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Today, semiconductors are usually selected as 

photocatalysts, because semiconductors have a narrow gap 

between the valence and conduction bans. In order for 

photocatalys is to proceed, the semiconductors need to 

absorb energy equal to or more than its energy gap. This 

INTRODUCTION movement of electrons forms e -/h+ or negatively charged 

electron/ positively charged hole pairs. The hole can 

oxidize donor molecules. In the solid state physics of 

semiconductors, carrier generation and recombination are 

processes by which mobile electrons and electron holes are 

created and eliminated. Carrier generation and 

recombination processes are fundamental to the operation 
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ABSTRACT

In catalyzed photolysis (acceleration of a photoreaction in the presence of a catalyst), light is absorbed by an 
adsorbed substrate. In photogenerated catalysis , the photocatalytic activity depends on the ability of the catalyst 
to create electron-hole pairs, which generate free radicals able to undergo secondary reactions. Photocatalysis 
employing semiconductors under irradiation has been extensively studied for about three decades. In 1972, 
Fujishima and Honda invented the photolytic splitting of water on TiO2 electrodes. This event marked the 
beginning of a new era in heterogeneous photolysis. The main focus of previous studies has been to investigate 
the principal applicability of photolysis systems for efficient treatment of water polluted with toxic substances. 
Also, in the present study nanocomposites of the TiO2 were fabricated by a modified dip coating method using 
titanium tetraisopropoxide and activated carbon granules as precursor. The composite were characterized by 
scanning electron microscope The monograph studies showed perfect photocatalytic treatment systems were 
generated with 1gL-1TiO2 nanocomposite for the treatment of pulp and paper mill effluent. The results showed 
that 81.4. 68.6. 89.9 and 85.5 per cent of  color, COD,lignin and total phenol, respectively were removed in 6 of 
treatment respectively. The comparison on NMR chemical shift of pulp and paper mull effluent indicated the 
photocatalytic treatment caused significant changes in the functional groups of the samples.
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In semiconductors the Fermi energy lies in the middle of a 

forbidden band or band gap between allowed bands called 

the valence band and the conduction band. The valence 

band, immediately below the forbidden band, is normally 

very nearly completely occupied. The conduction band, 

above the Fermi level, is normally nearly completely 

empty. Because the valence band is so nearly full, its 

electrons are not mobile, and cannot flow as electrical 

current.

50

of many optoelectronic devices, such as photodiodes, 

LEDs and laser diodes. They are also critical to a full 

analysis of p-n junction devices such as bipolar junction 

transistors and p-n junction diodes. The electron-hole pair 

is the fundamental unit of generation and recombination, 

corresponding to an electron transitioning between the 

valence band and the conduction band. Like other solids, 

semiconductor materials have electronic band structure 

determined by the crystal properties of the material. The 

actual energy distribution among the electrons is described 

by the Fermi energy and the temperature of the electrons. At 

absolute zero temperature, all of the electrons have energy 

below the Fermi energy; but at non-zero temperatures the 

energy levels are randomized and some electrons have 

energy above the Fermi level.  

Electron Band Overlap in Metallic Elements . Electron 

Band Separation in Insulating Substances. Electron 

Band Separation in Semiconducting Substances
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However, if an electron in the valence band requires 

enough energy to reach the conduction band, it can flow 

freely among the nearly empty conduction band energy 

states. Furthermore, it will also leave behind an electron 

hole that can flow as current exactly like a physical charged 

particle. Carrier generation describes processes by which 

electrons gain energy and move from the valence band to 

the conduction band, producing two mobile carriers; while 

recombination describes processes by which a conduction 

band electron loses energy and re-occupies the energy state 

of an electron hole in the valence band.

In a material at thermal equilibrium generation and 

recombination are balanced, so that the net charge carrier 

density remains constant. The equilibrium carrier density 

that results from the balance of these interactions is 

predicted by thermodyanamics. The resulting probability 

of occupation of energy states in each energy band is given 

by Fermi-Dirac statistics. 

