Process Intensification: Absorption and Desorption of Carbon
Dioxide from Monoethanolamine Solutions

Using Higee Technology

By

M. S. Jassim, MEng.

Thesis submitted for the Degree of Doctor of Philosophy in the Faculty of

Engineering, University of Newcastle upon Tyne

February, 2002

Department of Chemical and Process Engineering

University of Newcastle upon Tyne
- NEWCASTLE UNIVERSITY LIBRARY

WAEF SN ARAF AR i WO e ek s ki s e iy S kel WP i AR WP WARR R SR W R T Al e g

201 19834 8

wEp Wl iy W e e sl W il iy W gt WRRE WA M G AR il e MR SR S W S i WM Wy el

| Thesis e [

[ " ~ — —— PO — P " " - - L — — - —— — TR i —— -'f




To my Parents



“It 1s Allah Who created you in a state of (helpless)
weakness, then gave (you) strength after weakness,
then, after strength, gave (you weakness and a hoary
head: He creates as He wills, and it is He Who has all
knowledge and power”, The Quran (30:54)

“Knowledge 1s light”, The Holy Prophet

“There 1s no greater wealth than wisdom, no greater

poverty than ignorance; no greater heritage than culture
and no greater support than consultation”, Imam Ali

111



Acknowledgements

I would like to express my gratitude and appreciation to my supervisor Professor

Colin Ramshaw for his guidance and supervision throughout duration of this project.

Special thanks to Dr. Dag Eimer for his advice, suggestions, and keeping a close eye

on my progress with his six months visits which accelerated my motivation to deliver

goods.

[ would like to express my gratitude to Mr. Enik Horsley, Department Superintendent,
for the assistance with the procurement orders and his suggestions for the encountered
problems. I extend my gratitude to Mr. Ian Strong, a skilful craftsman, who
constructed the pilot rig and was always promptly available when needed to repair or
change the rig configuration. My thanks to Mr. Paul Sterling, who assisted me in
collecting gas samples during the experimental runs. Also, I would like to thank

Brian Dourish, George, Rob, Stuart, Brian Grover, and Jimmy for their help.

I would like to thank my PIIC group-mates for enjoyable atmosphere in the group and
good bond between its members. I would like to extend my gratitude to Dr. John

Burns for his comments and advice.

Special recognition goes to my parents, brothers and sisters for their warm support

throughout my career. Also, special thanks goes to Gulnur Coskuner for her care and

encouragement.

Finally, I gratefully thank Norsk Hydro for their generous financial support to carry

out this research.

v



Abstract

Process intensification (PI) technologies are challenging the traditional unit operations
in a wide range of engineering processes. The Rotating Packed Bed (RPB) or the
Higee is a compact mass transfer machine that could challenge the conventional
absorption/desorption columns especially in the off-shore oil facilities where space
and weight are of great importance. This counter-current mass transfer operation

between the gas and the liquid phases occurs at high rotational speed and with a short

residence time.

The objective of the project was to test the capability of the mass transfer machine
(RPB) in gas sweetening field. Therefore, a RPB pilot plant facility was modified
then experimentally tested for the chemical absorption of 4 vol.% CO,/Air mixture
using different concentrations of aqueous ethanolamine solutions (30, 55, 75, and 100

wt.%) at different temperatures (20°, and 40°C).

‘The hydraulic capacity or the flooding behaviour of the machine was initially
investigated and then compared with Sherwood correlation. In addition, Wallis
method was approached to correlate the flooding data. The analysis of the carbon
dioxide concentration in the liquid and gas samples was carried out by a gas
chromatograph. The mass transfer studies were carried out to identify the effect of
temperature, rotor speed, liquid flowrate, and concentration on the HTU. The

percentage recovery of carbon dioxide was 98.6, 92.8, 88.4 and 44.4% for 100, 75, 35,
and 30 wt% MEA solutions.

In addition, the regeneration of the amine solution by steam was investigated at

various (G/L) ratios and rotor speeds. It was observed the efficiency of the operation

was highest when the ratio (kg steam/L solution) was greater than 0.4.

Key Words: Rotating packed bed, process intensification, Higee, gas sweetening,

MEA, carbon dioxide, absorption, steam desorption, HTU.
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CHAPTER 1

INTRODUCTION

The field of process intensification (PI) got momentum in late 1970s when ICI
engineers pioneered this field. The main objective was to reduce the size of the Main
Plant Items (MPI) in the bulk chemical industries in order to reduce the installation

costs, by a factor of 10 or more, with the application of novel and compact
technologies (Ramshaw, 1983).

Reducing the size of unit operations and/or integrating their functions can
- substantially save costs by reducing civil engineering and piping works. However, Pl
success is not only limited to its early advantage of reducing the size and weight of
equipment and thus saving space, but the vision, even at that early stage, was to
improve efficiency, inherent safety, as well as reducing the energy consumption and
environmental impact. These advantages were accomplished due to the short

residence time and low volume of multi-phase operations.

(Hendershot, 2000) supported the utilization of PI technologies in the chemical
industries due to process minimization, which add inherent safety factor to the
equation of plant design. The concept of PI has evolved in the last three decades, and
now covers both the bulk chemicals industry and the small volume speciality
chemicals production. (Green, 1998) reviewed the PI technologies currently under
investigation: rotating packed beds (RPB), spinning disk reactor, compact heat

exchanger, in-line mixing devices, combined chemical reactor-heat exchangers,

oscillatory flow reactors, and microreactors.

Both the RPB and the spinning disk reactor technologies take advantage of centrifugal
fields as stimulants for PI (Ramshaw, 1993). The wisdom of using centrifugal fields

is to benefit from the fact that the dynamic behaviour of multiphase fluids is dictated

by the interphase buoyancy factor Apg. Therefore, increasing the centnfugal

acceleration improves the slip velocity, which in turn improves the flooding

characteristics and interfacial shear stress, and consequently boost mass transfer

coefficient.
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(Stankiewicz and Moulijn, 2000) stressed the effect of process intensification on
transforming the chemical engineering field. They predicted that the intensified
equipment and processing techniques would cause extinction of the traditional unit
operations in the 21* Century in a similar approach to the advancement in electronics
field. The vision was to apply efficient and integrated devices such as pipeline

reactors or 1-2 m rotating devices as an alternative to long columns or reactors.

The industrial technology in operation throughout the world for removing acid gases
involves the application of the conventional packed columns for both absorption and
desorption. The main objective of this research is to develop and test a high
performance mass transfer device (Higee) that is capable of absorbing and desorbing

carbon dioxide using various strengths of alkanolamine solutions.

The application of Higee technology in gas sweetening field in the offshore oil
industry will provide a cornerstone in plant design by critically reducing the size and

weight of absorber/desorber, increasing the inherent safety of offshore sites and

performing efficient mass transfer operations.

