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Abstract. Thermally activated serpentine, abundant in Mg-silicate, shows potential for CO₂ 

extraction using mineral carbonation. This study aims to evaluate the performance of thermally 

activated serpentine for CO₂ capture in a fixed-bed reactor by combining breakthrough 

experiments with CFD simulations. The serpentine was thermally activated at 750 °C for 1.5 hours. 

CO₂ adsorption using three gas flow rates (0.1, 0.5, and 1.0 SLPM) with two variations of adsorbent 

mass (15 g and 30 g). The results show that the thermal activation of serpentine surface area, micro-

porosity, and Mg content, thereby significantly enhancing the material’s capacity and adsorption 

rate. The breakthrough curve shows that at a flow rate of 0.1 SLPM, the CO₂ capture capacity is 2.81 

mg/g, while a at 0.5 SLPM, it provides a good balance between adsorption rate and capacity. 

Conversely, at 1.0 SLPM, the process is limited by transport, resulting in a steeper, faster 

breakthrough curve. Kinetic modeling revealed that the Clark and Yoon-Nelson models were better 

suited to describing the experimental data than Thomas model (R² > 0.99). The integrated 

experimental and simulation approach provides a strong quantitative basis for predictive design 

and scale-up of fixed-bed reactors for CO₂ capture. Overall, thermally activated serpentine has 

proven to be an effective sorbent for CO₂ capture in gas-solid systems, and the validated CFD 

model provides valuable insights for more efficient reactor design and optimization of operational 

conditions at an industrial scale. 
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INTRODUCTION 

 

Rising atmospheric CO₂ concentrations 

are a major driver of global climate change, 

leading to consequences such as sea-level 

rise, extreme weather events, and ecosystem 

disruption. Among various mitigation 

strategies, mineral carbonation—the 

conversion of CO₂ into stable carbonate 

minerals—has emerged as a durable and 

permanent sequestration option. Serpentine, 

an abundant Mg-silicate mineral, is 
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particularly attractive for this purpose due to 

its availability and high theoretical CO₂ 

uptake capacity. However, its native reactivity 

under ambient conditions is limited, 

constraining its practical application (Vitillo et 

al., 2022; Wang et al., 2023).  

To overcome these limitations, thermal 

activation has been widely employed to 

remove structural hydroxyl groups 

(dehydroxylation), increase Mg²⁺ availability, 

and enhance dissolution and carbonation 

rates. Prior studies have focused on 

optimizing activation temperatures to 

balance dehydroxylation and phase stability, 

avoiding over-crystallization to forsterite, and 

thereby improving sorption capacity (Cao et 

al., 2017, 2021; Liang et al., 2022). 

Mechanochemical approaches, such as co-

milling serpentine with calcite, have also been 

shown to improve dissolution and reactivity 

without external heating (Cao et al., 2017; 

Chen et al., 2019; Ochedi et al., 2020; Tebbiche 

et al., 2021) 

Despite these advances, much of the 

existing research has focused on aqueous-

phase systems or static batch experiments, 

with limited investigations in dynamic dry 

gas–solid systems. Breakthrough analysis has 

become an essential tool for evaluating CO₂ 

capture performance in these systems 

(Husain et al., 2023), while simulation-based 

approaches offer predictive insights into 

column dynamics and process optimization 

(Kindi et al., 2023). However, studies that 

combine fixed-bed adsorption experiments 

with high-fidelity simulations to capture 

breakthrough dynamics remain scarce. While 

mineral carbonation of serpentine under flue-

gas conditions has been explored, few studies 

have successfully simulated reactor behavior 

using CFD (Medina et al., 2021). 

CFD offers a powerful tool for simulating 

transient gas–solid interactions, 

breakthrough phenomena, and spatial 

dynamics in packed-bed reactors (Alobaid et 

al., 2022; Jribi et al., 2021; Sylvia et al., 2021). 

Recent advancements in CFD for CO₂ capture 

applications, such as oxy-fuel combustion 

reactors, highlight its potential for design and 

optimization. However, its application in dry 

gas–solid systems with thermally activated 

serpentine remains underexplored, 

representing a significant knowledge gap 

that must be addressed to advance mineral 

carbonation technologies toward industrial-

scale deployment.  

