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CHAPTER |

INTRODUCTION

1.1 Background

Activated carbons can be produced from various carbonaceous materials, for
example coal, wood, coconut shell, soy bean, polymer scrap, anthracite and waste tire.
In addition, they are widely used in either liquid or gas phase processes, such as air
purification, gas separation and purification, wastewater treatment, organic solvent
recovery, decolorization of organic substances etc. Activated carbons are used as an
adsorbent due to their highly porous texture and large adsorption capacity.

Waste tires represent another interesting source for activated carbons because
of its high carbon content. As the production of activated carbon from waste tires
changes hard- to- dispose waste to pollution- cleaning adsorbents, it is thought to be a
very effective method to relieve environmental pollution.

Especially, activated carbon prepared from waste tires has a highly
mesoporous. Such activated carbon can be applied in dye adsorption because of its
enhanced adsorption capacities. Unfortunately, in the commercial operation of
processes based on adsorption technology, an understanding of adsorption equilibrium
and adsorption Kkinetics is required. Gaining a fundamental understanding can be
valuable in assisting process prediction and optimization.

An understanding of activated carbon adsorption processes requires
knowledge of adsorbate- adsorbent properties, including their respective solution
chemistries as well as adsorption capacity, and pore size distribution of the adsorbent.
This knowledge is invaluable in selecting a carbon adsorbent for particular treatment

application, and applying it in an effective manner. In addition, some important



factors affecting the removal of the organic matters present in waters, the role of pore
size distribution in relation between the molecular size distribution of this pollutants
and the size distribution of the activated carbons have not been investigated
extensively.

Therefore, this research focused on various competitive adsorption kinetics
modes of aqueous binary system consisting of phenol and reactive dye onto activated

carbon produced from waste tires.



1.2 Objective of study
To study the adsorption kinetics of aqueous binary mixtures containing phenol,

red31 and/ or black5 on activated carbon prepared from waste tire

1.3 Scope of the research
1. Activated carbon will be prepared from waste tire
- Carbonization will be carried out at 500 °C.
- Char will be treated by HCI at room temperature.
- Steam activation will be carried out at 850 °C.
2. Characterize the porous properties of prepared activated carbon such as
surface area, pore volume and pore size distribution of selected samples
3. Study the binary adsorption of phenol, red31 and/ or black5
- The concentration range of solutions is 100 — 1,000 mg/I.
- The mass of activated carbon is 1,000 mg with 1,500 ml of solution.

4. Rate of adsorption will be tested.

1.4 Obtained benefits

1. Knowledge of ‘binary adsorption of phenol, red31 and/or black5 will be
investigated.

2. Understanding of the rate of adsorption of phenol, red31 and/or black5 will

be obtained.



CHAPTER I

LITERATURE REVIEW

2.1 Preparation of activated carbon from waste tires

P. Ariyadejwanich, W. Tanthapanichakoon, K. Nakagawa, S.R. Mukali,
and H. Tamon (2003) proposed an activated carbon were produced from waste tires
and their characteristics were investigated. Rubber separated from waste tires was
first carbonized at 500 °C in N, atmosphere. Next, the obtained chars were activated
with steam at 850 °C. As a result, fairly mesoporous activated carbons with mesopore
volumes and BET surface areas up to 109 cm®/g and 737 m?/g, respectively, were
obtained. To further improve the porous properties of the activated carbons, the char
was treated with 1 M HCI at room temperature for 1 day prior to steam activation.
This treatment increased mesopore volumes and BET surface areas of the activated
carbons up to 1.62 cm’/g and 1119 m?g, respectively. Furthermore, adsorption
characteristics of phenol and dye, Black5, on the activated carbon prepared via acid
treatment were compared with those of a commercial activated carbon | the liquid

phase.

2.2 Adsorption equilibrium

B. Buczek. A. Swiatkowski, J. Goworek (1995) presented an adsorption
from binary liquid mixtures of completely miscible components different polarity was
studied, in order to characterize the adsorption properties of commercial activated
carbons. The excess adsorption isotherms were measured for three binary liquid

systems: acetone + n- heptane, acetone + benzene, and benzene + n-heptane on four



activated carbons of various contents. Textural characteristics of the adsorbents were
determined on the basis of the adsorption/ desorption isotherms of argon at 77.5 K.
The relationship between the extent of adsorption from the liquid phase as well as the
shape of the adsorption isotherms and various parameters characterizing the
investigated activated carbons are discussed. A good agreement is found as far as the

actual surface area of the materials is concerned.

C.F. Lorenzano-Porras, M.J. Annen, M.C. Flickinger, P.W. Carr and A.V.
McCormick (1995) studied in the pore structure and diffusion tortuosity of porous
ZrO2 synthesized by two different colloid- aggregation processes. The pore structure
of column- packing materials plays a significant role in high- performance liquid
chromatography (HPLC) and will be particularly importance for the separation of
macromolecules. In this studied, spherical, porous zirconia particles 5 -10 pm in
diameter were synthesized by the controlled aggregation of 700 A colloids. Two
different aggregation methods were used: oil emulsion processing and polymerization
induced colloid aggregation (PICA). The pore structures of the resulting materials
were characterized by electron microscopy, nitrogen adsorption/ desorption, mercury
(Hg) intrusion/ extrusion, pulsed. field gradient spin- echo NMR self diffusion
measurements and NMR spin- lattice relaxation measurements. The tortuosity and
hydraulic diameter resulting from-the two aggregation methods are.compared. PICA
generated sample is less porous but shows a more well- connected pore structure.
These results show the need to restore high porosity while retaining the beneficial
pore structure and the high degree of control of aggregate size that are characteristics

of the PICA process.



Chien-To Hsieh and H. Teng (2000) proposed the influence of the pore size
distribution of activated carbon on the adsorption of phenol from aqueous solutions
was explored. Activated carbons with different porous structures were prepared by
gasifying a bituminous coal char to different extents of burn- off. The results of
adsorption experiments show that the phenol capacity of these carbons does not
proportionally increase with their BET surface area. This reflects the heterogeneity of
the carbon surface for adsorption. The pore size distributions of these carbons,
determined according to the Dubinin- Stoeckli equation, were found to vary with the
burn- off level. By incorporating the distribution with the Dubinin- Radushkevich
equation using an inverse proportionality between the micropore size and the
adsorption energy, the isotherms the adsorption of phenol onto these carbons can be
well predicted. The present study has demonstrated that the heterogeneity of carbon
surface for the phenol adsorption can be attributed to the different energies required

for adsorption in different- size micropores.

G.M. Walker and L.R. Weatherley (2001) presented the adsorption of dyes
from aqueous solution- the effect of adsorbent pore size distribution and dye
aggregation. The removal of acid dyes, Tectilon Blue 4R, Tectilon Red2B and
Tectilon Orange 3G, from single component solution by adsorption on activated
carbon and bone char-has been investigated in-isotherm experiments.. Results from
these experiments were successfully modeled using Langmuir and Freundlich
isotherm analyses. Nitrogen adsorption analysis was also undertaken and indicated
that the activated carbon had a much higher specific surface than the bone char.
Calculations involving the pore size distribution data indicate that only 14% of the

total specific surface of the activated carbon is available for adsorption due to the high



molecular area and aggregation of the dye. The equilibrium data indicated that dye
aggregation takes places in the solid phase of both adsorbents with higher solid phase
aggregation numbers found using the bone char, which is indicative of multilayer

adsorption.

L. Li, P.A. Quinlivan and R.U. Knappe (2002) presented the effects of
activated carbon surface chemistry and pore structure on the adsorption of organic
contaminants from aqueous solution. The objective of this research was to develop
activated carbon selection criteria that assure the effective removal of trace organic
contaminants from aqueous solution and to base the selection criteria on physical and
chemical adsorbent characteristics. To systematically evaluate pore structure and
surface chemistry effects, a matrix of activated carbon fibers with three activation
levels and four surface chemistry levels was prepared and characterized. In addition,
three granular activated carbons were studied. Two common drinking water
contaminants, relatively polar methyl tertiary- butyl ether (MTBE) and relatively
nonpolar trichloroethane (TCE), served as adsorbate probes. TCE adsorbed primarily
in micropores in the 7- 10 A width range while MTBE adsorbed primarily in
micropores in the 8- 11 A‘width range. These results suggest that effective adsorbents
should exhibit a large volume of micropores with widths that are about 1.3 to 1.8
timeslarger -than- the kinetic ~diameter of -the target -adsorbate. - Hydrophobic
adsorbents more effectively removed both TCE and MTBE from aqueous solution
than hydrophilic adsorbents, a result that was explained by enhanced water adsorption

on hydrophilic surfaces.



2.3 Adsorption kinetics

G.M. Walker and L.R. Weatherley (1998) presented the treatment of
simulated industrial waste water containing acid dye- stuffs with granular activated
carbon adsorption selected as the treatment method. Predicting the rate at which
adsorption takes place for a given system is probably the single most important factor
for adsorber design, with adsorbate residence time and ultimately the reactor

dimensions controlled by the system’s kinetics.

Y. Onganer, and C. Temur (1998) presented a granular activated carbon was
utilized as adsorbent for the removal of Fe (lll) ions from aqueous solutions at
different temperatures and fixed pH. The batch adsorption kinetics has been
described by the Lagergren equation which is a pheudo- first- order rate expression;
the surface mass transfer coefficients and diffusion coefficients have been calculated
at different temperatures. The intraparticle transport of Fe(lll) within the pores of
activated carbon was found to be the rate- limiting step, while the process of uptake

obeyed the Langmuir model of adsorption.

