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This study is focused on the surface modifications of the materials that are used for antimicrobial water
treatment. Sorbents of different origin were activated by Ag*-ions. The selection of the most appropriate
materials and the most effective activation agents was done according to the results of the sorption and
desorption kinetic studies. Sorption capacities of selected sorbents: granulated activated carbon (GAC),
zeolite (Z), and titanium dioxide (T), activated by Ag*-ions were following: 42.06, 13.51 and 17.53 mg/g,
respectively. The antimicrobial activity of Ag/Z, Ag/GAC and Ag/T sorbents were tested against Gram-
negative bacteria E. coli, Gram-positive bacteria S. aureus and yeast C. albicans. After 15 min of exposure
Activated sorbents period, the highest cell removal was obtained using Ag/Z against S. aureus and E. coli, 98.8 and 93.5%,
Antimicrobial activity respectively. Yeast cell inactivation was unsatisfactory for all three activated sorbents. The antimicrobial
E. coli pathway of the activated sorbents has been examined by two separate tests - Ag*-ions desorbed from the
S. aureus activated surface to the aqueous phase and microbial cell removal caused by the Ag*-ions from the solid
C. albicans phase (activated surface sites). The results indicated that disinfection process significantly depended on
the microbial-activated sites interactions on the modified surface. The chemical state of the activating
agent had crucial impact to the inhibition rate. The characterization of the native and modified sorbents
was performed by X-ray diffraction technique, X-ray photoelectron spectroscopy and scanning electron
microscope. The concentration of adsorbed and released ions was determined by inductively coupled
plasma optical emission spectroscopy and mass spectrometry. The antimicrobial efficiency of activated
sorbents was related not only to the concentration of the activating agent, but moreover on the surface
characteristics of the material, which affects the distribution and the accessibility of the activating agent.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The pollution of water resources is the issue that demands the
synergistic operation of engineers, chemists and biologists as it was
accomplished within this research. So far, various natural mate-
rials are tested, in their native or modified forms, for removal
of different water pollutants, such as: toxic metals [1,2], organic
compounds [3], microorganisms [4] and simultaneous pollution
removal applications [5,6]. Easily available and low cost sorbents
are always attractive for heavy metals removal [7,8]. This is of
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great importance due to heavy metals non-biodegradability and
tendency to accumulate in living organisms [9]. The absorption
of organic species from aquatic medium was often conditioned
by modification of the surface properties using different chemi-
cals [10,11]. One of the most promising fields in water research is
the potential application of sorbents activated by metal ions for
antimicrobial activity, e.g. antimicrobial modified sorbents [12].
The water for human consumption is subjected to chemical
and microbiological safety [13]. The World Health Organization
(WHO), recommended that water intended for drinking should
not contain fecal bacteria [14]. The presence of pathogenic micro-
organisms and infectious agents in the water is restricted, whether
for drinking or recreation purpose [13,15]. For microbial destruc-
tion, or inactivation in the water different conventional methods
of disinfections are applied. Lately, the special interest in this sci-
entific field has been revived using metal-activated sorbents. The
metal ions, such as: Ag*, Cu?*, Zn%*, Sn?*, Pb2*, Ti?* and Cd?", are
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well known as good antimicrobial agents and described as suit-
able antimicrobial carriers [16,17]. Inorganic materials have several
advantages over traditionally used organic agents: chemical stabil-
ity, thermal resistance, safety to the user, long lasting action period,
etc. [18,19]. Among them, aluminosilicates and clays have been
widely examined in antimicrobial activity, due to their high ion
exchange capacity, high surface area and sorption capacity, neg-
ative surface charge, chemical inertness and low or null toxicity
[18]. Zeolites, varied in origin and activated by Ag*-, Cu%*-, Zn?*-
, Ni2*-, Sn2*-, Pb2*-, Bi%*-, Cd2*-, Cr3*-, Fe3*- and Ti* -ions, were
one of the most used inorganic materials in different antimicrobial
tests [4,12,17,20,21,22]. Montmorilonite, doped by silver, copper
and zinc ions was suitable carrier for bacterial cell removal [23].
The clinoptilolite, previously Zn%*-exhausted, was further applied
in simultaneous phosphate removal and disinfection activity [15].
The untibacterial effect of sepiolite loaded by Cu%*-nanoparticles
was tested by Esteban-Cubillo et al.[24], showing 99.9% of E. coli and
S.aureus cell removal. Activated carbons always have supreme posi-
tion in final wastewater treatment step due to their large surface
area. Ag*-loaded activated carbon has showed very good antibacte-
rial activity against E. coli and strong As (V) adsorption [16]. Li et al.
performed modifications of Cu?*, Zn%* and Fe3*-activated carbon
and zeolite for enhanced E. coli removal from urban stromwater
[12]. Ag*-modified titanium-dioxide is one of the most widely used
photocatalitic materials, applicable in various wastewater appli-
cations such as removal of organic water pollutants [25,26] and
microbial and virus cell reduction in aquatic environment [27,28].
The metal-activated materials are not only used as disinfection car-
riers in the water treatment area, they are also proliferated in many
segments of human activity. Zeolite, activated carbon and titanium
dioxide, activated by Ag*-, Cu2*- and Zn%*-ions are widely used for
food preservation [29], while TiO, doped by silver ions found its
utilization as self-desinfection fabrics [30].

This study is focused on Ag*-activated sorbents that have poten-
tial application for the control of microbial growth in the aqueous
system. In preliminary tests, 11 different materials: 5 natural-virgin
(zeolite, sepiolite, bentonite, calcite and quartz), 3 natural-modified
(powder activated carbon, granulated activated carbon and acti-
vated alumina) and 3 synthetic (artificial zeolite, titanium dioxide
and ion exchange resin) were loaded by Ag*-ions. Different antimi-
crobial aspects of pairs of sorbents and chemically active agents
are critically observed. Also, the criteria for the selection of the
most suitable carriers: natural (zeolite, Z), modified (granulated
activated carbon, GAC) and artificial (titanium dioxide, T), by ori-
gin has been elucidated. Antimicrobial activity of Ag/GAC, Ag/Z and
Ag|T sorbents were tested against Gram-negative bacteria E. coli,
Gram-positive bacteria S. aureus and fungi C. albicans. In order to
clarify the microbial cell reduction, the disinfection effect of Ag*-ion
was observed separately in aquatic medium (free Ag* ions released
from the sorbent) and on the activated surface (Ag*-ions doped
on the surface). Despite well known inhibition effect of free ions
in aquatic solutions [9], in this study the disinfectant contribution
of the activated surface to overall antimicrobial activity is empha-
sized.

The aim of this work was to evaluate silver activated sorbents
that are the most suitable for bacteria and fungi cell removal and to
demystify their antimicrobial activity. The main objectives of this
work were: (i) the modification of the sorbent by simple metal load-
ing process (Ag*-activation process), (ii) the selection of the most
suitable sorbents and chemical agents (toward adsorption and des-
orption kinetic studies), (iii) the investigation of structural changes
of the activated materials and the chemical state of Ag* activating
agent, (iv) antimicrobial tests of the Ag*-treated sorbents, (v) the
clarification of the main cell reduction pathway and differentia-
tion of the contribution of the Ag*-ions released from the activated
surface and Ag*-ions loaded on the surface activated sites.

