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CHAPTER |

INTRODUCTION
1.1 Background

Water is essential for life because it is used in industrial process, household
consumption and application for daily life; sueh as washing, farming. Wastewater is
emitted from many sources, for example, wast€water drainage from processes and
community etc. It becomes-~one of tfle greatest_problems in various countries,
because it has exerted envaronumental and health threats to the society.

Phenol is one of g niost Harmful aromatic hydrocarbon compounds existing
in wastewater. The component of pheriT?la;in wastewater has been emitted from
various chemical industriessuch as wood f_pr”es'grvative, resin, pesticide, textile, paper
and dye industrial. It can damage ‘the skjni and other tissues of the human and
animals. When digested, phenol—containingf.-liq,l}ids could also lead to liver damages,
dark urine, irregular heartbeats, muscle trcT.r_r_i_c_)'.xsj and loss of spatial coordination,
among others [1]. There are essential reqﬁirements of efficient treatment system,

which could meet legally regulated standard and economic-constraints.

Phenol in wastewater can be deecomposed by many methods, such as
conventional energy-intensive combustion. Furthermore, phenol can be decomposed
by wet air oxidation using metallie catalysts and oxidizing agents [2,3]. Though
decomposition’ of ‘phenolic| compounds by 0zonation' have beeninvestigated [4,5],
there is §till room for improvement. Therefore, ozonation combined with metallic
catalysts process is proposed as a proper choice for wastewater treatment process
because of its various advantages such as non-toxicity and insolubility. A three-
phase fluidized bed reactor where fluidized particles are moving inside the reactor
has been recognized as a promising method for wastewater treatment. It is a novel
reactor for ozonation process. It allows an intimate contact between phases and

present many advantages concerning hydrodynamic and mass transfer phenomena.



An aqueous phenol solution is decomposed by the fluidized particles and oxidation

reaction in reactor [5].

Activated carbon (AC) is widely used as adsorptive material to remove
numerous organic compounds from wastewater because of its large specific surface
area, highly porous structure and low cost [6]. Metal supported on AC is a promising
alternative because of the synergy of huge number of active sites and the
concentration of the adsorbed species on the internal surface area. Therefore, the
high efficiency of wastewater treatment iS/cxfremely importance. In this research
using a pilot-scaled of . thice-phase fluidized bed reactor for decomposing the
phenolic compounds in"wastewatet treatment process which Fe on activated carbon
(Fe/AC) as solid metallic on aciivated carbon and ozone as gas oxidizing agent
under ambient conditions in order to prév,@de a new alternative mean to tackle this

problem. ~

1.2 Objective of the research
¥,
The prime objective of’ this-thesis ;§-th; study a method to prepare activated
carbon doped with Fe for removing aqueéﬁS' phenol in a three-phase fluidized bed.
The performance of phenol-removal-using-activated-carbon doped with Fe under

different condition would be experimentally examined.
1.3 Scope of experiment and analyses in.this;research

1.3.1 Set.up.a laboratory-scaled and pilot-scaled wastewater treatment system
- Reactor: Three-phase fluidized bed reactor
- Solid particle: Fe on commercial activated carbons or virgin commercial
activated carbon
- Oxidizing agent (Oxidant): Ozone (O3)
- Oxidizing target: Aqueous phenol



1.3.2 Preparation of activated carbon doped with iron oxide
- Range of Fe content is 5 - 10 wt. %
- Techniques of preparation are wet impregnation and incipient wetness
impregnation
- Calcination conditions are 500 °C under nitrogen gas or 200 °C under
ambient air condition
1.3.4 Test activated carbons by decomposition of phenol in laboratory-scaled
- Solid particle loading per column of 5 g
- Initial phenol concentration of I0ppm
- Solution flow zate.of I L/min'
- Gas flow rate of 2 L/mun
1.3.5 Test activated carbons«decompesition of phenol'in pilot-scaled
- Solid partiele loading per colﬁm}l of 1.3 kg
- Initial phenol concentration of;20 ppm
- Solution flovyfatelofi8 L/min ’:?f_ :
- Gas flow rate of 5 L/min
1.3.6 Analyze the decomposition of phf::f:;(_ﬂ, and intermediate product.
- HPLC (High performahce hun[_d Jféhromatography, Shimadzu column
class VP) = Fd-
- TOC (Total-erganie-carbon-analyzer,Shimadzu TOC-VCPH)
1.3.7 Analyze the characteristic of catalyst.
- BET (BELSORP mini, BEL Japan)
- SEM&EDS«(S-3400N, Hitachi)
- TGA (Pytis'diamond, Perkin Elmer)
- XRD (Rigaku, TTRAX TIII)
- XRF (Oxford, ED 2000)

1.4 Benefit of this research

The expected benefit to be obtained from this research is an understanding in
an alternative wastewater treatment system using Fe/AC and ozone within a three-
phase fluidized bed reactor. Knowledge of this work should be adaptable for high

level treatment of actual wastewater from industrial estate.



CHAPTER I

FUNDAMENTALS AND LITERATURE REVIEW
2.1 Phenol

Phenol is the simplest aromatic¢ alcohol which could be characterized by a

Chemical fo i i

Chemical struct e

—

S (7

: 7

Other nani lgs Carbolic acid

ﬂuﬂqwﬂﬂﬁwﬂﬂnﬁ
Hydroxybenzene-
QAN T ISR

\ Molecular weight (g mol™) 94.11
Boiling point (°C) 181.7
Melting point (°C) 40.5

Solubility in water at 20 °C (g/l) 83




Some phenols interface with the endocrine system and disrupt the function of
hormones. They have antiseptic property and are used in formulating disinfectants,
deodorizers, and pesticides. Table 2.1 summarizes the important properties of phenol.
Phenol in water solution is sometimes called carbolic acid. Phenol differs from
aliphatic alcohols which hydroxyl group is bonded to a saturated carbon atom. Due to
the tendency of pi-orbital overlap between carbon and oxygen, phenol can lose easily
the hydrogen cation (H") from the hydroxyl group, resulting in higher acidity than
aliphatic alcohols (but weaker acidity than carboxylic acids). The intermediate state
losing H™ ion from the hydroxyl group in a phefiolis called phenoxide anion C¢HsO'.
It reacts with strong bases.to.from salts.¢alled phcnolate. Pure phenol is a colorless-to-
white crystalline solid. Tt'1s medcrately soluble in water and is soluble in ethanol and
ether. Phenols form stronger hydrogen bonds than aliphatic alcohols. Phenols are
more soluble in water'than aleohols and have higher boiling points. Many phenols
have a sharp, spicy odour, but phenol sme-;lls blend and sweetish. It is highly toxic and

caustic [7].

Phenol exists naturally and‘is maﬁﬁfacf[ured in large quantity. It is in many
industrial processes. It is found innature in serr;e foods, in human and animals wastes,
and in decomposing organi¢ material. It "'i"s"'iiroduced by the body and excreted
independent of extcrual-exposure-or-intake.Ii-is-used primarily as an intermediate in
the production of phenolic resins. The main source of phenolic wastewater is the
industries such as petrochemicals, coal gasification, pesticide manufacture, and

electroplating and metallurgical operations:

The acceptable phenolic_compound coreentration to be-treated in central
wastewater treatment processimust bewcontrolled 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.



2.2 Activated carbon [8]

Activated carbon is a processed carbon material with a highly developed
porous structure and a large internal specific surface area. It consists, principally of
carbon (87 to 97 %) but also contains such elements as hydrogen, oxygen, sulphur and
nitrogen, as well as, various compounds either originating from the raw material used
in its production or generated during its manufacture. Activated carbon has the ability
to adsorb various substances both from the gas and liquid phase by collecting them on

the surface of its pores.

2.2.1 Advantage of activated carbon

Activated carbon 15 widely used és adsorbent of waste gases and vapor e.g. for
remaining CS, from aif; of'solvents-for %heir recovery, of contaminants of aqueous
solution, e.g. the purification of sugar syrup, in the treatment of portable water and
waste water, in air conditioning devices, in’ vacuum technology, e.g. in sorption
pumps, in adsorption of toxins from sysfe:{‘nic_ fluids, etc. Activated carbon is also
finding increasing application ds-catalyst supp(‘)rts as well as materials for electrodes
in chemical sources_ of electricity. Compéféd'with other commercial adsorbents,
activated carbon has a-bread-spectrum-of adsorptive-activity, excellent physical and
chemical stability, and case of production from carbonaceous waste or useless

material.

Almost any catbonaceous raw ‘material canbe used for the manufactured of
activated carbon. However, the principle properties of manufactured activated carbon

depend on the typeiand'properties of the.raw material used.

Table 2.2 Source materials that have been studied for the production of

activated carbon

Bagasse Corncobs Lignin Saw dust
Bones Distillery waste Peat Petroleum coke
Coal Flue dust Polymer scrap Wood

Coconut shells Fruit pits Rubber waste etc.



2.2.2 Pores structure of activated carbon

The formation of the crystalline structure of activated carbon begins early
during the carbonization process of the starting material. During the process of
activation the spaces between the elementary crystallites, become cleared of various
carbonaceous compounds and disorganized carbon, and carbon is also remove
partially from the layers of the elementary crystallites. The resulting voids are called
pores. A suitable methods and condition of production process cause a layer number
of pores to be formed so that the total susfaee area of their walls. L.e. the internal
surface of the activated carbon is very-large so.-this, cause large adsorption capacity.
Activated carbon usually has.s€veral groups of pores, each group having a certain

range of values of the effective diameter.

Generally poresican be ¢lassified into three group: macropores, mesopores and

micropores.

Macropores are thoseé having effeCﬁve diameter > 50 nm and their volumes
are not entries filled with adsorbate via the ﬁ}ééﬁanism of capillary condensation. The
values of their surface area areé negligibly small when compared with the surface area
of the remaining type-of pere.-Consequently-macropotes are not important in the
process of adsorption-as they merely act as transpoit arteries rendering the internal

parts of the carbon grains accessible to the molecules of the adsorbate.

Mesopores, also’known'as transitional pores; have effective diameter falling in
the range of 2-5 nm. The process of filling their volume with adsorbate takes place via
the mechanism of'eapillary cendensation. For average activatedicarbon, the volumes
of mesopores lie between the limits 0.02-0.2 cm®/g. The peak of the distribution curve
of their pore volume versus their radius is mostly in the range of 4-20 nm. For
adsorption in liquid phase, activated carbon should have pores size larger than 3 nm in
diameter, which falls in the range of mesopores. Besides their significant contribution

to adsorption, mesopores also perform as the main transport arteries for the adsorbate.



Micropores have small sizes comparable with those of adsorbed molecules.
Their effective diameters are usually smaller than 2 nm, and average pore volumes of
activated carbons usually fall in the range of 0.15-0.5 cm’/g. In general, the surface
area of microporous activated carbon lies between 1,00-1,000 m?/g. The energy of
adsorption in micropores is substantially greater than that for adsorption in mesopores
or at the nonpores surface. In micropores, adsorption proceeds via the mechanism of

volume filling.

2.2.3 Adsorption isotherim
The adsorption isothesm ptovides essential information about the porosity in
solids and there are signifieant’ variations in isotherm shape. According to IUPAC

classification, the shapes ofadsogption isotherm are shown in Figure 2.1.

Specific amount adsorbed

~o

IR T .

Relative presure p/p?

Figure 2.1 Shapes of adsorption isotherm

Type I isotherm is concave to the relative pressure (p/p’) axis. It rises sharply
at low relative pressures and reaches a plateau: the amount adsorbed by the unit mass
of solid approaches a limiting value as p/p” - 1. The narrow range of relative pressure

necessary to attain the plateau is an indication of a limited range of pore size and the



appearance of a nearly horizontal plateau indicates a very small external surface area.

The limiting adsorption is dependent on the available micropore volume.

Type II isotherm is concave to the p/p” axis, then almost linear and finally
convex to the p/p’ axis. It indicates the formation of an adsorbed layer whose
thickness increases progressively with increasing relative pressure until p/p” > 1. If
the knee of the isotherm is sharp, the uptake at Point B is usually considered to
represent the completion of the monomelecular layer and the beginning of the

formation of the multimolecular layer.

In Type III, the 180thesm a8 convex to the p/p” axis over the complete range
and therefore has no Point.B. Fhis feature is indicative of weak adsorbent-adsorbate
interactions.

Type IV isotherm, whose initial’ _région is closely related to the Type II
isotherm, tends to level offat high relativé -pre'ssures. It exhibits a hysteresis loop, the
lower branch of which represents measurérj%cn‘gs obtained by progressive addition of
gas of adsorbent, and the upper branch by prb_g?éssive withdrawal. The hysteresis loop
is usually associated with the filling and'éiﬁptying of the mesopores by capillary

condensation.

Type V isotherm is initially con vex to the p/p” axis and also levels off at high
relative pressures.¢As injthe,case of the Typeslll isotherny; this is indicative of weak
adsorbent-adsorbate ‘interactions.’ A"Type V'isotherm exhibits a hysteresis loop which

is associated with the mechanism of pore filling and emptying,

Eventually, Type VI isotherm, or stepped isotherm, is associated with layer-
by-layer adsorption on a highly uniform surface such as graphite. The sharpness of the

steps is dependent on the system and the temperature.
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2.3 Catalyst preparation [9]

Preparation of heterogeneous catalyst can be carried out through numerous
routes. The following underlying steps are common to all procedures for
heterogeneous catalysis. The support may be either a metal oxide, crystalline or
amorphous. The impregnating solution may be either aqueous or organic. The
dominant driving force for pore filling is capillary pressure (i.e., fluid mechanical),
thus rendering the quality of impregnation insensitive to surface interactions between
support and surface precursor that might othcswise limit the overall loading by other
methods (e.g., equilibrium.adsoiption)-Bascd on.its.simplicity, impregnation method
represents the most widely cited synthesis method for supported metal oxides.

|

Impregnation entails'wetting a soiidl_ support material (typically of high surface
area) with a liquid solution containiné the dissolved surface oxide precursor.
Subclassification of impregnation‘methoijd_saidepends upon the relationship between
impregnating liquid volume (V) and subport pore volume (V),): Capillary, dry or
incipient wetness impregnation (FWA) is oftép,qsed to describe the process when Vi,
=~ V, whereas wet impregnation EWl), quiiiﬁrium adsorption, diffusional or ion

exchange is preferred when V5, > V). S

Table 2.3 Types of catalyst impregnation

Methods: Iﬂcipient wetness impregnation Wet impregnation
Distinguishing Useysufficient metal solution to-fill Amount-of solution in excess of pore
characteristics: pore'volume of catalyst/support; volume of support; precursors that

adjust metal concentration for interact weakly with support are
desired weight loading washed/filtered,away
Advantages: Simplest to employ; no filtering; metal Mixing is improved

content is fixed
Disadvantages: Strong precursor-support interaction is  Filtering required; metal loading must
not guaranteed be measured; metal wasted if it does

not strongly interact with support
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The types of impregnations can be classified as in Table 2.3. The first,
incipient wetness impregnation is procedurally the simplest. The thick paste formed
from contacting the support with just the amount of liquid needed to fill the pore
volume contains a precise metal loading and does not need to be filtered. The
drawbacks from this method arise when metal precursors do not interact strongly with
the support surface. Metal complexes that remain in solution can migrate significantly

during drying.