An initiative by the Norwegian government to restore CO, emissions in the year 2000
to the 1989 level, led to the introduction of a CO,-tax costing oil companies a
staggering US$ 355 millions in 1994. The high cost of tax forced the oil companies to
seek new technologies for the reduction of greenhouse emissions (Falk-Pedersen et
al., 1995). Norsk Hydro, a Norwegian energy, chemicals and metals group, declared
an 1nitiative to invest in an environmental-friendly project for the generation of
electricity. Figure 1.1 shows a schematic diagram of the overall process. The
feedstock to synthesis process (reformer) is natural gas (CHy), which will produce
Hydrogen as the main product and carbon dioxide as a by-product. Hydrogen will be
fed to the gas and steam turbines for the production of electricity, while carbon
dioxide will be injected into the Grave oil reservoir in the Norwegian continental shelf

of North Sea for recovering oil. By utilizing carbon dioxide in oil recovery, a

reduction of 90% emission of this greenhouse gas is attainable.
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Grave Qil
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Natural Gas E lectricity

Synthesis

Figure 1.1: Schematic diagram of overall process for production of electricity

and oil recovery.

(Green, 1999) described an overall methodology to start-up a PI industrial project as
shown in Figure 1.2. The business drivers for the current research project is to utilise
the concept of the compact Higee machine in offshore facilities in order to reduce
CO,-related taxes as explained earlier. The knowledge elicitation step is
acknowledged in Chapter 2 with a detailed brainstorming of the concept of
regenerable mass transfer, process chemistry, rate limiting step, reaction kinetics, and
the rotating packed beds concept. The detailed design description of the experimental
pilot plant rig 1s shown in Chapter 3. The flooding and solubility experiments are
shown in Chapter 4. The early mass transfer studies showed that the recovery of
carbon dioxide in the absorption runs were only 40% using 30wt% MEA lean
solution, which was based upon the typical high-range MEA solution strength in the
modern conventional absorbers. As the Higee is a radical mass transfer machine in
terms of the fast residence time, the PI blockers were reviewed and it was decided to
study the effect of MEA strength on mass transfer characteristics. Chapter 5 shows
the absorption and desorption studies. Chapter 6 shows the conclusions and
recommendations for future work. Finally, a list of appendices shows the detailed

calculations, solubility data, and the gas chromatography calibrations.
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Figure 1.2: The PI methodology courtesy of (Green, 1999)
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CHAPTER 2

LITERATURE REVIEW

2.1 Regenerable Mass Transfer Processes

2.1.1 Introduction

Purification of a gas stream by a liquid solvent is an important chemical engineering

mass transfer operation. (Pearce, 1993) categorized acid gas removal methods into 7

groups as shown in Figure 2.1.

Gas Sweetining Methods

Chemical Solvents||Physical Solvents [{Chemical /Physicall|  Solid Gas Membrane Gas
| | l Solvents Treating Processes|| Treating Process
Regenerative Chemical Non-chemical

Figure 2.1: Classification of the gas sweetening methods

The liquid-vapour mass transfer operation can either be accompanied with or without
chemical reaction depending on the type of the chosen solvent. The former is called
chemical solvent and the latter is known as physical solvent. The criteria for choosing

an appropriate solvent depend on the composition, temperature, and pressure of feed

gas and the required specification on sweet gas as shown in Figure 2.2 (Tennyson and
Schaaf, 1977).

From the economic point of view, chemical solvents are favourable when the partial
pressure of acid gas in both the sour and sweet streams is low. Furthermore, the

chemical reaction between the base liquid and the acid gas can be reversed by

changing the operating condition of the process thus regenerating the chemical

solvent.
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The vapour-liquid equilibrium curves of the chemical solvent shows that fewer
theoretical stages are required to achieve high acid gas clean-up. The shape of the
equilibrium curve is due to the high ionic strength of the chemical solvents. Other
advantages of chemical solvents are: higher capacity, higher degree of removal of acid

gas, higher absorption mass transfer coefficient, and higher desorption mass transfer

coefficient.

However, there are limitations that should be investigated, such as: cost of chemicals,

high heat of absorption, corrosion, side reactions, and possible environmental
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Figure 2.2: Choice of solvent in gas treating (Tennyson and Schaaf, 1977).

There are five main fields that applies gas/liquid absorption and desorption processes
(Charpentier, 1982): (1) Liquid phase processes e.g. nitration, polymerisation; (2) Gas
scrubbing e.g. CO,, H,S; (3) Pure products manufacturing e.g. H,SO4, HNO3; (4)

Biological processes €.g. acrobic fermentation; and (5) Multi and two phase flow e.g.

oil recovery.
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2.1.2 Description of the Operation of A Conventional Gas Treating Plant

Removal of the acid gases (H,S and CO;) or gas sweetening is an important industrial
application. The removal of carbon dioxide is a common target in the manufacture of
Hydrogen, ammonia, natural gas production and the recovery of CO; from the flue

gases. The main items of a conventional gas sweetening plant are: absorber, desorber

and flash drum as shown in Figure 2.3.

The lean alkanolamine solution is fed to the top of the absorber and the sour gas is fed
at the bottom thus a mass transfer counter-current process takes place throughout the
length of the packing. The sour components of gas stream are diffused with
exothermic chemical reactions into the alkanolamine solution. The sweet gas 1s

released at the top of absorber and a CO;-rich alkanolamine at the bottom.

The next stage is to regenerate rich alkanolamine. The rich solution is heated up
using the hot lean ethanolamine from the bottom of the desorber. It is then flashed off
before being fed to the desorber in order to remove as much as possible of the flashed
gases so that less steam is desirable for regeneration. The flashed liquid is then fed to
the top of the desorber. The desorption takes place when the equilibrium partial
pressure of carbon dioxide in the rich solution is greater than its partial pressure in the
gas phase. Steam is used as a desorption medium because it provides energy to
reverse the carbon dioxide and alkanolamine reaction, lowers the partial pressure of

carbon dioxide in the gas phase, and provides sensible heat to raise the temperature of

the rich amine to the lean amine exiting desorber.

The flashing occurs when total equilibrium vapour pressure, i.e. the sum of
equilibrium partial pressure of acid gas and solvent, exceeds total pressure of the
system. The kinetics of flashing is not fully understood, though, it can be considered
as boiling in which nucleation governs the kinetics. A measurement system is
required over the flash drum in order to define the conditions at the top of desorber.

Table 2.1 shows the operating data for aqueous MEA gas treating plant.

Figure 2.4 shows the position of the operating line in the counter-current gas-liquid

absorber and desorber for a chemical solvent.
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2.1.3 Operating Modes

There are three modes of operation: Rich End Pinch (REP), Lean End Pinch (LEP),
and Unpinched (UP). In REP and LEP the lean solvent is recycled to the top of
absorber whereas for UP mode the solvent is recycled to low feed point. The packing
height in REP and LEP should be large to accommodate a pinch whereas it should be

small enough in UP mode to avoid existence of a pinch.

In REP a high steam rate is maintained at the bottom of desorber thus ideally a lean

solvent is always fed to absorber.

2.1.4 Operating Variables

The operating variables are: (1) steam rate to desorber, (2) liquid circulation rate, (3)
feed gas rate, (4) composition, and temperature, (5) pressure in the absorber and
desorber, (6) composition of the lean and rich solutions and of the flashed solution,

(7) composition of the gas exiting from the absorber, (8) temperatures at the lean and

rich end of both absorber and desorber.
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Figure 2.3: Flowsheet of a typical amine plant
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Figure 2.4: Position of the operating line in the absorber and desorber.
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Table 2.1: Operating data for Aqueous MEA Gas Treating Plant, (Kohl and Nielsen,
1997)

72 MMsctd Solution Flow rate 2,000 gpm

Feed gas analysis

CO,, %vol 10-15
SOz, ppmv 10-100
H,S, grains/100scf 0

Outlet gas analysis
C02, J0vol
SO,, ppmv

H,S, grains/100sct

Lean solution loading

Rich Solution Loading

Mol CO,/mol MEA 0.062

Mol CO,/mol MEA 0.415

Absorber

Height, ft Internals Two 23-1t
beds of
polypropylene
saddles

T i e S
Stripper

e O
R O R

Steam to reboiler, | 1.1
Ib/gal of solution
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2.2 Chemistry

2.2.1 Selection of Amine

There are different types of amines applied in the industry, namely: primary (e.g.
monoethanolamine - MEA), secondary (e.g. diethanolamine - DEA), temary (e.g.
triethanolamine - TEA), sterically-hindered, and mixtures of amines. The structural

formulas of common amines are shown below.

