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Abstract 
 

The increase in carbon emissions resulting from industrial activities has become a major concern 

for environmental and climate conditions. Carbon Capture and Storage (CCS) represents a 
significant effort to mitigate the CO2 problem. Aceh Province possesses a potential distribution 

of serpentine, which may serve as an effective material for CCS applications. This study 
evaluates the effects of gas flow rate, particle size, sorbent weight, and pressure on CO2 

adsorption using chemically activated serpentine. The activation process involved hydrochloric 

acid (HCl) at three concentrations: 8%, 9%, and 10%, with particle sizes of 50 mesh, 100 mesh, 
and 150 mesh. Activation was conducted at room temperature with an acid-to-serpentine ratio 

of 10:1 for 30 minutes. Adsorption tests were performed at ambient temperature under 

pressures of 2, 3, and 4 bar, with adsorption times of 30, 60, and 120 minutes. Results indicate 
that activated serpentine treated with 9% HCl and a particle size of 150 mesh achieved the 

highest performance, demonstrating an adsorption efficiency of 33.01% and an adsorption 
capacity of 82.22% (0.0488 g CO2/g adsorbent) at a pressure of 2 bar. Both the Langmuir and 

Freundlich isotherm models closely fit the data (R² = 1). This study concludes that HCl activation 

significantly enhances the capacity and efficiency of serpentine as a CO2 adsorbent. 
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1. Introduction  

 

The increase in atmospheric carbon dioxide 
(CO₂) levels has become a major 

environmental challenge, leading to a global 

push for carbon neutrality by 2030. This 
ambition is supported by the 2015 Paris 

Agreement, which aims to limit global 

temperature rise to below 2°C (Burke and 
Fishel, 2020). However, current efforts to 

reduce greenhouse gas emissions are 

insufficient to meet this target. Developing 

regions, such as parts of Asia, face unique 
challenges in transitioning away from coal due 

to infrastructure limitations and high costs as 

reported by Russel, (2023), making Carbon 
Capture and Storage (CCS) technologies 

particularly vital in these areas. 

 

Aceh Province in Indonesia shows potential in 

contributing to carbon mitigation efforts using 

locally abundant serpentine rock as an 
adsorbent for CO2. The unique mineral 

composition of serpentine, rich in magnesium 

and other minerals, offers a promising 
material for CO2 adsorption, as it can be 

chemically activated to enhance its adsorption 

capacity (Ardiansyah et al., 2019). However, 
the usage of serpentine in CO2 capture 

remains underexplored, particularly in its raw 

or minimally processed forms. 

 
On the previous work, the usage of the 

serpentine as the adsorbent for CO2 is 

commonly found in the hydrothermal or 
thermal method for its activation. The method 

for activation for the serpentine limited when 

it comes to the chemical activation. For 
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example, the work that has done by Sanna 

(2017) that share the similar method which 
involving chemical process where they’re 

using the serpentine to adsorb CO2 using the 

NaHSO4 by leaching the serpentine and the 
carbonation process is captured in the form of 

Na2CO3. They are achieving the results at 

69.6% of dissolution efficiency using the 
100°C and carbonation efficiency is at 95.4% 

at 90°C with 1:1 magnesium to sodium 

carbonate molar ratio. Another method which 

involving chemistry activation is Lin (2008) 
where the usage of NaOH is required to 

increase the pH for the serpentine 

precipitation process right after using the HCl 
which gives the result of the CO2 adsorption 

4.4 mmol/g for serpentine derived and its 

Mg(OH)2 reagent grade at the value 1.6 
mmol/g.  

 

Solid adsorbents like activated carbon, and 
zeolites have shown considerable promise for 

CO₂ capture due to their high adsorption 

efficiency, reusability, and cost-effectiveness. 
Research conducted by Kim and Kim (2023), 

where they compared CO₂ adsorption 

performance across these materials, finding 

that zeolites have the highest CO₂ uptake at 
low pressures due to their surface 

heterogeneity. Activated carbon and specific 

metal-organic frameworks (MOFs) like MSP, 

however, exhibit stronger performance at 
higher pressures, where larger pore volume 

and surface area significantly increase CO₂ 

uptake capacity with working capacity 25°C 
ranged from 0.78 to 6.50 mmol/g. 

 

On the contrary, chemical activation using 
acids, particularly hydrochloric acid (HCl), 

presents a simpler and more energy efficient 

approach.  Yet, this method has not yet been 

applied to serpentine, especially the 
serpentine reserves in Aceh, which are 

uniquely positioned for CCS applications for its 

abundance and mineral composition. This 
study investigates the chemically activated 

serpentine which highlights the significant 

research gap. 
 

