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In this work, the preparation and comparative analysis of two adsorbents based on silane-modified
natural and synthetic zeolite for adsorbing silver ions from aqueous solutions and the assessment of the
possibility of their application as antibacterial agents against two strains of bacteria was conducted. (3-
Aminopropyl) triethoxysilane (APTES) was employed for modification, the presence of which in the ob-
tained samples was verified by thermal and Brunauer-Emmett-Teller (BET) analysis, as well as infrared
spectroscopy. Kinetic analysis indicated that the silver adsorption process followed the Lagergren pseu-
do-second-order model, while the data fit best with the Freundlich isotherm, indicating multilayer adsorp-
tion on the heterogeneous surface. The maximum adsorption capacities for silver ions were measured at
89.49 mg/g for natural and 61.19 mg/g for synthetic beta zeolite. The higher silver binding capacity was
observed in natural zeolite, which led to the conclusion that the key role in silver binding was played by
exchangeable cations in the structure of this starting material and that the dominant mechanism was ion
exchange. Both materials exhibited good antibacterial properties against Gram-negative Escherichia coli
and the Gram-positive Staphylococcus aureus. These findings demonstrated the potential of APTES-
modified zeolites as efficient adsorbents for silver ion removal and as antibacterial agents, paving the way
for applications in water purification and antimicrobial technologies.
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MMOAT'OTOBKA, KAPAKTEPU3ALINJA, ATCOPIIIINJA 1 ITPOIIEHKA
HA AHTUMHUKPOBHATA AKTUBHOCT HA 3EOJIMTU ®YHKIIMOHAJIN3UPAHU CO CHJIAH

Bo oBaa cTynuja e u3BpIIeHa MOATOTOBKA U CHIOpeAOeHa aHaIm3a Ha jBa aTcopOeHTa 0a3upaHu Ha
MIPUPOACH W CHHTETUYKHU 3€O0JUT MOAM(UIMpPAH CO CHJIAH 3a aTCOpIIHja HA CPeOpEHH jOHU O] BOIHU
pacTBOpH, KaKo M MPOLICHKa HAa MOXXHOCTa 32 HUBHA NPHMEHA KaKO aHTUMUKPOOHH CPEICTBa MPOTHB JBa
coja Oakrepuu. 3a Momudukammja Oeme kopucteH (3-ammHomporn)rpuerokcucwian (APTES), ume
TIPUCYCTBO BO JOOMEHNTE TIPUMEPOITH Geltre TIOTBPAEHO CO TepMaiHa aHanu3a, Brunauer-Emmett-Teller —
oBa (BET) ananmsa m mH(panpBeHa crieKTpockonrja. KnHeTndkaTta aHanms3a ykaxa JieKa MporecoT Ha
aTcopIIfja Ha cpedpo ce OBUBA CHOpE MICEBA0-BTOp ped Ha Lagergren, momeka momaToiuTe HajmoOpo
ce BKJIOIMyBaat co m3orepma Ha Freundlich, mro ykaxkyBa Ha MoOBeKecIOjHA aTCOPIIIHja Ha XeTeporeHa
MOBpIIMHA. MaKCHMaTHUTE KalalUTeTH 3a aTcopmiuja Ha cpeOpeHu joHW m3HecyBaa 89,49 mg/g 3a
npupogHuoT U 61,19 mg/g 3a cuHTeTHUKMOT Oera-3eonuT. [loromemara crocoOHOCT 3a Bp3yBame Ha
cpebpo Oemie 3abenexaHa Kaj NPUPOIHUOT 3€O0JHT, INTO JIOBEIE /O 3aKIyYOK JieKa KIydHa yiora BO
BP3yBambETO Ha cpedpo UrpaaT M3MEHINBUTE KAaTjOHH BO CTPYKTYpaTa Ha OBOj MOYETEH MaTepujal U JeKa
JOMMHAHTEeH MEXaHH3aM € joHCcKaTa m3MeHa. !V nBaTa Mmartepujaia moKakaa JOOpH aHTHMHUKPOOHHU
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cBojctBa nipotuB ['pam-HeratusHata Escherichia coli u I'pam-nosutieriotr Staphylococcus aureus. Osue
HAOIM ja MOTBPAYyBaaT MOXHOCTa 3a MpHMeHa Ha 3eonutd Momudunupanu co APTES kako edukacHu
aTcOpOCHTH 3a OTCTpaHyBame Ha CPEOPEHM jOHH M KaKO aHTHMHKPOOHH CPEICTBa, OTBOPAjKU Mar 3a
HHBHA yNoTpeOa 3a MPOYKHCTYBAahe Ha BOJIA M BO aHTUMUKPOOHH TEXHOJIOTHH.

Kayunu 3060poBH: mpupoJcH 3eonut; Octa 3eonut; Momuburmpan 3eonmut; APTES; cpebpen jow;

aHTI/I6aKTepI/ICKa AKTUBHOCT

1. INTRODUCTION

Zeolites, depending on their origin, exhibit
different structural and functional properties that
determine their effectiveness in various types of
applications. Clinoptilolite, the most abundant nat-
ural zeolite, has a limited pore size and a relatively
small specific surface area.® However, natural
zeolites have a large number of exchangeable cati-
ons in their structure due to the low silicon content,
which make them efficient in adsorption process-
es.*” In contrast, synthetic beta zeolite has a sig-
nificantly larger pore volume, a high-silicate open
three-dimensional network of interconnected chan-
nels, and a large specific surface area. These im-
provements makes beta zeolite adaptable for
achieving functionality and binding large organic
molecules, both on the surface and within the
channels and cavities.”®

Improving the performance of zeolites often
involves surface modification. Previous studies
have shown that natural zeolites have the highest
affinity for binding ions of lead, copper, and zinc,
followed by cadmium and nickel.® However, the
practical application of natural zeolite remains lim-
ited by its lower adsorption capacity and selectivi-
ty. In recent years, researchers have modified natu-
ral zeolites with compounds containing orga-
nofunctional groups to increase the adsorption ca-
pacity and selectivity. Functionalization of zeolites
with silanes, such as (3-aminopropyl)triethoxy-
silane (APTES), introduces amino groups that in-
crease hydrophobicity, mechanical stability, and
ion exchange capacity.'*? It has been shown that
APTES-modified zeolites can immobilize metal
ions such as silver, zinc, or copper,® thereby pro-
ducing materials with antibacterial activity that
have potential applications in biomedicine.***’