Impregnations can be considered wciwhenever an amount of solution in
excess of the support pore.volume is-employed..Wet impregnation is as simple as
contacting the solution for a_geftain lime and then recovering the solid by filtration.
The amount of metal retained by the solid must be determined by analysis either the
solid or liquid. The -extent of metal reta_%ned by the support is a function of the
precursor-support integaction, which may be chemical or physical (electrostatic) in
nature. As WI is defined here, no attentfqﬁ- 1s paid to controlling the impregnation

conditions to optimize the interaction:

2.3.1 Incipient wetness impregnation :.; '
IWI is notoriousty-deficient-at-achieving-unifonnl surface coverage. Multiple
resistances exist to achieving uniform coverage that may lead to undesirable
distribution profiles (crusting) of the surface oxide. For example, rising hydraulic
pressure at blocked pore jends prevents; complete;wetting of the surface as pore-filling
liquid compresses' trapped “gas; even after the gas eventually dissolves, different
residence times_of wetting and adsorption can lead*to concentration profiles. Another
resistance 1S thenarrowing. of “pore mnecks at their.entrance! created by (1)
crystallization of active precursor due to premature solvent evaporation or (2)
unfavorable charge balancing between support and surface precursors such as most
metal oxides on SiO,. It is even conceivable that a sample intended to possess
submonolayer surface coverage may, in fact, possess crystalline regions of locally
high concentration (i.e., above monolayer coverage), whereas areas of respectively

low concentration remain noncrystalline (submonolayer coverage).



12

2.3.2 Wet impregnation

Impregnation methods that immerse a solid support into an excess of solution
(Vimp > Vp) of dissolved surface oxide precursor for long periods of time are
frequently called equilibrium adsorption, wet impregnation or ion exchange. In
contrast to IW impregnation, the dominant driving forces for these methods are the
concentration gradient and electrostatic interactions. Almost all supports are oxides
that bear a net positive or negative electrical surface charge, which attracts oppositely
charged ions in aqueous solution. The charge of these amphoteric oxides is a function
of aqueous solution pH and.is dictated-by the oxide’s point-of-zero charge (pzc). For
pH > pzc, terminal hydroxyls.efi.the support deprotonate, leaving the surface with a
net negative charge that atfracts cationic species. For pH < pzc, the hydroxyls
protonate and favor -anionic adsorption‘-. For a given oxide support, adjusting the

difference between pzciand solation pH ailows control of the surface oxide loading.
Wet impregnation is generally thoﬁgh‘t to yield better dispersion of surface
metal oxide overlayers than WL, althou‘:g_il_* this is difficult to measure for metal
oxides. By way of comparison, chémisorptirghi !erveals much better atomic dispersion
of the active species for supported me’cé!'ll""c'afalysts made via WI versus WL
Nonetheless, despite tniform-distribution-of active prectirsor species throughout the
support interior, WI ~does  not necessarily provide uniform distribution between
interior and exterior regions of the support. Recovery of the solid support from
solution leads to'surface evaparatienjof residual solvent, which-preferentially deposits
noninteracung precutsor species onthe support’s exterior shell, thereby enriching the
precursor outer surface concentration. A final “wash_step should be employed to
remove this physisorbed (i.e., weakly bound) active species, but precise control of the
wash pH is required to avoid inadvertently expelling the electrostatically bound

species. Another disadvantage of W1 is that the final loading of active species is rarely

known a priori and requires subsequent elemental analysis.
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2.3 Three-phase fluidized bed reactor [10]

The expression of three-phase fluidization was used to describe fluidization of
solid particles by two fluids. A gas and a liquid were the fluidizing media used in the

applications.
2.3.1 Applications of three-phase fluidized bed reactor

Studies of three-phase fluidization had been of interest and their numerous
applications existed in various-industrial processes,which varied in size from bench
to commercial scale. Tn such”system, the individual phases could be reactants,
products, catalysts, or inecis'Some cxamples of three-phase fluidization applications
were shown in Table 24, ‘

Table 2.4 Examples of appligations of thré_e%hase fluidized bed processing.

Physical processing Chemical 'r:)r"bcessing Biochemical processing
Drying of calcium carbonate | Production Bf zinc Aerobic biological waste
and polyvinylchloride hydrosulfite - | treatment
Dust collection Methanol féffﬁéﬁtation Production of animal cells
Crystallization : Llectiode Enzyme immobilization
Sand filter cleaning Coal liquefaction Ethanol fermentation
Drying of granular material | Coal gasification Antibiotic production
Lactose granulation Fuel gas desulfurization | Conversing of sucrose to

glucose by plant cells

2.3:2\Hydrodynamic relations for gas-liquidssolidifluidized,bed reactor [11]

As mentioned previously, the gas-liquid-solid fluidization was an operation, in
which the solid particles layer, fluidized by gas and liquid and then behaved like a
fluid. In general, the state of the particle motion in the fluidized bed operation by the
upward flow of the fluid could be subdivided into three basic operating regimes: the

fixed bed regime, the expanded bed regime, and the transport regime.



14

The fixed bed regime existed when the drag force on the particle induced by
the flow of a gas-liquid mixture was smaller than the effective weight of the particle
layer. With an increase in gas and/or liquid velocity, the drag force counterbalances
the effective weight of the particles then the bed would achieve the state of minimum
fluidization and marked the onset of the expanded bed regime. With a further increase
in gas and/or liquid velocity beyond the minimum fluidization velocity, the solid bed
would change to the expanded bed regime until the gas or liquid velocity reached the
terminal velocity of the particles in the medium (Uy"). At the gas or liquid velocity

above U/, operation would be considercd as‘the transport regime.

Hydrodynamic behavior of three-phase fluidized bed reflected, the complex
interactions between the imdividual phases. The most prominent interaction occurred
between the rising gas bubbles and the surrounding liquid-solid mixture. Three
distinct regions above the gas-liquid dist{ibutor were identifiable based on the
prevailing physical phenomenas: the distriﬁlitor region, the bulk fluidized bed region,

and the free board region. A s¢hematic diaé'r’ar’h was shown in Figure 2.2.

b i A
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Figure 2.2 Schematic representation of gas-liquid-solid fluidized bed for co-current

upward gas-liquid-solid systems with liquid as the continuous phase [10]
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The distributor region referred to the region immediately above the gas-liquid
distributor where gas spouts might occur. It included the region from initial bubble
formation to the establishment of the final bubble shape. The hydrodynamic behavior
in the distributor region inherently depended on the gas-liquid distributor design and

the physical properties of the liquid-solid medium.

The bulk fluidized bed region included the main portion of the fluidized bed.
The hydrodynamic behavior in the bulk fluidized bed region varied drastically over
large ranges of operating conditions. Howeveis fora given operating condition, there

was a minimum axial transport property variation.in.the region.

Drastically differenifrom the ptevious regions, the freeboard region mainly
contained entrained particles from the bﬁllg_ fluidized bed region. Particle entrainment
led to a solids hold up profile above the ﬂjuidized bed surface that decreased axially in
a manner similar to that in'a gaé-solid‘;?fﬂ{iidized bed. Generally, the demarcation
between the freeboard region and ‘the b‘l;lkﬂﬂuidized bed region was much more
distinct for large/heavy parti¢les than for sfﬁ:ﬂa__ﬂ/ light particles.

#e 2 4

Some general models of gas-liquid'i'Sé)ffd fluidized-bed reactors for the gas
phase reactant A for & single-solid-catalyzed reaction 40 products are represented in
this section. Starting'with information about the particte size, density of each phase
and viscosity of liquid, the provided hydrodynamic relations may be used to
determine bed~¢haractenisticspsuch jas rthe-minimum~fluidization velocity, particle
terminal settling velocity, and so ‘on. The ‘equationis in this section (2-1 to 2-6) are

referred from,
Minimum fluidization velocity, U,y
Minimum fluidization velocity was the velocity of fluid, which the solid

particles moved apart and few vibrate. The equation for minimum fluidization

velocity for gas-liquid-solid fluidized bed reactor was
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Hy

where Uy dization velocity (m/s)

Terminal velog¢ity of a single particle could be considered with an assumption

that the particle movinig throug | a‘. an external force. If the
external force was th (3 g, whicmvas constant. Also, the drag
force always became ldarger with an increasing in velocity. The particle quickly

circumstances, Hld which was called the termﬂll velocity. TES, equation for the
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17

2

K=d, (wj (2-6)
My

2.3.3 Pressure drop and phase holdup [12]

When consider a fluidized bed column, which was partly filled with a fine
granular material as shown schematically in Figure 2.3. The column was opened at
the top and had a porous plate at the bottoma to support the bed and to distribute the
flow uniformly over the entire cross section.-Fluid was admitted below the distributor
plate at a low flow rate and passes u”f)ward through the bed without causing any
particle motion. If the partielesswere quite small, flow in the channels between the
particles would be laminawgand/the pressill,re drop acress the bed would be proportional
to the superficial velocity Asthe fluid velocity was gradually increased, the pressure
drop increased, but the particles d1d not move and the bed height remained the same.
At a certain velocity, the pressure drop écross the bed counterbalances the force of
gravity on the particles og the welght of the bed, and any further increase in velocity
caused the particles to moye. ThlS was pom‘t A‘on the graph. Sometimes the bed

expanded slightly with the grams still o contact since just a slight increased in

-

porosity, & could offset an increase of several percent in stiperficial constant and keep

pressure drop, AP co_ﬁstant. With a further increase in Vél,ocity, the particles became

separated enough to mé_ve above in the bed, and true fluidization begins (point B).

Fixed bed €— Fluidized bed

Ap

|
—

Ap Wt. of bed

Fluid

PRESSURE DROP AND BED HEIGHT

SUPERFICIAL VELOCITY, U,

Figure 2.3 Pressure drop and bed height and superficial velocity for a bed of solid
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Once the bed was fluidized, the pressure drop across the bed became constant,
but the bed height continues to increase with increasing flow. The bed could be
operated at quite high velocities with very little or no loss of solids, since the
superficial velocity needed to support a bed of particle was much less than the

terminal velocity for individual particles.

If the flow rate to the fluidized bed was gradually reduced, the pressure drop
remained constant, and the bed height decreased, following the line BC that was
observed for increasing velocities. However,.the final bed height might be greater
than the initial value for.the fixed bed, since solids.dumped in a column tended to
pack more tightly than solids.slowly settling from a fluidized bed state. The pressure
drop at low velocities " wassthen less than i the original fixed bed. On starting up
again, the pressure drep offsct.the weight gf the bed at point B, and this point, rather
than point A, should bg'considered te giv_;e the minimum fluidization velocity, U,,r To
measure U, the bed sheuld be ﬂuidizedj"yfgorously, allowed to settle with the fluid
turn off, and the flow ratg inereased gradﬁallfy until the bed starts to expand. More
reproducible value of U, could sometimés:’- be_obtained from the intersection of the
graphs of pressure drop in the fixed bed andi_;hé‘f'huidized bed.

The pressure diop-through-the-bed was strongiy r¢lated to the individual phase
holdup in the bed. Thephase holdup was defined as the fraction of the solids, liquid or
gas phase to volume of the column. In the fluidized bed section with low solids

entrainment rates, the solid-holdupse;,icould be expressedaas
cl= (2-7)

However, behavior of gas holdup in the freeboard region strongly depended on
the flow regimes and hence, on both particle and liquid properties. Gas holdup in
three-phase fluidized beds could be lower than that in a corresponding bubble column
because the particles promoted bubble coalescence, however it could also be higher
than that in a corresponding bubble column when the particles helped break up gas

bubble in some certain operating ranges. Furthermore, gas holdup was important for
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determining residence time of the gas in liquid. Kato et al. had proposed that the gas
holdup in a system of gas-liquid-solid fluidization could be approximated by the

following equation;

03"

‘T qe L) (2-8)

) (2-9)

when the parameter W was defined as

The following relation

(2-10)

Under the stead e 1d ! . xial pressure gradient (static

pressure gradient) at a Cig ni the column represented the total weight of
the bed consisting of the

(2-11)

where &;,¢,,¢&

= B gas, li ensity (@/m3 ), respectively
ht of solid patticle in the bed (k

; ﬂ TR TGt o

= effective height of bed gpansmn (m)

’ﬂ R ﬁﬁ GR35

static pressure gradient.

PcPrLPs

dZ

D. = column diameter (m)

o = surface tension (mN/m)

M, = kinematic liquid viscosity (m?/s)

Ug = gas velocity (m/s)
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The frictional drag on the wall of the column and the acceleration of the gas

and liquid flows could be neglected. In equation (2-11), the term ¢, p, in the right

hand side was usually negligibly small compared to the other terms. The evaluation of

individual phase holdups based on the pressure gradient method, ¢, could be directly

obtained from equation (2-7) with the height of bed expansion measured

experimentally while ¢. could be directly calculated from equation (2-8). Finally, &,

could be calculated from equation (2-10) and (2-11) simultaneously with the

experimentally measured static pressure gradient.
2.3.4 Flow regime

Three flow regimes could be identified based o the bubble flow behavior in
three-phase fluidized bed: the coalesc‘egi; bubble, the dispersed bubble, and the
slugging regimes. In the €oalesced bubl;’lledregime, bubbles tended to coalesce and
both the bubble size ‘and velocity becéfh@ large and shown a wide distribution.
Coalesced bubbles rose neay the column rlégf the column center with high velocity
and stirred the bed violently. The coalesced bhb_ble regime predominated at low liquid
and high gas velocities. In the dispersed:._jh1_1_'bble regime, no bubble coalescence
occurred and the bubbles were of uniform, small size. Fhe dispersed bubble regime
predominated at high<iquid velocities and at low and intermediate gas velocities. In a
small diameter column (e.g., D. < 15 cm), the gas bubble'could easily grew to the size
of the column diameter at high gas flow ratés’creating “slug” bubbles which occupied
nearly the whole cross section. In columns of large diameter, however, slugging might
not occur. The flow regimes variedssignificantly with the column diameter. Particle
properties also profoundly affecteéd the prevailing flow regime at'given gas and liquid
velocities and terminal velocity of the fluidized particles affected the liquid velocity

of transition from the coalesced to the dispersed bubble regime
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2.4 Literature reviews

Wu et al. [13] studied oxidation of aqueous phenol by ozone and peroxidase.
Aqueous phenol was ozonated for the first time at pH over 12. Results obtained under
conditions favoring rapid generation of radicals completely eliminated the possibility
deduced from the absorption theory that the indirect radical reaction might be one of
the reaction pathways. Meanwhile, it was found in this study that the apparent first-
order rate constant of phenol ozenation deereased logarithmically with increasing
initial phenol concentration. On the other.+hand, despite the phenomenological
resemblance between the two.oxidation/processes.(the removal of aqueous phenol by
ozone and horseradish peroxidase (HRP)), the mechanisms of the two processes were
proved to be quite differenteResults of this study also indicate that the integration of
ozone and HRP did net'improve the efﬁciepcy of phenol' removal.

