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Summary
CO2 emissions related to human activities utilizing fossil fuels are generally believed to cause
climate changes. Conventional CO2 capture technologies focus on capturing CO2 at large
pointed sources, such as power plants. But distributed sources account for around one-third to
one-half of the total emissions, which cannot be captured by conventional CO2 capture
technologies. Those emissions can be mitigated by one technology – CO2 capture direct from
ambient air (DAC), which attracts increasing attention nowadays.
The use of DAC to combat climate change has been suggested in the 1990s by Klaus Lackner.
Since then, a few different technologies have been suggested. For these, the system developed
by Keith and coworkers, comprising of CO2 capture with aqueous alkali solvent and regenerated
in a calcination process (above 700 °C) is probably most far in its development.
For DAC, a process based on the use of regenerative solid sorbents may be an attractive, energy
efficient alternative to the use of aqueous solvents due to a lower specific heat. Among solid
sorbents, amine-functionalized sorbents have been identified as promising sorbents for DAC,
due to their relatively high CO2 capacities under the air capture conditions and a moderate
desorption temperature (100 – 120 °C).
The research on DAC is still in an early stage. The majority of studies reported in the literature
on amine-functionalized sorbents focus on improving the equilibrium CO2 adsorption capacity.
Others topics such as sorbent tolerance towards water (focusing on mechanism and adsorption
rate) and sorbent stability under various conditions need more attention. Also DAC studies
focusing on process development issues (such as reactor design, efficient sorbent/gas contacting
methods, kinetics, optimal adsorption-desorption time, etc.), where the sorbent is in a nonequilibrium state, are rare. Sorbent testing for DAC processes is mostly done at a small-scale
(mg to g of sorbent), while their large-scale (~kg of sorbent) feasibility, together with
applications of the captured CO2, remains to be proven. The aforementioned knowledge gaps
on DAC are addressed in this thesis.
In this thesis, a novel process is developed and experimentally demonstrated, for CO2 capture
from ambient air to produce CO2 enriched air to enhance microalgae cultivation. First, an amine
functionalized sorbent is selected, initially based on its water and CO2 equilibrium adsorption
capacity. Subsequently, the selected sorbent is characterized on its stability under different
I
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conditions for a wide range. After selecting the sorbent, a selection of operating conditions for
the adsorption step is made, targeting fast sorbent saturation and a low pressure drop. After
establishing proper adsorption conditions as well as a suitable adsorber configuration, sorbent
desorption is investigated in view of the production of CO2 enriched air for microalgae
cultivation. The established process uses a radial flow reactor for CO2 adsorption and a fluidized
bed for desorption using air as the sweep gas, with sorbent circulation between adsorber and
desorber. This process is evaluated and, based on the operating costs, found to be an
economically competitive way to capture CO2 from ambient air for use in microalgae
cultivation.
Chapter 2 describes a newly developed method using a coupled thermogravimetric (TG) –
Fourier-transform infrared spectroscopy (FTIR) analysis system. This method is able to
evaluate small amount of various types of solid sorbents on their CO2 and H2O equilibrium
capacity, in view of their suitability for a DAC process. An amine functionalized sorbent,
Lewatit VP OC 1065, is selected for (1) its high CO2 capacity (1.40 mol/kg) and a high
selectivity of CO2 over H2O (0.24 mol CO2/ mol H2O) in comparison to other alkali carbonate
sorbents and physical sorbents under air capture conditions (PCO2 = 40 Pa, 20 °C, relative
humidity (RH) = 58 %) and (2) its commercial availability in large amounts.
The effect of water on CO2 adsorption is further studied using the selected sorbent. The presence
of water (due to RH in air) actually increases the equilibrium CO2 capacity, but as water also
co-adsorbs on the sorbent, it also increases heavily the desorption energy required due to the
large heat of vaporization for water. From the FTIR spectra, no additional absorbance peaks are
identified in the sorbent saturated with CO2 under the humid conditions compared with dry air,
which indicates that water co-adsorption does not alter the mechanism for CO2 adsorption. The
dynamic performance showed that the sorbent is much faster at its equilibrium loading for water
than for CO2, both for the adsorption as well as for the desorption step. The adsorption rate of
CO2 is only slightly affected by the presence of water. Again, those results tested for the
dynamic performance suggest the CO2 adsorption mechanism does not change in the presence
of water. The additional CO2 capacity in humid air is presumably due to an increment of
accessible (active) amine in the presence of water.
Chapter 3 presents a stability study of the selected sorbent, which is useful for selecting
desorption conditions. The sorbent was tested by two different methods. In the first method, the
sorbent is subjected to constant desorption conditions. In the second method, the sorbent is
subjected to consecutive adsorption-desorption cycles. For the first method, the sorbent was
II
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treated at different temperatures in a continuous flow of air, different O2/CO2/N2 mixtures,
concentrated CO2 and steam. Subsequently, the remaining CO2 adsorption capacity was tested
in standardized adsorption-desorption cycles. For the latter method, the sorbent was treated in
the presence of air and pure CO2 in adsorption-desorption cycles, mimicking more realistic
operating conditions. To characterize the fresh sorbent and treated sorbent samples, elemental
analysis, BET/BJH analysis, Fourier transform infrared spectroscopy, and thermogravimetric
analysis were applied.
As a result, it was found that the sorbent does not degrade when subjected to steam at 100 °C.
However, significant oxidative degradation occurs at moderate temperatures (above 70 °C).
CO2-induced degradation occurs at 120 °C, which can be partially prevented by adding moisture
to the concentrated CO2 stream. A finding of practical importance is that sorbent degradation
using the cyclic treatment does not differ from the one using the continuous treatment at the
same desorption conditions, when evaluated at the same total desorption duration.
Starting from Chapter 4, the research focus moves from a sorbent perspective to a process
perspective. Chapter 4 studies various parameters such as particle size, superficial velocity,
and bed length for DAC in a small-scale fixed bed reactor. The optimal conditions are found
out to be at an adsorption duration of 0.5-1.5 times the stoichiometric time (minimum time
required to load the sorbent fully based on air supply and sorbent conditions), which can be
calculated in advance to practical operation. A design strategy using the stoichiometric time as
the parameter for design and scaling up is proposed in this chapter. With this, a design for a
larger-scale DAC process is made for a radial flow type of adsorber.
Chapter 5 evaluates the performance of the designed, kg-sorbent-scale, radial flow reactor
(RFR) for capturing CO2 from ambient air. The design of the RFR was based on experimental
results obtained from a small, 1-3 g-scale fixed bed reactor (FB) presented in Chapter 4. It was
found that the RFR performs with good similarity compared with the results obtained from the
FB, when operated under comparable conditions. The RFR itself is characterized by a low
pressure drop, a uniform flow distribution, a very short gas phase contacting time (< 0.1 s), and
has the ability to operate both in a fixed-bed mode as well as in a moving-bed mode. These
features make the RFR a versatile adsorber for further process development. The sorbent used
exhibits faster adsorption rate in comparison to other air-capture sorbents. The RFR possesses
a low contacting energy of 0.7 – 1.5 GJ/ton at a relatively short adsorption time. Thus, the
combination of the sorbent used and the RFR seems a good candidate for future air capture
applications. In the last section of Chapter 5, desorption using air as sweep gas is preliminarily
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studied at relatively low temperatures (60 – 65 °C). This approach seems a feasible option to
produce CO2 enriched air, for application in e.g. microalgae cultivation. The ‘Proof of concept’
is part of the study in Chapter 6.
In Chapter 6, we evaluate the desorption process for producing CO2 enriched air for enhancing
microalgae cultivation. This can be seen as an alternative to e.g. utilization of flue gas directly
or indirectly via flue gas CO2 capture. The experimental work on the desorption process is
performed in a kg-scale of sorbent lab unit. The lab unit comprises, next to the RFR for
adsorption, a separate desorption unit and fast sorbent circulation between these units.
Countercurrent gas-solid (G-S) contacting is applied during desorption in a (moving) fluidized
bed desorber, while intermittent adsorption is carried out simultaneously in the RFR adsorber.
With this, a relatively constant CO2 concentration in the product gas out of the desorber (CO2
enriched air) and a uniform temperature distribution inside the desorber are realized. Operation
conditions such as gas flow rate and solid residence time (for desorption) were varied and shown
to affect desorption performance. The targeted concentration of 1% CO2 is obtained in the
product gas, which is applied in microalgae cultivation for demonstration purpose. The product
gas is successfully applied in algae cultivation and found to enhance significantly the algae
growth rate. In an optimization effort, the desorber was tested in both fixed bed and fluidized
bed configurations. A strong effect of sweep gas air flow rate and desorption time on desorption
efficiency and energy consumption was found, and guidelines for further optimization are
provided.
Chapter 7 provides a brief economic evaluation of the established direct-air-capture (DAC) system presented in Chapter 6. Based on actual experimental data, the total energy required
and the operating cost are estimated and compared with other DAC-systems using amine
functionalized sorbents reported in literature. Economic calculations show that the established
DAC process, though not yet optimized, is already competitive and worthwhile for further
development, optimization, and scaling up. Recommendations for future work are provided.
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Samenvatting
Over het algemeen wordt aangenomen dat kooldioxide emissies, met name die als gevolg van
menselijk handelen waarbij fossiele brandstoffen worden gebruikt, bijdragen aan de
opwarming van de aarde en klimaatverandering. Conventionele CO2 afvangtechnologieën
richten zich in het algemeen op het afvangen van CO2 bij grootschalige puntbronnen zoals
elektriciteitscentrales. Kleinschalige, gedistribueerde en mobiele bronnen zijn evenwel goed
voor ongeveer een derde tot de helft van de totale kooldioxide uitstoot. Deze emissies worden
echter niet behandeld met deze conventionele CO2 afvangtechnieken, maar kunnen wél worden
aangepakt door één specifieke technologie: CO2 afvangen direct uit de buitenlucht, zogeheten
‘Direct Air Capture’ (DAC). Deze technologie staat heden ten dage in toenemende mate in de
belangstelling.
Het gebruik van DAC om klimaatverandering tegen te gaan is reeds in de jaren 1990
gesuggereerd door Klaus Lackner. Sindsdien is er een beperkt aantal verschillende
technologieën voor DAC voorgesteld. Van deze systemen is het regeneratief systeem,
ontwikkeld door Keith en collega's, dat bestaat uit het afvangen van CO2 met een waterige
alkalische oplossing en waarbij het CO2 weer wordt vrijgemaakt via een nageschakeld proces
van carbonaat productie en calcinatie (bij een temperatuur boven 700C) wellicht het meest ver
in ontwikkeling.
Voor DAC is een regeneratief adsorptieproces op basis van een vast sorbent mogelijk een
aantrekkelijk, energie-efficiënt alternatief voor het gebruik van waterige oplosmiddelen door
de lagere soortelijke warmte van sorbentia in vergelijking met water. Binnen de categorie van
vaste sorbentia voor CO2 afvang worden amine-gebaseerde deeltjes gezien als veelbelovende
sorbentia voor DAC, vanwege hun relatief hoge CO2 capaciteiten onder DAC
adsorptiecondities en een gematigde desorptie temperatuur (100-120°C).
Het onderzoek naar DAC bevindt zich echter nog in een vroeg stadium. De meerderheid van
de studies in de literatuur met betrekking tot amine-gebaseerde sorbentia richt de aandacht op
verbetering van de evenwichts-adsorptiecapaciteit voor CO2. Andere onderwerpen blijven
vooralsnog vaak onderbelicht, zoals de tolerantie van het sorbent ten opzichte van waterdamp
(mechanisme en adsorptie) en de sorbent stabiliteit onder verschillende omstandigheden.
Zeldzaam zijn ook DAC studies gericht op proces ontwikkelingsvraagstukken, zoals
reactorontwerp, efficiënte sorbent/gas contactmethoden, sorptie kinetiek, optimale cycli voor
V
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adsorptie/desorptie tijd etc., waarbij het sorbent zich in een niet-evenwichtssituatie bevindt.
Het testen van sorbentia voor DAC (en andere CO2 afvang toepassingen) wordt meestal gedaan
op een kleine schaal (mg tot gram van het sorptiemiddel), en waarbij de grootschalige
toepasbaarheid (op ~ kg sorptiemiddel schaal), samen met de toepassingen van de afgevangen
CO2, nog moet worden bewezen. Bovengenoemde kennishiaten voor DAC worden behandeld
in dit proefschrift.
In deze thesis is een nieuw proces ontwikkeld en experimenteel getest voor het afvangen van
CO2 uit lucht voor de productie van CO2 verrijkte lucht ter verbetering van de microalgen teelt.
Hoofdstuk 2 beschrijft een nieuw ontwikkelde meettechniek, gebaseerd op een gekoppelde
thermogravimetrische (TG) meting en Fourier getransformeerde infrarood spectroscopie (FTIR). Deze methode is in staat om op basis van een kleine hoeveelheid (10-20 mg) van de
verschillende sorbentia hun CO2 en H2O evenwichtscapaciteit te bepalen, met het oog op hun
geschiktheid voor een DAC-proces. Mede op basis hiervan is een amine-gefunctionaliseerd
sorbent geselecteerd, te weten Lewatit VP OC 1065, vanwege de relatief hoge CO2 opname
capaciteit (1.40 mol/kg) en relatief hoge selectiviteit van CO2 ten opzichte van H2O (0.24 mol
CO2 / mol H2O) bij belading onder DAC condities (PCO2 = 40 Pa, 20°C, relatieve
luchtvochtigheid RH = 58%). Daarnaast is het geselecteerde sorbent commercieel beschikbaar
in grotere hoeveelheden, wat procesontwikkeling vergemakkelijkt.
Het effect van water op de CO2 adsorptie is verder bestudeerd voor het geselecteerde sorbent.
De aanwezigheid van water (als gevolg van de luchtvochtigheid) verhoogt de CO2 opname
capaciteit, maar ook water zelf absorbeert op het sorptiemiddel. Dit laatste effect verhoogt sterk
de benodigde energie voor regeneratie van het sorbent, als gevolg van de grote
verdampingswarmte voor water. In de FT-IR spectra zijn geen additionele absorptie pieken
geïdentificeerd voor het sorbent verzadigd met CO2 onder vochtige omstandigheden in
vergelijking met CO2 verzadiging in droge lucht. Dit wijst er op dat water co-adsorptie niets
aan het mechanisme voor CO2 adsorptie verandert. Uit de tijdsafhankelijke beladingsprofielen
is gebleken dat het sorptiemiddel veel sneller de evenwichtsbelading bereikt voor water dan
voor CO2, zowel voor de adsorptie als ook voor de desorptie stap. De CO2 opname snelheid
blijkt slechts in geringe mate te worden beïnvloed door de aanwezigheid van water. Ook deze
resultaten voor het dynamisch gedrag tijdens adsorptie suggereren dat het CO2 adsorptie
mechanisme niet verandert in aanwezigheid van water. De toename van CO2 capaciteit in
vochtige lucht is wellicht te wijten aan een toename van de hoeveelheid toegankelijk (of actief) amine in aanwezigheid van water.
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In Hoofdstuk 3 wordt een stabiliteitsstudie gepresenteerd voor de geselecteerde sorbent.
Kennis van sorbent degradatie is met name van belang is voor het vaststellen van de toelaatbare
procescondities tijdens desorptie. Het sorbent werd getest op twee verschillende manieren. In
de eerste methode is het sorbent gedurende langere tijd onderworpen aan constante desorptie
condities. In de tweede methode is het sorptiemiddel onderworpen aan opeenvolgende
adsorptie / desorptie cycli. Bij de eerste methode werd het sorbent behandeld bij verschillende
temperaturen in een continue stroom van lucht, voor verschillende O2/CO2/N2 mengsels, in
geconcentreerd CO2 en in stoom. Vervolgens werd de resterende CO2 adsorptie capaciteit
getest in gestandaardiseerde adsorptie / desorptie cycli. Bij de tweede methode werden meer
realistische gebruiksomstandigheden opgelegd en is het sorbent getest in afwisselende cycli
van CO2 adsorptie vanuit lucht en desorptie in zuiver CO2. Ter karakterisering van het verse
sorbent en van de sorbent monsters na de verschillende behandelingen zijn technieken als
element analyse, poriegrootte en porievolume bepaling, FT-IR spectroscopie en
thermogravimetrische analyse van de resulterende CO2 opname capaciteit toegepast. Uit deze
experimenten bleek onder meer dat het sorbent niet degradeert wanneer het wordt blootgesteld
aan stoom bij 100°C, maar significante oxidatieve degradatie gebeurt reeds bij gematigder
temperaturen (boven de 70 °C). CO2-geïnduceerde aantasting treedt op bij 120 °C, maar kan
gedeeltelijk worden voorkomen door de geconcentreerde CO2 stroom te bevochtigen. Een
verdere bevinding van praktisch belang is dat sorbent degradatie volgens de cyclische
behandeling niet verschilt van die volgens de continue blootstelling aan dezelfde desorptie
condities, mits deze worden vergeleken op verschilt, geëvalueerd op dezelfde totale duur van
de blootstelling aan de desorptie condities.
Vanaf Hoofdstuk 4 verschuift de focus van het onderzoek zich van het sorbent naar de
ontwikkeling van een regeneratief adsorptie proces gebaseerd op hetzelfde sorbent. Hoofdstuk
4 rapporteert de studie naar het effect van verschillende parameters zoals deeltjesgrootte,
superficiële snelheid en de lengte van het sorbent bed voor DAC in een kleinschalige vast bed
reactor. De optimale adsorptie omstandigheden voor de duur van een adsorptie cyclus is
bepaald op 0,5-1,5 keer de stoichiometrische tijd (dit is de minimale tijd die nodig is om het
sorbent volledig te beladen, gebaseerd op de luchttoevoer snelheid en de sorbent capaciteit),
welke vooraf aan de operatie kan worden berekend. Op basis hiervan wordt een ontwerpstrategie voorgesteld met deze stoichiometrische tijd als belangrijkste parameter. Vervolgens
is, gebaseerd op dit principe, een ontwerp gemaakt voor een grootschaliger DAC
adsorptieproces, op basis van een radiaal vast bed reactor.
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Hoofdstuk 5 evalueert de prestaties van de ontworpen radiaal vast bed reactor (RFR) voor het
vastleggen van CO2 uit de lucht. De ontworpen RFR reactor bevat ca. 2 kg sorbent en is
ontworpen op basis van experimentele resultaten verkregen uit een veel kleinschaliger, 1-3
gram sorbent bevattend, vast bed reactor (FB), zoals gepresenteerd in Hoofdstuk 4. Uit
vergelijking van de resultaten is gebleken dat de resultaten verkregen met de RFR goed
overeenkomen met de resultaten van het kleinschaliger FB, wanneer beide worden gebruikt
onder vergelijkbare omstandigheden. De RFR wordt zelf gekenmerkt door een lage drukval,
een uniforme verdeling van de luchtstroom over het radiale vast bed en een zeer korte gasfase
verblijftijd (< 0,1 s). Daarnaast heeft de RFR de mogelijkheid om zowel als vast bed reactor te
opereren, maar ook in een zogeheten ‘moving-bed’ modus, waarbij de deeltjes langzaam in de
axiale richting door de annulaire ruimte van het radiale bed stromen. Deze eigenschappen en
mogelijkheden maken de RFR een veelzijdige adsorber voor verdere procesontwikkeling.
Op basis van de metingen blijkt dat het gebruikte sorbent een grotere adsorptiesnelheid
vertoont, in vergelijking met andere sorbentia voor DAC, zoals gerapporteerd in de literatuur.
Het energieverbruik voor lucht-sorbent contact in combinatie met de lage gas verblijftijd in de
ontwikkelde RFR is relatief laag; 0,7 – 1,5 GJ / ton CO2. De combinatie van het gebruikte
sorbent en de ontwikkelde RFR lijkt derhalve een goede combinatie voor het afvangen (en
hergebruiken) van CO2 uit lucht.
In de laatste sectie van Hoofdstuk 5 wordt regeneratie van het sorbent bij een relatief lage
temperatuur (60-65 °C) en met behulp van lucht als spoelgas verkend. Doel hierbij is de
productie van CO2-verrijkte lucht, voor toepassing in bijvoorbeeld het kweken van microalgen.
Op basis van initiële metingen lijkt dit een haalbare optie. Een 'Proof of Concept' met een
continue productstroom van CO2-verrijkte lucht is onderdeel van verdere studie in Hoofdstuk
6.
In Hoofdstuk 6 wordt het desorptie proces voor de productie van CO2 verrijkte lucht voor de
kweek van microalgen verder bestudeerd. Dit DAC proces kan gezien worden als een
alternatief voor CO2 dosering, direkt of indirekt, op basis van CO2 uit rookgas. Voor de
experimentele studie van het desorptie-proces is een proefopstelling ontwikkeld (op kg sorbent
schaal). Deze proefopstelling omvat, naast de RFR voor adsorptie, een separate reactor voor
desorptie. Het sorbent wordt gecirculeerd tussen de RFR en de fluïd bed regenerator. Aan deze
regenerator wordt continu beladen sorbent toegevoegd aan de bovenzijde en geregenereerd
sorbent onttrokken bij de bodem. Tevens wordt continu een kleine luchtstroom in tegenstroom
in contact gebracht met het gefluïdiseerde sorbent in de regenerator. Tegelijkertijd wordt in de
VIII
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RFR adsorber, ladingsgewijs, sorbent beladen met CO2. Op deze wijze is een ladingsgewijs
adsorptieproces aan een continu regeneratie proces gekoppeld en kan een relatief constant CO2
concentratie in het productgas (de CO2 verrijkte lucht) worden gerealiseerd. Operatie condities
zoals gas snelheid en de verblijftijd van het sorbent (voor desorptie) zijn gevarieerd en hebben
een grote invloed op het regeneratie proces. De beoogde concentratie van 1% CO2 in lucht kon
worden gerealiseerd als productgas en, voor demonstratie doeleinden, is dit productgas
vervolgens succesvol toegepast voor het verhogen van de groeisnelheid van microalgen. In een
poging de regenerator verder te analyseren en te optimaliseren werd deze zowel ladingsgewijs
als continu bedreven met een sorbent in- en uitstroom. Een sterk effect werd gevonden van de
grootte van luchtstroom (als spoelgas tijdens regeneratie) en van desorptie verblijftijd op de
sorbent regeneratie efficiëntie en op het energieverbruik (per hoeveelheid CO2 geproduceerd).
Richtlijnen voor verdere optimalisatie van het regeneratie systeem zijn op basis van deze
ervaringen opgesteld.
Hoofdstuk 7 biedt een korte economische evaluatie van de onderzochte DAC systeem, zoals
gepresenteerd in Hoofdstuk 6. Gebaseerd op de experimenteel bepaalde gegevens kan de totale
energie die nodig is worden berekend en zijn de gerelateerde operationele kosten afgeschat.
Deze zijn vergeleken met andere DAC-systemen, zoals gerapporteerd in de literatuur. Hieruit
blijkt dat het ontwikkelde DAC proces, hoewel nog niet geoptimaliseerd, reeds concurrerend
is en de moeite waard voor verdere procesontwikkeling, optimalisatie en opschaling, waarvoor
aanbevelingen zijn opgenomen.
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Chapter 1
Introduction

1. Global warming and increasing CO2 emissions
Global warming is generally perceived as one of the major challenges for mankind. It was
reported the earth’s average surface temperature increased by 0.8 °C in the past 100 years. And
a 0.6 °C of this temperature rise occurred just over the past three decades.1 Other consequences
(and evidence) of the global warming are warming ocean, shrinking ice sheets, sea level
increases, and ocean acidification.2
According to IPCC Fifth Assessment Report (2014),3 the main cause of the current global
warming trend is the “greenhouse effect”. Certain gases absorb or re-emit the radiated heat
(from the earth towards space), warming the planet’s surface. Those gases are called
“greenhouse gases”, which include methane, carbon dioxide, water vapor, nitrous oxide, and
chlorofluorocarbons. In the same report,3 a group of 1300 independent scientific experts
concluded the chance for the anthropogenic origin of global warming is more than 95%.
Among all the greenhouse gases, CO2 is accounting for about 60% 4 of anthropogenic climate
change with a current anthropogenic emission rate of about 38 Gt/a.5 In the past four decades,
the CO2 concentration in the atmosphere increased from 340 ppm (in 1980) to 408 ppm (in
March 2018), and it continues to increase at a rate of around 2 ppm/yr.6, 7
As reported by International Energy Agency (IEA), the sector that produced the most CO2
emissions is the electricity and heat sector, accounting for 42%, as illustrated in Figure 1.1.8
Followed by transport and industry sectors, produced 24% and 19% of global CO2 emissions.
The summed 61% emissions from electricity, heat and industrial could be avoided by applying
conventional carbon capture and storage (CCS) technology. But for those emissions from
transport, the application of CCS is questionable.
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Figure 1.1. Global CO2 emissions by sector (2015).8

2. Conventional CO2 capture technologies
Conventional CO2 capture technologies have commonly addressed CO2 emissions from large
point sources, such as fossil-fuel-based power plants, oil refineries, and cement plants. These
technologies can be divided into three categories, depending on where and how CO2 capture is
implemented.

2.1

Pre-combustion

Pre-combustion CO2 capture refers to separating CO2 from fuel before combustion. These
technologies start with syngas production. There are two processes to produce syngas: (1) steam
is added to the primary fuel, which is called ‘steam reforming’ (reaction 1); (2) oxygen
(separated from air) is added to the primary fuel, which is called ‘partial oxidation’ if the fuel
is liquid and gas, and ‘gasification’ if the fuel is solid (reaction 2). The syngas production is
followed by the water-gas shift reaction. In this process, steam is added and CO is converted to
CO2 and H2 (reaction 3).
y
Cx H y  xH 2 O 
 xCO  ( x  ) H 2
2

(1)

x
y
Cx H y  O2 
 xCO  H 2
2
2

(2)

The CO2 concentration is relatively high, ranging from 15 – 60%, which makes CO2 capture
easier. The purity of the hydrogen produced, after CO2 removal, is quite high, and this hydrogen
can be used to produce electricity and power generation without local CO2 emission. In
2

Chapter 1: Introduction

comparison with other options, the capital and operating costs are high, and the technology
cannot be retrofitted to existing power plants.9
CO  H 2 O 
 CO2  H 2

2.2

(3)

Oxyfuel combustion

Oxyfuel combustion uses pure oxygen, instead of air, for fuel combustion. By doing so, the flue
gas volume is significantly reduced and the composition of the effluent gas consists of mainly
CO2 and water. A part of the flue gases is typically recirculated to control the temperature of
the boiler. The remaining flue gases is cooled, water is condensed, leaving the captured CO2 to
be dehydrated and compressed, for transport and storage. But the cost for obtaining pure oxygen
separated from air is prohibitively high.

2.3

Post-combustion

This process captures CO2 from flue gas released after combustion. Post-combustion
technologies are the preferred option for retrofitting existing power plants because the existing
combustion facilities do not require to be modified. The main challenge for post-combustion
CO2 capture is its higher cost for CO2 capture due to the reduced CO2 concentration (i.e. 12-14
vol% for coal-fired and around 4 vol% natural-gas-fired).10

3. CO2 direct capture from ambient air (DAC)
The idea of CO2 capture from ambient air - often referred to as direct air capture (DAC) - was
firstly suggested to address climate change by Lackner in the 1990s.11 In the following two
decades, the research interests in DAC is increasing, with around 25 publications in the first
decade and approximately 100 publications in the subsequent half decade.12 The latest review
on DAC (published in August 2016) by Sanz-Pérez et al. has been cited 143 times till June
2018. Though commonly compared with other CO2 capture technologies addressing emissions
from point sources, DAC is not a competitor but rather a flexible mitigation technology with its
own advantages and challenges.
In comparison with CO2 capture from large point sources, DAC displays several intriguing
advantages. An outstanding advantage of DAC is that it can address emissions from distributed
sources (~39% as illustrated in Figure 1.1) as well as point sources. Air contains very low or
3
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even no contaminants such as NOx and SOx; those gases degrade the sorbent used in the flue
gas capture processes. Furthermore, DAC can be implemented anywhere, avoiding competition
with agricultural and residential land uses. The DAC facilities can be deployed next to CO2
storage (CCS) or utilization (CCU) sites, which eliminates the cost for long-distance
transportation. For CCU, different closed-carbon-cycle scenarios have been suggested, such as
to produce synthetic fuels (not derived from fossil fuels nor from biomass)13 and to enhance
microalgae cultivation.14 Particularly for the latter one, it might be feasible to have a more
efficient process by not producing pure CO2, but a CO2-enriched gas stream.
In a thermodynamic perspective, DAC is clearly less favorable than CO2 capture from flue gas,
due to the low CO2 concentration in air. But the thermodynamic constraint for DAC does not
present stringent limitation on DAC economics.15 The free energy required to separate one
mole of CO2 from a gas mixture is calculated to be 20 kJ/mol and 6 kJ/mol for ambient air (40
Pa, 303 K, 1 atm) and power-plant derived flue-gas (12 kPa, 335 K, 1 atm),16 respectively.
Considering the concentration ratio of about 300 times, the difference in thermodynamic energy
requirement between these two cases is small.
Rather than thermodynamic limits, the main challenge for DAC is the massive gas flowrate per
mass of CO2 captured. Assuming the CO2 concentration in air is 400 ppm and all the feeding
CO2 is captured, around 1400 m3 of air needs to be supplied to capture 1 kg of CO2. This fact
for DAC imposes constraints for sorbent selection, reactor design, and process engineering.

