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ABSTRACT

CO2 removal can be conducted via adsorption process. This project concentrate on the

effect of electrical field on CO2 adsorption and desorption process using fixed bed at

different voltage. The main objective of this project is to study the effect of different

voltages towards the adsorption and desorption process using a bench scale experiment

setup. Literature study on the effect of polarizability of CO2 and activated carbon

towards the adsorption and desorption process was done. Further improvement on the

existing bench scale experiment setup and experimental method has also been made.

The scope of study shall be conducting the bench scale experiment and literature review

on the microscopic view (i.e polarizability) of the electrical enhanced adsorption and

desorption. This includes improvement of the method and setup of the existing lab

apparatus. The experiments conductedfor the adsorption/ desorption processwere using

2.5 mm and 1.5 mm size granular activated carbon (GAC). The experiment was also

done under a 20 kPa CO2 and N2 flow for all the experiment. The results shows that

variation in voltage affects the maximum uptake, rate of adsorption and rate of

desorption of the fixed bed activated carbon.

As voltage increased, the maximum uptake of CO2 gas in activated carbon andthe rate

of adsorption decreased, but the rate of desorption increased. For all three observed

factors, the graph trend of 2.5 mm size GAC shows a higher value than the 1.5 mm

GAC.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

Fossil fuels such as natural gas, refinery gas or coal gas generates huge

quantities of carbon dioxide (C02) when employed for industrial andother chemical

processes. Emission of CO2 from these sources is considered as the major

contributor towards global warming. A number of options currently exist to reduce

C02 emissions, whichone of them is by separating/removing and capturing the C02

prioremission andconcentrate it for utilization or disposal.

One of the techniques proposed for the capture andremoval of C02 includes

physical adsorption. Currently, under the physical adsorption technology, two

generic adsorptive process schemes for C02 removal have been developed. They

include thermal swing adsorption (TSA) andpressure swing adsorption (PSA).

These process schemes has their own deficiencies and majorly basedon two

factors, which are operating cost via energy consumption and cycle rate. TSA and

PSA prove to consume relatively high amount of operating cost as both technologies

possess the need for interchangeable parameter of temperature or pressure

throughout their process. The cycle rate for the temperature and pressure swing

cycles are also relatively slow, thus impeding their capability for large amount of

C02 removal when accounted per day.

A newly developed swing adsorption technology for C02 removal by using

Carbon Fiber Composite Molecular Sieve (CFCMS) or activated carbon, which is

still in the research phase, is called Electrical Swing Adsorption (ESA). It is



foreseeable that ESA possesses the capability of reducing the operating cost for the

swing adsorption process by not applying any form ofhearing and pressurizing. It

also practically reduces the cycle period by reducing the desorption rate via applying

a low voltage across the adsorbent. ESA releases the adsorbate by an electric current

without heating. This mechanism may be due toOhmic heating or disruption ofthe

Van Der Waals attractive forces between the adsorbent and adsorbate. Further

development on ESA is essential to produce amore effective and reliable process for

C02 removal through swing adsorption. An internal preliminary study and

experiment was done on the ESA emphasizing on the electrical enhanced adsorption

and desorption. This study emphasize on the effect of electrical field on C02

adsorption and desorption using fixed bed atdifferent voltages

1.2 Problem Statement

A study had been done on the C02 removal through electrical enhanced

adsorption and desorption, but the experiment was only done based on a constant

voltage value as its electrical source. No theoretical explanation or experiment had

been developed pertaining the effect ofvarious voltages towards the adsorption and

desorption process. Thus, auxiliary study must be done in order toreview the effect

ofdifferent voltage towards theC02 adsorption anddesorption process.

Parallel to this, literature study must also be done in order to theoretically explain

how does electricity affect the adsorption and desorption process. This project is

significant in order to attain the potential of electrical enhanced adsorption and

desorption as to apply it in the electrical swing adsorption (ESA) process. The
process isseen as apotential inthe C02 removal and swing adsorption technology.



1.3 Objective and Scope of Study

The main objectives of the project are:

1.3.1 To study the effect of different voltage source towards the C02

removal in the Electrical Swing Adsorption (ESA) process. The

study shall focus on the effect on adsorption and desorption rate

of the C02, andthemaximum C02uptake bythe activated carbon

whilst using different set of voltage. A graph trend shall be
i

produced to compare the result of the findings in the end of the

strldy.

1.3.2 To study the effect of adsorbent's particle size towards the

adsorption and desorption rate ofthe C02, and the maximum C02

uptake by the activated carbon when using electrical enhanced
adsorption and desorption process.

i

The scope of the study willbe limited to:
i
!

1.3.3 Conducting literature review on the polarizability of the adsorbent

(activated carbon) and adsorbate (CQO and its effect towards the

electrical adsorption and desorption process.

1.3.4 Conducting the experiment on the effect of different voltages

towards the C02 adsorption and desorption rate and electrical

swing adsorption and desorption cycle rate, and further enhance

the existing laboratory scale ESA.
i

The timeframe given to for the project is 14 weeks. The scope of work have been

distributed within this time and may be referred to the project's Gantt's Chart.

Appendix 5. !



CHAPTER 2

LITERATURE REVIEW AND THEORY

The latest offspring ofthe adsorption technology is the Electrical Swing Adsorption

for C02 removal using CFCMS (carbon-based adsorbent) initially researched at Oak

Ridge National Laboratory, Oak Ridge, Tennessee 37831-6088, USA, through a

bench scale experiment. Emphasized in this study is that by using the characteristic

of carbon-based material, through an electrical enhancement, the C02 desorption

rate can be shorten. "CFCMS has a continuous carbon skeleton which imparts

electrical conductivity to the material. We have utilized the electrical properties of

CFCMS to effect a rapid desorption of adsorbed gases in our breakthrough

apparatus. The process has been named electrically enhanced desorption. Clearly,

the desorption ofadsorbed C02 can be rapidly induced by the application ofa DC

electrical potential." [4]

2.1 Physical Adsorption (Physisorption)

In theory, the adsorption process revolves around intermolecular forces between

adsorbate and adsorbentsurfaceareas. "Certain components ofmixture, in this case,

C02 are concentrated atthesurface due to differences in the intermolecular forces of

attraction between the components of the fluid mixture and solid. Adsorption is

merely contacting the fluid mixture with the solid. Energy is released (exothermic)

during the process of adsorption. Energy must be supplied to the adsorbed phase

(endothermic) for the desorption process." [11

Physical adsorption or physisorption is discussed in this chapter due to the fact that

the adsorption process of C02 in activated carbon is in a form of physical



adsorption. Thus, to understand more on the C02 gas adsorption process,

physisorption is emphasized in this particular chapter.

All solid surfaces are energetically heterogeneous. This means that they consists of

sites which differ in the strength with which they can interact with impinging

molecules. Upon gas adsorption, it is the strongest surface sites that are populated

first; weaker adsorption sites can only be filled with adsorbate in excess of that

required to populate the strongest sites. When the interaction between a surface and

anadsorbate is relatively weak even in the strongest sites, only physisorption takes

place. Adsorbed molecules generally tend to form a monolayer surfoce which can

interact further, albeit weakly, with additional adsorbate molecules to form

multilayer.

Physisorption occurs when an adsorbable gas (the adsorptive) is brought into the

contact with the surface of a solid. The intermolecular forces involved are the same

kind as those responsible for the imperfection of real gases and the condensation of

vapors. In comparison with chemisorption, in physical adsorption, the forces are

relatively weak with bonding energy between 50-500 meV/atom, involving mainly

van Der Waals induced dipole-induced dipole interactions between adsorbate

molecules. "In addition to the attractive dispersion forces and the short range

repulsive forces, specific molecular interactions (e.g polarization, field-dipole, field

gradient-quadrapole) usually occur as a result ofparticular geometric and electronic

properties ofthe adsorbate andadsorptive" [7].

Physisorption, other than having weak bonding, also has the property of reversible

binding, which is important in a gas adsorption and desorption process, as the

adsorbate gas can easily be purged from the adsorbate for regeneration process.

Physisorption process occur near or below the adsorbate's critical temperature,

which in this case the activated carbon. Physisorption of C02 on activated carbon

occur ona very low heat of adsorption ofapproximately 30 kJ/mol, near to itsheat

of condensation and it is also non-activated, which means it has less adsorption at

higher temperatures. Physisorption has the advantage of having multilayer

adsorption that helps the activated carbon to have a higher adsorption capacity in



adsorbing gas molecules. During physical adsorption, the gas molecules do not lose

their chemical identityduringthe separation process.

2.1.1 Van Der Waals Forces

Van Der Waals forces are essential in the physisorption process as it is the main

bonding between the adsorbate and the adsorbent. Van Der Waals acts as the main
bonding between two uncharged or non-polar particles. "This behaviour indicates

attractive interparticle force. This attraction arises from dipolar interaction; local

fluctuations inthe polarization within one particle induces correlated response inthe

others via the propagation ofelectromagnetic waves. Molecules that do not possess

permanent dipole posses a non-zero instantaneous dipole moment because of
fluctuations caused for instance by electromagnetic radiation." [2]

The next diagrams and formulas give the main interaction formulas for charged and

uncharged particles, with different condition between the interactive particles and

surface:

a) General non polar - non polar London dispersion energy

a a

Figure 2.1 : Non polar - non polar molecule interaction

London dispersion energy - -3/rv a2/ 4(47retf) r

Where;

a = electric polarizability

r = distance between interacting particles

v=electronic absorption frequency (s"1) i.e ifI isthe ionization potential, I=hv

£o= absolute permittivity fe =8.854 x 10-12 C2 J"1 m"1)



b) Interaction betweensurfaces

Since adsorption and desorption process comprise of the interaction between the gas

adsorbate molecules and a large surface, which is the surface of theactivated carbon,

the van der Waals interaction free energy between these surfaces is also calculated

differently.

The three most important forces for the long range interaction between macroscopic

particles and a surface are steric-polymer forces, electrostatic interactions and van de

Waals forces. Ifwe assume than the van der Waals interactions between two atoms

in a vacuum are non-retarded and additive, then;

For a non retardedvan der Waals interaction free energy, w betweenan atom and a

flat surface;

w-
-TZCp

e

Gas

molecules V-

'/ '

D
1"&

Large
surface

Eqtn. 2.1

Figure 2.2 :Van der Waals interaction free energy, wbetween anatom and a flat
surface

For a non retardedvan der Waals interaction free energy, w betweena molecule and

flat surface;

w= -

A

6D
R Eqtn. 2.2



Gas

molecules

Large
surface

Figure 2.3 : Van der Waals interaction free energy, wbetween anmolecule and a flat
surface

Where;

C = coefficient in the atom-atom pair potential

D = the distance between the two atoms

pi- number of atoms perunitvolume of each body

A, Hamaker constant = n Cpip2

RA = radius of sphere

2.1.2 Physisorption Potential

Physisorption potential is affected by the van der Waals potential for between

molecules and affected by "image charge" potential for between surface and

molecules with addition ofelectric polarizability, a affect.

a) Physisorption potential betweenmolecules, V

v—P2-El--(alEl)-El=-al(E1f
where a = polarizability and E ~ dipole field

V = -a'V2 <*(Pi? Eqtn. 2.3

Kr J

V oc—- van der Waals potential



b) Physisorption potential between molecules and surfaces, V

While for thephysisorption potential between molecules and surfaces, V;

y oc — (lowest order term forimage-charge attraction)
z3

From both equation in (b), physisorption potential for the C02 adsorption in

activated carbon canbe increased by increasing the image-charge attraction.

2.2 Adsorptionand desorption mechanism

In order to have supplementary understanding on the electrical enhanced desorption

process, basis knowledge on the adsorption and desorption process has to be firstly
understood. Thus, in this segment, we shall look into the factors that may contribute

towards better adsorption and desorption, and in the end, relate them with the

function of electricity in the adsorption and desorption process. Questions of how

electricity contributes towards better desorption will be discussed later inthis stage.

2.2.1 Adsorption energy, heatof adsorption and surface area

Activated carbon adsorbs C02 gas molecules because there is a reduction in the

surface energy ofthe activated carbon when adsorption takes place. This reduction

in energy is adsorption energy and is released as heat when adsorption takes place.

As a general rule, the heat of adsorption increases as the size of the molecule

increases. For most activated carbons, adsorption is more efficient with non-polar

molecules. Molecules with greater adsorption energy displace molecules of lower

adsorption energy. The theory isbest explained by two adsorption models, which are

Langmuir Model and BET (Brunauer-Emmett-Teller) Model.

Langmuir Model, "originally developed for adsorption of gases onto solids,

is predicted on the assumptions that adsorption energy (heat of adsorption) is

constant and independent of surface coverage; that adsorption occurs on localized

sites with no interaction between adsorbate molecules, an that maximum adsorption



occurs when the surface is covered by a monolayer of adsorbate." [3]. Further

extended by BET Model using multi-layer adsorption phenomena, "assumptions

made by BET Model are that any given layer need not be complete before

subsequent layers can form, that the first molecules adhere to the surfoce with an

energy comparable to the heat of adsorption for monolayer attachment, and that

subsequent layers are essentially condensation reactions." [3] In a constant

expressive of the energy ofadsorption, B such that

B =
RT ,

Eqtn. 2.4

where Ei is the average heat of adsorption of the first layer, E2 is the heat of

condensation andd2c1/d1c2 is the ratio ofevaporation-condensation coefficients for

theadsorbed layers andoften is nearly equal to unity.

Understanding the energy of adsorption is essential in explaining the amount of

energy required to desorb CO2 gas from activated carbon using electricity. As

explained by Shivaji Shircar, desorption is an endothermic process. As discussed
earlier in this chapter, electrical energy is converted to heat energy via Ohmic

heating to supply energy to the adsorbate, C02 during the desorption process. The

amount ofheat energy needed is the same astheenergy of adsorption of theprocess.