C. Pelekani, and V. L. Snoeyink (2001) studied on a kinetic and equilibrium
study of competitive adsorption between atrazine and Congo red dye on activated
carbon: the importance of pore size distribution. ~A series of phenolic: resin- based
microporous activated carbon fibers (ACF) with different micropore size distributions
were used to assess the role of pore size distribution (PSD) in the mechanism of
competitive adsorption between the organic micropollutant, atrazine, and a compound
larger in size, Cong red dye (CR). Batch kinetic and equilibrium experiments with the

CR/atrzine system consisted of single- solute, simultaneous adsorption, CR



preloading followed by atrazine contact, and atrazine preloading followed by CR
contact. Based on the previous pore characterization studies and the PSD, two type of
pore structures were proposed: telescopic pores, and branched pores. With the
telescopic pore structure, evidence is presented to support a transition from surface
pore blockage to pore constriction (without loss of atrazine capacity) to direct
competition for adsorption sites, with increasing average micropore size. With the
branched pore structure (micropore branching off from mesopore), direct competition
for adsorption sites in the fraction of large micropores, and pore constriction, and pore
blockage of smaller micropores were found to be important. The Kkinetics of
adsorption was found to be important in determining the impact of simultaneous
adsorption, while CR surface coverage and preloading time were the key factors

controlling the impact of preloading on atrazine adsorption.

C.W. Cheung, C.K. Chan, J.F. Porter and G. McKay (2001) proposed the
film- pore diffusion control for the batch sorption of cadmium ions from effluent onto
bone char. Equilibrium isotherms for the sorption system were correlated by
Langmuir and bi- Langmuir equations. The application of bi- Langmuir equation was
developed because the mechanistic analysis in this research indicated that cadmium
removal occurs ion exchange and physical adsorption onto different surface sites.
The bi- Langmuir-equation provides a better fit to. the experimental data.: In addition,
the removal rates of cadmium ions based on the Langmuir models have been
investigated. The effective diffusivity was calculated using the effects of initial metal
ion concentration and bone char mass. Two mass- transport models based on film-
pore diffusion control have been applied to analyze the concentration decay curves.

The film and pore diffusion coefficients using and analytical equation are equal to
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1.26 x 10-3 cm/s and 5.06 x 10-7 cm2/s, respectively. A sensitivity analysis showed
that the film- pore diffusion model and constant effective diffusivity could be used to
describe the mass- transport mechanism of the sorption system with a high degree of

correction.

J.L. Sotelo, G. Ovejero, J.A. Delgado and I. Martinez (2002) presented the
comparison of adsorption equilibrium and kinetics of four chlorinated organics from
water onto GAC. This study deals with the adsorption of four chlorinated pollutants
onto GAC (F-400) ; two pesticides (lindine and alachor) and two PCB congeners: 2-
PCB (MPCB) and 2,2°,5,5’-PCB (TPCB). Equilibrium and kinetic parameters have
been obtained for the adsorption of alachor and each PCB, whereas the kinetic results
for lindane presented elsewhere are reanalyzed in this work. A model assuming a
bidisperse structure (macro- and micropores), each region having a different
adsorption isotherm, is used to study the adsorption kinetics in batch system in the
period dominated by macropore diffusion. Both the saturation capacity and the rate of
internal transport of TPCB are much lower than those of the other solutes. This
difference is attributed to a chemisorption mechanism for this compound, which is

favored by its very low solubility.

J.R. Evans, W.G. Davids, J. D. MacRae and-A.-Amirbahman (2002)
presented kinetics of cadmium uptake by chitosan- based crab shells. Batch
experiments were performed to study the uptake equilibrium and kinetics of cadmium
by chitosan. Adsorption equilibrium followed a Freundlich relation ship and was
found to be independent of particle size indicating that adsorption rate suggesting

intrapartcle diffusion as the rate- limiting step. The cadmium uptake data were
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successfully modeled using pore diffusion model incorporating nonlinear adsorption.
The effect of boundary layer resistance was modeled through inclusion of a mass

transfer expression at the outside boundary.

Q. Sun and L.Yang (2003) studied in the adsorption of basic dyes from
aqueous solution on modified peat- resin particle. Modified peat was prepared by
mixing thoroughly raw peat with sulfuric acid and modified peat- resin particle was
obtained, by mixing modified peat with solutions of polyvinylalcohol (PVA) and
formaldehyde. The adsorption of Basic Magenta and Basic Brilliant Green onto
modified peat- resin particle was examined. The adsorption isotherm showed that the
adsorption of basic dyes on modified peat- resin particle deviated from Langmuir and
Freundlich equations. The pseudo- first- order, pseudo- second- order and
intraparticle diffusion models were used to fit the experimental data. By comparing
the standard deviation, it was found that the intraparticle diffusion model could be
used to describe the adsorption of two basic dyes on modified peat- resin particle.
According to the change of intraparticle diffusion parameter, the adsorption processes
could be divided into different stages. The Kinetics experiment also indicated that
initial dye concentrations, particle dose and particle size could affect the adsorption

processes of basic dyes.

K.H. Choy, J.F. Porter and G. McKay (2004) proposed the film- pore
diffusion models- analytical and numerical solutions. The sorption of acid dyes from
aqueous effluents onto activated carbon has been studied. The effects of initial dye
concentration and activated carbon mass on the rate of Acid Blue 80 and Acid Yellow

117 removal have been investigated. Three mass transport models based on film and
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pore diffusion control have been applied to model the experimental concentration
decay curves. The models are compared on the basis of the solid- phase loading
capacity using various assumptions since the assignment of an appropriate solid-
phase loading has been the subject of several papers on this topic and no comparisons

have been provided on the effectiveness of each approach.

Z. Aksu and E. Kabasakal (2004) studied in adsorption equilibrium, kinetics
in batch system adsorption of 2,4- dichlorophenoxy- acetic- acid (2,4-D) from
aqueous solution by granular activated carbon with respect to pH, temperature and
initial concentration. ~ At 600 mgl™ initial 2,4-D concentration activated carbon
exhibited the highest 2,4-D uptake capacity of 518 mgg™ at 45 °C and at an initial pH
value of 2. Freundlich, Langmuir, Redlich- Peterson and Koble- Corrigan isotherm
models were applied to experimental equilibrium data of 2,4-D depending on
temperature. Equilibrium data fitted very well to the Freundlich and Koble- Corrigan
equilibrium models in the studied concentration range of 2,4-D at all the temperatures
studied. Some simple mass transfer and kinetic models were applied to the
experimental data to examine the mechanisms of adsorption and potential rate
controlling steps such as external mass transfer, intraparticle diffusion and adsorption
process. It was found that both the boundary layer and intraparticle diffusion played
important roles .in. the adsorption -mechanisms of 2,4-D and adsorption Kinetics
followed a pseudo- first- order kinetic model rather than pseudo- second- order and
saturation type kinetic models for all temperatures studied. The activation energy of
adsorption was determined as 8.46 kdmol™ using the Arrhenius equation. Using the

thermodynamic equilibrium coefficients obtained at different temperatures, the
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thermodynamic equilibrium coefficients obtained at different temperatures, the

thermodynamic constants of adsorption were also evaluated.
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CHAPTER Il

FUNDAMENTAL THEORY

3.1 Adsorption

Adsorption is brought about by the interactions between the solid and the
molecules in the fluid phase. Two kinds of forces are involved, which give rise to
physical adsorption (physisorption) or chemisorption. Physisorption forces are the
same as those responsible for the condensation of vapors and the deviations from
ideal gas behavior, whereas chemisorption interactions are essentially those
responsible for the formation of chemical compounds.

The most important distinguishing features may be summarized as follows:

1. Physisorption is general phenomenon with a relatively low degree of
specificity, whereas chemisorption is dependent on the reactivity of the adsorbent and
adsorptive.

2. Chemisorbed molecules are linked to reactive parts of the surface and the
adsorption is necessarily confined to a monolayer. At high relative pressures,
physisorption generally occurs as a monolayer.

3. A physisorbed molecule keeps its identity and on desorption returns to the
fluid phase in its original form. |If a chemisorbed molecule undergoes reaction or
dissociation, it-loses its identity and cannot be recovered by desorption.

4. The energy of chemisorption is the same order of magnitude as the energy
change in a comparable chemical reaction. Physisorption is always exothermic, but
the energy involved is generally not much larger than the energy of condensation of
the adsorptive. However, it is appreciably enhanced when physisorption takes place

in very narrow pores.
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5. The activation energy is often involved in chemisorption and at low
temperature the system may not have sufficient thermal energy to attain
thermodynamic equilibrium.  Physisorption systems generally attain equilibrium
fairly rapidly, but equilibration may be slow if the transport process is rate-

determining (D.M. Ruthven [1]).

3.2 Single Adsorption Equilibrium
The simplest and by far the most widely used expression for physical
adsorption (or even chemisorption) from either gas or liquid solutions is the Langmuir
equation.  Although the Langmuir equation can be derived several ways, this
expression is commonly derived through a kinetic approach; in other words, from the
assume rate expressions of both adsorption and desorption and considering adsorption
equilibrium as a state of dynamic equilibrium when both the adsorption and
desorption rates are the same. The assumptions used for deriving the expressions are
as follows:
1. Adsorption of adsorbate molecules take place at well- defined localized
states.
2. All the adsorption sites are identical (energetically), and each site
accommodates one adsorbate molecule only.
3. There-are no-lateral -interactions (i.e., interactions-between: neighboring
adsorbed adsorbate molecules).
The adsorption and desorption rates are assumed to be

Rate of adsorption k, p(1 - 6)
Rate of desorption k,&

where @4 is the coverage or for pure- component gas adsorption
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o= 3.1)

where
g = moles of adsorbate adsorbed per unit mass of adsorbent (or the adsorbed
phase concentration)
gm = the maximum adsorbed phase concentration where all the adsorption sites
are occupied
At equilibrium, one has
k,p(l—8)=k,0 (3.2)

which, upon rearrangement, becomes

(3.3)

where

b=—2 (3.4)

The Langmuir expression shows the correct asymptotic behavior for

monolayer adsorption since as p— o, g — .., While as p— 0, Henrry’s law is obeyed,

Iim(ﬂ] —bg, =K (3.5)

p—0 p

The Langmuir equation is a two- parameter expression that represents
adsorption equilibrium data of type I behavior. Although the Langmuir parameters
have their physical significance, the Langmuir constants obtain from data fitting,
unless the data are extensive, would be better regarded as empirical constants.

