Abdullah Al-Hamdi

SYNTHESIS AND COMPARISON OF
THE PHOTOCATALYTIC ACTIVITIES OF ANTIMONY,
IODIDE, AND RARE EARTH METALS ON SnO2 FOR THE
PHOTODEGRADATION OF PHENOL AND
ITS INTERMEDIATES UNDER UV,
SOLAR AND VISIBLE LIGHT IRRADIATIONS
Thesis for the degree of Doctor of Science (Technology) to be presented with
due permission for public examination and criticism in the Auditorium of
MUC, Mikkeli University Consortium, Mikkeli, Finland on the 18th of August,
2017, at noon.

Acta Universitatis
Lappeenrantaensis 760

Supervisor

Professor Mika Sillanpää
Department of Chemical Technology
Laboratory of Green Chemistry
Lappeenranta University of Technology
Mikkeli, Finland

Reviewers

Professor. Leslie Petrik
Department of Chemistry
University of the Western Cape
Bellville 7535 South Africa
Professor. Jana Drbohlavová
Faculty of Electrical Engineering and Communication at BUT
University of Brno
Czech Republic

Opponent

Professor. Ulla Lassi
Head of the Unit, D.Sc. (Tech.)
University of Oulu, Faculty of Technology
Research Unit of Sustainable Chemistry
Oulu, Finland

ISBN 978-952-335-116-5
ISBN 978-952-335-117-2 (PDF)
ISSN-L 1456-4491
ISSN 1456-4491
Lappeenrannan teknillinen yliopisto
Yliopistopaino 2017

ABSTRACT
Abdullah M. Al-Hamdi
Synthesis and comparison of the photocatalytic activities of antimony, iodide, and
rare earth metals on SnO2 for the photodegradation of phenol and its intermediates
under UV, solar and visible light irradiations
Lappeenranta 2017
232 pages
Acta Universitatis Lappeenrantaensis 760
Diss. Lappeenranta University of Technology
ISBN 978-952-335-116-5, ISBN 978-952-335-117-2 (PDF), ISSN-L 1456-4491,
ISSN 1456-4491

The tremendous amounts of pollutants being dumped into the water have become a major
problem all over the world which let researchers to focus on. These chemicals are
stubborn toxins not easily eliminate, difficult to keep up can go transformations under
certain conditions, after conversion might become more toxic than their parent molecule.
There are many ways to withdraw these organic compounds from the water sources, the
cheapest way is to use photocatalytic material oxides like SnO2 through harnessing the
sunlight and using it for photocatalytic degradation processes. Photocatalysis by
advanced oxidation processes is a most popular and promising method of taking away
these contaminants such as phenol and its intermediates form water.
Tin dioxide (SnO2) has already been used in detecting some of toxic gases and involved
in many other technological applications. SnO2 is a strong oxidizing agent and a powerful
reducing catalyst, a variety of techniques utilized to improve the photocatalytic activities
of SnO2 including doping and others. Photodegradation of phenol in the presence of SnO2
Nps under UV light irradiation is known to be an effective photocatalytic process.
However, phenol photodegradation under solar and visible light irradiation is less
effective due to the large band gap (BG) of SnO2. In this study, pure SnO2 catalysts been
synthesized by a sol-gel method using tin tetrachloride, ethanol and water. For the
synthesis of SnO2 doped with species containing different ions such as [gadolinium (Gd),
cerium (Ce), Lanthanum (La), neodymium (Nd), iodine (I) and antimony (Sb)], different

concentrations of these dopants such as (0.01%, 0.1%, 0.2%, 0.3%, 0.4%, 0.6%, 0.8%,
1.0%, and 1.1%) were mixed and dissolved separately in ethanol and water later added to
the precursor solution. At the final stages ammonia was added to cause gelation of the
sol. The sol-gel formed was washed and prepared at low temperature to obtain the SnO2
nanoparticles (Nps).
SnO2 powders been characterized by X-ray diffraction (XRD), scanning electron
microscope (SEM), transition electron microscope (TEM) and the specific surface area
was estimated by Brunauer–Emmett–Teller (BET) analyser. Several analytical
techniques were used in the analysis of phenol and its byproducts such as high
performance liquid chromatography (HPLC), UV-Vis spectrophotometry, gas
chromatography (GC), capillary electrophoresis (CE), total organic carbon (TOC)
measurements, Fourier transformer infrared (FTIR) and by determining chemical oxygen
demand (COD) from the pollutant. The results show that a decrease in the particle size
from 8 to 1.8 nm and increase in the surface area up to 58 m2/g upon increasing of
different doping contents from 0% to 1.1% as they incorporate into SnO2.
In this study, The optimum parameters were found to be catalyst loading (65 mg/50.00
mL), light intensity (8 W mercury lamp, 300 W xenon lamp or sunlight during full sunny
days), reaction time (2-3 h), phenol concentration (10 ppm), 4 L/min of an optimum air
flow, sampling time (12-13), sample volume (250.00 mL), and pH of the reaction medium
was (5.7). The GC study shows that the irradiation of the catalyst by UV light was found
to enhance phenol photodegradation in the first 30 min of the experiment. The UV-Vis
investigation of the treated phenol samples indicates that phenol molecules initially
transform to byproducts, which also optically absorb in the similar region as phenol. In
this study, for photocatalysis experiments on phenol photodegradation the optimum
condition applied under UV light irradiation allowed more than 95% of phenol
degradation with SnO2/La 0.6 wt. % after 2 h. Also, 95% of phenol was found to degrade
with the photoactivity of SnO2/Sb 0.6 wt. % under solar light irradiations, the same
amount of phenol photodegradation was found with SnO2/Gd 0.6 wt. % under visible
light irradiation and with exactly the same optimum conditions only changing the light

source. HPLC results show that the intermediates are in the order catechol (Cat)>
resorcinol (Res) > hydroquinone (HQ) > benzoquinone (BQ), but the last stages of phenol
photodegradation show isopropanol (2-P) and acetic acid (AA). The reaction of phenol
photodegradation results indicate that it takes place when light radiation photoexcites a
catalyst in the presence of oxygen, hydroxyl radical (•OH) is generated to attack phenol
and reacts with OHˉ to produce Cat or HQ, which on continuous oxidation breaking them
down leading to the formation of aliphatic acids and finally yielding carbon dioxide (CO2)
and water (H2O). In fact, the mineralization process starts early during the photocatalytic
degradation process as Fourier transform infrared FTIR results showed that the phenol
molecules are converted to CO2 in the early stages and continued until all phenol are
removed. The change in the concentration of phenol affects the pH of the solution due to
the intermediates formation during the photodegradation of phenol. Clear correlations
between the results obtained from these multiple measurements were found, and a kinetic
pathway for the degradation process was proposed. A maximum of 0.02228 min-1 of
propanol and a minimum of AA 0.013412 min -1 were recorded.
Keywords: Tin dioxide, nanoparticles, semiconductor, phenol and phenolic
compounds, water purification, rare earth doping, transition metal doping,
photocatalysis, visible light photocatalysis
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CHAPTER 1
1

Introduction

1.1 Background
Contamination of water and air with different hazardous chemicals can cause severe
health effects [1-3]. Many phenols, phthalates, endocrine disrupting compounds,
benzoic acids, parabens and other toxins are released into the environment [4-6]. Growth
of these pollutants in our environment will influence human life and the surroundings
[7-11]. In fact, these compounds contact the air and water as a result of transferring from
industrial places, discharging from refinery factories of oil and coal-tar, distilling from
wood or energy, continuous leaking chemicals from livestock dips, and discharging of
domestic sewage into the ground or spreading rotting vegetation around. [12-25]. Many
of these contaminants have carcinogenic properties and pose both an immediate and a
long-term threat to society and the environment in general [26]

1.2 Phenol
Phenol is a hazardous, recalcitrant compound, abundant in industrial waste water [27,
28]. Phenol is also found in ground water, toxic even at low concentrations [29]. Phenol
is difficult to completely degrade by common treatment methods. Phenol is lethal to
microorganisms, was found in the surroundings of its existence even at low toxicity.
Phenol is produced worldwide at a rate of about 6 million ton annually, with a
significantly increasing trend [30]. Phenols as polyphenols are natural components of
many substances distribute in our food such as tea, wine, smoked food and fruits can act
as antioxidants [31]. Phenol is available in explosives, dyes and textile products,
likewise is obtainable from the combustion of tobaccos and fossil fuels [12, 32].
European Union and other countries have included some phenolic compounds in their
list of priority pollutants [33].
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Figure 1 Chemical structure of phenol and its byproducts [34-39]

Figure 1 shows the chemical structure of phenol and some of its byproducts. Phenol has
a hydroxyl group (OH) attached to 6 carbon atoms benzene (aromatic) ring. The electron
rich aromatic ring makes phenol important in electrophilic aromatic substitution with
the oxidation reactions.
Phenol compounds are toxic chemicals and slowly degrade forming different
byproducts. Most of these intermediates are of environmental concern and can be
roughly divided into quinones and carboxylic acids. Some phenol byproducts could be
more toxic than phenol itself, which cause symptoms such as muscle weakness,
convulsions and coma upon contact with human skin. In fact, many intermediate
compounds may arise from phenol photodegradation including BQ, Res, Cat, HQ, AA,
and 2-P.
BQ is one of the main and the first intermediates formed before ring opening to shape
aliphatic or carboxylic acids. Due to the electron deficiency of a benzene ring, the very
reactive •OH reacts with the substituted ring and not with the substituent [40]. OH
attachment to the benzene ring is polar, and isomeric distribution is difficult to determine
because of its chemical and physical properties slightly differ. Its life time is very short,
in addition, to the rapid unimolecular or bimolecular reactions [41]. BQ has a slower
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degradation rate than phenol but it is much more toxic [42]. Consequently, it is very
important to diminish the amount of BQ formed in the system and to accelerate the ring
opening technique.
Res is used in the production of dyes, plastics and synthetic fibres [43]. Cat is an
aromatic alcohol soluble in water, used to produce food additives, hair dyes, and
antioxidants [44]. HQ is used in the pharmaceutical, food, and chemical industries [45].
Studies of the photocatalytic oxidation of phenol on illuminated titanium oxide (TiO2)
also confirmed that intermediates such as Cat, Res and HQ were present in their
analysed reaction mixtures [46]. In another study, HQ and BQ been synthesized through
electrochemical oxidation of phenol, to treat waste water [47]. Other scientists reported
that phenol could be oxidized but complete TOC removal was not achieved [48, 49].
Most conventional water treatment processes have been reported for the removal of
organic compounds, include physicochemical methods. These procedures are grouped
to purify wastewater into three techniques: chemical pretreatments by coagulationflocculation or precipitation, adsorption, and ion exchange or membrane processes [5054]. Even though great improvement of water treatment processes has been
accomplished. In most cases the effectiveness of these methods are often impracticable
and many of these techniques are costly, when using for larger scale applications [55].
Furthermore, these procedures are nondestructive, insufficient, may transfer pollutants
to another new non polluted site (water surface) or have other limitations. These
limitations have motivated the search for more efficient and cleaner technologies to
overcome the ever increasing threat to future water security. In turn, this has led to the
advancement and adoption of new and improved water purification methods.
The effective methods for removing organic pollutants from water include advanced
oxidative processes (AOPs), the most potential techniques for eliminating organic toxins
even on a larger scale [56-58]. The magic basis lays on the activity of AOPs is to
generate •OH on the catalyst surface. AOPs are characterized by their catalytic,
photochemical properties, which then oxidatively degrade the organic and inorganic

32

1 Introduction

pollutants present in water to harmless end products such as carbon dioxide (CO2) and
water (H2O) [59-63]. AOPs techniques can draw on a combination of chemical and
physical agents such as a catalyst and ultraviolet (UV) light [64]. •OH are unstable and
reactive electrophiles since they react in a rapid and non-selective way with almost all
electron rich organic compounds [65, 66]. The properties of the catalysts very well
established and show varied oxidative performances when exposed to irradiation [67].
Such photocatalytic protocols are extremely effective. This is because the intermediary
formed •OH possess an oxidation potential of 2.8 V, demonstrating slower rates than
fluorine (F), but faster than hydrogen peroxide (H2O2), potassium permanganate
(KMnO4) and other oxidants as is shown in Table 1 below [57, 59, 68].
Table 1: Oxidation potential [57-59]

Oxidant

Oxidation potential (Volts)

Flourine (F2)

3.03

Hydroxyl radical (•OH)

2.80

Ozone (O3)

2.07

Hydrogen peroxide (H2O2)

1.78

Potassium permanganatge (KMnO4)

1.68

Chlorine (Cl2)

1.36

The oxidation potentials are placed in order of decreasing potentials as they are shown
in Table 1 above. The Table indicates that the fluorine has the highest potential and •OH
comes next which is higher than ozone.

1.3 Semiconductor photocatalysis
Photocatalysis has received much attention in recent decades as a promising
environmental remediation technique because of its ability to completely remove
organic and inorganic toxins from water pollutants [69-72]. Many researchers have used
photocatalysis to undertake environmental problems and to get rid of hazardous
chemicals from different sources. Fujishima and Honda in 1972, was succeeded for the
first time in this inventive area of research [73]. They reported the photoelectrochemical
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decomposition of water on n-type titanium dioxide (TiO2) anode and platinum (Pt)
cathode upon exposure to UV illumination. This work attracted the attention of many
scientists in a comprehensive field [73].
Photocatalysis is a combination reaction between photochemistry and a solid material
[74]. Many researchers have practised photocatalysis to face environmental problems
and to eliminate hazardous chemicals from different sources. Semiconductor
photocatalysis for the unabated release of toxic organic and inorganic pollutants into the
air and water has been a research priority, since it is an effective green technology for
water treatment and the complete elimination of toxic chemicals in the environment,
with clear advantages over other treatment methods [75].
It has been exhibited the practise of different light sources for carrying out dissimilar
photodegradation studies and many investigations emphasis on the use UV light. The
source of UV irradiation is mainly mercury vapour lamp. Mercury lamps been used for
suitability and when the photodegradation of the compounds is low. Mercury lamps own
adequate energy to produce electron hole (eˉ - h+) pairs within the catalyst, which
activate the formation of radicals and result in the oxidative degradation of the
contaminants. The UV photoreactor λ region is higher than the X-ray λ region which is
≤ 100 nm, but is shorter than the visible λ region which is > 400 nm of the
electromagnetic radiation [76]. Mercury lamps with an intensity maximum close to peak
λ of 253.7 nm, which is UV-C electromagnetic radiation [77]. Mercury lamps need
relatively high energy to run, have mercury need cooling, and have a short life time.
Mercury lamps quite expensive to operate contain hazardous material and might expose
their contents to the environment when being broken. Because of these disadvantages
and heavily application uses, it is a necessity to replace mercury lamps by the light
emitting diodes (LED) or xenon lamps [78-81]. The LED is not much enough for
producing UV-C electromagnetic radiation, but it can further improved [81]. Xenon
lamps release radiation at λ of 240 nm and non-toxic compared to mercury but it gives
ozone which also dangerous to the environment [81]. Another alternative is to use solar
light, which is the most abundant, free clean source of energy available for providing
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environmentally friendly, green chemical processes. Sunlight is unlimited, least
expensive composed of 4-5% of the radiation in the UV region of the electromagnetic
spectrum which gives off enough energy to yield reactive radicals [82]. Researchers
showed that more solar energy falls from sunlight on our planet in one h than all the
energy used by humans for the year [83]. Since the source of sunlight is infinite,
applications of photocatalytic processes with this source have attracted considerable
interest [84].
In a semiconductor the BG is a significant factor for explaining the potential of a
material to act as a semiconductor or insulator. The lower energy BG [also called as
conduction band (CB)] is filled by electrons while the upper energy BG [known as
valence band (VB)] is empty of electrons. The energy difference between the VB and
CB is called the energy BG (BGE) (Ebg) is responsible for the electronic properties of
the material [85, 86]. Fermi level is a measure of equilibrium (hypothetical energy level
of electrons) between a solid material underneath the CB and above the VB for n and ptype materials [87].
The interfacial electronic properties of semiconductors are generally measured by the
presence of small amounts of impurities doping in the crystal structure of the metal
oxide. Impurities regularly control the physical and chemical properties of
semiconducting materials. It is possible to reconstruct the SnO2 surface, giving rise to a
host of different surface situations. This is making the metal oxide capable of creating a
crystal structure with incomplete oxygen sites. [88].
These doping either generate an excess of free holes as it is in p-type semiconductor, or
free electrons as in n-type semiconductor. In n-type semiconductor SnO2 O deficiency
O may be caused either by O vacancies or Sn interstitial atoms with reduction of some
Sn+4 to Sn+2 [89-91]. The doping process by adding donor or acceptor impurities alters
the Fermi level and replaces the CB in the n-type or replaces the VB in the p-type
semiconductor which consequently narrows the distance between the Ebg and the two
bands [92, 93].
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As a rule if the Ebg between the CB and VB narrows, less energy is needed to excite the
electrons. Thus the improvement of the photocatalytic activity can be noticed upon the
irradiation of the catalyst in the visible region [94].

1.4 Semiconductor photocatalysts
Scientists have made rapid and significant advances in the field of semiconductor
materials, which has attracted significant interest due to its numerous practical
applications [95-99]. Essential characteristics of a photocatalyst include stability and the
absence of resulting secondary pollution.
It is well known that morphological and structural characteristics affect the
photocatalytic activity of a semiconductor [100].
Many researchers have been reported that titanium dioxide (TiO2), zinc oxide (ZnO),
and tin dioxide (SnO2) are the most prominent photocatalysts. Semiconductors as (TiO2)
with a BG of (3.2 eV), (ZnO 3.3 eV) and (SnO2) which has a large BG energy (3.6 eV),
are the most ideal photocatalysts for the degradation of dyes, phenols and pesticides [29,
98, 101]. By doping the metal oxide with impurities reduces the Ebg and electromagnetic
radiation with lower energy (to be fit in the visible light region) and can be utilized to
activate the catalyst, possibly increasing photocatalytic activity. Below, In the Table 2
shows the BGs of a variety of metal oxides [82, 102, 103].
Table 2: Band-gap energy of some photocatalysts [94-96, 104].

Photocatalyst

Band-gap energy (eV)

Photocatalyst

Band-gap energy (eV)

Si

1.1

ZnO

3.3

TiO2 (rutile)

3.0

TiO2 (anatase)

3.2

SnO2

3.6

SnO

~ 2.5 - 3.0

WO3

2.7

CdS

2.4

ZnS

3.7

ZnO

3.2

These semiconductors have been recognized as preferable materials for photocatalytic
processes due to their high photosensitivity, nontoxic nature, low cost and chemical
stability [105-107]. Exposure to UV or solar irradiation during photolysis may initiate
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organic degradation. Green plants use solar lights to produce O2 and H2O through
photosynthesis. Dead bodies also undergo chemical transformation to produce oil [108].
Energy supplied by absorbing a photon of light enables excitation of reactant molecules
to promote degradation reactions [59]. TiO2 photocatalysts have received the most
attention from a number of researchers [109].
Scientists put additional interest in the progress of photocatalysis research which is
indicated by the huge number of research publications exhibited over the previous years.
Photocatalysis research literature survey with other metal oxides key words is
summarized in Figure 2 (source, Scopus, May 2017). According to this investigation,
photocatalysis research has generated approximately > 42,713 articles about the
application of TiO2, ZnO and SnO2. As photocatalysts which have been published to
date, the most publications were dealt with TiO2. Solar irradiation or visible light
irradiation is also widely investigated. As a survey nearly 14,334 articles listed in
Scopus, TiO2 and ZnO are the most popular and widely studied photocatalyst materials,
with more than half of the literature reporting the use of TiO2, while only over 3,593
paper on ZnO have been published to date. Unlike other photocatalysts, SnO2 has not
been thoroughly studied about 531 articles in Scopus. In spite of the countless benefits
of SnO2 and the complete absence of secondary pollution due to photoerosion [110]. In
addition, the rutile structure of SnO2 is very similar to that of TiO2, but as photocatalyst
material is not widely reported as it shown in Figure 2 [111, 112].

Figure 2: Comparison of the search term “Photocatalysis” in Scopus articles
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In a typical photocatalysis process, the breakdown of an organic compound (phenol) in
an aerated solution can be summarized as in equation 1.

The reaction takes place when UV radiation photoexcites a semiconductor catalyst in
the presence of oxygen, •OH is generated to attack oxidizable contaminants, breaking
down molecules yielding CO2, and H2O. The reaction is applied for the oxidization of
almost any organic substance due to its positive oxidation potential [113].
Unfortunately, the swift recombination rate of the photogenerated eˉ - h+ pairs hinders
the industrial application of these semiconductors as it will be discussed in the following
subjects [114, 115].
Observing the environment is essential to protect the neighborhood and the surroundings
from the previously mentioned toxins. Nanotechnology can identify these pollutants,
and give clues about removing them from the water. By controlling different
contaminations in the environment, would require less labor and not much energy in the
future [116]. Nanotechnology has the capability of creating functional materials, devices
and systems with new properties through manipulating of matter in the range of about
0.1-100 nm [117].
The quality of these Nps completely depends on their phase, size, shape and dimension
[118, 119]. Improving scalable and simple routes to construct nanomaterials with a
convenient size and microstructure is very important in nanotechnology and synthetic
chemistry [120].
Nanotechnology covers many knowledge areas such as chemistry, physics, engineering,
material science and biology. Nanomaterials have unique electrical, physical, chemical,
and magnetic properties, which can be manipulated [121, 122]. These Nps have been
studied from both experimental and theoretical points of view due to their potential
application in solar energy conversion and photocatalysis [123, 124]. Nanotechnologists
have the ability to produce controlled Nps, which are mainly applied in catalysis to

38

1 Introduction

improve chemical reactions, cut down the amount of catalytic materials, getting good
results, saving money and reducing pollutants, such as materials that supply clean water
from polluted ones.
Water is important for human life and if it is not clean would create many environment
disaster applications. Researchers could synthesize Nps and decide how to apply their
chemical and physical properties for various kinds of toxic site remediation. Monitoring
the environment at the beginning of the pollution created is necessary to prevent
pollution, discover solutions or when to degrade environmentally dangerous toxins. The
use of Nps to detect water contamination and remediate through degradation of
poisonous materials to safe minerals is getting appeal from researchers everywhere.
Nanotechnology can be used to reduce the cost through different aspects. Priority comes
by breaking down of big molecules (chemically or physically) into smaller materials of
desired shapes and sizes, also by building up nanostructures, by bringing in individual
atoms and molecules together.

1.5 Research objectives
The main objective of this research project is to focus on the development of new
nanostructured and nanosized semiconductor based photocatalysts for the treatment of
phenol and its byproducts present in water samples under UV, visible or sun light
irradiation. This study aims to attain fundamental experiment research, focusing on the
preparation, characterization and application of nanoparticle photocatalysis for the
treatment of water.
(i)

Synthesis and preparation of SnO2 nanosize and nanostructed photocatalyst
(SnO2) by sol-gel method with particle size smaller than 50 nm.

(ii)

Synthesis and preparation of doped Nps with varies dopants (0.01-1.1 wt. %)
doped SnO2 for higher photonic efficiency.

(iii)

Characterization of prepared nanostructured photocatalyst for structural,
chemical properties using XRD, SEM, HR-TEM and BET.
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(iv)

Identification of common pollutants like phenol, HQ, BQ, Res, Cat, AA and
2-P.

(v)

Fabrication of batch mode photocatalytic reactors for laboratory scale model.

(vi)

Photocatalytic degradation of phenol, HQ, BQ, Res, Cat, AA and 2-P using
prepared nanoparticle photocatalysts in batch reactors.

(vii)

Determination of the rate and extent of photodegradation employing UV-Vis
spectrophotometer, HPLC, GC-MS, CE, FTIR, COD and TOC analyzer.

(viii)

Evaluation of the performance of different doped and supported
photocatalysts on the photocatalytic degradation of the pollutants.

(ix)

Kinetic studies to evaluate the constants and rate of pollutant degradation.

(x)

Identification of the nature of the intermediates by GC-MS, HPLC and CE.

(xi)

Identification of intermediates in the photodegradation and thereby
mechanistic pathway for photodegradation.

(xii)

Determination of the mineralization process using FTIR.

(xiii) Design of batch reactors for UV, visible and solar applications.
(xiv)

Application of photodegradation of phenol

using prepared

Nps

photocatalysts for large scale

1.6 Hypothesis
Organic pollutants from water, such as phenol and its intermediates can be completely
photodegraded and mineralized into carbon dioxide (CO2) and water (H2O) using
different tin dioxide (SnO2) dopants at ambient conditions. The influence of
Lanthanuma (La) doped SnO2 can be determined as an efficient candidate for practical
application in the field of photocatalysis. Gadolinium (Gd) doped SnO2 can be used as
visible light induced nanoparticle photocatalyst, as well as antimony (Sb) doped SnO2
designed as an efficient photocatalyst under solar light irradiation.
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1.7 Research questions addressed
i)

Can a small amount of doping such as (0.01 wt. % of ions) on SnO2
effects on phenol photodegradation?

ii)

What are the effects of chemical and physical parameters on phenol
photodegradation?

iii)

Can the high surface area of SnO2 be improved with doping of different
ions?

iv)

Can Nps be synthesized by simple methods?

v)

Can the bath for an easy and simple solar reactor be designed?

vi)

Can large scale and industrial waste water containing toxic organic
compounds be analyzed by this simple process?

vii)

How do the intermediates in the phenol photodegradation process can be
detected and quantified in the solution, and do the concentrations of the
intermediates grow with time during the analysis?

viii)

What are the pathways for producing intermediates for the phenol
photodegradation process?

ix)

How do the optimization of some analytical instrumentation methods can
be performed and involved in the phenol photodegradation analysis?

x)

Is it possible to detect CO2 during the mineralization process, and when
does it appear during the analysis?

xi)

Can SnO2 Nps by the sol-gel method at room temperature be synthesized
and become suitable for large scale production.

xii)

To what extent can phenol molecules be photodegraded and what
parameters influence photodegradation efficiency the most?

1.8 Research approach
In this study, SnO2 Nps are synthesized by doping with different ions following sol-gel
procedure. The main requirement was to create Nps in large scale, low cost, large
surface area and small particle sizes.
The detailed approaches of this study include:

1.8 Research approach
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SnO2 has a BG of 3.6 eV, to check if normally absorbs in the ultraviolet
region of the electromagnetic spectrum.
SnO2 can be easily doped n-type with antimony or p-type with others and make SnO2
ideal for enhanced photocatalytic activities. The CB edges in n-type oxide like SnO2 are
deep below the vacuum level and are thus relatively easy to dope which is controlled by
the compensation by the native defects. Doping occurs by moving the Fermi energy to
the band edge leading to the spontaneous formation. To prepare SnO2 for visible light
photocatalysis, the SnO2 Nps photocatalyst should be competent of absorbing visible
radiation > 400 nm and also should be able to reduce the recombination of the
photogenerated electrons.
Control SnO2 and different doped SnO2 Nps were prepared and
characterized.
The performance of a SnO2 catalyst contributes to its activity and study of the
photocatalysis. It is then to examine the capability of photocatalysis in removing
pollutants phenol and its byproducts.
The influence of phenol concentration on the photodegradation efficiency
was examined.
The rate of phenol photodegradation was evaluated by changing dopant
percentages (wt. %) while the other parameters were kept constant.
The rate of different pollutants at fixed concentrations was calculated.
Optimization of chemical and physical parameters, such as light intensity,
catalyst loading, reaction time, sampling time, sample volume, pH of the
reaction medium, and pollutant concentration all these parameters were
examined and their influence on phenol photodegradation efficiency was
assessed.
Design of batch photoreactors for UV, visible and solar applications
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Analysis of contaminant samples
Water samples were prepared to contain different pollutants, initial and final
solutions were qualitatively and quantitatively investigated using several
analytical techniques such as UV-Vis spectrophotometer, chemical oxygen
demand

spectrophotometer

(COD),

high

performance

liquid

chromatography (HPLC), gas chromatography (GC-MS), capillary
electrophoresis (CE), and total organic carbon (TOC) analyzer.
Detection, identification and characterization of mineralization products species such as
CO2 were detected by Fourier transformer infrared spectroscopy (FTIR) analysis.
Identification of the nature of the intermediates was evaluated by UV-Vis, GC-MS,
HPLC and CE analytical instrumentation.
The different intermediate products of phenol were detected UV-Vis
spectrophotometer, High performance liquid chromatography (HPLC), gas
chromatography GC-MS, CE, and TOC analyzer.

1.9 Scope of study
The current study examines the synthesis of pure and doped SnO2 Nps with different
doped ions by the sol-gel process. The work also examines the possibility of
photocatalysis as a treatment technique to remove phenol and its byproducts from water
samples. The examination of the photocatalytic processes was based on the laboratory
scale batch system. In this system SnO2 was used as a better catalyst in its undoped and
doped form with other ions. Preparation of SnO2 catalyst and determine its optical
properties. Development of the reaction runs in the reactor for photodegradation of
phenol and its byproducts, which examine the effect of different SnO2 at the optimum
conditions in the reactor. The study shows quantification and identification of
byproducts in phenol photodegradation and the determination are done by using
different analytical techniques. Major aromatic and aliphatic intermediates with a
comparison of how much of each can be formed and disappeared during the phenol

1.10 Delimitations of study
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photodegradation process. According to the current experimental conditions and to the
observations made from the analytical instrumental analysis, a degradation pathway was
also designed in the study. On the other hand, the detection and quantification of free
radical species were not covered in this work; in addition, the quantification of CO2 was
also not covered.

1.10 Delimitations of study
The main effects of the work involve the following aspects: According to the industrial
applications objected in this thesis involve low cost synthesis processes, so the sol-gel
procedure for synthesizing SnO2 Nps was used, developed and improved. The Sol-gel
technique can be used to prepare materials with large surface area; it also can be used
with controlled amounts of doping. As the sol-gel process is a low temperature process,
its crystal growth rate is also slow. SnO2 Nps either undoped or doped with ions were
synthesized by simple sol-gel method and characterized using different characterization
techniques. These characterized catalysts either (undoped or doped SnO2 Nps) were
involved in phenol photodegradation with its byproducts. The three group of compounds
investigated in this thesis are Phenol, aromatic and aliphatic acids. The performance and
the comparison of different undoped and doped SnO2 Nps for the analysis of phenol and
its byproducts were also estimated and calculated. Relevant methods and tools for the
investigation were identified based on a literature review. Laboratory photodegradation
experiments using phenol in water as a contaminant was included, as well as the
development of new analytical methods or optimization, modification of existing
methods in order to analyze lower concentrations or additional compounds. The
evaluation of different methods used in this study with the tools applied were based on
the performed field and the laboratory investigations and existing literature. The goal
was to address their specificity as a qualitative indicator of phenol photodegradation and
also to recognize their limitations.
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1.11 Methodology
a- Capability of the photocatalytic process in treating phenol and its byproducts
was analysed.
b- A literature survey to understand some of advanced oxidation processes (AOPs)
for treating phenol in water, comparing it to other techniques.
c- A literature survey about SnO2 preparation techniques
d- A literature survey of the photocatalytic process
e- Various methods applied for the characterization and identification of the Nps.
f- Experiments to identify the intermediates appeared during the photodegradation
process for phenol.
g- Understand the mechanism pathway of phenol photodegradation.
h- Simple kinetic analysis of some doped SnO2 Nps.

1.12 Structure of the report
This report has been presented in five chapters.
Chapter 1
The first chapter is an introduction of the work, consisting of background, motivations
main aims and objectives, hypothesis, answering the research questions, research
approach, scope of the study, delimitations of the study, methodology; it also shows the
structure of the report.
Chapter 2
In chapter two of the report, the study begins with a literature review of SnO2. Literature
review on different examples of doping SnO2 with different other oxides, literature
review examples on doping with metals and the example is antimony. Also the literature
review on doping with nonmetals such as Iodine. Literature review upon doping with
RE metals and the examples taken are La, Gd, Nd and Ce. Literature review for different
synthesis methods used to synthesize SnO2.

1.12 Structure of the report
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Chapter 3
In chapter 3, chemical materials, procedures, preparation of different techniques are
shown. Procedures to synthesize different doped and undoped Nps are in chapter 3.
Explanations of different experimental reactors and reaction conditions as well as
different parameters that must be examined in this study will be found in this chapter.
Physical equipment’s, characterization instruments and analytical techniques which are
all used in this study are in this chapter, with the experimental methods data collection.
Chapter 4
Results and discussion, includes characterization of different Nps by different
instrumentations such as XRD, SEM, TEM, and BET. The effect of some parameters of
the degradation efficiency was also looked at. The degradation was studied by
monitoring the change in contaminant concentration on employing HPLC analysis. The
mineralization of phenol was also determined by TOC and COD analysis. Study of the
effect of irradiation time on phenol photocatalytic degradation by GC explained.
Intermediates or byproducts of the phenol photodegradation were also differentiated.
The kinetics degradation of phenol and its byproducts was examined. A photocatalytic
mechanism was proposed based on the results accumulated.
Chapter 5
The last chapter gives a summary of the conclusion of the research with the future work
and some recommendations for the future studies.
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2.1 Tin dioxide (SnO2) catalysts
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2.1 Tin dioxide (SnO2) catalysts
SnO2 is one of the most important rutile structures, known as cassiterite, stannic oxide
or tin(IV) oxide also is an amphoteric colorless solid [125]. SnO2 is an inorganic
compound that mix low electrical resistance, high electrical conductivity, high optical
transparency in the visible region (90%) of the electromagnetic range [88]. SnO2 also
known by its high reflectivity in the infrared region, and is characterized by good
chemical and thermal stability [89, 126]. The electrical properties of the metal oxide can
additionally be attributed to the presence of the native defects in SnO2 structure [127].
These kinds of defects donate to make an important reduction of the energy BG,
therefore, developing the semiconductor properties of the metal oxide. In this regard,
extra O anions activate the oxidation of Sn+2 to Sn+4 consequently to regulate the total
electrical neutrality of the material [128]. This property also promotes a reversible
conversion of the surface composition from stoichiometric surface with Sn4+ can be
reduced to Sn2+, which changes the surface electronic structure of the material [88].
Mixed cation reduction leads to the formation of Sn 5s that lies deep within the BG [88].
In addition, SnO2 powerful oxidizing properties fix the semiconductor to be a perfect
apparatus for the degradation of toxins from different wastewater foundations. Due to
these advantageous, SnO2 has been involved in several processes. In conjunction with,
the metal oxide was known as a catalyst, it has the capability to tailor its microstructural
properties making it useful in photocatalysis. O vacancies in SnO2 prepare it to be
involved in a wide range of applications, such as heterogeneous catalysis, field-effect
devices and sanitary disinfection [129-132]. SnO2 characterized as a sensor, such as
photovoltaic devices, pH, and biosensors, gas sensors identify the outflow of reducing
gases such as H, S, CO, detect toxic and combustible gases in the air, other techniques
applied in food industry, environmental monitoring and medical technology [133-143].
In fact, the high sensitivity of SnO2 in sensors towards CO and H2, can be promoted by
doping. The affinity of SnO2 to CO and H2 increases as grain size of the semiconductor
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reduces, and such increase in the catalytic activity [144]. SnO2 used as a raw material
for transparent films, infra-red mirror. SnO2 used as multifunctional oxide materials,
because of their potential applications in optoelectronic devices [145-147] and devices
with lattice parameters [148].
As it was explained in the previous chapter, that the rutile structure of TiO2 matches the
crystal phase of SnO2 [111, 149]. The (dimensions of the unit cell are: a=b=0.47374 nm
and c=0.31864 nm, and with space group no.= P42/mnm (136) [150, 151]. The SnO2 is
a polar crystal with tin(IV) has a tendency to acquire octahedral. Possessing SnO2 an
octahedral system is a vital for high photocatalytic activity, since it upsurges the
flexibility of e- - h+ pairs and accordingly affects the possibility of their arriving the
reaction sites on the surface of the photocatalyst [152-154].
A scientist worked on the rutile structure and the thermal stability of SnO2, reported that
the annealing temperature increased the crystallite sizes with a spherical shape. It was
found that the crystallites contained hydroxyls in their lattice and generated Sn vacancy
sites into the structure. When samples were annealed, the Sn vacancy sites decreased as
a result of the dehydroxylation process. It was noticed, that the presence of the hydroxyls
modified the tin-oxygen (Sn-O) bonds, enlarged the lattice parameters and resulted in
asymmetry in the rutile Sn-O octahedron. [155]. Zhao et al. reported porous SnO2
nanostructures consisting of nanoplates through thermal decomposition of a mixed
solution of dibutyltin dilaurate and AA. The results showed that AA had an important
effect on the formation of SnO2 and exceptional catalytic activity toward methanol
decomposition. [156]. A study compared two types of SnO2 powders prepared from
different precursors was subjected to the influence of specific treatments. These
treatments were (calcination procedures, different Sn precursors, and surfactants on the
textural and catalytic properties). The samples showed higher catalytic activity in ethyl
acetate oxidation and enhanced selectivity toward CO2 by SnO2 Nps were prepared from
tin(IV) tertabutoxide precursor [157]. Gu and colleagues investigated the luminescence
properties of SnO2 Nps, found the size of the single tetragonal crystalline phase with 2.6
nm diameter. The group reported that the luminescence was related to the recombination
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of electrons (eˉ) in singly occupied O vacancies with photoexcited holes (h+) in the VB
[158]. SnO2 is an attractive oxide for electrically activated emission, as it possesses
stability, and all acid alkali resistant properties comparable to TiO2 [111, 159]. The first
photoresponse nanodevice based on monolayer SnO2 photodetectors, presented
ultrahigh photocurrent and sensitivity, exceptional stability, and produced linearity
[160].
In fact, SnO2 has a dual valency surface property, with Sn possibly gaining an oxidation
state 4+ or (2+ for stannous oxide or as it called SnO) [88]. SnO [Tin(II) oxide] is another
main form of SnO2 called stannous oxide not to be confused with stannic oxide or
cassiterite which is less characterized than SnO2, with tin in the oxidation state of 2+
[88]. SnO displays a smaller energy BG, which lies between 2.5–3 eV. SnO anodes in
lithium ion batteries (LIB) are recognized by their high energy density, high power,
smooth discharge, light weight, and the fact that they are environmentally friendly [161,
162]. In these batteries, electrodes composed of nanocrystalline particles display high
levels of capability and better cycle ability [163].
Figure 3 shows SnO2 unit cell, in the Figure each tin(IV) (Sn4+) atom is bordered by six
O ions and each O ion is fenced by three tin(IV) ions, so it has the structure of (6, 3)
coordination. [88, 125, 152, 164].

Figure 3: SnO2 cell structure [88, 125, 152, 164, 165][166]
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Metal oxide semiconductors such as TiO2, ZnO and SnO2 are more desirable
photocatalytic materials due to their high photosensitivity, nontoxicity nature, low
costly, chemical, and thermostability [167, 168]. Metal oxides also have high surface
activity, large number of active sites, good ability to absorb light radiation, biologically
and chemically inert, photostable, inexpensive, not liable to photocorrosion [169]. They
are known as stable rutile phase good ability to absorb oxygen and decrease the
recombination rate of electron-hole pairs e- - h+ [170-175]. Oxides also possess many
key material properties such as superconductivity, ferroelectricity, and magnetism [88,
176].
SnO2 Nps with rutile structure was widely examined between the other nanometal
semiconductor oxides because of the high surface area, low toxicity, high temperature
resistance also due to their sensitivity to decrease and oxidize gases [177]. All These
electronic and chemical properties of SnO2 nanostructures make them exciting
materials, with significant potential to assist both fundamental research and practical
applications.
Some of the different physicochemical characteristics of SnO2 are mentioned in Table
3
Table 3: Properties of SnO2 [117, 167, 168, 170]

Crystal structure

Rutile structure

Lattice constant

a = 0.47374 nm and c = 0.31864 nm

Molecular weight

150.69 g /mol

Density

6.90 g /mol

Melting point

1500-1630 °C

Boiling point

1800-1900 °C

As it mentioned SnO2 combines many positive properties and found in many useful
applications which can be exploited for nanostructured materials. In addition, to the
previous advantages of the metal oxide, its application as a catalyst for the degradation
of organic pollutants is also appreciated [178-181]. The most commonly used gas
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sensing materials are ZnO and SnO2 because TiO2 has the disadvantage that its
conductivity is enhanced by the formation of bulk oxygen vacancies. Also in
comparison to other semiconductors SnO2 synthesized Nps have many advantages over
others. Commercial SnO2 and TiO2 Nps were chosen for comparison with the
synthesized SnO2 to evaluate the absorb capacity of the dye with all the practical
parameters for the three types were kept the same and stable. The synthesized SnO2 Nps
were shown better removal ability than the commercial materials (SnO2 and TiO2). This
was characterised to the very minute diameter and high surface area of the synthesized
SnO2. Also due to their higher recombination resistances, faster charge transport, and
more efficient charge separation. All the previous factors with the particle size, surface
to volume ratio and crystallinity of the nanorods, increased the physical properties of
the metal oxide [182, 183]. In addition, thin SnO2 nanowires, can also be applied in a
universal and low cost method to build field emitters with long term stability [184, 185].

2.2 Photocatalytic activity of SnO2 in aqueous solution
The surface of SnO2 is characterized by O vacancies acts as a sink. O deficiency in SnO2
is important because it is an electron donor which enhance its properties as an n-type
semiconductor [186]. A study had shown that energetically favourable reconstructions
of the SnO2 (110) and (101) surfaces result in surface oxygen deficiency [88, 187].
These oxygen vacancies bind with electrons forming an excitation energy level below
the CB of SnO2. SnO2 has a BG of 3.6 eV, resembles to activation energy to irradiation
with UV light. This BG corresponds to photons of a photoreactor of 350 nm which sits
in the UV-A range. The SnO2 material is well suited as a photocatalyst for removing of
hazardous compounds from wastewater [169].
In an aqueous environment, pollution adsorbed to the catalyst surface. When the catalyst
with the pollution exposed to irradiation of sufficient energy, the photogenerated e- - h+
pairs are generated to activate the oxidative degradation of organic molecules. The
adsorbed solution broken down under the light and the final products desorbed. Due to
the chemical stability, low toxicity, high photosensitivity, cheap, and preferable material
for AOPs the insoluble SnO2, metal oxide can be applied in the photodegradation of
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environmentally toxic elements and harmful chemicals in wastewater. The processes of
heterogenous photocatalysis on different semiconductors were explored during the last
decades. Recently, scientists have improved maintainable procedures for the
photodegradation of phenols and many other toxins by using different irradiation
sources [71, 188].
The overall process is explained in the following reactions which involve different steps
as shown below

2.2.1

Electron hole pairs generation

The path originates with the activation of the photocatalyst and the formation of e- - h+
pairs (Eq. 2).

2.2.2

Traps for holes

-

The e - h+ pairs which generated above in (eq1) travel to the surface of the
semiconductor. With the effect of the light, water molecules generate highly reactive
radical holes h+. The h+ migrate to the pollutant adsorbed to the surface (water molecules
H2Oads) and react with the catalyst. Thus, the hole in the VB h+ is capable of producing
•

OH by 2 ways, either through absorbed water (Eq.3) or through the reaction of hydroxyl

anions (Eq.4).

2.2.3

Traps for electrons

The generated electrons e-, which migrated to the surface and the molecular dissolved
oxygen, acts as acceptor species in the oxidation-reduction reaction. The e- activate the
production peroxy radical anions (superoxide anions) (and hydroperoxyl anions (Eq. 5)
upon reaction with dissolved oxygen [189].
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In addition, the resulted free radicals have strong oxidation ability are then protonated
and formed highly reactive hydroperoxyl radicals in the presence of H+ (Eq. 6)

or in the presence of H2O (Eq. 7) [190]. The free radicals can oxygenate or degrade the
organic compounds. •OH has no selectivity to reactant, makes critical effect in
photocatalyzing, but high active electron O2•− super oxide anions has strong oxidation
ability also can mineralize phenol.

Eventually, all the starting compounds and intermediates are converted into CO2 and
H2O upon reaction with the above mentioned reactive species, as it stated in the previous
equations.

Figure 4: Schematic representation of the oxidation process taking place on the crystal surface [115, 191].

Following the observations made from the previous reactions above and from many
literature reviews and reports. The overall process is schematically outlined in Figure 4
above [91, 318].
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In Figure 4 above, shows that the pollutant adsorbed to the surface and the light broken
the adsorbed pollutant into e- - h+. The formation •OH of the reactive species are formed
by the reactions of holes (h+) with absorbed H2O or OHˉ, and via H2O2 from the
superoxide ion O2ˉ [192]. Reduction of oxygen in aerated solution to form O2ˉ and H2O2
enables in maintaining of the charge neutrality and driving the photocatalytic activity
[135]. Later, H2O2 would photodecompose to •OH and react with the substrate [193].
As it was explained, the O vacancies in SnO2, can donate O and play an important role
in photocatalysis [194, 195].
Many researchers showed that the main products formed from phenol photodegradation
led to the formation of a mixture of byproducts such as Cat, BQ, Res and HQ as shown
in Figure 5. These photoproducts further react with •OH and could be mineralize to CO2
and H2O as it shown in the Figure below [196-198].

Figure 5: Different chemical photoproducts expected from phenol photodegradation [196-198]
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2.3 Application of undoped SnO2 in the photocatalytic degradation
of organic pollutants
Many researchers have been demonstrated to show the capability of the pure, undoped
SnO2 material in the photocatalytic applications, since it has the ability to mineralize the
target pollutants. The pure SnO2 has relatively high BG energy (3.6eV) which limits its
using to UV light since it has enough energy to trigger the metal oxide.
In the case of pure SnO2 the visible light does not has sufficient energy to activate the
formation of e- - h+ pairs.
Recent examples are summarized below in the coming Table 4. SnO2 photocatalytic
activity has attracted many researchers due to its potential application of dyes, Tamima
and his group prepared SnO2 nanocrystals from amino acid chelated Sn salts and were
used in degradation experiments of Rhodamine B. The study results showed that the
synthesis materials were succeeded to degrade the sample in a close to 100%
decomposition of the dye concentration after irradiation within 150 min [199].
Comparable outcomes were also gained when SnO2 Nps synthesized from Sn oxalate
using an eggshell membrane. The SnO2 nanocrystalline were also used for the
Rhodamine B degradation. An excellent of 95% degradation in the concentration of the
dye was appeared after exposing the solution to UV irradiation for about 1 h [200].
Another green method was used to synthesize undoped SnO2 Nps, and this was
employed in the oxidative degradation of different dyes such as Methylene blue, Eosin
Y and Congo red. The authors reported 100% degradation of the dye after 40 min of
irradiation measured by UV-Vis, but TOC results showed about 83.3% after 80 min of
irradiation [121]. SnO2 Nps were synthesized by using aqueous extract, were involved
in the degradation of Congo red. The results showed higher % of degradation of the dye
[201].
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Table 4: Some photocatalytic activities of SnO2

Pollutant

Source
of light
250W
Hg lamp
λ>365
nm

Experimental
conditions
C: 50mg/50mL
P: 1.0 x 10–5 M

Degradation
efficiency
Excellent
photocatalytic
degradation of RhB

RhB

UV

94% degradation
after 60 min

MB,
Eosin Y
Congo red

UV

Different Conc.
of SnO2 P: 1.0 ×
10–6 M
C: 2.5× 10–6 M
SnO2 P: 2.7 ×
10–6 M

Congo red

λ>365
nm

C: 0.25g SnO2
P: 1.0× 10–6 M

Showed excellent
photocatalytic
results for the dyes
degradation
Higher degradation
of the dye

Violet 4
BSN dye

125 W
UV 254
nm
Hg lamp
UV
source

C: 10 mg SnO2
P: 25 mg/L dye

100% of the dye in
40 min

C: 2 mg SnO2
Nps P: 3 mL of
10 mg/L

The extract fruit
has the capacity to
reduce SnCl4 to
SnO2 Nps

RhB

Congo R

Comments

Ref.

High
degradation
of the dye
due to its
small size
photons
striking the
catalyst
50%
degradation
after 20-30
min
pseudo-1st
order rate
k=0.9212
Steady after
120 min of
UV
SnO2 not is
good in
photocatalyti
c activity as
well as
antioxidant
capacity

[199]

[200]

[121]

[201]

[177]

[202]

Abbreviations: Rhodamine B: RhB; concentration of catalyst: C; concentration of pollutant: P; minute:
min; ultraviolet: UV; nanoparticless: Nps;

Another researcher synthesized SnO2 Nps by amino acid tyrosine under UV light
irradiation in photodegrading Violet 4 BSN dye. The removal of degradation rate
reached up to > than 95% in the presence of these Nps. [177]. All the results of recently
synthesized SnO2 Nps indicated that the semiconductor not only have good
photocatalytic activity, but also a high antioxidant capacity against free radicals.
Consequently, SnO2 Nps is an important material can be significantly employ in many
industries including the previous applications beside its use in photocatalytic and
cosmetic appliances [202].
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2.3.1

Improving SnO2 photodegradation efficiency

Despite the great potential of SnO2 semiconductors for photocatalytic applications, and
the antioxidant capacity of the Nps against free radicals [202] its experimental
applicability as a pure material is incomplete because of the high activation energy of
the metal oxide. This activation energy is in equivalent to irradiation with UV light, and
the direct (swift) recombination rate of the photogenerated conduction electron (e‾ CB)
in the Sn 4d(5S) band and with a hole in the O 2P valence band (h+ VB) [115]. To improve
the industrial application of SnO2, and to enhance the photocatalytic activity, the
recombination rate of e- - h+ pairs requires to be inhibited [203]. One of the options is
to dope other semiconductors of different electron energy BG to the metal oxide.
Possibly the photocatalytic activity of the new combination material is then improved
because it would decrease the recombination rate of e- - h+ pairs and lower the activation
energy [204, 205].
Cristante and its group doped TiO2 thin films organofunctionalized with 2aminothiazole ligand and adsorbed Pd(II) ions. The doping method improved the
transfer of metal legend load to the metal oxide, prevented e- - h+ pairs recombination
and influenced the photocatalytic activity of the material [206]. In addition, other factors
also significantly affect the overall efficiency of the photocatalytic process. Parameters
such as the temperature of the reaction mixture [207], the pH of the aqueous solution
[208], and the light intensity or the λ of the photon source are significant parameters
which require to be carefully optimized and checked [209].

2.3.2
2.3.2.1

Improving photodegradation efficiency by selective doping of
SnO2
SnO2 coupled with other semiconductors

Free electrons cannot absorb visible light directly in SnO2; this requires an additional
scattering mechanism, such as the coupling of e-. Coupling SnO2 with either narrow or
wide BG semiconductors is significantly enhanced the charge separation and increased
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the photocatalytic activity [210, 211]. SnO2 has repeatedly been used in combination
with TiO2 semiconductors [212].
Table 5. Improved SnO2 photocatalytic efficiency by TiO2 and ZnO semiconductors

Coupled

Light
source/
Pollutant
250-W
xenon Lamp
P: Acid
orange 7

Experimental
conditions

Photodegradation
efficiency

Ref.

C: 0.54mg/cm2; P:
1.2 × 10 -4mol/L

[213]

2×30 W UV
Lamps P:
MB
300 W Hg
lamp P: P:
MB
UV lamp P:
RhB

C: 0.05g/100mL; P:
5 × 10−5mol/L

ZnO/ SnO2

UV Hg lamp
P: MO

C: 0.25g/100mL; P:
20 mg/L

ZnO/ SnO2

500-W Xe
lamp P: RhB

C: 0.01g/10mL; P:
1x10-5mol L-1]

The coupled oxide
enhanced rate of
photocatalytic
degradation of the dye
more than the oxide
alone.
TiO2 doped with 5 wt.%
SnO2 showed better
photocatalytic activity
TiO2 doped with 5.6% Sn
showed best
photocatalytic activity
70% more degradation
than with pure oxide about
92% decolorization RhB
The calcination
temperature affected
particle sizes.
The coupled
semiconductor exhibited
higher photocatalytic
activity than ZnO or SnO2

ZnO/
SnO2

50 W Hg
lamp
P: RhB

P: 100mL/10.0 ppm

[218]

ZnO/
TiO2/
SnO2

500W highpre. Hg
lamp
Methyl
orange

Irradiation time
120 min

Increased
photocatalytic activity
of ZnO/SnO2
nanofibers
Much lower
Better photocatalytic
activity

SnO2/TiO2

SnO2/TiO2

TiO2/ SnO2

SnO2/ TiO2

C: 0.05g/100mL; P:
2 × 10-5mol/L
C: 0.1g /100; P:
1×10−5 mol/L

[214]

[215]

[216]

[96]

[217]

[219]

Abbreviations: Rhodamine B: RhB; Methyl orange: MO; Methylene blue: MB; concentration of catalyst:
C; concentration of pollutant: P.