4. State of the art of DAC technologies
The DAC technologies have been investigated over past years by a number of research groups
and start-up companies.
David Keith et al. designed an air capture system using sodium hydroxide (NaOH) and
estimated costs ranging from 200 to 500 $ per ton of carbon.17 This system was further
developed by Carbon Engineering (CE) – a Canadian start-up company founded in 2009.18, 19
In CE’s technology, air first contacts with alkaline hydroxide such as NaOH or KOH to form
carbonate solution – this step occurs in an “air contactor”. Then, in the second step which occurs
in a “pellet reactor”, carbonate reacts with calcium hydroxide to precipitate calcium carbonate
(CaCO3) while the Ca2+ is replenished by dissolution of Ca(OH)2. The CaCO3 is calcined to
produce high purity CO2 and CaO (solid). The latter one is hydrated to produce Ca(OH)2 in a
slaker, which is cycled back to the pellet reactor. Their latest paper20 reported the results of
4
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capturing 1t-CO2/day obtained from pilot plant operated since 2015. Using these results, the
levelized costs were estimated ranging from $94 to $232 per ton CO2 from the atmosphere. One
potential drawback for this technology is the high energy consumption in the calcination step.
Klaus Lackner et al. originally reported using amine-based anion-exchange resins in a novel
moisture-swing adsorption cycle to capture CO2 from atmosphere.21 The resins contain
quaternary immobilized ammonium cations and hydroxide or carbonated groups as mobile
counterions. The resins adsorb CO2 under dry conditions, where bicarbonate species are formed.
Then the material is wetted and the CO2 is desorbed due to the formation of carbonate.
Thermodynamic analysis has shown that the energy required for CO2 concentration can be
provided by water evaporation during the drying of the sorbent, which makes this process very
favorable in energy consumption.22 One issue for this sorbent is that it requires low relative
humidity in air. In one example, the CO2 capacity decreases to half when the water content
increases from 0.5% to 1.8% under an air flow at 23 °C.21 Infinitree – a U.S. start-up company
founded in 2014 – uses the moisture swing process presented above for CO2 enrichment in
greenhouse applications.23 The technical data on the process from this company is very little.
Aldo Steinfeld’s group, in ETH Zurich, has developed and investigated a thermochemical
carbonation-calcination cycle for DAC, which is driven by concentrated solar energy.24-27 CO2
from ambient air reacts with CaO in the carbonation step. Then the formed CaCO3 is
transformed back to CaO and pure CO2 is collected. A potential disadvantage for this process
is the high temperature needed for both adsorption (365 – 400 °C) and desorption (800 –
875 °C).25 The research for this topic continued till 2009 and afterwards the focus was moved
to amine-functionalized sorbents in a temperature-vacuum swing (TVS) process. TVS (without
purging gas) is able to produce high purity CO2. The studied amine functionalized sorbents
firstly used silica as support,28 subsequently used nanofibrillated cellulose (NFC) as solid
support29-33 – an abundant natural material.34 NFC-supported amine (AEAPDMS) achieved an
average CO2 working capacity of 0.9 mol/kg with CO2 adsorption from air (400 – 530 ppm, 60%
relative humidity) at 30 °C and with desorption at 90 °C and 30 mbar.31
Climeworks – a Swiss start-up company on air capture – was established in 2009 by Gebald
and Wurzbacher during their postgraduate studies in the group of Steinfeld at ETH Zurich. This
company focuses on the development of portable-scalable-modular CO2 collectors using their
amine-based nanocellulose materials.35-37 Their mission is to capture 1% of global CO2
emissions each year by 2025.
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The group of Christopher W. Jones, in Georgia Institute of Technology, focused on the
investigation of amine-modified sorbents for DAC applications. Various materials, ranging
from

amine-impregnated

silica,38-42

amine-grafted

silica,43-46

over

hyperbranched

aminosilicas47 to alumina-48-50 and metal organic frameworks-supported51-53 amines were
synthesized and characterized. This research group is in collaboration with the U.S. start-up
company Global Thermostat, founded in 2010, which used porous amine sorbents supported on
a monolithic contactor for adsorption and low-temperature (85-100 °C) steam for desorption to
obtain concentrated CO2.54,

55

The steam-aided desorption process might restrain location

choices and pose potential practical problems with condensation in the sorbent.

5. DAC using solid sorbents
Adsorption processes using solid sorbents have been considered as an alternative to liquid
solvents processes for carbon capture for more than two decades.56, 57 In contrast to liquid
solvents, CO2 capture using solid sorbents reduces thermal energy consumption, corrosion,58
and volatile compounds evaporation. Among various types of solid sorbents, aminefunctionalized sorbents have been identified as promising sorbents for DAC, because they
display relatively high CO2 capacities and tolerance of water, moderate regeneration energy and
stability under the air capture conditions.30, 59, 60 A comprehensive overview of the materials for
DAC can be found in the corresponding review.12
The research for DAC using solid sorbent is still in an early stage. There are still a couple of
research gaps for DAC, which trigger the study in this thesis. The majority of previous studies
on amine-functionalized sorbents focused on improving sorbent CO2 capacity,28, 47, 61, 62 while
others such as tolerance of water (focusing on mechanism and dynamic) and stability under
various conditions need more attention. On the other hand, the sorbent development should not
be isolated from practical process investigations such as reactor design, efficient sorbent/gas
contacting methods, and economic adsorption and desorption operation strategies. Furthermore,
the studied DAC concepts were mostly at a small-scale (mg to gram scale of sorbent);29, 63, 64
for most of the suggested sorbents and concepts, the larger-scale (~kg) feasibility together with
applications of the captured CO2 remains to be proven. The sorbent characterization regarding
water co-adsorption and stability, practical operation strategies, and large-scale feasibility and
performance will be elaborated in this thesis.
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6. Thesis outline
The main objective of this thesis is to characterize, develop, and demonstrate a solid-sorbentbased process for CO2 enrichment from ambient air. The experimental work was carried out,
aiming at prevailing air conditions with ultra-dilute CO2 concentration and in the presence of
moisture. The result-based chapters (2 – 6) can be categorized into two parts: (i) sorbentfocused (Chapter 2 and 3) and (ii) process-focused (Chapter 4-6). A scheme of the thesis outline
is illustrated in Figure 1.2.
Chapter 2

Chapter 2, 3

Chapter 4

Chapter 5, 6

Sorbent selection

Sorbent characterization

Process development &
Reactor design

Reactor & process
demonstration

Small-scale (mg)

Small-scale (mg/g)

Small-scale (g)

Large-scale (kg)

Figure 1.2. Scheme of the thesis outline


Sorbent-focused chapters:

Chapter 2 starts with the development and application of a new sorbent selection method using
TGA-FTIR to analyze small samples. Various solid sorbents are screened for their CO2 and
water adsorption capacity in humid air. The developed method is able to determine
quantitatively the adsorbed amount of CO2 and water from very small sample mass (10 – 30
mg). The second part of Chapter 2 characterizes the selected sorbent – an amine-functionalized
sorbent – for its binary adsorption behavior of CO2 and water, with special attention for the
water effect on the CO2 capacity and the dynamic performance of CO2 and water during
adsorption-desorption cycle.
Chapter 3 describes thermal-, oxygen-, CO2-, and water induced degradation of the aminefunctionalized sorbent at representative desorption-temperature ranges. For experimental
convenience, the sorbent was firstly tested continuously in gas mixtures of various composition
and then validated by testing using adsorption-desorption cycles. The reasons for sorbent
degradation were investigated by elemental analysis, BET/BJH analysis, Fourier transform
infrared spectroscopy, and thermogravimetric analysis. This chapter sets the operating window
for the desorption conditions in view of sorbent stability.
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Process-focused chapters:

Chapter 4 investigates the effect of several process parameters and identifies the optimal
conditions for CO2 adsorption using a small-scale fixed-bed reactor. Based on the fixed-bed
data and the optimal conditions, a large-scale radial flow reactor (RFR) is designed and
constructed.
Chapter 5 evaluates the performance of the designed RFR, focusing on its performance for
CO2 adsorption. The RFR adsorber is tested for sorbent in a batch mode, as well as for the
sorbent in a continuous mode (with continuous solid in and out). Besides that, desorption using
air as sweep gas is preliminarily tested as method to obtain CO2-enriched air. To shorten the
cycle times and to have more operation flexibility, a separate column is built for desorption.
This column is able to operate desorption with countercurrent G-S contacting, producing a
continuous flow of CO2 (or-enriched air).
Chapter 6 evaluates the performance of the large-scale set-up with simultaneous adsorption
(intermittent operation) and desorption (continuous operation) in two separate reactors. Sorbent
circulation is implemented and with this multiple cycles can be achieved per day. CO2-enriched
air with constant CO2 concentration can be obtained during desorption. This obtained gas is
directly purged to a microalgae cultivation set-up, targeting at an increment of the algae growth
rate. To the best of our knowledge, the concept of CO2 enrichment from ambient air to enhance
microalgae cultivation is now for the first time demonstrated in practice.
Chapter 7 estimates the energy consumption and costs for the demonstrated process in the last
chapter, and compares these results with other solid-sorbents DAC-processes in literature.
Furthermore, directions for further improvement and follow-up work are indicated.
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Chapter 2
Sorbent screening and binary adsorption of CO2 and
H2O on amine-functionalized sorbent

Abstract
Ambient air normally contains much more water (10 times more) than CO2. Co-adsorption of
water increases the energy consumption during sorbent regeneration intensively. A desired
sorbent for CO2 air capture requires a high working capacity of CO2 at ambient condition (XCO2
= 400 ppm) and a high selectivity of CO2 over H2O. In this study, first, a convenient method
based on a TG-FTIR analysis system is developed and used to screen and characterize potential
sorbents for their water and CO2 adsorption capacity in humid air. The method is able to
determine quantitatively the co-adsorbed amount of CO2 and water from little sorbent amount
(10-30 mg range). Second, different types of sorbent including physical sorbents, alkaline metal
carbonates and functionalized amine sorbents are evaluated using the developed method.
Among the studied sorbents, amine functionalized sorbents display the best performance in both
the capacity of CO2 adsorption and the selectivity of CO2 over H2O at ambient condition.
Finally, for the best performing sorbents the binary adsorption of CO2 and H2O on amine
functionalized sorbents is studied, with special attention for the influence of water on the
adsorption capacity of CO2 and the dynamic performance of CO2 and H2O during the adsorption
and desorption.

Part of this chapter is based on the published article:
Smal, I. M.; Yu, Q.; Veneman, R.; Fränzel-Luiten, B.; Brilman, D. W. F., TG-FTIR
Measurement of CO2-H2O co-adsorption for CO2 air capture sorbent screening. Energy
Procedia 2014, 63, 6834-6841.
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1. Introduction
CO2 capture using solid sorbents is considered as a promising alternative to the current state of
the art aqueous (amine-based) solvent processes for CO2 capture and sequentially utilization or
storage. The advantages of solid sorbents are found in lower specific heat capacities, higher
working capacities and avoidance of water evaporation during regeneration. A significant
fraction of the sorbent material research in this field is concentrated on amine functionalized
sorbents. This sorbent class is regarded as promising due to the merits of high equilibrium
capacities, simple regeneration (temperature swing to modest temperatures) and fast kinetics
performance, which have been tested and confirmed under post-combustion CO2 capture
conditions.1, 2
Moving forward to capturing CO2 direct from air, solid sorbents are gaining interest. Direct Air
Capture (DAC) can be regarded as a pathway to compensate the anthropogenic CO2 emitted
from mobile and disperse sources. DAC provides flexibility in the location choice by breaking
the link between the locations of the emission sources and the capture sites, which releases the
pressure related with the competition in land use.3 In developing DAC technology using solid
sorbents, the first step is to identify suitable sorbents. Such sorbents preferably have high CO2
equilibrium capacity and show fast kinetics during adsorption at ambient conditions. Another
issue is the sorbents’ tolerance to humidity as ambient air normally contains much more water
than CO2. At 20 °C and 70% RH the molar ratio of water over CO2 in ambient air is around 3070 times higher than the ratio found in flue gas for post-combustion CO2 capture conditions.
Hence, a selective sorbent is required as water co-adsorption is likely to occur. Evaluating and
screening sorbents for atmospheric CO2 capture would benefit from a simple analysis method,
applicable to small sample sizes, to determine the amounts of CO2 and water captured.

2. Method development
In this study we aim to develop a method using a coupled TG-FTIR analysis. This method is
able to screen sorbents according to their water and CO2 adsorption capacity at ambient
condition. Normally, thermogravimetric analysis (TGA) is used to determine sorbent capacity
by measuring the mass increase by passing a gas stream of an non adsorbing gas like N2,
containing a known amount of a single adsorbing component, here CO2. The increased mass is
then uniquely related to the amount of CO2 adsorbed and depends on the temperature and CO2
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concentration in the gas stream passing the sorbent sample. Upon increasing temperature, the
sorbent will release CO2 and the sample mass decreases again. The capacity (in mol
sorbent)

CO2/kg

can then be determined by both the adsorption step as well as the desorption step in the

TGA.
For sorbent samples which are loaded in ambient air, the total mass loss during TGA analysis
is due to desorption of carbon dioxide, water and possible other co-adsorbed species, as well as
the possible loss of sorbent material. In most cases the major fraction of this weight loss is
caused by desorption of water and carbon dioxide. It is anticipated that with an FTIR gas
analysis coupled to the TGA outlet gas stream, this desorption process can be followed
qualitatively and be developed into a quantitative method to determine the individual
contribution of CO2 and water to the total weight loss.

2.1 Experimental
For this study a Netzsch STA 449 F3 Jupiter TGA analyzer coupled with a Bruker FT-IR Tensor
27 is used. According to manufacturer specification, the FTIR cell is kept at 200°C and spectra
is recorded in the range of 400 – 4000 cm-1. In FTIR, a high sensitivity liquid nitrogen cooled
MCT (mercury-cadmium-telluride) IR detector is applied. Three types of sorbent are studied,
namely physical sorbents, (un-supported) alkali-metal carbonates and amine functionalized
sorbents using the developed method. For calibration purposes both N2 (99.999% pure) and
CO2 (99.998% purity, Praxair) and a calibrated gas mixture of 20.9 vol% O2, 78.9 vol% N2 and
2020 ppm CO2 (Praxair) were used. There was no mass increase when pure N2 was purged the
sample, indicating no (or negligible amount of) CO2 in this gas and sorbent does not adsorb any
N2.
1.2

H2 O
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Figure 2.1. FTIR spectra of CO2 and H2O
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First, the FTIR spectra of the pure compounds CO2 and H2O show a promising peak separation
at two distinguished wavelengths (in Figure 2.1). The highest sensitivity for CO2 was found at
a wavenumber of 2360 cm-1 and for H2O at 1510 cm-1. Because it is unknown whether using a
single wavenumber for peak integration is sufficient for the total amount of CO2 released, both
the integration of the signal at 2360 cm-1 over time (here called: “2D” integration) as well as
integration of the complete CO2 peak signal over the wavenumber range of 2227-2397 cm-1
(“3D” integration) and over time were considered in the methodology. In the analysis it is
assumed that the measured wavenumber n dependent absorbance (An) measured is proportional
to the CO2 concentration (c), the path length (d) and the CO2 specific molar extinction
coefficient (εv), according to Lambert-Beer’s law, for both single wavenumber (as in Eq. 2.1)
as for integration over a certain wavenumber range (see Eq. 2.2).
Av  c  d   v  K  c

Single wavenumber:
Wavenumber range:



v2

v1

v2

Av dv  c  d   v dv  Kv12  c

Eq. 2.1
Eq. 2.2

v1

To determine the total molar amount n released by the sample, an integration of the
concentration dependent response over time It (2D) , and for the wavenumber range method
also over the selected wavenumber range It,n (3D) is needed, taking into account the flow rate
applied:
t2

t2

t1

t1

n  F   cdt  F  

Av
F t2
F
dt    Av dt   I t
K
K t1
K

Eq. 2.3

 v2 A dv 
F
 v1 v 
 K
dt  K  I t ,v
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Eq. 2.4

t2

t2

t1

t1

n  F   cdt  F  

As sample heating in a TG apparatus is not instantaneous, the CO2 desorbed from a sorbent
sample is not released instantaneously and hence, the FTIR signal must be integrated over a
longer period of time covering the whole desorption process. Therefore, a relative high
resolution of 4 cm-1 was chosen to integrate the CO2 related signal. During the measurement,
the furnace of TGA was heated up in 5 K/min to 130 °C in the flow of N2 of 40 ml/min and
then it was kept for five more minutes.
For water the desorption process and signal integration procedure are in principle similar to that
of CO2, but the response signal is wider and less smooth compared to CO2 (see Figure 2.1),
making the integration over a single wavelength less accurate. Alternatively, the amount of
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water adsorbed can be estimated by the difference between the total weight loss (as measured
via the TGA) and the recorded CO2 signal, when the loss of active compounds (“amine” in Eq.
2.5) and other compounds such as support material (“other”) are negligible. For the supported
amine sorbents studied in this work it was found that at a temperature as high as 150C, the
mass loss due to the sorbent (support + amine) itself was less than 0.5%/h. Hence, considering
the temperature profile applied, this effect is indeed marginal.
m  mH2O  mCO2  ma min e  mother

Eq. 2.5

2.2 Calibration
2.2.1 Concentration of CO2 in the range of 1% to 6%
There are two objectives in this section. One is to check whether linear correlation is valid
between the absorbance and the amount of CO2; the other is to check whether it is sufficient to
use single wavelength to represent the correlation. Therefore, the calibration of the FTIR
response to different concentrations of CO2 are followed. First, the calibration is operated in
the concentration of CO2 ranging from 1 – 6%. In the measurement, block pulses of CO2-rich
gas (with N2 as balance gas) with defined flow rate, duration and CO2 concentration are used
(see Figure 2.2), which are fed via the TGA to the FTIR. The CO2 pulses are created from
mixing pure CO2 (quality 4.8; Praxair) and pure N2 (quality 5.0) gas streams in the TGA. It can
be seen in Figure 2.2 that the peaks show a bit of tailing, most likely caused by mixing issues
in the TGA chamber or injection system and this is characteristic for this type of
measurements.4 Figure 2.2 shows the concentration of the CO2 is nearly proportional to the
integration of the absorbance. Supported by the area of absorbance of 4% and 2% is almost
twice as the area for 2% and 1%. Figure 2.3 shows the correlation between the integration of
the absorbance at the single wavenumber and the amount of CO2 purging in. The regression
manifests remarkable linearity with R2 equaling 0.9964. The calibration factor is calculated as
3490 ml mmol-1, relating to the factor K in Eq. 2.3. The distinguished linearity indicates single
wavelength is sufficient to present the correlation.
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Figure 2.2. Measured pulse signals at ν=2360 cm-1. Peaks 1-3 at 100 ml/min for 10 min peaks
4-6: 50 ml/min for 10 min; peaks 7-9: 100 ml/min for 2 min.
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Figure 2.3. Calibration using gas pulses from Figure 2.2.
Furthermore, the reproducibility of the absorbance is checked as well. For this purpose, 43
pulses of 1 ml/min for 1 min duration of pure CO2 were analyzed. Series A4 was done at a TGA
temperature of 100C, series A1, A2 and A3 at 30C. Results displayed in Figure 2.4 represent
the integrated absorbance over time. The obtained results show a good reproducibility with
average peak area It of 3.18 and a standard deviation of 0.9%.
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Figure 2.4. Reproducibility of the integrated gas pulse peak areas.

2.2.2 Concentration of CO2 lower than 1%
Herein, the calibration between the absorbance and the amount of CO2 was measured when the
concentration of CO2 is lower than 1%. The diluted CO2 flow was created by mixing a
calibration gas cylinder (20.9 vol% O2, 78.9 vol% N2 and 2020 ppm CO2) with nitrogen. The
pulses are taken at a total gas flow of 100 ml/min and calibration-gas pulses in ascending order
of respectively 5, 10, 30 and 40 ml/min resulting in the CO2 concentration of 100, 200, 600 and
800 ppm balanced in nitrogen. The duration for each pulse was 30 min and all pulses were
injected during one TG-FTIR run at a constant temperature of 30°C as shown in Figure 2.5. It
can be seen from Figure 2.5 that the shapes of the block pulses at these concentration levels are
irregular, comparing with the ones in the last section. With a separate CO2 analyser (LI-COR
840A) temporarily connected to the outlet of the FTIR, the irregular response was confirmed to
be real. From the results, comparing with Figure 2.5, it is concluded that the preparation of the
block-pulses is not ideal, but that the recorded signal from the FTIR combination is trustworthy.
The response curves for the TG-FTIR combination and the dedicated LI-840A analyzer show
identical patterns.
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Figure 2.5. Pulse signal recorded at ν = 2360 cm−1 , the targeted CO2 concentrations are resp.
100, 200, 600 and 800 ppm and CO2 concentration reading in outlet gas of TG-FTIR using a
downstream LI-840A CO2 analyzer.
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Figure 2.6. Example of pulse calibration at 0.01 – 0.08% of CO2.
For four calibration series of pulses, the calibration factor K was determined to be 5028 l/mol
with a deviation of 3%. At even lower concentrations, the responses of the FTIR signal from
the TG-FTIR combination and the calibrated CO2 analyzer can be compared directly during an
actual sample analysis run. It is observed that there is a difference between the values of K in
different CO2 concentration by comparing Figure 2.3 and Figure 2.6. The derived calibration
factor KCO2 at CO2 concentration of 1-6% is lower than that at CO2 concentration of 0.01 0.08%. This might be due to the extra CO2 adsorbed at high CO2 concentrations is reporting to
another range of wavenumbers than a single wavenumber at 2360 cm-1. Considering the good
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linear regression in two cases of the calibration, evaluation at the single wavenumber at 2360
cm-1 is sufficient to estimate the amount of CO2 being desorbed from the direct air capture
samples.

3. Results and discussion
3.1. Sorbent screening using the TG-FTIR method
First, a selection of sorbents was exposed to lab air for 15 h. Afterwards, the adsorbed amount
of CO2 and H2O by the sorbents were measured using TG-FTIR. During the measurement, the
TGA was firstly heated up to 130 °C at a rate of 5 K/min and then was maintained for 10 min
in the flow of nitrogen of 40 ml/min. Because the concentration of CO2 during the entire
desorption was measured to be lower than 1000 ppm, the calibration factor of CO2 obtained for
calibration at lower than 1% CO2 was applied. At the beginning of the measurement, the furnace
of TGA was open and then closed after adding the sample. However, during this step, also CO2
from surrounding ambient air enter the furnace. Therefore, a separate ‘blank’ test was done to
estimate this amount of CO2. This amount thus determined was subtracted from the results
obtained from subsequent analyzed samples.
The tested sorbents can be categorized into physical sorbents, alkaline metal carbonates and
amine functionalized sorbents. The physical sorbents include zeolite 13X and activated carbon
(AC). 13X is a well-known zeolite, which possesses high adsorption capacity of CO2 among
zeolite sorbents.5 Activated carbon (AC) is a common material for various adsorption processes.
This cheap material possesses small, low-volume pores and a high internal surface area
available for adsorption.1 CO2 is not chemically bonded in the physical sorbents, and hence
relatively low energies and temperatures are needed for regeneration. However, the selectivity
of CO2 over water for 13X and AC is very low as shown in Figure 2.7 making these two sorbents
not very suitable for DAC.
Increasing attention has been paid to alkaline metal carbonates in the past several years for
application of CO2 capture because of their high adsorption capacity and low cost.6-8 Here,
Na2CO3 and K2CO3 are investigated on its performance of capturing CO2 at ambient conditions.
However, from the results in Figure 2.7, it is clear that both Na2CO3 and K2CO3 do not provide
advantages in CO2 adsorption capacity at ambient conditions. Additionally, for potassium
carbonate the high water adsorption capacity is an issue, both energy-wise as with respect to
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solids handling, as the K2CO3 sorbents became very sticky after 15 hours of exposure to air.
This high affinity of (unsupported) K2CO3 to water makes it a less suitable candidate as a
sorbent for CO2 air capture.
Lewatit, PEI 600 and PEI 10K are tested in the group of amine functionalized sorbents. Lewatit
is a commercial sorbent - a meso-porous, benzylamine cross-linked with polystyrene matrix.
PEI 600 and PEI 10K are impregnated amine functionalized sorbents. They were prepared by
impregnation of polyethyleneimine (PEI) polymers into a supporting material (DiaionTM, HP20 a styrene-divinylbenzene based support) with a high thermal stability and high internal
surface area. For the impregnation, the PEI was dissolved in a volatile solvent, here: methanol.
The support material was submerged in this solution and subsequently the volatile solvent was
evaporated, leaving behind the PEI impregnated on the internal surface of the porous support
material. The number behind PEI such as 600 and 10K represents the number average molecular
weight of the PEI.
In comparison of all the sorbents tested and shown in Figure 2.7, the amine functionalized
sorbents show significantly higher capacity and selectivity than alkali carbonate and physical
sorbents. In comparison of three types of amine functionalized sorbent, all three have similar
capacity of CO2 at ambient conditions however the selectivity of PEI 10K and Lewatit are
higher than the one of PEI 600. Besides that, Lewatit is a commercial sorbent which is
advantageous for scaling-up. On the other hand, PEI 600 and PEI 10K are non-commercial
sorbents made by impregnation method. The viscosity of the PEI increases with the number
average molecular weight, it takes much longer time for PEI 10K to dissolve in the methanol
compared with PEI 600 to make just few grams of sorbent.9, 10 Considering the difficulty for
scaling up application and the similar performance with Lewatit, PEI 10K is eliminated for
further study.
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Figure 2.7. Sorbent screening for direct air capture at ambient (lab) condition for 15h.
To confirm the reliability of these results, reproducibility was tested once more for two of the
most promising sorbents: ‘Lewatit’ and PEI 600. The experiment is repeated 5 times for both
samples and the results are reported in Figure 2.8a and 2.8b. In these two figures, the CO2
capacities are determined by integrating the FTIR signal as described in section 2.1. The water
capacity is determined from the difference between total sample mass loss and the mass loss
due to CO2 desorption. For Lewatit, the average CO2 capacity is 1.40 (±0.06) mole/kg and the
average water capacity is 5.87 (±0.37) mole/kg; for PEI 600, the capacity of CO2 and water are
respectively 1.41 (±0.08) mole/kg and 9.72 (±0.40) mol/kg. It should be noted that not all
samples were measured on the same day. The standard deviations in all measured capacities are
less than 10%, indicating a reasonable reproducibility. In above results, Lewatit and PEI 600
show similar capacity of CO2. However, Lewatit illustrates around 40% smaller than PEI 600
in the capacity of H2O. Since a higher amount of co-adsorbed water negatively affects the
energy consumption in the regeneration process, Lewatit is preferable over PEI600 in this
regard. The mechanism of the CO2 – primary amine reaction is:11
CO2  2RNH 2 
 RNH3  RNHCOO
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Figure 2.8a. Reproducibility tests of Lewatit and PEI 600 on CO2 capacity; 2.8b.
Reproducibility test of Lewatit and PEI 600 on H2O capacity.

3.2 Testing alternative sorbent
Figure 2.7 in the previous section shows that Lewatit VP OC 1065, displays a good capacity of
CO2 and (in comparison with the other sorbents) a fair selectivity of CO2 over water for DAC.
Lewatit VPOC 1065 has primary (benzyl-) amine groups as functional group for the CO2
capture. Apart from primary amines, also secondary amines are reported quite commonly in
literature as preferred type of amine for CO2 capture,12, 13 showing promising capacity and
stability of CO2. A third type of amine, tertiary amines can only react with CO2 in the presence
of water. Lee et al 14 tested the performance of tertiary amine grafted solid sorbents and claimed
poor CO2 capacity in the studied sorbents compared to primary and secondary amine.15 Tertiary
amine functionalized sorbent will have more steric hindrance around the active sites, as also
recognized for aqueous amines

16

and solid amine polymeric membrane17 which restricts the

accessibility for CO2 to the active site and prevents the formation of carbamate species.
Therefore, tertiary amine functionalized sorbents are not considered in this study. It is decided
to compare the preselected primary amine with an alternative commercial sorbent material,
functionalized with a typical secondary amine. Hereto, we choose a commercial available ionic
exchange resin (IER) functionalized with secondary amine group, called Amberlite IRA96RF
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produced from Lenntech B.V.. Both types of IER are bead-like, visually very similar, other than
a slightly difference in color as shown in Figure 2.9. The number of functional groups is
somewhat higher for the primary amine sorbent; 2.2 eq/L for the Lewatit vs. 1.25 eq/L for the
Amberlite. In this, the eq/L represents the equivalent number of active sites (functional groups)
in one liter of resin. Hence, the functional groups concentration in Amberlite (secondary amine)
is lower than the one in the Lewatit (primary amine). The backbone of the secondary amine
(AMBERLITE IRA96RF) is the same as that of the primary amine functionalized sorbent
(Lewatit VP OC 1065), which is polystyrene divinylbenzene copolymer.
The evaluation of the sorbents is based on their equilibrium capacity of CO2. Both sorbents
were tested in the TGA under the conditions of 80% CO2 (balance N2) in a total flow of 100
ml/min in the temperature range of 40 – 120 °C. During the experiments, first 80% CO2 was
purged in to the system for 30 min. This time is enough to saturate the sorbent. Then the
temperature was heated in a slow heating rate of 0.1 K/min. This heating rate is slow enough to
ensure an equilibrium is reached at each temperature. Figure 2.10 shows the CO2 capacity of
the secondary amine is 80% less than the primary amine, corresponding to 0.4 mol/kg vs. 2.5
mol/kg at 40 °C in 80% of CO2. This ratio is much larger than the ratio of the functional groups
presented and explained above. As the sorbent working capacity for CO2 adsorption is an
important parameter for economy of the process, this secondary amine is found to be less
attractive and left out of the consideration.

Figure 2.9. Appearance of the ionic exchange resin (IER) cross-linked with primary amine (left)
and secondary amine (right).
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Figure 2.10. Isobar at 80% of CO2 between 40 °C and 120 °C using IER cross-linked with
primary and secondary amine.
Summing up Section 3.1 and Section 3.2, an amine functionalized sorbent – Lewatit VP OC
1065, is chosen as the sorbent for the application of direct air capture for its i) reasonably good
working capacity of CO2 at ambient condition compared to physical sorbents and alkali
carbonate; ii) better selectivity of CO2 over water compared with the studied amine
functionalized sorbent made by physical impregnation; iii) higher capacity compared with
secondary amine functionalized polystyrene and iv) feasible for scaling up studies, as the
sorbent is produced at large scale.

