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Abstract

Sustainable and efficient removal of nutrients in decentralised wastewater treatment is
still challenging. This work focused on the characterisation of natural clinoptilolite and
chabasite as low-cost and recyclable ammonium adsorbents. Inductively coupled plasma
analysis showed Si/Al ratios of 3.92 and 2.30 for clinoptilolite and chabasite, respec-
tively. X-ray diffraction tests showed different material purities (93% for clinoptilolite
and 73% for chabasite). The Brunauer–Emmett–Teller (BET) reported specific areas of
291.6 m2·g−1 and 29.9 m2·g−1 for chabasite and clinoptilolite, respectively. Single point
pore volume at P/P0 = 0.99 was 0.2 cm3 g−1 and 0.12 cm3 g−1 for chabasite and clinop-
tilolite, respectively. Adsorption capacities derived from batch adsorption tests were
1.66 ± 0.08 mg·g−1 and 1.47 ± 0.03 mg·g−1 for clinoptilolite and chabasite, respectively
(Ceq = 10 mg·L−1). In all column tests, the adsorption capacity of clinoptilolite was higher
(2.48 ± 0.3 vs. 2.21 ± 0.2 mg·g−1), a result inconsistent with its lower exchange capacity
and lower specific surface area. Although it is difficult to clearly define the leading mech-
anism for adsorption, the difference between the two materials is probably due to the
slower adsorption kinetics of chabazite, while the purity of the material may also have
contributed. Applications of these sustainable materials for ammonium adsorption in
decentralised wastewater treatment is promising, although determining their detailed
preliminary characterisation is fundamental.

Keywords: decentralised wastewater treatment; sustainable adsorbents; natural zeolites;
nutrient removal; clinoptilolite; chabasite

1. Introduction
Water treatment, particularly in developing countries, requires decentralised plants

that guarantee adequate pollutant removal efficiency at limited costs. These plants usually
make use of low-cost or nature-based solutions, which sometimes have limitations in the
removal efficiency of certain components, such as nutrients [1]. When the effluent to be
treated comes from septic tanks or pit latrines, nitrogen is present in high concentrations,
especially in the ammoniacal (reduced) form. In the last several decades, experimental
studies for ammonia nitrogen removal from water have steadily advanced. Ammonium
compounds are characterised by an extreme solubility in the presence of water. Ammonium
nitrogen in water can have negative impacts on aquatic ecosystems, leading to toxicity
in fish and other organisms, disrupting the natural balance through eutrophication, and
potentially impacting human health if consumed [2]. Removing ammonium requires com-
plex treatments: biological treatments (nitrification and denitrification, biodegradation),
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chemical treatments (oxidation, chlorination), electrochemical and chemical–physical treat-
ments (ionic exchange) [3,4]. Breakpoint chlorination is the most widely used method for
ammonia removal. Despite its effectiveness, though, this method of treating water leads
to the creation of organohalogen chemicals that have been linked to cancer [2]. Biological
treatments are often the most effective method for nutrient removal in wastewater, but their
complexity can make them difficult to implement in certain contexts [5]. Emerging insights
into biological nitrogen transformation have only been described recently [6]. Biological
processes necessitate considerable operational and maintenance expenditures, as well as
careful control of operating parameters such as pH, dissolved oxygen, and temperature [7].
In anaerobic membrane bioreactors, pH regulation and fouling mitigation are still major
challenges [8]. Additionally, tank aeration is associated with a significant demand for
energy [9]. Advanced oxidation processes have been extensively studied with high result-
ing performance but high energy consumption [10]. Since neither chemical nor biological
processes are easily applicable in these processes, the removal efficiency of ammonium can
be limited [11], thus constricting the water reuse possibilities.

Adsorption can be a viable alternative for wastewater purification [12,13]. The crucial
challenge in the adsorption process is to select an appropriate adsorbent with optimal
characteristics, including high adsorption capacity, selectivity, rapid adsorption kinetics,
and reusability [14]. Synthetic materials offer tunability but at a higher cost [15]. In order to
keep costs reasonable, the adsorbent material must demonstrate high adsorption capacity
and be economical, easy to handle, and readily available [16].

Natural zeolites are abundant materials on Earth, potentially suitable for this purpose.
Zeolites are crystalline minerals with a structure formed by interconnected tetrahedra. In
zeolites, the replacement of Si for Al results in a negative charge in the lattice, which is
typically counterbalanced by additional framework cations, also known as exchangeable
cations (Na, K, Ca, etc.), which can be readily replaced by other cations. The zeolite mineral
that forms is controlled mostly by the pH of the water solutions involved and the Si/Al
ratio in the initial material [17]. Zeolites created from volcanic rocks that are rich in silica
are mostly clinoptilolite–mordenite-rich. Comparatively silica-poor rocks, however, mostly
form zeolites that are rich in phillipsite and chabasite [4]. Zeolites are not limited to natural
minerals, but are often prepared synthetically for industrial processes requiring fine-tuned
materials. Their structure comprises cavities and channels that are occupied by water
molecules or extra-lattice cations, which are capable of exchanging cations when in contact
with an electrolyte solution [18].

