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Investigation of water softening
using ceramic adsorbents in a
continuous adsorption process

Elnaz Danesh’, Mohsen Abbasi'*, MohammadMahdi Noroozi?, Masoud Mofarehi?,
Ali Izadbakhsh! & Mohammad Akrami3

Ceramic adsorbents offer a sustainable and cost-effective approach to water treatment, particularly
for reducing water hardness. This study aimed to evaluate the performance of natural zeolite and
activated alumina, modified with NaNOj; and H,SO, respectively, in a continuous fixed-bed column
system for water softening. Adsorption experiments were conducted under varying operational
conditions, including column diameters (1 and 1.5 cm), flow rates (10 and 20 mL/min), and an operation
time of 600 min. The optimal setup, 1.5 cm column diameter and 10 mL/min flow rate, yielded bed
saturation times of 600 min for modified zeolite and 570 min for modified alumina. NaNO;-modified
zeolite achieved removal efficiencies of 99.23% for total hardness, 99.37% for calcium, and 99.17%
for magnesium. Breakthrough and saturation times indicated superior performance compared to
unmodified adsorbents. Kinetic models, including Thomas, Adams-Bohart, and Yoon-Nelson, were
applied, with the Thomas and Yoon-Nelson models fitting best (R2 = 0.98). The findings demonstrate
that surface modification enhances the adsorption capacity of ceramic materials, highlighting their
potential for efficient and scalable water hardness treatment in continuous systems.

Keywo rds Water treatment, Adsorbent, Water hardness, Natural zeolite, Activated alumina, Breakthrough
curve

Ensuring safe drinking water is essential for public health and human quality of lifel2. Among various water
contaminants, water hardness, primarily caused by multivalent metal ions, especially calcium (Ca®*) and
magnesium (Mg?*), is a significant concern®. Excessive calcium and magnesium levels in drinking water have
been linked to various health issues, such as osteoporosis, kidney stones, colon cancer, and hypertension®. The
World Health Organization (WHO) recommends permissible levels of 40-80 ppm for calcium and 20-30 ppm
for magnesium in drinking water, corresponding to a total hardness of approximately 2-4 mmol/L%. Moreover,
water hardness causes sedimentation and scaling in water supply infrastructure, reducing water flow, increasing
energy consumption, and significantly elevating maintenance costs®.

Several methods, including thermal treatment, membrane processes, magnetic methods, ion exchange,
and adsorption, have been proposed to mitigate water hardness®®. Among these, adsorption stands out due
to its cost-effectiveness, operational simplicity, and flexibility in design!?. Various materials including activated
alumina, activated carbon, biomass, clay, and zeolite, have been explored extensively as adsorbents for hardness
removal' 2. Natural zeolite, particularly clinoptilolite, and activated alumina have emerged as particularly
effective materials due to their availability, high surface area, and strong ion-exchange capacities>!2.

Numerous adsorbents have been investigated for water hardness removal through batch adsorption
experiments. Gholikandi et al. studied natural zeolite modified with surfactants and demonstrated enhanced
removal efficiencies for hardness ions'?. Yusof et al. examined sodium- and potassium-modified zeolites,
observing improved calcium ion adsorption capacities'. Noori Sepehr et al. utilized modified pumice stones,
achieving removal efficiencies of up to 94% for calcium and 73% for magnesium ions'®. Abdolahnejad et al.
tested Iranian natural zeolite and blast furnace slag as slow sand filters, proving their effectiveness for small-
scale community water softening applications'®. Furthermore, Kumari et al. demonstrated the efficiency of acid-
activated alumina for contaminant removal, emphasizing the potential of surface-modified ceramic materials'’.

In recent years, a few studies have extended this work to continuous-flow and novel adsorption systems. For
instance, Salam et al. achieved over 90% removal of Ca®* and Mg”* using a synthetic muscovite-based sodalite in
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a lab-scale fixed-bed column!®. Kaewmee et al. reported maximum Ca®* and Mg** adsorption capacities of 52.0
mg/g and 17.3 mg/g, respectively, using a potassium-activated fly ash geopolymer adsorbent!®. Ghanbarizadeh
et al. observed that natural clinoptilolite zeolite (NaCl-treated) could reduce water hardness by as much as 93%
in drinking water treatment®. Similarly, Mubarak et al. demonstrated effective simultaneous removal of hardness
and heavy metals using a TiO,-impregnated zeolite 4 A nanocomposite in both batch and column modes®.
More advanced treatment systems have also been explored: Ali et al. achieved ~ 80% Ca** removal (alongside
near-complete heavy metal and nitrate removal) using a magnetic biochar-based bioceramsite reactor under
continuous flow?!.

Although previous studies have demonstrated the potential of ceramic adsorbents, particularly modified
zeolite and alumina, for water hardness removal, these investigations have predominantly been limited to batch
adsorption experiments conducted under laboratory conditions. Consequently, there is a critical knowledge gap
regarding the performance, operational feasibility, and scalability of these modified adsorbents in continuous
fixed-bed column systems. Moreover, the influence of key operational parameters such as adsorbent type, flow
rate, and column dimensions on adsorption efficiency has not been sufficiently explored or modeled at pilot
scale. Addressing these gaps is essential to translate laboratory findings into practical applications for sustainable
water treatment.

To address these research gaps, the current study investigates the removal of water hardness (Ca** and Mg**
ions) using a continuous fixed-bed adsorption system with natural zeolite and activated alumina modified by
NaNOj; and H,SO,, respectively. Unlike previous batch studies, this work represents one of the first attempts to
assess modified ceramic adsorbents under continuous, pilot-scale conditions. The main objective is to evaluate
how adsorbent type, column diameter, and flow rate influence hardness removal efficiency, as well as to model
adsorption behavior using kinetic models including Thomas, Yoon-Nelson, and Adams-Bohart. This approach
provides essential insights into the practical applicability and scalability of modified ceramic adsorbents for
effective water softening.

Materials and methods

Adsorbents and materials

In this study, two types of adsorbents were used to reduce the hardness of drinking water: natural zeolite
(clinoptilolite type) and activated alumina. The zeolite was obtained from Afrazand Company (Tehran, Iran), and
the activated alumina was sourced from the Iranian Institute of Research & Development in Chemical Industries
(Karaj, Iran). Key characteristics of both materials are summarized in Table 1. Before use, the adsorbents were
thoroughly washed with distilled water until the total dissolved solids (TDS) in the rinse water reached levels
comparable to those of pure distilled water. The materials were then dried in an oven at 55 °C for 24 h.

An ammonia buffer solution was employed in the experiment to determine water hardness through
complexometric titration. The buffer solution consisted of 32% ammonia solution, 99.8% pure ammonium
chloride, 99.5% pure magnesium sulfate, and 99.8% pure EDTA. For hardness titration, sodium hydroxide
(99.5% purity) and Eriochrome Black T reagent (CzH:.N3;O;SNa, 99.8% purity) were used. In addition,
reagents Murexide or Ammonium Purate (NH4CsHsNsOg or CsHsNsOgNHs, 99.5% purity) were employed
for complexometric titration, specifically for calcium ion determination (as a water hardness agent).
Ethylenediaminetetraacetic acid (EDTA, 99.8% purity) and 98% concentrated sulfuric acid (H,SO4) were also
used. It is noteworthy that sulfuric acid was supplied by Iran’s Pars Chemical Company, while all other chemical
materials were obtained from Merck Company, Germany.