3.3 Co-adsorption of CO2 and H2O
3.3.1 Equilibrium adsorption capacity of CO2 and H2O
Having the amine functionalized sorbent, Lewatit VP OC 1065, now selected as the sorbent for
further DAC process development, it is considered valuable to have a deeper understanding on
the role of water. The co-adsorption of water may affect (i) the influence on the equilibrium
capacity of CO2; (ii) the mechanism of the CO2 adsorption; and (iii) the influence on the rate of
CO2 adsorption. Therefore, co-adsorption experiments were operated in a fixed-bed described
in more detail elsewhere.18 This set-up was also utilized to collect the experimental data
presented in section 3.3.2.
First, the effect of water on the equilibrium capacity of CO2 was measured. The water and CO2
capacity were measured for wet air with a relative humidity (RH) of 10% - 80% at 15 – 40 °C.
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Figure 2.11a shows the capacity of CO2 in the presence of water over the ones at dry condition.
Figure 2.11a indicates that the presence of water is not detrimental to the CO2 equilibrium
capacity for DAC. On the contrary, the partial pressure of water elevates the amount of CO2
captured. At the relative humidity (RH) of 80%, the increment of CO2 capacity reaches around
40%. This phenomenon has also been noticed for other amine functionalized sorbents for air
capture under humid conditions,19-21 albeit that in these studies from literature typically only
one or two relative humidity values were used. Our study now shows the effect over a wide
(near complete) range of RH and at various temperatures.
In Figure 2.11b, it is shown that the co-adsorption of H2O increases nearly linear with the
relative humidity in the air capture condition. We have also measured the water adsorption for
non-functional cross-linked polystyrene (a similar, non-functional version of the Lewatit
sorbent), which can be seen as “support material”. This ‘support material’ was found to
contribute only around 15% of the total water capacity at 75% RH and had a negligible
contribution at 33% RH. These results indicate that the affinity to water adsorption originates
primarily from amine functional group. The water co-adsorption results in this study match with
the water sorption study of Veneman et al..18 According to the cited study, the adsorption
behavior of water attributes to physical multilayer adsorption.
The explanations for the increased CO2 uptake in the presence of water in amine functionalized
sorbents are multifaceted.22-24 To investigate the reason for increased CO2 uptake for the sorbent
under consideration, Lewatit VP OC 1065, the sorbent was exposed to humid lab air (22 °C,
40-50% RH) for varying times, ranging from 17 min to 2.5 day. Then the sorbent was
characterized using FTIR spectroscopy and the results are presented in Figure. 2.12. The
wavenumber range presented is limited from 1200 to 1800 cm-1 because that is where
differences are found. In order to have a fair comparison, the sorbent after desorption (no
adsorbed CO2 nor H2O) and the sorbent after pure CO2 adsorption were characterized in FTIR
as well. For these two conditions, the sorbent was treated under desorption conditions (nitrogen
flow at 80 °C, then cooled down) and dry adsorption condition (pure CO2 at 25 °C) then
collected and tested in FTIR within one minute. The measurement was very quick so that the
pre-adsorbed CO2 and H2O can be regarded as marginal.
The results of the sorbent characterization at different conditions are shown in Figure 2.12 a) –
c). First observation is the presence of an extra peak for the wavenumber range from 1300 to
1320 cm-1, when comparing the spectra for the sorbent with co-adsorption and the un-adsorbed
sorbent (a vs. c). This additional peak is also be identified in the spectra for the dry-adsorbed
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sorbent as well as in the co-adsorbed sorbent (CO2 and H2O) (b vs. c). The functional group
related to this specific range of the FTIR spectra is the NCOO- group, pointing towards
carbamate formation.23, 25, 26 Another explanation based on the literature for the increased CO2
capacity in humid air is due to the formation of bicarbonate, which is claimed in the CO2
absorption with aqueous amine.27, 28 For the solid amine sorbents, Didas et al.23 firstly found
the formation of bicarbonate in the adsorption of humid CO2 using amine solid sorbents.
According to Didas et al, bicarbonate was only identified in low surface amine coverage
supported with mesoporous silica after long time (1-10 h). Here, the sorbent was treated in
humid air in varying time ranging from 17 min to 2.5 day. Figure 2.12 d) shows the comparison
among no, dry, and co-adsorption after 2.5 day in the range of 1300 – 1400 cm-1 because the
HCO3- (bicarbonate) bond lays in the range of 1350 – 1360 cm-1.27-29 However, there is no extra
band formed in the range of 1350 – 1360 cm-1, as shown in Figure 2.12 d). The results suggest
that the reason for the increased CO2 capacity in humid air in Lewatit is related to an increased
formation of carbamate. Likewise, the increased CO2 capacity at humid conditions are found to
be due to the increased formation of carbamate in other studies using FTIR methods. 22, 24, 30, 31
Bacsik et al. claimed that more amines were liberated under humid conditions.24 More work is
needed for Lewatit to clarify the underlying mechanism for the increased carbamate formation
under humid conditions.
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Figure 2.11a. The ratio of CO2 adsorption capacity at wet condition over dry condition of
Lewatit as a function of RH in the feed gas at five different temperatures (PCO2 = 40 Pa). 2.13b.
H2O equilibrium capacity of Lewatit 1065 and supports as a function of RH in the feed gas at
five different temperatures (PCO2 = 40 Pa).
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31

Chapter 2: Sorbent screening and binary adsorption of CO2 and H2O on amine-functionalized sorbent

adsorption time of 17, 20, 23, 28, 31, 36, 39, 41min and 2.5 day, d) no adsorption, dry adsorption
and co-adsorption after 2.5 day in the wavenumber of 1300 – 1400 cm-1.

3.3.2 Dynamic of H2O and CO2 adsorption/desorption
Next to the adsorption capacity, information on the CO2 uptake rate by the sorbent is required
for the purpose of designing a CO2 capture unit. In this section, first, a comparison for H2O and
CO2 is made with respect to the rate of adsorption under natural convection and forced
convection conditions. Second, the effect of H2O on the rate of CO2 adsorption is presented.
Lastly, the rate of desorption of H2O and CO2 is investigated.
Apart from the equilibrium capacities for CO2 and water, as determined and used in the
screening, it is interesting to acquire more knowledge in the area of the adsorption and
desorption rate for both CO2 and water. First, the rate of CO2 and water adsorption is studied in
absence of forced air-sorbent contacting. In this case, the sorbent was located in a shallow glass
container, open to the ambient air. Prior to the measurement, the Lewatit sorbent has been
desorbed in nitrogen for 1 h at 80 °C to remove any pre-adsorbed CO2. During the measurement,
the sorbent was exposed to ambient air (lab air with relative humidity of 40-50% and a
temperature around 20 °C) for varying duration. Then the sorbent was collected and the
developed TG-FTIR method was used to determine the adsorbed amount of CO2 and water.
The result is plotted in Figure 2.13, illustrating the CO2 and H2O loading of the sorbent versus
adsorption time. Figure 2.13 shows that the sorbent is quickly saturated with water vapor, while
the CO2 adsorption requires a much longer time span. It also shows that possibly the maximum
capacity for CO2 is not yet reached and hence, the results presented in Figure 2.13 are not
necessarily the maximum (equilibrium based) capacities.
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Figure 2.13. Lewatit sorbent loading in CO2 and H2O vs. time is case of natural convection.
Next, the CO2 uptake rate by the sorbent is checked under conditions of forced convection.
Experiments have been carried out in the fixed bed reactor described in detail in Chapter 3.3.1
with a loading of 1 g of IER sorbent. The concentration of CO2 and H2O were measured by a
CO2 analyser (0-20000 ppm) and a humidity meter installed at the outlet of the reactor. For a
typical experiment (see Figure 2.14), it is found that (i) the typical saturation time for CO2
capture is relatively long (6-8 hr); whereas (ii) the saturation time for water adsorption is
relatively short. The experiments conducted in the TG-FTIR apparatus with 10-15 mg of
sorbent display similar results as shown in Figure 2.13. It is observed that there is no obvious
difference between the CO2 adsorption under natural convection (Figure 2.13) and forced
convection (Figure 2.14). This may because the natural convection was measured with very few
amounts of sorbent in a container with a low wall height, which is inapplicable for a scaling-up
application of kilogram sorbent scale. Natural convection with a different condition will be
further discussed in Chapter 4. Here the study focus is water-sorption and an important
conclusion is that the Lewatit 1065 will be saturated with water vapor long before being
saturated with CO2. With these results, it is now clear that (1) H2O co-adsorption is unavoidable
without prior dehumidification step of the feed gas; (2) H2O co-adsorption has a positive effect
on the equilibrium uptake of CO2 (shown in Figure 2.11a).
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Figure 2.15. Breakthrough curve of CO2 for Lewatit with a feed gas of (I) without and with (II)
10%, 29%, 44% and 66% of RH at 20 °C (PCO2 = 40 Pa). Inset: initial CO2 adsorption rate
constant (see Eq. 2.6) and standard deviation of the rate constant at different conditions.
Subsequently, the effect of H2O on the rates of CO2 adsorption is studied. For this purpose, a
series of experiments was conducted in the fixed bed reactor with feeding air of 0, 10%, 29%,
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44% and 66% RH at 20°C. The mass of the dry sorbent was approximately 1 g under the total
gas flow of 1.2 l/min. Figure 2.15 shows the fractional adsorption rate over time at varying RH.
The fractional adsorption rate in the first 2 h is used to calculate the rate constant of adsorption
(Kads) and is shown in the inset of Figure 2.15. The rate constant of adsorption is calculated by
fitting experimental data with a pseudo 1st-order model. Pseudo 1st-order model is simple and
widely used in other studies to estimate the rate of adsorption32, and can be written as:
Eq. 2.6

dqt
 K ads (qe  qt )
dt

In Eq. 2.6, t is the time starts from the beginning of the adsorption, qt is the averaged amount
adsorbed at a given point in time, and qe represents the amount adsorbed at equilibrium.
To evaluate the accuracy of the model, an error function was set as:

[
Err (%) 

(qt (exp)  qt (mod) )
qt (exp)
N 1

Eq. 2.7

]2
*100

Kads was solved iteratively using Microsoft Excel® solver. In Excel® solver, the Kads was
calculated by achieving the minimum summed error (in Eq. 2.7) in the first 2 h.
The rate constant of CO2 adsorption (Kads) in humid air is somewhat lower when compared with
the one determined for adsorption in dry air. The reason for this might be water adsorption
leading to an additional barrier for the mass transfer of CO2. An alternative reason for the
temporarily reduced CO2 adsorption rate could be the heat evolving during the initial phase
when the sorbent is loaded with water. For the experiments with humid air the rate constant
Kads is more or less independent of the relative humidity of the feed gas.
Subsequently, the desorption rate of CO2 and water is studied using Lewatit VP OC 1065.
Following an exposure to wet lab air (20 °C, RH 35%) for 15 h to fully equilibrate the sorbent
with the ambient air, the desorption of the sorbent was now measured using the TG-FTIR.
During the experiment, nitrogen was purged at a rate of 100 ml/min and at 30 °C for 1 h, and
then the TGA was heated up to 130 °C with a heating rate of 5 K/min and maintained for 10
min at 130 °C. Figure 2.16 shows the total mass reduction in TGA and the amount of CO2
desorbed over time. It is observed that CO2 desorption starts primarily after 4000s, when the
temperature is elevated above 60 °C. However, there is a clear mass reduction in the first 1 h,
which is due to the water desorption. The amount of CO2 desorbed in the first 1 h is 27% and
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for H2O this is 80% of loading. The amount of CO2 desorbed in the first 1 h matches with the
increased adsorbed amount in the wet air compared with dry air. It is clear from Figure 2.16
that co-adsorbed water is much easier to be desorbed than CO2 at particularly lower temperature.
These differences in the desorption rate between water and CO2 point to the differences in the
adsorption mechanism.
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Figure 2.16. Spectra signal at ν = 2360 cm-1 (CO2) and mass reduction over time.
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adsorption in 1% CO2/N2 at 30 °C measured in TGA.
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To check the influence of the humidity in this desorption process of CO2, the desorption
experiment with first concentration swing (from air to nitrogen) and then temperature swing
was also done after adsorption of CO2 from dry gas. The condition of the desorption experiment
is the same as the one shown in Figure 2.16. In detail, first the CO2 loaded sorbent in purged
with nitrogen at 30 °C at a flow of 100 ml/min for 60 min. Then, the temperature is increased
with 5 °C/min to 130 °C with the same purge type and flow. The working capacity and the
temperature for this measurement are shown in Figure 2.17. The working capacity was
calculated by assuming the sorbent was lean (q = 0) at the beginning of the adsorption. The
adsorption was done in 1% CO2/N2 at 30 °C in a total flow of 100 ml/min for 180 min. Slight
fluctuation is observed in the working capacity in the adsorption due to the stabilization of the
temperature shown in Figure 2.17. The working capacity is 1.49 mol/kg when the adsorption
ends. This working capacity is quite comparable with the working capacity in humid air (20 °C,
60 % RH shown in Figure 2.11a). Subsequently, CO2 working capacity decreases in the
concentration swing step indicating CO2 desorption. In this step, the working capacity decreases
from 1.49 to 1 mol/kg. After the concentration swing step, the working capacity drops to zero
in the temperature swing step. The results provide evidence that CO2 desorbs in both
concentration swing and temperature swing. Specifically, there are 32.9% and 67.1% of CO2
desorption corresponding to concentration swing and temperature swing respectively.
Summing up the results shown in Figure 2.16 and Figure 2.17, the proportion of CO2 desorbed
during the concentration swing step after CO2 adsorption with co-adsorption of water (27%)
and without co-adsorption of water (33%) are very similar. This similarity indicates that there
is no difference between adsorption in dry and humid air in the CO2 adsorption mechanism.

4. Conclusions
In this chapter, a simple method is developed using a TG-FTIR apparatus, to determine
quantitatively the amount of CO2 and H2O co-adsorbed from ambient air on small scales of
sorbent samples (10-30 mg). The developed method is calibrated by integrating the absorption
spectrum at a single wavenumber (2360 cm-1) of CO2 over time when gas pulses at varying
concentrations are purged. The calibration method allows the estimation of the adsorption
capacity of CO2 directly, as well as the adsorption capacity of water determined by the
difference from the TGA mass loss and the determined CO2 capacity. This method is useful for
comparative screening of different sorbents, which are subjected to the same adsorption
conditions. Amine functionalized sorbents illustrate higher equilibrium capacity of CO2 and
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selectivity of CO2 over water for capturing CO2 from air compared with physical sorbents and
alkaline carbonates. From the screening efforts, a commercial produced amine-functionalized
sorbent, Lewatit VP OC 1065, is chosen as most suitable for further characterization because
of its relatedly high CO2 capacity, lower water co-adsorption, commercial availability and
intrinsic avoidance of evaporative losses of functional groups.
Subsequently, the effect of water on the CO2 adsorption from humid air using the selected
sorbent is studied in aspects of equilibrium and dynamics. For the equilibrium condition, water
elevates the equilibrium capacity of CO2, but co-adsorbed water is much more than the adsorbed
CO2. No extra FTIR spectra is identified in the sorbent saturated with CO2 under the humid air
compared with under the dry air, which indicates that water co-adsorption does not alter the
mechanism for dry CO2 adsorption. For the dynamic performance, the dynamics for water is
much faster than that for CO2, both for adsorption and desorption. The adsorption rate of CO2
is only slightly affected by the presence of water. Again, those results tested for the dynamic
performance suggest the CO2 adsorption mechanism does not change in the presence of water.
The additional CO2 capacity under the humid air is presumably due to an increment of
accessible (active) amine in the presence of water.
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Abstract
This chapter studies further the sorbent selected in Chapter 2 - Lewatit VP OC 1065, and focuses
on its chemical and thermal stability in view of using this sorbent in a CO2 removal application.
First, the adsorbent was treated continuously in the presence of air, different O2/CO2/N2
mixtures, concentrated CO2 and steam, then was measured the remaining CO2 adsorption
capacity in standardized cyclic adsorption-desorption tests. Second, the sorbent was treated in
the presence of air and pure CO2 in adsorption - desorption cycles, mimicking more realistic
operating conditions. To characterize the un-degraded and degraded adsorbents, elemental
analysis, BET/BJH analysis, Fourier transform infrared spectroscopy and thermogravimetric
analysis were applied. The essential results are summarized in Figure 3.1. The sorbent material
is found to be stable at elevated temperature and in steam and degradation at ambient conditions
is marginal. However, significant oxidative degradation occurs already at moderate
temperatures (above 70 °C). Temperatures above 120 °C lead to degradation in concentrated
dry CO2. Adding moisture to the concentrated CO2 stream improves the stability towards CO2induced degradation. There is no difference in sorbent degradation between cyclic and
continuous treatment, when comparing at the same time of exposure to regeneration conditions.
Sorbent regeneration with nitrogen stripping is studied with various operating parameters,
focusing on minimizing the moles of purge gas required per mole of CO2 desorbed.
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Figure 3.1. Sorbent stability in different types of gas at various temperatures.
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1. Introduction
In the previous chapter, the amine functionalized sorbent – Lewatit VP OC 1065 is selected as
suitable sorbent for capturing CO2 from air. However, the development of the amine
functionalized sorbents is still in an early stage compared to aqueous amine solvents. Until now,
most studies on amine functionalized sorbents emphasize on modifying the sorbent materials
for a higher uptake capacity of CO2.1 Since 2010, literature shows an increasing number of
studies on other important aspects such as kinetics,2-5 process design and optimization,6-10 and
sorbent stability.11-17 Among these, the topic of stability is very important since it determines
the lifetime of the sorbent. The lifetime of the sorbent is closely related to the number of
allowable cycles for the adsorbent and, with this, to the costs of CO2 capture. The higher this
number of cycles, the lower the cost of the adsorbent per unit of CO2 produced, as shown in
Eq.3.1:
Cost of sorbent (€/ton CO2) =

€/ton𝑠𝑜𝑟𝑏𝑒𝑛𝑡

tonCO2
)
tonsorbent

Eq. 3.1

# cycles ∗ Δqcycle (

The stability of the amine functionalized sorbents can be affected by multiple factors such as
operating temperature and the presence of O2, CO2 and steam, based on previous studies.11-25
These factors relate to either the adsorption feed gas (e.g. flue gas or air) or the regeneration
stripping gas. It is crucial that for each sorbent the effects of these factors on the sorbent are
identified and quantified, before scaling-up the process.
Depending on application, oxygen will be present in different concentrations in the feed gas.
For CO2 removal from more concentrated feeds (such as biogas), air could even be considered
for use as stripping gas and hence be present during regeneration. Bollini et al.20 and HeydariGorji et al.19 reported in 2011 separately the long term effect of air at high temperature on
grafted primary, secondary and tertiary monoamines as well as on mixed-amine materials
containing both primary and secondary amines. Interestingly, both studies found that primary
and tertiary amines show superior oxidative stability compared to secondary amines on the
studied amine sorbent. Subsequently, Heydari-Gorji et al.13 studied amine functionalized on
SBA-15 impregnated with linear polyethyleneimine (PEI). It was found that the materials were
deactivated severely in CO2 free air. On the contrary, the oxidative stability of the adsorbents
was improved in the presence of moisture and CO2. This is said to be due to the reaction between
CO2 and solid amines, leading to the formation of carbamate and bicarbonate, which might
protect the material from oxygen attack. The practical implication of this finding may be limited,
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since adding CO2 to the regeneration gas will result in a reduction of the CO2 working capacity.
Based on aforementioned studies, it is clear that the oxidative stability of the studied amine
functionalized sorbents is related to both the state of the amines and the gas conditions.
Using pure CO2 in a thermal swing regeneration of the adsorbents can be relevant when aiming
to produce a stream of pure CO2 without requiring downstream separation. With CO2 at
elevated temperature, the formation of urea groups on the amine functionalized sorbents was
reported by Drage et al.11 based on the observation of an increase in sorbent weight when the
temperature was higher than 140 °C under a flow of pure CO2 on a PEI impregnated silica
sorbent. The weight increases corresponding to a secondary product formed, which could not
adsorb CO2 and was identified to contain urea linkages. Sayari et al.12 found CO2-induced
deactivation in amine-containing material even at temperatures as low as 50 °C in the presence
of pure CO2. The urea was confirmed to be responsible for the deactivation by 13C CP MAS
NMR and DRIFT. Remarkably, they demonstrated that the urea can be completely inhibited
and regenerated by adding very little moisture. Subsequently in 2011, Sayari et al.18 published
another paper on the effect of state of amine in urea formation. They observed that primary
monoamine rather than secondary monoamine are deactivated in pure CO2 at 55 °C for
adsorption and 120 °C for regeneration in a purge flow of N2 over 60 cycles. The difference in
the stability of the different amines was associated with the formation of isocyanate, an
intermediate when forming urea. This isocyanate can be produced from dehydration of
carbamic acid formed only from primary amine. Mixed amines, containing primary and
secondary amines, can form isocyanate from the presence of primary amine which further react
with primary or secondary amine to form urea. Later, in 2012, an extended study on the
mechanism of urea formation was published by the same group.14 In this study, the stability of
a wide variety of mesoporous silica-grafted and impregnated amine sorbents was investigated
in the presence of CO2. Both in adsorption and desorption, the samples were exposed to a dry,
pure CO2 stream during adsorption at 50 °C or 100 °C and desorption at 130 – 160 °C. The total
time of CO2 exposure in both adsorption and desorption is 30 h. All materials except for
secondary monoamine deactivated significantly, with more than 50% capacity decrease in 30
hours, attributed to the formation of urea based on two mechanisms. One is the formation of
open-chain urea, which can only be formed from primary amine. The other mechanism is the
formation of cyclic urea. This is the only mechanism for urea formation from secondary multiamines such as linear polyethyleneimine (PEI). Didas et al.17 evaluated different pathways to
form urea by DFT calculations and discovered that the one producing isocyanate as
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intermediate is the lowest-energy route. This finding indicates that primary amines are more
likely to form urea, in line with the finding by Sayari et al.18
Steam is relatively cheap and widely available and used in industrial operations.26 When using
steam to regenerate the adsorbent, it is simple to separate the regenerated CO2 from the product
gas via condensation of water. Solid amines obtained on silica-type support through different
preparation methods were shown to be completely regenerated through steam stripping at mild
condition.24 However, the supports of these adsorbents, amorphous silica can be problematic
during long-term steam treatment. The hydrothermal stability of silica supported solid sorbents
has been investigated by Li and Jones et al.

25

They investigated different classes of amine

sorbents, supported with silica mesocellular foam (MCF) by flowing steam in the presence of
air or nitrogen at 106 – 120 °C for 24 h. The degradation of these amine sorbents is because of
structural collapse, which is evidenced by a reduction in surface area and pore volume. For this
reason, the same group switched from MCF silica to alumina supports for further research.27
Three years later, in 2013, Hammache and Pennline et al.22 investigated the impact of steam on
sorbents of PEI impregnated silica. After 5 h of exposure to steam at 105 °C, a decrease of 12 %
in CO2 uptake was measured. A reduction in the surface area and pore volume on the sorbent
after steam treatment which is in line with the observations from Li et al.25 One intriguing
finding from Hammache et al. is that no structural destruction was identified from SEM and
BET on bare SiO2 supports. Based on their study, they postulated that the decreases in texture
properties are attributed to a re-agglomeration of the amines, resulting in a partial blockage of
the pores, thereby limiting CO2 access.
In summary of literature findings, the stability of amine functionalized sorbents are related to
the natures of amine, the types of support and the preparation methods. Specifically with regard
to the types of support, the effect of O2, CO2 and H2O have been mainly explored on materials
with silica-type supports,11, 12, 16, 20, 28 alumina-type supports23, 27 or cellulose.15, 29 Recently
another type of amine functionalized sorbents, amine functionalized ion exchange resins (and
specifically Lewatit VP OC 1065) are investigated for CO2 removal applications in our research
group. This sorbent material is a polystyrene based ion exchange resin (IER), functionalized
with a primary amine.30 It is demonstrated that this IER exhibits high CO2 equilibrium capacity,
fast kinetics10 and high tolerance of water.31, 32 Yet there is little information on the stability of
this IER. An initial study of the stability of this IER has been done by the group of Kitchen et
al., measuring the performance decay in the presence of air at 120 °C.33 According to their
results, the CO2 adsorption capacity reduces dramatically after 7 days of continuous treatment.
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But a temperature as high as 120 °C would not be necessary for the regeneration using air as
sweep gas. So far, there is no comprehensive study on the stability of this IER. Furthermore,
the stability of the CO2-captured sorbents were only studied by treating the sorbents in
regeneration conditions continuously to mimic practical operation in cycles.13,

19, 20

No

comparative work has been done in multiple adsorption/desorption cycles for confirmation and
evaluation.
The objective of this chapter is to study the stability of this IER over a wider range of conditions
during long-term exposure, thereby varying specifically the O2, CO2, and H2O partial pressure
in the feed gas and operating over a wider temperature range. The deactivation results can be
used to extrapolate the sorbent lifetime. Besides, the sorbent is treated in some comparative
conditions in cycles (adsorption and desorption) as well. Furthermore, regeneration
experiments in inert gas under varying flowrate and temperature will be studied using a labscale fixed bed reactor.

2. Experimental material and methods
2.1 Material
The sorbent material used in this study was obtained from Lanxess. It is a commercial adsorbent
contains polystyrene-divinylbenzene-copolymer functionalized with aminomethylene groups.34
The averaged pore volume, surface area and pore radius of the IER are 0.2 cm3/g, 25 m2/g and
38 nm respectively. The adsorbent is spherical-bead which is with diameter between 0.3 mm
and 1 mm. The molar concentration of N is 7.5 mol/kg, measured by Alesi et al. 35 via Energydispersive X-ray spectroscopy (EDS).

2.2 Stability testing by continuous treatment
The stability of the IER under the conditions of continuous exposure to O2-, CO2-, N2- and
steam-containing gas was examined in a continuous flow set-up, shown in Figure 3.2. A test
tube DURAN GL 14 (13 mm diameter and a 100 mm-height) was loaded with 1 g of the
adsorbent. The test tube was put into a heating block with temperature controller. Degradation
experiments were performed at the temperature range of 50-200 °C with different gas
compositions, obtained by mixing technical-air, pure N2 and pure CO2. To exclude a possible
impact of CO2 during the oxidative degradation tests, a larger ‘guard bed’ filled with the same
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IER was connected upstream of the test tube to obtain CO2 free air. A bubbling humidifier filled
with deionized water was connected prior to the test tube and mixed with dry air and dry
concentrated CO2 to investigate the moisture effect. Two three-way valves were connected to
let the gas mixture either bypass or pass through the ‘guard bed’ and/or the humidifier. Prior to
each experiment, the IER was firstly heated up to 100 °C for 1 h in N2 to desorb any preadsorbed CO2 and H2O. A separate test showed that by this pre-treatment the sorbent capacity
was not affected negatively. After this desorption step, the conditions in the test-tube were
adjusted to the measurement temperature, before switching to the gas to be tested; dry air, CO2free (CF) air, CO2/O2 (0-42% CO2, 12% or 21% O2, both as dry- and as humidified gas), N2 or
CO2/N2 (80% or 100% CO2). The oxidative stability was tested at different temperatures in the
range of 50 °C-120 °C up to 72 h of exposure. Particularly, an extensively long measurement
of 18 days dry air exposure was carried out at 80 °C for inquiring more information on the effect
of oxygen after 72 h. Apart from the effect of oxygen, the CO2-induced stability was measured
under the flow of 80 vol% and 100% CO2/N2 at 120 and 150 °C up to 7 days. Additionally, the
thermal effect was measured in pure nitrogen at 150 °C for 72 h. After the long-term exposure
treatment, the material was then cooled at lab temperature under flowing N2 and then collected
for further analysis of the remaining CO2 adsorption capacity.
Steam stability was studied in small assembled lab-scale setup, where 1 g of the adsorbent was
loaded in a Büchner funnel with filter paper underneath. Under the funnel, a three neck flask
filled with deionized water was applied as steam generator. The other two mouths of the boiling
flask were connected to the supply of water and the thermometer. The supply of water
compensates the loss of steam but did not affect the water boiling. A watch glass was used to
cover the funnel. The thermocouple was connected to a hotplate below the boiling flask.
Regulating the power of the hotplate, intensive boiling water and steam production can be
realised. In this way, the set-up produced a continuous flow of saturated water vapor at ambient
pressure, passing the adsorbent particles. In advance to the steam exposure, the IER has been
treated in N2 at 100 °C for 60 min then moved to the set-up for treating in steam continuously
for 48 h. Subsequently, the CO2 adsorption capacity was measured and compared with that of
the fresh adsorbent.
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Figure 3.2. Schematic diagram of the lab scale sorbent treatment set-up.

2.3 Stability testing by cyclic treatment
In addition, the sorbent was also measured in cyclic operation which includes both adsorption
and desorption. Three types of gas were applied which were CO2, N2 and air. The gas flow was
controlled by three mass flow controllers. During the measurement, 5g of sorbent was placed
in the test tube which was located inside a heating jacket. The temperature of the sorbent was
measured by a thermocouple and the temperature was controlled by temperature controller
Eurotherm 3216. The gas flow, temperature and duration of the experiments were controlled
automatically by LabVIEW software. The schematic configuration and the photo of the set-up
are shown in Figure 3.3. The specific conditions of one cycle are shown in Table 3.1.
Table 3.1. The conditions for one cycle in the stability test of the sorbent in cyclic treatment.
Step

Gas type

Temperature [°C]

Time [min]

Cooling

N2

40

40

Adsorption

10% CO2/N2

40

20

Heating

N2

-

30

Desorption

Air/CO2

120

60/120

50
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Figure 3.3. Schematic diagram (left) and the photo (right) of the cyclic sorbent stability test setup.

2.4 Adsorbent characterization before and after sorbent degradation
A NETZSCH STA 449 F3 Jupiter thermogravimetric analyzer (TGA) was used to evaluate the
CO2 adsorption uptake of the IER before and after the degradation experiments. The CO2 uptake
was measured twice for each sample, then the average value was shown in the results and
discussion section. A typical run in TGA consists of pre-heating the sample in flowing N2 at
100 °C for 1 h to remove the pre-adsorbed CO2 and moisture, then cooling to 40 °C before
switching to a gas mixture of 15% CO2/N2 for 3 h of adsorption. Elemental analysis (Carlo Erba
EA 1100 CHNS, EA) was used to determine any change in chemical composition of the IER
after continuous exposure treatment. Prior to the elemental analysis, the sample was again pretreated in flowing nitrogen at 100 °C for 1 h to obtain a CO2-unloaded sample. Approximately
20 mg of grinded sample was placed into the machine for one measurement which takes 6
minutes. Surface areas and total pore volumes of the sample were measured to identify the
changes in the morphology of the IER after continuous exposure in O2-containing gas. The
results were estimated from N2 physisorption data obtained by measurements performed on a
Micromeritics Tristar apparatus at 77 K. Prior to physisorption analysis, the sample was
degassed at 150 °C for at least 10 h. Surface areas were estimated by the Brunauer-EmmettTeller (BET) equation. The pore size distribution and the pore volume were determined from
the nitrogen desorption branch using the Barrett-Joyner-Halenda (BJH) method. Fouriertransform infrared spectroscopy (FTIR) analysis was used to determine the changes in the
nature of amine of the IER as a results of exposure to O2- and CO2- containing gases.
Measurements were taken on a Bruker IR Tensor 27 at an optical cell temperature of 200 °C
and spectra were recorded in the range of 400-4000 cm-1.
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2.5 Thermal swing CO2 desorption
The regeneration of the sorbent material was measured in separate fixed-bed (16 mm ID, 500
mm long) set-up. A schematic is shown in Figure 3.4. The set-up was equipped with other
apparatuses such as three mass flow controllers, a water bath, and an infrared CO2 gas analyzer.
The CO2 concentration in the inlet gas was controlled by mixing a ﬂow of high purity (grade
5.0) N2 and a high purity (grade 5.0) CO2. The ﬂow rates were controlled using two BROOKS
mass ﬂow controllers. The CO2 analyzer (LI-COR LI840A) was used to monitor the CO2
concentration in the outlet gas of the fixed-bed reactor (detection range: 0–2 mol %). In the
adsorption process, a JULABO F32 water bath was used to control the temperature of the
reactor. In the regeneration process, an electric heating spiral which was wound around the
column was used to control the temperature to reach the maximum temperature of 150 °C.
Typically, around 5 g of dried IER was loaded in the reactor during the fixed bed desorption
tests. Prior to the adsorption, the reactor was firstly heated up to 100 °C for 60 min under N2
flow to completely desorb any pre-adsorbed CO2 and water. Then, 1.5 vol% CO2/N2 gas stream
passed through the column at 40 °C until the concentration of CO2 in the outlet equals to the
concentration in the inlet. Subsequently, temperature swing desorption by N2 stripping was
conducted by using N2 as sweep gas to the reactor at flow rates in the range of 0.50 to 2.50
L/min at different temperatures in the range of 80 °C to 120 °C. The product gas of the
regeneration was brought to a non-dispersive infrared (NDIR) CO2 analyzer for quantification.