Ion exchange is the process of exchanging ions between a liquid and a solid phase.
The solid phase is charged and this charge is balanced by ions of the opposite charge,
named counterions. Cation exchange capacity (CEC) is defined as the amount of positive
charge that can be exchanged per mass of solid. Zeolites are widely used in ion exchange
applications, where they exchange cations from their structure with dissolved ones [16].

Zeolites have been widely studied over the past decades for contaminant adsorption
from wastewater, in both natural and chemically or physically modified forms [19]. Nev-
ertheless, the adsorption behaviour of zeolites still needs to be fully understood through
detailed characterisation studies [20]. A key parameter for the adsorption behaviour of
zeolites is the silicon-to-aluminium ratio (Si/Al). The Si/Al ratio can vary from 1 to 46 [21].

Other primary characteristics of zeolites are their porosity, cation exchange capacity,
and reversible dehydration. The channels permit a high degree of selectivity due to the
crystalline structure, which defines regular cells capable of capturing both liquid and
gaseous molecules for adsorption. This capacity generally rises with increasing pressure
and decreasing temperature, although this behaviour may not apply in more complex
systems, such as in chemisorption processes or when specific interactions occur between the
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adsorbent and the adsorbate. Zeolites exhibit a preference (selectivity) for specific cations.
Clinoptilolite and chabasite have been shown to have a strong affinity with ammonium [22].

Clinoptilolite is a natural zeolite whose composition can vary slightly depending on
the origin of the mineral. The generic formula of clinoptilolite is M3–6(Al6Si30)O72·20(H2O),
where M represents exchangeable cations, mainly sodium (Na+), potassium (K+) and
calcium (Ca2+). The number of these cations varies to balance the charge of the structure [23].
Al, Si, O represent the skeleton of the zeolite, made up of silicon tetrahedra (SiO4) and
aluminium (AlO4) linked together. Its composition can vary depending on its origin [24].
Also, the Si/Al ratio may vary slightly and has an impact on the properties of zeolite [25].
Chabasite is also a natural zeolite whose composition can be variable. The generic formula
for chabasite is M(Al2Si4O12)·6H2O, where M represents one or more metal cations (usually
divalent such as Ca2+, or monovalent such as Na+ and K+) [26,27].

In the present study, two types of natural unmodified zeolites (clinoptilolite and
chabasite) were characterised and tested by means of a series of experimental measure-
ments under both static and dynamic conditions. The objective was to characterise the
adsorption capacity of these materials against water-dissolved ammonium ions (NH4

+),
in order to assess their possible application in water treatment plants. Experimental tests
were run at low initial ammonium concentration (10 mg·L−1), in order to evaluate the
potential use of these adsorbent materials in low-cost filtration systems, which could also
be applied in decentralised treatment plants. The research design proposed in this study
aims to address aspects that remain insufficiently characterised in the existing literature.
While a large proportion of previous studies have focused on engineered adsorbents and
treatment systems designed to remove ammonium from highly concentrated solutions
(typically in the order of hundreds of mg L−1), practical applications in decentralised
wastewater treatment often involve considerably lower residual ammonium concentra-
tions. The novelty of the present work lies in the direct comparison of two commercially
available natural zeolites, clinoptilolite and chabasite, under a consistent experimental
framework combining detailed material characterisation, equilibrium batch adsorption
tests, and long-term fixed-bed column experiments. Particular attention was devoted
to low initial ammonium concentrations (10 mg L−1), representative of partially treated
wastewaters requiring tertiary polishing treatments. In addition, adsorption columns were
characterised through tracer tests, allowing the estimation of transport parameters such as
the retardation factor and hydrodynamic dispersion coefficient. These parameters, together
with the experimentally determined adsorption capacities and breakthrough curves, pro-
vide information directly relevant to the design of real low-cost filtration systems, including
adsorbent sizing, expected service life, and prediction of breakthrough behaviour under
operating conditions.

2. Materials and Methods
2.1. Zeolites Employed

Two types of zeolites were tested: clinoptilolite and chabasite. The chabasite samples
came from a quarry located in Grosseto, central Italy. The material had a grain size of
1–3 mm, a density of 0.7–0.9 g·cm−3, and a porosity (volume of voids over volume of bulk
material) of 0.52–0.56. The clinoptilolite samples came from a quarry located in Arezzo,
central Italy. The material had a grain size between 3 and 5 mm, a density of 0.6–0.8 g·cm−3,
and a porosity of 0.45–0.5. The chemical composition of both materials is reported in
Table S1 (Supplementary Material). Before their use, the zeolites were washed and dried
for 4 h at 120 ◦C.
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2.2. Analytical Methods Employed

