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ABSTRACT

Adsorption is defined as the concentration of gas molecules near the surface of a solid

material. The adsorbed gas is called adsorbate and the solid where adsorption takes
place is known as the adsorbent Adsorbent means having capacity or tendency to adsorb
or causes to accumulate on a surface. The four most widely used adsorbents in

decreasing order of commercial usage are activated carbon, molecular-sieve zeolites,
silica gel and activated alumina.

Hydrocarbon refers to any ofaclass oforganic chemical compounds composed only of

the elements carbon and hydrogen such as methane, phenol and butadiene. The carbon

atoms join together to form the framework ofthe compound; the hydrogen atoms attach
to them in many different configurations.

Adsorption isotherm is the relationship between the partial pressure ofan adsorbate gas
and the surface coverage of the adsorbent at constant temperature. Not all the

correlations can best fit all the data which covers wide range of the temperature and
pressure found in most process situations

The objectives ofthis project are to search for possible software to be used to regress or

correlate adsorption isotherms for data at a wide range of temperature and pressure..

Based on the analysis, comparison study on different types of adsorption isotherms is

conducted. The comparison is also done for different type of regression method from

Statistical Analysing System (SAS) and MATLAB programming.

m



The scope covers the studyof a few selected adsorption isotherms, which are Modified

Antoine's Equation, Langmuir, Sips (Langmuir-Freundlich), Toth, Dubinin-

Radushkevich and Dubinin-Atakhov isotherms. The data used to determine the best

adsorption isotherm is Octane Adsorption on Activated Carbon (M. Shariff, A., 1995).

From the data onOctane, the pressure (kPa) and q (mol/kg) is given, thus deriving from

this, the unknown variable properties can be achieved. Microsoft Excel has been

identified as the software that will be used to correlate the adsorption Isotherm for

Octane Adsorption on Activated Carbon.

From the results obtained, the best fit of adsorption isotherm data is determined by

calculating the variance, where the lowest value of residual obtained shows the best fit..

Verification of the method used is done by comparing the result with published

literature .The comparison studywill be donebetween the result obtainedfrom SAS and

MATLAB programming using the same adsorption data, to identify the best software

for regression ofAdsorption Isotherms.

It canbe concluded that, for nonlinear regression, thebest approach is Microsoft Excel,

since it can provide better fit for the adsorption isotherm of hydrocarbon adsorption.

This method is capable for fitting adsorption data which covers wide range of

temperature and pressure. Sips equation is the best correlation for the representation of

octane adsorption on activated carbon as it gives the smallest value ofvariance.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

Adsorption is defined as the concentration of gas molecules near the surface of a solid

material. The adsorbed gas is called adsorbate and the solid where adsorption takes

place is known as the adsorbent. Adsorption is a physical phenomenon (usually called

physisorption) that occurs at any environmental condition (pressure and temperature)

but only at very low temperature it becomes measurable. Thus physisorption
experiments are performed at very low temperature, usually at liquid nitrogen orliquid

argon boiling temperature at atmospheric pressure. Adsorption takes place because of

the presence ofan intrinsic surface energy. When aporous material is exposed to a gas,
an attractive force acts between the exposed surface of the solid and the gas molecules.

The result ofthese forces is characterized as physical (or Van der Waals) adsorption, in

contrast to the stronger chemical attractions associated with chemisorptions. The

surface area of a solid includes both the external surface and the internal surface of the

pores.

Due to the weak bonds involved between gas molecules and the surface (less than 10

Kcal/mole), adsorption is a reversible phenomenon. Gas physisorption is considered

non-selective, thus filling the surface step by step (or layer by layer) depending on the

available solid surface and the relative pressure. Filling the first layer enables the

measurement of the surface area of the material because the amount of gas adsorbed

when the mono-layer is saturated is proportional to the entire surface that includes the

internal and external surface. The complete adsorption/desorption analysis is called
adsorption isotherm.



Adsorbent means having capacity or tendency to adsorb or cause to accumulate on a

surface. The four most widely used adsorbents in decreasing order of commercial usage

are activated carbon, molecular-sieve zeolites, silica gel, and activated alumina (Seader

and Henley, 1998). Activated Carbon is produced from the carbonaceous matters such

as wood, coals, and rice husks. It is been used for a wide range of applications which

one of it is in adsorption processes. It serves as important adsorbents due to its large

surface area and non-polar or slightly polar surfaces, which promotes higher adsorption

rate compared to other adsorbents.

Adsorptionisothermis the relationship betweenthe partial pressure of an adsorbate gas

and the surface coverage of the adsorbent at constant temperature. In other words,

adsorption isotherm is the relationship of adsorbed material with operating pressure or

concentration at constant temperature. Adsorption isotherm is used for modeling and

scale up purposes. There are many classes of adsorption isotherms that have been

developed all these years. Brunauer et al, (1940), has divided isotherms of physical

adsorption into five types as shown in Figure 1.1.

Amount

Adsorbed

<J*ftjra 1

Concentration C/Cmt

Type It!

i i j i j i i(11 I I I i I I 1 t 1 L.

0 Cor«entrsik)n G/Cm

Amount

AdBarbfld

i i i i i—r"r™i r i i i ri
HystenrailB Loa^

TypsV

-f-rfi
0 Concentration CICm

Amount

Adsorbed

q'/qm

Amount

Adsorbed

q7qm 1

—t—-t—

Concentration C/Ctu

TTTTTTTTTJ
Loog^;;

Type IV j x'

\ s i i i i i i

6 Concentration G/Cwt

1 1 1 1"! 'VI ! 1 11111,1

Amount

Adaarbad

q'Ajm

TypeVi

J I I I I... 3. I..I. 1 i I I I I

0 Concentration CVCtai

Figure 1.1 Five types of pure-component gas adsorption isotherms in the classification

of Brunaeur, Deming, Deming and Teller (BDDT). (Kent, 1995)



Hydrocarbon refers to any ofa class oforganic chemical compounds composed only of

the elements carbon and hydrogen such as methane, phenol and butadiene. The carbon

atoms join together to form the framework of the compound; the hydrogen atoms attach

to them in many different configurations. Adsorption process has been widely used in

industry for separations and fractionation of hydrocarbons. A very well known process

called Parex® uses adsorption process to recover very pure -xylene from mixed

isomers (Kent, 1995).

This study is done to identify thebest software that is available in the market, to derive,

regress and correlate the adsorption isotherms, to get a curve fit that well describes the

Octane adsorption of activated carbon. With this correlations or model, the design of a

column or adsorption system can be done in such a way that it can optimize the

adsorption process for continuous operations. The outcome of this study is very

beneficial towards the community and engineers in designing.

1.2 Problem Statement

There are many adsorption isotherms that are beneficial in representing the various

types of adsorption equilibrium data. This is due to the wide range of application that is

available nowadays. However, not all are appropriate over the wide range of

temperature and pressure found in most process situations. Hence, it is almost

impossible to identify one single correlation that bestfits all adsorption data. Nowadays,

there are many types of software that can be used to do a regression and curve fitting.

Previous study that was done only specifies the type of software to be used, but does not

really show how the regression is done. This study will determine the best software that

will be used to regress the adsorption isotherm data and provide the best fit based on

Octane Adsorption. There are many popular computer software that are capable for

regression such as MATLAB, SPSS, SAS, and Microsoft Excel. Nevertheless, not all

computer software is able to regress the nonlinearadsorption data which covers a wide

range of temperature and pressure.



1.3 Objectives

The objectives of the study are as follows:

i) To search for possible software to be used to regress or correlate adsorption

isotherms for data at a wide rangeof temperature and pressure.

ii) To conduct comparison study on Adsorption Isotherms using the identified

software.

iii) To compare results obtained with other published literature on related work or

similar study.

1.4 Scope of Study

The data used to determine the best adsorption isotherm is Octane Adsorption on

Activated Carbon (M. Shariff, A., 1995). From the data on Octane, the pressure (IcPa)

and q (mol/kg) is given. Deriving from this, the unknown variable properties can be

achieved. Microsoft Excel has been identified as the software that will be used to

correlate the adsorption Isotherm for Octane Adsorption on Activated Carbon. The

comparison study will be done between the result obtained from SAS and MATLAB

programming using the same adsorption data, to identify the best software for

regression of Adsorption Isotherms.



CHAPTER 2

LITERATURE REVIEW

2.1 Adsorption Isothermof Pure Component Equilibria

There are many relevant published literatures of adsorption processes available

nationwide. A brief and concise summary of some relevant theories on adsorption
isotherms of single component is given.

Langmuir, (1916), derived an adsorption isotherm equation for the mono-molecular

adsorption on energetically homogeneous surfaces. This is an important basis for the

description of adsorption purposes. The equation canbe written as:

q aP

where a refers to the empirical fitted constant which is dependent on temperature. The

equation is useful for practical purposes as it fits Type 1isotherms and the initial region
ofType II isotherm. The equation reduces to a linear relationship at low coverage.