C = C — OH C =—— C = OH

/
N — H N — H
N\

H N C — C — OH
Monoethanolamine (MEA) Diethanolamine (DEA)
—_— C — OH

Y, C — C— OH / C C

N—C—C"""'"'OH N—CH3
\ C = C — OH

Triethanolamine (TEA) Methyldiethanolamine (MDE.

Monoethanolamine (MEA) is selected as the chemical solvent throughout this
research due to the availability of vast literature bank related to the laboratory scale

physico-chemical data. Furthermore, MEA has a large proportion of the amine world

market share (40%) as shown in Figure 2.5.
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DGA
2%
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MDEA

22% MEA

40%

DEA
31%

Figure 2.5: Share of MEA in amines global market (DuPart et al., 1993a)

MEA occupies a large slice of the amine market due to few factors such as: higher
reaction rate, better stability, high alkalinity, cheaper, easier to reclaim, higher
capacity due its lower molar mass thus minimizes the amount of solvent to be

circulated, high solubility and low liquid phase mass transfer coefficient. However,

its limitations are: formation of a stable carbamate, high vaporization losses due to its

high vapour pressure, higher enthalpy of reaction with CO; (20 kcal/gmol), high

corrosion rate, and formation of degradation products with oxygen.

2.2.2 Classification of Amine

Initially, Bronsted proposed a classification system for the solvents based upon three
properties: dielectric constant, acidic strength, and basic strength. He came up with
eight classes of solvents and denoted a plus sign to indicate predominance and a
negative sign to indicate weakness or absence. Most amines were in class seven

which has a positive basicity and negative dielectric constant and relative acidity.

Figure 2.6 shows the current solvent classification scheme (Popovych and Tomkins,
1981). Solvents are broadly divided into amphiprotic and aprotic. The former is

capable of accepting and donating protons whereas the latter is unable to transfer
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protons. The amphiprotics are further subdivided into protogenic (acidic), protophilic
(basic), and neutral. Amines, which react with CQO,, are amphiprotic protophilic
solvents. Water is classified as amphiprotic neutral solvent. Therefore, a mixture of

water and amine exhibits basic properties.

Classification of Solvents

i
Protophobic | | Molecular solvents

Figure 2.6: Classification of solvents

2.2.3 Amine Concentration

Choice of amine strength is not an easy decision due to the economic and technical
considerations (Butwell, 1968). The economic considerations are: capital investment,
utility cost, daily losses through vaporization, chemical reaction, or degradation

losses. The technical considerations are: acid gas loading, degasification rates, and

corrosion.

Table 2.2 reviews the recommended MEA strength in the literature. In 1960s, most of
the authors recommended 15wt% MEA solution due to the lack of corrosion
inhibitors and the use of carbon steel as the main material of construction. However,
progress in corrosion chemistry aﬁd employment of stainless steel in sensitive parts of

sweetening plant enabled the use of higher amine concentration.

13
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Table 2.2: Review of historical recommended MEA strength.

Source ToWt. Notes
MEA
I R S

(Butwell, 1963)

Ammonia synthesis industry: minimum
difficulty in removal of CO, as long as

rich loading is less than 0.45 mol/mol.

15-20 Rich loading 0.3-0.35 mol/mol
(Dingman et al,, 15 Rich loading 0.35 mol/mol
1966)
(Kohl and Nielsen, 32 Add corrosion inhibitors when acid gas is

1997)

only COz.

The drawbacks in increasing the ethanolamine concentration are: difficulty in the
regeneration of strong solution, the increase of vapour pressure of carbon dioxide over
the concentrated ethanolamine solution (Figure 2.8), higher heat of reaction will cause
increase in the temperature thus higher vapour pressure, carbon dioxide flashing in the
heat exchangers and piping prior to stripping column, high concentration of carbon

dioxide in stripper, and different types of corrosion. Figure 2.7 shows that the vapour

pressure of pure MEA is higher than DEA or diluted solution of MEA.

14
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2.2.4 Reaction Kinetics

The reaction in the solution is between ethanolamine and acid gas (CO;). Carbon
dioxide is a Lewis acid i.e. accepts electrons. The amine has two functional groups:
amine and hydroxyl. The amine provides the basicity to the chemical compound and
reacts with acid gas. The hydroxyl group increases the solubility of alkanolamine in

water thus reducing the vapour pressure of amines so that less is lost at the top of the

absorber or stripper. Furthermore, as a consequence to the kinetics of the reaction,

carbon dioxide reacts at a finite rate with amine thus the selectivity towards CO; can

be controlled by changing the type of amine, or, in a mixed amine system, the ratio of

various amines i1n solution.

The main reactions that occur in the solution (Kohl and Nielsen, 1997):

a) Ionization of water:

H,0«—— H* +OH 2.1)

b) Hydrolysis and ionization of dissolved carbon dioxide:
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CO, +H,0 ——HCO, +H" (2.2)
~ ¢) Protonation of alkanolamine:
RNH, +H* «<——RNH," (2.3)

Furthermore, (Astarita et al., 1983) and (Zarzycki and Chacuk, 1993 ) categorized

main reactions according to loading level:

CARBAMATE FORMATION: It is the main reaction when loading < 0.5. The

mechanism can be explained by zwitterion theorem, which determines the rate-

limiting step. (R = C;H4;0OH)
CO, +2RNH, «——RNH," + RNHCOO (2.4)

BICARBONATE FORMATION: It occurs at all values of loadings.

CO, +RNH, + H,0 «<—— RNH," + HCO,’ (2.5)
CO, +H,0 ——H* +HCO, (2.6)
CO, +OH «——HCO, (2.7)

Direct mechanisms of bicarbonate formation are neglected due to the slow reaction

rates.

CARBMATE REVERSION: It is the main reaction when the loading > 0.5.

CO, +RNHCOO +2H,0«—RNH, +2HCO, (2.8)

At loadings > 0.5, the reaction becomes slower thus there is a need for more residence

time in the absorption apparatus.

2.2.5 The Rate Limiting Step

(Caplow, 1968) proposed a zwitterion mechanism for the bimolecular reaction of
amines (not alkanolamines) with CO,. Carbon dioxide reacts with an amine molecule
to form an intermediate (a zwitterion) then this intermediate instantaneously reacts
with another amine/base molecule to form a carbamate and a protonized amine/base.
Thus, the forward reaction of zwitterion formation is the rate-determining step and it

1s first order with respect to CO; and RNH; and second order overall.
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K
1 + -
CO,+RNH, =  RNH;COO

K-l

Kb
+ L
RNH,"COO" + RNH, ‘—'T""‘

-b

RNH3+ + RNHCOO-

Combining Equations (2.9) and (2.10) above yields:

CO,+2RNH, ===  RNH,;" + RNHCOO" (2.11)

(Danckwerts, 1979) extended this to the absorption of CO; by primary, secondary and
ternary alkanolamines and (Critchfield and Rochelle, 1987) introduced reversibility

thus enabling to describe both mass transfer mechanisms of absorption and

desorption.

