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ABSTRACT

Carbon capture and utilization play an important role by converting CO, emissions to high value fuels and chemicals such as
methanol. This work reports the modelling and simulation of the CCU to methanol using a bifunctional catalyst with amine sites
for CO, capture and Pt sites to catalyze the reduction of intermediates to methanol. The bifunctional material exhibited high CO,
capture capacity under post-combustion conditions at 50°C-70°C and promising methanol formation under dynamic experiments
of sequential CO, capture and hydrogenation steps. CO, sorption experiments using TGA were employed to extract kinetics for the
CO, capture. Steady-state CO, hydrogenation over the bifunctional material was used for the development of the hydrogenation
kinetic model. The validation of the kinetic models coupled with a transient reactor model under dynamic conditions showed
that the model can predict the transient formation of methanol. A parametric investigation under varying operation conditions
highlighted the advantage of isothermal cycles at high temperature with respect to experimental time efficiency and maximized
methanol formation rate compromised by the lower capture capacity. Further investigations in material development focusing
on the facilitation of the methanol desorption from the pores would significantly improve the combined process and allow more
time-efficient screening protocols.

1 | Introduction methanol is used as a fundamental chemical building block in the
production of chemicals such as formaldehyde and acetic acid [2].
Carbon capture and utilization (CCU) involve capturing CO,
emissions from industrial processes and utilizing them to produce =~ The conventional methanol production process is based on the
valuable products. This concept not only reduces anthropogenic ~ conversion of syngas, usually generated from natural gas, to
CO, emissions but also provides a sustainable feedstock for = methanol under a pressure of 50-100 bar and in a temperature
chemical production [1]. Among various products that can be  range of 200°C-300°C [3]. The CO, hydrogenation process con-
synthesized from CO,, methanol is of high interest because it sists of two reactions: methanol formation which is exothermic,
can be used as a hydrogen carrier or directly as fuel. In addition, and the reverse water-gas-shift reaction, which is considered as an
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undesired reaction because it also consumes hydrogen and lowers
the yield of methanol production. In the absence of CO, methanol
synthesis can proceed via CO, hydrogenation through R1. The
main process comprises the formation of CO and water via reverse
water gas shift reaction (RWGS) as in R2 and hydrogenation of CO
asin R3.

CO, + 3H, = CH;0H + H,0 (R1)
CO, +H, = CO+H,0 (R2)
CO + 2H, = CH;0H (R3)

Currently, commercial low-pressure catalysts generally are based
on CuO and ZnO supported on Al,O; with variable stabilizing
additives and promoters [3, 4]. While the CO,-based process is
industrially realized, there are still challenges to overcome such
as the thermodynamic limitation at a high temperature where
reaction kinetics are faster and the competition with the RWGS
reaction. To overcome these limitations, liquid-phase and solvent-
assisted processes have been proposed as well as alternative
reactor designs such as membrane reactors [5].

Within the CCU concept, alternative integrated processes of CO,
capture and in situ conversion to methanol either in amine solu-
tions or over amine-based solid materials as the capturing agent
offer the advantage of intensified processes to instantly convert
the captured CO, and store it chemically within the methanol
molecules [6-9]. The desired properties of these materials include
fast CO, capture kinetics, favored interaction of the captured CO,
with the catalytic site and stability of the performance under
multi-cyclic operation [10]. The immobilization of the amine
functional groups on solid materials instead of a solution-based
process was proven beneficial for the regeneration of the amines
and the sustainability of the process [11]. Long chain polyamines
were found to increase the density of the amine sites, not only
advancing the CO, capture [12] but also the structural morphol-
ogy of the material. The stabilization of carbamate species to
capture CO, has been identified to be of utmost importance
[6], but the mechanism toward the formation and selectivity
to methanol is strongly dependent on additives [13, 14] as well
as the morphology and the nature of the materials [12, 15]. In
our previous studies, we developed bifunctional basic-metallic
catalysts with 25% conversion of captured CO, to methanol [16,
17]. We showed that Pd-amine functionalized silica can capture
and selectively convert CO, to methanol. The reaction proceeds
via carbamate formation upon reaction of two amines with one
CO, molecule [18]. The availability of amine sites along the metal-
amine interphase is crucial in order to optimize the conversion
of captured CO, to methanol. This can also be achieved by
decreasing the pore size, where the 3D configuration of the sites in
the pores leads to improved proximity of amine sites to the metal
beyond the interface [17].

Ordered mesoporous polymers (OMP) with well-defined chan-
nels are good candidates for such applications, due to their large
surface area, controlled and uniform pore structure, chemically
inert nature, and mechanical stability [19]. Reports on nitrogen-
doped mesoporous polymeric materials are primarily focused on

CO, capture and separation [20, 21]. In our previous work, we first
reported the one-step synthesis of primary amine-functionalized
OMP for integrated CO,-to-methanol conversion, demonstrating
their dual functionality in CCU. In a fixed bed reactor filled
with Pt/O-NOMP as catalyst, 40% of irreversibly adsorbed CO,
(0.202 mmol g™ cycle™) was converted to methanol with almost
100% selectivity (80 umol g~! cycle™') when the temperature was
increased from 70°C to 120°C [22]. Furthermore, the protonation
of primary amines in aqueous environments guide the loading of
Pt ions near amine groups via electrostatic attraction, which has
led to substantial improvement of the catalytic performance [22].