This study aims to evaluate the effect of 

various operational parameters, including gas 
flow rate, serpentine particle size, sorbent 

weight, and pressure, on CO2 adsorption 

efficiency using chemically activated 
serpentine from Aceh. This research will focus 

on optimizing these parameters to maximize 

the adsorption capacity and efficiency of 

serpentine, thereby contributing to the 
development of more effective CCS 

technologies.  

 
Figure 1. CO2 Adsorption Setup 

 

Figure 2. Custom-Designed Fluidized Bed Reactor 
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2. Methodology  
 

2.1. Research Material  

  
The material that we are using is the 

serpentine taken from Lam Ara Tunong, Kuta 

Malaka, Cot Glie Aceh Besar, with the NaOH 
(NaOH Merck), HCl (Hydrochloric Acid, Merck), 

and CO2 gas. 

 
2.2. Serpentine Adsorbent Production 

 

The serpentine samples were sieved to 
achieve particle sizes of 50 mesh, 100 mesh, 

and 150 mesh by Sieve Shaker. Activation was 

performed using HCl solutions at 

concentrations of 8%, 9%, and 10% 
(Beglaryan et al., 2023), with a liquid-to-solid 

volume ratio of 10:1. 

 
Activation was conducted at room 
temperature for 30 minutes, followed by 

adjustment of the pH to a range of 8–11 using 

NaOH (Merck) as described by Lin (2008). The 
activated samples were then filtered to 

separate solids and liquids and dried at 100°C 

for 3 hours using a Memmert UN30 oven 
dryer. 

 

Once dried, the activated serpentine was 

introduced into a self-custom-designed fixed 
bed reactor with the following specifications: 

Reactor height: 500 mm; Tube internal 

diameter: 20.10 mm; external diameter: 

27.65 mm; Inlet and outlet piping diameter: 
12.7 mm. 

 

The reactor was filled with the serpentine 
adsorbent, sealed with cotton at the inlet, and 

connected to a CO₂ gas source. The CO₂ gas 

was introduced and controlled using a valve 
installed on the gas tank. Nitrogen was used 

as a carrier gas and mixed with CO₂ before 

entering the reactor. After the adsorption 
process, gas analysis was performed using a 

HORIBA gas analyzer, which was connected to 

the outlet of the reactor. 
 

For adsorption tests, the CO₂ pressures 

applied were 2 bar, 3 bar, and 4 bar, and the 

adsorption durations were set to 30 minutes, 
60 minutes, and 120 minutes (Tian et al., 

2022; Yue et al., 2006). The weight of the 

adsorbent used in these experiments was 30 
grams, with variations applied as required for 

analysis. The adsorption performance was 

assessed by measuring the change in CO₂ 
concentration before and after the reaction. 

 

2.4. Data Analysis 
 

To understand the performance through the 

data analysis, we need to calculate the 

serpentine volume (Vserpentine) and its reactor 
volume (Vtube) with given equation: 

 

Vserpentine = 
mserpentine

ρserpentine

       (1) 

 

Figure 3. Adsorption Schematics 
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Vtube = π × r2 × H                       (2) 

 
Gas volume = V

tube
 – V

serpentine
       (3) 

 

remark: 
mserpentine = mass of serpentine (g) 
ρserpentine = density of serpentine (g/cm3) 

r = radius of the circle (cm) 
H = height (cm) 

 

To calculate the results of the obtained data, 
the equation of the adsorption capacity and 

the adsorbent efficiency with the equation 

given below: 

 

%E= (
Co-Ce

Co
)×100%       (4) 

 
Qe= (

Co-Ce

m
)×V                                         (5)   

remark: 

%E = adsorption efficiency 

Co = initial weight of the gas (gr CO2) 
Ce = final weight of the gas (gr CO2) 

Qe = adsorption capacity per molecular 
weight (gr CO2/gr adsorbent ×10-3) 

V  = volume of gas (mL) 

m  = mass of adsorbent (g) 
 

Adsorption isotherms are the adsorption 

process that takes place at a constant 
temperature. The adsorption isothermal 

model used in adsorption is the Langmuir 

isothermal model (Eq. 6) and the Freundlich 
isothermal model (Eq. 7) which for these two 

models are used by Li and Hitch, (2015) 

q=q
max

×KL (
Ce

1+KL×Ce
)                                (6) 

 

qe=Kf×Ce
1

n                                            (7) 

 
remark: 

qe = number of substances adsorbed per 
gram of adsorbent (mg/g)  

