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ABSTRACT
A commercial granular activated carbon (GAC) adsorbent was modified through an
oxidatiori amination process in an effort to increase its surface basicity and consequently
enhance its C@adsorption capacityTo optimize theaminationconditions of activated
carbon adsorbentbe effects of amination temperature, amination time, and the type of
starting materials (variables) on the £&dsorption/desorption capacitietloéadsorbents
(responses) were investigated using a central composite des@nse oh preoxidized
sorbent as a starting material and amination at 425 °C for 2.1 h were found to be the
optimum conditions for obtaining an efficient carbon dioxide adsordrd. activated
carbon modified at optimum conditio®©XA-GAC) exhibited CQ adsorpibn and
desorption capacity values of 26.47 mg/g and 95.4%, respectiVhly. promising
characteristics ahe OXA-GAC in terms of adsorption capacity (exhibiting an increase of
44% in capacity compared with the capacity of G&C at 1 atm andl05 °C) and
multicycle durability make it suitable for practical applications.
The equilibrium adsorption isotherms 6O, on the GAC and the OX&AC were
measured using a static volumetric meth@@, adsorption measurements were performed
at three different temperaes (303,318, and 333 K) and pressures up to 1.athe
obtained equilibrium data were fitted to the Freundlich, Sips, and Toth isotherms using a
semiempirical approach to differentiate the contributions of physical and chemical
adsorption to the tot&l O, uptake.The Toth semempirical equilibrium model provided
the best fit to the experimental dateer the entire analyzed ranges of temperature and
pressureThe isosteric heats of G@dsorption ontdthe GAC and OXAGAC adsorbents
were determined ugg the ClausiusClapeyron equation. The initial isosteric heats of
adsorption of 68 kJ mdland 23 kJ mot correspondd to the chemisorption and

physisorption of C@on theOXA-GAC adsorbent, respectively, and these values were in



excellent agreement thi the zerecoverage heats of adsorption obtained using the
temperaturaependent parameters of the proposed model.

The kinetics of CQ@ adsorption on the GAC and OXBAC adsorbentsover the
temperature range of B60 °C were studied using the psetiulst-order, pseudsecond

order, and Avrami kinetic models. The best fit with the experimental kinetic data for both
of the studied adsorbents was obtained by applying thamikinetic model Fixed-bed
breakthrough experiments for @@dsorption onto the G& and OXAGAC adsorbents

were performed by changing the adsorption temperature over the range of 30 to 60 °C and
the feed flow rate from 50 to 100 ml minThe largest values of the G@quilibrium
dynamic capacity (0.67 mol Ky and breakthrough time @19 min) over the range of
operating conditions investigated were obtained using @&C adsorbent at 30C

under a 50 ml mith feed flow rate To predict the breakthrough behavior of the fiesil
adsorption of CQ a simple model was developed, includithgg Toth and Avrami
equations to describe the equilibrium and kinetics of adsorption, respectively. The set of
coupled differential equations was solugginga numerical approach based on the finite
element method implemented COMSOL Multiphysics softare. The validity of the

model predictions was evaluated by a comparison with the experimentditiatandings
showed that the model predictions successfully fit the experimental data over the studied

range of feed gas flow rates and adsorption tempest



ABSTRAK
A penjerap komersial karbon teraktif berbutir (GAC) telah diubahsuai melalui proses
pengoksidaarmminasi dalam usaha untuk meningkatkan permukaan kealkalian dan
seterusnya meningkatkan keupayaan penjerapan @@uk mengoptimumkan keadn
ammoksidaan pada penjerap karbon teraktif, kesan suhu aminasi, masa aminasi dan jenis
permulaan bahan (pembolehubah) pada penjerapaik&gasiti penyahjerapan penyerap
yang diubahsuai (tindakbalas) telah dikaji menggunakan reka bentuk komposit pusat.
Penggunaan penyerap figgioksida sebagai bahan permulaan dan aminasi pada 425 °C
selama 2.1 jam didapati sebagai keadaan optimum untuk mendapatkan pEQeraipg
berkesan. Karbon teraktif diubahsuai pada keadaan optimum telah menunjukkan
penjerapan Cé&dan nilai kapasiti penyahjerapan sebanyak 26.47 mg /g dan 9Gid%.
ciri yangmenggalakkan terhad@pXA-GAC dari segi kapasipenjerapafimempamerkan
peningkatan sebanyald% dalamkapasitiberbandingdengarkapasitiGAC pada latm
and 105 °C) dan daya tahanpusingan perlbagainenjadikan ia sesuaintuk aplikasi
praktikal
Keseimbangan isoterma penjerapan.@@da GAC dan penjerap yang optimum (GXA
GAC) telah diukur dengan menggunakan kaedah isipadu statik. Pengukuran penjerapan
COq telah dijalankan p#a tiga suhu yang berbeza (303, 318, déhK33dan pada tekanan
sehingga Jatm. Data keseimbangan diperolehi dipadankan dengan Freundlich, Sips dan
Toth isoterma menggunakan pendekatan sampirikal untuk membezakan sumbangan
penjerapan fizikal dan kimiaintuk jumlah pengambilan GOKeseimbangan separa
empirik Toth model disediakan sangat sepadan untuk data ujikaji, bagi sepanjang analysis
untuk julat suhu dan tekanan. Saringan isosteric penjerapapdd@ penjerap ammonia
diubahsuai dan pada penjeragnyg tidak dirawat telah ditentukan dengan menggunakan
persamaan ClausitBlapeyron. Saringan awal isosteric penjerapan adalah 68 KXol

23 kJ mot' sepadan dengan chemisorption dan physisorption @@@a penjerap yang
Y



diubah suai, dan nilaiilai ini sangat sepadan dengan penjerapan saringarigiftan
diperolehi menggunakan parameter bersandar suhu kepada model yang dicadangkan.
Kinetik penjerapan COpada GAC dan OXAGAC penjerap pada julat suhu-80 °C

telah dikaji menggunakan pseutiotib petama, pseuddtertib kedua, dan Avrami model
kinetik. Yang sepadan dengan data kinetik eksperimen untuk kiedupenjerap dikaji
telah diperol ehi dengan mengdendalbare akad dhe
eksperimen bagi penjerapan £k& atas GAGlan OXAGAC penjerap yang dilakukan
dengan menukar suhu penjerapan ke lingkungan julat 30 hingtfa @&n kadar aliran

masuk dari 50,00 ml mint. Nilai terbesar kapasiti dinamik keseimbangan (@067 mol

k) dan masa fdbr eakt hpelbaga Keadaah dpérasByanmilisiayat k €
telah diperolehi dengan menggunakan G&AC penjerap pada 3 di bawah aliran 50

ml mint kadar aliran masuk. Untuk mer amal ka
penj er apbaend 0 hiddkl gashg mudah telah digamkan, termasuk Toth dan
Avrami persamaan untuk menggambarkan keseimbangan dan kinetik penjerapan, masing
masing. Beberapa set persamaan pembezaan telah diselesaikan dengan menggunaka
pendekatan yang berangka berdasarkan kaedah unsur terhingga dikmkseakim
perisian COMSOL Multifizik. Kesahihan ramalan model telah dinilai oleh perbandingan
dengan data uji kaji. Keputusan kajian menunjukkan bahawa ramalan model berjaya
sepadan dengan data uji kaji pada julat yang dikaji pada kadar aliran gas masulkuwlan

penjerapan.

Vi
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CHAPTER 1: INTRODUCTION

1.1 Background

Global warming and related environmental damage associated with emissions of carbon
dioxide (CQ), the most significant greenhouse gas, have long beergnized to
represent a potential serious threat to the future of the earth's envirofBeeatra,
Oliveira, Vieira, Cavalcante, & Azevedo, 2011; Jadhav et al., 20W0i& primary source

of anthropogenic C&emissions is the combustion of fossil fualsts as coal or natural

gas fo the production of electricityBecause fossil fuels are likely to remain the
predominant energy soura# over the world, C@emissions must be reduced to mitigate
the unfettered release of this greenhouse gas into the pitere¢Garces, Villarroel
Rocha, Sapag, Korili, & Gil, 2013; Siriwardane, Shen, Fisher, & Poston, .286813
result, various C@separation techniques, such as liquid solvent absorption, membrane
separation, cryogenic separation, and adsorption procesdeding pressure/vacuum
swing adsorption (PSA/VSA) and temperature swing adsorption (TSA), are currently
under investigatiofGomes & Yee, 2002; Xu, Song, Andresen, Miller, & Scaroni, 2002)
Currently, absorption with amifgased absorbents is the prede technology for the
large-scale separation of G@om the fluegas streams of fosdiliel-based power plants.
However, this method suffers from several significant drawbacks that impede its
implementation, including low efficiency, high energy constiorp during the
regeneration process, a high equipment corrosion rate, oxidative degradation of the
amines, and flow problems caused by visco$Rynker, Ashour, & Sandall, 2000;
Veawab, Tontiwachwuthikul, & Chakma, 1999he development of alternatiiewer
lower-cost, energefficient CQ removal technologs is therefore importaniThe

separation and purification of gas mixtures by adsorption is a potential option because of



its ease of operation, high adsorption capacity, minimal environmental ingaaost,

and efficient recovery of the solute compared to conventional absorption with liquid
solventgCavenati, Grande, & Rodrigues, 2004; Se@errero, Belmabkhout, & Sayari,
2010a) Particularly, pressurswing adsorption (PSA) has a number ofraative
characteristics, such as its applicability over a relatively wide range of temperature and
pressure conditions, its low energy requirements, and its low capital investment costs
(Delgado, Uguina, Sotelo, Ruiz, & Gomez, 2006; Mutasim & Bowen, 19918 last

three decades have seen a tremendous growth in research into and commercial
applications of C® removal from various flugas mixtures by PSA processes
(Siriwardane et al., 2001; Yong, Mata, & Rodrigues, 2002)

The development of an easily regemted and durable adsorbent with fast
adsorption/desorption kinetics, a high selectivity and a high adsorption capacity will
undoubtedly enhance the competitiveness of adsorptive separation fara@@Ore in
flue-gas applicationf_u et al., 2009; Su, LIKuo, & Zeng, 2010)Among all adsorbents,
activated carbon offers several advantages asxa@sdrbent: an inherent affinity for
CO,, an easyo-design pore structure, insensitivity to moisture, ease of regeneration,
stability over a large number of dgs, and an appealing low cqdBezerra et al., 2011;
Sjostrom & Krutka, 2010)Most of the processes that produce@®Oproduct streams
occur at elevated temperatures (up to 100 °C), and the stream must be cooled before
separation takes place. Therefodeveloping an adsorbent with a high adsorption
capacity at relatively high temperatures can drastically reduce the cooling cost of
separation and make G©apture from power plants feasiligaroto-Valer, Tang, &
Zhang, 2005; Xu et al., 2002)

The CQ adsorption performance of activated carbon is well known to be strongly
influenced by modification of the surface chemical properties of the activated carbon

(Arenillas, Smith, Drage, & Snape, 2005; M. G. Plaza et al., 2009; Shafeeyan, Daud,

2



Houshmand, & Shairi, 2010) Inspired by the current liquidhase amine scrubbing
technology, researchers have incorporated different basic nitrogen functional groups onto
the carbon surface for C&moval from gaseous mixtures at relatively high temperatures
(Przepiodrsk Skrodzewicz, & Morawski, 2004; Zhijuan Zhang, Xu, Wang, & Li, 2010)
This approach is expected to exploit the strong chemical interactions betweemdCO

the attached basic nitrogen functionalities on the surface, as well as the low energy
requirementsto regenerate the solid adsorb@age et al., 2007; Knowles, Delaney, &
Chaffee, 2006; Marot¥aler et al., 2005; Plaza, Pevida, Arenillas, Rubiera, & Pis, 2007)
Several authors have proposed modifying activated carbon with gaseous ammonia in the
presence or absence of oxygen as a suitable technique to produce efficiaisGdents

that maintain high uptakes despite moderately high temperdResesla, Plaza, et al.,

2008; Plaza et al., 2009; Plaza, Rubiera, Pis, & Pevida, 2010)

1.2 Research objectves
The purpose of this research is itvestigatethe fixed-bed adsorption o0, onto

ammoniamodified activated carboiMore specifically, the objectives of this study are:

Optimize the amination conditions of activated carbon adsorbents in anteffort

maximize their CQadsorption/desorption capacities.

Studythe adsorption equilibrium of carbon dioxide otite ammonia modified
and untreated activated carbon adsorbemd develop an appropriate semi

empirical isotherm model.

Study thekinetics of > adsorption orthe ammonia modified and untreated
activated carbon adsorbemtsdifferent temperatureand develop an appropriate

kinetic model



Develop a model that consists ofappropriate equilibrium and kinetieguatiors

to predict the breakthugh behavior of the fixetbed adsorption of CO

1.3 Thesis organization
This thesis consists @ive chapters dealing with different aspects related to the topic of

research.

CHAPTER 1: This chapteriefly introduces the importance of @€apture and
sequesation from point source emissions as a potential way to mitigate unfettered
release of greenhouse gases into the atmospheeeobjectives of the study are

also presented.

CHAPTER 2:This chaptepresents a review of efforts over the last three decades
toward mathematical modeling of the fixbdd adsorptionf carbon dioxideThe
nature of various gasolid equilibrium relationships as well as different
descriptions of thenass transfer mechanisms within the adsorbent particle are
reviewed. In additioo mass transfer, other aspectad$orption in a fixed bed,
such as heat and momentum transfer, are also studied. Both sindlenultt

componenCO; adsorption systems are discussed in the review.

CHAPTER 3: This chapterexplains all the experimentsrqredures for the
modification and characterization of activated carbon samples. Details on the raw

material, equipment, and other related procedures arpralsented.

CHAPTER 4:This chaptemresents results and data obtained from laboratory
experimersg. In this chapter the results are presentedhree parts. Partl

investigateshe application of response surface methodology in predicting and



optimizing the amination conditions of activated carbon adsorbent towasd CO
adsorption Part2 investigateshe adsorption equilibrium of carbon dioxide onto
the ammonia modified and untreated activated carbon adsorberds\sidpsa
semtempirical equilibrium modedble todistinguishthe contributions of physical

and chemical adsorption to the total ateke. Part3 studieshe kinetics of C@
adsorption orthe ammonia modified and untreated activated carbon adsorbents.
To predictthe breakthrough behavior of the fixbdd adsorption of CQthe focus

of Part3 is to develop adynamic modethat consists oan Avrami equation to
describe the kinetics of adsorption and a sempirical Toth equation to represent
the gassolid equilibrium isothermin addition, a comprehensive discussions and

explanations on experimental reswtepresented

CHAPTER 5:Theconclusiongonstructed from the results and discussion chapter
are explained part by pafthe recommendations and suggestions for future svork

are also presented.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Concerns over the gradual increase in thmoapheric concentration of G@nd its
impact on climate change have prompted a global research effort to captufe@O
point source emissions and stabilize its concentration in the atmogienes & Yee,
2002; Grande & Rodrigues, 2008; Plaza et24lQ7) The most important sources of £0
emissions are power plants that generate electricity from fossil fuels (coal, oil, and natural
gas)(Dantas et al., 2011; Grande, Lopes, Ribeiro, Loureiro, & Rodrigues, 2008; Grande
& Rodrigues, 2008; Kikkinides, Ya, & Cho, 1993; Mulgundmath, Jones, Tezel, &
Thibault, 2012; Park, Beum, Kim, & Cho, 2002herefore, it is critical to separate and
recovercarbon dioxide from the flue gasemitted by power plant® avoid excess CO
emissiongdChou & Chen, 2004; Kd&iriwardane, & Biegler, 2005; Mulgundmath et al.,
2012) Various separation techniques, suchligaid solvent absorption, membrane
separation cryogenic techniques, aratlsorption ovesolid sorbents, argncreasingly
used to reduce C@missionfGomes &Yee, 2002; Takamura, Narita, Aoki, Hironaka,
& Uchida, 2001) At present, the most widely used technology for the removal ef CO
from gaseous mixtures is amine absorpf{idelgado et al., 2006; Leci, 1996jowever,

this process is energgtensive duringhe regeneration of solvent and is also plagued by
extensive corrosion of the process equipni€hue, Kim, Yoo, Cho, & Yang, 1995; Gray
et al., 2004; Gray et al., 2005; Ko et al., 200%)is therefore important to explore
economical and energgfficient alternative approaches for g€eparatiorfGrande et al.,
2008; Xu, Song, Miller, & Scaroni, 2005)

Recently, it was reported that the cost associated wigdt@gure can be reduced below
the cost of conventional absorption with liquid solvents bggiadsorption separation

technologiegHo, Allinson, & Wiley, 2008; Radosz, Hu, Krutkramelis, & Shen, 2008)



Several technological advances in the field of2@@pture by adsorption have been
developed around the world, demonstrating the attractiveness aéchnique for post
combustion treatment of flue gé83antas et al., 2011; Dantas et al., 2011; Grande et al.,
2008) Two main adsorption technologies are viewed as feasible fos&garation and
purification on a large scale: pressure/vacuum swidgomption (PSA/VSA) and
temperature swing adsorption (TS@hue et al., 1995; Clausse, Bonjour, & Meunier,
2004; Plaza et al., 2009; Plaza, Garcia, Rubiera, Pis, & Pevida, .2R&tEnt
developments have demonstrated that PSA is a promising option évateg CQ due

to its ease of applicability over a relatively wide range of temperature and pressure
conditions, its low energy requirements, and its low capital investment(éagsval,
Biegler, & Zitney, 2010b; Cen & Yang, 1985; Delgado et al., 2@@8nes & Yee, 2002)

Many studies concerning G@movalfrom various flue gas mixturdsy means of PSA
processes have been addressed in the literégawal et al., 2010b; Chaffee et al.,
2007; Chou & Chen, 2004; Chue et al., 1995; Grande et al., 200&:t al., 2008;
Kikkinides et al., 1993; Ko, Siriwardane, & Biegler, 2003; Mulgundmath et al., 2012; Na,
Koo, Eum, Lee, & Song, 2001; Reynolds, Ebner, & Ritter, 2005; Sircar & Kratz, 1988;
Xiao et al., 2008)Prior to the design of an adsorption procestgcting an appropriate
adsorbent with high selectivity and working capacity, as well as a strong desorption
capability, is key to separating GQAs a result, a wide variety of adsorbents, such as
activated carbons, synthetic zeolites, carbon molecidaes, silicas, and metal oxides,
have been investigated in recent years for this purfiisee et al., 1995; Dantas et al.,
2011; Dantas et al., 2011; Moreira, Soares, Casarin, & Rodrigues, 2006; Plaza et al., 2011;
Xu et al., 2005)

The design odnappropriateadsorption procesgquires the development of a model that
can describe the dynamics of adsorption on a fixed bed with the selected adsorbent

(Dantas et al., 2011; Dantas et al., 2011; Delgado, Uguina, Sotelo, & Ruiz, 2006; Lua &
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Yang, 20®@). The absence of an accurate and efficient adsorption cycle simulator
necessitates the use of data from experimental units to develop new processes. This
empirical design of an adsorption column through extensive experimentation on process
development uts tends to be expensive and time consuniBighpoosh, Fatemi, &
Vatani, 2009) A predictive model using independently established equilibrium and
kinetic parameters may provide, in principle, a method of estimating the column dynamic
capacity without etensive experimentation. A fixdged column mathematical
simulation that considers all relevant transport phenomena is therefore required to obtain
a better understanding of the behavior of new adsorbents during the adsorption/desorption
cycles and for ofrnization purposes. Moreover, these models are capable of estimating
the breakthrough curve and temperature profile for a certain constituent in the bulk gas at
all locations within the packed column. This experimentally verified model is then used
to condict an extensive study to understand the effects of various process parameters on
the performance of the PSA cycle. These are the main reasons why the mathematical
modeling of adsorption processes has attracted a great deal of attention among
researchers.