Freundlich, (1926), proposed an empirical model which is popular largely due to its

simplicity where it can predict experimental equilibria over awide range oftemperature
and pressure. The equation is written as:

= aP* (2.2)

where both a and 13 are empirical fitted constant which are a function oftemperature. On

the other hand, this equation does not reduce to a Henry's law limit except when 13
equals to unity.



Sips, (1948), suggested combining the Langmuir and Freundlich equations. The

equation is stated as:

aPp
(2.3)

l + ccP?

where a and 13 are empirical constant which are function of temperature.

Redlich and Peterson, (1959), proposed other combined of Langmuir-Freundlich

isotherm. The equation can be written as:

aPe=-^-r (2-4)l+a.P?

where both a and al are empirical constant and depend on temperature while 13 is a

constant which is independent of temperature. This equation converges to linear form at

low pressure as does the Langmuir equation. At high pressure, this equation converges

to the Freundlich form.

Polanyi, (1932), has derived a totally different theorywhich is the potential theory. It is

based on the description of the potential field instead of the model of different

adsorption sites. The models are very beneficial for adsorption on microporous

materials for example activated carbon. Two of the best known equations derived from

this theory are those of Dubinin-Radushkevich, (1947), and Dubinin-Astakhov, (1971).

Dubinin (1960) derived a theory of "volume filling of micropores", which contains

geometrical parameter of the micropore volume instead of the internal surface of the

adsorbent. This model is widely used to predict adsorption isotherms of organic vapors

on activated carbons.

Friday and LeVan (1982) had developed an empirical correlation that described the

adsorption equilibrium based on the Antoine equation of water adsorbed on 4A



molecular Sieve. They used an equilibrium model to investigate solute condensation in

an adiabatic adsorption bed during thermal regeneration. They found out that a liquid

phase can develop in a fix-bed during thermal regeneration because of condensation of

the solute. The original Antoine Equation, which was used to predict saturated vapor

pressure, was modifiedto predict the adsorption equilibrium data over the wide range of

temperature and pressure.

Hackskaylo and Levan (1985) provided the explanation on the correlation, which

correlates the adsorption equilibrium data of light hydrocarbons on porous adsorbents.

This modified Antoine isothermreduces to the linear lower limit of Henry's Law at low

loading and its constants are loading dependent.

2.2 Concluding Remarks

There are many literatures on adsorption isotherms. There are also many overviews of

the correlations or models for the prediction of adsorption equilibria. Over the years,

many people have done numerous studies on adsorption isotherms. From the reviews

read, it is difficult to fully understand the subject matter because the authors normally

just state the method and software used, but never described on how to actually derive

it. Also, from all the literature that has been read, none of the authors use Microsoft

Excel to do any regression or correlation. This might be due to technological constraints

and development. Hence, this study will be fully done by using Microsoft Excel, to

compete with well known statistical software like SAS and MATLAB, and also to find

the best possible software to do regression or correlation of adsorption isotherms.



CHAPTER 3

THEORY

3.1 Introduction

Models or correlations of adsorption equilibria from experimental data are essential to

the design of adsorption system. Adsorption isotherms can be classified into five

different types, according to Brunauer et al., (1940) as shown in Figure 1.1 onpage 3 of

section 1.1: Background of Study. The simplest andmost commonly found isotherm is

Type I, which corresponds to unimolecular adsorption and applies often to gases at

temperatures above their critical temperature. Meanwhile, Type II isotherm is

characterized by multimolecular adsorption on non-porous solids. It is observed for

gases at temperature below their critical temperature and for pressure below, but

approaching the vapor pressure. Both Types I and II are desirable isotherms which

exhibit strong adsorption. Type III isotherm is quite rare and undesirable because the

extent of adsorption is low exceptat high pressures. This isothermis characterized with

non-porous solids. Type IV is characterized by multilayer adsorption on a non-porous

solid with the existence of a hysterisis loop. Alternatively, Type V is associated with

adsorption on porous solids with hysterisis. Hysterisis phenomenon can occur in

multimolecular adsorption regions for both isotherms of types IV andV.

3.2 Adsorption Equilibrium Models for Pure Components

There are many isotherm models that are widely used to correlate experimental

adsorption isothenn data for various systems. In this study, the isotherms that will be

focused on are Modified Antoine Equation Isotherms for two and three parameters,

Langmuir's Isotherm, Sips Isotherm, Toth Isotherm, Dubinin-Radushkevich Isotherm

and Dubinin-Astakhov Isotherm.



3.2.1 Modified Antoine Equation Isotherms

The Modified Antoine Equation was developed by Friday and LeVan (1982) which is

an empirical adsorption equilibrium relation based on the Antoine Equation for water

absorbed on 4A molecular sieve. The Original Antoine Equation was modified to

correlatethe experimental adsorption equilibrium data over a wide range of temperature

(273K to 588K). The modified Antoine equation gave better fit in a statistical sense

than that obtainedwith the Dubinin-Radushkevich and Dubinin-Astakov equations. The

modified Antoine Equation isotherm reduces the linear lower limit of Henry's Law at

Low loading and constants are loading dependent.

The original Antoine Equation:

D

lnPs = A (3.1)

Where,

Ps: saturated vapour pressure ofpure component

T: absolute temperature

A, B, C: constants for component.

The Modified Antoine Equation:

Z>1

kiP = A'~-— (3.2)
C+T V }

Wliere A', B', C are dependent on the fractional filling of the pore volume, 9. The

constants are continuous function of 6for 9 < 1 and become equal to the equal to the

constants in the original Antoine Equation as 6 - 1.

The simplest form was when the heat of adsorption was taken to be independent of

loading,



A'=A + ln0 B' = B C' = C (3.3)

This is the linear isotherm that contains one fitting parameter (Wo)- For a linear

variation of the heat of adsorption with loading, the constants are

A' - A + In 9 B* = B + b(l - 0j C = C (3.4)

Expressions which contain two fitting parameters (Wo, b). For a more complicated

dependencies of the heat of adsorption on loading,

A' - A + In9 B' = B + b(l - 9) C = C+ c(l-9) (3.5)

Expressions which contain three fitting parameters (W0, b, c). Even more complex

relationships ofA', B' and C to 9 are possible by incorporating the expansion in higher

order polynomials of 1- 9 into the constants. Such anisotherm was given by Schweiger

and LeVan, (1993) for the adsorption of water on BPL activated carbon.

A'=A + ln£ +a,(l- 0) + a2 (1 - 9)2 + a3 (1 - 0)3 +a4(l- 9)4

B' = B+b(l~9) C' = C (3.6)

Expressions which contain six fitting parameters (W0, ah a2, a3, a4, b). a further

modification could be expressed as

A'=A +ln0+ai(l- 0) + a2 (1 - Of + a3 (1 - #)3 +a4(l- 9)4

B' - B + b(l - 9) C = C + c(l - 9) (3.7)

Which contains seven fitting parameter (Wo, a}, a2, a3, a4, b, c).

10



3.2.2 Langmuir Isotherms

Langmuir isotherm was developed based on a kinetic principle, that is the rate of

adsorption is equal to the rate of desorption from the surface (Do, 1998). It is the

simplest isotherm for both physical and chemical adsorption. This isotherm in its usual

form is based on the following implicit assumptions:

1. Adsorption of adsorbate molecules takesplace at well-defined localizedplace.

2. Each site can accommodate one and only one molecule or atom.

3. There is no lateral interaction (interaction between neighbouring adsorbed

adsorbate molecules).

Langmuir isotherm in terms of fractional loading is derived by equating the rates of

adsorption and desorption. The resulted equation is as below:

„ bP

Where,

1 + bP

rQ_ 0^
KRT RT0J

b(T) = b0 exp

0 is the fractional coverage

b is the affinity constant

P is the pressure

Q is heat of adsorption

Ris the gas constant

T is temperature

To is the reference temperature

b is the affinity constant

bo is the affinity constant at the reference temperature.

11

(3.8)

(3.9)



The isotherm equation (3.8) reduces to Henry law isotherm when the pressure is very

low, that the amount adsorbed increases linearly with pressure. When affinity constant b

is larger, the surface is covered with more adsorbate molecule. This is due to the

stronger affinity of adsorbate molecules towards the surface. At a given pressure,

increase in the temperature will decrease the amount adsorbed.

Isotherm equation (3.8) in the form of fractional loading is not useful for data

con-elation. This is due to data are usually correlated in the amount adsorbed versus

pressure. The Langmuir equation for data correlation is as follows:

b(T)P

q =*-mw (3-10)

Where,

And,

q is amount adsorbed in mol/kg

qs is tire maximum adsorbed concentration corresponding to a complete

monolayer coverage.

q=q*—^rin; (3-n)1+ b0 exp
RT RT0 j

qs = <?s0 Qxp(deltaTQ *(l-T/T0)) (3.12)

Where,

qSio is the saturation capacity at the reference temperature T0

deltaTo is a constant parameter.