Ce = concentration of solute in solution after 

equilibrium   
KL = constant adsorption Langmuir (L/mg)  
Kf and n = adsorption capacity and adsorption 
intensity  

Qmax = maximum adsorption capacity (mg/g) 

 
3. Results and Discussion  

 

3.1. Characterization Results 

3.1.1. XRD Results as the Effect of Acid 

Concentration 
 

The results showed through Figure 4 is that 

chemical activation with HCl at higher 
concentrations significantly affected the decay 

of the chrysotile structure, resulting in the 

formation of new secondary phases detected 

through XRD patterns (Daval et al., 2013; 

Falini et al., 2004; Vieira et al., 2022a).  
In raw serpentine without chemical treatment, 

XRD shows that chrysotile is the dominant 

phase with a content of 64.4%. The 
characteristic peaks of chrysotile appear at 2θ 

angles of 12.04° and 24.34° with peak 

intensities of 624.26 counts and 432.22 
counts, respectively (Falini et al., 2004). After 

treatment with 8% HCl, the chrysotile content 

decreased dramatically to 34.1%, with peak 

intensities reduced to 194.99 counts at 12.04° 
and 149.79 counts at 24.34°. This decrease 

shows that HCl is able to decompose the 

chrysotile structure significantly (Daval et al., 
2013). 

 

Treatment with 8% HCl also causes the 
formation of new phases such as vesuvianite 

with a content of 43.0%, which has new peaks 

at 2θ angles of 10.86°, 19.38°, 21.90°, 
24.29°, 34.65°, and 35.47°. The lizardite-1T 

phase was detected at 8.1%, with a new peak 

at 12.02° 2θ (Lacinska et al., 2016).  
 

When the HCl concentration was increased to 

9%, the chrysotile content decreased further 

to 32.2%. New phases formed include 
antigorite-T at 39.8%, H8 Mg2 Ni4 O18 Si4 at 

12.2%, and lizardite-2H1 at 4.7% (Li et al., 

2023).  
 

In the treatment with 10% HCl, the chrysotile 

content decreased dramatically to 30.9%, 
with peak intensities reduced to 1000 counts 

at 12.15° 2θ and 769.36 counts at 24.43° 2θ. 

New phases formed at this concentration 
include antigorite-T at 14.0%, lizardite-2H1 at 

13.3%, and sepiolite at 9.5% (Beglaryan et 

al., 2023). 

 
HCl treatment causes leaching of Mg²⁺ cations 

from the octahedral layer in the serpentine 

structure, which plays an important role in the 

formation of secondary phases. Increasing the 

HCl concentration from 8% to 10% indicates 
intensified structural changes, as evidenced 

by the increased intensity and number of new 

phases detected by XRD (Vieira, 2022). 
Treatment with NaOH after activation with HCl 

removed the remaining cristobalite peaks and 

indicated the formation of the Mg-oxalate 
phase. Strong alkaline conditions help convert 

the secondary Mg-silicate into more stable Mg-

hydroxide and Mg-carbonate phases, which 
are relevant for CO2 sequestration applications 

(Beglaryan et al., 2023; Lin et al., 2008). 

Activation of serpentine with HCl at various 

concentrations affects the mineral 
characteristics significantly, mainly through 

chrysotile decay and the formation of more 

reactive secondary phases. Increasing HCl 
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concentration showed a trend towards 

decreased chrysotile content and increased 
secondary phase formation, all of which were 

detected in depth by XRD, providing important 

insights for the development of serpentine 
materials in industrial applications such as CO2 

sequestration (Daval et al., 2013; Vieira et al., 

2022b). 

10 20 30 40 50 60 70 80

in
te

n
s
it
y

2 theta (°2θ)

 Serpentine Raw

 Serpentine 50 Mesh 8%

 Serpentine 50 Mesh 9%

 Serpentine 50 Mesh 10%

 
Figure 4. XRD Pattern as the Effect of HCl      

Concentration 

3.1.2. XRD Results as the Effect of 

Particle Size 
 

The analytical results show through Figure 5 

that smaller particle sizes (with higher mesh 
counts) significantly increase the surface area 

available for chemical reactions, which in turn 

accelerates the decay of chrysotile and the 
formation of new, more reactive secondary 

phases (Beglaryan et al., 2023; Lacinska et 

al., 2016). 

 
In serpentine samples with a particle size of 

50 mesh, the chrysotile content decreased 

from 64.4% in raw serpentine to 34.1% after 
treatment with 8% HCl. Secondary phases 

formed from this dissolution process included 

vesuvianite (43.0%), lizardite-1T (8.1%), 
lemoynite (6.4%), tschernichite (4.4%), and 

lazurite (3.9%) (Daval, 2013).  

