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A B S T R A C T   

Mitigating greenhouse gas emissions through CO2 capture from industrial flue gases is imperative for addressing 
climate change. This article delves into the potential of natural tuff, derived from construction and demolition 
(C&D) waste, as an affordable and sustainable CO2 adsorbent for post-combustion capture. By tailoring the tuff 
structure and chemical composition through cation-exchange, the crucial role of cation type in enhancing its 
textural properties, particularly its microporosity and specific surface area, has been highlighted. Notably, Li- 
and Na-exchanges greatly enhance these properties, indicating a heightened potential for CO2 capture. The work 
further explores the dynamic CO2 adsorption of both untreated and modified tuff in a fixed-bed reactor under low 
CO2 partial pressures (< 0.2 atm), particularly examining the effects of extra-framework cation nature (Na+, Li+) 
and composition, and the influence of NH4

+ pre-treatment. Results show that Na- and Li-exchanged tuff exhibit 
enhanced CO2 uptake (up to 1 mmol g− 1) compared to untreated tuff (0.54 mmol g− 1), with Li-exchange 
resulting in the highest capacity due to both superior textural properties and stronger ion-quadrupole in-
teractions with CO2 molecules. The multi-cyclic stability of the synthesized samples has been also assessed; 
regardless of the specific cation-exchange type, all the samples provide stable performances over 10 consecutive 
adsorption/desorption cycles.   

Introduction 

Out of the various strategies for separating CO2, such as pre- 
combustion capture, post-combustion capture, and oxy-fuel combus-
tion [1], post-combustion capture is considered to be a feasible option 
for fossil fuel-fired plants in the short term [2]. This involves selectively 
removing CO2 from gaseous effluent, without needing major modifica-
tions to existing facilities and processes [3]. Although amine-based or 
ammonia-based absorption methods are the most mature technologies 
for CO2 separation, they have several disadvantages when applied to 
post-combustion applications. These include the need for significant 
amounts of energy to regenerate the sorbent, corrosion problems, 
degradation of the amines due to exposure to oxygen, and loss of amines 
through evaporation, which can result in environmental consequences 
[4]. 

Adsorption using solid sorbents has gained considerable attention as 
a viable option in the Carbon Capture and Storage (CCS) framework due 
to its several advantages, such as low regeneration energy consumption, 

high selectivity, ease of handling, absence of liquid waste streams, and a 
broad range of operability at different temperatures [5]. Typically, 
adsorption is performed in two fixed-bed reactors. The feed stream 
containing the adsorbate is passed through the first bed. Once the 
adsorbate concentration reaches a specific threshold value, the reactor is 
taken off-line and the feed is directed towards the second bed to avoid 
breakthrough. Meanwhile, the first bed undergoes regeneration, which 
can be achieved through either an increase in temperature (temperature 
swing adsorption, TSA) or a decrease in pressure (pressure swing 
adsorption, PSA) [6,7]. For this approach to succeed, the sorbent should 
be versatile, exhibit excellent performance at low CO2 pressure (a 
typical range for the CO2 pressure in post-combustion conditions is up to 
0.2 atm [3]), possess a high capacity for CO2 adsorption, fast kinetics for 
both adsorption and desorption processes, high selectivity for CO2, the 
ability to withstand mild regeneration conditions, robustness in terms of 
its ability to endure repetitive adsorption and desorption cycles, toler-
ance towards moisture and other impurities present in the feed, as well 
as sufficient mechanical strength [5]. With reference to the tolerance 
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towards moisture in the feed, it is well known that its presence causes 
the reduction in the adsorption capacity of most of the currently well- 
developed CO2 adsorbents (such as activated carbons and zeolites) 
[8]. Therefore, the limiting step is the development of sorbents with 
specific properties, for which adsorption of water and other impurities 
would not be competitive with that of CO2, to avoid the need of an 
upstream drying/purification step, which would adversely impact the 
CO2 capture economics [8]. 

Sorbents can be categorized into either physical or chemical sorbents 
(physisorbents and chemisorbents) based on the mechanism of sorption 
[9]. Physisorption is a process where the interaction between the 
adsorbate and adsorbent is relatively weak, usually involving van der 
Waals forces. Chemisorption, on the other hand, involves stronger 
chemical interactions between the adsorbate and adsorbent, resulting in 
the transfer of electrons [9]. Materials such as porous carbonaceous 
materials [5,10–17], zeolites [18,19], alumina [20], silica gels [21], and 
geopolymers [22,23] are commonly used as physisorbents. These ma-
terials are chosen for their diverse properties, such as high surface area, 
tunable porosity, and chemical stability, which make them effective for 
physisorption-based applications. Porous carbonaceous materials, for 
instance, offer a wide range of structures and functionalities [24–27], 
while zeolites provide well-defined porous frameworks [18,19]. Poly-
mers, on the other hand, are recognized as having the ability to to 
achieve tunable porosity, undergo synthetic diversification, and main-
tain excellent physicochemical stability [28]. On the contrary, chem-
isorbents, like sorbents functionalized with amines, typically contain 
basic sites, such as carbonates and amino groups, which can form strong 
interactions with the acidic CO2 molecules [29,30]. Additionally, some 
sorbents like metal organic frameworks (MOFs) can offer both physical 
and chemical interactions with CO2 [18,28,31]. Physical adsorption of 
CO2 is a promising option in this context because the process is 
completely reversible, which means that the sorbent can be regenerated 
with relatively low energy requirements due to the lower adsorption 
enthalpy compared to chemical sorbents [3]. 

Synthetic zeolites are highly ordered microporous crystalline mate-
rials that are synthesized with a precise and appropriate molecular cell, 
pore size, and type of extra-framework cations, all of which specifically 
affect their adsorption performance [32]. However, synthetic zeolites 
have limitations in terms of sustainability due to their high synthesis 
cost and environmental impact [22,33]. A potential solution to this 
problem is the use of natural zeolites, which are abundant in various 
regions worldwide and occur naturally in different types of rocks 
[34,35]. Despite their advantages of abundance and low cost, natural 
zeolites have drawbacks such as variable composition, low purity, and 
potentially lower separation performance compared to synthetic zeolites 
[34]. Volcanic tuffs, containing various minerals such as clinoptilolite, 
mordenite, chabazite, quartz, cristobalite, and feldspar [36], are the 
most valuable deposits of natural zeolites [37]. Besides, tuff is often 
found in construction and demolition (C&D) waste, namely solid waste 
materials generated from construction, demolition, and renovation ac-
tivities [38,39]. This waste stream accounts for a significant portion, 
approximately 30–40 %, of the total solid waste generated globally [38]. 
Consequently, the scientific community has shown a growing interest in 
C&D waste, recognizing its potential for innovative solutions in waste 
management and environmental sustainability. In this framework, a 
recent review paper explores the application of adsorbents derived from 
C&D waste for eliminating contaminants from environmental settings, 
delivering threefold advantages in terms of waste treatment, solid waste 
management, and disposal [38]. However, while tuff and natural zeo-
lites, in general, have been successfully tested for biogas purification 
[40,41], there is still a limited literature on their use as CO2 adsorbents 
at low pressure. In this framework, Ammendola et al. [35,42,43] 
explored the adsorption of CO2 at low pressures (<0.2 atm) on a natu-
rally occurring tuff, with particular attention on both the thermody-
namic and kinetic aspects of the process. 