"The forces responsible for physical adsorption of a gas to a solid are "London

dispersion" forces. These are weak attractive forces. Coulombic forces may also be

involved if either the solid or gas is polar in nature. Because of theweak nature of

these bonds the heat of adsorption of C02 on an activated carbon is rather low at

30kJ/mol. Consequently, the energy required to desorb the C02 from CFCMS, or

any activated carbon, is small. Indeed, in a CQ* scrubber associated with a 10 kW

alkaline fuel cell, the regeneration power requirement for both air and fuel gas

streams can be estimated to be of the order of 50W per regeneration cycle." [8].

10



2.2.2 Polarity of adsorbent and adsorbate

Adsorbate also has a contributing factor towards better adsorption and desorption.

"They include concentration, molecular weight, molecular size, molecular structure,

molecular polarity, steric form or configuration, and the nature ofbackground or

competitive adsorbates " [3]. Highlighted in the statement is the polarity of the
adsorbate molecules. A molecule is said to be polar if it centers of negative and

positive charge do not coincide. One end ofa polar molecule has a slight negative
charge and the other a slight positive charge. The negative end ofone polar molecule

and the positive end of another attract each other. Polar molecules are therefore

attracted to ions. Whenever two electrical charges of equal magnitude but opposite

sign are separated by a distance, a dipole is established. The size of a dipole is

measured byits dipole moment, denoted u,

C02 isanon-polar molecule, as the overall dipole moment ofthe C02 molecule, ji=

0.00. Although, both C-0bond ispolar, the C02 molecule isnot polar. Bond dipoles

and dipole moments are vector quantities; that is, they both has a magnitude and a
direction. The two bond dipoles in C02, although equal in magnitude, are exactly

opposite in direction. The result of adding them together is zero. Therefore the

overall dipole moment ofC02 iszero. Molecules with mirror symmetry like oxygen,

nitrogen, carbon dioxide, and carbon tetrachloride have no permanent dipole

moments. Even if there is no permanent dipole moment, it is possible to induce a

dipole moment by the application of an external electric field. This is called
polarization and the magnitude ofthe dipole moment induced is a measure of the

polarizability ofthe molecular species. Polarizability is the relative tendency ofthe

electron cloud of an atomto be distorted from its normal shape by the presence of a

nearby ion or dipole-that is, by an external electric field. Values are reported in

cubic Angstroms (unitsof 1 E-24 cm3).

As C02 is basically a non-polar molecule, thus the intermolecular attraction that

exists for C02 is London Dispersion or induced-dipole/induced-dipole interactions.

Although there is also an opinion that "C02 the leading term is supposed tobe the

permanent quadrupole-permanent quadrupole interaction, a simple electrostatic

force" [9]. The electric properties of a CO* molecule are :

11



Polarizability, ax 1040 (C2.m2 IP) =3.02

Dipole moment, p. x 1030 (C.mb) =0.00
Quadrepole moment, Qx1040( C.m2c) - -13.71

This properties ofa, ^t and Qare used toallow accurate qualitative predictions to be

made on the strengths ofthe adsorption ofgiven molecules onanadsorbent. Anon-

polar adsorbate, the activated carbon has a high-tendency to adsorb more non-polar

molecules rather than polar molecules. C02 molecules ismore adsorbed byactivated

carbon than any other adsorbents asthe molecules have a higher polarizability than

other type of molecules. Other than having a non-polar surface area, activated

carbon also have more surface area and more surface free energy (surface tension).

As described by Gibbs Model but alternately using water as the adsorbent surface

area, "most non-polar substances tend to reduce the interfacial tension of water by

accumulating ata phase boundary and increasing the area ofthe interface, as this is

energetically preferable toother means ofachieving equilibrium" [3].

2.3 Electrical enhanced desorption

"The continuous nature of the monolith's structure imparts electrical

conductivity to the material and thus allows for adsorbent regeneration via

direct electrical heating. Thus a separation system in which separations are

effected by swinging electrical current, rather than pressure or temperature, on

an adsorbent bed can be envisioned. Such a process has been named electrical

swing adsorption (ESA)M [41.

Activated carbon has a structure which allows electricity to flow through it, thus

electrical heating or also known as Ohmic heating can be done to enhance the

desorption process in an adsorption and desorption process. Electrical desorption

acts similar to the thermal desorption as both supply heat to the adsorbent bed. The

theory behind both applications is that the equilibrium extent or the capacity of

adsorption is generally found to decrease asthe temperature increases due toenergy

from heating, thus conversely increasing the desorption capability. "However,

electrical desorption is more efficient than thermal desorption (in TSA for

12



example) because the heat isgenerated from within the carbon and not from an

externalsource suchas a hot purge gas or external bed heaters" [4].

Further prove was done by Burchell through the electrical enhanced desorption

experiment, which included three cycles. " In the first and second cycles (A and

B) desorption is caused by the combined effect of an applied voltage (IV) and

He purge gas. In the third cycle (C) desorption is caused only by the He purge

gas. A comparison of cycles B and C indicated that the applied voltage reduces

the desorption time to less than third of thatusing only theHe purge gas (cycle

C). Clearly, the desorption of adsorbed C02 can be rapidly induced by the

application of a DC electrical potential." [4],

In the desorption process, electricity is used to supply energy towards the adsorbed

phase via heat energy. This energy is used to break the London Dispersion bonds

between the adsorbate and the adsorbent andknown as the desorption energy, which

is equal to the adsorption energy. As the heat of adsorption for C02 on activated

carbon is low, the amount of electricity needed as die source of energy is also

comparatively low inorder tohave an electrical enhanced desorption tooccur.

2.3.1 Ohmic heating

Ohmic heating is a newly developed alternative for heating. Currently being used in

thefood sterilization industry, Ohmic heating is different from other mean ofheating

techniques as it applies direct heating, in which heat isgenerated within the material

itself Ohmic heating uses the inherent electrical resistance of a material to generate

heat and depend highly on the electrical conductivity of the material. Activated

carbon has a very high electrical conductivity, hence allowing Ohmic heating to be

applied in the desorption process.

Ohmic heating behavior is different from conventional heating behavior. Whereas

with conventional heating methods liquids heat faster than solids, a surprising result

with Ohmic heating is that the reverse can occur. Even for a single particle in a

liquid, the heating rate is a function ofparticle shape and particle orientation to the

applied electric field.

13



As a completely independent process, Ohmic heating or Joule heating is simply
given by the total power, Pdumped into the desorption system via

P =I2R = — Eqtn. 2-5
R

with V= voltage applied, R=total serial resistance ofthe system and /- electrical

current.

When voltage is applied to the adsorbent, and by using a theoretical assumption that
all electrical energy is converted to Ohmic energy or thermal energy, and all Ohmic
energy is being transferred to the gas adsorbate, we can relate that:

Power in heat form = Power in electrical form

• 2

Q°L =Y— Eqtn. 2.6
/ R

with Qad= heat ofadsorption, and t =time taken for desorption
Aconclusion can bemade that if the voltage, V applied to the adsorbent increased

the amount ofheat energy being transferred to the adsorbent increases and by having
a constant heat ofadsorption or desorption, Qad the time, twill be decreased. In the
desorption point of view, the desorption rate will be increased as the voltage applied
is increased. Implicit in this calculation is the assumption that all ofthe electrical
energy is converted to thermal energy and transferred to the adsorbed C02 for
desorption purposes.

"Evidently, the resistance heating effect is acting directly atthe desorption sites
(fibre microporosity) resulting in arapid desorption ofthe adsorbate." [41
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CHAPTER 3

METHODOLOGY AND PROJECT WORK

Methodology and procedure is important to ensure that the project/

experiment is done correctly and good result can be obtained at the end of the

project/ experiment. Emphasize was given to the detail study onthe electricity effect

on the adsorption and desorption mechanism of C02 in activated carbon. The

methodology and procedure toconduct theresearch is divided into four main parts:

3.1 Literature Review and Information Gathering

Information regarding the Electrical Swing Adsorption process, and

adsorbent and adsorbate polarizability characteristics are gathered referring to

respective books, journals and thesis developed by external and internal parties. All

the information are skimmedand selected based on importance and relevancy. The

relevant information is studied thoroughly andexample data for future references.

3.2 Laboratory Work

Laboratory work covers the preparation of activated carbon, preparation of

experiment setup for electrical enhanced adsorption process, leak and electrical

circuit test, adsorption experiment using different voltage and desorption

experiment using different voltage. Detail experimental procedure shall be discussed

further below.
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3.2.1 Scope of the Experiment

Based on the experiment title and the overall objective of the project, the scope of
the experiment is to:

a) Attain the effect ofdifferent electrical voltage towards the adsorption and
desorption process (uptake and rate ofadsorption and desorption).

b) Atrend of adsorption and desorption rate vs. voltage shall be obtained by
the end of the experiment.

c) Atrend of maximum uptake vs. voltage shall be obtained at the end of
the experiment.

d) To attain the effect of electrical enhanced adsorption and desorption at
different size ofactivated carbon.

3.2.2 Experimental Apparatus andChemicals

In order to conduct the experiment, the apparatus and chemicals needed are prepared

as listed below, in the next page:
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Table 3.1: List ofequipments/glass wares/chemicals/others for experiment
purposes

NO

7

10

11

12

13

14

EQUIPMENTS/GLASSWARE/OT
HERS

SPECIFICATIONS

Electrical equipments:
Range (0-25V),3.5ARegulated DC Power Supply

Mili Ammeter

Voltmeter

Electrical Wire Connector

Range (0-30mA)
Range (0-10V)

75 cm

lniCopper wire
Other Equipments:

Range (0-3000kPa)Digital Mini Manometer
Digital Thermometer
Digital Balance
Vacuum Oven

Variable size oftubing (SANG
POLYUTHERENE TUBE)

T-Junction

Petri Disc

Spatula

Max600degC
Max 3100 degC
Max 1000 degC

6 x 4 mm

7yrdsx(lx0.13)mmPVC Tape
15 Aluminum Foil

Chemicals:

16

17

18

19

Purified CO;

Purified N2
Charcoal Activated Carbon
Charcoal Activated Carbon

99.99% purity
99.99 % purity

2.5 mm (particle size)
1.5 mm (particle size)

QUANTITY

3m

lroll

1 cylinder
1 cylinder

lkg
Ik*

3.2.3 Type/List of Experiments

Table 3.2: List ofexperiments with Different Granular Activated Carbon Size
and Different Adsorption/ DesorptionVoltages

I'Aperiuicnt Granular Vdsorption Voltages Desorption \ oltagcs

\n. Irtivqlwlf »rhon (V) {\)
Si/r(niiii)

03 ;1 2.5 ; 5 ,
2 2.5 —-I--' 8 1" 0.5 |
3 2.5 i 10 ,
4 " 2".5 j 15 ^ 1.0_ _. !
*• 2.5 ! 20 j ._ *•!_ _ j
f> 1.5 | 5 , p.3_ __ .
7 1r 8 1 0-5
X L5 1 10 | 0.6 .
9 1.5 15 ' _LP _ _
in 1.5 "f 20 1 L-\_ _
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3.2.4 Experimental Procedure

A. Preparation ofactivated carbon

1) 8Petri discs with its cover is weighted using the digital balance.
2) The activated carbon (particles size 2.5 mm) is filled into each disc and (the

discwith the activatedcarbon)is weighted again.

3) All the discs with activated carbon are put into the oven at 100 Cfor 24
hours.

4) After 24 hours, the discs are taken out from the oven and its weight is
recorded.

(Caution : The disc cover must be properly closed to avoid any

contamination)

5) The activated carbon in the petri discs are then kept in the desiccators to be

used later.

B. Preparation ofexperiment setupfor electrical enhanced adsorption process

1) The experiment setup as shown in appendix 3is prepared.
2) The tubing connection is connected from C02 and N2 gas cylinder to the

digital mini manometer (PI and P2), digital pressure differential gauge (PD)
and the activated carbon cylinder inorder tohave continuous flow ofC02.

3) The tubing at the end of digital manometer (P2) is left open for venting

purposes.

4) The electrical connection is connected from positive terminal of the DC
power supply with the copper wire going through the tubing in between the
inlet of the activated carbon cylinder and the tee junction of PD. The

electrical connectionends at the activatedcarbon cylinder.

(Caution: The copper wire is ensured to touch a bit of the activated
carbon to enable the activated carbon to conduct electricity from one

end to the other)
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5) The electrical connection is continued from the other end of the activate
carbon, and the wire going out from the tube in between the inlet of the
activated carbon cylinder and the tee junction of PD (Appendix 3). The

electrical connection goes through the ammeter, voltmeter and back to the

negative terminal of the DC power supply for acontinuous electrical circuit
flow through theactivated carbon.

6) The digital thermometer is placed at the 150 ml cylinder as shown in
appendix 3 and all connections are tightened. (Caution : The 150 ml
cylinder (column) must be wrapped with aluminum before experiment is
done to avoid water drops to appear on the column's wall due to

condensation)

C. Electrical and Leak Circuit Test

1) The 150 ml cylinder is filled with the activated carbon and the digital
thermometer (Tl) isplaced as shown inthe appendix 3.

2) The voltmeter and ammeter reading is monitored after the DC power supply
is switched on. (The electrical circuit connection is checked (positive and
negative pole) ifthere is no reading form both voltmeter and ammeter.)

3) After the electrical check is done, the tubing connection is checked from any

leakage byusingsoap solution.

4) The soap solution is put to all tube connection and the C02 gas valve is open
until the PI = 25 kPa. (The max required gas flow for the experiment)

5) While the gas is flowing the connection is monitored for any bubble

formation.

6) If any leakage found the connection the connection must be tighten up to

avoid thegas leakage anderrorin the experiment.