 
When the particle size was increased to 100 

mesh, the chrysotile content further 

decreased to 25.1% after treatment with 8% 

HCl. At this size, a wider variety of secondary 
phases formed, including antigorite-T 

(17.6%), lizardite (17.4%), percovaite 

(10.7%), 9-1-4 (7.0%), and lizardite-2H1 
(6.8%) (Vieira, 2022). 

 

The finest particle size tested, 150 mesh, 
showed the most extensive dissolution of 

chrysotile, with only 14.1% remaining after 

treatment with 8% HCl. At this size, the most 
numerous and diverse secondary phases were 

formed, including antigorite-T (16.9%), H8 

Mg3 Ni3 O18 Si4 (13.4%), C20 H52 Mg2 N8 

(13.0%), tschernichite (11.4%), H6 Mg O6 Si 

(11.1%), lizardite-1T (7.0%), and nepouite 
(4.4%) (Lacinska et al., 2016).  

 

This study shows that the smaller the 
serpentine particle size, the greater the 

surface area available for chemical reactions, 

which increases the efficiency of chrysotile 
dissolution and accelerates the formation of 

secondary phases. HCl treatment of smaller 

particle sizes indicates that the crystal 

structure of chrysotile is more easily 
degraded, allowing the formation of new, 

more stable and reactive phases, which are 

important for CO2 sequestration applications 
(Daval et al., 2013; Lacinska et al., 2016; 

Vieira et al., 2022b). 

 
Follow-up treatment with NaOH after 

activation with HCl shows that the remaining 

cristobalite structure can be completely 
broken down, and the secondary Mg-silicate 

phase formed can be converted into stable 

Mg-hydroxide and Mg-carbonate phases. This 
indicates that a combination of acid and base 

treatment can be effectively used to improve 

the adsorption characteristics of serpentine, 

which is relevant for applications in carbon 
capture and storage (Beglaryan et al., 2023; 

Lin et al., 2008). 

10 20 30 40 50 60 70 80

In
te

n
s
it
y

2 theta (°2θ)

 Serpentine Raw

 Serpentine 50 Mesh 8%

 Serpentine 100 Mesh 8%

 Serpentine 150 Mesh 8%

 
Figure 5. XRD Pattern as the Effect of Particle Size 

3.2. Adsorption Performance Analysis 

 
This test evaluates the ability of serpentine as 

an adsorbent to capture CO2 in a Fixed Bed 

Reactor (FBR). The Study employs the single 
step-by step variables knockout method by 

Muslim (2022), which systematically 

eliminates variables that yield suboptimal 
results based on initial trials. Adsorption 

efficiency and capacity are calculated by 

determining the serpentine volume, reactor 

volume, and gas volume using Equation 1-3. 
Then proceeded by calculating the initial CO2 

concentration of and CO2 final concentration 
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by using Equation 4-5 to obtain the result as 

given in Table 1.  
 

Table 1. Adsorption results using the sv3ko 
method 

 

Finding the Optimum Conditions (qe Max) 
of CO2 Adsorption 

RUN 1-9 

Fixed 
variables 

m, C0, T, t, P1 

Independe
nt variable 

U 

C 

C1:8

% 

C2:9

% 

C3:10

% 

qe (%vol) 
U1:5

0 

31.14
/ 

77.59 

18.92
/ 

47.15 

16.64 
/41.4

5 

(efficiency

/ 

capacity) 

U2:1
00 

21.10 

/52.5

6 

19.62 

/48.8

9 

25.52

/ 

63.57  

U3:1
50 

29.01 

/72.2

7 

33.01 

/82.2

2 

32.77 

/81.6

4 

Eliminated 

Variables 

C1, U1, C2, U1, C3, U1, C1, U2, 

C2, U2, C3, U2, C1, U3, C3, U3 

Selected 

variables 
m, C0, T, t, P1, C2, U3 

RUN 10-17 

Fixed 

variables 
m, C0, T, t, C2, U3 

Independe

nt variable 
t 

P 

P1:2 

Bar 

P2:3 

Bar 

P3:4 

Bar 

qe (%vol) t1:30 

33.01

/ 
82.22 

31.04

/ 
92.42 

8.08/ 
24.87 

(efficiency

/performa
nce) 

t2:60 

17,68

/ 
44,06 

28,44

/ 
84.69 

10.49

/ 
32.23  

t3:12

0 

11.59

/ 
28.89 

22.2/ 

66.23 

12.21

/ 
37.55 

Unselected 
variables 

T1, P2, T1, P3, T2, P1, T2, P2, 
T2, P3, T3, P1, T3, P2, T3, P3 

if qe not 1 > qe 

max 2 

m, C0, t1, P1, C1, U1 Selected variable 

(optimum 
condition) 

if qe not 1 < qe 

max 2 

m, C0, t3, P3, C1, U1 Selected variable 

(optimum 

condition) 