While the material properties define the maximum CO, capture
capacity and the pathway toward methanol, the reaction condi-
tions are critical as well. An optimum temperature is required to
maximize capture performance and reduce the amount of CO,
being desorbed without reaction, thus enhancing the methanol
yield. Kinetic modeling and simulations provide the way to opti-
mized conditions for maximum efficiency and aid in the design
and development of processes. To the best of our knowledge,
there is yet no report on kinetic simulations of the integrated CO,
capture and conversion to methanol using amine-Pt bifunctional
materials. In this work, a lumped kinetic model is developed that
describes the CO, capture and conversion processes and allows
the prediction of the performance of the bifunctional material
under dynamic conditions. A simulation investigation explores
the effect of operation conditions on methanol formation with
view of the optimization of the material testing protocols that will
accelerate the screening of the materials.

2 | Experimental Section
2.1 | Material Preparation

The one-step synthesis of the ordered mesoporous polymer
(OMP) followed the self-assembly route using Pluronic F127 as a
soft template. Typically, 2.2 g of Pluronic F127, 1.1 g resorcinol (R),
0.7 g of hexamethylentetramin (HMT), and 2.0 mL of aqueous
ammonia (28 wt.%) were mixed with 54 mL of deionized water.
Once all reactants were dissolved, 0.35 g of HMT was additionally
added. The reactant molar ratio of F127: R: HMT: NH;: H,0 was
0.0175: 1: 1.75: 2.7: 311. A dark blue solution was obtained, which
was stirred for 48 h at 80°C until reddish solid products were
formed and cooled to room temperature, collected by filtration,
washed with distilled water, and dried in air at 80°C. Finally, the
solid was calcined in a tubular furnace at 350°C for 3 h, with a
heating rate of 1°C min~! under a flow of N, (100 mL min). After
calcination, the material was denoted as O-OMP.

The addition of the primary amine on the O-OMP was carried
out using 3-(3-aminopropyl)phenol (APP) as an amine source via
a similar route. The molar ratio of F127: R: APP: HMT: NH;: H,O
was 0.0175: 0.7: 0.3: 1.75: 2.6: 311. Other steps remained the same
as in the synthesis of O-OMP. After calcination, the material was
denoted as O-NOMP.

The loading of the O-NOMP sorbent with platinum was realized
via the evaporation-induced self-assembly (EISA) method. 1 g
NOMP was stirred in a 0.01 M aqueous H,PtCl, solution (55 mL
for designated Pt loading of 4 wt.%) at room temperature for
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6 h. Subsequent reduction of PtV to Pt® was carried out with
0.1 M aqueous NaBH, solution used in excess. The materials
were dried at 80°C overnight, and the samples were designated
as Pt/O-NOMP.

2.2 | Characterization

The carbon, hydrogen, and nitrogen content of the bifunctional
catalyst was determined using a HEKAtech Euro EA Elemental
Analyzer. The samples were oxidized at 1800°C and the com-
bustion gases were chromatographically separated and detected
using a TCD detector. Atomic absorption spectroscopy (AAS) was
used to determine the Pt-content using a Solaar M5 Dual Flame
graphite furnace AAS spectrometer from ThermoFisher. For
analysis, 50-80 mg of the sample was dissolved in hydrofluoric
acid, which was subsequently evaporated. The solid residue was
dissolved in sulfuric acid and analyzed.

The average particle size of Pt was measured by transmission elec-
tron microscopy. The catalyst sample was dispersed in ethanol
and drops of the catalyst suspensions were applied on a 400-
mesh copper grid. The measurements were carried out in a
JEOL JEM-1470plus electron microscope with an accelerating
voltage of 120 keV. Statistical size analysis of the metal particle
size was obtained using at least 100 particles from representative
transmission electron microscopy micrographs.

The BET-surface area was determined by N,-physisorption at
—196°C in an automated nitrogen adsorption analyzer Sorp-
tomatic 1990 Series (Thermo Fisher). Prior to adsorption, the
samples were outgassed in vacuum at 160°C for 4 h.

2.3 | CO, Capture Performance

The capture capacity of the sorbent was evaluated using thermo-
gravimetric analysis (TGA). The CO, adsorption measurements
were carried out at ambient pressure and under flow conditions
in a Setaram SENSYS Evo TG-DSC. Before the experiments, the
samples were pretreated for 2 h at 120°C in 150 mL-min~" of N,.
The adsorption was studied at 30°C, 50°C, and 70°C in a stream
of diluted CO, in N, (3-10 vol.% CO,, with a total flow of 112
mL min™!) for 3 h, followed by purging with N, (150 mL min™!)
for 2 h at the same temperature. Desorption of CO, was carried
out by heating to 90°C at a rate of 3°C min™" under 150 mL min™
N,. The equilibrium CO, uptake, g., was calculated based on the
mass increase during the adsorption step.

meq. - msample

Q=r——V7 @)
¢ MC02 X msample

where Mg, is the sample mass at the start of the adsorption
step.

The chemisorbed amount of CO, was determined based on the
mass loss during the purging process with high flow N, and
calculated as

m - msample

purge
9chem = M (2)
CO, X msumple

where Mg, is the mass of the sample measured by the TGA at
t = 0 for each cycle and M, is the molar mass of CO,.