TiO2 and SnO2 are n-type semiconductors and with BG energies greater than 3.0 eV
which also display an absorption in the UV region. It is obvious that both of the
semiconductors don’t meet the criterion, thus doping is so far the only option.
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Researchers addressed the fortunate photodegradation of an azo dye (Acid orange 7) in
the presence of doped SnO2. It was reported that a ratio of SnO2/TiO2 of 2:1 to be the
most effective for the degradation process [213]. Furthermore, SnO2/TiO2 coupled
synthesized by other groups resulted in higher photocatalytic reactivity of doped
material compared with undoped TiO2 [212, 220].
Peng and colleagues prepared SnO2/TiO2 nanotubes with different SnO2 concentrations
by the simple solvothermal process. The results showed that the composite photocatalyst
material allowed for increased absorption of Methylene blue on the catalyst surface,
resulted in high concentration levels due to their high absorptive properties. Composite
photocatalyst also decreased the recombination rate of e- - h+ pairs and resulted in higher
photocatalytic activity. The authors reported that the combination composites
photocatalyst with 5% SnO2 doping had the enhanced photocatalytic efficiency [214].
The best photocatalytic activity was also achieved with 5.6 at. % of Sn/TiO2. The
suspension evaluated the degradation of Methylene blue under UV irradiation. Although
the wide energy BGs of Sn and TiO2 semiconductors, the absorption edge of Sn/TiO2
shifted towards longer λ with increasing amount of Sn. Mixing the two metal oxides
directed the gathering of e- in the CB of SnO2 and the photogenerated h+ in the VB of
TiO2, thus the doping energy level of Sn4+ ions was formed. Doping Sn/Tio2 shifted to
smaller energy BG and favoured more e- - h+ pairs when illuminated with UV light, thus
enhanced the photocatalytic activity [215].
SnO2/TiO2 composite materials synthesized by sol-gel method showed good results in
the decolourization of about 92% of Rhodamine B. The availability of 10% of SnO2
after 3 h irradiation gave only 70% with pure TiO2. The results showed that SnO2
reduced the particle size, increased the oxidizing power thus, and increased the
photocatalytic activity of the samples [215, 216].
All the results discussed above are summarized in Table 5.
Zhang and his group doped ZnO/SnO2 nanocomposite binary mixed oxide the coupled
photocatalytic activity was examined for the photodegradation of Methyl orange under
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UV light. The results exhibited that the calcination temperature strongly affected the
particle size of the coupled particles. It was discovered by the authors that the coupled
oxides ZnO/SnO2 showed better photocatalytic activity for the degradation of Methyl
orange than ZnO or SnO2 alone [96].
Wen and co-workers carried out a study on doped mesoporous SnO2 with a low
concentration of ZnO (m-SnO2/ZnO).They investigated the photocatalytic activities of
m-SnO2/ZnO and m-ZnO by the photocatalytic oxidation of Rhodamine B under UV
irradiation. The authors reported that the photocatalytic activity of m-SnO2/ZnO was
higher than that of m-ZnO. The enhancement of the photocatalytic activity for mSnO2/ZnO might be due to the bigger surface area and enhanced charge separation that
derive from the combined mesoporous [217].
Yet, doping with a small concentration of ZnO was resulted a huge positive effect on
the photocatalytic properties of the metal oxide. The coupled ZnO/SnO2 system also
showed higher photocatalytic activity than the pure ZnO and pure SnO2 for the
degradation of the Rhodamine B. This improved photocatalytic activity in the
degradation of the dye under UV light irradiation could be explained by the formation
of a ZnO/SnO2 hetero-junction in the ZnO/SnO2 nanofibers and the high surface area
which activated the separation of generated e- - h+ pairs [218].
Wang et al. [219] prepared a ternary mixture of ZnO, TiO2 and SnO2 in the molar ratio
of 4:1:1 followed by heating the powder at 200-1300 ºC and tested the material for its
photocatalytic properties in the degradation of Methyl orange. The prepared mixture
showed enhanced photocatalytic activity for the degradation of Methyl orange
compared to the pure metal oxides at 500 ºC. The photocatalytic activity of the mixture
decreased when the calcination temperature exceeded 700 °C, due to the formation of
photoinactive ZnTiO4, Zn2SO4 and Zn2Ti0.5 Sn0.5 O4. When the mixture heated to
1300 °C for a prolonged time, the mixture completely lost its photocatalytic properties
and became totally inert.
All results discussed above are also summarized in Table 5.
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Visible light Cr2O3/SnO2, synthesized by the coprecipitation method and the molar ratio
of chromium to tin was 1:2 respectively, calcined at 400 ºC for 2 h. The material was
successively exhibited the highest photocatalytic activity of Rhodamine B reached to
98% in just 60 min and this rate of the nanocomposites was higher than the rate of P25
by about 3.5 times because it had smaller particle size of 10 nm and higher surface area
of 38 m2/g [221].
Xia et al. [97] prepared Fe2O3/SnO2 by coprecipitation method, parameters such as the
phase composition, crystallite size, BET surface area and optical absorption of the
samples changed considerably with different heat temperatures. The photocatalyst
exhibited extraordinary photocatalytic activity with Acid Blue 62 and they reported that
it could be degraded in 60 min under irradiation of the visible light (λ > 400 nm). The
authors also showed that sample with a molar ratio of iron to tin of 2:1 has better
crystallization, when it calcined at 400 C for 3 h. The group also exhibited that the
photocatalytic activity of the nanocomposite enhanced obviously as particle size
decreased until reached to a diameter of about 15 nm with highest surface area.
Niu and his group synthesized SnO2/α Fe2O3 by hydrothermal method. The formation
semiconductor nanohetrostructors (SNHs) exhibited enhanced photocatalytic activity
under visible or UV irradiation when compared to pure α Fe2O3 mainly due to effective
e- - h+ pairs separation at the interfaces of the SNHs [222].
SnO2/V2O5 nanowires were synthesized by hydrothermal and wet chemical method. The
photocatalytic behaviour of coreshell was examined for the photodegradation of
Toluidine blue “O” dye (TBO). The results showed that the nanowires had enhanced
photocatalytic activity for the degradation of the dye under UV light than with pure
V2O5 and bulk due to its large surface area and efficient charge separation of SnO2/V2O5
couple structure [223].
Doping SnO2 to the Cu2O using hydrazine as a reducing agent in aqueous solution
significantly had a positive effect on the photocatalytic activity of CuO2 for waste water
treatment. The results showed that when the amount of CuO on the surface of
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SnO2/Cu2O decreased, the photocatalytic activity of Cu2O for the degradation of
trifluralin increased [167].
SnO2 Nps were synthesized by a sol-gel process and used as a support via depositionprecipitation method. The catalytic activity of the particles affected by the optimum
loading of the CuO which was about 8 wt. %. The CuO/TiO2/SnO2 catalysts showed
higher catalytic activity than CuO/TiO2, and CuO/SnO2 catalysts. The results indicated
that due to the availability of large amount of CuO which formed the active site for CO
oxidation in the CuO/TiO2/SnO2 catalyst [224].
Copper oxide (CuO) doped SnO2 been synthesized as nanocomposites prepared by
simple precipitation method. The photocatalytic activity of CuO/SnO2 examined for the
photodegradation of colour Acid Blue 62 as a probe reaction under xenon light
irradiation. The uppermost photocatalytic activity was gained with a combination of
CuO and SnO2 in a molar ratio of 1:1 and the calcination temperature was 500 °C for 3
h. The nanocomposite gained from this technique was known to have a high surface area
and good crystallization. [225].
A novel visible-light-driven of tin disulfide (SnS2) doped SnO2 nanocomposite
photocatalyst was described by Zhang and co-workers. The photocatalytic properties of
the nanocomposite was examined by the degradation of Methyl orange in water under
visible light and λ > 420 nm. The results showed that the mixed SnS2/SnO2 Nps
compared to SnO2 had better photocatalytic activity. The rigid attachment of SnO2 to
SnS2 Nps facilitated the e- transfer and decreased the site agglomeration, which helped
to achieve high photocatalytic activity. The enhanced photocatalytic activity is also due
to the matched band potentials of both semiconductors in addition, somewhat shorter
BG of SnS2 which activated the transfer of e- from CB of SnS2 to SnO2 after
photoactivation [226].
Cerium dioxide (CeO2) doped SnO2 nanocomposites been prepared and their catalytic
activity was examined in the degradation of leather Direct Black 38 in aqueous solutions
under irradiation with solar light. The preparation contained different concentrations of
CeO2 doped SnO2. The results indicated that when the metal oxide was doped with 7
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wt. % of CeO2, it showed the best effective photocatalyst for the degradation of the dye
(DB38) in aqueous solution under sunlight [227].
Table 6: Improved photocatalytic efficiency by coupled semiconductor

Coupled
Cr2O3/SnO2
SnO2/Fe2O3

SnO2/
αFe2O3
SnO2/V2O5

SnO2/Cu2O

SnS2/SnO2

CdS/SnO2

BiOCl/
SnO2

Light source/
Pollutant
Sun light; P:
RhB
1000 Xe lamp;
P: Acid blue
62
4 WUV lamps;
P: MB

Experimental
conditions
C: 0.5g/L; P: 0.5 g/L

SnO2/V2O5 ; P:
Toluidine blue
“O”
400W Hg
lamp; P:
Trifluralin
1000W Xe
lamp; P: Acid
Blue 62
300 W Xe
lamp; P:
benzyl alcohol
500W Xe
lamp; P: RhB;
MO; MB

C: 15mg /50mL; P:
0.5mmol

P: 50mg/L

C: 50mg /150ml; P:
1x10-5mol/L

C: 50mg/80mL; P:
50mg/L

Photodegradation
Ref.
efficiency
98.0% degradation under [221]
visible light irradiation
98.0% of Acid blue 62 in [97]
60 min under visible light
at λ > 400 nm
High activity of the
[222]
catalyst under visible or
UV irradiation
High activity of
[223]
nanowires
[167]

C: 300 mg/L; P: 40
mg/L

SnO2 doping increased
catalytic activity of the
nano-crystals
Enhanced photocatalytic
activity for the couple

C: 50mg/20mL; P:
CH3CN

Oxidation of benzyl
alcohol to benzaldehyde

[228]

C: 25 mg/L; P: 0.01
mol/L

High photocatalytic
activity for RhB
degradation under visible
light

[229]
.

[226]

Abbreviations: Rhodamine B: RhB; Methyl orange: MO; Methylene blue: MB concentration of catalyst:
C; concentration of pollutant: P.

In another study coreshell nanorods fabricated by synthesizing SnO2 Nps with a solventassisted interfacial reaction and under visible light irradiation showed increased
photocatalytic activity for benzyl alcohol to benzaldehyde. Cadmium sulphide (CdS)
which has small BG energy (of 2.4 eV) doped with SnO2 (3.6 eV), the later firmly could
be attached on the surface of CdS. The results showed enhanced photocatalytic activity
for the oxidation of benzyl alcohol to benzaldehyde under visible light irradiation was
higher than for the pure semiconductors. The results showed that in acetonitrile solution,
O2‾ and the h+ pairs are the principle reactive species responsible for the above oxidation
process [228].

64

2 CHAPTER 2

Bismuth oxychloride (BiOCl) coupled with SnO2 Nps, showed visible light performance
photocatalytic activities. The photocatalytic activity of BiOCl/SnO2 was evaluated by
measuring the degradation of Rhodamine B under visible light irradiation. The
composite exhibited higher photocatalytic activity compared to the control one. The ntype of SnO2 increased the separation rate and inhibited the direct recombination rate of
the photo-induced e- - h+ [229].
Some of the most promising results discussed above are summarized in Table 6.
As it was mentioned earlier that SnO2 sensor can be promoted by the addition of small
amounts of metals such as Pt and palladium Pd. Here in this section it shown that
addition of Pd to SnO2 improved the antimicrobial activity used in biological studies.
The photocatalytic antimicrobial activity over SnO2, TiO2 and their Pd doped thin film
samples were examined against Escherichia coli (E. coli), Staphylococcus aereus (S.
aereus), Saccharomyces cerevisiae (S. cerevisiae) and Aspergillus aiger (A. aiger)
spores. The authors reported that higher antimicrobial activity was achieved with
TiO2/PdO more than with SnO2. In fact, the addition of 1wt. % Pd enhanced the activity
of either PdO/TiO2 or PdO/SnO2 coatings. The results also showed that presence of the
strong cell wall produced high protection to photocatalytic inactivation which organized
itself in terms of the slow initiation The photocatalytic antimicrobial efficiency for
different

microorganisms

and

spores

decreased

in

the

order

E.

coli>S.

aereus>S.cerevisiae>A. aiger [230]

2.3.3

SnO2 doped with metal and metalloids

Doping semiconductors with metal ions has proved to be one of the best ways of
improving visible light photocatalytic activity for the oxidation and reduction
degradation of organic compounds [231]. In fact, nanoparticle materials have attracted
many scientists to build up visible light photocatalysts not only to solve environmental
problems but also for the application in renewable energy sources. Usually,
photocatalysts need narrow energy BG, efficient optical absorption ability, and high
surface area, chemically stable and low cost materials.
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2.3.3.1

SnO2 doped with RE metals

Earlier, researchers modified SnO2 catalysts by doping metals with SnO2 for the
oxidation of CO and propane and noticed no improvement in the catalytic activity of
SnO2 toward CO [232].
On the other hand, doping different RE ions onto TiO2 such as La, cerium (Ce), erbium,
praseodymium, Gd, Nd, and samarium (Sm) doped Nps enhanced their photocatalytic
activities [233]. Moreover, the introduced RE metals in the form of metal oxides
(RE2O3) at TiO2 surface, exhibited higher photocatalytic activity even in the visible
range of the electromagnetic spectrum. When TiO2 doped RE elements demonstrated
potential in red shifting absorption edge and enhanced the photocatalytic activity of
TiO2 more than undoped TiO2 under visible light irradiation. Literature data referred to
the red shift of this kind due to the charge transfer transition between f e‾ of RE ion and
the TiO2 CB or VB [234]. The doped oxide cations affected the material electronic
distribution, caused the absorption of oxygen species and created high surface area with
smaller sizes [235-237]. In yiterbium (Yb) doped TiO2, caused highest photocatalytic
activity under visible light in the range from 420 – 475. The mechanism for this visible
light sensitization was possibly due to decreased crystallite size, increased BET surface
area, Additionally, prevention eˉ - h+ pairs recombination, availability of higher
absorption sites created oxygen vacancies and surface defects thus, enhanced the
efficiency of the system [238]. Doping TiO2 with RE ions also effected on the optical
properties, decreased the BG energy and enhanced the photocatalytic activity of the
metal oxide in the visible region [203, 239]. RE metals are inefficient by doping onto
SnO2 increases their sensitization efficiently because of their potential applications in
optoelectronic technology and their direct excitation of the infra f shell [240-242].
The intense luminescent properties and f-f electronic transitions RE metals have been
applied in the production of lasers, fluorescent displays and lamp [243]. Reports on RE
metals doped SnO2 Nps such as micro lasers, multi-coloured displays, and luminescent
labels also exist [244, 245]. SnO2/Gd influenced the appearance of magnetic properties
[246]. Europium oxide (Eu2O3) has been examined extensively for a variety of optical
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and electronic properties [247-249]. The effect of Eu on electrocatalytic characteristic
of Sb/SnO2 electrodes was also investigated. The results indicated that the performance
of the prepared electrodes was strongly influenced by the treatment temperature and the
RE metal doping content. SnO2/Eu produced smaller sizes, larger surface areas and
active sites on the electrode surface which improved electrocatalytic oxidation [250].
RE/SnO2 produced nanopowders 15-20 nm in size and showed luminescence activities
[110]. There is an acid/base relation between the RE oxides and the metal oxide [110,
251, 252]. SnO2 is an acidic isoelectronic point (iep) 4 -7 on the other hand, RE oxides
are basic For instance, La2O3 iep 10˗12 but Y2O3 iep ~ 11 [253]. La/SnO2 explained the
acid/base properties clearly when was used as sensor for ethanol gas. The sensitivity of
the metal promoted with the addition of La2O3. The enhancement of the gas is due to
the oxidation reaction of the gas. The catalytic activity of the gas enhanced since it has
been related to the electronegativity of the cations present in the system and thus
acid/base characteristics [254]. The same effect was gained in the oxidation of methanol,
which led to selectivity changes for methanol decomposition [255].
The effect of CO2 on SnO2 also indicated significant differences in the oxides acid/base
behaviour sites [122, 256].
Interestingly, Ce ions doped to the metal oxide got a lot of consideration due to the redox
couple (Ce3+/Ce4+) allows a shift from ROx to R2Ox+1 like (CeO2 to Ce2O3) The presence
of oxygen vacancies with the mobility of bulk oxygen species enhances the catalytic
property [257, 258]. Doping TiO2 metals with RE ions is already known and experienced
because of their special incompletely occupied 4f and empty 5d orbitals electronic
configuration, improved their activity. In fact, the specific 4f of Ce plays a crucial role
in generating and directing the eˉ - h+ pairs to advance the visible light absorption [259].
Another advantage of Ce metal is plentiful on earth as Ce oxide Ce2O3 having BGs in
the visible region and oxygen vacancies assisting in visible light absorbing
photocatalysis [260].
SnO2/Sm Nps resulted in increased surface area and a reduction on the BG energy
confirmed the enhanced photocatalytic degradation of different dyes over the undoped
samples [261].
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Cui and his group compared doping three kinds of REs on Ti/Sb-SnO2 electrodes and
examined for the degradation of BQ, HQ and Cat with other aliphatic acids. The results
indicated that the aliphatic acid with higher oxygen content or more double bonds is
more readily to be oxidized. The results showed that the contaminant acid with more
oxygen content or more double bonds structure was more readily degraded. Gd and
europium were also used to dope SnO2 and an increased activity of the photocatalyst
was observed. Interestingly, in this study, Ce only marginally increased the activity of
the catalyst [262]
Table 7 Improved photocatalytic efficiency by RE metals

Catalyst

Light
source/
Pollutant
260 nm UV
light; P: EV
and BG

/SnO2

/Sb/SnO2
Ti/Ce/Sb/SnO2
Ti/Gd/Sb/SnO2
Ti/Eu/Sb/SnO2

Potentiostat
for organic
degradation
studies P:
BQ

Experimental
conditions

Photodegradation
efficiency

Ref.

C:
0.233gm/10ml
EV: 2.5×10−4
M BG:
2.5×10−4 M
P: mg/L C:
100mg/L

The photocatalytic
degradation enhanced in the
presence Sm3+ ions

[261]

Faster degradation of BQ
because of electrophilic
attack of OH

[262]

Abbreviations: samarium: Sm ethyl violet: EV; benzoquinone: BQ; brilliant green: BG; concentration of
catalyst: C; concentration of pollutant: P.

Some of the most promising results discussed above are summarized in Table 7.
2.3.3.2

SnO2 doped with TMs

TM compounds have been employed between the ionic and the metallic states of the
metal, thus providing high catalytic activity of SnO2.
Xu and colleagues doped SnO2/Sn nanocrystals extremely active photocatalysts and
used for the photodegradation of organic pollutants. This self-doped material was used
for the degradation of Methyl orange under visible light irradiation in a short time. In
this technique Sn2+ substituted with Sn4+ ions in the rutile structure, O vacancies are
produced and sustained the overall neutral charge of the metal oxide, therefore decreased
the band energies and enabled activation of the photocatalyst with visible light [263].
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TMs like manganese, (Mn+2) and Ce+3 with other RE ions helped to raise the O vacancies
related luminescence which resulted from the formation of many more oxygen
vacancies. Addition of manganese amounts resulted on the doping level influenced not
only the structural, magnetic, electronic and the luminescence properties of the
semiconductor but also enhanced the photocatalytic properties of the semiconductor
[148, 264].
Even though, nano doped SnO2 had larger surface area, smaller crystallite size and lower
BGs, factors added towards enhanced photocatalytic activity. In fact, a total
understanding of these correlations has to be very well known, and the mechanisms also
remain a challenge to scientists.
Selenium (Se) SnO2/Se synthesized by sol-gel process had high crystallinity and
broadened width. The decreased crystallite size was in the range of 12-17 nm. The Nps
advanced the electronic character of the nanomaterial and decreased in the energy BG
from 3.6 to 2.9 eV [265].
Oldfield and his group deposited gold (Au) on SnO2, to show the capacity of the storage
for the element since the electron density changes within the core can be observed
through changes in the surface plasmon (SP) absorption band of the Au particle. The
group observed the deposition of the metal oxide shell and the electron transfer
processes spectrophotometrically, by using shifts in the surface plasmon (SP) band
position of the Au core [266]. Au/SnO2 nanostructures synthesized by seed-mediated
hydrothermal method, exhibited better catalytic performance in the photodegradation of
Rhodamine B due to the separation of effective eˉ - h+ pairs at the SnO2-Au interfaces
and strong localization of plasmonic near fields effect [267]. Others deposited Au/SnO2
Nps; the combined material was used for the photocatalytic degradation of RhodamineB
(R6G). The results exhibited enhanced photocatalytic performance in the
photodegradation of the dye due to the effected eˉ - h+ separation at the SnO2/Au
interfaces and the larger surface area [268].
Silver Ag/SnO2 nanocomposites exhibited higher photocatalytic activity under visible
light for the degradation of Methyl orange, Methylene blue, 4-nitrophenol and 2chlorophenol compared to pure undoped Nps. The authors showed that the Ag Nps
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induced visible light activity and facilitated efficient charge separation in theAg-SnO2
nanostructures [269].
There have been several studies of the magnetism of SnO2 based DMS doped with
transition metals. With nickel (Ni), it was found that the measured magnetic moment
per Ni ion decreased when the amount of doping was increased [270].
Table 8: Improved photocatalytic efficiency by RE metals

Catalyst

Light
source/
Pollutant
300W Xe
lamp; P:
MO
8 Hg lamp;
P: MO

Experimental
conditions

Photodegradation
efficiency

Ref.

C: 50mg/50mL;
P: 10 mg/L

[263]

Au/SnO2

Hg W
lamp; P:
RhB

C: 100mg/40mL;
P: 5mg/500mL

Au/SnO2

300 W 365
nm; P: R6G

Ag/SnO2

Visible
light
irradiation;
P: MB 4NP
and
2CP

C:
0.015gm/50mL;
P: 1mmol/L1mL
C: 2mg/20mL;
C:10mg/20mL

The nanocrystals
enhanced degradation
activity for the dye
Doping levels had strong
influences on the
photocatalytic activity
Enhanced the degradation
activity of the dye with
the treatment of the
nanostructure
Highly activity of
nanocrystals
nanocomposite enhanced
the photocatalytic activity
under visible light
irradiation for the
degradation of the dye

[269]

Sn/SnO2

Mn/SnO2

C: 45mg/100mL;
P: 2.7x10-3mol/L

[148]

[271]

[268]

Abbreviations: Rhodamine B: RhB; Methyl orange: MO; Methylene blue: MB; 4-nitrophenol: 4-NP; 2chlorophenols: 2-CP; concentration of catalyst: C; concentration of pollutant: P.

The magnetic properties of manganese SnO2/Mn were also dependent on the Mn doping
content [272]. Chromium SnO2/Cr played an important role in tuning the
ferromagnetism of SnO2 nanostructures, in addition to the contribution of surface
oxygen vacancies [273]. Room temperature ferromagnetism is also possible with TMs
[274]. Yet many controversial results have been reported regarding magnetism in DMS
[275]. These included TMs doped SnO2 thin films and powders [239, 276-278], which
led to the formation of energy states below the CB. These previous results effectively
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increased visible light absorption in materials [279]. The previous experiments appear
promising and will further be developed over the next coming years.
2.3.3.3

SnO2 doped with metalloids

SnO2 is an n-type metal oxide as well as Sb, also common for n-type dopant in SnO2
[Sb doped tin oxide (ATO)]. In fact, the free electron in SnO2 strongly enhanced when
doped with Sb as in n-type thin films, opteoelectronic devices, sensors, and other
apparatuses used in pharmacology and medicine [280-282]. SnO2/Sb with various Sb
concentrations showed enhanced n-type electrical conductivity with a wide optical gap
> 4eV and a high charge carrier density resulted in an excess of electrons so the addition
of Sb modified the band structure of SnO2 [137]. As SnO2 is a n-type semiconductor, its
tetravalent Sn+4 ~0.071 nm sites can substitute pentavalent Sb5+ ~0.065 nm ions. The
larger pentavalent Sb5+ ions can replace tetravalent Sn4+ ions but the smaller trivalent
(Sb3+~0.09 nm) cannot fit into the rutile SnO2 structure. SnO2/Sb led to the formation
of donor levels and shifted the Fermi level towards the CB. [281] Substitution of Sn4+
by Sb5+ is found to be dominant at the lower Sb doping concentrations (typically less
than 2 at. %) due to their similar ionic radii making an increase in the conductivity on
SnO2 [137, 140, 283-285]. On the contrary, doping with higher Sb concentrations
resulted in reduction in the conductivity because of the precipitation of Sb oxides [286].
Reduction in Sb5+ states to Sb3+ states would result in the lowering on n-type
conductivity due to the formation of the acceptor sites [287]. Electrodes are usually
doped with Sb to improve its conductivity [288-290] as in SnO2/Sb leaded to the
formation of donor levels in the bulk, shifted the Fermi energy towards the CB edge.
Behtash and co-workers examined the thermodynamic stability and the electronic
properties of some pentavalent doped SnO2 systems, which were found to energetically
favour O-rich over O-poor conditions.[291] since Sb5+ replaced Sn4+ sites and left
excess electrons. SnO2/Sb enhances photocatalytic activity by decreasing the
recombination rate of e- - h+ pairs. Sb dopant ions can act as e- - h+ pairs trap or can
mediate in interfacial charge transfer, leading to increase charge separation in the
photocatalyst. SnO2/Sb was prepared on metal substrates resulted with a weak bonding
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between the film and the substrate [292]. SnO2/Sb deposited on glass substrate
compared to the reflectance of on silicon, exhibited high energy gap and stayed
transparent at a λ in the visible region. The results showed that the reflectance of
SnO2/Sb deposited on glass was reduced. It was clear that the roughness of the silicon
advanced the reflectance and hence the optical parameters. [293]. SnO2/Sb used for the
oxidation of p-methoxy-phenol (PMP) in aqueous solution, the effects of applied
potential with the initial concentration of the pollutant showed the formation of CO2.
CO2 formation was low at potentials < 2.3 V while mineralization to CO2 decreased as
the concentration of PMP increased [294]. Ni/Sb/SnO2 electrode effectiveness was
examined for the electrochemical degradation of 4-CP. The results showed that the
increased in electrode efficiencies for electrochemical oxidation of 4-CP was attributed
to the production of highly reactive •OH [295].
Table 9 Improved SnO2 photocatalytic efficiencies by Sb doped
Catalyst
Light
Experimental
Photodegradation
source/
conditions
efficiency
Pollutant
Electrode
P: 0.1 mg/1000mL
Decreased degradation
SnO2/Sb
potential; P:
rate with increasing
PMP
pollutant concentration
Ni/Sb/SnO2
UV light
P: 8mM (1028
4-CP destruction was
solar light 4- mg/1000mL
higher than the control
CP

Ref.

[294]

[295]

Abbreviations: 4-chlorophenol: 4-CP; p-methoxy phenol: PMP; concentration catalyst: C; concentration
of pollutant: P.

Other scientists doped molybdenum on SnO2 and showed extraordinary effects on the
electrical and optical behaviour of SnO2 films [296].
Results discussed above are summarized in Table 9
2.3.3.4

Other metals doped SnO2

Doping SnO2 with TMs or metalloids also affected the particle size, surface area and the
BG energy of the Nps. Cobalt Co/SnO2 exhibited decreased grain size, and caused an
enhancement in the photocatalytic activity of 4-hydroxybenzoic acid (4-HBA). The UVvisible diffuse reflectance spectra of the samples exposed red shifts, and the optical BG
energies decreased with the increased Co concentration. Complete photodegradation of
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10 ppm of 4-HBA solution was gained, after irradiation with UV light for 1 h [152].
Co/SnO2 Nps showed the substitution of Co2+ into Sn4+ resulted in the energy BG
decreased with increased cobalt doping [297]. SnO2/Co for pulsed laser deposited thin
films led not only to high temperature ferromagnetism but also a giant magnetic moment
[298]. A recent study by Zhao and colleagues confirmed that the temperature during the
calcination process has a major effect on the photocatalytic properties of doped SnO2
nanomaterials. With increasing calcination temperature, a decreased in the
photocatalytic properties of the Nps was observed [299]. Zinc Zn/SnO2 nanorods
prepared by a hydrothermal method and examined by degrading Acid fuchsin. The Nps
exhibited a greater photocatalytic activity rate then the pure SnO2 powders, and showed
an enhanced gas sensing ability towards methanol, ethanol and acetone by high
sensitivity and fast response [300].
Iron Fe/SnO2 Nps displayed higher performance by a sol-gel hydrothermal route, led to
smaller size distribution, a greater surface area, better stability against agglomeration,
improved thermal stability and a red shift in the UV absorbing band width with
increasing amounts of the Fe3+ doping [301]. Fe/SnO2 synthesized by sol-gel method
showed efficient photocatalytic degradation of Rhodamine B under UV light. the results
showed that the 5% Fe/SnO2 Nps decomposed Rhodamine B by more than half after 2
h of an illumination time [302]. Fe/SnO2 synthesized by pulsed laser pyrolysis. The
particles size about 10 nm and well dispersed Nps triggered magnetic properties
suggested the magnetization is not controlled by the amount of Fe [303].
Vanadium V/SnO2 synthesized by sol-gel and used to examine the effect of doping
concentration on structural, morphological and optical properties of prepared Nps. It
was found the ferromagnetism behaviour dependent on the vanadium dopant content
and a quenching in green luminescence was detected. Furthermore, the 5% sample of
SnO2/V exhibited higher photocatalytic activity than the control in decaying Methylene
blue and Rhodamine B [275].
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SnO2/V Nps synthesized by chemical coprecipitation reached an average of 5.4-7.7 nm
in crystal size and the pores in the nanoparticle size of about 5-15 nm in diameter [304].
Selenium Se/SnO2 gave an improved electronic character of the nanomaterial with a
decreased energy BG and the minimum size of the Nps obtained was found within the
range of 12- 17 nm [305].
SnO2 is an oxidation catalyst which displayed good activity for carbon monoxide
oxidation [306, 307].
SnO2 is used in chemical applications as a support material for dispersed metal catalysts
as in SnO2/Pt and SnO2/Pd synthesized as thin films, and could demonstrate high
sensitivity to liquefied petroleum gases [308-310]. The high surface area of SnO2 was
used as a support for Pd catalysts, which are very active for the reduction of NO to N2
at comparatively low temperatures [311].
Doping SnO2 with metals such as Pt, Pd, ruthenium (Ru) and rhodium (Rh) improves
its catalytic activities. The best results were achieved with SnO2/Pt due to its high
oxidation state [88, 312].
Dieguez and co-workers examined the influence of Pt and Pd impregnation in sol-gel
fabricated SnO2 Nps after calcination. This was shown to enhance gas sensor
performance [313].
Another researcher examined low temperature oxidation of methane over a Pd catalyst
supported on metal oxides. SnO2/Pd was found to have excellent activity for the
complete oxidation of methane [314].
Feng and colleagues doped Pd with SnO2 Nps dispersed in mesoporous silica by a
thermal decomposition method. Due to confinement of the pores of the mesoporous
silica, SnO2 nps grew rather slowly had a large surface area, formed nanochains and free
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surfaces. The nanocomposite exhibited electrical conductivity and a high sensitivity to
CO gas, even at a low operating temperature [315].
Table 10 Enhanced photocatalytic activity of SnO2

Catalyst

SnO2/Zn

500 W Hg lamp; P:
AF

Experimental
conditions
C: 3 g/L; P: 4HBA; C: 10
mg/L
C: 100 mg/L; P:
4 mg/L

SnO2/Zn

500 W Hg lamp; P:
MO

C: 30 mg/L; P:
50 mL, 20mg/L

SnO2/Fe

250W UV light
P: RhB

25 mg /0.050L;
P: 25 mg/L

SnO2/V

400 W UV lamp
MB RhB

C: 50mg/0.050
L; P30 mg/L for
both dyes

SnO2/Co

Light
source/Pollutant
450 W Hg lamp; P:
4-HBA

Photodegradation
efficiency
Complete
photodegradation of 4HBA
Degradation speeded up
8 times compared to
pure
Photocatalytic MO
degradation rate of
Zn/SnO2 is higher than
the undoped
degraded the RhB
solution by ~55 % after
2 h.
Highly activity of
nanocrystals

Ref.
[152]

[300]

[299]

[302]

[275]

Abbreviations. 4-hydroxy benzoic acid: 4-HBA; Rhodamine B RhB; Rhodamine 6G: R6G; concentration
catalyst: C; concentration of pollutant: P. Acid Fuchsine: AF

In metal oxides, upon irradiation with an appropriate light energy, free electrons are
excited to the empty CB leaving positively charged holes in the VB, resulting in the
formation of e- - h+ pairs. In addition, a wide SnO2 BG leads to a decrease in
luminescence quenching effects and higher excitonic ionization energy [316]. Some
work has been done on the luminescence properties of SnO2, and the bands from SnO2
were around 2.4-2.5 and 2.9-3.1 eV [241, 317-319].
A new method to obtain small sized SnO2 powders for gas sensors was based on a
microwave treatment with a frequency of 2.45 GHz that produced powder precursors in
few min. The obtained Nps guaranteed a grain size even after 1000 °C and 8 h annealing
[320]. Sensor occurrence and selectivity for liquefied petroleum gas has been improved
using additives such as methane, silicon (Si) [321], and cesium (Cs) [322], or their
oxides [168].
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Aluminium (Al)/SnO2 Nps, tested for the influence of hydrothermal reaction time, the
molar ratio of Sn/Al and the pH. The results showed that the particle core was rich in
Sn, but the surface was rich in Al. Al/SnO2 Nps exhibited best parameters at pH 5, Sn/Al
ratio 4:1, and time 12 h at 160 °C [323]. Many scientists also examined CO2
chemisorption on SnO2 [252, 256, 324].

2.3.4

SnO2 doped with non-metal ions

The wide BG of SnO2 requires an excitation photoreactor, limiting its role because it
reduces the absorption ability of the high energy UV portion of solar light, which
accounts for its relatively low efficiency.
SnO2 utilizes only about of~5% UV light, the rest~43% visible, and~52% infrared
radiation to complete the photocatalytic process, and is not responsive to visible light
where  400 nm [325]. To find a solution for this limitation, extending the absorption
of SnO2 into the visible region enables it to utilize as much as 50% of the total sun light
reaching the catalyst surface.
2.3.4.1

Iodine doped tin oxide

Wen used TiO2 Nps codoped with iodine (I) and fluorine (F) to improve the degradation
of Methylene blue under visible light irradiation. After prolonged sunlight illumination
a complete removal of dye colour was noticed with the disappearance of some
byproducts [326].
TiO2/I were found to show improved photocatalytic properties for the oxidative
degradation of phenol under UV and visible light irradiation more than the pure. When
calcination temperature was 673 K, TiO2/I Nps demonstrated stronger absorption in the
400-550 nm range through a red shift in the BG transition and were therefore able to
efficiency oxidize pollutants at a longer  [327].
The photocatalytic efficiency of TiO2/I materials was also increased when it modified
with SnO2 Nps and used for photodegradation of 2-chlorophenol. The improved
photocatalytic activity is obtained from the effect between the SnO2 and TiO2/I which
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helped the efficiency of migration of the photogenerated e- - h+ pairs of the catalyst
[196].
SnO2/I isolated gap states located within the BG below the Fermi level above the valence
band consisted of the oxygen 2P and tin 5S orbitals, which narrowed the optical BG to
3.5 eV. I 5p states appeared above the Fermi level and did not contribute to the gap
states [291].
SnO2/F coatings have been prepared using the mid-frequency pulsed DC closed field
unbalanced magnetron sputtering technique in an Ar/O2 atmosphere showed high
chemical, structural stability, good electronic conductivity and a shift in the BG [328].
The shift in the BG due to the energy gap between the VB and the lowest energy state
in the CB which found to increase in the carrier concentration [329]. The density of
electronic states increased at the Fermi level with an increase in F concentration
incorporated into the main SnO2 matrix, due to the increase of the CB in F/SnO2 [330].
SnO2/F are characterized by O vacancies which further examined in the decomposition
of the dye under UV illumination, to show the photocatalytic properties of the material.
As a consequence, SnO2/F showed a very high photocatalytic activity for the
degradation of Rhodamine B compared to the pure SnO2 [331].
In another study, when I was doped with TiO2 the results showed that the concentration
of the I is mainly located to the surface of the TiO2, and it rapidly decreased within the
crystal structure because of un-favourable I-O interactions as I atoms preferred doping
near the TiO2 surface due to strong I-O repulsion [332]. In TiO2/I Nps the recombination
of the e- - h+ pairs is inhibited because of the doped I sites will not only catch electrons
but also direct them to the surface of the adsorbed species (material) thereby enhancing
the photocatalytic activity [204]. Continuous states at the site of TiO2/I consists of 2p
and or 5s orbitals of I5 and oxygen. The resulted 2p orbitals of the VB are favourable
for the efficient trapping of e- - h+ pairs at the TiO2/I particles. The Sn interstitials and
O vacancies in SnO2 were found to have low formation energies and a strong mutual
attraction. The stability of the defects is due to the multi-valence of Sn, which donates
O to the CB [333]. Elucidating the high conductivity and nonstoichiometric nature of

2.3 Application of undoped SnO2 in the photocatalytic degradation of organic 77
pollutants
SnO2 as pointed in a previous section In the application of all these materials, charge
carrier concentration and conductivity is further increased by extrinsic dopants, as has
been demonstrated for SnO2 [88]. It have been reported that Sb can act as a cation dopant
but F can act as an anion dopant when doped and improved the conductivity of SnO2
[334]. While SnO2 powders have been utilized on a large scale in various fields of
science and technology, there are not so many reports on preparation techniques. Thus,
performance enhancement of SnO2 remains a challenge, and it is extremely desirable to
develop new, simplified methods for synthesizing SnO2 Nps [279]. SnO2 catalyst
activity and selectivity could be significantly improved by incorporating of different
hetero-elements [331, 333]. Additives are often mixed with the SnO2 matrix to modify
its microstructure and defect chemistry, which may enhance sensor response and
selectivity to different target gases [88].
Seema and colleagues prepared a graphene (RGO)/SnO2 composite [335] synthesized
through a redox reaction and exhibited excellent electrical conductivity which improved
the photocatalytic degradation of pollutants. When Methylene blue illuminated under
solar light, the organic dye was rapidly and completely degraded compared to the
control. The results showed that the composite might be also used in photodegradation
of other dyes [335].
The results discussed above are summarized in Table below.
Table 11: Comparison of some non-metal ion doped SnO2

Catalyst

Graphine
/SnO2
F/SnO2

Light
source/
Pollutant
350W Xe
lamp
sunlight MB
125 W Hg
lamp RhB

Experimental
conditions

Photodegradation
efficiency

Ref.

C: 10mg/0.050L; P:
2.7× 10−5 M

The dye was degraded
completely after 6 h

[335]

C: 0.1g/0.1L; P: 5 ×
10–6M

A very high
photocatalytic efficiency

[331]

Abbreviations; Rhodamine B: RhB; Methylene blue: MB; concentration catalyst: C; concentration of
pollutant: P.
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2.4 SnO2 synthesis methods
Researchers have developed the synthesis of SnO2 Nps of different sizes, at different
temperatures and above 350 ºC [158, 336-338], transparent conducting electrodes [339341]. It was found that the high temperature was applied to produce a crystalline
material [342, 343], but other procedures for the preparation of crystalline SnO2
nanostructures do not include high temperature treatment [344, 345].
Synthesis of SnO2 nanowires, could be further converted to polycrystalline, a highly
porous material used for gas sensors and ethanol sensors, practiced in the biomedical
and chemical industries, food degradation, to supervise fermentation, and other
processes [346-348]. All these sensors work at high temperatures, but sensors which
operate at lower temperatures are advantageous for decreasing power consumption
[349].
SnO2 can be easily synthesized using various chemical methods.

2.4.1

Sol-gel

Sol-gel is a process for synthesizing materials from a liquid solution of organometallic
precursors. The liquid solution hydrolysed and condensed to form a new phase (sol).
The sol is made of solid particles of nm suspended in the liquid phase. The particles are
later condensed in a new phase (gel) in which a solid molecule is immersed in the
solvent. Drying the gel at low temperatures (25-80 ºC), makes it possible to obtain
porous solid Nps [350]. Sol-gel method is used to prepare TiO2 thin films to degrade
phenol, due to the improved transfer of metal legend load, which prevented e- - h+ pairs
recombination [206]. Moreover, a comparative study using sol-gel synthesis, indicated
that CuO/TiO2/SnO2, CuO/TiO2 and CuO/SnO2 synthesized by simple sol-gel dialytic
processes which also used a support to prepare CuO supported catalysts through a
deposition-precipitation method showed higher activity than the binary [224]. There are
three methods for applying sol to the substrate.
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2.4.1.1

79

Dip-coating

The first method is dip-coating, where the substrate is immersed in a solution and is
taken up vertically, so that the solution solidifies later into a gel [351]. SnO2 thin films
were prepared by dip-coating deposition technique, and the suspension was synthesized
by microwave induced thermohydrolysis of SnCl4 aqueous solution in the presence of
HCl, resulting in films of about 20 nm thickness [352, 353].
Adamyan et al. [354] explored the preparation of SnO2 films with thermally stable Nps.
They found that the SnO2 synthesis could be achieved using two techniques: tin chloride
hydrolysis, and hydrolysis of sodium stannate with phosphoric acid. The latter yielded
more stability of grain size than the former.
2.4.1.2

Spin coating

Secondly, in the spin coating method, the solution is dropped onto a rotating glass
substrate, rotated at 5000 rpm for 30 second using a Laurell spin coater [355].
2.4.1.3

Laminar flow coating

Thirdly, in the laminar flow coating method, the substrate is coated in an upside down
position and pumped into a hole, so that a small amount of solution coats a large amount
of substrate [356]. SnO2 Nps prepared by the sol-gel method using SnCl4.5H2O and
NH4OH followed by heating at a high temperature showed luminescence around 400
nm, but its intensity decreased with the increased temperature [245]. Commonly, high
temperature synthesis would decompose the particles directing to the aggregation,
resulting in poor dispersability in different solvents and a decline in luminescence
efficiency due to self-quenching.

2.4.1

Coprecipitation

In the coprecipitation method ammonia was added to the prepared solutions and the salts
were precipitated. Later the precipitation was mixed and cooled to bring it down to room
temperature [357, 358]. SnO2/ZnO nanocomposite binary coupled was synthesized by
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the homogenous coprecipitation method in the presence of ethyl acetate. The results
showed that the controlled calcination temperature had an effect on the size of the doped
oxide particles [359]. Another novel visible-light-activated SnO2/Fe2O3 nanocomposite
photocatalyst was synthesized by the coprecipitation method which gave best
performance in sunlight photocatalysis [97]. SnO2/CeO2 nanocomposites were
synthesized through coprecipitation method, contained different CeO2 concentrations
with 20 mL of 5 wt. % tetrapropyl ammonium bromide in ethanol. The photocatalyst
exhibited good photocatalytic activity for the dye removal in just 60 min under visible
light [227]. Hui-li et al prepared CuO-SnO2 nanocomposite by the coprecipitation
method, for the photodegradation of colour Acid Blue 42 as a probe reaction under
xenon light irradiation. The highest photocatalytic activity, good crystallization, and a
high surface area were achieved with a 1:1 molar ratio of Cu to Sn, calcined at 500 °C
for 3 h. [225]. SnO2/Cr2O3 visible light nanoparticle photocatalyst was synthesized by a
coprecipitation method. The results showed at high loading concentrations, penetration
of the light inside the reaction medium reduced because of light scattering and shielding
effect by the catalyst particles [221]. Acrabas et al. [360] prepared nanosized SnO2
powder via the homogenous precipitation method. SnO2 Nps were precipitated from
0.01-1M SnCl4 urea aqueous solutions by the decomposition of urea at~90°C. The
crystallite size of SnO2 increased with increasing initial concentration and produced
small few nanometers. Furthermore, calcination affected crystal growth and
agglomeration, reduced the surface area of SnO2 powders. SnO2 was prepared from tin
tetrachloride (SnCl4) by precipitating SnCl4 at room temperature in an aqueous solution
(of 50% NH4OH). The crystallites contained hydroxyls which resulted in asymmetry in
the rutile tin-oxygen octahedron [155]. Sn ethoxide was synthesized from SnCl4 and
NH3 in ethanol and the resulting Cl‾ was eliminated by the precipitation of NH4Cl .Sb
and Al were synthesized in the same way which showed strong bonding between the
film and the substrate [292].
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Hydrothermal and solvothermal methods

The hydrothermal method was prepared by mixing the chemicals in distilled water. The
pH was adjusted until a white gel appeared. The gel was stirred for some time and
transferred to a closed vessel, such (Teflon line autoclave) with water. In the autoclave
the pressure increased and the water remained liquid above its normal boiling
temperature of 100 °C [199, 361].
SnO2/Al Nps were hydrothermally synthesized resulted particle’s rich in Sn and the
surface rich in Al. The synthesis optimum condition was pH 5, Sn/Al ratio 4:1, and time
12 h at 160 °C [323]. SnO2 Nps were synthesized from an amino-acid assisted
hydrothermal method with controlable shape, doping and with size under 10 nm [199].
Mesoporous SnO2 doped with a low concentration of ZnO (m-SnO2/ZnO) was
synthesized by the hydrothermal method using cetyltrimethylammonium bromide
(CTAB) as a structure directing agent. Coupling of ZnO and SnO2 exhibited high surface
area with a stable structure against temperature [217]. One dimensional of SnO2/V2O5
nanowires were synthesized by a combination of hydrothermal and wet chemical at
room temperatures. The results showed that the SnO2/V2O5 combination had large
specific surface area and efficient charge separation which gave good photocatalytic
behaviour [223]. Yang et al. [362] synthesized novel hexagon SnO2 nanosheets in
ethanol/water solution by hydrothermal process. Comparison experiments showed that
when starting with materials such as SnCl4·5H2O, NaOH, hexadecyltrimethyl
ammonium bromide and ethanol, the temperature increased from 140-180 °C, the edge
length of the hexagon Nps increased from 300-450 nm to 700-900 nm. Different types
of triangle and sphere were obtained when the ratio of water to ethanol decreased from
2 to 0.5, but when the concentration of NaOH increased from 0.15 M to 0.3 M, a hollow
ring morphology could be obtained. Au/SnO2 were synthesized by a low cost
environmentally friendly solution using hydrothermal method to produce multicore
shell of SnO2/Au Nps. Due to the effective e- - h+ pairs separation at the combination
interfaces and high localization of plasmonic near fields effects, the hybrid showed
increase UV or visible photocatalytic abilities [267]. SnO2/TiO2 nanotubes composites
were synthesized by simple solvothermal process. The TiO2 nanotubes synthesized in
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hydrothermal condition and then SnO2 loaded on them by solvothermal process. The
results showed that the composite photocatalyst with proper amount of SnO2 doping
gave best photocatalytic activity [214]. In another work Au nanoparticle doped to SnO2
nanostructures been prepared by a solution based reaction with N,N-dimethylformamide
in the presence of poly(vinyl pyrrolidone) as a solvent and poly(ethylene glycol) as a
capping agent. The results showed that SnO2 accumulated to as hollow hexapods [268].
Visible light driven of Ag/SnO2 were synthesized using an electrochemically active
biofilm (EAB) developed on plain carbon paper. The authors reported that silver Nps
increased visible light activity and enabled pairs of e- - h+ pairs separation in the
SnO2/Ag nanocomposites so advanced its photoelectrochemical performance [269].

2.4.3

Pyrolysis

A pyrolysis method was used to investigate the effect of Eu on electrocatalytic
characteristic of Ti/based SnO2/Sb electrodes. The electrocatalytic activity of the
electrodes were affected by the temperature and the doping content of Eu [250]. Sahm
et al. [363] synthesized SnO2 Nps for gas sensing by the flame spray pyrolysis method.
The flame made SnO2 Nps were highly crystalline, with a crystallite size about 17 nm,
demonstrated high sensitivity and rapidly reduced propanol and oxidized NO2 gases.

2.4.4

Soft chemistry

The soft chemistry method or (chimie douce) as it known in French, is similar to sol-gel
method, it is possible to prepare materials from this method at low temperatures to
synthesize reactive nanosized particles. In the procedure the chemicals mixed with a
large amount of water, and stirred for several days until a cloudy solution appeared.
Later the pH was adjusted and the gel removed from the beaker [364, 365]. This
technique used to prepare nanosized particles of SnO2 gel by using a one-step aqueous
method with SnCl2·2H2O powder. The powder mixed with large amounts of water and
stirred for 48 h. The resulted gel heated at 600 °C for 24 h and examined for the
photocatalytic degradation of Congo red compared to the dried gel at room temperature
for 48 h. The results showed 80% photocatalytic degradation of Congo red with the
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average particle size compared to be between 2-3 nm. Even after heating the gel at 600
ºC for 24 h, the synthesized particles remained in the nanosize range, about 25–30 nm.
The wet gel that had not been dried contained fewer agglomerated particles and had
higher photocatalytic activity for the degradation of Congo red solution [364].
The SnO2 particles remained smaller than 6 nm using the second technique even after
calcination at 750 °C.

2.4.5

Polyolmediated fabrication

Ng et al. [366] synthesized SnO2 Nps with a diameter of less than 5 nm in air by the
polyolmediated fabrication method, and refluxing of SnCl4•2H2O in ethylene glycol
under vigorous stirring for 4 h at 195 °C in the air. The synthetic procedure was simple,
cheap, straight forward, and could be approved for the large scale production of ultrafine
SnO2 nanosized particles. SnO2/Sm was synthesized by the polyol procedure method,
the results indicated the formation of a Sn-O bond and capping of the Nps by ethylene
glycol, which gave a spherical shape for pure and doped SnO2 Nps [261].

2.4.6

Chemical vapour deposition

Qu et al. [367] prepared an intriguing one dimensional nanostructure of SnO2, included
nanowires, dendritic nanorods, and falchion link nanosheets, by the chemical vapour
deposition method. The effects of temperature and anodic Al oxide template, with or
without (Au) catalyst particles on the morphology of the final product were investigated.
Uniform nanowires 10-100 of micrometers in length and with a diameter of about 80
nm were obtained. Temperature and templates were the most important factors affecting
the morphology of the product.

2.4.7

Solid state reaction

SnO2 was prepared by mixing to ZnO and TiO2, by solid state reaction and at calcination
temperatures between 200–1300 °C. The results showed that solid state reaction did not
take place among the SnO2, ZnO and TiO2 powders on the calcination up to 600 °C but
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the formation of the inverse spinal of Zn2TiO4 and Zn2SnO4 was determined at 700-900
and 1100-1200 °C [219].

2.4.8

Mechanochemical reaction

SnO2 Nps were obtained by mechanochemical reaction of SnCl2 with sodium carbonate
(Na2CO3) in the presence of sodium chloride (NaCl) as a diluent via heat treatment in
the form of milled powder. This process increased the crystal size of SnO2 Nps from 25
- 40 nm at temperatures ranging between 450-800 °C [368].

2.4.9

Milling technique

Legendre et al. [369] synthesized nanostructure tetragonal SnO2 powder by milling Sn
at room temperature under O in a vertical planetary ball-mill. The formation of SnO2
was mechanically induced, and in a short milling time a powder of about 10 nm SnO2
crystallites was produced.

2.4.10 Thermal decomposition and electrodeposition
Ti substrate deposited with other metal oxides such as SnO2/Sb2O3/Nb2O5/PbO2 by
applying thermal decomposition and electrodeposition. The results showed that the
electrode described as Ti/SnO2/Sb2O3/Nb2O5/PbO2 thin films. The surface of the thin
films comprised pyramidal shape ß- PbO2 crystals. The electrode prepared had higher
oxygen evolution and used successfully for phenol oxidation [370].

2.4.11 Insertion methods
Used in synthesis of inserting SnO2 to Cu2O using hydrazine as a reducing agent in
aqueous solution significantly [167].
However, most of these synthesis procedures demand the uses of many dangerous and
harmful chemicals, which are unsafe to all human beings and the environment.
Consequently, it is essential to improve new low cost synthetic methods using
nonhazardous materials for SnO2 Nps synthesis [371].
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The objective of this study then, is to follow the easy synthetic route through sol-gel
method which can be formed at relatively low temperature to synthesize SnO2 Nps. This
makes it possible to generate ceramic materials at a temperature close to room
temperature. Lowering the temperature also creates potential for industrial purposes as
a low energy intensive synthesis process. Therefore, this procedure may enable the
integration of glass soft dopants, fluorescent dye molecules, organic chromospheres in
ceramic substrates, and applications in environmental cleaning. SnO2 Nps were
synthesized by dissolving the compound in a liquid, and through the process returning
it as a solid. This technique can be used to prepare multicomponent compounds with a
controlled stoichiometry. The precipitation process during synthesis facilitates combing
at an atomic level, which results in small particles. A simple sol-gel process has been
used to dope SnO2 with different materials. Organometallic precursors are processed in
liquid solution. Then the formation of an oxide network through hydrolysis and
condensation reactions leads to the formation of a new (sol) phase. The sol is made of
solid amorphous or crystalline particles with a few nm in size, suspended in a liquid
phase. Condensation of the solid particles resulted in the formation of a gel in liquid
solution, which is later, dried at a low temperature and Nps obtained.
The overall objective is to study the photocatalytic degradation of toxic organics present
in water and wastewater.
The initial aim of this work was to focus on the development of undoped SnO2 and
different ions doped SnO2 Nps followed by semiconductor based photocatalysis. This
was modelled by treating a toxic organic compound (phenol) with the synthesized
catalyst and degrading it under visible, sunlight or UV irradiation.
The fundamental experimental approach was originally based on the sol-gel method.
The method was simplified to break down the cost and the time for making different
Nps. The prepared SnO2 Nps were characterized for structural and chemical properties
using XRD, BET, SEM and HR-TEM methods. In addition, the rest analytical methods
such as HPLC, GC, CE, FTIR, TOC, UV-Vis spectrophotometer measurements and the
determination of COD for the toxin identification.
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The application of photocatalysts of the Nps for the treatment of phenol and its
byproducts (papers I-III). Parameters such as the effect of pH, effect of air, light
intensity, the amount of catalyst, contaminant concentration, and reaction time, were
varied and investigated to find the optimum conditions for phenol degradation.
Identification of the nature of phenol byproducts, description of the path of their
appearance and disappearance during photocatalysis, and proposition of a mechanistic
pathway for degradation route were all part of the objective.
In papers III-IV separation of phenol and its byproducts was studied using different
HPLC columns. The retention time of the analysis was reduced from 15 to 5 min.
Kinetic studies were evaluated to show the constants, and the rate of pollutant
degradation was also been demonstrated and explained.
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3.1 Chemical and materials
3

Experimental

3.1 Chemical and materials
Table 12: Chemicals and materials used in this study

Compound

Manufacturer/
supplier

Comments

Publ.