CEC values reported in this work were provided by the material suppliers and had
been determined using the methylthioninium chloride method [28]. Detailed information
on solution composition, calibration procedure, and calculation equations was not available;
therefore, these values are used only as complementary characterisation data. The cation
composition of the zeolite samples was determined by inductive coupled plasma–optical
emission spectroscopy analysis (ICP-OES) (Perkin Elmer Optima 2000 DV, Shelton, CT,
USA). The significance of ICP-OES analysis lies in its capacity to ascertain the chemical
composition of a given substance and to identify any impurities present [29]. The ICP-OES
instrument was calibrated with a master individual standard (Sigma Aldrich, Darmstadt,
Germany). The sensitivity of the instrument was 1 µg·L−1. The zeolite samples were
previously ground in a Retsch ball mill at a frequency of 30 Hz for 3 min, then exposed to
microwave acid attack (adding 2.5 mL of H2SO4 96%, 2.5 mL of H3PO4 85%, and 1 mL of HF
40%) [30]. Three replicates of the analysis were made using the microwave digestion system
(Microwave Labstation MLS 1200, Milestone, Sorisole, Italy). Reagent blanks were run
during ICP-OES analysis to ensure freedom from contamination. The crystalline structure
of zeolite samples was identified by means of XRD analysis (D/tex Ultra 250 detector,
Rigaku, Japan). Sorbent samples were manually crushed in a mortar to sub-mm size. The
test was carried out using a 40 kV, 30 mA X-ray generator, applying a scan rate of 2◦

per minute, scan range 2θ. Phase identification was carried out with dedicated software
(SmartLab Studio II), combined with the ICDD library. The specific area was determined
with the Brunauer–Emmett–Teller (BET) method. Pore volume and the specific surface area
of pores were obtained with the Gurvich rule (Tristar II Plus 3030 version 3.04, Micromeritics
Instrument Corporation). This instrument defines adsorption isotherms with pure nitrogen
at 77 K. Average repeatability of the BET instrument was ±1%. Prior to analysis, the
zeolite samples were degassed at 300 ◦C for 4 h. BET specific surface areas were calculated
from the adsorption isotherms using the relative pressure range P/P0 = 0.01–0.30. Ion
chromatography measurements were taken to measure chlorine concentration (Metrohm
Eco IC, Herisau, Switzerland). Ammonium concentration was measured using measuring
kits (Supelco Spectroquant Ammonium Test) and a spectrophotometer (UV31-scan, Onda,
Carpi, Italy). The complete list of chemical reagents employed during the study is reported
in the Supplementary Material.

2.3. Batch Adsorption Tests

Batch tests consisted of the introduction of a known mass of sample in a mixed reactor
and, after the equilibrium time, measuring the contaminant concentration at equilibrium.
For each sample, a mass of 10 g was introduced in 20 mm tubes. The tubes were filled with
50 mL of ammonia and de-ionised water solution with a known initial contaminant con-
centration (between 0.2 and 400 mg·L−1). The tubes were then inserted in a rotative mixer
and stirred for 14 h to allow adsorption equilibrium to be approached. The temperature
was 21 ◦C, and the stirring speed 8 rpm. Subsequently, the contaminant concentration in
the liquid phase was measured. Two replicates of the analysis were run. The adsorption
capacity qe was determined as a function of the equilibrium concentration in the aqueous
phase (Equation (1)).

qe =
C0 − Ceq

mad
V, (1)

where Ceq is the contaminant concentration in the liquid phase at equilibrium, C0 is the
initial contaminant concentration in the liquid phase, mad is the mass of adsorbent, and
V is the solution volume. The obtained results were compared against the Langmuir and
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Freundlich isotherm models. Matlab software (version R2025b) [31] was used for data
fitting. The Langmuir isotherm model is represented by Equation (2):

qe =
αβCeq

1 + αCeq
, (2)

where α and β are empirical constants. The Freundlich isotherm model is represented by
Equation (3):

qe = kC
1
N
eq , (3)

where k is the Freundlich capacity factor, and 1/N is the Freundlich intensity parameter.

2.4. Column Adsorption Tests

Column adsorption tests were conducted according to the scheme shown in Figure 1. A
polymethyl methacrylate column of height and diameter of 115 cm and 4.97 cm respectively
was used. The column was filled with 500 g of adsorbent. The zeolite samples were first
washed with ultrapure water, then dried for 1 h at 110 ◦C. Two gravel layers of 30 cm
height, one at the top and one at the bottom of the column, were inserted to allow a uniform
distribution of the flow. The column was operated as a closed system and the flow was
directed upwards. The tests were designed to maintain flow conditions (fluid velocity)
similar to those that might be found in a small decentralised wastewater treatment plant.

Figure 1. Configuration of column adsorption tests.

The experiment was conducted in three phases: conditioning, tracer test, and ad-
sorption test. The conditioning phase served to remove any impurities from the material
and achieve a steady-state flow distribution, resulting in complete saturation of the ma-
terial pores. Initially, ultrapure water was pumped into the column until steady-state
flow conditions were reached. When the outflow from the column was equal to the inlet
flow, pumping was stopped. In the second phase, a tracing test was run, which served to
characterise the hydraulic properties of the measurement system. In this test, a solution
of de-ionised water and KCl was injected into the column, and the dispersion coefficient
DL of the system was determined. The solution had a KCl concentration of 0.21 g·L−1,
corresponding to 95 ppm Cl−. The tracer solution was pumped into the column at a flow
Qin = 0.28 mL·s−1. Electrical conductivity was measured inside the filling tank.

