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Abstract: Direct Air Capture (DAC), as a complementary strategy to Carbon Capture and
Storage (CCS), offers a scalable and sustainable pathway to remove CO, directly from the
ambient air. This study presents a detailed evaluation of the amine-functionalised metal-
organic framework (MOF) sorbent, mmen-Mg,(dobpdc), for DAC using a Temperature
Vacuum Swing Adsorption (TVSA) process. While this sorbent has demonstrated prom-
ising performance in point-source CO, capture, this is the first dynamic simulation-based
study to rigorously assess its effectiveness for low-concentration atmospheric CO, re-
moval. A transient one-dimensional TVSA model was developed in Aspen Adsorption
and validated against experimental breakthrough data to ensure accuracy in capturing
both the sharp and gradual adsorption kinetics. To enhance process efficiency and sus-
tainability, this work provides a comprehensive parametric analysis of key operational
factors, including air flow rate, temperature, adsorption/desorption durations, vacuum
pressure, and heat-exchanger temperature, on process performance, including CO: pu-
rity, recovery, productivity, and specific energy consumption. Under optimal conditions
for this sorbent (vacuum pressure lower than 0.15 bar and feed temperature below 15 °C)
the TVSA process achieved ~98% CO, purity, recovery over 70% and specific energy con-
sumption about 3.5 M]/KgCOs.. These findings demonstrate that mmen-Mgz(dobpdc) can
achieve performance comparable to benchmark DAC sorbents in terms of CO: purity and
recovery, underscoring its potential for scalable DAC applications. This work advances
the development of energy efficient carbon removal technologies and highlight the value
of step-shape isotherm adsorbents in supporting global carbon-neutrality goals.

Keywords: Carbon Dioxide; Adsorption; Simulation; Sustainability, Sensitivity; TVSA;
Metal Organic Frameworks, Amine-functionalised MOFs

1. Introduction

The continued rise in atmospheric CO2—driven by population growth, urbanisation,
and industrialisation —has intensified global climate change, making carbon mitigation a
critical priority for long-term environmental sustainability . Despite growing efforts to
decarbonise, fossil fuels such as coal, oil, and natural gas remain the dominant energy
sources, and account for over 75% of anthropogenic CO:z emissions [1-5]. While renewable
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energy technologies (e.g., wind, solar, hydro, and bioenergy) offer low-carbon alterna-
tives, their adoption is challenged by intermittency, storage limitations, and spatial con-
straints [6-11]. While the global energy transition is underway, the pace of decarbonisation
remains insufficient to meet the targets set by the Paris Agreement and ensure climate
sustainability. Atmospheric CO: levels have risen from approximately 180 parts per mil-
lion (ppm) during the last three glacial cycles to about 426 ppm as of May 2024, with an
ongoing annual increase of around 2 ppm [12,13]. To limit global temperature, rise to be-
low 2 °C, with an aspirational target of 1.5 °C above pre-industrial levels, as outlined in
Paris Agreement- large scale removal of atmospheric CO: is required, with estimates in-
dicating a need to extract 10 GtCOz/year by 2050, increasing to 20 GTCO2/year thereafter
[14,15].

Direct air capture (DAC) has emerged as a promising negative emission technology
to address both current and historical CO2 emissions, complementing traditional carbon
capture, utilisation, and storage (CCUS) technologies that primarily target point sources
[7,16]. Among the available DAC technologies, absorption using liquid solvents is the
most widely applied due to its high CO2 capacity and relatively low cost. However, its
application in DAC is limited by challenges such as complex waste management, solvent
degradation, evaporation losses, and high thermal energy demand for regeneration, espe-
cially under variable atmospheric conditions [17-19] . While alternatives like ionic liquids
offer improved thermal stability, their practical use is constrained by thermal decomposi-
tion and high cost [20-23]. These limitations have shifted attention toward adsorption-
based DAC processes, which offer the advantage of partially overcoming the limitations
associated with absorption [24].

Various porous materials, including carbon, zeolites, silica, resin, and metal-organic
frameworks (MOFs), have been investigated for CO: separation [25-31]. While activated
carbons (ACs) and zeolites have been widely studied for DAC due to their porosity and
thermal stability, both exhibit significant limitations under ambient conditions. ACs ex-
hibit reduced CO: capacity under humid environments and may degrade thermally dur-
ing repeated regeneration, particularly at high desorption temperatures [32-33], though
modification such as hydrophobic surface treatments and potassium carbonate incorpo-
ration offer partial improvements [34-36]. Zeolites offer high CO: selectivity and strong
structural stability but suffer from moisture sensitivity and loss adsorption capacity above
100 °C, requiring high regeneration energy [37-39]. To overcome these issues, approaches
such as core-shell hydrophobic coatings and ion exchange have been investigated, with
Fe-modified 13X zeolites showing enhanced performance [21]. Recent advances have po-
sitioned MOFs as promising candidates, offering extremely high surface areas (up to
7,140 m?/g, and theoretically even 10,000 m?/g) and structural tunability through metal-
organic coordination, with over 88,000 MOF structures reported and many more possible
[40,41]. The mechanisms and strategies for optimising CO:z capture in MOFs under high
concentration conditions are well established, resulting in the development of highly sta-
ble and high-performing materials that are now commercialised for industrial use. For
example, CALF-20, a MOF developed for flue gas COz capture, features channel-like pores
of approximately ~3 A and demonstrated a CO2uptake of 4.07 mmol g! at 293 K and 1.2
bar, with an IAST selectivity of 230 for a 10/90 CO/N; mixture [42]. Similarly, UTSA-16,
an ultra-microporous MOF based on citric acid, achieves a CO2 uptake of 4.25 mmol g!
with pore dimensions of 3.3 x 5.4 °A2 [43]. Moreover, recent developments in MOF design
have explored the integration of catalytic sites for simultaneous COz2 capture and conver-
sion, broadening the potential application of these materials beyond pure adsorption pro-
cesses [44,45]. However, for capturing CO: directly from the air, with its extremely low
partial pressure, these MOFs like CALF-20 and UTSA-16, often underperform due to weak
binding sites [42,43] and moisture-induced degradation [46].
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Nomenclature

Rp Particle radius (m)

Re Bed radius (m)

ar External surface area per unit volume of the
particle [1/m]

q Feed flow rate (Kmol/h)

AHco2  CO:z heat of adsorption (KJ/mol)

AHn2 Nz heat of adsorption (KJ/mol)

Cos Crystal heat capacity (KJ/Kmol.K)

K Thermal conductivity(W/m.K)

HTC Heat transfer coefficient [W/m2.K]

A Heat exchanger surface area per unit volume
(1/m)
Heat supplied or removed by the heat ex-

Qi changer (W/m?3)

AH Isosteric heat of adsorption (KJ/mol)

Cp Heat capacity at constant pressure (KJ/mol.K)

G Heat capacity at constant volume (KJ/mol.K)

Coe Specific solid phase heat capacity
(MJ/Kmol-K)

