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Abstract: In recent years, there has been an enormous amount qu?earch and development in the area qf uptake qfch]oropheno] by various physio-
chemical methods due to their carcinogenic nature and pungent odour. The MOEF has set a maximum concentration level qf‘O.I mg/L qfcb]oropbeno]
in industrial gfﬂuent&ﬂ)r Sqfe discharge into Sug‘bce waters, the WHO recommends a permissible phenolic concentration qf 0.001 mg/L in potable
water. Recent findings suggested that advances in nanotechnology and nano structured materials have allowed the modification of existing adsorbents
which increase the potential qf these technologies. Among various methods, adsorption is g’féctive method due to simplicity, less economic and easy

design.
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1. INTRODUCTION

Chlorophenols are a special group of chemicals that have attracted worldwide public attention, mainly due to their environmental
persistence and their inherent toxicity to a broad spectrum of organisms. Monochlorophenols can be formed during wastewater
chlorination, and as result of breakdown of pesticides and chlorinated aromatic compounds and their solubility in water is relatively
high, CPs can easily migrate within different aqueous environments and contaminate ground waters o Chlorophenols are an
important class of xenobiotics that have been extensively used in the production of pesticides, herbicides and wood preservatives. They
are listed as priority environmental pollutants by US EPA because of their higher toxicity, carcinogenicity and persistence Pl The
removal of organic contaminants from ground water or separation of contaminants present in polluted water has become a major focus
of research and policy debate Bl The presence of harmful organic compound such as phenols and their derivatives in water supplies and

* Total phenol concentration in the wastewater of a

from industrial effluents is an ever increasing problem for the global concern
typical Indian refinery processing 5.0 million tonnes of crude per year is around 135 mg/L and the discharge rate of wastewaters varies
from 125 to 250 m’ with pH being in the range of 8.8-9.4 Bl The major sources containing phenols are the wastewaters from
processing, manufacturing industries engaged in oil refining, coal tar processing, petrochemical production, coke oven by products,
plastic industry, textile processing, leather processing, insecticides production, manufacture of dyes and dyeing, glass production,
et Several technologies including advance oxidation processes like Fenton, photo fenton, ozone oxidation, sono photo fenton and

® membrane filtration ), biological treatment oy photocatalytic degradation "1 nanofiltration and

photo catalytic oxidation
adsorption (?1" Over the last decades, advances in nanotechnology and nanostructured materials have allowed the modification of
existing adsorbents which increase the potential of these technologies (31 This paper aims to review and summarize the various
physiochemical methods for the treatment of phenol from water. Recent research on nano composites for improving phenol removal

in water by means of metal, non metal and ion doping is also highlighted in this review.

2. Treatment Methods

The fate of chlorophenols in the environment and their removal from aqueous media is complicated by their low solubility, ability to
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ionize, low vapor pressure and tendency to undergo oxidation and oxidative polymerization with humic acid and fulvic acid-type
products. The recent awareness of the toxic organic substances in wastewaters has generated interest in establishing effective treatment

technologies.
(i) Nanofiltration

Nanofiltration uses a membrane with properties between those of reverse osmosis and ultrafiltration membranes; pore sizes are
typically 1-100 nm. Nanofiltration membranes allow monovalent ions such as sodium or potassium to pass but reject a high proportion
of divalent ions such as calcium and magnesium and organic molecules of molecular weight greater than 200. Operating pressures are
typically about 5 bars. Nanofiltration may be effective for the removal of color and organic compounds. Bodalo et al. Studied the
removal of phenol from aqueous solutions by nanofiltration using three experimental conditions and different membranes (NF-97, NF-
99 and DSS-HR98PP). For ecach pressure feed phenol concentration was varied between 50 and 200 x 107 x kg/mg. The different
percentages rejection obtained between the nanofiltration membranes with feed phenol concentration variation can be attributed to
the molecular characteristic of organic compounds such as acidity, solubility, ability to hydrogen bonding, etc. For the membrane NF-
99, maximum value of water flux was obtained at pH 7. For membranes NF-97 and DSS-HR98PP the pH variation did not have a clear

effect on the rejection percentages and solvent flux obtained 04,
(ii). Ion Exchange Process