Beta zeolite is one of the most commonly
used synthetic zeolites. The large specific surface
area is attributed to the existence of channels in the
structure formed by the interconnection of 12-
membered rings with an aperture diameter of 7.7
A8 Beta zeolite exhibits superior properties in the
adsorption of large volatile organic compounds and
carbon dioxide, which is mainly attributed to its
large total pore volume and specific surface area,

as well as excellent hydrophobicity.’® It has also
been shown to be an effective adsorbent for drugs
such as the commonly used ketoprofen, hydrochlo-
rothiazide, and atenolol from dilute aqueous solu-
tions.? Beta zeolite, synthesized without organic
structure-directing agents, and saturated with silver
ions, has demonstrated surprisingly good antibacte-
rial activity in just one hour, killing all E. coli bac-
teria present in the water medium.?

Considering that silver ions can damage bac-
terial cell membranes and interfere with enzymatic
processes,?? the aim of this work was to compare
the preparation of two adsorbents based on APTES-
modified natural zeolite (ANZ) and synthetic beta
zeolite (ABZ) and their application for the adsorp-
tion of silver ions. Starting from the assumption that
in natural zeolite the dominant binding mechanism
is ion exchange, while in beta zeolite the binding
occurred exclusively through APTES groups, the
contribution of organofunctional groups to the silver
adsorption capacity was compared in the work.
Based on the study of the antibacterial activity of
Ag-saturated zeolites, their potential application in
wastewater treatment and medicine to reduce mi-
crobial contamination is assessed.

2. EXPERIMENTAL SECTION

2.1. Chemicals

All chemicals and reagents used in this inves-
tigation were of analytical grade. The primary stock
silver solution (1000 mg/l) was prepared by dissolv-
ing a precise quantity of silver nitrate (Sigma Al-
drich, Germany) in ultra-distilled water. The work-
ing solution concentrations were prepared by appro-
priately diluting the primary stock solutions. (3-
Aminopropyltriethoxysilane (APTES, 99% purity,
Acros Organics) was used as the zeolite modifier.
The beta zeolite (BZ) used in this study was ac-
quired from Sigma Aldrich (particle size < 20 pm).

2.2. Zeolite preparation

For this research, natural zeolite (NZ) from
the Zlatokop deposit near Vranjska Banja was
used. To obtain the optimal sample for the prepara-
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tion of the adsorbent, the zeolite was first ground,
after which separation was carried out using a
sieve shaker (CISA, BA200N). The separation
process was conducted in four series, each lasting
10 minutes, with the amplitude set to 2.0. A sieve
was used to isolate the zeolite fraction with a grain
size of —125 um.

2.3. Aminosilane modification

Encouraged by previous publications,?*%
NZ and BZ modification was performed using
APTES, with certain procedural changes. A mass
of 3.0 g of zeolite and introduced 1.0 g of APTES
(zeolite:APTES ratio of 3:1) were suspended in 50
ml of a mixture of toluene and ethanol solution
(70:30). The suspension was heated in an oil bath
for 9 hours at a controlled temperature (70 °C) un-
der reflux in an inert nitrogen atmosphere. The
modification was carried out under these condi-
tions to suppress hydrolysis and oxidative degrada-
tion of APTES, ensuring efficient and reproducible
functionalization of the zeolite surface.

Upon completion of the modification step,
the zeolite was centrifuged, separated, and washed
three times with 15 ml of 99 % ethanol to remove
unbound materials. After that, the material was
dried at 50 °C for 12 hours to ensure the stability
and consistency of the sample. This process en-
sured the optimal functionalization of zeolite with
APTES, which contributed to the improvement of
the adsorption characteristics of the material.

Beta zeolite was also modified according to
the same procedure. The samples were labeled as
ANZ and ABZ after modification.

2.4. Characterization of the obtained material

X-ray powder diffraction (XRPD) was used
to identify and analyze the phase composition of the
samples, as well as to determine the degree of crys-
tallinity of the adsorbent. The samples were exam-
ined using a Philips X-ray diffractometer, model
PW1710, equipped with a high-quality curved
graphite monochromator in conjunction with a scin-
tillation counter. Measurements of the intensity of
diffracted CuKo X-ray radiation (A=1.54178 A)
were carried out at room temperature under precise-
ly defined parameters. The X-ray tube operated at
40 kV and 30 mA, while the apertures for directing
the primary and diffracted beams were adjusted to
1° and 0.1 mm, respectively, ensuring optimal
measurement precision and stability.

Thermal properties were characterized by
Thermogravimetric and Derivative Thermogravi-
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metric analysis (TG/DTG) using an SDT Q600 in-
strument (TA Instruments). The samples were heated
in a stream of synthetic air at a constant flow rate of
100 ml/min and a heating rate of 10 °C/min, up to a
maximum temperature of 800 °C. This method
provided a detailed examination of changes in
sample mass as a function of temperature, offering
deeper insight into the thermal properties of the
material.

For Fourier transform infrared (FTIR) spec-
troscopy analysis, a Nicolet iS10 spectrometer
manufactured by Thermo Scientific was employed.
Spectra were recorded in the range of 4000 to 450
cm* using the pressed KBr tablets method.

Scanning electron microscopy (SEM) was
utilized to investigate the morphology of the sam-
ples and to analyze the size of single crystals with-
in crystalline aggregates. A JEOL JSM-6610LV
electron microscope was used at an operating volt-
age of 20 keV. Prior to analysis, the samples were
dried overnight at 105 °C, after which a thin layer
of gold was applied to their surface by sputter coat-
ing to improve conductivity during SEM imaging.

Analysis of specific surface area and pore dis-
tribution was performed via nitrogen adsorption test-
ing at —196 °C using a Micromeritics ASAP 2020
analyzer. Before measurement, the samples were de-
gassed owvernight at either 100 °C (for organ-
ic/biopolymer components sensitive to higher tem-
peratures) or 150 °C (for inorganic and thermally
stable hybrid samples). The specific surface area of
the powder materials was determined based on their
gas adsorption capacity using the Brunauer-Emmett-
Teller (BET) method, while the volume and surface
area of the mesopores were measured using the Bar-
rett-Joyner-Halenda (BJH) methodology.