12



3.2.3 Sips Equation (Langmuir-Freundlich)

Sips equation is (also known as the Langmuir-Freundlich equation) in literature as it has

the combination form of Langmuir andFreundlich equation. This equation is similar in

the form to the Freundlich equation, but it has a finite limit when the pressure is

sufficiently high (Do, 1998). The temperature dependence of the Sips equation is as

below:

(bpyhi
q = q

s \+(bpyln

Where the affinity constant b andthe exponent n are given by thefollowing form:

RT
b = b„exp = 60exp Q (T( \

T

Where,

RS«

i-^
T

1 1
_ = — + a

n nn

(3.13)

(3.14)

(3.15)

bro is the affinityconstant at infinite temperature

b0 is the affinityconstant at some reference temperature T0

no is the parameter n at the same reference temperature

a is a constant parameter.

The saturation capacity qs can be either considered as constant or it may take the

following temperature dependence:

T
<ls = <lsfi exP delta!\ (3.16)

Where,

qs,o is the saturation capacityat the reference temperature To

deltaTo is a constant parameter.

Thetemperature dependence of Sips equation represented by Equation (3.13) resembles

the Langmuir equation. However, the difference is the additional parameter "n" in the

13



Sips equation. The parameter n could be regarded as the parameter characterizing the

system heterogeneity (Do, 1998). This parameter is usually greater than unity. The

larger this parameter, the higher is the degree of heterogeneity. The parameter n

decreases with temperature suggesting that the system is less heterogeneous as the

temperature increases.

3.2.3 Toth Equation

Toth equation is one of the empirical equations that are valid for wide range ofpressure

(Do, 1998). This equation describes well many systems with sub-monolayer coverage.

The Toth equationis represented as the following form:

bP
= q> t-\]/t[l + (bp)']

(3.17)

Where,

b andt are specific for adsorbate-adsorbent pairs.

These parameters are temperature dependent, with the parameter b is described as the

usual form of the adsorption affinity:

r Q{ Q"
T

b(T) = bmexp
kVj

= b0exp
RSn

Where,

bco refers to the affinity constant at infinite temperature

b0 is the affinity constant at some reference temperature T0

Q is the measure of the heat of adsorption.

(3.18)

In the meantime, the parameter t is usually less than unity. This parameter is represented

by thefollowing empirical functional form of temperature dependence:

1-^
T

t = t0 +a
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As mentioned previously in the Sips equation theory, the saturation capacity qs can be

either considered asconstant or it may take the following temperature dependence:

?, = 4s,o exP deltaTn

Where,

i-L
T

(3.20)

qs,o is the saturation capacity at the reference temperature T0

deltaTo is a constant parameter.

Toth equation is suitable for fitting data of many adsorbates such as hydrocarbons,

carbon oxides onactivated carbon aswell aszeolites due to itssimplicity in form and its

conect behaviour at low andhighpressures (Do, 1998).

3.2.5 Dubinin-Radushkevich and Dubinin-Astakhov Isotherms

One of the most successful isotherms of this sort was proposed by Dubinin and

Raduskevich, (1947). The characteristic curve was based on a Gaussian pore size

distribution which is:

Where,

0 = exp --
r s ^

2

E0 is the characteristic energyof adsorption for a referenceadsorbate

P is the scaling factor to relate the adsorbates to the reference adsorbate

0 is the fractional filling of thepore volume which is represented by

W

W is the volume of adsorbate in micropore

Wo is the maximum volume that the adsorbate canoccupy.

Where,

(3.21)

(3.22)

TheDubinin-Radushkevich equation describes well many carbonaceous solids with low
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degree ofburn-off (Do, 1998). However, this equation does notdescribe the equilibrium

data for carbonaceous solids resulting from a high degree of burn-off during activation

because degree of heterogeneity increases.

In order to allow for the surface heterogeneity, Dubinin and Astakhov proposed the

following form:

# = exp

Where,

f Y
£

vfty
(3.23)

n refers to the surface heterogeneity.

When n equals to 2, the Dubinin-Astakhov equation reduces to the Dubinin-

Radushkevich equation. The additional parameter of Dubinin-Astakhov isothenn

provides flexibility in the description of wide range of micropore size distribution of

many microporous solids. If the parameter n of a given system is found to be smaller

than 3, the system has a broad micropore size distribution. Typical values of n for

stronglyactivatedcarbon are in the rangeof 1.2to 1.8 (Do, 1998).

The rearrangedform of the Dubinin-Radushkevich isotherms is given as

InP =InPs -^(rlneT (3.24)
and the rearranged form for Dubinin-Astakhov is written as

InP =InPs -^(-In9)lln (3.25)
RT

where,

P is the adsorbate vapor pressure in MPa

Ps is the saturated vapour pressure of the adsorbate in MPa

E0 is the characteristic energy of the adsorption for reference adsorbate in J/mol

T is isotherm temperature in K

R is the universal gas constant in J/mol.K, 9 is the fractional filling of pore

volume.
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Substituting these equations with equation (3.22) and W=qVm, the equations (3.26)

and (3.27) are obtained for Dubinin-Radushkevich and Dubinin-Astakhov isotherms

respectively:

Where,

K (
? =~ V

exp
~

V

w. f
q =

'V
exp

~

V

RTkijpJp)'

(3.26)

(3.27)

Wo is the micropore volume in cm3/kg

Vm is the liquid molar volume incnrVmol.

To fit the parameters of Dubinin-Raduslikevich and Dubinin-Atakhov Isothenns, the

adsorbedamount per unit mass, q (mol/kg) has to be transformed into adsorbedvolume

perunit mass, W(cm3/kg).

For this transformation, the following equation is employed:

W

Where,

Pa
(3.28)

Mw is molecular weight of adsorbate in kg/mol,

pA is thedensity of adsorbed phase in kg/cm3

Vm is the saturated liquid molar volume in cmVmol.

Since amount adsorbed, q is known, therefore the only unknown value is the saturated

liquid molar volume, Vm. Firstly, the temperature of itspure component vapour pressure

need to be determined. A similar technique employed by Hacskaylo and Levan, (1985),

was used in this project to determine the temperature using Antoine equation. In this

equation, the saturated vapour pressure is assumed as a pseudo saturated vapor pressure

17



which is considered to be equivalent to the equilibrium vapour pressure with the

adsorbed loading at the temperature of interest.

For a known vapourpressure, the temperature is determined by this equation:

T = — C (3.29)
A-\nP V }

Wliere,

A, B and C are the parameters of Antoine equation for octane.

Based on temperature evaluated using equation (3.29), the saturated molar volume can

be obtained using Hankinson-Brobst-Thomson (HBT) technique (Reid et. al., 1987).

This technique employed the following equations:

(3.30)v»=y**vr 1-0 v{5)

F/°)=l+«(l-rJ1/3+6(l-7,)2/3+c(l-r,) +^(l--r/;)4/3for0.25<TR<0.95 (3.31)

,Je+JTR+gT/+hT;) 0>25<Tr<10 (332)
* fo-1.00001) v }

With,

Tr=Y (3-33)
c

where,

V* is a characteristic volume in cm3/mol

VR(0) is a corresponding state function for normal fluids

VR(5) is a deviation function

cosrk is an acentric factor from the Soave-Redlich-Kwong equation of state

a to h are HBT constant

Tr is a relative temperature.

The Antoine equation parameters and the HBT equations parameters for octane are

given in Tables A.1.1 and A.1.2 ofAppendix A.



CHAPTER 4

METHODOLOGY

4.1 Introduction

There are various tools that can be used to do a research on the correlations of

adsorption isotherms for Octane absorption on activated carbon. Among the available

software for this purposes are Microsoft Excel, MATLAB, and SAS. These are

powerful mathematical computation tools, which also provide extensive capabilities of

generating graphs. In this study, Microsoft Excel is chosen to regress the isotherms to

obtain a correlation ofdata and achieve a curve fit with the Octane Adsorption data. The

data obtained will be compared with the results from previous study.

Considering easy accessibility and capability, Microsoft Excel has been chosen as the

tool for the nonlinear regression purposes. The data will then be compared to the

MATLAB programming and SASprogramming.

