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ABSTRACT

CO» removal can be conducted via adsorption process. This project concentrate on the
effect of electrical field on CO» adsorption and desorption process using fixed bed at
different voltage. The main objective of this projeét 15 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 polanizability of CO, 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.c polarizability) of the electrical enhanced adsorption and
desorption. This includes improvement of the method and setup of the existing lab
apparatus. The experiments conducted for the adsorption/ desorption process were using
2.5 mm and 1.5 mm size granular activated carbon (GAC). The experiment was also
done under a 20 kPa CO, and N; 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 CO; gas _in activated carbon and the 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 Backsround of Study

Fossil fuels such as natural gas, refinery gas or coal gas generates huge
quantities of carbon dioxide (CO,) when employed for industrial and other chenical
processes. Emission of CO, from these sources is considered as the major
contributor towards global warming. A number of options currently exist to reduce
CO; emissions, which one of them is by separating/removing and capturing the CO,

prior emission and concentrate it for utilization or disposal.

One of the techniques proposed for the capture and removal of CO; includes
physical adsorption. Currently, under the physical adsorption technology, two
generic adsorptive process schemes for CO, removal have been developed. They

include thermat swing adsorption (TSA) and pressure swing adsorption (PSA).

These process schemes has their own deficiencies and majorly based on 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

CO, removal when accounted per day.

A newly developed swing adsorption technology for CO; removal by using
Carbon Fiber Composite Molecular Sieve (CFCMS) or activated carbon, which is
still in the research phase, is called Flectrical 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 of héating 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 to Ohmic heating or disruption of the
Van Der Waals attractive forces between the adsorbent and adsorbate. Further
development on ESA is essential to produce a more effective and reliable process for
CO, 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 CO,
adsorption and desorption using fixed bed at different voltages

1.2 Problem Statement

A study had been done on the CO; 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 of various voltages towards the adsorption and
desorption process. Thus, auxiliary study must be done in order to review the effect

of different voltage towards the CO; adsorption and desorption 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 is seen as a potential in the CO, 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 CO,
rerpoval in the Electrical Swing Adsorption (ESA) process. The
stu?dy shall focus on the effect on adsorption and desorption rate
of jthe CO,, and the maximum CO; uptake by the activated carbon
wﬂﬂst using different set of voltage. A graph trend shall be
préduced to compare the result of the findings in the end of the
std;dy.

1.3.2 Toi study the effect of adsorbent’s particle size towards the
adsorption and desorption rate of the CO,, and the maximum CO;
uptake by the activated carbon when vsing electrical enhanced

adsorption and desorption process.

The scope of the study will be limited to:

1.3.3 Conducting literature review on the polarizability of the adsorbent
(ai:tivated carbon) and adsorbate (CO;) and its effect towards the
electrical adsorption and desorption process.

|

1.3.4 C(})nducting the experiment on the effect of different voltages
to*%wards the CO, adsorption and desorption rate and electrical
svijring adsorption and desorption cycle rate, and further enhance
the existing laboratory scale ESA.

The timeframe givelil 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 of the adsorption technology is the Electrical Swing Adsorption
for CO, 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 CO, 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. Cleatly,
the desorption of adsorbed CQ, can be rapidly induced by the application of a DC
electrical potential.” [4]

2.1  Physical Adsorption (Physisorption)

In theory, the adsorption process revolves around intermolecular forces between
adsorbate and adsorbent surface areas. “Certain components of mixture, in this case,
CO, are concentrated at the surface due to differences in the intenﬁolecular 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.” [1]

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

the adsorption process of CO, in activated carbon is in a form of physical



adsorption. Thus, to understand more on the CO, 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
molecutes. 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
an adsorbate is relatively weak even in the strongest sites, only physisorption takes
place. Adsorbed molecules generally tend to form a monolayer surface which can
interact further, albeit weakly, with additional adsorbate mdlecules 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 oceur as a result of particular geometric and electronic

properties of the adsorbate and adsorptive” [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 CO, on activated carbon
occur on a very low heat of adsorption of approximately 30 kl/mol, near to its heat
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 identity during the separation process.

2.1.1 Van Der Waals Forces

Van Der Waals forces are essential in the physisorption process as it is the mam
bonding between the adsorbate and the adsorbent. Van Der Waals acts as the main
bonding between two uncharged or non-polar particies. “This behaviour indicates
attractive interparticle force. This attraction arises from dipolar interaction: local
fluctuations in the polarization within one particle induces correlated response in the
others via the propagation of electromagnetic 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

r
o o

Figure 2.1 : Non polar — non polar molecule interaction
London dispersion energy = -3hv o’/ 4(4ne,)’ r*

Where;

a = electric polarizability

r = distance between interacting particles

v = electronic absorption frequency (s")i.eif / is the ionization potential, / = hv
£,— absolute permittivity (¢, = 8.854 x 10-12C* T m™)



b) Interaction between surfaces

Since adsorption and desorption process comprise of the interaction between the gas
adsorbate molecules and a large surface, which is the surface of the activated 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. If we assumne than the van der Waals interactions between two atoms

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

For a non retarded van der Waals interaction free energy, w between an atom and a
flat surface;

- ﬂCp
6D*

W= Eqn. 2.1

Large
Gas surface

molecules

Figure 2.2 : Van der Waals interaction free energy, w between an atom and a flat
surface

For a non retarded van der Waals interaction free energy, w between a molecule and

flat surface;
w= -(—A—JR Fqin. 2.2
6D



Large
surface
Gas

molecules

Figure 2.3 : Van der Waals interaction free energy, w between an molecule and a flat
surface

Where;

C = coefficient in the atom-atom pair potential

D = the distance between the two atoms

pi = number of atoms per unit volume of each body
A, Hamaker constant = 7°Cpipz

R, = 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 of electric polarizability, a affect.

a) Physisorption potential between molecules, V

_ 2
V=-p,-E =45y ) By = -0y ()
where @ = polanzability and £ = dipole field

e 1"6

2
V= “Q[E‘LT _alp) Eqm. 2.3

= Vax —Lﬁ van der Waals potential
F



b Physisorption potential between molecules and surfaces, V

While for the physisorption potential between molecules and surfaces, V;

V —-J§~ (Jowest order term for image-charge attraction)
Z
From both equation in (b), physisorption potential for the CO, adsorption in

activated carbon can be increased by increasing the image-charge attraction.

