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CHAPTER I 

 

INTRODUCTION 
 

1.1 Background 

 

Waste products, generated from industrial processes, are considered as a 

certain kind of pollutants giving deteriorative effects to our environment. Some waste 

is reported to exhibit toxicity, carcinogenic and mutagenic properties. Such industrial 

waste also exerts negative effects on economic aspects as well. Among various waste, 

the organic compound is one of the most serious problems to the environmental 

concern since it is difficult to remove by means of conventional wastewater treatment 

technologies [1]. Though there are many organic compounds contaminated in public 

reservoirs, phenol and its derivatives is a crucial one because they could hardly be 

decomposed in nature. Phenol presents widely as a contaminant in many industrial 

processes, such as, wood preservative, pesticide, textile, paper and dye industrial [2]. 

Moreover, phenolic compounds can stand conventional removal methods, including 

biological decomposition or adsorption by activated carbon. Consequently, alternative 

high-performance wastewater treatment systems have also been required.  

Meanwhile, catalytic oxidation system is recognized as a promising 

alternative, due to its various advantages, such as non-toxicity and high stability of 

decomposing pollutants. Moreover, the use of such catalysts can lead to a higher 

mineralization of the organic refractory pollutants which will flavor a further 

biological treatment [3]. Especially, once a super oxidizing agent, such as, ozone, is 

incorporated with the catalytic oxidation process, it will drastically help increase 

decomposition rate. 

At the moment, more and more attention turns to the three-phase reactors, 

because they could provide intimate contact of gases, liquid, and solid phases. It also 

possesses the characteristic of simplicity in construction and operation, low operating 

cost and flexibility for liquid and solid phase residence times. In accordance with 

fluidization technology proposed for the improvement of the system, some novel 
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catalysts have been introduced for decomposing the phenolic compounds with the 

catalytic oxidation reaction [2]. 

The present research is aimed at the application of an effective wastewater 

treatment for removing phenol dissolved in wastewater Fe catalyst impregnated on 

activated carbon. Performance of a lab-scale fluidized-bed reactor with Fe/Ac catalyst 

and/or activated carbon (solid phase) and air (oxygen) and/or ozone (gas phase) will 

be investigated experimentally. It is well-known that the oxidation of phenol often 

leads to numerous hard-to-remove intermediate products. To monitor the presence 

and removal of the intermediate products, the TOC concentration of the treated 

wastewater is also measured. 

 

1.2 Objectives of research 

 

 The objective of this research is to investigate and compare a decomposition 

rate of aqueous phenol by using a lab-scale fluidized bed reactor with catalyst 

immobilized on activated carbon (adsorption and catalytic oxidation) and / or ozone 

(ozonation reaction).    

 

1.3 Scopes of research 

 

        1.3.1 Phenol is dissolved in de-ionized water to make synthetic aqueous phenol. 
        1.3.2 Investigation of phenol removal by two types of activated carbons and 

choosing the better activated carbon to apply in lab-scale fluidized bed reactor. 

        1.3.3 Prepare a Fe/activated carbon (Fe/AC) catalyst  

            - Activated carbon: 5 g. 

            - Fe/AC: 5 %wt.           

         1.3.4 Test the decomposition of phenol. 

            - Phenol concentration: 10 ppm. 

                  - Catalyst loading: 5 g. 

             - The liquid flow rate: 1 L/min. 

             - The gas flow rate: 1 L/min. 

         1.3.5 Analyze the decomposition of phenol and intermediate product by 
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      - HPLC (High performance liquid chromatography, Shimadzu column class VP)  

      - TOC (Total organic carbon analyzer, Shimadzu TOC-VCPH) 

 

1.4 Benefit of this research 

 

 The expected benefit from this research is the knowledge to develop effective 

wastewater treatment for removing phenol dissolved in wastewater by using a lab-

scale fluidized bed reactor with catalyst immobilized on activated carbon (adsorption 

and catalytic oxidation) and / or ozone (ozonation reaction). In addition, this reactor 

developed will be useful for scale-up of the system for application.   

 

 

 



CHAPTER II 
 

LITERATURE REVIEW 
 

2.1 Wastewater treatment methods  

In the recent years, many studies on various catalysts for pollution treatment 

have been conducted. Among all the organic materials that we are concerned with, 

phenol is important. Phenol and phenolic substances are used widely as raw materials 

for organic compounds, such as dyes, pharmaceuticals, plasticizers, and antioxidants. 

However, phenol, in addition to having a strong disagreeable odor and taste in water 

even at very small concentrations, is extremely toxic to aquatic life and resistant to 

biodegradation. There are classified the treatment processes for phenolic wastewater 

into two principal categories: destructive process such as destructive oxidation with 

ozone, hydrogen peroxide, or manganese oxides and recuperative processes such as 

adsorption into porous solids, membrane separation and solvent extraction. At 

present, several treatment methods are available as follows  

 

2.1.1    Adsorption and Oxidation 

 

James [3] studied that activated carbon removes organic compounds 

from aquaria by adsorption and absorption principles. Both processes involve the 

transfer of the adsorbate (pollutant) from the liquid phase (water) to the solid phase 

(carbon). Adsorption is the primary sorption mode relying on electrostatic Van der 

Walls forces. This attractive “force” forms relatively weak bonds between the carbon 

and adsorbate. In theory activated carbon could release or desorb what it removed at 

some point. But practical experience with aquarium filtration and laboratory 

experiments show desorption rarely occurs or causes any type of “toxic release”. 

Bacteria readily colonize the outer surface of the activated carbon and consume some 

of the sorbed organics. The bacterial action reactivates a small portion of the carbon 

and perhaps prevents desorption. Absorption refers to the diffusion of a gas or 

compound into the porous network where a chemical reaction or physical entrapment 

takes place. Ozone for example is absorbed into activated carbon where it oxidizes a 

portion of the carbon’s surface. Ozone (O3) is reduced to oxygen (O2) thus 

“detoxified” and made safe for the aquarium. Ozone does not accumulate or build-up 
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in the carbon structure. A third process called chemisorption forms an irreversible 

chemical bond between the carbon surface and the adsorbate. Pollutants are tightly 

bound to the sorbent. All three sorption processes occur simultaneously in the 

aquarium. The sorption process takes place in three stages:  

1) Organic laden water contacts the activated carbon particle.  

2) The adsorbate diffuses into the porous network.  

3) Sorption onto the carbon occurs.  

The sorption process has been described as the activity observed in a 

parking lot. Vehicles (organics) are moving freely on the main highway (aquarium 

water). Gradually vehicles enter the lot (pore) in search of a parking space (sorption 

site). As the parking lot becomes filled the sorption rate slows down. Sorption of large 

organic compounds takes longer than smaller compounds. The sorption rate is also 

influenced by water temperature, pH, and salinity, but these factors will not be 

discussed since they are “constants” in the marine aquarium.  

Banat et al. [4] evaluated the potential of bentonite for phenol adsorption 

from aqueous solutions was studied. Batch kinetics and isotherm studies were carried 

out to evaluate the effect of contact time, initial concentration, pH, presence of 

solvent, and the desorption characteristics of bentonite. The adsorption of phenol 

increases with increasing initial phenol concentration and decreases with increasing 

the solution pH value. The adsorption process was significantly influenced by the 

solvent type in which phenol was dissolved. The affinity of phenol to bentonite in the 

presence of cyclohexane was greater than that in water and was lowest in the presence 

of methanol. Methanol was used to extract phenol from bentonite. The degree of 

extraction was dependent on the amount of phenol adsorbed by bentonite. X-ray 

di raction analysis showed that the crystalline structure of bentonite was destroyed 

when cyclohexane was used. The ability of bentonite to adsorb phenol from 

cyclohexane decreased as the water to cyclohexane ratio was increased. Furthermore, 

hysteresis was observed in phenol desorption from bentonite in aqueous solutions. 

The equilibrium data in aqueous solutions was well represented by the Langmuir and 
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Freundlich isotherm models. The removal of phenol from aqueous solutions was 

observed without surface modification.  

Mccallum et al. [5] developed experimental and molecular simulation 

results are presented for the adsorption of water onto activated carbons. The pore size 

distribution for the carbon studied was determined from nitrogen adsorption data 

using density functional theory, and the density of acidic and basic surface sites was 

found using Boehm and potentiometric titration. The total surface site density was 

0.675site/nm2. Water adsorption was measured for relative pressures P/P0 down to 

10-3. A new molecular model for the water/activated carbon system is presented, 

which we term the effective single group model, and grand canonical Monte Carlo 

simulations are reported for the range of pressures covered in the experiments. A 

comparison of these simulations with the experiments shows generally good 

agreement, although some discrepancies are noted at very low pressures and also at 

high relative pressures. The differences at low pressure are attributed to the 

simplification of using a single surface group species, while those at high pressure are 

believed to arise from uncertainties in the pore size distribution. The simulation 

results throw new light on the adsorption mechanism for water at low pressures. The 

influence of varying both the density of surface sites and the size of the graphite 

microcrystals is studied using molecular simulation. 

 

Polaert et al. [6] interested a two-step adsorption–oxidation process for 

treatment of aqueous phenolic e1uents has been investigated. This process is based on 

the use of activated carbon as adsorbent in the first step and as oxidation catalyst in 

the second step, in a single bi-functional reactor. The main advantage of this process 

concerns the regeneration–oxidation step, for which only a small quantity of liquid 

has to be heated and pressurised, reducing then the heat consumption. Calculations 

and design were performed based on the experimental results obtained separately for 

the adsorption and the oxidation steps. This two-step adsorption–oxidation process 

appears to offer good potentialities for treating moderate 4ow rates of wastewater, 

especially when the e1uent is dilute.  
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2.1.2   Ozonation  

 

In an ozonation process two possible ways of oxidizing action may be 

considered: the direct way, because of the reaction between the ozone and the 

dissolved compounds, and the radical way owing to the reactions between the 

generated radicals produced in the ozone decomposition (hydroxyl radicals) and the 

dissolved compounds. Kinetic models for the reaction of ozone with different organic 

and inorganic compounds have been established by Hoigne and Bader [7]. 