4.2 The Adsorption Isotherms

About 7 adsorption Isotherms will be used in this study. Expressions for adsorption

isotherm are given by the equations, (3.2) for Modified Antoine Equation Isotherm,

(3.11) for Langmuir Isotherm, (3.16) for Sips Isotherm, (3.20) for Toth Isotherm, (3.26)

for Dubinin-Radushkevich Isotherm and (3.27) for Dubinin-Astakhov Isotherm.
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4.3 Data for Nonlinear Regression

The data used to determine the best adsorption isotherm is Octane Adsorption on

Activated Carbon (M. Shariff, A., 1995). The data is listed in the Appendix. From the

data on Octane, the pressure (kPa) and q (mol/kg) is given. Deriving from this, tire

unknown variable properties canbe achieved. The graph of amount Adsorbed (q) versus

pressure (P) is plotted based on the nonlinear regression data.

4.4 Procedure

First, the equation is determined and all parameters must be identified. This includes all

possible factors needed. When all data from the equation has been set, the next step is to

do a sample of the flow to identify each known and unknown variables. After all the

steps in equation have been done until a result is obtained, a table is set with all the

Octane data andeach part of the equation in the table. The initial guess for all unknown

variables is then set into the program. After all data has been introduced in the table,

then the Variance is calculated. From the variance, Solver is then used to set the

variance as minimal as possible, to achieve the best fit on the graph. The solver will

calculate the best variable to be placed in the unknown variable to achieve the best fit.

Solver is part of a suite of commands sometimes called what-if analysis tools. With

Solver, an optimal value for an equation in one cell (target cell) can be found. The

Solver works with a group of cells that are related to the equation in the target cell.

Solver changes the values in the changing cells specified to produce the results. Solver

canbe used to determine the maximum or minimum value of the cell specified, or can

be set near a number specified.

When the desired variables have been determined, a graph of amount Adsorbed (q)

versus pressure (P) is thenplotted basedon thenonlinear regression.

20



START

INPUT DATA

Adsorption Data and Isotherm Expression

SPECIFY

Constant and set initial guess

DETERMINE

Unknown values from Adsorption Isotherm with
known parameters of q and P

CALCULATE

Residual from Regression

ITERATE

Using Solver tool

PLOT

Q versus P at selected unknown parameters

STOP

Figure 4.2 Flowchart for procedure.
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4.4.1 Solver Parameter

SgJ: Target Cell:

Equal To; v-_ iyWil './ Value of: 0'

*V
>-aftSCJ

:_.bK"t ':•&'• 'Visjarits-

Ti"."...f.

Figure 4.1 Solver Parameters

1. Set the TargetCell: target cell specifies the cell where the equationis set.

2. IdentifyVariables: the cell which the variables are present to be changed

3. Specifytask, to set the Target cell as Maximum as possible, Minimumas

possible or user specified

4. Solve button pressed then results obtained.

4.5 Concluding Remarks

Microsoft Excel is used for the nonlinear regression. The correlation of adsorption

equilibria is performed by fitting a single equation to the experimental data for

temperatures of 308K, 328K and 348K. The unknown parameters are determined

from the Variance generated, where the lowest value of variance is the best fit for

the graph plotted. This method is capable of performing regression at a wide range

of temperature and pressure.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction

Although the nonlinear regression is done using Microsoft Excel with simple methods,

the best fit line for all selected isotherms can be identified. The best fit for each curve

was calculated by minimizing the total variance obtained. The total variance is the total

residual calculated. By decreasing the totalvariance to almost zero value, the best fit for

the curve can be achieved. In this study, the results is also compared to the residual

obtained from MATLAB programming and SAS programming.

5.2 Adsorption Equilibria Models for Pure Components

5.2.1 Modified Antoine's Equation Isotherm

For the Modified Antoine's Equation Isotherm, equations (3.2), the correlation is

done for two-fitted parameters and three fitted parameters. The parameters can be

determined using equations (3.4) and (3.5). The equations are to fit the data of

octane adsorption. The detailed explanation is discussed previously in chapter 3.2.1.

From these equations, the known parameters are the experimental data which is the

amount adsorbed, q (mol/kg) and pressure, P (kPa).
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5.2.1.1 Modified Antoine's Equation Isotherm (two fitted

parameters)

The nonlinear regression was conducted to estimate the values for Wo and b

and also the value of residuals. From the total of residuals, the variance has

been calculated. The unknown variables are listed in table 5.1.

Table 5.1 Optimal parameters obtained by Modified Antoine's Equation

Isotherm (two fitted parameters)

W0 b Variance

All data 557.9030 • 966.6034 0.4862

Omit last data 532.0561 1043.6456 0.1980

Comparing the obtained parameters, it is noticeable that the values of variance

are smaller for the regression which omits the last data, rather than the

regression for all experimental data. Graph representation of the correlation

using Modified Antoine's Equation Isotherm (two fitted parameters) is shown

in Figure 5.1 (a) and Figure 5.1 (b) on the following page.
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Modified Antoine 2 - AM Data

Pressure (kPa)

Figure 5.1 (a) Correlation using Modified Antoine'sEquation Isotherm (two fitted

parameters) for all experimental data points.

Modified Antoine 2 - Omit Last Data
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I Correlated 308

0.5 - Correlated 328

Correlated 348

0.0 •

6 B 10

Pressure (kPa)

Figure 5.1 (b) Correlation using Modified Antoine's Equation Isotherm (two fitted

parameters) with last data oinittedexperimental data points.
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5.2.1.2 Modified Antoine's Equation Isotherm (three fitted

parameters)

The nonlinear regression was conducted to estimate the values for W0, b and c

and also the value of residuals. From the total of residuals, the variance has

been calculated. The unknown variables are listed in Table 5.2 as shown

below:

Table 5.2 Optimal parameters obtainedby ModifiedAntoine's Equation

Isotherm (three fitted parameters)

Wo b c Variance

All data 558.1111 611.5986 -26.0174 0.4719

Omit last data 528.1743 1579.2685 38.0090 0.1829

Comparing the obtained parameters, it is noticeable that the values of variance

are smaller for the regression which omits the last data, rather than the

regression for all experimental data. Graph representation of the correlation

using Modified Antoine's Equation Isotherm (two fitted parameters) is shown

in Figure 5.2 (a) and Figure 5.2 (b) on the following page.
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Modified Antoine 3 - All Data

10 12

Pressure (kPa)

Figure 5.2 (a) Correlation usingModified Antoine's EquationIsotherm(three

fitted parameters) for all experimental data points.

Modified Antoine 3 - Omit Last Data
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Correlated 308

Correlated 328

Correlated 348
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O
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<

Pressure {kPa)

Figure 5.2 (b) Conelation using Modified Antoine's Equation Isotherm (three fitted

parameters) with last data omitted experimental data points.
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5.2.2 Langmuir Isotherm

For Langmuirs isotherm, the equations (3.10) to (3.12) is used to correlate data to fit

the data of octane adsorption. The detailed explanation is discussed previously in

chapter 3.2.2. From these equations, the known parameters are the experimental

data which is the amountadsorbed, q (mol/kg) and pressure, P (kPa).

The nonlinear regression was conducted to estimate the values for qs0, b0, gamina

and deltaTo, also the value of residuals. From the total of residuals, the variance has

been calculated. The unknown variables are listed in Table 5.3 as shown below.

Table 5.3 Optimal parameters obtained by Langmuir Isotherm

qso bo gamma deltaTo Variance

All data 3.3591 4.6957 16.0444 0.0779 0.6745

Omit last data 2.9819 6.9316 16.8835 0.0295 0.1409

Comparing the obtained parameters, it is noticeable that the values of variance is

smaller for the regression which omits the last data, rather than the regression for all

experimental data. Graph representation of the correlation using Langmuir Isotherm

is shown in Figure 5.3 (a) and Figure 5.3 (b) in the following page.
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Langmuir-All Data
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* 308
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— Correlated 348

Figure 5.3 (a) Conelation using Langmuir Isothermfor all experimental data

points.

Langmuir - Omit Last Data

10 12 14

Pressure (kPa)

Figure 5.3 (b) Correlation using Langmuir Isotherm with last data omitted

experimental data points.
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5.2.3 Sips Isotherm

For Sips isotherm, the equations (3.13) to (3.16) is used to con-elate data to fit the

data of octane adsorption. The detailed explanation is discussed previously in

chapter 3.2.3. From these equations, the known parameters are the experimental

datawhich is the amount adsorbed, q (mol/kg) and pressure, P (kPa).

The nonlinear regression was conducted to estimate the values for qs0, b0, gamma,

n0, a and deltaTo, also the value of residuals. From the total of residuals, the

variance has been calculated. The unknown variables are listed in Table 5.4 below:

Table 5.4 Optimal parameters obtained by SipsEquation Isotherm

qso bo gamma no a deltaTo Variance

All data 7.0665 0.2206 5.6988 2.7821 1.1823 1.9177 0.1830

Omit last

data
5.1113 0.9689 2.9750 2.6822 3.0917 3.1609 0.0246

Comparing the obtained parameters, it is noticeable that the values of variance are

smaller for the regression which omits the last data, rather than the regression for all

experimental data. Graph representation of the correlation using Sips Equation Isotherm

is shownin Figure 5.4 (a) andFigure 5.4 (b) in the following page.
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Sips Equation - All Data

10 12

Pressure (kPa)

Figure 5.4 (a) Correlation using Sips Equation Isotherm for all experimental data

points.