Every 15 min, a sample was taken, and conductivity was measured inside the sample
tube. When the conductivity in the sample tube was equal to the conductivity in the tank,
pumping was stopped. The concentration breakthrough curve was plotted. Measured
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Cl− concentrations were fitted to the model (Equation (4)) to obtain the hydrodynamic
dispersion coefficient DL, and the effective velocity ve. DL and ve were thus obtained from
the conservative tracer tests and kept fixed during the fitting of ammonium breakthrough
curves. In the third phase, the column was washed, then the actual adsorption test was
carried out by injecting the ammonium solution at a known concentration. The initial
ammonium concentration was 10 mg·L−1. This value represents a residual concentration
that could potentially be reached at the outlet of a small water treatment plant, for which
tertiary treatment (e.g., filtration) would be necessary to remove it. Samples were taken
at the top of the column (end of the adsorbent layer) every 2 h. The test lasted until the
concentration measured at the column top was equal to the initial concentration. Two
replicates of the analysis were run. The contaminant adsorption process was modelled
with the differential equation reported in Equation (4). Equation (4) is based on the
one-dimensional advection–dispersion equation including a retardation term and a first-
order kinetic adsorption term. This model provides a physically based description of
solute transport in porous media and accounts for the main mechanisms expected in the
experimental columns, namely advection, hydrodynamic dispersion, adsorption, and mass-
transfer limitations. The model assumes homogeneous flow conditions, constant transport
parameters, negligible radial concentration gradients, and adsorption represented by a
lumped first-order kinetic process.

R
∂C
∂t

= DL
∂2C
∂x2 − ve·

∂C
∂x

− kC (4)

In Equation (4), R is the retardation coefficient, k is the kinetic constant, DL is the
hydrodynamic dispersion coefficient, and ve is the effective velocity of the fluid. The kinetic
coefficient k was considered an apparent lumped parameter describing non-equilibrium
adsorption and possible mass-transfer limitations. The analytical solution for a semi-finite
column, considering a step injection, is given by Equation (5):

C(x, t) =
1
2

C0exp
(

vex
2Dl

)
·

exp(−xβ)er f c
x − t

√
(v e/R)2 + 4Dlk/R2

2
√

Dlt/R
+ exp(xβ)er f c

x + t
√

(v e/R)2 + 4Dlk
R2

2
√

Dl t
R

, (5)

where x is the measurement height from the column bottom and β2 = v2
e

4D2
l
.

The adsorption capacity qt point was calculated as:

qt =
C0Q

∫ t
0

(
1 − C

C0

)
dt

M
(6)

where t is time (h), C0 (mg·L−1) is the initial influent ammonium concentration, C (mg·L−1)
is the effluent ammonium concentration at time t, M (g) is the mass of clinoptilolite in the
column bed, and Q (L·h−1) is the flow rate.

The experimental data-based breakthrough curve was also applied to the Thomas
model. The Thomas model, represented by Equation (7), was selected because it is one
of the most widely used models for analysing breakthrough curves in fixed-bed adsorp-
tion columns. It assumes plug-flow conditions and Langmuir-type adsorption kinetics
and allows the estimation of adsorption capacity and apparent adsorption rate constants
from experimental data. Although the model does not explicitly account for intraparticle
diffusion or film mass-transfer resistance, it provides a useful and widely accepted ap-
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proximation for comparing the performance of fixed-bed ammonium adsorption systems
reported in the literature [32].

Ct

C0
=

1

1 + exp
(

kThqe M
Q − kThC0t

) (7)

where Ct and C0 are the concentration of ammonia in the effluent at time t and the con-
centration of ammonia in the influent feed (mg·L−1), respectively; kTh is the model rate
constant (L·h−1·mg−1); and M is the mass of clinoptilolite used in the column (mg). The
model parameters were estimated using non-linear regression analysis [31].

3. Results
3.1. Characterisation Tests

The results of the ICP-OES analysis are reported in Table 1. Table 1 shows the amounts
of the main cations. The theoretical values of the cation exchange capacities, calculated
from the cation composition resulting from the ICP-OES analysis, are 2.79 meq·g−1 and
3.71 meq·g−1 for clinoptilolite and chabasite, respectively [27]. The experimental CEC
values were 1.80 ± 0.3 meq·g−1 and 3.25 ± 0.1 meq·g−1 for clinoptilolite and chabasite,
respectively. The experimentally reported CEC values were lower than the theoretical
capacities calculated from elemental composition. However, a detailed interpretation of
this discrepancy is beyond the scope of the present study because the CEC analyses were
performed externally and detailed testing conditions were not available [32].

Table 1. The results of the ICP-OES analysis.