GENERATION AND RECOMBINATION 
PROCESSES
Carrier generation and recombination result from 
interaction between electrons and other carriers, or with the 
lattice of the material, or with optical photons. As the 
electrons moves from one band to another, its gained or lost 
energy must take some other form, and the form of energy 
distinguishes various types of generation and 
recombination:

After excitation the electron and hole can follow the 
pathways given below:

(I) The photo induced electron transfer to the adsorbed 
organic or inorganic species or to the solvent from 
migration of electron to the surface of semiconductor 
and reduces it (pathway C).

(ii) A hole can migrate to the surface and can oxidize the 
adsorbed species (pathway D ).

(iii) Recombination of the separated electron and hole can 
occur in the volume of the semiconductor particle 
(pathway B) or on the surface (pathway A) with release 
of heat.

(iv) A little chance is back donation after charge transfer 
from the adsorbed species to the semiconductor 
surface.

SURFACE MODIFICATION
Various techniques for surface modifications of the 
semiconductors are used in the heterogeneous photolysis 
due to following reason:

l Inhibiting recombination by increasing the charge 
separation and therefore the efficiency of the 
photolytic process.

l Increasing the wavelength response range i.e. 
excitation of wide bad gap semiconductors by visible 
light.

l Changing the selectivity or yield of a particular 
product.

(A) Metal Semiconductor Modification 

l The addition of noble metals to a semiconductor 
changes the photolytic process by changing the 
semiconductor surface properties.

l After excitation the electron migrates to the metal 
where it becomes trapped and electron-hole 
recombination is suppressed. The hole is then free to 
diffuse to the semiconductor surface where oxidation 
of organic species can occur.

(B) Composite Semiconductors
l Coupled semiconductors increase the efficiency of a 
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photocatlytic process by increasing the charge 

separation and extending the energy range of photo 

excitation for the system.

l CdS-TiO  coupled semiconductor [CdS  = 2.5eV; TiO   

= 3.2eV]

Surface Sensitization

l Surface sensitization of semiconductors via 
chemisorbed or physisorbed dyes can increase the 
efficiency of the excitation process.

2 2

l

dye molecule with respect to the conduction band 
energy level of the semiconductor is favorbale i.e. 
more negative, then the dye molecule can transfer the 
electron to the conduction band energy level of the 
semiconductor.

l This electron can be transferred to reduce an organic 
acceptor molecule adsorbed on the surface.

If the oxidative energy level of the excited state of the 

APPLICATIONS OF PHOTOCATALYSIS

1. ANTIBACTERIAL EFFECT
l

decompose the cell itself.
l The end toxic compound produced at the death of the 

cell is also expected to be decomposed by photo 
catalytic action.

l Titanium oxide is 3x stronger than chlorine (Cl2), and 
1.5x stronger than ozone (O3).

2. DEODORIZING EFFECT
On the deodorizing application, the hydroxyl radicals 
accelerate the breakdown of any Volatile Organic 
compounds (VOCs) by destroying the molecular bond. 
This will help combine the organic gases to form a single 
molecule that is not harmful to humans thus enhance the air 
cleaning efficiency.  

3. AIR PURIFYING EFFECT
The photocatalytic reactivity of TiO  can be applied for the 2

reduction or elimination of polluted compounds in air such 
as NOx, cigarette smoke, as well as volatile compounds 
arising from various construction materials.

4. ANITIFOGGING, SELF CLEANING
Most of the exterior walls of the buildings become soiled 
from automotive exhaust fumes, which contain oily 

 Photocatalyst doesn't only kills bacterial cells but also 

components. When the original building materials are 
2coated with a photocatalyst, a protective film of TiO  

provides the self cleaning building by becoming antistatic, 
super oxidative, and hydrophillic. The hydrocarbon from 
automotive exhaust is oxidized and the dirt on the walls 
washes away with rainfall, keeping the building exterior 
clean all the times.

5. WATER PURIFICATION
Photocatalyst coupled with UV lights can oxidize organic 
pollutants into nontoxic materials such as CO2 and H2O 
and disinfect certain bacteria.