Figure 3.4. Experimental set-up for adsorbent adsorption and regeneration.
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3. Results and Discussion
3.1 Thermal and oxidative degradation
The thermal and oxidative stability of the IER was measured in pure N2 and O2 containing gases
at different temperatures. The adsorbent material displays thermal stability when the
temperature is below 150 °C, as shown in Figure 3.5. The sorbent has been tested at 100 °C and
150 °C, the curves displayed in Figure 3.5 are straight and overlapping, indicating that there is
no degradation after 50 h at both temperatures. Yet the sorbent is degraded severely when
temperature is ramped up further to 200 °C. It is found that 39% of the CO2 uptake capacity is
lost after continuous exposure in N2 at 200 °C for a time span of 50 h. However, for this IER a
regeneration temperature of 150 °C seems sufficient high to allow for complete regeneration
and there is no clear need to increase the temperature beyond this level. Furthermore, this result
can be regarded as blank test to compare with the results in the succeeding sections.
To evaluate the impact of oxygen during adsorption or regeneration, experiments were done in
the set-up shown in Figure 3.2. The experiments were carried out using a continuous flow of
dry air in the temperature range of 50 °C to 120 °C, which was deemed as practical thermal
swing operating window. Figure 3.6 shows the CO2 adsorption capacity of the adsorbent after
treatment, normalized by their adsorption capacity before treatment, and plotted as a function
of the treatment duration. According to the results, the CO2 capacity of the IER is affected by
the oxygen when the temperature is high. The IER displays a dramatic decrease in CO2 uptake
capacity when the temperature is above 80 °C, whereas it seems stable (for the time span
evaluated) at 50 C. The CO2 uptake reduces with as much as 30.2%, 46.7% and 80.5% of its
original capacity, while treating at temperatures of respectively 80 °C, 100 °C and 120 °C for
72 h. On the other hand, the adsorbent material does not seem to be progressively degrading by
the oxygen-containing gas by the continuous exposure at the lower temperature conditions (50
– 70 °C). The CO2 adsorption capacity decreases less than 10% at 70 °C after 72 h air exposure.
It is noteworthy that the rate of losing capacity from 80 °C to 120 °C is faster at the beginning
and decreases with progressing time. Since the degradation rate increases with temperature, it
seems that a kinetic effect is a dominant factor in the degradation mechanism. To examine the
effect of air over a prolonged time (more than 72 h), a long-duration measurement was done at
80 °C for 432 h, resulting in an additional 31% of CO2 capacity losses (hence, to a total capacity
loss of 61% in 432 h).
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To study the thermal effect separately from that of oxygen, the IER was also treated at elevated
temperature in the presence of pure N2. A minor 5% decrease in CO2 adsorption capacity was
found in the IER after being treated in pure N2 for 72 h at 150 °C, ruling out the thermal effect
as main contributor to capacity loss. It was therefore concluded that the main reason for the
capacity decrease observed was oxidative degradation. Earlier studies demonstrated that
primary amines are, among the amines, the most stable ones to oxidative degradation.19, 20 The
amine sorbents in both cited studies are supported with silica-type material. Our results are in
line with an earlier publication of Hallenbeck et al., who found 79% CO2 capacity loss after
continuous exposure in air at 120 °C for 7 days using the same material.33
In a further experiment the effect of the oxygen concentration on the degradation rate was
investigated. The experimental work was carried out by mixing the air with nitrogen to a gas
mixture with a reduced oxygen concentration of 12 vol%, as verified by micro-GC analysis. A
series of experiments was carried out by treating the sorbent in 12% O2 at 80 °C, 100 °C, and
120 °C for 72 h. According to the results in Figure 3.7, the reduction of oxygen concentration
slows down the degradation rate for the sorbent in all cases. After 72 h, the CO2 capacity during
treatment with 12% O2 decreases by 9%, 42% and 72% at 80 °C, 100 °C and 120 °C respectively
versus 30.2%, 46.7% and 80.5% reduction in air at the same temperatures. Decreasing the
concentration of oxygen to 12% reduced the degradation most significantly at 80 °C. At higher
temperatures the differences between runs with air and the gas with 12% O2 is much smaller.
The results show that oxidative degradation at high temperature is difficult to avoid if oxygen
is present. It is therefore essential to avoid as much as possible the presence of oxygen during
the regeneration process.
Subsequently, the effect of CO2 on (oxidative) degradation of the IER was studied. From the
work by Heydari-Gorji et al.

13

it appears that the oxidative stability of supported amines is

significantly improved in the case of humid gases containing both O2 and CO2. Experiments
were carried out using 12%:42%:46% O2/CO2/N2 at 100 °C and atmospheric pressure for both
dry and humidified purge gases, with a partial pressure of water of 2847 Pa. As shown in Figure
3.7, this IER exhibits 30% and 24% uptake capacity losses after exposure to dry and wet CO2
containing gases at 100 °C after 72 h. This is significantly less compared to 42% CO2 capacity
losses at the same oxygen concentration, but without CO2. Hence, indeed, the oxidative stability
increases in the presence of humidified gases containing both CO2 and O2 under mild conditions,
probably because of their rapid conversion to carbamate and bicarbonate that protect the amine
group from degrading by oxygen.13 However, we found that the reduction in O2 degradation is
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not as large as in the cited study. When oxygen is present during regeneration at elevated
temperatures, some degradation seems unavoidable.
Apart from the study of oxidative stability of the IER at high temperatures, also the sorbent
oxidative stability at relative low temperature was studied. In this test, 2 g of the sample was
exposed to ambient (indoor) air at 20 – 25 °C, at 30-60% relative humidity for three months.
The sample was then collected and its remaining capacity of CO2 was measured every month.
It was found that the adsorbent capacity after three month of exposure is above 95% of the
initial capacity for the fresh sorbent. Therefore, the oxygen only takes detrimental effect on the
IER at high temperature (above 70 °C in this study), but exposure to oxygen at ambient
conditions (e.g. during CO2 air capture or in flue gas) is not leading to significant degradation
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Figure 3.5. Normalized CO2 adsorption uptake capacity (evaluated at 15 vol% CO2, 40 °C) of
the IER after long-term exposure to N2 at temperatures of 100 °C, 150 °C and 200 °C.
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Figure 3.6. Effect of temperature in dry air exposure on the CO2 adsorption capacity (evaluated
at 15 vol% CO2, 40 °C) as a function of treatment time.
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Figure 3.7. Normalized CO2 adsorption capacity (evaluated at 15 vol% CO2, 40 °C), normalized
by fresh sorbent capacity at same conditions, after treating the sample with 12% & 21% O 2
(balance N2) at the temperature of 80 °C, 100 °C and 120 °C. At 100 °C, the IER was treated at
two additional conditions: (a) 12% O2 and 42% CO2 (b) 12% O2, 42% CO2 and 2847 Pa water.
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3.2 Sorbent characterization before and after oxidative degradation
On the basis of the results in the section 3.1, the loss of CO2 capacity during regeneration is
found to be more related to oxidative degradation rather than to thermal degradation effects.
Several chemical reaction pathways involved in oxidative degradation of amines have been
proposed in literature. In these proposed reactions, the reaction products can be categorized as
in either gas21 or solid phase.28 If the loss of amine functionality leads to gaseous degradation
products, there would be a corresponding change in the nitrogen content of the sorbent. For this
reason, elemental analysis (EA) and sorbent structure characterization techniques (BET & BJH,
SEM) were applied to characterize the material. Besides, FTIR-analysis was applied to identify
possible new-formed species in solid state. The degraded sample used in this section was
obtained after treatment in dry air at 120 °C for 72 h.
The elemental composition of the IER before and after oxidative degradation is shown in Table
3.2. The experiments were repeated three times resulting in nitrogen loadings of 6.82 mol/kg
for the fresh sample and 5.25 mol/kg for the degraded sample, a reduction of 23%. Meanwhile,
the (dry) CO2 adsorption uptake drops from 2.15 mol/kg to 0.42 mol/kg, hence a reduction of
more than 80%. Since in the absence of water two moles of amine bind to one mole of CO 2 at
dry condition theoretically, the decrease in CO2 adsorption capacity is much larger than the
decrease in N-content. Therefore, the decrease of the N-content is not the main reason (nor the
main characteristic in analysis) for the reduction of CO2 uptake.
Oxidative degraded species still present in the solid sorbent may lead to CO2 adsorption
capacity decreases for two reasons. Firstly, the new-formed species may accumulate in the
pores, potentially leading to pore blocking, which should be reflected by morphology changes
in the degraded material. To analyze this, the surface area, pore volume and pore radius were
measured as shown in Table 3.3. The results show the surface area of the fresh and degraded
sample are found to be similar. The pore volume decreases somewhat from 0.20 to 0.16 cm3/g
accompanied with a reduction of pore diameter from 38 to 32 nm. However, the CO2 uptake
losses, as large as 80%, exceed the 20% reduction in the pore volume and the minor change in
area. The minor change in morphology is further confirmed by SEM. The surface pore volume
of the degraded adsorbent declines somewhat which cannot completely explain the extreme
reduction in the capacity of CO2. The results of SEM are shown in Figure 3.8. Thus, the
structural morphology changes only contribute slightly, if at all, to the losses of the CO2 uptake.
Secondly, the amine functional group is altered, forming new species which are incapable of
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capturing CO2. For this purpose, it is important to examine the functional groups present in the
sorbent after oxidative degradation.
Figure 3.9 shows the FTIR spectra of IER before and after exposure to 120 °C for 72 h in dry
air. All the samples have been desorbed in a flow of N2 at 100 °C for 1 h in advance to measuring
the FTIR spectra, in order to eliminate the C=O signal due to carbamate. After treatment in
oxidizing condition, it was found that the intensity of the bands in the ranges of 1350-1480 cm1

, 1600 cm-1, 2850-3000 cm-1 and 3300-3400 cm-1 decrease, which belong to the alkane C-H

bending, amide N-H deformation of primary amine, C-H stretching and N-H stretching.28, 36
After oxidative degradation the decrease of the intensity of C-H band is more pronounced than
that of the N-H stretching bond. Similar changes of a reduction of FTIR peak intensity of the
band in C-H stretching range can be observed in studies with other supported amine sorbents,
such as AEAPDMS-NFC15 and TP600S,28 treated respectively for 15 h in humid air at 90 °C, for
12 h at 100 °C in air. Furthermore, a new peak in the range of 1660 – 1680 cm-1 was observed
after oxidative degradation, which is consistent with the findings of other studies in the field of
oxidative degradation.19,

28

However, different types of species were related to this range

according to different papers. Calleja et al.37 found an additional peak at 1667 cm-1 on their
amine grafted SBA-15 after drying in air at 110 °C for 85 h and associated this to C=N species.
Meanwhile, Srikanth et al.28 tested one type of amine functionalized sorbents with TEPA
supported on SiO2 which lost 55% of its original CO2 adsorption capacity after exposure in air
at 100 °C for 12 h, exhibiting an extra peak at 1670 cm-1 upon degradation. It was proposed in
the Srikanth’s study that there are two species corresponding to this peak. One is nitrite (N=O)
formed by oxidation of the primary amine. The other is carbonyl C=O resulting from amide
species, of which the band is overlapping with the nitrites N=O band. In the present work, both
the NH2 and the CH2 spectra decline, which may point to the formation of species in line with
Srikanth’s study. The formation of nitrite and amide is in agreement with the increased oxygen
content, see Table 3.2. In summary, the decrease of intensity in the ranges of 1350-1480 cm-1,
1600 cm-1, 2850-3000 cm-1 and 3300-3400 cm-1 together with the increase in the range of 1660
– 1680 cm-1 clearly show the change on the surface groups in the degraded sorbent.
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Table 3.2. Mass-based Elemental composition and CO2 capacity of Lewatit VP OC 1065 before
and after degradation experiments in dry air at 120C for 72 h.
Adsorbent

a

%C

%H

%N

%O

N loading

CO2 uptakea

(mol /kg)

(mol CO2 / kg IER)

Fresh_01

81.04

8.38

9.53

1.05

6.81

2.15

Fresh_02

80.48

8.23

9.46

1.83

6.76

2.15

Fresh_03

80.57

8.29

9.64

1.50

6.89

2.15

Degraded_01

79.06

7.01

7.24

6.68

5.17

0.42

Degraded_02

80.00

6.99

7.44

5.57

5.31

0.42

Degraded_03

79.53

7.01

7.36

6.10

5.26

0.42

CO2 capacity was measured at 40 °C for 15 vol% CO2 in N2 at atmospheric pressure

Table 3.3. N2 physisorption characterization of Lewatit VP OC 1065 before and after oxidative
degradation in dry air at 120C for 72 h.
Fresh IER

Degraded IER

BET surface area (m2/g)

24.8

23.4

BJH pore volume (cm3/g)

0.20

0.16

BJH pore diameter (nm)

38

32

Figure 3.8. SEM of fresh IER (left) and IER after treatment in air for 72 h at 120 °C (right).
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Figure 3.9. IR absorbance spectra before and after exposure to dry air at 120 °C for 72 h.

3.3 CO2-induced degradation
Using CO2 as purge gas for regeneration can be a relevant condition when pure CO2 is targeted
as product. Due to the adsorption equilibrium, the required regeneration temperature when
using pure CO2 to desorb the sorbent is much higher than for nitrogen stripping. According to
the result of Kitchin et al.,35 the resin used in this study can regenerate completely under 1 atm
of CO2 at 200 °C. However, the thermal stability turns out to be a problem at this temperature
for the IER studied here. Based on the results on thermal stability, as shown in Figure 3.5, the
maximum temperature of continuous CO2 exposure was found to be around 150 °C. We
therefore evaluated the sorbent stability under 0.8 atm CO2 at 120 °C and at 1 atm of CO2 at
150 °C, as can be seen in Figure 3.10. By comparing of the results at 120 °C and 150 °C, it is
found that sorbent degradation increases with temperature and with the partial pressure of CO2.
The loss of CO2 capacity is around 9% at 120 °C under continuous 80% CO2 exposure (0.8 bar)
for 72 h. The degradation for (repeated) short periods of exposure was not tested, but this is
probably best tested in a multicycle duration test. The samples after the 72 h continuous
treatment were analyzed by FTIR, see Figure 3.11. The results of FTIR show the deactivated
sample develops a peak at 1670 cm-1 and the intensity of this peak increases with the increased
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extent of degradation. The developed peak lays in the same range with the FTIR result of urea,
which points towards the formation of urea after treatment in concentrated CO2.
From literature, it was found that primary amines are more likely to form urea than secondary
and tertiary amines in the presence of CO2 since the intermediate species in urea formation,
isocyanate, is only produced from primary amines.18 Surprisingly, this IER shows less tendency
to be deactivated by CO2 to form urea in comparison with other amine functionalized sorbents,
reported in literature: the CO2 uptake loss of PEI-423/600/1800-MM,11 PEI-SBA-15,13 and
MCM-41-s-pMono12 after exposure respectively in pure CO2 for 1 h at 130 °C, for 10 h in 5%
CO2 at 105 °C and at 55 °C in pure CO2 for 30 h are all above 20%. The treatment conditions
for the amine functionalized sorbents mentioned above were significantly less severe compared
to the conditions in this study. This distinguished stability in concentrated CO2 of the IER
studied here may originate from the manufacturing method and, hence, is probably more related
to the amine-support interaction than to the type of amine. This is illustrated by an earlier
study,12 where the adsorption capacity loss of PEI-MCM-41 prepared by impregnation
decreased by 41% after CO2 exposure at 105 °C for 22 cycles while the capacity loss was as
high as 45% for MONO-MCM-41, a grafting material, treating at same condition but for 40
cycles.
The sorbent was also tested for degradation under CO2 exposure after humidifying the gas at
the dew point of water at 23 °C. The experiments were conducted under a flow of 80% CO2/N2
at 120 °C and 150 °C for 72 h in both dry and wet conditions. Based on the results shown in
Table 3.4, the sorbent treated with humidified gas degraded less when compared with the IER
treated at dry condition. In an additional experiment, the material was treated firstly in a flow
of pure, dry CO2 at 150 °C for 72 h, then under a flow of N2 containing 0.6% RH for 24 h
without altering the temperature. The CO2 uptake of the fresh sample, treated in dry CO2 and
post-treated in wet N2 are respectively 2.15, 1.66 and 1.80 mol/kg. Hence, there is a recovery
of 7% of the CO2 capacity of the fresh IER due to post-treatment in wet N2. These findings
demonstrate that the CO2-induced deactivation of sorbent is reduced, but not completely
recovered by either using humidification of the feed or post-processing hydrolysis. As opposed
to the findings in this study, Sayari et al. indicated that the formed urea from grafted propyl
amine can be completely recovered under a stream of N2 containing 0.15% RH and 200 °C.12
For this amine functionalized sorbents, however, it is difficult to reproduce the condition since
thermal degradation occurs at 200 °C. In other studies, urea formed was recovered in SBA15PL-60013 and MONO-MCM-4112 by adding moisture at a dew point of 20 °C to CO2 stream
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at 75 °C (6% RH) and 105 °C (2% RH). The experiments in this study were carried out at lower
RH, which may have contributed to the incomplete prevention of urea formation or -recovery
by hydrolysis. In an attempt to improve the prevention of urea formation, the temperature of
the water column saturator was increased from 23 °C to 60 °C, but the resulting increase in RH
didn’t improve the results. In conclusion, it seems recommendable to control the temperature
below 120 °C to avoid CO2-induced degradation which is important in view of sorbent
regeneration.
When using pure CO2 at ambient pressure as the purge medium at this temperature, the
adsorption equilibrium limits the working capacity of CO2. The proposed mode of application
is to reduce the CO2 partial pressure during regeneration by using steam or reducing the system
pressure. Steam can be simply separated from the produced CO2 by condensation and has the
accompanying advantage that it inhibits partly the formation of urea. For such a steam-assisted
regeneration approach it is necessary to check the effect of steam itself on sorbent stability,
which is presented in the following section.
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Figure 3.10. CO2 adsorption capacity after treatment in dry 80% CO2/N2 at 120 C and 100%
dry CO2 at 150 °C, normalized by the fresh sorbent capacity.
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Figure 3.11. IR spectra for IER after treatment in dry 80% CO2 at 120 C and 100% dry CO2 at
150 °C for 72 h conditions as well as for fresh urea and un-degraded IER sample. Samples of
IER were pre-treated at 100 °C in flowing N2 for 1 h then cool down.
Table 3.4. CO2 uptake for IER after exposure to dry concentrated CO2, wet concentrated CO2
and post-processing in humidified N2.
q_CO2 adsorption uptake (mol/kgIER)a
Condition

Dry

Wet

120 °C – 72 h – 80%b

1.97

2.10 (2 vol% H2O)

150 °C – 72 h – 80%b

1.69

1.81 (1.8 vol% H2O)

150 °C – 72 h – 100%c

1.66

1.80 (1.8 vol% H2O)

a

q_CO2 = 2.15 for the un-degraded IER, measured at 40 °C under 15% CO2/N2.
Concentrated CO2 streams were humidified using a water column controlled at 23 °C.
c
Degraded sample was collected, then treated in a flow of N2 at 150 °C containing 0.6% RH for 24
h.
b

3.4 The influence of water vapor on sorbent degradation
The effect of continuous exposure to steam on the uptake of CO2 in the IER, in comparison to
other supported amine sorbents, as shown in Figure 3.12. As illustrated in this figure, no
significant capacity loss for this IER was observed after 48 h of exposure. For near all other
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studies on steam stability of functionalized amines, a significant CO2 capacity decrease was
observed. The differences are related to both the choice of the amine and the choice of supports,
which are silica-based or γ-alumina based in the cited studies. When comparing the
performances of these latter two supports, γ-alumina displays better stability towards steam
exposure than mesoporous silica SBA-15.27 The poor steam stability of the mesoporous silica
is owing to structure collapses and hydrolysis, which dramatically decrease the final CO 2
capacity. On the other hand, the hydrolysis of γ-alumina forming boehmite did not result in
significant loss of CO2 uptake.23 The formation of boehmite occured within 12 h of steam
exposure and resulted in corresponding to merely 12% CO2 uptake loss, while amine leaching
reduced sorbent CO2 capacity by 50% when continuing the exposure to steam from 12 h to 24
h. Apart from the choice of support material, steam stability can also be affected by the
preparation method of the sorbent. A sorbent MCF-HAS which was prepared by in-situ
polymerization lost 6% of capacity after N2/steam exposure at 106 °C for 24 h, whereas 19%
of the capacity was lost for a sorbent MCF-PEI, which was synthesized by physical
impregnation.25 The instability of these mesocellular foam (MCF) silica supported amines in
steam is ascribed to both structure destruction of the supports and to amine degradation. To sum
up, both the choice of the support and the preparation method of the sorbent have significant
influence on the steam stability of the solid amine sorbents. The good steam stability of the IER
studied in this work is therefore enabled by the good hydrothermal stability of the sorbent
structure and the C-C chemical bonding of the amine groups to the polymeric backbone of the
sorbent, avoiding leaching of the functional amine group, and a much better hydrothermal
stability than Si-O-C bonds.38
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Figure 3.12. Impact of continuous steam exposure on the normalized CO2 capacity for the
studied IER and for other supported amine sorbents. 22, 23, 25, 27
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Figure 3.13. Comparison of sorbent degradation after continuous and cyclic treatment at 120 °C
in air (left) and in pure CO2 (right). The duration of desorption is 1 h or 2 h for treatment in air
and 2 h for treatment in CO2.
In the preceding sections, the sorbent was treated continuously to mimic the condition of
desorption. However, this treatment method does not represent the cyclic nature of the process
with the intermittent adsorption and desorption of CO2. To check for possible differences due
to these dynamics, the sorbent is treated in both continuous and cyclic operation which contains
adsorption and desorption and continuous operation, all at the same desorption condition.
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The results are compared and shown in Figure 3.13. The sorbent was treated in air and pure
CO2, both in the flow of 0.5 l/min at 120 °C. Both the continuous and cyclic treatment shown
in Figure 3.13 were operated in the set-up shown in Figure 3.3. Two different durations of the
desorption step, 1 h and 2 h, were tested when the sorbent was treated in air, whereas only 2 h
of desorption was considered when the sorbent was treated in pure CO2. As a result, no
difference is found between cyclic and continuous operation for the stability of the sorbent in
the presence of either air or CO2. Besides, the results of the continuous treatment shown in
Figure 3.13 are aligned with the results treated at the same condition shown in Figure 3.6 (curve
at 120 °C). However, the sorbents were treated in different set-ups (set-up shown in Figure 3.2
for results shown in Figure 3.6, set-up shown in Figure 3.3 for results shown in Figure 3.13),
indicating that the set-up itself has no influence on the treatment of the sorbent at the same
condition. The results in 3.13 show evidently that the intermittent adsorption of CO2 does not
have any effect on the stability of the sorbent; it’s the total residence time at desorption
conditions that determines the degradation. With this, now the results of the sorbent stability
after continuous long-lasting exposure can be used to evaluate the real operation in cycles.

3.6 Desorption studies using nitrogen stripping
Regeneration of CO2 loaded sorbent by nitrogen stripping does not degrade the IER when the
temperature is below 150 °C and is in that sense an attractive method for regenerating the
sorbent. For optimizing cost efficiency, the amount of (inert) stripping gas during regeneration
should be minimized. In this study, the amount of inert stripping gas required during
regeneration will be investigated using nitrogen, but results will hold for other inert gases, most
likely including water vapor. The economy of nitrogen stripping is affected by the choice of
temperature and flow. To assess the effect of temperature and flow on the IER, experiments
were done at 100 °C with flowrates of 0.50 – 2.50 l min-1. At a fixed flow rate of 1.00 l min-1
the temperature was varied between 80 C and 120 °C. The results of varying the flow rate are
shown in Figure 3.14, showing the rate of regeneration increases with increasing flow rate of
the stripping gas. Among the flows studied, the lowest flow rate of 0.50 l min-1 results in the
most time-consuming regeneration process, requiring the double amount of time than for the
flow rate of 1.00 l min-1 to regenerate 80% of CO2 from the IER. The reason for this is probably
that the adsorption equilibrium limits the regeneration rate of CO2 at low flow rates, due to the
higher concentration of CO2 inside the reactor during regeneration. Therefore, next to a
temperature swing it is important to maintain a certain flow to flush out the regenerated CO2
66

Chapter 3: Stability of an amine-functionalized CO2 capture sorbent

(partial pressure swing). To measure the effect of temperature on the nitrogen stripping at
constant flow rate, the experiments were carried out at a flow rate of 1.00 l min-1 at temperatures
in the range of 80 – 120 °C. The results are shown in Figure 3.14. The results show that the
regeneration rate of CO2 increases with increasing temperature. The regeneration takes much
longer time at 80 °C than at the other four temperatures. This is because the adsorption
equilibrium capacity is noticeably limiting the desorption rate at 80 °C. At higher temperatures
the position of the adsorption equilibrium is much more favorable for desorption. Hence, for a
given flow rate a certain minimum temperature is necessary to maintain a fast regeneration rate
of CO2.
Operating at various flows and temperatures lead to different costs related to nitrogen use and
to energy consumption for raising the temperature. The cost of purge (N2) for sorbent
regeneration is related to the amount of purge (N2) required per amount of CO2 desorbed. The
ratio of the amount of N2 required to desorb per amount of CO2 (factor F, in mol N2/mol CO2)
is calculated using Eq. 3.2:

N 2

 ta
Vm
F
na

Eq. 3.2

In this equation, n (mol) represents the total amount of CO2 that can be desorbed, while a and
ta (s) represent the fraction of CO2 actually desorbed and the time required to reach that fraction.
The fractional CO2 desorbed is defined by the ratio of CO2 desorbed at time ta (s) to the
maximum total amount of CO2 desorbed during the regeneration. Symbols ϕN2 (l/s) and Vm
(l/mol) represent flow of the nitrogen and the standard volume of 1 mole of gas at the desorption
temperature. Figure 3.15 shows the relation between the fractional CO2 desorbed and the value
of F. From this figure it is clear that regeneration of the sorbent beyond 95% requires enormous
amounts of purge gas. Furthermore, when the fractional CO2 desorbed is less than 90%, there
is a decrease in the value of factor F as the flow is decreased. Although the regeneration time
is the maximum under 0.50 l min-1, it consumes the least amount of nitrogen to regenerate the
same of CO2 in the first 90% regeneration.
The choice of fractional regeneration of CO2 is also important as it determines the working
capacity of the process. Working capacity also determines the energy consumption for
regeneration in the form of sensible heat per unit of CO2. We estimated the purchase cost of the
sorbent and cost of the nitrogen required at respectively 13 €/kg and 2 €/ton. The time of
adsorption, 100% working capacity and lifetime of the sorbent are assumed to be 1 h, 1.5
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mol/kg31 and 3 years respectively. The results of the calculation of the costs related to sorbent
and nitrogen use for regeneration at 100 C and at 95% fractional CO2 desorbed are shown in
Table 3.5 for the experimental flow rates studied. The results show that the cost of the purge
outweighs the cost of the IER. The minimum cost of considering both the nitrogen and the
sorbent occurs at minimum value of F. The value of F is decreased by further increasing the
temperature, as this is favorable for reversing the adsorption equilibrium, and by regeneration
not more than, say, 95% of the adsorbed CO2.
The influence of temperature on the F factor is shown in Figure 3.15. With increase of the
temperature, the F value decreases, which means less purge gas consumption. However it also
results in a higher costs for the thermal energy to the increase of the temperature from
adsorption conditions (here taken at 40 C) to the regeneration temperature, especially in
absence of heat integration. The economic analysis is estimated based on the energy
consumption of heating the IER, nitrogen and heat of reaction. The results are shown in Table
3.6. The heat capacity of the IER and the N2 are assumed to be 1.5 and 1.04 kJ/kg/K.10 Firstly,
the calculation of the sensible heat does not consider any heat integration (Row 1-5 in Table
3.6). At an increased regeneration temperature the increment of the sensible energy required for
the sorbent is compensated by a reduction in the energy consumed by the purge, since less purge
gas is required. Both the value of F and the temperature affect the energy consumption of the
purge. The energy consumption of the purge is always larger than either the energy of the
sorbent or the reaction energy. Fortunately, this energy is also easier to recover if heat
integration is implemented. With an assumption of 50 % heat recovery in the purging nitrogen,
the total energy can be decreased by 24% (see row 6, Table 3.6).
In summary, a first indication of the required amount of stripping gas to regenerate the sorbent
and per ton of CO2 regenerated is now obtained. When using a stripping gas, the cost of the
purge medium is essential for determining the process economics. Even at a low, fictive, price
of 2 €/ton N2, the cost of nitrogen as stripping gas is much more than the cost of the thermal
energy required. A cheaper purge medium, like air, and further process optimization is required
to regenerate the sorbent. In case of air as purge, sorbent stability can become an issue in view
of oxidative degradation. Steam stripping may be a better option in this regard as it also enables
(pure) CO2 production. However, the presence of water in the process may have an influence
on desorption kinetics for some types of supported amine sorbents.22, 39 Further study on the
effect of steam in terms of desorption kinetics is required.
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Figure 3.14. Effect of the flow on fractional CO2 desorbed vs. time at 100 °C in the range of
0.50 – 2.50 lmin-1 (left); Effect of the temperature on fractional CO2 desorbed vs. time under 1
lmin-1 in the temperature range of 80 °C – 120 °C.
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Figure 3.15. Effect of the flow on nitrogen required vs. fractional CO2 desorbed at 100 C in
the range of 0.50 – 2.50 l min-1 (left); Effect of the temperature on nitrogen required vs.
fractional CO2 desorbed under 1.00 l min-1 in the temperature range of 80 C – 120 C.
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Table 3.5. Moles of nitrogen, time required to desorb 95% of the adsorbed CO2 and the
corresponding cost of nitrogen and sorbent per amount of CO2 captured over a range of flows
at 100 °C.
Flow

F95

t95

Cost of purge

Cost of IER

Total cost

rate

(N2/CO2)

(s)

(€/tonCO2)

(€/tonCO2)

(€/tonCO2)

(l min-1)

(mol/mol)

0.50

125

2442

159

13.9

173

1.00

110

1071

140

10.8

151

1.50

118

768

150

10.2

160

2.00

119

583

152

9.7

162

2.50

130

530

166

9.7

176

Table 3.6. Moles of nitrogen, time required to desorb 95% of the adsorbed CO2 and the
corresponding energy in the regeneration at the temperature of 80 – 120 °C under the flow of
1.00 l min-1.
T (°C)

a

F95 (N2/CO2)
(mol/mol)

t95
(s)

Energy for Energy for Reaction
Total
31
sorbent
N2
energy
(GJ/tonCO2)
(GJ/tonCO2)
(GJ/tonCO2)
(GJ/tonCO2)

80

267

2603

1.0

7.1

1.7

9.8

90

121

1174

1.2

4.0

1.7

6.9

100

110

1071

1.4

4.4

1.7

7.5

110

92

897

1.7

4.3

1.7

7.7

120

69

669

1.9

3.7

1.7

7.3

120a

69

669

1.9

1.8

1.7

5.4

For heat integration of sensible heat of purge gas a recovery of 50% is assumed.

