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Abstract
The stabilization of atmospheric CO2 concentration at ≤ 450 ppm, which is
essential to limit the global temperature rise, requires negative net CO2 emission.
This can be achieved via direct air capture of CO2 (DAC). As one of the
benchmark sorbents for DAC application, amine-functionalized nanofibrillated
cellulose (NFC) was characterized in terms of equilibrium CO2 and H2O
capacities, stability, and the CO2 adsorption-desorption performance under
temperature-vacuum swing cyclic conditions. However, they are yet to be
characterized in terms of CO2 and H2O co-adsorption kinetics, which are
important for the design and optimization of DAC processes. This thesis focuses
on the experimental evaluation of the CO2 and H2O co-adsorption kinetics on
amine-functionalized NFC under DAC-related conditions.
Determining an appropriate experimental setup is the first step towards
measuring accurate adsorption kinetics. Therefore, a closed-loop experimental
setup was developed to investigate the kinetics of CO2 and H2O co-adsorption
onto a differential bed comprising amine-functionalized NFC. The temporal
sorbate uptake profiles were determined in the absence of external heat and mass
transfer intrusion based on the mass balance in the constant-volume gas phase.
The uncertainty of the mass balance calculations caused by the inherent nonuniform gas pressure and temperature within the tubing, valves, and
instrumentation was decreased fourfold with incorporation of a large perfectlymixed gas tank that occupied 94% of the total volume of the closed loop. The
preliminary results have revealed the half-times for H2O and CO2 adsorptions of
the order of tens of seconds and tens of minutes, respectively. This finding
implies that co-adsorption on amine-functionalized NFC can be investigated by
considering that the H2O loading on the sorbent is at any instance in equilibrium
with the surrounding humidity. Due to the much faster kinetics, the H2O
adsorption becomes intruded by mass transfer at a ~10 mm sorbent particle size
while the CO2 adsorption remains unaffected. The design and validation
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methodologies presented in this work may serve as reference for the development
of batch experimental setups for measuring kinetics of gas-solid reactions.
Amine loading and the amount of adsorbed H2O are two key parameters that
affect the CO2 adsorption kinetics on amine-functionalized NFC. It is shown that
the increase in amine loading can lead to pore blockage and the presence of amine
groups buried within the blocked pores. The diffusion resistance of CO 2 into
these buried amine groups can significantly slow down the CO2 adsorption
kinetics on amine-functionalized NFC and reduces the efficiency of amine
utilization for CO2 adsorption. Reducing the amine loading is shown as an
effective approach to reduce the amount of the buried amine-functional groups
and improve the CO2 adsorption kinetics, although the approach lowers the
equilibrium CO2 loading on the sorbent. Alternatively, it is proposed that in a
temperature-vacuum swing based CO2 adsorber, the higher equilibrium CO2
loading on the high amine loading sorbent can be utilized by initiating the
adsorption step before complete sorbent cooling, since the CO2 adsorption
kinetics benefits from the faster CO2 diffusion to the buried amine-functional
groups at higher sorbent temperature. A simplified energy analysis estimates that
by initiating the CO2 adsorption at 60°C while the sorbent is cooling, part of the
sorbent regeneration heat can be recovered in the form of CO 2 adsorption
enhancement, thus reducing the energy consumption by 15–27%.
The CO2 adsorption kinetics on amine-functionalized NFC is also shown to
increase with the amount of co-adsorbed H2O. However, the promoting effect of
adsorbed H2O is proven insufficient to overcome the slow CO2 adsorption
kinetics on high amine loading sorbent. Furthermore, the amine utilization
efficiency of the high amine loading sorbent remains lower than the amine
utilization efficiency of the low amine loading sorbent, for the mass-specific H2O
loading ranging from 0 to 4.8 mmol∙g-1. The ability to achieve high amine
utilization efficiency without co-adsorbing H2O makes the low amine loading
sorbent economically more favorable for DAC process since the synthesis cost
of amine-functionalized NFC is dominated by the cost of aminosilane. A
simplified energy analysis shows that the high amine loading sorbent consumes
more energy per CO2 adsorbed than the low amine loading sorbent, indicating
that the latter is also energetically more efficient. Lastly, using the sorbent
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surface characterization results and the results of CO2-H2O co-adsorption
experiments, (i) the formation of hydronium carbamates and ammonium
bicarbonates, (ii) the chemisorption of CO2 adsorbed H2O in the absence of
amine, and (iii) the lower activation energy of CO2-amine in the presence of H2O
were ruled out as the primary reason behind the H 2O-induced CO2 adsorption
enhancement.

Zusammenfassung
Die Stabilisierung der atmosphärischen CO 2-Konzentration bei ≤ 450 ppm,
welche zur Begrenzung des globalen Temperaturanstiegs erforderlich ist,
erfordert eine negative Netto-CO2-Emission. Dies kann durch direkte
Luftabscheidung von CO2 (direct air capture, DAC) erreicht werden. Als ein für
die DAC Anwendung geeignetes CO2-Adsorbens wurde aminfunktionalisierte
nanofibrillierte Zellulose (nanofibrillated cellulose, NFC) hinsichtlich der CO2und H2O-Gleichgewichts-Kapazitäten, der Stabilität und der CO2-AdsorptionsDesorptionsleistung unter Temperatur-Vakuum-Wechselbetrieb charakterisiert.
Sie sind jedoch noch in Bezug auf die Koadsorptionskinetik von CO2 und H2O
zu charakterisieren, was wichtig für den Entwurf und die Optimierung von DAC
Prozessen ist. Diese Arbeit konzentriert sich auf die experimentelle Bestimmung
der Koadsorptionskinetik von CO2 und H2O auf aminfunktionalisierten NFC
unter DAC-spezifischen Bedingungen.
Die Wahl eines geeigneten Versuchsaufbaus ist der erste Schritt zur genauen
Bestimmung der Adsorptionskinetik. Dazu wurde ein Versuchsaufbau mit
geschlossenem Kreislauf entwickelt, mit welchem die Kinetik der CO2- und
H2O-Koadsorption an einem differenziellen Bett, das aminfunktionalisierte NFC
enthält, untersucht wird. Die zeitlichen Sorbataufnahmeprofile wurden in
Abwesenheit von externen Wärme- und Massentransfer-Einflüssen und
basierend auf der Massenerhaltung in der Gasphase mit konstantem Volumen
bestimmt. Durch den Einbau eines grossen, perfekt gemischten Gasbehälters, der
94% des Gesamtvolumens des geschlossenen Kreislaufs einnimmt, die
Unsicherheit in den Massenbilanzberechnungen, durch ungleichförmigen
Gasdruck und Temperatur in den Schläuchen, Ventilen und der
Instrumentierung, vierfach verringert. Die ersten Ergebnisse zeigen
Halbwertszeiten für H2O- und CO2-Adsorption in der Grössenordnung von
mehreren zehn Sekunden beziehungsweise mehreren zehn Minuten. Dieser
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Befund impliziert, dass die Koadsorption an aminfunktionalisiertem NFC
untersucht werden kann, in der Annahme, dass die H2O-Beladung auf dem
Sorbens in jedem Fall im Gleichgewicht mit der umgebenden Feuchtigkeit steht.
Aufgrund der viel schnelleren Kinetik wird die H2O-Adsorption durch den
intrapartikulären Massentransfer bei einer Partikelgrösse des Sorbens von ~10
mm limitiert, während die CO2-Adsorption unbeeinflusst bleibt. Die in dieser
Arbeit vorgestellten Design- und Validierungsmethoden können als Referenz für
die Entwicklung von Festbett-Versuchsaufbauten zur Messung der Kinetik von
Gas-Feststoff-Reaktionen dienen.
Die Aminbeladung und die H2O-Koadsorption sind zwei wichtige Parameter,
welche die CO2-Adsorptionskinetik von aminfunktionalisiertem NFC
beeinflussen. Es wird gezeigt, dass eine zu hohe Aminbeladung zu
Porenblockierung und Aminogruppen innerhalb der blockierten Poren führen
kann. Der Diffusionswiderstand von CO2 in diese eingebetteten Aminogruppen
kann die CO2-Adsorptionskinetik von aminfunktionalisiertem NFC signifikant
verlangsamen und die Aminausnutzung für die CO2-Adsorption verringern. Es
wird aufgezeigt, dass die Verringerung der Aminbeladung ein effektiver Ansatz
zur Reduktion der eingebetteten aminfunktionellen Gruppen
und zur
Verbesserung der CO2-Adsorptionskinetik darstellt, obwohl dies die
Gleichgewichts-CO2 -Beladung auf dem Sorbens verringert. Alternativ wird für
ein CO2-Sorbens, der im Temperatur-Vakuum-Wechselbetrieb vorgeschlagen,
dass die höhere Gleichgewichts-CO2 -Beladung auf Sorbens mit hohem
Amingehalt ausgenutzt wird, indem der Adsorptionsschritt vor der vollständigen
Sorptionskühlung initiiert wird. Dadurch profitiert die CO2 -Adsorptionskinetik
von der schnelleren CO2-Diffusion zu den eingebetteten aminfunktionellen
Gruppen bei der höheren Sorptionstemperatur . Eine vereinfachte Energieanalyse
zeigt, dass durch Einleitung der CO2-Adsorption bei 60°C während der
Abkühlung des Sorbens ein Teil der Sorptionsregenerationswärme in Form von
CO2-Adsorptionsverstärkung zurückgewonnen werden kann, was den
Energieverbrauch um 15–27% reduziert.
Des weiteren wurde gezeigt, dass die CO2-Adsorptionskinetik von
aminfunktionalisiertem NFC mit der Menge an koadsorbiertem H2O zunimmt.
Die fördernde Wirkung von adsorbiertem H2O ist jedoch nicht ausreichend, um
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die langsame CO2-Adsorptionskinetik des Sorbens mit hoher Aminbeladung zu
überwinden. Darüber hinaus bleibt die Aminnutzungseffizienz beim Sorbens mit
hoher Aminbeladung niedriger als beim Sorbens mit niedriger Aminbeladung,
bei einer massenspezifischen H2O-Beladung im Bereich von 0 bis 4.8 mmol∙g-1.
Die Fähigkeit, eine hohe Amineffizienz ohne Koadsorption von H2O zu
erreichen, macht das Sorbens mit geringer Aminbeladung für den DAC-Prozess
ökonomisch günstiger, da die Synthesekosten von amin-funktionalisiertem NFC
von den Kosten von Aminosilan dominiert werden. Die vereinfachte
Energieanalyse zeigt, dass das Sorbens mit hoher Aminbeladung mehr Energie
pro adsorbiertem CO2 verbraucht als das Sorbens mit niedriger Aminbeladung,
was darauf hinweist, dass letzterer auch energetisch effizienter ist. Schließlich
erlauben die Charakterisierung der Sorptionsoberflächen und die CO2-H2OKoadsorptionsexperimente (i) die Bildung von Hydroniumcarbamaten und
Ammoniumbicarbonaten, (ii) die Chemisorption von CO2 -adsorbiertem H2O in
Abwesenheit von Amin und (iii ) Die geringere Aktivierungsenergie von CO2Amin in Gegenwart von H2O als Hauptgründe für die H2O-induzierte CO2Adsorption auszuschliessen.
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Nomenclature
Latin characters
A
AHEX

interface area between the CLDB setup and ambient
Surface area of the heat exchanger

m2
m2

b
C

fitting parameter of Toth adsorption isotherm
gas phase sorbate concentration

mbar-1
mol∙m-3

Ci = 1 – 6
CG

coefficients of saturation vapor pressure equation
Guggenheim constant in GAB model

-

CG,0
Cm

Arrhenius type Guggenheim constant in GAB model
monolayer H2O loading

mmol∙g-1

Cm,0
CV

monolayer H2O loading at reference temperature
flow coefficient in valve

mmol∙g-1
-

cp
cp,mol

mass-specific heat capacity
molar-specific heat capacity

J∙g-1∙K-1
J∙mol-1∙K-1

Dm
dp

molecular diffusivity
sorbent particle diameter

m2∙s-1
mm

dpore
E

pore diameter
relative error

nm
%

EA
err

activation energy
dimensionless error

-

G
Gg

exact amplification factor
specific gravity of gas

-

h
∆hC

molar-specific enthalpy
enthalpy difference between monolayer and multilayer

J∙mol-1
J∙mol-1

∆hK

H2O adsorption
difference between water vapor heat of condensation and

J∙mol-1

K0

multilayer H2O heat of adsorption
temperature-independent parameter in GAB model

-

Kads
k

temperature-dependent parameter in GAB model
effective exchange coefficient

m∙s-1

kf

convective mass transfer coefficient

m∙s-1

Nomenclature
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kh
kr

convective heat transfer coefficient
rate constant

W∙m-2∙K-1
mol∙m-3∙s-1

L
m

length
mass

m
g

M
NAv

molar mass
Avogrado constant

g∙mol-1
mol-1

Nturn
n

number of valve turns from the fully opened position
gas phase molar amount

mol

ṅ
P

molar flow rate
pressure

mol∙min-1
mbar

Psat
p

saturation vapor pressure
order of accuracy

Pa
-

QCO2
Q̇f

energy consumed per mole of CO2 adsorbed
mass transfer rate

J∙mol-1
mol∙s-1

Q̇h
q

heat generation/transfer rate
mass-specific loading

W
mmol∙g-1

qs
q̇

saturation capacity in Toth adsorption isotherm
sorbate loading rate of change

mmol∙g-1
mmol∙g-1∙s-1

∆q
R

mass-specific amount of gas adsorbed per sorption cycle
universal gas constant

mmol∙g-1
J∙mol-1∙K-1

r
∆r

adsorption rate
increase of adsorption rate

mmol∙g-1∙s-1
mmol∙g-1∙s-1

RH
S

relative humidity
valve-specific constant

T
∆T

temperature
temperature gradient

°C (or K)
°C

t
U

time
overall heat transfer coefficient

s
W∙m-2∙K-1

u
V
V̇

uncertainty
volume

ml

v

volumetric flow rate
mass-specific volume

lstd∙min-1
cm3∙g-1

Wevac
x

Evacuation energy per mole of CO2 adsorbed
mole fraction

kJ∙mol-1
ppm

y

fraction of unadsorbed gas-phase sorbate

-

%
lstd∙K1/2∙bar-1∙min-1

xviii

Nomenclature

Greek characters
α

slope of eq. 4.14

β
η

reference temperature
efficiency

K
-

γ
κ

y-axis intercept of eq. 4.12
flow rate time constant

mmol∙g-1∙s-1
-

λ
μ

thermal conductivity
viscosity

W∙m-1∙K-1
Pa∙s-1

υ
ω

velocity
fitting parameter of Toth adsorption isotherm

m∙s-1
-

ρ
ρs

density
surface density

kg∙m-3
mmol∙m-2

Ψ
θCO2

isothermal criterion (eq. E.22)
amine efficiency

-

Subscripts
0
ads

initial condition
adsorption

amb
bed

ambient
sorbent bed

bulk
CO2

bulk fluid
carbon dioxide

corr
crit

corrected
critical

CSTR
des

continuous stirred-tank reactor
desorption

eff
eq

effective
equilibrium

evac
exact

evacuated
exact solution

f
feed

fluid
feed

film
HEX

gas film
heat exchanger

HTF
H2O

heat transfer fluid
water

mmol∙g-1∙s-1∙K-1

Nomenclature
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i
in

compartments of the CLDB setup
inlet

IRGA
j

infrared gas analyzer
sorbate species

leak
MFC

leakage
mass flow controller

max
meas

maximum
measured value

mix
mol

sorbate mixture
molecular

mono
N

monolayer
norm condition (P = 1013.25 mbar, T = 0°C)

NH2
nv

amine
needle valve

perturb
pore

perturbed
pore

Rel
regen

relative
regeneration

rel
res

relative
residence

s
sens

superficial
sensible

set
sorb

set point
sorbent

std
surf

standard condition (P = 1013.25 mbar, T = 15.45°C)
sorbent surface

tank
TGA

tank
thermogravimetric analyzer

tot

total

Abbreviations
AEAPDMS
AEATPMS

N-(2-aminoethyl)-3-aminopropylmethyldimethoxysilane
[N-(2-aminoethyl)-3-aminopropyl]trimethoxysilane

APDES
APTES

3-aminopropylmethyldiethoxysilane
3-aminopropyltriethoxysilane

APTMS

3-aminopropyltrimethoxysilane
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Nomenclature

CLDB
CSTR

closed-loop differential bed
continuous stirred-tank reactor

DAC
DB

direct air capture
differential bed

DFT
DRIFTS

density functional theory
diffuse reflectance infrared Fourier transform spectroscopy

FTIR
GAB

Fourier-transform infrared
Guggenheim-Anderson-de Boer

IRGA
KF

infrared gas analyzer
Kleine Flange

MFC
NFC

mass flow controller
nanofibrillated cellulose

Nu
PBR

Nusselt number
packed-bed reactors

PEI
Pr

polyethylenimine
Prandtl number

PTFE
Re

polytetrafluoroethylene
Reynolds number

Sc
Sh

Schmidt number
Sherwood number

TGA
TRI

thermogravimetric analyzer
3-[2-(2-aminoethylamino)ethyl-amino] propyltrimethoxysilane

VAS

volumetric adsorption system

1 Introduction
Global warming has been identified as the key climate change issue; with
evidences showing that the annual global temperature has been rising at an
unprecedented rate over the last five decades [10]. Among greenhouse gases,
increasing CO2 concentrations due to human activity was identified as the main
driver of global warming [10]. Over the past decades, the global atmospheric
CO2 concentration has been increasing at a staggering rate of 2 ppm/year. As of
2015, the average atmospheric CO2 concentration reached 399 ppm, which is a
40% increase compared to the mid-1800s.[11] The CO2 emission from fossil
fuels combustion, which dominates the total CO2 emission, [12] show no sign of
decreasing.[13, 14] In view of the gravity of this issue, many of the worlds
nations gathered in 2015 to adopt the Paris Agreement, with the goal to limit the
global temperature rise to a maximum of 2°C by the end of the 21st century. [15]
Such an ambitious target can only be achieved with net negative CO2 emission,
especially in the second half of this century. [16-18] To achieve net negative CO2
emissions, active measures to remove CO2 from the atmosphere are necessary.

1.1

Direct air capture

Several techniques exist for the CO2 removal from atmospheric air, including
afforestation and reforestation, biochar and soil carbon sequestration, ocean
fertilization, bioenergy with carbon capture sequestration, enhanced weathering,
and direct air capture (DAC) with chemicals. [19, 20] Although each of these
techniques has its own upscaling challenges [20], DAC possess the lowest risk
of radical ecosystem alteration, when implemented in large scale. [21] In addition
to being environmentally benign, DAC is not geographically constrained, which
makes it particularly suitable to be coupled to CO2 sequestration sites [22] or to
CO2-neutral hydrocarbon fuel synthesis plants powered by renewable
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energy.[23-25] The former represents a long-term strategy to reduce the
atmospheric CO2 concentration; while the latter exhibits a closed-carbon cycle
that can produce carbon neutral fuel, which is compatible with the existing fossilfuel based energy system.
To date, several chemisorbents were proposed for DAC application,
including the aqueous NaOH/Na2CO3 [26-29], solid CaO/CaCO3 [30-33],
quarternary ammonium-based resins [34-36], potassium-loaded alumina(Al2O3)
[37-40] and amine functionalized solid sorbent [2, 5, 41-44]. The CO2 sorption
process via the cycling of aqueous NaOH/Na2CO3 is operated based on the Kraft
process utilized in the paper industry [27]. A major disadvantage of this process
is the regeneration of the sorbent, which occurs via causticization and
subsequently, a calcination process that requires a relatively high temperature
(700°C) and a high energy requirement (179.2 kJ∙mol-1) [26]. Furthermore, in
order to avoid downstream CO2 separation, the calcination needs to be performed
in an O2-fired kiln, which is technically difficult to develop [45]. Similarly, the
CaO/CaCO3 sorption cycle has a very large thermal energy demand (2485
kJ∙mol-1), as well as very high adsorption (>623 K) and desorption temperatures
(>1037 K), making it unfavorable for DAC application [31, 32].
Lackner et al. [34-36] utilized quaternary ammonium-based resin for DAC
application via humidity swing. In this process, the CO2 adsorption occurs under
low humidity conditions (< 40%), followed by the desorption with sorbents
exposed to either higher humidity or liquid water. Although the input of thermal
energy is not required due to the isothermal nature of this process, the
requirement of relatively dry CO2 for the adsorption step might limit the
practicability of this process, especially when deployed in locations with high
relative humidity.
Both potassium-loaded alumina [37-40] and amine-functionalized solid
sorbents[5, 8, 41-43, 46] exhibit the ability to capture CO2 under DAC condition
(humid air with 400 ppm CO2) as well as a regeneration temperature requirement
(< 300°C) that is low enough to be supplied via the waste heat of a FischerTropsch synthesis plant [47], making them especially attractive for DAC process
coupled with renewable fuel synthesis plants. Between these two sorbents, Bali
et al. [39] showed that under DAC condition, potassium-loaded alumina requires
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a higher regeneration temperature (250 – 350°C) in order to achieve a similar
level of CO2 capacity as amine-based solid sorbents which can be regenerated at
temperature as low as 110°C. As a result, amine-functionalized solid sorbents
have an advantage over the potassium-loaded alumina.
The details of amine-functionalized solid sorbents are discussed further in the
following section.

1.2

Amine-functionalized solid sorbents

The CO2 adsorption on amine functionalized solid sorbents occurs via a twostep mechanism, where CO2 first reacts with an amine group to form a zwitterion
(eq. 1.1), and then the zwitterion is deprotonated by a free base [6, 48, 49]. Under
dry condition, amine group acts as the free base and ammonium-carbamate ionpair is formed (eq. 1.2) [50-53]. In the presence of humidity, H2O can replace an
amine group as the free base to form hydronium carbamate (eq. 1.3) [54, 55],
reducing the amine to CO2 stoichiometry from 2:1 to 1:1 and thus increasing the
theoretical maximum amine efficiency (ratio of adsorbed CO 2 to amine) from 0.5
to 1.0.

CO2 + RNH 2  RNH 2+ COO-

(1.1)

RNH +2 COO- + RNH 2  RNHCOO- + NH3+

(1.2)

RNH +2 COO- + H 2 O  RNHCOO- + H3O

(1.3)

Furthermore, CO2 adsorption on amine-based solid sorbents can occur via
bicarbonate formation (eq. 1.4) under humid condition [56, 57].

CO2  RNH 2  H 2 O  RNH3+  HCO3-

(1.4)

Amine functionalized solid sorbents can generally be categorized into three
classes, which are shown in Figure 1.1 [49, 58]. Class 1 sorbents consist of
porous solid supports physically impregnated with polyamines [2, 41, 42, 44, 46,
59, 60], class 2 sorbents are synthesize via covalently grafting amine compounds,
typically in the form of aminosilanes, to the surface of porous solid structure [2,
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4, 5, 42, 61, 62]; while class 3 sorbents are formed via the in-situ polymerization
of amine monomers on porous solid materials [43, 63, 64].
Among these three classes of sorbents, class 1 sorbents experience loss of
CO2 capacity over multiple cycles of adsorption-desorption, due to the leaching
of physically impregnated polyamines [63, 65]. On the other hand, class 2 and 3
sorbents display good cyclic stability [4, 63, 66, 67], due to the strong covalent
bonds between the amine functional groups and the surface hydroxyl groups.
Concerning the synthesis procedures, class 3 sorbents utilized aziridine, a highly
toxic and reactive compound [43], which poses difficulty to the scaling up of the
sorbent synthesis process. Hence, before a safe synthesis procedure is developed
or a non-toxic substitute of aziridine is discovered, class 2 sorbents remain the
most suitable amine-functionalized solid sorbents for large-scale DAC
application.

Figure 1.1: Classes of amine-functionalized solid sorbents [58].

Table 1.1 summarizes a list of class 2 sorbents with different solid supporting
materials and their corresponding CO2 equilibrium loadings under various DAC
conditions, i.e. CO2 mole fraction xCO2 = 300 – 500 ppm, adsorption temperature
Tads = -5 – 30°C, and relative humidity RH = 0 – 91%.

Solid support

PE-MCM-41

PE-MCM-41

PE-MCM-41

Silica gel

Nanofibrillated
cellulose (NFC)

Mesocellular
foam (MCF)
PE-MCM-41

NFC

Ordered alumina

Reference

Belmabkhout et al. [1]

Belmabkhout et al.[2]

Stuckart et al.[3]

Wurzbacher et al. [4]

Gebald et al.[5]

Didas et al.[6]

Wagner et al. [7]

Gebald et al.[8]

Potter et al.[9]
APTES

APDES

TRI

APTMS

AEAPDMS

AEATPMS

APTES

TRI

TRI

Aminosilane

5.43

4.20

7.90

2.70

4.90

2.48

0.13

7.90

7.90

Amine loading
[mmol N/g]

30

23

-5 - 5

25

25

25

25

25

25

Tads [°C]

0
91
0

outdoor air

0

40

40

80

0

64

RH [%]

1.10
2.13
0.75

1.16

0.54

1.39

0.44

0.13

0.98

1.40

qCO2,eq [mmol CO2/g]

Table 1.1: Summary of class 2 sorbents with the solid supports, type of aminosilane, amine loadings and CO 2 equilibrium loading, qCO2,eq,
at DAC conditions (300 – 500 ppm CO2, Tads = -5 – 30°C, RH = 0 – 91%), arranged chronologically based on literature. The full names of
the aminosilanes are available in the Nomenclature section.
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Among the class 2 sorbents shown in Table 1.1, amine-functionalized NFC
[5, 8] appears as the optimal sorbent as it possesses one of the highest CO2
equilibrium loading under DAC conditions. The following section compiles a
brief literature review of NFC.