Santos et al. [14]/has investigatedj"_czi‘-[alytic wet oxidation of phenol as model
pollutant by using three commercial acti\;e' carbons as catalysts. Experiments were
carried out in a fixed bed r€actor, at 160:-f3€, of temperature and 16 bar of oxygen
pressure. All the AC tested showed high catal}‘/tlc activity in both phenol conversion
and mineralization. Small amounts of intei‘fﬁé‘diates were_found in phenol oxidation
being the main Leompounds—detected —hydroquintonie, p-benzoquinone, p-
hydroxybenzoic acid, eatechol and short chain acids C,=C,, mainly maleic, acetic and
formic acids. Only small amounts of oxalic acid were found in the liquid phase. These

SCA were the most refractory compounds to-catalytic oxidation

Dong et al. [15] studied a stable micréporous. material;” de-aluminated Y
zeolite "has been ‘used for thefirstitime! as an ozonafion Catalyst and showed
remarkable activity for the removal of phenol and chemical oxygen demand (COD) in
aqueous solution. The Y zeolite exhibited excellent repetitive-use performance even
after continuous operation for 10 cycles. The ozone decomposition rate, influence of
hydroxyl radical scavenger and influence of reaction temperature were investigated.
The de-aluminated Y zeolite has beensuccessfully used as an ozonation catalyst for
the degradation of phenol. Y zeolite exhibited high -catalytic activity and

nonexpendable performance for the ozonation degradation of phenol and the removal
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rate of COD, owing to the stable framework structure of de-aluminated Y zeolite. By
investigating the ozone decomposition rate, influence of hydroxyl radical scavenger
and influence of reaction temperature, it was shown that the Y zeolite could accelerate
the transformation from ozone molecules to hydroxyl radicals, which is essential for a
catalyst. Due to the interaction between ozone and Y zeolite, the decomposition of
ozone and the generation of hydroxyl radicals were accelerated, and the degradation
of phenol and the removal of COD were enhanced. As a catalyst, the de-aluminated Y
zeolite has supplied a feasible and envirgnmental friendly choice for the catalytic

ozonation of phenol in wastewater.

Pintar et al. [16] studied.of the catalytic liquid-phase oxidation of aqueous
phenol solution, a proprietary catalyst comprising copper (7.4 wt.%), zinc (9.0 wt.%)
and cobalt (3.2 wt.%)-0x1des was used. Th_ﬁ; oxides were supported by a steam-treated
cement that was designed for reactions _;in aqueous solutions. Aqueous-phase deep
oxidation at comparatively low temperatﬁ‘r_eg and pressures made possible by the use
of heterogeneous catalysts' is/a promising technique for the destruction of organic
water pollutants. Catalytic liquidsphase ok:idat_ion of aqueous phenol solutions was
investigated in an isothermal trickle-bed reaetolf at 7'=403-423 K and oxygen partial
pressure of 7 bar. The results-obtained iﬁ‘“tﬁ'@c‘ ‘presence of a catalyst composed of
supported copper, zinc-and-cobali-oxides show that during the reaction course only
small amounts of aromatic and aliphatic hydrocarbons are accumulated in the liquid
phase, thus resulting t0 a constant pH value of the aqueous solution along the axial
reactor coordinateqn the off-gas, no carbon menexideswas detected at any operating
conditions. Progess simulation usiig one-dimensionial axial dispersion and plug-flow
models_demonstrates that efficiency. of the_catalyst bed for ‘phenol removal is
influenced by the tass-transfer rate of+oxygen from the'gas phase to'the bulk liquid
phase, and by resistance due to a surface reaction step. It is believed that partial
wetting of catalyst particles in a trickle-bed reactor increases phenol conversion to
intermediates and CO; as the main reaction product, through the formation of a larger

number of active sites on the catalyst surface.

Santos et al. [17] were present route of catalytic oxidation of phenol in

aqueous phase over a commercial copper catalyst. The chemical composition was: 67-
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77% copper oxide, 20-30% copper chromite, 1-3% synthetic graphite. A reaction
pathway of phenol oxidation under intermediate temperature and pressure has been
proposed. Temperatures employed were 140 and 160 °C and catalyst concentration
ranged from 4 to 1550 g/l of liquid phase. To achieve this wide interval of catalyst
concentration values, two experimental set-ups were employed: a basket stirred tank
reactor, with the liquid phase in batch, and an integral fixed-bed reactor with co-
current up-flow of gas and liquid phases. The main intermediates detected in the
phenol oxidation were ring compounds /(hydroquinone, catechol, benzoquinone),
which break to yield CO, and short chain aeids, mainly maleic, formic, acetic and
oxalic acids, and also traces.of malonie; succinic.and fumaric acids. Oxalic acid was
also found to form a complex.wiih the copper which oxXidizes to CO,. The only non-
oxidizable intermediat¢ under the.conditions sets was acctic acid. In order to propose
a phenol oxidation «pathways several‘- runs were. carried out where the main
intermediates detected in the phenol oxiéation were fed to the FBR under different
temperatures and catalyst 1oadings.‘It WaS‘;;fOJIjlnd that catechol oxidation does not yield
either benzoquinone or malei¢ acid but oxgﬂic:acid which finally mineralized to CO,.
However, benzoquinone and maleic aciﬁ_ifa;e products clearly detected in the
hydroquinone oxidation. Oxidation reactiéaisﬂf'ﬂof phenol and those intermediates

studied take place not only on the solid surfzféé'bilt also in the liquid phase.
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Figure 2.4 Route of catalytic oxidation of phenol in aqueous phase

n over a‘commercial copper catalyst
- F |

Esplugas et al. [18] investigate of comparison of -'different advanced oxidation
processes for phenol (Tégradation. Advanced oxidation"};rocesses (03, O3/H,0,, UV,
UV/0;, UV/H50-5 Ox/UV/H,05 Fe’ifH,03 and photocatalysis) for degradation of
phenol in aqueous solution have been studied in earlier works. In this paper, a
comparison .of. these techniques, is .undertaken: pH. influence, “kinetic constants,
stoichiometric coefficient and’ optitnum' oxidant/pollutant.ratio.” Different advanced
oxidation processes have been studied and compared (with a view to the decrease in
the pollutant concentration, the pseudo-first order kinetic constant and cost
estimation) for the degradation of phenol in aqueous solution. It has been found that
none of the ozone combinations (O3/H,0,, O3/UV and O3/UV/H,0,) improved the
degradation rate of the ozone process, resulting even in an slightly inhibitory effect.
With regard to the UV processes (UV, UV/H,0, and photocatalysis), the degradation

rate with the UV/H,0, process was almost five times higher than photocatalysis and
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UV alone, as evidenced by the kinetic constant values. Fenton’s reagent showed the
fastest degradation rate, 40 times higher than UV process and photocatalysis and five
times higher than ozonation. Of the tested processes, Fenton reagent was found to the
fastest one for phenol degradation. However, degradation rate and the lower costs
obtained with ozonation makes it the most appealing choice for phenol degradation.
In the ozone combinations, the best results were achieved with single ozonation. As
for the UV processes, UV/H,0, showed the highest degradation rate. Figure 2.5

shown as kinetic constant, half-life and c¢ost evaluation for all the processes.

Table 2.5 Kinetic constant, half-life and cost.evaluation for all the processes

Process k() /tp(t) Costshke ($) . tzu(h)  Costs/kg ($)

uv 058 £ )13 1122 3.33 293.1
03/H,0, 13 F03254™ 2N 0.63 2.93
03/UV 344§ 0221 0k 4928 0.417 11.7
0yUV/H,0, 417 L0166 da 7.12 0.333 9.51
0; 4.4 57 0 81 0.317 1.09
UV/H,0, 6.26-4-OA1T S8, 0.383 28.7
Fenton 222 0.0312 3.92 0.067 2.61

Quintanilla et al.#[29] studied phenol’ oxidation by a sequential catalytic wet
peroxide oxidation (CWPO) — catalytic wet airioxidation (CWAO) treatment with a
Fe/activated carbon catalyst (Fe/AC). CWPO of phenol with a homemade Fe/AC
catalyst, has been studied in ‘astainless steel fixed-bed reactor at! different operating
conditiofis (7= 23-100 °C, Pr=1-8 atm, W= 0-2.5 g, and T = 20-320 gcat h/gphenol)-
The results show that, thanks to the incorporation of Fe on the activated carbon,
phenol conversion improved dramatically, reaching a 90% at 65 °C, 2 atm, and 40
gcat W/ gphenol. However, TOC conversion values remain fairly low, (around 5% at 40
gcar W/ gphenot), and no improvement was obtained with the inclusion of Fe. The
presence of Fe seems to promote the nondesirable coupling reactions that take place

in CWPO of phenol due to the condensation of the ring intermediates (the primary
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phenol oxidation products). CWPO proceeds at higher initial rates than CWAO but
most of the intermediates produced are refractory to further oxidation. These
refractory compounds are condensation products from ring intermediates and short
chain acids, which remain even after complete disappearance of hydrogen peroxide.
On the opposite, CWAO at mild conditions (100 °C and 8 atm) leads to the oxidation
of most of the intermediates, including the condensation products detected at short
space-times values. The final products are only acetic and formic acids. A sequential
treatment consisting of CWPO at ambient g¢onditions followed by CWAO at mild
conditions (100 °C and 8 atm), both using. 4 homemade Fe/AC catalyst. A CWPO—
CWADO sequential treatment -has been-successiully performed by using a fixed-bed
and trickle-bed reactor in scries,-allows to obtain phenol conversions up to 90% at
short space-times (20" gcaph/gprengl) from a starting phenol concentration of 1 g/L.
This sequential treatment reduees TOC as much as the CWAO process does, leading
to a complete oxidation of /ring inteifmediates, and avoiding the presence of
condensation by-products in' the reactor :'e_tf.f-luent when appropriate space-times are
used. ;

Allia et al. [20] investigated biolog“i‘cz’ijf‘ treatment of water contaminated by
hydrocarbons in three-phase gas—liquid-sol'ia-' fluidized bed. Biological treatment has
been carried out in two-different systems:-aerated-closed-and three-phase fluidized bed
reactors for hydrocarbons removal from refinery wastewaters. For the two systems,
hydrodynamic study allowed the determination of operating conditions before
treatment experimentsy Theny in fa)second times biologicaltreatments have been
conducted in the, same operating conditions. The obtained results showed that in the
three-phase fluidized bed we can degrade hydrocarbons more rapidly than in a closed
aerated bioreactor.) Among the ‘different appropriate techniques ‘available to create
efficient contacts between phases, the three-phase fluidization gas-liquid-solid where
carrier particles are moving inside the reactor seems very interesting. It allows an
intimate contact between phases and present many advantages concerning
hydrodynamic and mass transfer phenomena. It was depended on operating conditions
and the bubble flow behavior. It could display different flow regimes. In these
systems called bioreactors the solid particles covered with a biofilm are fluidized by

two ascending flows of air and contaminated water. With favorable operating
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conditions, from a hydrodynamic and mass transfer point of view, the pollutant can be

biologically degraded up to 90%.
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Kanki et al. [11] stu:diea” aboutJf.j&::aper purification in a fluidized bed
photocatalytic reactor using _TiOz—coatedze_g@mic particles. TiO,-coated mm-size
spherical ceramic particles Which are VeryJ étable for dynamical impact and whose
specific density is Ve&fﬁé&}g unlty were developed and- applied to a fluidized bed
reactor for water purification. Two types of test-scale fluidized bed photocatalytic
reactors were prepared: the,reactor a whiehsholds the ultra violet light source (254
nm) inside it and the reactor b which holds the light soutce (365 nm) outside it. The
latter one is supposed to be operated under solar light. Phenol and bisphenol A were
selected for target eontarmnadnts’and the deeomposition experimients by fluidized bed
photocatalytic reactor were conducted. It was shown with the reactor a that aqueous
phenol and bisphenol A with 10 mg/dm’ in 2 L water can be decomposed rapidly in
about 200 min and TOC originated from their byproducts can eventually be
mineralized in short time in 300 min. It was also shown through the decomposition

experiment using the reactor b that water purification under solar light can be

possible, though the decomposability is less effective: it took about 20 h to mineralize
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the aqueous contaminants with10 mg/dm” in 1 L water. Phenol is therefore, thought to

be photochemically oxidized through the intermediate path as shown in Figure 2.6.

@““ —\
atech-:}l(CC\! OH

Figure 2.6 Pathway | n\ position of phenol
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CHAPTER 11

EXPERIMENTAL

The three-phase fluidized bed reactor was used to investigate aqueous phenol
wastewater treatment. The metal oxide was loaded onto the surface of activated
carbon. The efficiency of wastewatetr treatment was developed by enhancing with
ozone. The chemicals, preparation of activated carbons doped with iron oxide and
characterization of particle.are shown in scetions.3.1, 3.2 and 3.3, respectively. In
section 3.4 and 3.5, the experimentalf system-and the analytical instrument were

explained, respectively.

3.1 Chemicals
Iron precursor for impregnate on cgjaiytic support was prepared from:
- Iron (III) nitrate nonahydrate, Fé’(N03)3-9H20, available from Asia Pacific
Specialty Chemigal, 98:6% :‘f‘ s
Phenol solution for testing the reaéﬁéi{ and preparing HPLC standard were
prepared from: ek i
- Phenol, C6H6O, available from Fisher Scientific, 99.98%
In addition, the chemicals which used to be the HPLC mobile phase were as follows:
- Acetonitrilé, CH;CN, available from Fisher Scientific, 99.99%
- Methanol, €H{OH; available from Fisher Scientifie, 99.99%
Finally, the chemicals which used to be standard solution of TOC were as follows:
- nPotassinm hydrogen~phathalate, €sHsy(COOK)(EOOH); available from
Nacalat Tesque

- Sodium hydrogen carbonate, NaHCOs, available from Nacalai Tesque

- Sodium carbonate, Na,COs, available from Nacalai Tesque
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3.2 Preparation of activated carbons doped with iron oxide

The Fe/AC, an iron on commercial granular activated carbon, is employed for
investigating the phenol removal efficiency and the possibility of the fluidized bed
reactor for application on wastewater treatment. Meanwhile the Fe/AC, homemade
5 wt.% iron (Fe) by support weight, were prepared by using Iron (III) nitrate
nonahydrate (Fe(NO3)3;*9H,0) from Asia Pacific Specialty Chemical Co., Ltd.. The
microporous activated carbon that supplied from Calgon Co., Ltd. in USA (AC-US)
and Carbokarn Co., Ltd. in Thailand (AC<TFH)*was used to be the support. The main
characteristics of the activated carbons'that used in the present investigations were

presented in Table 3.1.