4. Conclusions
In this work we have evaluated the thermal and chemical stability of Lewatit VP OC 1065 in
view of the potential strategies of regenerating this sorbent in CO2 removal application. The
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effect of long-term continuous exposure to air, different O2/CO2/N2 mixtures, concentrated CO2
and steam on the CO2 adsorption uptake is investigated at different temperatures and exposure
time for both dry and wet conditions. In view of the degradation observed, sorbent regeneration
should be carried out in absence of oxygen when operating above 70 C and at temperatures
below 150 C to avoid thermal degradation. If the partial pressure of CO2 approaches 1 bar, the
maximum temperature should not be higher than 120 C to avoid urea formation. Humidity was
unable to completely prevent urea formation nor able to reverse it. The application of steam or
water vapor, however, did not negatively affect the sorbent capacity.
There is no difference in sorbent stability between cyclic and continuous treatment of the
sorbent, indicating that the cyclic adsorption-desorption has no effect on sorbent degradation
rate and the results of the continuous treatment can mimic the real cyclic operation well.
Regeneration of IER by nitrogen stripping, as inert gas, has been evaluated in terms of required
amount of purge gas at different flow rates, temperatures and for different degrees of sorbent
regeneration, but does not seem to be economically attractive. Considering sorbent stability and
steam being condensable, the application of steam as stripping gas is a good option. Still,
optimization of regeneration is required taking into account actual prices for utilities and
sorbent costs, as well as heat integration.
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Chapter 4
Parametric study on CO2 adsorption in a fixed-bed
reactor

Abstract
In this chapter, a fixed bed reactor is evaluated for CO2 capture from ambient air using the
selected amine functionalized sorbent – Lewatit VP OC 1065. The effect of particle size,
superficial velocity and bed height are investigated using adsorption experiments. The optimal
conditions that lead to minimum total cost are found to be at an adsorption duration of 0.5–1.5
times the stoichiometric time under the studied conditions. For a compact reactor design with
low pressure drop and relatively long sorbent residence time during adsorption, a radial flow
reactor is proposed and designed for capturing CO2 from ambient air.

This chapter is based on the published article:
Yu, Q.; Brilman, D. W. F., Design Strategy for CO2 Adsorption from Ambient Air Using a
Supported Amine Based Sorbent in a Fixed Bed Reactor. Energy Procedia 2017, 114,
(Supplement C), 6102-6114.
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1. Introduction
In previous chapters, we have selected amine functionalized sorbents as promising material for
capturing CO2 from air. Starting from this chapter, the research moves to a higher technology
readiness level (TRL) aiming to realize a practical, technical feasible and economic viable
operation using the selected sorbent. Taking into account the low concentration of CO2 in air
and the low product price, this is a real challenge! Since there is only 400 ppm CO 2 in air, a
huge amount of air (minimally 1400 m3) is required to supply enough CO2 to saturate the
sorbent, making any reactor type leading to large pressure drop unfavorable.
In literature, only very few studies on reactor design and process development for direct CO2
capture (DAC) with amine functionalized solid sorbents are available. Kulkarni et al. estimated
the operational cost by modeling the economic performance of a DAC process in a monolithic
contactor unit coated with amino-modified silica adsorbent, resulting in around100 $/ton CO2
avoided.1 Brilman et al. estimated for a plate-type adsorber on basis of experimental adsorption
capacities and cost estimations for amine-impregnated sorbent, contactor and operational costs
a total cost of 150-200 $/ton CO2, including operational costs of around 55 $/ton CO2.2 Zhang
et al. tested a PEI-silica adsorbent in a bubbling fluidized bed to capture CO2 from air. On the
basis of their experimental results in bubbling fluidized bed, a conceptual design for CO2 air
capture was proposed and estimated the operating cost to be 152 $/ton CO2 avoided.3
The objective of this chapter is to come to a contactor design, based on the spherical sorbent
particles selected, and to provide an operation strategy for an economic adsorption process by
testing the effect of various process parameters such as particle size, superficial velocity, and
sorbent bed height.
Keeping the volumetric gas flow constant, the duration of the adsorption phase plays a
significant role. Choosing a short adsorption time enables more loading/unloading cycles per
day, this may lead to lower production costs due to a higher productivity (in kg CO2/day) for
the equipment used and is expected to lead to more CO2 produced over the lifetime of the
sorbent. On the other hand, a shorter adsorption cycle time leads to incomplete sorbent
saturation (inefficient sorbent usage) which may cause higher regeneration energy requirements
per unit of CO2 captured.
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Two of the main challenging and partly conflicting conditions in capturing CO2 from air include
sufficient and fast CO2 supply (at 400 ppm in air) and minimizing pressure drop during
adsorption.
Pressure drop is an essential parameter as it is directly related to the energy consumption (𝐸 =
𝜑𝑣 ∙ ∆P) for gas-sorbent contacting. Handling above mentioned large amounts of gas for CO2
air capture is inevitable. Due to this, the pressure drop over the gas-solids contactor for CO2
capture from air should be much lower than for other CO2 capture processes. Only contactors
which can realize a low pressure drop are viable for CO2 air capture. The relative large capacity
of the sorbent at ambient conditions (1 - 1.5 mol/kg) leads to high volumetric ratios of air –
sorbent feed ratios. In Chapter 2, it was furthermore found that (Figure 2.14) also long sorbent
saturation times were needed. The required longer sorbent residence times make fixed and
fluidized bed primary candidates for their high volumetric sorbent holdup and the possibility to
control the sorbent contact time.
The pressure drop for a fluidized bed reactor is calculated via the gravity of the solid minus the
buoyancy force.4, 5
P
 (s  f )  (1  )  g
L

Eq. 4.1

Apart from this, the gas distributor in the fluidized bed gives rise to an extra pressure drop
which can be avoided in fixed bed operation.5 The pressure drop for a fixed bed, assuming
spherical beads, can be estimated by the Ergun equation.4
P 150 (1   )2
1.75 g (1   ) 2

uf 
uf
3 2
L
 dp
 3d p

Eq. 4.2

Pressure drop in both Eq. 4.1 and 4.2 is proportional to the height of the bed L. Therefore, a
small height of the bed, in the order of only a few centimeters, is the key to realize a low pressure
drop.
The sorbent particles used in this study lead to a Geldart type B mode of fluidization, implying
that at fluidization, and immediately above the minimum fluidization velocity, gas bubbles will
be formed,6 even at a small bed height. These bubbles in fluidized bed operation lead to local
bypassing of the sorbent bed, which decreases the gas removal efficiency and hence more air
must be processed for the same degree of saturation of the sorbent.
Preliminary experiments were carried out in both fixed bed and fluidized bed mode, under the
same conditions of gas flow and amount of sorbent. Experiments were done at two different
77

Chapter 4: Parametric study on CO2 adsorption in a fixed-bed reactor

volumetric gas flows, one slightly above the minimum fluidization velocity and the other one
at roughly two times this value. Figure 4.1 shows that CO2 breakthrough starts earlier in the
fluidized bed operation than in the fixed bed operation at both gas velocities. This implies that
the CO2 removal efficiency is lower in case of the fluidized bed operation. Furthermore,
fluctuations in the breakthrough concentration curves for the fluidized bed operation are noticed,
which do not appear in those for the fixed bed operation. This indicates the bubbling issues for
the fluidized bed are real, and cause some (random) instability in the operation. In view of the
higher gas efficiency and (anticipated) limited difference in pressure drop, we anticipate here
that a fixed bed contactor is a more attractive option for CO2 air capture.
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Figure 4.1. Breakthrough curves for fixed and fluidized operations at the superficial velocity of
0.14 m/s (1.65 l/min) and 0.27 m/s (3.30 l/min) with 1 g (1 cm bed height) of sorbent at 25 °C
(inset: breakthrough curves in the first 500 s).
In this work, we test an amine functionalized sorbent – Lewatit VP OC 1065, on its feasibility
to capture CO2 from air. The experimental results from Chapter 2 show that this adsorbent
possesses a high CO2 capacity and reasonable selectivity of CO2 over water during CO2 capture
from air.7 Next to CO2 adsorption capacity at different temperatures, there are additional
parameters to be determined for an optimum reactor design. Especially, optimization of the
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duration of the adsorption and the sorbent cyclic capacity are important as they determine the
total amount of sorbent required (and the sorbent capacity per day) and cost and energy
consumption of the process.
In this chapter, the above mentioned issues will be determined through experimental work on
CO2 adsorption using a fixed bed contactor. Although the experiments were performed for a
specific solid amine sorbent, the approach followed in this work is likely to be applicable to
other (amine-based) sorbents as well. The effect of particle size, superficial velocity, bed height,
will be evaluated and optimized in terms of their influence on the process economics. From the
experimental findings, guidelines for process- and reactor design for CO2 air capture are
developed and will be presented.

2. Experimental
2.1 Material
Lewatit VP OC 1065 was used in this chapter and its details can be found in Section 2.1 of
Chapter 3.

2.2 Experimental set-up
The set-up used in this chapter can be found in Figure 3.4 of Chapter 3. In the adsorption process,
400 ppm of CO2 was purged into the reactor at superficial velocities of 0.05 – 0.3 m/s at the
temperature of 25 °C with a loading of 1-3 g of sorbent. In the desorption process, pure N2 was
purged into the system under the flow of 0.21 m/s at 80 °C. Desorption was stopped when the
CO2 concentration in the outlet was below 10 ppm.

3. Methodology
3.1 Process parameter definition
The stoichiometric time is the minimum time required to reach the cyclic sorbent saturation
capacity qe-qde (in g/kg sorbent), and is defined as follows
tsto 

ms  qmax
v  CCO 2
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Here, ms represents the mass of the sorbent (kg), qmax represents the maximum CO2 amount
adsorbed by the sorbent (g/kg sorbent), ϕv represents the volumetric flow (m3/min) of the gas
introduced to the reactor and CCO2 represents the concentration of CO2 in the gas entered the
reactor (g/m3).
The gas capture efficiency of CO2 (‘gas efficiency’) is calculated from the experimental
determined CO2 concentration in the gas leaving the reactor, using the following equation:
t

 g (t ) 

CCO 2,in  t   CCO 2,out dt
0

CCO 2,in  t

Eq. 4.4

The saturation efficiency of the adsorbent (‘solid efficiency’) is calculated as:

s (t ) 

qt  qde
qe  qde

Eq. 4.5

In Eq. 4.4, CCO2, in and CCO2, out represent the concentration of CO2 in the inlet gas and outlet gas
stream of the reactor. In Eq. 4.5, qt (g/kgsorbent) represents the adsorbed CO2 capacity of the
sorbent at the adsorption time t, qe is the equilibrium capacity at inlet conditions and qde
represents the residual capacity after desorption.
The overall mass balance of the adsorption process:
t

v  CCO 2,in  t  (qe  qde )  ms  s (t )   CCO2, out v dt
0

Eq. 4.6

The Eq. 4.6 can be reduced to:
t
tsto



s (t )
 g (t )

Eq. 4.7

Where, t is the duration of the adsorption (min), ηs and ηg are the solid efficiency and gas capture
efficiency.

3.2 Process economics
The evaluation (and optimization) of the adsorption duration is based on process economics,
which includes the cost of the sorbent, the cost of the contacting energy and the regeneration
energy.
The cost of the sorbent per ton CO2 captured is calculated by
Cs ,CO 2 

Cs  ms

Ycycle  N cycle  Ls
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Where Cs is the cost of the sorbent, ms is the amount of adsorbent, Ycycle is yield of CO2 per
adsorption-desorption cycle, 𝑁̇cycle the number of cycles per day and Ls is the sorbent lifetime.
The yield per cycle is calculated as
Ycycle  (qe  qde )  ms  M CO 2 s

Eq. 4.9

Where MCO2 is the molar mass of CO2 (g/mol). This cyclic yield strongly depends on the solid
efficiency. With the assumption of desorption time being equal to the adsorption time, the
number of cycles can be calculated based on the adsorption time.
Moving forward to the contacting costs per ton of CO2 captured, this depends directly on the
air-sorbent contacting energy (J/g), which is calculated by
E

P

Eq. 4.10

 g  CCO 2

The pressure drop in Eq. 4.10 was calculated using the Ergun equation shown in Eq. 4.2, CCO2
represents the mass of CO2 per unit volume of air (g/m3air), here taken as 0.72 g/m3 (400 ppm,
at 1 atmosphere and 25 °C). The derived contacting energy multiplied by the cost of the
electricity Celec yields the cost of the contacting energy.
The cost of regeneration, Creg in (€/tCO2), based on regeneration energy can be calculated
through Eq. 4.11.
Creg  ( H rx 

C p ,s  (Tde  Tad )
(qe  qde ) s  M CO 2

)  Ctherm

Eq. 4.11

In Eq 4.11, Ctherm (€/kJ) is the cost of thermal energy. Hrx (kJ/g) and Cp,s (kJ/(kg*K)) are the
heat of the reaction and the heat capacity of the solid. The regeneration energy in this study
only considers the heat of reaction (Hrx) and the sensible heat to heat up the solid, which are
normally being considered in previous literature.8 The sensible heat for the desorption purge
gas is not included in this chapter, but it will be discussed in detail in Chapter 6.

4. Results and Discussion
4.1 Natural convection vs. forced convection
The air-solid contacting is an essential factor in the process economics. An economic process
requires 1) low pressure drop; and 2) fast sorbent saturation. Pressure drop is important because
it is proportional to the contacting energy as listed in Eq. 4.10. Pressure drop will be further
discussed in Section 4.4. Here we firstly focus on selecting a proper air-sorbent contacting
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method for a fast sorbent saturation. We consider two types of contacting method, which are
natural convection and forced convection. Natural convection does not require electrical energy
input, but, as trade-off, it may take more time to saturate the sorbent. A too slow sorbent
saturation negatively results in an increment of the sorbent cost per unit of CO2 captured for a
fixed sorbent lifetime. On the other hand, using forced convection as contacting method holds
the opposite arguments. Therefore, experiments were operated under different flow conditions
to test the sensitivity of the results for the two methods. First, to test the effect of the natural
convection, 0.2 g samples were put into glass containers with two different sizes (in Figure 4.2
(left)) with varying adsorption time. Then the sorbent was collected after various exposure times
to measure the CO2 capacity using the TG-FTIR method described in Chapter 2. For testing the
forced convection, an experiment was done in the fixed bed reactor with 1 g of sorbent in the
air flow of 0.1 m/s (1.2 l/min) at 25 °C. According to the sorbent saturation variation with time
under different conditions shown in Figure 4.2 (right), the height of the barrier for the natural
convection plays a significant role regarding to the sorbent saturation efficiency. Gas-solid
contacting via natural convection can be as effective as forced convective contact (using a fixed
bed), only if the height of the wall is small (referred to the case of ‘Natural convection – S’). In
this case, the sorbent is packed loosely. Increasing the wall height (referred to the case of
‘Natural convection – L’) will strongly increase the sorbent saturation time. Because a realistic
scaling-up process will require several kilograms of the sorbent, an efficient air-sorbent
contacting process based on natural convection is probably unattainable or impractical. Hence,
forced convection is chosen as the contacting method for further study.
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Natural convection - L
Forced convection
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Figure 4.2. Glass containers with two different sizes for the test of the natural convection (left)
and the sorbent saturation efficiency (right) using different contacting methods.
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4.2 The effect of particle size and its application
Particle size has an influence on the internal mass transfer.9 It takes less time for the reactant to
transfer into the interior active sites when the sorbent particle size is smaller. Here, the effect
of particle size is studied. For this purpose, sorbent was grinded and Figure 4.3 shows the photos
of the ‘as received’ and of the grinded sorbent. The texture properties of the different forms of
the sorbent are listed in Table 4.1. The particle size of the sorbent was tested by Dynamic Light
Scattering (DLS) method. There is a 29 % reduction in particle size after grinding the sorbent.
However, the changes in surface area, pore volume and pore diameter after grinding the Lewatit
VP OC 1065 sorbent are marginal. The unchanged internal structure after grinding indicates
the sorbent is rather homogeneous in morphology and functionality and grinding just affects
the outer particle dimensions.

Figure 4.3. Pictures of the sorbent ‘as received’ (left) and after grinded (right).
Table 4.1. Texture properties of the sorbent before and after grinded.
As received

Grinded

Dp50 (µm)

662

468

BET surface area (m2/g)

25

23

BJH pore volume (ml/g)

0.20

0.23

BJH pore diameter (nm)

38

34

Experiments were carried out at the convective flow condition tested in Figure 4.2. Figure 4.4
(left) shows the breakthrough curves of CO2 adsorption for the two forms of the sorbent. It is
obvious that the shape of the breakthrough curves are quite different, before and after the
sorbent was grinded. Similar trends are also observed when the curves are replotted in terms of
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fractional CO2 adsorption shown in Figure 4.4 (right). Figure 4.4 (right) shows that the
differences in sorbent saturation after 45 min is even 20% in the fractional CO2 adsorption, in
favor of the grinded sorbent. A similar increment is also found for the gas capture efficiency
with time between two forms of the sorbent shown in Figure 4.5 (left). Besides, the maximum
adsorption capacities are experimentally found to be identical (1.0 mol/kg) for both the ‘as
received’ and for the grinded sorbent. The un-altered working capacity supports the
homogeneous character of the sorbent and indicates the active sites in the sorbent are not
affected by the grinding process.
Both the sorbent saturation efficiency and the gas capture efficiency are related closely to the
cost according to Eq. 4.8 - 4.10. An increment of the fractional CO2 adsorption (sorbent
saturation efficiency) decreases the cost of the sorbent and the regeneration energy per amount
of CO2 captured to heat up the sorbent, which is shown in Figure 4.5 (right). An increased gas
capture efficiency is beneficial for a reduced contacting energy. Reducing particle size is
beneficial for both sorbent saturation and gas capture efficiency. However, the pressure drop
increases strongly when the particle size decreases, see the Ergun equation (Eq. 4.2). Therefore,
the potential reduction in contacting energy due to the increased gas capture efficiency (52%
vs. 78% assuming tads = 45 min) may be more than compensated by the increased pressure drop
(38 Pa vs. 74 Pa) when the particle size decreases. Indeed, the cost of the contacting energy
increases from by 30% (from 2.8 €/ton CO2 to 3.7 €/ton CO2 under the corresponding conditions:
uG = 0.1 m/s and L = 0.01 m, the electricity cost can refer to Table 4.2) after the sorbent was
grinded, see Figure 4.5 (right).
Both the sorbent saturation efficiency and the gas capture efficiency increase when the particle
size of the sorbent decreases at a fixed process time (under the conditions studied). This
indicates that there is some intra-particle mass transfer limitation, at least for the un-grinded
sorbents. The increased saturation efficiency also decreases the cost of the regeneration energy
to heat up the sorbent and the sorbent cost, both per amount of CO2 captured. However, the
overall cost of the contacting energy increases when the particle size decreases because the
contacting energy is related to both the pressure drop and the gas capture efficiency; and the
pressure drop increases more strongly than the increase in gas capture efficiency when the
particle size decreases.
Overall, the summed up cost including the desorption energy (reaction energy and the thermal
energy to heat up the sorbent), sorbent costs and contacting energy decreases by 20% when the
particle size decreases. Such a preliminary evaluation shows that it may be promising to reduce
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the particle size of the sorbent, despite the increase of gas-sorbent contacting costs. Considering
that there is still more work needed to be done on the method of particle size reduction while
maintain a fairly uniform size distribution at relatively large scale (~ kg sorbent), which is
probably within the sorbent preparation method or by post-processing of the current ‘as
received’ particles. In this study, current available (un-grinded) particles will be used in further
development of the process.
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Figure 4.4. Breakthrough curves of CO2 adsorption (left) and fractional CO2 adsorption (right)
using ‘as received’ sorbent and grinded sorbent (1g sorbent under 1.2 l/min at 25 °C).
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Figure 4.5. Gas capture efficiency of CO2 adsorption (left) and cost evaluation (right) for the
‘as received’ sorbent and the grinded sorbent with an assumption of tads = 45 min (tsto = ± 45
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4.3 The effect of superficial velocity and sorbent bed height

Figure 4.6. Experimental obtained efficiencies ηs and ηg vs. (t/tsto). (PCO2,in = 40 Pa, 1 g of
sorbent)
After selecting forced gas-sorbent contacting in a fixed bed reactor, and having investigated the
effect of particle size, the effect of superficial velocity will be evaluated. For a fixed bed reactor
with 1g of sorbent, the gas- and sorbent efficiencies are measured as function of operating time
at different superficial velocities. The change of velocities can be presented as a variation of
the stoichiometric time according to Eq. 4.3. Figure 4.6 shows the relation between ηs, ηg and
tads/tsto at superficial gas velocities of 0.05, 0.10, 0.20, 0.30 m/s at a temperature of 298K and at
a CO2 partial pressure of 40 Pa.
The intersections of the experimental determined efficiency lines (where ηs = ηg) indeed appear
at t = tsto, which is in agreement with the theoretical derivation (in Eq. 4.7). The stoichiometric
saturation time tsto represents the minimum time required to saturate the sorbent, which equals
to 85, 43, 22 and 15 min respectively at uG = 0.05, 0.10, 0.20 and 0.30 m/s.
The superficial velocity has an influence on the uptake rate of CO2, since the time to reach 80%
saturation decreases from 120 min to 62 min when the gas velocity increase from 0.05 m/s to
0.3 m/s. The influence of superficial velocity is associated with faster CO2 supply to the
adsorbent. The CO2 supply is proportional to the velocity when the CO2 concentration of inlet
gas is constant. Besides, an increase of adsorption time to reach 80% saturation of the adsorbent
by a factor of 2 (from 62 to 120 min), instead of by a factor 6 when varying from uG= 0.3 m/s
to uG= 0.05 m/s, indicates there is a certain extent of limitation from intra-particle mass transfer
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or reaction kinetics or both. This finding is also supported by the value of ηs or ηg at t/tsto = 1
decreases from 0.65 to 0.32 when the velocity increases from 0.05 m/s to 0.3 m/s.
If intra-particle mass transfer would be the limiting factor and the equilibrium loading of CO2
is homogeneously distributed throughout the particle, it can be derived that the average mass
transfer distance for CO2 in the particle is 25% of the particle radius. With this, and assuming
instantaneous irreversible adsorption at the surface, the minimum time to saturate the sorbent
is given by:
tPD _ min

R 2  P qmax

12 Deff Cin,CO 2

Eq. 4.12

For the sorbent used in this work, this implies that for a particle of 600 micron with a particle
density of 880 kg/m3 and an effective diffusivity of 3.7·10-7 m2/s and at a loading of 1.0 mole/kg,
10

the particle saturation time would be around 18 minutes. This is in the same order of

magnitude as the stoichiometric time at a gas velocity of 0.3 m/s (tsto = 15 min). As long as tsto
is not (significantly) smaller than this 18 min, the stoichiometric time can be used for scaling
up purposes. Especially considering that for non-complete sorbent saturation, the particle
‘saturation’ time will decrease rapidly as both the amount of CO2 which needs to diffuse and
the average diffusion distance will be reduced.
The choice of the adsorption time determines not only the solid efficiency (ηs) but also the gas
capture efficiency (ηg) (in Figure 4.6), while both ηs and ηg are related to process economics. A
high solid efficiency saves the cost of the sorbent and the regeneration energy and a high gas
efficiency reduces the cost of the contacting energy. However, the variation of the ηs and ηg
with adsorption process time are opposite. A 100% gas efficiency can be reached at the initial
stage when the sorbent is free from CO2. On the other hand, a complete saturation of the solid
is a time consuming process; the last 20% of saturation of the sorbent almost takes the double
amount of the adsorption time, thereby reducing enormously the amount of possible cycles per
day. Hence, there is a trade-off between solid efficiency per cycle and number of cycles per day,
making the choice for an optimum process time for adsorption a crucial process design variable.
We evaluated the choice of the adsorption time on the total cost of the process (at uG = 0.3 m/s
to minimize the supply limitation) with the parameters listed in Table 4.2 including the cost of
the sorbent, cost of the contacting energy and cost of the regeneration energy. According to Eq.
4.8, the cost of the sorbent is related to the daily yield Yd. Daily yield is obtained by the amount
of CO2 captured per cycle multiplied with the number of cycles per day. As shown in Figure
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4.7 (a), the yield per cycle increases with an increase of the adsorption time. However, the
number of cycles per day decreases with the increase of the adsorption time (assuming that the
desorption time is identical to the adsorption time). After multiplication of these parameters,
there is overall a decrease of daily yield with increasing adsorption time because the average
uptake rate of CO2 decreases with an increase of adsorption time, which is related to a
decreasing uptake rate of CO2 with increasing degree of sorbent saturation. Since both the daily
yield and the gas capture efficiency decrease with increasing adsorption time, there is an
increase of the cost of both the sorbent contribution and the contacting energy based on Eq. 4.8
and 4.10. On the other hand, a decrease of the adsorption time is accompanied by a decrease in
the solid efficiency. As a result, it consumes more energy (and thus leads to higher costs) to
regenerate the same amount of CO2.
Figure 4.7 (b) displays the effect of varying the adsorption time on the cost of the sorbent, the
contacting energy and the regeneration energy, all per amount of CO2 captured, for a selected
superficial gas velocity of 0.3 m/s. The turning point / optimum occurs at 1.4∙tsto, under the
current assumptions and set of prices, resulting in an operational cost of 58 €/t CO2 captured.
To this cost, the electricity consumed in the contacting process contributes 28% and the heat
requirement of the regeneration (including reaction heat and sorbent sensible heat) accounts for
38% of the total. The electrical energy consumption is 0.6 GJ/t CO2 at 118 Pa of pressure drop
and the thermal energy is 6.5 GJ/t CO2, without any heat integration. As a comparison, Kulkarni
et al. 1 estimated the energy consumption for an amino-modified silica adsorbent used for air
capture in a monolith. In their work the process requires 0.8 GJ/t CO2 of electricity and 6.0 GJ/t
CO2 of thermal energy. Hence, despite the entirely different contactor concept, the results from
our analysis are in a similar range as those of Kulkarni et al.
For the experiment with superficial velocities of 0.05, 0.1 and 0.2 m/s in air, the cost analyses
show similar trends, as can be seen in Figure 4.8 (a). In Figure 4.8 (a), the optimal costs at uG
= 0.05 – 0.3 m/s lay all in the range of 0.5-1.5 tsto. Figure 4.8 (a) shows that the choice of a
proper velocity is crucial for the economics; operating at larger gas velocity saturates the
adsorbent faster but gives rise to large pressure drop (referring to the case of 0.3 m/s in Figure
4.8 (a)). A small velocity has a smaller pressure drop, but leads to lower overall productivity
due to a lower number of cycles per day, or a higher sorbent cost at a fixed daily productivity
(referring to the cost of 0.05 m/s in Figure 4.8 (a)). From the results discussed above, the
optimum window for the gas velocity with a loading of 1 g of the studied sorbent was found to
be between uG =0.1 to 0.3 m/s, corresponding to the tsto of 15 – 43 min.
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Table 4.2. Parameters of calculation results shown in Figure 4.7 – 4.8.
Parameters

Values

Temperature of desorption Tde (K)

353.15

Temperature of adsorption Tad (K)

298.15

Sorbent heat capacity Cp,sor (kJ/kg/K) 10

1.5

qe - qde (gCO2/kgsorbent) (298K, PCO2 = 40 Pa)

40

Heat of reaction Hrx (kJ/g) 11

1.7

Cost of thermal energy from natural gas Ctherm (€/GJ) 12

3.44

Cost of electricity Celec (€/kWh) 13

0.10

Daily operating time (h)

24

Cost of the sorbent Csorbent(€/kg) (assumption)

13

Lifetime of the sorbent Lsorbent (y)

3.0

Figure 4.7. (a) Number of cycles per day, yield per cycle and yield per day vs. adsorption time
of loading 1 g of sorbent at uG = 0.3 m/s. (pCO2 = 40 Pa, 298 K); (b) Total cost vs. adsorption
time of loading 1 g of sorbent at uG = 0.3 m/s. (pCO2 = 40 Pa, 298 K)
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Figure 4.8. (a) Total cost vs. adsorption time at other velocities (pCO2 = 40 Pa, 298 K); (b) ηs
and ηg vs. (t/tsto) when tsto = ± 45 min.
However, this optimal operating window of the velocity will most likely change somewhat for
different bed heights (different amount of sorbents). To test whether the stoichiometric time is
a good measure for scale-up and for finding the optimum, experiments were conducted in the
same reactor, now loaded with 2 and 3 g of sorbent. A value for tsto = ± 45 min (related to the
case of uG = 0.1 m/s at a loading of 1 g of adsorbent) was maintained in experiments performed
with 0.2 m/s with 2 g of sorbent and with 0.3 m/s with 3 g of sorbent. Figure 4.8 (b) shows the
comparison of the experimentally obtained solid / gas efficiencies with t/tsto for these three
different amounts of sample (covering a threefold increase in bed height). The results for the
different bed heights display great similarities in the development of their solid and gas
efficiency with time, when operating at the same tsto. Two conclusions can be drawn from the
results. Firstly, external mass transfer does not play a role on the uptake rate of the adsorption
process, since operating at higher gas velocities (at the same tsto) results in almost the same
performance with those at lower gas velocities. Secondly, the scaling technique based on the
stoichiometric time (under the condition that external mass transfer does not play a role) is a
useful concept for correlating experimental data, optimization and scale-up for the sorbent and
DAC application under consideration.