Cvg Specific gas phase heat capacity (M]/kmol-K),

P step Isotherm step pressure (bar)

q CO: uptake before Pstep (mol/Kg)

g3 CO: uptake after Pswep (mol/Kg)

qe Low-affinity adsorption capacity (mol/Kg)

qH High-affinity adsorption capacity (mol/Kg)
Ultimate affinity adsorption capac-

a ity(mol/Kg)

n Surface homogeneity factor

R Gas constant (J/mol. K)

b Longmuir constant (isotherm parameters)
(1/bar)

W Solid loading (Kmol/Kg)

W* Equilibrium solid loading (Kmol/Kg)

Shi Sherwood number

Re Reynolds number

Sck Schmidt number

MTC Mass transfer coefficient (1/s)

LDF Linear driving force

Kix Film resistance coefficient (m/s)

Kok Macropore diffusion coefficient (m?/s)

Kx Overall mass transfer coefficient (1/s)

Dix Knudsen diffusion coefficient (m?/s)

Vg Superficial gas velocity (m/s)

Preed Feed pressure (bar)

Fproduct Product flow rate (Kmol/h)

Freed Feed flow rate (Kmol/h)

ka Avrami rate constant (1/s)

na Avrami fractional constant

T cycle Full cycle time (s)

Wadsorbent Adsorbent mass (Kg)

Pvac Vacuum pressure (bar)

y Gas mole fraction

AARD Average absolute relative deviation

RMSE Root mean squared error

Greek letters

Pg gas density (Kg/m?)

Ps Solid (crystal) density(Kg/m?)
Isotherm parameters (sharpness of the

Y transition)

A Isotherm parameter controlling the effect
of temperature(1/K)

vl Fluid viscosity (N.s/m?)

€p intraparticle void fraction (m?3 void/m3particie)

&b Bed porosity (m3void/m3ed)

&t Total bed porosity (m3voida+tm3pore)/ M3bed

Y Specific heat ratio
Pump efficiency

o Isotherm parameter (smooth transition
function)

Abbreviations

DAC Direct Air Capture

MOF Metal Organic Framework

CCUS carbon capture, utilisation, and storage

TVSA Temperature vacuum swing adsorption

For low-concentration CO: capture, chemisorption is advantageous by providing
strong binding affinity. In particular, amine-functionalisation of porous materials via
physical impregnation, chemical grafting, or in situ polymerisation has proven effective
in improving both CO:z capture capacity and selectivity [14,47,48]. This approach has been
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particularly successful with MOFs, enabling the design of highly tuneable materials (via 98
linker or metal-ligand modifications) and superior CO; selectivity and capacity through 99
strong Lewis base sites [49,50]. A prominent example is mmen-Mgz(dobpdc), developed 100
by grafting N, N' dimethyl ethylene diamine (mmen) and ethylene diamine (ED) onto the 101
Mgz(dobpdc) framework [25]. This sorbent exhibits exceptional CO2 capacity at low pres- 102
sures (2.0 mmol/g (8.1 wt %) at 0.39 mbar and 25 °C) and benefits from fast adsorption 103
kinetics and cooperative adsorption mechanisms that enhance efficiency [51]. In addition, 104
mmen-Mgz(dobpdc) demonstrated favourable recyclability and thermal stability. McDon- 105
ald et al.[49] reported consistent performance over multiple adsorption—-desorption cycles, 106
while later research confirmed structural integrity during vacuum or N,-based regenera- 107
tion up to 150 °C and its tolerance to moderate humidity [52]. These characteristics further 108
reinforce its suitability for long-term DAC operation. Subsequent studies have confirmed 109
its potential under DAC conditions [38,50,53-55] . However, Darunte et al. [56] evaluated 110
its performance for CO2 capture from ultra-dilute feeds and observed reduced CO:z cap- 111
ture fraction due to the unique stepped isotherm and kinetic characteristics of this sorbent, 112
Further investigation under 1000 ppm CO: confirmed the high working capacity of 113
mmen-Mgz(dobpdc) despite mass transfer limitations [57]. 114
To maximise DAC efficiency, the choice of regeneration strategy has a critical rolein 115
determining overall process efficiency. TVSA has been identified as the most suitable re- 116
generation strategy for amine-functionalised solid sorbents, offering high working capac- 117
ities and lower energy demands without requiring extreme vacuum or temperature [58- 118
60], which makes it well suited for DAC, where careful balance between sorbent efficiency = 119
and the regeneration energy demand is essential. Phase-change adsorbents like mmen- 120
Mgz(dobpdc), which exhibit sharp stepwise isotherm transitions, particularly benefit from 121
TVSA because it enables effective regeneration with minimal energy input [51]. 122
While several studies have explored the application of different amine-functionalised 123
MOFs for CO: capture from flue gas [61-62], and indoor environment[57], this study spe- 124
cifically targets the 400 ppm CO2 concentration typical of DAC, where lower partial pres- 125
sures intensify both kinetic and thermodynamic challenges. A dynamic simulation of a 126
modular DAC process is developed using the amine-functionalised MOF, mmen- 127
Mgz(dobpdc), known for its distinctive step-shaped CO: adsorption isotherm. A one-di- 128
mensional TVSA framework, implemented in Aspen Adsorption, incorporates mass, en- 129
ergy, and momentum balances to simulate the transient behaviour of adsorption—desorp- 130
tion cycles at lab scale. Sensitivity analysis is conducted to evaluate the effects of key op- 131
erating parameters—feed flow rate and temperature, vacuum pressure, and step dura- 132
tions—on critical performance metrics, including CO: purity, recovery, productivity, and 133
specific energy consumption. The findings establish operational guidelines to improve 134
process efficiency and provide valuable insights for the design and optimisation of en- 135
ergy-efficient MOF based DAC systems, aligning with broader environmental sustaina- 136
bility goals. 137

2. Materials and Methods 138

During adsorption, CO: is captured by high-affinity porous material, followed by a 139
regeneration step that release COzand restore the sorbent’s capacity. The efficiency of this 140
process depends on the sorbent properties, operating conditions, and regeneration strat- 141
egy. In this study, a TVSA process is simulated in an axial-flow fixed bed reactor, where 142
mmen-Mgz(dobpdc) is used as the adsorbent. TVSA combines mild heating and vacuum 143
pressure reduction to desorb CO: while restoring the sorbent’s adsorption capacity for 144
subsequent cycles [63]. The released CO; is collected through a condenser to ensure high 145
purity, while a heat exchanger is integrated within the bed to optimise thermal manage- 146
ment during adsorption and desorption. 147
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148
2.1. Simulation Framework (Numerical Modelling and Assumption) 149