This study aims to bridge this gap by 

integrating experimental validation with 

multiphase Eulerian CFD simulations using 

ANSYS Fluent 2024 R2. The Eulerian–Eulerian 

framework was chosen over single-phase and 

Lagrangian approaches due to its ability to 

model dense gas–solid interactions in packed 

beds with lower computational costs, while 

maintaining sufficient accuracy for industrial 

design applications. Specifically, the research 

investigates the influence of gas flow rate 

(0.1, 0.5, and 1.0 SLPM) and sorbent mass (15 

and 30 g) on breakthrough behavior and 

adsorption capacity within a fixed-bed 

reactor. Additionally, the study aims to 

correlate reactor performance with material 

modifications induced by thermal activation, 

particularly the increased exposure of Mg-

bearing sites revealed by XRF/FT-IR analyses, 

and the enhancement of surface area and 

microporosity measured by BET. By 

integrating experimental data with high-

fidelity simulations, this study provides a 

comprehensive framework for understanding 

and optimizing CO₂ capture using thermally 

activated serpentine, with implications for 

scalable, cost-effective industrial CO₂ 

mitigation. 
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MATERIALS AND METHOD 

 

Material Sourcing and Thermal Activation 

Serpentine ore (Lam Ara Tunong, Aceh 

Besar, Indonesia) was dried, crushed, and 

sieved to 150 mesh. Thermal activation was 

performed a using a Barnstead Thermolyne 

1400 furnace (FB1415m) at 750 °C for 1.5 h 

with a heating rate of 10 °C min⁻¹. The 

setpoint was selected to promote 

dehydroxylation without excessive 

crystallization, consistent with prior reports 

(Carmignano et al., 2020; Reza et al., 2024). 

 

Characterization Techniques  

The physicochemical properties of raw 

and thermally activated serpentine were 

comprehensively analyzed. Fourier Transform 

Infrared (FT-IR, Shimadzu-IRPrestige21), 

spectroscopy was employed to identify 

changes in functional groups, particularly 

hydroxyl and silicate vibrations, as indicators 

of dehydroxylation. X-ray Fluorescence (XRF-; 

Panalytical Axios-HP DC7900) was used to 

determine elemental composition, with 

particular focus on MgO and SiO₂ contents. 

Crystallographic phase transformations were 

evaluated using X-ray Diffraction (XRD, 

Rigaku Miniflex), while surface morphology 

and elemental distribution were observed 

through Scanning Electron Microscopy (SEM, 

JEOL JSM-6510LA). Finally, Brunauer–

Emmett–Teller (BET, Micromeritics/ 3Flex 

3500) analysis was conducted to quantify 

specific surface area, pore-size distribution, 

and total pore volume. Detailed instrument 

specifications and measurement protocols 

are provided in the Supplementary Material. 

 

CO₂ Adsorption Experiment  

CO₂ adsorption experiments were 

conducted to evaluate the performance of 

thermally activated serpentine in a custom-

designed fixed-bed reactor under dry 

conditions, using various gas flow rates (0.1, 

0.5, and 1.0 SLPM) and sorbent masses (15 g 

and 30 g). The vertical acrylic fixed-bed 

reactor (height = 15 cm, ID = 1.4 cm) was 

packed to a bed height of 7.5 cm (15 g) or 15 

cm (30 g). The feed gas consisted of 65 vol% 

CO₂ at 1 atm and 25 ± 1 °C, with a dew point 

< −40 °C. The outlet CO₂ concentration was 

monitored every 10 seconds using an inline 

analyzer (Testo 350 or equivalent). The 

experiments were conducted in triplicates to 

ensure data consistency. The experimental 

data were analyzed using the Thomas, Yoon–

Nelson, and Clark models via nonlinear least-

squares (OriginPro 2025), and the parameters 

R², RMSE, and χ² were reported. 

 

Computational Modeling and Validation  

The simulation geometry in ANSYS 

Fluent 2024 R2 was constructed to fully 

replicate the dimensions of the experimental 

reactor, including the bed height, diameter, 

and inlet/outlet positions. A uniform 

structured mesh with a cell size of 1 mm was 

employed after grid-independence testing 

confirmed that variations in pressure drop 

(ΔP) and axial CO₂ concentration profiles 

were below 1% beyond this resolution. The 

thermophysical properties of CO₂ were as 

assumed to be temperature-dependent, At 

the same time, the serpentine sorbent was 

modeled as an inert porous medium with a 

porosity of ε = 0.4–0.6, a density of ρ = 2700 

kg/m³, and a specified heat capacity. 