1.3

Nanofibrillated cellulose

NFC is a type of nanocellulose made out of pristine and waste cellulose pulps,
which contain cellulose fibers with the chemical structure consisting of Danhydrous glucopyranose units (AGU units) linked by β-1,4-glucosidic bonds
(Figure 1.2) [73, 74].

Figure 1.2: Chemical structure of nanofibrillated cellulose [74].

NFC is widely applied as the additive or filler in the packaging industry [75-77],
building insulation [78], filler in the cement industry [79, 80], reinforcing agent
for polymer matrices [81, 82], filters for wastewater treatment [83, 84], and
pollutant absorber [85].
To synthesize NFC, the cellulose structures in the pulp are first loosened via
either mechanical pre-treatment in water [86] or 2,2,6,6-tetramethylpiperidine1-oxyl radical (TEMPO)-mediated oxidation [87, 88]. The pre-treated cellulose
pulps are then mechanically disintegrated and homogenized in the Microfluidizer
(Microfluidics Ind., USA) to produce NFC hydrogel [86, 89, 90]. This results in
the fibrillation of the cellulose fibers and the higher surface area, porosity, and
permeability than its precursor. Furthermore, the fibrillation makes the cellulose
nanofibrils in the lignin matrix of the cellulose pulp more accessible to the
surrounding fluid, resulting in more surface hydroxyl groups being available for
chemical functionalization.
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To produce solid NFC, the water in NFC hydrogel can be removed via solvent
casting [74], vacuum filtration [91], and freeze drying [88, 92]. The first two
methods result in NFC membranes, while freeze-drying produces NFC foams.
NFC membranes have the mass-specific surface area SA = 0.15 – 0.20 m2∙g-1,
porosity ε = 0.08 – 0.10 %, mass-specific pore volume vpore = 5.0 x 10-4 – 6.6 x
10-4 cm3∙g-1, and the average pore diameter d̄pore = 24.3 – 35.5 nm [90]. The tplot analysis showed the absence of micropores (dpore < 2 nm) in NFC membranes
[90]. NFC foams have SA = 10 – 50 m2∙g-1 [5, 90, 93], ε > 90%, vpore = 0.035 –
0.073 cm3∙g-1 [90, 94], and d̄pore ranging from tens of nm to hundreds of μm [92,
93]. For adsorption application, the larger surface area and higher porosity of
NFC foams are more favorable. Specifically, the use of NFC as the solid support
for class 2 sorbent is attractive for the following reasons:
1. Cellulose is a biogenic and the most abundant biopolymer on earth [68,
69].
2. NFC can be functionalized in an aqueous solution, omitting the need to
use organic solvents [70].
3. NFC has abundant surface hydroxyl groups on its surface, which is
required for the formation of covalent bonds between amine functional
groups and the amine surface[5].
4. NFC is cheaper ($2/kg) [71] compared to the commonly used
mesoporous silica (₤99.20/kg) [72].
5. Amine-functionalized NFC adsorbed less H2O per CO2 adsorbed than
other amine-based sorbent under DAC condition, leading to lower
energy penalty for sorbent regeneration [8].
The following section provides a review of amine-functionalized NFC.

1.4

Review of amine-functionalized nanofibrillated cellulose

Amine-functionalized NFC was developed and characterized in a joint
project between the Professorship of Renewable Energy Carriers (PREC) of ETH
Zürich, the Applied Wood Laboratories of the Swiss Federal Laboratories for
Materials Science and Technology (EMPA), and Climeworks AG. The NFC
solid support was prepared in the form of NFC hydrogel, which was obtained via

8

Chapter 1

a two-step mechanical isolation of the refined fibrous beech wood [86]. The
procedure of synthesizing amine-functionalized NFC consists of: (i) Adding
aminosilanes to the NFC hydrogel (the aminosilane-to-NFC weight ratio ranging
from 1:1 to 8:1 were used in various studies [5, 8, 66, 95, 96]), (ii) stirring the
resulting suspension for 24 h, (iii) centrifuging at 3600 rpm for 20 minutes and
(iv) freeze drying using liquid nitrogen [5]. Alternatively, step (iii) can be
substituted with homogenization in an ultrasonic bath for 30 minutes [8]. In terms
of the type of aminosilanes, Gebald [95] identified that aminosilanes with two
alkoxy groups, such as the 3-aminpropylmethyldiethoxysilane (APDES) and N(2-Aminoethyl)-3-aminopropyl-methyldimethoxysilane (AEAPDMS), are
suitable because of their inability to form three-dimensional siloxane networks
which will block the access to amine functional groups.
Amine-functionalized NFC was characterized in terms of: (i) Physical
properties of sorbent, (ii) CO2 and H2O equilibrium loadings, (iii) CO2 and H2O
adsorption kinetics, and (iv) sorbent stability. The physical properties of aminefunctionalized NFC such as the density ρ, mass-specific surface area SA and
mass-specific amine loading qNH2 depends strongly on the aminosilane
concentration as well as the type of aminosilane used in the synthesis. The
different batches of amine-functionalized NFC produced in various literature
sources [5, 8, 66, 67, 95, 96], had densities ρ in the range of 44 – 61 kg∙m-3,
specific surface area SA of 7.1 – 20.1 m2∙g-1, and mass-specific amine loading
qNH2 of 1.8 – 5.9 mmol∙g-1. Although the specific surface areas of amine
functionalized NFC are at least one order of magnitude smaller than other class
2 sorbents [1, 2, 4, 6, 9], its CO2 capacity was not adversely affected, indicating
that specific surface area is not the limiting factor of CO 2 adsorption on class 2
sorbents.
Single and binary component CO2 and H2O equilibrium loadings of aminefunctionalized NFC were measured by Gebald et al. [8]. Toth adsorption
isotherm and Guggenheim-Anderson-de Boer (GAB) adsorption isotherm were
found to fit the CO2 and H2O equilibrium loadings, respectively. In addition, the
increase in H2O concentration was found to increase the CO2 capacity on aminefunctionalized NFC [8, 67], while the H2O capacity is independent of the CO2
concentration [8]. By substituting the adsorption isotherms into the van’t Hoff
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equation, the isosteric heat of CO2 and H2O adsorption were calculated to be -50
kJ/mol and -48.8 kJ/mol, respectively. As the H2O capacity is larger than the
increase in CO2 capacity, Gebald et al. [8] concluded that the hygroscopicity of
amine-functionalized NFC needs to be reduced in order to decrease the required
water desorption energy during the sorbent regeneration.
Compared to CO2 equilibrium loading, CO2 adsorption kinetics is a more
important parameter to assess the sorbent’s suitability for DAC application, as
DAC process is likely to be operated between non-equilibrium states of the
sorbent for optimized performance [4]. Gebald et al. [5] found that the CO2
adsorption rate on amine-functionalized NFC is comparable to the CO2
adsorption rates on other amine-based solid sorbent under DAC-related condition
(25°C, 40% RH, and 506 ppm CO2), indicating that amine-functionalized NFC
is feasible for DAC. Gebald also discovered that the CO2 adsorption rate on
amine-functionalized NFC is limited by the amine loading, thus making aminefunctionalized NFC with high amine loading more favorable than aminefunctionalized NFC with low amine loading [95]. In a temperature-vacuum
swing (TVS) adsorption-desorption cyclic process [67], the CO2 adsorption rate
on amine-functionalized NFC was found to increase with relative humidity.
In terms of sorbent stability, Gebald et al. [66] found that the presence of
water vapor in the desorption gas can help to prevent the urea formation caused
by CO2 at elevated temperature (90°C). However, the authors found in the same
study that the presence of humid O2 can lead to the formation of amide/imide and
imide/nitrile species, which causes the loss of active amine sites.[66]
Nevertheless, amine-functionalized NFC was shown to be both physically and
chemically stable with only 5% loss in the CO2 capacity after 100 TVS
adsorption-desorption cycles [66]. The good sorbent stability under TVS
condition can be attributed to the very low O 2 concentration in the evacuated
sorbent chamber, which prevents the humid O2-induced degradation at
desorption temperature (90 ‒ 95°C).
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Thesis outline

To date, all the measurements of CO2 and H2O adsorption kinetics on aminefunctionalized NFC were performed in packed bed configuration [67, 95]. Due
to the inherent concentration and temperature non-uniformities in the packed
bed, these measurements may be confounded by the external heat and mass
transfer effects. While these measurements are sufficient for preliminary
assessment of the energy requirement of DAC process [67], they are insufficient
for the design and optimization of DAC adsorber as the external heat and mass
transfer effects change with the adsorber configuration. Such optimization
requires the intrinsic CO2 and H2O adsorption kinetics models. Furthermore,
Wurzbacher et al.[96] found that accurate CO2 and H2O co-adsorption kinetics
models are important for the accurate modeling of the TVS desorption process.
This thesis focuses on the experimental investigation of the CO2 and H2O coadsorption kinetics on amine-functionalized NFC. Chapter 2 describes the
synthesis and characterization of the NFC sorbents used in the framework of this
thesis. Chapter 3 describes the development and validation of a closed-loop
experimental setup for investigating the intrinsic CO2 and H2O co-adsorption
kinetics on amine-functionalized NFC under DAC-related conditions. Chapter 4
reports the investigation of the effects of amine loading and co-adsorbed water
on the CO2 adsorption kinetics on amine-functionalized NFC, which provides
valuable insight on the possible mechanisms that governs the CO2 and H2O coadsorption kinetics. Finally, chapter 5 provides recommendations for further
research of amine-functionalized NFC for DAC application.

2 Sorbent synthesis and characterization
2.1

Synthesis of NFC and amine-functionalized NFC sorbents

For the work of this thesis, three different batches of sorbents provided by
Climeworks AG were used. They consists of NFC sorbents with high amine
loading (A-NFC-H), low amine loading (A-NFC-L) and no loading (NFC-0).
Prior to the sorbent synthesis, 3-aminopropylmethyldiethoxysilane (APDES,
97% Purity, ABCR, Germany) was hydrolyzed in deionized water overnight at
room temperature, with the aminosilane to water weight ratio of 1:3.4. A-NFCH, A-NFC-L, and NFC-0 were synthesized by adding the hydrolyzed APDES to
the 9 wt% NFC hydrogel purchased from Borregaard AG, Switzerland until the
aminosilane concentration reached 10 wt%, 5 wt% and 0 wt%, respectively. The
resulting suspensions were stirred for 3 hours and then pressed into liquid N2
through a perforated metal plate [96]. The frozen particles were freeze-dried for
24 hours and then heated to 120°C in N2 atmosphere for 2 hours.
The surface species and the structure of the sorbents were characterized via
elemental analysis, infrared (IR) spectroscopy, and N 2 physisorption
measurements.

2.2

Sorbents characterization

2.2.1 Elemental analysis
The mass-specific amine loadings qNH2 of NFC-0, A-NFC-L, and A-NFC-H
were determined based on the nitrogen contents measured via elemental analysis
(TruSpec Micro, LECO, USA). The mass-specific amine loading qNH2 of NFC0, A-NFC-L, and A-NFC-H are 0.0 mmol N∙g-1, 3.1 mmol N∙g-1, and 4.4 mmol
N∙g-1, respectively.
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2.2.2 Infrared spectroscopy
Transmission FT-IR spectroscopy was performed on 12 mg of NFC-0 and 8
mg of A-NFC-L using Nicollet iS50-FT-IR (Thermo Scientific, USA). The
spectra were recorded with 64 scans at a resolution of 4 cm-1. The sorbents were
pulverized in liquid N2 and then pressed into self-supporting wafer, before
inserted into the transmission FT-IR cell. Due to its adhesive nature, A-NFC-H
could not be pressed into an intact self-supporting wafer and therefore could not
be characterized using transmission FT-IR spectroscopy.
Upon inserting the sorbent into the FT-IR cell, the spectra of the as-received
sorbents were collected. This was followed by the desorption of the sorbents
under ~3 x 10-6 mbar under 95°C for 1 hour. The spectra of the desorbed sorbents
were recorded. In the measurement of A-NFC-L, the sorbent was further cooled
to room temperature after the desorption, followed by the dosing of
approximately 2.1 mbar of CO2 into the IR cell to initiate CO2 adsorption. The
IR spectra of A-NFC-L was recorded again after 30 minutes of CO2 adsorption.
The comparison between the IR spectra of the desorbed NFC-0 and A-NFCL in Figure 2.1 confirms the grafting of amine functional groups on the surface
of A-NFC-L, as the rise of the bands at 1600 cm-1, 1668 cm-1, 3280 cm-1 and
3340 cm-1 can be associated with NH2 bending [61, 97, 98], asymmetric NH3+
deformation [53, 61, 98], NH2 asymmetric stretching, and NH2 symmetric
stretching [99, 100], respectively. Furthermore, the increase in the spectra
ranging from 2810 – 2917 cm-1, which can be assigned to CH stretching [5, 97],
indicates the increase in C-H bonds resulting from the alkyl chains of the grafted
aminosilanes. Decrease in intensity can be observed on the broad and weak band
at 3400 – 3650 cm-1 [101] and the band at ~1420 cm-1 [102], which are both
associated with free hydroxyl groups. This indicates that the free hydroxyl
groups on the NFC were consumed during the amine functionalization process.
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Figure 2.1: IR spectra of the desorbed NFC-0 and A-NFC-L.

The presence of silicon-based bonds was also detected via the peaks in the
spectra of A-NFC-L at 700 – 810 cm-1 (Si-OH, Si-O-Si, and Si-O-C) and 1256
cm-1 (Si-C) [97, 103, 104]. The increase in the IR band at ~ 1034 cm-1 further
indicates the presence of siloxane bonds (Si-O-Si) on amine-functionalized NFC
[105]. Since NFC does not contain any silicon atom, the formation of siloxane
bonds are attributed to the aminosilane. According to Didas et al. [56] and
Harlick et al. [62], the siloxane network can be formed when the solvent used in
the synthesis contains water, which is the case for the synthesis of aminefunctionalized NFC because the NFC hydrogel contains water. Salon et al. [106]
describes the formation of a siloxane bond on cellulose surface, as illustrated in
Figure 2.2 using APDES as the model aminosilane.
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Figure 2.2: The mechanism of siloxane formation: (I) Hydrolysis of alkoxy (-OC2H5)
groups of the aminosilanes to silanol (-SiOH) groups, (II) Condensation between the
silanol groups and the surface hydroxyl (-OH) groups, (III) Condensation between the
unreacted silanols of two adjacent grafted aminosilanes [106].

Figure 2.3 shows the IR difference spectra of A-NFC-L with adsorbed CO2,
which is obtained by subtracting the IR spectra of the desorbed A-NFC-L from
the IR spectra of A-NFC-L after subjected to 30 minutes of dry CO2 adsorption
at PCO2 = ~ 2.1 mbar.
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Figure 2.3: IR difference spectra of A-NFC-L with adsorbed CO2.

The IR difference spectra in Figure 2.3 indicates that the dry CO2 adsorption
on amine-functionalized NFC occurred via ammonium carbamate formation (eq.
1.2). The presence of carbamate (RNHCOO-) species is indicated by the peaks
at 1325 cm-1, 1381 cm-1, 1431 cm-1, and 1570 cm-1. Specifically, the peak at 1325
cm-1 is associated to the NCOO-1 skeletal vibration [98, 107], peaks at 1381 cm1
and 1431 cm-1 are assigned to the COO- symmetric stretch [50, 53, 108], and
the peak at 1570 cm-1 is assigned to COO- asymmetric stretch [50, 53, 109]. The
presence of ammonium ion species (NH3+) is indicated by the peaks at 1478 cm1
and 1635 cm-1, which are assigned to NH3+ symmetric and asymmetric
deformations, respectively [50, 53, 110]. These results confirms the role of amine
functional groups on the CO2 adsorption on amine-functionalized NFC.

2.2.3 Surface area and porosity analyses
The surface area and porosity of NFC-0, A-NFC-L and A-NFC-H were
analyzed via N2 volumetric adsorption measurements at 77 K (Micromeritics
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3Flex, USA). Prior to the measurements, approximately 100 – 150 mg of
sorbents were degassed under ~0.01 mbar at 95°C for 4 hours. Figure 2.4 shows
the N2 adsorption-desorption isotherms of NFC-0, A-NFC-L, and A-NFC-H.

Figure 2.4: N2 adsorption-desorption isotherms of NFC-0, A-NFC-L, and A-NFC-H.

The sorbents exhibit type IV N2 isotherms, which are typical for mesoporous
sorbents [111]. Similar to the observation in Orsolini et al. [90], majority of the
N2 adsorption on the tested NFC-based sorbents occurred at P/P0 > 0.8, possibly
implying that the sorbents contain pores with sizes exceeding the upper limit of
the measurable pore size of the gas adsorption technique, i.e. ~200 nm [112].
Compared to NFC-0 and A-NFC-L, the mass-specific volume of N2 adsorbed
vN2,ads on A-NFC-H is very low. This can be attributed to the very low specific
surface area SA of A-NFC-H. A close inspection of the N2 isotherm of A-NFCH (Figure 2.5) reveals negative value of vN2,ads, indicating that at certain relative
pressures, accurate measurement of vN2,ads cannot be determined due to the
insufficient sorbent surface area.
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Figure 2.5: N2 adsorption-desorption isotherm of A-NFC-H

Hysteresis loops caused by capillary condensation of N2 in pores can also be
observed in the N2 isotherms of NFC-0 and A-NFC-L. According to the IUPAC
classification, the hysteresis loops of NFC-0 and A-NFC-L resembles the type
H3 hysteresis, which is associated with the aggregates of slit-shaped pores [111,
113]. This suggests that the structure of NFC-based sorbents consists of slitshaped pores.
The mass-specific surface areas SA of NFC-0, A-NFC-L, and A-NFC-H were
determined from the N2 isotherm via the following equation[114]

SA 

Pstd  Vmono,ads,N2  N Av  Amol,N 2
R  Tstd  msorb

(2.1)

where Vmono,ads,N2 is the amount of N2 needed to cover the sorbent with a
monolayer, Pstd is the standard pressure (1000 mbar), Tstd is the standard
temperature (273.15 K), R is the universal gas constant (8.314 J∙mol-1∙K-1), Nav
is the Avogrado constant (6.022 x 1023 mol-1), Amol,N2 is the molecular crosssection area of N2 (16.2 Å2) [90], and msorb is the sorbent mass. nmono,ads,N2 is
determined via the BET equation [114]

Vads,N2

 C  1 P
P
1



  P0  P  Vmono,ads,N2  C Vmono,ads,N2  C P0

(2.2)
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where P and P0 are the sorbate equilibrium and saturation pressures at adsorption
temperature, Vads,N2 is the volume of N2 adsorbed at relative pressure P/P0, and C
is a constant. Based on the N2 isotherm in the range of 0.05 < P/P0 < 0.3 , Eq.
can be plotted linear form, known as the BET plot [114]. From the BET plots in
Figure 2.6, the SA of NFC-0, A-NFC-L, and A-NFC-H were determined to be
28.3 m2∙g-1, 15.9 m2∙g-1, and 1.8 m2∙g-1, respectively. The amine surface densities
ρs,NH2 of the sorbents are determined as the ratio of mass-specific amine loading
qNH2 to the mass-specific surface area of NFC-0 SA,NFC-0.

s,NH  qNH SA,NFC-0
2

2

(2.3)

As a result, the qNH2 of NFC-0, A-NFC-L, and A-NFC-H are 0 mmol N∙m-2, 0.11
mmol N∙m-2, and 0.16 mmol N∙m-2, respectively.

Figure 2.6: BET plots of NFC-0, A-NFC-L, and A-NFC-H.

The mass-specific pore volume vpore, average pore diameter d̄pore, and pore
size distribution dvpore/ddpore were determined via the BJH method described in
the work of Barrett et al. [115], using the N2 desorption isotherm at 0.2 < P/P0 <
0.99. The vpore and d̄pore, along with the SA and ρNH2 of NFC-0, A-NFC-L, and ANFC-H are reported in Table 2.1.
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Table 2.1: Mass-specific surface areas, amine surface densities, mass-specific pore
volumes, and the average pore diameters of NFC-0, A-NFC-L, and A-NFC-H.
Sorbent

SA (m2/g)

NFC-0
A-NFC-L
A-NFC-H

28.3
15.9
1.8

ρs,NH2 (mmol
N∙m-2)
0.0
0.1
0.2

vpore (x10-3
cm3∙g-1)
103.0
61.4
2.8

d̄pore (nm)
17.4
17.4
96.0

Note that the accuracies of vpore and d̄pore of A-NFC-H are questionable due to its
inaccurate N2 isotherm at 0.2 < P/P0 < 0.99. For the same reason, the pore size
distribution dvpore/ddpore plot of A-NFC-H was not used in the following analysis.
The pore size distribution plots of NFC-0 and A-NFC-L in Figure 2.7 show
that the majority of the void volumes in these sorbents comprise of pores larger
than 5 nm. The comparison of the dvpore/ddpore plots between NFC-0 and A-NFCL shows that upon amine functionalization, the pore size distribution remained
the same but the volume of pores with 1.7 < dpore < 100 nm decreased, implying
that the grafting of amine groups filled the pores completely. Based on this
implication, it is deduced that the higher amine loading on A-NFC-H led to a
further decrease in pore volume and loss in mesoporosity, which explains the
very low specific surface area SA of A-NFC-H.

Figure 2.7: Pore size distributions of NFC-0 and A-NFC-L.
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A possible pathway that leads to the loss of mesoporosity is the formation of
siloxane (Si-O-Si) network, which was detected as the peak at 1034 cm-1 in the
IR spectra of desorbed A-NFC-L in Figure 2.1. As illustrated in Figure 2.8, large
amount of siloxane network can lead to the blockage of slit-shaped pores on the
NFC, which results in the co-presence of amine groups that are easily accessible
to the gas-phase CO2 (surface amine-functional groups) and amine groups that
are buried in the blocked pores (deep amine-functional groups).

Figure 2.8: Illustrations of the (a) unblocked and (b) blocked slit-shaped pores on
amine-functionalized NFC [56, 62, 116].

Due to the presence of water in the NFC hydrogel used in the synthesis of ANFC-L and A-NFC-H, pore blocking via the formation of siloxane networks is
assumed to occur on both sorbents. The larger specific surface area SA and massspecific pore volume vpore indicate that A-NFC-L contains less blocked pores and
therefore less deep amine-functional groups than A-NFC-H. In chapter 3, ANFC-L was used in the validation of the closed-loop experimental setup. In
chapter 4, NFC-0, A-NFC-L and A-NFC-H were used for the study of the effects
of amine loading and adsorbed H2O on the CO2 adsorption kinetics.

3 The development and validation of a closed-loop
experimental setup for investigating CO2 and H2O
co-adsorption kinetics
3.1

Motivation

Both equilibrium loadings and kinetics of CO2 and H2O co-adsorption on
amine-functionalized sorbents have been measured using packed-bed reactors
(PBR) [8, 57, 117], thermogravimetric analyzers (TGA) [7, 118, 119], and
volumetric adsorption systems (VAS) [56]. While the determination of the
equilibrium loading in these setups is rather straightforward, the measurement of
CO2 and H2O co-adsorption kinetics can be confounded by external heat and
mass transfer effects. In a TGA, the generally low flow rate of the gas sweeping
the samples can control the CO2 supply to the sorbent, thereby introducing a mass
transfer limitation. In addition, the low sweep-gas flow rates may restrict heat
removal from the samples, which in the case of a high exothermic heat of
adsorption may introduce temperature non-uniformity within the sample. Similar
problems are commonly encountered in PBRs that, in addition, often fail to meet
the plug-flow condition. To solve the PBR material and energy balances while
accounting for both non-isothermal conditions and deviations from plug flow
through the bed, the accurate adsorption kinetics can be extracted only after
involving elaborate numerical treatment [120, 121].
The external heat and mass transfer effects commonly encountered in TGA
and PBR can be avoided by using a differential adsorption bed or so-called zerolength column (ZLC) [122-125]. In this configuration, a thin layer of sorbent


Material in this chapter is published in Y. Ng, L. Yang, Z. R. Jovanovic, “The development and
validation of a closed-loop experimental setup for investigating CO2 and H2O co-adsorption
kinetics under conditions relevant to direct air capture,” Industrial & Engineering Chemistry
Research, accepted, 2018.
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coupled with a high flow rate of a sorbate-carrying fluid leads to negligible
dispersion and fast heat dissipation, thereby resulting in uniform sorbate
concentration and temperature within the bed. These conditions allow for
considering the sorbent bed as a continuous perfectly mixed stirred-tank reactor
(CSTR), where the adsorption kinetics can be directly extracted from the
temporal sorbate concentration difference across the bed [122, 126, 127].
However, as the bed thickness decreases to mitigate the concentration nonuniformity across the bed, the resulting concentration difference eventually
becomes difficult to be measured accurately. To avoid this problem, the
differential bed can be incorporated in a closed-loop configuration (CLDB). In
this configuration the sorbate composition is kept spatially uniform within a fixed
volume of recirculating gas [56, 126, 128, 129] or liquid [130] carrying the
sorbate. The amount of the sorbate is evaluated at every time step and then
differentiated with respect to time to extract adsorption/desorption kinetics [126].
Accurate determination of the sorbate amount in a constant-volume gas phase
is, however, much more elaborate than in the case when the loop volume is filled
with an incompressible liquid [130, 131]. Namely, due to inherent nonuniformity in the gas properties within a CLDB, the determination of the sorbate
amount requires measurements of the gas composition, pressure, and temperature
within multiple compartments that all have known volumes. As the gas pressure
and temperature in gas analyzers, valves, and pumps are often impossible to
determine accurately, the measurement error may be significant if the total
volume of those compartments becomes comparable to the volumes of the
tubing, differential bed, and/or the remaining compartments within the closedloop. This problem can be mitigated by incorporating in the gas-recycle loop a
thermostated, perfectly-mixed tank that has a much larger volume than the rest
of the closed-loop [126, 130].
Compared to the Carberry basket adsorber concept in which the sorbent bed
also plays the role of the mixer of the tank [122], placing the differential bed
outside of the mixing tank has several advantages. First, the gas flow rate through
the sorbent bed is decoupled from the mixer rotation speed. This is important
because the perfect mixing of the tank inventory often imposes the need for high
rotation speeds resulting in high gas flow rates through the sorbent bed. These
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high flow rates, however, may result in substantial pressure gradients across the
bed that will be reflected by the corresponding concentration gradients of a
sorbate across the bed, thereby jeopardizing the “differential bed” assumption.
Second, even a monolayer of sorbent particles may experience non-isothermal
operation if the enthalpy and/or rate of adsorption are high. While measuring the
temperature of a stagnant sorbent bed is straightforward, it becomes a real
challenge if the bed is rotating; consequently, it may be difficult to detect such
temperature excursions in the latter configuration. And third, as the gas volume
within the sorbent bed is negligible compared to the volume of the tank, the
adsorption/desorption temperature can be controlled independently of the
temperature in the gas-mixing tank. This allows to (i) conveniently study the
adsorption under a wider temperature range and (ii) regenerate sorbent while
engaging only a negligible volume of the loop. The later minimizes the
composition disturbances that are generally encountered while commencing the
sorbate flow to a freshly regenerated sorbent at the start of an adsorption
experiment.
This chapter presents development of a closed-loop setup for dynamic
adsorption measurements comprising a differential sorbent bed placed outside of
the gas-mixing tank and its rigorous step-by-step validation for the case of CO 2
and H2O co-adsorption on amine-functionalized NFC under conditions relevant
to DAC.