2.4 | Steady-State Methanol Synthesis

Steady-state CO, hydrogenation experiments were carried out to
evaluate the steady state kinetics of the bifunctional catalyst. The
activity was measured using a fixed-bed tubular reactor at 1 bar
and temperatures between 70°C and 160°C. Before starting the
reaction, the catalyst was pre-treated in N, (100 mL min™') at
140°C for 2 h and subsequently reduced in 30 vol.% H, (balance
He) at 140°C for 1 h under a total flow of 44 mL min~!. After
cooling down to 70°C in N, atmosphere the CO, hydrogenation
was studied using a gaseous composition of 3.3 vol.-% CO,,
10 vol.% H,, 37 vol.% He, balance N, with a total flow rate
of 130 mL min~!. After reaching steady state, the reaction
temperature was changed to the next test state under reaction gas
flow. The composition of the outlet gas was analyzed using an
OmniStar GSD320 mass spectrometer in a m/z range between 2
and 50 to include the typical side products of this reaction (e.g.,
CO, CH,, CH,0, HCOOH, and CH;CH,OH). A calibration was
performed for H,, CO,, CH;O0H, and H,O using He as the internal
standard for the quantitative evaluation of the mass spectra.

2.5 | CO, Hydrogenation to Methanol Under
Dynamic Operation

The catalytic activity was measured using a fixed-bed tubular
reactor at 1 bar and temperatures between 70°C and 120°C,
applying dynamic changes in the reactant feed in order to
simulate the periodic operation of a CO, absorber followed by
reactive regeneration. Before starting the reaction cycles, 0.25 g
of the bifunctional catalyst was treated in N, flow (100 mL min™")
at 140°C for 2 h and reduced in 30 vol.% H, balance He at 140°C
for 1 h (total flow rate 44 mL min~'). The experimental procedure
consists of the CO, capture with 10 vol.% CO, in He at 70°C
(total flow rate 27 mL min~") for 1 h as the first step. Between the
CO, capture and the subsequent hydrogenation step, the system
was flushed with a flow of 100 mL min~! N, for 8 min. The
hydrogenation was carried out using a gas stream of 30 vol.%
H, balanced in He (total flow 44 mL min~') while increasing
the temperature (linear temperature increase 2.5 K min™') from
70°C to 120°C. The species formed during the reaction were
analyzed by mass spectrometry as described for the steady-state
hydrogenation experiments.

2.6 | Modeling

In order to simulate the integrated CO, capture and hydro-
genation to methanol over the bifunctional catalyst Pt-O-NOMP,
the kinetics of the sub-processes were separately investigated.
The kinetics of CO, capture were extracted from experimental
TGA measurements at the temperature of 30°C, 50°C, and 70°C
and varying CO, inlet concentrations. The adsorption/desorption
kinetics were fitted to the temperature-programmed desorption
profiles of CO, obtained after adsorption at different temperatures
as well as to the overall amount of chemisorbed CO, determined
at the corresponding temperature. The adsorption profiles were
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not considered for fitting the kinetic model due to high noise-to-
signal ratio.

The experimental investigation on the low-temperature CO,
hydrogenation to methanol was used to extract the apparent
kinetic coefficients of the methanol formation reaction. Subse-
quently, validation of the kinetic model developed was realized
by simulating the methanol formation under dynamic conditions.
The validated model was then applied to run a simulation
investigation under varying conditions and operational scenarios.

2.7 | Chemical Model

The capture of CO, over amine-based materials have been found
to proceed via a proton exchange between two amine groups,
as one amine group acts as a nucleophile to attract CO,, while
the other acts as a Bronsted base [23-25]. The lumped kinetic
model developed considers a global, reversible surface reaction
of gaseous CO, with the amine sites, here denoted as “s,” toward
adsorbed CO,.

CO,(g) +2s = CO, (ads) +s (R4)

The number of available active sites (surface site density) was
estimated based on the nitrogen content determined by the
elemental analysis of the sample and the specific surface area
determined by BET:

oN m
= 100 Ay 3)

Ay, BET

where wy is the nitrogen content, m is the sample mass used in
the experiment, Ay is the atomic mass of nitrogen, and a; gy is
the specific surface area. The resulting surface site density for the

amine sites was calculated as 3.86 107% mol m~2.

The surface reaction rate s; of the surface species i was modeled
as

Ng+Nj Ng+Ng

: vl v,
o=k [T ¢ e IT € @
=

where the rate coefficients follow an Arrhenius-type expression:

E,
k, = A, TFx exp [— R;] (5)

where k; is the rate coefficient in the step k for the given reaction,
E, , the activation energy, A, the pre-exponential factor, § a fitting
parameter regarding the temperature dependency of the pre-
exponential factor, and R the universal gas constant. The rates
are calculated under the assumption that the surface sites are
uniformly distributed (mean-field approximation).

The mechanism of methanol formation from CO, captured over
amine-loaded materials proceeds via the formation of carbamate
to N-formyl intermediates to methanol [6, 8]. The role of the
metal in the mechanism is to provide the catalytic cycle with
dissociated hydrogen. The kinetics of CO, hydrogenation toward

TABLE 1 | Model parameters for the simulations of the TGA experi-
ments with a packed bed reactor model.