2.2 Adsorption and 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 in this stage.
2.2.1 Adsorption energy, heat of adsorption and surface area

Activated carbon adsorbs CO, gas molecules because there is a reduction in the
surface energy of the activated carbon when adsorption takes place. This reduction
in energy is adsorption energy and is released as heat when adsorption takes place.
As a peneral 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 is best 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 surface 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 of adsorption, B such that

B= (%Je [

\dic, Eqtn. 2.4

where E; is the average heat of adsorption of the first layer, E, is the heat of
condensation and d,c,/d,c, is the ratio of evaporation-condensation coefficients for

the adsorbed layers and often is nearly equal to unity.

Understanding the energy of adsorption is essential in explaining the amount of
energy required to desorb CO, 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 Ohmnic
beating to supply energy to the adsorbaté, CO, during the desorption process. The

amount of heat energy needed is the same as the energy of adsorption of the process.

“The forces responsible for physical adsorption of a gas to a solid are “London
dispersion” forces. These are weak atiractive forces. Coutombic forces may also be
involved if either the solid or gas is polar in nature. Because of the weak nature of
these bonds the heat of adsorptidn of CO, on an activated carbon is rather low at
30kJ/mol. Consequently, the energy required to desorb the CO, from CFCMS, or
any activated carbon, is small. Indeed, in a CO; 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 adserbent 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 of background 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 of a polar molecule has a slight negative
charge and the other a slight positive charge. The negative end of one polar molecule
and the positive end of another atiract 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 by its dipole moment, denoted p.

CO, is a non-polar molecule, as the overall dipole moment of the CO, molecule, p =
0.00. Although, both C-O bond is polar, the CO; molecule is not polar. Bond dipoles
and dipole moments are vector quantities; that is, they both has a magnitude and a
direction. The two bond dipoles in CO;, although equal in magnitude, are exactly
opposite in direction. The result of adding them together is zero. Therefore the
overall dipole moment of CO; is zero. 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 of the dipole moment induced is a measure of the

 polarizability of the molecular species. Polarizability is the relative tendency of the
electron cloud of an atom td 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 (units of 1 E-24 cm?®).

As CO, is basically a non-polar molecule, thus the intermolecular attraction that
exists for CO; is London Dispersion or induced-dipole/induced-dipole interactions.
Although there is also an opinion that “CO, the leading term is supposed to be the
permanent quadrupole-permanent quadrupole interaction, a simple electrostatic

force” [9]. The electric properties of a CO, molecule are :

11



Polarizability, o.x 10 ((P:m* / J* ) =3.02
Dipole moment, j.x 10 (C.m")=0.00
Quadrepole moment, O x 10°( C.m™) = -13.71

This properties of a, p and Q are used to allow accurate qualitative predictions to be
made on the strengths of the adsorption of given molecules on an adsorbent. A non-
polar adsorbate, the activated carbon has a high-tendency to adsorb more non-polar
molecules rather than polar molecules. CO, molecules is more adsorbed by activated
carbon than any other adsorbents as the 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 at a phase boundary and increasing the area of the interface, as this is

energetically preferable to other means of achieving equilibrium” [3].

2.3  FElectrical 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)” [4].

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 as the temperature increases due to energy
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 is generated from within the carbon and not from an

external source such as 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 (1V) and
He purge gas. In the third cycle (C) desorption is caased only by the He purge
gas. A comparison of cycles B and C indicated that the applied veltage reduces
the desorption time to Iess than third of that using only the He purge gas (cycle
C). Clearly, the desorption of adsorbed CO2 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 and known as the desorption energy, which
is equal to the adsorption energy. As the heat of adsorption for CO; on activated
carbon is low, the amount of electricity needed as the source of energy is also

comparatively low in order to have an electrical enhanced desorption to occur.
2.3.1 Ohmic heating

Ohmic heating is a newly developed alternative for heating. Currently being used in
the food sterilization industry, Ohmic heating is different from other mean of heating
techniques as it applies direct heating, in which heat is geﬁerated within the material
itself. thic 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 clectrical 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 soh'ds, 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 fanction of particle shape and particle orientation to the
applied electric field.
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As a completely independent process, Ohmic heating or Joule heating is simply
given by the total power, P dumped into the desorption system via

A
P=12R:% Eqgtn. 2.5

with ¥ = voltage applied, R = total serial resistance of the system and I = 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
= —— Eqtn. 2.6

with Qus= heat of adsorption, and ¢ = time taken for desorption

A conclusion can be made that if the voltage, V applied to the adsorbent increased
the amount of heat energy being transferred to the adsorbent increases and by having
a constant heat of adsorption or desorption, (Jud thé time, ¢ will 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 of the electrical
energy is converted to thermal energy and transferred to the adsorbed CO, for

desorption purposes.

“Evidently, the resistance heating effect is acting directly at the desorption sites

(fibre microporosity) resulting in a rapid desorption of the adsorbate.” [4]
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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 on the electricity effect
on the adsorption and desorption mechanism of CO, in activated carbon. The

methodology and procedure to conduct the research 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 skimmed and selected based on importance and relevancy. The

relevant information is studied thoroughly and example data for future references.

3.2 Laboeratory 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 of different electrical voltage towards the adsorption and
desorption process (uptake and rate of adsorption and desorption).
b) A trend of adsorption and desorption rate vs. voltage shall be obtained by
the end of the experiment.
¢) A trend 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 of activated carbon.

3.2.2 Experimental Apparatus and Chemicals

Tn 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 of equipments/glass wares/chemicals/others for experiment

purposes
NO | EQUIPMENTS/GLASSWARE/OT SPECIFICATIONS | QUANTITY
HERS
Electrical equipments :
1 | Regnlated DC Power Supply Range (0-25V),3.5A 1
2 | Mili Ammeter Range (0-30mA) 1
3 | Voltmeter Range (0-10V) 1
4 | Flectrical Wire Connector 75 ¢cm 5
5 | Copper wire 1m 2
Other Equipments :
6 | Digital Mini Manometer Range (0-3000kPa) 1
7 | Digital Thermometer Max 600 deg C 1
8 | Digital Balance Max 3100 deg C i
9 | Vacuum Oven Max 1000 deg C 1
10 | Variable size of tubing (SANG 6 x4 mm 3m
POLYUTHERENE TUBE)
11 | T-Junction - 5
12 | Petn1 Disc - 8
13 | Spatula - 1
14  PVC Tape 7 yrds x (1 x 0.13)mm 1
15 | Aluminum Foil - 1 roll
Chemicals:
16 | Purified CO; 99.99 % purity 1 cylinder
17 | Purified Ny 99 99 % purity 1 cylinder
18 | Charcoal Activated Carbon 2.5 mm (particle size) 1kg
19 | Charcoal Activated Carbon 1.5 mm (particle size} 1kg

3.2.3 Type/List of Experiments

Table 3.2: List of experiments with Different Granular Activated Carbon Size
and Different Adsorption/ Desorption Voltages
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3.2.4  Experimental Procedure

A. Preparation of activated carbon

1)
2)

3)

4)

5)

8 Petri discs with its cover is weighted using the digital balance.

The activated carbon (particles size 2.5 mm) is filled into each disc and (the
disc with the activated carbon) is weighted again.