3.2

Experimental

3.2.1 Apparatus
The CLDB setup is shown schematically in Figure 3.1. It consists of two
main sections: (1) a closed-loop adsorption/desorption test rig and (2) a
gas/sorbate supply manifold. The closed-loop rig comprises a sorbent bed, a
thermostated diaphragm pump (type PM 28558-012.26, KNF, Switzerland), a
gas-mixing tank, and an infrared gas analyzer (IRGA) (LI-840A, LICOR, USA).
As shown by Figure 3.2, a thin sorbent bed was supported with a 100-μm
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stainless steel mesh and placed in a sample holder. The sample holder was sealed
between a pair of stainless steel flanges, using a Klein Flange (KF) clamp and a
polytetrafluoroethylene (PTFE) gasket. A K-type thermocouple (NiCr-Ni, IEC
tolerance class EN60584-2, class 1, BAX Engineering, Germany), protruded into
the sorbent bed through the upper flange. The sample holder was immersed in a
thermostated water bath (ECO RE415, Lauda, Germany) to control the bed
temperature in the range 0°C – 100°C, thereby enabling the cycling between
adsorption and desorption steps. To preclude temperature difference between the
incoming gas and the sorbent, the gas was introduced through a coiled stainless
steel tube that was also immersed in the water bath.

Figure 3.1: Schematic diagram of the CLDB setup. The sections outlined by the (blue) dashed and (green) dash-dotted
lines represent the gas/sorbate supply manifold and the closed-loop test-rig, respectively. The (red) dotted lines indicate the
gas flow direction during the adsorption experiments.
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Figure 3.2: (a) Disassembled and (b) assembled sample holder with the gas flow
direction indicated by the yellow arrows and main components as follows: 1- PTFE
gasket, 2 – sorbent bed, 3 – thermocouple, 4 – upper flange, 5 – KF clamp, 6 – lower
flange.

A sorbate mixture was prepared in the gas/sorbate supply manifold by mixing
N2 (N2 5.0, purity 99.999% Messer, Switzerland), CO 2/N2 mixture (30,000 ppm
of CO2 in N2, accuracy ±2%, Messer, Switzerland), and water vapor from the
heated water bubbler. The initial gas-mixture composition was set by controlling
the flow rates of fed gases via mass flow controllers (MFC) (EL-FLOW,
Bronkhorst, Netherlands). During the experiment, the sorbate mixture was
recirculated through the loop via the thermostated diaphragm pump and its flow
rate ṅ was controlled with the number of valve turns Nturn on the needle valve Vn (SS-6MA-MM, Swagelok, USA) installed between the sorbent bed and the
pump. The relationship between ṅ and Nturn was established via a series of
pressure drop (∆Pnv) measurement across V-n. ∆Pnv were measured for Nturn = 0
– 8 using the additional pressure transducers (DMP 331i, BD Sensors, Germany)
installed at the inlet and outlet of the valve under the typical experimental
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conditiona. The measured ∆Pnv were used to calculate the standard volumetric
flow rate V̇̇std,nv via [132]

 2  Pnv
Vstd,nv  S  Cv  Pin,nv 1 
 3 P
in,nv



Pnv
 
P

in,nv Gg  Tin,nv


(3.1)

where S = 6950 lstd∙K1/2∙bar-1∙min-1 is the valve-specific constant [132], Cv [-] is
the flow coefficient, Pin,nv [bar] is the gas pressure measured at the inlet of V-n,
Tin,nv [K] is the temperature at the inlet of V-n (assumed to be 303 K), and Gg [-]
is the specific gravity of the gas mixture with respect to air. The flow coefficient
Cv is calculated from the following equation extracted from the graph supplied
by the manufacturer [133]

Cv  0.0035   N turn, max  N turn   0.0012

(3.2)

Nturn ranges from 0 to 8.75, which is the Nturn at fully closed position (Nturn,max).
Finally, the calculated V̇̇std,nv is inserted into the ideal gas law to calculate the
molar flow rate in the closed-loop ṅ
n

Pstd  Vstd,nv
R  Tstd

(3.3)

where R is the universal gas constant, while Pstd and Tstd are the standard [134]
pressure and temperature (1013.25 mbar and 15.45°C, respectively). Table 3.1
shows ∆Pnv, V̇std,nv, and ṅ determined for Nturn = 0 – 8. In some of the experiments,
this needle valve was replaced with a 5 cm long stainless steel pipe having the
inner diameter of 4mm. The gas flow rates in the closed-loop with fully opened
needle valve and without the needle valve were assumed to be similar (ṅ = 0.074
mol∙min-1).

a

Water jacket of the gas-mixing tank (Figure 3.1) kept at 40°C, the magnetic stirrer in the tank
rotating at 300 rpm, and the air recirculating in the closed-loop via the use of the diaphragm pump.
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Table 3.1: The pressure drop, volumetric flow rate, and molar flow rate across valve V-n
as function of the number of the valve turns.

Nturn
0
2
4
6
8

V̇std,nv (lstd∙min-1)
1.74
1.44
1.13
0.77
0.17

∆Pnv x 10-3 (bar)
23.2
28.5
38.1
60.2
110.5

ṅ (mol∙min-1)
0.074
0.061
0.048
0.033
0.007

The stainless steel gas-mixing tank equipped with a thermostated water jacket
and a custom double-propeller magnetic stirrer (MM40, Amar Equipments,
India) occupied ~94% of the total closed loop volume. The pressure and
temperature of the tank inventory was monitored via a pressure transducer (DMP
331i, BD Sensors, Germany) and three K-type thermocouples (NiCr-Ni, IEC
tolerance class EN60584-2, class 1, BAX Engineering, Germany), respectively.
The gas-mixing tank has a volume of Vtank = 1969.6 ml ± 77.8 ml, which was
determined based on the method of Watson et al. [135]. The measurement of Vtank
started with the evacuation of the tank to approximately 30 mbar. The pressure
and temperature in the tank (Ptank,evac and Ttank,evac, respectively) were then
measured using a pressure transducer (DMP 331i, BD Sensors, Germany) and
three thermocouples (NiCr-Ni type K, IEC tolerance class EN60584-2, class 1,
BAX Engineering, Germany), respectively. The evacuated tank was then
connected to a N2 cylinder pressurized to 5 − 6 bar and having a mass determined
with an electronic scale (FKB-6K0.02, Kern, Germany). By opening the block
valves on the tank and on the cylinder, some N2 from the cylinder was transferred
to the evacuated tank. When readings of the pressure transducer and
thermocouples reached equilibrium values (Ptank,eq and Ttank,eq, respectively), the
tank and the cylinder were disconnected from each other by shutting off their
respective valves. The cylinder was then detached from the tank and weighed
again to determine the mass of N2 transferred into the tank, ∆mN2. Finally, the
volume of the tank Vtank was determined by solving the following mole balance
Ptank,eq  Vtank
R  Ttank,eq



Ptank,evac  Vtank
R  Ttank,evac



mN2
M N2

(3.4)
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where MN2 is the molar mass of the N2. The procedure was repeated three times.
A detailed schematic of the tank indicating its dimensions and locations of the
instrumentation is available in the Figure 3.3.

Figure 3.3: Dimensions (in millimeters) of the gas-mixing tank with the locations of the
thermocouples.

The ball valves (Swagelok, USA), designated in Figure 3.1 as “V-0” to “V10”, were installed to control the gas-flow directions through the loop during
different stages of the experiment. A vacuum pump (type N84.3 ANDC, KNF,
Switzerland) was installed to evacuate the closed-loop before filling it with a
sorbate gas mixture, and a back pressure controller (EL-Press, Bronkhorst,
Netherlands) was installed upstream of the vacuum pump to control the
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evacuation pressure. Throughout the experiment, the mole fractions of CO 2 and
H2O in the closed-loop were continuously measured with the IRGA, zerocalibrated with 1 lN∙min-1 of N2 5.0 before each experiment and operated at
constant temperature of 50.7 °C. As the temperatures of the pipes and valves
were not controlled, to avoid condensation of H2O its partial pressure was limited
to 23.5 mbar corresponding to the dew point of 20°C. The IRGA was equipped
with a pressure sensor indicating the gas pressure in the analyzer and controlled
using its own data acquisition software [136]. The real-time data acquisition and
control of all other instruments were performed via LabView (National
instruments, USA).

3.2.2 Dynamic Adsorption/Desorption Test Procedures
The operation of the CLDB apparatus schematically shown in Figure 3.1
entailed the following steps: (1) isolation of the sorbent bed from the rest of the
closed loop, (2) regeneration of the sorbent bed to remove any pre-adsorbed H2O
and/or CO2 from the sorbent, (3) conditioning of a sorbate-gas mixture in the
closed loop bypassing the sorbent bed, and (4) incorporation of the sorbent bed
into the closed loop. The corresponding sequential and parallel steps are
described in detail Appendix A.
The isolation of the sorbent bed was performed by manipulating valves V-3,
V-4, and V-5 to direct the sweep gas entering from V-7 to flow through the
sorbent bed and exit through V-5 into the vent. This allowed simultaneous
occurrence of the regeneration of sorbent (step 2) and conditioning of a sorbate
mixture (step 3). The sorbent regeneration was carried out at 95°C in two stages.
In the first stage, the sorbent bed was swept for 45 min with 500 ml N∙min-1 flow
of N2 having relative humidity of 50-60% to desorb any pre-adsorbed CO2. The
purpose of using humid N2 in this step was to preclude sorbent degradation due
to the urea-forming reaction of the amine with CO2 that takes place in the absence
of H2O at temperatures in excess of 90°C [66, 137]. After this humid
regeneration, the sorbent bed was swept with dry N 2 for 60 min to desorb and
purge H2O. Detailed procedure for sorbent regeneration is available in Appendix
A.
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Following the regeneration, the sorbent bed was cooled to the adsorption
temperature (Tads) while maintaining the flow of dry N2 through it. Prior to
conditioning the setup with sorbate-gas mixture (step 3), the water jacket of the
mixing tank was heated to 40°C and the parts of the loop not involved in the
regeneration were evacuated using the vacuum pump. Simultaneously, sorbate
mixture was prepared in the sorbate supply manifold. The desired composition
of the mixture was achieved by adjusting the flow rates of CO2/N2 mixture, N2,
and H2O/N2 mixture via MFCs 1, 2, and 3, respectively The resulting gas mixture
was then introduced into the evacuated parts at 10 mbar. As soon as the pressure
in these parts reached approximately 990 mbar, V-10 was opened to allow a
continuous flow of sorbate mixture through the same parts until the CO2 and H2O
mole fractions readings of the IRGA are stable. The detailed operating procedure
of the valves and MFCs in step (3) are described in Appendix A.
Upon the completion of steps 2 and 3, V-0 and V-10 were closed to isolate
the sorbate mixture-filled parts from the ambient air and gas supply manifold.
Valve V-1 was then opened and the diaphragm pump was turned on to circulate
the sorbate mixture. The magnetic stirrer was set at 300 rpm. Subsequently, the
N2 flow through the differential bed was stopped and the sorbent bed was
reconnected to the parts of closed-loop filled with sorbate mixture to start the
adsorption experiment. The detailed procedure for reconnecting sorbent bed to
the closed loop is described in Appendix A.

3.2.3 Data analysis
The species j has an instantaneous adsorption rate rj (t) represented by the
time derivative of the mass-specific sorbate molar loading qj (t)

rj  t  

dq j (t )
dt

(3.5)

with qj (t) calculated from the temporal gas-phase species balance
q j t  

n j ,0  n j  t 
msorb

(3.6)
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where nj (t) and msorb represent the instantaneous sorbate amount in the gas phase
within the closed-loop and mass of sorbent, respectively. The sorbate amount
present in the gas-phase can be determined using the ideal gas law if the sorbate
mole fraction xj and the system pressure P, volume V, and temperature T are all
known. Assuming the CSTR flow pattern in the tank and the plug flow through
the reminder of the loop, xj is assumed uniform throughout the entire closed-loop.
However, the pressure and temperature both vary within the loop due to the
pressure drop in pipes, gas compression by the pump, and the lack of temperature
control outside of the tank. To account for these non-uniformities in P and T, the
closed-loop was divided in several compartments as shown in Figure 3.4 to
calculate nj(t) as

n j t  

x j t 
R


i

Pi  t   Vi
Ti  t 

(3.7)

where R is the universal gas constant and subscript ‘i’ designates different
compartments involved in the analysis. Note that, the calculations of nj(0) and
nj,(t) do not account for the exact same compartments, because the sorbate
mixture bypassed the sorbent bed before the adsorption (See Figure 3.4).
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Figure 3.4: The compartments of the closed-loop considered for the sorbate mass
balance. The parts outlined by the (red) dotted, the (green) dashed, and the (blue) dashdotted lines represent the parts of the loop occupied by the sorbate mixture (I) before,
(II) during, and (III) both before and during the adsorption experiment.

The compartment volumes Vi were fixed and determined in different ways.
The tank (compartment i = 6) volume Vtank has the value of 1969.6 ml, which
was determined prior to the assembly of the setup as described in section 3.2.1.
The volumes of the remaining compartments (shown in Table 3.3) were
calculated based on their dimensions that were either measured (pipes and
sorbent bed holder) or specified by the manufacturer (IRGA, valves, vacuum
pump). P was continuously measured in the gas-mixing tank (i = 6) and in the
IRGA (i = 8) while T was directly measured in the tank and in the sorbent bed (i
= 2). For the rest of the compartments, P and T were estimated based on the P
gradients and the ambient T, respectively. In particular, the pressure in
compartments without in-situ measurements (i = 1 – 5, 7) are estimated by adding
the pressure gradients across each of these compartments to the in-situ measured
pressure in the gas-mixing tank (P6,meas) or the IRGA (P8,meas). The pressure drops
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across the compartments were determined in a closed-loop blank experimenta
using multiple pressure transducers installed at various locations in the closed
loop as schematically shown in Figure 3.5. Table 3.2 shows the ∆P measured
with and without the needle valves (V-n) and Table 3.3 shows the equations used
to calculate P in compartments i = 1 – 9.

Figure 3.5: Positions of the pressure transducers during the pressure gradient
measurements in the closed loop of the CLDB setup.
Table 3.2: Pressure differences across different compartments of the closed loop.

CLDB
compartments, i

∆P equation

1
1+2+3
5

PA – P8,meas
PB – P8,meas
PC – P6,meas

Without
V-n
-14.4
-22.6
5.5

∆P (mbar)
Nturn,V-n Nturn,V-n
=0
=2
-6.2
-5.7
-28.2
-31.7
1.1
0.9

Nturn,V-n
=4
-5.0
-37.4
0.9

The temperature in the compartments without in-situ measurements and
temperature control (i = 1, 3, 5, and 7) were estimated by averaging the highest
and the lowest temperatures among the ambient air and the adjacent
compartments. The temperature in the diaphragm pump (T4) and IRGA (T8) were
The blank experiment was performed with air circulating in the closed loop at ṅ = 0.074 mol∙min, the gas-mixing tank thermostated at 40°C, the magnetic stirrer rotating at 300 rpm, and the empty
sample holder kept at room temperature.
a

1
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set to 50.7˚C and 60˚C, respectively. The temperatures in all of the compartments
(i = 1 – 9) are tabulated in Table 3.3.
Table 3.3: Pressure, volume, and temperature in each compartments of the closed-loop.

CLDB
compartments, i
1
2
3
4
5
6
7
8
9

P (mbar)

V (ml)

T (˚C)

P8,meas + ∆P1
(P1 + P3)/2
P8,meas + ∆P1+2+3
((P6,meas + ∆P5) +
P3)/2
P6,meas + ∆P5
P6,meas
(P6,meas + P8,meas)/2
P8,meas
P8,meas + ∆P1

18.1
28 – msorb/ρsorb
18.2
3.5

(T8 + Tamb)/2
T2,meas
(Tamb + T4)/2
60

19.3
1969.6
7.1
16.4
18.7

(T4 + Tamb)/2
T6,meas
(Tamb + T8)/2
50.7
(T8 + Tamb)/2

In the sorbate mass balance (eq. 3.6), adsorption is assumed to be the sole
sink term in the closed-loop. However, it is merely impossible to completely
avoid gas leakage into and/or from a closed volume setup. High leakage rates
can thus introduce significant error to the adsorption rates determined using the
CLDB setup.
Considering the requirements outlined above, the key validation criteria of a
CLDB setup suitable for determining adsorption kinetics can thus be summarized
as follows:
1. Perfectly-mixed (CSTR) flow pattern in the gas-mixing tank.
2. Accurate sorbate mass balance analysis.
3. The absence of external mass and heat transfer effects.
4. Negligible effect of gas leakage rates on the determination of
adsorption rates.

3.3

Validation

3.3.1 Flow pattern in the gas-mixing tank
The flow pattern in the gas-mixing tank was explored under conditions
typical for the adsorption experiments via (i) assessment of pressure and
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temperature uniformity within the tank and (ii) CO2 tracer study. The former was
done while circulating air through the setup augmented with (i) an additional
pressure transducer (26.600 G, BD Sensors, Germany) installed at the immediate
outlet of the tank and (ii) seven K-type thermocouples (NiCr-Ni, IEC tolerance
class EN60584-2) installed as shown in Figure 3.6. The results acquired under
typical experimental conditionsa indicated the pressure drop across the tank and
the highest observed temperature difference within the tank of ∆P = 6.8 mbar
and ∆Tmax = 2.6°C, respectively.

Figure 3.6: Positions of thermocouples during the temperature measurements within the
gas-mixing tank. All dimensions are in millimeters.
a

T of the water jacket of the tank stays at 40°C, the magnetic stirrer rotates at 300 rpm, and gases
flow through the tank at ~1800 mlN∙min-1.
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The CO2 tracer study was carried out using the setup schematically shown in
Figure 3.7 while keeping the water jacket around the tank at 40°C and the
magnetic stirrer rotating at 300 rpm. The pressure and the temperature in the tank
were continuously measured with a pressure transducer (DMP 331i, BD Sensors,
Germany) and three K-type thermocouples (NiCr-Ni, IEC tolerance class
EN60584-2, class 1, BAX Engineering, Germany), respectively. The tracer was
introduced into the tank to simulate the recirculation molar rate (~0.0804
mol∙min-1 or ~1800 mlN∙min-1) and the adsorption-induced decay of CO2 mole
fraction expected during a typical adsorption CLDB experiment. Specifically,
the tracer was conditioned by mixing the flow rates of CO2-N2 mixture (5,000
ppm of CO2 in N2, accuracy ±2%, Messer, Switzerland) and N 2 (N2 5.0, purity
99.999% Messer, Switzerland) via adjusting the outputs of MFC 1 and MFC 2
as
nMFC1  t   nMFC1,0  exp(  t )

(3.8)

nMFC2  t   nMFC2,0   2  exp(  t ) 

(3.9)

where the initial molar flow rates through MFC 1 and MFC 2 were set to ṅMFC1,0
= ṅMFC2,0 = 0.0402 mol∙min-1 while the time constant κ was set to 0.006 s-1. This
results in the input CO2 tracer mole fraction xCO2,in
xCO2 ,in  t  

nMFC1  t 

nMFC1  t   nMFC2  t 

 5000 ppm 

(3.10)
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Figure 3.7: Schematic of the tracer study setup.

Throughout the tracer study, the input and output tracer mole fractions (xCO2,in
and the xCO2,out, respectively) were measured with zero-calibrated IRGAin and
IRGAout, respectively, until xCO2,in dropped to zero.
The mixing of the gas in the tank was assessed by comparing the
experimental CO2 tracer mole fractions at the outlet of the tank xCO2,out obtained
in the CO2 tracer study with those calculated based on the assumption that the
gas in the tank was perfectly mixed (CSTR condition) xCO2,out,CSTR. As the
experimentally observed uniformity of the gas temperature and pressure within
the tank implied that
dntank
 0  nin  t   nout  t 
dt

(3.11)

the tracer material balance for the CSTR condition, i.e. assumption that the CO 2
composition in the tank is uniform and equal to that at the tank outlet, reduces to

ntank 

dxCO2 ,out,CSTR  t 
dt

 nout  t    xCO2 ,in  t   xCO2 ,out,CSTR  t  

(3.12)
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In eqns. 3.11 ‒ 3.12, ntank designates the total amount contained within the tank,
calculated via the ideal gas law, with the in-situ pressure and temperature
measurements in the tank as well as the Vtank reported in section 3.2.1 (1969.6
ml). xCO2,out,CSTR in eq. 3.12 was solved via explicit Euler method
 xCO ,out,CSTR  t  t   xCO2 ,out,CSTR  t  
ntank   2
 nout  t    xCO2 ,in  t  tres   xCO2 ,out,CSTR  t  
t
(3.13)

The input tracer mole fraction xCO2,in was determined as the xCO2 measurement in
IRGAin at t – tres, where tres is the gas residence time in the pipes between IRGAin
and the tank inlet estimated by dividing the volume of the pipes (22.2 ml) with
the volumetric flow rate across the tank (1948.6 ml∙min-1) a . Although the
resulting tres is 0.68s, it is rounded up to 1s due to the temporal resolution of
xCO2,in measurement in IRGAin (1s). The time step ∆t = 1s used to solve eq. 3.13
was also limited by the temporal resolution of xCO2,in measurement in IRGAin.
The solution calculated with ∆t = 1s is shown to be sufficiently accurate in
Appendix B.
Good agreement between the experimental xCO2,out and the numerical solution
of eqn. 3.12 xCO2,out,CSTR demonstrated in Figure 3.8 confirmed that the gas in the
tank can be considered perfectly mixed under the operating condition of the
CLDB setup representative for adsorption experiments. It should be noted that
the small differences between xCO2,out and xCO2,out,CSTR highlighted in Figure 3.8b
and 3.8c are within the error bars of xCO2,out set by the accuracy of the IRGA
(±1.5% of the readings) [136].

a

The volumetric flow rate is calculated via the ideal gas law assuming constant molar flow rate of
0.0803 mol∙min-1 across an isothermal and isobaric pipe at room temperature (25°C) and the
average pressure measured in IRGAin and the tank (1021.5 mbar).
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Figure 3.8: Comparison between the experimental and calculated CO2 mole fractions at
the outlet of the tank assuming CSTR flow pattern. The zoom-in plots in figures (b) and
(c) indicate error bars determined by the accuracy of the IRGAout.