Tin (IV) chloride

Sigma-Aldrich

99%

I-V

La nitrate hexahydrate

Fluka

99.99%

I, IV-V

Cerium (III) chloride

Sigma-Aldrich

99%

I, IV

Ammonium cerium

Sigma-Aldrich

99%

I, IV

Sigma-Aldrich

99%

I, IV

Ethanol

Merck

99%

I-V

Phenol

Sigma-Aldrich

Standard 99%

I-V

Sulphuric acid

Sigma-Aldrich

99%

I-V

Hydrochloric acid

Sigma-Aldrich

99%

I-V

Sodium hydroxide

Sigma-Aldrich

99%

I-V

Methanol

Sigma-Aldrich

HPLC grade 99%

I-V

Sodium chloride

BDH

99%

I-III, IV

Iodine

Sigma-Aldrich

99%

II

Benzoquinone

BDH

AnalaR, 99%

II-V

Resorcinol

BDH

AnalaR, 99%

II-V

Acetic acid

Sigma-Aldrich

99%

II-V

Benzoic acid

BDH

AnalaR, 99%

II-III

Antimony (III) chloride

Fluka

99.99%

III

Catechol

Sigma-Aldrich

99%

III-V

Ethyl paraben

Sigma-Aldrich

99%

III

Sodium tetraborate

Merck

99.99%

IV

Sodium dihydrogen

Merck

99.99%

IV

Sigma-Aldrich

99.99%

IV

Hydroquinone

Sigma-Aldrich

99.99%

IV-V

Propan-2-ol

Sigma-Aldrich

99%

V

(IV) nitrate
Neodymium (III)
nitrate hexahydrate

pellets

phosphate
Gadolinium (III)
chloride
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Water

milipore

Milli-Q-purified

I-V

analytical instruments
Ammonia

Merck

25% pH-adjustment

I-V

Siver nitrate

HoneyWell

99.9%

I-V

All the materials and chemicals that were used in this study are summarized in Table 12
above.

3.2 Photocatalyst preparation
3.2.1

Synthesis of pure (control) SnO2 Nps

Nps containing pure SnO2 were chemically synthesized by the sol-gel technique due to
the following:
Firstly, 3.8827 mL of tin tetrachloride SnCl4 (AR grade) was mixed with 50.00 mL of
absolute alcohol (ethanol) and 50.00 mL of ultra-pure water (Milli-Q-purified) in a
round bottom flask and used as a precursor for synthesizing undoped (control) SnO2
Nps. To prepare 5.0000 g of SnO2 from SnCl4, molar mass of SnO2=150.71 g/mol and
𝑚𝑜𝑙

SnCl4 = 260.51 g/mol should be known. 5 g of SnO2 𝑥 150.71𝑆𝑛𝑂2𝑔 𝑥

260.51𝑆𝑛𝐶𝑙4𝑔
𝑚𝑜𝑙

=

8.6428 𝑔 of SnCl4
The density of SnCl4=2.226 g/mL.
Density=mass/volume, then the volume=mass/density
The volume of SnCl4=8.6428 g/ 2.226g/mL=3.8827mL.
∴ 3.8827 mL of SnCl4 will give 5.00 g of SnO2.
3.8827 mL of SnCl4 was dissolved in 50.00 mL ethanol in a 250 mL beaker as it
explained with continuous and slowly stirring. On the top of the mixture added 50.00
mL of Milli-Q-purified. The mixture was subjected to vigorous stirring for 3 h at room
temperature, until a colourless solution was obtained.

3.2 Photocatalyst preparation

3.2.2
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Synthesis of doped SnO2 Nps

Different SnO2 Nps containing different ions such as (I, Nd, La, Ce, Sb and Gd) have
been synthesized with different percentages such as (0.01, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0
and 1.1wt. %) using sol-gel process.
3.2.2.1

Synthesis of SnO2/I Nps

I was used to dope with SnO2 for synthesizing different SnO2/I weight percentages and
the percentage of I on SnO2 was in concentration of (0.01, 0.1, 0.2, 0.3, 0.4, 1.0, and 1.1
wt. %).
For the synthesis of 1.1 wt. % of SnO2/I Nps, 0.0550 g of I and 4.9450 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9450 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8399 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0550 g of I was added
with continuous and slowly stirring with the addition of 50 00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 1.0 wt. % of SnO2/I Nps, 0.0500 g of I and 4.9500 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9500 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8438 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0500 g of I was added
with continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.4 wt. % SnO2/I Nps, 0.0200 g of I and 4.9800 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9800 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8671 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0200 g of I was added
with continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
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For the synthesis of 0.3 wt. % of SnO2/I Nps, 0.0150 g of I and 4.9850 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9850 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8709 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50 00 mL ethanol and 0.0150 g of I was added
with continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.2 wt. % SnO2/I Nps, 0.0100 g of I and 4.9900 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9900 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8749 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0100 g of I was added
with continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.1 wt. % SnO2/I Nps, 0.0050 g of I and 4.9950 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9950 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8788 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0050 g of I was added
with continuous and slowly stirring with the addition of 50 00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.01 wt. % SnO2/I Nps, 0.0005 g of I and 4.9995 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9995 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8823 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0005 g of I was added
with continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.

3.2 Photocatalyst preparation
3.2.2.2
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Synthesis of SnO2/Nd Nps

Nd was used to dope with SnO2 for synthesizing different SnO2/Nd weight percentages
and the percentage of Nd on SnO2 was in concentration of (0.2, 0.6 wt. %).
For the synthesis of 0.2 wt. % SnO2/Nd Nps, 0.0100 g of Nd and 4.9900 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9900 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8749 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0100 g of Nd was added
with continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.6 wt. % SnO2/Nd Nps, 0.0300 g of Nd and 4.9700 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9700 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8594 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0300 g of Nd was added
with continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
3.2.2.3

Synthesis of SnO2/La Nps

La was used to dope with SnO2 for synthesizing different SnO2/La weight percentages
and the percentage of La on SnO2 was in concentration of (0.1, 0.2, 0.4 and 0.6 wt. %).
For the synthesis of 0.1 wt. % SnO2/La Nps, 0.0050 g of La and 4.9950 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9950 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8788 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0050 g of La was added
by continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.2 wt. % SnO2/La Nps, 0.0100 g of La and 4.9900 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9900 g of SnO2 from SnCl4, the molar
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mass description was given before in section 3.2.1. Therefore, 3.8749 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0100 g of La was added
by continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.4 wt. % SnO2/La Nps, 0.0200 g of La and 4.9800g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9800 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8671 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0200 g of La was added
with continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.6 wt. % SnO2/La Nps, 0.0300 g of La and 4.9700 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9700 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8594 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0300 g of La was added
by continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
3.2.2.4

Synthesis of SnO2/Ce Nps

Ce was used to dope with SnO2 for synthesizing different SnO2/Ce weight percentages
and the percentage of Ce on SnO2 was in concentration of (0.1, 0.2, 0.4 and 0.6 wt. %).
For the synthesis of 0.1 wt. % SnO2/Ce Nps, 0.0050 g of Ce and 4.9950 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9950 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8788 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0050 g of Ce was added
by continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.

3.2 Photocatalyst preparation
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For the synthesis of 0.2 wt. % SnO2/Ce Nps, 0.01 g of Ce and 4.9900 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9900 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8749 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0100 g of Ce was added
by continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.4 wt. % SnO2/Ce Nps, 0.0200 g of Ce and 4.9800 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9800 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8671 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0200 g of Ce was added
with continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.6 wt. % SnO2/Ce Nps, 0.0300 g of Ce and 4.9700 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9700 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8594 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0300 g of Ce was added
by continuous and slowly stirring with the addition of 50 mL of Milli-Q-purified. The
mixture was subjected to vigorous stirring for 3 h at room temperature, until a colourless
solution was obtained.
3.2.2.5

Synthesis of SnO2/Sb Nps

Sb was used to dope with SnO2 for synthesizing different SnO2/Sb weight percentages
and the percentage of Sb on SnO2 was in concentration of (0.2, 0.4, 0.6 and 0.8 wt. %).
For the synthesis of 0.2 wt. % SnO2/Sb Nps, 0.0100 g of Sb and 4.9900 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9900 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8749 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0100 g of Sb was added
by continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
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The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.

For the synthesis of 0.4 wt. % SnO2/Sb Nps, 0.0200 g of Sb and 4.9800 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9800 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8671 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol 0.0200 g of Sb was added
with continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.

For the synthesis of 0.6 wt. % SnO2/Sb Nps, 0.0300 g of Sb and 4.9700 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9700 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8593 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0300 g of Sb was added
by continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.

For the synthesis of 0.8 wt. % SnO2/Sb Nps, 0.0400 g of Sb and 4.9600 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9600 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8516 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0400 g of Sb was added
by continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
3.2.2.6

Synthesis of SnO2/Gd Nps

Gd was used to dope with SnO2 for synthesizing different SnO2/Gd weight percentages
and the percentage of Gd on SnO2 was in concentration of (0.2, 0.4, and 0.6 wt. %).
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Table 13: Comparison % of dopants and volume of SnO2 values

Sl. No.

Weight of SnO2

1

% of ions
doped SnO2
0.0%

5.0000 g

Amount of
dopants (g)
0.0000 g

Volume of
SnCl4
3.8827 mL

Total
volume
5.0000 g

2

0.01%

4.9995 g

0.0005 g

3.8823 mL

5.0000 g

3

0.1%

4.9950 g

0.0050 g

3.8788 mL

5.0000 g

4

0.2%

4.9900 g

0.0100 g

3.8749 mL

5.0000 g

5

0.3%

4.9850 g

0.0150 g

3.8709 mL

5.0000 g

6

0.4%

4.9800 g

0.0200 g

3.8671 mL

5.0000 g

7

0.6%

4.9700 g

0.0300 g

3.8593 mL

5.0000 g

8

0.8%

4.9600 g

0.0400 g

3.8463 mL

5.0000 g

9

1.0%

4.9500 g

0.0500 g

3.8438 mL

5.0000 g

10

1.1%

4.9450 g

0.0550 g

3.8399 mL

5.0000 g

For the synthesis of 0.2 wt. % SnO2/Gd Nps, 0.0100 g of Gd and 4.9900 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9900 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8749 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0100 g of Gd was added
by continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.4 wt. % SnO2/Gd Nps, 0.0200 g of Gd and 4.9800 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9800 g of SnO2 from SnCl4, the molar
mass description was given before in section 3.2.1. Therefore, 3.8671 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0200 g of Gd was added
with continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
For the synthesis of 0.6 wt. % SnO2/Gd Nps, 0.0300 g of Gd and 4.9700 g of SnO2 were
combined to give a total of 5.0000 g. To prepare 4.9700 g of SnO2 from SnCl4, the molar
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mass description was given before in section 3.2.1. Therefore, 3.8593 mL of SnCl4 was
dissolved in a 250 mL beaker contained 50.00 mL ethanol and 0.0300 g of Gd was added
by continuous and slowly stirring with the addition of 50.00 mL of Milli-Q-purified.
The mixture was subjected to vigorous stirring for 3 h at room temperature, until a
colourless solution was obtained.
Table 13 compares the different undoped and doped SnO2 Nps, these catalysts have been
used in different experiments.

3.3 Sol-gel preparation
3.3.1

Sol-gel method

SnO2 synthesized and doped with different ions by sol-gel process at room temperature,
Nps been prepared are suitable for large scale production. Applying low temperature
procedure is always useful because of its less power consumption and better practical
application. The synthesis process is simple and relatively inexpensive, which is based
on the hydrolysis and condensation of metal ions to form metal oxide [372], providing
a control on the size and the shape of Nps [373].
The sol-gel method offers several advantages such as high purity, better homogeneity,
precise control over the stoichiometry, and capability to control the powder size and
surface of metal oxides at lower temperatures [126, 160]. The basic benefit of the solgel method is the creation of materials at room temperature.
A liquid solution of organometallic precursors undergoes hydrolysis and condensation
reactions, leading to the formation of a new phase
The alkoxy groups are substituted by hydroxide groups with the evolution of an
inorganic network (sol).

3.4 Powder preparation

97

The particles condensed in a new (gel) phase in which a solid macromolecule is
immersed in a solvent. Drying the gel at a low temperature between 25 to 80 ºC will
serve to remove the liquid phase and make it possible to obtain porous solid matrices.

Two hydrolysed molecules liberate water (gel), upon linking together, which occurs
through the destruction of the gel with the subsequent formation of nanoparticulate
materials [259, 374-376]. While the reaction continues, the number of Sn-O-Sn bonds
increases by the polymerization, which releases a macroscopic gel.

3.4 Powder preparation
When the colourless solution produced, the mixture was then condensed in a round
bottom flask; the temperature was adjusted between 70-80 °C, and kept stable during
the process. A white turbid colloidal solution of tin alkoxide appeared after heating the
mixture under vacuum conditions [372]. The condensation process is done by refluxing
the turbid solution at 70-80 °C for 1 h. After refluxing, the resultant solution was gelled
for slowly stirring on a magnetic stirrer ( Make PMC 502 series) at 200 RPM and while
stirring into this mixture, (25%) of an aqueous ammonia solution was prepared into
0.1M solution was added in a drop wise manner (with a rate of 10 drops/min). On
addition of roughly 50 drops of 0.1 M ammonia the sol-gel was formed within the 5
min. The solution was stirred continuously until a pH value of 8 was reached and the
resulting gel poured and left to dry into a container for 48 h until it become totally gelled.
Filtration and successive washing with Ultra-pure water was repeated several times to
remove both ammonia and chloride ions until all chloride ions had been removed (by
examining the filtrate solution using aqueous silver nitrate solution) The powder was
then dried on a hot plate or in an oven at 80 °C and later transferred into an amber
container and kept in the desiccator for future use. Prior to the analysis, the powder been
grinded sonicated or diluted to obtain uniform particle size.
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3.5 Reactors
The semiconductor catalyst is dispersed in powder form in the reaction solution
containing the model compound. The apparatus consists of a mixing device, reactor
vessel, and protected UV lamp, that can also be purged with air and oxygen. The reactor
can be illuminated internally, where it is inserted into a quartz jacket or externally from
the top, or it directly can be used by sunlight.

3.5.1

UV photocatalytic reactor

Figure 5 shows the UV photo reactor, which used in this study, where the inner insulator
tube jacket is made of quartz, while the outer layer is made of glass tube. The
arrangement in this photoreactor has two air flow distribution tubes, where it mixes the
bubbles into the pollutant. The photoreactor was a cylindrical Pyrex-glass container with
a 250 mL capacity, 50 mm internal diameter and 300 mm height. An 8 W medium
pressure mercury lamp (Sankyo Denki, Osaka, Japan) with an intensity of about 80
W/m2, as a 352 nm UV light source was used, situated axially at the center and the
reaction temperature was kept at 25 °C to cool the photoreactor by means of water
flowing. The air pump with a continuous speed was also combined to the air flow meter
that was connected to the reactor outer tube to produce air (oxygen).

3.5 Reactors
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Figure 6: Diagram arrangement of the photoreactor system

3.5.2

Visible light photocatalytic reactor

A second photoreactor contains a Pyrex glass reactor with a cooling water jacket in 250
mL capacity 100 mm internal diameter and 200 mm height. A 300 W xenon lamp
simulated visible light source (PLS-SXE300C, Beijing Perfect light Co., Ltd, China),
and was placed 71 mm above the surface of the contaminant during the
photodegradation studies. The light source in this system is parallel light and can be
focused in one direction on the sample, so the photocatalytic effect can be narrowed.
The system delivers maximum current of 20 A, and total optical power of 50 W.
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Figure 7: Diagram arrangement of the visible reactor system

3.5.3

Solar light photocatalytic reactor

A third photoreactor for the solar photocatalysis experiments was a borosilicate glass
container with a 250 mL capacity, 100 mm internal diameter and 200 mm height.
Sunlight was directed axially at the centre of the reactor. The photoreactor was kept in
an open area in order to avoid reflected sunlight from the surroundings. All the natural
sunlight experiments were conducted on full sunny days during 10:00-15:00 h when the
incident power of the sunlight was measured to be between 80 and 90 kW/m2.

Figure 8: Diagram arrangement of the solar reactor system

3.6 Experimental procedures
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3.6 Experimental procedures
3.6.1

Optimization of experimental parameters

To investigate the effects of SnO2 and different concentrations of dopants on the
photocatalytic activity of SnO2 and its dopants, phenol and some of its intermediates
were chosen as test contaminants. The study of the photodegradation of phenol and its
byproducts in water was carried out at 25 °C using a water-cooled cylindrical glass batch
photoreactor of 250 mL volume as described above. Based on different factors that need
to be examined in this thesis, the following section briefly discusses external parameters
such as follows: catalyst loading, light intensity, reaction time, phenol concentration,
sampling time, sample volume, and pH of the reaction medium.
3.6.1.1

Catalyst loading

The amount of catalyst powder (photocatalyst) was kept at 65 mg as a mass in a 50.00
mL volume container (volumetric flask). It is important to find out the optimum loading
of the catalyst to avoid excess catalyst using. Experiments on the catalyst loading have
been carried out in the range of 65, 75 and 100 mg for 50.00 mL of solution to find out
the best catalyst loading. The photocatalytic degradation of phenol exhibited best results
from 65-75% at 150 min irradiation time, an increase in the loading amount above 75%
did not give better removal rate and resulted in a decrease in the activity of the catalyst.
A result why 65mg /50 0 mL catalyst dosage was used in all photocatalytic reactions.
Other scientists reported that when TiO2 overdosed, it decreased the light penetration to
TiO2 surface because the number of active sites on TiO2 surface become almost constant
[37]. In another work, also described that above the optimum of TiO2 loading phenol
degradation decreased [377].

3.6.2

Pollutant concentration

The initial concentration of the model pollutant of 100 ppm (phenol) was prepared as
follows: exactly 0.1000 g of phenol was weighted and quantitatively transferred into a
1000.0 mL volumetric flask and brought to the calibration curve with milli-Q-pore H2O.
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Different solutions of 50, 25, 10 and 5 ppm were prepared by serial dilution of a 100
ppm initial concentration of phenol. These standards were prepared to measure the
optimum concentration at which the model pollutant phenol solution might degrade
rapidly, which means that the phenol concentration in the reactor would work
competently. The photocatalytic degradation of phenol has been carried out at different
initial concentrations starting from 5-50 ppm. Each standard was separately mixed in
the reactor, while the other parameters were kept constant: such as catalyst loading (65
mg/50.00 mL), light intensity (8 W mercury lamp, 300 W xenon lamp and sunlight),
reaction time (2-3 h), sampling time, (12-13), sample volume (250.00 mL), and pH of
the reaction medium (5.7). The results showed an increase in the degradation of phenol
at 10 ppm, but a slight decrease in the catalytic efficiency above 15 ppm. The best results
gained were at 10 ppm, here with all the pollutant concentrations were taken at 10 ppm.
10 ppm phenol concentration was used for photocatalysis, an increase in the initial
phenol concentration resulted in a decrease in the rates.

3.6.3

Effect of the pH of the solution

The pH of the solution was adjusted by either adding sodium hydroxide (NaOH) or
sulphuric acid (H2SO4). The preparation of the acid and the base solutions was done as
follows: about 0.6 mL of 18 M of H2SO4 was transferred into a 100.00 mL volumetric
flask and made up to mark with Milli-Q-purified H2O to prepare of 0.1 M. In the same
way 0.1 M of NaOH was prepared by weighing about 0.4 g of NaOH into 100.00 mL
volumetric flask and made up to mark with Milli-Q-purified H2O. Exactly 250.00 mL
of 10 ppm phenol solution was poured in 500 mL beaker in which a pH electrode was
immersed. The pH of phenol was adjusted between values (3-8) and was fixed to the
desired value by dropping amounts of H2SO2 or NaOH drop wise using a Pasteur pipette.
During this procedure the solution was continuously stirred, but slowly using a small
magnetic bar with the pH electrode inside the solution to adjust the pH value required
to take care not to break the electrode. The prepared solution was kept in the freezer for
further use. It is known that SnO2 is an acidic oxide so phenol in that media will still
remain weak acidic.

3.6 Experimental procedures
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10 ppm phenol solution was used to carry out photocatalysis experiments. Before each
test, the mixture was kept in the dark for 30 min under constant magnetic stirring to
ensure that adsorption-desorption equilibrium was reached before illumination. The
sample was then taken out at the end of the dark adsorption period, prior to turning the
light on or before exposing to sunlight. When the lamp turned on, the irradiation time
varied from 2-3 h; aliquots of the suspensions were collected and removed from the
reactor every 15 or 30 min, inlet air flow 4 L/min.

3.6.4

Sampling from the reactor

At the beginning of the photocatalysis 10 ppm of phenol concentration was prepared in
250.00 mL volumetric flask and put into the reactor while 20 mL aliquots of the
suspensions were collected and removed from the reactor every 15 min about 12-13
samples each batch were enough to analyse by all the analytical instruments. The
experiment was performed at the following experimental parameters (65 mg/50.00 mL),
light intensity (8 W mercury lamp, 300 W xenon lamp and sunlight), reaction time (2-3
h), phenol concentration (10 ppm) sampling time, (12-13), sample volume (250.00 mL),
and pH of the reaction medium (5.7) at 25 °C. The photocatalyst particles were removed
from the samples first by centrifugation (4,000 rpm, 5 min) using an Eppendorf
centrifuge (system model 5810R) and then filtered through a 0.2 m Millipore filter.
Furthermore, the UV-Vis absorbance of phenol solutions sampled was recorded every
15 min. the unknown concentration of phenol solutions and its byproducts were
calculated using the calibration curve.
To compare the photocatalytic activity of 10 ppm phenol with the other intermediates,
organic chemicals such as 10 ppm HQ, 10 ppm BQ, 10 ppm Res, 10 ppm Cat, 10 ppm
AA and 10 ppm 2-P were prepared in the same way exactly like phenol. First, preparing
a stock in 1000.0 mL and then preparing the rest of the standards into 250.00 mL
volumetric flask and used them in the same way as done for phenol photocatalytical
experiments
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3.7 Characterization techniques
3.7.1

X-ray diffraction method (XRD)

The crystalline phase of the synthesized SnO2 and SnO2-doped powders were analysed
by X-ray powder diffraction (XRD) using a Miniflex 600 diffractometer (Rigaku, Japan)
with Cu Kα radiation =1.5418 Å operated at a voltage of 30 kV and a current of 15
mA. Diffractograms of the powders were recorded in 2 θ scan configuration, in the 1080 ° 2 θ range, at steps of 0.02 °.
Prior to the analysis, the powder was grinded to obtain uniform particle size.
3.7.1.1

Operating procedure for Rigaku Miniflex

1- Turn ON the water chiller
2- Switch ON the computer
3- Turn on the machine from the back
4- Place the specimen powder evenly on the special glass provided for sampling to
stay smoothly.
5- Put the sampling glass in the magnetic recognized holder carefully inside the
machine.
6- Close the instrument door for the use.
7- Press the power ON switch
8- If the chiller reading is below 20, then the machine can be operated.
9- Launch the Miniflex guidance software.
10- Fill the parameters through the software administration- general measurement,
fill folder, and file name, run to executive general measurement.
11- Start up the X-ray generator –control- XG control
12- At the end of the analysis, click control-XG control and click off the button the
x-ray will be off.
13- Remove the sample and clean the area
14- Wait for 15 min to turn the power off
15- Turn off the water chiller.

3.7 Characterization techniques

3.7.2
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Scanning electron microscopy (SEM)

To study the surface morphology of the prepared SnO2 and different doped SnO2
samples, SEM were carried out with JEOL (Japan) (JSM-5600LY) working at 30 kV.
Powders of each doped and control SnO2 were viewed by SEM for surface morphology
as follows: 2 mm specimen was placed on the holder and positioned in the SEM
instrument. To get the clear area of the powders, various scans at different
magnifications led to multiple images. However, since the powders are less than 5 nm,
some cases it was difficult to get a clear picture of the images even after large
magnification.

3.7.3

Transmission electron microscopy (TEM)

In order to reach a better insight, the surface morphology of the powders by TEM with
JEOL Schotty field emission microscope (JEM 2100F, Japan) working at 200 kV were
further analysed. In order to minimize artefacts (improve in the features of the
microstrucure) during sample preparation, TEM samples were prepared by crushing the
Nps and the powder were deposited on Cu supporting grid with holy carbon supporting
films. For HR-TEM images of pure and differently doped SnO2 np samples were diluted
several times with high purity Milli-Q-purified and later sonicated with (JAC ultra sonic
210KODO) for some time to achieve a very special homogenized powder solution.

3.7.4

The Brunauer-Emmett-Teller (BET) method

200-300 mg of sample was degassed at 300 °C for 3 h under nitrogen (N2) flow,
followed by a six point N2 adsorption carried out at a p/p0 of 1 to 5 in Nova® 2200
analyser. The surface area was determined by gas adsorption technique using Nova®
2200 analyser software using the B E T method.

3.7.5

Fourier Transform Infrared Spectroscopy (FTIR)

A vertex 70 (FTIR) by Bruker optics (Germany) with attenuated total reflectance unit
(ATR) was used to identify the existing bonds before and after phenol degradation with
differently doped SnO2 Nps powder. The FTIR range used was 4000-400 cm-1 and the
resolution was recorded at 4 cm-1. The main object was to qualitatively monitor the
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evolution of CO2 during photodegradation of phenol which indicates the complete
mineralization of phenol. The ATR sample holder was cleaned by dichloromethane and
0.5 mL of the contaminant was placed on it. After the background was selected, the
baseline was corrected and the analysis was performed.

3.8 Analytical methods
3.8.1

UV-Vis spectrophotometer

The change in phenol concentration in each photodegraded solution was monitored by
ultraviolet-visible (UV-Vis) spectrophotometer. The maximum absorbance of phenol
was measured at respective λmax of 269 nm in UV-Vis spectrometer (Perkin Elmer
Lambda 45) through two Hellma precision cells made of quartz Suprasil. The percentage
of degradation of phenol solution was calculated from the following equation [378]
Percentage degradation =

Where C0 the initial concentration of phenol solution ppm is, Ct is the concentration of
phenol solution after irradiation and after selected time interval ppm.
3.8.1.1

Sample preparation

The initial concentration of the model pollutant of 100 ppm (phenol) was prepared as
follows: exactly 0.1000 g of phenol was weighted and quantitatively transferred into a
1000 mL volumetric flask and brought to the calibration curve with Milli-Q-purified
H2O. Different solutions of 50, 25, 10 and 5 ppm were prepared by serial dilution of a
100 ppm initial concentration of phenol. Each of these solutions was separately used to
carry out photocatalysis experiments.
3.8.1.2

UV-Vis analysis

The both two cells washed and filled with deionized water and kept in the compartment
in the UV instrument for a baseline set up using deionized water as a reference solution.
After setting up the baseline, one of the cells was removed and the other cell stayed in
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the machine as a reference. Washing and filling the removed cell with the sample of
interest and putting it back into the UV compartment. The maximum absorbance of
phenol was measured at respective λmax of 269 nm in UV-Vis spectrometer λ absorbance
and other parameters could be obtained. To measure the concentration of these
absorbance values, calibration curve of the standards solutions was prepared from (5-50
ppm) as it mentioned before.

3.8.2

Total organic carbon analyser (TOC)

TOC determines the carbon content present in water solution. To measure the carbon
content, it is important to remove the inorganic carbon exits in the solution like
carbonante

(CO32ˉ),

monohydrongencarbonate

(HCO3ˉ),

bicarbonate

and

dihydrogencarbonate (H2CO3), some drops of concentrated phosphoric acid (84%) are
added to the solution to yield CO2 which degassed by running nitrogen from a cylinder.
The sample of interest is injected in a TOC Analyser (TOC-VCPH Shimadzu) equipped
with an auto sampler (ASI-V Shimadzu), in which the organic molecules are totally
oxidized at 850 °C in the presence of a Pt catalyst. The amount of CO2 liberated by the
reaction is then determined by infrared spectrometry. Prior to injecting the samples into
the instruments, the solutions were filtered through a syringe filter of 0.2 µm pore size
to remove photocatalysts Nps.

3.8.3

Chemical oxygen demand (COD)

COD measures the quantity of oxygen equivalent used for the total oxidation of organic
and mineral substances by excess of strong chemical oxidizing agent potassium
dichromate in a mixture. The oxidation is carried out in an acid medium in the presence
of the catalyst as silver sulphate; the oxidation could be performed for 2 h at 150 °C. It
defines the total quantity of oxygen required for the degradation of organic compound
to CO2 and H2O.
3.8.3.1

Colorimetric method for the measurement of COD

To determine the COD in phenol and its byproducts, samples were treated as follows: 2
mL of supernatant in a screw cap tube was amended with 0.05 g of mercury sulphate,
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used to avoid the complexes and the interference of the chloride ion. 0.5 mL of 1.0 N
potassium dichromate used in excess strong oxidizing agent and 2.5 mL of concentrated
sulphuric acid (contained 5.5 mg silver sulphate per gram as a catalyst). The mixture in
the tube refluxed for 2 h at 150 °C in a heater model DRB 200. After cooling, COD was
determined by absorbance using Hach Lange model DR-2000 spectrophotometer with
λ of 420 nm which shows directly the COD value. In order to use this method, samples
should be diluted to bring them to the range of the standards in the tube.

3.9 High performance liquid chromatography (HPLC)
Phenol photodegradation products were analysed by HPLC using a P580 high-precision
pump from Dionex (Germering, Germany), which fulfilled the requirement for a
measured mobile phase delivery rate. Analysis of HPLC was carried out by:
Injector port: Is a manual injector a Rheodyne (Cotati) 8125 valve fitted with a 20 μL
loop. The selection of the loop is important according to the size of the column and the
concentration of the pollutants analysed. In addition, it allows a constant injected
volume which is very important for the quantitative analysis.
Detector: Dionex UVD 170/340S diode array detector jointed with a recorder to show
the chromatogram. The detector measures the absorption of the light by the contaminant
at the outlet of the column, when it enters the detector. The detector can be operated by
a constant λ which is fixed by the operator through the software. Deuterium lamp is used
at λ varying from 190-350 nm.
Pump: Thermo Scientific Dionex Ultimate 3000 Series. The pump includes the
isocratic or the gradient system for the solvent (mobile phase) programming. The pump
can perform in two ways:
Isocratic run, which means with an elution of constant solvent composition been
prepared outside the system during all time of analysis.
Gradient run, the system will prepare and mix with a variation of the solvent mixture,
prepared by the operator through the machine.
Columns: The column in HPLC also called stationary phase. The analysis of phenol
and its byproducts was carried out and separated using different C18 columns. Supelco:
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C18 column of (250 m × 4.6 mm), composed of spherical micro-particles (4.6 mm) of
silica transplanted with alkyl chains of C18. The second column was Restek C18 column
of (150 mm × 3.0 μm), also composed of spherical micro-particles (3.0 μm) of silica
transplanted with alkyl chains. Phenomenex: A C18 monolithic column of (50 mm x 4.6
mm) all these columns were maintained at room temperature. The attaining and the
conducting of chromatograms are achieved by the software called chromeleon 6.2.

3.9.1

HPLC analysis

At the beginning of the analysis time, the mixture to be separated was injected in the
injector port connected to the column. The mixture was diluted in the mobile phase and
from the injector port the mixture was continued its way to the column.
3.9.1.1

HPLC mobile phase preparation

The mobile phase for the HPLC separation was prepared by mixing methanol with water
at a ratio of 45:55. In a 100 mL measuring cylinder, 45 mL of methanol was mixed with
55 mL of Milli-Q H2O later transferred into a 250 mL beaker with magnetic follower.
The beaker was placed on a stirrer and stirred slowly with a pH electrode inside model
(Mettler Toledo). The mobile phase was adjusted to pH 3.0 by adding drops of 0.1 M
H2SO4 through 5 mL syringe. The preparation of the acid was explained earlier in
section 3.5.4. The mobile phase (solvent) was filtered through 0.2 µm vacuum filter
model (Millipore xx1009020) and sonicated by (JAC ultra sonic 2010 (P)[CE] KODO)
model technical research Co., Ltd. for 10 min. If the mobile phase is well selected then
the components of the mixture are unequally retained during the movement through the
column which would give an indication of the consistence of the baseline. If the baseline
is not consistent, checking for leakages or adjusting system pressure is necessary. From
this point a phenomenon called retention, so the components of the unknown moved
slower than the mobile phase. After elution from the column, the eluent passed through
a diode array detector jointed with a recorder and showed the chromatogram. The
detector was set at 254 nm to determine phenol and its byproducts. The mobile phase
passed through the column created a signal as a baseline on the recorder or the integrator
without the analyte and without stop. Phenol and its byproducts if separated would also
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show the exit of each separated constituent and its peak time (retention time) is recorded
on the detector. Photodegraded phenol and control samples were eluted at a flow rate of
1 mL/min or sometimes less depends on the column size. All the solvents were sonicated
and filtered through vacuum system as it mentioned before.

3.10 Gas chromatography (GC)
3.10.1 Sample preparation
The solid phase extraction (SPE) columns (Chromabond C18 ec, octadecyl-modified
silica, encapped, Macherey-Nagel) had a volume of 3 mL and 500 mg of C18 phase.
The columns were first conditioned with three column volumes containing methanol
(CH3OH) and two column volumes containing 0.01 M hydrochloric acid (HCl). During
the analysis, 200 mg of sodium chloride (NaCl) was added for every 1 mL of
contaminant, and HCL (1M) concentration was used to adjust the pH to 2.0. A 2.5 mL
sample of 10 ppm phenol was pipetted into the SPE column slowly at a flow rate of 0.5
mL/min and allowed to pass through the column. The sample was washed twice with
500 μL of 0.01 M HCl and dried under vacuum for 10 min, after which elution then
carried out with 3×500 μL of methanol. Phenol standards (1-30 ppm) were prepared
from the 100 ppm. Each standard (1, 5, 10, 20 and 30 ppm) were pipetted into the SPE
column. After the extraction, the phenol standard was immediately injected into the GC
injector for the analysis. The data obtained from the standard solutions gave the standard
curve characteristic of each constituent, later plotted the peak area against its
concentration and then measured the area to determine its concentration in the unknown
mixture by OriginPro 8 as it shown in Figure 8.

3.10 Gas chromatography (GC)
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Figure 9: Calibration curve of peak area vs. concentrations (ppm) of phenol at t=0 min).

The analysed intensity of different standard solutions taken from the GC analysis were
used to plot a calibration curve as seen in Figure 9, which shows a straight line. The
recovery rate of SPE was evaluated with different concentrations of the contaminant and
was found to be 95%. The extraction method was based on Macherey-Nagel Application
No. 301860. The vacuum chamber for extraction was from J. T. Baker (BAKER spe12G).

3.10.2 Chemical analysis
The collected fractions from the recovery rate of SPE were put in 2 mL GC vials, the
fractions later injected into the GC/MS and the air bubbles were totally removed. The
file name of each sample was recognized and stored. The following GC/MS
instrumental conditions were applied:
GC-MS analysis was performed on Agilent 6890 GC system, coupled with mass
spectrometry (GC-MS) was used for the determination of phenol concentration. The
analysis was carried out using a HP-5 (Agilent, 5% phenyl methyl siloxane, capillary
30 m × 320 µm nominal) column. The injection mode was split less ratio of 10:1 and
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the volume was 1 µL. Injector and detector temperatures were maintained at 300 ºC.
Ultra-high purity helium (99.9999%) was used as a carrier gas with a constant flow of
1.2 mL/min. The injection, transfer line and ion source temperatures were 300, 230 and
200 ºC, respectively. The ionizing energy was 70 eV. Electron multiplier (EM) voltage
was obtained and adjusted by autotuning. All data were obtained by collecting the fullscan mass spectra within the scan range 40-500 amu. The oven temperature program
was varied as follows: started at 35 °C this temperature was held for 2 min and
accelerated at a rate of 20 °C/min until it reached to 260 °C and thereafter held at 15
min up to 300 °C there it held for 1 min. The phenol and its byproducts spectra were
identified by comparing the spectra obtained with mass spectrum libraries (NIST2011).
The different phenol standard solutions been prepared in between (1-30 ppm) were also
used for confirmation. By obtaining the y-axis value in Figure 9 which represents the
peak value by

Y goes for the intensity values, 3E+06 is the slope of the line and x is the unknown
concentration that needs to be determined. Consequently, all the unknown
concentrations of phenol and its different byproducts can be measured in the same way.

3.11 Capillary electrophoresis (CE)
CE was used to separate the components of a mixture for monitoring phenol and its
byproducts with the P/ACE MDQ capillary electrophoresis system (Beckmann Coulter
inc. Fullerton, Ca USA). CE uses a narrow capillary tube to separate large and small
molecules in a high electric field. The separations were performed on a fused silica
capillary 75 μm (i.d.) with a total length of 50 cm. The CE device was equipped with a
photodiode array detector from (Beckmann Coulter inc.) with UV λ range started from
190 nm. The instrument was set up with the anode at the left side of the capillary and
the cathode at the right. Data were collected, and processed with software called 32
Karat analyzer from Beckmann Coulter Inc. The buffer was prepared with 10 mmol
sodium tetraborate and 10 mmol sodium dihydrogen phosphate in Milli-Q-purified
water. The buffer prepared in the same way as the other chemical prepared in section
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3.6.4. The pH of the buffer was adjusted to 8.0 for 3 min at 3.5 kPa. The samples were
injected to the electrophoresis with a constant voltage of 20 kV (reversed polarity) for 7
min between runs; the capillary was rinsed with NaOH 1 mol/L and Milli-Q-purified
water (138kPa), 1 min at a constant capillary temperature of 25 °C. The preparation of
NaOH was done the same way as explained in part 3.6.4. For the determination and
quantification of phenol, HQ, BQ, Cat, Res, 2-P and AA, the detection was done at 254
nm. Timing of the sampling was controlled by the instrument software. The samples
were centrifuged at (10 000 rpm, 5 min) first by using Eppendorf centrifuge (system
model 5810R) and then filtered through 0.1 µm and analysed after dilution.
To determine the concentrations of the absorbed values, solutions of standards (from
0.5-12 ppm) were prepared from the 100 ppm, each of these standards used with the
samples were injected using 20 psi pressure.
Table 14: Standard concentrations with the absorbance’s of phenol

Standard Conc. (ppm)

Absorbance

0.5

5.79E-4

2.0

2.33E-3

4.0

4.79E-3

6.0

6.98E-3

8.0

9.57E-3

10.0

0.0121

12.0

0.0143

The values of CE standards are tabulated in Table 14 showed that the absorbance of
samples increased linearly with an increase of the standard concentration. Table 14
shows the obtained absorbance of the prepared phenol standard concentrations. The
results of the absorbance of the prepared standards were used to plot a calibration curve
as shown in the Figure 10. The absorbance for all other standards of phenol byproducts
which used in this section are prepared and compared in the same way as it prepared for
phenol.
In Figure 10 the relation between phenol concentrations and its absorbance shows a
straight line. The calibration curve shows a straight line passing through the origin, so
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it obeyed the equation: y=mx, where y gives absorbance values, m gives the slope of the
𝑦

line and x shows the unknown concentration. y=0.0012x, then x= 0.0012 , if the
absorbance is measured on y-axis, the value on the x-axis could be calculated easily. In
this way all the solutions of the standards, unknowns and the other byproducts can be
extrapolated.

Figure 10: Calibration curve of absorbance vs. concentrations of phenol at t=0

3.11.1 Photolytic degradation
The influence of UV light was also examined without the catalyst on phenol
photodegradation indicated very little catalytic activity, as the experiment was designed
to determine the percentage of photolysis by UV illumination without the catalyst prior
to the determination of the photocatalytic activity of SnO2. The results are explained in
the coming Figures.

4.1 Motivation for studying phenol and its byproducts
4
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4.1 Motivation for studying phenol and its byproducts
As it was discussed in the previous chapters that Phenol is an organic compound found
in surface and ground water, which has an endless effect on the creatures and the
environment. Some high concentration of phenol was also found in some processing
food [12]. Phenol and phenolic compounds are assigned as priority pollutants by the
Environmental Protection Agency [379]. In fact, a small concentration of these toxins
can prevent the development of many living organisms [380, 381]. Studies have been
indicated that phenol might link to other chemicals such as parabens, benzoic acids and
others. The results show that the problems created by phenolic compounds in the
wastewater would become worse in the future. Phenol was taken as a pollutant since it
linked with so many other groups. Consequently, there is a requirement to abolish
phenol and its compounds from the environment. If phenol removed from the solvent
the other groups would be easily degraded. In this study, phenol was chosen as a model
pollutant to represent the group of its byproducts identified during different analytical
analysis for photocatalytic degradation study. Complete photocatalytic degradation of
phenol and other six byproducts such as (HQ, BQ, Cat, Res, AA and 2-P) were studied,
to show the excellent ability of the Nps synthesized.
This chapter examines the efficiency of the photocatalytic systems synthesized for
photodegrading phenol and its intermediates. The chemical structure of phenol and its
byproducts are shown in Figure 1.
Also in this work synthesized undoped SnO2 and with differently doped ions
photocatalyst were used. The photocatalytic activity of these Nps was examined by
photodegradation of phenol in 3 different photocatalytic reactors explained in chapter
III. The studied process composed of photocatalytic degradation in the presence of UV,
sunlight, or visible light irradiation.
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4.2 Characterization of the synthesis materials
The procedures used to explain the process of characterization were explained in chapter
3. In this section the comparison of results will be discussed with different techniques.

4.2.1

X-ray diffraction analysis (XRD)

Undoped and doped SnO2 samples were examined by XRD, the average crystallite sizes
were estimated from the Debye-Scherrer equation [382].

where D is the crystallite size, K is the Sherrer's constant (0.9), λ is the λ of Cu K𝛼
radiation (1.5418 Å), θ is the diffraction (Bragg's) angle, and 𝛽 is the full width at half
maximum (FWHM).
The lattice parameters 'a' and 'c' for the tetragonal structure (a = b  c,  =  =  = 90 º)
can be calculated by the following expression [383],

where h, k and l are the Miller indices but variables (a and c) are the lattice constants.
The unit cell volume of the products is given by the formula.

The XRD analysis for SnO2/I Nps synthesized by sol-gel were done by placing the
powder on the special glass provided through Miniflex 600 diffractometer
Each powder was prepared for XRD analysis using the technique explained in section
3.7.1.1, the powder was spread on the glass holder and placed on the magnetic
recognition and the preparation method loaded. The XRD analysis was obtained after
turning on the detector in continuous scan mode operated at 30 kV and a current of 15
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mA. Diffractograms of the powder was recorded in 2 θ scan configuration, in the range
of 10-80° 2 θ range at steps of 0.02°.
The XRD patterns of undoped SnO2, doped SnO2/I 0.2 wt. % and SnO2/I 1.0 wt. %
samples synthesized by sol-gel process with the results are shown in Figure 11.

Figure 11: XRD patterns of undoped SnO2, SnO2/I 0.2 wt. % and SnO2/I 1.0 wt. % Nps synthesized by
sol-gel process

Figure 11 indicates the presence of ten peaks which correspond to the SnO2 crystal
planes of 110, 101, 200, 111, 211, 220, 002, 310, 112, and 301 respectively. The results
in Figure 11 matched the standard XRD file of SnO2 (JCPDS-# 41-1445) (JCPDS
abbreviation stands for Joint Committee on Powder Diffraction Standards) [161, 336,
338, 384-386], which are regarded as an attributive indication of the rutile SnO2
structure.
The calculated crystallite sizes of the undoped, SnO2/I 0.2 wt. %, and SnO2/I 1.0 wt. %
in the Figure were estimated by the FWHM of the most intense peak (110) using the
Debye-Scherrer equation. The obtained SnO2 crystallite sizes followed the well-known
trend of crystallite size reduction, when the control SnO2 showed 8.4 nm. But when
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SnO2 was doped with I, the crystallite size drastically reduced (SnO2/I 0.2 wt. % it
decreased to 8.0 nm; and 2.5 nm for SnO2/I 1.0 wt. %).

Figure 12: XRD patterns of undoped SnO2, SnO2/Gd 0.6 wt. % and SnO2/Sb 0.6 wt. % Nps synthesized
by sol-gel method.

SnO2/Gd 0.6 wt. % and SnO2/Sb 0.6 wt. % were both compared with undoped SnO2
Nps. All the metals were synthesized by sol-gel and the powder were kept away of light
and humid in a desiccator until characterized. The powder of each doped and undoped
Nps was spread separately on the glass for the XRD measurement after the glass was
cleaned and dried in the oven.
In Figure 12 the XRD patterns showed the undoped SnO2, SnO2/Gd 0.6 wt. %, and with
SnO2/Sb 0.6 wt. %. The crystallinity of each of the powder was characterized alone; no
observable changes could be seen in the patterns between them.
In Figure 12 the obtained SnO2 crystallite sizes followed the well-known trend of
crystallite size reduction as in previous Figures, although, the control SnO2 showed 8.4
nm, but when the Gd was doped with SnO2 as SnO2/Gd 0.6 wt. % the crystallite size
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severely decreased to 3.2 nm. Again the crystallite size continued to significantly reduce
down until it reached 1.8 nm for SnO2/Sb 0.6 wt. %.

Figure 13: X-ray patterns of undoped SnO2, SnO2/Gd 0.6 wt. %, SnO2/La 0.6 wt. % SnO2/Nd 0.6 wt. %
and SnO2/Ce 0.6 wt. % Nps synthesized by sol-gel process.

In another analysis, all RE metals were compared with the control such as the undoped
SnO2, SnO2/Gd 0.6 wt. %, SnO2/La 0.6 wt. % SnO2/Nd 0.6 wt. % and SnO2/Ce 0.6 wt.
%. Each of these samples spread alone on each glass holder provided for XRD as it
described before and put in the XRD. The XRD patterns in Figure 13 indicated that the
diffraction angles at 2 θ =26.3°, 33.6º, 37.62º, 51.68º, 54.46º, 57.7º, 61.60º, 65º, 65.62º,
that can be assigned to 110, 101, 200, 211, 220, 002, 310, 112, and 301 respectively,
matched with the standard XRD file of the rutile phase of SnO2 [161, 336, 338, 384386].
No much difference could be gained in the XRD patterns between them and the previous
patterns in Figure 11 and 12.
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Although the previous Figures 11 and 12 followed the well-known trend of crystallite
size reduction, as it followed and SnO2 showed 8.4 nm, while Ce doped SnO2 as
(SnO2/Ce 0.6 wt. %) decreased to 5.5 nm. When Nd was doped to SnO2 as SnO2/Nd 0.6
wt. % notably reduced to 4.1nm, on the other hand, as La was doped with SnO2 the
crystallite size extensively continued to reduce to 3.4 nm. With Sb doped SnO2 it
appreciably lessen to 1.8 nm for SnO2/Sb 0.6 wt. %.

Figure 14: XRD patterns of undoped SnO2, SnO2/Sb 0.2 wt. %, SnO2/Sb 0.4 wt. %, and SnO2/Sb 0.6 wt.
% Nps synthesized by sol-gel method.

The characterization of SnO2 with different dopant ions, such as undoped SnO2,
SnO2/Sb 0.2 wt. %, SnO2/Sb 0.4 wt. %, and SnO2/Sb 0.6 wt. % Nps was also analysed.
Figure 14 indicates the XRD pattern of undoped SnO2 sample showed the presence of
peaks as (110), (101), (200), (211) and (112) respectively. Matched with the standard
XRD file of SnO2 (JCPDS-# 41-1445) [161, 336, 338, 384-386], regarded as an
attributive indication of rutile SnO2 structure. The doped samples at differently SnO2/Sb
concentrations of 0.2, 0.4, and 0.6 wt. % showed no substantial differences in XRD
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patterns compared to the undoped SnO2. Again, Figure 14 showed that the crystalline
size decreased with the increasing Sb doping wt. % onto SnO2.

4.2.2

Crystallinity

The data obtained from the XRD analysis were compared to check how the doping
affected the crystallinity. In Figure 15 the relation between crystallinity and the type of
ions used for the doping process are outlined. The results indicate a decrease of
crystallization size with an increasing amount of dopant used in the process (8.2 nm to
1.8 upon SnO2/Sb 0.6 wt. %).
The crystallinity of the catalyst plays an important role for the overall efficiency of the
photocatalytic degradation potential [387]. In Figure 15 the SnO2 crystallite sizes
obtained from the Debye-Scherrer equation considered the most intense (110) peak
followed the crystallite size reduction.
Undoped material was found to have a crystallite size of 8.2 nm, while the crystallite
size decreased when ions were present (5.5 for SnO2/Ce 0.6 wt. % to 4.1 for SnO2/Nd
0.6 wt. % to 3.4 for SnO2/La 0.6 wt. % to 3.2 for SnO2/Gd 0.6 wt. % to 2.5 for SnO2/I
1.0 wt. % to 1.8 for SnO2/Sb 0.6 wt. %.
It is clear from Figure 15 that the crystallite sizes of the mentioned samples above
decreased as the dopant into SnO2 increased. Decreasing the crystallinity of ions doped
to SnO2 is clear and consistent with the XRD results above.
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Figure 15: Crystallite size of undoped SnO2, SnO2/Ce 0.6 wt.%, SnO2/Nd 0.6 wt.%, SnO2/La 0.6 wt.%,
SnO2/Gd 0.6 wt.%, SnO2/I I.0 wt.% and SnO2/Sb 0.6 wt.%, all these Nps were synthesized in the same
way by sol-gel method and the parameters were same for the doping and the undoping.

Many researchers have shown that the crystalline decreased with the increasing doping
on SnO2. This configuration agrees with the understanding that incorporation of
impurity atoms in SnO2 reduces the crystallite sizes [320, 321]. In this study different
doping to SnO2 let the crystallite size of SnO2-dopants to decrease as the concentration
of the dopants to increase, these results agree with other study findings [388].

4.2.1

BET surface area

The BET specific surface area of the synthesized photocatalysts were analysed using a
BET surface analyser (Nova® 2200) and with using nitrogen adsorption. Each 200-300
mg of the photocatalyst samples (undoped SnO2, SnO2/Ce 0.6 wt. %, SnO2/Nd 0.6 wt.%,
SnO2/La 0.6 wt. %, SnO2/Gd 0.6 wt. %, SnO2/Sb 0.6 wt. % and SnO2/I I.0 wt.% were
dried and degassed separately and alone in a sample tube at 300 °C for at least 3 h before
adsorption.
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The results were accumulated and analysed by using the 2200 Autosorb analyser
software. The BET surface area of undoped SnO2 Nps from gas adsorption studies was
found to be 28 m2 gˉ1 smaller than the BET surface area of SnO2/Gd 0.6 wt. % which
increased to 58 m2 gˉ1, due to the reduction of the crystallite size as outlined in Table
15. Generally, heterogeneous catalysts with large surface areas are better suited as they
allow increased adsorption of the reactants. Doping SnO2 changed the crystal structure
of the semiconductor. In addition, it created a reduction in crystal size and an
enhancement in active surface area. Consequently, doping SnO2 is an advantage since
it fulfils a dual purpose, as it simultaneously alters the electronic properties of the metal
oxide by narrowing the BG and enlarges the contact area between the catalyst and the
pollutant [389]. This effect is observed in the following Table when a sample of SnO2
was doped with different metals of variation concentrations. In all cases of the
photocatalyst increased, resulted in higher catalytic activity. This steady increase
continued up to a certain threshold which differs for each pollutant (depending on
charge, size of the ion, and other factors).
Table 15: Calculated crystallite of different 0.6 % doped and undoped SnO2 Nps from (110) peak using
the Debye-Scherrer analysis

Surface area (m2/g)

No.

Dopant

1

Undoped

8.4

28

2

SnO2/Ce (0.6 wt. %)

5.5

30

3

SnO2/Nd (0.6 wt. %)

4.1

35

4

SnO2/La (0.6 wt. %)

3.4

40

5

SnO2/Gd (0.6 wt. %)

3.2

58

6

SnO2/Sb (0.6 wt. %)

1.8

54

7

SnO2/I (1.0 wt. %)

2.5

50

Size (nm)

With 50 m2 gˉ1, the surface area of SnO2/Sb 0.6 wt. % was found to be smaller than the
surface area of SnO2/Gd 0.6 wt. % which was found to be 58 m2 gˉ1. The surface area
of the synthesized RE Nps with the other ions starting from undoped SnO2, SnO2/Ce 0.6
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wt. %, SnO2/Nd 0.6 wt. %, SnO2/La 0.6 wt. %, SnO2/Gd 0.6 wt. %, SnO2/Sb 0.6 wt. %
and SnO2/I 1.0 wt. %. Nps are shown in Table 15 by having surface areas of 28, 30, 35,
40, 58, 54 and 50 m2/g respectively. Therefore, it is possible to notice that the doping of
Gd/SnO2 increased the specific surface area until it reached 58 m2 gˉ1. The increment in
the surface area may be due to the reduction of the crystallite size as was explained
above.
On the other hand, the crystallite size reduced from 8.4 nm for undoped SnO2 Nps to
3.2 nm for the SnO2/Gd 0.6 wt. % and 1.8 nm for the SnO2/Sb 0.6 wt. % sample, which
indicated that an increasing concentration of the dopant the diffraction peaks broadened
due to the smaller crystalline sizes [390] as it was also noticed in the previous XRD
Figures (11-14). Table 15 also includes the comparison of different doped crystalline
sizes which were calculated from the broadening of the highest intensity (110) peak in
the XRD patterns. Another notification with the crystallite sizes reduction upon doping
with different ions as it was showed in the previous Figures. The specific surface area
of undoped SnO2 Nps from gas adsorption studies was found to be 28 m2g-1, but
increased to 58 m2g-1 for the SnO2/Gd 0.6 wt. % Nps and with SnO2/Sb 0.6 wt. % Nps
demonstrated about 54 m2g-1, so it has nearly double the highest specific surface area
of the undoped samples. Furthermore, Table 16 included the estimated crystallite size
of undoped SnO2 and different 0.6 wt. % ions doped SnO2 Nps from the (110) peak
using the Debye-Scherrer analysis [391].
Table 16: Calculated crystallite size of different SnO2/Sb Nps from (110) peak using the Debye-Scherrer
analysis

No.