Aiming at improving the capture performances of natural zeolites, 

one viable solution consists in properly tailoring/modifying their 
structure (Si/Al ratio of the aluminosilicate framework) and chemical 
composition (nature of the extra-framework cations). Indeed, the de-
gree/strength of adsorption within zeolitic pores is primarily influenced 
by the interactions between the adsorbate and the electric field induced 
by the cations [44]. It is also important to note that the acid-base 
properties of the zeolite framework can also play a vital role in deter-
mining adsorption characteristics, particularly under specific pressure 
conditions. In this context, the exchangeable cation acts as an acid site, 
while the framework oxygen nearest to the cation serves as a basic site. 
This basicity increases with higher framework aluminum content and 
also rises as the cation electronegativity decreases [44]. The strength of 
these zeolite acid-base pairs can be readily adjusted by cation-exchange 
or by modifying the aluminum content in the framework. In particular, 
the introduction of alkali metal ions (e. g. Na+, Li+, K+, etc.) has been 
proved to lead to a notable enhancement in the CO2 adsorption capacity 
of zeolites [45]. In this framework, Barthomeuf [46] observed that 
faujasites containing alkali metals (Li, Na, K, Rb, Cs) as charge 
compensating cations display an increase in basicity as the cation size 
increases. This is because the electronegativity of the cations affects the 
negative charge distribution on the oxygen atoms within the framework. 
Consequently, zeolites containing larger cations like Rb or Cs are ex-
pected to have greater capacities for acidic adsorbates, as long as steric 
limitations are not exceeded. However, it is worth noting that, when 
dealing with acidic molecules that also possess a quadrupole or per-
manent dipole moment, like CO2, stronger interactions are anticipated 
with smaller cations such as Li. This is because smaller cations offer 
shorter interaction distances with the center of mass of the adsorbate. In 
summary, the interplay of cation type, acidity/basicity, and electrostatic 
interactions within zeolites is intricate and can vary depending on the 
specific characteristics of the adsorbates involved. 

The objective of the current paper is, therefore, to further explore the 
application of zeolitic tuff derived from C&D waste in a CO2 capture 
adsorption process, with the potential for direct operation on exhaust 
gases at CO2 partial pressure. To achieve this goal, the tuff cation- 
exchange properties has been explored through the targeted introduc-
tion of different polar cations into its framework. The effect of several 
aspects has been investigated: cation nature (Na+, which is already 
present in the raw tuff, and Li+), amount of extra-framework cations, 
and preliminary treatment of the tuff to exchange it with NH4

+ cations. In 
particular, the dynamic CO2 adsorption capacity of untreated tuff as well 
as cation-exchanged tuff has been assessed in a fixed-bed reactor oper-
ated at ambient temperature (25 ◦C) and atmospheric pressure under a 
simulated flue gas stream containing a CO2/N2 mixture in typical in-
dustrial range (2–20 %vol. of CO2 in N2). 

Experimental methods 

Materials 

The adsorbent material used in this work is a natural tuff derived 
from demolition of civil buildings in the Campania region of Italy. It was 
crushed and sieved to obtain a fraction with particle sizes ranging from 
400 to 600 µm. Table 1 presents the main physical properties of this 
material [43]. 

Table 1 
Physical properties of the natural tuff [43].  

Particle size, μm 400–600 

Particle porosity, - 0.339a 

Absolute density, g mL− 1 2.241a 

Tap density, g mL− 1 0.810 
Specific heat, J g− 1 K− 1 1.3 
Minimum fluidization velocity, m s− 1 0.168  

a Determined by MIP (mercury intrusion porosimetry). 

F. Raganati et al.                                                                                                                                                                                                                               



Journal of Industrial and Engineering Chemistry 138 (2024) 153–164

155

Because of its naturally occurring state, the tuff contains several 
cations (Fe, K, Ca, Na, Mg [43]). To isolate the influence of individual 
cations, Na- (already present in the original framework) and Li- 
exchanged tuff samples were derived from the pristine tuff. The 
exchanged tuff samples were prepared by six consecutive cation- 
exchange cycles, using aqueous solutions of sodium chloride (NaCl) 
and Lithium chloride (LiCl). The tuff was washed with deionized water, 
filtered and dried overnight at 106 ◦C. Then, a typical cation-exchange 
cycle was performed by mixing 10 g of tuff powder 100 mL of 1 M 
cation salt solution. The mixture was stirred for 2 h in a bath at 60 ◦C. 
Following this, the solution was decanted, and fresh solution is added. 
This procedure was repeated six times. After the final exchange, the 
solution was filtered, washed with deionized water, and then dried in an 
oven at 106 ◦C. The samples were named Na-6 and Li-6, according to the 
nomenclature “c-n”, where c is the exchanged cation and n the number 
of cation-exchange cycles. 

Then, aiming at investigating the effect of the composition of extra- 
framework cations, two more Li-exchanged tuff samples were prepared, 
Li-3 and Li-9, by three and nine cation-exchange cycles. 

Considering that replacing cations within the framework of natural 
zeolites is typically challenging in comparison to synthetic zeolite 
because of the strong cations/framework interaction [47], a common 
practice to enhance their exchange capacity involves an initial substi-
tution with NH4

+ ions. Therefore, two NH4-exchanged tuff samples were 
prepared, NH4-3 and NH4-6, immersing the washed tuff in a 1 M aqueous 
solution of NH4OH for 2 h in a bath at 60 ◦C for three and six consecutive 
exchange cycles, respectively. Then, after this preliminary step, these 
NH4-exchanged samples were subsequently exchanged with Li+ for 
three consecutive cycles to obtain the NH4-3_Li-3 and NH4-6_Li-3 sam-
ples. All the synthesized samples are summarized in Table 2. 

Before performing the CO2 adsorption study, the tuff samples were 
characterized from the physical and structural point of view:  

• Scanning electron microscopy (Philips XL30 SEM-EDS) was 
employed for morphological characterization.  