2. Materials and methods
2.1. The material selection and preparation

For the experiments in this study, 11 different materials were
selected and divided in three main groups according to their origin:

(a) natural-virgin sorbents (labeled as group A, in Table 1):
zeolite, Z (originating from Mare Baia, Romania,
(Nag52K2 44Caq 48 )(Alg 59Si29.41072)(H20)2864), bentonite, B
(originating from Bira¢, Zvornik, Bosnia and Herzegovina,
Nag,Cap 1Al,Si4019(0OH)2(H20)19), sepiolite, S (originating
from Al‘ltiéi, faEak, Serbia, Si1203oMgg(OH)4(H20)4-8(“20)),
calcite (originating from Central Bosnia and Herzegovina,
(Mgg.03Cagg7)(CO3)), and quartz sand, Q (River Sava basin,
Belgrade, Serbia, alpha-SiO;);

natural-modified sorbents (labeled as group B in Table 1): pow-
der activated carbon, PAC (Kemika, Zagreb, Croatia), granulated
activated carbon, GAC (Karbozjak, KruSevac, Serbia), activated
alumina, AL (Fisher Scientific, St. Louis, USA) and

synthetic sorbents (labeled as group Cin Table 1): artificial zeo-
lite, AZ (Hopkin and Williams, London, Great Britain), titanium
dioxide, T (Adsorbsia AS500, Dow, France) and ion exchange
resin, IR (Amberlit Resin IR-120H, BDH England).

(b

N

(c

~

The main constituents and their content (expressed in %),
BET specific surface area (expressed in m2/g) and particle size
(expressed in mm) distribution of the selected materials are pre-
sented in Table. 1 to provide deeper insight in adsorptive properties
of tested materials.

Prior to their use, materials were washed by deionized water,
dried for 2h at 105°C and placed in desiccators. The homoge-
nization of dry sorbents was reached using mortar and pestle.
Minimal number of processing steps for the material preparation
was accomplished considering possible practical applications.

2.2. Characterization of the material

2.2.1. The X-ray diffraction

The X-ray diffraction (XRD) was used for the structural anal-
ysis of native and Ag*-activated materials, employing an ENRAF
NONIUS FR590 XRD (Bruker AXS, MA, USA) diffractometer with
Cu Ky 1,2 radiation and a step/time scan mode of 0.05°/1s. The
XRD pattern of the native samples was compared with the diffrac-
tion powder file (PDF2) for activated carbon (reference pattern:
89-7213), clinoptilolite (89-7539) and titanium-dioxide (86-1157).

2.2.2. X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS), used for the sur-
face analysis of native and activated sorbents was carried out using
SPECS System with XP50M X-ray source for Focus 500 and PHOI-
BOS 100/150 analyzer. AlKa source (1486.74eV) at a 12.5kV and
32 mA was used for this study. XPS spectra were obtained at a pres-
sure in the range of 3 x 1078 to 2 x 10~° mbar. Survey spectra were
recorded from 1000 to 5 eV, with the energy step of 0.5 eV, dwell
time of 0.2's, and with pass energy of 40eV in the Fixed Analyzer
Transmission (FAT) mode. Region spectra for each sample were
taken from 360 to 380 eV, which include Ag 3d photoelectron lines.
Region spectra were recorded with the energy step of 0.1 eV, dwell
time 1s and pass energy of 20eV in the FAT mode. For Ag/Z and
Ag|T samples, flow gun was used and adjusted to fit C 1s energy
of 284.8 eV. Spectra were collected by SpecsLab data analysis soft-
ware and analyzed by CasaXPS software package both supplied by
the manufacturer.
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Table 1
The component profile (%), BET specific surface area (m?/g) and particle size (mm) distribution of the selected materials.
Sorbent Component, % BET specific surface Particle size, mm Ref
area, m?/g
Natural materials
Zeolite (Z) Clinoptilolite, 80 45.7 0.4-0.8 [31]
Bentonite (B) SiOy, 55 Al 03, 16.8 59.3 <0.074 [32]
A. Virign Sepiolite (S) Si0,, 57 MgO, 28.6 268 <0.074 [32]
Calcite (C) CaCo0s, 85 9.8 0.001 Present study
Quartz (Q) Si0,, 76 2.6 0.20-0.55 Present study
Powder activated carbon (PAC) Carbon, 91.9 1014 0.023 [33]
B. Modified Granulated activated carbon (GAC) Carbon, 63.3 1436 0.355-1.60 [34]
Activated alumina (AL) Al,0s, 90 230 0.50-2.00 Present study
. Artificial zeolite (AZ) / 280 0.45-1.50 Present study
Synthetic Titanium-dioxide (T) Titanium-dioxide, 89 250 0.25-1.25 135]
materials Ion exchange resin (IR) / 300 0.354-0.841 Present study

2.2.3. Scanning electron microscopy

After the deposition of a thin gold layer on the native and acti-
vated sorbents, a TESCAN MIRA 3 XMU field emission scanning
electron microscope (FE-SEM), operated at 20keV, was used to
analyze the morphology of the samples.

2.3. Activation process

2.3.1. Reagents

Chemical of analytical grade Ag,SO4 was supplied by Merck
(Darmstadt, Germany), and HNO3 from Sigma Aldrich (St. Louis,
MO, USA). Ultra-pure water produced by a Millipore Milli-Q system
(the resistivity 18 M2 cm~1), was used throughout the experimen-
tal work in sorption and desorption processes.

2.3.2. Sorption experiment

Set of adsorption experiments, in the singular batch mode, was
tested in order to compare sorption capacity of 11 different sor-
bents for Ag*-ions. Standard solution of Ag,SO4 was prepared by
dissolving 1g of sulfate salt in 1L of deionized water; concentra-
tion of 3.2 mmol/dm3 was obtained. Experiments were performed
following the standard procedure: 1.00-4.00 g of solid sample was
added to 100 mL of standard solution of metal. The sorption process
was stimulated by orbital shaker by stirring at 170 revmin~! (Hei-
dolph ROTAMAX 120), at room temperature 21 £+ 1°C, over a period
from 3 min to 24 h. Adsorption studies were conducted under acidic
conditions (pH =5.5). Concerning silver ions, acidic conditions pre-
serve Ag*-ions to form black precipitate Ag,0, which is formed as
a result of the reaction of silver cation and the hydroxide anion
yielding AgOH, according to the reactions (1) and (2):

Ag™ +0OH — AgOH (1)
2AgOH — H,0 + Ag,O0(blackprecipitate) 2)

Intermediate acidic conditions enable Ag*-ions to be removed
from the solution by adsorption process, avoiding the effect of pre-
cipitation [36]. The aliquots of 1mL were taken at 3; 5; 10; 15
and 30 min from the beginning of the process; as well as after 1;
2; 3; 4; 5; 6; 8; 12 and 24 h. After final activation period (24 h),
sorbents and solutions were separated by filtration through the
standard filter designed for a wide range of laboratory applications
(MF-Millipore membrane filter, mixed cellulose ester, 0.45 pm).
Sorbents were exposed to ambient conditions for 24h and dried
on 105 °C for 2 h. All, 33, activated samples were weighted to four
digit accuracy (Radwag model mza5.3y, Radom, Poland) before the
next step — desorption experiment. The filtrates and the aliquots
were collected and the concentrations were measured by inductiv-
ity coupled plasma optical emission spectroscopy (ICP-OES).

