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Abstract

Shila Jafari

Investigation of adsorption of dyes onto modified titanium dioxide

Lappeenranta 2016

98 pages

Acta Universitatis Lappeenrantaensis 704

Diss. Lappeenranta University of Technology

ISBN 978-952-265-969-9, ISBN 978-952-265-970-5 (PDF), ISSN-L 1456-4491, ISSN 

1456-4491

Titanium dioxide (TiO2) nanoparticles with different sizes and crystalloid structures

produced by the thermal method and doped with silver iodide (AgI), nitrogen (N), sulphur

(S) and carbon (C) were applied as adsorbents. The adsorption of Methyl Violet (MV),

Methylene Blue (MB), Methyl Orange (MO) and Orange II on the surface of these

particles was studied. The photocatalytic activity of some particles for the destruction of

MV and Orange II was evaluated under sunlight and visible light. The equilibrium

adsorption data were fitted to the Langmuir, Freundlich, Langmuir-Freundlich and

Temkin isotherms. The equilibrium data show that TiO2 particles with larger sizes and

doped with AgI, N, S and C have the highest adsorption capacity for the dyes. The kinetic

data followed the pseudo-first order and pseudo-second order models, while desorption

data fitted the zero order, first order and second order models. The highest adsorption rate

constant was observed for the TiO2 with the highest anatase phase percentage. Factors

such as anatase crystalloid structure, particle size and doping with AgI affect the

photocatalytic activity significantly. Increasing the rutile phase percentage also decreases

the tendency to desorption for N-TiO2 and  S-TiO2.  Adsorption  was  not  found  to  be

important in the photocatalytic decomposition of MV in an investigation with differently

sized AgI-TiO2 nanoparticles. Nevertheless C-TiO2 was found to have higher adsorption

activity onto Orange II, as the adsorption role of carbon approached synchronicity with

the oxidation role.
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1 Introduction

Global environmental pollution is increasing due to the continuous growth of industries

and the human population.  Waste materials are potentially harmful to human health and

the environment as they pollute the air, soil and water [1]. Dyes and the other industrial

dyestuffs are significant water pollutants that can cause problems in various ways. Dyes

can have critical and chronic effects on exposed organisms depending on the exposure

time and concentration. They stimulate bacterial growth, which interferes with aquatic

plant life, and also hinder photosynthesis by absorbing and reflecting sunlight through the

entering water [2]. Most dyes are synthetic and the aromatic rings in their structures make

them carcinogenic and mutagenic [3], inert and non-biodegradable when discharged into

the waste streams [4, 5]. The presence of such dyes, particularly the carcinogenic ones,

in underground and surface water is both unpleasant and dangerous to human health [6].

For example, MV (an alkaline dye) and MB (a cationic dye) have harmful effects on

living organisms, and their inhalation may cause headaches, diarrhoea, eye irritation and

skin irritation in people with sensitive skin [5]. Furthermore, dyes have a tendency to

sequester metals, which are toxic to fish and other organisms.

Therefore it is necessary to treat dye effluents in wastewater. Various methodologies

including physical and chemical methods have been considered. These include

sedimentation, filtration, coagulation, oxidation, electrochemical treatment, advanced

oxidation processes, biological treatment and adsorption. All of these have their

advantages and disadvantages considering their cost, operation, selectivity and waste

products [7, 8].

Adsorption is a cheap and simple method which can produce high quality water and is

economically feasible [9]. Therefore it has been extensively applied for dye removal.

Kinetic and equilibrium adsorption modelling have become more significant for

designing a speedy and successful process [10]. The basic and most important

conceptions of adsorption phenomena are introduced, followed by theoretical isotherm

and kinetic models.
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1.1 Adsorption

1.1.1  Definitions

Adsorption is defined as a process by which a material is concentrated on a solid surface

from its liquid or gaseous surroundings. It involves trapping atoms or molecules that are

incident on the surface. The adsorbate is the substance in the adsorbed state and the

substance to be adsorbed (before it is on the surface) is the adsorpt or adsorptive. The

material onto which adsorption takes place is called the adsorbent [11].

Figure 1.1. Basic terms of adsorption

A distinction is drawn between adsorption and absorption. Adsorption is a surface based

process  while  absorption  is  defined  as  transfer  of  a  substance  from  one  bulk  phase  to

another bulk phase. An example of absorption is the reaction of water vapour with

anhydrous CaCl2 to  form  a  hydrate  compound  [12].  In  natural  systems,  however,

distinguishing adsorption and absorption could be impossible due to the complex

structure of the binding material. The general term sorption encompasses such situations.

Sorption comprises adsorption and absorption, and is also used to describe ion exchange

processes on mineral surfaces [13]. The reverse process, in which the adsorbed species

are released from the surface and transferred back into the bulk phase, is called

desorption.

Several factors such as temperature, pressure or concentration, surface area of the

adsorbent and the chemical nature of the adsorbate and adsorbent can affect the extent of
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adsorption [14]. In addition, the specification of adsorption properties can be influenced

by the charge of the particle. A particle with a determined surface charge is surrounded

by ions with the opposite charge (counter charge). Dispersion of the counter charge by

thermal  motion  of  these  ions  and  solvent  molecules  nearby  cause  the  formation  of  a

diffusion layer. An electric field and measuring particle mobility called the surface charge

of particles. The particles direct the oppositely charged electrode. Counter ions next to

the particle surface behave in a particular way to pull particles to the other direction.

Meanwhile, some of the counter ions also will move with the particle. Figure 1.2. shows

how counter ions form the Stern layer.

Figure 1.2. Layers, planes and electrostatic potential near a charged particle [15]

The electrostatic potential changes more quickly between the surface and closest counter

than the potential through the diffusion layer. The surface of share is defined as a surface

that distinguishes the bound charge and diffusion charge around the particle to specify

where the particle and solution transfer in opposite directions. The electrostatic potential

on that surface is named the zeta potential (ZP), and can be measured from the movement

of particles. When the system is stable, the absolute value of the ZP is higher than 25 V
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but  when it  is  lower  than  25  V (unstable  system),  an  aggregate  forms  as  the  repulsive

forces between the particles are not strong enough to keep the particles dispersed [16].

Adsorption is a frequently used method in water treatment and other separation processes

because it is fast and simple. The choice of adsorbent is a key factor. An efficient

adsorbent has fast kinetics of interaction with the adsorbate and a porous structure which

results in a high surface area and high adsorption capacity. Regenerability of the

adsorbent is an another important feature in adsorptive water treatment processes.

Based on the interaction forces, adsorption can be categorized into two fundamental

types: chemical and physical sorption. The general characteristics of both types are given

in Table 1.1.

Table 1.1. General properties of physisorption and chemisorption

Properties Chemisorption Physisorption

Adsorption temperature virtually unlimited range near or below tbp of

adsorbate

(Xe < 100 K, CO2 < 200 K)

Adsorption enthalpy wide range (40-800 kJmol-1) heat of liquifaction

(5-40 kJmol-1)

Crystallographic

specificity

marked difference between

crystal planes

independent of surface

geometry

Nature of adsorption often dissociative and

irreversible in many cases

non-dissociative and

reversible

Saturation limited to a monolayer multilayer occurs often

Adsorption kinetic activated process fast, non-activated process

In order to understand adsorption and desorption processes properly, their equilibrium

and kinetics need to be clarified. Thermodynamic data obtained during

adsorption/desorption processes only provide information about the final state of a

system, but changes in chemical properties in time and the rate of change is explained by

kinetics.
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1.1.2 Equilibrium description

Once initiated, the adsorption process continues until equilibrium is achieved between the

adsorbents and adsorbate [17]. Equilibrium data are important in the fundamental design

of adsorption systems for optimizing adsorbent use. They explain the relationship

between the amount of adsorbate and the concentration of dissolved adsorbate in the

liquid at equilibrium of the adsorption at constant temperature, or isotherm. This section

introduces the most frequently used isotherms.

1.1.2.1 Langmuir isotherm

The Langmuir adsorption isotherm is applied to quantify and collate the efficiency of

different biosorbents. It was created to explain the gas-solid phase adsorption of activated

carbon. It assumes that binding to the surface is mainly by physical forces and that all

sites possess equal affinity for the sorbate. Its application was extended to describe

equilibrium relationships between a bulk liquid phase and a solid phase, resulting in good

agreement with an extensive variation of experimental data, and it is expressed as follows:

e

eLm
e KC

CKqq
1

Equation 1.1

where

qe = the amount of adsorbate per unit mass of adsorbent at equilibrium,

qm = the maximum adsorption capacity to produce complete monolayer coverage on the

surface bound at high equilibrium of adsorbate concentration Ce (ppm), and

KL = a model factor accounting for the degree of affinity between the adsorbate and

adsorbent.

1.1.2.2 Freundlich isotherm

The Freundlich isotherm is basically empirical in nature, but it was later developed for

sorption to heterogeneous surfaces or surface supporting sites of various affinities. It is

supposed that stronger binding sites are occupied first and then with decreasing binding
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strength, enhancing the degree of site occupation. The equation may be illustrated as

follows:
n

eFe CKq /1)( Equation 1.2

Where KF and n are constants.

1.1.2.3 Sips isotherm

The Sips isotherm is originally an empirical model that was developed from Langmuir-

type isotherm with the assumption that “patches” form on the surface following an

exponential decay energy distribution. This equation has a limitation at low surface

coverage and for the saturation of the adsorbed phase in Henry’s law. In order to dispel

this last limitation, the Sips isotherm (Equation 1.3) was modelled, which is a modified

Freundlich equation containing the asymptotic saturation effect. The Sips isotherm may

be represented as follows:

n
e

n
e

m KC
KC

q
q

/1

/1

)(1
)(

Equation 1.3

This model is  known as the Langmuir-Freundlich isotherm due to the similarity of the

above equation to the Langmuir isotherm.

1.1.2.4 Temkin isotherm

This model is in conflict with the Freundlich equation in terms of the heat of sorption. It

assumes that the drop in the heat of sorption is linear rather than logarithmic. This

isotherm includes a factor that clearly takes adsorbent-adsorbate interactions into account.

The sorption heat of all the molecules in the layer linearly decrease with coverage because

of the sorbate/sorbent interactions. The Temkin isotherm has been represented as follows

[18]:

)( eT
T

e CKLn
b
RTq Equation 1.4

Tb
RTB Equation 1.5
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where

KT = Temkin isotherm equilibrium binding constant (L/g),

bT = Temkin isotherm constant,

T = temperature at 298 K, and

B = constant related to heat of adsorption (J/mol).

1.1.3 Kinetic models

Adsorption and desorption are dependent on the time the process takes. The rate of

adsorption/desorption is important for adsorbent design, evaluation and regeneration.

Consequently, it is important to understand adsorption and desorption kinetics and

ascertain their phenomenological coefficients characterizing the transport of sorbate

within sorbents [19, 20].

1.1.3.1 Adsorption kinetics

Kinetic analysis establishes the solute uptake rate, which specifies the required residence

time for accomplishment of the sorption reaction [21]. Numerous models can be applied

to analyze adsorption kinetics. The pseudo-first-order rate equation known as Lagergren

[22] is used for the sorption of solutes from a liquid solution. This equation is:

)(1 qqk
dt
dq

e Equation 1.6

Integrating Equation 1.6 for the boundary conditions t=0 to t=t and q=0 to q=q gives

tk
q

qq
e

e
1

)(ln Equation 1.7

where k1 is the rate constant of first-order adsorption and q and qe are the grams of solute

sorbed per gram of sorbent at any time and at equilibrium, respectively.

Another extensively used model is pseudo-second-order. The rate law for this system is

expressed as

2
2 )( qqk

dt
dq

e Equation 1.8



Introduction 20

Integrating Equation 1.8 for the boundary conditions t=0 to t=t and q=0 to q=q as linear

form gives

t
qqkq

t
ee

11
2

2

Equation 1.9

where k2 is the pseudo-second-order rate constant of sorption.

In addition to these widely used kinetic surface based models, some other kinetic

diffusion based models exist. One of the most commonly used diffusion models is the

intraparticle diffusion model (IPD), presented by Weber and Morris, which assumes that

a plot of the adsorption capacity vs the square root of contact time is a straight line if pore

diffusion was the rate limiting step of the adsorption [21]:

)(2/1
idift Ctkq Equation 1.10

Where Kdif (mg g-1 min-0.5) is the rate constant of intraparticle diffusion and Ci (mg g-1) is

the thickness of the boundary layer. There are three types of IPD model:

1) qt is plotted against t1/2 to get a linear curve which is forced to pass through the

origin [23, 24].

2) multi-linearity in qt vs t1/2 plot which can predict three steps in the whole process

[25-27]. The first step involves external surface adsorption or instantaneous

adsorption. In the second step, gradual adsorption, intraparticle diffusion is

controlled (the process rate depends on variables such as temperature, solute

concentration and adsorbent particle size). Finally, in the third step, the solute

transfers slowly from larger pores to micropores resulting in a slow adsorption

rate.

3) qt is plotted against t1/2 to gain a straight line but does not necessarily pass through

the origin. There is an intercept in the linear curve [24, 28, 29]. In most cases in

the literature, the intercepts reported are positive, indicating that rapid adsorption

took place within a short period of time.
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There are also different kinds of kinetic models, for example, Langmuir kinetics,

Freundlich kinetics, modified pseudo-first order and Bangham diffusion models, but as

they are rarely used, they are not discussed here.

1.1.3.2 Desorption kinetics

Adsorption has been termed the accumulation of a material at an interface between two

phases, without the formation of a three-dimensional crystal structure. Conversely,

desorption refers to the loss of matter from an interface, generally by diffusion into the

bulk of one of the adjoining phases.  Desorption kinetic models,  contrary to adsorption

kinetic models, have rarely been investigated to date.

The general kinetic equation is presented as [30]:

Equation 1.11

Where
dt

qqd t )( 0  is desorption rate (mg.g-1.Min-1), kd is the rate constant and n the order

of reaction.

Equation 1.11 was then developed for n=0, 1 and 2 after integrating the Equation 1.11

reads for zero, first and second order kinetic models, respectively:
Equation 1.12

Equation 1.13

0

0
0

1
qk

t

tqqq

d

t
Equation 1.14

1.2 Removal of dyes

Dyes have many applications, recent technologies ranging from textile [31], the leather

tanning industry [32], paper production [33] and food technology [34] to hair colouring

[35]. In the textile industry, dyes are removed from wastewater by adsorption. Although

n
td

t qk
dt

qqd )()( 0

tkkq dt 0

tk
t

deqq 0
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not all dyes are toxic, they change the water colour and affect the photosynthesis rate of

plants and phytoplankton under water [17].

The most frequently industrially used dyes are azo and phthalocyanin derivatives. Azo

dyes are the most common and are categorized as monoazo, diazo, triazo and poliazo

based on the number of azo bonds (-N=N-) in their structure. Their colours vary according

to their azo bond number and chromophores [36]. This work focuses on the azo dyes most

frequently used in industries (Figure 1.2).

          Methyl Violet                                                                 Methylene Blue

          Methyl Orange                                                              Orange II

Figure 1.2. Chemical structure of key dyes

Since wastewater cannot be decolourized efficiently enough by traditional methods, an

easy, simple and inexpensive method of dye adsorption from water and wastewater with

an economical and efficient solid is needed. The characteristics and removal capacity of

different adsorbents have thus been investigated in some depth. Particular attention has

been given to the adsorbent properties of titanium dioxide [36-38].



Introduction 23

1.3 Titanium Dioxide

Titanium dioxide (TiO2)  has  been  used  extensively  in  the  commercial  production  of

pigments [39], sunscreens [40] paints [41] ointments, and toothpaste [42]. In 1972, the

phenomenon of photocatalytic splitting of water on a TiO2 electrode under ultraviolet

(UV) light was discovered by Fujishima and Honda [43, 44]. TiO2 has been extensively

investigated and utilized in photocatalysis, photo-electrochromics, sensors and adsorption

[45].  These  applications  can  also  include  modification  of  the  TiO2. Advances in

nanotechnology have made it possible to produce nanoscale materials with important new

chemical and physical characteristics. Specific surface area and surface-to-volume ratio

are key properties of nanomaterials which significantly increase with decreasing particle

size. The large surface area facilitates the reaction or interaction of TiO2-based devices

and media. Therefore TiO2 nanomaterials can make a significant contribution to

combating pollution and environmental problems [46, 47]. For example, they can be

utilized in photovoltaic solar energy solutions [45, 48, 49].

The synthesis of TiO2 nanomaterials, such as nanoparticles, nanorods, nanowires, and

nanotubes are primarily classified by method of preparation. Mesoporous/nanoporous

TiO2, TiO2 aerogels, opals, and photonic materials are prepared indirectly. More detailed

procedures are described in the literature (Paper I-V).

1.3.1 Fundamental Properties

Titanium dioxide presents in nature in rutile (tetragonal), anatase (tetragonal), and

brookite (orthorhombic) modifications [50, 51]. Rutile and anatase phases are used in

industrial production of ceramic materials, pigment and catalysts. In contrast,

synthesizing the brookite phase is rare and difficult even in the labroratory [52]. The basic

building units of titania polymorphs are six oxygen atoms surrounding titanium atoms in

a distorted TiO2 octahedral configuration [53]. The critical structure can differ according

to the octrahedral distortion and assembly pattern of its chain. In rutile, neighbouring TiO 2

cells share corners, which are stacked with their long axis alternating by 90  [50]. Anatase



Introduction 24

consists  of  a  strongly  distorted  edge  sharing  TiO6 octahedra. At high temperature, the

anatase phases, which are less stable thermodynamically than the rutile ones, will be

converted to the more stable phases. Anatase is also the most photoactive of the titania

phases [54]. Comprehensive knowledge about thermodynamic phase stability is

fundamental to nanocrystalline titania application [55].

Figure 1.3. a) Rutile, b) anatase, and c) brookite crystal structures

Interfacial electron transfer reaction is important in the chemisorption characteristics of

the titania surface. In the presence of water, coordination vacancies at the surface of

titanium centres are occupied by hydroxyl groups resulting from dissociative water

chemisorption, which in turn leads to the formation of amphoteric titanol groups ( Ti-

OH). These dissociate just like conventional diprotic acids, as in Equation 1.15 and

Equation 1.16.

Ti-OH2
+   Ti-OH + H+  pKa1 Equation 1.15

Ti-OH   Ti-O- + H+ pKa2 Equation 1.16

By one half sum of the superficial pKa values, the titania isoelectric (or zero charge) point

can be obtained. The range of isoelectric point values is set to 6.2. Acid-base behaviour

heavily depends on the intrinsic surface properties originating from the preparation

procedure [56].

pKisoelectric point = 1/2 (pKa1 + pKa2 ) Equation 1.17

X-ray diffraction (XRD) and the corresponding Scherrer equation are used to estimate the

crystal grain size and determine the crystal structure:
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2cos
KD Equation 1.18

where is the diffraction angle, K is a dimensionless constant, is the wavelength of

the X-ray radiation, and is the full  width at  half-maximum (fwhm) of the diffraction

peak [57]. To determine crystalline size, the broadening of a specific peak in a diffraction

pattern accompanied with a particular (specific) planar reflection is measured from within

the crystal unit cell. The diffraction of the X-ray beam is fortified with the periodicity of

individual crystallite domains, causing the formation of a tall narrow peak. A lower

degree of periodicity or more random arrangement gives broader peaks. For nanomaterial

assemblies, this trend is normal and the size of nanomaterials can be related to the

diffraction peak [58]. Figure 1.4 reveals the XRD patterns for TiO2 nanoparticles in a

range of sizes. The inverse relationship between size and fwhm is shown. As the

nanoparticle size increases, the diffraction peaks become narrower.

.

Figure 1.4. Powder XRD pattern of TiO2 samples of different diameters: (a) 5 nm, (b) 7 nm, (c)

13 nm (Reprinted with permission from Niederberger, M.; Bartl, M. H.; Stucky, G. D. Chem. Mater. 2002, 14,

4364)
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1.3.2 Preparation methods

The characteristics of the materials are affected by factors such as composition phase,

morphology, chemical composition, crystalline structure, porosity and form determined

by selected synthesis pressure [59]. Both surface stability and phase transitions at high

pressure and heat depend on the size, shape and crystal structure of TiO2 nanomaterials.

Many attempts have been made to find preparation routes which yield favourable

characteristics for a concrete application [50, 60]. Some TiO2 preparation methods are

introduced below.

1.3.2.1 Sol-gel method

In this method, hydrolysis and polymerization reactions of inorganic metal shifts or metal

organic substances result  in the formation of a sol or colloidal suspension. A solid gel

phase can be formed from the liquid sol by completion of polymerization and losing

solvent. By further heating and drying, a dense substance is formed from the wet gel.

Titanium precursors have been hydrolyzed [61-63]. TiO2 nanomaterials have also been

prepared by acid-catalyzed hydrolysis of condensed titanium (IV) alkoxide [61, 64].

1.3.2.2 Micelle and inverse micelle methods

At critical micelle concentration (CMC), dispersed surfactant molecules can aggregate

and form micelles. The CMC is defined as a concentration of surfactants in free solution

in  equilibrium  with  surfactants  in  aggregated  form.  Micelles  form  by  orienting  the

hydrophobic portions of surfactants toward the core of the micelle and hydrophilic head

groups toward the aqueous phase. Inverse micelles can also be formed in non-aqueous

media by direction of hydrophilic head groups toward the core of the micelles and

hydrophobic groups outward to the non-aqueous media. Micelles and inverse micelles are

usually applied to synthesize TiO2 nanomaterials [65-68]. A statistical experimental

design method was used by Kim et al. to optimize experimental conditions for the

preparation of TiO2 nanoparticles  [66].  The  amount  of  H2O/titanium precursor,

H2O/surfactant, ammonia concentration, feed rate, and the reaction temperature were
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important  factors  in  controlling  TiO2 nanoparticle  size  and  distribution.  The  TiO2

nanomaterials prepared with the micelle and inverse micelle methods typically have an

amorphous structure, and calcination is usually essential in order to impel high

crystallinity. The crystallinity of TiO2 nanoparticles could be improved by annealing in

the presence of the micelles at lower temperatures [68].

1.3.2.3 Non-aqueous sol-gel method

In the non-aqueous sol-gel method, titanium chloride usually reacts with different metal

alkoxides or organic ethers as an oxygen donor molecule [58, 69, 70].

TiX4 + Ti(OR)4           2TiO2 + 4RX Equation 1.19

TiX4 + 2ROR               TiO2 + 4RX Equation 1.20

A Ti-O-Ti bridge is formed due to the condensation between Ti-Cl and Ti-O. The source

of alkoxide groups are titanium alkoxide or in situ reaction of the titanium chloride and

alcohols or ethers. Trentler and Colvin have introduced a method in which a metal

alkoxide was rapidly added to the overheated solution of titanium halide and mixed with

triactylphosphine oxide (TOPO) in heptadecane at a temperature of 300 °C and in a dry

inert gas atmosphere of 5 min [70].

1.3.2.4  Hydrothermal method

This method uses autoclaves, steel pressure vessels with or without Teflon liners, for

hydrothermal synthesis in an aqueous medium. Temperature and pressure can be raised

above the boiling point of water and vapour saturation, respectively. The internal pressure

depends on the temperature and quality of the added solution. This method is applied to

produce small particles in the ceramic industry, including TiO2 nanoparticles [71-73]. For

instance, the hydrothermal method was used to form TiO2 nanoparticles from peptized

precipitates of a titanium precursor with water [74].
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1.3.2.5  Solvothermal method

The solvothermal technique is similar to the hydrothermal method, but it uses a variety

non-aqueous solvents, since a greatly elevated temperature requires solvents with higher

boiling points. The size and shape distribution of crystalline TiO2 nanoparticles are better

controlled in the solvothermal than the hydrothermal method. A variety of narrow size

distributions and dispersity of nanoparticles can be obtained by solvothermal treatment

[75-77]. This method has been used for synthesizing TiO2 nanoparticles and nanorods in

the absence or presence of surfactants [75, 76, 78].

1.3.2.6 Direct oxidation method

With an oxidant or anodization, titanium metal oxidizes and forms TiO2 nanomaterials.

For example, the direct oxidation of a titanium metal plate with hydrogen peroxide results

in crystalline TiO2 nanorods [79-81]. By putting a cleaned Ti plate in 50 ml of a 30 wt %

H2O2 solution at 353 K for 72 h, TiO2 nanorods are formed via a dissolution precipitation

mechanism. In addition, TiO2 nanotubes can be obtained by anodic oxidation of titanium

foil [82-85]. As another example, TiO2 nanotubes can be prepared when a clean plate of

Ti is  anodized in a 0.5% HF solution for 10 – 30 min at  10 – 20 V in the presence of

platinium as a counter electrode [85].

1.3.2.7 Vapour deposition

The process of condensing vapour to solid phase is called vapour deposition. This can be

used to change the characteristics of the substance, including the mechanical, electrical,

thermal, and optical properties and the corrosion, water, and wear resistance of various

substrates. Vapour deposition is also applied to form fibres, films, free-standing bodies,

composite and infiltrate fabrics, and to prepare nanomaterials. There are two kinds of

vapour deposition based on the occurring chemical reaction: physical vapour deposition

(PVD) in which no reaction happens, and chemical vapour deposition (CVD) in which a

chemical reaction occurs. In CVD, the vacuumed coating chamber is heated to evaporate

(all) target material and deposit it on a suitable surface. This method has been successfully
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applied to prepare thick crystalline TiO2 films with grain sizes below 30 nm and TiO2

nanoparticles with sizes below 10 nm by pyrolyzing TTIP in a mixed helium/oxygen

atmosphere, using a liquid precursor [86].

In PVD method, materials are evaporated without any chemical reactions, and then

condensed to form a solid phase. Thermal deposition, laser surface alloying, splittering,

laser vapourization, ion plating, and ion implantation can all be used in primary PVD

processes. TiO2 nanowire arrays can be produced by PVD and thermal deposition [87,

88]. For example, pure Ti metal powder is placed on a quartz surface into a tube furnace

approximately 0.5 mm away from the substrate. By pumping the furnace chamber down

to ~ 300 Torr and increasing the temperature to 850 °C, a reaction occurs under an argon

gas flow rate of 100 cm3 for 3 h, resulting in the creation of a TiO2 nanowire layer [87].

A vast variety of other methods have been introduced to prepare TiO2 nanostructures,

including electodeposition, microwave and aerogels, but these are not relevant to the

current discussion.

1.3.3  Modification of TiO2 nanomaterials

Optical preparation of TiO2 nanomaterials is very important, so most research has focused

on  improving  the  optical  characteristics  of  TiO2.  Since  TiO2 nanomaterials have no

significant adsorption in the visible light region, doping or sensitization is used to enhance

the optical sensitivity in this region. The performance of TiO2 nanomaterials is also

improved by modification which effects the charge transfer characteristics between TiO2

and its environment.

Bulk chemical modification (doping) and surface chemical modification are the most

studied methods; the optical characteristics can be changed by replacing either the

titanium or the oxygen component. It is preferred to maintain the integrity of the crystal

structure of the photocatalytic host material while imrproving the electronic structure. It

is more difficult to substitute the O2- anion because of the differences in change states and

ionic radii. Fortunately, Ti4+ cation can be easily replaced with other transition metals.
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Nanomaterials with their inherent lattice strain can tolerate more structural distortion than

bulk substances can. Thus the small size of TiO2 nanoparticles enables better modification

[89, 90].

1.3.3.1 Doped TiO2 nanomaterials

Metal-doped TiO2

TiO2 nanomaterials have been modified with several metals [91-95]. Wet chemistry, high

temperature treatment and ion implantation are three well-known types of metal-doped

TiO2 procedure. In the wet chemistry method, titanium is hydrolyzed in a mixture of

necessary reagents and water at elevated temperature. Choi et al. reported that metal-

doped TiO2 nanoparticles have excellent photoreactivities, charge carrier recombination

rates and interfacial electrotransfer rates in comparison with TiO2 prepared by the sol-gel

method [95].

Non-metal-doped TiO2

Doping  with  non-metal  elements  such  as  B,  C,  F,  S,  Cl  and  Br  is  possible  with  TiO2

nanomaterials. Heating titanium carbide [96, 97] or annealing TiO2 in the presence of CO

gas at 500 – 800 °C [98] or burning a titanium metal sheet at material flame gives C-

doped TiO2 nanomaterials [99].

There are various procedures to obtain N-doped TiO2 nanomaterials. These include

hydrolysis of TTIP in amine/water mixture (a previous treatment of TiO2 sol and amines)

[89, 100, 101]. Other methods are well-known: Ti-bipyridine complex [83] or ball milling

TiO2 in a NH3 water solution [102]; heating TiO2 under NH3 flux at 500-600 °C [103];

calcination of the hydrolysis product of Ti(SO4)2 with  ammonia  as  precipitator  [104];

decomposition of gas-phase TiCl4 with an atmosphere microwave plasma torch [105];

sputtering/ion-implanting techniques with nitrogen [106, 107] or N2+ gas flux [108].