Reactor ID (m) 0.005
Bed length (m) 3.161073
Bed porosity (—) 0.4
Fcat/geoa 55794
Inlet gas velocity—adsorption 0.093
step (ms™) (@25°C)
Inlet gas 0.124
velocity—flushing/desorption (@25°C)
step (m s71)

#Ratio of catalytic to geometric area of the reactor. Catalytic area, A, in this
case is the amine functional groups that are considered to be evenly distributed
over the whole surface area of the sample: A, = Sgprxm. Geometric area of
the reactor is the surface of the sample particles.

methanol over the bifunctional material was modeled consid-
ering the global reaction R1. The apparent kinetic coefficients
were determined by linear fitting of the Arrhenius equation to
the steady-state kinetic experiments at the temperature range of
70°C-120°C.
E, 1

In(k) =In(A) - == 6

n(k)=1In(4)- £ = ©)
where k the kinetic constant, A the preexponential factor, E,, the
activation energy, and R the universal gas constant.

For the simulation of the combined process of CO, capture
and conversion to methanol, both the reactions R1 and R4 are
considered with the kinetic coefficients determined as described
above. In this case, the surface site density of Pt, I'p, , was 2.72
107> mol m~2.

2.8 | Reactor Model

The kinetics of the CO, captured were determined adjusting the
kinetic coefficients of R4 to better describe the TGA profiles. In
the TGA configuration, the gas flow is inserted via a vertical
tube with an internal diameter of 8 mm toward the crucible of
internal diameter of 5 mm where the sample is placed. Due to
the low sample mass loaded during the experiments, the resulting
height of the packed bed is ca. 3 mm, allowing the assumption
of a fixed bed reactor. The linear velocity of the inlet gas was
calculated considering the flow through the inlet tube. The model
parameters of the TGA experiments are presented in Table 1.

The  simulations were carried out wusing the
DETCHEMPBR-TRANSIENT - gimylation package. This is a 1D
fixed-bed reactor model, which assumes no radial variations in
flow properties as well as negligible axial diffusion compared
to the convective terms [26]. The governing equations include
the continuity (Equation 7) and the gas phase species balances
(Equation 8):

d(pw) =ay ZMisi @)

dz .
ieSg

4of11

ChemCatChem, 2026

85UB017 SUOWWOD AIT1D) 8|qeo! dde 8Ly Aq peueob ke Sejone YO ‘88N JO S9INJ 10} Akeuq i 8ul|UO AS|IA UO (SUONIPUOD-PUR-SLLIBYWOY™AB | 1M AlRIq U1 |UO//SdNY) SUORIPUOD PUe SWie | 38U} 88S *[9202/20/90] Uo ARiqiauljuo A8|IM ‘8TET0SZ0Z 9199/200T OT/I0p/W0d- Ao |im Arelq1jeuljuoadouns-Als iweyo//sdny woiy pepeojumod ‘Z ‘9202 ‘668£.98T



TABLE 2 | Model parameters for modeling of the internal diffusion.

Average particle size (m) 30310°°¢
Pore size (m) 4.98107°
Pore Volume (cm® g™') 0.78
Particle porosity 0.104
Tortuosity 3
ay, 4 o
pud—z‘ +Y;a, Z M;s; = M; (avsi + cu,e) 8)

ieSg

where p is the fluid phase density, z the axial coordinate of the
reactor, u the superficial velocity, a, the total particle surface area
to catalytic bed volume ratio, Si the surface phase reaction rate,
M; the molar mass of species i, ¥; the mass fraction of gas phase
species i, cbi the gas phase reaction rate, and ¢ the catalytic bed
porosity.

Internal diffusion of CO, might become important since it must
diffuse into the pores of the material to reach further active
sites, resulting in concentration gradients. The pore diffusion was
modeled using an effectiveness factor, which is the ratio of the
surface reaction rate under diffusion limitations by the surface
rate in the absence of diffusion limitations (spherical particles
assumed).

s 3
n=== P {p[cothep] — 1} )
Si
k
p=L (10)
Dcff,i

where ¢ is the Thiele modulus, D,y; is the mixed diffusion
coefficient, and k the reaction rate coefficient.

The mixed diffusion coefficient is calculated from contributions
from both molecular and Knudsen diffusion as follows:

€

D= ?pﬁz )
— 1 1
D, = + (12)
! Dmol, i Dknud, i

where ¢, is the particle porosity, 7 is the tortuosity, D, ; is
the molecular diffusion coefficient, and Dy, ; is the Knudsen
diffusion coefficient. The model parameters for the internal
diffusion model are summarized in Table 2.

The mass transfer resistance from the surface to the bulk of the

gas phase was also included in the model. The surface reaction
rate is

Si = kf si (Ci,f - Ci,s)

TABLE 3 | Model parameters for the simulations of the dynamic
experiments with the packed bed reactor model.

Reactor ID (m) 0.006
Bed length (m) 0.006

Bed porosity (-) 0.4
Feat/geo 1.0310°
Inlet gas velocity—step 0.040 (@25°C)
1(m/s)

Inlet gas velocity—step 0.154 (@25°C)
2 (m/s)

Inlet gas velocity—step 0.065 (@25°C)
3 (m/s)

TABLE 4 | Characterization results of the bifunctional catalyst Pt-O-
NOMP [22].