 

3.2.1. Effect Acid Concentration and 

Particle Size on the Adsorption 
Performance 

 

Given by Figure 6,  at mesh 50, the highest 
CO2 adsorption efficiency was recorded at 

31.148% vol at 8% HCl concentration but 

decreased drastically to 18.929% vol and 
16.641% vol when the HCl concentration was 

increased to 9% and 10% (Liu et al., 2020). 

At mesh 100, the efficiency slightly decreased 

at 9% HCl concentration compared to 8% but 

increased significantly at 10% HCl 
concentration to reach 25.524% vol (Sun et 

al., 2017). Meanwhile, at mesh 150, the 

highest efficiency was found at 9% HCl 
concentration with a value of 33.01% vol, 

indicating that this concentration provides an 

optimal balance between material dissolution 
and active site formation (Lacinska et al., 

2016).  

50 100 150

16

20

24

28

32

E
ff

ic
ie

n
c
y
 (

%
)

Particle Size (mesh)

 8% HCl

 9% HCl

 10% HCl

 
Figure 6. Adsorption Efficiency as the Function of 

Acid Concentration and Particle Size 

In terms of CO2 adsorption capacity, the 

results showed that at Figure 7 mesh 50, the 
adsorption capacity was relatively high at 8% 

HCl concentration but decreased as the HCl 

concentration increased. At mesh 100, the 
adsorption capacity increased as the HCl 

concentration increased, with the highest 

achievement at 10% HCl. For mesh 150, the 
highest adsorption capacity was also found at 

9% HCl concentration with the amount of 

0.0488 (gr adsorbent/gr CO2), indicating that 

these conditions are optimal for forming stable 
and effective active sites. 
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0.030
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A
d
s
o
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ti
o
n
 C

a
p
a
c
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y
 

(
g
r 

C
O

2
/
 g

r 
a
d
s
o
rb

e
n
t)

Particle Size (mesh)

 8% HCl

 9% HCl

 10% HCl

 
Figure 7. Adsorption Capacity as the Function of 

Acid Concentration and Particle Size 

But in some cases, there is a potential for the 

error factor to consider. For example, like 
pressure, Li (2023) explain that pressure 
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enhances gas adsorption but also can lead to 

blockage and limited diffusion. Hazra (2018) 
also mentioned in his research that particle 

size plays the role of adsorption. On their 

study which explained by Li (2020), Chemical 
Activation also alter the chemical structure by 

enhancing the surface area and creating the 

active sites for CO2 adsorption but excessive 
or in this case, prolonged activation process 

can lead to structural degradation for 

serpentine itself. Even the condition or the 

integrity of the reactor itself which also affects 
the efficiency of the adsorption. 

 

3.2.2. Pressure and Time Effect on the 

Adsorption Performance 

 

For the Pressure on Time test, the variable 

with the best results from the previous test 
was used, namely Mesh 150 activated with a 

concentration of 9% HCl using the S3VKO 

method where the best variable would be 

used, and the opposite would not be used 
which can be seen at Figure 8 and Figure 9 

below. CO2 adsorption using HCl-activated 

serpentine is effective for capturing CO2 gas. 
The activation enhances serpentine's 

adsorption capacity by substituting large 

cations with H+ ions, improving pore 
distribution (Hernández-Espinosa et al., 

2018). At 2 bar pressure, adsorption efficiency 

starts at 33.01% after 30 minutes but drops 
to 11.60% after 120 minutes due to saturation 

(Kiełbasa et al., 2022). At 3 bar, efficiency 

decreases more gradually from 31.04% to 
22.25% over the same period, suggesting that 

higher pressure slows saturation (Li et al., 

2015). At 4 bar, efficiency rises from 8.08% 

to 12.22%, indicating that longer time is 
needed to achieve optimal conditions at 

elevated pressures, as supported by studies 

related to pore distribution and adsorption 
capacity (Konlechner and Kappacher, 2021). 