S-doped TiO2 nanomaterials were synthesized by mixing TTIP with ethanol containing

thiourea [109], by heating sulphide powder [110] or by using sputtering or ion-implanting

techniques with S+ ion flux [111]. Different valence states can be induced by different

doping methods. As an example, using thiourea, S incorporated S4+ or S6+ valance state

[109], and heating TiO2 and sputtering with S+ gives S2- anion [111].
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1.3.3.2 Surface chemical modification

Sensitization is a process in which photocurrent is produced by light energy less than the

band gap of the semiconductor. Sensitizers are thus light-absorbing dyes [45]. TiO2 has

optical absorption properties in ultraviolet (UV) and acts as a semiconductor which has a

wide band gap. Sensitizers used for TiO2 materials  have  a  narrow  band  gap  or  show

absorption in the visible or infrared region. They include inorganic semiconductors

(possessing narrow band gaps), organic dyes and metals [45, 112]. Careful synthesis

design is required to avoid the charge trapping and recombination which eventually

reduce the performance of sensitized TiO2.

Inorganic sensitization

To improve the optical absorption characteristics of nanomaterials, semiconductors with

a narrow band gap and metal nanoparticles can be utilized as sensitizers in the region of

visible light [113-115]. The sol-gel method can be used to synthesize inorganic sensitized

TiO2 nanomaterials [114, 115]. Fitmaurice et al. researched AgI as a narrow band gap

semiconductor and obtained more stabilization of electron-hole pairs through excitation

of the sensitizer AgI on TiO2 nanoparticles having a lifetime above 100 s and in electron

migration from AgI to TiO2 [115]. Besides, Ohko et al. revealed that Ag nanoparticle

sensitizers changed the TiO2 nanoparticle to brownish-grey in UV light and the colour of

the illuminating visible light. This resulted from reduction of Ag+ under  UV light  and

oxidation of Ag by O2 at visible light [116].

Organic dye sensitization

Organic dyes can improve the optical properties of TiO2 nanomaterials in dye- sensitized

nanocrystalline solar cells [117]. Organic dyes consist of transition metal complexes such

as polypyridine complexes, phthalocyanine, and metalloporphyrins, which have low-

lying excited states. Nitrogen heterocyclics with delocalized  or aromatic ring systems

are used as ligands and Ru(II), Zn(II), Mg(II), Fe(II) and (AI)(III) are the metal centres

of the dyes [117].
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1.4 TiO2 as an adsorbent

Little literature is available on TiO2 and modified TiO2 as adsorbents, although they are

effective ones. Activated carbon is a typical adsorbent used for dye removal but remains

costly, essentially because it is non-renewable.

Using TiO2 has been considered the most efficient, environmentally benign and

promising method in photocatalytic technology for the photodegradation of numerous

pollutants but it has its disadvantages. One key drawback is its insignificant adsorptive

power for some dyes [118, 119] and other organic pollutants (especially hydrophobic

organic pollutants) [120], resulting in slow photocatalytic degradation rates. Moreover,

TiO2 nanoparticles may undergo aggregation because of their instability, which may

block the light diffusion on the active centres and subsequently reduce its catalytic activity

[121, 122]. Smaller particles may show higher scattering, however, which can reduce

their photocatalytic activity compared to larger ones [123].

The difficulties of concentrating the target pollutants around the TiO2 nanoparticles to

improve photocatalytic efficiency, inefficient utilization of visible light, aggregation of

nanosized particles, difficulty of recovering and distributing nanoparticles uniformly are

all possible limitations of TiO2-based photocatalytic processes. Beside, the adsorption

process does not require the use of UV lamps, which have some limitation of application

under European Union regulations, and also, compared to the photocatalytic method, the

adsorption process is a cost effective technique. TiO2 is a very promising material for

application as an adsorbent due to its high surface activity, adsorption capacity, low cost

and simplicity of production.

 Countermeasures to these drawbacks are still being researched. The following strategies

to overcome those limitations of TiO2-based photocatalysis have been adopted: 1)

modification of the TiO2 catalyst to achieve the utilization of visible light [124, 125]; 2)

optimization of catalyst synthesis, to produce catalysts with a defined crystal structure,

smaller particle sizes, and high affinity to various organic pollutants [126, 127]; and 3)

design and development of second generation TiO2 catalysts, with high separation ability,

which can be recovered and regenerated effectively [128-130]. Nevertheless, there are
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further drawbacks to each countermeasure. The photocatalytic activity of TiO2 in the

visible region can be improved by doping of metals [131], doping of non-metals [125],

co-doping techniques [132] and surface organic modification [133]. These create issues

such as thermal instability, dopant concentration dependence, high cost, the formation of

oxygen vacancies, short term efficiency of photocatalysis, high temperature for

preparation and tedious procedures, or desorbing of the surface coating.

Despite the extent of research, little work has been reported on enhancing the adsorption

of modified TiO2 particles under dark conditions through doping or/and surface

modification. Adsorption is one of the most widely used and applicable methods for water

treatment due to its effectiveness, low cost, simplicity of design, ease of use, insensitivity

to toxic substances and low environmental impact when compared to the photocatalytic

method. In addition, adsorption does not require UV lamps which have some limitations

of application regarding human health.

Nanotechnology might help improve the process further [134, 135]. Nanomaterials have

large specific surface areas, and thus a large fraction of atoms available for chemical

reaction. Nano-sized metal oxides, in particular titanium dioxide (TiO2) are a very

promising adsorbent due to their high surface reactivity, adsorption capacity, low cost,

and simplicity of production. Also, the pHpzc of TiO2 is ca. 6.0–6.8, making it a suitable

adsorbent for charged groups due to its desirable electrostatic attraction mechanism.

Few  studies  of  TiO2 nanoparticles exist to date. The present work investigates the

modification and application of TiO2 nanoparticles and their efficiency as an adsorbent

for the removal of dyes from wastewater. Numerous researchers have reported on TiO2

as an adsorbent for the removal of metal ions, organic acids, octylamine and dyes from

wastewater and these are discussed below.

Pimpaporn et al. [134] synthesized an amorphous TiO2 with a high specific surface area

which reached adsorption equilibrium of crystal violet (CV) and malachite green (MG)

dyes within 20 and 25 min. Their recycled use results indicated that CV and MG dyes

could be adsorbed by the regenerated TiO2 almost as well as the freshly prepared sample.

The suitable TiO2 dosages  were  0.05  and  0.1  g  for  CV and MG,  respectively,  the  dye

concentration should be 1 × 10-4 M and the optimum sorption pH in the range 7–9. The
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Langmuir model was favourable. The shortcoming of this study is that the precursor used

for preparation of amorphous TiO2, TiCl4 is not permitted by the Environmental

Protection Agency (EPA).

The adorption isotherms of phenolic compound and organic diacids onto TiO2 (P25

Degussa) were discussed by Robert et al. [136]. They characterized the adsorbates on

TiO2 surface by infrared spectroscopy in diffuse reflectance mode (DRIFT) and reported

that chemisorption of an organic acid proceeds very rapidly. Phenols are weakly adsorbed

through Ti-phenolate adsorbates. At low concentrations this followed the Langmuir

model but at higher concentrations a complex situation and multilayer adsorption

occurred. The adsorption of phenolic compounds was directed by the geometry of the

adsorbed molecules and the inductive or mesomeric effects of the substituants.

Kim et al. [137]. examined the removal of Cu(II) from aqueous solutions by adsorption

with anatase-type titanium dioxide. They reported that adsorption enhanced rapidly with

an increasing pH from 2 to 5 and stayed constant over pH 5. Higher temperatures from

15 C to 40 C also increased the amount of Cu (II) adsorbed. The isotherm of Cu+2 on

titanium dioxide followed the Langmuir model.

Fetterolf et al. [138] studied the adsorption of MB and Acid Blue 40 onto two commercial

forms of titania, TX titania and P25 titania, which followed the Langmuir model. They

explained that electrostatic attraction might influence the adsorption of MB onto TX

titania and also Acid Blue 40 onto P25 titania, although the evidence for the latter is less

complete. The maximum adsorption surface area of P25 titania, 45 m2.g-1, is larger than

that for TX titania, 12 m2.g-1.

The removal of arsenate As(V) and arsenite As(III) and  photocatalytic oxidation of

As(III) by nanocrystalline TiO2 was investigated by Pena et al. [139]. After 4 h, the As(V)

and As(III) reached equilibrium and the adsorption kinetics had good agreement with the

pseudo-second-order equation. The high removal of As(V) was obtained at pH 8 and

effective removal of As(III)  was achieved at  a pH of about 7.5 in water containing the

competing anions phosphate, silicate and carbonate. In a neutral pH range, the presence

of competing anions had a reasonable effect on the adsorption capacities of the TiO2 for

As(III) and As(V). The higher adsorption capacity of the TiO2 for As(V) and As(III) was
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attained in fumed TiO2 (Degussa P25) and granular ferric oxide. As(III) (26.7 M or

2 mg/L) exposed to sunlight and dissolved oxygen, was fully converted to As(V) in a

0.2 g/L TiO2 suspension through photocatalytic oxidation within 25 min. Consequently,

nanocrystalline TiO2 is an efficient adsorbent and photocatalyst for As(V) and As(III).

Barbour et al. investigated [140] the subsequent desorption of a common antimicrobial,

chlorhexidine (CHX) digluconate to anatase and rutile TiO2 in two different buffers, MES

(50mM 4-morpholineethanesulfonic acid) and PBS (phosphate buffered saline). The

adsorption rate was faster in MES buffer (<60 s) for both anatase and rutile TiO2 and

presented  Langmuir-type  adsorption  isotherms.  The  adsorption  of  CHX  to  rutile  was

about 50% less than anatase TiO2. In PBS buffer, however, more CHX adsorbed to rutile

than anatase, nonetheless precipitation of CHX phosphate limited the range of

concentrations. CHX desorbed slowly in a few days but showed more rapid desorption to

anatase than rutile. It was proposed that a pre-implantation treatment with CHX solution

could provide post-operative antimicrobial action at the implant site.

Kopac et al. [141] studied the effect of pH and temperature on the equilibrium and the

kinetics of bovine serum albumin (BSA) adsorption onto TiO2. They found that low pH

and high temperature positively influenced the adsorption rate. The adsorption capacity,

Q0, based on Langmuir isotherm constants, was 35.8, 40.0 and 42.6 mg.g -1 for 20, 30 and

40 C and pH 4, and 24.5, 29.1 and 33.4 mg.g-1 for 20, 30, 40 C and pH 5, respectively.

The highest adsorption capacities were observed for pH 4 at 40 C. Kinetic data was in

good agreement with the pseudo-first order model. At pH 4, k1 has values of 0.018 and

0.019 min 1 at 20 and 40 C, respectively. For pH 5, k1 is 0.013 min 1 at 20 C and 0.019

min 1 at 40 C. The first order rate constants are higher at pH 4 than at pH 5. This may be

due to the change in the pore structure of TiO2 or denaturation by conformational change

of BSA at higher pH.

The adsorption of Reactive Red 195 on the surface of TiO2 nanoparticles has also been

tested. Belessi et al. [142] studied varying conditions such as initial pH, concentration of

dye and adsorbents. The optimum pH of sorption was found to be 3, the Langmuir model

fit the equilibrium data better and the pseudo-second order model was best for kinetic

adsorption.



Introduction 36

Zhou [143] prepared TiO2 nanotube arrays by an anodization method, which were then

applied as the adsorbent in the development of a solid phase micro-extraction (SPME)

and solid phase extraction (SPE) for the enrichment of triazine herbicides, before analysis

using high performance liquid chromatography (HPLC). TiO2 nanotube arrays

demonstrated good adsorption of triazine herbicides, and the proposed method had

adequate sensitivity with limits of detection in the range of 0.19–0.50 mg. L-1.

Adsorption properties can be applied and combined in techniques such as dye sensitized

solar cells (DSSCs). Typically, processes with DSSCs include several steps; compilation

of a dye adsorbed TiO2 photoanode onto transparent conductive oxide (TCO) and a Pt-

coated TCO cathode followed by filling the space between the two electrodes with redox

electrolyte. Dye adsorption is a very important step for DSSC productivity and conversion

efficiencies. The reaction rate of dye adsorption is one of the challenges of this process

as this is the most time-consuming step [144]. In this regard, Kim et al. [144] provided a

simple method for increasing the reaction rate of dye adsorption: treatment of TiO2

photoanodes with aqueous nitric acid solution at pH 1. This rapid adsorption reaction was

achieved in acidic media, however, it is preferable to work in neutral media if possible.

Nevertheless, the developed method substantially contributes to the prevalent application

of DSSCs at a lower cost.

Another example of these attempts to improve dye absorption is the work of Babitha et

al. [145]. They developed a composite zein-TiO2 microsphere, which had the combined

advantage of the low cost of TiO2 nanoparticles and eco-friendliness of zein. The zein-

TiO2 microsphere adsorbent showed maximum adsorption and photocatalytic dye

degradation efficiency and it can be a promising option for the removal of acid dyes from

aqueous solutions.

Also, pristine TiO2 nanoparticles have been considered for dye removal. Behnajadi and

his co-author investigated adsorption capacity of TiO2 nanoparticles in the removal of the

mono-azo dye AR27 from aqueous solution [146]. The desired pH for adsorption of AR27

onto TiO2-P25 nanoparticles was 3, and adsorption decreased from 97 to 39% with

increasing AR27 initial concentration from 10 to 80 mg L–1. The authors claimed that the

maximum adsorption capacity is high enough to be competitive with other metal oxide
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nanoparticles and concluded that TiO2-P25 nanoparticles were an effective alternative to

remove the broad range concentration of AR27 from aqueous solution at acidic pH.

Ismaeel  et  al.  [147]  studied  adsorption  of  Eriochrom  Black  T  (EBT)  azo  dye  onto

nanosized anatase TiO2, considering the impact of important parameters such as pH,

contact time, initial dye concentration, temperature and adsorbent dose. They concluded

that adsorption of EBT onto TiO2 surface is spontaneous and exothermic. The kinetics of

the EBT/TiO2 adsorption system were described better with the pseudo-second order

model and equilibrium data followed Freundlich isotherm. In general, they reported that

TiO2 is an effective adsorbent for EBT dye from aqueous solution, while process

parameters like initial dye concentration, pH of solution, and adsorbent dose significantly

impact on the adsorption percentage.

Furthermore, Fan et al. carried out the adsorption of N719 dye on anatase TiO2

nanoparticles (NP) and nanosheets (NS) with exposed (001) facets [148]. The adsorbent

was synthesized by hydrothermal hydrolysis of Ti(OC4H9)4 in the presence and absence

of hydrogen fluoride. The pseudo-second order and Langmuir models showed a better

correlation of the experimental data for kinetic and equilibrium studies, respectively.

Also, NS had a higher absorption capacity than NP due to its higher specific surface area,

to which they attributed the greater reactivity of the (001) surface in dissociative

adsorption of reactant molecules as compared with (101) facets. This research helped to

explain the adsorption process and mechanism of N719 molecules onto TiO2 NS and NP,

which is important for improving the performance of dye-sensitized solar cells.

TiO2 nanoparticles with a mesoporous structure were considered for the removal of dyes

from aqueous solution [149]. Asuha et al. synthesized mesoporous TiO2 by  a

hydrothermal method using cetyltrimethyl ammonium bromide (CTAB) and examined

its adsorption activities for the removal of MO and Cr(VI) from wastewaters. The

mesoporous TiO2 showed much greater adsorption abilities for MO and Cr(VI) than

commercial TiO2. Cr(VI) adsorption is strongly influenced by solution pH, while for MO

solution pH is less significant. With increasing solution pH from 3 to 12, the adsorbed

percentage of MO decreases from ca. 87 to 78%; however, the adsorbed percentage of

Cr(VI) decreases from ca. 45 to 0%. The maximum adsorption capacities of the
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mesoporous TiO2 for MO and Cr(VI) are 454.5 and 33.9 mg/g, respectively, emphasizing

that the mesoporous TiO2 is an superb adsorbent for MO and Cr(VI).

TiO2 has also been modified by nitrogen [37]. Janus et al. prepared N-TiO2 by pressure

modification of an anatase TiO2 commercial sample and used it for the adsorption of two

azo dyes (Reactive Red 198 and Direct Green 99) onto the unmodified and nitrogen-

modified TiO2 surface. It was found that pH played key role in this process. The higher

adsorption capacity observed in N-TiO2 was probably due to the presence of nitrogen

groups on its surface. They claimed that presence of nitrogen groups is capable of

changing the ZP of the photocatalyst and thus changing both its photocatalytic activity

and its adsorption capacity. Hence, they suggested that nitrogen modification is a good

method for obtaining a TiO2 material  with  a  high  adsorption  capacity  which  can  be

utilized in the photocatalytic cleaning of wastewater.

Liu-Ping et al. [150] prepared mesoporous vanadium (V) doped TiO2 nanoparticles for

the removal of MB from coloured textile wastewater. The adsorbent was synthesized by

co-precipitation, varying the calcination temperature. The adsorptive activity of MB dye

was enhanced using the V-doped TiO2. The adsorption was controlled by both of

diffusion and interfacial adsorption steps. The adsorption kinetics followed the pseudo-

second order model and the adsorption isotherm fitted better to the Langmuir model. The

adsorption  of  MB  on  V-doped  TiO2 is a spontaneous behaviour and an endothermic

reaction.

Co-doped TiO2 is  another  possibility  for  TiO2 modification to enhance dye waste

treatment. Chen et al. [151] synthesized silver carbon co-doped TiO2 by the hydrothermal

method with titanium sulphate as a titanium source for the degradation of Reactive

Brilliant Red X-3B. The synthesized samples had an anatase phase with a typical

mesoporous structure, and after 60 minutes almost 97% of the dye was removed at a pH

of 7 to 9. Thus Ag-C co-doped TiO2 is potentially a good absorbent for dye wastewater

treatment due to its unique physicochemical properties.

Also, TiO2 was studied for gas removal by Luo et al [152]. They prepared four TiO2

adsorbents using different sintering temperatures and investigated the adsorption

dynamics of flue gas desulphurization (FGD) and the performance of SO2 removal. The
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experimental adsorption breakthrough curves for these types of adsorbent in a fixed-bed

showed  significant  removal  of  SO2 which is strongly dependent on temperature, SO2

concentration in the flue gas, and superficial velocity of the flue gas. The SO2 removal

process was found to be reversible, and the TiO2 adsorbent can then be regenerated by

increasing the temperature.

Ilayaraja et al. [153] evaluated the removal of Pb (II) and Hg (II) heavy metal ions from

aqueous solution using a nano-TiO2-phenol-formaldehyde composite resin (TPFR). The

Langmuir and Jovanovic models provided the best fitting of equilibrium studies and

kinetics followed the pseudo-second order rate model. The thermodynamic studies

demonstrated that the adsorption is spontaneous and endothermic for both metal ions.

Recently investigations combined adsorption and photocatalytic application. Li et al.

synthesized a new adsorbent by coupling molecular imprinting technology and

photodegradation technology through the immobilization of nanometer TiO2 on

molecular imprinted chitosan matrixes. The advantage of this new adsorbent is that it is

able to both degrade organic compounds and adsorb the heavy metal ions [154]. FTIR

measurements indicated that hydrogen bonds enabled combination between chitosan and

TiO2. The effects of amount of TiO2, solidifying solutions, chitosan concentration and

imprinting ions on the degradation of MO and adsorption for Ni2+ ions were investigated

and the new method was found to have potential.

Zainudin et al. [155] studied the photocatalytic degradation of phenol by supported TiO2

photocatalyst based adsorbent as a semiconductor photocatalyst in a batch reactor. It is

possible to combine the advantages of photocatalytic regeneration and adsorption by

coating the TiO2 photocatalyst on the adsorbent surface. Adsorbents can support a TiO2

photocatalyst by providing an increased surface area to increase the photodecomposition

rate. TiO2 photocatalysts can decompose the pollutants, subsequently regenerating the

situated adsorbents.

A  new  generation  of  TiO2 adsorbent based mixed oxides are being developed. For

example, Watanabe et al. developed a CeO2-TiO2 bimetallic oxide for the removal of the

thiophenic sulphur compounds present in the gasoline, jet and diesel fuels. CeO2-TiO2

with various molar ratios were synthesized by coprecipitation as adsorbents for the
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desulphurization of a model gasoline containing 430 ppmw of sulphur in the form of

thiophene, tetrahydrothiophene, benzothiophene and 2-methylbenzothiophene in a fixed-

bed flow reactor at ambient temperature and pressure. The CeO2-TiO2 mole ratio was

investigated for organic sulphur compound adsorption behaviour using model fuel and

commercial fuel. Regenerability of the adsorbents by air was also tested. They

summarized that TiO2-CeO2 bimetallic oxides exhibited much higher desulphurization

capacity than the monometallic oxides TiO2 and CeO2. A synergetic effect of the two

metal oxides was observed in the adsorptive desulphurization of the model fuel. A

potential advantage of the TiO2-CeO2 binary oxides is that they can be regenerated by

oxidation at 375°C in air [156]. A summary of modified and unmodified TiO2 as

adsorbent for removal of pollutants from aqueous solution is presented in Table 1.2.

This literature review makes clear that TiO2 has many advantages as an adsorbent due to

its potential application in water treatment, cheap and easy operation and environmentally

friendly features. The current trend is to develop new TiO2 materials with a high surface

area and rapid reaction rate in order to achieve a high maximum adsorption capacity with

a  lower  reaction  time.  In  addition  to  development  of  new  TiO2 adsorbents, the

modification of TiO2 via different routes is another solution for enhancing its adsorptive

properties. TiO2 can also be used in combination with other methods. New generation

models and methods for the removal of dyes by TiO2 adsorption are being described and

applied, many of which merit more research work in future.
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Table 1.2 Modified and unmodified TiO2 as an adsorbent for pollutant removal from aqueous

solution

Adsorbent TiO2 Pollutant Maximum adsorption capacity Ref.

Anatase type Cu+2 1.53 mg/g [137]

TX titania MB 4.80 mg/g [138]

P25 titania Acid blue 40 23.67 mg/g [138]

Commercial TiO2 Bovine serum

albumin

42.60 mg/g [141]

Titanium nanoparticles Reactive Red 195 87.00 mg/g [142]

Nano-TiO2-phenol-

formaldehyde composite

resin

Pb (II)

Ag (II)

23.25 mg/g

20.83 mg/g

[153]

Chitosan-TiO2 MO Ni+2 10.97 mg/g [154]

Amorphous TiO2 Crystal violet

Malachite green

203.13 mg/g

148.70 mg/g

[134]

 Zein–TiO2 microsphere Acid yellow

Acid blue

25 mg/g

12.04 mg/g

 [145]

TiO2-P25 nanoparticles Acid Red 27 38.88 mg/g [146]

Nanosized anatase TiO2

powder

Eriochrome

Black-T

188.6 mg/g  [147]

Anatase TiO2 nanoparticles N719 dye 65.2 mg/g [148]

Anatase TiO2 nanosheets N719 dye 92.4 mg/g [148]

Nitrogen modified TiO2 Reactive Red 198

Direct Green 99

46.72 mg/g

92.59 mg/g

[37]

Vanadium doped TiO2 MB 4.55 mg/g [150]
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2 Objective of the work
Overall, the purpose of this thesis was to inquire into the potential of TiO2 nanoparticles

and modified TiO2 as adsorbents for the removal of dyes from aqueous solution under

dark conditions. The specific object of this study was cationic, ionic and azo dyes.

The objective was met through the following aims:

To prepare modified titanium dioxide nanoparticles with

1) different sizes and crystalloid structures by thermal method for MV removal

(Paper I);

2) doped TiO2 with AgI for MV removal (Paper II);

3) doped TiO2 with nitrogen and sulphur (Paper III) for MB removal and

4) carbon-modified TiO2 for removal of MO (Paper IV) and Orange II (Paper V).

To compare the activity of modified TiO2 and unmodified TiO2 nanoparticles for

removal of the mentioned dyes.

To fit the experimental data from equilibrium and kinetic studies to various kinetic

(Papers II, III, IV) and isotherm models (Papers I-V).

The regenerability of the carbon-modified TiO2 was also investigated (Paper IV).

To evaluate the photocatalytic activity of the modified TiO2 with AgI under

sunlight (data is not included any of the papers) and carbon-modified TiO2 under

visible light (Paper V) for the destruction of MV and Orange II, respectively.
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3 Materials and methods

3.1 Adsorbates

Four dyes were applied as adsorbates in this study. Two cationic dyes were used. MV

supplied by Merck and was used without further purification (Papers I and  II) and MB

supplied by Merck was used to test the adsorption efficiency of N and S modified TiO2

(Paper III). Two different azo dyes are also utilized in this work. MO and Orange II were

purchased from Fluka. An accurately scaled amount of dye was dissolved in distilled

water to prepare stock solutions. Then the other appropriate concentrations of solutions

were obtained by successive dilution. The key properties of these dyes are summarized

in Table 3.1.
Table 3.1. Some properties of dyes

Dye Chemical formula max (nm)

MV C24H28N3Cl 585

MB C16H18N3SCl 664

MO C14H14N3NaO3S 473

Orange II C16H11N2NaO4S 483

3.2 Adsorbents

Titanium dioxide nanoparticles in powder form and different sizes were used. TiO2P25

with a particle size of 20 nm from Degussa (Papers I-III) and 25 nm from Sigma-Aldrich

(Papers IV-V) were applied as precursors for the modification and heat treatment of TiO2.

In addition,  TiO2(B)  with  a  particle  size  of  70  nm from Nano  Pars  was  used  for  the

modificataion of TiO2 by AgI (Paper II). Syntheses of the used adsorbents are described

in detail in Papers I-V. The preparation method of the each adsorbent is indicated in the

following:
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TiO2 nanoparticles with different phases

TiO2P25 was used to produce TiO2 nanoparticles with different sizes and crystalloid

structures by thermal method. TiO2 was heated in a furnace in the range of 400–1000 C

for two hours and then cooled slowly. The obtained samples are called TiO2P25-T, where

T is the treatment temperature (Paper I).

Modification of TiO2 nanoparticles with AgI

TiO2P25 with a particle size of 20 nm and TiO2(B) with a particle size of 70 nm were

used as precursor for modification of TiO2 with AgI. AgI-TiO2 containing Ag 10 wt%

was prepared by the deposition–precipitation method (Paper II). Briefly, 1 g of TiO2

nanoparticles and 0.205 g of KI were dissolved in 100 ml of distilled water and 1 g of

TiO2 nanoparticles was added to this solution, then 0.21 g of AgNO3 in 2.3 ml of NH4OH

(25 wt% NH3) was rapidly added to this mixture. The obtained suspension was stirred by

magnetic stirrer at room temperature for 12 h. Then the solution was filtered and the

obtained product was washed with distilled water and dried at 70 C. The obtained yellow

powder is AgI-TiO2 nanoparticle.

Modification of TiO2 with N and S

For this modification, 10 g/L of TiO2 was placed in an ultrasonic bath for 30 min, mixed

with an aqueous solution of 10 mL ethanol, 10 mL ammonia and 2 mL nitric acid as

origins for N-dopant organic nitrogen compound and stirred at room temperature for 12

h. The mixture was dried at 80 °C for 36 h. N-TiO2 powder was obtained after calcination

at 400 °C for 4 h in air with a heating rate of 3 °C/min. S-doped TiO2 was prepared in the

same way but using 64 g thiourea as the origin for the S-dopant and 250 mL methanol.

Modification of TiO2 with C

To prepare carbon modified TiO2, carbonization in alcohol vapours was conducted using

ethanol, 1-butanol and 2-butanol.
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Carbonization by ethanol

Briefly, 1g of TiO2 was placed in a porcelain boat and modified with carbon by heating

up to the specified temperature with a pipe furnace under ethanol vapour for 40 min and

keeping it at 200, 300 and 400 °C for 1 h. The resulting C-TiO2 samples were called C-

TiO2-200, C-TiO2-300 and C-TiO2-400, respectively. The ethanol vapour was prepared

by bubbling pure argon through the ethanol at ambient temperature (Paper IV).

Carbonization by 1-butanol and 2-butanol

Preparation of C-TiO2 through carbonization in vapour of 1-butanol (to produce C1B-

TiO2) and 2-butanol (for C2B-TiO2) followed as described above, but the sample was

heated at  500 °C, with the pure argon bubbling through the alcohol at  a flow rate of 5

°C/min. The obtained samples were grey and dark grey in colour (Paper V).

3.3 Characterization of adsorbents

The phase transformation and crystallite size of unmodified and modified TiO2

nanoparticles was studied using XRD with a Philips powder diffractometer type FW 1373

goniometer (Papers I-II) and PANanalytical X'Pert PRO alpha 1 diffractometer (Papers

III-V). Energy dispersive analysis of the X-rays (EDAX) was used to determine the

chemical composition of N and S on the modified TiO2 (Paper III). The change in particle

size was investigated by TEM (Philips XL, Papers I-II). The surface morphology was

examined using a Hitachi S-4800 Ultra-High Resolution SEM (Hitachi, Japan, Papers III-

V). Surface charge and a pHpzc of the modified and unmodified TiO2 were determined by

isoelectric point titration as a function of pH by Zetasizer Nano ZS (ZEN3500, Malvern,

Papers IV-V). The surface functional groups of the prepared adsorbents was determined

by FTIR Vertex 70 (Bruker Optics, Germany, Paper IV) and FTIR-4200

spectrophotometer (Jasco, Japan, Papers III and V). The specific surface area and total

pore volume of the adsorbents were determined with a Quadrasorb SI (Quantachrome

Instruments, USA, Papers IV-V). The determination of elemental carbon was conducted
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using an Organic Elemental Analyzer Flash 2000 (Thermo Scientific, Germany, Papers

IV-V).