Specific surface area,

Sger (m* g™") 415
Average particle size 30310°¢
(m)
Pore width (m) 4.98107°
Pore volume (cm® g™') 0.78
N content (mmol g1) 1.6
Pt content (wt.%) 34
Pt metal dispersion (%) 343
and
Sh D,
kf o= fsti
dp

where k;; is the fluid-solid mass transfer coefficient for species i,
c;y is the fluid phase concentration of species i, ¢;; is the particle
surface concentration of species i, Shy; is the Sherwood number
for fluid/solid mass transfer, D; the effective diffusion for species
i, and d, is the particle size.

For the simulations of the two-step CO, capture and formation
of methanol, the DETCHEMPBR-TRANSIENT gimylation package
was used and the model parameters were modified to represent
the experimental reactor setup. The model parameters are given
in Table 3.

3 | Results and Discussion

The detailed characterization of the material is described and
discussed in detail elsewhere [22]. For brevity, we report here the
basic characterization that has been used to calculate the input
parameters for the simulations (Table 4).

3.1 | CO, Capture

The adsorption of CO, is primarily affected by the amine density,
the pore structure and morphology of the material as well as
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1.2
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FIGURE 1 | CO, uptake profiles measured by TGA at different
temperatures. The desorption takes place isothermally at the same
temperature as the adsorption and then the temperature is linearly
increased to 90°C with 3 K min~!. Adsorption: 10 vol.% CO,, 100 mL
min~!. Desorption: 100% N, 150 mL min~'.

the CO, concentration in the feed and the temperature. The
effect of temperature on CO, capture over the bifunctional
catalyst is shown in Figure 1. The CO, adsorption capacity was
determined using a 10 vol.% CO,/N, mixture at ambient pressure
to simulate stream composition in post-combustion systems
[27]. The thermogravimetric curve during the CO, capture step
shows the typical profile of a gas-solid reaction, that is, a fast
increase in the sample mass at the beginning of the experiment
due to reaction of the gas with the easily accessible capture
sites (reaction-controlled regime) followed by slow increase of
sample mass due to diffusion limited rate of reaction [28]. As
shown in Figure 1, the CO, adsorption behavior on Pt/O-NOMP
material was investigated through three distinct stages at varying
temperatures. In the first stage (CO, capture), the sample mass
increased upon CO, exposure until saturation of the capture sites
and reaching the equilibrium CO, uptake, g.. The equilibrium
adsorption capacity (g.) exhibited an inverse correlation with
temperature, suggesting the exothermic nature of -NH, mediated
CO, adsorption process. Pt/O-NOMP shows promising perfor-
mance even at 70°C, reaching a total CO, uptake of 0.728 mmol
g™!, with 0.204 mmol g™! CO, remaining irreversibly adsorbed
after purging at 70°C (Table 1) thus achieving an amine efficiency
as high as 45.5%. Since two amine sites are required for the
capture of one CO, molecule, the maximum amine efficiency
that can be theoretically achieved is 50% [18, 29]. During the
second stage, the gas flow was switched to pure N, to purge the
system. This resulted in the desorption of physisorbed and weakly
chemisorbed CO,, while a fraction remained strongly adsorbed
(genem)- In the final regeneration stage, heating to 90°C induced
further weight loss, indicating complete CO, desorption and
concomitant recovery of amine groups in the catalyst framework.

The effect of CO, content in the feed was also investigated, since
it affects not only the reaction rate but also the equilibrium CO,
uptake. Additionally, the equilibrium CO, uptake is decreased

1.2

CO, capture - T=70°C 'Some"gggrp Iorr‘am
1.0} G, §
— 208
2 10% CO, E 06
° N
g 08¢ e 2 04 -
£ / 202
0] L | 0'0.0 i
x 0.6 8% 10 20 30
a \ time (min)
=)
04} .
O
O
02F \ .
xv\
0.0 , ] , ] , ] , ] , LA ]
0 60 120 180 240 300 360
time (min)

FIGURE 2 | CO, uptake profiles measured by TGA at different CO,
inlet concentration. The desorption takes place isothermally at the same
temperature as the adsorption and then the temperature is linearly
increased to 90°C with 3 K min~'. Adsorption: 70°C, 100 mL min~'.
Desorption: 100% N, 150 mL min~!.

at lower CO, content because of the milder driving force of
diffusion within the pore structure [30]. Decreasing the CO,
content resulted in a decrease in the initial rate of adsorption
as shown in the inset graph of Figure 2 resulting in a delay in
the time of the transition from the surface reaction-controlled
regime to the diffusion-controlled regime from ca. 7 min under
10% CO, to ca. 14 min under 3% CO,. The initial slope of the CO,
uptake (onset graph of Figure 2) is almost identical for the inlet
concentrations of 5% and 10%, indicating a zero order upon CO,,
whereas at 3% CO, in the feed the capture rate is severely limited.
In literature, the effect of the CO, concentration is investigated in
terms of the effect on the capture capacity rather than the effect
on the capture rate [31-34]. Despite our experimental evidence
that the order of the reaction might be lower than 1, in the kinetic
model developed here, we assumed that the order of the reaction
follows the stoichiometry, that is, n =1.