All the discs with activated carbon are put into the oven at 100 C for 24
hours.

After 24 hours, the discs are taken out from the oven and its weight 1s
recorded.

(Caution : The disc cover must be properly closed to avoid amy
contamination)

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

used later.

B. Preparation of experiment setup for electrical enhanced adsorption process

1)
2)

3)

4)

The experiment setup as shown in appendix 3 is prepared.

The tubing connection is comnected from CO, and N; gas cylinder to the
digital mini manometer (P1 and P2), digital pressure differential gauge (PD)
and the activated carbon cylinder in order to have continuous flow of CO;.
The tubing at the end of digital manometer (P2) is left open for venting
purposes.

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 connection ends at the activated carbon 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 comnection 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 a continuous electrical circuit
flow through the activated 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 (T1) is placed as shown in the 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) if there is no reading form both voltmeter and ammeter.)

3) After the electrical check is done, the tubing connection is checked from any
leakage by using soap solution.

4) The soap solution is put to all tube connection and the CO, gas valve is open
until the PT= 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 the gas leakage and error in the experiment.

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

always be opened)
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D. Pre-experiment preparation : Activated Carbon Heating and Purging

1) Continue from step 6 from section C, the digital mini manometer (P1 and P2),
digital pressure differential gauge (PD), digital thermometer (T1) and the
balance are switched on.

2) The balance 1s 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 N, gas cylinder valve is opened (P1 = 20 kPa; keep constant at this value)
to let the purge gas flow through the activated carbon.

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

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

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

adsorption/desorption experiment)

E. Adsorption experiment using DC current of 10.0 V.

1) Continue from step 4 from section D, the digital mini manometer (P1 and P2),
digital pressure differential gauge (PD), digital thermometer (T1) 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 CO, gas cylinder valve is opened (P1 = 20 kPa; keep constant at this
value) to let the gas flow through the activated carbon.

3) TheP1, P2, PD, T1, Voltmeter, Mili Ammeter and balance reading is recorded

for 50 minutes.
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F. Desorption experiment using DC current of 0.3V and Nitrogen purge
(continue from step D).

1) The CO, gas cylinder valve is closed and the N; cylinder gas valve is opened
(P1 =20 kPa).

2) The DC supply is switched on and is set to 0.3V.

3) The P1, P2, PD, T1, Voltmeter, Mili Ammeter and balance reading is
recorded until the balance give aimost 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 F will be repeated with different sets of voltage
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 A to F is repeated again using granular activated carbon (GAC) with
particle size of 1.5 mm.
2) The graphs uptake (mass of CO, 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 Data Analysis 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 are taken 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 and Chemical
Refer to the experimental apparatus in table 1.

3.3.2 Software

Microsoft EXCEL is used to present the experimental results in form

of tables and graphs 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 a better view of
the findings from the experiments.
4.1  Experimental data

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

4.1.La 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 is as below:

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

| Experiment Granular Adsorption Desorption Mass :
No. Activated Voltages Voltages | Activated
Carbon Size (V) (V) Carbon (g)
(mm)
1 25 5 03 76.99
2 2.3 8 0.5 77.62
3 2.5 10 0.6 83.79
4 2.5 5 1.0 7548
3 25 20 1.5 90.07
6 L5 5 0.3 85.16
7 L5 8 0.5 83.62
8 L5 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 Adsorption and Desorption Data

Adsorption and desorption data are data that was obtained during the experiments.
The data taken were time, weight, temperature (T1) and pressure (P1 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

[ Valtage, V (V) Voltage, V (V)
5.00 0.30
8.00 0.50
10.00 0.60
15.00 1.00
20.00 1.50

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

3. The CO, and N, 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 is very sensitive to any disturbance from surrounding.

5. All adsorption process achieve maximum adsorption capacity or maximum

uptake at about the same period of time, which is at 10 to 15 minutes.
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4.2

Assumptions and Limitations

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

The experiment was done under a constant CO- flow as a constant factor in the
experiment. Assumed in the experiment that there was no leakage during the
experiments. _

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

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 to the adsorbed.

The straight slope line in determining the rate of adsorption/desorption in the
graphs are taken at point where the adsorption/desorption starts until 4 to 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.

The concentration of adsorbate (CO,) for the electrical enhanced
adsorption/desorption experimernt used is 99.9% CO, purity. It is not the same as
the industrial application for CO, adsorption processes that usually present at
small concentration. Pure COz is used for simplicity of the research/experiment.
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 of the weight. The steady state is assumed when the weight fluctnates

at certain constant range.
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43  Adsorption of CO, at Different Voltage

The CO, 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
as the adsorbent. Below are the graphical data obtained from these experiments. The
adsorption voltage used range from 5 V to 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 of adsorption for every graphs. The slope value from the equation is the

value of rate of adsorption.
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Form the graphs obtained in each experiments in figure 4.1,4.2, 4.3, 4.4 and 4.5, 2
similar adsorption curve is atfained. 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 of the
adsorption curve in each experiment, thus concluding that the approximate time
taken for the activated carbon to attain maximum CO, capacity or maximum CO,
uptake is approximately 15 minutes. The figure below shows the average adsorption

trend for experiments 1 to 5.
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Figure 4.6 : Average adsorption curve trend

The adsorption curve starts at zero and incline rapidly with a high initial slope n the
curve line. Average rapid inclination for every adsorption curve starts at time equals
to zero and ends approximately at time of adsorption 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 of maximum CO, uptake by the activated carbon also
might not be accurate. This is becanse of the experiments for the adsorption process
were only done under a limited amount of time due to time constraint. The process

may need a longer period of adsorption 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 of adsorption from
each experiments were calculated. Below is the tabulated summary of rate of CO,

adsorption and maximum uptake of by the activated carbon.