A dynamic model for non-isothermal, adiabatic TVSA is developed in Aspen Ad- 150
sorption to evaluate the technical performance of mmem-Mgz(dobpdc) under DAC con- 151
ditions. The software simulates the complete adsorption/desorption cycle, incorporating 152
mass, energy, and momentum balances to predict system behaviour and evaluate process 153
parameters. To solve the coupled partial differential equations (PDEs) under specified 154
boundary conditions, this study applies a set of assumptions to simplify the computa- 155
tional complexity while maintaining model accuracy as follows: 156

e The sorbent has a spherical shape with uniform, continuous properties, as 157
the selected particles used in the experimental studies were derived from 158
MOF powders composed of fine crystallites that were agglomerated and 159
sieved to obtain particles with controlled and consistent size [56]. 160

e The gas phase follows ideal gas behaviour, which is a reasonable approxi- 161
mation under the low operating pressures and dilute CO: concentrations 162

typical of DAC systems. 163

e Constant adsorbed phase heat capacity is assumed because the amount of 164
adsorbed CO:z is small in DAC. 165

e The column thickness effect is ignored, assuming the adiabatic conditions. 166
¢ No parasitic reactions between the gas and the adsorbent. 167
¢ A one-dimensional model incorporating convection. 168
e The air flow mixture consists of CO2 and N2, with COz2 as the sole adsorbed 169
component. 170

¢ CO;adsorption kinetics differ below and above Py.p,; the model captures this 171
through dual-regime rate constants derived from experimental fitting [56]. 172

173

Thes assumptions are consistent with prior TVSA modelling studies [53,54,64,65], al- 174
lowing focus on parametric influences rather than complex 2D effects or humidity inter- 175
actions. 176

The exceptional CO: selectivity of mmen-Mgz(dobpdc) allows the exclusion of Noand 177
Oz from adsorption considerations. McDonald [49] reported that CO2/Nz2 selectivity of this 178
sorbent exceed 49000, with negligible uptake of Oz and N2. Mason et al. [66] further con- 179
firmed that, N2 adsorption was undetectable in mixed-gas conditions. Based on these find- 180
ings, N2 and Oz can be treated as inert gases in this model. Additionally, the effect of water 181
adsorption is not considered in the present study, as experimental results have consist- 182
ently demonstrated that the presence of H2O has minimal influence on CO: adsorptionin 183
mmen-Mgz(dobpdc). Notably, CO: uptake under humid conditions is comparable to, or 184
slightly higher than, that observed in dry environments [49-66]. Similarly, breakthrough 185
experiments conducted at 50% relative humidity under DAC conditions illustrated anin- 186

crease in CO: capture capacity from 2.16 mmol/gr to 2.41 mmol/gr [67]. 187
188
2.1.1. Packed Bed Specification 189

The packed-bed reactor is designed based on the experimental parameters reported 190

by Darunte. [56]. The air feed conditions are set at 1.1013 bar and 25 °C, with a molar 191
composition of 99.96% N2 and 0.04% COsz. Table 1 lists the key design parameters for the 192
packed bed reactor model used in this study. These parameters define the physical char- 193
acteristics of the adsorption column and operating conditions, which govern adsorption = 194
behaviour and system performance by influencing flow dynamics, mass transfer, and ad- 195
sorbent capacity. 196
197
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Table 1. Design and operating parameters of the Packed bed used for simulation [56]. 198
Parameters Unit Values
Bed Length m 0.055
Bed Internal Radius m 0.004
Desorption Temperature oC 115
Adsorption Temperature oC 23
Particle Radius m 2.25e-4
Crystal Density Kg/m3 860
Bed Porosity fraction 0.32
Adsorbent Weight g 60
Particle Porosity fraction 0.85
Feed Flow rate N ml/min 17.2
199
2.1.2. Adsorption Equilibrium and Kinetics 200
The development of the model requires accurate adsorption characteristics. The rel- 201
evant thermal properties used in the simulation are summarised in Table 2. 202
Table 2. Thermal characteristics of mmen-Mgz(dobpdc) and adsorbates. 203
Parameters Unit Values Reference
CO:z heat of adsorption KJ/mol -71 [68]
N2 heat of adsorption KJ/mol -18 [57]
Heat capacity of the crystal KJ/Kg.K 1.6 [51]
CO: heat capacity KJ/Kmol.K 37.4673 (Aspen Plus)
Nz heat capacity KJ/Kmol.K 29.1806 (Aspen Plus)
Thermal conductivity W/m.K 0.3 [69]
204

The adsorption behaviour of mmen-Mgz(dobpdc) follows step-shape (S-shape) CO2 205
adsorption isotherm, characterised by two distinct adsorption regimes. Below isotherm 206
transition pressure ( Psep ), CO2 adsorption occurs through the reaction of two free amine 207
groups with CO2, forming ammonium carbamate, similar to conventional amine function- 208
alised sorbents. Above Pstwp, the cooperative adsorption mechanism is observed, where 209
both ends of the diamine participate in CO2 binding, leading to the formation of one-di- 210
mensional ammonium carbamate chains aligned along the Mg?" framework [51]. This 211
study employs the model proposed by Darunte [56], which builds upon Hefti’s frame- 212
work [54], incorporating the Sips isotherm to accurately describe CO2 adsorption below 213
Pstep as defined by equations 1 - 8. q7 and q3 describe CO2 uptake before and after Pswep 214
respectively, w presents a smooth transition function between two regions. qi, qy, and 215
qu represent the affinity of sorbents, and n reflects the surface homogeneity factor. The 216
temperature dependence of Pstp is calculated by equation 8 where pgep o = 0.8 mbar at To 217
=313.5%K and AHg,, represent the enthalpy change associated with the adsorption tran- 218
sition [51]. Darunte [56], fitted the isotherm model to the experimental data to determine 219
the isotherm parameters. The fitted parameters with the formula of temperature-depend- 220
ent parameters are presented in Table 3. 221

222

Qtotal = 41 + 43 1
qiquowx(l_w)‘}'qsatxw 2
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q; = (qhigh - qsat) Xw 3
_ qr(bLp)"™ 4
Jiow 1+ (pr)nL
qubup
thgh 1+ pr + qup p pstep 5
qL(prstep)n
sat =, n p > Pstep 6
1+ (prstep)
p (IOg(p) - log (pstep)
o
w =] Y 7
1 —1
1+ exp < 0g(p) Gog(pstep))
AHg, 1 1
Pstep (T) = Pstep,0€XP [_ % (T_O - T)] 8
Table 3. Isotherm fitting parameters and equations for temperature-dependent variables [56].
Parameter: Unit Value Parameters Unit Values
q. mol/Kg 28.25 AHgep KJ/mol -62.49
bio 1/bar 2.51e-15 AH;, KJ/mol 70.74
n, - 0.518 AH, KJ/mol 1.35
dy mol/Kg 3.46 AHy KJ/mol 67.72
bro 1/bar 2.42e-11 AH, KJ/mol 18.67
qQuo  mol/Kg.bar 5.27e-4 M - 1.74e-2
Y - 4 A, 1/°K 6.53
Temperature- dependent variables formula
AH;, AH,
by = by exp RT, qQu = Quo €XP RT,
1 1 AHy
o = hexp [i; (T—O - T—g)] bi = biroexp ()
AH; ,
n = ngexp ( RT, )

The parameters by, and by represent the temperature-dependent adsorption equi-
librium constants for the low-affinity (L) and high-affinity (H) sites, respectively. The
terms AHj, and AHy denote the heat of adsorption for low- and high-affinity sites, re-
spectively, while AH,, corresponds to the heat of adsorption for uniform adsorption sites.