Ton exchange is a unit process in which ions of a given species are displaced from an insoluble exchange material by ions of a different species in
solution. Ion exchange processes can be operated in batch mode or continuous mode. In a batch mode process, the resin is stirred with the water
to be treated in a reactor until the reaction is complete. The spent resin is removed by settling, regenerated and reused. In a continuous process,
the exchange material is placed in a bed of a packed column and the water to be treated is passed through it. When the resin is exhausted, the
column is back-washed to remove trapped ions and the ion exchange resin is regenerated. Lu et al. explored the proton exchange between
phenol and ammonia or ammines based on density functional theory to show intracomplex proton exchange mechanism. The phenol-
ammonia (parent) system possesses a barrier height (34.6 kcal/mol) of proton exchange. The results showed that the phenol tends to
exchange hydrogen with the amines, preferably the secondary amines and the steric effect was favorable for the proton exchange.
Finally, the calculations showed that the phenols radical cation —NH; system represented a barrierless proton transfer and remarkably

low barrier (5.2 kcal/mol) of proton exchange, which support the importance of proton transfer in the proton exchange[lsl.

(iii). Advanced Oxidation Process

Advanced oxidation process (AOP) can be broadly defined as aqueous phase oxidation methods based on the intermediacy of highly
reactive species such as hydroxyl radicals in the mechanism leading to the destruction of the target pollutant. Over the past 30 years,
research and development concerning AOPs had been immense particularly for two reasons, namely the diversity of technologies
involved and the areas of potential application. Key AOPs include heterogeneous and homogenous photo catalysis based on near
ultraviolet (UV) or solar visible irradiation, electrolysis, ozonation, the Fenton’s reagent, ultra sound and wet air oxidation, while less
conventional but evolving processes include ionizing radiation, microwaves, pulsed plasma and the ferrate reagent. Depending on the
properties of the waste stream to be treated and the treatment objective itself, AOPs can be employed either alone or coupled with

other physiochemical and biological processes.

Chairez et al. proposed a new technique- differential neural network to estimate decomposition dynamics of phenols, byproducts
accumulation and decomposition, and final products accumulation. The effect of increase in pH on the decomposition dynamics of
phenol and 4-CP. 2, 4- DCP was very significant. It reduced the total decomposition time by a factor of 10. The presence of the chloro
species in the phenol molecules also reduced the degradation time in ozonation"®). Saritha et al. (2009) reported a comparative
assessment of 2,4,6-TCP degradation by advance oxidation process-UV,UV/H,0,, Fenton, UV/Fenton and UV/TiO, in the
laboratory scale. Among all the processes, UV/Fenton process was found to be more efficient in degrading 2,4,6-TCP (90%) and the
degradation rate with the UV/Fenton process was almost ten times higher than UV alone, as evidenced by kinetic constant values. The
optimum conditions obtained for the best degradation with UV/Fenton were: pH=3, Fe’™ concentration of about 5 mg/L and
peroxide concentration of 100 mg/L for an initial 100 mg/L of 2,4,6-TCP concentration. The efficiency of dechlorination was found
to be dependent on substituents present on the aromatic ring and the photo-fenton process showed a greater tendency to liberate CI

ions (about 88%) than the other processes 07,

(iv) a. Ozonation

Ozone is a strong oxidant that either decomposes in water to form hydroxyl radical which are stronger oxidizing agents than ozone
itself thus inducing the so-called indirect oxidation or attacks selectively certain functional groups of organic molecules through an
elctrophillic mechanism 18,191 Depending on the type of the substrate and the operating conditions, ozone oxidation is usually favored
at higher pH values due to the increased production of hydroxyl radicals. Ozonation has been traditionally employed in drinking water
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treatment for odor and taste control and disinfection, as well as for wastewater disinfection . Ozonation at high pH (>8) is also
regarded as a AOP because decomposition of ozone molecule into hydroxyl radicals is predominant under such conditions and the

reactions between the radicals and organic molecules take place e,

Chairez et al. (2007) proposed a new technique- differential
neural network to estimate decomposition dynamics of phenols, byproducts accumulation and decomposition, and final products
accumulation. The technique has been tested to compare estimated results to those experimentally obtained during semibatch
ozonation of the model solution of phenols. The effect of increase in pH on the decomposition dynamics of phenol and 4-CP. 2, 4-
DCP was very significant. It reduced the total decomposition time by a factor of 10. The presence of the chloro species in the phenol

molecules also reduced the degradation time in ozonation.