In general, prediction of column dynamics behavior requires the simultaneous solution of
a set of coupled partial differential equations (PDES) representing material, energy, and
momentum balances over a fixbdd with the appropriate boundary conditifidsvang,

Jun, & Lee, 1995)Because the simultaneous solution of a system of PDEs is tedious and
time consuming, the use of simplified models capable of satisfactorily predicting fixed
bed behavior is desirable. Many attempts have been made to evaluatevatap
simplifying assumptions to decrease computational time and facilitate optimization
studies. A review of the literature reveals the development of simplifying assumptions
mainly on the representation of mass transfer phenomena within the adsairtiergsp

as an alternative pathway to simplify fixbdd adsorption calculations. Modeling and
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optimization of the fixeebed adsorption of C&has developedver the past three decades

and is still of great interest to investigatorkis reviewpresents &irly extensive survey

of previous studiesn the mathematical modeling of the £&dsorption process in a
packed column. Various models for gadid adsorption equilibrias well as different
descriptions ofthemass transfer mechanisms within the aleot particle are reviewed.

In addition to concentration variation, other aspects of adsorption in a fixed bed, such as
temperature and pressure variations, are also studied. The purpose of this study was to
investigate the mathematical models capablsimfilating the dynamic behavior of the

fixed-bed adsorption of carbon dioxide.

2.2 Overview of the prediction of adsorption column dynamics

In most adsorption processes, the adsorbent is in contact with a fluid in a packed bed. An
understanding of the dynamioshavior of such systems is therefore required for rational
process design and optimizatiRutherford & Do, 2000a)The dynamics behavior of an
adsorption column systernan be classified based on the nature of thesghd
equilibrium relationship oflfiid constituents and theomplexity of the mathematical
model required for describirthe mechanism by which the mass transfer from the fluid

to the solid phase occufRuthven, 1984)The gassolid adsorption equilibrium indicates

the limiting capacitydr solute separation from the gas phase into the solid phase. It is the
most important process that controls the dynamics behavior of a packed column so that
the general nature of mass transfezone is determined entirelyy the equilibrium
isotherm Therefore, due to variations in the composition/temperature with respect to time
and location within the adsorption column and the consequent effects on the adsorption
equilibrium relation, a comprehensive gadid equilibrium model is needed. Several
authos have reported experimental evidence of these effects in a column packed with

microporous adsorben{€arta, 2003) The complexity of the mathematical model, in



turn, depends on the concentration level, the choice of rate equation, and the choice of
flow model (Ruthven, 1984)In addition, temperature changes may also affect the
concentration profiles, particularly for higitoncentration feeds in which the heat of
adsorption generates thermal waves in both axial and radial directions. Therefore, apart
from the mass transfer effects on adsorption rate, the effects of heat generation and heat
transfer in the adsorbent bed must also be consi@Rezhei & Grahn, 2012Moreover,

the axial pressure along the bed may not be constant. As a consequence, a momentu
balance also lato be included in the modelable 2.1 provides a comprehensive
classification schemef the summary of the fixeded column mathematical modéts

carbon dioxideadsorption developed over the last three decades. All of the models
assune that thegas phase follows the ideal gas latihe flow pattern is described kiye

plug flow or axially dispersed plugjow model It is further assumed that the radial
gradients of concentration and, where applicable, temperature and pressure gitdenegli
(with the exception of models 4 and 20). The assumption that the radial gradient is
negligible has been widely accepted in many other st(dkes Park, Haam, & Lee, 2002;

Kim, Bae, Choi, & Lee, 2006; Kim, Moon, Lee, Ahn, & Cho, 200Me majorityof the

models reviewed here include the effects of the finite mass transfer rate, resulting in a
theoretical representation that more closely approaches a real process. Most of the
aforementioned models use a linear driving force approximation to dewigassolid

mass transfer mechanism. Some of these models consider the effects of heat generation
and heat transfer in the adsorbent bed, which may affect the adsorption rates. Moreover,
in modeling the nofisothermal operation of adsorption processesiotg in packed

beds, it is also commonly assumed that the heat transfer resistance between the gas and
the solid phases is negligible and that they reach thermal equilibrium instantaneously.
With the exception of models 1%/, 21, 24, 287, 2930, 31,and 33, the pressure drop

across the adsorbent bed is neglected, and the column is assumed to operate at constant
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pressure. Most of the adsorption equilibrium is described usingjmear isotherms such
as the Langmuir isotherm or a hybrid Langrfaieundich isotherm; only rarely have

linear isotherms been used.
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Table2.1: Summary of the dynamics models for fixledd adsorption oc€O;

Model
assumptions

No. Equilibrium Flow Mass transfer Heat Others Application Solution method Results ad comments Ref.
relationship pattern rate model effects

1 Linear Plug Local Isothermal No radial PSA separation of Analytical results The model provided a qualitative or semi  (Shenda
equilibrium flow equilibrium variation in carbon dioxide from a linear quantitative process description. Dueto  Iman &
isotherm model concentration. from a HeCO, mathematical neglecting the effects of mass transfer Mitchell

Negligible mixture using silica model obtained by resistance some of the detailed behavior , 1972)
pressure drop. gel the method of differed from experimental results.
Trace systefm characteristics.

2 A hybrid Plug Local Non- No radial Separation of coal The model was Poor comparison with experimental data f (Cen &
Langmuir flow equilibrium/ isothermal variations in gasification solved using an  the predictive equilibrium model. The maji Yang,
Freundlich Linear driving concentration and products containing implicit finite discrepancy was in the GO@oncentration.  1985)
isotherm force (LDF) temperatee. H,, CO, CH, H.S, difference method The results of the LDF model were in fair

approximation Thermal and CQ by PSA which was stable agreement with the experimental data. Mz
model equilibrium using activated and convegent. transfer coefficient for Cowas dtermined

between the fluid carbon

and particles.

empirically.

(continued on next page)
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6 T ab | centiruedl ,

Model
assumptions

No. Equilibrium Flow Mass transfer Heat Others Application Solution method Results and Ref.
relationship pattern rate model effects comments

3 Linear Axial LDF Isotherm Negligible radial gradient of PSA separation of The solution to the The theoretical (Raghava
equilibrium dispersed approximation al concentration. carbon dioxide model equations  curves based on the n, Hassan,
isotherm plug flow with non Negligible pressure drop. from a HeCO, was obtained by  assumption of &

constant Trace system. mixture using silica orthogonal inverse dependence Ruthven,
coefficient gel collection and of the mass transfer 1985)
using finite coefficient with the
difference methods pressure provided a
with consistent good representation
results. of the experimental
results.

4 Linear Axial Pore diffusion Nor+ Negligible radial concentration Theoretical and Analytical solution The centrakxis (Kaguei,
equilibrium dispersed model isotherm gradient. experimental was performed in  thermal waves Shemilt,
isotherm plug flow al Radial temperature profile in the studies on the CO the Laplace domair measured at various & Wakao,

column/uniform temperature over the capture in a columr under the condition axial locations in the 1989;
column crosssection.Negligible axial ~ packed wih of a semiinfinite column were in Kaguel,
pressure gradien€onstant temperatur: activated carbon  column. good agreement Yu &
of the column wall. particles with those predicig: \1/\;2:0’

(continued on next page)
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Orable 2.1 continued

dependent

coefficient

pressure drop.

sieve

which was both stable

and convergent.

Model
assumptions
No. Equilibrium Flow Mass transfer Heat Others Application Solution mé¢hod Results and comments Ref.
relationship pattern rate model effects
5 A hybrid Plug Local Non Negligible radial Separation of gas  The models were solved The Knudsen lpis surface (Doong &
Langmuir flow equilibrium isothermal gradients in mixtures containing numerically by diffusion model provided the  Yang,
Freundlich model. temperature and CO,,CHs, and B employing finite best fit when compared to the 1986)
isotherm Pore/surface concentrations.  (onethird each by  difference method. experimental data. Due to the
diffusion models Thermal volume) by PSA assumption of infinite pore
equilibrium using activated diffusion rate, the ILE model
between théluid carbon predicted a later breakthrough
and particles. plus a lower concentration for
Negligible CQa.
pressure drop in
the bed.
6 Langnuir Plug LDF Isothermal Negligible radial PSA separation of a The modéwas solved The model predictions were  (Kapoor
isotherm flow approximation concentration CO, (50%) CH4 using an implicit reasonable and the average & Yang,
model gradient. (50%) mixture using backward finite difference between the model 1989)
with a cycle time Negligible a carbon molecular difference scheme, prediction and experimental

result was within 3.0%.

(continued on next page)
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6 T ab | centiruedl ,

Model
assumptions
No. Equilibrium Flow Mass transfer Heat Others Application  Solution method Results and comments Ref.
relationship pattern rate model effects
7 Langmuir Plug Local Non No radial variations in ~ Separation of A set of PDEs was reduced The adiabatic simulation of the (R.
isotherm flow equilibrium isothermal concentration and carbon dioxide to ODEs and solved by blowdown step showed thatan Kuma
model (adiabatic) temperature. from binary using the numerical isothermality assumption is r,
Thermal equilibrium gas mixtues technique of finite inadequate for process design. 1989)
between the fluid and (CO/Ng, differences. However, it could be an excellen
particles. CO,/CHg4, and tool for predicting the column
Negligible pressure drop CO./H») using behavior and trends in a semi
BPL carbon guantitative manner.
and 5A zeolite
8 Langmuir Plug LDF Non Negligible radial COz capture The nonlinear rate equatior A comparison of experimental  (Muta
isotherm flow approximation isothermal temperatve and from a mixture were solve using Runge breakthrough and temperature  sim &

Model

concentration gradients/ of N2 (90%)
Thermal equilibrium CO; (10%) by
between the gas and PSA using 5A
solid phases. molecular
Negligible pressure drop sieve

through the bed.

Kutta-Merson method.
Adsorbate concentration ar
temperature profiles were
predicted using an implicit
backward difference

approximation.

profiles with model predictions  Bowe
revealed thathe model n,
reproduced the experimental dat 1991)
satisfactorily,whichindicates that

the assumptions the model is

based on are valid for this syster

(continued on next page)
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Model
assumptions
No. Equiibrium Flow Mass transfer Heat Others Application  Solution method Results and comments Ref.
relationship pattern rate model effects
9 Langmuir Axial LDF Isothermal No radial Investigation A set of PDEs was solved by th The experimental adsorption and (Hwang
isotherm dispersed approximation variations in of adsorption method of orthogonal collection desorption curves were predicted & Lee,
plug flow model concentréon. and The resulting set of ODEs was fairly well by the LDF model and 1994)
Negligible desorption solved mumerically in the time  the pressure dependent mass
pressure gradien breakthrough domain by using DGEAR of the transfer coefficients calculated
across the bed. behaviors of International Mathematical and from a single component system
COand CQ  Statistical Library (IMSL) which provided a reasonably good
onactivated empl oys Gear 6s representation of adsorption and
carbon with variable order and step siz: desorption data for a multi
component system.
10  Langmuir Plug LDF Non- No radial Fixed-bed A set of differential equation A comparison between (Kim,
isotherm/ flow approximation isothermal concentration adsorption of with the initial and boundary concentration and temperature ~ Chue,
Ideal model and temperature a N (85%) conditions were solved by usin¢ history curves with theoretical Kim,
adsorbed gradients. CO; (15%) the solver LSODA. results revealed that the presente Cho, &
solution Negligible axial  mixture using model could predi the dynamic  Kim,
theory pressure a of X-type behavior of the adsorption bed,  1994)
(IAST) gradient. zeolite even though a slight deviation wa

observedafter the maximum point.

(continued on next page)
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Orable 2.1 continued

Model
assumptions
Equilibrium  Flow Mass transfer Heat  Others Applicati  Solution method Results and comments Ref.
relationship pattern rate model effects on
Langmuir Plug LDF Non Negligible radial Fixedbed A set of PDEs was solved by The model provided a good (Hwa
isotherm flow approximation adiabat velocity, temperature, adsorption the numerical methodf lines.  representation of the experental ng et
model ic, and concentration of carbon  The resulting set of ODEs was breakthrough and temperature curves al.,
with lumped  adiabat gradients. dioxide  solved by using the subroutine Since the mass transfer coefficients ~ 1995)
mass transfer ic, and Negligible pressure (with DIVPAG of the IMSL library,  were determined by fitting the
coefficient isother gradient across the bec helium as while the nonlinear algebraic  experimental data, the disadvantage «
mal the arrier equation was solved by using this model is the determination of a
gas) on the subroutine DNEQNF of the new value for the effective mass
activated same library. transfer coefficient for each run.
carbon
Extended Plug LDF Non- Negligible radial Separation A set of PDAESs representing The predicted values matched (Yang
Langmuir flow approximation isother gradients in temperatur of a binary the packed column were solve significantly with the experimental , Han,
Freundlich model witha  mal and concentrations. mixtureHz by a flux corrected thirbrder  results at shorter adsorption time. The Cho,
isotherm single lumped Thermal equilibrium (70%) upwind method. Numerical errors at longer adsorption time was ~ L€€.
mass transfer between thelfiid and CO. oscillaion, which often appear: attribued to a partial breakthrough of &
coefficient particles. Negligible (30%) by  when a convection equation is mass transfer zone during cocurrent Lee,
1995)

pressure drop in the PSA using solved, is eliminated by the flu: depressurization and/or blowdown/

bed. zeolite 5A  corrected scheme. purge steps.

(continued on next page)
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Olrable2.1,continued

Model
assumptions
No. Equilibrium Flow Mass transfer Heat  Others Application Solution method Results and comments Ref.
relationshp pattern rate model effects
13  Langmuir Plug LDF Isother No radial variation = Removal and A set of equations Good agreement between the model a (Diagn
isotherm flow approximation mal in concentration. concentration of C® describing the systen theexperimental results was obtained e,
model Negligible pressure dilute gas from air by was solved by Euler's particularly for values of between the  Goto,
drop. PSA using three method. ratio of feed/enriched product flow rate &
Tracesystem. types of commercial =3 and 6. Also, at the point the ratio o Hirose,
molecularsieve feed/lean product flow rates <2, where 1996)
zeolites (13X, 5A, the solute balance was not satisfactory
and 4A) the agreement wasot quite good.
14  Langmuir Plug LDF Non No radial Layeredbed PSA To solve a set of The agreement between the (Park,
isotherm flow approximation isother concentréon and separation of a coupled PDAES, the experimental and theoretical prediction Kim, &
model mal temperature typical cracked gas  spatial derivatives was good that indicatealidity of the Cho,

gradientsThermal
equilibrium betwen
the gas phase and
adsorbents.
Negligible axial

pressure gidient.

mixture (H, CHa,
CO, and CQ) using
activated carbon
followed by zeolite
5A

were divided using a
backward difference
scheme, and the
resuling ordinary
differential equations
were solved with the
GEAR method.

present modelThe overall mass transfe 2000;

coefficients were obtained Higting the ~ Parki
breakthrough datahe experimental Kim,
effluent temperature was much lower Cho,
than the model prediction because the Kim, &
model did not take into accoutfite heat vang,
1998)

loss to the end of theolumn.

(continuedon next page)
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Olrable 2.1 continued

Model
assumptions

No. Equilibrium Flow Mass transfer Heat Others Application Solution method Results and comments Ref.
relationship pattern rate model effects

15 Extended Axial LDF Non Negligible radial Layered bed A set of coupled PDEs In spite of the frozen solighase (Lee,
Langmuir dispersed approximation isotherm gradients of PSA separation was solved using a finite model, the utilized LDF model could Yang,
Freundlich plug flow modelwitha al concentration, of a coke oven  difference method. The predict a transient variation of the
isothem single lumped pressure and gas containing  spatal dimension was  effluent stream during pressurization

mass transfer temperature. Hz, CHs, CO, Ny, discretized by usinga  and depressurization steps and Ahn,
coefficient Thermal equilibrium and CQusing secondorder central simulated results of the dynamic 1999)
between the fluid and activated carbon difference and a seconhd model agreed well with the PSA
particles. and zeolite 5A  order backward experimental result§.he
Pressue drop along difference for the experimental data resulted in slightly
the bed was secondorder and the higher recovery thapredicted (4%
calculated by the first-order space error).
Ergun equation. derivatives, respectively.

16  Langmuiif Axial LDF Norn- No radial variations  Packed bed A set of partial The model provided a reasonable fit (Moh
Freundlich dispersed approximation isotherm intemperature, adsorption of differential equations experimental adsotion data. amadi
isotherm plug flow model al pressure, and carbon dioxide, was solved using finite However, comparing the experiment. nejad,

concentration. nitrogen, and differences and data with the model prediction Knox,
The Ergun equation water on Newmans 6s m suggested that a 2D model is require &

was used to estimate molecular sieve for accurate simulation of the averag Smith,
the pressure drop. 5A column breakthrough concentration. 2000)

(continued on next page)
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Orable 2.1 continued

Model
assumptions
No. Equilibrium Flow Mass transfer Heat Others Application Solution method Results and comments Ref.
relationship pattern rate model effects
17  Langmuir Axial Local Non No radial High temperature The equations were The LDF model was foundto  (Ding &
isotherm dispersed equilibrium isotherm concentration, carba dioxide solved in the gPROMS  give a good descripih of the Alpay,
plug flow model/ al pressure and adsorption on modelling environment.  adsorption and desorption data 2000)
LDF model temperature gradients hydrotalcite The spatial discretization especially for high feed CO
based on pore Pressure distribution  adsorbent method of orthogonal concentrations. The ILE model
diffusion was described by the collocation on finite failed to give an adequate
Ergun equation. elements was employed. description of the desorption
Thermal equilibrium kinetics.
between the gas and
particles.
18 Langmuir Plug LDF Isotherm Negligible radial COz recovery A set of equations Both simulation and (Takam
isotherm flow approximation al gradient of from boiler describing the system wa experimental results showed th: ura et
Model concentration. exhaust gas discretized in space and same trend of the recovery al.,
Negligible pressure (containing CQ the resultig set of efficiency and the C® 2001)

drop.

and N) by PSA
using NaX and

ordinary differential
equations with a variable
Na-A type time step was solved.

zeolites

concentration of the recovery
gas with respect to the variatior

of the feedyas flow rate.

(continued on next page)
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Model
assumptions
No. Equilibrium Flow Mass transfer Heat Others Application Solution method Results and comemts Ref.
relationship pattern rate model effects
19 Extended Plug LDF Nor+ Negligible gradients in CO,recovery A MATLAB function The analysis of breakthrough curve (Choi et
Langmuir flow approximation isothermal radial concentration  from a flue gas based on sequential showed good agreement with al.,
isotherm model (adiabatic) and temperature. (containing guadratic programming simulation data. However, analysis 2003)
Negligible pressure 83% N, 13% (SQP) method was usec of temperature changes in the
drop. COy, and 4% to solve the constrained adsorption beds revealed some
0O,) by PSA nonlinear programming discrepancy between simulations
using zeolite optimization problem.  and experiments.
13X
20 Ideal Non- LDF Non+ Variations in Carbon dioxide A set of coupled PDEs The model prediction of (Moha
adsorption Darcian approximation isothermal temperature, adsorption from was discretized by fits  breakthrough curves definitely madinej
solution flow model concentration, and a mixture of or seconebrder matched the obtained expegmntal ad,
theory model velocity along the (COs, Ny, and differences in time and data. The temperature profile resul Knox,
(IAST) (2D radial direction of H.0) in a spatial dimensions. The of 2D model also estimated the &
flow) column. column packed set of discretized finite  experimental data fairly well. The  Smith,

with zeolite 5A

difference equations wa:
solved simultaneously b
the implicit method of

Newman.

few degree discrepancy between t 2003)
model and experimental data was
attributed to prediction of heat

transfer coefficients.

(continued on next page)
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Model
assumptions
No. Equilibrium Flow Mass transfer Heat Others Application  Solution method Results and comments Ref.
relationship pattern rate model effects
21 O0OO6Brii e Axial LDF Adiabatic, Negligible radialand Adsorption of To solve a set of differential For low mass transfer (Clausse
Myers dispersed approximation near angulargradients in  a 30% CQi equations, the numerical thed coefficients (<0.01) the etal.,
isotherm plug flow model with an adiabatic, concentration, 10% GHs of lines was retained. For the  numerical 2004)
adjustable and temperaturand mixture in spatial discretization, a finite breakthrough curves

mass transfer

coefficient

isothermal velocity. nitrogen (inert

Thermal equilibrium  carrier gaspy
TSA using
Ambersorb

600 adsorbent

betwveen the gas and
the adsorbent.