Characterization of adsorbents

The characteristics of the utilized adsorbents were determined through various analytical techniques. X-Ray
Diffraction analysis (XRD) was conducted using an X-ray diffractometer (Bruker, D8 Advance, Germany) to
identify their crystallographic patterns. Scanning Electron Microscopy (SEM) was employed using a TESCAN
instrument (Brno, Czech Republic) to examine the surface morphological characteristics. The specific surface
area, crucial for adsorption capacity, was analyzed using the Brunauer-Emmett-Teller (BET) method, and

Adsorbent Composition Content (wt%)
Sio, 68.5%
AlZO3 11%
Na,0 3.8%

Zeolite K,0 4.4%
CaO 0.6%
Fe,O, 0.2%
Loss on ignition (L.O.I) | 11.5%
ALO, 6%
L.OI 6%

Activated alumina | Na,O 0.35%
Fe,0, 0.02%
Sio, 0.02%

Table 1. Characteristics of natural zeolite clinoptilolite and activated alumina.
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Parameters Unit Values
Total hardness | (mg/L CaCO,) | 520
TDS (mg/L) 627
EC (uS/cm) 1248
Drinking water

Calcium (mg/L) 128.13
Magnesium (mg/L) 48.6
pH - 7.72

Table 2. Drinking water sample analysis.
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Fig. 1. A schematic of the laboratory set-up plant. (1) Input Feed, (2) Pump, (3) Water Flow Meter, (4) Fixed-
bed Column, (5) Adsorbent, (6) Sampling Valve, (7) Final Product Tank.

this measurement was performed with a Micromeritics instrument (Micromeritics Corporate Headquarters,
Norcross, GA, USA). Fourier Transform Infrared (FTIR) spectroscopy was utilized to determine the functional
groups present on the surface of the adsorbents. The FTIR analysis was conducted using a JASCO FTIR 4600
instrument from Japan. Additionally, the surface charge of the adsorbents was evaluated through zeta potential
analysis at neutral pH (pH =7) using a Zeta Compact analyzer (CAD Instrument, France) to provide insight into
the electrostatic interactions during adsorption.

Water samples
In this study, drinking water samples were collected from Bushehr city, Iran. The results of the water analysis are
presented in Table 2.

Adsorption experiments

This study involved the individual evaluation of each adsorbent’s performance through a series of controlled
experiments. For each adsorbent, total hardness, calcium hardness, and magnesium hardness were determined
using the titration method. All adsorption experiments were carried out continuously and divided into two
phases.

In the first phase, illustrated in Fig. 1, the laboratory setup was used to assess the ability of the adsorbents
to reduce calcium and magnesium concentrations in drinking water. The adsorbents were packed into columns
with varying quantities (30 g and 80 g) and column diameters (1 cm and 1.5 cm). The flow rates were set at 10 ml/
min and 20 ml/min, and samples were collected at different time intervals. Each collected sample was filtered
using Whatman Grade 42 filter paper (Germany) to prepare it for subsequent analysis. The resulting data were
then compared against several adsorption column kinetic models to evaluate model fit and predictive accuracy.

In the second phase, modification procedures were applied under the same experimental conditions for both
adsorbents. The zeolite adsorbent was modified using a 3 M sodium nitrate (NaNO;) solution. It was placed in
a beaker containing the solution and stirred for 3 h. Afterward, the sodium nitrate solution was discarded, and
the zeolite was rinsed repeatedly with distilled water until a neutral pH was achieved. The adsorbent was then
dried in an oven at 55 °C for 24 h.

For activated alumina, modification was performed using 98% sulfuric acid. The adsorbent was mixed with
sulfuric acid at a weight-to-volume ratio of 1:3 (activated alumina in grams to H,SO, in milliliters). The mixture
was stirred slowly for 30 min using a mechanical stirrer. Similar to the zeolite procedure, the acid was removed,
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and the adsorbent was washed several times with distilled water to reach a neutral pH. Drying was completed
in an oven at 105 °C for 4 h.

All prepared adsorbents were collected, properly labeled, and stored in sealed containers to preserve their
integrity for further use. Each adsorption experiment was conducted in triplicate to ensure repeatability. The
data presented in the manuscript represent the average values from three independent tests. The variation
between replicates was 3% across all conditions.

In each experiment, the following equation was utilized to calculate the removal of hardness ions, specifically
calcium and magnesium:

% x 100 (1)

Removal Efficiency =
Where C, and C; (mg/L) indicate the starting and ending concentrations of calcium and magnesium ions in the
solution, respectively. The quantity of ions adsorbed by the adsorbent at a given time t was calculated using Eq. 2.

g = (Ci — Cy) % % 2)

The amount of calcium and magnesium ions adsorbed per unit mass of adsorbent at time t is denoted as q,
(mg/g). The concentration of these ions in the solution at time t is shown as C, (mg/L), the solution volume is V
(L), and the mass of the adsorbent is m (g).

Indeed, the same equation can be utilized to determine the adsorption capacity at equilibrium, which is often
denoted as q, (mg/g). At equilibrium, the amount of ions (calcium and magnesium) adsorbed per unit mass of
adsorbent reaches a steady state, and the adsorption process stabilizes. The Eq. (3) is used for calculating the
adsorption capacity at equilibrium.

6. = (G~ C)x ¥ Q

where the concentration of ions (calcium and magnesium) in the solution at the equilibrium time is denoted by
C, (mg/l).
€

Measurement of target parameters

Measurement of total hardness

The water analysis process began by adding 15 ml of drinking water into a 250 ml Erlenmeyer flask. To maintain
a constant pH, 1 cc of ammonium buffer was added to the sample. A few drops of Eriochrome Black T reagent
were then introduced. At a pH of approximately 10, Eriochrome Black T forms a red complex with calcium
and magnesium cations. EDTA was subsequently added to the solution, breaking the complex and releasing
Eriochrome Black T. This reaction causes the solution to change color from red to blue, indicating the endpoint
of the titration process. Total hardness was determined in terms of calcium carbonate using Eq. (4)*%

g

Total hardness (mf) = w

4
v (4)
In the Eq. (4), V_represents the volume of EDTA consumed in the titration process, f_denotes the normality of
EDTA, and V (mL) represents the volume of the water sample.

Measurement of the calcium hardness

To measure calcium hardness, 15 ml of the water sample was carefully transferred into a 250 ml Erlenmeyer
flask using a graduated pipette. Subsequently, 1 to 2 drops of 1 N NaOH and an appropriate amount of Murexide
reagent were added to the flask, causing the sample to turn pink. The titration process was initiated by using a
standard solution of 1 M EDTA until a distinct purple color appeared, indicating the endpoint. The quantity of
titrant (EDTA) used during the titration process was recorded. Calcium hardness was then calculated using Eq.
(5)'6. Additionally, Eq. (6) was employed to determine the concentration of calcium ions in the water sample.