Table 4.3 : Rate of CQ; Adsorption and Maximum CQ; Uptake Summary

EXP Adsorption voltage | Maximum Uptake | Rate of Adsorption
{V) (malg) ( (mg/g)/min }
1 5.00 169.76 10.3520
2 8.00 76.27 3.8902
3 10.00 69.46 4.0209
4 15.00 54.53 3.1183
5 20.00 85.38 5.1511

4.3.2 Maximum CO; Uptake in Adsorption at Different Voltage

The uptake is measured by taking the mass of the CO, 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 of uptake 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 of the maximum uptake

for all 5 experiments using 2.5 mm GAC is as graph below:
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Figure 4.7 : Adsorption Maximum CQ; Uptake (mg/g) vs. Adsorption Voltage (V)

Figure 4.7 shows that the amount of maximum uptake decreascs as the adsorption
voltage is increased. The amount of maximum uptake at adsorption voltage equals to
5 V is the highest with the value of 169.76 mg/g. The minimum value of maximum
uptake is achieved at 15 V with a value of 54.53 mg/g. Then, the maximum uptake
increased to 85.38 mg/g at 20 V. In overall, the maximum uptake is inversely 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
Ohmic heating effect towards the activated carbon also increased. The application of
voltage during the adsdrption 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 CO,.

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

““Adsorption isotherms obtained at temperature of 30, 60 and 100 °C and a pressure
up to one atmosphere for CO, were analyzed and were found adsorbed less CO; at
60 and 100 °C than at 30 °C. At 100 °C the amount of CO, adsorbed was
approximately one third of the amount adsorbed at 30 °C”. [4]. This has proven that
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increment in voltage does not assist in better adsorption uptake instead decreasing
the amount of CO, adsorbed in the bed.

The graph also shows that this inverse relationship is non-linear and the graph’s line
is a polynomial line. The polynomial line 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,
V under a forward polynomial relation, which is P = V%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 V to 8V voltage application. From 8V to 10
V, the difference in the uptake decreases to only 6.81 mg/g and from 10 Vto 15V
the difference is only 14.93 mg/g.

4,3.3 Rate of CO; Adsorption at Different Voltage

Rate of adsorption is a measurement of time taken in order for an adsorption process
to be completed or to achieve saturation. The rate of adsorption 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 of adsorption is obtained by taking the
slope of a straight line produced from the point the adsorption starts to the point
where saturation is achieved (4 to 5 readings of the stabilized adsorption reading) in
the adsorption graph. Based on this method, the average rate of adsorption for all 5

experiments were summarized into the graph below.
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Figure 4.8 : Rate of Adsorption ((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

voltage to 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 at about the same period of time at approximately 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, CO; tries to
release heat to be adsorbed by activated carbon, but since the activated also produces
heat energy, less CO; 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 of the “rate of adsorption 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 CO; at Different Voltage

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 of voltage is needed to act

as the heat source via Ohmic heating as the heat of adsorption of CO; in activated

carbon is low that is 30k}/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 is the value of rate of desorption.
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Figure 4.13 : Exp 5 ; 1.5 V desorption

36




For the desorption process, the mass trend decreases, fluctuates and stabilizes at a
certain percentage éf the maximum CO, uptake by the activated carbon. The
horizontal constant line in the graphs shows the amount of CO; in terms of uptake
that is left in the activated carbon. This amount of CO, is not desorbed during the
desorption process because the desorption process is not 100 % efficient and thus, a
portion of CO, 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 the average trend of the desorption process obtained from the Exp 1
to Exp 5 taken from Figure 4.9, 4.10,4.11, 4.12 and 4.13.
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Figure 4.14 ; Average desorption curve trend

The constant value of CQ, mass during the desorption process in which the
desorption is considered as has settled is not accurate. This is because the flowing Ny
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 CO; desorption by the 2.5 mm

activated carbon.
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Table 4.4 : Rate of CO; 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

4.42 Rate of CO; Desorption at different veltage
Rate of desorption is the period of time taken for removal of CO, from the activated
carbon until it reaches a constant value. Analogous to the rate of adsorption, 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 of the 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 all rate of desorption for all experiments is given as below.

Rate of Desorpfion ({mg/g) min) vs. Desorption Voitage (V)
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Figure 4.15 : Rate of Desorption ((mg/g)/ min) vs. Desorption Voltage (V)
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The heat of adsorption for CO, in activated carbon is low, thus a low sets of
electrical voltages ate 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 of desorption is only 2.9804 (mg/g)/min. As the desorption voltage is
increased, the rate of desorption also increased. Highest value of rate of desorption
for 2.5 mm GAC is 6.3587 (mg/g)/min at voltage equals to 1.5 V.

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 of rate
of adsorption in the beginning of the 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, @ and

resistance R:

Power in hieat form = Power in electrical form

= Refer Eqin. 2.6

Thus, if we have one unit increment of voltage, the time, t will be decreased to a
power root of 2. Time, t in this equation cormrespond to the rate of desorption. 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 CO, on activated carbon fiber is 30 kI mol 1. A simple
calculation for the case shown in F1. 23 where approximately 1 L of CO; is adsorbed
indicates that at a power level of 5 W, approximately 270 seconds would be required
to input the energy (1350 J) required to desorbed the CO; on the CFCMS. Implicit in
this calculation is the assumption that all of the electrical energy is converted to
thermal energy and transferred to the adsorbed CO..” [4].
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Overall, the heating effect due to the electrical application is acting directly at the
adsorption sites resulting in rapid desorption of the adsorbate. As the electrical

voltage is increased, the rate of desorption also increase.

45  Effeci of Granular Activated Carbon Particle Size on Electrical
Adserption and Desorption

Experiments 1 to 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 in the 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 to Exp 10 can be obtained in the Appendix 2. In this subchapter, only the data
on rate of adsorption, rate of desorption and maximum uptake of CO, 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 Uptake Atf:::fp(t)ifo n Desorption De,z‘ac:tfp:ifc: n
voltage (V) {mglg) ( (mglg)/min } voltage (V) { {mg/g)fmin )
1 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 4.6209 0.60 2.8637
4 15.00 54,53 3.1183 1.00 3.6015
5 20.00 85.38 51511 1.50 6.3587

Table 4.6 : Maximum Uptake and Adsorption/Desorption Rate Summary

. Rate of . Rate of
EXP ﬁgﬁ;’;"{\’,’; l(’r'r’l;a‘,'; Adsorption esft:;’:'(‘\’,'; Desorption
( {(mg/g)/min { {mg/g)/min )
] 500 136.80 _ 5.7063 0.30 1.2556
7 8.00 137.53 55234 0.50 18925
8 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 . 1.0857 1.50 2.5736
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4.5.1 Effect of GAC Particle Size Towards Maximum Uptake

The data for from Table 4.4 and Table 4.5, the graphical data obtained is as below.