3.4 Analysis of solutions

The dye concentration in the solution was measured at every specific maximum

wavelength for the used dyes by UV-Vis (ultra violet visible) spectrophotometer, using a

PG Instrument T80 (Papers I-II), a Lambda 45 from PerkinElmer Instruments (Papers III-

IV) and V-650 from Jasco, Japan (Paper V). The linear calibration curve is illustrated in

Figure 3.1, Figure 3.2, Figure 3.3, Figure 3.4 for MV, MB, MO and Orange II,

respectively. The figures make it clear that the standard solutions followed the Beer-

Lambert law. (A= bC). The unknown concentration of an analyte can be measured by the

Beer-Lambert law through determining the amount of adsorbed light of a sample. Even

in the unknown absorptivity coefficient, the unknown concentration can be determined

by an obtained curve of absorbance versus concentration derived from standards.

Figure 3.1. Linear calibration curve of MV solution
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Figure 3.2. Linear calibration curve of MB solution

Figure 3.3. Linear calibration curve of MO solution

Figure 3.4. Linear calibration curve of Orange II solution
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3.5 Adsorption experiments

All batch adsorption experiments took place under dark conditions. Adsorption

experiments are described in detail in Papers I-V. These experiments were conducted

from an equilibrium and a kinetic perspective.

3.5.1 Equilibrium studies

For equilibrium studies, a series of dye solutions with different initial concentrations (C0)

and amounts of adsorbent (m) were mixed in a shaker (Papers I-IV) or magnetic stirrer

(Paper V) for 24 h to ensure that the adsorption process reached equilibrium under dark

conditions. Then, the suspensions were separated from the solution. After that, the

residual concentration of dye (Ce) was measured  by UV-Vis spectrometer. The

equilibrium adsorption capacity (qe) was calculated as follows:

V
m

CCq e
e

)( 0 Equation 3.1

where C0, Ce and Ct are the dye concentration initially, at equilibrium and at a certain

time, m is the adsorbent mass (g) and V is the solution volume (L).

3.5.2 Kinetic studies

For the kinetic studies, a defined amount of adsorbent was mixed with a certain volume

of  dye  solution  with  a  constant  concentration  under  dark  conditions  at  an  ambient

temperature. The variation of dye concentration over time was measured by a UV-Vis

spectrophotometer. The adsorbed dye amounts were calculated using Equation 3.1.

3.6 Desorption experiments

The desorption experiments were only conducted for regenerated C-TiO2-200, C-TiO2-

300 and C-TiO2-400 (described in detail in Paper IV). 1 M of NaOH solution was used

to remove MO from the adsorbent surface and desorption experiments were conducted in

batch mode.
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The regeneration efficiency (R%) of the adsorbents was calculated as follows:

100*)(%
0

0

A
AAR Equation 3.2

where A0 and A are the initial and equilibrium absorbance of MO at 473 nm in each cycle.

3.7 Photocatalytic experiments

The photocatalytic activity of TiO2 nanoparticles with different sizes, doped with AgI and

C was also considered. The photocatalysis experiments are described in detail in the

following.

Photoactivity of TiO2 nanoparticles with different phase and doped AgI

In order to evaluate the photocatalytic activity of TiO2 nanoparticles with different phases

(TiO2P25-600, TiO2P25-700, TiO2P25-800, TiO2P25-900 and TiO2P25-1000) and TiO2

doped with AgI (AgI-TiO2), 5 mL of MB solution with a constant concentration (6 mg/L)

and 0.01 g of the photocatalyst were brought into contact with each other in 10 ml test

tube, and then the suspensions were ultrasonically dispersed for 6 min at room

temperature. After that, the dispersed suspension was shaken in the shaker at 40 rpm

under sunlight. After 4 min, the suspension was centrifuged to separate the photocatalyst.

Finally, the separated aquatic sample was analyzed via UV-Vis spectrometer to determine

the concentration of the residual MV. The removal percentage (R%)  of  MV  can  be

calculated by the following equation:

100*)(%
0

0

A
AAR t Equation 3.3

Where A0 and At are the absorbance of MV at initial time and after reaction at time t,

respectively. The experimental data is presented in Table 3.2 and the results will be

discussed in the following chapter.
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Table 3.2. Degradation photocatalytic of MV onto TiO2 with different phase (A0= 0.600)

Photocatalyst R% At

TiO2P25-600 90.80 0.0551

TiO2P25-700 73.90 0.1568

TiO2P25-800 83.10 0.1015

TiO2P25-900 63.5 0.2187

TiO2P25-1000 58.2 0.2510

Photoactivity of C-TiO2

These experiments evaluated the photoactivity of C1B-TiO2 and C2B-TiO2 which were

mixed with Orange II under the irradiation of visible light. The experiment is described

in detail in Paper V. Briefly, a certain amount of photocatalyst and Orange II was firstly

stirred under dark conditions for 12 h to reach the adsorption/desorption equilibrium and

then the visible light source was placed above the surface of the sample for a designated

time, after which the solid was separated from the solution. The removal percentage was

calculated according to Equation 3.3.
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4 Results and Discussion

This chapter explains the experimental results. It discusses the adsorption of TiO2

nanoparticles with different phases and sizes, pristine TiO2 and modified TiO2, onto the

dyes used. Then, the adsorbents are characterized and the adsorption kinetics and

isotherms are modelled. Finally, the findings are presented to demonstrate the

photoactivity of AgI-TiO2, C1B-TiO2 and C2B-TiO2.

4.1 Characterization of TiO2P25 and TiO2 (300 nm)

Titanium dioxide products are white powders with high specific surface areas. Pure

titanium dioxide has an anatase content of 80% by weight with a smaller portion of rutile,

20%. They are not surface treated. TiO2 is an excellent photocatalyst due to mixed anatase

and rutile crystal structure and its high surface area. TiO2 nanoparticles made by Degussa

have an average size of 30 nm and the larger 300 nm TiO2 made by Nano Pars has a phase

ratio of anatase to rutile of 46:54. These data were also confirmed by XRD (Figure 4.2).

To describe the properties of TiO2P25 and TiO2 (300 nm), SEM (Figure 4.1), XRD

(Figure 4.2), and TEM (Figure 4.3, Figure 4.4) were applied. Using the X-ray diffraction

pattern, the fraction of anatase and rutile phases in TiO2 can be obtained by the following

equations:

1)))(26.1(1(
A

R
A I

IX Equation 4.1

1)))(8.0(1(
R

A
R I

IX Equation 4.2

where XA, XR are the fraction of anatase and rutile phases, and IA and IR are the anatase

and rutile phase peak intensities, respectively. The obtained values of XA and XR are

presented in Table 4.1. The pattern of crystalline TiO2 has two characteristic peaks at

= 25.28  and  = 27.4  which indicate anatase and rutile crystal phases, respectively.
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Figure 4.1. SEM images of TiO2 samples a) TiO2(300 nm), b) TiO2P25

Figure 4.2. XRD pattern of TiO2P25

Figure 4.3. XRD pattern of TiO2 (300 nm)

b)
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Table 4.1. Data obtained from XRD of TiO2P25

Peak pos (2 ) FWHM HKI Crystal size Phase

25.144 0.406 101 20.00 A

27.272 0.253 110 32.00 R

35.900 0.300 101 27.8 R

37.656 0.468 112 17.9 A

37.667 0.468 112 17.9 A

41.091 0.291 111 29.1 R

47.849 0.385 200 22.5 A

53.950 0.738 105 12.1 A

54.906 0.564 211 15.8 A

62.600 0.463 002 20.6 R

68.694 0.650 301 14.8 R

70.034 0.470 220 20.4 A

74.946 0.550 215 18.2 A

Table 4.2. XRD parameters obtained for TiO2 samples

TiO2 IR IA XA XR

TiO2 (300 nm) 613 681 0.46 0.54

TiO2P25 161 810 0.80 0.20



Results and Discussion 54

Figure 4.4. TEM image of TiO2P25

4.2 TiO2 nanoparticles with different phases

4.2.1 Characterization of TiO2 nanoparticles with different phases

TiO2 nanoparticles with different phase compositions (anatase and rutile) were prepared

from TiO2P25 (Degussa) by heat treatment and were characterized with XRD and TEM.

The TiO2P25 was heated in a furnace at different temperatures from 400 to 1000 C for 2

h. It was found that both the particle size and rutile to anatase phase ratio increases with

increasing temperature. The data obtained from the XRD pattern is shown in Table 4.3.

It is clear that when heating TiO2P25 nanoparticles up to 600 C, the phase ratio of anatase

Table 4.3. Obtained data of XRD pattern for heat treated TiO2P25 nanoparticles

Temperature ( C) 0 400 500 600 700 800 900 1000

Anatase size (nm) 19.3 20.1 20.8 21.5 25.7 34.4 ----- -----

Rutile size (nm) 36.8 37.5 38.7 40.8 43.0 68.7 69.9 81.0

Anatase % 79.6 79.6 79.6 79.6 69.3 3.5 ----- -----

Rutile % 20.3 20.3 20.3 20.3 30.5 69.4 100.0 100.0
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to rutile remains nearly constant and phase transition is not observed. Figure 4.5 indicates

that the peak intensities of anatase phase decrease while those of the rutile phase increase.

The XRD pattern shows that TiO2-900 and TiO2P25-1000 are totally rutile phase. The

TEM images also indicate that the particle size increases with increasing temperature. It

can be concluded that heating the TiO2 nanoparticles encourages both phase transition

and growth in size.

Figure 4.5. XRD pattern of TiO2 nanoparticles undergoing heat treatment between 400-1000 C
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4.2.2 Adsorption kinetics of MV onto TiO2 nanoparticles with different phases

In order to compare the behaviour of different phases of TiO2, the adsorption of MV onto

its surface was studied as a function of time. Changing absorbance vs time is shown in

Figure 4.6, Figure 4.7, Figure 4.8, Figure 4.9 and Figure 4.10. for TiO2P25-600, TiO2P25-

700, TiO2P25-800, TiO2P25-900 and TiO2P25-1000, respectively. The amount of ad-

species (qt) can be calculated by the obtained absorbance (Figure 4.11). An interesting

result was seen for TiO2P25-600 and TiO2P25-700; at the initial times rapid adsorption

occurred, reaching its maximum value after about 50 min. After 80 min the ad-species

started to desorb and for TiO2P25-800 the adsorption slowed down. After 100 min the

maximum adsorption value was reached and desorption occurred thereafter.

Distinctively, with TiO2P25-900 and TiO2P25-1000 no desorption took place up to 320

min, while the maximum value was observed within 60 min. These results might be due

to increasing of the rutile phase with increasing heat treatment up to 1000 C (Paper I). In

the presence of anatase phase the adsorption becomes reversible and desorption will be

observed within 1 or 2 hours, depending on the anatase phase percentage.

The kinetics of MV adsorption on TiO2P25-600, TiO2P25-700, TiO2P25-800, TiO2P25-

900 and TiO2P25-1000 were analyzed by pseudo-first order and pseudo-second order

kinetic models. Based on the obtained correlation and coefficient values, the pseudo-

second order model was found to be the best fit for the experimental kinetic data with

MV onto the used adsorbents. In order to prove this, another criterion was also calculated.

It has previously been noted [19] that at lower initial solute concentrations the general

equation converts to a pseudo-second-order model. By adsorption of the solute from the

solution:

0CC Equation 4.3

where C0 is the initial molar concentration of the solute, C is its molar concentration at

any time,  is the surface coverage fraction, and  is

VM
qm
w

mc Equation 4.4
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where mc is the mass (g) of the sorbent, qm is the maximum capacity of the sorbent, Mw is

the  molar  weight  of  the  solute  (g/mol),  and  V  is  the  volume  of  the  solution  (L).  A

comparison between C0 and  was accomplished at an initial MV concentration of 3.93

mg/L at any time. The results are presented in Table 4.4. The values were insignificant

compared with the used initial concentration of MV. Hence, this result is in agreement

Figure 4.6. The UV-Vis spectrum of TiO2P25-600 vs time

Figure 4.7. The UV-Vis spectrum of TiO2P25-700 vs time
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with using the pseudo-second order model to describe the kinetics of MV onto the TiO2

with different phases and sizes.

Figure 4.8. The UV-Vis spectrum of TiO2P25-800 vs time

Figure 4.9. The UV-Vis spectrum of TiO2P25-900 vs time
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Figure 4.10. The UV-Vis spectrum of TiO2P25-1000 vs time

Figure 4.11. Adsorption of MV onto TiO2 nanoparticles subjected to heat treatment between

400-1000 C.
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Table 4.4. Obtained  values from adsorption of MV onto TiO2 with different phases (C0= 3.93

mg/L)

TiO2P25-600 TiO2P25-700

t (min)  (mg/L) t (min) (mg/L)

4 0.357 4 0.332

18 0.395 9 0.357

23 0.402 19 0.383

33 0.415 31 0.402

48 0.428 76 0.367

TiO2P25-900 TiO2P25-1000

t (min)  (mg/L) t (min) (mg/L)

4 0.119 4 0.186

24 0.340 20 0.232

47 0.361 33 0.245

76 0.690 53 0.274

308 0.700 117 0.282

TiO2P25-800

t (min) (mg/L)

9 0.107

20 0.193

37 0.245

46 0.266

57 0.369

79 0.417

4.2.3 Desorption kinetics of MV onto TiO2 nanoparticles with different phases

For TiO2P25-600, TiO2P25-700 and TiO2P25-800 the desorption process was

accomplished after abour one hour (Figure 4.12). It was found that the maximum amount

of ad-species is not thermodynamically stable and it takes a long time for them to leave

the surface and reach the most stable condition. Adsorption was followed by desorption

[23]. The desorption kinetic data were fitted to the zero order, first order and second order
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models and the desorption kinetic parameters are presented in Table 4.5. Since the

correlation coefficient for different models are very similar to each other and it was not

Figure 4.12. Adsorption of MV onto TiO2P25-600, TiO2P25-700 and TiO2P25-800 as a function

of time

Table 4.5. Results of desorption modelling
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clear which was the best model for desorption, the desorption process for TiO2P25-700

up to 24 h was monitored. The results of fitting the latter data show that the first order

model explain the desorption kinetic better than the other models ( Table 4.6).

Table 4.6. Results of desorption modelling for TiO2P25-700 at q0=1.63*10-4 (g/gads) after 24 h

4.3 Modification of TiO2 with AgI

TiO2 nanoparticles with different sizes (20 and 300 nm) was applied to synthesize AgI-

TiO2 nanoparticles as AgI-TiO2(P25) and Ag-TiO2(B), respectively. The adsorption of

MV onto the modified TiO2 and unmodified TiO2 was studied and compared.

Zero order

kd (g/gads

min)
1.60*10-7 9.30*10-8 1.51*10-7

r2 0.9884 0.9781 0.9783

First order

kd (1/ min) 1.02*10-3 9.28*10-4 7.90*10-4

r2 0.9823 0.9976 0.9758

Second order

kd (gads/g

min) 6.60 8.89 4.17

r2 0.9734 0.9894 0.9720
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4.3.1 Characterization of the modified TiO2 with AgI

The XRD pattern of TiO2 doped with AgI confirms that AgI was successfully synthesized

over both TiO2(P25) and TiO2(B). Moreover, the TEM images show that the synthesized

samples are spherical and that particle size increased to 40 and 80 nm for AgI-TiO2(P25)

and AgI-TiO2(B), respectively (Paper II).

4.3.2 Equilibrium studies of MV onto modified TiO2 with AgI

In  order  to  determine  the  adsorption  ability  of  modified  TiO2 with  AgI  for  MV,  the

equilibrium, as a function of varying initial adsorbate concentration, was studied (Paper

II). The adsorption equilibrium data were analyzed by the most used isotherm models,

Langmuir, Freundlich and Temkin isotherms. The Freundlich isotherm provided the best

fit to the experimental adsorption data for MV onto TiO2(B), TiO2(P25) and AgI-

TiO2(P25). Also, the adsorption of MV onto AgI-TiO2(B) follows the Langmuir isotherm.

A comparison of MV adsorption on modified and unmodified TiO2 indicated that highest

adsorption capacity was obtained for AgI-TiO2(B) and AgI-TiO2(P25). These findings

reveal that the modification of TiO2 with AgI has a noteworthy effect on enhancing its

adsorption capacity for MV.

4.3.3 Kinetic studies of MV onto modified TiO2 with AgI

Figure 4.13 shows the changing absorbance of MV vs time during the adsorption of MV

by AgI-TiO2(P25) and AgI-TiO2(B) adsorbents. The amount of ad-species, qt, was

calculated by Equation 3.1, with C0= 3.93*10-3 g/L, m=0.01 g and V=4*10-3 L.
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Figure 4.13. The UV-Vis spectrum of a) AgI-TiO2(P25) and b) AgI-TiO2(B) vs time

Pseudo-first order and pseudo-second order models were used for the adsorption

experiments (Paper II). The plot of adsorption kinetic experimental data and the

calculated values of these models for adsorption of MV onto AgI-TiO2(P25) and AgI-

TiO2(B) are presented in Figure 4.14.

Figure 4.14. Adsorption kinetic experimental data and calculated values of MV onto a) AgI-

TiO2(P25) and b) AgI-TiO2(B)



Results and Discussion 65

The results of linear fitting by the mentioned models are presented in Table 2, Paper II.

Based on the obtained correlation coefficient it can be concluded that pseudo-first order

model describes the adsorption kinetics of MV onto the modified TiO2.

Furthermore, the effect of contact time on the adsorption of MV onto TiO2(B) was also

investigated and compared. In the case of unmodified TiO2, the adsorption is rapid at the

beginning time. For TiO2 modified with AgI, contact time was not significant, while

interestingly with TiO2(B), after about 40 min the desorption process occurs (Fig. 4, Paper

II). In other words, the adsorption of MV onto the surface of TiO2(B) is reversible and

after a while the ad-species leave the surface to finally reach the most stable condition.

The desorption modelling of kinetic data was described further in Paper II.

4.4 Photocatalytic activity of AgI-TiO2 and TiO2 with different phases

for destruction of MV

The photocatalytic activity of the as-prepared samples were investigated by the

degradation of MV under sunlight. In Table 3.2, experimental data for the TiO2 with

different phases are presented. The removal percentage of TiO2(P25), AgI-TiO2(P25) and

AgI-TiO2(B) for the degradation of MV are 49.5 %, 99.5% and 98.7%, respectively. The

results indicate that enhancement of photocatalytic activity of AgI-TiO2 was apparent and

is higher in doped AgI prepared from pristine TiO2(P25). The TiO2P25-600 provided the

best  photocatalytic  activity  of  all  the  TiO2 nanoparticles with different phases. The

calculated degradation was plotted in

Figure 4.15 and Figure 4.16 shows how the colour of MV changed after 4 min of contact

with the as-prepared samples. This phenomenon is attributed to the destruction of MV.  It

is obvious that anatase crystalloid structure, particle size and doping with AgI, all affect

the photocatalytic activity significantly. It is also worth mentioning the high amount of

R% obtained after 4 min under sunlight, which means the reaction was very rapid.
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Figure 4.15. Removal of MV onto the TiO2 nanoparticles subjected to heat treatment between

600-1000 C

Figure 4.16. MV solution in contact with the used photocatalysts after 4 min under sunlight
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4.5 Modification of TiO2 with N and S

4.5.1 Characterization of the modified TiO2 with N and S

The properties of N-TiO2 and S-TiO2 were investigated using XRD, SEM and EDAX.

According to the XRD data, the pristine TiO2, N-TiO2 and S-TiO2 are a mixture of anatase

and rutile phase. No other phase could be identified in the XRD pattern. No significant

weight fraction ratio changes were observed in the case of N-TiO2 but visible changes

were observed in S-TiO2. Interestingly, S-TiO2 shows decreasing crystallinity of both

TiO2 polymorphs existing on the 2 - ranges of 16-20  and 22-32  (Figure 4.17). This may

stem from several phenomena, such as loss of crystallinity during the doping procedure,

or the dopant or its derivatives may be in amorphous form.

The crystal size of the anatase and rutile phases of the samples were also determined.

(Table 1, Paper III). For N-TiO2, anatase phase shows a slightly larger size while similar

or slightly smaller sizes were found for the rutile phase. The S-TiO2 has amorphous

humps, clearly effecting peak profile analysis, so the sample size determination is less

accurate due to the crystallinity of the sample, but it seems that the crystal size of anatase

phase remained constant, whereas the crystal size of rutile decreased as a result of the

doping process.

Furthermore,  the  morphology  of  the  samples  was  measured  by  SEM.  Pristine  TiO2

consists of granular crystals with an average diameter of about 25 nm. With modification,

the crystal size increases: N-TiO2 and S-TiO2 spherical particles with porous structures of

50 and 30 nm, respectively. This might be due to the occurrence of some aggregation

process  during  the  synthesis.  The  EDX  analysis  shows  the  atomic  composition  of  the

samples.  The  results  of  the  EDX detected  the  Ti,  O,  N and  S  elements  in  the  samples

which are obviously the doping species (Paper III).
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Figure 4.17. XRD pattern of the pristine TiO2, N-TiO2 and S-TiO2

4.5.2 Equilibrium studies of MB onto modified TiO2 with N and S

The equilibrium data demonstrate the amount of adsorbate related to the concentration of

dissolved adsorbate in the liquid at equilibrium. This can inform the basic adsorption

system design and optimization of the used adsorbent. The most common used isotherms

were used to fit the experimental equilibrium data (Equation 1.1, Equation 1.2, Equation

1.3), and the obtained parameters of the mentioned isotherm models are summarized in

Table 4.7.

Figure 4.18 illustrates the adsorption equilibrium data of MB onto the pristine TiO2, N-

TiO2 and S-TiO2. It is obvious that N-TiO2 has a higher adsorption capacity (410.12 mg/g)

than both S-TiO2 (350.66 mg/g) and pristine TiO2 (282.84 mg/g). This may be due to the

high surface area of N-TiO2 (53.88 m2/g) as compared to S-TiO2 (12.23 m2/g) and pristine

TiO2 (49.27 m2/g). According to the highest r2 achieved values, the Langmuir–Freundlich

isotherm model fitted for modified TiO2 and the Langmuir isotherm model is proposed

for unmodified TiO2. The equilibrium adsorption data showed that the order of the
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Table 4.7. Obtained parameters of different adsorption isotherms for N-TiO2

N-TiO2S-TiO2TiO2(P25)

0.213620.580.50KL (L/mg)

Langmuir 400.10338.01300.44qm (mg/g)

0.98110.90850.9748r2

125.17207.78107.25KF (Lmg(1-1/n))/g)

Freundlich 2.325.592.31N

0.94620.93100.9214r2

0.230.590.52KL-F (L/mg)

Langmuir-

Freundlich
410.12350.66282.84qm (mg/g)

0.93822.250.60N

0.98140.93900.9612r2

Figure 4.18. Adsorption of MB on TiO2, N-TiO2 and S-TiO2
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adsorbed amount of MB per unit mass of adsorbents at any concentration decreased in

following order: N-TiO2  S-TiO2  TiO2(P25). N-TiO2 has the lowest Langmuir–

Freundlich constant value (KL–F, Table 4.7). These results can be explained by the effects

of doping. It can be observed that N and S doping significantly increase the adsorption

capacity.

4.5.3 Kinetic studies of MB onto modified TiO2 with N and S

Figure  7  in  Paper  III  shows  the  effect  of  contact  time  on  the  adsorption  of  MB  by

unmodified TiO2, N-TiO2 and  S-TiO2 adsorbents.  For  S-TiO2 at the initial adsorption

stage, rapid adsorption took place due to the large number of active sites available to dye

molecules on the adsorbent surface. After time, however, the adsorption slowed down

because of decreasing dye concentration in the solution and a possible location of active

sites in non-accessible positions, for example inside the pores. Adsorption of TiO2 and N-

TiO2 follows same trend, being initially rapid, then reaching maximum after a while,

when the ad-species starts to desorb. In other words, the adsorption of MB onto the

surface of these adsorbents is reversible and not thermodynamically stable, as after a

period of time, they start to leave the surface to reach the most stable condition. It was

noted that the initial adsorption of TiO2 was slower than N-TiO2 and reached the

maximum value later (within 6.5 h for TiO2 and 2 h for N-TiO2), followed by desorption.

It is interesting that no desorption was observed for up to 24 h in the case of S-TiO2. This

observation can be attributed to the significant changes in crystallinity of the S-TiO2

phase,  whilst  such  changes  were  not  noted  for  TiO2 and  N-TiO2. For kinetic data

modelling, the pseudo-first order and pseudo-second order were considered for the

adsorption kinetic data and zero order, first order and second order were applied to fit the

desorption kinetic data. The results of fitting the experimental data are presented in Table

5 and 6 in Paper III.
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4.5.4 Effect of pH on the adsorption of MB onto modified TiO2 with N and S

The amphoteric nature of TiO2 affects adsorption capacity, which is why the pH of the

solution  is  an  important  factor  in  the  adsorption  of  MB onto  the  adsorbent  surface.  In

particular,  the high affinity of surface charge of the TiO2 for solution pH is worthy of

investigation. It is suggested that at low pH, the titanium surface is positively charged due

to protonation of the surface hydroxyl group and it becomes negatively charged at high

pH values. Beyond that, the isoelectric points can be used to qualitatively assess the

adsorbent surface charge. Figure 4.19 shows the effect of pH on the adsorption of MB

onto unmodified and modified TiO2 adsorbents. It can be seen that adsorption efficiency

increased with the increase in initial pH. Due to the amphoteric behaviour of TiO2 on the

solution pH (Equation 4.5, Equation 4.6) and cationic character of MB, therefore, the

obtained higher uptake values at higher pH can be attributed to the electrostatic attraction

between the positive charged cationic dye and the negatively charged TiO2.
TiIV-OH + H+  TiIV-OH2

+ pH  pHiep  Equation 4.5

TiIV-OH + OH-  TiIV-O- + H2O pH  pHiep Equation 4.6

Figure 4.19. Effect of initial pH on the adsorption of MB on N-TiO2, S-TiO2 and TiO2

nanoparticles
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leads to the observed adsorption. In addition, this strong pH-dependence suggests that

MB adsorption is related to inner-sphere surface complexation rather than ion exchange

or outer-sphere surface complexation. Inner-sphere complexes are solution complexes

that closely associate with the charged mineral surface (TiO2). Therefore, TiO2 can adsorb

MB cationic ions by formation of inner-sphere complexes through TiIV-O- group which

is pH dependent and mainly influenced by pH because at pH values  4, most TiIV-OH

are protonated. Thus there is lower adsorption capacity at lower pH values, and adsorption

capacity is enhanced with increasing pH values.

It is noteworthy that S-TiO2 demonstrates a different pattern of compression by two other

adsorbents in the acidic and alkaline pH value range (Figure 4.20). As can be seen,

removal of MB by S-TiO2 is highest at pH 3 and 10. It is therefore suggested that the

distinct trend of S-TiO2 might be dependent on different phase composition. This is in

agreement with the XRD analysis, which proved a different phase composition for S-

TiO2.

Figure 4.20. Absorbance percentage of MB onto TiO2, S-TiO2 and N-TiO2 at various pH

The amount of ad-species (qt) versus time at pH=10 was observed as presented in

Figure 4.21. The results show that the amount of ad-species rises with increasing pH. For

N-TiO2 and TiO2(P25), which are in the same phase ratio, increasing pH from neutral to

alkaline leads to maximum adsorption within 250 min, but no desorption was observed
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for up to 24 h, while in the neutral pH range, adsorption was reversible and desorption

processes were observed for both N-TiO2 and TiO2.

Figure 4.21. Adsorption of MB onto TiO2, S-TiO2 and N-TiO2 as a function of time at pH=10

In order to explore the adsorption mechanism further, the FTIR spectra of TiO2 adsorbents

before and after MB adsorption were compared. FTIR measurement confirmed that MB

molecules were bound on the surface of the adsorbents. Moreover, the strong pH-

dependence suggests that MB adsorption is attributed to inner-sphere surface

complexation rather than ion exchange or outer-sphere surface complexation. Further

information can be found in Paper III.

Furthermore, the density functional theory (DFT) calculation was conducted to evaluate

possible mesomers of MB. According to the calculation, S atoms carry a positive charge

while the central and branched N atoms have a negative charge. This suggested that the

S mesomer more closely resembles the structure of MB and has more electrostatic

attraction towards TiO2, N-TiO2 and S-TiO2.

4.6 Modification of TiO2 with ethanol

C-TiO2  was obtained by carbonization of ethanol vapour at three different temperatures

(200, 300 and 400 C). As has already been mentioned, TiO2 particles include two phases,
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anatase and rutile, and up to 600 C the phase ratio of anatase:rutile remained nearly

constant and phase transition was not observed. Therefore TiO2 adsorbents were modified

under ethanol carbonization with synthesis at temperatures of 200, 300 and 400 C,  which

are identified as C-TiO2-200, C-TiO2-300 and C-TiO2-400, respectively.