Table 3.1 The technical spgcification of granular activated carbon

Specification
Physical Properties 54 ACUS AC-TH
(Calgon Co.; Ltd.) (Carbokarn Co., Ltd.)
Particle size distribution: j-().6"1(3—2.36 mm 0.42-1.70 mm

+ 12 mesh (170 im) MAX. 5%

12540 mesh (.70 — 0.42 mm) MIN. 90%

- 40 mesh (0.42 mm) MAX. 5%
Apparent density (g/cc) MIN. 0.49
Moisture (%) (Aspacked) MAX. 2 MAX. 8
Ash«(%), (As-packed) MAX 510 ! MAX. 3.5
pH 9-11
Surface area (m?/ g) MIN. 950 MIN. 1150
Iodine number (mg/g) MAX. 900 MAX. 1100
Carbon tetrachloride adsorption (%) MIN. 55

Hardness number (%) MIN. 95 MIN. 98
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The activated carbons doped with iron oxide were prepared by loading Fe
precursor over on the surface of granular activated carbon. It was prepared by
impregnation techniques. The activated carbon pretreatment and activated carbons

doped with iron oxide preparation were shown as follows:

3.2.1 The commercial granular activated carbon pretreatment
(1) Activated carbon was sieved out in the size range below of 0.42 mm
particle diameter (40 mesh).
(2) The classified activated carbon‘was heated and held at 200 °C for 4 hrs
to eliminate.its impurities '
3.2.2 The commercial gramilat activated carbon after pretreatment was loaded
with iron (III) nitrat€ solution by each of two impregnation techniques
a) IMA technigue:
Wet impregnation (10'ml metal ;solution/ g activated carbon)
(1) Impregnate firon (III)‘ nitrate;f_sglution onto the activated carbon under
stirring and refluxing.
(2) The sample was dried and stiﬁ%_d under vacuum at constant temperature

#e 2 4

60 °C. —
(3) Heat up.the activated carbon in'the oven overnight at 100 °C.
b) IMB technique:
Incipient wetness impregnation (0.5 ml metal solution/g activated carbon)
(1) Impregnate iron (III) nitrate solution onto the activated carbon under
stirting at80 *C.
(2) Heat up the activated carbon in the oven overnight at 100 °C.
3.2.3 Activated_carbon_after impregnated with*iron nitrate was_calcined by two
different ‘conditions
a) 500 °C nitrogen gas condition:
Calcinate at 500 °C under nitrogen gas flow for 5 hrs.

b) 200 °C ambient air condition:

Calcinate at 200 °C under ambient air for 5 hrs.
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3.3 Characterization of particle

Characteristics of AC and Fe/AC were analyzed by BET analyzer, TGA
analyzer, XRF, XRD, SEM and EDS.

3.3.1 Nitrogen physisorption (BET analyzer)

ies of activated carbons and catalysts
@therms measured at 77 K using an
automated adsorption apmeBELSDRP_m"f_BEL Japan, Japan). The samples
were degassed under V( 0 measurement. The specific
surface areas were i _ T me{ho The pore distribution was

calculated according

The specific surface areas\a\{

were determined from N, a andes

ec1ﬁc surface area/pore size

distribution measurem

13

Figure 3. 1 Nutomatic specific s&lrface area/pore size dlstrlbutlon measurment

ARIANFFITRH ATV A B

3.3.2 Thermograv1metrlc Analyzer (TGA analyzer)

Thermal analysis measurements were performed in flowing N, atmosphere
using Pyris diamond (Perkin Elmer). TGA analyses were conducted in the original
activated carbon and metal impregnated samples. All of samples were studied by

TGA using a heating rate of 10°C/min to quantify the amount of weight loss. The
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temperature ranging of analysis was 30-500 °C, holding time was 5 hours at 500 °C

and N, gas flow rate was 50 mL/min.

3.3.3 The Scanning Eléctie nergy Dispersive

2
E

Spectroscopy

AU TTTOT 2 I 13
Figure 3.3qécanning Electron Microscopy (SEM) (S-3400N, Hitachi, Japan)
YRIANNIUNRTIINEIQ Y

The activated carbon and Fe coating on the surface of activated carbon were
observed using SEM images. SEM specimens were prepared by directly placing a
small piece of activated carbon or catalysts onto a stub. The stub was covered with a
carbon tape. The specimens were loaded into a sample chamber, and observations
were immediately started using image catcher scanner for taking the photos at 20 kV.
A photo of the Scanning Electron Microscopy (SEM) machine was shown in Figure
3.3.
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3.3.4 X-ray fluorescence spectroscopy (XRF)

Energy dispersive X-ray fluorescence spectrometry is a form of atomic
spectroscopy ideal for the rapid, simple measurement of elements in a range of
materials. The XRF method is widely used to measure the elemental composition of
materials. Since this method is fast and non-destructive to the sample, it is the method

of choice for field applications and industrial production for control of materials. XRF

spectrometer could determine hokn\w e content is present in catalyst. The
d,
4

"

samples were analyzed by X@xfo
“h“-

s shown in Figure 3.4.
—

Figure 3.4 X-ray fluores ED 2000, Oxford, England)

3.3.5 X-ray diffraction (XRDy-~ ,EN@F-
(A

& B Vs

X-ray diffraction is of course 0?1 }thance in determining the
structures of crystals.! he appl-i;ation of XRD to naﬁcrystalline solids, powders,
single-crystal thin.fi ‘om m ectacular. In this experiment,
The samples v@ﬂrﬂed y X1 zf 1gaku, Efj}ﬁlﬁsﬁnown in Figure 3.5, to
find their crystalline phase. The samiples were spread on the glass@lide and then set in

et whigh el 3 b B o i 6 £

Figure 3.5 X-ray diffraction (XRD) (TTRAX III, Rigaku, USA)
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3.4 Experimental system

The experimental system consists of laboratory-scaled three-phase fluidized

bed reactor and pilot-scaled three phase fluidized bed reactor, respectively.
3.4.1 Laboratory-scaled three phase fluidized bed reactor

Laboratory-scaled consists of 6 liters acrylic tank, water and air pumps,
control and bypass valves, water and air flowmeters, fluidized bed reactor, pressure
gauge and ozone generatoi.. Lhe figure and schematic diagram of equipment were
shown in Figure 3.6 and 3./,respectively. The fluidized bed reactor was made from
transparent acrylics that allowed obserying the phenomena occurring inside. It has
effective volume of 272 mL: The react0£ was composed of 3 parts: lower, middle and
top part, as shown ingFigure 3.8-3.10. AThe lower part consists of air, water and
drainage channel. The middle part was f‘cyhndrlcal in shape with 40 mm outside
diameter and 300 mm height. The. top part. composed of water recycle pipe and air
exhaust channel. These three componerrfs— were connected with acrylic flange.
Wastewater containing phenol tvas pumped—te the bottom of fluidized bed reactor. By
opening and shutting off a few valves with the‘monltormg from water flow meter, the
water flow rate could-be-constanily—controled—in the“ range of 1 L/min. The
wastewater flowed through the reactor and returned to the feed tank. The ozone
generator model OZ-6501T was used to generate ozone from atmosphere at
concentration 300¢mg/hn and eonstant; flow-rate; of 2-L/min<Fhe 6 liters of 10 ppm

phenol was tested with'a Fe on activated carbon concCentration of 0.83gcat/Lphenol-
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Figure 3.7 Schematic diagram of the laboratory-scaled fluidized bed reactor
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Figure 3.9 The middle part of laboratory-scaled fluidized bed reactor
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Figure 3.10 The lower part of laﬁbrgtory-scaled fluidized bed reactor

3.4.2 Pilot-scaled fluidized bed reactor , '

In pilot-scaled, the reactor was const_ cted modified and set up in series. (see
the schematic diagram of equlpment in Flgu re 31l Fhis system consisted of a
reactor column (V1),"fwo wastewater preparation tanks (Tl, T2), a treated tank (T3)
and two chemical resistant pumps with the same specifications. For the water stream,
there were liquid ﬂoW meters to measure the inlet wastewater flow rate of each
column. Two wastewater preparation tankswere set because one of them will be used
for preparing the wastewater while the other was used during the operation. The
evaporatedywater im the system.should be megligible sorthe malke-up) water was not
necessary in this system. For the'gas stream, ambiént air Was employed for producing
ozone. Gas flow rate was gas lines into column. Before entering column, the gas flow
meters were used for fine adjusting the flow rate. The ozone was passed through the
ceramic distributor to reduce size of gas bubbles in the column, leading to an
increased contact area of the reactants. The check valves were also set below in each
column for preventing the damage of gas flow meters due to the water inside column

flowing backward into the ozone flow meters.
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The experiments in pilot-scaled system were carried out with co-current

upward flow as through in laboratory-scaled system. However, instead of passing

through just one reactor, the liquid had flown through five reactors in series. The

entire liquid from last reactor was re-circulated into the preparation tank until finish.
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Fluidized bed column

The specification of pilot-scaled three-phase fluidized bed reactor was shown
in Table 3.2. These reactors were made from transparent acrylic. The shape of the top
of reactor was carefully designed to be a conical shape in order to reduce the dead
volume above the liquid surface as much as possible. At the bottom of the column,

three pipes were built for many purposes: water draining, gas inlet, and water inlet,

respectively (see Figure 3.12-3.14).

Table 3.2 Specification of the pilot-scaled fluidized bed

reactor

Effective volume of cach réactor

50L

Outer diameter of€ach'reactor

0.2 m (I.LD.=0.19 m)

Height of each reactor

Approx. 2 m (effective height 1.6 m)

H/D ratio 3
(height of water/ diameter of reaetor)
Amount of solid particle in column 1300 g per each reactor

Reactor (V1-V5):
Effective volume =50 L

Top view

\

D1 A

He&%:f

~L —_

H7

. D2
Y. H5

H1=0.15m
H2=0.11m
H3=020m
H4 =1.40m
H5=0.03 m
H6=0.10 m
H7 =0.05m
H8=0.05m
B4=%in

D2=1%in
D3=%in

D4="%In

D5="%in

D6=020m

D3

§ 2

H8

Figure 3.12 Design configurations of three phase fluidized bed reactor

in the pilot-scaled system
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Figure 3.14 Wire mesh and steel flange
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Ozone generator

Ozone was generated by an ozone generator shown in Figure 3.15. Table 3.3
shows the technical data of ozone generator model OZ-7540, Ozzon. The selection of
material to convey ozone was very important because ozone is extremely corrosive.
Due to the excellent characteristic of stainless steel, Swagelok stainless was selected
as shown in Figure 3.16. The air ball valve was added to cut of the flow in the

emergency casc.

Table 3.3 Technical data of ozene gencrator

Model 0Z-7540
Ozone capaCity (max) ‘1 40 g/hr
Air flowgatei(max) = & 40 L/min
Operating funcgion™ “ 4 Manual / Auto
Power consumption ',’-,‘_ 22 kW
Ozone concentrétién ; © 3% by weight from dry air
Power supply‘ : J_ T, 380 VAC, 50 Hz
Type of generating ;neghanism T_ngh frequency Corona discharge
Type'of coolirig'-s-,-ys“[em g Cooled water
TS/_f)C of electrode Stainless été3§1 316 L with glass tube
Type {)f ozone tube Teflon tube
Type-of fitting Stainless steel 316
Type of cabinet Steel with epoxy paint
Ozone unit dimension (WxHXxD) 600x1700x500 mm.
Chillet dimension; (WxH#%D) $30%700x530"mm.
Weight 310 kg
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Figure 3.150z0n¢é ge 4,pzon, Thailand)

U

WA

Figure 3.16 Swagelok stainless steel, check valve and air distributor
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3.5 Analytical instrument

The concentration of phenol was analyzed by High Performance Liquid
Chromatography (HPLC) and total organic carbon was analyzed by Total Organic
Carbon (TOC).

3.5.1 High performance liquid chromatography (HPLC)

The concentration of p &&!ﬁ! by HPLC (Shimadzu column class
VP). It can be used for indicating th :

—

the number of the compounds in

the sample as well. Th place in sequent of time were

exhibited in graph pr: pound that occurred at the
individual resident tim » ncentration. The mixture of
4 mM aqueous sulfuric afd acctonitri e @1, Vi ) was used to be the mobile phase of
1.0 mL/min. The column Phenome - Awas operated at 31.5 °C. The wavelength

of UV-vis detector was . Fig -‘;J:’- > ws the picture of this equipment.

Figure 3.17 The picture of HPLC (column class VP, Shimadzu)
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3.5.2 Total organic carbon (TOC)

The concentration of TOC was measured by TOC analyzer (Shimadzu TOC-
VCPH). It could be used for indicating the total mineralization of phenol. The picture

of TOC analyzer was shown in Figure 3.18.
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CHAPTER IV

RESULTS AND DISCUSSION

Before employing activated carbon doped with iron oxide decompose aqueous
phenol by incorporating ozone gas as oxidizing agent characterization of virgin
activated carbon and activated carbon doped with iron oxide was carried out. Based
on comparison of then characteristics (size diStsibution, pore sized distribution and
specific surface area), poteitial activated catbent doped with iron oxide were intended
in a three-phase fluidized.~bed forr examinming their performance on phenol

decomposition without cmploying ozone.

4.1 Characteristics of agtivated carbon-

Commercial granular activated caquns employed in this work were supplied
by Calgon Co., Ltd. form'the United State _q.,f America (AC-US) and Calgon Co., Ltd.
from Thailand (AC-TH). AC-US was made from coal and AC-TH was made from
coconut shell. o5

4.1.1 Particle sizedistribution

Two types of commercial granular activated carbon which AC-US made from
coal and AC-TH made from coconut shell were subject tg particle size distribution
analysis using sieves shaker. Before the impregnation, the activated carbon with the
size range ‘below 01, 0:42 mm was classified by a sicve. If the paiticle size is smaller
than mesh screen reactor, the particles will move through the screen and flow upward
with fluid stream at the top of reactor. Therefore, the solid particle for this process
must be larger than 0.42 mm diameter size. The particle size distribution of
commercial granular activated carbon shows in Table 4.1. The most range of particle
size was 1.19 to 2.00 mm in diameter. The greatest percentage of particle by weight

for AC-US and AC-TH were 82 and 67%, respectively.
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Table 4.1 Particle size distribution of granular activated carbon

Weight (%)
Particle size (mm)
AC-US AC-TH
0.42-0.60 - 3
0.60-0.84 - 9
0.84-1.19 -
1.19-2.00

2.00-2.38

_ '_.4"_-
2

e fo rticle is an important factor in
use to three-phase fluidi tion could be occurred by loss of particle

size smaller than 0.42 m cakage by impact or collision of particles.