2.4. Desorption experiment

The kinetic behavior of the released Ag*-ions was studied in a
similar manner, in the singular batch mode. Each sorbent, previ-
ously dried and measured, after sorption process, was submerged
with 100 mL of distilled water at 20 &+ 1 °C over a period from 3 min
to 24 h. The aliquots of 1 mL were taken at 3; 5; 10; 15 and 30 min
from starting time; as well as after 1; 2; 3; 4; 5; 6; 8; 12 and 24 h.
The samples were gently stirred at 50revmin~! by orbital shaker.
After final desorption period of 24 h, the sorbents and solutions
were separated, filtrated and dried, following the same procedure
as the activation step. The aliquots, 14 measurement points, were
collected using microtubes of 1.5 mL volume. Phase removal (solid
particles in aliquots) was performed using ultracentrifuge (Heraeus
Sepatech Biofuge 13) on 12,000rpm for 5min and the concen-
trations of metal ions in supernatant were analyzed by induced
coupled-mass spectrometry (ICP-MS).

2.5. The metal ions concentration determination

2.5.1. The concentration of residual metal ions after sorption
process

The aqueous phase concentrations of Ag*-ions were detected
by inductively coupled plasma optical emission spectroscopy (ICP-
OES) on Thermo iCAP 6500 system, equipped with the Thermo iTEVA
software, a concentric nebulizer, and a Cyclonic Spray Chamber.
External calibration with standards prepared from Certipur Merck
1000 mg/L, single standard solutions, was applied for the measure-
ments. Calibration blank, calibration standards and samples were
acidified with 65% nitric acid (Trace Select from Sigma-Aldrich) to
final adjustment to 2% nitric acid. The detection limit for Ag*-ions
was 0.02 mg/L, operating on 328.068 nm. Samples for Ag measure-
ments were collected in amber vials. These solutions were acidified,
centrifuged and the concentrations of Ag*-ions were measured
after the experiments were accomplished. The accuracy and pre-
cision of the measurement were controlled using LGC ERM-CA011
reference material.

2.5.2. The concentration of released metal ions after desorption
process

The concentration of Ag*-ions was determined using Thermo
iCAP Qc ICP-MS. External calibration was used with calibration
standards prepared from 1000 mg/L single element Merck solu-
tions for each analyzed ion. Calibration standards were prepared
with 1% HNOs as a diluent (Fluka Analytical Trace Select HNO3). As
internal standard Indium was used. After every tenth measurement
continuing calibration verification solution (CCV) was analyzed in
order to verify the integrity of the instrument calibration. CCV was
prepared from the Accu standard ICP multi element standard MES
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21-1. Certified reference material ERM CAO11b was measured undi-
luted to verify the overall performance of the measurements and
these values were within 85-115% which is acceptable according
to EPA 200.8.

2.6. Efficiency of sorption and desorption processes

2.6.1. The sorption capacity

Sorption capacity (SC) of activated materials for Ag*-ions,
expressed in mg of doped metal per g of sorbent, is calculated from
Eq.(1):

(Co —Cs)v
m

SC= (1)
where Co (mg/L) is aninitial element concentration (in the standard
solution), and Cs (mg/L) is concentration after 24 h of activation
process. The V(L) is volume of contact solution (standard solutions)
and m (g) is the mass of examined sorbent. The SC is a specific
characteristic for each type of sorbent and depends on the nature
of material and of chemical agent.

2.6.2. The desorption capacity
The desorption capacity (DC) for analyzed materials, expressed
in mg of released metal per g of sorbent is calculated from Eq. (2):

pc= Sy (2)
m/

where C; (mg/L) is the total desorbed concentration after 24 h, V

(L) is the volume of contacting solution and m’ (g) is the mass of

activated material, after sorption process.

2.7. Microbiological tests

2.7.1. Reagents and microbial culture

Antimicrobial activity was tested against microbiological cul-
tures: Gram-negative bacteria, E. coli (ATCC 25922, Microbiologics,
USA), Gram-positive bacteria, S. aureus (ATCC 25923, Microbiolog-
ics, USA) and fungi C. albicans (ATCC 24433, Microbiologics, USA).
Solid substrates for E. coliand S. aureus were prepared by Plate count
agar (Torlak, Serbia)., while Sabouraud malotose agar was used for
C. albicans growth (Torlak, Serbia). Analytical grade, sodium chlo-
ride, NaCl, was supplied by Merck (Darmstadt, Germany).

Table 2

2.7.2. Antimicrobial tests for Ag*-activated sorbents

The antimicrobial activity of Ag*-activated sorbents was evalu-
ated against E. coli, S. aureus and C. albicans using the standard test
dilution. Briefly, a mass of 0.1 g of each activated sorbent (Ag/GAC,
Ag/Z and Ag/T) was added to a tube containing 9.9 mL of sterile 0.9%
NaCl solution (pH 6.2). The saline was inoculated with 0.1 mL of an
overnight culture inoculum. The tubes were incubated in a water
bath shaker (Memmert, Germany) at 150 rpm, for 15-20 min, at
37°C. The aliquot of 0.1 mL of the mixture, saline, activated sorbent
and inoculum, was diluted in the 9.9 mL of the saline. Other, differ-
ent dilutions were also performed. From each dilution, the 0.1 mL
aliquot was placed in a Petri dish and covered with appropriate
agar. After 15 min of the incubation at 37 °C, the number of sur-
viving microorganism colonies was counted. As a control sample, a
blank sterile saline with a native sorbent was used.

2.7.3. Antimicrobial tests for aqueous phase with released
Ag*-ions

Inactivation of E. coli, S. aureus and C. albicans by released Ag*-ion
in aqueous phase was also investigated. Antimicrobial tests were
performed by different concentrations of free Ag*-ions, collected
after 15 min of desorption period of Ag/GAC, Ag/Z and Ag/T. Test
tubes were inoculated with 0.1 mL overnight culture inoculums.
After incubation period at 37 °C, the aliquot of 0.1 mL was diluted in
the 9.9 mL of the saline. The dilution test is performed as described
in the previous paragraph. A control sample, without Ag*-ion was
performed under the same conditions, in saline.

2.7.4. Estimation of antimicrobial activity
The degree of the microbial cell reduction (R, %) was calculated
according to Eq. (3):

[CFUCOHt - CFUm]

R(%) =
(%) CFUcont

100 (3)

where CFU¢op is the number of microorganism colonies in the con-
trol sample with native sorbents or only with saline, and CFU, is
the number of microorganism colonies in the tubes with silver acti-
vated samples (Ag/GAC, Ag/Z, Ag/T) or with Ag*-ions released from
the activated surface.

All antimicrobial tests were performed in triplicate. The mean
value and standard deviation were calculated by Origin Pro soft-
ware (OriginLab Corporation).

Activation (sorption) and desorption capacities of 11 different sorbents for Ag*-ions, after 24 h of duration time.