30 60 90 120
5
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15
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30

35

E
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n
c
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%
)

time (minute)

 2 Bar
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 4 Bar

 
Figure 8. Adsorption Efficiency as the Function of 

Pressure and Time 

This study evaluated the effect of time and 

pressure on CO2 adsorption performance 
using HCl-activated serpentine. The results 

showed that at low pressure (2 bar), the CO2 

adsorption capacity was higher at the initial 
stage (0.488 g CO2/g adsorbent in 30 min) 

compared to high pressure (4 bar, only 0.147 

g CO2/g adsorbent). This decrease in 
adsorption capacity is due to the rapid 

saturation of adsorption sites at high pressure 

(Srenscek-Nazzal et al., 2016). Over time, the 

adsorption capacity decreased, especially at 
low pressure, from 0.488 g CO2/g adsorbent 

to 0.172 g CO2/g adsorbent in 120 min 

(Abdullah, 2023). However, at 4 bar pressure, 
the adsorption capacity increased slightly from 

0.147 g CO2/g adsorbent to 0.223 g CO2/g 

adsorbent over time, indicating that at low 
pressure, adsorption sites are more effectively 

utilized over time, with lower competition for 

active sites (Heidari et al., 2014). 
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Figure 9. Adsorption Capacity as the Function of 

Pressure and Time 

 

3.3. Adsorption Kinetic Model 

 
3.3.1. Pseudo First Order 

 

The first-order pseudo kinetics data showed 
that serpentine activated with 10% HCl gave 

the highest CO2 absorption efficiency, with a 

coefficient of determination (R²) of 0.979. The 
graph of the relationship between particle size 

(mesh) and ln(qe-qt) shows a straight line 

with a negative slope, resulting in the equation 
(y = -0.0068x + 0.3101). The high agreement 

between the experimental data and the 

equation of this line indicates that the first-

order pseudo kinetic model is very suitable to 
describe the CO2 adsorption process on 

serpentine activated with 10% HCl (Ho and 

McKay, 1999) shown by Figure 10. 
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 Linear Regression

Equation y = a + b*x

Plot 10% HCl
Intercept 0,31008 ± 0,1072
Slope -0,00678 ± 9,932
R-Square 0.97896

Pseudo First Order For Adsorbent Efficiency

(Concentration vs Size)

 

Figure 10. Adsorption Efficiency for the Pseudo 

First Order as the Function of Particle Size 

and Concentration 
 

In this model, the graph is given by Figure 11, 

where the absorption rate is proportional to 
the number of active sites that have not yet 

been filled. The results of the analysis show 

that the linear equation generated from the 

plot ( ln(qe-qt) )  against time is 

(y = -0.0068x + 0.309), with slope value (k1) 

-0.0068 and intercept of 0.309. Coefficient of 

determination (R
2
) obtained from this analysis 

is 0.978, which shows that the pseudo first 
order kinetics model is well suited to describe 

the CO2 uptake data in activated serpentines 

(Ho and McKay, 1999). 
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Figure 11.  Adsorption Capacity for the Pseudo First 

Order as the Function of Particle Size 

and Concentration 
 

As given by Figure 12, at a pressure of 4 bar, 

the efficiency of CO₂ absorption by serpentine 

increased with time. At 30 minutes, the 
efficiency was 00048 (g CO₂/g adsorbent). 

This figure continued to increase until it 

reached 0.00725 (g CO₂/g adsorbent) at 120 
minutes. Analysis of the kinetics parameters 

revealed a rate constant (k1) of 00038 min-¹. 
The coefficient of determination (𝑅2) of 0.9932 

indicates the pseudo first order kinetic model 

is a good fit. This condition illustrates that the 
4 bar pressure is the optimal condition to 

maximize the CO2 absorption efficiency using 

serpentine adsorbent (Fatima et al., 2023). 
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Figure 12.  Adsorption Efficiency for the Pseudo 

First Order as the Function of Pressure 

and Time 

 

Shown by Figure 13, at 3 bar where the 

adsorption rate constant tends to be higher 

which can indicate faster adsorption conditions 
with an R2 value =0.9932 and this indicates 

that this model is accurate to represent the 

adsorption kinetics process. this shows that 

serpentine has a significant efficiency in 
adsorbing CO2 for a pressure of 3 bar which 

makes it an ideal candidate for CO2 absorption 

applications (Rashidi et al., 2021). 
 