Mokrini et al. [8] studied ozone appeared few minutes after the begining 

of all experiments with ozone (Figure 2.1). And, proposed the following mechanism 

of phenol oxidation by molecular ozone: 

 

 

O 
O 

Figure 2.1 Mechanism of phenol oxidation by molecular ozone 

 

Bozena et al. [9] studied the influence of ozonation on the activated 

carbon adsorption, a model solution containing approximately 8 mg/dm3 of humic 

acid and approximately 1 mg/dm3 of phenol has been ozonated, and then adsorption 

kintetics and adsorption isotherm experiments have been performed. The applied 

ozone doses ranged from 1 to 3 mg O3/dm3, and a contact time was 1 min. In the 

adsorption experiments, the commercial activated carbon CWZ-30 has been used. 

Phenol adsorption under equilibrium conditions was determined by the Freundlich 
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isotherm equation, and the modified Freudlich isotherm equation has been employed 

for the determination of humic acid equilibrium adsorption. The applied oxidation 

conditions resulted in color, chemical oxygen demand (COD), total organic carbon 

(TOC) and UV 254 absorbance removal, by 4 – 13%, 3 – 6%, 3 – 7%, respectively. 

After ozonation, phenol concentration decreased by 6%– 23%. These changes in the 

model solution did not affect the humic acid adsorption, however, they deteriorated 

phenol adsorption. The applied oxidation conditions (1-min contact time and ozone 

dose ranging from 1 to 3 mg O3/dm3) resulted in partial decomposition of phenol and 

humic acid molecules. These changes in the model solution did not affect humic acid 

adsorption on the PAC, however, they deteriorated phenol adsorption. 

 

2.1.3    Catalytic Oxidation 

 

Levec and Pintar. [10] were presented about a potential catalytic liquid-

phase oxidation of aqueous solutions of organics, advanced waste water treatment 

technology. Catalysts are briefly reviewed first, followed by mechanistic speculations 

and kinetics that have been proposed for liquid-phase oxidation of some model 

pollutants. Subsequently, oxidation reactors and potential process schemes are 

discussed. The key issue of the effective catalytic oxidation of organics in waste water 

is the catalyst. Oxidation most probably undergoes a complex redox and/or 

heterogeneous nonbranched-chain free radical mechanism. In order to develop 

effective catalyst and process, more kinetic and mechanistic studies with different 

systems in aqueous solutions are needed. 

Pirkanniemi and Sillanpa. [11] studied dealing with heterogeneous 

catalytic raw water treatment processes including oxidation and hydrogenating 

processes. If catalyst in water phase process is dissolved homogeneous, separation 

processes possibly have to be adapted. In many cases, separation would be technically 

and/or economically unachievable. In addition, many active homogeneous catalysts, 

such as some metal salts are a potential environmental problem. Under these 

circumstances, there is a need for heterogeneous catalytic procedures where the 

catalyst is in different phase and therefore more likely easy to separate. However, 

heterogeneous processes are usually more complicated to control. Since surface plays 
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an important role in adsorption and desorption, appropriate support selection may 

therefore have a remarkable effect on reaction rate. This is possibly a field of the most 

rapid development in heterogeneous catalysis during past 10 years. This review 

consists of publication concerning environmental heterogeneous catalytic water phase 

applications. All the most important processes, catalysts, and supports are listed. The 

reference material included has mostly been published during past five years. 

However, some older papers were included when found fruitful. 

Quintanilla et al. [1] has been tested a Fe/activated carbon (Fe/AC) 

catalyst for the wet oxidation of phenol in a fixed bed reactor at relatively mild 

conditions. Using the incipient-wetness impregnation method, a catalyst containing 

2.4 wt% of Fe on the active carbon was prepared. An aqueous solution of Fe 

(NO3)3•9H2O was employed as iron precursor. Impregnation was followed by drying 

at room temperature for 2 h and overnight at 60 °C. The sample was then heated up to 

200 °C within 2 h at two temperature rates and then calcined at 200 °C during 4 h. 

The organic compounds present in the effluent were identified and quantified by 

HPLC. Total organic carbon (TOC) measurements were accomplished with TOC 

analyzer. Iron in the reactor effluent was analyzed by total reflection X-ray 

fluorescence (TXRF).The Fe/AC shown a complete phenol conversion and 80% TOC 

removal at 127 °C and shown chemical stability in long-term experimental. Research 

in course is addressed to optimize the preparation of Fe/AC catalysts for their 

application in catalytic oxidation treatments of real industrial wastewaters. 

 

2.2   Fluidized bed reactor  

 

Nam et al. [12] was carried out in two different types of fluidized bed reactors 

with TiO2 powder in this research the photocatalytic oxidation of methyl orange under 

weak illumination conditions One is the typical type of FBR (fluidized bed reactor) 

and the other is the FBR with an internal draft tube (Draft tube fluidized bed reactor, 

DTFBR). Two FBRs of experimental test set-up is shown in Figure. 2.2 
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         Figure 2.2 The schematic diagram of experimental test set-up. 

 

In this study, factors affecting the decolorization rate of methyl orange in a 

three-phase FBR are investigated such as catalyst loading, pH, air flow rate, initial 

concentration of target compound, and reactor geometry. The methyl orange solution 

was successfully decolorized by the photocatalytic reaction in the FBRs under weak 

illumination conditions. It was also found that pH is another important parameter in 

determining the reaction rate and the acidic condition was favorable for the methyl 

orange and TiO2 system. The higher initial concentration decreased the light 

penetration thus decreased the relative reaction rate of photocatalytic reaction. It was 

also observed that there was an optimum amount of catalyst loading which does not 

prevent screening effect to illumination. There was no significant difference of 

geometric effect on reaction rate under the covered experimental conditions. 

 Trivedi et al. [13] shown in the Figure. 2.3, a liquid–solid circulating fluidized 

beds (LSCFB) system is composed of two interconnected fluidized beds, namely, a 

riser and a down-comer. The other important components of the LSCFB involves a 

liquid–solid 
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Figure 2.3 Schematic of a liquid–solid circulating fluidized bed bioreactor system     

containing entrapped soybean seed hull peroxidase enzymes within the 

sol-gel/calcium-alginate matrices. 

 

separator, a top particles returning pipe from riser to the down comer, a bottom 

particles returning pipe from down-comer to the riser, a top washing section and a 

bottom washing section. A liquid–solid circulating fluidized bed (LSCFB) system 

consisting of 3.8 cm I.D. and 4 m high riser and 12 cm I.D. and 3.5 m high down 

comer was investigated in this study for the continuous polymerization of phenol. 

Approximately 8.5 kg immobilized particles containing soybean seed hull peroxides 

enzymes were applied in the LSCFB system. The continuous enzymatic 

polymerization was carried out in the riser section by introducing phenol and 

hydrogen peroxide at the entrance of the riser. Under optimized hydrodynamic 

conditions and by keeping the molar concentration ratio of phenol to H2O2 of 1:2, 

54% conversion of phenol was achieved. The down-comer of the LSCFB was utilized 

for the regeneration of the coated immobilized enzyme particles. The effect of the 

superficial liquid velocity and an initial substrate concentration was studied. Our 

experimental results show that an enzymatic reaction and the regeneration of the 
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biocatalysts can be carried out simultaneously and independently in the LSCFB 

system. Furthermore, this work opens the possibilities for many bioprocesses where 

the deactivation of the biocatalysts is a major problem and the regeneration of the 

biocatalysts is required. This study shows that the LSCFB is an attractive alternative 

for processes where deactivation of the biocatalysts occurs and regeneration is 

needed. For such processes, the LSCFB system can offer a simultaneous reaction and 

regeneration continuously. Further studies on the down-comer side in the LSCFB 

device is in progress including the recovery of the polymeric material and the 

recirculation of the regeneration stream. 

 

2.3    Combination of wastewater treatment methods and fluidized bed reactor. 

 

Kabir et al. [14] was exploited in this research effect of H2O2 addition on 

phenol degradation in the photocatalytic fluidized bed reactor. Laboratory optimized 

integrated photocatalyst adsorbent was used as the supported photocatalyst. Overall, it 

was found that addition of hydrogen peroxide to the photocatalytic system was 

beneficial and it was demonstrated that the desired enhancement can be achieved with 

small doses of hydrogen peroxide, which is promising from economic perspective 

since it requires miniscule consumption of the non-recyclable agent, H2O2. 

 



 
   

CHAPTER III 

 

FUNDAMENTAL KNOWLEDGE 

 

3.1  Wastewater treatment 

 

Human ingenuity has produced well over fourteen million chemicals substances 

which have never before been part of the terrestrial environment and the rate of 

discovery is increasing every day. Some of these newly synthesized compounds, such 

as substances containing heavy metals and persistent organic pollutants, have been 

known to be dangerous for many years already, while fears have been raised about 

many others recently. In addition to chemicals that are placed on the market, either as 

intermediates within a production process, or as part of final products, there is the 

unintentional formation of chemical by-products in many industrial processes, which 

can also impact on the environment. Clearly, solutions must be tailored to the 

properties and uses of each particular chemical and groups of chemicals, as well as to 

each country’s unique circumstances. But action must be taken quickly. Each year 

that passes without effective action will result in decades of additional, unintended 

exposure to chemicals that are likely to be harmful to human health and the 

environment. Water is a key resource for our quality of life. Access to clean water for 

sanitary purposes is a precondition for human health and well-being. Almost all 

human activities can and do impact adversely upon the water. Discharges from 

wastewater treatment plants and industry are caused pollution by oxygen consuming 

substances, nutrients and hazardous substances. The adverse impacts depend very 

strongly upon the degree to which (if at all) such discharges are treated before 

reaching waterways. Thus, challenges faced by chemical and related industries, due to 

unprecedented market demands and public environmental concern, are to imagine 

efficient and cost-competitive remediation processes and minimization strategies for 

water pollution problems. 