(Danckwerts, 1979) derived an overall forward reaction rate equation with the

assumption of quassi-steady state condition.

_k;[C0, |[R,NH]
k

Sk, 1B

The base (B) can be any base in the solution (amine, H,O, and OH species). If the

r (2.12)

1+

second term in the denominator << 1.0 then the rate equation becomes:
r =k; [CO;] [R,NH] (2.13)

Equation 2.14 shows the zwitterion formation and Equations 2.15, 2.16 and 2.17 show

three possible parallel reactions for deprotonation reactions for carbamate formation
from MEA.

Zwitterion formation:

17
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Zwitterion deprotonation (3 parallel reactions):
H 0 O
/7~ N\ ) 4 7
H— O R-——N+-——C —_— R— N —¢ + H20
N poo
H
0
H
: N
\ /\l Y4 o C//
0 R— N —C —_— R + H30%
| N D
H H
H
H H O
| /77 7\ |> a 4 ’
+ R— N —C + R— N —H
R— N R-— N —C = \
| N L N
0 H H
H H

2.2.6 Kinetic Data

(Blauwhoff et al., 1984) reviewed the literature kinetic data for the amines. It was

concluded that the reaction rate constant for MEA quoted by Hikita et al. (1977) fits

well the kinetic data investigated by other recent sources.

The reaction between carbon dioxide and the amine is second order. Thus, the rate

equation is:
fcoz = kz [C02] [N[EA] (2.18)

where kj; is the second order reaction rate constant (I/mole/s), and [CO;] and [MEA]

are the concentrations of carbon dioxide and the amine respectively. In addition, k;

value for the temperature range of 5-80°C is given by Hikita et al (1977):

Logiokz = 10.99 — (2152 /T). . (2.19)

18
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2.2.7 Properties of Monoethanolamine (MEA)

2.2.7.1 Physical Properties

Appendix A shows the physical properties diagrams of aqueous MEA solutions:
viscosity, specific heat, total vapour pressure, specific gravity, boiling point, heat of

vaporization, volatility, heat of solution, refractive index, and surface tension (Atadan,
1955).

2.2.7.2 Oxidation

In the presence of free oxygen, with and without carbon dioxide, alkanolamines are
degraded to form heat stable salts (Rooney et al.,, 1998). Oxygen reacts with
alkanolamines to form heat-stable acids such as; formic acid, ammonia, substituted
amide, high molecular weight polymers, glycine, glycolic acid, formic acid, acetic
acid, and oxalic acid. These reactions are irreversible and produce heat-stable salts:
formate, oxalate, acetate, thiocyanate, sulphate and chloride. As a result, there 1s a

reduction in the amine available for gas removal, increase in corrosion and solution

VISCOSItY.

Thus, it is recommended that the storage tanks of ethanolamines should be blanketed
with nitrogen in order to keep the air away. In case of oxygen contamination,

scavengers such as sulphites and hydrazine could be injected to reduce oxygen

solubility and build up of heat stable salts.

2.2.7.3 Foaming

Reduction in surface tension of amine solution by contaminants increases the foaming
tendencies (Pauley, 1991). The main contaminants are oxidation and degradation
products that form a thin film that is elastic and capable of encapsulating a gas bubble.

The direct consequence of foam formation is the reduction in the gas treating capacity

because of the reduction 1n the effective mass transfer area.

2.2.7.4 Diftusivity of CO; in Aqueous Solutions of Monoethanolamines

As mass transfer is accompanied by chemical reaction, it is impossible to obtain
directly the diffusivity of CO; in MEA solution. However, it is possible to estimate

the diffusivity of CO; in alkanolamines solutions using data of a non-reacting gas
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such as N>,O (Versteeg and Van Swaaij, 1988). N,O is a non-reacting gas that has
similar configuration, molecular volume, and electronic structure to CO,. The N0

analogy was applied by (Laddha et al., 1981) to estimate the solubility of CO; in

alkanolamine solutions. The methodology of such estimation is as follows:

Firstly, diffusivities of CO; and N,O in water can be calculated:

Do, =2.35%10° ex;{-z'; 19} (2.20)
Dyo =5.07 *10° exp(_2;7l) (2.21)

Thus, the diffusivity of CO, and N,O in water at 298K is 1.78*10™ and 1.92*10™ m%/s
respectively. Then the modified Stokes-Einstein relation can be used to calculate the

diffusion coefficient of N,O in the amine solution.
(DN,O I )amim ol (D N,0 I )Wm,r (2.22)

The viscosities of water and 30wt% MEA at 298K are respectively 0.8937*107,
2.27%107 Pa.s. Thus, the diffusivity of N,O in amine solution is 1.10¥10° m¥s.

Thereafter, applying N,O analogy to calculate the diffusivity of CO; in amine

solution.
D D
N,O — N,0 (2.23)
Dcoz amine sol. DC02 waler.

Thus, the diffusivity of CO, in amine solution is 1.02*10® m%s.
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2.3 Mass Transfer Processes

2.3.1 Physical Mass Transfer Processes

2.3.1.1 General Concepts

When liquid and gas comes into contact, mass transfer takes place between the two
phases until equilibrium prevails. The laws that govern the rate of mass transfer

between the two phases can only be determined by experiments.

The résistance to mass transfer between the liquid and the gas is across both sides of
the interface. (Whitman, 1923) proposed splitting the driving force across the gas
film and the liquid film. Therefore, the basic mass transfer equation for the transfer of

component (A) across an interface for a physical solvent 1s:
N,=k; P -P,)=kL(C,,-C,) (2.24)

where Ny is the overall rate of mass transfer, kg is gas film mass transfer coefficient
(m/s), k°L is physical liquid film mass transfer coefficient (m/s), Ca; is the
concentration at the interface, Car 1s the concentration in the bulk of liquid, P4a; 1s the

partial pressure at the interface and Pag 1s the partial pressure at the bulk of gas.

The mass transfer coefficient is linear for the physical solvents and highly non-linear

for the chemical solvents. Furthermore, the fugacity is continuous across the

interface.

In industry, it is more familiar the use of overall mass transfer coefficients rather than

the film mass transfer coefficients. Thus, Equation (2.24) becomes:

No=Kg Py -Po) =K (Cp. -Cyp) (2.25)

where Pa. 1s the partial pressure of A in equilibrium with a solution having the

composition of the main body of liquid, and Cj,. is the concentration of A in solution

in equilibrium with the main body of gas.

The relationships between overall mass transfer coefficients and the film coefficients

arc.

1 1 H
—_—
Ko kg ko

(2.26)
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1 1 |
+

K, k°% Hk,

(2.27)

Henry’s Law applies when equilibrium is assumed linear in the system.

Thus, p, =Hec, (2.28)

Where H is Henry’s law coefficient.

