �C for 0.5 h. We have
repeated this recycling procedure ve times, and the obtained
results are depicted in Fig. 9(c). The results exhibit that the as-
prepared TiO2 product has good reproducibility and high
adsorption efficiency even aer ve cycles of reuse. Moreover,
we compared between themaximum adsorption capacity (qm) of
the as-prepared TiO2 adsorbent with those of others reported in
the literature, and the qm values are presented in Table 5.
Additionally, the maximum adsorption capacity (qm) of the
commercially available TiO2 product (Degussa (P25)) was
experimentally determined under the same optimum adsorp-
tion conditions, and it was found to be 55.0 mg g�1. We per-
formed this to verify the effectiveness of the as-prepared TiO2
MgO nanoparticles 207 38

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27924d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 7
/2

4/
20

25
 1

2:
18

:1
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
product as a potential adsorbent for the removal of RR195 dye.
In comparison with the listed qm of other reported adsorbents
(Table 5), it is clear that the as-prepared TiO2 adsorbent has
relatively high qm values. It is noteworthy that the as-prepared
TiO2 product (U1) has higher adsorption capacity than that of
the commercially available TiO2 (Degussa (P25)). Moreover,
MgO adsorbent reported by us elsewhere neededmore time and
higher temperature in its preparation. Therefore, this compar-
ison and our facile preparation route suggest that the as-
synthesized TiO2 product is a possible promising and appli-
cable candidate in the removal of RR195 dye from aqueous
media. The results also indicate the long-term use of the as-
prepared TiO2 adsorbent for the removal of RR195 dye from
aqueous solutions.
4. Conclusions

In conclusion, TiO2 nanostructures were successfully synthe-
sized via a facile auto-combustion route using different fuels
including L-alanine, glycine, and urea. The results revealed that
the fuel type and the fuel-to-oxidant equivalence ratio have
a signicant inuence on the phase, crystallite size, and
morphology of the generated TiO2 products. Urea fuel gener-
ated almost the smallest crystallite size (11.9 nm) TiO2 nano-
particles with single anatase TiO2 phase at equivalence ratio Fc

of 1. The as-prepared TiO2 product generated using urea fuel at
Fc ¼ 1 showed the highest adsorption capacity (ca. 135 mg g�1)
for the adsorption removal of RR195 textile anionic dye. In
addition, the adsorption results could be well described by the
pseudo-second-order and Langmuir adsorption isotherm
models. Besides, the contribution into the adsorption mecha-
nism did not arise only from the intra-particle diffusion
mechanism but aroused also from the bulk diffusion and lm
diffusion mechanisms. The adsorption of RR195 dye on TiO2

nano-adsorbent was a temperature dependent and the process
was a physisorption, endothermic, and spontaneous based on
the calculated thermodynamic parameters. Moreover, the as-
prepared TiO2 product can be suggested as a promising candi-
date for the adsorption removal of RR195 dye from aqueous
media.
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