• XRD analysis was performed to determine the structure crystallinity 
and phase composition of the samples using a Bruker D8Advance 
powder diffractometer with CuKα radiation.  

• The measurement of the specific surface area (SSA) and pore size 
distribution (PSD) (total pore volume, Vp and micropore volume, 
Vmicro) was carried out by means of N2 adsorption at 77 K in a 
Novatouch LX4 (Quantachrome instruments). In particular, the SSA 
was calculated using the Langmuir method, and the pore size dis-
tribution using the Density Functional Theory (DFT) method.  

• The extent of cation-exchange, a crucial aspect for analyzing the 
cation effect in CO2 adsorption, was determined by ICP-MS analysis 
(Agilent ICP-MS 7500ce spectrometer). In particular, prior to the 
analysis, 50 mg of the sample was mixed with 5 mL of deionized 
water and then digested using 5 mL of 65 % HNO3 and 1 mL of 30 % 
H2O2, employing microwave heating for a duration of 30 min. 
Assuming that each cation can compensate the negative framework 
charges (AlO4

− ) depending on its positive charge (q), the cation ex-
change degree (CEc) can be calculated as [48]: 

CEc =
nc

nAl/q
× 100 (1)  

where nc and nAl are the number of moles, evaluated from the ICP-MS 
analysis, of the exchanged cation and of the aluminum in the sample 
framework, respectively. Considering that both Na+ and Li+ have 
one positive charge (i.e. monovalent cation, q = 1), each one of them 
can compensates one negative framework charges (AlO4

− ). 

Experimental apparatus and CO2 adsorption tests procedure 

Experiments on the breakthrough of CO2 adsorption were performed 
in a lab-scale fixed-bed reactor (ID = 1′, column length = 600 mm), 
depicted in Fig. 1, at atmospheric pressure. To regulate the temperature 
at the desired level, a PID controller was used in conjunction with an 
electric heating jacket (manufactured by Tyco Thermal Controls GmbH) 
and a type K thermocouple (with a diameter of 1 mm), employed to 
monitor the temperature. For each adsorption test, the gas feed was 
created by utilizing separate high-purity cylinders of N2 and CO2 
(99.995 % vol.) and two mass flow-controllers (Brooks 8550S) to adjust 
and monitor the inlet flowrates. 

The continuous gas analyzer, equipped with an infrared detector 
(ABB AO2020, URAS 14), was used to monitor the adsorption process 
and measure the outlet CO2 concentration. Before starting the adsorp-
tion, the sorbent (5 g, equivalent to around 5 cm of bed height) was 
subjected to a drying/cleaning step, during which N2 (15 L h− 1) was 
flowed through the bed for 60 min at 150 ◦C and atmospheric pressure to 
eliminate water that may hamper CO2 adsorption efficiency. Once the 
sorbent was dried and cleaned, it was subjected to a pre-conditioning 
step at the desired adsorption temperature (T = 25, 70, 100 and 
150 ◦C), where N2 is flowed through the bed at a rate of 15 L h− 1 until 
the set temperature was reached. The CO2 adsorption process was then 
initiated by introducing a 15 L h− 1 CO2/N2 gas mixture with varying 
CO2 concentrations (2, 3, 5, 10, 15, and 20 % vol.) into the column. The 
breakthrough curves were obtained by continuously monitoring the CO2 
concentration in the outlet stream until the bed became saturated, which 
was indicated by the outlet CO2 concentration approaching the inlet 
value. 

For every CO2 adsorption test, a breakthrough curve was generated, 
which is a plot of C/C0 versus time, where C and C0 are the volumetric 
CO2 concentrations in the outlet and inlet stream, respectively. Using 

Table 2 
Synthesized cation-exchanged samples.   

Exchanged cation Number of exchange cycles 

Na-6 Na+ 6 
Li-3 Li+ 3 
Li-6 Li+ 6 
Li-9 Li+ 9 
NH4-3 NH4

+ 3 
NH4-6 NH4

+ 6 
NH4-3_Li-3 NH4

+/Li+ 3/3 
NH4-6_Li-3 NH4

+/Li+ 6/3  

Fig. 1. Experimental apparatus: 1) N2 cylinder; 2) CO2 cylinder; 3) N2 mass 
flow-controller; 4) CO2 mass flow-controller; 5) multichannel control instru-
ment; 6) 1′ ID fixed-bed reactor; 7) thermocouple; 8) temperature controller; 9) 
heating jacket; 10) CO2 analyzer; 11) stack. 
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this data, crucial adsorption parameters were calculated [5,49,50]:  

i) The quantity of CO2 adsorbed per unit mass of adsorbent, qe (i.e. 
equilibrium adsorption uptake at each CO2 partial pressure), was 
determined by integrating the breakthrough curves applying a 
mass balance equation to the adsorption column 

qe =
1
m

∫ ts

0

(
FCO2,in − FCO2,out

)
dt (2)  

and knowing the mass of sorbent in the bed (m), the molar 
flowrate of CO2 at the inlet (FCO2,in) and outlet (FCO2,out) of the 
bed, and the time needed to saturate the bed of sorbent (ts).  

ii) The breakthrough time, tb, is the time at which the outlet CO2 
concentration reaches 5 % of the inlet concentration. It is also the 
time when the reactor is shut down for regeneration. A higher tb 
corresponds to a higher effective capture capacity.  

iii) The fraction of bed used at breakpoint, denoted as W, represents 
the percentage of CO2 adsorbed until tb in relation to the total 
amount of CO2 adsorbed when the bed is completely saturated.  

iv) The time parameter Δτ = t70 - t10, where t10 and t70 represent the 
times at which CO2 reaches 10 % and 70 % of the inlet concen-
tration at the adsorption column outlet, is closely associated with 
the slope of the linear portion of the sigmoid-shaped break-
through curve. Smaller Δτ values indicate a steeper breakthrough 
curve and, consequently, faster adsorption. Indeed, a sharpest 
curve implies that the saturation adsorption capacity is reached 
more quickly, which means that, at a fixed CO2 adsorption ca-
pacity, a shorter length of the bed remains unused before the 
breakthrough occurs. 

Following each adsorption step, the sorbent underwent regeneration 
through the temperature swing adsorption (TSA) method. Upon reach-
ing saturation, the column was heated to 150 ◦C, and N2 (15 L h− 1) was 
flowed through the heated sorbent bed. The multi-cyclic stability of the 
synthesized sorbents was evaluated through 10 consecutive adsorption/ 
desorption cycles. 

Adsorption isotherms 

Adsorption isotherms, which are graphical representations of the 
relationship between the equilibrium CO2 uptake and CO2 partial 
pressure at a fixed temperature, describe the adsorption equilibrium 
[51]. In particular, the equilibrium CO2 uptake (qe) for a certain tem-
perature and CO2 partial pressure was calculated by integrating the 
breakthrough curves (Eq. (2), as described in paragraph 2.2. 