2.5. Back titration of amino groups

To determine the amino group content in
functionalized materials, back titration was used as
a precise and reliable method.? Approximately 10
mg of the functionalized adsorbent was accurately
weighed and placed into a clean Erlenmeyer flask.
To the flask, 10 ml of 0.01 mol/l hydrochloric
(HCI) acid was added, allowing the acid to react
with the amino groups present on the material's
surface. The mixture was subjected to ultrasonic
agitation for 15 minutes to ensure thorough inter-
action between the acid and the surface functional
groups.

After the reaction, the solid material was
separated from the liquid phase through vacuum
filtration, and the filtrate — containing the unreact-
ed HCI — was collected for subsequent analysis.



334 Jelena Dimitrijevié et al.

The amount of unreacted acid was determined by
titration with a 0.01 mol/l potassium hydroxide
(KOH) solution. A few drops of methyl orange
were used as an indicator, and the titration was
considered complete when the solution changed
color from red to yellow, indicating neutralization.

The volume of the KOH used during titra-
tion was recorded and used to calculate the number
of moles of HCI that reacted with the amino groups
(predominantly primary —NH,, with possible con-
tributions from secondary —-NHR and tertiary -NR,
functionalities). This calculation was done by sub-
tracting the amount of unreacted HCI (as deter-
mined by titration) from the initial amount of HCI
added. The amino group content were then ex-
pressed in mmol per gram of the material, normal-
ized to the weight of the sample.?’

2.6. Adsorption experiments

For the adsorption of silver ions, solutions
with different initial concentrations (50, 100, 150,
200, 300, and 400 mg/l) were prepared. To mini-
mize light exposure, the vessels were wrapped in
aluminum foil. Adsorption experiments were con-
ducted at pH 5, using 100 ml Erlenmeyer flasks,
each containing 0.5 g of adsorbent in 50 ml of solu-
tion. The flasks were placed on a Heidolph Uni-
mak 1010 orbital shaker at 25 °C, with a solid-
liquid ratio of 1:100 (g/ml) and a mixing time of 15
to 1440 minutes.

For Kinetic experiments, silver ion solutions
with initial concentrations of 200 and 300 mg/I
(referred to as Ag 200 and Ag 300) were used.
These concentrations were chosen to evaluate the
time-dependent adsorption performance of ANZ
and ABZ. After mixing, the suspensions were fil-
tered through medium-porosity filter paper using a
water vacuum pump, and the filtrates were ana-
lyzed by atomic absorption spectroscopy (AAS)
using a PerkinElmer 900T instrument.

All tests were performed in triplicate, and
the average results were reported. The amount of
adsorbed silver ions was calculated using the fol-
lowing equation:

i_eV
ge = GV (1)

m

where e represents the amount of adsorbed silver
on APTES-modified zeolites (mg/g), ¢i and c. are
the initial and equilibrium metal concentrations
(mg/l), V is the volume of the metal solution (I),
and m is the mass of ANZ and/or ABZ (g). Zeolite
samples enriched with Ag* ions (Ag-ANZ and Ag-

ABZ) were subsequently dried at 50 °C overnight
following filtration.

2.7. Determination of cation exchange capacity

The cation exchange capacity (CEC) was
determined by suspending a 1.0 g sample in 100 ml
of 1.0 mol/l ammonium acetate solution. The sus-
pension was stirred in a water bath at 105 rpm and
25 °C for 24 hours. After mixing, the suspension
was separated by filtration through medium-
porosity filter paper using a vacuum pump.

The concentrations of Na*, Ca®*, K*, and
Mg?* in the filtrate were measured using AAS. The
CEC value was calculated by summing the concen-
trations of alkali and alkaline earth metal ions pre-
sent in the solution and was expressed in mmol
M*/100 g of sample.

2.8. Examination of antibacterial activity

The antibacterial activity of samples Ag-ANZ,
Ag-ABZ, and pure APTES was tested against two
bacterial strains: Gram-negative Escherichia coli
DSM 498 and Gram-positive Staphylococcus aureus
ATCC 25923. The method used to evaluate the anti-
bacterial effect of zeolite was a modified disk diffu-
sion method in physiological solution (0.85 % NaCl),
known as the Kirby-Bauer method.?®

Bacterial cultures were grown on solid nutrient
media for 16 hours at 37 °C to reach the logarithmic
growth phase. Fresh bacterial biomass was suspended
in 9.0 cm® of saline and homogenized using a vortex
mixer for 3 minutes prior to testing.

All samples were sterilized in an autoclave
at 121 °C for 20 minutes, except for the silver-
containing samples, which were sterilized at 70 °C
for 2 hours due to silver's thermal sensitivity. After
sterilization, zeolite suspensions were prepared in
solution at concentrations of 5, 10, and 20 mg/cm?®.

Bacterial strains were seeded onto solid nu-
trient agars, and 10 pl of each suspension at vary-
ing concentrations were dropped onto the agar sur-
face. After incubation for 24 hours at 37 °C, the
zone of inhibition was measured to assess the anti-
bacterial activity of the samples.

3. RESULTS AND DISCUSSION
3.1. Adsorbent characterizations

The X-ray powder diffraction (XRPD)
method was used to identify the crystalline phases
present in the natural (NZ) and beta zeolite (BZ)
samples analyzed in this study. The diffractogram
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of NZ powder is shown in Figure 1, which shows
characteristic peaks attributed to clinoptilolite at
20 positions of 9.7°, 12.8°, 17.2°, 19°, 22.2°, and
29.9°. In addition, peaks originating from quartz

NZ
600
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Intensity

300

200 ‘

T T
0 20 30 40 50 60

26(")

\
100 ﬂ |

(20 = 20.9°, 26.6°, and 36.5°) and feldspar (20 =
27.1°) were observed, indicating the presence of
these mineral impurities in the zeolitic tuff from
the Zlatokop deposit.