The parameter o characterises the sharpness of the phase transition in the cooperative
ow;
at
based on the work of Darunte et al.[56] was adopted. Their study demonstrated the con-
ventional linear driving force (LDF) model alone could not adequately capture the exper-

adsorption mechanism. To describe the adsorption kinetic (), a dual-kinetic approach

imental kinetic data. Consequently, they proposed two different kinetic models based on
COz partial pressure: an LDF model for pressure below the step pressure (Pstep), where
CO: adsorption proceeds via ammonium carbamate formation with a 2:1 amine-to-CO:
stoichiometry [51,70] (Equation 9), and an Avrami fractional-order model for pressures
above Pswep. At these higher pressures, CO: adsorption is governed by cooperative

223
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insertion, characterised by a rapid saturation of amine sites due to a 1:1 stoichiometry and 238

chain propagation effects (Equation 10)[56]. 239
240
ow;
Tl K, (w*; —w;) p < Pstep 9
ow;
=7 = KAt Wi —w)  p > Pstep 10
241

In Equation 9, the initial value of the overall mass transfer coefficient K (1/s)is esti- 242
mated using a lumped resistance model, as expressed in Equation 11, which accounts for 243
both external film resistance and macropore diffusion [71]. Since such correlations alone 244
are often insufficiently precise, the initial estimate is subsequently refined by calibrating 245

the simulation results against experimental observations. 246
247
1 T, T}
_ P S 11

= +
K 3Ky 15Ky

248

In Equation 11, 7, and ¢, represent particle radius (m) and intraparticle void frac- 249

tion, respectively. The film resistance coefficient Ky,(m/s)is calculated using Equation 12- 250

15. The K,y is the macropore diffusion coefficient (m?/s) which is calculated by Equation 251

16-17. 252
253
Dy
Kp = shk% 12
shy = 2+ 1.1 x Sc;/*Re* 13
7
Sc, = 14
. Dmkpg
Vg2TpPyg 15
u
1 1 1
_— = ‘[(— + —) 16

T 0.5
Dk = 971, G) 17

254

The Sherwood (shy), Reynolds (Re), and Schmidt numbers (Sc;,) are defined in Equa- 255
tions 12-15. The Knudsen diffusion coefficient Dy, (m?/s), shown in Equation 17, is a 256
function of temperature (°K), molar mass M, (g/mol), and pore radius. The total molecu- 257
lar diffusion (D, ) is estimated using data from the Aspen Properties database. 258
In Equation 10, the Avrami parameters ka, t, w*;, and na represent the Avrami rate 259
constant, time, saturation capacity, and Avrami fractional constant, respectively. The con- 260
stant parameters (K,) and (n,) were fitted to experimental data, with values of 4.36e-5 (1/s) 261

and 1.5 for 0.4 mbar CO: partial pressure [56]. 262
263
2.1.3. Energy Balance 264

In a non-isothermal system, Energy balance applies to both gas and solid phases. The 265
energy balance for the solid phase is expressed as Equation 18. This equation includes a 266
contribution from heat transfer through convection, the heat released during adsorption, 267
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the heat capacity of the adsorbed phase, and the heat transfer between the gas and solid 268
phase. The gas phase energy balance accounts for the effects of convection, heat accumu- 269
lation, heat transfer between the gas and solid phases, and the heat of reaction, which are 270
outlined in Equation 19. The adsorbed-phase heat capacity and heat transfer coefficient 271

are estimated by using Aspen software. 272
273
T, adwy,
pSCpSE'FZHk +pSZ(AHkW)_HTcap(Tg_Ts) =0 18
274

With pg denotes solid phase density (Kg/m?), Cp, is Specific heat capacity of the 275
solid phase (MJ/Kmol'K), T, and T represent the temperatures of solid and gas phase 276
(K), Hy is the heat of adsorption for component K (J/Kg), HTC refer to the heat transfer 277
coefficient between the gas and solid [W/m2.K], and a, is the external surface area per 278

unit volume of the particle [1/m]. 279
280
aT, aT,
CogVaPg 5, + &CugPg—, + HTC ap(Ty = Ts) + @4xQux = 0 19
281

In this equation, C,; represents the specific heat capacity of the gas phase 282
(MJ/kmol-K), v, is the superficial gas velocity (m/s), pg is gas density (Kg/m?), & de- 283
notes the total bed porosity. Additionally, ayy is the heat exchanger surface area per unit 284
volume (1/m), and Qyuy refers to the heat supplied or removed by the heat exchanger 285

(W/m3). 286
287
2.1.4. Pressure Drop 288

Since the system operates at a constant mass flow rate with uniform adsorbent dis- 289
tribution, steady-state conditions are assumed for pressure drop across the bed. Conse- 290
quently, The Ergun equation (Equation 20) is applied to describe the total pressure drop, 291
accounting for both viscous and kinetic energy loss in the fixed bed. In this equation, g, 292
refers to gas viscosity (N.s/m?), u, is the superficial velocity of the gas phase (m/s), 7, 293
represents the particle radius (m), € is the interparticle voidage fraction (m3wvoia)/m3sed)), 294

and p, is the gas phase density (Kg/m?3). 295
296
aP, 1—¢)? 1-¢
_ (;otal — 150Mu‘g + 1_75(2—)3pgu§ 20
z SS(ZTp) e
297
2.2. Process Design: Basis and Criteria 298

A cyclic adsorption model was developed as the basis for evaluating mmem- 299
Mgz(dobpdc) under DAC conditions. The process flowchart diagram is depicted in Figure 300

1. The TVSA sequences were defined in five sequential steps, as outlined below: 301
e Adsorption: Ambient air flows through the packed bed, where COzis selec- 302

tivity adsorbed onto the sorbent while CO2-depleted air is released. 303

e Evacuation: The system pressure is reduced to remove No. 304

e Heating + Evacuation: The bed is heated using a heat exchanger to reach the 305
regeneration temperature while maintaining vacuum conditions to promote 306
efficient CO:z desorption. 307

e  Cooling: The heat exchanger cools the bed to maintain thermal stability, pre- 308
vent amine degradation, and facilitate the next adsorption step. 309
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e Pressurisation: The system is returned to atmospheric pressure by gradually 310
reintroducing air, initiating the next adsorption cycle. 311

The initial process cycle duration, considering the breakthrough behaviour, is de- 312
tailed in Table 4. An event-driven approach was applied to the cooling and pressurisation 313
step to eliminate unnecessary idle time and improve overall cycle efficiency. 314

315
I: —[svl—*Dﬂ —{ssj ':Q] EA)
Purge V_Purge V_Product ¥ eraduct

.
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Botiom

Feed :,L_E "DT:‘—E'— "D?ﬂ 4' s10 } H_:
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Figure 1. Process flowsheet diagram (PFD) of the TVSA process in Aspen Adsorption.