Ve x fe x 10000

Calcium hardness (%) % (5)
Ca?* (%) = Calcium hardness as %CaCO;; x 0.4004 (6)

Measurement of magnesium hardness

Magnesium hardness is determined by subtracting the total hardness and calcium hardness values, as specified
in Eq. (7)?2. Additionally, Eq. (8) is employed to calculate the concentration of magnesium ions in the water
sample.

Magnesium hardness (mg/L) = Total hardness — Calcium hardness (7)
Mg®* (mfg) = (Total hardness — Calcium hardness) x 0.243 (8)
Scientific Reports | (2026) 16:9057 | https://doi.org/10.1038/s41598-026-38953-2 nature portfolio
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Kinetic models of adsorption columns

Three kinetic models were applied to analyze the fixed-bed adsorption performance: the Thomas, Yoon-Nelson,
and Adams-Bohart models. These models help describe the dynamic behavior of ion adsorption in continuous
systems and estimate model parameters relevant to column performance.

The Thomas model, developed on the basis of mass transfer theory?, is widely applied to evaluate the
adsorption capacity of an adsorbent and to determine the Thomas model constant (k) using experimental data
from fixed-bed column studies. Both the non-linear and linearized forms of the Thomas model are presented in
Egs. (9) and (10) respectively>*.

g _ 1
Co 1+€Kth(Lt5m —Cot) ©)
CO Kth X ch X m
(Q 1) = KnxQuxm g 0
n C, ) th o (10)

where C,and C, are the effluent and influent concentrations (mg/L), k,, is the Thomas model constant (ml min~!

mg~ 1), Q,, is the adsorption capacity (mg g~ 1), m is the adsorbent mass (g), Q is the flow rate (ml min~1!), and ¢
is time (min).

The Adams-Bohart model is developed based on the assumption that the adsorption rate is proportional to
both the remaining capacity of the adsorbent and the concentration of the adsorbate?®. This model is particularly
suitable for describing the initial part (C/C, < 0.15) of the breakthrough curve®. It has found wide applications
in various systems. Both the non-linear and linearized forms of the Adams-Bohart model are presented in Eqs.
(11) and (12) respectively?*.

Cy Z

— = KapCot — KapNg— 11

Co exp(KasCo AB OUO) (11)
Cr z

ln(a) 7KABCOt—KABNOUO (12)

where K, , (L mg~! min~!) is the kinetic constant, N, (mg L™1) is the concentration of saturation, Z (cm) is the
bed height and U, (cm min~ 1) is the linear rate.

The Yoon-Nelson model is widely used in single adsorbent systems due to its simplicity, as it does not require
detailed information about the adsorbent and column properties'®. Both the non-linear and linearized forms of
the Yoon-Nelson model are presented in Egs. (13) and (14) respectively?.

Cy 1
Co 1+ ekyn(T—0) (13)
Cy
In(=———) =K — 717K 14
n(CO_Ct) ynt —TKynN (14)

where 7 (min) is the time of 50% saturation and K, (min~ 1) is the rate constant.

Results and discussion

Characterization of Zeolite, and activated alumina

Scanning electron microscopy (SEM)

SEM images (Figs. 2, 3, 4 and 5) provide visual evidence of surface morphology before and after ion adsorption
for natural zeolite, modified zeolite, activated alumina, and modified activated alumina. All samples were imaged
at 10,000x magnification.

In natural zeolite (Fig. 2a), the unmodified surface exhibits a rough, layered texture with visible micropores.
After adsorption (Fig. 2b), the surface appears smoother, suggesting pore blockage due to ion uptake. The
modified zeolite (Fig. 3a) shows greater porosity and surface fragmentation compared to the natural form, which
enhances active site accessibility. After ion exchange (Fig. 3b), the surface becomes denser and less porous,
indicating successful Ca®* and Mg** adsorption.

For activated alumina, the surface prior to adsorption (Fig. 4a) is relatively smooth and granular. Post-
adsorption (Fig. 4b), the surface displays coverage of pores and edge softening. In the modified alumina
(Fig. 5a), sulfuric acid treatment results in increased roughness and porosity. After adsorption (Fig. 5b), the
surface appears coated and compacted, confirming ion capture and partial pore saturation.

These morphological transitions validate the effectiveness of the surface modification treatments in enhancing
adsorption efficiency.

Brunauer-Emmett-Teller (BET)

BET analysis is utilized to measure the specific surface area of materials by determining the volume of nitrogen
gas adsorbed and desorbed at a constant temperature of liquid nitrogen (77°K). In this study, BET analysis was
performed to measure the specific surface area of natural zeolite and activated alumina adsorbents, and the
results are presented in Figs. 6 and 7. BET surface area, Langmuir surface area, pore volume, and mean pore
size of Natural Zeolite before and after adsorption (NZ-BA, NZ-AA) and Activated Alumina before and after
adsorption (AA-BA, AA-AA) are reported in Table 3.
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SEM HV: 20.0 kV WD: 8.87 mm
View field: 19.0 pm Det: SE
SEM MAG: 10.00 kx Date(m/dly): 11/28/21

(b)

SEM HV: 20.0 kV WD: 6.08 mm (T L1

View field: 19.0 ym Det: SE 5um
SEM MAG: 10.00 kx Date(m/dly): 11/28721

Fig. 2. SEM for natural zeolite adsorbent surface at a magnification equal to (10000x) (a) natural zeolite before
and (b) after Ca?* and Mg?* ions adsorption.
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SEM HV: 20.0 kV WD: 12.13 mm
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Fig. 3. SEM images of modified zeolite adsorbent surface at a magnification equal to (10000x) (a) modified
zeolite before and (b) after adsorption of Ca?* and Mg?* ions.

The BET surface area analysis revealed a significantly higher specific surface area for Activated Alumina (AA)
at 298.24 m*/g compared to Natural Zeolite (NZ) at 25.26 m?/g. This enhancement is attributed to the activation
process, which introduces numerous pores and increases the overall surface area. While NZ may possess a
favorable porous structure, its natural state appears to limit the development of a comparable surface area??’.

Nitrogen adsorption-desorption isotherms (Figs. 6a and 7a) demonstrate a progressive increase in nitrogen
adsorption with rising relative pressure for both AA and NZ. The isotherms exhibit distinct hysteresis loops,
indicative of specific pore size distributions within the respective materials. Pore size analysis (Figs. 6b and 7b)
confirms that both AA and NZ exhibit mesoporous characteristics below a pore width of 50 nm. However, AA
displays a smaller average pore width of 51.77 A compared to NZ at 107.78 A'7.
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SEM HV: 20.0 kV WD: 5.24 mm
View field: 19.0 ym Det: SE
SEM MAG: 10.0 kx Date(m/dly): 11/29/21

Fig. 4. SEM images of the activated alumina adsorbent surface at a magnification equal to (10000x) (a)
activated alumina before and (b) after the adsorption of Ca?* and Mg ions.