Combining Equations (2.25) and (2.28) into (2.27) yields:

__H
N,=— T (2.29)

k°.  Hk,

According to Equation (2.29), there are two mathematical limiting behaviours
(Astarita et al., 1983):

1- Gas Phase Control:

KL pol (2.30)
Hk,
Thus, N ,=k, (P, -HC,,) (2.31)

Which means that the solute is very soluble (low Henry’s constant value) in the liquid

and therefore the resistance is mainly in the gas phase.

2- Liquid Phase Control

k°L
Hk,

<< 1 (2.32)

Thus, N = k°1.(%- -C,; ] (2.33)

Which implies that the resistance is mainly in the liquid i.e. the solute is less soluble

in the liquid (high Henry’s constant value).

In conclusion, the resistance to mass transfer in the absorption of carbon dioxide into

alkanolamine solution is primarily in the gas phase because the solute is readily

soluble (low Henry’s constant value).

22
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2.3.1.2 Mass Transfer Models

This section reviews briefly the theoretical models that describe the hydrodynamics of
the liquid next to the gas-liquid interface. Mass transfer is a function of the fluid
physical properties, concentration difference, interfacial area, and the degree of
turbulence (Coulson et al., 1993). The gas absorption mass transfer mechanism can
be described as follows: soluble gas diffuses to surface then dissolves in liquid and
then passes into the bulk of the liquid. Different theories describe the resistance to

transfer at the phase boundary and the conditions in the region of the phase boundary.

2.3.1.2.1 The Two film Theory

(Whitman, 1923) established the first theory of mass transfer between two phases.
The theory indicates that mass transfer occurs between gas/liquid in a stagnant film by
molecular diffusion. The total mass transfer resistance is located in the films. At the

interface, a laminar layer i1s assumed to exist on each side of the films (Dankwerts,
1970).

Liquid \ S Gas

Figure 2.9: Concentration profile of physical absorption using Two-film

Theory

Figure 2.9 shows both of the gas and liquid hypothetical layers on each side of the
interface. The concentration gradient is linear inside each layer and the stagnant film

1s assumed to have a uniform thickness. Therefore, the mass transfer flux for

equimolecular counter-diffusion and in the absence of a chemical reaction is:
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C,,-C
N,=D, — > = (2.34)
Thus, K, =%*- (2.35)

2.3.1.2.2 The Penetration Theory

(Higbie, 1935) proposed a new theory for liquid-side mass transfer resistance in
absorption without chemical reaction. The mass transfer was attributed to fresh
material brought by eddies at interface where unsteady state transfer takes place for a

fixed period at the freshly exposed surface. The mass transfer coefficient varies with

the square root of diffusivity (KLa\/B ). The assumptions of the penetration theory

as applied to packed beds are: very short exposure time, infinitely thick film, liquid
flow is laminar and the liquid is completely remixed at junctions of the packing
material. The only limitation of the penetration theory is the hypothesis that all mass

transfer components stay on the surface/interface for the same length of time t).

The average flux for instantaneous mass transfer is:

t*

Thus, K, = 21/-1, (2.37)
Tt

Where t* is the exposure time of the liquid to the gas. The driving force for the mass
transfer coefficient is the difference between the interfacial concentration and the

concentration in the liquid at the beginning of the short absorption period:

. 7nd

¢ =22 (2.38)

where d, is the characteristic dimension (e.g. filament thickness) and v is the liquid

film velocity. Equation (2.39) is based on (Nusselt, 1916) theory for fully developed

laminar flow.

2 2\
pgo 9gl
= = 2.39

24
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where I' is the liquid flowrate per unit width:

2
r=28p (2.40)
2u
Therefore, substituting Equations (2.38), (2.39), (2.40) into (2.37) yields:
K d a 1/3
Sh= "D = 0.919(—"-] Sc''* Re'”? Gr'° (2.41)
aﬂ

(Davidson, 1959) developed three models based upon the Penetration Theory to
predict the HTU in a packed bed for liquid phase mass transfer.

First model assumes that the bed consists of a large number of vertical and completely

wetted surfaces.

—L=03455c Re,S Gr% (2.42)

P

The second model assumes that the bed is made from a large number with randomly

inclined flat surfaces of equal lengths.

HTU,
d

P

~0.244Sc”2 Re”? Gr /5 (2.43)

And the third model assumes that the bed is made from a large number of randomly

inclined flat surfaces of random lengths.

HIUL _ 0.18335¢% Re Gr /6 (2.44)

P

2.3.1.2.3 Surface-Renewal Models

(Danckwerts, 1951) suggested that the surface of liquid has a variety of elements that

exposes to the gas for different lengths of time and thus be absorbed at different rates.

A distnnbution function f(0) describes the distribution of surface elements. The

average flux for instantaneous mass transfer is:

5

K, =4D,s (2.46)

_f _ ’DA tw(0)
N= _[ N (O (0)do = "'n_—(cm —Co )_([“7‘19 (2.45)
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where “s” is the rate of surface renewal. The mass transfer rate coefficient 1s

proportional to the square root of the diffusivity and thus similar to the penetration

theory.

2.3.2 Mass Transfer Accompanied by Chemical Reaction

2.3.2.1 Introduction

A chemical solvent enhances the rate of mass transfer by chemically reacting with the

solute gas. The degree of enhancement is in incorporated into the physical mass

transfer equation:

[NAL ]chem = [kAL ]chem [C*AL - CALJ (2'47)
Using the two-film theory to define the mass transfer coefficient:

— D AL
[5L ]chcm

[K AL ]chcm (2.4 8)

Equation (2.48) implies that the chemical absorption has different thickness to the
physical absorption.

The ratio of physical and chemical molar fluxes is defined as the enhancement factor:

E = Mm_ (2.49)
[kAL ]phys

Substituting Equation (2.49) into (2.47) yields:

[NAL]chcm =E kAL lC*AL - CAL] (2'50)

where Kay 18 the physical mass transfer coefficient.

2.3.2.2 Reasons for Higher Rate of Mass Transfer Using Chemical Solvents

Chemical reaction enhances the rate of sour gases absorption. The reason for higher

absorption rates with chemical reaction can be categorized into two effects
(Glasscock, 1990):

2.3.2.2.1 Equilibrium considerations

The overall gas phase mass transfer coefficient is:

26
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I)"'I)“'l B
_ — _ 2.51
N=——"——=K, (P-P") (2.51)
+ o
k, Ek,

The driving force for the above equation is the difference between the partial
pressures of CO; in the gas phase and the equilibrium partial pressure of CO, that
corresponds to the concentration of CO; in the liquid phase. Chemical reactions 1n the

liquid phase between CO, and basic species reduce the equilibrium partial pressure

thus increasing the driving force.

2.3.2.2.2 Non-equilibrium considerations

The above overall gas phase mass transfer coefficient is similar to the equation for
physical system except the existence of the enhancement factor “E”. The reason that
the chemical reaction enhances absorption rate is that the gas 1s consumed at the gas-
liquid interface. The reaction causes an increase in the concentration gradient of CO;

at the gas-liquid interface and therefore an increase in the absorption rate.

2.3.2.3 Reaction Regimes

There are three distinct reaction regimes: slow, fast and instantaneous. A

dimensionless ratio ® is a measure of relative rates of reaction and diffusion time.

5 % (2.52)

tp (diffusion time) is the time available for molecular diffusion before mixing of the

liquid phase makes the concentration of liquid uniform. And t, (reaction time) is the

time required by the chemical reaction to change considerably the concentration of the

ltmiting reactant.