Table 4. Process cycle durations for the base case. 316
Cycles of Process Unit Duration
Adsorption s 7200
Evacuation s 6
Heating+ Evacuation s 10000
Cooling s Temperature matched the feed temperature
Pressurising s Pressure matched the atmospheric pressure
Table 5. Formulas for performance indicators. 317
Performance Indicators Unit Formula
tcycle F
J duct Yco, dt
CO: Purity % o o
=1 f YF, product yidt
tcycle
f (yproduct CO, Fproduct' dt
0, 0 Z= L
Recovery Yo toycle
f (Yfeed COy feedlz 0 dt
tcycle
3600 X f ( product yCOZ)dt
Productivity Kmol/Kg.year Wadsorbent eycle

ftcyﬂle FyacPoacy (Pfeed) Y — 1l dt
SEC (vacuum) MJ/Kg CO» 0 nr—1 1 P

tcycle
fo Fproduct Yproduct,COZ dt

318
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2.3. Performance Metrics 321

To evaluate the steady-state performance of the TVSA process, four key performance 322
indicators — recovery, CO: purity, productivity, and specific energy consumption— are 323
evaluated, with their respective definitions provided in Table 5. The total energy demand 324
comprises the electrical energy required for the vacuum pump and the thermal energy for 325
the heat exchanger. The electrical energy consumption of the vacuum pump was esti- 326
mated using the corresponding thermodynamic expression shown in Table 5, with a vac- 327
uum pump efficiency () assumed to be 0.8. The heat capacity ratio(Cp/Cv), vy, was taken 328
as 1.4, which is the typical value for air and CO2. Thermal energy input associated with 329
the heat exchanger was calculated directly using Aspen Adsorption. Given the negligible 330
pressure drop across the bed under experimental conditions, fan energy consumption was 331

considered insignificant and excluded from the overall energy analysis. 332

333
3. Results and Discussion 334
3.1. Mass Transfer Coefficient (MTC) Validation: Breakthrough Curve Comparison 335

To achieve accurate modelling of breakthrough dynamics, the reliability of the iso- 336
therm model was first established. Figure 2a, b, and ¢ demonstrates the close alignment 337
between simulated and experimental CO2 adsorption isotherms at 25, 49, and 69 °C which ~ 338
are shown in different range of COz2 partial pressure. The model also reproduces the ad- 339
sorption behaviour trend at lower temperatures, supporting its suitability for DAC simu- 340
lations under reduced temperature conditions. The validated isotherm model utilised to 341
simulate breakthrough performance, which was subsequently compared with experi- 342
mental data. Figure 3a presents the breakthrough curves at 23 °C and a flow rate of 172 N 343
ml/min. Quantitatively, the predicted breakthrough time deviates by about 3% (Figure 344
3b), underscoring the model’s predictive accuracy. Further validation at different inlet 345
flow rates (Figure 4) demonstrates the model’s robustness across varying operational con- 346
ditions. For flow rates of 26.8, 48.6, and 100 NmL/min, the average absolute relative devi- 347
ation (AARD) values were 8.18%, 7.24%, and 4.97%, the root mean squared error (RMSE) 348
values were 2.99x1075, 3.10x1075, and 2.88x10-5, and the R2? values were 0.81, 0.72, and 0.80, 349
respectively. 350

Validation against experimental breakthrough curves at different flow rates led to 351
the adjustment of the initial estimation of the mass transfer coefficient to 0.05 S for pres- 352
sure before the step. The values of Avrami equation parameters reported in [56] effectively 353
describe the breakthrough behaviour beyond the step pressure. The simulation results 354
demonstrated that applying a dual-kinetic approach provides a more accurate represen- 355
tation of the adsorption process compared to using the LDF model alone (Figure 3a ). 356

The LDF model captures the initial sharp breakthrough resulting from mmen- 357
Mgz(dobpdc)’s cooperative adsorption behaviour. This sorbent exhibits a step-shaped iso- 358
therm, where CO2uptake begins abruptly once a threshold partial pressure is reached. At 359
low loading, strong exothermic chemisorption drives the rapid formation of ammonium 360
carbamate chains, producing a steep concentration front and a sharp breakthrough tran- 361
sition [51]. However, the LDF model alone is not sufficient to reproduce the gradual up- 362
take observed at the intermediate and high CO:2 loading. This later-stage behaviour is at- 363
tributed to moderate chemisorption and weak physisorption, driven by enthalpy depend- 364
ent-adsorption mechanisms [47]. 365
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Figure 2. CO2 pure-component adsorption isotherms plotted over different partial pressure ranges:
(@) 1x107° to 10 bar, (b) 1x1075 to 1x10~3bar, and (c) 1x10™>to 1x10~2 bar. Curves correspond to
temperatures of 69 °C (red), 49 °C (purple), 25 °C (black), and model predictions at 15 °C (grey), 10 °C
yellow), and 5 °C (blue). Circle markers represent experimental data.
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Figure 3. (a) Breakthrough curve fitting at 23 °C and flow rate of 17.2 N ml/min using the dual kinetic
approach (main plot), (b) Error estimation between experimental and simulated breakthrough
points for the dual kinetic approach, (c) breakthrough curve fitting using the LDF model (inset), with

axis titles consistent with the main plot.
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Figure 4. Breakthrough fitting at 23 °C for different flow rates. Circle points show experimental

data and solid lines represent simulated results. Red, blue, and orange correspond to flow rates of
26.8, 48.6, and 100 Nml/min, respectively.

3.2. Parametric Evaluation

The performance of mmen-Mgz(dobpdc) in DAC is governed by its relatively slow
adsorption kinetics and step-shaped isotherm. While the sorbent exhibits high theoretical
CO: capacity, enhancing recovery depends not only on its intrinsic uptake potential but
also on its kinetics behaviour. At ambient CO2 concentration, adsorption proceeds in two
distinct stages: an initial chemisorption phase with slower kinetics, followed by a faster
cooperative insertion step at higher loading. These kinetic characteristics result in a sharp
breakthrough followed by a gradual saturation phase, leading to prolonged adsorption
times. Therefore, carful tunning of process parameters is essential to enable the sorbent to
approach equilibrium loading. A systematic investigation of key process parameters such
as feed flow rate, temperature, and step durations are critical to overcoming mass transfer
limitations and improving overall process performance.

This section evaluates the effects of ambient temperature, inlet flow rate, vacuum
pressure, heat exchanger temperature, and step durations on the performance of the DAC
process. Parametric analysis provides a systematic framework for assessing the sensitivity
of system outputs to these variables and defining optimal conditions for improving pro-
cess efficiency. A related techno-economic analysis of solid-sorbent DAC systems demon-
strated how variations in process conditions and bed geometry affect both energy require-
ments and cost, highlighting the importance of identifying the most influential parameters
to balance CO; capture efficiency with operational feasibility [72]. The results of this study
identify effective operating windows and illustrate the trade-offs among CO:2 recovery,
specific energy consumption, and system scalability under varying conditions.