For better description of methanol formation under dynamic
conditions, accurate model prediction of the CO, desorption
profile is of utmost importance. The TGA data shown in Figure 1,
depict the sample mass increase due to CO, capture upon
exposure to the CO, inlet flow. The capture corresponds to the
slight reduction of the outlet molar fraction of CO, that exits
the reactor, which returns to the value of the inlet concentration
once the sample has reached the equilibrium CO, uptake. During
the desorption phase of the TGA experiment, the inlet CO,
concentration is set to zero at the temperature of the adsorption
step, therefore the CO, that exits the reactor corresponds to the
desorption of physisorbed or weakly bond CO,. Once this step is
equilibrated, the temperature programmed desorption step takes
place, which corresponds to the steeper decrease of the sample
mass and accordingly the CO, uptake. In terms of the outlet CO,
content, this decrease in the CO, uptake during the temperature-
programmed step results in a peak in the CO, outlet mole fraction
as shown in Figure 3. The CO, mole fraction profile in Figure 3
was not measured by an analytic device at the exit of the reactor,
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FIGURE 3 | TGA data of CO, desorption and the calculated outlet
molar fraction of CO, in comparison to simulation. Adsorption: 10 vol.%
CO,, 70°C, 100 mL min~!. Desorption: 100% N, 150 mL min~".

TABLE 5 | Kinetic coefficients of CO, capture reactions (“s” refers to
amine sites).

E,
Reaction A (cm, mol, s) B (kJ mol 1)
CO, + 28 - 510" -5.0 6.3
CO,(ads) +s
CO,(ads) + s — 2101 0.01 915
CO,(g) +2s

but rather calculated considering that the mass change occurs
exclusively due to CO, capture or release. The advantage in this
case is that the profiles are free from effects of dead volume and
flow hysteresis, but since the “theoretical” outlet CO, is very
sensitive to slight fluctuations in sample mass, the profiles can
be noisy. The kinetic model of CO, capture was developed in
order to minimize the deviation of the temperature-programmed
desorption profile as well as the chemisorbed CO, uptake, which
in the form of ammonium carbamate is the critical intermediate
for the formation of methanol under hydrogenation conditions [6,
8]. The kinetic coefficients of the CO, capture model are reported
in Table 5. Kinetic investigation over PEI-modified nanocarbons
reported an experimentally derived apparent activation energy
of 13.3 and 22.6 kJ mol™ based on isothermal adsorption exper-
iments [35]. However, it is often the case that the experimentally
observed rates are affected by diffusion limitations, thus, affecting
the apparent activation energy determination [36]. The values
reported here cannot be directly compared to apparent activation
energies, since here coefficients refer to the global reaction R4
and are reported for the forward and the backward reaction
separately. Activation energies derived from first principles for
the elementary step processes report values in the range of
92-102 kJ mol~! or even higher [34, 37].

The simulated temperature-programmed desorption profile in
terms of CO, uptake and CO, outlet mole fraction after adsorption
at 70°C is shown in Figure 3. The position and the slope of
the desorption peak are well described and the peak height is

TABLE 6 | Capture capacity at different temperatures under 10%
CO,.

9chem (mg g_l)

50°C 70°C
exp. sim. exp. sim.
0.721072 1.211072 0.46 1072 0.69 1072
Q.
S 40} % :
c
2
S 30t % .
c
o)
[$]
c !
820t + 1
T
(@)
T 10l |
O
K
“5‘ 0 1 1 1 1 1
S
110 120 130 140 150 160 170

temperature (°C)

FIGURE 4 | Outlet mole fraction of methanol under steady state
CO, hydrogenation experiments over the bifunctional catalyst at varying
temperature (H,:CO,= 3, GHSV=34,000 h™1).

within the same range leading to a good agreement of the TGA
profiles. The peak integration of the flow profiles determines the
simulated chemisorbed uptake, q.pem, Which is well within the
range of the experimental values (Table 6).

3.2 | Steady-State Methanol Formation Kinetics

The integrated process described here is not intended to replace
the conventional CO, hydrogenation to methanol process, but
rather to efficiently convert captured CO, to a chemical energy
carrier. In that sense, the process involves two stages, where
first the CO, capture takes place, and during the second stage,
the surface species are converted to methanol in the presence
of hydrogen. However, in order to extract information on the
kinetics of the methanol formation over the bifunctional catalyst
while cofeeding CO, and H,, it was required to run steady
state experiments at various temperatures. The steady-state outlet
methanol concentration as a function of temperature is given in
Figure 4. The outlet molar fraction of methanol at the temper-
ature of 120°C is 19 ppm and after increasing the temperature to
160°C, the methanol outlet molar fraction increased up to 36 ppm.
The low conversion of H, achieved at these experiments serves
the purpose of determining kinetic information. In addition,
thermodynamic limitations can also be excluded because H, is
present in the gas phase during the hydrogenation step, while
CO, is chemically bound to the surface as amide. Therefore, all
molecules bound to sites at the metal-amine interface can be
converted to methanol.