3.3.2 Sorbate mass balance
Uncertainty analysis
The sorbate loading can be expressed as a function of the total of ‘z’ variables
θi in the following general form
q j  t   f 1 ,  2 ,...,  z 

(3.14)

The uncertainty of qj(t), designated uq, is calculated via the error propagation
method [138] as

 q j  t 
 
 u

 1  
z

uq j  t 





2

Based on the definition of qj(t) in eq. 3.6, eq. 3.15 is expanded into

(3.15)
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where
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Assuming a negligible uncertainty of measuring msorb, uqj(t) reduces to

uq j  t  

1
u2  u2
msorb n j  0 n j t 

(3.20)

Alternatively, eq. 3.20 can be written as

uq j  t  

1
msorb

2
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 n 0   u
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2

(3.21)

where urel,nj(t) is the relative uncertainty of nj(t) (eq. 3.22)

urel, n j t   un j t  n j  t 

(3.22)

Similarly, unj(t) is calculated by applying the error propagation method to eq. 3.7
as

 n j  t 
 
 u

 1   
z

un j  t 





2

(3.23)

where νϕ represents parameters appearing in the RHS of eq. 3.7 (xj, Pi, Vi, and Ti
of all CLDB compartments shown in Figure 3.4) and uνϕ designates the
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uncertainties of these parameters that are reported in Table C.1 along with the
sources of these values.
The calculation of urel,nj(t) was performed for xj ranging between 50 – 100,000
ppm using values of Vi, Pi, and Ti listed in Table C.2. As the pressures and
temperatures within the compartments experienced only minor changes
throughout the experiments, the pressure and temperature values in this table
were estimated by averaging their corresponding measurements over multiple
experiments. It should be noted that the resulting uncertainty of urel,nj(t) = 4.3 –
4.5% would increase to 16.9 – 17.0% if the tank is not included in the
calculations. This indicates that the gas-mixing tank does mitigate measurement
uncertainties in the smaller compartments and decreases the uncertainty of the
sorbate mass balance calculations fourfold.
Due to the small P and V differences between the calculations of nj(0) and
nj(t), urel,nj(0) and urel,nj(t) are assumed to be similar. Therefore, eq. 3.21 can be
rearranged into

uq j  t  

urel, n j t 
msorb

n j  0  n j t 
2

2

(3.24)

Eq. 3.24 implies that although the uncertainty of the sorbent loading uqj(t) benefits
from the relatively small urel,nj(t) (4.5%) it does increase with an increase in the
amount of sorbate in the setup.
The relative uncertainty qj(t) urel,qj(t) is calculated as the following

urel, q j t  

uq j  t 

q j t 

urel, n j t   n j  0   n j  t 
2



 n  0  n t 
j

j

2

msorb

msorb

(3.25)

Eq. 3.25 can be written as
urel, q j t  

urel, n j t 

1  y 

1  y 

2

(3.26)

where y is the fraction of the fraction of the unadsorbed sorbate amount nj(0) that
remains as gas phase in the setup
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(3.27)

Figure 3.9 shows that as y increases to 0.9, urel,qj(t) can increase to more than
60%. This indicates that small ratio of adsorbed sorbate to the amount of sorbate
in the gas-phase can lead to large uncertainty of the measured qj(t). Although the
uncertainty of qj(t) measurement can be minimized by decreasing y, it is difficult
to predict the final value of y in every single experiment due to the unknown
capacity of the tested sorbents. Furthermore, a large measurement uncertainty
does not necessarily lead to low measurement accuracy. To check the accuracy
of the qj(t) measurements in the CLDB setup, the equilibrium mass-specific CO2
loadings qCO2,eq measured in this setup are compared to the qCO2,eq determined in
a TGA in the following section.

Figure 3.9: Relative uncertainty of the sorbate loading as a function of the amount of
unadsorbed gas-phase sorbate in the CLDB setup.

Comparison with a TGA-determined equilibrium loading
The validity of the CLDB sorbate mass balance was inspected by comparing
the CO2 equilibrium loadings (qCO2,eq) of the very same batch of the sorbent
determined at Tads= 35°C with the CLDB setup and with a TGA (STA 409 CD,
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Netzsch, Germany), which is schematically shown in Figure 3.10. The TGA
equilibrium loadings were determined under CO2-N2-Ar mixtures having the
CO2 partial pressures PCO2 of 0.46, 0.62, 2.80, 7.16, and 9.57 mbar. The
determination of the PCO2 is described in Appendix D. Prior to the TGA
experiments, approximately 30 mg of non-regenerated A-NFC-L was weighed
and placed on a flat alumina crucible inside the TGA furnace. Approximately
0.0020 mol∙min-1 (44 mlN∙min-1) of Ar was flown continuously through mass
flow controller MFC 3 to purge the balance without affecting the atmosphere at
the sample. In the first step of the experiment, the sorbent was regenerated under
0.0134 mol∙min-1 (300 mlN∙min-1) flow of Ar controlled by MFC 2. During the
regeneration, the temperature in the furnace was ramped to 95°C at the rate of
2°C/min and then held there for two hours. After that, the furnace setpoint

Figure 3.10: Schematic of the TGA setup.
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Figure 3.11: Weight and temperature profiles of a TGA experiment.

temperature was decreased to 35°C. As soon as the furnace temperature
stabilized at 35°C, the adsorption was started by introducing into the furnace a
sorbate mixture comprising of CO2, N2, and Ar at the total flow rate of
approximately 0.014 mol∙min-1 set via MFC 1 and MFC 2. The experiment was
terminated once the balance reading showed no further increase in the sample
mass. Blank TGA experiments were performed under the same CO2 partial
pressures (PCO2 = 0.46, 0.62, 2.80, 7.16, and 9.57 mbar) but without any sorbent
on the crucible to measure the weight changes in the TGA caused by buoyancy
and drag effects. These blank weight changes were subtracted from the weight
profiles obtained with sorbent to eliminate the buoyancy and drag effects in these
weight profiles. Figure 3.11 shows the temperature and the corrected weight
profiles recorded during one of the TGA experiments, as well as the total sorbent
mass loss during the regeneration step ∆mregen and the final mass change during
the adsorption step ∆mads. The CO2 equilibrium loadings determined in the TGA
setup is calculated as

qCO2 ,eq 

mads
msorb  M CO2

(3.28)
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where MCO2 is the molar mass of CO2 and msorb is the CO2/H2O-free sorbent mass
determined by subtracting ∆mregen from the mass of the non-regenerated sorbent
(~30 mg) measured before the placement of sorbent onto the crucible.
In the CLDB setup, the CO2 equilibrium loadings were determined according
to the procedure outlined in section 3.2.2 and the mass balance was calculated as
described in section 3.2.3. The measurements were completed by recirculating
dry CO2-N2 mixtures having the initial CO2 partial pressures in the sorbent bed
(PCO2,bed,0) of 0.27, 0.60, 2.65, 5.40, and 8.15 mbar until the corresponding CO2
adsorption rates dqCO2/dt decreased to below 9 × 10-4 mmol∙g∙hr-1. The obtained
qCO2,eq was considered to correspond to the equilibrium PCO2 in the sorbent bed,
PCO2,eq,bed, which is the product between the equilibrium xCO2 readings and the P
in the sorbent bed (i = 2), calculated based on Table 3.3.
As the qCO2,eq measurements in the TGA and CLDB setup were not performed
under the same values of PCO2, the CLDB results were compared to a Toth
adsorption isotherm [8] fitted to the TGA-determined equilibrium loadings
qCO2 ,eq

TGA

 qs 

b  PCO2



1  b  P
CO2


 1






(3.29)

where qs is the saturation capacity, while b and ω are temperature-dependent
parameters [129]. The least-squared fitting was done using the unconstrained
non-linear Nelder-Mead simplex optimization algorithm [139] resulting in qs =
3.62 mmol∙g-1, b = 7.60 × 103 mbar-1, and ω = 0.15. The comparison shown in
Figure 3.12 indicates good agreement between the two data sets, with the
maximum error of 7% between the qCO2,eq measured in the CLDB setup and
qCO2,eq calculated from the Toth adsorption isotherm (eq. 3.29). This indicates
that the uncertainties of the various instruments of the CLDB setup do not affect
the measurement accuracy of qCO2 for PCO2 = 0 − 8 mbar, which is sufficient to
cover the range of PCO2 under DAC condition.
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Figure 3.12: CO2 equilibrium loadings measured in TGA and CLDB setup under T =
35°C. The solid line represents the Toth adsorption isotherm (eq. 3.29) fitted to the
TGA-determined equilibrium loadings.

3.3.3 Check for the external mass and heat transfer effects
In general, the absence of the intrusion of the kinetics by heat and mass
transfer is confirmed by the independence of the kinetics on the particle size and
gas flow rate. The external convective transfer rates scale with the ratio of the
convective transfer coefficient over the sorbent particle diameter. As to the
internal transfer limitations, mass intra-particle diffusion and heat conduction are
both Fickian transport processes in which the time to reach the same extent of
the reaction or the same local temperature within the particle scales with the
square of the particle diameter [126]. For this reason, the external transport
limitations are generally confirmed by the dependence of the kinetics on the gas
flow rate while keeping the sorbent particle size constant; the intra-particle
transport limitations are detected by the dependence of the kinetics on the sorbent
particle diameter while keeping the gas flow rate constant. Therefore, to
investigate the overall mass and heat transfer effects on the CO 2 and H2O coadsorption kinetics measured with the CLDB, a series of experiments were
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performed with different combinations of gas flow rates and sorbent particle
diameters following the procedure and calculating results as described in sections
3.2.2 and 3.2.3, respectively.
Effect of gas flow rates
The effect of gas flow rates was investigated by comparing the CO2 and H2O
co-adsorption kinetics measured with the 1 – 2 mm sorbent particles at two gas
flow rates set by adjusting the openings of the needle valve V-n (see Figure 3.1)
according to Table 3.1: ṅ = 0.074 mol∙min-1 (V̇ = 1.74 lstd∙min-1)a and ṅ = 0.048
mol∙min-1 (V̇ = 1.13 lstd∙min-1). The experiments were conducted with 30 mg of
sorbent under Tads = 30°C, xCO2,0 = 1000 ppm, and the initial relative humidity
corresponding to Tads of RHads,0 = 50%.
The temporal loadings qCO2(t) and qH2O(t) for these two experiments are
shown in Figure 3.13 while the corresponding partial pressures of CO2 and H2O
in the gas phase are plotted in Figure 3.14. Figure 3.13 indicates that in the range
investigated the gas flow rate through the sorbent bed has no measurable effect
on the CO2 and H2O co-adsorption kinetics. It also reveals that the H2O
adsorption on amine-functionalized NFC is much faster, with the adsorption half
time (time to achieve 50% of the equilibrium loading) of approximately 20s.
Considering that the time scale of CO2 adsorption is much longer, the kinetics of
CO2 and H2O co-adsorption on amine-functionalized NFC can be investigated
by assuming that at any instance the H2O loading on the sorbent is in equilibrium
with the surrounding humidity.

a

Subscript ‘std’ stands for standard condition, i.e. T = 288.6 K and P = 1013.25 mbar.
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Figure 3.13: Effect of gas flow rate on the (a) CO2 and (b) H2O uptake profiles obtained
with 30 mg of the sorbent under Tads = 30°C, xCO2,0 = 1000 ppm, and RHads,0 = 50%.
Larger fluctuations seen in Figure 3.13b are attributed to the inherently larger noise in
xH2O measured with the IRGA.

Figure 3.14: CO2 and H2O partial pressures corresponding to the experiments compared
in Figure 3.13

Figure 3.15, however, indicates that neither of the implemented gas flow
rates was sufficient to keep the sorbent bed isothermal. Markedly, the ~ 3°C rise
that can be observed in this figure corresponds to the initial fast H 2O adsorption
seen in Figure 3.13b. Therefore, Figure 3.13 and Figure 3.15 together indicate
that a slight convective heat transfer limitation during H2O adsorption does exist,
however, not to the extent to affect either of the adsorption kinetics. At the same
time, a major part of the CO2 adsorption takes place under isothermal condition,
thereby enabling unimpaired extraction of kinetic parameters.
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Figure 3.15: Sorbent bed temperature profiles recorded during the experiments
compared in Figure 3.13.

Effect of sorbent particle size
The effect of sorbent particle size on the CO2 and H2O co-adsorption kinetics
was investigated at Tads = 25°C with ṅ = 0.074 mol∙min-1, xCO2,0 = 6000 ppm and
RHads,0 = 50%, with 69 mg of the sorbent first used as a single bulk particle of dp
= 10 mm (Figure 3.16a) which was then cut into particles of dp = 4 – 5 mm
(Figure 3.16b) and finally dp = 1 -2 mm (Figure 3.16c).

Figure 3.16: Amine-functionalized NFCs with the particle diameters of (a) 10 mm, (b) 4
– 5 mm, and (c) 1-2 mm.

The qCO2(t) profiles in Figure 3.17a demonstrate that dp has essentially no
effect on the CO2 adsorption rate. The slightly lower qCO2(t) obtained in the
experiment with dp = 1-2 mm particles is attributed to a slight loss of sorbent
upon the final cutting. This observation implies the absence of intra-particle
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diffusion limitation of the CO 2 adsorption kinetics. Combined with the finding
from the previous section it also suggests that the CO2 adsorption on aminefunctionalized NFC is limited by (1) the diffusion through the amine functional
group layers, (2) the reaction with the amine, and/or (3) the diffusion into the
micropores.

Figure 3.17: Effect of sorbent particle diameter on (a) CO2 and (b) H2O uptake profiles
of obtained with 69 mg of the sorbent under ṅ = 0.074 mol∙min-1, Tads = 25°C, xCO2,0 =
6000 ppm and RHads,0 = 50%.

On the other hand, Figure 3.17b indicates that the H2O adsorption kinetics
remains unaffected for the particle diameter of only up to 5 mm but then it slows
down for the largest sorbent particle size investigated (~10mm). As the increase
in the sorbent diameter from 5 to 10 mm should both (i) decrease the convective
mass transfer by a factor of ~6 (see Appendix E) and (ii) increase the time for
reaching the same extent of the reaction by a factor of 4 in the case of the intraparticle diffusion control [126], the reason for the slower kinetics observed with
the 10 mm particle could not be conclusively discriminated without additional
experiments that would involve increasing the gas flow rate over the particle.
Nevertheless, it can be concluded that the co-adsorption kinetics on the selected
sorbent can be measured in our setup without artefacts using the sorbent particle
sizes of up to 5mm under the gas recirculation rate of at least 0.074 mol/min.
The independence of the sorbent temperature on the gas flow rate and sorbent
particle size seen in Figure 3.15 and Figure 3.18 still needs to be reconciled with
expected results that are provided in Appendix E. Namely, the sorbent
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temperature should increase with an increase in the ratio of the particle size over
the convective heat transfer coefficient. The maximum observed temperature rise
observed in Figure 3.15 and Figure 3.18 is in good agreement with the
calculations for dp = 2-3 mm particles. However, for the particles of dp = 5-10
mm the expected temperature rise in Figure 3.18 should be considerably higher
(~8 - ~22°C).
A possible explanation for the lowest temperature rise observed with dp = 10
mm particles is that the thermocouple was inserted into the particle interior,
thereby not measuring the surface sorbent temperature as it was for the remaining
data sets. This hypothesis is supported by the presence of the strong intra-particle
temperature gradient that is expected during H2O adsorption particles larger than
dp ~ 2 mm (see Appendix E).

Figure 3.18: Sorbent bed temperature recorded during the experiments compared in
Figure 3.17. Note: the temperature of the dp = 10 mm particle was recorded with the
thermocouple inserted into the sorbent particle while the remaining temperature sets
were recorded with the thermocouple placed between the sorbent particles.

3.3.4 Effects of the sorbate leakage rates
Determination of the sorbate leakage rates
The sorbate leakage rates (ṅj,leak) into/from the setup were determined via a
series of blank CLDB experiments performed based on the procedure described
in section 3.2.2, but without any sorbent in the sample holder kept at room
temperature and the initial CO2 and H2O mole fractions listed in Table 3.4. Each
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blank run was performed for at least 1 hour. The resulting ṅj,leak, obtained from
the increasing/decreasing rates of nCO2(t) and nH2O(t) of each experiment, are
summarized in Table 3.4.
Table 3.4: Initial CO2 and H2O mole fractions in the N2-balanced gas mixtures used in
the blank experiments and the resulting CO2 and H2O leakage rates.

Blank
experiments
1
2
3
4
5

xCO2,0
(ppm)
260
1000
2,000
2,000
2,000

xH2O,0
(ppm)
0
0
0
10,000
20,000

ṅCO2,leak (×10-9
mol∙min-1)
0.32
-0.17
-3.51
-3.69
-0.44

ṅH2O,leak (×10-7
mol∙min-1)
0.52
0.38
1.62
1.23
-1.11

Leakage of sorbates into/from the CLDB can be considered as driven by the
sorbate concentration difference between the setup interior and the ambient

n j ,leak  k  A   C j ,amb  C j ,CLDB 

(3.30)

where k is the effective exchange coefficient, A is the interface area between the
setup and the ambient, Cj,amb is the sorbate j concentration in ambient air, and
Cj,CLDB is the sorbate j concentration in the CLDB setup. The experimental
determination of the term (k∙A) would thus enable estimating an additional source
term that should be included into the sorbate mole balance. However, as
estimating Cj,amb and Cj,CLDB is not practical, the effect of the system leakage on
the accuracy of the kinetic analyses was conservatively explored considering the
highest absolute ṅCO2,leak and ṅH2O,leak from Table 3.4 of 3.69 × 10-9 mol∙min-1 and
1.62 × 10-7 mol∙min-1, respectively.

Leakage induces-errors of the sorbate loading estimation
The effect of the system leakage on the accuracy of the kinetic analyses is
quantified by calculating the leakage induced relative error Ej,leak of sorbate
loading qj defined as
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E j ,leak  t  

q j ,leak  t 
q j t 

(3.31)

In eq. 3.31, qj,leak(t) represents the absolute error of qj(t) caused by the sorbate
leakage, hence
t

q j ,leak  t  

n

j ,leak

0

msorb

dt
(3.32)

Figure 3.19 shows ECO2,leak and EH2O,leak calculated using the results presented
in Figure 3.13. The increasing trends of ECO2,leak and EH2O,leak indicate that the
leakage induced-errors become more significant as adsorption approaches
equilibrium as the adsorption rates and the leakage rates are becoming
comparable. However, the adsorption kinetics are generally extracted from the
results acquired farther from the equilibrium. In this analysis, we arbitrarily
define the range of interest as the part of the uptake profile where the sorbate
loading is up to 75% of the equilibrium loading determined at the point at which
adsorption rate becomes twice the leakage rate. Figure 3.19 shows that in the
range of interest ECO2,leak and EH2O,leak are less than 1% and 0.35%, respectively.

Figure 3.19: Leakage induced-relative errors of (a) CO2 and (b) H2O uptakes. The grey
areas indicate the range of interest where adsorption kinetics are extracted.
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Although the H2O leakage has negligible effect on the accuracy of the
measured H2O adsorption rates, it still may affect the CO2 co-adsorption because
the kinetics of CO2 adsorption on amine-functionalized solid sorbents is affected
by the amount of adsorbed H2O [140, 141]. Considering that CO2 adsorption has
longer timescale than the H2O adsorption, the equilibrium H2O loading qH2O,eq
may be significantly perturbed by the change of the humidity level in the setup
caused by the continuous H2O leakage within the timescale of CO2 adsorption,
thereby precluding the determination of the CO2 adsorption kinetics under
constant qH2O,eq.
The rate of qH2O,eq perturbation q̇ H2O,eq,perturb caused by the H2O leakage can be
estimated as the following
qH2 O,eq,perturb 

dqH2 O,eq dRH

dRH
dt

(3.33)
leak,bed

where dqH2O,eq/dRH is the derivative of equilibrium H2O loading with respect to
relative humidity and dRH/dt│leak,bed is the changing rate of relative humidity in
the sorbent bed caused by H2O leakage. In eq. 3.33, dqH2O,eq/dRH was derived
from the H2O adsorption isotherm model (Guggenheim-Anderson-de Boer
(GAB) model) of amine-functionalized NFC available in Wurzbacher et al.[96]
qH2 O,eq 

Cm  CG  K ads  RH
1  K ads  RH   1   CG  1  K ads  RH 

(3.34)

where Cm, CG, and Kads are temperature dependent terms calculated as

 
Cm  Cm,0  exp  
T 

(3.35)

 h 
CG  CG,0  exp  c 
 R T 

(3.36)

 h 
K ads  K 0  exp  K 
 R T 

(3.37)
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using values for Cm,0, β, CG,0, ∆hc, K0, and ∆hK as suggested by Wurzbacher et
al.[96]. dqH2O,eq/dRH is derived via quotient rule to be
dqH2 O,eq
dRH



g  RH   f '  RH   f  RH   g '  RH 
g  RH 

2

(3.38)

where
f  RH   Cm  CG  K ads  RH

(3.39)

f '  RH   Cm  CG  K ads

(3.40)

g  RH   1  Kads  RH   1   CG  1  Kads  RH 

(3.41)

2
g '  RH   1   CG  2   K ads  2   CG  1  K ads
 RH

(3.42)

The H2O leakage-induced changing rate of relative humidity in the sorbent
bed dRH/dt│leak,bed in eq. 3.33 was calculated as

R  TCLDB
dRH
 nH2 O,leak
dt leak,bed
VCLDB  Psat,bed

(3.43)

where TCLDB, VCLDB, and Psat,bed represent the gas temperature in the closed loop,
the total volume of the closed loop, and the saturation vapor pressure in the
sorbent bed corresponding to adsorption temperature Tads, respectively. Despite
the non-uniform temperature distribution in the closed loop, the calculation of
eq. 3.43 was simplified by assuming that the closed-loop gas temperature was
equal to the gas temperature within the well-mixed tank which contains 94 vol%
of the gas in the loop, hence TCLDB = 40°C. Furthermore, ṅH2O,leak was set to the
largest absolute ṅH2O,leak value reported in Table 3.4 (2.70 × 10-9 mol∙s-1) and
Psat,bed was calculated based on the formula per Wagner et al.[142]
P
ln  sat,bed
 Pcrit

 Tcrit
  C1    C2   1.5  C3   3  C4   3.5  C5   4  C6   7.5 

T
ads

(3.44)
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where θ = 1 – Tads/Tcrit, Tcrit = 647.096 K, Pcrit = 22.064 MPa, C1 = -7.85951783,
C2 = 1.84408259, C3 = -11.7866497, C4 = 22.6807411, C5 = -15.9618719, C6 =
1.80122502. The resulting values of q̇ H2O,eq,perturb for Tads = 10 – 80°C and RHads
= 0 – 80% are shown in Table 3.5.
Table 3.5: The leakage-induced H2O loading perturbation rate for the adsorption
temperature of 10 – 80°C and the relative humidity of 0 – 80%.

Tads
(°C)
10
25
30
70
80

q̇ H2O,eq,perturb (×10-4 mmol∙g-1∙s-1)
RHads =
0%
0.127
0.043
0.031
0.003
0.002

RHads =
20%
0.168
0.056
0.040
0.004
0.002

RHads =
40%
0.241
0.081
0.058
0.006
0.004

RHads =
60%
0.388
0.135
0.098
0.011
0.007

RHads =
80%
0.752
0.284
0.211
0.031
0.022

The total qH2O,eq perturbation within the timescale of CO2 adsorption
qH2O,eq,perturb is calculated by integrating the q̇ H2O,eq,perturb over 18,000 s, assuming
that the 5-hour CO2 uptake profiles obtained in the CLDB setup are sufficient for
the extraction of CO2 adsorption kinetics. In Table 3.6, qH2O,eq,perturb is shown to
decrease from 1.353 mmol∙g-1 to 0.004 mmol∙g-1 when RHads decreases from 80%
to 0% and Tads increases from 10°C to 80°C. The former is due to the lower
dqH2O,eq/dRH at lower RHads and the latter is due to the lower dRH/dt│leak,bed at
higher Tads. However, it is currently difficult to quantify the effect of qH2O,eq,perturb
on the measured CO2 adsorption rates due to the lack of quantitative relationship
between CO2 adsorption kinetics and H2O loading. Therefore, a quantitative
study of the effect of H2O co-adsorption on CO2 adsorption kinetics is required
to determine the exact range of conditions in which accurate CO 2 adsorption
kinetics can be measured in this setup.
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Table 3.6: The total leakage induced perturbation of equilibrium H2O loading over the
assumed CO2 adsorption timescale (18,000 s).