Dopant

Size (nm)

1

Undoped

8.4

2

SnO2/Sb (0.2 wt. %)

3.5

3

SnO2/Sb (0.4 wt. %)

2.5

4

SnO2/Sb (0.6 wt. %)

1.8

5

SnO2/Sb (0.8 wt. %)

2.1
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These results agreed well with the observations made from XRD results about the
reduction in crystallite sizes of SnO2: different ions Nps upon doping. An increased in
the surface area was observed, which was attributed to the reduction in the grain size as
it could be seen from Table 16. The analysis of crystallite sizes estimated from the
broadening of highest intensity 110 peaks in the XRD pattern for undoped SnO2,
SnO2/Sb 0.2 wt. %, SnO2/Sb 0.4 wt.%, SnO2/Sb 0.6 wt. % and SnO2/Sb 0.8 wt. % having
crystallite sizes of 8.4, 3.5, 2.5, 1.8 and 2.1 nm respectively. It was found that any further
increment in the catalyst dosage slightly controlled the crystallite size or did not affect
it any more. As it shown in the Table 16, with SnO2/Sb 0.8 wt. % the crystallite size
increased instead of getting smaller. The SnO2 crystallite sizes obtained from the Debye
Scherrer equation considered the most intense peak (110) followed the well-known
trend of crystallite size reduction upon doping. Table 16 indicated that the reduction of
the crystalline size increased with increasing concentration of the dopant. which agreed
with the understanding that the incorporation of the impurity in SnO2 reduced the
crystallite sizes [392, 393] once more showed a reduction of crystallite sizes upon
doping.
In addition, other researchers also supported our findings when they reported that doping
SnO2 with different ions increased its surface area as it shown below in Figure 16. Xia
et al. [225] reported that the highest photocatalytic activity, good crystallization, and a
high surface area were achieved with a 1:1 molar ratio of Cu and Sn, calcined at 500°C
for 3 h.
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Figure 16: Surface area calculated of undoped SnO2, SnO2/Ce 0.6 wt. %, SnO2/Nd 0.6 wt. %, SnO2/La
0.6 wt. %, SnO2/Gd 0.6 wt. %, SnO2/I I.0 wt. % and SnO2/Sb 0.6 wt.%

In Figure 16 the SnO2 specific surface area using the BET surface analyser, increased
from 28 m2/g for undoped SnO2 to 30 m2/g upon SnO2/Ce 0.6 wt. % to 35 m2/g upon
SnO2/Nd 0.6 wt. % to 40 m2/g upon SnO2/La 0.6 wt. % to 50 m2/g upon SnO2/I 1.0 wt.
% to 54 m2/g upon SnO2/Sb 0.6 wt. % to 58 m2/g upon SnO2/Gd 0.6 wt. %. The
different doped SnO2 ions showed a high surface area with doping. The Figure also
shows that the surface area of the mentioned samples above increased with different
dopants and were consistent with the XRD results above and also with the data seen
in Table 16.
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Electron microscopic analysis (SEM)

Figure 17: SEM images of a-undoped SnO2, b-SnO2/Nd 0.6 wt. %, c-SnO2/Ce 0.6 wt. %, d-SnO2/La 0.6
wt. % Nps synthesized by sol-gel method

The SEM morphology micrographs of different photocatalysts are shown above in
Figure 17. The images of different powder samples were done with JEOL working at
30 kV. Images were taken up to about 50,000 magnifications or above, so the samples
can be monitored at high resolution which can be achieved with the sub-100 nm
resolution. Undoped SnO2, SnO2/Nd 0.6 wt. %, SnO2/Ce 0.6 wt. % and SnO2/La 0.6 wt.
% powders were prepared separately for SEM sampling. The technique was by first
coating the powder on a carbon tape. The coated carbon tape later put in the oven to dry
at 60 °C. The SEM images are presented in Figure 17 as (Figure 17a, 17b, 17c, and 17d),
indicated that the microstructures of the a-undoped SnO2, b-SnO2/Nd 0.6 wt. %, cSnO2/Ce 0.6 wt. %, and d-SnO2/La 0.6 wt. % doped Nps respectively. Typically 50 nm
sized agglomerates of Nps were observed. The 8.6–3.2 nm crystallite agglomerates to
form the 50 nm powders.
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Figure 18: Typical SEM images of a-SnO2/I 1.0 wt. % and b-SnO2/Gd 0.6 wt. % Nps

In Figure 18 microstructures of SnO2/I 1.0 wt. % and b-SnO2/Gd 0.6 wt. % powders
compared with Figure 17a as an undoped SnO2. The samples treated exactly in the same
way as discussed before with JEOL working at 30 kV. Images were taken at high
resolution up to about 50,000 or above magnifications. SnO2 and different doped
powders were prepared separately as SnO2/I 1.0 wt. % and b-SnO2/Gd 0.6 wt. % Nps
for SEM by first coating the powder on a carbon tape, later putting it in the oven to dry
at 60 °C for about 10 min, until a carbon coat applied on SnO2 powder. The SEM images
are presented in Figure 18 it is clear from the images that in a-SnO2/I 1.0 wt. % and in
18b-SnO2/Gd 0.6 wt. % Nps, that upon doping I ion with the oxide the average grain
size decreased. Gd doped SnO2 also showed the same trend as it indicates in the Figure
and noticed with I doping. The results agreed with what was observed from the
calculation of crystallite sizes of both a-SnO2/I 0.6 wt. % and b-SnO2/Gd 0.6 wt. % Nps
or from the XRD studies as it shown in Table 15.
Images from JEOL working at 30 kV were taken at high resolution up to about 50,000
magnifications or above. The SnO2/Sb 0.6 wt. % powder, prepared exactly by the same
way as the previous images have been treated.
In Figure 19 SnO2/Sb 0.6 wt. % also showed the average grain size reduction which
agreed in prior with the different images of Figure 17 and 18 and also in an agreement
with the observations made from the calculation of crystallite size from XRD studies as
noticed in Figure 11 and Tables 15 and 16.
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Figure 19: Typical SEM image of SnO2/Sb 0.6 wt. % Nps synthesized by sol-gel process

4.2.3

Transmission microscopic analysis (TEM)

Samples of undoped SnO2, SnO2/Nd 0.6 wt. %, SnO2/Ce 0.6 wt. % and SnO2/La 0.6 wt.
% Nps were prepared by crushing the powders separately and later spreading few
particles of each catalyst in each special container with the alcohol and sonicating in
(JAC, 210 KODO). Drops of the sample were deposited separately on Cu supporting
grid with holy carbon supporting films. Later the grid was dried in the room temperature
for analysis.
In some analysis, the samples were needed special treatment, diluted several times with
high purity water and sonicated in (JAC, 210 KODO).
The high resolution (HR-TEM) images are shown in the following Figures. In fact, the
crystallite sizes are comparable to what was calculated from the XRD Figures and from
Tables 15 and 16. In these Tables the crystallite size is clearly seen to reduce in size
upon doping, agreeing well with the earlier observations made from XRD and SEM
analysis.
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Figure 20: HR-TEM of a-undoped SnO2, b-SnO2/Nd 0.6 wt. %, c-SnO2/Ce 0.6 wt. %, d-SnO2/La 0.6 wt.
% Nps

The HR-TEM of the a-undoped SnO2 and b-SnO2/Nd 0.6 wt. %, c-SnO2/Ce 0.6 wt. %,
d-SnO2/La 0.6 wt. % Nps images are shown in Figures 20a, 20b, 20c and 20d
respectively. These images confirm the observations made from SEM, XRD and gas
adsorption analysis (BET) (see previous Figures) that upon doping with SnO2 the
average grain size decreases.
Morphology of SnO2/Gd was also characterized by HR-TEM as in Figure 20.

4.2 Characterization of the synthesis materials

131

Figure 21: Typical HR-TEM of SnO2/Gd 0.6 wt. % Nps synthesized by sol-gel process

Figure 21 shows the TEM image of SnO2/Gd 0.6 wt. % Nps synthesized by sol-gel
process. SnO2/Gd 0.6 wt. % samples were prepared by crushing SnO2/Gd 0.6 wt. %
powders and later few particles of the powder were dispersed in the alcohol and
sonicated. Drops of the sample were deposited on Cu supporting grid with holy carbon
supporting films. Later the grid was dried in the room temperature. The average grain
size of SnO2 Nps was found to decrease which is in an agreement with the other
observations made from previous characterization techniques.
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Figure 22: HR-TEM of (a) control SnO2 (b) SnO2/I, 1.0 wt. % Nps synthesized by sol gel process.

The micro structure of SnO2/I 1.0 wt. % Nps was carried as it shown in Figure 22. HRTEM images samples were prepared by crushing SnO2/I 1.0 wt. % powders and
dispersing them in the alcohol and let them to sonicated for some time. After the
sonication, drops of the sample were deposited on Cu supporting grid with holy carbon
supporting films. Exactly the same procedure followed as previously discussed, later the
grid was dried.

Figure 23: Typical HR-TEM of SnO2/Sb 0.6 wt. % Nps synthesize by sol-gel

From the Figure it can be observed that the crystallite sizes are comparable to what was
gained and observed and are clearly seen to reduce in size upon doping, again agreeing
well with earlier statements made from the previous techniques.
In an estimation of nanocrystals size distribution from Figure 23 showed the size of
SnO2/Sb 0.6 wt. % samples. When the Nps were dispersed in alcohol, the image showed
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similar average particle size of 2.3 nm for the SnO2/Sb 0.6 wt. % samples as showed in
(Figure 23 b). The size of the SnO2/Sb 0.6 wt. % Nps was estimated from TEM analysis,
also showed maximum percentage (12%) of particles having diameter 2.3 nm, while the
overall diameter of the Nps was found in the range from 2.2 to 2.7 nm

Figure 24: HR-TEM of SnO2/Sb 0.6 wt. % Nps light field and dark field on images

In Figure 24 typical high resolution transmission electron micrograph of the same
SnO2/Sb 0.6 wt. % Nps synthesized by sol-gel process is shown in (24-a). The Figure
was further verified using HR-TEM to show that the dark field imaging clearly showed
the small nanocrystallites as it shown in (24-b).

4.3 Optical activity
In this section, the optical activity of SnO2 and some doped SnO2/Sb was compared.
Typical optical absorption of undoped SnO2, SnO2/Sb 0.4 wt. % and SnO2/Sb 0.6 wt. %
dried samples were sonicated for some time and after collected from a suspension for
each in aqueous media.
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Figure 25: Optical absorption of SnO2, SnO2/Sb 0.4 wt. %, and SnO2/Sb 0.6 wt. % Nps

SnO2 is the preferable material for photocatalytic processes due to its high
photosensitivity, but its BG energy (3.6eV) limits its ability to absorb the high-energy
UV portion of sunlight, which results in relatively low solar photocatalytic efficiency
[213, 394, 395]. Therefore, electronic doping in the lattice sites of SnO2 by Sb was
attempted to change its absorption activity. Increasing the doping level concentration
resulted in a variation in the absorption edge of the pure and doped SnO2 Nps, shifted
towards a longer λ, which is more predominant for the 0.6% Sb doped SnO2 Nps, as
shown in Figure 25.
This intense absorption in the region of red light has been assigned to the electronic
transfer between two oxidation states [396].
Upon doping SnO2 with Sb it helped to increase its optical activity. This is somewhat
due to the enhanced optical absorption observed upon doping (as shown in the Figure
25). It can be observed from the optical spectra that upon doping, the absorption
increased which is prominent in the SnO2/Sb 0.4 wt. % and SnO2/Sb 0.6 wt. % samples.
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Many studies on TiO2 about its optical absorption and photocatalytic improvement are
based on the doping by anion or cation [397]. Since both regions show optical activity,
it justified to study the suitability of phenol photodegradation under UV and visible light
irradiation. In Publication I-IV, the enhancement of the optical absorption was observed
upon doping with different ions.
Doping SnO2 with RE metals also improved the photocatalytic activity of the particles.
This is partially due to the enhance optical absorption observed upon doping (as shown
in the Figure 26 below); which indicated that upon doping absorption increases which
is prominent in the SnO2/La samples

Figure 26: Typical optical absorption of undoped SnO2, 0.6 wt. %, Ce doped SnO2, 0.6 wt. %, Nd doped
SnO2 and 0.6 wt. %, La doped SnO2 Nps dried samples collected from a suspension in aqueous media.

In Figure 27 below it is clear that upon doping SnO2 with I, the photocatalytic activity
of the Nps was improved which can be attributed to the increased optical absorption of
the SnO2/I Nps compared to the pure metal oxide (Figure 27).
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Figure 27: Optical absorption of undoped SnO2, and 1.0 wt. %, I doped SnO2 Nps

4.4 Parameters affecting phenol photodegradation in an aqueous
solution dispersion of SnO2
4.4.1

Effect of pH

During the phenol photodegradation formation of several byproducts occur which also
lower the pH solution [47]. Many organic compounds are acidic nature when dissolved
in solution, in addition, to the surface of the catalyst is also acidic. This behaviour let
the pH to put a significant influence on the oxidation potential and determines the
charges of the pollutant. In this study the pH is controlled before the irradiation and is
not adjusted during the experiment. The effect of changing the pH from (3-8) on the
photodegradation of phenol is shown in Figure 28. It is vital that the reaction is done
under stable catalyst conditions. Phenol photodegradation showed stable results in the
acidic media, no attempts were made to prepare phenol concentrations at higher basic
media. It was noticed that all the SnO2 Nps were insoluble at all pH ranges tested.
Figure 26, shows each 10 ppm phenol standard was adjusted with pH (3, 4, 5, 6, 7 and
8) was separately mixed in the reactor, while the other parameters were kept constant
such as catalyst loading of (65 mg/50.00 mL) by using (SnO2/Ce 0.6 wt. %), reaction
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time (2-3 h), sampling time (12-13), sample volume (250.00 mL) and inlet air flow 4
L/min.

Figure 28: Effect of pH adjusted value on phenol photodegradation rate, (65 mg/50.00 mL) of (SnO2/Ce
0.6 wt. %), under UV light irradiation, reaction time (2-3 h), sampling time (12-13), sample volume
(250.00 mL) and inlet air flow 4 L/min.

Setting the pH of phenol solution at 3 enhanced the degradation rate to 84% but then
decreased to 60% at the time of 150 min at pH 4. An increment was noticed in the phenol
photodegradation rate in pH from 5-6, this increment reached to 89% at the same
irradiation time. Acidic contaminant such as phenol can create an attraction between
photocatalyst and phenol molecules, which can facilitate the adsorption of the phenol
molecule on the SnO2 surface resulting in the enhancement of phenol degradation [398].
SnO2 may be acidic in nature and therefore the pH effect needs to be considered. The
pH solution may affect the surface of the photocatalyst and increase the •OH and
enhance its adsorption.
In addition, acidic conditions were more preferable for production of hydrogen peroxide
which increase OHˉ ions and the amount of •OH also increase. When the •OH increase,
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the chance for •OH to react with phenol molecule increase and the result is increase in
the photodegradation efficiency is noticed. In addition, more pH values (basic) initiate
the formation of carbonate ions, these ions are known to be scavengers OHˉ ions which
decrease the photodegradation rate at alkaline values [53, 377]. Many scientists used
lower pH ranges and were found to be beneficial for the degradation of phenolic
compounds [399, 400]. Enhanced degradation of phenol under slightly acidic condition
has been continuously done by scientists motivated in this subject [400]. On the other
hand, if the pH of the reaction mixture falls under a certain threshold, the rate of the
reaction mixture decreases considerably.

Figure 29: Effect of pH changes as a function of time for (65 mg/50.00 mL) SnO2/I 1.0 wt. % Nps under
UV light irradiation, reaction time (3 h), sampling time (12-13), sample volume (250.00 mL) and inlet air
flow 4 L/min.

The effect of initial pH 5.7 of 10 ppm phenol solution with the (65 mg/50.00 mL) SnO2/I
1.0 wt. % catalyst on the photodegradation of phenol was examined within 3 h reaction
time as shown in Figure 29. In the beginning the pH decreased to a minimum pH 4.5,
later raised up to values equal to or slightly higher than the initial pH, because more
acidic byproducts were being formed and resulted. The phenol photodegradation
depended on the formed intermediates and on the compounds mineralized until it rose
again to reach pH 7. Many scientists noticed the same behaviour [262], as they shown
that organic compounds can be degraded at medium pH and in acidic ranges [208, 399].
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It is known that the pH optimal degradation falls in between pKapH, due to the increase
in the electrostatic interaction between the anions of the weak acids and the cations
catalyst

surface

other

researchers

reported

that

the

photodegradation

of

chlorophenoxyacetic acid was increased when the pH of the reaction mixture was higher
than its pKa, but below the pH of the point of zero charge (pHzpc) of the nanocomposite.
Optimum electrostatic interaction of the deprotonated acid with the positively charged
surface of the photocatalyst with higher reaction rates would be continued [401]. When
an organic compound is neutral or protonated, its pH is lower than its pKa value,
however, the pH of the solution is greater than its pKa value, the compound deionized
or deprotonated and exists as negatively charge species [402]. The pKa value is different
for every organic dye and the point of zero charge varies for different photocatalysts, so
careful control of the reaction mixture is needed and the settings must be optimized
[403]
The formation of acidic binary hydroxyl compounds, such as Cat, BQ, HQ, during the
photocatalytic degradation of phenol were considered to be the main reason for the pH
cycle change. The •OH formed by redox reaction oxidized the conjugate structure of the
phenyl ring, yielded carboxylic acids formed via ring cleavage to produce malonic acid,
then short chain organic acids such as maleic, oxalic, acetic and formic acids, which
lowered the solution pH [47]. Finally, upon continuous oxidation of the carboxylic acids
these intermediates are consumed, returning the pH values to normal as initiated.
Consequently, a cycle of pH changes occurred and the TOC is finally eliminated by the
conversion of the intermediates to CO2 and H2O [404].

4.4.2

Effect of initial phenol concentration

The initial concentration of the model pollutant of 100 ppm (phenol) was prepared as
explained in section 3.6.3. Initial concentration of the pollutant plays a significant role
on the photodegradation process of organic compounds [405]. The photocatalytic
degradation of phenol (5-50 ppm) was carried out to study and compare the final
solution of phenol samples every 15-30 min within 2-3 h Figure 30.
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Figure 30: Effect of initial phenol concentration on the photodegradation process for phenol
concentrations (5, 10, 25, 50 ppm), catalyst loading (65 mg/50.00 mL) SnO2/Gd 0.6 wt.%), under UV
light irradiation, reaction time (2-3 h), sampling time, (12-13), sample volume (250.00 mL), pH of the
reaction medium (5.7) and inlet air flow 4 L/min.

Four phenol standards (5, 10, 25, and 50) were prepared to study the effect on the initial
pollutant concentration on the photocatalytic degradation efficiency of phenol solutions.
Each standard was separately mixed in the reactor, while the other parameters were kept
constant: catalyst loading (65 mg/50.00 mL SnO2/Gd 0.6 wt.%), under UV light
irradiation, reaction time (2-3 h), sampling time, (12-13), sample volume (250.00 mL),
and pH of the reaction medium (5.7).
The results showed an enhancement in the photodegradation of phenol at 10 ppm but a
slight reduction in the catalytic efficiency above 10 ppm. Temperature control in the
reactor was set to be 25 °C. Usually, the photodegradation efficiency decreases with
increasing contaminant concentration [406, 407]. The large amount of the contaminant
will block the light penetration into the pollutant solution and also over supply the active
sites. Inundate active sites mean fewer photons would be able to reach the catalyst
surface. The lower photodegradation rate of phenol is because the absorbed light by
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phenol is more than the light absorbed by the SnO2/Gd 0.6 wt. %. This means that no
enough light is available to carry out the photodegradation process [370]. On
continuously, more of phenol concentrations accumulate on the catalyst surface active
site during the equilibrium absorption, this cause that absorption of •OH decrease so the
amount of •OH and O2ˉ·decrease. On incessantly of this process, the •OH decrease, so
the chance for •OH to react with phenol molecule also diminish. By the end of the route,
this reduction lowers the photodegradation efficacy [377, 408]. When using high initial
concentration, byproducts are formed and absorbed on the catalyst surface which also
react with the oxidant species available [37]. In addition, the byproducts might react
with the reducing species such as electrons, results in a lower of the photodegradation
rate of the contaminant [37, 409]. The results indicated fast degradation of phenol at a
concentration of 10 ppm but the degradation of phenol decreased when the initial
concentration was above 15 ppm
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Effect of catalyst loading

Figure 31: Effect of different catalysts loading 65 mg /50 mL, 75 mg/50 mL and 100 mg/50 mL on the
photodegradation process by (0.6 wt. % SnO2/Nd), each loading has 10 ppm phenol concentration, under
UV light irradiation, reaction time (2-3 h), sampling time, (12-13), sample volume (250.00 mL), and pH
of the reaction medium (5.7) and inlet air flow 4 L/min.

In this study the amount of catalyst loading by 0.6 wt. % SnO2/Nd has been carried out.
Three equal phenol standards each of 10 ppm with different catalyst loading were
prepared such as (65, 75 and 100 mg each in 50 mL of solution) to study the effect of
catalyst loading on the photocatalytic degradation efficiency of phenol solutions.
Each standard was separately mixed in the reactor, while the other parameters were kept
constant under UV light irradiation, reaction time (2-3 h), sampling time, (12-13),
sample volume (250.00 mL), pH of the reaction medium (5.7) and inlet air flow 4 L/min.
The photocatalytic degradation of phenol exhibited best results from 56 to 75% at 150
min of irradiation time an increase in the loading decreases the removal rate, which
decreases the activity of the catalyst as it shown in Figure 31. That’s why 65 mg/50 mL
catalyst was optimum dosage for undoped SnO2 and doped SnO2 ions and it was used
in all the photocatalytic reactions in this study. Photocatalytic degradation rate increases
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with an increase in the weight of the catalyst up to an optimum loading, presumably by
increasing in the surface area available for pollutant adsorption and the number of
reaction sites [398, 410]. After the optimum conditions, it decreases, due to the result of
light scattering and screening effects [411, 412]. It is also recognized by the optimum
conditions loading, the quantity of hydroxyl and superoxide radicals will also increase,
so it facilitates the degradation of different organic toxins. On the other hand, a decrease
in the photodegradation was noticed at higher loading concentrations. As it mentioned,
because increasing in the catalyst loading will prevent light passes through the solution,
so it reduces the degradation on the pollutant [413].

4.4.4

Effect of air

It is noticed that air saturated solutions have higher degradation rate, compared to
solutions under different conditions. Dissolved oxygen plays a significant role in
producing peroxy radicals (superoxide anions) which take apart in producing •HO2‾ or
eliminating to produce •OH and help to trap the excited CB electron recombination [205,
414]. When the photocatalytic experiments of phenol degradation were carried out
without air flow, the results did not show a significant degradation. On the other hand,
when all the experiments fixed up by a 4 L/min of an optimum air flow maximum of
90% and above of phenol photodegradation was achieved. For all photocatalytic
experiments the inlet air flow of 4 L/min of used.
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Figure 32: A comparative Figure for 0.6 wt. % of SnO2/La for effect of dissolved oxygen and without
dissolved oxygen at optimum conditions

4.4.5

Light intensity

Light irradiation has an important purpose in the photocatalytic reactions leads to
determine the eˉ - h+ pairs and initiates the rate of photocatalysis [415]. In fact, the
activation of the catalyst depends on irradiation with light of a certain  is powerfully
dependent on its intensity [209, 416-418]. Since SnO2 has higher activation energy
which equivalents to radiation with UV light, by choosing light intensity greater than
the activation energy increases the efficiency of the photocatalyst. [419, 420].When
more radiations fall on the surface at higher irradiation intensities, produce more •OH
and increase in the reaction rate of the photocatalytic removal [421-424]. Increase the
incident light intensity may increase the excitation of e‾ so enhance the degradation rate
[425].
4.4.5.1

Light λ

Energy of photons is also of great importance since electrons jump up from CB to a VB
by the help of energy’s light. Energy of photons is related to its λ, but the overall energy
is dependent on its intensity [71]. Because of energy quantization, excitation can only
take place when photons of sufficient energy hit the surface of the photocatalyst. A
radiation source who has different λ has an intense effect on the photocatalytic reaction
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rate [426]. For UV irradiation, the corresponding electromagnetic radiation can be
classified according to its emitting λ as UV-A, UV-B, UV-C and vacuum (V) UV. The
UV-A range needs an excitation λ starting from 315-400 nm (for a BG 3.1 to 3.94 eV).
The UV-B range requires an excitation λ starting from 280-315 nm (for a BG 3.94 to
4.43 eV). The germicidal UV-C range requires higher energy excitation λ from 100-280
nm (for a BG between 4.44 to 12.4 eV) [427]. VUV range λ < 200 nm and consider to
be the most energetic λ between the UV spectrum. The VUV interrelates with O atoms
even with minute amount of organic molecules. Due to the high energy these λ exist in
vacum [428].
Normally, the BG in SnO2 with suitable dopants is smaller than 3.1 eV which renders
possible the excitation of the photocatalyst with visible light and guarantees broad
application of the semiconductor.

4.5 Photocatalytic degradation
To develop an easy photocatalytic method for phenol photodegradation under undoped
SnO2 and other metals doped SnO2 catalysts.
The photocatalytic activity of 0.6 wt. % SnO2/La Nps was observed by
photodegradation of phenol (10 ppm) aqueous sample under different light irradiations
is shown in Figure 33. Typically 65 mg photocatalyst powder was dispersed in 50 00
mL phenol solution and with the same other conditions such as time (2-3 h), sampling
time, (12-13), sample volume (250.00 mL), pH of the reaction medium (5.7) and inlet
air flow 4 L/min. The comparison for photocatalytic degradation efficiency of phenol
with pure and doped Nps under UV and visible light irradiations showed that the
undoped is less active. Generally, the doping Nps exhibited the maximum efficiency
under UV against visible light. This observation confirmed that doping with La ions
played an improvement role in the SnO2 structure and increased the activity of SnO2.

146

4 Results and discussion

Figure 33: Comparison of photoactivity of 0.6 wt. % SnO2/La Nps under UV and visible light irradiation
at optimum conditions

The investigation was carried on to see the UV light effect with the dark conditions on
the undoped SnO2 and different Nd doped SnO2. Photocatalytic degradation of 10 ppm
of phenol concentration at pH 5.7 with the different experiments under UV light
irradiations alone without the catalyst was low. The rest three experiments were done
under UV irradiation with the catalyst and the other parameters were kept constant.
Figure 34 plots phenol concentrations in the aqueous sample after UV light illumination,
in the presence of photolysis, undoped SnO2, SnO2/Nd 0.2 wt.% and SnO2/Nd 0.6 wt.%.
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Figure 34: Decrease of phenol concentrations without catalyst UV only, with (65 mg/50.00 mL) of SnO2
undoped (control), SnO2/Nd 0.2 wt.% and SnO2/Nd 0.6 wt.% under UV light irradiation, reaction time
(2-3 h), sampling time, (12-13), sample volume (250.00 mL), pH of the reaction medium (5.7) and inlet
air flow 4 L/min.

The UV light analysis without the catalyst (photolysis) on phenol photodegradation
indicated very little catalytic activity. In the presence of SnO2 catalyst alone (control)
with the UV light, the increase in phenol photodegradation was greater when compared
to the system containing UV light only without the catalyst which was almost negligible.
The rate of photodegradation with control (undoped SnO2) Nps was found to be 46%,
improved upon doping with SnO2/Nd 0.2 wt. % to 60% which increased to 95% with
SnO2/Nd 0.6 wt.% after 2.5 h irradiations. So, there was an improvement of about
fourfold been observed with SnO2/Nd 0.6 wt.% Nps.
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Figure 35: Decrease of phenol concentrations (each 10 ppm) upon (65 mg/50.00 mL) of SnO2/Ce 0.1
wt.%, SnO2/Ce 0.2 wt. %, SnO2/Ce 0.4 wt. % and SnO2/Ce 0.6 wt. % under UV light irradiation, reaction
time (2-3 h), sampling time (12-13), sample volume (250.00 mL), pH of the reaction medium (5.7) and
inlet air flow 4 L/min.

The UV-Vis spectra in Figure 35 plots phenol concentration in the aqueous sample after
UV light illumination in the presence of a typical Ce doped SnO2 Nps. The
photocatalytic degradation of 10 ppm phenol at pH 5.7, with 65 mg/50 mL of SnO2/Ce
and with four different dopants as (0.1 wt. %, 0.2 wt. %, 0.4 wt. % and 0.6 wt. %)
showed also enhancement in the photocatalytic activity but a little bit less efficiency
than SnO2/Nd activity. After 150 min of irradiation 88% of phenol was found to degrade
upon using SnO2/Ce 0.6 wt. %, but with SnO2/Ce 0.4 wt. %, 86% of phenol
photodegradation was clarified. On the other hand, 76% and 61% of phenol
photodegradation was exhibited with SnO2/Ce 0.2 wt. % and 0.1 wt.% respectively as it
shown in Figure 35 above.
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Figure 36: Decrease of phenol concentration (each 10 ppm), upon (65 mg/50.00 mL) of SnO2/La 0.1 wt.
%, SnO2/La 0.2 wt.%, SnO2/La 0.4 wt. % and SnO2/La 0.6 wt. % under UV light irradiation, reaction
time (2-3 h), sampling time (12-13), sample volume (250.00 mL), pH of the reaction medium (5.7) and
inlet air flow 4 L/min

The UV-Vis spectra in Figure 36 plots phenol concentrations in the aqueous sample
after UV light illumination in the presence of SnO2/La Nps. The photocatalytic
degradation experiments of 10 ppm phenol at pH 5.7 and with 65 mg/50 mL SnO2/La,
but with four different dopants as (0.1 wt. %, 0.2 wt. %, 0.4 wt. % and 0.6 wt. %) under
UV light irradiation compared with the control. Regarding SnO2/La the maximum rate
of phenol photodegradation was achieved using SnO2/La 0.6 wt. % reached to 100%
photodegradation within 120 min of irradiation, which is almost the highest catalytic
activity on phenol in aqueous solution during that photodegradation period with that
catalyst. In fact, La doped SnO2 samples were found to be the most photoactive, since
100 % of phenol was photodegraded for the same irradiation using SnO2/La 0.4 wt. %,
which also reached to 100% photodegradation and within 120 min of irradiation. In
addition, SnO2/La 0.2 and 0.1 wt. % indicated about 91% and 70% of phenol
photodegradation rate respectively after 2.5 h.
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Figure 37: Decrease of phenol concentration each (10 ppm) with 65 mg/50 mL of SnO2/I, (0.01, 0.1, 0.2,
0.3, 0.4, 0.1 and 1.1 wt.% under UV light irradiation reaction time (2-3 h), sampling time (12-13), sample
volume (250.00 mL), pH of the reaction medium (5.7) and inlet air flow 4 L/min

The UV-Vis spectra in Figure 37 shows phenol concentration in the aqueous sample
after UV light illumination in the presence of SnO2/I Nps. The photocatalytic
degradation experiments of 10 ppm phenol at pH 5.7 and with 65 mg/50 mL SnO2/I, but
with six different dopants as (0.01 wt.%, 0.2 wt.%, 0.3 wt.%, 0.4 wt.%, 1.0 wt.%, and
1.1 wt.%) under UV light irradiation.
The rate of phenol photodegradation with SnO2/I 0.01 wt.% and with undoped SnO2
Nps was found to be 43% and 46%, respectively, but improved upon doping with SnO2/I
0.2 wt.% to 53% and increased to 75% with SnO2/I 0.4 wt.% after 2.5 h. Further doping
with SnO2/I 1.1 wt. % did not improve the photodegradation efficiency. Regarding
SnO2/I the maximum rate of phenol photodegradation was achieved using SnO2/I 1.0
wt. % reached to 93% photodegradation within 150 min of irradiation, which is almost
the highest catalytic activity on phenol in aqueous solution during that photodegradation
period with that catalyst.
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Figure 38: Decrease of phenol concentrations with undoped SnO2 and SnO2/Sb (0.2, 0.4, 0.6, 0.8 wt. %)
under UV light irradiation with catalyst (65 mg/50.00 mL) reaction time (2-3 h), sampling time, (12-13),
sample volume (250.00 mL), pH of the reaction medium (5.7) and inlet air flow 4 L/min

In Figure 38 shows the change in phenol concentration in the aqueous solution upon
continued UV light illumination in the presence of doped and undoped SnO2 Nps. When
no catalysts were used, no significant reduction in phenol concentration was observed
only about 2% decline was detected after 2.5 h due to the photolysis of phenol. With
undoped SnO2 Nps the photodegradation of phenol was occurred slowly in the initial 1
h with no significant degradation observed. Here it should be noted that during
photocatalytic degradation, phenol molecules initially changed to form byproducts such
as BQ, Cat and HQ, which upon subsequent oxidation transforms to mineral acids, CO2
and H2O. These byproducts formed at the beginning of the photocatalytic reactions also
optically absorbed in the similar region as phenol, which would mask the degradation
level of phenol in the UV/Vis spectroscopy. As a result, during the initial period of the
photocatalytic degradation of phenol using undoped SnO2 Nps showed non-significant
variations in the optical absorption spectrum of phenol was observed as shown in Figure
38, although phenol was degraded by forming other intermediates. However,
degradation of phenol was observed to begin immediately under UV light irradiation in
the presence of doped SnO2 Nps. Upon 120 min of UV irradiation, with 0.2 wt. %
SnO2/Sb samples, 55% of phenol photodegradation was observed, while 94% of phenol
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degradation was achieved in the presence of 0.4 wt. % SnO2/Sb. Further enhancement
in the degradation process was shown to be about 100% of phenol disappearance when
SnO2/Sb 0.6 wt. % been used. This means that complete mineralization was achieved in
the presence of SnO2/Sb 0.6 wt. % Nps after 120 min.
4.5.1.1

Method development

To improve the photocatalytic efficiency of phenol photodegradation it is essential to
practise the degradation under solar light irradiation for simplicity and to overcome the
high expenses. In addition, solar light irradiation is an easy process; moreover, to unveil
and utilize the UV radiation that is present in the solar spectrum. The natural sunlight as
the light source has been used to further study the photocatalytic degradation of phenol.

Figure 39: Comparison of the decrease of phenol concentrations degradation with 65 mg/50 mL of
undoped SnO2 and different SnO2/I (0.01, 0.2, 0.3, 0.4, 1.0 wt.%) Nps, under solar light irradiation,
reaction time (2-3 h), sampling time, (12-13), sample volume (250.00 mL), pH of the reaction medium
(5.7) and inlet air flow 4 L/min

In Figure 39 no such photocatalytic activities were found in the samples doped with a
very small amount as SnO2/I 0.01 wt.% either by UV as it was explained earlier, or by
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solar light irradiation as it is explained here in this section as it exhibited only about
10% photodegradation. The SnO2/I 0.2 wt. % catalysts under solar light showed better
activity than the control undoped SnO2 samples. The reduction of phenol is about 45%
in 2.5 h in the presence of SnO2/1 0.4 wt. % but increased up to 61% with SnO2/I 1.0
wt. % Nps under solar light irradiation as it shown in Figure 39.

4.5.2

Phenol photodegradation

Figure 40: Spectra of phenol photodegradation and reduction in the intensity of 10 ppm phenol peak
observed by UV-Vis spectrophotometry in the presence of 65 mg/50 mL of SnO2/La 0.6 wt. % Nps, under
UV light irradiation, reaction time (2-3 h), sampling time, (12-13), sample volume (250.00 mL), pH of
the reaction medium (5.7) and inlet air flow 4 L/min.

Since La was the best photoactive, its photocatalytic activity SnO2/La 0.6 wt. % was
examined using phenol. The phenol typical absorption spectrum is characterized by a
band at 269 nm attributed to absorption in the aromatic ring.
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Under UV light irradiation

The UV-Vis spectra obtained for 10 phenol sample with 2 h at pH 5.7 and with SnO2/La,
0.6 wt. % under UV light irradiation. The adsorption ability of the samples was tested,
and it was found that after 30 min in dark conditions, very minimal changes in phenol
adsorption were observed. In Figure 40 the absorption spectra of a 10 ppm phenol
solution during illumination in the presence of SnO2/La 0.6 wt. %. UV scans (240-320
nm) used also to investigate different phenol byproducts, also in the Figure the
appearance of different phenol byproducts are emerged. Several studies have shown that
phenol first undergone to BQ later the ring was opened to form other smaller byproducts
such as carboxylic acids [262, 429]. A clear decrease from phenol absorbance band
intensity was observed with increasing photoirradiation time within 15 min. An
immediate increase at 290 nm absorbance presence of HQ band intensity and much more
increase at 246 nm absorbance which is BQ band intensity. A decrease in the phenol
absorbance band also noticed. This phenomenon can be associated with the degradation
of phenol intermediates, HQ and BQ, respectively, within 15 min of photoirradiation.
After 30 min of light irradiation, the phenol absorbance band reduced, but a concurrent
increase and broadening of the 290 nm band and a rising increment with the broadening
of the 246 nm band was observed. After 60 min of irradiation, the characteristic peak at
290 nm reduced, and the intensity of 246 nm peak decreased with the disappearance of
the phenol peak. After 90 min of irradiation, it was clear that all phenol was degraded
and also the formed intermediates are being further degraded. The degradation as
observed from the optical spectroscopy point of view is different from the information
gained using chromatography, as the extinction coefficients play an important part in
the final optical absorption of the byproducts. Considering BQ, it was found that it
absorbs nearly 10 times more than phenol around 269 nm, which is the peak absorption
of phenol. Thus the formation of byproducts would mask the degradation level of phenol
if only optical spectroscopy was used. The analysis in UV-Vis spectroscopy would not
render a complete picture of the phenol degradation process, thus most of the subsequent
disscussions are much based on chromatograpic studies.
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Table 17: Comparison of phenol degradation after 2.5 h of irradiation with various dopants

Catalyst-Sample

No Catalyst

% of Phenol
photodegradation by
UV-Vis at 120 °C
analysis
-

% of Phenol
photodegradation
by UV-Vis at 150 °C
analysis
3%

Pure SnO2

13%

46%

0.01% SnO2/I

24%

43%

0.1% SnO2/Ce

39%

61%

0.1% SnO2/La

60%

70%

0.2% SnO2/I

42%

53%

0.2% SnO2/Nd

57%

60%

0.2% SnO2/La

85%

91%

0.2% SnO2/Ce

72%

76%

0.2% SnO2/Sb

55%

70%

0.3% SnO2/I

43%

65%

0.4% SnO2/Sb

94%

99%

0.4% SnO2/I

51%

75%

0.4% SnO2/La

100%

100%

0.4% SnO2/Ce

86%

86%

0.6% SnO2/Nd

95%

95%

0.6% SnO2/La

100%

100%

0.6% SnO2/Ce

84%

88%

0.6% SnO2/Sb

100%

100%

1.0% SnO2/I

93%

93%

1.1% SnO2/I

93%

93%

Table 17 compares the photocatalytic degradation of phenol in the presence of various
catalysts, where phenol photodegradation was measured using UV-Vis spectroscopy. In
a control experiment, the photodegradation of phenol was examined without adding the
catalyst, there was no significant reduction in the phenol concentration was observed
and only 3% reduction was detected after 2.5 h. It is noticed from the Table 17 that at
120°C the photodegradation rate of phenol was 24% for SnO2/I 0.01 wt. %, this was
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higher than the photodegradation rate of the control 13% at 120°C, but raised for
undoped SnO2 to 46% at 150°C, and reduced for SnO2/I 0.01 wt. % to 43%.
Under UV light irradiation technique, 86% of phenol photodegraded with SnO2/Ce 0.6
wt. % samples after 120 min irradiation, but with SnO2/Nd 0.6 wt.% it reached to 95%
and gave about 100% with SnO2/La 0.6 wt.%. Results of photocatalytic activity upon
doping the catalyst with SnO2/Nd 0.2 wt. %, showed 57%, enhanced to 95% with
SnO2/Nd 0.6 wt. % demonstrated an improved activity of about fourfold in Nd3+ doping.
4.5.2.2

Under solar light irradiation

Table 18: Comparison of phenol photodegradation after 2.5 h of solar irradiation

Catalyst
Undoped

Phenol photodegradation
11%

SnO2/I 0.01 wt. %

8%

SnO2/I 0.2 wt. %

22%

SnO2/I 0.3 wt. %

24%

SnO2/I 0.4 wt. %

50%

SnO2/I 1.0 wt. %

61%

SnO2/Sb 0.6 wt. %

95%

Table 18 shows a comparison of two used catalysts for 10 ppm phenol aqueous solution,
at pH 5.7 photodegradation under solar light irradiation and inlet air flow 4 L/min. The
results showed that the reduction of about 61% within less than 2.5 h with SnO2/I 1.0
wt. %, but effectively 95% of phenol photodegradation reduction by doped SnO2/Sb
0.6 wt. %. All the natural sunlight experiments were conducted on full sunny days, when
the incident power of the sunlight was measured to be between 80 to 90 kW/m2 and the
other parameters kept fixed.
Figure 41 showed that within 150 min of visible light irradiation the 10 ppm phenol
solution in water was photodegraded by 96-99%, thus demonestrating that SnO2/Gd Nps
are efficient visible light photocatalysts. Concerning with SnO2/Gd 0.4 wt.%, 93% of
phenol photodegraded at 120 min. but > 94% and 96% of phenol photodegraded with
SnO2/Gd 0.4 wt.% at 120 and 150 min or as it indicated in the Figure.
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To explore the photocatalytic activity of undoped and doped SnO2 Nps, the degradation
of phenol under artificial UV, visible, and natural sunlight was investigated. The
photocatalytic activity of SnO2 was evaluated through comparison with undoped SnO2
under the same experimental conditions. It is clearly observed from the previous Figures
that the photocatalytic activity of the different doped SnO2 is higher than the undoped
SnO2 under the UV,visible and sunlight irradiations.
SnO2/Gd Nps showed 99% degradation of phenol under visible light irradiation more
than undoped.

Figure 41: Comparison of the decrease of phenol concentrations degradation with 65 mg/50 mL of
SnO2/Gd 0.4 wt. % and SnO2/Gd 0.6 wt. % Nps, under visible light irradiation, reaction time (2-3 h),
sampling time, (12-13), sample volume (250.00 mL), pH of the reaction medium (5.7) and inlet air flow
4 L/min

4.5.2.3

Under visible light irradiation

Under UV irradiations the maximum percent photodegradation of phenol for undoped
SnO2 of 46% was observed after 150 min, whereas in the presence of 0.4 wt.% SnO2 /La
showed complete 100% photodegradation of phenol within 120 min only. SnO2 /La was
found to be the highest catalytic activity on phenol, the most photoactive, since 120 min
of irradiation was needed to accomplish complete photodegradation of phenol.
The effectiveness of SnO2/Gd is clearly observed for the photodegradation of phenol
under visible light. About 99% degradation of phenol 10 mg/L was achieved after
150 min when 0.6 wt. % SnO2/Gd was applied. Undoped SnO2 showed only 15% of the
same concentration of phenol degradation after 150 min of visible light.
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4.6 TOC removal during phenol degradation (TOC)

Figure 42: TOC removal from phenol solutions during 2.5 h of photocatalytic degradation by photolysis,
undoped SnO2, and SnO2/Nd (0.2 and 0.6 wt. %), under UV light irradiation, reaction time (2-3 h),
sampling time, (12-13), sample volume (250.00 mL), pH of the reaction medium (5.7) and inlet air flow
4 L/min

In order to determine the degree of mineralization reached during the photocatalyst
experiments, the change of the total organic carbon (TOC) is measured. Nine to eleven
samples in each test were collected at time intervals of 15 min up to 180 min and then
analysed for TOC concentration.
TOC removal spectra of photolysis with UV light only, undoped and SnO2/Nd (0.2 and
0.6 wt. %). A 10 ppm phenol solution with catalyst loading (65 mg/50.00 mL), reaction
time (2-3 h), sampling time, (12-13) and sample volume (250.00 mL). It is obvious from
Figure 42 that phenol degradation with SnO2/Nd 0.2 wt. % is higher than the control,
since it gave 28% of phenol mineralization in the presence of SnO2/Nd 0.2 wt. %
compared to 12%, but it jumped to 70% of TOC removal in the presence of SnO2/Nd
0.6 wt. % and within 120 min of irradiation time. It can be seen from the Figure 43 that
TOC reduced by increasing the time of UV irradiation.
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Figure 43: TOC removal from phenol solutions during 2.5 h of photocatalytic degradation by SnO 2/La
(0.1 0.2 0.4 and 0.6 wt. %) under UV light irradiation, reaction time (2-3 h), sampling time, (12-13),
sample volume (250.00 mL), pH of the reaction medium (5.7) and inlet air flow 4 L/min

TOC values remained high even after 150 min of irradiation time; the amount of phenol
removal was about 40% and 89% for SnO2/La 0.2 and 0.6 wt. % respectively.
TOC determined in high level even after the aromatic byproducts where totally removed
[430]. It was also reported that the carboxylic acid are very difficult to be oxidized to
CO2 at the beginning of the reaction [431]. The results of TOC removal shown about
87% of TOC mineralization was observed to occur after 120 min irradiation with
SnO2/La 0.6 wt. %, while 93% mineralization was observed to occur after 150 min
irradiation with the same catalyst.
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Figure 44: TOC removal from phenol solutions of 10 ppm concentrations during 2.5 h of photocatalytic
degradation by SnO2/Ce (0.1, 0.2, 0.4 and 0.6 wt. %) under UV light irradiation, reaction time (2-3 h),
sampling time, (12-13), sample volume (250.00 mL), pH of the reaction medium (5.7) and inlet air flow
4 L/min

TOC values for catalyst changed during the study, which revealed that degradation of
phenol was not complete at one stage and the formed organic compounds were still
found in every stage until mineralized.
TOC values for catalysts were found to change during the study, which is
understandable since degradation of phenol takes some time. It is well known that
phenol photodegradation led to the formation of a mixture of byproducts such as Cat,
BQ, Res, HQ, and some of the other intermediates as it shown in Figure 40, which
further react with •OH. Therefore, complete phenol degradation to TOC conversion is
not easily detected upon a short irradiation time and with a small amount of catalyst.
For Ce doped SnO2 different doped SnO2/Ce (0.1, 0.2, 0.4 and 0.6 wt. %), used to
compare 10 ppm of phenol photodegradation up to 150 min of irradiation at pH 5.7,
under UV light irradiation. With SnO2/Ce 0.6 wt. % samples, after 150 min irradiation
83% of phenol was found to be removed, while 67%, 57% and 56% of phenol
concentrations were removed at the same irradiation time with SnO2/Ce 0.4, 0.2, and
0.1 wt. % respectively.
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Figure 45: TOC removal from phenol solutions during 2.5 h of photocatalytic degradation by photolysis,
SnO2 [undoped (control)] SnO2/Sb, (0.2, 0.4 and 0.6 wt. %) under UV light irradiation, reaction time (23 h), sampling time, (12-13), sample volume (250.00 mL), pH of the reaction medium (5.7) and inlet air
flow 4 L/min

Figure 45 shows that with SnO2/Sb 0.6 wt. % Nps, 99 % of TOC was found to be
removed, for 10 ppm phenol at pH 5.7 after 150 min under UV light irradiation (8 W).
77 % of phenol removal achieved in the presence of SnO2/Sb 0.4 wt. %, and 46% of
phenol mineralization in the presence of SnO2/Sb 0.2 wt. % during the same period. The
fast reduction in TOC results after the 0.6 wt. % Sb doping indicated that the organic
carbon is rapidly removed from the solution. For the undoped samples only 32% TOC
was removed upon UV irradiation for 2 h as shown in Figure 45.
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Figure 46: Comparison of the decrease of phenol degradation with undoped and SnO2/I (0.01, 0.2, 0.3,
0.4, 1.0 and 1.1 wt.%) under UV light irradiation, reaction time (2-3 h), sampling time, (12-13), sample
volume (250.00 mL), pH of the reaction medium (5.7) and inlet air flow 4 L/min

Figure 46 shows no change in TOC was observed when the UV irradiation was carried
out without any photocatalyst with the parameters. A maximum rate of phenol removal
83% was achieved using SnO2/I 1.0 wt. % Nps, but only 12% of TOC mineralization
was achieved with control SnO2 upon irradiation for 120 min. Mineralization of about
91% within 150 min by UV light irradiation with 1.0 wt. % catalysts, compared to only
33% TOC reduction observed with the control catalyst, which has almost the highest
catalytic activity on phenol in water solution during the photodegradation period as it
shown in Figure 46. On further doping did not show better improvement in
photodegradation characteristics, because the relative density of SnO2 decreases. Less
activity in samples using SnO2/I 1.1 wt. % would scatter the light to decrease the
absorption by SnO2 [385].
The comparison of rates with SnO2/I 1.0 wt. % was about 91%, but with SnO2/I 1.1 wt.
% was about 92% with just more by 1% and SnO2/I 0.4 wt. % gave a rate about 77% at
150 min irradiation time.
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Figure 47: TOC removal from 10 ppm phenol solutions during 2.5 h of photodegradation upon 65 mg/50
mL of SnO2/Gd (0.6, 0.4 and 0.2 wt.%), under solar light irradiation reaction time (2-3 h), sampling time,
(12-13), sample volume (250.00 mL), pH of the reaction medium (5.7) and inlet air flow 4 L/min

Regarding to TOC removal in Figure 47, the process exhibited the highest
mineralization rate indicated the combination of 65 mg/50 mL of SnO2/Gd (0.6 wt. %)
with solar light irradiation of 10 ppm phenol at pH 5.7. In this treatment, achievement
of phenol removal reached to about > 95% of TOC reduction after 120 min of treatment.
Complete mineralization was achieved after 150 min of treatment. The reduction in
TOC generally followed the same trend observed above for phenol degradation as
reported earlier with UV-Vis spectroscopy. In the case of lower SnO2/Gd 0.2 wt. %, the
TOC diminution was slower in the initial stages, attained a higher degree of
mineralization, during the second h of treatment reached with TOC removal up to 82%
after 150 min of irradiation. However, when SnO2/Gd 0.4 wt. % was used, its degree of
mineralization increased up to 89% after 150 min of photoirradiation. Upon doping with
SnO2/Gd, the TOC mineralization of phenol raised from 32% with the control SnO2 to
99% with SnO2/Gd 0.6 wt. %. From the previous results it can be reported that a
threefold improvement in phenol removal was gained, when Gd was doped SnO2 Nps
at 150 min or as it showed in Figure 47.
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Table 19 compares the photocatalytic degradation of phenol in the presence of various
catalysts, measured using a TOC analyser. Percentages of TOC removal for I were as
follows: After 120 min of irradiation with 1.0 wt. % SnO2/I samples were about 83 %,
while with 1.1 wt. % SnO2/I only 75 % was achieved in the same irradiation time. After
150 min of irradiation with 1.1 wt. % SnO2/I catalyst, 92% mineralization was observed,
compared to 91.0% with 1.0 wt. % 67% with 0.4 wt. %, 46% of phenol mineralization
was observed with 0.3 wt. % SnO2/ I, and 33% with the undoped catalyst during the
same period of irradiation.
Table 19: Comparison of photocatalytic performance of different doped SnO2 Nps on phenol degradation

Catalyst-Sample
No Catalyst

% of Phenol photodegradation by TOC removal at 150 °C
TOC removal at 120 °C
3%

Control

12%

32%

0.01% SnO2/I

24%

38%

0.1% SnO2/Ce

36%

56%

0.1% SnO2/La

34%

65%

0.2% SnO2/I

36%

40%

0.2% SnO2/Nd

28%

40%

0.2% SnO2/La

57 %

71%

0.2% SnO2/Ce

44%

57%

0.2% SnO2/Sb

46%

46%

0.3% SnO2/I

37%

48%

0.4% SnO2/Sb

72%

77%

0.4% SnO2/I

70%

70%

0.4% SnO2/La

81%

84%

0.4% SnO2/Ce

57%

67%

0.6% SnO2/Nd

70 %

89%

0.6% SnO2/La

87%

93%

0.6% SnO2/Ce

76%

83%

0.6 % SnO2/Sb

98%

99%

1.0% SnO2/I

83%

91%

1.1% SnO2/I

75%

92%
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A comparison of TOC removal with SnO2/Ce 0.6 wt. % gave about 76%, but phenol
degradation with SnO2/Ce 0.6 wt. % gave 84% indicated about 8.0% lower of TOC
removal than in UV-Vis degradation at 120 min. On the hand, a TOC removal of about
83% of phenol removal showed at 150 min compared to 88% of phenol degradation for
the same catalyst which showed only 5% reduction at 150 min as it indicated in Table
19. Phenol removal evaluated from TOC measurements about 76% SnO2/Ce 0.6 wt. %
was 11% less when compared with SnO2/La 0.6 wt. % as it showed about 87% after 2
h Table 19. This confirms that the synthesized Nps are an effective catalysts in
degradation and mineralization of phenol upon UV irradiation light.
It was found from several studies reported that titania doped RE metal showed the
highest photocatalytic activity because of its ability of higher absorption sites, increase
of the surface area measured by BET, decrease of crystallite size which led to the
prevention of e- - h+ recombination [238, 432].