"

In the other hand,

A0 INININYINT

p

BI89NIN UM INY oY

—e— AC-TH

Volume Adsorbed (cm3 g2 STP
olups (em? g STP)

O ! T
0 0.5 1

Relative Pressure

Figure 4.1 N, adsorption/desorption isotherm on AC-US and AC-TH
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N, adsorption/desorption isotherms obtained at 77 K shown in Figure 4.1.
Two different nitrogen adsorption/desorption isotherm types of commercial
granulated activated carbons were AC-US and AC-TH. Based on the shape of
isotherm by International Union of Pure and Applied Chemistry (IUPAC)
classification, both ACs exhibit Type I isotherm which indicated a huge quantity of
microporous structure. Obviously, a slight hysteresis loop was noticed in the
isotherms, suggested the existence of mesoporous structure in ACs [21]. The
hysteresis loop of AC-US was more obvious than that of AC-TH. Thus it is
reasonable to imply that AC-US contains moetemesoporosity than AC-TH.

The amount of nitrogen” gas adsorbed at a relative pressure of 0.99, AC-US

higher volume adsorbed than" AC-TH.

4.1.3 Pore size distribution

Figure 4.2 shown micropere diamé{ep size distribution of both ACs using by
MP-plot method. Ranges of “micropore ;__di!a‘}‘}neter size distribution and modal
micropore diameter for AC-US was made ‘Jf'r"oih'coal based of 0.4-2.0 and 0.8 nm,
respectively. In case-AC-TH was-made from coconut shell based, ranges of
micropore diameter size distribution and modal micropore diameter size of 0.4-1.6
and 0.6 nm, respectively. The mesopore diameter size distribution of both commercial
granular activatédccarbon shows, in Figure-4:3. \Mesoporeysize distribution using by

BJH-plot method found mesopore volume of AC-US more than AC-TH.
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4.1.4 Surface area of activated carbons

The porous characteristics of virgin AC supports were presented in Table 4.2.
N, adsorption/desorption isotherms of AC-US and AC-TH exhibit meso-microporous
and microporous structure, respectively. Total pore volume of AC-US and AC-US of
0.61 and 0.49 cm’/g, respectively. The specific surface area was obtained by BET-
plot. Average pore diameter size of AC-TH narrower than AC-US as 1.7 and 2.3 nm,
respectively. Consequently, specific surface area of AC-TH larger than specific
surface area of AC-US of 9% of 1,154 and 1,060 mz/g, respectively. The microporous
structure studied by using MP-plot me;[hod. The-micropore volume of AC-US and
AC-TH of 0.46 and 0.49 cin’/g’ respectively. Therefore, micropore volume of AC-TH
higher than AC-US but.tetal pore volume of AC-US higher than AC-TH. Comparison
between total pore volume and micropo|r“e volume of both ACs, total pore volume of
AC-TH consist by hugemigeropore volu;rﬂe but AC-US consist by huge micropore

volume and slightly mesopore volume thd§ found hysteresis loop in Figure 4.1.

Table 4.2 The porotis characteristics of virgin AC

BET Total - Average . Modal
—; Micropore .
. surface pote . pore micropore
Sample Porosity T volume .
-area volume " diameter (cm’/g) diameter
(m’g) (cm¥g)  (nm) g (nm)
AC-US meso-micropore 1,060 0.61 2.3 0.46 0.8
AC-TH micropore 1,154 0.49 1.7 0.49 0.6

4.1.5 Attrition gesistance,of. commereial-activated carbon

Attrition resistance for solid particle is an~important facter in use to three-
phase fluidized bed reactor. Attritien €an occur by loss of ‘particles 'size smaller than
0.42 mm pieced due breakages by impact or collision of particles. Two types of
commercial granular activated carbon which AC-US made from coal and AC-TH
made from coconut shell. In this work, hardness number from the technical
specification of granular activated carbons on Table 3.1 exhibit the commercial
granular activated coconut shell based carbon harder than the commercial granular
activated carbon coal based. AC-TH made from abundant biomass in local country

and AC-TH could be more available than AC-US.
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Table 4.3 Properties of commercial activated carbon

Commercial activated Productive Hardness
carbon country number (%) Cost (Bath/kg)
AC-US USA MIN. 95 1,000
AC-TH Thailand MIN. 98 100

4.2 Effect of activated carbon

Ozone generated from air can uscd t6_decompose phenol by oxidation. The
effect on the removal of phenol by activated carbon come from possess large surface
areas for adsorption of hydrephebic compounds, including aqueous phenol [22].

|

Investigation of adecomposition rate of 6 L of 10 ppm aqueous phenol by
using three-phase fluidized bed with actfilay_ed carbon and/or ozone was obtained in
Figure 4.4. And investigation of TOC réméval obtained in Figure 4.5. From result,
Ozone could be decompoged phenol and s-"‘o':fné-‘ organi¢ carbon intermediate to carbon
dioxide [23]. Efficiency of actlvated carbon w1th air could be remove phenol and
TOC better than only ozone. At first 10 mmutes the rate of reduction of phenol and
TOC concentration were essentlally the same. This implies that both of them were
removed by adsorptlpn of activated carbon. After that ihic/rate of reduction of TOC
becomes slower than that of phenol. This implies that a portion of the adsorbed
phenol was decompoéed to intermediate. products [722]. Ozone combined with
activated carbon' gave ‘the ‘best result for removal phenol and “TOC because activated
carbon has adsérptive ability and enhanced surface area as active site for ozone and

phenol-reagtion:
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4.3 Characteristics of activated carbon doped iron oxide

Activated carbon doped with iron oxide by two techniques of impregnation.
After impregnation, activated carbons are calcined by two different conditions. Table
4.4 shows code name of activated carbon doped with iron oxide prepared by different

condition.

Table 4.4 Code name of Fe/AC particles

Fe/AC particles Suppoit per\chlitggI)lft’Fe I?Egﬁﬁ?:ion Calcination condition
5%CAT-TH-A-500 AC-TH 5% IMA technique 500 °C nitrogen gas condition
5%CAT-TH-B-500 AC-TH 5% IMB technique 500 °C nitrogen gas condition
5%CAT-TH-B-200 AC-TH S%I‘ IMB technique 200 °C ambient air condition
10%CAT-TH-B-500 ACSTH 10%— ". IMB technique 500 °C nitrogen gas condition

4.3.1 The thermal stability.

The calcination condition was a necessary factor for effect of iron on activated
carbon. The optimum condition simulated by TGA analysis. The thermal stability of
the virgin activated carbon and activated carbon impregnafed with metal oxide were

studied under air or nitfrogen gas atmosphere.

The TGA curves of different calcination conditions of yirgin AC were shown
in Table 4.5 and 4.6. From Table 4.5, it was found that the amount of weight loss at
burning“tethperaturs, (30-500-°Caindet nitrogen gas atmg@sphere) 'was around 6% and
this occurred mainly due to the presence of impurity on surface and moisture in the
activated carbon. Table 4.6 was shows total weight loss at 200 °C under air

atmosphere of 2%.
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Table 4.5 Weight loss of activated carbon at 500 °C under N, flow

Temperature (°C) Weight (%)
30.0 100.0
78.0 98.09
375.9 97.15
500.0 94.11

Table 4.6 Weight loss of activated.carbon at 200 °C under air flow

Temperature (°C) Weight (%)
300 100.0
35.0 99.92
105.2 | 97.95

1

Table 4.7 shows weight loss of 5% Fe on activated carbon for heat up from 30
°C to 500 °C under nitrogen gas flow, fou'-r;ldathat a significant weight loss was 11.07%
at temperature changing from 30_°C_ to 89‘°C, may at most to point at the presence of
hygroscopic water in particle [24], Next l{!uznlng step was at around 125 °C shows
decomposition of iron nitrate [25] Weight—lés_fs of 6.74% at 89 °C to 492 °C was.
Total weight loss of 17.81%. T

-

Table 4.7 Weighit'loss of 5 wt.% Fe on activated carbon at 500 °C under N, flow

Temperature (°C) Weight (%)
30.0 100.0
56.2 99.41
88.8 88.93
491.7 82.19

Table 4.8 Weight loss of 5 wt.% Fe on activated carbon at 500 °C under air flow

Temperature (°C) Weight (%)
30.0 100.0
52.9 99.90
85.2 90.70
382.4 86.5

475.9 6.6
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Weight loss curve of 5% Fe on activated carbon at 500 °C under air flow
shown in Table 4.8. The amount of weight loss at temperature range from 30 °C to
382 °C of 13.5%, presence of loss of moisture and decomposition of iron nitrate. At
high temperature around 400 °C under air flow condition, weight loss of 79.9%
because activated carbon burned under heat and oxygen. Total thermal weight loss of

93.4%.

Table 4.9 Weight loss of 5% Fe on activated carbon at 200 °C under air flow

Temperature (°C) Weight (%)
30.0 .4 100.0
539 99.98

16273 85.30

At mild conditiongTGA /analyzed at 30-200 °C under air flow that shown in
Table 4.9. TGA curve around 30, °C to_él62 °C presence for loss of moisture and
decomposition of ironsnitrate; Flnally, tetal welght loss was 14.7% by complete

decomposed iron nitrate t@ iron ox1de [24]

.J._g

For activated carbon doped with 1ron 0x1de preparation, calcined at 500 °C
under air flow shows huge Welght loss of actlvated carbof. Activated carbon burning
down by oxygen from air combined with highly temperature The suitable calcination
conditions at 500 °C ugder nitrogen gas flow and 200 °C under air flow, because that
conditions shows completely decomposed.iron nitrate and avoid burning down of

activated carbofis doped with iron.
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4.3.2 Surface area of activated doped with iron oxide

The specific surface area of Fe/AC could be observed that virgin activated
carbon support (AC-TH). AC support was gives larger surface area than Fe/AC form
identical support. The code name of different Fe/AC elucidate in Table 4.4. And
Table 4.10 shows as the porous characteristics of virgin AC supports and Fe/AC
particles.

Table 4.10 The porous characteristics of visgin AC supports and Fe/AC particles

BET Totail Average . Modal
Micropore .
- surface pore pore micropore
Sample Porosity: : volume .
area volume  diameter (cm3 /g) diameter
(mlg)\ (em*/g). (am) s (nm)
AC-TH micropore 1,154 0.49 1.7 0.49 0.6
5%CAT-TH-A-500 miropdre 1088 ' | 047 1.7 0.47 0.6
59%CAT-TH-B-500 migpolf 1,081 . 046 1.7 0.46 0.7
5%CAT-TH-B-200 micropore 1 ,067{_ 0.47 1.8 0.47 0.7
10%CAT-TH-B-500 migfopalie «= % 1 000558 50.45 1.8 0.44 0.8

¥

i

In case of prepared by IMA techniqué &g%CAT-TH-A-SOO), BET surface area
and total pore volume of 1,088 in’/g and 0.47 éﬁls/g (loss 6% and 4% of AC support),
respectively. In case- of prepared by IMB_technique (5%CAT-TH-B-500), BET
surface area and total pore volume of 1,081 m*/g and 0.46 cm’/g (loss 6% and 6% of
AC support). Compared between two impregnation techniques, BET surface area of
both case was-approach. Fotal.pere yvelume,and, modal-micropore diameter show
slightly difference, 5%CAT-TH-A=500 shows higher pore volume than 5%CAT-TH-
B-500 but modal micropore diametér of 5%CAT=TH-A-500 narrower than 5%CAT-
TH-B-500 as 0.6 and 0.7 nm, respeetively.

In case of calcined by 200 °C ambient air condition (5%CAT-TH-B-200),
BET surface area and total pore volume of 1,067 m*/g and 0.46 cm’/g (loss 8% and
4% of AC support). Compared between different calcination conditions (5%CAT-
TH-B-500 and 5%CAT-TH-B-200), BET surface area, total pore volume and average
pore diameter show slightly difference. BET surface area of 5%CAT-TH-B-500
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larger than 5%CAT-TH-B-200. In contrast, 5%CAT-TH-B-500 shows narrower pore
volume than 5%CAT-TH-B-200.

Compared between different Fe content on activated carbon (5%CAT-TH-B-
500 and 10%CAT-TH-B-500), In case of 10 wt.% Fe (10%CAT-TH-B-500), BET
surface area and total pore volume were 1,000 m*/g and 0.45 cm’/g (loss 13% and 8%
of AC support). BET surface area of 5%CAT-TH-B-500 larger than 10%CAT-TH-B-
500. In contrast, 5%CAT-TH-B-500 shows narrower pore volume than 10%CAT-
TH-B-500.

Specific surface arca of activated carbon doped with iron oxide after calcined
was decrease from virgin agtivated carbon support, calculated to be 1,088-1,000 m?/g.
Loss surface area wasabout 6-13% of AC,§upport. This indicates the plugging of the
loaded metal on the activated carbon porej—[26].

4.3.3 Energy dispersive X-ray spectros‘éopy

s J
v il

Activated carbon and 5 Wt.% Fec on éng%;ated carbon after calcined at different
condition were investigated by SEM at 20 KV shows.in Figure 4.11. EDS of samples
revealed the presence-ef-metal-layers-on-surface of activated carbon, as can be

observed in Table 4.1%:

Table 4.11 Element compositions ofdifferent caleination-condition of activated

carbons doped with iron oxide

Atomic %
Sample
C O Fe
AC-TH 92.43 7.57 -
5%CAT-TH-B-200 76.98 19.50 3.52

5%CAT-TH-B-500 83.00 14.07 2.93
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Figure 4.6(a) showed the surface of fresh activated carbon. It was very clear
and no deposition was detected on the surface. The atomic percentage of carbon and

oxygen element of fresh activated carbon was 92.43 and 7.57%, respectively.

From SEM image shows in Figure 4.6(b), morphology of particle that by 5
wt.% Fe on AC-TH at calcined temperature of 200 °C under ambient air (5%CAT-
TH-B-200) was quite different from AC-TH. Iron molecules were dispersedly coated
on the surface of activated carbon. The ategmic percentage of carbon, oxygen and Fe
of 5%CAT-TH-B-200 were 76.98, 19.50 and 3:52, respectively. The Fe content on the
surface of 3.52% that could.be calculated approximately 70% of target.

From Figure 4:6(c)ymotphology of particle that by 5 wt.% Fe on AC-TH at
calcined temperature of 500 °€ under ffowing of N, (5%CAT-TH-B-500) was quite
different from AC-THs Iron molecules gere dispersedly coated on the surface of
activated carbon. The atgmic percentage df carbon oxygen and Fe of 5%CAT-TH-B-
500 were 83.00, 14.07 and:2.93, respectlvely ‘The Fe content on the surface of 2.93%
that could be calculated approx1mately 59%/6f target.