(Caution : From this point forward, the experiment shall be done in a well
ventilated room as to prevent any gas hazards i.e. asphyxiation, the doors shall

always be opened)
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D. Pre-experimentpreparation :Activated Carbon Heating andPurging

1) Continue from step 6 from section C, the digital mini manometer (PI and P2),

digital pressure differential gauge (PD), digital thermometer (Tl) and the

balance are switched on.

2) The balance is set to zero.

3) The power supply is switched on and is set at 5.0 V. The voltmeter and mili

ammeter are ensured to give some readings correspond to the power supply

voltage.

4) The N2 gas cylinder valve is opened (PI = 20kPa; keep constant at this value)

to let the purgegas flow through the activated carbon.

(Note : Activated carbon purging using N2 gas and electrical source is

important to get a highly generated activated carbon, free from C02. The

purging process is done in between 15 - 20 minutes prior to every

adsorption/desorption experiment)

E. Adsorption experiment usingDC currentof10.0 V.

1) Continue from step 4 from section D, the digital mini manometer (PI and P2),

digital pressure differential gauge (PD), digital thermometer (Tl) and the

balance are still in switched-on mode.

2) The balance is set to zero.

3) The power supply is still in switched-on at 5.0 V. The voltmeter and mili

ammeter are again ensured to give some readings correspond to the power

supply voltage.

4) The C02 gas cylinder valve is opened (PI = 20 kPa; keep constant at this

value) to let the gas flowthrough the activatedcarbon.

3) The PI, P2, PD, Tl, Voltmeter, Mili Ammeter and balance reading is recorded

for 50 minutes.
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F. Desorption experiment using DC current of OJV and Nitrogen purge

(continue from step D).

1) The C02 gas cylinder valve is closed and the N2 cylinder gas valve is opened

(Pl=20kPa).

2) The DC supply isswitched onand is set to0.3V.

3) The PI, P2, PD, Tl, Voltmeter, Mili Ammeter and balance reading is
recorded until the balance give almost constant value (about 25 minutes).

4) After 25 minutes, the experiment is stopped and all the equipments are

switched off.

( Note: Experiments D, E and Fwill be repeated with different sets ofvoltage
values, the voltage is determine in the experiment In every experiment, a new

activated carbon shall be used, refer Table 3.2)

G. Electrical enhanced adsorption and desorption using 1.5 mm particle size

granular activated carbon

1) Steps Ato Fis repeated again using granular activated carbon (GAC) with
particle sizeof 1.5mm.

2) The graphs uptake (mass ofC02 adsorbed (mg) / mass of activated carbon
bed (g)) vs. time is plotted. Also known as adsorption/desorption hysteresis.

3) All the derived graphs below are plotted both for 1.5 mm GAC and 2.5 mm

GAC:

i. Adsorption maximum uptake vs. voltage graph

ii. Adsorption rate vs. voltage graph

iii. Desorption rate vs. voltage graph
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3.2.5 DataAnalysis and Comparison

All the graphical results obtained from experiment is analyzed and discussed
by referring to the Ohmic heating theory behind electrical enhanced adsorption and
desorption process. The trends of the adsorption and desorption based on the
different voltages aretaken for trend comparison.

3.2.6 Report Preparation

The report for the research is prepared as part of the requirement for the
course. Apart from that, the report also serves as the reference for future study on the

respective field.

3.3 Tools Required

3.3.1 Experimental Apparatus andChemical

Refer to the experimental apparatus in table 1.

3.3.2 Software

Microsoft EXCEL is used to present the experimental results in form

oftables andgraphs for analysis and discussion purposes.
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter presents the results from the experiments and the analysis of the
findings. Discussion on the subject matter is also emphasized to get abetter view of
the findings fromthe experiments.

4.1 Experimental data

4.1.1 Data collection

The following data were obtained during the experiment and tabulated as follow:

4.1.1.a Mass of Activated Carbon for Each Experiments

For every experiments, the mass of activated carbon in the column is taken for

uptake calculation purposes. The mass data isas below:

Table 4.1: Mass of pre-heated activated carbon in fixed bedcolumn

Experiment
No.

Granular

Activated

Carbon Size

(mm)

Adsorption
Voltages

(V)

Desorption
Voltages

(V)

Mass:

Activated

Carbon (g)

1 2.5 5 0.3 76.99

2 2.5 8 0.5 77.62

3 2.5 10 0.6 83.79

4 2.5 15 1.0 75.19

5 2.5 20 1.5 90.07

6 1.5 5 0.3 85.16

7 1.5 8 0.5 83.62

8 1.5 10 0.6 84.37

9 1.5 15 1.0 84.94

10 1.5 20 1.5 87.21
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4.1.1-b Adsorptionand Desorption Data

Adsorption and desorption data are data that was obtained during the experiments.
The data taken were time, weight, temperature (Tl) and pressure (PI and P2),
Tabulated raw data for all experiments can be referred in appendix 1.

4.1.2 Observations

1. The voltmeter and ammeter gave constant readings throughout the experiment

for each different values of voltages. Below are the values of current

corresponding to its voltages for the experiment.

Table 4.2 : Corresponding Electrical Current against Electrical Voltage

Voltage, V (V) ' Current,! (m/V)

0.50

Voltage, V(V)

0.30

1 Current,! (mA) j
1 i

5.00 | 0.04

8.00 1.00

i.80

0.50 | 0.10
10.00 0.60 | 0.20

15.00 2.70

3.70

1.00 i 0.20

\" 0.2020.00 1.50

2. The pressure difference also gave aconstant value throughout the experiment but
sometimes fluctuate at± 3 kPa (Appendix 1: Tabulated raw data)

3. The C02 and N2 gases used in the experiments gave cooling effect to the

activated carbon.

4. The experiment measurements data especially mass data fluctuates since the
mass balance isvery sensitive to any disturbance from surrounding.

5. All adsorption process achieve maximum adsorption capacity or maximum
uptake at about the same period oftime, which is at 10 to 15 minutes.
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4.2 Assumptions and Limitations

1. The experiment was conducted in an ambient conditions where the atmospheric
pressure was assumed to be at 1atm and the ambient temperature was at 27 °C
(air condition room) when the experiments were conducted.

2. The experiment was done under aconstant C02 flow as aconstant factor in the
experiment. Assumed in the experiment that there was no leakage during the
experiments.

3. Volume of the activated carbon used for the experiment was assumed to be 150
ml, which is the same as the volume ofthe column with the mass reading was at
minimum, 76.99 gand maximum at 90.07 g(please refer to Table 4.1)

4. The activated carbon was assume to obey Ohm's Law (current is proportional to
voltage) and all the electrical energy is assumed to be converted to thermal
energy and transferred tothe adsorbed.

5. The straight slope line in determining the rate of adsorption/desorption in the
graphs are taken at point where the adsorption/desorption starts until 4to 5
points where the adsorption/desorption is stable or constant. The value of rate of
adsorption/desorption is taken from the slope value taken from the equation
developed from the straight line.

6. The concentration of adsorbate (C02) for the electrical enlianced
adsorption/desorption experiment used is 99.9% C02 purity. It is not the same as
the industrial application for C02 adsorption processes that usually present at
small concentration. Pure C02 is used for simplicity ofthe research/experiment.

7. Since there is still no established equipment for the electrical enhanced
adsorption/desorption analysis, the adsorption/desorption trend is only monitored
using balanced mass balance equipment, which is not accurate. The adsorption
has been observed evidence by an increased in the mass and desorption by the
decrement ofthe weight. The steady state is assumed when the weight fluctuates

at certain constant range.
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4.3 Adsorption ofC02 at Different Voltage

The C02 adsorption into 2.5 mm sized activated carbon process were obtained from

the experiments. This subchapter shall discuss on the effect of different voltages

towards electrical adsorption.

4.3.1 Adsorption Data

There were 5 adsorption experiments completed by using 2.5 mm activated carbon

asthe adsorbent. Below are the graphical data obtained from tiiese experiments. The

adsorption voltage used range from 5Vto 20 V. Relatively high voltages are used to
obtain better difference of effect for different voltages towards the adsorption. The

equations for the straight line from the graphs are used to obtain the values of
average rate ofadsorption for every graphs. The slope value from the equation is the

value ofrate ofadsorption.

o.oo-i

o.oo 5.00 10.00 16-00 20.00 26.00

Time (min)

30.00

Figure 4.1 : Exp 1 ; 5 V adsorption
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Figure 4.2 : Exp 2 ; 8 V adsorption

y = 4.0209X + 11.827

Figure 4.3 : Exp 3 ; 10 Vadsorption
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Figure 4.4 : Exp 4 ; 15 V adsorption

y=5.1511x+23.909
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Figure 4.5 : Exp 5 ; 20 V adsorption

28



Form the graphs obtained in each experiments in figure 4.1, 4.2, 4.3, 4.4 and 4.5, a

similar adsorption curve is attained. For each experiment, during the adsorption
process, the mass trend is increasing, fluctuating and stabilizes at approximately
adsorption time equals to approximately 15 minutes. This trend apply to all ofthe
adsorption curve in each experiment, thus concluding that the approximate time
taken for the activated carbon to attain maximum C02 capacity or maximum C02

uptake is approximately 15 minutes. The figure below shows the average adsorption

trend for experiments 1 to 5.

^N
Uptake (Mass af
C02 adsorbed/

mass of activated

carben (ms'flM

IS min

Approximate time
when adsorption
stabilizes

->
Time, t (mia*

Figure 4.6 : Average adsorption curve trend

The adsorption curve starts at zero and incline rapidly with ahigh initial slope in the
curve line. Average rapid inclination for every adsorption curve starts attime equals

tozero and ends approximately at time ofadsorption equals to 10 minutes. The slope

of the curve then decrease gradually until there is no more increment in the slope

and the reading points become constant at approximately adsorption time of 15

minutes.

The data fluctuation is believed to be due to sensitivity of the open balance used for

the experiment. The values ofmaximum C02 uptake by the activated carbon also
might not be accurate. This is because ofthe experiments for the adsorption process
were only done under a limited amount oftime due to time constraint. The process

may need alonger period ofadsorption time in order for the adsorbed phase to be in
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equilibrium with the gas phase. Still, the experiments are still valid because a stable
horizontal uptake trend could still be obtained for maximum uptake comparison

purposes.

Using the graphs obtained, the maximum uptake and the rate ofadsorption from
each experiments were calculated. Below is the tabulated summary ofrate ofC02

adsorption and maximum uptake of by the activated carbon.

Table 4.3 : RateofC02 Adsorption and Maximum C02 Uptake Summary

EXP
Adsorption voltage

(V)
5.00

8.00

10.00

15.00

20.00

Maximum Uptake

169.76

76.27

69.46

54.53

85.38

Rate of Adsorption
f (mg/g)/min)

10.3520

3.8902

4.0209

3.1183

5.1511

4.3.2 Maximum C02 Uptake in Adsorptionat DifferentVoltage

The uptake is measured by taking the mass ofthe C02 adsorbed in miligram (mg)
divided by the mass of the activated carbon bed in gram (g). Thus, the unit for
uptake is mg/g. Maximum uptake is the highest amount ofuptake achievable during
the adsorption process with respect to the adsorption voltage used in that particular
experiment. Adsorption voltage is the voltage applied to the granular activated
carbon (GAC) during the adsorption process. The summary ofthe maximum uptake

for all 5 experiments using 2.5 mm GAC isas graph below:
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Adsorption Maximum Uptake (mg/g) vs. Adsorption Voltage (V)

0.00

0.00 5.00 10.00 15.00

Adsorption Voltage (V)

20.00 25.00

-Max Uptake

Figure 4.7 : Adsorption Maximum C02 Uptake (mg/g) vs. Adsorption Voltage (V)

Figure 4.7 shows that the amount ofmaximum uptake decreases as the adsorption
voltage is increased. The amount ofmaximum uptake at adsorption voltage equals to
5 Vis the highest with the value of 169.76 mg/g. The minimum value ofmaximum

uptake is achieved at 15 Vwith a value of54.53 mg/g. Then, the maximum uptake
increased to 85.38 mg/g at20 V. In overall, the maximum uptake isinversely related

to adsorption voltage, which, as the voltage is increased the maximum uptake is

decreased. This is due to the reason that adsorption is an exothermic process as it

releases heat during the process and, when the adsorption voltage is increased, the

Olimic heating effect towards the activated carbon also increased. The application of

voltage during the adsorption process also produces heat internally within the

activated carbon, and eventually increases the temperature in the column. The

increase in temperature will reduce the capability of the adsorbent to adsorb C02.

The same effect is seen in the temperature swing adsorption mechanism.

"Adsorption isotherms obtained at temperature of30, 60 and 100 °C and a pressure

up to one atmosphere for C02 were analyzed and were found adsorbed less C02 at

60 and 100 °C than at 30 °C. At 100 °C the amount of C02 adsorbed was

approximately one third ofthe amount adsorbed at 30 °C". [4]. This has proven that

31



increment in voltage does not assist in better adsorption uptake instead decreasing

the amount of C02 adsorbed in the bed.

The graph also shows that this inverse relationship isnon-linear and the graph's line

is a polynomial line. The polynomial tine exists because of the relationship of

electrical power and Ohmic heating. Fundamentally, Ohmic heating is linearly

related to electrical power source. Since electrical power, P is related with voltage,

Vunder a forward polynomial relation, which is P = V2«R, then Ohmic heating is

also related to V under forward polynomial relation. As known, adsorption rate and

uptake is inversely proportional to Ohmic heating. Hence, we can conclude that
adsorption rate has an inverse polynomial relation with voltage, V, which produce a

polynomial line as depicted in Figure 4.7. The maximum uptake decrease immensely
from 169.76 mg/g to 76.27 mg/g from 5 Vto8V voltage application. From 8V to 10

V, the difference in the uptake decreases to only 6.81 mg/g and from 10 V to 15 V

the difference is only 14.93 mg/g.