Momentum exchange between the gas 

and solid phases was represented using the 

Syamlal–O’Brien drag model, which is 

appropriate for packed beds under interstitial 

flow conditions. Boundary conditions 

included a mass-flow inlet consistent with the 

experimental flow rates (0.1–1.0 SLPM), a 

pressure outlet with zero-gauge pressure, 
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and adiabatic no-slip walls. Transient 

simulations were conducted for 1500 s with a 

time step of 0.01 s, applying a second-order 

upwind scheme for spatial discretization and 

a residual tolerance of 10⁻⁴. A coupled 

pressure–velocity solver ensured numerical 

convergence. 

Model validation was performed by 

comparing simulated breakthrough curves 

with experimental data, using R² and RMSE as 

performance metrics. Time-resolved 

volumetric contour maps revealed CO₂ 

accumulation near the bottom of the bed, 

followed by upward propagation forming a 

sharp saturation front. The flow pattern 

exhibited near plug-flow behavior with slight 

axial dispersion, consistent with experimental 

observations. Figure 1. presents the reactor 

design (a) 15 grams of sorbent and (b) 30 

grams of sorbent based on ANSYS Geometry 

data. Figure 2. presents the schematic 

diagram of the CO2 adsorption experimental 

setup. 

 

RESULTS AND DISCUSSION 

 

Characterization of Thermally Activated 

Serpentine  

Comprehensive characterization of 

thermally activated serpentine revealed 

substantial structural and chemical 

modifications that significantly enhance its 

potential as a solid sorbent for gas-phase CO₂ 

capture. The treatment at 750 °C for 1.5 hours 

effectively promoted dehydroxylation and 

induced favorable phase transformations 

thereby improving surface reactivity.  

 

 

Fig. 1: Reactor design (a) 15 grams of 

sorbent and (b) 30 grams of sorbent based 

on ANSYS Geometry data. 

 

FTIR analysis revealed significant 

structural changes in serpentine before and 

after thermal activation. The absorption 

bands at 3687.9 and 3643.5 cm⁻¹, which 

represent the O–H stretching vibrations of 

hydroxyl groups in raw serpentine, shifted 

slightly after activation, with a significant 

increase in intensity. This increase in intensity 

indicates surface exposure or structural 

Fig. 2: Schematic diagram of the CO2 adsorption experimental setup 
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changes that can CO2 interactions at the 

surface. Additionally, the loss of the hydroxyl 

(OH) absorption band between 3700 and 

3500 cm⁻¹ and the appearance of a new 

carbonyl (C=O) peak around 1640 cm⁻¹ 

indicate dehydroxylation and the formation 

of new reactive surface sites. This 

transformation is very important because it 

increases the surface reactivity of serpentine, 

which is crucial for CO₂ adsorption in dry gas-

solid systems. 

Additional changes in the Si–O stretching 

and Si–O–Si bending bands (e.g., at 1002.9, 

962.5, and 447.5 cm⁻¹) indicate lattice 

distortion or possible partial amorphization 

of the silicate structure. These changes 

increase surface heterogeneity, allowing the 

formation of more binding sites that can bind 

CO₂ more effectively. 

These findings are consistent with 

previous research (Ballotin et al., 2020; 

Carmignano et al., 2020; Liang et al., 2022; 

Reza et al., 2026, 2025), which shows that 

dehydroxylation of serpentine increases 

surface reactivity and creates reactive sites 

crucial for gas adsorption. Our results confirm 

that thermal activation significantly alters the 

surface chemistry of serpentine, enhancing 

its CO₂ adsorption capacity and opening 

greater application potential in carbon 

capture technology. Figure 2 shows the FTIR 

spectra of the serpentine before and after 

activation. 

XRF shows that thermal activation of 

serpentine at 750 °C for 1.5 h (150 mesh) 

increases the bulk oxide contents while 

reducing volatiles. The major oxides increase, 

with SiO₂ rising from 42.65 to 45.42 wt% and 

MgO from 34.86 to 36.83 wt%, while Fe₂O₃ 

changes slightly from 8.70 to 8.72 wt%. 