Sorbent Activating ion
Ag*
SC, mg/g DC, mg/g
Natural materials
Zeolite (Z) 13.51 0.085
Bentonite (B) 3.28 0.30
A. Virign Sepiolite (S) 15.29 0.03
Calcite (C) 7.15 0.04
Quartz (Q) 423 0.68
Powder activated carbon (PAC) 16.16 0.04
B. Modified Granulated activated carbon (GAC) 42.06 0.32
Activated alumina (AL) 6.52 0.011
Artificial zeolite (AZ) 15.83 0.009
Synthetic materials Titanium dioxide (T) 17.53 1.05
Ion exchange resin (IR) 21.18 0.043
Metal ion SC (mg/g) DC (mg/g)

Ag* GAC>IR>T>PAC>AZ>S>Z>C>AL>Q>B

T>Q>GAC>B>Z>IR>C~PAC>S>AL~AZ




M.B. Dolic¢ et al. / Applied Surface Science 357 (2015) 819-831 823

Table 3

Sorption capacity of activating components in different modified sorbents and their minimum inhibitory concentrations in antimicrobial activity.
Material Activating Sorption MIC (mg/mL) Exposure period, h Antimicrobial activity Ref.

component capacity (mg/g)

Zeolite X Ag* 20.0 0.15; 0.15; 0.15 1;1;1 E. coli; P. aeruginosa; S. eureus [22]
Zeolite X Ag* 98.0 0.3;0.3;1.0; 1.0 24; 24; 48; 48 E. coli; B. subtilis; S. cerevisiae; C. albicans [41]
Zeolite Y Agt 97.0 0.2;0.2;1.0; 1.0 24; 24; 48; 48 E. coli; B. subtilis; S. cerevisiae; C. albicans [41]
Clinoptilolite Cu?* 26.0 10.0; 10.0 24; 24 E. coli; S. eureus [4]
Clinoptilolite Ni2* 5.20 10.0; 10.0 24;24 E. coli; S. eureus [4]
Clinoptilolite Zn%* 13.0 10.0 24 A. junii [5]
Sepiolite Cu?* 10.0 / 24 E. coli; S. aureus [24]
Montmorilonite Ag* 33.6 2.5 24 E. coli [18]
Montmorilonite Zn** / 0.5;0.5 24; 24 Pycnoporus cinnabarinus; Pleurotus ostreatus [23]
GAC Ag* 10.0 0.016 24 E. coli [6]
GAC Ag* 24.7 0.5 0.17 E. coli [44]
GAC Ag* 16.5 0.02 24 E. coli [45]
TiO,/citozan Ag* 50.0 0.00038 24 E. coli [29]
TiO, Ag? / 10.0; 10.0; 10.0 24;24; 24 E. coli, S. aureus, C. albicans [30]
TiO, Ag* 10.0 0.001 24 E .coli [46]

3. Results and discussion
3.1. Preliminary investigations

Sorption and desorption capacities of 11 sorbents loaded by Ag*-
ions, after 24 h are presented in Table 2. The efficacy of activation
process is determined by sorption capacities (SCs). Virgin natu-
ral sorbents were analyzed in preliminary investigation in greater
scope due to availability and possible easier implementation. But,
the analysis showed that natural-modified and synthetic materi-
als have higher affinity for metal ions, than the virgin ones. The
range of SCs was: 42.06-3.28 mg/g for Ag*-ions. The high affinity
was manifested for Ag*-ions, which is related to hydrated ionic
diameter phenomenon [21]. Hydrated radius is inversely propor-
tional to cationic radius. The value of silver cationic radius is 1.13 A
which indicates that hydrated radius of Ag*-ion has an advantage
for easier absorption by sorbent [37]. The affinity of each tested
material for silver ion was also considered and is presented in the
lower part of Table 2. Desorption studies give information on the
concentration of released ions into the solution. The slow release
of metal ions from the activated surface is followed by an antimi-
crobial effect. Supporting this phenomenon, the presence of free
ions after desorption was analyzed in distilled water. The range of
DCs was: 1.05-0.009 mg/g for Ag*-ions. These results indicate that
DSc are nearly 20 (for titanium-dioxide) to 2000 (for artificial zeo-
lite) times lower then SCs of the same materials. Low desorption
rate of heavy metals, adsorbed or naturally present in minerals,
was proved in our previous study [38]. Desorption of metal ions by
the natural virgin and modified material did not show any specific
order.

Regarding SCs and DCs obtained for Ag*-ions, as well as the
differences in the origin of examined materials, for further antimi-
crobial tests Z (particle size 0.4-0.8 mm), as a representative of
natural virgin sorbent, GAC (particle size 2-4 mm), a natural mod-
ified sorbent and T (particle size 0.25-1.2mm), as a synthetic
sorbent, were selected. One of the criteria for the selection of
appropriate sorbent, beside proven antimicrobial efficacy, is sor-
bent stability and its lifetime [ 12]. In this study, sorbents of different
desorption rates are intentionally selected because the release of
Ag*-ions will determine the pathway of overall antimicrobial activ-
ities.

3.2. Critical overview of the previous silver antimicrobial studies—
alleviation of the differences

The selection of appropriate sorbents and activating agent
depends on several parameters: SC (quantity of the surface loaded

activating agent) [16,21]; desorption kinetics (stability of the sor-
bent - slow release of free metal ions) [17,22,39]; chemical state of
the activating agent (Ag® vs. Ag*) [18,40,41] and structural prop-
erties of the material (better porosity enables better distribution
of the Ag*-ions through the material and easier accessibility of the
activating agent to the microbial solution) [4,18,40]. Taking into
account all of the above, the appropriate sorbent selection and their
microbiological testing depends on many factors. The selection
of different materials, activating components, sorption capacities
of the modified sorbents and minimum inhibitory concentration
(MIC), used in some previous antimicrobial investigations are pre-
sented in Table 3.

Successful activation process, e.g. good sorption capacity for
specific metal is a prerequisite for the choice of adequate activating
agent (metal ion selection). Metal ions (Ag*, Cu?*, and Zn%*) provide
efficient microbial cell reduction [22,23]. In literature, there are
opposite explanations related to the explanation of antimicrobial
activity. At first, microbial cell reduction was explained by conven-
tional approach that free metal ions inactivate bacteria and fungi
cell growth [9,22,42]. But, lately, the contribution of the activated
material on antimicrobial activity has also been evaluated [4,12].
Within this study both influences are considered, cell reduction
due to free ions in solution [22,23] and the antimicrobial effect of
the ions doped on the surface of sorbent [18,41]. These two steps
do not exclude each other, e.g. they are complementary. Although
some of previous investigations indicated similar conclusion [4],
this phenomenon has not been yet clarified. The kinetic study of
released ions from the surface enables the clarification of antimi-
crobial mechanism of activated sorbents.

In some of the previous studies the importance of the chemi-
cal state of the activating agent for the antimicrobial activity was
appointed [40,41,43]. Inoue et al. investigated antibacterial activ-
ity of silver activated zeolite and discovered that the bactericidal
activity was very low when oxidation state of silver was zero [43].
Ferreira et al. discovered that the ratio of present silver ions and
elemental silver (e.g. Ag*/Ag® atomic ratio) on the activated sur-
face determined an overall antimicrobial effect. Nevertheless, the
porosity of materials and distribution of the chemical agent dic-
tated the accessibility of the activating agent [4,40]. Magana et al.
focused on the influence of the porosity on antimicrobial effect of
the montmorilonite (calcined and milled) [18]. Better inhibition
rate was obtained by calcined clay where Ag*/Ag? atomic ration was
lower. This could be directly the consequence of Ag*-ion incorpora-
tion in the interlayer of the calcined sample and non-homogeneous
profile distribution of the activating agent. Beside metal ion acti-
vating treatment, impregnation of materials by film of oxides or
hydroxides [12] is often used procedure for sorbent modification.
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Fig. 1. Activation process of GAC, Z and T sorbents by Ag*-ions.

The metal hydr(oxide) coating approach provides better sorbent
stability in water due to its low solubility constant [37]. The slower
release of metal ions from the hydr(oxide) activated surface into
the solution may affect microbial removal for a longer time. Sorp-
tion capacity of hydr(oxide) layered sorbents proved to be lower
than metal-activated materials [12].

3.2.1. Material activation by Ag*-ions and sorption process
efficiency

The activation process, with Ag*-ions as chemical agent and
GAC, Z and T as selected sorbents, was performed in singular batch
mode. The change of sorption capacity of Ag/GAC, Ag/Z and Ag/Z,
with time, during 24 h, for activation process, is shown in Fig. 1.