4.3.3 Rate ofC02 Adsorption at Different Voltage

Rate ofadsorption isameasurement oftime taken in order for an adsorption process

to be completed or to achieve saturation. The rate ofadsorption is measured through

the amount of uptake per unit time. In this particular experiments, the rate of

adsorption is in unit of(mg/g)/min. The rate ofadsorption is obtained by taking the

slope of a straight line produced from the point the adsorption starts to the point

where saturation is acliieved (4 to 5 readings of the stabihzed adsorption reading) in

the adsorption graph. Based on this method, the average rate ofadsorption for all 5

experiments were summarized into thegraph below.
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Rate of Adsorption ((mg/g)/ min) vs. Adsorption Voltage (V)

12.0000

10.0000

| 8.0000

I 6.0000
c

I
1 4.0000

2.0000

0.0000

0.00 6.00 10.00 16.00

Adsorption Voltage (V)

20.00 26.00

• Adsorption Rate

Figure 4.8 : Rate ofAdsorption ((mg/g)/ min) vs. Adsorption Voltage (V)

Referring to figure 4.8 for 2.5 mm GAC rate of adsorption the trend of "rate of

adsorption vs. adsorption voltage" is similar to the "maximum uptake vs. adsorption

voltage" graph. This is because, as stated before the rate of adsorption is directly

related with uptake, and under approximately the same adsorption time period, only

the uptake affect the rate of adsorption. Form figure 4.8, the rate of adsorption is

high at 5 V adsorption voltage with values of 10.3520 (mg/g)/min. Then the graph

shows a decrement for rate of adsorption and increases again from 15 V adsorption

voltageto 20 V adsorption voltage.

Similar statement by T.D Burchell in 4.3.2 is used to explain the rate of adsorption

trend with respect to adsorption voltage. As all adsorption process in the

experiments achieve saturation atabout the same period oftime atapproximately 15

minutes, the adsorption rate is directly proportional to the maximum uptake during

each experiment. As the voltage increases, Ohmic heat being produced by the

activated carbon also increases. As adsorption is an exothermic process, C02 tries to

release heatto be adsorbed by activated carbon, butsince theactivated also produces

heat energy, less C02 can be adsorbed onto the surface of the activated therefore

diminishing the maximum uptake, hence decreasing the rate of adsorption. This

explains the similarity in the trend ofthe "rate ofadsorption vs. adsorption voltage"

graph and "maximum uptake vs. adsorption voltage" graphs from figure 4.8 and

figure 4.7 respectively.
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4.4 Desorption of C02 at DifferentVoltage

Under the same 5 experiments that was done for 2.5 mm GAC, the trend of
desorption process were also obtained. This subchapter shall discuss on the effect of
different voltages towards electrical desorption.

4.4.1 Desorption Data

Below are the graphical data for the 5 desorption experiments, with the desorption
voltage ranges from 0.30 V to 1.50 V. The desorption voltage is relatively lower
than the adsorption voltage because only a small amount ofvoltage is needed to act
as the heat source via Ohmic heating as the heat of adsorption of C02 in activated

carbon is low that is 30kJ/mol. .The equations for the straight line from the graphs

are used to obtain the values of average rate of desorption for every graphs. The

slope value from the equation isthe value ofrate ofdesorption.

Figure 4.9 : Exp 1 ; 0.3 V desorption
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Figure 4.10 : Exp 2 ; 0.5 V desorption
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Figure 4.11 : Exp 3 ; 0.8 V desorption
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Figure 4.12 : Exp 4 ; 1.0 V desorption

90.00

80.00

Time (min)

Figure 4.13 : Exp 5 ; 1.5 V desorption
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For the desorption process, the mass trend decreases, fluctuates and stabilizes at a

certain percentage of the maximum C02 uptake by the activated carbon. The

horizontal constant line in the graphs shows the amount of C02in terms of uptake

that is left in the activated carbon. This amount of C02 is not desorbed during the

desorption process because the desorption process is not 100 %efficient and thus, a

portion of C02 gas remains in the activated carbon during the process. An ideal

desorption process with 100 %efficiency will give a stable reading at zero uptake.

Below is shown theaverage trend of thedesorption process obtained from the Exp 1

to Exp 5 taken from Figure 4.9,4.10,4.11,4.12 and 4.13.

Uptake (Mass of
C02 adserbod/

mass of activated

carbon nugi'gJl

Figure 4.14 : Average desorption curve trend

The constant value of C02 mass during the desorption process in which the

desorption isconsidered as has settled isnot accurate. This isbecause the flowing N2

gas affects the mass reading and in additional, the cooling effect by the flowing gas

creates moisture on the activated carbon and on the column surface. The moisture

that exists increases the mass reading by the mass balance and eventually disturb the

mass reading for the experiments.

Using the graphs obtained, rate of desorption from each experiments were

calculated. Below is the tabulated summary of rate of C02 desorption by the 2.5 mm

activated carbon.
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Table 4.4: RateofC02 Desorption Summary

EXP Desorption voltage (V) Rate of Desorption ((mg/g)/min )

1 0.30 2.9804

2 0.50 3.2107

3 0.60 2.8637

4 1.00 3.6015

5 1.50 6.3587

4.4.2 Rate ofC02 Desorption at different voltage

Rate ofdesorption is the period oftime taken for removal ofC02 from the activated

carbon until it reaches a constant value. Analogous to die rate ofadsorption, the rate

of desorption is measured by taking the amount of uptake per unit time. In this

particular experiments, the rate of adsorption is in (mg/g)/min unit. The rate of

desorption is obtained by attaining the straight line slope ofthe desorption curve in

the desorption isotherm. The straight line slope starts at the beginning of the

desorption process and ends when the amount of uptake becomes constant and no

desorption occur (4 -5 readings of the stabilized desorption process). The summary

of allrateof desorption forall experiments is given asbelow.

Rate of Desorption ((mg/g)/ min) vs. DesorptionVoltage (V)

t 3

* 2

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Desorption Voltage (V)

-Desorption Rate

Figure 4.15 : RateofDesorption ((mg/g)/ min) vs. Desorption Voltage (V)
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The heat of adsorption for C02 in activated carbon is low, thus a low sets of

electrical voltages are used in the experiments. For the lowest applied voltage, 0.3 V,

the rate of desorption is low for the 2.5 mm GAC. Referring to Figure 4.15 the

obtained rate ofdesorption is only 2.9804 (mg/g)/min. As the desorption voltage is

increased, the rate ofdesorption also increased. Highest value of rate ofdesorption

for 2.5 mm GAC is 6.3587 (mg/g)/min at voltage equals to 1.5V.

Both factor of "rate of desorption and desorption voltage" has a non-linear

relationship. The graph shows a polynomial graph line, with a low increment ofrate
ofadsorption in the beginning ofthe graph, but a relatively high increment towards
the end. This is because, the relationship between rate of desorption and electricity

is as below:

Assuming 100 % energy conversion and constant heat of adsorption, Q and

resistance R:

Power in heat form ™Power in electrical form

£k =Kl Refer Eqtn. 2.6
/ R

Thus, if we have one unit increment of voltage, the time, t will be decreased to a

power root of2. Time, t in this equation correspond to the rate ofdesorption. A
lower amount of time produces a higher rate of desorption. This proves that the

relationship between desorption voltage and the desorption rate is polynomial and

not linear.

"The heat of adsorption of C02 on activated carbon fiber is 30 kJ moi "3. Asimple
calculation for the case shown in FT23 where approximately 1 L of C02 is adsorbed

indicates that atapower level of5 W, approximately 270 seconds would be required

to input the energy (1350 J) required to desorbed the C02 on the CFCMS. Implicit in

this calculation is the assumption that all of the electrical energy is converted to

thermal energy and transferred tothe adsorbed CO2." [4].
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Overall, the heating effect due to the electrical application is acting directiy at the

adsorption sites resulting in rapid desorption of the adsorbate. As the electrical

voltage is increased, the rate of desorption alsoincrease.

4.5 Effect of Granular Activated Carbon Particle Size on Electrical

Adsorption and Desorption

Experiments 1to 5 were completed using particle size of 2.5 mm granular activated

carbon as the adsorbent. Experiments 6 to 10 were completed using particle size of

1.5 mm granular particle size. The data for experiments 1 to 5 using 2.5 mm were

already discussed inthe previous subchapter. The adsorption and desorption data for

experiments using 1.5 mm GAC will not be discussed, but the graphical data for

Exp. 6 toExp 10 can be obtained in the Appendix 2. Inthis subchapter, only the data

on rate of adsorption, rate of desorption and maximum uptake of C02 for all

experiments using both particle size of 2.5 mm and 1.5 mm GAC are used for

discussion.

Table 4.5 : Maximum Uptake and Adsorption/Desorption Rate Summary

EXP
Adsorption
voltage (V)

Uptake
(mg/g)

Rate of

Adsorption
((mg/g)/min)

Desorption
voltage (V)

Rate of

Desorption
((mg/g)/min)

t 5.00 169.76 10.3520 0.30 2.9804

2 8.00 76.27 3.8902 0.50 3.2107

3 10.00 69.46 4.0209 0.60 2.8637

4 15.00 54.53 3.1183 1.00 3.6015

5 20.00 85.38 5.1511 1.50 6.3587

Table 4.6 : Maximum Uptake and Adsorption/Desorption Rate Summary

EXP
Adsorption
voltage (V)

Uptake
(mg/g)

Rate of

Adsorption
((mg/g)/min

Desorption
voltage (V)

Rate of

Desorption
((mg/g)/min)

6 5.00 136.80 5.7063 0.30 1.2556

7 8.00 137.53 5.5234 0.50 1.6925

& 10.00 74.20 2.8144 0.60 5.0759

9 15.00 38.97 1.8169 1.00 1.6570

10 20.00 33.37 1.0657 1.50 2.5736
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4.5.1 Effect of GAC Particle Size Towards Maximum Uptake

The data for from Table4.4 and Table4.5, the graphical data obtainedis as below.

Adsorption Maximum Uptake (mg/g) vs. Adsorption Voltage (V)

0.00 5.00 10.00 15.00

Adsorption Voltage (V)

20.00 25.00

- 2.5 mm max uptake

-1.5 mm max uptake

Figure4.16 : Comparison of 2.5 mm and 1.5mm GAC forAdsorption Maximum

Uptake (mg/g) vs. Adsorption Voltage (V)

Referring to Figure 4.16, the same trend in 2.5 mm GAC maximum uptake also

applies to the 1.5 mm GAC with exception on the difference in value of the

maximum uptake in each adsorption voltage. Comparing the amount of C02

adsorbed by the activated carbon, by generally looking at the trend, 2.5 mm GAC

adsorbed better thanusing 1.5 mm GAC when using electrical enhanced adsorption

method. It is believed that this might be causedby the surface areaof 1.5 mm GAC

that is higher than 2.5 mm GAC. As the surface area is higher, the amount of heat

from Ohmic heating source can be dissipated more easily into the environment

inside the column. Thus, for the same adsorption voltage, the temperature in the

column containing 1.5 mm GAC is higher than in 2.5 mm GAC, in which, as stated

above, the C02 adsorbed would be less.
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4.5.2 Effect of GAC Particle Size Towards Adsorption Rate

Rate of Adsorption ((mgfg)/ min) vs. Adsorption Voltage (V)

12.00

10.00

£ 8.00

I 6.00

a

4.00

2.00

0.00

0.00 5.00 10.00 15.00 20.00

Adsorption Voltage (V)

25.00

-2.5 rrm Desorption Rate

-1.5 rrm Desorption Rate

Figure 4.17 : Comparison of 2.5 mm and 1.5 mm GAC for Rate ofAdsorption ((mg/g)/

min) vs. Adsorption Voltage (V)

Based on Figure 4.17, 1.5 mm GAC applies the same adsorption rate trend as 2.5

mm, but at one particular adsorption voltage, the rate of adsorption of 2.5 mm GAC

is higher than for 1.5 mm GAC. This is true for all adsorption voltage except for 8 V

only and this particular value is treated as an error in the experiment. The rate of

adsorption is also related to the uptake and temperature of the column environment

during the experiment. At the same voltage, 1.5 mm GAC exhibits more heat

through larger surface area, increasing the heat in the column. As heat increase in

the column, more energy is being given to the C02 molecule. The kinetic energy of

the molecules increases therefore toughen the process of adsorption onto the surface

of the activated carbon as the molecules have to release more heat for adsorption to

occur. 1.5 mm GAC which hashigher surface areareleases more heatthusimpeding

the amountof CQ2 to be adsorbed by the adsorbent per unit time.
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4.5.3 Effect of GAC Particle Size Towards Adsorption Rate

Rate of Desorption ((mg/g)/ min) vs. Desorption Voltage (V)

7.00

6.00

c 5.00

I
1 4.00
E

E &00
I

I 200
1.00

0.00

0.00 0.50 1.00 1.50

Desorption Voltage (V)

2.00

-2.5 rrm Desorption Rate

-1.5 rrm Desorption Rate

Figure 4.18 : Comparison of 2.5 mm and 1.5 mm GAC forRateof Desorption ((mg/g)/

min) vs. Desorption Voltage (V)

The desorption rate trend of 1.5 mm GAC is similar to thedesorption rate of2.5 mm

GAC when being applied with the same values of voltages. The trend is 'increasing

rate of desorption asthe desorption voltage increases'. At all desorption voltage, the

rateof desorption for 2.5 mm GAC is higher than 1.5 mm GAC, with an exception

on 0.6 V rate of desorption. Figure 4.18 shows the comparison between the graph

line between both particle sizes effect on the desorption rate. The increment for rate

of desorption by 2.5 mm GAC is also higher than 1.5 mm GAC. This can be

acquired by comparing the average slope ofthe graphs. Evidentiy, 2.5 mm GAC line

has a higher slope than 1.5 mm GAC. It is beheved that this trend is caused by the

electrical resistivity bythe activated carbon and the core regions within theactivated

carbon. 1.5 mm GAC, with higher surface area has higher amount of core regions

and "adsorption sites in the core region of the fiber would be desorbed more slowly

and overall the desorption would not occur in the time indicated by the simple

calculation." [4]. This explains the difference of desorption rate between both size

of GAC.
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4.6 Temperature and Pressure Difference Profile on Adsorption and

Desorption for 2,5 mm GAC and 1.5 mm GAC

During the experiment, two other factors, temperature in the column and pressure

difference across the column were obtained to discuss the effect ofdifferent voltages

towards these factors. Generally, the column temperature and pressure difference

shows approximately the same trend for all the experiments. Although the trend is

the same, but the value of temperature and pressure difference in which each

experiment occur differ with each other. This is due to the different conditions in

each experiments i.e. voltage values. Below are the graphical data for the

temperature and pressure difference profile of each adsorption and desorption

experiments using 2.5 mmGAC and 1.5 mm GAC.