According to the results obtained in a previous work on the natural 
tuff [43] and, also, in line with most of the studies available on CO2 
adsorption on physical sorbents such as activated carbons and zeolites 
[37–45], the Freundlich model [52] was used to fit the experimental 
adsorption isotherms of the different synthesized tuff samples. Indeed, in 
practice, it is rare to observe adsorption of molecules on surfaces with a 
constant energy of interaction, which contradicts the assumption made 
by Langmuir. This is because most solids exhibit high levels of hetero-
geneity, which can be commonly accounted for assuming that that the 
energy of interaction between molecules and surfaces adheres to a 
mathematical distribution. More specifically, non-ideal multilayer 
adsorption, which can occur when several layers of adsorbate attach to 
the adsorbent (also characterized by surface heterogeneity), can be 
suitably described by the Freundlich model [53,54]. This model, in 
particular, assumes an exponential decrease in the adsorption energy as 
the number of available adsorption sites decreases, which happens with 
increasing surface coverage. Its mathematical expression is [52]: 

qe = KFPCO2
1/n (3) 

The parameters of the model are the Freundlich isotherm constant 

(KF), whose units are mmol g− 1 atm− 1/n, and the dimensionless het-
erogeneity factor (n, Freundlich coefficient). The Freundlich intensity 
parameter, given by the ratio 1/n, is a measure of the binding energy 
between the adsorbate and adsorbent and the heterogeneity of the sur-
face. Whether the adsorption process is favorable or not can be inferred 
from the magnitude of 1/n: it is favorable when 1/n < 1 [52]. 

To evaluate the quality of the isotherm fit using the Freundlich 
model, two parameters are commonly used: the coefficient of correla-
tion, R2, which ranges from 0 to 1, and the HYBRID error function. The 
HYBRID error function, defined in Eq. (4), was introduced to enhance 
the fitting quality of the sum of squares of errors (SSE) method at low 
partial pressure values [55]. The lower the HYBRID value, the better the 
fitting quality. 

HYBRID(%) =
100

n − p
∑i=n

i=1

⎡

⎢
⎣

(
qmodi − qexpi

)2

qexpi

⎤

⎥
⎦ (4) 

In Eq. (4), qexp and qmod are the adsorption uptakes experimentally 
and theoretically evaluated, respectively, p and n are the number of 
parameters of the equation and the number of experimental points. 

A crucial factor when studying the adsorption process is the isosteric 
heat of adsorption (Qst) [56], which is the heat of adsorption at a con-
stant amount of adsorbed adsorbate. This parameter serves as an indi-
cator of the strength of molecular-scale interactions between the 
adsorbate molecules and the adsorbent surface. Typically, Qst values 
below 80 kJ mol− 1 indicate physisorption, while values in the range of 
90–100 kJ mol− 1 suggest strong chemisorption [54,57,58]. Further-
more, details about its magnitude and variation with surface coverage 
serve as criteria for assessing the energetic heterogeneity of a solid 
surface [54,57,58]. Specifically, Qst remains constant with surface 
coverage in the absence of interactions among adsorbed molecules, 
indicating surface homogeneity [54,57,58]. In contrast, a change in Qst 
with surface loading suggests varying levels of surface energy and het-
erogeneity on the adsorbent surface [54,57,58]. The calculation of Qst at 
a particular adsorbed CO2 amount involves integrating the Clausius–-
Clapeyron equation. This is achieved by utilizing the slopes derived from 
the plot of lnPCO2 against 1/T at a fixed and specified adsorbed quantity 
of CO2, commonly referred to as the slopes of adsorption isosteres 
[35,51,58]. 

The N2 adsorption isotherm at ambient temperature (25 ◦C) of Li-9, 
namely the top-performing sample, was also obtained using a 3Flex 
adsorption analyzer (Micromeritics) in order to evaluate its CO2/N2 
selectivity. Prior to measurement, the sample underwent a 12-hour 
degassing process under vacuum conditions at 150 ◦C. The CO2/N2 
selectivity factor (SCO2/N2 ) was estimated measuring the equilibrium 
capacities of pure fluids, i.e. CO2 and N2. Specifically, it was calculated 
as the ratio between the equilibrium adsorption uptakes (qe) of CO2 and 
N2 at given relative pressures (i.e. for a specified CO2/N2 mixture), ob-
tained from the respective single-component isotherms [59]: 

SCO2/N2 =
qCO2/PCO2

qCO2/PN2

(5)  

where qCO2 and qN2 are the adsorbed amount of CO2 and N2, respec-
tively, PCO2 is the partial pressure of CO2 and PN2 the partial pressure of 
N2 (i.e. 1 - PCO2) in the CO2/ N2 mixture. 

Results and discussion 

Materials characterization 

Fig. 2 reports the SEM images obtained for the tuff and all the cation- 
exchanged samples. Overall, the material exhibits micronic cubic- 
shaped structures, which are characteristic of zeolites, along with 
glassy regions [35]. The microstructure of the untreated tuff seems 
denser compared to samples with substituted cations. Specifically, those 
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exclusively exchanged with Li and Na exhibit noticeable macroporosity, 
characterized by the presence of weakly connected cubic structures to 
the main material body. 

Fig. 3 displays the XRD patterns of the samples. The natural tuff 
demonstrates pronounced crystallinity, featuring distinctive reflection 
peaks of chabazite at 2θ = 9.45, 12.84, 13.89, 15.99, 17.61, 20.51, 
22.97, 24.73, 25.82, 30.63, and 30.73◦ [60], commonly found in natural 
zeolites, alongside various other impurities, among which primarily 
feldspar (2θ = 23.45, 25.83, 27 – 28◦) and quartz (2θ = 26.6◦). Com-
parison of the XRD patterns between the cation-exchanged samples and 
the pristine tuff shows that the fundamental crystalline structure, 
particularly that of chabazite, has been preserved. No novel diffraction 
peaks have emerged in the samples, indicating the crystal structure 
stability. Nonetheless, a slight reduction in the intensity of certain 
characteristic peaks, such as those of quartz and feldspar, has been 

observed. This subtle shift can be ascribed to alterations in the chemical 
composition of the sample resulting from the ion-exchange process. 

The surface analysis results, presented in Table 3, reveal a relatively 
low SSA (36 m2 g− 1) for the tuff, consistent with values reported for 
other natural tuffs [61,62]. With reference to the porosimetric analysis 
(Fig. 4 and Table 3), the tuff exhibits a pronounced peak in the differ-
ential pore size distribution at approximately 1.9 nm, indicating a 
certain concentration of these micropores within the tuff. Besides, the 
rapid rise and plateau in cumulative pore volume suggest that the ma-
terial has a high proportion of small micropores with less contribution 
from larger pores (54 % of the total pore volume is ascribable to mi-
cropores, i.e. smaller than 2 nm). 