Tads
(°C)
10
25
30
70
80

3.4

qH2O,eq,perturb (mmol∙g-1)
RHads =
0%
0.228
0.077
0.055
0.006
0.004

RHads =
20%
0.302
0.101
0.072
0.007
0.004

RHads =
40%
0.434
0.146
0.104
0.010
0.006

RHads =
60%
0.699
0.243
0.176
0.019
0.012

RHads =
80%
1.353
0.510
0.380
0.056
0.039

Conclusions

This chapter presents development of a closed-loop setup for dynamic CO2
and H2O co-adsorption on amine-functionalized NFC under conditions relevant
to direct air capture. The setup, based on a differential sorbent bed placed outside
of a perfectly gas-mixing tank, allows for measuring the co-adsorption kinetics
in the absence of external heat and mass transfer effects that are commonly
encountered in thermo-gravimetric analyzers and packed-bed reactors. The
instantaneous adsorption rates were extracted from the temporal sorbate uptake
profiles calculated based on the sorbate mass balance in the fixed-volume gas
phase. The incorporation of a perfectly-mixed tank that occupied ~94% of the
total loop volume reduced the uncertainty of the gas phase-sorbate mass balance
caused by the inherent pressure and temperature non-uniformity in the piping
and instrumentations by a factor of four. The perfect mixing of the gas in the tank
was validated with essentially uniform pressure and temperature within the tank
and a CO2 tracer study. The accuracy of the sorbate mass balance was further
validated by the good agreement between the CO2 equilibrium loadings of
amine-functionalized NFC measured in the CLDB and TGA setups.
The independence of the CO2 and H2O uptake profiles on the gas flow rate
and the sorbent particle size in the ranges of 0.048 – 0.074 mol∙min-1 and 1 – 5
mm, respectively, confirmed the absence of external heat and mass transfer
limitations. The H2O adsorption proceeds much faster than the CO2 adsorption,
thereby allowing H2O adsorption to be considered as an equilibrium-controlled
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process during a CO2-H2O co-adsorption. Increasing the sorbent particle to dp =
~10 mm at other conditions unchanged decreased the H2O adsorption rate
without affecting the CO2 adsorption rate. This suggests that at a ~10 mm sorbent
particle size the H2O adsorption becomes intruded by mass transfer while the
CO2 adsorption remains controlled by (1) the diffusion through the amine
functional group layers, (2) the reaction with the amine, and/or (3) the diffusion
into the micropores.
Based on the sorbate leakage rates into/from the setup obtained from the
blank experiments, the existing CO2 and H2O leakages in the CLDB setup were
estimated to cause < 1% of error on the measured sorbate uptake profiles in the
dynamic part of the adsorption (qj < 0.75 qj,eq) where kinetic parameters are likely
to be extracted. Over the assumed timescale of CO 2 adsorption (18,000 s), the
change in humidity level caused by H2O leakage was estimated to perturb the
sorbent’s equilibrium H2O loading in the range of 0.004 mmol∙g-1 to 1.353
mmol∙g-1∙under DAC related conditions (Tads = 10 - 80°C and RHads = 0 – 80%).
However, due to the lack of a quantitative relationship between the CO 2
adsorption rates and the H2O loading on the sorbent, it is currently difficult to
quantify the effects of the equilibrium H2O loading perturbations on the CO2
adsorption kinetics, which is necessary to determine the range of conditions for
accurate CO2 adsorption kinetics measurements.
The setup presented in this work can be readily implemented to determine
the adsorption kinetics on other sorbents developed for similar applications as
well as kinetics of some gas-solid catalytic or non-catalytic reactions. The design
and validation methodologies presented in this paper can serve as a reference for
the development of batch experimental setups for measuring adsorption/reaction
kinetics free of the intrusions by heat and mass transfer.

4 Effects of amine loading and adsorbed H2O on the
CO2 adsorption kinetics on amine-functionalized
NFC
4.1

Background and motivation

4.1.1 Effect of amine loading
As mentioned in Chapter 2, the increase in amine loading on sorbents can
lead to the formation of siloxane networks (Figure 2.8), which lead to loss of
mesoporosity and the presence of deep amine-functional groups that are not
easily accessible to gas phase CO2. Although the increase in amine loading leads
to higher CO2 equilibrium loading [56, 62, 116], Bollini et al. [116] showed that
it can lead to slower CO2 adsorption kinetics, presumably due to the large CO 2
diffusion resistance in these structures. For a DAC process which is likely to be
operated between non-equilibrium states, a fast CO2 adsorption kinetics is as
important as, if not more than, a high CO2 equilibrium loading. Therefore, it is
important to minimize the loss of mesoporosity and the amount of deep aminefunctional groups on amine-based solid sorbent.
Since the use of water in the synthesis of amine-functionalized NFC is
inevitable due to the presence of water in NFC hydrogel, decreasing amine
loading by reducing the amount of amine added to the hydrogel can be an
effective way to limit the loss of mesoporosity. This approach is supported by
the results in Table 2.1, which show that by doubling the amount of amine added
to the NFC hydrogel, the mass-specific amine loading qNH2 of aminefunctionalized NFC was increased from 3.1 mmol N∙g-1 to 4.4 mmol N∙g-1, while
its specific surface area is reduced from 15.9 m2∙g-1 to 1.8 m2∙g-1. However, as
Gebald [95] showed that the CO2 adsorption kinetics is faster on aminefunctionalized NFC with higher amine loading (and lower specific surface area),
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it is unsure if reducing amine loading can effectively decrease the amount of deep
amine-functional groups and lead to a faster CO2 adsorption kinetics on this
sorbent. Therefore, in the first part of this chapter, the effectiveness of lowering
amine loading to increase the CO2 adsorption kinetics on amine-functionalized
NFC is assessed by comparing dry CO2 adsorption performance of A-NFC-L
(qNH2 = 3.1 mmol N∙g-1) and A-NFC-H (qNH2 = 4.4 mmol N∙g-1).

4.1.2 Effect of adsorbed H2O
The effect of adsorbed H2O on the CO2 adsorption kinetics was studied in
various literature [54, 55, 57, 118, 143, 144] for class 1 amine-based solid
sorbents, which consists of polyamines physically impregnated into porous solid
supports (see Figure 1.1). Hahn et al.[57] found that the H2O film adsorbed on
the amine-impregnated silica at low water vapor concentration (<10 vol%) can
reduce the CO2 adsorption kinetics due to the limited CO2 solubility in the H2O
film. As water vapor concentration increased (>10 vol%), they observed an
improvement in the CO2 adsorption rate and attributed such improvement to the
increase in CO2 capacity caused by the change in CO2 adsorption mechanism
[57]. Fan et al. [144] observed an improved CO2 adsorption performance of
silica-supported polyethylenimine (PEI) hollow fiber sorbent after the
prehydration of the fiber and attributed it to the water’s plasticizing effect of PEI
chain segments which reduces the CO2 diffusion resistance in the PEI.
Koutsianos et al. [143], Mebane et al.[118], and Li et al.[55] showed that H2O
can form stable diffusive intermediates with amine and CO2, which facilitates the
diffusion of CO2 into the bulk PEI and enhance the CO2 adsorption kinetics. Yu
et al.[54] found that the H2O adsorbed on the polyamine can enhance the CO 2
adsorption rate by accelerating the conversion of zwitterions to ammonium
carbamate.
In contrast to class 1 sorbents, the effect of H2O on the CO2 adsorption
kinetics on class 2 sorbents, to which amine-functionalized NFC belongs, has
rarely been studied. Although the studies of H2O effect on class 1 sorbents may
provide clues on the effects of adsorbed H2O on class 2 sorbents, the intrinsic
difference of the amine structure between class 1 and 2 sorbents leads to the need
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for additional studies to determine the role of adsorbed H 2O on the CO2
adsorption kinetics on class 2 sorbents. Wurzbacher et al. [67] showed that the
CO2 adsorption kinetics on amine-functionalized NFC increased with the relative
humidity. A recent density functional theory (DFT) study [145] reveals that H2O
can enhance the CO2 adsorption kinetics on aminosilane grafted on silica by
lowering the activation energy of the reaction between CO2 and the amine
functional groups.
To date, no literature has studied the ability of co-adsorbed H2O to enhance
the CO2 transport into the pore blocked by the siloxane network on class 2
sorbents. Since H2O molecules are commonly present in the atmospheric air, it
is of great interest to determine if the co-adsorption of H2O can aid the CO2
transport within these blocked pores to increase the accessibility of the deep
amine-functional groups, thus allowing the DAC process to take advantage of
the high amine loading without compromising the CO2 adsorption kinetics. In
the second part of this chapter, this possibility is assessed by comparing the CO2
adsorption performances of A-NFC-L and A-NFC-H under a range of humidity.
The results of these experiments were also analyzed to elucidate the potential
mechanisms behind the H2O-induced CO2 adsorption enhancement on aminefunctionalized NFC.

4.2

Experimental

The effects of amine loading and adsorbed H2O on the CO2 adsorption
kinetics on amine-functionalized NFC were investigated in three experimental
campaigns. The experiments were all performed in the CLDB setup (Figure 3.1)
following the procedure outlined in section 3.2.2 to prevent significant external
heat and mass transfer intrusions on the results. The resulting mass-specific CO2
and H2O molar loadings (qCO2 and qH2O) in these experiments were calculated
based on eq. 3.6 in section 3.2.3.
In the first campaign, adsorption experiments were performed using 46.7 mg
of A-NFC-L and 68.3 mg of A-NFC-H under the adsorption temperatures Tads =
25 ‒ 60°C, the initial CO2 mole fraction xCO2,0 = 2,000 ppm, and the initial H2O
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partial pressure PH2O,0 = 0 – 21 mbar. The adsorption steps of all experiments
were approximately 5 hours long.
In the second campaign, 5-hour long adsorption experiments were performed
with 56.3 mg of NFC-0 and 68.3 mg of A-NFC-H in the same setup under the
conditions of Tads = 25°C, xCO2,0 = 8,000 ppm, and PH2O,0 = 0 – 24.5 mbar. In each
experiment, the adsorption step lasted for approximately 5 hours.
In the third campaign, temperature-programmed sorption experiments were
performed using 46.7 mg of A-NFC-L and 81.2 mg of A-NFC-H with the initial
CO2 mole fraction xCO2,0 of 2,000 ppm, the initial H2O partial pressure PH2O,0 of
0 mbar, and the initial adsorption temperature Tads,0 of 25°C. Upon starting the
adsorption step, the temperature of the thermostat water bath which contains the
sorbent bed (Thermostat 2 in Figure 3.1) was set as the following:
i.
25°C for 5 hours
ii.
Increased to 60°C
iii.
60°C for 5 hours
iv.
Reduced to 25°C
v.
25°C for 5 hours.

4.3

Results and discussion

4.3.1 Effect of amine loading
The fast CO2 adsorption kinetics of A-NFC-L in Figure 4.1 shows that
decreasing amine loading is an effective approach to enhance the CO2 adsorption
kinetics on amine-functionalized NFC. As the temperature increases, A-NFC-H
experienced a larger increase in CO2 adsorption kinetics than A-NFC-L,
presumably due to the enhanced CO2 diffusivity into the larger amount of deep
amine-functional groups on A-NFC-H. In the case of A-NFC-L, the increase in
CO2 adsorption kinetics at higher temperature is coupled with the decrease in
CO2 capacity, which indicates the CO2 adsorption on A-NFC-L is equilibriumcontrolled. In contrast, A-NFC-H experienced increases in both CO2 adsorption
kinetics and CO2 capacity as temperature increased. This is counterintuitive as
the thermodynamics suggests that the equilibrium CO2 loading should decrease
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with increasing adsorption temperature. A possible explanation for this
observation is that the CO2 adsorption on A-NFC-H is kinetically controlled.
This explanation is justified by comparing the CO2 adsorption profiles of ANFC-L and A-NFC-H obtained in the temperature-programmed sorption
experiments (Figure 4.2).

Figure 4.1: Effect of amine loading on the mass-specific CO2 loading obtained under
the adsorption temperature Tads = (a) 25°C, (b) 40°C, and (c) 60°C with the initial CO2
mole fraction xCO2,0 = 2000 ppm and initial water partial pressure PH2O,0 ≈ 0 mbar.

Figure 4.2(a) shows that A-NFC-L desorbed some CO2 when the sorbent
was heated to approximately 60°C and re-adsorbed them as it was cooled to 25°C.
This agrees with the lower CO2 loading of A-NFC-L at higher temperature
observed in Figure 4.1 and therefore confirms that the CO2 adsorption on ANFC-L is equilibrium-controlled. On the other hand, Figure 4.2(b) shows that
A-NFC-H continued to adsorb CO2 regardless of the temperature change. Such
phenomenon is explained as the following. In the first 25°C step, the slow CO2
adsorption kinetics on A-NFC-H led to a CO2 loading that is significantly lower
than the equilibrium CO2 loading. When the temperature was increased to
approximately 60°C, the CO2 adsorption kinetics was enhanced and since the
equilibrium CO2 loading was not achieved in the first 25°C step, A-NFC-H
continued to adsorb CO2. The slight decrease in CO2 loading at the beginning of
the heating to 60°C can be attributed to the desorption of CO2 which were weakly
adsorbed on the surface of A-NFC-H. At the end of the 60°C step, the CO2
loading on A-NFC-H reached an asymptotic value, implying that the CO 2
adsorption equilibrium was achieved. When the sorbent temperature was cooled
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back to 25°C, A-NFC-H continued to adsorb more CO2 as the equilibrium CO2
loading of the sorbent increased at lower temperature. Therefore, it is clear that
the lower CO2 capacity of A-NFC-H at lower temperature observed in Figure
4.1 is due to the slow CO2 adsorption kinetics.

Figure 4.2: Mass-specific CO2 loading and sorbent bed temperature profiles of the
temperature-programmed sorption experiments performed with (a) A-NFC-L (qNH2 = 3.1
mmol N∙g-1) and (b) A-NFC-H (qNH2 = 4.4 mmol N∙g-1) under xCO2,0 = 2000 ppm and
PH2O,0 ≈ 0 mbar.
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The effect of amine loading is also investigated in terms of amine efficiency
θCO2 (eq. 4.1), which is the efficiency of utilizing the amine-functional groups for
CO2 adsorption.

 CO 
2

qCO2
qNH 2

(4.1)

A high amine efficiency is economically important, especially for aminefunctionalized NFC which the synthesis cost is dominated by the cost of
aminosilane ($5 – 10/kg of aminosilane vs. $2/kg of NFC) [95]. Figure 4.3
shows that the increase in amine loading can lead to lower amine efficiency,
especially at low temperatures (Tads = 25 − 40°C). At Tads = 60°C, the combination
of the decrease in the CO2 equilibrium loading on A-NFC-L and the increase in
the CO2 adsorption kinetics on A-NFC-H led to a slightly higher amine efficiency
for A-NFC-H. However, since the adsorption step of a DAC process is likely to
be operated at ambient temperature that is lower than 40°C, the use of low amine
loading amine-functionalized NFC is economically more attractive for DAC
application.

Figure 4.3: Effect of amine loading on the amine efficiency obtained under the
adsorption temperature Tads = (a) 25°C, (b) 40°C, and (c) 60°C with the initial CO2 mole
fraction xCO2,0 = 2000 ppm and initial water partial pressure PH2O,0 ≈ 0 mbar.

The results in this study indicate that high amine loading can adversely affect
the CO2 adsorption kinetics and the amine efficiency on amine-functionalized
NFC. While this finding agrees with Bollini et al. [116], it does not agree with
the work of Gebald [95] which found that the CO2 adsorption kinetics increases
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with the amine loading on amine-functionalized NFC. Such disagreement may
be attributed to the following reasons:
1) The water enhancement effect on the CO2 adsorption kinetics. The CO2
adsorption kinetics on amine-functionalized NFC, measured by Gebald
[95] under 40% RH at 25°C, are potentially enhanced by the coadsorbed H2O.
2) The speculated inefficient heat dissipation in the sorbent packed bed
used in the experiments of Gebald [95], which leads to a higher sorbent
temperature and therefore higher CO2 adsorption kinetics. However, as
the author did not report the temperature in the packed bed for these
experiments, it is difficult to justify if this reason is valid.
3) The low amine loading APDES-based sorbent studied in the work of
Gebald [95] has an amine surface density (ρs,NH2 = 0.090 mmol N∙m-2)
that is significantly lower than A-NFC-L (ρs,NH2 = 0.171 mmol N∙m-2).
This might have resulted in the low probability of two amine functional
groups to be in close proximity to form ammonium carbamate with CO 2,
the primary product of CO 2-amine reaction of amine-based solid
sorbents [52, 53].
Although the findings in this study suggest that slow CO2 adsorption kinetics
on amine-functionalized NFC with high amine loading are unfavorable for DAC
application, there are two potential strategies to overcome such slow CO2
adsorption kinetics and take advantage of the high equilibrium CO2 loading. The
first strategy consists of starting the CO2 adsorption step at higher adsorption
temperature before the sorbent is completely cooled to ambient temperature. This
will allow the DAC process to take advantage of the fast CO2 adsorption kinetics
at high temperature in the beginning of the adsorption step, and then the higher
equilibrium CO2 loading at the low temperature towards the end of the adsorption
step. In addition, this method can also increase the energy efficiency of the DAC
process as part of the sorbent regeneration heat is recovered as the energy to
enhance the CO2 adsorption kinetics. A precaution to be taken when applying
this strategy is to avoid starting the adsorption step at temperature higher than
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70°C in order to avoid oxidative degradation [146] on the amine-functionalized
NFC.
The second potential strategy is to co-adsorb CO2 and H2O. H2O coadsorption is shown to be effective in increasing the CO2 adsorption kinetics on
class 2 amine-based solid sorbents [67, 145]. Furthermore, the stable diffusive
intermediates formed between H2O and carbamic acid zwitterion, which are
shown to improve the CO2 diffusion in the bulk polyamine layer on class 1
amine-based solid sorbents [55, 118, 141], can potentially facilitate the diffusion
of CO2 into the deep amine-functional groups on class 2 sorbents. Therefore, in
the following section, the effect adsorbed H2O on the CO2 adsorption kinetics on
amine-functionalized NFC is studied to determine the feasibility of this strategy.

4.3.2 Effect of adsorbed H2O
To study the effect of co-adsorbed H2O on the CO2 adsorption kinetics, ANFC-L and A-NFC-H were tested in a series of CO2 and H2O co-adsorption
experiments with the initial CO2 mole fraction xCO2 of 2,000 ppm under the
adsorption temperature Tads of 25°C, 40°C, and 60°C. For each adsorption
temperature, the sorbents were tested under four different initial H2O partial
pressures PH2O. Table 4.1 shows the initial H2O partial pressure PH2O,0 of all the
experiments.
Table 4.1: Initial H2O partial pressure PH2O,0 used in the CO2-H2O co-adsorption
experiments performed with A-NFC-L and A-NFC-H.

Sorbent
Tads
(°C)
PH2O,0
(mbar)

25

A-NFC-L
40

60

25

A-NFC-H
40

60

0.2
5.9
10.5
15.4

0.2
6.1
11.1
16.8

0.1
5.7
11.4
16.1

0.3
5.5
11.5
20.7

0.2
4.8
11.8
19.1

0.0
5.1
11.6
20.4

The H2O adsorption in all the experiments shown in Table 4.1 reached
equilibrium in less than 500s, similar to the short H2O adsorption equilibration
time shown in Figure 3.13(b) and Figure 3.17(b). This indicates that amine
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loading has a negligible effect on the H2O adsorption kinetics on aminefunctionalized NFC. The H2O adsorption profiles of these experiments are shown
in Figure 4.4. In Figure 4.5, A-NFC-H shows higher equilibrium H2O loadings
qH2O,eq than A-NFC-L. This agrees with the finding of Veneman et al. [147]
which states that the amine functional groups increase the affinity of the sorbent
towards H2O adsorption.
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Figure 4.4: Mass-specific H2O loading profiles on (a, c, e) A-NFC-L and (b, d, f) ANFC-H under the adsorption temperature of (a, b) 25°C, (c, d) 40°C, and (e, f) 60°C.
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Figure 4.5: Equilibrium mass-specific H2O loading qH2O,eq on A-NFC-L (opened
markers) and A-NFC-H (filled markers) as a function of the equilibrium water partial
pressure PH2O,eq for the adsorption temperature Tads = 25°C, 40°C, and 60°C.

Figure 4.6 shows that both A-NFC-L and A-NFC-H experienced larger
increases in the CO2 adsorption rates at lower temperature due to the larger
amount of H2O adsorbed on the sorbents. This suggests that adsorbed H2O is
responsible for the increase in the CO2 adsorption kinetics on aminefunctionalized NFC. To determine if the H2O-induced CO2 adsorption kinetics
enhancement is sufficient to overcome the slow CO2 adsorption kinetics on ANFC-H, two humid CO2 adsorption profiles of A-NFC-L (qH2O,eq = 2.4 mmol∙g1
) and A-NFC-H (qH2O,eq = 4.8 mmol∙g-1) obtained under Tads = 25°C are
compared in Figure 4.7. The comparison shows that the CO2 adsorption kinetics
on A-NFC-H remained slower than A-NFC-L, even though the former adsorbed
twice the amount of H2O per unit mass compared to the latter. This implies that
the promoting effect of adsorbed H2O is insufficient to overcome the slow CO2
adsorption kinetics on high amine loading sorbent.
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Figure 4.6: Effects of adsorbed H2O on the mass-specific CO2 adsorption profiles on (a,
c, e) A-NFC-L and (b, d, f) A-NFC-H under the adsorption temperature of (a, b) 25°C,
(c, d) 40°C, and (e, f) 60°C.

74

Chapter 4

Figure 4.7: The mass-specific CO2 adsorption profiles of A-NFC-L and A-NFC-H
obtained under Tads = 25°C with the equilibrium mass-specific H2O loading qH2O,eq of
2.4 mmol∙g-1 and 4.8 mmol∙g-1, respectively.

Furthermore, the results in Figure 4.8 show that within the timeframe of the
experiments (5 hours), the amine efficiencies of A-NFC-H remain lower than the
amine efficiencies of A-NFC-L regardless of the amount of H2O adsorbed. These
results indicate that it is not feasible to utilize the promoting effect of H2O to
improve the CO2 adsorption kinetics on A-NFC-H and benefit from its high
equilibrium CO2 loading. This further confirms the economic advantage of using
amine-functionalized NFC with low amine loading for DAC application.
Furthermore, the ability of low amine loading sorbent to achieve good amine
efficiency without co-adsorbing H2O makes it energetically more favorable, as it
can be utilized in locations with low humidity level to minimize the amount of
co-adsorbed H2O and the subsequent energy demand for H2O desorption in the
sorbent regeneration step.
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Figure 4.8: Effects of co-adsorbed H2O on the amine efficiency of (a, c, e) A-NFC-L
and (b, d, f) A-NFC-H under the adsorption temperature of (a, b) 25°C, (c, d) 40°C, and
(e, f) 60°C.

Despite the ineffectiveness of H2O-induced CO2 adsorption kinetics
enhancement to overcome the slow CO2 adsorption kinetics on high amine
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loading sorbent, it is still of great interest to unveil the mechanisms behind such
enhancement due to the abundance of water vapor in the atmosphere. A better
understanding of the enhancement mechanism is also beneficial for the
development of accurate CO2 and H2O co-adsorption kinetic models.
Based on literature, several mechanisms were for proposed for the H2Oinduced CO2 adsorption enhancement on amine-functionalized NFC:
1. The formation of (a) hydronium carbamate species (eq. 1.3) [141, 148]
and (b) ammonium bicarbonate (eq. 1.4) [56] which have the CO2:amine
stoichiometry of 1:1 compared to the 1:2 CO2:amine stoichiometry of the
ammonium carbamate formation under dry condition (eq. 1.2).
2. The reaction between CO2 and adsorbed H2O to form bicarbonates
without the involvement of amine functional groups [149-152]
3. The lower activation energy of the deprotonation of carbamic acid
zwitterions, which is the rate-determining step of ammonium carbamate
formation [54, 145].
4. The liberation of amine-functional groups via the breaking of
intermolecular hydrogen bonds [53].
5. The ability of H2O to form stable diffusive intermediates with carbamic
acid zwitterions, which facilitate the diffusion of adsorbed phase CO2
among the amine sites [55, 118, 141].
Among these mechanisms, the formation of ammonium bicarbonate species
(Proposed mechanism 1(b)) is ruled out due to the relatively high amine surface
density ρs,NH2 of A-NFC-L and A-NFC-H. Using in-situ Fourier-transform
infrared (FTIR) spectroscopy, Didas et al. [56] discovered that the formation of
ammonium bicarbonate species on surface-grafted primary amines is only
possible when the amine sites are isolated. Such finding is based on their
observations that only a small amount of bicarbonate formation on amine-grafted
silica with low amine surface density (ρs,NH2 = 0.003 mmol N∙m-2) and no
bicarbonate formation on amine-grafted silica with high amine surface density
(ρs,NH2 = 0.206 mmol N∙m-2). Since the amine surface densities of A-NFC-L
(ρs,NH2 = 0.171 mmol N∙m2) and A-NFC-H (ρs,NH2 = 0.978 mmol N∙m2) are in the
same order of magnitude as the high amine surface density sorbent used in the
work of Didas et al. [56], it is justified to assume no ammonium bicarbonate
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species formation on A-NFC-L and A-NFC-H. Furthermore, the formation of
hydronium carbamates (Proposed mechanism 1(a)) is unlikely on the sorbents in
this study as Yu et al. [148] showed that hydronium carbamates only form on
secondary amine functional groups, which are not present on the sorbents used
in this study.
The reaction between CO2 and adsorbed H2O to form bicarbonates (proposed
mechanism 2), which is shown on iron oxide [149, 150], zeolite [152, 153] and
alumina [150, 151], is also eliminated as a possible mechanism. The comparison
between the CO2 adsorption profiles of NFC-0 and A-NFC-H in Figure 4.9(a)
obtained under dry (PH2O,0 = 0 mbar) and humid (PH2O,0 = 24.5 – 24.8 mbar)
conditions proves that CO2 is unable to react with the H2O adsorbed on NFC
without the presence of amine.

Figure 4.9: (a) CO2 and (b) H2O adsorption profiles on NFC-0 and A-NFC-H obtained
under the initial CO2 mole fraction xCO2,0 = 8,000 ppm, the initial H2O partial pressure
PH2O,0 = 0 – 24.8 mbar, and the adsorption temperature Tads = 25°C.