4.7 Intermediate products of phenol photodegradation
4.7.1

HPLC separation technique

Figure 48: Spectra of 10 ppm phenol photodegradation before and after 60 min UV light irradiation upon
65 mg/50 mL of SnO2/Ce 0.6 wt. %, reaction time (2-3 h), sampling time, (12-13), sample volume (250.00
mL), pH of the reaction medium (5.7) and inlet air flow 4 L/min
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In fact, UV-Vis spectroscopy did not render a correct picture of the phenol degradation
process, thus the rest subsequent discussions are based on chromatographic studies such
as (HPLC, GC and CE).
Regarding HPLC is a technique of separation used for qualitative and quantitative
analysis. Through the photocatalysis experiments, the pellucid and filtered solutions
before and after irradiation were analyzed by liquid chromatography LC.
HPLC technique was applied to analyse the 10 ppm of phenol sample during the
photodegradation process by SnO2/Ce 0.6 wt. % Nps under UV light irradiation at pH
5.7 to set up the HPLC parameters for 1 h. It can be observed from Figure 48 that the
phenol concentration in the aqueous reduced to zero. The results showed that phenol
was effectively removed upon UV light irradiation when compared to the content of
phenol by HPLC before irradiation as shown in Figure 49.

Figure 49: Comparison of the decrease of phenol concentrations with 0.6 wt. % SnO2/Sb photocatalysis
under solar light irradiation as measured by monitoring the phenol peak in HPLC

Figure 50 shows that phenol successfully degraded upon solar irradiation for 3 h, with
the appearance of different fragments. Upon photodegradation of 10 ppm phenol
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produced several aromatic intermediates observed in HPLC. The existence of carboxylic
acid intermediates in the reaction was identified after 30 min of solar irradiation. These
different fragments suggested that the structure of benzene ring was destroyed to form
carboxylic acid intermediates through photochemical degradation by SnO2/I 1.0 wt. %
Nps as is shown in Figure 50.

Figure 50: 10 ppm of phenol photodegradation analysed by HPLC upon effect of 65 mg/50 mL of SnO2/I
1.0 wt. % Nps by solar irradiation light at (0, 30, 90 and 120 min), reaction time (2-3 h), sampling time
(12-13), sample volume (250.00 mL), pH of the reaction medium (5.7) and inlet air flow 4 L/min

Intermediates such as Cat, Res and some acyclic compounds, like oxalic acid, formic
acid, maleic acid and fumaric appeared but the results are not shown in this experiment.
It was found that phenol was effectively degraded by solar light irradiated within 2.5 h.
The results indicated that the synthesized I doped SnO2 Nps is an effective catalyst in
degradation and mineralization of phenol upon solar light irradiation.
In fact, the degradation of phenol in water, followed by the formation of many
byproducts, some of the intermediates formed during phenol degradation in water could
be even more toxic than phenol itself. Short-term exposure could cause irritation of the
respiratory tract and muscle twitching, while longer term exposure could cause damage
to the heart, kidneys, liver, and lungs.
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Figure 51: Evolution of different intermediates on 10 ppm phenol concentration detected by HPLC upon
65 mg/50 mL of SnO2/Sb 0.6 wt. % under solar light irradiation, reaction time (2-3 h), sampling time (1213), taken at (0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 165, and 180 minutes), sample volume (250.00
mL), pH of the reaction medium (5.7) and inlet air flow 4 L/min

There is plenty of evidences that phenol is first oxidized to BQ and later the ring is
broken to form other intermediates [404]. Intermediates were obtained in the order of
Cat, Res, and HQ. The identification and quantification of the byproducts may help in
approximating and suggesting the reaction route. The main intermediates appearing in
the samples, such as BQ, Res, Cat, HQ, AA, and 2-P were collected at different
irradiation times as shown in Figure 51.
Several aromatic intermediates could be separated, such as BQ, Cat, Res and some
acyclic compounds, including oxalic acid, formic acid, maleic acid and fumaric acid as
it has been described above.
During the photocatalysis experiments process, results of 10 ppm phenol upon using
65 g/50 mL of SnO2/Sb 0.6 wt. % Nps at pH 5.7 under solar light irradiations for 2.5
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h. The observed formation of HQ, BQ, Cat, in the first 60 min of the photocatalytic
experiment as shown in Figure 51, endorsed the photodegradation of phenol under the
natural sunlight. At the beginning of the process, HQ and Cat will compete with each
other to produce BQ, which can be degraded in the initial 30 min of the photocatalytic
degradation. On the continuation of the photocatalytic process aliphatic intermediates
such as (AA and 2-P) appeared in the reaction mixture after 60 min of the irradiation
time. This appearance suggested that the structure of benzene ring was destroyed. This
was proposed to form carboxylic acid intermediates through photocatalytic degradation
of phenol by SnO2/Sb 0.6 wt. % Nps.
4.7.1.1

Method development

As in publication 1 and 2 the analyses were carried out using different conditions
according to the treated molecule and the studied step, but the separations of the
intermediates were coming late which consume solutions, time and effort.
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Figure 52: Separation of (10 ppm AA, 10 ppm HQ, 10 ppm Res, 10 ppm BQ, 10 ppm Cat, 10 ppm phenol,
form 10 ppm benzoic acid and 10 ppm parabens (methyl paraben) mixtures observed by (HPLC) mobile
phase (45% CH3OH + 55% H2O). Abbreviations; acetic acid; AA:hydroquinone; HQ: Resorcinol; Res:
catechol; Cat.

When using HPLC, it is essential that the analyses remain repeatable and reliable and
cost less effort either by using less chemicals or less time and less charge.
In this study, it was possible to separate phenol byproducts from the solutions during
photocatalysis, using different techniques. The intermediates were quantified by HPLC
using a simple reverse HPLC phase. The simple procedure was improved and the
retention time was cut down from 25 min at the beginning of the experiment until
reaching to 12 min and finally it was manageable to separate phenol samples with
benzoic acids and parabens (methyl and ethyl parabens) in just less than 5 minutes as it
is shown in Figure 52.
Thus, it was possible to save solvents, energy and time; this procedure took less than 5
minutes as shown in Figure 52. Since the running time was short, it took only 4 min. In
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another run 10 ppm phenol was irradiated upon using 65 mg/50 mL of SnO2/La 0.6
weight%. At pH 5.7 under solar light irradiation. Simple 50 x 4.6 mm monolithic column
could separate parabens, benzoic acid, phenol, BQ, Cat, Res, HQ, AA, and 2-P from
phenol photodegradation with other aliphatic and carboxylic acid intermediates (such as
oxalic acid, formic acid maleic acid and fumaric acid, but the results of these rest
intermediates are not shown). The waste from the mobile phase was also not plenty. The
flow rate was 1 mL/minutes in the starting of the procedure and it was cut down to 0.4
which also save a lot of waste and time, so it was possible to reduce the waste and cut
down the cost.

Figure 53: 10 ppm Phenol photodegradation before and after 150 min of 65 mg/50 mL of SnO2/Gd 0.6
wt. % Nps, under visible light irradiations and optimized HPLC conditions and appearance of its different
byproducts with the other parameters kept constants

Figure 53 shows the developments of the amount of different intermediates produced
during the photocatalytic degradation of phenol by high performance liquid
chromatography. Solar light irradiation upon 65 mg/50 mL of SnO2/Gd 0.6 wt. % at pH
5.7 photocatalytic could be detected. A steady decline of 10 ppm phenol concentration
upon photocatalytic degradation over an extended period of time could be observed.
Figure 53 shows the development of different byproducts followed by BQ, HQ and later
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carboxylic acid was recorded. There was an equilibrium between the degraded phenol
and the phenol remained in the solution which determined the degradation phenomena.
Actually, this trend appeared clearly in Fig 52 Solar light irradiation of 10 ppm upon
using 65 mg/50 mL of SnO2/La 0.6 wt. % at pH 5.7. Photocatalytic degradation of
phenol detected maximum concentration of appearance of BQ followed by HQ, at the
end of the analysis carboxylic acid was recorded. Intermediates obtained as in the order
of Cat > Res > HQ  BQ as shown in Figure 54. The Res concentrations achieved were
more than the HQ concentrations.

Figure 54: Evolution of phenol byproducts during phenol photo degradation in the presence of 65 mg/50
mL of SnO2/La 0.6 wt. % Nps under solar light irradiation with the other parameters kept constant

According to the substitution rules, •OH radicals attack the aromatic ring with higher
probability in position 1 (ortho) and position 4 (para) versus the OH group and the
cleavage results from the reaction of the radicals formed by OH¯ and O2. Upon
continuous oxidation, by •OH radical and O2 ultimately breaks the benzene ring. The
cleavage of (C-C) bond leads to the formation of Cat or HQ, which then reacts with
OH¯ and forms BQ, and leads to the formation of aliphatic compounds and finally
mineralizes to CO2 and H2O [433].
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Figure 55: Examples of different phenol isomers
Abbreviations:Catechol;Cat;Hydroquinone:HQ;Resorcinol:Res

A reason for formation of Res could be regarded to the production of the OH¯ since it
is nonselective nature of attack. •OH effect is stronger to flow the substitution rule with
high probability in 1, 4 or (ortho and para positions Figure 55) directing effect of the
OH group of aromatic ring. Also a chance for ortho position attack is possible with the
chance for (meta position) attack is also there, facilitating formation of Res. The
existence of aliphatic intermediates in the reaction mixture was also checked and was
found to appear after 3 min of retention time. This suggests that the structure of the
benzene ring was destroyed to form carboxylic acid intermediates by photochemical
oxidation.
The qualitative and quantitative analysis show the trends of six intermediates produced
during the photocatalytic degradation of phenol.

4.7.2

COD photodegradation measurement

COD determines the photodegradation of phenol with its intermediates and also defines
the oxygen equivalent of the organic content during the irradiation time. The experiment
lets the quantity of phenol solution in terms of the total quantity of oxygen required for
the mineralization of organic compound to CO2 and H2O. The results of COD rate
removal effectiveness of phenol samples are shown and compared in (Figure 56 below)
with HPLC results. The amount of organic compound recorded in the COD analysis
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contains after every evaluation interval, with the byproducts growth during phenol
photodegradation. COD content is presented, when 10 ppm of phenol photoactivated by
65 mg/50 mL SnO2/Gd 0.6 wt. % under solar light irradiation for 2.5 h. The existence
of phenol photodegradation was approved from the measurement of COD and compared
with the results from the HPLC analysis. The photodegradation of the phenol sample
was evaluated through COD analyses. The analysis showed that the quantity of organic
material remained in the COD analysis, contained the amount of phenol endured after
each test evaluation, with the intermediate created during phenol photodegradation.

Figure 56: Comparison between the COD and the HPLC analysis during 2.5 h of phenol
photodegradation by the same catalyst 65 mg/50 mL of SnO2/Gd 0.6 wt. % for both analysis both under
solar light irradiation with the other parameters kept constants

Phenol photodegradation was approved from the measurements of COD indicated that
the COD concentration decreased with increasing irradiation time, showing that
photodegradation of total phenol was possible in less than 3 h using SnO2/Gd 0.6 wt. %
and solar light irradiation. In addition, the assurance of phenol photodegradation was
approved of COD results matched the phenol reduction observed during HPLC studies.
The difference between COD results for the total organic compound remained compared
with the HPLC results showed 65% in the first 60 min of irradiation time compared to
HPLC 52%. This result dramatically reduced for COD to reach to 5%, which showed
about 5% also for HPLC in the next 2 h of irradiation time. The results after 2.5 h showed
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equal amounts about > 1% for each. The existence of the byproducts in phenol samples
still remained even after phenol photodegradation [434].

4.7.3

GC Analysis technique

In order to study the effect of irradiation time on phenol photocatalytic degradation by
GC, the standard solution of phenol was first subjected to UV or solar light and then
extraction by SPE, after that all the samples and standards were subjected to separation
through the GC.

Figure 57: Reduction in the intensity of phenol peak observed by GC upon UV light irradiation
degradation of phenol in the presence of 65 mg/50 mL of SnO2/La 0.6 wt. % with the other parameters
kept constants

In Figure 57 the 10 ppm phenol concentration in the aqueous sample after UV
illumination from 0 to 60 min in the presence of a 65 mg/50 mL typical doped SnO2/La
0.6 wt. % at pH 5.7. The average area changes for phenol were examined. In there it
was found that after 120 min of UV light irradiation, the amount of 10 ppm phenol
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concentration remained was under 5%. When the maximum illumination time reached
150 min of UV illumination, less than 1% of phenol detected.
In order to confirm the appearance of intermediates of the photochemical degradation
process of phenol, samples were taken and analysed by GC technique. Two
photoproducts were obviously measured in the photocatalysis BQ and Res.

Figure 58: Reduction in the intensity of phenol peak observed by GC upon solar light degradation of
phenol in the presence of 65 mg/50 mL of 1.0 wt. % SnO2/I Nps with the other parameters kept constant

Figure 58 displays the trends of the amount of different byproducts during the
photocatalytic degradation process of 10 ppm phenol upon SnO2/I 1.0 wt. %.
Throughout the same treatment period, for the first 90 min of irradiation, the formation
of BQ was detected at 5 min of retention time, but Res was detected after 9 min of
running time. Within 2 h, most of the phenol concentration was reduced and disappeared
as it shown in Figure 58. Depending on the GC conditions applied, it was not possible
to differentiate the formations of all phenol byproducts.

4.7.4

CE to monitor phenol and its byproducts

To get full knowledge about the separation of phenol and its byproducts, it is necessary
to study the effect of irradiation time on phenol photocatalytic degradation by CE. In
fact, to further confirm the results attained from the HPLC instrument analysis as seen
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in Figure 54, the photochemical degradation process of phenol and its intermediates
were analysed after photodegradation by CE technique. The separation efficiency is
almost similar to HPLC analysis and therefore no extra further modification was needed.
The photodegradation behaviour of 10 ppm phenol process was monitored to show its
photocatalysis, by using 65 mg/50 mL of SnO2/Gd 0.6 wt. % at pH 5.7 upon visible light
illumination exposure.

Figure 59: Different chemical byproducts produced from 10 ppm phenol photodegradation before its
mineralization to CO2 and H2O as it analysed by CE under visible light irradiation upon 65 mg/50 mL of
SnO2/Gd 0.6 wt.% at pH 5.7 and with the other parameters kept constant

Figure 59 shows the movements of different intermediates produced during the
photocatalytic degradation of phenol. The phenol pathway degraded into two main
groups. Both groups are water soluble compounds. In the first group it was differentiated
into quinones, and dicarboxylic acids as it was appeared in the second group. This
confirmed the assumption of the formation of BQ and Cat in the first 15 min, later
followed by the other intermediates. Analysis of Figure 59 also indicates that of the six
byproducts, HQ was detected after 3 min of retention time, but Cat was detected after
2.5 min of running retention time, before the first intermediate. After 60 min of
photocatalysis, the concentrations of phenol and some of its byproducts were found to
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decrease slightly and they went on decreasing with extended irradiation times. The
presence of three byproducts AA, 2-P and BQ, was detected before 1 min, but Res was
observed at 2 min of retention time. These results are in agreement with the above
observations from the HPLC studies to show that SnO2/Gd 0.6 wt. % was also an
effective visible light photocatalyst.

4.7.5

FTIR spectrum of phenol samples

The main target of this section in this study was to qualitatively monitor the evolution
of CO2 during photocatalytic degradation of phenol which indicates the complete
mineralization of phenol. The FTIR spectra of the 10 ppm phenol solution at different
stages of photocatalytic degradation under UV light irradiation with 65 mg/50 mL
SnO2/Sb 0.6 wt. % Nps at pH 5.7 are shown which clearly shows the CO2 generation
within 30 min indicated by 2 IR absorption. However, the results shown here cannot be
correlated to the concentration of CO2 that is formed during the reactions because this
experiment did not carry out any quantitative analysis for CO2. In fact, the FTIR analysis
was conducted only to verify the complete mineralization of phenol during the
photocatalytic process.

Figure 60: 10 ppm of phenol photodegradation upon 65 mg/50 mL of SnO2/Sb 0.6 wt. % Nps at pH 5.7
which mineralized to CO2 as indication observed by FTIR under UV light irradiation after 2 h with the
other parameters kept constant
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In order to clarify the byproducts of the photochemical oxidation of phenol, Figure 60
shows the FTIR spectrum of phenol irradiated at different periods at the same
temperatures for 2 h only under UV light irradiation. The FTIR experiment was
conducted only to verify the complete mineralization of phenol during the photocatalytic
degradation process. In the Figure 60 the evolution of 2 bands, and CO2 was identified
during each photodegradation period. The presence of two bands at 2364 and 2324 cm1

; specifies the mineralization peaks at different stages of the photocatalytic reactions.

These results are clearly in accordance with other references showed earlier [435-437].
The presence of the two bands obviously specifies the availability of CO2 in the early
stage of phenol photodegradation.

4.8 Degradation mechanism of phenol involving the O-H bond
(Formation mechanism)
In order to better understand the degradation mechanism, the major degradation
byproducts were studied independently upon photoirradiation.

Figure 61: Possible formation of phenoxide ion in water from phenol

The reaction begins with the O-H group attached the aromatic (benzene) ring bonds
breaking as it was explained earlier, giving up a proton or releasing a proton, thus
forming an anion stabilized by the aromatic ring (phenoxide ion), as shown in Figure
61.
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Figure 62: Possible degradation mechanism of phenol and resonance stability of phenoxide, and the
formation of benzoquinone intermediate

Activation of the phenol by the generation of •OH will produce phenoxy radical which
is in resonance with radical structures in the ortho and para positions as it shown in
Figure 61 [438].
The three mesomeric forms of the radical are the initial formation of the different
intermediates. These radicals can react with the •OH to form compounds such as HQ,
BQ and Cat as it was explained earlier.
From the previous analysis it is shown that the photodegradation of phenol involves two
stages, the first is the formation of the intermediate products, while the second is
completion of the intermediates and the mineralization to CO2 and H2O. Results also
confirmed the presence of Cat, BQ, Res and HQ with the continuous degradation peak
of phenol. The presence of these intermediates decreased slightly over time.
Benzene ring is a stable structure, but the bond on the benzene ring can be potentially
weakened when the •OH attacks the ring, resulting to the accumulation of one or more
O-H group at the ortho or para position as it explained earlier.
Continuous photodegradation of phenol lead to the ring opening and the decomposing
of phenolic structures to show up of diverse organic compounds. This reaction accounts
to the continuous decrease in the values (measured by different instrumentations such
as UV-Vis, HPLC, GC, CE, TOC and COD after only two h of photodegradation) and

4.8 Degradation mechanism of phenol involving the O-H bond (Formation
mechanism)

181

the appearance of different intermediates until finally (AA) will form and mineralization
of phenol.

Figure 63: Different chemical photoproducts produced from phenol photodegradation before its
mineralization by CO2 and H2O build up from results given by UV-Vis, HPLC, CE, GC and FTIR with
the reports from the literature [190, 196]

Figure 63 shows the current experimental conditions following the observations made
from HPLC, CE and other studies and with the reports in the literature [190, 196]. With
the continuous effects of UV, solar or visible light irradiation hydrocarbon chains were
mineralized completely to CO2 and H2O. The current experimental conditions are
proposed in Figure 63, where the photocatalytic degradation of phenol involves the
generation of intermediate compounds and a mineralization stage.
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Hydroquinone (HQ)

During phenol degradation HQ appeared after 30 min, reaching its maximum after 45
min of photoirradiation at a rate of 0.0025 ppm/min, which was detected by UV-Vis
spectrophotometry, in CE, and in HPLC. At 60 min of phenol photodegradation, HQ
concentrations decreased sharply and further slow reduction was observed [439],
followed by degradation to different short chain organic acids until all phenol was
removed from the solution [440]. The concentration of HQ product obtained was
moderate, but it is more toxic than phenol itself even at this low level [441]. The
presence of HQ can lead to reasonably high value of ecotoxicity, consequently it is very
important to follow the evolution of HQ in phenol photodegradation, until almost
complete vanishing of the byproduct can be recorded [442]. It is shown from Figure 1
and 55 that HQ is a para directed product but it produced less than Res. HQ formation
can be done from substitution at the position (C4) at the para carbon atom. Possibility
for higher concentrations of ortho and para directing in aromatic electrophile
substitution reactions could be assumed, but the results shown that concentrations of
HQ were less produced than of Cat which is ortho directed and Res which is (meta)
directed substitutions. The reason for this may be due to the nonselectivity nature of
attack of the •OH in the aqueous media. This effect is much stronger than the ortho and
para directing effect. Also possibility of ortho and meta positions present two new attack
phenomena’s as it been explained above.

4.8.2

Benzoquinone (BQ)

BQ was traced for the first 30 min of photodegradation and it was found to be lower
than HQ. The formation rate of BQ was 0.0107 ppm/min, and the degradation rates were
calculated from the reduction of the BQ peak at 0.00357 ppm/min. BQ showed
maximum concentrations at 40 min and remained the same up to 60 min, after which its
concentrations decreased gradually due to the photocatalytic degradation. The very low
concentrations of BQ were detected by UV-Vis spectrophotometry, GC, and also by CE.
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Catechol (Cat)

Higher concentrations of Cat were produced than any other byproduct, which may be
related to the ortho directed properties group of phenol. Cat was formed within 15 min
of phenol degradation; its concentration increased to a maximum of 0.7 ppm, and kept
increasing until it reached 3 ppm after 45 min at a rate of 0.1249 ppm/min. After 75 min,
the concentration of Cat decreased at a rate of 0.0292 ppm/min. Figure 45 shows that
Cat was produced during all phenol degradation process. Cat possibility formation
comes from substitution at the positions (C4) and (C6) at the carbon atom.

4.8.4

Resorcinol (Res)

Res appeared from the beginning, and its concentration increased from 0.3 ppm until it
reached 1.5 ppm and became stable at that point, after 75 min at a rate of 0.0075 ppm
/min. The almost stable concentration of Res production in the mixture analysis
suggested that Cat would be produced by the same rate until all phenol could be removed
from the solution. It was also noticed that Res concentrations were higher than HQ ones.
It seems that the substitution rules of •OH radicals attacking the phenol molecule with
higher probability in positions 1 and 4 (ortho and para directing effect) are weaker than
the non-selective nature of attack of •OH group of the aromatic ring. Res possibility
formation comes from substitution at the positions (C3) and (C3) at the carbon atom.

4.8.5

Acetic acid (AA)

AA appears more intractable to photodegradation, but this has no significance in
conditions of ecotoxicity elevation. Ring opening of the byproducts leads to the
formation of AA, and pH will also increase (results not shown). AA appeared in the
reaction medium after 45 min at a rate of 0.0015 ppm/min.

4.8.6

Isopropanol (2-P)

2-P has a neutral pH level of approximately 7 (results from our previous analysis, not
shown), and it is very similar to pure water. It seems that propionic acid competes with
AA, which explains why traces of this compound sometimes appear before AA and on
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other occasions after AA. 2-P appeared in the solution after 75 min at a rate of 0.0813
ppm/min.

4.9 Photocatalytic degradation of different aromatic compounds
In this study, the photodegradation of (phenol, BQ, HQ Cat, Res, AA, 2-P) was also
investigated in the presence of SnO2/La 0.6 wt. % Nps under solar light irradiation. On
the degradation of each of these organic compounds evaluation, 10 ppm of each was
compared with the photolysis and the control. Each of these separately put into the
reactor with the other parameters were kept constant upon (65 mg/50 mL) of (SnO2/La
0.6 wt. %) under solar light irradiation at pH 5.7 and the results are presented in Figure
64 shows comparison of photocatalytic activity of 65mg/50 mL of SnO2/La 0.6 wt. %
Nps under solar light irradiation on photodegradation of phenol, BQ, HQ Cat, Res, AA,
2-P at optimum condition as it was explained. There are oxygen vacancies in SnO2 Nps
which can donate oxygen [186] and play an important role in photocatalysis [443]. The
influence of SnO2/La 0.6 wt. % Nps on the degradation rate of phenol and the removal
results of the intermediates in the aqueous solution show that phenol is highly eliminated
more than the other byproducts.
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Figure 64: Degradation of 10 ppm phenol and its byproducts (2-P, phenol, BQ, HQ, Cat, Res, and AA)
after 2.5 h treatment with SnO2/La 0.6 wt. % under solar light irradiation, with the other parameters kept
constant

Generally, the degradation efficiency of the phenol and its byproducts decreased
significantly in the aqueous. The tendency of reduction was in the order of 2-P> phenol>
BQ> HQ> Cat> Res and AA accomplishing degradation after 2.5 h of photocatalysis.
This observation confirmed that the degradation rate of phenol was higher the other
byproducts (HQ, Cat, Res and AA) but it was less than 2-P. 2-P is known to have a
neutral pH level of approximately 7, which is very similar to pure water. The
degradation rate of phenol is almost equal amount with BQ. In addition, Figure 64
indicated that the efficiency of AA degradation at optimum conditions under SnO2/La
0.6 wt. % solar light irradiation was the lowest in comparison with the other byproducts.
Consequently, photocatalysis also demonstrated to be quite effective in removing
different kind of toxins from aqueous.
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4.10 Kinetics of phenol degradation

Figure 65: Kinetic study of photodegradation of phenol and its intermediates in the presence of 65 mg/50
mL of SnO2/La 0.6 wt. % Nps under solar light irradiation with the other parameters kept constant

Moreover results shown that all calculated values of ln (C/C0) (C0 is the initial phenol
concentration and C is the concentration of phenol at time t) in degradation of phenol
under 65 mg/50 mL of SnO2/La 0.6 wt. % Nps at pH 5.7 under solar light irradiation on
origin pro gave linear curves. The overall degradation rate of phenol and its byproducts
follows a linear model with the elapse of illumination time. This is well described by a
pseudo-first order rate equation as can be seen in Figure 65, which means that the
pseudo-first order kinetics relative to phenol and its byproducts is operative.
The rate of degradation of 2-P was rather similar to phenol, but AA one was much lower
than phenol and 2-P. Slower degradation rates were also observed with Cat and Res
Figure 65.

187

4.10 Kinetics of phenol degradation

Table 20: Kinetic parameters of phenol and its byproducts degradation in photocatalysis by SnO 2/La
nanoparticle

Organic molecule

Rate constant

R2

K (min-1)
Phenol

0.02228

0.9977

Propanol

0.02228

0.9961

Benzoquinone

0.0209

0.9952

Hydroquinone

0.017066

0.9834

Catechol

0.013839

0.9544

Resorcinol

0.013753

0.9158

Acetic acid

0.013412

0.9135

The pseudo-first order rate constants, k, estimated for photocatalytic degradation of
10 ppm phenol and 10 ppm of each byproduct such as (BQ, HQ Cat, Res, AA, 2-P)
reacted separately with 0.065g/50 mL of SnO2/La 0.6 wt. % in aerated system at pH 5.7
(optimum conditions) are summarized in Table 20. Pseudo-first order rate constants
were obtained from linear transforms of the plot of ln C/C0 as a function of time which
comes from first order kinetic equation. The kinetics parameters of phenol and its
byproducts are tabulated in Table 21. The best fit of the data to the first order plots at
all contaminants studied, as indicated by the large amount of R2 is an indication that
degradation of phenol can be adequately described with first order kinetics. From the
Table it can be determined that phenol degradation and its byproducts obtained
hopefully results, which indicated that it was possible to degrade phenol to a very low
amount, which showed again that photocatalysis is a promising technology to remove
not only phenol but also its byproducts from water.
Table 21 also indicates the removal rates for TOC concentrations with 65 mg/50 mL
SnO2/I (0.01, 0.2, 0.03, 0.4, 1.0, and 1.1 wt. % nanoparticle), at optimum conditions
which vary during the study, this variation is understandable since phenol takes time to
become finally mineralized.
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Table 21: Kinetic parameters of phenol degradation by SnO 2/I Nps

SnO2/I wt. %

K (min-1)

Control

0.0028

0.01 wt.%

0.0032

0.2 wt.%

0.0036

0.3 wt.%

0.0049

0.4 wt.%

0.0096

1.0 wt.%

0.0224

1.1 wt.%

0.0277

From the Table it is observable that no appreciable change in photoactivity of SnO2/I
nanoparticle occurs for samples doped with lower than SnO2/I 0.2 wt. %. The
photocatalytic activity of phenol started to improve in samples with SnO2/I 0.3 wt. % or
higher dopant of SnO2/I concentrations. As it is noticed from the Table 21 that the
similar common tendency in the rate of removal of phenol concentrations in aqueous
which indicated by TOC mineralization shows first order of kinetics. Although, the
degradation rate started to increase later during the photodegradation of phenol, it is also
noticeable from the Table that the overall rate of TOC removal was not a first-order
process, maybe due to the formation of byproducts during phenol photodegradation
which were degraded at different rates by the Nps.

Figure 66: Schematic presentation of the SnO2 photocatalytic mechanism [207, 444]
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Some degradation products were identified in this study, but the possible degradation
mechanism of phenol starts by the generation of •OH and O2•‾ radicals [207, 444]. In
water decontamination, the acceptor is an electron usually oxygen comes from aerated
systems, but the donor is an electron comes from pollutants this explanation have been
shown in equation 2 and explained there.
The mechanism and reaction outline for photocatalysis are followed above at Figure 64,
•

OH the reactive species responsible for forming the h+ with absorbed H2O and OH‾,

and the O2•‾. In an aerated solution for O2‾ and H2O2 production of oxygen reduction is
essential to support the charge transferring and driving the photocatalytic activity [135].
H2O2 is photodecomposed to •OH which reacts with the substrate [193].

190

4 Results and discussion

4.10 Kinetics of phenol degradation
5

191

Conclusions and future research

The synthesis of crystalline SnO2 nanoparticle without and with doped ions such as Sb,
I, La, Ce, Nd, and Gd by the simple sol-gel technique was demonstrated. The SnO2 Nps
showed excellent photocatalytic degradation of phenol from the solvent. The effect of
various parameters such as catalyst loading, pollutant concentration, pH of the solution
and sampling from the reactor was examined. Targeting the intermediates of phenol
photodegradation gives crucial evidences about the substituent groups on the
degradation rates of phenol. Also, it could give an idea when to expect the cleavage part
and in which place. Photocatalytic mineralization of phenol was determined early within
15 min of irradiation. Byproducts such as HQ and Cat appeared through 15 min at a rate
of 0.0025 and 0.175 ppm/min respectively as it quantitatively detected by UV-Vis,
HPLC and CE. During the 30 min amount of time, the absorption band of CO2 at 2364
and 2324 cm-1 was also detected but qualitatively in the FTIR spectrum. Furthermore,
the totally degradation of phenol achieved within 2.5 h in the presence of different doped
SnO2 Nps. Byproducts such as (Cat, Res, HQ, BQ, AA and 2-P) obtained upon the
photocatalytic degradation of phenol, a degradation pathway is also proposed. BQ was
found to form immediately upon photodegradation and all successive byproducts were
formed through the degradation of BQ. The main aromatic intermediate formed of
phenol photodegradation is Cat. Improvement of these simple techniques to utilize solar
radiation more efficiently will provide more economic solutions to the problem of water
purification and recovery. Cat, Res and HQ are three main aromatic compounds created
from the photodegradation of phenol, followed by the opening of the aromatic ring to
carboxylic acids. Carboxylic acids finally degrade to give complete mineralization.
High performance liquid chromatography, chemical electrophoresis, total organic
carbon and chemical oxygen demand analysis during photodegradation of phenol and
its byproducts will provide important and extensive information about the total
mineralization. The presence of Nps caused a significant decrease in the COD
concentration of the phenol, due to the increase in the surface area. Therefore, the
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increase in the surface area due to doping of different ions to SnO2 results in an increase
in the active sites for better adsorption and hence better photocatalytic activity.
It was found that La, Gd and Sb were the best dopants, since they degraded practically
> 98% of phenol within 2.5 h under either UV, solar or visible light irradiation, with the
almost similar effect of each. Consequently Sb or Gd doped SnO2 Nps are therefore
promising candidates for photocatalytic oxidation processes and may have future
potential for advanced water and wastewater treatments.
By continuous checking and testing the water samples would be a step forward in
bridging the gap from the laboratory to the possibility of incorporation in the water
treatment process because it could build important kinetic parameters needed for a
system up scaling.
The results from the laboratory experiments for phenol degradation and its intermediates
under UV, sunlight and visible light irradiation have directed to the following
conclusion and future work.
1-The study of phenol photodegradation, Cat, Res, BQ, HQ, AA and 2-P in the
photoreactor followed first order kinetics by SnO2 doped catalysts.
2-Six intermediates are identified by phenol photodegradation process.
3-Results from phenol photodegradation showed that the intermediates obtained and
formed are in the order of Cat >Res >HQ BQ and later showed AA and 2-P. Only
after phenol is completely photodegraded in the solution, then the rest of the
intermediates are totally removed.
Future work should concentrate on the evaluation of different photocatalysts and
different forms of photocatalytic materials for instance polymers, cellulose, thin films,
and silica based support photocatalysis etc. Furthermore, phenol as an organic
compound does not represent all the toxins but also inorganic compounds such as
chromium and other toxins should be tested to remove from the environment and should
be included in the degradation studies to allow evaluating the overall efficiency of the
photocatalytic process and the applicability to real-life problems.
It would be preferable to test a large number of phenolic and more endocrine disrupting
compounds. Further investigation could be tested with other toxins from actual polluted
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waste water, such as municipal and pharmaceutical residues. To determine the effect of
degrading other contaminants by this technique, this kind of treatment can be effective
to treat hospital wastewater and others before transferring them to other places for final
controlling.
The phenol photodegradation is experienced on a batch, but the implementation of this
process is of interest. Therefore, it is an advantage to test the photocatalysis in a fixed
bed placed in the reactor. However, in order to design an effective apparatus, the SnO2
powder needs to be immobilized on a stationary phase, such as a silica or cellulose etc.
Several groups have been active in this field and immobilized catalysts have been used
in the photodegradation of organic pollutants.

5.1 Recommendations
For practical work if using UV light irradiation, the source of UV is mainly mercury
vapour lamp which consumes a lot of energy for operating, has hazardous mercury,
requires cooling and its lifetime is not long.
Photocatalytic processes have been carried out with less energetic form of radiation,
namely visible light. This is advantage as visible light is less harmful to the human body.
For this purpose, xenon lamps could be used instead of the more expensive mercury
lamps the new nanoparticle catalysts should be a visible light activated. At the point
solar irradiation, is a good low-cost alternative and an important light source for these
kinds of materials.
The photocatalyst particles synthesized in this study were about 1-2 nm in size and it
has some drawbacks:
1- In some cases solar light does not cover and reach the entire deep water surface.
2- Sedimentation of the Nps (catalyst powder) in the pollutant during the
photocatalysis experiments takes longtime and also high cost to deal with.
3- The researcher during the analysis should be care full, due to the expected
mobility and transferring of the powder during the experiment which may be
harmful to his life.
4- The Nps are sometimes difficult to be applied for large scale application.
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5- When the Nps are dispersed within the contaminant create problem of separation
from the solution, need special technique for separation, cause reduction in
efficiency at high catalyst concentrations because of turbidity as a result of
screening effect of the photons of light by excess catalyst particles.
6- Further research is necessary to solve the loose powder problem, in fact, various
substrates have been tried to support to hold oxide Nps so that to make easy final
separation treatments. One of the best techniques used is the polymer-based
support which helps in holding the photocatalyst Nps. In fact, this technique has
many advantages and could be concluded as follows
i-

It can be performed at a low cost and simple availability

ii-

Can be prepared under simple thermal treatment

iii-

It had been tested on other oxides as TiO2 and showed to have a good affinity
with catalysts and pollutants

iv-

It has a high specific surface area as the Nps in this study.

v-

The problem of the photocatalyst leaching will be avoided.

vi-

Advantage of long term stability, with the easy use.

The development in photocatalytic synthesis of the polymer/catalyst hybrid composites
including SnO2 becomes a challenge.
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Abstract The influence of heterogeneous semiconductors
on the photodegradation of phenol in water was investigated using doped tin dioxide (SnO2) nanoparticles. Photocatalysts of SnO2 were synthesized with lanthanum (La),
cerium (Ce), and neodymium (Nd) dopants. These photocatalysts were synthesized from tin tetrachloride by sol–gel
method with different dopant concentrations, and its photocatalytic degradation was investigated up to 0.8 % under
UV-A light in aqueous suspensions. The photocatalytic
oxidation reactions were studied by varying photocatalyst
composition, light intensity, reaction time, pH of the
reaction medium, and phenol concentration. It was found
that the photocatalytic activity of rare earth-doped SnO2 for
phenol decomposition under UV light irradiation was
considerably higher than that of pure SnO2 nanoparticles.
The experimental results also indicate that more than 95 %
phenol was effectively oxidized in the presence of an
aqueous suspension of La: SnO2 nanoparticles within 120
min of UV light irradiation.

Electronic supplementary material The online version of this article
(doi:10.1007/s10853-014-8223-2)
contains
supplementary
material, which is available to authorized users.
A. M. Al-Hamdi M. Sillanpää
Laboratory of Green Chemistry, Lappeenranta University of
Technology, Sammonkatu 12, 50130 Mikkeli, Finland e-mail:
abdullah.al.hamdi@lut.fi
M. Sillanpää
e-mail: mika.silanpaa@lut.fi
J. Dutta
Chair in Nanotechnology, Water Research Center,
Sultan Qaboos University, 123 Al-Khoudh,
P.O. Box 17, Musqat, Sultanate of Oman
e-mail: dutta@squ.edu.om

Introduction
Water pollution by different hazardous compounds is
becoming an increasing global concern [1–3]. Phenols,
dyes, pharmaceuticals, parabens, endocrine-disrupting compounds, phthalates, and benzoic acids [4, 5] are commonly
encountered organic pollutants in toxic waste discharged in
industrial effluents [6, 7]. The accumulation of these toxic
pollutants can affect human life and sustainable development [8–10].
The improper treatment and inappropriate disposal of
these toxic carcinogenic compounds pose a considerable
threat to the environment [11].
Phenol is released into the air and water as a result of
industrial activities [12]. Studies have shown that the
greatest potential source of exposure to phenol is the
occupational setting, since phenols used in manufacturing
processes evaporate into the surrounding sea or water bodies
[13–15]. The degradation of phenol by titanium dioxide
(TiO2) photocatalysts has received a great deal of recent
attention from a number of researchers [16] as TiO2 oxidizes
organic molecules completely at a low energy cost [17–19].
Many researchers reported that TiO2, zinc oxide (ZnO), and
SnO2 are the most active catalysts in the deg-radation of
dyes, phenols, and pesticides [20–22]. Fur-thermore, these
semiconductors have been recognized as preferable
materials for photocatalytic processes due to their high
photosensitivity, nontoxic nature, low cost, and chemical
stability [23–27]. In the photocatalytic oxidation process,
organic pollutant is decomposed in the presence of a wideband gap semiconductor that can promote reactions in the
presence of UV light without being consumed in the overall
reaction [27]. The band gap of TiO2, ZnO, and SnO2 are 3.2,
3.3, and 3.6 eV, respectively [28–30]. SnO2 is relatively less
studied compared to the other two
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semiconductors for photocatalytic applications [31].
Recent interest has developed in the synthesis of SnO2
nanoparticles of different sizes [32–34]. Incorporation of
rare earth metal ions into the SnO2 matrix could introduce
defects lowering the effective optical gap and hence leading to a better photoactivity [35]. Several reports suggest
the successful incorporation of dopants in titania to
increase its photocatalytic efficiency [36–38]. Sol–gel
synthesis is a simple process based on hydrolysis and
condensation of a metal salt to form hydroxide or metal
oxides [34–41]. It is a simple technique that allows
possible control of dopant ions during particle synthesis.
Several studies of SnO2 doping with different metals to
produce nanocrystals have been reported in recent years
[42–44]. One of the most useful properties of SnO2 for
many applications is that the stoichiometric surfaces with
Sn4? can be easily reduced to Sn2? which dramatically
changes the surface electronic structure of the material.
Reduction of the surface leads to the formation of Sn 5Sderived surface states that lie deep within the band gap
and also cause a lowering of the work function. Another
interesting aspect of SnO2 surface is with respect to the
oxygen atoms that reside there, whereby energetically
favorable recon-structions of the SnO2 (110) and (101)
surfaces result in surface oxygen deficiency [45, 46]. The
surface of SnO2 then acts as a sink for vacancies.
Reconstruction of the SnO2 surface is possible and gives
rise to a host of different surface situations. This ability
to make the crystal structure oxygen deficient, SnO2-x,
renders it suitable for enhanced catalytic activities of
absorbed surface species [47]. Doping occurs by moving
the Fermi energy to the band edge leading to the
spontaneous formation of compensating defects if the
formation energy of the defect falls to zero at that Fermi
energy [48, 49]. Sparse information is available in the
literature regarding the SnO2-R (R = rare earth) system.
Some authors have compared photocatalytic activities of
different rare earth metal ions (La, Ce, Er, Pr, Gd, Nd,
and Sm) doped into TiO2 and reported enhanced
photocatalytic activities [50]. It is well known that the
catalytic properties of semiconductor oxides are strongly
related to their acid/base characteristics [51, 52]. While
SnO2 is predominantly acidic oxide (isoelectronic point,
iep = 4–7), the rare oxides are mostly basic (ex ispla2O3 =
10–12 and iepY2O3 = 11) [53]. It has been reported that
catalytic activity is related to electronegativ-ity of the
cations present in the system (and thus the acid– base
characteristics). For example, rare earth dopants from
redox couple (Ce3?/Ce4?) allow the shift from ROx to
R2Ox?1 (like CeO2 to Ce2O3) under oxidizing and
reducing conditions. Also, rare earth metals, which
incompletely occupied 4f and empty 5d orbitals, imbibe
the easy for-mation of labile oxygen vacancies with the
relatively high mobility of bulk oxygen species [54].
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In this work, we report the doping of sol–gel-synthesized
SnO2 particles with different types of rare earth dopants,
namely lanthanum, cerium, and neodymium. We also report
the photocatalytic degradation of phenol by mineralization
using these rare earth-doped SnO2 nanoparticles.

Experimental
Materials
Analytical-grade tin (IV) chloride (SnCl4, Sigma-Aldrich,
Purity: 99 %), lanthanum nitrate hexahydrate (La (NO3)3
6H2O, Fluka), cerium (III) chloride anhydrous (CeCl 3,
Sigma-Aldrich, 99 %), ammonium Cerium (IV) nitrate
((NH4)2Ce (NO3)6, Sigma-Aldrich, 99 %), neodymium (III)
nitrate hexahydrate (Nd (NO3) 6H2O, Sigma-Aldrich, 99
%), ethanol (C2H5OH, ETAX Aa Merck Absolute), phenol
(C6H5OH, Sigma-Aldrich, 99 %), sulfuric acid (H2SO4,
Sigma-Aldrich, 99 %), hydrochloric acid (HCl, SigmaAldrich, 99 %), sodium hydroxide pellets (NaOH, SigmaAldrich, 99 %), methanol (CH4O, Sigma-Aldrich,
99 % HPLC grade), and sodium chloride (NaCl, BDH 99 %
Analar grade) were used in the experimental studies. Double-deionized water with a high purity from Ultra Clear
Water SG was used for the preparation of all solutions.

Photocatalyst preparation
Synthesis of pure and doped SnO2 nanoparticles
Nanoparticles containing various molar compositions of
SnO2 were chemically synthesized by the sol–gel method,
according to the following procedure:
Pure SnO2 was prepared using 5.225 ml of SnCl4 mixed
in 100.00 ml absolute ethanol and used as a precursor for
SnO2 synthesis for control experiments. The mixture was
continuously stirred for 2 h at room temperature, until a
colorless solution was obtained. The solution then was
condensed in a round-bottomed flask at 80 LC, and the
temperature was kept stable during the process. A colorless
solution of tin alkoxide was obtained after heating the
mixture at 80 LC under vacuum conditions [39]. After refluxing, the resultant solution was gelled into an open heated
dish at 30 LC, and the mixture turned into a sol. This
transparent colloidal suspension was stored for about 5–6
days in the ambient. The gel was then dried at 80 LC for 7
h. Finally, the powder was heated at 200 LC for 7 h until it
calcined. For the species containing lanthanum, cerium, and
neodymium, 0.1, 0.2, 0.4, 0.6, and 0.8 % concentrations of
each doped to SnO2 were mixed and dissolved separately in
ethanol. Later, a series of samples were synthesized in the
same way by changing the
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concentration of tin tetrachloride and the percentage amount
of the dopant. Each of these dopants was added slowly, upon
vigorous stirring of the total solution con-taining pure tin
tetrachloride after the condensing process. They were then
subjected to dissolution in ethanol and synthesis by the same
process used for undoped SnO2 as explained above.

Photocatalytic experiments
Photocatalytic reactor
The photoreactor was a cylindrical Pyrex-glass container
with a 250-ml capacity, 50-mm internal diameter, and 300mm height. A 8-W medium-pressure mercury lamp (Osaka,
Japan) was used to emit an intensity of about
80 W m-2, and the reaction temperature was kept at 25 °C
by cooling with water.

Experimental procedure
To investigate the effects of different dopants on the photocatalytic activity of SnO2, oxidative photodegradation of
phenol was chosen to evaluate the photocatalytic activity of
synthesized nanoparticles. The study of degradation of
phenol in water was carried out at 25 LC using the watercooled cylindrical glass batch photoreactor of 250 ml
volume. The experimental conditions were varied as follows: The amount of catalyst powder (photocatalyst) was
kept at 0.065 g in 50.00 ml; the initial concentration of the
pollutant was varied from 5 to 100 ppm, and the pH of the
solution was adjusted by the addition of 0.5 M NaOH to fix
pH at 4. 10 mg/l; phenol solution was used to carry out
photocatalytic experiments. Before each test, the mixture
was kept in the dark for 30 min under constant magnetic
stirring to ensure that the adsorption–desorption equilibrium was reached before illumination. The sample was then
taken out at the end of the dark adsorption period, prior to
turning the light on. When the lamp was turned on, the
irradiation time varied from 2 to 3 h; aliquots of the suspensions were collected and removed from the reactor every
15 or 30 min. At the given time intervals, the pho-tocatalyst
particles were removed from the samples first by
centrifugation (4,000 rpm, 5 min) using Eppendorf Centrifuge (system model 5810R) and then filtered through 0.2lm Millipore filters.

Characterization
To study the surface morphology of the prepared SnO2 and
doped SnO2 samples, scanning electron microscopy (SEM)
was carried out with JEOL (Japan) (JSM-5600LY) working at
30 kV and high-resolution transmission electron
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microscopy (HRTEM) was carried out with JEOL (Japan)
(JEM 2100F) working at 200 kV. Surface area of the
samples was measured using Acorn Area—Particle Surface
Area Analyzer from Xigo Nanotools analyzer unit, which
works based on nuclear magnetic resonance (NMR) technique. The crystalline phase of the synthesized SnO2 and
doped SnO2 catalysts was analyzed by X-ray powder diffraction (XRD) using a MiniFlex 600 diffractometer (Rikagu, Japan) with Cu K radiation (wave-length = 1.54 A).
Diffractograms of powders were recorded in 2h configuration from 10–80L at an increment of 0.02L.
Analytical methods
The change in phenol concentration in each photodegraded
solution was monitored by two sets of measurements.
Firstly, the maximum absorbance of phenol was measured
at kmax = 270 nm in an ultraviolet–visible (UV–Vis)
spectrometer (Perkin Elmer Lambda 45). Secondly, the total
organic carbon was determined by a Total Organic Carbon
Analyzer (TOC-VCPH Shimadzu) equipped with an auto
sampler (ASI-V Shimadzu). Prior to the TOC
determination, the solution was filtered through a syringe
filter of 0.2 lm pore size to remove photocatalysts.
High-performance
analysis (HPLC)

liquid

chromatography

Phenol photodegradation products were analyzed using
high-performance liquid chromatography which contained
a P580 high-precision pump from Dionex (Germering,
Germany), which fulfilled the requirement for a measured
delivery rate of the mobile phase. The injector was a
Rheodyne (Cotati) 8125 valve fitted with a 20-ll loop. The
analysis was carried out using a C18 column (5 lm)
maintained at room temperature. After elution from the
column, the eluent passed through a Dionex UVD 170S
diode array detector set at 245 nm for phenol. The mobile
phase for the HPLC separation was prepared by mixing
methanol with water (45:55) and then adjusting the pH at
3.0 by adding sulfuric acid (H 2SO4). The mobile phase was
degassed in an ultrasonic bath and then passed through a
Millipore filtration apparatus (0.2 lm). Photodegraded
Phenol and control samples were eluted at a flow rate of 1
ml/min.
Gas chromatography
Solid-phase extraction (SPE) columns chromabond C18 ec
(octadecyl-modified silica, Macherey–Nagel) had a volume
of 3 ml and 500 mg. Columns were first conditioned with
three column volumes of methanol (CH3OH) and two
column volumes of 0.01 M hydrochloric acid (HCl). For

the treatment, 200 mg NaCl was added for every 1 ml of
sample. HCl (1 M) was used to adjust pH to 2.0. 2.5 ml
sample of phenol was pipetted to SPE column slowly at a
flow rate of 0.5 ml/min. Sample was washed twice with

500 μl of 0.01 M HCl and dried under vacuum for 10 min.
Elution was performed with 3 x 500

μl of methanol. Gas

chromatography (Agilent 6890 GC) coupled with mass
spectrometry (GC/MS) was used for the determination of
phenol concentration. The analysis was carried out using
HP-5 (Agilent, 5 % phenyl methyl siloxane, capillary 30 m
x 320 lm nominal) column. Injection mode was splitless,
and the volume was 1 μl. Injector and detector temperatures
were maintained at 300 LC. Helium was used as a carrier
gas with a flow of 1.2 ml/min. Oven temper-ature was
varied at 20 LC/min up to 260 ° and thereafter at 15 LC/min
to 300 °.
Table 1 Estimated crystallite size of 0.8 % rare earth-doped SnO2 samples
from (110) peak using the Debye–Scherrer analysis

Fig. 1 X-ray diffraction (XRD) patterns of typical samples a undoped
tin dioxide particles and b lanthanum-doped tin dioxide particles, c
cerium-doped tin dioxide particles and d neodymium-doped tin
dioxide particles synthesized by sol–gel process
Fig. 2 Typical scanning
electron micrograph of SnO2
nanoparticles synthesized by
sol–gel process

Dopant

Crystal size (nm)

Undoped

4.2

La: SnO2

8.6

Ce: SnO2

7.6

Nd: SnO2

6.3
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Fig. 3 Typical high-resolution transmission electron micrograph of SnO2 nanoparticles synthesized by sol–gel process

Fig. 4 Spectra of phenol photodegradation before and after 60 min light
irradiation by cerium-doped tin dioxide under optimized HPLC
conditions

Fig. 5 Reduction in the intensity of phenol peak observed by gas
chromatograph upon UV degradation of phenol in the presence of 0.6
wt% La: SnO2
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Fig. 6 Comparison of the decrease of phenol concentration with
different a La-doped-SnO2, b Ce-doped-SnO2, and c Nd-doped-SnO2
photocatalysts under UV light irradiation as measured by monitoring
the phenol peak in UV–Vis spectrometry

Results and discussion
Undoped and doped SnO2 samples were examined by XRD
as shown in Fig. 1. The XRD pattern showed the presence
of twelve peaks corresponding to SnO2 crystal planes of
(110), (101), (200), (211), (220), (002), (310), (221), (301),
(112), (311), and (202), respectively. This result matches
well with the standard XRD file of SnO2 (JCPDS-#41-1445)
regarded as an attributive indication of rutile SnO2 structure
[55–58]. The level of doping influences the
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Fig. 7 Total organic carbon (TOC) removal from phenol solutions
during 2 h of photocatalytic degradation by different a La-doped SnO2,
b Ce-doped-SnO2, and c Nd-doped-SnO2 under UV light irradiation

broadening of the main peaks and changes the intensity. In
Table 1, we have summarized the value of the crystallite size
estimated from the Debye–Scherrer equation consid-ering
the most intense (110) peak and found the crystallite size
from 4 to 8.6 nm.
In Fig. 2, we have shown the microstructure of the SnO2
and doped nanoparticles. Typically 50-nm-sized

J Mater Sci (2014) 49:5151–5159

agglomerates of nanoparticles were observed. The 4–8.6nm crystallites agglomerate to form the 50-nm particles as
observed by SEM, in order to find a better insight, we
carried out high-resolution HRTEM as shown in Fig. 3. The
crystallite sizes are comparable to what was estimated from
the XRD (Table 1). The surface area of the synthe-sized
nanoparticles was found to be between 27 and 35 m2/g
(results not shown).