The momentum
equation represented

by Ergunos

volumes scheme with two

staggered grids was chosen: or
for the velocity and one for the
temperature, pressure and
concentrations (gas and adsorh
phases). The set of PDAEs

obtained wantegrated by
employing an integrator
(DASPK 2.0).

were too dispersive
when compared to the
experimental ones. For
higher values, the
numerical curves were
identical the ones to
the others and agreed
well with the
experimental

measurements.

(continued on next page)
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Orable 2.1 continued

Model
assumptions
No. Equilibrium Flow Mass transfer Heat Others Application Solution method Results and comments Ref.
relationship pattern rate model effects
22  Extended Axial Local Non The CO The PDEs were converted to ODEs | Comparison of the simulation (Chou
Langmuir dispersed equilibrium0 isotherm concentration removal the method of lines with adaptive gric results of the C@concentration & Chen,
isotherm plug flow model al and temperature from aflue  points. The stimation of the spatial and the CQ@recovery with 2004)
gradients inthe gas derivatives was made from the upwir experimental results indicated
radial direction  (containing difference, and the cubic spline that the data trends were simil.
and the pressure 80% N> and approximation was used to estimate although the simulation values
drop inthe bed 20% CQ) the flow rates in the adsorptive bed. were slightly lower tan the
were neglected. by VSA The concentration, temperature, and experimental datalhe
Instantaneous using zeolite adsorption quantity were integrated difference was attributed to the
thermal 13X with respect tahe time in the bed by application of an imprecise
equilibrium LSODE of ODEPACK software. adsorptive isotherm.

between the solic

and gas phases.

(continued on next page)
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Ofable2.] continued?®

Model
assumptions

No. Equilibrium Flow Mass transfer Heat Others Application Solution method Results and comments Ref.
relationship pattern rate model effects

23 Langmuir Axial LDF Isothermal No radial variations Prediction of the The system of partial The model that included the detaile (Ahn &
isotherm disperse approximation in concentration. dynamicsof CO, differential algebraic structure of the monolith provided Brandan

d plug model breakthrough in  equations (PDAEs) was an excellent ratch to experimental
flow a carbon coded in gPROMS results whereas the model based ¢ 1, 2005)
monolith column software to obtain a the equivalent single channel
numerical model. approach incorrectly predicted
higher separation efficiencies at
different concentrations.

24 Multisite Axial A double LDF Non Negligible heat, Separation of a  The fixedbed model was The proposed model was able to  (Cavena
Langmuir disperse approximation isothermal mass, and mixture of CH, solved in gPROMS (PSE predict well the behavior of the ti,
isotherm d plug model to (adiabatic) momentum transpor (55%)CO; Enterprise, London, U.K.) binary mixture in a fixed bed. Grande,

flow express in the radial (45%) by VSA  using orthogonal Darkenbés | aw prcé&
macropore and direction of the PSA technology collocation method on successful correction of the Rodrigu
micropore column. using a Takeda finite elements with 25 micropore diffusion coefficients es,
diffusion Pressure drop was carbon molecular finite elements and 2 in the nonlinearegions of the 2005)
equations described using sieve 3K interior collocation points isotherms.

Ergun equaon. per element.

(continued on next page)
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6Table 2.1, continued?d

Model assumptions

No. Equilibrium Flow Mass transfer rate Heat  Others Application  Solutionmethod Results and comments Ref.
relationship pattern model effects
25  Langmuir Axial LDF approximation  Isother Negligible radial Adsorption of A set of PDAEs was The dispersion and mass transt (Mor
isotherm disperse model mal concentration gradient. carbon dioxide solved using the coefficients were calculated by eira
d plug Negligible pressure drop. from mixtures PDECOL package in the theoretical correlations and the et
flow of CO, diluted FORTRAN language, model described quite very well al.,
in helium onto which is based onthe  the dynamics of C@adsorption 2006
a hydrotalcite  method of orthogonal in a fixed bed. )
like Al-Mg collocation of finite

compounds in  elements for partial
a fixed bed differential equations in

douwble precision.

26  Extended Axial General LDF model Non Negligible radial PSA The gPROMS modeling Compared with the LDF model (Ki
Langmuir disperse with constant isother concentration and separation of a tool developed by with constant diffusivity the m et
Freundlich d plug diffusivity/ mal temperature gradients. mixture of Process Systems experimental breakthrough al.,
isothem flow Modified LDF model Thermal equilibrium CH4J/CO, Enterprise Ltd. was usec curves and adsorption dynamic 2006

with concentration between fluid and particke (50/50 vol %) to obtain he solution of was weltpredicted by using the )
dependent diffusivity The pressure drop along using Takeda the dynamic simulation proposed notfisothermal and
the bed was calculated by 3A carbon of the model. non-adiabatic modified LDF
the Ergun equation. molecular model with concentration
sieve dependent diffusivity.

(continued on next page)
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6Table 2.1, continued?d

Model

assumptions

Equilibrium  Flow Mass transfer Heat Others Application Solution method Results and comments  Ref.

relationship pattern rate model effects

Extended Axial LDF Non Negligible gradients Fixed-bed The complete The model described (Delgado et al., 2006
Langmuir dispersed approximation isothermal in radial adsorption of modd was solved adequately the breakthroug Delgado, Maria A.
isotherm plug flow model with a concentration and  binary gas numerically using curves for the experiments Uguina, Sotelo,
single lumped temperéure. mixtures the PDECOL with low CQO; concentration, Beatriz Ruiz, &
mass transfer Thermal equilibrium (COJ/He, program that uses whereas the error was Marcio Rosario,
coefficient between the gas anc CO,/N,,and orthogonal higher for tke runs with 2007)
particles. CO,/CHy) onto collocation on higher CQ concentration.
The momentum silicalite pellets, finite elements The quality of the predictior
balance representec sepiolite, and a  technique. was improved introducing
by Er gund basicresin interaction factors in this

model, because of the stror
interactions between the

adsorbed C@molecules.

(continued on next page)
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6Table 2.1,

continued?d

Model assumptions

No. Equilibrium Flow Mass transfer rate Heat Others Application Solution method Results and comnmés Ref.
relationship  pattern  model effects

28  Langmuir Axial A double LDF Nor+ Negligible radial Adsorption of Orthogonal The presented model fitted well with  (Lein
Isotherm disperse approximation isother variations in a mixture of CH  collocations were experimental data, for both outlet ekuge

d plug model mal concentration and  (70%)CO,(30%) used as a spatial composition and bed temperatufdis I-le-
flow temperature. in a column discretization indicated that the approximations Cocq,
Thermal equilibrium packed with method. The resulting proposed in thistudy give a good Tayak
between the gas anc bidisperse ordinary differential  representation of the inty@article mass out
solid phases. adsorbent (5A algebraic system of transfer. Fayol
Negligible pressure zeolite) equations was $eed le, Le
drop. by the DDASPG Gorre
integration subroutine c, &
(IMSL library), based Jallut,
on the PetzoldGear 2007)
BDF method.

29  Multi-site Axial A rigorous Norn+ No radial variations Low- The mathematical The results showed that both adsorptic (Gran
Langmuir disperse description for isother in temperature, concentration C® model was solved and desorption curves were not de &
isotherm d plug macropore mal pressure, and removal from flue using gPROMS 3.01 symmetrical, which cannot be accurate Rodri

flow diffusion model as concentration. gas streams by  (PSE Enterprise, described by the employed mathematit gues,

well as an LDF
approximation for

micropre diffusions

The pressure drop  electric swing
was described by  adsorpion using

Dar cyds | monolith

United Kingdom).

model. This was attributed to the 2008)
channels with different sizes in the

boundaries of the honeycomb.

(continued on next page)
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6Table 2.1, continued®
Model
assumptions
No. Equilibrium Flow Mass tranfer Heat Others Application  Solution method Results and comments Ref.
relationship pattern rate model effects
30 \Virial Axial A double LDF Non No mass, heat or Separation of The numerical solutions were A good agreement was observed (Grande
isotherm disperse approximation isothermal velocity gradients in gas mixtures performed with gPROMS (PSE between the experimental and the et al.,
model d plug model to the radial direction. containing Enterprise, UK) using the predicted concentration history at 2008)
flow express Thermal equilibrium CO,,CHa, orthogonal collocation on finite the endof the column and also the
macropore and between the gas anc CO, N; and elements as the numerical temperature evolution within the
micropore solid phases. H. by PSA method. column.A deviation between the
diffusion The momentum using adsorbed amount obtained
equations balance representec activated experimentally and the predicted
by Er gund carbon by the model was lower than 10%
31  Tothisotherm Axial LDF Non- Negligible radial Fixed-bed The mathematical model was The model acceptably reproducec (Dantas et
disperse approximation isothermal concentration and adsorption of solved using the commercial the experimental data for the al., 2009;
d plug modelwitha (adiabatic/ temperature binary gas software gPROMS (Process  different feed concentrations and Dantas et
flow single lumped non gradients. mixtures System Enterprise Limited, temperatures. By using the Toth al., 2011;
mass transfer adiabatic) The momentum (COzHe and  UK). The orthogonal equation for pure components, thi Dantas et
simulated curve fitted well the al., 2011)

coefficient

by

Ergund

balance representec CO,/Ny)

using
activated
carbon and
zeolite 13X

collocation method on finite
elements was used witixs
finite elements and three
collocation points in each

element of the adsorption bed.

experimental data, whereas a
deviation was observed for

multicomponent.

(continued on next page)
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0fable2.1 continuedd
Model
assumptions
No. Equilibriu  Flow Mass Heat Others Application Solution method Results and comments Ref.
m patter transfer rate effects
relationship n model
32 Virial Axial  Arigorous Isother Negligible radial Adsorption of Simulations of the An exponential dependence of the (Shen, Grande,
isotherm disper description of mal concentration COz0n pitch presented mathematical micropore diffusivity with Li, Yu, &
model / sed macrgore gradient. based activated = model were performed in temperature was shown to Rodrigues,
Multisite plug and Constant velocity carbon gPROMS (BE correctly describe the experiment 2010)
Langmuir flow micropore within the column. Enterprise, UK) using the data wthin the temperature range
isotherm diffusion orthogonal collocation on studied.
models finite elements.

(continued on next paye
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Orable 2.1

continued?d

Model
assumptions
No. Equilibrium Flow Mass transfer Heat Others Application Solution method Results and comments Ref.
relationship pattern rate model effects
33  Dualtsite Plug LDF Non No radial variations CO; capture A complete The results indicated the (Agarwal,
Langmuir flow approximation isothermal intemperature, from an 85% discretization potential of the superstructure Biegler, &
isotherm model pressure, and 15% N -CO; approach thatises  approacto predict PSA cycles Zitney,
with lumped concentration. feed mixture the finite volume with up to 98% purity and 2010a;
mass transfer The gas and the using PSA method was applied recovery of CQ. Verifications Agarwal et
coefficient solid phases are in  cycles/ in both spatial and  of the accuracy of the al., 2010b)
thermal equilibrium. CO; capture time domains, and  discretization scheme showed

The pessure drop
along the bed was
calculated by the

Ergun equation.

from a synthesis the resulting large

gas feed mixture scale nonlinear

(55% H and programming
45% CQ) using  problem (NLP) was
PSA cycles solved using an

interior point NLP

solver.

this approach is reasonably
accurate in capturing the

dynamics of PSA systems

governed by hyperbolic PDAEs

and steep adsorpti fronts, and
can be used for PSA systems

with efficient NLP solvers.

(continued on next paye
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Ofable2.1 continued?d
Model
assumptions
No. Equilibrium Flow Mass transfer Heat Others Application Solution method Results and comments Ref.
relationship pattern rate model effects
34  Langmuir Axial LDF Non Negligible radial Fixed bed - The curvatire of the concentration (Mulgund
isotherm dispersed approximation isothermal temperature and adsorption of breakthrough curve including the math et al.,
plug flow model for concentration carbon dioxide noted tailing was predicted with gooc 2012)
external fluid gradients. from a CQ-N; accuracy. Energy profile was
film mass Negligible pressure gas mixture predicted with lower accuracy.
transfer / drop. (10% CQin However, the point at which the
A rigorous 90% Nb) using temperature breakthrough occurs we
description of zeolite 13X estimated with good accuracy whiis

pore diffusion
model

for intra-
particle

mass transfer

the most important factor for

industrial applications.

" The adsorbable component is present at only low concentration in an inert carrier.
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2.3 Development and analysis of a mathematical model

The fixedbed column mathematl models are used to predict the transient behavior of
the concentration and temperature profiles for any defined changes in the initial
parameters such as feed concentration, temperature, and flow rate. A complete
mathematical model capable of desaripithe dynamics behavior of a fixéed
adsorption system is established based on a set of fairly complex partial differential and
algebraic equations (PDAEs) constructed from conservation of mass, energy, and
momentum and augmented by appropriate tramnsfae equations and equilibrium
isothermgHwang et al., 1995he models used to represent a PSA process differ mainly
in the form of the mass transfer rate, the form of the equilibrium isotherm, thermal effects,
and the pressure drop along the bed.dgeardescriptions of the aboweentioned items

are presented in the following subsections. Many mathematical models feolghs
adsorption in an adsorption column have been published over the past few decades, and
there is still interest in developinglascription of the dynamic evolution of such systems

(Afzal, Rahimi, Ehsani, & Tavakoli, 2010; LeinekugelCocq et al., 2007)

2.3.1 Fluid phase material balance

The transient gaphase component mass balance, which includes the axial dispersion
term, convectin flow term, accumulation in the fluid phase, and source term caused by
the adsorption process on the adsorbent particles, can be represented by the following

equation for a differential control volume of the adsorption colfRuthven, 1984;

Yang, 1987)
2 _

D, HG Mgy B A8y, M- @ 1
2 p TR t p

wherec; represents thadsorbate concentration in the fluid phasis;the distance along

the bed lengthu is the fluid velocity;t denotes timeg, is the bed void fraction; is the
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particle density;gi denotesaverage concentration of componemt adsorbent particle,

which forms a link between the fluid and solid phase mass balance equation$eand
effects of all mechanisms that contribute t@bmixing are lumped into a single effective
axial dispersion coefficien),i, which can be estimated using the following correlation
(Da Silva, Silva, & Rodrigues, 1999; Ruthven, 1984; Wakao & Funazkri, 1978; Welty,

Wicks, Wilson, & Rorrer, 2000; Yand.987)

eDD—DZi =20 40.5cRe 2 2

mi
whereDniis the molecular diffusivity of componenandScandReare the Schmidt and
Reynolds numbers, respectively.

The above equation, EQ-(), is used to find the distribution of gas composition along
the bed Assuning no radial dependence of concentration and solid Ioadiagplgi,

represent crossectional average values (these variables are functidramdf).
Thewellk nown Danckwertds boundary caaeamdkant i on:

be assumed as followKhalighi, Farooq, & Karimi, 2012; Wehner & Wilhelm, 1956)

|
DZiEz:O_ U|z=0 (Ci|zﬂ q|z@) (2 3)
H_CI =0 (2 '4)
“Z z=L

Whereq|2=0_ represents the feed composition for componantlL is the bed length.

In the above model, Eq.2(1), if the flow pattern is represented as plug flow, axial

2
C
dispersion can be neglected, and therefore the {@g(%) can be dropped, reducing

Eq. @-1) to a firstorder hyperbolic equation. This is a reasonagbpioximation,
particularly for large industrial units, for which the term representing the axial dispersion

is very small compared to the convection té8mo, Brown, & Hlavacek, 2008)
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As a result of pressure and temperature variations, gas density aredaanvelocity
vary along the bed. The following equation expressing the overall material balance for
the bulk phase in the adsorption column is used to compute the velocity distribution

through the be@o et al., 2005)

2 n
'Dzig L) G (ﬂ)r aﬂ 0 = (2 5) -
z A thu g " "L tp

whereC is the total concentration in the bulk phase amithe number of components.

P
Applying the ideal gas la(@ = ;:'—_I_), the overall mass balance equation can be expressed
g

as follows(Ahn, Yang, & Lee, 2001; Lee et al., 1999)

2 & WRIT IT IT) @
PN ST AR AR AT
iz n Zu zup g Z u t o z ¥
1/T ; D oa
oo, T MTI WP LGy, rd B o6 @ 6
iz 7§ ot

wherey; is the mole fraction of componeinn the gas phase®,is the total pressurdg is

the gas temperature aRds the universal gas constant.

2.3.2 Complexity of kinetic models

The term% in Eg. @-1) represents the overall rate of mass transfer for compo¢ant
p

timet and distance) averaged over a particle. The mass balance for an adsorbent particle

yields the adsorption rate expression, which may be written as

e,
== f(q, 2 -7
" (%.G) (2 -7)
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For an isothermal system, the expressions for the concentration profiles in both phases,
[ci(z,D, E(Z, t)], is given by the simultaneous solutionkxs. @-1) and 2-7), subject to

the initial and boundary conditions imposed ondbkeimn. For nonisothermal systems,

an energy balance must also be taken into account. In this case, all equations are coupled
because, in general, both the equilibrium concentration and the rate coefficients are
temperature dependent.

Although the masdransfer rate expression, E®-{), was written here as a single
equation, it commonly consists of a set of equations comprising one or more diffusion
equations with their associated boundary conditions. It is worth noting that a kinetic
model is basicy a mass balance that involves different variables describing mass
transfer mechanisms within the adsorbent partiClehbani & Tondeur, 2000)\ variety

of mass transfer kinetic models with different degrees of complexity can be found in the
literature.Mass transfer kinetic models can be classified into two main categories based
on the assumption of local equilibrium or the existence of mass transfer resistance
between the adsorbent particle and the fluid phase. They are introduced in the following

subsctions.

2.3.2.1Local equilibrium model

This model is expressed by the existence of an instantaneous local equilibrium (ILE)
between the solid and fluid concentrations. If the mass transfer rate is relatively rapid,
one may assume that local equilibrium is alwangntained between the gas phase and
the adsorbed phase within the particle at all points in the column. In other words, the local
equilibrium assumption relates to the negligible effect of mass transfer resistance through
the particles. As a result, & assumed that, in this model, the adsorptive quantity is equal

to the equilibrium adsorptive quantity:
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E|5)

_n 2 8
” (2 -8)

In the above equation” is the adsorbed phase concentration of spéaresquilibrium

with the fluid phase concentration.

Equilibrium theory is aimed at identifying the general features of the dynamic response
of the columnwithout detailed calculations, as the overall pattern of the response is
governed by the form of the equilibrium relationship rather than by kinétmsever, in

practice, because axial mixing and mass transport resistances are neglected, breakthrough
curves predicted by equilibrium models fail to give quantitatively satisfactory results and
give only approximate representations of the behavior obd€Hwang et al., 1995)
Although such systems are not common in practice, their analytical solution can provide
useful information about the procedgnamics and system behavior, which is quite
valuable for preliminary design and analysis, leading toeatgr understanding of the
behavior of more complex systems.