3.2.1. Adsorption Time

During the adsorption step, the primary objective is to maximise CO2 uptake and
achieve full bed saturation [73]. This study examines the effect of extending the adsorption
time from 5000 to 10000 Seconds on overall process efficiency. While saturation is consist-
ently achieved at nodes 1 and 10 - representing the inlet and midpoint of the bed- the
saturation level at node 20- located near the bed outlet- increases with longer adsorption
durations. As shown in Figure 5, full saturation at node 20 is attained only when the ad-
sorption time exceeds 9000 seconds, indicating improved bed utilisation with extended
adsorption period. The prolonged bed saturation is primarily attributed to the limited CO:
mass transfer rate of the sorbent, as reflected in the breakthrough curve profile. As shown
in Figure 3a, the curve exhibits a distinct plateau phase following the initial breakthrough
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front, during which COz2 continues to adsorb gradually, particularly in the downstream 400
segments of the bed. This observation aligns with the work of Stampi-Bombelli et al. [73], 401
who argued that, due to the inherently slow CO: mass transfer in DAC processes, the 402
adsorption step should be sufficiently long to ensure saturation of the entire column. They 403
proposed defining adsorption time based on the saturation of the final bed segment rather 404
than relying solely on breakthrough time, particularly because, in DAC systems, the CO2 405
recovery constraint is less stringent than in post-combustion capture, allowing for longer 406
adsorption durations to prioritise bed saturation. 407

However, this extended adsorption period introduces a trade-off: While longer ad- 408
sorption times improve bed utilisation and allow the bed to approach full saturation, they 409
also coincide with the plateau region of the breakthrough curve, where the adsorbent is 410
no longer able to capture all incoming CO,. Consequently, COz recovery slightly decreases 411
by approximately 2%. As shown in Figure 6, increasing the adsorption time enhances spe- 412
cific energy consumption and CO: purity, with both metrics plateauing around 9000 sec- 413
onds, signifying that the system approaches equilibrium and the adsorption bed is satu- 414
rated with CO: (Figure 5). Meanwhile, beyond 9000 seconds, process productivity declines 415
as fewer operational cycles can be completed annually. This reflects a performance limi- 416
tation; while prolonging the adsorption phase initially improves overall performance; it 417

eventually leads to diminishing returns in both productivity and COz recovery. 418
419
3.2.2. Desorption Temperature 420

In a TVSA process, regeneration of the adsorbent is achieved by applying both ele- 421
vated temperature and reduced pressure, which together enhance the thermodynamic 422
driving force for CO: desorption [57,73,74]. Therefore, the selection and optimisation of 423
desorption temperature and vacuum pressure are closely interdependent. 424

Figure 7a and b present the effect of desorption temperature under a fixed vacuum 425
pressure (Peva= 0.09 bar) on performance indexes. As shown, CO:2 recovery and productiv- 426
ity remain negligible at temperatures around 100 °C but increase sharply once a specific =~ 427
threshold temperature is reached, approximately 120 °C. However, increasing the desorp- 428
tion temperature beyond 120 °C has minimal impact on further improving process perfor- 429
mance, reflecting the cooperative desorption mechanism of mmen-Mgz(dobpdc) associ- 430
ated with its characteristic step-shaped isotherm and temperature-dependent kinetics. 431
These frameworks exhibit long induction periods near the step temperature, with desorp- 432
tion only becoming significant once a critical temperature is reached [75]. Importantly, the 433
desorption threshold temperature is influenced by the applied vacuum level. Under 434
deeper vacuum pressure, the equilibrium partial pressure of CO2decreases, enabling de- 435
sorption at lower temperatures [76]. These findings establish a practical threshold that can 436
guide the optimisation of regeneration strategies in DAC systems employing this sorbent. 437

438
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Figure 5. COzloading at the bed outlet (node 20) as a function of total simulation time (adsorp-
tion + desorption), extending until equilibrium is reached. Each curve corresponds to a different
adsorption duration: 5800 s (green), 6200 s (dark blue), 6600 s (purple), 7000 s (black), 8000 s (red),
9000 s (yellow), and 10000 s (brown).
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Figure 6. Effect of adsorption time on process performance indicators. The column plot represents
recovery (%) with numerical values above each column indicating productivity
(kmol COz/Kg-year). The two dashed lines correspond to CO, purity (%) (yellow) and specific en-
ergy consumption (MJ/Kg CO2) (red).

3.2.3. Desorption Time

Figure 8a and b illustrate the variation in productivity, CO: purity, recovery and spe-
cific energy consumption across different desorption durations under a constant evacua-
tion pressure (Peva= 0.09). Extending the desorption time beyond 500 seconds has minimal
impact on specific energy consumption (which remains nearly constant) and CO: recovery
(which stabilises around 52.8% - 53.2%) since the bed reaches its target temperature early
in the desorption stage, and both metrics subsequently stabilise. However, desorption
time shows a more significant influence on CO: purity and overall process productivity.
Increasing the duration up to 2000 seconds improves purity, as more COz is removed from
the bed. Beyond this point, further improvement in purity is negligible (< 0.2%), indicating
that the sorbent’s desorption capacity is nearly exhausted at 120 °C. Meanwhile, longer
desorption times reduce the number of process cycles that can be completed annually,
thereby decreasing overall productivity. Previous studies have demonstrated that an op-
timal desorption duration exists that maximises COzyield with minimal energy input [73].
Similarly, findings from multi-objective optimisations of TVSA cycles using amine-func-
tionalised solid sorbents show that prolonged desorption offers diminishing returns in
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terms of purity and recovery, while significantly reducing productivity due to extended 455
cycle times [77]. Moreover, Figure 9 shows the variation in productivity with desorption 456
temperatures between 120 and 170 °C across desorption durations ranging from 2000 to 457
12000 seconds. The curve indicates that the desorption temperature exceeds the identified 458
threshold (~120°C), making the desorption duration increasingly influential. In this re- 459
gime, rather than further increasing the temperature, reducing the desorption time be- 460
comes a more effective strategy for improving annual productivity without compromis- 461

ing separation performance. 462
463
3.2.4. Evacuation Pressure 464

One of the important objectives of DAC processes is to achieve high CO:z purity, en- 465
suring that the captured product meets the quality requirements for downstream appli- 466
cations. This necessitates the effective removal of residual air from the adsorption bed 467
before initiating the desorption step. Moreover, this step also helps prevent oxygen-in- 468
duced degradation of amine-functionalised sorbents during subsequent heating [78]. 469