If ®<<1 then the reaction is in the slow regime and there is no rate enhancement. If

d—oo then the reaction is in the instantaneous regime. An intermediate regime occurs

when @>>1 and called the fast regime.

(Astarita et al., 1983) quoted the reaction times for the three regimes:

Slow reaction t, > 102 s

Fast reaction 107> t, >10C s
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Instantaneous reaction t, < 10° s

In the case of CO, absorption by alkaline solutions, the magnitude of the reaction
times is 10°-107 s, which implies that the reaction is in grey area between fast and

instantaneous reaction.

The diffusion time, tp, 1s defined as follows:

k, = ,2. (2.53)
tD

52

t 2.54
D= (2.54)

where D is the diffusivity and o is the film thickness. The range of tp in industry 1s
provided by (Astarita et al., 1983):

4*10”° <ty <4*10? sec

100

I

et
|

= 1

1 \/’5 10 100

Figure 2.10: Asymptotic behaviour for I

Figure 2.10 shows the asymptotic behaviour of mass transfer accompanied by
chemical reaction. The reaction between alkanolamine and carbon dioxide is very fast

and as a consequence carbon dioxide is readily soluble in the alkanolamine solution.
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2.4 Rotating Packed Bed (RPB)

2.4.1 Comparison Between the Classical Packed Tower and RPB

For the chemical engineer, the classical packed tower is used for different mass
transfer operations such as distillation, and absorption. The tower 1s basically a
cylindrical shell filled with different packing materials, shapes, and sizes; and
positioned vertically. The gravitational acceleration is constant throughout packing
and the pressure drop is due to drag forces. Liquid enters at the top of the packed
column and flows downward under the influence of gravity. The gas enters at the
bottom and flows upward through the packing. Thus a counter-current mass transfer
takes place and the packing provides the area of contact. The efficiency of the packed

tower for mass transfer depends upon the specific area of the packing and the liquid

irrigation rates (Coulson et al., 1991).

On the other hand, the Higee mass transfer machine has different shape and mode of
operation (Ramshaw, 1993). The Higee machine is constructed using a doughnut-
shaped rotor, which is mounted on a shaft, and filled with high specific area packing.
Gas phase is forced to enter from the outer periphery and flows radially inwards and
passes through a rotating packed material before exiting. The liquid phase enters
from the eye of the machine through a spray nozzle, which radially sprays it outwards.
Therefore, a counter-current mass transfer occurs between the phases accompanied by
centrifugal force. The rotational speed gives an extra degree of freedom, i.e. by
selecting the specific rotational speed; both the residence time and the thickness of
mass transfer film can be controlled. Furthermore, the enhanced acceleration causes
higher flooding velocities and improved volumetric mass transfer coefficients. As a

result, both of these features lead to a particularly compact mass transfer contactor for

a given duty.
2.4.2 Background

This section details the historical development on the field of rotating packed beds:

(Chambers and Wall, 1954) designed a centrifugal absorber with 21 in. diameter and
10 1n. height (Figure 2.11). The mass transfer between phases occurs in the intermesh
of concentric rings and no packing was utilized. It was successfully applied in

reducing the carbon dioxide concentration in the air mixture from 14% to 2% with
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application of pure MEA solution. The pilot rig was made from mild steel thus the
rich solution was deteriorated due to the corrosive nature of pure MEA solution. The
results were not expressed in terms of gas mass transfer coefficient as the author

suggested that its values could mislead the reader because Henry’s Law is applicable

for to short contact time.

LiQUOR OUT‘ q

GAS ouT

Figure 2.11: Chamber’s centrifugal absorber.

Table 2.3 shows the absorption results using dirty MEA solution while Table 2.4
shows the absorption results using new MEA solution. The comparison indicated the

importance of MEA solution quality which in this case was deteriorated due to metal

corroston products, oxidation products etc.
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Table 2.3: Absorption results using dirty MEA.

Gas Flow

Liquid Flow | a/b CO; in gas (%) Absorption
(m3/hr) (L/min)
b

Table 2.4: Absorption results using new MEA

Absorption
o
R N R o R
I R T O
N O R O [
I S T N L
EER W R T R
EEN N S T O

(Pillo and Dahlbeck, 1960) scrubbed H,S from coke oven gas using liquid ammonia.

Rotor speed | Gas flow | Liquor Rate

(rn3/hr) (L/min)

High efficiency was achieved by carrying out ideal counter-current washing. It was

shown that the unit has lower residence time.

31
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(Vivian et al., 1965) studied the effect of centrifugal acceleration on carbon dioxide

desorption from water in a packed column mounted on a large centrifuge. The

column is 6 in. ID, 1 ft high and filled with % in. rasching rings. The total body force
ratio of the centrifugal field to the gravity used (rw®/g) was varied between 1-6.4.

They reported that for desorption of carbon dioxide from water into air, the liquid side

mass-transfer coefficient varied with centrifugal acceleration as follows:

rw? )
B a“(?} (2.55)

0.41< p <0.48

In comparison, the correlation for mass transfer coefficient in a short wetted-wall
column by Vivian and Peaceman (1956) 1s:
K, h 4T

04
= _0.443[—;] (N (gh’p?lu*)™™ (2.56)

The gravity term in the centrifuge has higher power exponent (0.41-0.48) than the
gravity term in the short wetted-wall column (1/6). (Vivian et al., 1965) attributed the
increase to the higher interfacial area with increasing body force due to centrifugal

forces. Also, it was shown the effect of gravity upon the liquid mass transfer

coefficient for different liquid flowrates.

(Podlbieiniak, 1966) invented a rotational vapour liquid contactor (deodorizer) for
stripping out odour and flavour substances from triglyceride o1l using steam. The
machine worked well for removing low amount of impurities (0.1-0.2%) from
triglyceride oil. The advantages of the machine were: short contact time between
phases, reduction in oil loss due to entrainment, more efficient contact between phases
and a reduction in the loss due to hydrolysis because of low residence time. Figure
2.12 shows apparatus of centrifugal contactor. The contactor is basically a cylindrical
rotor mounted on a shaft. There are contacting elements in the rotor in which the gas
and the liquid phases counter-currently mix. The speed of rotation is between 500-

1000 RPM. The liquid phase is heated to around 450-500°F before being introduced
to the machine. The vessel is kept under vacuum (1-6 mmHg) by connecting the

vacuum equipment to steam outlet.
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Figure 2.12: Podlbieiniak’s deodrizer.

In a new milestone, in late 1970s, ICI patented the Higee concept (Mallinson and
Ramshaw, 1982, Ramshaw and Mallinson, 1981). The Higee machine was
constructed using a doughnut-shaped rotor, which is mounted on a shaft, and filled
with high specific area packing. Liquid enters through the eye of the machine and
tlows outwardly throughout the packing whereas the vapour enters from the periphery
of the casing and inwardly thus a counter-current mass transfer takes place. (Ramshaw
and Mallinson, 1981) showed that both the gas and the liquid film controlled mass
transfer coefficients for water-oxygen system and ethanol-methanol system

respectively, increase substantially in comparison to a stationary column as shown in
Table 2.5 and Table 2.6.
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Table 2.5: Mass Transfer Coefficients for Gas Film Control Process

Kg *10°
Acceleration (/) (K a) erav

Permeable Rotation Speed | Mean

Element

(m/s®)

Table 2.6: Mass Transfer Coefficients for Liquid Film Control Process

Water Flow | Rotational

rate * 10°
3

Permeable Mean Ki *10° m/s K, a

Acceleration (KL23) g

(m/s?)