4.6.1 Characterization of the modified TiO2 with ethanol

The surface morphologies of the C-TiO2 adsorbents were investigated with SEM images.

Figure 4.22 verifies that their structures were nanometer-sized particles, like their

precursor, TiO2 (20-60 nm).

The isoelectric point was determined by ZP measurement for unmodified and carbon

modified TiO2 at around pH 6.53, 5.19 and 4.48 for C-TiO2-200, C-TiO2-300 and C-TiO2-

400, respectively. A change in isoelectric point after modification is caused by a new

functional group on the surface of the modified TiO2. The functional groups on the

adsorbent surface were analyzed by FTIR spectroscopy (Figure 4.23). A new peak at

around 2850-3000 cm-1 belonging to the methyl group was observed when the

carbonization temperature increased. The elemental analysis was used to confirm the

present of carbon. The highest carbon content in C-TiO2-400 (6.3%) verified this finding.

Another important characteristic of adsorption materials are their specific surface area.

Using a nitrogen adsorption/desorption isotherm can identify the textural properties of C-

TiO2 adsorbents. The type IV isotherm revealed that the obtained adsorbents have a

mesoporous structure (Table 1, Paper IV). The surface area increased slightly with

increasing carbonization temperature.
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Figure 4.22. SEM of (a) unmodified TiO2 (b) C-TiO2-200 (c) C-TiO2-300 and (d) C-TiO2-400

The scale bar represents 500 nm.

Figure 4.23. FTIR spectra of modified and unmodified TiO2 , a) C-TiO2-200, b) C-TiO2-300 c)

C-TiO2-400 and d) TiO2
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4.6.2 Adsorption studies of MO onto modified TiO2 with ethanol

In order to compare the activity of the C-TiO2 for  the  removal  of  MO,  one  of  the

environmental pollutants, the adsorption of MO on the surface these particles was studied

from a kinetic and equilibrium point of view.

Figure 4.24 shows the time dependency of the adsorption of MO by C-TiO2 adsorbents.

A high adsorption rate was achieved within less than 60 mins for each case of dye

removal. It is worth noting that adsorption rate was enhanced with rising carbonization

temperature. This could be because of the increasing adsorbent surface area, which is in

agreement with the obtained SEM images. The result of fitting with most common models

indicated that the experimental kinetic data were best fitted to the pseudo-second order

equation.

Figure 4.24. Time dependency of the adsorption of MO by C-TiO2 adsorbents

Figure 4.25 illustrates the equilibrium data of MO adsorption onto the samples. Based on

the obtained data, C-TiO2-300 and C-TiO2-400 have a higher adsorption capacity than

unmodified TiO2, whereas carbonization at 200 C has no significant effect on C-TiO2-
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200 adsorption capacity, as a larger surface area alone does not always indicate efficient

adsorption. Efficient adsorption can also be attributed to the surface charge of the

adsorbents, which is discussed further below.

Figure 4.25. Adsorption isotherm of MO onto TiO2 and C-TiO2 adsorbents at 25 °C

The equilibrium data were fitted to Langmuir, Langmuir–Freundlich, Freundlich and

Temkin isotherm models and the results summarized in Table 3, Paper IV. Based on the

obtained correlation coefficient, the experimental equilibrium data for the adsorption of

MO onto TiO2 and C-TiO2-200 described fit much better to the Freundlich isotherm and

those for adsorption onto C-TiO2-300 and C-TiO2-400  were  best  modelled  on  the

Langmuir–Freundlich isotherm.

4.6.3 Effect of pH and zeta potential on the adsorption of MO onto modified TiO2

with ethanol

The pH of the solution is an important factor in removal efficiency, especially in terms of

semiconductor adsorbents. Therefore, the effect of solution pH on the removal
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percentages of MO by C-TiO2 adsorbents was investigated. Also, in order to explain the

effect of the pH on MO removal efficiency by C-TiO2 adsorbents, the ZP was measured.

Figure 4.26 illustrates the removal percentage of MO by C-TiO2 adsorbents at various pH.

It is clear that for all adsorbents, the maximum removal efficiency was observed in acidic

media. The pHPZC were found to be at pH 6.53, 5.19 and 4.48 for C-TiO2-200, C-TiO2-

300 and C-TiO2-400, respectively, while the pHPZC for unmodified TiO2 was around 6.13.

Figure 4.26. Removal percentage of MO by (a) C-TiO2-200 (b) C-TiO2-300 and (c) C-TiO2-400

at different pH

The presence of methyl groups, after modification, on the surface of the modified TiO2

might have caused the change in pHPZC. At solution pH higher than pHPZC, the adsorbent

surface charge is  negative while at pH lower than pHPZC, the surface has a positive charge .

The positive surface charge at an acidic pH indicated protonation of the surface groups

and negative surface charge under alkaline conditions the release of protons into the

solution. As it  is  reported that MO has a -SO3
- group, central nitrogens and a benzene

ring, the interaction between the C-TiO2 adsorbents and molecule dye might be attributed

to these functional groups.
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For C-TiO2-200 and C-TiO2-300, higher removal efficiency was obtained at an acidic pH

while the removal percentages decreased in an alkaline medium. This finding might be

because of  the strong attractive interaction between the –SO3
- group of MO and positive

surface of the mentioned adsorbents in acidic media (lower than pHpzc of 6.53 and 5.19

for C-TiO2-200 and C-TiO2-300, respectively). Indeed, at alkaline pH the repulsion

interaction between the negative end of the MO molecules and negative surface of the C-

TiO2-200 and C-TiO2-300 causes a decrease in the removal percentages, whereas the

removal percentage of MO by C-TiO2-400 almost has no change at acidic and alkaline

pH. It can therefore be revealed that MO molecules are not adsorbed through the ionic –

SO3
- group but MO adsorption is due to the interaction between the central nitrogens or

benzene rings and the surface of C-TiO2-400.

Beyond that, the adsorption mechanism of MO onto the modified TiO2 is provided by ZP

measurement. The ZP of modified TiO2 has a lower ZP than unmodified TiO2 (-32.2, -

23.3, -15.2 and -10.8 mV, for C-TiO2-200, C-TiO2-300 and C-TiO2-400, respectively).

Therefore, it can be suggested that the decrease in negative ZP leads to better adsorption

of MO onto modified TiO2 than unmodified TiO2. Furthermore, carbonization at 200 °C

caused a slight decrease in the ZP of C-TiO2-200 as compared to unmodified TiO2, while

adsorbents prepared at 300 °C and 400 °C demonstrated a large change in ZP. Thus the

adsorption capacity of unmodified TiO2 and C-TiO2-200 remains almost the same. The

much lower ZP of C-TiO2-300 and C-TiO2-400 is due to their higher adsorption capacity.

This may suggest that the electrostatic interaction between the dye-(C-TiO2) complex and

negatively charged surface of heat-treated TiO2 becomes dominant. In addition, the

interaction mechanism of dye molecules and the samples calcined at different

temperatures are different; the interaction is stronger at higher temperatures.

4.6.4 Desorption and regeneration studies of MO onto modified TiO2 with

ethanol

MO was desorbed from C-TiO2 using 1 M NaOH. After the first cycle of regeneration,

the adsorption capacity of the C-TiO2 adsorbents for MO decreased by 13-25% and after
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the second cycle they remained the same. The removal efficiency did decrease by 30%,

24% and 19% after five cycles for C-TiO2-200, C-TiO2-300 and C-TiO2-400, but

generally it remained above 50% for all C-TiO2 adsorbents. These results indicate the

suitability of an alkaline regenerant for the modified TiO2 and also the significant benefit

of reusing of the adsorbents at least five times, which is highly economical and practical

(Paper IV).

4.7 Modification of TiO2 with butanol

In  this  experiment,  TiO2 was modified by carbon through simple heat treatment in 1-

butanol and 2-butanol vapours which were named as C1B-TiO2 and C2B-TiO2,

respectively. The synthesized samples were characterized by XRD, SEM, FTIR, UV-

Vis/DRS, BET and ZP. Then the samples were examined for the removal of Orange II

from aqueous solution by a combined process of adsorption and photocatalytic

decomposition (Paper V).

4.7.1 Characterization of modified TiO2 with butanol

After carbonization the FTIR spectra were measured and a new peak was observed for

both the modified TiO2.  The  new  peak  for  C2B-TiO2 appeared at 1188 cm-1 and  was

attributed to the stretching and bending mode of HO-CH. A further peak was assigned at

2970 cm-1, implying a methyl band (-CH3) for C1B-TiO2. Also, in all these spectra the

peak is in the region of the 2600-3700 and 1620-1630 cm-1 bands, which are attributed to

vibrations of hydroxyl groups allocated to dissociated and molecularly adsorbed water

(Figure 4.27). The presence of a band related to carboxyl groups confirmed the doping of

TiO2 in  a  butanol  atmosphere  with  two  different  isomers   primary  (1-butanol)  and

secondary (2-butanol) aliphatic alcohols.

The XRD patterns of TiO2 and carbon-modified TiO2 are available in Figure 4 of Paper

V. This shows that pristine TiO2 and modified TiO2 are mixtures of anatase and rutile

phases with no significant change of phase ratio. The fraction of anatase and rutile phase
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calculated by Equation 4.1 and Equation 4.2 confirmed that phase transition occurs,

however the ratio of anatase to rutile is similar. Varying the four-carbon chain alcohol

atmosphere at 500 C did not change the ratio of anatase to rutile; however, the higher

intensity of reflexes obtained for carbon-modified TiO2 could be caused by the preceding

crystallization of an amorphous phase.

Figure 4.27. The FTIR spectra of original and carbon-modified TiO2 calcined at 500 °C.

The nitrogen adsorption-desorption isotherm images for unmodified TiO2 and carbon-

modified TiO2 emphasized a classical type III isotherm according to the IUPAC

classifications, which might be due to the presence of a mesoporous structure. The

obtained values of BET surface area and pore volume show the pristine TiO2 is slightly

smaller than the modified TiO2. In contrast, the total pore volume of pristine TiO2 is much

lower than that of carbon-modified TiO2, indicating the influence of heat treatment at

500 °C.

The UV-Vis/DRS spectroscopy results indicate that the absorption edge of the C-TiO2

has a slight red-shift at max = 415 nm.  UV-Vis/DRS spectroscopy is also used to calculate

the band gap energy. It is well known that the band gap of TiO2 determines the necessary

energy to create an electron-hole pair in the semiconductor to innervate the photocatalytic
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process. A plot of Kubelka-Munk equivalent absorption coefficient versus photon energy

is usually applied to calculate the band gap energy (Eg) [157]. This formula was used to

estimate the band gap of modified and unmodified TiO2, which is 2.90 and 3.07,

respectively. The band gap was observed to narrow after carbon modification. This

finding was confirmed with the obtained results of elemental analysis, in which the carbon

content of carbon-modified TiO2 is  4.3%  and  5.1  %  for  C1B-TiO2 and C2B-TiO2,

respectively.

Another insight into the characteristics of a sample is zeta-potential analysis, which

measures surface charge and ZP. The isoelectric point was found to be at pH 4.7 and 5.3

for C1B-TiO2 and C2B-TiO2, respectively, and around pH 5.7 for unmodified TiO2 (Paper

V). The change in isoelectric point after modification might be led by the CH3 and HO-

CH groups on the surface of the modified TiO2.

4.7.2 OH measurements of C1B-TiO2 and C2B-TiO2

The generation of °OH under visible light irradiation of modified and unmodified TiO2

in aqueous suspensions at neutral pH (6.8) was investigated by means of fluorescence

technique. It is reported [158] that °OH formation in TiO2 photocatalysis can happen by

oxidation of hydroxyl ions in the water layer adsorbed onto TiO2 surfaces. Thus °OH was

targeted as the key species during photochemical reaction. It can be assumed that water

molecules were adsorbed on the surface of the photocatalyst to produce highly oxidizing

°OH, which subsequently attacked and adsorbed Orange II molecules. The results are

presented in Figure 4.28. It can be observed that after 1 h of irradiation, more °OH was

formed on unmodified TiO2 than modified TiO2, yet with further irradiation, increasing

°OH formation occurred on the modified TiO2. The low rate of °OH formation on

unmodified TiO2 can be attributed to an unestablished adsorption/desorption reaction

equilibrium, due to the fact that the substantial reactivity of an adsorbed active species

such as °OH causes continued displacement from equilibrium of the adsorbed reactant

concentration.
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Figure 4.28. Formation of °OH on the surface of photocatalysts in neutral medium of coumarin

solution versus visible irradiation time

4.7.3 Adsorption study of modified TiO2 with butanol

In order to describe the extensive adsorption which was expected on the catalyst surface,

a more thorough adsorption study of carbon-modified TiO2/unmodified TiO2 in Orange

II  solution  was  conducted.  The  amount  of  Orange  II  adsorbed  at  its  equilibrium

concentration in dark conditions without visible light was measured (Figure 9 in Paper

V) and fitted to the Langmuir, Freundlich and Temkin equations (Table 3 in Paper V). As

the best fitting model, the theoretical values of the Freundlich equation are the most

reliable data to describe the adsorption phenomena. Therefore it can be assumed that the

surfaces of the samples are heterogeneous. Furthermore, the results of equilibrium

adsorption data demonstrate that the high affinity between C- TiO2 and Orange II stems

from the maximum saturation value, following the trend C2B-TiO2  C1B-TiO2  TiO2.

These results can be explained by the effects of modification, which caused a significant

increase in the adsorption capacity for Orange II. These include the increase in surface

area, changing surface charge and mesoporous structure of C-TiO2. While modification
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increased the surface area of the C1B-TiO2 and C2B-TiO2, the impact was not great

enough to enhance adsorption capacity. Instead, this can be explained by the change in

surface charge related to the shift in surface properties of the carbon-modified TiO2 from

hydrophilic to hydrophobic by the formation of –CH3 and -OCH3 groups.

4.7.4 Photocatalytic study of modified TiO2 with butanol

In consistency with the adsorption, the photocatalyst reaction of C-TiO2 for the

degradation of Orange II in aqueous solution was studied to observe the synchronous role

of coupled adsorption and photocatalytic oxidation of Orange II on C-TiO2 under visible

light irradiation. The batch experimental is explained in Paper V.

The results (Figure 12 in Paper V) indicate that photocatalysis was effective for C1B-

TiO2 and C2B-TiO2, and this can be attributed to the synergistic effect of the adsorptive

properties of the carbon group and photocatalytic activity of the TiO2 in the composite. It

can be suggested that during the reaction, carbon-modified TiO2 adsorbs Orange II

molecules from the aqueous solution through high electrostatic interaction between

carbon-modified TiO2 and dye molecules. Then the adsorbed Orange II molecules diffuse

easily into the inner surface. Under visible irradiation TiO2 inherently generates °OH,

which simultaneously attacks the dye molecules from different directions (Figure 11 in

Paper V).

The high adsorption efficiency of carbon-modified TiO2 in comparison to unmodified

TiO2 can be attributed to an interesting change in surface properties, which include the

surface charge, hydrophobicity and pore structure of C-TiO2 (Figure 6 in Paper V).

Successful carbon modification of the surface of TiO2 particles by heat treatment of TiO2

powder in a flow of n-butanol vapour enhanced the adsorptivity of Orange II, resulting in

high photocatalytic activity.

A further important factor, the influence of pH solution on dye adsorption and

photocatalytic  efficiency,  was  also  monitored.  It  is  well  known  that  the  adsorption
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capacity stems from the amphoteric nature of TiO2 in the solution according to Equation

4.1 and Equation 4.2.

Thus changes in pH might affect adsorption capacity, as it is accompanied by a change in

ZP. Hence, three different pH conditions (alkaline pH= 9± 0.2, neutral pH= 7±0.2, acidic

pH=3±0.2)  were  tested  in  order  to  evaluate  the  effect  of  pH  on  adsorption  and

photocatalytic efficiency of carbon-modified and unmodified TiO2.  The  pHPZC

measurements for C1B-TiO2, C2B-TiO2 and TiO2, were 5.41, 4.76 and 5.61, respectively.

At pH values below the PZC, the sample surface becomes protonated and exhibits a

positive net charge on the surface (Equation 4.5) whereas at pH above pHiep, surfaces are

negatively charged (Equation 4.6). The maximum removal efficiency was observed under

acidic conditions (pH=3) for both the carbon-modified and unmodified TiO2 (Figure 12a

in Paper V).

The obtained results are connected to the influence of pH on the ionization state of

titanium dioxide. Thus it is to be expected that Orange II, which has an anionic character,

demonstrates higher uptake values at lower pH because of the electrostatic attraction

between the negative charged anionic dye and the positively charged TiO2. Besides, the

chemical structure of Orange II is similar to that of MO (Figure 13 in Paper V), including

a –SO3
- group, central nitrogen and benzene rings. Thus it is possible that they have the

same character in acidic and alkaline media. Also, the presence of a –SO3
- group in an

acidic medium could be assumed to maximize removal efficiency. The strong

electrostatic interaction between the –SO3
- group of Orange II and the positive surface of

TiO2 at pH  pHPZC (acidic medium) might cause the maximum removal efficiency.

Comparative results for the removal percentage of Orange II by C1B-TiO2, C2B-TiO2

and TiO2 in the adsorption and photocatalytic process (Figure 12 in Paper V) show that

the carbon modification of titanium dioxide significantly enhanced removal efficiency

under acidic conditions. This finding emphasizes that the high adsorption of Orange II

onto modified TiO2 facilitates direct contact between the pollutant and the photocatalyst

surface.
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5 Conclusion

This research has demonstrated the impact of modification on the adsorption efficiency

of TiO2 nanomaterials for four key dyes, which are known environmental pollutants. The

adsorption of MB, MO, MV and Orange II onto TiO2 nanoparticles with different sizes

and  crystalloid  structures,  and  doped  with  AgI,  N,  S  and  C,  was  investigated  from  a

kinetic and equilibrium perspective. In addition, the degradation of MV and Orange II by

TiO2P25, modified TiO2 (AgI-TiO2, C1B-TiO2 and C2B-TiO2) and phase changed TiO2

were conducted to evaluate adsorption role in the photocatalytic reaction.

The key findings can be summarized as follows:

When heating TiO2 nanoparticles up to 600 C no phase transition was observed.

Between 700 and 900 C the anatase phase percentage decreased while the rutile

phase increased. Above 900 C the  TiO2 phase  was  entirely  rutile.  Heating  the

TiO2P25 from room temperature to 1000 C increased its size from 30 nm to 300

nm.

The kinetic analysis of MV adsorption onto TiO2 nanoparticles indicated that

adsorption was reversible when anatase phase was present and we can observe

desorption processes in the presence of anatase phase. When the TiO2 phase was

entirely rutile the adsorption was irreversible.

The  kinetic  data  for  adsorption  of  MV  onto  TiO2 with  different  phase  ratios

obeyed the pseudo-second order model, while its desorption obeyed the first order

model.

The rate constant of adsorption (k2) MV onto the samples followed this trend:

TiO2P25-600  TiO2P25-700  TiO2 (300 nm)  TiO2P25-1000  TiO2P25-900

TiO2P25-800  AgI-TiO2 (300 nm)  AgI-TiO2 (P25).

 The rate constant of desorption (kd) MV onto the samples followed this trend:

TiO2(300 nm)  TiO2P25-600  TiO2P25-700  TiO2P25-800.

The precentage removal of MV onto the samples followed this trend:
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AgI-TiO2 (P25)  AgI-TiO2 (300 nm)  TiO2P25-600  TiO2P25-700  TiO2P25-

800  TiO2P25-900  TiO2P25-1000  TiO2P25.

According to the trend and the required time for photocatalytic deterioration, it

can be concluded that in the photocatalytic decomposition of MV by TiO2,

adsorption was not important.

The modification of TiO2 with  N  and  S  increased  both  adsorption  rate  and

capacity.

The equilibrium obeyed the Sips isotherm, thus it can be concluded that both S-

TiO2 and  N-TiO2 provided a heterogeneous surface for the adsorption of MB.

Increasing pH from 2 to 11 increased their adsorption capacity.

At pH = 10, the adsorption of MB onto N-TiO2 stabilized, while in the neutral pH

range, it was not stable and started to desorb after some time.

MO dye pollutant in aqueous solution was rapidly removed by adsorption with C-

TiO2-200, C-TiO2-300 and C-TiO2-400.

The carbonization of C–TiO2 by ethanol increased the adsorption capacity of TiO2

nanoparticles, however the BET surface of modified and pristine TiO2 was almost

the  same.  The  ZP  of  modified  TiO2 was  higher  than  that  of  unmodified  TiO2,

which leads to efficient adsorption of MO onto modified TiO2.

The Freundlich adsorption model was found to fit for TiO2 and C–TiO2-200, while

carbon modification of TiO2 at a higher temperatures (C–TiO2-300 and C–TiO2-

400) fitted the Langmuir–Freundlich model.

Modification of TiO2 by heating under 1-butanol and 2-butanol showed high

photocatalytic activity for Orange II. Additionally, the adsorption performance of

the carbon-modified TiO2 was  higher  than  that  of  the  unmodified  TiO2, as the

former can provide more adsorptive-photocatalytic active sites. This enhanced

adsorption capacity may be a promising factor for the photocatalytic removal of

Orange II onto C-TiO2.

The surface charge of C-TiO2 changed significantly, which may be deemed to

enhance adsorptive activity.
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The equilibrium adsorption of Orange II onto the samples obeyed the Freundlich

isotherm which reveals the heterogeneous nature of the sample surface.

Although this study has justified the potential of TiO2 and its modification as a sustainable

adsorbent, there are still some challenges which have to be addressed in the future. The

main challenge is the low surface area compared to other adsorbents, such as carbon

nanotubes or activated carbon, which result in an efficient contact surface area between

the adsorbent and adsorbate. Yet this study found that physical adsorption through

changed surface charge and crystallinity caused a strong affinity attraction between

molecular dyes and the applied adsorbents. In addition, this investigation can be extended

by considering principal role of adsorption in photoactivity, leading to an improvement

in photocatalytic performance.

Altogether, based on these results, it is clear that modified TiO2 has significant potential

for application as an adsorbent for the removal of dyes from aqueous solution. The

reversible nature of the process also has significant potential benefits for the economical

and environmentally recovery and reuse of these absorbents.
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a b s t r a c t

TiO2 nanoparticles with different phase composition (anatase and rutile) were prepared from TiO2P25
Degussa by heat treatment and were characterized with XRD and TEM methods. It was found that both
the particle size and rutile to anatase phase ratio increases with temperature. The adsorption of methyl
violet from aqueous solution onto the prepared TiO2 nanoparticles with different was studied from kinetic
point of view. The effect of phase composition on the adsorption kinetic was analyzed. The amount of
adsorbed methyl violet reaches to its maximum vale within 100 min. It was found that the adsorption
onto TiO2 with mixed phases of anatase and rutile is reversible while onto pure rutile phase is irreversible.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Dyes are widely used for textiles, printing, and dyeing, as well as
in the food and paper-making industries. Environmental research
has paid special attention to dye compounds because of the exten-
sive environmental contamination arising from dyeing operations
[1].

The conventional methods used for color removal are ultrafil-
tration, extraction, oxididation with ozone and hydrogen peroxide
and adsorption [2,3]. Between the mentioned methods, adsorption
is one of the potential methods for removal of dye compounds from
water. Different adsorbents can be used for pollutants removal,
such as ceramics [3], wastematerials [4], chitosan [5], agricultural
waste [6], sepiolite [7], flyash [8], hydrogels [9], perlite [1,10] and
activated carbon [11]. The efficiency and cost of these adsorbents
vary from one material to another but high cost limits its com-
mercial application. In recent years, extensive research has been
undertaken to develop alternative and economic adsorbents [6].

TiO2 is the most used photocatalyst due to its good perfor-
mances, low cost and low toxicity [12]. TiO2 include three phases
namely, anatasee, rutile and, brookite [13]. Anatase TiO2 presents
a lot of interest because of its excellent photocatalytic behavior
[12,14]. Nano size TiO2 Degussa P25 is widely used in photocatal-

∗ Corresponding author. Tel.: +98 8118282807; fax: +98 8118257404.
E-mail addresses: sazizian@basu.ac.ir, sdazizian@yahoo.com (S. Azizian).

ysis. At the nanoscale, particle properties such as electronic band
gaps, magnetic moments and melting points as well as particle mor-
phology and surface reactivity, become size-dependent. In addition,
nanoparticles are often thermodynamically less stable because of
the high ratio of surface to bulk atoms [15]. Relatively few stud-
ies have probed nanoparticle size and phase effects related to the
adsorption properties of TiO2, and there is yet to be a clear consen-
sus on the impact of TiO2 phase and particle size on such processes
[14]. Zhang et al. investigated the adsorption of organic acids onto
6–16 nm anatase nanoparticles [16]. In this study, the properties of
titanium dioxide nanoparticles with different size and crystalloid
structures produced by thermal method were investigated using
XRD and TEM techniques. In order to compare the activity of these
particles for removal of environmental pollutants, the adsorption
of methyl violet on the surface of these particles was studied from
kinetic point of view.

2. Materials and methods

2.1. Adsorbate

Methyl violet (M.V.) supplied by Merck Co. and was used as
adsorbate without further purification. The chemical structure of
M.V. is shown in Scheme 1 [17]. Accurately weighted quantities of
methyl violet were dissolved in distillated water to prepare stock
solution. Then the other desired concentrations of solutions were
obtained by successive dilutions.

0927-7757/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2011.05.030
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Scheme 1. Chemical structure of methyl violet.

2.2. Adsorbent

Titanium dioxide was a commercial product in powder from
(Degussa Co. P25) with a particle size of about 30 nm. This sample
has been employed to produce TiO2 nanoparticles with differ-
ent sizes and crystalloid structures by thermal method. TiO2 was
heated in a furnace in the range of 400–1000 ◦C for two hours and
then was cooled slowly. The obtained samples named as TiO2P25-
T, where T is treatment temperature. Phase transformation from
anatase to rutile was studied using XRD (Philips powder diffrac-
tometer type FW 1373 gonimeter). The XRD was equipped with a
graphite mono chromator crystal. X-ray wavelength was 1.5405 Å
and diffraction patterns were recorded over the 2� range 10–50◦

with a scanning speed of 2◦/min. The change in particles size has
been investigated by TEM (Philips XL).

2.3. Adsorption studies

All batch adsorption experiments were carried out under dark
conditions and at 30 ◦C. The variation of M.V. concentration versus
time has been measured by UV/Visible spectrophotometer (PG
Instrument T80) at 585 nm. For kinetic studies the initial dye con-
centration and the mass of adsorbent were 3.93 × 10−3 g/L and
0.01 g, respectively. The adsorbed dye amount per unit mass of
adsorbent (qt) at any time were calculated from the following equa-
tion:

qt = C0 − Ct

m
× V (1)

where C0 and Ct are the initial, at any time dye concentration (g/L),
V is the solution volume (L) and mTiO2

is the adsorbent mass (g).

3. Result and discussion

3.1. Phase transition of TiO2

Crystal structure and physical properties of TiO2 nanoparticles
changed under heat treatment process. The phase of nanoparticles
including the reference (P25) and the heat treated samples were
characterized by XRD. TiO2 nanoparticle, made by Degussa Com-
pany, is a combination of anatase and rutile phases. The reported
average size of its particles is 30 nm and the phase ratio of anatase
to rutile is 80–20. These data were also confirmed by XRD (Fig. 1) for
TiO2-Degussa, which are in good agreement with the reported one.

Fig. 1. XRD patterns of TiO2 nanoparticles subjected to heat treatment between 400
and 1000 ◦C for 2 h. A and R represent the anatase and rutile phases.

Using the diffraction pattern of X-ray, we can obtain the fraction of
anatase and rutile phases, in TiO2 by [18]:

XA =
(

1 +
(

1.26
IR
IA

))−1
(2)

XR =
(

1 +
(

0.8
IA
IR

))−1
(3)

where XA, XR are the fraction of anatase and rutile phases, IA and
IR are the anatase and rutile phase peak intensities, respectively.
The obtained values of XA and XR are 80 and 20, respectively. It has
been reported that by heating of TiO2 at high temperatures, phase
transition occurs from anatase to rutile [18].

In the present work, the TiO2-Degussa was heated in a fur-
nace at different temperatures from 400 to 1000 ◦C for 2 h. The
XRD patters of the heated samples are shown in Fig. 1. The pattern
of crystalline TiO2 has two characteristics peak at 2� = 25.28◦ and
2� = 27.4◦ which indicate anatase (1 0 1) and rutile (1 1 0) crystal
phases, respectively [19]. It is clear that by heating of TiO2-Degussa
nanoparticle up to 600 ◦C, the phase ratio of anatase to rutile remain
nearly constant and phase transition was not observed. From 700
to 900 ◦C the peak intensities of anatase phase decrease while for
rutile phase increase, Fig. 2.

Fig. 2. Anatase fraction of TiO2 nanoparticles vs. calcinations temperature, which
were obtained from XRD data.
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Fig. 3. TEM images of TiO2 subjected to heat treatment for 2 h at: (a) TiO2P25; (b) 700 ◦C; (c) 800 ◦C; (d) 1000 ◦C.