Adsorption Maximum Uptake {mg/g) vs. Adsorption Voltage (V)
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Figure 4.16 : Comparison of 2.5 mm and 1.5 mm GAC for Adsorption 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 CO;
adsorbed by the activated carbon, by generally looking at the trend, 2.5 mm GAC
adsorbed better than using 1.5 mm GAC when using electrical enhanced adsorption
method. I is believed that this might be caused by the surface area of 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 CO; adsorbed would be less.
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4.5.2 Effect of GAC Particle Size Towards Adsorption Rate

Rate of Adsorption {{mg/g)/ min) vs. Adsorption Voltage {V)
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Figure 4.17 : Comparison of 2.5 mm and 1.5 mm GAC for Rate of Adsorption ((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
mim, 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 refated 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 m
the column, more energy is being given to the CO; 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 has higher surface area releases more heat thus impeding

the amount of CO; to be adsorbed by the adsorbent per unit time.
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4.53 Effect of GAC Particle Size Towards Adsorption Rate

Rate of Desorption {{mg/gy min} vs. Desorption Voltage (V)
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Figure 4.18 : Comparison of 2.5 mm and 1.5 mm GAC for Rate of Desorption ((mg/g)/
min} vs. Desorption Voltage (V)

The desorption rate trend of 1.5 mm GAC is similar to the desorption rate of 2.5 mm
GAC when being applied with the same values of voltages. The trend is ‘increasing
rate of desorption as the desorption voltage increases’. At all desorption voltage, the
rate of 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 of the graphs. Evidently, 2.5 mm GAC line
has a higher slope than 1.5 mm GAC. It is believed that this trend is caused by the
electrical resistivity by the activated carbon and the core regions within the activated
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 en Adsorption and
Desorption for 2,5 mm GAC and 1.5 mm GAC

During the experiment, two other factors, temperature in the columm and pressure
difference across the column were obtained to discuss the effect of different voltages
towards these factors. Generally, the column temperature and pressure difference
shows approximately the same trend for alf 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 mm GAC and 1.5 mm GAC.

Part 1 : Granular Activated Carbon Size 2.5 mm

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 experiment 2
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Figure 4.21: The temperatere and pressure difference profile for experiment 3
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Temperature (C)

Temperature and Pressure Difference vs Time
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Figure 4.22 : The temperature and pressure difference profile for experiment 4
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Figure 4.23 : The temperature and pressure difference profile for experiment 5
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Part 2 : Granular Activated Carbon Size 1.5 mm

Temperature and Pressure Difference vs Time
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Figure 4.24 : The temperature and pressure difference profile for experiment 6
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Figure 4.25 : The temperature and pressure difference profile for experiment 7
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Temperature and Pressure Difference vs Time
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Figure 4.26: The temperature 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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Temperature and Pressure Difference vs Time
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Figure 4.28: The temperature and pressure difference profile for experiment 19

4.6.1 Temperature Profile

From the graphs, mostly the temperature profile starts at ambient temperature,
approximately at 23 °C — 26.7 °C. As the adsorption process occured, the
temperature profile had suddenly increased to a value above 30 °C, with a maximum

recorded temperature based on Figure 4.28 to 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, mostly 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 CO, molecules in order for the molecules to be
desorbed from the activated carbon. The temperature dropped due to the cooling
effect by the N, gas flow across the column. After a certain amount of time, the
amount of CO, to be desorbed will be less and allow for some of the electrical
energy to be converted to heat as excess energy. This excess energy, in form of heat,
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 two types of inlet gas flowing into the activated carbon
column, which are CO, gas as adsorbate during the adsorption process and N; 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 whether
CO, or N, gases at an approximate value of 17 kPa. Still, the value 1s not accurate

and may have fluctuations of + 3 kPa.

During the adsorption process, the pressure difference then decreased gradually until
the end of the experhﬁent. Based on Figures 4.25, 426, 427 and 4.28 for
experiments 7, 8, 9 and 10 respectively, the pressure difference had decreased to 4
unit of pressure differehce. The decreasing pressure difference is due to the
increment of CO; gas flowing out from the column as the activated carbon had
became saturated. The njore 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 cach 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.

4,72 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 of inlet pressure, PI

Mini manometer 1s 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 effect from Nitrogen gas flow

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 1s

to wrap the column with aluminum foil prior to every experiments.

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

The experimental setup 1s constructed manuatly with connection using tubing PVC
tape, therefore possibility of leakage to occur is high. Among the location that can
contribute to the leakage are:
1) Tubing T-junction connection
i) Through the digital thermometer probe to the activated carbon
column

ui)  Through the tubing and copper wire connection.

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

of voltages with theoretical and literature support.

Activated carbon packed in the column provide continuous carbon arrangement that
electrical conductivity to the material. Ohmic heating prninciple 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 prevention steps 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.
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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
experimenis were only done once (twice for a few experiments) due to time
constraint caused by earlier equipment problem. Average sets of results are

important as the experiment are filled with errors.

3.2.2 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 the adsorption and
desorption experiment. The fixed bed theory says that the temperature distribution
across the desorbent bed will vary from cylinder inlet to the outlet. 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 CO, 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 CO,

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 1s
needed to have a larger scale experiment setup for the project. This ts 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 done by using a bigger adsorption column, higher
amount of electrical source, higher amount of adsorbate and wider range of electrical
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 ¢
Time (min) | Weight(a) | Ti(c) | P1(kPa) | P2(kPa) | uptake | dP (F1-P2)

0.00 0.00 4570 20.00 2.00 0.00 18.00
1.00 3.37 4260 20.00 2.00 43.77 18.00
2.00 3.70 40.20 20.00 , 200 48.08 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
500 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 32.80 20.00 2.00 56.76 18.00
9.00 6.35 31.10 20.00 2.00 8248 |- 18.00
10.00 9.28 25.80 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 20.00 200 167.16 18.00
16.00 12.97 24.80 20.00 2.00 168.48 18.00
17.00 13.01 24.50 20.00 2.00 168.98 18.00
18.00 13.03 2410 20.00 2.00 169.24 18.00
19.00 13.04 23.80 20.00 2.00 169.37 18.00
20,00 13.07 23.70 20.00 2.00 166.76 18.00
21.00 13.01 2380 20.00 2.00 168.98 18.00
22.00 12.80 2350 20.00 2.00 167.55 18.00
23.00 12.82 23.40 20.00 200 1166.52| 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 167681 17.00
26.00 12.87 23.30 18.00 2.00 167.16 17.00
30.00 12.83 23.40 18.00 2.00 166.65 17.00
31.00 12.84 23.30 19.00 2.00 168.77 17.00
32.00 12.84 23.30 19.00 2.00 166.77 | 17.00
33.00 12.84 23.20 19.00 2.00 186.77 17.00
34.00 - 12,78 23.20 19.00 2.00 - 166.00 17.00
35.00 12.81 2320 19.00 2.00 _166.3¢  17.00
36.00 12.80 2310 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
38.00 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 18.00 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 18.00 20.00 2.00 120.15 18.00
49.00 9.41 19.90 20.00 2.00 122.22| 1800
50.00 9.33 20.80 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 11976 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
56.00 9.14 21.70 20.00 2.00 118.72 18.00
56.00 9.13 21.80 20.00 2.00 118.58 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 8.09 22.30 20.00 2.00 118.07 18.00
61.00 2.13 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 2.80 119.11 18.00
64.00 §.05 22.50 20.00 2.00 117.55 18.00
65.00 8.05 22.50 20.00 2.00 117.55 18.00
66.00 9.05 22.60 28.00 2.00 117.55 18.00
87.00 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 9.08 2270 20.00 2.00 118.07 18.00
70.00 9.18 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 2.00 116.50 18.00
74.00 0.23 22.80 20.00 2.00 119.89 18.00