Several minor oxides also increase (e.g., Al₂O₃ 

from 1.05 to 1.08 wt%, CaO from 0.83 to 1.04 

wt%, Cr₂O₃ from 0.270 to 0.294 wt%). In 

contrast, the loss on ignition (LOI) decreases 

markedly from 7.70 to 2.34 wt%, indicating 

effective removal of structural water and 

other volatiles via dehydroxylation.  

 

Table 1. Oxide composition from XRF before 

and after activation (wt%) 

Components Before After 
Δ 

(After−Before) 

LOI 7.70 2.34 −5.36 

SiO₂ 42.65 45.42 +2.77 

MgO 34.86 36.83 +1.97 

Fe₂O₃ 8.70 8.72 +0.02 

Al₂O₃ 1.05 1.08 +0.03 

CaO 0.83 1.04 +0.21 

SO₃ 0.03 0.06 +0.03 

Na₂O 0.02 0.03 +0.01 

K₂O 0.02 0.03 +0.01 

TiO₂ 0.016 0.023 +0.007 

P₂O₅ 0.012 0.045 +0.033 

Mn₂O₃ 0.083 0.100 +0.017 

Cr₂O₃ 0.270 0.294 +0.024 

 

The combination of a higher MgO 

fraction and lower LOI suggests greater 

availability of reactive Mg sites and a more 

defect-rich, partially dehydroxylated matrix, 

which rationalizes the enhanced CO₂-capture 

performance observed in fixed-bed tests. This 

interpretation aligns with FT-IR/XRD 

indicators of dehydroxylation and is 

represented in the CFD model through 

increased kinetic and mass-transfer 

parameters to reproduce the breakthrough 

curves. Table 1. Bulk oxide composition of 

serpentine before and after thermal 

activation (750 °C, 1.5 h; 150-mesh) 

determined by XRF. Values are in wt%. Δ 

denotes After − Before.  

BET analysis evidences a texture 

transition upon thermal activation of 

serpentine (750 °C, 1.5 h, 150-mesh): the 

specific surface area increases from 37.05 to 
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40.40 m² g⁻¹, while the t-plot micropore area 

and volume surge from 2.36 to 18.36 m² g⁻¹ 

and from 0.00123 to 0.00934 cm³ g⁻¹, 

respectively; the external surface area 

decreases from 34.69 to 22.04 m² g⁻¹. The 

average pore width slightly narrows from 8.78 

to 8.50 nm, and BJH mesopore metrics 

marginally decline, indicating a redistribution 

from external/mesoporous surfaces to micro-

/ink-bottle pores. Consistent with XRF (lower 

LOI and higher MgO/SiO₂) and FT-IR 

signatures of dehydroxylation, these textural 

changes expose more reactive Mg-bearing 

sites and enhance gas–solid interactions.  

 

 

Fig. 3: FTIR spectra of the serpentine before 

and after activation 

 

Consequently, the activated serpentine 

exhibits improved CO₂-capture performance 

in fixed-bed tests. Table 2. Textural 

parameters from N₂ adsorption–desorption 

(BET) for serpentine before and after thermal 

activation (750 °C, 1.5 h; 150-mesh). BET 

surface area, t-plot micropore/external area, 

single-point total pore volume at P/P₀ ≈ 0.99, 

t-plot micropore volume, and average pore 

width (4V/A by BET) are reported. Δ and % 

change is calculated as After – Before. 

Table 2. Textural parameters from BET 

analysis before and after activation 

Parameters Before After 
Δ (After 

− Before) 

BET surface area 

(m² g⁻¹) 
37.05 40.40 +3.34 

t-plot micropore 

area (m² g⁻¹) 
2.36 18.36 +16.00 

t-plot external 

area (m² g⁻¹) 
34.69 22.04 −12.65 

Total pore 

volume, single-

point (cm³ g⁻¹) 

0.0813 0.0859 +0.00454 

Micropore 

volume, t-plot 

(cm³ g⁻¹) 

0.0012 0.0093 +0.00811 

Average pore 

width, 4V/A (Å) 
87.83 85.05 −2.78 

 

The intermediate 0.5 SLPM condition 

yields 1.40 mg g⁻¹, reflecting a balance 

between mass-transfer enhancement and 

available contact time. The observed trend is 

mirrored in the apparent adsorption rate 

constant k 0.04 mL min⁻¹ g⁻¹ at 0.1 SLPM, 0.11 

mL min⁻¹ g⁻¹ at 0.5 SLPM, and 0.09 mL min⁻¹ 

g⁻¹ at 1.0 SLPM—higher flow tends to raise 

the apparent rate by improving external 

transport. Still this gain does not offset the 

capacity loss caused by reduced residence 

time in the porous solid. Kinetic model fitting 

further corroborates these observations 

(Table 3).  