Comparing the sorption capacities of GAC, Z and T sorbents for
Ag*-ions, the values were: 42.06, 13.51 and 17.53 mg/g, respec-
tively. The applied activation process was very efficient for Ag/GAC
and satisfactory for Ag/T and Ag/Z. After 24 h, 65% of Ag*-ions were
loaded on GAC, while 27 and 21% were adsorbed onto T and Z sor-
bents. The change of the sorption capacity per time can be fitted
by kinetic models of pseudo-first and pseudo-second order. Both
kinetic models gave a similar sorption trend. Using GAC sorbent,
50% of initial Ag*-ions were removed from the solution after 45 min,
while Z and T showed slower sorption kinetics, 50% of Ag*-ions
were uptakenin 3 hand 2 h, respectively. From the obtained values
of sorption efficiency and kinetic parameters for the activation pro-
cess, Ag*-ions are the most suitable choice for chemical activating
agent.

3.2.2. Desorption of the Ag* ions from the activated surface

Desorption kinetic studies give the information based on the
change of concentration of released Ag*-ions per time. Slow release
of metal ions enables stability and longevity of the activated sor-
bent. The release of free Ag*-ions was simulated in deionized water,
at pH 5.5 during 24 h. Desorption kinetic studies of Ag/GAC, Ag/Z
and Ag/T are shown in Fig. 2.

Comparing desorption capacities of Ag/GAC, Ag/Z and Ag/T,
expressed in mg/g the values obtained were: 0.32, 0.008 and 7.41,
respectively. There is obvious difference in Ag*-ions release ten-
dency between selected materials. Ag/Z exhibits low desorption
rate, while Ag/GAC has moderate desorption rate of Ag*-ions in
contrary to Ag/T, with high desorption rate. For this study, these
differences in the desorption rates of selected materials are con-
venient for the analysis and explanation of the contribution of
the activated sorbent (activated sites on the surface of the mate-
rial) to antimicrobial activity. Separate analysis of the microbial
cell removal caused by the Ag*-ions from the aqueous phase and
Ag*-ions from the solid phase will be performed. The important
distinction in this approach is related to the chemical state of the
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Fig. 2. Desorption process of Ag*-ions, released by Ag/GAC, Ag/Z and Ag/T sorbents.

activating agent. Structural and surface analysis of native and Ag*-
activated sorbents provides better insight in the mechanism of
antimicrobial activity.

3.3. Structural and surface properties of activated sorbents

3.3.1. XRD analysis

The results of XRD analysis of native, GAC, and activated, Ag/GAC
sorbent are shown in Fig. 3. The analysis showed that silver
activated sorbent has been subjected to structural change. The pres-
ence of elemental silver (Ag®) has been detected at characteristic
peaks: 26=38.10°; 44.25° and 64.40° [44,45]. The broad peaks of
GAC and the sharp peaks of silver appeared in the pattern of the
Ag/GAC refer to the coexistence of the both Ag/GAC and GAC[6]. Sil-
ver ions (Ag*) from the activation medium, Ag,SO,4 solution, were
adsorbed on GAC surface and they have been reduced by carbon
atoms, a strong reducing agents, to elemental silver (Ag®) [47]. This
reaction explains the chemical state of the activating agent which is
loaded as metallic silver on Ag/GAC activated surface. The appear-
ance of two new peaks, at 26 =20.95° ((Na,K);S,03) and 26 = 23.30°
(S), are also a consequence of reduction process of the sulfate group
(S042-) from the activation medium.

The results of XRD analysis of native, Z, and activated, Ag/Z sor-
bent are shown in Fig. 4. The analysis has shown that there were no
significant structural changes between natural and activated sor-
bent, except for the silver peak which appeared when activated
sorbent has been analyzed. The diffraction pattern of modified sor-
bent has peaks (20=10.00° and 22.55°) which are less intensive
then the peaks for the natural sorbent. This is the consequence of
the presence of different silver states, elemental silver (Ag®) and
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Fig. 3. XRD analysis of GAC (dashed line) and Ag/GAC sorbent (solid line).
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Fig. 4. XRD analysis of Z (dashed line) and Ag/Z sorbent (solid line).

ionic silver (Ag*) [41]. Moreover, low intensity of elemental silver,
characteristic peak at 26=38.10°, indicated lower amount of sil-
ver in the zeolite framework and higher dispersion of the metal
inside zeolite hosts [41]. Silver in ionic state was not noticed by
XRD analysis, but complementary XPS technique has confirmed its
presence.

The results of XRD analysis of native, T, and activated, Ag/T sor-
bent are shown in Fig. 5. The analysis showed that there were no
significant structural changes between synthetic and activated sor-
bent. The characteristic peak of titanium-dioxide has been observed
at 260=25.30°. The diffraction pattern of Ag/T indicated that silver
is present in activated sorbent as ionic silver, in form of silver (1,
III) oxide, AgO, detected at 20 =32.50° [48]. Although its empirical
formula, AgO, suggests that silver is in the +2 oxidation state in this
compound, silver (I, III) oxide is a mixture of two silver oxides and
is formulated as Ag'Ag''0, or Ag,0-Ag,03 [49]. The confirmation
of the presence of silver in ionic state in Ag/T sorbent has also been
the subject of XPS analysis.

3.3.2. XPS analysis

XPS spectra of activated, Ag/GAC sorbent are presented in Fig. 6.
In Fig. 6a the survey spectrum shows the positions of oxygen,
carbon and silver elements. The analyzed sample consists mainly
of carbon with the atomic percentage (inseted table) of 93.3%.
Although the sample has 4.5 At % of oxygen, and 2.2 At % of sil-
ver, according to the position of Ag 3ds, photoelectron line at
368.14 eV, and Ag 3ds, at 374.17 eV, Fig. 6b, silver is in its metallic
state [44,50].

XPS spectra of activated, Ag/Z sorbent are presented in Fig. 7.
In Fig. 7a the survey spectrum shows photoelectron lines of the
main elements and their atomic percentage in the insert. The
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Fig. 5. XRD analysis of T (dashed line) and Ag/T (solid line).
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Fig. 6. XPS spectra of Ag/GAC sample: (a) the survey spectrum with the position and
the atomic percentage of the main components; (b) high resolution region spectrum
of Ag 3d showing the fitted binding energies.

atomic percentage of silver is 0.7%, and the region spectrum (in
Fig. 7b) shows Ag 3d lines. These, Ag 3d, lines are fitted into
two contributions, indicating the simultaneous presence of both
chemical states of silver. The position of Ag 3ds; lines at 371.1 and
368.0 eV, can be attributed to the metallic silver (Ag®) and silver (I,
III) oxide, in form of AgO, respectively [51,52]. Metallic silver was
also detected by XRD analysis, while the presence of Ag* signal
could be attributed to the silver ions interchanged in the hosts
of structure of Ag/Z. Similarly, Ag 3ds), lines are fitted into two
contributions positioned at 376.9 and 374.3 eV corresponding to
metallic silver (Ag®) and AgO, respectively [52].