To further elucidate the mechanism behind the H2O-induced CO2 adsorption
kinetics enhancement, the enhancement is quantified by calculating the increase
in CO2 adsorption rate ∆rCO2, which is defined as the difference between the 1hour averaged CO2 adsorption rates rCO2,1 hr obtained under humid (qH2O,eq > 0
mmol∙g-1) and dry (qH2O,eq = 0 mmol∙g-1) conditions











rCO2 qH2O,eq  rCO2 ,1 hr qH2O,eq  rCO2 ,1 hr qH2O,eq  0 mmol  g 1



(4.2)

78

Chapter 4

rCO2,1 hr is calculated as

rCO2 ,1 hr 

qCO2  t  3600 s   qCO2  t  0 s 
t

(4.3)

where qCO2 are obtained from Figure 4.6 and ∆t = 3600 s. The timestep ∆t of 1
hour in eq. 4.2 – 4.3 was selected to limit the leakage-induced error of qCO2 to ≤
1%, based on the results in Figure 3.19.
The increase in the CO2 adsorption rates ∆rCO2of A-NFC-L and A-NFC-H
are plotted as functions of the equilibrium mass-specific H2O loading qH2O,eq for
the adsorption temperature Tads ranging from 25°C to 40°C in Figure 4.10. ∆rCO2
of Tads = 60°C were not analyzed as the increases of qCO2 observed under this
temperature are almost negligible (see Figure 4.6).

Figure 4.10: The increases in the CO2 adsorption rates ∆rCO2 of A-NFC-L (opened
markers) and A-NFC-H (filled markers) as a function of equilibrium mass-specific H2O
loading qH2O,eq for Tads = 25°C and 40°C.

Figure 4.10 shows that for the same amount of mass-specific H2O-loading,
the H2O-induced CO2 adsorption enhancement on amine-functionalized NFC has
a larger sensitivity towards temperature than amine loading, i.e. the differences
of ∆rCO2 between Tads = 25°C and Tads = 40°C are significantly larger than the
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differences of ∆rCO2 between A-NFC-L and A-NFC-H. The small differences of
∆rCO2 between A-NFC-L and A-NFC-H suggest that the H2O-induced CO2
adsorption kinetics enhancement is not limited by the amount of accessible amine
functional groups. It also implies that the main enhancement mechanism is not
the facilitation of CO2 transport into the deep amine-functional groups, as this
will lead to a higher ∆rCO2 for A-NFC-H.
Furthermore, the increasing trend of ∆rCO2 with temperature seen in Figure
4.10 implies that the lower activation energy EA of the CO2-amine reaction is not
the main reason behind the promoting effect of adsorbed H 2O. The deduction of
this conclusion is based on the Arrhenius equation

 E 
kr  A0  exp   A 
 R T 

(4.4)

which can be linearized into
ln  kr   

EA
 ln  A0 
R T

(4.5)

Figure 4.11 illustrates two plots of eq. 4.5, with the activation energy EA of
the plot 1 higher than the plot 2, i.e. EA,1 > EA,2. In the range of T where the ln(kr)
of plot 2 is higher than plot 1, the difference of ln(kr) between the two plots is
smaller for lower 1/T, indicating that the increase in adsorption rate ∆r, which is
proportional to the increase in rate constant ∆kr, also decreases with increasing
T.
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Figure 4.11: Arrhenius plots with the activation energy of plot 1 (solid line) higher than
the activation energy of plot 2 (dashed line).

4.4

Energy requirement analysis

In section 4.3.1, the methods of (i) co-adsorbing H2O and (ii) initiating the
CO2 adsorption step before complete sorbent cooling were briefly discussed as
potential strategies to utilize the higher equilibrium CO2 loading on A-NFC-H
without compensating on the CO2 adsorption kinetics. While the results in the
section 4.3.2 qualitatively indicate that H2O co-adsorption is not a feasible
strategy for this purpose due to its ineffectiveness in overcoming the slow CO 2
adsorption kinetics caused by the pore blockage, the method of starting the CO 2
adsorption before complete sorbent cooling has yet to be assessed. In this section,
both strategies (i) and (ii) were assessed quantitatively in terms of the energy
efficiency, specifically by comparing the energy consumed per mole of CO2
adsorbed QCO2,total on:
a) A-NFC-L and A-NFC-H under dry and humid conditions.
b) A-NFC-H under conditions where the dry CO2 adsorption starts before
and after the complete cooling of the sorbent.
Note that the energy analysis in (b) does not consider the starting the CO2
adsorption on A-NFC-L at higher temperature. This is because the results in
Figure 4.1 and Figure 4.2 show that the CO2 adsorption on A-NFC-L is not
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kinetically limited and therefore does not benefit from the faster CO2 adsorption
kinetics at higher temperature.

4.4.1 Energy consumption equation
The energy consumed per mole of CO2 adsorbed QCO2,tot is calculated by
considering only the energy consumed during the desorption step of the sorbent
in a temperature-vacuum swing (TVS) cycle [67].
QCO2 ,tot  Wevac  Qsens  Qdes

(4.6)

In eq. 4.6, Wevac is the energy required by the vacuum pump to evacuate the DAC
system to the desorption pressure Pdes; Qsens is the sensible heat input required to
heat the sorbent and gases to the desorption temperature Tdes; and Qdes is the
desorption energy. Wevac, Qsens, and Qdes, all expressed in terms of energy per
mole of CO2 adsorbed, are calculated as
Wevac 

R  Tpump

pump

P 
 ln  ads 
 Pdes 

 cp,sorb

qH2 O
Qsens  
 cp,mol,CO2 
 cp,mol,H2 O   Tdes  Tads 
 qCO

qCO2

2

Qdes  hdes,CO2 

qH2 O
qCO2

 hdes,H2 O

(4.7)

(4.8)

(4.9)

In eq. 4.7, Tpump, ηpump, and Pads are the pump temperature, pump efficiency, and
the total gas phase pressure at the adsorption step, respectively. In eq. 4.8 and 4.9
, cp is the mass-specific heat capacity, cp,mol is the molar-specific heat capacity,
hdes is the molar-specific desorption enthalpy, and ∆q is the amount of sorbate
adsorbed per unit mass of sorbent in a single sorption cycle. The values of these
parameters, except ∆qCO2 and ∆qH2O, refer the work of Wurzbacher et al. [67] and
are summarized in Table 4.2.
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Table 4.2: Values of parameters used in the energy requirement calculation.

Parameters
Tpump
ηpump
Pads
Pdes
cp,sorb
cp,mol,CO2

Values
350 K
0.7
1013.25 mbar
50 mbar
1.4 J∙g-1∙K-1
37 J∙mol-1∙K-1

References
[67]
[67]
Assumption
[67]
[154]
[155]

cp,mol,H2O

76 J∙mol-1∙K-1

[155]

hdes,CO2

90 kJ∙mol-1

[156, 157]

hdes,H2O

47 kJ∙mol

[156]

-1

Assuming that the adsorption step is 1-hour long, the ∆qCO2 in eq. 4.8 and 4.9
is calculated by integrating the 1-hour averaged CO2 adsorption rates rCO2,1 hr over
t = 1 hr. The rCO2,1 hr of A-NFC-L and A-NFC-H were determined from the qCO2
results in Figure 4.6(a) and (b), respectively, using eq. 4.3.
1 hr

qCO2 

r

CO2 ,1hr

dt

(4.10)

0

As the CO2 adsorption rates rCO2,1 hr extracted from Figure 4.6(a) and (b) were
obtained from batch adsorption experiments where the gas phase CO2
concentration gradually decreased with time, they are likely to be different from
the CO2 adsorption rates under the typical DAC condition where sorbents are
exposed to a rather constant gas phase CO2 concentration ranging from 400 –
500 ppm. Nevertheless, the rCO2,1 hr from this study are considered sufficient for
a preliminary energy analysis to reflect the effects of adsorbed H2O and amine
loading on the energy efficiencies of the CO2 adsorption on the sorbents.
The values of ∆qH2O are obtained from the equilibrium H2O loading qH2O,eq
shown in Figure 4.6(a) and (b) due to the very fast H2O adsorption kinetics that
leads to the assumption of instant equilibrium for H 2O adsorption.
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4.4.2 Effect of H2O co-adsorption on the energy consumption
Figure 4.12 shows that the QCO2,tot of A-NFC-H is higher than A-NFC-L for
∆qH2O ranging from 0 mmol∙g-1 to 4.8 mmol∙g-1. Under dry condition, the QCO2,tot
of A-NFC-H is approximately 46% higher than the A-NFC-L, due to the slower
CO2 adsorption kinetics on A-NFC-H. As ∆qH2O increases from 0 mmol H2O∙g-1
to 2.4 mmol H2O∙g-1, the QCO2,tot of both A-NFC-L and A-NFC-H increases by
117 kJ∙mol-1 CO2 and 234 kJ∙mol-1 CO2, respectively. The increasing trend of
QCO2,tot with ∆qH2O indicates that the increase in CO2 adsorption kinetics induced
by H2O co-adsorption is insufficient to compensate for the additional energy
required for H2O desorption, which agrees with the findings in the work of
Wurzbacher et al. [67]. Furthermore, the higher QCO2,tot increase of A-NFC-H
shows that the H2O-induced enhancement of CO2 adsorption kinetics on A-NFCH is less effective than on the A-NFC-L, which was shown qualitatively in
section 4.3.2. Although the QCO2,tot of A-NFC-H decreases to approximately 450
kJ∙mol-1 CO2 as qH2O,eq further increases to 4.8 mmol H2O∙g-1, it remains higher
than the QCO2,tot of A-NFC-L, indicating that co-adsorbing H2O is not a feasible
strategy to effectively utilize the high equilibrium CO2 loading on A-NFC-H and
improve the energy efficiency of the amine-functionalized NFC based DAC
system.
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Figure 4.12: Energy consumed per mole of CO2 adsorbed as a function of mass-specific
H2O loading for adsorption temperature Tads = 298.15 K.

4.4.3 Effect of early CO2 adsorption initiation (before complete
sorbent cooling) on the energy consumption
In this method, the higher CO2 adsorption kinetics of A-NFC-H at higher
temperature is utilized by initiating the CO2 adsorption before complete sorbent
cooing. Therefore, the calculation of ∆qCO2 shown in eq. 4.10 involves the CO2
adsorption rates rCO2,1 hr which is not constant over time. The temporal profile of
rCO2,1 hr depends on the transient sorbent temperature Tsorb profiles during the
sorbent cooling, which can be calculated from the following energy balance of
the sorbent.

sorb  cp,sorb  Vsorb 

Tsorb
 eff,sorb  Vsorb  2Tsorb
t
U  AHEX  THTF  Tsorb   Qh,ads

(4.11)

In eq. 4.11, ρsorb, cp,sorb, and Vsorb are the sorbent density, sorbent specific heat
capacity, and sorbent volume, respectively. λeff,sorb is the effective thermal
conductivity of the sorbent, U is the overall heat transfer coefficient from the
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sorbent to the heat transfer fluid in the heat exchanger, AHEX is the surface area
of the heat exchanger, THTF is the temperature of the heat transfer fluid, and Q̇h,ads
is the release rate of heat of adsorption. THTF is assumed to be similar to the
desired adsorption temperature (298.15 K for this analysis) and uniform
throughout the heat exchanger. To further simplify the energy calculation, the
heat conduction in the sorbent is assumed to be very fast and the sorbent cooling
is assumed to be limited by the heat convection in the heat exchanger, leading
the simplification of eq. 4.11 to
Tsorb U  AHEX THTF  Tsorb   Qh,ads

t
sorb  cp,sorb  Vsorb

(4.12)

Q̇h,ads in eq. 4.12 is calculated as the product of the 1-hour averaged mass-specific
CO2 adsorption rate rCO2,1 hr, the sorbent mass msorb, and the isosteric heat of CO2
adsorption hads,CO2, which is the same as hdes,CO2 in Table 4.2 (90 kJ∙mol-1 CO2).

Qh,ads  rCO2 ,1hr  t   hads,CO2  sorb Vsorb

(4.13)

Note that H2O co-adsorption is not considered in eq. 4.12 and eq. 4.13 as it was
found to be energetically unfavorable for DAC application in section 4.4.2. The
rCO2,1 hr in eq. 4.13 is expressed as a function of temperature due to the transient
Tsorb profile in this analysis.
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Figure 4.13: Effect of temperature on the 1-hour averaged CO2 adsorption rates of ANFC-H under dry condition.

Figure 4.13 shows that the rCO2,1 hr of A-NFC-H increases linearly with
temperature, which can be expressed as
rCO2 ,1hr    Tsorb  

(4.14)

where α = 3.98 × 10-6 mmol∙g-1∙s-1∙K-1 and γ = -1.1 × 10-3 mmol∙g-1∙s-1.
Substituting eqs. 4.13 and 4.14 to eq. 4.12, the time derivative of Tsorb becomes

  Tsorb     hads,CO2
Tsorb
U  AHEX

 THTF  Tsorb  
t
sorb  cp,sorb  Vsorb
cp,sorb

(4.15)

which can be solved into

b
b

Tsorb   Tsorb  t  0     exp  a  t  
a
a


(4.16)

where
a

  hads,CO2
U  AHEX

sorb  cp,sorb  Vsorb
cp,sorb

(4.17)
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  hads,CO2
U  AHEX  THTF

sorb  cp,sorb  Vsorb
cp,sorb
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(4.18)

Tsorb(t = 0) in eq. 4.16 is the initial sorbent temperature at the cooling stage, which
is equal to the desorption temperature (368.15 K). Due to the lack of detailed
information about the heat exchanger used in a temperature-vacuum swing
(TVS) adsorption setup, the term U∙AHEX/(ρsorb∙cp,sorb∙Vsorb) in eqs. 4.17 and 4.18
is estimated by assuming that the heat exchanger of the adsorber can cool the
sorbent to within 1% of the heat transfer fluid’s temperature THTF in tcool = 20 –
40 minutes without CO2 adsorption during the sorbent cooling. This assumption,
which is based on the desired heating and cooling rates (75 K in 20 to 60 minutes)
of a TVS-based adsorber for DAC application [158], allows
U∙AHEX/(ρsorb∙cp,sorb∙Vsorb) to be determined by solving eq. 4.15 without the second
term on the right-hand-side of the equation.

 T  t   THTF  1
U  AHEX
  ln  sorb cool
 
sorb  cp,sorb  Vsorb
 Tsorb  t  0   THTF  tcool

(4.19)

where tcool = 20 – 40 min, Tsorb(tcool) = 1.01THTF, and THTF = 298.15 K.
Due to the possible oxidative degradation of amine-functionalized solid
sorbent when exposed to air under temperature higher than 343.15 K [146], the
starting time of CO2 adsorption in this analysis is set to when the sorbent reaches
Tsorb = 333.15 K. As a result, the analysis is performed by first calculating eq.
4.16 4.18 without the heat of CO2 adsorption terms (second terms on the righthand-side of eq. 4.17 and 4.18) until Tsorb = 333.15 K. Then, the Tsorb profile in
eq. 4.16 is solved until t = 3600 s + tcool by including the heat of CO2 adsorption
terms, thus representing that the CO2 adsorption starts at Tsorb = 333.15 K and
proceeds for one hour. Figure 4.14 show Tsorb and rCO2 profiles for tcool = 20 – 40
min. The rCO2 profiles in Figure 4.14 were calculated by inserting the Tsorb
profiles with Tsorb ≤ 333.15 K into eq. 4.14.
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Figure 4.14: Sorbent temperature (solid lines) and the CO2 adsorption rate (dashed
lines) profiles calculated for the cooling time tcool = 20 – 40 min.

The amount of CO2 adsorbed per unit mass of sorbent ∆qCO2, which is
required to calculate the energy consumed per mole of CO2 adsorbed QCO2,tot (eq.
4.6 – 4.9), can be calculated by integrating the rCO2 profiles in Figure 4.14. Table
4.3 shows the QCO2,tot of A-NFC-H with the CO2 adsorption starting temperature
Tsorb,ads,start of 333.15 K with tcool = 20 – 40 min. In addition, the QCO2,tot of ANFC-L and A-NFC-H with Tsorb,ads,start = 298.15 K obtained from section 4.4.2
were shown in Table 4.3. Note that the QCO2,tot in Table 4.3 consider only dry
CO2 adsorption.
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Table 4.3: Energy consumed per moles of CO2 adsorbed of A-NFC-H and A-NFC-L with
CO2 starting temperature Tsorb,ads,start of 298.15 K and 333.15K and the cooling time tcool =
20–40 min.

Sorbent

Tsorb,ads,start [K]

tcool [min]

A-NFC-H
A-NFC-H
A-NFC-H
A-NFC-H
A-NFC-L

333.15
333.15
333.15
298.15
298.15

20
30
40
N/Aa
N/A

QCO2,tot [kJ∙mol-1
CO2]
350.8
324.5
303.0
414.4
223.5

Results in Table 4.3 indicates that by starting the CO2 adsorption at 333.15K,
the QCO2,tot of A-NFC-H can be reduced by 15 – 27% for tcool = 20 – 40 min. This
shows the potential of initiating CO2 adsorption before complete cooling to
increase the CO2 capture performance and the energy efficiency of high amine
loading sorbent. However, the QCO2,tot values of A-NFC-H in this analysis remain
higher than the QCO2,tot values of A-NFC-L, indicating the use of low-amine
loading sorbent with higher porosity is energetically more efficient. This further
emphasizes the importance of optimizing the amine loading on the sorbent for
optimal CO2 capture performance. Nevertheless, the QCO2,tot of A-NFC-H can be
further reduced by exploring different methods to lower the cooling rate, for
example by reducing the flow rate of the heat transfer fluid or starting the cooling
step with higher heat transfer fluid temperature. The latter might impose extra
energy penalty since it requires heating the heat transfer fluid to above room
temperature.

4.5

Conclusions

In this chapter, the effects of amine loading and adsorbed H2O on the CO2
adsorption kinetics were studied in the CLDB setup using amine-functionalized
NFC with two different amine loadings (qNH2 = 3.1 mmol∙g-1 and qNH2 = 4.4
mmol∙g-1) under the adsorption temperature Tads = 25 – 60°C and initial H2O
a

Not applicable because the CO2 adsorption rate does not depend on the temperature profile during
the cooling of the sorbent.
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partial pressure PH2O,0 = 0 – 21 mbar. The results indicate that increasing amine
loading on amine-functionalized NFC can significantly slow down the CO2
adsorption kinetics due to the presence of amine-functional groups buried in
pores blocked by siloxane networks. With such pore blockage, a significant
portion of the amine-functional groups are buried in these blocked pores and
become inaccessible to CO2, leading to the low amine efficiency of the high
amine loading sorbent. As the CO2 adsorption on A-NFC-H is kinetically
controlled, the increase in temperature leads to the higher CO2 capacity within
the timeframe of the experiment (5 hours). Based on this finding, it is proposed
that the high CO2 equilibrium loading of A-NFC-H can still be utilized by
starting the adsorption step while the sorbent is still cooling from the regeneration
temperature. By utilizing the higher CO2 adsorption kinetics at higher
temperature, part of the regeneration heat can be recovered in the form of CO 2
adsorption enhancement. In a simplified energy calculation which assumes that
(i) the measured CO2 adsorption rate is applicable to DAC conditions and (ii) the
sorbent is cooled from 95°C to 25°C in 20 – 40 min, the method of initiating CO2
adsorption at 60°C is estimated to result in a 15 – 27% of reduction in the energy
consumed per mole of CO2 adsorbed. Further reducing the sorbent cooling rate
of A-NFC-H may eventually lead to energy consumption of A-NFC-H that is
lower than A-NFC-L.
Although co-adsorbed H2O enhances the CO2 adsorption kinetics on aminefunctionalized NFC, the level of enhancement is shown to be insufficient to
overcome the slow adsorption kinetics caused by the increase in amine loading.
As a result, the amine efficiency of A-NFC-H remained lower than A-NFC-L
after the co-adsorption of H2O. Furthermore, a simplified energy calculation
shows that the A-NFC-H requires at least 45% more desorption energy per mole
of CO2 adsorbed than A-NFC-L for the mass-specific H2O loading ranging from
0 to 2.4 mmol∙g-1. Therefore, A-NFC-L is still economically and energetically
more favorable than A-NFC-H after the co-adsorption of H2O.
Among the different possible mechanisms behind the H2O-induced CO2
adsorption kinetics enhancement, the formations of ammonium bicarbonate and
hydronium carbamate are ruled out as the enhancement mechanism due to the
high amine surface density and the absence of secondary amine functional groups
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on the sorbents. Furthermore, the inability of pristine NFC to adsorb significant
amount of CO2 under dry and humid conditions reveals that the H2O-enhanced
CO2 adsorption only takes place in the presence of amine. Finally, the positive
dependency between temperature and the H2O-induced CO2 adsorption kinetics
enhancement on amine-functionalized NFC also ruled out the reduction in the
activation energy of carbamic acid zwitterion deprotonation as the primary
reason behind the enhancement.
The elucidation of the mechanism behind the H2O-induced CO2 adsorption
kinetics enhancement performed in this study was only based on the combination
of literature studies and CO2-H2O co-adsorption profiles. The results are
therefore subject to uncertainty. In addition, the role of certain mechanisms such
as the breaking of intermolecular hydrogen bond to liberate amine functional
groups and the formation of water-stabilized zwitterions remain unverified.
Further study should combine the use of in-situ spectroscopy [54, 148] and
quantum chemistry modeling [55, 118] to determine the temporal evolution of
surface species on amine-functionalized NFC under DAC-related conditions, in
order to gain a better understanding of the underlying mechanisms of CO 2 and
H2O co-adsorption.

5 Summary and outlook
5.1

Summary

This thesis demonstrated the first effort of studying the CO2 and H2O coadsorption kinetics on amine-functionalized cellulose. Advancements were made
in terms of developing a CO2-H2O co-adsorption kinetics measurement setup and
the understanding of the effects of amine loading and adsorbed H 2O on the CO2
adsorption kinetics of the sorbent.

5.1.1 Development and validation of a closed-loop experimental setup
for measuring CO2 and H2O co-adsorption kinetics
A closed-loop setup for the dynamic CO2 and H2O co-adsorption on aminefunctionalized cellulose. The major advantage of this setup, which is the absence
of external heat and mass transfer effects commonly encountered
thermogravimetric analyzers and packed-bed reactors, was made possible with
the use of a differential sorbent bed placed outside of a perfectly mixed gasmixing tank. The instantaneous adsorption rates were extracted from the
temporal sorbate adsorption profiles calculated based on the fluid-phase sorbate
mass balance in the fixed volume gas phase. The uncertainty of the fluid-phase
sorbate mass balance, caused by the inherent pressure and temperature nonuniformity in the piping and instruments, was reduced by a factor of four via the
incorporation of a perfectly mixed tank which occupies 94% of the total loop
volume. The accuracy of the sorbate mass balance was further validated by the
good agreement between the CO2 equilibrium loadings of amine-functionalized
NFC measured in the CLDB and TGA setups.
CO2 and H2O adsorption profiles on amine-functionalized NFC was found to
be independent of gas flow rate and sorbent particle size in the ranges of 0.048 –
0.074 mol∙min-1 and 1 – 5 mm, respectively. These results confirm the absence
of external heat and mass transfer limitations. The H2O adsorption proceeds
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much faster than the CO2 adsorption, thereby allowing H2O adsorption to be
considered as an equilibrium-controlled process during a CO2-H2O coadsorption. However, as the sorbent particle size is increased to 10mm, the H 2O
adsorption rate decreased without affecting the CO 2 adsorption rate. This
suggests that at a ~10 mm sorbent particle size the H2O adsorption becomes
intruded by mass transfer while the CO2 adsorption remains controlled by (1) the
diffusion through the amine functional group layers, (2) the reaction with the
amine, and/or (3) the diffusion into the micropores.
Based on the sorbate leakage rates into/from the setup obtained from the
blank experiments, the existing CO2 and H2O leakages in the CLDB setup were
estimated to cause < 1% of error on the measured sorbate uptake profiles in the
dynamic part of the adsorption (qj < 0.75 qj,eq) where kinetic parameters are likely
to be extracted. Over the assumed timescale of CO 2 adsorption (18,000 s), the
change in humidity level caused by H2O leakage was estimated to perturb the
sorbent’s equilibrium H2O loading in the range of 0.004 mmol∙g-1 to 1.353
mmol∙g-1∙under DAC related conditions (Tads = 10 – 80°C and RHads = 0 – 80%).
However, due to the lack of a quantitative relationship between the CO 2
adsorption rates and the H2O loading on the sorbent, it is currently difficult to
quantify the effects of the equilibrium H2O loading perturbations on the CO 2
adsorption kinetics, which is necessary to determine the range of conditions for
accurate CO2 adsorption kinetics measurements.