Photocatalytic degradation of phenol
During the photocatalysis experiments, the pellucid solutions before and after irradiation were analyzed by HPLC. It
was found as shown that phenol was effectively removed
upon UV irradiation when compared to the content of
phenol by HPLC before irradiation, as shown in Fig. 4.
In Fig. 5, we have plotted the phenol concentration in the
aqueous sample after UV illumination in the presence of a
typical doped SnO2 (Nd:SnO2). It can be observed the
phenol content in the solution reduces to zero level after
only 30 min of UV irradiation in the presence of the
photocatalyst.
With Ce3?-doped SnO2 samples, after 120 min irradiation, 86 % of phenol was found to degrade upon using 0.4
wt% Ce: SnO2 catalyst (Fig. 6). After 120 min irradi-ation,
57 % of phenol was found to degrade upon using 0.2 wt%
Nd: SnO2 catalyst, while 24 % of phenol was removed when
undoped SnO2 catalyst was used. Upon doping the catalyst
with 0.6 wt% Nd, the photocatalytic activity was found to
increase from 57 to 95 %. Thus, a fourfold improvement in
photocatalytic activity of phenol was observed when Nddoped nanoparticles were used
Fig. 8 Different chemical
photoproducts expected from
phenol photodegradation before
its mineralization by CO2 and
water reported by different
researchers [59–61]
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upon 120 min UV light irradiation. However, out of all the
three dopants, La-doped SnO2 samples were found to be
most photoactive, since 100 % of phenol was photodegraded for the same irradiation time.

TOC removal in phenol degradation
In order to determine the degree of mineralization reached
during the photocatalyst experiments, nine to ten samples in
each test were collected at time intervals of 15 min up to 150
min and then analyzed for TOC concentration. No change
in TOC was observed when the irradiation was done without
the presence of any photocatalyst. The maximum TOC
mineralization after 120 min irradiation was observed to
occur when 0.6 wt% La-doped SnO2 samples were used (86
% degradation), while only 12 % TOC mineralization was
achieved with undoped SnO2 upon UV irradiation for the
same time. 93 % mineraliza-tion was observed after 150 min
of UV irradiation with 0.6 wt% La-doped SnO2 catalyst,
compared to only 33 % TOC mineralization observed with
the undoped catalyst. The reduction in TOC generally
followed the trend observed in the phenol removal as
reported earlier (UV–Vis spectroscopy).
It can also be seen from Fig. 7 that 71 % of TOC removal
was achieved in the presence of 0.6 wt% Nd-doped SnO2
within 120 min of irradiation time, while 28 % of phenol
mineralization was observed in the pre-sence of 0.2 wt%
Nd-SnO2 during the same period.
TOC values for catalyst were found to change during the
study, which is understandable since degradation of phenol
takes time until being finally mineralized.
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Table 2 Comparison of phenol degradation after 2 h of irradiation
Catalyst sample

% Of phenol
photodegradation
by TOC detection

% Of phenol
photodegradation
by UV–Vis analysis

No catalyst

–

–

Pure SnO2
0.1 % Ce–SnO2
0.1 % La–SnO2
0.2 % Nd–SnO2

12.4
35.6
34.1
28.0

13.4
39
62.1
56.7

0.2 % La–SnO2
0.2 % Ce–SnO2
0.4 % La-SnO2
0.4 % Ce–SnO2

57.1
43.5
81.3
57.1

84.8
71.9
100
85.6

0.6 % Nd–SnO2
0.6 % La–SnO2
0.6 % Ce–SnO2

70.8
86.6
76.3

94.9
100
83.5

It is well known that phenol degradation leads to the formation of a mixture of byproducts such as catechol, benzoquinone, resorcinol, and hydroquinone as shown in Fig. 8
which further reacts with hydroxyl radicals [59–61]. Therefore, 100 % phenol degradation to TOC conversion is not easily
detected upon a short irradiation time and with a small amount
of catalyst. In Table 2, we have shown the comparison of the
photocatalytic degradation of phenol in the presence of various
catalysts, where phenol degradation was measured using TOC
analyzer and UV–Vis spectroscopy.

Conclusions
A series of La-, Ce-, and Nd-doped tin dioxide samples were
prepared by the sol–gel method and investigated for phenol
degradation under UV irradiation. The results show that phenol
undergoes more effective photodegradation with do-pants than
with undoped SnO2 photocatalysts. The experi-ments
demonstrated that phenol was effectively degraded by more
than 95 % within 120 min in the presence of rare earth-doped
SnO2 nanoparticles. According to the TOC levels, phenol
mineralization showed a similar tendency to remove organic
compound to that observed by the dissociation of phenol using
UV–Vis spectrometry. Rare earth-doped SnO2 is thus
promising for photocatalytic oxidation process and may have a
future potential for advanced water and wastewater treatment.
Improvement on these simple techniques to utilize solar
radiation more efficiently could provide more economic
solutions to the problem of water purification and recovery.
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abstract
Iodine doped tin oxide (SnO2:I) nanoparticles were prepared by sol–gel synthesis and their photocatalytic
activities with phenol as a test contaminant were studied. In the presence of the catalysts, phenol
degradation under direct sunlight was comparable to what was achieved under laboratory conditions.
Photocatalytic oxidation reactions were studied by varying the catalyst loading, light intensity, illumination time, pH of the reactant and phenol concentration. Upon UV irradiation in the presence of SnO 2:I
nanoparticles, phenol degrades very rapidly within 30 min, forming carboxylic acid which turns the
solution acidic. Phenol degradation rate with 1% iodine doped SnO2 nanoparticles is at least an order of
magnitude higher compared to the degradation achieved through undoped SnO2 nanoparticles under
similar illumination conditions.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Phenols, bisphenols A, dyes, pharmaceuticals, parabens, endocrine disrupting compounds, phthalates and benzoic acids are all
severe environmental pollutants [1–3] that are introduced into the
environment from chemical and pharmaceutical industries [4].
Advanced oxidative processes (AOPs) are one of the most effec-tive
technologies suitable for the treatment of organic pollutants to
harmless end products. The reactions are activated through the
generation of very reactive species such as hydroxyl radicals. Significant progress has been made in recent years in synthesizing
nanoparticles as environmental purification photocatalysts [5,6].
Many researchers reported that titanium dioxide (TiO2), zinc oxide
(ZnO) and tin dioxide (SnO2) are the most active catalysts for the
degradation of dyes, phenols and pesticides [7–11]. In addition, these
semiconductors have been recognized as preferable materi-als for
photocatalytic processes due to their photosensitivity, non-toxicity,
low cost and high chemical stability [7,12,13].
Several studies have been carried out on the application of TiO2
and ZnO for mineralization of organics [14–18]. A new class of
activated iodine doped TiO2 was found to enhance photocatalytic
oxidation of phenol under UV and visible light illumination [19]. In
another work, catalytic activity of iodine doped titanium dioxide
⇑ Corresponding author. Tel.: +968 2414 3266; fax: +968 24413532.
E-mail address: dutta@squ.edu.om (J. Dutta).
http://dx.doi.org/10.1016/j.jallcom.2014.08.120
0925-8388/ © 2014 Elsevier B.V. All rights reserved.

was enhanced by modifying with tin dioxide [20]. The light response
range and photo-efficiency of TiO2 is limited because of its wide band
gap [18,21]. It has been reported that TiO2 doped with non-metals
extends the absorption wavelengths from UV to visible region that
enhances visible light photocatalytic activity [22,23]. TiO2
nanoparticles and co-doped with iodine and fluorine showed better
degradation of organic compounds under visible light irradiation [24].
It has been reported that iodine atoms prefer to be doped near TiO2
surface due to strong I–O repulsion [25]. In iodine-doped TiO2
nanoparticles, the recombination of e –h+ pairs are inhibited since the
doped I sites not only trap electrons, but also facilitates electron
transfer to the surface adsorbed species, thus enhancing photocatalytic
activity [26]. Continuous states con-sisting of 5p and/or 5s orbitals of
I5 and O 2p orbitals of the valence band are favorable for efficient
trapping of holes at the I-induced states in TiO2 nanoparticles.
Tin oxide or stannic oxide (SnO2) is considered as a promising
semiconductor photocatalyst, which is usually n-type with tetrag-onal
crystal structure and a band gap of around 3.6 eV [27], render-ing it
transparent in the visible region up to the edge of the ultraviolet region
of the solar spectra [28]. Inspite of large scale utilization of (SnO2)
powders in different applications, and many reports devoted to its
preparation techniques, the investigation of the surface science of
(SnO2) indicated that tin dioxide is comparatively unexplored for
photocatalytic applications [29]. As the rutile structure of TiO2
matches the rutile phase of SnO2 [30],
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it should be possible to introduce iodine ions in SnO2 crystals in a wet-chemical
process.
Among various synthesis techniques, the sol–gel process for tin oxide
preparation has numerous advantages [31,32]. Several stud-ies on doping of tin
dioxide nanocrystals with different metals have been reported in recent years
[33,34]. Anionic or cationic doping of wide band gap semiconductor
photocatalysts has been conducted to improve their visible light absorption
characteristics [35,36]. The oxygen deficient crystal structure, SnO2 x, leads to
an enhancement of catalytic activities of absorbed surface species [35]. The
conduction band edge in n-type oxides like SnO2 are deep below vacuum level
and are thus relatively easy to dope as it is controlled by the compensation of
native defects. Doping occurs by moving the Fermi energy to the band edge
leading to the spon-taneous formation of compensation defects if the formation
energy of the defect falls to zero at the Fermi energy. Upon doping SnO2 with
iodine, the Fermi energy will be shifted towards the conduc-tion band, which
would eventually lead to an efficient transfer of photo-induced electrons from
the conduction band to the SnO2 surface [35–37].
The goal of this study was to synthesize nanosized doped and undoped tin
dioxide particles by sol–gel process with different iodine concentrations.
Photocatalytic properties of SnO2:I nanopar-ticles were studied through the
degradation and mineralization of phenol in water upon illumination with UV
light and upon direct exposure to sunlight. This simple technique to synthesize
iodine doped tin dioxide nanoparticles could allow its wide-scale use for the
degradation of phenol and other toxic organic compounds.
2. Experimental
2.1. Materials
Analytical-grade tin (IV) chloride (SnCl4, Sigma Aldrich, Purity: 99.99%),
iodine (I2, Sigma Aldrich, 99.9%), ethanol, (C2H5OH, ETAX Aa Merck
Absolute), phenol (C6H5OH, Sigma Aldrich, Purity: 99.99%), p-Benzoquinone
(O:C6H4:O, BDH, AnalaR 99%), resorcinol (C6H4(OH)2, BDH, AnalaR 99%),
acetic acid (C2H4O2, Sigma Aldrich, 99.9%), benzoic acid (C6H5COOH, BDH,
AnalaR 99%), sulfuric acid (H2SO4, Sigma Aldrich, 99%), hydrochloric acid
(HCl, Sigma Aldrich, 99%), sodium hydroxide pellets (NaOH, Sigma Aldrich,
99%), and methanol (CH4O, Sigma Aldrich, 99% HPLC grade), sodium
chloride (NaCl, BDH, 99% AnalaR grade) were used in the experimental
studies. Double deionized water from Ultra Clear Water SG was used for the
prep-aration of all aqueous solutions.

2.2. Photocatalyst preparation
2.2.1. Synthesis of pure and doped-SnO2 nanoparticles
SnO2 nanoparticles containing different percentages of iodine ions in the
start-ing solution were synthesized by sol–gel technique by the following
procedure: 5.225 ml of SnCl4 mixed in 100 ml absolute ethanol, and used as
precursor for syn-thesizing SnO2 nanoparticles. The mixture was continuously
stirred for 2 h at room temperature, until a colorless solution was obtained. The
solution was then con-densed in a round bottom flask kept at a constant
temperature of 80 LC. A colorless solution of tin alkoxide was obtained after
heating the mixture at 80 LC under vac-uum conditions [24]. For the synthesis
of iodine doped tin dioxide nanoparticles, different concentrations of iodine
were mixed and dissolved separately in ethanol and added to the precursor
solution. A turbid colloidal solution of tin alkoxide was obtained, after adding
aqueous ammonia (25%) into the condensed solution upon continuous stirring
until a pH value of 8 was reached [24]. After refluxing, the resultant solution
was poured into an open heated plate kept at 30 LC. This transparent colloidal
suspension was left for about 5–6 days until it gelled com-pletely. The gel was
then dried at 80 LC for 7 h. Finally, the obtained powder was air-annealed at
200 LC for 7 h.
2.2.2. Characterization
Optical absorption spectra were recorded in colloidal suspension in a
double beam spectrophotometer (Perkin Elmer, Lambda 45). To study the
surface morphol-ogy of the prepared SnO2 and SnO2:I samples, scanning
electron microscopy (SEM) was carried out with JEOL (Japan) (JSM-5600LY)
working at 30 kV. The crystalline phase of the synthesized SnO 2 and SnO2:I
powder was analyzed by X-ray powder diffraction (XRD) using a MiniFlex
600 diffractometer (Rikagu, Japan) with Cu Ka radiation (wavelength = 1.54
Å). Diffractograms of powders were recorded in 2θ scan configuration, in the
10–80° 2θ range, with the data collected at steps of
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0.02L. 200–300 mg of sample was degassed at 300 LC for 3 h under nitrogen (N2)
®
flow followed by a six point N2 adsorption carried out at p/p0 of 1–5 in a Nova
2200 analyzer. The surface area was determined by the Nova 2200 analyzer software using the Brunauer–Emmett–Teller (B.E.T.) method.
2.3. Photocatalysis experiments
2.3.1. Photocatalytic reactors
The photoreactor was a cylindrical Pyrex-glass container of 250 ml capacity, 50
mm internal diameter and 300 mm in height. 8 W medium pressure mercury lamp
(Osaka, Japan) with an emission of about 80 W/m2 was used for irradiation of the
samples and the reaction temperature was controlled at 25 LC by cooling with water.
A second photoreactor for the solar photocatalysis experiments was con-structed
using a borosilicate glass container of 250 ml capacity, 100 mm internal diameter
and 200 mm in height where sunlight was directed axially at the center of the reactor.
2.4. Experimental procedures
To investigate the effects of different dopants on the photocatalytic activity of
SnO2, oxidative photodegradation of phenol was chosen to evaluate the photocatalytic activity of synthesized nanoparticles. The study of degradation of phenol in
water was carried out at 25 LC using the water-cooled cylindrical glass batch photoreactor. The experimental conditions were varied as follows: the amount of catalyst powder (photocatalyst) was kept constant at 0.065 g in 50 ml of the test
contaminant (aqueous phenol solution). 10 mg/l aqueous solution of phenol was used
to carry out photocatalytic experiments. Prior to each test, the mixture was kept in
the dark for 30 min under constant magnetic stirring to ensure that the adsorption–
desorption equilibrium was reached before illuminating the samples. At the end of
the adsorption period (in dark conditions), prior to turning the light on, reference
samples were collected for analysis. The irradiation times varied from 2 to 5 h.
Aliquots of the suspensions were collected and removed from the reactor every 15
or 30 min. At given time intervals, from the collected samples, photocata-lyst
particles were removed first by centrifugation (4000 rpm, for 5 min) using Eppendorf
Centrifuge (model 5810R) followed by filtration through a 0.2 lm Millipore filter.
2.5. Analytical methods
The change in phenol concentration in each photodegraded solution was
monitored by two sets of measurements. The maximum absorbance of phenol was
measured at kmax = 270 nm in an ultraviolet–visible (UV–Vis) spectrometer (Perkin
Elmer Lambda 45). Also, the total organic carbon was determined by a Total Organic
Carbon Analyzer (TOC-VCPH Shimadzu) equipped with an auto sampler (ASI-V
Shimadzu).
2.6. High performance liquid chromatography analysis (HPLC)
Phenol photodegradation products were analyzed using high performance liquid
chromatography (HPLC) which contained a P580 high-precision pump from Dionex
(Germering, Germany), which fulfilled the requirement for a measured delivery rate
of the mobile phase. The injector was a Rheodyne (Cotati) 8125 valve fitted with a
20 lL loop. The analysis was carried out using a C18 column (5 lm) maintained at
room temperature. After elution from the column, the eluent passed through a
Dionex UVD 170S diode array detector set at 245 nm. The mobile phase for the
HPLC separation was prepared by mixing methanol with water 45:55 and then
adjusting the pH at 3.0 by adding sulphuric acid (H2SO4). The mobile phase was
degassed in an ultrasonic bath, and then passed through a Millipore filtration
apparatus (0.2 lm). Photodegraded Phenol and control samples were eluted at a flow
rate of 0.5 ml/min.
2.7. Gas chromatography
Solid phase extraction (SPE) columns of chromabond C18 ec (octadecylmodified silica), Macherey–Nagel) weighing 500 mg had a volume of 3 ml. Columns
were first conditioned with three column volumes of methanol (CH3OH) and two
column volumes of 0.01 M hydrochloric acid (HCl) [36]. For extracting the phenolic
compounds from the degraded mixture, 200 mg NaCl was added for every 1 ml of
sample. HCl (1 M) was used to adjust pH to 2. 2.5 ml sample of phenol was then
pipetted to SPE column slowly at a flow rate of 0.5 ml/min. Sam-ples were washed
twice with 500 μL of 0.01 M HCl and dried in vacuum for 10 min. Elution was
carried out with 3 500 μL of methanol. Gas chromatography (Agilent 6890 GC)
coupled with mass spectrometry (GC/MS) was used for the determination of phenol
concentration. The analysis was carried out using HP-5 (Agilent, 5% phenyl methyl
siloxane, capillary 30 m 320 μm nominal) column. Injection mode was split less, and
the volume was 1 μL. Injector and detector temperatures were maintained at 300 LC.
Helium was used as a carrier gas with a flow of 1.2 ml/min. Oven temperature was
varied at 20 °C/min up to 260 °C and thereafter at 15°C/min to 300 °C.
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3. Results and discussion
3.1. Undoped and iodine doped SnO2 nanoparticles
Undoped and doped SnO2 nanoparticle samples were examined by XRD as
shown in Fig. 1. The XRD pattern of SnO2 samples show the presence of (1 1
0), (1 0 1), (1 1 1), (2 1 1), (2 2 0), (0 0 2), (3 1 0), (1 1 2) and (3 0 1) respectively,
matching with the standard XRD file of SnO2 (JCPDS-#41-1445), regarded as
an attributive indication of rutile SnO2 structure [37–40]. The SnO2 crystallite
sizes obtained from the Debye Scherrer equation considering the most intense
peak (1 1 0) follows the well-known trend of crystallite size reduc-tion upon
doping and was found to reduce from 8.4 nm for undoped SnO2 particles to 2.5

Table 1
Estimated crystallite size of different I doped SnO2 nano-particles from (1 1 0) peak
using the Debye–Scherrer analysis.

Dopant

Crystal size (nm)

Undoped
SnO2:I (0.2%)
SnO2:I (0.4%)

8.4
8.0
7.4

SnO2:I (1%)

2.5

nm for the 1 wt.% SnO2:I samples. In Table 1 we have shown the crystallite
sizes which were esti-mated from the broadening of (1 1 0) peak of XRD
patterns. The specific surface area of undoped SnO2 particles from gas
adsorption studies was found to be 28 m2 g 1, which increased to 50 m2 g 1 for
the 1 wt.% iodine doped tin oxide samples, again indicating a reduction of
crystallite sizes upon doping.
Typical electron micrographs (SEM) of the photocatalysts are shown in
Fig. 2. It is also clear from Fig. 2(a) and (b) that upon iodine doping the average
grain size decreases in agreement with what we observed from the estimation
of crystallite size from XRD studies (Table 1). In order to get a better insight,
we carried out high resolution HRTEM as shown in Fig. 3 where the crystallite
size is clearly seen to reduce in size upon doping, agreeing well with the earlier
observations made from the SEM and XRD analysis.

Fig. 2. Typical scanning electron micrograph of (a) undoped and (b) iodine doped tin dioxide
nanoparticles synthesized by sol–gel process.

3.2. Photocatalytic degradation of phenol
During the photocatalysis experiments, the clear solutions before and after
different irradiation times were analyzed by HPLC. It was found as shown in
Fig. 4, that phenol was effectively degraded upon solar irradiation for 3 h, with
the emergence of fragments observed in HPLC. The main intermediate such as
p-benzoquinone appeared at 16 min retention time and is clearly visible in the
HPLC results. According to the substitution rules, OH radicals attack the
phenol molecule with higher probability in 1 and 4 positions versus OH group
of the aromatic ring. The existence of aliphatic intermediates in the reaction
mixture was also checked and was found to appear after 6 min retention time,
which suggest that the structure of benzene ring was destroyed to form
carboxylic acid intermediates through photochemical oxidation by SnO2:I
nanoparticles. As it can be observed in Fig. 4,

Fig. 1. X-ray diffraction (XRD) patterns of typical samples undoped, 0.2 wt.%, 0.4 wt.% and 1.0
wt.% iodine doped tin dioxide particles synthesized by sol–gel process.
Fig. 3. Typical high resolution transmission electron micrograph of SnO2 nanopar-ticles
synthesized by sol–gel process (a) undoped (b) 1% iodine doped.
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Fig. 4. Spectra of phenol photodegradation before and after 120 min by iodine doped tin dioxide
nanoparticles under optimized HPLC conditions.
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Fig. 6. Comparison of the decrease of phenol degradation with undoped SnO2 and different
SnO2:I under UV light irradiation as measured by monitoring the phenol peak (at 270 nm) by
UV–Vis spectrometry.

the maximum concentration of intermediates appear after 2 h of solar
irradiation of phenol in the presence of SnO2:I nanoparticles.
In order to identify the byproducts of the photochemical oxida-tion process
of phenol, GC–MS was used. Fig. 5 shows the trends of the amount of different
intermediates during the photocatalytic degradation process. In the same
treatment period, for the first 90 min irradiation, the formation of pbenzoquinone was detected at 5 min retention time, but resorcinol was detected
after nine minutes running time. Within 150 min, most of the phenol was found
to be removed as it can be seen from Fig. 5.
The rate of photodegradation under UV light with undoped SnO2
nanoparticles was found to be 46% which improved upon using 0.2 and 0.4
wt.% SnO2:I nanoparticles to 53% and 75% respectively. A maximum rate of
phenol removal was achieved using 1.0 wt.% SnO2:I powders, reaching to
93.4% degradation within 150 min of UV light irradiation, which has almost
the highest catalytic activity on phenol in water solution during the
photodegradation period, as shown in Fig. 6. Further doping of SnO2
nanoparticles did not improve the photodegradation characteristics.
Fig. 7 shows the photocatalytic degradation rates as a function of
irradiation time with different wt.% SnO2:I nanoparticles under solar light
irradiation. In Fig. 7, no significant difference in photo-catalytic activities were
found between samples doped with very small amount of iodine (0.01%) and
the undoped samples. The

Fig. 7. Comparison of the decrease of phenol degradation with undoped SnO2 and different
SnO2:I under solar light irradiation measured by monitoring the phenol peak (at 270 nm) by UV–
Vis spectrometry.

0.2 wt.% iodine doped SnO2 exhibits better photodegradation efficiency than
the undoped SnO2 nanoparticles. The reduction of phenol is about 45% in 2 h
in the presence of 0.4 wt.% SnO2:I nano-particles. 1.0 wt.% SnO2:I powders
under solar light irradiation shows that phenol concentration degraded by up to
60% within 2 h.
In Fig. 8 we show that upon doping SnO2 with iodine photocat-alytic
activity of the particles were improved which can be attrib-uted to the increased
optical absorption of the SnO2:I nanoparticles (Fig. 9). In order to establish the
reusability of the photocatalysts, we carried out stability test with 1.0 wt.%
SnO2:I nanoparticles over multiple cycles, each with 6 h of solar light
irradiation. The nanoparticles were carefully removed from the degraded
phenol solution and then reintroduced in fresh phenol solution for another
cycle. We observed that at least for the first three cycles the particles yield
comparable photocatalytic activity (Table 2).
From Table 3, we can observe that no appreciable change in photoactivity
of SnO2:I nanoparticle occurs for samples doped with lower than 0.2 wt.%
iodine. Photocatalytic activity started to improve in samples with 0.3 wt.%
iodine or higher dopant concentration.

Fig. 5. Reduction in the intensity of phenol peak observed by gas chromatograph upon solar light
degradation of phenol in the presence of 1.0 wt.% iodine doped SnO2 nanoparticles. The
appearance of phenol intermediates are drawn in the figure.

3.3. Total organic carbon
In order to determine the degree of mineralization reached dur-ing the
photocatalysis experiments, nine to ten samples in each
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Iodine content (%)

Rate constant (min 1)

0.00
0.01
0.2
0.3
0.4
1.0
1.1

0.004
0.004
0.004
0.005
0.007
0.011
0.009

Fig. 8. UV–Vis spectra of phenol obtained at different times during the photoir-radiation with
AM 1.5 solar light at 0 min (control), 45 min, 90 min, 120 min and 150 min, respectively.

Fig. 10. Total organic carbon (TOC) removal from phenol solutions during 2 h of photocatalytic
degradation by different SnO2:I under UV light irradiation as measured by monitoring the phenol
peak (at 270 nm) in UV–Vis spectrometry.

Fig. 9. Typical optical absorption of undoped SnO2, 1.0 wt.% I doped SnO2, dried samples
collected from a suspension in aqueous media.

Table 2
Degradation of phenol by 1 wt.% I-doped SnO2 for 6 h during each cycle (note: fresh phenol
sample was added after every 6 h).
Cycle number

1

2

3

4

5

Phenol degradation (%)

64.14

63.83

63.57

51.25

33.04

test were collected at a time interval of 15 min during 150 min of
photo-irradiation and then analyzed for TOC concentration. No
change in TOC was observed when the UV irradiation was carried out
without any photocatalyst. The maximum TOC mineralization after
120 min UV irradiation was observed to occur when 1.1 wt.% SnO2:I
samples were used (83% degradation), while only 12% TOC
mineralization was achieved with undoped SnO2 upon irradiation for
120 min. 92%, mineralization was observed after 150 min of UV
irradiation with 1.1 wt.% SnO2:I catalysts, compared to only 33%
TOC mineralization observed with the undoped catalyst (Fig. 10).
67% of TOC removal was achieved in the presence of 0.4 wt.% SnO2:I
within 150 min of UV irradiation, while 48% of phenol mineralization was observed in the presence of 0.3 wt.% SnO2:I

during the same period. The reduction in TOC generally followed the same
trend observed in the phenol removal as discussed earlier (using UV–Vis
spectroscopy).
The pH of phenol concentrations during degradation initially decreased, but
then increased to values equal to or slightly higher than the initial pH (Fig. 11).
Binary hydroxyl compounds catechol, benzoquinone, hydroquinone are formed
during photocatalytic degradation of phenol. The OH radical formed by redox
reaction oxidizes the conjugate structure of the phenyl ring yielding carboxylic
acids formed via ring cleavage to give malonic acid, then short-chain organic
acids such as, maleic, oxalic, acetic and formic acids. Finally upon continuous
oxidation the carboxylic acids are converted to carbon dioxide (CO2) and water
(H2O). It has been reported that the initial pH of aqueous phenol solution (5.5–
6.0)

Fig. 11. pH changes as a function of time for 1 wt.% I:SnO2 nanoparticle powders.
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decrease to 3.5 upon continued photo-irradiation [41]. pKa of phe-nol is
around 9 and thus an aqueous solution is mildly acidic as observed from
the pH of the starting solution (pH 5.7) as shown in Fig. 11. Upon UV
irradiation in the presence of SnO2:I nanopar-ticles, phenol degrades very
rapidly within 30 min (Fig. 6), with the appearance of carboxylic acid as
observed in the HPLC measure-ments (Fig. 4). The expected carboxylic
acid byproducts are strongly acidic (pKa 3–5) and thus the pH of the
phenolic solution decreases to 4.35 upon light irradiation for 30 min in
the presence of SnO2:I nanoparticles. Upon subsequent removal of carboxylic acids to CO2 and water by mineralization, the solution gets less
acidic as is observed in Fig. 11 [42].
In an earlier work we have reported the rare earth doped tin dioxide
nanoparticles and their effect on photocatalysis. Halide atoms like
fluorine, chlorine and bromine are extensively studied for application as
dopants of metal oxides like SnO2, but iodine is relatively new and has
not been studied in detail. The goal of this work was to find an optimum
condition for the synthesis of iodine doped tin oxide nanoparticles which
can improve photocatalytic degradation. From our earlier report (rareearth doped tin dioxide nanoparticles) [43], we find that iodine doping
indeed improves the photocatalytic behavior of tin dioxide.

4. Conclusions
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Photodegradation of phenol in the presence of tin dioxide (SnO 2 ) nanoparticles under UV light irradia-tion is known to be an
effective photocatalytic process. However, phenol degradation under solar light is less effective due to the large band gap of
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of phenol. The photoactivity of SnO2 :Sb was found to be a maximum for 0.6 wt.% Sb doped SnO2 nanoparticles with 10 mg

SnO2 . In this study antimony (Sb) doped tin dioxide (SnO2 ) nanoparticles were prepared at a low temperature (80 ◦ C) by a
sol–gel method and studied for its photo-catalytic activity with phenol as a test contaminant. The catalytic degradation of phenol
in aqueous media was studied using high performance liquid chromatography and total organic carbon measurements. The
change in the concentration of phenol affects the pH of the solution due to the by-products formed during the photo-oxidation
L−1 phenol in water. Within 2 h of photodegradation, more than 95% of phenol could be removed under solar light irradiation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Endocrine disrupting chemicals such as phenols, bisphenols A, dyes,
pharmaceuticals, parabens, phthalates, and benzoic acid [1–3] are found in
our environment and this causing increasing global concern [4,5] and
could link to human reproductive abnormalities [6]. Sources of phenol
pollution in water has been found in waste from the refining of oil and coal
tar industries [7] and the distillation of wood or coal [8], phenolic
chemicals used in livestock dips [9], and discharges of domestic sewage
[10] and even from rotting of vegetation.
Metal oxide semiconductor photocatalysts have attracted a lot of
attention because of their usefulness in environment protec-tion. The band
gap of titanium dioxide (TiO2 ), zinc oxide (ZnO) and tin dioxide (SnO2)
are 3.2 eV, 3.3 eV and 3.6 eV, respectively rendering these photocatalysts
active under UV light activation [11]. SnO2 nanoparticles are relatively
less studied [12], but is highly suitable photocatalyst as it is chemically
highly stable [13]. In fact, SnO2 has been shown to be an active
photocatalyst mate-

∗ Corresponding author at: Laboratory of Green Chemistry, Lappeenranta
Univer-sity of Technology, Sammonkatu 12, 50130 Mikkeli, Finland.
E-mail addresses: Abdullah.Al.Hamdi@lut.fi,
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rial for the degradation of many organic compounds [14]. In metal
oxides, upon irradiation with an appropriate light energy, the free
electrons are excited to the empty conduction bands leaving posi-tively
charged holes in the valence band, resulting in the formation of
electron–hole pairs (e− –h+ ) [15]. As the band gap of SnO2 is 3.6 eV,
most of the photocatalytic activities of this semiconduc-tor have been
limited to the UV light region [16]. It is well known that UV irradiation
requires a high energy source of light, which is expensive and
hazardous, a reason why solar irradiation for photocatalytic processes
needs to be developed. Modifications of SnO2 are required in order to
broaden the photoresponse to longer wavelengths. Doping metal
oxides by transition metals lead to the formation of energy states below
the conduction band effectively increasing visible light absorption in
materials [17–19]. Further, the doping of SnO2 -based nanomaterials
offers a convenient way to tailor their electrical, optical and
microstructural properties [20].
Antimony (Sb) is one of the most common n-type dopant for SnO2
, popularly used for preparing n-type SnO2 thin films [21]. As SnO2 is
a n-type semiconductor [22], pentavalent Sb5+ ions can replace
tetravalent Sn4+ sites. It has been reported that Sb doping of SnO2 leads
to the formation of donor levels in the bulk, shifting the Fermi level
toward the conduction band (CB) edge. Substitu-tion of Sn4+ by Sb5+
is found to be dominant at lower Sb doping concentrations (typically
less than 2 wt.%) due to their similar ionic radii (Sn4+ ∼0.071 nm and
Sb5+ ∼0.065 nm), resulting in an increase
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Fig. 1. X-ray diffraction (XRD) patterns of typical undoped tin dioxide nanoparticles and (0.2, 0.4, 0.6 wt.%) antimony doped tin dioxide nanoparticles synthesized by sol–gel process.

Fig. 2. Typical high resolution transmission electron micrograph of 0.6% antimony doped tin dioxide nanoparticles synthesized by sol–gel process.

in the conductivity of SnO2 [23–25]. However at higher Sb doping levels,
reduction in the conductivity, optical transparency, and crys-tallinity were
reported due to the precipitation of antimony oxides [26], reduction in Sb5+
states to Sb3+ states resulting in the lower-ing of n-type conductivity due to the
formation of the acceptor sites [27].
In this study, we have synthesized SnO2 :Sb nanoparticles by sol–gel
process at room temperature, which is suitable for large scale production. The
synthesis process is simple and relatively inexpensive, that is based on the
hydrolysis and condensation of metal ions to form metal oxide [28], providing
a control on the size and the shape of nanoparticles [29,30]. The prepared
samples were characterized and its photocatalytic performance was studied by
degrading phenol under ultraviolet and solar irradiation using different
analytical techniques.

2. Experimental
2.1. Materials
Analytical-grade tin(IV) chloride (SnCl4, Sigma–Aldrich, Purity: 99.99%),
antimony (III) chloride, (SbCl3 , Fluka, 99%), ethanol (C2 H5 OH, ETAX Aa
Merck Absolute), phenol (C6H5 OH Sigma–Aldrich, Purity: 99.99%), pbenzoquinone (O:C6 H4:O, BDH, AnalaR 99.0%), resorcinol (C6 H4 (OH)2
BDH, AnalaR 99.0%), acetic acid (C2 H4 O2, Sigma–Aldrich, 99.9%), benzoic
acid (C6 H5 COOH, BDH, AnalaR 99.0%), catechol (C6 H6 O2 , Sigma–Aldrich,
99.0%), ethyl paraben (C9 H10 O3, Sigma–Aldrich, 99.0%), sulfuric acid (H2
SO4 , Sigma–Aldrich, 99.0%), hydrochloric acid (HCl, Sigma–Aldrich, 99.0%),
sodium hydroxide pellets (NaOH, Sigma–Aldrich, 99.0%), methanol (CH4O,
Sigma–Aldrich, 99% HPLC grade) and sodium chloride (NaCl, BDH 99%
AnalaR grade) were used in the experi-mental studies. Double deionized water
from Ultra Clear Water SG was used for the preparation of all the solutions.
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Fig. 3. Typical optical absorption of undoped SnO2 , and 0.6 wt.% Sb doped SnO2 nanoparticles suspensions in aqueous media.

Fig. 4. Comparison of the decrease of phenol concentration with undoped tin dioxide nanoparticles and (0.2, 0.4, and 0.6 wt.%) antimony doped tin dioxide nanoparticles under UV light irradiation as
measured by monitoring the phenol peak in UV–vis spectrometry.

2.2. Photocatalyst preparation
2.2.1. Synthesis of pure and doped-SnO2 nanoparticles
SnO2 nanoparticles containing different percentages of Sb ions in the
starting solution were synthesized by sol–gel technique, according to the
following procedure:
3.8825 ml of SnCl4 mixed with 50 ml absolute alcohol (ethanol) and 50 ml
ultra-pure water in a round bottom flask and used as a precursor for
synthesizing undoped SnO2 nanoparticles. The mix-ture was subjected to
vigorous stirring for 3 h at room temperature, until a colorless solution was
obtained. For the synthesis of SnO2 :Sb nanoparticles, different concentration
of Sb such as (0.2%, 0.4%, 0.6) were mixed and dissolved separately in ethanol
and added to the precursor solution. A turbid colloidal solution of tin alkoxide
started to appear after adding 25% aqueous ammonia drop by drop into

the solution under continuous stirring until a pH value of 8 was reached. The
sol was left for 48 h. for aging in air until the gel was formed. Filtration and
successive washing with ultra-pure water was repeated several times to remove
both ammonia and chloride ions until all chloride ions had been removed (by
examining the fil-trate solution using aqueous silver nitrate solution). Later a
series of samples were synthesized in the same way by changing the concentration of tin tetrachloride and the percentage amount of the required dopant.
Each dopant was added carefully and under vig-orous stirring to the total
solution containing pure tin tetrachloride. They were then subjected to
dissolution in ethanol and synthesis by the same process used for undoped tin
dioxide as explained above.
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Fig. 5. Total organic carbon (TOC) removal from phenol solutions during 2.5 h of photocatalytic degradation by undoped tin dioxide and (0.2, 0.4 and 0.6 wt.%) antimony doped tin dioxide nanoparticles
under UV light irradiation.

Fig. 6. Evolution of CO2 as an indication of complete mineralization of phenol molecules during 1 h photocatalytic degradation under UV light irradiation observed by FTIR.

2.2.2. Material characterization
Optical absorption spectra were recorded in colloidal sus-pension in a
double beam spectrometer (PerkinElmer, Lambda 45). To study the surface
morphology of the prepared SnO2 and SnO2:Sb samples, high resolution
transmission electron microscopy (HRTEM) were carried out with JEOL
(Japan) (JEM 2100F) working at 200 kV. The crystalline phase of the
synthesized SnO2 and SnO2 :Sb nanoparticles were analyzed by X-ray powder diffraction (XRD) using a MiniFlex 600 diffractometer (Rikagu, Japan)
with Cu K radiation (wavelength = 1.54 Å). Diffractograms of powders were

®

tion technique using Nova 2200 (Brunauer–Emmett–Teller (BET) method).
2.3. Photocatalytic experiments
2.3.1. UV photocatalytic reactor
The photoreactor was a cylindrical pyrex–glass container with a 250 ml
capacity, 50 mm internal diameter and 300 mm height. An 8 W medium
pressure mercury lamp (Osaka, Japan) was used as UV light source with an

recorded in 2 scan configuration, in the 10–90◦ 2 range, with the data collected

intensity of about 80 W/m and the reaction temperature was kept at 25 ◦ C by

at steps of 0.02◦ . 200–300 mg of sample was degassed at 300 ◦ C for 3 h under

cooling with water.

2

nitrogen (N2) flow fol-lowed by a six point N2 adsorption carried out at p/p0
®

of 1–5 in a Nova 2200 analyzer. Surface area was determined by gas adsorp-

2.3.2. Degradation using natural sunlight
In this case the photoreactor was a borosilicate glass container with a 250
ml capacity, 100 mm internal diameter and 200 mm

A.M. Al-Hamdi et al. / Applied Surface Science 370 (2016) 229–236
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Fig. 7. (a) Comparison of the decrease of phenol concentration with 0.6 wt.% Sb doped SnO2 photocatalysts under solar light irradiation as measured by monitoring the phenol peak in HPLC. Inset
shows the chromatogram of phenol at different stages of degradation. (b) Evolution of different intermediate byproducts detected by HPLC during the photocatalytic degradation of phenol under solar
light irradiation with 0.6 wt.% Sb doped SnO2 nanoparticles as photocatalysts.

height. Sunlight was directed axially at the center of the pho-toreactor. The
photoreactor was kept in open area in order to avoid reflected sunlight from the
surrounding. All the natural sunlight experiments were conducted on full sunny
days during 10:00–15:00 h when the incident power of the sunlight was mea2

sured to be between 80 to 90 kW/m .

2.4. Experimental procedure
To investigate the effects of different concentrations of dopants on the
photocatalytic activity of SnO2 , phenol was chosen as a test contaminant. The
study of the degradation of phenol in water was carried out at 25 ◦ C using a
water-cooled cylindrical glass batch photoreactor of 250 ml volume. The
experimental conditions were varied as follows: the amount of catalyst powder
(photocatalyst)
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Fig. 8. pH changes in the phenol aqueous solution as a function of photocatalysis time for 0.6 wt.% Sb doped SnO2 nanoparticle powders.

was kept at 0.065 g in 50.00 ml; the initial concentration of the pollutant was
varied from 5 to 100 ppm and the pH of the solu-tion was adjusted by the
addition of 0.5 N NaOH to fix the pH at 5.7. 10 mg/l phenol solution was used
to carry out photocat-alytic experiments. Before each test, the mixture was kept
in the dark for 30 min under constant magnetic stirring to ensure that the
adsorption–desorption equilibrium was reached before illu-mination. The
sample was then taken out at the end of the dark adsorption period, prior to
turning the lights on or before expos-ing to sunlight. When the lamp was turned
on, the irradiation time varied from 2–3 h; aliquots of the suspensions were
collected and removed from the reactor every 15 or 30 min. At the given time
intervals, the photocatalyst particles were removed from the samples first by
centrifugation (4000 rpm, for 5 min) using Eppen-dorf Centrifuge (system
model 5810R) and then filtered through a 0.2 m Millipore filter.
2.5. Analytical methods
The change in phenol concentration in each photodegraded solution was
monitored by two sets of measurements. The opti-cal absorption of SnO2 and
absorbance of phenol was measured at max = 270 nm in UV–vis spectrometer
(PerkinElmer, Lambda 45). Total organic carbon was determined by a Total
Organic Carbon Analyzer (TOC-VCPH Shimadzu) equipped with an auto
sampler (ASI-V Shimadzu). Prior to the TOC determination, the solution was
filtered through a syringe filter of 0.2 m pore size to remove photocatalysts
from the solution.

Table 1
Estimated crystallite size of doped and undoped SnO2 nanoparticles from XRD pat-tern using the
Debye–Scherrer equation.
Sample

Size (nm)

Undoped
SnO2 :Sb (0.2%)
SnO2 :Sb (0.4%)

8.4
3.5
2.5

SnO2 :Sb (0.6%)

1.8

HPLC separation was prepared by mixing methanol with water 45:55 and then
adjusting the pH at 3.0 by adding sulfuric acid (H2 SO4). The mobile phase was
degassed in an ultrasonic bath, and then passed through a Millipore filtration
apparatus (0.2 m). Pho-todegraded phenol and control samples were eluted at a
flow rate of 1 ml/min.
3. Results and discussion
3.1. Characterization of Sb-doped SnO2 nanoparticles
The XRD pattern of undoped sample shows the presence of (1 1 0), (1 0 1),
(2 0 0), (2 2 0), (3 1 0), (3 0 1) and (2 0 2) respectively, matching with the
standard XRD file of SnO2 (JCPDS-#41-1445) which matches with rutile SnO2

2.6. High performance liquid chromatography analysis (HPLC)
Phenol photodegradation products were analyzed using high performance
liquid chromatography (HPLC) which contained a P580 high-precision pump
from Dionex (Germering, Germany), which fulfilled the requirement for a
measured delivery rate of the mobile phase. The injector was a Rheodyne
(Cotati) 8125 valve fitted with a 20 l loop. The analysis was carried out using
a C18 column (5 m) maintained at room temperature. After elution from the
column, the eluent passed through a Dionex UVD 170S diode array detector
set at 245 nm for phenol. The mobile phase for the

structure [31–34]. The doped sam-ples also show the SnO2 phases and no
substantial differences in XRD patterns could be observed since we doped the
crystallites with marginal Sb concentrations (0.2, 0.4, and 0.6%) (Fig. 1). However, the SnO2 crystallite sizes obtained from the Debye Scherrer equation
considering the most intense peak (1 1 0) peak follows the well-known trend of
crystallite size reduction upon doping and was found to reduce from 8.4 nm for
undoped SnO2 particles to 1.8 nm for the 0.6 wt.% SnO2 :Sb samples. In Table
1 we have shown the crystallite sizes which were estimated from the broadening
of highest intensity (1 1 0) peak in the XRD patterns. The size of the doped
SnO2 nanoparticles was further verified using transmission electron
microscopy (TEM), which showed similar average particle size of 2.3 nm for
the 0.6 wt.% SnO2 :Sb samples (Fig. 2). The size of the 0.6 wt.% Sb doped
SnO2 nanoparticles was estimated from TEM analysis, which showed
maximum percentage (12%) of par-
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ticles having diameter 2.3 nm, while the overall diameter of the nanoparticles
was found in the range from 2.2 to 2.7 nm. The spe-cific surface area of
undoped SnO2 particles from gas adsorption studies was found to be 28 m
2

3.2.2. Under natural solar light irradiation

2

g− , which increased until 54 m g− for the 0.6 wt.% Sb doped tin oxide
samples due to the reduction in the crystallite sizes.
1
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1

UV–vis absorption spectra were measured for pure and doped SnO2
nanoparticles and the spectra are shown in Fig. 3. Upon Sb doping the
absorption edge of the doped SnO2 nanoparticles was observed to shift toward
longer wavelengths suggesting more light absorption due to the doping.
3.2. Photocatalytic degradation of phenol
3.2.1. Under UV light irradiation
In Fig. 4 we have plotted the change in phenol concentration in the aqueous
solution upon continued UV light illumination in the presence of doped and
undoped SnO2 nanoparticles. When no catalysts were used, no significant
reduction in phenol concentra-tion was observed and only about 2% reduction
was detected after 2.5 h due to the photolysis of phenol under the UV light
irradia-tion. With undoped SnO2 nanoparticles the degradation of phenol was
also found to occur slowly and in the initial 1 h with no sig-nificant degradation
observed. Here it should be noted that during photocatalytic degradation,
phenol molecules initially transform to form by-products such as
benzoquinone, catechol and hydro-quinone, which upon subsequent oxidation
transforms to mineral acids, CO2 and H2 O. These by-products formed at the
beginning of the photocatalytic reactions also optically absorb in the simi-lar
region as phenol, which would mask the degradation level of phenol in the
UV/vis spectroscopy. As a result during the initial period of the photocatalytic
degradation of phenol using undoped SnO2 nanoparticles no significant
variations in the optical absorp-tion spectrum of phenol was observed as shown
in Fig. 4, although phenol was degrading by forming other intermediates.
However, degradation of phenol was observed to begin immediately under UV
light irradiation in the presence of doped SnO2 nanoparticles. Upon 150 min of
UV irradiation, 46% of phenol was found to degrade in the presence of undoped
SnO2 nanoparticles. With 0.2 wt.% Sb doped SnO2 samples, after 120 min
irradiation, 54% of phenol pho-todegradation was observed, while 91% of
phenol degradation was achieved in the presence of 0.4 wt.% Sb doped SnO2
within 120 min of irradiation time. Further increase in the degradation process
was observed (99% of phenol disappearance) when doping con-centration was
increased to 0.6 wt.%. Complete mineralization was achieved in the presence
of 0.4% and 0.6% Sb doped SnO2 nanopar-ticles after 150 and 120 min of UV
irradiation respectively.

In order to utilize the UV radiation that is present in the solar fur-ther study
the photocatalytic degradation of phenol. In addition to that we have used the
HPLC technique to analyze the phenol solu-tion during the degradation process
in order to have better insight on the mineralization process of phenol under
natural sunlight. For these experiments we have chosen the 0.6 wt.% SnO2 :Sb
nanopar-ticles for which maximum degradation of phenol was observed under
UV irradiation.
Upon exposure to natural sunlight, phenol was found to degrade effectively
as indicated by the reduction in the intensity of the phe-nol peak observed in
the HPLC chromatogram at retention time 11.7 min. Fig. 7a shows the
degradation kinetics of phenol under the natural sunlight, where almost 95%
phenol was found to degrade within 120 min, showing almost similar
photocatalytic activity by the 0.6% SnO2 :Sb nanoparticles observed under UV
irradiation. It has been reported that during the photocatalysis process, phenol
is first oxidized to benzoquinone followed by catechol, resorcinol, and
hydroquinone, and later the ring is broken to form other aliphatic acids [37,38].
According to the substitution rule, OH• radicals attack the phenol molecules
with higher probability in 1 and 4 positions versus OH− group of the aromatic
ring, to produce catechol or hydroquinone and either one of them will attack
OH to produce benzoquinone. Upon investigation using the HPLC technique,
we have observed generation of benzoquinone, catechol and hydro-quinone in
the first 60 min of the photocatalytic process, as shown in Fig. 7b, confirming
the oxidation of phenol under the natural sunlight. At the very initial stage,
hydroquinone and catechol will compete with each other to produce
benzoquinone, which can be detected in the first 30 min of the photocatalytic
oxidation. On the continuous oxidation aliphatic intermediates in the reaction
mix-ture was found to appear (acetic acids and propanol) after 60 min, which
suggests that the structure of benzene ring was destroyed as it was proposed to
form carboxylic acid intermediates through photochemical oxidation of phenol
by SnO2 :Sb nanoparticles.
The evolution of the intermediates during the photocatalytic degradation of
phenol under solar light was also followed by mea-suring the pH of the reaction
mixture. pKa of phenol is around 9 and thus an aqueous solution is mildly acidic
as observed from the pH of the starting solution pH ∼5.7, as shown in Fig. 8,
which then observed to decrease continuously to acidic pH reaching close to
pH 3 in 120 min. This reduction in the pH value can be attributed to the
formation of carboxylic acid intermediates during the ini-tial period of the
degradation process. Up to about 150 min pH was found to be almost stable,
after which it started to rise again due to the subsequent removal of carboxylic
acids to form CO2 and water leading to complete mineralization of phenol.
4. Conclusions

In order to determine the degree of mineralization reached dur-ing the
photocatalysis experiments, samples were analyzed for TOC concentration.
With the 0.6% SnO2 :Sb nanoparticles, 97% of TOC was found to be removed
within 120 min, while 71% and 45% removal was found with 0.4% and 0.2%
SnO2 :Sb samples respec-tively. For the undoped samples only 12% TOC was
removed upon UV irradiation for 2 h as shown in Fig. 5. The reduction in TOC
was found to follow the same trend as observed in the phenol degra-dation in
Fig. 4. Using FTIR spectroscopy it was also found that the mineralization
process starts early during the photocatalytic degradation process which
continues till all phenol molecules are converted to CO2 and water, which are
the final by-products of the mineralization process. In Fig. 6 the FTIR spectra
of the phe-nol solution at different stages of photocatalytic degradation with
the 0.6% SnO2 :Sb nanoparticles are shown which clearly shows the CO2
generation within 15 min indicated by two IR absorption bands centering at
2364 and 2324 cm− [35–37].
1

SnO2 :Sb nanoparticles were synthesized by using simple sol–gel process
and used to investigate photocatalytic degradation of phe-nol in aqueous
solution. Sb doping was increased from 0.2 wt.% to 0.6 wt.% which showed
2

2

higher surface area (54 m /g) than the undoped nanoparticles (28 m /g).
Doping SnO2 with Sb also resulted shifting in the physicochemical and optical
features of the samples toward more favorable state for photocatalytic degradation of organic compounds. Photocatalytic activity of the undoped and doped
samples were studied under both UV irradiation and natural sunlight, which
showed efficient degradation of phe-nol demonstrating almost 95% reduction
in phenol concentration within 2 h of light exposure. The results from this study
suggest that the SnO2 :Sb nanoparticles can be a promising candidate for
practical application in the field of photocatalysis.
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Abstract: Photocatalytic degradation of phenol with sol-gel prepared rare earth doped tin dioxide (SnO 2) nanoparticles was reported.
Gadolinium doped tin dioxide (SnO2:Gd) nanoparticles were found to absorb higher visible light compared to lanthanum, neodymium and
cerium doped materials that were studied in detail. Photocatalytic degradation of phenol under artificial white light and sunlight in the
presence of SnO2:Gd nanoparticles was studied with high performance liquid chromatography (HPLC), capillary electrophoresis (CE),
total organic carbon (TOC) measurements and the determination of chemical oxygen demand (COD). Clear correlations be-tween the
results obtained from these multiple measurements were found, and a kinetic pathway for the degradation process was pro-posed. Within
150 min of solar irradiation, the TOC of a 10 ppm phenol solution in water was reduced by 95%–99%, thus demon-strating that SnO2:Gd
nanoparticles are efficient visible light photocatalysts.