Eqg. (3.3) may be rearranged to give

I
bg,,

11,11 @)
qa q p
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In other words, the Langmuir equation displays a linear behavior between

% Versus }/p , Which provides the procedure commonly used for evaluating gm

and b from experimental data. In this regard, it should be note that a best fit of

% Versus }/p is not equivalent to a best fit between q and p. The Langmuir

parameters can be easily obtained from experimental data by using several standard

parameter- search procedures without resorting to using the linearity of

% Versus }/p .

3.2.1 Extension of the Langmuir Expression to heterogeneous Surfaces
A heterogeneous surface may be considered to be a composite surface
composed of many homogeneous patches. If the Langmuir equation is assumed to

apply to the individual patches, then the overall isotherm expression may be written as

(A )bip | (G )b, rn 3 0Nl p)(qm 37)

9= 1+bp 1+b2p

where (gm); and b; are the values of gy, and b for ith patch,
0y = Z(qm)i (3.8)

and

- 1
b, = b (3.9)

Each patch (or, more appropriately, the adsorption site on each patch) is
characterized by its adsorption energy [namely, -AH]. If the distribution of the patch

is not discrete but continuous, then Eq. (3.7) may be rewritten as
j " _a(b')db (3.10)

where a(b') = probability density function of the site distribution
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alb'db' = fraction of adsorption sites with Langmuir constant between
b and b +db

It is obvious that the isotherm equation depends on the probability density
function of the site distribution. Zeldowitsch (1935) showed that if a(b') is assumed

to be
alb)= Al o (3.11)
then the resulting expression from (10) may be approximated as

G=Ap’ (3.12)

which is commonly known as the Freundlich isotherm expression. The Freundlich
equation, in many ways, is the simplest equation for data representation. It does have
a serious defect, namely, it fails to observe Herry’s law behavior in the limiting
situation of p— 0.

3.2.2 Modified Langmuir Expressions

The Langmuir expression can be modified in several ways to improve its fit
which experiments. The so-called Langmuir- Freundlich expression combines the

Langmuir and Freundlich equation and is given as

I
fnel® (3.13)
On - 1+ bp%

The Langmuir- Freundlich equation contains tree parameter gm, b and n.
There are, of course, many other three- parameter isotherm expressions, among them
the Toth equation, which has been used extensively to correlate gas- adsorption

isotherm data when the Langmuir equation alone fails.
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3.3 Multicomponent Adsorption Equilibrium

Like pure- component adsorption isotherms, adsorption equilibrium data of
gas mixtures and solutions with several species of adsorbable solutes can be
determined experimentally. However, as the number of components increases, the
required experimental efforts becomes more demanding and may even reach the point
of impracticality if the number becomes large. Of equal importance is the fact that it
also become more difficult to correlate and interpret adsorption equilibrium data of
systems with a large number of adsorbate species. The existence relatively few
multicomponent isotherm data reflects this fact.

As a practical matter, it is rather obvious that we need to develop theories or
procedures capable of predicting or estimating adsorption equilibrium data of gas
mixtures or solution containing several adsorbates from pure- component isotherm
data of the individual adsorbates. In fact, developing such as a theory has been the
goal of many investigators during the past 20 years. Although this objective has not
yet been realized, some promising progress has been made in recent years.

3.3.1 Extended Langmuir Equation

Expressions of adsorbed- phase concentration

The most obvious approach for obtaining a general expression of the
adsorption isatherm of gas mixtures is by generalizing the Langmuir theory. First the

Langmuir equation-may be written to give

i aipio

= 3.14
qO 1+bi plo ( )
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where the superscript 0 denotes the pure- component adsorption state. Analogous to
the procedure used by Markham and Benton (1931), who extended Eq. (3.14) to
binary gas mixtures, the equivalent expression of g; for a gas mixture with N

adsorbates and partial pressures ps, pz, . . ., pn can be found to be

an
q.= i Pi

. (3.15)
1) b;p;
=

Thus, by knowing the Langmuir constants, a; and b;, of the individual adsorbates, we
can readily estimate the equilibrium concentrations from Eq. (3.15)
Similarly, for liquid solutions with N adsorbates, the adsorbed- phase

concentration, i =1, 2, ..., N is given as

qi = (316)

where
ci = concentration of the ith adsorbate in the solution
a; and bj = as before, single- component liquid- phase adsorption isotherm
parameters of the ith adsorbate
3.3.2 Extended Langmuir- Freundlich Equation

Expressions of adsorbed- phase concentration

As in the previous case, the mixed Langmuir- Freunlich equation for the pure-

component adsorption isotherm may be extended to multicomponent cases as follows:



21

n;
a; P;
N

1+ b, pj"
=1

q,= for gas adsorption (3.17)

and

a.cym . .
g, =————— for liquid adsorption (3.18)

i_1+ZN: bjc]j/ni
=i

3.3.3 Ideal Adsorbed Solution Theory

The ideal adsorbed solution (IAS) theory was first proposed by Myers and
Prausnitz (1965) for the adsorption of gas mixtures and was subsequently extended to
multicomponent liquid- phase adsorption by Radke and Prausnitz (1972). It is general
theory capable for predicting multicomponent adsorption equilibrium from the pure
component adsorption isotherm data of the individual adsorbate without specifying
the functional forms of the pure- component isotherms. Consequently, adsorption
equilibrium is represented not by a specific equation, but by a system of equations.

Equations describing the equilibrium between the adsorbed and solution

phases

For adsorption of gas mixtures, Myers and Prausnitz (1965) assumed that the
various fundamental thermodynamic equations of liquid are applicable to the
adsorbed phase. Assuming that the solution in the adsorbed phase is ideal (such that
Raoult’s law: is valid) and applying the criterion of equilibrium between the gas and
adsorbed phase (namely, at constant temperature and spreading pressure, the chemical

potential of any adsorbate in the two phases is the same), one has

Py,=p; (7, T)x;, i=1,2,...,N  (3.19)
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where

P = total pressure of gas phase
xi and y; = mole fraction of the ith adsorbate in the adsorbed- phase and the gas phase,
respectively

p} = hypothetical pressure of the ith adsorbate in its pure- component

adsorption that yields a spreading pressure, =

7; = spreading pressure equal to that of the multicomponent adsorption case
(and, therefore, (7, =7, =z,i# |)

the relationship between p’and 7z, is

0

oF
9 dp; (3:20)

A T
T 0
where

superscript O = as before, pure- component adsorption state

g’and p] = equilibrium adsorbed- phase concentration and pressure of

gas phase in the pure- component adsorption of the ith adsorbate
A = adsorption surface area per unit mass of adsorbent
A consequence of the ideal solution assumption for the adsorbed phase is that
is no change in the specific adsorption area (adsorption area per mole of adsoebate)
upon mixing the various adsorbates. Since the specific adsorption area is inversely

proportional to g, the adsorbed phase concentration, one has
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The amount of adsorption of the i"" adsorbate, q;, is given as

g, =0;X

Eqgs.(3.18) through (3.22), together with the requirement

(3.21)

(3.22)
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constitute the system of equations describing the multicomponent adsorption

equilibrium between the gas phase and adsorbed phase.

The equations describing the liquid- phase adsorption equilibrium are similar

to those given previously with ¢; replacing (P,yi). The equations derived by Radke

and Prausnitz are

c, =C (7, T)X

(3.23)

(3.24)

(3.25)
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> %=1 (3.26)

As shown previously, predicting multicomponent adsorption equilibrium from
IAS theory requires pure- component adsorption isotherm data for each adsorbate
down to zero pressure (or concentration). It is also clear that the calculations

necessarily involve a trial- and- error procedure.

3.4 Adsorption Kinetics

For the transport of adsorbates from the bulk of the fluid phase to the interior
of a pellet before adsorption take place, the following mass- transfer processes may be
present: interpellet mass transfer, inter phase mass transfer and intrapellet mass
transfer. Interpellet mass transfer may become significant in cases in which an
adsorption- treated solution is contacted with adsorbent pellets in relative motion, as
in the case of fixed- bed, moving- bed, or fluidized- bed operations. Interpellet mass
transfer refers to the diffusion and mixing of adsorbates in fluid occupying the spaces
between the pellets. Interphase mass transfer is the transfer of adsorbate across the
fluid pellet interface. Intraparticle mass transfer refers to the diffusion of adsorbates
(either dissolved or adsorbed) within the pellet. Intraparticle mass transfer often takes
place simultaneously with adsorption.

In physical adsorption, adsorption of adsorbate from the solution phase onto
the adsorption site occurs because of the difference between the adsorbate’s chemical
potential in the solution and adsorbed phases. In most cases, it occurs much faster
than the various transport steps and can therefore be ignored when formulating the

overall rate expression.
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3.4.1 Interpellet Mass Transfer

In fixed- bed (or moving- as well as fluidized- bed) adsorption, diffusion and
mixing of adsorbates in fluid occur as a result of the adsorbate concentration gradients
and the nonuniformity of fluid flow. This effect gives rise to the dispersion of
adsorbates, which takes place along both the direction of main fluid flow (axial
dispersion) and the direction transverse to the main flow direction (radial dispersion).
Although the effect of axial dispersion is undesirable, since it reduces the separation
efficiency, radial dispersion is usually considered helpful. Radial dispersion tends to
equalize the differences in the concentration of small fluid elements at the same axial
location; consequently, the undesired axial dispersion effect may be reduced.