Chabasite Clinoptilolite

Element Content (mol·kg−1) Si-Normalised Element Content (mol·kg−1) Si-Normalised

Mg 0.22 ± 0.003 0.037 0.16 ± 0.003 0.025

Ca 0.54 ± 0.170 0.090 0.29 ± 0.032 0.046

Na 0.18 ± 0.022 0.030 0.12 ± 0.009 0.019

K 0.82 ± 0.008 0.136 0.36 ± 0.007 0.057

Si 6.00 ± 0.036 6.30 ± 0.399

Al 2.60 ± 0.048 1.61 ± 0.222

The Si/Al ratio exerts a considerable influence on the material properties. A lower
Si/Al ratio corresponds to higher ion exchange capacity. The Si/Al ratios of clinoptilolite
and chabasite were 3.92 and 2.30, respectively. These values are in line with those reported
in previous studies [33]. If normalised according to the silicon content, chabasite shows a
higher cation content than clinoptilolite (Table 1).

XRD analyses were carried out on the clinoptilolite and chabasite samples to ascertain
the degree of purity and to detect external solid phases. Phase quantification was performed
by Rietveld refinement of the XRD patterns. The refinement quality indicators were
Rp = 12% and Rwp = 15%. The diffractograms of the two zeolite samples are reported
in Figures 2 and 3. For clinoptilolite, the spectrum analysis indicated that 93% of the
composition was pure clinoptilolite, while for the remaining 7%, tridymite (6%) and
cristobalite (<1%) were detected. For chabasite, 73% of the spectrum corresponded to
pure chabasite, while sanidine (17%) and biotite (10%) were also detected (Tables 2 and 3).
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Figure 2. Diffractogram of clinoptilolite sample.

 

Figure 3. Diffractogram of chabasite sample.

Table 2. Description and references for clinoptilolite diffractogram.

Mineral Phase Peak Positions (2θ, ◦) Reference

Clinoptilolite 9.84, 22.33, 22.46 [34]

Cristobalite 21.94, 31.66, 36.05 [35]

Tridymite 20.5, 21.67, 23.22 [36]

Table 3. Description and references for chabasite diffractogram.

Mineral Phase Peak Positions (2θ, ◦) Reference

Chabasite 9.47, 20.54, 30.52 [37]

Sanidine 23.52, 26.93, 27.61 [38]

Biotite 8.74, 26.42, 33.95 [39]
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The adsorption and desorption isotherms with pure nitrogen at 77 K are reported in
Figures 4 and 5. For clinoptilolite, the isotherm shows distinct adsorption and desorption
curves, forming a marked hysteresis in the relative pressure (P/P0) region between approxi-
mately 0.4 and 0.9. A very rapid increase in adsorbed volume is also visible near P/P0 = 1,
indicating capillary condensation in mesoporous or macroporous pores. The overall shape of
the curve suggests behaviour typical of a mesoporous material, with a minimal contribution
from microporosity (almost flat initial zone for P/P0 < 0.1). Adsorption and desorption di-
verge gradually, not sharply, indicating the presence of lamellar particle aggregates or slit-like
pores (open or not completely cylindrical pores). For chabasite, the adsorption and desorption
curves are almost superimposed, with limited hysteresis. The adsorbed amount increases
rapidly at low relative pressures (P/P0 < 0.05) and then tends towards an almost horizontal
plateau, indicating that most adsorption sites become readily saturated. No marked increase
is observed for P/P0 > 0.9, indicating that the presence of both mesopores and macropores is
limited. The isotherm indicates a microporous material with uniform pores. The average
specific BET areas measured with the porosimeter were 29.9 m2·g−1 and 291.6 m2·g−1 for
clinoptilolite and chabasite, respectively. The pore volume and specific surface area of pores
obtained with the Gurvich rule are reported in the Supplementary Material (Figures S1–S4).
The total pore volumes were 0.12 cm3·g−1 and 0.20 cm3·g−1 for clinoptilolite and chabasite,
respectively. These values are in accordance with previous studies [40].

 

Figure 4. Adsorption (blue) and desorption (orange) isotherms for clinoptilolite with pure nitrogen
at 77 K.

 

Figure 5. Adsorption (blue) and desorption (orange) isotherms for chabasite with pure nitrogen at 77 K.
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3.2. Batch Test Results

The results of batch adsorption tests for ammonium are presented in Figure 6. Two
replicate runs were done. Figure 6 shows that clinoptilolite has a higher adsorption
capacity than chabasite; the values of qe for Ceq = 10 mg·L−1 are 1.66 ± 0.08 mg·g−1 and
1.47 ± 0.03 mg·g−1 for clinoptilolite and chabasite, respectively. The pH of the batch test
solutions was measured and was approximately 6.7 ± 0.02. The experimental measures
were compared with the Langmuir and Freundlich models. The results of this fitting,
reported in Table S2 (Supplementary Material) and Figure 6, show that both models
behave similarly. The Freundlich isotherm afforded a better correlation coefficient for
data fitting (R2 = 0.99; Table S2, Supplementary Material). Thus, the experimental data
for both clinoptilolite and chabasite were satisfactorily represented by the Freundlich
model. The best fit of the Freundlich model indicates that the surface of the materials
is not homogeneous and there are sites with different adsorption energies. Furthermore,
adsorption does not stop at a monolayer but can proceed over multiple layers. Comparing
the two adsorbents, generally a higher value of the n coefficient has been reported in
the literature [33].