Wastewater typically can be divided in two categories: urban and industrial. In 

the urban residues, the main pollutant load is organic, mostly non toxic and 
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biodegradable. Usually, this kind of wastewater is treated in conventional wastewater 

treatment plants (WWTP) based on biological oxidation. On the contrary, industrial 

effluents usually have a very complex and toxic composition, depending on the 

industry that generates them, which often requires more severe remediation 

treatments. Examples of toxic and therefore non biodegradable organic pollutants are 

phenols, surfactants, chlorinated compounds, pesticides, polyethylene and aromatic 

hydrocarbons, among many others. Organic pollutants tend to accumulate in the 

tissues of animals and plants, often becoming more concentrated as they move up 

through the food chain. Many times, the symptoms of contamination may not 

manifest themselves until several generations after initial contact with the chemical of 

concern. 

The importance of phenolic effluents, a part from their potential toxicity, is 

outlined by the high quantities that are eventually rejected in the environment. In 

addition, phenol is considered to be an intermediate product in the oxidation pathway 

or higher-molecular-weight aromatic hydrocarbons. Thus, it is usually taken as a 

model compound for wastewater treatment studies, as it is for the present research 

work. 

There is no doubt that water pollution is a continuing and even growing problem 

that arises from human activities. No unique solution seems possible for destroying all 

kind of water pollutants due to the heterogeneous composition of real wastes as well 

as the diversity of new chemical compounds that are continuously being synthesized. 

Some waste treatments merely transfer the toxic component from one phase to 

another. While this may serve to concentrate the wastes in a more readily disposable 

form, it does not alter the chemistry of the pollutants. Other processes use chemical 

reactions to transform the wastes into less toxic by-products or harmless end products 

such as CO2 and water. It is clear that the selection of the correct process or the 

combination of treatments is a difficult task and should be generally made depending 

on the treated wastewater characteristics and the destination of the effluent [15]. 
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3.2 Phenol and Activated carbon 

 

 3.2.1  General information of phenol 

 

Phenol is usually in the form of colorless or white crystals. It has a sickly 

sweet smell and a sharp burning taste. Phenol occurs naturally as coal tar, and is 

formed during decomposition of organic materials. Much of the phenol that is present 

in the environment is due to anthropogenic activities such as wood burning, smoking, 

rubbish incineration and car exhausts. One of the main uses for phenol is for the 

production of phenolic resins, bisphenol-A, used to make epoxy resins and 

caprolactam used to make nylon. It is also used to make adhesives, paint, rubber, ink, 

dyes perfume and soap. Phenol may also occur in rain, surface water and ground 

water. Occupational exposure may occur during the production of phenol and phenol 

products and during the application of phenolic resins as well as other industrial 

processes. For the general population the largest exposure will come from smoking or 

inhaling air containing phenol and to a lesser extent from eating smoked food. 

Exposure to phenol causes both local effects at the site of exposure as well as 

systemic effects on other organs in the body. Eating food or drink contaminated with 

phenol for a short period can cause burning to the mouth and throat, wounds to 

mouth, esophagus and stomach, abdominal pain, vomiting and diarrhea. Ingestion of a 

significant concentrated dose or of significant amounts of a concentrated dose is 

usually fatal. Breathing in air contaminated with phenol for a short period is irritating 

to the lungs and may cause wheezing. Inhalation can also cause anorexia, headache, 

weight loss, vertigo and dark urine. If the skin comes into contact with phenol the area 

becomes numb, hence its use as a local anesthetic. If contact continues, pain, 

inflammation and discoloration/blanching can occur. If ingesting phenol for a longer 

time, severe stomach irritation can occur as well as heart and breathing effects, mouth 

sores and production of dark urine. Long term skin contact causes wounds on the skin 

and can make the skin yellow. If phenol is absorbed into the body, it can cause 

headaches, dizziness, high blood pressure, heart effects, shallow breathing, wheezing, 

coughing, vomiting, stomach ulceration and eventually death. These health effects are 
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the same whether absorption is due to eating contaminated food or drink, inhaling 

contaminated air or from skin absorption. Phenol and its compounds are not 

classifiable as to their carcinogenicity to humans by the International Agency for 

Research on Cancer. Phenol is largely used in the manufacture of phenolic resins and 

plastics. It is also used in the manufacture of explosives, fertilizers, paints, rubber, 

textiles, adhesives, drugs, paper, soap and wood preservatives. It is also mixed with 

other reagents and used as a disinfectant for toilets, floors and drains [16]. 

 

3.2.1.1 Chemistry of phenol 

 

 Phenol is the simplest member of a family of compounds in which 

an -OH group is attached directly to a benzene ring. The molecular formula of phenol 

is C6H5OH (see the molecular structure in Figure. 3.1).  

 
OH  

 

  

 

 

Figure 3.1   Molecular structure of phenol 

 

3.2.1.2 Physical properties of phenol 

 

Pure phenol is a colourless or white solid with sweet and acrid 

odors. Phenol has a molecular weight of 94.11, a melting point of 43°C and a boiling 

point of 182°C at 760 mm Hg. The pKa for phenol is 9.9 to 10 and it readily reacts 

with strong bases such as NaOH or KOH to form phenoxides. Not only do these 

phenolic compounds differ in chemical structure and environmental behaviour, they 

also differ in toxicity. Phenolic compounds are weakly acidic and can be more toxic at 

low pH because of increasing proportions of free phenol. 
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3.2.1.3 Solubility in water of phenol 

 

 The simplest phenolic compounds, such as phenol, cresol and 

xylenol are highly soluble in water and are easily degradable. Phenol has a water 

solubility of 6.7 g/100 mL at 16°C and is fully soluble in water at 66°C. Phenol can 

remain in water for up to six days, but is generally present for much shorter durations. 

Sorption to sediments is not an important transport mechanism of phenol to water. 

 

3.2.1.4 Handling and storage of phenol 

 

Take precautionary measures against static discharges. To avoid 

ignition of vapours by static electricity discharge, all metal parts of the equipment 

must be grounded. Keep away from food, drink and animal feeding stuffs. Easy 

access to as emergency shower and eye wash facility is required. To be handled by 

trained personnel only. Ensure adequate ventilation. The following measures are 

recommended: Closed systems for handling, process and storage. Keep away from 

sources of ignition-No smoking. Avoid contact with skin, eyes and clothing. Avoid 

inhalation of vapour or mist. Suitable container: stainless steel. Unsuitable container: 

aluminium, zinc, lead, copper, copper alloys, unlined steel. Keep away from 

incompatible materials. Keep container tightly closed and in a well-ventilated place. 

Keep under nitrogen. 

 

3.2.1.5 Personal protection of phenol 

 

Avoid and prevent all spillage, contact and exposure. Smoking, 

eating and drinking should be prohibited in the application area. Wash hands before 

breaks and immediately after handling the product. In case of insufficient ventilation: 

Respirator with filter or self-contained breathing apparatus. Wear suitable gloves: 

Polyvinylchloride (PVC), neoprene breakthrough time > 480 min; thick PVC, 

neoprene breakthrough time > 60 min; Polyvinylchloride (PVC), neoprene. Wear 

suitable protective clothing and rubber boots.  
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3.2.1.6 Stability and reactivity of phenol 

 

Phenol is stable under normal conditions exposure to air and 

sunlight. Keep away from heat and sources of ignition. It reacts violently with: Strong 

oxidizing agents, sulphuric acid, nitric acid, aluminium chloride and corrosive effects: 

Aluminium, zinc, lead, copper, copper alloys, unlined steel. Phenol may attack many 

plastics, rubbers and coatings. Heating or fire can release toxic gases [6]. 

 

3.2.1.7 Industrial effluent quality standards in Thailand of phenol 

 

The acceptable phenolic compound concentration to be treated in 

central wastewater treatment process must be controlled at the industrial effluent 

standard (1.0 mg/L). This means that any particular plant (located in the industrial 

estates) which discharges phenolic and related compounds greater than the Industrial 

Estate Authority of Thailand (IEAT) acceptable limits (1.0 mg/L for phenolic 

compounds) must have their own effective wastewater treatment unit before 

transferring the wastes to the central treatment process. 

 

3.2.1.8 Wastewater treatment methods 

 

Variation of component in wastewater is high, contains a large 

number of different compounds arise from raw material. Several methods have been 

studied for treating dye wastewater. However, these effluent treatments have different 

advantages and disadvantages as shown in Table 3.1. 

 

 

 

 

 

 



19 
 

  

Table 3.1 Summary the advantages and disadvantages of methods for treating dye 

wastewater. [17]  

 

Method Advantages Disadvantages 

Activated carbon 

adsorption 

-Suspended solids and organic 
substances well reduced 
 

-Blocking filter 

Advanced chemical 

oxidation 

-Non-hazardous end products -High cost 

Electrochemical 

oxidation 

-Removes small colloidal particles 

-Breakdown compounds are non-

hazardous 

-No chemical use 

- High cost 

 

Biological process -Environmentally friendly 

-Rates of elimination by oxidizable 

substances about 90% 

-Economically attractive 

-Low 

biodegradability of 

phenol 

-Needs adequate 

nutrients 

-Narrow operating 

temperature range  

 

 3.2.2 Activated carbon 

 

      Activated carbon, also called activated charcoal or activated coal, is a form 

of carbon that has been processed to make it extremely porous and thus to have a very 

large surface area available for adsorption or chemical reactions [18]. The word 

activated in the name is sometimes substituted by active. Due to its high degree of 

microporosity, just one gram of activated carbon has a surface area of approximately 

500 m², as determined typically by nitrogen gas adsorption. Sufficient activation for 

useful applications may come solely from the high surface area, though further 

http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Surface_area
http://en.wikipedia.org/wiki/Adsorption
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Gram
http://en.wikipedia.org/wiki/Nitrogen
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l 

processes [19]. 

.2.2.3 Porous activated carbon 

 

etween sides 

f a slit-shaped pore. Their different structures are shown in Figure 3.2. 

 

chemical treatment often enhances the adsorbing properties of the material. Activated 

carbon is usually derived from charcoal. 

 

3.2.2.1 Granular activated carbon (GAC) 

 

 Granular activated carbon has a relatively larger particle size 

compared to powdered activated carbon and consequently, presents a smaller external 

surface. Diffusion of the adsorbate is thus an important factor. These carbons are 

therefore preferred for all adsorption of gases and vapors as their rate of diffusion are 

faster. Granulated carbons are used for water treatment, deodourisation and separation 

of components of flow system. GAC is designated by sizes such as 8x20, 20x40, or 

8x30 for liquid phase applications. The most popular aqueous phase carbons are the 

12x40 and 8x30 sizes because they have a good balance of size, surface area, and 

heedless characteristics. 