4.4 Reactor design
In Section 4.3, the feasibility of capturing CO2 from air using an amine functionalized sorbent
in a fixed bed configuration was shown and a preliminary optimization study was done for
finding the operating range for the optimum stoichiometric time and the adsorption time for an
economic process. A low pressure drop during air-sorbent contacting is key for good economics
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of the process. Based on these considerations (low pressure drop and optimum stoichiometric
time), a shallow bed of particles is required. To avoid extreme low ratios of contactor
height/diameter, here a radial flow air-sorbent contacting method is selected as contactor for
the adsorption step. In a radial flow reactor, as shown in Figure 4.9 (a), the adsorbent is packed
along the axial direction of the reactor and the gas flow passes through the bed of sorbents in
radial direction (either inside-out or outside-in) and leaves the contactor at the same or opposite
side of the contactor as where the feed enters. A radial flow is easy to scale up as it only needs
to increase the height of the reactor instead of the diameter.
The main purpose of the radial flow reactor is to reduce the pressure drop during adsorption.
Here, we suggest, for the sorbent used, a scheme for calculating the dimensions of a (kg of
sorbent-scale) radial flow reactor. The assumptions made for the design are listed below:
a) The stoichiometric time is specified as 43 min (to mimic the FB conditions shown in
Figure 4.8 (b)) and the adsorption time is taken equally to the stoichiometric time.
b) The cross-sectional area of central tube equals to the cross-sectional area of outer annulus.
c) Residence time of the gas is set as 0.1 s, which is equal to the experimental results shown
in Figure 4.8 (b) (where 1, 2 and 3 cm bed height was used at velocities of 0.1, 0.2 and
0.3 m/s).
According to the assumption above, the procedure of the calculation is now shown in Figure
4.9 (b), targeting a daily productivity of 0.5 kg of CO2. The evaluation of the designed radial
flow reactor will be presented in next chapter.
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Figure 4.9. (a) Schematic diagram of a radial flow reactor; (b) Calculation procedure for
geometric dimensions of the radial flow reactor.

5. Conclusion
The design and operation strategy of CO2 adsorption using an amine functionalized sorbent in
a fixed bed reactor is studied in this chapter. Due to the low concentration of CO2 in air,
sufficient CO2 supply is an important parameter determining the rate of adsorption. Using the
stoichiometric time concept, the CO2 supply rate can be linked to bed height, gas removal
fraction and sorbent efficiency. In this work, the stoichiometric time for CO2 air capture and
the studied sorbent under consideration is tested to be at an economic optimum in the range of
15 – 45 minutes. The choice of adsorption time has a significant influence on process economics
and an economic operating window was found for tad = 0.5 – 1.5 tsto. A radial flow reactor is
proposed and designed for further evaluation of CO2 capture from ambient air.
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Chapter 5
CO2 capture from ambient air in a kg-sorbent-scale
radial flow reactor

Abstract
This chapter evaluates the performance of a kg-sorbent-scale radial flow reactor (RFR) for
capturing CO2 from ambient air using the earlier selected amine functionalized sorbent. The
RFR design is based on the experimental results obtained from a small, gram of sorbent-scale
fixed bed (FB) reactor using the stoichiometric time as design and scale-up parameter. The RFR
results show good similarity with the results obtained from the FB experiments, when operated
under comparable conditions. The RFR is characterized by a low pressure drop, a uniform flow
distribution, a very short gas phase contacting time and its ability to operate in a fixed-bed mode
as well as in a moving-bed mode. These features make the RFR a versatile contactor for further
process development. In comparison to other air capture sorbents, the studied sorbent adsorbs
very fast. This feature and the low pressure drop achieved in RFR result it a contacting energy
of the “RFR air capture system” in the range of 0.7 – 1.5 GJ/t-CO2 at a shorter adsorption cycle
time compared with other air capture systems. For the production of CO2 enriched air for
application in e.g. microalgae cultivation, desorption using air as sweep gas is studied. It was
found feasible to produce a tenfold enrichment in CO2 at relatively low temperatures.

This chapter is based on the article submitted to a peer-reviewed journal:
Yu, Q.; Brilman, D.W.F., CO2 capture from ambient air using an amine functionalized sorbent
in a kg-scale radial flow reactor.
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1. Introduction
For capturing CO2 from ambient air (direct air capture: DAC), the next step after finding a
suitable sorbent is to implement this material into a practical process. Considering the massive
CO2 emissions per year, the sorbent must be available at large scale and the capture process
must be developed at a scale suitable for further scaling up. In this work, an adsorber for DAC
is built at a scale of a few kg of sorbent and studied for its performance. Selected from previous
chapters, an amine functionalized sorbent is used, which is commercially available in large
quantities.
Research on DAC contactors using amine functionalized sorbents and implementing this into
larger scale is still at an early stage. Most of the DAC studies target at inventing new adsorption
materials or do sorbent optimization, thereby focusing on enhancing the CO2 equilibrium
capacity. In those studies, facilities like thermogravimetric analyzer (TGA) or small-scale fixed
bed reactors were applied, using an only small amount of sorbents.1-5 For practical applications
of CO2 capture from ambient air, contactor types such as a fluidized bed6 and honeycomb
monoliths7 have been studied. In the cited papers, Zhang et al.6 evaluated air capture using 1
kg of polyethylenimine (PEI)-silica sorbent in a bubbling fluidized bed. On the basis of their
experimental results, a conceptual design for CO2 air capture was proposed, for which the
operating cost was estimated to be $152/t-CO2 avoided. Sakwa-Novak et al.7 evaluated a small
scale monolithic cylinder (2.5 cm diameter, 10.2 cm length), impregnated with PEI and
suggested an operating cost of $100/t-CO2. Compared with the DAC studies on sorbent
development and optimization, more studies are needed, which focus on process development
and optimization, particularly towards larger scale application.
The design for large-scale application is very challenging since a massive air flow needs to pass
through the contactor. For an optimistic estimation that all CO2 in the feed can be captured (at
100% gas capture efficiency), around 1400 m3 of ambient air is needed per kg of CO2 captured,
given the concentration level of around 400 ppm of CO2 in the air. The required large air flows
may result in a significant pressure drop. This pressure drop is an essential performance
parameter of the process as it is directly related to the energy consumption (𝐸 = 𝜑𝑣 ∙ ∆P) for
gas-solid contacting induced by fans or blowers. Therefore, only contactors that can realize a
low pressure drop are considered to be economically viable for CO2 air capture.
When comparing two common reactor types, a fixed bed reactor is here favored over a fluidized
bed reactor. A fluidized bed requires a gas distributor (with sufficient pressure drop) to ensure
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an even gas distribution, a freeboard zone for gas-solid separation, and it has a lower contacting
efficiency due to gas bubbles. For an axial fixed bed reactor, a low pressure drop requirement
will result in a pancake-shaped contactor. For such a pancake-shaped reactor, it normally
occupies a large projected area in the flow direction. A fixed bed configuration does however
offer more design flexibility to come to a compact design with small bed height in the direction
of flow and a small physical footprint. In this respect, a radial flow reactor (RFR) might provide
a convenient alternative.
In a radial flow reactor, the sorbent is packed in a coaxial cylindrical annulus and divides the
contactor into two gas chambers; one part is called the center pipe and the other one is called
the ‘annular channel’. In a RFR contactor, the gas phase passes through the sorbent bed in the
radial direction. A radial flow reactor can be easily scaled up without increasing significantly
the footprint, as it merely needs to increase the height of the cylindrical shape of the reactor
instead of its diameter. The configurations of the RFR can be divided into z-type and π-type
configurations, according to the direction of the inflow and outflow. A z-type RFR has the gas
inflow and outflow in the same direction, whereas the inflow and outflow in a π-type RFR are
in opposite directions. A π-type RFR is chosen in this study because it has a more uniform flow
distribution than the z-type.8 Figure 5.1 shows the configurations of the reactor types mentioned
above.

Figure 5.1. Configurations for (a) a pancake-reactor (b) a z-type RFR and (c) a π-type RFR.
Moving forward to optimize the process and contactor design, the adsorption kinetics is an
important process parameter for the evaluation of the sorbent used for CO2 air capture that
determines the process economics. The adsorption kinetics refers to the amount of CO2 (mol)
adsorbed by per amount of sorbent (kg) per unit of time (s). In practice, adsorption kinetics for
an amine-functionalized CO2-capture process is affected by the mass transfer to the sorbent
surface (inter-particle mass transfer), mass transfer through the pores (intra-particle mass
transfer), and intrinsic reaction kinetics.
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Calling it ‘adsorption kinetics’ may create confusion with intrinsic reaction kinetics, so here we
will use the terminology – ‘adsorption rate’ to represent how fast the CO2 is adsorbed by the
sorbent. The adsorption rate together with the sorbent holdup (in kg per m3 contactor)
determines the volumetric productivity of the contactor (in mol CO2 per m3 contactor per unit
of time). Increasing this productivity leads to smaller equipment and lower costs.
The adsorption rate is often used to compare and evaluate different sorbents. Normally, the
comparison among different sorbents was made by comparing the values of ‘adsorption halftime’, which is the time required to reach 50% of the maximum CO2 capacity.9, 10 Most of the
previous studies compared the adsorption half time (t50) in relation to the equilibrium adsorption
capacity of the sorbent. Besides that, t50 is also dependent on the CO2 supply rate (depends on
the volumetric flow rate in the feed and the CO2 concentration). A large half-time with a slow
supply rate does not mean the sorbent cannot capture CO2 fast as there is strong supply
limitation. This effect of the supply condition on the adsorption half time has not been
considered previously. For air capture, the supply condition is a very important factor to
consider, in view of the low CO2 concentration level. In order to compare reported adsorption
half time among various sorbents/studies in a fair way, here we will use a parameter, called the
stoichiometric time. This parameter considers both the differences in the sorbents’ CO2 capacity
and in the CO2 supply rate during the adsorption step. This parameter is defined by the following
expression:

tsto 

ms  qmax
v  CO 2

Eq.5.1

Here, ms (kg) represents the mass of the sorbent, qmax (g/kg_ms) represents the maximum CO2
amount adsorbed by the sorbent, ϕv (m3/min) represents the volumetric flow of gas introduced
to the reactor and ρCO2 (g/m3) represents the concentration of CO2 in the gas entering the reactor.
tsto represents the minimum time required to reach the maximum CO2 capacity in the sorbent.
The stoichiometric time tsto manifests quantitatively the rate of CO2 supply and unifies the
difference in working capacity of CO2 derived from different sorbents. Through this concept, a
fair comparison of the adsorption rates between different sorbents and processes can be made,
when they are compared at the same tsto. A sorbent with a smaller half-time at the same tsto, is
then indeed adsorbing faster. More importantly, this stoichiometric concept may be very useful
for process design and scaling up. That is, the results obtained from the small-scale process can
be used to mimic the situation in large-scale processes at the same tsto.
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Indeed, application of the stoichiometric concept resulted in an overlap of the breakthrough
curves for the CO2 adsorption experiments (at 25 °C, 400 ppm CO2) with 1 and 2 g of sorbent
in a small-scale fixed bed, when the stoichiometric times were selected to be identical; by
adjusting the feed gas rate to the change in the sorbent mass. The similarity of the results is also
reflected in the process efficiencies; more specifically, the sorbent saturation efficiency and the
gas capture efficiency. The results of the fixed bed experiments and the definitions of the
process efficiencies have been presented previously.11
In this chapter, the results are presented for using a newly designed and built, large-scale (2 kg
sorbent) RFR, based on the earlier results for the small-scale (1-3 g of sorbent) fixed bed (FB)
experiments. The results of the RFR are compared to the original FB data that is used for the
design.
Moreover, the RFR is characterized with respect to flow uniformity, pressure drop, temperature
profile and dynamic adsorption and desorption behavior. For adsorption, the RFR is evaluated
for its use in both the fixed-bed mode of operation as well as for the moving-bed option, where
the sorbents flow through the RFR. For desorption, the option of using ambient air as purge gas
to produce CO2 enriched air is preliminarily studied.

2. Experimental
2.1 Material
Lewatit VP OC 1065 was used in this chapter and its details can be found in Section 2.1 of
Chapter 3.
Lewatit VP OC 1065 is selected for large-scale DAC application for its good working capacity
and commercial availability in large quantities. The capacity measured in dry air at 25 °C is 1.1
mol/kg.12 This capacity correlates to an amine efficiency of 16%, which is comparable to the
other amine functionalized sorbents measured by other researchers13,

14

at comparable

conditions. The adsorption rate for Lewatit VP OC 1065 in comparison to other amine
functionalized sorbents will be discussed in Section 3.2.1.

2.2 Radial flow reactor testing
The RFR was designed based on the results obtained using a small-scale fixed bed (FB). The
FB set-up was introduced previously.11 By using the FB, it was found that for the adsorption at
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ambient conditions, the optimal adsorption time was 0.5 – 1.5 times the stoichiometric time and
the absolute value of the optimal stoichiometric time for the studied sorbent was 15 – 45 min
as reported in Chapter 4 and in literature.11 Here, the radial flow reactor is designed assuming
a comparable stoichiometric time used in the FB for a future comparison and evaluation. The
RFR design is based on the adsorption time taken equal to the stoichiometric time selected. The
saturation efficiency, CO2 capacity and gas residence time obtained from FB are all used for
the RFR design. The residence time of the gas is set to be 0.1 s in this study. Considering the
fast kinetics, a short gas residence time is related to a fast CO2 supply to utilize the sorbent’s
capabilities of CO2 capture and to minimize the contactor volume. To the best of our knowledge,
a gas residence time of 0.1 s is the shortest one reported in studies so far.6, 15 More details on
the procedures for the RFR design has been presented previously.11
The inside look of the built RFR can be found in the Appendix. As shown in Figure S5.1, the
internal and external diameters of the sorbent-packing bed are 154 and 184 mm. The sorbent
can be filled from the tubes with a diameter of 20 mm located at the top and emptied from the
ball valve at the bottom. The external diameter and height of the reactor are 300 and 585 mm.
The sorbent is located axially between two wire mesh ordered from Wire Weaving Dinxperlo.
The height of the sorbent-packing bed is 0.4 m. The porosity of the wire mesh is 0.48, which is
calculated using Matlab based on the photo taken by a high-speed camera from eScope DPM01.
Figure 5.2 shows a photo of the large-scale RFR and the schematic diagram. The experiment
started from desorption by heating the sorbent bed in a flow of pure nitrogen. Desorption
stopped when the CO2 outlet concentration was below 10 ppm. Apart from desorption using
nitrogen purge, desorption using air purge was studied as well. Experimental results presented
in Section 3.1 and 3.2 were carried out using nitrogen purge desorption, while those presented
in Section 3.3 were obtained using air purge during desorption. In the subsequent adsorption
step, ambient air from surrounding was supplied to the system by a fan (Itho Daalderop ER
120). The speed of the fan was controlled by ABB ACS 150 drive. The volumetric flow of the
air supply was measured by flowmeter from Elster Instromet. Two CO2 analyzers (LI-COR
LI840A) were used to monitor the CO2 concentration at the inlet and the outlet (detection range:
0–2 mole %). Both analyzers were calibrated just in advance to first experimental measurements
at exactly same conditions. Four thermocouples were connected to the set-up that measured the
temperature of the air supply and the temperature at the top (36 cm), middle (21 cm), and bottom
(4 cm) of the bed. To measure the pressure difference between the annular channel and center
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pipe, a differential pressure transmitter DMD 341 from BD SENSORS was utilized; and it was
connected with two metal tubes that the heights were adjustable. A detailed look at the pressure
difference measurement can be found in the Appendix. During the experiment, the values of
the CO2 concentration at the inlet and outlet, the values of the temperatures and the pressure
difference were recorded every second. The working conditions for the experimental work are
listed in Table 5.1. Note that CO2 desorption using air purge is not included in this Table. This
will be discussed in more detail in Section 3.3.
Table 5.1. Working conditions for experimental work in RFR.
Adsorption
Sorbent mass (kg)

1.7 – 1.8

Flow rate (m3/h)

41 - 313

CO2 concentration (ppm)

429 - 464

Relative humidity (%)

40 - 65

Temperature (°C)

19 - 22

Desorption
Nitrogen flow rate (l/min)

50

Temperature (°C)

120

Duration (h)

16

Air out
S

T

N2 in

S

Air in
N2 out
Electric heating for
desorption
S: CO2 concentration sampling
T: temperature sensor
dp: differential pressure sensor

T

T
dp
T

Figure 5.2. Photo (left) and schematic diagram (right) of the radial flow reactor.
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3. Results and discussion
3.1 Flow distribution and pressure drop
Flow distribution is an important parameter to characterize for the radial flow reactor.8 A good
flow distribution means the flow is equally divided over the sorbent bed height, as illustrated in
Figure 5.3 (a). In this way, the gas efficiency losses due to bypassing is minimized. The fluid
flow through the wire meshes can be described by a general form of Bernoulli equation. That
is, if the friction is negligible, the pressure increases as the velocity decreases and decreases as
the velocity increases; while the friction always causes the pressure to decrease. The pressure
loss caused by the friction is estimated to be less than 5 Pa according to the Darcy-Weisbach
equation,16 and so the friction is negligible. The flow distribution in an RFR is dependent on
(c)
(a)
(b)
the pressure difference profiles between the annual channel and the center pipe. Here, pressure
differences were measured under three air flow rates. Figure 5.3 (b) shows that the pressure
differences between the annular channel and the central pipe, along with the bed height, are
nearly identical. This result supports the existence of a uniform flow distribution.
206 m3/h

600

233 m3/h

273 m3/h

Pressure difference (Pa)

H

Center pipe

550

Annular channel

n mm
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500

450

400

350
0.0

0.1

0.2

0.3

0.4

Sorbent bed height (m)

L

(a)

(b)

Figure 5.3. (a). A uniform flow distribution over the sorbent bed height in an RFR, (b) pressure
differences along the bed height at different flow rates.

102

Chapter 5: CO2 capture from ambient air in a kg-sorbent-scale radial flow reactor

Superficial velocity (m/s)
0.4

0.3

0.2

0.1

0.0
700

Pressure drop dP (Pa)

600
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100
0
0
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100

200

150

250

300

350

Air flow (m3/h)
Figure 5.4. Pressure drop over the RFR unit with fully sorbent loaded bed and empty bed at
varying flow rates.
The pressure drop in the RFR includes the pressure losses due to the sorbent bed and the wire
mesh. To evaluate the pressure drop in the RFR, pressure differences were measured between
the annular gas channel and the center pipe, for both situations that the mesh was fully loaded
with sorbent and without sorbent at varying flow rates. The results of these measurements are
shown in Figure 5.4. The pressure drop for fully loaded bed is between 0.7 to 7 mbar when the
air flow is in the range of 41 – 313 m3/h. However, the maximum pressure drop of the empty
RFR is measured to be 10 Pa. This is much smaller than the pressure drop of sorbent loaded
bed. The results show evidence that the pressure drop is dominantly caused by the sorbent bed,
whereas the effect of wire mesh alone is negligible. The practical pressure drop achieved in the
RFR is indeed relatively low when it compares with other DAC-systems, which will be further
presented in Section 3.2.3.
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3.2 Adsorption in RFR
3.2.1 Adsorption in Fixed-bed RFR
In this section, the experimental work was carried out in an RFR using a fixed-bed mode
operation. The experimental work is aimed to (1) evaluate the CO2 adsorption performance of
the large-scale RFR by comparing with the results obtained from the small-scale FB; (2)
investigate the CO2 concentration and temperature profiles in a typical CO2 adsorption test in
RFR; (3) compare the rates of CO2 and water adsorption and (4) compare the adsorption rate of
the studied sorbent to those of other amine functionalized sorbents.
To assess the success of the scaling-up strategy, the CO2 adsorption performance of the kg of
sorbent scale RFR is compared with the earlier results obtained from the gram of sorbent scale
FB. The set-up description and the experimental conditions for the FB experiments were
presented in Chapter 4. Both reactors were operated at the same stoichiometric time (tsto) of 43
min. The experimental conditions are listed in Table 5.2 Note that, although the two reactors
were operated at the same targeted tsto, there is more than 1000 times difference in parameters
such as air flow, sorbent hold up and 500 times difference in the geometric aspect ratio of the
bed thickness over the contacting area ratio (l/A). Furthermore, note that the FB experiments
were carried out with dry, ‘synthetic’ air, whereas the RFR was operated inside the High
Pressure Laboratory of the University of Twente using the real lab air with 60% relative
humidity (RH).
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Table 5.2. Comparison of the experimental conditions in the fixed bed and in the radial flow
reactor.
Fixed bed reactor

Radial flow reactor

Gas flow (m3/h)

0.072

188

Contacting area (m2)

2.01E-04

2.31E-01

Bed thickness / contacting area (m/m2)

49.7

0.1

Temperature (°C)

25

20

Mass of the sorbent (g)

1

1720

CO2 concentration at the inflow (ppm)

400

452

Targeted tsto (min)

43

43

Relative humidity (RH) (%)

0

60

Superficial velocity (m/s)

0.1

0.23

Maximum working capacity (mol/kg)

0.9

1.5

Figure 5.5 shows the comparison of the two reactors regarding their adsorption performance,
with respect to the gas capture efficiency (ηg) and the sorbent saturation efficiency (ηs). The
variation of the ηs curve and the ηg curve with time are opposite. The intersection points of both
curves are found at the stoichiometric time. The definitions of ηg, ηs, and the finding that ηg
equals ηs at the stoichiometric time were presented previously.11
It can be noticed from Figure 5.5 that the point where the ηs and ηg curves cross at a marginal
larger value for the RFR due to the variations in temperature, CO2 concentration, and humidity.
The ηs and ηg at t = tsto are 61% for the RFR and 56% for the FB contactor. This limited
difference between the FB and the RFR results indicates a successful scale-up, especially
considering all the differences listed in Table 5.2 and, most importantly, the completely
different geometric design of two contactors.
Overall, the design strategy presented in the introduction is validated. Specifically, the
proportional increase of the sorbent amount and the air flow does not alter the process efficiency
when RFR and FB are operated under comparable conditions. Since the process efficiency is
independent of the variation of the flow (0.1 m/s for the FB and 0.23 m/s for the RFR), the
external mass transfer does not seem to govern the rate of the adsorption process. Furthermore,
the stoichiometric time is found to be a good scale-up criterion for the DAC application,
suggesting a predictable ηs curve variation with time. This curve can be used to calculate the
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working capacity (when the qmax is known from the adsorption isotherm) in relation to the
choice of the adsorption time and with this the sorbent amount can be estimated.

Sorbent saturation eff. or gas capture eff.

1.0

RFR_s

RFR_g

FB_s

FB_g

0.8

0.6

0.4

0.2

intersections: t = tsto
0.0
0

5000

Time (s)
Figure 5.5. Comparison of the adsorption performance between RFR and FB using sorbent
saturation efficiency (ηs) and gas capture efficiency (ηg) under the conditions listed in Table
5.2.
Figure 5.6 (a) shows the breakthrough curve and the CO2 concentration at the inlet for a typical
adsorption experiment in RFR. This experiment was operated with the air flow rate of 206 m3/h,
in which the CO2 concentration varies from 430 to 440 ppm and the RH content is 40%. In the
breakthrough curve, CO2 concentration is observed to increase immediately after adsorption
start-up. The entire breakthrough curve shows a fast adsorption rate in the initial phase and
slows down in the subsequent phase. The CO2 concentration at the outlet reaches 97% of the
inflow concentration in the first 2 h corresponding to a capacity of 1.26 mol/kg, but it takes
another hour to achieve the maximum capacity (1.33 mol/kg). The studied sorbent was also
tested in the small scale fixed bed reactor under the comparable conditions (20 °C, RH 40%,
426 ppm), which demonstrated a similar maximum capacity (1.30 mol/kg).
Apart from the CO2 concentration profile, the experiment was operated at the temperature
ranging from 19 °C to 21 °C, as illustrated in Figure 5.6 (b). Some fluctuations in the
temperature of the inflow are observed, which are presumably caused by the varying number
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of people working in the lab, affecting ventilation rate, inlet temperature, and inlet CO2
concentration. As a consequence, the temperatures of the sorbent bed change accordingly and
those lead to a corresponding change of the CO2 concentration at the outlet, as shown in Figure
5.6 (a). Since the adsorption is an exothermic process, temperature increases lead to less
adsorption and thus concentration at the exit increases; whereas temperature decreases lead to
the opposite behavior.
In Figure 5.6 (b), it is also observed that the three temperatures along the bed are 3-7 °C higher
than the inflow temperature in the initial 200s. This phenomenon is presumably caused by fast
water adsorption in the initial phase, as illustrated in Figure 5.7. It is observed that the water
adsorption is much faster than the CO2 adsorption due to its higher concentration in the feed.
The H2O capacity reaches 50 % (1.5 mol/kg) of the maximum working capacity (3.0 mol/kg)
in the initial 200 s, corresponding to a heat released of 110 kJ (calculated by assuming ΔHH2O
= 43 kJ mol-1 12). Considering the heat capacity of the sorbent is just 1.5 kJ kg-1 K-1, this heat
release due to water adsorption is large enough to heat up the sorbent for 7 °C and so that it can
well explain the initial temperature rise. Subsequently, the temperatures along the bed stabilize
due to a slower water adsorption (capacity increases from 1.5 to 2.3 mol/kg between 200 s to
400 s). In a comparison to the initial temperature rises at the top, middle and bottom bed, the
top bed shows a lower temperature rise because it is cooled by contact with the large inflow of
the RFR. The temperature excursion in the first 200 s does not seem to have a significant effect
on the CO2 adsorption, based on Figure 5.6 (a).
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Figure 5.6 (a) CO2 concentration at the inflow and the outflow and (b) temperature profiles
during the entire adsorption phase and the initial 200 s (inset).
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Figure 5.7. Variation of sorbent saturation efficiency in CO2 and H2O with time, corresponding
to the experiment presented in Figure 5.6.
The flow rate is an important parameter that determines the adsorption efficiency and
economics. We have studied the use of four different flow rates in the RFR. Among other
parameters, the maximum sorbent capacity has been determined for each of these runs. As
expected, the results show no effect on the maximum CO2 capacity, implying that the
measurements technique is valid and the data also provide an indication on the measurement
accuracy and reproducibility. Besides that, we observe the patterns between the CO2 capacity
and the inflow CO2 concentration are very similar. This observation indicates the variation of
the CO2 capacity is a result of the variation of the CO2 inlet concentration, in line with the
isotherm. The effect of the flow rate on the CO2 capacity is presented in the Appendix.
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Figure 5.8. The relation between the CO2 adsorption half-time (t50) and the 50% stoichiometric
time (tsto) for Lewatit VP OC 1065, compared with those of other air capture sorbents. The
relation between the t50 and the 50%*tsto for water adsorption on the studied sorbent is shown
as well.
Apart from its effect on CO2 capacity, the effect of the flow rate on the adsorption rate was
checked, since the adsorption rate is an important parameter to compare and select among
various sorbents. Furthermore, as mentioned in the introduction section, the effect of supply
rate on the adsorption rate is commonly overlooked.
Here, we evaluate the adsorption rate at comparable supply rate conditions via the
stoichiometric time (tsto) concept, which compensates for the differences in the CO2 supply rate
and the CO2 capacity. In line with most literature studies,9, 10 adsorption half-time (t50) is used
to represent the adsorption rate. Adsorption half-time is the time required to reach 50% of the
maximum CO2 adsorption capacity (qmax). The corresponding minimum time to reach that 50%
of qmax is 50% of the stoichiometric time for complete sorbent saturation (tsto). Figure 5.8 shows
the t50 of Lewatit sorbent in this study in comparison to other solid functionalized sorbents
tested at air capture conditions from literature.1, 9, 10, 15 The operating flows of 188, 206, 273 and
313 m3/h studied for Lewatit correspond to the half tsto of 22, 18, 16, and 12 min, respectively.
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Those half tsto values at the studied conditions are larger than the minimum internal mass
transfer time (for 50% saturation) of 10 – 12 min, as calculated by the method presented in
Chapter 4.
The half tsto values (20 - 22 min) of various PEI/silica are similar to the one for the studied
Lewatit sorbent which was tested at φv = 188 m3/h. However, their t50 values are much longer
than the sorbent used in this study. The reported minimum t50 of PEI/silica is 196 min and it is
around 5 times longer than the t50 for Lewatit (33 min). Note that the PEI/silica data were
measured using a thermogravimetric analyzer (TGA), while other referred adsorbents were
tested in fixed beds.
Unlike the comparison to PEI-silica, the comparison of the studied sorbent to AEAPDMS-NFC,
HAS6, and FS-PEI-50 is not straightforward due to large differences in half tsto. Because the
qmax for those sorbents do not differ largely (1.3 – 1.7 mol/kg), the difference in the half tsto is
because of the large difference in their CO2 supply rate. Figure 5.8 shows a dashed line which
represents t50 = 50% tsto. For results that lay on the parity line, their adsorption rates equal to
the supply rates, implying marginal mass transfer and reaction kinetics limitations (in other
words: supply rate limitation). This is the case for HAS6 and FS-PEI-50, which are tested at
very slow supply rates. Those supply rates are considered less attractive for practical application
because they lead to much longer adsorption time as well as fewer cycle numbers. The
adsorption half-time of HAS6 was constrained by mass transfer through the pores due to its
morphology characters according to Choi et al..9 In comparison, the Lewatit has larger pores
(38 nm vs. 4.9 nm) and larger pore volume (0.2 ml/g vs. 0.11 ml/g) than those for HAS6. From
this comparison, we can predict that the adsorption rate for Lewatit will be faster than that for
HAS6 in the applied tsto range for Lewatit, as shown in Figure 5.8.
For a relative fast supply rate, like both AEAPDMS-NFC and Lewatit, the t50 lays above the
dashed line indicating some extents of rate limitation in the mass transfer or reaction or both.
These limitations increase when the supply rate increases. While the AEAPDMS-NFC has
already shown more rate limitations at a slower supply rate than that for Lewatit. Then we
predict t50 for AEAPDMS-NFC would be larger than that for Lewatit if its supply rate increases
and lays into the comparable half tsto with Lewatit.
Note that the t50 values for water adsorption using the studied sorbent and its relation to half tsto
is shown in Figure 5.8. The tsto for water at the studied conditions are larger than the tmin - the
minimum internal mass transfer times (tsto = 2 – 4 min; tmin = 1 – 2 min). Those two results for
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water are in line with the results of CO2 adsorption using the studied sorbent. This indicates that
the fast water adsorption shown in Figure 5.7 is due to its short tsto. Overall, it can be
summarized that the studied Lewatit shows a good performance with respect to the adsorption
rate for capturing CO2 from the air.