Sips Equation - Omit Last Data

Pressure (kPa)
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— Correlated 348

Figure 5.4 (b) Conelation using Sips Equation Isotherm with last data omitted

experimental data points.
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5.2.4 Toth Isotherm

For Toth Equation isotherm, the equations (3.17) to (3.20) is used to correlate data

to fit the data of octaneadsorption. The detailedexplanation is discussed previously

in chapter 3.2.4. From these equations, the known parameters are the experimental

data which is the amount adsorbed, q (mol/kg) and pressure, P (kPa).

The nonlinear regression wasconducted to estimate thevalues for qs0, b0, gamina, to,

a and deltaTo, also the value of residuals. From the total of residuals, the variance

has been calculated. The unknown variables are listed in Table 5.5 below:

Table 5.5 Optimal parameters obtained by Toth Isotherm

qso bo gamma to a deltaTo Variance

All data 11.1651 942.2669 32.5010 0.1775 0.1356 4.4006 0.1771

Omit last

data
3.9883 30.6802 23.0108 0.0299 0.4447 0.5356 0.0299

Comparing the obtained parameters, it is noticeable that the values of variance are

smaller for the regression which omits the last data, rather than the regression for all

experimental data. Graph representation of the correlation using Sips Equation Isotherm

is shown in Figure5.5 (a) and Figure 5.5 (b) in the following page.
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Toth Equation - All Data
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Figure 5.5 (a) Correlation using Toth Equation Isotherm for all experimental data

points.

Toth Equation - Omit Last Data

6 8 10

Pressure (kPa)

Figure 5.5 (b) Correlation using Toth Equation Isotherm with last data omitted

experimental data points.
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5.2.5 Dubinin-Radushkevich Isotherm

For Dubinin-Radushkevich isotherm, the equations (3.26) are used to correlate data

to fit the data of octane adsorption. The detailed explanation is discussed previously

in chapter 3.2.5. From these equations, the known parameters are the experimental

data which is the amount adsorbed, q (mol/kg) and pressure, P (kPa).

The nonlinear regression was conducted to estimate the values for Wo and pEo, also

the value of residuals. From the total of residuals, the variance has been calculated.

The unknown variables are listed in Table 5.6 below:

Table 5.6 Optimal parameters obtained by Dubinin-Radushkevich Isotherm

Wo PEo Variance

All data 515.5740933 9219.006097 0.8842

Omit last data 470.293077 10035.265 0.1350

Comparing the obtained parameters, it is noticeable that the values of variance are

smaller for the regression which omits the last data, rather than the regression for all

experimental data. Graph representation of the correlation using Dubhiin-Radushkevich

Isotherm is shown in Figure 5.6 (a) and Figure 5.6 (b) in the following page.
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Dubinin-Radushkevich -All Data

10 12

Pressure (kPa)

Figure 5.6 (a) Conelation using Dubinin-Radushkevich Isotherm for all

experimental data points.

Dubinin-Radushkevich - Omit Last Data
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Figure 5.6 (b) Correlation using Dubinin-Radushkevich Isotherm with last data

oinitted experimental data points.
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5.2.6 Dubinin-Astakhov Isotherm

For Dubinin-Astakhov isotherm, the equations (3.27) are used to correlate data to fit

the data of octane adsorption. The detailed explanation is discussed previously in

chapter 3.2.6. From these equations, the known parameters are the experimental

data which is the amount adsorbed, q (mol/kg) and pressure, P (kPa).

The nonlinear regression was conducted to estimate the values for W0, pE0 and n

also the value of residuals. From the total of residuals, the variance has been

calculated. The unknown variables are listed in Table 5.7 below:

Table 5.7 Optimal parameters obtained by Dubinin-Astakhov Isotherm

Wo PEo n Variance

All data 565.8466 9308.6190 1.0411 0.2369

Omit last data 497.5933 10017.3680 1.5145 0.0554

Comparing the obtained parameters, it is noticeable that the values of variance are

smaller for the regression which omits the last data, rather than the regression for all

experimental data. Graph representation of the conelation using Dubinin-Astakhov

Isotherm is shown in Figure 5.7 (a) and Figure 5.7 (b) in the following page.
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Dubinin-Astakhov - All Data
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Figure 5.7 (a) Conelation using Dubinin-Astakhov Isotherm for all experimental

data points.

Dubinin-Astakhov - Omit Last Data
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Figure 5.7 (b) Correlation using Dubinin-Astakhov Isotherm with last data omitted

experimental data points.
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5.3 Comparison of result from Excel with MATLAB and SAS Programming

Comparison study is conducted on the Modified Antoine's Equation models using two

different methods, which are Excel and SAS Programming, while the other Isotherms

models are conducted between Excel and MATLAB programming. This is essential to

verify and prove the effectiveness of result obtained using the Excel with both

MATLAB and SAS programming.

The adsorption data used for the simulation is Octane Adsorption on Activated Carbon

(Mohd. Shariff, A., 1995). In the study, the isotherms models that are considered are

Modified Antoine isotherm (both two and three fitted parameters). The comparison for

MATLAB programming is considered for Langmuirs isotherm, Sips Isotherms, Toths

Isotherms, Dubinin-Radushkevich Isotherms and Dubinin-Astakhov Isotherms from the

study of Regression Analysis for Hydrocarbon Adsorption Isotherm on Activated

Carbon(Haji Nawawi, N., 2004).

The comparison is presented in tenns of visualization graphs and optimal parameters

obtained by the selected isotherms obtained. The parameters include all the unknown

parameters and calculated variance for each isotlierms. By comparison, the best

approach for each correlated isotherm can be detenrhned.

5.3.1 Comparison between SAS programming with Excel

From the study done on the conelation of Modified Antoine's Law using Microsoft

Excel and SAS (Statistical Analysis Software), it can be clearly seen that the

difference in the unknown values is very small and almost identical. When the graph

is plotted, the lines are covering each other.

The only difference noticed is in the Variance acquired from both software, where

the Variance in SAS programming is much smaller compared to Excel software. It

is not logic that the difference is quite big, as the unknown parameters are almost

the same. Thus it is concluded that the variance is calculated differently in both

cases and the difference in Variance is void.
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The SAS programming use least-squares criterion method while the Excel software

uses the Solver method to achieve the desired results. The methods used in both

programs are totally different and the form of producing results is dependent on

many factors. However, the results are almost the same, thus ensuring, that both

methods are capable of producing reliable results.

From the observation, it can be concluded that the best approach is by using

Microsoft Excel as it is far easier to conduct and faster. Tables 5.8 and 5.9 show the

difference between SAS programming with Excel programming for All Data and

Omit Last Data, and for Modified Antoine's Equation (both two and three fitted

parameters).

Table 5.8 Comparison Data for Modified Antoine's Equation (2 fitted Parameters)

Wo B Variance

All Data Excel 557.9030 966.6034 0.4862

SAS 558.7201 968.4543 0.0323

Omit Last Data Excel 532.0561 1043.6456 0.1980

SAS 532.7982 1045.5245 0.0165

Table 5.9 Comparison Data for Modified Antoine's Equation (3 fitted Parameters)

Wo b C Variance

All Data Excel 558.1111 611.5986 -26.0174 0.4719

SAS 558.9610 612.5515 -26.0805 0.0314

Omit Last Data Excel 528.1743 1579.2685 38.0090 0.1829

SAS 528.9215 1574.2011 37.5131 0.0122
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5.3.2 Comparison between MATLAB programming with Excel

The study of comparison between MATLAB programming with Microsoft Excel is

done using Langmuir's Isotherm, Sips Isotherms, Toth Isotherms, Dubinin-

Radushkevich Isotherm and Dubinin-Asktakov Isotherm.

MATLAB programming use Newton-Raphson method for the non-linear purposes

while Excel is using the solver tool to get the required variables. The Variance

obtained from Excel is slightly lower than the variance obtained from MATLAB

software. This can be seen both in the tables and graphs that the difference in values

shows the slightlylower in Excel compared to MATLAB programming.

From observation of all the isotherms, it can be concludedthat the best approach is

by usingMicrosoft Excel, basedon the smaller variance frombothprograms andthe

time used to regress.

Tables 5.10 to 5.14 in the next page show the difference between MATLAB

programming with Excel programming for All Data and Omit Last Data.