Part 1: Granular Activated Carbon Size 2.5 mm

10.00

0.00

0

-10.00

Temperature and Pressure Difference vs Time
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Figure 4.19 : The temperature and pressure difference profile for experiment 1
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Temperature and Pressure Difference vs Time
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Figure 4.20: The temperature and pressure difference profile for experiment2
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Figure 4.21: The temperature and pressure difference profile for experiment3
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Figure 4.22 : The temperature and pressure difference profile for experiment4

60.00 v

o.oo •:-

0.00

Temperatureand Pressure Difference vs Time

"*""*-*-^

16.00

- 14.00

112.00

10.00

«

8.00 i-
a.

•6.00

4.00

2.00

-4 0.00

5.00 10.00 15.00 20.00 25.00 30.00 35.00

Time(t)

-Tadsorb -«— Tdesorb dPadsorb -x -dPdesorb

Figure 4.23 : Thetemperature and pressure difference profile forexperiment 5
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Part 2 : Granular Activated Carbon Size l.S mm

Temperature and Pressure Difference vs Time

60.00
-• 20.00

- 15.00

jiBgMIBKBlBPBlMI
CO

10.00

--- 5.00

)0 10.00 20.00 30.00 40.0 80.00

-20.00 0.00

Time (min)

-Tadsorb - Tdesorb dPadsorb —k—dPdesorb

Figure4.24 : The temperature and pressuredifference profile for experiment 6
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Figure4.25 : The temperature and pressuredifference profile for experiment 7
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Figure 4.26: Thetemperature and pressure difference profile for experiment 8
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Figure 4.27: The temperature and pressure difference profile for experiment 9
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Figure 4.28: The temperature and pressure difference profile for experiment 10

4.6.1 Temperature Profile

From die graphs, mostly the temperature profile starts at ambient temperature,

approximately at 23 °C - 26.7 °C. As the adsorption process occurred, the

temperature profile had suddenly increased to a value above 30°C, with a maximum

recorded temperature based on Figure 4.28to be at 74.4 °C .

The sudden rise of temperature is due to the heat of adsorption surface of the

activated carbon. Adsorption process is an exothermic process, thus it releases heat

to the environment and increases the temperature reading in the column. The

temperature during the adsorption period decreased slowly with time and became

constant. The temperatures in which each profile become constant differ for every

experiment. But, mostiy the temperature profile during adsorption period at ambient

temperature of 20 °C - 30 °C, with exceptions for experiment 10 in Figure 4.28,

which stayed constant at a much higher temperature of 67 °C. There is no exact

trend on these constant values for each adsorption experiments.
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During desorption for all the experiments, at the beginning of the process the

temperature in the column suddenly dropped to a minimum recorded temperature

value of-12.8 °C based on Figure 4.24. The temperature was then increased to an

approximate value of 24 °C. In overall, there was no increase in the temperature in

the early phase of the desorption process because the electrical energy was

converted kinetic energy by the C02 molecules in order for the molecules to be

desorbed from the activated carbon. The temperature dropped due to the cooling

effect by the N2 gas flow across the column. After a certain amount of time, the

amount of CO2 to be desorbed will be less and allow for some of the electrical

energy to be converted to heatas excess energy. This excess energy, in form ofheat,

is dissipated into the atmosphere in the column, in which increased the temperature

in the column. The temperature became constant as the steady state condition in the

column had been achieved. The time taken from the point where the temperature

started to drop until it reached a constant reading was approximately 10-15

minutes for all the experiments.

4.6.2 Pressure Difference Profile

In the experiments, there are twotypes of inlet gas flowing into the activated carbon

column, whichare C02 gasas adsorbate during the adsorption process and N2 gas as

purge gas during the desorption process. In both processes, the inlet gas was kept

constant at a pressure of 20 kPa. The pressure difference was generally constant for

all the experiments and in both adsorption and desorption processes using whetiier

C02 or N2 gases at an approximate value of 17 kPa. Still, the value is not accurate

and may have fluctuations of+ 3 kPa.

During the adsorption process, the pressure difference thendecreased gradually until

the end of the experiment. Based on Figures 4.25, 4.26, 4.27 and 4.28 for

experiments 7, 8, 9 and 10 respectively, the pressure difference had decreased to 4

unit of pressure difference. The decreasing pressure difference is due to the

increment of C02 gas flowing out from the column as the activated carbon had

became saturated. The more the pressure difference decrease, more gas is flowing

out of the column.
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4.7 Errors in the experiment

Whilst doing the experiments, the following errors have been identified.

4.7.1 Random Error

Random errors are errors that are influenced by human deficiencies and may occur

spontaneously and uncontrolled. One random error may have occurred during the

experiments, which is:

a) Reaction time

The mass, temperature, pressure inlet and outlet data need to be recorded while the

experiment is still being performed. The data need to be collected at an interval time

of one minute per reading. All stated parameters are supposed to be taken

simultaneously at each minute, thus it is impossible to do so when every data is

taken manually by one person. Error might occur during the reaction time in

between those reading extraction.

4.7.2 Systematic Error

Systematic errors are errors produced by equipment default and can be reproduced

repeatedly in any time interval. Among systematic errors that have existed during

the experiments are:

a) Mass Balance Sensitivity

The mass balance is the most important equipment among the setup of the

experiment as it is being used to record the mass change of the activated carbon

column throughout the experiment. The mass balance is very sensitive to any

movement, touch and from the surrounding. The reading of the mass balance

suddenly changed immensely during the experiment if there was any external

disturbance. This problem can be properly avoided by limiting movements and
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touches during the experiments. Better result may be obtained if the experiments are

done in a well insulated area to avoid wind effect o the reading.

b) Inconsistent ofinletpressure, PI

Mini manometer is used to record the gas flow as a replacement of a flow meter.

Throughout the experiments, the gas flow should be kept constant Since constant

inlet pressure corresponds to a constant gas flow, therefore during the experiment,

the inlet pressure must also be constant. From the observation, the inlet pressure

fluctuates at + 3 kPa, hence affecting the outcome of the result by increasing

inaccuracy. This error may be controlled by regular adjustment of the gas valve to

meet the experiment requirement.

c) Cooling effectfrom Nitrogen gasflow

During the adsorption process, nitrogen gas is used as purge to enhance the

desorption rate. The nitrogen gas flow through the column had decreased the

temperature in and around the column. This temperature decrement may even arrive

to negative temperature values. This had caused water droplet to exist around the

column and causes error in the mass data taken. Prevention step for this problem is

to wrap the columnwith aluminum foil prior to everyexperiments.

Figure 4.29 : Figure shows activated carbon column wrapped in aluminum foil
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d) Leakage

The experimental setup is constructed manually with connection using tubing PVC

tape, therefore possibility of leakage to occur is high. Among the location that can

contribute to the leakage are:

i) Tubing T-junction connection

ii) Through the digital thermometer probe to the activated carbon

column

iii) Tlirough the tubing and copper wire connection.

The leakage are prevented by using PVC tape surrounding the connection.

53



CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Previous study on the electrical enhanced adsorption for Electrical Swing

Adsorption only limited to constant value of voltage. Therefore, further study and

research in the respected field is conducted in this project based on different source

ofvoltages with theoretical and literature support.

Activated carbon packed in the column provide continuous carbon arrangement that

electrical conductivity to the material. Ohmic heating principle had been utilized to

have an effect of rapid desorption of adsorbed gases in the experiment. From the

experiments done for both 2.5 mm and 1.5 mm granular activated carbon (GAC), it

can be concluded that increment in voltage causes for the maximum activated

carbon capacity or maximum uptake to be decreased. The rate of adsorption also

decreases as the effect of increasing adsorption voltage. The outcome for the rate of

desorption was as the desorption voltage increases, the rate of desorption also

increases in a polynomial proportional trend. Higher rate of desorption assists to

quicken the time for desorption process. The trend of maximum uptake versus

voltage, rate of adsorption versus voltage and rate of desorption versus voltage for

1.5 mm GAC is lower in calculated value when compared to 2.5 mm GAC particle

size.

Problems and deficiencies arose during the experiment such as existence of water

droplet and sensitivity of the mass balance was discussed and preventionsteps were

taken to hinder the problem. The problems were treated as errors and improvements

on the bench scale design were discussed in the recommendation stage.

54



5.2 Recommendations

As the experiment is still in its early stage in which, currently only in second stage,

there a lot of room for improvement to be done in order to get a better end result.

Below are a few suggestions on how to increase the accuracy and further improve
the research/experiment.

5.2.1 Triplicate Results

Each experiment is to be repeated at least three times to attain average sets of

results, hence increases the data accuracy. During this particular research project, the

experiments were only done once (twice for a few experiments) due to time

constraint caused by earlier equipment problem. Average sets of results are

important astheexperiment arefilled with errors.

5.2.2 Temperature Distribution

This particular recommendation was brought on from the previous project study.

The recommendation could not be entertained in this project study as there is no

such equipment that can support it. This suggestion was to provide a few points of

temperature detector along the activated column. This is done in order to obtain the

temperature increment movement in the activated column during theadsorption and

desorption experiment. The fixed bed theory says that the temperature distribution

across the desorbent bed will vary from cylinder inlet to the outiet. Thus, it is

important to get a temperature distribution profile during the experiment in order to

agree with the previous statement.

5.2.3 Desorbent Adsorption Isotherm

The adsorption isotherm for C02 for the particular adsorbent that is used in the

electrical enhanced experiment should be obtained, i.e. using Autosorb. By doing

this, the efficiency of the electrical enhanced method by comparing with the

desorbent adsorption capacity.
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process. The experiment should also be prepared in a wind-free location and done at

a location with minimal contact with external disturbance. This is to avoid any data

disturbance in the experiment. The experiment should also be done using a C02

analyzer together with a precision balance to get a more accurate results.

5.2.7 Scale-Up Study on Electrical Enhanced Adsorption/Desorption and

Electrical Swing Adsorption (ESA)

In order for the project to be developed into an industrial size application, it is

needed to have a larger scale experiment setup for the project. This is to ensure

whether the experiments done on the bench scale setup has the same trend if done n

a larger scale. The scale-up can be doneby using a bigger adsorption column, higher

amount ofelectrical source, higher amount of adsorbate and wider range ofelectrical

voltage. Other than this, it is also recommended that the scale-up experiment setup

can also be used to apply an electrical swing adsorption experiment. This is

important to have a good swing experiment result to see whether the technology is

applicable under a industry-sized condition.
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APPENDIX 1:

TABULATED RAW DATA

Notes:

Blue : Adsorption process

Red : Desorption process



Part 1: 2.5 mm Size Granular Activated Carbon

Exp 1 :5V adsorption , 0.3 V desorption (weight =76.99 g

Time (min) Weight (g) Tl(c> P1 (kPa) P2 (kPa) uptake dP(P1-P2)