XPS spectra of activated, Ag/T sorbent are presented in Fig. 8.
In Fig. 8a the survey spectrum shows the positions of oxygen, tita-
nium, silver and carbon. The atomic percentage of each component
is given in the insert. The position of the Ti 2p peak at 457.5¢eV,
close to Ti 2p3j; at 458.0eV corresponds to a +4 oxidation state
in titanium dioxide, TiO, [26,53] which is in accordance with a
bit more than two times higher atomic percentage of oxygen. The
oxygen also resulted in oxidation of silver which is present in the
form of oxide AgO. High resolution XPS spectrum of Ag 3d region is
presented in Fig. 8b. Fitted Ag 3ds), photoelectron line positioned
at 367.3 eV, with symmetrical shape before and after activation
process, corresponds to the silver ionic state of AgO [25]. The
results obtained from XPS analysis correspond to XRD structural
analysis.
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Fig. 7. XPS spectra of Ag/Z sample: (a) the survey spectrum with the position and
the atomic percentage of the main components; (b) high resolution region spectrum
of Ag 3d showing the fitted binding energies.

3.3.3. SEM analysis

The surface morphology of the native, GAC and activated
sorbents, Ag/GAC was investigated by FE-SEM technique. Represen-
tative FE-SEM images of GAC and Ag/GAC are shown in Fig. 9. GAC
sample consists of many particles with random forms and sizes [6].
After Ag*-activation process, FE-SEM images showed the presence
of white nanoparticles on the surface of Ag/GAC, with the particle
size of diameter less than 200 nm. The distribution of the particles
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Fig. 8. XPS spectra of Ag/T sample: (a) the survey spectrum with the position and
the atomic percentage of the main components; (b) high resolution region spectrum
of Ag 3d showing the fitted binding energies.

is pretty homogeneous. The characteristic layout of the silver par-
ticles on Ag/GAC, aggregated in regular shapes of squares, triangles
and circles, indicate that elemental silver has formed crystallites on
the sorbent surface [ 18]. This analysis is in agreement with XRD and
XPS techniques, which confirmed the presence of metallic silver
(Ag) on the Ag/GAC surface.

Representative FE-SEM images of the native, Z and silver acti-
vated zeolite, Ag/Z are presented in Fig. 10. The surface morphology
of zeolite confirmed the presence of different particle shapes and
sizes, which commonly appear in complex inorganic crystalline
structures such as natural clinoptilolites [16]. The differences in
micrographs of native, Z, and activated sorbent, Ag/Z, are result

Fig. 9. FE-SEM image of GAC (on the left) and Ag/GAC (on the right) with 10,000 and 70,000 times enlargement (incorporated picture).
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Fig. 10. FE-SEM image of Z (on the left) and Ag/Z (on the right) with 10,000 and 70,000 times enlargement (incorporated picture).

of Ag*-activating agent, previously confirmed by XRD and XPS
analysis. The presence of metallic silver has been detected through
white particles, irregularly spread on the surface of the Ag/Z
sorbent. Similar results of the silver activated zeolite surfaces have
been already reported [18].

Representative FE-SEM analysis of native, T and activated, Ag/T
sorbents are presented in Fig. 11. The surface morphology of the
native and activated titanium-dioxide consists of similar, regular
shaped particles [29]. After activation process, the micrographs of
the Ag/T surface exhibited slight increase in the number of white
spots, which indicates the presence of the silver. Although FE-SEM
images did not clearly show the presence of the silver on Ag/T sur-
face, XRD and XPS analysis confirmed the presence of the ionic
silver on the activated sorbent. Moreover, XPS analysis provided
the information about the atomic percent of the silver loaded on
Ag|T, 1.8% (Fig. 8, inserted table).

3.4. Antimicrobial tests

The antimicrobial activity of the sorbents activated by Ag*-ions,
has been observed through the reaction of metal ions loaded on
the surface of the sorbent and free metal ions detached from the
activated surface in aqueous phase. Slow and continuous release
of silver ions in the microbial environment is critical factor needed
to ensure the antimicrobial efficacy [22,42]. Simultaneously, metal
activated sorbents tend to attract the negatively charged mem-
branes of the bacteria to the surface of the material, where the
positive charged silver ions inactivate microbial or enable them to
replicate [4,12,17]. With this study, an attempt to make a distinc-
tion between the contribution of the Ag*-ions from the aqueous
phase and Ag*-ions from the activated surface to antimicrobial

500 nm

activity. In order to achieve this, two separate experiments were
performed: antimicrobial tests of the activated sorbents (Ag*-ions
from the solid phase) and antimicrobial tests of Ag*-ions from the
aqueous phase. For the low release rate of Ag*-ions, it could be
expected that an antimicrobial effect is a consequence of the pres-
ence of Ag*-ions on the surface (activated sites are responsible for
the microbial cell reduction). For sorbents with high desorption
rate of Ag*-ions, the cell inactivation is related to the presence of
desorbed Ag*-ions into the microbial solution.

3.4.1. Antimicrobial activity of Ag*-activated sorbents

The antimicrobial activity of Ag-activated materials was tested
in three different stages of their exhaustion. Ag/GAC, Ag/Z and
Ag/T sorbents were tested with maximum Ag*-load: after 24 h of
sorption process (labeled as sample 24S, in Table 4), after 6 h of
desorption period (sample labeled as 06D, in Table 4) and after
24 h of desorption period (sample labeled as 24D, in Table 4). In
order to ensure that the reduction of both bacteria and yeast is
exclusively the consequence of antibacterial activity of activated
sorbents, experiment was performed in dark. The exposure period
was limited to 15 min, to minimize desorption of free Ag*-ions in
the solution, e.g. to minimize the effect of released Ag*-ions to
antimicrobial activity.

Cell reduction was the most successful using Ag/Z sorbent. For
E. Coli the reduction reached 90.7, 92.2 and 93.5%, for the samples
24S, 06D and 24D, respectively (Table 4). The inhibition rate for S.
aureus, in three different steps of Ag/Z exhaustion, showed the val-
ues: 99.1, 99.6 and 99.8%. Antimicrobial activity against C. albicans
was found to be insufficient when Ag/Z was tested, where for 24S,
06D and 24D samples cell inactivation was: 19.1, 20.9 and 24.5%,
respectively. This is affected by the presence of Ag*-ions which are

Fig. 11. FE-SEM image of T (on the left) and Ag/T (on the right) with 10,000 and 70,000 times enlargement (incorporated picture).
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Table 4

Antimicrobial activity of Ag*-ions on the solid phase (Ag/GAC, Ag/Z and Ag/T activated sorbents in different exhaustion stages), after 15 min of exposure period to microbial solution.

C. albicans

S. aureus

E. coli

Sample

mL

CFU/
245

CFU/mL
24S

R(%)
245

CFU/mL
248

Control GAC  3.98 x 10%

24D

06D

24S

24D

06D

24D

06D

24S

24D

06D

24D

06D

24D

06D

220x10% 2.20x10°
1.25 x 10°
2.78 x 10°
2.10 x 10°
2.70 x 10°
1.40 x 10°

2.20 % 10°

6.00x10° 6.00 x 10°

6.00 x 10°

472+03 49.7+04 51.8+03 3.30x10°

3.98 x 10°

3.98 x 10%

43.2+0.3

341+0.2 364+0.1

1.40 x 10°
2.78 x 10°

1.45x 105
2.78 x 10°
2.25x10°
2.70 x 10°
1.80 x 10°

45.0+04 483+03 50.0+0.5

3.00 x 10°

3.10 x 10°
5.40 x 10°

1.92x 10°
3.83 x 10°

2.00 x 10°

2.10x 10°
3.83x10°

3.56 x 104

Ag/GAC

5.40 x 10°

5.40 x 10°

3.83 x10°

Control Z
Aglz

19.1+04 209+03 245+04

2.20 x 10°

99.6+0.2 99.8+0.1

1.10x 103 99.1+0.1
5.00 x 10°

2.20 x 103

5.10 x 103
5.00 x 10°

93.5+0.1

90.7+02 92.2+0.1

3.00x 104 2.50 x 104

3.45 x 10°

2.70 x 10°

5.00 x 10°

3.45 x 10°

345 x 10°

Control T
Ag|T
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33.3+03 40.7+0.2 48.1+0.2

1.60 x 10°

520x10% 79.0+£0.3 851+04 89.6+0.4

7.45 x 104

1.05 x 10°

784+0.2 82.0+0.3 86.8+0.2

590 x 10 4.10 x 104

7.45 x 104

incorporated and dispersed into the material. It was not only the
concentration of the activating agent, since zeolite had the lowest
sorption capacity for Ag*-ions, comparing with GAC and T sorbents,
as presented in Table 2, but also the accessibility and distribution
of Ag*-ions resulted in the efficient antimicrobial activity [5].