Based on the classification presented in Table the simplest case to consider is an
isothermal system with no axial dispersion in which a trace level component is adsorbed
from a noradsorbing carrier gas with the assumption of negligible mass transfer
resistance (model 1). Because the adsorbable component is present at a low concentration
(trace level assumption), variation in the fluid velocity across the mass transfer zone is
considered tde negligible, and the superficial velocity calculated based on the flow at
the inlet can be treated as a constant. For these systems, the differential gas phase mass

balance, Eq.2-1), reduces to

u 1

WG, B Le) dug 2 9
ez p g P oty @9
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Analytical determination othe concentration front in a packed adsorption column is
limited to a few simple cases. Using a linear equilibrium isotherm, it is possible to obtain
an analytical solution for isothermal or adiabatic systems withdmeperse behavior.
Assuming a constamattern profile, an improved analytical solution was obtained for the
system that used a nonlinear equilibrium isotherm such as the Langmuir isotherm, but
there are some assumptions that restrict its applic@tiang, 1987) In the case of the

PSA procsses, the first analytical solution of the equilibrium model was obtained by
(Shendalman & Mitchell, 1972pr the separation of COrom a HeCO, mixture using

silica gel as an adsorbent (model 1). They implemented the linear equilibrium relation for
isothermal adsorption of a tradevel component in a ordimensional system with no

axial dispersion. The assumption of linear equilibrium for one adsorbable component
permitted them to obtain a solution to the equations by the characteristic method.
However,the experimental data revealed rather large deviations from the equilibrium
theory predictions, suggesting that effects of mass transfer resistance are likely important.
(Chan, Hill, & Wong, 1981kxtended the local equilibrium theory to the separation of
two-component gaseous mixtures via the PSA process in an isothermal system in which
both the carrier and the impurity are adsorbed. They analytically studied the assumption
of instant equilibrium between the adsorbate and the adsorbent when the malg stron
adsorbed component is present at a trace level and the linear isotherms for both
components were considered. Latéernandez & Kenneyl983)and Knaebel & Hill

(1985) solved the model for binary mixtures with linear adsorption isotherms, and
Serbezovand Sotircho$1997) extended the solution tmulticomponent mixturewith

linear adsorption isotherms.
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2.3.2.2Mass transfer resistance models

The modeling of transport equations in a packed column strongly depends on the
mechanism by which the mass transfenfrthe fluid to the solid phase occurs. In fact,
equilibrium theory is confined to systems in which the adsorptive selectivity depends on
a difference in equilibrium and is not useful for systems in which separation is based on
kinetic selectivity (Hassan,Ruthven, & Raghavan, 1986 An example of kinetic
adsorptive separation is the separation of @/ Cly mixture using a carbon molecular
sieve, in which the separation is achieved by the large difference in diffusion rates
between the two componeriBiagneet al., 1996) Therefore, in modeling a real practical
norrequilibrium packed column, the effects of mass transfer resistance between the fluid
and the particle and within the particle must be consid@gtedng et al., 1995)in an
attempt to construct theoretical representation that more closely approximates a real
process, researchers have developed dynamic models that consider effects due to
dispersion and a finite mass transfer rate.

The mass transfer of solute from bulk gas into the solid phatréven by equilibrium
isotherms, whereas the mass balance equation inside the adsorbent particle depends on
the adsorbent structure. At the microscopic level, the diffusion of the adsorbate into the
adsorbent particles before adsorption onto the microgoface (or adsorption onto the
macropore surface, if no micropores exist) involves different transfer mechanisms. The
adsorbate molecules initially must cross the external film surrounding each adsorbent
particle and then diffuse through and along theops structure of the adsorbent, as
illustrated in Fig.2.1. Depending on the specific system and the conditions, any one of
the three different types of potential resistance to mass transfer may be dominant, and
more than one resistance may be significdinese three potential resistances are the
external fluid film resistance and the intraparticle diffusional resistances, the macropore

diffusional resistance and the micropore diffusional resistdbe¢an, Carta, & Yon,
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1999) In general, the mass traasprocess through such a heterogeneous system can be
expressed by detailed models identifying the film resistance around the solid particles and
macropore/micropore resistances inside the particles. The most general case in adsorption
process modeling ishe case of macropore/micropore diffusion with external film
resistance. Consequently, the discussion in the following subsections will focus on the
case of the bidisperse peddfusion model with clearly distinct macropore/micropore

diffusion.

23221 External fuid film resistance

External fluid film mass transfer is defined based on the concentration difference across
the boundary layer surrounding each adsorbent particle and is strongly affected by the
hydrodynamic conditions outside the particles (as characte e d by t he
Sherwood, Reynolds, and Schmidt numbéts)Van et al., 1999)indeed, it is supposed

that the mass transfer resistance between the bulk phase and thgponausogas phase

is localized to an external film around the adsorbent pestiBy assuming steadstate
conditions at the fluigolid interface, the mass transfer rate across the external film is
supposed to be equal to the diffusive flux at the particle suffeam®oq, Qinglin, &
Karimi, 2001) In fact, because no accumulatmfradsorbates is allowed, the film transfer

and macropore diffusion can be treated as sequential steps, and mass conservation
assumption is applicable. It can be expressed as the following eq(tipMalek, &
Farooq, 2006; LeVan et al., 1999)

PE _3kfi 3 HG;i
M _Fe gl ent @ 19)
M Rp ‘(’p) R; o |'R(t,Rp)

whereks is the external film mass transfer coefficidRg,is the macroparticle radiusg

is theadsorbateoncentrationn the macropore, which is a function of radial position in

39

«
“



the particle g is the adsorbent porosit)Dpi is the macropore diffusivity, and is the

distance along the macroparticle radius.
The external film mass transfer coefficignt,around the particles can be estimated from
the following correlation, which is applicable over a widage of conditiongWWakao &

Funazkri, 1978)

2k,
Sh:Df—'R” 2 #1SE RE (2 11

In most gas adsorption studies, the intraparticle diffusional resistance is normally much
greater than the external fluid film resistance (intraparticle transport of the adsorbate is
the slower step). Therefore, it is reasonable to assume negligikdedga®sistance and
simulate adsorption systems based on a diffusion m@hata & Cincotti, 1998; S.
Farooq et al., 2001; Raghavan et al., 198®) accurate kinetic model that acctaifor

the intraparticle diffusional resistances can provide reliable simulations of kinetically
controlled PSA processes. Indeed, neglecting intraparticle mass transfer kinetics leads to

significant deviations from the exact soluti@hahbani & Tondeu£000)

2.3.2.2.2 Macropore diffusional resistance

Diffusion in sufficiently large pores (macr@and mesoporessuch that the diffusing
molecules escape from the force field of the adsorbent surface is often referred to as
macropore diffusion (or pore diffusion). pending on the relative magnitude of the pore
diameter and the mean free path of the adsorbate molecules, transport in a macropore can
occur by different mechanisni{garger & Ruthven, 1992)For gas phase diffusion in

small pores at low pressure, when thelecular mean free path is much greater than the
pore diameter, Knudsen diffusion dominates the transport mechanism. In this case, the
resistance to mass transfer mainly arises from collisions between the diffusing molecules

and the pore wall. The Knudseliffusivity (Dwi) is independent of pressure and varies
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only weakly with temperature as followKarger & Ruthven, 1992; Ruthven, 1984;

Suzuki, 1990; Yang, 1987)

D, =9700r, \/% (2-12)

whererp is the mean macropore radinm, T is the temperature, amdlis the molecular
weight of the adsorbate.

By contrast, when the molecular mean free path is small relative to the pore diameter, the
bulk molecular diffusion will be the dominant transport mechanism and can be estimated
from the Chapmaitnskog equatioriBird, Stewart, & Lightfoot, 2002; Ribeiro et al.,
2008; Ruthven, 1984; Sherwood, Pigford, & Wilke, 19%&) binary systems or the
Stefan Maxwell equation for multcomponent system&uzuki, 1990) In the case of
molecuhr diffusion, the collisions between diffusing molecules are the main diffusional
resistance. For the intermediate case, both mechanisms are of comparable significance,
and thus the combined effects of the Knudsen and the molecular diffusion constitute the
rate-controlling mechanism. The effective macropore diffusividy)(is obtained from

the Bosanquet equatigGrande et al., 2008; Yang, 1987)

11 1

pi ki mi

wheret is the pore tortuosity factor

As discussed above, in macropore diffusioansport occurs within the fluifilled pores
inside the particléLeVan et al., 1999; Ruthven, 1984 this situation, a differential
mass balance equation for specieser a spherical adsorbent particle may be written as

follows (Do, 1998b; Gholami & alaie, 2009; Jin et al., 2006; LeVan et al., 1999; Qinglin,

Farooq, & Karimi, 2003)
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This equation is used to determine the composition of the gas penetrating macropore

volume at each radial position. In the above equal'r_pris the average adsorbed phase

concentration of componentn the micropore, which is related to the adsorbate flux at
the micropore mouth by either equat@®i8 or2-19, depending on thexpression othe
dominant transport mechiam in themicropore The corresponding boundary conditions
for macropore balance are as follof®o, 1998b; Gholami & Talaie, 2009; Jin et al.,
2006; LeVan et al., 1999; Qinglin, Farooq, et al., 2003; Qinglin, Sundaram, & Farooq,

2003)

C._
L] (2 -15)
HR (t,0)

The external fluid film resistance can be retied in the boundary condition as
follows:

HC .
e, D i_pl :kfi(q ~ G ) (2 16)
p P IJR R ‘(t,Rp)
or c,(t,R)=¢ fornoexternal fimresista¢e when pw@sorbate is fed to the
column (2- 17)

Micropore diffusional resistance

In very small pores in which the pore diameter is not much greater than the molecular
diameter, the adsorbing molecules can never escape from the force fredcpofe wall,

even at the center of the pore. Such a mechanism, in which transport may occur by an
activated process involving jumps between adsorption sites, is often called micropore
diffusion (also known as solid diffusiorfl.eVan et al., 1999; Ruthved984) In this
situation, the intraparticle gas phase is neglected, and diffusion through it is supposed to

be null(Chahbani & Tondeur, 2000fonsequently, the material balance equation in the
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micropores does not contain any gas phase accumutatio.As illustrated in Fig. (2.1)
transport in the micropores may occur by three different mechanisms: barrier resistance
(confined at the micropore mouth), distributed micropore interior resistance, and the
combined effects of both resistanggsavenati et la 2005; S. Farooq et al., 2001,
Srinivasan, Auvil, & Schork, 1995)

The mass transfer rate across the micropore mouth can be expressed by the following
equations(Buzanowski & Yang, 1989; Jin et al., 2006; LeVan et al., 1999; Qinglin,

Sundaram, et al.0®3)

% =k, (q" -q) whenthe gas diffusion is controlled by traerier

resistance (2- 18)
or = 3 D,,.,ﬂ when the distributed micropore interior sistanceis

R 7 Wik
dominant (2- 19)

wherekyi is the barrier transport coefficief is the microparticle radiugl}; is the

distributedadsorbate concentratiagm the microporeDs iis the micropore diffusivity of
component, andr is the distance along the microparticle radius.

The strong dependence of the micropore diffusivity on concentration can be expressed
usi ng Dar k ¢€aversti et a.,l2@0b; IClmhara, Suzuki, & Kawazoe, 1978; Do,
1998a; Kawazoe, Suzuki, & Chihar&d74; Khalighi et al., 2012; Ruthven, Farooq, &
Knaebel, 1994)

, =D, dn(n) (2 -20)
din(q)];

whereDs ¥ is the micropore diffusivity of componentt infinite dilution andpi is the

partial pressure of componantvhich is in equilibrium with the adsorbed concentration

in the micropore.
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The temperature dependence of the corrected diffusivity and tfeeeibarrier mass
transfer coefficients follows an Arrhenitsgoe form, as described by the following
(Cavenati et al., 2005; Gholami & Talaie, 2009; Grande & Rodrigues, 2004; Grande &

Rodrigues, 2005; Khalighi et al., 2012; Qinglin, Sundaram, et al3)200

D, =D, exp( :QT 2 21
K =|<bi°e><p(%) (2 22

whereDs ¢ andky® are the temperatwiadependent prexponential constant®&; is the
universal gas constafiiis the solid temperature, akg andE; are the activation energy

of micropore diffusion and the activation energy of surface barrier resistance
component, respectively.

When the resistance distributed in the micropore interior dominates the transport of
specied, the mass balance equation for micropore diffusion is the follo@iimget al.,

2006; LeVan et al., 1999; Qinglin, Sundaram,|gt203)

ﬂ=i2£(r2Dm. _ﬂ) (2 -23)
MCoortop rp

The corresponding boundary conditions for the microparticle balance are as {dilows

et al., 2006; LeVan et al., 1999; Qinglin, Sundaram, et al., 2003)

|t [ (2 -24)
H .0)

when a combination of barrier and distributedigropore interior resistaces is
dominant
the barrier resistance can be reflected in theundary condition as follows

3 MG, x

= D,—  =ki(a - 9|z, (2 -25)
R: “r (tR) |(thc)

or q(t,R)=q fornobarrierresistace (2 -26)

\
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The adsorbed amount at a certamet for componenitbased on particle volunean be
calculated by volume integration of the concentration profiles in the macropores and
microporeqJin et al., 2006; Khalighi et al., 2012; Qinglin, Farooq, et al., 2003; Qinglin,

Farooq, & Karimi, 2004; Qiglin, Sundaram, et al., 2003)

= 3 R 3 Rz

qi:ep§m c, R dR 1 -@)wodeR 2 27)

where:

— 3 R _,

d=—nNnqr dr (2 -28)
R )

In most kinetically selective processes, the controlling resistance for the uptake of
sorbates is typically diffusion in the micropoigavenati et al., 2005; S. fé@q et al.,

2001; Lamia et al., 2008Micropore diffusion can contribute significantly to the overall
intraparticle mass transport, primarily due to the higher concentration of the adsorbed
phase, although the mobility of molecules in the adsorbed Ehgseerally much smaller

than in the gas phag&apoor & Yang, 1990)Doong & Yang(1986) reported that
micropore diffusion contributed as much as 50% to the total flux in the activated carbon
pores during the PSA separation of £B, and CH (model 5).Liu andRuthven(1996)
gravimetrically measured the diffusion of €D a carbon molecular sieve sample and
concluded that the data were consistent with the barrier resistance model at lower
temperatures, while the distributed micropore interior resistammeladequatelyitted

the data at higher temperatures. They found that the results suggested a dual resistance
model with varying importance of the two components depending on pressure and
temperature. In another studutherfordandDo (2000b)fitted the uptake of C®in a
sample of a carbon molecular sieve (Takeda 5A) using a model based on distributed
diffusional resistance in the micropore interior. The model simulation results were in fair

agreement with the experimental da@anglin et al.(2003) andQinglin et al.(2003)
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investigated the diffusion of carbon dioxide in three samples of carbon molecular sieve
adsorbent. They indicated that transport of gases in the micropores of these samples is
controlled by a combination of barrier resistaatéhe micropore mouth followed by a
distributed pore interior resistance acting in series. The proposed dual resistance model
was shown to be able to fit the experimental results over the entire range covered in that
study.Cavenati et al(2005)studieddiffusion of CQ on the carbon molecular sieve 3K

and reported that the initial difficulty associated with diffusion due to the surface barrier
resistance was not observed in the uptake of @&uccessful description of diffusion

in micropores was achied using the distributed micropore interior resistance model
without the need for the surface barrier resistance model at the mouth of the micropore
(model 24). They attributed the absence of surface barrier resistance to performing the
activation protocoht a higher temperatur8hen et al(2010)studied diffusion of C@

on pitchbased activated carbon beads using diluted breakthrough experiments performed
at different temperatures. Tsimulate the breakthrough curves, they developed a
mathematical modebased on a rigorous description of macropore and micropore
diffusion with a nonlinear adsorption isotherm and assumed that the process was
isothermal (nodel 33. The experimental results demonstrateat micropore resistances
control the diffusion mecham within the adsorbentMore recentlyMulgundmath et

al. (2012)investigated concentration and temperature profiles of &Sorption from a
CO»-N2 gas mixture in a dynamic adsorption pilot plant unit to better understand the
adsorbent behavior. A dynaanmodel based on an exact description of pore diffusion
was developed for the simulation of Amthermal adsorption in a fixdzed(model 34.

The proposed model was able to adequately predict the experimental data at all three ports

for the duration othe experiment.
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Figure2.1: Schematic diagram showing various resistances to the transport of adsorbate
as well as concentration profiles through an idealized bidisperse adsorbent particle
demonstrating some of the possible regimes: (1)+(a) rapid mass transfer, equilibrium

through patrticle; (1)+(b) micropore diffusion control with no significant macropore or
external resistance; (1)+(c) transport controlled by the resistance at the micropore
interior; (1)+(d) controlling resistance at the surface of the microparticles; (2)+(a)

macropore diffusion control with some external resistance and no resistance within the
microparticle; (2)+(b) all three resistances (micropore, macropore, and film) are

significant; (2)+(c) diffusional resistance within the macroparticle with some external

film resistance together with a restriction at the micropore interior (2)+(d) diffusional

resistance within the macroparticle in addition to a restriction at the micropore mouth

with some external film resistance.
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2.3.2.2.3 Linear driving force model

Although the diffusional models are closer to reality, due to the mathematical
complexities associated with such equations for the exact description of intraparticle
diffusion in adsorbent particles, simpler rate expressions are often de¢Cabie &
Cincotti, 1998Zhang & Ritter, 1997)Simplified models are generally adopted by using

an expression of the particle uptake rate, which does not involve the spatial coordinates.
The approximations express the mass exchange rate between the adsorbent and its
surroundingsn terms of the mean concentration in the particle, regardless of the actual
nature of the resistance to mass tranfifee & Kim, 1998) Simplifying assumptions
should increase the practical applicability of the model without reduction of accuracy.
The nost frequently applied approximate rate law is theated linear driving force

(LDF) approximation, which was first proposed GjueckaufandCoateg1947) They
originally suggested that the uptake rate of a species into adsorbent particles is
proportonal to the linear difference between the concentration of that species at the outer
surface of the particle (equilibrium adsorption amount) and its average concentration

within the particle (volumeaveraged adsorption amount):

ﬁ=.*-= 2 29
mlﬂ(q q) ( )

As can be seen, the overadkistance to mass transfer is lumped into a single effective
linear driving force rate coefficieri, Glueckauf demonstrated that the LDF overall mass
transfer coefficient for spherical particles was equal DoF? (Glueckauf, 1955)The
above equation has been shown to be valid for dimensionless Be%3>0.1, where
Deis the effective diffusivity (accounts for all mass transfer resistanceg)iatite time

of adsorption or desorptidiYang, 1987)Although he LDF model deals with the average
concentrations of the adsorbate within the adsorbent paflicd®y, Wang, Greenkorn,

& Chao, 1979)demonstrated that the same value Kocould be simply obtained by
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assuming a parabolic concentration profile witlme particle. This assumption was later
shown to be acceptable, as the exact solution to the concentration profile has almost
always been found to be a parabolic funciiplo & Rice, 1986; Patton, Crittenden, &
Perera, 2004; Tsai, Wang, & Yang, 1983; T¥dang, Yang, & Desai, 1985; Yang &
Doong, 1985) Sircar and Hufton(2000a) demonstrated that the LDF model
approximation is in accordance with any continuous intraparticle concentration profile
within a spherical particle when a numerical constant other fltais used in the
expression of the LDF rate coefficient. The literature includes many attempts to develop
new correlations for the accurate prediction of the oveEaH rateconstan{Gholami &
Talaie, 2009)When both the macropore and the micropafeisions are dominant, the
overall LDF mass transfer coefficient can be expressed by defining a single effective
diffusivity related to both macropore and micropore diffusivitiddie following
correlation was proposed IRaroogand Ruthven(1990) in which more than one mass
transfer resistancéi.e., film, macropore, and micropore resistances) is considered

significant:

1_Ra , Rg R 2 30)
K 3kﬁQJ 159p DpiQJ 15Drn'7

whereqo is the value ofj at equilibrium withco at feed temperature.

The above equation is actually anengion of the Glueckauf approximation, which, apart
from validity for a linear isothermal system, is also known to work reasonably well for
nonlinear systems.

Recently, the StefaMaxwell approaci{Do & Do, 1998; Liow & Kenney, 1990r the

dusty gas mode(Mendes, Costa, & Rodrigues, 1995; Atanas Serbezov & Sotirchos,
1998) has been proposed to describe adsorption kinetics. How@wear & Hufton
(2000b)indicated that the LDF model is adequate to capture gas adsorption kinetics

because in the estimati@f the final process performance, the detailed characteristics of
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a local adsorption kinetic model are lumped during repeated integrégasval et al.,
2010a, 2010b)indeed, although this adsorption rate model is rather simple, it can predict
the eyperimental data with satisfactory accurgggng & Lee, 1998)Consequently, this
approximation has found widespread application in modeling 4peztiand cyclic C®
adsorption processédwang & Lee, 1994; Raghavan et al., 1985)

A dynamic model that inaded finite mass transfer resistance based on a linear driving
force assumption was first developed @¥itchell & Shendalman, 1973jor the
isothermal removal of C{)a strongly adsorbed component in a trace amount) from He
(an inert product) using silicgel. However, the model was found to provide a poor
representation of the experimental d&anandYang(1985)performed separation of a
five-component gas mixture containing,HCO, CH, H.S, and CQ by PSA. Both
equilibrium and LDF models were emplaydéo develop a mathematical model for
simulating the PSA process (model 2). The results predicted by the equilibrium model,
particularly for CQ concentration, were in poor agreement with the experimental data,
indicating the significant role of mass tréarsresistance in C£adsorption/desorption.