Exp 2 : 8 V adsorption , 8.5 V desorption (weight =77.62 g)

Time {(min} | Weight(g) | TI(c) P1 (kPa) | P2 (kPa) | uptake | dP {P1-P2)
0.00 0.00 2670 | 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 5400 | 20.00 1.00 54,50 19.00
4.00 4.70 50.80 | 20.00 1.00 80.55 18.00
5.00 4.84 4650 | 20.00 1.00 62.36 19.00
6.00 5.06 4370 | 19.00 1.00 65.19 18.00
7.00 5.30 4190 | 19.00 1.00 £8.28 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 3540 | 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 3320 1 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 7472 | 18.00
17.00 5.80 30.40 19.00 1.00 7472 | 18.00
18.00 5.74 3040 | 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 2890 | 19.00 1.00 74.34 18.00
21.00 5.82 2880 | 19.00 1.00 74.98 18.00
22.00 5.80 7820 | 19.00 1.00 74.72 18.00
23.00 577 28.00 19.00 1.00 74.34 18.00
24.00 572 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 2770 | 19.00 1.00 73.69 18.00
27.00 572 2750 | 19.00 1.00 73.69 18.00
28.00 572 27.40 | 19.00 1.00 73.69 18.00
29.00 573 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 2720 | 18.00 1.00 74.21 17.00
32.00 5.75 2720 | 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 2710 | 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
37.00 363 . | 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 20.00 100 | 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 1500 | 21.00 1.00 8.12 20.00
47.00 059 | 1850 | 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 2040 | 21.00 1.00 7.60 20.00




50.00 (.58 21.20 21.00 1.00 T7.47 20.00
51.00 0.48 21.70 21.00 1.00 5.18 20.00
52.00 0.51 21.80 21.00 1.00 6.57 20.00
53.00 0.58 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 1.00 747 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 g0.63 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
81.00 0.62 22.90 20.00 1.00 7.99 19.00
62.00 0.63 23.00 20.00 1,00 812 15.00
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
85.00 0.64 2320 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
£9.00 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




Exp 3: 10 V adsorption /0.6 V desorption {weight = 83.79

)

Time (min) | Weight(g) | Ti{c) | P1kPa) P2 (kPa) | uptake | dP (P1-P2
0.00 8.00 2290 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 2960 22.00 3.00 20.17 19.00
4.00 2.32 2770 21.00 3.00 27.69 18.00
5.00 3.02 26.00 21.00 3.00 36.04 18.00
8.00 364 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
10.00 532 18.30 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 £8.03 17.00
13.00 573 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
17.00 571 17.50 20.00 3.00 68.15 17.00
18.00 5.60 6.80 20.00 3.00 66.83 17.00
16.00 5.50 4.00 20.00 3.00 65.64 17.00
20.00 522 2.50 20.00 3.00 62.30 17.00

21.00 511 240 20.00 3.00 60.89 17.00
22.00 4.85 3.10 20.00 3.00 57.88 17.00
23.00 466 3.90 20.00 3.00 55.62 17.00
24.00 4.54 510 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 38.50 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 3413 17.00
30.00 2.66 14.30 20.00 3.00 31.75 17.00
31.00 212 14.50 20.00 3.00 25.30 17.00
32.00 2.05 14.70 20.00 3.00 24.47 17.00
33.00 2.00 14.90 20.00 3.00 23.87 17.00
34.00 1.63 15.00 20.00 3.00 23.03 17.00
35.00 1.81 15.10 20.00 3.00 22.80 17.00
36.00 1.91 15.10 20.00 3.00 22.80 17.00




Exp 4 : 15V adsorption , 0.1 V desorption {weight =75.19

)

Time (min) | Weight(g) | Ti(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 3780 .| 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
12.00 408 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 | 2560 19.00 3.00 52.80 16.00
19.00 394 | 2540 18.00 3.00 52.40 15.00
20.00 3.94 | 2530 18.00 2.00 52.40 16.00
21.00 392 | 2520 18.00 2.00 52.97 16.00
22.00 362 .| 2510 18.00 2.00 52.13 18.00
23.00 3.92 25.00 18.00 2.00 52.13 16.00
24.00 389 | 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 | 2470 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 | 2460 17.00 2.00 52.40 15.00
31.00 3.93 - | 2450 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
34.00 320 . | 23.00 20.00 3.00 43.76 17.00
35.00 170 | 23.00 20.00 3.00 22.61 17.00
36.00 1.23 2.90 20.00 3.00 16.36 17.00
37.00 092 | -430 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
43.00 042 ° | 1310 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 3.00 479 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 3,00 426 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 2160 20.00 3.00 332 17.00
53.00 0.25 21.70 20.00 3.00 332 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 1.89 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 1.88 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
62.00 012 22.50 20.00 3.00 1.60 17.00
63.00 0.11 22.50 20.80 3.00 1.46 17.00
64.00 0.12 2260 20.00 3.00 1.60 17.00
65.00 012 22.30 20.00 3.00 1.60 17.00
66.00 0.12 22.00 20.00 3.00 1.60 17.00
Exp 5 20 V adsorption / 1.5 V desorption (weight = 90.07 g)