When testing Ag/T, activated sorbent the results were inter-
mediate inhibition. The disinfection was 10% lower comparing to
Ag/Z, despite the higher sorption capacity of Ag/T for Ag*-ions, as
shown in Table 2. The inhibition rate of Ag/T against E. coli, tested
for 24S, 06D and 24D samples, increased in following order: 78.4,
82.0 and 86.8%, respectively. S. aureus cell inactivation provided by
Ag/|T, with respect to the order of tested samples (24S, 06D and
24D), was: 79.0, 85.1 and 89.6%., Comparing all three activated sor-
bent, removal of C. albicans, was the most efficient by Ag/T. The
rate of antimicrobial activity increased for less loaded Ag/T sam-
ples. For 24S, 06D and 24D against C. albicans the inhibition rate
was: 33.3, 40.7 and 48.1%, respectively. Structural analysis of Ag/T
showed that silver is also doped as Ag*-ion (in the chemical form
of Ag0), but probably the heterogeneous distribution of Ag*-ions
on the surface, as well as reduction of AgO on the surface [54],
led to less efficient antimicrobial activity, compared to Ag/Z. The
analysis of the inhibition rate is specially interesting from desorp-
tion aspect. Although Ag/T sorbent has 10 times more pronounced
desorption rate than Ag/Z, antimicrobial activity of Ag/T did not
extend 80%. This leads to the conclusion that inhibition is mostly
the consequence of the contact between microbial and Ag*-ions
from activated surface sites and not Ag*-ions detached from the
surface.

When testing, Ag/GAC, this sorbent showed the lowest cell
reduction against E. coli, S aureus and C. albicans (Table 4). Inhi-
bition rate against E. coli, tested for 24S, 06D and 24D activated
Ag/GAC samples was 47.2, 49.7 and 51.8%, respectively. Respect-
ing the order of selected samples (24S, 06D and 24D), S. aureus
cell reduction was similar as E. coli inhibition, with values: 45.0,
48.3, and 50.0%, while for C. albicans cell removal was less efficient,
with values: 34.1, 36.4, and 43.2%. These results were expected
due to the fact that silver ions from the activation medium were
reduced when loaded on the GAC surface and Ag/GAC activate sites
are filled by metallic silver. Elemental silver is known to be an
ineffective inhibitor [43], but silver bactericidal effect depends on
its bioavailability [40]. This fact implies that microbial cell reduc-
tion of Ag/GAC is consequence of Ag*-ions release in the solution
from Ag/GAC surface, during 15 min of exposure period. This will
be further examined in the antimicrobial tests of the Ag*-ions
released from the activated surface. Furthermore, GAC and Z sor-
bent had the same desorption rate, which indicates their similar
antimicrobial activity. On the other hand, Ag/Z sorbent proved to
have double inhibition effects due to surface properties, as stated
previously.

When antimicrobial data of the Ag*-activated sorbents shown
in Table 4, are analyzed, the microbial cell reduction for Ag/GAC
activated sorbent is in ascending order from C. albicans, over S.
aureus to E. coli, while for Ag/Z and Ag/T there is slight advan-
tage for S. aureus cell reduction comparing to E. coli. For all three
activated sorbents, C. albicans proved to be the most resistible
microbe by silver inhibition. Different microbial species have dif-
ferent protective mechanism when exposed to chemical agent,
e.g. different states of silver [30]. Among tested organisms, E. coli
and S. aureus have shown high sensitivity upon exposure to sil-
ver (especially to Ag*-ion, which is present on activated sites
on Ag/Z and Ag/T sorbents). C. albicans cells can produce the
antioxidative enzyme, catalase, which can protect the cell from
degradation [55].

Another observation is related to the exhaustion period of
the tested samples. It was noticed that more exhausted sorbents
(the samples labeled as 06D and 24D) manifested slightly higher
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antimicrobial activity, compared to the fresh activated ones (24S).
This is probably related to the availability of the Ag*-activated
surface sites. The high Ag*-ion loadings resulted in a reduction
of the antimicrobial activity as described elsewhere [16,21]. The
sorbent after 6 and 24 h of desorption period was more effective
in antimicrobial activity than the maximum loaded one. There are
two possible explanations, which are in agreement with studies
of other authors: (i) this is due to the reduction of silver ions
to elemental forms (from Ag* to Ag®) [21] and (ii) the release
of Ag*-ions leads to increase in porosity of the material [18].
The higher Ag*/Ag? ratio in activated material expressed better
antimicrobial activity [41]. With the release of Ag* ions from the
surface (after 6 and 24 h of exhausting period), there is much more
free space on the surface that enables bacteria to ‘grab on the
surface’, which improves the overall antimicrobial effect. Similar
conclusions have been already reported [21].

3.4.2. Antimicrobial activity of Ag*-ions in aqueous phase

As previously shown in desorption kinetic studies, tested
Ag/GAC, Ag/Z and Ag|T sorbents have different affinities for
releasing Ag*-ions. Low desorption is characteristic for zeolite,
intermediate rate for activated carbon and high desorption rate for
titanium-dioxide sorbent. The selection of the sorbents with dif-
ferent desorption rates is made on purpose in order to follow the
influence of free Ag*-ions in aqueous solution. The antimicrobial
efficacy of Ag*-ions released in aqueous phase during desorption
experiment could determine the contribution of desorbed ions to
the overall antimicrobial activity. These conclusions could clarify
the pathway of the antimicrobial activity of the activated sorbents.

This study was subjected to the controlled antimicrobial con-
ditions, using free Ag*-ions released from the Ag/GAC, Ag/Z and
Ag/T sorbents. Sorbents were tested in different stages of their
exhaustion, previously described in antimicrobial tests of the Ag*-
activated sorbents. Samples are labeled in the same manner: 24S-a
(sorbent after 24 h of activation process), 06D-a (sorbent after 6h
of desorption process) and 24D-a (sorbent after 24 h of desorption
process). Label ‘a’ stands for the concentration of Ag*-ions in aque-
ous phase. Desorption period for all samples was limited to 15 min.
This interval is equal to duration of the incubation period in antimi-
crobial tests of Ag*-solid phase. The results of antimicrobial activity
of released Ag*-ions are presented in Table 4.

Ag|Z sorbent showed low desorption rate for Ag*-ions after
15 min of desorption period. Solid samples in different exhaustion
stages (24S, 06D, 24D) desorbed low quantities of Ag*-ions in aque-
ous phase (24S-a, 06D-a, 24D-a). The values obtained are expressed
in mg/L: 0.080, 0.030 and 0.020, respectively. The concentrations
of Ag*-ions desorbed from Ag/GAC sorbent were 10 times higher
than those of Ag/Z, collected in the same interval. The values for
Ag/GAC samples, with respect to their order (24S-a, 06D-a, 24D-a)
are: 0.500,0.200 and 0.035 mg/L, respectively. Ag/T sorbent showed
extremely good release of Ag*-ions, with values of 5.00, 0.400 and
0.170 mg/L after 15 min of desorption period, for collected samples:
24S-a, 06D-a and 24D-a, respectively.