SEM HV: 20.0 kV WD: 8.43 mm
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SEM MAG: 10.0 kx  Date(m/dly): 11/29/21

(b)

Fig. 5. SEM images of modified active alumina adsorbent surface at a magnification equal to (10000x) (a)
modified active alumina before and (b) after adsorption of Ca** and Mg?" ions.

Fourier transform infrared (FTIR)

FTIR spectroscopy was used to identify molecular structures, functional groups, and bonding characteristics in
the adsorbents (Figs. 8 and 9). Spectra were recorded in the wavenumber range 399-4000 cm™" for natural and
modified zeolite, and for activated and modified alumina.

For natural zeolite (Fig. 8), the dominant band at 1030 cm™! corresponds to Si-O-Si asymmetric stretching,
whilebandsat 750-800 cm™ and 450-475 cm™" are assigned to Al-O- Al stretching and O-Si-O bending vibrations,
respectively. After modification with NaNOs, peak positions remained largely unchanged, but intensities varied,
indicating physical adsorption. A new band at 1384 cm™ appeared, attributed to nitrate incorporation®.

For activated alumina (Fig. 9), the broad band at 3460 cm™ and peaks at 1634, 1403,and 1119 cm™* correspond
to O-H stretching and bending vibrations. Modification with H,SO, increased peak intensities and introduced
new bands at 534 and 613 cm™?, characteristic of sulfate adsorption”.
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Fig. 6. BET analysis of natural zeolite adsorbent surface (a) N, adsorption - desorption isotherms of samples,
and (b) cumulative pore volume versus pore width distribution.
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Fig. 7. BET analysis of activated alumina adsorbent surface (a) N, adsorption - desorption isotherms of
samples, and (b) cumulative pore volume versus pore width distribution.

Parameter NZ-BA | NZ-AA | AA-BA | AA-AA
BET surface area (m?%/g) 25.56 24.86 |298.24 |275.77
Langmuir surface area (m?%/g) | 35.07 3394 |413.68 |382.6
Total pore volume (cm?/g) 0.069 0.075 0.386 0.38
Average pore width (A) 107.78 | 121.21 51.77 54.7

Table 3. Summary of BET analysis of adsorbent before adsorption.

X-Ray diffraction analysis
XRD analysis was conducted to verify the purity of natural zeolite and determine the structural characteristics
of activated alumina, as shown in Figs. 10 and 11.

The XRD pattern of natural zeolite shows a sharp peak at 20 =~ 27.1°, indicating high crystallinity, along
with several smaller peaks between 20 =~ 10° and 35°, confirming its polycrystalline nature. These features are
consistent with the clinoptilolite phase, which typically exhibits reflections at ~ 10°, ~ 22.4°, and ~ 27-30°%,
The sharp peaks and low background noise indicate good structural integrity and minimal amorphous content,
making it suitable for ion-exchange applications.

The XRD pattern of activated alumina reveals broad peaks around 26 = 13°, 28°, 38°, 48°, 66°, and 68°,
characteristic of y-Al,Os (gamma-phase alumina). The absence of sharp peaks suggests a partially crystalline,
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Fig. 8. FTIR analysis of natural and modified zeolite adsorbent.
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Fig. 9. FTIR analysis of active alumina adsorbent and modified active alumina.

partially amorphous structure with nanocrystalline domains. These results align with literature identifying
gamma alumina through broad diffraction features, particularly near 38° and 46°%7.

Zeta potential analysis

Zeta potential measurements were performed to assess the surface charge of the adsorbents at the neutral pH
condition (pH 7) used throughout the experiments. The analysis was conducted using a Zeta Compact analyzer
(CAD Instrument, France). Results showed that natural zeolite had a zeta potential of -24 mV, indicating a
strongly negative surface charge, while activated alumina exhibited a weaker negative charge of -4 mV. These

values suggest that zeolite has a greater tendency to attract and exchange divalent cations such as Ca®>* and Mg**
via electrostatic interaction and ion exchange mechanisms.

Reducing water hardness with adsorbents and their modified forms
To reduce the hardness of drinking water, natural zeolite of the clinoptilolite type and activated alumina were
used as adsorbents. Both materials were subsequently modified to enhance their adsorption performance,
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Fig. 11. XRD analysis of activated alumina.

natural zeolite with 3 M sodium nitrate and activated alumina with 98% sulfuric acid. These modifications were
intended to improve the efficiency of the adsorbents in removing calcium and magnesium ions from the water.
Figure 12 illustrates the proposed adsorption mechanisms responsible for the removal of Ca®* and Mg** ions by
natural zeolite and activated alumina.

Natural zeolite clinoptilolite type

Figures 13, 14, 15 and 16 present the removal efficiencies for total hardness, calcium, and magnesium ions
at various contact times. The experiments were conducted using two fixed-bed column configurations: one
containing 30 g of adsorbent with a 1 cm diameter, and the other containing 80 g of adsorbent with a 1.5 cm
diameter. Both systems were operated at ambient temperature, with flow rates of 10 ml/min and 20 ml/min, for a
duration of 600 min. The concentrations of total hardness, calcium, and magnesium ions were determined using
the complexometric titration method with EDTA.

The results show that both natural and modified zeolite effectively reduced total water hardness, with the
modified form demonstrating superior performance. Under optimal conditions, natural zeolite achieved a 96%
reduction in total hardness, while modified zeolite reached 99.23%. In terms of calcium removal, both natural
zeolite and activated alumina displayed effective adsorption capabilities, and their modified versions exhibited
further improvement. Similarly, both adsorbents effectively removed magnesium ions, with the modification
process enhancing removal efficiency.
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Fig. 15. The effect of column diameter and water flow on reducing (a) calcium hardness, and (b) magnesium
hardness of drinking water by natural zeolite (T =25C, pH=7), (a, ‘ b,) Q=10 ml/min, (a,, b,) Q=20 ml/min.

Investigating the effect of zeolite ion exchange in reducing total hardness Figure 13 shows the effect of column
diameter and flow rate on the performance of fixed-bed columns using natural zeolite to remove total hardness,

calcium, and magnesium ions from drinking water. Experiments were conducted at pH 7 and 25 °C, with initial
concentrations of total hardness, calcium, and magnesium at 520 mg/L, 320 mg/L, and 200 mg/L, respectively,
over 600 min.

Increasing the column diameter significantly improved both bed lifetime and overall removal efficiency. At
a flow rate of 10 ml/min, breakthrough times were 80 min for the 1 cm column and 120 min for the 1.5 cm
column. At 20 ml/min, breakthrough occurred earlier—50 min for the 1 cm column and 80 min for the 1.5 cm
column. Larger column diameters also resulted in longer saturation intervals.

Bed saturation times were 430 min (1 cm) and 570 min (1.5 ¢cm) at 10 ml/min, and 390 min (1 ¢m) and
510 min (1.5 cm) at 20 ml/min. The longer saturation times with larger diameters are due to the greater volume
of adsorbent, which delays breakthrough and extends treatment time. In contrast, higher flow rates shorten the
contact time between water and adsorbent, accelerating saturation and reducing operational duration.