The XRD pattern shows that the samples which heated at 900 ◦C
and 1000 ◦C are entirely rutile phase. The TEM images of some of
the heated samples are shown in Fig. 3. From these images it is
clear that by increasing of the heating temperature the size of the
particles increases. Therefore heating of TiO2 nanoparticles at dif-
ferent temperature causes both phase transition and size grow.
Since the phase transformation of TiO2 nanoparticles appears at
upper than 600 ◦C, we have studied the methyl violet adsorption
by TiO2 nanoparticles that heated at 600 ◦C and upper. Therefore
we can compare the kinetic behavior of different phases of TiO2 for
adsorption of methyl violet.

3.2. Adsorption kinetics of methyl violet

The adsorption of methyl violet onto TiO2 nanoparticles with
different phases was studied as a function of time. The plot of
amount of ad-species (qt) vs. time is shown in Fig. 4, for initial
concentration of 3.93 × 10−3 g/L. The results show that for TiO2P25-
600 and TiO2P25-700 which their major phase is anatase (79.6%
and 69.3%, respectively), the adsorption is very fast at initial times
and reach to its maximum value after about 50 min. After 80 min
the ad-species starts to desorb which will be discussed later. For
TiO2P25-800 which include 96.5% rutile the adsorption is slower
and reach to its maximum value within 100 min and then the des-
orption takes place. For TiO2P25-900 and TiO2P25-1000 which are
entirely rutile phase adsorption reach to its maximum value within
60 min but interestingly no desorption was observed upto 320 min.
These results show that the amount of ad-species increases by
increase of rutile phase. Also the adsorption onto rutile phase is
irreversible but in the presence of anatase phase the adsorption
becomes reversible and desorption process will be observed within
one or two hours, depending on the anatase phase percentage. For

modeling of adsorption kinetic data, the most widely used equa-
tions, i.e. pseudo-first order and pseudo-second order models [20]
were used. The linear forms of these models are

ln
(

qe − qt

qe

)
= −k1t (4)

t

qt
= 1

k2q2
e

+ t

qe
(5)

Fig. 4. Adsorption of M.V. onto TiO2 nanoparticles with different phases as a function
of time. The initial concentration of methyl violet was 3.93 × 10−3 g/L and the mass
of adsorbent was 0.01 g. The errors associated with these data are within ±2% to
±5% of qt values.
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Fig. 5. Linear plot of pseudo-second order kinetics for M.V. onto TiO2 with differ-
ent phases: (a) for TiO2P25-600, TiO2P25-700, TiO2P25-800; (b) for TiO2P25-900,
TiO2P25-1000.

where qe is the equilibrium value of qt, k1 and k2 are the rate
coefficient of pseudo-first order and pseudo-second order models.
The linear plots of pseudo-second order model for all samples are
shown in Fig. 5.

The results of fitting by the mentioned equations are presented
in Table 1. Based on the obtained correlation coefficient values and
also another criteria (comparison of C0 with ˇ� value) which was
introduced previously [20], it has been concluded that pseudo-
second order model describes the adsorption kinetics of methyl
violet onto TiO2. The other kinetic models [21] were also used
for analysis of experimental data (data are not presented here),
but the best fitting were obtained by the pseudo-second order
model.

The adsorption of methyl violet by TiO2P25-1000 was per-
formed at another concentration (2.76 × 10−3 g/L) too. The results
were presented in Fig. 6. At these concentration also the best model
for describing the kinetics of adsorption is the pseudo-second

Fig. 6. Adsorption of M.V. onto TiO2P25-1000 as a function of time and at
two different initial concentrations. Open circles and filled triangles represent
[M.V.] = 2.76 × 10−3 g/L and [M.V.] = 3.93 × 10−3 g/L, respectively.

order model and the obtained constants are qe = 0.000206 g/gads,
k2 = 193.01 gads/g min and r2 = 0.9966.

It has been reported, if the adsorption process is controlled by
intraparticle diffusion, then the particles with smaller size show the
slowest rate of adsorption [22]. In the present systems the rate con-
stant of adsorption decreases from TiO2P25-600 to TiO2P25-800
and then increases for TiO2P25-900 and TiO2P25-1000 (Table 1).
This means that for the present systems the rate constant does not
increase with particles size, so the adsorption of methyl violet onto
TiO2 nanoparticles is not intraparticle diffusion control.

3.3. Desorption kinetics of methyl violet

As seen in Fig. 4 for TiO2P25-600, TiO2P25-700 and TiO2P25-800
the desorption process taken place after about one hour. This means
that adsorption of methyl violet onto the surface of these adsorbent
is reversible. In other words the maximum amount of ad-species
(which arrives after about 1 h) is not thermodynamically stable and
after a long time they leave the surface to reach the most stable
condition. A similar pattern of reversible adsorption (adsorption
followed by desorption) was reported for methylene blue adsorp-
tion on Si-MCM-41 and Al-MCM-41 too [23]. For kinetic modeling,
Wang and Tian used pseudo-second order model and first order
model for adsorption and desorption branches, respectively [23]. In
the present work we examined three kinetic models for desorption
[23,24], including:

Zero order:

qt = q0 − kdt (6)

First order:

qt = q0e−kdt (7)

Second order:

qt = q0 − q0t[
t +

(
1

kdq0

)] (8)

Table 1
The obtained constants of adsorption kinetic models at 30 ◦C. The initial concentration of methyl violet was 3.93 × 10−3 g/L and the mass of adsorbent was 0.01 g.

Adsorbent Pseudo-second order Pseudo-first order

qe (g/gads) k2 (gads/g min) r2 qe (g/gads) k1 (1/min) r2

TiO2P25-600 0.000175 3279.2618 0.9997 0.000171 0.0602 0.8643
TiO2P25-700 0.000166 5116.1305 0.9999 0.000166 0.0464 0.7177
TiO2P25-800 0.000344 46.1782 0.9875 0.000220 0.0254 0.9989
TiO2P25-900 0.000294 198.4400 0.9907 0.000300 0.0098 0.5243
TiO2P25-1000 0.000288 832.0446 0.9999 0.000286 0.0151 0.8441
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Table 2
The obtained constants of desorption kinetic models at 30 ◦C.

Absorbent Zero order First order Second order

kd (g/gads min) r2 kd (1/min) r2 kd (gads/g min) r2

TiO2P25-600 q0 (g/gads) = 1.71 × 10−4 1.60 × 10−7 0.9884 1.02 × 10−3 0.9823 6.60 0.9734
TiO2P25-700 q0 (g/gads) = 1.63 × 10−4 9.30 × 10−8 0.9781 9.28 × 10−4 0.9976 8.89 0.9894
TiO2P25-800 q0(g/gads) = 2.04 × 10−4 1.51 × 10−7 0.9783 7.90 × 10−4 0.9758 4.17 0.9720

Fig. 7. The plot of kd as a function of type of adsorbent with different anatase phase
percentage.

where q0 is the amount of ad-species per unit mass of adsorbent at
the starting point of desorption processes and kd is desorption rate
constant.

The results of fitting are presented in Table 2. The r2 values for
different models are very close to each other and it is not possible to
select the best model for desorption. For this reason we continued
the desorption process for TiO2P25-700 upto about 24 h (data not
presented here). The results of fitting by the later data indicates
that the first order model describes the desorption kinetics much
bather than the other ones. Fig. 7 shows the plot of kd as a function
of type of adsorbent with different anatase phase percentage. It
can be seen that by increasing of anatase percentage in TiO2 the kd
value increases. Again it can be suggested that the adsorbed methyl
violet species are thermodynamically stable on the TiO2 surface
with rutile phase but they become less stable as the anatase phase
percentage increases. So the adsorbed methyl violet, start to desorb
from the surface after a period of time with different rates based
on anatase percentage of TiO2.

Based on FTIR studied it has been reported that the intensities of
O–H vibration band decrease and the intensities of Ti–O vibration
bands increase with increasing calcination temperature [25,26].
This means that the Ti–OH surface functional groups undergo a
transformation to Ti–O–Ti at high temperatures. Therefore by going
from TiO2P25-600 to TiO2P25-1000 the percentage of Ti–OH sur-
face functional group decreases while for the Ti–O–Ti increases.
So the other reason for observation of irreversible adsorption of
methyl violet by TiO2P25-900 and TiO2P25-1000 may be is due to
the strong interaction between methyl violet and Ti–O–Ti surface
functional groups.

4. Conclusion

By heating of TiO2 nanoparticles up to 600 ◦C no phase transi-
tion was observed. But between 700 and 900 ◦C the anatase phase
percentage decreases while rutile phase increases. At upper than

900 ◦C the TiO2 phase is entirely rutile. By heating the TiO2P25
from room temperature to 1000 ◦C its size increases from 30 nm to
300 nm. The kinetic analysis of methyl violet adsorption onto TiO2
nanoparticles indicates that adsorption is reversible when anatase
phase present and we can observe the desorption processes in the
presence of anatase phase. When the TiO2 phase is entirely rutile
the adsorption is irreversible.
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1. Introduction

Dye pollutants from textile paper and other industries are an
important source of environmental contamination [1]. Environ-
ment and living organs can be affected by the dyes in the effluent of
industries, even in low concentration. Usually synthetic dyes
cannot be destroyed by light or oxidizers, thus adsorption is one of
the best methods for the removal of dyes from waste water [2–4].
Methyl violet (M.V.) which is a basic dye, has harmful effects on
living organisms and its inhalation may cause different illnesses
such as headaches, diarrhea and etc. [5].

Adsorption as a simple and low cost method can produce high
quality water while also being a process that is economically
feasible [5]. Some adsorbent for methyl violet removal (as dye
pollutants) are cellulose-based wastes [6], Bagsse fly ash [7] cross
linked amphoterie starch [2], sepiolite [8,9] mansonia sawdust
[5,10] and activated carbon [11].

All these studies confirm that the dye removal is possible by
adsorption. Also photocatalytic decomposition is an efficient
method for removal of dyes from water [1–8]. Performance of
adsorption process is related to the both physical and chemical
properties of adsorbate and adsorbent [12].

Nanostructured titanium dioxide (TiO2) is a semiconductor and
its chemical stability is high, thus it was extensively used as a
photocatalyst and adsorbent during the past two decades [13–19].

On the other hand adsorption of ionic dyes (methylene blue and
blue 40) onto TiO2 has been investigated, too [15]. Recently, we
have investigated the adsorption of methyl violet onto TiO2

nanoparticles with different phase (including different percentage
of Anatas and Rutile phases) from kinetic point of view [16].

Modification of TiO2 is one of the hot topics in the field of
photocatalysis [13]. These works include (1) doping of TiO2 with
different metal atoms such as Pt, Au, Ag, Cr, V, etc., (2) doping of
TiO2 with varies nonmetal atoms including N, C, S, B, I, Br, F, etc. and
(3) anchoring an organic dye sensitizer molecule on the surface of
the photocatalyst [13]. Recently Hu et al. prepared P25 titania
supported AgBr and AgI by deposition–precipitation method [19].
The prepared nanostructured AgI/TiO2 photocatalyst showed
much higher photocatalytic activity for the destruction of crystal
violet and 4-chlorophenol under visible light irradiation than pure
titania [13]. Briefly, due to modification of TiO2, there appears to be
a decrease in the band gaps along with an increase in yield
quantum of chemical reactions. There is also a decrease in the
stable intermediates during the photocatalytic reactions [17].

The purpose of the present work is to investigate the ability of
AgI/TiO2 nanoparticles with different sizes, for removal of methyl
violet from aqueous solution by adsorption method and compare
their ability with pure TiO2 nanoparticles.
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equilibrium data show that the modification of TiO2 nanoparticles with AgI, leads to the higher

adsorption capacity (more than twice) for methyl violet. The kinetic data for adsorption of methyl violet

indicates that modification of TiO2 with AgI leads to a stable adsorption.
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2. Material and methods

2.1. Adsorbate

We used methyl violet manufactured by Merck Co. as an
adsorbate while we did not apply any purification. Scheme 1 shows
the chemical structure of M.V. [18]. To prepare stock solution, we
dissolved accurately weighted quantities of M.V. in distilled water
so that we can obtain other desired concentrations of solutions
through successive dilutions.

2.2. Adsorbent

Titanium dioxide nanoparticles in powder form and different
sizes were used. TiO2P25 with particle size 20 nm from Deggusa and
TiO2(B) with particle size 70 nm from nano Co. Pars were used as
precursor for AgI/TiO2 nanoparticles preparation. AgI/TiO2 contain-
ing Ag 10 wt% was prepared by the deposition–precipitation method
according to the recent report [19]. Briefly 1 g of TiO2 nanoparticle
and 0.205 g of KI were dissolved in 100 ml of distilled water and 1 g
of TiO2 nanoparticle were added to this solution, then 0.21 g of

AgNO3 in 2.3 ml of NH4OH (25 wt% NH3) was added to the mixture,
rapidly. The obtained suspension was stirred by magnetic stirrer at
room temperature for 12 h. Then the solution was filtered and the
obtained product was washed with water, and dried at 70 8C. The
obtained yellow powder is AgI/TiO2 nanoparticle [13].

2.3. Adsorption studies

All batch adsorption experiments were under dark conditions
and at 30 8C. The residual concentration of M.V. has been measured
by UV/visible spectrophotometer (PG Instrument T 80) at 585 nm.

For kinetic studies the initial dye concentration and the mass of
adsorbent were 3.4 � 10�3 g l�1 and 0.01 g, respectively. For
equilibrium studies a series of 5 ml of M.V. solutions with different
initial concentrations (C0) and a 0.01 g of the adsorbent were
contacted with each other in the 10 ml flasks. Then the mixtures
were put into an ultrasonic batch to disperse the adsorbent for
6 min. The flasks were placed in a water batch shaker and shaken at
150 rpm for 24 h to ensure the adsorption process reaching
equilibrium at dark condition. After that, the suspensions were
centrifuged and the equilibrium concentration of M.V. in the bulk
(Ce) was determined using UV/visible spectrophotometer. For
calculation of the amount of adsorbed dye per unit mass of
adsorbents (mg g�1) at any time (qt) and at equilibrium (qe) the
following equations were used, respectively:

qt ¼
C0 � Ct

m
� V (1)

qe ¼
C0 � Ce

m
� V (2)

where C0, Ce and Ct are the initial, equilibrium and at any time dye
concentration, mTiO2

is the adsorbent mass (g) and V is the solution
volume (L).

3. Results

3.1. Characterization of the modified TiO2

Fig. 1 shows the XRD pattern of synthesized AgI/TiO2(P25) and
AgI/TiO2(B). The XRD patterns clearly indicates the formation of

Scheme 1. Chemical structure of methyl violet.

Fig. 1. XRD patterns of modified TiO2 nanoparticles: (a) AgI/TiO2(P25); (b) AgI/TiO2(B).
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AgI over both TiO2(P25) and TiO2(B). It should be noted that these
patterns have not seen at XRD pattern of pure TiO2 [16]. The TEM
images (Fig. 2) show that the prepared AgI/TiO2 are nearly
spherical with particle size of less than 80 nm for AgI/TiO2(B) and
less than 40 nm for AgI/TiO2(P25).

3.2. Equilibrium studies

Equilibrium data, commonly known as adsorption isotherms,
are important in the basic design of adsorption systems and are
critical in optimizing the use of adsorbents. Several two
parameters isotherm equations were applied to fit the equilibrium
data in this study including Langmuir, Freundlich and Temkin
isotherms.

The Langmuir isotherm which is valid for homogeneous
surfaces is [20]:

qe ¼
qmKLCe

1 þ KLCe
(3)

where Ce is the equilibrium dye concentration in the bulk (mg l�1),
qe is the amount of adsorbate per unit mass of adsorbent at
equilibrium (mg g�1), qm is the monolayer adsorption capacity of
the adsorbent (mg g�1), and KL is the Langmuir isotherm constant.

The Freundlich isotherm is applicable to adsorption onto
heterogeneous surfaces and is not restricted to the formation of
monolayer. The Freundlich model is:

qe ¼ KF Ce
1=n (4)

where KF and n are constants.

Temkin isotherm considered the effects of some indirect
adsorbate/adsorbate interaction on adsorption isotherms. The
Temkin isotherm can be expressed in its linear from as:

qe ¼ AðlnBCeÞ (5)

where B is the equilibrium binding constant corresponding to the
maximum binding energy (l mg�1) and A is the Temkin constant
related to the heat of adsorption [21].

Fig. 3 shows the equilibrium data of M.V. adsorption onto four
different adsorbents. The data presented in this figure show that the
amount of ad-species, qe, increase with increase in dye concentration
(Ce). As it is clear from Fig. 3 the amount of M.V. adsorbed on
modified TiO2 with AgI is more than twice at any concentration. The
experimental equilibrium adsorption data were fitted to the
Langmuir, Freundlich and Temkin isotherm models. Table 1
summarizes the obtained correlation coefficients, r2, values, and
the constants of the mentioned isotherm models for adsorption of
methyl violet onto TiO2 with different sizes and their modified forms
(AgI/TiO2 (P25), AgI/TiO2 (B)). The Freundlich isotherm model gave
the highest r2 values for the adsorption of M.V. on TiO2(P25), TiO2(B)
and AgI/TiO2(P25). Also, it is found the adsorption of methyl violet
onto AgI/TiO2(B) follows Langmuir model. The results of equilibrium
adsorption data show that the trend of the amounts of M.V. adsorbed
per unit mass of adsorbents at any concentration is AgI/
TiO2(B) > AgI/TiO2(P25) > TiO2(P25) > TiO2(B). Also, the values of
Freundlich constant (KF) decrease as like as above trend (Table 1).
These findings indicate that the modification of TiO2 nanoparticles
with AgI has a significant effect on increasing of its adsorption
capacity for M.V.

3.3. Kinetic studies

The plot of amount of ad-species (qt) vs. time is shown in
(Fig. 4). The results shows that for TiO2(B), the adsorption is fast
at initial times and reach to its maximum value after about
40 min. After that the ad-species start to desorb which will be
discussed latter. For AgI/TiO2 (P25) and AgI/TiO2(B), the

Fig. 2. TEM images of modified TiO2 nanoparticles: (a) AgI/TiO2(B); (b) AgI/TiO2(P25).
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Fig. 3. Equilibrium adsorption data of M.V. onto: * TiO2(B), ^ TiO2(P25), ~ AgI/

TiO2(P25) and * AgI/TiO2(B).

Table 1
Adsorption isotherm constants for M.V. onto different TiO2 nanoparticles.

TiO2P25 TiO2(B) AgI/TiO2(P25) AgI/TiO2(B)

Langmuir KL 0.114 0.144 1.604 3.301

qm 4.60 3.00 3.90 4.12

r2 0.9410 0.9830 0.9041 0.9974

Fruendlich KF 0.566 0.356 1.952 2.411

1/n 0.65 0.77 0.38 0.38

r2 0.9701 0.9824 0.9480 0.9508

Temkin A 0.44 0.42 0.60 0.67

B 7.48 3.15 53.68 78.422

r2 0.8686 0.9160 0.9000 0.9904
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adsorption is faster than TiO2(B) and reaches to its maximum
value after 16 h but surprisingly for these adsorbents no
desorption were observed also after long times. By analyzing
of the kinetic data up to 30 min, it can be concluded that
modification of TiO2 with AgI has no effect on the rate of
adsorption, but causes the adsorption to be stable.

For modeling of adsorption kinetic data for AgI/TiO2, the most
widely used equations i.e. pseudo-first order and pseudo-second
order models [22] were used. The linear form of these equations is:

ln 1 � qt

qe

� �
¼ �k1t (6)

t

qt

¼ 1

k2q2
e

þ t

qe

(7)

The linear plot of pseudo-first order and pseudo-second order
models for adsorption of M.V. onto AgI/TiO2 (P25) and AgI/TiO2(B)
are shown in Fig. 5. The results of fitting by the mentioned
equations are presented in Table 2. Based on Fig. 5 and the obtained
correlation coefficients it can been concluded that pseudo-first
order model can describe the adsorption kinetics of M.V. onto both
AgI/TiO2 (P25) and AgI/TiO2(B) nanoparticles.

As shown in Fig. 4(a) for TiO2(B), the desorption process occurs
after about 40 min. This means that adsorption of methyl violet
onto the surface of TiO2(B) is reversible. In other words the
maximum amount of ad-species is not thermodynamically stable
and after a while the ad-species leave the surface to reach the most
stable condition. A similar pattern of reversible adsorption
(adsorption followed by desorption) was reported, recently, too
[16,23,24]. For modeling of desorption kinetic data, we used the

Langmuir kinetic model [22]:

du
dt
¼ kaCð1 � uÞ � kdu (8)
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In this system the amount of ad-species is low, i.e. u � 1, therefore:

du
dt
� kaC � kdu (9)

By considering u = qt/qm, we have

dqt

dt
¼ kaqmC � kdqt (10)

If we assume a first order kinetic for decrease of bulk concentration
(C):

C ¼ Coe�k1t (11)

Then Eq. (10) converts to:

dqt

dt
¼ kaqmC0e�k1t � kdqt (12)

By integration of this equation at boundary condition, qt = 0 at t = 0,
one arrives:

qt ¼
kaqmC0

kd � k1
ðe�k1t � e�kdtÞ (13)

By definition of A = kaqmC0/(kd � k1), we have:

qt ¼ Aðe�k1t � e�kdtÞ (14)

Fitting of the kinetic data of Fig. 4(a) to the Eq. (14) by non-linear
method gives, k1 = 0.2118 min�1, kd = 0.0023 min�1,
A = �0.00011 mg g�1, r2 = 0.9732. The results of fitting by
Eq. (14) are presented in Fig. 4(a) by a solid line. From this figure
it is clear that Eq. (14) can describes the kinetics of adsorption of
M.V. onto TiO2(B) very well.

As mentioned before by modification of TiO2 with AgI, the
desorption followed by adsorption were omitted. So, it can be
suggested that the adsorbed M.V. species are thermodynamically
stable on the AgI/TiO2 surface.

4. Conclusion

The result of this study indicates that modified TiO2 form with
AgI is efficient adsorbents for removal of methyl violet from
aqueous solution. The modification of TiO2 nanoparticles with AgI
has no effect on the rate of adsorption but it leads to a stable
adsorption and higher adsorption capacity for M.V. The present
study shows that the adsorbed M.V. on the pure TiO2 nanoparticle

is not stable and starts to desorb after a while, but the adsorption
on the AgI/TiO2 nanoparticles is stable. The equilibrium adsorption
of M.V. onto adsorbents obeys the Fruendlich isotherm. The
kinetics of M.V. adsorption onto TiO2(B) follows the simplified
Langmurian model, while onto AgI/TiO2 it follows pseudo-first
order model.
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Successful removal of methylene blue (MB) dye from aqueous solutions using nitrogen and sulfur modified
TiO2(P25) nanoparticles has been demonstrated in this study. The modified adsorbents were characterized
using various analytical methods, such as X-ray diffraction (XRD), scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS). The adsorption potential of S-TiO2, N-TiO2 and TiO2(P25) type ad-
sorbents was tested for the removal of MB dye. The kinetic studies indicated that the adsorption of MB dye
followed the pseudo-first ordermodel, while desorption processes followed the secondordermodel. The adsorp-
tion capacity of the adsorbent proved to be increasing as a function of initial pH of the solution. The maximum
adsorption capacities were found to be 350.66, 410.12 and 282.84mg/g of S-TiO2, N-TiO2 and TiO2(P25), respec-
tively. It can be concluded thatmodification of TiO2(P25) nanoparticles with N and S leads to a higher adsorptive
removal of MB.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Dyes are used as coloring substances in plethora of industries, such
as various textile industry applications, food, paper, carpets, rubbers,
plastics and cosmetics [1–3]. The discharge of colored wastewater
from these industrial plants into natural streams has caused many sig-
nificant problems such as increasing the toxicity and chemical oxygen
demand (COD) of the effluent, and also reducing light penetration,
which has a derogatory effect on photosynthetic phenomena. From
the aesthetic and health point of view, the presence of dyes (carcino-
genic compounds in particular) in surface and underground waters is
neither not safe, pleasant, nor welcomed [4]. Methylene blue (MB), a
cationic dye, is one of the dyes that is used extensively for dying cotton,
wool and silk. It is currently estimated that 30–40% of the used dyes
originating from industrial sources are released into waste waters [5].
These dyes are chemically and photolytically stable and the complex ar-
omatic structures of these substances may hinder their natural biodeg-
radation processes. Therefore, color removal from these waste waters
has been attracted much attention [6].

Recently, research efforts have focused on the processes dealing
with removal of different types of dyes from wastewaters by physical
and chemical methods. These methods include ozonation, membrane

separation, electrochemical treatment, ultrasonic techniques, photo-
catalysis and adsorption [7–9]. All these processes have their merits
and disadvantages and among them, the adsorption process is preferred
as an environmentally friendly and cost effective technique [5]. Addi-
tionally, a literature survey shows that the selection of adsorbent plays
an important role in determining its economic feasibility [10–13].

For this purpose, the search for efficient and low cost adsorbents is
ongoing. Although there are a wide variety of adsorbents, the majority
of studies focus on themost common adsorbents, such as chitosan, acti-
vated carbon,fly ash and sepiolite [5,14–21]. Despite the availability and
low-cost of titanium dioxide (TiO2), its use has largely been overlooked
as dye adsorbent [22–24]. TiO2 is widely used as a photocatalyst and as
an ideal adsorbent for the degradation of various organic pollutants.
TiO2 is a very promising adsorbent due to the high surface reactivity, ad-
sorption capacity and low-cost. Furthermore, as the pH of zero point
charge (pHpzc) of TiO2 is ca. 6.0–6.8 [25,26]. It is a suitable adsorbent
for the adsorption of charged groups due to its favorable electrostatic at-
traction mechanism.

Most of the studies concerning TiO2 as an adsorbent, concentrated
on adsorption capacities, mechanisms, process parameters to mention
a few [9,27–29]. Moreover, the adsorption ability of modified TiO2 was
also investigated. Janus et al. reported that nitrogen modified TiO2

showed higher adsorption capacity for the removal of Reactive Red
198 and Direct Green 99 as compared to an unmodified TiO2 [30]. Li
et al. [22,31] described dark adsorption and photodegradation experi-
ments of Orange II dye on TiO2 supported porous adsorbents at different
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pH values. All supported catalysts exhibited greater adsorption than
the unsupported TiO2. Anionic S was considered as a less favorable dop-
ant for this purpose, because of the large anionic size difference be-
tween S and O [32]. However, recent studies have found that S can
also be an effective dopant [32,33]. Ohno et al. have shown that
photo-absorptivity of sol–gel prepared S-doped TiO2 is stronger than
that of N-doped TiO2 in the region of visible light [33]. Adsorption is a
vital stage in photocatalytic degradation of organic pollutants on TiO2

surface [34].
In our previouswork, adsorptive removal ofmethyl violet dye byun-

modified TiO2 andmodified TiO2, was investigated [23,24]. In continua-
tion of our previous work, the present study reports the performance
and capability of unmodified TiO2 as well as modified TiO2 (N and S
forms) for the adsorptive removal of MB dye from aqueous solution.
TiO2 was used as an adsorbent in this study, as adsorption process is
one of the most widely used and applicable methods for water treat-
ment. Furthermore, it is a low cost, easy handling and environmental
friendly process. As compared to the photocatalytic method, adsorption
process does not require to use UV lamp which has some limitation of
application from the European Union [35,36]. As pure anatase-type tita-
nium dioxide (TiO2) particles have the relatively low adsorption capac-
ity, so they can bemodified or doped to improve their adsorption ability.
Therefore, surface modification of TiO2 by sulfur and nitrogen was done
to prepare S-TiO2 and N-TiO2 and their adsorption capacity was com-
pared with that of pure TiO2 nanoparticles, in order to determine their
applicability for the removal of MB dye as a model compound. Herein,
N and S modification of TiO2 adsorbents have been introduced that
can be applied as an efficient and competing adsorbents for those of
other TiO2 types that have already been reported as potential adsorbent
materials.

2. Experimental

2.1. Materials and methods

The materials for the preparation of N-doped TiO2 and S-doped TiO2

were purchased from Sigma and Aldrich companies. TiO2 (P25, 20 nm,
Degussa) was used as a precursor for the doped TiO2 and adsorbent.
MB dye was supplied by Merck Co. and was used as an adsorbate with-
out further purification. To prepare the stock solution, accurately
weighed quantities of MB were dissolved in distilled water in order to
obtain other desired concentrations of solutions through successive
dilutions.

The X-ray powder diffraction (XRD) data was acquired using a
PANanalytical X'Pert PRO alpha 1 diffractometer in Bragg–Brentano
geometry and a Johansson monochromator to produce Cu Kα1 radi-
ation (1.5406 Å; 45 kV, 30 mA). A gently hand-ground powder sam-
ple was placed on silicon made zero-background holder using
petrolatum jelly as an adhesive. The diffraction intensities were re-
corded from a spinning sample by an X'Celerator detector using con-
tinuous scanning mode in a 2θ-range of 10–100° with a step size of
0.017° and counting times of 120 s per step. Data processing was
made by the program X'Pert High Score Plus v. 2.2 d and search-
match phase identification routines were made with the same program
using an ICCD-PDF4+ powder diffraction database as the data retrieval
source [37].