The simulation results of the LDF model were in generally good agreement with the
experimental datgdRaghavan et al., 1985)mulated an isothermal PSA separation of a
trace amount of an adsorbable speciemfen inert carrier using a linear equilibrium
isotherm and with the assumption of a linear driving force for mass transfer resistance
(model 3). The theoretically predicted behavior of the system was shown to provide a
good fit with the experimental daté& @Mitchell & Shendalman, 1973br the CQ-He-

silica gel system. The major difference between this model and the md¢hietatfell &
Shendalman, 1973% the assumption of ainversedependencef the effective mass
transfer coefficient on the total peese. Such behavior is to be expected for a system in
which the uptake is controlled by external film or pore diffusional resist@geghavan

et al., 1985)
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KapoorandYang (1989)also studied the kinetic separation of a>(@H4 mixture on a
carbon moleciar sieve. The experimental results were simulated using a linear driving
force model approach with cycle timedependent LDFatecoefficient(model 6) The

cycle timedependent LDF coefficient included all mass transfer resistances such as film
and intaparticle diffusion and was determined by matching the model simulation results
with the experimental resultslowever, the experimental estimates of thésameter
differed considerably from the predictions of a priori correlations developé¢Ndkao

& Suzuki, 1983)and (Raghavan, Hassan, & Ruthven, 198@)iagne et al., 1996)
developed a new PSA process with the intermediate feed inlet position operated with dual
refluxes for separation of C@ilute gas from air. They studied the influence of different
CO: feed concentrations and feed inlet positions ore @@duct concentration. An
isothermal model based on LDF approximation was developed (model 13) to explore the
effects of various combinations of the operating variables and to analyze semi
guantitatvely the effects of the main characteristic parameters such as the dimensionless
feed inlet position and the stripphngflux ratio. Good agreement between the model
prediction and the experimental results was obtained.

In another study, loveoncentratiorCO, separation from flue gas was performed by PSA
using zeolite 13X as the adsorbé@hoi et al., 2003)To further assess the effects of
adsorption time and reflux ratio on product purity and the recovery, dynamic modeling
of the PSA process based on ldDF approximation was developed (model 19). The
comparison of the numerical simulatibased and experimental results demonstrated that
the model adequately describes the experimental breakthrough curves and temperature
changes in the befDelgado et al.2006;Delgado et al., 20Q7nvestigated the fixethed
adsorption of binary gas mixtures (&Be, CQ/N., and CQ/CH,) onto silicalite pellets,
sepiolite, and a basic resin. The experimental breakthrough curves were simulated by a

model based on the LDpproximation for the mass transfer that considered the energy
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and momentum balances and used the extended Langmuir equation to describe the
adsorption equilibrium isotherm (model 27). They proposed a lumped mass transfer
coefficient instead of consideritggo mass transfer resistances in a bidisperse adsorbent.
A comparison between the experimental and theoretical curves demonstrated that the
model reproduces the experimental data satisfactorily for the different feed
concentrations, flow rates, and temperas used. More recentlfDantas et al., 2011)
studied the fixeebed adsorption of carbon dioxide from &Ry mixtures on a
commercial activated carbon. A model based on the LDF approximation for the mass
transfer that considered the energy and momentalances was used to simulate the
adsorption kinetics of carbon dioxide (model 31). Tbegysideredan overall LDF mass
transfer coefficient in which the effects filim, macropore, and micropore resistances
were assumed to be significafithe proposed LDFnodel acceptably reproduced the
experimental data for the different feed concentrations/temperatures and was suitable for
describing the dynamics of GQ@dsorption from the mixtures. The importance of the
external and internal mass transfer resistancegietermined by performing a sensitivity
analysis, whicltoncludedhat micropore resistances are not very important in the studied
system. Moreover, it was deduced that, in the case of macropore resistances only, the
molecular diffusivity is predominant.

If one neglects diffusion through macropores, the mass transfer rate through micropore
volumes can be simplified by applying the LDF model approximation, which is
mathematically equivalent to the modeling of transport through a barrier resistance
confinedat the micropore moutfCavenati et al., 2005; Grande & Rodrigues, 2007,

Srinivasan et al., 1995)
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whereKe is the LDF constant for mass transfer in the micropores for compiai@ainde

& Rodrigues 2007)

When there is no surface barrier resistance in the mouth of the micropores, the first term
in the denominator of Eq2{32) vanishe¢Cavenati et al., 2005Yhis model, which has

been referred to as the LDFS model, is simply obtained fron2E2)(if the intraparticle
concentration profile of the adsorbate is assumed to be par@Daita & Cincotti, 1998;
Chahbani & Tondeur, 2000; Do & Rice, 1986; Liaw et al., 1979; Siahpoosh et al., 2009)
The mathematically simple LDF approximation perntite direct use of the averaged
adsorbed concentration in the interior of the adsorbent particle and thus eliminates the
need for the integration step at the particle level, in contrast to the solid diffusion model
(Chahbani & Tondeur, 2000; S. Sircar & Hrf, 2000b)

If the adsorbegbhase diffusion is neglected, a similar linear driving force model based
on the gaseous phase can be used to approximate the diffusive process in macropore

resistance as follow@&halighi et al., 2012)
MGy . 1g —

e + - K (¢ e,) (2 33
p ut 6 p p! p

15Dpi Bi.
-] !
pi P 2 @i
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K (2 -34)

whereKjpi is the LDF constant for mass transfer in the macropores for comp’on_gliﬂ

the mean intraparticle gas phase concentration of speeied Bii=Rk:i/(5@Dyi) is the
mass Biot number, wth represents the ratio of internal macropore to external film

resistances.
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As can be seen, the proposed effective LDF rate coeffidigntis a combination of
external fluid film transport, molecular, and Knudsen diffusions in the macropores. This
model, which has been referred to as the LDFG model, can be derived from the pore
diffusion model, Eq. 2-14), based on the assumption of a parabolic-phase
concentration profile in the partic(€hahbani & Tondeur, 2000; LeinekugdetCocq et

al., 2007; Aanas Serbezov & Sotirchos, 2001; Yang & Doong, 198bth a spaee
independent expression for the adsorption rate can transform the PDE expressing mass
conservation for gas penetrating pores into an ODE, and therefore the solutions are
mathematically simlpr and faster than the solution of the diffusion models.

(Lai & Tan, 1991)developed approximate models for pore diffusion inside the particle
with a nonlinear adsorption isotherm based on a parabolic concentration profile
assumption for the summation thfe gas and adsorbed phases. They developed a rate
expression model that depends on the slope of the adsorption isotherm at the external
surface of the sorbenDing & Alpay, 2000)studied high temperature C&adsorption

and desorption on hydrotalcitelsorbent at a sertéchnical scale of operation. They
presented a dynamic model based on a linear driving force approximation to describe
intraparticle mass transfer processes (model 17). To address the importance of
intraparticle mass transfer resistancksing different steps of operation, they also
developed an adsorption model based on ILE assumption between the gas and adsorbed
phases. Overall, they concluded that although the ILE model failed to give an adequate
description of the desorption kinetichhe LDF model based on pore diffusion and
accounting for the nehnearity of the isotherm provides an adequate approximation of
the adsorption and desorption procesg€rande & Rodrigues, 2008tudied the
operation of an electric swing adsorption gess for lowconcentration C@removal

from flue gas streams using an activated carbon honeycomb monolith as an adsorbent. To

explore the dynamics behavior of the system, the authors developed a mathematical
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model that included bidisperse resistances withe porous structure of the monolith
(model 29). A rigorous description and a linear driving force approximation were
employed for macropore and micropore diffusion, respectively. Adsorption/desorption
breakthrough experiments were performed to deterrtie validity of the proposed
mathematical model. Aomparisonof simulated breakthroughs aedperimental data
showed that the dynamic model incorporating mass, energy, and momentum balances
agreed well with the experimental results.

If macropore or the adsorbgthase diffusion cannot be ignored, the mass transfer rate
expression can be expressed using a double LDF model, through which the macropore
and the micropore diffusion are both représdrby LDF approximations taken in series

(Da Silva et al., 1999; Doong & Yang, 1987; Kim, 1990; Leinekdgi€ocq et al., 2007;
Mendes, Costa, & Rodrigues, 1996avenati et al(2005) studied the separation of a
methanecarbon dioxide mixture in a calin packed with bidisperse adsorbent (carbon
molecular sieve 3K). To reduce the computational time required for the simulations,
macropore and micropore diffusion equations were described using-LBFbi
simplification instead of the mass balances in maaespand in micropores (model 24).
They assumed that the macropore diffusivity and surface barrier resistance at the mouth
of the micropore are not a function of the adsorbed phase concentration, whereas the
Darken law describes micropore diffusivity depence with concentration. To confirm

the validity of the mathematical model and the proposddibi approximation for the
prediction of experimental data, a fixedd experiment of the binary mixture was
performed. The results indicated that the proposethenztical model was able to
adequately predict the behavior of the binary mixture in a fixedls#dekugel-le-Cocq

et al.(2007)presented a simplified intraparticle model based on asaihermal double

LDF approximation to simulate breakthroughs daZlds/CO, mixture in a fixed bed of

bidisperse adsorbent (5A zeolite). A bidisperse double LDF model was proposed that
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considered both macropore and micropore diffusion by LDF approximations taken in
series (model 28). A comparison of the model predictisitls the experimental data
revealed that the approximated model proposed in this study yields a good representation

of the intraparticle mass transfer.

2.3.3 Energy balance

As mentioned earlier, adsorption is an exothermic process, and temperature ohenges
affect the adsorption equilibrium relation and, in some cases, adsorption rates. Therefore,
the effects of heat generation and heat transfer in the adsorbent bed must be considered
to accurately predict packed column dynamics. Some publications have addresse
isothermal adsorption of GOn a fixed bed either as a single adsorbate or multi
component mixture, which are summarized in TaBlé. The amplitude of the
temperature variation depends primarily on the heat of adsorption, the throughput, and
the heat transfer characteristics of the packed adsorbed co(fawooq, Hassan, &
Ruthven, 1988Ruthven, 1984)The generated heat is conducted to the surface of the
particles and then is transferred to the gas phase by a convection mechanism. To take into
acount the energy transfer, three different control volumes may be considered: gas, solid,

and column wall.

2.3.3.1Gas phase energy balance

The variation of gas temperature with respect to time arises from the transfer of energy
due the axial conductive solghaseheat flux to the gas phase along #hdirectionas

well asthe energy transfer by convection through the bed due to the bulk movement of
gas. Therefore, the energy balance for the gas phase, which includes the heat transfer

between the flowing fluid anthe surface of the solid adsorbent through a laminar film
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and the energy transferred to the wall of the column, may be written as the following

(Rezaei & Grahn, 2012; Ruthven, 1984)

KT, c uT,)
pz’ g

1, £t CEDhaCT, O ST, 1 0 (=9

t
The above equation is used to find the distrdou of gas temperature along the bed,
whereTg represents the bulk gas temperat@gis the heat capacity of the gag;is the

bulk density of the gasy denotes the film heat transfer coefficient between the gas and
the adsorbentas expresseshe rdio of the particle external surface area to volume;
denotes the solid temperatut®; is the internal convective heat transfer coefficient
between the gas and the column walt;is the column internal diametéel, denotes the

wall temperature; anek is the effective axial heat dispersion, which can be estimated

using the following correlatio(Grande & Rodrigues, 2005; Wakao & Funazkri, 1978;

Yang, 1987)
((—L =7+ 0.%rRe (2 36
g

wherekg is the thermal conductivity of the gas mixture &rds thePrandtl number.
The Chiltori Colburn analogy can be applied (in analogy with RelLX)) to estimate the
convective film heat transfer coefficient between the gas and the adsbrlj€htlton &
Colburn, 1934) It can be estimated through the followingrrelation, which is

particularly applicable at higher Reynolds numh@vakao, Kaguei, & Funazkri, 1979)

2h
Nu:fTR) 2 H1Pr*Re° (2 37

The following correlation can be applied for the estimation of the internal convective heat

transfer coefficienth (Dantas et al., 2009; Dantas et al., 2011; Dantas et al., 2011)
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The following boundary conditions are assumed

Tyl _
/L_g - 6(:guz:O (Tg‘zﬂ :rg z (}) (2 39)
HZ z=0
T
h =0 (2 -40)
UZ z=L

whereTg| _, Is feed temperature.

2.3.3.25o0lid phase energ balance
For the solid phase, a separate energy balance equation can be assumed that considers the
accumulation term, the film heat transfer term, and the heat generated by the adsorption

of the adsorbate, as shown by the follow(Dg, 1998b)

T ;n a
rpcs*:;=hfas(Tg 1) ia;l( H)D% 2 41)

where} p is the particle densityCs represents the heat capacity of the adsorbent-and (
aH) is the isosteric heat of adsorption for th@mponent at zero coverage, which can
be calculated by using the ClausiDBpeyron equatiofivang, Lee, & Chang, 1997)

When the external heat transport limitations are negligible, it is a reasonable
approximation to neglect the occurrence of temperature gradretit® particles and
consider the gas phase and the surface of the adsorbing particles to be is¢Ribaina|
Grande, Lopes, Loureiro, & Rodrigues, 2008)this case, a single temperature equation,
which is obtained from the overall local balance in the bed (combining %E88) @nd
(2-41) into one), is sufficient to describe the energy transport in thé-Haed Do, 1995;
Atanas Serbezov & Sotirchos, 199&jowever, some experimental studies have

demonstrated the occurrence of temperature differences between the gas phase and the
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surface of the adsorbent particl@¢saul & Stremming, 1984; Lee & Ruthven, 1979
Ruthven, Lee, & Yucel, 1980This situation is particularly relevant when an adsorption
process occurs at a relatively high rate such that the time needed for the released heat to
be transported to the bulk phase may not be sufficient and, conseqsatlficant
temperature gradients are encountered in the interior of the péftialeas Serbezov &

Sotirchos, 1998)

2.3.3.3Wall energy balance
Finally, the energy balance for the column wall, which includes the walttzeestfer to
the external environmemtnd to the gas phase inside the column, can be expressed as

follows (Da Silva et al., 1999)
T
rCAE=haT, ST WA(T B (2 42)

where Cy and }w represent the heat capacity and the density of the column wall,
respectively;aw representghe ratio of the internal surface area to the volume of the
column wall(Da Silva et al., 1999; Dantas et al., 2009; Huang & Fair, 1288gnotes

the ratio ofthe external surface area to the volume of the column Wadi;the external
overall heat transfer coefficient from the wall to ambient air; &nds the ambient
temperature.

The external overall heat transfer coefficiedt, can be estimated throughlléaving

correlation(Incropera & Witt, 1996)

L Gy ey e (2 49)
h Ko dy il

whereky is the column wall conductivityext is the column external diameter; amglkis
the external convective heat transfer coefficient that can be estimated using the following

correlation(Incropera & Witt, 1996)
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In the above equationkex is the column external air conductivity and

(r L) s Bis the Rayleigh number, whegas the gravityaccelerationbp is the

Ra= gb——=

thermal expansion coefficient; asdand U are the air kinemat
diffusivity at the film temperature T¢+Tp)/2), respectively.

If the area of heat transfer from the fluid to the wall is an order of magnitude larger than
the area in the axial direction, the contribution of the axial heat conduction along the
column wall can be neglectddhn, Lee, Seo, Yang, & Baek, 1999; Ahn et al., 2001;
Mohamadinejad et al., 20Q0n the above wall energy balance equation ¢4)2), the
resistance of the metal wall to radial heat transfer has been considered in the overall heat
transfer coefficient,U, which makes this value lower than that of the individual
convection heat transfer coefficient between the wall and the surrour{@rgsde&
Rodrigues, 2005)

In an industrialscale process in which the column lengifdiameter ratio is not large,

the heat loss through a wall and heat accumulation in the wall are considered negligible
in comparison to the amount of heat caused by the dfeatisorption, resulting in
operation close to adiabatic behavfbee et al., 1999)In such a situation, the overall

heat transfer coefficient), andthereforethe last term in Eq.242) can be dropped
(BastosNeto, Moeller, Staudt, Bohm, & Glaser, 201In the case of an isothermal
system, an instantaneous thermal equilibrium is assumed to exist betwems ted

solid phase¢Ty=Ts) or between the gas, solid, and column W}k s=Tw), depending

on the systembds condi tthemmngmal threenedeegy balencesh a
of the complete model discussed above (B35, 2-41, and2-42) are reduced to two

equations and one equation, respectively.
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2.3.4 Momentum balance

As the bulk fluid flows through the void spaces between adsorbentlgsyrtit
experiences a pressure drop due to viscous energy losses and a drop in kinetic energy.
The momentum balance considers the terms of pressure drop and velocity changes across
the packed bed and relates them by the Ergun equ&tipay, Kenney, & $ott, 1993;

Z. P. Lu, Loureiro, Rodrigues, & LeVan, 1993; Yang, Park, Chang, Ko, & Lee, :1998)

P
“E: Kou K, U (2 45)

whereKp andKy are parameters corresponding to the viscous and kinetic pressure loss
terms, respectively. For low particle Reynoldsnbers (e.g., <5), the kinetic contribution

to the total pressure loss is negligible, and BegX) reduces to Darcy's laiDing &

Alpay, 2000) Semiempirical relationships fokKp and Ky have been derived by Ergun

(Macdonald, EiSayed, Mow, & Dullien, 189) as follows:

150m(1-
Ky =—Zn§d - i (2 -46)

K, :1.75(1; &) @ -47)
&d,
whereP is the total pressure,is the gas mixture viscosity, al is the particle mean
diameter.
The existence of the pressure drop in packed beds affects the system performance by
reducing the working capacity. Conventional gas separation processes using packed beds
of beads or graules suffer predominantly from high pressure drop and mass transfer
resistance when higher throughputs are required, leading to lower productivity and
recovery and higher power consumption. In order to overcome these drawbacks, novel

adsorbent structuresich as monoliths, laminates, and foams structures are considered as

alternate candidates for the replacement of conventional adsorbent configurations as they
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offer the advantage of allowing increased throughput and reduced pressur@rexses

& Webley, 2010) In recent years, monolithic adsorbents have garnered considerable
attention for CQ capture from the gas streaigrandani, Rouse, Brandani, & Ruthven,
2004; Grande & Rodrigues, 2008; Mosca, Hedlund, Ridha, & Webley, 2008; Ribeiro et
al., 2008) A detailed review of these alternate structures and their merits was recently
conducted byRezaei & Webley, 2010)

The pressure drop of the monolithic and laminate structures can be expressed by the

following equation using the HagigRoiseuille equatiofRezaei & Webley, 2009)

(2 -48)

whered is the channel dimension.
In the case of foam adsorbents, the pressure drop can be estimated using the equation

presented by Richardson et @&ichardson, Peng, & Remue, 2000)

DP_as-¢ . # -)e. (2 49
L 8’ e

where the first term represents flow resistance from viscous forces, the second term is the
inertial or turbulent contributions, and, b, s can be calculated using following

expressions:

a=9.73 31(3de'743 (1-e )% (2 5C
b — 368 316dp—0.7523 (1 _ €f.07158 (2 _5]

_12.97%% 0.971(¢ ¥ g
B d,(1- g)*°

(2 52)

Clearly, other momentum balance equations that model the pressure drop in a structured

packing could also be applied.
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A detailed description of the differential mass and heat balance equations for the different
adsorbent structures can be found elsew{@rande et al., 2006; Rezaei & Grahn, 2012,

Rezaei & Webley, 2009)
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CHAPTER 3: MATERIALS AND METHODS