 

3.2.2.2 Environmental applications  

 

Carbon adsorption has numerous applications in 

removing pollutants from air or water streams both in the field and in industria

 

3

The activated carbons have been used in several applications. In 

the adsorption process, we should consider appropriation between molecular size and 

the suitable pore width of activated carbon. Pores are usually characterized in terms of 

their width, meaning the diameter of a cylindrical pore or the distance b

o

 

 

http://en.wikipedia.org/wiki/Charcoal
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Mesopore 
(2-50 nm) 

 

Macropore 
 (>50 nm) 

Micropore 
 (<2 nm) 

Figure 3.2 Schematic of the pore structure observed in AC 

 

The range of pore sizes which is defined according to the International Union of 

Pure and Applied Chemistry (IUPAC). 

 

 3.2.3 Intermediate products  

 

3.2.3.1 Hydroquinone 

 

Hydroquinone, also benzene-1,4-diol or quinol, is 

an aromatic organic compound which is a type of phenol, having the chemical 

formula C6H4(OH)2. Its chemical structure, shown in the table at right, has 

two hydroxyl groups bonded to a benzene ring in a para position. It is a white 

granular solid at room temperature and pressure. (see the molecular structure in 

Figure. 3.3). 

 

    Figure 3.3 Molecular structure of hydroquinone 

 

http://en.wikipedia.org/wiki/Aromatic
http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Phenols
http://en.wikipedia.org/wiki/Chemical_formula
http://en.wikipedia.org/wiki/Chemical_formula
http://en.wikipedia.org/wiki/Chemical_structure
http://en.wikipedia.org/wiki/Hydroxyl_group
http://en.wikipedia.org/wiki/Covalent_bond
http://en.wikipedia.org/wiki/Benzene_ring
http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Pressure














































CHAPTER IV 

 

EXPERIMENTAL 
 

This chapter describes the experiment in details. The chemicals, the catalysts 

and the experimental system are shown in sections 4.1, 4.2 and 4.3, respectively. In 

sections 4.4, 4.5, and 4.6, the equipment, the experimental procedure and analytical 

instrument are explained. 

 

4.1 Chemicals 

 

Phenol and intermediate products solution, hydroquinone and catechol, for 

testing the reaction and preparing HPLC standard are prepared from: 

1) Phenol, C6H6O, available from Polski Odczynniki Chemiczne S.A., 99.9% 

2) Pyrocatechol, C6H6O2, available from Fluka, 98% 

3) Quinol, C6H4(OH)2,  available from APS Chemicals, 99.8% 

In addition the HPLC mobile phase, Acetonitrile, is: 

4) Acetonitrile, CH3CN, available from Fisher Scientific, 99.99% 

 

4.2 Catalyst 

 

The metallic catalysts, Iron (III) Nitrate•9-hydrate (Fe(NO3)3·9H2O)  were 

supplied by Ajax Finechem on activated carbon, were prepared by wet impregnation 

techniques. The activated carbons were heated and held at 473 K for 4 hrs to eliminate 

their impurities, then impregnated with a solution of Fe(NO3)3•9H2O to yield 5 %w/w 

of Fe. The supported activated carbon was prepared by wet impregnation of 5 %w/w 

Fe on 1 g of activated carbon mixed with 10 ml of Fe solution. The sample was dried 

under vacuum at temperature 333 K. Then, calcinations at 773 K under N2 flow 5 h 

and Oxidation at 473 K under air flow to constant weight. After impregnation, the 

samples were dried overnight at 353 K and subsequently calcined at 773 K under 

nitrogen atmosphere for 5 hrs.  
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Granulated activated carbons made from coal by Calgon Company 

(Cod.102514100; pz: 0.60-2.36 mm: AC1) and from coconut shell by Carbokarn 

Company (pz: 0.42-1.70 mm: AC2) were used. The main characteristics of the 

activated carbons used in the present investigations are presented in Table 4.1.  

 

Table 4.1 Characteristics of catalysts 

 

Physical properties AC 1 AC 2 

Particle Size Distribution (mm.) 0.60-2.36 0.42-1.70 

Moisture (%W/W) MAX . 2 MAX . 8 

Ash (%W/W) MAX . 10 MAX . 3.5 

Iodine Number (mg/g) MIN . 900 MIN . 1100 

 

4.3.  Experimental system 

 

As illustrated in Figure. 4.1, the experimental apparatus consists of a lab-scale 

3-phase fluidized bed reactor, hold-up tank, magnetic stirrer, liquid pump, flow meter, 

3-way valve, ozone generator, and oxygen cylinder. The liquid solution and gas were 

separately fed through a distributor into the fluidized catalyst bed. Gas flow was 

exhausted from the top of the reactor while the liquid solution was totally circulated 

and intermittently sampled. A fixed amount both of ACs and Fe/AC1 5 g were used. 

Aqueous phenol 10-ppm 2 L in the hold-up tank were charged into the fluidized bed 

reactor.  
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Figure 4.1 Diagram of experimental apparatus, 1. hold-up tank, 2. magnetic stirrer, 3. 

liquid pump, 4. flow meter, 5. 3-way valve, 6. ozone generator, 7. oxygen cylinder, 8. 

air pump and 9. fluidized bed reactor. 

 

4.4  Apparatus 

 

4.4.1 Reactor 

 

         The reactor is made of quartz tube with an inside diameter and high of 31.6 and 

300 mm, respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 Construction diagram of a lab-scale fluidized bed reactor 
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       Figure 4.3 Fluidized bed reactor  

 

4.4.2 Ozone generator 

 

Figure 4.4 is shows a photo of the ozone generator model SO-O3UN-OX. 

Its technical specifications are shown in Table 4.2. This apparatus uses oxygen or air 

as a source of ozone production. When oxygen is used, a much higher ozone 

production rate could be obtained. Moreover, the gas flow rate can be varied in the 

range of 1-5 L/min., and the ozone generation rate is between 1.4-5.7 g/h depending 

on the gas flow rate. The ozone concentration slightly decreases with an increase in 

gas flow rate.  
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Figure 4.4 Ozone generator model SO-O3UN-OX of Tokyu Car Co., Ltd  

 

Table 4.2 Specification of the ozone generator model SO-O3UN-OX 

 
Oxygen flow rate 

[L/min.] 
O3 concentration 

[g/m3] 
O3 generation rate 

[g/h] 

1 24.39 1.46 

2 22.73 2.73 

3 21.29 3.83 

4 19.85 4.76 

5 18.77 5.63 
 

Model: SO-03UN-OX03007, Source: Oxygen (O2), Oxygen flow rate: 1-5 L/min., 

Room temperature: approx. 23 oC, Room humidity: approximately 70%, Pressure of 

supplied oxygen: 2 kgf/cm2. 

 
4.5  Experimental procedure 

 

Granulated activated carbons were heated and held at 473 K for 4 hrs to 

eliminate their impurities, then impregnated with a solution of Fe(NO3)3·9H2O to 

yield 5 % w/w of Fe.  The metal catalyst, Fe, was loaded on 1 g of AC was mixed 

with 10 ml of metal solution in an vacuum evaporator at 333 K until the aqueous 

phase could no longer be observed. After impregnation, the samples were dried 

overnight at 353 K and subsequently calcined at 773 K under N2 for 5 hrs. All 

experiments were carried out with co-current upward flow of gas (1 L.min-1) and 

liquid (1 L.min-1). In each run, the phenol-containing liquid and gas were fed in at the 

bottom, came out from the top and the entire liquid was recirculated via the hold-up 
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tank. Ozone was produced either from air or from pure O2 by passing it through an 

ozone generator (Tokyu Car Corporation, SO-O3UN-OX). Intermittently samples 

were withdrawn at the times of interest for chemical analysis, filtered through filter 

paper (0.45µm pore size), and then analyzed by HPLC and TOC analyzer.  

 

4.6  Analytical instruments 

 

The concentration of phenol was analyzed by a high-performance liquid 

chromatography (HPLC) using a Shimadzu column (Class VP), with 25% 

acetronitrile: 75% water as the mobile phase and the UV-vis detector using 254 nm 

wavelength. The total organic carbon analyzer (TOC analyzer, TOC-VCPH, 

Shimadzu, Japan) was used to find the concentration of the intermediates in terms of 

TOC. The details of the equipment are described next. 

 

4.6.1 Nitrogen physisorption  

The sample’s Brunauer-Emmett-Teller (BET) surface area was 

determined by nitrogen adsorption in a BEL Japan Inc., (BelSorb 2). All the samples 

were thermally treated at 150 oC for 30 min in a 30% N2-helium flow prior to BET 

measurements. 

 

 4.6.2 High performance liquid chromatography (HPLC)  

 

The concentration is measured by HPLC (Shimadzu column class VP). It 

can be used for indicating the compounds and the number of the compounds in the 

sample as well. The result from the sample taken in sequent of time is exhibited in 

graph form. Peak area of each compounds occurred at the individual resident time 

were brought to calculate the concentration.  In addition the degradation time of each 

batch can be found by HPLC. 25% acetonitrile 75% demineralized water 

(conductivity < 2 microziemen)  were mobile phase. The total flow rate of mobile 

phase was 0.6 cm3/min. The column Phenomenex C18 was operated at 31.5 °C. The 

wavelength of UV-vis detector was 254 nm. Figure 4.5 shows the picture of this tool. 
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Figure 4.5 The picture of HPLC (Shimadzu column class VP) 

 

  4.6.3 Total organic carbon (TOC)  

 

The TOC disappearance was obtained from Shimadzu TOC-VCPH. It 

could be used for indicating the total mineralization of phenol. The picture of TOC 

analyzer is shown in Figure 4.6. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 The picture of TOC analyzer (Shimadzu TOC-VCPH) 



CHAPTER V 

 

RESULTS AND DISCUSSION 
 

AC1, AC2 and Fe/AC are employed for investigating the phenol decomposition 

efficiency and the possibility in fluidized bed reactor for application on wastewater 

treatment.   