 

Figure 6. Adsorption isotherms for clinoptilolite and chabasite at 21 ◦C.

Adsorption thermodynamics studies can reveal internal energy changes during the
adsorption process. The standard free energy change (∆G◦) can be calculated using
Equation (8):

∆G0 = −RTlnKd (8)

where R is the universal gas constant (8.314 J·mol−1·K−1), T is the absolute temperature
(K), and Kd is the adsorption coefficient. Kd is calculated as (Equation (9)):

Kd =
C0 − Ce

Ce

V
M

(9)

where V is the volume of the solution, and M is the mass of zeolite. The adsorption
equilibrium constant was extrapolated by plotting ln Kd vs. Ce and extrapolating Ce to 0.

3.3. Column Adsorption Tests

Through the tracer test, the effective velocity ve and the dispersion coefficient DL were
determined. For clinoptilolite, ve = 2.4·10−4 m·s−1, and DL = 2.3·10−6 m2·s−1. For chabasite,
ve = 1.5·10−4 m·s−1, and DL = 3.3·10−6 m2·s−1. The ammonium adsorption column test
lasted approximately 500 h for clinoptilolite and 650 h for chabasite. Two replicates were
run. The initial ammonium concentration C0 was 10 mg·L−1. The pH of the solution
was measured before the tests, and it was 6.7 ± 0.02. The pH at the end of the tests
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had not changed compared to the initial value. The empty bed contact time (EBCT) was
approximately 63.5 min. No significant head loss increase or clogging phenomena were
observed during the experiments. The concentration breakthrough curve is reported in
Figure 7. The graph reports the ammonium concentration trend at three distinct column
positions (x = 0.1 m, x = 0.2 m, x = 0.3 m).

Figure 7. The breakthrough curves of the column adsorption test for ammonium with clinoptilolite
(black) and chabasite (red).

At the column bottom (x = 0.1), the breakpoints (C/C0 = 0.1) of ammonia occurred at
around 98 h and 69 h for clinoptilolite and chabasite respectively. The column exhaustions
(C/C0 = 0.9) were observed after 255 h and 289 h for clinoptilolite and chabasite respectively.

Fitting curves derived from Equation (5) are displayed Figure 7. The model fitting
was generated by varying the retardation factor R according to the lowest possible residual
from the experimental data. The resulting values of R are reported in Table 4. R was in the
range 742–1334 for clinoptilolite and 515–534 for chabasite. The value of R decreased with
increasing column height, probably due to the slight decreasing pressure with increasing
height in the column.

Table 4. Retardation factor at different column sampling heights.

Column Position x (m) Retardation Factor R

Clinoptilolite Chabasite

0.1 1334 534

0.2 852 520

0.3 742 515

Figure 7 also shows that the breakthrough phase is very slight, and that it takes a
long time to reach the breakthrough point, indicating that the column design could be
improved [41].

Complete material saturation was reached after 450 h and 650 h for clinoptilolite
and chabasite, respectively (x = 0.3 m). The ammonia uptake capacities at saturation
calculated with the Thomas model (x = 0.3 m) are reported in Table 5. These values
are close to the experimentally determined column capacities of 2.48 ± 0.3 mg·g−1 and
2.21 ± 0.2 mg·g−1. The number of treated bed volumes at breakthrough was approximately
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93 and 65 for clinoptilolite and chabasite, respectively, while column exhaustion occurred
after approximately 425 and 614 bed volumes.

Table 5. Fitting parameters with the Thomas model.

Sample Parameter Estimate SE Adjusted R2

Clinoptilolite
qe,Th 2.37 0.06

0.985
kTh 1.8·10−3 1.2·10−4

Chabasite
qe,Th 2.19 0.04

0.986
kTh 2.8·10−3 2.0·10−4

Free energy changes calculated with Equations (8) and (9) were −1760 J·mol−1 for
clinoptilolite, and −1345 J·mol−1 for chabasite. Negative ∆G◦ values indicate that the
adsorption processes are spontaneous.

4. Discussion
Zeolites are commonly used in various applications due to their high cation exchange

capacity and high surface area. The efficiency of these materials is highly dependent on
the nature of the contaminant. Zeolite performance of ammonium adsorption in both
batch and column tests has been reported on extensively. However, the direct comparison
of adsorption efficiency of various zeolite types is not straightforward, due to variable
experimental settings. The dosage of zeolite, concentration of ammonia, and contact time
are key determinants of adsorption [42]. In addition, the majority of previous studies
have reported adsorption capacities which are related to higher equilibrium concentrations
and/or higher adsorbent dosage. In an extensive review conducted by Shoumkova [43],
ammonium adsorption capacities between 1.3 mg·g−1 and 21.7 mg·g−1 were reported.
Additional and updated results of both batch and column experiments were also reported
by [20]. Fu et al. [44] reported an equilibrium adsorption capacity of 4.29 mg·g−1 for a
clinoptilolite having a BET surface area of 31.6 m2·g−1, very similar to that of the present
study. Modifying the natural samples allowed an increased qmax, up to 16.96 mg·g−1

(Table 6).