5.1.2 Effects of amine loading and adsorbed H2O on the CO2
adsorption kinetics on amine-functionalized NFC
Amine loading and adsorbed H2O are two important factors that affect the
CO2 adsorption kinetics on amine-based solid sorbent. These effects were studied
in the CLDB setup using amine-functionalized NFC with two different amine
loadings (qNH2 = 3.1 mmol∙g-1 and qNH2 = 4.4 mmol∙g-1) under the adsorption
temperature Tads = 25 60°C and initial H2O partial pressure PH2O,0 = 0 21 mbar.
It was found that the increase in amine loading can significantly slows down the
CO2 adsorption kinetics on amine-functionalized NFC, possibly via the pore
blockage that leads to the increase of deep amine-functional groups. The
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difficulty for gas-phase CO2 to access the deep amine-functional groups leads to
low amine efficiency within the timeframe of the experiments (5 hours). As the
CO2 adsorption kinetics increases with temperature, it is proposed that the high
CO2 equilibrium loading of high amine loading sorbent can still be utilized by
starting the adsorption step while the sorbent is still cooling from the regeneration
temperature. Using the measured dry CO2 adsorption rates, the simplified energy
calculation estimates that the energy consumption of the high amine loading
sorbent can be reduced by 15 – 27% by starting the CO2 adsorption at 60°C when
sorbent is cooled from 95°C to 25°C within 20 – 40 min.
Co-adsorbed H2O was found to enhance the CO2 adsorption kinetics on
amine-functionalized NFC. However, the level of enhancement is shown to be
insufficient to overcome the slow CO2 adsorption kinetics caused by the increase
in amine loading. As a result, the amine efficiency of high amine loading sorbent
remained lower than the amine efficiency of low amine loading sorbent after the
co-adsorption of H2O. In terms of energy consumption, A-NFC-H was found to
consume at least 45% more desorption energy per mole of CO2 adsorbed than ANFC-L for the amount of H2O adsorbed ranging from 0 – 2.4 mmol∙g-1. This
makes the low amine loading sorbent economically and energetically more
favorable for DAC application.
The results of CO2 and H2O co-adsorption experiments were also used in the
attempt to elucidate the mechanisms behind the H2O-induced CO2 adsorption
kinetics enhancement. Among the possible mechanisms, the formations of
ammonium bicarbonate and hydronium carbamate are ruled out as the
enhancement mechanism due to the relatively high amine surface density and the
absence of secondary amine functional groups on the sorbents. Furthermore, the
reaction between CO2 and adsorbed H2O to form bicarbonates without amine
groups was eliminated as the enhancement mechanism due to the inability of
pristine NFC to adsorb significant amount of CO2 under dry and humid
conditions. Finally, the positive dependency between temperature and the H 2Oinduced CO2 adsorption kinetics enhancement on amine-functionalized NFC
also eliminates the reduced activation energy of carbamic acid zwitterion
deprotonation as the primary reason of the enhancement.
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Outlook

Based on the findings in this thesis, several future research recommendations
are made in terms of (i) the improvement of closed-loop differential bed, (ii) the
CO2 and H2O co-adsorption kinetics modeling, and (iii) the sorbent optimization.

5.2.1 Improvement of the closed-loop differential bed setup
Currently, the humidity level of CO 2 and H2O adsorption experiments
performed in the CLDB setup is limited by the room temperature. To avoid
condensation in the setup when experiments are performed under higher
humidity level, the entire setup should be housed in a temperature-controlled
chamber, allowing the temperature of the entire setup to be higher than the dew
point.
A second possible improvement is to increase the gas tightness of the setup.
As the CO2 adsorption timescale is much longer than the H2O adsorption
timescale on amine-functionalized NFC, the humidity change caused by the H2O
leakage in the setup may cause significant perturbation on the H2O loading on
the sorbent throughout the timescale of CO2 adsorption. This perturbation causes
the inability to the determine CO2 adsorption kinetics under constant H2O
loading and therefore the difficulty to quantify the CO 2 adsorption kinetics as a
function of H2O loading. Therefore, it is necessary to further improve the gastightness of the CLDB setup. Possible improvement can be made via the use of
pipe fittings for ultra-high vacuum application.
Currently, the adsorption temperatures that can be tested in the CLDB setup
are limited between 0 °C and 100 °C due to the use of water as the heat transfer
fluid around the sorbent bed holder. To extend the adsorption temperature range
to include subzero temperature, silicon oil which has the melting point of < -100
°C and boiling point of ≥ 200 °C can be used as heat transfer fluid.
In addition, in-situ spectroscopy technique such as the diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) system [54, 148, 159] can be
incorporated to the CLDB setup to obtain the temporal evolution of the adsorbed
species which is not affected by the external heat and mass transfers. The
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obtained information will provide better insights on the complex mechanisms of
CO2 and H2O co-adsorption on amine-functionalized NFC.

5.2.2 Modelling of CO2 and H2O co-adsorption kinetics
Due to the complex mechanisms of CO2 and H2O co-adsorption on aminebased solid sorbents, the task of adsorption kinetics modeling should first focus
on dry CO2 adsorption. The consideration of only the CO2-amine reaction in the
intrinsic CO2 adsorption kinetic model is likely to be insufficient for the CO2
adsorption on amine-functionalized NFC, due to the presence of other CO2
transport phenomena on the sorbent such as the CO2 transport into the amine
groups buried in the blocked pores. For practical applications such as adsorber
design and modeling, it is sufficient to use lumped adsorption kinetic models
such as the linear driving force model [116, 160] and Avrami model [161], which
represent all the CO2 transport phenomena within the sorbent using empirical
parameters. Nevertheless, these parameters should be fitted with results that are
free of external heat and mass transfer effects, so that they are applicable for
different adsorber designs. In addition, it is important to obtain the accurate CO 2
adsorption isotherm of the exact same batch of sorbent used for adsorption
kinetic modelling, as the use of lumped adsorption kinetic models requires
accurate adsorption isotherm.
Upon determining the CO2 and H2O co-adsorption kinetic models, the energy
calculation in section 4.4 should be repeated to assess the quantitative effects of
amine loading, adsorption temperature, and H2O co-adsorption on the energy
efficiency of a amine-functionalized NFC-based DAC system with better
accuracy.

5.2.3 Sorbent optimization
The studies of the effects of amine loading and H2O co-adsorption on the CO2
adsorption kinetics on amine-functionalized NFC provide insights on how to
improve the sorbent synthesis for optimal CO2 capture performance. As the loss
of mesoporosity caused by the increase in amine loading has adverse effects on
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the CO2 adsorption kinetics, reducing amine loading seemed to be an intuitive
way to increase the CO2 adsorption kinetics on the sorbent. However, as the
ammonium carbamate formation, the primary CO 2-amine reaction pathway on
class 2 sorbents [50, 52, 53] requires the amine sites to be in close proximity, a
sufficiently high amine surface density is required. In this case, over-reducing
the amine loading will lower the amine surface density and lead to slower CO2
adsorption kinetics. This suggests the presence of an optimal amine loading
where the amine surface density is maximized while the loss of mesoporosity is
minimized. The optimal amine loading can be determined via a series of
parametric studies on the sorbent synthesis conditions such as the aminosilaneto-NFC weight ratio, the pH value of the aminosilane-NFC suspension [162], the
NFC-to-water weight ratio, and the reaction temperature of aminosilane-NFC
suspension.
Alternatively, vapor phase functionalization method can be considered as a
potential synthesis method as this technique can produce monolayer amino
functional groups with high reproducibility [163]. However, this technique may
require the NFC to be freeze-dried prior to the amine functionalization, and it is
uncertain if the surface hydroxyl groups on the NFC are as accessible to
aminosilane as when both NFC and aminosilane are mixed in the form of
suspension. Furthermore, the scalability of this functionalization method is also
questionable.

Procedure of the dynamic adsorption/desorption tests
The components mentioned in the following procedure are referred to Figure
3.1.
A. Separation of sorbent bed from the closed loop
1. V-5 was opened and V-7 was switched to connect V-3 and V-8.
2. V-3 and V-4 were switched to connect with V-7 and V-5,
respectively.
B. Regeneration of sorbent bed
3. The bubbler downstream of MFC 3 was heated to 40°C.
4. MFC 2 and 3 were set to output 200 mlN∙min-1 and 300 mlN∙min-1 of
N2, respectively, to produce humid N2 (RH = 50 – 60%), which was
flown to vent through V-9.
5. V-9 was connected to V-8 , V-7, V-3, the sorbent bed, V-4, and V-5,
to allow humid N2 to flow through the sorbent.
6. Simultaneously, the water in thermostat 2 was heated to 95°C.
7. Upon reaching 95°C, the sorbent bed was kept under this temperature
with the humid N2 flow for an additional 45 minutes.
8. V-3 and V-4 were closed to temporarily isolate the sorbent bed; while
V-7 and V-9 were switched to vent.
9. MFC-4 was set to output 500 mlN∙min-1 N2. Then, V-8 was switched
to connect MFC-4 and V-7.
10. V-3, V-4, and V-7 were reconnected to allow the dry N2 from MFC
4 to flow through the sorbent bed.
11. The flow was kept for one hour under the sorbent bed temperature of
approximately 95°C.
12. The sorbent bed was cooled down to adsorption temperature while
the dry N2 flow through the bed remained.
C. Conditioning of sorbate-gas mixture in the closed-loop
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13. Simultaneously to the cooling, V-0 was connected to the vacuum
pump, V-10 was closed and V-1 was opened.
14. The water jacket of the gas-mixing tank was heated to 40°C using
thermostat 1.
15. V-2 and V-6 were connected to V-3 and V-4, respectively, without
changing the flow directions in V-3 and V-4 to keep the dry N2 flow
through the sorbent bed.
16. The vacuum pump was switched on and evacuated parts of the
closed-loop which are not involved in the sorbent regeneration, i.e.
the gas-mixing tank, infrared gas analyzer (IRGA), diaphragm pump,
pipe between diaphragm pump and gas-mixing tank, pipe between
gas-mixing tank and IRGA, pipe between IRGA and V-2, pipe
between V-2 and V-3, and pipe between V-4 and V-6.
17. When the pressure transducer on the gas-mixing tank read 10 mbar,
V-2 and V-6 were switched to connect with each other and allow the
evacuation of the pipe between these two valves.
18. When the reading of gas-mixing tank’s pressure transducer
equilibrated at approximately 10 mbar, V-0 was closed and the
vacuum pump was switched off.
19. MFCs 1 and 2 were set to the output CO 2/N2 mixture and N2,
respectively, at flow rates ranging from 0 – 500 mlN∙min-1 to produce
sorbate mixture with the desired CO2 concentration.
20. V-9 and V-0 were manipulated to connect the gas supply manifold
(blue dashed box in figure 1) and the closed-loop (green dash-dotted
box in figure 1). The sorbate mixture was filled into the closed loop
until overpressure (pressure transducer of tank read 990 mbar).
21. V-10 was opened to allow the sorbate mixture to flow through the
parts of closed loop not involved in the sorbent bed regeneration.
22. Simultaneously V-1 was closed to avoid the sorbate mixture from
flowing directly from V-0 to V-10 and consequently bypassing the
closed loop.
23. For humid adsorption experiment, MFCs 1 and 3 were readjusted to
flow part of the N2 through the bubbler and produce humid sorbate
mixture. For dry adsorption experiments, this step was skipped.
24. The magnetic stirrer on the tank was switched to 300 rpm.

Procedure of the dynamic adsorption/desorption tests
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D. Incorporation of sorbent bed into the closed-loop
25. After the CO2 and H2O mole fraction readings on IRGA were stable
for at least 5 minutes, the reading of the thermocouple in the sorbent
bed was checked to ensure that the desired adsorption temperature
was achieved.
26. V-0 and V-10 were closed, while MFC 1, 2, and 3 were set to zero.
27. V-1 was opened and the diaphragm pump was switched on to
circulate the gas.
28. V-5 and V-7 were closed to stop the dry N2 flow in the sorbent bed.
MFC 4 were set to zero.
29. The Labview and IRGA data acquisition programs were started.
30. V-2, V-3, V-4 and V-6 were switched to incorporate the sorbent bed
to the closed-loop and start the adsorption experiment.

Time step assessment for the numerical solution of
CO2 tracer balance in the gas-mixing tank
The accuracy of the solution of eq. 3.13 calculated with ∆t = 1s is assessed
by calculating the order of accuracy p (eq. B.1)

p

 log E  log E i   log E i 1

 log t  log t i   log t i 1

(B.1)

The E in eq. B.1, which represents the norm error across all time steps simulated,
can be calculated in three ways (eq. B.2 – B.4).

E1 
E2 

1 N
  errN
N i 1

(B.2)

1 N
  errN 2
N i 1

(B.3)

E  max  erri 
1 i  N

(B.4)

N in eq. B.2 − B.4 represents the total number of time steps simulated, while err
is the non-dimensional error between the analytically solved xCO2(t), xCO2,exact(t),
and the numerically solved xCO2(t) xCO2,num(t) (eq. 3.13).

err 

xCO2 ,num  xCO2 ,exact
xCO2 ,exact

(B.5)

xCO2,exact(t) was obtained by analytically solving the CSTR model (eq. 3.12) with
the following assumptions:
i)
xCO2(t = 0) = 0
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ii)
iii)

xCO2,in and ṅ are constants with values of 2500 ppm and 0.0803
mol∙min-1, respectively.
P, T, and Vtank were set to the constant values of 97000 Pa,
40°C, and 2000 ml, respectively, which closely represent the
condition of the tracer study.

As a result, xCO2,exact(t) can be obtained from the following equation


 n  R  T 
xCO2 ,exact  t   xCO2 ,in  1  exp  
 t 

 Vtank  P  

(B.6)

Figure B.1 shows that p calculated with E1, E2, and E∞ converge to 1 with ∆t
decreases from 1.00 to 0.01. Such convergence indicates that the explicit Euler
time integration method, which is first-order accurate [164], is correctly
implemented in our CSTR numerical solution. Furthermore, the similar plots
show that the use of ∆t = 1.00s leads to the deviation from p = 1 by less than 1%,
indicating that the use of this ∆t can yield solutions with sufficient accuracy.

Figure B.1: Order of accuracy plots for time step ranging from 0.01 to 1.00.

Parameters used in the uncertainty analysis of the
sorbate mass balance
Table C.1 shows the values of all uncertainties used in the calculation of unj(t)
(eq. 3.23). uV of the gas-mixing tank (i = 6) is taken from the Vtank measurement
described in section 3.2.1. For the rest of the compartments, the values of uV were
set to be ±2.5 ml, which is considered conservative as it represents 9 – 45% of
the volume measurement errors in these compartments. The sources or
determination methods of uP, uT, and uxj are presented in Table C.1.
Table C.1: Uncertainties of all parameters of the sorbate mass balance.

CLDB
compartment,
i
1
2
3
4
5
6
7
8

uV

uP

(ml)
2.5
2.5
2.5
2.5
2.5
77.8
2.5
2.5

14.4A
(P1 – P3)/2C
8.2A
(P5 – P3)/2C
5.5A
6.8B
(P6 – P8)/2C
35.0C

(mbar)

uT

(°C)

(T8 – Tamb)/2D
1.5 E
(T4 – Tamb)/2D
5
(T4 – Tamb)/2 D
2.6 F
(T8 – Tamb)/2D
5

ux j

(ppm)

The higher
value between 1
ppm and 1.5%
of x reading.G

A

: Based on the pressure difference measured across each compartment.
: Based on the pressure drop across the tank.
: Set as half of the difference between the upstream and downstream P.
D
: Set as half of the difference between the highest and lowest T adjacent to the part.
E
: Based on the inaccuracy of IEC 60584-2 class 1 K-type thermocouple.[165]
F
: Based on the maximum temperature difference measured across the tank.
G
: Based on the inaccuracy of IRGA. The inaccuracies are applied to all i as the gas composition is
assumed uniform throughout the closed loop.
B
C

Table C.2 shows the values of volumes Vi, pressures Pi, temperatures Ti, and
sorbate mole fractions xj,i for compartments i = 1 – 8 that were used in the
calculation of the uncertainty of the sorbate amount in the gas phase (unj(t)). It
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should be noted that compartment i = 9 is not considered in this analysis as it was
not part of the closed loop during the adsorption experiments.
Table C.2: Values of the parameters used in the calculation of urel,nj(t).

CLDB
compartments,
i
1
2
3
4
5
6
7
8

Vi (ml)

Pi (mbar)

Ti (°C)

xj (ppm)

28.1
13.1
28.0
18.2
5.6
1969.6
7.1
16.4

915.6
911.5
907.4
936.5
965.5
960.0
945.0
930.0

37.9
30.0
42.5
60.0
42.5
38.0
37.9
50.7

50 –
100,000

The determination of CO2 partial pressures in the
thermogravimetric experiments
The CO2 partial pressures PCO2 in the TGA setup were determined by
multiplying the CO2 mole fraction of the fed sorbate mixture (xCO2,mix) with the
pressure PIRGA measured in the IRGA (LI-840A, LI-COR Biosciences, U.S.A.)
shown in Figure 3.10, thereby assuming on that the pressure drop between the
IRGA and the TGA furnace was negligible:
PCO2  xCO2 ,mix  PIRGA

(D.1)

The mole fraction of CO2 (xCO2,mix) was set by the output flow rates from
MFC 1 (ṅMFC 1) and MFC 2 (ṅMFC 2) in Figure 3.10 as

xCO2 ,mix 

xCO2 ,feed  nMFC 1

(D.2)

nMFC 1  nMFC 2

where xCO2,feed represents the CO2 mole fraction of a CO2-N2 mixture flown
through MFC 1. Prior to each experiment, the exact ṅMFC 1 and ṅMFC 2 were
measured with a flow definer (Model 220-H, MesaLabs) to ensure accurate
determination of xCO2,mix via eq. D.2. Table D.1 shows the values of xCO2,feed, ṅMFC
1, ṅMFC 2, and PCO2 implemented in the experiments and Figure D.1 indicates
good repeatability of the results.
Table D.1: CO2 mole fraction in the feed gas, molar flow rates from MFC 1 and MFC 2,
and the resulting CO2 partial pressures calculated via equations D.1 and D.2.

Experiment
1
2
3
4
5

xCO2,feed
(ppm)
5000
5000
30000
30000
30000

ṅMFC 1 (× 10-3
mol∙min-1)

ṅMFC 2 (× 10-3
mol∙min-1)

PCO2 (mbar)

1.36
1.81
1.36
3.43
4.57

12.70
12.21
12.70
10.46
9.25

0.47
0.62
2.80
7.16
9.57
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Figure D.1: Mass-specific CO2 loadings on the sorbent obtained in the TGA under T =
35°C and PCO2 = 0.46 mbar.

Analaysis of heat and mass transfer effects during coadsorption

Convective transfer rates
The gas-to-sorbent particle convective heat and mass tranasfer rates can be
expressed as

Qh  kh Asorb Tbulk  Tsurf 

(E.1)

Qf  kf Asorb  Cbulk  Csurf 

(E.2)

where


Qh and Qf represent the convective (film) heat and mass transfer rates,
respectively



kh, and kf represent the convective (film) heat and mass transfer
coefficients, respectively;



Asorb is the surface area of the sorbent;



Tbulk and Cbulk are the temperature and the sorbate concentration in the
bulk gas, respectively;



Tsurf and Csurf are temperature and sorbate concentration at the sorbent
surface, respectively.

Based on the eqns E.1 and E.2, the convective transport scales with the
product of the convective transfer coefficient and the surface area of the sorbent.
Assuming that the sorbent bed comprises a number of spherical particles N then
for two different sizes of sorbent particles the material balance imposes
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3
 d p,1

N1  
  N2

6 


3
 d p,2
 
6






(E.3)

After extracting the ratio N1/N2 from eq. E.3, the effective surface areas of
these two sorbent beds then compare as

Asorb,1
Asorb,2

2

N
 1
N2

 d p,1 
d p,2

 
d p,1
 d p,2 

(E.4)

Eq. E.4 thus implies that for the same driving force the mass transfer to the same
amount of sorbent represented by two beds comprising different but uniform
particle sizes would compare as
kf,1 Asorb,1



kf,2 Asorb,2

kf,1
d p,1

kf,2
d p,2

(E.5)

which implies that the convective mass transfer scales with the ratio kf / dp. The
analogous conclusion applies for the heat transfer as well.

Convective transfer coefficients
Convective heat and mass transfer coefficients may be estimated by
exploiting correlations for dimensionless Nusselt (Nu) and Sherwood (Sh)
numbers, respectively, that are reported in the literature as functions of
dimensionless Reynolds (Re), Prandtl (Pr), and Scmidth (Sc) numbers. These
dimensionless numbers are defined as follows:

Nu 

Sh 

Re 

kh  d p

f
kf  d p
Dm

 f  s  d p
f

(E.6)

(E.7)

(E.8)

Analaysis of heat and mass transfer effects

Pr 

Sc 
where




f

f  Dm

(E.9)

(E.10)

ρf, υs, dp, and μf are the fluid density, superficial velocity, particle
diameter, and fluid viscosity in the sorbent bed, respectively;
υs is the gas superficial velocity calculated as

s 



f  cp,f
f

111

n  R  Tbed Pbed
V

2
Abed
  d bed
4

(E.11)

with ṅ, Tbed, Pbed, and dbed representing the molar flow rate, sorbent bed
temperature, total pressure in the bed, and bed diameter (16 mm),
respectively;
kh, and kf represent the convective heat and mass transfer coefficients,
respectively;



Dm, and λf represent molecular diffusivity of sorbate and the gas thermal
conductivity, respectively, while cp,f is the specific heat capacity of the
gas.

The dimensionless numbers were calculated assuming Tbed = 298.15 K and
Pbed = 91000 Pa based on the typical experimental conditions in the sorbent bed.
The gas phase properties (ρf = 1.18 kg∙m-3, μf = 1.8 × 10-5 Pa∙s-1, λf =0.026 W∙m1
∙K-1, cp,f = 1007 J∙kg-1∙K-1) are assumed based on the properties of air at 298.15
K with 50% relative humidity [166]. For dp = 1 – 10 mm and ṅ = 0.048 – 0.074
mol∙min-1, the resulting Re numbers were in the range 7 – 110. Based on this
range, the following Sherwood [167] and Nusselt [168] correlations for beds
packed with spherical particles suggested in the literature for 3 ≤ Re ≤ 10,000
and 15 ≤ Re ≤ 8,500, respectively, were used to evaluate the convective mass and
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heat transfer coefficients in the sorbent bed comprising particles in the range of
dp = 1 – 5 mm:

kf  d p

Sh 

Dm

Nu 

kh  d p

f

 2  1.1  Sc1 3  Re0.6

(E.12)

 2  1.1 Pr1 3  Re0.6

(E.13)

By substituting eqns. E.8, E.9 and E.10 to eqns.E.12 and E.13, kf and kh can
be calculated as

 
D
kf  2  m  1.1  Dm2 3   f 
dp
 f 
kh  2 

0.6 1 3



s0.6
d p0.4

(E.14)

0.6

     2 3
 1.1 f1 3  c1p,f3   f s   f0.4
dp
 f  d p

f

(E.15)

However, the sorbent particle of dp = 10 mm was tested as a single particle.
For this reason, kf and kh for this particle were calculated via the following
Sherwood [169] and Nusselt [170] correlations for a single spherical particle in
a flowing fluid that have been suggested for 1 ≤ Re ≤ 48,000 and 1 ≤ Re ≤ 70,000,
respectively:

Sh 

kf  d p

Nu 

Dm

 2  0.552  Sc1 3  Re0.53

kh  d p

f

 2  0.6  Pr1 3  Re0.5

(E.16)

(E.17)

thus leading to

kf  2 

 
Dm
 0.552  Dm2 3   f 
dp
 f 

0.531 3



s0.53
d p0.47

(E.18)
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     2 3
 0.6  f1 3  c1p,f3   f s   f0.5
dp
 f  d p

f

(E.19)

The results are tabulated in Table E.1 – Table E.3 for the range of particle sizes
and gas flow rates investigated in this study. Note that kf,CO2 (Table E.2) and
kf,H2O (Table E.3) were calculated with Dm,CO2 = 1.48 × 10-5 m2 s-1 and Dm,H2O =
2.60 × 10-5 m2∙s-1 [171].
Table E.1: Convective heat transfer coefficients kh (W∙m-2∙K-1) for dp = 1 – 10 mm and ṅ
= 0.048 – 0.074 mol∙min-1.
ṅ (mol∙min-1)
dp (mm)
1
2
3
4
5
10
0.048
134.0
88.2
70.2
60.1
53.5
16.8
0.074
158.4
106.6
85.9
74.1
66.3
19.7
Table E.2: Convective CO2 mass transfer coefficients kf,CO2 (m∙s-1) for dp = 1 – 10 mm
and ṅ = 0.048 – 0.074 mol∙min-1.
ṅ (mol∙min-1)
dp (mm)
1
2
3
4
5
10
0.048
0.083
0.055
0.044
0.038
0.034
0.011
0.074
0.099
0.067
0.054
0.047
0.042
0.013
Table E.3: Convective H2O mass transfer coefficients kf,H2O (m∙s-1) for dp = 1
and ṅ = 0.048 – 0.074 mol∙min-1.
ṅ (mol∙min-1)
dp (mm)
1
2
3
4
5
0.048
0.130
0.085
0.067
0.058
0.051
0.074
0.153
0.102
0.082
0.071
0.063

– 10 mm

10
0.017
0.020

The data from Table E.1 – Table E.3 indicate that for the same sorbent particle
size the flow rate change from 0.048 to 0.074 mol min-1 would increase the
convective heat and mass transfer coefficients thus the corresponding transfer
rates by ~20%. However, as the convective transfers scale with the ratio of the
transfer coefficient to the sorbent particle diameter (see eq.E.5) and as the former
decreases with an increase in the particle size, the expected change in the
convective transfer rates is much more sensitive to varying particle size at the
same gas flow rate. For example, the convective heat and mass transfer rates at
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0.074 mol min-1 decrease by the order of magnitude when the sorbent particle
diameter is increased from 1 to 5 mm and by factor of ~6 if the particle diameter
is increased further from 5 to 10 mm.