 

5.1  Catalyst characteristics 

 

    The metallic catalysts, Iron (III) Nitrate•9-hydrate (Fe(NO3)3·9H2O) were 

supplied by Ajax Finechem on activated carbon, were prepared for wet impregnation 

method. Granulated activated carbons made from coal by Calgon Company 

(Cod.7440-44-0; pz: 0.60-2.36 mm: AC1) and from coconut shell by Carbokarn 

Company (pz: 0.42-1.70 mm: AC2) were used. The main characteristics of the 

activated carbons used in the present investigations are presented in Table 5.1. The 

specific surface areas and porosities of these activated carbons were determined from 

N2 adsorption-desorption isotherms measured at 77 K using an automated adsorption 

apparatus (BELSORP 28, BEL Japan, Japan, or AUTOSORB-1-C, Quantachrome, 

USA). The specific surface areas were calculated by the BET method. The MP 

method yielded the pore volume and pore size distribution from the curvature of the t-

plot.  It should be noted that two types of activated carbon have significantly different 

characteristics. The pore size distributions of the two materials have been given 

elsewhere [39]. 
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Table 5.1  Characteristics of catalysts 

 
Type     BET surface area  Particle size   Total pore vol.   Micropore vol.  Ave. pore diameter 

                       (m2g-1)             (mm)             (cm3g-1)              (cm3g-1)                  (nm) 

  AC1             1060           0.60-2.36             0.61                0.49                      2.3 

  AC2             1154           0.42-1.70             0.49                0.49                      1.7 

Fe/AC1           888                 -                     0.49                0.39                      2.2 

 

Table 5.1 shows a comparison of the surface area, micropore volume, total 

pore volume and average pore diameter for the two types of carbons.  

 

5.2  Surface functional groups 

  

 5.2.1 FT-IR analysis 

The FT-IR spectroscopy provides information on the chemical structure 

of the material in activated carbon samples. The functional groups of all the activated 

carbon samples spectra were determined by a handbook of standard FT-IR spectra 

[40]. Wavenumber assignments for the spectra of the activated carbon sample was 

summarized in [39], which indicates that the sample contain a number of atomic 

groupings and structures. The commercial activated carbon sample and its possible 

FT-IR peak assignments by FT-IR spectroscopy for the samples showing in Figure 

5.1 was obtained from [39]. Infrared spectroscopy was an extremely powerful 

analytical technique for both qualitative and quantitative analyses. Figure 5.1 shows 

FT-IR spectra of the activated carbon. It was well known that the position of the band 

for free hydroxyl groups is normally observed around 3700cm−1. However, the 

position of the OH band in Figure 5.1 was shown in the range of 3400 cm−1.  
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Figure 5.1 FTIR spectrum of activated carbon 1 (AC1). [39] 

 

The Fourier transform infrared spectra of activated carbon (AC1) were shown in 

Figure 5.1. At 1576 cm−1, the specific peak for the aromatic ring and carbonyl groups 

were observed for the activated carbon. They also found a peak near 1200 cm−1, due 

to stretching of aliphatic ethers and bending of hydroxyl groups for alcohol, phenol 

and carboxylic acid groups.  

5.2.2 Boehm's titration carboxylic, lactone, and phenolic groups 

The Boehm titration method allows the determination of the surface 

functional groups such as phenolic group (–OH), lactone group (C=O) and carboxylic 

group (–COOH). Table 5.2 shows the results of surface functional groups of various 

activated carbon samples by the Boehm’s method. 
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Table 5.2 Surface function groups of activated carbon fibers by Boehm’s method[39]. 

 

Samples 
Funtional of groups (meq/gAC) 

Phenol Lactone COOH Total 

AC1 0.026 1.164 0.196 1.386 

AC2 0.196 0.197 - 0.393 

Numerous studies on surface functional groups of carbon were already 

demonstrated by the Boehm’s method. The changes of the surface acidity developed 

from HNO3 and NaOH treatment were detected by Boehm’s titration measurement 

and were summarized in Table 5.2. The three bases used in the titration were 

regarded as approximate probes of acidic surface groups: NaHCO3 (carboxyl), 

Na2CO3 (carboxyl and f-lactonic) and NaOH (carboxyl, f-lactonic and 

phenolic). Table 5.2 indicated that the nitric acid treatment produces a lot of acidic 

surface groups and that leads to an increase in the amount of base required to 

neutralize the oxidized carbon. On the other hand, the sodium hydroxide treatment of 

AC resulted in a decrease of carboxyl surface groups. It was clear that the chemical 

nature of surface functionality was significantly altered by the nitric acid and sodium 

hydroxide treatments [41]. 

5.3  Comparison of two types of activated carbon 

 

The comparison of two types of activated carbon is conducted for selection of 

the best activated carbon of which phenol removal performance was taken into 

account. 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-43KGYY1-3&_user=591295&_coverDate=09%2F30%2F2001&_rdoc=1&_fmt=full&_orig=search&_cdi=5560&_sort=d&_docanchor=&view=c&_acct=C000030318&_version=1&_urlVersion=0&_userid=591295&md5=936f13ed4063b763eb58b2918a83fdae&artImgPref=F#tbl2
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TWD-43KGYY1-3&_user=591295&_coverDate=09%2F30%2F2001&_rdoc=1&_fmt=full&_orig=search&_cdi=5560&_sort=d&_docanchor=&view=c&_acct=C000030318&_version=1&_urlVersion=0&_userid=591295&md5=936f13ed4063b763eb58b2918a83fdae&artImgPref=F#tbl2
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Figure 5.2 Phenol concentrations as a function of time for AC1 and AC2 

 

 
           Figure 5.3 TOCs as a function of time for AC1 and AC2 

 

Figures 5.2 and 5.3 represent the effect on the removal of phenol and TOC by 

AC1 and AC2. In order to test for removal efficiency, experiments were conducted 

with 2 liters of 10 mg/l. phenol solution. As shown in Table 5.1, both AC1 and AC2 
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possess large surface areas for adsorption of hydrophobic compounds, including 

aqueous phenol. Here air was sent co-currently through the reactor while the ozone 

generator was switched off. The experimental results shown in Figures 5.2 and 5.3 

can be interpreted in terms of conversion with respect to decomposition term (see 

Table 5.3). Phenol conversion, Xph, is defined as: 

 

100
][

][][

0

0 ×
−

=
Ph

PhPh
X t

Ph                                        (5.1) 

 

 

Table 5.3 Phenol removal efficiency (%) and TOC removal efficiency (%) for AC1 

and AC2. 

 

Type 
Phenol removal (%) TOC removal (%) 

30min 45min 300min 30min 45min 300min 

AC (I) 75 100 100 60 65 84 

AC (II) 81 100 100 46 52 59 

 

 

 

 

 

 

 

5.4  Treatment of aqueous phenol in a lab-scale fluidized bed reactor 

 

This part aimed at the application of an effective wastewater treatment for 

removing phenol dissolved in wastewater Fe catalyst impregnated on activated 

carbon. Performance of the lab-scale fluidized-bed reactor with Fe/AC catalyst and/or 

activated carbon (solid phase) and air (oxygen) and/or ozone (gas phase) was 

investigated experimentally. It is well-known that the oxidation of phenol often leads 

to numerous hard-to-remove intermediate products. To monitor the presence and 

removal of the intermediate products, the TOC concentration of the treated 

wastewater was also measured. 
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5.4.1 Effect of ozonation using either pure oxygen or air 

 

 
          Figure 5.4 Phenol concentrations as a function of time in ozonation with two 

oxygen sources 

 

 
   Figure 5.5 TOCs as a function of time in ozonation with two oxygen sources 
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Here pure oxygen gas and air were used as the two sources of ozone generation. 

In the present ozonation process, the ozone-containing gas was introduced into the 

reactor along with a co-current phenol-containing liquid stream. At the beginning, 

ozone could transfer from the gas phase to the liquid phase due to its concentration 

difference. Then ozone would self-decompose in water to produce •OH radicals [42]. 

The hydroxyl radicals were consumed by aqueous phenol oxidation and reactions 

between the radicals. A logical analysis of the oxidation reaction between ozone and 

phenol was presented by Zhong et al [43]. Figures 5.4 and 5.5 show the residual 

phenol and TOC concentrations as a function of time for the two cases of ozone 

generated from pure oxygen and air. Obviously the removal efficiency differed 

significantly for the two sources of ozone. In the case of ozone from pure oxygen, 

phenol and TOC removals were 100% and 70%, respectively, at 150 min. However, 

in the case of ozone from air, phenol removal was 100% and TOC removal was 

negligible at 150 min. for two reasons. First, air contains 70 mol% nitrogen so that the 

rate of ozone generation should be less than one-fifth of that from pure oxygen. 

Second, when air contains moisture, the already much smaller quantity of ozone is 

further consumed in the formation of nitrogen oxides [44]. Obviously using pure 

oxygen as a gas source will increase the ozone concentrate. Nevertheless, if we could 

sufficiently compensate for the drop in removal efficiency by coupling the ozonation 

system with activated carbon, the use of ozone generated from air should offer a 

suitable cost-effective alternative.  

 

Table 5.4 Phenol removal efficiency (%) and TOC removal efficiency (%) for 

ozonation with two oxygen sources 

 

Type  
Phenol removal (%) TOC removal (%) 

150 min 

OZONE 

(Pure O2) 

100  70  

OZONE 

(Air) 

100  Negligible removal  
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 5.4.2 Effect of activated carbon 

 

As shown in Table 5.1, both AC1 and AC2 possess large surface areas 

for adsorption of hydrophobic compounds, including aqueous phenol. Here air was 

sent co-currently through the reactor while the ozone generator was switched off. If 

only adsorption takes place without any oxidative decomposition of the adsorbed 

phenol to some intermediate products, the drop in the normalized TOC concentration 

must essentially equal that of phenol, and the residual phenol concentration will 

finally reach an equilibrium value. Figures 5.2 and 5.3 show the normalized residual 

phenol and TOC concentrations as a function of time for the cases of AC1 and AC2. 