The Arrhenius plot for the methanol formation kinetic exper-
iments is shown in Figure 5. Through the linear fitting of the

ChemCatChem, 2026

7of11

85UB017 SUOWWOD AIT1D) 8|qeo! dde 8Ly Aq peueob ke Sejone YO ‘88N JO S9INJ 10} Akeuq i 8ul|UO AS|IA UO (SUONIPUOD-PUR-SLLIBYWOY™AB | 1M AlRIq U1 |UO//SdNY) SUORIPUOD PUe SWie | 38U} 88S *[9202/20/90] Uo ARiqiauljuo A8|IM ‘8TET0SZ0Z 9199/200T OT/I0p/W0d- Ao |im Arelq1jeuljuoadouns-Als iweyo//sdny woiy pepeojumod ‘Z ‘9202 ‘668£.98T



IQ I 4 experiment

w62} 0 ]
E
€ 64 e
M A,pp= 149 (SI) ‘\\
< E, = 23.11 kJ/mol "

66| \\\\. ,

,68 1 1 1

0.0023 0.0024 0.0025 0.0026
1T (1/K)

FIGURE 5 | Arrhenius plot of steady state CO, hydrogenation over
the bifunctional catalyst Pt/O-NOMP at varying temperature (H,: CO, =
3, GHSV = 34,000 h™).
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FIGURE 6 | Dynamic experiment of methanol formation over the
bifunctional catalyst under sequential steps of CO, capture and hydro-
genation. Adsorption: 10% CO, in He, 70°C, Hydrogenation: 30% H, in
He, T = 70-90°C, ramp 3 K min~1.

experimental data points an apparent activation energy of 23.11 kJ
mol ™ was calculated. Even though the apparent activation energy
is low, the overall kinetics are slow, due to the low apparent
preexponential factor and the low temperature. The overall
process is probably limited by the kinetics of the CO, capture;
therefore, the two-step process provides the flexibility for process
optimization.

3.3 | Methanol Formation Under Dynamic
Operation

The kinetic model for the CO, capture as well as the conversion
to methanol was validated against experimental data obtained
under dynamic conditions where methanol is formed in two
steps. At the first step, CO, is captured at 70°C under 10% CO,
and after a purging step, the hydrogenation step takes place first
isothermal at 70°C and then at linearly increasing temperature
to 120°C. After reaching the CO, sorption equilibrium, the
experimentally determined outlet molar fractions are shown in
Figure 6. N, was used to purge the system keeping the temper-
ature at 70°C, to remove the weakly and physisorbed CO, from

the sorbent/catalysts preventing potential blocking of the amine
groups. The hydrogenation was carried out in 30 vol.% H, in He,
during the temperature increase to 120°C. Only CO,, CH;0H,
and H,0O were detected during the hydrogenation step, whereas
additional side products (e.g., CH,, CO, and C, oxygenates) were
not detected, indicating 100% selectivity for the conversion of
CO, to methanol. The temperature of 70°C was selected as the
reference temperature of the CO, capture step in order to ensure
high capture capacity but also minimize the loss of the captured
CO, in the form of gaseous CO, during the hydrogenation step.

The simulation of the dynamic experiment and its comparison
to the experimental data was used as a validation of the model
and has been executed using the kinetic information extracted
from the previous sections. The simulation temporal profiles of
CO, and methanol are shown in Figure 6. After 1 h of experiment,
the flow is switched and the CO, mole fraction starts decreasing.
The delay in this case in returning to the nominal signal of CO,
can be attributed not only to desorbed CO, due to the current
conditions, but also to possible diffusion limitations, which are
also considered in the model. Therefore, in case external diffusion
is limiting the rate during the experiment, the model should also
be able to predict its performance. Once hydrogen is introduced
into the system, a wide peak of CO, appears in the experimental
profile, which is attributed to physisorbed or weakly bonded
CO,, which does not contribute to the conversion to methanol.
This trend is not accurately described by the model because
physisorption is not considered in the model reactions; therefore,
the desorption of these species would not be present in the
simulated temporal CO, profile. The amount of CO, that is
present in this purging stage corresponds to the equilibration
of the adsorption/desorption reaction to the current inlet CO,
concentration. In addition, slight distortions of the MS signals
caused by valve changing during the experiment do not allow
a valid comparison to the simulation at this stage. This phe-
nomenon was eliminated during the TGA experiments because
in that case the mass of the sample is measured, instead of the exit
gas.

The simulation of the temperature-programmed hydrogenation
step reveals peaks of both methanol and CO,, starting to form at
the same time. This indicates that the formation of methanol is
limited by the desorption of CO,, so once CO, starts desorbing,
part of it is converted to methanol. In the experiment, the
CO, peak appears before the methanol peak, indicating that
the localization of the captured CO, within the material pores
and the proximity to the metal sites restricts the utilization of
the captured CO,. The mean-field approximation applied for
the model simulation considers that the surface is uniform and
that the active sites are evenly distributed, therefore such effects
of localization of adsorbed species cannot be predicted [38].
The sequential order of the experimental peaks of CO, and
methanol could be explained by a possible kinetic limitation of
the methanol formation reaction that requires slightly higher
temperature to occur than the desorption of CO, reaction.

The methanol formation kinetics is well described by the model
with respect to the initial slope of the peak and the temperature
dependency as well as the peak height, factors crucial for
the predictive performance of the model at possible operation
scenarios and optimized experimental material testing protocols.

8 of 11

ChemCatChem, 2026

85UB017 SUOWWOD AIT1D) 8|qeo! dde 8Ly Aq peueob ke Sejone YO ‘88N JO S9INJ 10} Akeuq i 8ul|UO AS|IA UO (SUONIPUOD-PUR-SLLIBYWOY™AB | 1M AlRIq U1 |UO//SdNY) SUORIPUOD PUe SWie | 38U} 88S *[9202/20/90] Uo ARiqiauljuo A8|IM ‘8TET0SZ0Z 9199/200T OT/I0p/W0d- Ao |im Arelq1jeuljuoadouns-Als iweyo//sdny woiy pepeojumod ‘Z ‘9202 ‘668£.98T



TABLE 7 | Parameters investigated in the simulation study.
Parameter Range
Desorption flow rate 44, 50, 55
(mL min™!)