Figure 10a and b compare CO: purity, productivity, specific energy consumption, 470
and recovery for different evacuation pressures, ranging from 0.07 to 0.4 bar. As shown 471
in the figures, there is a gradual reduction in purity, recovery, and productivity with in- 472
creasing vacuum pressure up to 0.15 bar, followed by a more pronounced drop beyond 473
this point. Additionally, a slight trade-off exists between specific energy consumption and 474
CO: purity, recovery, and productivity. while operating at higher vacuum pressures re- 475
duces the energy demand of the vacuum pump- thereby reducing specific energy con- 476
sumption- this benefit becomes less significant beyond 0.15 bar, as the weakened desorp- 477
tion driving force leads to a decline in CO2 recovery. The findings indicate that lower 478
evacuation pressures significantly enhance CO:z recovery, purity and productivity by en- 479
abling more complete regeneration of the sorbent. This improvement is attributed to the 480
stronger thermodynamic driving force for desorption at lower pressures, which facilitates 481
more efficient CO: release from the adsorbent [73]. By increasing the pressure differential 482
between the adsorbed CO: and the surrounding gas phase, lower evacuation pressures 483
enhance the effectiveness of sorbent regeneration. However, the energy savings achieved 484
at higher vacuum pressures are offset by corresponding reduction in recovery and 485

productivity. 486
487
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Figure 7. Effect of different heating temperatures during the desorption stage on performance indi-
cators. Panels (a) and (b) show temperature ranges from 100-170 °C, while panels (c) and (d) zoom
in on the range of 120-170 °C, with axis titles consistent with the main figures. (a) CO2 purity (%)
and recovery (%) are represented by black and red lines, respectively (b) Productivity
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3.2.5. Inlet Feed Temperature

The effect of feed temperature on CO: purity, recovery, productivity, and specific
energy consumption is investigated to consider different ranges of environmental tem-
peratures. According to the simulation results in Figure 11a and b, CO: purity, recovery,
and productivity remain relatively stable at feed temperatures below 20 °C. As the tem-
perature increases beyond this point, all three performance indicators exhibit a consistent
downward trend. This suggests that lower ambient (feed) temperatures are more favour-
able for achieving optimal DAC process performance using mmen-Mgz(dobpdc), particu-
larly in maintaining high product purity and maximising sorbent utilisation.

This behaviour can be attributed to the thermodynamics of the sorbent’s cooperative
adsorption mechanism, in which CO, is captured through insertion into metal-amine
bonds, forming extended chains of ammonium carbamate along the one-dimensional
channels [49,79]. This process is exothermic and highly temperature-sensitive [49]. As a
result, at elevated temperatures, the formation of ammonium carbamate chains becomes
thermodynamically less favourable, reduced CO: uptake and diluted product streams.
This trend was also observed by Martell et al. [75], who reported more favourable adsorp-
tion kinetics and thermodynamics at lower temperatures due to cooperative chemisorp-
tion mechanisms in diamine-appended Mgz(dobpdc) frameworks.

Higher feed temperatures also lead to increased specific energy consumption. This is
primarily due to the reduced amount of CO:2 captured, which outweighs the benefit of
lower heating energy input required to reach the target desorption (Figure 11b).
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3.2.6. Inlet Feed Flow rate

The sensitivity analysis on feed flow rate, conducted under constant feed tempera-
ture (23 °C) and evacuation pressure (0.09 bar), reveals that increasing the inlet air flow
rate beyond 0.0004 Kmol/h has a minimal influence on CO2 purity, productivity, and spe-
cific energy consumption. However, a significant decline in CO2 recovery is observed (col-
umn plot in Figure 12. This reduction is attributed to insufficient gas residence time within
the adsorption bed, which restricts CO:2 diffusion and hinders effective adsorption onto
the sorbent surface. Consequently, a significant fraction of CO:2 bypasses the bed without
being captured. Conversely, at lower flow rates, extended gas-solid contact time enables
the sorbent to approach full saturation, thereby improving CO2 recovery. The stability of
CO2 purity, specific energy consumption, and productivity at higher flow rates can be
explained by the dynamic balance between adsorption kinetics and process throughput.
Although increasing the flow rate reduces contact time, the high velocity also increases
the mass transfer driving force, allowing CO2 to be quickly adsorbed.
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3.3. Optimal Design Discussion

To complement the individual parameter investigations, a normalised sensitivity
analysis was conducted to compare the relative impact of each process parameter on four
key performance indicators: SEC, CO: purity, recovery, and productivity. The study con-
sidered the following parameter ranges: adsorption time (5000-10000 seconds), desorption
time (300-15000 seconds), feed temperature (5-30 °C), feed flow rate (0.0001-0.0008
Kmol/h), and vacuum pressure (0.07-0.4 bar). According to Figure 13, feed temperature
consistently demonstrates a strong influence across all metrics, significantly affecting SEC,
recovery, and productivity. Its role in controlling the thermal and mass transport within
the bed makes it particularly impactful. Vacuum pressure also strongly influences recov-
ery and purity, as it governs the thermodynamic driving force for CO2 desorption. De-
sorption time significantly affects productivity by limiting the number of annual opera-
tional cycles, while also influencing CO: purity through its impact on bed regeneration.
By contrast, adsorption time shows minimal influence across all indicators in the

526
527

528
529
530
531
532
533
534
535
536
537
538
539
540



Sustainability 2025, 17, x FOR PEER REVIEW 20 of 27

sensitivity analysis, indicating that once sufficient bed saturation is achieved, further in- 541
crease in adsorption time have a negligible effect on system performance. Finally, heating 542
temperature appears to have a minimal impact in this analysis, which aligns with prior 543
findings in Section 3.2.2, where it was demonstrated that heating temperatures above 544
120 °C do not substantially improve performance due to the system reaching equilibrium; 545
hence, the effect of further increases within the 120-170 °C range is limited. 546
Translating the insights from the sensitivity analysis into process improvements, the 547
base case performance is compared with optimised condition performance. Table 6 suc- 548
cinctly summarises the resulting performance indicators for both the baseline and opti- 549
mised scenario. The optimised configuration demonstrates substantial enhancement over 550
the base case. Specifically, it achieves a significant improvement in CO2 recovery (from 551
53.26 to 75%) and productivity (from 474.85 to 1373 Kmol/Kg.year). Crucially, these gains 552
are realised while maintaining a consistently high CO: purity of 98% and notably reducing 553
the specific energy consumption from 3.85 to 3.64 MJ/Kg COz. These improvements are 554
primarily attributable to strategic adjustments in operating conditions, including a reduc- 555
tion in vacuum pressure to 0.08 bar, a decrease in desorption time to 1000 Seconds, an 556
extension of adsorption time to 8200 seconds, and lowering the feed temperature to below 557
7 0C. These adjustments align directly with the sensitivities identified for each parameter 558
and collectively support the development of more energy-efficient and sustainable DAC 559
systems. 560
To further contextualise the performance of our developed system, Table 6 also in- 561
corporates a comparison with three established benchmark sorbents reported in the DAC 562
literature. one of these is Lewatit VP OC 1065, evaluated under a packed bed TVSA pro- 563
cess, which closely aligns with our system’s bed configuration and process type. The other 564
two sorbent, Mmen-Mgz(dobpdc) and MIL-101(cr)-PEI-800, employing novel coated mon- 565
olith adsorption beds. Additionally, the table presents performance data from the 566
Climeworks commercial DAC process to provide broader industrial benchmark. 567
This analysis focuses on purity, recovery, and specific energy consumption, provid- 568