(RPM)
] O S S
CE [ (N N R
T N R ER

The mean acceleration, ap, was defined by:

2 1/2
N Ir +Tr.
a_ =|2mr— °_.* .

Element

Speed

34



Chapter 2: Literature Review

where N is the rotation speed per minute (RPM), r, and r; are the outer and 1nner radii

of the packed bed respectively.

(Tung and Mah, 1985) showed that the penetration theory was capable of describing
the liquid mass transfer behaviour in the Higee machines. It was found that the mass
transfer coefficient predicted by the penetration theorem was as accurate as the
experimental data. The following set of equations was developed to calculate the
mass transfer coefficient based upon the following assumptions: complete mixing of

liquid at the junctions of packing materials, falling film and negligible shear.

K, = ,Q (2.58)
Tt

ﬂ'dp
t = — (2.59)
2 2\
vz(pfj J{ggir;)] (2.60)
6°gp
I = (2.61)
2
K, dp a /s Yo Y Y
Sh = > =0.919| —= | Sc’? Re”? Gr’s (2.62)
ac

(Bucklin et al., 1988) investigated the application of Higee in H,S removal with
MDEA. The loading of acid gas was unexpectedly high. There was 25% error in
accuracy of analysis due to use of dry chemical analysis and that influenced the
calculations of mass balances. Also, higher circulation of amine and increase in

thickness of packing was not possible due to flooding of rotor.

(Keyvani and Gardner, 1989) investigated the operating characteristics of RPB and
published a model for the pressure drop characteristics of RPB, residence time
distribution, and power required by RPB using air-CO,-H,0O system. It was shown

that contrary to conventional columns, the pressure drop for dry and wet beds at
constant liquid and gas flowrates was AP o w®. The packing in use was aluminium

foam metal with a 92% porosity and has a specific surface area of 600-300 m*/m’.



Chapter 2: Literature Review 36

The speed of the rotor was 500-2000 rpm (60-1000g). Average HTU achieved was
1.4-4.0 cm.

(Al-Shaban et al., 1992) showed using hydrodynamics studies on a large centrifugal
water deoxygenator (1 m diameter) the existence of a non-uniformity bubble
distribution throughout the radial length of the rotor. It was shown that the potential

savings on the offshore installations besides reduction in space and weight.

(Singh et al., 1992) stripped efficiently

VOCs from ground water using . “i:'.fi‘é'?
centrifugal liquid contactor (Figure 2.13).
gat Figure 213).  ypor =
Their flooding curve underestimated the \ '} STATIONARY
noushe k’ L\D*\;"T?#é?.:ma
classical Sherwood flooding correlation AQTOR - r':;’i_..j O
S e
curve. The mass transfer data was S‘W = S —
TR RS
presented using the area of transfer unit oy s
LIGUID w ‘ ROTQR
OUTLET SHAFT

(ATU) as shown in Equation 2.63 and
2.64. Equation 2.65 correlates geometry

of gas-liquid contactor and mass transfer: Figure 2.13: Singh’s stripper

34000)( L Y 022 )
ATU=| 222 L & (2.63)
Ay ML a, Hy 2
ATU = —2 (2.64)
[K;a

| 2 8- e3¢
% zlr,?-1?) (2.65)
TU—(—}/)-— o =T

(Liu et al., 1996) investigated the pressure drop dependency on the flowrates of the
liquid and gas besides the influence of rotor speed. The gas film mass transfer
coefficient for stripping ethanol solution using air was influenced by gas and liquid
flowrates as well as by the rotor speed. They developed a correlation that predicts the
overall gas-film mass transfer coefficient for RPB and his experimental data were

within  30% of the calculated values.
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K; aRT

—=3.111*107Re,, "“Re,, " Grg (2.66)
D; a,

The design equation for gas mass transfer is:

ln{(l-s)ﬁ:ﬂs_&m]

Y,-H.X

_&ﬂ_ L T (rzz - rlz) (2.67)

zKsap, (1 - %)

Where ATU, =——m (2.68)
zKg ap,

(Kelleher and Fair, 1996) studied the distillation of cyclohexane/n-heptane in a Higee
contactor. The mass transfer efficiency, pressure drop, and hydraulic capacity were
modelled and investigated. The design of RPB was based upon ATU concept because

Higee is in a polar coordinate system. Equation (2.69) shows the design equation:
7 (r,” -1,°) = (ATU) (NTU) (2.69)

where the ATU term was defined as follows:

L

ATU, =—— 2.70)
- pL h KL ae (
ATU, — (2.71)

pG h KG ae

(Burns and Ramshaw, 1996) showed by a visual study that the type of liquid flow in
RPB is determined by centrifugal acceleration. The maximum speed of the rotor was
1620 RPM, and with a declon packing which has a porosity of 0.95 and a surface area
of 1500 m*m’. At low rotational speeds (300-600 RPM) the liquid travelled in
rivulets then changed to droplet flow at higher rotational speed (600-800 RPM). The
rivulet flow lead to the highest maldistribution of the liquid and the gas within the
packing; while the droplet flow increased the wetting of the packed bed.

(Zhenh et al., 1997) applied the Higee technology for water deaeration. Two Higee

machines were manufactured in order to reduce the oxygen content of water from 6-

14 ppm to less than 50 ppb using natural gas as the stripping medium. Table 2.7

compares the Higee technology with the conventional vacuum tower. It is apparent
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that the weight, height, and the quality of mass transfer operation favour the new

technology especially in offshore operations.

Table 2.7: Comparison between the Higee technology and a conventional vacuum

tower 1n water deaeration (Zhenh et al., 1997).

R D

0
Height (m) 14

Weight (T) 60 (dry)

130 (operation)

180 (full of water)

Residual O; in water (ppm) 1 (Summer)

<0.05

2-3 (Winter) <0.05

Power (kW) 155 2 * 160

(Waldie and Harris, 1998) investigated the performance of the high intensity contactor
in stripping dissolved aromatics from water. The machine was not mechanically
rotating (like Higee); instead the centrifugal force was generated by injecting the
liquid phase tangentially into a permeable tube through which the gas flows counter-
currently, It was found that the volumetric mass transfer coefficient, Kj,, was

hundreds times more and has lower Hor in comparison to the conventional packed

column.

log ﬁ(l - %) + -;—]
Number of transfer units, Nop = _th\ _°) 9 (2.72)

] ——
S
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HG
Where the stripping factoris, S = - (2.73)

PL

m

(Trent et al., 1999) developed a commercial RPB as a reactive stripper for the

production of HOCI. The unit had a product yield greater than 90%. The overall gas-

side mass transfer coefficient was 40-60 s™.