ANZ

Intensity

Fig. 1. Diffractograms of NZ and ANZ

Through detailed analysis, it was determined
that NZ contained 72 wt.% clinoptilolite, with the
main impurities being feldspar (14 wt.%), quartz
(12 wt.%), and clay (2 wt.%). After APTES modi-
fication (ANZ sample), all peaks were observed
with lower intensity, indicating that the structure
was preserved and only weak amorphization oc-
curred due to acid exposure (Fig. 1).23
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Furthermore, XRPD analysis of the BZ (Fig.
2) revealed a diffractogram corresponding to the
crystalline structure of the beta zeolite, in agreement
with the Atlas of Zeolite Structures® issued by the
World Zeolite Association. XRPD analysis after si-
lanization (Fig. 2, sample ABZ) showed that the
modification led to partial amorphization of the sam-
ple, although the overall structure remained intact.*
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Fig. 2. Diffractograms of BZ and ABZ

The thermal properties were examined using
TG/DTG analysis to understand how the samples
responded to high temperatures and to determine
whether aminosilane had bonded to the zeolite sur-
face.

The thermogravimetric (TG) and differential
thermogravimetric (DTG) curves for NZ and ANZ

Maced. J. Chem. Chem. Eng. 44 (2), 331-347 (2025)

are presented in Fig. 3. The samples were heated
from 25 to 800 °C. The NZ sample showed a total
mass loss of 12.3 wt.%, primarily due to dehydra-
tion. In contrast, the ANZ sample exhibited a mass
loss of 15.1 wt.%, which was attributed to both
dehydration and decomposition of the organic
components (Fig. 3a).*
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The difference in mass loss between the un-
modified and APTES-modified zeolite indicated
the presence of grafted organic groups on the zeo-
lite surface. Specifically, the NZ sample had a total
mass loss 2.8 wt.% lower than that of ANZ, sug-
gesting that approximately 2.8 wt.% of the added
mass corresponded to covalently bonded ami-
nopropyl moieties introduced via APTES modifi-
cation.

Mass loss, %6
1

AREZ ¥
R =

Rate of mass change, %/min

This result is consistent with previously re-
ported data, where a mass loss of 3.9 wt.% in the
200 — 800 °C range was attributed to the thermal
decomposition of propyl chains in silane-
functionalized materials.* The agreement between
the observed mass difference and the literature-
reported decomposition profile further supports the
successful surface functionalization of the zeolite
with aminopropyl groups.

b)

NZ

T T T T T T T 1
100 200 300 400 40K ] i E]

Temperature, "C

T T T T T
100 200 300 400 “0 600 700

Temperature, °C

Fig. 3. a) TG curves of NZ and ANZ and b) DTG curves of NZ and ANZ

The DTG curve for the NZ sample (Fig. 3b)
showed maxima at 76, 209, 373, 551, and 716 °C,
which were attributed to the loss of surface-bound
water and water incorporated within the zeolite
framework.®® In contrast, the DTG profile of the
ANZ sample revealed three distinct peaks. The
first, observed near 100 °C, corresponded to the
release of physically adsorbed water and water as-
sociated with hydrated cations in the zeolite struc-
ture. The subsequent peaks at 342 °C and 447 °C
were attributed to the stepwise thermal decomposi-
tion of the grafted APTES moiety. These features
indicated the presence of the organic modifier on
the zeolite surface and confirmed that APTES un-
derwent degradation in two successive stages.

Thermal analysis results shown in Figure 4
(TG and DTG curves) provided insight into the dif-
ferences in thermal behavior between the unmodi-
fied (BZ) and APTES-modified (ABZ) synthetic
zeolite samples. The total weight loss recorded for
BZ was 11.5 wt.%, primarily due to the removal of
physically adsorbed water and surface-bound hy-
droxyl groups through dehydration. In contrast, the
ABZ sample exhibited a significantly higher total
mass loss of 24.2 wt.%, reflecting the combined
effects of dehydration, dehydroxylation, and thermal
decomposition of grafted organic functionalities
introduced during silanization (Fig. 4a).

The observed difference in mass loss
(12.7 wt.%) between BZ and ABZ was attributed
to the incorporation of aminopropyl groups from
the APTES modifier. This increase suggests not
only surface functionalization but also substantial
penetration of the organosilane into the internal
pore network of the beta zeolite. The enhanced
thermal response of ABZ indicates a more exten-
sive and spatially distributed immobilization of
organic matter, supporting the successful function-
alization of the material at both surface and in-
tracrystalline levels.

The DTG curve for the BZ (Fig. 4b) showed
maxima at 76 and 206 °C, which were attributed to
the loss of surface-bound and structural water.* On
the DTG curve of the ABZ sample, multiple peaks
were observed. The low-temperature peaks below
100 °C corresponded to the loss of physisorbed and
water associated with hydration cations.

In addition, three distinct peaks at 265, 331,
and 378 °C were attributed to the stepwise thermal
decomposition of the grafted APTES molecules.
The appearance of these three peaks, along with a
larger area under the curves, indicates the presence
of a greater amount of organic material bound to
the zeolite surface compared to NZ.*
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Fig. 4. a) TG curves of BZ and ABZ and b) DTG curves of BZ and ABZ

The FTIR spectrum of all samples (Figs. 5a
and 5b) showed a pronounced band in the range of
3400 — 3500 cm?, attributed to the stretching vi-
brations of —OH groups. A peak at 1634 cm™* was
observed, corresponding to —OH bending vibra-
tions associated with cations located within the
zeolite channels.®3°

The characteristic band at 1060 — 1075 cm™*
corresponded to asymmetric vibrations of internal
Si—O and Al-O bonds in SiO4 and AlO4 tetrahedral
groups, while the band at 796 cm™ was attributed
to the stretching vibrations of O-Si-O and O-Al-
O groups in the zeolite structure.