0.00 0.00 45.70 20.00 2.00 0.00 18.00

1.00 3.37 42.60 20.00 2.00 43.77 18.00

2.00 3.70 40.20 20.00 , 2.00 48.06 18.00

3.00 3.70 38.30 20.00 2.00 48.06 18.00

4.00 3.76 37.20 20.00 2.00 48.84 18.00

5.00 3.83 36.30 20.00 2.00 49.75 18.00

6.00 3.90 35.40 20.00 2.00 50.66 18.00

7.00 4.18 34.30 20.00 2.00 54.29 18.00

8.00 4.37 32.90 20.00 2.00 56.76 18.00

9.00 6.35 31.10 20.00 2.00 82.48 18.00

10.00 9.26 29.80 20.00 2.00 120.28 18.00

11.00 10.91 28.50 20.00 2.00 141.71 18.00

12.00 12.02 27.40 20.00 2.00 156.12 18.00

13.00 12.50 26.60 20.00 2.00 162.36 18.00

14.00 12.76 25.80 20.00 2.00 165.74 18.00

15.00 12.87 25.20 20.00 2.00 167.16 18.00

16.00 12.97 24.80 20.00 2.00 168.46 18.00

17.00 13.01 24.50 20.00 2.00 168.98 18,00

18.00 13.03 24.10 20.00 2.00 169.24 18.00

19.00 13.04 23.90 20.00 2.00 169.37 18.00

20.00 13.07 23.70 20.00 2.00 169.76 18.00

21.00 13.01 23.60 20.00 2.00 168.98 18.00

22.00 12.90 23.50 20.00 2.00 167.55 18.00

23.00 12.82 23.40 20.00 2.00 166.52 18.00

24.00 12.80 23.50 20.00 2.00 166.26 18.00

25.00 12.93 23.50 20.00 2.00 167,94 18.00

26.00 12.94 23.40 19.00 2.00 168.07 17.00

27.00 12.93 23.40 19.00 2.00 167.94 17.00

28.00 12.91 23.30 19.00 2.00 167.68 17.00

29.00 12.87 23.30 19.00 2.00 167.16 17.00

30.00 12.83 23.40 19.00 2.00 166.65 17.00

31.00 12.84 23.30 19.00 2.00 166.77 17.00

32.00 12.84 23.30 19.00 2.00 166.77 17.00

33.00 12.84 23.20 19.00 2.00 166.77 17.00

34.00 12.78 23.20 19.00 2.00 166.00 17.00

35.00 12.81 23.20 19.00 2.00 ,166.39 17.00

36.00 12.80 23.10 19.00 2.00 166.26 17.00

37.00 12.80 23.00 19.00 2.00 166.26 17.00

38.00 12.75 2.90 20.00 2.00 165.61 18.00

39.00 11.96 -4.30 20.00 2.00 155.34 18.00

40.00 11.70 -5.00 20.00 2.00 151.97 18.00

41.00 11.61 -4.40 20.00 2.00 150.80 18.00

42.00 11.29 -3.00 20.00 2.00 146.64 18.00

43.00 10.86 1.30 20.00 2.00 141.06 18.00

44.00 10.34 6.00 20.00 2.00 134.30 18.00

45.00 10.32 13.10 20.00 2.00 134.04 18.00

46.00 10.11 16.00 20.00 2.00 131.32 18.00



47.00 9.65 17.70 20.00 2.00 125.34 18.00

48.00 9.25 19.00 20.00 2.00 120.15 18.00

49.00 9.41 19.90 20.00 2.00 122.22 18.00

50.00 9.33 20.60 20.00 2.00 121.18 18.00

51.00 9.25 21.40 20.00 2.00 120.15 18.00

52.00 9.22 21.20 20.00 2.00 119.76 18.00

53.00 9.18 21.40 20.00 2.00 119.24 18.00

54.00 9.14 21.60 20.00 2.00 118.72 18.00

55.00 9.14 21.70 20.00 2.00 118.72 18.00

56.00 9.13 21.80 20.00 2.00 118.59 18.00

57.00 9.12 22.10 20.00 2.00 118.46 18.00

58.00 9.12 22.10 20.00 2.00 118.46 18.00

59.00 9.11 22.20 20.00 2.00 118.33 18.00

60.00 9.09 22.30 20.00 2.00 118.07 18.00

61.00 9.13 22.30 20.00 2.00 118.59 18.00

62.00 9.16 22.30 20.00 2.00 118.98 18.00

63.00 9.17 22.00 20.00 2.00 119.11 18.00

64.00 9.05 22.50 20.00 2.00 117.55 18.00

65.00 9.05 22.50 20.00 2.00 117.55 18.00

66.00 9.05 22.60 20.00 2.00 117.55 18.00

67.00 9.07 22.60 20.00 2.00 117.81 18.00

68.00 9.07 22.70 20.00 2.00 117.81 18.00

69.00 9.09 22.70 20.00 2.00 118.07 18.00

70.00 9.16 22.70 20.00 2.00 118.98 18.00

71.00 9.17 22.70 20.00 2.00 119.11 18.00

72.00 9.17 22.80 20.00 2.00 119.11 18.00

73.00 9.2 22.80 20.00 2.00 119.50 18.00

74.00 9.23 22.80 20.00 i 2.00 119.89 18.00



Fvp ? • fl V adsorption 0.5 V desorption (weight =77.62q)

Time (min) Weight (g) Ti(c) P1 (kPa) P2 (kPa) uptake dP(P1-P2)

0.00 0.00 26.70 20.00 1.00 0.00 19.00

1.00 1.17 28.80 20.00 1.00 15.07 19.00

2.00 3.25 50.70 20.00 1.00 41.87 19.00

3.00 4.23 54.00 20.00 1.00 54.50 19.00

4.00 4.70 50.80 20.00 1.00 60.55 19.00

5.00 4.84 46.50 20.00 1.00 62.36 19.00

6.00 5.06 43.70 19.00 1.00 65.19 18.00

7.00 5.30 41.90 19.00 1.00 68.28 18.00

8.00 5.41 40.20 19.00 1.00 69.70 18.00

9.00 5.60 38.90 19.00 1.00 72.15 18.00

10.00 5.72 37.80 19.00 1.00 73.69 18.00

11.00 5.76 36.70 19.00 1.00 74.21 18.00

12.00 5.89 35.40 19.00 1.00 75.88 18.00

13.00 5.92 34.40 19.00 1.00 76.27 18.00

14.00 5.81 33.20 19.00 1.00 74.85 18.00

15.00 5.81 32.30 19.00 1.00 74.85 18.00

16.00 5.80 31.30 19.00 1.00 74.72 18.00

17.00 5.80 30.40 19.00 1.00 74.72 18.00

18.00 5.74 30.40 19.00 1.00 73.95 18.00

19.00 5.74 29.20 19.00 1.00 73.95 18.00

20.00 5.77 28.90 19.00 1.00 74.34 18.00

21.00 5.82 28.60 19.00 1.00 74.98 18.00

77.00 5.80 28.20 19.00 1.00 74.72 18.00

23.00 5.77 28.00 19.0G 1.00 74.34 18.00

24.00 5.72 28.00 19.00 1,00 73.69 18.00

25.00 5.69 27.80 19.00 1.00 73.31 18.00

26.00 5.72 27.70 19.00 1.00 73.69 18.00

27.00 5.72 27.50 19.00 1.00 73.69 18.00

28.00 5.72 27.40 19.00 1.00 73.69 18.00

29.00 5.73 27.30 18.00 1.00 73.82 17.00

30.00 5.62 27.20 18.00 1.00 72.40 17.00

31.00 5.76 27.20 18.00 1.00 74.21 17.00

32.00 5.75 27.20 18.00 1.00 74.08 17.00

33.00 5.70 27.10 18.00 1.00 73.43 17.00

34.00 5.70 27.10 18.00 1.00 73.43 17.00

35.00 5.70 27.00 18.00 1.00 73.43 17.00

36.00 5.70 27.00 18.00 1.00 73.43 17.00

37.00 3.63 11.90 18.00 1.00 46.77 17.00

38.00 3.57 0.00 20.00 1.00 45.99 19.00

39.00 2.59 -5.70 20.00 1.00 33.37 19.00

40.00 1.97 -6.20 20.00 1.00 25.38 19.00

41.00 1.56 -5.00 20.00 1.00 20.10 19.00

42.00 1.28 -3.00 20.00 1.00 16.49 19.00

43.00 1.25 -0.40 21.00 1.00 16.10 20.00

44.00 1.04 4.60 21.00 1.00 13.40 20.00

45.00 0.89 10.90 21.00 1.00 11.47 20.00

46.00 0.63 15.90 21.00 1.00 8.12 20.00

47.00 0.59 18.50 21.00 1.00 7.60 20.00

48.00 0.57 18.90 21.00 1.00 7.34 20.00

49.00 0.59 20.40 21.00 1.00 7.60 20.00



50.00 0.58 21.20 21.00 1.00 7.47 20.00

51.00 0.48 21.70 21.00 1.00 6.18 20.00

52.00 0.51 21.80 21.00 1.00 6.57 20.00

53,00 0.59 22.00 21.00 1.00 7.60 20.00

54.00 0.53 22.20 21.00 1.00 6.83 20.00

55.00 0.58 22.30 21.00 1.00 7.47 20.00

56.00 0.55 22.40 21.00 1.00 7.09 20.00

57.00 0.62 22.50 21.00 1.00 7.99 20.00

58.00 0.63 22.70 21.00 1.00 8.12 20.00

59.00 0.51 22.70 21.00 1.00 6.57 20.00

60.00 0.53 22.80 20.00 1.00 6.83 19.00

61.00 0.62 22.90 20.00 1.00 7.99 19.00

62.00 0.63 23.00 20.00 1.00 8.12 19.00

63.00 0.66 23.00 20.00 1.00 8.50 19.00

64.00 0.67 23.10 20.00 1.00 8.63 19.00

65.00 0.64 23.20 20.00 1.00 8.25 19.00

66.00 0.62 23.20 20.00 1.00 7.99 19.00

67.00 0.62 23.20 20.00 1.00 7.99 19.00

68.00 0.64 23.30 20.00 1.00 8.25 19.00

69.00 0.62 23.30 20.00 1.00 7.99 19.00

70.00 0.67 23.30 20.00 1.00 8.63 19.00

71.00 0.62 23.40 20.00 1.00 7.99 19.00

72.00 0.61 23.40 20.00 1.00 7.86 19.00



Fxn 3 : 10 V adsorption / 0.6 V desorption (weight = 83.79 q)

Time (min) Weight (g) Tl(c) P1 (kPa) P2 (kPa) uptake dP(P1-P2)

0.00 0.00 22.90 0.00 0.00 0.00 0.00

1.00 0.18 32.10 21.00 3.00 2.15 18.00

2.00 0.87 31.00 22.00 3.00 10.38 19.00

3.00 1.69 29.60 22.00 3.00 20.17 19.00

4.00 2.32 27.70 21.00 3.00 27.69 18.00

5.00 3.02 26.00 21.00 3.00 36.04 18.00

6.00 3.64 24.20 21.00 3.00 43.44 18.00

7.00 4.20 22.50 22.00 3.00 50.13 19.00

8.00 4.50 21.30 20.00 3.00 53.71 17.00

9.00 4.94 20.20 20.00 3.00 58.96 17.00

10.00 5.32 19.30 21.00 3.00 63.49 18.00

11.00 5.58 18.70 20.00 3.00 66.60 17.00

12.00 5.70 18,30 20.00 3.00 68.03 17.00

13.00 5.73 18.10 20.00 3.00 68.39 17.00

14.00 5.82 17.80 20.00 3.00 69.46 17.00

15.00 5.81 17.70 20.00 3.00 69.34 17.00

16.00 5.81 17.60 20.00 3.00 69.34 17.00

17.00 5.71 17.50 20.00 3.00 68.15 17.00

18.00 5.60 6.80 20.00 3.00 66.83 17.00

19.00 5.50 4.00 20.00 3.00 65.64 17.00

20.00 5.22 2.50 20.00 3.00 62.30 17.00

21.00 5.11 2.40 20.00 3.00 60.99 17.00

22.00 4.85 3.10 20.00 3.00 57.88 17.00

23.00 4.66 3.90 20.00 3.00 55.62 17.00

24.00 4.54 5.10 20.00 3.00 54.18 17.00

25.00 4.20 6.90 20.00 3.00 50.13 17.00

26.00 3.75 9.00 20.00 3.00 44.75 17.00

27.00 3.31 10.70 20.00 3.00 39.50 17.00

28.00 3.08 12.40 20.00 3.00 36.76 17.00

29.00 2.86 13.50 20.00 3.00 34.13 17.00

30.00 2.66 14.30 20.00 3.00 31.75 17.00

31.00 2.12 14.50 20.00 3.00 25.30 17.00

32.00 2.05

2.00

1.93

14.70

14.90

15.00

15.10

15.10

20.00 3.00 24.47 17.00

33.00 20.00 3.00 23.87 17.00

34.00 20.00 3.00 23,03 17.00

35.00 1.91 20.00 3.00 22.80 17.00

36.00 1.91 20.00 3.00 22.80 17.00



Fvn 4 - 15 Vadsorption 0.1 Vdesorption (weigh =75.19 g)

Time (min) Weight (g) Tl(c) P1 (kPa) P2 (kPa) uptake dP(P1-P2)