In the former first 10 minutes, the rates of reduction in phenol and TOC 

concentrations were essentially the same. This implies that both of them were 

removed by adsorption on the activated carbon. After that the reduction rate of TOC 

became slower than that of phenol. This implies that a portion of the adsorbed phenol 

was decomposed to intermediate products such as hydroquinone and catechol, which 

started to desorb from the activated carbon and entered the bulk liquid, thereby 

contributing to a slower drop in the residual TOC concentration. Since the 

intermediates were resistant to further oxidative decomposition on the activated 

carbon, their TOC value reached an asymptote, which reflects their adsorption 

equilibrium on the activated carbon. The findings are consistent with the published 

results [45, 47]. 

 

 5.4.3 Effect of Fe/AC catalyst for phenol removal 

 

Investigation of a decomposition rate of aqueous phenol by using a lab-scale 

fluidized bed reactor with Fe catalyst coated on activated carbon (catalytic oxidation) 

and / or ozone (ozonalysis reaction) was obtained in Figures 5.6 (a and b)     

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TF6-48XCR0X-5&_user=591295&_coverDate=10%2F31%2F2003&_rdoc=1&_fmt=full&_orig=search&_cdi=5218&_sort=d&_docanchor=&view=c&_acct=C000030318&_version=1&_urlVersion=0&_userid=591295&md5=38247127db4fba201e81e6c333b4a6a4&artImgPref=F#tbl1
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(a) Concentration removal of phenol 

 

 
(b) TOC removal of phenol. 

 

         Figure 5.6  Comparison of Fe/AC, O3 and Fe/AC enhanced with O3  by (a)  

Concentration removal of phenol and (b) TOC removal of phenol.  
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The degradation efficiency of phenol from the initial concentration of 10 ppm 

by treatment with Fe/AC, O3 and combination of Fe/AC and O3 was presented in 

Figures 5.6 (a and b). By using only Fe/AC (50% and 100% efficiency at 10 min and 

at 150 min, respectively) was more effective than degradation of phenol by using only 

O3 from air (25% and 100% efficiency at 10 min and at 150 min, respectively). The 

efficiency of the combination of Fe/AC and O3 was 72% and 100% at 10 min and 150 

min, respectively. At 10 min of degradation, the efficiency of combination treatment 

was higher than the sum of efficiency of using only O3 and only Fe/AC. Moreover, 

the result of TOC removal after 150 min of water treatment treated by Fe/AC, O3 and 

Fe/AC enhanced with O3 was reached an asymptote. The possible pathways of 

substrate degradation and the interactions of catalysis and ozonalysis were 

summarized by ZHU Xiang-feng and XU Xin-hua [48]. During ozonalysis without 

catalytic, ozone moves from the gas phase into solution and then react in bulk solution 

either directly with the substrate or indirectly via reactions with radicals generated by 

O3 auto-decomposition. By only catalysis, the substrate can undergo direct pyrolysis. 

However, in the combined system, the above pathways may be altered by the addition 

of other pathways that only occur by the direct interaction of catalysis and ozonation. 

For example, catalysis could enhance the decomposition of O3, generating •OH to 

react the substrate. Furthermore, Fe/AC could enhance the mass transfer of O3 to 

disperse thorough the solution. Under the experimental conditions described here, 

phenol degradation obeyed the pseudo-first-order rate law. Table 5.5 lists the first-

order degradation rate constants of catalysis, ozonation and Fe/Ac enhanced with O3 

by decomposing of phenol. For the purpose of discussion, kFe/AC kO3, and kFe/AC + O3 

were defined as the overall pseudo-first-order degradation rate constants for catalysis, 

ozonalysis, and the combination of Fe/AC and O3, respectively.  
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Table 5.5 Phenol removal efficiency (%) and TOC removal efficiency (%) for Fe/AC, 

O3 and Fe/AC enhanced with O3   

 

Type 

Phenol removal (%) TOC removal (%) 

10 

min 

15 

min 

45 

min 

150 

min 

10 

min 

15 

min 

45 

min 

150 

min 

O3 FROM AIR 25 26 40 100 Negligible removal 

Fe/AC + AIR 50 53 100 100 45 69 76 77 

Fe/AC + O3 FROM AIR 72 100 100 100 37 52 72 78 

 

In this report, the efficiency for decomposing of 2 l of 10 ppm phenol solution 

with catalyst loading 5 g was revealed in term of –ln(C/C0) to express the rate 

constant (k). The disappearance of phenol followed pseudo first order kinetics. Initial 

rate constants were determined from the slope of –ln(C/C0) vs t (min) plots (Figure 

5.7 and Table 5.6), where C0 and C were the phenol concentration at initial and time 

t, respectively.  
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Figure 5.7 Phenol decomposition rates by three processes of phenol degradation 

(Fe/AC, O3, and Fe/AC enhanced with O3). 

 

Table 5.6   Pseudo first order rate constant for decomposition of aqueous phenol 

 

Condition 
Phenol 

R2a k (min-1)b 

O3 1 L/min (O2) 1.0 0.0317 

Fe/AC + O3 1 L/min (O2) 1.0 0.0698 

Fe/AC  5%wt 1L/min (O2) 0.9 0.1283 
     

       a Correlation coefficient of the straight line 
          b Pseudo first order rate constant determined for the 10 min of reaction 

 

To compare the activity of any reactant or chemical reaction, the study of 

kinetic reaction was very important. By this purpose, the rates of reaction for two 

reactions were computed. The reaction rate constant of different reactions estimated 

from our measurement is 0.0317, 0.0698, and 0.1283 min-1 for O3, Fe/AC, and Fe/AC 

enhanced with O3 respectively.  
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The degradation of phenol by Fe/AC with O3 in aqueous solution was 

measured in fluidized bed reactor. Fe/AC was more efficient than Ozonation for the 

degradation of phenol, and the combination of the two resulted in a synergetic 

increase in the overall process rate. The synergy observed in combined schemes was 

mainly due to the effects of catalysis in enhancing the decomposition of O3 in 

collapsing bubbles to yield additional free radicals. Set of possible reactions to 

explain the degradation process was suggested. 

 

 5.4.4 Combination effect of activated carbon and/or ozone 

 

 
   Figure 5.8 Phenol concentration as a function of time for AC1 and/or ozone 
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Figure 5.9 TOCs as a function of time for AC1 and/or ozone 

 

Table 5.7 Phenol removal efficiency (%) and TOC removal efficiency (%) for AC1 

and/or ozone 

 

TYPE 

Phenol removal (%)  TOC removal (%)  

10 

min  

15 

min  

30 

min  

45 

min  

150 

min  

10 

min  

15 

min  

30 

min  

45 

min  

150 

min  

AC(1)+AIR  49  56  75  100  100  31  44  60  65  83  

AC(1)+OZONE 

FROM AIR  
38  64  100  100  100  5  22  32  68  89  

 

Here only AC1 in combination with ozone generated from air was 

investigated. Figures 5.8 and 5.9 show the residual phenol and TOC concentrations 

as a function of time for the present case of interest. For comparison, the cases of 

ozone from pure oxygen and from air as well as the case of AC1 with pure air are also 

included in the figure. In the first 10 minutes, activated carbon with air gave higher 

phenol removal and faster removal rate than activated carbon with ozone from air 
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because the phenol adsorption effect was more prominent in the former case. In the 

latter case AC1 adsorbed not only phenol but also the dissolved ozone. However, the 

situation was reversed after 15 min. This may be ascribed to the fact that activated 

carbon quickly decomposed the adsorbed ozone on its surface to hydroxyl radicals, a 

powerful oxidant that reacted non-selectively with organic compounds at a faster rate 

than ozone [40-48]. In fact the adsorption of phenol on the surface of activated carbon 

initially limited the available surface for ozone decomposition [49]. Meantime, the 

contact and reaction between the adsorbed phenol and the active radicals on the 

carbon surface was enhanced due to the presence of the surface radicals from the very 

beginning of the process, as reported by Ko et al. [50]. As a consequence the initial 

removal rate of phenol in both AC1 cases was enhanced compared to the case of 

ozone only.  

After the decomposition reaction had proceeded for 30 min, desorption of the 

intermediate products continuously provided additional sites for further adsorption 

and decomposition, thereby resulting in higher phenol removal than activated carbon 

with air or ozone alone. At 45 min AC1 with ozone from air achieved the highest 

phenol removal compared with the other two cases [51]. Similarly, AC1 with ozone 

from air also yielded the highest TOC removal at 45 min. Maximal TOC removal of 

70.2%, 83.5% and 89.3% were achieved at 150 min by ozone from pure oxygen, AC1 

with air, and AC1 with ozone from air, respectively. It should be noted that ozone 

from air could decompose phenol well but it failed to remove the intermediate 

products.  

Our results are consistent with the following effects reported by Amin et al. 

[51] to support the application of activated carbon and ozone to remove organic 

contaminants from water: (1) activated carbon is a strong adsorbent for phenol, (2) 

when in contact with activated carbon, ozone undergoes rapid decomposition to 

generate highly oxidative radicals [51] and (3) in this way, organic compounds 

adsorbed by activated carbon can be oxidized by ozone, thereby restoring its porous 

structure for further adsorption. In fact, activated carbon initiates the transformation 

of ozone to hydroxyl radicals, which are not bound to the surface of carbon but are 

free to react with the organic compounds in the aqueous solution [48, 51]. 
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 5.4.5 Overall comparative investigation of catalytic and/or ozone  

 

All the experiments in the presence of: only ozone (O3), only AC, only Fe/AC 

and ozone in combination with one of the mentioned catalysts were carried out under 

the same operation conditions (1 l/min of liquid and/or gas flow rate and 5 g of 

catalyst loading). For the sake of comparison, phenol concentration change with 

respect to decomposition time which was obtained from each experiment was plotted 

in Figure 5.10   

 

 

 
Figure 5.10 Comparison of phenol degradation efficiency in the presence of: ozone 

generated from air (О), AC1+air (Δ), Fe/AC1+air (∗), AC with ozone 

generated from air (□) and Fe/AC1 with ozone generated from air (▲). 