ing a comprehensive assessment of the system’s operational efficiency and effectiveness. 569
Our optimised system highlights competitive capabilities, particularly in achieving lower 570
specific energy consumption alongside enhanced purity and recovery rates. These im- 571
provements indicate the potential for reduced operational costs and increased process 572
sustainability. The calculated energy requirement in our benchmark case is approximately 573
59% lower than the reported value for the Climeworks system. This deviation is antici- 574
pated, as our model represents a highly idealised and optimised scenario. For example, 575
Climeworks adsorption bed configuration [80] likely limits full bed saturation due to prac- 576
tical design constraints, whereas our simulation assumes optimal sorbent utilisation. Sev- 577
eral additional factors contribute to this difference: 578
e  Current model assumes negligible pressure drop, thereby excluding blower 579

energy consumption. 580

e Real-world vacuum equipment typically operates at lower efficiencies than 581
assumed in ideal models. 582

e Climeworks contactor design include additional flow resistance due to the 583

parallel flow path through structured adsorbent sheets, whereas current 584

model assumes axial flow through a thin sorbent layer, reducing resistance 585

and energy loss. 586

e Current study does not consider the presence of water in the feed and asso- 587

ciated energy required for water-COz separation. These factors would likely 588

increase the energy demand in real word systems. 589

Among the benchmark sorbents considered, the Lewatit VP OC 1065, evaluated by 590
Deschamps etal. [81], stands out for its relatively high energy consumption despite 591
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operating under idealised process conditions. This can be attributed, in part, to the inclu-
sion of moisture and its interactions with CO, a level of complexity not considered in
current study. Additionally, the sorbent demonstrates the ability to achieve high CO: pu-
rity without the need for deep vacuum conditions.

Furthermore, the study by Sinha et al. [53] investigated mmen-Mgz(dobpdc) and
MIL-101(cr)-PEI-800 under experimental conditions using a monolithic adsorption con-
figuration. The predicted energy consumption for mmen-Mgs(dobpdc) in their study is
slightly lower than that reported in the present study. This variation can be attributed to
differences in bed configuration and the higher CO: purity achieved in our system, which
is facilitated by operating at deeper vacuum levels. Although such conditions increase
energy demand, they also enhance separation performance. In contrast, the use of MIL-
101(cr)-PEI-800 in monolithic configurations results in substantially higher energy con-
sumption and lower CO: recovery, indicating that this sorbent may be less promising can-
didates for DAC applications compared to mmen-Mgz(dobpdc) under the applied condi-
tion.

BN SEC (MJ/kgCO3)
B CO; Purity (%)
B Rccovery (%)
Productivity (Kmol/Kg-year)

0.0 0.2 0.4 0.6 0.8 1.0
Normalized Sensitivity

Figure 13. Sensitivity analysis of six process parameters on key performance indicators: CO2

purity, recovery, specific energy consumption and productivity.

Table 6. Performance comparison of the optimised mmen-Mgz(dobpdc) packed bed TVSA system
with established benchmark sorbents for DAC.

Performance Process Purity =~ Recovery Specific Energy  Productivity = Reference
Indicators Consumption
Unit % % MJ/Kg Kmol/Kg.year
Base case Packed bed, TVSA 98.13 53.26 3.85 474.85 This work
Designed case Packed bed, TVSA  98.05 75 3.64 1373 This work
Climeworks-Amine- TVSA 99.9 85.4 6.12-8.18 1344 [82,83]
based sorbent
Lewatit VP OC 1065 Packed bed, TVSA 99 77 5.42 1090 [81]
Mmen-Mgz(dobpdc) Coated monolith 95 60 3.52 - [53]
Steam assistance-
TVSA
MIL-101(cr)-PEI-800 Coated monolith 95 50 5.34 - [53]

Steam assistance-

TVSA
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4. Conclusion and Prospect

This study evaluates the performance of mmen-Mg:(dobpdc) under realistic DAC
process conditions using a dynamic simulation framework. This metal-organic frame-
work, known for its distinctive step-shaped isotherm, was evaluated within a TVSA pro-
cess in Aspen Adsorption. After validating the simulation model against experimental
breakthrough data and confirming its reliability, a sensitivity analysis was conducted to
identify the most influential process parameter (vacuum pressure, adsorption and desorp-
tion times, feed temperature, feed flow rate, and heat exchanger temperature) on CO:z pu-
rity, recovery, productivity, and specific energy consumption. Beyond demonstrating
high CO: purity and recovery, the analysis highlights the complex and interdependent
relationships between process variables and their implication for system performance and
design.

A key insight from this work is the trade-off between CO2 recovery and productivity.
While lower feed temperatures and extended adsorption time enhance recovery by in-
creasing sorbent loading and saturation levels, they concurrently reduce the frequency of
adsorption- desorption cycles, thus lowering productivity. Another significant finding is
the dual role of vacuum pressure: deeper vacuums improve desorption efficiency and
boost both CO: purity and recovery. However, this comes at the expense of increased SEC,
particularly from mechanical work. The interplay between feed temperature and vacuum
pressure is particularly noteworthy- lower feed temperature shifts the isotherm’s step-
pressure downward, enabling effective desorption at milder vacuum conditions, and thus
offering potential energy saving if properly tuned. This study also reveals a threshold ef-
fect for desorption temperature, beyond which further heating yields marginal benefit. At
deeper vacuum level, effective regeneration can occur at lower temperatures, provided
sufficient desorption time is allowed. This introduces a critical design trade-off longer de-
sorption times reduce thermal energy demand (lowering SEC), but again, may compro-
mise overall productivity.

Although the current study was conducted at an experimental scale and did not ex-
plicitly account for humidity fluctuations or long-term material stability, the demon-
strated performance underscores the potential of this sorbent for DAC applications. These
results provide a robust foundation for sustainable DAC process development, offering
guidance for future research aimed at optimising the process and improving system scala-
bility. Future investigation is needed into sorbent degradation mechanism under cyclic
operation, as well as the scalability of the adsorption bed design for industrial-scale de-
velopment. Further work will also prioritise a comprehensive evaluation of competitive
adsorption between H20 and CO: under realistic atmospheric conditions. Furthermore,
the insights gained from this study reveal the interconnected dynamics among process
variables, highlighting the limitations of isolated parameter tunning and emphasising the
need for system-level optimisation. The complexity of balancing CO: purity, recovery,
SEC, and productivity justifies the application of advanced multi-objective optimisation
techniques to define operating strategies that achieve optimal performance across these
key indicators and support the development of sustainable carbon removal technologies.
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