Overall, the optimal conditions for total hardness removal were achieved with a 1.5 cm column diameter and
a 10 ml/min flow rate over a 600-minute period.

Investigating the effect of ion exchange of modified zeolite in reducing total hardness To increase adsorption

capacity and extend the bed saturation time, the natural zeolite adsorbent was modified using 3 M sodium ni-
trate. The test conditions were identical to those used in the unmodified zeolite experiments, and the results are
presented in Fig. 14.

The modified zeolite showed a clear improvement in adsorption performance. At a flow rate of 10 ml/min,
breakthrough times increased to 180 min for the 1 cm column and 240 min for the 1.5 cm column. At 20 ml/
min, breakthrough occurred at 120 min and 140 min, respectively.

Saturation times also increased compared to the unmodified zeolite. At 10 ml/min, bed saturation occurred
at 540 min (1 cm) and 600 min (1.5 cm). At 20 ml/min, saturation was reached at 510 min and 540 min,
respectively. These results confirm that the combination of a larger column diameter and zeolite modification
substantially extends the effective adsorption period.

This improvement can be explained by the cation exchange process, in which sodium ions from NaNO;
replace exchangeable ions in the zeolite. As a result, the adsorption sites become uniformly occupied by sodium
ions, enhancing the material’s capacity to remove calcium and magnesium from drinking water.
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Fig. 16. The effect of column diameter and water flow on reducing (a) calcium hardness, and (b) magnesium
hardness of drinking water by modified zeolite (T =25°C, pH=7), (a, , b,) Q=10 ml/min, (a,, b,) Q=20 ml/
min.

Investigating the effect of natural zeolite ions exchange in reducing calcium and magnesium ions Figure 15

illustrates the effect of column diameter and flow rate on calcium and magnesium hardness removal using nat-
ural zeolite.

For calcium hardness, the breakthrough times were 60 min (1 cm) and 120 min (1.5 cm) at a flow rate of
10 ml/min, and 40 min and 60 min, respectively, at 20 ml/min. The saturation times were 480 min (1 cm) and
540 min (1.5 cm) at 10 ml/min, and 430 min and 520 min at 20 ml/min. Larger column diameters extended the
saturation period, while higher flow rates reduced it.

For magnesium hardness, breakthrough occurred at 60 min (1 cm) and 110 min (1.5 cm) at 10 ml/min, and
at 20 min and 40 min, respectively, at 20 ml/min. The corresponding saturation times were 480 min and 540 min
at 10 ml/min, and 430 min and 520 min at 20 ml/min. As with calcium, larger diameters increased adsorption
duration, whereas higher flow rates accelerated saturation.

These results can be explained by the ion exchange mechanism: as water passes through the NaX form of the
zeolite, calcium and magnesium cations are exchanged for sodium ions. Once all sodium ions are replaced by
calcium and magnesium, the bed reaches saturation.

Investigating the effect of modified zeolite ions exchange in reducing calcium and magnesium ions Figure 16

shows the performance of modified zeolite in removing calcium and magnesium hardness from drinking water.
The results indicate a substantial improvement in adsorption capacity compared to the unmodified material.

For calcium hardness, breakthrough times were 100 min (1 cm) and 180 min (1.5 cm) at a flow rate of 10 ml/
min, and 80 min for both diameters at 20 ml/min. Bed saturation occurred at 540 min (1 cm) and 600 min
(1.5 cm) at 10 ml/min, and 480 min for both columns at 20 ml/min.

For magnesium hardness, breakthrough occurred at 180 min (1 cm) and 450 min (1.5 cm) at 10 ml/min, and
80 min for both diameters at 20 ml/min. Saturation times were 540 min (1 cm) and 600 min (1.5 cm) at 10 ml/
min, and 510 min for both diameters at 20 ml/min.

The increased adsorption capacity is attributed to a higher number of active sites, particularly sodium ions
introduced through modification, which promote faster ion exchange and extend saturation time. Overall, the
modified zeolite improved calcium and magnesium removal efficiency from 95% to 99.17%, making it a more
effective adsorbent for hardness reduction in drinking water.
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Fig. 17. The effect of column diameter and water flow on reducing the total hardness of drinking water by
activated alumina (T=25C, pH=7), (a) Q=10 ml/min, (b) Q=20 ml/min.
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Fig. 18. The effect of column diameter and water flow rate on reducing the total hardness of drinking water by
modified activated alumina (T=25°C, pH=7), (a) Q=10 ml/min, (b) Q=20 ml/min.

Activated alumina

In this stage of the study, activated alumina and its modified form were evaluated as adsorbents for reducing the
hardness of drinking water by removing calcium and magnesium ions. The experimental conditions were kept
identical to those used for the zeolite tests.

Columns with diameters of 1 cm and 1.5 cm were operated at flow rates of 10 ml/min and 20 ml/min. All
experiments were conducted at pH 7 and 25 °C, with initial concentrations of total hardness, calcium, and
magnesium at 520 mg/L, 320 mg/L, and 200 mg/L, respectively. The contact time for each experiment was
600 min.

Investigating the effect of activated alumina in reducing total hardness Figure 17 illustrates the effect of col-

umn diameter and flow rate on the performance of activated alumina in reducing total hardness. Increasing the
column diameter extended bed lifetime and improved removal efficiency, whereas increasing the flow rate had
the opposite effect.

At a flow rate of 10 ml/min, breakthrough occurred at 20 min (1 cm) and 50 min (1.5 cm). At 20 ml/min,
breakthrough times were reduced to 10 min and 30 min, respectively. Bed saturation times were 330 min (1 cm)
and 450 min (1.5 cm) at 10 ml/min, and 210 min (1 cm) and 360 min (1.5 cm) at 20 ml/min.

This behavior is explained by contact time differences: higher flow rates reduce the interaction between water
and the adsorbent bed, leading to earlier saturation, whereas lower flow rates allow for more effective adsorption
and a longer bed lifetime.

Overall, the best performance for total hardness reduction was achieved with a 1.5 cm column diameter
and a 10 ml/min flow rate over a 600-minute period, providing an optimal balance between contact time and
operational duration.

Investigating the effect of modified activated alumina in reducing total hardness Figure 18 shows the effect of

modifying activated alumina with sulfuric acid on its performance in reducing total hardness. The modification
produced only a modest improvement, increasing total hardness removal from 95% to 98.71%. One possible
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reason for this limited effect is partial dissolution of activated alumina in sulfuric acid. This was evident as the
water samples turned white after each test with the modified adsorbent, requiring filtration through paper to
remove turbidity before titration.

At a flow rate of 10 ml/min, breakthrough occurred at 50 min (1 cm) and 180 min (1.5 cm). At 20 ml/min,
breakthrough times were 40 min and 140 min, respectively. Bed saturation times were 450 min (1 cm) and
570 min (1.5 cm) at 10 ml/min, and 360 min (1 cm) and 450 min (1.5 cm) at 20 ml/min.