An S-4800 Ultra-High Resolution Scanning Electron Microscope
(SEM) with a resolution of 1 nm was used to determine the surface
composition of the samples. It was equipped with energy dispersive
X-ray analysis (EDS) for determining chemical composition.

The charge distribution of MB was determined with the help of the
natural bond orbital (NBO) method using Gaussian 09 program [38].
The density functional theory (DFT)was employed for optimizing struc-
ture at B3LYP/6-31* level [39]. No symmetry constraints were imposed
during the optimization of MB.

2.2. Adsorbent synthesis

10 g/L of TiO2 was placed in an ultrasonic bath (Finn sonic m08) for
30 min and was mixed with aqueous solution of 10 mL ethanol, 10 mL
ammonia and 2 mL nitric acid as origins for N-dopant organic nitrogen
compound and stirred at room temperature for 12 h. The mixture was
dried at 80 °C for 36 h. N-TiO2 powder was obtained after calcination
at 400 °C for 4 h in air with a heating rate of 3 °C/min [40].

S-doped TiO2 was prepared in the same way but using 64 g thiourea
as the origin for S-dopant and 250 mL methanol.

2.3. Equilibrium experiments

All batch adsorption experiments were conducted in brown bottles
covered with aluminum foil (to avoid any reaction by light) providing
dark conditions and at an ambient temperature. The equilibrium ad-
sorption experiments were carried out to gauge the efficiency of TiO2

in removing MB from aqueous solution. Batch adsorption tests were
performed to study the adsorptive removal of MB from aqueous solu-
tion by TiO2, where 5 mL of MB solution of known initial concentration
(1–10 mg/L) (C0) and a known amount of the adsorbent (0.01 g) were
taken in the 10 mL test tubes. The solution was then placed in an IKA
KS 4000 control mixer and was shaken at 200 rpm for 24 h to ensure
that adsorption process has reached equilibrium under dark conditions.
The experiments were conducted in triplicates. Next, the suspension
was separated from aqueous solution using a 0.45 μm acetate mem-
brane syringe filter andwas centrifuged for doped-TiO2 and unmodified
TiO2 nanoparticles. The equilibrium concentration (Ce) of MB was
determined using an UV/Vis spectrometer at 664 nm (Lambda 45
PerkinElmer Instruments). The following equationwas used to calculate
the amount of adsorbed dye per unitmass of adsorbents (mg/g) at equi-
librium (qe):

qe ¼
C0−Ceð Þ

m
V ð1Þ

where in C0 and Ce are the initial and equilibrium concentrations of MB,
m is the adsorbent mass (g) and V is the volume (L) of the solution.

2.4. Kinetic experiments

For kinetic study, 0.01 g of adsorbentwasmixedwith 3mL ofMB so-
lution with a constant concentration (6 mg/L) under dark conditions at
an ambient temperature. The variation of MB concentration over time
was measured by a UV/Visible spectrophotometer. The adsorbed dye
amounts were calculated from Eq. (1).

2.5. Effect of solution pH

Twomethodswere used to determine the influence of pH onMB re-
moval efficiency. First, different initial pH values (2–11) were tested.
The pH values were adjusted by adding 0.1 mol/L HNO3 and 0.1 mol/L
NaOH solutions and measured using a pH meter (inoLab pH 730). Fur-
ther experiments were carried out by adjusting pH at two constant pH
values whichwere prepared in ammonia buffer (pH 10) and phosphate
buffer (pH 2). The initial MB concentration was 5 mg/L and the experi-
ments were carried out at a constant temperature using a shaker. Agita-
tion at 200 rpm was performed for 24 h. After 24 h, the samples were
centrifuged and filtered and their absorbance (A) was measured with
a UV/Vis spectrophotometer. The removal percentage was calculated
for each sample by the following equation:

A% ¼ A0−Að Þ
A0

100 ð2Þ

where A0 is the initial absorbance of the samples.
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Secondly, the prepared solutionswere used for kinetic studies as ex-
plained in the kinetic experiments section above. The removal percent-
age was calculated for each sample by Eq. (2).

3. Results and discussion

Fig. 1 shows that there are three possible mesomers of MB. The den-
sity functional theory (DFT) calculations as illustrated in Fig. 2 revealed
that the S atom carries a positive charge (0.573e), while the central N
atom of MB (N2 mesomer) has a negative charge (−0.674e) and
branched N atoms (N1 mesomer) more negative (−0.721e). This sug-
gests that S mesomer more closely resembles the structure of MB. This
is consistent with the assumption which has been reported [38].

3.1. XRD measurement

X-ray diffraction patterns for the examined S- and N-doped TiO2

samples are shown in Fig. 3. According to the XRD data, the untreated
TiO2 is a mixture of anatase and rutile polymorphs (Fig. 3), with an ap-
proximate weight fraction ratio of 80/20% in favor of the anatase form
[37]. No other phases could be identified in the XRD patterns. When
the TiO2 was doped with N and S, no significant changes were observed
in the case of N-doped TiO2 (the weight fraction ratio of TiO2 poly-
morphs remained unchanged), whereas noticeable changes were visi-
ble in S-doped TiO2 (Fig. 3).

Interestingly, the crystallinity of both TiO2 polymorphism S-doped
TiO2 clearly decreased along with the emergence of two new very
broad scattering humps on the 2θ-ranges of 16–20° and 22–32°
(Fig. 4). Generally, broad scattering humps originate from amorphous
content, which has clearly increased in S-doped sample in contrast to
the untreated TiO2. This may originate from several phenomena for in-
stance, some fraction of anatase and rutile phases may have experi-
enced loss of crystallinity during the doping procedure, the dopant or
its derivatives may be in amorphous form. The average crystallinity of
the titania phases was evaluated using the Scherrer method [41]. For
the anatase and rutile phases observed in the untreated TiO2 sample,
crystal lattice direction dependent crystal sizes of 25–30 nm and 55–
67 nm were determined, respectively (Table 1). For N-doped TiO2,
slightly larger sizes were determined for the anatase phase, whereas
similar or slightly smaller sizes were found for the rutile phase. In the
case of S-doped TiO2 sample size-evaluation is less accurate as the crys-
tallinity of the samplewas noticeably lower and someof the peaks over-
lapped with the amorphous humps, clearly affecting to the peak profile
analysis. As a result, crystal size of the anatase phase seemed to remain
unchanged, while the crystal size of rutile phase decreased (17–24 nm)
as a result of the doping process.

3.2. SEM and EDAX analysis

The morphology of TiO2(P25) and the prepared doped TiO2 (N-TiO2

and S-TiO2) measured by SEM is given in Fig. 5. It is clear that the raw
material P25 consists of granular crystals with an average diameter of
about 25 nm as can be seen in Fig. 5a. Also, N-TiO2 and S-TiO2 (Fig. 5b
and c) exhibit spherical particles and present porous structures which
are somewhat larger than those of seen on untreated TiO2, thereby

suggesting that due to some aggregation processes occurring during
the synthesis process, the larger particles are seen in latter case.

The N-TiO2 and S-TiO2 particles were about 50 and 30 nm in size, re-
spectively. Table 2 shows the results of EDX measurements and atomic
composition of the TiO2(P25), N-TiO2 and S-TiO2 samples. Ti, O, N and S
are the only detected elements in the samples. Obviously, N and S were
assigned to the doping species.

3.3. Equilibrium studies

Equilibrium data are important in the basic design of adsorption sys-
tems and are critical in optimizing the use of adsorbent. They describe
the relationship between the amount of adsorbate and the concentra-
tion of dissolved adsorbate in the liquid at equilibrium [17]. Because of
the marked nonlinear behavior of all the isotherms, at least a two-
parameter model must be used to fit the experimental equilibrium
data. The Langmuir isotherm has been commonly used for many adsor-
bate/adsorbent systems for both liquid and gas phase adsorption with
satisfactory results [42]. It can be written as:

qe ¼
qmKLCe

1þ KCe
ð3Þ

where qe is the amount of adsorbate per unit mass of adsorbent at equi-
librium, qm is the maximum adsorption capacity to form a complete
monolayer coverage on the surface bound at high equilibrium of adsor-
bate concentration Ce (ppm), and KL is a model parameter accounting,
somehow, for the degree of affinity between the adsorbate and
adsorbent.

The second model used in the present work was the Freundlich iso-
therm (Eq. (4)). The Freundlich equation can be expressed as:

qe ¼ K FCe
1=n ð4Þ

where KF and n are constants. The Freundlich isotherm was first con-
ceived as an empirical model, although it can be derived from the as-
sumption that the surface is composed of “patches” following an
exponential decay energy distribution with Langmuir-type isotherm
behavior on each “patch”. Yet the equation does not account for Henry's
law behavior at low surface coverage and for the saturation of the
adsorbed phase.

This last limitation was overcome using the Sips isotherm (Eq. (5),
which is a modified Freundlich equation including the asymptotic satu-
ration effect. Yet even this does not adequately describe the Henry's law
region at a low concentration. The Sips isotherm is:

q
qm

¼ KCeð Þ1=n
1þ KCeð Þ1=n : ð5Þ

Because of the resemblance of the above equation to the Langmuir
isotherm, the Sips model is also known as the Langmuir–Freundlich
isotherm.

The adsorption equilibrium data of MB onto the TiO2(P25), N-TiO2

and S-TiO2 are shown in Fig. 6. Comparison of the adsorption data
onto these adsorbents shows that N-TiO2 has a higher adsorption capac-
ity (410.12 mg/g) than both S-TiO2 (350.66 mg/g) and untreated TiO2

Fig. 1. Three possible mesomers of MB.
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Fig. 2.NBO charge (a) and potential distribution (b) on atoms ofMB calculated by using Gaussian 09 program at B3LYP/6-31* level. Blue ball: N; yellow ball: S; dark gray ball: C; light gray
ball: H. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. XRD patterns of fresh TiO2(P25) and S- and N-doped TiO2.
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Fig. 4. Comparison of XRD patterns of untreated TiO2(P25) and S-doped TiO2.
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(282.84 mg/g). The reason for higher potential for N-TiO2 might be
due to its higher surface area (53.88 m2/g) as compared to S-TiO2

(12.23 m2/g) and TiO2(P25) (49.27 m2/g). Furthermore, pore size and
pore volume were also higher in the case of N-TiO2. The amount of
adspecies, qe, increases with an increase in dye concentration, Ce. Fig. 6
clearly indicates that the amount of adsorbed MB on N-TiO2 is greater
on every studied concentration. It should be noted that dopant such as
N is incorporated as anion and replaced by oxygen in the lattice of TiO2.

The experimental data was fitted into three above stated equilibri-
um isothermmodels. Table 3 summarizes the obtained correlation coef-
ficients, r2 values, and constants of the mentioned isotherm models for
adsorption of MB onto TiO2 nanoparticles, N-TiO2 and S-TiO2. The Lang-
muir–Freundlich isotherm model provided the highest r2 values for
modified TiO2 and the Langmuir isotherm model showed the highest
r2 values for unmodified TiO2. The equilibrium adsorption data showed

that the order of the adsorbed amount of MB per unit mass of adsor-
bents at any concentration, decreased in following order: N-TiO2 N S-
TiO2 N TiO2(P25). N-TiO2 has the lowest Langmuir–Freundlich constant
value (KL–F, Table 3). These results can be explained by N- and S-doping
effects. It can be observed that N and S doping significantly increase the
adsorption capacity.

A photocatalytic process increases the efficiency of N-doping even
further [32]. Also, in this study, adsorption efficiency is increased by
N-doping which might be explained due to increase in surface area of
N-doped TiO2. The higher adsorption capacity observed with the
nitrogen-modified TiO2 was due to the size of agglomeration particles
of N-TiO2 which are smaller than S-TiO2 and TiO2(P25) as is presented
in Fig. 5. The smaller particle leads to a higher surface area which pro-
vides more sorption sites for adsorption process. By comparing the re-
sults obtained in this study with previously reported works (Table 4)
on adsorption capacities of various adsorbents and modified TiO2 for
MB removal suggests that better results are achieved in the present
study.

3.4. Kinetic studies

The adsorption kinetics of MB onto TiO2 nanoparticles and N-TiO2

and S-TiO2 were also studied. A plot for the amount of adspecies (qt)
versus time is shown in Fig. 7. The results show that for N-TiO2, adsorp-
tion is initially very rapid and reached to maximum value after about
2 h, when the adspecies starts to desorb. Adsorption of TiO2(P25) is
slower and reached to a maximum value within 6.5 h, followed by de-
sorption. S-TiO2 reached the maximum value within 10 h but interest-
ingly no desorption was observed for up to 24 h. It is suggested that
these observations are due to the significant changes in crystallinity of

Table 1
Crystal sizes of TiO2 polymorphs on untreated, N- and S-doped TiO2.

Peak pos. (°2θ) Miller indices Crystallite size (nm) TiO2 form

TiO2(P25)
25.33 101 29 Anatase
27.46 110 52 Rutile
36.11 101 56 Rutile
37.83 004 25 Anatase
41.26 111 67 Rutile
48.06 200 22 Anatase

N-TiO2

25.33 101 36 Anatase
27.46 110 46 Rutile
36.11 101 58 Rutile
37.83 004 25 Anatase
41.26 111 55 Rutile
48.06 200 24 Anatase

S-TiO2

25.33 101 26 Anatase
27.46 110 17 Rutile
36.11 101 22 Rutile
37.83 004 34 Anatase
41.26 111 24 Rutile
48.06 200 24 Anatase

Fig. 5. SEM images of a) TiO2(P25), b) N-TiO2, and c) S-TiO2.

Table 2
EDX measurement of the adsorbents.

Adsorbent Ti (A%) O (A%) N (A%) S (A%)

TiO2(P25) 52.61 47.39
N-TiO2 40.14 48.73 11.12
S-TiO2 46.29 35.37 18.34
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the S-TiO2 phase, whereas such changes were not observed for N-TiO2

or TiO2 nanoparticles.
For modeling of adsorption kinetic data, themost widely used equa-

tions, i.e. pseudo-first order and pseudo-second order models, were
used [43,44]. The linear forms of these models are as follows:

ln
qe−qt
qe

� �
¼ −k1t ð6Þ

t
qt

¼ 1
k2q

2
e
þ t
qe

ð7Þ

where qe is the equilibriumvalue of qt, k1 and k2 are the rate constants of
pseudo-first order and pseudo-second order models, respectively. The
results of fitting by the mentioned equations are presented in Table 5.
As shown in Fig. 7 for N-TiO2 and TiO2(P25), the desorption process
takes place after a matter of hours, indicating that adsorption of MB
onto their surface is reversible.

In other words, the majority of adspecies is not thermodynamically
stable and after time laps, the adspecies leave the surface to reach the
most stable condition. This result is in agreement with earlier studies
[23,24,28,45,46]. For modeling desorption kinetic data, following equa-
tions were used:

Zero order:

qt ¼ q0−kdt ð8Þ

First order:

qt ¼ q0e
−kdt ð9Þ

Second order:

qt ¼ q0−
q0t

t þ 1
kdq0

� �� � ð10Þ

where q0 is the amount of adspecies per unit mass of adsorbent at the
start of the desorption process and kd is the desorption rate constant.

The results of fitting the experimental data are listed in Table 6.
Based on the obtained correlation coefficient values, r2, the zero order
model describes that the desorption ofMB by N-TiO2 and TiO2 nanopar-
ticles is better than the other kinetic models.

3.5. Effect of pH

The surface charge of TiO2 is highly dependent on the solution pH
because its amphoteric nature affects adsorption capacity [34,45,47].
The pH at which the zeta potential equals zero is called the isoelectric
point (IEP) and it can be used to qualitatively assess the adsorbent sur-
face charge. The reported empirical isoelectric points (abbreviated as
pHiep) for TiO2 and TiO2(P25) are 2–8.9 and 6.2–6.9, respectively [45,
48–50]. For an initial dye concentration (5.00 mg/L, 25 °C), the effect
of initial pH on the absorbance percentage (A%) of MB onto TiO2(P25)
and prepared doped TiO2 samples was studied after 24 h equilibration.
Our findings in Fig. 8 indicate that there is an increase in the adsorbed
amount of MB with increase in initial pH.

It is suggested that titanium surface is positively charged due to the
protonation of the surface hydroxyl group at low pH, while it becomes
negatively charged at higher pH values. MB has a cationic character, so
the obtained higher uptake values at higher pH are due to electrostatic
attraction between the positive charged cationic dye and the negatively
charged TiO2 (pH pHiep) according to Eq. (12). Thus the presence of
TiIV-O could be responsible for the dye adsorption onto TiO2(P25) and
the modified TiO2 surface. It is clear that electrostatic attraction leads
to the observed adsorption [34,45,49].

TiIV−OHþHþ→TiIV−OH2
þ pHbpHiep ð11Þ

TiIV−OHþ OH−→TiIV−O− þH2O pHNpHiep ð12Þ

Therefore, for the cationic dye MB, more electrostatic attraction be-
tween TiO2(P25), doped TiO2 and MB is available with increased
solution pH. Therefore, TiO2(P25), S-TiO2 and N-TiO2 have a high

Fig. 6. Adsorption of MB on TiO2(P25), N-TiO2 and S-TiO2.

Table 3
Obtained parameters of different adsorption isotherms for N-TiO2.

TiO2(P25) S-TiO2 N-TiO2

Langmuir KL (L/mg) 0.50 0.58 0.21362
qm (mg/g) 300.44 338.01 400.10
r2 0.9748 0.9085 0.9811

Freundlich KF 107.25 207.78 125.17
n 2.31 5.59 2.32
r2 0.9214 0.9310 0.9462

Langmuir–Freundlich KL–F (L/mg) 0.52 0.59 0.23
qm (mg/g) 282.84 350.66 410.12
n 0.60 2.25 0.9382
r2 0.9612 0.9390 0.9814

Table 4
Comparison of maximum adsorption capacities of dye adsorption on S-TiO2, N-TiO2, and
TiO2(P25) with other adsorbents.

Adsorbent Adsorption capacity (mg/g) Reference

S-TiO2 350.66 This work
N-TiO2 410.12 This work
TiO2_(P25) 282.84 This work
Carbon nanotubes 35 [54]
Fly ash 13.42 [55]
PDA microspheres 90.7 [45]
Titanate nanotube 133.33 [56]

Fig. 7. Adsorption of MB onto TiO2 nanoparticles and doped TiO2 as a function of time.
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adsorption capacity forMB in a broadpH range. It is noteworthy that the
adsorption of MB increases slowly at pH 2–4 but eventually increases
with increasing pH. The strong pH-dependent adsorption suggests
that MB adsorption is attributed to inner-sphere surface complexation
rather than ion exchange or outer-sphere surface complexation [34].
Inner-sphere complexes are solution complexes that closely associate
with the charged mineral surface (TiO2). Therefore, TiO2 can adsorb
MB cationic ions via formation of inner-sphere complexes through the
TiIV-O− group which is pH dependent and particularly influenced by
pH because at pH values 4, most TiIV-OHs are protonated. Hence,
there is a lower adsorption capacity at lower pH values, the adsorption
capacity increases with increasing pH values.

FTIR spectra of TiO2 adsorbents before and after MB adsorptionwere
compared to explore the adsorption mechanism. Further (Fig. 9), com-
pared with the FTIR spectra of S-TiO2, the FTIR spectra of S-TiO2

(Fig. 9a) after MB adsorption showed the appearance of two new
peaks at around 881 and 1076 cm−1 associated with the bending vibra-
tions of the C–H groups of the heterocycle of MB [51]. The peaks at
1151 cm−1 associated with groups of Ti–O–S strengthened and shifted
to 1147 cm−1 afterMB adsorption, indicating that sulfur of S-TiO2might
participate in adsorption [32]. Meanwhile, the broad band at around
3110 cm−1 was bathochromically shifted to 2985 cm−1 after MB ad-
sorption, indicating that the –OH on the surface of TiO2 was also in-
volved in the adsorption [52]. The bathochromic shift phenomenon

from 3394 cm−1 to 3297 cm−1 was also observed on the spectrum of
N-TiO2 (Fig. 9 b). In the case of N-TiO after MB adsorption, four new
peaks at 1338, 1388, 1602, and 1645 cm−1 could reflected to the
peaks at 1332, 1388, 1593, and 1656 cm−1 of MB. This confirmed the
successful loading of MB on the surface of N-TiO2. Furthermore, the

Table 5
The obtained constants of adsorption kinetic models at 30 °C.

Adsorbent Pseudo second order Pseudo first order

qe(exp) (g/gads) qe (g/gads) k2 (gads/mg·min) r2 qe (mg/gads) k1 (1/min) r2

S-TiO2 116.5390 116.7068 0.0060 0.9714 115.6256 0.0053 0.9610
N-TiO2 84.7500 85.1707 0.0057 0.9125 84.4758 0.0048 0.8691
TiO2_(P25) 116.4288 116.1134 0.0030 0.9949 118.6100 0.0045 0.9942

Table 6
The obtained constants of desorption kinetic models.

Adsorbent Zero order First order Second order

kd (mg/gads·min) r2 kd (1/min) r2 kd (gads/mg·min) r2

TiO2(P25) q0 (g/gads) = 116.43 0.1153 0.9827 1.14 × 10−3 0.9437 1.10 × 10−5 0.9252
N-TiO2 q0 (g/gads) = 84.76 0.0337 0.9815 5.00 × 10−4 0.8637 7.00 × 10−6 0.8218

Fig. 8. Effect of initial pH on the adsorption ofMB onN-TiO2, S-TiO2 and TiO2 nanoparticles
(initial dye concentration: 5 mg/L, time: 24 h).

Fig. 9. FTIR spectra of a) S-TiO2 before and after adsorption on MB and b) N-TiO2 before
and after adsorption on MB.
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peak at 1633 cm−1 associated with bending vibration of hydroxyl
groups which is indicated that N-TiO2 had more surface adsorbed
water and hydroxyl group [53]. All these observations confirmed
inner-sphere complex mechanism.

Interestingly, prepared S-TiO2 demonstrates a different pattern of
compression by two other adsorbents in the acidic and basic pH value
range (Fig. 10). As can be seen, removal of MB by S-TiO2 is highest at
pH 3 and 10. It is therefore, suggested that the distinct trend of S-TiO2

might be dependent on a different phase composition that is in agree-
ment with the XRD analysis, which proved a different phase composi-
tion for S-TiO2. The amount of adspecies (qt) versus time at pH = 10
was observed as presented in Fig. 11. The results show that the amount
of adspecies increases with increasing pH. For N-TiO2 and TiO2(P25),
which are in the same phase ratio, increasing pH from neutral to alka-
line leads to maximum adsorption within 250 min, but no desorption
was observed for up to 24 h, while in the neutral pH range, adsorption
was reversible and desorption processes were observed for both N-
TiO2 and TiO2(P25).

Adsorption kinetic data were modeled with pseudo-first order and
pseudo-second order equations (Eqs. (6) and (7)). The results of fitting
with these equations are presented in Table 7. Based on the obtained
correlation coefficient and the equilibrium value of qt values, it is con-
cluded that the pseudo-first order model describes the adsorption ki-
netics of MB onto S-TiO2, N-TiO2 and TiO2(P25). It is interesting that
the adsorption rate of MB onto TiO2(P25) increases at pH = 10, while
at neutral pH, N-TiO2 demonstrates the highest adsorption rate. Fig. 12
shows the plot of k1 as a function of adsorbent type at various pH levels.
Increase in solution pH led to decreased k1 values and the adsorption
rate changed at pH = 10 (TiO2(P25) N N-TiO2 N S-TiO2). It is proposed
that MB adsorption is thermodynamically stable on N-TiO2 and
TiO2(P25) surfaces at pH = 10. This may be due to electrostatic attrac-
tion between the positively charged MB which is a cationic dye, and
the negatively charged TiO2(P25) (pH pHiep).

4. Conclusions

The results of this study indicate that TiO2 nanoparticles modified
withN- and S- are efficient adsorbents for the removal ofMB fromaque-
ous solution. The modification of TiO2 nanoparticles with N and S in-
creases both adsorption rate and capacity, thereby suggesting that due
to its higher adsorption capacity, it can be used in treating dye polluted
wastewater. The equilibriumobeys the Sips (Langmuir–Freundlich) iso-
therm. Thus it can be concluded that both S-TiO2 and N-TiO2 provide a
heterogeneous surface for adsorption of MB. Increasing pH from 2 to
11 increases their adsorption capacity. At pH = 10, the adsorption of
MB onto N-TiO2 stabilizes, while in the neutral pH range, it is not
stable and starts to desorb after sometime. The result of the present
study suggested that S-mesomer is a possible structure ofMB. The Lang-
muir model was found to fit reasonably well for TiO2-(P25) while after
modification of TiO2 byN- and S-, data was found to fit well in the Lang-
muir–Freundlich model. It has been observed in our previous work and
in this study also that TiO2 has a good potential to be used as an adsor-
bent for the removal of cationic dyes from aqueous solution. And also,
the kinetic analysis of dye adsorption onto TiO2 nanoparticles indicates
that adsorption is reversible when anatase phase is present and TiO2 is
modified by nitrogen.
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Fig. 10. Absorbance percentage of MB onto S-TiO2, N-TiO2 and TiO2(P25) at various pH
levels.

Fig. 11. Adsorption of MB onto TiO2(P25), S-TiO2 and N-TiO2 as a function of time at pH=
10.

Table 7
The obtained constants of adsorption kinetic models at 30 °C and pH= 10.

Adsorbent Pseudo-second order Pseudo-first order

qe
(g/gads)

k2
(gads/mg·min)

r2 qe
(mg/gads)

k1
(1/min)

r2

S-TiO2 1.3457 0.0015 0.9908 633.1522 0.0019 0.9958
N-TiO2 1.1121 0.0038 0.9314 241.6916 0.0033 0.9900
TiO2(P25) 2.0661 0.0048 0.9871 350.9451 0.0046 0.9907

Fig. 12. The plot of k1 as a function of type adsorbent at different pH values, filled squares,
filled circles and open triangles represent TiO2(P25), N-TiO2 and S-TiO2, respectively.
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ABSTRACT

This work investigated the adsorption ability of unmodified and carbon-modified TiO2

nanoparticles for the removal of methyl orange (MO) from aqueous solution. Carbon–TiO2

was obtained by carbonization of ethanol vapors at three different temperatures (200, 300,
and 400˚C), and their adsorption was compared with unmodified TiO2 nanoparticles. The
Freundlich adsorption model was found to fit for TiO2 and C–TiO2-200, while carbon mod-
ification of TiO2 at a high temperature fitted the Langmuir–Freundlich model (C–TiO2-300
and C–TiO2-400). Generally, the carbonization of C–TiO2 increased the adsorption capacity
of TiO2 nanoparticles, however the BET surface of modified and pristine TiO2 was almost
the same. The zeta potential of modified TiO2 is higher than unmodified TiO2, which leads
to efficient adsorption of MO onto modified TiO2.

Keywords: Methyl orange; Dye; TiO2; Carbon modification; Zeta potential; Adsorption

1. Introduction

Environmental protection is the practice of protect-
ing the natural environment, which is also of benefit
to humans. Azo dyes are among the thousands of
industrial dyes that break down to toxic products
harmful to ecosystems and human health [1]. Thus,
the efficient removal of these dye pollutants from
wastewaters is very important.

Many types of biological and chemical process
including ozonation [2], flocculation [3], coagulation
[3,4], and adsorption [5–7] have been used to remove

dye pollutants. Adsorption is simple, low cost, and in
many cases the most effective of these.

Although activated carbon is one of the most effi-
cient adsorbents for different types of pollutant, it is
expensive, usually time-consuming, and complicated to
prepare. Thus, many attempts have been made to find
economical yet effective adsorbents. Nano-adsorbents
are highly efficient and have been extensively used for
dye removal. The very high surface area to volume
ratio of many nanomaterials makes them extremely
advantageous as adsorbents. For example, Raveendra
et al. [8] synthesized nano ZnTiO3 ceramic for the
removal of azo dyes from aqueous solutions. Iron oxide
nanospheres were synthesized by Khosravi et al. and
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used to remove anionic dyes from water [9]. Wu et al.
used a hydrothermal procedure to prepare magnetic
Fe3O4@C nanoparticles for dye adsorption [10].

Nanostructured titanium dioxide (TiO2), which is a
semiconductor material, is nontoxic, inexpensive,
active in reactions, and chemically stable [11–14].
Therefore, it has many applications, including its use
as an adsorbent [7,15,16]. TiO2 has also been applied
to remove anionic dye pollutants from wastewaters.
The main issue in applying TiO2 as an adsorbent is
the problem of separation from an aqueous medium.
Separation techniques, such as membrane filtration
[17] are expensive. Yet commercial TiO2 does not
show a very high adsorption capacity for dye removal
compared to activated carbons [6]. Doping the other
materials to TiO2 is an effective method to improve its
adsorbent and photocatalytic character, also enhancing
the separation efficiency.

The modification of TiO2 with carbon creates a
synergetic effect established by the adsorption capac-
ity of activated carbon and the photoactivity of TiO2

[11,18,19]. Carbon-modified TiO2 has been used to
adsorb azo dyes, such as reactive red 198 and direct
green 99, [1] or reactive black 5 diazo dye [20]. These
studies show that the combination of activated car-
bons and TiO2 nanoparticles can produce a proper
adsorbent which has both high adsorption capacity
and excellent photocatalytic activity.