--_-u

Fe content in catalysts analyzed by XRF‘ was shows.in Table 4.12. XRF could
confirm Fe content in-5%ECAT-TH-A-500;5%CAT-TH-B-500, 5%CAT-TH-B-200
and 10%CAT-TH-B-500 were 3.25, 3.05, 3.11 and 6:46 wt. %, respectively. That
could be calculated approximately 65, 61, 62 and 62% of target, respectively. All
Fe/AC show stability of Fe-loadingronseatalytie support-around-62 % of target.

Table 4.12 Fe content in activated‘earbon

Sample Fe content (wt. %)
5%CAT-TH-A-500 3.25
5%CAT-TH-B-500 3.05
5%CAT-TH-B-200 3.11

10%CAT-TH-B-500 6.16




4.3.4 Crystal structure on activated carbons
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XRD patterns of Fe/AC calcined at different conditions shows in Figure 4.7.

The calcination conditions studied was between 200 °C under ambient atmosphere

and 500 °C under nitrogen gas flow.
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Virgin AC-TH found broad diffraction peaks at 2-Theta of 26.3° and 44.8°
could be assigned to amorphous carbon from activated carbon [27]. 5%CAT-TH-A-
500 and 5%CAT-TH-B-500 were calcinated at same condition, 500 °C under nitrogen
gas flow for 5 hrs shown pattern peaks identify that Fe;O4 around 2-Theta of 30.2°,
35.5°,43.4°, 57.2° and 62.8° [28,29]. A series of characteristic peaks of 5%CAT-TH-
B-200 was catalyst calcination under ambient air at 200 °C for 5 hrs observe Fe,0O;

around 2-Theta of 24.0°, 33.0°, 35.5°, 40.8°, 49.2°, 53.9°, 57.2°, 62.3° and 63.7° [30].
4.3.5 Production data

a) Comparison for differént preparation
Summarization”of different’ preparation shows in Table 4.13. It should be
noted that in view of case of preparafiop and cnergy saving, the IMB technique
showed higher application potential at the;industrial scale.

Table 4.13 Information of Fe/AC prepared-‘-byddifferent impregnation

Fe(NO3)3rE9{{20 Preparati ndition
; solution. # /; cparative co 0 Production
Sample Impregnation c T rate
technique oneenrAnoEEN alume Temperature Pressure
in water L ikenc) °C (bar) (g/batch)
hol/ L) - ST BAC ) ar
5%CAT-TH-A-500 IMA 0.09 10 690, 0.05 10
5%CAT-TH-B-500 < TMB 1.79 0.5 80 1 100
10%CAT-TH-B-500 IMB 358 0.5 80 1 100

b) Cemparison for two different calcination conditions
Table 4,14 is show summarization of Fe/AC calcined by two different
calcinationstIt'should bemoted that iniview of largescale forproduct and saving cost
of calcination, 200°C under ambient air atmosphere'is appropriate condition for the

industrial scale.

Table 4.14 Information of Fe/AC calcined in two different conditions

Calcination condition Iron Production
Sample N oxide rate
Temperature (°C) atmosphere (g/batch)
5%CAT-TH-B-500 500 nitrogen gas Fe;0, 30

5%CAT-TH-B-200 200 ambient air Fe,O5 300
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4.4 Effect of iron oxide on activated carbon for aqueous phenol removal

To compare the activity of solid particle combined with ozone, virgin
activated carbon or activated carbon doped with iron oxide was removing aqueous
phenol in three-phase fluidized bed under operating condition following as Table 4.9.
The characteristic of virgin AC and Fe/AC shows in Table 4.15. AC was AC-US and
Fe/AC prepared form AC-US by IMA techniques. After that Fe/AC calcined under
nitrogen atmosphere at 500°C for 5 hours [22].

Table 4.15 Experimental condition.of .a laboratory-scaled

three-phése fluidized bed reactor

Parameter) Value
Initial concentration of phen‘oJl"'.(ppm) 10
Aqueous phenol volume (L) - 2
Liquid recirculation flow raté (L/min) 1
Gas flow rate (L/min) ': _‘ . | 1
Solid particle weight-{(g) oreh ! 5
Temperature (°C) _ . 17-25

Table 4.16 The characteristics of AC and Fe/AC particles [22]

BET Total Average . Modal
Micropore .
surface pore pore micropore
Sample . volume .
area volume. diameter (emi/a) diameter
g | @arrey, QN inm) 3 (nm)
AC 1,060 0.61 2.3 0.49 0.6
Fe/AC 888 0.49 22) 0.46 0.7

The removal of phenol by AC combined with ozone and Fe/AC combine with
ozone present in Figure 4.8, two cases show that rapidly removing phenol. The
combination of Fe/AC and ozone was more efficiency more than the combination of
AC. In addition, the TOCs removal are expressed in Figure 4.9. The comparison
between Fe/AC and AC combined with ozone show that AC was slightly more
effective even thought the amount of Fe [22].
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4.5 Aqueous phenol removal in a laboratory-scaled fluidized bed reactor

Aqueous phenol (liquid phase) removal in a laboratory-scaled three-phase
fluidized bed reactor using activated carbon doped with iron oxide (solid phase) as
bed particle with ozone (gas phase) as oxidizing agent. A preliminary study of phenol
and TOC removal efficiency and initial phenol removal rate constant was necessary
for select optimum solid particle using in pilot-scaled three-phase fluidized bed
reactor. The experimental condition of a laberatory-scaled three-phase fluidized bed

reactor is shown in Table 4.17.

Table 4.17 Experumeatal  condition of a laboratory-scaled

three#phase fluidized bed reactor

Pafameter=. Value
Initial concentration of phenq:l (ppm) 10
Aqueous phengl volume (1) 6
Liquid reciretlagion flow rate (JL{mm) 1
Gas flow rate (L/min}- 47, :;.J_} 2
Solid particle weight (g) s 5
Temperature (°C) | 7 30

The principle calculation of phenol and TOC removal efficiency as given in

equations 4-1 and 4-2.

Phenol removal efficiency:
XL = B Al % 100% (4-1)

TOC removal efficiency:

TOC, - TOC
Xpoe = e X 100% (4-2)
0
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4.5.1 Phenol removal by different impregnation techniques of activated carbons

The removal of 6 L of 10 ppm initial phenol concentration by laboratory-scaled
three-phase fluidized bed reactor to study the activity of ozonation combined with
virgin activated carbon or iron oxide on activated carbons from different impregnation
techniques. Experimental condition was constant at temperature 30 °C, gas flow rate
of 2 L/min and liquid flow rate of 1 L/min. 5%CAT-TH-A-500 and 5%CAT-TH-A-
500 were Fe/AC from different impregnation techniques, prepared from AC-TH by
IMA and IMB techniques, respectively.
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Figure 4.10 Phenol.concentrations as a function of time for ozonation combined with

AC-TH, 5%CAT-TH-A-500 or 5%CAT-TH-B-500

Figure 4.10 shows normalized phenol concentrations as function of time for
removal in the three-phase fluidized bed reactor using ozone gas combined with three
different types of activated carbon (AC-TH, 5%CAT-TH-A-500 or 5%CAT-TH-B-
500). In cases of ozonation combined with three different types of activated carbon
show phenol removal efficiency higher than only ozonation. In fact, activated carbon
is highly adsorptive material because it extremely porous thus to has high pore

volume and large surface area available for adsorption as shown in Table 4.10 [6,31].
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Removal of phenol could be occurred by adsorption and oxidation. For fresh AC and
Fe/AC particles, the adsorptive ability was extremely high because the gradient of

concentration between the pore sites and aqueous phenol was still high [32].

Virgin AC combined with ozone compare with both Fe/AC combined with
ozone reveals that the both Fe/AC was more phenol removal efficiency higher than
that virgin AC in first 60 minutes, as reported by Limsuwan et al. [22]. However, it
could be clearly observed that three different activated carbons can completely
decompose phenol within 75 minutes. In Fe/A€ case combined with ozone, 5%CAT-
TH-A-500 compare with..5%CAT-TH=B-500.  that.show slightly phenol removal
efficiency of 5%CAT-TH-B-500 higher than 5%CAT-TH-A-500. It should be noted
that in view of ease¢ of prepatation ‘?nd energy saving, the 5%CAT-TH-B-500
prepared by IMB techniqueshowed _higher,gpplication potential at the industrial scale.
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Figure 4.11 TOCs as a function of time for ozonation combined with
AC-TH, 5%CAT-TH-A-500 and 5%CAT-TH-B-500
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Table 4.18 Phenol decomposition efficiency and TOC removal efficiency for AC-TH,
5%CAT-TH-A-500 and 5%CAT-TH-B-500

Phenol decomposition (%) TOC decomposition (%)
Time AC. SYCAT- 5%CAT- Ac. B%CAT- 5%CAT-
(min) Ozone TH+  THA TH-B- Ozone TH+  HA TH-B-
Oz0ne 500 + 500 + Ozone 500 + 500 +
Ozone Ozone Ozone Ozone
10 14 37 46 49 4 29 18 18
60 67 98 99 99 22 83 59 43
75 74 100 100 100 22 84 63 49
300 100 100 100 100 48 92 66 71
360 100 100 100 100 S 92 71 69

TOCs are totald organic /carbon ;(;f phenol and intermediate from phenol
decomposition. AC-TH, S%CAT-TH-A-S‘(_)O- and 5%CAT-TH-B-500 combined with
ozone can decompose phenol n aqueoué'-.-soiution to some intermediate products.
Time dependence of intermediate TOC whit:i!h were derived from phenol is depicted in
Figure 4.11. First, the removal of phenol usmé only ozonation gave the worst result
when compared to_other case which enipldYed activated carbon, as report by
Limsuwan P. et al 22} -and-TuihanK-aind-Uzinair S. [23]. Phenol could be
decomposed by ozonation but intermediate products—(catechol, hydroquinone, p-
benzoquinone, maleic acid and oxalic acid) can occur at the end of process. Products
intermediate canl be oxidized eompletely; withnozone t0,CO, .and H,O but destruction

of some organi¢c compounds requires a long ozonation ‘time and high ozone dosages

[23].

Second, ozonation combined with three different types of activated carbons
exhibit to enhance efficiency of TOC removal higher than only ozonation. In other
word, AC and Fe/AC which high porosity and large surface area was enhance
adsorption and oxidation organic compounds on surface of solid particle. At
completely phenol removing by case of ozonation combined with three different types
of activated carbons (75 min), TOC removal efficiency of AC-TH, 5%CAT-TH-A-
500 and 5%CAT-TH-B-500 were 84%, 63% and 49%, respectively. Finally at 360
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minutes, TOC removal efficiency of AC-TH, 5%CAT-TH-A-500 and 5%CAT-TH-B-
500 were 92%, 71% and 69%, respectively. In all cases of oxidative decomposition,
TOC still remain because some intermediate products were hard to decompose. Both
Fe/ACs show TOC removal efficiency lower than AC. 5%CAT-TH-A-500 combined
with ozone exhibited slightly higher TOC removal efficiency than 5%CAT-TH-B-500
combined with ozone. However, Fe on activated carbon could be enhance the mass
transfer of ozone to disperse thorough the solution and enhance the decomposition of
ozone. TOC removal efficiency by AC-TH combined with ozone gave the best result
[22]. Our result following effects reported by Amia et al. to support on application of
activated carbon and ozone.to ticat organic obseived several effects: (1) activated
carbon is a strong absorbentin'the case of phenol, (2) ozone undergoes rapid
decomposition to geneérate highly oxidative radicals when in contract with activated
carbon and (3) organics adsorbed by act_%vated carbon can be oxidized by ozone,
restoring its porous for further adsorptio_n. Therefore, activated carbon initialed the
transformation of ozonefto hydroxyl radi_céﬂs, that are not bound to the surface of
carbon but are free to reacgwith erganics ih--.the aqueous solution [22,33].

4.5.2 Phenol removal by different Fe coﬁ-tc;{f in activated carbon
On laboratory-scaled-three-phase-fluidized bed-rcactor, aqueous phenol was
removing by ozone with three different Fe content in activated carbons. Data of the
optimal Fe content in activated carbon is desirable for effective operation of oxidative
systems. To find eut the appropriate amount jof |Fe/A€, byyvarying the Fe content in
activated carbon, the experiment of 0, 5 and 10 wt.% of Fe were AC-TH, 5%CAT-
TH-B-500 and 10%CAT-TH-B-500, respectively:

Figure 4.12 shows normalized phenol concentrations as function of time for
removal in the three-phase fluidized bed reactor by ozone combined with three
different Fe content in activated carbons. In three cases of solid particle combined
with ozone, 5%CAT-TH-B-500 gave the best result. AC-TH, 5%CAT-TH-B-500 and
10%CAT-TH-B-500 can completely removing phenol in aqueous solution at 75, 75
and 90 minutes, respectively. Time dependence of intermediate TOC which were

derived from phenol is depicted in Figure 4.13.
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Table 4.19 Phenol decomposition efficiency and TOC removal efficiency for AC-TH,
5%CAT-TH-B-500 and 10%CAT-TH-B-500

Time Phenol decomposition (%6) TOC decomposition (%)
M Caoe ST UGN acm JiAT e
10 37 49 40 29 18 18
75 100 100 99 84 49 54
90 100 100 100 86 50 55
360 100 100 100 92 69 71

At 75 minutesy'the FOC removalll efficiency of AC-TH, 5%CAT-TH-A-500
and 5%CAT-TH-B-500"weze 84%,49% and 54%, respectively. Finally, 5%CAT-TH-
A-500 and 5%CAT-TH-B500 shows ;a‘pproachable removal efficiency at 360
minutes. The TOC remoyal gfficicncy ofn"%Aé—TH, 5%CAT-TH-B-500 and 10%CAT-
TH-B-500 were 92%, 69% and 71 % resp&:;_tiv_ely. AC-TH combined with ozone gave
the best result for TOC réemoval. Erem Téél'edél.lo shows specific surface area of AC-
TH of 1,154 m¥g, 5%CAT-TH-B-300 of 1,081 m”/g and 10% CAT-TH-B-500 of
1,000 m*/g. AC-TH exhibit larger'speciﬁc:kéu;r-f;’ace area than 5%CAT-TH-B-500 and
10%CAT-TH-B-500.-The total surface arca of catalyst has-an important effect on the
reaction rate. The rate: of catalytic reaction was proportional to the surface area

because catalytic reaction of heterogeneous catalyst will'away occur on interface [34].

However, an“inerease in the-Fe ‘content 'on aetivated carbon from 5 to 10 wt. %
instead results in the approachable” removal efficiency. The optirhal amount of Fe

content'in activated carbon was feundte be around 5 wt. % of support.