Keywords: rare earth dopants; solar irradiation; phenol photo-degradation; tin dioxide nanoparticles; organic by-products

Increased water pollution across the world, has drawn
considerable attention for the need of environmentally
friendly, clean chemical technologies to remove the contaminants. Natural water sources today are threatened by
the high concentration of hazardous chemical substances,
such as phenol, bisphenol A, phthalates, azo dyes, herbicides, pesticides among others, most being the contribu-tion
from oil refining and industrial discharges[1,2]. Ex-cess use
of fertilizers and pesticides[3], pharmaceutical residues[4],
land filling of domestic wastes[5] from rotting of
vegetation[6] contribute to pollute water resources. Phenol
is a hazardous and a recalcitrant water pollutant, difficult to
be completely degraded through common waste water
treatment methods, leading to toxicity to-wards
microorganisms, causing serious environmental concerns.
It is a necessity to remove these toxic com-pounds from
natural water prior to its use.
Advanced oxidation processes (AOPs) are the best
technologies for the treatment of persistent organic pollutants to harmless end products. These techniques are
based on the generation of reactive species such as hydroxyl radicals. Semiconductor photocatalysts are increasingly applied technology for the reduction of or-ganic
and inorganic compounds in water. Many re-searchers have
reported that titanium dioxide (TiO2), zinc oxide (ZnO) and
tin dioxide (SnO2) are active catalysts capable of degrading
dyes, phenols and pesticides[7–10]. Furthermore, these
semiconductors have been recognized

as preferable materials for photocatalytic processes because of their high photosensitivity, nontoxic nature, low
cost of production 11and chemical stability[10,12–15]. In the
photocatalytic oxidation process, organic pollutantsare
decomposed in the presence of a wide-band gap semiconductor that promote reactions in the presence of UV
light without being consumed in the overall reaction[16].
Though the band gap of SnO2 (3.6 eV), ZnO (3.3 eV) and
TiO2 (3.2 eV) are quite comparable[17–19], SnO2 is not
used very frequently compared to the other two photocatalysts[18]. Photocatalytic degradation of organic compoundsis mainly achieved through irradiation with ultraviolet lamps, whose sources are mainly mercury vapor
lamps that require relatively high energy to run, contain
hazardous mercury, and needs cooling, leading to a short
life time. An option to replace Hg lamps is the use of light
emitting diodes (LED)[20–22]. Another alternative is the
utilization of solar light, which is abundant free source of
energy for providing environmentally friendly, green
chemical processes. Recent interest has developed in the
synthesis of SnO2 nanoparticles of different sizes[23,24].
In order to render the large band gap metal oxide
semiconductors photoactive in the visible region, several
attempts have been reported like doping TiO2 with nitrogen[25], ZnO with transition metals[15] or with rare earth
metals among others[24]. Incorporation of rare earth metal
ions into the SnO2 matrix introduces defects low-ering the
optical gap and hence leading to a better
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photoactivity in the visible region[24,26,27]. Several
studies of SnO2 doping with different metals to produce
nanocrystals have been reported in recent years[28–30].
On SnO2 stoichiometric surfaces, Sn4+ is easily reduced
to Sn2+ changing the surface electronic structure of the
ma-terial, leading to the formation of Sn5S. Also,
oxygen atoms residing on the nanoparticle surface lead
to ener-getically favorable reconstructions of the SnO2
(110) and (101) surfaces[31]. The oxygen vacancies thus
produced, easily bind with electrons to form an
excitation energy level below the conduction band of
SnO2. It is well known that the influence of rare earth
(RE) cations on the catalytic properties of SnO2 is
associated with acid/base characteristics of the oxides
involved[32–35]. SnO2 is an oxide (isoelectronic point,
iep ~4–7), whereby (RE) basic characters favor some
catalytic aspects[36]. Also (RE) metals incompletely
occupy 4f and empty 5d orbitals, imbibing the
formation of labile oxygen vacancies with relatively
high mobility of bulk oxygen species[25]. Dop-ing with
(RE) cations influences the material’s electronic
distribution, causing the absorption of oxygen species
and producing high surface area and smaller sized particles[37–39]. Rare earth metals co-doped TiO2 have shown
potential in red shifting absorption and thus improving
the photocatalytic activity of TiO2 more than undoped
TiO2 under visible light irradiation[40].
The most widely used solution for the synthesis of
SnO2 nanoparticle is sol-gel processes, based on hydrolysis of a reaction of metal alkoxidesin water:
Sn(C2H5O)4+4H2O ← →Hydrolysis Sn(OH)4+4C2H5OH (1)
The alkoxy groups are substituted by hydroxide groups
with the evolution of an inorganic network (sol) that is
followed by a second reaction (condensation) as
follows:

purity: 99.99%), sodium tetraborate (Na 2B4O7, Merck,
99.99%), sodium dihydrogen phosphate (NaH2PO4,
Merck, 99.99%), lanthanum nitrate hexahydrate
(La(NO3)3·6H2O, Fluka), cerium (III) chloride
anhydrous (CeCl3 Sigma Aldrich, 99%), (ammonium
cerium (IV) nitrate (NH4)2Ce(NO3)6, Sigma Aldrich,
99%), (neo-dymium (III) nitrate hexahydrate
(Nd(NO3)·6H2O, Sigma. Aldrich, 99%), gadolinium (III)
chloride (GdCl3, Sigma Aldrich, 99.9%), ethanol,
(C2H5OH, ETAX Aa Merck Absolute), phenol (C6H5OH
Sigma Aldrich, purity: 99.99%), p-benzoquinone (O:
C6H4:O, BDH, AnalaR 99.99%), resorcinol (C6H4(OH)2,
BDH, AnalaR 99.%), acetic acid (C2H4O2, Sigma
Aldrich, purity: 99.99%), catechol (C6H6O2, Sigma
Aldrich, purity: 99.99%), hy-droquinone (Sigma
Aldrich, purity: 99.99%), (sulfuric acid (H 2SO4, Sigma
Aldrich, 99.99%), hydrochloric acid (HCl, Sigma.
Aldrich, 99%), sodium hydroxide pellets (NaOH,
SigmaAldrich, 99%), and methanol (CH4O, Sigma
Aldrich, 99% HPLC grade), sodium chloride (NaCl,
BDH 99% AnalaR grade) were used in the ex-perimental
studies. Double deionized water with a high purity from
Ultra Clear Water SG was used for the preparation of all
solutions.

2Sn(OH)4←⎯Con⎯dens⎯ation⎯→2SnO2+4H2O

(2)

Two hydrolyzed molecules liberate water (gel), upon
linking together that occurs through the destruction of
the gel with the subsequent formation of
nanoparticulate materials[24,26,27]. Sol-gel method offers
several advan-tages, such as high purity, better
homogeneity, precise control over the stoichiometry,
and capability in control-ling the powder size and
surface of metal oxide at lower temperatures. In this
work, visible light active tin dioxide nanoparticles
doped with rare earth metals were synthe-sized and
detailed studies of photocatalytic activity stud-ies
under visible light irradiation were presented for
gadolinium doped SnO2 nanoparticles with phenol in
water as a test contaminant.

1 Experimental
1

Materials
Analytical-grade tin (IV) chloride (SnCl4, Sigma Aldrich,

1.2

Photocatalyst preparation

1.2.1 Synthesis of pure and doped-SnO2 nanoparticles
SnO2 nanoparticles containing different mass
percentages of rare earth metal (gadolinium,
lanthanum, ceriumand neodymium) ions in the starting
solution were syn-thesizedby sol-gel process,
according to the followingprocedure: 3.80825 mL of
SnCl4 mixed in 50 mL abso-lute alcohol (ethanol) and
50 mL ultra-pure water in around bottom flask and
used as precursor for synthesiz-ing control (undoped
SnO2) nanoparticles. The mixture was subjected to
vigorous stirring for 3 h at room temp-erature, until a
colourless solution was obtained. For the synthesis of
rare earth metals doped tin oxide nanoparti-cles,
different concentrations of rare earth metals (0.2 wt.%,
0.4 wt.%, and 0.6 wt.%) were mixed and dissol-ved
separately in ethanol and added to the precursor
solution. A turbid colloidal solution of tin alkoxide
started to appear after adding 25% aqueous ammonia
drop by drop into the solution with continuous stirring
until a pH value of 8 was reached. The sol was left for
48 h for aging in air until the gel was formed. Filtration
and successive washing with ultra-pure water was
repeated several times to remove both ammonia and
chloride ions until all chloride ions had been removed
(determined by examining the filtrate solution using
aqueous silver nitrate solution). Later a series of
samples were synthesized in the same way by
changing the concentration of tin tetrachloride and the
mass percentage amount of the required dopant. Each
dopant was added carefully and under vigorous
stirring to the total solution containing pure tin
tetrachloride. They were then subjected to dissolution
in ethanol
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and synthesis was carried out by using the same process
as explained for the undoped tin dioxide. The dopant
concentration studied in this work was kept up to 0.6
wt.%, because as we reported in out earlier work[24]
higher dopant concentration did not further improve
photocata-lytic activity of the material.

1.2.2 Material characterization
Optical absorption spectra were recorded in colloidal
suspension in a double beam spectrometer (Perkin
Elmer, Lambda 45). To study the surface morphology of
the prepared SnO2 and SnO2:Gd samples, transmission
elec-tron microscopy (TEM) were carried out with JEOL
(Ja-pan) (JEM 2100F) working at 200 kV. The
crystalline phase of the synthesized SnO2 and doped
SnO2 nanopar-ticles were analyzed by X-ray powder
diffraction (XRD) using a MiniFlex 600 diffractometer
(Rikagu,
Japan)
with
Cu
Kα
radiation
(wavelength=0.154 nm). Diffrac-tograms of powders
were recorded in 2θ scan configura-tion, in the 10º–80º
2θ range, with the data collected at steps of 0.02º. 200–
300 mg of sample was degassed at 300 ºC for 3 h under
nitrogen (N2) flow followed by a six point N2 adsorption
carried out at p/p0 of 1 to 5 in a Nova® 2200 analyzer.
Surface area was determined by gas adsorption technique
using Nova® 2200 (Brun-auer-Emmett-Teller (B.E.T.)
method).
1.3 Photocatalysis experiments

1.3.1 Visible light photocatalytic reactor
Pyrex-glassreactor was used with a cooling
water jacket in 250 mL capacity, 100 mm internal
diameter and 200 mm height. A 300 W xenon lamp
simulated solar light source (PLS-SXE300C, Beijing
Perfect light Co., Ltd., China), and was placed 71 mm
above the surface of contaminant during the
photocatalysis studies.

1.3.2 Solar light degradation
The second photoreactor was a borosilicate glass container with a 250 mL capacity, 100 mm internal diameter
and 200 mm height. Sun-light was positioned axially at
the center of the reactor for the photocatalysis studies
and the degradation studies were carried out at similar
periods of a day.

1.4

Experimental procedure

To investigate the effects of different dopants on the
photocatalytic activity of SnO2, oxidative photodegradation of phenol was chosen to evaluate the photocatalytic
activity of synthesized nanoparticles. The study of degradation of phenol in water was carried out at 25 ºC using
the water-cooled cylindrical glass batch photoreactor of
250 mL volume. The experimental conditions were varied
as follows: amount of catalyst powder (photocatalyst) was
kept at 0.065 mg in 50.00 mL; initial concentration of the
pollutant was varied from 5–100 ppm and the pH of the
solution was adjusted by addition of 0.5 mmol/L NaOH to
fix pH at 5.7. 10 mg/L phenol solution was

used to carry out photocatalysis experiments. Before
each test, the mixture was kept in the dark for 30 min
under constant magnetic stirring to ensure that the adsorption-desorption equilibrium was reached before illumination. The sample was then taken out at the end of
the dark adsorption period, prior to turning the light on
or before exposing to sunlight. When the lamp was
turned on, the irradiation time varied from 2–3 h;
aliquots of the suspensions were collected and removed
from the reactor every 15 or 30 min. At the given time
intervals, the photocatalyst particles were removed from
the samples first by centrifugation (4000 r/min, 5 min)
using Eppen-dorf Centrifuge (system model 5810R) and
then filtered through a 0.2 μm Millipore filters.

1.5

Analytical methods
The total organic carbon was determined by a Total
Organic Carbon Analyzer (TOC-VCPH Shimadzu)
equipped with an auto sampler (ASI-V Shimadzu). Prior
to the TOC determination, the solution was filtered
through a syringe filter of 0.2 µm pore size to remove
photocatalysts from the solution. To determine the COD
in phenol and its byproducts, samples were treated as
follows: 2 mL of supernatant in a screw cap tube was
amended with 0.05 g of mercury sulfate, 0.5 mL of 1.0
N potassium dichromate and 2.5 mL of concentrated
sulfu-ric acid (containing 5.5 mg silver sulfate per
gram), and refluxed for 2 h at 150 ºC in a heater model
DRB 200. After cooling, COD was determined by
absorbance using a Hach Lange model DR-2000
spectrophotometer (Hach Company, USA) according to
manufactures in-structions.
Phenol photodegradation byproducts were analyzed
using high performance liquid chromatography (HPLC),
containing a P580 high-precision pump from Dionex
(Germering, Germany), and fulfilling the requirement
for a measured delivery rate of the mobile phase. The
injec-tor was a Rheodyne (Cotati) 8125 valve fitted with
a 20 μL loop. The analysis was carried out using a C18
col-umn (5 μm silica) maintained at room temperature.
After elution from the column, the eluent passed through
a Dionex UVD 170S diode array detector set at 245 nm
for phenol detection. The mobile phase for the HPLC
sepa-ration was prepared by mixing methanol with water
in the ratio 45:55 and then adjusting the pH at 3.0 by
adding sulphuric acid (H2SO4). The mobile phase was
degassed in an ultrasonic bath, and then passed through
a Millipore filtration apparatus (0.2 µm). Photodegraded
phenol and control samples were then eluted at a flow
rate of 1 mL/min.
Capillary electrophoresis was used for monitoring
phenol and its byproducts with the P/Ace MDQ capillary
electrophoresis system (Beckmann Coulter Inc., Fullerton, Ca, USA). The data were collected and processed
with 32 Karat software (Beckmann Coulterinc). The
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buffer was prepared with 10 mmol/L sodium tetraborate
with 10 mmol/L sodium dihydrogen phosphate in milliQ-purified water. The pH of the buffer was 8.0. Standards and samples were injected by using 20 psi pressure.
Separation was carried out at 20 kV (reversed polarity),
at a constant capillary temperature 25 ºC. Fused silica
capillary with a total length of 50 cm was used and direct
UV detection at 254 nm was done.

2 Results and discussion
2.1 Crystallinity of SnO2 nanoparticles
doped with rare earth metals
The XRD pattern of undoped SnO2 sample showed the
presence of (110), (101), (200), (211), (002), (221) and
81 respectively, matching with the standard XRD file
of SnO2 (JCPDS-#41-1445) regarded as an attributive
in-dication of rutile SnO2 structure[41–44]. The doped
samples also show the SnO2 phases and no substantial
differences in XRD patterns could be observed as dopant
concentra-tion of Gd, La, Ce and Nd was less than 1%
in the start-ing solution. Typical XRD patterns of Gd
doped SnO2 and undoped tin dioxide samples are shown
in Fig. 1. No observable changes could be seen in the
XRD patterns of the other doped samples. The SnO2
crystallite sizes ob-tained from the Debye Scherrer
equation considering the most intense peak (110) peak
follows the well-known trend of crystallite size
reduction upon doping, inducing the most significant
crystallite size reduction, from 7.5 nm for undoped SnO2
particles to 3.2 nm for the gado-linium doped tin dioxide
(SnO2:Gd) samples, as shown in Table 1.
The specific surface area of undoped SnO2 particles
from gas adsorption studies was found to be 28 m2/g, increasing up to 58 m2/g for the 0.6 wt.% Gd doped tin dioxide.
Table 2 shows the changes in the surface area of rare

Fig. 2 XRD patterns of typical samples undoped tin dioxide
particles, cerium doped tin dioxide particles, neodymium doped tin dioxide particles, lanthanum doped tin
dioxide particles, and gadolinium doped tin dioxide
parti-cles synthesized by sol-gel process
Table 1 Estimated crystallite size of rare earth doped SnO2
nanoparticles from (110) peak using the Scherrer
equation
No.

Dopant

Size/nm

1

Undoped

7.5

2

SnO2:Ce (0.6%)

5.5

3

SnO2:Nd (0.6%)

4.1

4

SnO2:La (0.6%)

3.4

5

SnO2:Gd (0.6%)

3.2

Table 2 Comparison of different surface areas for rare
earth doped SnO2 nanoparticles
No.

Dopant

Surface area/(m2/g)

1

Undoped

28

2

SnO2:Ce (0.6%)

30

3

SnO2:Nd (0.6%)

35

4

SnO2:La (0.6%)

40

5

SnO2:Gd (0.6%)

58

earths (RE) doped tin dioxide nanoparticles where gadoGadolinium doped nanoparticles showed nearly double
high-est surface area compared to the undoped samples.
Gadolinium doping led to a prominent increase in the
visible light absorption of SnO2 nanoparticles compared
to the nanoparticles doped with other rare earth cations
as shown in Fig. 3. Thus, for all further studies, 0.6% Gd
doped SnO2 nanoparticles were cho-sen in this work.
2.2 Morphology of Gd-doped SnO2 nanoparticles

Fig. 1 XRD patterns of typical samples undoped, and SnO2:Gd
particles synthesized by sol-gel process

Typical electron micrographs (TEM) are shown in Fig.
4. Upon doping with gadolinium, the average grain size
of SnO2 nanoparticles were found to decrease that is in
agreement with the observations made from XRD and
gas adsorption measurements. The crystallite sizes are
comparable to what was estimated from XRD (Table 1).
Similar observations were made for samples doped with
other rare earths studied in this work (not shown).
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reacts with water molecules absorbed on the surface
H2Oab. Photogenerated electrons, e– migrate to the catalyst surface and molecular oxygen acts as acceptor species in the electron-transfer reaction as follows:
(3)
SnO2/Sc+hv→SnO2 (e–+h+)
SnO2 (h+)+H2Oab→SnO2+HO–+H+
(4)

Fig. 3 Typical optical absorption of undoped SnO2, Ce
doped SnO2, Nd doped SnO2, La doped SnO2 and
Gd doped SnO2 dried samples collected from a
suspension in aqueous media

SnO2 (e–)+O2→SnO2+O2–•
(5)
Superoxide anions formed during the process as given
below, also leads to the mineralization of phenol.
O2•– +H+→HO2•–
(6)
Eventually all the parent compounds and intermediates
will be oxidized into CO2. High performance liquid
chromatography (HPLC) was utilized to monitor the
photocatalytic degradation be-havior of phenol and to
identify the byproducts occurring at different irradiation
time. Six photoproducts were clearly identified in the
analysis:
hydroquinone,
resorci-nol,
catechol,
benzoquinone, 2-propan-ol and acetic acid. The qualitative
and the quantitative analysis by (HPLC), as shown in Fig.
5

shows the trends of the amount of six intermediates
produced during the photocatalytic degra-dation.
According to the substitution rules, OH radicals attack the
phenol molecules with higher probability in 1 and 4
positions versus OH group of the aromatic ring. Steady
decline of phenol concentration upon photocata-lytic
degradation over an extended period of time could be
observed. Appearance of hydroquinone followed by
catechol, benzoquinone, resorcinol, propanol and acetic
acid was recorded. The equilibrium between the de-graded
phenol and the phenol remaining in the solution determines

the degradation phenomenon.
In order to further confirm the results obtained from
Fig. 5, the photochemical oxidation process of phenol

Fig. 4 Typical scanning electron micrograph of undoped (a)
and gadolinium doped (b) tin dioxide nanoparticles
synthe-sized by sol-gel process

2.3

Photocatalytic degradation of phenol
A red shift in the optical absorption could be attributed

to defect states of the dopants SnO2 in the lattice. The
primary step in photodegradation begins with the photoexcitation of SnO2 generating electron-hole pairs; photogenerated holes, h+ migrates to the catalyst surface and

Fig. 5 Phenol photodegradation before and after 150 min by
gadolinium doped tin dioxide nanoparticles under optimized HPLC conditions and appearance of its different
byproducts
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degradation was monitored by capillary electrophoresis
(CE). Fig. 6 illustrates the trends of the amount of different intermediates produced during the photocatalytic
degradation of phenol. In Fig. 6 from the six byproducts,
hydroquinone was detected after 3 min retention time,
but catechol was detected after 2.5 min running time.
After 60 min of photocatalysis, the concentration of
phenol and some of its byproducts were found to decrease slightly and they went on decreasing with extended irradiation time. The presence of the three byproducts acetic acid, propanol and benzoquinone were
detected before 1 min, but resorcinol was observed at 2
min retention time. These results are in agreement with
the observations made with the HPLC studies on the
photodegradation process of phenol. Following the observations made from HPLC and CE studies, and reports
in the literatures[45,46]. The current experimental conditions are proposed in Fig. 7.
In Fig. 8 we observe that the COD concentration decreased with increasing irradiation time, showing that
degradation of total phenol was possible in about less
than 3 h using 0.6 wt.%Gd:SnO 2 and solar
photocatalytic degradation. The degradation of COD
matches reasona-bly well with the phenol reduction as
observed during HPLC studies (Fig. 5).
With regard to TOC in Fig. 9, the process exhibiting
the highest mineralization rate is also the combination of
0.6 wt.%Gd:SnO2 with solar light irradiation, achieving
a 95%–99% of TOC reduction after 150 min of
treatment. In the case of lower gadolinium percentages
of 0.2 wt.% Gd:SnO2, the TOC diminution is slower in
the initial stages, attaining a higher degree of
mineralization during the second hour of treatment
reached with TOC removal up to 75% after 150 min of
irradiation time. Whereas with the 0.4 wt.%Gd:SnO2 the
degree of mineralization achieved after 150 min of
photoirradiation is 89%.

Fig. 7 Different chemical photoproducts produced from phenol
photodegradation before its mineralization by CO2 and
water as it is analyzed by HPLC and CE

Fig. 8 High performance liquid chromatography (HPLC) and
chemical oxygen demand (COD) removal from phenol
solutions during 2 h of photocatalytic degradation by
SnO2:Gd under solar light irradiation

Fig. 6 Spectra of phenol photodegradation and reduction in the
intensity of phenol peak observed by chemical electrophoresis upon solar light degradation of phenol in the
presence of 0.6 wt.% gadolinium doped SnO2 nanopar-

Fig. 9 Total organic carbon (TOC) removal from phenol solutions during 2 h of photocatalytic degradation by differ-

ticles (Different phenol byproducts appeared in the figure)

ent Gd-doped-SnO2 under solar light irradiation
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With Ce3+ doped SnO2 samples, after 150 min irradiation, 66% of phenol was found to be removed, while 71%
of TOC mineralization was achieved in the pres-ence of
Nd doped SnO2 within 150 min of irradiation time, while
87% of phenol mineralization was observed in the
presence of La doped SnO2 during the same period. It can
also be seen from Fig. 10 that 99% of TOC re-moval was
achieved in the presence of Gd3+ doped SnO2. Recent
literature reported that RE metal doped titania exhibited
the highest photocatalytic activity because of its ability
of higher adsorption sites, increase of BET surface area,
decrease of the crystallite size and preven-tion of
electron-hole recombination[47,48]. Upon doping the
catalyst with Gd the TOC mineralization was found to
increase from 33% with undoped tin dioxidenanoparticles to 99% SnO2:Gd. Thus a threefold improvement in
phenol removal was observed when Gd doped nanoparticles were used upon 150 min irradiation as can be seen
from Table 3.

Fig. 10 Total organic carbon (TOC) removal from phenol solutions during 2 h of photocatalytic degradation by different Gd-doped SnO2, La-doped SnO2, Nd-doped-

SnO2, Ce-doped-SnO2, control and irradiation
only
Table 3 Comparison of photocatalytic performance of different RE doped tin dioxide nanoparticles on phenol degradation
Catalyst

Phenol degradation by TOC

Phenol degradation by HPLC

after 150 min irradiation/wt.%

after 150 min irradiation/wt.%

Control

32.6

46

SnO2:Ce

65.5

88.3

SnO2:Nd

70.8

95

SnO2:La

86.6

100

SnO2:Gd

98.5

100

3 Conclusions
Sol-gel synthesized tin dioxide nanoparticles were
shown to be visible light active for photocatalysis upon
doping with rare earth metals. Gadolinium doped tin dioxide (SnO2:Gd) nanoparticles were found to have the
highest visible light absorption and was used to study the

mineralization process of phenol in water. Increase in
dopant concentration in the photocatalyst improved the
photodegradation. From the study of the byproducts obtained upon photocatalytic degradation of phenol a reac-tion
pathway was proposed. It was observed that Gd doped SnO2
nanoparticles are effective photocatalysts that can find
applications in the real world.
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Abstract Lanthanum (La)-doped tin dioxide (SnO2) nanoparticles were synthe-sized
by a modified sol–gel method at room temperature. The samples were char-acterized
by X-ray diffraction, scanning electron microscopy, and transmission electron
microscopy. The photocatalytic activity of La:SnO2 samples were inves-tigated by
studying the degradation profile of phenol and its by-products in water. The treated
samples were analyzed by HPLC–UV and a UV–Vis spectropho-tometer.
Benzoquinone, catechol, resorcinol, hydroquinone, acetic acid, and 2-propanol were
identified as phenol degradation intermediates. Maximum con-centration acquired
was in the order of catechol, resorcinol, hydroquinone, and benzoquinone, which was
observed in the beginning stages while iso-propanol and acetic acid were observed
in the final stages of phenol degradation. We achieved a complete photodegradation
of a 10 ppm aqueous phenol solution and intermediates with 0.6 % of SnO 2:La
nanoparticles in 120 min under artificial solar irradiation. A maximum degradation
rate constant of 0.02228 min-1 of propanol and a minimum of acetic acid 0.013412
min-1 were recorded at 37 LC.

&

Joydeep Dutta
joydeep@kth.se; dutta@squ.edu.om
Abdullah M. Al-Hamdi
Abdullah.Al.hamdi@lut.fi
Mika
Sillanpa¨a¨
Mika.sillanpaa@lut.fi

1

Laboratory of Green Chemistry, Lappeenranta University of Technology, Sammonkatu 12,
50130 Mikkeli, Finland

2

Chair in Nanotechnology, Water Research Center, Sultan Qaboos University, PO Box 33,
123 Al-Khoudh, Muscat, Sultanate of Oman

3

Functional Materials Division, ICT, KTH Royal Institute of Technology, Isafjordsgatan 22,
164 40 Kista, Stockholm, Sweden

123

3056

A. M. Al-Hamdi et al.

Keywords Photocatalysis SnO2 Rare earth metal Lanthanum By-product Phenol

Introduction
The overuse of pesticides, pharmaceuticals, and personal care products in modern
society leads to many kinds of organics polluting the environment. Phenols or
derivatives of phenols are commonly encountered organic pollutants in toxic waste
discharged in industrial effluents [1, 2]. The accumulation of these toxic pollutants
can adversely affect human life and derail sustainable development [3, 4] because of
their toxicity, endocrine disrupting abilities, and carcinogenic behavior [5]. Phenol
and its by-products are released into the air and water as a result of industrial activities
[6]. Sources of phenol and its derivatives in water has been found in waste water
discharged from refining activities of oil and coal tar industries [7], distillation of
wood or coal [6], phenolic chemicals used in livestock dips [8], and discharges of
domestic sewage or rotting vegetation [9]. The European Union and other countries
have included some phenols in their list of priority pollutants [10], thus; it is
important to develop new and effective treatment processes for the removal of
organic and inorganic pollutants from water.
Advanced oxidation processes (AOP) are among the most effective technologies
for the treatment of organic pollutants, because they can generate strong oxygenbased oxidizers (OH) [11], which can react non-selectively with different types of
organics and can achieve complete oxidation [12]. AOP techniques can be built up
using a combination of chemical and physical agents such as a catalyst and ultraviolet
light [13].
Photocatalysis is a green technology for water treatment to remove recalcitrant
organic compounds. Tin dioxide or stannic oxide (SnO2) is one of the most promising
metals oxide semiconductor photocatalysts, in which the inherent oxygen vacancies
act as n-type dopants leading to effective charge separation in the presence of a
pollutant [14]. SnO2 has a rutile type tetragonal crystal structure, and its band gap is
3.6 eV at room temperature [15]. There are numerous applications of SnO2, as gas
sensors, pH sensors, and biosensors [16], in lithium ion batteries [17], transparent
conductive electrodes, [18] etc. SnO2 is, however, less studied compared to the other
photocatalysts such as titanium oxide TiO2 and ZnO [19]. Thus, it is of interest to
investigate the influence of dopants on the enhancement of the photocatalytic
activities of SnO2 [20]. In addition, these semiconductors have been recognized as
preferable materials for photocatalytic processes due to their high photosensitivity,
nontoxic nature, low cost, and well-known chemical stability [21– 25]. Apart from
these properties, a good visible–light photocatalyst should have a high specific
surface area and an adequate optical absorption band to be able to absorb sunlight.
Incorporation of metal ions into the SnO2 matrix could introduce defects lowering
the effective optical gap and, hence, leading to a better photocatalytic activity [26,
27]. Renewed interest in the synthesis of SnO2 nanoparticles of different sizes has
probably arisen to address these problems [28–30].
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Photocatalytic degradation of organic compounds is mainly achieved by
ultraviolet light irradiation due to the wide metal oxide bandgap. A better alternative
is to use visible light, or solar irradiation as it is an abundant free source of energy.
Many ways have been developed for rendering the wide band gap metal oxide
semiconductors photoactive in the visible region [31]. Of these, incorporation of
defects in the metal oxides with transition metals is very popular [28]. For example,
rare earth metal ions incorporated into the SnO2 matrix introduces defects in the
valence band tail states, effectively lowering the optical gap and, hence, leading to a
better photoactivity in the visible region [32–34]. Several studies of SnO2 doping
with different metals to produce nanocrystals have been reported in recent years. [35–
37] Sn4? can be easily reduced to Sn2? leading to a change in the surface electronic
structure of SnO2. Oxygen atoms on the surface of SnO 2 nanoparticles lead to
energetically favorable reconstructions of the SnO2 (110) and
(101) surfaces [38]. These oxygen vacancies bind with electrons forming an
excitation energy level below the conduction band of SnO 2. As rare earth metals
incompletely occupy 4f and 5d orbital’s, formation of labile oxygen vacancies with
relatively high mobility of bulk oxygen species can occur very easily [39]. Sol–gel
synthesis of SnO2 nanoparticle is very popular as it is based on simple
hydrolysis of metal alkoxides in aqueous media:
hydrolysis

Sn(C2H5O)4 + 4H2O→

Sn(OH)4 + 4C2H5OH

The alkoxy groups are replaced by hydroxide groups forming an inorganic
network (sol) that is followed by a second reaction (condensation) as follows:
condensation

2Sn(OH)4→

2SnO2 + 4H2O

The sol–gel method offers several advantages, including the formation of
homogeneous nanoparticles, precise control over the stoichiometry, and purity while
the reaction takes place at lower temperatures.
In this work we describe the preparation of La doped tin dioxide nanoparticles at
room temperature, using the sol–gel synthesis method. The photocatalytic properties
SnO2:La nanoparticles were evaluated by studying the degradation profile of phenol
and its intermediates that will contribute to a better understanding of the phenol
degradation processes. This work provides a framework for studying degradation
pathways in similar and for complex organic toxins.

Experimental
Materials
Analytical-grade tin (IV) chloride (SnCl4-, Sigma Aldrich, Purity: 99 %), lanthanum
nitrate hexahydrate (La (NO3)3 6H2O, Fluka), ethanol (C2H5OH, ETAX Aa Merck
Absolute), phenol (C6H5OH, Sigma. Aldrich, 99 %), catechol (C6H6O2, Sigma
Aldrich, Purity: 99.99 %), hydroquinone (Sigma Aldrich, Purity: 99.99 %),
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p-benzoquinone (O: C6H4:O, BDH, AnalaR 99.99 %), resorcinol (C6H4(OH)2,
BDH, AnalaR 99. %), acetic acid (C2H4O2, Sigma Aldrich, Purity: 99.99 %),
propan-2-ol ((CH3)2CHOH, Sigma Aldrich, Purity: 99.99 %), sulfuric acid (H2SO4,
Sigma Aldrich, Purity: 99 %), hydrochloric acid (HCl, Sigma. Aldrich, 99 %),
sodium hydroxide pellets (NaOH, Sigma. Aldrich, 99 %) and methanol (CH 4O,
Sigma. Aldrich, 99 % HPLC grade) were used in the experimental studies. Double
deionized water with a high purity from Ultra Clear Water SG was used for the
preparation of all solutions.
Photocatalyst preparation
Synthesis of pure and doped-SnO2 nanoparticles
Nanoparticles containing various molar compositions of SnO2 were chemically
synthesized by the sol–gel method, following the procedure described below:
3.80825 ml of SnCl4 mixed in 50 ml absolute alcohol (ethanol) and 50 ml ultra-pure
water in a round bottom flask and used as a precursor for synthesizing undoped SnO 2
nanoparticles. The mixture was subjected to vigorous stirring for 3 h at room
temperature, until a colourless solution was obtained. For the synthesis of lanthanum
metal doped tin oxide nanoparticles, a certain concentration of this metal was mixed
and dissolved separately in ethanol and added to the precursor solution. A turbid
colloidal solution of tin alkoxide started to appear after adding (25 %) of aqueous
ammonia drop by drop into the solution upon continuous stirring until a pH value of
8 was reached. The sol was aged for 48 h in air until a gel was formed. Filtration and
successive washing with ultra-pure water was repeated several times to remove both
ammonia and chloride ions until all chloride ions had been removed (determined by
examining the filtrate solution using aqueous silver nitrate solution). The dopant
concentration studied in this work was kept up to 0.6 %, following our previously
reported work [32].
Material characterization
Optical absorption spectra of colloidal suspension were recorded in a double beam
spectrometer (Perkin Elmer, Lambda 45). To study the surface morphology of the
SnO2:La samples, scanning electron microscopy (SEM) was carried out with JEOL
(JSM-5600LY) (Japan) working at 30 kV. High resolution transmission electron
microscopy (HRTEM) was carried out with JEOL (JEM 2100F) (Japan) working at
200 kV. The crystalline phase of the synthesized SnO2 nanoparticles were analyzed
by X-ray powder diffraction (XRD) using a MiniFlex 600 diffractometer (Rikagu,
˚

Japan) with Cu Ka radiation (wavelength = 1.54 A). Diffractograms of powder was
recorded in a 2h scan configuration, in the 10L–80L 2h range, with the data collected at
steps of 0.02L. Then, 200–300 mg of sample was degassed at 300 LC for 3 h under
nitrogen (N2) flow, followed by a six point N2 adsorption carried out at p/p0 of 1–5 in a
Nova 2200 analyzer. The surface area was determined by a gas adsorption technique using
the Nova 2200 (Brunauer–Emmett–Teller (BET) method).
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Photocatalytic experiments
UV photocatalytic reactor
The photoreactor was a cylindrical Pyrex-glass container of 50 mm internal diameter
and 300 mm in height with 250 mL capacity. An 8 W medium pressure mercury lamp
(Osaka, Japan) was used with an intensity of about 80 W/m2 and the reaction
temperature was kept at 25 LC by cooling with water.
Visible light photocatalytic reactor
The Pyrex-glass reactor was used with a cooling water jacket with a 250 ml capacity,
100 mm internal diameter, and 200 mm height. A 300 W xenon lamp simulating a
solar light source (PLS-SXE300C, Beijing Perfect light Co. Ltd., China) was placed
71 mm above the surface of contaminant during the photocatalysis studies.
Experimental procedure
To investigate the effects of SnO2:La, oxidative photodegradation of phenol and its
intermediates were chosen to evaluate the photocatalytic activity of synthesized
nanoparticles. The study of degradation of phenol and its by-products in water was
carried out at 25 LC using the water-cooled cylindrical glass batch photoreactor of
250 mL volume. The experimental conditions were varied as follows: The amount of
catalyst powder (photocatalyst) was kept at 0.065 g in 50.00 mL; the initial
concentration of the pollutant was varied from 5–100 ppm and the pH of the solution
was adjusted by the addition of 0.5 N NaOH to fix pH at 5.7. Then, 10 mg/ L phenol
solution was used to carry out photocatalysis experiments. Before each test, the
mixture was kept in the dark for 30 min under constant magnetic stirring to ensure
that the adsorption–desorption equilibrium was reached before illumination. The
sample was then taken out at the end of the dark adsorption period, prior to turning
the light on or before exposure to sunlight. When the lamp was turned on, the
irradiation time varied from 2 to 3 h; aliquots of the suspensions were collected and
removed from the reactor every 15 or 30 min. At the given time intervals, the
photocatalyst particles were removed from the samples first by centrifugation (4000
rpm, 5 min) using an Eppendorf Centrifuge (system model 5810R) and then filtered
through 0.2 lm Millipore filters.
Analytical methods
Phenol photodegradation by-products were analyzed using high performance liquid
chromatography (UHPLC focused), containing a P580 high-precision pump from
Thermo Scientific (Germering, Germany), and fulfilling the requirement for a
measured delivery rate of the mobile phase. The injector was a Rheodyne (Cotati)
8125 valve fitted with a 20 lL loop. The analysis was carried out using a C18 column
(5 lm silica) maintained at room temperature. After elution from the
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column, the eluent passed through a Variable Wavelength Detectors (VWD-3400RS)
set at 245 nm for phenol and its intermediates detection. The mobile phase for the
HPLC separation was prepared by mixing methanol with water in the ratio 45:55 and
then adjusting the pH at 3.0 by adding sulfuric acid (H 2SO4). The mobile phase was
degassed in an ultrasonic bath, and then passed through a Millipore filtration
apparatus (0.2 lm). Photodegraded phenol and control samples were then eluted at a
flow rate of 1 mL/min.
The change in phenol concentration in each photodegraded solution was also
monitored by an ultraviolet–visible (UV–Vis) spectrometer (Perkin Elmer Lambda
45), and the maximum absorbance of phenol was measured at k max = 269 nm.

Results and discussion
Crystallinity of SnO2 nanoparticles doped with lanthanum
The XRD pattern (Fig. 1) showed that the diffraction angles at 2h = 26.3L, 33.6L,
51.5L, and 65L that can be assigned to (110), (101), (211), and (112) planes of the of
SnO2, respectively, matching with the standard XRD file of the rutile phase of SnO 2
(JCPDS-#41-1445) [40–43]. SnO2 crystallite sizes obtained from the Debye Scherrer
equation considering the most intense peak (110) follows the well-known trend of
crystallite size reduction upon doping. An increase in surface area was also observed,
which was attributed to the decrease in grain size as it can be seen from Table 1.

Fig. 1 X-ray diffraction (XRD) patterns of SnO2:La and pure undoped particles synthesized by the sol–
gel process
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Table 1 Comparison of surface
areas and estimated crystallite sizes
for undoped and lanthanum doped
SnO2 nanoparticles
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Dopant

Size nm

Surface area

Undoped

7.5

28

SnO2:La

3.4

40

Fig. 2 Typical scanning Electron Micrograph of SnO2:La nanoparticles synthesized by the sol–gel process

The 3.4 nm crystallites agglomerate to form 50 nm particles as observed by SEM
(Fig. 2). In order to get a better insight into the morphology, we carried out high
resolution HRTEM as shown in Fig. 3.The crystallite sizes are comparable to what
was estimated from the XRD. The surface area of the synthesized nanoparticles was
found to be between around 28–40 m2/g.
Photocatalytic degradation
Photodegradation occurs due to the formation of active radicals during redox reaction.
When a photocatalyst absorbs a photon of light (hv), it is enough to excite the electrons
to the higher states creating an electron (e-) and a positive-hole (hþ) pair

SnO2 + hv → SnO2 (e⁻CB h+VB)
The holes (h+) dissociates water molecules to generate hydroxyl radicals and
hydrogen gas
SnO2 (h+VB) + H2Oads → SnO2OH⁻ads + H+:
The holes (h+) mostly react with water (i.e., hydroxide ions, OH⁻ ) to produce
OH•, which is very a powerful oxidant.
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Fig. 3 Typical high resolution
transmission Electron
micrograph of SnO2:La
nanoparticles synthesized by the
sol–gel process

SnO2 (h+VB) + OH⁻ads → SnO2 + OHads
The electron reacts with an oxygen molecule to form superoxide radicals (O 2 ).
The hydroxyl radical is an extremely powerful oxidation agent, and the cycle
continues until light is available.
SnO2 e⁻CB) þ O2ads ! SnO2 þ O2
The hydroxyl radical will oxidize the pollutant and any intermediates, and the final
product is carbon dioxide and water.
SnO2 hþVB + phenol → SnO2 + oxidized products
UV–Vis spectroscopy
UV scans (200–400) were used to investigate possible intermediates formed in
solution during photodegradation of phenol by using SnO 2:La. Previous research on
phenol degradation has shown that phenol first degrades to benzoquinone and then
the ring is opened to form other smaller byproducts like the carboxylic acids [44, 45].
The adsorption ability of the samples were tested, and it was found that after 30 min
in dark conditions, very minimal changes of phenol adsorption were observed on the
SnO2:La nanoparticles. The UV–Vis spectra at different time intervals during phenol
photodegradation with SnO2:La are shown in Fig. 4. At the outset only one broad
peak was present at 269 nm that was observed due to
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Fig. 4 Spectra of phenol photodegradation and reduction in the intensity of phenol peak observed by UV–
Vis spectrophotometry in the presence of 0.6 wt% lanthanum doped SnO 2 nanoparticles. The appearance
of different phenol byproducts appear in the Figure

absorption in the aromatic ring. This absorption band was used as a reference for the
photodegradation analysis. A clear decrease of the 269 nm absorbance band intensity
was observed with increasing photo irradiation time (Fig. 4). A slight decrease of the
269 nm absorbance band, but a simultaneous increase at the 290 nm band and a higher
increase of the 246 nm absorbance band can be associated with the formation of
phenol, hydroquinone (HQ), and benzoquinone (BQ), respectively, within 15 min of
photo irradiation. After 30 min of light irradiation, the phenol absorbance band was
reduced, but a concurrent increase and broadening of the 290 nm band and a rising
increment with broadening of a 246 nm band was observed. After 60 min of
irradiation, the characteristic peak at 290 nm reduces, and the 246 nm peak intensity
decreases with the disappearance of the phenol peak. After 90 min of irradiation, it
is clear that all phenol was degraded and also the formed intermediates are being
further degraded.
Intermediates of phenol degradation
HPLC separation technique
In order to conclusively characterize the byproducts formed during the photocatalytic reaction, chromatographic techniques were used to study the degraded phenol
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Fig. 5 Separation of phenol and its by-products form benzoic acid and paraben mixture observed by
(HPLC)

mixture. Degradation of phenol in water, followed by the formation of many
intermediates, some of which could be more toxic than phenol itself, which causes
symptoms such as muscle weakness, convulsions, and coma upon contact to human
skin. Phenol, upon oxidation, produces several aromatic intermediates, such as
benzoquinone, catechol, resorcinol, and some acyclic compounds, including oxalic
acid, formic acid maleic acid, and fumaric acid. We have been able to separate phenol
by-products in solutions during photocatalysis, by different techniques such as
GC/MS and also using techniques to quantify these intermediates by HPLC and CE.
Here, we used a simple reverse phase HPLC technique to separate the parabens,
benzoic acid, phenol, benzoquinone, catechol, resorcinol, hydroquinone, acetic acid,
and isopropanol in less than 5 min as shown in Fig. 5. Maximum concentration of
intermediates obtained is in the order catechol [ resorcinol [ hydroquinone [ benzoquinone as shown in Fig. 6.
In fact OH generated from photocatalytic degradation of phenol reacts with OH -,
either to produce catechol or hydroquinone. Catechol or hydroquinone reacts with
OH- to form benzoquinone. Upon continuous oxidation, the benzene ring will be
opened leading to the formation of aliphatic compounds, which would finally
mineralize to CO2 and water. The degradation as observed by optical spectroscopy
is different from what was registered using chromatography as the extinction
coefficients play a part in the final optical absorption of the by-products. For
example, benzoquinone absorbs nearly ten times more than phenol around 269 nm,
which is the peak absorption of phenol. Thus, the formation of the by-products would
mask the degradation level of phenol if only optical spectroscopy is used. In effect
UV–Vis spectroscopy would not render a correct picture of the phenol degradation
process, thus all subsequent discussion are based on chromatographic studies (Fig.
7).
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Fig. 6 Evolution of phenol by-products during phenol photodegradation in the presence of SnO2:La
nanoparticles in a 10 ppm aqueous phenol solution

Fig. 7 Degradation of phenol and its by-products after 2 h treatment with SnO2:La

Degradation mechanism of phenol involving the O–H bond
Formation mechanism In order to better understand the degradation mechanism, the
major degradation by-products were studied independently upon photo irradiation.
The reaction of phenol starts by breaking the O–H bonds resulting in giving up a
proton thus forming an anion stabilized by the aromatic ring as shown in Fig. 8.
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Fig. 8 Possible degradation mechanism of phenol and resonance stability of phenoxide, and the formation
of the benzoquinone intermediate

Activation of the phenol by hydroxyl radicals will produce phenoxy radicals,
which are in resonance with radical structures in ortho and para positions [46]. The
three mesomeric forms of the radical are the initial formation of the different
intermediates. These radicals can react with the hydroxyl radicals to form compounds
such as hydroquinone, benzoquinone, and catechol as explained above.
Benzoquinone
Benzoquinone was traced in the degradation process for the first 30 min of
photodegradation. The formation rate of benzoquinone was found to be 0.0107
ppm/min, and the degradation rates were calculated from the reduction of
benzoquinone peak to be 0.00357 ppm/min.
Catechol
Degradation of phenol produces higher concentrations of catechol compared to any
other by-products, which might be related to the ortho directed properties group of
phenol. Catechol was formed within 15 min of phenol degradation and its
concentration increased to a maximum of 0.7 ppm, and kept increasing until it
reached 3 ppm after 45 min increasing at a rate of 0.1249 ppm/min. After 75 min,
concentration of catechol decreased at a rate of 0.0292 ppm/min. We can observe
from the graph that catechol keeps being produced until all the phenol is degraded.
Resorcinol
Resorcinol appeared from the beginning, and its concentration increased from 0.3
ppm until it reached to 1.5 ppm and became stable at that point after 75 min of
photocatalytic degradation at a rate of 0.0075 ppm/min. The almost stable
concentration of resorcinol production in our mixture means that it will be produced
by the same rate until all phenol can be removed from the solution. We also noticed
that resorcinol concentrations were higher than hydroquinone. In this
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case it seems that the substitution rules of OH radicals attacking the phenol molecule
with higher probability in 1 and 4 positions (ortho and para directing effect) are
weaker than the nonselective nature of attack of the OH group of the aromatic ring.
Hydroquinone
During phenol degradation, hydroquinone appeared after 30 min, and it was at a
maximum after 45 min of photo-irradiation at a rate of 0.0025 ppm/min. After 60 min
of phenol photodegradation, benzoquinone concentrations decrease sharply and
further slow reduction was observed until all phenol was removed from the solution.
Acetic acid
Ring opening of the by-products lead to the formation of acetic acid; pH also
increases (results not shown) [47]. Acetic acid appeared in the reaction medium after
45 min at a rate of 0.0015 ppm/min.
Iso-propanol
The 2-Propanol is also known as isopropanol, and has a neutral pH level of
approximately 7 (as we obtained from our previous analysis, result not shown) [47],
almost similar to pure water. It seems that propionic acid competes with acetic acid,
a reason why we are getting traces of this compound sometimes before acetic acid,
and at other occasions, after acetic acid. Iso-propanol appeared in the solution after
75 min of photocatalytic degradation at a rate of 0.0813 ppm/min.
Photocatalytic degradation of different aromatic compounds
To compare the photocatalytic activity of phenol and its intermediates, the
photocatalytic activity of phenol and its by-products in lanthanum doped tin dioxide
was investigated in a series of experiments with a control and 0.6 wt% La 3?–SnO2.
The influence of lanthanum doped tin dioxide nanoparticles on the degradation of
phenol and removal of its by-products in aqueous solution is presented in Fig. 7. The
overall degradation rate of phenol and its by-products was higher upon using
SnO2:La than those with pure (control) tin dioxide nanoparticles (Fig. 9).
A maximum rate of removal of the by-products, such as phenol was achieved
using La: SnO2 (Fig. 9). An observed rate of phenol degradation was fitted with firstorder rate constants (Table 2). The rate of degradation of propanol was quite similar
to phenol. The rate of degradation of phenol was slightly higher than that of acetic
acid. Slower degradation rates were also observed with catechol and resorcinol.
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Fig. 9 Kinetic study of photodegradation of phenol and its intermediates in the presence of 0.6 wt%
lanthanum doped SnO2 nanoparticles
Table 2 Kinetic parameters of
phenol and its byproducts
degradation in a photocatalysis
process
by
La:SnO2
nanoparticles

Organic molecule

Rate constant
K (min-1)

R2

Phenol

0.02228

0.9977

Propanol

0.02228

0.9961

Benzoquinone

0.0209

0.9952

Hydroquinone

0.017066

0.9834

Catechol

0.013839

0.9544

Resorcinol

0.013753

0.9158

Acetic acid

0.013412

0.9135

Conclusions
In summary, undoped and La doped SnO2 nanoparticles were successfully
synthesized by the sol–gel method, and the phenol intermediates formed during
photodegradation were studied. Photocatalytic experiments showed that La doped
SnO2 degraded all the by-products albeit with different rate constants. La doped
SnO2 nanoparticles are expected to be a promising candidate for effective
photocatalysis processes using sunlight irradiation that can find applications in the
real world.
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A B S T R A C T
Many phenols, phthalates and other toxins are released into the environment from indus-trial or agricultural
processes, or household waste. These compounds are often stable and difficult to degrade in wastewater
facilities, thus posing a serious long-time risk. The devel-opment of novel and efficient technologies for the
environmentally sustainable removal of these dangerous compounds from different sources is of crucial
importance. The photo-catalytic oxidation of organic pollutants in the presence of semiconductors such as
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tin(IV) oxide (SnO2 ) is a green technology and seems to be a highly promising technique for water treatment

Keywords:
Tin(IV) oxide

modifications in the design of the metal oxide, resulting in a lower recombination rate of electron–hole pairs
and an increase in the efficiency of the semiconductor during the excitation state, which allows the degradation
process of toxins to proceed under UV or visible light irradiation. This review article summarizes some of the

and for the removal of recalcitrant compounds. The photocatalytic efficiency of SnO2 can be enhanced via

Photodegradation
Photocatalysis
SnO2 doping

most relevant investigations and fundamental aspects related to SnO2 and its activity and discusses recent
achievements in the modification of SnO2 as a photocatalyst for phenol degradation.
© 2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Contents
1.

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

191

2.

Structure and properties of SnO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

191

3.
4.
5.

Photocatalytic activity of SnO2 in water—mechanistic aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
Application of undoped SnO2 in the photocatalytic degradation of organic pollutants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
193
Improving SnO2 photodegradation efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
5.1.Improving photodegradation efficiency by selective doping of SnO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
5.1.1.SnO2 coupled with othersemiconductors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
5.1.2. SnO2 doped with metals and metalloids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. 195
5.1.3.SnO2 doped with non-metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
Parameters affecting the photodegradation of organic pollutants in aqueous dispersion of SnO 2 . . . . . . . . . . . . . . . . . . . . .
...
198
6.1.Catalyst loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
6.2. Contaminant concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
6.3. Effect of the pH of the solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

6.

∗ Corresponding author at: Laboratory of Green Chemistry, Lappeenranta University of Technology, Sammonkatu 12, 50130 Mikkeli, Finland.

E-mail addresses: Abdullah.Al.Hamdi@lut.fi, alhamdi@squ.edu.om (A.M. Al-Hamdi).
http://dx.doi.org/10.1016/j.psep.2017.01.022
0957-5820/© 2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

PROCESS SAFETY AND ENVIRONMENTAL PROTECTION 1 0 7 ( 2 0 1 7 ) 190–205

6.4.

7.

191

Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
6.5.

Light intensity and wavelength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

6.6.

Crystallinity and surface area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
Acknowledgement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

1.

Introduction

Organic toxins are produced in numerous processes and released in often
substantial quantities from industrial and agricultural plants or household waste
(Michałowicz and Duda, 2007; Peng et al., 2008; Phipps et al., 1981). Many of
these compounds have carcinogenic properties and pose an immediate and also
long-term threat to our society and the environment in general (Ritter et al., 2002;
Sponza, 2003).
Over the last few years, protocols have been developed and applied to remove
such toxins from various sources. Most procedures are designed to purify wastewater via coagulation, flocculation, precipi-tation, adsorption, ion exchange and
membrane processing (Sun et al., 2015a). Although great progress has been
achieved in this field, many of these techniques are often unfeasible for large-scale
applications and many protocols are costly or have other limitations (Zhou and
Smith, 2002). Advanced oxidation processes (AOPs) are among the most
promising methods for removing organic toxins from water or other sources, even
on a large scale (Stasinakis, 2008; Wang and Xu, 2012). The mechanistic rationale
behind the application of AOPs is to create reactive hydroxyl radicals (OH • ) on
the catalyst surface, which then oxidatively degrade the toxins present in the
sample. In most cases, the catalysts have well characterized properties and display
diverse oxidative behavior when exposed to light (Maciel et al., 2004). Such
photocatalytic protocols are extremely effective as the intermediary formed
hydroxyl radical has an oxidation potential of 2.8 V, which is even higher than the

Fig. 1 – Representative search terms for the application of
photocatalysis.
(source: Scopus, January 2017)

oxidation potential of hydrogen peroxide (H2 O2 ) and only slightly smaller than

to produce reactive radicals (Thompson and Yates, 2006). Additionally, this source

the potential of fluorine (F2 ) as outlined in Table 1 (Bamuza-Pemu, 2014).

seems unlimited as in only 60 min the solar energy impact on our planet equals the
total energy consumption of humankind in one year (Lewis, 2007). Applications of

Many scientists have used photocatalysis to tackle environmental problems
and to remove hazardous chemicals from various sources. This innovative field of
research was pioneered by Fujishima, who reported the photo-electrochemical

photocatalytic processes with sunlight have attracted considerable attention and
have been reviewed elsewhere (Kudo and Miseki, 2009).

degradation of water on a TiO2 electrode upon exposure to UV irradiation as early

Various metal oxides have been investigated and evaluated as potential

as 1972 (Fujishima, 1972). Since then, many groups have been active in this field
of research and many protocols and processes have been developed.

photocatalysts. The most prominent examples are titanium dioxide (TiO 2 ), zinc

A variety of (different) light sources has been employed in pho-todegradation
studies. Many studies focus on the utilization of UV light as it possesses sufficient
energy to generate electron hole pairs (e− –h+ ) within the catalyst, which trigger
the formation of radicals and the oxidative degradation of the pollutants. Most
research groups have used mercury vapor lamps, which mainly emit UV radiation
at = 253.7 nm (UV-C) (Brickner et al., 2003). However, mercury vapor lamps have
a short life span and are quite expensive during opera-tion and their
environmentally benign disposal is costly. Xenon lamps, which show emission at
240 nm are more practical although accumu-lation of ozone has been reported when
these lamps are operated for prolonged periods (Miller et al., 2013). The least
expensive source of UV radiation is sunlight, which accounts for about 4–5% of
radiation in the UV-region of the electromagnetic spectrum with sufficient energy

Table 1-Oxidation potential

oxide (ZnO), and tin(IV) oxide (SnO2 ). The great interest in the development of
active photocatalysts is evidenced by the vast number of research publications
presented over the last few years. The result of a literature search with relevant keywords is summa-rized in Fig. 1 (source: Scopus; January 2017). According to this
survey; approximately 40,966 papers on the application of TiO2 and ZnO as
photocatalyst have been reported with the majority dealing with TiO 2 . SnO2 has
received less attention (approximately 500 research papers) despite the great
advantages of this material and the complete absence of secondary pollution due to
photoerosion.
The purpose of this review article is to summarize significant devel-opments
in the field of SnO2 -mediated photooxidation of pollutants and to draw attention
to this environmentally friendly and sustain-able method. Following a brief outline
of the structural properties of SnO2 , a section is devoted to the discussion of
possible modifications to improve the efficiency of the photocatalyst, followed by
a summary of parameters responsible for the degradation of phenol in aqueous solution. Because of the limitations of this review, results obtained with other
photocatalysts are omitted and the reader is referred to recent review articles (Lazar
et al., 2012; Lee et al., 2016; Teh and Mohamed, 2011).