These results suggest that sulfuric acid modification does not significantly enhance the adsorption capacity
of activated alumina for total hardness removal. Alternative chemical modifiers may be required to achieve
more substantial performance improvements. Further investigation with different modification agents could
potentially lead to higher adsorption efficiency.

Investigating the effect of activated alumina in reducing calcium and magnesium ions Figure 19 presents the
performance of activated alumina in removing calcium and magnesium hardness from drinking water. The

results show that adsorption capacity increased with column diameter but decreased with flow rate. Larger col-
umns provided greater surface area for adsorption, enhancing removal efficiency, while higher flow rates re-
duced contact time between water and the adsorbent, lowering capacity.

Calcium removal was consistently higher than magnesium removal, which can be explained by differences
in ion hydration energy. Magnesium ions have a higher charge density than calcium ions, resulting in stronger
hydration. During ion exchange, hydrated ions must shed water molecules; because magnesium retains its
hydration shell more strongly, it is less likely to be exchanged, leading to lower adsorption.

For calcium hardness, breakthrough occurred at 60 min (1 cm) and 100 min (1.5 cm) at 10 ml/min, and
10 min and 60 min, respectively, at 20 ml/min. Bed saturation times were 360 min (1 cm) and 510 min (1.5 cm)
at 10 ml/min, and 430 min and 540 min at 20 ml/min.

For magnesium hardness, breakthrough occurred at 60 min (1 cm) and 180 min (1.5 cm) at 10 ml/min, and
20 min and 40 min, respectively, at 20 ml/min. Bed saturation times were 510 min (1 cm) and 570 min (1.5 cm)
at 10 ml/min, and 430 min and 540 min at 20 ml/min.

These findings demonstrate the effectiveness of activated alumina for removing both calcium and magnesium
hardness, and emphasize the influence of column diameter and flow rate on adsorption performance.

Investigating the effect of modified activated alumina in reducing calcium and magnesium ions Figure 20
illustrates the performance of modified activated alumina in removing calcium and magnesium hardness from
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Fig. 19. The effect of column diameter and water flow in reducing (a) calcium hardness, and (b) magnesium
hardness of drinking water by activated alumina (T =25C, pH=7), (a, ) b,) Q=10 ml/min, (a, b,) Q=20 ml/
min.
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drinking water. Modification with sulfuric acid increased the adsorption rate for both ions compared to the un-
modified form; however, overall removal efficiency remained relatively low, indicating that further modification
may be needed to improve performance.

For calcium hardness, breakthrough occurred at 80 min (1 cm) and 140 min (1.5 cm) at 10 ml/min, and
50 min and 80 min, respectively, at 20 ml/min. Bed saturation times were 500 min (1 cm) and 510 min (1.5 cm)
at 10 ml/min, and 430 min and 480 min at 20 ml/min. The increase in adsorption rate is attributed to a greater
number of active sites and larger surface area generated by the modification, which allowed more calcium ions
to be adsorbed.

For magnesium hardness, breakthrough occurred at 30 min (1 cm) and 80 min (1.5 cm) at 10 ml/min, and
20 min and 50 min, respectively, at 20 ml/min. Bed saturation times were 480 min (1 cm) and 510 min (1.5 cm)
at 10 ml/min, and 450 min and 480 min at 20 ml/min.

While the sulfuric acid modification enhanced adsorption capacity for both calcium and magnesium ions,
the improvement was modest. Further research exploring alternative chemical modifiers may yield greater
performance gains for hardness reduction in drinking water.

Kinetic models of adsorption columns

Kinetic modeling was applied to describe the behavior of Ca** and Mg** removal in the continuous adsorption
process using the Thomas, Adams-Bohart, and Yoon-Nelson models. Each model was fitted to experimental
data to evaluate predictive accuracy and extract kinetic parameters, with results presented in Tables S1-S12 and
Figs. 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31 and 32.

To better justify the applicability of the kinetic models used in this study, the performance of the Thomas,
Yoon-Nelson, and Adams-Bohart models was compared with findings reported in previous fixed-bed adsorption
studies. The Thomas and Yoon-Nelson models showed consistently higher correlation coeflicients (R* =~ 0.97-
0.99) compared to the Adams-Bohart model, indicating superior predictive capability for the breakthrough
behavior observed in this work. Similar trends have been reported for fixed-bed adsorption of hardness ions and
other divalent metals, where the Thomas and Yoon-Nelson models were found to more accurately describe the
overall mass transfer and saturation behavior of adsorption columns, particularly beyond the initial breakthrough
region?*30. The relatively weaker performance of the Adams-Bohart model observed in this study is consistent
with literature reports, as this model is primarily applicable to the initial portion of the breakthrough curve and
does not adequately account for intraparticle diffusion and axial dispersion effects®’. In contrast, the Thomas
model incorporates adsorption capacity and mass transfer kinetics, while the Yoon-Nelson model offers a
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Fig. 20. The effect of column diameter and water flow on reducing (a) calcium hardness, and (b) magnesium
hardness of drinking water by modified activated alumina (T=25C, pH=7), (a, ) b,) Q=10 ml/min, (a, b,)
Q=20 ml/min.
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Fig. 22. Comparison of experimental and predicted fracture curves using the Thomas model for natural
zeolite (Z) and modified zeolite (MZ) adsorbents in a 1.5 cm column at flow rate of (a) Q=10 mL/min, and (b)
Q=20 ml/min for Total Hardness removal.

simplified yet robust description of breakthrough behavior without requiring detailed adsorbent properties.
Recent studies have similarly highlighted the suitability of these models for evaluating continuous adsorption
systems under practical operating conditions®>*?. Therefore, the strong agreement between experimental data
and the Thomas and Yoon-Nelson models in this study confirms their applicability for predicting hardness
removal performance in modified ceramic adsorbent-based fixed-bed columns.

Thomas

The Thomas model, which assumes Langmuir-type adsorption and negligible axial dispersion, showed the best
agreement with experimental data among the three models. High correlation coefficients (R* > 0.90 in most
cases) confirmed its suitability for simulating breakthrough behavior, especially for modified adsorbents.

For modified zeolite and modified activated alumina, the model fit was particularly strong across all flow rates
and column diameters, with R? values up to 0.98 (Tables S2 and S4). Predicted and experimental breakthrough
curves aligned closely in Figs. 21, 22, 23 and 24 and similar trends for calcium and magnesium hardness are
observed in Figures S1-S8.

For natural zeolite and activated alumina, good agreement was observed primarily in larger columns or at
lower flow rates. Notably, model accuracy decreased slightly for magnesium removal at higher flow rates in 1 cm
columns, possibly due to faster saturation and reduced contact time. Overall, the Thomas model effectively
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Fig. 23. Comparison of experimental and predicted fracture curves using the Thomas model for activated
alumina (AA) and modified activated alumina (MAA) adsorbents in a 1 cm column at flow rate of (a) Q=10
mL/min, and (b) Q=20 ml/min for Total Hardness removal.
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Fig. 24. Comparison of experimental and predicted fracture curves using the Thomas model for activated
alumina (AA) and modified activated alumina (MAA) adsorbents in a 1.5 cm column at flow rate of (a) Q=10
mL/min, and (b) Q=20 ml/min for Total Hardness removal.

captured the ion exchange dynamics and is well-suited for column design and scaling in continuous hardness
removal systems.