Table 5.10 Comparison Data for Langmuir's Isotherm

qso bo gamma deltaTo Variance

All Data
Excel 3.3591 4.6957 16.0444 0.0779 0.6745

MATLAB 3.3591 4.6957 16.0444 0.07785 0.8213

Omit Last

Data

Excel 2.9819 6.9316 16.8835 0.0295 0.1409

MATLAB 2.9819 6.9316 16.8835 0.02949 0.3754

From table 5.10, there is no difference in the variable data obtained from both Excel

and MATLAB programming. The simulation was run a few times in Excel to ensure

the results taken are precise. However, the Variance obtained is different, showing

that the Variance in Excel is lower. This might happen due to different programs
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where the method is different, it can be concluded that, based on the lower variance,

Excel is a better approach in predicting the variables.

Table 5.11 Comparison Data for Sips Isotherm

qso bo gamma no A deltaTo Variance

All data Excel 7.0665 0.2206 5.6988 2.7821 1.1823 1.9177 0.1830

MATLAB 7.1651 0.2044 14.783 2.8025 0.6677 0.00020 0.4313

Omit Last

data

Excel 5.1113 0.9689 2.9750 2.6822 3.0917 3.1609 0.0246

MATLAB 3.6932 4.1706 18.548 1.7603 0.8195 0.02629 0.1282

Table 5.11 in the previous page shows the comparison data for Sips Isotherm, where it

is observed that there is a big difference in both methods of regression. This can be

observed in bo, gamma, alpha and DeltaTo values. Although the values of variables are

different, the plotted graph shows similar lines, with little differences. Since the

Variance value is smaller using Excel, it can be concluded that Excel is the best

approach for predicting the variables.

The plotted graph can be seen in Figure 5.8 (a) and 5.8 (b). The graph shows identical

lines for both Excel and Sips.
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Sips Equation -All Data

10 12 14

Pressure (kPa)

Figure 5.8 (a) Comparison of graphs for Sips Isotherm with All Data Points

Sips Equation - Omit Last Data

Figure 5.8 (b) Comparison of graphs for Sips Isotherm with Last Data Points Omitted
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Table 5.12 Comparison Data for Toth Isotherm

qso bo gamma to A deltaTo Variance

All Data Excel 5.3762 23.6913 11.7858 -2.1388 0.3715 -0.7201 0.2179

MATLAB 4.9703 15.734 16.5138 0.42391 -0.02886 -0.01227 0.4974

Omit

Last Data

Excel 3.9883 30.6802 23.0108 0.0299 0.4447 0.5356 0.0299

MATLAB 3.9799 30.6847 22.9909 0.4456 0.51551 -0.00507 0.1730

Table 5.12 shows the comparison data for Toth Isotherm, where it is observed that there

is some small difference in both methods of regression. This can be observed in tbe to,

alphaand DeltaTo values. The difference in values can be observed in Figure 5.9 where

the curve line for MATLAB is slightly different from the curve line for Excel. This is

only applied for the study of All data, whereas the curve for both MATLAB and Excel

is identical. Since the Variance value is smaller using Excel, it can be concluded that

Excel is the best approach for predicting the variables.

Toth Equation -All Data

10 12

Pressure (kPa)

Figure 5.9 Comparison of graphs for Toth Isotherm with All Data Points
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Table 5.13 Comparison Data for Dubinin-Radushkevich Isotherm

Wo PEo Variance

All data Excel 515.5740933 9219.006097 0.8842

MATLAB 492.1483 9619.9101 1.0099

Omit Last Data Excel 470.293077 10035.265 0.1350

MATLAB 452.0577 10445.7569 0.4319

Table 5.13 shows the comparison data for Dubinin-Radushkevich Isotherm, in which

the difference is quite small. Although the differences is quite small, as the graph was

plotted, the curve line was slightly lower than the line obtained from Excel.

Theplotted graph canbe seenin Figure 5.10(a) and 5.10 (b).

Dubinin-Radushkevich -All Data

10 12

Pressure (kPa)

Figure 5.10 (a) Comparison of graphs for Dubinin-RadushkevichIsotherm with All

Data Points
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Dubinin-Radushkevich - Omit Last Data

Pressure (kPa)

Figure 5.10 (b) Comparison of graphs for Dubinin-Radushkevich Isotherm with

Last Data Points Omitted

Table 5.14 Comparison Data for Dubinin-Astakhov Isotherm

Wo PEo N Variance

All data Excel 565.8466 9308.6190 1.0411 0.2369

MATLAB 534.0748 9982.0489 1.066 0.6339

Omit Last

Data

Excel 497.5933 10017.3680 1.5145 0.0554

MATLAB 471.569 10500.6084 1.588 0.3377

Table 5.14 shows the comparison data for Dubinin-Astakhov Isotherm, in which the

difference is quite small. Although the difference is quite small, as the graph was

plotted, the curve line was slightly lower than the line obtained from Excel.

The plotted graph can be seen in Figure 5.11 (a) and 5.11 (b).
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Dubinin-Astakhov - All Data

10 12

Pressure (kPa)

Figure 5.11 (a) Comparison of graphs for Dubinin-Astakhov Isotherm with All

Data Points

Dubinin-Astakhov - Omit Last Data

Figure 5.11 (b) Comparison of graphs for Dubinin-AstakhovIsotherm with Last

Data Points Omitted
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5.4 Concluding Remarks

The results of unknown variables for each isotherm showed some significant

differences between the regression techniques used by all software, namely Excel,

MATLAB and SAS. The data obtained from All Data and Omit Last Data also shows

some significant difference, although it is from the same software.

The values of Variance show that Microsoft Excel gives smaller values than the values

from MATLAB. This shows that Excel is a better approach to fit the correlation to the

adsorption data, because in order to fit the best correlation, the variance must be equal

or near zero. Between the data for all data points and Last data neglected, the data for

last data neglected is much more reliable as the Variance is much smaller. This

indicates the best fit for correlation of adsorption for the Isotherms.

Lastly, it can be concluded that Sips Equation has the best fit for correlation of octane

adsorption on activated carbon, as it gives the smallestvariance and it fits well the type

1 adsorption Isotherm shape. This is then followed by Toths Equation, Dubinin-

Astakhov Equation, Dubinin-Radushkevich, Langmuir Equation, Modified Antoine 2

and lastly Modified Antoine 3. Summary of Variance obtained for all Isotherms is

tabulated in Table 5.15

Table 5.15 Summary of Variance

Isotherm All Data Omit Last Data

Modified Antoine 2 0.4862 0.1980

Modified Antoine 3 0.4719 0.1829

Langmuir 0.6748 0.1409

Sips 0.1830 0.0246

Toth 0.1771 0.0299

Dubinin-Radushkevich 0.8842 0.1350

Dubinin-Astakhov 0.2369 0.0554
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

In this study, several isotherms have been selected (namely Modified Antoine's

Equation, Langmuir, Sips (Langmuir-Freundlich), Toth, Dubinin-Radushkevich and

Dubinin-Atakhov) isotherms to be fit and correlate of adsorption data on activated

carbon. These isotherms are all temperature dependent and most suitable for Type I

adsorption isotherm. The study done will cover the wide range of temperature and

pressure.

Microsoft Excel has been chosen for the nonlinear regression of adsorption data, based

on the simple functions and reliable calculations. The published data of pure octane

adsorption on activated carbon at 308K, 328K and 348K was used to focus on single

component adsorption for various temperature and pressure.

From the observation, there was none of the adsorption isotherm models that would

accurately correlate the octane adsorption data over a wide range of temperature and

pressure. The comparison done between all the isotherms in this studyconfirms this and

it was concluded that Sips Isotherm has the leastVariance, thus making it the closestfit

to the adsorption data.

All values of variance gave a very small difference from the given data of octane

adsorption. This shows that all the isotherms gives the best fit of correlation to

adsorption data. There was two data from each isotherm: all data points, and omit last
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data points. It was concluded that the data for omit last data points gave the beast fit,

compared to all data because of the smaller variance obtained.

Comparison study on Microsoft Excel with SAS and MATLAB programming has been

done to determine the best approach for obtaining nonlinear regressions. Based on the

findings, it can be concluded that SAS programming gives better results than of

Microsoft Excel, because of the smaller variance. Microsoft Excel on the other hand is

much better than MATLAB, because of the smaller variance.

Finally, it canbe concluded that for nonlinear regression, the best approach is Microsoft

Excel, since it can provide better fit for the adsorption isotherm of hydrocarbon

adsorption. This program can give output faster than any other programs, and the

regression is done easily, due to the user friendliness of the program.

6.2 Recommendations

The adsorption isotherm correlation on activated carbon has been conducted for octane

adsorption, it would be better if the study was conducted with other sets of adsorption

data, like water adsorption, in the future to validate the efficiency of the method used

and to clarify the outcome.

From the conclusion, the study proves that Microsoft Excel is best used to fit the

correlation of type 1 isotherms. Future work can include testing the model for Type II
and above.