3.4.2 Interphase Mass Transfer

The transport of the adsorbable species from the bulk of the fluid phase to the
external surface of adsorbent pellets constitutes an important step in the overall uptake
process. For single- species adsorption with spherical pellets, the interphase mass-

transfer rate may be expressed as

at_q:kfa(cb _Cs)

3k
- (e, -c,) (3.27)
appp

where

g = average adsorbed- phase concentration (on mass basis)
Cp and ¢ = adsorbate concentration in the bulk of fluid and that at the fluid- pellet
interface

a = specific surface area (area per unit mass of adsorbent)
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k, = interphase (or external) mass transfer coefficient
The magnitude ofk, , of course, depends upon the flow condition around the
pellet. Correlations useful for estimating k, are summarized as follows.

3.4.3 Intrapellet Mass Transfer

Concerning the mechanisms by which intrapellet mass transfer is effected,
since pellets are microporous and their void (pore space) is occupied by the fluid to be
treated by adsorption, adsorbate may diffuse through the pore fluid because of the
presence of the radial concentration gradient. The presence of concentration gradient
implies the existence of a similar concentration gradient in the adsorbed phase, which,
in turn, causes the diffusion of the adsorbed molecules. Both types of diffusion may
be operative simultaneously or individually. These two different mechanisms are
discussed separately as follows.

3.4.3.1 Pore diffusion

Pore diffusion operates if the intrapellet mass transfer is due only to the
diffusion of adsorbate molecules through the pore fluid. For the simple case of
single-species adsorption assuming that Fick’s law applies, the macroscopic

conservation equation is given as

oc aq 1 o , OC
— +p, —=——| D r°=—|,0<r<a 3.28
Do e 8r{ " ar} " (529

where ¢ and q are the adsorbate concentrations in the pore fluid and of the adsorbed
phase corresponding to any given point within the pellet. Note that the solution of
Eq.(3.28) requires that one specify appropriate initial and boundary conditions as well
as an additional relationship between ¢ and g. For the time being, it suffices to note

that the parameter characterizing the pore diffusion is the pore diffusivity, Dp.
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3.4.3.2 Surface diffusion

In the case in which the intrapellet mass transfer is affected through the
diffusion of the adsorbed molecules, for single- species adsorption with spherical
pellets and assuming that Fick’s law applies, the intrapellet mass transfer is described

by the following equation:

23 @ﬁ_q}l?i[osrzﬁ} (3.29)
p, ot ot r°or or

Since the term (gp/pp)(ac/at) is much less than oq/dt , Eq.(3.29) can be

readily solved with appropriate initial and boundary conditions (C. Tien [2]).



CHAPTER IV

EXPERIMENTAL PROCEDURE

4.1 Preparation of activated carbon

Activated carbon was produced in three distinct steps. First of all is the
carbonization step. About 6 g of pulverized waste tire rubber was set in a quartz tube
reactor and electrically heated in N, atmosphere from room temperature to 500 °C at a
constant heating rate of 5 °C/min. The sample was then held at this temperature for 1
hr, and subsequently left to naturally cool down. Next 2-3 g of the char obtained from
the carbonization process was immersed in 200 cm® of 1 M HCI at room temperature
for 24 hours. After the acid treatment the char was thoroughly rinsed with distilled
water and dried in an oven at 110 °C. Finally, 10 g of the HCI —treated char was
gathered and activated with steam in the quartz tube reactor by heating the sample
from room temperature to 850 °C at a constant heating rate of 20 °C/min, and held at
this temperature for 4 and a half hr. The steam used for the activation process was
generated with a heated pot at a constant rate of 0.5 g/min, and was introduced into
the reactor along with a 200 cm*/min flow of N,.- The partial pressure of steam was

46 kPa.

4.2 Characterization of porous properties of the produced activated carbon

The pore size distribution, BET surface area Sger, mesopore volume V meso,
and micropore volume Vnico Of the activated carbon were determined from N,
adsorption and desorption isotherms measured at 77 K using an adsorption apparatus

(ASAP 2000 V3.03, Micromeritics Instrument Corporation or AUTOSORB-1-C,
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Quantachrome Corporation, USA). The pore size distribution and Ve Were
evaluated by applying the Dollimore - Heal method to the desorption isotherm,
whereas the t - plot method was used to estimate Vmico. AS for particle size
distribution, it was evaluated with a particle size analyzer (Mastersizer S long bed Ver.

2.11, Malvern Instruments Ltd., Malvern, UK).

4.3 Adsorption equilibrium and Kinetics

4.3.1 Materials
4.3.1.1 Adsorbents

The activated carbon produced from waste tires and commercial activated
carbons obtained from Thai - Oil Company were used as adsorbent to investigate their
adsorption characteristics and compare their competitive adsorption kinetics of the
binary system.
4.3.1.2 Adsorbates

Widely used as a solvent in the textile industry, phenol (Fisher Scientific Ltd.,
UK) was selected here to represent a less bulky adsorbate. More bulky in size than
phenol, red31 (Asia Dyestuff Industries, Thailand), a reactive dye, was selected as
competing adsorbate. Their molecular sizes and- structures, which were estimated

using the WINMOPAC program, are shown in Figure 4.3.1

PHENOL RED 31
CoHOH CaoHisN;O1sNasCl
1 ! 3 ot t’ﬁo
Y Y | 080nm e | 0 1 At o 1.28 nm
e J - “V'o.’ ‘z ,k A g Rg”
4 b - g { J " v a
<_>‘ / \: -~ u'u = ‘\I’I %] & \E
0.15nm i S0 3
0.67 nm 4 Q ;}/"078 o
2.67 nm

Figure 4.3.1 Molecular dimensions and structures of adsorbates
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4.3.2 Single- component adsorption isotherm

Agqueous solutions of various initial concentrations were prepared by diluting
the adsorbates with distilled water. 250-500 mg of the activated carbon was put in
contact with each of the prepared solutions. To maintain well-mixed condition, the
solid- liquid suspensions were put in either a gyratory air bath or shaking water bath
kept at 30 °C. Typically adsorption equilibrium was achieved after 10-15 days. Then
the solutions were filtered to remove the activated carbon powder and the residual
concentrations of the adsorbates were measured. The amounts adsorbed at
equilibrium on the activated carbons were calculated from the initial and final

concentrations and the adsorption isotherms were obtained.

4.3.3 Single - component adsorption Kinetics tests

A jar test apparatus (equipped with a six - paddle stirrer) and a square jar were
used to assess the adsorption kinetics over a period of 10 days for phenol and 15 days
for red31. Aqueous solutions of various initial adsorabate concentrations ranging
from 100-500 mg/l were prepared by diluting the adsorbates with distilled water.
1000 mg of the activated carbon samples were soaked overnight in 1.5 liter of
distilled water to ensure-complete wetting. UV- Visible spectrophotometer (UV-
20000, Shimadzu Corporation, Japan or UV- 6405, Jenway, England) was used to
determine  theresidual .concentration- in -the -liquid - versus time.. The maximum
wavelengths of 270 and 540 nm for phenol and red31 solution, respectively, were

used for the detection.
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4.3.4 Estimation of single - component adsorption parameters
4.3.4.1 Adsorption equilibrium
The quantity of either phenol or red31 adsorbed individually at equilibrium

was calculated from

Oo = (CO_—Ceq (4.3.1)
« M
where C, = the initial adsorbate concentration in the solution (mg/cm®)
Cy = the residual adsorbate concentration at equilibrium (mg/cm?)
Vv = the volume of the solution (cm?)
M = the amount of adsorbent (g)

4.3.4.2 Analytical solution of kinetic parameters
The mathematical model adopts the following assumptions:

1. Equilibrium occurs between the pore liquid and particle interior — that
is, the solution flow to the pores is much faster than the solute uptake
at sorption sites.

2. Mass transfer in the pores is solely by molecular diffusion, i.e. it
follows Fick’s first law and is measured by the effective pore diffusion
coefficient, D, .

3. Solute concentration in the pore liquid is very small compared to that
in the adsorbed phase and can therefore be neglected.

4. The solute concentration in the adsorbed phase is independent of that

in the pore liquid; therefore, adsorption is irreversible and ¢, can be
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substituted by hypothetical equilibrium concentration, g, , which is
constant for all C, values in the analytical method.

The adsorbate concentration profile around and inside the carbon particle

based on the film- pore diffusion model is shown in Fig. 4.3.2. The concentration of

the adsorbate decreases from the value of C at bulk to C_, at the particle surface due
to the external film resistance measured by external mass transfer coefficient, k; .
Then, the value of C,, drops further to zero at the radius rin the particle interior due
to the internal resistance measured by D, . The reaction zone moves inwards in a

well- defined concentration front with a variable velocity and at all times there is an

unreacted core shrinking in size. Therefore, k,, D,, and ¢, are the main parameters

that describe the profile of a concentration decay curve.