 

 First, consider the cases of using only ozone or a catalyst. The comparison 

between Fe/AC1 (∗) and AC1 (Δ) show that Fe/AC1 was more effective than AC1. In 

addition, comparing between Fe/AC1 (∗) with ozone from air (О) reveals that the 

metallic catalyst has a decomposition higher efficiency than that of the ozone 
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generated from air. Evidently Fe/AC1 was more effective than the ozone from air. 

Next the experiments were focused on the case of Fe/AC1 together with ozone from 

air. The results came out as predicted. Decomposing phenol by Fe/AC1 combine with 

ozone generated from air (▲) gave the best result. It is noteworthy that in an actual 

wastewater treatment process it is crucial to minimize the total costs of the treatment 

system. Therefore the most appropriate case should use Fe/AC1 combined with ozone 

generated from air.  

 

 

 
Figure 5.11 Comparison of TOC removal of efficiency in the presence of: only ozone 

generated from air (О), only AC1+air (Δ), only Fe/AC1+air (∗), AC 

with ozone generated from air (□) and Fe/AC1 with ozone generated 

from air (▲). 

 

In addition, the TOCs removal come from the intermediate product 

(hydroquinone (HQ) and catechol (CC) concentrations are expressed in Figure 5.11. 

The results from Figure 5.11 shows that the TOCs removal in each case was 

produced in an insignificant amount and it was finally decomposed to a concentration 

about 1 ppm in 150 min.  Meanwhile the decomposition reaction had proceeded for 
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30 min, desorption of the intermediate products continuously provided additional sites 

for further adsorption and decomposition, thereby resulting in higher phenol removal 

than activated carbon with pure oxygen or ozone alone. Consider the cases of using 

only ozone or a catalyst. The comparison between Fe/AC1 (∗) and AC1 (Δ) show that 

AC1 (Δ) was more effective even though the amount of Fe. In addition, comparing 

between both Fe/AC1 and AC1 (∗ and Δ) with ozone from air (О) reveals that the 

both Fe/AC1 and AC1 have a decomposition higher efficiency than that of the ozone 

generated from air. Evidently both Fe/AC1 and AC1 were more effective than the 

ozone from air. Next the experiments were focused on the case of metallic catalyst 

together with ozone. The results came out as predicted. It should be noted that ozone 

from air could decompose phenol well but it failed to remove the intermediate 

products. TOCs removal of phenol by AC1 combine with ozone generated from air 

(□) gave the best result and both Fe/AC1 and AC1 were more efficient than the case 

of ozone generated from air. It is noteworthy that in an actual wastewater treatment 

process it is crucial to minimize the total costs of the treatment system. Therefore the 

most appropriate case should use both Fe/AC1 and AC1 combined with ozone 

generated from air.  
 

 

 

 



CHAPTER VI 

 
CONCLUSIONS AND RECOMMENDATIONS  

 
 Conclusions and recommendations for the future investigation are presented in 

this chapter. 

 

6.1 Conclusions 

 

 The conclusions of this research are as follows, 

 

1. In the 3-phase fluidized bed reactor, AC1 was more effective than AC2 in the 

removal of aqueous phenol and TOC and AC shows two primary capabilities 

of adsorption and catalytic oxidation.  

 

2. The removal of phenol using only O3 gave the worst result when compared to 

the other cases which employed activated carbons. 

 

3. From the viewpoint of operating costs, the use of ozone generated air in the 

combined system was significantly less expensive than the use of ozone 

generated pure oxygen.  

 

4. Applying Fe/AC with ozone generated from air gives the best results for 

phenol removal. However, using air instead of pure oxygen can save more 

costs whereas the total efficiency differs insignificantly. 

  

5. As the best case for TOC removal, a combination of AC1 and ozone generated 

air can remove nearly 90% of the intermediates (TOC) at could also be 

decomposed within 150 min.  
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6.2 Recommendations for future studies 

 

 From the previous conclusions, the following recommendations for future 

studies are proposed. 

 

1. The system in the section of dissolving ozone into the water should be 

measured. 

 

2. To apply these metallic catalysts to a wastewater treatment system, an 

effective regeneration method of the metallic catalysts is an issue to be 

investigated further. 

 

3. There are some fine powders detaching from the carbon support after 

testing for a while. Therefore an improvement of these metallic catalysts 

stability is needed. 

 

4. The catalytic efficiency in reaction of heterogeneous catalysts where the 

chemical environment of iron is modified by mixing with H2O2 to be 

investigated further.  
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Abstract 
A lab-scale three-phase fluidized-bed reactor was used for removal of aqueous phenol 

by adsorption and decomposition on activated carbon surface. The gas, liquid and solid 
phases were air bubbles with or without ozone, aqueous phenol and granular activated 
carbon (AC), respectively. Two types of AC (AC1 and AC2) with BET surface areas of 
1,106 and 1,150 m2.g-1 and average pore diameters of 2.3 and 1.7 nm, respectively, were 
employed. The removal of phenol by ozone alone, and either activated carbon with or 
without ozone was experimentally investigated at a fixed initial phenol concentration of 
10 ppm. Both the gas flow and liquid recirculation rate were controlled at 1 L.min-1. The 
fastest initial removal of phenol was with AC1 alone, whereas the slowest was with 
ozone alone. Some intermediate products, such as hydroquinone and catechol, still 
remained at 150 min even after phenol was completely removed.  Between the two ACs, 
AC1 with more mesopores removed the intermediates better than AC2 with more 
micopores. At 150 min AC1 with ozone was found to have the highest complete 
removal of phenol and removal of the intermediates of up to 89% as represented by 
TOC. 
 

Keywords: Phenol, Three phase fluidized bed, metallic catalyst, and activated carbon 

1. Introduction 
Most wastewater pollutants emitted from industrial chemical processes are not only 

toxic but also hard to degrade with conventional treatments1. Though public reservoirs 
are contaminated by many organic compounds, phenol and its derivatives are widely 
detected and are harmful to human health at dilute concentrations. Phenol is widely used 
in many industrial products and processes such as wood preservative, pesticide, textile, 
paper and chemical dye2. Consequently, development of high-performance aqueous 
phenol treatment systems is of interest here.  

Activated carbon exhibits high adsorption capacity for aqueous phenol and possesses 
various advantages, such as high surface area per unit mass3. Moreover, the employment 
of activated carbon coupled with a super-oxidizing agent such as ozone is expected to 
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result in a higher degree of mineralization of the organic refractory pollutants, which may 
be followed by further biological treatment.  

Recently, increasing attention has turned to the three-phase fluidized-bed reactor, 
because it readily provides intimate contact between the gas, liquid and solid phases. It 
also possesses several advantageous characteristics such as simplicity in construction and 
operation, low operating cost, and high flexibility for liquid and solid phase residence 
times. Our system applies ozonation for the decomposition of aqueous phenol together 
with activated carbon2. 

The present research is aimed at the application of an effective wastewater treatment for 
removing phenol dissolved in wastewater. Performance of a lab-scale fluidized-bed 
reactor with two types of activated carbon (solid phase) and/or ozone in air or oxygen 
(gas phase) will be investigated experimentally. It is well-known that the oxidation of 
phenol often leads to numerous hard-to-remove intermediate products. To monitor the 
presence and removal of the intermediate products, the TOC concentration of the treated 
wastewater is also measured. 

2. Experimental  
2.1 Materials 

 Phenol was purchased from Polski Odczynniki Chemiczne S.A., 99.9%. Granulated 
activated carbons made from coal by Calgon Company (AC1) and from coconut shell by 
Carbokarn Company (AC2) were used. The main characteristics of the activated carbons 
used in the present investigations are presented in Table 1. The specific surface areas and 
porosities of these activated carbons were determined from N2 adsorption-desorption 
isotherms measured at 77 K using an automated adsorption apparatus (BELSORP 28, 
BEL Japan, Japan, or AUTOSORB-1-C, Quantachrome, USA). The specific surface 
areas were calculated by the BET method. The MP method yielded the pore volume and 
pore size distribution from the curvature of the t-plot.  It should be noted that two types of 
activated carbon have significantly different characteristics. The pore size distributions of 
the two materials have been given elsewhere4 
 

Table 1.  Characteristics of the activated carbons 
Type    BET surface area     Particle size     Total pore vol.    Micropore vol.   Ave. pore diameter 
                        (m2g-1)                   (mm)               (cm3g-1)                (cm3g-1)                  (nm) 

  AC1                1060                 0.60-2.36               0.61                       0.49                        2.3 

  AC2                1154                 0.42-1.70               0.49                       0.49                        1.7 

 

2.2 Apparatus and procedure 

As illustrated in Fig. 1, the experimental apparatus consists of a lab-scale 3-phase 
fluidized bed reactor, hold-up tank, magnetic stirrer, liquid pump, flow meter, 3-way 
valve, ozone generator, and oxygen cylinder. The reactor is made of quartz tube with an 
inside diameter and length of 3.16 and 45 cm, respectively. The liquid solution and gas 
were separately fed through a distributor into the fluidized catalyst bed. Gas flow was 
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exhausted from the top of the reactor 
while the liquid solution was totally 
circulated and intermittently sampled. 

 

A fixed amount of activated carbon 5 g 
was used. Aqueous phenol 10-ppm 2 L in 
the hold-up tank were charged into the 
fluidized bed reactor. 

All experiments were carried out 
with co-current upward flow of gas (1 
L.min-1) and liquid (1 L.min-1). In each 
run, the phenol-containing liquid and gas 
were fed in at the bottom, came out from 
the top and the entire liquid was 
recirculated via the hold-up tank. Ozone 
was produced either from air or from 
pure O2 by passing it through an ozone generator (Tokyu Car Corporation, SO-O3UN-
OX). Intermittently samples were withdrawn at the times of interest for chemical 
analysis, filtered through filter paper (0.45µm pore size), and then analyzed by HPLC and 
TOC analyzer.  