TREATMENT OF PULP AND PAPER MILL 
2EFFLUENT BY TiO  NANOCOMPOSITE, 

PHOTOCATALYTICALLY 
The Indian pulp and paper industry is highly water 
intensive, consuming 250-300m3 freshwater/ton paper and 
the corresponding wastewater generation is also high (75-
250m3/ton paper). These effluents cause considerable 
damage to the receiving waters if discharged untreated 
since they have high chemical oxygen demand, 
biochemical oxygen demand suspended solids, chlorinated 
compounds, lignin and its derivatives. In addition, the 
effluents receiving water bodies cause thermal impacts, 
scum formation, slime growth, color problems and loss of 
aesthetic beauty in the surrounding environment.
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They also increase the toxic substances in the water, 
causing death to the zooplankton and fish, as well as 
immensely affecting the whole terrestrial ecosystem. Apart 
from the pollution, there is increasing water scarcity and 
deterioration in water quality. As per the Ministry of 
Environment and Forests (MoEF), Government of India, 
the pulp and paper sector is in the “Red Category” list of 17 
industries having a high polluting potential. Owing to its 
serious pollution threat, it is obligatory for pulp and paper 
mills to take suitable measures to fulfill the discharge 
standards (Udayasoorian et al., 2010).

Recently, advanced oxidation processes (AOPs) were used 
as potentially powerful techniques for capable of 
transforming the pollutants into harmless substances. 
AOPs are based on the generation of very reactive non 
selective transient oxidizing species such as hydroxyl 
radicals (°OH), which were identified as the dominant 
oxidizing species. The °OH must be generated 
continuously through chemical or photochemical reactions 
due to their instability. The generation of °OH radicals is 
commonly accelerated by combining some oxidizing 
agents such as hydrogen peroxide, UV radiation, ozone and 
semiconductor (TiO , ZnO, etc.). 2

Among  the processes, photocatalytic systems such as 
combination of a semiconductor with UV light are effective 
and promising technique for wastewater treatment. The TiO  2

catalyst has been extensively studied for environmental 
applications due to its easy availability, chemically resistant, 
high stability and reactivity in all reaction conditions (Haque 
et al., 2005). In addition, nanosized anatase TiO  has been 2

reported as an excellent photocatalyst (Pitoniak et al., 2003) 

and biocompatable for the degradation of organic 
compounds (Kansal et al., 2007).

Many works were focussed on the modification of TiO2 to 
improve its photoactivity for wastewater treatment. 
Generally, the large surface area and high degree of 

2dispersion of TiO  nanocrystals in the reaction media were 
reported to be constructive for high photocatalytic 

2performance. The addition of activated carbon (AC) to TiO  
nanocrystals could possibly increase its photocatalytic 
efficiency, because the large surface area of the whole 
composite catalyst in which AC can act as an efficient 
adsorption trap to the organic pollutant, which is then more 
efficiently transferred to TiO2 surface, where it is 
immediately photocatalytically degraded (Matos et al., 
2001 and Ao et al., 2008). Therefore, the aim of the present 
work was to prepare the TiO2 nanocomposite with AC 
granules for photocatalytic treatment of wastewater from 
paper industry.

MATERIALS AND METHODS

MATERIALS
Titanium tetraisopropoxide [Ti (OCH(CH3))4] and 
isopropypyle lcohol obtained from Merck wer used as the 
precursor of TiO2 and solvent, respectively. The pulp and 
paper mill effluent samples were obtained from Star Paper 
Mill located at Saharanpur, UP, India. The industry used 
Eucalyptus wood and bagasse pith as raw materials; in the 
bleaching section, ozone and hydrogen peroxide used as 
bleaching agents. The characteristics of effluent used in 
this work are presented in table 1.

Table 1: Initial Characteristics of Unsaturated Pulp and Paper Mill Effluent.