Table 6. Comparison of ammonium adsorption capacities reported for natural and modified zeolites.

Reference Zeolite Modification Test Type
Initial NH4

+

Concentration,
C0 (mg L−1)

Adsorption
Capacity, q

(mg g−1)

This study Clinoptilolite None Batch 10 1.66

This study Chabasite None Batch 10 1.47

This study Clinoptilolite None Column 10 2.48

This study Chabasite None Column 10 2.21

[38] Clinoptilolite None Batch 5 4.29

[38] Clinoptilolite NaNO3-modified Batch 5 16.96

[33] Clinoptilolite None Column 400 15.8

[43] Various natural zeolites Various Batch/Column Variable 1.3–21.7

The evaluation of the experimental tests conducted on the zeolite samples in this study
provides more insights on ammonium adsorption. The initial ammonium concentration
was limited to 10 mg·L−1 to assess absorption capacity at low concentrations, in order to

https://doi.org/10.3390/su18136396

https://doi.org/10.3390/su18136396


Sustainability 2026, 18, 6396 13 of 18

evaluate the use of these natural materials in low-cost filtration systems, which could also
be applied in decentralised treatment plants. Thus, the tests were designed to focus on low
initial concentration rather than finding maximum absorption capacity.

The results of the column tests show an overall material lifetime between 450 and
650 h before complete saturation (C/C0 = 0.9). This is considered a promising value for
the purpose of their potential use in small filtration systems. The results confirm that
clinoptilolite and chabasite show good affinity with ammonium. It should be noted that
both the first-order kinetic term and the Thomas model provide simplified descriptions of
ammonium ion exchange on natural zeolites. They do not explicitly account for competitive
exchange with background cations, intraparticle diffusion, or spatial heterogeneity of ad-
sorption sites. Therefore, the fitted parameters should be regarded as apparent parameters
valid under the experimental conditions adopted in this study.

The adsorption capacity reported in other studies on unmodified materials, when
referring to a low initial ammonium concentration (C0 < 10 mg·L−1), has generally been
higher, sometimes as high as 20 mg·g−1 [40,45]. However, these studies are difficult to
compare to the present one as the experimental conditions in those studies were not
fully specified, especially the cation exchange capacity of the materials or the flow rate
of the aqueous solution into the adsorbent column. A comparison can be made, though,
on the retardation factor. In this study, the retardation factor was found to be in the
ranges 742–1334 for clinoptilolite and 515–534 for chabasite. In a study by [40], retardation
factors in the range 979–1107 were found for ammonium adsorption with clinoptilolite.
Considering the above results, modifying the material physically or chemically could
certainly contribute to greater efficiency, even if this would entail additional costs [46].

Looking at the materials considered, it is difficult to clearly define the governing
mechanism for adsorption. Ion exchange is considered the dominant mechanism respon-
sible for ammonium removal by both zeolitic materials [19]. However, the experimental
results of this study showed that clinoptilolite showed better performance than chabasite.
This is in contrast with previous findings, in which chabasite was found to show higher
adsorption capacity. The adsorption capacities found do not reflect the difference in specific
surface area, which is about 10 times higher for chabasite than for clinoptilolite. Nor can
the difference in the CEC or Si-normalised cation content explain the results (Table 1).

One factor that can certainly influence this is the purity of the material (73% for
chabasite and 93% for clinoptilolite), identified by the XRD analyses. The presence of
sanidine and biotite in the chabasite sample may have reduced the effective amount of
active zeolitic material, acting mainly as inert diluents. However, when normalised for
purity, the adsorption capacity of chabasite remains lower than that of clinoptilolite. This
suggests that additional factors influenced adsorption performance. The N2 adsorption
isotherms indicate that the clinoptilolite-rich material exhibited a significant mesoporous
textural contribution, whereas the chabasite-rich material showed a stronger microporous
character. These observations reflect the overall texture of the natural zeolite-bearing rocks
rather than the intrinsic pore architecture of the pure zeolite crystal structures. Such textural
differences may influence intraparticle diffusion and the accessibility of exchange sites.
The larger pores observed in clinoptilolite may facilitate ammonium transport within the
adsorbent particles and promote faster attainment of equilibrium, whereas the narrower
pore network of chabasite may result in greater diffusion resistance. Although direct kinetic
measurements were not performed, this interpretation is consistent with the breakthrough
behaviour observed in the column tests and provides a plausible explanation for the higher
adsorption performance of clinoptilolite despite its lower BET surface area and CEC [47,48].
A factor complementary to the slow kinetics is probably the low initial concentration, which
determines a limited driving force for the exchange. However, this interpretation remains
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a hypothesis and should be verified through dedicated kinetic and mass-transfer studies.
Such studies should also include the improvement of regression fitting of the adsorption
isotherms [49].