Adams-Bohart
The Adams-Bohart model focuses on the initial section of the breakthrough curve and assumes constant
adsorption capacity along the bed. However, this model produced lower correlation coefficients (R* < 0.80 in
many cases) and did not accurately represent the experimental data for any of the adsorbents (Tables S5-S8).
Figures 25, 26, 27 and 28 show poor alignment between predicted and experimental curves, particularly at
later time points, indicating the model’s limitations under non-ideal flow conditions and multi-ion systems.
These discrepancies suggest that the model’s assumptions (e.g., linear driving force and uniform bed behavior)
are insufficient for describing the full adsorption process in this study, with the breakthrough curves for calcium
and magnesium hardness in Figures S9-S16 exhibiting similar deviations. Thus, while the Adams-Bohart model
offers a quick estimation of initial performance, it lacks predictive power for complete breakthrough curve
behavior in complex systems like water hardness removal.

Yoon-Nelson
The Yoon-Nelson model also provided a good fit to the data, particularly in estimating the time required for 50%
adsorbate breakthrough (t). High R? values (often>0.90) were obtained across all adsorbents and conditions
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Fig. 25. Comparison of experimental and predicted fracture curves using the Adams-Bohart model for natural
zeolite (Z) and modified zeolite (MZ) adsorbents in a 1 cm column at flow rate of (a) Q=10 mL/min, and (b)
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Fig. 26. Comparison of experimental and predicted fracture curves using the Adams-Bohart model for natural
zeolite (Z) and modified zeolite (MZ) adsorbents in a 1.5 cm column at flow rate of (a) Q=10 mL/min, and (b)
Q=20 ml/min for Total Hardness removal.

(Tables S9-S12), and the predicted breakthrough curves closely followed experimental trends (Figs. 29, 30, 31
and 32). Similar breakthrough trends for calcium and magnesium hardness are also evident in Figures S17-S24.

For modified zeolite, T values increased significantly compared to the natural form, indicating enhanced
adsorption capacity and extended column life. For instance, total hardness T increased from 260 min to 467 min
in the 1.5 cm column at 10 mL/min. A similar but smaller improvement was observed with modified activated
alumina.

These results confirm that the Yoon-Nelson model is a reliable tool for predicting breakthrough behavior,
particularly when simplified input parameters are desired. It also reinforces the role of adsorbent modification
in prolonging effective operation time in fixed-bed systems.

Nonlinear model fitting results
In addition to the linearized kinetic models presented above, the nonlinear forms of the Thomas, Adams-Bohart,
and Yoon-Nelson equations were applied to the total hardness adsorption data for all adsorbents (NZ, MZ, AA,
and MAA) under the tested column diameters and flow rates. The complete nonlinear breakthrough curves are
provided in the Supplementary Materials (Figures S25-S36), and the corresponding nonlinear model parameters
are summarized in Tables S13-S15 for the Thomas, Adams-Bohart, and Yoon-Nelson models, respectively.
Overall, the nonlinear fitting results exhibited slightly higher coefficients of determination (R*) compared to
the linearized forms, indicating a better representation of the experimental breakthrough curves. For example,
in the case of the Thomas model, R* values typically increased from ~0.94 in the linear form to ~0.98 in the
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Fig. 27. Comparison of experimental and predicted fracture curves using the Adams-Bohart model for
activated alumina (AA) and modified activated alumina (MAA) adsorbents in a 1 cm column at flow rate of (a)
Q=10 mL/min, and (b) Q=20 ml/min for Total Hardness removal.
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Fig. 28. Comparison of experimental and predicted fracture curves using the Adams-Bohart model for
activated alumina (AA) and modified activated alumina (MAA) adsorbents in a 1.5 cm column at flow rate of
(a) Q=10 mL/min, and (b) Q =20 ml/min for Total Hardness removal.

nonlinear form. Similarly, the Yoon-Nelson model showed notable improvement, with R? values frequently
exceeding 0.97. In contrast, the Adams-Bohart model remained the least accurate, despite minor increases in
R?. The improvement in nonlinear models is attributed to their direct fitting of the experimental data without
transformation, which reduces potential bias introduced by linearization.

While nonlinear fitting offers more accurate parameter estimation, the linearized approach was also used in
this study due to its simplicity, ease of graphical interpretation, and widespread application in column adsorption
studies. Moreover, the linearized form facilitates straightforward comparison between different models under
identical conditions, which is valuable when evaluating relative model performance. The results collectively
suggest that for predictive purposes and detailed parameter analysis, the nonlinear form is preferable, whereas
the linear form remains a practical and comparable tool for preliminary evaluation.

Comparative study

Table 4 compares various studies on reducing the hardness of drinking water using different adsorbents and
operational processes, including batch and fixed-bed methods. Most previous research utilized batch processes
with adsorbents having small particle sizes, which increased the contact surface area between the water and
the adsorbent. The most important parameters influencing the adsorption rate are the adsorbent’s surface area
and the contact duration between the adsorbents and water. The adsorbents used in previous research had high
specific surface areas but were also expensive and economically unfavorable*16:18:34,
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Fig. 29. Comparison of experimental and predicted fracture curves using the Yoon-Nelson model for natural
zeolite (Z) and modified zeolite (MZ) adsorbents in a 1 cm column at flow rate of (a) Q=10 mL/min, and (b)
Q=20 ml/min for Total Hardness removal.
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Fig. 30. Comparison of experimental and predicted fracture curves using the Yoon-Nelson model for natural
zeolite (Z) and modified zeolite (MZ) adsorbents in a 1.5 cm column at flow rate of (a) Q=10 mL/min, and (b)
Q=20 ml/min for Total Hardness removal.

In this study, low-cost adsorbents, specifically natural zeolite and activated alumina, were utilized. A new
design of fixed-bed adsorption columns was introduced, which greatly improved the removal efficiency. This
improvement was attributed to the porous structure of natural zeolite, which, despite its relatively low surface
area, still achieved high removal efficiency. Additionally, the increased contact duration between water and
adsorbents in the fixed-bed column with low-cost adsorbents further improved the removal efficiency. The
removal efficiency was estimated at more than 99.23% for natural zeolite and 98.71% for activated alumina.
Table 5 summarizes the removal efficiency results for all test conditions. According to these results, the adsorbents
can be used on an industrial scale due to their low cost and high efficiency.