Passing to comparing the textural properties of the cation-exchanged 
samples with those of the pristine tuff, the results obtained show that the 
pore structure of all the synthesized samples can be altered to varying 

Na-6 Li-3

Fig. 2. SEM images at different magnification of tuff and ion exchanged samples.  
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extents, depending on the specific treatment. Specifically, when the tuff 
is exchanged with either Li+ or Na+ (Li-9 = 155 m2/g; Na-6 = 81 m2 

g− 1); namely an increase by over fourfold and twofold, respectively, 
with respect to the untreated tuff (36 m2 g− 1). Referencing to the 
porosimetric analysis, both Li-9 and Na-6 show a similarly elevated peak 
in the differential pore size distribution at approximately 1.9 nm. 
However, their cumulative pore volume profiles rise more smoothly and 
reach a higher plateau than the untreated tuff. This indicates an overall 
enhancement in their porosity due to the cation-exchange. More spe-
cifically, both Li-9 and Na-6 are characterized by a greater portion of 
micropore with respect to the untreated tuff; 87 and 77 % of their total 
porosity, respectively, can be attributed to small micropores (smaller 
than 2 nm). Moreover, it is also noteworthy that the increase of their 
total pore volume, and in turn of their SSA, is almost exclusively due to 
an enhancement of their microporosity compared to the pristine tuff. 
Indeed, it can be inferred that, while the volume of mesopores remains 
almost unchanged with respect to the original tuff, their microporosity 
experiences a substantial expansion, increasing more than fourfold and 
twofold, respectively. These results are in line with the enhancement of 
microporosity observed for other Li and Na-exchanged of zeolites [63]. 
On the contrary, it can be observed that the exchange with NH4

+ is quite 
inefficient in enhancing the textural properties of the tuff. Indeed, the 
NH4-exchanged sample, i.e. NH4-6, continues to exhibit the inherently 
low SSA and pore volume typical of the pristine tuff. This outcome 
highlights the crucial impact of cation size on the pore architecture. The 
different behavior between all the cation exchanged samples can be, 
indeed, ascribed to the ionic radii of the different elements used in the 
tuff exchange process (Li+ = 0.68 Å; Na+ = 0.97 Å; NH4

+ = 1.4 Å [45]). 
Particularly, the smaller sizes of Li+ and Na+ allow them to occupy less 
volume compared to the larger NH4

+, leading to an enhanced porous 
volume that is not achievable with the NH4

+ exchange. Finally, the 
outcome for NH4-6_Li-3 (63 m2 g− 1), representing the sample first 
exchanged with NH4

+ and then with Li+, aligns with the above-described 
impact of differently sized cations. Specifically, introducing Li+ into the 
NH4-6 sample framework significantly boosts its SSA and Vp, compared 
to NH4-6 (7 m2 g− 1). This improvement is a result of replacing the larger 
NH4

+ cations with the smaller Li+ cations, which effectively creates 
additional pore volume within the material. 

The results of the ICP-MS analysis and the values of cation exchange 
degree, CEc (with c being either Li, Na or both of them), of all the 
exchanged samples are reported in Table 4. Firstly, it can be observed 
that the Li-exchange is generally linked to a notable decrease of Na with 
respect to the pristine tuff (Table 4), showing that the introduction of Li 
in the tuff framework occurs at the expense of the original Na content, 
even though a slight reduction of K content has also been observed (i.e. 
Li cations mostly replace Na cations). On the contrary, in the case of the 
Na-exchanged sample (Na-6), it has been observed that the increasing 
amount of Na in the tuff framework occurs at the expense of different 
cations, namely K, Ca, Fe and Mg. 

The value of CENa reported for the untreated tuff represents a just a 

Fig. 3. XRD patterns of tuff and ion exchanged samples.  

Table 3 
SSA and pore volume of the analyzed samples.   

SSA 
m2 g− 1 

Vp 

10¡2 cm3 g¡1 
Vmicro 

10¡2 cm3 g¡1 

Tuff 36  2.13  1.15 
Na-6 81  3.94  3.05 
Li-9 155  5.78  5.05 
NH4-6 7  1.39  0.85 
NH4-6_Li-3 63  4.07  1.87  

Fig. 4. Differential (a) and cumulative (b) pore size distributions of tuff and ion 
exchanged samples. 

Table 4 
Results of ICP-MS and CE of all the synthesized cation-exchanged samples.   

Na 
%wt 

Li 
%wt 

Al 
%wt 

CELi 

% 
CENa 

% 
Li/Na* 
- 

CE(LiþNa) 

% 

Tuff  2.1 –  9.8  0.0  25.1** –  25.1 
Na-6  4.0 –  6.9  0.0  68.7 –  68.7 
Li-3  1.3 0.5  10.4  18.4  15.1 1.2  33.5 
Li-6  1.1 1.3  10.7  46.0  9.9 4.6  55.9 
Li-9  0.7 1.9  11.3  63.5  6.8 9.4  70.3 
NH4-3  1.9 –  10.3  0.0  21.4 –  17.6 
NH4-6  1.8 –  10.1  0.0  21.2 –  15.8 
NH4-3_Li-3  1.3 0.5  10.5  17.4  14.2 1.2  31.5 
NH4-6_Li-3  1.2 0.5  10.5  16.7  13.8 1.2  30.5 

*molar fraction. 
**theoretical CEc. 
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theoretical cation exchange degree; specifically, the percentage of 
framework where negative charges are compensated by the Na inher-
ently present in the pristine tuff. Based on the results in Table 4, it can be 
observed that, for the same number of cation-exchange cycles, the 
amount of cation that can be inserted is independent of the cation na-
ture, whether it is Na or Li (i.e. cation-exchange performed in aqueous 
solutions of either NaCl or LiCl). Indeed, in both Na-6 and Li-6 the six 
cation-exchange cycles result in an approximately 45 % increase in the 
compensation of the negative framework charges (AlO4

− ) from either Na 
or Li. CELi of Li-6 is 46 % and the CENa of Na-6 is 68.7, corresponding to a 
variation of CENa with respect to the original tuff of 44 %. However, it 
must be noted that when considering both cations, Li-6 (55.9 %) is less 
exchanged compared to the Na-6 (68.7 %) on an overall basis. 