An additional factor that may have contributed to the observed behaviour is the
different commercial granule size of the two materials (1–3 mm for chabasite and 3–5 mm
for clinoptilolite). While such differences are not expected to substantially affect the
intrinsic pore structure measured by N2 physisorption, they may influence mass-transfer
rates and intraparticle diffusion during adsorption experiments. Nevertheless, the marked
differences observed in BET surface area, pore volume, and adsorption isotherm shape are
more likely attributable to the different mineralogical structures and pore architectures of
the two zeolites [50].

Another factor to consider is the acidity of the solution, which is also known to affect
the adsorption performance of zeolites [51]. The pH measurements showed that, in this
study, a constant value of 6.7 ± 0.02 was maintained during the tests. At this pH value, the
equilibrium between ionised and un-ionised forms of ammonia is clearly shifted towards
the ionised form [52]. Nitrogen was therefore present in the ammonium form, and thus
readily available for the cation exchange process with the adsorbent. Thus, it is expected
that the acidity of the solution had no significant contribution in this study. Analysing the
effect of pH on adsorption, however, is an important factor currently addressed by other
scholars, and it should be further investigated in future tests [44].

The present study has some limitations that should be acknowledged. The adsorption
experiments were conducted using synthetic ammonium solutions under controlled labo-
ratory conditions. The effects of competing ions, dissolved organic matter, and suspended
solids commonly present in real wastewaters were not investigated. In addition, the study
focused on single-pass adsorption experiments and did not evaluate regeneration, reuse, or
long-term ageing of the adsorbents. The presence of competing cations could significantly
affect the ammonium removal from water through cation exchange, especially in the pres-
ence of potassium. Competing cations could bring to low fresh water specific productivity
and frequent regenerations of the adsorbent [53,54]. The feasibility of low-cost filtration
systems based on the use of zeolites will also depend on the possibility of recovering the
adsorbent material. In this regard, various options are currently being studied, including
the biological or ion exchange-based regeneration of the material, or non-regenerative
approaches based on the use of spent material in agriculture [53,55]. Although natural
zeolites are generally regarded as environmentally safe materials, exhausted adsorbents
may release retained ammonium if improperly managed. Therefore, regeneration, reuse, or
controlled disposal should be considered to minimise potential environmental impacts.

The experimentally determined breakthrough times and adsorption capacities may
be used as preliminary design parameters for estimating filter dimensions and media re-
placement frequency in decentralised treatment systems. However, full-scale design would
require additional information on wastewater composition, hydraulic loading, competing
ions, and regeneration strategy. The decision to design a removal system based on this ap-
proach will depend on both technical and economic factors, which will need to be assessed
on a case-by-case basis. A detailed economic assessment was beyond the scope of this
study. However, natural zeolites are generally less expensive than engineered adsorbents
because they require limited processing and are widely available. Their potential applica-
tion in decentralised wastewater treatment therefore appears promising, although future
studies should evaluate regeneration performance and life-cycle costs under real operating
conditions. In-depth experimental studies, supported by advanced data collection and
elaboration, could support this research [56,57].
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5. Conclusions
This study proposed the characterisation and comparison of natural zeolites for am-

monium removal from water at low initial concentration (10 mg·L−1 for column tests).
Given the observed saturation dynamics, the use of these materials seems applicable, es-
pecially in the context of sustainable low-cost purification technologies for developing
countries. Nevertheless, the adsorption capacity of the tested samples was lower than
the average values previously found for chemically or physically modified sorbents. The
comparison between clinoptilolite and chabasite showed contrasting results with respect
to previous studies. Although it is difficult to clearly define the leading mechanism for
adsorption, the difference in the behaviour of the two materials is probably to be found
in the analysis of the pores and the kinetics of the exchange process. The microporous
nature of the chabasite sample may imply higher diffusive resistance resulting in slower
penetration of the contaminant molecules inside the material. The purity of the material
(17% of sanidine was found in chabasite samples) may also have contributed to these results.
Future studies should focus on the quantification of adsorption kinetics, intraparticle diffu-
sion, and mass-transfer limitations under both batch and dynamic conditions. Particular
attention should be devoted to understanding how pore structure (microporous versus
mesoporous characteristics) influences ammonium transport, accessibility of exchange sites,
and overall adsorption performance at low ammonium concentrations. For the purpose
of possible applications, this study’s detailed characterisation of the material seems ap-
propriate. Future applicative studies should be addressed to test these materials under
real operating conditions. Adsorption capacity with real wastewater could be significantly
different from the values obtained, depending on environmental conditions, the presence
of suspended solids, pH, and possible trap-door effects. The decision to design a removal
system based on zeolite adsorption will depend on both technical and economic factors,
which will need to be assessed on a case-by-case basis. However, such a design will not
overlook basic sustainability principles, including circular economy, BAT techniques, and
the “near-zero discharge” of hazardous wastes. From a circular economy perspective,
ammonium-saturated zeolites may be regenerated through ion exchange treatments and
reused in adsorption processes. Alternatively, because of the retained nitrogen content,
they could be valorised as slow-release fertilisers or soil amendments, provided that no
harmful contaminants are present.
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