In addition to the typical absorption bands of
—OH, Si-0, and Al-O groups, new bands appeared
in the spectra of silane-modified zeolites, indicat-
ing successful incorporation of APTES onto the
zeolite surface. Peaks at 2958, 2923, and 2852 cm
were associated with —C—H stretching vibrations
from aliphatic methylene groups.
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Symmetric and asymmetric bending vibrations
of —C—H groups in the —CH3 plane were expected in
the range of 1300 — 1500 cm™, along with bands cor-
responding to in-plane vibrations of -N-H and -C—-N
bonds, which overlapped with —-C-H vibrations. A
broad peak in the range of 3300 — 3600 cm™* origi-
nated from —NH: stretching vibrations of the ami-
no group, overlapping with —OH stretching vibra-
tions. 340

Scanning electron microscopy (SEM) was
used to analyze the morphology of natural and syn-
thetic beta zeolite samples, allowing examination
of the structural characteristics of both materials
(Fig. 6). Based on the scanned images, it was con-
cluded that NZ formed aggregates through the ad-
hesion of plate-like crystals approximately 25 um
in size, while BZ exhibited a granular structure
with grains ranging from 1 to 2 pm. This observa-
tion is consistent with the known morphological
characteristics of zeolites, which are typically de-
scribed as granular materials.?®=®

110
105
100 +
95
o
90
85
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— ABZ
—BZ

65
4000

T T T T T T T
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Wavenumber, cm™’

Fig. 5. FT-IR spectra of (a) NZ and ANZ and (b) BZ and ABZ
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Fig. 6. SEM images of NZ and BZ

The results obtained from BET analysis are
shown in Table 1. The specific surface area was
measured for both zeolite samples before and after
silane modification. Since APTES molecules are
larger than the channels and cavities within the NZ
structure, their binding occurred primarily on the
external surface of the zeolite, which resulted in a
reduction in specific surface area.**%

A significant decrease in specific surface ar-
ea was also observed in BZ, which suggests a
greater amount of organic components present both
on the surface and within the lattice cavities. In
addition, a decrease in pore volume and average
pore diameter was noted, which correlates with the
reduction in surface area.*

Table 1

Determined structural properties of base
and fabricated materials

Specific
Sample surface Viot(cm®/g) Vmeso(cm®/g)
area (m?/g)
NZ 31.29 0.03 0.04
ANZ 6.3 0.13 0.13
BZ 587.52 1.13 0.41
ABZ 75.14 0.38 1.14

The results of the back titration revealed
significant differences in amino group content be-
tween the two functionalized adsorbents, ANZ and
ABZ, reflecting their surface modification effi-
ciencies. ABZ showed a higher amino group con-
tent of 0.40 mmol/g, compared to 0.30 mmol/g for
ANZ. These values confirmed the successful func-
tionalization of both materials, while highlighting
the enhanced modification efficiency of ABZ.

The higher amino group content in ABZ was
attributed to the structural properties of BZ. The

large pore size and three-dimensional intercon-
nected channels of BZ provided more accessible
surface sites for functionalization. Additionally, its
greater thermal and chemical stability during modi-
fication ensured efficient grafting of aminosilanes,
resulting in a denser distribution of amino groups.

However, not all amino groups in ABZ were
equally accessible due to its complex pore net-
work, as previously reported by Breck® and
Mintova et al.”® In contrast, ANZ possessed a
smaller and less complex structure with smaller
pore size, which limited the number of reactive
sites available for modifications but enhanced the
accessibility of functional groups.

This structure suggests a trade-off between
functional group density and accessibility, as con-
firmed by Cundy et al.* These findings aligned
with the TGA/DTG results, which confirmed a
higher degree of APTES incorporation in ABZ, as
evidenced by both greater mass loss and a signifi-
cant reduction in surface area.

3.2. Batch adsorption tests

Previous adsorption studies revealed a sig-
nificant improvement in adsorption capacity fol-
lowing the modification of NZ and BZ.* As
shown, from a solution with an initial concentra-
tion of 100 mg Ag/l, the adsorption capacity of NZ
increased from 25.3 to 58.49 mg/g, while that of
BZ increased from 24.3 to 51.19 mg/g after APT-
ES modification. These results demonstrate a sub-
stantial enhancement in the performance of the
modified zeolites. Accordingly, in this study, ad-
sorption kinetics were investigated to evaluate the
efficiency of ANZ and ABZ as adsorbents of silver
ions in aqueous solutions.

In addition to the structural changes caused by
the modification, the influence of ion exchange on
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the adsorption efficiency was also examined. A com-
parative analysis between modified and unmodified
zeolites (ANZ and NZ) indicated that modification
significantly enhanced the ability to bind silver ions

through both ion exchange and surface complexation
mechanisms. The results for exchangeable calcium,
magnesium, sodium, and potassium, shown in Table
2, support this conclusion.

Table 2
Exchangeable cations compared to silver
Ag* Ca? Mg?* Na* K*
Adsorbent meq M*/100 g

NZ 23.74 11.72 3.94 4.57 3.81

ANZ 54.65 13.84 4.48 5.82 4.92

BZ 22.71 3.43 3.21 10.64 5.51

ABZ 47.84 3.98 4.15 13.54 6.82

3.3. Proposed mechanisms of Ag* binding

For both NZ and BZ samples, the primary
mechanism of Ag" binding was ion exchange, in
which silver ions replaced exchangeable cations
(Na*, Ca?*, K*, Mg?") originally present in the zeo-
lite framework:

Zeolite-Na*" + Ag" — Zeolite—~Ag" + Na*

This process was more pronounced in the
NZ sample due to its higher content of exchangea-
ble cations inherent to the natural zeolite structure.
The observed decrease in the concentrations of
these cations following Ag" uptake (Table 2) sup-
ports the predominance of this mechanism.

In the case of APTES-functionalized zeolites
(ANZ and ABZ), Ag' binding occurred via a dual
mechanism. In addition to ion exchange, the amino
groups (—NHy) introduced through surface grafting
of APTES enabled the formation of coordination
complexes with silver ions:

Zeolite-NH; + Ag" — Zeolite-NHy---Ag*

This additional complexation pathway signifi-
cantly enhanced Ag' uptake in ANZ and ABZ, as
demonstrated by both the increased adsorption capac-
ities and the concurrent reduction of exchangeable
cation concentrations. The synergistic contribution of
ion exchange and surface complexation with amino
functionalities explains the improved binding per-
formance of the modified zeolites.