The effect of the number of cation-exchange cycles has been assessed 
by preparing Li-exchanged samples at three and nine cycles, denoted as 
Li-3 and Li-9, respectively. It can be inferred that increasing the number 
of consecutive cation-exchange cycles leads to a progressive rise in the Li 
content within the tuff and a corresponding reduction of the remaining 
Na cations; a less evident gradual reduction of K content has also been 
observed. Specifically, the Li-exchange degree goes from 18.4 % in Li-3 
(Li/Na = 1.2), with three cation-exchange cycles, up to 63.5 % in Li-9 
(Li/Na = 9.4), which has undergone nine cation-exchange cycles. 

It is also important to highlight that, despite a reduction in the Na 
content, the overall cation exchange degree, CE(Li+Na), which accounts 
for the overall compensation of the negative framework charges 
resulting from both Na and Li, tends to rise as the number of Li-exchange 
cycles increases, going from 33.5 up to 70.3 %. 

With reference to the cation exchange pre-treatment performed in 
NH4OH aqueous solution, it is evident that it results in a slight reduction 
of the Na content, also accompanied by a minor decrease in K content. 
Indeed, NH4-3 and NH4-6, prepared with three and six cation-exchange 
cycles, respectively, experience a reduction of about 10 and 13 % in their 
Na content with respect to the pristine tuff (corresponding to a CENa of 
17.6 and 15.8 %). 

Finally, the possibility to enhance the cation-exchange capacity of 
natural zeolites with a previous substitution with NH4

+ cations has been 
assessed subjecting the NH4-exchanged samples to three consecutive Li- 
exchange cycles, thus obtaining the NH4-3_Li-3 and NH4-6_Li-3 samples. 
However, it can be clearly observed that this preparation results in the 
same Li content (Li = 0.5 %wt, corresponding to a CELi of about 17 %) as 
compared to Li-3 (Li = 0.5 %wt, corresponding to a CELi of about 18 %), 
namely the Li-exchanged sample that has not undergone the pre- 
treatment. Therefore, in the case of the natural tuff examined in this 
study, NH4

+ cations do not affect the Li+ incorporation. 

CO2 adsorption tests 

The breakthrough curves derived from the dynamic adsorption tests 
was elaborated in order to obtain: the adsorption isotherms, the values 
of breakthrough time (tb), the time parameter (Δτ), and the fraction of 
bed used at tb (W). Fig. 5 reports the breakthrough curves obtained for a 
CO2 inlet concentration of 10 %vol. and a temperature of 25 ◦C; similar 
trends were obtained at all the other tested inlet CO2 concentrations and 
temperatures. 

Significantly, it is noteworthy that Li-9 demonstrates the longest 
breakthrough time, approximately 5 min, while Na-6 exhibits the 
sharpest-shaped profile. The adsorption isotherms, obtained at 25 ◦C, 
which was fitted using the Freundlich model, and all the evaluated pa-
rameters, tb, Δτ and W, as functions of PCO2 are reported in Fig. 6 and 
Fig. 7, respectively. Similar trends were obtained at all the other tested 
inlet CO2 concentrations and temperatures Table 5 presents the value of 
the CO2 adsorption capacity (denoted as qe) obtained for all the samples 
at the different tested CO2 partial pressure. Table 6 provides the values 
of the model parameters along with the values of R2 and HYBRID. 

With reference to Fig. 6, the experimental data points are repre-
sented by markers, while the solid lines correspond to the outcomes of 

the isotherm model. 
It is evident, from Fig. 6 and Table 5, that the CO2 adsorption ca-

pacity (namely the quantity of CO2 adsorbed at the thermodynamic 
equilibrium) increases as PCO2 is raised; this aligns with the notion that, 
from a thermodynamic standpoint, PCO2 serves as the driving force for 
the adsorption process. 

From a kinetic perspective, PCO2 positively impact the CO2 adsorp-
tion rate. Indeed, the adsorption process becomes faster, meaning that 
the time required to reach the equilibrium decreases and the break-
through curves become progressively steeper with higher values of PCO2. 
This is evident from the reduction of Δτ and the increase of W as PCO2 is 
increased (Fig. 7b and c). This observed result can be explained 
considering that, when PCO2 is increased, the adsorption process speeds 
up, primarily due to an enhanced mass transfer rate resulting from the 
increased adsorption driving force [64]. Lower values of PCO2, on the 
contrary, slow down the adsorption process (i.e. slower breakthrough 
curves) because the CO2 concentration front requires a longer time to 
reach the column outlet [5,65,66]. This observation aligns with findings 
reported in various studies that employ physical sorbents for CO2 cap-
ture [5,65,66]. 

As regards the breakthrough time, tb, it is adversely impacted by the 
CO2 partial pressure; indeed, regardless of the specific sample, it de-
creases when PCO2 is increased (Fig. 7a). This result stems from the 
interplay of two contrasting phenomena: 

Fig. 5. Breakthrough curves for CO2 adsorption on all the samples (C0 = 10 % 
vol; T = 25 ◦C). 

Fig. 6. CO2 adsorption isotherms obtained for all the samples and fitted by the 
Freundlich model (T = 25 ◦C). 
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a. From a thermodynamic perspective, higher values of CO2 partial 
pressure lead, indeed, to an increased sorbent adsorption capacity, as 
stated above, thereby tending to prolong the breakthrough time. 
Anyway, the dependence of CO2 capacity on PCO2 is less than linear 
(Fig. 4). 

b. Conversely, from a kinetic perspective, increased PCO2 levels accel-
erate the adsorption process by increasing the process driving force, 
resulting in the sorbent being more quickly saturated and, conse-
quently, in tb tending to be also decreased. 

As a consequence of these opposite influences, the net result is that tb 
decreases with increasing PCO2. This means that the impact of PCO2 on 
accelerating the adsorption process (“kinetic effect”) prevails over its 
effect on increasing the adsorption capacity (“thermodynamic effect”). 

Form the analysis of Fig. 6 and Table 6 it can be clearly inferred that 
the model provides a good fit to the experimental results, consistent with 
findings on physical sorbents obtained by other researchers [55,67–74]. 
This is further substantiated by the fact that R2 consistently exceeds 
0.98, and HYBRID consistently remains below 0.5 %. Furthermore, 
concerning the outcomes derived from the Freundlich model, it is 
noteworthy that the values of n consistently exceed 1 for all the samples. 
This observation suggests a high level of energetic heterogeneity of the 
solid surface as well as a strong intensity of adsorption [52,75,76], 
which is in line with the results reported for tuff and other natural ze-
olites [43,77]. 