0.00 0 24.6 0 0 0.00 0.00

1.00 1.05 45.20 20.00 3,00 13.96 17.00

2.00 2.39 41.30 20.00 3.00 31.79 17.00

3.00 2.67 39.30 20.00 3.00 35.51 17.00

4.00 2.87 38.60 20.00 3.00 38.17 17.00

5.00 3.03 37.80 . 20.00 3.00 40.30 17.00

6.00 3.51 36.70 20.00 3.00 46.68 17.00

7.00 3.65 35.00 20.00 3.00 48.54 17.00

8.00 3.74 33.20 20.00 3.00 49.74 17.00

9.00 3.87 31.50 20.00 3.00 51.47 17.00

10.00 3.92 30.00 19.00 3.00 52.13 16.00

11.00 4.01 28.80 19.00 3.00 53.33 16.00

12.00 4.06 28.00 19.00 3.00 54.00 16.00

13.00 4.08 27.30 19.00 3.00 54.26 16.00

14.00 4.10 26.80 19.00 3.00 54.53 16.00

15.00 3.94 26.20 19.00 3.00 52.40 16.00

16.00 3.97 26.00 19.00 3.00 52.80 16.00

17.00 3.97 25.80 19.00 3.00 52.80 16.00

18.00 3.97 25.60 19.00 3.00 52.80 16.00

19.00 3.94 25.40 18.00 3.00 52.40 15.00

20.00 3.94 25.30 18.00 2.00 52.40 16.00

-pi no 3.93 25.20 18.00 2.00 52.27 16.00

22.00 3.92 25.10 18.00 2.00 52.13 16.00

23.00 3.92 25.00 18.00 2.00 52.13 16.00

24.00 3.89 24.90 18.00 2.00 51.74 16.00

25.00 3.88 24.80 18.00 2.00 51.60 16.00

26.00 3.87 24.70 18.00 2.00 51.47 16.00

27.00 3.88 24.70 17.00 2.00 51.60 15.00

28.00 3.87 24.60 17.00 2.00 51.47 15.00

29.00 3.86 24.60 17.00 2.00 51.34 15.00

30.00 3.94 24.60 17.00 2.00 52.40 15.00

31.00 3.93 24.50 17.00 2.00 52.27 15.00

32.00 3.92 24.50 17.00 2.00 52.13 15.00

33.00 3.92 24.50 16.00 2.00 52.13 14.00

34.00 3.29 23.00 20.00 3.00 43.76 17.00

35.00 1.70 23.00 20.00 3.00 22.61 17.00

36.00 1.23 2.90 20.00 3.00 16.36 17.00

37.00 0.92 -4.30 20.00 3.00 12.24 17.00

38.00 0.74 -5.00 20.00 3.00 9.84 17.00

39.00 0.66 -4.40 20.00 3.00 8.78 17.00

40.00 0.61 -3.00 20.00 3.00 8.11 17.00

41.00 0.51 1.30 20.00 3.00 6.78 17.00

42.00 0.43 6.00 20.00 3.00 5.72 17.00

43.00 0.42 13.10 20.00 3.00 5.59 17.00

44.00 0.38 16.00 20.00 3.00 5.05 17.00

45.00 0.36 17.70 20.00 3.00 4.79 17.00

46.00 0.35 19.00 20.00 3.00 4.65 17.00

47.00 0.32 19.90 20.00 3.00 4.26 17.00

48.00 0.32 20.60 20.00 3.00 4.26 17.00

49.00 0.32 21.40 20.00 3.00 4.26 17.00



50.00 0.3 21.20 20.00 3.00 3.99 17.00

51.00 0.27 21.40 20.00 3.00 3.59 17.00

52.00 0.25 21.60 20.00 3.00 3.32 17.00

53.00 0.25 21.70 20.00 3,00 3.32 17.00

54 00 0.22 21.80 20.00 3.00 2.93 17.00

55 00 0.17 22,10 20.00 3.00 2.26 17.00

56.00 0.15 22.10 20.00 3.00 1.99 17.00

57.00 0.14 22.20 20.00 3.00 1.86 17.00

58.00 0.14 22.30 20.00 3.00 1.86 17.00

59.00 0.14 22.30 20.00 3.00 1.86 17.00

60.00 0.12 22.30 20.00 3.00 1.60 17.00

61.00 0.12 22.00 20.00 3.00 1.60 17.00

62 00 0.12 22.50 20.00 3.00 1.60 17.00

63 00 0,11 22.50 20.00 3.00 1.46 17.00

64.00 0,12 22.60 20.00 3.00 1.60 17.00

65.00 0.12 22.30 20.00 3.00 1.60 17.00

66.00 0.12 22.00 20.00 3.00 1.60 17.00

Fxd 5 : 20 V adsorption /1.5V desorp tion (weight = 90.07 g )

Time (min) Weight (g) Tl(c) P1 (kPa) P2 (kPa) uptake dP(P1-P2)

0.00 0.00 22.90 0.00 0.00 0.00 0.00

1.00 -0.02 18.90 20.00 6.00 -0.22 14.00

2.00 3.60 43.60 20.00 6.00 39.97 14.00

3.00 4.39 46.60 20.00 6.00 48.74 14.00

4.00 5.21 48.80 20.00 6.00 57.84 14.00

5.00 5.76 48.70 20.00 6.00 63.95 14.00

6,00 6.00 46.90 19.00 5.00 66.61 14.00

7.00 6.39 44.60 19.00 5.00 70.94 14.00

8.00 6.61 43.40 20.00 6.00 73.39 14.00

9.00 6.74 42.30 20.00 6.00 74.83 14.00

10.00 7.30 41.60 20.00 6.00 81.05 14.00

11.00 7.43 41.00 21.00 6.00 82.49 15.00

12.00 7.69 40.40 21.00 6.00 85.38 15.00

13.00 7.66 39.80 20.00 6.00 85.04 14.00

14.00 7.68 38.40 20.00 6.00 85.27 14.00

15.00 7.69 39.00 20.00 6.00 85.38 14.00

16.00 7.12 37.40 20.00 6.00 79.05 14.00

17.00 5.13 24.30 20.00 6.00 56.96 14.00

18.00 3.68 9.10 19.00 5.00 40.86 14.00

19.00 3.65 8.20 19.00 5.00 40.52 14.00

20.00 3.05 13.90 20.00 6.00 33.86 14.00

21.00 2.65 20.70 20.00 6.00 29.42 14.00

22.00 2.55 23.00 20.00 6.00 28.31 14.00

23.00 2.56 23.90 20.00 6.00 28.42 14.00

24.00 2.58 24.10 20.00 6.00 28.64 14.00



25.00 2.57 24.30 20.00 6.00 28.53 14.00

26.00 2.59 24.50 20.00 6.00 28.76 14.00

27 00 2.58 24.70 20.00 6.00 28.64 14.00

28.00 2.56 24.90 20.00 6.00 28.42 14.00

29.00 2.57 25.10 20.00 6.00 28.53 14.00

30.00 2.56 25.30 20.00 6.00 28.42 14.00

Part 2 : Granular Activated Carbon Size 1.5 mm

FvP fi • e; \/ adsorption , 0.3 Vdesorption (weipht =85.16 g;

Time (min) Weight (g) Tl(c) P1 (kPa) P2 (kPa) uptake dP(P1-P2)

0.00 0.00 49.80 20.00 1.00 0.00 19.00

1.00 3.73 49.90 20.00 1.00 43.80 19.00

2.00 4.04 48.50 20.00 1.00 47.44 19.00

3.00 4.01 46.20 20.00 1.00 47.09 19.00

4.00 4.28 44.90 20.00 1.00 50.26 19.00

5.00 4.66 42.50 20.00 1.00 54.72 19.00

6.00 5.07 40.40 20.00 1.00 59.53 19.00

7.00 5.77 38.70 20.00 1.00 67.75 19.00

8.00 6.68 36.60 20.00 1.00 78.44 19.00

9.00 7.85 35.10 20.00 1.00 92.18 19.00

10.00 8.60 33.60 20.00 1.00 100.99 19.00

11.00 9.44 32.30 20.00 1.00 110.85 19.00

12.00 10.34 30.70 20.00 1.00 121.42 19.00

13.00 11.04 29.60 20.00 1.00 129.64 19.00

14.00 11.65 28.50 20.00 1.00 136.80 19.00

15.00 11.22 27.60 20.00 1.00 131.75 19.00

16.00 11.20 26.60 20.00 1.00 131.52 19.00

17.00 10.83 26.20 20.00 1.00 127.17 19.00

18.00 10.80 25.50 20.00 1.00 126.82 19.00

19.00 10.79 25.00 20.00 1.00 126.70 19.00

20.00 10.79 24.70 20.00 1.00 126.70 19.00

21.00 10.77 24.50 20.00 1.00 126.47 19.00

22.00 10.80 24.30 20.00 1.00 126.82 19.00

23.00 10.83 23.90 20.00 1.00 127.20 19.00

24.00 10.79 23.90 20.00 1.00 126.70 19.00

25.00 10.77 24.10 20.00 1.00 126.47 19.00

26.00 10.78 24.10 19.00 1.00 126.59 18.00

27.00 10.77 24.10 19.00 1.00 126.47 18.00

28.00 10.75 24.00 19.00 1.00 126.23 18.00

29.00 10.75 23.90 19.00 1.00 126.23 18.00

30.00 10.74 23.90 19.00 1.00 126.12 18.00

31.00 10.83 23.90 19.00 1.00 127.17 18.00

32.00 10.81 23.80 19.00 1.00 126.94 18.00

33.00 10.90 23.90 19.00 1.00 127.99 18.00

34.00 10.85 23.90 19.00 1.00 127.41 18.00

35.00 10.81 23.80 19.00 1.00 126.94 18.00



36.00 10.79 23.80 19.00 1.00 126.70 18.00

37.00 10.77 23.80 19.00 1.00 126.47 18.00

38.00 10.79 23.70 18.00 1.00 126.70 17.00

39.00 10.76 23.70 18.00 1.00 126.35 17.00

40.00 10.75 23.60 18.00 1.00 126.23 17.00

41.00 10.73 2.50 20.00 2.00 126.00 18.00

42.00 9.88 -4.30 20.00 2.00 116.02 18.00

43.00 9.41 -10.80 20.00 2.00 110.50 18.00

44.00 8.88 -12.80 20.00 2.00 104.27 18.00

45.00 8.88 -12.70 20.00 2.00 104.27 18.00

46.00 8.45 -12.00 20.00 2.00 99.22 18.00

47.00 8.65 -10.90 20.00 2.00 101.57 18.00

48.00 8.31 -10.90 20.00 2.00 97.58 18.00

49.00 8.29 -5.30 20.00 2.00 97.35 18.00

50.00 8.09 2.50 20.00 2.00 95.00 18.00

51.00 8.06 10.50 20.00 2.00 94.65 18.00

52.00 8.14 15.90 20.00 2.00 95.58 18.00

53.00 8.13 18.60 20.00 2.00 95.47 18.00

54.00 8.17 19.60 20.00 2.00 95.94 18.00

55.00 8.13 20.30 20.00 2.00 95.47 18.00

56.00 7.94 21.00 20.00 2.00 93.24 18.00

57.00 7.50 21.30 20.00 2.00 88.07 18.00

58.00 7.29 21.60 20.00 2.00 85.60 18.00

59,00 7.35 22.10 20.00 2.00 86.31 18.00

60.00 7.46 22.30 20.00 2.00 87.60 18.00

61.00 7.50 22.50 20.00 2.00 88.07 18.00

62.00 7.55 22.50 20.00 2.00 88.66 18.00

63.00 7.66 22.60 20.00 2.00 89.95 18.00

64.00 7.64 22.70 20.00 2.00 89.71 18.00

65.00 7.69 22.80 20.00 2.00 90.30 18.00

66.00 7.67 22.90 20.00 2.00 90.07 18.00

67.00 7.67 22.90 20.00 2.00 90.07 18.00

68.00 7.71 22.90 20.00 2.00 90.54 18.00

69.00 7.74 22.90 20.00 2.00 90.89 18.00

70.00 7.72 22.90 20.00 2.00 90.65 18.00

71.00 7.68 23.00 20.00 2.00 90.18 18.00

72.00 7.72 23.00 20.00 2.00 90.65 18.00

73.00 7.66 23.00 20.00 2.00 89.95 18.00

74.00 7.83 23.00 20.00 2.00 91.94 18.00

75.00 7.80 23.10 20.00 2.00 91.59 18.00

76.00 7.78 23.10 20.00 2.00 91.36 18.00

77.00 7.79 23.10 20.00 2.00 91.47 18.00

78.00 7.78 23.10 20.00 2.00 91.36 18.00

79.00 7.78 23.10 20.00 2.00 91.36 18.00

80.00 7.78 23.10 20.00 2.00 91.36 18.00



Exp 7 : 8 V adsorption , 0.5 V desorption (weight= 83.62 g)

Time (min) Weight (g) Ti(c) P1 (kPa) P2 (kPa) uptake dP(P1-P2)

0.00 0.00 53.00 21.00 1,00 0.00 20.00

1.00 3.56 54.00 21.00 1.00 42,57 20.00

2.00 8.47 54.50 21.00 1.00 101.29 20.00

3.00 9.03 52.70 21.00 1.00 107.99 20.00

4.00 9.74 49.50 21.00 1.00 116.48 20.00

5.00 10.20 48.00 21.00 1.00 121.98 20.00

6.00 10.78 46.00 20.00 1.00 128.92 19.00

7.00 11.07 44.20 20.00 1.00 132.38 19.00

8.00 11.40 42.40 20.00 1.00 136.33 19.00

9.00 11.45 40.90 20.00 1.00 136.93 19.00

10.00 11.49 39.60 19.00 1.00 137.41 18.00

11.00 11.43 38.30 19.00 1.00 136.69 18.00

12.00 11.50 37.10 19.00 1.00 137.53 18.00

13.00 11.42 36.60 18.00 1.00 136.57 17.00

14.00 11.41 35.10 18.00 1.00 136.45 17.00

15.00 11.40 34.30 18.00 1.00 136.33 17.00

16.00 11.43 33.60 18.00 1.00 136.69 17.00

17.00 11.32 32.80 18.00 1.00 135.37 17.00

18.00 11.25 32.20 17.00 1.00 134.54 16.00

19.00 11.31 31.30 17.00 1.00 135.25 16.00

20.00 11.11 30.80 17.00 1.00 132.86 16.00

21.00 11.04 30.10 17.00 1.00 132.03 16.00

22.00 10.99 29,60 17.00 1.00 131.43 16.00

23.00 10.94 29.50 17.00 1.00 130.83 16.00

24.00 10.93 29.20 17.00 1.00 130.71 16.00

25.00 10.77 29.10 16.00 1.00 128.80 15.00

26.00 10.72 28.60 16.00 1.00 128.20 15.00

27.00 10.62 28.40 16.00 1.00 127.00 15.00

28.00 10.64 28.10 16.00 1.00 127.24 15.00

29.00 10.64 28.10 16.00 1.00 127.24 15.00

30.00 10.62 28.00 16.00 1.00 127.00 15.00

31.00 10.62 27.90 16.00 1.00 127.00 15.00

32.00 10.62 27.90 16.00 1.00 127.00 15.00

33.00 10.61 27.90 16.00 1.00 126.88 15.00

34.00 10.62 27.80 16.00 1.00 127.00 15.00

35.00 9.42 22.00 20.00 1.00 112.65 19.00

36.00 6.16 5.30 20.00 1.00 73.67 19.00

37.00 4.70 -3.50 20.00 1.00 56.21 19.00

38.00 3.43 -7.30 20.00 1.00 41.02 19.00

39.00 2.96 -7.50 20.00 1.00 35.40 19.00

40.00 2.51 -7.10 20.00 1.00 30.02 19.00

41.00 2.21 -6.10 20.00 1.00 26.43 19.00

42.00 2.01 -4.90 20.00 1.00 24.04 19.00

43.00 2.03 -2.20 20.00 1.00 24.28 19.00

44.00 2.05 0.20 20.00 1.00 24.52 19.00

45.00 2.06 2.50 20.00 1.00 24.64 19.00

46.00 2.10 8.90 20.00 1.00 25.11 19.00

47.00 2.15 12.80 20.00 1.00 25.71 19.00

48.00 2.32 15.50 20.00 1.00 27.74 19.00

49.00 2.51 18.30 20.00 1.00 30.02 19.00



50.00 2.55 19.40 20.00 1.00 30.50 19.00

51.00 2.80 20.60 20.00 1.00 33.48 19.00

52.00 2.97 21.10 21.00 1.00 35.52 20.00

53.00 3.04 21.70 21.00 1.00 36.35 20.00

54.00 3.11 20.00 21.00 1.00 37.19 20.00

55.00 3.15 22.30 21.00 1.00 37.67 20.00

56.00 3.39 22.60 21.00 1.00 40.54 20.00

57.00 3.45 22.70 21.00 1.00 41.26 20.00

58.00 3.57 22.90 21.00 1.00 42.69 20.00

59.00 3.18 22.90 21.00 1.00 38.03 20.00

60.00 3.58 23.00 21.00 1.00 42.81 20.00

61.00 3.59 23.10 21.00 1.00 42.93 20.00

62.00 3.59 23.10 21.00 1.00 42.93 20.00

63.00 3.59 23.20 21.00 1.00 42.93 20.00

64.00 3.58 23.30 21.00 1.00 42.81 20.00

65.00 3.57 23.30 21.00 1.00 42.69 20.00

66.00 3.58 23.40 21.00 1.00 42.81 20.00

67.00 3.58 23.40 21.00 1.00 42.81 20.00

68.00 3.57 23.50 21.00 1.00 42.69 20.00

Exo 8 :10 V adsorption , 0.6 V desorj)tion (weight = 84.37 a)