Values are the average of four determinations

S No Parameters Units Values

1 Color (CU) 720

2 pH - 8.2

3 EC dSm- 2.46

4 BOD mgL- 352

5 COD mgL- 998

6 Lignin mgL- 98.2

7 Total phenol mgL- 28.4

SYNTHESIS OF TiO  NANOCONMPOSITE2

Preparation of activated carbon granules
The AC granules were obtained according to the method 

described by Yazi et al., 2007. About 10.0g of AC was 
added into the boiled water with uniformly stirring for 5 
minutes. It was ultrasonically cleaned. After that, AC was 
immersed into the 7% HCl, agitated and remained 
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overnight. After 24h, clear AC granules ware obtained by 
filtering and washing with distilled water repeatedly until 
neutral pH of the filtrate. The granules AC thus obtained 
were dried at 105°C for 5h and stored in a desiccators for 
further use.

Preparation of TiO  nanocomposites2

For composite preparation, the dip-coating method was 
employed (Liu et al., 2007). About 0.5g of pretreated AC 
granules were immersed for 5 minutes into 100ml of the 
freshly TiO  colloidal solution. Then, the AC granules 2

immersed in the solution were ultrasonicated for 30 
minutes to promote its adequate and uniform mixing. Then, 
the mixtures were placed into the drying oven for 7h at 
105°C. A white layer on the surface of AC granules was 
formed, thus completed the process of composite catalysts 
preparation.

PHOTO REACTOR SETUP AND 
EXPERIMENTAL PROCEDURE
Photolytic degradation of pulp and paper mill effluent was 
carried out in a self designed photocatalytic reactor. UV 
(15W, wavelength 254nm) was used for light source. The 
reactor was made of cylindrical pyrex glass in 25cm height 
and 6cm diameter and it is consisted of a reflective interior 
surface for the spot of UV lamp. The reactor was filled with 
500ml of untreated pulp and paper mill effluent with 1g L-1 
of TiO2 nanocomposite. Air was purged into the solution 
by bubbling from the bottom of the reactor to mix the 
aqueous solution. The entire system was covered with 
aluminium foil to ensnare the UV light. The illumination 
was executed under room temperature (23 to 26°C) at 
different time intervals (1,2,3,4,5 and 6h) the irradiated 
samples were analysed for the parameter such as pH, color, 
COD, lignin and total phenol as per the standard procedure 

(APHA, 1998). Analyses were done four times under the 
same illumination conditions. The data in subsequent 
sections are based on arithmetic mean of three 
measurements. The 1h treated effluent was oven dried and 
then dissolved in D2O-DMSO-d6 (deuterium oxide-
dimethylsulphoxide) solvent and then observed under 
NMR (Nuclear Magnetic Resonance) spectroscopy 
(Varian-EN390) AT 90 MHz.

RESULT AND DISCUSSION

Morphological characteristics of TiO  nanocomposite2

The SEM (Scanning Electron Microscope) image of TiO2 
nanocomposite showed a compact layer of crystalline on 
the external surface of the active carbon (Figure 1). TiO2 
nanocrystals were well dispersed and formed a membrane 
layer on the surface of AC and most of the outside ports of 
AC been covered by the TiO  nanocrystals. This is due to 2

the high surface area of AC matrix, which favors a high 
degree of dispersion of TiO  particles. Furthermore, the 2

SEM study indicated that TiO  forms a thin layer 2

surrounding the AC nucleus.

Photocatalytic degradation of pulp and 
paper mill effluent
During the course of the study period, the pH of the effluent 
steadily declined from 7.82 to 5.6 (Figure 2). The decrease 
in the pH was probably due to the enrichment of carboxylic 
acid (-COOH) groups during the photocatalytic oxidation. 
These observations are in agreement with the previous 
experimental data, which are consistent with the formation 
of sulphuric acid  and carboxylic acids following the 
insertion of °OH radicals (Ravera et al., 2004; Gosstt et al., 
2005). The initial COD of the effluent was 998 mh L-1 
corresponding to the reduction of 68.6 per cent at the end of 
the experiment (Figure 3).

l The reduction of COD during the treatment might be 
due to the primary action of adsorption of organics in the 
wastewater on the TiO  nanocomposite. Since organic 2

compounds in wastewater can be oxidized by holes on the 
semiconductor as well as by reactive species. Furthermore, 
the°OH have a major effect on the oxidation of 
organochlorine compounds in the effluent (Yeber et al., 
2000). 