Temperature gradient in the gas film
The maximum temperature gradient in the gas film ∆Tfilm,max can be estimated
via the following energy balance

sorb Vsorb   rCO .max  hads,CO  rH O.max  hads,H O   kh  Asorb  Tfilm,max
2

2

2

2

(E.20)
where ρsorb = 44 kg∙m-3 is the sorbent density [95], Vsorb is the sorbent volume, r
is the maximum mass-specific adsorption rate, ∆Hads is the molar-specific
exothermic heat of adsorption, and Asorb is the surface area of the sorbent particle.
Assuming that the sorbent has spherical shape, eq. E.20 can be simplified to

Tfilm,max  

sorb  d p
6  kh



 rCO2  hads,CO2  rH2 O  hads,H2 O



(E.21)

where ∆Hads,CO2 and ∆Hads,H2O are set to be -65,000 J∙mol-1 and -48,800 J∙mol-1,
respectively [8].
For the experiments shown in Figure 3.15, ∆Tfilm,max is calculated via eq. E.21
with dp = 1 – 2 mm, ṅ = 0.048 – 0.074 mol∙min-1, the corresponding kh from
Table E.1. The maximum adsorption rates were estimated from the results
shown in Figure 3.13 as rCO2,max = 0.0026 mmol∙g-1∙s-1 and rH2O,max = 0.33
mmol∙g-1∙s-1 rCO2,max. The resulting ∆Tfilm,max are tabulated in Table E.4.

Table E.4: Maximum temperature gradient in the sorbent gas film ∆Tfilm,max (°C)
estimated for the experiments shown in Figure 3.15.
ṅ (mol∙min-1)
0.048
0.074

dp (mm)
1
0.88
0.75

2
2.69
2.22

Analaysis of heat and mass transfer effects
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For the experiments shown in Figure 3.18, ∆Tfilm,max is calculated via eq. E.21
with dp = 1 – 10 mm, ṅ = 0.074 mol∙min-1, and the corresponding kh from Table
E.1. The rCO2,max and rH2O,max are set based on the results in Figure 3.17: rCO2,max
= 0.0015 mmol∙g-1∙s-1 and rH2O,max = 0.30 mmol∙g-1∙s-1 for dp = 1 – 5 mm and
rCO2,max = 0.0015 mmol∙g-1∙s-1 and rH2O,max = 0.12 mmol∙g-1∙s-1 for dp = 10 mm.
The resulting ∆Tfilm,max are tabulated in
Table E.5: Maximum temperature gradient in the sorbent gas film ∆Tfilm,max (°C)
estimated for the experiments shown in Figure 3.18.
dp (mm)
∆Tfilm,max (°C)

1
0.66

2
1.95

3
3.63

4
5.60

5
7.83

10
22.33

Temperature gradient within the sorbent particle
The existence of the temperature gradient within the sorbent particle can be
assessed by checking the isothermal catalyst pellet criterion suggested by
Anderson [172]

j 

hads, j  rj  sorb  d p2  Ea, j
60  sorb  R  Tbulk 2

 0.05

(E.22)

where subscript j represents the sorbate species, Ea,j is the activation energy of
the sorption, λsorb = 0.045 W∙m-1∙K-1 is the effective thermal conductivity of the
sorbent [96], and Tbulk = 303.15 K is the bulk fluid temperature. For conservative
analysis, rCO2 and rH2O are set to 0.0026 mmol∙g-1∙s-1 and 0.33 mmol∙g-1∙s-1,
respectively, based on the maximum CO 2 and H2O adsorption rates observed in
Figure 3.13. Ea,CO2 and Ea,H2O are taken from the literature as 53,140 J∙mol-1 and
74,900 J∙mol-1, respectively [145, 173]. The results in Table E.6 indicate that the
sorbent particles are expected to be isothermal during dry CO2 adsorption for the
entire range of particle sizes investigated. However, during H 2O adsorption they
are expected to exhibit intraparticle temperature gradient if particles are larger
than dp ~ 2 mm.
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Table E.6: ΨCO2 and ΨH2O for the sorbent particle size of dp = 1-10mm.
dp (mm)
ΨCO2

1
0.0002

2
0.0008

3
0.0017

4
0.0031

5
0.0048

10
0.0192

ΨH2O

0.0255

0.1021

0.2297

0.4084

0.6381

2.5524

References
[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Y. Belmabkhout, R. Serna-Guerrero, and A. Sayari, "Adsorption of CO2containing gas mixtures over amine-bearing pore-expanded MCM-41 silica:
application for gas purification," Industrial & Engineering Chemistry Research,
vol. 49, pp. 359-365, 2009.
Y. Belmabkhout, R. Serna-Guerrero, and A. Sayari, "Amine-bearing
mesoporous silica for CO2 removal from dry and humid air," Chemical
Engineering Science, vol. 65, pp. 3695-3698, 2010.
N. R. Stuckert and R. T. Yang, "CO2 capture from the atmosphere and
simultaneous concentration using zeolites and amine-grafted SBA-15,"
Environmental science & technology, vol. 45, pp. 10257-10264, 2011.
J. A. Wurzbacher, C. Gebald, and A. Steinfeld, "Separation of CO2 from air by
temperature-vacuum swing adsorption using diamine-functionalized silica gel,"
Energy & Environmental Science, vol. 4, pp. 3584-3592, 2011.
C. Gebald, J. A. Wurzbacher, P. Tingaut, T. Zimmermann, and A. Steinfeld,
"Amine-based nanofibrillated cellulose as adsorbent for CO2 capture from air,"
Environmental science & technology, vol. 45, pp. 9101-9108, 2011.
S. A. Didas, A. R. Kulkarni, D. S. Sholl, and C. W. Jones, "Role of amine
structure on carbon dioxide adsorption from ultradilute gas streams such as
ambient air," ChemSusChem, vol. 5, pp. 2058-2064, 2012.
A. Wagner, B. Steen, G. Johansson, E. Zanghellini, P. Jacobsson, and P.
Johansson, "Carbon dioxide capture from ambient air using amine-grafted
mesoporous adsorbents," International Journal of Spectroscopy, vol. 2013,
2013.
C. Gebald, J. A. Wurzbacher, A. Borgschulte, T. Zimmermann, and A.
Steinfeld, "Single-Component and Binary CO2 and H2O Adsorption of AmineFunctionalized Cellulose," Environmental Science & Technology, 2014.
M. E. Potter, K. M. Cho, J. J. Lee, and C. W. Jones, "Role of Alumina Basicity
in CO2 Uptake in 3 ‐ Aminopropylsilyl ‐ Grafted Alumina Adsorbents,"
ChemSusChem, vol. 10, pp. 2192-2201, 2017.
T. F. Stocker, Climate change 2013: the physical science basis: Working Group
I contribution to the Fifth assessment report of the Intergovernmental Panel on
Climate Change: Cambridge University Press, 2014.
"CO2 Emissions from Fuel Combustion Highlights " International Energy
Agency, Paris, France2016.

References
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

118

P. Friedlingstein, R. M. Andrew, J. Rogelj, G. Peters, J. G. Canadell, R. Knutti,
G. Luderer, M. R. Raupach, M. Schaeffer, and D. P. Van Vuuren, "Persistent
growth of CO2 emissions and implications for reaching climate targets," Nature
geoscience, vol. 7, p. 709, 2014.
T. Boden, G. Marland, and R. Andres, "Global, regional, and national fossilfuel CO2 emissions, Carbon Dioxide Information Analysis Center, Oak Ridge
National Laboratory," US Department of Energy, Oak Ridge, Tenn., USA 2009.
doi 10.3334/CDIAC, vol. 1, 2009.
C. L. Quéré, R. Moriarty, R. Andrew, J. Canadell, S. Sitch, J. Korsbakken, P.
Friedlingstein, G. Peters, R. Andres, and T. Boden, "Global carbon budget
2015," Earth System Science Data, vol. 7, pp. 349-396, 2015.
J. Rogelj, M. Den Elzen, N. Höhne, T. Fransen, H. Fekete, H. Winkler, R.
Schaeffer, F. Sha, K. Riahi, and M. Meinshausen, "Paris Agreement climate
proposals need a boost to keep warming well below 2°C," Nature, vol. 534, p.
631, 2016.
J. Rogelj, G. Luderer, R. C. Pietzcker, E. Kriegler, M. Schaeffer, V. Krey, and
K. Riahi, "Energy system transformations for limiting end-of-century warming
to below 1.5°C," Nature Climate Change, vol. 5, pp. 519-527, 2015.
S. Fuss, J. G. Canadell, G. P. Peters, M. Tavoni, R. M. Andrew, P. Ciais, R. B.
Jackson, C. D. Jones, F. Kraxner, and N. Nakicenovic, "Betting on negative
emissions," Nature Climate Change, vol. 4, p. 850, 2014.
T. Gasser, C. Guivarch, K. Tachiiri, C. Jones, and P. Ciais, "Negative emissions
physically needed to keep global warming below 2°C," Nature communications,
vol. 6, 2015.
J. C. Minx, W. F. Lamb, M. W. Callaghan, L. Bornmann, and S. Fuss, "Fast
growing research on negative emissions," Environmental Research Letters, vol.
12, p. 035007, 2017.
P. Smith, S. J. Davis, F. Creutzig, S. Fuss, J. Minx, B. Gabrielle, E. Kato, R. B.
Jackson, A. Cowie, and E. Kriegler, "Biophysical and economic limits to
negative CO2 emissions," Nature Climate Change, vol. 6, pp. 42-50, 2016.
P. Williamson, "Scrutinize CO2 removal methods: the viability and
environmental risks of removing carbon dioxide from the air must be assessed
if we are to achieve the Paris goals," Nature, vol. 530, pp. 153-156, 2016.
D. S. Goldberg, K. S. Lackner, P. Han, A. L. Slagle, and T. Wang, "Co-location
of air capture, subseafloor CO2 sequestration, and energy production on the
Kerguelen plateau," Environmental science & technology, vol. 47, pp. 75217529, 2013.
W. C. Chueh, C. Falter, M. Abbott, D. Scipio, P. Furler, S. M. Haile, and A.
Steinfeld, "High-Flux Solar-Driven Thermochemical Dissociation of CO2 and
H2O Using Nonstoichiometric Ceria," Science, vol. 330, pp. 1797-1801,
December 24, 2010 2010.

References
[24]

[25]

[26]
[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]

119

D. Marxer, P. Furler, J. Scheffe, H. Geerlings, C. Falter, V. Batteiger, A.
Sizmann, and A. Steinfeld, "Demonstration of the Entire Production Chain to
Renewable Kerosene via Solar Thermochemical Splitting of H 2O and CO2,"
Energy & Fuels, vol. 29, pp. 3241-3250, 2015.
G. A. Olah, G. S. Prakash, and A. Goeppert, "Anthropogenic chemical carbon
cycle for a sustainable future," Journal of the American Chemical Society, vol.
133, pp. 12881-12898, 2011.
F. Zeman, "Energy and material balance of CO2 capture from ambient air,"
Environmental science & technology, vol. 41, pp. 7558-7563, 2007.
F. S. Zeman and K. S. Lackner, "Capturing carbon dioxide directly from the
atmosphere," World Resource Review, vol. 16, pp. 157-172, 2004.
J. K. Stolaroff, D. W. Keith, and G. V. Lowry, "Carbon dioxide capture from
atmospheric air using sodium hydroxide spray," Environmental science &
technology, vol. 42, pp. 2728-2735, 2008.
R. Baciocchi, G. Storti, and M. Mazzotti, "Process design and energy
requirements for the capture of carbon dioxide from air," Chemical Engineering
and Processing: Process Intensification, vol. 45, pp. 1047-1058, 2006.
V. Nikulshina, M. Galvez, and A. Steinfeld, "Kinetic analysis of the carbonation
reactions for the capture of CO 2 from air via the Ca (OH) 2–CaCO3–CaO solar
thermochemical cycle," Chemical Engineering Journal, vol. 129, pp. 75-83,
2007.
V. Nikulshina, C. Gebald, and A. Steinfeld, "CO2 capture from atmospheric air
via consecutive CaO-carbonation and CaCO3-calcination cycles in a fluidizedbed solar reactor," Chemical Engineering Journal, vol. 146, pp. 244-248, 2009.
V. Nikulshina, D. Hirsch, M. Mazzotti, and A. Steinfeld, "CO2 capture from air
and co-production of H2 via the Ca (OH)2–CaCO3 cycle using concentrated
solar power–thermodynamic analysis," Energy, vol. 31, pp. 1715-1725, 2006.
V. Nikulshina and A. Steinfeld, "CO2 capture from air via CaO-carbonation
using a solar-driven fluidized bed reactor—effect of temperature and water
vapor concentration," Chemical Engineering Journal, vol. 155, pp. 867-873,
2009.
K. S. Lackner, "Capture of carbon dioxide from ambient air," The European
Physical Journal Special Topics, vol. 176, pp. 93-106, 2009.
T. Wang, K. S. Lackner, and A. Wright, "Moisture swing sorbent for carbon
dioxide capture from ambient air," Environmental science & technology, vol.
45, pp. 6670-6675, 2011.
T. Wang, K. S. Lackner, and A. B. Wright, "Moisture-swing sorption for carbon
dioxide capture from ambient air: a thermodynamic analysis," Physical
Chemistry Chemical Physics, vol. 15, pp. 504-514, 2013.

References
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

120

V. S. Derevschikov, J. V. Veselovskaya, T. Y. Kardash, D. A. Trubitsyn, and
A. G. Okunev, "Direct CO2 capture from ambient air using K2CO3/Y2O3
composite sorbent," Fuel, vol. 127, pp. 212-218, 2014.
J. V. Veselovskaya, V. S. Derevschikov, T. Y. Kardash, and A. G. Okunev,
"Direct CO2 capture from ambient air by K2CO3/alumina composite sorbent for
synthesis of renewable methane," Renewable Bioresources, vol. 3, p. 1, 2015.
S. Bali, M. A. Sakwa-Novak, and C. W. Jones, "Potassium incorporated
alumina based CO2 capture sorbents: Comparison with supported amine
sorbents under ultra-dilute capture conditions," Colloids and Surfaces A:
Physicochemical and Engineering Aspects, vol. 486, pp. 78-85, 2015.
J. V. Veselovskaya, V. S. Derevschikov, T. Y. Kardash, O. A. Stonkus, T. A.
Trubitsina, and A. G. Okunev, "Direct CO2 capture from ambient air using
K2CO3/Al2O3 composite sorbent," International Journal of Greenhouse Gas
Control, vol. 17, pp. 332-340, 2013.
A. Goeppert, H. Zhang, M. Czaun, R. B. May, G. Prakash, G. A. Olah, and S.
Narayanan, "Easily regenerable solid adsorbents based on polyamines for
carbon dioxide capture from the air," ChemSusChem, vol. 7, pp. 1386-1397,
2014.
S. Choi, M. L. Gray, and C. W. Jones, "Amine‐Tethered Solid Adsorbents
Coupling High Adsorption Capacity and Regenerability for CO2 Capture From
Ambient Air," ChemSusChem, vol. 4, pp. 628-635, 2011.
S. Choi, J. H. Drese, P. M. Eisenberger, and C. W. Jones, "Application of aminetethered solid sorbents for direct CO2 capture from the ambient air,"
Environmental science & technology, vol. 45, pp. 2420-2427, 2011.
J. Wang, H. Huang, M. Wang, L. Yao, W. Qiao, D. Long, and L. Ling, "Direct
capture of low-concentration CO2 on mesoporous carbon-supported solid amine
adsorbents at ambient temperature," Industrial & Engineering Chemistry
Research, vol. 54, pp. 5319-5327, 2015.
E. S. Sanz-Pérez, C. R. Murdock, S. A. Didas, and C. W. Jones, "Direct Capture
of CO2 from Ambient Air," Chemical Reviews, vol. 116, pp. 11840-11876,
2016.
A. Goeppert, M. Czaun, R. B. May, G. S. Prakash, G. A. Olah, and S.
Narayanan, "Carbon dioxide capture from the air using a polyamine based
regenerable solid adsorbent," Journal of the American Chemical Society, vol.
133, pp. 20164-20167, 2011.
C. Graves, S. D. Ebbesen, M. Mogensen, and K. S. Lackner, "Sustainable
hydrocarbon fuels by recycling CO2 and H2O with renewable or nuclear
energy," Renewable and Sustainable Energy Reviews, vol. 15, pp. 1-23, 2011.
M. Caplow, "Kinetics of carbamate formation and breakdown," Journal of the
American Chemical Society, vol. 90, pp. 6795-6803, 1968.

References
[49]

[50]

[51]

[52]

[53]

[54]
[55]

[56]

[57]

[58]

[59]

[60]

121

P. Bollini, S. A. Didas, and C. W. Jones, "Amine-oxide hybrid materials for acid
gas separations," Journal of Materials Chemistry, vol. 21, pp. 15100-15120,
2011.
A. Danon, P. C. Stair, and E. Weitz, "FTIR study of CO2 adsorption on aminegrafted SBA-15: elucidation of adsorbed species," The Journal of Physical
Chemistry C, vol. 115, pp. 11540-11549, 2011.
J. Yu and S. S. Chuang, "The Structure of Adsorbed Species on Immobilized
Amines in CO2 Capture: An in Situ IR Study," Energy & Fuels, vol. 30, pp.
7579-7587, 2016.
B. Aziz, N. Hedin, and Z. Bacsik, "Quantification of chemisorption and
physisorption of carbon dioxide on porous silica modified by propylamines:
Effect of amine density," Microporous and Mesoporous Materials, vol. 159, pp.
42-49, 2012.
Z. Bacsik, N. Ahlsten, A. Ziadi, G. Zhao, A. E. Garcia-Bennett, B. MartínMatute, and N. Hedin, "Mechanisms and kinetics for sorption of CO 2 on
bicontinuous mesoporous silica modified with n-propylamine," Langmuir, vol.
27, pp. 11118-11128, 2011.
J. Yu and S. S. Chuang, "The Role of Water in CO2 Capture by Amine,"
Industrial & Engineering Chemistry Research, 2017.
K. Li, J. D. Kress, and D. S. Mebane, "The Mechanism of CO2 Adsorption under
Dry and Humid Conditions in Mesoporous Silica-Supported Amine Sorbents,"
The Journal of Physical Chemistry C, vol. 120, pp. 23683-23691, 2016.
S. A. Didas, M. A. Sakwa-Novak, G. S. Foo, C. Sievers, and C. W. Jones,
"Effect of amine surface coverage on the co-adsorption of CO2 and water:
spectral deconvolution of adsorbed species," The Journal of Physical Chemistry
Letters, vol. 5, pp. 4194-4200, 2014.
M. W. Hahn, M. Steib, A. Jentys, and J. A. Lercher, "Mechanism and Kinetics
of CO2 Adsorption on Surface Bonded Amines," The Journal of Physical
Chemistry C, vol. 119, pp. 4126-4135, 2015.
W. Li, S. Choi, J. H. Drese, M. Hornbostel, G. Krishnan, P. M. Eisenberger, and
C. W. Jones, "Steam‐Stripping for Regeneration of Supported Amine‐Based
CO2 Adsorbents," ChemSusChem, vol. 3, pp. 899-903, 2010.
X. Xu, C. Song, J. M. Andresen, B. G. Miller, and A. W. Scaroni, "Novel
polyethylenimine-modified mesoporous molecular sieve of MCM-41 type as
high-capacity adsorbent for CO2 capture," Energy & Fuels, vol. 16, pp. 14631469, 2002.
W. Chaikittisilp, H.-J. Kim, and C. W. Jones, "Mesoporous alumina-supported
amines as potential steam-stable adsorbents for capturing CO2 from simulated
flue gas and ambient air," Energy & Fuels, vol. 25, pp. 5528-5537, 2011.

References
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

122

N. Hiyoshi, K. Yogo, and T. Yashima, "Adsorption characteristics of carbon
dioxide on organically functionalized SBA-15," Microporous and Mesoporous
Materials, vol. 84, pp. 357-365, 2005.
P. J. Harlick and A. Sayari, "Applications of pore-expanded mesoporous silica.
5. Triamine grafted material with exceptional CO2 dynamic and equilibrium
adsorption performance," Industrial & Engineering Chemistry Research, vol.
46, pp. 446-458, 2007.
J. C. Hicks, J. H. Drese, D. J. Fauth, M. L. Gray, G. Qi, and C. W. Jones,
"Designing adsorbents for CO2 capture from flue gas-hyperbranched
aminosilicas capable of capturing CO2 reversibly," Journal of the American
Chemical Society, vol. 130, pp. 2902-2903, 2008.
J. H. Drese, S. Choi, R. P. Lively, W. J. Koros, D. J. Fauth, M. L. Gray, and C.
W. Jones, "Synthesis–structure–property relationships for hyperbranched
aminosilica CO2 adsorbents," Advanced Functional Materials, vol. 19, pp.
3821-3832, 2009.
C. Chen, S.-T. Yang, W.-S. Ahn, and R. Ryoo, "Amine-impregnated silica
monolith with a hierarchical pore structure: enhancement of CO2 capture
capacity," Chemical Communications, pp. 3627-3629, 2009.
C. Gebald, J. A. Wurzbacher, P. Tingaut, and A. Steinfeld, "Stability of AmineFunctionalized Cellulose during Temperature-Vacuum-Swing Cycling for CO2
Capture from Air," Environmental science & technology, vol. 47, pp. 1006310070, 2013.
J. A. Wurzbacher, C. Gebald, N. Piatkowski, and A. Steinfeld, "Concurrent
Separation of CO2 and H2O from Air by a Temperature-Vacuum Swing
Adsorption/Desorption Cycle," Environmental science & technology, vol. 46,
pp. 9191-9198, 2012.
S. J. Eichhorn, A. Dufresne, M. Aranguren, N. Marcovich, J. Capadona, S. J.
Rowan, C. Weder, W. Thielemans, M. Roman, and S. Renneckar, "Review:
current international research into cellulose nanofibres and nanocomposites,"
Journal of Materials Science, vol. 45, pp. 1-33, 2010.
D. Klemm, B. Heublein, H. P. Fink, and A. Bohn, "Cellulose: fascinating
biopolymer and sustainable raw material," Angewandte Chemie International
Edition, vol. 44, pp. 3358-3393, 2005.
M.-C. B. Salon and M. N. Belgacem, "Competition between hydrolysis and
condensation reactions of trialkoxysilanes, as a function of the amount of water
and the nature of the organic group," Colloids and Surfaces A: Physicochemical
and Engineering Aspects, vol. 366, pp. 147-154, 2010.
K. L. Spence, R. A. Venditti, O. J. Rojas, Y. Habibi, and J. J. Pawlak, "A
comparative study of energy consumption and physical properties of
microfibrillated cellulose produced by different processing methods,"
Cellulose, vol. 18, pp. 1097-1111, 2011.

References
[72]

[73]
[74]
[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]
[83]

[84]

123

C. Martín, M. Sweatman, S. Brandani, and X. Fan, "Wet impregnation of a
commercial low cost silica using DETA for a fast post-combustion CO2 capture
process," Applied Energy, vol. 183, pp. 1705-1721, 2016.
D. M. Updegraff, "Semimicro determination of cellulose inbiological
materials," Analytical biochemistry, vol. 32, pp. 420-424, 1969.
P. Orsolini, "Porous nanofibrillated cellulose functional materials," ETH
Zurich, 2017.
N. Lavoine, I. Desloges, A. Dufresne, and J. Bras, "Microfibrillated cellulose–
Its barrier properties and applications in cellulosic materials: A review,"
Carbohydrate polymers, vol. 90, pp. 735-764, 2012.
T. Ho, Y. Ko, T. Zimmermann, T. Geiger, and W. Caseri, "Processing and
characterization of nanofibrillated cellulose/layered silicate systems," Journal
of materials science, vol. 47, pp. 4370-4382, 2012.
S. Belbekhouche, J. Bras, G. Siqueira, C. Chappey, L. Lebrun, B. Khelifi, S.
Marais, and A. Dufresne, "Water sorption behavior and gas barrier properties
of cellulose whiskers and microfibrils films," Carbohydrate Polymers, vol. 83,
pp. 1740-1748, 2011.
S. Zhao, W. J. Malfait, A. Demilecamps, Y. Zhang, S. Brunner, L. Huber, P.
Tingaut, A. Rigacci, T. Budtova, and M. M. Koebel, "Strong, thermally
superinsulating biopolymer–silica aerogel hybrids by cogelation of silicic acid
with pectin," Angewandte Chemie International Edition, vol. 54, pp. 1428214286, 2015.
F. Mohammadkazemi, K. Doosthoseini, E. Ganjian, and M. Azin,
"Manufacturing of bacterial nano-cellulose reinforced fiber− cement
composites," Construction and Building Materials, vol. 101, pp. 958-964, 2015.
S. Peters, T. Rushing, E. Landis, and T. Cummins, "Nanocellulose and
microcellulose fibers for concrete," Transportation Research Record: Journal
of the Transportation Research Board, pp. 25-28, 2010.
K. P. Dasan and A. Sonia, "Cellulose Nano/Microfibers‐Reinforced Polymer
Composites: Processing Aspects," Nanocellulose Polymer Nanocomposites:
Fundamentals and Applications, pp. 255-271, 2014.
I. Siró and D. Plackett, "Microfibrillated cellulose and new nanocomposite
materials: a review," Cellulose, vol. 17, pp. 459-494, 2010.
A. Mautner, H. A. Maples, H. Sehaqui, T. Zimmermann, U. P. de Larraya, A.
P. Mathew, C. Y. Lai, K. Li, and A. Bismarck, "Nitrate removal from water
using a nanopaper ion-exchanger," Environmental Science: Water Research &
Technology, vol. 2, pp. 117-124, 2016.
H. Sehaqui, U. P. de Larraya, P. Tingaut, and T. Zimmermann, "Humic acid
adsorption onto cationic cellulose nanofibers for bioinspired removal of copper
(II) and a positively charged dye," Soft Matter, vol. 11, pp. 5294-5300, 2015.

References
[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]
[93]

[94]

[95]

[96]

[97]

124
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