4.5.3 Phenol removal by different calcination condition of activated carbons

calcinations temperature. In case of 5%CAT-TH-B-500, particle calcined by 500 °C
under nitrogen gas flow. In case of 5%CAT-TH-B-200, particle calcined by 200 °C
under ambient air. Both particles enhanced with ozone in three-phase fluidized bed

reactor. Figure 4.14 and 4.15 show change residual phenol and TOC concentrations

as a function of time, respectively.
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The efficiency of phenolic removal was investigated based on different
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Figure 4.14 Phenol coneentrations as a function of time for ozonation combined

with AC-TH, 5%CAT-TH-B-500 and 5%CAT-TH-B-200

fluidized bed reactor by only ozone or ozone combined with activated carbons. The
removal efficiency of phenol from initial concentration of 10 ppm by treatment with
ozone combined with AC-TH, ozone combined with 5%CAT-TH-B-500, ozone
combined with 5%CAT-TH-B-200 and only ozone were present in Figure 4.14. The

case of ozone combined with activated carbons doped iron oxide shows higher

performance for removal of phenol than only ozone.

Investigation of a remoyal rate of aqucous phenol by using a'laboratory-scaled
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For comparison, 5%CAT-TH-B-200 sample was prepared on the AC-TH
support by IMB method similar to 5%CAT-TH-B-500 but with different calcinations
temperature. Based on the experimental results, the rates of reduction in phenol of
5%CAT-TH-B-500 was faster than when 5%CAT-TH-B-200 as employed. It could
be clearly observed that 5%CAT-TH-B-500 and 5%CAT-TH-B-200 can completely

removing phenol within 75 and 90 minutes, respectively.

As shown in Table 41 .'1 'po ssiion of 5%CAT-TH-B-500 of larger

igher quantity of active site for

surface reaction would be.the it a@ibu@e adsorption and oxidation of
phenol.

" zone
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AC-TH, 5%CAT-TH-B-500 and 5%CAT-TH-B-200
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Table 4.20 Phenol decomposition efficiency and TOC removal efficiency for AC-TH,
5%CAT-TH-B-500 and 5%CAT-TH-B-200

Phenol decomposition (%) TOC decomposition (%0)

Time AcTh SWCAT-  5%CAT- AcTH SWCAT-  5%CAT-

(min) TH-B-500 TH-B-200 TH-B-500 TH-B-200
Ozone + + + Ozone + + +

Ozone Ozone Ozone Ozone Ozone Ozone

10 14 37 46 29 4 29 18 20
75 74 100 100 93 22 84 49 80
120 87 100 100 100 26 87 56 88
300 100 100 100 100 48 92 71 89
360 100 100 100 100 % 92 69 81

In case of ozomation, bubble of _ﬂzone is injected into a liquid phase. The
process is free radical ¢hain and difect ' ozone molecule oxidation reactions: First,
ozone transfers from gas phase to liquid phase; Then ozone self-decomposes in water
to produce *OH radicals. High-activated hyhipxyl radicals are consumed by organic
compounds oxidation (4-5) and ‘reactioﬂ-s'_—%::tween radicals. Meanwhile, direct
ozonation decomposition of pollutants (4-6*) ‘oceurs, ~but the reaction rate is

respectively low comipared-to-that between =OH radiCal and organic compounds

[23,35].

Indirect:
(0N + 2 OH > HO,” + O, (4-3)
0;. .+.. OHy > OH . +5" 0y . .+t O, (4-4)

OH + C (organic compounds) > £ P'(intermédiate or final‘product) (4-5)

Direct:

O; + C (organic compounds) =  P’(intermediate or final product) (4-6)

In case of ozone combined with activated carbon doped with iron oxide
(5%CAT-TH-B-500 or 5%CAT-TH-B-200) could enhance remove organic

compounds by react with both ozonation and oxidation of adsorbed organic. Fe on
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activated carbon could enhance produces hydroxyl radicals form ozone
decomposition. Furthermore, activated carbon doped with iron oxide could enhance
interface for adsorbed on active site [23,36]. However, the higher TOC removal of
5%CAT-TH-B-500 in Figure 4.15 may be attributed to types of iron oxide after
calcination at different temperature. The iron oxide on the 5%CAT-TH-B-200 surface
was found as Fe,O; [24] but the 5%CAT-TH-B-500 was found Fe;O4. Therefore,
Fe,03; on the 5%CAT-TH-B-200 can remove other intermediate products better than

AT-TH-B-500. Therefore, it would

be more promising for p T Qulk for actual application in
industrial-scale. Howeﬁ v a combined with AC-TH gave
the best result becaus ility on and decompose ozone to

*OH.

AUEINENINYINg
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4.6 Aqueous phenol removal in a pilot-scaled fluidized bed reactor

Based on laboratory-scaled experimental results, AC-TH and 5%CAT-TH-B-
200 with ozone was selected to employ in the pilot-scaled three-phase fluidized bed
reactor for remove aqueous phenol. The experimental condition for a pilot-scaled
three-phase fluidized bed reactor is shown in Table 4.21. The performance of phenol
and TOC removal efficiency in the pilot-scaled fluidized bed reactor shows in this

section.

Table 4.21 Experumental conditton-ef a pilot-scaled three-

phasefluidized bed reactor

PRarameter Value
Initial concentration of phenol'"'(ppm) 20
Aqueous phenol yolume (L) 7‘ 200
Liquid recirculation flow rate (L/rpin) 8
Gas flow rate (L/min) ‘4 | 5
Catalyst weight (g) " 17 1,300
Temperature (°C) ‘ e 30-35

4.6.1 Ozonation combined with activated carbons in pilot-scaled

The removal of phenol from the initial concentration of 20 ppm by treatment
with pilot-scaleéd fluidized bed reactor were studied. The activities of ozonation and

ozonation combined with activated carbons were presented in Figure 4.16 and 4.17.

From Figure 4.21, phenol was oxidized by ozone and its concentration
decreased respect to time. At first 10 minnutes, the efficiency of phenol removal by
only ozonation was 9%. In contrast, the corresponding decomposition efficiency of
ozonation combined with AC-TH and 5%CAT-TH-B-200 were 73% and 63%,
respectively. At 120 mintues, ozonation combined with AC-TH and 5%CAT-TH-B-
200 were completely phenol removed. In contrast, removal efficiency of ozonation

was 51%. Finally, removal efficiency of ozonation was 97% at 360 minutes.
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Figure 4.17 TOCs as a function of time for oxidation with only ozone

and ozone combined with solid particle in pilot-scaled
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Table 4.22 Phenol decomposition efficiency and TOC removal efficiency in

pilot-scaled fluidized bed reactor

Phenol decomposition (%0) TOC decomposition (%)
Time Ozone Ozone
(min) Ozone + Ozone +
Ozone ACTTH 506CAT- Ozone ACJ-FTH 506CAT-
TH-B-200 TH-B-200
10 9 73 63 2 81 53
50 27 100 95 4 85 80
120 51 100 100 8 93 88
360 97 100 100 22 97 92

TOC removal gificiency shows in Figu re 4.17. At 10 min, case of ozonation
and case of ozonation' combined Wiﬂiljl AC-TH and 5%CAT-TH-B-200 exhibit
efficiency of 2%, 81% and 53%; respeﬁ;ti\"/ely. Finally at 360 min, decomposition
efficiency of ozonation and ozonation corﬂbined with AC-TH and 5%CAT-TH-B-200
exhibit efficiency of 22%, 97% and 92%. €ompare the TOC removal by using only
ozone between Figure 4.15 from laboratoryfééﬂed and Figure 4.17 from pilot-scaled
it can be seen that the figure present the sé_r_né-results. Ozonation could decompose
phenol to intermediate but long time for decompose intcrmediate to carbon dioxide.
Virgin activated carbon and activated carbon doped with iron oxide could enhance

oxidizing intermediateto carbon dioxide.

In case of ozonation combined with 5%CAT-TH:B-2Q0 test remove aqueous
phenol in pilot-scaled three-phase fluidized bed-reactor; phenok eould be removed
from 20, ppm to complete and TOC remowval efficiency over of 80% at 120 minutes.
Since the total volume of recirculated solution around 200 L, that means this an once
through system operated continuously under equivalent conditions should be able to
treat the aqueous phenol wastewater satisfactory at 1.25 L/min. In corresponding, case
of ozonation combined with AC-TH at 50 minutes this system could completely
removed phenol and 93% of TOC removal efficiency that means this an once through
system operated continuously under equivalent conditions should be able to treat the

wastewater satisfactory at around 4 L/min.
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4.6.2 Deactivation of activated carbon doped with iron oxide

The useful life of activated carbon doped with iron oxide is a critical criterion
for the commercialization of the present fluidized bed reactor technology, as the cost
of the activated carbon doped with iron oxide is an essential factor contributing to the
operating costs of the system. The activated carbon doped with iron oxide which have
been used until now undergo serious activity losses and deactivations due to the
strong oxidation conditions of the processes used. 5%CAT-TH-B-200 was used and
enhancing with ozone, the removal efficiency of phenol and TOC gradually decreased
proportional to increase..of itcration.’ The iemoval of phenol from the initial
concentration of 20 ppm by tr€attent with pilot-scaled fluidized bed reactor were
studied. The activities o fresh and reused 5%CAT-TH-B-200 enhancing with ozone
were presented in Figure 4,48 and 4,19. ‘j
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Figure 4.18 Phenol concentrations as a function of time for oxidation with

5%CAT-TH-B-200 after repeated use in three consecutive runs
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Figure 4.19 TOCs as a funetion of tlIHC for oxidation with 5%CAT-TH-B-200
after repeated -hse in three consecutive runs
Table 4.23 Phenol decomposrtton efﬁc{eﬁcy and TOC removal efficiency for
5%CAT-TH-B-200 after rep_eated use in three consecutive runs

.i_
bl S

Time

(min) P_.he;pol decomposmon (%) TOiCV_fjecomposmon (%)
1t ba-tch 2" patch 3" batch 15 bat_;rf" 2"%patch 3" batch

10 63 59 53 53" 40 41

60 97 96 93 84 68 67

120 100 100 100 88 83 79

360 100 100 100 92 91 77

To investigate the deactivation of 5%CAT-TH-B-200, the experiments were
performed using 5%CAT-TH-B-200 on pilot-scaled three-phase fluidized bed reactor
for three consecutive batches (360 minutes per each batch). When the experiment was
repeated for three batches without changing the bed particles, the efficiency tended to
decrease as shown in Figure 4.18 and 4.19. In case of 1% batch, ozonation combined

with fresh 5%CAT-TH-B-200, phenol and TOC were rapidly removed and



80

concentrations decreased respect to time. At 360 min, phenol completely removed and
92% of TOC removal efficiency. In case 2™ batch, ozonation combined with 1
reused of 5%CAT-TH-B-200, phenol and TOC were fairly removed. At 360 min,
phenol completely removed and 91% of TOC removal efficiency. Finally in case 3™
batch, ozonation combined with 2" reused of 5%CAT-TH-B-200, phenol and TOC
were slowly removed. At 360 min, phenol completely removed and 77% of TOC
removal efficiency. The results suggested that the 5%CAT-TH-B-200 suffered
deactivation in three-phase fluidized bed reactor. The cause of 5%CAT-TH-B-200
suffer deactivation during the oxidation proeessis by the leaching of the metal cation.
It has been proved that the dissolved mietal fiom.the catalyst produces an important
reaction extension in the liguid-phase changing the heterogeneous catalysis into

homogeneous and incréasessigaificantly the toxicity of the reactor effluent [37].

5%CAT-TH-B-200 shows stabilits;ap after repeated use in three consecutive runs
(1,080 minutes), phenol €ould be comple‘@?c_:li} removed in first 120 minutes. 5%CAT-
TH-B-200 shows high effigicney of the usefuldife of re-used for 18 hours.



CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

Based on all experimental data which were explained and discussion in

previous chapter conclusions and recommendations for future study are presented in

this chapter.

5.1 Conclusions

The conclusions of this#escarch are could be atranged in four issues as

follows,

a)

b)

Specific surface area of activatexc:l carbon doped with Fe by impregnation
would be deceased when conip_a_rqd with “of virgin activated carbon.
Impregnation techniques show stabilify of Fe content on activated carbon.
However, amount of Fe/¢ontent on a-tt-:t—iyxgted carbon also affected to the phenol
removal performance. S%CAT—TH-_é;ﬁgOVexhibited higher removal efficiency
than 10%CAT-TH-B-500. il

The calcination ‘condition affected to the type of Fe on activated carbon. At
500 °C under nitfogen gas flow. FesO,4 appeared on activated carbon surface.
In contrast, at 200 °C under ambient atmosphere. Fe,03 occurred on activated
carbon surface. At 500 °C.under nitrogen gas flow, organic nitrate was
removed | faster than ‘at the condition” of 200 °C ‘under ambient atmosphere.
Fe,0Os on activated carbon can remove other intermediate products better than

Fe3O4.

Ozontion combined with activated carbons can remove phenol intermediate
products better than using only ozonation. And ozontion combined with virgin

activated carbons gave the best result for remove aqueous phenol and TOC.
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d) The removal efficiency of phenol tended to decrease with an increase of using
iteration. 5%CAT-TH-B-200 particle shows stability after repeated use in
three consecutive runs (1,080 minutes) in pilot-scaled system. Activated
carbon doped with iron oxide shows high efficiency of the useful life of

particle for 18 hours.

5.2 Recommendations for future studies

From the previous conclusions, the following recommendations for future

studies are proposed.

- There are some fine powders détaching from the activated carbon support after
testing for a cegt@in period of timé, therefore the stability of these particle

stability should bedmproved.

- For applying these€ particles to this wastewater treatment system, an effective
regeneration method of/the particles i§ an interesting issue that should be
further investigated. ; ¥

- The scaling up is necessary for actual application” of this process. From the
results conducted in laboratory and pilot-scale;-the best performing particle

and suitable condition for degradingphenol should be used in the future work.

- A detailed economic analysis of metallic catalysts sheuld be considered
garefully. It'¢ould be conducted based upon the cost of raw materials, cost of
catalyst preparation, cost of the metallic catalysts life cycle and the cost of

generated ozone.
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I. INTRODUCTION

Industrial wastewater beeomessone of the greatest problems in various countries, because it has
exerted environmental and health theeats to the society. Phenol is one of the most harmful aromatic
hydrocarbon compounds existingdn wastewater emitted from various chemical industries. It is known
or suspected to be carcinogens.as well as its high toxicity and high stability [1]. It can damage the skin
and other tissues of the human and animals...When digested, phenol-containing liquids could also lead
to liver damages, dark urine, ifregular heart beats, muscle tremors and loss of spatial coordination,
among others. Therefore, the treatment of phenolic pollutants is an important issue in environmental
protection. ~

Phenol can be decomposed by ‘many methods, such as the conventional energy-intensive
combustion. Though decomposition of; phenolidﬁgmpounds by wet air oxidation using metallic
catalysts and oxidizing agents have been investigated [1-4], there are some insufficient issues for
further improvement. A three-phase fluidized bed reactor is an effective system for phenol oxidation.
It readily provides intimate contact betwéeen the gas, liquid and solid phases. It fluidizes the activated
carbon particles to decompose aquéous phenol and exploits ozone gas as oxidizing agent for cost-
effective wastewater treatment [4].