3.1 Introduction

The following sections give information about the materials and the procedures used in
developing an efficient adsorbent for €€eparation. Details of adsorbent modification,
characterization and evaluation of their adsorption performancdsarelescribed here.
Commercial granular activated carbon (GAC) used in this research was supplied by
BRAVO GREEN SDN BHD. All the gasesgere of purity greater than 99.99% amdre

suppliedby Air Products

3.2 The application of response surface methodologyp optimize the amination

of activated carbon for the preparation of carbon dioxide adsorbents

3.2.1 Adsorbent materials

The commercial palrsheltbased granular activated carboaf¢rred to as GALCwas
usedas a startingnaterial for the preparation of G@dsorbent. The precursor was ground
andpassed through @S mesh size 285 (85605 0 0 prionjo allfurther treatments.
To eliminate finesthe GAC waghen thoroughly washed with distilleteionized water
(DDW), dried at 105 °C for 24 h to remove moistuaad stored in desiccator under

vacuum.The following is a brief outline of the process used to modify these samples

3.2.2 Ammonia modification

In this work, two different types of adsorbents were used as starting materials: GACs that
were either préneattreated under nitrogen or poxidized with air. These adsorbents are
referred to as HTA and OXA, respectively. To produce carbon adsorbents with different
amounts and types of-bbntaining functionalities, the ammonia treatment was performed
for different times and at different temperatures for both adsorbents. The ammonia

modification of HTA was achieved by placing approximately 1 g of activated carbon in
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a tubular quartz reactor under a @&min? flow of nitrogen. The temperature of the
reactor was ineased at a rate dfo °C min' until it reached a final modification
temperature (selected temperatures from 200 to 10R0The feed gas (nitrogen) was

then changed to reactive gas (pure ammonia) at the same flow rate. During this treatment,
the samplesvere maintained at the final temperature for a period of time (between 1 and

3 h) and then cooled down to 180 at the same cooling rate (1@ mirY). Finally, the

flow was changed back to:Nintil room temperature was reached. For the modification

of OXA samples, approximately 1 g of sample was placed into a quartz reacteradir
introduced, and the reactor was heated°@nin?) to 400°C. This temperature was
selected for air oxidation because it was reported to be the optimum temperature at which
to add surface oxygen groufslangun, Benak, Daley, & Economy, 1999; Polovina,
Babil, Kaluderovil, & Dekan.Hesampldveadheld Sal
at this temperature for 2band then cooled down to room temperature before the gas
wasswitched to pure ammoniBoth the air and NEiflow rates were set to 75 émin’

1 Next, the sample was heated in an ammonia atmosphere with a heating rate of 10 °C
mint until the desired temperature was reached. The ammonia treatment was then
performedwith the same reactioronditions described aboveEhe schematic diagram of

the apparatutor the ammonia modificatiois shown inFigure 3.1.
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Figure3.1: Schematic diagram of the experimental sdarghe ammonia modification
MFC, mass flow controller; TC, thermocouple

3.2.3 Experimental design and method of analysis

The conventional approach for optimizing multifactor experimesmsfactorat-a-time
method (OFAT),involves varying a single factor while all other factors are kept fixed for
a particular set of experiment$his approach is timeonsuming andncapable of
reaching the true optimum becays®ssible interaction effects between the variaates

not taken into consideratigirigon & Mathews, 1997; Ghafari, Aziz, Isa, & Zinatizadeh,
2009; Kusic, Jovic, Kos, Koprivanac, & Marin, 2010; Montogomery, 2006¢ RSM
statistical method hdseen proposetb optimize parameters with a minimal numbér o
experiments and to analyze the interaction between the paraffetargohar & Dalai,
2005; Khuri & Cornell, 1996; Myer & Montogomery, 200BSM has already proven to
be a reliable statistical tool in the investigation of chemical treatment pro¢€sses
Kaya, & Algur, 2006; Ghafari et al., 2009; Gonen & Aksu, 2008; Hameed, Tan, &
Ahmad, 2008; Korbahti & Rauf, 2008a, 2008b; Kusic et al., 2010; Olmez, 2009; Sahu,
Acharya, & Meikap, 2009; Zhanmei Zhang & Zheng, 20@&cordingly, in this study,
DesignExpert 8.0.5 softwaretrfal versior) was used to generate experimental designs,

statistical analyses, and regression models andptinize the sorbent modification
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conditonsCent r al composite design with a qua
with response surface methodolotystatistically design experiments and analyze.data
In the present workhe effects of three independent variabiesluding two numerical
variables (i.e.amination temperature betwe200 and 1000 °CX;) and aminationites
betweenl and 3 h(X2)), both at five levelsand one categorical variable (i.e., the use of
HTA or OXA as the starting materiéKs)) were investigated using central composite
design. These variables, along with their respective regions of inteeestchosen based
on the literature and preliminary studig®evida, Plaza, et al., 2008; Plaza et al., 2009;
Plaza, Rubiera, et al., 2010; Przepidrski et al., 2004; Shafeeyan et al., PAdI6RB.1
presents the range and levefsthe independentumercal variables in terms adictual
and coded value3he numerical variables in actual for¥,(X2) were converted to their
coded form X1, X2) using the following equatiofAmini, Younesi, & Bahramifar, 2009;
Banik, Santhiagu, & Upadhyay, 2007; Solomanp#sd Basha, Velan, Balasubramanian,
& Marimuthu, 2009)

0w —— o p
o

wherex; is the dimensionless coded valuelwéith independent variable, aXgd Xo, and
gX correspond to the actual value, actual value at the center point, and the step change of

theith variable, respectively

Table3.1: Independent numerical variables and their levels (hatwthcoded)

Independent numerical variables Symbol Coded variable levels

[ T05 0 +05 +1

Amination temperature, (° C) X1 200 400 600 800 1000

Amination time, (h) X2 1 15 2 25 3
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For each categorical variable, 13 experiments were peefrin randomized order (to
minimize the effects of the uncontrolled factors), including five replications at the design
center to obtain an accurate estimation of the experimental(éable3.2). The CQ
sorption capacityYs) and desorption capacity) of the resulting adsorbents were taken

as the two responses of the designed experiments. A quadratic polynomial equation was
devebped to predict the dependent variables (chosen responses) as a function of
independent variables (factors) and their ratdons, as given big. (3-2) (Aksu &

Gobnen, 2006; Can et al., 2006; Yetilmezsoy, Demirel, & Vanderbei, 2009)

In this equation9 is the predicted responsésg;is the constantx, X are thecoded vale

of the independent variabldsjs the linear term coefficienbji is quadratic term efficient;

bj is theinteractionterm coefficient; is the random error, andis the number ofactors

studied

An analysis of variance (ANOVA) was applied to kense the fitness of the model and
identify the interactions between the amination variables and the responses. The goodness
of fit of the polynomial model was expressed by the coefficients of determinatiand

2 throughEgs. 8-3) and @-4), respectivelyf(Kdrbahti & Rauf, 2008h)

33 T$ &
33 33 78 & $ &

Here,3 3s the sum of square$, &s the degrees of freedom.
Thestatistical importance of the modeds checkedy det er mi ni ng t he n
precision ratio usingegs. ¢-5) and 3-6), and byan F-test in the progranKorbahti &

Rauf, 2009)
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Here, Y is the predicted responsgis the number of model parametefsjs the residual

mean square (presented in Tallelsand4-2 for each responses), ahds the number of
experiments.

The insignificant tems were eliminated after thetést, and the final model was obtained.
Threedimensional response surfaces were presented to visualize the individual and
interactive effects of the independent variables. Finally, the independent variable
optimum values fomaximizing the amount of studied responses were determined using
the DesigrExpert program 8.0.5 trial version. Additional experiments at optimum

conditions were performed to verify the predictionypdedby theregression model.
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Table3.2: Experimental design layout and experimental results of the responses

Run Sample Codedvariables Actual variables Responses
code
X1 X2 X3 » (°C) ® (h) ® Ys(mg/g) Yp (wt.%)

1 OXA-600-2.5 0 05 1 600 2.5 OXA 28.58 93.1
2 HTA-400-2 -05 O -1 400 2 HTA 24.99 95.7
3 HTA-600-2 0 0 -1 600 2 HTA 26.16 94.0
4 OXA-600-2 0 0 1 600 2 OXA 28.08 93.3
5 OXA-200-3 -1 1 1 200 3 OXA 21.81 98.1
6 HTA-600-1.5 0 -05 -1 600 15 HTA 25.6 94.5
7 HTA-10001 1 -1 -1 1000 1 HTA 26.05 94.1
8 OXA-6002 0 0 1 600 2 OXA 27.95 93.4
9 HTA-600-2 0 0 -1 600 2 HTA 26.08 94.0
10 OXA-2001 -1 -1 1 200 1 OXA 20.17 99.4
11 OXA-6002 0 0 1 600 2 OXA 27.74 93.6
12 HTA-800-2 05 O -1 800 2 HTA 27.12 92.9
13 HTA-600-2.5 0 05 -1 600 2.5 HTA 26.43 93.7
14  OXA-6002 0 0 1 600 2 OXA 27.88 93.5
15 HTA-10003 1 1 -1 1000 3 HTA 26.31 93.5

(continued on next page)
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Olrable 3.2 continued

Run Sample Codedvariables Actual variables Responses
code
X1 X2 X3 ® (°C) @ (h) @ Ys(mg/g) Yb (wt.%)

16 OXA-600-2 0 1 600 2 OXA 28.19 93.3
17 HTA-600-2 0 -1 600 2 HTA 25.84 94.2
18 HTA-200-3 -1 1 -1 200 3 HTA 22.65 97.6
19 OXA-800-2 05 O 1 800 2 OXA 30.04 91.9
20 OXA-10003 1 1 1000 3 OXA 28.73 92.8
21 HTA-600-2 0 0 -1 600 2 HTA 25.76 94.3
22 OXA-10001 1 -1 1 1000 1 OXA 28.13 93.2
23 HTA-6002 0 0 -1 600 2 HTA 25.97 94.1
24 HTA-200-1 -1 -1 -1 200 1 HTA 21.08 98.8
25 OXA-400-2 -05 0 1 400 2 OXA 25.97 95.3
26 OXA-600-1.5 0 -05 1 600 1.5 OXA 27.26 940




3.2.4 CO2 adsorption/desorption measurements

The CQ adsorption/desorption performance of the modified adsorbents was evaluated in

a TGA/SDTA851 thermogravimetric analyz¢TGA) at atmospheric pressurén
isothermal C@adsorption and desorption of the adsorbents was performed. In a typical
adsorption/desorption test, approximately 10 mg of the adsorbent was placed in a small
pan and heated tb05 °Cat a heating rate & °C min* under a flow of pure N(75
cm®min). The sample was held isothermally (30 min) until its weight became stable.
The gas was then switched to pure G the same flow rate. The sample was held
isothermally atl05 °C under a flow of pure COfor 90 min to achieve complete
saturation. This temperature was selected because it is the expected temperature in a
power plant flue gas desulfurization ufiaroto-Valer et al., 2005; Shafeeyan, Daud,
Houshmand, & AramNiya, 2011; Xu et al., 2002 he weight increase during this stage

was taken as the G@apture capacity of the samplel@5 °C After adsorption, the gas

was switched back toJd\at the same flow rate while the temperature was maintained at
105 °C This was done to study the desorptiopamaty of the adsorbents. For all of the
samples, a desorption time of 30 min was selected because this is the time necessary to
fully desorb CQ from untreated carbon. Cyclical adsorption and desorption were used to
evaluate the stability of the adsorbefithe CQ adsorption capacity (mGO./g-

adsorbent) and desorption capacity (%) were calculated using the following equations:

cw = son s O 0

#/AAOT ORA AAIEYQUd— PTTT o X
P UV o SR ¢ |
#1 AROT OBABAREOP—— pnm G U

where m, my, and m are the weight of the adsorbéntg) after initial heat treatment in

N>, after CQ adsorption, and after desorption in, Kespectively.
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3.3 A semiempirical model to predict adsorption equilibrium of carbon

dioxide on ammonia modified activated carbon

3.3.1 Adsorbent materials

Earlier, aur group optimized the amination conditions of activated carbon adsorbents in
an effort to maximize their C{adsorption/desorption capaciti&hafeeyan et al., 2012)

The optimal adsorbent (a poxidized sample that was aminated at 425 °C for 2.12 h)
exhibited promising adsorption/desorption performance during cyclical operations,
making it suitable for practical applications. Therefore, in this work, the optimal
adsorbent (referred to as OXBAC) was used as a starting material. Further details on
the alsorbent preparation and modification can be found elsewWBaafeeyan, Daud,

Houshmand, & AramNiya, 2011; Shafeeyan et al., 2012)

3.3.2 Equilibrium CO2 adsorption measurements

CO, adsorption isotherms of the modified and untreated activated carbon saraptes
measured using a Micromeritics ASAP 2020 instrument, which is a static volumetric
apparatus. The equilibrium experiments were conducted at temperatures of 30, 45 and 60
°C and at pressuragp to 1 atm, a typicabperating range in adsorption unitg 0O,
capture from power plants. The adsorption temperature was controlled by circulating
water from a thermostatic bath (Jeio Tech, model: Lab Companion RW 0525G) with an
uncertainty of + 0.1 K. Using the volumetric method withviPT measurements, we
detemined the total quantity of gas introduced into the adsorption system and the quantity
that remained in the system after reaching adsorption equilibrium. Prior to the CO
adsorption measurements, known amounts of samples (eI058g) were loaded into

the sample tube and degassed by reducing the pressure manildg at 473 K for 15 h

to dehydrate and desorb any adsorbed gasesw@®then purged into the sample cell,
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and the change in adsorption volume as a function efg@fal pressure was recewdl
The final adsorption amount at the terminal pressure and temperature was considered to

be the adsorption equilibrium amount.

3.3.3 Adsorption isotherm equations

For each modified and untreated activated carbon adsorbent, three isotherms were
measured at 3015, and 60 °C and at pressurgsto 1 atm. Tapply the adsorption
equilibrium data to a specific gagparation application, an accurate mathematical
representation of the adsorption equilibrium is requiEsdeves, Lopes, Nunes, & Mota,
2008) The eqibrium adsorption isotherm may provide useful insight into the
adsorbateadsorbent interactions and the surface properties and affinities of the adsorbent
(Foo & Hameed, 2010J-or this purpose, three different piaecies isotherm modéls

the FreundlichSips, and Toth isotherm equatiéna/ere used to correlate experimental
equilibrium results. These three isotherm models are frequently used for modeling gas
separation processes.

The Freundlich isotherm can be applied to -Heal adsorption on heterogemso
surfaces for a multilayer adsorption with a aomform distribution of adsorption heat. It

is represented gkeVan et al., 1999)

q=K_P'"™ (3 9

The Sips isotherm is a combination of the Freundlich and the Langmuir isotherm models
for prdicting the behavior of heterogeneous adsorption systems. At low surface

coverages, it reduces to the Freundlich equation, whereas, at high adsorbate
concentrations, it predicts a monolayer adsorption capacity that is typical of the Langmuir

isotherm. TheSips equation is given kjeVan et al., 1999)
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— qm ( KSP)UmS

= 3 10
| 1+(KP)"™ (3 10)

The Toth isotherm is a Langmtbased isotherm derived from potential theory and is
commonly used to describe heterogeneous adsorption processes. It considers a quasi
Gaussian ditribution of site affinities. The Toth isotherm is written(hsVan et al.,

1999)

K.P
q: qm T T (3 _11)

(1+(<:P)")

In the above mentioned equatipr® represents the adsorbed concentratignis the

equilibrium pressure,(;,, is the maximum loading capacity, is the equilibrium
constant k.) or the affinity parameter,andk,), andm (m. ,m, andm_) is the

parameter that refers to the system heterogeneity.

The next step is to fit the experimental equilibrium adsorption data to the aforementioned
isotherm models and adjust each set of isotherm parameters. Because of the inherent bias
associated with transforming ndinear isotherm equations into linear forms, several
authors have proposed using a #ioear regression procedu¢elo, Porter, & McKay,

2002; Porter, McKay, & Choy, 1999Accordingly, in the current study, the parameters

of the isotherm equations for each temperature were obtained Hineanregression
analysis using the Marquartevenberg algorithm implemented in SigmaPlot software
version 12.0 (Systat Software Inc., USA), with a tdefined equation added to the
Regression Wizard. To quantify and compare the goodness of fit of the above isotherm
models to the experimental data and adjust each set of isotherm constants, twd differen
error functions, the average relative error (ARE) and nonlinear regression coeffiéient (

), were evaluated. The average relative error, which measures the deviation between the
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experimental equilibrium data and the fitted modales, was calculated according to

the following equatiorfFoo & Hameed, 2010)

ARE(%) = 199 a
n

i=1

Omeas™ Yecal
Oneas

(3 -12)

whereni s t he number of data poi nt smeast aandgi \

ficadb refer to the measuq,edpectivelyl cal cul at ed

3.4 Modeling of carbon dioxide adsorption onto ammoniamodified activated

carbon: Kinetic analysis and breakthrough behavior

3.4.1 Adsorbent materials

Commercial granular palm shddbsed activated carbon (referred to as GAC) wad us

as the starting material for this study. The GAC was enriched with nitrogen using
oxidation followed by amination at 425 °C for 2.12 h (referred to as ). The
selected modification condition was optimum to provide the adsorbent with promising
adsaption/desorption capacity and stability during cyclical operat{@mafeeyan et al.,
2012) Further details on the adsorbent preparation and modification can be found

elsewherdShafeeyan, Daud, Houshmand, & AraNiya, 2011; Shafeeyan et al., 2012)

3.4.2 Kinetic adsorption measurements

The kinetics of C@ adsorption on the GAC and OX&AC adsorbents were studied

using a TGA/SDTA851 thermogravimetric analyzer at atmospheric pressure. Before each
kinetic measurementhe adsorbent sample (approximately 10 mg3 wretreated under

a 100 ml mirt flow of pure nitrogen at 110 °C for 1 h to guarantee removal of moisture

and other dissolved gases. The temperature was decreased to the desired temperature
(selected temperatures ranging from 30 to 60 °C) and the mtgagewas then changed

to pure CQ at the same flow rate. The sample was maintained at the final temperature
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under a constaritow of CO; until the rate of the measured mass change of the sample
approached zero, implying that thermodynamic equilibriumatt@sned. The adsorption
capacity of the adsorbent is expressed in mo¥/Kiadsorbent and is determined from

the weight change of the sample after the introduction of CO

3.4.3 Fixed-bed adsorption experiments

The experimental breakthrough apparatus showfign3.2 consists of a stainless steel
column 0.2 min length and 0.01 m in internal diameter packed with the adsorbent sample.
Two fine meshes were placed at the bottom and top of the column to ensure a uniform
gas distribution and to retain the adsoth@articles in the bed. The G@nd N flow rates

were regulatedusing two digital masfiow controllers (Aalborg ® GFC17) with an
accuracy and repeatability of 1% and 0.1% full scale, respectively. To atinedesired

inlet composition of the feed g§$5% CQ/N2, v/v), the gas flow rates of G@nd N

were adjusted by mass flow controllers before entering the column to attain a constant
total flow of 50 ml mint (flow rates: CQ= 7.5 ml min* and N = 42.5 ml mint) and 100

ml min (flow rates: CQ =15 ml min*and N = 85 ml min') of feed gas for the first and
second series of experiments, respectively. Continuous monitoring of the CO
concentration at the bed exit (after every 20 s) was performed using anayzer
(Bacharach Inc., IEQ Chekdoor Air Quality Monitor) equipped with a thermal
conductivity detector that was connected to a data recording system. The temperature was
measured using a-&/pe thermocouple with an accuracy of £1 K located inside of the
solids bed at a height of 0.05 moate the exit end of the column. The thermocouwyds
connected to a temperature data logger to monitor the temperature during the experiment.
The column was placed inside of a tubular furnace with a programmable temperature

controller
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In a typical experirant, a sample of ca. 5.5 g of adsorbent was packed into the column.
At the beginning of the experiments, the adsorbent bed was pretreated by purging with a
300 ml min* flow of N2 at 130 °C and atmospheric pressure for at least 3 h to ensure
complete destion of volatile compounds and paelsorbed gases. Subsequently, the
bed was cooled to the desired adsorption temperaturghantitrogen flow rate was
reduced to the predefined value according to the experimental conditions (i.e., 42.5 and
85 ml mint). The CQ was then introduced at flow rates of 7.5 and 15 mt'miesulting

in a feed gas mixture containing 15 vol % G®N.. The feed gas was fed to the column
through a thresvay valve in an upward flow pattern at the predefined flow rates. The
adsaption breakthrough experiments were performed at the temperatures of 30, 45, and
60 °C while changing the feed gas flow rate from 50 to 100 mmier 1 atm total
pressureThe column adsorption temperatures and feed gas concentration were selected
based on the fact that a typical pastmbustion flue gas contains mostly &hd CQ
(approximately 1015% CQ) at a total pressure of 1 bar and over a temperature range of
40-60 °C(Auta & Hameed, 2014; Mason, Sumida, Herm, Krishna, & Long, 2018
expeiment continued until the effluent concentration was equal to the feed concentration,
i.e., c/co= 1. Table 3.3 lists some ofthe physical properties of the adsorbent and
characteristics of the adsorption bed along with the operating conditions useé for th
fixed-bed experimentssiven that the ammonia modification yielded material with very
similar physical properties compared with the parent cafsbmafeeyan, Wan Daud,
Houshmand, & AramNiya, 2012) it is reasonable to assume that the difference in the
amount of the presented characteristics of the modified and untreated ads@bents

negligible
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Table3.3: Physical properties of thedsorbent and characteristaftheadsorption bed
along with theoperating conditionssed for thdixed-bedexperiments