3.2.2 Fixed-bed RFR compared with moving-bed RFR
A continuous process with sorbent circulation is advantageous for increasing process
productivity and energy consumption as the process equipment does not need to be heated up
or cooled down every cycle. The objective of this section is to check the feasibility of using a
moving-bed RFR with a continuous sorbent flow and compare its performance (in terms of gassolid contacting efficiency) with that using a fixed-bed RFR.
To realize a moving bed inside the RFR described above, some minor modifications to the setup were made. A sorbent container and a rotary valve were added at the top and at the bottom
of the adsorber, respectively. The sorbent container (max. capacity of 2.5 kg of sorbent) was
used to feed the RFR with a sufficient and continuous sorbent feed flow. The calibrated rotary
valve at the bottom outlet of the reactor was operated at various solid rates (g/s) to realize
different sorbent residence times. Through operating the rotary valve at various rates (in g/s),
different sorbent residence times can be realized. A photo of the moving bed RFR can be found
in the Appendix. The experimental conditions for the moving-bed RFR are listed in Table 5.3.
The air flow tested for the moving-bed RFR is the same as the one used for the fixed-bed RFR,
as listed in Table 5.2.
Table 5.3. Experimental conditions for the moving-bed RFR results shown in Figure 5.9.
Air flow rate (m3/h)

188

CO2 concentration at the inflow (ppm)

436

Sorbent in container (kg)

2.4

Rate of rotary valve (g/s)

0.6
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Figure 5.9. Variation of CO2 outlet concentration (xCO2) and bed temperature (T) with time in
the fixed-bed and the moving- bed, both were operated at the same stoichiometric time (43 min).
During the experiment, initially the RFR was filled with 1.7 kg of lean sorbent and additional
2.4 kg of lean sorbent was preloaded into the top buffer tank. Figure 5.9 shows the variation of
outlet CO2 concentration with time for both operating modes. The curve for the moving-bed
RFR can be separated into three parts. First, there is a ‘startup’ period in the first ca. 2000 s,
where the concentration in the outlet gas flow gradually increases. From around 2000 s to
around 4000 s, a steady state situation with respect to CO2 adsorption was achieved, with a
developed sorbent loading gradient inside the RFR. After 4000 s, there was no available lean
sorbent anymore in the top buffer tank and since the bottom rotary valve kept removing sorbents
from the system, the RFR was gradually emptied. At approximately 4500 s, the empty space at
the top of the wire mesh in RFR is big enough to let all the inflow air pass through and therefore
the outflow CO2 concentration reaches the concentration at the inlet.
Such a moving-bed RFR shows both pros and cons when compared with fixed bed operation.
On one hand, the moving bed improves heat transfer, which can be clearly interpreted from the
temperature profile of the bed, as illustrated in Figure 5.9. It should be noted that the
temperature profile shown here refers to the temperature at the middle bed. It is observed that
the bed temperature of the moving bed is much smoother without any fluctuations. There was
a slight jump down of the temperature when the top bed was empty at 3600 s. There are initial
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temperature rises (at t < 200 s) for both operating modes, which are deduced to be water
adsorption as explained in the last section. The initial temperature rise for the moving bed is 3
°C higher than that for the fixed bed, which suggests that the RH was higher in the feed for the
moving bed.
However, the CO2 adsorption efficiency in a moving bed was found to be less promising. Using
the averaged CO2 concentration (285 ppm) in the period of steady-state ranging from 2000 s to
4000 s, the capacity was calculated by integrating the difference between the concentration at
the inlet and the outlet in a moving bed (taken constant at 285 ppm) and a fixed bed
(instantaneous shown in Figure 5.9) over the time of adsorption of 43 min (adsorption time used
for fixed-bed RFR as presented in Section 3.2.1). The results show 46% reduction in working
capacity (from 0.91 to 0.49 mol/kg) as well as a reduction in gas efficiency from 62% to 35%
from fixed-bed RFR to moving-bed RFR. The reduction of the working capacity increases the
thermal energy for desorption and the sorbent cost. The reduction of the gas efficiency also
increases the contacting energy per amount of CO2 captured. The variation of the ηs and the ηg
with time for both operating modes can be found in the Appendix.
Apart from the reduced working capacity, it was also observed that the moving bed had flow
problems when the feed gas flow was further increased beyond 200 m3/h. In those situations,
the moving sorbent got stuck at a high radial gas flows perpendicular to the direction of the
sorbent flow. Considering these issues, it seems that fixed bed operation is a more reliable
option. Therefore, a fixed-bed RFR is chosen as the preferred contacting method for further
study.

3.2.3 Comparison to other DAC systems
Table 5.4 shows the comparison of the adsorption characteristics among various DAC systems.
The results listed for this work are calculated using the data shown in Figure A5.13. Other
results listed in the table are results reported in literature, all using amine functionalized
sorbents. It is observed that the pressure drop and the electricity consumption for RFR are much
lower than those for CFB, making the RFR a better choice for the adsorption step for capturing
CO2 from air. Although monolithic contactors require the lowest pressure drop in this
comparison using grafted amine sorbent, it requires a longer adsorption time. A longer
adsorption time decreases the number of cycles per day and with this, in the end, lead to more
costs per unit of CO2 produced. Furthermore, the sorbent is often coated on the monolith walls,
which implies that also the monolithic contactor itself requires time (and energy) for heating in
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the desorption phase. In contrast, the sorbent can be easily removed or added to the RFR. In
Table 5.4, we don’t include the thermal energy for desorption because desorption needs further
optimization. A preliminary study for an in-situ desorption will be discussed in next section.
Overall, the studied ‘RFR air capture’ system seems a promising option for adsorbing CO2 from
ambient air for its relatively short adsorption time and low contacting energy.
Table 5.4. Comparison of CO2 adsorption from air using the studied sorbent with those in other
DAC systems using amine functionalized sorbents presented in the literature.
Zhang et al. 6

Reference

Kulkarni

and

Sinha et al. 18

This work

MIL-101(Cr)-PEI-800 /

Lewatit

Sholl 17
PEI-Silica

Sorbent

TRI-PE-MCM-41

mmen-Mg2(dobpdc)

Sorbent type

Impregnated

Grafted

MOF

Polymer

Capture system

Circulating fluidized

Monolithic

Monolithic contactor

RFR

bed (CFB)

contactor

ΔP in adsorption (Pa)

1592

100

n.m.

348 - 6811

Selected tads (min)

15

111

19 / 60

24 - 43

Contacting

3.42

0.3

2.3 / 2.1

0.7 – 1.533

energy

(GJ/t)
1

Pressure drop was measured using the applied flow rates for the results shown in Figure 5.8.
Including 0.4 GJ/t of energy for CO2 compression
3 Estimated using the η when t = t
g
ad
sto
2

3.3 Desorption in RFR using air as sweep gas
Most of the studies on CO2 desorption focus on the methods to obtain pure CO2. Thus, either
pure CO2 or steam is applied to desorb the CO2 from the sorbent.19-22 However, pure CO2
desorption requires higher temperatures (>120 °C) , which is expected to enhance sorbent
degradation.23 Steam stripping requires steam to be available and is energy intensive. When the
high purity of CO2 is not required for the product, e.g. for microalgae cultivation or horticulture,
the use of ambient air as purge gas is possibly an interesting alternative, since air as purge gas
is cheap and abundantly available.
To test and investigate this concept experimentally, CO2 desorption was conducted using an air
flow of 4.5 m3/h at 60 - 65 °C. This desorption temperature is not expected to cause excessive
oxidative degradation.24 The desorption duration was set for 80 min, followed immediately by
the next adsorption step, without any cooling phase in between. Because it was found that the
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temperature of the sorbent bed dropped to the adsorption temperature within one minute under
the large air flow applied for adsorption.
For comparison, a (deep) desorption experiment was carried out by purging 50 L/min of
nitrogen at 120 °C for 16 h. Desorption stopped when the CO2 concentration at the outlet was
below 10 ppm and the sorbent is then regarded as lean. The CO2 capacity of the sorbent in the
adsorption step after nitrogen stripping is assumed to be maximum and will be regarded as a
benchmark to evaluate CO2 desorption using air purge.

7000

80
Desorption

Adsorption

70

Inlet real-time
Outlet real-time
Outlet time-averaged
Bed temperature

5000

4000

60
50
40

3000
30
2000

Temperature (°C)

Concentration of CO2 (ppm)

6000

20

1000

10

0

0
0

2000

4000

6000

Time (s)
Figure 5.10. Inlet real-time, outlet real-time, outlet time-averaged concentration of CO2, and
temperature of the middle bed during desorption followed by an adsorption step using a fixedbed RFR.
Figure 5.10 shows the real-time inlet and outlet concentration of CO2 and time-averaged or
“mixing cup” concentration of CO2. This parameter is useful whenever a constant CO2
concentration is aimed for further application, which can be realized by collecting all the
product gas over a certain period. The time-averaged concentration of CO2 in the product gas
is calculated as:
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t

CCO 2,ave

 C  dt

  dt
0

CO 2, out

v

Eq. 5.2

t

0

v

It is observed that the maximum real-time outlet concentration and the maximum time-averaged
concentration are 5668 ppm and 0.39 vol%, respectively. In the subsequent adsorption step, it
is found that the adsorption capacity for CO2 has been recovered for 95 % (0.75 vs. 0.79 mol/kg
when tad = 45 min), when compared with the sorbent capacity at the same adsorption condition
but after complete desorption using nitrogen stripping for 16 h. In the temperature profile
illustrated in Figure 5.10, it takes 2000s to reach 60 °C in the middle of the bed while there is a
turning point of the increment of the bed temperature at 400s that leads to the first peak of the
real-time outlet concentration of CO2. After the temperature reached 60 °C, the process
continues for another 45 min. By using this desorption method, CO2 concentration in the air has
been enriched by 10 times, comparing to its original ambient value. Such a CO2 enriched air
flow is valuable for microalgae cultivation or promoting plant growth and development in
greenhouses.25
The preliminary results obtained suggest that desorption using air purge can be promising for
producing CO2 enriched air. Further process improvement and intensification can be achieved
by separating adsorption and desorption into different reactors and implementing sorbent
circulation between the adsorber and the desorber. Besides that, more work is needed on
desorption kinetics, heat transfer and on sorbent long-term stability under those conditions.

4. Conclusions
In this study, the performance of capturing CO2 from the ambient air is evaluated in a 2 kgsorbent-scale radial flow reactor using an amine functionalized sorbent. This reactor is
primarily selected for its low pressure drop, and is designed based on the results obtained from
a 1-3 g-sorbent-scale fixed bed reactor.
The results from this work show that the radial flow reactor can be designed and operated with
confidence based on fixed bed adsorption data. The low pressure drop, uniform flow
distribution, very short gas residence time (<0.1 s), and the option to operate it as fixed bed as
well as moving bed, make it a versatile contactor for further process development. The RFR in
combination with the sorbent selected possesses a low contacting energy of 0.7 – 1.5 GJ/ton at
a relatively short adsorption time in comparison to other air capture systems. Besides that, the
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studied sorbent is found to have a fair CO2 capacity and fast adsorption rate, making both the
sorbent and the RFR contactor good candidates for air capture application.
Additionally, CO2 desorption at low temperature using air as sweep gas is tested and appears to
be a feasible option to produce CO2 enriched air, for e.g. microalgae cultivation. The next step
research will focus on an actual ‘proof of concept’, by implementing the air purge desorption
option in a continuous operation with sorbent circulation, and to demonstrate the use of the
produced gas in combination with an algae cultivation system.
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Appendix

Figure A5.11. Dimensions of the radial flow reactor
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Chapter 6
Evaluation of CO2 desorption using air as sweep gas to
produce CO2 enriched air for microalgae cultivation

Abstract
In this chapter, the desorption step of a regenerative process of CO2 air capture with sorbent
circulation is evaluated. The targeted application is to concentrate CO2 for microalgae
cultivation to ca. 1% CO2 in air, as a more sustainable alternative to the use of flue gas or flue
gas-derived CO2.
Experimental work is performed in a kg-scale set-up, consisting of a radial flow adsorber, a
desorber operating as (moving-) fluidized bed and sorbent circulation between these units.
Countercurrent gas-solid (G-S) contacting is applied during desorption, achieving a relatively
constant CO2 concentration in outflow. The effect of operating conditions such as the gas flow
rate and the temperature is investigated. Applying the obtained 1% CO2 in air product stream
for microalgae cultivation, the algae growth rate is enhanced significantly compared with the
cultivation using ambient air. Experimental work showed a strong effect of sweep gas flow rate
and desorption time on desorption efficiency and energy consumption. Guidelines for further
optimization of these parameters are provided.

This chapter will be submitted as an article to a peer-reviewed journal:
Yu, Q.; Harmsen, O.; Kersten, S.R.A.; Brilman, D.W.F., Evaluation of CO2 desorption in DAC
using air as sweep gas to produce CO2 enriched air for microalgae cultivation.
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1. Introduction
Fossil fuel combustion increases the CO2 concentration in the atmosphere, which leads to
climate change.1 Worldwide, efforts are made to develop renewable and CO2-neutral fuels as
alternatives to fossil fuels. One popular type of renewable fuels is biofuel, which is produced
from biomass and can be used as transportation fuels to reduce the dependence of petroleum
and coal.2
One of the fastest growing biomass types is microalgae. Microalgae have several eminent
advantages such as a high growth rate per unit area, much higher than terrestrial plants, and the
conversion and storage of solar energy into valuable or energy-rich compounds such as lipids
and sugars.3
It is known that dosing CO2 is required to enhance algae growth rate.4,

5

Locating algae

cultivation nearby a large CO2 emitter, such as stacks from industry or power plants, is a
common suggested option. However, the high temperature of the flue gas and the presence of
elevated concentrations of NOx, SOx, and dust in the flue gas may inhibit algae growth. In
several studies, it was shown that the growth of most microalgae strains is inhibited by NOx
and SOx. Zhao et al. 6 reported that the growth rate of Chlorella sp. decreased at 100 ppm SO2,
and its growth was completely inhibited when the SO2 concentration was increased to 250 ppm.
Lee et al. 7 reported that the Chlorella sp. KR-1 grew 47% slower at 100 ppm SO2 than without
SO2. Radmann et al. 8 reported that the growth of Synechococcus nidulans was entirely inhibited
in the presence of 100 ppm NO and 60 ppm SO2. Furthermore, Jiang et al. 9 presented that the
growth rate of Scenedesmus dimorphus was inhibited at 150 ppm SO2. Lastly, Lam et al.

10

reviewed and presented that the commonly studied algae strains including Chlorella sp.,
Dunaliella tertiolecta, and Scenesdesmus obliquus, were not affected by NOx and SO2 when
their concentrations were lower than 100 ppm and 50 ppm, respectively. But the NOx and SO2
content in a flue gas stream emitted from a coal-fired power plant is 420 ppm and 420 ppm,
respectively.11
Besides contaminants, the temperature of flue gas might be another issue to inhibit algae growth.
The temperature of the flue gas emitted from coal-fired plants is around 50 °C and can be as
high as 95 °C in natural gas-fired plants.12 In certain industries, the temperature could be even
as high as 250 °C.13 Since algae growth is optimal in a relatively small temperature window,
normally below 40 °C, flue gas temperatures are generally too high for algae cultivation and
additional cooling will be needed. For example, Chui et al.14 reported that the growth rate of
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both Chlorella sp. WT and Chlorella sp. MTF-7 started to decrease when the temperature was
higher than 25 °C. Most green algae species, like Chlorella vulgaris and Scenedesmus obliquus,
are commonly cultivated in their culture medium at temperatures of 20 – 30 °C.15-18 Chlorella
sorokiniana was cultivated at a temperature of 36 °C on average.19 Increasing the temperature
for Scenedesmus obliquus to slightly elevated temperatures (40 °C) led to an already significant
decrease in the growth of this algae.20
The aforementioned inhibitory effects on algae cultivation by flue gas can be avoided by using
CO2-enriched air. Moreover, direct use of flue gas for cultivation requires the large algae farms
to be next to the industrial power stations, which are normally located near populated or
industrialized areas, making the scenario less probably. The use of ambient air-derived CO2
enhances the flexibility for locating the algae cultivation sites. This way also enforces a closed
carbon cycle by applying the captured CO2 from the atmosphere as the carbon-source for
microalgae cultivation.
CO2 capture from ambient air, often referred to as direct air capture (DAC), attracts increasing
attention nowadays. It can be regarded as one of the few options to mitigate emissions from
distributed sources, which account for one-third to one-half of the total anthropogenic CO2
emissions.21
We have selected an amine functionalized sorbent in Chapter 2, and in Chapter 3 – 5. It is
demonstrated that this sorbent possesses a relatively high working capacity, high tolerance to
water, fast adsorption rate and moderate stability. The selected sorbent is applied in a thermal
swing process. The sorbent adsorbs CO2 at the low temperature in a process called the
adsorption. The loaded sorbent is heated, then CO2 is desorbed in a process called the desorption.
In the previous chapters, we presented a design of- and we tested a kg-scale radial flow reactor
(RFR) for CO2 adsorption from ambient air. It was found to be feasible to obtain a ten-fold
enriched CO2 outflow after desorption at moderately low desorption temperatures. But the
process productivity decreases to half by operating both the adsorption step and the desorption
step in the same reactor. Meantime, the time required increases for heating and cooling the
reactor (with contents) when switching from adsorption phase to desorption of vice versa. In
this study, the desorption step is now carried out in a separate reactor, which offers more
flexibility in desorption conditions.
The outline of this chapter is to: (1) test the new-built set-up and to study the effects of process
parameters in a continuous desorption mode with countercurrent G-S contacting; (2) utilize the
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produced CO2-enriched air in microalgae cultivation, in comparison with cultivation using
ambient air; (3) optimize the CO2 desorption step by studying the effect of the sorbent
desorption time and the G/S ratio for different G-S contacting methods. Considering the use of
air as sweep gas during desorption and the sensitivity of sorbent degradation towards the
presence of oxygen, degradation studies of ‘stability testing’ is an important issue to address.
Based on the stability results listed in Chapter 3 (in Figure 3.6), the sorbent degradation is less
than 10% when the sorbent was treated continuously in air at 70 °C after 72 h. Thus, the
desorption temperature in this chapter is controlled below 70 °C to minimize the degradation
effect.

2. Experimental
2.1 Material
Lewatit VP OC 1065 was used in this chapter and its properties can be found in Section 2.1 of
Chapter 3. The bulk density of this sorbent was measured to be 540 kg/m3. The sorbent
properties classified it as sand-like (type B) regarding the particle classification table.

2.2 CO2 desorption test
2.2.1 Set-up
The experimental work was carried out using the set-up shown in Figure 6.1. The set-up
consisted of an adsorber, a desorber, two sorbent containers, and a sorbent circulation section.
The adsorber used is a radial flow reactor, of which the characteristics were presented in
Chapter 5. The desorber consists of a stack of two glass cylinders, 2 meters in height in total,
having an internal diameter of 60 mm. The desorber was equipped with a heating jacket through
which hot water was circulated by a Julabo 26 heating circulator. Five K-type thermocouples
were located inside the desorber at the different heights of 0.05, 0.5, 0.85, 1.35, and 1.7 m from
the bottom. A stainless steel perforated plate was installed at the bottom of the desorber, which
worked as a gas-distributor when operating in a fluidized-bed contacting mode. A BROOKS
SLA5800A mass flow controller with an operating range of 0 – 100 l/min was used to control
the air flow to the desorber. An infrared gas analyzer (LI-COR LI840A) was used to measure
the CO2 concentration in the outflow. The desorber was connected to two sorbent containers,
one above and one below the desorber (labeled as S1 and S2 in Figure 6.1), which were used to
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collect the sorbent after adsorption and the sorbent after desorption, respectively. Two rotary
valves (labeled as RV1 and RV2 in Figure 6.1) were connected between the two sorbent
containers and the desorber to control the rate of the sorbent, to and from the desorber.
The sorbent circulation section consisted of a ball valve to control the sorbent out from the
adsorber, a riser to transport the CO2 loaded sorbent, a vacuum facility to lift the sorbent from
the bottom to the top of the set-up at a height of 6 m, and a cyclone to separate the sorbent from
the transportation gas. The riser was a steel-reinforced PVC hose with an inner diameter of 20
mm, of which the top was connected to the cyclone. The vacuum facility was able to circulate
2 kg-sorbent within 1 - 2 mins. Because the sorbent circulation time was so short and
temperature is not elevated, possible pre-desorption in the riser is neglected.

2.2.2 Continuous CO2 desorption (continuous solid flow of 0.8 g/s) test
The results shown in Section 3.1 and 3.3 are obtained with the set-up described above. In
Section 3.1, a process configuration with an intermittent (batch wise) adsorption and a
continuous desorption was tested. The intermittent mode of adsorption was chosen because a
fixed-bed radial flow reactor (RFR) adsorbs more efficiently than a moving-bed RFR, as
presented in Chapter 5. The adsorption was operated with a sorbent mass of 2.1 kg in a flow of
188 m3/h at 19 – 21 °C. In parallel to adsorption, desorption was operated continuously with a
countercurrent G-S contacting. The countercurrent contacting method is selected to achieve a
maximum driving force for efficient desorption. In these experiments, air entered from the
desorber bottom with a flow rate of 20-50 l/min at set point (S.P.) of the heating circulator at
67 °C. The rates of the sorbent in and out were 0.8 g/s for both, and the sorbent mass inside of
the desorber was varied in the range of 0.5 – 1.7 kg. The adsorption and desorption step were
carried out simultaneously for 45 min (cycle time). Subsequently, the sorbent circulation started
and the sorbent was transported from the adsorber to the sorbent container S1 and the sorbent
from the sorbent container S2 was added to the adsorber by opening the ball valve BV 1, then
the next adsorption-desorption started.

2.2.3 Batch CO2 desorption (no solid flow) test
In Section 3.3, experiments with desorption with a batch-mode solid operation was studied for
two cases (in contrast to a continuous solid flow in- and out of the desorber presented in Section
3.1). For the first case, experiments were carried out under an air flow of 50 l/min at two
temperature settings (67/72 °C) for 80 min with a sorbent amount of 1.8 kg. These two S.P.
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were carefully selected to maintain the temperature in a no/minimal-sorbent-degradation regime
during the desorption process. For the other case, only 0.2 kg sorbent was used for desorption,
while other conditions were the same as those in the first case. In both cases and prior to
desorption, the sorbent had been fully saturated with CO2 from ambient air.
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circulation
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Figure 6.1. Schematic and photograph of the experimental set-up
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2.3 Utilizing CO2-enriched air by algae cultivation: set-up and growth
measurement
Nannochloropsis sp, a marine microalgae strain, which was purchased from IGV GmbH
(Germany), was inoculated into the cultivation system. The culture medium before inoculation
is a Bold’s medium which has been adapted for Nannochloropsis sp. The composition is listed
in Table 6.1. A photo-bioreactor equipped with several flat-plate light sources was used to
cultivate microalgae. A flat-plate based reactor is advantageous for its large surface to volume
ratio and operational flexibility. It primarily consists of a total volume of 350 L, divided into
five sections by four plates, with gas sparging and artificial lights (Samsung white LED)
embedded.
The growth conditions are listed in Table 6.2. Algae was cultivated under two conditions: firstly
using ambient air directly for 16 h’s cultivation, then using CO2 enriched air that is obtained
from the set-up presented in Section 2.2.1 for 8 hours of cultivation. In the latter case, product
gas from the desorber was connected to the algae cultivation set-up for 6-7 h. The product gas
was obtained by continuously desorbing 1.7 kg of sorbent under an air flow of 20 l/min at the
heat circulator S.P. of 67 °C. The solid residence time for desorption is 34 min. The algae
concentration that represents the growth rate was determined from a calibrated turbidity
measurement (measured from a light source and light intensity), for which a correlation was
established with known algae concentrations.
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Table 6.1. Composition of the culture medium for algae cultivation.
Parameter

Quantity

Units

N

16.13

mmol/l

P

1.00

mmol/l

K

16.09

mmol/l

Fe

2.49

μmol/l

Mn

1.18

μmol/l

Zn

0.40

μmol/l

B

3.24

μmol/l

Mo

1.13

μmol/l

Cu

0.07

μmol/l

Na

374.08

mmol/l

Cl

373.74

mmol/l

S

0.03

mmol/l

NO3

16.13

mmol/l

HCO3

2.05

mmol/l

Ca

1.07

mmol/l

Mg

0.25

mmol/l

Table 6.2. Conditions for algae growth.
Parameter

Value

Temperature (°C)

19 - 22

Light intensity (μmol m-2 s-1)

Starting at 50, then increase to 120

3. Results and discussion
3.1 Continuous CO2 desorption
Figure 6.2 (a) shows the CO2 concentration profile at the outflow of a typical cyclic operation
with intermittent adsorption, continuous desorption, and sorbent circulation. In this figure, the
desorption stage was measured with 0.9 kg of (constant) sorbent holdup in the desorber under
a purge gas flow rate of 50 l/min. The continuous sorbent flowrate in- and out of the desorber
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is 0.8 g/s. The purge gas flow rate applied corresponds to a superficial velocity of 0.29 m/s,
well above the minimal fluidization velocity (0.091 m/s) 22 of the studied sorbent. This velocity
enables the fluidization to lay in a slugging regime based on Stewart and Davidson correlation,23
which was actually observed during the experiments.
Figure 6.2 (a) shows the gas outlet concentration profiles for the adsorber and the desorber over
multiple cycles. Startup effects have been omitted from the figure. It is observed that the CO2
concentration in the produced CO2-enriched air flow (the desorber outflow) is almost constant,
which indicates that a steady state is achieved for the continuous desorption, while at the same
time there is a strong sawtooth profile in the adsorption (RFR) outlet during the semi-batch
mode of solid operation for adsorption. In the adsorption step, there is 435 ppm CO2 in the
feeding gas while the outflow concentration reaches 400 ppm when adsorption ends. This
observation indicates the sorbent has not been fully saturated with CO 2 at the end of the
adsorption step. Simultaneously, comparing the adsorption outlet profile in Figure 6.2 (a) with
the breakthrough profiles presented in Figure 5.6 and 5.9 in Chapter 5, which were measured
for a fully desorbed sorbent, it is also clear that the desorption process is working sub optimally
under the condition used for Figure 6.2. Additionally, the adiabatic temperature rise is
calculated to be 10 K (at the achieved working capacity of 0.2 mol/kg). Considering the
adsorption was operated with a large flow of 188 m3/h, the heat effect is not regarded to affect
the adsorption step.
Figure 6.2 (b) shows the temperature profiles at the top, middle and bottom in the desorption
step. The sorbent bed height without fluidization is 0.6 m and in the slug flow regime observed
it increases to approximately 0.9 m by purging the gas flow. Overall, the temperature variation
with time is stable. The temperature profiles at three locations display fluctuations in general
within a range of 2-3 °C. The relative stable temperature profiles suggest that the (axial and
radial) sorbent mixing in the bed is reasonably good. Among the three temperatures, the one at
the middle is the maximum, displaying an average value of 58 °C. The average bottom
temperature is reduced to 56 °C because it is affected by the cold gas purged in; while the
average top temperature displays a min. value of 53 °C due to the cooling effect of the cold
sorbent feed.
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Figure 6.2. Experimental results of the CO2 adsorption and desorption tests: (a) Outflow CO2
concentration profiles in adsorption and desorption steps; (b) temperature profiles in the
desorption step. Desorption condition applied: 50 l/min air sweeping; 0.9 kg sorbent in desorber;
temperature S.P. = 67 °C.
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Flow rate (l/min)

Figure 6.3. Effect of flow rate on the sorbent working capacity (qs) and average CO2
concentration at the outlet (sorbent holdup = 0.9 kg, temperature S.P. = 67 °C).
Figure 6.3 shows the effect of gas flow rate on the outflow CO2 concentration and the sorbent
CO2 working capacity (qs) during the desorption step. The qs for the continuous desorption
process is calculated as

qs (mol / kg ) 

(C CO 2,out  CCO 2,in )v

Eq. 6.1

s

Here, C CO 2,out is the average CO2 concentration at the outlet during ‘steady-state’ (after 1-1.5
h), CCO 2,in , v , and  s represent the CO2 concentration at the inlet (400 ppm), volumetric flow
rate of the sweep gas, and the solid flow rate.
Four flow rates, ranging from 20 to 50 l/min, were applied. The outflow concentration was
calculated by averaging the instantaneous values over time during the ‘steady-state’ phase.
Among the conditions tested the purge gas flow rate of 20 l/min resulted in a bubbling
fluidization, while the sorbent beds under other conditions resulted in operating the system in
the slugging regime, confirmed by both the correlations and the experimental observations.
Temperature setting applied (67 °C) corresponds to desorber-bed temperatures of 50 – 60 °C.
The increase of the gas flow rate from 20 – 50 l/min leads to a reduction of the outlet CO2
concentration from 8473 to 4389 ppm. A higher CO2 concentration leads to a higher adsorption
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equilibrium capacity according to the adsorption isotherm, which in turn decreases the
maximum working capacity (qw in Figure 6.4, equals to qs in Eq. 6.1 when the equilibrium
condition is achieved). This equilibrium limitation may explain why the qs increases from 0.13
to 0.17 mol/kg when flow rate increases from 20 – 50 l/min at S.P. = 67 °C (just like qw,2 > qw,1
in Figure 6.4).

qe, CO2
(mol/kg)

20 °C (adsorption)
(400 ppm)

qw,2

S.P. = 67 °C (desorption)

qw,1
(8473 ppm)
(4389 ppm)

PCO2 (C CO2, out)
Figure 6.4. Illustration for the effect of the desorption CO2 concentration on the maximum CO2
working capacity.
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Figure 6.5. Effect of the sorbent desorption time and the air sweep gas flow rate at S.P. = 67 °C
on the sorbent working capacity and the average CO2 concentration at the outlet.
Figure 6.5 shows the effect of sorbent desorption time under the same flow rate ranges. Three
sorbent residence times, specifically 10, 18 and 34 min, were tested by loading 0.5, 0.9 and 1.7
kg sorbent in the desorber, respectively, by using a constant solid rate of 0.8 g/s. Note that the
sorbent residence times studied here are different from the operation time for desorption. The
former one is the real desorption time for the sorbent (or: sorbent residence time) contacting
with the sweep gas. The operation time or ‘cycle time’ remains 45 min, which is equal to the
operation time for adsorption for the convenience of process control.
In comparison with the flow effect (in Figure 6.3), the sorbent residence time has a more
pronounced effect on qs, indicating that the desorption step takes time. It can be noticed that
with increasing residence time, both the working capacity and the average CO2 concentration
in the product gas increase, at constant flowrate. This indicates that the desorption process under
the studied conditions is more limited by kinetics than by equilibrium.
In comparison to earlier studies with a complete desorbed sorbent which can reach 1.5 mol/kg
of working capacity (shown in Chapter 5), the maximum achieved qs (0.24 mol/kg) in this
section is far below that maximum value. Hence, in the current configuration and at the
conditions studied, the rate limiting process step is the CO2 desorption.
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Summing up the results presented in Figure 6.3 and 6.5, CO2 desorption is limited by not only
equilibrium (due to high CO2 concentrations at lower flows) but also kinetics (desorption takes
time at the current studied temperatures). Thus, a large gas flow rate (or large G/S ratio to
maintain the CO2 concentration not too high), as well as a long desorption time, are required to
reach a high sorbent working capacity qs at the desorption temperatures used. This will be
further discussed in Section 3.3.