Carbon particle

Bulk

Adsorbate saturated
region

Adsorbate- free core .
Concentration- front

Figure 4.3.2 Mass transport of adsorbate and concentration profile of adsorbent
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1. The mass transfer from the external phase, dN/dt (mg/s), is

dN

el 47R%(C,-C,,) (4.3.2)
where K, = the film mass transfer coefficient (cm/s)
R = the outer radius of the adsorbent (nm)

2. The diffusion in the pore according to Fick’s law is
dN . 4zD, C,,
dt % /i %

the radius ( cm) of virgin adsorbent at timet

(4.3.3)

where r

D« the effective diffusion coefficient (cm?/s)

3. The velocity of the concentration front is obtained from the mass balance on a

spherical element,

dN dr
—— =—A4zr? — 4.3.4
dt T qh ps dt ( )
where ad = hypothetical equilibrium solid- phase concentration
(mg/g)
IS particle density (g/cm®)

4. The average concentration-in the adsorbent is given by

r 3
q, = qh{l—[ﬁj } (4.3.5)

By considering these conditions and introducing dimensionless parameters,

the adsorption rate for a single particle can be expressed as a function of the adsorbate
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concentration & in the water phase, the adsorbate concentration n in the adsorbent

phase, and the Biot number Bi. The adsorption rate is represented by

dp _ 31-Cun)i-n)"

dr 1-(1-1Bi)L-7)*

where the dimensionless parameters are defined as

C, Dt
psqh R2

T =

Then, Eq.(4.3.6) can be integrated to give

T |1+a3 ‘

+# arctan| I . ¥ — 2
J3ac \/_ 3a

where X =(1-n)%
(1—Ch]%
a=
C:h
Ch — th
C,V

The limits for Eq. (4.3.11) are
Att=0,1=0,and X=1

Att=1,n=nand X=X

1 { X2 4 a2 e
- In +

(4.3.6)

(4.3.7)

(4.3.8)

(4.3.9)

(4.3.10)

(4.3.12)

(4.3.13)

(4.3.14)
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Therefore by converting the dimensionless time t into real time t it is possible to
compare the experimental and theoretical concentration decay curves.

4.3.5 Adsorption isotherm of binary system

Initial concentrations of phenol ranging from 100 — 500 mg/l were prepared
from solution of constant red31 concentration at 500 mg/l.  Similarly, initial
concentrations of red31 ranging from 100 — 500 mg/l were prepared from solution of
constant phenol concentration at 500 mg/l. Then 250-500 mg of activated carbon was
put in contact with each of the prepared solutions. To maintain well-mixed condition,
the solid - liquid suspensions were put in either a gyratory air bath or shaking water
bath kept at 30 °C. Typically adsorption equilibrium was achieved after 15 days.
Then the solutions were filtered to remove the activated carbon powder and the
residual concentration of each of the adsorbates was measured. The amounts
adsorbed at equilibrium on the activated carbons were calculated from the initial and

final concentrations and the adsorption isotherms were obtained.

4.3.6 Batch binary adsorption kinetics tests
Three scenarios of the competitive adsorption process were investigated:
- phenol-adsorption followed by red31 adsorption
- red3ladsorption followed by phenal adsorption
- ~simultaneous adsorption of phenol and red31 adsorption
A jar test apparatus (equipped with a six - paddle stirrer) and a square jar were
used to assess the competitive adsorption kinetics over a period of 10 days for phenol
adsorption and 15 days for red31 adsorption in various competitive adsorption
kinetics modes. 1000 g of the activated carbon samples were soaked overnight in 1.5

liter of distilled water to ensure complete wetting. The aqueous concentration of the
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adsorbate versus time was determined at the maximum wavelengths of 270 and 540
nm for phenol and red31 solution, respectively.

4.3.6.1Procedure of phenol adsorption followed by red31 adsorption

Phenol solution was contacted with the completely wetted adsorbent. The
phenol concentration versus time was determined until 10 days, then the phenol —
loaded adsorbent was filtered and contacted with single — solute red31 solution for
another 15 days.

4.3.6.2 Procedure of red31 adsorption followed by phenol adsorption

Red31solution was contacted with the completely wetted adsorbent. The
red31 concentration versus time was determined until 15 days, then the red31 —
loaded adsorbent was filtered and contacted with single — solute phenol solution for
another 10 days.

4.3.6.3 Procedure of simultaneous adsorption of phenol and red31 adsorption

Phenol - red31solution was contacted with the completely wetted adsorbent.
The agueous concentrations of both adsorbates versus time were determined until 15

days.



CHAPTER V

RESULTS AND DISCUSSION

The present study is concerned with the adsorption equilibrium and kinetics of

phenol and reactive dyes on both the activated carbon produced from waste tires and a

commercial activated carbon. Preparation of the activated carbon produced from

waste tires was carried out under the following conditions as shown in Table 5.1.

Table 5.1 Conditions of activated carbon preparation

*Carbonization HCI — Treatment *Steam Activation

Temperature (°C) 500 Room temperature 850
Heating rate (°C/min) 5 - 20
Holding time (hr) 1.5 24 4.5

*Under N, atmosphere

Furthermore, the single and binary adsorption kinetics were investigated under
the conditions that the amount of adsorbents and the agitation speed are constant.
Moreover, investigation of the binary adsorption Kinetics consists of three scenarios of
the competitive adsorption process:

- phenol adsorption kinetics followed by red31 adsorption
- red31 adsorption kinetics followed by phenol adsorption
- simultaneous adsorption kinetics of phenol and red31 adsorption
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5.1 Physical characterization of the adsorbents

Porous properties of the produced activated carbon, and commercial activated
carbon are evaluated by nitrogen adsorption method. Adsorption and desorption
isotherms of N, on the activated carbons were measured at 77 K by the adsorption
apparatus. BET surface area Sger is determined by BET method. Moreover,
micropore volume Vpic is evaluated from the adsorption isotherm by the t - plot
method. In addition, mesopore volume Vs is estimated by applying the Dollimore —
Heal method to the desorption isotherms.

Figs. 5.1.1 — 5.1.2 show the typical N, adsorption - desorption isotherm of the
activated carbon produced from waste tires (AC Tire) and commercial activated
carbon (AC_COM), respectively. It is found that fairly mesoporous activated carbons
With Vimeso and Sger values up to 0.41 cm®/g and 540 m%g, respectively, can be
obtained from waste tires. Nevertheless, the commercial activated carbon shows
microporous characteristic with Vmicro and Sger value to 0.40 cm®/g and 1080 m?/g,
respectively.

Fig. 5.1.3 compares the pore size distributions of the commercial activated
carbon and activated carbon prepared from waste tires where R, and V,, are the pore
radius, and pore volume, respectively. .

It is confirmed that the activated carbon produced from waste tires has larger
mesopore volume than the commercial activated carbon; on the other hand, it has less
micropore volume and BET surface area. The micropore volume, mesopore volume,

and BET surface area of both activated carbons are summarized in Table 5.1.1.
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Figure 5.1.1 N, adsorption — desorption isotherm of activated carbon prepared

from waste tires
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Figure 5.1.2 N, adsorption — desorption isotherm of commercial activated

carbon
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Table 5.1.1 Porous properties of activated carbon prepared from waste tires and

commercial activated carbon

Porous properties AC Tire AC _COM
Sger [Mm?/g] 540 1080
Viotal [cm*/g] 0.70 0.52
Vmicro [cm*/g] 0.28 0.40

Vimeso [cm/g] 0.42 0.12
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5.2 Single system

5.2.1 Single — component adsorption isotherm

The adsorption isotherm of aqueous phenol adsorbed on the produced
activated carbon and the commercial activated carbon are shown in Fig. 5.2.1. The
Qeq and Ceq are the equilibrium amount of adsorbate and equilibrium concentration,
respectively. Since the average pore size and total mesopore volume (0.41 cm®/g) of
AC_Tire are bigger compared with the average pore size and total mesopore volume
(0.12 cm®/g) of AC_COM, the phenol adsorption capacity of AC_Tire is higher than
those of AC_COM.

Similarly, the adsorption isotherm of red31 adsorbed on the produced
activated carbon and the commercial activated carbon are shown in Fig. 5.2.2. The
Qeq and Ceq are the equilibrium amount of adsorbate and equilibrium concentration,
respectively. It is observed that the red31 adsorption capacity of the AC_COM is
much lower than of AC_Tire because its small mesopore volume and average pore

diameter are not suitable for the molecular size of red31.
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Figure 5.2.1 Phenol adsorption equilibrium of activated carbon prepared from

waste tires and commercial activated carbon
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Figure 5.2.2'Red31 adsorption equilibrium of activated carbon prepared from

waste tires and commercial activated carbon
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Next the isotherm equilibrium data are analyzed using either Langmuir or
Freundlich equilibrium equation. The Langmuir equation can be written in the
following form:

K.C

LYeq
__ira 5.2.1
Geq 1+a.C,, ( )
LY . (5.2.2)
qeq KLCeq KL

where K and a, are the Langmuir constants. Moreover, the empirical Freundlich
equation is given below by Eq. (5.2.3)

Uug = KeCoo /1 (5.2.3)

F™eq

logq,, = log K¢ +%I0gceq (5.2.4)

where K. and n are the Freundlich constants characteristic of the system. K. and

n are indicators of adsorption capacity and adsorption intensity, respectively.

The linear plot of % Versus % and log Qeq Versus log Ceq for the Langmuir and
eq eq

Freundlich isotherm model are shown, respectively in Figs. 5.2.3 — 5.2.6. The

Langmuir and Freundlich constants are determined from the intercept and slope of the

plot and presented in Table 5.2.1 —5:2.2.
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In order to quantitatively compare the applicability of the parameters of the

two models, a normalized standard deviation, Aq, are calculated

_ / 2
Aq((yo)Zloox\/Z((qtexpn qt](-:al) qtexp) (525)

where n is the number of data points; o exp the experimental values; and g ca the
calculated values by models.

In view of the values of percentage errors in the Table 5.2.1 — 5.2.2, the
Freundlich model exhibits the best fit to the adsorption equilibrium of phenol and
red31 adsorbed onto AC_Tire. However, the Langmuir model seems to agree better
with the adsorption equilibrium of both phenol and red31 adsorbed onto AC_COM.
Again the Langmuir model presents slightly better fit than AC_Tire considering that

the obtained percentage error values are lower than 1%.