3.4. Effect of contact time and kinetics studies

As can be seen from Figure 7, the adsorption
process was very fast — approximately 50 % of Ag*
ions were removed from solutions of both concen-
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trations within the first 15 minutes by ABZ (28 and
34 mg Ag/l). This phenomenon was attributed to
the fast interaction of silver ions with available
active sites on the adsorbent surface.*6*’

Following this initial phase, a modest in-
crease in adsorption capacity was observed until
the system reached equilibrium. The adsorption
capacity of ANZ was measured at 56.7 and 71.4
mg Ag/g for initial concentrations of 200 and
300 mg Ag/l, respectively, with equilibrium
achieved after 240 minutes. In comparison, ABZ
reached equilibrium faster — after 120 minutes —
with adsorption capacities of 51.1 and 64.9 mg
Ag/g at the same initial concentrations (Fig. 7).

APTES-modified zeolite binds silver ions
more efficiently than unmodified samples, despite
partial pore blockage caused by silane attachment
to the zeolite surface. This efficiency is due to the
introduction of amino groups (—NH,), which serve
as additional active sites.”® These groups exhibit
strong coordination interaction with the silver ions,
enhancing adsorption performance. Although pore
accessibility is slightly reduced, the additional
functionalities compensate by creating new bind-
ing sites on the outer surface and at the pore en-
trances. In addition to ion exchange, selective
chemisorption also occurs, providing stronger in-
teractions and higher adsorption capacity.°

ANZ demonstrated greater efficiency in sil-
ver ion binding compared to ABZ. Although NZ
possessed a smaller and more complex pore net-
work, its lower Si/Al molar ratio resulted in a
higher number of exchangeable cations available
for interaction with silver ions. In contrast, BZ fea-
tured a more open structure with larger pores,
which allowed organic molecules to occupy lattice
channels, hindering silver ion diffusion and access
to active binding sites.*
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Fig. 7. The effect of contact time during Ag* ion removal using ANZ and ABZ, at different concentrations (200 and 300 mg Ag/I)

The Kinetic investigation of adsorption pro-
vided valuable insights into the binding mechanisms
of silver ions, the rate of sorption, and the potential
degree of rate limitation. To clarify these aspects,
various kinetic models — including the pseudo-first-
order, pseudo-second-order,> and Weber-Morris
intraparticle diffusion models® — were applied to the
experimental data. The mathematical equations of
these models are shown below:

Pseudo-first-order rate equation:

1 kq ) (1) 1
—=|—]){z)+ (— 2
qtc (‘Zeq t (Qeq) ( )
Pseudo-second-order rate equation:
t 1 1
L () 3
qdt (kzng> deq ( )
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where geq and qg: denote the amount of silver ad-
sorbed (mg/g) at equilibrium and at time t, respec-
tively. The parameters ki(1/min), k2 (g/mg-min),
and Kig (mg/g-min*?) represent the pseudo-first-
order, pseudo-second-order, and intraparticle diffu-
sion rate constants, respectively. The constant C
represents the boundary layer effect.

The adsorption profiles based on the pseudo-
second-order kinetic model and intraparticle diffu-
sion for both modified zeolites are depicted in Fig-
ure 8. The corresponding calculated parameters are
summarized in Tables 3 and 4. Analysis of the re-
sults presented in these tables revealed that the cor-
relation coefficient values (R?) for silver ions at both
concentrations on ANZ and ABZ were notably
higher and closer to 1 for the pseudo-second-order
kinetic model. These findings indicated that the re-
moval Kinetics of silver ions on the surfaces of ABZ
and ANZ conformed to the proposed model.

BB

E
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£

Z104 = ABZ 200

s o ABZ 300
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Fig. 8. Kinetic adsorption curves for silver adsorption onto (a) ANZ and (b) ABZ using a pseudo-second-order kinetics model
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Table 3

Kinetic parameters for Ag* removal on ANZ

Adsorbent ANZ Ag 200 Ag 300
Oeq, exp [MQ/Q] 56.70 £ 0.51 71.40 £1.25
Pseudo-first-order model
Qeq, cal [Mg/g] 55.78 +0.84 74.54 £0.99
ki1 [1/min] 9.95+0.25 28.25+0.36
R? 0.9087 £ 0.0650 0.8036 + 0.0501
Pseudo-second-order model
Qeq, cal [MQ/Q] 57.52 + 0.52 73.17 +1.02
k2 [g/mg min?] 0.0545 £ 0.0040 0.0251 £ 0.0010
R? 0.9998 + 0.0001 0.9989 + 0.0004
Weber-Morris diffusion model
Kid1 [mg/g min?2] 1.0662 + 0.0320 1.8833 +0.2220
C1[mg/g] 10.8692 £ 0.2104 8.9812 +0.8410
R? 0.955 + 0.022 0.9830 £+ 0.0230
Kid2 [mg/g min?2] 1.1245 +0.0121 0.0355 +0.0010
C2 [mg/g] 39.5324 + 0.4567 72.1516 + 0.7800
R? 0.9956 + 0.0203 0.9995 +0.0010
Kidgs [mg/g min?2] 0.0658 +0.0010
Cs [mg/g] 58.5664 + 1.2500
R? 0.9619 £ 0.0150
Table 4

Kinetic parameters for Ag™ removal on ABZ

Adsorbent ABZ Ag 200 Ag 300
Qeq, exp [MA/g] 51.10 £ 0.51 64.90 £ 1.05
Pseudo-first-order model
Qeq.cal [Ma/g] 52.49+0.84 62.13 £0.99
k1 [1/min] 7.95+£0.25 34.20 £0.36
R? 0.8757 £0.0820 0.8073 £0.0510
Pseudo-second-order model
Qeq.cal [Ma/g] 52.52 +0.52 65.07 £ 1.02
k2 [g/mg min?] 0.0545 + 0.0041 0.0251 + 0.0010
R? 0.9988 + 0.0001 0.9974 £ 0.0021
Weber-Morris diffusion model
Kig1 [mg/g min?] 2.0232 £ 0.0320 1.8833 +£0.2210
C1 [mg/g] 22.8902 + 0.0153 8.9812 +0.8400
R? 0.9928 +0.0221 0.9830 +0.0230
Kidg2 [mg/g min?] 0.0958 + 0.0010 0.0355 +0.0010
C2 [mg/g] 59.8764 + 1.2510 65.1516 + 0.98
R? 0.9119 £ 0.0235 0.9995 +0.0010
Kigs [mg/g min'?2] 4.2558 +0.0010
Cs [mg/g] 19.87764 £ 1.2510
R? 0.9838 +0.0235

Moreover, the calculated adsorption capaci-
ties at equilibrium, derived from the pseudo-
second-order model, were in accordance with the
experimentally obtained values (Qeq, €Xp) (See Ta-
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bles 3 and 4). Based on these results, it was con-
cluded that the adsorption of Ag* onto ANZ and
ABZ followed a pseudo-second-order model. The
adsorption process involved ion exchange and the
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interaction of Ag"with amino groups in APTES
molecules present on the zeolite surface. These
findings were consistent with the ion exchange
study (Table 2).