When TiO2 particles are irradiated with near irradiation (λ 
> 350nm),   e- hole pairs are generated on the 
photocatalytic surface. It has been reported that the hole in 
the valance band has a +ive redox potential and is capable 

Figure 1: SEM Images of TiO  nanocomposite.2
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of oxidizing an organic substrate (RX) adsorbed on the 
catalytic surface and also water or hydroxide ions to OH0 
radicals in water.

• TiO       +   hѵ     TiO    (e- + h+).......  [1]2

• TiO ( h+)    + Rxad     TiO  +     RX+ ad.... [2]2 2

• TiO ( h+)    + H Oad  TiO   + 0OHad   + H+.... [3]2 2 2

• TiO ( h+)    + -Ohad     TiO   + 0OHad ....  [4] 2 2

The main part of lignin removal proceeded the first 1h of 
UV irradiation and then confiscation increased gradually 
with increasing irradiation time. After 6h of treatment, the 
removal efficiency reached up to 84.9 per cent. The 
attraction of °OH radicals on the double bonds in the 
aromatic ring is the major mechanism of lignin oxidization 
(Machado et al., 2000). After 3h of reaction, 60.5 per cent 
color reduction was found and finally reached 81.4 per cent 

2

upon 6h of irradiation. Whereas, the total phenol content 
increased at the initial stage (up to 1h) from 28.4 to 29mgL-
1 corresponding to the reduction level of 85.5 per cent. 
These findings suggest that a simultaneous hydroxylation 
of aromatic groups with loss of chlorine atoms initially 
occurs, leading to the breaking of aromatic ethers in high 
molecular weight polyphenols and increasing the content 
(Perez et al., 2001). The generation of polyhydroxylated 
species that subsequently leads to quinonic structures is a 
well known characteristics of AOPs (Roig and Gonzalez, 
2003). The kind of mechanism can be evidenced by the 
reduction of total phenols, which shows an important 
enhancement at initial reaction times.

The NMR spectra of paper and pulp mill effluent before and 
after photolytic treatment are presented in figure 4 & 5.

Figure 2: Changes of pH during photocatalytic 
treatment of pulp and paper mill affluent.

Figure 3: Photocatalytic degradation of pulp and paper 
mill effluent.

Figure 4: NMR spectra of untreated pulp and paper mill 
effluent.

Figure 5: NMR spectra of 1h photocatalytic pulp and 
paper mill effluent.
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Before treatment (Figure 4), the peaks around 1.2, 1.8, 3.2 
and 3.7ppm were assigned to allylic, aldehyde, methoxy 
and aliphatic side chains, respectively, while the peak at 
8.3ppm was attributed to aromatic ring (Donald et al., 
1977; Tanaka et al., 1999; Xia et al., 2003). The peak 
around was disappeared after 1h of photocatalytic 
treatment, while the peak intensities at 3.7ppm indicated 
the formation of methoxyl and carbonic acid. These results 
showed that the aromatic ring degraded faster than the 
aliphatic chain.

CONCLUSION
The TiO2 nanocomposite was successfully fabricated by 
modified dip coating method using t i tanium 
tetraisopropoxide and AC granules. The SEM micrograph 
images showed that TiO2 well dispersed on the surface of 
AC and retained its crystalline pattern after composite. The 
AC matrix not only acted as a support for the TiO2 
depostion but also counterworked of the growth of 
nanocrystals. The photocatalytic treatment of pulp and 
paper mill effluent showed that 81.4, 68.6, 84.9 and 85.5 
per cent of color, COD, lignin and total phenol, respectively 
were removed in 6h of treatment with 1gL-1 of TiO2 
nanoconmosite. The comparison of NMR chemical shifts 
of pulp and paper mill effluent indicated that the 
photocatalytic treatment caused significant changes in the 
functional groups of the samples and the results showed 
that the aromatic ring degraded faster than the aliphatic 
chain.
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