Fig. 8 shows the isosteric heat of adsorption (Qst), evaluated for all 
the samples, as a function of the equilibrium surface loading. The 
magnitude and variation of Qst during CO2 adsorption, specifically with 
increasing surface loading, offer insights into the molecular-scale in-
teractions between CO2 molecules and the adsorbent and also sheds light 
on the energetic heterogeneity of the solid surface [54]. Primarily, it can 
be inferred that all the samples exhibit Qst values ranging between 11-20 
and 30–65 kJ mol− 1, indicative of a purely physical interaction (< 80 kJ 
mol− 1) [69] and in line with the results reported in the literature on 
similar materials [78]. This consistency across samples suggests that the 
adsorption process, regardless of cation exchange or the introduction of 
different ions, is primarily governed by physical forces such as Van der 
Waals interactions, hydrophobicity, and other physisorption mecha-
nisms [79]. Nonetheless, it is noteworthy that the exchanged samples 
exhibit larger values of Qst with respect to the pristine tuff (Fig. 8). This 
finding underscores an enhanced interaction between CO2 molecules 

Fig. 7. Breakthrough time (a), tb, time parameter (b), Δτ, and fraction of bed 
utilized at tb (c), W, as functions of the CO2 partial pressure (PCO2) for all 
the samples. 

Table 5 
Equilibrium CO2 adsorption capacity (qe) obtained at different PCO2 and T = 25 ◦C.  

PCO2 Tuff Na-6 Li-3 Li-6 Li-9 NH4-3 NH4-6 NH4-3_Li-3 NH4-6_Li-3  

0.02  0.182  0.442  0.215  0.455  0.505  0.135  0.132  0.301  0.286  
0.03  0.255  0.505  0.311  0.525  0.605  0.195  0.189  0.375  0.355  
0.05  0.354  0.595  0.429  0.649  0.754  0.288  0.290  0.465  0.421  
0.10  0.476  0.732  0.558  0.797  0.948  0.488  0.466  0.617  0.565  
0.15  0.492  0.812  0.671  0.859  1.004  0.560  0.538  0.667  0.643  
0.20  0.536  0.887  0.735  0.901  1.095  0.610  0.567  0.725  0.701  

Table 6 
Freundlich adsorption equation parameters and fitting comparison (T = 25 ◦C).   

KF 

mmol g¡1 
n 1/n 

- 
R2 

- 
HYB. 
% 

Tuff  1.110  2.348  0.426  0.986  0.459 
Na-6  1.441  3.345  0.299  0.999  0.007 
Li-3  1.690  2.031  0.492  0.995  0.269 
Li-6  1.501  3.391  0.295  0.998  0.124 
Li-9  1.890  3.093  0.323  0.997  0.180 
NH4-3  1.815  1.587  0.630  0.988  0.391 
NH4-6  1.648  1.646  0.607  0.985  0.458 
NH4-3_Li-3  1.355  2.714  0.368  0.997  0.122 
NH4-6_Li-3  1.321  2.621  0.381  0.999  0.034  
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and the sorbent surface achieved through the cation-exchange 
modification. 

Then, it is evident that Qst decreases with a rise in CO2 surface 
loading, indicating the high heterogeneity of the samples and a variation 
in adsorbate-adsorbent and adsorbate–adsorbate interactions [80]. 
During the initial stages of adsorption, numerous free adsorption sites 
are accessible on the surface of the samples. Consequently, CO2 mole-
cules can readily make direct contact with the adsorbent surface, leading 
to more intense forces between CO2 molecules and the adsorbent. As a 
result, the activation energy is low, and the heat of adsorption is high. As 
the adsorption process progresses, with an increase in surface coverage, 
fewer adsorption sites remain available. Consequently, the adsorption of 
additional CO2 molecules becomes increasingly challenging. Moreover, 
with rising surface coverage, adsorbate–adsorbate interactions become 
significant. This suggests the presence of lateral interactions in the 
adsorbed layers, encompassing attractive/repulsive London dispersion 
intermolecular forces among adsorbed CO2 molecules [80–82]. Conse-
quently, with the progression of the adsorption process, there is an in-
crease in activation energy and a decrease in the heat of adsorption 
[83,84]. 

The results obtained from the adsorption tests clearly evidenced that 
both the Na- and Li-exchanged samples exhibit better CO2 adsorption 
performances as compared to the pristine tuff, with Na-6 and Li-6 
equilibrium adsorption capacities reaching values as high as approxi-
mately 0.9 mm g− 1 at a CO2 partial pressure of 0.2 atm (an increase of 
about 80 % with respect to the pristine tuff). More specifically, Na-6 and 
Li-6 are characterized by nearly identical adsorption isotherms, with a 
slight advantage in favor of Li-6 within the range of 3-9 %. However, it is 
important to underline that, when considering the overall cation- 
exchange degree, i.e. CE(Li+Na), Li-6 (55.91 %) is globally exchanged 
to a lesser extent than Na-6 (68.71 %). Nonetheless, it exhibits slightly 
superior CO2 adsorption performances, thus evidencing that Li- 
exchange is slightly more effective than the Na-exchange in enhancing 
the CO2 adsorption performances of the studied tuff. This result can be 
elucidated by considering the interaction between the quadrupole 
moment of CO2 molecules and the electrostatic field of the tuff, as 
suggested in [85]. Despite the larger Na cations contributing to greater 
basicity in the tuff framework, the smaller Li cations offer a significantly 
higher electrostatic field intensity, particularly in terms of the charge 
density. This ultimately leads to a much stronger ion–quadrupole 
interaction, and therefore higher CO2 adsorption energy, in the case of 
Li-exchanged tuff [45]. This result is also confirmed by the larger isos-
teric heat of the Li-exchanged samples with respect to the Na-exchanged 
samples (Fig. 8), which testifies the stronger interaction between CO2 
and the Li+ cations compared to Na+ cations. It is also worth mentioning 

that the observed variation of Qst follows the same sequence as the ba-
sicity of the samples (Li+ < Na+), as typically observed for alkali- 
exchanged zeolites [86]. Likewise, the NH4-exchanged samples are 
characterized by values of Qst very comparable to the untreated tuff, in 
line with the observed similar CO2 adsorption performances. 

With reference to the effect of the composition of extra-framework 
cations, it can be inferred that increasing amount of Li inside the 
framework has a beneficial effect on the CO2 adsorption performances. 
Indeed, increasing the Li-exchange degree from 18.42 %, in Li-3 (Li/Na 
= 1.22, with 3 cation-exchange cycles) up to 63.53 % in Li-9 (Li/Na =
9.36, with 9 cation-exchange cycles), the amount of CO2 adsorption can 
be enhanced by approximately 50 % to 135 %, depending on the CO2 
partial pressure. It is also noteworthy that at same overall percentage of 
cation-exchange, i.e. CE(Li+Na) of about 70 %, the sample with Li as the 
dominant cation, Li-9, exhibits better adsorption performances 
(approximately 30 % improvement) than the Na-enriched tuff, Na-6. 
This result is also in line with the superior textural properties (SSA 
and pore volume) exhibited by Li-9 with respect to Na-6. 