These results are consistent with prior 

work (Reza et al., 2024; Tebbiche et al., 2021), 

thermally activated serpentine—

characterized by lower LOI, greater exposure 

of Mg-bearing sites (XRF/FT-IR), and a micro–

mesoporous texture with higher SSA and 

micropore volume (BET)—delivers superior 

CO₂ capture when operated at flow rates that 

preserve gas–solid contact time (0.1 SLPM). 

Meanwhile, a moderate flow (0.5 SLPM) offers 

a practical compromise between adsorption 
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rate and capacity, and the Clark/Yoon–Nelson 

models provide the most reliable predictive 

framework for reactor design and CFD 

validation across the studied flow regime. 

 

Table 3. Parameters of the Thomas, Yoon–

Nelson, and Clark Models at Different CO₂ 

Flow Rates 

Model Parameter 0.1 SLPM 0.5 SLPM 1.0 SLPM 

Thomas 

kT 

(mL/min g) 
0.036 0.107 0.087 

qT (mg/g) 2.813 1.401 1.675 

R² (%) 99.241 99.548 99.142 

χ² 5.119×10⁻⁴ 1.745×10⁻⁴ 4.057×10⁻⁴ 

Yoon-

Nelson 

kYN 

(1/min) 
3.071 4.521 4.422 

τ (µν) 0.425 1.257 1.028 

R² (%) 99.241 99.548 99.142 

χ² 5.119×10⁻⁴ 1.745×10⁻⁴ 4.057×10⁻⁴ 

Clark 

A 3.072 4.526 4.418 

r 0.042 1.258 1.027 

R² (%) 99.241 99.548 99.142 

χ² 5.119×10⁻⁴ 1.745×10⁻⁴ 4.057×10⁻⁴ 

 

CFD Simulation and Model Validation  

CFD simulation using ANSYS Fluent to 

describe the CO₂ adsorption process in a 

fixed-bed reactor using the Eulerian 

multiphase model. This simulation uses two 

phases, gas and solid, in the form of 

serpentine. The interaction between these 

two phases is modeled using the Syamlal-

O'Brien model to calculate the drag force 

experienced by serpentine particles as they 

move through the gas flow. The Navier-

Stokes equations are used to model gas flow, 

while the continuity equation ensures mass 

conservation in the multiphase system. 

Assuming that the gas flow is incompressible 

and the system operates under steady-state 

conditions. The simulation was conducted by 

varying the CO₂ gas flow rates (0.1, 0.5 and 1 

SLPM) and the adsorbent weight (15 and 30 

grams).  

The results show that changes in gas flow 

rate and adsorbent weight the distribution of 

CO₂ in the adsorbent bed and the adsorption 

process efficiency. At a flow rate of 0.1 SLPM 

with 15 grams of adsorbent (Figure 4), the 

CO₂ distribution appears more uniform 

throughout the bed, with a larger CO₂ 

depletion zone. This indicates a longer gas 

residence time, allowing for more efficient 

interaction between the gas and the 

adsorbent. Conversely, at a higher flow rate (1 

SLPM) with 15 grams of adsorbent (Figure 5), 

the CO₂ depletion zone is narrower, and the 

adsorption front moves faster, indicating that 

the gas does not have enough time to 

interact with the adsorbent, thus limiting the 

CO₂ adsorption capacity. When the adsorbent 

weight is increased to 30 grams, at a flow rate 

of 0.1 SLPM (Figure 6), the CO₂ distribution 

moves more slowly, with a larger depletion 

zone than in the case with 15 grams of 

adsorbent. This indicates an increase in CO₂ 

adsorption capacity due to the longer gas 

contact time with the adsorbent. The same 

effect is observed at higher flow rates (0.5 

and 1 SLPM), where the increased adsorbent 

weight slows the adsorption front, giving the 

gas more time to interact with the adsorbent.  