Furthermore, the Weber-Morris intraparticle
diffusion model was employed to explore the in-
fluence of intraparticle diffusion on the removal
processes (see Fig. 9). The presence of split linear
zones in Figure 9 indicated that intraparticle diffu-
sion was not the sole rate-determining step; in-
stead, multiple mechanisms contributed to the ad-
sorption of the tested ions. The intraparticle diffu-
sion data for Ag" adsorption clearly indicated that
the adsorption mechanism varied with initial con-
centration.

For ANZ at 200 mg/1, the plot exhibited
three distinct linear regions, suggesting the in-
volvement of multiple steps in the overall sorption
process. These regions corresponded to: (i) exter-
nal surface diffusion (boundary layer diffusion) of
Ag" ions from the bulk solution to the adsorbent
surface; (ii) intraparticle diffusion of ions into the
pores of the adsorbent; and (iii) a final equilibrium
phase, where the adsorption rate significantly
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slowed due to site saturation. This triphasic behav-
ior reflected the classical intraparticle diffusion
model described by Simi¢ et al.>® for Cd>* biosorp-
tion, in which similar multistep diffusion processes
were observed depending on the nature and struc-
ture of the adsorbent.

In contrast, for the adsorption at 300 mg/l,
only two distinct linear segments were observed.
The absence of a clearly defined third phase sug-
gested that the equilibrium was reached more rap-
idly at a higher concentration, likely due to the in-
creased driving force for mass transfer and en-
hanced diffusion. At this concentration, external
diffusion and intraparticle transport dominated,
while the equilibrium stage appeared less distin-
guishable.

Although the presence of multiple linear re-
gions in the Weber-Morris plots indicated that
more than one mass transfer step is involved, the
steep initial slopes and high correlation with the
pseudo-second-order model suggested that film
diffusion and surface chemisorption were the pre-
dominant mechanisms governing Ag" adsorption
onto ANZ and ABZ.

e ABZ 300
= ABZ 200

T T T T T
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Fig. 9. Intraparticle diffusion plots of silver ions onto ANZ and ABZ

3.5. Isotherm study

To examine the silver adsorption equilibrium
on ANZ and ABZ, the experimental data were fitted
to Langmuir, Freundlich, and Temkin isotherm mod-
els. These isotherms served as valuable tools for un-
derstanding the interaction mechanisms between the
metal ions and adsorbent materials, thereby providing
insights into the binding mechanisms.>

The Langmuir model, which describes sin-
gle-layer adsorption on a fixed number of active
sites, is represented by Equation (5):>°

de = qmaxKLCe/(l + K, Ce) (5)

where C. (mg/l) is the equilibrium concentration,
Omax denotes the maximum adsorption capacity
(mg/g), and K. is the Langmuir constant (I/mg).
The feasibility and suitability of silver adsorption
were further assessed using the dimensionless sep-
aration factor (Rv), as defined by Equation (6):*°

R, =1/(1+K.Cp) (6)

where Co represents the initial concentration of silver
ions in solution (mg/l), R, indicates the nature of the
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adsorption process on ANZ and ABZ. A value of R
> 1 suggests unfavorable adsorption, R. = 1 indicates
linearity, 0 < R.< 1 implies favorable adsorption and
R. = 0 signifies irreversible adsorption.>’

The Freundlich isotherm, which describes
multilayer adsorption on a heterogeneous surface,
is represented by Equation (7):%®

qe = KpCJ'" (7)

where Kr (mg/g (mg/1)"¥") is the Freundlich con-
stant, and 1/n is the constant related to the material
heterogeneity. A value of n between 1 and 10 sug-
gests a specific adsorption process.

The Temkin isotherm, which considers ad-
sorbent—adsorbate interactions and assumes that

80~
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504
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n ANZ

Langmuir isotherm
—— Freundlich isotherm

" Temkin isotherm

404

T T T T T
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the heat of adsorption decreases linearly with cov-
erage, is expressed by Equation (8):>°

qe = BLn KT + BLnCe (8)

where B = RT/b (J/mol) is a constant related to the
heat of adsorption, Kr (L/g) is the Temkin equilib-
rium binding constant, R is the universal gas con-
stant (8.314 J/mol-K), and T is the absolute tem-
perature (K). The linear reduction in adsorption
energy reflects a uniform distribution of binding
energies up to some maximum value. The magni-
tude of B provides insight into the nature of ad-
sorption: values below 40 kJ/mol typically indicate
physisorption, while higher values suggest chemi-
sorption.
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Fig. 10. Non-linear fits to different isotherm models of the Ag* adsorption by ABZ and ANZ

The equilibrium data were subjected to fit-
ting procedures using the isotherm models, while
the coefficient of determination (R?) served as the
primary criterion for model selection. Fig. 10 illus-
trated the inherent models depicting Ag”™ ion ad-
sorption isotherms on ANZ and ABZ, while Table
5 delineated the derived parameters.

Analysis of the tabulated results indicated
that the Freundlich equation provided a practical
depiction of the experimental dataset, suggesting
the occurrence of multilayer adsorption on the het-
erogeneous surfaces of ANZ and ABZ. Further-
more, ANZ demonstrated superior adherence to the
Freundlich model — a trend consistent with the ma-
terial characterization findings obtained through
experimental methods.