0.030 T
| 1/Geq =0.12011/Ceq +0.0108 P
i R’ =0.9821 /
0.025 | y
B A
/
/
0.020 /
= / 1/qeq:0.0711/ceq+0.0029/ P 2
S / B
g 0.015 1 ./ R 0.9892//
Ny S
o ~
¥ -
0.010 & A 4
- 0//
. y & & AC_Tire
0.005 1 & -
¢® B AC_COM
0.000 + s ————
0.00 0.05 0.10 0.15 0.20
1/Ceq phenol

0.25

48

Figure 5.2.3 Comparison of the experimental adsorption equilibrium data (m+)

with Langmuir-equilibrium data ¢----7) of phenol
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Figure 5.2.4 Comparison of the experimental adsorption equilibrium data (m+)
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Figure 5.2.5 Comparison of the experimental adsorption equilibrium data (m+)

with -Freundlich equilibrium data (= — -9 of phenol
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Figure 5.2.6 Comparison of the experimental adsorption equilibrium data (m+)
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Table 5.2.1 Langmuir constants for AC_Tire and AC_COM

Adsorbents Adsorbate K. (mg/qg) a, (L/mg) Aq% r?
Phenol 14.0845 0.0408 0.9881 0.9892
AC _Tire
Red31 19.9600 0.1078 0.9732 0.9750
Phenol 8.3264 0.0899 0.4636 0.9821
AC_COM
Red31 1.5035 0.0534 0.0093 0.9861
Table 5.2.2 Freundlich constants for AC_Tire and AC_COM
Adsorbents Adsorbate K¢ (L/g) n AQq% r?
Phenol 25.6330 0.5517 0.8835 0.9775
AC Tire
Red31 59.7173 0.2126 0.3695 0.9808
Phenol 22.4492 0.2706 5.2535 0.9821
AC_COM
Red31 13.8899 0.1127 0.0550 0.9822
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5.2.2 Single — component adsorption kinetics
5.2.2.1 Determination of external mass transfer and effective pore diffusion
coefficient

Film — pore diffusion model (C.W. Cheung, C.K. Chan, J.F. Porter and G.
McKay [3]) is used to describe the kinetic rate and the aqueous solute concentration
decay curves for phenol and red31 adsorbing onto the two types of activated carbons
(AC_Tire and AC_COM). For easy comparison the results from the model will be
expressed in terms of a plot of the experimental and modeled solute concentrations

versus time and represented by the external mass transfer coefficient, k; , and an
effective pore diffusion coefficient, D, , for each particular system.

In order to optimize the parameters of the model with respect to the
experimental data, the following normalized standard deviation, At, are calculated and

minimized:

2
At(%) = 100 x \[ ) ((texpn__t"la')/t‘exp) (5.2.6)
where n is the number of data points; te the experimental values; and tcy the
calculated values from the model.

The performance. of this_model is illustrated-in Figs. 5.2.7 — 5.2.10 which
show the experimental and theoretical solute concentration decay curves at various
conditions. = As a key assumption, the hypothetical equilibrium concentration is
assumed to be equal to the equilibrium capacity (de.) which depends on the initial
concentration of each adsorbate. The model displays a good fit over the courses of
the experiments although there is a slight deviation in some of the initial stages due to

the preliminary estimates of the effective pore diffusion coefficient and the external

mass transfer coefficient. It is found that AC_Tire has a larger external mass
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transfer coefficient and effective pore diffusivity of phenol and red31 than those of
AC_COM, as shown in Table 5.2.3. At the same constant agitation condition, the
larger sized particles (AC_COM) generally have a thicker boundary layer around the
particles than the smaller ones (N.K. Hamadi, X.D. Chen, M.M. Farid and Max G.Q.
Lu [4]). This results in a decrease in the external film mass transfer and overall
adsorption rate of each adsorbate. On the contrary, a decrease in the boundary layer
thickness and resistance leads to an increase in the overall adsorption rate at which the
adsorbate diffuses through the boundary layer (external diffusion) to the particle
surface (J.R. Evans, W.G. Davids, J. D. MacRae and A. Amirbahman [5]). Table
5.2.3 summarizes the set of parameters obtained by trials and errors and the value of.

Ch.



Table 5.2.3 Prediction results of the film — pore diffusion model
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Adsorbent Adsorbate Initial
concentration Ch(Mg/g) Kk, (cmis) Dy, (cm?s) At (%)
(mg/l)
85.31 0.8160
200.63 0.5095 208x10% 1.50x10"Y 5.20
Phenol 559.34 0.7046
AC_Tire 98.84 0.00062
Red31 326.32 0.00054 166x102 1.46x108 6.67
460.14 0.00056
76.32 0.5662
Phenol 211.93 05313  192x102% 1.00x 10" 9.71
527.19 0.6204
AC_COM 108.45 0.2381
Red31 314.57 03820 143x10% 5.71x10™% 7.08
504.66 0.3849
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To describe the diffusion mechanism of the adsorbates inside the activated
carbons, the mean free paths [6] of phenol and red31 in water are estimated to be
8.76x10° m and 7.86x10** m, respectively. Compared with the pore size
distribution of AC_Tire and AC_COM shown in Fig.5.1.3, the mean free paths of
phenol and red31 might be considered to be significantly smaller than the average
pore diameter of both activated carbons. If this assumption is correct, then the
collisions of the adsorbate molecules with other diffusing molecules should occur
much more frequently than their collisions with the pore walls. Under this condition,
the intermolecular collisions provide the main diffusional resistance and the
mechanism is known as molecular diffusion. Therefore the diffusion mechanism of
both adsorbates in these activated carbons could be considered as molecular diffusion.
The molecular diffusion coefficient may then be estimated via the Wilke — Chang

equation,

74x10° /oM T
Di = ,uV 0.6

m

(cm?/s) (5.2.7)

where ¢ denotes an association factor (= 2.6 for water), T is in K, M is the molar
mass of the solute, xdenotes solvent viscosity [cp] and V,, is the molar volume of the

solute [cm*g — mole] as liquid- at its normal boiling point. Table 5.2.4 (a)
summarizes the calculated values of the molecular diffusivity. Comparing these
values with the experimentally obtained values in table 5.2.3, we may conclude that
the assumption here of molecular diffusion is totally incorrect. However, in small
pore and in liquid phase adsorption the collisions of molecules with pore walls may
occur more frequently than collisions between diffusing molecules. Under these
conditions the collisions between molecule and pore wall provide the main

diffuisional resistance. This means that the actual transport mechanism inside the
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activated carbon particles is Knudsen diffusion. An approximation of this diffusion

coefficient may be derived from the kinetic of gases as [20]:

0.5
D, = 4850dp[ML] (cm?/s) (5.2.8)

where d ; denotes mean pore diameter (m), T is in K, M; is the molecular weight of
the diffusing species. Table 5.2.4 (b) summarizes the estimated values of Knudsen

diffusivity. Clearly, D, and D, values are greater than D, value. It might be

strongly suggested that either the surface diffusion effects dominate the diffusion

process or the application of the film — pore diffusion model is not suitable.



Table 5.2.4(a) Molecular diffusion coefficient
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Average pore diameter (m) Phenol Red31
AC_Tire AC_COM Mean free path D, (cm?s) Mean free path D, (cm?s)
(m) (m)

5.00x10° 1.00x10° 8.76x10%° | 3.32x 10°| 7.86x10™" 2.90x107

Table 5.2.4(b) Knudsen diffusion coefficient
Knudsen diffusion coefficient (cm?/s)
Adsorbate AC._Tire AC_COM
Minimum Average Maximum | Minimum | Average Maximum
dy (M) dp (M) dp (M) dp-(M) dp (M) dp (M)

Phenol 8.32x10° | 435x10° | 1.74x 10" | 7.80 x 10° | 8.71 x 10" | 1.33 x 10"
Red31 274x10° | 1.44x10° | 5.75x10° | 257x10° | 2.87 x 10 | 4.40 x 10"
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Figure 5.2.7 Phenol concentration decay curves for constant amount of

activated carbon prepared from waste tires adsorbent: (@A @®) experimental
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Figure 5.2.8 'Red31 concentration decay curves for a constant amount of

activated carbon prepared from waste tires: (¢ A @) experimental data, (
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model: k, = 1.66x10 (cm/s), D, = 1.46 x 10*® (cm®/s)

Particle diameter = 997.97 um
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Figure 5.2.9 Phenol concentration decay curves for a constant amount of

commercial activated carbon: (¢ A @) experimental data, ———) model:
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Figure 5.2.10 Red31 concentration decay curves for a constant amount of
commercial activated carbon: (¢ A @) experimental data, <——) model:
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The experimental results in Figs. 5.2.7 — 5.2.10 are used to calculate and
prepare Figs. 5.2.11 — 5.2.14, respectively. As expected, the removal of either phenol
or red31 by adsorption on the activated carbon prepared from waste tires shows an
increase with time and attains a maximum adsorption capacity at about 2795 min and
8640 min for phenol and red31, respectively, after which the capacity remains
essentially constant. Upon changing the initial concentration of phenol from 85 to
559 mg/l, the amount adsorbed at equilibrium increases from 83 to 300 mg/gAC at 30
°C as shown in Fig. 5.2.11. Similarly, when the initial concentration of red31 is
varied from 98 to 460 mg/l, the amount adsorbed at equilibrium increases from 90 to
138 mg/gAC at 30 °C as shown in Fig. 5.2.12.

Similarly, the individual adsorption of either phenol or red31 on the
commercial activated carbon shows an increase with time and attains a maximum
adsorption capacity at about 2989 min and 8660 min for phenol and red31,
respectively, after which, the capacity remains essentially constant. Upon changing
the initial concentration of phenol from 76 to 527 mg/l, the amount adsorbed at
equilibrium increases from 68 to-310 mg/gAC_at 30 °C as shown in Fig. 5.2.13.
Similarly, when the initial concentration of red31 is varied from 108 to 504 mg/I, the
amount adsorbed at equilibrium increases from-30 to 64 mg/gAC at 30.°C as shown in
Fig. 5.2.14.