In the present study, carbon-modified TiO2

(C–TiO2) was prepared by ethanol carbonization and
used for the removal of methyl orange (MO) dye
pollutant from aqueous solution. The characterization
of the prepared adsorbents was carried out by SEM
images, N2 adsorption/desorption isotherm, and XRD
patterns. UV–vis spectroscopy was used to follow the
adsorption process. The adsorption equilibrium,
adsorption kinetics, and the effect of pH on dye
removal efficiency were investigated. The effect of car-
bonization temperature on the zeta potential (ZP) and
removal efficiency of MO by the prepared adsorbents
was also studied. The ability to recover an alternative
adsorbent is important from both an economic and a
practical perspective. Thus, desorption studies were
also performed.

2. Experimental

2.1. Materials

MO sodium salt dye was supplied by J.T. Baker
and used without further purification. TiO2 (nanopow-
der avg size = 25 nm with a chemical purity of ≥99.5)
was purchased from Sigma–Aldrich and used as a
precursor for the modification of TiO2 (C–TiO2).

2.2. Instruments

MO concentration was analyzed by UV–vis
spectroscopy using a Jasco V-670 spectrophotometer
(Jasco, Japan). The X-ray diffraction (XRD) patterns of
modified TiO2 were obtained with a PANalytical
X́Pert PRO alpha 1 diffractometer. Cu Kα1 radiation
(1.5406 Å; 45 kV, 30 mA) was used, generated by
primary beam Johansson monochromator. The Hitachi
S-4800 (Hitachi, Japan) Ultra-High Resolution Scan-
ning Electron Microscope (SEM) was used to analyze
the morphology and size of the adsorbents.

N2 adsorption–desorption isotherms were obtained
with an ASAP2010 (Micromeritics). The samples were
outgassed at 100˚C for 12 h, before nitrogen adsorp-
tion. The pore volume distributions as a function of
pore size was calculated based on the Dubinin–
Radushkevich equation using adsorption branches of
the measured isotherm.

FTIR type Vertex 70 by Bruker Optics (Germany)
was used to identify the surface functional groups of
the prepared adsorbents. The FTIR spectra were
recorded at 4 cm−1 resolution from 400 to 4,000 cm−1

and 100 scans per sample. The surface charge and
point of zero charge of the modified and unmodified
TiO2 were determined by isoelectric point titration as
a function of pH using a Zetasizer Nano ZS
(ZEN3500, Malvern). The determination of carbon was
obtained using an Organic Elemental Analyzer Flash
2000 (Thermo Scientific, Germany).

2.3. Preparation of carbon-modified TiO2

The carbon-modified TiO2 was prepared using the
method described by Janus et al. [21]. The installation
setup used for adsorption preparation is schematically
shown in Fig. 1.

Briefly, 1 g of TiO2 in a porcelain boat was modi-
fied with carbon by heating up to the specified tem-
perature with a pipe furnace under ethanol vapor for
40 min and maintaining that temperature for 1 h. The
ethanol vapor was prepared by bubbling pure argon
through ethanol at room temperature.

Commercial TiO2 consists of a mixture of ana-
tase/rutile phases [22]. Previously, we have shown
that up to 600˚C the phase ratio of anatase to rutile
remained nearly constant and phase transition was
not observed [6]. Thus, to investigate only the influ-
ence of carbonization temperature on the removal
efficiency of C–TiO2 adsorbents, these were
synthesized at temperatures of 200, 300, and 400˚C.
The C–TiO2 samples were identified as C–TiO2-200,
C–TiO2-300, and C–TiO2-400, based on their
carbonization temperatures.
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2.4. Batch adsorption experiments

2.4.1. Adsorption kinetics and equilibrium

In order to evaluate the adsorption characterization
of the synthesized adsorbents and to determine their
adsorption capacity, adsorption kinetic and equilib-
rium studies were performed.

For the kinetic adsorption study 10 mL of a solu-
tion of 10 mg/L MO with 0.02 g of each C–TiO2 adsor-
bents was placed in a shaker (200 rpm and 25˚C) and
the residual MO concentration at the proper time
intervals, Ct, was determined at 473 nm. The amount
of adsorbed MO per unit mass of the adsorbents at
time t, qt, was calculated by Eq. (1):

qt ¼
C0 � Ct

m
� V (1)

where C0 (mg/L) is the initial concentration of the
dye, V (L) is the solution volume, and m (g) is the
mass of the adsorbent.

For the equilibrium experiments, a series of solu-
tions with different initial concentrations (4–18 mg/L)
were prepared, then 10 mL of each solution with
0.02 g of the desired adsorbent was placed in a shaker
(200 rpm and 25˚C) for 24 h. The equilibrium concen-
tration of MO and Ce was measured at 473 nm, and
the amount of adsorbed dye per unit mass of the
adsorbent at equilibrium, qe, was calculated using
Eq. (2):

qt ¼
C0 � Ce

m
� V (2)

2.5. Effect of pH

To investigate the adsorption efficiency of C–TiO2

adsorbents at different pH, a series of MO solutions
(6 mg/L) with different initial pH (2–10) were pre-
pared, and 10 mL of each solution with 0.02 g of the
desired adsorbent was shaken overnight. The removal
percentage of MO was calculated by Eq. (3):

%Re ¼ A0 � A

A0
� 100 (3)

where A0 and A are the initial and equilibrium
absorbance of MO at 473 nm, respectively.

2.6. Zeta potential

ZP is the electrical potential in the double layer at
the interface between a particle, which moves in an
electrical field and the surrounding liquid. Measuring
ZP is also a method of characterizing the particle sur-
face in the processes running on this surface. In this
work, triton was used as a dispersing agent to pre-
disperse the adsorbents in deionized water. To deter-
mine the ZP, 0.053 g of adsorbent and 0.25 mL of tri-
ton were added to 25 mL of deionized water and
stirred for 10 min. This was then filled up to 50 mL
with deionized water and subsequently mixed for
10 min. Next, the solution with a dilution ratio of 1:50
was stirred for 20 min.

2.7. Desorption experiments

Five adsorption/desorption cycles were performed
to evaluate C–TiO2 adsorbent efficiency after recovery.

Firstly, 0.2 g of the desired adsorbent was loaded
onto 50 mL of the MO solution with an initial concen-
tration of 200 (mg/L), overnight. Then the adsorbent
was separated and washed several times to remove
unadsorbed MO traces. The adsorbent was dried in an
oven at 80˚C overnight. The dried adsorbent was then
washed with NaOH solution (1 M) several times until
the elute pH became neutral. The adsorbent was
washed with distilled water again and dried in an
oven (80˚C, overnight). In order to evaluate the
removal efficiency of the recovered adsorbent, the
above procedure was repeated another four times.
Since an amount of adsorbent is lost during elution,
the ratio between the mass of the adsorbent and the
volume of the MO solution was kept at 4
(mad=Vsol ¼ 4). After each cycle, the removal percent-
age of MO by recovered C–TiO2 adsorbents was
calculated by Eq. (4):

Fig. 1. Schematic presentation of installation setup for the
synthesis of C–TiO2 [21].
Notes: (1) Gas cylinder with argon, (2) controller, (3)
Dreschel bottle with ethanol, (4) pipe furnace, (5)
combustion boat with powder sample, and (6) scrubber.
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%Re ¼ ðA0 � AÞ
A0

� 100 (4)

where A0 and A are the initial and equilibrium
absorbance of MO at 473 nm in each cycle.

3. Results and discussion

3.1. Characterization of C–TiO2 adsorbents

The surface structures of the C–TiO2 adsorbents
were studied by SEM images. It can be seen from
Fig. 2 that, all the C–TiO2 samples consist of
nanometer-size particles, like the TiO2 precursor
(Fig. 2(a)). The particle sizes of the TiO2, C–TiO2-200,
and C–TiO2-300 samples are about 30 and 50 nm
(most particles are sized > 50 nm), respectively, and
C–TiO2-400 adsorbent (Fig. 2(d)) consists of particles
with various sizes (20–60 nm). Thus, increasing the
carbonization temperature to 300˚C increased the
particle size (Fig. 2(b–d)).

Fig. 3 shows the nitrogen adsorption/desorption
isotherm of the obtained adsorbents. The type IV iso-
therm and textural properties of C–TiO2 samples listed
in Table 1 reveal that the obtained adsorbents have a
mesoporous structure. Table 1 also shows that the
total surface area was slightly increased by increasing
the carbonization temperature. These data correspond
to the SEM images.

The effect of carbonization temperature on the
crystalline phase of C–TiO2 samples was studied by
XRD technique. Fig. 4 shows the XRD patterns of the
prepared adsorbents and TiO2 precursor. It can be
concluded that when TiO2 nanoparticles were heated
up to 400˚C, no phase transition occurred, which is in
agreement with our previous work [6].

The FTIR spectra of the modified and unmodified
TiO2 are presented in Fig. 5. It can be observed that
with increasing temperature, a new peak appeared in
the range of 2,850–3,000 cm−1 assigned to the methyl
group. This indicates not only the presence of ethanol
in carbonization, but also that temperature can be
related to the increased amount of carbon on modified
TiO2 nanoparticles. This finding is in agreement with
the obtained elemental analysis results: The highest
carbon content was found in C–TiO2-400 (6.3%),
compared to 0.12 and 4.53% for C–TiO2-200 and
C–TiO2-300, respectively. This marked increase in
carbon content also corresponds to the introduction of
a methyl group on the TiO2 surface.

3.2. Kinetic and equilibrium studies

A high adsorption rate is very desirable in water
purification applications.

Fig. 6 shows the time dependency of the adsorp-
tion of MO by C–TiO2 adsorbents. In each case, the
dye removal was achieved within less than 60 min.

Fig. 2. SEM of (a) unmodified TiO2, (b) C–TiO2-200, (c) C–TiO2-300, and (d) C–TiO2-400. The scale bar represents 500 nm.
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The adsorption rate increased further with rising car-
bonization temperature. This result corresponds to the
results of the nitrogen adsorption/desorption isotherm
and SEM images. Indeed, the increase in adsorbent
surface area with rising carbonization temperature
leads to the increase in adsorption rate.

The kinetic data were analyzed with pseudo-first-
order (PFO) and pseudo-second-order rate equations
[6]. The integrated form of the PFO model can be
expressed as:

qt ¼ qe 1� exp �k1tð Þð Þ (5)

where qt and qe are the amounts of the dye adsorbed
at time t and at equilibrium e, respectively, and k1 is
the PFO rate coefficient.

The following equation shows the pseudo-second-
order (PSO) model [6]:

qt ¼
k2q2et

1þ k2qet
(6)

where k2 is the pseudo-second-order rate coefficient.
According to the obtained correlation coefficients,

the experimental kinetic data were best fitted to the
pseudo-second-order equation for the adsorption of
MO onto the C–TiO2 adsorbents. The fitting results
are listed in Table 2. The solid lines in Fig. 6 show the
predicted values of qt based on the PSO model as a
function of time.

Fig. 7 shows the equilibrium data of MO adsorp-
tion onto the prepared adsorbents. These data show

Fig. 3. Nitrogen adsorption/desorption isotherm of (a) TiO2, (b) C–TiO2-200, (c) C–TiO2-300, and (d) C–TiO2-400.

Table 1
Textual properties of TiO2 and C–TiO2 adsorbents

Adsorbent SBET (m2/g) Vtotal 0.95 (cm
3/g) Vmikro DR (cm3/g) Vmezo (cm3/g)

TiO2 44 0.0163 0.016 0.003
C–TiO2-200 51 0.710 0.020 0.690
C–TiO2-300 52 0.49 0.020 0.47
C–TiO2-400 53 0.790 0.020 0.770
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that while carbonization at 300 and 400˚C increases
the adsorption capacity of C–TiO2-300 and C–TiO2-400
in comparison to unmodified TiO2, carbonization at
200˚C has no significant effect on C–TiO2-200 adsorp-
tion capacity. Thus, it can be concluded that, although,
carbon modification of TiO2 at 200˚C increases its sur-
face area (Table 1), which could also improve the
adsorption efficiency, a large surface area does not
always indicate efficient adsorption. The surface
charge of adsorbents also plays a significant role in
the adsorption process, and seems more important for
high adsorption capacity, as discussed below.

Langmuir, Freundlich, Langmuir–Freundlich, and
Temkin isotherms were used to analyze the experi-
mental equilibrium data, and to obtain the maximum
adsorption capacity of synthesized C-TiO2 adsorbents
for MO dye removal.

The Langmuir isotherm can be expressed as
follows [23]:

qe ¼
qmKLCe

1þ KLCe
(7)

where qm (mg/g) and KL (L/mg) are the maximum
adsorption capacity and Langmuir constant,
respectively.

The following equation shows the Freundlich
isotherm which described the multisite adsorption [24]:

qe ¼ KFC
1=n
e (8)

where KF (mg/g) (L/mg)1/n is the Freundlich con-
stant, and the parameter n describes the system
heterogeneity.

Fig. 4. XRD patterns of the prepared adsorbents and TiO2 precursor.

Fig. 5. FTIR spectra of modified and unmodified TiO2, (a)
C–TiO2-200, (b) C–TiO2-300, (c) C–TiO2-400, and (d) TiO2.

Fig. 6. Time dependency of the adsorption of MO by C–
TiO2 adsorbents. Solid and dashed lines represent the pre-
dicted qt values by PSO model.
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The Langmuir–Freundlich (Sips) isotherm, which is
a combination of the Langmuir and Freundlich
isotherms, can be expressed as follows [25]:

qe ¼
qmKsC

1=n
e

1þ KsC
1=n
e

(9)

where Ks (l/mg)1/n is the adsorption constant.
The Temkin isotherm, [26] which is a two-parame-

ter adsorption isotherm, can be expressed as below:

qe ¼ a ln bCeð Þ (10)

where α and β are the isotherm constants.
The results of fitting to the adsorption isotherm

models are listed in Table 3. According to the
obtained correlation coefficients, the experimental
equilibrium data for the adsorption of MO onto TiO2

and C–TiO2-200 were fitted to the Freundlich
isotherm and those for adsorption onto C–TiO2-300
and C–TiO2-400 were best fitted to the Langmuir–
Freundlich isotherm. The predicted values of qe
based on the Langmuir–Freundlich equation are
presented in Fig. 7 as solid lines.

3.3. Effect of pH and ZP

The pH of the solution is an effective function in
dye removal efficiency, especially in the case of semi-
conductor adsorbents. Thus, the removal percentages
of MO by C–TiO2 adsorbents were investigated at
different pH.

Fig. 8(a–c) show the removal percentage of MO by
carbon-modified TiO2 adsorbents at different pH. The
maximum removal efficiency was observed at pH 6
and 4 for C–TiO2-200 and C–TiO2-300, respectively. In
the case of C–TiO2-400, the maximum removal
percentage was achieved in an acidic medium up to
pH 4, and then decreased slightly. For C–TiO2-200,
C–TiO2-300, and C–TiO2-400, the point of zero charge
(pHPZC) was found to be at pH 6.53, 5.19, and 4.48,
respectively, while the pHPZC for unmodified TiO2

was around 6.13 (data not shown). A change in pHPZC

after modification was caused by the presence of
methyl groups on the surface of the modified TiO2.

The adsorbent surface has a negative charge at
solution pH higher than pHPZC, while the surface
charge is positive at pH lower than pHPZC [27].

Fig. 9 shows the chemical structure of MO in acidic
and basic media. In the case of C–TiO2-200 and
C–TiO2-300, high removal efficiency was reached in an

Table 2
Obtained constants of PFO and PSO rate equations for the adsorption of MO onto C–TiO2 adsorbents

Adsorbent

PFO PSO

qe (mg/gads) k1 (1/min) r2 qe (mg/gads) k2 (gads/mg min) r2

C–TiO2-200 201.3 0.0050 0.9642 200.00 0.00038 0.9996
C–TiO2-300 403.9 0.0044 0.8962 400.00 0.00006 0.9955
C–TiO2-400 520.1 0.1506 0.8644 588.235 0.00030 0.9956

Fig. 7. Adsorption isotherm of MO onto TiO2 and C–TiO2 adsorbents at 25˚C.
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acidic medium, while basic pH decreased the removal
percentages. Thus, in acidic media (lower than pHpzc

of 6.53 and 5.19 for C–TiO2-200 and C–TiO2-300,
respectively), the strong attractive interaction between
the –SO�3 group of MO and positive surface of the
mentioned adsorbents causes maximum removal effi-
ciency. At basic pH, the repulsion interaction between
the negative end of the MO molecules and negative
surface of the C–TiO2-200 and C–TiO2-300 decreased
the removal percentages.

As shown in Fig. 8(c), the removal percentage of
MO by C–TiO2-400 almost remains unchanged at

acidic and basic pH. This suggests that MO molecules
are not adsorbed through the ionic –SO�3 group [5]. It
seems that MO adsorption is due to the interaction
between the central nitrogen or benzene rings and the
surface of C–TiO2-400.

ZP was measured to illustrate the mechanism of the
pH effect on MO removal efficiency by C–TiO2 adsor-
bents. It was very difficult to make this type of modi-
fied TiO2 nanoparticle disperse homogeneously into
the aqueous solution, especially as dispersion takes a
long time. Triton was therefore used to pre-disperse
the adsorbents in deionized water. As can be seen from

Table 3
Obtained isotherm constants for adsorption of MO onto TiO2 and C–TiO2 adsorbents

Isotherm models TiO2 C–TiO2-200 C–TiO2-300 C–TiO2-400

Langmuir KL (L/mg) 3.000 4.367 137.475 182.936
qm (mg/g) 0.0288 0.018 0.0007 0.0003
r2 0.8875 0.9584 0.7260 0.9668

Freundlich KF (L mg(1−1/n)/g) 0.1822 1.059 141.982 321.436
n 0.442 0.452 0.479 0.393
r2 0.9304 0.968 0.9307 0.9905

Langmuir–Freundlich KL–F (L/mg) 0.0624 0.057 0.0015 0.0018
qm (mg/g) 47.619 171.428 500.000 909.090
n 0.90 0.90 0.25 0.25
r2 0.8714 0.9488 0.9982 0.9990

Tempkin b 180.66 53.373 189.000 354.43
r2 0.6968 0.433 0.9271 0.8516

Fig. 8. Removal percentage of MO by (a) C–TiO2-200 (b) C–TiO2-300 and (c) C–TiO2-400 at different pH.
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Fig. 10, the TiO2 surface has a highly negative ZP in
suspension, leading to repulsion between particles. In
contrast, the modified TiO2 had a significantly lower
ZP (the ZP of TiO2, C–TiO2-200, C–TiO2-300, and
C-TiO2-400 are −32.2, −23.3, −15.2, and −10.8 mV,
respectively). Thus, the decline in negative ZP not only
leads to flocculation [1], but also causes better adsorp-
tion of MO onto modified TiO2 than unmodified TiO2.
Furthermore, carbonization at 200˚C led to a slight
decrease in the ZP of C–TiO2-200 as compared to
unmodified TiO2, while adsorbents prepared at 300
and 400˚C demonstrated a large change in ZP. Thus,
the adsorption capacity of unmodified TiO2 and
C–TiO2-200 is almost the same (Fig. 7). The much lower
ZP of C–TiO2-300 and C–TiO2-400 is due to their higher
adsorption capacity. This may suggest that the electro-
static interaction between the dye-(C–TiO2) complex
and negatively charged surface of heat-treated TiO2

becomes dominant. In addition, the interaction mecha-
nism of dye molecules and the sample calcined at
different temperatures are different; the interaction is
stronger at high temperatures.

3.4. Desorption and regeneration studies

The results of the adsorption/desorption experi-
ments are shown in Fig. 11. These results approve the
electrostatic interaction between MO and C–TiO2

adsorbents, since this interaction is limited by NaOH
solution.

Although the removal efficiency decreased by 30,
24, and 19% after five cycles for C–TiO2-200, C–TiO2-
300, and C–TiO2-400, respectively, it remained above
50% for all C–TiO2 adsorbents. Thus, all prepared
adsorbents, especially C–TiO2-400 (with its 19% effi-
ciency decrease), could be reused at least five times,
which is both highly economical and practical.

3.5. Adsorption mechanism

The Weber–Morris intraparticle diffusion model
was applied to identify the adsorption mechanism of
MO adsorption onto the modified TiO2. This model,
which includes terms to account for both intraparticle
diffusion and boundary layer diffusion, is expressed
as follows:

qt ¼ Kdif t
0:5 þ Ci (11)

where Kdif (mg/g min−0.5) is the rate constant of intra-
particle diffusion and Ci (mg/g) stands for thickness
of the boundary layer.

The plot of qt vs. t
0.5 for MO adsorption on C–TiO2-

200, C–TiO2-300, and C–TiO2-400 are illustrated in
Fig. 12. It can be seen from Fig. 12(a) that qt was plotted
against t0.5 in a straight line with an intercept (Ci).
This indicates that the intraparticle diffusion was
important, but not the only rate-determining step in the
adsorption process. Moreover, the obtained intercept
value (Ci = 1.579 mg/g) is positive, indicating rapid
adsorption in a short period of time. Furthermore, the

Fig. 9. MO structure at (a) acidic and (b) basic mediums.

Fig. 10. ZPs of TiO2 and C–TiO2 adsorbents. Fig. 11. Regeneration studies of C–TiO2 adsorbent.
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rate constant (Kdif = 0.145 mg/g min0.5) indicates a rapid
diffusion process. Fig. 12(b) and (c) shows the intraparti-
cle diffusion plots for MO adsorption onto C–TiO2-300
and C–TiO2-400, which reveal the same general features
as the multi-linear qt vs. t

0.5 plot. The whole adsorption
process for C–TiO2-400 and C–TiO2-300 consist of two
and three steps, respectively. In C–TiO2-300, the initial
sharply sloped portion of 2–6 min may occur due to the
small particle size noted above, indicating external
surface adsorption. The second step is the gradual

adsorption stage from 6 to 114 min, during which intra-
particle diffusion may be the rate-limiting step. The third
and final equilibrium stage beyond 22 h corresponds to
the slowing down of intraparticle diffusion due to low
solute concentrations in the solution. When adsorption
has reached saturation on the exterior surface, the MO
ions may have entered the pore surface, which is
hydrated in liquid phase. In C–TiO2-400 (Fig. 12(c)) an
initial curved portion representing increased sorption is
followed by a linear portion as equilibrium is attained.
The primary linear portion at 2–30 min may be attribu-
ted to the external surface, and the second curved por-
tion (beyond 22 h) may be ascribed to the pore diffusion
or intraparticle diffusion. Two distinct linear regions of
differing slopes are visible on the graph, indicating that
intraparticle diffusion is involved in the adsorption pro-
cess, but is not the only rate-limiting mechanism. Other
mechanisms may also simultaneously control the rate of
MO adsorption onto C–TiO2-400; further investigation is
required in order to describe these.

4. Conclusions

Carbon-modified TiO2 adsorbents were prepared
at different carbonization temperatures (200–400˚C),
and used for the adsorptive removal of MO dye pollu-
tant from aqueous solution. Our results show that MO
dye pollutant was rapidly removed by all C–TiO2

adsorbents; the adsorption process took less than 1 h.
It was revealed that the MO adsorption capacity of
TiO2 increases by carbon modification. Changing the
carbonization temperature had no significant effect on
the surface area of TiO2, but did enhance maximum
adsorption capacity, which might be due to the
increase in adsorbent ZP. The Freundlich adsorption
model was found to fit well for TiO2 and C–TiO2-200,
while carbon-modified TiO2 fitted the Langmuir–
Freundlich model at higher temperatures. All the
prepared adsorbents could be regenerated at least five
times and used as economical adsorbents in purifica-
tion applications.
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Carbon-modified TiO2 was successfully prepared via simple heat treatment of TiO2 in alcohol vapors (1-butanol
and 2-butanol) at a constant temperature (500 °C). The prepared samples were characterized by means of X-ray
diffraction (XRD) and Fourier transform infrared diffuse reflectance spectroscopy (FTIR/DRS). Brunauer-Emmett-
Teller (BET) adsorption and zeta potential analyses were also conducted. The Freundlich adsorption model fitted
both carbon-modified and original TiO2, which provide a heterogeneous surface for the adsorption of Orange II.
The carbon-modified TiO2 was used as a photocatalyst to remove Orange II from aqueous solution by combined
processes of adsorption and photocatalytic decomposition. The adsorption performance of the carbon-modified
TiO2 was higher than that of the unmodified TiO2. Carbon adsorption approached synchronicity with oxidation,
leading to the higher activity. This enhanced adsorption capacitymay be a promising factor for the photocatalytic
removal of Orange II onto carbon-modified TiO2. The prepared Carbon-modified TiO2 samples had higher BET
surface area than unmodified TiO2 (44, 54.48 and 49.72 m2/g for TiO2, C1B-TiO2 and C2B-TiO2, respectively)
and exhibited higher hydrophobicity and a positively charged surface, which were favorable for adsorption of
Orange II. High adsorption of dye on the porous structure of C-TiO2 enhanced its photocatalytic decomposition
under visible light.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

More than 7 × 105 tons of synthetic textile dyes and other industrial
dyestuffs are produced annually [1] and, due to their high solubility,
toxicity, mutagenicity and non-biodegradability, such dyes are common
water pollutants [2]. Therefore the removal of different types of dye
from wastewater has been considered by numerous researchers [3].
The major environmental challenge of azo dyes is their high stability
in aqueous media and their resistance to light and oxidation agents
[4]. Conventional treatment processes have been studied for azo dye re-
moval fromwastewater. These include biologicalmethods [5], oxidation
with ozone [6], chlorine or Fenton's reagent [7], UV photodegradation
[8,9], coagulation [10] and adsorption [11]. Among these methods, bio-
logical processes have been found to be inefficient due to the non-
biodegradable nature of these dyes [12], whereas chemical processes
demonstrate satisfactory results in most cases but are expensive and
in some cases cause a secondary pollution problem due to excessive
use [3]. Thus physico-chemical adsorption is the recommended process
because of its simplicity, low-cost nature, efficiency, and possible appli-
cations for low pollutant concentrations at low temperatures [13].

Recently, nano TiO2 has been found promising as an adsorbent due
to its high surface reactivity, adsorption capacity and low cost [9,14].
In addition, the point of zero charge of TiO2 at ca. pH = 6–6.8 (at near
neutral pH value) makes it suitable for adsorption of charged groups
such as octylamine, metal ions, organic acids and dyes fromwastewater
[14,15]. In this regard,much attention has been paid to themodification
of TiO2 in order to increase its adsorption abilities [15–21]. Carbon-
modified TiO2 can replace either oxygen or titanium in a TiO2 crystal lat-
tice to combine photocatalytic activity with adsorptivity. The carbon
material reinforces photocatalytic performance, improving visible light
sensitivity [3,15,22,23]. The efficient oxidation of organic pollutants
such as dyes require preliminary adsorption onto the surface of TiO2 be-
cause the photocatalytic process occurs on the semiconductor's surface
[24]. Due to the decomposition of pollutants, removal efficiency, reac-
tion rate, and the formation of intermediates must also be taken into
consideration [25,26]. It was reported [21] that the carbon materials
can serve either as a photoelectron reservoir to store and shuttle the
photogenerated electrons from the semiconductor or act as an organic
dye-like macromolecular “photosensitizer”, depending on the specific
structure and interfacial interaction. Itwas demonstrated that improved
photodegradation efficiency of graphite-ZnO compared to pure ZnO
was caused by high migration efficiency of photoinduced electrons
from ZnO to graphite and obtained in that way the efficient separation
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of the photogenerated charge carriers. This fact was proved by the in-
creased photocurrent generated on the ZnO electrode when was modi-
fied with 2% of graphite.

It was also reported [27] that graphene, besides performing as a con-
ductive media for accepting and transporting photogenerated electrons
has some other roles, such as enhancing the adsorption capacity, and
tuning the light absorption range and intensity of the graphene-based
composite photocatalysts. Chemically bounded reduced graphite oxide
to TiO2 (RGO-TiO2) was found to give a response in the visible region
by formation of Ti\\O\\C bonds between TiO2 and RGO, which resulted
in TiO2 band gap narrowing [27]. Another factor in high photocatalytic
activity of TiO2-carbon material is attributed to the increasing the ad-
sorption of pollutants and retention of intermediate products by carbon
materials, thus allowing chain photocatalytic reactions to proceedmore
easily than TiO2 [28]. Enhanced photodecomposition of Methylene Blue
(MB) on C doped TiO2 was noted [27] and was explained by the en-
hanced adsorption of MB on the carbonaceous species formed at the
surface of TiO2 samples when MB molecules were degraded, other MB
molecules adsorbed on the carbonaceous layer could transfer to the re-
sidual vacancies through the surface diffusion, which might be a faster
process than free diffusion in a solution. The synergistic effect of adsorp-
tion and photocatalytic activity should be viewed as the most impor-
tant, because of the major role of adsorption in the photodegradation
process [3]. Many attempts have been made to modify the surface and
bulk properties, including zeolites X, Y [29], SiO2 [30], and TiO2mounted
exfoliated graphite and carbon-coated TiO2 [31]. Most of these en-
hanced photocatalytic activity; the highest reaction rate was reported
with moderate adsorbability by Yan et al. [32]. Nevertheless some defi-
ciencies remain, such as a reduced surface area due to partial coverage
by TiO2 particles or blocked pores. It also remains difficult to synthesize
mesoporous TiO2 with its anatase phase, high crystallization, large sur-
face area, uniform form and positive surface charge. In the present
study, TiO2 was carbon-modified by carbonization of primary and sec-
ondary aliphatic alcohols (1- and 2-butanol). C1B-TiO2 (carbonization
of 1-butanol) and C2B-TiO2 (carbonization of 2-butanol), with their
positive surface charge, higher surface area than unmodified TiO2 and
high crystallization, were synthesized. Then the synergy between the
adsorption and photocatalytic potential of the prepared carbon-
modified TiO2 in the removal and photocatalytic degradation of Orange
II under visible light was examined.