At a flow rate of 0.5 SLPM with 30 grams 

of adsorbent (Figure 7), the adsorption front 

is thicker and moves more slowly, reflecting 

an increased CO₂ adsorption capacity. At a 

gas flow rate of 1 SLPM with 30 grams of 

adsorbent (Figure 8), although the CO₂ 

adsorption capacity increases compared to 

15 grams of adsorbent, the gas contact time 

is shorter due to the higher flow rate. This 

results in a faster breakthrough, with a smaller 

CO₂ depletion zone and a quicker CO₂ 

distribution along the bed. 

Model validation was conducted by 

comparing simulation results with 

experimental data obtained from XRF and 
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BET analysis. Experimental results showed 

that thermally activated serpentine exhibited 

an increase in specific surface area and 

micropore volume, supporting enhanced 

gas-solid interactions in the reaction zone. 

The results of the CFD simulation are 

consistent with these experimental data, 

confirming that the model used accurately 

depicts the CO₂ adsorption process. The 

results show that the combination of higher 

adsorbent weight and lower gas flow rate 

yields the greatest enhancement in CO₂ 

adsorption capacity.  

 

 

Fig. 4: CO₂ concentration distribution over 

time from CFD simulation at a flow rate of 

0.1 SLPM and 15 g of serpentine 

 

 

Fig. 5: CO₂ concentration distribution over 

time from CFD simulation at a flow rate of 

0.1 SLPM and 30 g of serpentine 

 

Fig. 6: CO₂ concentration distribution over 

time from CFD simulation at a flow rate of 

0.5 SLPM and 15 g of serpentine 

 

 

Fig. 7: CO₂ concentration distribution over 

time from CFD simulation at a flow rate of 

0.5 SLPM and 30 g of serpentine 

 

 

Fig. 8: CO₂ concentration distribution over 

time from CFD simulation at a flow rate of 1 

SLPM and 15 g of serpentine 
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Fig. 9: CO₂ concentration distribution over 

time from CFD simulation at a flow rate of 1 

SLPM and 30 g of serpentine 

 

Design Implications and Optimization 

Recommendations  

Based on the experimental breakthrough 

and CFD simulations, several design 

implications and optimization strategies can 

be formulated to enhance the performance of 

thermally activated serpentine for CO₂ 

capture in fixed-bed reactors, with a focus on 

industrial applications. 

The CFD results reveal a near-plug-flow 

profile with slight wall-adjacent channeling, 

leading to premature saturation zones and 

under-utilized regions. To address this, we 

recommend using multi-orifice flow 

distributors or perforated plates, coupled 

with tight, uniform packing at the bed 

entrance. These measures improve cross-

sectional flow homogeneity and delay 

breakthrough, consistent with the 

experimentally observed benefits of 

operating at lower flow rates. 

Experiments clearly demonstrate the 

residence-time dependence of adsorption 

performance. At 0.1 SLPM, longer gas–solid 

contact allows deeper utilization of 

intraparticle sites, yielding the highest 

capacity (2.81 mg g⁻¹). Conversely, a flow of 

0.5 SLPM offers a practical balance between 

adsorption rate and capacity, while 1.0 SLPM 

shortens contact time, producing earlier and 

steeper breakthrough curves. Design 

strategies should therefore target bed 

dimensions and gas throughput that replicate 

the 0.1–0.5 SLPM residence-time window at 

scale. While increasing bed height or sorbent 

mass can extend residence time, these 

modifications must be balanced against 

pressure-drop penalties. 

Material characterization indicates that 

thermal activation dehydroxylates serpentine 

and exposes Mg-bearing sites, accompanied 

by an increase in specific surface area from 

37.05 to 40.40 m² g⁻¹ and a pronounced rise 

in microporosity. These physicochemical 

changes intensify gas–solid interactions 

immediately behind the moving reaction 

front, explaining the superior performance 

under operating conditions that preserve 

sufficient residence time. 