Time (min) | Weight(g) | Ti{c) | P1{kPaj P2 (kPa) | uptake | dP (P1-P2
0.00 0.00 22.90 0.00 0.00 (.00 0.00
1.00 -0.02 18.90 20.00 6.00 -0.22 14.00
2.80 3.60 43 60 20.00 £.00 38.97 14.00
3.00 4.39 486.60 20.060 £.00 48.74 14.00
4.00 521 48.680 20.00 6.00 57.84 1400
5.00 576 48.70 20.00 5.00 63.95 14.00
6.00 6.00 46.90 19.00 5.00 66.61 14.00
7.00 £.38 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
16.00 7.30 41.80 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 5.00 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 B5.38 14.00
16.00 7142 37.40 20.00 6.00 79.05 14.00
17.00 513 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 33.56 14.00
21.00 2.65 20.70 20.00 8.00 29.42 14.00
22.00 2.55 23.00 20.00 6.00 28.31 14.00
23.00 2.56 2380 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 2864 14.00
28.00 2.56 24.90 20.00 8.00 28.42 14.00
29.00 2.57 2510 20.00 6.00 2853 14.00
30.00 2.56 25.30 20.00 6.00 2842 14.00
Part 2 : Granular Activated Carbon Size 1.5 mm
Exp 65V adsorption , 0.3V desorption {weight =85.16 g
Time (min) | Weight(g) | Ti(¢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 18.00
400 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
6.00 507 40.40 20.00 1.00 59.53 19.00
7.00 577 38.70 20.00 1.00 87.75 19.00
8.00 6.68 36.60 20.00 1.00 78.44 19.00
9.00 7.85 3510 20.00 1.00 02.18 18.00
10.00 8.60 33.60 20.00 1.08 100.99 19.00
11.00 9.44 32.30 20.00 1.00 110.85 19.00
12.00 10.34 20,70 20.00 1.00 121.42 1900
13.00 11.04 20.60 20.00 1.00 128.64 19.00
14.00 11.65 28.50 20.00 1.00 136.80 1200
15.00 11.22 2780 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 12717 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 1.00 128.82 18.00
23.00 10.83 23.90 20.00 1.00 127.20 18.00
24.00 10.79 23.80 20.00 1.00 126.70 19.00
25.00 10.77 2410 20.00 1.00 126.47 18.00
26.00 10.78 24 10 19.00 1.00 126.59 18.00
27.00 1077 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 23.80 16.00 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 16.00 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 1.00 128,84 18.00




36.00 10.79 23.80 | 19.00 1.00 126.70 18.00
37.00 10.77. 2380 | 19.00 1.00 126.47 18.00
38.00 10.79 23.70 i 18.00 1.00 126.70 17.00
39.00 10.76 2370 | 18.00 1.06 126.35 17.00
40.00 10.75 2360 | 18.00 1.00 126.23 17.00
41.00 10.73 2.50 20.00 2.00 126.00 18.00
4200 9.88 -430 | 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
4500 8.88 -12.70 1 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 -530 | 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 1590 | 20.00 2.00 95.58 18.00
53,00 8.13 1860 | 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 2130 | 20.00 2.00 88.07 18.00
58.00 7.29 2160 | 2000 2.00 85.60 18,00
59.00 7.35 2210 | 20.00 2.00 86.31 18.00
60.00 7.46 2230 | 20.00 2.00 87.60 18.00
61,00 7.50 2250 | 20.00 2.00 88.07 18.00
62.00 7.55 2250 | 20.00 2.00 88.66 18.00
63.00 7.66 2260 | 20.00 2.00 89.95 18.00
64.00 7.64 2270 | 20.00 2.00 89.71 18.00
65.00 7.69 2280 | 20.00 2.00 90.30 18.00
66.00 7.67 2290 | 20.00 2.00 90.07 18.00
67.00 767 .2290 | 20.00 2.00 90.07 18.00
£8.00 7.71 2290 | 20.00 200 90.54 18.00
69.00 7.74 22,90 | 20.00 2.00 90.89 18.00
70.00 7.72 2290 | 20.00 2.00 90.65 18.00
71.00 7 68 23.00 | 20.00 2.00 90.18 18.00
72.00 7.72 123.00 | 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 2310 | 20.00 2 00 91.59 18.00
76.00 7.78 2310 | 20.00 2.00 91.36 18.00
77.00 7.79 2310 | 20.00 2.00 91.47 18.00
78.00 7.78 2310 | 20.00 2.00 91.36 18.00
79.00 7.78 2310 | 20.00 2.00 91.36 18.00
20.00 7.78 2310 ¢ 20.00 2.00 91.36 18.00




Exp 7 : 8 V adsorption , 0.5 V desorption {weight = 83.62

Time {min) Weight(g) | Ti(c) | P1(kPa) | P2{kPa) uptake | dP(P1-P2)
0.00 0.00 53.00 2100 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 18.00

10.00 11.49 38.680 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 3510 18.00 1.00 136.45 17.00
15.00 11.40 3430 | 18.00 1.00 136.33 17.00
16.00 11.43 33.80 18.00 1.00 13659 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 18.00
22.00 10.95 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 28.20 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 28.80 16.00 1.00 128.20 15.00
27.00 1062 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 10.54 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 27.80 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 6.42 22.00 20.00 1.00 112.65 19.00
38.00 8.16 5.30 20.00 1.00 73.67 19.00
37.00 4.70 -3.50 20.00 1.00 56.21 18.00
38.060 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 2511 19.00
47.00 215 12.80 20.00 1.00 2571 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 32.48 19.00
52.00 297 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 2230 | 21.00 1.00 37.67 20.00
56.00 3.39 2260 | 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 2290 | 21.00 1.00 42,69 20.00
59.00 3.18 2290 | 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
£2.00 3.59 2310 | 21.00 1.00 42,93 20.00
63.00 3.59 2320 | 21.00 1.00 42.93 20.00
64.00 3.58 2330 | 21.00 1.00 42 81 20.00
65.00 3.57 2330 | 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
£8.00 3.57 2350 | 21.00 1.00 42.69 20.00
Exp 8: 10 V adsorption , 0.6 V desorption (weight = 84.37 g) _

Time (min) | Weight(g) | TI(c) | P1(kPa) P2 (kPa) | uptake | dP (P1-P2)
0.00 0.00 3010 | 20.00 400 0.00 16.00
1.00 3.14 5140 | 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
4,00 525 53.50 | 20.00 4.00 62.23 16.00
5.00 5.27 50.50 | 20.00 400 £2.46 16.00
6.00 5.43 47.80 | 20.00 4.00 64.30 16.00
7.00 574 4460 | 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 39.00 | 20.00 4.00 71.95 16.00
10.00 .12 3890 | 20.00 3.00 72.54 17.00
11.00 6.14 3820 | 19.00 3.00 72.77 16.00
12.00 618 - | 3760 | 18.00 3.00 73.25 15.00
13.00 .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
15.00 506 | 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 6.13 460 | 20.00 4.00 72.66 16.00
18.00 5.04 -9.00 | 20.00 4.00 59.74 16.00
19.00 481 |-1040| 20.00 4.00 57.01 16.00
20.00 4.04 -11.30 | 20.00 4.00 47.88 16.00
21.00 3.43 800 | 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
24.00 066 . | 17.00 | 2000 4.00 7.82 16.00
25.00 0.46 21.00 | 20.00 400 5.45 16.00
26.00 0.31 21.90 | 2000 4.00 367 16.00
27.00 0.27 2240 | 20.00 4.00 3.20 16.00