30 60 90 120
−0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

ln
(q

e
-q

t)

Time (min)

 3 Bar / 150 Mesh

 Line Regression

Pseudo First Order 3 bar 150 Mesh 9% 

For Adsorption Capacity

Equation y = a + b*x
Plot 3 Bar
Intercept -0,12339 ± 0,02468
Slope 0,00375 ± 3,10987E-4
R-Square 0.99318

 
Figure 13. Adsorption Performance for the Pseudo 

First Order as the Function of Pressure 

and Time 

 

3.3.2. Pseudo Second Order 

The efficiency of CO2 absorption by HCl-

activated serpentines varies depending on the 

concentration of HCl used. The data showed at 
Figure 14, that CO2 adsorption efficiency of 

HCl-activated serpentine depends on HCl 

concentration, with 10% HCl yielding the 
highest performance (qe = 0.067, R² = 
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0.9478), outperforming 9% (qe = 0.0287) 

and 8% HCl (qe = 0.8187, R² = 0.0208). The 
adsorption process follows a pseudo-second-

order kinetics model, indicating faster and 

more efficient adsorption due to strong 
physical and chemical interactions on 

heterogeneous surfaces.(Ho and McKay, 

1999). 
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Figure 14.  Adsorption Efficiency for the Pseudo 

Second Order as the Function of Size 
and Concentration 

 

Plotted data on Figure 15, Serpentine 
activated with 10% HCl showed an adsorption 

capacity (qe) of 0.1667 mmol/g and a pseudo 

second order (k2) rate constant of 0.0244 
g/mmol·min. A correlation value (R²) of 0.946 

indicates that this model is well suited to 

describe adsorption kinetics under these 
conditions. Increased of k2 compared to lower 

HCl concentrations indicates a faster rate of 

CO2 adsorption on the serpentine surface, 
likely due to the increased number of active 

sites after activation with high concentrations 

of HCl (Tran, 2023). 
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Figure 15. Adsorption Capacity for the Pseudo 

Second Order as the Function for Size 
and Concentration 

 

For adsorption efficiency, the data shows on 
Figure 16 At 4 bar pressure, CO₂ adsorption 

efficiency by serpentine is maximized, with R² 

reaching a perfect value of 1 and a rate 
constant (k₂) of 4.6908. This indicates that 

the pseudo-second-order model accurately 

describes the adsorption process. Similar 
results were observed in Hafeez et al. (2015), 

where R² was also close to 1 under the same 

pressure conditions. Hafeez et al. (2015),  
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Figure 17. Graph of the Adsorption Performance for 

the Pseudo Second Order as the 

Function of Time and Pressure 

 

The analysis of pseudo second order kinetics 

for CO₂ sorption given by Figure 17 using 
serpentine revealed that the optimal 

adsorption pressure is 4 bar, with a coefficient 

of determination R
2
 of 1, indicating a perfect 

fit with the kinetic model. At this pressure, the 
adsorption rate constant  k2  is 0.1498, 

demonstrating high sorption efficiency for 

serpentine. This finding aligns with literature 
suggesting that pseudo second order models 

typically provide a better fit than pseudo first 

order models in CO₂ sorption processes, 

particularly for adsorbents like serpentine and 
activated carbon, which possess significant 
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active sites for adsorption. (Rashidi et al., 

2021; Shikuku and Mishra, 2021). 
 

3.4. Adsorption Isotherm Model 

 
3.4.1. Langmuir Isotherm 

 

In this study, Figure 18 demonstrates the 
application of the Langmuir isotherm model to 

CO₂ adsorption on serpentine at a 150-mesh 

particle size, yielding an R² value of 0.9999, 

which supports strong monolayer adsorption 
on a homogeneous surface. The adsorption 

capacity (qm) was recorded as -0.9686 (% 

vol), with a Langmuir constant KL of -24.581, 
indicating moderate affinity, and an 

adsorption energy (ΔE) of -7937.11 J/mol, 

suggesting a stable, exothermic process. 
These findings align with other studies 

showing that negative adsorption energy and 

Gibbs free energy imply a spontaneous and 
stable adsorption process. Similar studies by 

Du (2021) and (Ammendola et al., 2017) 

found negative Gibbs free energy and 
enthalpy values in CO₂ adsorption on high-

rank coals and activated carbon, indicating 

spontaneous adsorption. Li (2020) and Song 

(2017) also reported negative Gibbs energy 
for CO₂ adsorption on similar materials, 

supporting the applicability of the Langmuir 

model in this analysis. 
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Figure 18. Langmuir Curve on 150 Mesh 

 