This study focuses on single-pass 

capture; therefore, long-term stability and 

capacity retention remain to be validated. For 

industrial deployment, future work should 

include cyclic testing and, if necessary, 

strategies such as phase stabilization or light-

metal doping to mitigate capacity fade 

reported elsewhere. Integrating low-carbon 

or waste-heat sources for 

activation/regeneration can further enhance 

compatibility with net-zero goals. 

Combining CFD with laboratory data, a 

quantitative basis for selecting distributor 

geometry, packing strategy, and bed D/H 

ratios that maximize CO₂ capture while 

minimizing pressure drop. The validated 

model attributes capacity loss at 1.0 SLPM to 

transport limitations rather than material 

shortcomings, and it provides a rational 

pathway for scale-up by linking operating 

conditions to residence-time targets derived 

from the 0.1–0.5 SLPM laboratory regime. 

Therefore, this study not only offers insights 

into small-scale reactor designs but also 
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guides the development of more efficient, 

larger-scale CO₂ capture systems in industry. 

 

CONCLUSIONS 

 

Thermally activated serpentine shows an 

effective and economical sorbent for CO₂ 

capture. The integration of experimental 

results with validated CFD modeling provides 

a basis for developing predictive reactor 

designs and for scale-up in mineral-based 

CO₂ capture technology. Here are the 

research conclusions:  

1.  Thermal treatment at 750 °C for 1.5 hours 

with a mesh size of 150 increases the 

specific surface area and microporosity, as 

well as the presence of magnesium active 

sites that contribute to the enhancement 

of adsorption capacity and kinetics. 

2.  Breakthrough test results show that gas 

residence time has a significant impact on 

adsorption capacity. At a flow rate of 0.1 

SLPM, the highest capacity was recorded 

(2.81 mg g⁻¹), while 0.5 SLPM showed a 

practical balance between adsorption rate 

and capacity. Conversely, at a flow rate of 

1.0 SLPM, the reaction is limited by 

transport. 

3. The Clark and Yoon-Nelson models 

provided a better fit compared to the 

Thomas model, with higher R² values (R² > 

0.99), indicating that these two models are 

more suitable for describing the 

adsorption kinetics in this system. 

4. CFD simulation using ANSYS Fluent 

successfully reproduced breakthrough 

behavior and visualized the propagation 

of the reaction front as well as the 

utilization of the adsorption bed. These 

findings highlight the importance of 

uniform packing, reduction of wall effects, 

and optimal flow distribution. 

5.  Further research should consider thermal 

effects, sorbent heterogeneity, deeper 

reaction kinetics, and cyclic operation to 

enhance prediction accuracy and overall 

system performance. 
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NOMENCLATURE 

 

A : Clark model parameter 

Al₂O₃ : Aluminium oxide content (wt%) 

CaO : Calcium oxide content (wt%) 

C₀ : Inlet CO₂ concentration (%) 

χ² : 
Chi-square statistic for model 

fitting 

cm³ 

g⁻¹ 
: 

Pore volume per gram of 

sorbent 

Ct : 
Outlet CO₂ concentration at time 

t (%) 

Cr₂O₃ : 
Chromium(III) oxide content 

(wt%) 

D/H : 
Diameter-to-height ratio of the 

bed 

ε : Bed porosity 

Fe₂O₃ : Iron(III) oxide content (wt%) 

FT-IR : 
Fourier Transform Infrared 

spectroscopy 

g : Gram 

kT : 
Thomas model rate constant (mL 

min⁻¹ g⁻¹) 

kYN : 
Yoon–Nelson rate constant 

(min⁻¹) 

LOI : Loss on ignition (wt%) 

MgO : Magnesium oxide content (wt%) 

m² g⁻¹ : 
Surface area per gram of sorbent 

(m² g⁻¹) 
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P₂O₅ : 
Phosphorus pentoxide content 

(wt%) 

qT : 
Thomas model adsorption 

capacity (mg g⁻¹) 

R² : Coefficient of determination 

RMSE : Root mean square error 

ρ : Sorbent density (kg m⁻³) 

SiO₂ : Silicon dioxide content (wt%) 

SLPM : 
Standard liter per minute (flow 

rate) L min⁻¹ 

SSA : Specific surface area (m² g⁻¹) 

t : Time (s) 

τ : 
Yoon–Nelson time constant 

(min) 

TiO₂ : Titanium dioxide content (wt%) 

V : Volume (cm³ or L) 

wt% : Weight percent 
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