Adsorption temperature 50, 70, 90
O
Isothermal operation 70, 80, 90, 100
temperature (°C)

0.005 T T T T 120

—— 44 ml/min
—— 50 ml/min

0.004 L 55 ml/min- 100
- ~
2 O
S .
g 0.003 o
5 =
E D
€ 0.002 o
g 5
3
© 0.001

0.000 e 0

1.0 1.2 1.4 1.6 1.8 2.0
time (h)
FIGURE 7 | Effect of hydrogenation flow rate on the formation of

methanol. Adsorption: 10% CO, in He, 70°C, Hydrogenation: 30% H, in
He, T = 70-90°C, ramp 3 K min~1.

The optimization of the experimental testing protocol is realized
by conducting a parametric simulation study employing the
developed model. For the parametric study, the conditions of the
dynamic validation experiment are set as reference conditions.
The parameters modified are summarized in Table 7.

The effect of the flow rate during the hydrogenation stage on the
methanol formation peak is shown in Figure 7. The increased
flow rate resulted in a decrease in the methanol peak, because
of the lower residence time of hydrogen. Additionally, a decrease
in the methanol molar fraction is also expected because of the
increase in the total flow, even if the reaction rate would not
be affected. However, the increase in the flow rate significantly
reduces the tail of the methanol peak, enabling a reduction of the
hydrogenation duration to make the testing protocol more time
efficient.

The adsorption temperature affects the testing protocol on the one
side via the amount of captured CO, and on the other side via the
time required for the heating of the reactor from the adsorption
temperature to the hydrogenation temperature. As shown in
Figure 8, the methanol peak position is shifted to lower time
when the adsorption temperature is higher, because less time is
required to achieve the hydrogenation temperature. During the
heating of the reactor, the sample is exposed to the hydrogenation
gas, therefore the formation of methanol may start already during
this stage. However, when the temperature at the gas switch is

0.010} — Tags=50°C 4120
—— T,4s=70°C

€ 0.008 | Ta=90°C 1100
S O
8 e e 5
‘% 0.006 é
5 {60 O
£ a
15 0.004 £
= CH,OH 140 2
o

0.002 120
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1.0 1.2 1.4 1.6 1.8 2.0
time (h)
FIGURE 8 | Hydrogenation step during Temperature Swing Oper-

ation. Effect of adsorption temperature. Adsorption: 10% CO, in He,
Hydrogenation: 30% H, in He, T = 90°C, ramp 3 K min~!.
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FIGURE 9 | Hydrogenation step of isothermal operation cycle.

Adsorption: 10% CO, in He. Hydrogenation: 30% H, in He.

higher, the rate of methanol formation is higher, leading to the
peak becoming sharper.

The behavior of the methanol formation was also studied in
isothermal mode, where the reactor is kept under constant
temperature and the gas is switched from the adsorption gas to
the hydrogenation gas periodically. This testing protocol offers
the advantage of simplifying of the experimental procedure and
eliminating the heating times. In Figure 9, it is shown that since
there is no intermediate heating stage, the methanol peak starts
before the CO, goes to zero, which leads to a steep methanol peak.
Additionally, the higher hydrogenation temperature increases the
methanol formation rate.

Even though the experimental conditions affect the methanol
formation rate, the peak is characterized by a long tail, which
restricts the duration of the experimental procedure. The tail
indicates a low desorption rate probably limited by diffusion. The
optimization of the material properties with respect to pore struc-
ture would eliminate the rate suppression due to slow diffusion of
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the methanol molecules. Additional optimization strategy would
be to vary the ratio of metal loading and the dispersion, in order
to ensure that the CO, captured is in proximity to the metal sites
and will be efficiently converted to methanol.

4 | Conclusion

This work reports the development of a kinetic model for
the dynamic CO, capture and conversion to methanol over
a bifunctional Pt/amine-based material. CO, capture kinetics
were derived from TGA experiments under various conditions,
while the conversion of methanol kinetics was evaluated under
steady state conditions. The model predictions under transient
simulations of the dynamic experiment, where CO, capture
and hydrogenation are conducted at sequential steps, fairly
predicted the methanol formation in a temperature ramping
mode, indicating the accurate capture of the reaction kinetics.
The simulation predicts desorption of unreacted CO, in the
hydrogenation step only in small concentrations compared to
methanol, which is not validated by experiments, probably due to
effects of local proximity of the amine sites to the Pt sites, which
cannot be distinguished under the mean field approximation. The
parametric investigation of the dynamic experiment conditions
showed that the isothermal cycles under periodically switching
gases offers a good compromise between lower CO, capture
capacity and higher methanol formation rates in combination
with the time-efficient experimental protocol. Further investiga-
tion on the material design with regard to methanol desorption
optimization and even higher efficiency toward the utilization of
the metal sites will accordingly facilitate the development of the
process. In addition, a systematic investigation of the influence of
components contained in flue gases, such as H,0 and SO,, on the
mechanism and the overall performance will bring the concept
closer to application.
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