(Sanilya et al., 2001) investigated the gas the phase mass transfer operation using a
centrifugal contactor with wire-gauze packing (porosity 0.91 and specific surface area
2196 m*m’). The gas phase mass transfer coefficient in the RPB was lower than its
value in the packed column due to maldistribution of the liquid. Figure 2.14 shows

their experimental unit. Equation 2.74 determines the average volumetric mass

transfer coefficient:

(2.74)

i,iquid
! inlet
! Stati
ationary
T liguid *
outlel e——- disuributor Gas
Housing 3 €t Rotor
Seal [ - packing
cal
' "R
Liquid ' ask"
outiet -

Figure 2.14: Sanilya’s centrifugal

contactor.
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2.4.3 Packed Bed Design

2.4.3.1 Mass Transfer Equations in RPB

Figure 2.15 shows a schematic diagram of the RPB. The solute mass balance on a

differential volume on the gas is presented in Equation (2.75):

{Solute accumulation } = {Solute flow in minus out } - {Solute lost by absorption |

There 1s no solute accumulation, thus:

{Solute flow in minus out } = {Solute lost by absorption } (2.76)

Fo
| I

Lx, L, x,
G, Y, e G,
——
Figure 2.135: A section of counter-current mass transfer in RPB
The cross section area of RPB is:
S=27(r,-1,)=2xdr (2.77)

Thus, the differential volume is,

dV=27zrhdr (2.78)

40
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The amount of carbon dioxide in the air/CO, mixture passes the differential volume of

RPB is G moles/area®.hr and therefore the rate of mass transfer of gas to the liquid 1s:
d(Qsy)=Kga(y-y)dV (2.79)

where a is the interfacial area per unit volume of packing section and dV is the

differential volume of packing. Integrating the above equation and rearranging for the

volume of bed:

y
Vet [ D (2.80)
KG l Yt y = y
It can be expressed in terms of the height of the bed as follows:
y
H= % JI-—dZ—,,- (2.81)
AK; a Y=
Or 1in a more familiar way:
Y
He—eO f 4y (2.82)

pKGayly_y*

Where A is the cross sectional area. The integral part is known as the Number of

Transfer Units (NTU) and the terms (Qg/A Kg a) or (G / p K¢ a) represents the Height
of a Transfer Unit (HTU).

The total height of a packed bed can be found from the following equation:
H=HTU * NTU (2.83)

The packed height is substituted with the radial depth (R,-R;). Therefore, the number

of transfer units can be expressed as follows:

_R, -R,
HTU

NTU (2.84)

where R, and R; are the outside and the inside radii of the bed.
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CHAPTER 3

EXPERIMENTAL FACILITY

3.1 Objective of the Experiments

The objective of this chapter is to provide a detailed description of the design of the
experimental facility. It is used to gather both flooding and gas-liquid mass transfer

data for carbon dioxide/ethanolamine solution system. Flooding behaviour of
cthanolamine solution is determined visually., There are two different mass transfer
modes of operation for this prototype: absorption of carbon dioxide from air/CO,

mixture by different concentrations (30, 50, 80, 100 wt%) of ethanolamine solution;

and desorption of carbon dioxide from ethanolamine solution by steam or air.

The following sections describe rig flowsheet, mechanical details of the RPB,

Air/CQO; system, steam delivery system, and outlines the sampling procedures for both

gaseous and liquid streams.

3.2 Flowsheet of the Rig

Figure 3.1 shows the flowsheet of the experimental facility. Ethanolamine solution 1s

stored under a nitrogen blanket in the polypropylene feed tank (420 L). The feed tank
is usually 60-70% full and it is equipped with a level indicator. A three-way valve
configuration allows the feedstock to be routed into three directions. Firstly, route A
allows the feedstock to be continuously recycled back to the feed tank in order to have
a homogenous solution batch or it could be applied to route the product batch back to
the feed tank after finishing an experimental run. Secondly, path B allows the
homogeneous feedstock to be routed to a closed circuit heating system in order to
raise its temperature. Finally, path C allows the prepared ethanolamine solution to be
pumped to the Higee rig. There are two polypropylene diaphragm valves (George
Fischer, Type 315) prior to flowmeters (35 SX, and 65P) to control manually the
amount of irrigation rate to the Higee rig.  The calibration charts of both the
flowmeters are shown in Appendix B. The flameproof magnetic drive centrifugal

pump (Totton Pumps Limited) has a flowrate of 380 L/min, 23 m head, and it is made

from PVDEF. All the pipelines are made from polypropylene except two stainless steel

42
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pipelines extended from the Higee rig to the product tank in order to tolerate hot and
corrosive ethanolamine solution during the desorption runs. The Higee rig is inside a

flameproof enclosure, which is equipped with a ventilation system.

The gas phase could either be COy/air mixture or steam depending on the mode of the
operation. The liquid product is routed to product tank via two stainless steel (42 mm

OD) pipes. Stainless steel is used because during the stripping operation the

temperature can exceed 100°C. The product gas is ventilated to the atmosphere via an

exhaust fan.

Feed Tank

(Top)

To exhaust

Steam Deliverey System

Air/CO2 syatem Product Tank

(Bottom)

@

32 mm QD
25mmID
PP

) ) 42 mm OD,
Flowmaeters 38 mm ID.

‘ 8 sampling point s
Heating
System

Figure 3.1: Flowsheet of experimental facility

3.3 Material of Construction

Due to the corrosive nature of loaded ethanolamine solution, it was decided to use
only stainless steel and polypropylene as the material of construction for the rig. The
rotor is entirely made from stainless steel whereas the piping and the storage tanks are

made from polypropylene. In addition, the liquid sample tubing is made from

stainless steel to avoid contamination of the ethanolamine sample.

There are many sources in the literature that highlights the importance of the matenal

of construction selection for amine application. (Hawkes and Mago, 1971) indicated

that the ethanolamine solution is not corrosive to steel but becomes corrosive when

loaded with acidic gas.
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(Wong et al., 1985) highlighted factors that contributes to the corrosiveness of
ethanolamine solution such as: type of amine, amine concentration, acid gas loading,
elevated temperature, acid gas flashing from solution, solution degradation products,

and heat-stable salts. However, the two most important factors are: amine

concentration and acid gas loading.

(Dingman et al., 1966) recommended alternative ways to minimize the corrosion in
MEA units. They recommended MEA solution strength of 15wt% as a design basis
because of its lower corrosion rate and greater processing flexibility. The maximum
total recommended acid gas loading for rich MEA solution is 0.35 mol CO,/mol MEA
as shown in Figure 3.3 and the maximum lean loading 1s 0.1-0.15. Furthermore, 1t

was recommended to apply less stripper pressure in order to minimize the temperature

of regeneration that could degrade the solution as shown in Figure 3.2.
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Figure 3.3: Optimum and recommended Figure 3.2: Phase equilibrium data for
amine strength. MEA solutions.

(DuPart et al., 1993b) advised the use of stainless steel rather than carbon steel
because the corrosion rate for stainless steel is <0.1 mm. per year whereas it is 103.0
mm. for carbon steel when experiments were conducted to absorb carbon dioxide
using 20wt% MEA solution at 115°C. Furthermore, it was pointed out that the
potential of acid gas flashing is higher for stronger amine concentrations because they

can not achieve high mol/mol equilibrium rich loadings as the lower strength amines.
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3.4 Rig Support Frame

Figure 3.4 shows the mechanical details of the Higee support frame. The frame was
sufficiently rigid to withstand any out of balance forces during rotor operation for
upto speed of 1000 RPM. The upper part holds a RPB, a buffer tank and a motor.
The lower part is kept for holding the inlet gas-sampling vessel. The structure 1s
made from mild steel and it is painted in order to avoid corrosion in the case of
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