3.2 Algae cultivation
Subsequently, the product gas from the continuous CO2 desorption presented in the last section
is connected to the algae cultivation reactor. Figure 6.6 shows the CO2 concentration at the
desorber outlet during the algae cultivation demo. Apart from the start-up stage in the first 1 h,
a ‘steady-state’ phase is achieved with the average CO2 concentration of approximately 1 vol%,
a concentration typically used to cultivate the studied algae strain.24 Figure 6.7 shows the algae
growth using the produced CO2-enriched air shown in Figure 6.6 in comparison to the
cultivation run using ambient air. The measured algae concentration of a solution can be used
to calculate optical density at a wavelength of 750 nm (OD750), where the chlorophyll absorbs
maximally, based on the relation as:

[C ]( g / L)  200  OD750

Eq. 6.2

The OD750 is useful to calculate the specific growth rate (μ), which represents a specific biomass
productivity, calculated as:

 (t 1 ) 

ln(OD750,end )  ln(OD750,begin )

Eq. 6.3

t

Figure 6.7 clearly shows that the produced 1% CO2-enriched air increases the algae growth rate
significantly with doubling specific growth rate (0.040 vs. 0.019 h-1), when compared with the
cultivation run using ambient air.
With respect to the requirement for the CO2 product concentration of around 1 %, previous
work has shown that even concentrations of 0.25 % - 0.5 % CO2 enriched air do increase
significantly the growth rate of microalgae.25 This leaves some space for further reducing the
CO2 concentration to increase the sorbent working capacity (qs), which will be discussed in the
next section.
With the studied desorption condition shown in Figure 6.6, the sorbent working capacity is 0.2
mol/kg. Considering the desorber footprint (5×10-3 m2) and the cyclic desorption time (34 min),
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the CO2 productivity can be estimated to be around 1.0 × 105 g m-2 d-1. At an algae growth rate
of 13.7 g m-2d-1,26 the required CO2 is estimated to be 5 g ha-1 s-1.25 Assuming the algae
cultivation occupies 1 ha, it is estimated that (36 of these small reactors or-) a single 0.5 m ID
column is needed to supply sufficient CO2 for algae growth, which is realistic. In contrast, a
full scale 500 MW power plant emits CO2 at around 140 kg s-1.27 Only very little amount (<
0.004 %) of the emitted CO2 is taken by the cultivation, as a result, the remaining CO2 in the
flue gases would still emit to the atmosphere, proving once more that it is problematic to directly
use flue gas for algae cultivation.
Overall, enhancing the algae growth rate as well as closing the carbon cycle make CO2-enriched
air from a DAC process stand out from other C-sources for algae cultivation. More work is
needed to identify the optimal CO2 concentration in the enriched air product flow for a specific
algae strain under consideration and to monitor the algae growth over a longer period.
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Figure 6.6. CO2 concentration profile during air-sweep desorption to the algae cultivation setup.
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Figure 6.7. Algae growth rate by cultivation under two conditions - one using the ambient air,
and the subsequent run using the CO2-enriched air as shown in Figure 6.6.

3.3 Desorption optimization - effect of sorbent desorption time and G/S
ratio
3.3.1 Sorbent working capacity and sweep gas capacity
Section 3.1 and 3.2 confirmed that with the lab unit developed indeed a continuous flow of CO2
enriched air with constant CO2 content can be produced and used for increased algae cultivation.
However, the sorbent CO2 working capacity (qs) is still suboptimal under the conditions studied,
which leads to an increase of the thermal energy required for desorption per unit CO2 produced.
Section 3.1 suggested that the low qs is caused by insufficient sorbent desorption time and
relatively low G/S ratio. Those two factors are studied in more detail in this section.
Due to the specific setting of the rotary valve and the fixed desorber dimensions, the maximum
solid residence time for an operation with a continuous solid flow is 40 min (the max. sorbent
holdup does not lead to an entrainment is 2 kg). To realize a longer solid residence time, the
desorber was operated with the sorbent desorbed in a batch-mode (no solids flow in and out of
the desorber). Besides that, a much larger G/S ratio was applied. The experiments are done
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using the same desorber, in both a fluidized bed and a fixed bed mode of operation. This
variation of operating mode, to assess the differences in desorption efficiency, was realized by
changing the flow direction of the purge gas. In the fluidized-bed mode, the continuous purge
gas flow enters from the bottom and exits at the top; whereas for the fixed bed configuration,
the gas flows from the top to the bottom.
We evaluated the effect of the operational parameters on the sorbent working capacity (qs) and
on the sweep gas CO2 capacity (qg). The qs and qg for the desorption with batch-solid-mode (no
solid flow and continuous gas flow) are calculated as
t

 (C
q (mol / kg ) 
0

CO 2, out

s

qg

0

Eq. 6.4

ms

t

 (C
(mol / kg ) 

 CCO 2,in )v dt

CO 2,out

 CCO 2,in )v dt

Eq. 6.5

t

(  v dt )  g
0

Unlike the average outlet concentration used for continuous desorption listed in Eq. 6.1. Here,
CCO 2,out represent instantaneous CO2 concentration at the outlet in Eq. 6.4 and 6.5.

The new-introduced parameter qg is the average amount of CO2 desorbed per kg sweep gas fed
to the desorber, which is expressed here in mol CO2 /kg sweep gas. The qg is a useful parameter
as it provides the time-average CO2 concentration in the product gas and can be used in the
system analysis to determine the thermal energy required to heat up the sweep gas. This thermal
energy required for sweep gas is rarely discussed in the literature, but cannot be neglected here.
Figure 6.8 shows the CO2 concentration and the CO2 capacity profiles using a fluidized-bed
and a fixed-bed at two temperature settings. Figure 6.8 (a) and 6.8 (b) show clearly that qs
increases monotonously with time for both contacting methods. On the other hand, the qg
profiles for both methods increase until approximately 1500 s before leveling off and followed
by a slow decrease. The differences in the variation of qs and qg with time are very relevant and
instrumental for process optimization, which will be discussed in Section 3.3.2.
Note that CO2 desorption is more efficient (higher qs in Figure 6.8 (a)) in the fluidized-bed than
in the fixed-bed at both temperature settings. The more efficient desorption (more amount of
CO2 desorbed by per amount of sorbent per unit of time, in unit: molCO2 kgsor-1 s-1) in the
fluidized-bed configuration is most likely because of a better heat transfer, which is supported
by the temperature profiles illustrated in Figure 6.9. The temperature in the fluidized-bed
(Figure 6.9 (a) and (c)) are on average higher during the operation time and more uniform (less
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differences with heights). Since the temperature is relatively low (less than 70 °C), heat transfer
from the heated wall to the sorbents will be dominated by convection in the studied fluidizedbed and heat transfer by radiation plays a minor role. The convective heat transfer coefficient
(HTC) is related to the superficial velocity and the particle size. The HTC for the studied particle
size (0.6 mm) and the applied superficial velocity (0.29 m/s) is estimated to be 400 W/(m2K).28
The (radial) heat transfer in a fixed-bed can be primarily interpreted by two parameters: the
effective radial thermal conductivity and heat transfer coefficient (HTC) at the wall.29, 30 The
former one in the studied fixed-bed is relatively small, due to the poor sorbent (polystyrene)
conductivity (0.027 W/m/K). The latter one is calculated to be 77 W/(m2K), according to Yagi’s
31

correlation. This is significantly smaller than its equivalence for the fluidized bed.

Besides a difference in the heat transfer rate, other factors (like an absence of solids mixing and
reaction heat) affect the temperature profile in the fixed-bed method and make it differ
significantly from the more uniform one in the fluidized-bed. Figures 6.9 (b) and (d) show the
bed temperature measured at five various heights. The bed height is 1.2 m for the studied fixedbed, thus the results at 1.7 and 1.35 m refer to the gas temperature. The temperature at 1.7 m is
lower in the fixed bed mode due to the effect of cooler air coming in at the top. For the other
three positions (0.85, 0.5, and 0.05 m, immersed in the sorbent bed), the temperature slowly
increases due to the poor radial heat transfer and the endothermic process of both the CO2 and
the water desorption. The desorption heats for CO2 and H2O are 70-80 and 43 kJ/mol,
respectively.32 The desorption reaction front starts at the top and first encounters the 0.85 m
measurement point and then moves to 0.05 m, in line with how the sweep gas flows. Likewise,
we observe the temperature at 0.85 m is the minimum. The lower temperature at 0.85 m in the
initial 2000 s is likely to be caused by concentration swing desorption of water. At the low
temperatures induced by the water desorption (less than 35 °C), CO2 probably can’t be desorbed.
After 2000 s, the temperature at 0.85 m starts to increase which might indicate that the water
desorption has finished. Accordingly, as the temperature increases, more CO2 starts to be
desorbed, showing quite constant CO2 concentration at the outlet using the fixed-bed method
(Figure 6.8).
In short, heat transfer is found to be a dominating parameter in the current desorber unit. A
fluidized-bed contacting method is therefore preferred over a fixed-bed configuration.
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Figure 6.8. CO2 concentration and CO2 capacity profiles using a fluidized-bed and a fixed-bed
under 50 l/min with ms = 1.8 kg at (a) S.P. = 67 °C and (b) S.P. = 72 °C.
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Figure 6.9. Temperature profiles for the results shown in Figure 6.8 using (a) fluidized-bed at
S.P. = 67 °C; (b) fixed-bed at S.P. = 67 °C; (c) fluidized-bed at S.P. = 72 °C and (d) fixed-bed
at S.P. = 72 °C.
Subsequently, the effect of G/S ratio is studied by decreasing the sorbent mass from 1.8 kg to
0.2 kg without altering the gas flow rate. Figure 6.10 shows the CO2 concentration and the
temperature profiles using 0.2 kg sorbent at two temperature settings. Unlike the results
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presented in Figure 6.8, we here observe that CO2 desorption is more efficient in the fixed -bed
than in the fluidized-bed. This is in line with the temperature being higher in the fixed-bed, as
illustrated in Figure 6.10. The bed height of a 0.2-kg sorbent is only 0.13 m, thus only the
temperature at the bottom (0.05 m) is displayed. At both temperature settings, the bed
temperature in the fluidized-bed is some 10 °C lower than that in the fixed-bed because it is
affected by the cold gas flowing in from the bottom. But for the fixed-bed case, the sweep gas
has been pre-heated from the top until the moment of contacting with the sorbent. Still, the
influence of desorption heat has a strong effect on the temperature distribution in the fixed-bed,
evidenced by a temperature decrease at the initial 500 s and indicating that heat transfer is
limiting in that period.
Figure 6.11 shows the variation of qs and qg with time. Note that the desorption in fixed-bed
shown in Figure 6.10 (capacities are shown in Figure 6.11) achieves comparable temperature
to those results obtained using the fluidized-bed, as shown in Figure 6.9 (capacities are shown
in Figure 6.8). So here the comparison is made between the fluidized-bed results shown in
Figure 6.8 (ms = 1.8 kg and 50 l/min) and the fixed-bed results shown in Figure 6.11 (ms = 0.2
kg and 50 l/min). By using a 9-time G/S ratio, it is observed that the sorbent working capacity
(qs) is almost double after 80 minutes of desorption, at the expense of the sweep gas CO2
capacity (qg) which decreases to one fifth. In summary, the experimental results in this section
provide evidence that sufficient sorbent desorption time and large G/S ratio increase the sorbent
CO2 capacity, but at the same time the large G/S decreases the sweep gas CO2 capacity
significantly.
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Figure 6.10. CO2 concentration and temperature profiles using a fluidized-bed and a fixed-bed
under 50 l/min with ms = 0.2 kg at (a) S.P. = 67 °C and (b) S.P. = 72 °C.
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Figure 6.11. qs and qg profiles corresponding to the results in Figure 6.10 at (a) S.P. = 67 °C
and (b) S.P. = 72 °C.

3.3.2 Desorption energy
The desorption energy is the most important parameter in the economics for the postcombustion CO2 capture. For air capture, the desorption energy per kg of CO2 will be higher
due to the lower sorbent working capacity. The observed variations of sorbent working capacity
(qs) and sweep gas CO2 capacity (qg) with time are quite different (and not proportional) at
prolonged desorption times (say, after 30 min). In this section, we aim to investigate the effect
of sorbent desorption time (tdes) and G/S ratio on the desorption energy using the experimental
results presented in last section.
The desorption energy presented in this section is calculated as
Qdes 

C p ,s T
qs ,m



C p , g T
qg , m

 H r

Eq. 6.6

Where Qdes (kJ/kgCO2 desorbed) is the total desorption energy; Cp,s (kJ/kg K) and Cp,g (kJ/kg
K) are the specific heat capacity of the sorbent and the sweep gas, respectively; ΔT (K) is the
temperature difference between the desorption and the adsorption; qs,m (kg CO2/kg sorbent) and
qg,m (kg CO2/kg sweep gas) are the sorbent CO2 working capacity and the sweep gas CO2
capacity in mass-based, respectively (same meaning as qs and qg, and just the units are converted
from mol/kg to kg/kg); ΔHr is the heat of reaction (kJ/kg CO2). This heat of reaction was
determined to be ~1700 kJ/kg (70 – 80 kJ/mol) in a previous study.32 The specific heat capacity
of the sorbent and the sweep gas, are taken from those for the polystyrene (1.5 kJ/(kg K)) and
the air (1.0 kJ/(kg K)), respectively.
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In this analysis, we evaluate the effect of desorption time (tdes) on the desorption energy
requirement for the desorber configurations studied experimentally. The heat required for water
desorption is excluded, as water desorbs before all CO2 is desorbed (which is supported by
results listed in Chapter 2) and the energy required for this is therefore not much relevant to the
choice of the desorption time.
Figure 6.12 shows the desorption energy to heat the sorbent and the sweep gas and the total
energy under the conditions at S.P. = 67 °C, as shown in last section. Note that the results are
experimentally based and that the time dependency is likely to be strongly related to the
(experimental) heat transfer rate. Furthermore, no heat integration is considered in this study.
This should be kept in mind when comparing the values obtained to energy requirements for
CO2 capture from flue gas as reported in the literature, since in the latter case around 90% of
the sensible heat is normally recovered.33 It can be seen that at high G/S ratios the energy
consumption to heat up the sweep gas is becomes dominating, as shown in Figure 6.12 (c) and
(d). Energy recovery from the sweep gas is therefore essential. For air-air heat recovery, values
of 50-80% are realistic but have not been implemented in the current calculations. In general, a
very large G/S ratio is not recommendable from an economic perspective.
Applying a smaller G/S ratio, as illustrated in Figure 6.12 (a) and (b), decreases the total
desorption energy significantly. Besides that, the total desorption energy decreases until
approximately 2000 s before leveling off. This character indicates that the optimal condition
for desorption just needs 30 – 35 minutes (under the prevailing experimental test conditions).
This time is very much in line with the time of reaching the maximum sweep gas CO2 capacities
(qg), as illustrated in Figure 6.8 (a). This optimal desorption time may relate to the desorption
kinetics (in kg CO2/kg sorbent per second) and the heating rate. As shown in Figure 6.8 (a) for
the outlet CO2 concentration profiles, to desorb the sorbent completely takes much more time,
but this comes again at the expense of a more than proportional amount of the thermal energy
needed for heating the sweep gas to desorb a relatively low amount of CO2.
We see in this section that both sorbent working capacity (qs) and amount of sweep gas (sweep
gas capacity qg) are important for the desorption energy. The variation of qg with time and its
effect on the energy consumption is hardly investigated in previous studies. The minimal
desorption energy achieved in this study for air capture is 4.2 GJ/ton-CO2, when assuming that
75% of the sensible heat can be recovered through heat exchange. This value is only 1.7 times
of that (around 2.5 GJ/ton-CO2) for post-combustion CO2 capture using the same sorbent.34
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Considering the significant differences in the CO2 content between two processes, this achieved
energy requirement is quite acceptable.
The desorption energy can be further optimized by an in-depth study regarding the G/S ratio,
heating rate and sorbent desorption time. Temperature and optimizing thermal energy recovery
ratio are additional parameters in such an optimization effort.
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Figure 6.12. Desorption energy to heat up the sorbent (Qs), the sweep gas (Qg) and the total
(Qdes) energy calculated using Eq. 6.6 for (a) ms = 1.8 kg, fluidized-bed; (b) ms = 1.8 kg, fixedbed; (c) ms = 0.2 kg, fluidized-bed; (d) ms = 0.2 kg, fixed-bed. (a) – (d) are under air flow rate
of 50 l/min at temperature S.P. = 67 °C.

4. Conclusions
This study demonstrates the concept of using CO2-enriched air, produced in a lab-scale direct
air capture installation with sorbent circulation, to enhance microalgae cultivation. The
adsorption-desorption air capture process with sorbent circulation consists of intermittent CO2
adsorption in a radial flow adsorber and continuous desorption in a countercurrent moving
(fluidized) bed desorber. Using this method, a constant CO2 concentration in the enriched air
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stream is produced. Utilizing the desorbed gas with 1% CO2 concentration enhances the algae
growth rate significantly in comparison to cultivation using ambient air.
The desorption process was studied in more detail. Heat transfer, reaction kinetics, and
adsorption equilibrium are shown to influence the performance. When using air as sweep gas,
the maximum operating temperature is limited. At the studied desorption conditions, the sweep
gas flow rate during desorption was found to dominate the desorption energy when the sorbent
holdup is small. Future work is recommended to further minimize this desorption energy
requirement by optimizing the heat transfer, the gas flow rate, sorbent desorption time and by
implementing heat integration.
In comparison with CO2 dosing using flue gas, the flexibility on the location choice, the absence
of algae growth inhibitors (SOx, NOx) and the need to realize a closed carbon cycle make airderived CO2 (via CO2-enriched air) a promising option to enhance microalgae cultivation.
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Chapter 7
Economic Evaluation and Outlook

1. Economic Evaluation based on experimental results
The estimated costs for CO2 capture from ambient air, or Direct Air Capture (DAC), range from
$ 30 – $ 1000/t of CO2 according to different reports.1-6 Most of these cost estimates were done
based on DAC systems using aqueous solutions. Economic analysis for DAC using solid
sorbents and based on actual experimental data is very limited. The solid sorbent systems are
expected to have a lower cost than the aqueous-solutions-DAC systems because solid sorbents,
in particular amine-functionalized-sorbents, possess (1) a relatively low heat capacity and (2)
can often operate at a lower desorption temperature. For amine-functionalized-sorbents systems,
Kulkarni and Sholl5 evaluated by modeling the economic performance of a DAC process in a
monolithic contactor unit, coated with amino-modified silica adsorbent. Zhang et al.7 evaluated
the total energy required and the operating cost of using a PEI-silica adsorbent, in a circulating
fluidized bed as the adsorber and a bubbling fluidized bed as the desorber for CO2 air capture.
In this chapter, the energy requirement and operating costs are estimated based on the
established DAC-system as presented in Chapter 6, and will be compared to the aforementioned
DAC systems. Note that the calculation in this chapter is different from the one in Chapter 4,
which is based on the assumption of a complete desorption.

1.1 Process Description
The economic evaluation is based on the experimental data (in Table 7.1) obtained from the
process presented in Chapter 6, which is operated with desorption in continuous counter-current
G-S contacting mode and intermittent adsorption (simultaneously with desorption) and sorbent
circulation between the units. The desorption step is operated such that 1% of CO2-enriched air
is produced for enhancing microalgae cultivation (as shown in Figure 6.6). The duration for the
desorption and adsorption step is both 34 min, as illustrated in Table 7.1, adding 2 minutes for
sorbent circulation, so that one cycle requires 36 min and leading to 40 cycles per day.

153

Chapter 7: Economic evaluation and outlook

Table 7.1. Direct air capture test conditions in the established DAC-system
Desorption
Reactor and process

Countercurrent moving (fluidized) bed
(CCMB)

Sorbent mass (kg)

2

Time of one cycle (min)

34

Air flow rate (l/min)

20

Temperature (°C)

56

CO2 concentration at inlet (ppm)

400

Averaged CO2 concentration at outlet (ppm)

10532 (experimental result)

Adsorption
Reactor

Radial flow reactor (RFR)

Sorbent mass (kg)

2

Time of one cycle (min)

34

Air flow rate (m3/h)

188

Temperature (°C)

21

CO2 concentration at inlet (ppm)

437 (input from indoor experiment)

1.2 Energy requirements
Regarding the energy consumption, the energy requirements can be divided into electrical
energy and thermal energy. The electrical energy includes the energy consumed by the fan for
air-sorbent contacting during the adsorption step and for purging the gas during the desorption
step (E1) and the energy for sorbent circulation (E2). The thermal energy relates to the energy
consumption during the desorption step, including the sensible heat to the adsorbent (E3) and
the sweep gas (E4), and the heat of reaction (E5). Table 7.2 lists the equations used to estimate
the energy requirements. The inputs for energy estimation are listed in Table 7.3.
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Table 7.2. Energy requirements for the established DAC-system (unit: GJ/ton-CO2)
Components

Energy requirement calculations

Electrical energy for G-S contacting (ads)

E1 

Pads
P  t
(ads)  des v des (des)
 g  CCO 2
qs ms
E2  gh / (qsv )

Electrical energy for sorbent circulation
Sorbent sensible heat

E3 

Sweep gas sensible heat

E4 

C p , s T
qs

C p , g T
qg

E5  H r

CO2 desorption heat

Table 7.3. Inputs for the performance evaluation of the lab unit DAC tests
Name

Symbol

Value

Pressure drop (ads) (Pa)

Pads

348

Pressure drop (des) (Pa)

Pdes

8758

Set-up height (m)

h

6

Efficiency for solid transportation

v

50%

CO2 capacity in the sorbent (working capacity) (g/kg)

qs

8.0

Specific heat capacity of the adsorbent (J/g K)

C p,s

1.5

CO2 capacity in the sweep gas (g/kg)

qg

15.9

Specific heat capacity of the sweep gas (J/g K)

C p, g

1

Heat of adsorption (kJ/g)

H r

1.7
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Table 7.4. Comparison of the established DAC-system with the other solid-sorbent DACsystem in literature.
Zhang et al. 7

This work

Sorbent

PEI-silica (impregnated)

Lewatit VP OC
1065

Adsorber

CFB (circulating fluidized bed)

RFR

Adsorption temperature (°C)

20

21

Desorber

BFB (bubbling fluidized bed)

CCMB

Desorption temperature (°C)

130

56

Desorption method

Steam (25%) mixed
recirculating CO2 (75%)

Reference
Process characteristics

with Air purge

Energy and costs
Electricity (GJ/t-CO2)

3.4

2.6a

Thermal energy (GJ/t-CO2)

3.2b

4.0c

Total energy (GJ/t-CO2)

6.6

6.6

Operating cost ($/t CO2-captured)

108

95

Operating cost ($/t CO2-avoided)

152

128

Avoided fractiond

0.71

0.74

a

: includes 2.2 GJ/t for adsorption step and 0.4 GJ/t for desorption step
: includes sensible heat for the adsorbent, desorption heat and heat for steam generation
c
: includes 1.7 GJ/t of the sensible heat for the adsorbent, 0.6 GJ/t of the sensible heat for
the sweep gas, and 1.7 GJ/t of the reaction heat
d
: avoided CO2 as a fraction of CO2 captured
b

Table 7.4 shows the energy requirements in the studied DAC-process in comparison to the work
by Zhang et al.7 who used a comparable amine functionalized sorbent. For a fair comparison, a
sensible heat recovery of 75% was used here, as this was also used by Zhang et al. 7 and the
same as that suggested by Veneman et al..8 In the studied process, the heat recovery could be
realized by a gas-gas heat exchanger between the hot product gas and the incoming cold sweep
gas and by a solid-solid heat exchanger for recovery of the sorbent sensible heat. For the latter
one also indirect heat exchange can be applied, which means that hot solids transfer the heat to
a thermo-oil, which in turn heats the cold solids entering the desorber. Recovery of the sorbent
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sensible heat is almost impossible to be implemented in the DAC-process with a monolithic
contactor, as used in the process considered by Kulkarni and Sholl,5 as the sorbent is coated on
the monolith and both adsorption and desorption are carried out in the same reactor.
The total energy required is dominated by the electricity consumed for gas-solid contacting in
the adsorption step in both the studied RFR-CCMB system (the experiments were carried out
under suboptimal conditions resulting in a gas capture efficiency of only 20%) and the CFBBFB system, taking 33% and 45%, respectively. For the monolith system considered by
Kulkarni and Sholl,5 the total energy required is dominated by the sensible heat requirement of
the contactor (40%) but the electricity consumption is much less (0.4 GJ/t-CO2). Nevertheless,
the total energy requirements, summing up electricity and thermal energy, are comparable for
the studied system than other systems in literature (6.6 GJ/t-CO2 for the studied RFR-CCMB
air capture system, 6.6 GJ/t-CO2 for the CFB-BFB’s system and 6.4 GJ/t-CO2 for the system of
Kulkarni and Sholl).5

1.3 Operating energy cost
The estimation of the operating cost differs largely depends on the availability, production
methods, and geographic locations of various energy sources including fossil fuels like coal and
natural gas as well as renewable energy like nuclear, wind, solar, and biomass. Kulkarni and
Sholl5 suggested the net operating cost of CO2 captured from air to be ~$100/t CO2. Their study
provided the data on energy costs for various electricity sources, which are used in the present
study.
Zhang et al.7 estimated the operating cost for CO2 captured from air in a CFB-BFB system to
be 108 $/t-CO2 captured and 152 $/t-CO2 avoided. The latter one considered the CO2 emissions
by energy utilization to capture those CO2. The estimation in the cited study was assumed the
electricity was provided by advanced natural gas combined cycle (NGCC) with CCS (data was
used from Table S9 in Kulkarni and Sholl’s study: 24.8 $/GJ), and the thermal energy is
provided by natural gas combustion without CO2 capture (7.4 $/GJ). The calculation for the
DAC-system studied in this work is, for a fair comparison, based on the same data source for
both the electricity and the thermal energy. With this, the operating costs per ton of CO2
captured and per ton of CO2 avoided are 95 and 128 $/t-CO2, respectively, as illustrated in Table
7.4. On a cost basis, the process developed in this study, despite not being optimized, is already
competitive to the reported DAC process in literature. The amount of avoided CO2 as a fraction
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of the amount of CO2 captured in the DAC process, is also comparable between the two DACsystems.
Again, it should be noted that the experimental results for the newly developed lab unit, used
for the calculation here are not yet optimized with respect to e.g. desorption time, gas flowrate,
and temperature, as mentioned in Section 3.1 in Chapter 6. It is therefore expected that the cost
and energy consumption can be further reduced upon further process development and
optimization.

1.4 Conclusions
Both the energy requirements and the operating cost of the established DAC-system are
competitive with other DAC-systems reported in literature using solid sorbents. Considering
that the current operating conditions are still suboptimal, further reduction of energy and cost
consumption can be expected.
With respect to the CO2 footprint, it is clear that driving the process with fossil energy resources
is already leading to a net CO2 avoided of 0.74 kg of per kg of CO2 captured. On the top of that,
driving the process with low carbon, renewable resources will improve this ratio even further.
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2. Outlook
On the basis of the results in this thesis, the following recommendations for future work are
given, which are divided into both sorbent development targets and process development
challenges.
Sorbent development
It is recommended to look for opportunities to reduce the hygroscopic nature of the adsorbent
without reducing its CO2 capacity. The non-functionalized sorbents, having the same
polystyrene/divinylbenzene structure (‘support material’), adsorb only 15% of the total water
capacity at 75 % RH and had a negligible water capacity at 33% RH (see in Figure 2.11a in
Chapter 2). These results indicate that the water capacity is related to the amine groups (‘active
sites’ for CO2 capture). Strategies for reducing this water capacity could be the use of a water
repelling skin around the particles or using an even more hydrophobic polymeric backbone.
Besides that, it will be interesting to investigate the water adsorption capacity in relation to the
sorbent morphology. By having a better understanding of that, water capacity might be further
reduced by, for example, optimizing pore structure.
The sorbent stability has been tested in this thesis using various types of gases such as CO2, O2,
and H2O. Both the chemical stability and the mechanical stability of the adsorbent need further
investigation in view of large scale (industrial) application over thousands of cycles. The
stability testing in the current study is for most conditions limited to 72 h (~ 120 cycles). Thus
the duration needs to be prolonged by at least 10 times, and preferably to be tested in the real
operational lab unit. It is therefore recommended here to have the capture unit fully automated
to enable actual performance tests over these long periods, which also enables to confirm the
long-term mechanical stability.
Process development
As indicated in Chapter 6, there is scope for improvement in the current desorption performance.
The desorber design and operation should be reconsidered in view of increasing the solid
residence time and optimizing the sweep gas flowrate to obtain a proper outlet concentration.
Note that the economic evaluation in the last section used a relatively low temperature of 56 °C.
Preliminary estimation (based on the adsorption isotherm values for this sorbent) shows that
the CO2 capture cost can be reduced to around €50/t-CO2 by increasing the desorption
temperature to 65 °C (the maximum working capacity increases from 0.2 to 0.5 mol/kg and the
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corresponding gas capture efficiency increases from 20% to 50%), which indicates that
increasing desorption temperature would be a promising option. For this scenario, one issue
could be the sorbent degradation at an elevated temperature for a longer period. Additional
experiments in the range, say, 50 – 80 °C at smaller temperature intervals are needed, both for
sorbent degradation tests and for confirmation of anticipated performance in the current facility.
Next to the production of CO2 enriched air for microalgae or horticulture applications, future
development work should also aim at producing pure CO2. For this purpose,
temperature/temperature-vacuum swing using steam needs to be tested for CO2 desorption. This
is of importance to enable the use of the air capture technology for its subsequent conversion to
produce fuels, such as methane and methanol.9
Next step for the developed and further to be optimized lab scale DAC-system is to be operated
automatically, throughout the year, under outdoor conditions. This will impose additional
constraints with respect to day/night cycles, changing wind directions, freezing and raining.
Outdoor testing will also give more insight in the capital and maintenance costs involved, which
are not included in this study. Those costs, together with labor and consumable costs, could
contribute over 80%, as indicated for a DAC-system using a liquid solvent.3 Future economic
evaluations should, therefore, include these capital and maintenance costs.
After successfully running an improved version of the lab unit outdoors, the next goal must be
to develop it into a fully automated unit at a larger scale (~ 1 ton-CO2/day). This unit should be
able to be transported and tested in different fields of application and under different climate
conditions.
The combination with microalgae cultivation is probably the first area where the developed
technology is viable, as microalgae cultivation is often done at locations less densely populated
and with sufficient renewable resources such as solar energy and wind. The outlook for
microalgae cultivation enhanced by air-derived-CO2 is therefore bright!
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