Time (min) Weight (g) Tl(c) P1 (kPa) P2 (kPa) uptake dP(P1-P2)

0.00 0.00 30.10 20.00 4.00 0.00 16.00

1.00 3.14 51.40 20.00 3.00 37.22 17.00

2.00 3.85 52.50 20.00 3.00 45.63 17.00

3.00 5.24 53.30 20.00 3.00 62.11 17.00

4.00 5.25 53.50 20.00 4.00 62.23 16.00

5.00 5.27 50.50 20.00 4.00 62.46 16.00

6.00 5.43 47.80 20.00 4.00 64.36 16.00

7.00 5.74 44.60 20.00 4.00 68.03 16.00

8.00 5.96 41.40 20.00 4.00 70.64 16.00

9.00 6.07 39.90 20.00 4.00 71.95 16.00

10.00 6.12 38.90 20.00 3.00 72.54 17.00

11.00 6.14 38.20 19.00 3.00 72.77 16.00

12.00 6.18 37.60 18.00 3.00 73.25 15.00

13.00 6.22 37.40 18.00 3.00 73.72 15.00

14.00 6.26 37.30 18.00 3.00 74.20 15.00

15.00 6.06 37.40 18.00 3.00 71.83 15.00

16.00 6.13 37.50 16.00 3.00 72.66 13.00

17.00 6.13 -4.60 20.00 4.00 72.66 16.00

18.00 5.04 -9.00 20.00 4.00 59.74 16.00

19.00 4.81 -10.40 20.00 4.00 57.01 16.00

20.00 4.04 -11.30 20.00 4.00 47.88 16.00

21.00 3.43 -8.00 20.00 4.00 40.65 16.00

22.00 2.54 4.40 20.00 4.00 30.11 16.00

23.00 0.95 13.00 20.00 4.00 11.26 16.00

24.00 0.66 17.00 20.00 4.00 7.82 16.00

25.00 0.46 21.00 20.00 4.00 5.45 16.00

26.00 0.31 21.90 20.00 4.00 3.67 16.00

27.00 0.27 22.40 20.00 4.00 3.20 16.00



28.00 0.28 22.70 20.00 4.00 3.32 16.00

29.00 0.45 22.80 20.00 4.00 5.33 16.00

30.00 0.39 23.00 20.00 4.00 4.62 16.00

31.00 0.31 23.10 20.00 4.00 3.67 16.00

32.00 0.30 23.20 20.00 4.00 3.56 16.00

33.00 0.34 23.30 20.00 4.00 4.03 16.00

34.00 0.22 23.40 20.00 4.00 2.61 16.00

Exp 9: 15 V adsorption , 1.0 Vdesorption (weight = 84.94 g)

Time (min) Weight (g) Tl(c) P1 (kPa) P2 (kPa) uptake dP (P1-P2)

0.00 0.00 62.60 21.00 2.00 0.00 19.00

1.00 0.30 63.50 21.00 2.00 3.53 19.00

2.00 0.46 62.40 20.00 2.00 5.42 18.00

3.00 0.78 61.00 20.00 2.00 9.18 18.00

4.00 1.07 59.40 20.00 2.00 12.60 18.00

5.00 1.25 58.30 20.00 2.00 14.72 18.00

8.00 1.45 57.70 20.00 2.00 17.07 18.00

7.00 1.75 56.60 20.00 2.00 20.60 18.00

8.00 1.96 55.80 20.00 2.00 23.08 18.00

9.00 2.24 54.70 20.00 2.00 26.37 18.00

10.00 2.48 53.40 19.00 2.00 29.20 17.00

11.00 2,60 52.00 19.00 2.00 30.61 17.00

12.00 2.81 50.60 19.00 2.00 33.08 17.00

13.00 3.05 48.80 19.00 2.00 35.91 17.00

14.00 3.02 47.50 19.00 2.00 35.55 17.00

15.00 3.15 46.30 19.00 2.00 37.09 17.00

16.00 3.16 45.30 17.00 2.00 37.20 15.00

17.00 3.18 44.80 17.00 2.00 37.44 15.00

18.00 3.26 44.00 16.00 2.00 38.38 14.00

19.00 3.31 43.50 16.00 2.00 38.97 14.00

20.00 3.23 43.20 16.00 1.00 38.03 15.00

21.00 3.24 42.90 16.00 1.00 38.14 15.00

22.00 3.22 42.70 16.00 1.00 37.91 15.00

23.00 3.19 42.60 16.00 1.00 37.56 15.00

24.00 3.21 42.50 16.00 1.00 37.79 15.00

25.00 3.22 42,50 16.00 1.00 37.91 15.00

26.00 3.22 42.50 15.00 1.00 37.91 14.00

27.00 3.23 42.60 15.00 1.00 38.03 14.00

28.00 3.16 42.70 15.00 1.00 37.20 14.00

29.00 3.20 42.70 15.00 1.00 37.67 14.00

30.00 3.13 4270 15.00 1.00 36.85 14.00

31.00 3.20 42.70 15.00 1.00 37.67 14.00

32.00 3.21 42.70 15.00 1.00 37.79 14.00

33.00 3.23 42.70 15.00 1.00 38.03 14.00

34.00 3.17 42.80 15.00 1,00 37.32 14.00

35.00 3.17 42.70 15.00 1.00 37.32 14.00

36.00 3.18 42.80 15.00 1.00 37.44 14.00

37.00 3.18 42.80 15.00 1.00 37.44 14.00

38.00 3.18 42.80 15.00 1.00 37.44 14.00



39.00 3.18 42.80 15.00 1.00 37.44 14.00

40.00 3.18 42.60 20.00 2.00 37.44 18.00

41.00 2.97 33.90 20.00 2.00 34.97 18.00

42.00 2.95 17.90 20.00 2.00 34.73 18.00

43.00 2.88 10.00 19.00 2.00 33.91 17.00

44.00 2.78 7.30 19.00 2.00 32.73 17.00

45.00 2.65 6.20 19.00 2.00 31.20 17.00

46.00 2.47 6.00 19.00 2.00 29.08 17.00

47.00 2.23 5.80 19.00 2.00 26.25 17.00

48.00 2.06 6.10 19.00 2.00 24.25 17.00

49.00 1.90 7.50 19.00 2.00 22.37 17.00

50.00 1.73 10.40 18.00 1.00 20.37 17.00

51.00 1.68 12.90 18.00 1.00 19.78 17.00

52.00 1.57 15.80 18.00 1.00 18.48 17.00

53.00 1.43 17.60 18.00 1.00 16.84 17.00

54.00 1.39 18.70 18.00 1.00 16.36 17.00

55.00 1.37 19.60 17.00 1.00 16.13 16.00

56.00 1.36 20.20 17.00 1.00 16.01 16.00

57.00 1.37 20.80 17.00 1.00 16.13 16.00

58.00 1.37 21.30 17.00 1.00 16.13 16.00

59,00 1.38 21.40 16.00 1.00 16.25 15.00

60.00 1.46 21.60 16.00 1.00 17.19 15.00

61.00 1.38 21.80 16.00 1.00 16.25 15.00

62.00 1.36 21.80 16.00 1.00 16.01 15.00

63.00 1.35 21.90 16.00 1.00 15.89 15.00

64.00 1.29 21.90 16.00 1.00 15.19 15.00

65.00 1.32 21.90 16.00 1.00 15.54 15.00

66.00 1.34 21.90 16.00 1.00 15.78 15.00

67.00 1.37 21.90 16.00 1.00 16.13 15.00

68.00 1.39 22.00 16.00 1.00 16.36 15.00

69.00 1.45 22.00 16.00 1.00 17.07 15.00

70.00 1.30 22.00 16.00 1.00 15.30 15.00

71.00 1.34 22.00 16.00 1.00 15.78 15.00

72.00 1.34 22.10 16.00 1.00 15.78 15.00

73.00 1.39 22.10 16.00 1.00 16.36 15.00

74.00 1.38 22.10 16.00 1.00 16.25 15.00

75.00 1.29 22.10 16.00 1.00 15.19 15.00

76.00 1.37 22.10 16.00 1.00 16.13 15.00

77.00 1.37 22.10 16.00 1.00 16.13 15.00

78.00 1.39 22.10 16.00 1.00 16.36 15.00



Exp 10 : 20 V adsorption ,1.5V desorption (weight =87.21 g)

Time (min) I Weight (g) Ti(c) P1 (kPa) P2 (kPa) uptake dp (P1-P2)

0.00 0.00 74.40 20.00 2.00 0.00 18.00

1.00 0.88 74.40 20.00 2.00 10.09 18.00

2.00 1.16 73.80 20.00 2.00 13.30 18.00

3.00 1.28 73.10 20.00 2.00 14.68 18.00

4.00 1.63 73.20 20.00 2.00 18.69 18.00

5.00 1.84 73.10 20.00 2.00 21.10 18.00

6.00 2.17 72.70 20.00 2.00 24.88 18.00

7.00 2.37 72.20 19.00 2.00 27.18 17.00

8.00 2.59 71.30 19.00 2.00 29.70 17.00

9.00 2.60 70.20 19.00 2.00 29.81 17.00

10.00 2.68 69.20 19.00 2.00 30.73 17.00

11.00 2.83 68.10 18.00 2.00 32.45 16.00

12.00 2.84 67.40 18.00 2.00 32.57 16.00

13.00 2.86 66.90 18.00 2.00 32.79 16.00

14.00 2.91 66.70 18.00 2.00 33.37 16.00

15,00 2.69 66.60 18.00 2.00 30.85 16.00

16.00 2.70 66.60 18.00 2.00 30.96 16.00

17.00 2.74 66.80 18.00 2.00 31.42 16.00

18.00 2.59 66.40 17.00 2.00 29.70 15.00

19.00 2.59 66.90 17.00 2.00 29.70 15.00

20.00 2.58 67.00 17.00 2.00 29.58 15.00

2100 2.56 67.00 17.00 2.00 29.35 15.00

22.00 2.56 7.80 20.00 3.00 29.35 17.00

23.00 2.46 0.90 20.00 3.00 28.21 17.00

24.00 2.13 -3.50 20.00 3.00 24.42 17.00

25.00 1.91 -5.60 20.00 3.00 21.90 17.00

26.00 1.74 0.50 20.00 3.00 19.95 17.00

27.00 1.57 10.50 20.00 3.00 18.00 17.00

28.00 1.21 18.10 21.00 3.00 13.87 18.00

29.00 0.75 19.90 21.00 3.00 8.60 18.00

30.00 0.50 20.90 21.00 3.00 5.73 18.00

31.00 0.52 21.80 21.00 3.00 5.96 18.00

32.00 0.41 22.30 21.00 3.00 4.70 18.00

33.00 0.37 22.50 21.00 3.00 4.24 18.00

34.00 0.37 22.70 21.00 3.00 4.24 18.00

35.00 0.39 22.80 21.00 3.00 4.47 18.00

36.00 0.37 22.90 21.00 3.00 4.24 18.00

37.00 0.40 22.90 21.00 3.00 4.59 18.00

38.00 0.54 23.00 21.00 3.00 6.19 18.00

39.00 0.48 23.00 21.00 3.00 5.50 18.00

40.00 0.50 23.00 21.00 3.00 5.73 18.00

41.00 0.48 23.00 21.00 3.00 5.50 18.00

42.00 0.48 23.00 21.00 3.00 5.50 18.00

43.00 0.52 23.00 21.00 3.00 5.96 18.00



APPENDIX 2 :

1.5 MM GAC ADSORPTION AND

DESORPTION GRAPHICAL DATA
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APPENDIX 3 :

SCHEMATIC DIAGRAM OF

EXPERIMENTAL APPARATUS FOR

ELECTRICAL ENHANCED

DSORPTION/DESORPTION EXPERIMENT
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APPENDIX 4 :

ESA EQUIPMENT IN OAK RIDGE

NATIONAL LABORATORY
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Copper end cover and electrode

To voltaae

source

Gas inflow

and outflow

Thermocouple

(a)

Phenolic material end cover

* T

.-•:':••'-• . •'• .

V/ -.- *

* - • 'ifv

Wire mesh electrode

/
To voltage
source ~~"~""~-~-~__

*

.-

Gas inflow

and outflow

-"-"""

__.>?

:

Thermocouple

Fig. 3, (a) Schematic of a cell end showingcopper end cover as an
electrode, (b) Schematic of a cell end showing phenolic end cover and
wire mesh electrode.
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