2. Experimental

2.1. Materials

Orange II sodium salt dye was supplied by Fluka. TiO2 (nanopowder
avg. size = 25 nm with purity of chemical ≥99.5) purchased from
Sigma-Aldrich was used as a precursor for the carbon modification of
TiO2. Butyl alcohols (Avantor Performance Materials Poland S.A.) were
used as carbon sources. All the reagents were used without further
purification.

2.2. Preparation of carbon-modified TiO2

Titanium dioxide nanoparticles were carbonized through 1-butanol
and 2-butanol vapors for 1 h at 500°C h at 500°C. Recent experience
indicates [33] that TiO2 heated at a high temperature is entirely rutile
phase while anatase phase exhibits the highest activity among the
three crystalline phases of TiO2. Thus, 500 °C is the optimized
temperature, providing enough heat for carbonization. One hour is a
long enough time to allow for carbonization of the TiO2 surface.
Briefly, a quartz crucible containing 3 g of commercial TiO2 was placed
in the central part of the quartz tube in a pipe furnace (RS80500/11
Nabertherm, Germany) and kept in a pure argon atmosphere for
30 min in order to remove the air present in the tube. Next, the sample
was exposed to the flow of pure argon bubbling through the alcohol at

the required temperature for 1 hwith aflow rate of 5 °C/min. Finally, the
sample was slowly cooled down to room temperature. The obtained
fine powders of carbon-modified TiO2 are illustrated in Fig. 1. The car-
bonization changed the color of the titanium dioxide powder from
white to gray and dark gray due to the modification of 1-butanol
(C1B-TiO2) and 2-butanol (C2B-TiO2), respectively.

2.3. Characterization techniques

A FTIR-4200 spectrophotometer (Jasco, Japan) equipped with a dif-
fuse reflectance accessory (Harrick, USA) was used to identify the sur-
face functional groups of the carbon-modified TiO2 (C1B-TiO2 and
C2B-TiO2). The surface charge and a point of zero charge (pHpzc) of
the modified and unmodified TiO2 were determined by isoelectric
point titration as a function of pH using a Zetasizer Nano ZS (ZEN3500,
Malvern Instruments, UK). The determination of elemental carbon
was obtained using an Organic Elemental Analyzer Flash 2000 (Thermo
Scientific, Germany). The carbon-modified TiO2 was also characterized
by the XRD technique using an X'Pert PRO Philips diffractometer. The
mean crystallite size was measured from full-width at half maximum
(FWHM) of the corresponding X-ray diffraction peaks by the following
equation:

D ¼ λ
β � cos θð Þ ð1Þ

where:
λ is the wavelength of X-ray radiation (λ = 1.54056 nm Cu Kα),
β is the full-width at half maximum and θ is the reflect angle.
N2 adsorption–desorption isotherms of the original and modified

TiO2 were obtained by Quadrasorb SI (Quantachrome Instruments,
USA). Before nitrogen adsorption, all samples were outgassed at
100 °C for 12 h due to the pre-cleaning of the tested sample surface.
The pore volume distributions as a function of pore sizewere calculated
based on the Dubinin-Radushkevich equation using adsorption
branches of the measured isotherm.

2.4. Adsorption studies

To determine the adsorption capacity, adsorption studies were car-
ried out with original and carbon-modified TiO2 at 25 °C by stirring
(150 rpm) 0.03 g of TiO2-based samples in 20mL of Orange II, with con-
centrations ranging from 3.0 to 80.0 mg/L, under dark conditions in a
thermostatic chamber (Pol-EkoAparature, Poland). This process contin-
ued for 24 h to ensure that the adsorption process reached equilibrium.
All solutions were prepared using ultrapure water (Millipore, Merck
Poland). Finally, the suspension was separated from the solution using
a 0.2 μm Chromafil Xtra membrane syringe filter and then the remain-
ing concentration of Orange II was analyzed by UV–vis spectrometer
(V-650, Jasco, Japan) at λmax = 484 nm. The amount of equilibrium

Fig. 1. Prepared carbon-modified TiO2: a) C1B-TiO2 b) C2B-TiO2.
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adsorption was calculated by equation (2) to obtain the amount of
Orange II adsorbed per mass unit of carbon-modified TiO2.

qe ¼
C0−Ceð Þ

m
V ð2Þ

where:
C0 and Ce are the initial and equilibrium concentrations of Orange II

(mg/L),
m is the adsorbent mass (g), and
V is the volume of the solution (L).

2.5. Photocatalytic activity test

Orange II dye was selected for the photocatalytic activity tests. Pho-
tocatalytic decomposition was performed under visible light irradiation
with trace amounts of UV using fluorescent lamps (LUMILUX T8, 18W
each, OSRAM GmbH, Poland) with a radiation intensity of 0.4 W/m2

UV and 26.0 W/m2 vis. The experimental procedure involved two
steps. Firstly Orange II was adsorbed onto unmodified and carbon-
modified TiO2 in a thermostatic chamber under dark conditions at a
constant temperature of 25 °C. The suspension of sample and dye
were magnetically stirred for 12 h. Next, these suspensions were irradi-
ated for 12 h. This experiment was performed using 20 mL of Orange II
with an initial concentration of 15mg/L and 0.3 g of appropriate titania-
based sample at different pHvalues. The pHof the solutionwas adjusted
using HCl and NaOH (0.1 M) by the CPC-411 pH-meter (Elmetron,
Poland). It was observed that after the reaction, the pH value was the
same as the adjusted pH at the beginning of the experiment. The con-
centration of residual Orange II was measured by UV–vis spectrometer
(V-650, Jasco, Japan) at λmax = 484 nm. Prior to analysis, the reaction
mixture was separated by a 0.2 μm Chromafil Xtra membrane syringe
filter.

2.6. Formation of hydroxyl radical

Fluorescence technique was applied to detect •OH formed on the
photo-illuminated unmodified and modified TiO2 surface in aqueous
solution. Coumarin was used as a reagent, which readily reacts with
•OH to produce a highly fluorescent product (7-hydroxycoumarin), as
shown in Fig. 2 [26]. Briefly, 0.15 g of the photocatalyst was added to
100 mL of 0.001 M coumarin solution and then this mixture was
exposed to irradiation under identical conditions to those used in the
photocatalytic experiment. The fluorescence spectra of generated
7-hydroxycoumarine were measured by spectrofluorometer F-2500
(Hitachi, Japan).

3. Results and discussion

3.1. FTIR analysis

The FTIR spectra of unmodified and carbon-modified TiO2 are illus-
trated in Fig. 3. In all these spectra, peaks can be found in the region of
2600–3700 and 1620–1630 cm−1 and are attributed to vibrations of hy-
droxyl groups allocated to dissociated and molecularly adsorbed water
[34]. A new peak observed for the C2B-TiO2 sample appeared at
1188 cm−1 and was assigned to the stretching and bending mode of
HO-CH, while on C1B-TiO2 another peak appeared at 2970 cm−1

implying a methyl band (\\CH3). It seems that carbonization in a buta-
nol atmosphere with two different isomers primary (1-butanol) and
secondary (2-butanol) aliphatic alcohols proved the appearance of dif-
ferent kinds of carbonaceous groups. Interestingly, surface hydroxyl
group reduction was revealed during this carbon modification of TiO2.

3.2. X-ray diffraction analysis

The XRD patterns of TiO2 and carbon-modified TiO2 are shown in
Fig. 4. It can be seen that unmodified and modified TiO2 are a mixture
of anatase and rutile phases,with the anatase phase dominating. Gener-
ally, no significant changes are observed in the XRD patterns of these
samples. The reported phase ratio of anatase to rutile is 80% to 20%
which is confirmed by X-ray diffraction [33]. The fraction of anatase
and rutile phase, which included the reference TiO2 in different types
of four-carbon chain alcohol atmosphere and heat treated samples,
were calculated by [33]:

XA ¼ 1þ 1:26
IR
IA

� �� �−1

ð3Þ

XR ¼ 1þ 0:8
IA
IB

� �� �−1

ð4Þ

where:
XA, XR are the fraction of anatase and rutile phases,
IA and IR are the anatase and rutile phase peak intensities.

Fig. 2. Formation of 7-hydroxycoumarin from the reaction between coumarin and
hydroxyl radicals [26].

Fig. 3. The FTIR spectra of original and carbon-modified TiO2 calcined at 500 °C.

Fig. 4. The XRD pattern of the original and carbon-modified TiO2 calcined at 500 °C.
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The obtained values XA and XR are presented in Table 1. It can be ob-
served that by heating of TiO2 at 500 °C, phase transition occurs, where-
as the ratio of anatase to rutile is similar or slightly higher in carbon-
modified TiO2. Varying the four-carbon chain alcohol atmosphere did
not change the ratio of anatase to rutile; however, the higher intensity
of reflexes obtained for carbon-modified TiO2 could be caused by the
preceding crystallization of an amorphous phase.

3.3. BET surface area and zeta potential

The nitrogen adsorption-desorption isotherm images for unmodi-
fied TiO2 and carbon- modified TiO2 photocatalysts are shown in
Fig. 5, which imply classical type III isotherm according to the IUPAC
classifications, suggesting the presence of a mesoporous structure.
Although at the microporous region all these isotherms look similar,
however increase ofmesoporeswas evidenced in case of adsorption iso-
therms determined for carbon modified TiO2 samples. The specific sur-
face area values were calculated by the isotherm with the Brunauer-
Emmet-Teller method. The obtained values of BET surface area and
pore volume are presented in Table 2. Although the surface area of
carbon-modified TiO2 is only slightly higher than that of TiO2, significant
increase ofmesoporous volumewas observed, whichwas caused by the
carbon deposition [36].

Size of anatase and rutile crystallites is quite similar for all the sam-
ples, even somewhat lower size of rutile crystallites have been observed
for TiO2 without carbon modification. It might be suggested that in-
creasing of BET surface area of the modified samples is due to present
the carbon layer, not the size of crystallites.

As is well known, zeta-potential analysis provides an insight into the
characteristics of a sample. Surface charge and zeta potential are not the
same but they are related. The zeta potential is the potential difference
between bulk solution and the “shear plane” (particle surface + 1st ion
layer [Helmholtz rigid double layer] + diffuse layer [Gouy-Chapman
double layer] = electrically neutral). Particle movement in the solution
leads to shearing (friction) of someparticles on the outer limit of the dif-
fuse layer. Such particles are no longer electrically neutral and the po-
tential is called zeta potential. The zeta potential is a (relative)
indicator for the surface potential of the particle. The surface charge
and point of zero charge of the modified and unmodified TiO2 were de-
termined by zeta potential measurement. The isoelectric point was
found to be at pH 4.7 and 5.3 for C1B-TiO2 and C2B-TiO2, respectively,
and around pH 5.7 for unmodified TiO2 (Fig. 6). The change in isoelectric
point after modification is caused by the CH3 and HO-CH groups on the
surface of the modified TiO2. A zeta potential measurement was also
assigned in an acidic (pH = 3) and basic (pH = 9) medium in order
to demonstrate the surface charge of modified and unmodified TiO2.
This zeta potential measurement serves to increase understanding of
the interaction of surface and dissolved species, which is connected to
the solution pH. The results are presented in Fig. 6.

3.4. •OH measurements

The generation of •OHunder vis light irradiation ofmodified and un-
modified TiO2 aqueous suspensions at neutral pH (6.8)was investigated
by means of fluorescence technique. Low energy visible light is used to
reduce possible complications during photo-ionization and photo-
induced secondary reactions. It is suggested that •OH formation in

TiO2 photocatalysis can occur by oxidation of hydroxyl ions in the
water layer adsorbed onto TiO2 surfaces. Thus, •OH was targeted as
the key species during photochemical reaction. It can be assumed that
water molecules were adsorbed on the surface of the photocatalyst to
produce highly oxidizing •OH, which subsequently attacked and
adsorbed Orange II molecules. The results are presented in Fig. 7. It
can be observed that after 1 h of irradiation, more •OH was formed on
unmodified TiO2 than modified TiO2, yet with further irradiation, in-
creasing •OH formation occurred on the modified TiO2. The low rate of
•OH formation on unmodified TiO2 can be attributed to an unestab-
lished adsorption/desorption reaction equilibrium due to the fact that
the substantial reactivity of an adsorbed active species such as •OH
causes continued displacement from equilibrium of the adsorbed reac-
tant concentration [24].

3.5. UV–vis/DR spectroscopy and band gap energy

Both carbon-modified TiO2 display similar UV–vis/DR spectra, and
these are a little different to the unmodified TiO2. A slight red-shift is ob-
served after carbonmodification of TiO2. Fig. 8 shows that λmaxwas 415
and 400 for C-TiO2 and TiO2, respectively. Usefully, UV–vis/DR spectros-
copy can also be used to calculate the band gap energy. The band gap of
TiO2 determines the necessary energy to create an electron-hole pair in
the semiconductor to innervate the photocatalytic process [36]. A plot of
Kubelka-Munk equivalent absorption coefficient versus photon energy
is usually applied to calculate the band gap energy (Eg) [36]. This equa-
tion was used to estimate the band gap of modified and unmodified
TiO2, which is 2.90 and 3.07 respectively. The band gap was observed
to narrow after carbon modification. This finding is in agreement with
the obtained results of elemental analysis in which the carbon content
of carbon-modified TiO2 is 4.3% and 5.1% for C1B-TiO2 and C2B-TiO2, re-
spectively. The carbon modification of TiO2 was further confirmed by
the FTIR analyses discussed above.

Carbon dopant state has resulted in themechanism of photocatalytic
enhancement being variously attributed to different factors, including
emphasis on the existence of the Ti\\C, O\\Ti\\C, C\\O, and C\\C
bonds, and/or oxygen vacancy mid-gap states, specifically the creation
of C 2p mid-gap states, or more widely supported, the existence of
mid-gap state(s) caused by mixing of the C 2p and O 2p states [37].
The other explanation of visible-light activation of TiO2 specimens
(anion-doped or otherwise) implicates defects associated with oxygen
vacancies that give rise to color centers displaying these absorption
bands, and not to a narrowing of the intrinsic band-gap of TiO2. Di
Valentin et al. [38] suggested, that the carbon impurities result in mod-
est variations in the band-gap, but induce several intermediate states,
which may account for the experimentally observed red-shifts in
absorbedwavelengths. The density and nature of these stateswere sug-
gested to bedependent on the interactionwith the oxidematrix, dopant
concentration and the presence of oxygen vacancies, and that both sub-
stitutional and interstitial C atoms are likely to be synergistically
present.

There is also another mechanism for enhanced photocatalytic activ-
ity for carbon modified TiO2 co-doped with other element such as N.
This mechanism was based on the synergistic effect resulting from
band-gap narrowing caused by N substituting for oxygen, and surface
carbon species acting as a photosensitizer.

The possible changes that might occur to the band-gap electronic
structure of TiO2 on doping with carbon (or other non-metals) are as
follows:

- doped TiO2 with localized dopant levels near the valence band (VB)
and the conductive band (CB)

- band-gap narrowing resulting from broadening of the VB
- localized dopant levels and electronic transitions to the CB
- electronic transitions from localized levels near theVB to their corre-
sponding excited states for Ti3+ and color centers (example F, F+

Table 1
The obtained crystal size and phase composition of unmodified and carbon-modified TiO2.

Sample name Crystallite size (nm) Phase composition (%)

Anatase Rutile Anatase Rutile

Unmodified TiO2 32.1 76.4 85 15
C1B-TiO2 33.6 83.1 84 16
C2B-TiO2 33.3 82.1 84 16
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and F+2) that adsorb the visible light radiation
- sensitization by smaller band-gap semiconductors.

3.6. Adsorption isotherms

This experimentwas carried out in order to describe the relationship
between the amount of carbon-modified TiO2/unmodified TiO2 and the
concentration of dissolved Orange II in the liquid at equilibrium. In all
cases, each experimentwas repeated three times under identical condi-
tions and the data were expressed as the average value of the experi-
ments. The amount of Orange II adsorbed at its equilibrium
concentration in dark conditions without visible light was measured
(Fig. 9) and fitted to the Langmuir, Freundlich and Temkin equations

(Table 3). The Langmuir isotherm was obtained from the following

Fig. 5. Nitrogen adsorption-desorption isotherms for a) TiO2 b) C1B-TiO2 and c) C2B-TiO2.

Table 2
Textural properties of TiO2 and C-TiO2 photocatalysts.

Sample name SBET (m2/g) Vtotal 0.95 (cm3/g) Vmicro (cm3/g) Vmezo (cm3/g)

Unmodified TiO2 44 0.0163 0.0163 0.003
C1B-TiO2 54.48 0.53 0.02 0.51
C2B-TiO2 49.72 0.55 0.02 0.53

Fig. 6. Zeta potential as a function of pH.

508 S. Jafari et al. / Journal of Molecular Liquids 220 (2016) 504–512



equation:

qe ¼
qmKLCe

1þ KCe
ð5Þ

where:
qe is the amount of adsorbate per unit mass of adsorbent at

equilibrium,
qm is the maximum adsorption capacity to form complete monolay-

er coverage on the surface bound at a high equilibriumof adsorbate con-
centration Ce (ppm), andKL is amodel parameter accounting, somehow,
for the degree of affinity between the adsorbate and adsorbent.

The second model used in the present work was the Freundlich iso-
therm. The Freundlich equation can be expressed as:

qe ¼ K FCeð Þ1=n ð6Þ

where KF and n are constants signifying the adsorption capacity and ad-
sorption intensity, respectively. The slope of 1/n is between 0 and 1, an
indication of surface heterogeneity, with the surface becoming more
heterogeneous as its value gets closer to zero.

Another model tested was the Temkin isotherm, which considers
the effect of some indirect adsorbate/adsorbate interaction on adsorp-
tion isotherms. The Temkin equation is expressed in linear form as:

qe ¼ ALn aTCeð Þ ð7Þ

where aT is the equilibrium binding constant corresponding to the

maximum binding energy (mg−1) and A is the Temkin constant related
to the heat adsorption.

Themathematical equation of thesemodels and the related theoret-
ical results are presented in Table 3. It was revealed that the Freundlich
isotherm gave the best simulation of the experimental data with r2 at
0.996, 0.994 and 0.993 for TiO2, C1B-TiO2 and C2B-TiO2, respectively.
As the best fitting model, the theoretical values of the Freundlich equa-
tion are the most reliable data to describe the adsorption phenomena.
Therefore, it can be assumed that the surfaces of the samples are hetero-
geneous. Furthermore, the results of equilibrium adsorption data dem-
onstrate the high affinity between carbon-modified TiO2 and Orange II
stems from the maximum saturation value, following the trend C2B-
TiO2 C1B-TiO2 TiO2. These results can be explained by the effects of
modification, which caused a significant increase in the adsorption ca-
pacity for Orange II. These include the increase in surface area, changing
surface charge and mesoporous structure of carbon-modified TiO2.
While modification increased the surface area of the C1B-TiO2 and
C2B-TiO2, the impact was not great enough to enhance adsorption ca-
pacity. Instead, this can be explained by the change in surface charge re-
lated to the shift in surface properties of the carbon-modified TiO2 from
hydrophilic to hydrophobic, by the formation of\\CH3 and\\OCH3

groups (Fig. 3). Carbon is also known to be capable of replacing either
oxygen or titanium in a TiO2 crystal lattice and precipitating at the
grain boundary of TiO2, which can be emphasized to change the surface
properties of carbon-modified TiO2. It should be pointed out that the
carbon-modified TiO2 demonstrated visible light sensitivity for TiO2

particles. In this regard, the photocatalytic reaction was investigated
under a UV/vis lamp, inwhich visible intensity is higher thanultra violet
intensity. Fig. 10 presents the emission spectra of irradiation sources,
which were determined by irradiation spectrometer (USB 4000-UV–

Fig. 7. Formation of •OH on the surface of photocatalysts in neutral medium of coumarin
solution versus visible irradiation time.

Fig. 8. UV/vis DRS of modified and unmodified TiO2.

Fig. 9. Adsorption of Orange II on unmodified TiO2 and modified TiO2 at 25 °C.

Table 3
Obtained isotherm constants for the adsorption of MO onto TiO2 and C-TiO2 adsorbents.

TiO2 C1B-TiO2 C2B-TiO2

Langmuir KL(L/g) 0.053 0.032 0.097
qm(mg/g) 11.520 19.972 24.327
r2 0.9216 0.98684 0.9825

Freundlich KF(Lmg(1–(1/n))/gg) 213.90 227.34 498.68
n 0.930 0.833 0.610
r2 0.996 0.994 0.993

Temkin A 5048.512 6630.735 5104.190
aT 1.420 0.939 4.019
r2 0.974 0.937 0.9307
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VIS, Ocean Optics, USA). From the spectrum measurement with an in-
candescent lamp, the irradiation intensity in the range of UVwas evalu-
ated to be 0.4 W/m2, b1.5% of the total irradiation. Therefore, this light
source was assumed to be visible light.

3.7. Photocatalytic test

This test was carried out not to explain the photocatalyst reaction,
but to observe the synchronous role of coupled adsorption and photo-
catalytic oxidation of Orange II on carbon-modified TiO2 under visible
light irradiation. The photoactivity of the TiO2 and carbon-modified
based photocatalysts towards Orange II decomposition was tested to
consider their adsorption abilities. Firstly, within the 12 h needed to
reach equilibrium, a mixture of the solid and solution was reserved for
adsorption assistance in dark conditions. Then themixturewas exposed
to visible light irradiation for 12 h. The results illustrated in Fig. 12 show
that photocatalysis was effective for C1B-TiO2 and C2B-TiO2 and this can
be attributed to the synergistic effect of the adsorptive properties of the
carbon group and photocatalytic activity of the TiO2 in the composite. It
can be suggested that during the reaction, carbon-modified TiO2 ad-
sorbs Orange II molecules from the aqueous solution through high

electrostatic interaction between carbon-modified TiO2 and dye mole-
cules. Then the adsorbed Orange II molecules diffuse easily into the
inner surface, while under visible irradiation TiO2 inherently generates
•OH, which simultaneously attacks the dyemolecules from different di-
rections (Fig. 11). The high adsorption efficiency of carbon-modified
TiO2 in comparison to unmodified TiO2 can be attributed to an interest-
ing change in surface properties, which include the surface charge, hy-
drophobicity and pore structure of carbon-modified TiO2 (Fig. 6).
Successful carbon modification of the surface of TiO2 particles by heat
treatment of TiO2 powder in a flow of n-butanol vapor enhanced the
adsorptivity of Orange II, resulting in high photocatalytic activity. In ad-
dition, the effect of pH, as an important factor in any photocatalytic sys-
tem, was monitored. This is of especial significance here due to the
surface charge of TiO2, which is highly dependent on the solution pH
[2,39,40]. The adsorption capacity stems from the amphoteric nature
of TiO2 in the solution. Three different pH conditions (basic pH = 9 ±
0.2, neutral pH = 7 ± 0.2, acid pH = 3 ± 0.2) were tested in order to
evaluate the effect of pH on adsorption and photocatalytic efficiency of
the carbon-modified and unmodified TiO2. As can be seen in Fig. 12-a,
the maximum removal efficiency was observed under acidic conditions
(pH = 3) for both the carbon-modified.

Fig. 10. The UV/vis lamp emission spectra.

Fig. 11. Proposed model for carbon-modified TiO2.
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TiO2 and unmodified TiO2. The obtained results are connected to the
influence of pH on the ionization state of titanium dioxide. It is also
worth mentioning PZC, which is defined as the pH at which the surface
exhibits a net surface charge of zero (pHPZC) [41]. Based on the pHPZC

measurements for C1B-TiO2, C2B-TiO2 and TiO2, which were 5.41, 4.76
and 5.61, respectively, at pH values below the PZC, the sample surface
becomes protonated and exhibits a positive net charge on the surface
(Equation (8)), whereas at pH above pHPZC, surfaces are negatively
charged (Equation (9)).

TiIV � OH þHþ→TiIV � OHþ2 pH b pHPZC ð8Þ

TiIV−OH þ OH−→TiIV−O− þH2O pH N pHPZC ð9Þ

Thus, it is to be expected that Orange II, which has an anionic charac-
ter, demonstrates higher uptake values at lower pH due to electrostatic
attraction between the negative charged anionic dye and the positively
charged TiO2. Besides, the chemical structure of Orange II is similar to
that of methyl orange (Fig. 13), which includes a\\SO3

− group, central
nitrogen and benzene rings. Thus, it is possible that they have the
same character in acidic and basic media. Reports indicate [42] that
the presence of a\\SO3

− group in an acidic medium could be assumed
tomaximize removal efficiency. Indeed, the strong electrostatic interac-
tion between the\\SO3

− group of Orange II and the positive surface of

TiO2 at pH pHPZC (acidic medium)might cause the maximum removal
efficiency.

Nevertheless, the removal percentage of Orange II at acidic pH is
much higher than in basic (pH = 9) and neutral (pH = 7) media,
although it is interesting to note that carbon-modified TiO2 removed
more Orange II than unmodified TiO2 under both neutral and basic pH
conditions. This can be related to the change in the surface charge by
carbon modification of TiO2 which is directly connected to its zeta po-
tential. The zeta potential of modified TiO2 at neutral pH (−5.70,
−6.20 and −12.50 mv for C2B-TiO2, C1B-TiO2 and TiO2, respectively)
is less negative than that of unmodified TiO2, which can cause less re-
pulsion between particles of modified TiO2 and molecular dyes [3].

Comparative results for the removal percentage of Orange II by C1B-
TiO2, C2B-TiO2 and TiO2 in the adsorption and photocatalytic process

Fig. 12. Variation of the pH and its effect on the removal efficiency of Orange II at C0 = 15 mg/L and T = 25 °C under a) dark conditions (adsorption process) and b) visible irradiation
(photocatalytic process).

Fig. 13. Chemical structure of a) Orange II and b) methyl orange.
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(Fig. 12) show that the carbon modification of titanium dioxide signifi-
cantly enhanced removal efficiency under acidic conditions. Thisfinding
emphasizes that the high adsorption of Orange II ontomodified TiO2 fa-
cilitates direct contact between the pollutant and the photocatalyst sur-
face [22].

Furthermore, in the case of unmodified TiO2, themaximum removal
efficiency occurred under basic conditions. In other words, during the
photocatalytic process, basic pH can elevate the removal percentage of
Orange II by TiO2, because of the increased •OH formation in basic
media improves photocatalytic activity [22]. Thus, it can be concluded
that both high adsorption of Orange II on the photocatalyst surface
and simultaneous generation of •OHare responsible for the excellent ac-
tivity of the photocatalyst. These results indicate the great significance
of heterogeneous photocatalytic reactions for treating dye polluted
wastewater, which can be applied for the efficient removal of Orange
II from aqueous solutions.

4. Conclusion

In conclusion, novel carbon-modified TiO2 particles were successful-
ly synthesized via simple heat treatment of TiO2 under different atmo-
spheric conditions at constant temperature under flow of alcohol
vapor. The resulting samples showedhigh photocatalytic activity forOr-
ange II. Additionally, the adsorption performance of the carbon-
modified TiO2 was higher than the unmodified TiO2, which can provide
more adsorptive-photocatalytic active sites. This enhanced adsorption
capacity was caused by increased mesoporous structure of carbon-
modified TiO2. Also, hydrophobicity of carbon layer and more positive
zeta potential of C-TiO2 in comparisonwith unmodified TiO2 intensified
adsorption. pH of solution influenced both, adsorption and photocata-
lytic decomposition of Orange II. Adsorption was the highest at acid
pH for both, modified and unmodified TiO2 due to the positive charge
of the particles surface at these conditions, whereas photocatalytic de-
composition was more efficient at basic pH, because of favorable OH
radicals formation. Carbon modification can form some defects at TiO2

surface associated with oxygen vacancies. Additionally, it has been sug-
gested that [42] carbon impurities can induce several intermediate
states, which may cause the observed red-shift in the UV–vis spectra.
Undoubtedly, increase adoption of pollutant (in this case Orange II) in
carbon layer facilitates its contact with active surface of TiO2 and accel-
erates its decomposition. Activation of carbon modified TiO2 under vis-
ible light can be caused by the formation of oxygen vacancies or
changing of the band-gap electronic structure of TiO2 by doping with
carbon either by the sensitization of carbon species formed on TiO2 sur-
face. All these mechanism are possible, although the most likely is that
carbon impurities formed some mid-gap states in TiO2, which induced
its photocatalytic activity under visible light.
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