Graph shown on Figure 19 shows that a 30-

minute contact time achieved the highest R² 

value of 0.7573, indicating near-equilibrium 

adsorption within this period. This finding is 

consistent with Esmaeili (2019), who observed 

that shorter contact times optimize CO₂ 

adsorption by reaching rapid adsorption 

before saturation effects. The adsorption 

energy (ΔE) at 30 minutes is -8545.09 J/mol, 

signifying strong initial interactions, as also 

noted by Tiwari (2018), who found higher 

early-stage adsorption energies favouring 

quick CO₂ binding. The Langmuir constant (KL) 

of -31.4137 reflects significant affinity during 

this initial phase, aligning with Goel (2017), 

who highlighted that high affinity in short-

duration processes enhances CO₂ capture 

efficiency before equilibrium or desorption can 

impact adsorption. 
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Figure 19. Langmuir Curve on 30 minutes 

 

3.4.2. Freundlich Isotherm 

In the isotherm analysis of CO2 absorption 

using HCl-activated serpentine which graph is 

given by Figure 20, the best results were 
obtained at a mesh size of 150. This is 

indicated by the value of R² = 1, which 

indicates the perfect match between 
Freundlich's isotherm model and the 

experimental data.  
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Figure 20. Freundlich Curve on 150 Mesh 
 

Chemical activation with HCl results in 

significant changes in the surface structure of 
the serpentine, which increases the surface 

area and number of active sites available for 

adsorption, resulting in higher adsorption 

efficiency (Khalili et al., 2015). Freundlich's 
model is more suitable for describing 

experimental data at a mesh size of 150, with 
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a value of 1/nf = -2.2322 which indicates that 

the serpentine surface has a heterogeneous 
energy distribution, according to the 

characteristics of the chemically activated 

material (Soni et al., 2021). 
 

Curve from Figure 21 illustrates the Freundlich 

isotherm model for CO₂ adsorption on 
serpentine at a 30-minute contact time, 

yielding an R² value of 0.7849 as the highest 

among tested times—indicating a reasonable 

fit for multilayer adsorption. The Freundlich 
constant Kf = 567,022.12 L/mg reflects a high 

adsorption capacity, supporting serpentine’s 

heterogeneous surface for multilayer 
adsorption. This aligns with Raganati (2018), 

who found that the Freundlich model 

effectively captured CO₂ adsorption on 
heterogeneous materials like carbon-

magnetite composites. The heterogeneity 

factor nf = -0.4117 further indicates 
substantial surface heterogeneity, consistent 

with findings by Li and Hitch (2016), who 

demonstrated that serpentine-based 
materials support diverse adsorption sites, 

accommodating multilayer adsorption 

effectively. 
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Figure 21. Freundlich Curve on 30 Minutes 
 

4. Conclusion 

 
In this study, CO₂ adsorption on 9% HCl-

activated serpentine was optimized, with the 

150-mesh particle size delivering the best 
results: an adsorption efficiency of 33.01% vol 

and an adsorption capacity of 82.29%. Under 

2 bar pressure for 30 minutes, the 
concentration of adsorbed CO₂ reached 

35.54% vol. In terms of adsorption kinetics, 

the Pseudo-Second Order (PSO) model proved 

superior to the Pseudo-First Order (PFO) 
model, indicating chemisorption as the main 

mechanism. For concentration vs. particle size 

(U vs. C) analysis at 10% HCl concentration, 
the PSO model showed high R² values (0.979 

for efficiency and 0.9776 for performance), 

highlighting 10% HCl as optimal for effective 
surface activation. For pressure vs. time (P vs. 

T) analysis, the PSO model achieved the best 

fit at 4 bar pressure with R² = 1.0 for both 
efficiency and performance, suggesting that 4 

bar optimally enhances the adsorption rate 

and capacity on serpentine. The isotherm 
analysis provided further insights into the 

adsorption mechanisms. For 150 mesh, both 

Langmuir and Freundlich models exhibited 
ideal fits, with R² = 0.9999 for Langmuir 

(supporting monolayer adsorption with 

adsorption energy, ΔE = -7937.11 J/mol) and 

R² = 1.0 for Freundlich (indicating multilayer 
adsorption with a Kf of 223,357.22 L/mg on 

heterogeneous sites). Regarding contact time, 

the Freundlich model performed best at 30 
minutes (R² = 0.7849, Kf = 567,022.12 

L/mg), suggesting effective multilayer 

adsorption within this short period. Future 
research should explore alternative activators, 

such as HNO₃ and H₂SO₄, investigate 

temperature effects, and develop serpentine-
based nanomaterials to further improve 

adsorption capacity. Scaling up experiments 

and testing under real-world conditions (e.g., 
fluctuating pressures and temperatures) will 

be crucial to assess serpentine’s feasibility for 

industrial-scale CO₂ capture. This study 

establishes HCl-activated serpentine as a 
promising adsorbent with significant potential 

for scalable carbon capture applications. 
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