Results indicate that, similar to the order of the antimicrobial
activity of Ag*-ions from the activated sorbents, the most sensitive
to the presence of Ag*-ions in aqueous phase were S. aureus,
and E. coli [9], while C. albicans was the most resistible one. The
cell reduction of Ag*-ions from aqueous phase (see Table 5) was
performed in separate antimicrobial experiment, related only to
the concentration of free Ag*-ions in the microbial solution. As
expected, cell removal decreased as the concentration of Ag*-ions
decreased, for the analyzed aqueous samples: 24S-a, 06D-a and
24D-a. The best cell removal for all three microbes was obtained
for Ag/T aqueous samples, due to the highest desorption rate.
In general, antimicrobial activity of Ag*-ions desorbed from the
Ag/GAC, Ag/Z and Ag|T activated sorbents is low because of the

Table 5

Antimicrobial activity of released Ag*-ions in aqueous phase (from the activated sorbents in different exhaustion stages), after 15 min of exposure period to microbial solution.

C. albicans

S. aureus

E. coli

Sample

R(%)
245a

CFU/ml
24Sa

R (%)
245a

CFU/ml
245a

R(%)
245a

CFU/ml
24Sa

Control saline  2.12 x 106

24Da

06Da

24Da

06Da

24Da

06Da

24Da

06Da

24Da

06Da

24Da

06Da

1.43x 105 1.43x106

1.43 x 106

135x10% 1.35x 106

1.35 x 106

2.12x 105 2.12x06

solution
Ag/GAC
Aglz

1.4+0.1
2.8+0.2

147+02 4.2+02

3.5+0.2

1.41x 106
139 x 10°
1.35x 10%

1.37 x 106
1.40 x 106
1.20 x 105

122 x 106
1.38 x 106
1.05 x 108

10.4+0.1
2.2+0.1

18.5+0.2
3.7+0.1

20.7+0.2
7.4+0.1

1.21 x 106
1.32x 106
1.18 x 108

1.10 x 106
1.30 x 106
1.02 x 106

1.07 x 106
1.25 x 108

17.5+0.2 8.00 x 10°

16.0+0.2 8.0+0.1

1.78x 105 1.95x105 222+0.3
2.00x 105  2.05 x 106 5.7+0.1

1.65 x 106

2.1+0.2

3.3+0.1

6.6+0.1

1.98 x 106
1.35 x 106

16.2+0.2 56+0.1

26.6+0.3

12.6+0.2

40.7+04 244403

1.75x10° 363+03 222+0.2

1.65 x 106

Ag|T

829
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short exposure period (15 min) of activating agent to the microbial
solution (see Table 5).

3.4.3. Overall antimicrobial activity

Overall antimicrobial activity of Ag/GAC, Ag/Z and Ag/T activated
sorbents could be explained through divided antimicrobial tests
of Ag*-ions from the solid phase and Ag*-ions from the aqueous
phase. The most important aspect of this investigation is related to
the different desorption rates of the selected and tested materials,
which enabled to examine and follow the changes in Ag*-aqueous
and Ag*-solid microbe interactions. Regarding Ag/Z sorbent, where
low desorptionrate is observed and due to neglecting antimicrobial
activity of released Ag*-ions (as shown in Table 5), the conclusion
is that an overall cell reduction is a consequence of Ag*-activated
sites on the surface. Despite this, Ag/T with high desorption rate
has significant contribution of Ag*-ions that are desorbed from the
activated surface to an overall inhibition. Comparing the inhibition
rate of 24S (Ag*-activated T, Table 4) and 24S-a (Ag*-ions desorbed
from Ag/T, Table 5) samples, almost 50% of the total cell reduc-
tion is related to the presence of Ag*-ions in aqueous phase. The
high desorption of Ag*-ions from the Ag/T activated surface after
15 min of desorption was significant to exhibit how this result.
Similar observation can be made for Ag/GAC antimicrobial anal-
ysis, where Ag*-ions were loaded as elemental silver (Ag®) on the
GAC surface, which additionally confirms the antimicrobial effect
of released Ag*-ions. But, it is important to point out that influ-
ence of Ag*-ions from the aqueous phase is the most dominant
for the fresh activated sorbents, with maximum Ag*-loading (sam-
ples marked as 24S, in Table 4), where the change of the content of
released Ag*-ions with time is the greatest (24S-a, in Table 5). Sam-
ples after exhaustion period (samples marked as 06D and 24D, in
Table 4) have slower desorption kinetics and the release of Ag*-ions
is, as expected, less expressed. For these samples, the contribution
of Ag*-ions in cell removal (Table 5) is less expressed and the most
of the antimicrobial activity belongs to the effect of Ag*-activated
surface sites (Table 4).

Observing all interpreted results and discussions, enclosing the
activating agent and its chemical state, structural properties of
the activated sorbents, separate antimicrobial analysis of the Ag*-
ions in the aqueous and Ag*-ions from the solid phase, there is a
strong scientific belief that the overall antimicrobial effect is not
only related to the presence and quantity of Ag*-ions, but also is
affected by the surface properties of the samples. The clarification
of this phenomena and mechanisms of antibacterial activity on the
sorbent surface will be a focus of further investigations in this field
of the research.

4. Conclusions

This research is focused on antimicrobial activity of Ag*-
activated sorbents. Sorption and desorption capacities were
important criteria for the selection of proper and suitable materials:
zeolite, granular activated carbon, and titanium dioxide. The Ag*-
activated sorbents were examined in antimicrobial tests against
E. coli, S. aureus and C. albicans. The greatest inhibition rate, after
15 min of exposure period, was obtained for Ag-zeolite vs. S. aureus
and E. coli, 99.8 and 93.5%, respectively. For all activated sor-
bents, the lowest removal efficacy is obtained against C. albicans.
Structural analysis of the activated sorbents gave insights into the
chemical state of the silver activating agent, which reflects greatly
their antimicrobial efficacy. The XRD, XPS and FE-SEM analysis con-
firmed that silver in Ag-granular activated carbon was in elemental
form (AgY), in Ag-titanium-dioxide was in ionic state (Ag*), while
in Ag-zeolite was in elemental (Ag®) and ionic state (Ag*). This

was confirmed in antimicrobial tests, where Ag-granular activated
carbon had the lowest removal rate, for all three tested microbial.
The pathway of the antimicrobial activity was of specific inter-
estin this study. The antimicrobial activity of the activated sorbents
have been observed through two different aspects: the inhibition
rate of the Ag*-ions loaded on the surface activated sites and the
contribution of the free Ag*-ions released from the activate sur-
face into aquatic environment. Separately, antimicrobial tests were
performed to demystify the contribution of the solid phase, acti-
vated surface, in total antimicrobial activity. The results indicated
that antimicrobial performance of activated sorbents depends not
only on the concentration of the activating agent, but also on the
surface characteristics of the material, which directly determines
the distribution and the accessibility of the activating agent. This
research is an attempt to alleviate the discussion on antimicrobial
effect of silver activated materials. Moreover, this paper gives a
strong theoretical and empirical baseline for further development
and application of different active sorption and filtration media.
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