Evidently, the data show that an increase in the initial concentration of either
adsorbate results in an increase of the initial driving force, which will increase the

initial diffusion rate of the adsorbate in the pores (Q.Sun and L. Yang [7]).
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Figure 5.2.11 Phenol adsorbed onto the activated carbon prepared from waste

tiresversus time
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Figure 5.2.12 Red31 adsorbed onto the activated carbon prepared from waste
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Figure 5.2.14 Red31 adsorbed onto the commercial activated carbon versus time
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5.2.2.2 Determination of the rate controlling step

The adsorption of a phenol or red31 molecule onto both types of activated
carbons can be divided into three consecutive stages. The following sequence of steps
is logical: transport of either adsorbate from the liquid boundary film to the external
surface of the adsorbent (film diffusion), transfer of the adsorbate from the external
surface to the intraparticle active sites and uptake of the adsorbate by the interior
active sites of the adsorbent. Generally the final step is very rapid and is not a rate —
limiting step in most adsorption systems.

In our experiments, vigorous stirring of the solution takes place all the time, so
the film diffusion step is relative fast. In order to investigate the adsorption
mechanism of either phenol or red31 on both activated carbons, three overall kinetic
rate models are tested, namely, pseudo — first — order adsorption model, pseudo —
second — order adsorption model and intraparticle diffusion model.

Firstly, a simple kinetic analysis of the overall adsorption rate adopts

Lagergren’s equation, a pseudo — first — order adsorption model shown below:

d
% =k, (g, — ¢ ) (5.2.5)

where Kk, is the rate constant of the pseudo — first — order adsorption model, q,and
g, are the amounts adsorbed at equilibrium and-at any time, respectively. After

integration and application of the initial condition'g, =0 att=0and g, =q, att=t,

the equation becomes

log( )=1 K, t (5.2.6)
0 -0,)=logq, ——— 2.
9%e ~ G 94 2.303
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Eq. (5.2.6) can be plotted in a linear form. By plotting log (qe-q:) against t, a straight

line can be obtained and k, and g, can be estimated. The estimated value of g, must

be consistent with the experimental value.
Secondly, the pseudo — second — order overall adsorption rate model may be

represented as:

d
—=k.(0,-0.)° (527)

where k. is the adsorption rate constant of pseudo — second — order model. After
integrating Eq. (5.2.7) and applying the initial condition g, =0 att=0and ¢, =q, at

t = t, the following form can be obtained:

t: 1 +it (5.2.8)

q, ks Q.

By plotting the term t/g; against t, a straight line can be obtained and g. and k may be

estimated.

Finally, the intraparticle diffusion model indicates that the intraparticle
diffusion is the rate controlling step as developed by Weber and Morris. In a well —
agitated system, the overall adsorption rate of either adsorbate onto the particle
depends on the limiting rate of the mass transport process within the activated carbon.
The uptake rate in a particle which is exposed to a step change in the surface
concentration of an adsorbable species is determined by the diffusional time constant.
Weber and Morris [19] suggested that the fraction of solute adsorbed could be

expressed in terms of the square root of time. The fractional approach to equilibrium
varies according to a function of (Dr?)%°, where r is the particle radius and D is the

diffusivity of the solute within the particle. So the initial rate of intraparticular

diffusion is calculated by linearization of the experimental data:
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q = kt°° (5.2.9)

Tables 5.2.4 — 5.2.5 present the results of fitting experimental data with
pseudo — first — order model, pseudo — second — order model, and intraparticle
diffusion model. It is found that the decreasing order of Aq% is: pseudo — first —
order > pseudo — second — order > intraparticle diffusion in all the experiments, which
indicates that the intraparticle diffusion model is the best one in describing the overall
adsorption kinetics mechanism of phenol and reactive dyes on the produced activated
carbon.

Figs. 5.2.15 — 5.2.18 typically illustrate the comparison between the calculated
and the measured results for adsorption of phenol and red31. From Fig.5.2.15, it is
found that pseudo — first — order model underestimates the result at the final stage of
adsorption, but pseudo — second — order model overestimates the result at the
intermediate stage of adsorption. Form Fig. 5.2.16, it is found that both pseudo — first
— order and pseudo — second — order models overestimate the result at the
intermediate stage of adsorption.  Similarly from Figs. 5.2.17 — 5.2.18, it is found
that both pseudo — first — order and pseudo — second — order models overestimate the
result at the intermediate stage of adsorption. The experimental results indicate that

the adsorption rate is very fast at the beginning stage of adsorption.
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Table 5.2.4 Kinetic parameters and normalized standard deviation for

adsorption of phenol and red31 on activated carbon prepared from waste tires

Pseudo — second —

Solute Co Pseudo — first — order Intraparticle diffusion
(mg/l) order
K Ks K,
> Aq% ] AQ% Aq%
(cm®/min) (g / mg min) (mg / (g min®?))
85.31 83.00x10° 3793 39.90 x10®°  13.99 11.07 5.60
Phenol 20063 10.10x10% 27.45 7.30x10°  13.85 24.03 12.54
550.34  7.37x10° 5252 11.70 x10°  10.08 54.40 4.41
98.84  0.23x10° 68.02 1.47 x10°  35.35 1.28 16.66
Red31 5 :
326.32 2.30x10° 2847 3.33x10°  24.07 5.37 4.61

460.14  7.37x10° 27.69 15.40 x10° © 17.21 10.81 6.59
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Table 5.2.5 Kinetic parameters and normalized standard deviation for

adsorption of phenol and red31 on commercial activated carbon

C Pseudo — first — Pseudo — second —
Solute 0 Intraparticle diffusion
(mg/l) order order
ks Ks K,
ol Aq% ) Aq% Aq%
(cm?*/min) (g / mg min) (mg / (g min®®))
76.32 1.27x10°  32.93 2.11x10°  38.75 4.48 21.39
Phenol 211.93 1.40x10° 27.45 2.59 x10° 6.39 21.64 6.28
527.19 1.23x10° 5252 1.63x10°  9.48 41.61 441
108.45 0.32x10°  69.79 1.36 x10 26.66 1.18 796
Red31 31457 0.28x10° 56.47 1.41x10° 25.93 3.48 5 30

504.67.0.55.x10°- .22.76 1.21 x10° - 12.27 6.76 10.22
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Figure 5.2.15 Plot of between the measured and-modeled time profiles for

adsorption of phenol on the activated carbon produced from waste tires

at Co =85 mg/l
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Figs. 5.2.19 — 5.2.22 present a multi — linearity, implying that two adsorption
steps occur. As for the physical meaning, at the beginning, phenol and red31 are
adsorbed by the completely vacant surface adjacent to the outer surface of the
activated carbon, so the adsorption rate is quite fast. When the adsorption on the said
surface approaches saturation, the adsorbate molecules have to penetrate deep into the
activated carbon particle before being adsorbed by the innermost surface. As the
adsorbate molecules diffuse through the pores, its concentration decreases, the
diffusion rate becomes slower and slower until the diffusion process reduces to zero at
global equilibrium.

Table 5.2.6 summarizes the values of the diffusivity (D) of the solute
estimated from the relevant figures based on the intraparticle diffusion model. The
causes of the relatively large discrepancies between these values and those given in
table 5.2.3, which shows values smaller by 1 to 2 orders of magnitude for AC_Tire
and by 0 to 1 order of magnitude for AC_COM, are as follows:

e The present intraparticle diffusion model arbitrarily divide the

g, versus time curves into two stages in order to get a better fit to the

measured results

e The values in table 5.2.6 are estimated using the high initial adsorption
rates, thereby overestimating the diffusivity.

e AC._Tire has a large mesopore volume. In the initial stage most
diffusion occurs in the mesopore and only some diffusion occurs in the
micropores. Thus the resulting much higher initial rate gives a grossly
overestimated value of the diffusivity. In contrast, AC_COM has only

a small mesopore volume. Therefore, diffusion in the initial period
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occurs mostly in the micropores, and the problem of overestimation is

less severe.
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Table 5.2.6 Diffusivity phenol and red31 calculated from Eq. 5.2.9

Adsorbent Adsorbate Initial concentration D (cm?s)
(ma/l)
85.31 3.52x10°
v/ 200.63 1.44><10';1
AC Tire 559.34 7.40x10
98.84 4.12x10Y
Red31 326.32 7.22x10™
460.14 2.92x10°
76.32 2.00x10Y
Phenol 211.93 4.68X10'iz
27.1 1.73x10°
AC_COM >2719 19
108.45 1.39x1078
Red31 314.57 1.21x10™
504,66 4.57x10Y
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5.3 Competitive adsorption equilibrium and Kinetics of phenol and red31

5.3.1 Competitive adsorption on mesoporous activated carbon produced
from waste tires (AC_Tire)

Figs. 5.3.1 — 5.3.2 illustrate the simultaneous adsorption isotherms of phenol
and red31 on the produced activated carbon (AC_Tire). Here g, and C; are the
amount of phenol adsorbed and phenol equilibrium concentration, respectively.
Similarly, the g, and C, are the amount of red31 adsorbed and red31 equilibrium
concentration, respectively. Simultaneous adsorption equilibrium on AC_Tire shows
a significant reduction in the adsorption capacity for phenol but yields a small
decrease in red31 adsorption capacity. Interestingly, the experimental result from
simultaneous adsorption kinetics as presented in Fig. 5.3.3 illustrates that, being the
faster diffusing species, phenol is adsorbed initially to a concentration level exceeding
its final equilibrium. Then phenol gradually desorbs to reach the equilibrium level as
the slower diffusing species, red31 slowly penetrates and replaces some of the phenol
until red31 attains its equilibrium. Fig. 5.3.4 illustrates the big reduction of phenol
adsorption capacity caused by red31 preloading. Since larger and heavier red31
molecules are adsorbed on the mesopores in advance, they are difficult to be
dislodged by phenol, thereby reducing the adsorption of phenol molecules.