Parameter Unit Values
Particle apparent densitys) kg 800

Average particleliameter(dp) m 0.65x1C°

Bed height ) m 0.2

Bed diameterd) m 0.01

Bed weight () kg 5.5x10°

Bed voidage () - 056

Feed fowrate(Q) ml min? 50 and 100
Feed compositiofco) vol % 15% CQin N2
Total pressuréP) atm 1

Adsorption emperaturéT) °C 30, 45 and 60

T l
»
Therm ocouple CO, % ﬂ
X 2 I
/ Analyzer Extractor hood _L/
[ S -
] l
(et L4 Temperare Daia
%2,,., : — — =+ —| Controller Recorder
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Stream or feed analysis
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Figure3.2: Schematic of thexperimental systemsedfor the @lumn breakthrough
measurements

3.4.4 Model description and solution methodology

3.4.4.1Kinetic models

Among thekey characteristics required for the design, simulatiod,davelopment of a

CO. removal systemadsorption kinetic data are important because the residence time
required for completion of an adsorption process, the adsorption bed size and,
consequently, the unit capital costs are significantly influenced by kihetic
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considerationgLoganathan, Tikmani, Edubilli, Mishra, & Ghoshal, 2014; Monazam,
Spenik, & Shadle, 2013A wide variety of kinetic models with different degrees of
complexity have been developed to quantitatively describe the adsorption precesses

to identify the adsorption mechanisBue to the complexities associated with the exact
description of kinetic parameters, a common approach involves fitting the experimental
results to a number of conventional kinetic models and selecting the mald&hevbest

fit (Loganathan et al., 2014; SerGaierrero & Sayari, 2010Accordingly, three of the

most common theoretical kinetic models (psefidkt-order, pseudsecondorder, and
Avrami models) that have been previously applied to describe the adadisorbate
interactions and adsorption rate behavior were employed in this study

The pseuddirst-order kinetic model assumes reversible interactions with an equilibrium
established between the gas and solid surfaces. The model states that thehaaigeof

of a species is directly proportional to the difference between the saturation concentration
of that species and its mean concentration within the particle. This model is represented

by the following equatioiShokrollahi, Alizadeh, Malekhossei, Ranjbar, 2011)
d
ok (a -q) 3 13)

whereke (s?) represents the pseuficst-order kinetic rate constant, angandg: (mol
kg?) denote the equilibrium uptake and the amount adsorbed ai($neespectively.
Integration of Eq.3%-13) with the boundary conditions gf=0 att=0 andgr=qgeatt =

tp gives the following equation

q=q( -e*" (3 14)

The pseudeecondorder kinetic model is based on the assumption that the chemical
interactions control the overall adsorption kinetics. The model assumes a linear

relationship between the uptakate and the square of the number of unoccupied
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adsorption sites. This model is expressed according to the following eq(Bticah,

Sarma, & Mahiuddin, 2011)

d
=K@ -a)’ (3 15)

whereks (mol kg's?) is the pseudsecondorder kinetic rate conaht
Integration of Eq. (3aL5) with the boundary conditions gf=0 att=0 andy=geatt =

tp leads to the following equation

2
L (3 16)
1+q.kt

The Avrami model was originally developed to model phase transitions and crystal
growth of materials and has recently been applied to the prediction of the adsorption

kinetics of CQ on aminefunctionalized adsorben{Stevens et al., 2013; Wang, Stevens,

Drage, & Wood, 2012)The adsorption rate of the Avrami equation is described as

follows:
d Men-
Tk ) 3 17)

wheren is the Avrami exponent arid (s?) is the Avrami kinetic constant

Theintegrated form of Eq.317) can be written as follows:

%:1 o )" (3 18)

To establish a complete kinetic model, the equilibrium adsorption capagityust be
determined. Accordingly, in this study, the adsorption equilibrium was describvegausi
semtempirical Toth isotherm. This model was previously developed by our group to
consider the simultaneous occurrence of two independent chemical and physical
adsorption mechanisms for @QGdsorption. Themodel offers the advantageof
differentiatingthe contributions of physical and chemical adsorption to the total CO

uptake, enabling its application for the description of the adsorption equilibriaxafrCO
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untreated and modified adsorbents. The proposed equilibrium model can be written as

follows:
é’ K.P ¥ ‘? K.P g

qe:g qm Trnr T H + g qm Tmr T 3 (3 ]:9)
(P ) g (gteP) )T

To express the temperature dependence of the Toth isotherm parameters, the parameters

Kt, gm, andmr were describedly the following equationf.i & Tezel, 2008)

_ ¢ DH&T,-T & ,
Ko = Ky, expg RT 20T & (3 20
é % =0
ear-T 00 ,
O = O, X2 — 60 (3-21
ec¢c o U
ar-T, o
m=m JﬁgeT—o 0 (3 22)

whereT is the absolute temperature (K),is the reference temperatuke, andmro are

the affinity and heterogeneity parameters at the reference temperature, respekively,

d are constant parametefspH is the isosteric heat of adsorption at zero coverage (kJ
mol?), andRis the gadaw constant (J maiK™).

The optimal values of the isotherm parameters are summarized in3T4hlsing 30 °C

as a reference temgagure

Table3.4: Optimal values of the proposd@ath equilibriumisothermparameters
Om K m, a h (- B)

(molkg’) (&)  (gimensionless) 0 MESIONESS)  (dimensionless) (i3 mort

Physical
adsorption
Chemical
adsorption

5.01 7.1x10t 0.59 0.96 13.43 23.05

0.54 1.05x10 0.29 0.25 1.67 68.11
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To determine each set of kinetic modelgmeters, the experimental data were then fitted

to the previously mentioned kinetic models. The transformation oflinear kinetic
equations into linear forms is generally associated with the error distribution, depending
on the method used to linearitiee kinetic equationgKumar & Sivanesan, 2006)
Therefore, to rigorously estimate the kinetic parameter sets from the original form of each
kinetic model, a notinear regression analysis using the Marquasdtenberg algorithm
implemented in SigmaPlotoiware version 12.0 (Systat Software Inc., USA) was
employed in this study. To quantitatively compare the goodness of fit of the kinetic
models with the experimental results, two different error functions, the nonlinear
regression coefficient€) and thenormalized standard deviatiogp(, were evaluated.

The regression coefficient, which determines how well the data points fit the model, was

calculated as followéStevens et al., 2013)

n

0
a (qt(mes) } q(mod))z 0,_
R =1 gL a8t 3 23)

n

% (qt(mes) - q( me)s)2 8”' P
Ci=1 :

Qo

Thenormalized standard deviatiomhich reflects the deviation tveeen the experimental
resultsand thevalues predictedy the kineticmodek, can be representaasing the

following equation(Vargas, Cazetta, Kunita, Silva, & Almeida, 2011)

a [(q(mes) - q(mod))/ qt( mer
n-1

Dq (%) =1006\/ @ 24

where n is the number of experimental adsorptipaints of the kinetic curves, the

Ssubscmadptameid fir ef er to the model predict e

amount adsorbed, respectiveq(n_es is the average of the experimental data, @rdthe

number of parameters ofe¢hmodel.
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3.4.4.2Modeling dynamic column breakthrough experiments

A basic study on the dynamics behavior of an adsorption column system is required to
obtain a deeper understanding of the behavior of new adsorbents during the
adsorption/desorption cycles and f@rocess design and optimization purposes
(Shafeeyan, Wan Daud, & Shamiri, 2017 predict the breakthrough behavior of CO
adsorption in a fixedbed packed with GAC and OX&AC adsorbents, the following
model was proposed based on the mass balance taooapned with an Avrami model

for the representation of the adsorption kinetics and a-esrpirical Toth model for the
description of the adsorption equilibrium. To develop the fised model, we assumed

the following:

(1) The gas phase behaves asdmali gas. (2) An axially dispexd plugflow model is
adopted(3) The radial gradient of concentration is negligible (given that the ratio of the
particle to the column radius is less than Mpnazam et al., 2013}4) The fixed bed is
assumed to opemtsothermally. (5) The feed contains a low concentration of (hOs,

the pressure drop throughout the column is negligible, and the linear velocity remains
constant along the begdantas et al.,, 2009)6) The effect of nitrogen adsorption is
negligible (7) The effect of external mass transfer (i.e., macropore diffusion and film
mass transfer) is considered negligible. (8) The rate of adsorption is described using an
Avrami kinetic rate expression, which is explained in Sectidril4(9) The adsorption
equilibrium is expressed by a seampirical Toth model, asill be described in Section

3.1. Most of these assumptions are commonly accepted for a moB&/kgperation
(Ruthven, 1984and are clearly a compromise between accuracy and effort of paramete
determination and model solutigBonnot, Tondeur, & Luo, 2006) he correlations used

for the estimation of the model parameters are summarized in Table 3.

84



Based on these assumptions, the transienplgase mass balance for a differential
control vdume of the adsorption column can be described by the following equation

(Ruthven, 1984)

2 -
D HC y B L&) A (3 25)
T S TR t u

whereD. is the effective axial dispersion coefficiemtrepresents the length in the axial
direction c denotes the C£roncentratia in the gas phase is the bed voidagei is the
superficial velocityt represents timg, is the particle densityg represents the volume
averaged concentration in the adsorbed phase that may constitute a connection between

the solid and gas phase mass balances, and the igrm i expresses the adsorption

rate, which igdetermined from an Avrami kinetic model, describedn Section 4.1.

In Eg. 3-25), the first term is the axial dispersion term, the second term is the convective
flow term, and the third and fourth terms represent the accumulation in the fluididnd so
phases, respectively. The equation is applied to describe the gas composition distribution
in the bed.Ilgnoring the radial dependence of concentration in the gas and adsorbed
phases¢candq are expressed as functionszaindt, respectivelyln addiion, applying

the ideal gas law, the concentratiorcan be correlated with the partial pressure as
c=yP/RT, whereP is the total pressurg,denotes the C&Omole fraction in the feed gas,

Ris the universal gas constant, dnexpresses the feed gas tenapere.

The following initial and boundary conditions are assuidthlighi et al., 2012)

IC.: ¢(zt=0) =0; (zt § O (3 26
BC.: DX = 3 27

DLUZZ:O UG 9 ( )
“_C =0 (3 _28)
74Py
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Table3.5: Correlations used for estimationtbe modeparameters

Molecular T15 1 1 ) S
T-vervvaltve +—)°5§).0027 0.0005(- —= )° g
diffusivity (Dm) PsZW, "M, M, M M 8
ird | where
(Bird et al., _1.06036 |  0.19300 , 1.03587 , L1.76474
. Wo T 70-15610 ) = y 96 + T
2002; Perry, exp(0.4763% ) exp(1.529 )  exp(3.89Z11

s,;=(s +9/2T KT/ e

Green, &
e, =(,6)8 I[keDTTT ;s =244T, IR’

Maloney, 1997)

Axial dispersion r u
eo%:zo 0.5Re Se—; Re=s4 &

coefficient OL) m 73D m

(Ruthven, 1984) whereDnm (m? s?) is the molecular diffusivity anS8candReare the Schmid

and Reynolds numbers, respectively.

JW

m=2.6693310°
s?

Pure gas

m

viscosit
y W whererris in g cn* & and

(Bird et al., W _1.16145 |  0.52487 . 2.16178
oMt exp(0.77320° )  exp(2.43787
2002)
Viscosity of gas ° -05 2
_Aym 1a 0] e M, s |
. Mu=8 5 Ry = N O
mixture (pnix) o a YF : 8? 8 é am |V| l
(Bird et al.,
2002)
Density of gas n
r,=a y_l\/l B E i_
: ¢ a7 P T V
mi Xt ygr e 1= 0 m

w h e 1y (&g n7d) is the densityTo andPo are the temperature and press

at STP conditions; and, is 22.4 L mot-.

a( A andU /(K) are the Lennardones length and energy paramet&ré) is the temperaturd® (atm)
is the total pressurdyli (g mol?) is the component molecular weight. (K) and P (atm) are the critical
temperature and pressuygis the component mole fraction.
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3.4.4.3Solution methodology

The simultaneous solution of a sdtamupled nonlinear partial differential equations
constructed from mass conservation along with ordinary differential and algebraic
equations representing kinetic and equilibrium equations yields the predicted adsorption
breakthrough curve. The resultaystem of differential and algebraic equations (Bgs.

25, 3-17, and3-19) whicharecoupled with one anothegether with the&orresponding

initial and boundary conditions (Eg3-26 to 328) detailed in section 3.2 are solved
numerically using a cheigal reaction engineering module implemented in COMSOL
Multiphysics versiomt.4 (Burlington, MA, USA), whichuses the finite element method

for the numerical solution of differential equations
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Introduction

Growing environmental concern regarding the adverse effects of anthropogenic carbon
dioxide (CQ) emissions on global warming and climate change have motivated research
into the capture of COfrom large emission point sources and the mitigation of the
unfettered release of this major greenhouse gas into the atmogpkekyado et al., 2006;
Samanta, Zhao, Shimizu, Sarkar, & Gupta, 20Ed¥sil fuelfired power plants account

for approximately onghird of globalCO, emissions due to the combustion ofdibfuels

such as petroleum, coal, and natural l2antas et al., 2011; Monazam et al., 2013)
Therefore, remarkable growth in research activity related to the development,
improvement, and optimization of efficient separation techniques for removipff@o
powerplant flue gas has occurred over the past three de¢Adaswal et al., 2010a)
Currently, aminébased chemical absorption processes are the most mature methods for
removing CQ from industrial gas stream@elgado et al., 2006; Ser@uerrero,
Belmabkhout, & Sayari, 2010b)Ynfortunately, the absorption process is highly energy
intensive because of the high energy requirements for regeneration. A Ipledcihg
capacity, extensive corrosion of the process equipment and toxicity are additional
disadvantages associated with the amine absorption pi@esset al., 2005; Rinker et

al., 2000) A promising alternative procedure for separating.@Om flue gases is
adsorption using solid physical adsorbents, which could reduce the costs assdathiated

the capture stefHo et al., 2008; Radosz et al., 2008ther advantages of these solid
physical adsorption processes over traditional aqueous amine processes include greater
capacity, higher selectivity, smaller regeneration energy requiremends,.easier
handling (Garcés et al., 2013; Samanta et al., 20Many literature reports have

investigated C@capture from flue gas streams using pressure swing adsorption (PSA)
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(Ho et al., 2008; Ko et al., 2003; Reynolds et al., 2005; Xiao et al., 2868)ver, the
success of a PSA process depends on the selection of an adsorbent with sufficient
adsorption capacity, selectivity, and durabili§u et al., 2010)Accordingly, in recent
years, various adsorbents, including zeolites, carbon molecular siegts, organic
frameworks, silicas, and activated carbon, have been extensively investigated for their
application in removing C&Hfrom flue-gas streamé_oganathan et al., 2014; Sevilla &
Fuertes, 2011)

Activated carbon has the advantages of low eneeguirements for regeneration, an
inherent affinity for CQ, stability at higher temperatures, low cost, a large surface area
and high micropore volume, hydrophobicity, and the possibility of tailoring its surface
chemistry and structural properti@ezera et al., 2011; Garcés et al., 2013; Sjostrom &
Krutka, 2010) Notably, however, most of the conventional adsorbents based on
physisorption suffer from the disadvantage of poor adsorption capacities at relatively low
CO concentrations and high adsorptitemperatures (i.e., the operating conditions
characteristic of the separation of £f@m a typical flue gas mixture), which may
represent a serious drawback for flue gas @Moval using gas adsorptifBezerra et

al., 2011; Samanta et al., 201Tp impove CQ adsorption capacity, modifications of
adsorbent surface chemical properties by the incorporation of nitrogen surface groups
have gainedhuchattention in the past few yedBrage et al., 2007; Knowles et al., 2006;
Maroto-Valer et al., 2005; Plazet al., 2007)CO; is a weak Lewis acid that can interact
with electron donors; therefore, the presence of basic nittogetainingsurface groups

is thought to provide adsorbents capable of interacting strongly with(lFléza et al.,

2011; Zhijuan Zhag, Xu, et al., 2010)Przepidrski et al. demonstrated that the2CO
adsorption capacity on an ammotrieated CWZ35 activated carbon was 76 mg at
309.15 K and 102.5 kR@rzepioérski et al., 2004Hao et al. observed a maximum £0

uptake of 3.13 mmaj! at 25 °C and 1 atm for synthesized nitrogeped porous carbon
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monolith samplegHao, Li, Qian, & Lu, 201Q)and Wahby et al. reported a €aptake

of 4.7 mmol ¢ by chemically activated petroleum pitch at 25 °C and 1(&ahby et

al., 2010) In this study, a commercial granular activated carbon (GAC) adsorbent was
modified through an oxidatidamination process in an effort to increase its surface
basicity and consequently enhance its C&lsorption capacity. The promising
characteristics of the dptal adsorbent (OXAGAC) in terms of adsorption capacity
(exhibiting an increase of 44% in capacity compared with the capacity afigieabAC

at 1 atm and.05 °C) and multicycle durability make it suitable for practical applications.
For the design ah simulation of separation processdéise study of the adsorption
equilibria is essential in supplying the basic information required for developing and
validating models that represent the nature of the adsorption pro¢Essesati et al.,
2004; Grand& Rodrigues, 2004)Although reliable experimental equilibrium data for
some adsorbates on carbon adsorbents are extensively available in the li{@mature
Feng, & Su, 2009; Garcés et al., 20183 far as we know, very few data have been
reported for CQ@ adsorption over ammoniaodified activated carbonsinder the
conditions used herd-urthermore, no studies have been conducted to analyze the CO
adsorption isotherms over such adsorbents to fit to a prepterm model. Therefore,

in the present stugyhe adsorption equilibria of carbon dioxide over the parent GAC and
its ammoniamodified counterpart (OXAGAC) at various operating conditions were
obtained and used to fit to an appropriate sempirical isotherm model.