Regarding the NH4-exchanged samples, it can be observed that the 
adsorption behavior of both NH4-3 and NH4-6 is quite similar to that of 
the untreated tuff (Fig. 6 and Table 5). This result can be attributed to 
their comparable textural characteristics to the original tuff, namely, the 
relatively low specific surface area and micropore volume. Likewise, in 
line with the evidence that the previous substitution with NH4

+ cations 
has practically no impact on the ultimate amount of Li in the framework 
as compared to the corresponding Li-exchanged sample that has not 
undergone pre-treatment, NH4-3_Li-3 and NH4-6_Li-3 are characterized 
by CO2 adsorption isotherms entirely similar to that of Li-3. 

The multi-cyclic stability of the synthesized sorbents has been eval-
uated carrying out 10 consecutive adsorption/desorption cycles. The 
results obtained, in terms of equilibrium CO2 adsorption capacity (qe) 
over increasing number of cycles (n), are reported in Fig. 9. Regardless 
of the specific cation-exchange type, the adsorption performances of all 
the synthesized samples remain constant over all the cycles, aligning 
with the inherent stability observed in zeolitic materials commonly used 
as physical sorbents [87]. This result underscores the robust reliability 
and durability of the synthesized samples as potential candidates for 
applications requiring repeated adsorption/desorption cycles. 

Fig. 10 shows the N2 adsorption isotherm obtained at 25 ◦C for Li-9, i. 
e. the top-performing ion-exchanged sample. Clearly, CO2 is adsorbed in 
a much larger amount than N2, ranging from a selectivity factor of 187 
for a 2 %/98 % CO2/N2 mixture down to 40 for a 20 %/80 % CO2/N2 
mixture. This is in line with results reported on zeolites in general and 
chabazite-like zeolites, that are widely recognized to be excellent mo-
lecular sieves capable of separating CO2 (3.3 Å) from N2 (3.6 Å) in flue 
gases [88]. Besides, these values of selectivity are larger than those re-
ported for both zeolites [86,87] and other types of sorbents, such as 

Fig. 8. Isosteric heat of adsorption (Qst) as a function of the CO2 surface 
loading for all the synthesized samples. 

Fig. 9. Equilibrium CO2 adsorption capacity (qe) of all the samples vs the 
number of cycles (n). T = 25 ◦C (Adsorption); 150 ◦C (Regeneration). 
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activated carbons [24] and MOFs [59]. 

Conclusions 

This work explores the critical role of cation-exchange processes in 
enhancing the CO2 adsorption capabilities of natural tuff, derived from 
construction and demolition (C&D) waste, for effective post-combustion 
capture of CO2 from industrial flue gases. In particular, the experimental 
investigation, carried out in a fixed-bed reactor at low CO2 partial 
pressure (< 0.2 atm), examines the dynamic adsorption capacity of both 
untreated and cation-exchanged tuff. Key conclusions drawn from the 
experimental outcomes include:  

1. Impact of cation species  
• Textural properties - The analyses of surface texture and porosity 

highlight the profound impact of cation exchange on the tuff’s 
textural features, especially concerning changes in microporosity 
and specific surface area (SSA). The extent of these modifications is 
largely determined by the size of the cation, emphasizing the intri-
cate relationship between ion exchange and material characteristics, 
as well as the critical role of cation selection for tailored applications. 
Notably, ion exchange with Li+ and Na+ markedly increases both 
SSA and microporosity, demonstrating the potential for improved 
CO2 capture performance.  

• Li-exchange superiority - Despite a lower overall cation exchange 
degree, Li-exchanged tuff (Li-6) surpasses Na-exchanged tuff (Na-6) 
in the CO2 adsorption capacity. This result is ascribed to the 
enhanced ion–quadrupole interaction facilitated by Li higher elec-
trostatic field intensity. This superiority is also confirmed at fixed 
overall CEc (about 70 %); indeed, Li-9 is characterized by better 
adsorption performances than Na-6, which is also in line with its 
superior textural properties (SSA and pore volume) with respect to 
Na-6.  

• Ineffectiveness of NH4
+ pre-treatment – ion exchange with NH4

+ fails 
in improving the textural properties of the tuff; NH4-exchanged 
samples keep the characteristically poor textural properties of the 
pristine tuff, resulting in CO2 adsorption performances that closely 
mirror those of the untreated material. Besides, preliminary substi-
tution with NH4

+ prior Li-exchange, has also minimal impact on the 
ultimate amount of Li in the framework. NH4-3_Li-3 and NH4-6_Li-3 
exhibit CO2 adsorption behaviors akin to the equally Li-exchanged 
sample (i.e. Li-3), suggesting that NH4

+ cations do not substantially 
affect the subsequent Li+ incorporation.  

2. Optimizing Li content for enhanced adsorption  
• Li-content correlation - Increasing the Li-exchange degree from Li-3 

to Li-9 leads to a substantial and progressive enhancement of the CO2 

adsorption process (in terms of all the evaluated CO2 adsorption 
parameters). The positive correlation between Li content and 
adsorption performances underscores the potential for carefully 
optimizing Li-exchange cycles to significantly boost CO2 capture 
efficiency.  

3. Adsorption isotherms  
• Model fitting quality - The Freundlich model proves effective in 

describing non-ideal multilayer adsorption on synthesized tuff sam-
ples. Its consistent good fit to experimental data, as indicated by high 
coefficients of determination (R2) and low HYBRID error function 
values, affirms its suitability.  

4. CO2/N2 selectivity  
• CO2 is captured in significantly greater quantities than N2 on Li-9, 

with selectivity factors varying from 187 in a 2 %/98 % CO2/N2 
mixture to 40 in a mixture containing 20 %/80 % CO2/N2 mixture. 
These selectivity levels are notably higher than those observed for 
traditional sorbents like zeolites, activated carbons, and MOFs.  

5. Multi-cyclic stability  
• Regardless of the specific cation-exchange type applied, the 

adsorption capacities of all synthesized samples remain unchanged 
over 10 consecutive adsorption/desorption cycles, aligning with the 
typical multi-cyclic stability observed in zeolitic materials. 

In summary, this research underscores the intricate relationship 
between cation-exchange processes, particularly with Li and Na, and the 
resulting CO2 adsorption behavior in natural tuff. Derived from con-
struction and demolition waste, this material shows promise as an 
affordable and sustainable CO2 adsorbent, offering insights that can 
contribute to optimizing materials and processes for enhanced carbon 
capture efficiency in the context of climate change mitigation. 
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