28.00 0.28 22,70 20.00 4.00 3.32 16.00
28.00 0.45 2280 | 20.00 4.00 5.33 16.00
30.00 0.39 23.00 20.00 4.00 462 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 V desorption (weight = 84.94 g)

Time {min}{ Weaight (g) Ti{c} P1 (kPa) P2 (kPa) upiake 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 2.00 353 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
400 1.07 50.40 20.00 2.00 12.60 18.00
5.00 1.25 58.30 20.00 2.00 14.72 18.00
5.00 1.45 57.70 2000 2.00 17.07 18.00
7.00 175 56.60 20.00 200 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
11.00 280 52.00 18.00 2.00 3061 17.00
12.00 2.81 50.60 18.00 2.00 32.08 17.00
13.00 3.05 48 80 18.00 2.08 35 91 17.00
14.00 302 47 50 19.00 2.00 3555 17.00
15.00 315 46.30 16.00 2.00 37.08 17.00
16.00 3.18 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 4400 16.00 2.00 38.38 14.00
19.00 3.31 43.50 16.00 2.00 38.97 14.00

120.00 3.23 4320 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 1.00 379 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
2500 322 42,50 18.00 1.00 37.91 15.00
26.00 322 42,50 15.00 1.00 37T 14,00
27.00 323 42 .60 15.00 1.00 38.03 14.00
28.00 3.16 42,70 15.00 1.00 37.20 14.00
28400 3.20 4270 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
3200 3.21 4270 15.00 1.00 37.79 14.00
23.00 323 4270 15.00 1.00 38.03 14,00
34.00 217 42.80 15.00 1.00 37.32 14.00
35.00 317 4270 15.00 1.00 37.32 14,00
35.00 318 42 .80 15.00 1.00 37.44 14.00
37.00 3.18 42 80 15.00 1.00 37.44 1400
38.00 3.18 42 .80 15.00 1.00 37.44 14.00




38.00 318 42.80 15.00 1.00 37.44 14.00
40.00 3.18 42.80 20.00 2.00 37.44 18.00
41.00 297 33.90 20.00 2.00 34.97 18.00
42.00 295 17.90 - 20.00 2.00 34.73 18.00
43.00 2.88 10.00 18.00 2.00 33.91 17.00
44.00 2.78 7.30 16.00 2.00 32.73 17.00
45.00 285 6.20 19.00 2.00 31.20 17.00
~ 46.00 247 6.00 19.00 2.00 29.08 17.00
47.00 223 5.80 19.00 2.00 26.25 17.00
48.00 2.06 6.10 19.00 2.00 2425 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 12.80 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
58.00 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 1530 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 2210 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 2210 16.00 1.00 15.19 15.00
76.00 1.37 2210 16.00 1.00 16.13 15.00
77.00 0 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 , 1.5 V desorption (weight =87.21 g)

Time {min) | 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 1468 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
6.00 217 7270 | 20.00 2.00 24 88 18.00
7.00 2.37 72.20 | 19.00 2.00 27.18 17.00
8.00 259 71.30 | 19.00 200 | 2970 17.00
9.00 2.60 70.20 |  19.00 2.00 29.81 17.00
10.00 268 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 6670 | 18.00 2.00 33.37 16.00
15,00 2.69 6660 | 18.00 2.00 30.85 16.00
16.00 2.70 66.60 | 18.00 2.00 30.96 16.00
17.00 274 66.80 | 18.00 2.00 31.42 16.00
18.00 2.59 66.40 | 17.00 2.00 20.70 15.00
19.00 2.59 66.90 | 17.00 2.00 29.70 15.00
20.00 2.58 6700 | 17.00 200 | 2958 15.00
21.00 2.56 67.00 17.00 2.00 26.35 15.00
22.00 256 7.80 20.00 3.00 29.35 17.00
23.00 2 46 0.90 20.00 3.00 28.21 17.00
24.00 213 350 | 20.00 3.00 24.42 17.00
25.00 1.91 560 | 2000 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 | 20.00 300 | 18.00 17.00
28.00 1.21 18.10 | 21.00 3.00 13.87 18.00
29.00 0.75 1990 | 21.00 3.00 8.60 18.00
30.00 0.50 2090 | 21.00 3.00 5.73 18.00
31.00 0.52 2180 21.00 3.00 5.96 18.00
32.00 0.41 2230 | 21.00 3.00 4.70 18.00
33.00 0.37 2250 | 21.00 3.00 4.24 18.00
34.00 0.37 2270 | 21.00 3.00 424 18.00
35.00 0.39 2280 | 21.00 3.00 4.47 18.00
36.00 0.37 2290 | 21.00 3.00 424 18.00
37.00 0.40 2260 | 21.00 3.00 4,59 18.00
38.00 0.54 23.00 | 21.00 3.00 6.19. 18.00
29.00 0.48 23.00 | 21.00 3.00 5.50 18.00
40.00 0.50 2300 | 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 | 2100 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



Part 1 : Graphical Adsorption Data for 1.5 mm Granular Activated Carbon

Uptake (mog/g)

180.00

160.00

y = 5.7083x + 32.722 /

140.00

s A ees R

120.00

jyd

100.00

v

80.00

60.00

40.00

20.00

0.00

4]

10

T T T T T

13 20 25 30 35
Time (min)

40

Exp 6 : 5 V adserption

Uptake (mgig)

180.00

160.00

y = 55234x + 72§3/

140.00

120.00

N A eaeen s

e

100.00

V.

80.00

‘|

60.00

40.00

|
|

20.00

0.00

o

10

T T T T T

15 20 25 30 35
Time (min)

40

Exp 7 : 8 V adsorption
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Part 2 : Graphical Desorption Data for 1.5 mm Granular Activated Carbon
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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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Fig. 3, (a) Schematic of a cell end showing copper emd cover as an
electrade. (b) Schematic of a cell end showing phenalic end cover and
wire mesh electrade.
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