Despite the notable increasethe practical applications of adsorption for separation and
purification, due to the inherent complexity associated with such systems, the industrial
design and optimization of adsorptigasseparatiorprocesses has largely remained an
experimental effdr(BastosNeto et al., 2011)The main disadvantages of the empirical
design of an adsorption column are the high costs and operational effort required

(Siahpoosh et al., 2009Therefore, to develop, evaluate, and optimize an appropriate
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adsorption proces several researchers have proposed the application of a mathematical
model capable of describing the combined effect of equilibrium and kinetics on a fixed
bed with the selected adsorbéhgarwal et al., 2010a; Dantas et al., 2011; Shivaji Sircar,
2006) Shafeeyan et al. provideml comprehensive review of previous studies on the
mathematical modeling of packed columns to capturef@@m various fluegas streams

for a variety of adsorption syster{Shafeeyan et al., 2014A predictive model using
independently established equilibrium and kinetic parameters may, in principle, provide
a method of estimating the column dynamic capacity without extensive experimentation.
Moreover, such models are capable of estimating the concentration profile for a certain
constituent in the bulk gas at all locations within the packed coli@@hafeeyan et al.,
2014) Accordingly, in this study, the experimental kinetics data of @@sorption at
different temperatures were fitted to three different kinetic models (i.e.dp$iest

order, pseudsecond order, and Avrami models), and the corresponding kinetic rate
constants were estimated from the model providing the best fit. To the best of our
knowledge, no studies have been conducted to develop a kinetic model.foai®e

over ammoniamodified activated carbon. Furthermore, using the best fitted kinetic
model and an appropriate equilibrium equation, a simple dynamic model was developed.
The proposed model was constructeEsed on the mass balance concept and used to
de<cribe the breakthrough behavior of the £fdsorption in a fixedbed reactor packed

with ammoniamodified and untreated adsorbents. Finally, the model predictions were

verified by comparing the simulations with the experimental results.

In this chapter theesults are presentedtireepats. Partl investigateghe application
of response surface methodology in predicting and optimizing the amination conditions
of activated carbon adsorbent toward JC&dlsorption Part2 studiesthe adsorption

equilibriumof carbon dioxide ontthe GAC and OXAGAC adsorbents andevelopsa
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semiempirical equilibrium modeéble todistinguishthe contributions of physical and
chemical adsorption to the total ¢@ptake Part3 studieshie kinetics of C@adsorption
on the GAC and OXAGAC adsorbents. Tpredictthe breakthrough behavior of the
fixed-bed adsorption of C£ the focus of ParB is to develop adynamic modekhat
consists of an Avrami equation to describe the kinetics of adsorption and-arapirical
Toth equathn to represent the ¢amlid equilibrium isotherm In addition, a

comprehensive discussions and explanations on experimental egspltssented

4.2 The application of response surface methodology to optimize the amination of

activated carbon for the preparation of carbon dioxide adsorbents

4.2.1 Evaluation of CO2 adsorption and desorption capacity

The experimental points (in coded and actual valtegther with thevalues of both
responseare representad Table3.2. As can be seen from the tgkdesorbets O9 and

O5 displayed the highest and lowest£dsorption capacities of 30.04 and 20.17 mg/g

at 105 °C, respectively. On the contrary, sorlé@hexhibitedthe highest and sorbe@®
showed the lowest COdesorption capacities of 99.4 %, and 91.9 %peesvely.
Inspection of the data presented’able3.2 revealghat the sorbent preparation variables
have a significaneffect on theCO, adsorption/desorptiocapacity. The relationship
between the responses and independent variables was analyzetesigorgse surface
methodology (RSM)When multiple regression analysis is applied to the design matrix
and the obtained response values, a fitted quadratic polynomial equation is generated.
This equation can be used tatiopze the amination conditionga both responses, the
guadratic model was selected as suggested by the soffiverenodels were attained
based on the highest order polynomials where the additional terms were significant and

the models were not aliase@ihe general response models imterof coded factors
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include all numerical and categorical parameters g.&0,andxs). The predictive models
in coded terms (i.e., and Yp) are presented in Tabldsl and 42, respectivelyOn the
contrary, the final equations in actual form ardrdet for each type of categorical factor
separatelyThe final empirical equation obtained for €8&brption capacity(s) of the
adsorbents prepared from HTA and OXA (symbolize&byandYs+1, respectively) are
given in Egs. @-1) and @-2) respectively For CQ desorption capacityYp) of the
adsorbents prepared from HTA and OXA (symbolizedvby and Yp+1, respectively),
the final equations are given in E¢4-3) and @-4), respectively.
Ys1=+12.48480 9©.016138 + 6.8903@ - 7.7356x100 - 1.4877@
-7.34375x10 & T p
Ys+1= +11.36317+ 0.02014% + 7.0358@) - 7.7356xD%0 - 1.48771
-7.34375x100 & T ¢
Yp-1 = +105.39959 0.016811%> - 4.213520 + 8.50528x1F¢% + 0.860840
+4.6875x100 & T O
Yp+1 = +105.87736 0.01847() - 4.2024%) +8.50528x1¢0 + 0.860840

+4.6875x10 0 & T 1

Table4.1: Analysis of variance (ANOVA) for the CGadsorption capacity

Source Sum of Degree of Mean F-value p-value (Prob#)
squares freedom square

Model 14151 8 17.69 85.09 <0.0001, Significant

@ 78.68 1 78.68 378.46 <0.0001

@ 2.94 1 294 14.15 0.0016

@ 16.15 1 16.15 77.67 <0.0001

@ 0.75 1 0.75 3.59 0.0751

@ 1.08 1 1.08 5.19 0.0359

(A& 0.69 1 0.69 3.32 0.0861

(A& 5.79 1 5.79 27.86 <0.0001

VYN 0.048 1 0.048 0.23 0.6381

Residual 3.53 17 0.21 -

Final equation in terms afoded factors after excluding the insignificarie
Ys=+27.12+ 296w + 0570 +0.7% - 124w -149% -02% 0w +0.80w +0.073ww
R? = 0.9756; AdjustedR?= 0.9%42 Predicted R>=0.8229;Adequate precisiocn33.522
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Checking the adequacy of the model is one of the most important parts of the data analysis
procedure, as the model functions wbgive poor or misleading results if the fit were
inadequatgKorbahti, 2007; Koérbahti & Rauf, 2008a; Myer & Montogomery, 2002;
Yetilmezsoy et al., 2009An analysis of variance (ANOVA) was carried out for each
response to assess the significance andd#of the model. The results are presemed

Tables4.1 and4.2.

Table4.2: Analysis of variance (ANOVA) for the CQlesorption capacity

Source Sum of Degree of Mean F-value p-value(Prob>F)
squares freedom square

Model 90.61 8 11.33 171.31 <0.0001, Significant

@ 60.84 1 60.84 920.26 <0.0001

@ 2.1 1 2.10 31.80 <0.0001

@ 1.63 1 1.63 24.58 0.0001

@ 0.9 1 0.90 13.66 0.0018

@ 0.36 1 0.36 5.47 0.0318

Ow 0.28 1 0.28 4.25 0.0548

Ow 1.00 1 1.00 15.13 0.0012

[AYA) 0.0002 1 0.0002 0.0042 0.9491

Residual 1.12 17 0.066 - -

Final equation in terms afoded factors after excluding the insignificamme
Ys=+937-2.6m -0.480 -0.2500 +1.3600 +0.8600 +0.190® -0.330w +5.556x103%
R? = 0.877 AdjustedR?= 0.980; Predicted R?=0.9342;Adequate precision45.921

ANOVA is a statistical technique that subdivides the total variation in a set ofndiata i
component parts associated with specific sources of variation; this allows one to test
hypotheses based on the parameters of the nf@deen & Aksu, 2008)Table4.3 and

4.4 illustrate the reduced quadratic models in terms of coded factors and @isotbler
statistical parameters for both of the studied responses. Based on the ANOVA results
presented in these tables, it can be concluded that the models were significant for both
responses with -palues less than 0.0001(model and tervajue <0.05 indtates the

model and the term are significant for 95% confidence intervals) to predict the response
values(Azargohar & Dalai, 2005)In this case, amination temperatuée)( amination

time (@ ), type of starting materialy ), ® @, and® were significant model ternfer

both the CQ adsorption and desorption capacities witlvatues less than 0.0%n
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addition,the interaction betweethe® and® variableg(® @ ) wasinsignificant to the
response@erm pvalue >0.100 indicates the model terms are not significant) which could
be manually removed from the model to improve the regression model and optimization

results

The fitof model to the empirical data wiestedby calculating the regression coefficient
2 and2 .The2 values of 0.842and 0.920wereobtained for th&€O, adsorption

(Ys) and desorptionYp) capacity, respectivelyl his indicated that®42 and 9820% of

the total variation in the C{adsorption and desorption capacigspectivelycould be
explained bythe quadratic modeThehigh 2 value (i.e. close to unity) and reasonable
agreement between the predicted and adjuatedbserved for both responses implies
that the developed model can satisfactorily accourth®experimental da{@zargohar

& Dalai, 2005; Can et al., 2006; Garg, Kaur, Garg, & Sud, 2008; Yetilmezsoy et al.,
2009) Adequate precision measures the sigoaloise ratio and compares the range of
the predicted values at the design points to tlezame prediction error. The adequate
precision ratios of 33.5 and 45.9, derived for the @orption and desorption capacity,
respectively, are much greater than 4 and indicate adequate model discring{Diatien,
2009) It is worth noting that despithe lackof-fit was significant, due to the reasonable
agreement between the predicted and adjusteth® model suggested here can be used
to navigate into design space to find an optimum

It is known that the C@capture capacity of activated carbonsiisombination of both
physical and chemical adsorptias governed byorous structurand is influenced by
the surface chemistryprenillas, Drage, Smith, & Snape, 2005; Drage et al., 20D
previous study showethat ammonia modification did notignificantly alter the pore
structure of the studied adsorbents (less than IS%gfeeyan et al., 201IJherefore,

the behavior of these materials in carbon dioxide adsorption may be primarily attributed
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to the change in their chemical surface properifibe best way of expressing the effect

of amination parameters on the £galsorption/desorption within the experimental range

was to generate response surface plots of the equation. The linear, quadratic and cross
terms in the secordrder polynomial modevere used to generate a thhdimensional

(3D) response surface graph and a-tirmensional contour ploBased on th&NOVA

results presented in Tabk8 and 44, amination timg ), type of starting materiglo ),

and® were found to have significant effects, but amination temperédujehas the

largest effecbn both the C@adsorption and desorption capaciijgse to the highe$t-

values). Furthermore, ang the interaction termsy & wasfound to significantly affect

the studied responses wheréas effect of interaction betweén and® (& @ ) was no

statistically significant

4.2.1.1Effect of amination variables on the CQ adsorption capacity

Threedimensional (3D) response surfguets ofthe predictive quadratic model for the

CO, adsorption capacitgf pre-heat treated and paxidized carbons are presented in
Fig.4.1 (a) and (b), respectivelfhe response surfaces were generbtesed on Eqs4{

1) and @-2). For both type of adsorbent&£(O capture capacity increases the
temperature and timef the ammonia treatment increasés addition the positive sign

in front of the(® ) and () terms inEgs. @-1) and (42) also implies a favorable or
synergistic effect ofhese terms on capture capacityhas been reported thidte CO,
adsorption performance of modified adsorbents is strongly influenced by the types of
nitrogen functionalities introduced on the carbon surf@rage et al., 2007; Maroto
Valer et al., 2005; Pevida, Plaza, et al., 2008; Plaza, Rubiera, et al., 2010; Shafeeyan et
al., 2011) However, the nature of the incorporated nitrogen functionalitiesredfevith

the temperature of ammonia treatmé@stangun, Benak, Economy, & Foster, 2001)

Therefore, the synergistic effect @f and® factors on théYs responsenay be related
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to theformation of more Ncontaining functionalitieparticularly in the form of pyrrole

and pyridiniclike functionalities which are appearddring high temperature600 °Q
amoniation(suitabke surface chemistry)Jansen & van Bekkum, 1994; Mareét@ler et

al., 2005; Pevida, Plaza, et al., 2008; M. G. Plaza et al., 2009; Plaza, Rubiera, et al., 2010)
In addition, a partial gasification of the adsorbents with free radicals that were generated
during the decomposition of ammonia would lead to pore enlargement, which may
contribute to the enhancement ©0, uptake (favorable textural propertig®oehm

Mair, Stoehr, De Rincon, & Tereczki, 1984; Bota & Abotsi, 1994; Pevida, Plaza, et al.,
2008; Paza, Pevida, et al., 2010)his is in accordance with our previous findings, in
which the surface chemistry and porous texture of the modified sorbent became more
favorable as the amination temperature increéShdfeeyan et al., 2011)

As can be seeniTable3.2 and Fig4.1, in comparison with the piteeat treated aminated
samples, the prexidized carbon displayedn enhanced ability to adsorb €Qhe
greatesexperimentalCO; adsorption capacityTable 32), 30.04 mg/gwas obtained for

the preoxidized sample that had been modified with ammonia at°80fbr 2 h (O9)

The increased C{capture capacity observed for gmeidized adsorbents indicates that

the presence of oxygen functionalities on the carbon surface prior to ammonia treatment
plays a important role in improving th€0O, capture performance of the modified
samples. When the oxidized carbon is treated with ammonia at elevated temperatures,
free radicals such &$H>, NH, and atomic hydrogewhich are created during ammonia
decomposition may attack the surface oxides and active sites present on the carbon
surface and form Montaining functional group@ota & Abotsi, 1994; Jansen & van
Bekkum, 1995; Stohr, Boehm, & Schlogl, 1991; Vinke, van der Eijk, Verbree, Voskamp,
& van Bekkum, 1991 As a consequence of the improved surface chemistry, stronger
interactions between the acidic gase@@» and the basic nitrogen groups would take

place and lead to a higher €€apture Dastgheib et alDastgheibKaranfil, & Cheng
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2004 modifiedgrarular activated carbons (GACsa)th dry ammonia and demonstrated

that the presence of a threshold number of oxyggemiaining acidic functionalities on the
carbon surface is a prerequisite for effective ammonia treatment. Mangur{2&i04l)
reported thathe reactivity of ammonia gas with carbon surfaces and the consequent
formation of nitrogen surface groups increase with the oxygen content of the carbon
precursor. The authors suggested that using agxadation ammonia treatment may
enlarge the carbopores while increasing the surface basicity (number-cbhtaining
functionalities). These changes in the carbon pore structure and surface chemistry are
desirable because they enha@¢a uptake.

In the case of the amination temperature fa@io), the trend of enhaed CO; uptake is

limited tomid-range temperatur¢aear800 °C).As can be observed froRg. 41, when

the amination temperature goes beyond a certain limit (over 800 °C)jdlzedecrease

in the amount of C®uptake for both typefaadsorbentThe observed decrease in £0
uptake may be, in part, a consequence of the thermal decomposition of nitrogen surface
groups during the high temperature treatment, which would decrease chemisorption
(Drage et al., 2007)However,decreased CfQuptakecan also beassociated with the
collapse of adjacent pore walls during the-peating stage, which leads to diminished
textural properties (i.e., a decrease in physisorption contributiptespto-Valer et al.,

2005) Furthermore, lowered CQraptue capacities of activated carbons treated with
ammonia at higher temperatures have been reported for commercial activated.carbons
This is likely a result of micropores being closed and blocked Hopridaining groups
(Przepidrski et al., 20047 he clear mximum values observed in the response plots (Fig.
4.1) imply that the optimum conditions for maximum capture capacity are highly

dependent on the amination time aadhperature in the design space
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Figure4.1: Response surface plot of @@dsorption capacity for (a) presat treated,
and (b) preoxidizedadsorbent.

4.2.1.2Effect of amination variables on the CQ desorption capacity

All of the studied samples were regenerated by changing the reactiv@as) a non

reactive gas, b at 105°C. Fig.4.2 a and b represents the 3D response surfaces that were
constructed to show t he wdasorptiarbchpactyofthef f e c

modified adsorbents. The response surfaces were generatddbasgs. 4-3) and é-
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4). A decrease in desorption capacity with an increase in amination temperature can be
observed for both types of adsorbents. Furthermore, the negative sign in fronfte) the

and () terms inEgs. (43) and (44) also indcates their unfavorable or antagonistic
effect on the desorption performance. One possible reason for this observation is that for
high temperature adsorption (e.g., over 2Q), CQ uptake is mainly controlled by
chemical adsorptiofPlaza, Rubiera, @ll., 2010; Shafeeyan et al., 20lh)samples with
favorable surface chemistries, the stronger interactions between acidic, gaseansl CO

the incorporated basic-Ninctionalities lead to the formation of stronger chemical bonds
that hinder regeneratioAccordingly, the sample with the highest £@dsorption
capacity (O9)demonstrated the last desorption capacity (91.9%) contrast, as can

be seen in Tabld-2 and Fig4.2, the sample with the lowest capture capacity (O5) had
the highest desorptiaapacity (99.4%), which may be the result of either weak chemical
interactions between the GQnd Nfunctionalities or its poor textural properties
compared to the other adsorbents. The aforementioned conclusion was based on the
chemical and textural checterization results reported from our grd@hafeeyan et al.,

2011)

It should be noted that higher temperature of amination (ovef@pdid not result in
additional decreases in the regeneration potential of either type of adsorbent. The results
presated in Table3.2 demonstrates that the samples treated with ammonia at
temperatures above 80C showed a slight increase in the 3f@sorption capacity. As

has been previously discussed, this may be attributed to either the elimination of basic N
functionalities suitable for C®adsorption or poorly developed textural properties that
appear during high temperature treatments. Consequently, the adsorbed gas on the surface
of the activated carbon becomes unstable, which results in more desorption ofcadsorbe

CO., molecules.
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Figure4.2: Response surface plot of @@esorption capacity for (a) ptesat treated,

and (b) preoxidizedadsorbent.

101



4.2.2 Investigation of the optimum amination conditions

In the production of efficient COadsorbents, relatively high capture capacities are
necesary for production to be economically feasible. For practical applications, the
modified adsorbents should not only possess high adsorption capacities but also show
high desorption capacities for economical viability. However, the &{8orption (%)
anddesorption (%) capacities are compensatory (i.e., wheyin¢reases, ¥ decreases

and vice versa). Thus, it is difficult to find a balance between high adsorption and
desorption capacities. The determination of the optimum amination conditions for
maximizing the amounts of ¥and Yp within the studieégxperimental range was carried

out using the point prediction function in the Deskgxpert software. In addition, the
optimization was also used to determine whether the use of HTA or OXA is more
favorable to the production of adsorbents with higher xC&lsorption/desorption
capacities.

Multiple response optimizations could be generated from the contour plots of the second
order model for each response in the experimental ranges of each facté:3g-ayd b).
Furthermore, the optimum conditions could be graphically visualized by superimposing
the contours of the response surfaces in an overlay plo#(#)gThe shaded area in the
overlay plot of the responses (Figd¥corresponds to the optimum vdiia ranges for

the production of an adsorbent with a high,G@sorption© 2 6 ) and desgprption
capacity (94%). To identify the optimum conditions, the targeted criteria were set as
maximum values for the responses gGdsorption and desorption capacity), whereas
the values of the numerical variables (amination temperatteamination time) were

set in the ranges studied for both HTA and OXA adsorbents. The amination conditions
that showed the highest desirability were experimentally verified (desirability is an
objective function that ranges from zero outside of thetdinto one at the goal; the

program seeks to maximize this funct{@mini et al., 2008. The optimal point indicated
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by numerical optimization corresponds to a-px&lized adsorbent that has been
aminated at 428C for 2.1 h, as indicated in Fig.3. Fig 4.3a and b shows the contour
plots for predicting the maximum G@dsorption and desorption capacities, respectively
under the determined optimum conditions for-pxrédized adsorbents. It was predicted

that maximum C@ adsorption and desorption capast of 26.1 mg/g and 94.9%,
respectively, could be obtained for the activated carbororbest. From the
aforementionedoptimization results, the application of pastidation ammonia
treatment (preparation method) at £25for 2.12 h (experimental conidibs) was found

to produce a high adsorption/ desorption capacity activated carbon for carbon dioxide
adsorption.

To evaluate the accuracy of the second order equations, three additiopal CO
adsorption/desorption experiments were carried out using adsothahwere prepared
under the RSMhpredicted optimum conditions. The average values of the repeated
experiments and predicted results are presented in Z&blks can be seen in this table,

the deviation errors between the experimental and predicteddlsssion model) values

of CO» adsorption and desorption capacity were 1.41% and 0.61%, respectively. The
close agreement between the experimental values and those predicted from the CCD
(regression) model suggests that the developed model can cotretagmination
variables to C@adsorption and desorption capacities with a high degree of accuracy. It
is expected that the optimization results presented in this paper may provide background

information for detailed process improvement research.
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b)

Figure4.3: Contour plot of (a) C@adsorption capacity and (b) G@esorption capacity
as a function of aminaion temperature and time foropidizedadsorbents
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