Oxidation of substituted phenols, chlorophenols and nitrophenols at atmospheric pressure by ozone over a copper-alumina catalyst was
studied. The degradation of phenols increased with the ozone dose (3.5 mg/min).The increase of initial pH value caused a major
increase of the phenol conversion for the unanalyzed process (71 %) and a more temperate one for the catalyzed process (74.9%). The
efficiency of the catalytic process was improved by raising catalyst concentration up to 2 g/L. The reactivity of the substituted phenols
(4-CP>2-CP>4-NP>>2-NP) was found both in the catalyzed and uncatalyzed processes, but the difference between their conversion

values was low in the presence of the catalyst 22,

Anotai et al. (2007) investigated that PCP degradation and detoxification by ozone and found that the degradation rate of PCP was
controlled by the mass transfer rate of ozone from gas to liquid phase. The detected intermediates were 2,3,4,6- and 2,3,5,6-TeCPs,
and phenol. The toxicity of PCP and TeCPs were found to be comparable but they were less toxic than their less chlorinated
congeners and phenol 23], Pandiyan et al. (2006) studied the photooxidation of chlorophenols and compared with electrochemical
methods. It has been found that 4-CP was oxidized faster than other chlorinated phenols because higher chlorinated phenols were hard
to decompose. The order of decomposition was 4-CP>2,4-DCP>2,4,6-TCP>PCP in both the electrochemical and photochemical
methods. Factors such as the columbic repulsion between the elctrophile, OH' radical and electron-deficient PCP ring was mainly
affecting the degradation of PCP. Despite several advantages of using ozone, it has a few disadvantages, which limit its application in
water treatment technology due to relatively low solubility and stability in water. Because of the high cost of ozone production and
partial oxidation of organic compounds present in water, the application of ozonation might not be feasible from an economic point of

. [25]
view 7,

(v) Photocatalysis

The photo catalytic oxidation (PO) of the organics in wastewater can be made more efficient by careful selection of the catalyst
combined with UV. The UV activates the catalyst, which results in the formation of reactive radicals. Ochuma et al.(2007) reported
that the pilot scale concurrent down flow contactor reactor equipped with a 1.0 or 2.0 kW lamp was capable of total degradation and
mineralization of 2,4,6-TCP. Under optimized reaction conditions, 100 % conversion of 2,4,6-TCP was achieved in 180 min using 15
ml solutions with initial concentration of 120 mg/L. Using the 1 kW or 2 kW UV lamps, conversion of 100 mg/L of 2,4,6-TCP after
30 min was 62.51 % and 90.71 % , respectively, with initial reaction rate of 1.33 x 10° and 4.22 x 10”° mol/min, respectively and the
rate constant 0.0046 x 0.29/min, respectively.

Gao et al. (2007) reported that TiO, nanotubes was prepared and characterized, and inferred from EPR signal that the active oxygen
species OH'" are generated by TN-400. The degradation of PCP was faster by microwave assisted photocatalysis than photolytic alone
or microwave alone or dark process. PCP was efficiently degraded in the microwave assisted photo catalysis process on TN-400. The
removal of 40 mg/L of PCP was 93.5 %, the COD , removal efficiency was 51.8 % in 20 min, pH decreased from 10.3 to 7.5 and the

process of dechlorination was completed in 12 min.
(vi). Wet Air Oxidation

Wet air oxidation (WAO) and CWAO use temperature and pressure over 120°C and 10 bar and air or oxygen as oxidant. It was
particularly useful for toxic organic wastewater el Depending on the reaction conditions two objectives could be achieved: a)
complete mineralization of organics to CO, and H,O or b) only an increase of the effluent biodegradability by adjusting the conversion
of toxic organic matter to the formation of biodegradable by-products such as carboxylic acids (Oliviero et al., 2003). Chalilha and
Bhattacharya (2008) used Fe (III), Co(Il) and Ni(Il) incorporated MCM41 mesoporous solids for oxidation of 2,4,6-TCP in water with
or without the oxidant, H,O,. The conversion achieved with Fe(Ill), Co(Il) and Ni (II) incorporated MCM41 in 5 h was 59.4, 50.0,
and 65.6 %, respectively, with 2,4,6-TCP: H,0, molar ratio of 1:1, and 60.2, 60.9 and 68.8 % in the absence of H,0,. Higher
percentage of conversion was achieved when the pH was near 7.0 and the natural pH of 2, 4, 6-TCP aqueous solution (5.5) was

sufficient to bring about considerable destruction.
3. Conclusions

Todate, adsorption as well as photocatalytic degradation are widely explored as highly efficient adsorbent/metal oxides for removal of
phenol from water. They exhibit various advantages such as fast kinetics, high capacity and preferable sorption/degradation towards
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phenol in water. Neverthless, the application of nano metal oxides (NMO) as adsorbent can be used for removal of phenol but the

NMOs tend to aggreagate into large size particles and their capacity loss seems inevitable. Fortunately, fabrication of new NMO’s

based composite adsorbents seem to be an effective approach to respond to all the above technical problems.
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