The materials used in this research are abundantly available and very inexpensive compared to typical
commercial water-softening media. Natural clinoptilolite zeolite, for instance, is mined at low cost, on the order
of only USD 30-70 per ton (= 0.03-0.07 USD/kg) for granular grades®®. Activated alumina, purchased locally
from industrial suppliers in Iran, is priced around 0.35-0.5 USD/kg, depending on purity and granule size. Even
with added surface modification steps, the cost remains far below that of standard market adsorbents. Granular
activated carbon (GAC), one of the most common commercial adsorbents, usually sells for approximately 2-3
USD per kg36. Likewise, commercial ion exchange resins used for hardness removal are even more expensive,
typically costing between 4 and 10 USD/kg in the Iranian market.
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Fig. 31. Comparison of experimental and predicted fracture curves using the Yoon-Nelson model for activated
alumina (AA) and modified activated alumina (MAA) adsorbents in a 1 cm column at flow rate of (a) Q=10
mL/min, and (b) Q=20 ml/min for Total Hardness removal.
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Fig. 32. Comparison of experimental and predicted fracture curves using the Yoon-Nelson model for activated
alumina (AA) and modified activated alumina (MAA) adsorbents in a 1.5 cm column at flow rate of (a) Q=10
mL/min, and (b) Q=20 ml/min for Total Hardness removal.

No. | Adsorbent Removal efficiency (%) | Ref.

1 Natural Zeolite & SSF 66 16

2 Coconut Shell Activated Carbon (CSAC) 55 34

3 Sodalite from Muscovite (M.SD) 90.5 18

4 Natural Zeolite & Activated Alumina & Activated Carbon (batch) | 93.07, 30.76, 56.92 3

5 Natural Zeolite & Modified Natural Zeolite (fixed - bed) 96, 99.23 Current study
6 Activated Alumina & Modified Activated Alumina (fixed-bed) 95,98.71 Current study

Table 4. Removal efficiency of reducing of water hardness with different adsorbent.

Moreover, the modification processes used to enhance the zeolite and activated alumina, simple treatments
involving inexpensive chemicals such as NaNO; and H,SO,, are straightforward, scalable, and add only minimal
cost. Unlike high-tech synthesis methods or costly activation procedures, this approach relies on basic, widely
available reagents such as sodium salts and mineral acids. As a result, the modified adsorbents retain their low-
cost nature even after treatment. Previous studies have also reported that natural clay- or zeolite-based sorbents
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Z (cm) | Q (ml/min) | Total hardness | Calcium hardness | Magnesium Hardness

1 10 96.79 96.25 97

1 20 94.23 93.75 94
Natural Zeolite

1.5 10 98.71 98.2 98.25

1.5 20 94.48 94.25 94

1 10 98.71 98.12 98.36

1 20 96.79 97 97.5
Modified Zeolite

1.5 10 99.23 99.37 99.17

1.5 20 98.91 98.12 98.3

1 10 95 94.8 94

1 20 92.3 92.7 91.67
Activated Alumina

1.5 10 96.79 96.87 96.83

1.5 20 94 94.81 94

1 10 97.43 96.87 96.7

20 94.87 94.79 94.25

Modified Activated Alumina

1.5 10 98.71 98.64 98

1.5 20 95.51 96.87 96.23

Table 5. Removal efficiency results (%) for different adsorbents under various conditions.

can be effectively regenerated or modified using simple sodium solutions in a cost-efficient manner, thereby
preserving their economic advantages®. Collectively, these factors make the modified zeolite and activated
alumina a highly cost-effective alternative to conventional adsorbents for water softening. The process achieves
comparable hardness removal performance at a fraction of the material cost associated with commercial ion-
exchange resins or activated carbon, an especially important consideration for large-scale or resource-limited
water treatment applications.

Conclusions

In this research, natural zeolite adsorbents and activated alumina, both in their modified forms with sodium
nitrate and sulfuric acid, were used to investigate the adsorption of hardness ions (calcium and magnesium
ions) in fixed-bed columns with diameters of 1 and 1.5 cm and flow rates of 10 ml/min and 20 ml/min. The
experimental results were then compared with various kinetic models for adsorption column performance.

The findings of this study reveal that the adsorption rate of hardness ions by the ceramic adsorbents (natural
zeolite and activated alumina) increased with an increase in column diameter, while it decreased with higher
flow rates. Based on the tests conducted, the most favorable condition and the best adsorbent for achieving
the desired results were found to be using natural zeolite in a 1.5 cm column at a flow rate of 10 ml/min. The
observed time intervals for breakthrough were 120 min, 120 min, and 100 min for total hardness, calcium
hardness, and magnesium hardness, respectively. Furthermore, the saturated time intervals for total hardness,
calcium hardness, and magnesium hardness were 570 min, 540 min, and 570 min, respectively.

In order to enhance the adsorbent performance, the use of NaNO, and H,S0, modifiers for natural zeolite
and activated alumina, respectively, was employed. The modification of natural zeolite led to significantly
longer breakthrough time intervals in the best test condition, reaching 240 min, 180 min, and 450 min for total
hardness, calcium hardness, and magnesium hardness, respectively, compared to the unmodified state. This
improvement was attributed to the increase in adsorption capacity due to ion exchange with sodium nitrate.
Similarly, the saturated time intervals also increased in this case for total hardness, calcium hardness, and
magnesium hardness, taking 600 min for the bed to reach saturation due to the enhanced adsorption capacity
of zeolite.

The kinetics of the adsorption column for total hardness, calcium hardness, and magnesium hardness on
the adsorbents were studied using three models: Thomas, Adams-Bohart, and Yoon-Nelson. Upon analyzing
the correlation coefficients (R?), the laboratory data exhibited the best agreement with the Thomas and Yoon-
Nelson kinetic models, both in their linear and non-linear forms. Incorporating non-linear modeling improved
the fitting accuracy for all models, with R* values for Thomas and Yoon-Nelson increasing up to 0.98 for total
hardness, confirming their suitability for describing the adsorption process. Although the Adams-Bohart model
also showed slightly better performance in the non-linear form, its overall predictive accuracy remained lower.
The best conditions for total hardness, calcium hardness, and magnesium hardness exhibited outstanding
removal efficiencies of 99.23%, 99.37%, and 99.17%, respectively, highlighting the effectiveness of the utilized
adsorbents in reducing hardness ions from the drinking water samples. The comparative evaluation of kinetic
models further demonstrated that the Thomas and Yoon-Nelson models provide a more reliable description of
the adsorption behavior in the fixed-bed columns compared to the Adams-Bohart model, which was limited to
the initial breakthrough region. This observation is consistent with previous studies on continuous adsorption
systems and confirms the suitability of these models for predicting the performance of modified ceramic
adsorbents under practical operating conditions.

In conclusion, this study highlights the effectiveness of natural zeolite and activated alumina as adsorbents
for the removal of hardness ions from drinking water. The modification of adsorbents with NaNO, and H,SO,
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further enhanced their adsorption capacities, making them even more suitable for water treatment applications.
The application of kinetic models provided valuable insights into the behavior of the adsorption process in fixed-
bed columns, aiding in the optimization of operating conditions for efficient hardness removal. Overall, this
research contributes to the advancement of water treatment technologies and provides valuable information for
designing effective adsorption systems for the removal of hardness ions from drinking water sources.

Data availability
The datasets used and analyzed in the study are available from the corresponding author (m.abbasi@pgu.ac.ir)
upon reasonable request.
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