 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Diagram of experimental apparatus, 1. 
hold-up tank, 2. magnetic stirrer, 3. liquid 
pump, 4. flow meter, 5. 3-way valve, 6. ozone 
generator, 7. oxygen cylinder, 8. air pump and 
9. fluidized bed reactor 
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2.3 Analysis for phenol and TOC 

The concentration of phenol was analyzed by a high-performance liquid 
chromatography (HPLC) using a Shimadzu column (Class VP), with 25% acetronitrile: 
75% water as the mobile phase and the UV-vis detector using 254 nm wavelength. The 
total organic carbon analyzer (TOC analyzer, TOC-VCPH, Shimadzu, Japan) was used to 
find the concentration of the intermediates in terms of TOC. 

3. Results and Discussion 
To investigate the influence of different treatment options on the efficiency of the 

wastewater treatment process, the experimental funs can be classified as follows: 
a. Removal of phenol and TOC by ozone generated from pure oxygen or air 

  b. Removal of phenol and TOC by two different types of activated carbon 
  c. Removal of phenol and TOC using a combination of activated carbon and ozone
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3.1 Removal of phenol and TOC by ozone generated from pure oxygen or air  

 

 
            Fig. 2(a). Phenol concentrations as a 

function of time in ozonation with two 
oxygen sources 

 
            Fig. 2(b). TOCs as a function of time in 

ozonation with two oxygen sources 

Here pure oxygen gas and air were used as the two sources of ozone generation. In 
the present ozonation process, the ozone-containing gas was injected into the reactor 
along with a co-current phenol-containing liquid stream. At the beginning, ozone 
transfers from the gas phase to the liquid phase. Then ozone self-decomposes in water 
to produce •OH radicals6. The hydroxyl radicals were consumed by aqueous phenol 
oxidation and reactions between the radicals. A logical analysis of the oxidation 
reaction between ozone and phenol was presented by Zhong et al.5.  Figs. 2 (a, b) 
show the residual phenol and TOC concentrations as a function of time for the two 
cases of ozone generated from pure oxygen and air. Obviously the removal efficiency 
differed significantly for the two sources of ozone. In the case of ozone from pure 
oxygen, phenol and TOC removals were 100% and 60.6%, respectively, at 120 min. 
However, in the case of ozone from air, phenol removal was 59.3% and TOC removal 
was negligible at 120 min for two reasons. First, air contains 70 mol% nitrogen so that 
the rate of ozone generation should be less than one-fifth of that from pure oxygen. 
Second, when air contains moisture, the already much smaller quantity of ozone is 
further consumed in the formation of nitrogen oxides7. Nevertheless, if we could 
sufficiently compensate for the drop in removal efficiency by coupling the ozonation 
system with activated carbon, the use of ozone generated from air should offer a 
suitable cost-effective alternative.  

3.2 Removal of phenol and TOC by two different types of activated carbon 

As shown in Table 1, both AC1 and AC2 possess large surface areas for adsorption of 
hydrophobic compounds, including aqueous phenol. One important fringe benefit is 
that the concentration of adsorbed phenol will be much higher than that in the bulk 
liquid. Here air was sent co-currently through the reactor while the ozone generator 
was switched off. If only adsorption takes place without any oxidative decomposition 
of the adsorbed phenol to some intermediate products, the drop in the normalized 
TOC concentration must essentially equal that of phenol, and the residual phenol 
concentration will finally reach an equilibrium value. Figs. 3 (a, b) show the 
normalized residual phenol and TOC concentrations as a function of time for the 
cases of AC1 and AC2. In the first 10 minutes, the rates of reduction in phenol and 
TOC concentrations were essentially the same. This implies that both of them were 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TF6-48XCR0X-5&_user=591295&_coverDate=10%2F31%2F2003&_rdoc=1&_fmt=full&_orig=search&_cdi=5218&_sort=d&_docanchor=&view=c&_acct=C000030318&_version=1&_urlVersion=0&_userid=591295&md5=38247127db4fba201e81e6c333b4a6a4&artImgPref=F#tbl1
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            Fig. 3(a). Phenol concentrations as a 

function of time for AC1 And AC2 

 
            Fig. 3(b). TOCs as a function of time for 

AC1 And AC2 

removed by adsorption on the activated 
carbon. After that the reduction rate of TOC became slower than that of phenol. This 
implies that a portion of the adsorbed phenol was decomposed to intermediate 
products such as hydroquinone and catechol, which started to desorb from the 
activated carbon and entered the bulk liquid, thereby contributing to a slower drop in 
the residual TOC concentration. Since the intermediates were resistant to further 
oxidative decomposition on the activated carbon, their TOC value reached an 
asymptote, which reflects their adsorption equilibrium on the activated carbon. The 
findings are consistent with the published results8-9.  

More specifically, at 45 min, the phenol and TOC removal efficiencies of AC1 were 
100% and 65.3%, respectively.  In contrast, the corresponding removal efficiencies of 
AC2 were 100% and 52%, respectively. The higher TOC removal efficiency of AC1 
may be attributed to its possession of more mesopore and larger average pore 
diameter than AC2. Nevertheless, some hard-to-decompose intermediate products, 
such as hydroquinone and catechol, still remained even after phenol was completely 
removed. 

3.3 Removal of phenol and TOC using a combination of activated carbon and ozone 

Here only AC1 in combination with ozone generated from air was investigated. 
Figs. 4 (a, b) show the residual phenol and TOC concentrations as a function of time 
for the present case of interest. For comparison, the cases of ozone from pure oxygen 
and from air as well as the case of AC1 with pure air are also included in the figure. In 
the first 10 minutes, activated carbon with air gave higher phenol removal and faster 
removal rate than activated carbon with ozone from air because the phenol adsorption 
effect was more prominent in the former case. In the latter case AC1 adsorbed not 
only phenol but also the dissolved ozone. However, the situation was reversed after 
15 min. 

This may be ascribed to the fact that activated carbon quickly decomposed the 
adsorbed ozone on its surface to hydroxyl radicals, a powerful oxidant that reacted 
non-selectively with organic compounds at a faster rate than ozone 8-10.  In fact the 
adsorption of phenol on the surface of activated carbon initially limited the available 
surface for ozone decomposition11. Meantime, the contact and reaction between the 
adsorbed phenol and the active radicals on the carbon surface was enhanced due to the 
presence of the surface radicals from the very beginning of the process, as reported by 



    84 
 
Ko et al.11.  As a consequence the initial removal rate of phenol in both AC1 cases 
was enhanced compared to the case of ozone only.  

After the decomposition reaction had proceeded for 30 min, desorption of the 
intermediate products continuously provided additional sites for further adsorption 
and decomposition, thereby resulting in higher phenol removal than activated carbon 
with air or ozone alone. At 45 min AC1 with ozone from air achieved the highest 
phenol removal compared with the other two cases 12.  Similarly, AC1 with ozone 
from air also yielded the highest TOC removal at 45 min.  Maximal TOC removal of  

 

 
            Fig. 4(a). Phenol concentration as a  

function of time for AC1 and/or ozone  
 

 
            Fig. 4(b). TOCs as a function of time for 

AC1 and/or ozone 

 
70.2%, 83.5% and 89.3% were achieved at 150 min by ozone from pure oxygen, 

AC1 with air, and AC1 with ozone from air, respectively. It should be noted that 
ozone from air could decompose phenol well but it failed to remove the intermediate 
products.  
Our results are consistent with the following effects reported by Amin et al.12 to 

support the application of activated carbon and ozone to remove organic contaminants 
from water: (1) activated carbon is a strong adsorbent for phenol, (2) when in contact 
with activated carbon, ozone undergoes rapid decomposition to generate highly 
oxidative radicals 13 and (3) in this way, organic compounds adsorbed by activated 
carbon can be oxidized by ozone, thereby restoring its porous structure for further 
adsorption. In fact, activated carbon initiates the transformation of ozone to hydroxyl 
radicals, which are not bound to the surface of carbon but are free to react with the 
organic compounds in the aqueous solution12, 14.  
 
4. Conclusion 
(1) In the 3-phase fluidized bed reactor, AC1 is more effective than AC2 in the 
removal of aqueous phenol and TOC. 
(2) A combination of AC1 and ozone from air can remove aqueous phenol completely 
as well as nearly 90% of the intermediates in terms of TOC. 
(3) From the point of view of operational costs, the use of ozone from air in the 
combined system will be significantly less expensive than the use of ozone from pure 
oxygen.  
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APPENDIX B 

 
 

CALCULATION OF THE HYDRODYNAMICS  
 
 In chapter V, there are mentioned about the hydrodynamic of three-phase 

fluidized bed reactor. According to the relations in chapter V, minimum fluidization 

velocity was preliminary calculated by using the physical properties which measured 

in this work. These properties and results from calculation are shown in below table. 

 
Table B.1 Hydrodynamics data of lab-scale experiment  
 
Lab-scale      

      

Properties symbol Value SI unit Remark 

Density of liquid rL 1000 kg/m3   

Viscousity of liquid mL 0.001 kg/m.s   

Density of wet particle rS 1330 kg/m3  

Diameter of particle dp 0.0006 m   

Density of ozone rG 1.2 kg/m3   

Gravitional acceleration g 9.8 m/s   

Flow rate of gas FG 0.000017 m3/s 1 L/mi
n 

Flow rate of liquid FL 0.000017 m3/s 1 L/mi
n 

Diameter of reactor DR 0.0316 m   

Cross section area of reactor AR 0.000784 m2   

      

Calculation symbol Value SI unit 

Superficial gas velocity  UG 0.02126 m/s 

Superficial liquid velocity  UL 0.02126 m/s 

Archimedes number  Ar 698.544 - 

Minimum fluidization velocity of liquid Umf,LS 0.00070 m/s 

Minimum fluidization velocity  Umf 0.000424 m/s 



    
        

APPENDIX C 

 
CALIBRATION CURVE FOR HPLC 

 
Phenol  

 
Table C.1 The peak area data of phenol from HPLC 

 
Concentration (ppm) Peak area 

20 122487 

40 242991 

60 358838 

80 472311 

100 593542 
 

Cal range:           0 – 100 ppm 

Method:          75% water / 25% acitonitrile at 254 nm UV-Vis 

Linear fit:                 C (ppm)    =      a (Peak area) + b 

                     a      =     0.000168134 

                                           b      =     0 
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                       Goodness of fit:                 r2      =     0.999604 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure D.1   The calibration curve of phenol 
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