2.

Oxidant

Oxidation potential (V)

Fluorine (F2 )

3.03

Hydroxyl radical (OH• )
Ozone (O3 )
Hydrogen peroxide (H2 O2 )
Potassium permanganate (KMnO4 )

2.80
2.07
1.78
1.68

Chlorine (Cl2 )

1.36

Structure and properties of SnO2

Tin(VI) oxide or stannic oxide (not to be confused with stan-nous oxide
with tin in the oxidation state of 2+ (Batzill and Diebold, 2005)), also
known as cassiterite (He and Zhou, 2013),
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Table 3 – Band gap
of
selected
photocatalysts
(Bamuza-Pemu,
2014; Kruefu et al.,
2012; Low et al.,
2008; Yu et al.,
2010; Zhang et
al.,2005).
Fig. 2 – SnO2 unit cell structure (Ben Mills (Public Domain) Rutile
structure,
07.01.2016.
https://en.wikipedia.org/wiki/
Rutile#/media/File:Rutile-unit-cell-3D-balls.png).

Table 2 – Properties of SnO2 (Chaisitsak, 2011; Du et al.,
2010). Table 2 – Properties of SnO2 (Chaisitsak, 2011; Du et al., 2010).
Rutile
structure

Crystal structure
Lattice constant

a = 0.47374 nm and c
= 0.31864 nm

Molecular weight

150.69 g/mol

Density

6.90 g/mol

Melting point

1500–1630 C

Boiling point

1800–1900 ◦ C

Photo-catalyst

Band-gap energy (eV)

Si
TiO2 (rutile)
SnO2
WO3
ZnS
ZnO
TiO2 (anatase)
SnO
CdS
ZnO

1.1
3.0
3.6
2.7
3.7
3.3
3.2
∼2.5–3.0
2.4
3.2

Some of the physicochemical characteristics of SnO2 are
summarized in Table 2.

ference between these bands, also called the energy band gap (E bg ), is
responsible for the electronic properties of the material (Linsebigler et
al., 1995). Together with the Fermi level (hypo-thetical energy level of
electrons), the band gap is an important parameter for describing the
potential of a material to act as semiconductor (Van Eldik and Hubbard,
2009). Generally less energy is required to excite electrons if the energy
band gap between CB and VB decreases.
The electronic properties of semiconductors are also, and to a much
greater extent, determined by the presence of small amounts of
impurities in the lattice structure of the metal oxide. These impurities
either create an excess of free holes (p-type semiconductor) or free
electrons (n-type semiconductor) (Kim et al., 2012). The doping process
changes the Fermi level by shifting the CB in the n-type or the VB in the
p-type semi-conductor, and thus narrows the Ebg . As a consequence, less
energy is required to generate excited electrons and photocat-alytic
activity can be observed upon irradiation of the catalyst with
electromagnetic radiation in the visible range (Mete et al., 2009; Sun et
al., 2016).
The electrical conductivity of SnO2 can moreover be attributed to the
presence of the inherent defects in the metal oxide (Zhang et al., 2014).
Such defects contribute to a signifi-cant narrowing of the Ebg band, thus
improving the properties of the material as a semiconductor. In this
respect, additional oxygen anions trigger the oxidation of Sn2+ to Sn4+ in
order to maintain the overall electrical neutrality (Sanal and Jayaraj,
2013; Zulfiqar et al., 2016).
The large band gap energy of SnO2 of 3.6 eV, which corresponds to
photoactivation in the UV range of the elec-tromagnetic spectrum,
makes this material, as well as ZnO and SiO2 , ideal photocatalysts for
the degradation of a vari-ety of organic pollutants (Ahmed et al., 2011).
Modification of the metal oxides reduces the band gap energy and
electro-magnetic radiation with lower energy can be utilized for the
activation of the catalyst. The band gaps of silicon and a vari-ety of metal
oxides are shown in Table 3 (Kruefu et al., 2012; Low et al., 2008).
In summary, SnO2 combines many positive properties, such as low
electrical resistance, high electrical conductivity and high optical
transparency in the visible region of the elec-tromagnetic range and the
material has found many useful applications (Mistry et al., 2016). In
addition to the application as a catalyst for the degradation of organic
toxins, the high affinity of the metal oxide towards CO and H2 promotes
its use as a sensing material (Yamazoe and Miura, 1992).

Generally in semiconductors the lower energy band (con-duction
band, CB) is packed with electrons while the upper band (valence band,
VB) is free of electrons. The energy dif-

Also, in comparison to other semiconductors, SnO2 photo-anodes
have many advantages in materials like dye synthesized solar cells,
which are characterized by high

◦

is an amphotheric colorless solid. This inorganic compound shows high
optical transparency and high reflectivity in the infrared region and the
material is characterized by its good chemical and thermal stability
(Bouras et al., 2014; Yadav et al., 2014). Because of these properties,
SnO2 has been considered for many applications. Among others, the
material was eval-uated as a catalyst, as a sensor, and as a raw material
for transparent films, infra-red mirrors or optoelectronic devices
(Anandan and Rajendran, 2015b). Also, the strongly oxidizing properties
make the oxide an ideal tool for the elimination of pollutants from water
and many other sources.
The crystal structure type of SnO2 is similar to the rutile phase
structure of TiO2 (Dou and Persson, 2013) (dimensions of the unit cell:
a = b = 0.47374 nm and c = 0.31864 nm, polar crys-tal with octahedral
and space group no. 136 P42/mnm (Yu et al., 2015)). In one unit cell, the
tin(IV) ion is surrounded by 6 oxygen ions and every oxygen is bordered
by 3 tin(IV) ions, resulting in a (6, 3) coordination structure (Entradas et
al., 2014) as shown in Fig. 2.
The discovery of the photocatalytic properties of TiO2 also led to a
range of proposals for photocatalytic applications of related oxides. The
high photosensitivity and thermosta-bility, as well as their low cost and
toxicity made ZnO and SnO2 valuable alternatives as photocatalysts
(Chaisitsak, 2011; Morimitsu et al., 2000; Rakibuddin and
Ananthakrishnan, 2016). The octahedral network is considered a
prerequisite for high photocatalytic activity because it increases the
mobility of e− –h pairs and consequently affects the probability of their
reaching the reaction sites on the surface of the photocatalyst (Abe et al.,
2006; Madelung et al., 1998).
+
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Fig. 3 – Schematic representation of the oxidation process taking place

Scheme 1 – Formation of reactive radical intermediates during
the photoactivation of SnO2.

on the crystal surface (Herrmann, 1999; Yang et al., 2010).

4.
Application of undoped SnO2 in the
photocatalytic degradation of organic pollutants
recombination resistances, faster charge transport, and more efficient
charge separation size distributions, all of which make important
contributions to the physical properties of the oxide (Azam et al., 2010;
Xi and Ye, 2010).

Although most applications take advantage of doped SnO2 in the
photodegradation of organic pollutants, some examples have been
reported that demonstrate the ability of the pure, undoped material in the
photocatalytic process. Although the process is highly efficient, UV light
must be used to activate the metal oxide as visible light does not have
sufficient energy to trigger the formation of e− –h+ pairs because of the

3.
Photocatalytic activity of SnO2 in
water—mechanistic aspects
As noted above, SnO2 is often characterized by oxygen vacan-cies which
enhance its properties as an n-type semiconductor. Because of the band
gap of 3.6 eV, corresponding to activa-tion with photons of a wavelength
of 350 nm (UV-A range), the material is perfectly suited as a
photocatalyst (Bhattacharjee and Ahmaruzzaman, 2015).
When exposed to light of sufficient energy, e− –h pairs are
generated which trigger the oxidative degradation of organic molecules.
+

Because of the high stability and low toxicity of insoluble SnO 2 , the
metal oxide can be utilized in the decom-position of environmentally
harmful compounds and toxins in waste water (Al-Hamdi et al., 2016b).
Over the last few years, many researchers have explored the application
of photocat-alysts for the purification of water and developed sustainable
protocols for the photodegradation of phenols and other pol-lutants
(Bhatkhande et al., 2002; Yawalkar et al., 2001).
The overall process is illustrated in Scheme 1 in abbrevi-ated and
simplified form (Al-Hamdi et al., 2015a). The route commences with the
activation of the photocatalyst and the formation of e− –h+ pairs (Eq.
1.1). These e− –h+ pairs migrate to the surface of the metal oxide and
generate highly reactive radicals. While h+ is capable of generating
hydroxyl radicals, either via the reaction of absorbed water (Eq. 1.2) or
hydroxyl anions (Eq. 1.3), e− triggers the formation of peroxy radical
anions (and hydroperoxyl radicals, Eq., 1.4) upon reaction with dissolved
oxygen (Bielski et al., 1985). These radical anions are then protonated
and form highly reactive hydroperoxyl radi-cals in the presence of H

+

(Eq. 1.5) or H2 O (Eq. 1.6) (Gaya and Abdullah, 2008).
Ultimately, organic toxins are converted into CO2 and H2 O upon
reaction with the abovementioned reactive species via a cascade of
reactions. The process is shown in Eq. 1.7 in highly abbreviated form.
The overall process is schematically outlined in Fig. 3.

large band gap energy of pure SnO2 . Recent examples are summarized
below.
SnO2 nanocrystals, synthesized from amino-acid chelated tin salts
were employed in degradation studies of rhodamine B. This combination
resulted in a close to 100% decrease of the rhodamine B concentration
after irradiation of the sam-ple for 150 min (Tammina and Mandal, 2016;
Wu et al., 2009). Similar results were also obtained when nanocrystalline
SnO2 particles prepared from tin oxalate using an eggshell mem-brane
were used for the rhodamine B degradation. The authors reported an
excellent 95% decrease in the concentration of the dye after exposure of
the solution to UV light for 1 h (Sangami and Dharmaraj, 2012).
Undoped SnO2 nanoparticles were also successfully employed in the
oxidative degradation of methy-lene blue, eosin Y (Diallo et al., 2016),
congo red (Haritha et al., 2016) and violet 4 dye (Tammina and Mandal,
2016).
The applications of undoped SnO2 are summarized in Table 4.

5.
Improving SnO2 photodegradation
efficiency
Despite the great potential of SnO2 semiconductors for pho-tocatalytic
applications, the practical applicability of the pure material is limited due
to the high activation energy of the compound (equivalent to irradiation
with UV light) and the swift recombination rate of the photogenerated
electrons (e− CB ) and electron holes (h VB ) (Yang et al., 2010). In
order to facilitate industrial applications, and to enhance the photo+

catalytic activity, the recombination of the e− –h+ pairs needs
to be inhibited (Stengl et al., 2009). One possibility is to add
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Table 4 – Some selected photocatalytic activities of SnO2.
Pollutant

Light source

RhB

250 W Hg lamp, > 365 nm

Experimental conditions

Results

C: 50 mg/50 mL; P:

Excellent photocatalytic

1.0 × 10−5 M
RhB

UV

MB; Eosin Y; Congo red

UV

Congo red

> 365 nm

Different conc. of SnO2 ; P:
−6
1.0 × 10 M
C: 2.5 × 10−6 M SnO2 ; P:
2.7 × 10−6 M
C:0.25 g SnO2 ; P: 1.0 × 10−6 M

Violet 4 BSN dye

125 W UV lamp, 254 nm

C: 10 mg SnO2 ; P: 25 mg/L

activity; small particle size
of SnO2
94% degradation after
60 min
50% degradation after
20–30 min

Ref.
Wu et al. (2009)

Sangami and Dharmaraj
(2012)
Diallo et al. (2016)

Pseudo 1st order; rate
k = 0.9212

Haritha et al. (2016)

100% degradation of the dye
in 40 min

Tammina and Mandal
(2016)

Abbreviations: rhodamine B: RhB; methylene blue: MB; concentration of catalyst: C; concentration of pollutant: P.

other semiconductors to the metal oxide with different elec-tron gap
energies. Ideally, the doped material then shows an enhanced
photocatalytic activity due to the decreased recom-bination rate of e− –
h+ pairs and the lower activation energy (Tojo et al., 2008; Kovács et al.,
2015).
The method used to prepare the doped material has a significant
influence on the photocatalytic properties of the material (Cristante et
al., 2007). However, external parameters also significantly alter the
overall efficiency of the photocat-alytic process. In this respect, the
temperature of the reaction mixture (Chong et al., 2010), the pH of the
aqueous solution (Anju et al., 2012), and the light intensity or the
wavelength of the photon source are important factors which need to be
carefully optimized (Cassano and Alfano, 2000).
The following section is devoted to a discussion of possi-ble
strategies to improve the properties of the metal oxide to guarantee
enhanced catalytic activity.

5.1. Improving photodegradation efficiency by selective doping
of SnO2
5.1.1.

SnO2 coupled with other semiconductors

The photocatalytic activity of SnO2 is significantly improved when the
metal oxide is doped with either short or wide band gap semiconductors
(Srinivasan and Bandyopadhyaya, 2016). SnO2 has frequently been used
in combination with TiO2 semi-conductors (Xiong and Balkus, 2007).
Vinodgopal and Kamat (1995) reported the successful photodegradation
of an azo dye (acid orange 7) in the presence of doped SnO2 . The group
found a ratio of SnO2 to TiO2 of 2:1 to be most effective for the
degradation process (Vinodgopal and Kamat, 1995). Peng et al. (2008)
synthesized SnO2 /TiO2 nanotubes with different SnO2 concentrations
and were able to show that the composite material allowed an increased
absorption of methylene blue on the catalyst surface, resulting in
enhanced catalytic activity of the metal oxide (Hou et al., 2007). The
best photocatalytic activity was achieved when a 5 wt.% of SnO2
suspension of nanotubes was used. Similar results with methylene blue
as pollutant were also reported by Sang and co-workers (Tu et al., 2009).
Additionally, comparable SnO2 /TiO2 composite material also showed
good results for the degradation of rhodamine B (Abdel-Messih et al.,
2013).
The increased activity of the composite material could be explained
by directing electrons from TiO2 into the CB of SnO2 and the
+

simultaneous migration of the photogenerated elec-tron holes (h ) into
the VB of TiO2 . This enhanced charge separation then results in an
increased oxidizing power of TiO2 and the composite material (Tu et al.,
2009).

ZnO doped SnO2 nanocomposite material was investigated for its
photocatalytic activity in the degradation of methyl orange under UV
light irradiation. The authors reported that the calcination temperature
strongly affected the particle size and further that the composite material
showed better pho-tocatalytic activity for the degradation of methyl
orange than either semiconductor alone (Zhang et al., 2005).
Mesoporous SnO2 doped with ZnO (m-SnO2 /ZnO) was
investigated for its activity in the photocatalytic oxidation of rhodamine
B under UV-irradiation. Again, the results showed that the
photocatalytic activity of m-SnO2 /ZnO was higher than that of m-ZnO
(Wen et al., 2007). Even a low concentration of ZnO produced a
significantly positive effect on the photocat-alytic properties of SnO2 .
The improved photocatalytic activity in the degradation of the dye under
UV light irradiation could be explained by the formation of a ZnO/SnO2
hetero-junction which triggered the separation of e− –h pairs (Zhang et
al., 2010).
+

Wang, Xu, and co-workers prepared a ternary mixture of ZnO, TiO2
, and SnO2 and tested the material for its pho-tocatalytic properties in
the degradation of methyl orange. The mixture showed enhanced activity
compared to that of pure metal oxides. The photocatalytic activity of the
mix-ture decreased when the calcination temperature exceeded 700 ◦ C
due to the formation of photoinactive ZnTiO4 , Zn2 SnO4 , and Zn2 Ti0.5
Sn0.5 O4 . When heated to 1300 ◦ C for a prolonged time, the mixture
completely lost its photocatalytic properties (Wang et al., 2005).
All results discussed above are summarized in Table 5.
In 2013, Gambhire reported the preparation of Cr2 O3 /SnO2
nanocomposite (Bhosale et al., 2013). The material was suc-cessfully
employed in the photocatalytic decomposition of rhodamine B. Zhuang
and co-workers explored the photocat-alytic activity of Fe2 O3 /SnO2
nanocomposite material. During this investigation, a sample of acid blue
62 was irradiated with visible light ( > 400 nm) for 3 h. The researchers
found that samples with a molar ratio of iron to tin of 2:1 showed the
highest photocatalytic activity. Also, the photocatalytic activ-ity
increased markedly as particle size decreased and was highest for
particles with a diameter of 15 nm (Xia et al., 2008). SnO2 /a Fe2 O3
showed enhanced photocatalytic ability under visible or UV irradiation
when compared to pure a Fe2 O3 (Niu et al., 2010). The same effect was
observed for SnO2 /V2 O5 nanowires, which showed higher
photocatalytic activity for the degradation of the dye under UV light than
pure V2 O5 (Shahid et al., 2010). Again, this improved photocatalytic
per-formance was attributed to the increase in the surface area of the
couple structure and the effective charge separation of
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Table 5 – Improved SnO2 photocatalytic efficiency by TiO2 and ZnO semiconductors.
Catalyst
SnO2 /TiO2

SnO2 /TiO2

TiO2 /SnO2

SnO2 /TiO2

Light source/pollutant

Experimental conditions
C: 0.54 mg/cm ; P:

orange 7

1.2 × 10

2 × 30 W UV lamps; P: MB

300 W Hg lamp; P: MB

UV lamp; P: RhB

Photodegradation efficiency

2

250 W Xe lamp; P: acid

Ref.

The coupled oxide

Vinodgopal and Kamat

enhanced the rate of
photocatalytic degradation
of the dye more than pure
oxide

(1995)

C: 0.05 g/100 mL; P:
−5
5 × 10 mol/L

TiO2 doped with 5 wt.%

Hou et al. (2007)

C: 0.05 g/100 mL; P:
−5
2 × 10 mol/L

TiO2 doped with 5.6% Sn

C: 0.1 g/100; P:
−5
1 × 10 mol/L

70% more degradation than

−4

mol/L

SnO2 showed best
photocatalytic activity
Tu et al. (2009)

showed best photocatalytic
activity
Abdel-Messih et al. (2013)

with pure oxide; about 92%
more decolorization for RhB

ZnO/SnO2

UV Hg lamp; P: MO

C: 0.25 g/100 mL; P: 20 mg/L

The calcination
temperature affected the
particle sizes.

Zhang et al. (2005)

ZnO/SnO2

500 W Xe lamp; P: RhB

C: 0.01 g/10 mL; P:
1 × 10−5 mol/L

The coupled semiconductor

Wen et al. (2007)

exhibited higher
photocatalytic activity than
pure ZnO or SnO2

ZnO/SnO2

50 W Hg lamp; P: RhB

P: 100 mL/10.0 ppm

Increased photocatalytic
activity of ZnO/SnO2
nanofibers

Zhang et al. (2010)

ZnO/TiO2 /SnO2

500 W Hg lamp; P: MO

not available

Greatly increased
photocatalytic activity

Wang et al. (2005)

Abbreviations: rhodamine B: RhB; methyl orange: MO; methylene blue: MB; concentration of catalyst: C; concentration of pollutant: P.

SnO2 /V2 O5 . SnO2 was also shown to have a positive effect on the
photocatalytic activity of Cu2 O for wastewater treatment (Du et al., 2010).
Moreover, a comparative study suggested that CuO/TiO2 /SnO2 catalysts
exhibited much higher catalytic activity than CuO/TiO2 and CuO/SnO2
catalysts (Li et al., 2009).
Zhuang and co-workers also prepared a CuO/SnO2 nanocomposite for
the photodegradation of acid blue 42 under xenon light irradiation. The
highest photocatalytic activity was achieved when a mixture of CuO and
SnO2 in a molar ratio of 1:1 was calcined at 500 ◦ C for 1 h as the material
obtained from this process was characterized by a high surface area (Xia et
al., 2007).
Zhang and co-workers developed a visible-light driven SnS2 /SnO2
nanocomposite photocatalyst. The material showed highly promising
photocatalytic properties when tested for the degradation of methyl orange
and was superior to SnS2 or SnO2 nanoparticles or physically mixed SnS2
/SnO2 particles. The significant catalytic activity was explained by the
matched band potentials of both semiconductors but slightly narrower band
gap of SnS2, which triggers the transfer of electrons from the CB of SnS2
to SnO2 after photoactivation (Zhang et al., 2011).

orange. Combining CdS with a small band gap of 2.4 eV with SnO2 with a
band gap of 3.6 eV was also found to be beneficial. The photocatalytic
activity for the oxidation of benzyl alco-hol to benzaldehyde under visible
light irradiation was higher than for the pure semiconductors because of the
improved e− –h+ pairs separation and the extended lifetime of electrons and
electron holes (Liu et al., 2015). Coupling BiOCl with SnO2 nanoparticles,
prepared via a two-step route, also showed enhanced photocatalytic activity
for the degradation of rho-damine B under visible light irradiation (Sun et
al., 2015b).
Some of the most promising results discussed above are summarized in
Table 6.
Finally, as a last example in this section, an applica-tion of SnO2 -based
nanocomposites in biological studies is highlighted. Karakas and coworkers investigated the photo-catalytic antimicrobial activity of Pd on
both SnO2 and TiO2 thin film samples against Escherichia coli (E. coli),
Staphylococ-cus aureus (S. aureus), Saccharomyces cerevisiae (S.
cerevisiae) and Aspergillus aiger (A. aiger) spores. The results indicated
higher antimicrobial activity of TiO2 than of SnO2 . However, the addi-tion
of Pd enhanced the activity of both metal oxides. The photocatalytic
antimicrobial efficiency for different microor-ganisms and spores
decreased in the order E. coli > S. aereus > S. cerevisiae > A. aiger (Erkan
et al., 2006).

Foletto prepared CeO2 /SnO2 nanocomposites and investi-gated the
catalytic potential of the material in the degradation of an azo dye under
irradiation with sunlight in an aqueous solution (Foletto et al., 2012). A
combination of Cr2 O3 /SnO2 was also confirmed to be a highly effective
photocatalyst as the concentration of rhodamine B decreased by 98% when
an aqueous solution was exposed to sunlight for 60 min. The activity of this
nanocomposite was shown to be significantly higher (approximately 3.5
fold) than the activity achieved with the standard P25 photocatalyst
(Bhosale et al., 2013).
A novel visible-light-driven SnS2 /SnO2 nanocomposite cat-alyst was
described by Zhang and co-workers. The group employed this material in
the oxidative degradation of methyl

5.1.2.

SnO2 doped with metals and metalloids

In recent years numerous applications of SnO2 doped with metal ions have
been reported. The following section provides an overview of these efforts.
For ease of reading, this section is divided into applications of SnO2 doped
with metalloids, transition metals, and rare earth elements.

5.1.2.1 SnO2 doped with metalloids. Antimony is one of the most
commonly used n-type dopants for SnO2, especially for the
preparation of n-type SnO2 thin film and the
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Table 6 – Improved SnO2 photocatalytic efficiency by coupled semiconductors.
Catalyst

Light source/pollutant

Experimental conditions
Photodegradation efficiency

Ref.

Cr2 O3 /SnO2

Sunlight; P: RhB

C: 0.5 g/L; P: 0.5 g/L

98.0% degradation under
visible light irradiation

Bhosale et al. (2013)

SnO2 /Fe2 O3

1000 W Xe lamp; P: acid
blue 62

P: 50 mg/L;

98.0% of Acid blue 62 in
60 min under visible light at
> 400 nm.

Xia et al. (2008)

SnO2 /aFe2 O3

4 W UV lamps; P: MB

C: 50 mg/150 mL; P:
1 x 10−5 mol/L

High activity of catalyst

Niu et al. (2010)

under visible or UV
irradiation

SnO2 /V2 O5

SnO2 /V2 O5 .P: toluidine blue
“O”

C: 15 mg/50 mL; P: 0.5 mmol

High activity of nanowires

Shahid et al. (2010)

SnO2 /Cu2 O

400 W Hg lamp; P: trifluralin

C: 50 mg/80 mL; P: 50 mg/L

High activity of
nanocrystals

Du et al. (2010)

SnS2 /SnO2

1000 W Xe lamp; P: acid
blue 62

C: 300 mg/L; P: 40 mg/L

High activity of
nanocrystals

Zhang et al. (2011)

CdS/SnO2

300 W Xe lamp; P: benzyl
alcohol

C: 50 mg/20 mL CH3 CN

Oxidation of benzyl alcohol
to benzaldehyde

Liu et al. (2015)

BiOCl/SnO2

500 W Xe lamp; P: RhB; MO;
MB

C: 25 mg/L; P: 0.01 mol/L

high photocatalytic activity
for RhB degradation under
visible light irradiation

Sun et al. (2015b)

Abbreviations: rhodamine B: RhB; methyl orange: MO; methylene blue: MB concentration of catalyst: C; concentration of pollutant: P.

properties of these mixtures have been thoroughly studied (Fadavieslam,
4+
5+
2016). Because of their comparable ionic radii (Sn ∼ 0.071 nm and Sb
5+
4+
∼ 0.065 nm), pentavalent Sb ions can replace tetravalent Sn ions,
especially at low concentra-tions of antimony (Al-Hamdi et al., 2016a). The
addition of Sb results in an excess of electrons and improved electrical conductivity (Li et al., 2015; Shanthi et al., 1999) and significantly modifies
the band structure of SnO2 (Mishra et al., 1995). Sb doped SnO2 showed
typical n-type conductivity with a wide optical gap and a high charge carrier
density. Doping SnO2 with antimony can also enhance the photocatalytic
activity by slowing down the recombination rate of e− –h+ pairs. Antimony acts as an e− –h+ pair trap, leading to an increased charge separation
in the photocatalyst. The Sb/SnO2 nanocompos-ite displayed lower
resistance, and remained transparent at a wavelength that included the
visible and the UV regions (Assia and Ratiba, 1999). Borras et al. (2006)
described the oxidation of p-methoxy-phenol (PMP) in aqueous solution in
the pres-ence of antimony doped SnO2 and observed the formation of CO2
(Borras et al., 2006). In another study, the photocat-alytic activity of 0.6
wt% Sb doped SnO2 was investigated in the degradation of phenol under
irradiation with sunlight (Al-Hamdi et al., 2016a).

Other scholars used nickel for doping on the doped Sb/SnO2 electrodes,
and the products were investigated for the electrochemical degradation of
toxic organic compounds. Enhancement of the electrodes was attributed to
the produc-tion of highly reactive hydroxyl radicals (Wang et al., 2006).
Results discussed above are summarized in Table 7.

5.1.2.2. SnO2 doped with transition metals. Doping semicon-ductors with
metal ions is one of the best ways of improving visible light photocatalytic
activity for the oxidative degrada-tion of organic compounds (Kim et al., 2005).
Many transition metals have been used to modify the electronic properties of
SnO2 . The most frequently tested transition metals for this purpose include gold,
manganese, silver, cobalt, and iron. A representative overview of results
obtained with these ele-ments is provided below.

2+

Sn
doped SnO2-x nano-crystals are tremendously
photocatalysts for the photodegradation of organic pollutants.

Xu and co-workers used this self-doped material for the degra-dation of
2+

4+

methyl orange under visible light irradiation. As Sn replaces Sn ions
in the rutile structure, oxygen vacancies are generated to maintain the
overall neutral charge of the metal oxide, thereby reducing the band gap
energies and facilitating activation of the photocatalyst with visible light
(Fan et al., 2013).
A recent study by Guang and co-workers confirmed that the temperature
during the calcination process has a major effect on the photocatalytic
properties of doped SnO2 nanocrystals. As the calcination temperature
increased, the photocatalytic properties of the nanomaterial were observed
to decrease.
Small amounts of transition metal ions (and also rare earth elements)
2+

such as manganese, Mn

3+

(or cerium, Ce

) helped to increase the oxygen

vacancies (Anandan and Rajendran, 2015a), resulting in enhanced
electronic properties and the luminescence activity of the semiconductor
(Gu et al., 2004). Such modifications with inexpensive additives will help
even-tually to develop cost-efficient photocatalysts for industrial
applications characterized by the required narrow energy band gaps, good
optical absorption quality, high chemical sta-bility, and high surface area.

Another additive proven to significantly enhance the pho-tocatalytic
activity of SnO2 is gold. Mulvaney and co-workers confirmed that goldcoated SnO2 particles were suitable cat-alysts as the dopant attracts
electrons, resulting in a more efficient charge distribution in the material
(Oldfield et al., 2000). Wu and his group applied gold doped SnO2 hybride
nanostructures and confirmed the increased photocatalytic activity of the
doped catalyst for the degradation of the organic dye rhodamine B.
Importantly, the photocatalyst was charac-terized by an increased surface
area and showed enhanced absorption of visible light (Wu et al., 2013).
Yang, Wang, and and co-workers prepared gold doped SnO2 nanoparticles
and used the material for the photocatalytic degradation of rho-damine 6G
(R6G). Again, the authors could demonstrate the superior properties of the
nanocomposite due to the e− –h+ separation at the SnO2 /Au interface and
the high specific sur-face area (You et al., 2013).

active
Cho and co-workers used silver in the preparation of photocatalytically
enhanced SnO2 nanocomposites using an
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Table 7 – Improved SnO2 photocatalytic efficiency by Sb doped SnO2 semiconductors.
Catalyst

Light source/pollutant

Experimental conditions

Sb/SnO2

Electrode potential; P: PMP

P: 0.1 M

Decreased degradation rate
with increasing pollutant
concentration

Borras et al. (2006)

Sb/SnO2

UV light solar light phenol

C; 65 mg/50 mL; P: 10 ppm

Highly photocatalytic
degradation and indication
of mineralization process

Al-Hamdi et al. (2016a)

Ni/Sb/SnO2

Potentiostat P: 4-CP

P: 8 mM (1028 mg/L)

High activity of doped
material because of

Wang et al. (2006)

Photodegradation efficiency

Ref.

increased OH• formation
Abbreviations: 4-chlorophenol: 4-CP; p-methoxy phenol: PMP; concentration catalyst: C; concentration of pollutant: P.

electrochemically active biofilm. The material was evaluated in
degradation studies of a variety of organic dyes and toxins, such as methyl
orange, methylene blue, 4-nitrophenol, and 2-chlorophenol, and showed
enhanced activity compared to pure SnO2 nanostructures upon irradiation
with light in the visible region (Ansari et al., 2014).
In addition to narrowing the band gap energies, doping of SnO2 with
transition metals or metalloids also has a major influence on the particle
size of the nanocomposites and the surface area. For example, cobalt doped
SnO2 nanoparticles show significantly reduced grain size, concomitantly
resulting in an increased photocatalytic activity. Entradas et al. (2014)
demonstrated the photocatalytic activity of cobalt doped SnO2
nanocomposites in the degradation of 4-hydroxybenzoic acid (4-HBA).
After irradiation of the sample with UV light for one hour, no perceptible
amount of the aromatic compound was found (Entradas et al., 2014).

recombination is inhibited, resulting in better charge separa-tion and
increased formation of reactive species on the surface of the photocatalyst
(Reszczynska´ et al., 2015). The effects mentioned above are further
enhanced as doping results in the formation of defects in the matrix which
lower the effective optical band gap energies and increase photocatalytic
proper-ties of the semiconductor (Hays et al., 2005).
Besides their application as photocatalysts for the degrada-tion of
organic pollutants, rare earth doped semiconductors have also found other
useful applications: Some rare earth metals have been used in the
production of lasers because of their intense luminescent properties and
these compounds serve as fluorescent displays and lamps (Piguet et al.,
1993).
The catalytic properties of semiconductors are also closely related to
their acid/base characteristics (Carreno˜ et al., 2004). SnO2 is an acidic
oxide, which has an isoelectronic point (iep) between 4 and 7. Rare earth
oxides are mostly basic. For exam-ple, the iep for La2 O3 is in the range

Zn-doped SnO2 nanorods used to decompose acid fuchsin showed a
much higher degradation rate than the pure nanoparticles (Huang et al.,
2012).
Iron doped SnO2 nanoparticles showed superior behav-ior when
prepared via a sol–gel hydrothermal route, instead of the common sol–gel
calcination process. The nanoparti-cles were characterized by a narrow size
distribution and a large specific surface area. The nanoparticles also showed

10–12 and the iep for Y2 O3 is approximately 11. The importance of the
acid/base proper-ties of the dopant became obvious when La2 O3 doped
SnO2 was employed as sensor for ethanol gas. The semiconductor became
very sensitive to slight changes in the pH and thus to the concentration of
ethanol (Harrison and Maunders, 1984; Matsushima et al., 1989). A similar
result was also obtained in the oxidation of methanol (Carreno˜ et al., 2002).

3+

improved thermal stability. With increasing amounts of Fe , a significant
red shift in the UV absorption was observed (Fang et al., 2008), equivalent
to the intended decrease of activa-tion energy. When used in degradation
3+

studies of organic dyes, nanoparticles containing 5% Fe
helped to
decrease the con-centration of the pollutant by 50% after an irradiation time
of 2 h (Davis et al., 2013).

Quenching in green luminescence intensity was observed in V doped
SnO2 compared to the undoped control substance. In addition, the sample
demonstrated superior photocat-alytic activity for degrading methylene
blue and rhodamine B (Mazloom et al., 2015). The addition of selenium to
SnO2 resulted in an improved electronic character of the nanoma-terial with
an decreased energy band gap (Kumar et al., 2016).
All results discussed above are summarized in Table 8.

Cerium doping has received much attention because the redox couple
3+

(Ce

4+

/Ce

) enables a shift from ROx to R2 Ox+1 (such as CeO2 to Ce2

O3 ) under oxidizing and reducing condi-tions. Also, the facile formation
of oxygen vacancies with their high mobility increases the photocatalytic
properties (Li et al., 2005). Furthermore, the combination of incompletely
+
occupied 4f and empty 5d orbitals helps in the formation of e− –h pairs
(Liu et al., 2008).

Samarium doped SnO2 was characterized by an enlarged surface area
of the nanoparticles and a decreased band gap, which resulted in the
enhanced photocatalytic degradation of different dyes (Singh et al., 2014).
Ti/Sb/SnO2 electrodes were doped with various rare earth metals and
applied in degra-dation studies on organic pollutants. Also, gadolinium and
europium were used as dopants for SnO2 and an increased activity of the
photocatalyst was observed. Interestingly, in this study, cerium increased
the activity of the catalyst only marginally (Cui et al., 2012).

5.1.2.3. SnO2 doped with rare earth metals. The addition of rare earth
elements to TiO2 or SnO2 significantly enhances the photocatalytic properties
of the semiconductors. Moreover, the doped metal oxide shows satisfactory
catalytic activity even in the visible range of the electromagnetic spectrum
(Reszczynska´ et al., 2014). One reason for the enhanced cat-alytic properties is

Al-Hamdi et al. (2014) showed that lanthanum doped SnO2 was
extremely efficient for the light-induced degradation of phenol. After an
irradiation time of 2 h with UV-light, more than 95% of the phenol was
oxidatively removed from the water sample. The doped material was much

the smaller particle size of doped SnO2 and the increased surface area as
determined by the Brunauer Emmet Teller (BET) method. Additionally, the e−

more efficient than a pure sample of SnO2 (Al-Hamdi et al., 2014).
Gadolin-

+
–h pair
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Table 8 – Enhanced photocatalytic activity of SnO2 by metal doping.
Catalyst

Experimental conditions

Photodegradation efficiency

Sn/SnO2

300 W Xe lamp; P: MO

Light source; pollutant

C: 50 mg/50 mL; P: 10 mg/L

High activity in visible light

Fan et al. (2013)

Ref.

Au/SnO2

Hg-W lamp; P: RhB

C: 100 mg/40 mL P:
10 ppm/500 mL

High activity of
nanocrystals

Wu et al. (2013)

Au/SnO2

300 W Hg; = 365 nm; P: R6G

C: .015 g/50 mL; P: 1 mmol/L

High activity of
nanocrystals

You et al. (2013)

Ag/SnO2

Visible light irradiation; MO
MB 4-Np 2-CP

C: 2 mg/20 mL P: MO
10 mg/L; MB 10 mL/L; 4-NP:
5 mg/L; 2-Cp: 50 mg/L

High activity of
nanocrystals under visible
light irradiation

Ansari et al. (2014)

Co/SnO2

450 W Hg lamp; P: 4-HBA

C: 3 g/L; P: 10 mg/L:

Complete photodegradation
of 4-HBA after 60 minutes

Entradas et al. (2014)

Zn/SnO2

500 W Hg lamp; P: acid
fuchsin

C: 100 mg/L; P: 4 mg/L

Degradation increased
8-fold compared to
undoped material; 60 min
irradiation

Huang et al. (2012)

Fe/SnO2

250 W UV lamp; RhB

C: 25 mg/50 mL; P: 25 mg/L

55% of RhB degraded after
2 hours

Davis et al. (2013)

V/SnO2

400 W UV lamp; MB RhB

C: 50 mg/50 mL; P: 30 ppm
for both dyes

High activity of
nanocrystals

Mazloom et al. (2015)

Abbreviations: 4-hydroxy benzoic acid: 4-HBA; rhodamine B; rhodamine 6G: R6G; methyl orange: MO; methylene blue: MB; 4-nitrophenol: 4-NP;
2-cholorophenol: 2-CP; concentration catalyst: C; concentration of pollutant: P.

ium doped SnO2 yielded comparable results (Al-Hamdi et al., 2015a).

recombination of the e− –h pairs is inhibited and elec-trons released during

Lanthanum doped SnO2 also revealed higher photo-catalytic phenol
degradation. Irradiation of the sample with sunlight resulted in a nearly
quantitative removal of the pol-lutant in less than 2.5 h (Al-Hamdi et al.,
2016b).
Some of the most promising results discussed above are summarized in
Table 9.

the irradiation of the photocatalyst are directed towards the surface of the
material (Tojo et al., 2008). Additionally, the photocatalytic properties are
further enhanced by oxygen deficiencies which are stabilized, as pointed
out in a previous section, by the multi-valence of tin (Kılıc¸ and Zunger,
2002).

5.1.3.

displayed not only excellent electrical con-ductivity but also a dramatically
improved potential for the photocatalytic degradation of pollutants. When
irradiated with sunlight, the organic dye methylene blue was rapidly and
completely degraded.

+

Seema et al. (2012) prepared a graphene/SnO2 composite. This material

SnO2 doped with non-metals

Many researchers have used TiO2 nanoparticles co-doped with iodine and
fluorine to improve the degradation of organic compounds under visible
light irradiation (Wen et al., 2009). Iodine doped TiO2 was found to exhibit
enhanced photocat-alytic properties for the oxidative degradation of phenol
under UV and visible light irradiation. The nanoparticles exhibited stronger
absorption in the 400–550 nm range and were there-fore able to efficiently
oxidize pollutants at longer wavelengths (Hong et al., 2005). The catalytic
efficiency of the doped mate-rial was also increased when SnO2 was added
to the composite material (He et al., 2011).
While Sb doped SnO2 shows typical n-type conductivity with a wide
optical gap of >4 eV (larger than undoped SnO2 ) and a high charge carrier
density, iodine doped SnO2 has iso-lated gap states below the Fermi energy
consisting of the oxygen 2p and the tin 5 s orbitals, which narrowed the
optical band gap to 3.5 eV (Behtash et al., 2015).
Fluorine doped SnO2 exhibited not only high chemical and structural
stability but also good electronic conductivity (Banyamin et al., 2014).
With increasing fluorine concentra-tion, the energy of the CB increased
(Velikokhatnyi and Kumta, 2011). Also, fluorine-doped SnO2 is
characterized by oxygen vacancies which further improve the
photocatalytic proper-ties of the material. As a consequence, fluorinedoped SnO2 demonstrated a very high photocatalytic efficiency for the
degradation of rhodamine B (Kumar et al., 2011).
The charge separation in iodine-doped SnO2 is further improved by the
concentration gradient of the dopant in the semiconductor. The
concentration of the halide is at max-imum close to the surface of the
catalyst, and it rapidly decreases within the crystal structure because of
unfavor-able iodine-oxygen interactions (Liu et al., 2009a). Thus the

The results discussed above are summarized in Table 10.

6.
Parameters affecting the
photodegradation of organic pollutants in
aqueous dispersion of SnO2

While the previous section provides an overview of the effect of different
dopants on photocatalytic activity, the following section briefly discusses
external parameters, such as catalyst loading, temperature, pH, and
contaminant concentration.

6.1.

Catalyst loading

The amount of catalyst required for any large-scale appli-cation is of
fundamental importance to evaluate the overall efficiency of the process.
Thus many groups have commented on the optimum concentration of SnO2
-based photocatalysts in the degradation of organic pollutants.
Among others, Ismat-Shah and co-workers have stated that the
photocatalytic degradation rate initially increases with an increased
concentration of the catalyst, followed by a steady decrease once the
optimum catalyst loading is exceeded (Barakat et al., 2005; Ibhadon and
Fitzpatrick, 2013). The initial increase in photocatalytic activity is eas-ily
explained by the net increase in the active surface area of the catalyst in the
suspension. However, as the concentra-tion of the catalyst increases,
turbidity also increases and the light transmission in the suspension is
reduced (Wei et al.,
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Table 9 – Improved photocatalytic efficiency by rare earth metals.
Catalyst

Light source/pollutant

Sm/SnO2

260 nm; UV light; P: EV, BG

Experimental conditions

Photodegradation efficiency

C:0.233 gm/10 mL EV:
2.5 × 10−4 M: BG 2.5 × 10−4 M

Ref.

The photocatalytic

Singh et al. (2014)

degradation was enhanced
3+
in the presence of Sm ions
Faster degradation of BQ
because of electrophilic
•
attack of OH

Cui et al. (2012)

Ti/Sb/SnO2,
Ti/Ce/Sb/SnO2
Ti/Gd/Sb-SnO2
Ti/Eu/Sb-SnO2
La/SnO2

Potentiostat for organic
degradation studies; P: BQ
HQ, catechol

P: 200 mg/L C: 100 mg/L

8 W Hg lamp phenol

C: 65 mg/50 mL P: 10 ppm

Complete photodegradation
in less than 2.5 h

Al-Hamdi et al. (2014)

La/SnO2

8 W Hg lamp, Solar light;
phenol

C: 65 mg/50 mL P: 10 ppm

95–99% decrease of
pollutant concentration
after 2 h under irradiation
with solar light

Al-Hamdi et al. (2016b)

Gd/SnO2

Visible light; phenol

C: 65 mg/50 mL P: 10 ppm

95–99% decrease in
pollutant concentration
after 2 h under irradiation
with solar light

Al-Hamdi et al. (2015a)

Abbreviations: Ethyl violet: (EV); Brilliant green: (BG); benzoquinone: BQ; hydroquinone: HQ; concentration catalyst: C; concentration of pollutant:
P.

Table 10 – Enhanced photocatalytic activity of SnO2 by non-metal doping.
Catalyst

Light source; pollutant

Experimental conditions

Photodegradation efficiency

Ref.

F-doped SnO2
I-doped SnO2

125 W Hg lamp; P: RhB
8 W UV solar light; phenol

C: 0.1 g/100 mL P: 5 × 10−6 M,
C: 65 mg/50 mL P: 10 mg/L

High photocatalytic activity
High activity in UV and visible light

Kumar et al. (2011)
Al-Hamdi et al. (2015b)

Graphine/SnO2

350 W Xe lamp, sunlight; MB

C: 10 mg/50 mL P: 2.7 × 10−5 M

Complete degradation of MB after 6 h

Seema et al. (2012)

Abbreviations: rhodamine B: RhB; methylene blue: MB; concentration catalyst: C; concentration of pollutant: P.

2009). Thus, further increase in the catalyst loading will pre-vent light from
passing through the solution and only catalyst particles close to the surface
remain photocatalytically active (Pardeshi and Patil, 2008). We could
confirm this general trend in the photocatalytic degradation of phenol as the
process yields the best results when only 65 mg of the doped SnO2 catalyst
were suspended in 50 mL of the solution. Further increase in the catalyst
loading resulted in a decrease of the activity of the catalytic oxidation as
discussed above. The same correlation has also been observed for other
photocat-alytically active nanoparticles. TiO2 shows optimum activity
which decreases with increasing catalyst loading as the light penetration
becomes significantly lower (Maddila et al., 2016; Sobczynski´ et al.,
2004). Thus the degradation rate of phe-nol steadily decreased above a
certain concentration of the catalyst (Kashif and Ouyang, 2009).

6.2.

Contaminant concentration

The efficiency of the photodegradation generally decreases with increasing
contaminant concentration (Khataee and Zarei, 2011). One of the reasons
is the light absorption of organic dyes and the resulting decrease in the
radiation avail-able to activate the catalyst nanoparticles. Additionally, if
all active sites on the surface of the catalyst are occupied, the rate of the
reaction decreases and additional pollutant molecules are only degraded
after the active sites once again become available (Davis et al., 1994;
Konstantinou and Albanis, 2004). In our work the photocatalytic
degradation of phenol was carried out at different initial concentrations
from 5 ppm to 50 ppm. The results indicated fast degradation of phenol at
a concentration of 10 ppm, which decreased slightly once the initial
concentration exceeded 15 ppm (Al-Hamdi et al., 2016a)

6.3.

Effect of the pH of the solution

The pH of the polluted solution is of great importance for the overall
efficiency of the photocatalytic degradation of aromatic dyes. The pH does
not only have a significant influence on the oxidation potential, but also
determines the charge of the pol-lutant (many organic pollutants have acidic
functional groups) and/or the surface of the photocatalyst. It is essential that
the reaction is carried out within the range of acceptable stability of the
photocatalyst.
In many cases lower pH ranges were found to be beneficial for the
degradation rate of organic pollutants (Wu et al., 2001). Enhanced
degradation of phenol under slightly acidic condi-tions has been repeatedly
mentioned by researchers active in this area (Anju et al., 2012). A slightly
acidic pH range increases the attraction of the pollutant to the surface of the
photo-catalyst and guarantees enhanced degradation rates (Ahmed et al.,
2011). However, if the pH of the reaction mixture drops below a certain
threshold, the rate of the reaction decreases significantly.

Abdullah et al. (2013) reported that the photodegradation of
chlorophenoxyacetic acid is enhanced when the pH of the reaction mixture
is kept slightly above the pKa value of the organic acid, but below the pH
of the point of zero charge (pHzpc ) of the nanocomposite. This ensures
optimal electro-static interaction of the deprotonated acid with the
positively charged surface of the photocatalyst with enhanced reaction rates
(Abdullah et al., 2013).
As the pH is of crucial importance, careful control of the reaction is
required and the settings must be optimized if different pollutants or
catalysts are used as the pKa value is different for every organic dye and
the point of zero charge varies for different photocatalysts (Trellu et al.,
2016).
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Table 11 – Calculated crystallite of different 0.6% doped and undoped
SnO2 nanoparticles from (110) peak using the Debye–Scherrer
analysis.
Dopant

Size (nm)

Surface area (m2 /g)

Undoped

8.4

28

SnO2 /Ce (0.6 wt%)
SnO2 /Nd (0.6 wt%)
SnO2 /La (0.6 wt%)
SnO2 /Gd (0.6 wt%)
SnO2 /Sb (0.6 wt%)

5.5
4.1
3.4
3.2
1.8

30
35
40
58
54

SnO2 /I (1.0 wt%)

2.5

50

Light intensity and wavelength

Since the activation of the catalyst depends on irradiation with light of a
certain wavelength, the light intensity is of cru-cial importance (Hansen et
al., 2015). Naturally, the efficiency of the photocatalytic system increases
with increasing light intensity with energies greater than the activation
thresh-old (Cassano and Alfano, 2000; Ollis, 1991; Bahnemann, 2004;
Sumita et al., 2001).
Light of high intensity and energy is moreover capable of producing
radicals such as OH• , even in the absence of suitable photocatalysts. This
additional mechanism for the generation of reactive radicals is responsible
for further rate increase when light of high intensity and wavelength is
applied to the sample (Faramarzpour et al., 2009; Liu et al., 2009b;
Mahalakshmi et al., 2007; Pourata et al., 2009).
Besides the intensity of the light source, the energy of the photons is of
great importance. Because of energy quantiza-tion, excitation can only take
place when photons of sufficient energy hit the surface of the photocatalyst.
Depending on the band gap of the photocatalyst, different light sources need
to be used. While a band gap of 3.1–3.9 eV requires and an excitation
wavelength of 315–400 nm (UV-A), band gaps of 3.9–4,4 eV need light
with wavelengths of 280–315 nm (UV-B). Should the band gap exceed the
values given above, light with even higher energy is required (3.1–3.94 eV)
and the process becomes impractical (Cutler and Zimmerman, 2011;
Rincón and Pulgarin, 2005). Typically, the band gap in SnO2 with suit-able
dopants is smaller than 3.1 eV, which renders possible the excitation of the
photocatalyst with visible light and guaran-tees broad application of the
semiconductor.
Ideally, light sources which emit light with different wave-lengths are
used for the excitation of catalysts with broad energy bands to increase the
overall efficiency (Legrini et al., 1993).

6.6.

(2017)

Temperature

Although the activation of the catalyst is dependent on light, the overall rate
of the photodegradation also depends slightly on the temperature of the
system (Horovitz et al., 2016). When the reaction is carried out at elevated
temperature, absorption, degradation, and desorption proceed at higher
rates (Chong et al., 2010). Additionally, the mobility of charge carriers is
enhanced at higher temperatures, which also results in faster reaction rates.
However, the temperature should not exceed a certain range. Groups active
in this area have reported that best results are obtained when the
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Crystallinity and surface area

The crystallinity of the catalyst plays an important role for the overall
efficiency (Sarkar et al., 2016). Heterogeneous cat-alysts with large surface
areas are generally better suited as they allow increased absorption of the
reactants. As doping of SnO2 modifies and disturbs the crystal structure of
the metal oxide, the process also causes a decrease of crystal size and an
increase of active surface area. Thus doping of SnO2 ful-fills a dual purpose
as it alters the electronic properties of the semiconductor by lowering the
band gap and simultaneously enlarges the contact area of catalyst and
pollutant (Alanko et al., 2012; Jiang et al., 2016; Terrier et al., 1995). We
could observe this effect in our group’s work when a sample of SnO2

Table 12 – Calculated crystallite size of different SnO2/Sb
nanoparticles from (110) peak using the Debye–Scherrer analysis.
Dopant

Size (nm)

Undoped

8.4

SnO2 /Sb (0.2 wt%)
SnO2 /Sb (0.4 wt%)
SnO2 /Sb (0.6 wt%)

3.5
2.5
1.8

SnO2 /Sb (0.8 wt%)

2.1

was doped with different metals of varying concentrations. In all cases the
surface area of the photocatalyst increased, resulting in higher catalytic
activity. This steady increase was observed up to a certain threshold, which
varied for each contaminant (depending on the charge, the size of the ion,
and other factors). A summary of this study is provided in Tables 11 and
12.

7.

Conclusion

Our understanding of Nature and the sensitivity and vulner-ability of
environmental processes has advanced significantly in recent years. With
this information, we begin to see the interconnections of biological systems
which have long been considered independent entities. With this advanced
improved understanding of natural processes—and their impact on humans,
we must take precautions to use the resources available to us wisely, and we
must put emphasis on sustainable methods and waste removal.
Much effort has been put into the development of novel methods for the
environmentally sustainable disposal of chemical waste and the purification
of polluted areas. Sev-eral of these methods appear promising and will be
further developed over the next few years. One approach to degrad-ing
toxins in wastewater and other sources is the application of advanced
oxidation processes. This strategy has received considerable attention from
the scientific community and the basic idea behind this concept is quite
simple: Pollutants should be oxidatively degraded and thus removed from
our environment. Many protocols have been developed and the purpose of
this article is to review recent progress in the utilization of SnO2 as
inexpensive and readily available pho-tocatalyst for the oxidative
degradation of organic pollutants.
As evidenced by the numerous impressive examples, semi-conductors,
such as SnO2 , are well suited to degrading organic pollutants in wastewater
and other sources. Upon irradiation with light of suitable energy, reactive
radicals are generated at the surface of the photocatalyst, which oxidatively
destroy many pollutants known to cause problems to our environment and
health. The addition of dopants to SnO2 further improves the photocatalytic
properties, reduces the band gap, and thus

PROCESS SAFETY AND ENVIRONMENTAL PROTECTION 1 0 7 ( 2 0 1 7 ) 190–205

decreases the energy required for the activation of the cata-lyst. While
undoped SnO2 requires irradiation with UV light, visible light is suitable
for the application of doped material.
The application of semiconductors as photocatalysts for the oxidative
degradation of organic pollutants is a relatively new area of research.
Although impressive results have been obtained in the last few years, it is
also necessary to mention aspects and problems which have not yet been
solved: Only pollutants with conjugated double bonds can so far be easily
oxidatively attacked. However, most pollutants do not contain such
delocalized p-systems. A representative list of such pol-lutants should be
included in future studies. Also, although the catalysts are well suited for
the degradation of organic pol-lutants, an efficient way to regenerate these
nanocomposites must be developed to prevent these highly active materials
from escaping into the environment on a large scale. This is of even greater
importance as these metal oxides, if released as dust, may have negative
effects on human health. Addi-tionally, studies should include different
catalysts in order to assess which nanomaterial is best suited for the
degradation of specific pollutants.
It is important to address these issues in future work to fully
demonstrate the scope of the method and prepare the ground for possible
industrial applications. With this review article, we seek not only to provide
an overview of recent developments in the SnO2 -mediated oxidative
degradation of pollutants from environmental sources, but also to
encourage further research in this area and attract researchers to join this
field. With the impressive progress over the last few years and clear goals
for future work, we look forward to seeing many fascinating research
articles in the near future.
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