The correlation of modified Antoine's equation has been done with two and three fitted

parameters only in this study. To check if the program is good, future work can also

include more than three parameters for the Modified Antoine Equation.
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APPENDIX A :

EXCEL CALCULATION OF ADSORBED

VOLUME FOR OCTANE ADSORPTION

EQUILIBRIA USING LEWIS METHOD



Appendix A

Calculation of AdsorbedVolume for Octane Adsorption Equilibria
Using Lewis Method

Sample Calculation of Adsorption equilibria for octane on activated carbon at 308K
Pressure, P = 1.86E-04
Amount Adsorbed, q = 1.7574 mol/Kg

Reduced Temperature

T = (B/(A-lnP))-C

where

A = 7.00811

B = 3113.08

C = -64

P = 1.86E-04

T = 263.5836114 K

Tr = T/Tc

where

Tc = 568.83 K

Tr = 0.463378534

Saturated molar Volume, Vm

for0.25<TR<0.95

VR(0) = 1+a(1-TR}1'3+b(1-TR)2/3+c(1-TR)+d{1-TR)4/3

where

Tr = 0.463378534

a = -1.52816

b = 1.43907

c = -0.81446

d = 0.190454

vR<°> = 0.354475888

for0.25<TR<1.0



)<6> _VRW = <e+fTR+gTR2+hTR3)/(TR-1.00001)

where

TR = 0.463378534

e = -0.296123

f = 0.386914

g = -0.0427258

h = -0.0480645

VR(6) = 0.243727184

Vm = V*(Vr<0)[1-WsrKVr(5)3

where

V* = 490.4

VR(0) = 0.354475888

wSrk = 0.3998

VR(5) = 0.243727184

Vm = 156.8961256 cm3/mol

Adsorbed volume, W

W = qMW/pA

= qVm

where

q = 1.7574

Vm = 156.8961256

W = 275.7292512 cm3/kg

n
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APPENDIX B :

EXCEL CALCULATION OF THE ADSORPTION

ISOTHERM

Bl : MODIFIED ANTOINE EQUATION WITH TWO FITTED

PARAMETERS

B2: LANGMUIR'S ISOTHERM

B3 : DUBININ-RADUSHKEVICH ISOTHERM



Appendix Bl

Modified Antoine (two fitted parameters) W0,b

Inp1 =A,-B7(C,+T)

with;

A'= A+ln(w1/w0)
B'= B+b*(1-(w1/w0))
C'= C

Where:

A, B and C are Antoine Constants for Octane

A= 7.00811

B= 3113.08

C= -64

p1 = vapour pressure of Octane(MPa)
w1 = adsorbed volume ofoctaneperunit mass adsorbant (cm3/kgC)
wO = pore volume perunit mass adsorbant (cm3/kgC)

wO and b to be predicted

w= 275.7210

AM Data Omit Last Data
wO = 557.9030 wO = 532.0561

b= 966.6034 b= 1043.6456
T= 308

In p1 = -8.413016146



A
ll

D
a
ta

E
xp

er
im

en
ta

l
D

a
ta

C
a

lc
u

la
te

d

P
a

r
a

m
e
te

r
s

3
0

8

•
•

0
.6

5
9

9
6

.5
9

9
E

-0
4

-7
.3

2
3

4
3

6
8

.6
1

6
2

2
.3

0
3

8
-7

.5
0

8
9

5
.4

8
1

8
E

-0
4

0
.5

4
8

2
0

.1
8

5
5

0
.0

3
4

4

1
.8

3
5

3
1

.8
3

5
E

-0
3

-6
.3

0
0

5
4

6
4

.1
5

1
1

2
.8

4
5

5
-6

.6
0

0
1

1
.3

6
0

2
E

-0
3

1
.3

6
0

2
0

.2
9

9
5

0
.0

8
9

7

3
.1

5
5

1
3

.1
5

5
E

-0
3

-5
.7

5
8

7
5

5
8

.9
3

2
8

3
.3

8
6

3
-5

.7
4

1
3

3
.2

1
0

7
E

-0
3

3
.2

1
0

7
-0

.0
1

7
5

0
.0

0
0

3

3
2

8

0
.2

4
1

6
2

.4
1

6
E

-0
4

-8
.3

2
8

2
1

9
5

.4
8

2
7

1
.2

4
1

3
-8

.2
1

1
0

2
.7

1
6

4
E

-0
4

0
.2

7
1

6
-0

.1
1

7
2

0
.0

1
3

7

0
.7

6
8

6
7

.6
8

6
E

-0
4

-7
.1

7
0

9
2

8
9

.2
3

7
0

1
.8

0
2

9
-7

.2
0

4
0

7
.4

3
6

2
E

-0
4

0
.7

4
3

6
0

.0
3

3
0

0
.0

0
1

1

1
.8

6
6

6
1

.8
6

7
E

-0
3

-6
.2

8
3

6
3

8
5

.2
2

2
9

2
.3

6
0

8
-6

.2
8

7
5

1
.8

5
9

4
E

-0
3

1
.8

5
9

4
0

.0
0

3
8

0
.0

0
0

0

5
.6

4
3

7
5

.6
4

4
E

-0
3

-5
.1

7
7

2
4

8
5

.7
4

1
6

2
.9

0
1

3
-5

.3
9

5
9

4
.5

3
4

9
E

-0
3

4
.5

3
4

9
0

.2
1

8
7

0
.0

4
7

8

8
.3

2
2

8
8

.3
2

3
E

-0
3

-4
.7

8
8

8
5

8
3

.5
6

4
2

3
.4

4
9

0
-4

.5
7

0
5

1
.0

3
5

3
E

-0
2

1
0

.3
5

3
0

-0
.2

1
8

3
0

.0
4

7
6

3
4

8

0
.2

7
9

6
2

.7
9

6
E

-0
4

-8
.1

8
2

2
1

0
8

.1
3

9
1

0
.6

8
5

2
-8

.3
3

8
0

2
.3

9
2

4
E

-0
4

0
.2

3
9

2
0

.1
5

5
9

0
.0

2
4

3

0
.6

2
9

1
6

.2
9

1
E

-0
4

-7
.3

7
1

2
2

0
0

.7
2

0
3

1
.2

5
5

5
-7

.1
5

4
7

7
.8

1
1

6
E

-0
4

0
.7

8
1

2
-0

.2
1

6
5

0
.0

4
6

9

1
.7

9
4

1
.7

9
4

E
-0

3
-6

.3
2

3
3

2
9

6
.8

4
8

7
1

.8
2

0
7

-6
.1

7
7

0
2

.0
7

6
7

E
-0

3
2

.0
7

6
7

-0
.1

4
6

3
0

.0
2

1
4

5
.1

9
5

5
5

.1
9

6
E

-0
3

-5
.2

6
0

0
3

9
6

.3
1

2
3

2
.3

7
2

2
-5

.2
8

1
2

5
.0

8
6

2
E

-0
3

5
.0

8
6

2
0

.0
2

1
3

0
.0

0
0

5

1
4

.4
6

8
2

1
.4

4
7

E
-0

2
-4

.2
3

5
8

4
9

6
.7

9
7

0
2

.8
8

7
4

-4
.4

4
2

2
1

.1
7

7
0

E
-0

2
1

1
.7

6
9

7
0

.2
0

6
4

0
.0

4
2

6

1
8

.8
9

4
9

1
.8

8
9

E
-0

2
-3

.9
6

8
9

5
9

5
.9

0
4

5
3

.4
3

2
6

-3
.6

5
5

7
2

.5
8

4
3

E
-0

2
2

5
.8

4
3

1
-0

.3
1

3
2

0
.0

9
8

1

v
a
ri

a
n

c
e
:

0
.4

8
6

2

T
a
b

le
B

1
.1

C
a
lc

u
la

ti
o

n
fo

r
A

ll
D

a
ta

P
a
ra

m
e
te

rs

n



O
m

it
L

a
s
t

D
a

ta

E
xp

er
im

en
ta

l
D

a
ta

C
a

lc
u

la
te

d

P
a

r
a

m
e
te

r
s

_J
_ K

3
0

8

_P ~P
0

.1
8

5
6

P

•

i

1
.8

5
6

E
-0

4

Ir
P

__

-8
.5

9?
9

1
•

2
7

5
.7

2
1

0

I
_"

1
.7

5
7

4
-8

.4
6

8
5

r

2.
09

99
E

-0
4"

_P lp
f

1
:

E_
S

0
.2

1
0

0
-0

.1
2

3
4

0
.0

1
5

2
0

.6
5

9
9

6
.5

9
9

E
-0

4
-7

.3
2

3
4

3
6

8
.6

1
6

2
2

.3
0

3
8

-7
.4

3
1

3
5

.9
2

4
1

E
-0

4
0

.5
9

2
4

0
.1

0
7

9
0

.0
1

1
6

1
.8

3
5

3
1

.8
3

5
E

-0
3

-6
.3

0
0

5
4

6
4

.1
5

1
1

2
.8

4
5

5
-6

.4
3

2
8

1
.6

0
7

9
E

-0
3

1
.6

0
7

9
0

.1
3

2
3

0
.0

1
7

5

3
2

8

0
.2

4
1

6
2

.4
1

6
E

-0
4

-8
.3

2
8

2
1

9
5

.4
8

2
7

1
.2

4
1

3
-8

.2
8

5
9

2
.5

2
0

5
E

-0
4

0
.2

5
2

0
-0

.0
4

2
3

0
.0

0
1

8
0

.7
6

8
6

7
.6

8
6

E
-0

4
-7

.1
7

0
9

2
8

9
.2

3
7

0
1

.8
0

2
9

-7
.1

9
7

5
7

.4
8

4
4

E
-0

4
0

.7
4

8
4

0
.0

2
6

6
0

.0
0

0
7

1
.8

6
6

6
1

.8
6

7
E

-0
3

-6
.2

8
3

6
3

8
5

.2
2

2
9

2
.3

6
0

8
-6

.1
9

7
8

2
.0

3
4

0
E

-0
3

2
.0

3
4

0
-0

.0
8

5
9

0
.0

0
7

4
5

.6
4

3
7

5
.6

4
4

E
-0

3
-5

.1
7

7
2

4
8

5
.7

4
1

6
2

.9
0

1
3

-5
.2

1
9

1
5

.4
1

2
5

E
-0

3
5

.4
1

2
5

0
.0

4
1

8
0

.0
0

1
8

3
4

8

0
.2

7
9

6
2

.7
9

6
E

-0
4

-8
.1

8
2

2
1

0
8

.1
3

9
1

0
.6

8
5

2
-8

.4
7

4
7

2
.0

8
6

9
E

-0
4

0
.2

0
8

7
0

.2
9

2
5

0
.0

8
5

6
0

.6
2

9
1

6
.2

9
1

E
-0

4
-7

.3
7

1
2

2
0

0
.7

2
0

3
1

.2
5

5
5

-7
.2

1
6

7
7

.3
4

1
9

E
-0

4
0

.7
3

4
2

-0
.1

5
4

5
0

.0
2

3
9

1
.7

9
4

1
.7

9
4

E
-0

3
-6

.3
2

3
3

2
9

6
.8

4
8

7
1

.8
2

0
7

-6
.1

6
1

5
2

.1
0

9
1

E
-0

3
2

.1
0

9
1

-0
.1

6
1

8
0

.0
2

6
2

5
.1

9
5

5
5

.1
9

6
E

-0
3

-5
.2

6
0

0
3

9
6

.3
1

2
3

2
.3

7
2

2
-5

.1
8

5
5

5
.5

9
6

9
E

-0
3

5
.5

9
6

9
-0

.0
7

4
4

0
.0

0
5

5
1

4
.4

6
8

2
1

.4
4

7
E

-0
2

-4
.2

3
5

8
4

9
6

.7
9

7
0

2
.8

8
7

4
-4

.2
6

5
5

1
.4

0
4

4
E

-0
2

1
4

.0
4

4
4

0
.0

2
9

7
0

.0
0

0
9

v
a
ri

a
n

c
e
:

0
.1

9
8

0

1
1

1



Appendix B2

Langmuir Isotherm,

e = bP/(l+bP)

b(T) = b0exp((Q/RT)-(Q/RT0))

where

e == fraction coverage
b == affinity constant
P == pressure

R == gas constant

Q == heat of adsorption
T == temperature

To == reference temperature

b0 == affinity constant

q = qs(b(T)P/(1+b(T)P))

qs = qs0exp<deltaT0*(1 -T/T0))

where

qs0 = saturation capacity at reference temperature T0

deltaTo = constant parameter

gamma = Q/RT0

qso, b0, gamma and deltaT0 to be predicted

q = qs(b(T)P/(1+b(T)P))

where

all data
omit last

data

qso

b0
gamma

deltaTo

=

3.3591

4.6957

16.0444

0.0779

qso

bo
gamma

deltaTo

b{T) = b0exp((Q/RT)-(Q/RT0))

T0 = 308

2.9819

6.9316

16.8835

0.0295



All Data

Experimental
Data

Calculated

Parameters

.j

r1 *. •

_L i -•_!•! n •*

• K . P -I K-l. .1-

308

0.1856 1.7574 4.6957 3.3591 1.5643 0.1931 0.0373

0.6599 2.3038 4.6957 3.3591 2.5396 -0.2358 0.0556

1.8353 2.8455 4.6957 3.3591 3.0099 -0.1644 0.0270

3.1551 3.3863 4.6957 3.3591 3.1467 0.2396 0.0574

328

0.2416 1.2413 1.7653 3.3422 0.9993 0.2420 0.0586

0.7686 1.8029 1.7653 3.3422 1.9241 -0.1212 0.0147

1.8666 2.3608 1.7653 3.3422 2.5641 -0.2033 0.0413

5.6437 2.9013 1.7653 3.3422 3.0373 -0.1360 0.0185

8.3228 3.4490 1.7653 3.3422 3.1292 0.3198 0.1023

348

0.2796 0.6852 0.7426 3.3253 0.5718 0.1134 0.0129

0.6291 1.2555 0.7426 3.3253 1.0589 0.1966 0.0387

1.794 1.8207 0.7426 3.3253 1.8996 -0.0789 0.0062

5.1955 2.3722 0.7426 3.3253 2.6409 -0.2687 0.0722

14.4682 2.8874 0.7426 3.3253 3.0422 -0.1548 0.0240

18.8949 3.4326 0.7426 3.3253 3.1041 0.3285 0.1079

variance: 0.6745

Table B2.1 Calculation for All Data Parameters

Experimental
Data

Calculated

Parameters

1

K

308

i

.. 's"f-

_1

r -I - •__ P •

• • I

> • i

i • i :>i '•"-

0.6599 2.3038 6.9316 2.9819 2.4470 -0.1432 0.0205

1.8353 2.8455 6.9316 2.9819 2.7646 0.0809 0.0065

328

0.2416 1.2413 2.4759 2.9762 1.1140 0.1273 0.0162

0.7686 1.8029 2.4759 2.9762 1.9510 -0.1481 0.02-19

1.8666 2.3608 2.4759 2.9762 2.4468 -0.0860 0.0074

5.6437 2.9013 2.4759 2.9762 2.7775 0.1238 0.0153

348

0.2796 0.6852 0.9955 2.9705 0.6468 0.0384 0.0015

0.6291 1.2555 0.9955 2.9705 1.1439 0.1116 0.0124

1.794 1.8207 0.9955 2.9705 1.9043 -0.0836 0.0070

5.1955 2.3722 0.9955 2.9705 2.4892 -0.1170 0.0137

14.4682 2.8874 0.9955 2.9705 2.7777 0.1097 0.0120

variance: 0.1409

Table B2.2 Calculation for Omit Last Data Parameters

u



Appendix B3

Dubinin-Radushkevich Isotherm

0 = exp(-power((£/pE0),2))

£ = R*rin(Po/p)

e = w/w0

W = q*vM

qs = W0A/m
R = 8.3142

q = qs*exp(-power((e/pE0)(2))

where

E0 = characteristic energy od adsorption for a reference adsorbate
B = scaling factor

fractional filling of pore
9 = volume

W0 and pE0 to be predicted

all data

W0 = 515.5740933

PE0 = 9219.006097

omit last

data

Wo = 470.293077

PEo = 10035.265
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APPENDIX C :

COMPARISON DATA OF THE ADSORPTION

ISOTHERM FOR SIPS ISOTHERM



Appendix C

Comparison Data : Sips Equation

q = qs*power((b*P),(1/n))/(1+power((b*P),(1/n))

b = b0*EXP(Q/RT - Q/RTo)
1/n = (1/n0) + a*(1-(T0/T))

qs = qs0*exp(deltaT0*(1 - (T/To))

where

bo = affinity constant

T0 = reference temperature

n0 = parameter n

deltaT0 = constant parameter

qs = saturation capacity

a = constant parameter

gamma = Q/RTo

qso, b0, gamma, n0, a and deltaT0 to be predicted

all data

7^665

0.2206

omit last data

5.1113

0.9689

MATLAB

all data

omit last

data

q'..._
_b,

gamma

dPitaT.

n.

7.1651

0.2044

3.6932

4.1706

5.6988 2.9750 14.7830 18.0000

| 1.9177 3.1609 0.0002 0.2629

2 7821 2.6822 2.8025 1.7603

a 1 1823 3.0917 0.6677 0.8195

T0 = 308
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