Red31 adsorption capacity and rate are reduced because preloaded phenol
molecules fill both-micropores-and mesopores as shown in Fig.5.3.5. Taking account
of the observed pore size distribution, and phenol — red31 adsorption characteristics,
the phenol adsorption capacity reduction is considered to be due to micropore
blockage, whereas the slight decrease in the rate of phenol adsorption is probably due

to hindered diffusion. Since red31 is unable to dislodge and replace phenol molecules
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adsorbed on both the micropore and the mesopore, this results in a decrease in its

adsorption capacity and rate.
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Figure 5.3.4 Comparison of adsorption kinetic of single solute phenol with
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5.3.2 Competitive adsorption on microporous activated carbon (AC_COM)

Simultaneous adsorption equilibrium on AC_COM exhibits a great reduction
in the adsorption capacity of phenol and red31 adsorption capacity as shown in Figs.
5.3.1 — 5.3.2. The simultaneous adsorption kinetic data shown in Fig. 5.3.6 is
contrary to the results obtained with AC_Tire. Phenol and red31 molecules appear to
adsorb separately in the micropores and mesopores, respectively, until attaining their
equilibria. Red31 preloading has less significant effect on phenol adsorption rate
because phenol molecules diffuse through the mesopores to the micropores faster than
red31 molecules, as shown in Fig. 5.3.7. The reduction in phenol adsorption capacity
is considered to be caused by coadsorption and micropore blockage. Obviously some
mesopores are just large enough to admit the red31 molecules, thereby resulting in
hindrance of some late — arriving phenol molecules. The reduction in red31l
adsorption capacity may be attributed to the fact that parts of the available mesopores
are occupied by phenol molecules as seen in Fig. 5.3.8.

In conclusion, the different results in competitive and simultaneous adsorption
kinetics between AC_Tire and AC_COM may be ascribed to the distinctive difference
in their pore size distributions and pore structures. The exterior surfaces of both
adsorbents are characterized with scanning electron microscopy (SEM) as shown in
Fig. 5.3.9 — 5.3.10. The surface of AC Tire seems to result from the loose
agglomeration-of small particles. - Both, macropores and mesopores can be observed
in this‘figure. In contrast, the surface of AC_COM appears quite smooth with fewer
opening of macropores and mesopores. Based upon the SEM images and binary
adsorption and Kinetics data, it is reasonable to consider that the pore structure of
AC_Tire is a branched tree — like pore structure, with many micropores branching off

from mesopores as shown in Fig. 5.3.6 (a). In contrast, the pore structure of
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AC _COM may be considered to consist of many independent micropores not

necessarily connected to the mesopores as shown in Fig. 5.3.6 (b).

Micropore / Mesopore
| _ Micropore
/
|
Narrow micropores Branched pores
a) AC_COM b) AC_Tire

Figure 5.3.6 Proposed pore structure of both activated carbons
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Figure 5.3.10 SEM images of the activated carbon prepared from waste tires at

magnification power of 12,000 and 45,000, respectively
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Figure 5.3.11 SEM images of the commercial activated carbon at magnification

power of 12,000 and 45,000, respectively



CHAPTER VI

CONCLUSION AND FUTURE WORK

6.1 Conclusion

The adsorption equilibrium and kinetics of phenol and Red 31 adsorbed onto
highly mesoporous and microporous activated carbons, namely, AC_Tire and AC_COM,
respectively, are investigated in batch experimental system. The conclusions for all
experimental systems are summarized as follows:

6.1.1 Single adsorption equilibrium and kinetics

Freundlich and Langmuir models exhibit the best fit to the individual adsorption
equilibriums of phenol and Red 31 adsorbed onto AC_Tire and AC_COM, respectively.
In addition, as the average pore size and total mesopore volume increase, there is a
consistent increase in either phenol or Red 31 adsorption capacity. The film- pore
diffusion model is not suitable to fit the concentration decay curves of phenol and Red 31
adsorbed onto either activated carbon.  Pseudo- first order, pseudo- second order and
intraparticle diffusion models are tested to find out the adsorption rate controlling step for
either phenol or Red 31. The results indicate that the adsorption rate controlling step for
both phenol and Red 31 can be described well by the intraparticle diffusion model, and
the transport mechanism is mainly controlled by the Knudsen diffusion.

6.1.2 Binary adsorption equilibrium and kinetics

As expected, the porous structure of the activated carbons is found to have a

significant effect to phenol and Red 31 adsorption capacity and Kinetics in the binary
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systems. Phenol adsorption capacity and adsorption rate is reduced by micropore
blockage and hindered diffusion, respectively. Moreover, a reduction in Red 31
adsorption capacity and adsorption rate is caused by competing adsorption of phenol
which rapidly fills both micropores and mesopores. The simultaneous adsorption kinetics
of phenol and Red 31 adsorbed on AC_Tire is shown to be a co- diffusion phenomenon.
On the other hand, simultaneous adsorption kinetics of phenol and Red 31 adsorbed on

AC_COM take place separately on each suitable pore size.

6.2 Future work
e To study the adsorption in the column bed
e To study the desorption rate of various the adsorbates on activated carbon from
waste tires
e To study the regeneration of a spent activated carbon

e To study the effect of temperature on Knudsen diffusivity
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APPENDIX A

1. Single — component adsorption kinetics of black5

The removal of black 5 by adsorption on the AC_Tires and AC_COM shows an
increase with time and attains a maximum adsorption capacity at about 9360 min and
11150 min, respectively, after which the capacity remains essentially constant. Upon
changing the initial concentration of black 5 absorbed on AC_Tires from 103 to 503
mg/l, the amount adsorbed at equilibrium increases from 83 to 156 mg/gAC at 30 °C
as shown in Fig. A — 2. Similarly, when the initial concentration of black 5 adsorbed
on AC_COM is varied from 99 to 515 mg/l, the amount adsorbed at equilibrium
increases from 28 to 58 mg/gAC at 30 °C as shown in Fig. A — 3. To determinate the
adsorption mechanism of black 5 may refer to the results of red31; therefore, it might
be suggested that either the surface diffusion effects dominate the diffusion process or
the application of the film — pore diffusion model is not suitable. This means that the
actual transport mechanism of black 5 inside the activated carbon particles is

Knudsen diffusion shown in Table A — 1.



Table A — 1 Knudsen diffusion coefficient
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Knudsen diffusion coefficient (cm?/s)
Adsorbate AC._Tire AC_COM
Minimum Average Maximum | Minimum | Average Maximum
dp (M) dp (M) dp (M) dp (M) dp (M) dp (M)
Black 5 2.55x 10° | 1.34 x 10° | 537 x 10° | 2.39x 10° | 2.68 x 10° | 4.11 x 10
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Figure A — 1 Molecular dimensions and structures of Black 5
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Figure A — 2 Black 5 adsorbed onto the activated carbon prepared from waste tires

versus time
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Figure A — 3 Black5 concentration decay curves for constant amount of activated
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carbon prepared from waste tires adsorbent: (A ®) experimental data, (
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Figure A — 4 Black 5 adsorbed onto the commercial activated carbon versus time
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Figure A — 5 Black5 concentration decay curves for a constant amount of
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APPENDIX B

2. Competitive adsorption equilibrium and kinetics of phenol and black5 adsorbed
on activated carbon prepared from waste tires and commercial activated carbon

Interestingly, the experimental result from simultaneous adsorption Kkinetics as
presented in Fig. B — 1 illustrates that, being the faster diffusing species, phenol is
adsorbed initially to a concentration level exceeding its final equilibrium. Then phenol
gradually desorbs to reach the equilibrium level as the slower diffusing species, black5
slowly penetrates and replaces some of the phenol until red31 attains its equilibrium.

The simultaneous adsorption kinetic data shown in Fig. B — 2 is contrary to the

results obtained with AC_Tire. Phenol and black5 molecules appear to adsorb separately

in the micropores and mesopores, respectively, until attaining their equilibria.
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Figure B — 1 Simultaneous adsorption kinetics of phenol and black5 adsorbed onto
activated carbon prepared from waste tires:

Co_phen0| = 318 mg/l, CO _red31 = 298 mg/l
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Figure B — 2 Simultaneous adsorption kinetics of phenol and black5 adsorbed onto
commercial activated carbon:

CO_phenol =500 mg/I, Co red31 = 293 mg/l
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APPENDIX C
3. Calibration curve
Concentration of phenol and red31 at any time is calculated by converting
absorbance from equation as shown in below:
e Concentration of phenol in single adsorption
o X=(Y-0.0162)/0.0139 at 270 nm wavelength
e Concentration of phenol in binary adsorption
o X =(Y-0.0118)/0.1497 at 270 nm wavelength
e Concentration of red31 in single adsorption
o X=(Y-0.0089)/0.0206 at 540 nm wavelength
e Concentration of red31 in binary adsorption
o X =(Y-0.0499)/0.0200 at 270 nm wavelength
o X=(Y-0.0050)/0.0213 at 540 nm wavelength

Where X concentration (mg/l)

absorbance

<
1
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- Calibration curve of phenol in binary adsorption at 270 nm wavelength

0.80

0.70

0.60 -

0.50 - L)

0.40 -

absorbance

0.30

0.20 y = 0.0118x + 0.1497

R®=0.988
0.10 -

0.00 T ‘ ‘ !
0.00 10.00 20.00 30.00 40.00 50.00

Cphenol (mg/l)



114

- Calibration curve of red31 in binary adsorption at 270 nm wavelength
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- Calibration curve of red31 in binary adsorption at 540 nm wavelength
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