Activated carbon (AC)-could-be-wideily-used-as-adsorptive-matcrial to remove numerous organic
compounds from wastewater because of its large specific surface area;highly porous structure and low
cost [5]. Catalyst supportéd on AC is a promising alternative because of the synergy of huge number
of active sites and the concentration of the adsorbed species on-the internal surface area. In this
research, AC-supported with Fe is aimed to maximize the oxidation efficiency.

I1. EXPERIMENTAL

CATALYST PREPARATION

Two diffetent grafiulated activatedicarboinis wereisupplied fiom tweé sourets (USA (AC-US) and in
Thailand(AC-TH)). The AC-US activated carbon was made-from coal and the'AC-TH was made from
coconut shell. Both ACs were sieved for classifying a specific size range of 0.42-2.00 mm. The Fe
catalyst supported on activated carbon was prepared following either the wet impregnation or the
incipient wetness impregnation techniques.

The classified particles were heated and held at 473 K for 4 hrs to eliminate their impurities, then
impregnated with a solution of Fe(NO3);°9H,0 to yield 5 %w/w of Fe. The metal catalyst, Fe, was
loaded by two methods: Wet Impregnation (IMA) and incipient wetness impregnation (IMB). For the
IMA method, one gram of AC was mixed with 10 ml of metal solution in a vacuum evaporator at 333
K until the aqueous phase could no longer be observed. On the other hand, in the IMB method 0.5 ml
metal solution per 1 g AC was stirred at 353 K. After impregnation, the samples were dried overnight
at 353 K and subsequently calcined at 773 K under nitrogen atmosphere (N, gas flow rate of 0.8 LPM)
for 5 hrs. The catalysts identified as CAT-TH-A-500 and CAT-TH-B-500 were prepared with AC-TH
support by IMA and IMB method, respectively. The CAT-TH-B-200 samples were prepared on the
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AC-TH support by IMB method to be similar to CAT-TH-B-500 but calcined at 473 K under ambient
atmosphere for 5 hrs.

CHARACTERIZATION

Based on the Brunauer-Emmett-Teller (BET) adsorption method, the specific surface area and
porosities of the catalytic supported and catalysts were detremined via N, adsorption-desorption
isotherms measured at 77 K using an automated adsorption apparatus (BELSORP 28, BEL Japan Inc.,
Japan, or AUTOSORB-1-C, Quantachrome, USA). The MP method was employed for determining
micropore volume and micropore size distribution from the t-plot. The morphological structures of the
catalysts were further characterized by X-ray diffraction (XRD).

APPARATUS AND PROCEDURE

An experimental set-up for ozonation is 4
developed and employed in this work.. The ' ™
experiment set-up consists of a lab-scaled =

three-phase fluidized bed reactor, hold-up
tank, liquid pump, flow meter, ball valve, air
pump and ozone generator. The schematic
diagram is shown in Figure™1" Thereactor
with effective volume 272 mlis ' made from 6 ;
transparent acrylics that casily obscive the
phenomenon occurring inside: The outside S i VY
diameter and height of reactonfare/40 and

300 mm, respectively. An agueous solution

and gas were separately” fed! through a Flg 1 Schematic diagram of experimental apparatus, 1.
distributor into the fluidized catalyst bed at hqld-up tank, 2. liquid pump, 3. ball valve, 4. liquid flow
the bottom of reactor. JGas flow was'' - meter, 5. air flow meter, 6. ozone generator, 7. air pump,
exhausted from the top of reactor while-an 8.'threci-phase fluidized bed reactor.

aqueous solution was totally eirculated and A

intermittently sample via a hold-up tank="An aqueoﬁS'phenol concentration 10 mg L™ and volume 6 L
in a hold-up tank was used as sample tested with Fe on activated carbon concentration 0.83 g, L lpheml
Ozone gas was produce from air by passmg through an ozone generator used as oxidizing agent. An
aqueous phenol and ozone gas were ~continuously fed to the reactor with co-current and up-flow at
constant flow rate 1 ands2 L min", respectively. ‘The solution temperature in a hold-up tank was
constantly measured and controlled at 303 K by thermocouple and a cooler, respectively.

Hold up
4,"Ignk

CHEMICAL ANALYSIS

The progress of the reaction was followed by taking periodically liquid samples from the reactor
and immediately analyzed after filtration through 0.45 um nylon filter. Phenol was identified and
quantified by a high performanee.liquid chromatogtaphy (HPLC, Shimadzu, LC-20A Series) with a
diode array detector at wavelengths'.of] 210 and 254 nin. | The 5 um-column of C18 column (Inertsil
ODS-3, 25 cm long, 4.6/ mm diameter) was used as stationary phase. [The mixture of 4 mM aqueous
sulfuric solution afid 25% v/v aqueous acetonitrile solution was used as mobile phase at 1 mL min™".
The total organic carbon (TOC) concentration was analyzed by a total organic carbon analyzer
(Shimadzu, TOC-VCPLY).

I11. RESULTS AND DISCUSSION

Three cases to investigate for select appropriate catalyst on the efficiency of a novel element for
wet air oxidation process, the experimental can classified as follows:

a. Comparison between AC-US and AC-TH for used as support.

b. Comparison between IMA and IMB technique for Fe on activated carbon preparation.

c. Comparison between two different calcination condition.

PERFORMANCE OF ACTIVATED CARBON

As illustrated in Figure 2, the N, adsorption-desorption isotherms of two different type of
commercial granulated activated carbons were AC-US and AC-TH. Based on the shape of isotherm by
International Union of Pure and Applied Chemistry (IUPAC) classification, both ACs exhibit Type I
isotherm which indicated a huge quantity of microporsity. They had the little hysteresis loop which
represents a small quantity of mesoporsity. The hysteresis loop of AC-US was more obvious than that
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of AC-TH. Thus it is reasonable to imply that AC-US contains more mesopore than AC-TH. The
micropore volume and micropore size distribution measured by MP-Plot method were also shown in
Figure 3. The modal peak of micropore size of AC-US and AC-TH were 0.8 and 0.6 nm, respectively.

0.2 -

& 400 R
2 Dd = AC-US
2 300 mgqxﬂwao - . ———pCTH
e s
:
& 200 g 01
a ©
o B AC-US 5
< Q.
% 100 ® AC-TH g
5 ) g T PO T——
s

0 T | 0.0 T

0.0 05 1,0 0.0 05 1.0 1.5 20
Relative Pressure Micropore size (nm)
Fig. 2 N, adsorption-desorption isotherm on,_} Fig. 3 Micropore size distribution of AC-US
AC-US and AC-TH. and AC-TH.

The specific surface arcasand perosity of the ACs were shown in Table 1. The surface area of AC
with metallic catalyst was decreased after metal ]padlng However, it had slightly higher BET area than
AC-US of 9 % but lower gost than AC-US. In comparison with the original AC, the decrease in
surface area of 5 to 8 % loading/is dependeit upon the method for preparation catalyst from virgin AC-
TH. It should be noted that the porosity of the obtained catalyst-loaded AC was insignificantly affected
by the impregnation method. ; \

4
Table 1 The porous characteristics ofivirgin' AC supports and Fe catalyst

' 0
BET A5 Totalpore Average Micropore Modal
: pore micropore
Sample surface area = Pote size volume* H ' volume .
PR o diameter 3 .1 diameter
(m’ ") (chga ) (em’ g )

AC-US 1060 micropote oo 23 0.46 0.8
AC-TH SR IMICropore 0.49 ™ 0.49 0.6
CAT-TH-A-500 1088 micropore 0.47 N7 0.47 0.6
CAT-TH-B-500 108 1 micropore 0.46 1.7 0.46 0.7
CAT-TH-B-200 1067 micropore 0.47 1.8 0.47 0.7

PHENOL DECOMPOSITION BY DIFFERENT METHOD: FOR CATALYST PEPARATION

Figure 4 shows normalized phenol'concentrations as funetion of time ‘for oxidative decomposition
in the three-phase fluidized bed reactor with ozone and two different types of catalyst. In the both
cases, CAT-TH-A-500_and CAT-TH-B-500, can decompose phenol in aqueous solution to some
intermediate products:«Iime dependence of intermediate TOC! which were“derived from phenol is
depicted in Figure 5. "At 75 min, the phenol“and TOC decomposition’efficiencies-of CAT-TH-A-500
were 100% and 63%, respectively. In contrast, the corresponding decomposition efficiencies of CAT-
TH-B-500 were 100% and 49%, respectively. In both cases of oxidative decomposition, TOC still
remain because some intermediate products were hard to decompose. CAT-TH-A-500 yield phenol
and TOC decomposition with the same level of CAT-TH-B-500. It exhibited slightly higher efficiency
than AC-TH-B-500. This would be attributed to the fact that CAT-TH-B-500 prepared by IMB
method would provide lower loss of the Fe during the processing. It should be noted that in view of
ease of preparation and energy saving, the IMB technique showed higher application potential at the
industrial scale as well as less loss of the Fe metal during the processing.
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Fig. 5 TOCs as a function of time for oxidation
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PHENOL DECOMPOSITION BY DIFFERENT CALCINATION CONDITION TEMPERATURE

The efficiency of phenolic decoemposition was investigated based on different calcinations
temperature. Figures 6 and"7 show change residual phenol and TOC concentrations as a function of
time, respectively. - |
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Fig. 7 TOCS as a function of time for oxidation
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Fig. 6 Phenol concentratloﬂs as a function of time for
oxidation with CAT- TH B<5007and CAT-TH=B=200

For comparison, CAT TH B-200 samples were prepared on the AC-TH support by IMB method
similar to CAT-TH-B-500 but with different calcinations temperature. Based on the experimental
results, the rates of reduction in phenol concentratiofis;of CAT-TH-B-500 were faster than CAT-TH-B-
200. In contrast] the ‘rates of reduciion in TOC concentrations’of CAT<TH-B-500 were slower than
CAT-TH-B-200. | It/could be clearly observed that both CAT-TH-B can campletely decompose phenol
within 120 min. ‘The phenol decomposition efficiencies of CAT-TH-B-200 were 100% and 88%,
respectively. As shown in Table 1, the pdssession of CAT=TH-B-500 of larger specific surface area
than CAT3TH-B-200. Higher‘quantity’of activelsite for surface veaction'wouldjbé the main attribution
of these ‘catalysts. However, the higher TOC decompositien of CAT-TH-B3200 in Figure 7 may be
attributed to types of Fe catalyst after calcination at different temperature. The Fe catalyst on the CAT-
TH-B-200 surface was found as Fe,O; [2] but the CAT-TH-B-500 catalyst was found Fe;0,.
Therefore, Fe,0; on the CAT-TH-B-200 catalyst can remove other intermediate products better than
Fe;04 on the CAT-TH-B-500 catalyst. It should also be noted that the CAT-TH-B-200 catalyst could
be prepared at a cost lower than that of CAT-TH-B-500 catalyst. Therefore, it would be more
promising for preparation of catalyst in bulk for actual application in industrial scale.

V. CONCLUSION

The oxidative decomposition of phenol in aqueous solution has been conducted in the three-phase
fluidized bed reactor with ozone and activated carbon impregnated with Fe. The conclusions obtained
from this investigation are as follows:
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a. The commercial activated carbon prepared from coconut shell was more physically suitable

as catalyst support which could provide better phenol removal.

b. It was also found that the impregnation method could provide insignificant difference in

phenol decomposition. However, the incipient wetness impregnation method was more
appropriate for preparing Fe/AC in bulk because of its simplicity.

c. Fe,O; on commercial activated carbon after calcined at 473 K under ambient air atmosphere

for 5 hrs was found to provide effective oxidative decomposition of intermediate from
phenol.
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APPENDIX B

CALCULATION OF HYDRODYNAMICS
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In chapter II, hydrodynamic parameters of three-phase fluidized bed reactor

was determined and summarized. According to the relations in chapter 1I, minimum

fluidization velocity was preliminary calculated by using the physical properties of

substances involving in this work: These properties and results from calculation are

shown in below table.

Table B.1 Hydrodynamics.data of lab-scaled experiment

Lab-scale

Properties symbol Value Slunit | Remark
Density of liquid ;:L 1000 kg/m®
Viscousity of liquid ,uL 4 0.001 kg/m.s
Density of wet particle psie. 1330 kg/m3
Diameter of particle d, 1 0.0012 m
Density of ozone pol e 214 kg/m’
Gravitional acceleration g St m/s
Flow rate of gas Fg 0.000033 m’/s 2 L/min
Flow rate of liquid Fr, 0.000017 m’/s 1 L/min
Diameter of réactor Dp 0.0316 m
Cross section area of reactor Ar 0.000785 m’

Calculation symbol Value Sl unit

Superficial gas velocity Ug 0.021243 m/s
Superficial liquid velocity UL 0.042485 m/s
Archimedes number Ar 5594 -
Minimum fluidization velocity of liquid Unmtrs 0.00269 m/s
Minimum fluidization velocity Ums 0.00115 m/s




Table B.2 Hydrodynamics data of pilot-scaled experiment
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Pilot-scale

Properties symbol Value Sl unit Remark
Density of liquid I 1000 kg/m’
Viscousity of liquid mg, 0.001 kg/m.s
Density of wet particle IS 1330 kg/m’
Diameter of particle dp 0.0012 m
Density of ozone IG 1.2 kg/m3
Gravitional acceleration g 9.8 m/s
Flow rate of gas F‘.G 0.000067 m’/s 5 L/min
Flow rate of liquid B L P 0.000117 m’/s 8 L/min
Diameter of reactor Dlé‘ 0.2 m
Cross section area of reactor ARf;f‘__ 0.031400 m?

Calculation = symbol Value Sl unit

Superficial gas veloetty Ug 0.00212 m/s
Superficial liquid velogity UL 0.00470 m/s
Archimedes number | Ar 5594 -
Minimum fluidization-velocity of liquid Unf s 0.00269 m/s
Minimum fluidization velocity Um¢ 0.00205 m/s
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APPENDIX C

RATE CONSTANT

In this appendix, the efficiency for decomposing of 6 L of 10 ppm phenol
solution with activated carbon doped with iron oxide loading 5 g was revealed in term
of -In(C/Cy) to express the rate constant (k). The disappearance of phenol followed

pseudo first order kinetics. Initial rate constants were determined from the slope of

R
{
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Figure C.1 Phenol removal rates.
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Table C.1 Pseudo first order rate constant for removal of aqueous phenol

Condition R? k (min™)°
Only Ozone 0.9829 0.0189
AC + Ozone 0.9724 0.0616
5%CAT-TH-A-500 + Ozone 0.9780 0.0702
5%CAT-TH-B-500 + Ozone 0.9771 0.0766
5%CAT-TH-B-500 + Ozone 0.9968 0.0371
10%CAT-TH-B-500 + Ozone of 0.0545
 Correlation coefficient ht line d_
® Pseudo first order rate co ermined for min of reaction
NE
é‘d‘d
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