In addition, the values of R. and 1/n ranged
between 0 — 1 and 0 — 10, respectively, indicating
favorable adsorption of Ag* ions onto ANZ and
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ABZ. Moreover, the favorable adsorption of silver
on the examined ANZ and ABZ (primarily on
ANZ) was confirmed by other calculated parame-
ters summarized in Table 5. These parameters sup-
ported the claim, as K. < 1, Kg > 1, and n, values
fell within the range of 0 to 1. According to calcu-
lated values, the maximum adsorption capacities of
Ag’ on ANZ and ABZ are 89.49 and 61.19 mg/g,
respectively.

In addition to the Langmuir and Freundlich
models, the Temkin isotherm was applied to gain
further insight into the adsorption mechanism. This
model assumed that the adsorption heat of all mol-
ecules in the layer decreased linearly with cover-
age due to adsorbent-adsorbate interactions. The
Temkin model showed a good fit to the experi-
mental data for both ANZ (R*=0.9064) and ABZ
(R*=10.8580), suggesting its applicability.
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Table 5

Parameters and determination coefficients of the isotherm models

Models Parameters ANZ ABZ
Langmuir gm (Ma/g) 89.49 + 3.15 61.19+4.28
KL (I/mg) 0.020 £ 0.001 0.060 + 0.001
R? 0.8947 + 0.0021 0.6490 + 0.0013
RL 0.010 + 0.001 0.42 +0.02
1 9.44 +0.08 14.79 £ 0.04
Freundlich Kr(mg/g)(I/mg)¥" 9.88 +1.18 17.92 +0.45
1/n 2.83+1.02 4.74+0.15
R? 0.9559 + 0.0127 0.9171 + 0.0098
1 14.48 £ 1.89 12.77 £ 0.98
Temkin B (mg/g) 17.14+2.14 957+1.74
Kr (I/mg) 0.263 £ 0.130 2.041 £ 0.947
R? 0.9064 + 0.0134 0.8580 + 0.0102

The calculated Temkin constant B, which
was related to the heat of adsorption, was
17.14 mg/g for ANZ and 9.57 mg/g for ABZ. Since
B values lower than 20 kJ/mol typically indicated
physisorption, while values above this threshold
pointed toward chemisorption, the obtained B val-
ues suggested that the adsorption of Ag* onto both
ANZ and ABZ proceeded predominantly via phys-
ical interactions.

Additionally, the relatively low Ky values
(0.263 I/mg for ANZ and 2.04 I/mg for ABZ) sup-
ported this conclusion, indicating a moderate bind-
ing strength between the adsorbent and Ag* ions.

3.6. Antibacterial activity

To investigate the potential application of
the prepared samples, we examined the use of
silane-modified, silver-enriched ANZ and ABZ as
antibacterial agents. The antibacterial activity of
the zeolites was tested toward two bacterial strains:
Escherichia coli DSM 498, a representative of
Gram-negative bacteria, and Staphylococcus aure-
us ATCC 25923, a representative of Gram-positive
bacterial species.

The graphical representation in Figure 11 il-
lustrated the absence of antibacterial activity ex-
hibited by the APTES-modified zeolite against
Escherichia coli. Conversely, a low antibacterial
effect was observed when ABZ was tested against
Staphylococcus aureus, as shown in Figure 12.
Zones of inhibition were present when the antibac-
terial activity of Ag-enriched zeolites was exam-
ined against both strains (Figs. 11 and 12). This
effect was attributed to the slow release of the Ag*
ions from the zeolite lattice.

Fig. 11. Antibacterial activity of silane-modified,
silver-enriched natural and beta zeolite against Escherichia
coli DSM 498. Initial number of bacteria (to):

E. coli DSM 498 = 1.2 x 10° CFU/cm®

Fig. 12. Antibacterial activity of silane-modified,
silver-enriched natural and beta zeolite against Staphylococcus
aureus ATCC 25923. Initial number of bacteria (to):

S. aureus ATCC 25923 = 2.4 x 108 CFU/cm®
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The zone of inhibition was more pronounced
in the investigation of antibacterial activity against
S. aureus, which could be explained by the struc-
tural difference between Gram-negative and Gram-
positive bacteria. The cell wall of Gram-negative
bacteria was more complex than gram-positive
bacteria. Gram-negative bacteria contained a cell
wall consisting of a thin peptidoglycan layer adja-
cent to the cytoplasmic membrane and an outer
membrane (OM) composed of phospholipids and
lipopolysaccharides, whereas the cell wall of gram-
positive bacteria was thicker.®

This study showed that gram-positive S. au-
reus was more sensitive than gram-negative E.
coli, and that the OM played a protective role
against silver ions. Additionally, the inhibition
zones for both bacteria increased with higher con-
centration of zeolite in the matrix, indicating con-
centration-dependent antibacterial activity.

4. CONCLUSIONS

This study investigated the feasibility of se-
questering silver ions from aqueous solutions
through the use of organically modified NZ and
BZ. It focused particularly on their potential appli-
cation as antimicrobial agents against pathogenic
bacteria, specifically the gram-negative Escherich-
ia coli and the gram-positive Staphylococcus aure-
us. Modification was achieved using APTES.

The results of infrared spectroscopy and
thermogravimetric analysis corroborated the suc-
cessful binding of the organic moiety to the zeolite
matrix. Furthermore, the observed reduction in the
specific surface area of both zeolites suggested that
APTES binding occurred predominantly on the
surface of the zeolite.

Analysis of the adsorption properties revealed
a notable discrepancy in silver binding efficiency,
with silane-modified NZ exhibiting significantly
higher performance (86.7 %) compared to its beta
zeolite counterpart (67.1 %) when exposed to a solu-
tion of identical initial concentrations (200 mg/dm?).
This performance difference was attributed to the
higher concentration of exchangeable cations in-
herent in the structure of NZ, which facilitated
both the binding of silver ions to APTES mole-
cules and the ion exchange processes.

Subsequent evaluation of antibacterial activ-
ity confirmed the bactericidal efficacy of silver-
saturated zeolites against both tested bacterial
strains. This antimicrobial effect was attributed to
the presence of silver ions, strategically positioned
on the surface and within the structural framework
of the zeolite.
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